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ABSTRACT

Angiogenesis in the placenta is critical during embryonic development, guided by the
interaction of endothelial growth factors (VEGF-A, PIGF) with their receptors Flt-1 and KDR.
Dysregulation of angiogenic factors during pregnancy is associated with pregnancy pathologies.
Despite the importance of placental morphologic development and VEGF family gene
expression, they have not been thoroughly correlated across gestation. We postulated that
changes in placental vessel density and architecture can be appreciated as consequences of
dynamic expression of VEGF family and receptors in placenta.

We characterized changes in placental morphology and vasculature, particularly in the
lamellar zone (LZ) where feto-maternal exchange occurs, alongside expression analysis of
angiogenic factors, their receptors, and their respective splice variants throughout pregnancy in
the domestic cat. Our morphological observations suggest that increased vascular perfusion in
the LZ occurs as expansion of lamellar thickness during mid-pregnancy and continuously
increasing lamellar density and microvascularity as pregnancy progresses. Using RT-PCR, we
detected two PLGF isoforms (PLGF-I, PLGF-II) and three VEGF-A isoforms (VEGF-A119,
VEGF-A163, and VEGF-A187). Immunohistochemical analysis localized KDR to endothelial
cells of the maternal and fetal microvasculature. Flt-1 and PLGF were located in the trophoblasts
and fetal vasculature. VEGF-A was immunolocalized in trophoblast cells and associated with
endothelial cells. Relative gene expression studies showed upregulation of panVEGF-A and all
specific VEGF-A isoforms at gestational day 30-35. VEGF-A119 showed a marked relative
increase in expression during mid-pregnancy, consistent with the pro-angiogenic changes seen in
the LZ at day 30-35.

We postulate that the smaller, more diffusible VEGF-A isoforms may reach KDR
receptors endothelial cells increasing capillary length, diameter and permeability at mid-
pregnancy. Flt-1 was upregulated during late pregnancy. PIGF variants showed stable expression

during the first 2/3 of pregnancy, followed by a marked increase toward term, especially PLGF-



II. Increased ratios of PLGF:panVEGF-A expression during late pregnancy may affect VEGF-A
bioavailability, since PIGF can displace VEGF from Flt-1, freeing it to signal through KDR.
VEGF-B and KDR were expressed stably throughout pregnancy. Taken together, these findings
revealed specific spatiotemporal localization and expression patterns of VEGF-A family
members consistent with pivotal roles in the development of normal placental vascular

architecture and fetal nourishment.
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GENERAL AUDIENCE ABSTRACT

Throughout gestation, the blood vessel network of the placenta is formed sequentially by
processes known as vasculogenesis and angiogenesis, which together meet the needs of the
growing fetus. Normal placental angiogenesis is critical to support adequate fetal growth and
assure the health of the offspring. Proper angiogenesis requires precise regulation of expression
of agents that modulate this process; otherwise, pathologies of pregnancy such as preeclampsia
may occur. The placenta is composed of different layers of tissue, including the lamellar (LZ),
junctional, and glandular zones, each with a vascular morphology attuned to its function. We
hypothesized that higher expression of pro-angiogenic factors is associated with increased
morphological metrics in the LZ, the major vascularized zone. Thus, we aimed to characterize
the major changes in morphology and vascular development in the placenta throughout
pregnancy in cats, alongside a compressive analysis of the expression of major angiogenic
factors and their receptors in the placenta, with an emphasis on the identification and interaction
of different isoforms of the VEGF family.

Microscopic analysis of tissue specimens from different stages of pregnancy revealed
increased thickness of the LZ, especially during early to mid-gestation, at which time the tissue
is composed of abundant materno-fetal interdigitations that appears rich in capillaries. VEGF
proteins were detected in placental tissue in both fetal and maternal cells of the placenta,
suggesting stimulatory interactions between different cell types to promote growth and
angiogenesis. Gene expression analysis of placenta revealed upregulation of the pro-angiogenic
factor VEGF-A in mid-pregnancy, followed by a steady decline toward term, consistent with
morphologic changes in the LZ. In contrast, another pro-angiogenic factor, PIGF, showed a
marked increase toward term; Flt-1, which acts as a receptor or reservoir for PLGF and VEGF A,
was also upregulated at late pregnancy. Increased ratios of PLGF:VEGF-A may contribute to LZ
proliferation in the last trimester. These findings are consistent with the creation of a pro-

angiogenic placental state during gestation. Overall, we expect that this research will help



elucidate mechanisms of placental vascularization, which can be applied to the design of
improved strategies to treat vascular complications of pregnancy.

Lastly, we applied the tools developed for placental studies to investigate pathologic
angiogenesis in cutaneous squamous cell carcinoma (CSCC), a common skin cancer with major
economic and medical impacts in humans and veterinary species. The creation of a new blood
supply is essential for growth and metastasis of many tumor types. The goal of this study was to
measure expression of variants of proteins that stimulate angiogenesis or transmit an angiogenic
stimulus in feline CSCC. The results were mixed, with differences detected in expression of
some regulatory agents and, for others, unexpectedly lower expression in CSSC compared to
controls. Interestingly, the expression of VEGF-A relative to the protein that transmits its signal
(KDR) was elevated in CSCC, suggestive of an altered signaling relationship. This finding
supports our hypothesis and is consistent with human SCC studies. Our results encourage further

studies on angiogenic factor variants in feline CSCC.
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Chapter 1

Introduction and Literature Review

1.1 General concepts about the placenta.

All viviparous vertebrates during pregnancy form a system of extraembryonic
membranes that englobe the fetus and deliver the adequate environment for the embryonic
development. The apposition or fusion of embryonic membranes with the maternal mucosa in the
endometrium for nutrient exchange from the feto-maternal interface, also known as the placenta
(Benirschke, Burton et al. 2012). This very broad definition of the placenta accounts for the great
variation in placental anatomy and histology, even among eutherian mammals, and reflects the
relatively recent evolutionary origin of the placenta compared to other organs (Lewitus and
Soligo 2011). An adequate establishment and growth of this temporary feto-maternal organ can
be the key to a successful pregnancy and even determine the future health of the offspring. One
of the key components of the placenta is the formation of two separate circulatory systems, a
maternal and a fetal, that oppose each other in variable degrees of intimacy, but under normal
conditions do not communicate directly, forming the placental barrier (Pang, Bates et al. 2017).
In the placental barrier, there is an intricate growing and dynamic vascular network where the
materno-fetal physiological exchange occurs.

Throughout gestation, the vasculature of the placenta is continually growing and
expanding in order to accommodate the increasing fetal needs. Normal placental angiogenesis is
critical to guarantee an adequate blood flow to the placenta and therefore to provide the nutrients
that maintain normal fetal growth (Reynolds, Borowicz et al. 2010). Supporting this is the fact
that the reduction in blood flows from the uterine or umbilical veins, results in a reduction of
transplacental exchange rates (Wang and Zhao 2010). In humans, an increase in vascular
resistance and reduced uterine blood flow can be used to identify high-risk pregnancies even
before fetal changes are noted. Continued gestation under these conditions can result in fetal
hypoxia, reduced fetal nutrient uptakes, hypoglycemia, or even abortion. If these conditions are
maintained, they can lead to intrauterine growth restriction or even fetal growth retardation
(Roescher, Timmer et al. 2014). Therefore, placental blood flow is highly dependent on placental

vascularization, and placental angiogenesis is consequently critical for the successful



development of viable and healthy offspring (Reynolds and Redmer 2001, Guimaraes Filho, da
Costa et al. 2008).

The placenta is one of the most versatile organs of the body. Despite its rapid and
transitorily development, the placenta has to participate in all the basic functions of a fully-
grown mammal before fetal organs are ready to function properly. Accordingly, the placenta can
mimic multiple organs: it acts like a lung for gas exchange, absorbs the nutrients from maternal
blood as a digestive system, removes and metabolizes waste products from the fetal blood,
provides water balance and helps with pH balance similar to the kidney and liver. It is the first
place to initiate erythropoiesis, preceding the bone marrow. In addition, the placenta provides
immunological protection to the fetus acting as an immune system, synthesizes and metabolizes
many hormones and growth factors that regulate, maintain the pregnancy, and can initiate
parturition, much like an endocrine gland. Finally, the placenta helps with fetal thermoregulation
and environment isolation/protection, functions are latter assumed by the skin. An early
formation of vasculature is critical to establish and maintain all placental functions correctly and
assure an adequate embryo and fetal development (Guimaraes Filho, da Costa et al. 2008, Wang

and Zhao 2010, Carter 2012).

1.2 Placental types with emphasis in the placenta of the domestic cat

In mammals, the fertilized oocyte uses the energy stored in its cytoplasm to start mitosis.
Then, during the first days of development, the blastocyst survives by simple diffusion of oxygen
and nutrients from the surrounding uterine environment. In cats and all other mammals, as
embryogenesis continues, simple diffusion is not capable to provide enough oxygen to the entire
embryo. In support of embryonic development, the circulatory system is one of the first
specialized tissues to develop, concurrent with emergence of a primitive choriovitelline placenta
around day 12 post-fertilization in the cat (Leiser 1981). This event provides an early system for
nutrient and oxygen exchange, offering nutrient extracted from the vitelline sac to the embryo
(Tiedemann 1977). Also during this period, embryonic hematopoiesis begins inside “blood
islands™ at the wall of the vitelline sac (Figure 1.1D), and, in the same islands, new blood
vessels are formed from mesodermal embryonic precursors. (Zygmunt, Herr et al. 2003, Baron,
Isern et al. 2012). Around day 20 of pregnancy, a definitive chorioallantoic placenta is

established and will replace the choriovitelline placenta (Figure 1.1B). The chorioallantoic



placenta will continue to grow around the equatorial region of the chorion, forming a girdle
where fetal structures will penetrate into the maternal endometrium and blood vessels will spread
and grow by angiogenesis.

In order to study the placenta and understand its differences between species, many
classification systems have been established. Main criteria of classification include: Overall
shape and size of the placenta, type of the materno—fetal interdigitations, number of tissue layers
in the materno-fetal interface, and distribution or direction of blood within fetal and maternal
vessels (Benirschke, Burton et al. 2012). Based on shape and distribution of the placenta in the
chorion, the main types of placenta are described as diffuse, cotyledonary, zonary, and discoidal.
In the diffuse placenta, materno-fetal interdigitations cover the entire area of the chorion; pigs
and whales are typical examples of this distribution. The cotyledonary placenta consists of a
localized, relatively small circular or elliptical patches where maternal-fetal interdigitations grow
into the chorion; this type of placenta is typical of ruminants (Sammin, Markey et al. 2009,
Haeger, Hambruch et al. 2016). In the zonary placenta, the type typical of carnivores including
the cat, the feto-maternal interaction occurs in an equatorial region of the chorion. In the queen,
this placenta is classified as a zonary with an incomplete girdle (Figure 1.1A) (Miglino,
Ambrosio et al. 2006). Finally, the discoidal distribution is characterized by oval or plate shape
in one or two poles of the chorion. This is the most common type of higher primates and in
humans is single discoidal. (King 1993, Leiser and Kaufmann 1994, Carter and Enders 2004,
Enders and Carter 2004).

Based on the criteria of materno-fetal interdigitation, there are four types: folded,
lamellar, trabecular and villous. The cat is described as lamellar, reflecting that these structures
develop as multiple layers called lamellas as the essential structures of the feline placenta.
Lamellas are located in the lamellar zone of the feline placenta (Figure 1.2) where nutrient and
oxygen exchange occurs. Further, this zone of the chorioallantoic placenta shows the highest
rates of proliferation and vascular expansion of all the layers during pregnancy (Wooding and
Burton 2008). This type of placentation differs from that in humans, where a villous type of
placenta occurs, and in mice, which develop a labyrinthine type.

Based on the tissue layers composing the maternal-fetal interface, the feline maternal—
fetal interface is endotheliochorial, meaning that the epithelium of the fetal chorion penetrates

the superficial layers of the endometrium and reaches up to the endothelium of the maternal



blood vessels (Leiser and Koob 1993, Miglino, Ambrosio et al. 2006, Satoshi, Yusuke et al.
2014) (Figure 1.3). In contrast, in humans and rodents the chorion develops a deeper invasion of
the endometrium and even erodes the maternal vessels producing extravasation of maternal
blood. Thus the trophoblastic surface is bathed directly in blood, termed a hemochorial
placentation. Finally, with respect to the materno-fetal blood flow relationship, the felines have a
simple crosscurrent type, which is very effective in passive exchange of oxygen and nutrients.

(Miglino, Ambrosio et al. 2006)

1.3 The development of blood vessels in the placenta

The formation of blood vessels is a key early developmental process that is accomplished
by two main processes: it starts by vasculogenesis and then is expanded by angiogenesis. The
first primary vascular plexus in the embryo is formed by vasculogenesis. This consists of the de
novo formation of blood vessels, beginning from mesodermal cells, which under the appropriate
stimuli differentiate into endothelial cells precursors, forming aggregates scattered throughout
the embryonic and extraembryonic mesoderm. These aggregates, called blood islands, start to
hollow and form elongated spheres; primitive endothelial cells differentiate in the peripheral
lining of the island and mesenchyme. Mesenchymal cells in the periphery of the islands
differentiate into the smooth muscle and connective tissue to surround blood vessels. Lastly,
multiple blood islands combine to form the primordial vascular plexus. Vasculogenesis first
takes place outside of the embryo, in the yolk sac and chorion, followed by the development of
an embryonal circulatory system approximately 2 days later. This developmental pattern means
that the development of the circulatory system occurs in many regions simultaneously with
vessels later merging; this is contrary to earlier-held notions that one central vessel or the heart
develops first and then spreads outward. (Leach, Babawale et al. 2002, Semenza 2007, Aplin
2017).

Angiogenesis, on the other hand, is the process by which blood vessels are formed from
preexisting vessels. This process involves dynamic and well-regulated changes to endothelial
cells to generate new branches in the already established vascular network, followed by vascular
remodeling into different calibers and differentiation into arteries, small capillaries or veins
(Risau and Flamme 1995, Carmeliet 2000, Demir, Seval et al. 2007, Semenza 2007, Herr, Baal et

al. 2009, Silvan, Diez-Torre et al. 2015). While vasculogenesis is mainly an embryonic event,



angiogenesis occurs in all stages of life and is part of multiple physiological processes such as
uterine/ovarian reproductive cycling, placental development, muscle recovery post-exercise and
wound healing. On the other hand, angiogenesis also plays a major role in pathological
conditions such as ophthalmic and rheumatic diseases, chronic inflammatory diseases, and is a
major contributor to cancerous tumor growth, metastasis, and survival. (Eisma, Spiro et al. 1997,
Risau 1997, Aguayo, Manshouri et al. 2001, Ahlgren, Risberg et al. 2002, Ellis, Liu et al. 2002,
Addicks and Giannis 2003, Takahashi and Shibuya 2005, Eichhorn, Kleespies et al. 2007,
Ferreira, Barcelos et al. 2007, Chen, Zeng et al. 2010, Feige 2010, El Gehani, Al-Kikhia et al.
2011, Chen, Liu et al. 2013, Shibuya 2013, Chen and Lee 2014).

Two distinct processes can accomplish angiogenesis: endothelial sprouting also known as
sprouting angiogenesis, and intussusceptive microvascular growth or intussusceptive
angiogenesis. The regular mechanism for sprouting angiogenesis is composed of four classic
steps; endothelial activation, cell migration, proliferation, and tube formation. In contrast,
intussusceptive angiogenesis consist in splitting existing lumen of vessel with tissue folds and
columns of interstitial tissue, leading eventually to the formation of two or more separate vessels
(Poole and Coffin 1989, Patan 2004, De Spiegelaere, Casteleyn et al. 2012, Ackermann, Houdek
et al. 2013, Belle, Ysasi et al. 2014, Mateos, Zamora et al. 2017).

1.4 Study of angiogenesis in the placenta

There are four main approaches to study placental angiogenesis in vivo: the first is the
classical use of histological or morphologic methods for analysis, providing a descriptive
analysis of the placenta. Techniques such as fixing tissue, sectioning and staining it for later
evaluation under the microscope, use of confocal microscopy and florescence target detection
linked to immunological methods, new computerized image analysis, and perfusion fixation of
placental vessels, have increased the value and usefulness of in vivo studies (Takizawa, Eguchi
et al. 2007, Huppertz 2008). A second approach is by using vascular casting along with digestion
of tissue and later scanning of the remaining vascular cast with electron microscope (Leiser and
Kohler 1983, Hafez, Caceci et al. 2007). The third approach is the use of noninvasive imaging
tools such as MRI and Doppler ultrasound (Andescavage, du Plessis et al. 2015, Sato, Noguchi et
al. 2016, Collins, Welsh et al. 2017, Lemery Magnin, Fitoussi et al. 2018, Salavati, Gordijn et al.

2018). Some disadvantages of using Doppler for placental blood flow are the variability between



different operators and interpretation and the need for special training and expertise to utilize the
equipment (Grigsby 2016). Despite the limitations, this non-invasive technique offers great
advantages to study placenta in humans and animals because they do not affect the course of the
pregnancy.

The fourth approach is to use biochemical methodologies to quantify the relative levels of
expression of genes known to regulate angiogenesis, or detect genes been highly expressed
during angiogenesis of the placenta with the intention of detect novel angiogenic genes. (Bogic,
Brace et al. 2001, Cho, Roh et al. 2003, Wang, Li et al. 2003, Viita, Markkanen et al. 2008, Xia,
Zhen et al. 2017). Also, there is always the alternative of using cell or tissue models to study
placental angiogenesis. Some the most utilized methods are trophoblastic cell lines or 2D-3D cell
cultures, embryonic stem cell-derived embryoid bodies, culture of placental explants, three-
dimensional spheroid models and more recently placental chips (Lee, Romero et al. 2016,
Blundell, Yi et al. 2018). The list expands every year. These and other methodologies are well
reviewed by Huckle (2017) and Herr, Baal et al. (2010).

Many of these technologies for study the placenta are being further developed by the
Human Placenta Project from the National Institute for Child Health and Human Development, a
collaborative research effort to understand the role of the placenta in health and disease. This
project aims to develop new tools to study the placenta in real time to learn how it develops and
functions throughout pregnancy. With the hope of finding treatments to pathologies like
preeclampsia, fetal growth restriction, gestational hypertension and eclampsia. (Guttmacher and
Spong 2015) This initiative exemplifies the comprehensive research and clinical efforts currently

devoted to placental studies and reflects the impact of the placenta in human health.

1.5 Use of cat as a viable model for understanding angiogenesis in the placenta

The use of animal models for studying placenta and embryology date as old as
Hippocrates in 400 B.C.E, who speculated about the nature of chicken embryonic development,
then related these concepts to human development. Most likely, knowledge gained in the chicken
egg lead him to believe that the human fetus gained nourishment by sucking blood from the
placenta (Abbott 1936), Aristoteles, Galeno, da Vinci and Harvey follow, all of whom turned
their attention to animals to understand human embryonic development and the placenta.

Consequently, the use of animal models has been crucial since ancient times, and the greatest



portion of our current knowledge in placenta comes from comparative studies in animals (Longo
and Reynolds 2010).

The need of animal models for studying the placenta arises due to the difficulties, risks,
and ethical limitations attending study the human placenta directly, especially when invasive
methodologies are required to examine its function in health and disease. Availability of human
specimens is limited to 4 to 12 weeks of pregnancy (where in most countries it is legal to induce
abortions of healthy pregnancies) or delivered human term placenta (36-40 weeks) (Herr, Baal et
al. 2010, Benirschke, Burton et al. 2012). The placenta is one of the most evolutionarily diverse
organs (Schmidt, Morales-Prieto et al. 2015), and each species has its own placental
peculiarities. In fact, the human placenta has many characteristics that make it exceptional, as
humans have primary interstitial implantation in a simplex uterus, yolk sac placentation is
absent, and an allantoic stalk instead of an allantoic sac is formed (Carter 2007), making more
difficult the selection of non-human placental models. Often researchers are obliged to base the
choice of model on available expertise, facilities available, and cost rather than on purely
scientific considerations. Therefore, it is important to recognize the strengths and limitations of
each model in order to choose the most adequate for each type of research and for correct
interpretation of the results. Despite these difficulties, many animal models to study placenta
have been developed and have proven indispensable research tools for study placental biology,
placental angiogenesis, and placental pathology. Additionally, models are valuable to establish
preliminary or basic research that can be useful for planning meaningful human research, saving
valuable resources in the long run and also reducing the risks.

In spite of the anatomical differences in placentas across species, key genes regulating
development show high degrees evolutionary conservation (Cross, Baczyk et al. 2003, Rawn and
Cross 2008, Benirschke, Burton et al. 2012). A study comparing mRNA and protein from mouse
and human placenta at term found more than 7000 ortholog genes, 70% of which were expressed
in both species, while 90% of placental proteins where shared between humans and mice (Cox,
Kotlyar et al. 2009). These results provide foundational evidence for the scientific value of
animal models. There are no similar studies comparing genomics and proteomics of placental
expression in cats and humans, but multiple reports recognize a high homology between
genomes of humans and cats (Murphy, Larkin et al. 2005, Pontius, Mullikin et al. 2007, O’Brien,

Johnson et al. 2008). Thus, it is reasonable to expect that very similar mRNA and protein



expression patterns will occur between cats and human. In fact, some of the VEGF family
members present in humans are better represented in cats than in mouse. This is the case with
PLGF, where in mouse only one heparin binding isoform is expressed, whereas 3 different
isoforms are predicted to be expressed in cats.

Some of the most common animal models for placenta include rodents, especially mice,
rats and guinea pigs; other lab animals like rabbits; small ruminants such as sheep and finally,
non-human primates from the new and old world. (Anthony, Scheaffer et al. 2003, Reynolds,
Borowicz et al. 2005, Carter 2007, Barry and Anthony 2008, Barry, Rozance et al. 2008,
McCarthy, Kingdom et al. 2011, Chaouat and Clark 2015, Grigsby 2016). Small lab animals like
rodents and lagomorphs have the advantage of large liter size, short generation times, and being
relatively economical to house and maintain. Another advantage of mice is the array of options
for genetic manipulation and commercial availability of genetically modified lines. However,
small size can be a disadvantage when studying already small structures, and makes difficult
manipulation in some experimental settings like cannulation of friable blood vessels for vascular
casting.

Sheep is another popular animal especially for study physiology of the placenta; it has a
similar size compared to human placenta, and the weight of a newborn lamb is similar to that of
a human newborn. Sheep are easy to handle and enable placement of intrauterine catheters for
regular sampling throughout pregnancy. (Barry and Anthony 2008). Limitations of sheep include
differences in the distribution and shape of the placental interface. Sheep form multiple
placentomes distributed along the chorion in contrast to a single discoidal placenta as in humans.
Additionally, humans have hemochorial placenta while the sheep placenta is endotheliochorial
leaving the uterine epithelium intact. For some investigators, this characteristic is desirable for
placental studies since maternal and fetal tissue can be easily distinguished, allowing for higher-
resolution analysis (Ramsey 1982, Reynolds, Borowicz et al. 2005). However, these ‘convenient’
differences in microanatomy are reflective of functional and immunological differences in the
ovine pregnancy compared to humans.

Non-human primates, especially the chimpanzee and gorilla, have placentation that is
very similar to humans. We primates share longer gestational lengths than rodents and sheep,
have similar endocrine functions especially regarding progesterone and other reproductive

steroids, unicornuate uterus, and uterine contraction (Grigsby 2016). The main limitations of



non-human primate studies are the elevated cost, the use of endangered or vulnerable species and
ethical concerns of animal cruelty. Owing to these limitations, only a precious few specialized
facilities have access to this model.

For the purposes of the research described in this dissertation, we utilized the cat as a
model to study angiogenesis in the placenta. We collected placental tissue directly after
ovariohysterectomy of pregnant queens from a local spay and neuter clinic. Each spring, the
number of feral or stray cats that become pregnant increases drastically. The presence of local
sterilization programs for feral cat colonies, along with the multiparous nature of feline
pregnancies, seasonally raises the probability that tissue discarded from these routine
ovariohysterectomies will contain multiple feto-placental samples, collectively representing all
stages of pregnancy. Some of the advantages of this approach are the utilization for research of
tissue that normally will be discarded, giving value to an otherwise waste by-product of elective
surgery. In addition, there is no need for housing or managing cat colonies, reducing the cost and
ethical concerns related to pregnancy termination for research. Other advantages include the
increasing level of detail and fidelity of the publically available sequence of the cat genome.
Although the annotation of the domestic cat genome is not as thorough as that for human or
mouse, it is been improving rapidly, becoming an extremely valuable and viable tool for gene
expression and protein analysis. As noted above, the vast majority of genes and encoded proteins
present in humans are also expressed in feline placenta. Taken together, these considerations
make the domestic cat placenta a suitable biological setting for our basic research, allowing
exploration of the relationship between the dynamics of placental vascular microanatomy and
expression of angiogenic genes throughout a healthy pregnancy.

