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Summary

Intrauterine growth restriction (IUGR) is defined as a significant reduction on fetal growth rate,
resulting in a birth weight below the 10" percentile for the corresponding gestational age (Sharma et
al., 2016). The prevalence accounts for 5-10% of all pregnancies, and amounts to approximately
600.000 cases in Europe, being a serious health problem worldwide (Kady and Gardosi, 2004).
Placental insufficiency, the main cause of IUGR, chronically decreases the blood flow and nutrient
supply to the developing fetus resulting in an adverse intrauterine environment with chronic hypoxia
conditions and undernutrition. This situation results to a wide range of changes in brain development
including grey (GM) and white matter (WM) injury (Esteban et al., 2010; Pla et al., 2020), which are
associated with short- and long-term neurodevelopmental damage and cognitive dysfunctions
(Mwaniki et al., 2012; Batalle et al., 2014; Eixarch et al., 2016). The most prevalent causes of brain
damage of prenatal origin manifest as subtle neurological abnormalities. Indeed, IUGR has been
proposed as the cause of one-quarter of special educational needs postnatally (Mackay et al., 2013).
But currently, there is no efficient treatment which avoids deleterious consequences related to IUGR,

especially in the neurodevelopmental field.

To better understand, which basic cellular processes of brain development are altered due to IUGR,
we established a novel in vitro model based on primary rabbit neuronal progenitor cells (NPCs)
(Barenys et al.,, 2021). IUGR was surgically induced in one uterus horn in pregnant rabbits on
gestational day (GD) 25. Neural progenitor cells (NPCs) growing as three-dimensional (3D) cell
aggregates known as neurospheres were obtained from rabbit pups’ brains immediately after
caesarean delivery at GD30. Neurospheres are able to mimic basic processes of brain development
such as NPC proliferation, migration, differentiation into the brain effector cells neurons,
oligodendrocytes and astrocytes, synaptogenesis, and network formation (Barenys et al., 2017; Breier
et al., 2010; Gassmann et al., 2010a; Moors et al., 2009, 2007a; Schreiber et al., 2010). We revealed a
significantly lower ability to form oligodendrocytes due to a slower differentiation rate in IUGR
neurospheres. This result correlates very well with the clinical outcome of IUGR-generated white
matter alterations. In addition, IUGR neurospheres presented an increased neurite length, which is
consistent with previous in vivo studies (Pla et al., 2020). We have discovered for the first time that
IUGR neurospheres respond differently than control to the exposure of the compound EGCG, which
triggers migration alterations, and we have revealed the mechanism behind this difference: an
overexpression of the adhesion molecule Integrin-B1 in IUGR. Because Integrin-B1 is implied in NPC
migration but also in axonal growth and neuronal branching, this discovery gives new insights into the
characterization of IUGR-induced neurodevelopmental alterations. The thesis addresses the medical

necessity by assessing the safety and efficacy of the potential neuroprotective therapies



docosahexaenoic acid (DHA), melatonin (MEL), 3,3',5-triiodothyronine (T3), zinc, lactoferrin (LF) and
its main metabolite sialic acid (SA), epigallocatechin gallate (EGCG) and derivatives in two different
approaches: (1) exposure in vitro and (2) prenatal administration in vivo, both followed by the
evaluation in vitro. DHA, and MEL, were identified as the best therapeutical agents for
preventing/reverting impaired oligodendrogenesis caused by IUGR. LF and its main metabolite SA were
revealed to reduce IUGR-induced neurite length extension. Finally, we integrated the discovered
results about IUGR-induced changes in neurodevelopment into an “adverse outcome pathway” (AOP)
approach and developed the putative AOP “Disrupted laminin-Bl-integrin interaction leading to
developmental neurotoxicity”. Overall, the novel neurosphere model is well suited for characterizing
so far unknown neurodevelopmental effects on the cellular level induced by chemicals or IUGR. This
new method opens the door to testing possible neuroprotective therapies for IUGR easily and cost-

efficiently.



Abstract

Intrauterine growth restriction (IUGR), a serious health problem worldwide, is defined as a significant
reduction in fetal growth rate resulting in a birth weight below the 10% percentile for the
corresponding gestational age. Placental insufficiency, the leading cause of IUGR, reduces blood flow
and nutrient delivery to the developing baby, resulting in short- and long-term brain alterations and
cognitive impairment. In this work, we developed for the first time an in vitro rabbit neurosphere
model based on primary neural progenitor cells (NPCs) that mimics brain development complicated by
IUGR. Neurospheres are 3D cell aggregates that represent basic neurodevelopmental processes such
as proliferation, migration, differentiation, synaptogenesis, and network formation of NPCs. IUGR
neurospheres exhibited a significantly reduced rate of oligodendrocyte differentiation, which
correlates very well with the clinical outcome of white matter injury. In addition, neurons in IUGR
neurospheres exhibited significantly prolonged neurites. We found that IUGR neurospheres respond
differently from control neurospheres to the drug EGCG which induces migration alterations. This
difference is due to overexpression of the adhesion molecule integrin-1, which is involved in NPC
migration as well as in axonal growth and neuronal branching. Through toxicological and
pharmacological studies, we evaluated the safety and efficacy of potential neuroprotective therapies
using the novel in vitro rabbit neurosphere model. DHA and MEL were identified as beneficial therapies
because of their promoting effects on oligodendrocyte differentiation not only after in vitro exposure
but also after prenatal administration during rabbit pregnancy. LF and its major metabolite SA reduced
the length of elongated neurites because of a possible interaction between integrin-f1 and the
extracellular matrix protein laminin. Finally, we integrated the obtained results into an adverse
outcome pathway (AOP) by designing the putative AOP "Disrupted laminin-B1-integrin interaction
leading to developmental neurotoxicity". Overall, the novel neurosphere model is well suited to rapidly
and cost-effectively characterize unknown neurodevelopmental impairments caused by chemicals or
IUGR. In future studies, it will also be important to measure the effects and safety of the tested
therapies not only in terms of neurodevelopment, but also in terms of general developmental

parameters.



Extracto

El retraso del crecimiento intrauterino (RCIU), un grave problema de salud en todo el mundo, se define
como una reduccidn significativa de la tasa de crecimiento fetal que da lugar a un peso al nacer inferior
al percentil 10 para la edad gestacional correspondiente. La insuficiencia placentaria, principal causa
del RCIU, reduce el flujo sanguineo y el aporte de nutrientes al bebé en desarrollo, lo que provoca
dafios cerebrales y deterioro cognitivo a corto y largo plazo. En este trabajo, desarrollamos por primera
vez un modelo de neuroesfera de conejo in vitro basado en células progenitoras neurales (CPN)
primarias que imita el desarrollo cerebral complicado por RCIU. Las neuroesferas son agregados
celulares en 3D capaces de reproducir procesos basicos del neurodesarrollo como la proliferacién, la
migracion, la diferenciacidn, la sinaptogénesis y la formacion de redes de CPNs. Las neuroesferas del
grupo RCIU mostraron una tasa significativamente reducida de diferenciacién de oligodendrocitos, que
se correlaciona muy bien con los resultados clinico que describen lesiones de la materia blanca.
Ademas, las neuronas de las neuroesferas IUGR mostraron neuritas significativamente mas largas.
Encontramos que las neuroesferas IUGR responden de forma diferente a las neuroesferas control
respecto al compuesto EGCG, que induce alteraciones en la migracién. Esta diferencia se debe a la
sobreexpresion de la molécula de adhesion integrina-f1, que estd implicada en la migracién de las
CNP, asi como en el crecimiento axonal y la ramificacién neuronal. Mediante estudios toxicoldgicos y
farmacoldgicos, evaluamos la seguridad y eficacia de potenciales terapias neuroprotectoras utilizando
el novedoso modelo de neuroesfera de conejo in vitro. EIl DHA y la MEL se identificaron como terapias
beneficiosas por sus efectos promotores de la diferenciacién de los oligodendrocitos no sélo tras la
exposicion in vitro, sino también tras la administracién prenatal durante la gestaciéon en conejo. La LF
y su principal metabolito SA redujeron la longitud de las neuritas debido a una posible interaccidn
entre la integrina-Bl y la proteina de la matriz extracelular laminina. Finalmente, integramos los
resultados obtenidos en una “adverse outcome pathway” (AOP) disefiando el AOP putativo "Disrupted
laminin-B1-integrin interaction leading to developmental neurotoxicity". En general, el nuevo modelo
de neuroesferas resulta muy adecuado para caracterizar de forma rdpida y rentable las alteraciones
desconocidas del neurodesarrollo causadas por sustancias quimicas o por la RCI. En futuros estudios,
también sera importante medir los efectos y la seguridad de las terapias probadas no sélo en términos

de neurodesarrollo, sino también en términos de parametros generales de desarrollo.
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1 Introduction

1.1 Brain development

Brain development is one of the most sensitive and vulnerable processes during fetal development
and is influenced by environmental and external factors from the first day of neurogenesis. Therefore,
understanding brain development is crucial to recognize neural disturbances which may manifest in

neurobehavioral disorders throughout life (Linderkamp et al., 2009; Mwaniki et al., 2012).
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Figure 1. A) The stages of human brain development from Andersen (2003). B) Schematic lateral cross-section of a mature
human brain with different brain regions indicated. Pink: Corpus callosum, yellow: Thalamus, green: Hippocampus, blue:
Brainstem, cyan: Cerebellum, created in Biorender.com. C) Upper part: lllustration of the major sections of the
hippocampus including dentate gyrus (DG) and cornu ammonis (CA) with its distinct subareas CA1-CA4; red box: CA1
pyramidal neuron with apical dendrites in stratum radiatum (SR) and basal dendrites in SO (stratum oriens). Lower part:
Illustration of neurogenesis stages of granule neurons in the DG (yellow box in upper illustration); modified from Sheppard
et al. (2019). DG: dentate gyrus; CA: cornu ammonis SO: stratum oriens; SR: stratum radiatum of CA sections; pcl,
pyramidal cell layer of CA sections; gcl, granule cell layer of the DG; sgz: subgranular zone of the DG; ml: molecular layer.
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Brain development is a highly controlled process, including complex and strictly regulated molecular
and cellular processes lasting from the early embryonic phase until adolescence (Fig. 1, (Silbereis et
al., 2016; Stiles and Jernigan, 2010)). Already after three gestational weeks in humans, the first brain
structures are built with the formation of the neural plate (Stiles and Jernigan, 2010). The fusion of
neural folds leading to the emergence of the neural tube is described as the starting point of early
neurogenesis, which will develop after massive proliferation five vesicles of the future brain:
telencephalon, diencephalon, mesencephalon, metencephalon and myelencephalon (Linderkamp et
al., 2009). During these early vesicle stages, the wall of the neural tube comprises the ventricular zone
(VZ) that builds a layer of neuroepithelial cells, a type of primary neural progenitors from which all
neurons and microglia of the central nervous system (CNS) including astrocytes and oligodendrocytes
(OLs) derive (Silbereis et al., 2016). During the expansion time, neuroepithelial cells generate apical
radial glial cells attached to the basal lamina, which undergo mitotic symmetric or asymmetric divisions
(Ferndndez et al., 2016). The symmetric differentiation includes the division into two neurons while
the asymmetric division produces either new apical radial glial cells or progenitor cells that
differentiate into neurons or glial cells (Fernandez et al., 2016; Huttner and Kosodo, 2005). At this
timepoint, a further neurogenic proliferative compartment generates young neurons expanding above
the VZ to the subventricular zone (SVZ) (Silbereis et al., 2016). Radial glial cells extend very long
processes through the SVZ developing a scaffold of glial fibers, which allows young neurons to travel
to distant positions along the cortical surface, this process is called radial migration (Borrell and Gotz,
2014; Fernandez et al., 2016). Migrating neurons arriving at the cortical plate forming six deep-seated
cortical layers containing different types of neurons, whereas subsequent migrating neurons construct
more superficial layers of the cortex (Stiles and Jernigan, 2010). Once neurons have migrated to their
final location, they detach from radial fibers and continue to differentiate. Immature neocortical
neurons begin to extend axons and elaborate complex dendritic branching followed by synaptogenesis
and axon myelination to build a neuronal network (Silbereis et al., 2016; Stiles and Jernigan, 2010).
Synaptogenesis follows a specific spatiotemporal sequence and continues during the first 2 postnatal
years with rapid formation and overproduction of synapses with an ensuing refinement of synaptic
connections by elimination and pruning (Susan L. Andersen, 2003; Silbereis et al., 2016). Whereas
neural progenitor cells (NPCs) from the SVZ differentiate into multiple distinct neuronal subtypes,
radial glial cells in the central brain area ‘hippocampus’ develop a single type of neurons, the granule
neurons (Rolando and Taylor, 2014). The hippocampus is located in the inner region of the temporal
lobe, which belongs to the limbic system responsible for learning, memory, and spatial navigation as
well as regulation of emotional reactions (Yassa, 2020). A detailed description of hippocampus’
anatomy is illustrated in Fig. 1C. The neurogenesis of hippocampal granule neurons is dynamic and

responds to physiological and pathological stimuli throughout life (Rolando and Taylor, 2014).
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Astrocytes and OL precursor cells (OPCs) are derived from radial glial cells in mid-gestation, whereas
OLs migrate and mature predominantly during the first 3 postnatal years in humans (Howard et al,,
2008; Jakovcevski et al., 2009). Postnatally, glial progenitor cells proliferate while migrating outwards
into overlying white matter (WM) and cortex, striatum, and hippocampus where they continue to
differentiate into astrocytes and OPC (Stiles and Jernigan, 2010). OLs are myelinating cells with
filamentous myelin wrapping and isolating axons from neurons, mainly found in the developing WM
and less abundant in grey matter (GM) of the brain cortex (Kuhn et al., 2019). OLs undergo several
maturation stages until they reach their postmitotic myelinating stage guided by axonal and/or
astrocytic signals (Baumann and Pham-Dinh, 2001). The OL lineage begins with OPCs developing Pre-
OLs over immature OL to non-myelinating mature OLs until myelinating mature OL recognized by

markers specific for different maturation stages (Fig. 2, (Jakovcevski et al., 2009; Kuhn et al., 2019)).
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Figure 2. Oligodendrocyte (OL) maturation stages from neuronal progenitor cells (NPCs) until
myelinating mature OL including lineage marker and axonal and astrocytic signals. Oligl and 2, Sox10
and Nkx2.2 are expressed in all stages of the OL lineage. A2B5 is expressed only in NPC and OPC, while
PDGRa and NG2 are early markers for OPC and Pre-OL. PLP, 04, O1 GalC and CNPase are involved in
the differentiation phase from progenitor to mature OLs. The marker MBP is already expressed in
mature pre-myelinating OLs, while MOG is only expressed in the late mature myelinating OLs. NPC:
neuronal progenitor cell; OPC: oligodendrocyte progenitor cell; OL:oligodendrocyte; PDGFRa: platelet-
derived growth factor receptor A; NG2: neuron-glial antigen 2; PLP: proteolipid protein; CNPase: 2’,3’-
Cyclic-nucleotide 3’-phosphodiesterase; MBP: myelin basic protein; MAG: myelin associated
glycoprotein; MOG: myelin-oligodendrocyte glycoprotein; GalC: galactocerebroside. Created in
Biorender.com; adapted from (Barateiro and Fernandes, 2014; Baumann and Pham-Dinh, 2001; Kuhn
et al., 2019).



As mentioned, embryonic brain development is a highly regulated process controlled by multiple
factors and cellular mechanisms acting as signaling pathways, second messengers, or receptors,
consistent with specific spatiotemporal expression patterns of transcription factors. Each
developmental process of the brain is especially susceptible towards external stimuli and already a
minor impact of chemicals or diseases might lead to enormous adverse outcomes (Grandjean and

Landrigan, 2014; Mwaniki et al., 2012; Volpe, 2000).

1.2 Intrauterine growth restriction (IUGR)

Intrauterine growth restriction (IUGR) is a significant health issue worldwide with a prevalence of 5-
10% of all pregnancies, approximately 30 million newborns worldwide and 600.000 cases in Europe
(Kady and Gardosi, 2004; Tolcos et al., 2017). It is defined as a significant reduction of the fetal growth
rate leading to a birth weight below the 10" percentile for the corresponding gestational age and is one
of the most common causes of poor perinatal and long-term outcomes (Figueras and Gratacos, 2017;

Sharma et al., 2016).

Causes of IUGR include maternal, fetal, placental, or genetic reasons or a combination of these factors
(Sharma et al., 2016). Maternal factors comprise the age of the mother, smoking, maternal health,
infection, or previous pregnancy affected with IUGR (Sharma et al.,, 2016). There is also a strong
association with early-onset IUGR resulting secondary to maternal preeclampsia, which is defined by an
increased diastolic blood pressure (Figueras and Gratacos, 2017; Figueras and Gratacds, 2014,
Marasciulo et al., 2021; Pedroso et al., 2018). Fetal factors include chromosomal abnormalities, multiple
gestation, or congenital infections (HIV, Syphilis, Malaria) (Sharma et al., 2016). However, the main
cause of IUGR is placental insufficiency, which chronically reduces the blood flow and nutrient supply
to the fetus leading to fetal development under chronic hypoxia. Fetal umbilical cord oxygen is related
to the babies’ birth size and is classified as a primary determinant of fetal growth (Lackman et al., 2001).
This fetal condition of malnutrition impacts ultimately organogenesis and is associated with short- and
long-term neurodevelopmental damage, cognitive dysfunctions and cardiovascular adverse outcomes
(Batalle et al., 2014; Eixarch et al., 2016). The impaired placentation is commonly identified by serial
ultrasound as abnormal uterine arteries or umbilical artery (UA) Doppler studies (Figueras and Gratacos,
2017). An abnormal UA Doppler pulsatility index reflects an increased restricted blood flow in the

umbilical circulation and is an indicator of placental disease (Lees et al., 2022).

The terms early- and late-onset IUGR are used to subclassify two phenotypes of IUGR characterized by
onset, fetoplacental Doppler, association with preeclampsia and severity, which are summarized in

table 1. Early-onset IUGR represents 20-30% and late-onset 70-80% of all IUGR cases (Crovetto et al.,
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2014). The optimal cut-off between early- and late onset IUGR was established at 32 gestational weeks
discriminated by abnormal and normal UA Doppler (Gordijn et al., 2016; Savchev etal., 2014). The Early-
onset form is highly associated with severe placental insufficiency and chronic fetal hypoxia with
abnormal UA Doppler. Immature fetuses tend to have a higher tolerance to hypoxia and a better
systemic cardiovascular adaption than late-onset cases. However, the latency of severe deterioration
can last for weeks, which is displayed in severe Doppler changes, leading to decompensated hypoxia
and acidosis (Figueras and Gratacds, 2014; Turan et al., 2008). The decision of keeping the fetus in utero
or dealing with complications of prematurity has to be carefully considered and remains an immense
clinical challenge (Figueras and Gardosi, 2011; Figueras and Gratacds, 2014). Late-onset IUGR is linked
with mild placental disease presented in normal UA Doppler, and it is rarely associated with
preeclampsia. Despite normal UA Doppler, 25% of all late IUGR cases develop advanced brain
vasodilation indicating chronic hypoxia, which has been detected by Middle Cerebral Artery Doppler
(Oros etal., 2011). In late-onset IUGR, a progressive fetal deterioration with clear changes in UA Doppler
is absent (Cruz-Martinez et al., 2011; Oros et al., 2011) and a ‘natural history’ to identify first signs of
the disease is usually lacking, which makes the detection complicated. Before term, there is a high risk
of acute hypoxic deterioration leading to severe injury, neonatal acidosis, or even fetal death (Kady and
Gardosi, 2004). This may explain the lower tolerance to hypoxia in mature fetus compared to early-
onset cases. Even though late-onset IUGR has a lower mortality in comparison to early-onset IUGR, it is
responsible for several late stillbirths due to its high prevalence (Crovetto et al., 2014; Gardosi et al.,
2005). The clinical challenge of IUGR in late gestation remains the diagnosis, however abnormalities of
UA Doppler (absent or reversed end-diastolic velocities) have been demonstrated to be visible
approximately one week before acute deterioration (Ferrazzi et al., 2002; Figueras and Gratacds, 2014).
Fetus’ with these Doppler abnormalities after 30 gestational weeks are at higher risk of mortality than
at risk of prematurity (Cruz-Lemini et al., 2012; GRIT Study Group, 2003), and thus premature delivery
is suggested (Figueras and Gratacds, 2014).

Table 1. Summary of the main differences between early- and late-onset IUGR. Adapted from (Figueras
et al., 2018; Figueras and Gratacés, 2014).

Early-onset IUGR Late-onset IUGR

Incidence of all IUGR cases: 20-30% Incidence of all IUGR cases: 70-80%

Challenge: management (gestational age at Challenge: detection and diagnosis

delivery)

Placental disease: severe (UA Dopplerabnormal, Placental disease: mild (UA Doppler normal, low

high association with preeclampsia) association with preeclampsia)

Hypoxia +/+: systemic cardiovascular adaptation Hypoxia +/-: central cardiovascular adaptation




Immature fetus = higher tolerance to hypoxia = Mature fetus = lower tolerance to hypoxia = no

natural history (or very short) natural history

Higher mortality/morbidity; lower prevalence Lower mortality/morbidity, but high prevalence

= large etiological fraction of adverse outcome

Despite remarkable differences in the severity of early- and late-onset IUGR caused by placental
diseases, both are associated with neurodevelopmental, cardiovascular and metabolic (e.g. insulin
secretion) adverse outcomes (Crispi et al., 2010; Larroque et al.,, 2001; Van Vliet et al.,, 2012;
Verkauskiene et al., 2008). Therefore, it is crucial to early diagnose, monitor and, hopefully, find a

potential therapy that could mitigate or even prevent the long-lasting consequences of IUGR.

