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Abstract 
 

Autism spectrum disorders (ASD), include a group of heterogeneous 

neurodevelopmental disorders (NDDs) characterized by impaired social interaction, 

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 factors, which generate a variable range of different phenotypes.  

This thesis investigated two of the main environmental risk factors majorly involved 

in fetal development: hypoxia and inflammation, to conclude with the investigation of 

the genetic component to the disorder using stem cell technologies. 

The intrauterine environment plays a key role in normal neural development. The use 

of an animal model of chronic fetal hypoxia, revealed a series of morphological 

alterations of the placenta and its compartments, mainly characterised by impaired 

vascularization, and consequent reduction of the blood flow to the utero-placental 

circulation. The successive investigation of the brain morphology in the offspring, 

showed no significant differences in brain size and neocortical thickness, however the 

stereological analysis revealed a significant increase of the neuronal nuclear volume 

associated with the reduced numerical density (Nv) of cortical cells. The second series 

of studies investigated the involvement of the inflammatory component through the 

use of the most common pro-inflammatory cytokines: tumor necrosis factor alpha 

(TNF-α), interleukin (IL)-1β and IL-6, whose relevance is due by their ability to cross 

the placenta and to affect fetal brain development. Results showed a significant 

reduction of neurite length in SH-SY5Y treated cells with the three cytokines, and 

impaired neurite outgrowth and viability in E14 dopaminergic (DAergic) neurons 

treated with TNF-α. 

The final part focused on the exploration of Neurexin1 (NRXN1), a gene involved in 

synaptic functions, extensively associated with ASD. Through the use of induced 

pluripotent stem cells (iPSCs) this study showed that NRXN1α might affect neuronal 

progenitor stem cells (NPCs) proliferation, fate determination and neuronal maturation 

during cortical development. Our studies suggest that there is a delay in neuronal 

development in the systems studied. To 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. 
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1.1 Autism spectrum disorder (ASD) 

  
Autism spectrum disorders (ASD), also known as Pervasive Developmental Disorders 

(PDDs), include a group of heterogeneous neurodevelopmental disorders (NDDs) 

characterized by impaired social interaction, and communication with restricted and 

repetitive patterns of behaviour  (Bailey, Phillips et al. 1996). The deficits are often 

associated with main secondary symptoms including depression and anxiety, sleep 

disorders, attention deficits and seizures (Spooren, Lindemann et al. 2012). ASD is 

classified according to the criteria of the Diagnostic and Statistical Manual of Mental 

Disorders, 4th edition (DSM-IV) (American Psychiatric Association 2000) and the 

International Classification of Diseases 10th edition (ICD-10) (World Health 

Organization, 2010),  in: Autism, Asperger’s syndrome, childhood disintegrative 

disorder, PDD not otherwise specified (PDD-NOS) and Rett syndrome (Faras, Al 

Ateeqi et al. 2010). ASD affects about 1% of children (Baird, Simonoff et al. 2006), 

is four times more common in males compared to females, and is generally diagnosed 

within the first three years of life (Ritvo and Freeman 1977). ASD is characterised by 

neurobehavioral and developmental dysfunctions, in which the lack of adequate 

screening tools, are responsible for the delays in diagnosis and for the discovery of 

proper pharmacological intervention.  The pathogenesis responsible for its insurgence 

is not well understood, however numerous environmental factors and genetic causes 

characterized by de novo mutation have been associated with it.  

The architectural changes in the brain structure observed in children and adults with 

ASD indicate the involvement of abnormal pathophysiological events occurring 

during pregnancy that have a negative impact on the fetal brain development (Stoner, 

Chow et al. 2014). 

 

1.2 ASD and brain abnormalities 
 

ASD is characterized by abnormal brain development that manifest with 

neuropathological changes (Courchesne, Hesselink et al. 1987, Hashimoto, Tayama et 

al. 1989, Varghese, Keshav et al. 2017). Many cortical areas such as the prefrontal and 

temporal cortices, cerebellum, brainstem and other subcortical areas are characterized 

by abnormal phenotype in patients with ASD (Wegiel, Flory et al. 2014). The most 
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evident changes concern brain 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 enlargement has been associated 

with the expansion of the cortical surface area (Hazlett, Poe et al. 2011), and with 

increased number of neurons (Courchesne, Mouton et al. 2011). Further also the 

increase of cortical folding in adolescents and adults with ASD seems to be an 

important feature of the pathology (Hardan et al. 2004). In concomitance with the 

variation in brain size also the cortical structure presents several abnormalities. Many 

studies have reported the disorganization of the grey and white matter (Wilkinson et 

al. 2016; Keller, Kana, and Just 2007; Koshino et al. 2008), and alteration in 

cytoarchitectonic laminar 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 between the columns, in 

which neurons are also more spread out and less compact (Casanova et al. 2002). 

These alterations in the cortical structure reflect defects in neuronal proliferation, 

maturation, and migration resulting in the wrong positioning of neurons within the 

proper layer (Wegiel, Kuchna et al. 2010). This cortical disorganization was also 

confirmed in a post-mortem study conducted by Stoner and colleagues who 

individuated focal disruption of the laminar architecture in the prefrontal and temporal 

cortices of patients with ASD (Stoner, Chow et al. 2014). Further deficit in 

synaptogenesis and connectivity have been reported in ASD (Bourgeron 2009, Zhan, 

Paolicelli et al. 2014). In particular, imbalance between excitatory: inhibitory synapses 

with higher preponderance of glutamatergic connections seems to be a typical feature 

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

Although the behavioural alterations showed by people affected by ASD seem to be 

the same, the causes of its insurgence are heterogeneous. This is because of negative 

events occurring during fetal brain development might affect different processes, 

ranging from neural progenitor stem cells (NPCs) proliferation and neuronal 

differentiation, to neuronal migration, neurites extension, synaptogenesis and 

integration in neuronal circuitry. Thus, the individuation of the altered pathway during 

fetal brain development remain the main challenge in ASD. 
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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 system (CNS) 

undergoes continuous adaptation and modification, but the events occurring during 

the first stages of maturation play a key role.  

 

1.3.1 Early, mid-late neurogenesis 

 

In mammals, initially the neural tube is characterized by a neuroephitelium, rich in 

polarized cells known as neuroepithelial 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 ventricular zone (VZ), 

while the basal extremity is attached to the pial lamina (Borrell and Gotz 2014). 

Initially NECs go through an intense proliferative phase, confined to the ventricular 

zone, in order to self-renew and to generate new founder progenitors. After this initial 

phase of symmetrical divisions, the NECs turn into another type of progenitor cells 

called radial glial cells (RGCs). RGCs express glial markers as glial fibrillary acidic 

protein (GFAP) and astrocyte-specific glutamate transporter (GLAST), along with the 

transcription factor paired box protein (Pax6) (Campbell and Gotz 2002, Asami, Pilz 

et al. 2011). RGCs are involved in neuronal productions, followed by astrocytes and 

oligodendrocytes generation (Campbell and Götz 2002, Rakic 2007).  RGCs are 

characterized by long processes indispensable for neuron migration (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. 2003). From their 

cell body, close to the surface of VZ, two processes branch out, one short and one 

longer direct to the pial surface of the cortex (Bentivoglio and Mazzarello 1999). Due 

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 an intense cycle of symmetric divisions, followed by asymmetric divisions in which 

one daughter shows a higher level of commitment (Huttner and Kosodo 2005, Tan and 

Shi 2013). The daughter cell can follow a different destiny, becoming a neuron or 
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generating an intermediate progenitor cell (IPC), (also known as basal progenitor (BP) 

or basal IPC), which symmetrical division creates two neurons (Manuel, Mi et al. 

2015).The BPs seem to be responsible for the production of most of the cortical 

neurons (Farkas and Huttner 2008). These can 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 across species and with gyrification (Reillo, 

de Juan Romero et al. 2010, Borrell and Götz 2014). bRGCs 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 2014). These cells, contrarily to aRGCs are 

monopolar, since they are characterized by only the basal process by which they 

contact the basal lamina. 

 

 

 

 

 

 

 

 

 

Figure 1. 1 Early and mid-late neurogenesis.  

Early neurogenesis is characterized by the expansion and proliferation of 

neuroepithelial cells (NECs) located in the ventricle zone (VZ). These cells generate 

apical progenitor cells (APs) that are composed by apical radial glial cells (aRGCs), 

by a lower proportion of short neural precursors (SNPs) and sub-apical progenitors 

(SAPs), which are all located in the VZ. During Mid-late neurogenesis, apical 

progenitors (APs) proliferate and generate basal progenitors (BPs), which generate a 

new proliferative zone known as subventricular zone (SVZ). BPs are mainly 

composed by intermediate progenitor cells (IPCs) and basal radial glial cells (bRGCs). 

APs and BPs generate neurons that migrate in the appropriate layer of the cortical plate 

(CP). 

 

When the neurogenesis is completed, RGCs became involved in gliogenesis 

generating astrocytes and oligodendrocytes (Kriegstein and Alvarez-Buylla 2009). In 
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the process of astrogliogenesis, RGCs go through morphological changes, switching 

from bipolar spanning the cortex to unipolar losing the connection with the ventricle 

(Kriegstein and Alvarez-Buylla 2009).  

To summarize, neurogenesis is strictly dependent to the number of NECs, to the 

progressive switch from symmetric to asymmetric divisions, and to the duration of the 

neurogenic phase, which change between different species (Dehay, Kennedy et al. 

2015). In rodents the subventricular zone (SVZ) is mainly composed by IPCs 

characterized by reduced cycle of cell division differently from humans and other 

primates characterized by a higher level of proliferation. This represents the major 

difference found between lissencephalic species such as rodents (Stahl, Walcher et al. 

2013) and gyrencephalic species as humans and other primates. 

 

1.3.2 Cerebral cortex development 

 

The cerebral cortex across mammals shows several 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 outer surface 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 occupied by the neocortex, a complex structure 

engaged in higher cognitive functions, whose neurons are arranged in six layers. Each 

layer is composed by neurons characterized by the same properties such as time of 

birth, phenotype, functions and connectivity (McConnell 1995). The cortex is 

characterized by two categories of neurons: excitatory neurons or glutamatergic 

neurons, which represent 70-80% of all neurons, characterized by long axons that get 

connections with intracortical, subcortical and subcerebral areas, and inhibitory 

GABAergic interneurons formed by short axons involved only in local circuits 

(Hendry, Schwark et al. 1987, Beaulieu 1993). Excitatory neurons are produced in the 

VZ of the cerebral cortex and enter to the developing cortical plate (CP) by radial 

migration, while GABAergic interneurons are produced in the ganglionic eminences 

of the ventral (subpallial) telencephalon and go to the developing CP through 

tangential migration (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 the VZ. At a determinate phase of development, different 

types of neurons stop to proliferate and leave the VZ. This moment, characterized by 

the exit from the cell cycle, signal the birth of a new neuron. At this point the new 

neuron is ready to migrate centrifugally to its final location close the pial surface 

(Gilmore and Herrup 1997). During 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 Cajal-Retzius 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 2–6 will derive. With the exception of layer 

1 or MZ, the complete formation of the CP is followed by the migration of new-born 

neurons in “inside-out” gradient (Rakic 1974). In this model the earlier migrating 

neurons generate the deepest layers while the later migrating ones will form the 

superficial layers. In this scheme the earlier neurons to arrive in the neocortex are the 

one forming the 6 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 neuronal migration into the CP by secreting a molecular 

signal called Reelin (Gil-Sanz, Franco et al. 2013, Buchsbaum and Cappello 2019). 

The absence of Reelin signalling is associated with deficit in the laminar organization 

of the CP (Rice and Curran 2001). 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 of the CP characterized by the presence of Reelin, 

which send the message to stop. Finally, the neurons forming the SP are not involved 

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

inputs to the neocortex development (De Carlos and O'leary 1992).  

 

1.3.3 Neocortical layers  

 

By convention the neocortex is formed by neuron cell bodies arranged in 6 layers, but 

this organization can vary depending on the brain region and on the species. The final 

location of the neurons in the proper layer occurs during the neurodevelopment. 

Analogies of the layers in different regions is an indication of the similar functions, 
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whereas differences indicate different proprieties associated with distinct cortical 

system. 

During evolution the mammalian brain went through morphological changes 

characterized mainly by the increase of the surface area of the neocortex followed by 

the increased complexity of the 6 layers (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 organization during the neocortex development. It 

represents the equivalent layer (L)1 in the adult brain which will take part in cortical 

circuitry integration. 

The MZ/L1, also known as plexiform layer and cell-poor zone of Meynert, is the 

earliest layer of the neocortex to be generated just below the pia mater (Martinez-

Cerdeno and Noctor 2014). It 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 thalamus (Marin-Padilla and Marin-Padilla 

1982). The neuronal morphology and neurochemical markers production undergo to a 

more intense activity of differentiation compared to the deepest layers (Super, Soriano 

et al. 1998). L1 plays a key role during neurodevelopment. It is mainly composed by 

two different cell type of neurons: CRs and γ-aminobutyric acid GABAergic 

interneurons, produced in different regions of the brain (Zecevic and Milosevic 1997, 

Bielle, Griveau et al. 2005). 

CRs are a transient class of neurons uniquely found in the L1 during mammals’ 

cerebral cortex development. In mice these cells are generated very early during 

development, becoming evident around 10.5, 12.5 embryonic days (Bielle et al. 2005).  

CRs participate in the construction 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 bipolar disorder (Hong, Shugart et al. 2000, Folsom and 

Fatemi 2013). 

The GABAergic inhibitory interneurons represent more than 90% of L1 neurons of 

the adult brain (Winer and Larue 1989, Prieto, Peterson et al. 1994). Their main 
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function is controlling activity through feedback inhibition and feedforward (McBain 

and Fisahn 2001, Freund 2003, Buzsaki, Geisler et al. 2004).  

Layer 2/3 

In rodents there is no evident architectonic distinction between L2 and L3 of the 

neocortex therefore these layers are often known as layer 2/3 (Lefort, Tomm et al. 

2009, Petersen and Crochet 2013). These are populated by pyramidal neurons (PNs) 

whose main role is to integrate information between different cortical areas and 

hemispheres through corticocortical (CC) and callosal connections. These neurons are 

glutamatergic-excitatory cells usually characterized by pyramid-shaped somata and 

long axons that make connections with other cortical and subcortical compartments of 

the brain (DeFelipe and Farinas 1992, Spruston 2008). 

Layer 4  

L4 of the neocortex is mainly characterized by excitatory spiny neuons such as the 

spiny stellate cells (Staiger, Flagmeyer et al. 2004). These cells appear at postnatal day 

5 as a result of the morphological change of the initially pyramidal neurons formed 

during neurodevelopment (Callaway and Borrell 2011). L4 neurons are particularly 

important because receive and integrate sensory thalamic inputs (Hubel and Wiesel 

1962, Sun, Tan et al. 2016). The signal received from thalamocortical axons in L4 are 

then send through excitatory connections to the L2/L3 (Lopez-Bendito and Molnar 

2003, Ji, Zingg et al. 2016), conversely to the majority of other neurons in the 

neocortex that send output to other cortical or subcortical regions (Thomson and 

Bannister 2003, Harris and Shepherd 2015).  

Layer 5  

L5 of the neocortex is mostly populated by excitatory pyramidal neurons characterized 

by long distance projections direct to other neocortical or subcortical regions. L5 PNs 

represent indeed the main source of cortical outputs to subcortical regions (Cowan and 

Wilson 1994), and can be considered one of the largest cell type present in the 

mammalian cortex (Spruston 2003).Their dendrites expand through all cortical layers 

reaching the pial surface and collecting both long and short excitatory and inhibitory 

stimuli (Spruston 2008).  
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Layer 6 

L6 represents the first layer to be generated during cortical development (Caviness 

and Rakic 1978), and the neurons here located are the first to create connections with 

sub-cortical regions, for example with the developing thalamus from which they 

receive synaptic inputs, long before L4 generates. These however, represent only 

transient connection that will help to create subsequent innervation patterns. At the 

end of cortical maturation three major types of pyramidal cells will populate this layer, 

two of them are the cortico-thalamic (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 genetic risk factors in ASD 

  

The aetiology of ASD are poorly understood. ASD is highly heterogeneous disorder 

in which risk factors generate a variable range of different phenotypes. While the 

incidence in the insurgence of the disorder increased in the last decade, the 

pathophysiological mechanisms remain mainly unclear. The difficulties in 

characterising the disorder derive from its multifactorial nature in which 

environmental and genetic components play a central role.  

Several studies have shown that perturbation of the intrauterine environment can affect 

CNS development, leading to impaired brain function, not only in postnatal life, but 

also later, increasing the chance for NDDs and neurodegenerative disease (Faa, 

Marcialis et al. 2014, Modgil, Lahiri et al. 2014). Many adverse factors during 

pregnancy can have a negative impact on brain development, including maternal 

smoking (Ekblad, Korkeila et al. 2015), alcohol consumption (Cananzi and Mayhan 

2019), inflammation (Siniscalco, Schultz et al. 2018), nutritional deficiencies (Franke, 

Gaser et al. 2018), drug administration (Schweinberger, Rodrigues et al. 2018), 

maternal obesity (Teo, Morris et al. 2017), maternal stress (Walder, Laplante et al. 

2014) and hypoxia (Burstyn, Wang et al. 2011) summarised in Fig. 1.2.   
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Figure 1. 2 Environmental and genetic risk factors responsible for ASD.  
Prenatal factors including hypoxia, inflammation, and genetic component impair 

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. Any alterations 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, and in particular the interaction 

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

In this thesis, the role of the major risk factors involved in ASD, such as perinatal 

hypoxia and inflammation, were investigated through the use of an animal model of 

chronic hypoxia and in 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 development  

  

The availability of oxygen is essential for fetal 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 leading to brain damage 

(Nalivaeva, Turner et al. 2018). Short periods of acute hypoxia lead to uterine 

contractions responsible for labour and delivery (Huch, Huch et al. 1977), while 

protracted periods of oxygen deprivation lasting for a few weeks or months, known as 

chronic fetal hypoxia, have more severe impact on fetal development. Hypoxia is a 

physiological condition during embryo development. Hypoxia regulates blood vessel 

formation, induces heart and bones development and regulate the migration of neural 

crest cells (Maltepe and Simon 1998, Simon, Ramirez-Bergeron et al. 2002, Lee, Park 

et al. 2019). A hypoxic environment is also fundamental for the maintenance of adult 

NPCs (De Filippis and Delia 2011). However, excessive hypoxia can arrest embryonic 

development leading to postnatal deficits and fetal death (Bulterys, Greenland et al. 

1990, Ream, Ray et al. 2008). The main factor generating an intrauterine hypoxia 

environment is placental insufficiency. Placental insufficiency is the main feature 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 oxygen to the developing fetus, leading to serious fetal injury. 

In particular, neuronal cells are well known to be more sensitive to impaired oxygen 

supply compared to other cells types (Haddad and Jiang 1993), and the arrest of 

oxygen flow to the brain, lasting just a few seconds can induce permanent damage  

(Cullen, Augenstine et al. 2011). Several studies of prenatal hypoxia have shown 

impaired neocortical development, increased neuronal apoptosis, alteration in white 

matter organization and myelinisation in the offspring (Gaffney, Squier et al. 1994, 

Ness, Romanko et al. 2001, Nalivaeva, Turner et al. 2018). These are typical features 

of ASD and other NDDs. Furthermore, fetal hypoxia can lead to intrauterine growth 

restriction (IUGR) (Ream, Ray et al. 2008), a condition well known to be associated 

with ASD. Despite the close association between hypoxia and brain damage, how PE 

affects fetal brain development has been poorly investigated.  Thus, the initial part of 

the thesis was dedicated to the investigation of 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.  

        

1.5.2 Intrauterine hypoxia in pregnancy disorders: Preeclampsia (PE) 

 

In 1983, Stuart Campbell showed the association between the increased vascular 

resistance and the insurgence of PE and/or IUGR (Campbell, Diaz-Recasens et al. 

1983). PE is a pregnancy condition characterized by the reduced  blood flow to the 

placenta with consequent reduction of oxygen delivery to the fetoplacental circulation 

(Myatt 2002). Oxygen plays a crucial role during placentation. Several studies have 

shown that intrauterine oxygen concentrations along with the mechanisms controlling 

its homeostasis are responsible for the correct placental development, and can 

compromise both structure and function (Fryer and Simon 2006, Burton 2009). During 

the early first trimester of pregnancy (<8 weeks of gestation) a low 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 intervillous space is open to maternal blood, the oxygen level reaches 

approximatively 6-8% (Jauniaux, Watson et al. 2000). In PE, the reduced blood supply 

to the placenta, leads to the intravillous oxygen level of 2-4% (Zamudio 2003). The 

sustained hypoxia along with the reduced partial pressure of oxygen (PO2) are 

responsible for the maintenance of the non-invasive, proliferative phenotype, 

inhibiting the capability of extravillous 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. 1999). Placentation at high 

altitude (~ >2700 m) has been used as in vivo model to analyse the involvement of 

hypoxia in the insurgence of placental dysfunctions during PE (Moore et al. 1982). 

The characterization of placentas from high altitude have shown analogies with that 

observed in PE such as: reduced uteroplacental arterial invasion, impaired uterine 

arterial remodelling, the preference of the proliferative state of invasive trophoblasts 

cells, higher levels of proinflammatory cytokines and antiangiogenic factors (Moore, 

Hershey et al. 1982, Palmer, Moore et al. 1999, Zamudio 2007).  
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1.5.2.1 PE definition  

 

PE is a pregnancy specific complication characterized by hypertension (blood 

pressure ≥140/90 mmHg), proteinuria (≥300 mg protein in urine) and maternal organ 

dysfunction (liver, kidney, neurological problems) developed after 20th week of 

pregnancy (Mammaro, Carrara et al. 2009). Generally it affects 5% of all pregnancies 

(Stillman and Karumanchi 2007). It appears more frequently in women at the first 

pregnancy or to those with multifetal pregnancy (Walker 2000).  If untreated it can 

evolve to a more complicated condition known as eclampsia which is characterized by 

the presence of seizures (Al-Jameil, Aziz Khan et al. 2014). There is no cure available 

and the only effective treatment is to plan a premature delivery of the fetus and 

placenta before 34 weeks of pregnancy with a consequent neonatal damage (Sibai 

2003). 

 

1.5.2.2 Clinical manifestation  

 

PE can be classified into early and late-onset, and into mild and severe forms. The 

symptoms of early-onset preeclampsia generally appear between 20-34 weeks of 

gestation, while the symptoms of late-onset appear at or after 34 weeks of gestation 

(Lisonkova and Joseph 2013, Tranquilli, Brown et al. 2013). The incidence of their 

manifestation is also different, the early onset preeclampsia cover between 5-20% of 

all cases, while the late onset occur for the other 80-95% (Tranquilli 2013). The 

pathological mechanisms responsible for the early and late onset PE are different, and 

are characterized by different maternal and fetal outcomes, biochemical markers and 

clinical features.  

The early onset subtypes represent the most severe clinical manifestation of the disease 

with higher risk to develop maternal and fetal complications (von Dadelszen, Magee 

et al. 2003, Duley 2009, Backes, Markham et al. 2011, Sibai 2013). The early onset is 

associated with an increase of maternal vascular resistance responsible for abnormal 

placentation and consequent higher incidence of neonatal morbidity and mortality 

compared to the late onset onset (Murphy and Stirrat 2000, Ness and Sibai 2006), 

which are instead associated to low vascular resistance (Valensise, Vasapollo et al. 

2008). Late onset PE usually does not have major devastating impact on pregnancy, 
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but is instead associated with a higher incidence in maternal morbidity. In the late 

onset there is no alteration in placental volume and no significant fetal growth 

restriction as observed in the early onset PE (Madazli, Yuksel et al. 2014).  

PE can be further classified 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 mmHg in combination to 

manifestation of the HELLP (haemolysis, elevated liver enzymes and low platelet 

count) syndrome (Backes, Markham et al. 2011). Mild PE is instead diagnosed when 

women experience all the symptoms of PE but not of severe PE. Besides HELLP 

syndrome, severe preeclampsia is characterized by other features including glomerular 

endotheliosis, oedema, headaches, nausea, vomiting and visual disturbances 

(Townsend, O'Brien et al. 2016). However, despite all the differences in clinical 

presentations, all types of PE have as common feature the endothelial dysfunction 

(ED) associated with general vasoconstriction and reduced blood flow to multiple 

organs (Powe, Levine et al. 2011).  

 

1.5.2.3 Risk factors  

 

The mechanisms responsible for the insurgence of PE are poorly understood, however 

there are numerous predisposing factors that increase the possibility to develop it. 

Among these, several studies have shown that a past history of PE increases the risk 

to develop it again (Duckitt and Harrington 2005). The insurgence of PE is also 

associated with pre-existing medical conditions. These include chronic hypertension 

(Sibai, Mercer et al. 1991), chronic kidney disease (Rolfo, Attini et al. 2013), obesity 

(O'Brien, Ray et al.), and diabetes mellitus (Garner, D'Alton et al. 1990, Sibai, Caritis 

et al. 2000). Risk factors of PE also include multifetal pregnancy (Fox, Roman et al. 

2014), advanced maternal age, previous pregnancy complication associated with 

placental insufficiency, as well as the use of assisted reproductive technology 

(Tandberg, Klungsøyr et al. 2015). Further, woman with genetic predisposition 

(Esplin, Fausett et al. 2001), and pre-existing vascular diseases (Hutcheon, Lisonkova 

et al. 2011) have more chance to develop the pathology. However, despite the well 

known the association of these risk factors with PE the mechanisms which lead to its 

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

 

The clinical manifestations of PE disappear after the delivery of the placenta, however 

both mother and fetus experience long life consequences. The cardiovascular and renal 

system of pregnant women undergo important adaptations, which include changes in 

cardiac output, heart rate, increased plasma volume and vascular vasodilation 

(Chapman, Abraham et al. 1998). The 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 thromboembolism, later in life, 

(Garovic and Hayman 2007, Ahmed, Dunford et al. 2014). Women with PE can also 

have impaired renal function. The decrease of glomerular filtration rate (GFR) in the 

kidney, developed during the early gestation, leads to unexplained stillbirth and 

abortions (Gibson 1973).  Women with PE in the first pregnancy also have higher 

probability to develop end-stage renal disease, compared to women with normal 

pregnancy (Vikse, Irgens et al. 2008). Further, these women have increased chance to 

develop cerebrovascular disease (Miller 2019), and long-term atherosclerotic 

morbidity (Kessous, Shoham-Vardi et al. 2015). 

The major neonatal complications associated with PE include pre-maturity, low birth 

weight, IUGR and mortality, which incidence is higher when associated with severe 

preeclampsia (Conrad and Benyo 1997, Keyes, Armaza et al. 2003). The long term 

effect on the cardiovascular system does not affect only women with previous history 

of PE but also the offspring which present higher chances of developing hypertension 

(Herrera-Garcia and Contag 2014) and stroke (Kajantie, Eriksson et al. 2009) later in 

life. Further, these children show higher susceptibility to neurodevelopmental and 

behavioural problems as they grow up (Walker, Krakowiak et al. 2015, Nomura, John 

et al. 2017, Maher, O'Keeffe et al. 2018).  

 

1.5.2.5 Pathophysiology: Two stage model    

 

PE is a pathology of obscure aetiology, and many theories have been suggested 

(Broughton Pipkin and Rubin 1994, Warrington, George et al. 2013). However, a 

general two stage model, introduced for the first time by Redman in 1991, is used to 

explain the pathogenesis of the disease (Redman 1991). The first stage occurs during 
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the first trimester of pregnancy and is characterized by placenta insufficiency that 

converge to ED and trigger the second stage better known as maternal syndrome 

characterized by the development of the clinical symptoms (Fig.1.3) (Roberts and 

Hubel 2009, Alasztics, Kukor et al. 2012). 

 

Stage 1: Placental dysfunctions  

The placenta plays a key role during pregnancy. Its importance was initially reported 

by Benirschke and Driscoll in 1961 when they described a new pathological condition 

known as maternal floor infarction of the placenta (Benirschke 1961). This was 

characterized by the presence of fibrinoid material along the maternal surface and 

intervillous spaces of the placenta responsible for adverse neonatal outcomes such as 

increased perinatal morbidity and mortality, premature delivery and IUGR 

(Benirschke 1961). Since then more studies have proved the importance of the 

placenta for a successful pregnancy and its impaired function has been associated with 

pathological conditions, such as PE. During pregnancy the spiral arteries in the uterus 

undergo to an intense process of remodelling to ensure the right amount of maternal 

blood flow to the placenta. During the first semester of gestation, the haemochorial 

placentation is characterized by the diffusion of invasive trophoblasts into the uterine 

spiral arteries of the decidua and myometrium with consequent remodelling of the 

uteroplacental spiral arteries (Pennington, Schlitt et al. 2012, Ji, Brkić et al. 2013). 

This remodelling is characterized by the loss of the original arterial structure including 

the endothelium, the intima, and the elastic structures. In this way, the spiral arteries 

dilate in a funnel shape as they reach the placenta, switching from small high resistance 

vessels into large sinusoidal vessels. This remodelling leads to the reduction of the 

blood flow rate that is of crucial importance to prevent damage of the delicate placenta 

villi and microvilli (Hunkapiller and Fisher 2008b). In PE the trophoblasts invasion of 

the spiral arteries is limited to the superficial layers of the decidua without extending 

to the myometrium portion. This incomplete spiral artery remodelling leads to reduced 

placental perfusion, reducing the uteroplacental blood supply and oxygen. This leads 

to the production and release of reactive oxygen species (ROS), inflammation and 

apoptosis responsible for ED (Sanchez-Aranguren, Prada et al. 2014, Aouache, 

Biquard et al. 2018).  
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Stage 2: From placental dysfunction to maternal syndrome   

The second stage of this model is a consequence of poor placental perfusion, maternal 

endothelial cell dysfunction, systemic inflammation and leads to the manifestation of 

the clinical symptoms of PE such as hypertension and proteinuria. Further, the 

reduction of the blood flow damages several maternal organs including brain, liver, 

kidney and heart. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.Two stage model of the pathogenesis of PE.  

The insurgence of PE occurs in 2 stages. Stage 1, is induced by the reduced vascular 

remodelling and consequent placental dysfunction. Stage 2, is the manifestation of the 

maternal clinical symptoms of PE such as hypertension, proteinuria and organs 

dysfunction.  
 

1.5.2.6 Uteroplacental circulation: trophoblasts cells function 

  

The placenta is generally described as a disc/shaped structure which function is to 

connect the fetus to the uterus. The development of the placenta occurs before the 

embryo in order to support fetal growth. Its initial structure is characterized by a cavity 
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full of chorionic villi suspended in the maternal blood circulation that modulate the 

exchange of nutrients, oxygen and wastes between mother and embryo (Gude, 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. 2017). These are the syncytiotrophoblasts, engaged in the 

formation of the external layer that cover the embryonic villi, and mononuclear 

cytotrophoblasts cells (CTBs), responsible for the differentiation and invasion of the 

sub-endometrial area and the maternal spiral arteries (Hunkapiller and Fisher 2008). 

Spiral arteries, so called for their coiled appearance, supply blood to the placenta 

during gestation.  For this purpose these vessels undergo an extensive process of 

remodelling characterized by the increase of the terminal diameter, which is associated 

with the reduced blood flow velocity to the intervillus space (Roberts 2014). The 

reduced velocity is of primary importance to protect the placental villi and to allow 

oxygen extraction. The artery remodelling occurs after the loss of smooth muscle cells 

and elastic lamina from the spiral wall and consequent invasion of trophoblast cells to 

replace the endothelium. The process of invasion starts with the depolarization of 

CTBs that become strongly interconnected one to the other, and generate aggregates 

attached for one extremity to the placenta and for the other extremity to the uterus. 