The discussion above notwithstanding, there are limitations of the feline placental model.
We have neither control over environmental factors nor awareness of medical conditions
affecting the queens during pregnancy, thus we may expect increased variability in our
quantitative results. Additionally, there likely exists more genetic variation in outbred cat
populations compared to lab mouse lines, although this is true of human populations as well.
Other limitations include limited availability of research tools and reagents specifically designed
to target cat gene sequences or proteins, for example pre-validated molecular probes or primary
antibodies, thus complicating otherwise routine research protocols. Out-of-season availability of

tissue is another concern, stemming from the nature of the feline estrus cycle, making access to



samples outside spring or early summer very limited in Virginia. A final concern is the
difference in placental characteristics compared to humans, although except for the chimpanzee
and the gorilla, most other well-established animal models to study placenta likewise differ to a
degree in placentation type compared to humans. The factor of different anatomical details needs

to be considered, but does not diminish the value of the domestic cat for placental research.

1.6 The Vascular Endothelial Growth Factor (VEGF) family

The VEGF family members are major regulators of angiogenesis, vasculogenesis, and
lymphangiogenesis. VEGF family members are part of the platelet-derived growth factor
superfamily, among the first proteins identified as potent mitogens and chemotactic agents with
activity toward mesenchyme-derived cells. Members of this family include VEGF-A, VEGF-B,
VEGF-C, VEGF-D and Placental Growth Factor (PLGF) (Figure 1.4). These factors interact
with multiple tyrosine kinase receptors, including: Vascular endothelial growth factor receptor 1
(also known as VEGFR-1 or Flt-1) and its soluble/secreted variant sFlt-1, VEGFR-2 (Flk-1,
KDR), VEGFR-3 (Flt-4), and the non-tyrosine kinase co-receptors neuropilin 1 and 2 (NRP-1,
NRP-2) (Clark, Smith et al. 1998). VEGF-C and VEGF-D interact with VEGFR-2 and VEGF-R3
and are mainly positive regulators of lymphangiogenesis, with very limited angiogenic properties
(Lohela, Saaristo et al. 2003). Many VEGF family members can also interact with heparin
sulfate proteoglycans (Maruotti and Ribatti 2008, Pardali, Godfrey et al. 2013, Shibuya 2013).
The interaction between ligands and tyrosine kinase receptors activates the protein
phosphorylating catalytic activity of the latter and triggers complex pathways involving multiple
intracellular proteins and other regulators of the cascade (Fan, Arif et al. 2012). Structurally,
ligands of the VEGF family and their receptors are found as homodimers, although several can
form heterodimers as well, adding complexity to their function. Another typical feature of VEGF
members is the formation of multiple isoforms derived from the same gene by alternative mRNA
splicing (Houck, Ferrara et al. 1991, Cao, Ji et al. 1997, Burchardt, Burchardt et al. 1999, He,
Smith et al. 1999, Ladomery, Harper et al. 2007). This gives can result in the protein having a
radically different function, as in the case of secreted versions of the receptor Flt-1. For the
ligands, alternative transcript processing results in mRNAs encoding monomers of about 120 to
200 amino acids in length. With notable exceptions, the difference in function of splice isoforms

is not so evident, and their detailed properties and functions remain unclear.
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1.7 VEGF A

VEGF-A is perhaps the most thoroughly studied member of the VEGF family. It was first
identified in ascites fluids and cell culture from guinea pigs with hepatocarcinoma. This
molecule was noted to transiently increase vascular permeability in multiple tissues hence its
original designation as a Vascular Permeability Factor (Senger, Galli et al. 1983). It was not until
1989, when the name VEGF was coined by Ferrara and Henzel (1989) after discovering and
cloning a diffusible mitogenic 45 kDa heparin-binding protein from bovine pituitary follicular
cells. At the same time Plouet ef al. independently identify the same factor and name it
Vasculotropin (Plouet, Schilling et al. 1989). Latter it was recognized that the molecules where
in fact the same.

VEGF-A is a homodimeric glycoprotein that acts as a potent angiogenic agent
promoting endothelial cells proliferation and vascular permeability in multiple tissues, including
placenta, cornea and retina, bone, reproductive tissues, and multiple tumor types. VEGF-A is
also crucial for developing and maintaining the vasculature in the embryo and the placenta
(Abbott and Buckalew 2000, Ferrara, Gerber et al. 2003, Douglas, Tang et al. 2009). Knock out
a single allele of the VEGF A gene in mice embryo produces early embryonic lethality due to
failure to develop the cardiovascular system, and improper angiogenesis in the placenta. Deletion
of both alleles of VEGF-A results in still more severe alterations in the development of the
vasculature (Carmeliet and Collen 2000). Lethality due to heterozygous knockout is not common
in mammals and reveals the extraordinary dependence upon VEGF-A in embryonic
development. These findings also suggest that a tight regulation of VEGF-A levels and gradients
in the embryo are needed to accomplish an adequate angiogenic homeostasis (Carmeliet, Ferreira
et al. 1996).

Oxygen tension is one of the main determinants of VEGF-A expression, mediated by the
transcription factor hypoxia-inducible factor (HIF-1). Low oxygen partial pressures inhibit the
hydroxylation of HIF-1a protein, reducing its degradation and thereby increasing the levels of
HIF-1. This way HIF-1 binds to specific DNA segments (hypoxia response elements) nearby
or within the promoter of VEGF-A and other hypoxia-responsive genes. This activates the
expression of VEGF-A, increasing vascular permeability and promoting angiogenesis into the

hypoxic tissue. As a result of increased vascular perfusion, tissue oxygen levels can be
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normalized (Fraisl, Mazzone et al. 2009, Yeom, Min et al. 2014). Other regulators of VEGF-
A expression include epidermal growth factor, PDGF, estrogen, and multiple oncogenic
mutations. VEGF-A induces its effects in cells by interacting with the VEGFR-II (KDR),
VEGFR-1 (Flt-1) (de Vries, Escobedo et al. 1992). VEGF-A can also interact with the co-
receptors NPL-1 and the soluble form of Flt-1 (sFIt-1), although this latter interaction does not
transduce any cell signal and functions as a decoy.

The VEGF-A gene is recognized to contain eight exons and seven introns, and multiple
isoforms of VEGF-A are produced by alternative spicing of VEGF transcripts. All VEGF-A
isoforms contain exons 1-5, which encodes the receptor-binding domain (see Chapter 3). The
isoforms are denoted by the amino acid count of the secreted polypeptide (minus the signal
peptide). In humans, there are at least five major isoforms; VEGF 121, VEGF 145, VEGF 165,
VEGF 189, and VEGF 206. The most prevalent isoform is VEGF 165 followed by VEGF 189
and 121. In mouse, the VEGF-A gene has similar splicing variant array as the human homolog,
although mice VEGF-A isoforms contain one less amino acid owing to a shorter exon 2.
Therefore the main isoforms in the mouse are VEGF-120, VEGF-164, and VEGF-188 (Vempati,
Popel et al. 2014). Smaller isoforms such as VEGF 121 lacks exon 6 and 7 while intermediate
isoforms like VEGF 165 lacks exon 6 but retain exon 7 (Houck, Ferrara et al. 1991, Tischer,
Mitchell et al. 1991). Additional variants of VEGF-A can be generated by proteolytic cleavage of
VEGF 165 at the carboxyl terminus. Recently, other anti-angiogenic slice variants of VEGF A
have been described, although their significance is still controversial and remains to be clarified
(Bates, MacMillan et al. 2006, Eswarappa and Fox 2015).

VEGF 121 is a relatively acidic polypeptide that, thanks to the absence of exons 6 and
7, do not contain a heparin-binding domain. As a result, this isoform is not thought to interact
with heparan sulfate proteoglycans in the extracellular matrix and can more freely diffuse into
the interstitial medium or through the extracellular matrix. Loss of the heparin binding
domain has shown to reduce the mitogenic activities of this isoform (Houck, Leung et al.
1992, Keyt, Berleau et al. 1996). In contrast, VEGF 189 and VEGF 206 are highly basic, and
interact with heparan sulfate proteoglycans and can be sequestered on membranes and heparan-
containing extracellular matrix. Under the right conditions, this isoforms can be released into
a diffusible form by plasminogen proteolytic cleavage at the C terminus or by displacement

from heparan by the enzyme heparinase. Other metalloproteinases are described to have
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similar effects (Kim, Im et al. 2014, Vempati, Popel et al. 2014). The proteolytic activity
generates bioactive fragments capable of inducing angiogenesis (Houck, Leung et al. 1992).
This demonstrates the effect of proteolytic enzymes for regulating VEGF-A bioavailability in
tissue microenvironment, and suggest that larger isoforms can act as reservoirs for VEGF in
the tissue. Furthermore, heparin-binding isoforms may play a role under tissue damage,
inflammation or tumorigeneses, due to their rapid bioavailability in tissue, before smaller
isoforms can be synthesized by cells, thus acting as a rapid tissue response after injury to
promote cell survival and induce angiogenesis (Lee, Jilani et al. 2005). VEGF 165 has
intermediate, balanced properties, can be secreted and diffuse to reach distant cells and can
also be sequestered by the extracellular matrix giving this isoform more diverse function and

arguably optimal angiogenic potency and bioavailability (Park, Keller et al. 1993).

1.8 Biology of VEGF-A variants

Mice expressing only VEGF 164 gives rise to offspring that appears normal (Carmeliet,
2000; Stalmans et al., 2002), suggesting that this isoform is capable of serving most of the
functions of its smaller and larger variants. On the other hand, half of the transgenic mice
expressing only VEGF 120 died during the first days after delivery and all mice died within two
weeks of age (Carmeliet, Ng et al. 1999). These mice showed elevated levels of VEGF 120
compared to wild-type mice, suggesting a compensatory response to increase angiogenesis
relying only in VEGF 121. This compensatory regulation was enough to produce term offspring
in contrast to VEGF A null mice that die before 2 weeks of gestation. These results demonstrate
that the different VEGF isoforms are not functionally equivalent and suggest an indispensable
role of heparin binding domain isoforms for normal embryonic development and adult
homeostasis. Interestingly, VEGF 120 mice showed reduced angiogenesis and especially
diminished branching, as well as increased vascular permeability. In a similar fashion, mice only
expressing VEGF-188 developed insufficient arterial outgrowth in the retina, dwarfism, and
impaired bone growth (Maes, Stockmans et al. 2004). These changes appeared less severe and
produce mice with longer survival times compared to their VEGF 120 counterparts,
suggesting that VEGF 188 have a stronger compensation capability. It seems that the

capability of interacting with the cell membrane and extracellular matrix by VEGF 188, and to
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some degree by VEGF 164, might be required for developing and maintenance of vascular
networks.

Another approach to investigating the function of VEGF isoforms is to evaluate
angiogenesis in tumoral cells engineered to express isolated VEGF-A isoforms. Such tumors
have shown different capacities for vascular recruitment and maintenance in vivo. Moreover,
VEGF 188 overexpressing tumors are smaller, more stable, have denser capillary networks
composed of vessels of smaller caliber, and induce less hemorrhage relative to tumors expressing
smaller VEGF-A isoforms. In contrast, vessels in VEGF 120-overexpressing tumors are highly
unstable and leaky; their capillaries are tortuous with a larger diameter and reveal fewer branch
points relative to normal tumors or to VEGF 188 overexpressing tumors. On the other hand,
tumor growth appears to be most rapid in tumors that express VEGF 164. (Cheng, Nagane et al.
1997, Grunstein, Masbad et al. 2000, Ruhrberg, Gerhardt et al. 2002, Yu, Rak et al. 2002,
Kiisters, de Waal et al. 2003, Tozer, Akerman et al. 2008). Taken together, these results suggest
that a mixture of different isoforms are needed for proper regulation of angiogenesis. A
‘panel’ of different isoforms may help to maintain appropriate VEGF gradients that properly
regulate angiogenesis (Alvarez-Aznar, Muhl et al. 2017). Mathematical modeling studies
suggest that heparin-binding isoforms such as VEGF-A 189 produce a higher concentration in
the periphery of the cell expressing it, thus producing a steep gradient. In contrast, diffusible
isoforms, such as VEGF-A 121, can travel longer in the interstitial space and form shallower
gradients compared to the larger isoforms. These gradients have an effect in vascular pattering
due to its signaling to stalk and tip cells during angiogenesis (Grunstein, Masbad et al. 2000,
Vempeati, Popel et al. 2014).

In the cat, NCBI Gnome system predicts two isoforms from the chromosome B2 genomic
sequence (NC_018727.3). One isoform, called variant X1 (XM _023253550.1), is predicted to
encode a protein of 657AA, well above the typical size for any known VEGF. Further analysis
of the sequence reveals a protein of 189AA located in the beginning of the predicted sequence.
The second predicted isoform, called variant 1 (NM_001009854.1), is designated as provisional
due to a report to NCBI of this sequence by Koga et al. (2001) from the University of Tokyo,
encoding the same VEGF 189. These two isoforms have a signal peptide of 26AA in the 5’end,
predicting a final product of 163AA that appears to be the heparin-binding equivalent of the

VEGEF 165 in humans. Another annotation of the feline genome by the company Ensamble
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(ENSFCAG00000026462) predicts five different isoforms base on homology with other species
and computational analysis; all predicted isoforms have more than 200AA and none of them
have been corroborated by experimental data. It is clear that more research is needed to reveal
the real quantity and characteristics of VEGF-A isoforms in the domestic cat. Comparative
analysis of these isoforms in the cat placenta or in pathological conditions like tumor growth

could help to understand the role of different VEGF A isoforms in health and disease.

1.9 The VEGF family in placental vascularization

VEGF A is one of the most important regulators of angiogenesis in the placenta.
Following implantation, inadequate levels of VEGF-A and their receptors are been linked with
pathologies of the pregnancy such as fetal growth restriction, preeclampsia and abortions.
Accordingly, in mice, knockout of either VEGF A or its receptors results in multiple vascular
malformations and consequently in embryonic lethality (Breier 2000). Expression of VEGF-A
transcripts in humans, sheep and pigs have shown to be localized in fetal trophoblast cells and
shown dynamic levels of expression dependent to the stage of pregnancy and are affected by
multiple pathologies of the pregnancy (Winther, Ahmed et al. 1999, Bogic, Brace et al. 2001,
Demir, Kayisli et al. 2004).

In humans, during the first trimester, in-situ hybridization revealed uneven distribution of
Flt-1 and VEGF A mRNA around the villous cytotrophoblast (Clark, Smith et al. 1996), this
location suggest a role in early vasculogenesis and blood vessel branching which is very active
during early placentation. Additionally this VEGF A location could participate in placental
invasion and attachment (Ahmed, Li et al. 1995, Vuckovic, Ponting et al. 1996). In human and
ovine placenta, VEGF A expression increases gradually along the gestation in normal
pregnancies (Cheung, 1997). Similarly, in the primate common marmoset, VEGF was
immunolocalized in maternal decidual and cytotrophoblast cells and Flt 1 was only localized in
the syncytial trophoblast with increased expression in placentas from 10 weeks to term. KDR
expression was only present in mesenchymal cells during early placentation and endothelial cells
of maternal and fetal origin in the third trimester (Wulff, Wilson et al. 2002). In the sheep,
mRNA levels of VEGF A, flt 1 and KDR have been positively correlated to placental blood
flow, placental vascularization and placental weight, suggesting that the VEGF-A and their

receptors Flt-1 and KDR are critically involved in placental angiogenesis (Chen and Zheng
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2014). VEGF A is expressed in large amounts at the caruncles and cotyledons during the third
trimester. VEGF A, Flt-1 and KDR transcripts were also localized in placental vasculature,
especially endothelial cells of maternal arteries. (Tsoi, Wen et al. 2002, Borowicz, Arnold et al.
2007). Localization of VEGF A and its receptors in the same cell types of previously mentioned
animals suggest an autocrine cycle of VEGF A to stimulate endothelial cells and regulate
placental angiogenesis, although other paracrine interactions between different cell types or even
feto-maternal interactions have also been considered. For example, in humans during the second
trimester, VEGF A localized in Hofbauer cells (macrophages of the placenta) is believed to play
a key role in promoting angiogenesis by release near endothelial cells (Cooper, Sharkey et al.
1995, Demir, Seval et al. 2007, Bouwland-Both, Steegers et al. 2013, Loegl, Hiden et al. 2016).

VEGF A and Flt-1 co-localization in cytotrophoblast of multiple species may be relevant
for placental proliferation and invasion on the placenta. Secretion of VEGF A from the
cytotrophoblast during early implantation has been proposed to stimulate endothelial cells and
trigger vasculogenesis and angiogenesis in a paracrine way (Demir, Seval et al. 2007).
Alternately, VEGF-A localization in early trophoblastic cells may be implicated in the
implantation of the placenta. Consistent with this function, levels of VEGF A were found in
uterus during peri-implantation stages in different species such as rabbits, hamsters, rat, mouse,
dogs, and humans. (Das, Chakraborty et al. 1997, Yi, Jiang et al. 1999, Rabbani and Rogers
2001, Sugino, Kashida et al. 2002, Schafer-Somi, Sabitzer et al. 2013). Additionally, VEGF A
and estrogen increase uterine endometrial proliferation and microcirculation during the menstrual
cycle in mouse, thus preparing the uterine environment for proper attachment of the embryo
(Rockwell, Pillai et al. 2002). This early expression of VEGF A in maternal and fetal tissue is
consistent with VEGF functioning to support fetal invasion, attachment and implantation into
maternal tissue, increase proliferation of maternal endometrium and fetal trophoblast,
contributing to vascular permeabilization and uterine edema, and developing the vasculature in
the early placenta (Halder, Zhao et al. 2000, Ancelin, Buteau-Lozano et al. 2002).

In the cow, VEGF A was immunodetected in fetal and maternal endothelial cells early in
the pregnancy, during implantation, and throughout the pregnancy until delivery. During early
pregnancy, VEGF was localized in trophoblasts giant cells and in the endometrium, during mid
pregnancy VEGF was localized in the stroma of maternal caruncular septa and decreased near

term. Flt-1 was co-localized with VEGF A in trophoblast and uterine epithelium around
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implantation. Later, in definitive placentomes, VEGFR-1 was localized in trophoblast giant cells
and in maternal endothelial cells in the center of the placentome. KDR and Flt-1 were also co-
localized in uterine epithelium and trophoblast as well as in blood vessel tissue and uterine
glands.(Pfarrer, Ruziwa et al. 2006)

In the dog placenta, VEGF A transcripts were detected following implantation and rose
during mid gestation in placental girdle and uterus but were downregulated close to parturition.
Similarly, both receptors’ mRNAs were gradually increased towards mid-gestation; Flt-1 was
downregulated before delivery, whereas KDR remained at the same level from mid-pregnancy.
Immunological detection of VEGF A in gravid uterus showed it at the luminal side of the
endometrium, in epithelial cells well as in superficial and deep uterine glands and myometrium.
(Gram, Hoffmann et al. 2015)

Despite the vital importance of VEGF A during pregnancy, limited research has been
performed to study VEGF A isoforms in the placenta. One of the few reports available mouse
detected VEGF 164, VEGF 120, and VEGF 188 using end-point PCR and northern blot in peri-
implantation uterus. Semi-quantitative measurements from agarose gels after electrophoresis
showed that VEGF 164 was the most abundant isoform followed by VEGF 121. Northern blot
analysis localized VEGF 164 in endothelial cells of the decasualizing stroma cells during early
pregnancy. Expression of VEGF 164 was more intense on days 6 to 8 at the mesometrial pole
(Halder, Zhao et al. 2000). These results are consistent with panVEGF-A measurements in
mouse and other species and with the previously mentioned functions of VEGF A in the
placenta. Despite the great value of these results and its comparison with neuropilin 1 and KDR,
a more compressive analysis with updated techniques and including other factors such as PLGF
isoforms and Flt-1 is needed and would provide a wider understanding of the placental
angiogenic process throughout the pregnancy. In cats, there is just one report of measurement of
different placental isoforms, that was done by our laboratory (Weerakoon, Frydman et al. 2015).
It is necessary to increase the efforts toward understanding the distinct function of VEGF and
PLGF isoforms in placental development. This should provide a more complete view of the
interactions between the VEGF family ligands and their receptors under different conditions, and
how this affects vascular patterning during normal pregnancy. Knowledge from this type of
research may be vital to understand and hopefully detect, prevent or treat pathologies of the

pregnancy such as preeclampsia. In the same way, a better understanding of the angiogenic
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process including the role of splicing variants of the VEGF family can be useful in understanding

tumor angiogenesis and develop ways to control it.

1.10 Placental Growth Factor (PLGF)

Placental growth factor was the second member of the VEGF family to be discovered,
characterized from human placenta (Maglione, Guerriero et al. 1991). In humans, PLGF is coded
by chromosome 14q24 and in mice is located on chromosome 12, while in the cat it is located on
chromosome B3. In cats, PLGF has a gene of 12.7kb with 7 exons separated by 6 relatively large
introns. Like other members of the VEGF family, PLGF can be expressed in different isoforms
thanks to alternative splicing of pre-mRNA transcripts. In humans, there are 4 isoforms of PLGF
described, predicting proteins of 131, 152, 203, and 224 amino acids without counting the 18 AA
signal peptide. As with the VEGF As, the main differences among these isoforms are their
capability to interact with heparin. PLGF-2 and PLGF-4 can interact with the extracellular matrix
through a heparin binding domain coded by the exon 6. On the contrary, isoforms PLGF-3 and
PLGF-1 do not bind to heparin; hence, can be secreted and diffuse to interact with distant cell
targets (Ferrara 2000, Yao, Yang et al. 2005, De Falco 2012). In mouse, there is only one PLGF-
2 isoform described, and it is heparin binding (DiPalma, Tucci et al. 1996). In cats, there are
three predicted isoforms based on genome wide sequencing analysis and homology with other
species (NCBI gene ID:101095904), although there is yet no published experimental evidence to
support this prediction.

PLGF is secreted as a glycosylated homodimer held together by two disulfide bonds.
While in the extracellular matrix, PLGF exerts its activity directly through binding and activating
the tyrosine kinase receptor Flt-1 (VEGFR-1), inducing its dimerization and phosphorylation.
PLGF directly activates endothelial cells, macrophages, and hematopoietic progenitor cells.
PLGF induces proliferation, increases permeability and enhances the sensitivity of the cell to
VEGF-A. There seems to be conflicting evidence about the proangiogenic effect of PLGF. In
some models PLGF promotes VEGF induced angiogenesis (Carmeliet, Moons et al. 2001), while
in others antagonizes VEGF action. (Eriksson, Cao et al. 2002, Tarallo, Vesci et al. 2010). PLGF
shares Flt-1 receptor with VEGF-A and VEGF-B but can interact with Flt-1 with much higher
affinity than VEGF-A/B and therefore, it is able to displace VEGF-A/B from Flt-1. (Olofsson,
Pajusola et al. 1996, Carmeliet, Moons et al. 2001, De Falco, Gigante et al. 2002, Ferrara, Gerber
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et al. 2003). When VEGF-A is displaced from Flt-1, more VEGF-A is free to activate KDR, thus
PLGF may act as an indirect activator of KDR (VEGFR-2), which has about 10 times greater
mitogenic effect in the cells than Flt-1. In some cases, when the same cell is expressing VEGF A
and PLGF, this cell may secrete VEGF A/PLGF heterodimers (DiSalvo, Bayne et al. 1995)
which can activate with KDR or induce KDR/FIt-1 receptor heterodimers (Tarallo, Vesci et al.
2010). Another alternative path for KDR activation is possible when the same cell express both
receptors (such as endothelial cells) and the activation of Flt-1 can trigger a near KDR by trans-
phosphorylation and initiate a double kinase activation (Autiero, Waltenberger et al. 2003).

