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Abstract

Autism spectrum disorders (ASD), include a group of heterogeneous
neurodevelopmental disordgidDDs) characterized by impaired sociateraction,

and communication with restricted patterns of behaviour. The aetiology of ASD is
very complex and is mainly characterized by the combination of environmental and
genetic risk factoravhich generate a variable range of different phenotypes.

This thesis investigated two of the main environmental risk factors igajoolved

in fetal development: hypoxia and inflammatiém conclude withiheinvestigationof
thegenetic canponent to the disordersing stem cell technologies.

The intrauterine mvironment plays a key role in normal neural developnigmg. use

of an animal model of chronic fetal hypoxia, revealed a series of morphological
alteratiors of the placenta and its compartm&nnainly characterised by impaired
vascularization, and consagnt reduction of the blood flow to theeroplacental
circulation. The successive investigation of the brain morphology in the offspring,
showed no significant differences in brain size and neocortical thickness, however the
stereological analysieveaéd a significant increas# the neuronal nuclear volume
associated with the reduced numerical derfdlty) of cortical cells. The second series

of studies investigated the involvenaai the inflammatory componemiirough the

use of the most common pnaflammatory cytokinestumor necrosis factor alpha
(TNF-U), interleukin (L)-1 fandIL-6, whoseelevance is due by their ability to cross
the placenta and to affect fetal brain development. Results showed a significant
reduction of neurite length in SHYS5Y treated cells with the three cytokines, and
impaired neurite outgrowth and viability in E14 dopaminergi@Aergic) neurons
treated with TNFU,

The final part focused on the exploration of NeureXiHRXN1), a gene involved in
synaptic functions, extensively associated with ASD. Through the use of induced
pluripotent stem cells (iPSCs) this stustyowed thaN R X N inight affect neuronal
progenitor stem cells (NPCs) proliferation, fate determination and neuronal maturation
during cortical developmenOur studies suggest that there is a delay in neuronal
develpment in the systems studiedo conclude, although there are no
pharmacological treatments for the cure of ASD, the early intervention, mainly during
the first semester of fetal development, might help to prevent or reduce the risk for

ASD.
XVi



Chapter 1

General introduction



1.1 Autism spectrum disorder (ASD)

Autism spectrum disorders (ASD), also known as Pervasive Developmental Disorders
(PDDs), include a group dieterogeneouseurodevelopmental disordefSIDDs)
characterized yoimpaired social interaction, and communication with restricted and
repetitive patterns of behavioyBailey, Phillips et al. 1996)The deficits are often
associated with main secondary symptoms including depression and anxiety, sleep
disorders, attention deficits and seizu(&pooren, Lindemann et al. 2012SD is
classifiedaccording tahe criteria of the Diagnostic and Statistibénual of Mental
Disorders, 4th edition (DSNV) (American Psychiatric Association 2000) and the
Internaticnal Classification of Disease$0th edition (ICD10) (World Health
Organization, 2010) i n: Auti sm, Aspergerd6s syndrom
disorder, PDD not otherwise specified (PINDS) and Rett syndrom@-aras, Al

Ateeqi et al. 2010)ASD affects about 1% of childreriBaird, Simonoff et al. 2006)

is four times more common in males compared to females, and is generally diagnosed
within the first three years of lif@Ritvo and Freeman 197.7ASD is characterised by
neurobehavioral and developmenthisfunctions, in which the lack of adequate
screening tools, are responsible for the delays in diagnosis and for the discovery of
proper plarmacological interventionThe pathogenesis responsible for its insurgence

is not well understood, however numerous environmental factors and genetic causes
characterized bgie novamutation have been associated with it

The architectural changes in thmgain structure observed in children and adults with
ASD indicate the involvement of abrmal pathophysiological events occurring
during pregnangthat have a negative impact on te&l brain developmer{Btoner,

Chow et al. 2014)

1.2 ASD and brain abnormalities

ASD is characterized by abnormal brain development that manifest with
neuropathological changéSourchesne, Hesselink et al. 1987, Hashimoto, Tayama et
al. 198, Varghese, Keshav et al. 201¥any cortical aressuch as the prefrontal and
temporal cortices, cerebellum, brainstem and other subcortical areas are characterized

by abnormal phenotype in patients with ASlegiel, Flory et al. 2014)The most
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evident changes concetorain volume. Structural magnetic resonance imaging
(sMRI) studies have highlighted the increased brain size and head circumferences
(HC) in young children with ASD. The ongoing brain enlargentiastbeen associated
with the expansion ofhe cortical surface arefHazlett, Poe et al. 201,1andwith
increased number of neurof8ourchesne, Mouton et al. 201HBurther alsothe
increaseof cortical folding in adolescents and adults with ASD seéonbe an
important feature of the patholodidardan et al. 2004)n concomitance with the
variation in brain size also the cortical structure pressmteral abnormalities. Many
studies have reported the disorganization of the grey and white ifv&ttieinson et

al. 2016; Keller, Kana, and Just 2007; Koshino et al. 2088) alteration in
cytoarchitectoniclaminar organization(Hutsler, Love, and Zhang 2007; Blatt
2012)Well described in patients with ASD is also the minicolumn pathology,
characterized by alteration in the number, size and space betweeoluh®s in
which neurons are also more spread out and less corf(pasanova et al. 2002)
These alterions in the cortical structure reflect defects in neuronal proliferation,
maturation, and migration resulting ihe wrongpositioning of neurons within the
proper layer (Wegiel, Kuchna et al. 2010Yhis cortical disorganization was also
confirmed in a posmortem study conducted by Stoner and colleagues who
individuated focal disruption of the laminar architecturénm prefrontal and temporal
cortices of patients with ASOStoner, Chow et al. 2014)urther deficitin
synaptogenesis and connectiviigve been reported in ASBourgeron 2009, Zhan,
Paolicelli et al. 2014)n particular, imbalance between excitatanhibitory synapses
with higher preponderaeoof glutamatergic connections seetmbe a tyacal feature

of ASD (Gogolla, LeBlanc et al. 2009, Nelson and Valakh 2015)

Althoughthe behaviourahlterations showed by people affected by ASD seem to be
the same, the causes of its insurgencénaterogeneoud hisis becausef negaive
events occurring during fetal brain developmanght affect different processes
ranging from neural progenitor stem celBIPCs) proliferation and neuronal
differentiation, to neuronal migration, neurites extension, synaptogenesis and
integration inneuronal circuitryThus the individuation of the altered pathway during

fetal brain development remain the mahallenge in ASD.



1.3 Brain development

The development of human brain is a complex process that start in the third gestational
week (GW)and continues through all adolescence and possibly through the lifespan.
The neurodevelopment is characterized by a chain of events regulated by different
gene expression and environmental input. The central nervous sySisN®)
underges continuous adaption and modification, but the events occurring during

thefirst stages of maturation playkey role.

1.31 Early, mid-late neurogenesis

In mammals, nitially the neural tube is characterized by a neuroephitelium,imich
polarized cells known as neapithelial cells (NECs)Lui, Hansen et al. 2011)
(Fig.1.1). During the neurodevelopment NECs extend their long process throughout
the entire cortical wall. Their apical extension is attached to the ventricula(\zaye

while the basal extremity is attached to the pial lan{iBarrell and ®tz 2014)
Initially NECs go through an intense proliferative phasanfined to the ventricular
zone, in order to selenew and to generate new founder progenitors. After this initial
phase of symmetrical divisions, the NECs turn into another typeogepitor cells
called radial glial cells (RGCs). RGCs express glial markers as glial fibrillary acidic
protein (GFAP) and astrocytpecific glutamate transporter (GLAST), along with the
transcription factor paired box protein (Pax6pmpbell and Gotz 2002, Asami, Pilz

et al. 2011) RGCs are involved in neuronal productions, followed by astrocytes and
oligodendrocytes generatiofCampbell and Go6tz 2002, Rakic 2007RGCs are
characterized by long processes indispensable for meurgration (Tan and Shi
2013) and are involved in the generation of other types of progenitors, neurons and
glial cells (Malatesta, Hartfuss et al. 2000, Malatesta, Hack et al. 2608jn their

cell body, close to the surface of V&yo processebranch out, one short and one
longer direct to the pial surface of the cor(Bentivaglio and Mazzarello 1999pue

to their location close to the apical surface of the VZ, RGCs are also called apical
progenitors (aRGCs). At the beginning of the corticogenesis RGCs are characterized
by anintense cycle of symmetric divisions, followeddsymmetric divisions in which

one daughter shoveshigher level of commitmer{Huttner and Kosodo 2005, Tan and

Shi 2013) The daughtercell can followa different destiny, becoming a neuron or
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generating an interediate progenitor cell (IPCjalso known as basal progenitor (BP)

or basal IP{, which symmetrical division creates two neurgManuel, Mi et al.
2015)The BPs seem to be responsible for the production of mosteafortical
neurons(Farkas and Huttner 20Q8)hese an be further divided in two classes of
progenitors: intermediate progenitor cells (IPCs) and the basal radial glial cells
(bRGCs). bRGCs in particular, have great importance, since their abundance seems to
be tightly associated with brain expansion acspeies and with gyrificatiofReillo,

de Juan Bmero et al. 2010, Borrell and Go6tz 201BRGCs were initially found in

great abundance in the developing neocortex of gyrencephalic species as humans and
ferrets, and after, in reduced number in the lissencephalic developing rodent brain
(Fietz, Kelava et al. 2010, Sun and Hevner 20TAgse cells, contrarily to aRGCs are
monopolar, sincehey arecharacterized by only the basal process by whindy

contact the basal lamina.
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Figure 1.1 Early and mid-late neurogenesis.

Early neurogenesis is characterized Hye expansion and proliferation of
neuroepithelial cells (NECspcated in the ventricle n@ (VZ). These cells generate
apical progenitocells (APs) that are compesl byapical radial glial cells (aRGCs),

by a lower proportion of short neural precursors (SNPs) andsiglal progenitors
(SAPs), which are all located in the VRQuring Mid-late neuogenesis, apical
progenitors (AB) proliferateand generate basal praggers (BPs), which generate a
new proliferative zone known as subventricular zone (S\BRs are mainly
composed by intermediate progenitor cells (IPCs) and basal radial glial cells (bRGCSs).
APs and BPs generate neurons that migrate in the approps@t®f the cortical plate

(CP).
When the neurogenesis is completed, RGCs became involved in gliogenesis
generating astrocytes and oligodendrocykagegstein and AlvareBuylla 2009) In

5



the process of astrogliegesis, RGCs go through morphological changes, switching
from bipolar spanning the cortex to unipolar losing the connection with the ventricle

(Kriegstein and AlvareBuylla 2009)

To summarize neurogenesis is réttly dependent to the number of NECs, to the
progressive switch from symmetric to asymmetric divisions, and to the duration of the
neurogenic phase, whiathangebetweendifferent speciegDehay, Kennedy et al.
2015). In rodents thesubventricular zoneSVZ) is mainly composed by IPCs
characterized by reduced cycle of cell division differently from humans and other
primates characterized layhigher level of proliferation. This represents the major
difference foud between lissencephalic species such as ro@statisl, Walcher et al.

2013)and gyrencephalic spesias humans and other primates

1.3.2 Cerebral cortex development

The cerebral cortex across mammals showgrs¢\analogies in the structure and
function, thus researchers have often used those of rodents as models to explore the
biological mechanisms relating to its generation and activity. The cerebral cortex of
mammals is a bilateral structure forming the osteface of the cerebral hemispheres.

It is characterized by neurons, glial cells, blood vessel and ependymal cells in the walls
of the lateral ventricles. The external surface of the cortex is formed by the meninges.
The largest part of the cortex is opied by the neocortexa complex structure
engaged in higher cognitive functions, whose neurons are arranged in six layers. Each
layer is composed by neurons characterized by the samerpessuch as time of

birth, phenotype, functions and connectivifyicConnell 1995) The cortex is
characterized by two categories of neurons: excitatory neurons or glutamatergic
neurons, which represent-80% of all neurons, characterized by long axons that get
connections with intracortita subcortical and subcerebral areas, and inhibitory
GABAergic interneurons formed by short axons involved only in local circuits
(Hendry, Schwark et al. 1987, Beaulieu 19¥3citatory neurons are produced in the

VZ of the cerebral cortex and enter to the developioigical plate(CP) by radial
migration, while GABAergic interneurons are produced in the ganglionic eminences
of the ventral (subpallial) telencephalon and go to the develo@iRghrough
tangential nigration (Britanova,Alifragis et al. 2006, Wonders and Anderson 2006)
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The embryonic development of the neocortex is a complex process. The generation of
neuronal cells occurs in théZ. At a determinate phase of development, different
types of neurons stop to proliferated leave th&Z. This moment, characterized by
the exit from the cell cycle, sighthe birth of a new neuron. At this point the new
neuron is ready to migrate centrifugally ite final location close the pial surface
(Gilmore and Herrup 1997puring development, the cortex is initially visible as a
thin layer of subpial cells forming the preplate. The further generation of neurons split
the preplate into two distinct layers, one upper layer forming the marginal zone (MZ)
composed by CajdRetzius cells(CRs) and one lower forming the subplate (SP)
(Marin-Padilla 1978) The accumulation of neurons between these two layers generate
the CP from which the neocortical layers @will derive. With the exception of layer

1 or MZ, the complete formation of tii&P is followed by the migration of nelworn
neur ons -0 wt o i g(Rakidi®&4) Ih this model the earlier migrating
neurons generate the deepest layers while the later mig@tiegwill form the
superficial layers. In this scherttge earlier neurons to arrive in the neocortex are the
one forming thes layer. The MZ and the SP are temporary layers generated during
neurodevelopment that disappeared by the end of the fetal period. The MZ is formed
by the CRs which regulate neuronaligration into theCP by secreting a molecular
signal called ReelifGil-Sanz, Franco et al. 2013, Buchsbaum and Cappello 2019)
The absence of Reelin signalling is associated with deficit in the laminar orgamizatio
of the CP (Rice and Curran 200). Each new group of migrating neurons occupy a
more superficial layer compared to the previous group. As this migration process
proceed, the neurons reach the top ofGRecharacterized by the presence of Reelin,
which send the message to stop. Findhyg neurons forming tH&Pare not involved

in forming the cortical layers, but are fundamental for initiating the primary sensory

inputs to the neocortex developmébe Carlos and O'leary 1992)

1.3.3Neocortical layers

By convention the neocortex is formed by neuron cell bodies arranged in 6 layers, but
thisorganization can vary depending on the brain region and on the species. The final
location of the neurons in thgroperlayer occurs during the neurodevelopment.

Analoges of the layers in different regions is an indication of the similar funstion
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where& differences indicatelifferent proprieties assoced with distinct cortical
system.

During evolution the mammalian brain went through morphological changes
characterized mainly by thecreaseof the surface area of the neocortex followed by
the increasd complexity of the 6 layer@Northcutt and Kaas 1995, Aboitiz and
Montiel 2012)

Layer 1
The marginal zone (MZ) of the embryonic cerebral cortex has an important role in

neuronal migration and laminar organizatiduring the neocortex development. It
represents the equivalent layé)l in the adult brain which will take part in cortical
circuitry integration.

The MZAL1, also known as plexiform layer and epthor zone of Meynertis the
earliest layer of the neodex to be generated just below the pia météartinez
Cerdeno and Noctor 2014l is formed by a low density of neurons, glia, apical
dendrites of pyramidal cells located in the deepest layers and axon collaterals
prevenient from other cortical areas and thalafMsrin-Padilla and MarirPadilla

1982) The neuronal morphology and neurochemical markers production undergo to a
more intense activity of differentiation compared to the deepest IE8eper, Soriano

et al. 1998)L1 plays a key role during neurodevelopment. It is mainly composed by
two different cell type of neuronsCRs a n d-amimobutyric acid GABArgic
interneuronsproduced in different regions of the brédecevic and Milosevic 1997,
Bielle, Griveau et al. 2005)

CRs are a transient class of neurons uniquely found in thel d ng mammal

cerebral cortex development. In mice these cells are generated very early during
development, becoming evident around 10.5, 12.5 embryonidBeye et al. 2005)

CRs participate in the constrian of the developmental cortex by realising the Reelin,

a glycoprotein indispensable for the correct cortical lamination and organization. In
humans reductions in Reelin production has been associated with lissencephaly,
autism, schizophrenia and bipoldisorder(Hong, Shugart et al. 2000, Folsom and
Fatemi 2013)

The GABAergic inhibitory interneurons represent more than 90% of L1 neurons of
the adult brainlWiner and Laruel989, Prieto, Peterson et al. 1994 heir main
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functionis controlling activity through feedback inhibition and feedforw@idBain
and Fisahn 2001, Freund 2003, Buzsaki, Geisler et al. 2004)

Layer 2/3
In rodents there is navident architectonic distinction betweé&f and L3 of the

neaortex therefore these layers are often known as layeflL2f8rt, Tomm et al.
2009, Petersen and Crochet 2013)ese are populatdal pyramidal neurons (PNs)
whosemain role is to integrate information between different cortical areas and
hemispheres through corticocorti¢@lC) and callosal connections. These neurons are
glutamatergieexcitatory cells usually characterized by pyrasshdped somata and
long axons that make connections with other cortical and subcaicgdartmentsf

the brain(DeFelipe and Farinas 1992, Spruston 2008)

Layer 4
L4 of the neocortex is mainly chatadzed by egitatory spiny neans such as the

spiny stellate cell§Staiger, Flagmeyer et al. 200Fhese cells appear at postnatal day

5 as a result of the morphological change of the initially pyramidal neurons formed
during neurodevelopmer{Callaway and Borrell 2011) 4 neurons are particularly
important because receive and integrate sensory thalamic iftuisl and Wiesel
1962, Sun, Taet al. 2016)The signal received from thalamocortical axons in L4 are
then send through excitatory connections to the LZlldpezBendito and Molnar
2003, Ji, Zingg et al. 2016xonversely to the majority of loér neurons in the
neocortex that send output to other cortical or subcortical rediimesmson and
Bannister 2003, Harris and Shepherd 2015)

Layer 5
L5 of the neocortex is mostly populated by excitatory pyratméurons characterized

by long distance projections direct to other neocortical or subcortical regions. L5 PNs
represent indeed the main source of cortical outputs to subcortical ré@awan and
Wilson 1994) and can be considered one of the largest cell type present in the
mammalian cortexSpruston 20037 heir dendrites expand through edirtical layers
reaching the pial surface and collecting both long and short excitatory and inhibitory
stimuli (Spruston 2008)



Layer 6
L6 represents the first layer to be generated during cortical develog@avihess

and Rakic 1978)and the neurons here located are the first to create connections with
subcortical regions, for example with the developingldnaus from which they
receive synaptic inputs, long beforedlgenerates. These howevespresent only
transient connection that will help to create subsequent innervation patterns. At the
end of cortical maturation three major types of pyramidal cellgpepulate this layer,

two of them are the cortiethalamic (CT) and corticocortical (CC) cells. CT cells
represent probably the first pyramidal cells to populate the developing neocortex
(generated on day E14 or before).

1.4 ASD causes

1.4.1 Environmental and geneticrisk factors in ASD

The aetiology ofASD are poorly understoodSD is highly heterogeneoudisorder

in which risk factors generate a variable rangedifferent phenotypes. While the
incidence in the insurgence of the disordecreasd in the last decade, the
pathophysiological mechanismsemain mainly unclear. The difficulties in
characterising thedisorder derive from t$ multifactorial nature in which
environmental and genetic components play a central role.

Several studies have®hn that perturbation of the intrauterine environment can affect
CNSdevelopment, leading to impaired brain function, not only in postnatal life, but
also later, increasing the chance fdDDs and neurodegenerative diseg$@a,
Marcialis et al. 2014, Modgil, Lahiri et al. 2014ylany adversefactors during
pregnancycan havea negative impact on brain development, includmngternal
smoking(Ekblad, Korkeila et al. 2015alcohol consumptiofCananzi and Mayhan
2019) inflammation(Siniscalco, Schultz et al. 201 8utritional deficienciegFranke,
Gaser et al. 2018)drug admmistration (Schweinberger, Rodrigues et al. 2Q18)
maternal obesityTeo, Morris et al. 2017)maternal stres@Valder, Laplante et al.
2014)and hypoxigBurstyn, Wang et al. 201ummarised inif. 1.2
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Figure 1.2 Environmental and genetic riskfactors responsiblefor ASD.

Prenatal factors including hypoxia, inflammatiand geneticomponentmpair

brain development.

The succession of events characterizing the brain development during prenatal
development and immediately after, are particularly important to define brain
structures and functions including learning and memory. Ateratlons during this
process can result in neuronal dysfunction that can manifest in different way during
postnatal life increasing the incidence for psychiatric diseases. Further, is well known
that genetic factors are strongly associated with ASD, rapditicular the interaction

between gene and environment are determinant in the insurgence of the pathology.

In this thesisthe role ofthe major risk factorgnvolved in ASD, such aperinatal
hypoxia and inflammatigrwereinvestigatel through the usef ananimal modebf
chronic hypoxiaandin vitro cell culture, to conclude with the investigation of the
genetic component involvement, through the use of induced pluripotent stem cells
(IPSCs).
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1.5 Prenatal hypoxia

1.5.1 Hypoxia during fetal develgpment

The availabiliy of oxygen is essential foefal life. Two conditions better known as
anoxia, total absence of oxygen, and hypoxia, reduced levels of oxygen, are associated
with dysfunction in the main steps of the neurodevelopment leadingitodamage
(Nalivaeva, Turner et al. 2018f5hort periods of acute hypoxia lead to uterine
contractions responsible for labour and delivéfgch, Huch et al. 1977)while
protracedperiods of oxygen deprivation lasting fafew weeks or month&nown as
chronic fetal hypoxiahave more severe impact omrthl developmentdypoxia is a
physiological condition during embryo developméihypoxia regulates blood vessel
formation, induces heart and bones development and regulate the migration of neural
crest cellgMaltepe and Simon 1998, Simon, Ramigargeron et al. 2002, Lee, Park

et al. 2019)A hypoxic environment is also faamental for the maintenance of adult
NPCs(De Filippis and Delia 2011However excessive hypoxia can arrest embryonic
development leading to postnatal deficiteldetal deati{Bulterys, Greenland et al.
1990, Ream, Ray et al. 2008)he main factor generating an intrauterine hypoxia
environments placental insufficiency Placental insufficiency ithe mainfeature of
preeclampsia (PE), a pregnancy disorder associated with maternal and fetal morbidity
and mortality. The abnormal placentation in preeclamptic women reduce the
availability of blood and oxygn to the developing fetueading to serious fetal injury.