These aggregates better known as CTBs columns form a bridge that connect the uterus 

to the placenta (Prakobphol, Genbacev et al. 2006). This bridge allows the migration 

of the invasive cells to the uterine walls. Here the invasive CTBs initiate the 

remodelling of the venous components of the uterine portion breaching the blood 

vessels and linking the venous and arterial system with the intervillous area. At this 

point the remodelling of the venous side is interrupted, and the CTBs invade the spiral 

arterioles, replacing the endothelial portion of the vessels and the muscular wall. This 

process of remodelling stops in the inner third of the myometrium for unknown 

reasons, and occurs in association with morphological and molecular changes 

(Pijnenborg, Bland et al. 1981). The first molecular change is the upregulation of 

typical receptors and ligands located in the endothelial or vascular smooth muscle 

cells. Furthermore, the expression of epithelial-like molecules of ectodermal origin, 

such as epithelial-cadherin, are downregulated and replaced by vascular-endothelial 

cadherin which help the cells to adhere to each other (Zhou, Fisher et al. 1997). In 

addition, invading CTBs upregulate the expression of vascular endothelial growth 

factor ligands and receptors of the arterial endothelium, which are necessary for their 
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interactions with spiral arteries (Fisher 2015). In this process of differentiation and 

invasion, CTBs penetrate amongst the smooth muscle cells forming the tunica media 

of the vessels and reach the arteries in the decidua and in the inner myometrial 

segments. In this way the spiral arteries undergo the physiological and mechanical 

changes necessary for the correct placental perfusion. This transformation occurs in 

collaboration with immune cells [mainly natural killer cells (NKs) and macrophages] 

which guide trophoblastic invasion to initiate the process of remodelling, and produce 

angiogenic factors such as vascular endothelial growth factor (VEGF) (Eastabrook, 

Hu et al. 2008, Robson, Harris et al. 2012). Contrarily, remodelling of the venous 

component of the uterine circulation is reduced 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 process have been associated with the 

insurgence of pregnancy pathologies like IUGR and PE (Brosens, Robertson et al. 

1970, Cartwright and Whitley 2017). 

 

1.5.2.7 Cytotrophoblast cells defect and association with PE 

 

Contrarily to normal pregnancy, PE in characterized by shallow and incomplete CTBs 

invasion in the maternal spiral arteries. A study conducted on serial sections of 

placental biopsies of women with PE, showed that only a restrict numbers of spiral 

arterioles contained CTBs. The majority of CTBs were located far from these vessels, 

and in case of CTBs detection, their invasion was limited only to the vessel located in 

the decidua portion without extending to the inner third of the myometrium 

(McMaster, Zhou et al. 2004).  During PE, CTBs lose the ability to form aggregates 

among themselves, retaining their round shape and losing the ability to adhere to the 

vessel wall. Thus, CTBs display two main features responsible for the insurgence of 

PE: limited capacity of vascular invasion, and morphological alterations associated 

with reduced maternal vessels interaction. Both of these features are responsible for 

the impaired remodelling of the spiral arteries that fail to enlarge and to supply the 

right amount of the blood flow to the placenta. The failed terminal dilatation is 

responsible for villus damage characterized by the presence of villus fragments into 

maternal circulation and by the production of procoagulants into the intervillus space 

(Roberts 2014). In addition, the lack of this process is associated with several vessels 
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abnormalities such as atherosis, fibrin deposits and lipid accumulation (Sheppard and 

Bonnar 1976). 

 

1.5.2.8 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 status (Endemann 

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

by PE has been described initially by Roberts et al in 1989 (Roberts, Taylor et al. 

1989). The impaired physiological functions of endothelial cells during PE contributes 

to the insurgence of the clinical manifestation of the pathology in the last trimester of 

gestation. It seems that the endothelium of pregnant women with PE is incapable of 

adapting to the new exigence, being still sensitive to vasoconstrictors, and presenting 

reduced levels of [Ca2+]i signalling and vasodilators (Boeldt and Bird 2017). Women 

with PE are characterized by high levels of circulating anti-angiogenic factors such as 

the soluble fms-like tyrosine kinase-1 (sFlt-1 or sVEGFR1), that role is to 

downregulate the expression of the VEGF and placental growth factor (PlGF) 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 release of nitric oxide (NO) and prostacyclin (Pandey, 

Singhi et al. 2018). NO is a potent vasodilator, particularly active in promoting 

vasodilation during normal gestation. Further, it has been proven, that the reduction of 

VEGF impaired the normal functionality of the kidney, leading to proteinuria and 

glomerular endotheliosis (Eremina, Sood et al. 2003).  Pro-thrombotic and pro-

inflammatory markers, which enhance the damage of ED dysfunction, are also 

abundant in women with PE such as elevated levels of tumour necrosis factor-alpha 

(TNF-α) (Muzammil, Singhal et al. 2005, Zak and Soucek 2019) and interleukin (IL)-

6 (Lamarca, Brewer et al. 2011, Ma, Ye et 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 order to prevent their insurgence and discover new treatments. 

However, the choice of the appropriate animal model to use must take into 

consideration the translatability of mother, fetus and placenta between animals and 

humans. For these reasons the knowledge of the main features of the animal and its 

gestation is of fundamental importance to select the best animal model.  

 

1.6.1 Placental anatomy across species    

 

The placenta is a specialised organ developed during pregnancy whose function is to 

ensure and support 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 systems. 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 

exchange (Kay, Nelson et al. 2011, Grigsby 2016). In addition it creates an immune 

barrier to protect the embryo against the attack of maternal antigens, and works as a 

temporary endocrine organ which function is to produce hormones and growth factors 

to support and maintain the normal pregnancy (Schumacher, Costa et al. 2014).  

The mechanism by which the placenta performs these functions changes between 

different species (Leiser and Kaufmann 1994, Georgiades, Ferguson-Smith et al. 

2002).  Mossman described the placental function across the species with the famous 

quote: “the normal mammalian placenta is an apposition or fusion of the fetal 

membranes to the uterine mucosa for physiological exchange”(Mossman 1991), that 

summarise the concept of maternal and fetal correct interaction as a perquisite to 

proceed toward a successful pregnancy.  Among mammals the placenta can been 

classified according to the shape, histological morphology of the interface between 

mother and fetus and the differences of maternal-fetal interdigitation (Ramsey 1982, 

Furukawa, Kuroda et al. 2014). Four different placenta types are known based on the 

gross structure and on the extension of the exchange area between mother and fetus. 

These are: the Diffuse (horses and pigs), Multicotyledonary (ruminants), Zonary 

(carnivores) and Discoid/Bidiscoid (primates, rodents, rabbits). A further subdivision 

can be obtained according to the variations in the trophoblasts layers within the 

interhemal area of the chorioallantoic placenta. These are Epitheliochorial (horses, 
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ruminants), Endotheliochorial (carnivores), and Hemochorial (rodents, rabbit, 

primates) (Carter and Enders 2004, Furukawa, Kuroda et al. 2014, Grigsby 2016).  

The correct placentation occurs following specific steps, which include the correct 

trophoblastic invasion, the trophoblast vascularization to form and maintain feto-

placental vasculature, and the remodelling of maternal vasculature to support the 

circulation between utero and placenta. In the case of epitheliochorial or 

endotheliochorial species, the trophoblasts invasion during implantation occurs 

without the erosion of the maternal tissue, thus there is no straight connection between 

maternal blood and fetal tissue. In the case of haemochorial placentation, present in 

primates, the trophoblast invasion occurs with the destruction of maternal vessels that 

leads to the direct contact of trophoblast with maternal blood (Carter and Enders 

2004). This allows the efficient exchange of oxygen and nutrients between mother and 

fetus. The degree of trophoblast 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 

trophoblasts. Thus, the human placenta shows the highest level of invasion and almost 

total digestion of maternal vessels. Rabbit have hemodichorial placental characterized 

by two layers of trophoblasts and, rodents (mice and rats) have hemotrichorial 

placental barrier characterized by three layers of trophoblasts between the maternal 

blood and the fetal vessels of the chorionic plate.   

 

1.6.2 Rodents and humans placentas: rat a suitable animal model 

 

The perfect animal model to study PE should reproduce the main characteristics of the 

pathology in pregnant women, including the altered immune response, reduced 

uteroplacental perfusion and fetoplacental ischemia, followed by inflammation, 

hypertension, proteinuria and ED. Several animal models have been generated to 

reproduce a suitable system for characterizing PE. The individuation of the proper 

animal model requires particular attention since PE is a spontaneous disorder that 

affects only pregnant women and few ape species, including chimpanzees (Stout and 

Lemmon 1969) and gorillas (Baird 1981). Since species characterized by hemochorial 

placenta share some morphological and functional analogies, rat and mice have often 
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been chosen as an animal model to study human placentation (Pijnenborg, Robertson 

et al. 1981, Soares, Chakraborty et al. 2012).  

Humans, rats and mice placentas are classified as hemochorial type, since the 

trophoblasts are directly immersed in the maternal blood (Knipp, Audus et al. 1999). 

As shown below (Fig. 1.4) mice and rats are characterized by a trichorial labyrinth 

zone (LZ), while humans have a monochorial villous placenta structure. The LZ in 

rodents corresponds to the villous compartments in humans, since they share the same 

functions, while the junctional zone (JZ) represents the extravillous trophoblasts 

column of human placentation (Soares, Iqbal et al. 2017). Underlying the basal plate 

in humans, there is the decidua, which represents the site of implantation, and the area 

where the spiral arteries penetrate to connect the maternal blood flow to the 

intervillous space. This is similar to the decidua and metrial gland present in rodents. 

Three types of decidual cells are found in humans and rodents that are: swollen 

fibroblasts, differentiated and undifferentiated decidual cells (Wooding and Burton 

2008).  In addition the decidua of both species is populated by NK cells that have the 

same functional role in spiral arteries remodelling (Croy, Chantakru et al. 2002, 

Manaster and Mandelboim 2010). Extravillous trophoblast cells are the analogues of 

invasive trophoblasts in rats and mice. The invasion of interstitial and endovascular 

trophoblasts associated with vascular remodelling in rats and mice is very close to the 

same events observed in humans (Pijnenborg, Bland et al. 1983). However, 

differences have been reported on the extension of their invasion. As in humans, rats 

are characterized by deep trophoblast invasion of the decidua and of the mesometrial 

triangle (Ain, Canham et al. 2003, Soares, Chakraborty et al. 2012). Further, rats 

endovascular trophoblast invasion is activated by maternal hypoxia (Rosario, Konno 

et al. 2008). In contrast, mice show shallow interstitial trophoblastic invasion that does 

not extend into the myometrium, and the endovascular invasion concerns only the 

mesometrial decidua. Further, the invasive trophoblasts in mice are more perivascular 

rather than intraluminal as in rats. Regarding the placenta structure, at gestation day 

13.5, the LZ and JZ of rat are already well developed (Ain, Konno et al. 2006). This 

allows their easy manipulation and separation compared to mouse placenta where the 

presence of interdigitation make this process more difficult. This evidence taken 

together suggest that the rat may represent more suitable model to analyse trophoblast 

invasion and impaired spiral arteries remodelling during PE. 
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Figure 1. 4. Mouse, rat and human placentation representation.  

Human and rat are characterised by deep intrauterine trophoblast invasion, contrarily 

to mouse who exhibits shallow invasion (Soares, Iqbal et al. 2017). junctional zone 

(JZ), labyrinth zone (LZ).   

    

 

1.6.3 Rat placenta  

 

Rats are characterized by a hemotrichorial placenta associated to discoid phenotype 

(Furukawa, Hayashi et al. 2011). The definitive placenta is formed around the 14th day 

of embryonic development and is characterized by three anatomically and 

physiologically independent compartments (Fig. 1.5): the LZ and the JZ, which 

represent the fetal component, and the decidua (D), which represent the maternal 

component. 

The LZ, derived from the interaction of the allantois with the chorionic ectoderm, 

represents the largest compartment of the placenta. Its development occurs at 9.5 

embryonic days in concomitance with the beginning of the heartbeat and fetal 

circulation (Gekas, Dieterlen-Lievre et al. 2005). It is mainly composed by the 

maternal sinusoids, trophoblastic cells (two layers of syncitiotrophoblasts that enter in 

contact with fetal endothelium, and one layer of cytotrophoblast in contact with the 

maternal blood), and fetal capillaries. With the progression of pregnancy, the number 

of trophoblastic cells decrease, while their size increases. The trophoblasts 

proliferation reach the peak on embryonic day 13, for then slowly decreasing until the 

end of pregnancy (Furukawa, Tsuji et al. 2019). This cellular organization is typical 

of haemotrichorial placentation, and differs from the haemomonochorial placentation 

present in humans (Cross 2000). The LZ is also characterized by stem cells that can 

differentiate into trophoblast giant cells, but with restricted endocrine functions. 

Syncitiotrophoblasts cells play a key role in transferring oxygen, waste and nutrients 
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between maternal and fetal circulation, thus the LZ can be considered the major area 

of maternal-fetal exchange in the rat and mouse placenta (Georgiades, Ferguson-Smith 

et al. 2002, Watson and Cross 2005). In the human placenta this area is represented by 

the villi surrounded by intravillous space bathed with maternal blood. 

The JZ, also known as spongy region, is located between the maternal decidua and the 

LZ. In association with the LZ, it forms the other major compartment of the mature 

rat’s placenta. It is mainly composed by four trophoblast cell lineages derived from 

trophoblast progenitor cells: trophoblast giant cells, spongiotrophoblast cells, 

glycogen cells, and invasive trophoblasts (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 placenta. The 

spongiotrophoblast cells are the most abundant cells within the JZ. These cells also 

have endocrine functions, in addition to maintaining the secretion of progesterone 

from corpus luteum. They are active in the initial production of luteotropic and 

lactogenic hormones during gestation (Ain, Canham et al. 2003). The glycogen cells 

generated during midgestation, represent a source of glycogen and generally disappear 

before the end of the gestation. These cells are analogues in function to the human 

extravillous trophoblast since they are engaged in the invasion and remodelling of the 

uterine spiral arteries (Silva and Serakides 2016). This process, as previously describe 

leads to the increase of the blood flow to the placenta. The glycogen cells invade the 

maternal D where they stimulate NKs to start the process of remodelling (Adamson, 

Lu et al. 2002). Always in the D the glycogen 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 development (Bouillot, 

Rampon et al. 2006).    

Invasive trophoblast cells are generated during midgestation from the JZ. These cells 

have the propriety to invade the mesometrial uterine compartment where in 

combination with glycogen cells and NKs participate in the process of vascular 

remodelling. Invasive trophoblasts surround and invade the spiral arteries, and are 

characterized by retrograde migration as human extravillous trophoblasts (Pijnenborg, 

Robertson et al. 1981, Pijnenborg, Vercruysse et al. 2006). There are two different 

types of invasive trophoblasts: interstitial trophoblasts located between the blood 

vessels and endovascular trophoblasts that replace the endothelium (Silva and 
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Serakides 2016). Before to 13.5 embryonic days the invasive trophoblasts are 

localized in the mesometrial decidua, while after 14.5 embryonic days they reach the 

metrial gland (Ain, Canham et al. 2003). The interstitial trophoblasts are engaged in 

the production of nitric oxide synthase, endothelial nitric oxide synthase and inducible 

nitric oxide synthase to allow the enlargement of the arteries located at the maternal-

fetal interface (Krause, Hanson et al. 2011). 

The next compartment is the D formed by modified maternal endometrial stromal 

cells. The external layer of the maternal-fetal interference is represented by the metrial 

gland located in the mesometrial triangle of the pregnant uterus. The D development 

starts from early gestation, becomes totally developed during midgestation and 

disappear towards the end of pregnancy. It is composed by intermixed decidual cells, 

uterine natural killer (uNK) cells, spiral arteries, and trophoblasts. This layer invades 

the myometrium, extending into the mesometrium.  

 

 

 

 

 

 

 

Figure 1. 5. Representative image of rat’s placenta.  

The three main compartments with their cells are here indicated: Decidua (D), 

Junctional Zone (JZ), Labyrinth (LZ). 

 

1.6.4 The reduced uterine perfusion pressure (RUPP) model  

 

The placental ischemia model try to imitate the abnormal events occurring during the 

first trimester of gestation in women affected by PE in order to develop the maternal 

symptoms later during gestation. As mentioned before during PE, the failure in the 

spiral artery remodelling is responsible for reduced blood flow to the uteroplacental 

circulation, with consequent reduction of oxygen and nutrient supply to the fetus. Thus 
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these models are based on partial or total occlusion of the blood vessels in order to 

explore the role of hypoxia in the insurgence of PE. The first attempt to reproduce the 

model was performed in 1939 by Ogden  et al, who reduced the placental perfusion 

clamping the abdominal aorta of anesthetized dogs (Ogden, Hildebrand et al. 1940). 

This procedure led to an approximate 50% decrease in blood flow and to an increase 

of blood pressure (BP) to 25 mmHg, which returned to normal when the clamp was 

removed (Ogden, Hildebrand et al. 1940). The same surgery performed in non-

pregnant dogs, did not show any increase in BP demonstrating a pregnancy specific 

pathology. Following that study further adaptation of this model, based on aortic or 

uterine artery constriction, were adopted also in other species such as rabbits 

(Losonczy, Brown et al. 1992), sheep (Leffler, Hessler et al. 1986) and primates 

(Cavanagh, Rao et al. 1985). In 1987 Eder and MacDonald developed for the first time 

the murine models for uteroplacental ischemia using laboratory rats (Sprague-

Dawley), (Eder and McDonald 1987). This led to the development of the well 

characterized model of reduced uterine perfusion pressure (RUPP) in rats which uses 

a combination of aortic constriction and occlusion of the uterine-ovarian arteries to 

reduce the blood flow to the uterus and generate a state of hypoxia-reperfusion injury 

present in PE (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) 14, pregnant rats weighing ~ 200-250g undergo clipping, 

placing a silver clip (0.203 mm) around the aorta above the iliac bifurcation (Fig. 1.6). 

To avoid the compensation of blood flow to the placenta due the adaptive increase in 

ovarian blood flow, both right and left uterine arcades are also clipped (0.100 mm) 

(Li, LaMarca et al. 2012).  Following this model the uterine blood flow is reduced by 

40% (Crews, Herrington et al. 2000). In parallel pregnant rats included in the control 

group undergo 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 GD 14. 0.203-mm (internal diameter) 

silver clip was placed around the aorta, above the iliac biforcation. Two silver clips 

0.1- mm (internal diameter) were placed around the left and right uterine arcade (Li, 

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 (approximately 20-30 mmHg increase of mean 

arterial pressure), increased urinary protein excretion (~ 5 fold), reduction in GFR 

(<40%) and renal plasma flow (<23%) (Alexander, Kassab et al. 2001). Reduced pup 

weight and litter size is also associated with RUPP (Alexander 2003, Morton, 

Levasseur et al. 2019). 

This model shows evidences of ED characterized by reduced NO and increased 

contractility of vascular smooth muscle cells (Granger, LaMarca et al. 2006). The 

RUPP model also shows an increase of angiotensin II type 1 receptor production, 

which activate the angiotensin II (AngII) receptor and leads to the increase of BP. The 

placenta and circulation of the RUPP rat have increased levels of ROS (Vaka, 

McMaster et al. 2018). Other characteristics include the increase of inflammatory 

markers (TNF- α, IL-6) (LaMarca, Bennett et al. 2005, Gadonski, LaMarca et al. 

2006), and angiogenic factors like sFlt-1, and soluble endoglin (Gilbert, Gilbert et al. 

2009). Taken all together these features summarise the phenotype of PE, indicating 

that the induction of the RUPP model can be a suitable strategy to better investigate 

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

 

Despite the advantages of the RUPP model of PE, the model a shows few limitations. 

First of all the increase of the BP is not always present in all species, or even in the 

same species (Abitbol, Pirani et al. 1976). The induction of the model requires rigorous 

conditions in order to allow the manifestation of the pathology that will disappear after 

the delivery of the placenta. For example the surgery has to be performed on 

embryonic day 14 in ~ 250g female rats (Ojeda, Grigore et al. 2008). Rats pregnancy 

lasts only 21-22 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, although the animals 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 syndrome (Balta, Boztosun 

et al. 2011).  

 

1.7 Inflammation  
 

1.7.1 Role of immune system in the pathophysiology of PE 

 

PE is usually diagnosed after the 20th week of gestation, even if the events that generate 

the insurgence of the pathology start during implantation (Tanaka, 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 macrophages, uNK cells, dendritic cells, and regulatory 

T cells (Hanna, Goldman-Wohl et al. 2006, Smith, Dunk et al. 2009, Williams, Searle 

et al. 2009). These cells ensure the proper invasion of trophoblast cells into the 

endometrium and promote the remodelling of the spiral arteries necessary for normal 

placentation (Smith, Dunk et al. 2009, Cornelius 2018).  In this way the spiral arteries 

undergo modification from narrow vessels into large vessels capable to increase the 

maternal blood supply to the placenta under low pressure conditions (Knofler and 
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Pollheimer 2012). This process is regulated by the balance between the number of 

immune cells and the cytokines produced from them including PlGF, VEGF, TNF-α, 

IL-1β, IL-6, IL-8 and angiogenic factors, that are essential for vascular remodelling 

observed in normal pregnancy (Abrahams, Kim et al. 2004, Dekel, Gnainsky et al. 

2010). Contrarily to normal pregnancy, 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 condition T helper (TH)1, and TH17, 

produce the pro-inflammatory cytokines TNF-α, IL- 6, and IL-17 in order to promote 

an inflammatory immune response against foreign pathogens. During PE, the T-cells 

secrete higher levels of these pro-inflammatory cytokines in the maternal serum and 

the placenta, leading to chronic systemic and local placental inflammation, which 

enhance the insurgence of PE (Gadonski, LaMarca et al. 2006).  

 

1.7.2 Prenatal infection and maternal immune activation  

 

Prenatal inflammation and consequent maternal immune activation (MIA) are strongly 

associated with the insurgence of ASD (Zerbo, Qian et al. 2015, Fernandez de Cossio, 

Guzman et al. 2017, Guisso, Saadeh et al. 2018, Solek, Farooqi et al. 2018). One of 

the first reported evidence of this association dates back to 1964, when after the 

pandemic of rubella, the incidence of ASD increased drastically (Stern, Booth et al. 

1969, Chess 1971). Further correlations between maternal infection and ASD were 

reported following the exposure to Toxoplasma gondii (Prandota 2010), herpes 

simplex virus (Gentile, Zappulo et al. 2014, Mahic, Mjaaland et al. 2017), bacterial 

infection (Abib, Gaman et al. 2018), and cytomegalovirus (Maeyama, Tomioka et al. 

2018, Slawinski, Talge et al. 2018). The variety of the pathogens responsible for ASD 

suggests that is the MIA during pregnancy, rather than a specific type of pathogen, 

that induces brain damage in the offspring. This assumption was confirmed by a study 

conducted in Denmark, where children born to mothers with severe viral infection 

contracted in the first trimester, and bacterial infection in the second trimester of 

pregnancy, resulted in the insurgence of ASD in the offspring (Atladottir et al. 2010). 

In addition, they also reported that the consumption of numerous antibiotics during 

pregnancy increased the chance to develop the disorder (Atladottir, Henriksen et al. 

2012). Infections during pregnancy may generate an inflammatory response 
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characterized by increased release of maternal pro-inflammatory cytokines 

responsible for altered fetal brain development (Meltzer and Van de Water 2017).  

  

1.7.3 Cytokines role during pregnancy 

 

Cytokines are cell-signalling molecules majorly involved in the immune regulation 

during pregnancy. These are mainly produced by CD4+ T lymphocytes, also known 

as helper T cells, which are further divided in Th1 and Th2 cells. Th1 and Th2 are 

involved in producing Th1- and Th2-type cytokines. Th1 cytokines such as TNF-α, 

interferon (IFN)-γ and IL-2 are usually associated with a pro-inflammatory response, 

while Th2 cytokines such IL-4, IL-5, and IL- 10 induce an anti-inflammatory response 

(Zhu, Yamane et al. 2009). Animal and human studies support that the alteration of 

the Th1:Th2 balance is associated with pregnancy loss (Reinhard, Noll et al. 1998, 

Saito, Nakashima et al. 2010, Sykes, MacIntyre et al. 2012). An acute maternal 

infection generates an inflammatory response characterized by the excessive 

production of pro-inflammatory cytokines and chemokines with induction of serious 

pregnancy complications such as damage to the developing fetal brain. 

As already mentioned, MIA can be induced not only in presence of active infection 

but also in case of a general status of inflammation observed in some pregnancy 

disorders such as PE or preterm birth (PTB) (Redman, Sacks et al. 1999, Cappelletti, 

Della Bella et al. 2016). Both conditions are characterized by increased Th1 immune 

activation with consequent pro-inflammatory cytokine production and reduction of 

Th2 response. However, it is important to note that other studies showed that the 

imbalance of either Th1 or Th2 is responsible for brain dysfunction, and also higher 

levels of Th2 cytokines have been associated with the manifestation of ASD (Gupta, 

Aggarwal et al. 1998, Saiki, Uda et al. 2004). 

Regarding the alteration of Th1 cells, increased concentration of inflammatory 

cytokine such as IL-1β, IL-6 and TNF-α have been found in the maternal serum and 

amniotic fluid of children with ASD (Chow, Craig et al. 2008, Jones, Croen et al. 

2017). The mechanism by which the high maternal cytokines reach the fetal circulation 

and the fetal brain inducing ASD are still not well understood. Three different 

explanations have been hypothesized. The first is associated with the ability of these 
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pro-inflammatory cytokines to cross the placenta, which is particularly true for IL-6. 

IL-6 can cross the placenta during early/middle gestation (GD13-14) but not later 

(GD17-19) (Dahlgren, Samuelsson et al. 2006). Further, Zaretsky and colleagues 

showed that IL-6 can cross the placenta in both directions (Zaretsky, Alexander et al. 

2004). Contrarily IL-1β and TNF-α show reduced ability to transfer through the 

placenta (Zaretsky, Alexander et al. 2004). The second theory is based on the placental 

production of cytokines as consequence of MIA (Abrahams, Schaefer et al. 2006). The 

third hypothesis is that MIA can activate fetal inflammatory response as observed in 

children with ASD (Patterson, Xu et al. 2008). However, the possible pathway 

required further investigations. For this purpose the use of animal models based on the 

injection of compounds that mimic viral or bacterial infection studies have become of 

great importance to understand the role of inflammation and impaired brain 

development.  

 

1.7.4 Cytokines functions in brain development 

 

Cytokines expression regulate the balance between inflammation and immune 

tolerance which is essential for promoting implantation, embryogenesis and fetal brain 

development. Their importance during neurodevelopment has been confirmed by a 

study conducted by Mousa and colleagues who detected their expression from 5 weeks 

of gestation in human brain (Mousa, SeigerA et al. 1999), as well as by studies 

conducted on animal models (Meyer, Feldon et al. 2009).    

Several cytokines, associated with their receptors, are constitutively expressed during 

fetal brain development in rodents (Burns, Clough et al. 1993, Meyer, Nyffeler et al. 

2006) and humans (Mousa, Seiger et al. 1999)  confirming their important functions 

in regulating and promoting normal brain development. In the adult and fetal brain, 

cytokines are mainly expressed by glial cells such as microglia and astrocytes (Giulian, 

Young et al. 1988, Meeuwsen, Persoon-Deen et al. 2003), whose expression increases 

after infection (Ye and Johnson 1999, Urakubo, Jarskog et al. 2001). 

In particular cytokines seem to have a role in glial cell development, in neurogenesis, 

neuronal migration, differentiation and apoptosis, thus any alterations in their 

expression in early brain development is associated with higher risk for NDDs (Bauer, 
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Kerr et al. 2007, Deverman and Patterson 2009, Jiang, Cowan et al. 2018). Several 

studies have been conducted in order to better elucidate the association between pro-

inflammatory cytokines and altered brain structure. A study conducted on pregnant 

mice has shown that the exposure to altered levels of maternal pro-inflammatory 

cytokines is associated with impaired brain morphology of the offspring, characterized 

by pyramidal cells atrophy and abnormal corticogenesis (Fatemi, Earle et al. 2002). 

Another study based the injection of polyinosinic-polycytidylic acid (poly I:C) into 

pregnant mice has shown alteration in the hippocampus myelinisation and reduced 

axonal size (Makinodan, Tatsumi et al. 2008). Inflammation induced by MIA during 

pregnancy has also been associated with astrocytes and microglia alterations in the 

postnatal amygdala, with possible impairment of neuronal viability (O'Loughlin, 

Pakan et al. 2017).  

The increased production of IL-6, TNF-α, and IL-1β has also been shown in rodents 

injected with a component of the cell wall of gram-negative bacteria, 

lipopolysaccharide (LPS) (Schwarz and Bilbo 2011, Tessaro, Ayala et al. 2017). In 

particular, several studies based on intraperitoneal (i.p.) injections of this 

compound have shown the increase of these cytokines in the amniotic fluid, the 

placenta, fetal serum, and fetal brain (Gayle, Beloosesky et al. 2004, Ginsberg, Khatib 

et al. 2017) supporting their role in promoting a pro-inflammatory status. Further, 

elevated intrauterine levels of TNF-α and IL- 6 have been linked to preterm delivery 

which is very well known to be associated with autism (Thomakos, Daskalakis et al. 

2010). A study conducted in Saudi Arabia has shown increased concentrations of 

TNF-α, IL-1β and IL-6 from the sera of 76 children with autism, attention deficit 

disorder, Rett’s syndrome, and Asperger syndrome  (Al-Ayadhi 2005). Interestingly 

these three cytokines are also overexpressed in animal models of hypoxic/ischemic 

brain injury. These studies are mainly based on the ligation of the carotid artery in 

postnatal day (P) 7 rats, for few hours inducing a general status of hypoxia. The main 

findings of these manipulations showed increased levels of IL-1β and IL-6 mRNA and 

proteins with consequent extensive damage of cortical and subcortical area of the 

immature brain (Hagberg, Gilland et al. 1996, Hedtjarn, Leverin et al. 2002). 

IL-6, IL-1β and TNF-α cytokines are classified as pro-inflammatory cytokines since 

they are involved in early protection against infection and in starting and/or promoting 

inflammation.  

https://www.sciencedirect.com/topics/medicine-and-dentistry/bacterium-lipopolysaccharide
https://www.sciencedirect.com/topics/medicine-and-dentistry/bacterium-lipopolysaccharide
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IL-6 

IL-6 or B- cell differentiation factor (BSF-2) is a cytokine initially described for its 

ability to promote the maturation of B cells into cells producing antibodies (Hirano, 

Taga et al. 1985). However, its functions are more complicated and associated with 

the development of different cells types (Kishimoto, Akira et al. 1995). In the brain 

IL-6 and its receptor IL-6R are expressed on/in both glial and neuronal cells in the 

CNS (März et al. 1999), in sympathetic and sensory ganglia (Gadient and Otten 1996), 

in adrenal chromaffin cells (Gadient, Lachmund et al. 1995) and endothelial cells 

(Motro, Itin et al. 1990). Although IL-6 expression has been reported in both central 

and peripheral nervous system, its role is controversial, and is strictly associated with 

its concentration, cell type, and timing. Thus IL-6 exposure can induce 

neurodegeneration (Samuelsson, Jennische et al. 2006) or promote neurite  outgrowth 

(Leibinger, Müller et al. 2013). IL-6 expression in the brain can be affected by other 

cytokines and as well as by inflammatory agents. IL-6 represents one of the most 

important cytokines involved in inflammation. High levels of IL-6 have been found in 

fetal brain after MIA (Smith, Li et al. 2007, Hsiao and Patterson 2011, Wu, Hsiao et 

al. 2017) and in children with impaired brain development (Massaro, Scaravilli et al. 

2009, Wei, Alberts et al. 2013). A large study conducted on pregnant rats has shown 

that the only injection of IL-6 alone was sufficient to induce the insurgence of 

behavioural phenotypes associated with autism in the offspring (Smith, Li et al. 2007). 

High levels of IL-6 have been associated with brain damage such as white matter 

injury and cerebral palsy (Wu, 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 spines (Wei, Chadman et al. 2012). 

 

TNF-α 

TNF-α involvement in the inflammatory response and in ASD has been shown in 

several studies (Al-Ayadhi 2005, Chez, Dowling et al. 2007, Xie, Huang et al. 2017). 

A recent analysis conducted on 32 children with ASD have shown increased blood 

TNF-α levels (Xie, Huang et al. 2017). Further excessive TNF-α production after 

congenital human cytomegalovirus infection has been associated with NPCs death, 

impaired brain perfusion and alteration in cortical layering (Seleme, Kosmac et al. 
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2017). Its expression has also been associated with apoptosis of developing and mature 

oligodendrocytes (Jurewicz, Matysiak et al. 2005). Further TNF-α is implicated in 

placental damage (Silen, Firpo et al. 1989, Yui, Garcia-Lloret et al. 1994). The 

inhibition of TNF-α expression after LPS injection in late pregnancy was able to 

prevent fetal death (Gendron, Nestel et al. 1990), while the only administration of 

TNF-α alone was enough to cause placental cell death and fetal loss (Silver, Lohner et 

al. 1994).  