PLGF is highly expressed in the placenta during all stages of the human pregnancy,
although specific isoform characterization remains obscure. In the placenta, PLGF stimulates
trophoblast proliferation and migration into the maternal decidua (Burton, Charnock-Jones et al.
2009), and stimulates fetal and maternal angiogenesis, but the specific functions or regulation of
different PLGF isoforms are not clear. In humans, PLGF was immunolocalized in the
vasculosyncytial membrane, in the media of large blood vessels of the placental villi and in
maternal decidua cells. In situ hybridization detected PLGF mRNA also in the vasculosyncytial
membrane of villous trophoblast, suggesting that PLGF acts as a paracrine factor for vascular
endothelial cells in placental angiogenesis and an autocrine mediator of trophoblast function
(Khaliq, Li et al. 1996, Vuorela, Hatva et al. 1997). In mouse, PLGF is detected very early in
embryonic development, with PLGF transcripts localized in trophoblastic giant cells in the yolk
sac. PLGF has also been localized in different cell types including endothelial cells, fibroblast,
lymphocytes, keratinocytes and in tumor-derived cell lines and in tumor-associated macrophages
(Persico, Vincenti et al. 1999). This PLGF tissue and cellular distribution correlates with its role
in early vasculogenesis and angiogenesis and in chronic inflammation as well as tumoral
angiogenesis (Achen, Gad et al. 1997).

As for VEGF A, low oxygen tension seems to be the main stimulus for PLGF expression
in tissue. Similarly to VEGF, PLGF responds to high levels of the transcription factor, hypoxia-
inducible factor 1. HIF-1 interacts directly with the 3° promoter region of VEGF, but this
mechanism is not present with PLGF. The exact pathway for HIF-1/PLGF interaction is not yet
clear (Zimna and Kurpisz 2015, Wang, Gu et al. 2017). Other PLGF positive regulators include,
but are not limited to, nitric oxide (Gigante, Morlino et al. 2006, Jaba, Zhuang et al. 2013),

inflammatory cytokines like interleukin 1 and tumor necrosis factor-o.. PLGF expression is also
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stimulated by growth factors such as transforming growth factor-g1 (Yao, Yang et al. 2005) and
multiple oncogenes (Viglietto, Maglione et al. 1995, Larcher, Franco et al. 2003). The long list
of PLGF positive regulators highlights its role in multiple pathologies and in cancer.

In the skin, PLGF knock out (PLGF”") mice exhibit impaired wound healing, while PLGF
overexpression driven by transgene delivery increases skin vascularization without affecting
lymphatic vessels, increases cutaneous hypersensitivity and accelerates wound healing
(Cianfarani, Tommasi et al. 2006, Odorisio, Cianfarani et al. 2006). In solid tumor models,
PLGF” mice have shown reductions in tumoral angiogenesis, growth, and metastasis (Fischer,
Jonckx et al. 2007, Van de Veire, Stalmans et al. 2010). In contrast, when PLFG is
overexpressed in skin tumors, tumor growth, angiogenesis, and metastasis increases (Marcellini,
De Luca et al. 2006, Fischer, Jonckx et al. 2007). All these studies are supportive of the key
function of PLGF in many diseases including cancer.

To study the biological function of PLGF, multiple studies of gain and loss of function
have been performed in different species, tissues, and developmental stages (Carmeliet, Moons
et al. 2001, Gigante, Morlino et al. 2006, Huang, He et al. 2015). PLGF " mice showed normal
embryonic development, grew apparently healthy, and are fertile. In this case, the lack of PLGF
did not appear to confer any negative impact on vascular development, making evident the
dispensability of PLGF for normal homeostasis or suggesting that there may be redundancy in
the PLGF function. However, when PLGF™ mice were subjected to pathological conditions such
as ischemia, inflammation, wound healing and cancer, these mice demonstrated impaired
angiogenesis, reduce plasma extravasation and delayed vascular collateral growth after ischemia.
PLGF™ mice incapability to adapt and compensate to these pathological conditions highlights
the role of PLGF mainly as an angiogenic regulator in pathological conditions (Carmeliet,
Moons et al. 2001, Dewerchin and Carmeliet 2012, Ryan, McCarthy et al. 2018).

In a mouse model of preeclampsia, placental overexpression of PLGF showed a reduction
in the symptoms of preeclampsia. Furthermore, overexpression of soluble Flt-1 in human
pregnancies is correlated to decreased plasma levels of PLGF and other growth factors, and
causes endothelial dysfunction in maternal tissue leading to preeclampsia. This evidence
supports the important function of PLGF in placental angiogenesis especially under pathological
conditions, which makes PLGF an ideal target for developing safe drugs treating angiogenesis

(Luttun, Autiero et al. 2004, Suzuki, Ohkuchi et al. 2009, Furuya, Kurasawa et al. 2011). Serum
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levels of PLGF during human pregnancy show a consistent rise through the second trimester of
the pregnancy (Levine, Maynard et al. 2004, Lam, Lim et al. 2005). This period corresponds to
the time of maximum vessel maturation and enlargement in the placenta (Pang, Bates et al.
2017), suggesting that PLGF could influence vascular patterning in the placenta helping to shift
from increased branching in early pregnancy towards vessel enlargement, elongation and
maturation during mid-pregnancy. Serum levels of PLGF decrease during the third trimester.
Lower PLGF levels in maternal circulation have been linked to lower neonatal weight in normal
pregnancies (Benton, Hu et al. 2012). Of the various isoforms of human PIGF, PIGF-2 is
reported to enhance VEGF-induced permeability (Pang, Bates et al. 2017).

The distinct function of PLGF isoforms is not well characterized. Existing studies reveal
that non-heparin binding isoforms under in vitro conditions are secreted into cell culture
medium, and PIGF 3 (non-heparin binding) induces a relatively weak stimulatory activity over
endothelial cells and does not stimulate bovine capillary endothelial cell proliferation. In
contrast, PLGF-2 (heparin binding) induces a stronger mitogenic and vascular permeability
activities than PLGF-1 (non-heparin binding) in vitro. Furthermore, perhaps due to its weak
mitogenic activity, PLGF-1 can acts as an antiangiogenic molecule by forming VEGF-A/PLGF-1
heterodimers (Cao, Ji et al. 1997, Eriksson, Cao et al. 2002, Wang, Gu et al. 2017). Despite
plausible evidence of PLGF importance in angiogenic pathologies, very little is known about the
function of specific isoforms normal physiological conditions, including in the placental
development. It is clear that more research is needed in order to clarify the role the PLGF

isoforms may play in physiological and pathological conditions.

1.11 VEGEF tyrosine kinase receptors, Flt-1 and KDR

There are three types of VEGFRs: the most important for angiogenesis are Flt-1 and
KDR while VEGF R3 functions as a lymphangiogenesis receptor. Flt-1 and KDR are tyrosine
kinases, essential and well-known regulators of angiogenesis during embryogenesis, placental
development and in adult life. Tight regulation of these receptors is needed to maintain normal
homeostasis. The Flt1 receptor was first identified in 1990 from a human placental cDNA
library, as a sequence encoding a 180 kDa tyrosine kinase homodimer receptor with high affinity
for VEGF A, VEGF B and PLGF (Olofsson, Korpelainen et al. 1998, Charnock-Jones 2002).

The protein is very similar to KDR, encompasses seven extracellular immunoglobulin domains, a
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transmembrane domain, and a cytoplasmic split kinase domain. Due to its resemblance to the
Fms receptor, this new receptor was named Flt-1 (Fms-like tyrosine kinase-1) (Shibuya,
Yamaguchi et al. 1990).

Flt-1 is expressed primarily in endothelial cells and secondarily in other cells such as
monocytes and hematopoietic stem cells (Sawano, Iwai et al. 2001). In placenta, Flt-1 and KDR
were founded in vasculogenic and angiogenic precursor cells as well as in endothelial cells
(Demir, Kayisli et al. 2004). Despite extensive research in Flt-1, the precise function of this
receptor is still under debate. Similarly to its ligand PLGF, the function of Flt-1 has been
identified as a pro-angiogenic agent, although some studies describe an anti-angiogenic function.
The function and signaling properties of Flt-1 may well depend on the target cell type,
developmental stage, and levels of or ratios to other VEGF ligands (Ferrara, Gerber et al. 2003).
Furthermore, there is evidence that Flt-1 activation by different ligands such as PLGF or VEGF
A may trigger a dissimilar phosphorylation cascade and result in a different cellular response
(Autiero, Waltenberger et al. 2003).

Activation of Flt-1 and KDR by their ligands induces a phosphorylation cascade with an
activation of downstream PI3K-Akt and Ras pathways producing a strong signaling for cell
proliferation (Heldin and Westermark 1999). The tyrosine kinase activity of Flt-1 is about 10
fold weaker than VEGFR-2 (Keyt, Nguyen et al. 1996, Sawano, Takahashi et al. 1996), although
its affinity for PLGF and VEGF A is much higher than KDR, resulting in Flt-1 acting as a
negative regulator of the availability of VEGF A to activate KDR. At the same time, when PLGF
is increased in the tissue microenvironment, PLGF can displace VEGF-A from Flt-1, thus
PLGEF/FIt works in conjunction to regulate angiogenesis by limiting VEGF A bioavailability
(Autiero, Waltenberger et al. 2003, Fischer, Mazzone et al. 2008, Moe, Heidecke et al. 2017).
Nevertheless, the consequences of this interactions are not well understood, especially when
different isoforms of PLGF/VEGEF plus soluble Flt-1 and metalloproteinase are taken into
consideration.

Alternative splicing of Flt-1 pre-mRNA produces at least two different isoforms in
humans. A truncated variant maintains the integrity of six extracellular immunoglobulin domains
but lacks the seventh, as well as the transmembrane helix and the intracellular kinase domain of
the protein. This results in a secreted version of Flt-1 (sFlt-1) that does not trigger an intracellular

signal and therefore acts as a VEGF A/PLGF trap, potentially reducing angiogenesis. High
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serum levels of sFlt1 compared to PLGF are used as biomarkers for early detection and
evaluation of preeclampsia in humans (Heydarian, McCaffrey et al. 2009, Bian, Shixia et al.
2015, Spiel, Salahuddin et al. 2017, Tantawy, Adly et al. 2017, Black and da Silva Costa 2018,
Saleh, van den Meiracker et al. 2018, Tardif, Dumontet et al. 2018). This emphasizes the critical
function VEGF family in the pregnancy.

VEGFR 2 or KDR (‘Kinase-insert domain receptor’) was identified from enriched
primitive hematopoietic cells (Matthews, Jordan et al. 1991) and fetal liver cells in mice
(Matthews, Jordan et al. 1991). KDR is the major angiogenic receptor and is critical in mediating
a diverse set of endothelial cell responses in normal and pathological conditions, e.g.
hematopoiesis, vasculogenesis, angiogenesis, and vascular permeability. Most of the VEGF A
functions in endothelial cells are considered to be mediated by KDR signals. KDR is expressed
in endothelial cells of blood vessels and lymphatics including their precursor cells and other cell
types like megakaryocytes and in hematopoietic stem cells (Katoh, Tauchi et al. 1995). The
levels of expression of KDR increases in tissue undergoing vasculogenesis, angiogenesis and
pathological neovascularization such as macular degeneration of the eye. Furthermore, KDR is
also considered one of the main players during pathological angiogenesis and tumor growth,
metastasis, and survival. These characteristics have spurred an intense research effort to
understand KDR’s role in cancer biology and to develop both pro- and anti-angiogenic therapies
(Millanta, Silvestri et al. 2006, Sun, Zhou et al. 2014, Lee, Pyun et al. 2015, Ravi, Sanford et al.
2016, Zhou, Wang et al. 2016).

In mice, KDR knockout produces early embryonic lethality due to insufficient vascular
development. On the other hand, deletion of Flt1 produces endothelial overgrowth, tortuous and
leaky blood vessels, and vascular disorganization leading to embryonic lethality (Fong, Rossant
et al. 1995). This demonstrates that KDR is indispensable for embryonic angiogenesis while
supporting the notion that Flt-1 may act as a VEGF regulator/decoy receptor during
development. To investigate this hypothesis, FIt 1 and KDR transgenes carrying a mutation in
their kinase domains were developed. Both receptors should retain their ability to capture their
ligands, but not transduce signals to the cell. KDR-TK deficient mice die early in the
development, resembling KDR null mice and VEGF A null mice. In contrast, Flt-1TK deficient
mice were viable and showed normal blood vessel formation (Hiratsuka, Minowa et al. 1998).

This provides strong evidence that Flt-1 main function during early embryonic development is to
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regulate the bioavailability of VEGF A to interact with KDR. Additionally, this result suggests
that the tyrosine kinase activity of KDR is vital to stimulate angiogenesis. These mice, however,
displayed a reduction in macrophage migration, in accord with previously-observed expression
of Flt-1 in macrophages and suggesting a role in macrophage function (Barleon, Sozzani et al.
1996, Clauss, Weich et al. 1996, Niida, Kondo et al. 2005). In addition, multiple studies
comparing normal Flt-1 mice with FIt-TK deficient mice have shown an increase in angiogenesis
in wild-type mice. This is especially evident in pathologies like carcinomas, glioblastoma
(Kerber, Reiss et al. 2008), where Flt-TK deficient mice develop smaller tumors or less
vascularize neoplasias and with smaller metastatic tumors (Hiratsuka, Nakamura et al. 2002,
Schwartz, Rowinsky et al. 2010). Similar effects have been reported in multiple inflammatory
diseases (Murakami, Iwai et al. 2006, Sato, Amano et al. 2013). These results indicate that Flt-1
can behave differently depending on the conditions and that despite its weak tyrosine kinase
activity compared to KDR, that activity is still relevant, especially in pathological conditions.
This makes Flt 1 receptor an interesting target for pathologies affecting angiogenesis, especially

in cancer (Shibuya and Claesson-Welsh 2006).

1.12 Statement of hypothesis and aims

The review of literature above seeks to document the evidence that 1) development of an
adequate placental vasculature, involving both maternal and fetal contributions, is crucial for
normal gestation and fetal health and 2) the broadly-defined VEGF family, notably VEGF-A,
PLGF, and their respective complements of isoforms derived from alternative pre-mRNA
processing, are key regulators of endothelial cell proliferation and the establishment of vessel
architecture. To gain a deeper understanding of the role(s) of the VEGF family in placental
vascular development throughout gestation, we have undertaken a study of the dynamics of
placental microanatomy across the duration of pregnancy in the domestic cat, with particular
attention to changes in vascular structure (Chapter 2). We hypothesize that these changes in
placental vessel density or architecture can be better appreciated as consequences of dynamic
expression of VEGF family members in the same tissues (Chapter 3). A final study, described in
Chapter 4, utilized our novel, cat-reactive molecular tools to study VEGF family expression in

clinical specimens of feline squamous cell carcinoma.
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Figure 1.1 Morphologic characteristics of the placenta of the domestic cat of day 25.

A: H&E stained whole conceptus composed of the uterus at the outside. Chorioallantoic
placental girdle (PG) in from at back at the embryo. Note the area of the placental girdle outside
the zonary placenta where lamellae are not formed. Between this area and the placenta is the
marginal hematoma (MH), a maternal hemorrhagic zone present in carnivore placenta. The
embryo is located at the center with the head at the right of the image. Even at very early age
most of the organ are already distinguishable histologically. B: Detail of the lamellar zone. Fetal
lamellae are clear with loose connective tissue; smaller blood vessel are visible. Maternal lamella
has an eosinophilic color and bordered by syncytiotrophoblast cells with dark basophilic nuclei.
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C: Detail of alantoamniotic membrane, a less vascularized double layer membrane in cats. The
allantoic and amniotic membrane never appear to fuse. D: Detail of the yolk sac, composed of a
thin squamous mesothelium (Me) The endodermal epithelium (E) is simple cuboidal. The
intercellular spaces are distended with multiple fetal erythrocytes and other blood cell
progenitors. E: Area of chorioallantoic membrane without placental formation.

Figure 1.2. Histologic characteristics of the
chorioallantoic placenta of the domestic cat
at day 55. H&E staining of a transverse cut of
the placenta. A: At the top is the lamellar zone,
containing multiple villous structures called
lamellae (see figure 1.3 for more detail). B:
“Floor” of the placenta. This zone is called the
junctional zone and delimitates the area of
syncytiotrophoblast invasion into the
endometrium. Maternal tissue past this zone
into the fetus is called decidua and is detached
from the uterus at parturition. The glandular
zone is located between the junctional zone and
the myometrium. It is composed by the bottom
of uterine glands. C: The myometrium of the
uterus is composed of smooth muscle in
different orientations — an internal circular
layer, a middle crisscrossing not seen in this
image, and an external longitudinal layer. At
the outside there is a serosal layer covering the
uterus.

Myometrium Endometrium Junctional zone Lamellar zone
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Fig. 1.2 Feto-maternal interface in the cat placenta: Cats have an endotheliochorial type of
placentation. In this type of placenta, the trophoblasts, in particular the syncytiotrophoblasts (St),
reach up to the maternal capillaries (MC) lined by maternal endothelium. White and black bars
represent maternal and fetal lamellae respectively. FCT: fetal connective tissue; DC: decidual
cell. IM, Interstitial membrane.
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Figure 1.4. VEGF A family members and their receptors. Representation of the main VEGF
A family members and their receptor selectivities. The main tyrosine kinase receptors are KDR
(VEGFR-2) and Flt-1 (VEGFR-1). Neuropilin 1 and 2 can function as co-receptors in some cells.
KDR has 10 times the mitogenic efficacy of Flt-1. VEGF A in all its isoforms can activate Flt-1
and KDR. PLGF can interact with higher affinity with Flt-1 but not with KDR and will displace
VEGF A if bound to Flt-1. PLGF/VEGF-A heterodimer formation is possible although its
functions are not clear. A truncated version of Flt-1, derived from alternative pre-mRNA
splicing represents a soluble form of this receptor (“sFlt-17) that can act as an inhibitory trap or a
reservoir for VEGF-A and PLGF.
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Chapter 2
Microanatomy of feline placental development:

Characterization of the feline placenta throughout pregnancy

2.1  Introduction

The placenta is a transitory organ formed by the interaction of maternal and fetal tissue to
provide an adequate environment for normal embryonic and fetal development. The placenta is
defined as the apposition or fusion of fetal membranes with the uterine mucosa or endometrium
in the feto-maternal interface. (Benirschke, Burton, and Baergen 2012). An adequate
establishment and growth of the placenta is key for a successful pregnancy, even determining the
future health of the offspring (Reynolds and Redmer 2001; Guimaraes Filho et al. 2008).
Throughout gestation, fetal vasculature of the placenta is formed by vasculogenesis and
expanded through angiogenesis to provide adequate nutrients and gas exchange in
accommodation of increasing fetal needs (Reynolds et al. 2010). Normal placental angiogenesis
produces an adequate blood flow and is critical for the successful development of viable and
healthy offspring (Reynolds and Redmer 2001; Guimaraes Filho et al. 2008). Furthermore,
dysregulation in placental angiogenesis has been linked to pathologies of pregnancy and
spontaneous abortions (Roescher et al. 2014).

In domestic cats, the formation of a transitory choriovitelline placenta starts
approximately at day 12 post coitus (p.c.). (Leiser 1981). A definitive chorioallantoic placenta is
established around day 20 p.c. and continues to grow around the equatorial region of the chorion,
forming a girdle known as zonary placenta (Miglino et al. 2006). Here, chorioallantoic
trophectoderm penetrates into the maternal endometrium reaching up to the maternal blood
vessels, specifically to existing maternal endothelial cells occasionally surrounded by an
interstitial layer. This forms the endotheliochorial interhaemal membrane (Anderson 1969;
Barrau et al. 1975). The feline placental girdle has three histological zones. Deeper in maternal
tissue is the glandular zone, mostly composed of the base of uterine endometrial glands. Closer
to the fetus is the junctional zone, composed of syncytiotrophoblast cells invading into the
remnants of the endometrium and decidua cells. Lastly is the lamellar zone, where the
continuous growing of the membrane and proliferation of fetal and maternal placental tissues

produces multiple thin intercalated layers of fetal and maternal tissue, organized in a complex
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fashion typically arranged in parallel one to another (Leiser and Koob 1993). These structures
are called lamellae and are the essential structures where feto-maternal exchange occurs (Leiser
1981, 1982; Leiser and Kohler 1984; Leiser and Koob 1993; Leiser 1979). The lamellar zone
progressively enlarges during pregnancy and pushes the junctional zone deeper into the uterus,
compacting the glandular zone (Leiser and Koob 1993). The feline placenta has been well
studied in the past, with the abovementioned literature on its morphology providing a general
description of the major structures of the feline placenta using electron microscopy and
vasculature corrosion casting. While the value of these early reports in undeniable, most of them
are more than 20 years old, and an updated revision seems appropriate. Additionally, other
studies have not quantified changes in the vasculature or the rates of proliferation of different
zones of the placenta at different stages of the pregnancy.

The present study aims to acquire baseline morphological parameters of feline placental
growth during gestation, including the histological dynamics of the placental vasculature and its
main anatomic structures. This information is vital to establish a detailed evaluation of
angiogenic patterns and trophoblast/endometrial proliferation during pregnancy. Results from
this research will be useful as a context for understanding changes in gene expression and

immunohistochemical localization of VEGF family members in tissue, covered in Chapter 3.

2.2 Objectives

The main objective of this study is to acquire baseline measurements of feline placental
growth during gestation, including the anatomical dynamics of the placental vasculature.
Specifically, we will measure the thickness and estimate the microvascular density of the main
layers of the placenta and uterus at different stages of the feline pregnancy. In addition, we will
determine the number lamellae of the lamellar zone of the placenta. With these measurements,
we seek to gain a deeper and quantitative understanding of how the placenta and its vasculature
grow during gestation to accommodate the needs of the fetus. Knowledge of the anatomical
dynamics will provide a basis against which to assess changes in expression of genes likely

involved in vasculogenesis.
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23 Methodology
As described in Chapter 1, the feline placenta was chosen as a system of study of normal
placental development, in part owing to the ready availability of tissue across gestation, without
the need to obtain or dedicate experimental animals. Moreover, gestation in domestic cats is of
moderate duration (~63 days), allowing capture, across multiple samplings in a given breeding
season, the full course of placentation. Finally, the size of the placental tissue and associated

fetus lends itself to ready dissention and biochemical analysis.

2.3.1 Sample collection and preparation: Placental tissue, which is routinely discarded after
ovariohysterectomy of pregnant cats at spay and neuter clinics (e.g., Mountain View Humane,
Christiansburg, VA), was instead recovered immediately after surgery. (Our studies involving
the use of discarded feline tissues was initiated with a protocol approved by the Virginia Tech
Institutional Care and Use Committee, although in no instance did the tissue originate from
university-owned animals, nor was any live animal used for this study.) Fetuses from a total of
49 whole reproductive tracts were removed from gravid uteri by dissection of the uterus and
removal of the enclosing membranes. Fetuses were measured using a caliper to determine the
occipital-sacral length and the biparietal diameter in order to estimate their gestational age
according to formulae described in Zambelli et al. (2004); Zambelli et al. (2002). Samples of
placenta, with or without adjacent maternal tissue, were placed in 10% formalin immediately
after collection and fixed for at least 24 hrs at room temperature before trimming. To allow for
lateral cross-sectioning, approximately 0.3 cm wide strips of placenta were placed in cassettes
for paraffin embedding, 5 um cross-sectioning, and staining with Hematoxylin and Eosin (H&E),
under standard histological protocols in Virginia Tech Animal Laboratory Services (ViTALS),
the diagnostic lab affiliated with the College of Veterinary Medicine Teaching Hospital.

2.3.2 Tissue characterization. Slides were evaluated under an Olympus BX61VS microscope
with Olympus XM 10 camera; images and measurements were recorded using Olympus VSI
software. Multiple parameters were measured to evaluate placental growth and proliferation over
the course of gestation. The thicknesses of the myometrium and the glandular, junctional, and
lamellar zones were measured in six different sites in each the sample, and the averages were

calculated (Fig 2.1A-B). Detailed characterization of the lamellar zone was performed by
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measuring the thickness of the lamellae and the lamellar density. Thickness of lamellae was
obtained by the average of 10 measurements per high powered field (400X; HPF); four different
fields per slide were measured (Fig 2.1C). Lamellar density was assessed by measuring the
number of lamellae crossed by an 800 um line perpendicular to the orientation of the lamellae
(Fig 2.1C). To determine vascular density, the numbers of small or micro-vessels (arterioles,
capillaries and venules) in different zones of the placenta and the myometrium were counted in

four HPFs for each sample, each field corresponding to 196.2 um’

2.3.3 Statistical analysis. Samples were categorized into four groups according to the
estimated age of gestation. Statistical analysis of the data was performed using one-way
ANOVA in the software JMP10. When a statistical difference was noted, Tukey’s test was used

to determine differences between groups; p < 0.05 was considered significant.