In particular,neuronal cells are well known to be more sensitive to impaired oxygen
supply compared to other cells typ@daddad and Jiang 1993and the arrest of
oxygen flowto the brain, lasting jusd few seconds can induce permanent damage
(Cullen, Augenstine et al. 2011%everal studiesf prenatal hypoxia have shown
impaired neocortical developmembcreased neuronal apoptosis, alteration in white
matter organization anchyelinisationin the offspring(Gaffney, Squier et al. 1994,
Ness, Romanko et al. 2001, Nalivaeva, Turner et al. 20b&se are typical features

of ASD and otheNDDs. Furthermore, fetal hypoxia can lead to intrauterine growth
restriction (JUGR (Ream, Ray et al. 2008 condition welknown to be associated

with ASD. Despite the close association between hypoxia and brain dantag®E

affects fetal brain development has been poorly investigalthds, the initial part of

the thesis was deditmd to theinvestigationof PE in the contribution of ASD
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analysing also the morphological adaptation of the placental phenotype in order to

support fetal life.

1.5.2Intrauterine h ypoxia in pregnancy disorders Preeclampsia(PE)

In 1983, StuartCampbell showed the association between the increased vascular
resistance anthe insurgence oPE and/or IUGR(Campbell, DiazRecasens et al.
1983) PE isa pregnancy conditionoharacterized by #hreduced blood flow to the
placentawith consequenteductionof oxygen deliveryto the fetoplacental circulation
(Myatt 2002) Oxygen plays a crucial role during placentation. Several studies have
shown that intrauterine oxygen conceatiions along with the mechanisms controlling

its homeostasis are responsiliter the correct placentadevelopment, and can
compromise both structure and funct{®&nyer and Simon 2006, Burton 2008uring

the eaty first trimester of pregnancy (<8 weeks of gestati@anJow oxygen
environment is required to stimulate extravillous trophoblasts proliferation, inhibiting
their differentiation into the invasive phenotype. By the end of the first trimester, when
the inervillous space is open to maternal blood, the oxygen level reaches
approximatively 68% (Jauniaux, Watson et al. 2000) PE, the reduced blood supply

to the placenta, leads to the intravillous oxygen level-4%2(Zamudio 2003)The
sustained hypoxia along with the reducealrtial pressure of xygen (PO.) are
responsible for the maintenance of the 4norasive, proliferative phenotype,
inhibiting the capability of extrallous trophoblast to invade the uterine spiral arteries.
The association between insufficient uteroplacental oxygenation and PE is also
provided from data showing the high incidence of PE in women residing at elevated
altitude (Zamudio 2007; Moore et al. 1982; Palmer et al. 19P8centation at high
altitude (~ 2700m) has been used as in vivo model to analyse the involvement of
hypoxia in the insurgence of placental dysfunctions duringNP&ore et al. 1982)

The characterization of placentas from high adktuhave shown analogies withet
observed in PE such as: reduced uteroplacental arterial invasion, impaired uterine
arterial remodelling, the preference of the proliferative statevafsive trophoblasts
cells, higher levels of proinflammatory cytokingsd antiangiogenic facto(soore,
Hershey et al. 1982, Palmer, Moore et al. 1999, Zamudio 2007)
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1.5.2.1PE definition

PE is a pregnancypecific complication characterized by hypertension (blood
pressurd1 4 OmimMHg ) , proteinuria (0300 mg prote
dysfunction (liver, kidney, neurological problems) developed aftét ®ek of
pregnancy{Mammaro, Carrara et al. 2009 enerally it affects 5% of all pregnancies
(Stillman and Karumanchi 2007k appears me frequently in women at the first
pregnancy or to those with multifetal pregnarfeéyalker 2000) If untreatedt can

evolve to a more complicated condition known as eclampsia which is characterized by
the presence of seizurgd-Jameil, Aziz Khan et al. 2014)hereis nocure available

and the only effective treatment is to plan a premature dglieEthe fetus and
placenta before 34 weeks of pregnancy with a consequent neonatal d&iage
2003)

1.5.2.2Clinical manifestation

PE can be clasfied into early and latensef and into mild and severerfos. The
symptoms ofearly-onset preeclampsigenerally appear between-3@ weeks of
gestation, while the symptoms of ladaset appeaat or after34weeks of gestation
(Lisonkova and Joseph 2013, Tranquilli, Browt al. 2013)The incidence of their
manifestation is also different, the early onset preeclampsia cover betv2€86 &f

all cases, while the late onsetcur for the other80-95% (Tranquilli 2013) The
pathological medinisms responsible for the early and late onset PE are diffareht
are characterized lgifferent maternal ancetal outcomes, biochemical markers and

clinical features.

The early onset subtypeepresent the most severe clinical manifestation ofideade
with higherrisk to develop maternal andtl complicationgvon Dadelszen, Magee
et al. 2003, Duley 2009, Backes, Markham et al. 2011, Sibai ZDA8garly onset is
associatedvith an increase of materheascular resistance responsible for abnormal
placentationand consequerttigher incidence oheonatal morbidity and mortality
compared to the late onsehset(Murphy and Stirrat 2000, Ness and Sibai 2006)
which are instead associated to low vascular resist@viakensise, Vasapollo et al.

2008) Late onsePE usually does not have major devastating impact on pregnancy
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but is instead associated with a higher incidencenaternal morbidity. In the late
onsetthere is no alteration in placental volume and significant feéal growth

restrictionas observed in the early onset (Madazli, Yuksel et al. 2014)

PE can be further clagied as mild and severe according to the differences in the
clinical manifestations. Severe PE is characterized by systolic arterial pressure >160
mmHg and/or a diastolic arterial pressure >110 mmidg combination to
manifestation of the HELLFhaemolyss, elevated liver enzymes and low platelet
count)syndromeg(Backes, Markham et al. 201 Miild PE isinstead diagnosed when
women experience all the symptoms of PE but not of severe PE. Besides HELLP
syndromesevee preeclampsies characterized by other featuresludingglomerular
endotheliosis, oedema healaches, nausea, vomiting and visual disturbances
(Townsend, O'Brien et al. 2016jHowever despite all the dirences in clinical
presentationsall types of PEhave as common faae the endothelial dysfunction
(ED) associatedvith general vasoconstriction and reduced blood flow to multiple

organg(Powe, Levine et al. 2011)

1.5.2.3Risk factors

The mechanisms responsible for the insurgené&¥afe poorly understood, howew
there are numerous predisposing factors that increase the possibility to dévelop
Among theseseveral studies have showhat a past history dPE increases the risk

to developit again (Duckitt and Harrington 2005)The insurgence ofPE is also
associatedvith pre-existing medical conditiond’hese includehronic hypertension
(Sibai, Mercer et al. 1991¢hronic kidney diseag®olfo, Attini et al. 2013) obesity
(O'Brien, Ray et al,)Janddiabetes mellitu¢Garner, D'Alton et al. 199@ibai, Caritis

et al. 2000) Risk factors oPE alsoinclude multifetal pregnancfFox, Roman et al.
2014) advanced maternal age, previopsegnancy complication associated with
placental insufficiency, as well as the use of assisted reproductive technology
(Tandberg, Klungsgyr et al. 2015Further woman with genetic predisposition
(Esplin, Fausett et al. 20Q9nd preexisting vascular diseas@dutcheon, Lisonkova

et al. 2011)have more chance to develop the pathology. Howelespitethe well
known the association of thessk factors with PE the mechanisms which lead to its

insurgence are not well understood.
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1.5.24 Long term maternal and fetal outcomes

The clinical manifestations of PE disappear after the delivery of the placenta, however
both mother and fetus expemce long life consequered he cardiovascular and renal
system of pregnant women undergo important adaptations, which include changes in
cardiac output, het rate, increasedplasma volumeand vascular vasodilation
(Chapman, Abraham et al. 1998he failure of these adaptations leads to pregnancy
complications associated with the risk for the mother to develop cardiovascular
diseases, such as heart disease, stroke and venous thromboeniatdism, life,
(Garovic and Hayman 2007, Ahmed, Dunford et al. 200#men with PEcanalso
haveimpairedrenalfunction. The decreas®f glomerular filtration rate (GFRh the
kidney, developedduring the early gestatignleadsto unexplained stillbirth and
abortions(Gibson 1973) Women with PE in the first pregnanaiso have higher
probability to developendstage renal diseaseompared to women with normal
pregnacy (Vikse, Irgens et al. ZIB). Further these women have increased chance to
develop cerebrovascular disea¢®liller 2019), and longterm atherosclerotic
morbidity (Kessous, Shohaivardi et al. 2015)

The major neonatal complications associated WEhinclude pre-maturity, low birth
weight, IUGR and mortaty, which incidence is higher when associated with severe
preeclampsigConrad and Benyo 1997, Keyes, Armaza et al. 2008¢ long term
effect on the cardiovascular system does ffetaonly women with previousistory

of PEbut also the offspring which present higher chaméeevelopng hypertension
(HerreraGarcia and Contag 2014hdstroke(Kajantie, Eriksson et al. 200f3ter in

life. Further these children show higher segptibility to neurodevelopmental and
behavioural problems as they grow(alker, Krakowiak et al. 2015, Nomura, John
et al. 2017, Maher, O'Keeffe et al. 2018)

1.5.25 Pathophysiology Two stage model

PE s a pathology of obscure aetiology, and many theories have been suggested
(Broughton Pipkin and Rubin 1994, Warrington, George et al. 20H8)ever, a
general two stage model, introduced for the first tim&kbygman in 1991, is used to

explain the pathogenesis of the dise@@edman 1991)The first stage occurs during
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the first trimester of pregnancy and is characterized by placenta insufficiency that
converge toED and trigger the second stage better known as maternal syndrome
characterized by the development of the clinical sympt¢fng.1.3) (Roberts and
Hubel 2009, Alasztics, Kukor et al. 2012)

Stage 1 Placental dysfunctions

The placenta plays a key role during pregnaitsyimporancewasinitially reported

by Benirschke and Driscoll in 1961 when they described a new pathological condition
known as maternal floor infarction of thdapenta(Benirschke 1961)This was
characterized by the presence of fibrinoid material altvegnbaternal surface and
intervillous spaces of the placenta responsible for adverse neonatal outcomes such as
increased perinatal morbidity and mortality, premature delisad/) IUGR
(Benirschke 1961)Since then more studies have proved the impoetaof the
placenta for a successful pregnancy and its impaired function has been assottiated
pathological conditions, such as RBiring pregnancyhe spiral arteries in the uterus
undergo to an intense process of remodelling to ensure the right anfignaternal
blood flow to the placentduring the first semester of gestatidhe haemochorial
placentations characterized bthe diffusion of invasive trophoblastgantheuterine

spiral arteries of the decidua and myometriwmith consequent remodelg of the
uteroplacental spiral aries( Penni ngt on, Schlitt et al
This remodelling is characterized by the loss of the original arterial structure including
the endothelium, thentima, and the elastic structurés.thisway, the spiral arteries
dilate in a funnel shape as they reach the placenta, swittbmgmall high resistance
vesseldanto large sinusoidal vesselEhis remodelling leads to the reductiontbé

blood flow ratethat is of crucial importance to prevent damage of the delicate placenta
villiand microvilli (Hunkapiller and Fisher 2008dn PEthe trophoblasts invasion of

the spiralarteries is limited to theuperficial layers of the decidwathout extenthg

to the myometrium portiamhisincomplete spiral artery remodellitepds to reduced
placental perfusiomeducing theuteroplacental blood supp@nd oxygen. This leads

to the production and release of reactive oxygen species (ROS), inflammation and
apoptosis responsible fdED (SancheZAranguren, Prada et al. 2014, Aouache,
Biquard et al. 2018)
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Stage2: From placental dysfunction to maternal syndrome

The second stage of this modkeh consequee of poor placental perfusiamaternal
endothelial celblysfunction, systemic inflammation atehdsto the manifestation of

the clinical synptoms of PE such as hypertension and proteiaufurther, the
reduction of the blood flow damages several maternal organs including brain, liver,

kidney and heart
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Figure 1.3.Two stage modebf the pathogenesis of PE.

The insurgence of PE occurs in 2 ggsgStage ,lis induced by the reduced vascular
remodellingand consequempiacental dysfunction. Stage 2, is the manifestatidheof
maternal clinical symptoms of PE such as hypertension, proteinuria and organs
dysfunction.

1.5.2.6 Uteroplacentd circulation: trophoblasts cellsfunction

The placenta is generally describedaagisc/shaped structure vafi function is to
connect thedtus to theuterus The development of the placenta occurs before the

embryo in order to support fetal grdwilts initial structureis characterized by a cavity
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full of chorionic villi suspended in the maternal blooidculation thatmodulate the
exchange ofutrients, oxygen and wastestween mother and embrf@ude, Roberts

et al. 2004) The connection between maternal blood and the capillary beds of the
embryo underlying the villi is regulated by placental epithelial cells called trophoblasts
(James, Chamley et al. 2017hese are the syncytiotrophoblasts, engagetihen
formation of the external layer that cover the embryonic villi, and mononuclear
cytotrophoblasts cell<q(TBs), responsible for the differentiation and invasion of the
subendometrial area and the maternal spiral art€kieskapiller and Fisher 2008)
Spiral arteries, so called for their coiled appearance, supply blood to the placenta
during gestation. For this purpose these vessetlergo an extensive process
remodelling characterized by threreasef the terminal diameter, which is associated
with the reduced blood flow velocity to the intervillus spgdB®mberts 2014)The
reduced velocity is of primary importance to protect the placental villi and to allow
oxygen extractionThe artery remodellingccurs after the loss of smooth muscle cells
and elastic lamina from the spiral wall and consequent invasion of trophobladbcell
replace the endotheliunfhe process of invasion stamsth the depolarization of
CTBsthatbecome strongly interconnectede to the otheland generataggregates
attached for one extremity to tipbacenta andor the otherextremity to the uterus
These aggregates better knowrCd®s columns form a bridge that connélse uterus

to the placenté§Prakobphol, Genbacev et al. 2006his bridge allowghe migration

of the invasive cellso the uterine walls Here the invasiveCTBs initiate the
remodelling of the venous components of the uterine potireaclng the blood
vesselsand linking the venous and arterial system with the intervillous area. At this
point the remodelling of the venous sidénterruped, andhe CTBsinvade the spiral
arterioles, replacing the endothelial portion of the vessels and the muscular wall. This
process of remodelling stops the inner third of the myometriumfor unknown
reasons, and oacs in association with morphologicand molecular changes
(Pijnenborg, Bland et al. 1981Jhe first molecularchange is the upregulation of
typical receptors and ligands located in the endothelial scwlar smooth muscle
cells Furthermorethe expression of epithaltlike moleculesof ectodermal origin,
such as epitheliatadherin, are downregulated and replaced by vaseunl@dothelial
cadherinwhich help the cells to adhete each othe(Zhou, Fisher et al. 1997
addiion, invading CTBsupregulatethe expression of vastar endothelial growth

factorligands and receptorf the arterial endothelium, whicdrenecessary for their
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interactions with spiral arteriggisher 2015)In this process of differentiation and
invasion,CTBspenetrateamongst the smooth muscle cdtisming the tunica media
of the vesseland reach the arteries in the decidaad in the inner myometrial
segmert. In this waythe spiral arteries undergbe physiological and mechanical
changes necessary for the correct placental perfushaa.transformation occurs in
collaboration withmmune cellsnainly natural killer cells NKs) and macrophaggs
which guidetrophoblastic invasioto initiate the process of remodelliray)d produce
angiogenic factorsuchasvascular endothelial growth factQyEGF) (Eastabrook,
Hu et al. 2008, Robson, Harris et al. 2Q1@pntrarily, remodelling of the venous
component of the uterine circulationreduced and just enough to allow blood return.
The degree of arterial remodelling plays a crucial role for the success of pregnancy,
and alterations in both number and depth of this prdtags been associated with the
insurgence of pregnancy pathologies llkESR and PE (Brosens, Robertson et al.
1970, Cartwright and Whitley 2017)

1.5.27 Cytotrophoblast cellsdefect and associationwith PE

Contarily to normalpregnancyPE in characterized by shallow and incomplete CTBs
invasion in thematernalspiral arteriesA study conducted on serial sections of
placental biopsies of women with PE, showed that only a restrict numbers of spiral
arterioles ontained CTBsThe majority of CTBsvere located fanrdbm these vessels,

and in case of CTBs detection, their invasion was limited only to the vessel located in
the decidua portion without extending to tih@ner third of the myometrium
(McMaster, Zhou et al. 2004)During PE,CTBslose the abilityto form aggregates
amongthemselvestetaining their round shape and losing the ability to adhere to the
vesselwall. Thus CTBsdisplay two main features responsible for the insurgence of
PE: limited capacity of vascular invasion, and morphological alteratms®ciated

with reducedmaternal vesselsteraction.Both of these featureare responsible for

the impaired remodelling of the spiral arteridsat fail to enlarge and to supply the
right amount of the blood flow to the placenihe failed terminal dilatation is
responsible for villus damage characterized by the presence of villus fragments into
maternal agiculationand by the production of procoagulants into the intervillus space

(Roberts 2014)Iin addition, the lack of this process is associatégl several vessels
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abnormaliies such as atherosis, fibrin deposits and lipid accumuléieeppard and
Bonnar 1976)

1.5.28 Endothelial dysfunction: The maternal syndrome

ED is described as the shift in the normal properties of the vascular endothelium
toward a reduced vasodilatatory, proinflammatory and prothrombic $Eatdemann

and Schiffrin 2004)The role of endthelial dysfunction in pregnant women affected

by PE has been described initially by Roberts et al in 1@8berts, &ylor et al.
1989) The impaired physiological functions of endothelial cells during PE contributes
to the insurgence of the clinical manifestation of the pathology in theritasisterof
gestation. It seems that the endothelium of pregnant women ®&ith iacapablef
adaptingto the new exigence, being still sensitive to vasoconstrictors, and presenting
reduced levels of [C4]i signalling and vasodilato(8oeldt and Bird 2017)Women

with PE arecharacterizé by high levels of circulating aringiogenic factorsuchas

the soluble fmslike tyrosine kinasd (sFlt-1 or sVEGFR1) that role is to
downregulatehe expression dhe VEGF and placental growth factor (PIGF) during
PE(Sato, Kanno et al. 2000, Tsao, Wei et al. 2005, Nevo, Lee et al. 2013, Alahakoon,
Medbury et al. 2019) The main important function of VEGF is to promote
vasodilation by enhancing the releasenitfic oxide (NO) and prostacycliffPandey,
Singhi et al. 2018)NO is a potent vasodilator particularly active in promoting
vasodihtion during normal gestatioRurther it has been prowvgthatthe reduction of
VEGF impaired the normal functionality of thedkiey leading to proteinuria and
glomerular endotheliosi¢Eremina, Sood et al. 20Q3)Prothrombotic and pro
inflammatory markerswhich enhancethe damage of ED dysfunctiorare also
abundant in women with PE cu aselevated levels of tumour necrosis faeadpha
(TNF-U YMuzammil, Singhal et al. 2005, Zak and Soucek 2@t@)interleukin (IL)

6 (Lamarca, Brewer et al. 2011, Mag ¢t al. 2019)

1.6 Animal model of PE identification

The study of human pregnancy has several significant ethical limitations, thus the use

of animal models is of crucial importance to better understand the mechanism of the
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obstetric disorders in oed to prevent their insurgence and discover new treatments.
However the choice of theappropriateanimal model to use must take into
considerationhe translatability of mothergfus and placenta between animals and
humans. For these reasons the knowdedigthe main features of the animal and its

gestation is of fundamental importancessédect the best animal model.

1.6.1 Placental anatomy across species

The placenta is a specialised organ developed during pregnéiosgfunction is to

ensure andupport the normal fetal growth and development. Development and
function of the placenta are highly regulated during the gestation in order to guarantee
the correct exchange of nutrients, oxygen and waste between the maternal and fetal
circulatory systers Thus the placenta works as a digestive system for the uptake of
the nutrients, as a kidney to eliminate wastes, and as a lung to allow the gasses
exchanggKay, Nelson et al. 2011, Grigsby 2016) addition it creates ammune

barrier to protect the embryo against the attack of maternal antigens, and works as a
temporary endocrine organ which function is to produce hormones anthdaators

to support and maintain the normal pregnaf8shumacher, Costa et al. 2014)

The mechanism bwhich the placenta performs these functions changes between
different specieqLeiser and Kaufmann 1994, Georgiades, Fergizoith et al.
2002) Mossman described the placental function across the speciehefdmous
quote: fithe normal mammalian placenta is an apposition or fusion of the fetal
membranes to the uterine IfMossmad99flmr phys
summarise the concept of maternal and fetal correct interaction as a perquisite to
proceed toward a successful pregnanéynong mammals the placenta can been
classified according to the shape, histological morphology of the intertzteeeen
mother and fetus and the differences of matefietal interdigitation(Ramsey 1982,
Furukawa, Kuroda et al. 2014our different placenta types are known based on the
gross structure and on the extensibithe exchange area between mother and fetus.
These arethe Diffuse (horses and pigs), Multicotyledonary (ruminants), Zonary
(carnivoresiandDiscoid/Bidiscoid (primates, rodents, rabhit& further subdivision
can be obtained according to the variagian the trophoblasts layers within the
interhemal area of the chorioallantoic placenta. These are Epitheliochorial (horses,
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ruminants), Endotheliochorial (carnivoresgnd Hemochorial (rodents, rabbit,
primates) Carter and Enders 2004, Furukawa, Kuroda et al. 2014, Grigsby.2016)

The correct placentation occurs following specs#teps, whichnclude the correct
trophoblastic invasion, the trophoblast vascularization to form and maintain feto
placental vasculater and the remodelling of maternal vasculature to support the
circulation between utero and placenta. the case of epitheliochorial or
endotheliochorial specieghe trophoblas invasion during implantatiomccurs
without the erosion of the maternakti®, thus there is no straight connacthetween
maternal blood ancdetal tissue. Irthe case ofhaemochoriaplacentation, present in
primates, the trophoblast invasion occurs with the destruction of mavessals that
leads to the direct contact @fophoblast with maternal bloo(Carter and Enders
2004) This allowsthe efficient exchange of oxygen amatrients between mother and
fetus. The degree of tropblast invasion associated with the remodelling of the
maternal vascularization differs among primates. Humans have a hemomonochorial
placenta since the maternal blood enter in direct contact with only one layer of
trophoblastsThus,the human placenta shethehighest level of invasion and almost
total digestion of maternal vessels. Rabbit have hemodichorial placbatacterized

by two layers of trophoblasts and, rodentsicénand rats) have hemotrichdria
placent& barrier characterized by three layef trophoblasts betwa the maternal

blood and thedtal vessels of the chorionic plate.