1.2.1 Neurodevelopmental damage induced by IUGR

Placental insufficiency induces a reduction of the quantity of nutrients that reach the fetus, as well as
hypoxia, which can be followed in severe IUGR cases by fetal acidosis (Bernstein et al., 2000). IUGR
babies have an increased risk of neurodevelopmentimpairment (Geva et al., 2006; Tolcos et al., 2017),
as shown by follow-up studies where half of the cases exhibited neurological alterations (Fouron et al.,
2001) with higher or lower severity depending on the IUGR grade and onset. For example the risk of
developing cerebral palsy, correlates with the severity of IUGR of both early- and late-onset cases
(Baschat, 2014, Blair and Nelson, 2015; Jacobsson et al., 2008; Miller et al., 2016). Early-onset IUGR
cases tend to have the most severe cases and usually encompass serious neurodevelopmental
disorders, with clinical manifestations such as neonatal encephalopathy related to hypoxia-ischemia
(HIE), intraventricular hemorrhage (IVH) or periventricular leukomalacia (PVL) manifesting in cerebral
palsy (Fleiss et al., 2021; Miller et al., 2016). In contrast, late IUGR commonly results in mild cases that
are related to subtle neurodevelopmental insults. Alterations on attention, habituation, emotional
state regulation or a reduced social competence have been reported within the neonatal period until
2 years of age (Eixarch et al., 2008; Figueras et al., 2009; Oros et al., 2010; Tolsa et al., 2004). However,
long term effects have been described in early and late IUGR associated with memory disorders,
learning difficulties, low academic performance, lack of attention and psychosocial alterations
(O’Keeffe et al., 2003), plus a higher risk to develop attention deficit hyperactivity disorder (Heinonen
etal., 2010). Indeed, IUGR is considered altogether with brain prematurity, as a condition that requires
special education needs (Fischi-Gémez et al., 2015; Larroque et al., 2001; Mackay et al., 2013; Van Vliet
et al., 2012).

Recent clinical studies have used advanced imaging (magnetic resonance imaging (MRI) or

spectroscopy) to investigate the structural correlation among neurodevelopmental anomalies. These
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studies in IUGR patients have unraveled changes in the formation of cortical sulcation (Egafia-Ugrinovic
et al., 2013), cortex morphology, connectivity (Batalle et al., 2012) and brain metabolism (Sanz-Cortés
et al., 2010). Studies confirmed that the connectivity in motor and cortico-striatal-thalamic networks
of 1 and 6 aged kids is altered, which correlates with poor development of motor, cognitive and social
behavior (Eixarch et al., 2016; Fischi-Gomez et al., 2015; Tolcos et al.,, 2017). The implications for
learning and memory in IUGR children might be due to a reduced cortical GM and hippocampal volume
(Lodygensky et al., 2008; Padilla et al., 2014; Tolsa et al., 2004). Certain neuronal populations such as
hippocampal or cortex neurons are believed to be particularly susceptible to IUGR. In a rat model of
IUGR, Gilchrist et al. (2018), revealed a reduced number of neurons and morphological alterations in
the GM of the hippocampus (Gilchrist et al., 2018). This neuronal anomalies may be related to a
synapsis alteration as well as density and morphology of the dendritic spines as seen in the
hippocampus of growth restricted guinea pigs and rabbits, both in neonatal and long-term stage (Dieni
and Rees, 2003; llla et al., 2018; Piorkowska et al., 2014). In contrast to the poor neuronal outcome in
the hippocampus, Pla et al. discovered a more advanced dendritic branching of neurons in the frontal
cortex of IUGR rabbit brains (Pla et al., 2020). Another study using the same rabbit model, identified
reduced fractional anisotropy in cortical brain regions of IUGR rabbits (Eixarch et al., 2012a), which is
associated with an advanced dendritic arborization (McKinstry et al., 2002). In a follow-up study in
adultrats, decreased dendritic branching was described after acute ischemic hypoxia, whereas shortly
after the hypoxia event, dendritic branching increased, which may indicate a compensatory effect

(Ruan et al., 2006).

Besides of GM alterations, IUGR is related to WM impairment, which has been described in several
animal models (Eixarch et al., 2012b; Olivier et al., 2005; Reid et al., 2012; Rideau Batista Novais et al.,
2016; Tolcos et al., 2011). MRI of IUGR babies born at term confirmed a reduced WM volume and
delayed myelination (Ramenghi et al., 2011). In the situation of fetal hypoxia, newly generated pre-
OLs often fail to myelinate despite a numerous presence of axon signals (Stephen A Back, 2017),
because OPCs and pre-myelinating OLs present a lower level of antioxidant enzymes and are especially
susceptible to oxidative stress compared to mature OLs (Back et al., 2002a). During brain development
the population of these early staged OLs is particularly high, which in turn is associated with a high risk
of OLimpairment often resulting in diffuse white matter injury (WMI) (Stephen A Back, 2017). Hypoxic-
ischemic or placental insufficiency resulting in WMI is still a leading cause of brain injury in premature
babies and the principal feature of PVL and cerebral palsy (Back, 2001). However, OPCs continue to be
produced throughout intra-uterine until postnatal life (Bergles and Richardson, 2016; Jakovcevski et
al., 2009) and it is presumed that an endogenous pool of OPCs remains available to therapeutically

support OL impairment (Tolcos et al., 2017).



Currently, there is no efficient treatment to avoid the described deleterious consequences related to
IUGR, especially in the neurodevelopmental field. Therefore, the characterization of neurostructural
changes in fetus with IUGR is essential to design therapeutic strategies directed to limit its adverse

effects.

1.3 Models of IUGR induced neurodevelopmental effects
Reproducing human conditions of IUGR in a laboratory remains a scientific challenge and thus, animal
models are crucial to improve our understanding about neurostructural and cellular changes related
to IUGR. Several models mimicking placental insufficiency have been developed including rats (Delcour
et al.,, 2012; Gilchrist et al., 2018; Reid et al., 2012), guinea pig (Dieni and Rees, 2003; Piorkowska et
al., 2014; Tolcos et al., 2011), rabbits (Eixarch et al., 2009) and sheep (Miller et al., 2014). Even though
efforts have arisen to develop IUGR models, there is a huge lack of reliable systems mimicking the
spatiotemporal neurodevelopmental processes to characterize and better understand the
mechanisms of IUGR induced brain alterations (reviewed by (Fleiss et al., 2019)). The pre- and perinatal
neurodevelopment requires a perfect coordination of the basic processes of neurogenesis, such as
proliferation, migration, differentiation and organization of neurons, formation of synapsis,
myelination and finally, establishment of neuronal networks (Fritsche et al., 2018a; Stiles and Jernigan,
2010). In this thesis, we developed for the first time a novel in vitro rabbit neurosphere system to

untangle the obscure processes of IUGR related brain injury and to improve neurological sequelae.

1.3.1 Rabbit IUGR model

To have a human-relevant experimental model of neurodevelopmental damage induced by IUGR, the
BCNatal research group developed an IUGR model in pregnant rabbits (Eixarch et al., 2009). The
species rabbit was chosen due to its similarity to human placentation and perinatal brain development
(Barenys et al., 2021; Drobyshevsky et al., 2014; Workman et al., 2013). The placenta of rabbits is
discoid, villous, and hemochorial similar to humans (Carter, 2007). Besides, it was previously proven
that rabbits reflect better the brain maturation observed in humans than other species (Workman et
al., 2013). The degree of brain maturation at birth determined with the precocial score according to
271 neuronal events compared between 18 mammalian species accounts for 54% in rabbits, which is
more similar to human (65%) than other species (45% in rats, 84% in guinea pig, and 82% in sheep, Fig.

3) (Pla et al., 2020; Workman et al., 2013).
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Figure 3. Schematic representation of the timing and duration of brain development in humans, rabbits, and rats. The blue
arrow indicates that IUGR is induced on the 25" day of gestation (GD) in rabbits. Most cases of IUGR occur in humans with a
late onset of 28-40 weeks' gestation (GW), a time when pre- and immature OLs are predominantly located in the brain and
therefore premature white matter (WM) is particularly vulnerable. During rabbit brain development, pre-OLs predominate in
the WM at GD22, followed by increasing density and OL lineage progression between GD24-25, while in rat the OL maturation
occurs postnatally. Neurite outgrowth followed by neuronal arborization and apoptosis are the predominant neuronal stages
at GD25 in rabbits, GW28-40 in humans, and after postnatal day (PND) 7 in rats. Perinatal development is characterized by
massive growth of dendrites and axons, followed by myelination, synaptogenesis, and synaptic pruning, especially in the
forebrain and cerebellum in humans (Silbereis et al., 2016) and rabbits. According to the precocial score, human brain is 65%
developed at birth, more similar to rabbit (54%) than to rat (45%) (Workman et al., 2013). In human and rabbit, brain
development occurs mainly perinatal and is therefore more similar than compared with the species rat, where the brain
development happens mainly postnatally. OL= oligodendrocyte; Pre-OL: pre-oligodendrocyte; NPC = neural progenitor cell;
GW:-= gestational week; GD = gestational day; PND = postnatal day. Created in Biorender.com adapted from (Back, 2001; Back
et al., 2002a; Barateiro and Fernandes, 2014; Baud et al., 2004; Buser et al., 2010; Drobyshevsky et al., 2014; Silbereis et al.,
2016; Workman et al., 2013).

In the rabbit IUGR model, IUGR is surgically induced in pregnant New Zealand rabbits at gestational
day (GD) 25, by ligation of 40-50% of uteroplacental vessels of each gestational sac of one uterine horn,
whereas the contralateral horn remains as control, as described in detail in (Eixarch et al., 2009).
Cesarean (C)-section is performed at GD30 (term 31 days) to obtain IUGR and control rabbit pups. On
postnatal day (PND) 0, IUGR cases with a body weight lower than the 25" percentile (39.7 g, Table 1 in
(Barenys et al., 2021)) and control animals with a body weight higher than the 25" percentile are
included. To exclude spontaneous IUGR in control pups and controls in ligated animals, cases with a
body weight higher than the 25 percentile were excluded. The timepoint of IUGR induction at GD25
was chosen because it correlates with 28-40 gestational weeks (GW) in human, when the onset of

IUGR in the most cases occur, and the clinical detection and diagnostic remain difficult (Fig. 3, Table
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1). To this time, pre- and immature OLs are predominantly in the brain and thus, white matter (WM)
development is particularly vulnerable (Fig. 3). This model corresponds to a mild late-onset IUGR
reproducing chronic placental insufficiency with hemodynamical changes in the blood flow, which
results in the significant birth weight reduction (Eixarch et al., 2012b, 2009). The derived offspring
presents neurodevelopmental manifestations of IUGR occurring in clinical cases, including neonatal
and long-term functional and structural deficits. During the neonatal period (PND1), IUGR animals
exhibit significant functional impairments in locomotion, lineal movements, reflexes, head turn during
feeding and smelling response (Eixarch et al., 2011). In the long-term period (PND70), IUGR rabbits
show large problems in learning, memory, and a higher level of anxiety (llla et al., 2013). High-
resolution magnetic resonance imaging (MRI) studies revealed that IUGR animals do not present any
gross structural abnormality in anatomical sequences either at neonatal or long-term period. However,
advanced diffusion MRI, a technique that measures the diffusion of water molecules in tissues and
provides information about brain microstructure and the disposition of fiber tracts (Eixarch et al,,
2012b), has detected subtle cerebral changes in mild chronic hypoxic conditions (Sanz-Cortés et al.,,
2010). Indeed, after IUGR induction, diffusion MRI revealed subtle changes in brain structures with an
altered diffusivity in several brain areas including the frontal cortex and the corpus callosum (CC)
indicating an abnormal brain maturation affecting both the GM and WM (Eixarch et al., 2012b; Illa et
al., 2013; Pla et al., 2020). The decreased WM myelination and organization of WM tracts in IUGR
animals was linked with neurobehavioral alterations, whereas the GM alterations of the hippocampus
showed significant correlations with learning and memory (Eixarch et al., 2012b; Tolcos et al., 2017).
Previous studies using this model have unraveled changes in cerebral connections in the IUGR affected
rabbits (Batalle et al., 2014; Illa et al., 2013), which correlate very well with the clinical observation that
IUGR-affected children also present cerebral connection alterations in connectomic-studies (Batalle et
al., 2012). Linking this clinical adverse outcome with the neurodevelopmental alterations observed in
rabbits gives evidence that the rabbit IUGR model is a good model to study IUGR-induced structural

changes in humans (Barenys et al., 2021; Bassan et al., 2000; Eixarch et al., 2011, 2009).

1.3.2 In vitro neurosphere model

With the aim of characterizing and understanding the origin of brain damage caused by IUGR we
established for the first time an in vitro model based on primary rabbit neuronal progenitor cells (NPCs)
(Manuscript 4.2 (Barenys et al., 2021)). Because rabbits have a bicornuate uterus with two separate
uterus horns, we were able to obtain control and IUGR NPCs always in parallel from a pregnant rabbit
for direct comparison. NPCs were derived from whole brain of rabbit pups, which form spontaneously

3D cell the aggregates called neurospheres under proliferation conditions with the addition of growth
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factors. NPCs plated on an extracellular matrix containing laminin and PDL and after withdrawal of
growth factors migrate out of their sphere core and differentiate while migrating into neuronal target
cells. Neurospheres, previously established with the species rat, mouse and human, are able to mimic
essential key events (KEs) of fetal brain development such as NPC proliferation, migration,
differentiation into the main effector cells of the brain, neurons (BllI-Tubulin+ cells), OLs (O4+ cells),
and astrocytes (GFAP+ cells), network formation and function (Barenys et al., 2017, Baumann et al,,
2014; Breier et al., 2010; Gassmann et al., 2010; Moors et al., 2007, 2009; Schreiber et al., 2010).
Therefore, the neurosphere model covers several endpoints of brain development imitating
spatiotemporal neurodevelopmental processes that are essential to form a functional brain (Fritsche
et al.,, 2018b, 2018a). The disturbance of at least one of these endpoints due to a decrease in
oxygen/nutrition or chemical exposure can lead to severe adverse outcome (Fritsche et al., 2018a).
Thus, the ‘Neurosphere Assay’ is a valuable system to perform developmental neurotoxicity (DNT)
testing comprising the safety evaluation of drugs and chemicals in a concentration dependent manner.
With the in vitro system we can test many concentrations of each compound simultaneously, not only
saving time and money regarding in vivo studies, but also providing the essential information about
the effective therapeutic concentration required for the extrapolation of the dose to the situation in
vivo. The neurosphere model of human and rodent origin has already been applied for the
investigation of the DNT potential of several compounds (Barenys et al., 2017; Dach et al., 2017; Klose
et al., 2021b, 2022; Masjosthusmann et al., 2019). The novel rabbit ‘Neurosphere Assay’ allows us to
study the pathophysiological mechanisms of IUGR during neurodevelopment by characterizing
structural changes in the brain and discriminating cellular effects of compound exposure. Whereas the
well characterized rat neurospheres model was suitable to perform toxicological potency rankings of
chemicals, as the species rat has been previously used in several toxicological approaches (Barenys et

al., 2017; Dach et al., 2017; Klose et al., 2021b, 2022; Masjosthusmann et al., 2019).

“Due to the multicellular nature of the neurosphere method and the possibility to study a variety of
neurodevelopmental processes with it, neurospheres are a valuable test system for studying a plethora
of cellular effects initiated by a variety of different modes-of-action” (Manuscript 4.2 (Barenys et al.,,
2021)). Which means in turn that neurospheres are well suited for characterizing so far unknown
neurodevelopmental effects on the cellular level that are triggered by chemicals or IUGR. This new
method opens the door to testing potential neuroprotective therapies for IUGR in a simple and cost-

efficient manner. A schematic overview of the 'Neurosphere Assay' and endpoints is shown in Fig. 4.
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Figure 4. Experimental setup. On GD 25, IUGR was induced in pregnant New Zealand rabbits in one uterine horn, while the
contralateral horn remained as a control. No treatment (w/o) or therapies were administrated orally for 5 consecutive days
to the pregnant dam until C-section on GD 30. IUGR and control pups were obtained from every group on PND 0, neurospheres
were prepared from pup’s whole brain and frozen until used. Thawed neurospheres were cultivated for each group respectively
in a floating culture for approx. 11 days and mechanically chopped. After 2 days, proliferating neurospheres reached a size of
0.3 mm. On experimental day 0, neurospheres were plated on a PDL/Laminin coated 8-chamber slide w/o or with exposure to
increasing concentrations of therapies. After 3 days, the exposure was renewed, and migration assay performed. After 5 days,
viability was measured, neurospheres were fixed and immunocytostained. Differentiation & OL maturation was analyzed.
After 7 days % neurons, neurite length and branching was determined with subsequent analysis of synapses formation after
14 days. Rectangle bars = time of administration or exposure, blue circle = key events. w/o = without, GD = gestational day,

PND = postnatal day, d = days, C-section = cesarean section, OL = oligodendrocyte, CTB = cell titer blue. Created with
BioRender.com

1.4 Neuroprotective strategies

1.4.1 Current neuroprotective strategies

IUGR is one of the most common pregnancy complications and the only current prenatal treatment is
preterm delivery, which requires a good management in timing of delivery including balancing the risk
between adverse intrauterine environment and prematurity (Figueras and Gardosi, 2011). There is no
standardized strategy proving to prevent or revert the neurodevelopmental alterations entailing IUGR.
Several clinical and experimental appraisals give evidence that early postnatal approaches like

breastfeeding (Rao et al., 2007), individualized newborn developmental care and assessment program
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(Als et al., 2012), and environmental enrichment (llla et al.,, 2018) can partially ameliorate the
neurodevelopmental impairment caused by IUGR. However, all these strategies have been applied
after birth, at a timepoint when adverse effects of IUGR on brain development have already been
consolidated. A treatment applied during the prenatal period, the “critical window of opportunity”
(Fig. 5) (Susan L Andersen, 2003), may have more likely a distinct effect. One of the most important
challenges in medicine is to find a therapy to be applied during this time window preventing adverse
effects of IUGR. Hence, the overall objective of this thesis is to find a promising therapy that can be

applied during pregnancy bringing it to the pre-clinical stage in the future.

IMPACT OF
ENVIRONMENT

OPPORTUNITY FOR
CORRECTION

Fetus Child Puberty Adult Mature

Figure 5. Diagram displaying the tolerance to environmental impact and the opportunity for its correction. The impact of
the environment to the brain leading to neurodevelopmental insults is higher during the first years of life, especially during
the prenatal life. However, the opportunity to correct adverse neurodevelopmental effects is likewise higher during the first
stages of fetal development, what is known as the “critical window of opportunity”, due to brain plasticity, a process that
involves adaptive structural and functional changes to the brain.

1.4.2 Safety and efficacy testing

By aiming to bring potential therapies to the clinical field the balance between benefit and risk must
always be considered. A potential therapy can elicit adverse effects by acting on the pharmacological
target (on-target) or a known or unknown unintended target (off-target) causing mechanistic toxicity
(Muller and Milton, 2012). Understanding the underlying toxicity is essential to make a safety related
decision and to prioritize compounds for further preclinical studies. Toxicological risk assessment
integrates hazard identification and exposure assessment to establish a safe product, while
pharmacological assessment comprises the description of the drug’'s efficacy and potency. A
substantial part of early drug discovery and development is the characterization of the safety and
efficacy of drug candidates to determine their margin of safety (MoS) (Muller and Milton, 2012). The
therapeutic index (TI) calculates the MoS by the ratio between the highest exposure to a drug that
does not exhibit toxicity to the exposure that produces the desired effect (effective concentration (EC);
Fig. 6, (Muller and Milton, 2012)). The narrower the index, the more likely it is that the substance will
have an adverse effect. The Tl includes the assessment of various endpoints by taking quantitative in
vitro and in vivo data into account and is crucial for early therapy development to report unfavorable

characteristics or redirect researchers to find alternative candidates (Muller and Milton, 2012). Dose-
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response curves in animal studies reveal no observed adverse effect level (NOAEL) and lowest
observed adverse effect level (LOAEL), and the NOAEL serves as a reference safety endpoint in non-
clinical studies (Baird et al., 2019; Dorato and Engelhardt, 2005). The NOAEL is defined as the
concentration of a substance that causes no detectable adverse alterations within a respective safety
experiment (Baird et al., 2019; Kerlin et al., 2016). In vitro safety and efficacy assays addressing diverse
endpoints with concentration-response curves and allow the determination of e.g., half-maximal
effective concentration (ECso) and half-maximal inhibitory concentration (ICso) values, or maximum
tolerated concentration (MTC) and minimum/most EC (mEC). ICso quantitatively measures the drug’s
potency in inhibiting a biological process in vitro and ECsg is the drug concentration required to obtain
50% of the maximum desired therapeutical effect (Aykul and Martinez-Hackert, 2016; Muller and
Milton, 2012). The MTC is the highest concentration that will not produce a toxic effect on any of the
tested endpoints and mEC is the concentration required to obtain the desired therapeutical effect in

vitro (Kiihne et al., 2022).