 

IL-1β 

IL-1 is characterized by two different proteins, IL-1𝛼 and IL-1𝛽, which bond with IL-

1 receptor and leads to a pro-inflammatory response (Dinarello 2009). IL-1𝛽 released 

by activated immune cells play a crucial role in mediating local and systemic 

inflammation. Prenatal exposure to poly I:C at embryonic day 16 showed increased 

levels of IL-1β in fetal brains, suggesting its negative effects during development 

(Arrode-Bruses and Bruses 2012). To confirm the association between IL-1𝛽 and 

brain damage is a study conducted by Guloksuz and colleagues which showed high 

levels of soluble IL-1𝛽 in children affected by autism compared to normal controls 

(Guloksuz, Abali et al. 2017). IL-1𝛽 has also been associated with placental damage 

and other neurodevelopmental dysfunctions in the offspring (Girard, Tremblay et al. 

2010, Arrode-Brusés and Brusés 2012). 

 

1.7.5 Association between cytokines and timing of fetal development  

 

The effect of maternal infection on the fetal brain is tightly associated with the stage 

of neurodevelopment. Epidemiological studies have shown that the susceptibility for 

psychiatric disorders can vary as the pregnancy progresses, highlighting the 

importance of the timing in which the infection occurs (Brown, Schaefer et al. 2000). 

To confirm this, studies based 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). Thus impaired latent inhibition, 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 mid-late gestation (Meyer, 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 timing of Poly I:C injection, with 

increased levels of IL-10 and TNF-α when injected during early-mid gestation (Meyer, 

Feldon et al. 2006). This confirm that the fetal brain vulnerability to prenatal exposure 

to pathogens varies according to different gestational stages (Meyer, Yee et al. 2007). 

   

1.8 Genetic risk factors  
 

1.8.1 Genetic bases of ASD 

 

As already mentioned ASD is a complex pathology likely derived from gene and 

environmental factors interaction (Chaste and Leboyer 2012, LaSalle 2013). ASD is 

considered the most heritability disorder among the NDDs, with higher probability of 

manifestation in first-degree relatives (Sandin, Lichtenstein et al. 2014). The 

concordance rate has shown to be of 70% in monozygous twins and between 5-30% 

in siblings (Bailey, Le Couteur et al. 1995). The investigation of the genetic basis of 

ASD is complicated. Genetic studies based on different genetic technologies, next 

generation sequencing and genome wide association studies have shown more than 

hundred genes involved in the insurgence of the disorders, characterized by 83.4% 

rare variants (Williams 2010). The heterogeneity of the phenotypes associated with 

the disorders derives from the interaction between several genes beside the interaction 

with environmental risk factors. Cytogenetic anomalies and single gene mutation 

contribute to 5% of the cases, while copy number variants (CNVs) to 10.0-35.0% of 

all cases (Miles 2011). Genomic CNVs are defined as structural variations of DNA 

fragments that undergo deletions and or duplications. Although their presence is not 

necessary detrimental, the lost or increase of segments of DNA change the general 

disposition of the genes on chromosomes leading to several human disease, including 

NDDs such as ASD (Lee and Scherer 2010, Zarrei, MacDonald et al. 2015). 

Several genes have been identified as possible candidates in inducing ASD. Many of 

these are associated with synaptic function, such as neurexin 1 (NRXN1), neuroligin 

(NLGN) 3,  NLGN4 and SHANK3 (Onay, Kacamak et al. 2017).  

Here the role of NRXN1, which mutations have been reported in case of ASD, SZ, 

developmental delay and mental retardation, was discuss (Jenkins, Paterson et al. 
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2016, Kim, Kishikawa et al. 2008, Bucan, Abrahams et al. 2009). In particular the α 

isoform of NRXN1, initially identified as a receptor for a spider neurotoxin α-

latrotoxin, is essential for calcium‐triggered neurotransmitter release (Dudanova, 

Sedej et al. 2006), and its impairment is responsible for neurodevelopmental delays.  

The initial evidences of NRXN1-α involvement in ASD derives from a study 

conducted by Friedman and Luiselli, who described a boy with autistic features 

characterised by de novo heterozygous deletion in the exons 1-5 (Friedman and 

Luiselli 2008). Following this study, NRXN1-α reduced expression, was associated 

with decreased miniature excitatory postsynaptic current (EPSC) frequency (Etherton, 

Blaiss et al. 2009). Further, NRXN1-α knockout mice have shown the main symptoms 

of ASD including altered social interaction, impaired locomotor activity in new 

environments and increased aggressive behaviours (Grayton, Missler et al. 2013).  

 

1.8.2 Neurexin-1 deletion in ASD: Structure and functions 

 

Neurexins (NRXNs) are a family of synaptic adhesion proteins expressed at the pre-

synaptic terminal which interact with Neuroligins (NLGNs) at the post-synaptic 

dendritic spine regulating synapses functions (Reichelt, Rodgers et al. 2012).  

The NRXN family are constituted by three genes (NRXN1, NRXN2, and NRXN3). 

All of them have two different promotors: an upstream promotor engaged in the 

transcription of larger NRXN1-α, and a promotor located in the middle of the gene 

responsible for the transcription of the shorter NRXN1-β. NRXN1 located on 

chromosome 2p 16.3 is one of the largest known human gene characterised by 1.12Mb 

and 24 exons (Tabuchi and Sudhof 2002). The two types of NRXN1 are characterized 

by different amino-terminal sequences but share identical cytoplasmic tails and same 

carboxy- terminal transmembrane regions. NRXN-1 α is characterized by six laminin, 

NRXN, sex-hormone-binding globulin (LNS) domains at the extracellular level 

separated by three epidermal growth factor (EGF)-like domains. Following these 

repeats, there is a C-terminal O-glycosylated stalk domain that is linked to 

the transmembrane domain. NRXN1-β is characterized by only one LNS domain and 

the same O-glycosylated stalk domain (Fig.1.7) (Tabuchi and Sudhof 2002). NRXN 

mRNAs undergo to alternative splicing.  NRXNs-α have 5 different alternative splice 

sites (SS#1 through 5), while NRXNs-β have only two sites SS#4 and #5. This 

generate thousands of isoforms (Tabuchi and Sudhof 2002).  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/neurotoxin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transmembrane-domain
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Figure 1. 7. Neurexins structure.  

The arrows show the alternative splicing positions for both α and β neurexins. (Miller 

et al. 2011). 

   

 

The postsynaptic neuroligins, NRXNs interact also with  the postsynaptic leucine-rich 

repeat transmembrane proteins (LRRTMs) (Ichtchenko, Hata et al. 1995, Uemura, Lee 

et al. 2010), and the GABAA receptor (Zhang, Atasoy et al. 2010).  

Interestingly, several studies have reported alteration in NRXN1 in healthy subjects 

and normal parents. This incomplete penetrance suggests the important role played by 

other genetic components and environmental factors for the manifestation of the final 

phenotype (Kim, Kishikawa et al. 2008). For example, an ASD cohort, patients with 

NRXN1-α deletions (NRXN1-α del) have associated with additional phenotypic 

findings such as hypotonia, epilepsy, speech delays, heart abnormalities (Duong, 

Klitten et al. 2012, Hedges, Hamilton-Nelson et al. 2012, Schaaf, Boone et al. 2012).  

The role of NRXN1 in ASD has been initially elucidated with the use of animal 

models. In addition to animal models generation, in vitro cellular model based on the 

use of induced pluripotent stem cells (IPSCs) provide a further tool to elucidate the 

function of CNVs during neurodevelopment.  

Here, IPSCs technology was used to characterize and phenotype NPCs and neurons 

derived from patients carrying NRXN1-α del and healthy donors. 

1.9 In vitro strategy: induced pluripotent stem cells  
 

The advent of iPSCs technology represents a new strategy to better understand the 

insurgence of genetic and degenerative disorders. In vitro differentiation of iPSCs 

from patients afflicted with known diseases, recreate genetically matched cell types 

relevant to the disorder, which can reflect certain disease features. In association with 

our study IPSCs derived neurons with half reduction of NRXN1 expression showed 

impaired neuronal differentiation pathway and reduced astrocytes generation (Zeng, 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/neuroligin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/leucine-rich-repeat
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/leucine-rich-repeat
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Zhang et al. 2013). Thus, the use of iPSCs offers an excellent tool to reproduce the 

disease in a dish. 

 

1.9.1 Defining pluripotency  

 

The term pluripotency refers to the ability of the cells to differentiate into the three 

embryonic germ layers (endoderm, ectoderm and mesoderm) and to generate all the 

cells in the body. There are two characteristics used to describe stem cells: one is the 

ability of self-renewal, in which the asymmetric division generates a daughter cell that 

is able to maintain its undifferentiated 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 transient property presents only at the embryonic stage in cells called 

embryonic stem cells (ESCs), derived from the inner cell mass of a blastocyst, in the 

short period of post-fertilization and pre-implantation. Human embryonic stem cells 

(hESCs) were first isolated and maintained in culture by Thompson et al. in 1998 

(Thomson, Itskovitz-Eldor et al. 1998). hESCs have great importance in drug 

screening and therapeutic intervention  especially in the ambit of regenerative 

medicine (Klimanskaya, Rosenthal et al. 2008). This is because their differentiation 

can recapitulate the phenotype associated with the specific diseases, increasing the 

chances to create new treatments (Verlinsky, Strelchenko et al. 2005). However, their 

use is hindered by several limitations. First of all, hESCs for allogenic transplantation 

in different patients can activate the immune response leading to their rejection or to 

the induction of cancer formation (Vazin and Freed 2010). Secondly, the insurgent of 

ethical problems since their isolation leads to the destruction of the cells contained in 

the blastocyst with the inevitable death of the embryo. The advent of the iPSCs 

technology has become of great importance to overcome all these limitations. The 

expression of four transcription factors into somatic cells is sufficient to transform 

them into ESCs like, with the expectation to be a powerful tool to reveal disease 

specific molecular pathways, drugs discovery and cell transplantation therapies 

(Yamanaka 2012). 
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1.9.2 iPSCs derivation 

 

In 2006 Yamanaka and colleagues described for the first time the iPSCs technology. 

They discovered that the introduction of four transcription factors, Oct4 (also Known 

as POU5F1), Sox2, Klf4 and Myc, into mouse fibroblasts, was sufficient to convert 

them into cells having the same morphology and growth characteristics of ESCs 

(Takahashi and Yamanaka 2006). Soon after the same group demonstrated that the 

same transcription factors could generate iPSCs from human fibroblasts (Takahashi, 

Tanabe et al. 2007), while Thomson and colleagues proved that also a different 

combination of reprogramming factors such as NANOG and LIN28 instead of KLF4 

and MYC could generate human iPSCs (Yu, Vodyanik et al. 2007).  iPSCs share with 

ESCs the same capacity of unlimited proliferation, gene expression and teratoma 

formation. Further iPSCs are able to generate an adult chimera when transplanted into 

blastocysts (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 mutations, for the random integration of foreign 

genetic elements into the genome. To avoid this problem non integrative system have 

been developed such as transient transfections, non-integrating vectors, Sendai virus 

microRNA transfections, direct proteins translation (Grskovic et al., 2011).  

 

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 together with appropriate healthy controls; second the generation 

(reprogramming) of iPSCs and their characterization; third the iPSCs differentiation 

into the specific cell type, followed by cell phenotyping (Fig. 1.8). 
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Figure 1. 8. Schematic representation of the main steps used for IPSCs generation 

and differentiation.  
Isolated fibroblasts are reprogrammed into pluripotent stem cells by the introduction 

of the reprogramming factors. Once iPSCs are generated, they are expanded and 

characterized to test pluripotency, in order to be differentiated into NPCs cells and 

neurons.  

 
 

Human iPSCs have been generated from a variety of different cell type including 

keratinocytes (Re, Dogan et al. 2018) and blood cells (Li, Liu et al. 2016), however 

dermal fibroblasts remain the most popular cell type used due the accessibility and 

relativity high efficiency of reprogramming (Aasen, Raya et al. 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 crucial for iPSCs reprogramming. Studies in mice showed that 

fibroblasts from older donors show lower tendency to generate colonies compared to 

younger (Wang, Miyagoe-Suzuki et al. 2011). 

Primary fibroblasts cells can be easily isolated by skin punch biopsy and 

reprogrammed into iPSCs through integrating and non-integrated methods (Grskovic, 

Javaherian et al. 2011). The induction of pluripotency is associated with 

morphological changes of fibroblasts evident a few days after the reprogramming, 

until the formation of a cell clump that generates human ESCs like colonies. Once 

iPSCs colonies are generated the process is followed by their characterization, 
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expansion and cryopreservation in a biobank. The analyses of iPSCs to determinate if 

the reprogramming has occurred include different approaches for the evaluation of 

genes associated with pluripotency such as NANOG, TRA 1-81, SSEA-3, SSEA-4. 

  

1.9.4 iPSCs Characterization  

 

Once iPSCs are generated, extensive 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 different factors such as persistent expression of somatic 

genes (Kim, Zhao et al. 2011) or residual expression of the reprogramming factors 

(Okada and Yoneda 2011). Further, differences can be also found in the expression of 

pluripotency markers between iPSCs colonies. (Chan, Ratanasirintrawoot et al. 2009, 

Liang and Zhang 2013). Analysis of morphology and pluripotency markers are the 

first steps to ensure the validity of iPSCs reprogramming. The downregulation of 

fibroblast markers is accompanied by the induction of morphological changes, 

represented by an increase in nuclear size of the cells compared to cytoplasm which 

becomes more evident overtime and this represents the first criteria to isolate the iPS 

emerging colonies. The morphological changes are characterized also by the 

expression of pluripotency markers such as Tra1-60, Tra-1-81, SSEA-4, Nanog, Oct-

4, which can be detected by immunofluorescence and real time polymerase chain 

reaction (PCR). Additional assays usually performed  are the alkaline phosphatase 

staining in which iPS colonies turn in purple (Gonzalez, Boue et al. 2011), the teratoma 

formation after iPSCs injection in vivo,  and in vitro Embryoid Bodies (EB) assay 

(Park, Lerou et al. 2008). 

 

1.9.5 iPSCs differentiation into brain cells 

  

IPSCs differentiation into neuronal cell types has been already used to phenotype 

pathologies including Parkinson’s disease (Byers, Lee et al. 2012), SZ (Noh, Shao et 

al. 2017), Epilepsies (Du and Parent 2015) and Amyotrophic lateral sclerosis (Dimos, 

Rodolfa et al. 2008). In all these neurological diseases, hiPSCs have been 

differentiated into specific neuronal cell types that is known to be damaged. 
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The first protocols used to generate NPCs and neurons involved in EB formation and 

their differentiation into neural rosettes (Dhara and Stice 2008, Lin and Chen 2008). 

However, their ability to differentiate in a specific cell type is restricted by their 

different initial size (Bauwens, Peerani et al. 2008). To avoid this limitation new 

adherent culture system have been created, eliminating the EB generation. The 

monolayer cultures has the advantage to allow a uniform exposure to morphogens and 

growth factors. There are different protocols now available based on monolayer 

culture able to differentiate iPSCs into NPCs. Most of them are characterized by the 

inhibition of SMAD signalling adding small chemical compounds such us Noggin and 

SB431542 directly into the medium (Menendez, Yatskievych et al. 2011, 

Wattanapanitch, Klincumhom et al. 2014). Noggin is an inhibitor of bone 

morphogenetic protein (BMP) involved in neuronal development (McMahon, Takada 

et al. 1998). Its addition in hESCs culture has shown to improve the efficiency of 

neural generation (Dottori and Pera 2008). SB431542, inhibits the transforming 

growth factor-beta (TGFβ) pathway, and consequently the SMAD signalling, leading 

to hPSCs neural differentiation (Patani, Compston et al. 2009).  The combination of 

Noggin and SB431542 has been demonstrated to rapidly convert pluripotent stem cells 

into NPCs.  

In this study IPSCs derived NPCs were generated using Neural Induction Medium, a 

serum-free media that can convert iPSCs into NPCs in only one week avoiding EB 

formation or rosette picking (Yan, Shin et al. 2013).  

The first signs of the neuronal induction progression are the morphological changes 

of the cells associated with the expression of transcriptor factor such as paired box 

protein (PAX6) (Zhang, Huang et al. 2010). Several protocols have already been 

developed to differentiate cells into almost all brain cells which are also able to 

recapitulate human cortical development (Espuny-Camacho, Michelsen et al. 2013). 

 

1.9.6 Advantages and limitation in the use of iPSCs 

 

iPSCs technology represents a great promise in the field of regenerative medicine. 

Several studies have reported the validity of this technology in reproducing NPCs, and 

functional neurons characterized by synaptic transmission and action potentials 

(Khattak, Brimble et al. 2015, Kirwan, Turner-Bridger et al. 2015, Kang, Chen et al. 
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2017). The main advantage in the use of iPSCs is that the cells have the same genetic 

background of the patients from which they are derived, therefore there is minimum 

risk of immune rejection when transplanted. Further, there are no ethical concerns 

regarding their use, since they are generated from adult somatic cells. Another 

advantage is the use of iPSCs for personalised medicine, is in fact possible to 

investigate the genomic variations of a specific individual. Further although time 

consuming, the induction of iPSCs from a specific patient might be less expensive 

compared to the use of animal disease models.    

Besides these advantages, the use of iPSCs has numerous limitations. First of all the 

lack of homogeneity in iPSC lines. Culture conditions and environmental factors may 

affect iPSC propriety, interfering with the ability to differentiate into specific cell type, 

altering the validity of the disease modelling. Further, not necessarily every specific 

cell derived from iPSCs can recapitulate the disease phenotype, this because the 

interaction between the cells plays a relevant function in the manifestation of the 

disease. For these reasons, the application of iPSCs is generally restricted to 

monogenic diseases, since they are easier to phenotype. 

 

1.10 Aims and hypothesis of study  
 

Brain development is characterised by a series of well-regulated events initiating by 

NPCs proliferation, differentiation and migration occurring during early/middle fetal 

brain development, followed by myelinisation, synaptogenesis and circuit integration 

occurring mainly during late embryogenesis and postnatal. In the sequence of events 

above described seems clear that the induction of a negative insult, during early 

neuronal development, interrupt/destroy all the following stages, leading to a major 

structural and functional brain damage. This generate a range of psychiatric disorders 

including ASD, which symptoms are already evident in the first year of life. This may 

indicates that earlier abnormal events occurring during development may induce its 

manifestation since synaptogenesis, synaptic pruning and circuit integration are still 

ongoing processes. Thus, the investigation of the initial stages of fetat brain 

development are particular crucial to understand the aetiology of the disorder and 

eventually to prevent its insurgence. Furthermore, is well known that genetic factors 

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

environment are determinant in the insurgence 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 so three different strategies were adopted: 

 

1. Reproduce an animal model of intrauterine hypoxia to investigate the placental 

and fetal brain phenotype. This was achieved using the well characterised 

model of RUPP. 

Hypothesis 1:  Intrauterine hypoxia generated by PE may lead to morphological 

changes of the placenta phenotype in order to support fetal life. (Investigated in 

chapter 2). 

Hypothesis 2:  The chronic intrauterine hypoxia induced by PE may lead to abnormal 

fetal brain development. (Investigated in chapter 3). 

2. Analyse the effect of the main inflammatory cytokines: TNF-α, IL-1β and IL-

6 on neurite outgrowth in SH-SY5Y neuroblastoma cell line and in E14 

primary cultures of ventral mesencephalon (VM) dopaminergic (DAergic) 

neurons. DAergic neurons control the reword-motivated behaviour, through 

the mesocorticolimbic pathway and motor control through the nigrostriatal 

pathway. The impairment of these two pathways during development leads to 

drug addition, depression, and to stereotypes movements associated with 

ASD and other psychiatric disorders (Nikolaus, Wittsack et al. 2018). SH-

SY5Y cells mimic Daergic neurons in vitro. 

Hypothesis: The main pro-inflammatory cytokines TNF-α, IL-1β and IL-6 impair 

neuronal development. (Investigated in chapter 4). 

3. Generate and characterise iPSCs derived from healthy donors and NRXN1-α 

(exon 1-5) deletion. iPSCs obtained were differentiated into NPCs and 

neurons, in order to investigate NPCs cell fate determination and neural 

differentiation during cortical development. 

 

Hypothesis: NRXN-α deletion may affects NPCs proliferation, cell fate determination 

and neuronal maturation/differentiation (Investigated in chapter 5).   
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2.0 Abstract 
 

Preeclampsia (PE) is a human pregnancy disorder characterized by hypertension, 

proteinuria, and oedema. PE affects approximately 5% of all human pregnancies and 

is the main cause of maternal and fetal morbidity and mortality. There is no effective 

cure and the only treatment is premature delivery of the placenta. PE derives from 

reduced placental perfusion that is responsible for a placental ischemia/hypoxia 

microenvironment. Despite placental dysfunction playing 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 perfusion (RUPP) rat model of 

PE. After induction of RUPP on gestational day (GD14), pregnant Sprague-Dawley 

rats were sacrificed at GD19 under terminal anaesthesia with isoflurane (2% to 5% 

inhalation). The uterus were excised, the placentas and fetuses from the Sham group 

(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. 5µm 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 

(JZ), labyrinth zone (LZ)), as well as of the blood vessels within the JZ and LZ. Results 

showed a reduction of the JZ volume, of blood space within JZ and LZ, and altered 

LZ to JZ ratio in placenta from RUPP pregnancies compared to Sham. These data 

suggest that the induction of RUPP leads 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 for maternal and fetal health during pregnancy, and 

its dysfunction is associated with several pregnancies’ disorders. One of the most 

common pregnancy disorders is preeclampsia (PE) which is characterized by 

abnormal placentation and maternal endothelial dysfunction (ED) (Whigham, 

MacDonald et al. 2019). PE characteristics and physiopathology has been deeply 

described in section 1.5.2. 

The exact etiopathogenesis of PE is still not fully understood, however is believed that 

the presence of the placenta, rather than the fetus, generates its insurgence (Huppertz 

2008a). The altered placental development and function is characterised by the 

reduced cytotrophoblast cells (CTBs) invasion in the the spiral arterioles during the 

first trimester of pregnancy and with the increased levels of soluble fms-like tyrosine 

kinase 1 (sFLT-1), which has been proven to play a crucial role in the insurgence of 

PE  (Makris, Thornton et al. 2007, Possomato-Vieira and Khalil 2016). 

The development of an ischemic placental microenvironment is responsible for the 

reduced blood flow and oxygen supply to the utero-placental circulation and to the 

fetus (D'Ippolito, Di Simone et al. 2007). In addition, the ischaemic placenta releases 

inflammatory cytokines, reactive oxygen species (ROS) and anti- angiogenic factors 

(Possomato-Vieira and Khalil 2016). As the placenta plays a key role in supporting 

fetal growth, such small changes in its structure and function can impact the fetal 

development. Thus, the analysis of placental morphology has become of crucial 

importance in order to delineate 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 on 150 placentas (50 collected from normal 

pregnancies, 50 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 reported the presence of more diffuse placental 

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 gestation (Akhlaq, Nagi et al. 2012, Ezeigwe, Okafor et 
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al. 2018). Other parameters usually used to assess the placental health are the shape, 

diameters of the two axis, and placental volume. A more elongated phenotype, 

compared to the usual circular shape, was found in preeclamptic placentas compared 

to normal pregnancies (Kajantie, Thornburg et al. 2010). Same result was found in a 

study conducted by Segupta et al., who also reported a significant reduction in 

placental diameter (derived by the combination of the measurements of the two 

diameters) and thickness (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 basement membrane 

and reduced fetal capillaries diameter (Soma, Yoshida et al. 1982).  

Studies conducted on human placental samples have reported important histological 

and morphological changes of placentas associated with PE (Sankar, Bhanu et al. 

2013, Roland, Hu et al. 2016, Gómez, Ottone et al. 2018). However, several maternal 

factors can affect the placental development and physiology, influencing its phenotype 

and the following histological and morphological analysis (Burton, Sebire et al. 2014). 

This limitation can be overcome with the use of animal models. Among these, the 

most well characterized is the reduced uterine perfusion pressure (RUPP) model of 

PE. This, has already been classified as a good animal model, because it reproduces 

the main clinical symptoms evident in human PE (See section 1.6.4). Morphological 

changes in the mouse placenta under RUPP induction has shown alteration in 

trophoblast proliferation, reduced syncytiotrophoblast gene expression, increased 

numbers of sinusoidal trophoblast giant cells, reduced number of pericyte in the 

labyrinth zone (LZ) and changes in maternal blood sinusoid (MBS) and fetal 

capillaries. Furthermore, reduction in glycogen cells and spongiotrophoblasts was 

observed in the junctional zone (JZ) of the same model (Morton, Levasseur et al. 

2019). Despite the extensive physiological characterization of the RUPP model of PE, 

the morphological figures of the placenta in rats, has been poorly investigated. Thus, 

the objective of this study was to analyse the placental morphology in the RUPP rat 

model of PE.  

2.2 Aim of the study 

Reduction in trophoblast invasion in the uterine wall linked with impaired spiral artery 

remodelling leads to placental insufficiency, a typical feature of PE. However, the 
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placenta is a plastic organ able to adapt to different environmental conditions and to 

negative insults. In particular, this study aimed to investigate the adaptations of 

placental morphology in relation to hypoxic intrauterine environment generated by 

PE. For doing so, the placental phenotype was characterized through histological 

techniques combines with unbiased stereological approaches. The volume of the 

placenta and its compartments, including the blood space (BP), were analysed in 

RUPP rat model of PE.  

Parameters estimated for the placenta included:  

 The absolute volumes and volume fraction (Vv) of the placenta and its 

compartments (Decidua (D), JZ, LZ). 

 The blood vessels within the JZ and LZ. 

 

2.3 Material 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 temperature of 21 ± 2 ̊ C, with a 12-hour 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.  

 

2.3.2 Reduced Uterine Perfusion Pressure (RUPP) Procedure  

 

Rats were divided in two groups, Sham and RUPP rats. On gestational day (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 vessels. On GD 19, 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 placentas, sham (n=8) and RUPP (n=6), were removed and 

weighted on a calibrated digital device. Placental efficiency (fetal weight (FW)/ 

placental weight (PW)) was also estimated. 

 

2.3.3 Tissue preparation 

 

All placentas were transversally 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% 2 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 two changes of paraffin (100% for 3h and overnight at respectively, at 

56°C). Each sample was then placed in a tissue cassette with paraffin and fixed on the 

microtome. 5µm 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 on a heating 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.   

  

2.3.4 Haematoxylin and eosin staining 

 

H&E staining was performed to visualise the distribution of the cells and to highlight 

the tissue’ structure. Paraffin section slides were deparaffinized in Xylene 2 X 10 

minutes, rehydrated in ethanol (100% 2 X 10 minutes, 95%, 80%,70% 50% 2 minutes 

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 that the slides 

were dehydrated through ascending grade of ethanol (50% 10 seconds, 70% 10 
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seconds, 90% 2 minutes and 100% 2 x 2 minutes). The slides were finally covered by 

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

2.4 Stereological analysis  
 

E19 rat placentas from both Sham and RUPP groups were used to analyse the absolute 

volume, using the Cavalieri method, Vv of the placenta and of its compartments: D, 

JZ and LZ. A stereological method based on point counting was adopted to estimate 

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

Gundersen and Jensen, 1987).  

 

2.4.1 The Cavalieri method 

 

The Cavalieri method provides a direct estimate of the volume. It states that “the 

volume of an arbitrary-shaped object can be estimated in an unbiased manner from the 

product of the distance between planes and the sum of the areas on systematic random 

parallel sections through the object” (Mouton 2002). Images of stained slices were 

captured with the slide scanner microscope 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 orientated H&E stained paraffin sections viewed using 

20X objective lens. To do this a sheet of acetate bearing the grid was applied onto the 

computer screen. Each compartment was carefully manually defined (Fig.2.1 A). The 

number of points falling on the D, JZ, LZ and the chorionic plate (Cp) were counted 

for volume estimation using the Cavalieri method (Fig.2.1 B) (Gundersen et al., 1988).  
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B)             The Cavalieri method equation:  

 

Volume= ΣP x ap x d 

 

Figure 2. 1.The Cavalieri Method applied to the placenta and its compartments. 

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

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

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

In the general equation ΣP represent the total number of points hitting the section of 

interest, a representative area belonging to a test point and d the average of the distance 

between sections. 

 

 

2.4.2 Volume fraction of placental compartments 

 

The Vv, also known as volume density or relative volume, is a relative parameter 

estimated by point counting. The parameter is estimated by the ratio of the number of 

test points hitting the measured object (Pp) to all the points (Pt) hitting the containing 

object (Francis, Rivas et al. 2006, Garcia, Breen et al. 2007). 

At 20X magnification, point counting was used to estimate the Vv of the three 

placental compartments (LZ, JZ, D) related to the placenta (Pl). (Vv (D: Pl), (JZ: Pl), 

(L: Pl)). 

The general equation used is:                                                 

                                   Vv = 

 

 

Labyrinth zone (LZ)  

Junctional Zone (JZ) 

Decidua (D) 

Chorionic Plate (Cp) 

A) 
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2.4.2.1 Junctional zone parameters  

 

The JZ analysis was conducted because it represents the main endocrine compartment 

of the placenta.  Furthermore, it represents 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 the MBS relative to the JZ ((Vv 

(Parenchyma: JZ) and Vv (MBS: JZ)) using the Vv method. 

 

2.4.2.2 Labyrinth zone parameters  

 

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

nutrients and waste exchange. Parameters estimated included: 

 

- 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 placental compartments 

undergo rearrangement during pregnancy and following negative insults in order to 

support fetal life.  

The ratio between the LZ and JZ (LZ: JZ) was estimated dividing the test points hitting 

the LZ by the point hitting the JZ.  

 

2.5 Statistical Analysis  
 

Results are presented as mean ± standard error of the mean (SEM). A p value of 

*p<0.05 was considered statistically significant. The parametric unpaired t-test was 

used to determine statistical significant using GraphPad Prism 8 software. The normal 

distribution was checked using Shapiro-Wilk 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 (p = 0.0025), however no significant difference of placental weight was 

observed (Fig. 2.2 B). Qualitatively the pups derived from RUPP pregnancy looked 

smaller, with shorter hind limbs, while no particular differences in the placental shape, 

were found between the two groups. As an estimation of placental efficiency FW to 

PW ratio was performed. No difference was found between the two groups (Fig. 2.2 

C). The estimation of the number of pups revealed a significant reduction in RUPP (p 

= 0.0414) compared to Sham (Fig. 2.2 D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

of pups.  (A – B) Graphs showing the weights in g of (A) fetuses and (B) placentas. 

(C) Graph showing the fetal/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, ∗∗p < 0.01, parametric unpaired t-test). 
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2.6.2 Placental overview analyses 

 

The initial macroscopic observation of the decidual-side placentas of the two groups 

showed differences in the surface, smoother in Sham and rougher in RUPP placenta 

(Fig.2.3 A– B). Full stained placental sections of Sham and RUPP are shown below 

(Fig.2.3 C– D). The anatomical landmarks dividing the D, the JZ and the LZ of the 

placentas derived from the two groups were well preserved, making easy the analysis 

of each compartment. The absolute volume of the placenta and of their compartments 

along with the Vv are reported (Fig.2.3 E–M). Compared to the Sham group, the RUPP 

group did not show significantly altered placental volume, although there was a 

significant difference in the volume of one of its compartments, the JZ volume, which 

was reduced in RUPP placental tissue (p = 0.0479) compared to Sham, while the 

volumes of the D and LZ were not different. The Vv analysis did not show differences 

in the D and the LZ content related to the placenta, however a significant decrease 

(p=0.023) in JZ content related to placenta Vv (JZ, Pl) was observed in RUPP animal.  
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Figure 2. 3. Absolute and relative volumes of placenta and its compartments.  

(A– B) Macroscopic images of the placental decidual side of A) Sham and B) RUPP. 

Scale bar 1cm. (C – D) Representative images of the whole transverse placental 

sections from (C) Sham and (D) RUPP. Sections were stained with H&E. Scale bar 

1mm. The three compartments of decidua (D), junctional zone (JZ), and labyrinth zone 

(LZ) are indicated. (E – H) Graphs showing the absolute volumes in mm3 estimated 

by the Cavalieri method of (E) Decidua, (F) Junctional zone (JZ), (G) Labyrinth zone 

and (H) total placental volume. (I – M) Graphs showing the volume fractions of (I) 

Decidua related to the placenta Vv (D, Pl), (L) Junctional zone related to the placenta 

Vv (JZ, Pl), (M) Labyrinth related to the placenta Vv (LZ, Pl). All data are presented 

as mean ± SEM from Sham (n = 8) and RUPP (n = 6). (* p < 0.05, parametric 

unnpaired t-test).  
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2.6.3 Junctional zone analysis 

 

The qualitatively analysis of the JZ showed evident reduction in its thickness 

associated with the decrease number of MBS, in RUPP group. The stereological 

analysis of the JZ showed no significant difference in the parenchyma volume between 

Sham and RUPP, however the volume of the MBS was significantly reduced (p = 

0.0206) in RUPP. The Vv showed a significant reduction in both parenchyma (p = 

0.0001) and MBS (p = 0.0008) content related to the JZ in RUPP compared to Sham. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 4. Parenchyma and maternal blood sinusoids analysis within the 

junctional zone.  