1.6.2 Rodents and humans placetas: rat a suitable animal model

The perfecanimalmodel to studyEshould reproduce the main characteristics of the
pathology n pregnant womenincluding the altered immune response, reduced
uteroplacental perfusion and fetoplacental ischemia, followed by inflammation,
hypertension, proteinuria arD. Several animal models have been generated to
reproduce a suitable system fdracacterizing PE. The individuation of tpeoper
animal model requiregarticular attention since PE is a spontaneous disorder that
affects only pregnant women and few ape species, including chimpdBteetsand
Lemmon 1969and gorillagBaird 1981) Since species characterized by hemochorial
placenta share some morphological and functional analogies, ratieatiaweoften
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beenchosen as aanimal model to study human placentat{®jnenborg, Robertson
et al. 1981, Soares, Chakraborty et al. 2012)

Humans, rats and mice placentas are classified as hemochorial itype, tise
trophoblasts are directly immersed in the maternal b{&oipp, Audus et al. 1999)

As shownbelow (Rg. 1.4) mice and rats are characterized by a trichdabyrinth
zone (LZ), while humans have a monochorial villous placenta strudthesl.Z in
rodents corresponds to the villous compartments in humanstseyshare the same
functions while the junctional zone J2) represents the extravillousophoblasts
column of human placentatiq®oares, Igbal et al. 2011)nderlying the basal plate

in humans, there is thaeecidua, whichiepresents the site of implantation, and the area
where the spiral arteries penetrate connect the maternal blood flow to the
intervillous space. This is similar to the decidua and metrial gland presentents
Three types of decidual cells are found in humand dentsthat are: swollen
fibroblasts, differentiate and undifferentited decidual cell§Wooding and Burton
2008) In addition the decidua obth speciess populated by NKellsthat have the
same functional role irspiral arteries remodellin¢gCroy, Chantakru et al. 2002,
Manaster and Mandelboim 201®@xtravillous trophoblast cells are the analogues of
invasive trophoblasts in ratsi@ mice. The invasion of interstitial and endovascular
trophoblast associateavith vascular remodelling in rats and mice is very close to the
same events observed in humafi&jnenborg, Bland et al. 1983)However
differences have been reported on the extension of their inv#san humans, rats
are claracterized by deep trophoblastasion of the decidua and of the mesometrial
triangle (Ain, Canham et al. 2003, Soares, Chakraborty et al. 2-L2)her rats
endovascular trophoblast invasion is activated by maternal hyfRg&ario, Konno

et al. 2008)In contrast, mice show shallow interstitial traiitastic invasion that does
not extend into the myometrium, and the endovascular invasion cesra@ynthe
mesometrial decidu&urther the invasive trophoblasin mice are more perivascular
rather than intraluminal as in rats. Regarding the placentetgte, at gestation day
13.5, the LZ and JZ of rat are already well develoféd, Konno et al. 2006)This
allows their easy manipulation and separation compared to mouse placenta where the
presence of interdigitatiomake this process more difficullhis evidence taken
togethersuggest that the rat may represent more deitabcel to analyse trophoblast

invasion and impaired spiral arteries remodelling during PE.
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Figure 1. 4.Mouse, rat and human placentéion representation.
Human and rat are characterised by deep intrauterine trophoblast invasion, contrarily
to moug who exhilits shallow invasior(Soares, Igbal et al. 20174unctional zone
(J2), labyrinth zone (LZ).

1.6.3 Rat placenta

Ratsare characterized by a hemotrichorial placenta associated to discoid phenotype
(Furukawa, Hayashi et al. 201The definitive placenta is fmed around the4l" day

of embryonic developmentand is characterized by three anatomically and
physiologically ndependent compartments (Fih5): the LZ and the JZ, which
represent the fetaiomponentand the decidua (D) which represent the maternal

component.

The LZ, deived from the interaction of the allan$ with the chorionic ectoderm
represerd the largest compartment of the placerta.development occurs at 9.5
embryonic days in concomitancevith the beginning of the heartbeat and fetal
circulation (Gekas, Dieterlethievre et al. 2005)It is mainly composedy the
maternal sinusoids, trophoblastiells (two layers of syncitiotrophoblastisat enter in
contact with étal endothelium, and one layer of cytotrophoblastantact withthe
maternal bloo}j] and fetal capillariedVith the progression of pregnancy, the number
of trophoblastic cells decrease, while ithesize increase The trophoblasts
proliferationreach the peak ocembryonicday13, for thenslowly decreasig until the
end of pregnanc{fFurukawa, Tsuji et al. 20197 his cellularorganization is typical

of haemotrichorial placentatioand differs from the haemomonochorpdhcentation
present in human&ross 200Q)The LZ is alsocharacterized by stem cells that can
differentiate into trophoblast giant cells, but with restricted endocrine functions.

Syncitiotrophoblastgells play a key role in transferrirmxygen,waste and nutrients
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between maternal arfdtal circulation, thus thé.Z can be considered the major area
of maternalfetal exchange the raand mousglacentgGeorgiades, Fergusesmith

et d. 2002, Watson and Cross 200\)thehuman placentdits area isepresentely
thevilli surrounded by intravillous spad®&thedwith maternal blood.

TheJZ,alsoknownas spongy regigris locatedbetweerthe maternaddecidua andhe

LZ. In associatin with the LZ, it forms the other major compartment of the mature
r a plécenta. Iis mainly composed by four trophoblasll lineageserived from
trophoblast progenitorcells trophoblast giant cells, spongiotrophoblast cells,
glycogen cells, and irasive trophoblasi(Soares, Chakraborty et al. 2012, Furukawa,
Kuroda et al. 2014) The trophoblasts giant cells are the first trophoblasts cells to be
generated and represent the main endocrine cell of the tdacdrhe
spongiotrophoblast cells are the most abundelt$ gvithin theJZ These cellsalso
have endocrine functiong addition to maintaininghe secretion of progesterone
from corpus luteumThey are active in the initial production of luteotropic and
lactogenic hormones during gestati@an, Canham et al. 2003T he dycogen cells
generated during midgestatioapresent a source of glycogen and generally disappear
before the end of the gestatiorhese cellsaare analogues in function to the human
extravillous trophoblast sindbeyare engaged in the invasion and remodelling of the
uterine spiral arterieiSilva and Serakides 20168)his processaspreviouslydescrile
leads to the incieseof the blood flow to the placenta. The glycogen cells invade the
maternalD wherethey stimulate NKs to start the process of remodel(iadamson,

Lu et al. 2002) Always in theD the glycog@n cells release their intracellular
components such as glycogen and hormones within the interstitial space, in order to
provide energy and hormonal control of pregnancy and fetal develogBumuntlot,
Rampon et al. 2006)

Invasive troplablast cellsare generateduring midgestatiofrom theJZ These cells
have the propriety to invade the mesometrial uterine compartmvbete in
combination with glycogen cells and NKs participate in the process of vascular
remodelling.Invasive trophoblsts surround and invade the spiral arteries, and are
characterized by retrograde migration as human extravillous trophoiftgsenborg,
Robertson et al. 1981, Pijnenborg, Vercruysse et al. 200@re are two ifferent

types of invasive trophoblasts: interstitial trophoblasts located between the blood

vessels and endovascular trophoblasts that replace the endoth{Siwa and
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Serakides 2016)Before to 13.5embryonic days the invasive trophoblasts are
localized in the mesometrial decidua, while after htbryonicdays they reach the
metrial gland(Ain, Canham et al. 2003 he interstitialtrophoblasts are engaged in
the produation of nitric oxide synthasendothelial nitric oxide synthase and inducible
nitric oxide synthase tallow the enlargement of the arteries located at the maternal

fetal interfacgKrause, Hanson et al. 2011)

The next compartmens the D formed by modified maternal endometrial stromal
cells. The g&ternal layer of the maternéttal interference is represented by the metrial
gland located in the mesometriabtigle of the pregnant uterushe D development

starts from early gestatiprbecomes totally developed during midgestation and
disappear towards the end of pregnancy. It is composed by intermixed decidual cells,
uterine natural killeryNK) cells, spial arteries, and trophoblasts. This layer inv&ade

the myometrium, extending into the mesometrium.

(uterine natural killer NK)
cells intermixed decidual cells

(Endovascular
trophoblastg

trophoblast giant cell,
Interstitial glycogen
trophoblast cell,
Trophoblast giant cell,
Spongiotrophoblast cell)

Decidua (D)

Junctional Zone (JZ

Labyrinth (12)

(Syncytiotroploblast,
Cytotrophoblast,
Stroma, Blood vessels)

Figure .5Repr esent at i v@aceantmage of r at ds

The three main compartments with their cells are here indic&edidua (D),
Jundional Zone(J2), Labyrinth (LZ).

1.6.4 The reduced uterine perfusionpressure (RUPP) model

Theplacental ischemieodel try to imitate the abnormaventsoccurring during the
first trimester of gestation in women affectedRiyin order to develop the maternal
symptoms later during gestatioAs mentioned beforduring PE, the failure in the
spiral artery remodellings responsible foreducedblood flowto the uteroplacental

circulation,with consequenteduction ofoxygen andutrientsupplyto the etus Thus
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these models are based on partial or total occlusidhe blood vessels in order to
explore therole of hypoxiain the insurgence d?E The first attempt to reproduce the
model wasperformed in 1939 by @len et al who reduced the placeniaerfusion
clamping the abdominal aorta of anesthetized d@ygglen, Hildebrand et al. 1940)
This procedure led to an approximate 50% decrease in blood flowoardincrease

of blood pressureBP) to 25 mmHg, which returned to normahen the clamp was
removed (Ogden, Hildebrand et al. 1940yhe same surgery perfoed in non
pregnant dogs, did nehow anyincreasen BP demonstrating a pregnancy specific
pathology.Following that studyurther adaptation of this adel based on aortic or
uterine artery constrictignwere adoptedalso in other species such as rabbits
(Losonczy, Brown et al. 1992kheep(Leffler, Hessler et al. 1986nd primates
(Cavanagh, Rao et al. 198%) 1987 Eder and MacDonald developed for the first time
the murine models for uteroplacental ischemia using laboratory rats (Sprague
Dawley), (Eder and McDonald 1987)his led to the development of theell
characterized model oéduced uterine perfusion press(iRJPP)in ratswhich uses

a combination of aortic constriction and occlusion of the utesiregian arteries to
reduce the blood flowo the uterus and generatstate ofhypoxiareperfusion injuy
present irPE (Crews, Herrington et al. 2000, Granger, LaMarca et al. 2006)

1.6.4.1 Strategy to induce the RUPP model in pregnant rats

On gestational day (GD}4, pregnant rats weighing ~ 2@50g undergo dpping,
placing a silver clip (0.203 myaround the aorta above the iliac bifurcation (Eig).
To avoid the compensation of blood flow to the placenta kleaedaptive increase in
ovarian blood flow both right and left uterine arcadasealso clipped(0.100 mmn)
(Li, LaMarca et al. 2012)Following thismodelthe uteiine bloodflow is reduced by
40% (Crews, Herrington et al. 20Qah parallel pregnant rats includedtime control

group undego sham surgery.
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Figure 1. 6. Reduced uterine perfusion pressure induction in pregnant rats.

In the RUPP model, rats undergo laparotomy on G 203mm (internal diameter)
silver clip was placed around the aorbpve the iliac biforcation. Two silver clips
0.1- mm (internal diameter) were placed around the left and right uterine aficiade
LaMarca, and Reckelhoff 2012)

1.6.4.2 Advantages of the RUPP animal model

The RUPP rat model shows many typical physiological features present in women
affected by PE, including hypertension gapximately 2630 mmHg increasef mean
arterial pressure), increased urinary protein excretion (~ 5 fold), reductiGirin
(<40%) and real plasma flow (<23%{Alexander, Kassab et al. 200RBeduced pup
weight and litter size is also associated with RURARexander 2003, Morton,

Levasseur et al. 2019)

This model shows evidences BD characterized by reduced NO and increased
contractility of vascular smooth muscle cellSranger, LaMarca et al. 2006)he
RUPP modeklso shows anincreaseof angiotensin Il type 1 receptor production,
which activate the angiotensin Il (Angll) receptor and leads tontireaseof BP. The
placenta and circulation ahe RUPP rat have increased levels of RQ&ka,
McMaster et al. 2018)Other characteristics include tlecreaseof inflammatory
markers(TNF- h, IL-6) (LaMarca, Bennett et al. 2005, Gadonski, LaMarca et al.
2006) andangiogenic factors likeFIt-1, and soluble endogliGilbert, Gilbert et al.
2009) Taken all together these features sumseathe phenotype of PE, indicating
that tre induction ofthe RUPP model can be a suitable strategy to better investigate

potential treatments and symptoms of the pathology.
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1.6.4.3Limitation of the RUPP animal model

Despite the advantages of the RUPP model of PE, the rastlelvs few limitatios.

First of all theincreaseof the BP is not always present in all species, or even in the
same specig#bitbol, Pirani et al. 1976)I'he induction of the model requires rigorous
conditions in order to allow the manifestation of the pathologwtfiatiisappear after

the delivery of the placenta. For axrple the surgery has to be performed on
embryonicday 14 in ~ 2509 female raf®jeda, Grigore et al. 28). Rats pregnancy
lasts only 2122 days, thus the time available to characterize the pathology is limited,
compared to nonhuman primates, in which the longest gestational time, placentation
and trophoblast invasion is more similar to humans, althowghrtimals maintenance

is more expensive. Another limitation is that the RUPP model is induced during
midgestation, thus is not useful to analyse the events occurring during early
placentation, including the immune mechanisms and trophoblasts invasion
involvement in the spiral arteries remodelling. Further this model cannot reproduce
the symptoms of severe PE characterized by the HELLP syndigaita, Boztosun

et al. 2011)

1.7 Inflammation

1.7.1 Role of immunesystem in the pathophysiology of PE

PE is usually diagnosed after thé"2@eek of gestation, even if the events that generate
the insurgence of the pathology start during implantafianaka, Tsujimoto et al.
2015). During normal pregnancy, the trophoblasts migrate and invade the uterine wall.
This process is mediated by the maternal immune system composed by immune cells
located in the decidua such as matragesuNK cells, dendritic cells, and regulatory

T cels (Hanna, GoldmaiWohl et al. 2006, Smith, Dunk et al. 2009, Williams, Searle

et al. 2009) These cells ensure thwoper invasion of trophoblastells into the
endometrium and promote the remodelling of the pnt&ries necessary for normal
placentatior(Smith, Dunk et al. 2009, Cornelius 201&) this way the spiral arteries
undergo modification from narrow vessels into large vessels capable to increase the

maternalblood supplyto the placenta under low pressure conditi{dsofler and
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Pollheimer 2012) This process is regulated by the balance between the number of
immune cells and the cytokinpsoducedrom them includindPIGF, VEGF, TNF-U,

IL-1b, IL-6, IL-8 and angiogenic factors, that are essential for vascular remodelling
observed in normal pregnan@brahams, Kim et al. 2004, Dekel, Gnainsky et al.
2010) Contrarily to normal prgnancy, PE is characterized by the imbalance of this
equilibrium that leads to reduced trophoblastic invasion, failure in spinal arteries
remodelling and chronic inflammation. In normal condifiohelper Tw)1,and T417,
produce the pranflammatory cyt&inesTNF-U, IL- 6, and 11-17 in order to promote

an inflammatory immune response against foreign pathogens. During PEcéis T
secretehigherlevels of these prmflammatory cytokines in the maternal serum and
the placenta, leading to chronic systemic andllptacental inflammation, which

enhance the insurgence of REadonski, LaMarca et al. 2006)

1.7.2 Prenatal infection and maternal immune activation

Prenatal inflammatioand consequent maternal immune aciora(MIA) are strongly
associateavith the insurgence of AS[Zerbo, Qian et al. 2015, Fernandez de Cossio,
Guzman et al. 2017, Guisso, Saadeh et al. 2018, Solek, Farooqi et al. @0&&)f
the first reportedevidence of this association dates back to 19@4en after the
pandemicof rubella the incidence of ASDncreasedirastically(Stern, Booth et al.
1969, Chess 1971JFurther correlationbetween maternal infectiomd ASD were
reported following theexposure toToxoplasma gondiiPrandota 2010Q)herpes
simplex virus(Gentile, Zappulo et al. 2014, Mahic, Mjaaland et al. 20bagterial
infection (Abib, Gaman et al. 2018and cytomegaloviru@Maeyama, Tomioka et al.
2018, Slawinski, Talge et al. 2018he variety othe pathogens responsible for ASD
suggests that is thdIA during pegnancyrather than a specific type of pathogen
thatinduces brain damagen the offspring. This assumption was confirmed by a study
conducted in Denmarkvhere children borto motherswith severe viral infection
contracted in the first trimesteand lacterial infection in the second trimester of
pregnancyresultedn the insurgence d&ASD in theoffspring (Atladottir et al. 201Q)

In addition, they also reported that the consumptionusherousantibiotics duing
pregnancy increased tlohance to develop the disordétladottir, Henriksen et al.

2012) Infections during pregnancynay generate an inflammatory response
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characterized by increased release of maternakinfi@mmatory cytokines

responsible for alteref@tal braindevelopmen{Meltzer and Van de Water 2017)

1.7.3 Cytokines role during pregnancy

Cytokines are cekignalling molecules majbyr involved in the immua regulation
during pregnancy. These are mainly produced by CD4+ T lympho@&sesknown

as helper T cellswhich are further divided in Thl and Th2 cells. Thl and Th2 are
involved in producing Thland Th2type cytokines. Thl cytokines duas TNFh,
interferon(IFN)-o andIL-2 are usually associatedth a pro-inflammatory response,
while Th2 cytokines such H4, IL-5, andIL- 10induce an ardinflammatory response
(Zhu, Yamae et al. 2009)Animal and human studiesipportthat the alteration of

the Th1:Th2 balancés associated witlpregnancy los¢Reinhard, Noll et al. 1998,
Saito, Nakashima et al. 2010, Sykes, Macintyre et al. 2042)acute maternal
infection generates an inflammatory response characterizedhdyexcessive
production of prenflammatory cytokines and chemokines with induction of serious

pregnancy complications su@s damage to the developimegal brain.

As already mentionedMIA can be induced not only in presence of active infection
but also in case of a general statnfsinflammation observed in some pregnancy
disorders such as PE or preterm birth (P{B3dman, Sackg @l. 1999, Cappelletti,
Della Bella et al. 2016Both conditionsare characterized by increased Thl immune
activation with consequermro-inflammatory cytokineproduction and redtion of
Th2 responseHowever it is important to note that othatudiesshowed that the
imbalance otkither Th1l or Thas responsible for brain dysfunctioandalso higher
levels of Th2cytokineshave been associated with the manifestation of AStpta,
Aggarwal et al. 1998, Saiki, Uda et al. 2004)

Regarding the alteration of Thl cells, increased concentratiomflammatory
cytokine such as H1b, IL-6 and TNFUhave been found in the maternal serum and
amniotic fluid of children with ASO{Chow, Craig et al. 2008, Jones, Croen et al.
2017) The mechanisray which thehigh maternal cytokinegach the fetacirculation
and the fetal brainndudng ASD are still not well understood. Three different

explanations have been hypothesiZ8de first is associated with the ability of Hee
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pro-inflammatory cytokines to croghe placentawhich isparticularly trie forIL-6.
IL-6 cancross the placenta during early/middle gestation (GD4)3but not later
(GD17-19) (Dahlgren, Samuelsson et al. 2006urther Zaretskyand colleagues
showed that IE6 can cross the placenta in both directi(feretsky, Alexander et al.
2004) Contrarily IL-16 and TNFU show reducedbility to transfer through the
placentgZaretsky, Alexander et al. 2004)he second theory based othe placental
production of cytokines as consequence of NWarahans, Schaefer et al. 20Q08)he
third hypottesis is that MIA can activatetal inflammatory response as observed in
children with ASD (Patterson, Xu et al. 2008However the possible pathway
required further investigationsorthis purpose the usé animal modeldased on the
injection of compounds that mimic viral or bacterial infectstmdieshave become of
great importance to understhrthe role of inflammation and impaired brain

development.