2.4  Results
2.4.1 Dimensions of placental zones and the uterus. We measured different anatomical zones
of the placenta and the uterus in H&E stained sections (Figure 2.1) representing tissue
throughout the course of feline pregnancy, to identify the placental zones with most dynamic

structures. Dimensions and estimated gestational ages of the 49 samples collected are listed in

Table 2.1.

2.4.2 Dynamics of placental dimensions. We identified the earliest evidence of placentation
at approximately day 14 p.c. This temporary choriovitelline placenta was superficial and thinner
than that which forms later in pregnancy. The choriovitelline placenta provides an early
attachment to the endometrium but at this stage was avascular. (Figure 2.2) Choriovitelline
placenta is developed from the extra embryonic ectoderm differentiated into trophoblasts and the
vitelline sac membrane. Vasculature is present at this placenta around day 20 (not shown). From
day 20 we identify the chorioallantoic placenta with three distinctive histological zones (Figure
2.3A). There is a clear increase in the overall thickness of the placenta, especially in the lamellar
zone (LLZ). Junctional zone (JZ) appears to maintain the same thickness together with the
glandular zone (GZ). Quantification of zonal dimensions confirmed the gross histological

impression. Placental thickness including the uterus increases from approximately 4mm in early
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pregnancy to 6mm at days 46-50 (Figure 2.3B). After day 50, placental thickness is reduced,
likely due to an effect of stretching and thinning of the myometrium as fetal size reached a
maximum during late pregnancy. In contrast, dimensions of the lamellar zone in the placenta
increases until term, increasing the volume of functional placenta (Figure 2.4). Lamellae of
placentas from early pregnancy (day 20-25) were significantly smaller than all the other groups.
Mid pregnancy group 26-35 days was statistically different from all older groups. During the
second half of the pregnancy, the length of the LZ was statistically similar (Groups 36-45, 46-50
and 51-60). Based on these results, it appears that the major increase in the LZ thickness occurs

during mid pregnancy.

2.4.3 Width of the lamellae. While the average thickness of the lamellar zone increases during
pregnancy, the mean width of each lamella decreases steadily (Figure 2.5). Least-squares
regression analysis of the relationship between the thicknesses of the lamella (TOL) and
gestational age produces a line of fit with an R* of 0.74, suggesting a linear relationship between
these two variables. Using this information, we developed a linear regression equation to predict
the gestational age base of the average TOL; about 75% of the changes in TOL can be predicted
by the day of the pregnancy. This formula could be useful to pathologists evaluating feline

placental samples without history of the patient.
Day of pregnancy = 81.4 - 0.867 X TOL in um

Histologically, there are clear differences in the LZ from early pregnancy to late pregnancy
(Figure 2.5). During early pregnancy, there are abundant spaces of loose connective tissue and
cytotrophoblast around fetal capillaries; this space is reduced later in pregnancy. Additionally,
fetal and maternal lamellae are thinned, and syncytiotrophoblast cells and endothelial cells have

flattened and become reduced in the cytoplasm

2.4.4 Lamellar Density. Forty H&E stained sections were evaluated under the microscope to
count the number of parallel lamellae crossed by an 800 um line. As expected based on the
decreased mean lamellar thickness, we observed a steady increase in lamellar density throughout
pregnancy (Figure 2.6), starting from an average of 6 lamellae per 800 um at day 20 and

reaching 15 lamellae per 800 um at the end of pregnancy. Least squares regression analysis of
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lamellar density in relation to the day of pregnancy produces a line of fit with an R? of 0.77,
reflective of a strong correlation between the two variables. We created a linear equation to

estimate the days of pregnancy from the density lamellar density in 800um.
Day of pregnancy = 2.684 + 3.482 x N of Lamellae per 800um

The increase in lamellar density is in agreement with the reduction in thickness of the lamellae,
therefore packing more lamellae into the same area. Thus far we have confirmed that the feline
placenta proliferate by increasing the thickness of the LZ, reducing the TOL and increasing the
Lamellar density. Together, these changes bring maternal and fetal vessel into closer proximity,
reducing the interhaemal barrier and likely increasing the exchange rates between fetal and

maternal circulations.

2.4.5 Microvascular density. To estimate temporal and localization patterns of angiogenesis
in the placenta, we estimate the microvascular density (MD), by counting capillaries, arterioles,
and venules at 400X in different zones of the placenta and the myometrium throughout
pregnancy, all data collected from the samples is organized in Table 2.2. The results, as
expected, revealed that the most highly vascularized area of the placenta was the LZ (Figure
2.7), showing a constant increase in the MD, and apparently spike at the last portion of the
pregnancy (days 55-60). On the other hand, in the GZ and the M the number of capillaries
remains stable across pregnancy, except for the capillaries at the JZ/GZ at the end of the
pregnancy (d-55-60) that were significantly different from the early stages in the same location.
Statistical analysis indicated that MD during early pregnancy in the LZ was lower than late
pregnancy (Days 40-50, 55-60), and the last stage of the pregnancy (days 55-60) had higher MD
than any other stage. With these results, we can deduce that the LZ, over the course of the whole
pregnancy and especially during the second half, have the higher rates of neovascularization in

the placenta.

2.5 Discussion and Conclusions
We found that the placenta of the domestic cat is a very dynamic tissue, constantly
changing to accommodate the needs of the fetus. We identify a non-vascular choriovitelline

placenta at approximately day 12 of the pregnancy, in agreement with previous reports (Leiser
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and Koob 1993; Wooding and Burton 2008). Vasculature to the yolk sac comes from a
mesodermal layer, forming a bilaminar yolk sac around day 20. In the definitive placenta, the
vasculature arises from the allantois. A similar process is also described for the dog placenta
(Aralla et al. 2013). This means that the maternal villi and microvasculature in the endometrium
are well established before fetal angiogenesis starts in the placenta. By doing so, endometrial
glands in the endometrium serve as a guide from trophoblastic invasion.

By measuring the total thickness of the placenta with uterus, we detected an increase
from approx. 4mm at day 20 to approx. 6mm at the end of the pregnancy (Figure 2.5B). This is
similar to what other have found in the cat (Leiser 1982; Kehrer 1973b; Wooding and Burton
2008), this marked increase in the placental size is shared among mammals (Carter 2007). We
were able to quantify this growth precisely in a large number of samples and perform a statistical
analysis. We showed that the principal increase in placental proliferation occurs in the LZ around
mid-pregnancy. There is agreement that the LZ of the placenta experiences the highest degree of
growth overall, but Kerher (1973) suggested the higher growth rates occurred in late pregnancy
instead. In contrast, Reynolds and Redmer (1995) described that the utero-placental growth rate,
measured by weight, slows during the last half of the pregnancy in most mammals (except for
cattle), despite the exponential growth of the fetus.

Based on the histological study of the zonary placenta, we notice that the expansion of
the placenta occurred by proliferation of maternal and fetal villi including all its components, i.e.
chorion, fetal vasculature, maternal vasculature, and endometrial glands. In this manner, the
growing fetal side of the placenta expands mostly into the uterine lumen rather than relying only
on the infiltration of the syncytium into the endometrium. This produce a superficial
implantation, characteristic of the domestic cat, as has been pointed out by Kehrer 1973a, who
describes that “formation of the zonary placental villi cannot just be based on erosion by the fetal
syncytium and its advance into the endometrium, the final length of the villi is much too long for
this. There has to be considerable expansion of the maternal blood capillary system” (Kehrer
1973a).

We described a constant decrease in the thickness of maternal and fetal lamellas during
pregnancy, due to changes in the structure of cellular and connective tissue components of the
placenta. As expected, a reduction in thickness is complemented by an increase in lamellar

density that also occurs gradually across pregnancy. These two parameters suggests that
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proliferation of cellular components of the LZ are maintained steadily during pregnancy, despite
the fact that placental thickness, especially in the LZ, seems to be the same during the last
trimester. A similar situation is described in the sheep placenta, here there is a stable increase in
proliferation of fetal placental cells, measured by DNA concentration in tissue, despite the stable
weights of the placenta during the last semester (Reynolds and Redmer 1995). Obviously, just
weight of the placenta or its thickness alone does not properly describe its capacity to delivered
sufficient nutrients and oxygen to the fetus, other factors that determine placental exchange rates
are vascular perfusion, the distance between maternal and fetal capillaries, the nature of the
interhaemal barrier, and expression of specific cell transporters. In this regard, we and others
(Baur 1977; Carter 2009; Leiser and Kaufmann 1994) notice a reduction in the average distance
of maternal and fetal capillaries of the lamellar zone as the pregnancy advances. Additionally, we
estimated an increase in microvascular density of the LZ especially during the last trimester, a
similar increase in vasculature has been described in mice placenta by micro-CT in mouse
(Rennie et al. 2007). With this results, we can conclude that there is a constant remodeling of the
stroma and vasculature of the placenta during pregnancy. Furthermore, during the last trimester,
the placenta becomes more efficient by reducing the interhaemal distance, increasing blood flow
and capillary density, and increasing in exchange surface. By doing this, the placenta of similar
size compared to mid pregnancy, is able to withstand the increasing fetal needs during the last
trimester as are reflected by the exponential weight gain at late pregnancy as stated by Zambelli
et al. (2004). We can predict that the VEGF family has a great influence in the changes
happening in the placenta during pregnancy, especially promoting angiogenesis in endothelial
cells, inducing proliferation cellular components of the placenta, and increasing permeability of
the vasculature. Although details of these mechanisms in the feline placenta remain to be
elucidated.

Limitations of the study the early placentation in cats comes from the difficulty of tissue
handling and orientation for histology. Another limiting factor is the resolution of light
microscopy for identification of small features such as cell type differentiation or layers in the
interhaemal membrane, and the 2D characteristics of histology that may not reflect changes or
are difficult to interpret. Ideally, a better option for characterization of the vasculature patterns
during pregnancy could be the use of microangiography techniques with a fluorescent contrast

agent and subsequent 3D vascular casting; such technique have been described for other species
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by Lacko ef al. (2014) and (Rennie et al. 2007) The difficulties of tissue handling during

cannulation and access to equipment ruled out this option for our study.
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2.7 Figures and Tables

ol

' 16)1689.77 ym

\ \ (4) 1752.66 pm
/\ \ e i (3) 145249 ym
\ (4) 1 803'1 1 “m [ i \ ey o (2)“‘1‘437.07 pm
X 5 | (1119598 um

(3) 2304.00 prv B =

(2) 2326.52 um

e

{1)2309.14 pm

Figure 2.1: Example measurements of placental and uterine dimensions in the cat
placenta. A: Measurements of the lamellar zone range from 1.8 to 2.7 mm in this
sample. Note the presence of a marginal hematoma (*). B: multiple measurements of the
glandular zone and Junctional zone were average per placental sample. C: Thickness of
lamellae was obtained by averaging multiple measurements at four different fields per
slide; Lamellar density was assessed by measuring the number of lamellae crossed by an
800 um line perpendicular to the orientation of the lamellae. Scale bar = 500um
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Figure 2.2: Choriovitelline placenta in the cat circa day 12. A: An early trilaminar embryo
attached to the uterine wall by the early choriovitelline (CV) placenta. In the embryo, we
distinguish in the ectoderm the neural grove (N) and, to each side, the neural crest. At the
opposite side is the endoderm (Ed) and the mesoderm in between. Box in Panel A shows the
area magnified in panel B. At each side of the embryo, the trophoblasts (Tr; from extra-
embryonic ectoderm start to attach and penetrate into the endometrium (Em). In the luminal part,
the endodermic vitelline membrane is attached to the trophoblast, forming the choriovitelline
placenta. Note that this placentation is has no vasculature from the fetal side. Scale bar = 100 um.
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Figure 2.3: Dimensions of placenta and component structures across pregnancy. Continual
growth of the placenta during pregnancy. A: Histological images comparing the formation of the
placental formation (Chorioviteline placenta) d14 approx. early pregnancy (d20) mid pregnancy
(d30) and late pregnancy (d60). All images have the same magnification (0.4X) The placental
girdles of all stages except for day 14 have distinctive zones. There is a marked expansion of the
lamellar zone (LLZ), specially during mid-pregnancy. Junctional zone (JZ) appears to have the
same size together with the lamellar (GZ). B: Graphic representation of the means of
measurements from 49 placental units. Mean total placental thickness ranged from 4mm at the
beginning of the pregnancy to 6mm at the end. Scale bar = 500 um
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Length of the lamellar zone along the pregnancy
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Figure 2.4: Lamellar length as a function of gestational age. Symbols represent mean
measurements of lamellar length for each study placenta; box and whiskers indicate minima, first
quartiles, medians, third quartiles, and maxima for each cluster of gestational ages. The length of
the lamellar zone consistently increases during pregnancy. Lamellae of placentas from day 20-25
where statistically significantly smaller than all the other groups (*), Group 26-35 day was
different from all older groups (**). Groups 36-45, 46-50 and 51-60 were statistically similar.
Tukey LSM differences are included at the right of the graph for clarification. Thicknesses not
connected by same letter are significantly different. Each data point represents an individual
placenta.
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Thickness of the lamellae
per days of pregnancy
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Figure 2.5: Lamellar width as a function of gestational age. Upper panel: Symbols represent
measurements of lamellar width for each study placenta, plotted according to each litter’s
estimated gestational age. There is a steady reduction in the mean width of the lamellae as the
pregnancy progress. Lower panel: Histological differences in the lamellar zone at day 22 and
day 55. At day 55, fetal and maternal lamellae are thinned, syncytiotrophoblast cells (Sy) with
dark nucleus and endothelial cells (Arrow) have flattened and are reduced its cytoplasm, bringing
maternal (Mv) and fetal vessel (Fv) closer to each other and accommodating a greater density of
vessels. Note the presence of decidual cells (De¢) as large, occasionally multinucleated cells with
intracytoplasmatic vacuolations in the maternal lamellae. Nucleated red blood cells in fetal
capillaries are present at day 22 but absent by day 22. Bar equals 50 um. Each data point
represents the mean of 3-4 lamellar measurements in a single 20X field; 4 different fields were
sampled for each slide (individual placenta).
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Figure 2.6: Lamellar density as function of gestational age. Lower panel: Symbols in the
graph represent mean measurements of lamellar density (number of lamellae crossed by an 800
um line perpendicular to lamellae, measured at 4 different fields for each studied placenta),
plotted according to each litter’s estimated gestational age. There is a steady increase in the
density of the lamellae during pregnancy. Upper panel: H&E light microscopy (10X) of the LZ
at different stages of pregnancy (D20-30-50-60) showing increased organization of lamellae,
reduction of thickness and increase in density along the pregnancy.
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Figure 2.7: Microvascular density as function of gestational age. A sustained increase was
observed in density of capillaries of the lamellar zone (LZ). In contrast, in the GZ/JZ and M
zone, the number of capillaries generally remained stable across pregnancy, with the exception
of capillaries at the JZ/GZ at the end of the pregnancy (day 55-60) that were significantly
different compared to the early stages (day 20-15) at the same location. By this measure, the LZ
is the most highly vascularized area of the placenta and increases its vasculature consistently
during pregnancy, especially beyond day 50. Data used to generate means + sds shown are the
means of microvascular density measurements in 4 different 40X fields sampled from each slide
(individual placenta).
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Table 2.1 Dimensions and estimated gestational ages of study samples

Glandular Lamellar
Sample | Est. Day of | Desidua | Myometrium & Group
Name Gestation (um) (um) Junctional Zone (days)
(um)
Zones (um)
F10P2 20 1.90 0.70 1.30 20-25
F10P3 20 1.10 1.70 0.50 0.60 20-25
F37P3 20 2.86 0.83 2.20 20-25
F42P2 20 2.50 1.82 0.78 1.59 20-25
F42P3 20 2.30 0.66 1.49 20-25
F45P5 20 3.64 0.65 0.57 3.32 20-25
F47P2 20 1.12 0.05 0.05 0.06 20-25
F47P3 20 1.61 0.94 0.75 0.64 20-25
F42P1 21 2.32 2.20 0.68 1.66 20-25
F42P4 21 2.66 1.60 0.66 1.95 20-25
F45P2 22 3.38 1.86 1.03 2.39 20-25
F45P3 22 2.89 1.95 0.72 1.96 20-25
F40P3 23 2.93 0.82 2.03 20-25
F46P4 26 2.90 0.90 0.65 2.11 26-35
F44P1 27 2.72 0.60 2.13 36-45
F44P2 27 2.33 2.90 0.80 1.54 20-25
F44P3 27 3.29 2.37 0.69 2.75 26-35
F46P1 27 3.90 2.30 0.70 2.20 26-35
F46P3 27 2.92 0.21 0.79 2.13 26-35
F9P1 28 3.10 0.60 2.40 26-35
FoP2 28 2.60 0.70 2.00 26-35
F9P3 28 2.80 0.70 2.10 26-35
F37P2 30 3.77 2.40 0.75 3.27 26-35
F39P2 40 3.19 0.86 2.33 36-45
F39P3 40 4.06 1.21 0.85 2.66 36-45
F4P1 43 4.00 0.90 3.20 36-45
F4P2 43 4.10 0.70 3.40 36-45
F4P3 43 3.90 0.90 3.00 36-45
F4P5 43 4.40 0.60 3.80 36-45
F31P2 46 4.10 2.40 1.10 3.10 46-50
F32P1 46 3.21 2.50 1.10 2.40 46-50
F52P2 47 4.10 2.16 0.95 3.02 46-50
F18P3 48 3.66 2.60 0.90 3.20 46-50
F51P2-3 49 4.27 1.62 0.85 3.33 46-50
F52P1 49 4.34 1.85 0.90 342 46-50
F52P5-7 49 3.80 2.30 0.90 3.35 46-50
F50P3-4 50 4.12 1.24 1.19 2.99 46-50
F52P3-4 50 4.22 2.00 1.08 3.46 46-50
F50P1-2 52 3.93 0.91 1.03 3.14 51-60
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Glandular

Lamellar

Sample | Est. Day of | Desidua | Myometrium & Zone Group
Name Gestation (um) (um) Junctional (days)
(um)
Zones (um)
F38P2 53 4.27 1.06 0.60 3.70 51-60
F33P4 54 6.90 2.80 2.50 4.10 51-60
F19P2 55 3.10 0.80 0.70 2.50 51-60
F48P1 58 4.40 1.84 1.50 4.47 51-60
F34P2 59 5.00 1.20 0.77 3.80 51-60
F36P3 59 4.58 1.32 0.82 4.20 51-60
F3P2 60 3.60 0.60 3.10 51-60
F3P3 60 3.70 0.80 2.90 51-60
F3P4 60 4.00 0.70 3.30 51-60
F20P1 61 3.90 1.30 0.70 2.30 51-60
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Table 2.2 Microvascular density per placental zone during gestation

Sample Est. Day of . LZ .GZ/JZ . Mio Group
Name Gestation Microvessel | Microvessel | Microvessel (days)
Count Count Count
F34P1 60 37 15 12 55-60
F34P1 60 35 21 10 55-60
F34P1 60 41 18 7 55-60
F34P1 60 39 17 5 55-60
F422 20 19 10 4 20-25
F422 20 20 11 8 20-25
F422 20 14 10 5 20-25
F422 20 15 13 4 20-25
F42P4 17 23 12 4 20-25
F42P4 17 18 10 16 20-25
F42P4 17 20 16 9 20-25
F42P4 17 16 12 8 20-25
F37P3 30 28 8 8 30-35
F37P3 30 29 6 7 30-35
F37P3 30 27 7 6 30-35
F37P3 30 26 8 11 30-35
F32 45 29 10 4 40-50
F32 45 35 14 12 40-50
F32 45 34 11 7 40-50
F32 45 33 9 8 40-50
39P2 40 40 11 9 40-50
39P2 40 46 10 6 40-50
39P2 40 36 13 5 40-50
39P2 40 35 13 11 40-50
Fop2 30 35 10 30-35
Fop2 30 33 9 30-35
Fop2 30 24 14 30-35
Fop2 30 37 9 13 30-35
F34P2 60 58 15 14 55-60
F34P2 60 55 17 11 55-60
F34P2 60 50 19 14 55-60
F34P2 60 68 15 6 55-60
F37P2 30 38 8 7 55-60
F37P2 30 31 9 7 30-35
F37P2 30 29 11 5 30-35
F37P2 30 35 6 9 30-35
42P3 20 30 8 10 20-30
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Sample Est. Day of . LZ .GZ/JZ . Mio Group
Name Gestation Microvessel | Microvessel | Microvessel (days)
Count Count Count
42P3 20 26 10 13 20-30
42P3 20 23 7 10 20-30
42P3 20 30 9 8 20-30
F33 55 62 14 12 55-60
F33 55 50 10 9 55-60
F33 55 69 13 11 55-60
F33 55 65 15 12 55-60
F40P3 23 32 9 12 20-25
F40P3 23 39 6 7 20-25
F40P3 23 34 11 9 20-25
F40P3 23 26 9 6 20-25
36P3 58 55 13 55-60
36P3 58 60 12 55-60
36P3 58 63 12 55-60
36P3 58 59 9 55-60
44P1 37 36 10 9 30-35
44P1 37 29 9 6 30-35
44P1 37 32 7 7 30-35
44P1 37 34 7 12 30-35
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Chapter 3
Gene expression dynamics of vascular endothelial growth factor family members

in the feline placenta

3.1 Introduction

Angiogenesis, the formation of new blood vessels, is critical for development,
reproduction, wound healing, and tissue regeneration, but is also a contributing factor with
cancer and other diseases. During pregnancy, the vascular network in the placenta expands by
two successive processes, vasculogenesis and angiogenesis, resulting in the formation of a
dynamic vascular network competent to support fetal growth (Reynolds et al. 2010; Semenza
2007; Leach et al. 2002; Aplin 2017). Angiogenesis is controlled by a variety of biochemical
agents, notably the vascular endothelial growth factor (VEGF) and placental growth factor
(PLGF) families, and their receptors (FItl; sFltland KDR). PLGF is a VEGF-related
homodimeric glycoprotein expressed by the placenta during gestation. Abnormal placental
vascularization is associated with pregnancy complications and birth defects (Breier 2000). In
particular, an imbalance between PGF and sFlt-1 is associated with the onset of preeclampsia. In
particular, an imbalance between PGF and sFlt-1 is associated with the onset of preeclampsia.
(Bogic, Brace, and Cheung 2001; Demir et al. 2004; Winther, Ahmed, and Dantzer 1999).

In humans, alternative splicing of PLGF produces four different isoforms. As with the
VEGF As, the main differences among these isoforms is their capability to interact with heparin,
thanks to the presence of the exon 6 which codes for an heparin binding domain and can interact
with the extracellular matrix (ECM). Smaller isoforms lack exon 6, thus can be secreted and
diffuse to interact with distant cell targets (Yao et al. 2005; De Falco 2012; Ferrara 2000). There
are no previous reports of PLGF in cats, but NCBI computational analysis of genome sequence
predicts the existence of at least two feline mRNA variants (NCBI gene ID:101095904; Figure
3.1), The two variants of feline PLGF differing in length by 63 bp, corresponding to exon 6
being present in Var II but not Var I. This make the cat an appropriate model to study the
difference between PLGF variants. Similarly, the VEGF-A gene can be translated into multiple
isoforms by alternative spicing of VEGF transcripts. In humans, there are at least five major
isoforms; The most common are VEGF 165, VEGF 189 and VEGF 121. Smaller isoforms such
as VEGF 121 lack exons 6 and 7 while intermediate isoforms like VEGF 165 lacks exon 6 but
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retain exon 7 (Houck et al. 1991; Tischer et al. 1991). As a result, VEGF 121 does not interact
with heparan sulfate proteoglycans in the ECM and can more freely diffuse into the interstitial
medium or through the ECM. VEGF 165 has intermediate, balanced properties, can be
secreted and diffuse to reach distant cells but also can be sequestered by the ECM giving this
isoform more diverse function and arguably optimal angiogenic potency and bioavailability
(Park, Keller, and Ferrara 1993). In contrast, VEGF 189 is rapidly sequestered into the ECM.
During inflammation, tumors growth or other situations, VEGF 189 can be released form this
form of reservoir. There is limited data about the functions of PLGF and VEGF isoforms
during angiogenesis and even less about their functions in the placenta during pregnancy. In
the cat, NCBI Gnome system predicts two isoforms of VEGF (NC_018727.3), other
bioinformatics services provide more predicted variants, but so far, no experimental data backs
up these predictions.

Based on findings using tumor lines expressing selected VEGF A isoforms and variant-
specific null mice, some authors suggest that different isoforms are critical for generating a
microenvironmental gradient of angiogenic factors to guide endothelial cells during
angiogenesis and vessel assembly. In this regard, larger isoforms have been related with
increased vessel branching, producing denser vascular networks composed of vessels of smaller
caliber. In contrast, predominance of smaller isoforms has been linked to formation of highly
unstable, tortuous and leaky capillaries, with relatively larger diameter and fewer branch points.
(Cheng et al. 1997; Grunstein et al. 2000; Ruhrberg et al. 2002; Tozer et al. 2008; Yu et al. 2002;
Kiisters et al. 2003).