Figure 6. Therapeutic index during progression of drug
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Progression of drug development

Figure 6 adapted from Muller and Milton (2012) describes the Tl during the progression of drug
development and the increasing extent of availability of safety and efficacy data over time. The first
phase involves the selectivity profile of a new drug, which is an important attribute for the optimization
of pharmacotherapy defined by the division of its off-target ICso by the on-target ICso (Vlot et al., 2018),
followed by in vitro, in vivo and human studies. Even if a drug has high target selectivity, it may have a
challenging safety profile, and steps should be taken to minimize harm by describing all anticipated

risks.
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The International Conferences on Harmonization of Technical Requirements for Pharmaceuticals for
Human Use (ICH) brings regulatory authorities and pharmaceutical industry together to develop safe,
effective, and high-quality pharmaceuticals (https://www.ich.org/). The ICH provides quality (Q),
safety (S), efficacy (E) and multidisciplinary (M) guidelines. ICH-S guidelines give assistance to uncover
potential risk of a compound, whereas ICH-E guidelines recommend design, conduct, safety, and
reporting of clinical development of a new drug. However, these guidelines are mainly based on animal
experiments, which are time-, resource- and cost-intensive. Over the last decades there has been a
continuous decline in productivity of pharmaceutical research and development that drives scientists
to try to improve strategies identifying unsuitable therapeutic candidates in an earlier stage of drug
development (Muller and Milton, 2012; Paul et al., 2010). According to the well-established concept
of Russell and Burch 1959 describing replacement, refinement, and reduction of animals in research
(the 3Rs) (Russell and Burch, 1959), an international workshop on pharmaceutical toxicology was
conveyed to find strategies to reduce animals in non-clinical studies, while improving efficacy in drug
development and human translation (Chapman et al., 2013). The consortium warned especially about
the high need of animals in developmental and reproductive toxicity testing, which is based on the
guidance document of the ICH S5(R3) (2020). The experts discussed the lack of regulatory acceptance
of in vitro methods and explained that mechanistically based in vitro methods should be used at all
stages of pharmaceutical and chemical development to reduce and inform in vivo studies (Chapman
et al., 2013). In recent years, however, regulatory acceptance of in vitro methods has gained
momentum, and novel in vitro methods are already supporting decision making in risk assessment
(Firestone et al., 2010; Gibb, 2008; Krewski et al., 2009) and early drug development by providing
valuable information about chemical induced mode of actions revealing their maximum efficacy and

minimum toxicity of chemicals (Chapman et al., 2013; Whitebread et al., 2005).

1.4.2.1 Developmental neurotoxicity (DNT)

DNT is defined as the disturbance of brain developmental processes by an external stimulus e.g.
chemical agent, which might lead to an adverse neurological outcome (OECD, 2007). In the last decade
neurospheres of rodent origin has widely been used for DNT testing (Baumann et al., 2014; Dach, 2015;
Schmuck et al., 2014), even though the degree of brain maturation of rodents is less similar to human
compared to other animal models (see 1.3.1). However, primary human neurospheres are very rare
material and therefore the rat neurospheres assay has been considered as particularly suitable model
for compound prioritization and ranking for further DNT testing. This applies especially to chemicals
with unknown DNT potential to discover first indications of neurodevelopmental hazardous effects or
underlying mode-of-actions. To overcome discrepancies between human and rodent brain
development, neurospheres from both origins were comparable analyzed in several approaches
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unraveling toxicodynamic species differences in vitro (Baumann et al., 2014; Masjosthusmann et al.,
2019, 2018b). In this thesis, we have used the rat neurosphere model to rank epigallocatechin gallate
(EGCG) synthetic analogs according to their potency to disturb the endpoint NPC migration
(Manuscript 4.5 (Kiihne et al., 2019)). Subsequently, we used the safest alternative compound for

further analysis in the rabbit neurospheres model of IUGR (Manuscript 4.6 (Kiihne et al., submitted)).

Exposure to chemicals during fetal development can cause moderate to severe brain injury at much
lower doses than those disturbing adult brain function (Grandjean and Landrigan, 2006). Every stage
of development can be a target for chemicals and there has been substantial concern that chemical
exposure contributes to increasing incidence of neurodevelopmental diseases in infants (Fritsche et
al., 2018a; Grandjean and Landrigan, 2014, 2006). Despite of this concern, a large number of chemical
agents in the market have not been tested for their DNT potential, which can be traced back and
explained due to the resource-intensive test guidelines (TGs) required ‘EPA 870.6300’ (EPA, 1998) and
‘OECD 426’ (OECD, 2007) demanding an abundant amount of time, money and animals (Crofton et al.,,
2012; Lein et al., 2005). The report ‘Toxicity Testing in the 21st Century: A Revision and a Strategy’
(Gibb, 2008) suggests a paradigm shift for toxicity testing away from the apical endpoint
measurements in in vivo studies towards the use of alternative methods, including in vitro models or
alternative model organisms (Danio rerio (zebrafish), Caenorhabditis elegans, or Drosophila
melanogaster) in combination with computer based in silico models. Scientists from regulatory
agencies, academia and industry reached a consensus that there is a high need for alternative test
strategies permitting mode-of-action (MoA) based DNT assessment in a more time- and cost-efficient
way as well as in a more human-relevant way (Bal-Price, 2018; EFSA, 2013; Fritsche et al., 2018c, 2017).
On a workshop in 2016 organized by the Organization for Economic Co-operation and
Development (OECD) and the European Food Safety Authority (EFSA), the consortium emphasized that
the current approaches described in the mentioned guidelines are not sufficient to screen and
characterize potentially hazardous compounds for DNT and highlighted the urgency to develop a
standardized in vitro testing battery for regulatory purposes (Fritsche et al., 2017). In response, efforts
have been made to develop a framework for the interpretation of in vitro DNT testing and the use of
DNT in vitro battery (IVB) data in ‘Integrated Approaches to Testing and Assessment’ (IATA) based on
case studies, presented by Crofton and Mundy 2021 (Crofton and Mundy, 2021). Just recently, in May
2022, a revised draft ‘Guidance on Evaluation of Data from the DNT In-Vitro Testing Battery’ has been
published by the members of the OECD Expert Group on DNT IVB (OECD, 2022). IATA is a framework
introduced by the OECD allowing to integrate all available hazard and exposure data, including in vitro,
in silico, in chemico, ex vivo, in vivo, or read-across approaches for the use in regulatory assessments
and decisions (OECD, 2022, 2017). The IATA concept follows an iterative approach by (1) gathering

existing knowledge of mechanisms through which chemicals exert their toxicity and (2) weight of
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evidence assessment answering if adequate information are available or if additional information are
required for a decision-making, ultimately followed by a (3) regulatory conclusion (OECD, 2017,
Sachana and Leinala, 2017; Sakuratani et al., 2018). A different kind of information organization named
Adverse Outcome Pathway (AOP), defined as “a model that identifies the sequence of molecular and
cellular events required to produce a toxic effect when an organism is exposed to a substance”
(National Toxicology Program, 2022), can be used to inform and structure IATA in a regulatory decision

context (OECD, 2017; Sachana and Leinala, 2017; Sakuratani et al., 2018).

Adverse Outcome Pathway
Upstream KE Downstream KE
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Figure 7. Schematic illustration from an adverse outcome pathway (AOP). Upper row: AOP, lower row: Level of
biological organization. An AOP consists of key events (KEs) causally linked through key event relationships (KERs)
at different levels of biological organization. The AOP begins with an initial interaction of a chemical which
initiates a molecular event (molecular initiating event; MIE) followed by sequences of KEs on organelle, cellular,
tissue and organ level leading to an adverse outcome (AO) at organism level. At a sufficient concentration and
duration of chemical exposure, upstream KEs will trigger downstream KEs. The AOP allows mapping and
integration of available information from in silico/in chemico, in vitro or vivo data. Adapted from (Bal-Price and
Meek, 2017; OECD, 2017)

An AOP is a logical sequence of biological events beginning with a molecular initiating event (MIE)
triggered by chemical exposure leading to KEs at molecular, cellular, or organ level. These KEs are
causally connected through key event relationships (KERs) leading to an adverse outcome (AO) on
whole organism or population level (Ankley et al., 2010; OECD, 2017). A detailed illustration of the AOP
framework is displayed Fig. 7. The biological plausibility of KERs depends on how good the mechanistic
structural/functional relationships of a pathway is understood. Empirical data ought to support the
relationship between KEs induced by a stressor and investigations of knock-out or blocking
experiments can unravel if downstream KEs or the AO can be prevented (Bal-Price et al., 2017). AOPs
are divided into 3 stages: putative, qualitative, and quantitative AOP (OECD, 2017; Villeneuve et al.,
2014). The putative AOP assemble hypothesized KEs and KERs supported by biological plausibility
and/or statistical interpretation. It can include incomplete linkage between MIE and AO due to known

gaps or uncertainties. A qualitative or descriptive AOP is based on empirical evidence of exposure data
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supporting the extrapolation or inference from upstream KEs to downstream KEs through KERs
(Villeneuve et al., 2014). A quantitative AOP (QAOP) is based on information that defines a quantitative
relationship between KEs including threshold, dose-response or time-course prediction factors (e.g.
NOAEL, LOAEL; (OECD, 2017; Villeneuve et al., 2014)). While a descriptive AOP can be used for hazard
assessment, a quantitative relationship from exposure assessment is more valuable for integrated

testing strategies like IATA and is required for risk assessment (Zgheib et al., 2019).

1.4.3 Potential neuroprotective therapies

The neonatal and postnatal brain develops rapidly possessing a high degree of plasticity and is most
vulnerable to insufficient nutrient and oxygen supply. Many important molecules are known to
beneficially impact brain development, including omega-3 fatty acids, zinc, sialylated human milk
glycoconjugates or hormones like melatonin or T3, suggested to act as neuroprotective agent for
mental and motor development (De Souza et al., 2011; Szajewska, 2011; Wang, 2016). The selection
of the following potential therapies to support impaired brain development caused by IUGR in this
thesis was based on literature research, which provided promising information about fetal
neuroprotective characteristics of the substances. Based on the results of this research, this thesis will

subsequently try to find the most efficient and safe candidates in the context of IUGR.

1.4.3.1 DHA

Docosahexaenoic acid (DHA) is an essential long-chain polyunsaturated fatty acid known as omega-3
fatty acid that has regulatory, anti-oxidative, anti-apoptotic, and anti-inflammatory effects in brain
development, with the highest demand documented to be during the last trimester of pregnancy and
first two postnatal years in human (Greenberg et al., 2008; Lauritzen et al., 2016; Swanson et al., 2012).
The omega-3 fatty acid is delivered maternally via the placenta to the fetus, where it is a key
component of brain membrane phospholipids (Gil-Sanchez et al., 2010; Lauritzen et al., 2016). DHA
cannot be endogenous synthesized from the body and its fetal deposition rate depends ultimately on
the maternal diet by placental transfer (Greenberg et al., 2008; Lauritzen et al., 2016). However the
western population does not include an adequate amount of DHA to its daily food consumption, which
raises concern about the development of the nervous system of infants (Greenberg et al., 2008; Judge
et al., 2007). During the last trimester the fetus accumulates approximately 50-70 mg/day of DHA in
the whole body, while its accumulation is significantly higher in the brain (Gil-Sanchez et al., 2010;
Lauritzen et al., 2016). In the developing brain, DHA contributes to neuronal cell differentiation and
neuronal signaling (Lauritzen et al., 2016). In addition, it promotes the expression of several brain

derived neurotrophic factors, motivating the production of myelin as well as synaptogenesis, which
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leads to a better maintenance of interneuronal networks (Crupi et al., 2013). Bernardo et al. (2017)
found out that DHA promotes the maturation process of OPC to OLs by strengthening the anti-
oxidative and anti-inflammatory mechanisms in a rat OPCs culture (Bernardo et al., 2017). Wurtman
et al. (2009) reviewed that DHA increases the number of dendritic spines and synapse formation in
hippocampal neurons during brain development (Wurtman et al., 2009). Preliminary findings from
animal models confirm the involvement of DHA in ameliorating hypoxia-ischemia-induced brain

damage (Zhang et al., 2010).

1.4.3.2 Melatonin

Melatonin (MEL) is a hormone with powerful antioxidant properties through a direct regulation of
certain genes related to cellular oxidative stress (Rodriguez et al., 2004). MEL is responsible for a
regular maternal sleep/wake cycle, and it secreted by the pineal gland in the brain at night. During
pregnancy, endogenous MEL readily crosses the placenta and blood-brain barrier (BBB), but it is also
directly produced in the placenta and ovary, where it works as a direct free radical scavenger and
protects for cellular dysfunction arising from oxidative stress (Reiter et al., 2014a). MEL has therefore
an essential function in placenta/uterine homeostasis and fetal maturation (Reiter et al., 2014a).
Berbets et al., discovered that placental insufficiency caused a significantly declined MEL concentration
in maternal blood accompanied with a reduced expression of MEL receptors in the placenta (Berbets,
2019; Berbets et al., 2021a). In a model of undernourished pregnant rats, maternal intake of MEL has
shown to improve placental efficiency and birth weight by upregulating placental antioxidant enzymes
(Richter et al., 2009). In an ovine model of IUGR, antenatal MEL treatment reduced fetoplacental
oxidative stress resulting in an improvement of WM and GM injury (Castillo-Melendez et al., 2017,
Miller et al., 2014) and prevented WM myelination defects by promoting the number of mature OLs in
neonatal rats complicated with IUGR (Olivier et al., 2009). The increased OL maturation appears to
positively depend on the MEL-receptor as reproduced in vitro (Olivier et al., 2009). Besides, antenatal
MEL administration supported the maintenance of the BBB, brain homeostasis, and BBB integrity by
protecting WM vascular endothelium in a sheep model of IUGR (Castillo-Melendez et al., 2017).
Nowadays, there is only one pilot study of dietary supplementation of MEL to pregnant women with

IUGR (Miller et al., 2014), and further analysis of the neuroprotective activity of MEL is needed.

1.4.3.3 Zinc

Zinc is an essential dietary micronutrient and after iron the most abundant metal in the brain (Elitt et
al., 2019). This metal is crucial for normal brain development because its absence induces alterations

in the finely tuned processes of neurogenesis including NPC proliferation, neuronal migration,
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differentiation and triggers apoptosis (Adamo and Oteiza, 2010; Ladd et al., 2010; N B Mathur and
Agarwal, 2015; Nuttall and Oteiza, 2012). The zinc homeostasis in the brain is critical, since both,
deficiency and excess of intracellular zinc can rapidly cause neuronal cell death via necrotic, apoptotic,
or autophagic pathways (Elitt et al., 2019). There is less information about the impact of zinc on WM
development, however zinc interacts with the proteins MBP and MAG stabilizing myelin membranes,
which implies zinc as a component of major myelin proteins with an important functional role in myelin
homeostasis (Elitt et al., 2019). In hyponutrition and IUGR animal models, its deficiency has been
related to a decrease in neurogenesis and cell differentiation (Ladd et al., 2010; Zong et al., 2017),
followed by an increase in apoptosis (Adamo and Oteiza, 2010). In contrast, an intracellular release of
free zinc due to e.g. oxidative stress is described to initiate neuronal and OL death (Elitt et al., 2019;
Mato et al., 2013; Zhang et al., 2007). However, in a randomized controlled trial, zinc supplementation
in preterm neonates has been linked to an improvement in the alert state and attention (N. B. Mathur
and Agarwal, 2015). The influence of zinc on brain development is controversially discussed and it
appears to have a concentration dependent effect on neurogenesis. Therefore, itis important to assess

the neurodevelopmental consequences of zinc in a model of IUGR.

1.4.3.4 Lactoferrin and its main metabolite sialic acid

Lactoferrin (LF) is a sialic-acid rich, iron-binding milk glycoprotein, which possesses anti-inflammatory,
immunomodulatory, antiviral, antibacterial, and antioxidant physiological functions as confirmed from
several studies and reviewed by Sienkiewicz et al. (2021) and Wang (2016). The main source of LF
includes human colostrum (>5 g/L) and milk (2-3 g/L) and has a blood concentration of 0.02-2 pug/mL
in healthy human, while its concentration increases rapidly during inflammation, infection, or iron-
excess (up to 200 pug/mL) (Sienkiewicz et al., 2021). LF with its iron-binding property is crucial for brain
development as iron has a structural and functional role in improving cognitive and motor
development. LF’s main metabolite sialic acid (SA) is involved in in the synthesis of brain gangliosides,
which is enriched in cell membranes and neural cell adhesion molecules involved in cell-cell
interaction, cell migration, neurite outgrowth and synaptic plasticity (Wang, 2016).

Wang (2016), summarize that a LF rich diet modifies the expression of genes related to brain
maturation, producing for example increases in genes involved in neurite formation, outgrowth,
organization of cytoskeleton or microtubule dynamics, while decreasing genes related to anxiety
(Wang, 2016). Moreover, studies have stated that LF during lactation has neuroprotective effects on
cerebral metabolism, and GW and WM recovery in ischemic processes (van de Looij et al., 2014). In a
rat IUGR model, LF restored the impaired OPC marker NG2 (Van De Looij et al., 2019) and was able to

revert IUGR-induced brain hippocampal changes (Somm et al., 2014). In this way, we aimed to improve

20



IUGR-related altered neurodevelopment by administering this therapy to our model improving brain

metabolism and maturation.

1435 T3

Thyroid hormones (THs) are involved in the fine-tuned regulation of fetal growth and play a key role in
the vulnerability of the developing brain (Baud and Berkane, 2019). In the first trimester, the fetus
does not produce endogenous THs and depends on maternal THs crossing the placenta into the fetal
circulation and brain (James et al., 2007; Landers and Richard, 2017). The transport from TH to the
fetal brain requires an integral membrane transporter, particularly the membrane monocarboxylate
transporter 8 (MCT8) expressed in the BBB and neural cells with affinity to the prohormone thyroxine
(T4) and 3,3',5-triiodothyronine (T3) (Bernal, 2016, 2005; Landers and Richard, 2017). In humans, the
majority of T4 is converted into the active form T3 by the enzyme type Il iodothyronine deiodinase
(D102), which is expressed in glial cells and astrocytes (Bernal, 2016). The level of fetal endogenous TH
gradually rises from the second trimester until the neonatal period, and peaks on a stage of active
myelination (LaFranchi, 2021; Lee and Petratos, 2016), where it is involved in the expression of major
myelin proteins like MBP, MAG and PLP (Bernal, 2002; Schoonover et al., 2004). T3 carefully regulates
fetal brain development by supporting especially the terminal differentiation of OPCs into myelinating
OLs (Billon et al., 2002, 2001; Fernandez et al., 2009). Kilby et al. (2000), discovered that the expression
of thyroid hormone receptors (TRs) was significantly reduced in human fetal cerebral cortex and
cerebellum in severe IUGR fetuses, which was associated with a reduced circulating TH concentration
(Kilby et al., 2000). These clinical findings of reduced circulating TH levels in severe IUGR cases
prompted further investigations of the potential therapeutic role of THs (LaFranchi, 2021). Already
mild maternal hypothyroidism during pregnancy has been associated with neurodevelopmental
impairment in children in later life (Ghassabian et al., 2011; Haddow et al., 1999; Pop et al., 1999;
Williams et al., 2012). However, therapeutical alteration of the maternal TH level can cause possible
complications and difficulties in the translation to the clinical field, which are controversially discussed

(Fumarola et al., 2011; LaFranchi, 2021; LaFranchi and Austin, 2007).

1.4.3.6 EGCG and derivatives

EGCG is the most abundant polyphenolic catechin in green tea and has been broadly described as
neuroprotective agent due to its strong anti-oxidative and -inflammatory characteristics. It has been
shown to have beneficial effects in obesity, cancer, diabetes and in several neurodegenerative diseases
including anti-seizure strategy for temporal lobe epilepsy Alzheimer’, Huntington’ and Parkinson’s
disease (Cano et al., 2021, 2019, 2018; Pervin et al., 2018). EGCG has been suggested to suppress

inflammatory processes inhibiting hyperproliferation or carcinogenesis by decreasing the expression

21



of genes involved in proliferation, migration, and survival (Mineva et al., 2013; Shankar et al., 2008;
Singh et al., 2011; Suzuki and Isemura, 2001). During pregnancy, EGCG has been proposed as a therapy
to diminish alterations of brain development due to Down’s syndrome (Catuara-Solarz et al., 2016;
Souchet et al., 2019; Stagni et al., 2021, 2016), and fetal alcoholic syndrome (Almeida-Toledano et al.,
2021; Long et al., 2010; Tiwari et al., 2010). There are very few clinical studies attending the effect of
EGCG on gestational complications as reviewed by (Sebastiani et al., 2022). To date, there is no single
study testing the impact of EGCG on neurodevelopmental impairment induced by IUGR, only one study
analyzed EGCG co-administrated with nifedipine on preeclampsia (Sebastiani et al., 2022; Shi et al.,
2018). Due to the lack of studies and the likely health benefit of EGCG attributed to its antioxidative

properties, it was decided to include EGCG in the selection of potential therapies.