1.7.4 Cytokines functions in brain development

Cytokines expressionregulate the balance betweemflammation and immune
tolerance which is essentfar promoting inplantation, embryogenesis areddlbrain
developmentTheir importance duringgeuodevelopment has been confirmed by a
study conducted by busa and colleagues who detected their expression from 5 weeks
of gestationin human brain(Mousa, SeigerA et al. 1999as well as by studies
conducted on animal moddldleyer, Feldon et al. 2009)

Several cytokines, associated with their receptors, are constitutively expressed during
fetal brain devimpmentin rodents(Burns, Clough et al. 1993, Meyer, Nyffeler et al.
2006)and humangMousa, Seiger et al. 199%onfirming their important functions

in regulating and promoting normal brain developmémthe adult and fetal brain
cytokines are mainly expressed by btiallssuchas microglia and astrocytéSiulian,

Young et al. 1988, Meeuwsen, Persddeen et al. 2003Wwhoseexpression increases

after infecton (Ye and Johnson 19989rakubo, Jarskog et al. 2001)

In particular cytokines seem to have a rolglial cell developmenin neurogenesis,
neuronal migration, differentiation and apoptosis, thus any alterations in their

expressionn early brain developmen associatedith higher risk folNDDs (Bauer,
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Kerr et al. 2007, Deverman and Patterson 2009, Jiang, Cowan et al. 3818&jal
studies have been conducted in order to better elucidate the assduéaterrnpro-
inflammatory gtokines and altered brain structufe study conducted on pregnant
mice hasshown that the exposure talteredlevels of maternal pranflammatory
cytokinesis associateavith impaired brain morphologyf the offspringcharacterized
by pyramidal cellsatrophy and abnormatorticogenesig¢Fatemi, Earle et al. 2002)
Another study based the injection pdlyinosinicpolycytidylic acid (polyl:C) into
pregnant mice has shown alteration in the hippocampus myelimsatobreduced
axonal siz§Makinodan, Tatsumi et al. 2008hflammation induced b¥IA during
pregnancyhas also been associat@ith astrocytes and microglia alterations in the
postnatal amygdalayith possibleimpairment ofneuronalviability (O'Loughlin,
Pakan et al. 2017)

Theincreased production ¢£-6, TNFU, and IL-1b has also beeshown in rodents
injected with a component of the cell wall of rgmnegativebacteria,
lipopolysaccharidéLPS) (Schwarz and Bilbo 2011, Tessaro, Ayala et al. 20h7)
particular several studiesbased on ntraperitoneal (i.p.) injections othis
compounchave shown theincreaseof these cytokines irthe amniotic fluid,the
placentafetal serum, adfetal brain(Gayle, Beloosesky et al. 2004, Ginsberg, Khatib

et al. 2017)supportingtheir role in promoting a prmflammatory statusFurthet
elevated intrauterine levels of TNFand IL- 6 have been linketb preterm delivery
which is very well known tde associated with autis(homakos, Daskalakis et al.
2010) A study conducted in Saudi Arabia has shown increased concentrations of
TNF-U, IL-16 and IL-6 from the sea of 76 children withautism attention deficit
disordeftRet t 6 s syndr ome, aAl-dyadhis2@08)intprestinglg y nd r o |
these three cytokines aatso overexpresseth animal models of hypoxic/ischemic
brain injury. These studies are mainly based on the ligation of the carotid artery in
postnatal dayP) 7 rats, for few hoursiducing a general status of hypoxlde main
findings ofthesemanipulationshowedncreasedevels of IL-16 and IL.-6 mMRNA and
proteins with consequent extensive damage of cortical and subcorticabfaifea
immature brair(Hagberg, Gilland et al. 1996, Hedtjarn, Leverin et al. 2002)

IL-6, IL-16 and TNFU cytokines ae classifiel as preinflammatory cytokines since
they are@nvolved in early protection against infection andtarting and/or promoting

inflammation.
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IL -6

IL-6 or B- cell differentiation factor (BSR) is a cytokineinitially described for its
ability to promote the maturation of B cells into cells producing antibdéieano,
Taga et al. 1985However, its functions are more complicated and associated with
the development of different cells typ@&shimoto, Akira et al. 1995)in the brain

IL-6 and its receptor H6R are expresseanh/in both glial and neuronal cella the
CNS(Marz et al. 1999)n sympathetic and sensorgmplia(Gadient and Otten 1996)

in adrenal chromaffin cell§Gadient, Lachmund et al. 1998hd endothelial cells
(Motro, Itin et al. 199Q)Although IL-6 expression has been reported in both central
and peripheral nervous systgits role is controversial, and strictly associated with

its concentration, die type, and timing Thus IL-:6 exposure can induce
neurodegeneratioffamuelsson, Jennische et al. 2006) or promote neurite outgrowth
(Leibinger, Muller et al. 2013)L-6 expression in the brain can be affected by other
cytokines and as well as by inflamatory agentslL-6 represerstone of the most
important cytokines involved in inflammatiarHigh levels of 11-:6 have been found in
fetal brain after MIA(Smith, Li et al. 2007, Hsiao and Patterson 2011, Wu, Hgiao e
al. 2017)and in children with impaired brain developmé@assaro, Scaravilli et al.
2009, Wei, Alberts et al. 2013\ large study conducted on pregnant irzs shown
that the only injection oflL-6 alone was sufficient to induce the insurgence of
behavioural phestypes associated with autismtire offspring(Smith, Li et al. 2007)

High levels of 1l-6 have been associatedth brain damage such as white matter
injury and cerebral pals§WWu, Croen et al. 2009, Inomata, Mizobuchi et al. 2014)
with imbalance between excitatory/inhibitory synapses as well as with abnormal
shape, length and distribution of dendritic spif\&ei, Chadman et al. 2012)

TNE-U

TNF-Uinvolvement in the inflammatory responaad in ASDhas been shown in
several studiefAl-Ayadhi 2005, Chez, Dowling et al. 2007, Xie, Hgeet al. 2017)

A recent analysis conducted on 32 children with ASD have shown increased blood
TNF-U levels (Xie, Huang et al. 2017)Further ecessive NF-U production after
congenital human cytomegalovirus inf®nhas been associatedth NPCsdeath,

impairedbrain perfusiorand alteration ircortical layering(Seleme, Kosmac et al.
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2017) Its expression has also been associat#tapoptosis of developing and mature
oligodendrocytegJurewicz, Matysiak et al. 2005Further TNFU is implicated in
placentd damage(Silen, Firpo et al. 1989, Yui, Gareldoret et al. 1994) The
inhibition of TNFU expression after LPS injection in late pregnancy was able to
prevent fetal deatiGendron, Nestel et al. 1990)hile the only administration of
TNF-Ualonewas enough to cause placental cell death and feta(Sdssr, Lohner et

al. 1994)

IL-1b

IL-1is characterized by two different proteins;IL and IL-1f , which bond with IL=

1 receptorandleads to a pranflammatory responsginarello 2009)IL-I released

by activated immune cellplay a crucial role in mdiating localand systemic
inflammation.Prenatal exposure faoly I:C at embryonic day 16howed increased
levels of IL-1b in fetal brains, suggesting its negative effects during development
(Arrode-Bruses and Brges 2012) To confirm the association betweenIL and
brain damage is a study conducted by Guloksuz and colleagues which showed high
levels of solubldL-1f in children affected by autism compared to normal controls
(Guloksuz, Abali et al. 2017)L-1f has also been associated with placental damage
andotherneurodevelopmental dysfunctionsthe offspring (Girard, Tremblay et al.
2010, ArrodeBrusés and Brusés 2012)

1.7.5 Association between cytokines antdming of fetal development

The effect ofmaternal infection otthe fetal brain is tightly associated with the stage
of neurodevelopment. Epidemiological studies hsivewnthat thesusceptibilityfor
psychiatric disorderscan vary as the pregnancy progresseghlighting the
importance of théiming in which the infection occu®rown, Schaefer et al. 2000)
To confirm this, studielsased on the injection of Poly I:C in pregnant dams at different
gestational days, have shown different behavioural and neurological alteration in the
offspring (Meyer, Feldon et al. 2006 hus impaired latent hibition, sensorimotor
gating and reduced Reelin expression was found in the offspring exposed during early
mid gestation, while deficit in spatial working memory and elevated apoptosis were
found in the offspring exposed during rate gestatioriMeyer, Nyffeler et al. 2006,
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Meyer, Nyffeler et al. 2008 Moreover, the cytokines concentration in the maternal
blood and fetal brain differ depending on the timingRafly I:C injection, with
increased levels df -10and TNFUwhen injected during eadmid gestatiorfMeyer,
Feldon et al. 2006 his confirm that the fetal brain vulnerability to prenatal exposure

to pathogensaries according to different gestational sta@ésyer, Yee et al. 2007)

1.8 Genetic risk factors

1.8.1 Genetic bases oASD

As alreadymentioned ASD is a complex patholotigely derived from gene and
environmental factorsiteraction(Chaste and Leboyer 2012, LaSalle 203D is
consideredhe most heritability disordeamong theNDDs, with higher probaltity of
manifestationin first-degree relativegSandin, Lichtenstein et al. 2014Yhe
concordance rate has shown to be of 70% in monozygous twins and bet@@#n 5
in siblings(Bailey, Le Couteur et al. 1995)he investigation of the genetic basis of
ASD is complicated. Genetic studies basedddferent genetic technologiesiext
generation sequeimy andgenomewide association studidsave shown more than
hundredgenes involved in the insurgence of the disordenaracterized b$3.4%
rare variantgWilliams 2010) The heterogeneity of the phenotypes associated with
the disorders derives from the interaction between several genes beside the interaction
with environmental risk factorsCytogenetic anomalieand single gene mutation
contribute to 5% of the cases, whdepy number variants (CNV$) 10.0-35.0%o0f

all caseqMiles 2011) GenomicCNVs are defined as structural variations of DNA
fragments that undergo deletions and or duplicatidtteough their presence is not
necessary detrimental, the lostincreaseof segments of DNA change the general
disposition of the genes on chromosomes leading to several human disease, including
NDDs such as ASLee and Scherer 2010, Zarrei, MacDonald et al. 2015)

Several genes have been identified as possible carglhidatelucing ASD. Many of
these are associated with synaptic functioch@&sneurexin (NRXN1), neuroligin
(NLGN) 3, NLGN4 andSHANKS3 (Onay, Kacamak et al. 2017)

Here the role oNRXN1, which mutationshavebeen reported in case of ASBZ,

developmental elay and mental retardatiopwas discusgJenkins, Paterson et al.
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2016 Kim, Kishikawa et al. 2008, Bucan, Abrahams et al. 2009particularthe U
isoform of NRXN1, initially identified as a receptofor a spidemeurotoxin U-
latrotoxin, is essential foc al ci um tri gger ed (Dedanova,t r an sn
Sedej et al. 2006and ts impairment igesponsible foneurodevelopmental delays.
The initial evidencesof NRXN1-U involvement in ASD derives from a study
conducted by Friedman and Luiselli, who described a boy with autistic features
characterised byle novoheterozygous deletion in the exons IFriedman and
Luiselli 2008) Following this studyNRXN1-Ureduced expressipmwas associated

with decreasethiniature excitatory postsynaptic current (EPSC) frequéBtherton,
Blaiss et al. 2009 urthef NRXN1-Uknockout micehave shown theain symptoms

of ASD including altered social interactiampaired locomotor activity in new

environments and increased aggressive behavi@uegiton, Missler et al. 2013)

1.8.2 Neurexin-1 deletion inASD: Structure and functions

Neurexins NRXNSs) are a family of synaptic adhesi proteins expressed at the-pre
synaptic terminal whichinteract with Neuroligins (NLGNs) at the posinaptic
dendriticspineregulatingsynapsesunctions(Reichelt, Rodgers et al. 2012)

The NRXN family are constitutel by threegenes NRXN1, NRXN2, and NRXN3)
All of them have two different promotors: aipstream promotor engaged in the
transcription oflarger NRXN1-U, and a promotor loated in the middle of the gene
responsible for the transcription of the shortdéRXN1-b. NRXN1 located on
chromosome 2p 16i8 oneof the largest known human gettearacterised by.12Mb
and24 exongTabuchi and Sudhof 2002)he two types oNRXNL1 are characterized
by different ammo-terminal sequences but share identical cytoplasmic tails and same
carboxy terminal transmembrane regions. NRXNJ dhesacterized by silaminin,
NRXN, sexhormonebinding globulin (LNS) domains at the extracellular level
separated by three epidermal growth factor (El#d€) domains Following these
repeats, there is @terminalO-glycosylated stalk domain that iinked to
thetransmembrane domaiNRXN1-b is characterized by only one LNS domaind
the sameD-glycosylated stalk domaiffig.1.7) (Tabuchi and Sudhof 2002)RXN
mRNAs undergo to alternative splicinRXNs-Uhave5 different alternative splice
sites (SS#1 through 5)while NRXNsb have only two sitesSS#4 and #5. This

generate thousands of isofori@buchi and Sudhof 2002)
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Figure 1. 7.Neurexins structure.
The arrows show the alternative.(Miedicing
et al. 2011)

The postsynaptineuroliging NRXNs interact also witlthe postsynaptiteucinerich
repeatransmembrane proteins (LRRTM#&htchenko, Hata et al. 1995, Uemura, Lee
et al. 2010)and the GABA receptor(Zhang, Atasoy et al. 2010)

Interestingly, several studies have reported alteratidcdRXNL1 in healthy subjects

and normal parent$his incomplete penetrance suggests the important role played by
other genetic components and environmental factors for the manifestation of the final
phenotypgKim, Kishikawa et al. 2008)For examplean ASD cahort, patients with
NRXN1-U deletions(NRXN1-U ¥ eale associated with additional phenotypic
findings such as hypotonia, epilepsy, speech delays, heart abnorm@iiesg,
Klitten et al. 2012, Hedges, Hamiltdtelson et al. 2012, Schaaf, Boone et al. 2012)
The role ofNRXNL1 in ASD has been initially elucidated with the use of animal
models. In addition to animal models generatiaryitro cellular model based on the
use of induced pluripotent stem cells (IR$@rovide a further tool to elucidate the
function of CNVs during neurodevelopment.

Here,IPSCs technologwas usedo characterize and phenotypd#®Csand neurons
derived from patients carryifgRXN1-U chmedlhealthy donors.

1.91n vitro strategy: induced pluripotent stem cells

The advent of iPSCs technology represents a new strategy to better understand the
insurgence of genetic and degenerative disordersitro differentiation of iPSCs

from patents afflicted with known diseases, recreate genetically matched cell types
relevant to the disorder, which can reflect certain disease featusssdaiation with

our studylPSCs derived neurons with half reductionNd®XN1 expression showed

impaired reuronal differentiation pathway and reduced astroayte®ration(Zeng,
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Zhang et al. 2013)Thus,the use ofPSCs offers an excelletdol to reproduce the

disease in a dish.

1.9.1 Defining pluripotency

The term pluripotencyefers to the ability of the cells to differentiate into the three
embryonic germ layers (endoderegtoderm and mesoderm) atadgenerateall the
cellsin thebody. There are twaharacteristics used to describe stem cells: one is the
ability of selfrenewal, in which the asymmetric division generatéawghtercell that

is able to maintain its undiffentiated state keeping the stem cells proprieties, and the
other one is the ability to differentiate into any type of cells that make up the body
(Brandl, Grassmann et al. 2015)

Pluripotency is a transientqpety presents only at the embryonic stage in cells called
embryonic stem cells (ESCg)erived fromthe innercell mass of lastocystin the
short period of postertilization and pramplantation. Human embryonic stem cells
(hESCs) were first isolated dmaintained in culture by Thompson et al. in 1998
(Thomson, ltskovitZEldor et al. 1998) hESCs have great importance in drug
screening and therapeutic intervention especiallyth@e ambit of regenerative
medicire (Klimanskaya, Rosenthal et al. 2008his is because their differentiation
can recapitulate the phenotype associated thighspecific diseasgesncreasing the
chances to create new treatmesrlinsky, Strelchenko et al. 2003)Jowever their

use ishinderedby severalimitations. First of all, nESCdor allogenictransplantation

in different patients can activate the immune responsengdditheir rejection oto

the induction of cancer formatiqvazin and Freed 2010%econdy, the insurgent of
ethical problems sirectheir isolation leagito the destruction of the celtontained in

the blastocyst with the inevitabldeathof the embryo. The advent of thBSCs
technologyhas become of great importanteovercome all these limitations. The
expression of four trangption factors into somatic celis suffident to transform
them into ESCdike, with the expectatiorto be a powerful tool teeveal disease
specific molecular pathways, drugs discovery and cell transplantation therapies
(Yamanaka 2012)
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1.9.2 iPSCsderivation

In 2006 Yamanaka and colleagues described for the first time the iPSCs technology.
They discovered that the introduction of four transcription fac@c$4 (also Known

as POU5SF1), Sox2, Klf4 and Mymto mouse fibroblasfavas suficient to convert

them into cells having the same morphology and growth charactes$tiESCs
(Takahashi and Yamanaka 2006pon after the same grodemonstratd that the
sametranscriptionfactors could genera iPSCs from humafibroblasts(Takahashi,
Tanabe et al. 2007while Thomson and colleagues proved that also a different
combination of reprogramming factors such as NANOG and LIN28 instead of KLF4
and MYC couldgenerate human iPSQCgu, Vodyanik et al. 2007)iPSCs share with
ESCs the same capacity unlimited proliferation, gene expression and teratoma
formation. FurtherPSCsare able to generate an adult chimera whamsplanted into
blastocyst{Macherali et al., 2007; Okita et al.,2007 Werning et al., 2007). Initially
this cocktail of reprogramming factors was introduced into cells using retroviral
vectors or lentivirus which generated mutatidior the random irggration of foreign
genetic elements into the genome. To avoid this problem non integrative system have
been developed sucls &ransient transfections, namtegrating vectors, Sendai virus

microRNA transfections, direct proteins translation (Grskovid.e2@11).

1.9.3 Major steps of iPSCs reprogramming

The use of iPSCs technology in particular in drug discovery requires different steps.
First of all the necessity to recruit a cohort of patients carrying the same disease or the
same gene mutation tetier with appropriate healthy controls; second the generation
(reprogramming)pf iPSCs and their characterization; thilet iPSCs diferentiation

into the specific cell typdollowed by cell phenotypingHig. 1.8).
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Figure 1. 8.Schamatic representation of the main steps used for IPSCs generation

and differentiation.

Isolated fibroblasts are reprogrammed into pluripotent stels loglthe introduction

of the reprogramming factors. Once iPSCs are generated, they are expanded and
charaterized to test pluripotency, in order to be differentiated NMRLCscells and
neurons.

Human iPSCs have been generated from a varietjiffgfirent cell type including
keratinocytegRe, Dogan et al. 201&nd blood cellgLi, Liu et al. 2016) however
dermal fibroblasts remain the most popular cell type used due the accessibility and
relativity high efficiency of reprogrammin@asen, Raya &tl. 2008, Haase, Olmer et

al. 2009) The quality of the fibroblasts plays an important role for iPSC colonies
generation. The use of fibroblasts with lower passage number together with the age of
the donors seems to be crud@ iPSCs reprogramming. &lies h mice showed that
fibroblasts from older donors show lower tendency to generate colonies compared to

younger(Wang, MiyagoeSuzuki et al. 2011)

Primary fibroblasts cells can be easily isolated by skin pubopsy and
reprogrammed into iPS@kroughintegrating and nointegrated method$rskovic,
Javaherian et al. 2011)The induction of pluripotency is associatesith
morphological changes of fibroblasevidenta few days after the reprogramming,
until the formation 6a cell clump that generadgehumanESCs like colonies. Once

IPSCs colonies are generated the process is followed by their characterization,
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expansion and cryopreservation in a biobank. 8iredyses of iPSCs to determinate if
the reprogramming has occurred include different approaches for the evaluation of
genes associated with pluripotency such as NANOG, TRA,ISSEA3, SSEA4.

1.94 iPSCs Characterization

Once iPSCs are generatedtesmsive characterization of isolated clones are required
before their differentiation, especially due the different efficiency of somatic cells
reprogramming, and the heterogeneity between the colonies. The heterogeneity of
hiPSCs can be related to diffatefactors such as persistent expression of somatic
genes(Kim, Zhao et al. 2011pr residual expression of the reprogramming factors
(Okada and Yoneda 201 Hurther differences can be also found in the expression of
pluripotency markers between iPSCs coloni€an, Ratanasirintrawoot et al. 2009,
Liang and Zhang 2013Analysis of morphology and pluripotency markers are the
first steps to ensure the validity of iPSCs reprogrammirigg downregulation of
fibroblast markes is accompanied by the induction of morphological changes,
represented by aincreasean nuclear size of the cells compared to cytoplasm which
become more evidat overtime andhis representthe first criteria to isolate the iPS
emerging colonies The morphological changes aharacterized also by the
expression of pluripotency markers such as 8@1Tral-81, SSEA4, Nanog, Oct

4, which can be detected by nminofluorescence angkal timepolymerase chain
reaction(PCR). Additional assag usually performedare thealkaline phosphatase
staining in which iPS colonies turn in pur{@onzalez, Boue et al. 201 1he teratoma
formation after iPSCs injection imivo, and invitro Embryoid BodieqEB) assay
(Park, Lerou et al2008)

1.9.5iPSCsdifferentiation into brain cells

IPSCs diferentiation into neuronal cell types has been already used to phenotype
pat hol ogi es i ndideasdByensgLeePeaal. ROL2%Z(Ham,&Ekao et
al. 2017) EpilepsiegDu and Parent 2018ndAmyotrophic laterakclerosigDimos,
Rodolfa et al. 2008)In all these neurological diseasesiPSCs havebeen

differentiated into specific neuronell typesthat is known to be damaged.
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The first protocols used to gener&tBCsandneurondnvolvedin EB formationand

their differentiationinto neural rosetteOhara and Stie 2008, Lin and Chen 2008)
However their ability to differentiate in a specific cell typs restricted by their
different initial size(Bauwens, Peerani et al. 2008)0 avoid this limitation new
adherent cultte system have been created, eliminating the EB generation. The
monolayer culttes has the advantage to allawniform exposure to morphogens and
growth factors. There are different protocols now available based on monolayer
culture able to differentiatd®SCs intoNPCs Most of them are characterized by the
inhibition of SMAD signalling adding small chemical compounds such us Noggin and
SB431542 directly into the mediunfMenendez, Yatskievych et al. 2011,
Wattanapaitch, Klincumhom et al. 2014)Noggin is an inhibitor ofbone
morphogenetic protein (BMmvolved in neuronal developmeficMahon, Takada

et al. 1998) Its addition in hESCs culture has shown to improve theieficy of
neural generatior{Dottori and Pera 2008)SB431542 inhibits the tansforming
growth factorbeta T G F pathway and consequently the SMAD signalling, leading

to hPSCs neural differentiatigifatani, Compston et al. 2009yhe combination of
Noggin and SB431542asbeendemonstrated to rapidly convert pluripotent stem cells
into NPCs

In this study IPSCs derivedPCswere generated using Neural Induction Medium, a
serumfree media that can convert iPSCs into NPCs in onty/waek avoidingeB

formation or rosette pickinfran, Shin et al. 2013)

The first signs of the neuronal induction progression are the morphological changes
of the cells associatedith the expression of transctgr factor such apaired box
protein (PAX6) (Zhang, Huang et al. 2010%everal protocols have alrealigen
developed to differentiate cells into almost all brain cells which are also able to

recapitulate human cical developmentEspunyCamacho, Michelsen et al. 2013)

1.9.6 Advantages andimitation in the use of iPSCs

IPSCs technology represents a great promise in the field of regenerative medicine.
Several studiesdve reported the validity of this technology in reprodu®NRLCs and
functional neurons characterizdny synaptic transmission and action potentials
(Khattak, Brimble et al. 2015, Kirwan, TurnBridger et al. 2015Kang, Chen et al.
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2017) The mainadvantage in the use of iPSCs is that the cells have the same genetic
background of the patients from whitlfey arederived, therefore there minimum

risk of immune rejectiorwhen transplanted. Furthehere are neethical concerns
regarding their use,ircce they aregenerated from adult somaticells. Another
advantage is the use of IPSCs for personalised medisne fact possible to
investigate the genomic variations of a specific individirther althoughitne
consuming, the induction of IPSCs fraarspecific patient might be less expensive
compared to thase of animal disease models.

Besides these advantagethe use of iPSCs has numerous limitations. First of all the
lack of homogeneity in iPSC lineGulture conditions and environmental factors may
affect iPSC propriety, interfering with the ability to differentiate into specific cell type,
altering the validity of the disease modellikgirther not necessarily every specific
cell derived from iIPSE€ can recapitulate the disease phenotype, this because the
interaction between the cells ptag relevant function in the mangdttion of the
disease. For theseeasos, the application of iPSCs is generally restrictexd

monogenialiseass, sincethey areeasier to phenotype.

1.10 Aims and hypothesisof study

Brain development is characterised by a series ofngglilated events initiating by
NPCsproliferation, differentiation andigration occurring during early/middle fetal
brain development, followebly myelinisation, synaptogenesis and circuit integration
occurring mainly during late embryogenesis and postnétahe sequence of events
above described seems clear that the induction of a negative phsulig early
neuronal developmeninterruptdestroy all the following stages, leadingaonajor
structural and functional brain damage. This generate a range of psychiatric disorders
including ASD, which symptoms are alreadyd@nt in the first year of life. This may
indicatesthat earlier abnormaventsoccurring duringdevelopmentnayinduceits
manifestation since synaptogenesis, synaptic pruning and circuit integration are still
ongoing processes. Thus, the investigation of the initial stafiefetat brain
development are particular crucial tinderstand the aetiology of the disorder and
eventually to prevents insurgenceFurthermore, is well known that genetic factors

are strongly associated with ASD, and in particular, the interaction between gene and

environment are determinant in thesumgence of the pathology.
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Following these considerations, the overall aim of this thesis was to investigate the
role of prenatal hypoxia and inflammation, as major risk factors in inducing ASD, and

the genetic component, during early/middle neurogenesis.