During human pregnancy, circulating levels of PLGF show a consistent rise through the
second trimester of the pregnancy (Lam, Lim, and Karumanchi 2005; Levine et al. 2004). This
period corresponds to the time of maximum vessel maturation and enlargement in the placenta
(Pang, Bates, and Leach 2017), suggesting that PLGF could influence vascular pattering in the
placenta by mediating a shift from increased branching in early pregnancy towards vessel
enlargement, elongation and maturation during mid-pregnancy. Human PLGF has been was
immunolocalized in the vasculosyncytial membrane, in the media of large blood vessels of the
placental villi and in maternal decidua cells, while in sifu hybridization has detected its
transcripts also in villous trophoblasts. Flt-1, principal receptor for PLGF, was also localized in

syncytiotrophoblast and endothelial cells (Sawano et al. 2001). This localization suggest that
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PLGF may induce autocrine trophoblast proliferation and migration into the maternal decidua
and stimulate fetal and maternal angiogenesis, via paracrine activation on vascular endothelial
cells (Burton, Charnock-Jones, and Jauniaux 2009; Khaliq et al. 1996; Vuorela et al. 1997).

Expression of VEGF-A transcripts in humans, bovine, canine and pigs has been
localized in fetal trophoblast cells, placental macrophages, and endometrial glands. (Pfarrer et al.
2006; Gram et al. 2015; Bouwland-Both et al. 2013; Demir, Seval, and Huppertz 2007; Cooper
et al. 1995; Loegl et al. 2016). VEGF A expression is dependent on the stage of pregnancy and is
affected by multiple pathologies of the pregnancy (Bogic, Brace, and Cheung 2001; Demir et al.
2004; Winther, Ahmed, and Dantzer 1999). In humans, in-situ hybridization localized Flt-1 and
VEGF A mRNA around the villous cytotrophoblast (Clark et al. 1996), KDR was located in
vasculogenic and angiogenic precursor cells as well as in endothelial cells (Demir et al. 2004).
VEGF A, KDR, and Flt-1 location patterns suggest roles in early vasculogenesis and blood
vessel branching, very active processes during early placentation. Additionally this VEGF A
location could participate in placental invasion and implantation (Ahmed et al. 1995; Vuckovic
et al. 1996).

Despite the importance of VEGF A during pregnancy, limited research has been
performed to study VEGF A isoforms in the placenta. It is necessary to increase the efforts
toward understanding the distinct function of VEGF and PLGF isoforms in placental
development. Such investigation should provide a more complete view of the interactions
between the VEGF family ligands and their receptors under different conditions and how they
affect vascular pattering during normal pregnancy. Knowledge gained may be vital to understand
and hopefully detect, prevent, or treat pathologies of the pregnancy such as preeclampsia. In the
same way, better understanding of the angiogenic process including the role of VEGF family
splice variants can be useful to understanding cancer angiogenesis and develop ways to control

it.

3.2 Objectives
The main objective of this study is to understand physiological angiogenesis using feline
placentation as a model. We are interested in gaining insight into the role of different isoforms of
VEGF family members in the formation and growth of the placenta during pregnancy. We hope

that this study will produce valuable data for understanding the details of angiogenesis during
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placentation and serve as a fundamental characterization of the VEGF family in the cat placenta.
Under this broad umbrella, specific objectives of this study are to identify VEGF and PLGF
isoforms expressed in the feline placenta, and then characterize the relative gene expression of
feline VEGF A and PLGF isoforms and their receptors during the feline pregnancy. Alongside
analysis of PLGF variant expression, we measured expression of the structurally- and
functionally-related VEGF-A and VEGF-B family members and their shared receptors, as well
as that of other genes associated with regulation of neovascularization, including Hypoxia-
inducible factor 1 Alpha (HIF-1a), Angiopoietin-2, sFLT-1, and thrombospondin 1 (TSP 1). In
addition, we attempt to detect protein levels of VEGF-A, PLGF, Flt-1 and KDR using western
blot and immunohistochemistry to localize these angiogenic factors and their receptors in

placental tissue.

3.3  Hypothesis
We hypothesize that the cat placenta express multiple isoforms of VEGF and PLGF and
that gene expression patterns of these isoforms and their receptors varies across pregnancy in a
manner consistent with the progression of development of the placenta and its vascularization, as
described in Chapter 2. We predict that expression of longer (heparin-binding) VEGF isoforms is
higher early in pregnancy when vessel branching occurs, and that shorter binding VEGF

isoforms predominate later in support of vessel enlargement and maturation.

3.4  Methodology
3.4.1 Sample collection and preparation. A total of 86 placental specimens, derived from
tissue that is otherwise routinely discarded after ovariohysterectomy of pregnant cats at spay and
neuter clinics (e.g., Mountain View Humane, Christiansburg, VA), was instead recovered
immediately after surgery as described in Chapter 2. Whole uteri were dissected, the placentas
was detached from the uterine wall, and three to four samples from the central part of the
placental girdle were collected using a 10mm punch biopsy (Figure 3.2). Fetuses were measured
using a caliper to determine the occipital-sacral length and the biparietal diameter in order to
estimate their gestational age according to formulae described in Zambelli et al. (Zambelli et al.
2002; Zambelli et al. 2004). Placental samples were rapidly placed in a 2 ml tube with RNAlater

(Qiagen - Hilden, Germany) on ice for transport to the lab and stored refrigerated until processed
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for RNA extraction. The remaining portion of the placenta with uterus was cut into

approximately 1 cm” pieces and placed in 10% formalin for >24 hours for histological analysis.
pp y p p

3.4.2 RNA extraction. Placental samples (~60 mg) from each biopsy punch were transferred
to 2ml polypropylene tubes with 1 ml of TRIzol (Invitrogen, Carlsbad, CA) on ice. Tissue was
triturated using an electric tissue homogenizer drill (Tissuemiser — Fisher Scientific). Chloroform
(200 ul) was added, and, after vortexing, samples were centrifuged for 15 min to separate 3
phases in the Trizol tube. Total RNA was extracted from the clear aqueous phase using a Zymo
RNeasy mini kit (Zymo Reseach, Irvine, CA) according to the manufacturer’s recommendations
and including DNase 1 incubation to reduce carryover of genomic DNA. RNA concentration and
quality was determined using a NanoDrop ND-100 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE). All samples had 260/280 and 260/230 ratios over 1.90. RNA samples were
stored at -20°C until later use. Random-primed complementary DNA (cDNA) was synthesized
using 1 ug of total RNA and the High-Capacity cDNA Reverse Transcription Kit (Applied

Biosystems, Foster City, CA) in 20uL reactions, following the manufacturer’s instructions.

3.4.3 End point PCR. To detect the presence of cDNAs representing the various isoforms of
agents of interest, we designed primers (Table 3.1) to amplify the complete coding sequence of
VEGF-A (BH 621 — BH 657) and PLGF (BH-667 — BH-670), based on predicted NCBI
sequences and homology with other species (Figure 3.1). PCR reactions were performed using 2
ul of cDNA template, 0.25 uM primers, and 1x PCR Taq polymerase mix (Qiagen - Hilden,
Germany) in 50 ul reactions in the Hybaid SPRT 001 thermal cycler (Hybaid Ltd - Cambridge,

United Kingdom). Cycle parameters were as follows:

Cycle Denaturation Annealing Extension
no. (94°C) (55°C) (72°C)
1 2 min 1 min 2 min
2-29 1 min 1 min 2 min
30 1 min 1 min 10 min

PCR products were briefly stored at 4°C and fractionated by agarose gel electrophoresis the same

day.
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3.4.4 Gel electrophoresis. To separate PCR products of the range of sizes anticipated based on
the known multiple isoforms, we loaded PCR reactions onto 1.5 % arose gels in 1X Tris-Borate-
EDTA for electrophoresis at 100 volts constant voltage (approximately 45 min on an 8 cm gel).
Bands were detected on a UV light box in gels stained post-electrophoresis with 0.1% ethidium
bromide. Agarose gel containing bands of interest were excised using a razor blade, and DNA
products were recovered using QIAEX II gel extraction reagents (Qiagen - Hilden, Germany)

following the manufacturer’s instructions for the size of DNA fragments present (Figure 3.3).

3.4.5 Molecular Cloning. PCR amplicons were captured using a TA Cloning™ Kit, with a
pCR 2.1 vector and One Shot TOP10 Chemically Competent E. coli (Invitrogen - Carlsbad, CA)
following the manufacture’s recommendations. Transformed bacteria were spread on LB agar
plates supplemented with 100 ug/ml ampicillin and X-gal to select for likely transformants.
Multiple white (positive) colonies of each targeted species were picked with sterile toothpicks
into 1 ml LB/Amp cultures and incubated overnight at 37°C with 200 rpm shaking. End-point
PCR using 1 ul bacterial lysates as template and flanking M13For and M13Rev primers was used
to screen for expected insert size; positive PCR amplicons were sequenced (Virginia
Bioinformatics Institute Genomics Lab) to identify clones with non-mutated sequences and to
ascertain insert orientation. Plasmid purification from selected clones was performed using the
Perfect Prep Endofree maxi kit (5 Prime GmbH - Hilden Germany). Finally, purified plasmid
DNA was sequenced to reconfirm presence of different isoforms and to compare with the
predicted mRNA feline PLGF (XM003987840; XM003987841 and VEGF A sequences
(XM_023253550.1; NM_001009854.1). In addition, Figure 3.4 shows predicted amino acid
sequences encoded by the cloned cDNAs. Purified plasmids were used as positive controls in the
development of qRT-PCR assays specific for each variant of PLGF and VEGF transcripts. These
full-length constructs were also used as a source of coding sequences for transient protein

expression for western blotting positive controls.

3.4.6 Real Time qPCR. DNA Primers and Minor groove binding (MGB) DNA probes were
designed in Primer Express 3.0.1. Custom TagMan MGB probes and TagMan Gene Expression
Master Mix reagents were used (Applied Biosystems, Foster City, CA). Each detected isoform of
feline PLGF and VEGF A was TA cloned into pCR-2.1 using sequence specific primers as
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described above. Standard curve dilution series for each homogeneous cloned target were
examined by real-time qPCR in order to document amplification efficiencies above 90% (Figure
3.5). Isoform specificities of the reagent sets were tested by preparing cross-reaction (off-target)
standard curves. For example, primer and probes developed for VEGF A 119 were tested using
VEGF 163 and VEGF A 186 homogeneous clones. Standard dilution of these cross reactions
were made to assure that the primers and probes were only amplifying the intended VEGF/PLGF
isoform (Figure 3.5). 18s rRNA was used as normalizer target with TagMan VIC Ribosomal
RNA control (Applied Biosystems, Foster City, CA, 4308329).

All real-time PCRs were run on a One-step Systems (Applied Biosystems) using regular
2hr cycles with triplicate for each sample and 20 ul reactions in a 96 wells plate. A total of 84
cDNA samples from placenta were used for relative expression analysis. A set of three 96 wells
plates where used for each gene. Controls for each plate included, two negative control samples
with ultrapure water to test for contamination, and two genomic (non-reverse transcribed) DNA

controls to confirm cDNA-dependence of signal.

3.4.7 Western Blotting. As is the case for numerous domestic animal species, there are
relatively few commercially-available antibodies prepared specifically for, or validated for use
on, samples of feline origin. Thus we undertook the creation of protein standards, based on the
known coding sequences for feline PLGF and VEGF A, to use as control reagents in the
screening of candidate antibodies. Coding sequences for PLGF Var 1, 2 and VEGF-A 187 were
directionally subcloned from pCR-2.1 (section 3.4.5 above) into pcDNAIntA (Huckle and Roche
2004) following digestion with Xhol and Xbal for pcDNAInta and Xhol — Spel HF(NEB), for
pCR-2.1, placing transcription under control of the constitutive CMV immediate-early promoter.
Following plasmid purification and sequencing to confirm insert orientation and sequence
fidelity, 5 ug of each construct was transfected into HEK293 cells in 60mm dishes using
TransIT-293 reagents (Mirus - Madison, WI). Conditioned media were collected 48 hours after
transfection, and PLGF and VEGF were adsorbed from media by overnight incubation at 4°C in
the presence of 350 ul heparin-agarose beads (Sigma - St. Louis, Missouri), with continuous end-
over-end agitation. Following recovery of beads by centrifugation at 150xg, adsorbed proteins
were solubilized by addition of 350 ul of 2X Laemmli sample buffer (BioRad, Hercules, CA)

and fractionated on 12% polyacrylamide gels for antibody screening. Separated proteins were
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transferred electrophoretically overnight at constant 30 mAmp. Proteins where blotted into nylon
membranes (PVDF Immobilon — P, Millipore — Billerica, Massachusetts) which subsequently
were blocked for 2 hours at 4°C in 10 ml Odyssey blocking reagent (Licor) and incubated with
primary antibodies (Table 3.2) diluted in 10 ml of 0.5X blocking buffer with 0.1% of tween 20
for 2 hours at room temperature over a rotamixer. After washing with PBS with 0.1 Tween 20
(PBST), immunoreactive protein species were located by 1 hour incubation in 0.5X blocking
buffer / 0.1% of Tween 20 containing the appropriate anti-mouse, anti-rabbit, or anti-goat
secondary antibodies labeled with infrared fluorophores 800CW or 680RD (Licor, Lincoln, NE).
After washing in PBS/Tween-20, labeled protein species were imaged on an Odyssey Classic
Infrared Imager. Membranes were probed subsequently with anti-beta-actin as a normalizing

control.

3.4.8 Immunohistochemistry. Placental and uterine tissue, obtained as described under section
3.4.1, was fixed in 10% formalin for 24 hours and processed for paraffin embedding, 5 um
sectioning, and staining with hematoxylin and eosin (H&E) in the Virginia Maryland College of
Veterinary Medicine Diagnostic Lab (ViTALS). Selected tissue blocks were recut to 5 um
sections, mounted, dried at 42°C overnight, and stored at room temperature for less than 3 days
before staining. All steps were performed at room temperature unless otherwise specified using
the ultraView Universal Alkaline Phosphatase Red Detection Kit from Ventana (#760-501) and
manual conventional histology protocols. Briefly, sections were deparaffinized in xylene,
rehydrated and washed with 1X reaction buffer (1X RB; Ventana cat. no. 950-300). Unmasking
of antigens was performed in a polyethylene staining jar with Ventana cell conditioner 1 (950-
124) for 60 min at 95 C. Sections were then rinsed in 1X RB and blocked with 125 uL of
Ventana 760-050 for 8 min. Primary antibodies (Table 3.2) were diluted in Ventana incubation
diluent (251-018); 125 uL of this dilution was used per slide. Slides were incubated for 1 hour
and then washed with 1X RB. Negative control slides were exposed to incubation diluent
without primary antibody. For secondary incubation, we used 125 uL of ultraView Universal
Alkaline Phosphatase Red Detection Kit (Ventana 760-501), followed by 125 uL of UV red
enhancer and incubated for 4 minutes. UV Fast Red A (100 ul) and 100 ul of UV red Naphthol
was applied and incubated together for 8 min. Finally, 125 ul of UV Fast Red B was incubated

for 8 min in rinsed with 1X RB. Slides were counterstained with hematoxylin for 45 sec, rinsed
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and air dried for at least 30 min before the coverslip was applied. Samples were observed under a
Nikon Eclipse Ci-S microscope; images were captured on a Nikon camera and analyzed using

NIS-Elements Analysis D 5.01 image software.

3.5  Results
3.5.1 Detection of VEGF-A Isoforms and sequencing. Total RNA extracted from placental
tissue of the domestic cat was subject to PCR using specific primers (Table 3.1) aiming to
amplify all possible isoforms of PLGF (BH-667 — BH-670), and VEGF A (BH 644 — BH 646)
based in predicted NCBI sequences and homology with other species (Figure 3.1). Gel
electrophoresis of end point PCR product for PLGF detected bands of ~550 and ~600 bp, the
presumptive isoforms 1 and 2 (Figure 3.3A). Gel electrophoresis of VEGF A PCR amplicons
reveal 3 distinct bands of ~200, ~270 and ~300 bp. These Isoforms were present in the placenta
at different stages of the pregnancy from day 20 to day 60 (Figure 3.3B). DNA was extracted
from abovementioned bands, TA cloned into competent E. coli, and resulting plasmids were
sequenced. Alignment of the sequences reveal three distinctive isoforms for VEGF A and two
for PLGF. Using Translate tool from ExPASy, we predicted proteins of 187, 163 and 119 amino
acids (excluding the predicted 26AA signal peptide). When compared to NCBI VEGF A
predictions for cat and human VEGF A 165, there is a complete identity between the predicted
163 isoform and VEGF 163 isoform detected in placenta. Human and feline VEGF A proteins
are highly conserved, although human VEGF 163 has two more AAs, in positions 32 and 141.,
(Figure 3.4) Based on homology with other human isoforms, this feline variants corresponded to
the most common human VEGF A 149, 163 and 121. Differences in exon 6 and 7 are clear in
smaller isoforms lacking AA 141 to 164 or 141 to 208 for VEGF 163 and 119 respectively.
PLGF Isoforms detected were 170 and 149 AA equivalent to the human 131 and 152 isoforms
(minus an 18AA signal peptide). This isoform has 100% identity with the predicted isoform in
cat. In addition, there is a predicted PLGF 181 that we did not find in placenta.

3.5.2 Relative expression of VEGF A, VEGF B and PLGF isoforms in the placenta during
pregnancy. Using qRT-PCR on 84 placental samples, we were able to quantify the relative
expression of a combination of all isoforms, or “panVEGF-A,” and the specific isoforms VEGF

A 119, VEGF A 163, and VEGF A 187, in tissue from the placental girdle of the domestic cat.
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All three isoforms were detected during pregnancy from groups 20-25 to 55-60 (Figure 3.6).
With gestational age d20-25 as baseline, all VEGF A isoforms follow a similar pattern of
expression, showing an upregulation at mid pregnancy (d30-35), followed by a steady decline
toward term. Expression of VEGF A119, relative to VEGF A163 and VEGF A187, appears to
rise early during pregnancy, with over 4-fold increases in expression compared to group d20-25
(Figure 3.7).

PLGF variant I and II were also detected in all stages of gestation measured. Both
isoforms follow a similar pattern of expression, with constant expression during the first 2/3 of
the pregnancy followed by a marked increase of over 4 times the expression at d20-25 (Figure
3.8). VEGF B, an angiogenic factor that shares the same receptors with PLGF, was constantly
expressed during pregnancy. We measured a small increase in relative gene expression at late

pregnancy, but no statistically significant differences were noted (Figure 3.8).

3.5.3 Relative expression of KDR, FIt-1 and sFlt-1 the placenta during pregnancy. Tyrosine
kinase receptor Flt-1 constantly increases its expression during pregnancy and, by the end of the
pregnancy (d55-60), reaches mean expression to 5 times the expression levels measured at d20-
25 (Figure 3.9). Relative expression of KDR in the placenta, was stable during the whole
pregnancy. Relative expression of the truncated soluble sFlt-1 was constant during pregnancy,

with high individual variations (Figure 3.9).

3.5.4 Relative expression of other major angiogenic regulators in the placenta. HIF lais a
transcription factor that couples tissue hypoxia to elevated VEGF A expression. In our study, no
significant changes in expression of HIF 1a were measured during pregnancy (Figure 3.10). The
anti angiogenic gene THBSP 1, showed a small down regulation during mid pregnancy, although
no statistically significant differences were found. Expression of panVEGF-A was compared to
THBS 1, revealing increasing ratios of panVEGF relative to THBS 1 during mid pregnancy.

Another pro-angiogenic regulator, ANG 2, had a stable expression during pregnancy.
3.5.5 Immunolocalization of KDR and FIt-1 in placenta. Immunohistochemistry was used to

localize VEGF A, PLGF, KDR and Flt-1 in 16 placental FFPE samples, representing a subset

ranging from early pregnancy (day 14 p.c.) to near term (day 60). Controls used included non-
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pregnant feline uterus, heart, kidney, liver (obtained from the ViTALS tissue block archive), as
well as rat kidney, liver, heart, and spleen. These were used to assess the efficacy of IHC
methodologies. For descriptive proposes, protein localization in placenta was separated in early
pregnancy d14 to d25 and late pregnancy d45 to d60. All targeted proteins were detected in the
placenta. KDR was abundantly immunolocalized from early pregnancy in maternal and fetal
endothelial cells of the lamellar zone and in maternal lamella. KDR was also detected in uterine
glands of the Glandular Zone (Figure 3.11). Late in pregnancy follows a similar distribution.
The receptor was still immunolocalized in the maternal capillaries in the lamellae and
occasionally in fetal capillaries, especially in the luminal side of the LZ, in epithelial cells of
endometrial glands and capillaries in the uterine myometrium. Additionally, clusters of decidual
cells in maternal lamella were immunoreactive (Figure 3.12).

The second tyrosine kinase receptor for VEGF family members, Flt-1, was
immunolocalized during early pregnancy in the LZ on the placenta, specifically, in trophoblast
cells of the fetal lamellae located at each side of the maternal lamellae. Positive trophoblast cells
are apparently syncytiotrophoblast, although absolute determination based only in light
microscopy is difficult. Flt-1-positive cells include endothelial cells in fetal capillaries and fetal
fibroblast in the connective tissue. In addition, syncytiotrophoblasts around multinuclear cell
clusters in the JZ showed Flt-1 immunoreactivity (Figure 3.13). At late pregnancy, Flt-1 follow
the same localization pattern as earlier in pregnancy, immunolocalized in trophoblast cells at
each side of the maternal lamellae, in maternal and fetal microvasculature, and in epithelial cells

of endometrial glands (Figure 3.14)

3.5.6 Immunolocalization of PLGF in placenta. During early pregnancy, PLGF was
immunolocalized in the LZ associated to maternal and fetal vasculature. (Figure. 3.15) During
late pregnancy, PLGF was abundantly present in placenta, associated with maternal and fetal
capillaries in the LZ and in endothelial cells of myometrium vasculature (Figure 3.16). This

pattern of distribution was very similar to that of KDR.

3.5.7 Immunolocalization of VEGF A in placenta. VEGF was immunolocalized in clusters at
the maternal lamellae early in the pregnancy (d20). Immunopositive cells appear to be decidua

cells based on their distribution in the maternal lamellae and their morphology of. Although
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further confirmation with other methodologies is needed. VEGA A also appeared to be localized
in cells of the trophoblast attached to maternal lamellae, similarly to Flt-1. Distribution of VEGF
A seems to vary from sample to sample and in different areas of the same slide (Figure 3.17).
During late pregnancy, VEGF A had a similar distribution compared to early pregnancy, but
appears to be localized increasingly in maternal endothelial cells in the lamella, and less
prominently associated with trophoblast cells (Figure 3.18).

We can summarize our IHC results to note that in the lamellae, KDR is located in
endothelial cells of maternal capillaries in the center of the lamella, whereas Flt-1 is located in
the trophoblast cells located at each side of the maternal lamellae, as well as in fetal vasculature
(Figure 3.19). On the other hand, VEGF A immunolocalization varies from different structures
of the placenta; in some areas VEGF A was localized in trophoblast cell while in others it was
associated with endothelial cells. Finally, PLGF in the lamellae was immunodetected in maternal

and fetal capillaries of the LZ.

3.5.8 Immunolocalization of VEGF A, PLGF, KDR and FIt-1 in fetal membranes.

We compared the protein localization of these main angiogenic regulators in the fetal membranes
(Figure 3.20). We included chorioallantoid membrane in the equatorial region where the
placental girdle is not developed. The advantage of looking at this area is the relatively simpler
histology compared to the labyrinthine nature of the LZ. Allantoamnios and vitelline membrane
were also included. KDR and PLGF were localized in endoderm of the yolk sack; KDR and Flt-1
also appear to co-localize in capillaries of the yolk sac. VEGF A and PLGF co-localize in blood
cell precursors. In the chorioallantoic membrane at the paraplacenta, all proteins co-localized in
the trophoblastic cells of the chorion. KDR was additionally detected in microvasculature related
to the allantois and in the mesothelium of the allantois. In the allantoamnios, no protein was
detected in amniotic membrane, although KDR and Flt-1 appear to co-localize in the

mesothelium of the allantois that is partially attached to the amnions.