Despite the alleged benefits, the safety of EGCG for brain development is unclear because herbal
medicines are not required to undergo classical risk assessment and comprehensive data on subtle
endpoints such as developmental neurotoxicity (DNT) are lacking (Abdel-Rahman et al., 2011; Barenys
et al., 2016; Ekor, 2014). In a previous study using human and rat neurospheres, EGCG induced in a
concentration-dependent manner adverse effects on neurodevelopmental KEs (Barenys et al., 2017).
Barenys et al. (2017), discovered that EGCG binds to the ECM glycoprotein laminin, preventing its
binding to the NPC adhesion molecule B1-integrin (int-B1), which caused an altered glia alignment,
disturbed migration, and fewer migrating young neurons (Barenys et al., 2017). This effect was
confirmed by an independent research group, where EGCG inhibited the migration of neural crest cells
(NCCs) in vitro (Nyffeler et al., 2017). Due to the evidence of EGCG induced DNT in a concentration
dependent manner, we assessed besides from the efficacy the margin of safety to characterize the risk
of chemical exposure on normal and IUGR brain development. Besides, we evaluated the safety of
possible alternative agents derived from EGCG on basic processes of neurogenesis. The alternative
compounds included EGCG PEGylated PLGA nanoparticles (Nano-EGCG) and 4 synthetic analogs: G37
(1,4-bis[(3,4,5-trihydroxybenzoyl)oxy]naphthalene), G56 (4,4'-bis[(3,4,5-trihydroxybenzoyl)oxy]-1,1"-
biphenyl), M1 (4-hydroxy-2-naphthyl 3,4,5-trihydroxybenzoate) and M2 (3-hydroxy-1-naphthyl 3,4,5-

trihydroxybenzoate).
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2 Objectives of the thesis

Overall objective:

The overall objective of this thesis is to find a promising therapy against IUGR-induced

neurodevelopmental alterations that can be applied prenatally.

Specific objectives:

1.

To establish an invitro neurosphere model derived from control and IUGR rabbit pup’s
whole brain.

To characterize differences in basic processes of neurogenesis induced by IUGR in an
in vitro and in vivo model of IUGR.

To further characterize IUGR induced changes in neurodevelopment within the
adverse outcome pathway (AOP) framework.

To evaluate in vitro the safety (Maximum Tolerated Concentrations; MTC) of the
potential neuroprotective therapies: DHA, MEL, T3, Zinc, LF/SA, EGCG and derivatives.
To evaluate in vitro the efficacy (Effective Concentration; EC) of the potential
neuroprotective therapies: DHA, MEL, T3, Zinc, LF/SA, EGCG and derivatives.

To confirm in the in vitro model the neuroprotective effects of the most effective
therapies selected from objectives 3 and 4 after the in vivo prenatal administration in

the IUGR rabbit model.
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3 Material and methods

The section “material and methods” includes the methodological publication ‘Protocols for the
evaluation of neurodevelopmental alterations in rabbit models in vitro and in vivo’ with a shared first
authorship between L. Pla and B. A. Kihne. This publication consists of 14 protocols covering
toxicologically relevant endpoints using the rabbit in vivo model during the neonatal and long-term
postnatal period and the in vitro neurosphere assay. Although this publication includes a detailed
explanation of most of the techniques used in this thesis, it doesn’t include them all. Therefore, a list
of all techniques used has been prepared (Table 2) indicating in which manuscript/publication section

4 “manuscripts” is the methodology explained.

Table 2. Summary of manuscripts/publications including the methodology used in this thesis for the
assessment of neurodevelopmental alterations. [1] Manuscript 3.1 (Pla etal., 2022), [2] Manuscript 4.1
(Pla et al., 2020), [3] Manuscript 4.2 (Barenys et al., 2021), [4] Manuscript 4.3 (Kiihne et al., 2022), [5]
Manuscript 4.4 (Kiihne et al., to be submitted), [6] Manuscript 4.5 (Kihne et al., 2019), [7] Manuscript
4.6 (Kiihne et al., submitted).

METHODOLOGY MANUSCRIPT/PUBLICATION

Rabbit in vivo model:

Including functional evaluation and histological procedures

- Neonatal (PND1) [1], [2]

- Long-term postnatal (PND50-70) [1]
Rabbit IUGR Induction (2], [3], [4], [5],
In vivo administration of potential therapies [4], [5]

In vitro Neurosphere preparation

- Rabbit (1], [3], [4], [5], [7]
- Rat (6], [7]
In vitro exposure of potential therapies [4], [5], [6], [7]

In vitro Neurosphere Assay:

- Migration Distance (1], [3], [4], [5], [6], [7]
- Migration Corona Formation (61, (7]
- OL Differentiation Assay (1], [3], [4], [7]

24



- OL Maturation Assay [4]

- Neuronal Differentiation (1], [3], [5], [6], [7]

- Neurite Length, Branching, Network formation [5], [7]

- Cell Viability by metabolic activity [1], [3], [4], [5], [6], [7]
qRT-PCR (4], [7]
Western blot [7]
AOP concept (7]
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3.1 Protocols for the evaluation of neurodevelopmental alterations in rabbit

models in vitro and in vivo

Laura Pla *?, Britta Anna Kiihne *!2, Laia Guardia-Escote 23, Paula Vazquez-Aristizabal %2,
Carla Loreiro !, Burkhard Flick 4, Eduard Gratacds !, Marta Barenys 2, Miriam llla .

*Both authors contributed equally to this manuscript
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Hospital Sant Joan de Déu), Fetal i+D Fetal Medicine Research Center, IDIBAPS, University of
Barcelona, Center for Biomedical Research on Rare Diseases (CIBER-ER), Barcelona, Spain.

2 GRET, INSA-UB and Toxicology Unit, Pharmacology, Toxicology and Therapeutical Chemistry
Department, Faculty of Pharmacy, University of Barcelona, Barcelona, Spain

3 Universitat Rovira i Virgili, Department of Psychology, Faculty of psychology, Tarragona,
Spain.

% Experimental Toxicology and Ecology, BASF SE, 67056 Ludwigshafen, Germany.

Journal Frontiers in Toxicology

Methods and Protocols in Neurotoxicology

Impact Factor No Impact Factor. [OA]
Type of authorship Shared first authorship
Status of publication Published: Front. Toxicol., 22 July 2022 Sec. Neurotoxicology

https://doi.org/10.3389/ftox.2022.918520
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Summary

The rabbit model is gaining importance in the field of neurodevelopmental evaluation due to
their higher similarity to humansin terms of brain development and maturation than rodents.
In this publication we detail 14 protocols covering toxicological relevant endpoints for the
assessment of neurodevelopmental adverse effects in the rabbit species. These protocols
include both in vitro and in vivo techniques, which also cover different evaluation time-points,
the neonatal period, and long-term examinations at postnatal day (PND) 50-70. Specifically,
the protocols (P) included are: neurosphere preparation (GD30/PNDO; P2) and neurosphere
assay (P3), behavioral ontogeny (PND1; P4), brain obtaining and brain weight measurement
at two different ages: PND1 (P5) and PND70 (P12), neurohistopathological evaluations after
immersion fixation for neurons, astrocytes, oligodendrocytes and microglia (PND1; P6-9) or
perfusion fixation (PND70; P12), motor activity (P11, open field), memory and sensory
function (P11, object recognition test), learning (P10, Skinner box) and histological evaluation
of plasticity (P13 and P14) by means of dendritic spines and perineuronal nets assessment.
The expected control values and their variabilities are presented together with the
information on how to face the most common troubles related with each protocol. To sum
up, this publication offers a comprehensive compilation of reliable protocols adapted to the

rabbit model for neurodevelopmental assessment in toxicology.
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The rabbit model is gaining importance in the field of neurodevelopmental evaluation due to
its higher similarity to humans in terms of brain development and maturation than rodents.
In this publication, we detailed 14 protocols covering toxicological relevant endpoints for
the assessment of neurodevelopmental adverse effects in the rabbit species. These
protocols include both in vitro and in vivo techniques, which also cover different
evaluation time-points, the neonatal period, and long-term examinations at postnatal
days (PNDs) 50-70. Specifically, the protocols (P) included are as follows: neurosphere
preparation (GD30/PNDQ; P2) and neurosphere assay (P3), behavioral ontogeny (PND1;
P4), brain obtaining and brain weight measurement at two different ages: PND1 (P5) and
PND70 (P12), neurohistopathological evaluations after immersion fixation for neurons,
astrocytes, oligodendrocytes and microglia (PND1; P6-9) or perfusion fixation (PND70;
P12), motor activity (P11, open field), memory and sensory function (P11, object
recognition test), learning (P10, Skinner box), and histological evaluation of plasticity
(P13 and P14) through dendritic spines and perineuronal nets. The expected control
values and their variabilities are presented together with the information on how to
troubleshoot the most common issues related to each protocol. To sum up, this
publication offers a comprehensive compilation of reliable protocols adapted to the
rabbit model for neurodevelopmental assessment in toxicology.

Keywords: neurospheres, object recognition test, behavioral ontogeny, Skinner box, Golgi staining, open field,
perineuronal nets, neurodevelopment

INTRODUCTION

The rabbit model has become increasingly popular in neurodevelopmental studies within the
translational medicine research field because it is a perinatal “brain developer”, similar to humans
(Derrick et al., 2004; Eixarch et al., 2012; Workman et al., 2013). In the toxicology field, the most
commonly used species is the rat. However rabbit is the preferred non-rodent species for prenatal
developmental toxicity studies as detailed in OECD Test Guideline (TG) 414 (OECD, 2018). Besides
that, in the OECD TG 426 (OECD, 2007) for testing the effects of chemicals on developmental
neurotoxicity it is stated that developmental neurotoxicity studies can be conducted separately, or in
addition to a prenatal developmental toxicity study (OECD TG 414 (OECD, 2018)). The OECD TG

Frontiers in Toxicology | www.frontiersin.org 1

July 2022 | Volume 4 | Article 918520



Pla et al.

426 indicates that the rat is the preferred test species to perform in
vivo studies but states that other species can be used when
appropriate (OECD, 2007). In that case, the use of other
species should be justified based on toxicological,
pharmacokinetic, or other data and should include the
availability of species-specific postnatal neurobehavioral and
neuropathological assessments.

The adaptation of protocols regularly used to evaluate
developmental neurotoxicity in rats to rabbits could be useful
in specific cases where the rabbit could mimic human conditions
better than the rat, especially if it is taken into account that the
OECD TG 426 indicates that if there is an earlier test raising
concerns on developmental neurotoxicity the species/strain that
raised this concern should be considered for the developmental
neurotoxicity assay instead of the rat (OECD, 2007). From several
review articles comparing the effects of test compounds in the
OECD TG 414 performed in rats and rabbits, it has been
demonstrated that there is an overlap of detectable effects in
these species (Theunissen et al.,, 2016; Theunissen et al., 2017;
Teixido et al., 2018). However, there is a significant proportion of
compounds with embryo-fetal developmental toxicity only
detected in one of both species. The proportion of chemicals
or drugs whose developmental toxic potential was only described
in rabbits and not in rats was around 13% in several large-scale
comparative studies (Theunissen et al., 2016; Theunissen et al.,
2017; Teixidé et al., 2018). For all these reasons, it is plausible that
the rabbit species becomes relevant for the evaluation of
developmental neurotoxicity in particular cases. For this
purpose, all developmental neurotoxicity protocols would need
to be adapted to the new species, such as the moment of postnatal
behavioral evaluation, behavioral equipment sizes, the inclusion
of species-specific behaviors, scoring systems, antibodies used in
histopathological analyses, incubation times, etc, and the
reliability and sensitivity of the rabbit species to detect
developmental neurotoxicity all would need to be documented.

The preparation of rabbit neurospheres from surplus control
rabbit pups from OECD TG 426 (OECD, 2007) for later
developmental neurotoxicity testing in vitro of other
compounds or for mechanistic studies in vitro would help in
the reduction of animal numbers used for neuropathological
evaluations, although behavioral studies would still need to be
tested in vivo.

The main advantages of using the rabbit species in
developmental neurotoxicity studies are 1) a higher similarity
to humans than rodent species regarding brain development and
white matter maturation-timing, since they undergo perinatal
brain development and begin myelination postnatally (Derrick
et al., 2004; Eixarch et al., 2012; Workman et al., 2013), 2) a more
complex brain structure than rodents with a higher ratio of other
cells/neurons (Herculano-Houzel et al, 2011; Ferraris et al.,
2018), and 3) a higher similarity to humans than rodents in
terms of extraembryonic membranes, placenta development and
circulatory changes during gestation (Foote and Carney, 2000;
Carter, 2007; Eixarch et al., 2009). According to the inter-species
comparison model developed by Clancy, Darlington, and Finlay
2001 and Workman et al., 2013 to predict the “precocial score” for
neurodevelopment, rabbit species have a precocial score at birth

Neurodevelopmental Evaluation Protocols for Rabbits

(0.537) more similar to humans (0.654) than rats (0.445) or mice
(0.408). In addition to that and from a practical point of view,
several tools are facilitating the use of this model for the
evaluation of neurodevelopmental alterations: the availability
of a rabbit brain atlas since 2013 (Munoz-Moreno et al,
2013), and the availability of the in vivo reference database
(ToxRefDB) including a public dataset on endpoints from
guideline prenatal developmental toxicity studies in pregnant
rabbits (Knudsen et al., 2009; Knudsen et al., 2013) (http://
actor.epa.gov/toxrefdb/faces/Home.jsp).

However, performing developmental neurotoxicity studies in
rabbits entails some difficulties compared to the commonly used
rat species, since the time and cost of the experiments are
increased due to a longer gestation period, a higher amount of
test compound needed per animal, and to the much larger room
space required, among others. If the study follows OECD TG 426,
including 20 rabbit litters per group can be logistically limiting,
especially considering that a very careful animal housing of
reproducing does in individual cages where the nest area is in
a separate section of the mother’s living environment is needed to
avoid mismothering and to ensure proper development of the
litter.

Taking all that into consideration, in this manuscript, we
present a first comprehensive approach for the adaptation of
protocols for the evaluation of neurodevelopmental adverse
effects during the neonatal period and in the long-term period
in the rabbit species including behavioral tests and
neuropathological evaluations in vivo and in vitro. Critical
steps in the protocols and limitations of the techniques are
presented and discussed together with the expected control
values and variabilities, as well as with orientation on data
interpretation combining the different tests. The 14 protocols
proposed allow the assignment of rabbit fetuses or pups to a
combination of tests depending on the interest of the researchers
and cover most of the endpoints currently required for
developmental neurotoxicity in OECD TG 426 (OECD, 2007).
Explanations on the exposure of the does during gestation and
evaluation of maternal toxicity are not a matter of this protocol
series, since they are already presented in detail in OECD TG
414 for prenatal developmental toxicity studies (OECD, 2018).

PROTOCOLS

All procedures should comply with applicable governmental and
institutional regulations for the use of laboratory animals in research.

An overview of the 14 protocols detailed in this work is
presented in Figure 1. On GD30/PNDO, New Zealand rabbit
fetuses or pups are selected from the different study groups and
are assigned for in vivo endpoint assessments. The in vivo
protocols presented cover toxicological relevant endpoints in
neurologic development required or optional in OECD TG
426 (OECD, 2007) ranging from basic behavior ontogeny to
complex operant conditioning or sensory behavior, as well as
neurohistopathological evaluation of different cell types and cell
characteristics. ~ Specifically, they include brain weight
measurement at two different ages: PND1 (P5) and PND70
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FIGURE 1| Schematic representation of the timeline organization of the 14 protocols presented in this publication. Under the timeline, protocols for in vitro testing;
above the timeline, protocols for in vivo testing. GD: gestational day; IHC: immunohistochemistry; P: protocol; PND: postnatal day.
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(P12), neurohistopathological evaluations after immersion
fixation (PND1; P6-9) or perfusion fixation (PND70; P13 and
14), behavioral ontogeny (P4), motor activity (P11, open field),
memory and sensory function (P11, object recognition test),
learning (P10, Skinner box), and plasticity (P13 and P14).
Protocols to evaluate relevant endpoints required in OECD
TG 426 (OECD, 2007) which are not included in this first
approach are neurohistopathological evaluation of peripheral
nervous system (PNS) at PND70, global behavior assessment
using a functional observational battery (FOB) or modified Irwin
test, sexual maturation evaluation, and assessment of other
developmental landmarks (optional in TG 426).

Offspring are randomly selected from within litters for the
different neurotoxicity evaluations. Among the protocols included
in the present approach, there are different possibilities to assign
pups to these neonatal (PND1) and long-term examinations
(PND50 to 70), but to avoid interferences among tests, the
recommended assignment is as follows:

Neonatal examinations P7: 1 pup/litter
P5: 3 pups/litter < P8: 1 pup/litter

P4:2 pups/sex/litter< P9: 1 pup/litter
P6: 1 pup/litter

Long-term examinations

P10: 1 pup/litter

P11: 1 pup/litter

P12:2 pups/litter< P13: 1 pup/litter
P14: 1 pup/litter

The number of litters to be assigned to each group depends on the
aim of the study, the statistical power desired, and the effect size
expected. Using the statistical power analysis tool G‘'POWER (Faul

etal., 2007; Faul et al,, 2009) and considering a typical assay with four
groups (1 control and three treatment groups), whose results would
be analyzed using a one-way ANOVA test and establishing an a
error probability of 0.05 (p < 0.05; Type I error [false positive] less
than 5%) and a power of 0.80 [1-B error probability; Type II error
(false negative) less than 20%], if the expected effect size f is large
(0.4), 19 litters per group would be recommended, similarly to the
OECD TG 426 recommendation of 20 litters per group; but if a
larger effect size f is expected (0.57) the requirements decrease to
9 litters per group. Therefore, pilot/screening studies with less than
10 liters per group would be sufficient to detect very large effects,
while higher numbers of litters would be needed if a small effect size f
is expected (0.1) as exemplified in Figure 2.

In addition to these considerations, litter size standardization
(culling) prior to functional endpoints testing is accepted in OECD
TG 426 (OECD, 2007); therefore, control pups not selected for in vivo
evaluations can be assigned to Protocol 2 (neurosphere preparation)
for the isolation of neural progenitor cells (NPC) which can be frozen
for future in vitro testing in the neurosphere assay (Protocol 3).

Protocol 1: Cesarean Section

There are two options to obtain the fetuses or pups for protocols
from 2 to 14, by natural delivery and proceed with all the
protocols at the PND indicated in Figure 1 or to obtain them
by cesarean section and proceed in the same way. This protocol
describes the basic procedures to perform a cesarean section on
GD30 in New Zealand rabbits. The protocol is not strictly
necessary for toxicological studies, but it can be necessary in
case a different condition needs to be induced during gestation in
the two different uterus horns, such as intra-uterine growth
restriction induced in one of the uterus horns by ligation of
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FIGURE 2| G*POWER plot of the total sample size (y-axis) depending on the effect size f expected (x-axis) after establishing the parameters: number of groups= 4;
a error probability= 0.05, and power (1-p error probability) = 0.80. The total sample size indicated includes the four groups. The effect size f range plotted covers small
(0.1), medium (0.2), and large (0.4 or higher) effects for ANOVA, as established by Cohen (1969).

uteroplacental vessels, and to allow the identification of the case and
control pups. As the control values presented in the results section are
from pups obtained by cesarean section, this protocol is also included
in this collection. If the cesarean section step can be avoided, the
number of animals needed will be reduced since after cesarean section
pups need to be assigned to a nursing mother for further development.

P1 Materials and Equipment

- Data collection sheets.

- Monitor for blood pressure, heart rate, and blood oxygen
level.

- Gauzes.

- Scalpel blade number 24 and scalpel handle.

- Atraumatic forceps.

- Dissection scissors.

- 1 syringe (2.5 ml).

- Surgical table: bandage to hold the animal, soaker, surgical
drape, and iodine.

- Venous catheter.

- Fixing paper for the catheter.

- Three-way catheter.

- Incubator.

- High-precision flow regulator.

- Medication for anesthetic induction based on ketamine and
xylazine: (see Supplementary File S1: Reagents and
Solutions list).

- Medication for anesthetic maintenance based on ketamine
and xylazine: (see Supplementary File S1: Reagents and
Solutions list).

P1 Methods

P1.1. Before the Surgery

1| Prepare all the medication before the cesarean section.
2| Anesthesia induction:

a) Administer the anesthetic medication i.m.

b) Bring the rabbit to the surgical table, fix the limbs and set the
monitor for blood pressure, heart rate, and blood oxygen level.

c) Place the catheter in the lateral vein of the ear, fix it, and place
a three-way catheter. Administer a small volume of propofol
to check the permeability of the catheter.

d) Anesthesia maintenance:

i. Inhalation: place a mask in the airway, connected to the
machine, and then start the administration of 2 L of O,
and 1.5-2 ml of isoflurane.

ii. Intravenous: add 4 ml ketamine and 3 ml xylazine in
100 ml saline solution and connect the high-precision
flow regulator adjusted to administer 30-40 ml/h
(corresponds to the necessary dose for a 4-5 kg animal).

P1.2. During the Surgery

1| Cover the skin with iodine, place a sterile surgical drape, and
dissect planes until opening the abdominal cavity and identify
both uterine corns. All the procedures must be carried out
under aseptic conditions.