For doing sdhree different strategiegere adopted

1. Reproduce an animal model of intrauterine hypoxia to investigate the placental
and fetal brain phenotyp&his was achieved using the well characterised
model of RUPP.

Hypothesisl: Intrauterine hypxia generated by Pmay lead to morphological
changes of the placenta phenotyipeorder to support fetal life(Investigated in

chapter 2)

Hypothesi2: The chronic intrauterine hypoxia induced®i may lead to abnormal

fetal brain developmen({invegigated in chapter 3)

2. Analyse the effect of the main inflammatory cytokirnENF-U IL-16 andIL-
6 on neuriteoutgrowthin SH-SY5Y neuroblastomaell line and inE14
primary cultures offentral mesencephaloW 1) dopaminergic (DAergic)
neuronsDAergic neuronscontrolthe rewordmotivated behaviouthrough
the mesocorticolimbic pathwand motor contralhrough the nigrostriatal
pathway. The impairment of these two pathways during development leads to
drug addition, depression, and to stereotypes movenassbciated with
ASD and other psychiatric disorddidikolaus, Wittsack et al. 201.8pH-

SY5Y cellsmimic Daergicneuronsn vitro.

Hypothesis The main preanflammatory cytokinesTNF-U, IL-1b and IL-6 impair
neuronal developmenfinvestigated in chapter 4)

3. Generateand characteris®®SCsderivedfrom healthy donors andRXN1-U
(exon 1-5) deletion iPSCs obtained were differentiated indPCs and
neurons, in order to investigate NPCs cell fate determination and neural

differentiation during cortical development.

Hypothesis:NRXN-U d e | aeyhffeas NPQs proliferation, cell fate determination
and neuronal maturation/differentiation (&stigated in chapter 5).
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2.0 Abstract

Preeclampsia (PEs a human pregnancy disordeinaracterized by hypertension,
proteinuria, and oedema. PE affects approximately 5% of all human pregnancies and
is the main cause of maternal and fetal loidtity and mortality. There is no effective

cure and the only treatment is preaora delivery of the placentd®E derives from
reduced placental perfusion that is responsible for a placental ischemia/hypoxia
microenvironment. Despite placental dysfunctigaying a key role in the
pathophysiology of the disease, the placental phenotype in animal models of PE has
been poorly investigated. Therefore, the objective of this study was to examine
placental structure using the reduced uterine placental perfi®igiR) rat model of

PE. After induction of RUPP on gestational day (GD14), pregnant Spizauty

rats were sacrificed at GD19 under terminal anaesthesia with isoflurane (2% to 5%
inhalation). The uterus were excised, the placentas and fetuses from ihgiSa

(n=8) and the RUPP group (n=6) were removed and weighed. Placental efficiency
(fetal weight/placental weight) was also estimated. All placentas were cut in half
across the largest diameter and fixed in 4% paraformaldehyde and embedded in
paraffin. 5um coronal sections were cut and stained with Hematoxylin & Eosin
(H&E). Parameters estimated for the placenta included the absolute volumes and
volume fraction of the placenta and its compartments (decidua (D), junctional zone
(J2), labyrinthzone(LZ)), as well as of the blood vessels within the JZ afadResults
showed a reduction of the JZ volume, of blood space within JZ Zndnd altered

LZ to JZ ratio in placenta from RUPP pregnancies compared to Sham. These data
suggest that the induction of RBHeads to morphological placental alterations
responsible for its reduced perfusion, and confirm the use of RUPP in rats as a good
model to reproduce the PE phenotype.
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2.1 Introduction

The placenta plays a crucial role foaternal and fetdiealth duing pregnancy, and

Its dysfunction is associated with sever
common pregnancy disorders meeclampsia(PE) which is characterized by

abnormal placentation and maternal endothelial dysfunc{leb) (Whigham,

MacDonald et al. 2009 PE characteristics and physiopathology has been deeply
described in sectioh.5.2

The exact etiopathogenesis of PE is still not fully undestbowever is believed that

the presence of the placentather than the fetugenerates its insurgence (Huppertz
2008a). The altered placental development and function is characterised by the
redwedcytotrophoblastells (CTBs)invasion in thethe spral arterioles during the

first trimester of pregnanand with the increasdevels ofsoluble fmslike tyrosine
kinase 1 (sFLT1), which has been proven to play a crucial role in the insurgence of
PE (Makris, Thornton et al. 2007, Possomatieira and Knalil 2016).

The development of an ischemic placéntacroenvironments responsible fothe
reduced blood flow and oxygen supptythe uteraplacental circulatiorand to the
fetus(D'lppolito, Di Smone et al. 2007 In addition, the ischaemic placemtdeass
inflammatory cytokines, reactive oxygen spedi@®©S)and ant angiogenic factors
(PosomataeVieira and Khalil 201% As the placenta plays a key role in supporting
fetal growth, suchsmall changes in itstructureand function can impact the &bt
development.Thus, he analysis of placeritanorphology has become of crucial

importance irorder todelineate the pathophysiology of PE

Human placenta derived from preeclamptic women share several figures with
placental ischemia, such as the reduced size and the presence of different types of
infarction A study conducted oril50 placenta (50 collected from normal
pregnancies50 collected from patients with PE, and 50 belonged to eclampsia)
showed reduced placental weights, size, and thickness in the diseased group.
Furthermore, the same study and others repteedresence ahore diffuseplacental

infarcts associated with increased syncytial knots, and with necrosis of villi and of
placental discs, in placentas derived from eclampatic and preeclamptic women

compared to those of normal gestat{@ikhlag, Nagi et al. 20LZEzeigwe, Okafor et
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al. 2018. Other parameters usually used to assess the placental health are the shape,
diameters of the two #& and placental volume. A more elongated phenotype,
compared to the usual circular shapas found in preeclamptic placentas compared

to normal pregnancigKajantie, Thornburg et al. 20L0Same result was found in a

study conducted byegupta et gl.who also reporteda siguificant reduction in
placental diameter (derived by the combination of the measurements of the two
diameters) and thicknes&Kishwara, Ara et al. 2009 Histological changes in
placentas derived from PE also include reduced vascularity of the villi,
cytotrophoblastic proliferation, thickening of the trophoblastic bas¢membrane

and reduced fetal capillaries diamgt8oma, Yoshida et al. 1982

Studies condtted on human placental samples have reported important histological
and morphological changes of placentas associated wit{SRiikar, Bhanu et al.
2013, Roland, Hu et al. 2016, GOmez, Ottone et al. 2B0i8Byever several maternal
factors can affect the placental development and physiology, influencing its phenotype
and the following histological and morphological analyBisrton, Sebire et al. 2014

This limitation can be overcome with the use of animal modeisong thesethe

most well characterized is the reduced uterine perfusion pressure (RUPP) model of
PE. This, has already been classified as a good animal mbeehuse it reproduces

the main clinical symptoms evident in human (&ee sectiorl.6.4. Morphological
changes in the mouse placenta un&8PP induction has shown alteration in
trophoblast proliferationreduced syncytiotrophoblast gene expressiooreased
numbers of sinusoidal trophoblast giant cefisduced number of pericyte in the
labyrinth zone I(Z) and changes irmaternal blood sinusoidMBS) and fetal
capillaries Furthermore, reduction in glycogen cells and spongiotrophshbheess
observed in th junctional zone (JZpf the same modgMorton, Levasseur et al.
2019. Despite the extensive physiological characterization of the RUPP mode| of PE
the morphological figures of thegdenta in rats, hdseen poorly investigatedhus,

the objective of this study was to analyke placental morphologin the RUPP rat
modelof PE.

2.2 Aim of the study

Reduction in trophoblast invasion in the uterine wall linked with impaired spieayart

remodellingleads to placentahsufficiency a typical feature of PBHowever, the
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placenta is glasticorgan able to adapt to differemtvironmental conditionandto
negative insults. In particular, this study anto investigate the adaptatiortd
placental morphology in relation to hypoxic intrauterine environment generated by
PE. For doing sothe placental phenotype&as characterizé through histological
techniques combines with unbiased stereological approachesvdlume ofthe
placenta andts compartmentsincluding the blood spacéBP), were analysedn
RUPP rat model of PE.

Parameters estimated for the placenta inaude

1 The absolute volumes and volume fractirv) of the placenta and its
compartmentsfecidua D), JZ, L2).
1 The bloodvessels within the JZ and LZ.

2.3Material and Methods

2.3.1 Animals

Pregnant Female Sprague Dawley rats used in this study were supplied and maintained
by the Biological Serviced Unit, University College of Cork. Animals were housed at

a temperaturefd21 + 2 Cy,with a 12hour light/ dark cycle and with free access to
food and water. All procedures were performed in accordance with national guidelines
and the European Community Directive 86/609/EC and approved by the University
College Cork Local Amal Experimentation Ethics Committee.

2.3.2 Reduced Uterine Perfusion Pressure (RUPP) Procedure

Rats were divided in two groups, Sham and RUPP @atgestationabay (GD) 14,
animals used for RUPP induction were anesthetized with isoflurane (2% to 5%
inhalation) and the abdominal cavity was opened through a midline incision to expose
the lower abdominal aorta. In order to reduce uterine perfusion pressure by ~40%, a
silver clip (0.203 mm ID) was placed around the abdominal aorta above the iliac
bifurcation. Silver clips (0.10 mm ID) were also placed on the main uterine branches

of both right and left uterine arteries because compensation of blood flow to the
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placenta occurs via an adaptive response of the uterine arteries. Sham surgery involved
midline excision, exteriorising the uterine horns without any clip placement on either
aortic or uterine vessel®n GD19, all dams were killed by cervical dislocation, under
anaesthesia with isoflurane (2% to 5% inhalation). The uterus were excised and all
fetus with their associated placentakam (n=8) and RUPP (n=&)ere removed and
weightedon a calibrated digital devicePlacental efficiency (fetal weightFw)/

placental weigh{PW)) was also estimated.

2.3.3 Tissue preparation

All placentas were transysally cut in two halves across the largest diameter and fixed

in 4% paraformaldehyde for 24h at room temperature (RT). Once placed in the plastic
cassette they were dehydrated in ascending ethanol scale (70% overnight, 80% and
95% 30 minutes,100% X 1h), placed in ethanol/xylene solution (50:50 for 30
minutes), followed by two changes of xylene (100% for 1 hour and 30 minutes each
at RT) and twochanges of paraffin (100% for 3nd overnight at respectively, at
56°C). Each sample was then placed irssuie cassette with paraffin and fixed on the
microtome. 5um thick sections were cut perpendicular to the chorionic plate (Leica
microtome), put in the water bath for flattening and mounted on glass slides. Slides
with placenta sections were left to dry @imeating plate and stored at RT. Systematic
random sampling was used to select, without bias, 10 sections for analysis. Sections
chosen for analysis were stained using a standard haematoxylin and eosin (H&E)

protocol.

2.34 Haematoxylin and eosirstaining

H&E staining was performed to visualise the distribution of the cells@hdhlight

t he t i s s uRamffinsséction slides weee. deparaffinized in Xylene 20X
minutes, rehydrated in ethanol (1009 20 minutes, 95%, 80%,70% 5@#ninutes

each) and dipped into running tap water for 2 minutes. The samples were first stained
with Haematoxylin for 6 minutes, washed in running tap water for 4 minutes, and then
stained with eosin for two minutes and rinsed in tap water quickly. After thdides s

were dehydrated through ascending grade of ethanol (50% 10 seconds, 70% 10
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seconds, 90% ahinutes and 100% 22 minutes). The slides were finally covered by

coverslip with D.P.X mounting medium and left to dry overnight in the hood.
2.4 Stereologica analysis

E19 rat placentas from both Sham and RUPP groups were used to analyse the absolute
volume using the Cavalieri metho¥yv of the placenta and of its compartmeims:
JZandLZ. A stereological method based on point counting was adopted rioagsti

these parameters as described by Howard and Reed (Howard and Reed, 1998;

GunderserandJensenl1987).

24.1 The Cavalieri method

The Cavalieri methogbrovides a direct estimate of the volumesit at ethe t hat
volume of an arbitrarghaped objeatan be estimated in an unbiased manner from the
product of the distance between planes and the sum of the areas on systematic random
paral e | secti ons {Moutom 2092).Imagbseof staingd slices were
captured with the slide scanner micrge and visualised with Olyvia Olympus
software in order to obtain full panoramic views. Between 10 and 15 sections for each
placenta were analysed depending on the size of the sample. A point grid was
superimposed on vertically orientatel&E stained parffin sections viewed using

20X objective lens. To do this a sheet of acetate bearing the grid was applied onto the
computer screercach compartment was carefully manually defined §FEgA). The

number of points falling on the DZJLZ and the chorioniplate (Cp) were counted

for volume estimation using the Cavalieri method EIgB) (Gundersen et al., 1988).
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Figure 2.1.The Cavalieri Method applied to theplacenta and its compartments.

A) Representative H&E stained section, with the superimposed grid is sBoale.

bar 1mm.The yellow lines defined the differeancompartments of the placenta:

Decidua (D), Junctional Zone (JZ), labyrirgbne(LZ) and the chorionic plate (Cp).

I n the general equation EP represent the
interest, a representative area belonging to gptést and d the average of the distance
betweersections

2.4.2 Volume fraction of placental compartments

The Vv, also known as Jame density or relative volumés a relatve parameter
estimated by pointounting. The parameter is estimated by thie @tthe number of
test points hitting the measured objép)to all the pointgPt) hitting the containing
object(Francis, Rivas et al. 2006arcia, Breen et al. 20p7

At 20X magnification, point counting wasised to estimate thev of the three
placental compartmentsZ, JZ D) related to the placent®l). (Vv (D: PI), (JZ: B),
(L: PI)).

The general equiain used is:
Pp

W= TR
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2.4.2.1Junctional zone parameters

The JZ analysis was conducted because it represents the main endocrine compartment
of the placenta. Furthermoiierepresents a big source of energy being characterised

by glycogen cells. Parameters estimated included:

- The absolute volume of the MBS and of the parenchyma in the JZ using the Cavalieri

method.

- The space content of the parenchyma and of M&S relative to theJZ ((Vv
(ParenchymalZ) and Vv(MBS: JZ)) usinghe Vv method.

2.4.2.2Labyrinth zone parameters

The LZ analysis was conducted because this compartment plays a key role in gasses,

nutrients and waste exchange. Parameters estimatededclu

- The space content of the parenchyma and of the BS relative to LZ ((Vv (Parenchyma:
LZ) and Vv (BS: LZ)), using the Vv.

2.4.2 .3 Labyrinth zone, Junctional zone ratio (L: JZ)

The ratio between LZ and JZ was estimated because these two placeptaitownts
undergo rearrangement during pregnancy and following negative insults in order to

support fetal life

Theratio between theZ andJZ(LZ: JZ) was estimatedividing thetest points hitting
theLZ by the point hitting thdZ

2.5 Statistical Analysis

Results are presented as mean * starelaodof themean (SEM). Ap value of
*p<0.05 was considered statistically significant. The parametric unpatesd tas
used to determine statistical significant using GraphPad Prism 8 soffliareomal
distribution was checked using Shapikblk test.
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2.6 Results

2.6.1 Placental and fetal weight

The fetal weight between Sham and RUPP animal model at E19 was significantly
different = 0.0025, however no significant difference of placental weiglas
observed (Fig2.2 B). Qualitatively the pups derived from RUPP pregnancy looked
smaller, with shorteind limbs while noparticular differences in the placental shape
were found between the two groupss an estimation of placental efficien&y to

PW ratio was performed. No difference was found between the two groups (Fig. 2
C). The estimation of the number of pups revealed a significant reduction in UPP
=0.0414)compared to Sham (Fig.2ZD).

A Fetal weight B Placental weight
3 0.6-
— -T-
2 24 A D 0.44
2]
£ £
@ @
5 11 5, 0.2
0- 0.0-
Sham RUPP Sham RUPP
C Fetal/placental efficienty D
8- 20+
g
6 S 151
o T S 4.
) E
21 S 54
b4
0- 0-
Sham RUPP Sham RUPP

Figure 2. 2. Fetal and placental weights, étal-placental efficiency and number

of pups. (AT B) Graphs sbwing the weights in g of (A)etuses and (B) ptentas.

(C) Graph showing theetal/placental weight ratio. (D) Graph showing the number

of pups. All data are presented as mean £ SEM from Sham (n = 8) and RUPP (n = 6)
(* p<0.05,z p<0.01, parametric unpairedest).
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2.6.2 Placental overview analyses

The initial macroscopic observation of the deciekidkeplacentaf the twogroups
showed differences in the surface, smoother in Sham and rougher in RUPP placenta
(Fig.2.3 Ai B). Full stained placental sectis of Sham and RUPP are shown below
(Fig.2.3 G D). The anatomicalandmarksdividing the D, the JZ and the L&t the
placentaglerived from the two groups were well preserved, making #asyanalysis

of each compartmenthe absolute volume of the placenta and of their compartments
along with thevv are reported (Fig-3 B M). Compared to the Sham group, the RUPP
group did not show sigficantly altered placental volume, although there was a
significant difference in the volume of one of its compartments, the JZ volume, which
was redged in RUPP placental tissup £ 0.0479)compared to Sham, while the
volumes of the D andZ.were not dferent. TheVv analysis did not show differences

in the D and the Z content related to the placenta, however a significant decrease
(p=0.023)in JZ content related to placenta V¥ (J) was observed in RUPP animal.
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Figure 2. 3. Absolute and relative volumes of placenta and its compartments.

(A1 B) Macroscopic images of the placental decidual side of A) Sham and B) RUPP.
Scale bar 1cm. (C D) Representater images of the whole transverse placental
sections from (C) Sham and (D) RUPP. Sections were stained with S&#He bar
1mm.The three compartments of decidua (D), junctional zone (JZ), and lal®oim¢h
(LZ) are indicated. (E H) Graphs showing the ablute volumes in méestimated
by the Cavalieri method of (B)ecidua, (F) Junctional zone (JZG) Labyrinthzone
and (H) total placental volume. {IM) Graphs showing the volume fractions of (I)
Deciduarelated to the placenta Vv (DI)P(L) Junctioral zone related tthe placenta
Vv (JZ, R), (M) Labyrinthrelated to the placenta Vv (LZ])PAIll data are presented
as mean + SEM from Sham (n = 8) and RUPP (n = 6p € 0.05, parametric

unnpaired test).
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2.6.3 Junctional zone analysis

The qualitéively analysis of the JZ&howed evident reduction inits thickness
associated with the decreasamber of MBS in RUPP group The stereological
analysis of thdZshowed no significant difference in the parenchyma volume between
Sham and RUPP, however tlielume of theMBS was significantly reducedo(=
0.0206)in RUPP. TheVv showed a significant reduction in both parenchyma
0.0001)and MBS(p = 0.0008)content related to the JZ in RUPP compared to Sham.

B C D
JZ Parenchyma JZ MBS Vv (Parenchyma: JZ) Vv (MBS JZ)
' 37 2.01 0.4-
‘65 ). 1.54 0.3-
g c .
g ‘§ 1.04 E 0.2-
= 1A
g 0.54 0.1
04 0.0-

Sham RUPP Sham RUPP Sham RUPP " Sham RUPP

Maternal Blood
Sinusoid (MBS)

o

Figure 2. 4. Parenchyma and maternal blood sinusoids angkis within the
junctional zone.

(A i B) Graphs showing the absolute volumes in hastimated by the Cavalieri
method of (A) Parenchyma, (BJBS in theJZ (Ci D) Graphs Bowing theVv of

(C) Parenchyma and (D)IBS related to thelZ (E1 F) Magnification of the three
placental compartments of E) Sham and F) RUPP. The ammdesate the MBS. Scale
bar 20Qum. All data are presented as mean £ SEM from Sham (n = 8) and RUPP (

6). (* p<0.05***p<0.001,*** pO 0 . @adetric unpairedtest).
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2.6.4 Labyrinth zone analysis

While theLZ volume was not affected blye induction oRUPP surgery, the placental

LZ microstructure was compromisedihe LZ in RUPP rats lookemore dry and
compact, with evident reduction of tBS and erythrocytegFig.2.5). Placentas from

RUPP pregnancies showed an increased proportion of the labyrinth space occupied by
the parenchymé = 0.05)and a reduced proportion of the space occupyeBlS (p =
0.0198)compared to Sham group. Furthermore, the space occupied hy tomtent

related to thedZwas greaterg= 0.0225)in RUPP compared to Sham.

A B C
0.8 Vv (Parenchyma: LZ) 0.6- Vv (BS: LZ) 5- Vv (LZ: J2)
*
0.6- 5 4- T
0.4+
fo) o) o 37
§ 0.4+ "§ § .
0.2
0.24 14
0.0- 0.0- 0-
Sham RUPP Sham RUPP Sham RUPP

Figure 2.5. Parenchyma and blood spce in the labyrinth

(AT B) Graphs showing th¥v of (A) Parenchyma and (B) Tot8S related to the
LZ. Graph showing th&/v of the LZ related to theJZ Vv (LZ: JZ). O T E)
Representative images of labyrinth placentas floljrSham andE) RUPP. Scale lva
50um. All data are presented as mean + SEM f@mam(n = 8) and RUPP (n = 6).
(* p<0.05, parametric unpaireeteést).
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2.7 Discussion

The placenta has already been recognised as key component in the development of
PE. Reduction in trophoblast invasitinked with impaired spiral artery remodelling

leads to reduced placental perfusion, a typical feature of PE. Although placenta
dysfunction is associated withis pathologythe morphological changes occurring in

the placenta and its compartments folilegvthe induction of PE in animal modelssha

been poorly investigateth particular, his is the first study to examine the volume of

placenta and its compartments includingB%in RUPP rat model of PE.

Simple unbiasedterlogicalmethodsdased on @int couning showed the following
results: 1) RUPP placenta is characterized by decreasedldme and decreased
volume fraction of 4 content related to placenta, 2) tleMBS volume is decreased

as well as th&/v of the MBS and parenchyma space raldtethe £, 3) the IZ BS
(maternal and fetal blood) is reduced in RUPP animals while the space occupied by
the parenchyma is increased, 4) the of the LZ related to 4 is greater in RUPP
group. The overall changes in the placental morphology and vaseutonfirm the
reduction of the blood flow to the placenta associated with PE and confirm the
capability of the placenta to adapt to adverse conditions in order to support fetal
growth. Furthermore, our study supports the validity of RUPP modeht to
reproduce placental dysfunction observed in PE.