3.5.9 Immunodetection of VEGF A and Flt-1 protein in placenta. Tissue from 38 placental
samples representing different times in pregnancy that had been stored in RNA later were
processed for total protein extraction (Table 3.4). To assess quality and solubility of extracted

proteins, we performed a sodium dodecyl sulfate polyacrylamide gel electrophoresis and
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Coomassie blue staining. Sharp proteins bands of diverse sizes were seen in all samples and at
different dilutions, suggestive of low degradation (Figure 3.21A) and encouraging their use for
‘Western’ immunoblotting studies. As a positive control for the western blotting methodology
and as a normalizing protein control, we immunodetected beta-actin at different stages of the
pregnancy. Clear bands of ~45kDa were seen in all stages of the pregnancy, confirming the
correct use of western blotting technique (Figure 3.21B).

Due to the lack of commercially available antibodies for domestic cat, we sought to
validate candidate antibodies using transiently expressed proteins in human HEK293 cells from
previously cloned feline VEGF A 187 and canine Flt-1 constructs. Flt-1 was immunodetected
using H-225 from Santa Cruz at approx. 124 kDa in the positive control of HEK293 cells
(Figure 3.22A). VEGF A was detected with a band of approximately 18kDa, similarly to a
human recombinant VEGF A 165 (R&D Systems)(Figure 3.22B). Based on the detection of
recombinant proteins VEGF A187 and Flt-1 with the antibodies C1 and H-225, respectively, we
continued with these antibodies to immunoblot VEGF-A and Flt-1 in placental samples. VEGF
A was detected in placental tissue during early pregnancy with a positive band of ~20 KDa
(Figure 3.22C). The receptor Flt-1 was immunolocalized in placental tissue as well as in aorta
and heart. Despite multiple attempt to detect PLGF and KDR, using different antibodies and a
variety of protein extraction protocols, incubation times and temperatures, as well as modifying
conditions of electrophoresis (use of different reducing/alkylting agents) and blotting, we were
not able to confidently detect PLGF or KDR in the placenta. Antibodies tested include Flk-1
(SC-F10), Flk-1 (SC-A3), Flt-1 (SC-D2), Flt-1(SC-C17), Flt-1 (N16), PLGF H90 (data not
shown). Further studies are needed to identify alternative methods for detection of these proteins
with western blotting techniques, although we consider the successful localization of protein by

IHC in tissue sections, as presented earlier in this chapter to be more valuable.
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3.6  Discussion and Conclusions
In this study, we provide evidence of differential spacio-temporal expression of angiogenic
regulators of the VEGF family in the placenta. First, we identified placental expression of three
isoforms of VEGF A (VEGF A119, VEGF A163, and VEGF A187) and two PLGF isoforms
(PLGF I and PLGF II) (Figure 3.3). Based on homology with humans and computational
analysis, we predict that these variants were homologues of the most common VEGF A and
PLGF factors expressed in humans (Figures 3.1 and 3.4), and were very similar to mouse, dogs
and other felids (data not shown). High degree of genomic conservation can be expected based
on the critical functions of these proteins; as evolutionary genetic research has shown, small
mutations in critical genes can have deleterious effects during development, such that selective
pressure exists for conservation. (Cross et al. 2003; Rawn and Cross 2008; Benirschke, Burton,
and Baergen 2012). Additionally, feline genome sequences projects have pointed out the
prominent similarities between the human and feline genome (O’Brien et al. 2008; Pontius et al.
2007; Murphy et al. 2005).

The different variants detected differ in the presence of exons coding for heparin binding
domains, thus different variants could have distinct proprieties and biological functions.
Although their function and differences has not been extensively characterized, different isoform
are believed to affect vascular patterning. Smaller diffusible isoforms without heparin binding
domains like VEGF A119 have been linked to increase vascular perfusion, long tortuous vessels
with large caliber and fewer branching. In contrast, longer heparin binding isoforms like VEGF
A187 produce smaller, very dense capillary networks (Cheng et al. 1997; Grunstein et al. 2000;
Ruhrberg et al. 2002; Tozer et al. 2008; Yu et al. 2002; Kiisters et al. 2003; Carmeliet et al.
1999).

Relative gene expression analysis reveals that all isoforms were expressed in the placenta
during pregnancy, and in general, all isoforms followed a similar pattern of expression, with
relative increase in expression during mid-pregnancy following a gradual reduction of expression
toward the end of the pregnancy (Figure 3.6). This is similar to measurements in the canine
placenta, where VEGF A transcripts rose during mid-gestation in placental girdle and uterus but
were downregulated close to parturition (Gram et al. 2015). In contrast, VEGF A in human ovine
and pig pregnancies shows a different expression profile, where it gradually increases along

gestation until term (Cheung 1997; Vonnahme, Wilson, and Ford 2001).
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We measured placental levels of mRNA of the well-characterized transcription factor HIF
la to evaluate if it was driving VEGF-A expression during pregnancy. We found that HIF 1la
expression did not fluctuate measurably during the pregnancy (Figure 3.10) and most likely was
not influencing the upregulation of VEGF A during mid-pregnancy. This uncoupling of HIF 1a
and VEGF A expression has been documented before in mouse pregnancy (Daikoku et al. 2003).
We hypothesize that in placenta, hormonal levels of progesterone or estrogen are stronger direct
or indirect regulators of VEGF A and PLGF. Particularly in dogs and cats, plasma levels of
progesterone rise during mid-pregnancy and then are reduced before delivery (Chakraborty
1987; Verhage, Beamer, and Brenner 1976), following similar pattern of expression VEGF A,
whereas in humans, levels of progesterone increase constantly during pregnancy (Kumar and
Magon 2012), following a similar pattern described for VEGF A expression as well. Estrogen
(17-beta estradiol) also is increasingly expressed at term of pregnancy in humans. Nevertheless,
there is conflicting evidence supporting the role of estrogen in uterine and placental
angiogenesis. Some recognize estrogen as a VEGF A activator thought nuclear estradiol receptor
(ER-beta) and via estrogen response elements at the VEGF A gene (Arnal et al. 2010; Kim and
Bender 2009; Hyder et al. 2000). Others have shown that estrogen can stimulate uterine vascular
permeability, but negatively regulates angiogenesis in the same tissue. In comparison,
progesterone increases angiogenesis without affecting the permeability of the vessels (Ma et al.
2001) and can upregulate uterine VEGF A expression through activation of the nuclear
progesterone receptor (Hyder et al. 2000; Goddard et al. 2014; Boroujeni, Boroujeni, and
Gholami 2016; Kim et al. 2013). This evidence is consistent with the notion that in dogs and
cats, progesterone may drive VEGF A expression in the placenta, although further studies are
needed to evaluate this prediction.

Comparison between the relative changes in expression of the different isoforms during
pregnancy reveal a higher upregulation of VEGF 119 at d30-35 relative to d20-25. (Figure 3.7).
We can speculate that diffusible VEGF A119 could act as a signal from placental trophoblast to
induce growth of maternal vasculature. Crossing the placental barrier in this case seems highly
possible considering the low molecular weight of VEGF A protein (~45 kDa homodimer) plus
the lack of heparin-binding domains. For example, equine chorionic gonodotrophin, a protein of
similar size secreted by equine chorion, crosses the mare’s thicker epitheliochorial placenta

sufficiently to stimulate the corpus luteus and maintain progesterone levels and pregnancy
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(Murphy and Martinuk 1991). Thus it is probable that VEGF A secreted by the fetus can cross
the placental barrier and have an effect in maternal capillaries. The opposite scenario, where
expression of maternal VEGF A could potentiate fetal angiogenesis is also possible. It would be
interesting to localize different VEGF A isoforms in placental tissue, although regular
immunological techniques are not suitable for such studies. Alternative methods, such as in situ
hybridization using ‘RNA scope’ could be used to localize specific isoforms of VEGF A and
PLGF in tissue to explore this possibility (Erben et al. 2018).

Relative increases in VEGF A119 during mid pregnancy could also be due to a role of VEGF
A119 promoting elongation and increasing caliber of the vessels and at the same time increasing
vascular permeability, in a period of time were increase in thickness of the LZ is at its peak and
vascular and lamellar proliferation are high (Figures 2.3-2.5). This is contrary to the view that
during the second trimester in humans there is increasing sprouting angiogenesis with extensive
branching and anastomosis of the capillary network, while during the third trimester, elongation
and increased caliber of existing branches are more prominent (Chen and Zheng 2014).

In order to investigate expression changes among relative VEGF A isoforms during
pregnancy, we compared ratios between expression of VEGF A163/187, VEGF A165/119 and
VEGF A 119/187, finding that all isoforms were expressed in similar ratios during pregnancy
(Figure 3.23). In studies in mouse placenta, VEGF 164 was reported as the most prevalent,
followed by VEGF A 120 (Halder et al., 2000), although these estimations were performed by
semi-quantitative densitometric analysis of end point RT-PCR products. In addition, only
placental samples until day 8 post coitus were evaluated. In humans, VEGF A121, 165 and 189
were measured using a similar semi-quantitative RT-PCR analysis to compare placental mRNA
expression in normal pregnancies vs placentas with preeclampsia. All VEGF A isoforms’
mRNAs increased expression at similar rates in preeclampsia; furthermore, in agreement with
our findings, these investgators reported that mRNAs for all measured VEGF A isoforms were
similarly expressed in normal placentas (Chung et al. 2004). Our detection of multiple isoform of
VEGF A, those with and without heparin binding domains, in the cat placenta suggests that a
mixture of isoforms is needed for adequate vascular proliferation. As proposed by others, a
panel of different isoforms may help to maintain appropriate VEGF gradients that guides
endothelial cells during angiogenesis (Alvarez-Aznar, Muhl, and Gaengel 2017).
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We were able to detect VEGF A during early pregnancy using western blot and to
localize VEGF A protein in placental tissue during early and late pregnancy using
immunohistochemistry. VEGF A was detected on reducing/denaturing gels with a band of
approximately 18 KDa at days 20 to 25 (Figure 3.2), supporting its role as an early promoter of
placental angiogenesis. Additionally VEGF A was immunolocalized in clusters showing a patchy
distribution in the maternal lamellae, possible associated to decidual cells. VEGF A was also
localized in trophoblast cells of the LZ and in the para-placental region. Distribution of VEGF A
seems to fluctuate in distribution from sample to sample and in different areas of the same slide.
Interestingly, VEGF A has been associated previously with decidual cells and
syncytiotrophoblasts in primates (Wulff et al. 2002) and in multinucleate cytotrophoblasts in
cattle (Pfarrer et al. 2006). Additionally, in agreement with our localization and distribution of
VEGF A, in humans this protein has been localized with an uneven distribution around the
villous cytotrophoblast using in sifu hybridization (Clark et al. 1996). VEGF A was also
localized in maternal and fetal endothelial cells of larger vessels especially during late pregnancy
and in the luminal side of the placenta. Similarly, others have found VEGF A associated with
vasculature of the placenta in humans. (Tsoi et al. 2002; Borowicz et al. 2007) and bovine
placenta (Pfarrer et al. 2006). These finsings support the indispensable role of VEGF A during
placental angiogenesis.

Relative gene expression of PLGF var I and var Il reveal that both isoforms are detected
from early pregnancy with a stable expression during the first 2/3 of the pregnancy followed by a
marked up-regulation at late pregnancy (Figure 3.8). Early expression of PLGF has been
described in multiple species including mouse, human and ovine, supporting the crucial role
PLGF to regulate placental angiogenesis (Persico, Vincenti, and DiPalma 1999; Grazul-Bilska et
al. 2011; Wright et al. 2016). Late increased expression of PLGF has also been seen in rats (Choi
et al. 2005). On the other hand, plasma levels of PLGF in humans peak at around 30 weeks, then
progressively fall towards term (Sherrell et al. 2018; Saffer et al. 2013).

To determine differences in expression between the two isoforms, we calculated the
ratios of expression of PLGF Il relative to PLGF 1. We found that ratio between the isoforms is
steady during the first 2/3 of the pregnancy, while thereafter the PLGF II : PLGF I ratio increases
during late pregnancy (Figure 3.24). In humans, measurements of maternal serum of PLGF

concentrations during pregnancy reveal more than 3 times higher serum levels of PLGF 2 over
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PLGF 1 during weeks 11 to 14 in pregnancy. Additionally PLGF VR1 was greatly reduced
during pre-eclampsia, and both isoforms were reduced in pregnancies with trisomy of
chromosome 21, 18 and 13 (Nucci et al. 2014).

Expression of PLGF during late pregnancy could induce maturation and stabilization of
placental vasculature. This effect could be achieved by PLGF’s described role to increase
proliferation and recruitment of smooth muscle cells and supporting the proliferation of
fibroblasts and pericytes around the vasculature (Yonekura et al. 1999; Bellik et al. 2005),
although the effect of high levels of PLGF in the late pregnancy are not well understood. PLGF
could have a pro-angiogenic effect by enhancing KDR kinase activation by VEGF A. In this
situation, PLGF activation of Flt-1 has been shown to induce transphosphorylation of KDR and
produce a synergetic mitogenic effect (Autiero et al. 2003). In another scenario, high
concentrations of PLGF in the microvascular environment can displace VEGF A from Flt-1, thus
increasing VEGF A bioavailability to interact with KDR and thus potentiate a angiogenic effect
(Carmeliet and Collen 1999). This is consistent with the creation of conditions favorable for
angiogenesis in the time of pregnancy that has high rates of proliferation in the placenta of the
cat. Nevertheless, the specific function of PLGF Var II during this period remain to be clarified.

Immunolocalization of PLGF in the domestic cat placenta reveals a localization during
early and late pregnancy in the LZ and myometrium, associated with maternal and fetal
vasculature and in the trophoblast of the para-placental zone (Figures 3.15-3.16). Similarly, in
humans and mouse, PLGF was localized in the vasculosyncytial membrane, in the media of large
blood vessels of the placental villi, and in maternal decidua cells (Khaliq, Li, Shams, Sisi,
Acevedo, Whittle, Weigh, et al. 1996; Vuorela et al. 1997). Due to the limitations of light
microscopy, we could not differentiate between PLGF expression in endothelial cells from
vasculosyncytial membrane, thus PLGF could be present in this location in cats as well. We did
not find PLGF in the media of larger vessels but rather in the endothelium of larger vessels and
arterioles and venules of the luminal side of the placental girdle. Other studies have been able to

localize PLGF in endothelial cells (Persico, Vincenti, and DiPalma 1999).
Flt-1 vs FIt1 expression. qRT-PCR results of studies of Flt-1 expression showed a

constant upregulation in expression during pregnancy up to parturition (Figure 3.9). At the same

time, the soluble variant sFlt-1 was constantly expressed during pregnancy. In contrast, in the
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dog Flt-1 is down regulated before pregnancy (Gram et al. 2015). Comparison of ratios of sFlt-1
relative to Flt-1 reveals a down regulation of sFlt-1 compared to Flt-1 (Figure 3.25). This is
consistent with the creation of conditions favorable to angiogenesis in the placenta
microenvironment, due to the reduction of the antiangiogenic effect of SFLT as a VEGF A decoy
receptor. These conditions may be potentiated thanks to the increased PLGF mRNAs during the
same period.

Flt-1 was immunodetected using western blot in placental tissue at d20 and d27, in
agreement our gene expression analysis and with previous reports in human placenta (Khaliq, Li,
Shams, Sisi, Acevedo, Whittle, Weich, et al. 1996; Helske et al. 2001; Hou et al. 2006). Western
blot detection at later stages of the pregnancy was not successful as expected based in mRNA
results. Flt-1 was immunolocalized during early and late pregnancy in trophoblast cells of the
fetal lamellae located at each side of the maternal lamellae, in endothelial cells of fetal and
maternal origin, and in fetal fibroblast in the connective tissue. Flt-1 was also localized in
epithelial cells of endometrial glands. (Figure 3.13-3.14). Localization of placental Flt1 in
endothelial cells and in different types of trophoblast has been described in multiple species,
including mouse, dog, sheep and humans (Peters, De Vries, and Williams 1993; Cheung 1997;
Clark et al. 1996; Tsoi et al. 2002; Borowicz et al. 2007). Based on colocalization of PLGF and
Flt-1 in endothelial cells, we can predict that endothelial cells could have an autocrine
stimulatory cycle in the placenta. In a similar fashion, Flt-1’s location in trophoblast suggests a
role during trophoblast proliferation, migration and invasion in response to PLGF stimulus from
maternal or fetal cells. In addition, it is likely that maternal expression of VEGF A, particularly
VEGF A119 from maternal decidual cells or fetal trophoblast, could stimulate fetal trophoblast
in a paracrine or autocrine fashion. Currently, these mechanisms of placental stimulation are
mainly speculative, but have been proposed by multiple authors in different species. For a
comparative view of the different receptors and ligands immunolocalized in placenta, please
view Figure 3.19.

Expression of KDR in the placenta was stable throughout pregnancy, a pattern of
expression shared with the dog placenta (Gram et al. 2015). KDR was abundantly
immunolocalized from early and late pregnancy in maternal and fetal endothelial cells of the LZ
especially in the luminal side, in uterine glands of the GZ, in capillaries in the uterine

myometrium, and clusters of decidual cells in maternal lamellae (Figures 3.11-3.12). Multiple
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previous reports have localized KDR in maternal and fetal vasculature including human
primates, mouse and humans, consistent with its localization in other tissues where KDR is a
commonly-used marker endothelial cells (Katoh et al. 1995; Barleon et al. 1994; Vuckovic et al.
1996; Clauss et al. 1996; Sawano et al. 1996; Kumazaki et al. 2002; Wulff et al. 2002). KDR
distribution in placental vasculature and trophoblast cells may produce similar paracrine and
autocrine implications as previously described for Flt1.

During this study, our main goal was to use the feline placentation as model to
understand physiological angiogenesis, with particular emphasis on describing the behavior of
different isoforms and other main regulators of angiogenesis in relationship with vascular
changes observed in the vasculature. We succeeded in identifying multiple isoforms of the main
angiogenic regulators VEGF A and PLGF and suggest that, based on their differences in
molecular structure, they should have differential temporal-spatial distributions in the placenta
during pregnancy. Our study revealed differences in relative expression patterns of mRNAs of
different isoforms of VEGF A and PLGF, suggesting a tightly regulated expression during
pregnancy and consistent wut their vital roles during neovascularization in the placenta. We
observed a distinct pattern of localization of angiogenic factors in feline placenta and identify
multiple implications for placental angiogenesis and development. Based on these results, we can
accept our hypothesis and conclude that the cat placenta express different isoforms of VEGF and
PLGF, and those gene expression patterns PLGF and VEGF and their receptors vary across
pregnancy in a manner consistent with the progression of development of the placenta and its
vascularization. In view of these results, we postulate new questions and propose different ways
in which different angiogenic factors could contribute to the proper vascularization of the
placenta. We hope that these results could set the ground for continuing research in angiogenesis

in domestic cat placenta and could be correlated to other species in a meaningful way.
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3.8  Figures and Tables
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Figure 3.1. PLGF and VEGF A Variants. PLGF and VEGF A occur in multiple isoforms that
differ in their biochemical and biological characteristics. In multiple species, alternative splicing
of pre-mRNAs produces at least three isoforms of VEGF A and two isoforms of PLGF. Exon 1-5
are present in all isoforms and code for KDR- and Flt-1-binding domains in VEGF A and to Flt-
1-binding domains in PLGF. Based on the similarities to human sequences, we can predict that
these isoforms differ in biological properties such as their ability to bind to cell-surface heparin-
sulfate proteoglycans. Smaller isoforms can be secreted and diffuse further into the cell
microenvironment. Larger isoforms are sequestered in the ECM very close to the cell of origin.
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Figure 3.2 Sample collection from the placental girdle. A) Gravid uterus resected after OVH
showing 2 conceptuses in one uterine horn. The serosa of the uterus contains a well developed
vascular network (*). B) Whole conceptus after dissected the uterus, exposing the maternal side
of the placental girdle (*). The fetus is surrounded by the chorioallantoic membrane (arrow). C)
Dissecting the chorioallantoic membrane exposes the clear amniotic membrane surroundng the
fetus and the fetal side of the chorioallantoic membrane. D) Routine procedure for collecting
placental tissue samples from the chorioallantoic membrane in the placental girdle using a biopsy
punch. Lower panel: For gene expression analysis, samples were grouped based on their
gestational age estimated according to the crown-rump length and interparietal diameter.
Samples were clustered in 4 groups (days 20-25; 30-35; 40-50; 55-63).
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Figure 3.3: Detection and capture of PLGF and VEGF A isoforms: A) PCR and gel
electrophoresis analysis of placental tissue reveals the presence of two bands of ~550 and ~600
bp. Purification and sequencing of these amplicons show identity with the PLGF Var I and II
NCBI predicted sequences. For VEGF A we identify the sequence of the human homologous
variants 119, 163 and 187. These isoforms were present in the placenta at different stages of the
pregnancy from day 20 (D20) to day 60 (D60)
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Figure 3.4. Alignment of detected PLGF and VEGF A polypeptides. Sequencing of cloned
feline cDNAs and alignment reveal three distinctive isoforms for VEGF A and two for PLGF.
Using the Translate tool from Expasy, predicted proteins of 187, 163 and 119 amino acids were
aligned and compared to predicted NCBI VEGF A for cat and also human VEGF A 165.
Complete identity was found between the predicted 163 isoform and 163 isoform detected in
placenta. Human VEGF 163 has two additional residues, at positions 32 and 141). Human and
feline proteins are highly conserved. Based on homology with other human isoforms, the feline
variants correspond to the most common human VEGF A 189, 165 and 121 (alignment not
shown for 189 and 121). PLGF isoforms detected were 170 and 149 AA, equivalent to the
human 131 and 152 isoforms (minus the 18 AA signal peptide), in agreement with the feline
isoforms predicted by NCBI bioinformatics. In addition there is a longer PLGF 181 predicted
that we did not find in placenta.
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Figure 3.5: PCR efficiency curves and specificity confirmation. Satisfactory efficiencies of
amplification and desired isoform specificity were confirmed using purified Var I and II
plasmids as positive control targets. Real-time RT-PCR assays were designed to selectively
detect cDNAs derived from feline PLGF Var I and 11, using TagMan-MGB probes targeting the
unique exon junctions in Var II (exons 5/6) and Var I (exons 5/7). Isoform selectivity of the
assays was confirmed by absence of detectable amplification after 40 cycles when, for example,
the Var I directed reagents where used with the homogeneous cloned Var II plasmid standard.
Cross-reaction assays and efficiency reactions were performed in the same way for all VEGF-A
isoforms. Amplification efficiencies, reflected by the slope of the Cr vs log [Target] curves, were
optimized for all qRT-PCR targets to reach efficiencies of 95 to 103 %.
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Figure 3.6: Placental VEGF A isoform expression across pregnancy. All forms of VEGF A
mRNAs measured follow a similar pattern of expression during pregnancy. With the gestational
d20-25 group as a baseline, qRT-PCR revealed upregulation of panVEGF-A and the specific
isoforms VEGF -A119, VEGF-A163 and VEGF-A187 at d30-35, followed by a steady decline
toward term. Results are expressed as the log;o of 2"DCT (where DCT = CTvegr — CT1ss rNA)-
* p=tHt; **, p=###. Each data point represents measurements from individual placentas.
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Figure 3.7: Consolidated comparison of placental VEGF A isoform expression. Expression
of each VEGF A isoform is indexed to mean expression of the same isoform in the d20-25
group. VEGF A119 appears to rise to a greater degree than VEGF A163 or VEGF A187 early in
pregnancy, consistent with a putative role for VEGF A119 in vascular extension during Lamellar
Zone proliferation. Results shown are mean + standard error.
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Figure 3.8: PLGF and VEGF B expression across pregnancy. PLGF Var 1 and 2 showed
stable expression during the first 2/3 of pregnancy, followed by a marked increase toward term.
Similar patterns of expression were seen with both variants. Increased ratio of
PLGF1:panVEGF-A expression late in gestation may affect VEGF-A bioavailability, since PIGF
can displace VEGF from FLT1, freeing it to signal through KDR. Each data point represents
measurements from individual placentas.
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Figure 3.9: KDR and FIt-1 expression across pregnancy. Relative expression of KDR in the
placenta was stable during the whole pregnancy. In contrast, expression of full-length Flt-1
mRNA relative to early pregnancy (d20-25) was increased, whereas relative expression of the
truncated soluble sFlt-1 was constant during pregnancy. Each data point represents
measurements from individual placentas.
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Figure 3.10: Relative expression of other major angiogenic regulators in the placenta.
There were no significant changes in HIF 1a expression in placenta during pregnancy. The anti
angiogenic gene THBSP 1 showed a small down regulation during mid-pregnancy, although no
significant differences were found. Another pro-angiogenic regulator, ANG 2, had a stable
expression during pregnancy. Relative expression of PanVEGF-A was compared to THBS 1,
revealing increasing ratios of panVEGEF relative to THBS 1 during mid pregnancy. This is
consistent with the creation of conditions favorable for angiogenesis in the time of pregnancy
that has higher rates of Lamellar Zone proliferation. Each data point represents measurements
from individual placentas.
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Figure 3.11: Immunolocalization of KDR in placenta during early pregnancy. KDR
immunoreacitivty was abundant in placental sections from early pregnancy in maternal and fetal
endothelial cells of the Lamellar Zone (arrow heads in panels B and D) and in maternal lamella
(B). KDR was also detected in uterine glands of the Glandular Zone (C). Panel E: KDR was
detected in the endoderm of the yolk sac. Capillaries and venules of myometrium were also
positive. Top left: Negative control without primary antibody. A: scale bar = 500 um. B,C,D,E:
scale bar = 70 um.
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Fig 3.12 Immunolocalization of KDR in placenta during late pregnancy. Localization of the
receptor in the maternal capillaries in the lamellae, some fetal capillaries are also positive
specially in the top of the placenta. Epithelial cells of endometrial glands and Capillaries in the
uterine myometrium are also positive. Clusters of decidua cells in maternal lamella are
immunoreactive. Maternal capillaries Flt-1 positive pattern is similar to factor VIII, a marker for
endothelial cells. Negative controls in the top left of A and B. Scale bar A; 500 um. Scale bar B,
D; 50 um. Scale Bar C; 20 um
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Figure 3.13: Immunolocalization of Flt-1 in placenta during early pregnancy. A: Flt-1is
expressed in the LZ on the placenta at d20. C: Flt-1 was localized in trophoblast cells
(syncytiotrophoblast; Sy). Endothelial cells in fetal capillaries (Arrow in B and C). Fetal
connective tissue (fibroblasts) of the fetal lamellae are also positive (C). Cytotrophoblasts
around multinuclear cell clusters in the JZ showed Flt-1 positivity (D). In the yolk sack at day
20, mesothelium and blood cell precursors between mesothelium and the endoderm were also
positive. Scale bar A = 500 um. Scale bar B,C,D,E = 70 um.
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Figure 3.14: Immunolocalization of Flt-1 in placenta during late pregnancy. Flt 1 was
immunolocalized in trophoblast cells at each side of the maternal lamellae, and in maternal and
fetal microvasculature especially in the luminal side. Epithelial cells of endometrial glands were
also immunopositive. Scale bar in A = 500 um. B,C,D = 100 um.
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Figure 3.15: Immunolocalization of PLGF in placenta during early pregnancy. PGF was
detected in early stages of Placental development d20, associated to maternal and fetal
vasculature of the LZ. In the vitelline sac, PLGF was detected in endoderm and apparently in
blood vessels precursors. Scale bar A; 500 um. Sacale bar B,C,D; 50 um.