(A – B) Graphs showing the absolute volumes in mm3 estimated by the Cavalieri 

method of (A) Parenchyma, (B) MBS in the JZ. (C – D) Graphs showing the Vv of 

(C) Parenchyma and (D) MBS related to the JZ. (E – F) Magnification of the three 

placental compartments of E) Sham and F) RUPP. The arrows indicate the MBS. Scale 

bar 200µm. All data are presented as mean ± SEM from Sham (n = 8) and RUPP (n = 

6). (* p < 0.05, ***p < 0.001, **** p ≤ 0.0001 parametric unpaired t-test). 
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2.6.4 Labyrinth zone analysis 

 

While the LZ volume was not affected by the induction of RUPP surgery, the placental 

LZ microstructure was compromised. The LZ in RUPP rats looked more dry and 

compact, with evident reduction of the BS and erythrocytes (Fig.2.5). Placentas from 

RUPP pregnancies showed an increased proportion of the labyrinth space occupied by 

the parenchyma (p = 0.05) and a reduced proportion of the space occupied by BS (p = 

0.0198) compared to Sham group. Furthermore, the space occupied by the LZ content 

related to the JZ was greater (p = 0.0225) in RUPP compared to Sham. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 5. Parenchyma and blood space in the labyrinth 

(A – B) Graphs showing the Vv of (A) Parenchyma and (B) Total BS related to the 

LZ. Graph showing the Vv of the LZ related to the JZ Vv (LZ: JZ). (D – E) 

Representative images of labyrinth placentas from (D) Sham and (E) RUPP. Scale bar 

50µm. All data are presented as mean ± SEM from Sham (n = 8) and RUPP (n = 6). 

(* p < 0.05, parametric unpaired t-test). 
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2.7 Discussion 
 

The placenta has already been recognised as key component in the development of 

PE. Reduction in trophoblast invasion linked with impaired spiral artery remodelling 

leads to reduced placental perfusion, a typical feature of PE. Although placental 

dysfunction is associated with this pathology, the morphological changes occurring in 

the placenta and its compartments following the induction of PE in animal models has 

been poorly investigated. In particular, this is the first study to examine the volume of 

placenta and its compartments including the BS in RUPP rat model of PE.  

Simple unbiased stereological methods based on point counting showed the following 

results: 1) RUPP placenta is characterized by decreased JZ volume and decreased 

volume fraction of JZ content related to placenta, 2) the JZ MBS volume is decreased 

as well as the Vv of the MBS and parenchyma space related to the JZ, 3) the LZ BS 

(maternal and fetal blood) is reduced in RUPP animals while the space occupied by 

the parenchyma is increased, 4) the Vv of the LZ related to JZ is greater in RUPP 

group. The overall changes in the placental morphology and vasculature confirm 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 model in rat 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 arteries. In normal pregnancy, invasive 

trophoblast cells invade the muscular tunica media of the maternal spiral arteries of 

the decidua increasing their diameters (Cui, Wang et al. 2012, James-Allan, 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 remodelling of the decidual portion 

without reaching the myometrium segment (Lyall 2002). This leads to the 

development of an ischemic placenta microenvironment which is responsible for the 

reduced blood flow and oxygen supply to the utero-placental circulation (D'Ippolito, 

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 cell types’ fate (Simon 

and Keith 2008). Placental developments occurs in a hypoxic environment, with 

oxygen demand increasing as the pregnancy proceeds (Wang, Jiang et al. 2009). The 

initial stage of placentation is characterized by low O2 level, which is essential for the 

proliferation of trophoblast cells. This transient condition is followed by incremental 

increases in O2 levels in order to promote the trophoblast differentiation into a more 

invasive phenotype for the establishment of the maternal-fetal circulation (Caniggia, 

Winter et al. 2000). The incremental increases of O2 levels is fundamental to allow the 

spiral arteries remodelling and the prolonged maternal hypoxia reduce this phenomena 

leaving the spiral arteries narrow. This creates an 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 in mid-late 

gestation (Gu, Jones et al. 1985, Yang, Abdulhasan et al. 2017). 

In this study, the intrauterine reduction of oxygen was mimicked 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 studies this model is 

characterized by 40% of reduction of blood supply to the placenta and consequent 

oxygen leading to placental dysfunction (Reho, Peck et al. 2011, La Marca, Amaral et 

al. 2016). In this study the blood flow was not measured, however the morphological 

changes of the placental morphology associated with the impaired vascularization 

observed in RUPP group, confirmed the success of the model induction. RUPP surgery 

was induced at GD 14 (2nd trimester), when placentation in rat is already completed, 

thus all the changes observed in the placenta were a consequence of a process of 

adaptation. The induction of the surgery at 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 gestation, including  CTB cells proliferation, migration 

and remodelling of the spiral arteries. Thus, although it is defined as a good model to 

reproduce PE, it cannot be used to investigate the initial stages of the disorder.    

The main role of the placenta is to protect the fetus from negative insult, thus its ability 

to adapt is of crucial importance to support fetal growth. A general rearrangement in 
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the absolute volume and Vv of the placental compartments does not occur only during 

the progress of pregnancy (Serman, Zunic et al. 2015), but also in response to internal 

and external stimuli (Fowden, Sferruzzi-Perri et al. 2009). It has already been shown 

that the placenta can go through morphological changes that can involve maternal 

blood space remodelling (Coan, Vaughan et al. 2010), LZ or JZ volume and ratio 

(Dwyer, Madgwick et al. 1992, Coan, Vaughan et al. 2010) and glycogen cell index 

(Rosso 1980, Gonzalez, Gasperowicz et al. 2016). This study explored the effect of 

maternal hypoxia induced in mid-late gestation on placental morphology in the RUPP 

rat model of PE. 

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

led to an abnormal placental phenotype, although this 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 a non-significant decrease in its 

weight (Yang, Li et al. 2019), while several studies adopting the RUPP model have 

showed placental weight reduction (Gilbert, Banek et al. 2012, Spradley, Tan et al. 

2016). It seems clear that its weight’s alteration is not the main characteristic of the 

disorder and in agreement with the result of the absolute placental volume obtained in 

this study, no difference in the placental weight was reported between the two groups. 

However, as shown in other studies, a statistically significant reduction of fetal weight 

in RUPP compared to Sham was found, as PE is often associated with IUGR (Oztas 

et al. 2016; Kaufmann, Black, and Huppertz 2003). Furthermore, as often observed in 

PE, a significant reduction in pup’s number was observed. Both of these results 

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 RUPP compared to Sham group, associated with a reduction of the Vv 

(JZ, Pl). A significant reduction of MBS volume and of Vv (MBS: JZ) and Vv 

(Parenchyma: JZ) was also reported in RUPP group. The JZ is mainly composed by 

trophoblast giant cells, spongiotrophoblast cells, glycogen cells, and invasive 

trophoblast cells. Trophoblast giant cells and spongiotrophoblast cells play an 

important endocrine function, while glycogen cells, generated in the last week of 

gestation, are involved in glycogen production, to support the fetal growth. 

Furthermore, these cells in association with the invasive trophoblast cells, produced 

during midgestation, migrate into the uterine vasculature to promote the process of 
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spiral arteries remodelling. Thus, the JZ, with its variety in cell composition and 

production, plays an important role in maintaining fetal development. The reduction 

in the Vv of the parenchyma, within this compartment observed in RUPP group, may 

reflect an impaired generation of all these cell types, whose reduction can impair the 

fetal growth since, in particular glycogen cells, represent the main source of energy 

for the embryo. In agreement with the observation reported in this study, different 

investigations have reported the impaired glycogen cells production in the JZ 

following hypoxia induction (Sharashenidze, Kikalishvili et al. 2016, Natale, Mehta 

et al.2018). As well as, the reduced vascularization observed in the JZ may reflect 

altered trophoblast development, induced by sustained hypoxia as previously 

described in rats (Zhang, Liu et al. 2016) and humans (Li, Liu et al. 2017).  

The microstructure of the placental LZ at E19 was also compromised. The space 

occupied by the blood was significantly reduced, while the parenchyma content was 

increased. The same results was found by Cuffe et al, who showed that maternal 

hypoxia induced at GD 14.5 was responsible for placental morphology alteration in 

GD 18.5 with particular reduction in the BS within the LZ, and expansion of the 

parenchyma (Cuffe, Walton et al. 2014). These changes could be explained by the 

increased proliferation of the trophoblasts cells within the LZ, induced by sustained 

hypoxia, as showed in mouse placenta of RUPP pregnancy in which was also evident 

the increase of the Hypoxia-Inducible Factor 1-alpha (HIF-1α) (Natale, Mehta et al. 

2018). 

However, the Vv of the space occupied by the LZ related to the JZ was greater in 

RUPP rats compared to Sham. Again, an altered LZ to JZ ratio has been found by the 

same group studying the mouse placenta following RUPP induction (Natale, Mehta et 

al. 2018). The preferential development of the LZ relative to JZ may be explained as 

a placental adaptation in order to facilitate the oxygen exchange and support fetal 

growth. The LZ is in fact the only compartment where fetal capillaries and maternal 

blood vessels enter in contact allowing the exchange of nutrients and gasses between 

mother and the fetus.  

This work examined the placental adaptations to maternal 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 have been poorly 
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investigated. This study demonstrated that the placenta derived from RUPP rat model 

of PE, is associated with an altered phenotype, mainly characterised by impaired 

vascularization, responsible for the reduced blood flow to the utero-placental 

circulation. Furthermore, it confirmed that the placenta is a plastic organ characterized 

by the ability to adapt in order to support fetal growth, and that the RUPP model 

inducted in rats represent a good strategy for the further investigation of the placental 

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 
 

Placental insufficiency is a major feature of preeclampsia (PE) which represent one of 

the most common pregnancy disorders. Reduced uterine blood flow to the placenta 

generates a hypoxic/ischemic status associated with abnormal brain development and 

with the insurgence of mental retardation, cerebral palsy and autism spectrum disorder 

(ASD). Despite this, the structural changes associated with 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 standard protocols, under anaesthesia with 

isoflurane (2% to 5% inhalation), at GD 19 the dams were sacrificed, the uterus 

excised, brain from Sham (n=5) and RUPP (n=5) were removed and fixed overnight 

in 4% paraformaldehyde (PFA), dehydrated in ethanol and embedded in paraffin. 5µm 

coronal sections were cut and stained with Hematoxylin & Eosin (H&E). Brain slices 

were also stained with two neuronal markers β-tubulin III and NeuN by 

immunofluorescence. A number of stereological methods were employed to estimate 

brain composition. Parameters estimated for the brain include: absolute and volume 

fraction (Vv) of the brain, cerebrum and neocortex, along with the cortical thickness, 

neuronal nuclear volume (Vv Nuc), numerical density (Nv), and β-tubulin III area 

fraction (A)% in the prefrontal cortex (PFC). Results showed no significant 

differences in volume and Vv of the brain and its compartments (cerebrum, 

neocortex), although a reduced lateral ventricles volume and Vv was found. No 

differences were observed in neocortical thickness, however there was a reduced Nv 

associated with an increase of neuronal nuclear volume in RUPP compared to Sham. 

This initial exploration of fetal brain phenotype may indicate a possible delay in 

neuronal differentiation and maturation, because of a prolonged status of hypoxia.  

These alterations may impair all the following stages of neurogenesis such as 

myelinisation, synaptogenesis and circuit integration leading to ASD and other NDDs 

manifestation. 
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3.1 Introduction 
 

Neurodevelopmental disorders (NDDs) such as autism spectrum disorder (ASD) and 

schizophrenia (SZ) have been often associated with reduced availability of oxygen 

during pregnancy, evident already at the end of the first trimester (Cannon et al. 2002; 

Cai et al. 1999; Schmitt et al. 2014). These neuropsychiatric disorders are often 

characterized by the same pathological features. Several studies have reported 

alteration in size, number and morphology of dendritic spine of neurons located in 

different brain regions including the prefrontal and temporal cortices (Hutsler and 

Zhang 2010; Martinez-Cerdeno 2017; Garey et al. 1998).  Structural Magnetic 

Resonance Image (sMRI) analyses have reported alterations in grey and white matter, 

in association with volumetric changes of some brain regions (Courchesne 2002; 

Jalbrzikowski et al. 2019; Itahashi et al. 2015), while studies in post-mortem brains 

have shown reduction in astrocyte precursor cells, structural and connectivity 

alteration in the prefrontal cortex (PFC) and cerebellum in patients with autism (Broek 

et al. 2014). Several negative insults can impair fetal brain development during 

pregnancy, however the mechanisms by which these can induce damage are still not 

well understood (Hagberg, Peebles et al. 2002, Huleihel, Golan et al. 2004, Rees and 

Harding 2004). Fetal hypoxia seems to explain most of the pathological changes 

associated with the autistic brain. Hypoxia (2.5−5% O2) is a physiological condition 

during fetal brain development. It promotes neural progenitor stem cells (NPCs) 

proliferation and pluripotency in both fetal and adult life (De Filippis and Delia 2011). 

However, prolonged status of hypoxia during fetal brain development, whether caused 

by placental insufficiency, pregnancy complications, or umbilical cord occlusion, are 

associated with the insurgence of related pathologies that deeply affect cortical 

development (Golan and Huleihel 2006). Furthermore, reduced oxygen supply to the 

fetus, induces fetal intrauterine growth restriction (IUGR), that is highly associated 

with the insurgence of ASD (Moore, Kneitel et al. 2012). Thus, the periods related 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 persons. Any alterations/disruptions in the 

main stages of fetal development, including NPCs proliferation, differentiation, 

migration, neurites outgrowth and integration in neuronal networking, occurring 
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during these periods can compromise the correct brain development leading to the 

manifestation of severe condition at different stages of postnatal life. 

Prenatal hypoxia has been linked to physiological changes in rat fetus responsible for 

postnatal behavioural changes (Driscoll et al. 2018), as well as for morphological and 

structural alterations of many brain regions increasing cell death, neuronal 

degeneration and gliosis (Nalivaeva, Turner, and Zhuravin 2018a). In particular, 

neuronal cells are more sensitive to hypoxia compared to other cells types. In normal 

conditions, the body is able to sense the oxygen deprivation and activate defence 

mechanisms. However, a prolonged hypoxic status may lead to the inability to reverse 

this condition leading to tissue damage and cell death (Kalogeris et al. 2012). This is 

particularly true for the brain that is characterized by high metabolic demand and relies 

on oxygen supply for glucose metabolism. Thus even a small change in oxygen supply 

lasting for few seconds can cause irreversible damage to the brain integrity and 

functions especially during neurodevelopment (Nalivaeva, Turner, and Zhuravin 

2018a). 

Several animal models have been created in order to elucidate the mechanism by 

which prenatal hypoxia may affect fetal brain development (Roohey, Raju et al. 1997, 

Yager and Ashwal 2009). A model of chronic hypoxia induced through chronic 

administration of a nitric oxide synthase inhibitor in pregnant rats, has shown 

increased 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 with possible implication for IUGR, and reduced pup’s size highlighting the 

increased fetal mortality (Pellicer et al. 2011). Another study conducted on eight mid-

gestation fetal sheep left in hypoxic conditions for 22 days has reported reduced 

neuronal density, and impaired myelination of the external granular layer of the 

cerebellum (Lawrence et al. 2019). In preterm fetal sheep the reduced availability of 

oxygen were associated with reduced subplate neurons (SPN) arborisation and 

functional maturation during cortical development (McClendon et al. 2017). Thus 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. Therefore, the objective of this 

study was to analyse brain structures of offspring derived from PE pregnancies.  

Reduced availability of oxygen has also been associated with damage and necrosis of 

rat brain astrocytes (Yan, Chen et al. 2005), with impaired differentiation of human 

radial glial cells (RGCs) (Ortega, Sirois et al. 2017) and with reduced viability of 

oligodendrocytes and microglia (Lyons and Kettenmann 1998). However, although 

glial cells play an important role during brain development, due to time constraints, 

this study focused on neuronal cells characterization. 

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 condition well documented in PE 

(Carbillon, Lachassinne, and Mekinian 2015; Baltajian et al. 2014). 

In chapter 2, the reduced uterine perfusion pressure (RUPP) rat model of PE was 

established, and the placental phenotype was characterised. The main finding showed 

the increase of the space occupied by the Labyrinth zone (LZ) over the Junctional zone 

(JZ) and the impaired placental vascularization in RUPP group compared to Sham. 

These results confirmed the reduction of blood flow to the fetus, and pushed toward 

the investigation of the brain phenotype in the offspring. Thus, the main aim of this 

chapter was to investigate the fetal brain structure and morphology in the offspring of 

Sham and RUPP pregnancies upon hypoxia induced by PE. For doing so, the brain 

phenotype was characterized through histological and immunostaining techniques 

combines with unbiased stereological approaches. 

Parameters estimated included: 

• Absolute volumes and volume fraction (Vv) of the brain, cerebrum, lateral 

ventricles and neocortex, along with neocortical thickness through 

Haematoxylin and Eosin (H&E). 

• β-tubulin III area fraction (A%), neocortical cells numerical density (Nv), 

volume‐weighted mean nuclear volume (Vv Nuc), absolute cell number and 

Vv of cortical cells in the neocortex through immunofluorescence. 
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3.3 Material 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 ± 2 ̊ C, with a 12-hour 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 Reduced Uterine Perfusion Pressure Procedure 

 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 Sprague-Dawley rats were sacrificed at GD19 under 

terminal anaesthesia. The embryos were removed by laparotomy and brains from sham 

(n=5) and RUPP (n=5), were removed from the skull of each animals and fixed in 4% 

paraformaldehyde for 24h at RT. For 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 each sample and processed for H&E. This was achieved through the help 

of an atlas of rat brain anatomy (Paxinos and Watson 2006). See section 2.3.4. for the 

procedure adopted to carry out the staining. 

 

3.3.5 Immunofluorescence 

 

4 anatomically comparable rat brain sections, containing the primary motor and 

somatosensory cortical areas, were chosen for each sample using the rat brain atlas 

(Paxinos and Watson 2006). The slides were  deparaffinised 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 the slides were then washed in 0.1% (v/v) Triton X-100 in 

1 X PBS three times and heated in a microwave pressure cooker containing 0.01 M 

sodium citrate buffer pH 6.0. Slides 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 PBS, 0.3% (v/v) Triton X-100, 0.1% % bovine serum albumin) for 2 hr at 

RT. The slides were than incubated with the primary antibodies diluted in the blocking 

buffer and incubated in humidified chambers at 4°C, overnight. The primary 

antibodies used were: mouse anti-NeuN (Millipore MAB377, 1:100), and rabbit anti-

β Tubulin III (Sigma T2200, 1:200). The 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% 

BSA in 10 mM 1 X PBS-T for 2hr at RT. After further three washes with 1 X PBS, 

slides were counterstained with Hoechst nuclear stain (1: 1000) for 10 minutes. Slides 

were washed with 1 X PBS and all stained sections were mounted with fluorescent 

mounting medium (Dako, Carpinteria, CA) and stored at 4°C. A negative control slide 

including brain cortex was 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 with OlyVIA Olympus software using 20X objective lenses. The 

immunofluorescence of brain slices stained with two labelled neuronal markers 

Tubulin III (FITC) and NeuN (TRITC) was captured with the FV1000 confocal 

microscope and visualised with the FV10-ASW 4.0 viewer software.  The lasers used 

were 405, 488, 561 to visualise the blue, green and red channels. For the quantification 

confocal z-stack images were captured 1 µm apart from the top to the bottom of the 

neocortex sections using 40x oil immersion objective lens. Two images per slice were 

acquired from both Sham and RUPP model. Exposure 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 stained fetal brain section 

Stereological analyses on stained sections (Fig.3.1) were carried out in order to 

estimate the absolute volume and Vv of the whole brain (from olfactory bulbs to the 

medulla) and its regions: cerebrum (olfactory bulbs, cerebral cortex, hippocampus, 

basal ganglia), neocortex ((marginal zone (MZ), cortical plate (CP) and subcortical 

plate (SP)), and lateral ventricles along with the evaluation of the cortical thickness. 

The number of slides used for the determination of volumes and Vv was correlated 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Fetal brain sections stained with H&E and used for stereological 

analysis. Representative images of the brain slides used to carry out the stereological 

analysis. Olfactory bulbs, PFC, medial cerebral cortex, caudal cerebral cortex, 

cerebellum and medulla are indicated. Sections were stained with H&E. Scale bar 

500µm. 
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3.4.2 The cavalieri method applied to the brain and its compartments 

 

The Cavalieri method, as described in section 2.4.1, was adopted to estimate the whole 

brain, cerebrum, neocortical and lateral ventricles volumes. A point grid having a point 

spacing of 1cm was placed randomly on top of the images (Fig. 3.2). Each intersection 

of lines on this grid was considered a sampled point. The number of points hitting the 

whole regions of my interest were counted and an unbiased estimate of volume was 

obtained. In the equation applied to the brain volume ΣP represent the total number of 

points hitting the surface area of the 12 sections representing the whole brain, ap 

represents the area belonging to a test point and d distance between slices. In the 

estimation of the cerebrum volume ΣP refers instead to the sum of points hitting the 

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 of the lateral ventricles the images were 

analysed at the maximum magnification and the sum of points hitting 5 sections were 

considered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2.The Cavalieri Method applied to the brain and its compartments. 

A representative H&E stained section, with the superimposed grid is shown. Scale bar 

1mm.  
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3.4.3 Volume fractions of the brain and its compartment 

  

The Vv was used to estimate the ratio of the different compartments content relative 

to the brain: the Vv of the cerebrum related to the brain (Vv (Cerebrum: brain)), the 

Vv of the neocortex related to the brain and cerebrum (Vv (Neocortex: brain) and 

(Neocortex: cerebrum)), and the Vv of the lateral ventricles related to the brain and to 

the cerebrum (Vv (Lateral ventricles: brain) and (Lateral ventricles: cerebrum)). The 

method has been described in section 2.4.2.  

 

3.4.4 Neocortical thickness 

 

The neocortical thickness was measured in order to assess the extension of the 

neocortex (MZ, CP, SP). The images were opened 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 using the line measurement 

tool (Fig.3.3 B). At least 5 measurements for each hemisphere were taken in 6 coronal 

sections covering the rostro-caudal extent of the neocortex (Fig.3.3 A). All the data in 

this way obtained were polled together in order to estimate the total neocortical 

thickness.   
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Figure 3. 3. The neocortex thickness estimation.  

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

of the cerebral neocortex used for the analyses. Sections were stained with H&E. Scale 

bar 500µm. B) Magnification view of a brain section with the superimposed grid. The 

brown arrows indicate the extension of the neocortex (MZ, CP, and SP) measured for 

each hemisphere. 

 

3.4.5 Stereological analysis on immunofluorescence stained brain sections 

 

4 brain slices (Fig. 3.4 A, B, C, D), chosen as described in section 3.3.5, were 

processed for immunofluorescence with the neuronal nuclei (NeuN) antigen and β-

Tubulin III. β-tubulin III A%, Nv, neuronal nuclear volume, Vv of cortical cells and 

absolute cortical cells number were obtained. 2 different regions of the CP in the 

neocortex were chosen to carry out the quantification. The first region, indicated as 

upper layer, was defined as a zone just below the MZ, easily recognizable for the low-

density cells, while the second region, indicated as lower layer, was just above the SP. 
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Figure 3. 4. Stereological analysis on immunohistochemistry stained brain 

sections.  

(A−D) Representative images of brain sections selected for immunofluorescence 

staining. E) Representative image of the E19 neocortex. The MZ, the CP, and the SP 

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

was stained for two neuronal marker: NeuN (red) and β-tubulin III (green), and 

counterstained with Hoechst. Scale bar 40µm. 
 

 

3.4.5 β-tubulin III area fraction of cortical cells 

  

The β-tubulin III A % per field, was estimated using Image-J software. The images 

were opened in Image J software with a final enlargement of 200% and the set 

measurement was set on area fraction. The positive staining in the image was selected 

by thresholding and the percentage of the pixels (highlighted in white) in the upper 

and lower layer was measured (Fig. 3.5). The data collected from the two layers of the 

neocortex were pooled together to have the estimation of β-tubulin III A% in the CP. 
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Figure 3. 5. Area fraction estimation.  

Representative image of the neocortex highlighted in white and used for A% 

estimation. Scale bar 40 µm. 

 

3.4.6 Numerical density and absolute cell number  

 

The physical disector method was used for the estimation of the Nv and the absolute 

cell number of unstained cells (only Hoechst positive cells), neurons (NeuN positive 

cells), and total cells of the neocortex. This method was used for the first time by 

Pakkenberg and Gundersen to assess the total number of neurons and glia in specific 

regions of the brain (Pakkenberg and Gundersen 1988). 

The Nv of cells per unit volume was estimated from the number of cells lying between 

3 z-stack planes spaced by 1 µm each (Fig.3.6). By combining the estimate of the 

neocortex volume obtained by Cavalieri method and these values the absolute cell 

number was obtained .The Nv estimation in the upper and lower layer of the motor 

and somatosensory cortices was performed only in one side of the hemisphere, 

randomly chosen, pooling together the data derived from the two layers of the 

neocortex.   
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Nv = Number of cells/ (Vg) 

Absolute cell number = Nv x Neocortex volume 

 

Figure 3. 6. Physical disector method.  

A) Representative image of the E19 rats neocortex. Scale bar 40 µm. The upper and 

lower layers of the CP, where the quantification was carried out, and the 3 z-stack 

planes spaced by 1 µm each are shown. The yellow lines indicate the grid. The 

correspondent equations used for the Nv and absolute number of cells estimation is 

also reported.  
  

3.4.7 The volume‐weighted mean nuclear volume of cortical neurons 

 

The Vv Nuc of cortical cells nuclei was calculated by point sample intercept (PSI) 

method. This represents a method used to estimate the particle volume in an unbiased 

way as previously described (Dockery, Tang et al. 1997). 

A sheet of acetate of test point lines 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 point-sampled intercepts 

whose length (Io) were measured in µm, cubed and then the mean multiplied by π/3, 

and finally averaged over all intercepts to give an unbiased estimate of the Vv Nuc. 

Here, the images, taken with 40X oil immersion lens, were opened in Image J software 

with a final enlargement of 400% as shown below (Fig.3.7). The set measurement was 

set on perimeter and the scale bar length was converted from pixel to µm. A test points 

of lines was randomly superimposed over the upper and lower layer and the nuclei of 

NeuN positive cells underlying the yellow points were selected. The line measurement 

tool was then used to measure the length (Io) of selected nuclear profile along the 

horizontal line. At least 40 NeuN positive nuclei for each upper and lower layers were 

measured. The final neuronal volume estimation, was obtained pooling together the 

data obtained from the two layers of the CP.  

 

 

 

 

 

 

 

 

 

 

Figure 3. 7. Sample intercept (PSI) method.   

Representative image of the enlarged ROI with the test points of lines randomly 

superimposed. The final equation used for the volume‐weighted mean volume 

estimation is also reported. 

 

3.4.8 Volume fractions of cortical cells  

 

The Vv as already shown in section (2.4.2) was applied to estimate the ratio of the 

number of Hoechst only stained cells 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 interest/ reference volume ((V)ref) 

 

3.5 Statistical Analysis 
 

Results are presented as mean ± standard error of the mean (SEM). A p value of *p < 

0.05 was considerate significant. The parametric t-test was used to determine statistic 

significant using GraphPad Prism 8 software. The normal distribution was checked 

using Shapiro-Wilk test. 

 

3.6 Results 
 

3.6.1 Brain size analyses 

 

The neuroanatomical structure observed in H&E stained slides derived from the whole 

brain, highlighted altered ventricular size, although other brain regions (whole brain, 

neocortex, cerebrum and cerebellum) were almost the same in Sham and RUPP group. 

The anatomical landmarks were intact, however the brain slides of RUPP animals were 

slightly deformed compared to Sham. A general integrity of the brain structure was 

preserved.  

No significant differences were found in the whole brain and cerebrum volume 

between Sham and RUPP. The estimation of the lateral ventricles volume revealed a 

significant reduction of their size in RUPP compared to Sham (p=0.012) (Fig. 3.8E). 

The Vv analysis did not show differences in the cerebrum content related to the brain 

Vv (cerebrum: brain), however significant reduction in the space occupied by the 

lateral ventricles related to the brain Vv (Lateral ventricles: brain) and to the cerebrum 

Vv (Lateral ventricles: cerebrum) was found in RUPP compared to Sham: (p=0.026) 

and (p=0.030) respectively (Fig.3.8 G, H). 
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Figure 3.5. Absolute and relative volumes of the fetal brain and its compartments. 

(A–B) Representative images of coronal sections at striatum level from (A) Sham and 

(B) RUPP. Sections were stained with H&E. Scale bar 500µm. A magnification view 

of lateral ventricles is also shown. (C–E) Graphs showing the absolute volumes in 

mm3 estimated by the Cavalieri method of (C) Whole brain, (D) Cerebrum, (E) Lateral 

ventricles. (F−H) Graphs showing the volume fractions of (F) Cerebrum related to the 

brain Vv (Cerebrum: brain), (G) Lateral ventricles related to the brain Vv (Lateral 

ventricles: brain), (H) Lateral ventricles related to the cerebrum Vv (Lateral ventricles: 

cerebrum). All data are presented as mean ± SEM from Sham (n = 5) and RUPP (n = 

5). (* p < 0.05, parametric unnpaired t-test). 
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3.6.2 Neocortex analysis  

 

Next, this study focused on the ultrastructure of the neocortex, a region particularly 

vulnerable to oxygen variation. The closer observation of the H&E stained slides 

containing the neocortex showed preservation of the structure, however evident 

differences in the cortical cells distribution within the CP was observed. A more 

homogeneous disposition of the cells, forming the future layers, was evident in the 

Sham group compared to RUPP, whose cells were chaotically distributed. 

Furthermore, a reduced number of cells throughout all the neocortex, including the 

MZ, the CP and the SP, was visible in RUPP group compared to Sham,  

The stereological analysis applied to the rostro-caudal brain sections containing the 

neocortex did not show any significant differences in the absolute volume and 

thickness of the neocortex between Sham and RUPP group, as well as in the Vv of the 

neocortex content related to the brain Vv (neocortex: brain) and to the cerebrum Vv 

(neocortex: cerebrum) (Fig 3.9). 
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(A) Representative images of the six rostro-caudal coronal sections used for the quantification 

of the cortical volume, thickness and the volume fractions. Slides were stained with H&E. 

Scale bar 500µm. (B–C) Representative images of the prefrontal neocortex of (B) Sham and 

(C) RUPP. Scale bar 100µm. (D) Graph showing the absolute volumes in mm3 estimated by 

the Cavalieri method of the whole neocortex. (F–G) Graph showing the volume fractions of 

(F) Neocortical content related to the brain Vv (Neocortex: brain), (G) Neocortical content 

related to the cerebrum Vv (Neocortex: cerebrum). All data are presented as mean ± SEM from 

Sham (n = 5) and RUPP (n = 5). 
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Figure 3. 6. Absolute volume, thickness and relative volumes of the neocortex. 
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3.6.3 β-tubulin III area fraction, numerical density and nuclear volume analysis 

 

The investigation of the brain slides, containing the neocortex, was then assessed 

through immunofluorescence for two neuronal markers, β-tubulin III and NeuN. β-

tubulin III,  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, 

looked equally present in both neocortex of Sham and RUPP, although highlighted the 

caothical distribution of the cortical cells in the neocortex. The immunofluorescence, 

as already shown by H&E staining, revealed an abnormal laminar cytoarchitecture of 

the neocortex, in RUPP group.  

NeuN staining, in combination with Hoechst, provided a further evidence of reduced 

cell density and nuclear morphology alteration under RUPP induction. The nuclear 

size of neuronal cells in RUPP group was bigger, and was associated with an elongated 

and irregular shape, particularly evident in the neuronal nuclei located in the MZ and 

in the upper and lower layers of both cortices. The Sham group was instead 

characterised by a sphere-shaped neurons. NeuN positive cells were distributed 

throughout the neocortex of Sham and RUPP at E19. Neurons (NeuN-stained cells) 

and unstained cells (only Hoechst positive cells) were analysed in the upper and lower 

layer of the motor and somatosensory cortices of 4 different sections of the cerebral 

cortex. NeuN is a specific neuronal marker, thus only neurons, at different level of 

maturation, were NeuN positive. From the qualitative analysis of the staining was 

evident a different expression 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 and higher degree of maturation.  