2| Fetus extraction:

a) Open the uterine cavity with dissection scissors, extract the
fetuses (without ligation of the umbilical cord), and extract the
placenta. Once all the fetuses have been removed, administer i.
v. the first dose of pentobarbital 40 mg/kg, and afterward the
second dose of 360 mg/kg for euthanization.

b) Identify each pup with holes in the ears.

c) Start cardiopulmonary resuscitation maneuvers in the
incubator area and maintain body heat.

P1.3. After the Surgery

1| Remove pups from the incubator (maintaining body heat);
weigh each newborn and annotate the information. Put
them with a nursing mother, all of them at the same time.
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Protocol 2: Rabbit Neurosphere Preparation
On GD30/PNDO control fetuses/pups which are not needed in

any in vivo evaluation group can directly be assigned to the
preparation of neurospheres. The aim of this protocol was to
generate a cell suspension from rabbit GD30/PNDO brains and to
freeze it in cryovials at —80°C until its use in protocol 3. The cell
suspension obtained in protocol 2 will be the starting material for
the generation of neurospheres.

P2 Materials and Equipment

- Heater and water bath (37°C).

- Binocular microscope.

- 15 and 50 ml centrifuge tubes.

- Petri dishes (60 and 90 mm + poly-HEMA).

- Pipettes (1000 pl, 100 pl, and 10 pl).

- Preparation cutlery: forceps and scissors.

- Centrifuge for 15 and 50 ml tubes.

- Syringes (20 ml).

- Syringe filters (sterile membranes with 0.22 um pore size).

- Cell strainer (sterile, 100 pm).

- Cryo-freezing container filled with isopropyl alcohol.

- Cryogenic storage vials.

- DMSO.

- Sterile PBS.

- MEM.

- DMEM.

- B27 proliferation medium.

- Tissue digestion solution (see Supplementary File SI:
Reagents and Solutions list).

- Ovomucoid solution (see Supplementary File S1: Reagents
and Solutions list).

- Papain.

- DNasel (dilute 4 mg/ml in MEM).

- Trypsin inhibitor (dilute 1 mg/ml in DMEM).

- BSA (10% in PBS).

- Fetal bovine serum.

- Class II biological safety cabinet.

- Vial with Rabbit NPC (not older than 6 months).

- Human recombinant fibroblast growth factor (thFGF).

- B27 proliferation medium (Supplement B27 (50x) serum-free).

- Freezing medium (see Supplementary File S1: Reagents and
Solutions list).

- ROCK inhibitor Y-276322.

- Tissue chopper.

- Razor blade (5 cm) stored in 70% ethanol.

P2 Methods

P2.1. NPC Isolation

1| Fill one tissue culture dish per two brains with sterile 1x PBS
(prewarmed) and one dish per two brains with MEM
(prewarmed).

2| Fill one 15 ml tube with 1 ml MEM for each half brain.

3| Transfer the pup’s head into a PBS-filled tissue
culture dish.

4| Remove skin and cartilage with forceps to uncover the brain.
Transfer the brain from the skull base into a tissue culture dish
filled with MEM.

Neurodevelopmental Evaluation Protocols for Rabbits

5| Remove meninges and olfactory bulbs from the brain, cut the
brain (sagittal) in two halves, and place each one in one of the
tubes with 1 ml MEM (prepared in step 2).
6| Repeat steps three to five for all brains.
7| Prepare tissue digestion solution, for each half brain (calculate
for two additional half brains).
8| Cut the brains into small pieces and add 1 ml tissue digestion
solution to the tissue, shake the tube gently, and incubate at
37°C, 20 min.
9| Fill one 15 ml tube with 9 ml DMEM (prewarmed) for each half
brain.
10| Prepare ovomucoid solution, for each half brain (calculate for
two additional half brains).
11| Triturate the tissue gently with a 1000 pl tip (until all cells are
dispersed).
12| Add 1 ml ovomucoid solution to each brain-tube to stop the
digestion and mix by pipetting.
13| Transfer each single-cell suspension of one brain into one tube
with 9 ml DMEM (prepared in step 9).
14| Centrifuge for 10 min at 163 rcf.
15| Discard the supernatant by decanting and resuspending pellet
in 1 ml B27 proliferation media (prewarmed).
16| Pool the two half brains of each brain while pouring or
pipetting the cell suspension over a cell strainer (100 um)
fitted on a 50 ml tube. Rinse the cell strainer with another
1 ml of B27 media.
17| Centrifuge again the cell suspension for 10 min at 163 rcf.
18| Prepare the freezing medium.
19| Discard the supernatant and gently resuspend the pellet in
1 ml freezing medium.
20| Transfer cell solution to labeled cryovials and directly place it
in a cryodevice into —80°C for 24 h.
21| Remove vials from the cryodevice and store the vials not
longer than 6 months at —80°C.

P2.2. Thawing Rabbit NPC and Forming Neurospheres
Preparation for each vial to be thawed:

e Prewarm 2 x 50 ml of B27 medium in a culture flask for 2h
at 37°C.

e Prepare preconditioned B27 medium + 20 ng/ml rhFGF, +
10 pM ROCK inhibitor Y-276322 (1:1000 from stock solution).

e Fill six 6 cm poly-HEMA coated Petri dishes (6 ml) and one
15 ml centrifuge tube with prepared B27 medium (10 ml).

1| Thaw vials in warm water until the ice starts to melt.

2| Quickly transfer the complete content of the vial to a 15 ml
centrifuge  tube previously filled with 10ml of
preconditioned B27.

3| Centrifuge at 163 rcf for 10 min.

4| Discard the supernatant.

5| Resuspend spheres gently in 0.5ml of preconditioned
B27 medium and distribute it homogeneously (approx.
10 ul) to the previously prepared 6 cm poly-HEMA Petri
dishes (with 6 ml B27).

6| Incubate rabbit NPCs at 37°C and 5% CO,.

7| Change half of the medium with fresh B27 medium without the
ROCK inhibitor every 2-3 days.
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8| After approx. 11 days, spheres should be ready to be chopped
for starting experiments.

P2.3. Chopping Neurospheres
1| Chop rabbit NPCs 2-3 days to 0.2 mm always before starting an
experiment.
2| Prewarm B27 proliferation medium (37°C); add 20 ng/ml
rhFGF.
3| Label required Petri dishes (90 mm) previously coated with
Poly-HEMA: animal code, P0: thawing date, P1: new passage
number, date.
4| Pipette 20 ml of fresh prewarmed B27 into each Petri dish
previously coated with Poly-HEMA.
5| Disinfect the tissue chopper with 70% ethanol. Make sure that
no ethanol remains on the blade before placing the
neurospheres under the chopping arm.
6| Pinch a coverlid of a small Petri dish (60 mm) on the intended
position under the chopping arm.
7| Take the razor blade out of a centrifuge tube filled with ethanol.
Use one side for a maximum of two times.
8| Screw the razor blade on the chopping arm, align its position,
and fixate the blade. Run the chopper to test if the blade is in the
right position; otherwise, adjust it again.
9| Set the chopper to 0.2 mm.
10| Gently swirl the Petri dish to bring all neurospheres in the
middle, collect and place them on the lid (center) of a small
Petri dish (60 mm) with as less medium as possible (If you
want to chop neurospheres from the same animal from two
or multiple dishes, transfer and pool them first in one Petri
dish).
Remove the medium surrounding the spheres under the
binocular microscope until the pink shimmer can no
longer be recognized. This is to ensure that the spheres
will be really cut and not just pushed aside by the blade in
the liquid film.
12| Pinch the coverlid with spheres below the chopper arm and
start (the arm of the blade must be positioned to the right of
the neurospheres). After the first run, turn the lid of the Petri
dish to 90" and chop again.
Place on top of the freshly chopped spheres ca. 500 pl
B27 medium with rhFGF and separate them by repeated
up and down pipetting using a 1000 pl pipette (avoid
producing air bubbles).
14| Subsequently, distribute evenly the cell suspension on the
prepared Petri dishes.
15| In case you want to chop several neurosphere cultures from
different animals, clean the razor blade with ethanol before
each subsequent chopping session.
16| Finally, clean the chopper with 70% ethanol and remove it
from the bench.

11

13

Protocol 3: Neurosphere Assay

This protocol includes all steps needed to perform the whole
neurosphere assay with rabbit neurospheres. For a graphical
summary of the timeline of the neurosphere assay, see
Figure 3. The neurosphere assay allows the in vitro
evaluation of developmental neurotoxic effects in several

Neurodevelopmental Evaluation Protocols for Rabbits

endpoints in parallel: differentiation, migration, viability,
and proliferation.

P3 Materials and Equipment

- Class 1II biological safety cabinet.

- Cell culture incubator (37°C; 5% CO,).

- Laboratory heating oven (37°C).

- Binocular microscope.

- Poly-D-Lysin (PDL).

- PDL solution.

- Laminin.

- H,0, deionized and sterile.

- Sterile PBS.

- N2 media.

- 12% paraformaldehyde solution in PBS, pH 7.4.

- Eight-chambered cell culture slides.

- Unsterile PBS.

- PBST 0.5%.

- Mounting medium.

- Goat serum.

- Bovine serum albumin.

- Nucleic acid stain.

- O4 mouse monoclonal antibody IgM (R&D Systems
#MAB1326).

- Anti--Tubulin III rabbit antibody IgG (Sigma #T2200).

- Anti-Glial Fibrillary Acidic Protein (GFAP) rabbit antibody
IgG (Sigma #G9269).

- Goat anti-Mouse IgM Secondary Antibody.

- Goat anti-Rabbit IgG Secondary Antibody.

- Fluorescence plate reader.

- CellTiter-Blue cell viability assay kit.

- CellTiter-Blue reagent (protect from light).

- DMSO.

- B27 w/o (without growth factors) media.

- 96-well plate (clear, U-bottom).

- Poly-HEMA solution (see Poly-HEMA coating in
Supplementary File S1: Reagents and Solutions list).

- Solutions to be used as positive controls in the neurosphere
assay.

P3 Methods

P3.1. Neurosphere Differentiation Assay

1| Preparation for cell plating:

a) Chop neurospheres to a size of 0.2 mm 2-3 days prior to the
experiment. Only rabbit neurospheres in passage 1 are used
for the differentiation assay.

b) Prewarm N2 media at 37°C.

c) Prepare previously coated 8-chamber slides by removing PBS
(for PDL-Laminin coating protocol, see Supplementary File
S1: Reagents and Solutions list).

d) Prepare all treatments and control solutions and add 500 pl to
each chamber of an 8-chamber slide.

e) Equilibrate the slide at 37°C and 5% CO, for 20 min.

2| Plating and cultivation of spheres:

a) Sort the desired amount of 0.3 mm sized spheres from a Petri
dish into a new Petri dish (60 mm) with 5ml of
N2 media (37°C).
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FIGURE 3| Schematic representation of the timeline corresponding to the procedures detailed in Protocols 2 (rabbit neurosphere preparation) and 3 (neurosphere
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into one PDL/Laminin coated chamber of an 8-chamber slide.
Place spheres in each well (except in the well of the
background control) in the same position as the dots of
dice in face 5.
Culture the spheres for 3 or 5 days depending on the endpoint
at 37°C and 5% CO,:

i. 3 days: GFAP and B-Tubulin III staining

ii. 5 days: O4 and B-Tubulin III staining
After 3 days in culture, take brightfield pictures from the
migration area from each sphere using the microscope and
camera to analyze the migration distance (see 3.2. Migration
of neurospheres).
For experiments ending on day 3 the viability assay “Cell Titer
Blue (CTB) Assay” can be performed.
For experiments ending on day 5, after 3 days feed the spheres
by removing half of the media (250 pl) and carefully adding
freshly prepared control/treatment solution (prewarmed to
37°C). Continue culturing the slide at 37°C and 5% CO, until
day 5 and perform the viability assay “Cell Titer Blue (CTB)
Assay”.
Add PFA (12%) in a 1:3 proportion to each chamber (final
concentration 4%) and incubate 30 min at 37°C.
Carefully remove PFA.
Wash 3 x 3 min by addition and removal of 500 ul PBS.
Slides can be stored filled with 500 pl PBS/chamber and sealed
with Parafilm at 4°C for a maximum of 4 weeks until
immunocytochemical staining is performed.
Immunocytostaining of neurospheres:
Fixation: see steps g) to j) of step 2 of this protocol.
Washing:

i. Carefully remove PBS and discard the PFA waste.
ii. Remove the chamber.
ili. 2 x 5 min washing in PBS in a Coplin jar.

¢) Staining:

viii.

i
ii.

Prepare first antibody solution.

Add 30ul antibody solution to each well (see
Supplementary File S1. Reagents and Solutions list).
Incubation: 60 min at 37°C or overnight (o.n.) at 4°C (see
Supplementary File S1. Reagents and Solutions list).

iv. 3 x 5min washing in PBS in a Coplin jar.

. Prepare second antibody solution.

. Add 30 pl antibody solution to each well.

vil. Incubation: 30 min at 37°C.

3 x 5 min washing in PBS in a Coplin jar.

Wash with 4H,O in a Coplin jar.

Drop the mounting medium on each well and carefully
cover the slide with a cover slide.

iii.

iX.
X.

4| Analysis of differentiation assay:
a) Acquire two images per neurosphere, from the upper and

b)

lower part of the migration area without capturing the sphere
core, by using a fluorescence microscope.

Take a picture from exactly the same area of the nucleic
acid staining (nuclei, blue) and O4 (oligodendrocytes,
green), B-Tubulin III (neurons, green) or GFAP
(astrocytes, red) staining, depending on the endpoint to
measure.

Save images with the respective experiment number.
Install/open Image].

Count nuclei in a single-color image in ImageJ by processing
the “binary watershed” function which separates merged
nuclei and “analyzing particles” function.
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FIGURE 4 | Schematic representation of the direction to follow while
taking pictures for migration (left) and of the four distances to measure per
sphere in the migration assay (right).

f) Overlay fluorescence pictures in an 8-bit format by merging
the nuclei channel with O4, p-Tubulin III, or GFAP channel
and save merged images in the RGB format.

g) Subsequently, count the quantity of O4+ and p-Tubulin III +
cells manually and normalize them by the number of nuclei.

P3.2. Migration of Neurospheres

1| Brightfield pictures of the migration area:

a) Take a brightfield image of each sphere on day 3 under
differentiation conditions (see 3.1. Differentiation assay).

b) Take a picture of the chamber number and one of each sphere
in it following a ‘Z’ direction (see Figure 4).

¢) Save all pictures in a folder with the experiment identification
number.

2| Analysis of cell migration in Image]:

a) Install/open Image].

b) Open the images of the experiment to be analyzed.

c) Click “Analyze”—“Set Scale”. Set scale from pixels to um
according to your microscope’s camera.

d) Measure with the tool “straight line” the distance from the
sphere core until the furthest migrated cell.

e) Measure this distance four times in right-angled directions of
the migration area.

f) Calculate the mean of the four measurements.

g) For each condition calculate the mean of the five spheres.

P3.3. Viability Assay (CellTiter Blue, CTB Assay)
For migration or differentiation assays:

1| Add DMSO to a final concentration of 10% 30 min before the
addition of CTB-reagent to the lysis control well.

2| Mix CTB-reagent with N2 Media 1:3.

3| Discard 200 ul medium from slide chambers so that 300 pl
medijum remains.

4| Add the prepared CTB dilution 1:4 to each chamber (300 pl
media in chamber + 100 pl dilution).

5| Incubate for 2 h at 37°C and 5% CO,.

6| Pipette 2 x 100 pl out of the 8-chamber slide into a 96 well plate
(two replicates for each chamber).

7| Fixation steps can be performed now (see 3.1. Differentiation
assay)

8| Measure in a fluorescence plate reader at 540 Ex/590 Em.

Neurodevelopmental Evaluation Protocols for Rabbits

For proliferation assay:

1| Add DMSO to a final concentration of 10% 45 min before the
addition of CTB-reagent to the lysis control wells.

2| Dilute CTB reagent 1:3 in B27 (without growth factors) media.

3| Add 33 pl to each well and incubate at 37°C and 5% CO, for 2 h.

P3.4. Proliferation Assay

1| Preparation for neurosphere plating:

a) Coat 96-well plates (clear, U-bottom) with 25 ul Poly-HEMA.

b) 2-3 days earlier to the experimental plating day, chop rabbit
neurospheres into 0.2-mm sized spheres.

c) Prewarm B27 media with and without growth factors at 37°C.

d) Prepare all desired treatment and control solutions and add 100 pl
to each well of a 96-well plate previously coated with Poly-HEMA.

e) Prepare solutions for four replicates per condition.

f) Fill the surrounding wells with 100 pl sterile 4H,O.

2| Plating of spheres:

a) Sort the desired number of spheres (0.3 mm) and place them
into a new Petri dish (60 mm) previously filled with 5ml
B27 media without growth factors (37°C).

b) From the sorted spheres, transfer one sphere in 1.5 ul media
into a well of a 96-well plate (U-bottom). Change the tip
between different conditions.

c) Take a picture of every sphere under the brightfield
microscope using the camera on day 0 and 7 consecutive
days at the same hour of the day.

d) Incubate plate at 37°C, 5% CO, for 7 days.

e) Feed every 2 or 3 days the spheres by removing half of the
media (50 ul) and adding fresh treatment and control
solutions (prewarmed to 37°C).

f) On day 7 a CellTiter Blue (CTB) assay for viability testing can
be performed.

3| Analysis of the area increase in Image].

a) Install/open Image].

b) Open the images of the experiment to be analyzed.

c) Measure the two diameters of the sphere and calculate
the mean.

d) Calculate the slope for the diameter increase and take the
mean of 4 replicates per condition.

Protocol 4. Behavioral Ontogeny

Alterations of behavior ontogeny are important neurodevelopmental
adverse outcomes that can only be evaluated i vivo. In this protocol,
the procedures needed to evaluate early behaviors of New Zealand
rabbits at PND1 are presented together with the scoring system
established to measure them. These procedures are based on the
previous methodology described by Derrick et al. (2004).

P4 Materials and Equipment
- Data collection sheet (see Supplementary File S2).
- Prepare the observation area: put on a table the heating bed/
electric blanket (50 x 50 cm approximately), switch it on at
the lowest level, and cover it with an underpad. Draw a
15 cm line on the center of the underpad.
- Timer.

Frontiers in Toxicology | www.frontiersin.org

July 2022 | Volume 4 | Article 918520



Pla et al.

TABLE 1 | Scoring system for behavioral ontogeny tests.
Endpoint

Posture

Righting reflex

Tone

Circular motion

Hind limb locomotion

Intensity

Duration

Lineal movement
Fore-hind paw distance

Sucking and swallowing

Head turning

Olfaction

Olfaction time

Neurodevelopmental Evaluation Protocols for Rabbits

Score

0: lays supine

1: lays on the side

2: cannot maintain prone position, wobbly
3: prone position with legs coiled

Number of times the animal turns

: no increase in tone

: slight increase in tone when the limb is moved

: marked increase in tone but the limb is easily flexed
: increase in tone, passive movement difficult

: limb rigid in flexion or extension

: N0 movement

: slight movement; slight jump

: good range of motion; maintains for 1 or 2 steps; occasional jump
: entire range of motion; at least 3 steps; rapid jumps

. slight movement
: distinct movement
: rapid movement

: N0 movement

: slight activity

: distinct forceful movements
: rapid forceful movements

1 N0 movement

: activity <20 s

: activity 20-40 s
3: activity >40 s

0
1
2
3
4
0
1
2
3
0: no movement
1
2
3
0
1
2
3
0
1
2

Number of times crosses the perpendicular line
Measurement (cm)

: no movement of jaw; all milk dribbles out

: some movement of jaw; most of milk dribbles out
. definite suck and swallow; some milk in nose

: good suck and swallow; no milk in nose

: no movement

: slight occasional movement of the head

: distinct movement of the head

: rapid forceful movement of the head and body

no

: subtle

: low response
: correct

Latency time (seconds)

General motor skills, tone, reflexes, and olfactory sensitivity scores grading, following previous methodology described by Derrick et al. (2004).

- Plastic Pasteur pipette loaded with warm puppy milk
replacement formula (enriched with colostrum and omega 3).

- Ethanol-soaked gauze. Soak it again before each test.

- Optional: Recording setting (tripod and camera).

P4 Methods

This method can be evaluated in real-time if it is performed by
two experimenters. In case only one experimenter is performing
it, it needs to be recorded and evaluated afterward. The protocol
consists of 12 tests scored with a scale from 0 to 3 or 0 to 4 (0:
worst—3 or 4: best; see Table 1 for the detailed scoring system).
In case the whole protocol is recorded, each animal should be

recorded for 1 min. This one 1 min observation includes the

evaluation of:

1| Place a PND1 New Zealand rabbit at the center of the
observation area (optional: start video recording) and start
the animal observation.

Test 1. Posture: place the animal in the observation area and
evaluate the posture.

Test 2. Righting reflex: the pup will be forced to lay in supine
position, and the number of times it manages to adopt the prone
position in 10 trials will be recorded. Write down if it is an early or
a late response since the expected behavior in controls is an
immediate response.
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Test 3. Tone: evaluate the muscle tone of the fore and hind
limbs (right and left) by evaluating the resistance degree of the
limb to passive flexo-extension. The less resistance the better
score.