108



Figure 3.16: Immunolocalization of PLGF in placenta during late pregnancy. PLGF
immunoreactivity was abundantly present in the placenta at near-term of gestation (d55),
associated with maternal and fetal capillaries in the LZ in and the myometrium
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Figure 3.17: Immunolocalization of VEGF-A in placenta during early pregnancy. VEGF
immunoreactivity was localized in clusters at the maternal lamellae and appears to be associated
with decidual cells. VEGA-A was also localized in cells of the trophoblast attached to maternal
lamellae. Distribution of VEGF A is variable from sample to sample and in different areas of the
same slide. In the yolk sac, VEGF A was immunolocalized in blood cell precursors. Scale bar A
=500 um, B,C,D =25 um.
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Figure 3.18: Immunolocalization of VEGF-A in placenta during late pregnancy. Late in
pregnancy VEGF A, was immunodetected in the LZ, specifically associated with maternal
capillaries and fetal vasculature of the luminal side. VEGF A was also detected in trophoblast
cells of the LZ. Scale bar A = 500 um; B,C,D =25 um.
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Figure 3.19: Comparison of immunolocalization of VEGF family and receptors in the
lamella. KDR is detected in endothelial cells of maternal capillaries in the center of the lamella.
Flt-1 is located in the trophoblasts located at each side of the maternal lamellae; Flt-1 was also
localized in the fetal vasculature. VEGF A immunolocalization varies in different areas of the
placenta; in some areas, VEGF A was localized in trophoblast cells and associated with
endothelial cells. PLGF was immunodetected in maternal and fetal capillaries. Scale bar = 50
um.
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Figure 3.20: Comparison of VEGF family immunodetection in fetal membranes. KDR and
PLGF were localized in endoderm of the yolk sack. KDR and Flt-1 also appear to co-localize in
capillaries of the yolk sac. VEGF A and PLGF co-localize in blood cell precursors in the
chorioallantoic membrane at the paraplacenta (outside zonary girdle). All proteins immuno-co-
localized in the trophoblastic cells of the chorion. KDR was also detected in microvasculature
related to the allantois and in the allantoic mesothelium. In the allantoamnios, KDR and Flt-1
appear to co-localize in the mesothelium of the allantois component of the amniotic sac but not
in the amniotic membrane. Scale Bar = 25 um.
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Figure 3.21: Quality assessment of protein samples and approach to Western Blot.
A: Electrophoresis of extracted placenta protein samples stained with Coomassie blue.
Sharp protein bars at broad range of sizes reveal its solubility and correct extraction. Four
serial 1:1 dilutions of placental samples at d50 and d30 were made to establish optimal
protein loading of electrophoretic gels for western blotting. B: Immunodetection of -actin
(c. 45 kDa) at different stages of the pregnancy to be used as a normalizing protein.
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Figure 3.22: Validation of antibodies and immunodetection of VEGF A and FIt-1 in
placenta. Owing to the lack of commercially available antibodies for domestic cat, we
attempted to validate candidate antibodies using cloned feline and canine proteins
expressed in HEK293 cells. Transient expression of feline VEGF A 187 (V187) and Flt-1
were used as positive control. A: Flt-1 (c. 125 kDa) was immunodetected using antibody H-
225 from Santa Cruz. B: VEGF A was immunolocalized with 2 bands of approximately 18
and 26 KDa. “EP”, empty plasmid; “+C”, positive control with mouse recombinant VEGF A.
C: VEGF A was detected in placental tissue during early pregnancy with a positive band of
~20 KDa, +C used was human recombinant VEGF A. D: The receptor Flt-1 was
immunolocalized in placental tissue (sample f102 at d20, and f431 at d27). The receptor
was also localized in multiple feline tissues. “~C”, negative control using only Laemmli
buffer diluted in water. “~ 1ATB”, lane without primary antibody incubation.
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Figure 3.23: Comparisons between VEGF isoforms expressed in the placenta. We
compared the ratios between different isoform of VEGF A in all possible combinations. All
isoforms had similar expression levels during pregnancy. Each data point represents
measurements from individual placentas.
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Figure 3.24: PLGF VR2:VR1
increases during late pregnancy.
Comparison of expression of PLGF VR2
relative to PLGF VR1: There are similar
expression ratios of PLGF 1 and 2
during early pregnancy and mid
pregnancy, but there is a clear increase
(~50%) in PLGF VR2:VR1 at late
pregnancy. *p <0.0001. Each data point
represents measurements from individual
placentas.

Figure 3.25: sFIt1:FItl is reduced at
late pregnancy. Comparison of
expression of Flt1 relative to sFlt-1
showed similar expression ratios of Flt-
1/sFlt-1 during the first 2/3 of the
pregnancy. After this, sFlt-1 is reduced
compared to Flt-1 (**p <0.0001). This
finding is consistent with generation of
a pro-angiogenic environment during
late placentation. Each data point
represents measurements from individual
placentas.



Table 3.1A  Primers and probes for real-time PCR

Feline Gene Target | Oligonucleotide | S/AS/P Sequence, 5’2 3’
BH-745 S CCCACGGAGGAGTTCAACAT
Pan VEGF A
(exons 3/4) BH-746 AS TGGCCTTGATGAGGTTTGATC
BHTP-33 P FAM-ACCATGCAGATTATGC-NFPMGB
BH-790 S ATGTGAATGCAGACCAAAGAAAGA
VEGF A 119
BH-791 AS CACCGCCTGGGCTTGT
(exons 4/5/8)
BHTP-39 P FAM-AGCGAAAGAAAAATGTGACAAG-NFPMGB
VEGE A 163 BH-711 S AGCAAATGTGAATGCAGACCAA
BH-712 AS TGCAAGTACGTTCGTTTAACTCAAG
(exons 4/5/7a/7b)
BHTP-31 P 6FAM-AAAGAAAATCCCTGTGGGC-MGBNFQ
VEGE A 187 BH-713 S AATCAGTTCGAGGAAAGGGAAAG
(exons 65/7) BH-714 AS TGCGGATCTTGTACAAACAAATG
BHTP-32 P VIC-CAAGAAATCCCGTCCCTGT-MGBNFQ
VEGE-B BH-757 S CCCGTTTCCCAGCCTGAT
(exons 3/4) BH-758 AS CGGGCATACACGTCTATCCA
BHTP-38 P VIC-ACCAGAAGAAAGTGGTGTC-NFPMGB
PLGE VR 1 BH-676 S TCCTACGTGGAGCTGACATTCTC
(exons 5/6) BH-674 AS CCCTTGGGTCTCCTCCTTTC
BHTP-27 P FAM-CAGAAAGGAGGAGACCCA-MGB
PLGE VR 2 BH-676 S TCCTACGTGGAGCTGACATTCTC
(exons 5/7) BH-679 AS GTGGGGGTTGTCTCTCTTCTGA
BHTP-28 P VIC-AGAAAGGTGCGGCAAT-MGB
Flt1 BH-792 S GGTTTAAAAACAACCACCAAATACAG
BH-793 AS TGCTGCTTCCCGGTCCTA
(exons 14/15)
BHTP-40 P FAM-AACCCGGAATTATC-NFPMGB
SFlt1 BH-794 S CTGCAGAGCCAGGAACATATACA
. BH-795 AS GATCCGAGAGAAAACAGCCTTTT
(exon 13/intron 13)
BHTP-41 P FAM-ACAATTAGAGGTGAGCACTG-NFPMGB
KDR BH-751 S CGTAGCCTCGGTCATTTATGTCT
(exons 3/4) BH-752 AS TGTTGGTCGCTAACAGAAGCA
BHTP-36 P FAM-TGTTCAAGATTACAGGTCTC-NFPMGB
Thrombospondin-1 BH-749 S GTTCCCGATGGAGAATGCTG
(exonsp7/8)l BH-750 AS ACCAGCCATCATCCGCA
BHTP-35 P VIC-CGGTGTTGGCCCAGC-NFPMGB
Angionoietin.2 BH-747 S GGAATGAAGCGTACTCACTGTATGA
( 5;015'7 /Is_;) BH-748 AS | GCCGGCTGTCCCTGTAAGT
BHTP-34 P FAM-AAGAATTCAATTACAGGATTCAC-NFPMGB
HIF-1alpha BH-755 S TCTCAACCACAGTGCATTGTATGT
(exons g/g) BH-756 AS GGAGAAAATCAAGTCGTGCTGAA
BHTP-37 P FAM-TAAATTACGTTGTGAGTGGTATT-NFPMGB
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Table 3.1B: Primers end-point PCR and sequencing

Feline Gene Target Oligonucleotide | S/AS Sequence, 5> 3’
VEGF-A BH-621 AS CCATGAACTTTCTGCTCTCTTG
VEGF-A BH-622 AS GTTTGATCCGCATAATCTGCATG
Fltl ex13 BH-623 S ACGTGCCCAACGGATTTCACG
Fltl ex13 BH-624 S AATGCCGACGGAAGGAGAG
Fltl ex13 BH-625 AS GGAGGAGCATCTCCTCTGAG
Fltl ex15 BH-626 AS CTCTTCTGTGACTCTTTCAATAAACAG
Fltl ex15 BH-627 AS CCTTCTGGTTGGTGGCTTTGCA
Pred PIGF BH-633 S CCATGAGGCTGTTCACTTGCTTC
Pred PIGF BH-634 AS GGATCATCAGGAGCTGCATGGTGA
Pred KDR BH-635 S CTCTGGTTGTGAATGTCCCGCC
Pred KDR BH-636 AS GCACACATAGTCTCCTTGGTCCTGC
Pred VEGF-B BH-639 S CCAGAAGAAAGTGGTGTCATGGATAGA
Pred VEGF-B BH-640 AS CAGGTGTCTGGGTTGAGCTCTA
R/C of BH-622 VEGF-A BH-643 S CATGCAGATTATGCGGATCAAAC
VEGF-A exon 4-5 BH-644 S CAAATGTGAATGCAGACCAAAGAAAG
VEGF-A exon 8a BH-646 AS CGCCTGGGCTTGTCACAT
VEGF-A exon 7b BH-656 S CCGCAGACGTGTAAATGTTCCTG
VEGF-A exon 8a/8b BH-657 AS TCTTCCTTCATTTCAGGTTTCTGGAT
PLGF exon 5 BH-664 S GCCTCTGCGGGAGAAGATGAA
PLGF exon 1 BH-665 S CCTACCTGCGGACTTCAGGCTC
PLGF exon 77 BH-666 AS TTCTGTCTCCTGCTCCCGGG
PLGF exon #__ BH-667 S CCTTGGAACCTCCTGGCTTGG
PLGF exon 77 BH-668 AS TTACCTCCGGGGAACAGTATTGC
PLGF exon 6 BH-669 S CAAGGGCAGGGGGAAGAGGA
PLGF exon 77 BH-670 AS AGGAGCCGGGTGGGGGTT
KDR Exon 9/10 BH-753 S CTCTGGTCGTGAATGTCCCACC
KDR Exon 13 BH-754 AS GCACACATAATCTCCTTGGTCCTGC
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Table 3.2 Antibodies used for western blotting and immunohistochemistry

Protein Target Antibody name Antibody details Dilution
panVEGF A C-1 (sc-7269) Santa Cruz Mouse monoclonal IgG 1/100
PLGF H-90 (sc-20714) Santa Cruz | Rabbit polyclonal IgG 1/100
KDR F-10 (sc-393179) Santa Cruz | Mouse monoclonal 1/200
FLT 1 H-225 (sc-9029) Santa Cruz | Rabbit polyclonal IgG 1/200
beta Actin C-4 (sc-47778) Mouse monoclonal 1/500
Mouse IgG IRDye 800CW green Licor Goat polyclonal 1/5000
Mouse IgG IRDye 680 RD red Licor Donkey polyclonal 1/5000
Goat IgG IRDye 680 RD red Licor Donkey polyclonal 1/5000
Goat IgG IRDye 800CW green Licor Donkey polyclonal 1/5000
Rabbit IgG IRDye 800CW green Licor Goat polyclonal 1/5000
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Table 3.3 Placental samples and non-pregnant uterus collected with gestational age.

N Sample Length Age based BPD Age based Definitive
Name (C-R) mm | onlength Skull on skull estimated age
152 F1P1 120 75 20 59 59
165 F1P2 115 72 23 61 61
168 F1P3 121 75 24 62 62
169 F1P3F 121 75 24 62 62
170 F1P3 MF 121 75 24 62 62
171 F1P4 114 72 24 62 62
164 F1P5 114 72 22 60 60
8 F10P1 8 20 2 28 20
9 F10P2 8 20 2 28 20
10 F10P3 8 20 2 28 20
12 F10P4 9 20 2 28 20
11 F10P5 8 20 2 28 20
7 F10P6 8 19 2 28 19
64 F11P1 40 35 7 42 42
57 F11P2 39 35 6 40 40
68 F11P3 40 35 8 44 44
67 F11P4 40 16 8 44 44
127 F13P1 107 68 17 56 56
159 F13P2 115 72 21 59 59
132 F13P3 106 68 18 57 57
27 F14P1 13 22 3 29 22
18 F14P2 12 22 3 29 22
19 F14P3 12 22 3 29 22
20 F14P4 12 22 3 29 22
21 F14P5 12 22 3 29 22
22 F14P6 12 22 3 29 22
58 F15P1 29 30 6 40 40
50 F15P2 28 29 6 38 29
51 F15P3 28 29 6 38 29
49 F15P4 27 29 5 37 29
48 F15P5 26 28 5 37 28
173 fl6p1l 110 70 27 63 63
39 f17p1 19 25 4 33 25
37 f17p2 18 25 5 35 25
38 f17p3 18 25 5 35 25
40 f17p4 19 25 4 33 25
81 f18p1 52 41 10 48 48
82 f18p2 54 42 10 48 48
83 f18p3 53 42 10 48 48
128 F19p1 96 63 17 56 56
129 F19p2 96 63 17 56 56
126 F19p3 96 63 16 55 55
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N Sample Length Age based BPD Age based Definitive
Name (C-R) mm | onlength Skull on skull estimated age
28 F2 P1 13 22 22
23 F2 P2 12 22 22
24 F2 P3 12 22 22
172 F20P1 95 24 62 62
166 F20P2 95 23 61 61
167 F20P3 94 23 61 61
91 F3 P1 52 41 11 49 49
84 F3 P2 50 40 10 48 48
92 F3 P3 55 43 11 49 49
93 F3 P4 55 43 11 49 49
151 F30P1 93 61 20 58 58
133 F30P1 Mat 90 60 19 58 58
134 F30P2 91 60 19 58 58
135 F30P2 sid 91 60 19 58 58
136 F30P3 90 60 19 58 58
137 F30P3 AM 90 60 19 58 58
138 F30P3 sid 90 60 19 58 58
139 F30P4 90 60 19 58 58
140 F30P4 AM 90 60 19 58 58
141 F30P4 Mat 90 60 19 58 58
150 F30P5 90 60 19 58 58
142 F30P5 AM 90 60 19 58 58
143 F30P5 Mat 90 60 19 58 58
144 F30P5 sid 90 60 19 58 58
70 F31P1 30 30 9 46 46
71 F31P1YS 30 30 9 46 46
72 F31P2 31 31 9 46 46
73 F31P2YS 31 31 9 46 46
74 F31P3 32 31 9 46 46
75 F31P3YS 32 31 9 46 46
76 F31P4 31 31 9 46 46
69 F32P1 47 39 8 44 44
77 F32P2 41 36 9 46 46
78 F32P3 45 38 9 46 46
79 F32P4 45 38 9 46 46
114 F33P1 74 52 14 53 53
122 F33P2 71 51 15 54 54
123 F33P3 74 52 15 54 54
124 F33P4 73 52 15 54 54
153 F34P1 97 63 20 59 59
154 F34P2 98 64 20 59 59
160 F34P3 97 63 21 59 59
155 F34P4 97 63 20 59 59
94 F35P1 61 46 11 49 49
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N Sample Length Age based BPD Age based Definitive
Name (C-R) mm | onlength Skull on skull estimated age

95 F35P2 59 45 11 49 49
96 F35P3 61 46 11 49 49
97 F35P4 62 46 11 49 49
145 F36P1 95 62 19 58 58
146 F36P2 99 64 19 58 58
156 F36P3 105 67 20 59 59
55 F37P1 30 30 7 42 30
52 F37P2 29 30 6 40 30
53 F37P3 29 30 6 40 30
113 F38P1 73 52 14 52 52
115 F38P2 75 52 14 53 53
116 F38P3 76 53 14 53 53
121 F38P4 76 53 15 54 54
56 F39P1 42 36 6 39 39
59 F39P2 37 34 6 40 40
60 F39P3 38 34 6 40 40
61 F39P4 41 36 6 40 40
147 F4 P1 115 72 19 58 58
161 F4 P2 97 63 21 59 59
29 F40P1 13 22 4 33 22
36 F40P2 16 24 4 33 24
33 F40P3 14 23 4 31 23
35 F4A0P4 15 23 4 31 23
117 F41P1 78 54 14 53 53
125 F41P2 73 52 15 54 54
118 F41P3 75 52 14 53 53
119 F41P4 74 52 14 53 53
25 F42P1 12 22 22
26 F42P1 MAT 12 22 22
13 F42P2 10 21 2 28 21
15 F42P3 11 21 2 28 21
6 F42P4 3 17 2 28 17
16 F42P5 11 21 2 28 21
14 F42P6 10 21 2 28 21
54 F43P1 29 30 8 43 30
42 F44P1 22 27 27
47 F44P2 24 28 28
45 F44P3 23 27 27
30 FA5P1 13 22 22
32 FA5P2 14 22 22
31 FA5P3 13 22 22
34 FA5P4 14 23 23
43 FA6P1 22 27 27
44 FA6P2 22 27 27
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N Sample Length Age based BPD Age based Definitive
Name (C-R) mm | onlength Skull on skull estimated age

46 FA6P3 23 27 27
41 FA6P4 21 26 26
157 FA8P1 20 59 59
162 FA8P2 21 59 59
158 FA8P3 20 59 59
163 FA8P4 21 59 59
174 F49P1 <15d
175 F49P2 <15d 16
176 F49P3 <15d 16
177 F4A9P4 <15d 16

98 F5P1 55 43 11 49 49
99 F5 P2 56 43 11 49 49
100 F5P3 57 44 11 49 49
101 F5 P4 57 44 11 49 49
111 F50P1 66 48 13 52 52
120 F50P2 66 48 14 53 53
108 F50P3 66 48 12 51 51
112 F50P4 66 48 13 52 52
102 F51P1 61 46 11 49 49
103 F51P2 61 46 11 49 49
85 F51P3 61 46 10 48 48
86 F51P4 61 46 10 48 48
104 F52P1 58 44 11 49 49
87 F52P2 57 44 10 48 48
105 F52P3 57 44 11 49 49
106 F52P4 57 44 11 49 49
109 F52P5 60 45 12 51 51
110 F52P6 61 46 12 51 51
107 F52P7 60 45 11 49 49
148 F6 P1 109 69 19 58 58
149 F6 P2 110 70 19 58 58
130 F6 P3 108 69 17 56 56
131 F6 P4 110 70 17 56 56
80 F7P1 54 42 9 46 46
88 F7P2 52 41 10 48 48
89 F7P3 52 41 10 48 48
90 F7P4 49 40 10 48 48
62 F8P1 36 33 6 40 40
63 F8P2 38 34 6 40 40
65 F8P3 39 35 7 42 42
66 F8P4 41 36 8 43 43
17 FOP1 11 21 2 28 21

1 NP1 U 0
2 NP2 O 0
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N Sample Length Age based BPD Age based Definitive
Name (C-R) mm | onlength Skull on skull estimated age

3 NP2 U 0

4 NP3 U 0

5 NP4 U 0
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Table 3.4: Protein samples of placenta at different stages of pregnancy used for
immunoblot studies

N Age Name protein ug/ml
1 17 425 1480
2 21 422 1273
3 21 423 1873
4 22 FASP1 F 1362.3
5 22 FAS5P2 F 1175.9
6 22 FA5P1 1194.4
7 22 F45P2 RL 1302.7
8 22 421 1465
9 22 453 1474
10 22 454 1915
11 26 463 1488
12 27 441 1346
13 27 461 1496
14 27 462 1302
15 30 371 1372
16 30 372 1363
17 30 373 1627
18 39 391 1428
19 40 392 1652
20 40 393 1539
21 40 394 1747
22 47 521 1726
23 49 351 1225
24 49 352 1108
25 49 353 1574
26 49 354 1576
27 49 523 1577
28 49 524 1432
29 50 526 1605
30 58 FA8P3 F 1816.4
31 58 F48P3 RL 1275.5
32 58 F48P4 RL 1309.9
33 58 361 1170
34 58 362 1533
35 59 FA8P4 F 1545.9
36 59 363 1202
37 59 481 1784
38 59 482 1475
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Table 3.5 Histologic sections used for IHC

Sample Gestational Short description

Name age (days)

49 3-4 15 2 conceptus with early placental development in utero and ovary.
45 P5-P6 22 1 conceptus intact

45 P2 22 3 placenta sections and 1 whole embryo.

NP 1-2 0 Non pregnant uterus. 5 cross sections and 1 ovary.

47 P2 Day 15-20 Two conceptus and one cross section of early placental dev.

48 3-4 Day 60 Two sections of placenta with utero.

50 1-2 Day 50 4 sections of placenta with utero.

511-2 Day 50 Two sections of placenta with utero.

52-1-2 Day 50 Two sections of placenta with utero.

50 F1 Day 50 Thorax fetus

48 1-2 Day 60 Two sections of placenta with utero.

47 P3 Day 15-20 One conceptus and two cross section of early placental dev and 1 ovary

F46p3 Day 26 Whole embryo and 1 section of placenta.