Some of the assumptions derived from the qualitatively analysis of the stained slides, 

were confirmed by the stereological analysis, conducted to estimate β-tubulin III A %, 

Nv and nuclear volume of neurons, for each region of interest. The analysis were 

conducted in the upper and lower layer of the primary motor and somatosensory 

cortices. The primary motor cortex is highly implicated in planning, control and 

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 significant differences in β-tubulin III A% between 

Sham and RUPP (Fig 3.10 G, 3.11 I, 3.12 I, 3.13 I).  

The Nv estimation showed a general reduction of neurons and of total cortical cells in 

RUPP compared to Sham. Such reduction was statistically significant in the motor 

cortex of the first section (NeuN positive cells (p = 0.032)) and of the second section 

analysed (total cortical cells (p = 0.036)) (Fig.3.10 H), and in the somatosensory 

cortices (NeuN positive cells (p = 0.009), total cortical cells (p = 0.019)) and (NeuN 

positive cells (p = 0.011), total cortical cells (p = 0.043)) (Fig. 3.13 L)).  

Furthermore, results showed a general increase of the nuclear volume of neurons in 

RUPP compared to Sham throughout all the neocortex, which was statistically 

significant in the motor cortex of the second section (p = 0.004) (Fig. 3.10 F) , and in 

the somatosensory cortices of both sections analysed: (p = 0.003) (Fig. 3.12 H) and (p 

= 0.015) (Fig. 3.13 H) respectively.  
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(A) Representative image of the motor cortex in the PFC. The neocortex was stained with 

β-tubulin III (green) and NeuN (red). Nuclei were counterstained with Hoechst. Scale bar 

200µm. (B−C) Magnification view of the upper layer of the motor cortex in (B) Sham and 

(C) RUPP; (D−E) Magnification view of the lower layer of the motor cortex in (D) Sham 

and (E) RUPP. Scale bar 20 µm. (F−H) Graph showing (F) The A% of β-tubulin III and, 

(G) the Nv (number/mm3) of Hoechst positive cells, neurons and all cortical cells, 

estimated with the physical disector method, and (H) the nuclear volume of neurons (µ3) 

estimated with the PSI method. All data are presented as mean ± SEM from Sham (n = 5) 

and RUPP (n = 5). (*p < 0.05, parametric unnpaired t-test). 

Figure 3. 7. Stereological analysis of the primary motor cortex in the first section. 
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Section 2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 8. Stereological analysis of the primary motor cortex in the second 

section. (A) Representative image of the motor cortex in the PFC. The neocortex was 

stained with β-tubulin III (green) and NeuN (red). Nuclei were counterstained with 

Hoechst. Scale bar 200µm. (B−C) Representative image of the neocortex in B) Sham 

and C) RUPP. Scale bar 40 µm. (D−E). Magnification view of the upper layer of the 

motor cortex in (D) Sham and (E) RUPP; (F−G) Magnification view of the lower layer 

of the motor cortex in (F) Sham and (G) RUPP. (H−L) Graph showing (H) The A% 

of β-tubulin III, (I) the Nv (number/mm3) of Hoechst positive cells, neurons and all 

cortical cells, estimated with the physical disector method and (L) the nuclear volume 

of neurons (µ3) estimated with the PIS method. All data are presented as mean ± SEM 

from Sham (n = 5) and RUPP (n = 5). (*p < 0.05, **p < 0.01 parametric unnpaired t-

test). 
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Section 3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 9. Stereological analysis of the somatosensory cortex in the third section. 

(A) Representative image of the somatosensory cortex. The neocortex was stained 

with β-tubulin III (green) and NeuN (red). Nuclei were counterstained with Hoechst. 

Scale bar 200µm (B−C) Representative image of the neocortex in B) Sham and C) 

RUPP. Scale bar 40 µm. (D−E). Magnification view of the upper layer of the 

somatosensory cortex in (D) Sham and (E) RUPP; (F−G) Magnification view of the 

lower layer of the somatosensory cortex in (F) Sham and (G) RUPP. (H−L) Graph 

showing H) The A% of β-tubulin III, (I) the Nv (number/mm3) of Hoechst positive 

cells, neurons and all cortical cells, estimated with the physical  disector method and 

(L) the nuclear volume of neurons (µ3) estimated with the PSI method. All data are 

presented as mean ± SEM from Sham (n = 5) and RUPP (n = 5). (* p < 0.05, ** p < 

0.01 parametric unpaired t-test).  
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Section 4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 10. Stereological analysis of the somatosensory cortex in the fourth 

section. (A) Representative image of the somatosensory cortex. The neocortex was 

stained with β-tubulin III (green) and NeuN (red). Nuclei were counterstained with 

Hoechst. Scale bar 200µm (B−C) Representative image of the neocortex in B) Sham 

and C) RUPP. Scale bar 40 µm. (D−E). Magnification view of the upper layer of the 

somatosensory cortex in (D) Sham and (E) RUPP; (F−G) Magnification view of the 

lower layer of the somatosensory cortex in (F) Sham and (G) RUPP. (H−L) Graph 

showing (H) The A% of β-tubulin III, (I) the Nv (number/mm3) of Hoechst positive 

cells, neurons and all cortical cells, estimated with the physical disector method and 

(L) the nuclear volume of neurons (µ3) estimated with the PIS method. All data are 

presented as mean ± SEM from Sham (n = 5) and RUPP (n = 5). (* p < 0.05, parametric 

unnpaired t-test). 
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3.6.4 Volume fractions and absolute number of cells estimation 

 

No significant differences were reported in the Vv of unstained cells and neurons over 

the total cells: Vv (unstained cells: total cells) and Vv (neurons: total cells), in the 

motor and somatosensory cortices (Fig. 3.14 A−B). No significant differences were 

found in the absolute number of cells present in the neocortex (Fig. 3.14 C). However, 

a significant reduction in the absolute number of neurons and total cells over the whole 

neocortex was found in RUPP compared to Sham (p < 0.0001) and (p < 0.0001) 

respectively (Fig. 3.14 D).  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 11. Volume fractions and absolute number of cells in the neocortex.  

(A−B) Graphs showing the volume fractions in the motor and somatosensory cortices 

of A) Hoechst stained cells over the total cells Vv (unstained cells: total cells) and B) 

neurons over the total number of cells Vv (neurons: total cells). C) Graph showing the 

absolute number of unstained cells, neurons and total cells in the whole neocortex. D) 

Graph showing the volume fraction of unstained cells, neurons and total cells in the 

whole neocortex. The neocortex volume was estimated with Cavalieri method. All 

data are presented as mean ± SEM from Sham (n = 5) and RUPP (n = 5) (**** p < 

0.0001, parametric unpaired t-test). 
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3.7 Discussion 
 

PE is a pregnancy disorder characterized by placental insufficiency. The hypoxic 

intrauterine environment derived from this condition represents one of the most 

dangerous risk factors for the aetiology of ASD. However, the exploration of the brain 

phenotype in animal models of PE, has been poorly investigated. Here it was 

hypothesized that the reduced uteroplacental perfusion associated with PE leads to a 

state of prolonged hypoxia/ischaemia responsible for brain damage with 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 divided in two parts. The first part focused on the stereological analyses 

of H&E stained brain slices. The stereological parameters evaluated were: absolute 

whole brain, cerebrum, lateral ventricles and neocortical volumes along with the Vv 

and neocortical thickness. In the second part the stereological analyses was conducted 

on brain slices stained with two labelled neuronal markers Tubulin III (FITC) and 

NeuN (TRITC) by immunofluorescence. The parameters evaluated were the neuron 

nuclear volume, tubulin III A%, Nv of unstained cells (only Hoechst positive cells), 

neurons and total cortical cells, in addition to the absolute number and volume fraction 

of cells in the neocortex.  

The main results showed 1) no significant difference in the volume of whole brain, 

neocortex, and cerebrum volume, as well as in their volume fractions; 2) Decreased 

lateral ventricles volume and Vv in the RUPP group compared to Sham; 3) Increased 

nuclear volume in RUPP compared to Sham group 3) Decreased neurons and total 

cortical cells Nv in RUPP group; 4) Reduced Vv of absolute number of neurons and 

total cortical cells related to the whole neocortex in RUPP compared to Sham. These 

changes in the cellular morphology and composition of the neocortex, observed in 

RUPP rat model during fetal development, showed 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 long-lasting 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 the evaluation of the brain size. The 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 of brain growth, usually measured as changes in head circumference (HC), 

have shown that new born babies that develop autism later in life have normal HC  and 

undergo early brain overgrowth during the first year of life (Dissanayake, Bui et al. 

2006). This quick HC enlargement, progresses until 4 years of age before abnormally 

slowing down, thus no significant differences were found in adolescences with ASD 

and normal controls (Courchesne, Karns et al. 2001). However, several studies have 

reported a general brain overgrowth in both cortical grey and cortical white matter in 

adolescents (Hardan, Jou et al. 2004, Hazlett, Poe et al. 2006). Fewer studies have 

explored the head growth during prenatal life. In line with the 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 ASD (Hobbs, 

Kennedy et al. 2007, Whitehouse, Hickey et al. 2011). Furthermore, no significant 

difference in the neocortical volume and thickness in E19 rat brains was found. 

Hypoxia is often associated with lateral ventricles enlargement. The induction of mild 

intrauterine hypoperfusion (MIUH) in pregnant rats at E17 was characterized by 

lateral ventricles enlargement at postnatal day (P15) (Ohshima, Coq et al. 2016). A 

similar outcome was reported in fetal brain of guinea pigs after induction of placenta 

insufficiency in the second half of pregnancy (Mallard, Rehn et al. 1999). Lateral 

ventricles enlargement is usually a characteristic of psychiatric illness including SZ 

(Meduri, Bramanti et al. 2010), and ASD (Hallahan, Daly et al. 2009, Movsas, Pinto-

Martin et al. 2013, Turner, Greenspan et al. 2016). Contrary to what has been 

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. Thus, the interpretation of this result require further 

elucidation.  

The Nv estimation in the motor and somatosensory cortices of the cerebral cortex 

conducted in the upper and lower layer of the CP has shown a significant decrease of 

neurons and of total number of cortical cells. In agreement with this result, a model of 

chronic placental insufficiency reproduced in guinea pig by the unilateral uterine 
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artery ligation, showed reduced number of NeuN positive cells in the cerebral cortex 

at E60 (Chung, So et al. 2015). Reduced cell density in the layer V and VI of the 

neocortex in postnatal rats, following hypoxia induction, was also found in a study 

conducted by Vasiliev and colleagues (Vasiliev, Tumanova et al. 2008).   

Two different explanations could be employed to justify these results. One is that the 

reduced Nv of cells observed in the two cortices of the RUPP group may derived from 

the increased neuronal death. While the second could depend by the prolonged status 

of hypoxia, induced by the RUPP model, which is associated with protracted NPCs 

expansion at the expense of differentiation, reducing the number of migrating 

neuroblasts throughout the CP.  Is indeed well known that the hypoxic environment is 

essential to promote embryonic stem cells (ESCs) proliferation at the beginning of 

fetal development (Mohyeldin, Garzón-Muvdi et al. 2010). The importance of hypoxia 

in promoting NPCs proliferation was reported also by Lange and colleagues, who 

showed that the increase of oxygen in the cerebral cortex during development, reduced 

the proliferation rate, promoting the NPCs differentiation (Lange, Turrero Garcia et 

al. 2016).  

The reduced neuronal Nv observed in the developing neocortex, was coupled with the 

increase of neuronal nuclear volume in RUPP group. This 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 described, show delay in differentiation of the 

NPCs, which are still proliferating due the hypoxic environment generated by the 

RUPP surgery. Thus, prolonged hypoxia induced in E14 rats, may impairs the main 

stages of early/middle neurogenesis such as NPCs proliferation, differentiation and 

migration, as shown by the results found.  As showed in section 3.6.3, the close 

observation of stained cells in the neocortex, highlighted a disorganised distribution 

of the neurons in the MZ, CP and SP, in RUPP samples compared to Sham. The 

chaotic distribution of the cortical cells throughout the neocortex is a typical feature 

of patients with ASD (Casanova, Buxhoeveden et al. 2002, Casanova, Van Kooten et 

al. 2006). This may derived either by the delay of neuroblast cells differentiation and  

migration as above described, or/and by impaired Reelin production. Patients with 

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

by Cajal–Retzius cells (CRs) in the MZ of the fetal neocortex, whose role is to control 
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neuronal migration during cortical lamination (Wang, Hong et al. 2014, Lammert and 

Howell 2016, Wang, Ye et al. 2018).  

Finally, the estimation of the absolute number of cells in the neocortex did not show 

differences between Sham and RUPP, however the estimation of the Vv of the NeuN 

positive cells, and of total cell, over the neocortex was significantly reduced in RUPP 

compared to Sham control. The alteration of cell number in cortical and other brain 

regions in patients with ASD is associated with both reduction and increased cells 

number. A post mortem study on human brains has found significant reduction of 

parvalbumin positive interneurons in Prefrontal Brodmann Areas (BA) BA46, BA47, 

and BA9 in autistic patients (Hashemi, Ariza et al. 2017), as well as a reduction of 

somatostatin neurons in the medial PFC (Kobayashi, Hayashi et al. 2018). While, 

another study conducted on the examination of post-mortem prefrontal tissue from 7 

autistic and 6 controls patients has revealed an increase of 67% of neurons in the PFC 

in the autistic group (Courchesne, Mouton et al. 2011). 

To summarise, this work investigated the effect of PE on fetal brain development in 

the offspring derived from RUPP pregnancies. Chapter 2 showed alteration in the 

placental morphology in RUPP compared to Sham, characterized by impaired 

vascularization, and consequent reduction of the blood flow to the utero-placental 

circulation. This chapter provides evidence that the reduced blood supply to the fetus 

leads to prolonged hypoxia with consequent impairment of fetal brain development as 

showed by the reduced Nv and the increase nuclear volume in RUPP model. These 

results indicate a possible delay in neuronal differentiation and maturation that may 

impair all the following stages of brain development such as myelinisation, 

synaptogenesis and circuit integration leading to ASD and other NDDs manifestation.  
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on E14 VM culture 
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4.0 Abstract 

Numerous lines of evidences have shown that infection during pregnancy is 

responsible for the increased incidence of neurodevelopmental disorders (NDDs) and 

neurodegenerative diseases later in life. Despite intense researches the 

physiopathology of these neurological conditions is poorly understood however, 

inflammation in the central nervous system (CNS) during brain development seems to 

play crucial role in their manifestation. Studies conducted in both, animal models and 

humans, have shown that the overproduction of pro-inflammatory cytokines is 

associated with brain psychosis, often characterized by the impairment of the 

dopaergic (DAergic) component, a common feature of autism spectrum disorders 

(ASD) and neurodegenerative disorders as Parkinson’s disease (PD). Therefore, the 

aim of this study was to investigate the effect of the most common pro-inflammatory 

cytokines interleukin (IL)-1β, IL-6 and tumor necrosis factor alpha (TNF-α) on neurite 

growth of SH-SY5Y cells and in primary cultures of ventral mesencephalon (VM) 

DAergic neurons. For doing this, SH-SY5Y and E14 VM primary neurons, were 

treated in vitro with increased concentration of IL-1β, IL-6 and TNF-α for 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 SH-SY5Y treated cells with all the three cytokines, while in E14 VM primary 

neurons only TNF-α showed deleterious effect on DAergic neurons, reducing total 

neurite length, neurite length per unit area and cell viability. No significant difference 

in any of the parameters estimated were reported in IL-1β and IL-6 VM treated cell. 

Collectively these data confirm the toxic effect of pro-inflammatory cytokines on 

neurite growth as shown in SH-SY5Y cells, prove the toxic effect of TNF-α in E14 

VM DAergic neurons, and open the possibility to investigate the effect of IL-1β and 

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

Neurodevelopmental disorders (NDDs) and neurodegenerative disease such as autism, 

schizophrenia (SZ), Alzheimer disease (AD) and Parkinson’s disease (PD) have a 

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, have shown the involvement 

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 pro-inflammatory cytokines 

(Hanisch 2002, Sochocka, Diniz et al. 2017). The release of these pro-inflammatory 

cytokines increases the inflammatory response leading to neuronal impairment and 

death.  

In particular, maternal infectious pathogens can 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). 

Epidemiological studies conducted in the past decades have shown the association 

between viral and bacterial infection during pregnancy with higher risk for SZ and 

other NDDs in the offspring (Abib, Gaman et al. 2018). The exposure of the fetus to 

the classic pro-inflammatory inductors such as the bacterial endotoxin 

lipopolysaccharide (LPS) or to the double stranded RNA known as polyriboinosinic-

polyribocytidilic acid [poly(I:C)]) during pregnancy led to behavioural, cognitive and 

brain structure abnormalities usually observed in children with ASD. In association 

with these behavioural impairments, the adult offspring of MIA showed brain 

morphological alteration typical of patients with ASD including: alteration in cortical 

and hippocampal synaptic development (Coiro, Padmashri et al. 2015, Patrich, 

Piontkewitz et al. 2016), increased neonatal mouse cortical thickness (Smith, Elliott et 

al. 2012), enlarged ventricles (Piontkewitz, Arad et al. 2011), reduced Purkinje cells 

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

development (Gilmore, Jarskog et al. 2004).  

Maternal infection, as well as pregnancy disorders, leads to elevated levels of pro-

inflammatory cytokines  such as interleukin (IL)-1β, IL-6, and tumor necrosis factor 

alpha (TNF-α) as shown in human pregnancies (Hahn-Zoric, Hagberg et al. 2002, 
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Graham, Rasmussen et al. 2018) and animal model (Urakubo, Jarskog et al. 2001). 

The great attention given to these inflammatory cytokines is related to their ability to 

cross the placenta and to affect fetal development, particularly evident in case of IL-

6, which is capable of bi-directional transfer (Zaretsky, Alexander et al. 2004, 

Dahlgren, Samuelsson et al. 2006). Further the placenta itself has the ability to produce 

these pro- inflammatory cytokines in response to maternal infection (Boles, Ross et 

al. 2012). Finally, the blood–brain barrier is not well formed during fetal development 

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

In particular, the manifestation of NDDs after MIA is characterized by the dysfunction 

of the dopaminergic (DAergic) system in the offspring (Luchicchi, Lecca et al. 2016). 

Dopamine (DA) is an important neurotransmitter of the brain. It plays a crucial role in 

reward-motivated behaviour and motor control and its alteration is associated with the 

insurgence of several diseases (Schultz 1998). The loss of DAergic neurons is highly 

associated with the insurgence of PD, characterized by motor deficit (Krashia, Nobili 

et al. 2019). Furthermore, DA plays a key role also in regulating cognitive functions, 

and dysfunctions of DAergic neurons is a typical feature of SZ (Bogerts, Hantsch et 

al. 1983), ASD (Paval 2017) and attention deficit hyperactivity disorder (ADHD) 

(Ludolph, Kassubek et al. 2008). The DAergic neurons during development are 

located in the ventral mesencephalon (VM) that is mainly characterised by two nuclei: 

the ventral tegmental area (VTA) and the substantia nigra pars compacta (SNc). The 

DAergic neurons in the VTA project to the nucleus accumbens through the 

mesolimbic pathway and to the prefrontal cortex (PFC) through the mesocortical 

pathway. The impairment of the mesolimbic pathway leads to reward motivated 

behaviour alteration that has been associated with drug addition, depression and with 

the contribution of the psychiatric symptoms of ASD, SZ and other 

neurodevelopmental delay, while the impairment of the mesocortical pathway leads to 

cognitive functions alteration (Dichter, Damiano et al. 2012). The 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 responsible for the insurgence of the pathological phenotype (Meyer, 

Engler et al. 2008). The injection of Poly I:C at gestation day 15 (GD15) in pregnant 
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rodents led to hyperactivity of the limbic system in the adult brain of the offspring 

(Zuckerman, Rehavi et al. 2003), and to increased DAergic turnover  and decreased 

receptor binding of D2-like receptors in the striatum of adults mice (Ozawa, 

Hashimoto et al. 2006), leading to ASD and other NDDs. Thus, the DAergic 

component plays a key role during fetal development, and its further exploration may 

help to better understand the insurgence of these pathologies. 

4.2 Aim of the study  
 

As described the alteration of DAergic component is a common feature of NDDs 

(Snyder 1976, Kriete and Noelle 2015, Paval 2017). These evidences push toward the 

investigation of its role in inducing brain damage during development. The aim of this 

study was therefore to assess in vitro the function of TNF-α, IL-1β and IL-6, on SH-

SY5Y neuroblastoma cells, and in primary cultures of E14 VM DAergic neurons. SH-

SY5Y cells are widely used as a model to mimic DAergic neurons, since display DA-

β-hydroxylase and tyrosine hydroxylase (TH) activity (Ross and Biedler 1985, 

Kovalevich and Langford 2013). These cells are in fact able to convert the tyrosine to 

L-dopa, the precursor of DA, and after to noradrenaline (Nagatsu, Levitt et al. 1964). 

SH-SY5Y cells and E14 rat VM neurons were treated with increased concentration of 

the three cytokines for 24, 48 and 72h. 

Parameters estimated included: 

• Neurite length of SH-SY5Y cells for each time points.  

• Numerical density (Nv), neurite length and neurite length per cell, in DAergic 

and β- tubulin III positive neurons after 72h. 

4.3 Material and methods 
 

4.3.1 Human SH-SY5Y neuroblastoma cell line culture 

 

SH-SY5Y cells were plated at a density of 2x106 in a T75 flask in 15 ml of of SH-

SY5Y Media (DMEM-F12, containing 10% FBS, 100 nM L-Glutamine, 100 U/ml 

Penicillin/Streptomycin) and incubated at 37°C and 5% CO2. At ~80% of confluence 

(usually reached after ~7 days in vitro (DIV)) the media was removed, cells were 



140 

 

washed with 1 ml of Hank's Balanced Salt Solution (HBSS) and were enzymatically 

dissociated with 0.25% Trypsin by incubating at 37 °C for 5 min. 10 ml of SH-SY5Y 

Media was added to the cells to neutralize the trypsin and to collect the cells. Cells 

suspension was centrifuged at 500 rpm for 5 minutes, at room temperature (RT). The 

cells pellet was resuspended in 1 ml of SH-SY5Y Media and cells were triturate using 

a plugged flame-polished Pasteur pipette for 3-5 times without adding air bubbles. 

Cells were diluted 1:10 (10 µl of the cell suspension into 90 µl of fresh SH-SY5Y 

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 × Dilution Factor × 

Haemocytometer Constant 

 

SH-SY5Y cells were then plated at the density of 50,000 cells/well (in 500 µl of SH-

SY5Y media) in 24-well plates and incubated at 37 °C. Starting from 1 DIV, SH-

SY5Y cells where treated with the following cytokines TNF-α (Sigma, T6674), IL- 1β 

(Sigma, SRP3083), and IL-6 (Sigma, I1395), dissolved in SH-SY5Y Media, at the 

final concentration of 1, 10, 100, 500 ng/ml. Cells were treated daily for 3 DIV, while 

the control was treated with the same amount of SH-SY5Y Media. At 24, 48 and 72h 

cells were imaged using an Olympus 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 euthanized time-mated Sprague-

Dawley rats. All animals were provided by Biological Services 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 dissected as previously described (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 37ºC. After this step, 0.5mg/ml of soyabean trypsin 

inhibitor was added and 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 cell pellet was resuspended in 1ml of E14 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma), penicillin 100 U/ml 

(Sigma), streptomycin 10 μg/ml (Sigma), L-glutamine 100 mM (Sigma) and 33mM D 

glucose (Sigma). 10 µl of this cell suspension was diluted 1:100 in 1ml of fresh plating 

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

following formula was used for the total cells number estimation: 

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

Cells were then plated onto poly-D-lysine (0.1mg/ml Sigma; ved IPSCs) coated 24 

well plates (Nunc) at 1 x 105 cells/cm2 and incubated at 37ºC with 5% CO2. For cells 

treatment, the cytokines TNF α, IL-1β and IL-6 were added daily for 3 DIV (24, 48, 

72h) directly to the cells at the final concentration of 1, 10 and 100ng/ml. After 72h of 

treatments cells were fixed and processed for immunofluorescence. 

  

4.3.4. Immunofluorescence 

 

E14 VM cells were fixed in 4% paraformaldehyde (Sigma) for 15 min at RT. The 

paraformaldehyde was removed, and the cells were washed 3 x 5 minutes in 10mM 

phosphate-buffered saline (PBS) containing 0.02% Triton X-100 (PBS-T). After 

fixation, cells were incubated in blocking solution [5% bovine serum albumin (BSA) 

(Sigma) in 10 mM PBS-T] for 2h at RT. The blocking solution was removed, and cells 

were incubated overnight at 4 °C in TH, (DA neuronal marker), (1:2000, Merck 

Millipore; Catalogue number: AB152) and β-III tubulin (general neuronal marker) (1 

: 500; mouse monoclonal; Promega, Madison, WI, USA), diluted in 1% BSA in 10 

mM PBS-T. Following 3 x 5 minutes washes in PBS-T, cells were incubated in the 

appropriate secondary antibodies Alexa Fluor 488- or 594- conjugated secondary 

antibodies (1:500; Invitrogen) diluted in 1% BSA in 10 mM PBS-T for 2h at RT. 

Following washes 3 x 5 minites in PBS, cells were counter-stained with DAPI (1:3000; 
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Sigma) for 5 mins and washed 3 x 5 minutesin PBS. Cells were imaged using an 

Olympus IX71 inverted microscope fitted with an Olympus DP70 camera. 

 

4.3.5 Neurite length estimation  

 

The major neurite length was estimated in SH-SY5Y cells treated with different 

concentrations of the three cytokines. The lengths of 5 randomly-selected SH-SY5Y 

neurites were measured in 15 randomly-selected fields per N, resulting in at least 225 

neurites analysed per each condition after 24, 48 and 72h of culture. The images, taken 

with 10x lens, were opened in image J software with a final enlargement of 200%. The 

length of primary neurite was described as the distance from the cell body to the end 

of the longest process (Fig.4.1). 

 

 

 

 

 

 

 

 

Figure 4. 1. Major neurite length estimation in SH-SY5Y.  

Representative image of a SH-SY5Y cell, randomly selected for the estimation of the 

neurite length using image J software.  

4.3.6 EV14 cells Numerical density estimation  

  

 TH, β-tubulin III labelled neurons and total cells count was completed in more than 

15 fields and was assess using the following formula: 

 

                                TH+ neurons Numerical density = (TH + neurons / area grid) 

    β -tubulin III+ neurons Numerical density = (β-tubulin III + neurons / area grid) 

                                   Total cells numerical density = (Dapi+ cells/area grid) 

Neurite length 
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4.3.7 E14 VM Neurite length estimation 

 

The neurite length of E14 TH labelled and β-tubulin III neurons was estimated after 

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

neurites (Fig.4.2).  

 

 

 

 

 

 

                                          

 

 

 

 

 

 

 

The grid was randomly superimposed in roughly 20 fields per condition and the total 

number of intersections of neurites through the grid were counted along with the total 

number of nuclei within the frame. The analysis was carried out at a predetermined 

magnification. The neurite length was then estimated using the following formula: 

                                              Neurite length = (π/2) x I x d 

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

lines and d is the distance between each line in the grid (Howard and Reed, 1998).  

The neurite length per cell in both TH and β-tubulin III positive neurons was also 

estimated: 

                              Neurite length per neuron= Neurite length/ nuclei 

a) b) 

c) 

βTubulinIII/Th/Dapi 

50µm 

Figure 4. 2. Neurite length estimation in E14 

neurons. 

a) Representative image of E14 VM neurons. 

Scale bar 50 µm. The stereological analysis was 

conducted in b) β-tubulin III and c) TH labelled 

neurons. Nuclei were counterstained with Dapi. 

The quantification was carried out using a 

superimposed grid. 
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4.3.8 Neuronal volume fraction estimation  

 

TH and β-tubulin III labelled neurons were expressed also as percentages of the total 

Hoechst stained cells: 

TH + neurons (%) = (TH+ neurons / Total Hoechst stained cells) x 100 

β -tubulin III+ neurons (%) = (β-tubulin III + neurons / Total Hoechst stained cells) 

x 100 

 

4.3.9 Somal area and volume‐weighted mean volume estimation 

 

The somal area and nuclear volume of 5 randomly-selected cells were measured in 15 

randomly-selected fields per N, resulting in 225 cells analysed per condition. The 

images, taken with 20X lens, were opened in imagej software with a final enlargement 

of 200% (Fig.4.3). The volume‐weighted mean nuclear volume (Vv Nuc) of VM 

neurons was estimated as already shown in section 3.4.7. For the somal area estimation 

the set measurement was set on area and the scale bar length was converted from pixel 

to µm. The freehand measurement tool was then used to measure the somal area 

(Fig.4.3).  

 

 

 

 

 

 

 

Figure 4. 3. Somal area and nuclear volume estimation in E14 neurons. 

Magnification view of Daergic neurons stained with TH. Nuclei were counterstained 

with Dapi. A test points of lines was used to estimate the nuclear volume by point 

sample intercept (PSI) method. The neuronal somal area was also estimated. 

Somal area 

estimation 

Nuclear 

volume 

estimation 
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4.4 Statistical analysis  
 

Statistical methods were performed using one-way analysis of variance (ANOVA) 

with Fisher’s LSD post hoc test, to determine significant differences between groups. 

Results were expressed standard error of the mean (SEM) and assumed significant 

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

 

4.5 Results 
 

4.5.1 Qualitative analysis of SH-SY5Y treated cells  

 

The initial investigation of the effect of the pro- inflammatory cytokines TNF-α, IL-

1β, and IL-6, was carry out on human SH-SY5Y neuroblastoma cells as they can 

mimic DAergic neurons in culture (Xicoy, Wieringa et al. 2017). To do this SH-SY5Y 

were treated with crescent concentrations of each cytokine (1, 10, 100, 500 ng/ml) for 

24, 48, 72h. The initial investigation of the qualitative analysis of the SH-SY5Y cells 

treated with the three cytokines showed a different behaviour of the cells upon 

treatment. In SH-SY5Y cells treated with TNF-α was evident a reduced number of 

cells treated with the highest doses of the cytokine [(100 and 500 ng/ml, other doses 

(1 and 10 ng/ml) were not reported since did not show evident differences with the 

control cells)] (Fig. 4.4). After 24h, a reduced SH-SY5Y cell number was evident at 

both concentration of 100 and 500 ng/ml. After 48 and 72h a reduced cell number was 

more evident at the concentration of 500 ng/ml. The other two cytokines IL-1β and 

IL-6 showed a different behaviour (Fig. 4.5 and 4.6). Contrarily to TNF-α, these 

cytokines did not decrease the number of cells in culture (the doses of 10 ng/ml was 

included since in the primary cell culture showed to increase the cell number).  

Thus, TNF-α showed a more toxic action compared to the other two cytokines, since 

IL-1β and IL-6 did not affect neuronal viability.  
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4.5.1.1 Qualitative analysis of TNF-α treated SH-SY5Y cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 4 TNF-α decrease the number of cells in SH-SY5Y cells.  

(a, c) representative photomicrographs of SH-SY5Y cells treated with 100 and 500 

ng/ml TNF-α, cultured for a) 24, b) 48, c) 72 h. Scale bar 100 μm.  
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4.5.1.2 Qualitative analysis of IL-1β treated SH-SY5Y cell 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 4. 5 IL-1β do not decrease the number of cells in SH-SY5Y cells.  

(a, c) representative photomicrographs of SH-SY5Y cells treated with 10, 100 and 500 ng/ml IL-1β, cultured for a) 24, b) 48, c) 72 h. Scale bar 

100 μm.  
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4.5.1.3 Qualitative analysis of IL-6 treated SH-SY5Y cells  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. 6 IL-6 do not decrease the number of cells in SH-SY5Y cells.  

(a, c) representative photomicrographs of SH-SY5Y cells treated with 10, 100 and 500 ng/ml IL-6, cultured for a) 24, b) 48, c) 72 h. Scale bar 100 

μm.   
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4.5.2 Pro-inflammatory cytokines affect neurite growth of SH-SY5Y cell line 

 

At each time point (24, 48 and 72h) and for each concentration (1, 10, 100, 500 ng/ml) 

the neurite growth was measured in order to evaluate the effects of these pro-

inflammatory cytokines in individual cells.  

Results showed a significant reduction of neurite growth in TNF-α, IL-1β and IL-6 

treated cells (Fig 4.7, 4.8, 4.9).  