Test 4. Circular movement: it is the main movement
performed by newborns (stronger forelimbs than hind limbs).
Count the number of complete circular movements the pups
perform. Simultaneously evaluate the jumps/hops associated with
those circular movements (the faster and more frequent the
better) for 1 min.

Test 5. Hind limbs locomotion: analyze the quantity and
quality of the spontaneous head and limb movements
associated with wandering.

Test 6. Intensity of the movements: non-spontaneous as well
as almost spasmodic or very fast and energetic movements.

Test 7. Duration of movements: duration of continuous
activity - not resting (within a min).

Test 8. Lineal movement. Place the animal perpendicular and
15 cm far from the line. Evaluate the number of times the pups
cross the perpendicular line while walking a straight distance of
15 cm within a min.

Test 9. Shortest distance between fore and hind limbs: five
measurements (in cm) of the distance between hind limbs and
forelimbs. Consider only when walking straight. Write the
mean down.
2| After this minute of evaluation, the following three tests are

performed:

Test 10. Sucking and swallowing: place the plastic Pasteur
pipette loaded with milk in the mouth of the pup. Evaluate the
sucking reflex, milk spill, presence of milk in the nasal orifices as
well as the overall head and body movement.

Test 11. Head movements: evaluate the head movements
associated with the suction reflex when administering the milk
in test 10.

Test 12. Olfactory test: soak a gauze in medical degree ethanol
and bring it close to the nose of the pup without touching it. The
Control group should have a quick aversive response such as
moving the head away from the ethanol. Evaluate a null, mild,
moderate or intense response, as well as the latency time in
seconds.
3| Optional: Off-line analysis of the evaluation.
4| Fill in the data collection sheets.

Protocol 5. Brain Sample Collection

This protocol describes the obtaining of brain samples at PND1 to
be further processed in protocols 7, 8, and 9. For obtaining brain
samples for protocol 6, please see protocol 6. For obtaining brain
samples for protocols 13 and 14, please see protocol 12.

P5 Materials and Equipment

- 0.9% saline solution.

- 10% formalin.

- Sucrose 30% (see Supplementary File S1. Reagents and
Solutions list).

- Plastic bags for freezing previously labeled with a different
number for each brain.

- Dry ice.

Neurodevelopmental Evaluation Protocols for Rabbits

- Scissors.
- Tweezers.
- Scale.

P5 Methods

1| Obtain the brain and record the weight.

2| Wash the brain with saline solution.

3| Fix the brain in 10% formalin for 24 h.

4| Immerse the whole brain in sucrose 30% for 48 h.

5| Collect the brain and place it in a labeled hermetic plastic bag
for freezing.

6| Store samples at —80°C.

Protocol 6. Golgi Staining Protocol

Protocols 6, 7, 8, and 9 describe the steps to perform
neuropathological evaluations through Immuno-/stainings
in brain slices of PNDI1 animals to evaluate adverse effects
in neurons, astrocytes, microglia, and oligodendrocytes,
respectively.

P6 Materials and Equipment
- FD Rapid GolgiStain kit (FD Neurotechnologies Inc.).
- Sterile 50 ml tubes.
- Double 4H,0.
- Paintbrush.
- Slides.
- Vibratome.
- Epifluorescence microscope.

P6 Methods

P6.1. Obtaining Brain Tissue and Golgi Solution Incubations

1| Sacrifice the neonate by decapitation at PNDI.

2| Obtain the brain and cut it into three different parts:

a) Right hemisphere

b) Left hemisphere

¢) Cerebellum and medulla

3| Wash the tissue with double 4H,O to remove the blood.

4| Immerse the tissue in the supernatant A + B Solution (It is
important to use the top part of the solution that is free of
precipitate).

5| After 24 h renew solution A + B.

6| Incubate in A + B solution for 2 weeks at RT and in darkness.
Gently swirl side to side for a few seconds twice a week.

7| After 2 weeks, transfer the tissue into solution C and store at RT
in darkness for 3-7 days (ideally 5 days).

8| Replace the solution C once after 24 h (on the next day of the
replacement).

9| Cut 100 pm sections with a vibratome (speed 5, amplitude 5),
using Solution C or PBS as the medium.

10| Collect the sections with a paintbrush and mount them on

adhesion or gelatin-coated slides.
11| Dry at RT in darkness, 2-3 days (max.).

Note: use at least 5 ml of the impregnation solution (solutions
A, B, or C) for each cubic cm of tissue processed. It should be
noted that using a lower volume of impregnation solution may
decrease the sensitivity and reliability of staining.
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P6.2. Staining Protocol

1| Rinse sections in double 4H,O for 4 min (2 times).

2| Incubate with the stock solution for 10 min (prepare just before
use as follows):

a) 1 part of Solution D.

b) 1 part of Solution E.

) 2 parts of double 4H,O.

3| Rinse with double 4H,O for 5 min (4 times).

4| Contrast: incubate for 6 min with Cresyl violet

5| Dehydration:

a) 4 min, 50% ethanol.

b) 4 min, 75% ethanol.

¢) 4 min, 95% ethanol,

d) 4 min, ethanol absolute (4 times).

6| Xylene for 4 min (3 times).

7| Cover slip with Permount and dry at RT protected from
light o.n.

8| Acquire images under 40x objective magnification in an
AF6000 epifluorescence microscope.

9| Analysis of the images. Here we present an example evaluating
pyramidal neurons; however, other neuronal types can be
included depending on the interest of the study. Five
pyramidal neurons from the area of interest from each
brain hemisphere (10 neurons per animal) that fulfill the
inclusion criteria are randomly selected.

Inclusion criteria: pyramidal neurons within layers II and III,
and complete filling of the dendritic tree, especially for the basal
dendrites, as evidenced by well-defined endings.

10| Measure the following parameters from each neuron using
Image] software:
a) Area of the soma (obtained by manual delineation of the
shape of the neuronal soma in a 2D image).
b) Number of basal dendrites (obtained by manual counting).
c) Total basal dendritic length (obtained after performing
manual delineation of the length of each basal dendrite
and then calculating the addition of all lengths from all
basal dendritic branches).
Basal dendritic complexity, which includes the evaluation of
the number of basal dendritic intersections and the number
of each basal dendritic branches. The basal dendritic
complexity is evaluated by using the Sholl technique, as
previously described (Sholl, 1953). Sholl rings are placed
concentrically in 10 um increasing intervals centered on the
soma. For the basal dendritic intersections, the number of
intersections that dendritic branches have per each Sholl
ring and the addition of all of them are recorded. For the
number of each basal dendritic branch, each basal dendritic
branch is divided into primary, secondary, tertiary,
quaternary, quinary, and senary dendrites. Primary
dendrites are considered those dendrites that are
originated from the soma; secondary dendrites those that
are derived from the primary dendrites, and so on, up to the
senary dendrites, corresponding to those derived from the
quinary dendrites.

d)

Neurodevelopmental Evaluation Protocols for Rabbits

Protocol 7. Astrocyte IHC
P7 Materials and equipment

- Anti-GFAP (GA-5): NBP2-29415- 20 pg (Bio-Techne).

- Goat anti-Mouse IgG secondary antibody.

- PBS.

- PBST 0.3%.

- Citrate buffer (pH 6).

- THC blocking solution (see Supplementary File S1. Reagents
and Solutions list).

- Mounting media.

- Humid chamber.

- Slides.

- Hydrophobic pen.

- Paintbrush.

- Confocal scanning laser microscope.

P7 Methods
1| Obtain and
PROTOCOL 5.
2| Acquire consecutive 40 pm sections by cryotomy.
3| Select the sections containing the area of interest with the
help of a rabbit brain atlas (Mufioz-Moreno et al., 2013).
4| Use a slide per animal with three consecutive cuts in each
slide and delimit them with a hydrophobic pen.
5| Process the slides for heat-induced-epitope-retrieval (HIER)
in citrate buffer (pH 6) for 3 min (at 90°C in a Coplin jar
inside a double-boiler).
6| Permeabilize tissue with Triton X-100 0.3% in PBS for
30 min at RT in a humid chamber.
7| Block the samples by incubating slides with 1% BSA and 5%
goat serum for 1h at RT.
8| Incubate tissue sections with 1:400 anti-GFAP at 4°C o.n.
9| Wash 3 times with Triton X-100 0.3% in PBS for 5 min.
10| Incubate with goat anti-mouse IgG and 1:1000 nucleic acid
stain for 1h at RT.
11| Wash once with Triton X-100 0.3% in PBS for 5 min at RT.
12| Wash twice with PBS for 5 min at RT.
13| Rinse in 4H,O0.
14| Add mounting media and store at 4°C o.n.
15| Seal with nail polish and store at -20°C.
16| When slides are dry, observe them with confocal scanning
laser microscopy.
17| Acquire images with a 63x/1.40 oil immersion differential
interference contrast (DIC) objective. Quantify images by
counting GFAP + cells/mm?.

store  PND1 brains, as detailed in

Protocol 8. Microglia IHC
P8 Materials and Equipment.
- Primary antibody: biotinylated Lycopersicon esculentum
tomato lectin (VectorLabs #B-1175).
- Cy3-conjugated streptavidin.
- PBS.
- PBST 0.3%.
- Nucleic acid stain.
- IHC blocking solution (see Supplementary File SI1.
Reagents and Solutions list).
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- Slides.

- Cryomicrotome.

- Paintbrush.

- Mounting media.

- Hydrophobic pen.

- Nail polish.

- Confocal scanning laser microscope.

P8 Methods

1| Obtain and store PND1 brains, as detailed in
PROTOCOL 5.

2| Obtain with the cryomicrotome 40 um cuts covered with
poli-L-lysine.

3| Select the sections containing the area of interest with the
help of a rabbit brain atlas (Mufoz-Moreno et al., 2013).

4| Use a slide per animal with three consecutive cuts in each
slide.

In all steps, add 50-100 ul/cut, except for the antibody

incubation steps, where 50 pl/cut has to be added but the
excess solution has to be removed with the vacuum.

5| Thaw the slides with the samples and leave them at RT to
dry for 10 min.
6| Delimit the slide using a hydrophobic pen and wait until it is
completely dry.
7| Permeabilize with PBST 0.3% with 0.5% BSA at RT
for 1 h.
8| Incubate with the primary antibody biotinylated
Lycopersicon esculentum tomato lectin at RT for 60 min.
9| Wash the samples with PBST 0.3%.
10| Incubate with conjugated Cy3-conjugated Streptavidin for
30 min at RT with 1% nucleic acid stain.
11| Wash the samples with PBST for 5 min at RT.
12| Wash the samples two times with PBS for 5 min at RT.
13| Immerse the samples in 4H,O one time.
14| Add mounting media (80 ul/slide) and remove the
excess.
15| Keep in the fridge until the next day.
16| Then, 24 h later, seal with nail polish and store at -20°C.
17| Observe with confocal scanning laser microscopy.
18| Images are taken under 40x objective magnification with
10 steps of 1 um in the Z-stack. The total number of
stained cell nuclei and the number of cells with positive
fluorescent staining around the nucleus are counted using
ImageJ software. The number of positive cells/mm” is then
calculated.

Protocol 9. Oligodendrocyte IHC

P9 Materials and equipment.

- Slides.

- Paintbrush.

- PBS.

- PBST 0.3%.

- Nucleic acid stain.

- IHC blocking solution (see Supplementary File SI1.
Reagents and Solutions list).

Neurodevelopmental Evaluation Protocols for Rabbits

- Primary antibody Mouse IgM anti-O4 (Merck Millipore
#MAB345).

- Secondary antibody goat anti-mouse IgM.

- dH,0.

- Mounting media.

- Nail polish.

- Cryostat.

- Hydrophobic pen.

- Confocal scanning laser microscope.

P9 Methods
1| Obtain and store PND1 brains, as detailed in
PROTOCOL 5.
2| Obtain with the cryostat 40 um cuts. Use a slide per animal
with three consecutive cuts in each of them.

In all steps, add 50-100 pl/cut, except for the antibody
incubation steps, where 50 ul/cut has to be added but the
excess solution has to be removed with the vacuum.

3| Thaw the slides with the samples and leave them at RT to
dry for 10 min.
4| Delimit the slide using a hydrophobic pen and wait until it is
completely dry.
5| Wash the samples two times with PBS for 5 min at RT.
6| Permeabilize with PBST 0.3% at RT for 20 min.
7| Incubate with the IHC blocking solution in a humidity
chamber at RT for 1h.
8| Incubate with the primary antibody Mouse IgM anti-O4
(#MAB345) o.n. at 4°C (ensure more than 14 h incubation).
9| Leave the sample at RT for 60 min.
10| Wash the samples three times with PBST 0.3% for 5 min
at RT.
11| Incubate for 1 h with the secondary antibody goat anti-
mouse IgM at RT with 1% nucleic acid stain.
12| Wash the samples with PBST 0.3% for 5 min at RT.
13| Wash the samples with PBS for 5 min at RT.
14| Immerse the samples in 4H,O one time.
15| Add mounting media (80 pl/slide) and remove the excess.
16| Keep in the fridge until the next day.
17| 24 h later, seal with nail polish and store at -20°C.
18| Observe with a confocal scanning laser microscope.
19| Images are taken under 40x objective magnification with
10 steps of 1pum in the Z-stack. The total number of
stained cell nuclei and the number of cells with positive
fluorescent staining around the nucleus are counted using
Image] software. The number of positive cells/mm? is then
calculated.

Protocol 10. Skinner Box

Operant conditioning behavior can be studied using a Skinner
box adapted to rabbit. In this test, the response of the animals
to the environment when they receive food reinforcements is
evaluated and can be used as a measure of learning. According
to OECD TG 426, learning and memory tests should be
performed in adolescents as well as in young adult animals.
Here, we present a protocol for performing the Skinner box
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test in young adults on PND70, which is adapted from
Zworykina et al. (1997). Further evaluations are needed to
establish if this protocol can directly be used during the
adolescence period, if the protocol needs adaptations, or if
another learning test should be used at that age since the TG
allows the use of the same or different tests at these two stages
of development.

P10 Materials and Equipment

- Data collection sheets.

- Neurological observation area: Skinner box for rabbits
constructed as detailed in Leal-Campanario et al., (box
for operant conditioning and instrumental learning for
rabbits, 2012. Inscription number in Spain:
P2001231369). Briefly, the operant box (780 x 595 X
985 mm) has three aluminum lateral walls and the
central lateral wall is made of methacrylate. The floor
is a 590 x 815 mm multi-perforated PVC plate that
allows the free movement of the animal. It also
includes a tray with sawdust bedding to collect the
feces. The lever (130 x 100 mm), made of aluminum,
is located on one of the side walls, 30 mm above the floor
level, and protrudes 67.5 mm toward the inside of the
box. In addition, it has a recovery mechanism to return
to its starting position. The lever is connected to a
control panel. The food dispenser is located outside of
the box and connected to the feeder. The food dispenser
is connected to the control panel and receives a signal
when the lever has been hit, allowing a pellet to fall into
the feeder. The diameter of the feeder is 60 mm and it is
located 10 mm above the floor level.

P10 Methods

P10.1. Reduction of Food Intake and Body Weight Control

1| Weighing the animals daily. The goal is to achieve a 15%
reduction of the initial weight before starting the test.

2| Proceed with the intake reduction protocol:

a) Monday to Tuesday of the week prior to the start of the test:
80 g of food/day + hay.

b) Afterward and during the Skinner test: 20 g/day + hay.

¢) On weekends: 20 g/day + hay.

P10.2. Skinner Box Test

Drive the animals to the experimental room 30 min before
the test. The experimental room has to be dimly lit and
present standard conditions. Clean the apparatus with 70%
ethanol.

1| During the first week (PND50-59): habituation and training.
a) First day of exploration: habituation for 10 min. Record global
animal behavior (freezing, defecation and urination,
exploration, approach to the feeder and lever, rearing and
grooming).
b) Second day of exploration (training 1): 10 min.
i. Reinforce the feeder. Put food in the feeder whenever the
animal explores the feeder, after exploring the rest of
the box.
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ii. Register the number of reinforcements administered in
the first 5 min and the last 5 min.

iii. Register in observations the global animal behavior.

¢) Third day of exploration (training 2): 10 min.

i. Reinforce the feeder and the lever. Put food in the feeder
and the lever whenever the animal explores the feeder and
the lever, after exploring the rest of the box.

ii. Register the number of reinforcements administered in
the first 5 min and the last 5 min.

iii. Register in observations the global animal behavior.

c) Fourth day of exploration (training 3): 10 min.

i. Reinforce the lever. During the first 5 min: feed the lever
and then reward the animal with food in the feeder.
During the last 5min: reinforce the lever with only
smell and then reward the animal with food in the feeder.

ii. Register the number of reinforcements administered in
the first 5 min and the last 5 min.

ifi. Register in observations: global animal behavior and
whether or not it takes a long time to search for food
from the feeder.

¢) Fifth day of exploration (training 4): 10 min.

i. Reinforce the lever with smell and then reward the animal
with food in the feeder (the first stimulus can be putting
food in the lever).

ii. Register the number of reinforcements administered in
the lever in the first 5 min and the last 5 min.

iii. Register in observations: global animal behavior and
whether it takes a long time to search for food from
the feeder.

2| During the second week (PND60-69): fixed reason 1 (FR1: one
lever—one piece of food).
a) First-day session FR1: 10 min.

i. Only administer food when the animal presses the lever.

ii. At the beginning of the session you can administer a
reinforcement in the lever. If the animal does not
remember, you can give other level reinforcements
throughout the examination (maximum 2-3).

iii. Register the number of levers hit correctly during the first
5 min and the 5 last min.

iv. Register in observations: global animal behavior and
whether it takes a long time to search for food from
the feeder once it has hit the lever.

b) Second-day session FR1: 10 min.
¢) Third-day session FR1: 10 min.
d) Fourth-day session FR1: 10 min.

i. Only administer food when the animal presses the lever.

ii. At the beginning of the session you can administer
reinforcement in the lever. You should not give any
more reinforcements.

iii. Register the number of levers hit correctly during the first
5 min and the 5 last min.

iv. Register in observations: global animal behavior and
whether it takes a long time to search for food from
the feeder once it has hit the lever.

e) Fifth-day session FR1: 10 min.
i. Only administer food when the animal presses the lever.

ii. You should not give reinforcements.
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iii. Register the number of levers hit correctly during the first
5min and the 5 last min.

iv. Register in observations: global animal behavior and
whether it takes a long time to search for food from
the feeder once it has hit the lever.

3| Complete the data collection sheets.
4| Weigh animals and offer food ad libitum.

Protocol 11. Open-Field Test and Object
Recognition Test

These two common behavioral assays are used to evaluate
motor activity in the open field test, and learning and
memory, combined with sensory function (olfactory) in
the object recognition test. This protocol is established to
perform the open field behavioral test, and the phase A of the
object recognition test one after the other with the same
animal on PND70. Once all animals have performed both
tests, phase B of the object recognition test starts following
the same animal order. OECD TG 426 requires motor and
sensory functions to be examined in detail at least once for
the adolescent period and once during the young adult
period. The open-field test can probably be also used
during the adolescence period, but further studies checking
the adjustments needed for this developmental stage are
required.

P11 Materials and Equipment

- Data collection sheets.

- Two apples and one orange.

- Self-made open field box (140 x 140 cm; surrounded by a 40 cm
height wall).

i. Preparation of the open field box: avoid light reflection on the
floor by keeping the room dimly lit.

ii.Preparation for the object recognition test: two specimen
collection containers with two identical fruits (familiar
object) and a third specimen collection container with a
different fruit (novel object). In this case, two apples as
familiar objects and one orange as novel objects were used.
They were sliced and put in the container. The lids must
have some holes to release the smells.

- Video Tracking Software.

- Ethanol-soaked gauze. Soak it again before each test.

- Recording setting (tripod and camera).

P11 Methods

P11.1. Open-Field Test

Drive the animals to the experimental room 30 min before the
test. The experimental room has to be dimly lit and present
standard conditions. Clean the open field box with 70% ethanol.

1| Open the video tracking software and start a new experiment.

2| Identify the animal and name the file (use the same naming
once the acquisition is finished).

3| Define acquisition settings and save them as a default:

a) Define the observation area: adjust the acquisition limits
setting them to 140 x 140 cm.

Neurodevelopmental Evaluation Protocols for Rabbits

b) Adjust brightness and contrast if necessary.

4| Start the test: start recording:

a) Put the cloth inside the open field and start filming (consider if
the video tracking software needs some recording of the open
field without the animal).

b) Immediately after, pick the subject, cover it with a cloth, place
the animal in the starting point and remove the covering cloth.
The starting point is defined as a limited field of about 1/5 of
the whole observation area, preferably the opposite site to the
corridor where the camera is set.

¢) The observer must leave the room.

d) After 10 min of recording, the observer enters the room and
picks the subject up. Then, and not before, the recording is
stopped. Save the file using the same naming.