F46p1 Day 26 Whole embryo and 2 section of placenta.
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Chapter 4
Characterization of the expression of angiogenic factors

in cutaneous squamous cell carcinoma of domestic cats.

4.1 Introduction.

Squamous cell carcinoma (SCC) is a highly malignant neoplasia that arises from
epidermal cells, inducing differentiation into keratinocytes usually producing keratin
(Goldschmidt and Goldschmidt 2017; Baba and Catoi 2007). SCC can be classified, based on the
location of origin, as oral SCC, ocular SCC or cutaneous SCC (CSCC). The last is among the
most common cancers in domestic animals and the second most common cancer in white
humans (Johnson et al. 1992), with estimated human incidence having increased between 50-
200% in the United States and Canada during the last two decades (Gallagher et al. 1995;
Gallagher et al. 1990; Gray et al. 1997; Alam and Ratner 2001). This neoplasia produces a large
medical and economic impact due to its local invasiveness, limited treatment approaches, and
tendency to recur (Kim et al. 2011; De Souza et al. 2014). Prolonged solar radiation exposure
(producing actinic keratosis), lack of skin pigmentation, sparse hair cover, or papillomavirus
infection are the main factors inducing tumor progression. Similarly to other cancers, progression
of actinic keratosis into SCC has been related to mutations in key genes involved cellular
pathways that control DNA repair, cell growth, survival, and motility (Hanahan and Weinberg
2000; Liotta and Kohn 2001). For example, a mutation from ultraviolet radiation exposure in
the P53 gene has been identified in more than 90% of CSCC in humans and has been detected in
bovine, canine, feline and equine SCC as well (Ziegler et al. 1994; Carvalho et al. 2005; Teifke
and Lohr 1996). This mutation has been correlated with upregulation of the angiogenic factor
VEGF A in SCC (Frank Riedel 2000).

Progression of SCC by the abovementioned mechanisms can be manifested in tissue as
marked increases in cell proliferation rates, reduction in cell death of tumoral keratinocytes,
deregulated cell differentiation, and increased production of inflammatory and angiogenic
cytokines. These progressive changes facilitate tumor growth, invasion, and metastasis (Yuspa et
al. 1994; Chen et al. 1997; Smith et al. 1998). It is vital to understand the basic cell biology of

this neoplasia, including its degree of reliance on angiogenesis for growth and metastasis. In this
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regard, naturally occurring CSCC in cats can represent a good alternative model to study CSCC
in humans, including the more aggressive types such as head and neck carcinoma (Wypij 2013).

Histologically, CSCC is characterized by islands, cords, and trabeculae of unorganized
epidermal keratinocytes, invading and trespassing across the basal layer of the epidermis into the
dermis. Often, neoplastic keratinocytes form islands secrete concentric eosinophilic keratin
fibers in the center, forming keratin pearls that are useful for diagnosing SCC. Tumoral cells are
normally large with an oval shape and have large hyperchromatic prominent nuclei, although
large degrees anisocytosis and nuclear pleomorphism are described for less differentiated high-
grade SCC. Tumoral cells can have multiple desmosomes in the membrane that are seen as
bridges between cells (Baba and Catoi 2007). CSCC locally invade the dermis and can reach
bone and cartilage of affected areas with serious consequences for the patient. SCC induces an
intense fibrous and inflammatory response from the surrounding tissue with pronounced
angiogenic activity.

Angiogenesis is a major contributor to cancerous tumor growth, metastasis, and survival
(Folkman 1995). Solid tumors rely on vascular perfusion to growth and migrate; otherwise they
are limited to 1 to 2 mm before hypoxia in the center of the tumor induces necrosis (Cullen and
Breen 2016). Furthermore, angiogenesis, estimated as microvascular density in tumors, can be
used as a prognostic indicator for overall survival for lung and breast cancer, hepatic and gastric
carcinoma, skin melanoma and glioblastomas in humans (Horak et al. 1992; Srivastava et al.
1988; Page and Jensen 1995; Tanigawa et al. 1997; Behrem et al. 2005; Kumar et al. 1999; Yao
et al. 2007). Angiogenesis in normal and tumoral tissue is stimulated by secreted peptides from
tumoral or adjacent stromal cells (Klagsbrun 1991). Among these angiogenic factors, the
vascular endothelial growth factor (VEGF) family and their receptors are the most important
angiogenic promoters of physiological and tumoral angiogenesis. (Carmeliet 2000; Demir, Seval,
and Huppertz 2007; Herr, Baal, and Zygmunt 2009; Risau and Flamme 1995; Semenza 2007;
Silvan et al. 2015; Hicklin and Ellis 2005; Dong et al. 2001; Nakopoulou et al. 2002; Fischer et
al. 2008). Elevated expression of VEGF A and their receptors have been linked with
histopathology grading, tumor progression and prognosis of multiple human tumors (Du et al.
2003; Tse et al. 2004). Furthermore, studies in a murine SCC model stimulated by hepatocyte
growth factor showed over-expression of pro-angiogenic factors, such as the C-X-C

chemokine, Gro-1/KC, IL-8, and VEGF A (Dong et al. 2004). Similarly, PLGF has been
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related to tumoral angiogenesis and carcinogenesis. Higher PLGF mRNA or proteins levels
correlates with pathological angiogenesis (Fischer et al. 2008), tumor size, metastasis, clinical
stage, recurrence and poor prognosis of multiple types of cancers (Marcellini et al. 2006; Lacal et
al. 2000; Parr et al. 2005; Zhang et al. 2005; Wei et al. 2005; Cheng et al. 2010).

In human oral and eyelid SCC, intra-tumoral microvascular density was studied using
endoglin (CD105) in endothelial cells to quantify active angiogenesis. Results revealed higher
microvascular density in SCC compared to normal oral mucosa or normal eyelid skin.
(Schimming and Marmé 2002; Tzoutzos et al. 2014). In other studies, transcripts of PLGF were
upregulated in human oral SCC compared to normal tissue. Furthermore, PLGF
immunolocalization in tumors and PLGF serum levels measured by ELISA were significantly
correlated with advanced progression and poorer prognosis of oral SCC (Cheng et al. 2013;
Cheng et al. 2010). Research in canine SCC has immunolocalized VEGF A in all samples
studied, and elevated proteins levels were detected in SCC localized in the toe, a location where
SCC is typically more malignant and has higher index of metastasis, but was not elevated in
other non-malignant neoplasias of the skin. These results suggest that VEGF A could be useful
for evaluating malignancy in skin tumors of the dog (Maiolino, De Vico, and Restucci 2000). In
addition, another study in dogs detected a significant increase in intra tumor microvascular
density, and moderate correlation between immunolocalization of VEGF A and its receptor KDR
in CSCC compared with a benign skin neoplasia (trichoepitheliomas) (Al-Dissi et al. 2007). In
feline squamous cell carcinoma, there is very little information about how VEGF family may
influence tumor progression and tumoral angiogenesis. One study was able to quantify the
microvascular density of oral SCC, where higher microvascular densities were found in SCC
located on the tongue, potentially explaining the clinical differences of poor clinical outcome of
oral SCC in this location (Yoshikawa et al. 2012).

In cats, alternative pre-mRNA splicing produces three isoforms of VEGF and two
isoforms of placental growth factor (PLGF) (unpublished data from our laboratory; Chapter 3).
Sequence homology with mouse and human suggest that different isoforms have different
biological behavior, although details of distinct function, properties, and regulation remain
elusive. In general, the larger VEGF and PLGF isoforms are less soluble in the extracellular
space and, owing to the presence of heparin-binding domains, accumulate in the extracellular

matrix making this a reservoir of VEGF or PLGF that can be mobilized via proteolysis, whereas
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smaller, relatively mobile isoforms have potential paracrine angiogenic actions on distant
endothelial cells (Park, Keller, and Ferrara 1993; Lee et al. 2005; Vempati, Popel, and Mac
Gabhann 2014; Kim et al. 2014; Houck et al. 1991; Tischer et al. 1991; Yao et al. 2005; De
Falco 2012; Ferrara 2000).

As mentioned above, there are multiple reports supporting the importance of the VEGF
family in CSCC in humans and other species, but very little is known about the role that specific
variants of VEGF A and PLGF may have in CSCC progression. Additionally, the role of VEGF
A, PLGF and the receptors KDR and Flt-1 is still unclear in feline CSCC. This information could
be vital for understanding tumoral angiogenesis in cats, and could help potentiate the use of
normally occurring CSCC in cat as a model to study SCC in humans.

We hypothesize that pro-angiogenic factors are present in elevated levels in CSCC and
may therefore play a role in promoting tumorigenesis, Knowledge of the regulation of splice
variant expression could bring valuable new information for understanding tumoral angiogenesis

and develop targeted therapies.

4.2 Objectives
In the current study, we aimed to characterize the expression of three isoforms of VEGF
A (186, 163, 119 amino acid forms); two isoforms of PLGF (I, II); and three receptors (FLT;
sFLT; KDR) in cat CSCC biopsies in comparison to expression in normal haired skin (NHS)
(Figure 4.1). We predict that pro-angiogenic factors are present in elevated levels in CSCC
compared to normal skin and therefore may play a role in promoting tumor growth. Further,
altered ratios of expression of VEGF or PLGF isoforms may provide clues regarding the vascular

pathologies of this neoplasia.

4.3 Methodology
4.3.1 Sample collection selection and preparation: Samples of CSCC were selected from the
tissue archives of the Virginia Maryland College of Veterinary Medicine Diagnostic Lab
(ViTALS), stored as formalin-fixed, paraffin-embedded (FFPE) blocks. Criteria of selection
include cat bread, sex, the location of the tumor, and quality of the samples in terms of the size of
the tumor, the relative area of tumor compared to normal tissue, time of storage and good

conservation of tissue. All cases selected were domestic shorthair cats, spayed female or
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neutered males having CSCC located in the pinna. H&E stained 5 um sections were evaluated
with a board-certified veterinary anatomic pathologist to assess the quality of the samples,
evaluate the characteristics of the tumor, and rule out the presence of other pathologies of the
skin, such as excessive dermatitis or necrosis of the tissue, the presence of parasites of fungi, that
could confound our study.

After careful examination, fourteen cases dating from 2014 to 2018 were selected.
(Figure 4.2). Samples from normal skin to be used as controls were obtained from a local
veterinary clinic, in the form of freshly discarded tips of pinna routinely excised to mark feral
cats that had undergone surgical sterilization. Control skin tissue destined for histology was
immediately placed in 10% formalin for 48 hrs and embedded in paraffin using as described in
Chapter 2. H&E stained 5 um sections of normal skin were evaluated by a pathologist to
reconfirm the absence of dermal pathologies. Positive control tissue (feline placenta; Chapter 3)
destined for gene expression analysis was stored in RNA Later immediately after collection.
RNA was extracted using TRIsol reagent (Invitrogen) and quick RNA miniprep columns (Zymo)
as described in Chapter 3.

4.3.2 RNA purification and cDNA synthesis. Total RNA was extracted from selected CSCC
and normal skin FFPE blocks using the Quick-RNA FFPE Kit (Zymo Research, Irvine, CA)
following the manufacturer’s instructions. Briefly, 12 paraffin scrolls with a thickness of 5 um
each were cut from individual blocks and placed in 1.5 ml Eppendorf tubes until further
processing. Total RNA of positive control samples was extracted from feline placental tissue as
described in Chapter 3 using Trizol reagents (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions with an additional DNase digestion using the Quick RNA mini prep
kit (Zymo Reseach, Irvine, CA). RNA concentrations were determined with the NanoDrop ND-
100 Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Additionally, RNA quality
was assessed in a representative group of samples using Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA) (Figure 4.3). Random-primed cDNA was produced from 1 ug of
RNA using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA) in a 20 uL reaction according to the manufacturer’s instructions. cDNA was not diluted

prior to use for PCR.

132



4.3.3 Real-Time Quantitative PCR. As described in Chapter 3, DNA primers and minor
groove binding (MGB) TagMan DNA probes were designed in Primer Express 3.0.1 (Applied
Biosystems, Foster City, CA) to target the exon-exon junctions unique to the respective VEGF
and PLGF isoforms of interest. Custom probes (Applied Biosystems) and primers (Operon,
Huntsville, AL) were used together with TagMan Gene Expression Master Mix (Applied
Biosystems, Foster City, CA, 4369016). All real-time PCRs were run on a One-Step System
(Applied Biosystems) in 10 ul triplicate reactions for each sample in 96 well plates. To verify the
selectivity of isoform-directed qPCR assays, each isoform of feline PLGF and VEGF A was
cloned using sequence-specific primers and the pCR™2.1-TOPO System (Thermofisher
Scientific, Waltham, MA). Standard curves were generated to assure efficiencies above 90% for
each target’s qPCR reagent set. Specificity of the reactions was tested by cross-reaction standard
curve. For example, primers and probe developed for VEGF A 119 were tested for their ability to
detect homogeneous plasmid clones of VEGF 163 and VEGF A 186. Standard dilution of these
cross reactions were made to assure that the primers and probes were only amplifying the
intended VEGF isoform. 18S rRNA was used as normalizer gene with TagMan VIC Ribosomal
RNA control (Applied Biosystems, Foster City, CA) Two cDNA positive controls from feline
placental tissue were used. Two negative control samples were used with ultrapure water to test
for contamination, and two genomic (non-reverse transcribed) DNA controls were used in each

qPCR run to confirm cDNA-dependence of signal.

4.3.4 Immunohistochemistry (IHC). Tissue sections from CSCC and NHS were cut at 5 pm,
mounted, dried at 42 °C overnight, and stored at room temperature for less than 3 days before
staining. All steps were performed at room temperature unless otherwise specified using the
ultraView Universal Alkaline Phosphatase Red Detection Kit from Ventana (#760-501) and
manual conventional histology protocols. Briefly, sections were deparaffinized in xylene,
rehydrated and washed with 1X reaction buffer (1X RB; Ventana cat. no. 950-300). Unmasking
of antigens was performed in a polyethylene staining jar with Ventana cell conditioner 1 (950-
124) for 60 min at 95 C. Sections were then rinsed in 1X RB and blocked with 125 uL of
Ventana 760-050 for 8 min. Primary antibody (see Table 3.2) was diluted in Ventana incubation
diluent (251-018); 125 uL of this dilution was used per slide. Slides were incubated for 1 hour

and then washed with 1X RB. Negative control slides were incubated without primary antibody
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and using only incubation diluent. For secondary incubation, we used 125 uL of ultraView
Universal Alkaline Phosphatase Red Detection Kit (Ventana 760-501), followed by 125 uL of
UV red enhancer and incubated for 4 minutes. 100 ul of UV Fast Red A and 100 ul of UV red
Naphthol was applied and incubated together for 8 min. Finally, 125 ul of UV Fast Red B was
incubated for 8 min in rinsed with 1X RB. Slides were counterstained with hematoxylin for 45
sec, rinsed and air dried for at least 30 min before the coverslip was applied. Samples were
observed under a Nikon Eclipse Ci-S microscope; images were captured on a Nikon camera and

analyzed using NIS-Elements Analysis D 5.01 image software.

4.3.4.1 Quantification of IHC staining. Microphotographs of 10X images of normal skin pinna
from two cats and cutaneous Squamous cell carcinoma (CSCC) from the pinna of 3 cats were
analyzed using the NIH software ImagelJ 1.5j8 to determine the surface area of positive
immunoreactivity on each image, allowing comparison of normal skin to CSCC. Specifically, a
selection of red chromogen staining pixels, indicative of positive immunostaining, were located
and selected using the color threshold tool. Specific ranges of hue 225-255, Saturation 95-120
and brightness of 190-230 were used for all images. The selected pixels where compared to the
total number of pixels in the image to obtain the percentage of selected pixels. Each sample was
evaluated in three different areas. This methodology of IHQ using threshold for IHQ has been
described by Jensen (2013) and multiple similar approaches for quantification of IHQ using
Image J can be found in the literature (Varghese et al. 2014; Fu et al. 2015; Di Cataldo et al.
2010).

4.3.5 Statistical Analysis. One-way ANOVA was used to evaluate differences in [HC
parameters between CSSC and normal skin. Alpha = 0.05

4.4  Results
For this study, 14 formalin-fixed paraffin-embedded (FFPE) samples of CSCC from the
archive of the VMCVM Teaching Hospital and 10 NHS FFPE biopsies were selected. Total
RNA was extracted from paraffin blocks, and cDNA was subjected to qPCR using cat-directed

primers and probes. Protein localization in tissue was performed by immunohistochemical
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analysis using antibodies directed against VEGF A, PLGF, FLT and KDR in 3 FFPE tissue

sections of CSCC and compared against normal skin.

4.4.1 Gene expression analysis After normalization to expression of 18S rRNA internal
marker, qRT-PCR analysis revealed a reduction (p<0.05) in relative expression of VEGF A 119,
163, and panVEGF A in CSCC compared to NHS, but significant differences in expression of
VEGF A isoform 187 (p=0.4) were not detected (Figure 4.4). Relative expression of PLGF
isoforms in CSCC and NHS, showed a down regulation of PLGF variants in CSCC, although no
significant changes in the ratio PLGF VR Il relative to VR I were noted (Figure 4.5). KDR and
Flt-1 mRNAs were down regulated in CSCC compared to NHS. In contrast, sSFLT 1 was
upregulated in tumoral samples. When ratios between sFlt-1 and Flt-1 were compared, we
detected abundant sFlt-1 relative to Flt-1 in CSCC (Figure 4.6) , potentially reflecting the
presence of normal tissue at the tumor periphery. Moreover, we detected differences in ligand:
receptor expression ratios (Figure 4.6), as the expression of VEGF A relative to its receptor KDR

was higher in CSCC, consistent with our hypothesis.

4.4.2 Immunohistochemistry results. IHC results revealed that VEGF in normal pinna is
localized to blood vessels, apocrine glands, and keratinocytes (Figure 4.7). Compared to CSCC
samples, VEGF is apparently overexpressed in neoplastic cells undergoing hyperplastic and
dysplastic keratinization. VEGF is also abundant in the vasculature around and inside the
tumoral cells. It is important to notice that the localization of VEGF expression appears to
change between samples and even within the same section, in concordance with reports from
other authors (Margaritescu et al. 2009; Hanauer et al. 2002). PLGF immunoreactivity was
detected in the endothelium of blood vessels in the normal pinna. In CSCC samples, there is an
apparent increase in expression of PLGF in neoplastic keratinocytes of the stratum basale and in
the abundant vasculature in the periphery of the tumor. KDR was clearly detected in blood vessel
endothelium and in SCC tumoral cells. There is an apparent marked increase in expression of
KDR in CSCC compared to the normal skin of the ear. FLT1 shows an immunolocalization
pattern similar to PLGF (Figure 4.8). PLGF was localized in tumoral cells, especially in stratum
basale of the dysplastic epidermis and in the periphery of the invaginations of tumoral

keratinocytes. PLGF was also found in apocrine glands and epithelium of blood vessels.
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To quantify the IHC signals in immunorective sites, Image J software was used to
estimate the relative adundance of positive areas in histological images (Figure 4.9). Positive
area per image is expressed relative to the total area of the frame, or percent of positive area. All
proteins measured showed an increase in percent positive area in CSCC compared with normal
skin of the pinna, although the highly-variable VEGF A immunoreactivity changes did not reach
statistical significance (p=0.054).

4.5  Discussion and Conclusions

From these results, we may surmise that the abundance of transcripts encoding smaller
isoforms of VEGF A and PLGF, as well as those of their receptors KDR and FLT1, were
reduced in CSCC compared to normal skin; sSFLT and VEGF A relative to KDR were increased
in CSCC. The reduction of VEGF A and PLGF variants was unexpected, although an absence of
difference in VEGF A mRNA expression in human oral SCC compared to epithelial dysplasia or
normal gingiva has been reported (Carlile et al. 2001; Salven et al. 1997). Other studies reported
a reduction of VEGF A immunostaining in cases of undifferentiated SCC compared to low grade
differentiated oral SCC (Margaritescu et al. 2010). Furthermore, in agreement with our results, a
previos investigation found that VEGF A was downregulated in head and neck SCC compared to
precancerous lesions and to normal skin (Tae et al. 2000). Margaritescu et al. (2009) hypothesize
that VEGF A expression could participate in regulation of physiological functions in non-
neoplastic tissue but could be interrupted during neoplastic progression. In contrast, our gene
expression results are at odds with studies showing VEGF A mRNA and PLGF upregulation in
oral SCC (Cheng et al. 2013; Cheng et al. 2010; Nayak et al. 2012; Ko et al. 2015; Kim, Park,
and Kim 2015) and canine CSCC (Maiolino, De Vico, and Restucci 2000; Al-Dissi et al. 2007),
although we report higher ratios of panVEGF A relative to KDR in CSCC samples.

We believe that the presence of normal tissue around the tumor could influence mRNA
results and explain, for example, the relative increase in SFLT-1 in SCC. To reduce this effect,
we propose to extract RNA after manual trimming of normal tissue from the mounted tissue
slide. Another alternative could be the use of an RNA extraction procedure that allows selection
of specific areas of the FFPE slide (only tumoral tissue) for RNA extraction. This methodology
has been used to evaluate VEGF A expression in thyroid cancer (Kloos et al. 2009) and in

metastatic SCC in the tongue (Okamoto et al. 2002).
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Another factor that may have affected our gene expression results was the low quality of
our RNA samples from FFPE CSCC tissue, as evidenced by the low RIN number, a parameter
recognized to influence gene expression results (Fleige and Pfaffl 2006). RNA quality from
FFPE samples of NHS (mean RIN=5.46), which were fixed for 2 days and stored in paraffin
from less than a week, yield a quality of RNA similar to that of RNA extracted from placental
tissue in RNA later (mean RIN=6.8), but substantially better RNA quality than FFPE samples of
CSCC (mean RIN=2.1). Thus, we predict that most likely RNA degradation is not due to the
RNA extraction technique, but due to sample storage, sample trim size, and fixation times. These
variables have been analyzed before and found to contribute to RNA degradation in FFPE
samples (von Ahlfen et al. 2007). Alternately, tumoral microenvironmental factors, such as the
presence of inflammatory cytokines, proteases, nucleases, or other molecules may be present in
higher concentrations in tumoral samples, thus predisposing these samples to faster RNA
degradation before fixation or during storage and RNA extraction. This effect has been noted for
RNA extracted from different bovine tissue types (Fleige and Pfaffl 2006). Despite multiple
precautions to avoid RNA degradation, we believe that further testing is needed in order to
stablish a reliable protocol for quality RNA extraction from tumoral FFPE tissue.

Our results from immunolocalization and quantification of proteins revealed that ligands
and receptors of VEGF family were increased in CSCC compared to NHS. Increased PLGF been
reported in oral SCC (Cheng et al. 2013; Cheng et al. 2010), and increased VEGF A and KDR in
CSCC have also been describe in the dog (Maiolino, De Vico, and Restucci 2000; Al-Dissi et al.
2007). These results contrast with our gene expression results. Possible reasons for these
discrepancies are addressed above.

In normal skin samples, VEGF A, Flt-1, and KDR were immunolocalized in blood
vessels, apocrine glands, and keratinocites, especialy in the stratum basale of the epidermis, in
agreement with other studies in human normal skin (Man et al. 2009; Man et al. 2008;
Margaritescu et al. 2009). In CSCC samples, we found an apparent co-localization of VEGF A,
KDR, and FLT1 in neoplastic keratinocytes of CSCC, suggesting an autocrine positive
regulation to promote tumor growth and invasion, as has been postulated before by Margaritescu
et al. (2009) for oral SCC. In addition, we believe that VEGF A and PLGF expression from
neoplastic keratinocytes could be targeting endothelial cells to promote angiogenesis in the

tumor. Based on these results, the VEGF family could play a crucial role in the tumoral
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progression of CSCC. We did not find differences among VEGF A or PLGF variants, leading us
to believe that they do not follow a tight regulation in contrast to the placental development in
the cat (Chapter 3). We can conclude that the factors measured may play role in CSCC and that
their associated paracrine or autocrine signaling cascades may favor tumor progression by
increasing vascularity.

Limitations of this study include RNA fragmentation during tissue fixation and block
storage and the presence of mixed neoplastic and marginal normal tissue in study samples. Our
results encourage further studies in the possible role of VEGF in feline CSCC and can help to
determine the implications of specific VEGF- PLGF isoforms in tumoral angiogenesis,
proliferation, and metastasis. Of particular interest are the altered relationships between splice

variants of Flt] and perturbed mRNA ratios of panVEGF A: KDR in SCC.
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