 

Such reduction was statistically significant already after 24h at the concentration of 10 

ng/ml in TNF-α treated cells (p = 0.01), whose decrease was more evident at the 

concentration of 100 (p = 0.0009) and 500 ng/ml (p = 0.0008). IL-1β treated SH-SY5Y 

cells, were statistically significant reduced at the concentration of 100 ng/ml (p = 0.01) 

and 500 ng/ml (p = 0.002), while IL-6 showed a negative effect on SH-SY5Y cells at 

the concentration of 500 ng/ml (p = 0.01) after 24h.  

 

After 48h, the neurite length of TNF-α, IL-1β and IL-6 treated cells, was statistically 

significant reduced already at the lowest concentration of 1 ng/ml. TNF-α [1ng/ml (p 

= 0.02), 10 ng/ml (p = 0.007), 100 ng/ml (p = 0.0002) and 500 ng/ml (p = 0.0002)]. 

IL-1β [1ng/ml (p = 0.003), 10 ng/ml (p = 0.0003), 100 ng/ml (p = 0.0009) and 500 

ng/ml (p < 0.0001). IL-6 [1ng/ml (p = 0.01), 10 ng/ml (p = 0.01), 100 ng/ml (p = 0.004) 

and 500 ng/ml (p = 0.0009). 

 

After 72h of treatment a more severe reduction of neurite length was observed in TNF-

α and IL-6 treated cells at all doses used: [TNF-α 1ng/ml (p = 0.02), 10 ng/ml (p = 

0.0004), 100 ng/ml (p < 0.0001) and 500 ng/ml (p < 0.0001); IL-6 1ng/ml (p = 0.002), 

10 ng/ml (p < 0.0001), 100 ng/ml (p < 0.0001) and 500 ng/ml (p < 0.0001)].While in 

IL-1β treated cells the impaired neurite length was observed at the dose of 10 ng/ml 

(p = 0.01), 100 ng/ml (p = 0.003) and 500 ng/ml (p = 0.0004), but not at the lowest 

dose of 1ng/ml (p = 0.08). Furthermore, the effect of IL-1β on SH-SY5Y cells after 

72h was less evident, compared to 48h of treatment, indicating a possible mechanism 

of adaptation, or of recovering actuated by the cells upon IL-1β 
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4.5.2.1 TNF-α treated SH-SY5Y cells 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 7. TNF-α inhibits neurite growth in SH-SY5Y cells.  

(a, c) representative photomicrographs of SH-SY5Y cells treated with 1, 10,100  and 

500 ng/ml TNF-α, cultured for a) 24, b) 48, c) 72 h. Scale bar 100 μm. (d, f) Graphs 

showing the axonal neurite length for neuron following d) 24, e) 48, f) 72h at the 

concentration indicated.  All data are presented as mean ± SEM from at least three 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control (one - way ANOVA 

with post hoc Fishers LSD test). 
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4.5.2.2 IL -1β treated SH-SY5Y cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. IL-1β inhibits neurite growth in SH-SY5Y cells.  

(a, c) representative photomicrographs of SH-SY5Y cells treated with 1, 10,100  and 

500 ng/ml IL-1β, cultured for a) 24, b) 48, c) 72 h. Scale bar 100 μm. (d, f) Graphs 

showing the axonal neurite length for neuron following d) 24, e) 48, f) 72h at the 

concentration indicated.  All data are presented as mean ± SEM from at least three 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001,vs. control (one - 

way ANOVA with post hoc Fishers LSD test) 
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4.5.2.3 IL-6 treated SH-SY5Y cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 9. IL-6 inhibits neurite growth in SH-SY5Y cells.  

(a, c) representative photomicrographs of SH-SY5Y cells treated with 1, 10,100  and 

500 ng/ml IL-6, cultured for a) 24, b) 48, c) 72 h. Scale bar 100 μm. (d, f) Graphs 

showing the axonal neurite length for neuron following d) 24, e) 48, f) 72h at the 

concentration indicated.  All data are presented as mean ± SEM from at least three 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001, vs. control (one - 

way ANOVA with post hoc Fishers LSD test). 
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4.5.3 Pro-inflammatory cytokines effect on E14 Rat VM neurons 

 

In order to investigate the viability and neuronal complexity of DAergic neurons, upon 

the three cytokines, the same experiment was repeated in E14 rat VM cells. VM cells 

were treated at 24, 48 and 72h with the concentration of 1, 10 and 100 ng/ml. The 

highest dose of 500 ng/ml was excluded because particularly toxic (especially TNF-

α) as shown in SH-SY5Y cells, which are more resistant to primary neurons. 

 In primary cells treated with the three cytokines, the estimation of the Nv (of total 

cells and of TH positive cells per unit area), neurite length, and neurite length per cell 

was performed only at 72h of treatment. The quantification of TNF-α treated cells 

showed a significant reduction of total cells number at the highest dose 100 ng/ml (p 

< 0.041) ( (Fig.4.10 b) and of DAergic neurons at all the doses used: 1 and 10 ng/ml 

(p < 0.02), 100 ng/ml (p < 0.01) (Fig.4.10 c). The neurite length, expressed as 

percentage, was already reduced at the lowest dose: 1ng/ml (p < 0.0002), 10 and 100 

ng/ml (p < 0.0001) (Fig. 4.7 d), however no significant difference was observed in the 

neurite length per cell (Fig. 4.10 e). No differences in all parameters evaluated in IL-

1β (Fig.4.11 b-c-d-e) and IL-6 (Fig. 4.12 b-c-d-e) treated cells were reported. 

However, at the concentration of 10 ng/ml, for both cytokines, was evident an increase 

of the Nv of total cells and of TH positive cells, which was accompanied by an increase 

of the TH neurite length.   

Cell viability and neuronal complexity, was also estimated in β-tubulin III labelled 

neurons that represent the majority of the cells in culture. The quantification showed 

a significant reduction of β-tubulin III positive neurons in TNF-α treated cells at the 

highest dose of 100 ng/ml (p < 0.04) (Fig.4.13 b). However, no statistically significant 

difference in the other parameters evaluated, were reported (Fig. 4.10 c-d), as well as 

no significant differences were observed in IL-1β (Fig. 4.14 b-c-d) and IL-6 (Fig. 4.15 

b-c-d), treated cells. 
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4.5.3.1 TNF-α effects on DAergic neurons  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 10. TNF-α impairs cells number and neuronal complexity of DAergic 

neurons in primary cultures of rat VM.  
a) Representative photomicrographs of TH/DAPI stained E14 VM cultures treated 

with 1, 10, 100ng/ml TNF-α for 72h. Scale bar 50µm. (b - c) Graphs showing the cell 

number per unit area (mm2) estimation in b) total stained cells, c) TH+ cells. (d ˗ e) 

Graphs showing the neuronal complexity expressed as d) neurites length reported as 

percentage (%), e) neurite length per cell (µm). Data are mean ± SEM of n = 3 

independent experiments. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, **** p < 0.0001, (one - 

way ANOVA with post hoc Fishers LSD test). 
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4.5.3.2 IL-1β effects on DAergic neurons  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 11. IL-1β impairs cells number and neuronal complexity of DAergic 

neurons in primary cultures of rat VM.  

a) Representative photomicrographs of TH/DAPI stained E14 VM cultures treated 

with 1, 10, 100ng/ml IL-1β for 72h. Scale bar 50µm. (b - c) Graphs showing the cell 

number per unit area (mm2) estimation in b) total stained cells, c) TH+ cells. (d ˗ e) 

Graphs showing the neuronal complexity expressed as d) neurites length reported as 

percentage (%), e) neurite length per cell (µm). Data are mean ± SEM of n = 3 

independent experiments.  
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4.5.3.3 IL- 6 effects on of DAergic neurons   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 12. IL-6 impairs cells number and neurite complexity of DAergic 

neurons in primary cultures of rat VM.  

a) Representative photomicrographs of TH/DAPI stained E14 VM cultures treated 

with 1, 10, 100ng/ml IL-6 for 72h. Scale bar 50µm. (b - c) Graphs showing cell number 

per unit area (mm2) estimation in b) total stained cells, c) TH+ cells. (d ˗ e) Graphs 

showing the neuronal complexity expressed as d) neurites length reported as 

percentage (%), e) neurite length per cell (µm). Data are mean ± SEM of n = 3 

independent experiments.  
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4.5.3.4 TNF-α effects on β-tubulin III neurons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 7. TNF-α impairs cells number but no neurite complexity of β- tubulin 

III neurons in primary cultures of rat VM. 
 a) Representative photomicrographs of β- tubulin III /DAPI stained E14 VM cultures 

treated with 1, 10, 100ng/ml TNF-α for 72h. Scale bar 50µm. b) Number of β- tubulin 

III + neurons per unit area (mm2). (c - d) Graphs showing the neuronal complexity 

expressed as c) neurites length (%), d) neurite length per cell (µm). Data are mean ± 

SEM of n = 3 independent experiments. ∗p < 0.05 (one - way ANOVA with post 

hoc Fishers LSD test). 
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4.5.3.5 IL-1β effects on β-tubulin III neurons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 14. IL-1β does not impair cells number and neurite complexity of β- 

tubulin III neurons in primary cultures of rat VM.  

a) Representative photomicrographs of β- tubulin III /DAPI stained E14 VM cultures 

treated with 1, 10, 100ng/ml IL-1β  for 72h. Scale bar 50µm. b) Number of β- tubulin 

III + neurons per unit area (mm2) (c - d) Graphs showing the neuronal complexity 

expressed as c) neurites length (%), d) neurite length per cell (µm). Data are mean ± 

SEM of n = 3 independent experiments.  
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4.5.3.6 IL-6 effects on β-tubulin III neurons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 8. IL-6 does not impair cells number and neurite complexity of β- 

tubulin III neurons in primary cultures of rat VM.  
a) Representative photomicrographs of β- tubulin III /DAPI stained E14 VM cultures 

treated with 1, 10, 100ng/ml IL-6  for 72h. Scale bar 50µm. b) Number of β- tubulin 

III + neurons per unit area (mm2). (c - d) Graphs showing the neuronal complexity 

expressed as c) neurites length (%), d) neurite length per cell (µm). Data are mean ± 

SEM of n = 3 independent experiments.  
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4.5.4 DA and β-tubulin III volume fraction estimation in E14 VM culture 

 

The ratio of TH and β-tubulin III positive neurons, over the total cells, did not show 

any significant difference in TNF-α, IL-1β and IL-6 (Fig.4.16 a, d, g) treated cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 9. β-tubulin III and DAergic ratio.  

Representative photomicrographs of TH/β-tubulinIII/DAPI-stained E14 VM cultures, 

treated with 1,10,100 ng/ml of a) TNF-α d) IL-1β, and g) IL-6 for 72h. Scale bar 50 

µm.(b-e-h) % of TH+ neurons over the total cells and (c-f-i) % of β-tubulinIII+ 

neurons over the total cells. Data are mean ± SEM of n = 3 independent experiments.  
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4.5.5 Nuclear volume and somal area estimation  

 

The estimation of the nuclear volume and somal area was also reported in order to 

estimate morphological differences of DAergic and β-tubulin III neurons in controls 

and treated cells. No significant differences of these two parameters were found in 

TNF-α (Fig.4.17), IL-1β (Fig.4.18) and IL-6 treated cells (Fig.4.19). 

4.4.5.1 TNF-α treated cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 10. TNF-α does not affect nuclear volume and somal area.  

Representative images of primary cultures of E14 rat VM treated with 1, 10, and 100 

ng/ml TNF-α and then stained for a) TH and d) β- tubulin III at 72 h. Scale bar 50μm. 

Estimation of (b) TH+ neurons nuclear volume (c) TH+ neurons somal area e) β- 

tubulin III+ neurons nuclear volume. All data are presented as mean ± SEM from at 

least three experiments. 
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4.5.5.2 IL-1β treated cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 11. IL-1β does not affect nuclear volume and somal area.  

Representative images of primary cultures of E14 rat VM treated with 1, 10, and 100 

ng/ml IL-1β then stained for a) TH and d) β- tubulin III at 72 h. Scale bar 50μm. 

Estimation of (b) TH+ neurons nuclear volume (c) TH+ neurons somal area e) β- 

tubulin III+ neurons nuclear volume. All data are presented as mean ± SEM from at 

least three experiments. 
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4.5.5.3 IL-6 treated cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 12. IL-6 does not affect nuclear and somal area.  

Representative images of primary cultures of E14 rat VM treated with 1, 10, and 100 

ng/ml IL-6 then immunocytochemically stained for a) TH and d) β- tubulin III at 72 

h. Scale bar 50μm. Estimation of (b) TH+ neurons nuclear volume (c) TH+ neurons 

somal area e) β- tubulin III+ neurons nuclear volume. All data are presented as mean 

± SEM from at least three experiments. 
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4.6 Discussion  
 

This study investigated the effect of the three pro- inflammatory cytokines TNF-α, IL- 

1β and IL-6 on SH-SY5Y neuroblastoma cells and cultured rat E14 VM. The initial 

exploration of the effect of the three cytokines on neuronal phenotype has been 

conducted in vitro on the SH-SY5Y cells line, better known for their ability to mimic 

the DAergic neurons (Xicoy, Wieringa et al. 2017). In order to do so, SH-SY5Y cells 

were treated with 1,10,100, and 500 ng/ml TNF-α, IL- 1β and IL-6 for 24, 48 and 72h. 

The major neurite length per neuron measurement at these three time points has 

revealed a dose dependent effect on neurite growth, for all the cytokines examined 

with evident neurite reduction already after 24 h of treatment. Further, a more toxic 

effect in TNF-α treated cells, was evident. To further investigate the effect of these 

cytokines on neuronal phenotype, the same treatment was reproduced on E14 VM 

neurons. E14 VM culture were treated with 1, 10, and 100 ng/ml TNF- α, IL-1β and 

IL-6 for 24, 48, 72h. At 72h cells were fixed and stained for immunofluorescence. 

Simple unbiased stereological methods and none were employed to estimate neuronal 

morphology. The overall analysis of SH-SY5Y and E14 primary neurons culture after 

TNF-α, IL-6 and IL-1β treatment confirmed the following assumptions: 1) all three 

cytokines impair neurite growth as showed by the SH-SY5Y analysis, while only 

TNF-α affects cell viability, 2) TNF- α impairs viability, and neuronal complexity in 

E14 neurons, without affecting cellular morphology, and nuclear volume, 3) IL-6 and 

IL-1β do not show any statistically significant difference in neuronal phenotype and 

cell survival at E14. However, at the concentration of 10 ng/ml, these cells showed a 

clear trend characterised by increase Nv of all cells and of TH positive neurons, and 

increase neurite length. 

The results of this study support the role of inflammation in inducting neuronal 

damage during fetal brain development, suggesting the possible correlation between 

timing of the insult and outcomes.   

The prenatal exposure to pathogens leads to elevated levels of pro-inflammatory 

cytokines like IL-6, TNF-α, and IL-1β, not only in the serum and in the amniotic fluid 

of pregnant women (Sykes, MacIntyre et al. 2012, Pandey, Chauhan et al. 2017), but 

also in the brain of the new-borns affected by ASD and SZ (Garay, Hsiao et al. 2013). 
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In particular, the elevated production of these three cytokines, induced by MIA during 

pregnancy, is often associated with  alteration of DAergic neurons, whose impairment 

is highly connected with the insurgence of psychiatric conditions and 

neurodegenerative diseases (Zager, Mennecier et al. 2012, Bauman, Lesh et al. 2019). 

Thus, the study in vitro of DAergic neurons upon inflammation is of crucial 

importance to better understand their contribution in mental dysfunction.  

The initial investigation of the effect of the three main pro-inflammatory cytokines 

was carried out on SH-SY5Y cells. The qualitative analysis showed an evident 

reduction of the Nv in TNF-α treated cells, after 24, 48 and 72h at the highest doses 

of 100 and 500 ng/ml. These data suggest that TNF-α may impair neuronal viability. 

Is well known that TNF-α, beside to promote inflammation, can mediate signalling 

pathway for apoptosis. This is usually induced by the binding of a cell surface receptor: 

TNFR1 (also known as p55 or CD120a). The TNFR1 activation, stimulate the adaptor 

proteins TNFR1-associated death domain (TRADD) and Fas-associated death domain 

(FADD), that lead to the activation of the Caspase 8 and the Caspase 3 inducing 

apoptosis (Faustman and Davis 2013). In agreement with the observation reported in 

this study, the ability of TNF-α to induce cell death was demonstrated in a study 

conducted on neuroblastoma cells SK-N-MC. In this cell line the neuronal apoptosis 

was mediated by the release of the cytochrome c from the mitochondria, at the 

concentration of 20 and 40 ng/ml TNF-α (Álvarez, Blanco et al. 2011).  

IL-1β and IL-6 treated cells did not show any evidence of either cell death, or of cells 

reduction. This may indicate a different pathway of activation that do not involve 

apoptosis. In particular, IL-6 besides playing a role in inflammation also has tumor-

promoting activity. This cytokine was showed to stimulate medulloblastoma cells 

proliferation through the activation of STAT3 (Chen, Wei et al. 2018), thus the 

possibility for these cytokines to increase cell proliferation cannot be excluded. In this 

study, the Nv quantification was hard to obtain since the cells were very compact, and 

difficult to identify. For the future, a further investigation of their behaviour would be 

recommended through fluorescence immunohistochemistry combined with the use of 

a confocal laser scanning microscope in order to create z-stack planes to better 

visualise the cells.   
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The quantification analysis conducted in SH-SY5Y cells showed a significant 

reduction of neurite growth compared to control, evident already after 24h of 

treatment, providing evidences for their neurotoxic effect on DAergic neurons.   

Successively the same treatment was repeated on E14 VM neurons. Interestingly at 

this stage of brain development the only cytokine showing toxic effect on E14 cells 

was TNF-α. The results of this study showed a dose dependent reduction in total cell 

number, neuronal number, and neuronal complexity of DAergic neurons in E14 

culture treated with increased concentration of TNF-α.  In agreement with this results, 

TNF- α deleterious effects on DAergic neurons were confirmed also by the in vitro 

use of IPSCs derived DAergic neurons (Watmuff, Hartley et al. 2015). Further,  

negative effects of TNF-α on neurite growth and branching have been shown in 

hippocampal neurons (Neumann, Schweigreiter et al. 2002), in superior cervical 

ganglion neurons in late embryonic and early postnatal development (Nolan, Collins 

et al. 2014), and in rat dorsal root ganglion cultures after 24h treatment (Moss, Huang 

et al. 2015). However, it did not impair the neurite growth of β- tubulin III neurons.   

This study did not show any statistically significant differences on neurite growth, 

viability, and cell morphology in IL-1β and IL-6 treated cells. However, at the 

concentration of 10 ng/ml, was evident an increase number of cells, that was probably 

responsible for the increase neurite length of TH positive neurons observed in cells 

treated with both cytokines. Is well known, that inflammation may enhance cell 

proliferation (Kiraly, Gong et al. 2015). This could explain the discordant results found 

with the SH-SY5Y cells, whose neurite outgrowth resulted to be reduced in IL-1β and 

IL-6 treated cells. The increase number of TH positive neurons, following these 

cytokines treatment at the concentration of 10ng/ml, could justify the increase of 

neurite length found, and the repetition of this experiment may lead to a statistically 

significant difference of these parameters estimated between treated and control cells. 

To test this hypothesis a quantification based on the estimation of the major neurite 

length, as carried out in SH-SY5Y cells would be recommended, however since 

DAergic neurons were mainly located in the centre of the well, the identification of a 

single neurite length was hard to obtain.  

Furthermore, the role of pro-inflammatory cytokines in inducing neurotoxic effects is 

controversial and factors such as timing of the insult become of crucial importance to 
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assess the neuronal damage related to their administration. During neuronal 

development, cells show different vulnerability to negative insult, such as pro-

inflammatory cytokines. This because neurons undergo different expression in their 

receptors, thus the particular window time of pregnancy in which these cytokines are 

produced, is a determinant factor. A study conducted on SCG neurons has shown that 

IL-1β inhibits neurite growth in developmental window (E18-P1) (Nolan, Nolan et al. 

2011). The same result was found after the injection of LPS on E16 SCG neurons 

derived from affected pups (Straley, Togher et al. 2014) but not in earlier 

developmental stages.  More complicated is the role of IL-6, which is the main 

cytokine in the CNS. IL-6 has different functions on glial and neuronal cells. Its 

injection in pregnant rats in early gestation (days 8, 10, and 12) and in mid/late 

gestation (days 16, 18, and 20) has shown different postnatal outcomes according to 

the timing of the treatment. The adult rats treated with IL-6 during late pregnancy 

showed higher hippocampal astrogliosis and apoptosis, while rats treated with IL-6 in 

early/mid gestation showed reduced astrogliosis and no sign of hippocampal apoptosis 

(Samuelsson, Jennische et al. 2006). Previously studies have also correlated the effect 

of these two cytokines to their concentration. IL-1β and IL-6 added to the culture 

negatively affects the survival of fetal midbrain DAergic neurons (Jarskog, Xiao et al. 

1997), while higher doses of the same cytokines were found to enhance the survival 

of these cells (Kushima, Hama et al. 1992, Akaneya, Takahashi et al. 1995).  

In summary results showed the negative effect of the inflammatory cytokines IL-1β, 

IL-6, and TNF-α on neurite growth of SH-SY5Y cells in vitro, and show the role of 

TNF-α in decreasing cell viability and neuronal growth in E14 VM rat cells,  whereas 

IL-1β and IL-6 function during DAergic development required further investigation. 

Although the molecular mechanism have not been totally understood, the investigation 

of increased levels of inflammatory cytokines during brain development, as 

consequence of MIA, could help to better elucidate the etiologic factors responsible 

for the insurgence of neurodevelopmental and neurodegenerative disorders later in 

life. 
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5.0 Abstract 
 

The aetiology of autism spectrum disorder (ASD) is complex and includes both 

genetic and environmental risk factors. Among the genes identified as possible 

candidate, Neurexin1 (NRXN1), a gene involved in synapsis functions, has been 

extensively associated with their manifestation. NRXNs interact with Neuroligins 

(NRLGs) post-synaptically in order to regulate excitatory and inhibitory functions; 

however, its role during early neurogenesis has been poorly investigated. Therefore, 

the objective of this study was to examine neural progenitor stem cells (NPCs) fate 

determinations and neurons maturation through the use of induced pluripotent stem 

cells (iPSCs) derived from patients carrying NRXN1α (exon 1-5) deletion and healthy 

controls. For doing so, iPSCs generated from skin fibroblasts were reprogrammed, 

validated for pluripotency, and differentiated into NPCs and neurons. Differentiated 

cells were stained with NPCs and neuronal/glial markers by immunofluorescence at 

different 4 time points: 10-20 days PAX6, Nestin; 40 Days β- Tubulin III, DCX, 

MAP2 and GFAP; 60 days Map2, Psd95 and Munc18-1a. A number of stereological 

methods were employed to estimate cell morphology. Parameters estimated for the 

NPCs included: nuclear volume and numerical density (Nv) per unit volume with the 

correspondent coefficient variation (CV). Parameters estimated for the neuronal/glial 

cells included: nuclear volume, volume fraction (Vv), and neurite length per unit 

volume with the correspondent CV. The final results showed higher nuclear volume, 

and decreased numerical density in NPCs derived NRXN1α deletion compared to 

control group at 20 days of differentiation. The neuronal nuclear volume and neurite 

length per unit volume in Map2 positive neurons, were reduced in patients compared 

to control group, after 40 and 60 days of differentiation. The expression of Psd95 and 

Munch 18-1a was also reduced in patient group. This study shows that NRXN1α 

deletion may affect NPCs proliferation, fate determination, and neuronal 

differentiation. This suggests that NRXN1α might play a key role not only during 

synaptogenesis but also during early-middle neurogenesis, thus contributing to a better 

understanding the aetiopathology of ASD. 
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5.1 Introduction 

 

The aetiology of autism spectrum disorder (ASD) is complex and includes both 

genetic and environmental factors. ASD is considered the most heritable conditions 

among all the neurodevelopmental disorders (NDDs), thus the individuation of 

relevant genes is of great importance to clarify its aetiopathology and eventually 

discover new therapeutic strategies. Several genes have been identified as possible 

candidate in inducing ASD. Many of these are associated with synaptic function, such 

as neurexin 1 (NRXN1),  neuroligin (NLGN) 3,  NLGN4 and SHANK3 (Onay et al. 

2017). 

NRXN1, a family of synaptic adhesion proteins expressed at the pre-synaptic terminal, 

undergoes frequent disruption including, translocation, whole gene deletion, and 

intragenic copy number variations (CNVs) (Jenkins et al. 2016b; Ching et al. 2010). 

In particular CNVs in NRXN1 are responsible for NDDs as autism (Weiss 2009; 

Merikangas, Corvin, and Gallagher 2009) and other conditions including 

schizophrenia (SZ) (Rujescu et al. 2009; Gauthier et al. 2011) intellectual disability, 

developmental delay and communication difficulties (Ching et al. 2010; Brignell et al. 

2018).  

NRXNs expressed at the presynaptic terminal interact with neuroligins (NRLGs), 

leucine-rich repeat transmembrane neuronal proteins, and glutamate receptor delta 2, 

in order to regulate both excitatory and inhibitory synapses functions (Wright and 

Washbourne 2011). The NRXN family is constitute by three genes (NRXN1, NRXN2, 

and NRXN3). All of them have two different promotors: an upstream promotor 

engaged in the transcription of larger NRXN1-α, and a promotor located in the middle 

of the gene responsible for the transcription of the shorter NRXN1-β. Most of the 

NRXN1 deletions are exonics and affect mainly the α isoform, while only few are 

located into the exons of β-NRXNs (Curran et al. 2013; Ching et al. 2010).  

Studies in α-NRXN triple knockout mice (NRXN 1α/2α/3α) have shown altered Ca2+ 

channel function with impaired neurotransmitter release (Missler et al. 2003). Further 

NRXN1-α knockout (KO) mice have shown some behavioural deficit including social 

impairment, hyperactivity, and latent inhibition that are typical of patients with ASD 

(Esclassan, Francois et al. 2015), as well as impairment in excitatory synaptic through 
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decrement of miniature excitatory postsynaptic current (EPSC) frequency, but not of 

inhibitory synapse (Etherton, Blaiss et al. 2009).  

Despite these studies conducted on animal models, the mechanisms by which deletions 

of NRXN1-α induce the manifestation of several related diseases remain poorly 

understood. Furthermore, the validity of these animal models in reproducing 

neurodevelopmental mechanisms in humans, is hard to define. Thus, the in vitro 

cellular models might represent an alternative to better elucidate the involvement of 

CNVs in inducing neurodevelopmental delays. For this purpose the use of induced 

pluripotent stem cells (iPSCs) technology is of crucial importance. 

The term pluripotency refers to the ability of the cells to differentiate into the three 

embryonic germ layers (endoderm, ectoderm and mesoderm), indefinitely. This is a 

characteristic of human embryonic stem cells (hESCs), located in the inner cell mass 

of the blastocyst, in the short period of pre-implantation and post-fertilization.  

Although these cells represent an inestimable tool for disease modelling in a dish, their 

use, characterized by the destruction of the embryo, creates several ethical concern 

and restrictions. The advent of iPSCs technology represents an in vitro alternative to 

better understand the disease phenotypes associated with their deficits. The discovery 

that human somatic cells can be converted into embryonic stem cells-like trough the 

introduction of four transcription factors such as Oct4 (also Known as POU5F1), 

Sox2, Klf4 and Myc, has provided an excellent tool to recreate a disease in a dish for 

drug screening and disease pathway investigation (Takahashi and Yamanaka 2006; 

Maherali et al. 2007; Takahashi et al. 2007b). Thus, the objective of this study was to 

generate and characterise iPSCs derived neurons from healthy donors and patients 

carrying NRXN1-α deletion (NRXN1-α del).   

5.2 Aim of the study  
 

NRXNs, have mainly known for their contribution in synapsis stabilization and 

functions, however their role during NPCs generation and neuronal differentiation has 

been poorly investigated. For doing so, skin fibroblasts derived from healthy donors 

and NRXN1-α del (exon 1-5), were converted into iPSCs. These were characterized 

for pluripotency and differentiated into NPCs and neurons, in order to investigate 
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NPCs cell fate determination and neural differentiation during cortical development. 

A number of stereological methods were employed to estimate cell morphology.  

Parameter evaluated included: 

 

 NPCs nuclear volume and numerical density (Nv) per unit volume with the 

correspondent coefficient variation (CV), after 10 and 20 days of 

differentiation. NPCs were stained with Paired Box 6 (Pax6) and Nestin. 

 

 Neuronal nuclear volume, Nv, neurite length per unit volume with the 

correspondent CV and area fraction (A%) estimation. Neurons were stained 

after 40 and 60 days of differentiation with (Microtubule-associated protein 2) 

Map2, (Doublecortin) DCX and β-tubulin III.  

 

 Glial cells A%. These cells were stained with glial fibrillary acidic 

protein (GFAP) 

 

 Neuronal connectivity. Neurons, after 60 days of differentiation, were stained 

with Munch 18-1a (presynaptic marker) and with Psd-95 (post-synaptical 

marker). There expression was evaluated also through western blot. 

 

5.3 Material and method 
 

5.3.1 Skin fibroblasts cells culture 

 

3 mm of skin punch biopsies were isolated from healthy volunteers and NRXN1α- 

deletion patients, at the University Hospital of Galway (ethical license C.A. 750) by 

clinicians.  The biopsies were washed in Phosphate Buffer Saline (PBS) (Thermo 

Fisher, 10010023) supplemented with 1% penicillin-streptomycin (Thermo Fisher, 

15140122) and cut using a sterile scalpel into smaller pieces, each of which was stuck 

down into the separated 6 wells. The samples were then cultured in 2 ml of complete 

medium, defined as: 10% fetal bovine serum (FBS) (Sigma, 12103C)  added into high 

glucose Dulbecco’s modified Eagle (DMEM) medium (Thermo Fisher, 11965), 

supplemented with 1% penicillin-streptomycin and 1% MEM non-Essential Amino 

Acids Solution (NEAA) (Thermo Fisher, 11140050) at 37 ºC   and 5% CO2. Complete 
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medium was changed every two days, carefully making sure that the biopsies were 

still attached to the bottom of the wells. After few days of culture, the cells began to 

proliferate out from the tissue and once they reached the confluence they were 

trypsinised with 0.25% Trypsin (Thermo Fisher, 25200056) and plated into T75 flasks 

for further expansion and cryopreservation. The preferential growth of fibroblasts was 

favorited by the use of DMEM high glucose media with 10% FBS.  

The table below shows the list of dermal fibroblasts collected and derived from skin 

biopsy from healthy donors and patients (Table 5.1). 

Table 5. 1 List of skin biopsy fibroblasts generated and expanded.  

 

The fibroblasts here reported were reprogrammed into iPSCs using either episomal 

reprogramming methods or lentivus. The lentiviral transduction was used by Dr. Katya 

Mc Donagh, thus was not described in this section.  

Gender Age Identity 
(ID) 

Relation  Deletion 
(Intron/exon) 

male - 01c volunteer - 

female 20 02v volunteer  - 

 male  21 03v volunteer   - 
male  20 04c volunteer - 

male 9 ND1-1 De Novo E6-18 
male 4 ND1-c younger brother  - 
male 21 ND2-1 De Novo E1-5 
male 19 ND3-1 De Novo E1-5 
male 20 ND3-c brother, control  - 

female 50 ND4c-1 mother  - 
female 19 ND4-1 oldest daughter, proband E1-5 
male 50 ND4-2 father E1-5 
male 15 ND4c-3 older brother, control  - 
male 14 ND4-3 younger brother E1-5 

female 24 ND5-1 youngest daughter,  E6-18 
male 66 ND5c-1 father  - 

female 60 ND5c-2 mother  - 
female 38 ND5c-3 sister, control  - 
male 2 ND6 De novo Intron 5 
male 30 ND7 De Novo E1-5 
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5.3.2 Geltrex matrix coated dishes 

 

To reprogram dermal fibroblasts into iPSCs, to expand and to differentiate them, 6 

well dishes were coated with Geltrex lactose dehydrogenase elevating virus  (LDEV)- 

free human embryonic stem cells (hESC)- qualified Reduced Growth Factor Basement 

Membrane Matrix (Life Technologies, A1413301). The dishes were coated diluting 

500µl of Geltrex into 50 ml of KnockOut DMEM (dilution 1:100) (Thermo Fhisher, 

10829018), and 1,5 ml of the solution, was added into each well and incubated for at 

least 1.5 h at 37 ºC and 5% CO2 ( removed excess Geltrex coating could be stored 

stored at + 4 ºC for another application).    