P11.2. Object Recognition Test: Phase A or B
1| Open the video tracking software and start a new experiment.
2| Identify the animal and name the file (use the same naming once
the acquisition is finished. Indicate whether it is phase A or B).
3| Define acquisition settings and save them as a default
a) Define the observation area: adjust the acquisition limits
setting them to 140 x 140 cm.
b) Adjust brightness and contrast if necessary.
4| Start the test: start recording
a) Two separated familiar objects are placed in the center of the
observation area.
i. Phase A evaluation: two identical familiar objects are
placed in the area.
The familiar object is a specimen collection container that
has a drilled lid to enable recognition and is filled with
apple slices.
Leave an inter-trial time of 30 min between phase A and
phase B
Phase B: a familiar object is replaced by a novel one. In this
case, a new drilled-lid specimen container is filled with
orange slices.
There is no need to wash the fruit rigorously or control the
size of the slices.
b) The recording must start at least 1s before bringing the
subject in.
¢) Immediately after the animal is placed at the starting point,
the observer must leave the room during the 5-min recording.
d) After 5 min recording, the observer enters the room and picks
the subject up. Then, and not before, the recording is stopped.
Save the file using the same naming.

ii.

iii.

iv.

V.

Every subject is studied individually to avoid unwanted smell
recognition.

5| Fill in the data collection sheets.

Protocol 12. Brain Sample Collection

This protocol describes the obtaining of brain samples at
PND70 to be further processed in protocols 13 and 14. For
obtaining brain samples for protocol 6, please see protocol 6.
For the obtaining of brain samples for protocols 7, 8 and 9, please
see protocol 5.
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P12 Materials and Equipment

- 0.9% saline solution.

- Paraformaldehyde 4%.

- Sucrose 30% (see Supplementary File S1. Reagents and
Solutions list).

- Plastic bags for freezing labeled with a different number for
each brain.

- Dry ice.

- A 100 ml beaker filled with 2-methyl butane (cold).

- Guillotine.

- Scissors.

- Tweezers.

- Infusion pump.

- Needle 18G.

- Scale.

P12 Methods

1| Perfuse  the animal with
paraformaldehyde 4%.

2| Obtain the brain and record the weight.

3| Immerse the whole brain for 24 h in paraformaldehyde 4%.

4| Immerse the whole brain in sucrose 30% for 48 h.

5| Cut the brain as needed depending on the area of interest (it
is recommended to cut it at least in three parts to ease the
cutting step with the cryotome).

6| Incubate the brain samples in 2-methyl butane (placed in
dry ice) for 1 min.

7| Collect the brain samples and place them in a labeled
hermetic plastic bag for freezing.

8| Store samples at -80°C.

0.9%  saline and

Protocol 13. Dendritic Spines IHC
Protocols 13 and 14 describe the steps to perform
neuropathological evaluations through Immuno-/stainings in
brain slices of PND70 animals to evaluate adverse effects in
dendritic spines or perineuronal nets, respectively.

P13 Materials and Equipment
- Gene Gun System.
- Tubing for the Gene Gun System.
- Dil Stain.
- Cryomicrotome.
- Methylene chloride.
- Tungsten particles (1.7 mm diameter).
- Slides.
- aH,O0.
- Nitrogen flow gas.
- Membrane filter of 3 um pore size and 8 x 10 pores/cm’.
- PBS.
- DAPL
- Mounting media.
- Confocal microscope with a 63x oil-immersion objective.

P13 Methods
1| Obtain the brain at PND70, as detailed in PROTOCOL 12.
2| Acquire 150 pm coronal sections by cryotomy.

Neurodevelopmental Evaluation Protocols for Rabbits

3| Prepare a suspension containing 3 mg of Dil dissolved in 100 pl
of methylene chloride mixed with 50 mg of tungsten particles.
4| Spread the suspension on a slide to air-dry.

5| Resuspend the mixture in 3.5 ml 4H,O and sonicate it.

6| Drawn the mixture into a Tefzel tubing and remove it to allow

the tube to dry under nitrogen flow gas for 5 min.

7| Cut the tube into 13 mm pieces to be used as gene gun
cartridges.

8| Deliver particles to the area of interest using a modification of

the gun to enhance accuracy by restricting the target area.

9| Deliver Dil-coated particles in the area of interest shooting over

150 pm coronal sections at 80 y through a membrane filter of
3 um pore size and 8 x 10 pores/cmz.

10| Store sections in PBS at RT for 3 h protected from light.

11| Incubate with DAPI and use mounting media to be analyzed.

12| Image Dil-labeled pyramidal neurons from the area of interest
using a confocal microscope with a 63x oil-immersion objective.

a) Held constant throughout the study the pinhole size (1 AU)
and frame averaging (four frames per z-step).

b) Take confocal z-stacks with a digital zoom of 5, a z-step of
0.5 pm, and at 1,024 x 1,024 pixel resolution, yielding an
image with pixel dimensions of 49.25 x 49.25 pm.

13| Select two or three basal dendrites of various neurons for the
analysis of spine density.

a) Select segments with no overlap with other branches that
would block visualization of spines.

b) Select segments either “parallel” to or “at acute angles” relative
to the coronal surface of the section to avoid ambiguous
identification of spines.

c) Select spines arising from the lateral surfaces of the dendrites
and dendritic segments of basal dendrites 45 um away from
the cell body.

Protocol 14. Perineuronal Nets IHC
P14 Materials and equipment.
- PBS.
- PBST 0.3%.
- Nucleic acid stain.
- Cryomicrotome.
- IHC blocking solution (see Supplementary File SI1.
Reagents and Solutions list).
- Primary antibody: lectin from Wisteria floribunda (Sigma
#L1516; 1:20).
- Secondary antibody: streptavidin, Alexa Fluor 488 conjugate
(1:2000).
- Slides.
- Paintbrush.
- Hydrophobic pen.
- Mounting medium.
- Confocal scanning laser microscope.

P14 Methods
1| Obtain the brain at PND70 as detailed in PROTOCOL 12.
2| Acquire 20 pm sections by cryotomy and include three
sections per slide.
3| Dry sections at 37°C for 10 min and store at -20°C.
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TABLE 2 | General summary of critical parameters and troubleshooting.

Rabbit NPC need to be cultured in a relatively

Neurospheres were plated too close to the

Proliferating neurospheres need more time to

Problems with pipetting during washing steps

Temperature difference between the sample

Anti-GFAP antibodies do not reach the protein

Protocol Problem Possible reason
2 Rabbit neurospheres do not form/proliferate
high density to form neurospheres
3 Too low oligodendrocyte differentiation Neurospheres are kept too long out of the
incubator
3 The migration area of different spheres overlaps
or is too close to the chamber edges chamber edge or too close to each other
3 The lysis of the neurospheres is not completed
lyse than differentiating neurospheres
3 Spheres easily detach from the slide surface The fixation is not correct
3 Neurospheres detach from the slide surface
during the staining
3 High background signal Less washing steps than indicated
4 Some of the pups are very weak —
4 Difficulties with the simultaneous evaluation of ~ —
the parameters
4 The animal gets out of the observation area —
6 Difficulties in finding neurons with well-defined  Brain sectioning problems
endings
6 It takes a long time for image evaluation A lot of parameters to be evaluated in the
same neuron
7 Difficulties in the cryosectioning of samples
and the cryomicrotome
7 Weak or absent fluorescence
7 Detachment of the tissue slices Incorrect manipulation of the tissue slices.
Inappropriate coating of the slide
7 Unspecific fluorescence in the IHC Incorrect blocking step
10 Stressed/hungry animals Intake reduction
10 Some animals do not move inside of the They are scared
Skinner box
1 Anomalous initial response in the open-fieldtest  The animal is stressed

and object recognition test

Neurodevelopmental Evaluation Protocols for Rabbits

Solution

After thawing neurospheres, use small 60 mm Petri dishes.
As soon as they have a certain size (ca. 11 days in
proliferation media) chop or transfer the neurospheres to a
90 mm Petri dish

Do not plate longer than 30 min one 8-chamber slide

Place neurospheres like the dots of a dice in face number 5

Incubate proliferating neurospheres for 45 min and
differentiated ones for 30 min in lysis control (10% DMSO)
Do not thaw PFA more than once

Pipette gently and carefully during the washing steps

Wash as indicated
Make sure the bed is warm and the milk preparation is warm
Conduct the test in pairs. If not, record the whole process

Get it back and continue the observation

Manipulate carefully the tissue slices when performing the
100 pm cut sections with the vibratome

Try to analyze one neuron for each experimental group each
day you perform the analysis

Put the samples stored at -80°C in the freezer (-20°C) o.n. to
facilitate cryosectioning

Perform HIER (heat-induced epitope retrieval)

Manipulate carefully the tissue slices and liquids. Select slides
for cryosectioning

Always include a negative control of each subject to define
unspecific fluorescence

Try to perform the evaluation early in the morning and
afterward give them the food indicated by the protocol

In the habituation and training week, try to stimulate them by
doing noise in the lever and the feeder

Manipulate the animal with kindness and try to stay silent
while the test is running

4| Thaw sections and dry at 37°C.
5| Delimit the slide using a hydrophobic pen and wait until it is
completely dry.

20| Images are taken under 40x objective magnification with
20 steps of 1 um in the Z-stack.
21| Analyze perineuronal nets by quantifying the average

6| Hydrate with PBS for 10 min.
7| Permeabilize with PBST 0.3%.

density of immunolabeling (contacts/um?®) in the region
of interest.

8| Block the samples with IHC blocking solution at RT for

60 min.

9| Incubate o.n. with the primary antibody at 4°C (400 pl/

slide).
10| Leave samples at RT for 1 h.

11| Wash the samples two times with PBST 0.3% (from now

on, protect the samples from light).

12| Incubate with the secondary antibody at RT (400 pl/slide)

for 90 min.

13| Wash the samples four times with PBST 0.3%.
14| Wash the samples with PBS for 10 min.
15| Incubate with nucleic acid stain 1/1000 with PBS for

20 min.

16| Wash the samples with PBS for 10 min.
17| Wash the samples with PBS for 10 min.
18| Dry the samples and add mounting medium, with 60 ul/

slide covering the tissue.

19| Observe with a confocal scanning laser microscope

A summary of critical parameters and troubleshooting of

RESULTS

protocols described in this section is presented in Table 2.

The results summarized in this section include the control values

obtained in several studies evaluating the adverse effects of a mild and

chronic hypoxia-ischemia insult during gestation in one of the uterus

horns by ligation of 40-50% of uteroplacental vessels on day 25 of

pregnancy (Illa et al., 2013; Illa et al,, 2017; Illa et al,, 2018; Pla et al,,

2021). The control values presented here are from GD30 fetuses in the
contralateral control horn and are therefore obtained from control
fetuses after a cesarean section and not by natural delivery.

In vitro results are presented as the mean of independent
experiments (n =
at least five neurospheres per condition in each independent

5-25) with standard deviation (SD) and include
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TABLE 3 | Results of PROTOCOL 3

Endpoint

Oligodendrocyte differentiation (%)
Neuronal differentiation (%)

Migration distance (um)

Proliferation (um of diameter increase/day)
Viability (RFU)

22406.0 + 1670.2 (25)

Neurodevelopmental Evaluation Protocols for Rabbits

Positive control
mean = SD (n)

Solvent control
mean = SD (n)

6.2+ 0.4 (24) 0.6 = 0.1 (15)
2.4 04 (14) 04 =028
803.5 + 46.4 (22) 238.5 + 40.2 (8)
15.7 + 3.6 (5) 3.6+ 1.2 (5)

2005 + 299.4 (22)

TABLE 4 | Threshold PROTOCOL 3

Endpoint Endpoint-specific

Positive control

Oligodendrocyte differentiation 100 ng/ml BMP7

Neuron differentiation 10 ng/ml EGF
Migration distance 10 uM PP2
Viability 10% DMSO

Proliferation B27 media without growth factors

experiment. In vivo results are presented as mean values of
controls with SD, but the mean is calculated in two different
ways, considering the litter or the pup/hemisphere/cell as a
statistical unit for later comparison.

In vitro results of the neurosphere assay (Protocol 3) are
summarized in Table 3, where both solvent control values and
specific positive control values for each endpoint are presented.
Details on which positive control was used for each endpoint are
given in Table 4. These results show the ability of rabbit
neurospheres to perform several processes of neurogenesis and
demonstrate that the different endpoints can be affected by
exposure to known disturbing substances (positive controls) as
described before (Barenys et al., 2021). Previous work has also
provided evidence that the technique can detect alterations after
exposure to a known developmental neurotoxicant like
methylmercury chloride, while no significant alterations are
observed after exposure to a negative control like saccharine
(Barenys et al.,, 2021). From the experience generated, a quality
threshold has been established for each endpoint, which is
summarized in Table 4. If control results do not reach the
minimum values indicated in this table, the experiment should
be discarded, otherwise, the effects of the compounds could be
overestimated.

In vivo results for protocols performed on PND1 are presented
in Table 5: Behavioral ontogeny, Table 6: Golgi staining, and
Table 7: Astrocytes, microglia and oligodendrocytes ITHC.
Afterward, results of protocols performed from PND50 are
presented in Table 8 for Skinner box test, open field and
object recognition test, and Table 9 for dendritic spines and
perineuronal nets evaluation. In all these tables, the symbol #
indicates results where variability is equal to or higher than the
mean of controls for that particular way of calculation. This has
been highlighted to allow the detection of measured endpoints
with high variability in relation to the mean value, which in fact
can render the endpoint as not useful to discriminate adverse
effects.

Exclusion criteria in
experiments with rabbit
neurospheres

5 days diff: < 1.5% in solvent control

5 days diff: < 1.5% in solvent control; 3 days diff: < 1% in solvent control
<250 pm in solvent control

<5700 RFU

<10 pm of diameter increase/day

In the behavioral ontogeny evaluation (Table 5) the expected
scores for control pups are, in general, the maximum possible
scores of the scale, with few exceptions of pups receiving the next
maximum score possible. This results in very high scores for
almost all endpoints and relatively low standard deviations in the
control group. There is only one endpoint showing a deviation
bigger than the mean value itself, the endpoint “Fore-hind paw
distance,” but this is an endpoint in which the treatment effect
is expected to probably increase the mean value and not
decrease it as in all other endpoints evaluated with a score.
Due to this difference in the dynamic range of the endpoint, it
is still considered a valuable and informative endpoint of the
battery, worth being included in it, despite the variation in the
controls.

Neuronal evaluation with Golgi staining was performed in the
frontal cortex of PND1 rabbits, as detailed by Pla et al. (2021).
Neurons presented mainly principal and secondary branches in a
similar proportion, while tertiary branches were less than half of
the previous ones. At this developing time and in this area of
analysis, there were almost no quaternary, quinary and senary
branches. In fact, the number of the three latest ones was so low
that small variations resulted in a high relative variability
compared to the mean value. Because of that, if reductions in
the number of branches are expected, it is suggested to evaluate
the number of branches above tertiary altogether to improve the
sensitivity and the dynamic range of the endpoint, since these
measurements are not difficult to be performed and can still be
informative.

IHCs of astrocytes, microglia, and oligodendrocytes were
evaluated in the corpus callosum genu area and the results
expressed as GFAP + cells/mm?, tomato lectin positive cells/
mm? and O4+ cells/mm? The most abundant cells in this area
were oligodendrocytes but the density of cells in these three
endpoints was enough to allow a positive and negative dynamic
range in them. Their variabilities were low in all cases except for
microglial density when the statistical unit was the pup. In this
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case, variability was higher than 50% of the mean control value
but still lower than the mean.

In the Skinner box, the learning criterion was considered to be
met when the animal pressed the lever and went directly toward
the food dispenser to obtain the reward at least three times in one
session. 86% of controls (statistical unit = litter) reached this
learning criterion and they did it in approximately 6 days. The
rate of acquisition (mean increase in lever hits between sessions)
was 1.4 = 0.3. As no other studies reporting control values for
Skinner box in rabbits could be found for comparison, we
compared to control values reported in rats. In Wistar rats
79% of the tested animals achieved the learning criterion at a
maximum of 7 days (Gallo et al, 1995), being the criterion
10 lever pressings with correct response in one session of
15 min. Another study in Wistar rats with a more demanding

Neurodevelopmental Evaluation Protocols for Rabbits

learning criterion (20 lever pressings with correct response in
15 min), described that controls needed approximately four
sessions to reach it (Reyes-Castro et al, 2012). The
heterogeneity of Skinner-box protocols must be taken into
account when comparing results, and for example, the
learning criterion has to be adapted to the species of work. In
our protocol, if a learning criterion of 10 lever presses with correct
response in one session would have been established, only 35% of
the animals would have achieved it (again taking the litter as a
statistical unit). Differences, not only in the learning criterion but
also in the reward offered make it difficult, in general, to compare
between studies.

On the contrary, the open-field test has been applied to rabbits
in several other studies from different groups. In our case, latency
time (calculated as the time in seconds the animal needs to leave

TABLE 5 | Results of PROTOCOL 4.

Endpoint (units)

Statistical unit: pup (n = 11)
Median (IQR) or mean = SD

Statistical unit: litter (n = 4)
Median (IQR) or mean + SD

Posture (score) Mdn: 3.0 (0.0) Mdn: 3.0 (0.0)
Righting reflex (n. of times) M: 93+ 14 M: 9.5 + 0.8
Tone (score) Mdn: 4.0 (0.0) Mdn: 4.0 (0.0)
Circular motion (score) Mdn: 3.0 (1.0) Mdn: 2.8 (0.6)
Hind limb locomotion (score) Mdn: 3.0 (1.0) Mdn: 3.0 (0.4)
Intensity (score) Mdn: 3.0 (0.0) Mdn: 3.0 (0.0)
Duration (score) Mdn: 3.0 (0.0) Mdn: 3.0 (0.0)
Lineal movement (n. of times) M:29 +1.7 M:29 + 1.1

Fore-hind paw distance (cm) M: 0.5 + 1.2% M: 0.6 + 0.8*
Sucking and swallowing (score) Mdn: 3.0 (0.5) Mdn: 3.0 (0.6)
Head turning (score) Mdn: 3.0 (0.0) Mdn: 3.0 (0.1)
Olfaction (score) Mdn: 3.0 (1.0) Mdn: 2.3 (0.6)
Olfaction time (seconds) M: 3.4 +26 M: 3.0+ 1.6

The mean (M) + SD is presented for righting reflex, lineal movement, fore-hind paw distance, and olfaction time; the median (Mdn) and (Interquartile Range (IQR)) are presented for the rest

of the endpoints.

TABLE 6 | Results of PROTOCOL 6

Endpoint

Total length (um)

Number of principal branches

Number of secondary branches

Number of tertiary branches

Number of quaternary branches

Number of quinary branches

Number of senary branches

Number of quaternary, quinary, and senary branches
Total branches

Area soma (um?)

Statistical unit: litter
mean + SD (n = 3)

Statistical unit: neuron
mean + SD (n = 40)

676.2 + 289.3 681.0 + 94.2
72+241 73+06
8.3+32 82+0.8
35+26 3.3+ 1.1
11+ 15" 0.9 + 0.6
0.2 + 0.6 0.2 + 0.2*
0.1 +0.6* 0.1 +0.1*
1.4 +22% 12+09
205+ 7.6 20.0 +2.9

337.5 £ 79.5 3229 + 512

TABLE 7 | Results of PROTOCOLS 7, 8, and 9

Endpoint

Astrocyte IHC (from protocol 7) (GFAP+ cells/mm?)
Microglia IHC (from protocol 8) (tomato lectin positive cells/mmz)
Oligodendrocyte IHC (from protocol 9) (O4+ cells/mm?)

Statistical unit: litter
mean + SD (n)

Statistical unit: pup
mean * SD (n)

7.6+3.0(7) 8.7 £2.2(4)
13.8 + 8.1 (8) 12.4 £ 6.0 (4)
50.4 = 16.7 (8) 48.7 + 124 (4)
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TABLE 8 | Results of PROTOCOLS 10 and 11.

Endpoint

Learning criteria (% of animals meeting the learning criterion)
Rate of acquisition (mean increase in lever hits between sessions)
Learning day

Of latency time (s)

Of total distance (cm)

Of time center (s)

Of time periphery (s)

ORT Discrimination Index (DI)

Neurodevelopmental Evaluation Protocols for Rabbits

Statistical unit: litter
mean = SD (n)

Statistical unit: pup
mean = SD (n)

77 + 44 (13) 86 + 22 (6)
1.4 +£03 (13 1.4 +£0.3 (6)
6.5+ 2.5 (13) 6.4 + 2.7 (6)

122.0 = 71.5 (13)
3566.3 + 2749.2 (13)

125.4 + 83.6 (6)
2575.0 + 2840.7# (6)

31.2 + 20.4 (13) 30.9 + 15.6 (6)
490.3 = 114.5 (13) 4795 + 126.8 (6)
0.1+0.3(17) 0.1+0.3 ()

TABLE 9 | Results of PROTOCOLS 13 and 14.

Endpoint

Density of dendritic spines (number of spines/um) from protocol 13
Perineuronal nets (contacts/pm?) from protocol 14

the familiar starting point and start exploring the open field) was
above 100 s while in many other studies it was less than 50 s
(Gumts et al,, 2018; Van der Veeken et al.,, 2019, 2020). This is
probably related to the fact that our protocol does not include a
habituation session before the performance of the test. Total
distance was very high compared to Van der Veeken et al. (2020)
(ca. 1,600 cm), Van der Veeken et al. (2019) (ca. 1,400 cm) or
Guimiis et al. (2018) (ca. 800 cm), but the mean time spent in the
central area was similar to the one reported in (Van der Veeken
et al., 2019) and was in accordance to the observed range in
(Gumiis et al., 2018). The object recognition task has also been
performed in rabbits by different groups but some of them
perform it using visual objects (Hoffman et al., 2010; Hoffman
and Basurto, 2013). This testing modality is also considered valid
for assessing object recognition (Gimiis et al., 2018). However,
some studies report that rabbits may be able to distinguish a novel
visual object after a 5 min inter-trial interval, but not after 20, 180,
or 360 min (Hoffman et al., 2010; Hoffman and Basurto, 2013),
whereas in our studies discrimination with olfactory stimuli is
present after a 30 min inter-trial interval (Illa et al., 2013) and this
result could be replicated by another group (Giimis et al., 2018).