The major cause responsible for the impaired maternal vasculature in the placenta is
the poor trophoblast invasion in the spiral arterlasnormal pregnancy, invasive
trophoblast cells invade the musculanica media of the maternal spiral arteries of
the decidua increasing their diametéslii, Wang et al. 2012amesAllan, Whitley

et al. 2018. This physiologic remodelling leads to the decrease of vessel resistance
and to the increase of the blood flow to the fetus. These modifications are deficient in
PE, where only a few vessels undergo modest remodelfitigeodecidual portion
without reaching the myometrium segmefityall 2002. This leads to the
development of an ischemic placenta microenvironment which is responsible for the
reduced blood flow and oxygen supply to the Hglaxental circution (D'lppolito,

Di Simone et al. 2007
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There are several studies showing that intrauterine oxygen levels and its homeostasis
are important to regulate placental development and placental gep e s(dimoh at e
and Keith 2008) Placental developments occursarhypoxic environment, with
oxygen demand increasing as the pregnancy pro¢®¥éalsg, Jiang et al. 2009The

initial stage of placentation is characterized by lowe®el, which is essential for the
proliferation of trophoblast cells. This traest condition is followed by incremental
increases in ®levels in order to promote the trophoblast differentiation into a more
invasive phenotype for the establishment of the matdetall circulation(Caniggia
Winteret al. 2000) The incremental increases of l®vels is fundamental to allow the
spiral arteries remodelling and the prolonged maternal hypoxia reduce this phenomena
leaving the spiral arteries narrow. This creaga alteration in the intrauterine
environment characterized by a hypoxic status with deleterious consequences for the
fetal growth. Thus, oxygen plays a key role during placentation and sustained hypoxia
has a detrimental impact on placental and fetal development especially-latenid
gegation(Gu, Jones et al. 198%8ang, Abdulhasan et al. 20117

In this studythe intrauterine reduction of oxygen svenimicked through the RUPP
induction in rat. The RUPP rat model reproduces the main features of PE in humans
including hypertension, proteinuria, fetal growth restriction and glomerular
endotheliosis(Li, LaMarca et al. 2012 According to other sulies this modelis
characterized by 40% of rection of blood supply to the placenta and consequent
oxygen leading to placental dysfuncti®eho, Peck et al. 201La Marca Amaral et

al. 2016. In this study the blood flow was not measured, however the morphological
changes of the placaitmorphology associated with the impaired vascularization
observed in RUPP group, confirmed the success of the model ind&itie¥® surgery
wasinduced at GD 14 (2 trimester), when placentation in rat is already completed,
thus all the changes observedthe placentavere a consequence of a process of
adaptationThe induction othe surgeryat midgestation is a standard procedure used
to reproduce this model, however it does not allow the investigation of the events
occurring at the beginning of gesta, including CTB cells proliferatbn, migration

and remodelling ofhe spiral arterieslhus, althouglit is defined as a good model to

reproduce PE, it cannot be used to investigatanitial stages ahe disorder

The main role of the placentato protect the fetus from negative insult, thus its ability

to adapt is of crucial importance to suppotafgrowth.A general rearrangement in
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the absoluteolumeandVv of the placentecompartments does not occur only during

the progress of pregney(Serman, Zunic et al. 20}, %ut also in response to internal

and external stimuljFowden, SferruzzPerri et al. 200p It has already been shown

that the placenta can go through morphological changes that can involve maternal
blood spaceemodelling(Coan, Vaughan et al. 201,0.Z or JZ volume and ratio
(Dwyer, Madgwick et al. 1992Coan, Vaughan et al. 20L8nd glycogen cell index
(Rosso 1980Gonzalez, Gasperowicz et al. 201®his study explored the effect of
maternal hypoxia induced in mldte gestation on placental morphology in the RUPP
rat model of PE.

At E19 it was evident that the reduced maternal blood fiodyced by the surgery,

led to an abnormal placental phenotype, althotlgh was not accompanied by
alteration in placental weight. There are controversial results in placental weight using
this model. A study reported by Yang et al has shown asignificant decrease in its
weight(Yang, Li et al. 2019 while several studies adopting the RUPP eidthve
showed placental weigheduction(Gilbert, Banek et al. 2015pradley, Tan et al.
2016.tseems c | e ar taltestion is nosthewmain apdractéristic of the
disorder and in agreement with thesult of the absolute placental volume obtained in
this study, no difference in the placental weight was repaeédeen the two groups
However,as show in other studies, atatistically significant reduction of fetal weight

in RUPP compared t8ham wadound, as PE is often associateith IUGR (Oztas

et al. 2016; Kaufmann, Black, and Huppertz 20G8)ythermore, as often observed in
PE, asignifi c an't reduct i on dbsered Boih dfstheseuandite r wa

confirmed the success of the model in reproducing two of the main features of PE.

The stereological analysis of full stained placental sections showed a reduction in the
JZ volume in RUPRcompared to Bam group associateavith a reduction of the Vv

(JZ, P). A significant reduction of MBS volume and of Vv (MBS: JZ) and Vv
(Parenchyma: JZ) was also reported in RRBup The JZis mainly composed by
trophoblast giant cellsspongiotrophoblast cellsglycogen cells, andnvasive
trophoblast cells.Trophobbkst giant cells andpongiotrophoblast cellplay an
importantendocrine function, while lgcogen cells generated in the last week of
gestation are involved in glycogen productiortp support the fetal growth
Furthermore, these celis association wittihe invasive trophoblast cellproduced

during midgestation, migrate into the uterine vasculatorpromote the process of
93



spiral arteries remodellingrhus the JZ with its variety in cellcomposition and
production, plays an important rale maintaning fetal developmentThe reduction
in the Vv of the parenchymawithin this compartmenabserved in RUPP groumay
reflect an impaired generatioof all thesecell types, whose reduction can impair the
fetal growth sincein particularglycogen cellsrepresent thenain source of energy
for the embryo.n agreement with the observation reported in this stuidfgrent
investigationshave reported the impaired glycogen cells productiom the JZ
following hypoxia inductionSharashenidze, Kikalishvili et al. 2016atale, Mehta
et al.2018. As well as, he reducedvascularization observad the JZmay reflect
altered trophoblast delopment, induced by sustainduypoxia as previously
described in rat&Zhang, Liu et al. 2006and humanséLi, Liu et al. 2017.

The microstructure of the placental at E19 was alse@ompromised The space
occupied by the blood was significantly reduced, while the parenchyma content was
increased.The same results wafound by Cuffe et al, whehowed that maternal
hypoxia induced at GD 14.5 was responsible for pitdanorphology alteration in

GD 18.5 with particular reduction in tH&S within the LZ and expansion of the
parenchymgCuffe, Walton et al. 2004 Thesechangescould be explained by the
increased proliferation of the trophoblasts cells within the LZ, induced by sustained
hypoxig asshowedn mouse placentaf RUPP pregnancy which was also evident

the increase of thelypoxialnducible Factor Talpha(HIF-1 Y(Natale, Mehta et al.
2018)

However, theVv of the space occupied by th& lrelated to the JZvas greater in
RUPP rats compared tthv&m Again, an altered LZ to JZ ratio has been found by the
same group studyingéhmouse placenta following RUPP induct{®tatale, Mehta et

al. 2018) The preferential development of th& kelative to JZmay be explained as

a placental adaptation in order to facilitate the oxygen exchangsupmbrt fetal
growth. The [Z is in fact the only compartment where fetal capillaries and maternal
blood vessels enter in contact allowing the exchange of nutrientgaasds between
mother and theetus.

This work examined the placental adaptations &emal hypoxia induced by RUPP
induction in rats. While the RUPP rat model has been shown to reproduce the main

clinical features of human PE, the placental structural changes been poorly
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investigated. This studyemonstrated thadlhe placenta deriveé from RUPPrat model

of PE, is associated with an altered phenotypwinly characterised bynpaired
vascularization,responsible for thereduced blood flw to the utereplacental
circulation. Furthermore, @¢onfirmed that the placenta is a plastic orgharacterized

by the ability to adapt in order to support fetal growth, and that the RUPP model
inducted in rad represent a goastrategyfor the further investigation of the placenta

phenotype associated with PE.
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Chapter 3

Prenatal prolonged exposure to hypoxia during PE impairs
cortical neurons development
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3.0 Abstract

Placentainsufficiency is a major feature of preeclampsia (PE) which represent one of
the most common pregnancy disordéReduced uterine blood flow to the placenta
generates a hypoxic/ischemic statigsociated witlabnormal brain developmeand

with the insurgence ahental retardation, cerebral palsy audism spectrum disorder
(ASD). Despite this, the structural chasgassociatedith fetal brain development
during PE have been poorly investigated. Therefore the objective of this study was to
examine aspects of fetal brain morphology in the RUPP rat model compared to Sham
group. After induction of RUPP following staaudi protocols, under anaesthesia with
isoflurane (2% to 5% inhalation), &D 19 the dams were sacrificed, the uterus
excised, brain from Sham (n=5) and RUPP (n=5) were removed and fixed overnight
in 4% paraformaldehydeRFA), dehydrated in ethanol and eedded in paraffin. 5pum
coronal sections were cut and stained with Hematoxylin & Eosin (H&E). Brain slices
wer e al so stained wi t -tubulib Wlo andn MeuN obyn a |
immundluorescenceA number of stereological methods were employed to estimate
brain composition. Parameters estimated for the brain include: absolutelane
fraction (Vv)of thebrain, cerebrum and neocortetong with the cortical thickness,
neuronal nuclear volum@/v Nuc), numerical densityNv), a fubulinplll area
fracton (A)% in the prefrontal cortex (PFC)Results showed no significant
differences in volume and/v of the brain and its compartmen{serebrum,
neocortex), although a reduced lateral ventricles volume and Vv was. fdland
differences were observed in nedical thickness, however there waseduced\v
associated witlanincreaseof neuronal nuclear volume in RUPP compared to Sham.
This initial exploration offetal brainphenotypemay indicate a possible delay in
neuronal differentiation and maturatidmecause of grolonged status of hypoxia.
These alterations may impair all the following stagesnetirogenesisuch as
myelinisation, synaptogenesis and circuit integration leading to ASD and other NDDs

manifestation.
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3.1 Introduction

Neurodevelopmeant disorder{NDDs) such as autismpgctrum disorde¢ASD) and
schizophrenia (SZ) have been often associated with reduced availability of oxygen
during pregnancy, evident already at the end of the first trimgaenon et al. 2002;

Cai et al. 1999; Schmitt et al. 2014)hese neuropsychiatric disorders are often
characterized by the same pathological features. Several studies have reported
alteration in size, number and morphology of dendritic spine of neuroatetb
different brain regions including the prefrontal and temporal cor{ielessler and
Zhang 2010; MartineZerdeno 2017; Garey et al. 1998)Structural Magnetic
Resonance Image (sMRI) analyses have repaitethtions in grey and white matter,

in association with volumetric changes of some brain reg{Quairchesne 2002;
Jalbrzikowski et al. 2019; Itahashi et al. 2Q1&hile studies in posthortem brains

have shownreduction in astrocyte precursor cells, structural and connectivity
alteration in therefrontal cortexPFQ and cerebellum in patients with auti$Broek

et al. 2014) Several negative insults can impair fetal brain development during
pregnancy, however the mechanisms by which these careintduncage are still not

well understoodHagberg, Peebles et al. 2002, Huleihel, Golan et al. 2004, Rees and
Harding 2004) Fetal hypoxia seems to explain most of the pathological changes
associatd with the autistt brain.Hypoxia(2 . 34 () is a physiological condition
during fdal brain development. It promotes neural progenitor stem cells (NPCs)
proliferationand pluripotency in both fetal and adult I{i2e Filippis and Delia 2011)
However prolonged status of hypoxauringfetal brain development, whether caused

by placental insufficiency, pregnancgmplications or umbilical cord occlusion, are
associated with the insurgence of refaggathologies that deeply aftecortical
developmen{Golan and Huleihel 2006Furthermore, reduceakygensupply to the
fetus, inducs fetal intrauterine growth restriction (IJUGRhatis highly associated

with theinsurgence of ASIMoore, Kneitel et al. 2012 hus, the pericsirelated to

the prenatal and early postnatal life are particularly important to promote the
development of brain structures, which will be involved in shaping the personality,
character and cognitive functions of single pessémy alterations/disruptiasin the

main stages of fetal developmenbcluding NPCs proliferation, differentiation,

migration, neuritesoutgrowth and integrationin neuronal networkingoccurring
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during these periods can compromise the correct brain development leading to the

manifestation of severe conditiat different stages of postnatal life

Prenatal hypoxia has been linked to physiological changes in rat fetus responsible for
postnatal behavioural chang@riscoll et al. 2018)as wdl as for morphological and
structural alterations of many brain regions increasing cell death, neuronal
degeneration and gliosifNalivaeva, Turner, and Zhuravin 20184) particular,
neuronal cells are more sengiito hypoxia compared to other cells types. In normal
conditions, the body is able to sense the oxygen deprivation andtactigfence
mechanisms. However prolonged hypoxic status may lead to the inability to reverse
this condition leading to tissuewthage and cell dea{Kalogeris et al. 2012)This is
particularly true for the brain that is characterized by high metabolic demand and relies
on oxygen suppy for glucose metabolism. Thus even a small change in oxygen supply
lasting for few seconds carauseirreversible damage to the brain integrity and
functions especially during neurodevelopméNalivaeva, Turner, an@huravin
2018a)

Several animal models have been created in order to elucidate the mechanism by
which prenatal hypoxia may affect fetal brain developnj@obhey, Raju et al. 1997,
Yager and Ashwal 2009A model of chronic hypoxia induced through chronic
administration of a nitric oxide synthase inhibitor in pregnant rats, has shown
increase cell death in the subventricular, and pallidum zones, associated with changes
in the brain structure and proprieties. These changes were observed mainly in the
offspring examined at E18. Furthermore, results showed reduced brain and fetal
weight withposi bl e i mplication for | UGR, and
increased fetal mortalit{Pellicer et al. 2011)Another study conducted on eight mid
gestation fetal sheep left in hypoxic conditions for 22sdhgis reported reduced
neuronal density, and impaired myelination of the external granular layer of the
cerebellum(Lawrence et al. 2019)n preterm fetal sheep the reduced availability of
oxygen were associatedittv reduced subplate neurons (SPN) arborisation and
functional maturation during cortical developméwtcClendon et al. 2017)lhus the

right amount of oxygen in a fundamental requirement for the normal fetal brain

development.
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PE has been described as a risk factor for the insurgence of ASD, but how it affects
fetal brain development has been poorly investigated. Theréferebjectiveof this

study was to analyse brain structures of offspring derived from Pgnhameies.
Reduced availability of oxygen hatsobeen associated with damage ardrosis of

rat brain astrocytefvan, Chen et al. 2005yvith impaireddifferentiation of human
radial glial cells RGC9 (Ortega, Sirois et al. 201 @nd with reduced viability of
oligodendrocytes anthicroglia (Lyons and Kettenmann 199&)iowever,although

glial cells play an important role duringdin developmentiue to time constraints,

this study focusaé on neuronatellscharacterization.

3.2 Aim of the study

The abnormal oxygenation, associated with the reduction of the blood flow to the
fetus, is often due to placental insufficiency, a ¢bod well documented in PE
(Carbillon, Lachassinne, and Mekinian 2015; Baltajian et al. 2014)

In chapter 2 the reducd uterine perfusion pressure (RUPP) rat model of PE was
establishedand the placental phenptywas characterised. The main finding showed
the increase of the space occupied by the Labyrinth zone (LZ) over the Junctional zone
(JZ2) andthe impaired placental vascularizatiom RUPP group compared to Sham.
These resultsonfirmedthe reduction of ldod flow to the fetusand pushed toward

the investigation othe brain phenotypeén the offspring Thus, the main aim of this
chapter was to investigatiee fetal brain structure and morpholomgythe offsprirg of
Sham and RUPP pregnancigson hypoxia iduced by PEFor doing sothe brain
phenotypewas characterizé through histological and immunostaining techniques

combines with unbiased stereological approaches.
Parameters estimated included:

A Absolute volumesral volume fraction (Vv) of the brain, cémeim, lateral
ventricles and neocortex, along with neocortical thicknelksough
Haematoxylin and Eosi(H&E).

A b-tubulin 1Il area fraction (A%)neocortical cells numerical densitiXv),
vol ume wneanrgdieareoldme (Vv Nuc), absolute cell number and

Vv of cortical cells in the neocortélkrough immunofluorescence.
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3.3Material and method

3.3.1 Animals

Pregnant Female Sprague Dawley rats used in this study were supplied and maintained
by the Biological Serviced Unit, University College of Cork. Animals were housed at

a temperature of 21 + Z,with a 12hour light/ dark cycle and with free access to
food and water. All procedures were performed in accordance with national guidelines
and the European Community Directive 86/609/EC and approved by the University
College Cork Local Animal Experimentation Ethics Committee.

3.3.2 Redwced Uterine Perfusion PrssureProcedure

See section 2.2.2
3.3.3 Tissue collection and preparation

After induction of RUPP on gestational day (GD14) under anaesthesia with isoflurane
(2% to 5% inhalation), pregnant SpragbDawley rats were sacrificed at GD19 under
terminal anadbesia. The embryos were removed by laparotomy and brains from sham
(n=5) and RUPP (n=5), weremovedrom the skull of each animals and fixed in 4%
paraformaldehyde for 24h at RFor the successive steps of tissue processing, see

section 2.3.3.

3.3.4 Haematoxylin and Eosin staining

A systematic random series of 12 anatomically comparable brain sections were
selected for ezh sample and processed for H&E. This was achieved through the help
of an atlas of rat brain anator{laxinos and Watson 200&ee ection 2.3.4. for the

procedure adopteo carry out the staining

3.3.5 Immunofluorescence

4 anatomically comparableat brain sectionscontaining the primary motor and
somatosensory cortical areagere chosen foreach sampleising the rat brain atlas

(Paxinos and Watson 2006 he slides weradeparaffinised in xylene 2 X 10 minutes
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and rehydrated in ethanol (100% 2X10 minutes, 95%, 80%,70% 50% two minutes
each).For antigen retrieval thelides were then washed in 0.1%v) Triton X-100 in

1 X PBS tiree times and heated in a microwave pressure cooker containinigl 0.01
sodium citrate buffer pH 6.&lides were left to cool down in the same washing buffer
for 20 minutes and after were incubated directly in a blocking buffer (5% (v/v) goat
serum in PBS0.3% (v/v) Triton %100, 0.1% % bovine serum albumin) for 2 hr at
RT. The slides werthan incubated with the primary antibodies diluted in the blocking
buffer and incubated in humidified chambers at 4°C, overnight. The primary
antibodies used were: mouseti-NeuN (Millipore MAB377, 1:100), and rabbit anti

b Tubulin Il (Sigma T2200, 1:200Y he day after the slides were washed with PBS 3

X 5 minutes followed by incubation with the appropriate secondary antibodies Alexa
Fluor 488 or 594 conjugated secondary antibodies (1:500; Invitrogen) diluted in 1%
BSAin 10 mM1 X PBST for 2hr at RT. After further three washegh 1 X PBS

slides were counterstained with Hoechst nuclear stain (1: 1000) for 10 minutes. Slides
were washedvith 1 X PBSandall stained sections were mounted with fluorescent
mounting medim (Dako,Carpnteria, CA) and stored at 4°@.negative controslide

including brain cortexvas incubated with only the secondary antibodies.

3.3.6 Imaging

H&E stained sections were captured using an Olympus VS120 Digital slide scanner
and visualised wh OIlyVIA Olympus software using 20X objective lenses. The
immunofluorescence of brain slices stained with two labelled neuronal markers
Tubulin Il (FITC) and NeuN (TRITC) was captured with the FV1000 confocal
microscopend visualised with thEV10-ASW 4.0 viewer software. The lasers used
were 405, 488, 561 to visualise the blue, green and red channels. For the quantification
confocal zstack images were captured 1 um apart from the top to the bottom of the
neocortex sections using 40x oil immersioneative lensTwo images per slice vere
acquired from both Sham and RUPP mo#siposure time and electron multiplying

gain were set and recorded to channels of illumination.
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3.4 Stereological analysis

3.4.1 Stereological analysis on H&E stainefktal brain section

Stereological analyses on stained sectifffig.3.1) were carried out in order to
estimate the absolute volume avid of the whole brair{from olfactory bulbsto the
medulla) and its regiongerebrum(olfactory bulbs, cerebral cortex, hipgampus,
basal ganglig)neocortex(marginal zone (MZ), cortical plate (CP) and subcortical
plate (SP)), and lateral ventriclabbng with the evaluation of the cortical thickness.
The number of slides used for the determination of volumes/andas corréated

with the space occupied by the specific component of the brain analysed.

Olfactory bulbs PIfC

|
wnigatad

N L 500um
Figure 3.1 Fetal brain sections stained with H&E and used for stereological
analysis.Representative images of thein slides used to carry out the stereological
analysis. Olfactory bults, PFC, medial cerebral cortex, caudal cerebrategor
cerebellum and medulla anedicated.Sections were stained with H&E. Scale bar
500pum

107



3.4.2 The cavalieri method applied to lhe brain and its compartments

The Cavalieri methgas described in section 2.4wlas adopted to estimate the whole
brain, cerebrum, neocorticahd lateral ventricles volume& point grid having a point
spacing of 1cm was placed randomly on top ofrieges (Fig3.2). Each intersection

of lines on this grid was considered a sampled point. The number of points hitting the
wholeregions of my intereswere counted andn unbiased estimate of volumas
obtainedIn the equation appliedtothe brainvole EP r epresent t he
points hitting the surface area of the 12 sections representing the whole prain, a
represents the area belonging to a test point and d distance between slices. In the
estimation of the cer etdthessum of poihts hittang thieP r e f
surface area of 8 sections representing the cerebrum, and the estimation of the cerebral
neocortex volume was calculated by the sum of points hitting the cerebral neocortex
underlying the cerebrum. For the estimation ofltiteral ventricles the images were
analysed at the maximum magnification and the sum of points hitting 5 sections were

considered.

- 500pm

Figure 3.2.The Cavalieri Method applied to the brain and its compartments
A representative H&E stained section, with the superimposed grid is sBoaie bar
Imm
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3.4.3 Volume fractionsof the brain and its compartment

The Vv was used to estimate thatio of the different compartments content relative
to the brain: tha/v of the cerebrum related to the brgWv (Cerebrum brain)), the
Vv of the neocortex related to theain andcerebrum(Vv (Neocortex: brain) and
(Neomrtex: cerebrum), and theVv of the lateral ventricles relatedtioe brain and to
the cerebrum(Vv (Lateralventricles: brain) an@Lateralventricles:cerebrum). The

method has been described in secla@i?.