 

5.3.3 IPSCs generation:Episomal reprogramming kit (Epi5 kit)  

 

Dermal fibroblasts were cultured into T75 flask 3 or 4 days before their 

reprogramming. To ensure the high efficiency of the methodology the fibroblasts used 

were no higher than passage 7. Once fibroblasts reached 75-90% of confluency they 

were trypsinized and 100,000 cells were reprogrammed into iPSCs using Episomal 

reprogramming kit (Epi5 kit) (Invitrogen, A15960) (table 1). The first step was the 

transfection, in which fibroblasts were resuspended in 100 µl of nucleofection buffer 

(Nucleofector kits for Human Dermal Fibroblasts (NHDF), (Lonza, VPD-1001), 

followed by the addition of 1 µl of the Epi5 Reprogramming Vectors (Oct-4, Sox2, 

Lin 28, L-Myc, Klf4) and of 1 µl of the Epi5 p53 & Epstein-Barr nuclear antigen 

(EBNA) vectors. The suspension was gently mixed by pipetting up and down and 

transferred into a cuvette for nucleofection using the Nucleofactor 2b Device (Lonza), 

programme U0023. The transfected cells were then plated into Geltrex matrix- coated 

6 well dishes, and incubate overnight at 37 ºC in 3 ml of complete fibroblasts medium. 

The day after the media was replaced with 5 ml of N2B27 Medium containing: 96ml 

of Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/ F-12) with 

HEPES (Thermo Fisher, 11330032), 1ml of N-2 supplement (100X) (Thermo Fisher, 

17502001), 2 ml of B-27 supplement (50X) (Thermo Fisher,17504001), 1 ml of 

NEAA (100X), ( Thermo Fisher, 11140050), 0.5 ml GlutaMAX (100X) (Thermo 

Fisher, 35050061) and 182 µl of β- Mercaptoethanol (1000X) (Thermo Fisher, 

31350010) supplemented with 100 ng/mL of basic fibroblast growth factor (bFGF) 

(Sigma, GF300). The media was replaced every second day for 15 days after 
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transfection. After 15 days The media was changed to 5 ml of Essential 8™ Medium 

(E8), consisting of Essential 8™ Basal Medium and Essential 8™ Supplement (50X) 

(Thermo Fisher, A1517001). The E8 was replaced every second day. 24 to 30 days 

after transfection iPS colonies were manually isolated. Single colonies were 

transferred into new Geltrex coated plates with 3 ml of E8 medium for further cell 

expansion. A summary of the main steps required for reprogramming human 

fibroblasts cells into iPSCs, using the Epi5™ Episomal iPSC Reprogramming Kit are 

here illustrated (Fig.5.2). 

 

Table 5. 2 Epi5™ Episomal iPSC Reprogramming Kit 

  

 

 

 

 

 

 

 

 

Figure 5. 1. Major steps required for reprogramming human fibroblasts into 

iPSCs. ~ 4 days before transfection, fibroblast cells were plated into T75 flask. Once 

reached 80/95% of confluency they are ready to be tranfected (day 0). The day after 

the tranfection the fibroblast medium was replaced with N2B27 medium, which was 

added to the culture every other day. After 15 days the  N2B27 medium was replaced 

with E8 medium. After ~ three weeks the iPSC colonies emerged and were ready to 

be picked up and tranferred into a new dish for further expansion.  (Epi5™ Episomal 

iPSC Reprogramming Kit user guide). 

 

5.3.4 IPSCs expansion and maintenance 

 

IPS colonies were maintained in 6-well dishes coated with Geltrex in E8 media. 

Differentiated cells, evident from the changes of the morphology (densely packed cells 
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with high nucleus-to-cytoplasm ratio) were manually removed using a pipette tip 

under a microscope placed under the hood. Once they reached confluence, iPSCs were 

expanded, by manually cutting the colonies into smaller pieces using a pipette, and 

transferring them into new Geltrex-coated dishes. The new attached colonies were 

maintained into E8 media, which was changed every other day, and validated for 

pluripotency by alkaline phosphatase staining, immunofluorescence and quantitative 

polymerase chain reaction (qPCR) for the following markers: Sox2, Oct-4, Nanog, 

SSEA4, Tra1-60 and Tra1-8. 

 

5.3.5 IPSCs differentiation into NPCs  

 

Human iPSCs cultured into Geltrex matrix coated 6 well dishes were split into new 

plates in order to reach the confluence of 25% after 24 hours. At this point, Neural 

Induction Medium (Life Technologies, A1647801), containing 98% of Neural Basal 

Medium and 2% of Neural Induction Supplement, was added to the culture. The 

medium was replaced every 2 days for 7 days, removing non-neural differentiated 

colonies using a pipette tip. At day 7 of neural induction, NPCs passage 0 (P0) were 

generated and dissociated. NPCs detachment was obtained incubating cells with 1 ml 

of pre-warmed Accutase (Sigma, A6964) for each well of the 6- well plates and 

incubate at room temperature for five minutes. When cells started to detach they were 

collected into 15 ml falcon tube with PBS. In order to break up the cell clumps, the 

cell suspension was gently pipetted up and down three times and centrifuge at 100g 

for three minutes. The supernatant was aspirated and cells were re-suspended with pre-

warmed complete Neural Expansion Medium containing: neurobasal media (Life 

Technologies, 21103049), advanced DMEM/F12 (Life Technologies, 31330038), N2 

supplement (Life Technologies, 17502048), B27 supplement (Life Technologies, 

12587010), at the concentration of 50,000 cells/cm2 in new Geltrex coated plates. To 

prevent cell death, Rock inhibitor Y27632 at a final concentration of 5 µM (Sigma, 

Y0503) was added to the culture.  

The Neural Expansion Medium was changed the day after and then every two days. 

NPCs generated were characterized by immunofluorescence for two cortical neural 

progenitor markers Pax-6 and Nestin. Expanded NPCs were then cryopreserved in 
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Neural Expansion Medium with 10% dimethyl sulfoxide (DMSO) (Sigma, D4540) or 

expanded for further differentiation.   

 

5.3.6 NPCs differentiation into Cortical Neurons 

  

5.3.6.1 Poly lysine/ Laminin Plate Preparation  

 

24 hours before terminal differentiation Poly lysine (Sigma, 25988-63-0) was diluted 

in double-distilled water (ddH2O) to a final concentration of 0.002 %. 6 well plates 

were coated with 2 ml of this solution and incubated at 37 ºC for at least 2 hours. After 

incubation, the Poly lysine was aspirated, the plates were washed three times with 1 X 

PBS, and coated with laminin (Thermo fisher, 23017015) at the concentration of 20 

µg/ml in 1 X PBS. The plates were then incubated overnight at 37ºC and washed three 

times with 1 X PBS prior to use. 

 

5.3.6.2 Terminal Differentiation 

 

To generate cortical neurons, expanded NPCs (P6) were dissociated using accutase 

(previously described) and plated onto poly lysine/ laminin coated 6 well plates at the 

density of 50,000 cells/cm2 in Neural Expansion Medium. Half of the medium was 

changed every other day. On day 26 B27 supplement (w/o Vitamin A) was replaced 

with B27 (with Vitamin A) in the Neural Expansion Medium. Cells maintained in this 

way were allowed to mature for up 60 days (Fig.5.2). 

Figure 5. 2. Representative illustration of IPSCs differentiation into NPCs and 

neurons. 

IPSCs generated from skin fibroblasts were differentiated into NPCs and neurons 

using the Neural Induction Media. After 10 and 20 days of neural induction, NPCs 

were generated and characterised with two neuronal progenitor markers: Pax6 and 

Nestin. After 40 and 60 days of differentiation cortical neurons were generated and 

characterised with two neuronal markers DCX and Map2 and counterstained with 

Hoechst. 

Neural 

Expansion 

Medium 
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5.3.7 IPSCs, NPCs and neuronal characterization  

 

5.3.7.1. Alkaline phosphatase staining 

 

The first assay performed was alkaline phosphatase staining, which is one of the most 

popular assays used to validate iPSCs pluripotency. Alkaline phosphatases are a group 

of enzymes responsible for the dephosphorilation of many types of molecules 

including nucleotides, proteins and alkaloids. Alkaline phosphatases expression is 

very elevated in ESC, embryonic germs (EG) cells and iPSCs.  The technique, which 

is very fast and easy to perform, required the fixation of the cells in which 

undifferentiated iPSCs turned in purple while differentiated cells, in this case 

fibroblasts, remained colourless. 

Alkaline phosphatase staining was carried out using the alkaline phosphatase staining 

kit II (Stemgent, 00-0055). Each clone of interest was plated in triplicate into a 24 well 

plates. Once they reached approximately 70% of confluency the culture medium was 

aspirated and cells were washed with 1ml of 1 X PBST (10 ml of 1XPBS plus 5 µl of 

tween 20 for a final concentration of 0.05%). Cells were than fixed with 500 µl of fix 

solution and incubated at room temperature (RT) for 2 to 5 minutes. The fix solution 

was then removed and cells were washed again with 1 ml of PBST. At this point 1 ml 

of freshly prepared alkaline phosphatase substrate solution (mixture of 250µl of 

solution A and 250 µl of solution B incubated at RT for two minutes, and 250µl of 

solution C) was added to each well and incubated at RT in the dark for 5 to 10 minutes. 

It’s important at this stage to monitor the colour change in order to stop the reaction. 

The reaction was stopped by removing the alkaline phosphatases substrate solution 

and by washing the cells twice with PBS. To avoid drying cells were kept in PBS at 4 

ºC until imaging.  

 

5.3.7.2. RNA Extraction and cDNA synthesis  

 

Cells were washed two times with PBS and dissociated using 0.25% Trypsin/EDTA 

for fibroblasts, and Accutase for iPSCs. Cells were collected in 15 ml tubes and 

centrifuge at 500g for 5 minutes. Total RNA was extracted using RNeasy Mini Kit 

(Qiagen, Netherland) according to manufacturer’s instructions. RNA was eluted in a 
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30 µl of RNAse/DNAse free water (QIAGEN, 1080901) and quantified using the 

nanodrop (Thermo Fisher).  

The cDNA synthesis for reverse transcription polymerase chain reaction (RT-PCR) 

was performed using ReadyScript® cDNA Synthesis Mix (RDRT) kit (Sigma, RDRT-

100RXN). 4 µl of RDRT mix was added to 1µg of RNA plus RNAse/DNAse free 

water, for a final volume of 20µl. This reaction was gently mixed and briefly 

centrifuged. The mixture was incubate at 25ºC for 5 minutes, 42 ºC for 30 minutes and 

then 85 ºC for 5 minutes. The cDNA was either stored at -20 ºC or used immediately. 

 

5.3.7.3. Quantitative Real Time- polymerase chain reaction  

 

5 ng of cDNA was mixed to 0.4 nM forward and reverse primers each, to 5µl of 

SYBRFast (Applied Biosystems, 4385612), and RNase free water, to a final volume 

of 10 µl per well. The quantitative real time -polymerase chain reactions (q-PCRs) 

were carried out on the Applied Biosystem StepOne Plus in MicroAmp Fast 96 well 

reaction plates (Applied Biosystems). Each reaction was performed in triplicate and 

the mRNA expression of the genes of interest were normalized to the mRNA 

expression of GAPDH. PCR cycle parameters used were 95 ºC for 20 seconds, 

followed by 40 cycles of both parameters: 95 ºC 3 seconds and 60 ºC 30 seconds. 

Primer sequences are reported in the following table 5.3. 

 

Table 5. 3 Primer sequences used in this study 

 

5.2.7.4. Immunofluorescence and confocal microscopy 

 

Fibroblasts, IPSCs, NPCs and neurons were seeded in 8-well chamber slides. Cells 

were washed three times with 1 X PBS and fixed in 4% of paraformaldehyde (Santa 

Cruz, sc-281692) for 20 minutes at RT. Cells were then washed three times with 1 X 

PBS, and permeabilized using 0.2% Triton-X100 (Sigma, 9002-93-1) in 1X PBS, for 

Gene Forward Primer5’-3’ Reverse 5’-3’ 

OCT4 ACTTCACTGCACTGTACTCCTC CACCCTTTGTGTTCCCAATTCC 

SOX2 AGACTTCACATGTCCCAGCACT CGGGTTTTCTCCATGCTGTTTC 

NANO G ATAACCTTGGCTGCCGTCTC  AGCCTCCCAATCCCAAACAA 

GAPDH ATTCCACCCATGGCAAATTC TCTCGCTCCTGGAAGATGGT 
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15 minutes at RT. Cells were washed again three times with PBS and blocked using 

blocking buffer composed by 0.2% gelatin  (Sigma, G9391), 0.1% Triton-X100 in 1 

X PBS, for 30 minutes at room temperature. Then cells were incubated with primary 

antibody overnight at 4 ºC. The following primary antibodies were used: TE-7 (1/500, 

Merk CBL271) for fibroblasts; Sox2, Oct4, Nanog, SSEA4, Tra-1-60, Tra-1-81 

(1/200, Cell Signalling 2840S) for iPSCs; Nestin (1/200, Abcam ab22035), Pax6 

(1/100, abcam ab5790) for NPCs; GFAP (1/200, Dako Z0334) for astrocytes and 

radial glial cells; DCX (1/200, abcam ab18723), β-tubulin III (1/500, abcam ab18207), 

Map2, (1/1000, abcam ab32454), Psd95 (1/200, abcam ab2723), Munc 18-1a (1/200, 

abcam ab3451) for differentiated neurons. After overnight incubation, cells were 

washed three times with 1 X PBS, and the right fluorophore-conjugated secondary 

antibody at the dilution of 1/1000 (Cell Signalling 4412S/ 4409S, in blocking buffer) 

was added along with Hoechst stain (Sigma, 14533) at the dilution of 1/2000, for 1 

hour in the dark and at room temperature. Cells were then washed three times with 1 

X PBS, and 300 µl of 1 X PBS was added to each well to avoid cells from drying out. 

The immunofluorescence was visualized with the FV1000 confocal microscope. The 

laser used were 405, 488, 561 to visualise the blue, green and red channels, 

respectively. Confocal z-stack images were captured 1µm apart from the top to the 

bottom of the well using 40X oil immersion objective lens.  

 

5.3.7.5 Protein Extractions 

 

Cells were washed three times with 1 X PBS and dissociated using 1 ml of accutase 

for each well. Cells were detached with a scraper, collected in 15 ml falcon tube and 

centrifuged at 500g for 5 minutes. Cell pellet was re-suspended in a solution composed 

by 100 µl of RIPA buffer (Sigma, R0278), sodium orthovanadate (0.2mM Sigma, 

S6508) and protease inhibitors (Santa Cruz, sc-29130). This cell suspension was then 

vortexed every 10 minutes for 30 minutes and at the end centrifuged for 15 minutes at 

14,000g at 4 ºC. The supernatant was transferred in a new eppendorf tube and stored 

at -80 ºC until use. Proteins were quantified using BCA kit (Thermo fisher, 23225).  

 

 

 

https://www.sigmaaldrich.com/ProductLookup.html?ProdNo=G9391&Brand=SIGMA
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 5.3.7.6 Western Blot Analysis 

 

10 µg of protein was diluted to 20 µl with H20 plus 5µl of 5X loading dye (Bioline, 

BIO-37045). The samples were than denatured for 5 minutes at 100 ºC in a heating 

block and briefly centrifuged. 25µl of the total volume was loaded into each well of 

12% SDS- acrylamide gel and left to run for 1 hours at 120 volts. Proteins were then 

transferred into Polyvinylidene difluoride membrane (Amersham, 10600023), 

blocked in 5% bovine serum albumin (BSA) (Abcam, ab131379), in Tris buffered 

saline (Sigma, T5912) - tween20 (Sigma, P1379) (TBS-T) for one hour at RT. The 

membrane was then incubated overnight at 4 ºC with the primary antibody. The day 

after the membrane was washed three times in TBS-T and incubated with the 

appropriate secondary horseradish peroxidase conjugated antibody (1/1000, Cell 

Signaling 7076S/ 7074S). The visualization of the bands was made by enhanced 

chemiluminescence (Thermo Fisher, 32106,) and transferred to X-ray film (Medical 

Supply Company, 34088,). 

 

5.4 Stereological analysis 
 

5.4.1 The volume‐weighted mean nuclear volume  

 

The iPSCs derived NPCs and neurons nuclear volume was estimated with the point 

intercept method as already described in section 3.4.7. The images, taken with 40X oil 

lens were opened in Image J software with final enlargement of 200%. At least 40 

nuclei for each differentiation were measured.  

 

5.4.2 Numerical density  

 

The NPCs and neurons Nv per unit volume was estimated using the physical disector 

method as shown in section 3.4.6. Unbiased counting frames characterized by two 

forbidden lines were superimposed on three different slices of the z stack projections 

(bottom, middle and upper) and the cells contained in that volume were counted 

excluding the one hitting the forbidden lines.  
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5.4.3 Area fraction  

 

The neuronal and glial area fraction was estimated as shown in section 3.4.5. 

 

5.4.4 Neurite length  

 

The neurite length per unit volume was estimated dividing the neurite length (section 

4.3.7) by the volume of the grid [(Vg= a x t (thickness)] in three z-stack slides. 

 

Neurite length per unit volume= Neurite length/ Vg 

 

5.4.5 The coefficient variation 

 

The CV% was estimated in order to evaluate the extent of variability in relation to the 

mean of the population. It was obtained using the following equation: 

 

(CV)% = (Standard deviation (Sd)/mean) x 100               

 

5.5. Statistical analysis 
 

Data analysis: Mean ± SEM are presented in the bar charts. A p value of *p < 0.05 

was considered statistically significant. The parametric unpaired t-test was used, were 

possible, to determine statistical significant using GraphPad Prism 8 software. The 

normal distribution was checked using Shapiro-Wilk test. In case of neuronal 

differentiation characterized by smaller sample size the non-parametric Mann-

Whitney test was used to test statistical significant using GraphPad Prism 8 software. 
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5.6. Results 
 

5.6.1 Skin fibroblasts generation and characterisation 

 

Images in Fig.5.3 show the main steps of skin fibroblast generation. Fibroblasts 

appeared after 8-10 days of culture after the initial outgrowth of keratinocytes. After 

2 passages a homogenous fibroblast culture (Fig. 5.3 B) was obtained and validated 

with fibroblasts marker TE-7 through immunofluorescence (Fig. 5.3 C).  

 

 

 

 

 

 

 

 

 

Figure 5. 3. Culture of fibroblast cells derived from skin biopsy.  

A) Fibroblast cells growing out from skin biopsy, after two weeks of culture. 

Keratinocytes are the first type of cells to emerge from skin biopsy after just few days 

of culture, as indicated from the arrow.  B) Fibroblasts proliferation and expansion. C) 

Immunofluorescence to confirm fibroblasts identity. TE-7 staining is shown in red.  

Cells were counterstained with Hoechst. Scale bar 200µm.  
 

5.6.2. IPSCs generation 

 

After reprogramming fibroblasts went through morphological changes, evident since 

2 days after nucleofection. Cells with cuboidal rounded shape became more evident 

after 6 days of transfection. By day 21, a clump of cells forming hESC-like colonies 

appeared in the well. When the colonies increased in size and acquired well-defined 

edges they were ready to be picked up and expanded independently as single clones.  

The images in Fig. 5.4 show the morphological changes as iPSC colonies become 

visible from human fibroblast cells, generated using the Epi5™ kit. The images were 

taken on day 2, day 10 day 21 and day 28 post- transfection. Immediately after 

nucleofaction cells appeared unhealthy, at day 10 groups of cube shaped cells became 

visible throughout the plate, at 21 days undefined colonies started to become evident 

Hoechst/TE-7 

200 µm A B C 
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and at 28 days of differentiation well defined colonies were ready to be picked up and 

expanded. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Morphological changes of reprogrammed fibroblasts at different days.  

A) Example of fibroblasts morphology after reprogramming. The blue arrows indicate 

the changes of the fibroblasts as the differentiation proceed. Scale bar 200 µm. 
 

5.6.3 iPSCs characterization  

 

iPSCs were characterized using three different assay: alkaline phosphatase staining, 

immunofluorescence and qPCR. In the alkaline phosphatase assay undifferentiated 

iPSCs turned in purple, while differentiated cells in this case fibroblasts remained 

colourless (Fig. 5.5). 

 

 

 

 

 

 

Figure 5. 5. Representative images of Alkaline Phosphatase staining. 

A) Representative example of unstained bright field images of IPS colony. B) Alkaline 

phosphatase staining of the same iPSCs cell line. Undifferentiated colonies showed 

positive staining turning purple in colour, while differentiated cells showed negative 

staining as indicated from the arrow. Scale bars 100µm and 200 µm respectively. 

100µm 200µm 

A  B 

C 

200 µm D B 

A 

Day 2  

  

Day 10 
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The other method used as indicator of pluripotency was the analysis of cell surface- 

antigen phenotype by immunofluorescence. IPSC colonies at the earlier passage were 

fixed and stained for TRA-181, Sox2, SSEA4, Oct-4, Tra 1-60 and NanoG (Fig.5.6). 

All the IPSC lines derived from healthy donors and NRXN1-α del were found positive 

for the following markers. The only qualitative analysis was sufficient to assess the 

success of the reprogramming.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 6. Immunofluorescence of surface antigens in iPSCs.  

(B-C-E-F-H-I) Fixed colonies of IPSCs were positive for all markers of pluripotency: 

OCT4, SOX2, NANOG, SSEA4, TRA 1-60 and TRA 1-81. (A-D-G) Nuclei were 

counterstained with Hoechst. Scale bar 100µm. 

 

The last assay, the q-PCR, was used to detect the expression of SOX2, OCT4 and 

NANOG genes in undifferentiated iPSCs (Fig.5.7). In the graphs below the relative 

quantification (RQ) or the change in mRNA expression levels of each gene of interest, 

across several samples, was reported. This was achieved comparing the mRNA level 

 

 

Oct-4 Hoechst SSEA4 

 

A B 

Hoechst Tra 1-81 Sox2 

D E F 
Hoechst Tra 1-60 Nano G 

G H I 100µm 
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of the gene analysed with the RNA level of an endogenous control in this case 

GAPDH, expressed by fibroblasts derived from control lines (the first two cell lines 

in each graph). 
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Figure 5. 7. q-PCR assay to detect iPSCs gene markers. 

q-PCR analysis for A) SOX2, B) OCT-4, C) NANOG. The assay was performed using 

primers to detect endogenous levels of gene expression. All values were normalized 

to GAPDH expression, and relative to fibroblasts derived from control line. Error bars 

represent mean ± SEM. 

 

5.6.4. IPSc differentiation into NPCs and cortical neurons  

 

The table 5. 4 below shows the IPS cell lines differentiated into NPCs and neurons. 

NCRM-5 and NCRM-1 belonging to the ctr group, represent cell lines commercially 

purchased, which age is unknown but that ideally can be matched with all patients.  

On the left column are reported the IPSCs derived from NRXN1-𝛼 del (1-5 Exon 

deletion), on the right there are the healthy controls. The iPSCs used in this study were 

generated and characterised also by Dr. Stephanie Boomkamp and Dr. Katya Mc 

Donagh.    

Table 5. 4 IPS cell lines differentiated into NPCs.  

NRXN1-α deletion (E1-5)   CONTROL (age-matched) 

ND2 cl.4    (male - 21 years old) 03V cl.2 ( male -21 years old) 

ND4-1 cl.1   (female- 19 years old) 04C cl.3 (male-20 years old) 

ND4-3 cl.2   (male- 14 years old) NCRM -5          (male) 

ND4-2 cl.1    (male 50 years old) NCRM-1           (male) 
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The pictures below show the morphological changes of the iPSCs during neuronal 

induction after 3, 5 and 7 days of differentiation (Fig.5.8). The iPSCs were initially 

plated at low density (20-25% of the well). As the neural induction proceeded, the 

cells started to become more confluent and compact (day 3 of differentiation). At day 

5 non neural differentiated colonies started to emerge on the dish. These cells were 

manually removed with the help of a pipette tip. At day 7 NPCs generated, whose 

morphology was hard to identify, occupied all the well and were and ready to be split. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 5. 8. NPCs generation. 

Representative images of iPSCs treated with neural induction medium for 7 days. The 

morphology of cells at day 2 (B), 5 (C) and 7 (D) after neural induction. The blue 

arrow indicates non neural differentiated cells. Scale bar 200µm. 

 

On day 7 of neural induction, NPCs (P0) were harvested and expanded. 

Below the pictures of NPCs at day 8, when they were split and seeded into new plates. 

(Fig.5.9). From the images is evident, already at this stage of differentiation, a different 

morphology of the cells derived from healthy donors and NRXN1-α del. In the first 

case cells with smaller nucleus were packed to form clusters from which neurites were 

generated, while in the second case, cells with visible bigger nuclei were more spread 

out throughout the plate.    

 

200µm C D 

A B 
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Figure 5. 9. Representative images of NPCs derived from iPSCs.  

NPCs (P0) at day 8 of differentiation of: A) Ctr, B) Patient. Scale bar 200 µ𝑚. 
 

5.6.5 IPSCs differentiation into NPCs and cortical cells 

 

NPCs from controls and NRXN1-α del, were cultured and differentiated into cortical 

cells for up to 60 days (Fig.5.10). NCRM-5, a cell line belonging to the control group, 

is here reported to show its impaired NPCs and neuronal generation (Fig. 5.10 B). 

Thus, contrarily to what thought it did not represent a good control.  

To confirm the success of the neural induction, NPCs derived from healthy ctr (n=4, 

including NCRM-5) and patients (NRXN1α del n=4) were stained after 10 and 20 days 

of differentiation with two cortical neural progenitor markers: Pax6 and Nestin. Pax6, 

a transcription factor required for NPCs proliferation and neurogenesis, was observed 

in the nucleus (red), while nestin, a type VI intermediate filament protein whose 

expression is restricted in neuronal precursor during differentiation, was expressed in 

the cytoplasm (green). The qualitative analysis of NPCs generated after 10 and 20 days 

of differentiation showed morphological differences between the groups, although 

both characterised by short processes. These differences became particularly evident 

after 20 days of differentiation. The nuclei and the cell bodies of cells were bigger in 

NRXN1-α del group and NCRM-5 cell line, compared to ctr group, whose cells were 

smaller and compact to form clusters. Furthermore, a different rate of cell proliferation 

was evident. An increase number of cells was observed in ctr group, which required a 

higher number of wells for expansion compared to both NRXN1-α del and NCRM-5 

cell line.  

Ctr  NRXN1α-del 

B A 200µm 
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NPCs derived from controls including NCRM-5 and NRXN1-del were cultured in the 

neuronal expansion media and the potentiality of these NPCs to differentiate into 

cortical neurons was investigated at 40 and 60 days of differentiation.  

As the cell differentiation proceeded, the differences between ctr lines, and NRXN1-

del became more evident. During the differentiation, the cell bodies became smaller 

and neurons with long processes were generated. After 40 days of differentiation, the 

neurons were stained for DCX, a microtubule-associated protein expressed by 

immature neurons, and Map2, a microtubule-associated protein, expressed by mature 

neurons, whose role is to stabilize the microtubules against depolymerisation. While 

the neurons generated by the ctr group were characterised by an intricate network of 

processes, covering the entire well in which they were terminal differentiated, in 

NCRM-5 and NRXN1-del, just a few clusters of packed cells, from which lesser long 

processes were generated, were observed. At this stage was evident a reduced number 

of cells that could indicate either a reduced production of cells or an increase cell death 

in NCRM-5 and NRXN1-del group compared to ctr.  

A more mature neuronal phenotype, in ctr cells, was reported also after 60 days of 

differentiation. A dense and complicated network of processes, in which axons and 

dendrites were not recognisable yet were present in ctr group, while a reduced number 

of neurons were easily identifiable in NCRM-5 line and NRXN1-del group. For 

simplicity purposes, the NCRM-5 differentiation was shown only in this section.  
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Figure 5. 10. Representative images of IPSCs derived NPCs and neurons.  

NPCs were stained with Pax6 (red) and nestin (green) after 10 and 20 days of 

differentiation. Positive neurons were stained with DCX (green) and Map2 (red) after 

40 days of differentiation and with only Map2 after 60 days of differentiation. Nuclei 

were counterstained with Hoechst. Scale bar 40 µm.  n=2 
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5.6.6 Nuclear volume and numerical density estimation   

 

Differences in nuclear size and shape are often associated with a different degree of 

differentiation and development, which reflect a different stage of chromatin 

organization and gene expression. During maturation, cells undergo drastic changes 

involving not only cell morphology as described in section 5.6.5 but also the nuclei. 

A general reduction in nuclear size was visible as the differentiation proceeded, from 

NPCs to neurons, in both ctr and NRXN1-α del group (Fig.5.11 A, B, C, D). However, 

the stereological analysis, highlighted a statistically significant increase in the nuclear 

size in NRXN1-α del group compared to ctr, after 20 days of differentiation (p = 0.01) 

(Fig.5.11 E). NPCs from NRXN1-α del group were visibly bigger, although 

characterised by round shape as the ctr group. A nuclear volume increase was also 

observed in NRXN1-α del group after 40 and 60 days of differentiation (Fig.5.11 E).  

 

The stereological analysis was also conducted in order to estimate the Nv of NPCs and 

neurons. The increase nuclear volume, in NRXN1-α del group compared to control, 

was associated with a general decrease in cell number per unit volume during the entire 

process of differentiation (Fig.5.11 A, B, C, D). Such decrease was statistically 

significant after 20 days of differentiation (p = 0.03) (Fig.5.11 F).  
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Figure 5. 11. NPCs and neurons nuclear volume and numerical density.  

A) Representative images of NPCs and neurons nuclei stained with Hoechst after 10 

A), 20 B), 40 C) and 60 D) days of differentiation. Scale bar 40 µm. (B-C) Graph 

showing the E) the nuclear volume (µm3) and F) the numerical density (cells/mm3). 

Mean ± SEM (* p<0.05, parametric unnpaired t-test applied to NPC). n=2 
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Here below is reported the table 5.5 with the mean of the nuclear volume and Nv for 

ctr and NRXN1α del group. The inter-individual and the intra-individual CV% 

variation are also expressed. The CV% estimation was particularly high for the patient 

group. The CV% estimation was high for the two parameters measured, indicating 

elevated heterogeneity between the cell lines. 

Table 5. 5 NPC and neurons nuclear volume and Nv values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Day Group Mean 
Nuclear 
volume 

Inter  
Individual 

CV% 

Intra 
Individual 

CV% 
(range) 

Mean 
Nv 

Inter  
Individual 

CV% 

Intra 
Individual 

CV% 
(range) 

10  Ctr 
NRXN1-α del 

399.163 
460.21 

49.67 
48.64 

40-56 
46-58 

659.61 
668.28 

31.2 
28.83 

14-60 
19-47 

20 Ctr 
NRXN1- α del 

484.20 
719.74 

48.21 
47.06 

43-59 
42- 53 

775.5 
476.95  

29.3 
30.25 

23-37 
16-41 

40 Ctr 
NRXN1- α del 

180.92 
264.92 

46.30 
36.77 

43- 52 
33-41 

1911.11 
1493.21 

16.57 
25.32 

12-21 
25-26 

60 Ctr 
NRXN1- α del 

256.16 
322.89 

40.86 
40.89 

38-44 
45-36 

1881.64 
1412.06 

13.93 
19.25 

14-20 
19-20 

https://www.google.com/search?client=avast&sxsrf=ALeKk03E8z8NhipDWy59pO4Vsw7Py_ePBQ:1584793186462&q=heterogeneity&spell=1&sa=X&ved=2ahUKEwjtnq_XxqvoAhWOwcQBHT3_Db4QkeECKAB6BAgPECc
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5.6.7 Neurite length estimation  

 

At day 40 and 60, the potentiality of these NPCs to differentiate into cortical neurons, 

was investigated (Fig.5.12 A, B). A reduced neurites branching and complexity was 

visible in NRXN1-α del group. Such reduction was confirmed by the stereological 

analysis, that showed a reduced neurite length per unit volume in Map2 positive 

neurons iof NRXN1-α del group compared to control (Fig.5.12 C).  
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Figure 5. 12. Map2+ neurons length density estimation.  

A) Representative images of neurons stained with Hoechst and Map2 after 40 and 60 

days of differentiation. Scale bar 40 µm. B) Graph showing the neurite length per unit 

volume (neurite length/mm3 ). n=2 
 

 

In the table 5.6 is reported the mean of the neurite length per unit volume for Map2 

positive neurons in ctr and NRXN1α del group. The inter-individual and the intra-

individual CV% variation are also expressed. The CV% estimation was particularly 

high for the patient group. 

 

Table 5. 6 Map2+ neurons neurite length and CV% estimation. 

 

 

 

 

 

 

 

 

 

 

Day Group Mean 
Neurite 

length per 
unit 

volume 

Inter  
Individual 

CV% 

Intra 
Individual 

CV% (range) 

40  Ctr 
NRXN1-α del 

89.34 
48.18 

14.71 
21.36 

12-25 
11-32 

60 Ctr 
NRXN1- α del 

74.70 
39.55 

15.46 
26.35 

12-24 
26-27 
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The reduced neurite length per unit volume in NRXN1-α del group was found also in 

DCX positive neurons after 40 days of differentiation (Fig.5.13) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 13. DCX+ neurons length density estimation.  

A) Representative images of neurons stained with Hoechst and DCX after 40 days of 

differentiation. Scale bar 40 µm. (B) Graph showing the neurite length per unit volume 

(neurite length/mm3 ). n=2 
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In the table 5.7 is reported the mean of the neurite length per unit volume for DCX 

positive neurons in ctr and NRXN1-α del group. The inter-individual and the intra-

individual CV% variation are also expressed. The CV% estimation was particularly 

high for the patient group. 

 

 

Table 5. 7. DCX+ neurons length density per unit volume and CV%. 

 

Day Group Mean Neurite 
length per unit 

volume 

Inter  
Individual 

CV% 

Intra 
Individual 

CV% (range) 

40  Ctr 
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45.76 
24.31 

13.98 
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5.6.8 Area fraction of tubulin III and GFAP estimation  

 

In order to characterise glial differentiation, the cells were stained with β-tubulin III 

in combination with GFAP after 40 days of differentiation. From the staining, was 

evident an elevated number of GFAP positive cells, which morphology recall the 

radial glial cells (RGCs), since characterised by a long process (Fig.5.14 C). These 

cells were highly evident on the top of the culture of control group (Fig.5.14 A), 

whereas the NRXN1-α del group was mainly characterized by a bed of astrocytes 

(Fig.5.14 B). From the images was also evident a disruption in cortical layering in 

NRXN1-α del characterized by almost a single layer of cells, compared to controls.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 14. Neurons and glial cells after 40 days of differentiation. 

 (B-C) Representative images of IPSCs derived cortical cells and glial cells in A) 

control and B) NRXN1-α del group. β-Tubulin III positive neurons were stained in 

red, GFAP positive cells were stained in green. Cells were counterstained with 

Hoechst. Scale bar 40µm. C) Magnification view of a GFAP positive cells in control 

cell line.  
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The stereological analysis showed a reduction of β-tubulin III and GFAP area fraction 

in NRXN1-α del group compared to ctr (Fig. 5.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 15. β tubulin III and GFAP area fraction estimation. 

 A) Representative images of neurons and glial cells stained with Hoechst, β tubulin 

III and GFAP after 40 days of differentiation. Scale bar 40 µm. (B-C) Graph showing 

the area fraction (%) of B) β-tubulin III  and C) area fraction. n=2 
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5.6.9 Pre- and post- synaptic expression  

 

To conclude after 60 days of culture the iPSCs derived neurons were positive for the 

pre-synaptic and post-synaptic markers: Munc 18-1a and Psd-95 respectively, whose 

expression is an indicator of neuronal functionality (Fig.5.16). An attempt to quantify 

Munc 18-1a and Psd-95 was conducted by western blot. Results showed reduced 

expression of both markers in NRXN1-α del compared to ctr. 
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Figure 5. 16. Pre and post synaptic markers estimation.  

A) Magnification view of Munc18-1a and Psd-95 staining in control cell line. The 

yellow fluorescence denotes the presence of synaptic contacts. B) Representative 

images of cortical neurons stained with Hoechst, Munc 18-1a and Psd-95 after 60 days 

of differentiation. Scale bar 20µm. C) Immunoblotting of the proteins extracts from 

neurons with Munc18-1a, Psd-95 and GAPDH. (D-E) Graphs showing the relative 

abundance of D) Munc18-1 and E) Psd-95. These were quantified using image J 

software and data were presented relative to gapdh. (n=1). 
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5.7. Discussion  
 

In this study, patients with NRXN1-α del (exon 1-5) and healthy volunteers were 

recruited, iPSCs were generated, characterized, and differentiated into NPCs and 

cortical cells for further investigation of the phenotype. The main results showed: 1) 

Sustained increase of nuclear volume and decrease of Nv in cortical cells during 

differentiation in NRXN1-α del group. Such differences became statistically 

significant after 20 days of differentiation; 2) decreased neurite length per unit volume 

in neuronal cells of NRXN1-α del after 40 and 60 days of differentiation. Such 

difference was not statistically significant probably due the small sample size (ctr=4 

(NCRM-5 was not differentiating properly, NRXN1-α del= 2); 4) impaired glial cells 

development and cell layering; 5) high variability between the cell lines; 6) impaired 

NCRM-5 differentiation. This initial exploration of cell phenotype might prove that 

NRXN1-α del can affect proliferation and fate determination of NPCs, and neuronal 

differentiation during early-middle neurogenesis. 

NPCs represent the early precursors of brain cells, which retain the capability to 

differentiate into neuronal or glial cells. The investigation of the NPCs phenotype was 

conducted in order to characterize their nuclear size and Nv. At 10 days from neural 

induction the majority of the cells were positive for both cortical neural progenitor 

markers: Pax6 and Nestin. No statistically significant differences were observed in the 

nuclear volume, and Nv between ctrs and NRXN1-α del group. The nuclear volume 

estimation was used as an indication of cell maturation and differentiation. The Nv per 

unit volume was instead estimated in order to investigate NPCs proliferation. None of 

the parameters evaluated showed significant differences, however, the more detailed 

observation of the single cell lines, revealed an anomalous behaviour of one of the cell 

line commercially purchased NCRM-5, used as a control. NCRM-5 showed higher 

nuclear volume and lower Nv compared to other ctrs used in this study. Thus, NCRM-

5 did not reproduce the same phenotype observed in other donor cells.  

At day 20, all cells remained positive for the both cortical neural progenitor markers 

Pax6 and Nestin. At this stage of differentiation, the stereological analysis showed 

increased differences between controls and NRXN1-α del group. The nuclear volume 

was statistically greater in NRXN1-α del group compared to ctrs, while the Nv was 

significantly decreased. The lower Nv combined with the bigger nuclear volume in 



208 

 

NRXN1-α del group, may indicate an impaired NPCs proliferation, associated with a 

either delay in neuronal maturation or a preferential differentiation into astrocytes. In 

agreement with our observation, a recent work has shown that NPC derived from 

NRXN1-α del group displayed a significant lower proliferation capability, associated 

with preferentially differentiation toward astroglial cells (Lam et al. 2019). The EdU 

assay, showed that NPCs derived from NRXN1-α del had lower EdU incorporation 

and more cells in G0/G1 phase compared to ctrs, which had higher EdU incorporation 

and more cells in G2. The same work showed that NRXN1-α del was expressed not 

only during neuronal differentiation, but also during neural induction of IPS cells 

(Lam et al. 2019). 

NPCs from all 4 ctrs and in this case only from 2 patients carrying NRXN1-α del (Nd2 

cl.4 and Nd41 cl.1) were differentiated into cortical neurons in order to investigate the 

human neocortical development. Quantitative analyses, conducted in β-tubulin III, 

DCX and Map2 positive neurons, showed a reduction of neurite length per unit volume 

and area fraction in NRXN1-α del compared to ctr group. Such difference was not 

statistically significant probably for the reduced sample size. Also in this case NCRM-

5 showed impaired neuronal differentiation, displaying reduction in all the parameters 

evaluated compared to other ctr lines (data not shown). The reduced neuronal 

complexity associated with the increase nuclear size, indicated an impaired neuronal 

maturation in NRXN1-α del compared to ctr group after 40 and 60 days of 

differentiation. The Nv was also reduced indicating either a compromised 

proliferation, or increased cell death. Furthermore, after 60 days of differentiation, 

cortical neurons expressed markers of synapses functionality such as Munc18-1a pre-

synaptically and Psd-95 post-synaptically. The formation of synaptic contact (due the 

merged colours by immunofluorescence) was evident in ctr group, while was not 

detected in NRXN1-α del group, due the lower expression of these two proteins. Data 

confirmed by the western blot analysis. 

The impairment of neurogenesis and gliogenesis was particularly evident when cells 

were stained in combination with the GFAP, an astrocyte and radial glial marker. β-

tubulin III in association with GFAP, highlighted the presence of cells whose 

morphology was similar to the RGCs, characterized by long radial process, 

particularly abundant in ctr group. In primates, and in particular in humans, the 

expression of GFAP positive RGCs is observed at 5 to 6 gestational week (GW) which 
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in the normal condition represent the beginning of neurogenesis (Levitt and Rakic 

1980; Kadhim, Gadisseux, and Evrard 1988; Howard et al. 2008). RGCs are initially 

engaged in neurogenesis and neuronal migration, becoming astrocytes only around 20 

GW (Rakic 1972; Zecevic 2004; Howard et al. 2008). RGCs reduction/absence might 

thus reflect an abnormal cortical lamination of neurons forming the 6 layers of the 

neocortex, which is a typical feature of autistic brains as shown by post mortem studies 

(Simms et al. 2009b; Blatt 2012). However, the presence of these cells require further 

investigation using other specific markers of RGCs such as glutamate transporter 

(GLAST), and brain lipid binding protein (BLBP). 

This study also revealed high variability among the cell lines. The variability is a 

common feature of autism spectrum, in which not only the genetic component affects 

the final phenotype, but also environmental factors (Wozniak et al. 2017). The 

difficulty in fully understanding NRXN1-α del role in inducing brain damage is due 

to the high number of phenotypes associated with its deficits. Furthermore, the lack of 

efficient protocols might impair the capability of every single cell to manifest the 

disease phenotype. 

To summarise, this work investigated the function of NRXN1α deletion during early-

middle neurogenesis through the use of IPSCs derived NPCs and neurons.  For this 

purpose cells from patients affected by NRXN1-α del and ctrs were cultured for up 60 

days and analysed at 10, 20, 40 and 60 days of differentiation. The main findings 

showed: high variability between single cell lines, particularly evident in patients; 

impaired NPCs proliferation and commitment after 20 days of differentiation in 

NRXN1-α del, as well as impaired neuronal differentiation; defect in cell layering and 

in glial cells differentiation. 

This initial quantitative exploration of the phenotype suggest that NRXN1-α del may 

affect the early stages of neurogenesis and not only synaptogenesis. This may 

contribute to our understanding of symptoms associated with ASD.       
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6.1 Prenatal hypoxia in the aetiology of ASD: RUPP rat animal 

model 
  

The aetiology of autism spectrum disorder (ASD) is very complex and is often 

characterized by the combination of environmental and genetic risk factors. In 

particular, a relevant role is attributed to the delicate events occurring during prenatal 

development. The health of the intrauterine environment is extremely important to 

guarantee the normal fetal development, and any disruption of its homeostasis can 

have a devastating impact on fetal brain development. Several prenatal factors have 

been associated with altered brain structure and functions, which have been implicated 

in a variety of neurodevelopmental disorders (NDDs) including ASD. 

Epidemiological studies have shown that prenatal factors as such maternal obesity, 

drugs and alcohol consumption, poor nutrition and maternal stress are associated with 

a number of psychiatric disorders. The pathogenic targets during development include 

neural progenitor stem cells (NPCs) generation and proliferation, neuronal maturation 

and synapsis formation. This thesis has investigated two models of the main 

environmental factors, which seem to have a major impact on fetal development: 

hypoxia and inflammation; while the genetic contribution to the manifestation of the 

disorders was examined using stem cell technology. 

Pre-natal complications of neural development are often linked to the reduced oxygen 

supply to the fetal brain, understanding the changes that are induced in the developing 

brain is of crucial importance to prevent and eventually to compensate the damage. 

Hypoxia is a normal condition during the initial stage of fetal development, however 

the prolonged exposure to the reduced oxygen supply is deleterious for fetal health. 

Prenatal hypoxia has been extensively elucidated using animal models. The initial 

procedures were based on the ligation of unilateral common carotid artery, at P(7), 

responsible for the reduced oxygen supply to the cerebral hemisphere ipsilateral to the 

carotid artery where the ligation was performed (Rice, Vannucci et al. 1981, Vannucci, 

Connor et al. 1999). These experiments showed extensive neuronal changes in the 

cerebral cortex (neuronal laminar and columnar alterations), striatum, and 

hippocampus along with increased neuronal apoptosis and white matter necrosis. 

Further, increased content of water was found in the ipsilateral hemispheres (Rice, 

Vannucci et al. 1981). The same brain alterations have been described also in the brain 

of children and adults affected by NDDs including ASD, thus the correct amount of 
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oxygen during fetal brain development and postnatally is of crucial importance for the 

normal brain development.  

Prenatal hypoxia is also induced by pregnancy disorders such as preeclampsia (PE). 

PE is a pregnancy disorder characterised by hypertension (blood 

pressure ≥140/90 mmHg), proteinuria (≥ 300 mg protein in urine) and maternal organ 

dysfunction (liver, kidney, neurological problems). PE is usually developed after 20th 

week of gestation (Pennington, Schlitt et al. 2012), and is one of the major factors of 

maternal and infant illness and mortality (Ilekis, Reddy et al. 2007). PE is often 

described with the two stage model in which the initial phase is contradistinguished 

by placental insufficiency that culminate in endothelial dysfunction (ED) and leads to 

the second stage  characterized by the development of the maternal clinical symptoms. 

In normal pregnancies, the initial phase of placental development starts with the 

implantation of the embryo followed by a series of events in which invasive t cells 

proliferate and migrate into the decidua, in order to invade and to remodel the maternal 

spiral arteries (Kaufmann, Black et al. 2003). This process of remodelling is essential 

to create large vessels of low resistance in which the increase of the blood perfusion 

and oxygenation to the placenta occurs without damaging the endothelial tissue (Osol 

and Mandala 2009). The inadequate remodelling of the uterine vasculature leads to 

high-resistance uterine artery and consequent placental dysfunction, the main features 

of PE. Oxygen plays a key role during this process. Initially, low O2 conditions of only 

20 mmHg are essential to promote the trophoblasts proliferation, however the increase 

of oxygen to >50 mmHg is essential to induce their invasion in the spiral artery 

(Jauniaux, Watson et al. 2000).  

Thus, placental dysfunction is a feature of PE insurgence; however, the morphological 

changes occurring in the placenta and its compartments following the induction of PE 

in animal models has been poorly investigated. In this thesis the role of prolonged 

hypoxia on placental phenotype, was explored using the well-characterized reduced 

uterine perfusion pressure (RUPP) rat model of PE. The choice of the correct animal 

model to use required particular attention since PE is a disorder that only affects 

humans and few ape species. In the present study, a rat model was used since, as the 

human placenta, is hemochorial and has deep trophoblast invasion of the decidua. The 

model was performed on gestational day (GD)14 in pregnant rats by clipping the aorta 

above the iliac bifurcation and both right and left uterine arcades (Li, LaMarca et al. 
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2012), leading, according to this model, to a 40% reduction of the uterine blood flow 

to the placenta  (Crews, Herrington et al. 2000). After the induction of this model, the 

main aim was to examine the placental phenotype in RUPP and Sham group. The main 

finding have shown a general rearrangement of the RUPP rats’ placenta and its 

compartments in order to support fetal growth, with major impairment of the 

vasculature. These results highlighted the usefulness of this model of reduced 

placental perfusion in studies of PE. It also showed the adaptive anatomical responses 

of the placenta to adverse conditions in order to support fetal growth. This provided a 

base to explore the effects of prenatal hypoxia on brain and eventually other organ 

phenotypes.  

The next step was to investigate the effect of reduced blood supply and consequent 

hypoxia on the fetal brain of the offspring in RUPP rat model compared to Sham 

group. Oxygen deprivation lasting for a few weeks or months, a condition better 

known as chronic fetal hypoxia, is frequently encountered in cases of increased 

placental vascular resistance as observed in PE. Acute or chronic hypoxia is associated 

with hypoxic–ischaemic encephalopathy, cognitive disability and NDDs (Gunn and 

Bennet 2009), thus the understanding of the mechanisms underlying fetal defence to 

oxygen deprivation represent an important area of further exploration.  In case of 

limited oxygen availability, the fetus activates a series of adaptations in order to 

support fetal life. For example, the fetus reacts by increasing the oxygen concentration 

in its haemoglobin, increasing blood flow to most tissues and delivering the bound 

oxygen to fetal tissues at reduced oxygen tension (Barcroft 1935, Maurer, Behrman et 

al. 1970, Storey 2005). These adaptations imply a more efficient use of this reduced 

blood oxygen supply. Additional strategies include the reduction in breathing 

movements  coupled with a reduction of fetal heart rate (Boddy, Dawes et al. 1974). 

Furthermore, in presence of the hypoxia the fetal blood flow is redistributed in order 

to prioritise the vital organs, thus the amount of blood reaching the periphery (hind 

limbs) is reduced, and is mainly redirected toward the vascularization of essential 

tissue including the brain (Boyle, Hirst et al. 1990). This phenomena is also known as 

‘brain sparing effect’, are designed to reduce adverse side-effects (Giussani 2016). 

Amongst these, well described is the intrauterine growth restriction (IUGR) of the 

fetuses that display shorter body length compared to fetuses of normal pregnancies 

(Stampalija, Casati et al. 2016), as well as reduced number of kidney nephrons 
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(Walton, Bielefeldt-Ohmann et al. 2017) and number of pancreatic β‐cells (Zheng, 

Zheng et al. 2012) and alterations in cardiomyocytes (Paradis, Gay et al. 2015). Thus, 

not surprising PE is often associated with IUGR, and with increased risk of 

cardiovascular and renal disease later in life. Chapter three focused on the effect of 

chronic hypoxia on fetal brain development, since the brain sparing effect is anyway 

not sufficient to prevent the damage induced by hypoxia to the sensitive neuronal cells. 

In particular, the attention was focused on the analysis of the prefrontal cortex (PFC), 

a brain region highly involved in executive functions and in higher‐order cognitive 

processes including personality expression, decision making, planning, working 

memory, and social behaviour, which are impaired in ASD patients and therefore were 

of particular importance to this research. The findings revealed no significant 

differences in the whole brain, neocortical and cerebrum volumes as well as in their 

volume fractions. However, differences in numerical density (Nv), morphology and 

laminar distribution of the cells in the motor and somatosensory neocortices, were 

reported. At embryonic day (E)19 the rat’s brain derived from RUPP pregnancies 

showed increased neuronal nuclear volume and reduced Nv of cortical neurons and of 

total cortical cells in the upper and lower layer of the neocortex. These finding are in 

line with previous reports of fetal brain analysis under hypoxic stimuli, and confirm 

the assumption of reduced blood supply to the fetal brain during PE. Furthermore, the 

phenotype observed in the fetus derived from RUPP pregnancies can be associated 

with some of the main typical features of ASD. For example the significant reduction 

of the fetal weight reported in RUPP group, might indicate the IUGR condition, which 

is usually observed in ASD (Hultman, Sparén et al. 2002, Lampi, Lehtonen et al. 

2012). Characteristic of the ASD brain is also the reduction of cortical cell number as 

reported in some cases (Hashemi, Ariza et al. 2017), and alteration in cortical layering, 

in which neurons are chaotically distributed in the neocortex which was observed in 

this study.  These results support the possible association between PE, ASD and other 

NDDs, encouraging the further exploration of the fetal brain phenotype.  

In the future, of great interest would be the investigation of Cajal Retzius cells (CRs) 

function. CRs are located in the marginal zone (MZ) of the fetal neocortex and are 

engaged in Reelin production, a glycoprotein involved in neuronal migration, which 

impairment is often associated with aberrant neuronal positioning within the proper 

layer of the neocortex, and with consequent ASD (Lammert and Howell 2016). The 
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alteration in brain connectivity also described as ‘disconnectivity’ hypothesis is often 

reported in ASD, as shown by diffusion tensor imaging (Bergeron, Deslauriers et al. 

2013, Ameis and Catani 2015), thus the analysis of the white matter organization and 

myelination in fetal brains of RUPP pregnancies would be required. Furthermore other 

brain compartments are involved in ASD pathology, including cerebellum, amygdala, 

and hippocampus. The cerebellum has been recently associated with higher order 

cognitive functions, which are strongly compromised in ASD patients. The first 

structural change observed in these patients was the hypoplasia of the central 

cerebellar vermis lobules (Courchesne, Yeung-Courchesne et al. 1988), in some cases 

but not in all, volumetric decreases in the inferior cerebellar vermis, and consistent 

reduction of Purkinje cells (Whitney, Kemper et al. 2008, Skefos, Cummings et al. 

2014). Altered number of neurons, as well as changes in size, have been found also in 

the amygdala of ASD patients (Schumann and Amaral 2006, Zhu, Fang et al. 2018), 

in addition to hippocampal abnormalities and dysfunctions (Edalatmanesh, Nikfarjam 

et al. 2013). Thus, a further investigation of these brain regions would be highly 

recommended, together with the analysis of other organs dysfunctions observed in PE 

such as kidneys and heart. Further of great importance would be the exploration of the 

neuronal phenotype through in in vitro models, in which parameters such as neurites 

length and neuronal complexity is easier to investigate. 

 

6.2 Prenatal inflammation in the aetiology of ASD: TNF-α, IL-6, IL-

1β in vitro model 
 

Chapter four investigated the role of prenatal inflammation in the pathogenesis of 

ASD. Evidences of maternal inflammation and consequent maternal immune 

activation (MIA), in ASD aetiology, derived from epidemiological studies conducted 

on cohort of patients exposed to rubella, toxoplasma gondii, herpes simplex virus and 

bacterial infection, in which the incidence of ASD in the offspring derived from these 

pregnancies was drastically increased (Chess 1971, Gentile, Zappulo et al. 2014, Abib, 

Gaman et al. 2018). The wide spectrum of pathogens involved in ASD, indicate that 

it is MIA during pregnancy rather than a specific type of pathogen that induces brain 

damage in the offspring. Furthermore, children conceived during the coldest months 

showed higher chance to manifest the disorders since there is a higher probability for 

https://www.sciencedirect.com/topics/neuroscience/myelinogenesis
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the mothers to contract infectious diseases. The MIA trigged in this way produces a 

cascade of cytokines that can be transmitted to the fetal brain inducing permanent 

damages associated with neuropsychiatric disorders. The main maternal pro-

inflammatory cytokines involved in the mechanism of MIA are tumor necrosis factor 

alpha (TNF-α), interleukin (IL)-6, and IL-1β, which are produced by T helper (Th)1 

cells. The overproduction of Th1 cytokines over the Th2, involved in the 

antinflammatory response, induce serious pregnancy complications. These pro-

inflammatory cytokines have been found in the maternal serum, placenta, amniotic 

fluid, and fetal brain, however the mechanisms by which these reach the fetal 

circulation and the fetal brain are still not well understood. Three possible explanations 

have been hypothesised: one is the ability of these cytokines to cross the placenta, 

particularly true in case of IL-6, the second is the placental production of cytokines as 

consequence of MIA, and third is the fetal production of these cytokines.  

Cytokines are constitutively expressed in the central nervous system (CNS) during 

development and are involved in important processes including glial cell development, 

neurogenesis, neuronal migration, differentiation and apoptosis, thus their normal 

expression required particular control.  Elevated concentration of maternal pro-

inflammatory cytokines have been associated with alterations in the morphology and 

brain compositions in the offspring.  Pyramidal cells atrophy, abnormal 

corticogenesis, alteration in the neuronal myelinisation and reduced axonal size are 

some of the features found in brains of the offspring derived from MIA during 

pregnancy, which are also associated with ASD (Fatemi, Earle et al. 2002).  

Inflammation induced by MIA during pregnancy has also been correlated with 

astrocytes and microglia alterations in the postnatal amygdala, with possible 

impairment of neuronal viability (O'Loughlin, Pakan et al. 2017). Furthermore, several 

studies have shown the tight association between MIA and alteration of the 

dopaminergic (DAergic) system in the offspring. Dopamine (DA) is an important 

neurotransmitter highly involved in regulating cognitive functions, and dysfunctions 

of DAergic neurons have been widely associated with the insurgence of schizophrenia 

(SZ), ASD, and other neuropsychiatric disorders.  Chapter four investigated the effects 

induced by these three main pro-inflammatory cytokines on human SH-SY5Y, as they 

can model DAergic neurons, and successively on E14 ventral mesencephalon (VM) 

DAergic neurons. Results showed a reduced neurite growth of SH-SY5Y cells treated 

with these three cytokines at different time points, and evident reduction of cells 
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treated with the highest doses of TNF-α, that was not observed in case of IL-1β and 

IL-6. A reduced neurite growth and viability in E14 VM DAergic neurons treated with 

TNF-α, was also observed. IL-6 and IL-1β did not affect E14 VM neurons viability, 

however DAergic neurons treated with 10ng/ml IL-6 and IL-1β showed a constant 

trend of increase cell number, probably responsible for the increase neurite length 

reported. Thus, a further exploration of the effect induced by these two cytokines, in 

particular at the dose of 10ng/ml on DAergic cells, would be required. Furthermore, 

these results confirm the association between inflammation and impaired neuronal 

damage as observed in SH-SY5Y, and open the possibility to investigate the role of 

the two pro-inflammatory cytokines IL-6 and IL-1β on DAergic neurons also at 

different stage of fetal development.  

Timing of the insult has in fact, a determinant role in inducing a particular phenotype, 

since the responsiveness to particular molecules change during gestation and by cell 

type. Thus, the timing of MIA is a fundamental factor for the manifestation of the final 

outcome. Epidemiologic studies have highlighted that earlier (first rather than second 

trimester) exposure to an inflammatory insult leads to increased risk for 

neuropsychiatric disorders (Meyer, Yee et al. 2007). For example, pregnant mouse 

injected with poly(I:C) at GD9 showed significant reduction of the hippocampal 

neurogenesis compared to GD17. 

These results encourage the further exploration of the effect of IL-6 and IL-1β in vitro 

on VM DAergic neurons at different stage of embryonic development. For this 

purpose a great utility would be the use of animal models mainly generated by the 

injection of the two most common MIA inductor: lipopolysaccharides (LPS) and  

polyriboinosinic: polyribocytidylic acid (I:C), or through the direct maternal injections 

of this two cytokines, at different gestational time. In association with the investigation 

of other fetal brain regions upon MIA, of enormous utility would be the investigation 

of the placental phenotype in order to evaluate the impact of this cytokines on its 

structure and functionality. Furthermore, as already mentioned some pregnancy 

disorders including PE are characterised by elevated levels of pro-inflammatory 

cytokines. The treatment of cultured embryonic DAergic neurons or of other neuronal 

cell types with the maternal serum derived from RUPP pregnancies would be of great 

interest in order to further investigate the contribution of PE in inducing neuronal 

damage and eventually ASD.  
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6.3 Genetic factors in the aetiology of ASD: iPSCs technology  
 

Chapter five describes the genetic contribution in the aetiology of ASD. ASD is 

considered the most heritability disorder, with higher probability of manifestation in 

first-degree relatives (Sandin, Lichtenstein et al. 2014). The individuation of the 

candidate genes responsible for ASD is of crucial importance to better elucidate the 

mechanisms associated with its insurgence. Single gene mutation, cytogenetic 

variations and copy number variations (CNVs) have been implicated in ASD (Bucan, 

Abrahams et al. 2009, Glessner, Li et al. 2017). This study focused on the NRXN1 

gene, which undergoes frequent disruption including, translocation, whole gene 

deletion and CNVs, associated with ASD and SZ. NRXN1 expressed at the 

presynaptic terminal interacts with neuroligins in order to regulate synapse functions. 

In particular, the α isoform plays a crucial role, and studies conducted on NRXN1-α 

KO mice, have shown severe impairment in synapses activity, mainly associated with 

the loss of presynaptic Ca2+-channel functions (Wright and Washbourne 2011).  

NRXNs-α is indispensable for correct synapses assembly and for the organization of 

synapses functional unit, regulating both excitatory and inhibitory effects, while the 

NRXN1-β is involved in the scaffolding for excitation. The imbalance between 

Glutamatergic and GABAergic synapses is often associated with ASD and other 

NDDs (El-Ansary and Al-Ayadhi 2014), thus the investigation of NRXN1-α del is of 

great importance for the elucidation of these pathologies.  

Of particular interest in this study was to understand the possible involvement of 

NRXN1-α in early- middle neurogenesis. Through the use of iPSCs technology, skin 

fibroblasts derived from healthy donors and patients carrying NRXN1-α del (exon 5) 

were converted into iPSCs, these were characterized for pluripotency and 

differentiated into NPCs and neurons, in order to investigate NPCs cell fate 

determination and neural differentiation during cortical development. NPCs and 

neuronal phenotype were investigated through immunofluorescence analysis 

combined with simple stereological methods at four different time points: after 10-20-

40 and 60 days of differentiation. The main results showed increase nuclear volume 

and reduced Nv in NPCs after 20 days of differentiation, as well as after 40 and 60 

days of differentiation in NRXN1-α del group. Furthermore, not surprisingly a high 

variability in the phenotypic manifestation of the pathology between the cell lines was 

revealed, which was particularly evident among the NRXN1-α del group. 



221 

 

The main limitation in the use of iPSCs is the availability of efficient protocols that 

allowed the homogenous iPSCs differentiation toward a specific cell type. Thus, not 

necessarily a specific cell derived from iPSCs is exposed to the same amount of 

morphogen, limiting its ability to reproduce the pathological phenotype. At this 

purpose the combination of iPSCs with the use of animal models carrying the specific 

gene mutation could be of great utility to further elucidate the pathology. 

These results open the possibility for the further exploration of the NRXN1 

involvement during early-middle neurogenesis, perhaps with the addition of different 

techniques of molecular biology. The recapitulation of the main aspect of NPCs and 

neuronal differentiation in healthy controls and patients has shown many typical 

features of ASD such as impaired connectivity, as shown by the reduced neurite 

length, as well as reduced neurogenesis and gliogenesis. NRXN1 and other genes 

expressed at the synapses, have always been considered for their role in 

synaptogenesis, but their contribution in events preceding this, including NPCs 

proliferation, differentiation and neuronal maturation have been less explored. These 

observations might open the possibility of a novel role for cell adhesion molecules in 

controlling and regulating neurogenesis starting from NPCs production, beside the 

well-described role in synaptic functions.  

For future work, of great interest, would be the investigation of Paired Box 6  (PAX6), 

a transcription factor expressed in the developing CNS and eye (Kozmik 2008, Osumi, 

Shinohara et al. 2008). In mammals Pax6 is involved in neuroectoderm specification 

(Zhang, Huang et al. 2010), in maintaining the proliferative propriety of the NPCs, 

and in promoting the NPCs differentiation toward neuronal phenotype (Verdiev, 

Poltavtseva et al. 2009). Pax-6 is expressed in well-defined gradients along the 

developing cortical areas and plays a key role in controlling NPCs cell cycle duration. 

Studies in mice have shown that the lack of Pax-6 during the early cortical 

development leads to a premature interruption of the cell cycle together with a 

premature production of post-mitotic neurons (Estivill-Torrus, Pearson et al. 2002, 

Farhy, Elgart et al. 2013). Furthermore, Pax-6 mutation or deletion in developing 

fetuses, has been associated with brain deficits and with the insurgence of NDDs 

(Davis, Meyer et al. 2008, Maekawa, Iwayama et al. 2009), characterised in humans 

by defect in the cerebral cortex and cerebellum development (Sisodiya, Free et al. 

2001, Ellison-Wright, Heyman et al. 2004), thus the exploration of this gene in patients 
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carrying NRXN1-α deletion might help to explain the phenotypical alteration in NPCs 

and neurons differentiation.   

   

6.4 Conclusions  
 

In conclusion, there are at present no strategies to prevent the manifestation of ASD, 

however the events occurring during fetal development, associated with maternal 

health, are very important to limit the eventual fetal damage. The high number of 

environmental risk factors potentially involved in ASD, combined with the genetic 

susceptibility to the disorder, increases the phenotypic variability, which is the main 

challenge in the individuation of the aetiopathology in ASD, as well as in the discovery 

of pharmacological treatments. The combinations of both genetic and environmental 

factors are important determinant in the final outcome, thus patients having the same 

genetic mutation can express different phenotypes, because of the contribution of 

several environmental factors that are hard to define. In this scenario the identification 

of patients with ASD, characterised by homogeneous features, would be of precious 

importance toward the understanding of biological mechanism involved in the 

manifestation of the disorders. However, it seems quite clear that the early 

intervention, during fetal development, is important to prevent or reduce the risk for 

the successive damage, including neuronal maturation and synapse formation, derived 

from the initial negative insult.  
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