3.4.4 Neocortical thickness

The neocortical thickness was measured in order to assess the extension of the
neocortexMZ, CP,SP) The images werepened in Image J software with a final
enlargement of 200%A grid of lines was superimposed to the section and the
neocortex length, underlying the yellow line, was acquired ubm{ine measurement

tool (Fig.3.3B). At least 5 measurements for each reginere were taken in 6 coronal
sections covering the rostoaudal extent of the neocortex (Fig3). All the data in

this way obtained were polled together in order to estimateata¢ neocortical

thickness.
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A)

Rostrecaudal extension of the neocortex

Figure 3. 3. The neocortex thickness estimation

A) Representative images of the 6 coronal sections covering the-casidal extent

of the cerebral neocortex used for the analyses. Sections were stained with H&E. Scale
bar500um. B) Magnification viewof a brain section with the superimposed gfide
brownarrowsindicate the extension of the neocort®¥Z(, CP, andSP) measured for

each hemisphere.

3.4.5 Stereological analysismimmunofluorescencestainedbrain sections

4 brain slices(Fig. 34 A, B, C, D), chosen as described in secti813.5 were
processed foommunofluorescencvith the neuronal nuclei (NeuNy nt i ge-n and
Tubulin Ill. b-tubulin 11l A%, Nv, neuronalnuclear volumeVv of cortical cells and
absolute coital cellsnumberwere obtained 2 different regions of th€P in the
neocortexwere chosen to carry out theantification. The first regiornindicated as
upper layerwas defined as a zone just below h&, easily recograable for the low

density cellswhile the second regiomdicated asower layer,was st above th&P.
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500um

1 Upper layer

Lower layer

40um

Figure 3. 4. Stereological analysison immunohistochemistry stained brain

sections.

( A1 D) Representative | mages Oofltoredceneei n s e
staining. E) Representative image of B neocortex. ThéiZ, theCP, and the SP

are indicated along with the two regions used for the quantification. The neocortex

was stainedor two neuronal marker: NeuN (e d ) -tabalid Il fgreen), and
counterstained with HoechScale bar 40um.

3.4.5i -tubulin Il area fraction of cortical cells

The b-tubulin 1l A % per field,was estimated using Imagesoftware. The images
were opened in Image J software with a final enlargement of 200% and the set
measurement was set on area fracfidre positive staining in the irga was selected

by thresholding and the percentage of the pixels (highlighted in whitbe upper

and lower lagrwasmeasuredFig. 3.5). The data collected from the tWayersof the

neocortexwere pooled together to have the estimatiob-tfoulin Il A% in the CP
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Figure 3. 5.Area fraction estimation.
Representative image of the neocortex highlighted in white and used%or
estimation Scale bar 40 um.

3.4.6 Numerical density and absoluteell number

The physical sector method was used for the estimation ofNtlieand the absolute

cell number 6 unstained cell¢only Hoechst positive cellsheurons (NeuN positive
cells), and total cells of the neocortex. This method was used for the first time by
Pakkenberg and @dersen to assess the total number of neurons and glia in specific
regions of the brai(Pakkenberg and Gundersen 1988)

TheNv of cells per unit volume was estimated from the number of cells lying betwee

3 zstack planes spaced by inpeach (Fig.6). By combining the estimate of the
neocorex volume obtained by Cavalieri method and these values the absolute cell
number was obtained .TiNdv estimation in thaipper and lower layer of thaotor

and somatosensory cortices was performed only in one side of the hemisphere,
randomly chosen, poolingpgether the data derived frothe two layers of the

neocortex
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Hoechsib-tubulin Il /NeuN

Grid Volume (Vg)= ag x t (thickness)

Nv = Number of cells/ (\g)

Absolute cell number= Nv x Neocortex volume

Figure 3. 6. Physical disector method.

A) Representative imagef the E19 ratsneocort&. Scale bar 40 unmrhe upper and
lower layersof the CP, where the quantification was carried oahdthe 3 zstack

planes spaced by @m each are shown. The lj@v lines indicate thegrid. The

correspondent equations used for kheand absolute numberf cells estimation is
also reported.

34. 7 The v ol umeannusiearvglime ef dortical neurons

The Vv Nuc of cortical cellsnucleiwas calculated by point sample intercept (PSI)
method. This represents a method used to estimate the particieevimanunbiased

way aspreviouslydescribedDockery, Tang et al. 1997)

A sheet of acetiz of test pointines was superimposed randomly onto the nuclei in
each particular field. When a point hit a nucleus, a line was drawn through the point
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to one nucleus margin to the other. These lines produced-gaomtled intercepts
whose length (lo))wee measured in Om, cubed and t he
and finally averaged over all intercepts to give an unbiased estimate\of Nec.

Here, the images, taken with 40X oil immersion lens, were opened in Image J software
with a final enlargmentof 400% as showhelow(Fig.3.7). The set measurement was

set on perimeter and the scale bar length was converted from pixel to um. A test points
of lines was randomly superimposed overupper and lower layeand the nuclei of

NeuN positive cellsindetying the yellowpoints were selected. The line measurement
tool was then used to measure the lengthdl selected nuclear profile along the
horizontal line. At least 40 NeuN positive nuclei for each upper and lower layers were
measured. The final neural volume estnation, was obtained pooling togethbe

data obtained from thisvo layers of the CP.

I
682x1106 pixels; RGB; 2.9M8 | [ Image0025_2003-1pg (400%)

92.07x92.38 ym (297x298); RGB; 346K
-—p -

V=1/33 T |

[o3 is the mean of the
cube of the intercept
lengths

Figure 3.7. Sample intercept (PSI) method.

Representative image of the enlarg&d! with the test points of lines randomly

superimpe ed. The final equati omearmotumael f or t he
estimation is also reported.

3.4.8 Volume fractions of cortical cells

The Vv as already shown in section (2.)h&as applied to estimate the ratio of the
number ofHoechstonly stainedcells and neurons over the total number of cells and

over the whole neocortex
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Equation used:
Vv= cells of interest/total cells

Vv= cells of interegdtreference volume ((V)ref)

3.5 Statistical Analysis

Results are presented as mean = staretaodof the mean (SEM). Ap value of *p <
0.05 was considerate significant. The parametigst was used to determine statistic
significant using GraphPad Prism 8 softwarbe normal distribution was checked

using Shapiréwilk test.

3.6 Results

3.6.1 Brain sze analyses

The neuroanatomical structwbservedn H&E stainedslides derived from the whole
brain, highlighted altered ventricular size, although other brain regions (whole brain,
neocortex, cerebrum and cerebellum) were almost the same in ShatdRRajRUp.

The anatomical landmarks were intact, however the brain slides of RUPP animals were
slightly deformed compared to Shaf general integrity of the brain structure was
preserved.

No significant differences wer&und in the whole brain and cerem volume
between Sham and RUPP. The estimation of the lateral ventricles volume revealed a
significantreductionof their size in RUPP c¢opared to Sharfp=0.012)(Fig. 3.&).

TheVv analysis did not show differences in the cerebrum content relatedticaihe

Vv (cerebrum brain), however significant reduction in the space occupied by the
lateral ventricles related to the brain V\aeferalventriclesbrain) and to the cerebrum

Vv (Lateralventricles:cerebrum) was found in RUPP compared to SHar0.025)

and (p=0.030)respectively (Fig.3.&, H).
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Figure 3.5. Absolute and relative volumes of the fetal brain and its compartments.
(AT B) Representative images of coronal sections at striatuehfiem (A) Sham and

(B) RUPP. Sections were stained with H&E. Scale bar 500um. A magnificagon

of lateral ventricles is also shown.i(E) Graphs showing the absolute volumes in
mm>estimated by the Cavalieri method of (C) Whole brain, (B)eBrum, E) Lateral
ventricles ( F1T H) Gr thevolamedractoomst (R) §erebrum related to the
brain Vv (Cerebrumbrain), (G) Lateral ventricles related to theain Vv (Lateral
ventriclesbrain), (H) Lateral ventricleelated to the cerebruxv (Laterl ventricles:
cerebrum). All data are presented as mean + SEM from Sham (n = 5) and RUPP (n =
5). (* p<0.05, parametric unnpaireetes).
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3.6.2 Neocortex analysis

Next, this studyfocused on the ultrastructure of the neocortex, a region particula
vulnerable to oxygen variatiomhe closer observation of the H&E stained slides
containing the neocortex showegmeservation of the structure, howewevident
differences in the cortical cells distributiamthin the CPwas observed A more
homogeneos disposition of the celldorming the future layerswas evidenin the
Sham groupcompared to RUPP, whose cells wechaotially distributed
Furthermore, a reduced number of céfioughoutall the neocortex, including the
MZ, the CP and the SP, wassible inRUPP grougompared to Sham

The stereological analysis applied to the rostiadal brain sections containing the
neocortex did not show ansignificant differences in the absolute volume and
thickness of the neocortex between ShamRIABP graip, as well as in th¥'v of the
neocortex content related to the brain Vv (neocoiexin) and to the cerebrum Vv

(neocortexcerebrum) (Fig.9).
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Figure 3. 6. Absolute wlume, thickness and relative volumes of the neocortex.

(A) Representative images of the six rostemdal coronal sections used for the quantificai
of the cortical volume, thickness and the volume fractions. Slides were stained with
Scale bar 60um. (B C) Representative images of the prefrontal neocortex of iBmSand
(C) RUPP. Scale bar 1pM. (D) Graph showing the absolute volumes inastimated by
the Cavalieri method of the whole neocortex. Gl Graph showing the volume fractions
(F) Neocortical content related to the brain Vv (Neocortex: brain), (G) Neocortical co
related to the cerebrum Vv (Neocortex: cerebrum). All data are presented as mean + SE
Sham (n =5) and RUPP (n = 5).
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3.6. 3-tululin 1l area fraction, numerical density and nuclear volume analysis

The investigation of the brain slidesontaining the neocortexvas then assessed
throughimmunofluorescencéor two neuronal markers,-tubulin Il and NeuN b-
tubulin Ill, is a predominant structural protein of the microtubules, and is one of the
earliest cytoskeletal markers to be expressed by neurons during mammalian
development. Its expression, normally evident in neuronal processes and perikarya,
lookedequallypresentn both neocortex of Sham and RUPP, although highlighted the
caothical distributia of thecortical cellsin the neocortexThe immunofluorescence,

as already shown by H&E staining, revealed an abnormal lamyt@architecturef

the neocortex, in RUPP group.

NeuN staining, in combination with Hoechptpvideda further evidencef reduced

cell density anchuclear morphologwlterationunder RUPP inductionThe nuclear
sizeof neuronal cellsn RUPP groupvas biggerand was associated wiimelongated

and irregulaishape particularly evident in the neuronal nuclei located in the énd

in the upperand lower layers of both cortices. The Sham group was instead
characterised by @phereshapedneurons.NeuN positive cells were distributed
throughout the neocortex of Sham and RUPP at H&@rons NeuN-stained cells
andunstained cedl (only Hoechst positive cellsvere analysed in the upper and lower
layer of the motor and somatosensory cortiogd different sections of theerebral
cortex NeuN is a specifimeuronalmarker, thus oly neurons, at different level of
maturation, wereNeuN positive From the qualitative analysis of the staining was
evident a differenexpression in the intensity of NeuN (nuclear staining in red), in
which neurons from Sham showed a more bright colouring compared to RUPP
neurons, probably indicating ahiyher degree of maturation.

Some of the assumptions derived from the qualitatively analysis of the stained slides,
were confirmed by the stereological analys@ducted t@stimateb-tubulin 111 A %,

Nv and nuclear volume of neurons, for each region of intefd®. analysis were
conducted in the upper and lower layer of the primary motor and somatosensory
cortices. The primary motor cortex is highly implicatedpianning, control ad
execution of voluntary movements, while the somatosensory cortex is involved in
integrating and processing external stimuli derived from the environment. Thus, both

areas play an important role in brain functions.
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Results showed no statistically sijni ¢ a n t di ftubwir B A% letveen N b
Sham and RUPP (Figi0 G, 3.11 1, 3.12 |, 3.13).

TheNv estimation showed a general reduction of neurons and of total cosilsain
RUPP compared to Shar8uchreduction was statistically significam the motor
cortex of the first section (NeuN positive cejs= 0.032) and of the seconskction
analysed(total cortical cells(p = 0.036) (Fig.310 H), and in the somatosensory
cortices(NeuN positive cellsg = 0.009) total cortical cellsg = 0.019)) and(NeuN
positive cells jp = 0.011)), total cortical cell{p =0.043) (Fig.3.13L)).

Furthermore, results showed a general iaseef the nuclear volume aieuronsin

RUPP compared to Sham throughout all the neocortex, which was statistically
significant in the motor cortex of the second secfiip 0.004)(Fig. 310F) , and in

the somatosensory cortices of both sections analysedd.003 (Fig.3.12H) and ¢
=0.015 (Fig. 3.13H) respectively.
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Figure 3.7. Stereological analysis of the primary motor cortex in the first section.

(A) Representative image of the motor cortex in the FAF@.neocortex was stained wi
i -tubulin 11l (green) and NeuN (red). Nuclei were counterstained with Hoesbale bar
2 0 0 Om. Mégsific&ipn viewof the upper layer of the motor cortex in (B) Sham :
( C) R UP MMagnifidatiofevjew ofthe lower layer of the motor cortex in (D) Sha
and (E) RUPP. Scale bar 2 0AYarf.-tulfigifInl &h),
(G) the Nv (number/mm) of Hoechst positive cells, neurons and all cortical ce
estimated with the physical disector method, and (H) the nuclear volume of netfjol
estimated with th&®SImethod. All data are presented as mean + SEM 8bam (n = 5)
and RUPP (n =5). (f< 0.05, parametric unnpairedést).
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Figure 3. 8. Stereological analysis otthe primary motor cortex in the second

section (A) Representative image of the motor cortex in th€.Afe neocortex was

stained withb-tubulin 11l (green) and NeuN (red). Nuclei were counterstained with
HoechstScale bar20dm. ( BT C) Representative i mage ¢
and C) RUPP. Scale bar gen. ( Dviagnification view ofthe upper layeof the

motor cortexin(D)Shma and ( E) RdagdfiBation (el aftle&)lower layer

of the motor cortex in (F) Sham and (G) RUPPH 1 Graph showing (H) Thé&%

o f -tutiulin 111, (1) the Nv (number/mm) of Hoechst positiveeells, neurons and all

cortical cells, estimated with thehysical dsector methodnd (L) the nuclear volume

of neurons (f) estimated with th@1Smethod All data are presented as mean + SEM

from Sham (n = 5) and RUPP (n = BYp < 0.05, **p < 0.01 parametric unnpaired t
test).
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Figure 3. 10. Stereological analysis of the somatosensory cortex in the fourth

LOWER LAYER

number of cells/mm?3

1.5x1074

1x1074

5x106+

04

Unstained Neurons Total cells

Nv cortical cells

cells

| 2 SOKTaa{zaxdzf mgdzm LI

L
El Sham 200+
mm RUPP

150+
[32]
E 100+

504

0-
Sham RUPP

section (A) Representative image of the somatosensory cofte& neocaex was
st ai n e-ubulnillk (reem) and NeuN (red). Nuclei were counterstained with

Representati veShamage
( DMadnification viewof the upper layeof the

Hoechst.Scale bar 200m
and C) RUPP. Scale bar 4énu
sanat osensory

(BT C)

cortex i

n

( M2ynification viewd thed

lower layer of the somatosensory cortex in (F) Sham and (G) RUPPL. Graph

showing (H) The A%o f -tulfulin 111, (I) the Nv (number/mnd) of Hoechst positive

cells, neurons andlaortical cells estimated with the physicalsgictor methoénd
(L) the nuclear volume of neurons¥estimated with théIS method.All data are

presented as mean + SEM from Sham (n =5) and RUPP (n ) (05, parametric

unnpairedtest).

124

Neuronal nuclear volume

(E)

0 |



3.6.4 Volume fractions and absolute number of cells estimation

No significant differences were reported in theof unstainedcells and neurons over
the total cells: Vv (nstained cellstotal cells) and Vv (neuronsotal cells), in the
motor and somatesisory cortices (Fig3.14A 1 B No. significant differences were
found in the absolute number of cellepent in the neocortex (Fi8.14C). However,

a significant reduction in the absolute numben@idrons and total cells over the whole
neocortex wasdund in RUPP compared to Shgm< 0.0001)and (p < 0.000)
respectively (Fig3.14D).

A B
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0.3+ 2.0m
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T RUPP 154 RUPP
0.2+
el T kel
© g 109
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Figure 3.11 Volume fractions and absolute number of cells in the neocortex.

(AT B) Gr aphs s h actonsirgthetmbter and somatasery cdrtices

of A) Hoechst stined cells over the total cells Vurfstainedcells total cells) and B)
neurons over the total number of cells Vv (neurtotsl cells). C)Graph showing the
absolute number of unstainedlseneurons and total cells in the whole neoconi®x.
Graph showing the volume fraction of unstained cells, neurons and total cells in the
whole neocortexThe neocortex volume was estimated with Cavalieri metAdd.

data are presented as mean = SENhfi®ham (n = 5) and RUPP (n = 5) (*¥<
0.0001, parametric unpairedest).
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3.7 Discussion

PE is a pregnancy disorder characterized by placemgafficiency. The hypoxic
intrauterine environment derived from this condition represents one of tse mo
dangerous risk factefor the aetiology of ASD. Howevgthe exploration of the brain
phenotype in animal modelof PE has been poorly investigatetilere it was
hypothesized that the reduced uteroplacental perfusion associated with PE leads to a
stateof prolonged hypoxia/ischaemia responsible for brain dgnveith consequent

risk for NDDs. Therefore the objective of this study was to examine fetal brain
structure in RUPP animal model compared to Sham controls. For this purpose, this
analysis was dided in two partsThefirst part focused on the stereological analyses

of H&E stained brain slices. The stereological parameters evaluated Wwsotuta

whole brain, cerebrum, lateral ventrickasd neocortical volumes along with thg

and neocortical tckness. In the second part the stereological analyses was conducted
on brain slices stained with two labelled neuronal markers Tubulin Il (FITC) and
NeuN (TRITC) by immunofluorescenceThe parameters evaluated were the neuron
nuclear volume, tubulin IIA%, Nv of unstained cells (only Hoechst positigells),
neurons and total cortical cells, in addition to the absolute number and voluri@nfract

of cells in the neocortex.

The main results showed 1) no significant difference inviiieame ofwhole brain,
neocortexandcerebrumvolume as well as in their volume fractign®) Decreased
lateralventriclesvolume andvv in the RUPP group compared to Sh@nincreased
nuclear volume in RUPP compared to Sham groupe&)reased neurons andatot
cortical cels Nvin RUPP group4) Reducedvv of absolute number afeurons and

total cortical cells related to the whole neocortex in RUPP compared to Sham. These
changes in the cellular morphology and compositbthe neocortexobserved in
RUPP rat model duringetal development, shaa for the first time the involvement

of PE in inducing brain damage in the offspring, with possible implication for the

insurgence of ASD.

Chronic hypoxia during development leads to ldagting brain damage linked to
NDDs. ASD is a group of neurodevelopmental disorders characterized by social,
emotional, and cognitive impairment associated with alteration of brain structure and

connectivity. One of the parameters often used to assess the brain abnormalities during
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development is # evaluation of the brain siz€he histological analysis of the E19
fetal rat brains did not show any difference in the absolute volumes of the whole brain,
cerebrum, and neocortex as well as no significant differences in their volume fractions.
Studies 6 brain growth, usually measured as changes in head circumference (HC),
have shown that new born babikat develo@utism later in life havaormalHC and
undergo early brain overgrowth during the first year of (Déssanayake, Bui et al.
2006) This quick HC enlargement, progresantil 4 yeas of agebeforeabnormally
slowing down, thus no significant differences were founddolescencewith ASD

and normal control§Courchesne, Karns et al. 200However, several studies have
reported ageneral brain overgrowth imoth cortical grey and cortical white matter
adolescentgHardan, Jou et al. 2004, Hazlett, Poe et al. 20Bé)ver studies have
exploredthe head growth during prenatal life. In line witte findings observed in

this study two analyses conducted on fetal brain did not show significant difference
in the HC between normal children and children later diagnosed with AEibbs,
Kennedy et al. 2007, Whitehouse, Hickey et al. 20EWLjthermoreno significant

difference in the neocorticablume andhickness in E19 rat brains was found.

Hypoxia is often associatexdth lateral ventricles enlargemeiithe induction omnild
intrauterine hypoperfusion (MIUHh pregnant rats at E17 was characterized by
lateral ventricles enlargement at postnatal day (RP@Bshima, Coq et al. 20164
similar outcome was reportea fetal brain ofguinea pigsafter induction of placenta
insufficiency in the second half of pregnan@yallard, Rehn et al. 1999) ateral
ventricles enlargement is usually a characteristipsychiatric illnessncluding SZ
(Meduri, Bramanti et al. 2010and ASD(Hallahan, Daly et al. 2009, Movsas, Pinto
Martin et al. 2013, Turner, Greenspan et al. 20f&)ntrary to what has ke
observed, in this study we found a statistically significant reduction of lateral
ventricles volume, and of the correspondent volumes fraction in RUPP compared to
Sham To our knowledge there is no association between hypoxia and reduction of
lateral ventricles volume. Thusthe interpretation of this rel require further

elucidation.

The Nv estimation in the motor and somatosensory cortices otehebral cortex

conductedn theupper and lower layesf the CP hasshown a significant deease of

newons andf total number of cortical cellén agreement with this result, a model of

chronic placental insufficienagproduced in guinea pig by thanilateral uterine
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arteryligation, showed reduced number of NeuN positig#s in the cerebral cortex
at E60 (Chung, So et al. 2015Reduced cell densitin the layer V andvl of the
neocortex in postnatal rats, following hypoxia induction, a&® found in a study
conducted byasilievand colleaguegvasiliev, Tumanova et al. 2008)

Two differentexplanaions couldbe employedo justify these result®ne is that the
reduced\v of cells observed in the two corticesthe RUPP groumay derivedrom
theincreased neur@hdeath While the secondoulddepend by th@rolonged status
of hypoxiag induced bythe RUPP modelvhich is associated with protracted NPCs
expansion atthe expense of differentiation, reducing the number of migrating
neuroblastshroughouthe CP.Is indeed well known thahehypoxic environmenis
essential to promote embryonic steells ESG) proliferationat the beginning of
fetaldevelopmenfMohyeldin, GarzérMuvdi et al. 2010)The importance diiypoxia

in promotingNPCs proliferation was reportedalso by Lange and colleague®ho
showedhat theincrease of oxygeim the cerebral cortex during developmeatiuced
the proliferation ratepromoing the NPCsdifferentiation(Lange, Turrero Garcia et
al. 2016)

The reduced neuronal Nv observed in the developing neocads)xgoupledvith the
increase of neuronal nuclear volumeRUPP groupThis result may indicate a delay

in neuronal maturation of these cells that, either fail in reaching a more mature stage,
or according with the model above descripsdow delay in dfferentiation of the
NPCs which are still proliferating due the hypoxic environment generated by the
RUPPsurgery Thus,prolonged hypoxia induceid E14 rats,mayimpairs the main
stagesof early/middleneurogenesis such &P Cs proliferation, differerdition and
migration as shown by the results foundiAs showed in sectior8.6.3 the close
observation of stained cells in the neocortaghlighted a disorganisediistribution

of the neuronsn the MZ, CP and SR in RUPP samples compared to Sham. The
chaotic distribution of the cortical celroughoutthe neocortex ia typical feature

of patients with ASOOCasanova, Buxhoeveden et al. 2002, Casanova, Van Kooten et
al. 2006) This may deriveckitherby the delayof neuroblastells differentiation and
migrationas above describedr/and byimpaired Reelin productiorRatients with

ASD, are characterized by decreased expression of Reelin, a glycoprotein produced

by Cajal Retzius cell§CRs)in theMZ of the fetdneocortex, \moserole is to control
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neuronal migration during cortical laminatifivang, Hong et al. 2014, Lammert and
Howell 2016, Wang, Ye et al. 2018)

Finally, the estimation of the absolute number of cellthe neocortex did not show
differences between Sham and RUPP, however the estimation\o¥ thfethe NelN
positivecells, and of total cellover the neocortex was significantly reduced in RUPP
compared to Sham contrdthe alteration of cell number wortical and other brain
regions in patients witi\SD is associatedvith both reduction and increased cells
number.A post mortem study on human brains has found significeahiction of
parvalbuminpositiveinterneurons ifPrefrontal Brodmann Ared8A) BA46, BA47,
and BA9in autistic patient§Hashemi, Ariza et al. 201,7as well as a reduction of
somatostatimeurons in the medid?FC (Kobayashi, Hayashi et al. 2018)hile,
another study conducted on the examination of-pusttem prefrontal tissue from 7
autistic and 6 controls patients has revealed an increase of 67% of neurons in the PFC

in the autistic groufCourchesne, Moutoet al. 2011)

To summarise, this work investigated the effect of PE on fetal brain development in
the offspring derived from RUPP pregnanci€hapter 2showed alteration in the
placental morphology in RUPP coamed to Sham, characterized loppaired
vascularization, and consequent reduction of the blood flow tautbeplacental
circulation.This chapteprovides evidence that the reduced blood supply to the fetus
leads to prolonged hypoxia with consequent impairmefdtaf brain development as
showed by the reduced Nv artde increase nuclear volume in RUPP model. These
results indicate @ossibledelay in neuronal differentiation and maturatibat may
impair all the following stages of brain development such as myelinisation,

synaptogenesis andreuit integration leading to ASD and other NDDs manifestation.
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Chapter 4

Investigation of inflammatory cytokines
on E14 VM culture
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4.0 Abstract

Numerous lines of evidences have shown that infection during pregriancy
responsible for the increased incidence of neurodevelopmental disgi@#ds) and
neurodegenerative diseases later in life. Despite intense researches the
physiopathology of these neurologicabnditions is poorly understoodowever
inflammation in tke central nervous system (CNS) during bdgmelopmenseems to

play crucial role in their manifestation. Studies conducted in, loiimal models and
humans have shown that the overproduction of qplammatory cytokines is
associated with brain psyc$is, often characterized by the impairment of the
dopaergic (DA&rgic componenta common feature of autism spectrum disorders
(ASD) and neurodegenerative disorders as
aim of this study was to investigate the effetthe most common prmflammatory
cytokinesinterleukin (L)-16, IL-6 and timor necrosis factor alplfNF-U) on neurite
growth of SHSY5Y cells and in primary cultures of ventrakesencephalon (VM)
DAergic neurons. For doing this, SBY5Y and E14 VM primary neurons, were
treatedn vitro with increased concentratiar IL-16, IL-6 and TNFUfor 24, 48, 72h.

The analysis of cell number, neurite growth, neuronal complexity, and neuronal size
were conducted. Results showed a significant progressive reduction of neurite length
in SHSYSY treated cells with all the thremytokines, while in E14 VM primary
neurons only TNFJ showed deleterious effect on BAjic neurons, reducing total
neurite length, neurite length per unit area and cell viability. No significant difference
in any of the parameters estimated were reportdd-iLb and IL.-6 VM treated cell.
Collectively these data confirm the toxic effect of yimlammatory cytoknes on
neurite growth as showin SH-SY5Y cells, prove the toxic effect of TNFin E14

VM DA ergicneurons, and open the possibility to investighteeffect of 1-1b and

IL-6 on neurite growth at different stages of brain development.
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4.1 Introduction

Neurodevelopmental disordgf$DDs)and neurodegenerative disease such as autism,
schizophrenia (S2z2), Al z hei mease (RD) mwas e
devastating impact on the quality of life affecting emotions, behaviours, and social
skills. While the aetiologies of these brain abnormalities have been poorly understood,
several evidences based on human and animal analysis, havetekamvolvement

of neuroinflammation in the insurgence of these pathologies. The presence of an
inflammatory status in the central nervous system (CNS) leads to the activation of
microglial cells which in turn activate the production of pirdflammatorycytokines
(Hanisch 2002, Sochocka, Diniz et al. 2Q1Te release of these pirdflammatory
cytokines increases the inflammatory response leading to neuronal impairment and
death.

In particular maternal infectias pathogensan trigger a maternal immune activation
(MIA) that has been tightly associated with the insurgence of mental disorders in the
offspring (Estes and McAllister 2016, Bergdolt and Dunaevsky 2019)
Epidemological studies conducted in the past decades have shown the association
between viral and bacterial infection during pregnancy with higher risk for SZ and
otherNDDs in the offspring(Abib, Gaman et al. 2018Yhe exposure of the fetus to

the classic pranflammatory inductors such as the bacterial endotoxin
lipopolysaccharide (LPS) or to tlimuble stranded RNA known as polyriboinosinic
polyribocytidilic acid [poly(l:C)]) during pregnancy led to behavioural,ratge and

brain structure abnormalities usually observed in children with ASssociation

with these behavioural impairments, the adult offspring of MIA stWwrain
morphological alteration typical of patients with ASD includialjeration in cortial

and hippocampal synaptic developmédftoiro, Padmashri et al. 2015, Patrich,
Piontkewitz et al. 2016)ncreased neonatal mouse cortical thickig8ssith, Elliott et

al. 2012) enlarged ventricle@Piontkewitz, Arad et al. 2011jeduced Purkinje cells

in the cerebellum(Shi, Smith et al. 2009and reduced cortical neurons dendrite

developmen{Gilmore, Jarskog et al. 2004)

Maternal infectionas well agpregnancy disordersgads to elevated levels of pro
inflammatory cytokines such @sterleukin (L)-1b, IL-6, andtumor necrosis factor

alpha(TNF-U) as shown in human pregnancigtahnZoric, Hagberg et al. 2002,
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Graham, Rasmussen et al. 2048y animal modelUrakubo, Jarskog et al. 2001)
The great attention given to these inflammatory cytokines is relatéeitaability to
cross the placenta and to affect fetal development, particularly evident in case of IL
6, which is capable of bdirectional transfer(Zaretsky, Alexander et al. 2004,
Dahlgren, Samuelsson et al. B)GFurther the placenta itself has the ability to produce
these preinflammatory cytokines in response to maternal infec{Boles, Ross et

al. 2012) Finally, theblood brain barrie is not well formed during fetal development

(Adinolfi 1985), increasing the chance of these cytokines to access to the brain.

In particular the manifestation diDDsafter MIA is characteriz#:by the dysfunction

of thedopaminergidDAergic) system in the offsprinf_uchicchi, Lecca et al. 2016)
Dopaming(DA) is an important neurotransmitter of the brain. It plays a crucial role in
rewardmotivated beaviour and motor contralnd its alteration is associated with the
insurgence of several diseag8shultz 1998)The loss of DA&rgicneurons is highly
associated with the insurgence of PD, characterized by motor {Kfiaghia, Nobili

et al. 2019) FurthermoreDA plays a key role also in regulating cognitive functions,
and dysfunctions of D@rgic neuronds a typical featuref SZ (Bogerts, Hantsch et

al. 1983) ASD (Paval 2017)and attention deficit hyperactivity disorder (ADHD)
(Ludolph, Kassubek et al. 2008yhe DAergic neurons during developent are
located in theventral mesencephalon (MNhatis mainly characterised o nuclei:

the ventral tegmental area (VTA) and the substantia nigra pampactgSNc) The
DAergic neurons in the VTA project to the nucleus accumbdmsugh the
mesolimbic pathway and tthe prefrontal cortexRFQ through the mesocortical
pathway. he impairment of the mesolimbic pathway leads to reward motivated
behaviour alteration that has been associated with drug addition, depressiathand
the contribution of the psychiatric symptoms of ASD, SZ and other
neurodevelopmental delay, while thegarment of the mesocortical pathway leads to
cognitive functions alteratio(Dichter, Damiano et al. 201.2)he neurons located in
the SNc control movements projecting to the striatum through the nigrostriatal
pathway. The alteration of this leads to stereotypes movements associated with ASD
(Lewis and Kim 2009)

Animal model studies have shown that these alteration occurring during fetal brain
development are responsilbte theinsurgence of thpathological phenotyp@leyer,

Engler et al. 2008)The injection of Poly.C at gestation day 15 (GD15) in pregnant
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rodentsled to hyperactivity of the limbic system in the adult brain of the offspring
(Zuckerman, Rehavi et al. 2003)nd toincreased DArgic turnover and decreased
receptor binding of D2ike receptors in the striatum of adults mi¢®zawa,
Hashimoto et al. 2006)leading to ASD and othe NDDs. Thus, the DAergic
component plays a key roturing fetal development, and its further exploration may

help to better understand thesurgence of these pathologies.

4.2 Aim of the study

As describedlte alteration of DArgic componentis a comma feature ofNDDs
(Snyder 1976, Kriete and Noelle 2015, Paval 20Tgse evidences push toward the
investigation ofts rolein inducing brain damage during developméitte aim of this
study was therefore to assin vitro the function ofTNF-U, IL-1b andIL-6, onSH-
SY5Y neuroblastomaells andin primary cultures of E14 VNDAergic neuronsSH-
SY5Y cellsare widely used asraodel to mimic DAergic neurgs, sincedisplayDA-
b-hydroxylase and tyrosine hydroxylag&H) activity (Ross and Edler 1985
Kovalevich and Langford 20)3These cells are in faable to converthetyrosine to
L-dopa, the precursor &fA, and after to noradrenalirffilagatsu, Levitt et al. 1964)
SH-SYS5Y cells and E14 ra¥M neurons were treated with increased concentration of
the three cytokines for 24, 48 and 72h.

Parameters estimated included:
A Neurite length of SEBY5Y cellsfor eachtime points

A Numerical densityNv), neurite lengtrandneurite length per celin DAergic

andb- tubulin Il positiveneuronsafter 72h

4.3 Material and methods

4.3.1 Human SH-SY5Y neuroblastoma cell line culture

SH-SY5Y cells were plated at a density 1% in a T75 flask in 15 ml of of SH
SY5Y Media (DMEMF12, containing 10% FBS, 100 nM-Glutamine, 100 U/ml
Penicillin/Streptomycin) and incubated at 37°C and 5%.@D~80% of confluence

(usually reached after ~7 days in vitro (DIV)) the media was removed, cells were
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washed withl ml of Hank's Balanced Salt SolutidhiBSS and were enzymatitig
dissociatd with 0.25% Trypsin by incubating at 37 °C for 5 min. 10 ml ofS¥bY

Media was added to the cells to neutralize the trypsin and to collect the cells. Cells
suspension was centrifuged at 500 rpm for Sutes) at room temperature (RT). The
cells pellet was resuspended in 1 ml ofS¥5Y Media and cells were triturate using

a plugged flameolished Pasteur pipette forS3times without adding air bubbles.
Cells were diluted 1:10 (10 pl of the cell suspension into 90 pl of fresis @bl
Media), for cell counting using a haemocytometer. Cells seeded in 5 grids were

counted and the total number of cells was estimated using the following formula:

Cells/ml = (Number of Cells Counted in 5 Fields)/5 x Dilution Factor x
Haemocytometer Constant

SH-SY5Y cells were then plated at the density of 50,000 cells/well (in 500 pl of SH
SY5Y media) in 24well plates and incubated at 37 °C. Starting from 1 DIV, -SH
SY5Y cells where treated with the following cytokines FNESigma, T6674), IL1b
(Sigma, SRP3083)and IL-6 (Sigma, 11395)dissolved inSH-SY5Y Medig at the
final concentration of 1, 10, 100, 58@/ml. Cells were treated daily for 3 DIV, while
the control was treated with the same amount ofSY3Y Media. At 24, 48 and 72h
cells were imaged usingnaOlympus [IX71 inverted microscope fitted with an

Olympus DP70 camera, in order to estimate the neurite growth.

4.3.2 Animals

E14 embryos were removed by laparotomy from euthanizedriated Sprague
Dawley rats. All animals were provided by Biologicaérces Unit, University
College Cork, and procedures were carried out with approval of the Animal

Experimental Ethics Committee of University College Cork.

4.3.3 E14 Ventral Mesencephalon cell culture

The VM was extracted from the brain and dissectegraviously describe(Clayton

and Sullivan 2007)The VM tissues were dissected and incubated in 2mls of 0.1%
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trypsin (sigma) for 15 mins at 37°C. After this step, 0.5mg/ml of soyabean trypsin
inhibitor was addedind the suspension was carefully triturated using a 25 gauge
needle and syringe without introducing air bubbles into the mixture. The cell
suspension in this way obtained was centrifuged for 5 mins at 1500 rpm. The
supernatant was removed and the celllgbelvas resuspended in 1ml of E14

Dul beccods Modi fied Eagl ebs Medi um ( DME
(Sigma), strept omyguutaminell@ md1¢§Sigmd) and Bmgha ) , |
glucose (Sigma). 10 pl of this cell suspension was diluted 1:100 infirekb plating

medium and the total cell number was obtained using a haemocytometer (AGB). The

following formula was used for the total cells number estimation:

Cellsi = (Number of cells counted in 10 fields/10) x dilution factor x 10

Cells werethen plated onto polp-lysine (0.1mg/ml Sigma; ved IPSCs) coated 24
well plates (Nunc) at 1 £C cells/cnf and incubated at 37°C with 5% e@®or cells
treatment, the cytokines TNE IL-16 and IL-6 were added daily f@ DIV (24, 48,
72h) directly to lhe cells at the final concentration of 1, 10 and 100ng/ml. After 72h of

treatments cells were fixed and processednonunofluorescence.

4 3.4. Immunofluorescence

E14 VM cells were fixed in 4% paraformaldehyde (Sigma)lfermin at RT The
paraformaldbyde was removed, and the cells were washrd 3ninutesin 10mM
phosphatéuffered saline (PBS) containing 0.02% TritorlBO (PBST). After
fixation, cells were incubated in blocking solution [5% bovine serum albumin (BSA)
(Sigma) in 10 mM PBS] for 2hat RT. The blocking solution was removed, and cells
were incubated overnight at 4 °C iH, (DA neuronal marker), (1:2000, Merck
Millipore; Catalogue nonb e r : A B LIBtAbulin @yendral beuronal marker) (1

: 500; mouse monoclonal; Promega, Madisaf, USA), diluted in 1% B3 in 10
mM PBST. Following 3x 5 minuteswashes in PBY, cells were incubated in the
appropriate secondary antibodies Alexa Fluor-4&8594 conjugated secondary
antibodies (1:500; Invitrogen) diluted in 1% BSA in 10 mM PB%or 2h at RT.

Following washes 8 5 minitesin PBS, cells were countstained with DAPI (1:3000;
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Sigma) for 5 mins and washedx35 minutesn PBS. Cells were imaged using an

Olympus IX71 inverted microscope fitted with an Olympus DP70 camera.

4.3.5 Neurte length estimation

The major neurite length was estimated in-S¥bY cells treated with different
concentrations of the three cytokingsie lengths of 5 randomiselected SFSY5Y
neurites were measur@tl1l5 randomlyselected fields per N, resultifg at least 225
neurites analysed per each condition after 24, 48 and 72h of clilh@ienages, taken
with 10x lens, were openedimageJ software with a final enlargement of 200¥he
length of primary neurite was described as the distance from itHeodg to the end

of the longest procegfig.4.1).

&

T, ¥

Figure 4. 1. Major neurite length estimation in SH-SY5Y.
Representative image of a SY5Y cell, randomly selected for the estimation of the
neurite length using ingge J software.

4.3.6 EV14cellsNumerical density estimation

T H,-tubllin 11l labelled neurons and total cells count was completed in more than
15 fieldsand was assess using the following formula:

TH* neuronsNumerical density= (TH * neurons / area grid)
b -tubulin Il * neurons Numerical density= -fululin Ill * neurons / area grid)
Total cells numrerical density = (Dapi* cells/area grid)
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4.3.7 E14 VM Neurite length estimation

The neurite lengtiof E14 TH labelleca n dtubdlin 11l neurons vas estimated after

72h of treatment. This was assessed placing a superimposed grid of spacing d over the

neurites Fig.4.2).

Figure 4. 2. Neurite length estimation in E14
neurons.

a) Representative imagof E14 VM neuron
Scale bar 6 pm. The stereological analysis \
conduct etdoulin h and ) TH labelle
neurons.Nuclei were counterstained with De
The quantification ws carried out using
superimposed grid

The grid was randomly superimposed in roughly 20 fields per conditidrthe total
number of intersections of neurites through the grid were counted along with the total
number of nuclewithin the frame. The analysis was carried out at a predetermined

magnification. The neurite length was then estimated using the folldaimyila:

Neurite length= ( "/ 2) x | x d

Where | represents the number of intersections between the neurites and the set of test

lines and d is the distance between each line in thgldadard and Reed, 1998)

Theneurite | engt h p e-tubulm dllipbsitive neurensvashalsoT H a n o
estimated

Neurite length per neuron= Neurite length/ nuclei
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4 3.8 Neuronal volume fraction estimation

T H a+wdulin@ll labelled neurns were expressed also as percentages of the total

Hoechststained cells:
TH " neurons (%) = (TH* neurons / TotaHoechststained cells) 200

b -tubulin Il * neurons (%) =( fubulin Il * neurons / TotaHoechststained cells)
x 100

439 Somalareaandr ol u me wmeangdumeedtimation

The somal area and nuclear volume of 5 randesalgcted cells were measured in 15
randomlyseleded fields per N, resulting i225 cells analysed per condition. The
images, taken witB0X lens, were opened in imgg®ftware with a final enlargement

of 200% Eg.4.3. The vol umeeanedea yolureed{/v Nuc) of VM
neurons was estimated as already shown in se&doh For the somal area estimation
theset measurement was satarea and the scale bar length was converted from pixel
to um. The freehand measurement tool was then usedetsure the somal area
(Fig.4.3).

2 unit (1360

Figure 4. 3. Somal area and nuclear volume estimation in E14 neurons.
Magnification view of Da&rgic neurons stained with THNuclei were counterstained
with Dapi. A test points of linesvas used to estimate the nuclear volumepbmnt
sample intercept (PSI) methobihe neuronal somal areas also estimated.
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4.4 Statistical analysis

Statisticalmethodswere performed using ongay analysis of variance (ANOVA)
wi t h Fi spos modest, td_d8t€rmine significant differences between groups.
Results were expressathndard error of the megd8EM) and assumed significant

when p<0.05. Each experiment was repeated 3 times and in technical triplicate.

45 Results

4.5.1 Qualitative analysis of SH-SY5Y treated cells

The initial investigation of the effect of the priaflammatory cytokines TN, IL-

1b, and IL-6, was carry out on human Ss¥5Y neuroblastoma cellasthey can
mimic DAergicneurons in culturéXicoy, Wieringa et al. 2017)o do this SHSY5Y

were treated with crescent concentragioheadt cytokine (1, 10, 100, 500 ng/ml) for
24, 48, 72hThe initial investigation of the qualitative analysis of 8i8-SY5Y cells
treated with the three cytokines showed a different behaviour otehg upon
treatmentIn SH-SY5Y cells treated with TNfJ was evidenta redued number of
cells treated withhe highest doses of the cytokifigt00 and 500 ng/mbther doses

(1 and 10 ng/mlwere not reported since did not show evident differences with the
control cellg] (Fig. 4.4). After 24h, a reduce®H-SY5Y cell numberwas evidenat

both concentration of 100 and 500 ng/ml. After 48 and 72h a reduced cell number was
more evident athe concentration of 500 ng/mlhe other two cytokines HLb and

IL-6 showed alifferent behaviour (Fig. 4.5 and 4.6). Contrarily to TNFthese
cytokines did notlecrease the number of cells in cult(ifee doses of 10 ng/ml was
included since in the primary cell culture showed to increase the cell number)

Thus, TNF-Ushowed a more toxic actiamompared to the other two cytokineince
IL-1b andIL-6 did not affect neuronal viability.
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4.5.1.1Qualitative analysis of TNFU t r e a$Y&¥dcellS H

Ctr 100 ng/ml 500 ng/ml

Figure 4.4 TNF-Udecreasethe number of cellsin SH-SY5Y cells.
(a, c) representative photomicrograpdf SHSY5Y cells treated with 10aGnd 500
ng/ml TNFU cultured for a) 24, b) 4&) 72 h. Scalebdr0 0 & m.
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4.5.1.2 Qualitative analysis ofL -1 treated SHSY5Y cell
Ctr 10 ng/ml 100 ng/ml 500 ng/ml

&

Figure 4.51L -1 do not decreasehe number of cellsin SH-SY5Y cells.

(a, c) representative photomicrograpsf SHSY5Y cells treated with 10, 1Qihd 500 ng/miL-1 , cultured for a) 24b) 48 c) 72 h. Scale bar
100 & m.
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4.5.1.3Qualitative analysis of IL-6 treated SHSY5Y cells
Ctr | 10 ng/ml 100 ng/ml 500 ng/ml

a)

H

b)

Figure 4.6 IL -6 do not decreaseéhe number of cellsin SH-SY5Y cells.
(a, c) representativehptomicrograph of SHSY5Y cells treated with 10, 1Gfhd 500 ng/miL-6, cultured for a) 24, b) 4&) 72 h. Scale bar 100

eEm.
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