The evaluation of plasticity-related endpoints on PND70 was
performed in the hippocampus: the density of dendritic spines
was measured in the hippocampal CAl area, while the CA3 area
was preferred for the analysis of perineuronal nets since a greater
amount of Wisteria floribunda staining was observed in
comparison to the CA1 (Illa et al, 2018), in agreement with
previous works (Briickner et al., 2003; Hylin et al., 2013). The
mean number of dendritic spines/pm obtained in the controls
(1.8; Table 9) was very similar to the one previously reported by
another research group in newborn rabbits (1.4, calculated from
67.8 spines in 50 pm in Balakrishnan et al., 2013). The number of
contacts/um” of the extracellular matrix surrounding neurons,
also referred to as perineuronal nets could not be compared to

Statistical unit: litter
mean + SD (n)

Statistical unit: hemisphere
mean * SD (n)

1.8+ 0.2 (6)
0.24 + 0.05 (6)

1.8+02(4)
0.25 + 0.05 (4)

previous works, since, to the best of our knowledge, this endpoint
was not evaluated before in rabbits.

In general, the evaluation of the results taking the litter as a
statistical unit brings very similar results to those obtained taking
the pup as a statistical unit in the controls. The standard
deviations calculated for results obtained on PND1 were in all
cases equal or smaller in case the litter was used as a statistical
unit, but this was not the case for results obtained from
PND50 on. However, in developmental neurotoxicity studies,
to avoid previously described effects of serious exaggeration of
significant effects in treated groups (Haseman and Hogan, 1975),
the statistical unit of measure should be the litter and not the pup
as also recommended in OECD TG 426 (OECD, 2007). For
further discussion about this, the authors are referred to Harry
et al. (2022), and articles included in this special issue.

DISCUSSION

Here, we present for the first time a comprehensive compilation
of detailed protocols for the evaluation of neurodevelopmental
alterations in the rabbit species. The protocols included covering
relevant endpoints for developmental neurotoxicity assessment
included in OECD TG 426 (OECD, 2007), which consists of
“observations to detect gross neurologic and behavioral
abnormalities, including the assessment of physical
development, behavioral ontogeny, motor activity, motor and
sensory function, and learning and memory; and the evaluation
of brain weights and neuropathology during postnatal
development and adulthood”. In addition, in vitro procedures
to test developmental neurotoxicity effects in the rabbit species
and to investigate their mechanism/mode of action have also been
proposed in a way that the sample obtained for these procedures
does not alter the integrity of the in vivo procedures.
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Comparing the protocols included here with the tests
requested in OECD TG 426 (OECD, 2007), the behavioral
ontogeny evaluation proposed (Protocol 4) is much more
comprehensive than the required one in OECD TG 426
(OECD, 2007), which only includes righting reflex, negative
geotaxis, and motor activity. We include, as requested in the
TG, protocols to evaluate neurologic adverse effects at different
developmental time points, in our case one at the early postnatal
period (PND 1) and one for young adults (around PND 70). In
addition, the protocols presented allow, as recommended, the
evaluation of relationships, in case they are present, between
neuropathological and behavioral alterations at these different
time points. However, in our battery we do not include a protocol
to evaluate neuropathology in the PNS at a young adult stage,
general neurobehavior assessment (FOB/Irwin test), or sexual
maturation, and these assessments are required in OECD TG 426
(OECD, 2007). For articles describing the right endpoints and
timings for sexual maturation evaluation in rabbits, the reader is
referred to the work of Laffan et al. (2018) for female evaluation
and the work of Garcia-Tomads et al. (2009) for male evaluation.
Also, in case more complex learning and memory tasks need to be
evaluated, the reader is referred to previous descriptions of fear
conditioning testing in rabbits (Chisholm and Moore, 1970;
Supple et al, 1993). Concerning the analysis and
interpretation of the results of the protocols, we have
presented results analyzed in two different ways, one
considering the litter and another one considering the pup/
hemisphere/neuron as a statistical unit. In the present study,
these two ways of analyzing the data have had minimal
differences in the mean values of control animals and the
standard deviations we obtained from these calculations were,
in general, smaller when the litter was considered as the statistical
unit (except for some of the Skinner test and open field results).
However, when testing for developmental neurotoxicity, as
indicated in the OECD TG 246 (OECD, 2007), littermates
should not be treated as independent observations. This is
because litter effects have been shown to exist and they can
have a high impact in a toxicological study if the pup is taken as a
statistical unit. Therefore, to avoid false-positive results, the
statistical unit of measure should be the litter and not the pup
(Abbey and Howard, 1973; Haseman and Hogan, 1975; Nelson
et al., 1985; Holson and Pearce, 1992).

All tests presented in this collection have been used to evaluate
the neurodevelopmental alterations induced by mild-hypoxic
conditions during the prenatal period and some of them have
been used by other authors to study the neurodevelopmental
effects of caffeine exposure or maternal endotoxin exposure
(Balakrishnan et al., 2013; Van der Veeken et al., 2020). The
whole battery of tests has not been used to assess known
neurotoxic compounds so far, but a broad definition of
teratogen includes “any infection, physical, chemical, or
environmental agent that can disrupt or disturb the
development of a fetus or embryo (Adam, 2012)”, and in fact,
hypoxia is accepted as a teratogen agent (Adam et al.,, 2021).
Hypoxia, or low oxygen levels, is a neurodevelopmental key event
that can be triggered by multiple causes, including a reduction or
lack of blood flow (as presented here), low oxygen levels in the
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blood, low levels of red blood cells and/or hemoglobin, but also by
the inability of the tissues to utilize oxygen due to, for example,
carbon monoxide poisoning (Adam et al., 2021). Therefore, as an
illustrative case study, the results of this battery of tests after
chronic hypoxia-ischemia insult during gestation induced in one
of the uterus horns by ligation of 40-50% of uteroplacental vessels
on day 25 of pregnancy are discussed here, to show the potential
of the combination of the different tests described in these
protocols.

According to Nalivaeva et al. (2018), prenatal hypoxia in
critical periods of neurodevelopment induces significant
changes in cognitive functions at different postnatal stages
which correlate with morphological changes in brain
structures involved in learning and memory. The use of the
battery of protocols proposed here allowed to detect learning
and memory alterations in rabbits, since Skinner test results
showed a lower proportion of cases reaching the learning
criteria when compared with their controls (30 vs. 77%, p
0.03, cases vs. controls, respectively; (Illa et al., 2017)) and a
decreased discrimination index was observed in cases compared
to controls when ORT was assessed (Illa et al., 2013; Illa et al.,
2017). Morphological changes correlating with these findings
were that cases presented a significant decrease in dendritic
spines density and perineuronal nets immunoreactivity in the
hippocampus when compared to controls (Illa et al., 2018). Even
though the histological analysis presented here can be adapted to
the region of interest for each study, in the results section we
present the outcomes from the experimental design used to
evaluate the effects of a chronic hypoxia-ischemia insult (Illa
et al.,, 2018; Pla et al., 2021), which was selected in accordance to
the degree of maturation and the susceptibility to hypoxic-
ischemic events. The selected regions in the brain in the rabbit
model are consistent with the ones chosen in other models such
as rats (Back et al., 2002; Ruff et al., 2017), as detailed in each
results section. However, the OECD TG 426 (OECD, 2007)
indicates that tissue samples for the neuropathological
examination should be representative of all major brain
regions at PND 22 or earlier (as also recommended by Rao
et al. (2011)), and also include samples from the spinal cord and
PNS at study termination.

Additional information obtained at the functional level was
that cases showed poorer results than controls in several of the
endpoints assessed in the behavior ontogeny test at PND 1,
including righting reflex, circular motion, intensity, sucking
and swallowing, and head-turning (Pla et al., 2021). These
findings were in accordance with decreased oligodendrogenesis
observed in brain samples (Pla et al, 2021) as well as in
neurospheres generated from these animals (Barenys et al,
2021), which could be related to this delay in the behavior
ontogeny. The good correlation of the in vivo and in vitro
findings indicates the added value of including protocols 2 and
3 in the battery.

Other functional deficits were also present at later time-points
when cases presented a significantly increased latency of leaving
the familiar starting point and a reduced number of external and
internal boxes explored in the open field test at PND 70 (Illa et al.,
2013; Illa et al, 2017). This result indicated that no motor
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problem was present in these animals, but they presented a higher
degree of anxiety.

Considering all these results, we can distinguish a pattern of
mild short-term impairments in motor, reflex and sensitivity and
a long-term group of moderate alterations in learning, memory,
and anxiety.

With all the information obtained, the theoretical benefits
already mentioned in the introduction of having a rabbit
developmental neurotoxicity model can also be discussed.
The protocols included here take into account the higher
similarity of rabbits to humans than rodent species regarding
white matter maturation-timing and include endpoints that can
measure alterations on it (such as astrocytes or oligodendrocyte
IHC in Protocols 7 and 9 or reflex ontogeny in Protocol 4).
Moreover, we have shown that the model can reflect
neurodevelopmental alterations related to circulatory
alterations, another aspect in which rabbits are more similar
to humans than rodents (Foote and Carney, 2000; Carter, 2007;
Eixarch et al., 2009). Considering these points, it is reasonable to
think that for certain compounds or compound classes expected
to cause neurodevelopmental alterations related to white matter
alterations, or related to circulatory changes, the rabbit model
could be useful for screening purposes, since it would be
expected to better predict the human response. Other
possible application scenarios would be in cases where the
metabolism in rabbits is more similar to humans than in
rodents, or in situations where a previous rabbit study raised
concerns about neurotoxic effects (for example an OECD TG
414 study where the rabbit is the preferred non-rodent species).
In this case, the recommendation of the OECD TG 426 is that
the study is conducted in the species increasing the concern, but
so far this could not be completely carried out if the concern was
raised in rabbits because there were no protocols available. Some
specific examples of compounds displaying structural-
developmental neurotoxicity in rabbits and not in rats have
already been identified (Theunissen et al., 2016; Teixid¢ et al.,
2018). Unfortunately, one of the studies is based on a coded
dataset that did not reveal the identity of the compounds
showing species differences, but the identified substances
(and the adverse neurodevelopmental effect) were: 10224
(small or absent cerebrum), 10330 (enlarged cerebral
ventricle), and tafluprost (cranial and spinal malformations).
Among the limitations of the protocols described here, we have
to mention that the relevance of in vitro results in Protocol 3 to
in vivo complex alterations such as learning or memory
changes needs further assessment. Another limitation is that
with the microglial protocol (Protocol 8) one can evaluate the
density of microglia in a selected area, but it is not possible to
evaluate the morphology of the cells. Similarly, for the
evaluation of the perineuronal nets (Protocol 14), other
studies include more comprehensive evaluations of
structural alterations of perineuronal nets such as the
number of perineuronal nets units, area, mean intensity of
perineuronal nets marker expression, and shape parameters of
perineuronal nets (Kaushik et al., 2021). Another limitation is
the very high variability in the results of the total distance in the
open field test, but other studies have reported high variabilities
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in this endpoint as well (Van der Veeken et al., 2020), which might
indicate that other assessments within this assay, such as latency time
or percentage of time spent in the central area, might be more useful
to distinguish alterations in this test in rabbits.

However, should the proposed protocols be used under
OECD TG 426 in the future, other important needs have to
be addressed before regulatory acceptance: some required
endpoints are not included in the approach: the minimum
number of animals to be assigned to each group has to be
clarified, the methods need to be validated and a higher number
of studies should be evaluated to obtain more robust historical
control values in this species.

As a final remark, the predictivity and sensitivity of this battery
of tests for the assessment of developmental neurotoxicity in the
rabbit species still need to be clarified, but this first approach of
protocols adaptation is already a valuable tool for all research
groups in need to study neurodevelopment in the rabbit species in
toxicology and the first step to a possible future application under
OECD TG 426.
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GLOSSARY

AU airy unit

BMP7 bone morphogenetic protein 7

BSA: bovine serum albumin

CTB: CellTiter Blue

DAPI: 4',6-diamidino-2-phenylindole
dH,O distilled water

DIC differential interference contrast
DMEM Dulbecco’s modified Eagle’s medium
DMSO dimethyl sulfoxide

DNT developmental neurotoxicity

ECM extracellular matrix

EGF cpidermal growth factor

FBS fetal bovine serum

rhFGF human recombinant fibroblast growth factor
FR fixed ratio

GD gestational day

Neurodevelopmental Evaluation Protocols for Rabbits

GFAP glial fibrillary acidic protein
HIER heat-induced epitope retrieval
IHC immunohistochemistry

MEM minimum essential medium
NPC neural progenitor cells

OECD Organisation for Economic Co-operation and Development
0.1N. overnight

PBS phosphate-buffered saline

PBST PBS-triton X-100

PDL poly-D-lysin

PFA paraformaldehyde

PND postnatal day

PNS peripheral nervous system

Poly-HEMA Poly(2-hydroxyethyl methacrylate)

rcf relative centrifugal force

RT room temperature
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Summary

Background: Intrauterine growth restriction (IUGR) is associated with abnormal neurodevelopment,
but the associated structural brain changes are poorly documented. The aim of this study was to
describe in an animal model the brain changes at the cellular level in the gray and white matter induced

by IUGR during the neonatal period.

Methods: The IUGR model was surgically induced in pregnant rabbits by ligating 40-50% of the
uteroplacental vessels in 1 horn, whereas the uteroplacental vessels of the contralateral horn were
not ligated. After 5 days, IUGR animals from the ligated horn and controls from the nonligated were
delivered. On the day of delivery, perinatal data and placentas were collected. On postnatal day 1,
functional changes were first evaluated, and thereafter, neuronal arborization in the frontal cortex and

density of pre-oligodendrocytes, astrocytes, and microglia in the corpus callosum were evaluated.

Results: Higher stillbirth in IUGR fetuses together with a reduced birth weight as compared to controls
was evidenced. IUGR animals showed poorer functional results, an altered neuronal arborization
pattern, and a decrease in the pre-oligodendrocytes, with no differences in microglia and astrocyte

densities.

Conclusions: Overall, in the rabbit model used, IUGR is related to functional and brain changes
evidenced already at birth, including changes in the neuronal arborization and abnormal

oligodendrocyte maturation.

Keywords: Animal model; Intrauterine growth restriction; Neurodevelopment; Neuronal arborization;

Oligodendrocyte.
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Abstract

Background: Intrauterine growth restriction (IUGR) is associ-
ated with abnormal neurodevelopment, but the associated
structural brain changes are poorly documented. The aim of
this study was to describe in an animal model the brain
changes at the cellular level in the gray and white matter in-
duced by IUGR during the neonatal period. Methods: The
IUGR model was surgically induced in pregnant rabbits by
ligating 40-50% of the uteroplacental vessels in 1 horn,
whereas the uteroplacental vessels of the contralateral horn
were not ligated. After 5 days, IUGR animals from the ligated
horn and controls from the nonligated were delivered. On
the day of delivery, perinatal data and placentas were col-
lected. On postnatal day 1, functional changes were first

evaluated, and thereafter, neuronal arborization in the fron-
tal cortex and density of pre-oligodendrocytes, astrocytes,
and microglia in the corpus callosum were evaluated. Re-
sults: Higher stillbirth in ITUGR fetuses together with a re-
duced birth weight as compared to controls was evidenced.
IUGR animals showed poorer functional results, an altered
neuronal arborization pattern, and a decrease in the pre-oli-
godendrocytes, with no differences in microglia and astro-
cyte densities. Conclusions: Overall, in the rabbit model
used, IUGR is related to functional and brain changes evi-
denced already at birth, including changes in the neuronal
arborization and abnormal oligodendrocyte maturation.

© 2021 S. Karger AG, Basel

Introduction
Intrauterine growth restriction (IUGR) is a well-rec-

ognized cause of abnormal brain development, placen-
tal insufficiency being one of its major causes. The com-
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promised placenta results in a sustained hypoxemia and
undernutrition of the developing fetus [1], having a spe-
cial impact on the developing brain [2, 3]. During the
neonatal period, neurofunctional impairments have
been described [4, 5], which also persist in later stages of
life [6, 7]. Regarding the structural correspondence un-
derlying these functional impairments, contrary to acute
and severe prenatal hypoxia-ischemia events in which
evident structural changes are widely described, includ-
ing hypoxic-ischemic encephalopathy, intraventricular
hemorrhage, and periventricular leukomalacia, the
IUGR effect on the fetal brain seems to be subtle and
more related to disruption of normal brain develop-
ment, rather than gross tissue destruction [8]. Going in
this line, clinical imaging studies described changes in
gray matter (GM) and white matter (WM) volumes [9,
10], altered complexity of WM [11], and altered cortical
maturation [12] in IUGR infants. Despite all these evi-
dence, the structural brain correspondence at the cellu-
lar level remains poorly documented. Since the IUGR
effect on the fetal brain is subtle, its identification and
characterization are challenging, requiring the use of ad-
vanced histological modalities. The description of the
cellular changes underlying IUGR is essential in order
to select effective strategies to act upon these specific
targets.

Animal models are still required in order to evaluate
structural brain changes in brain tissue specimens. Dif-
ferent animal models mimicking the human IUGR con-
dition have been previously used, giving us preliminary
evidence on the structural brain changes secondary to
IUGR. Chronic hypoxia-ischemia in pregnant sheep and
guinea pig models has described abnormal neuronal con-
nectivity, including abnormal axonal and dendritic devel-
opment in the cerebellar cortex and in the hippocampal
neurons [13-15]. However, neuronal connectivity abnor-
malities in the frontal cortex have not yet been evaluated
in IUGR. The evaluation of such changes in the cortical
area would be relevant as it has been described to be a
vulnerable area related to [UGR in previous human [4, 16,
17] and animal studies [18, 19]. At the WM level, tran-
sient delay of WM myelinization during the postnatal pe-
riod has been described in mild and chronic guinea pig
IUGR models [20]. This transient delay during the post-
natal period seemed to be secondary to a disruption in the
oligodendrocyte lineage maturation, especially affecting
the late oligodendrocyte progenitor cells and the pre-oli-
godendrocyte cells (pre-OLs) in the corpus callosum
(CC) [21-23], parietal WM [24], and corona radiata [22].
Additionally, WM damage in some IUGR models has
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been associated with an increase in the number of mi-
croglia and astrocytes [25-29].

Despite the value of all of the above evidence, one of
the major limitations of animal experimentation is the
transferability of these data to humans. In this sense, an
animal species in which the pattern of brain maturation
and especially the degree of maturation at the time of pre-
sentation of the IUGR are as similar as possible to what
occurs in humans [3] should be selected. Workman et al.
[30] developed a model to predict the degree of brain
maturation at birth (precocial score) for 18 mammalian
species with empirical data of 271 neuronal events. De-
rived of their work, the rabbit species presented a preco-
cial score (54%) that was more similar to humans (65%)
than other species (45% in rats, 84% in guinea pig, and
82% in sheep). Furthermore, surgical IUGR induction in
pregnant rabbits demonstrated to reproduce clinical fea-
tures of human IUGR [31-35]. Advanced MRI studies by
using this model confirmed subtle structural changes un-
derlying IUGR with an altered diffusivity in several brain
areas, including the frontal cortex and the CC, suggesting
an abnormal brain maturation affecting both the GM and
WM [33]. Understanding the histological substrate of
this brain injury seen on MRI of this animal model would
provide further insights into the mechanisms of injury
during brain development.

The current study aims to describe structural changes
during the neonatal period in a well-characterized animal
model of IUGR in rabbits [31-33]. We hypothesize that
TUGR was related to a reduction in the oligodendrocytes
along with changes in dendritic arborization. For that
purpose, IUGR animals were functional and structural-
ly evaluated during the neonatal period (postnatal day
1: +1P). Structural brain changes were evaluated in the
GM at the frontal cortex and the WM at the CC. As noted
above, the frontal cortex was selected due to its suscepti-
bility secondary to IUGR [4, 16-19]. Taking into consid-
eration the degree of neuronal maturation at the time of
birth in rabbits, neuronal arborization as a surrogate
marker of neuronal connectivity was evaluated in this
brain area, instead of other brain connectivity parameters
like dendritic spines that are still in formation (personal
observation). Similarly, the CC was the selected WM
brain area considering its susceptibility to IUGR in hu-
man [36] and animal models [20, 21, 37]. In this brain
area, changes in the pre-OLs, microglia, and astrocyte
densities were assessed. The selection of the pre-OL was
done taking into consideration previous evidence in hu-
man and experimental models describing its special vul-
nerability to perinatal hypoxia in comparison to other
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maturational stages of oligodendrocytes [21-24, 38, 39].
Likewise, as a novelty in our study, we evaluated the vul-
nerability in this type of oligodendrocytes secondary to
IUGR by using an animal species in which the predomi-
nant cell at the time of [UGR induction is the pre-OL, like
rabbit species [40]. Additionally, we also evaluate histo-
logical changes in the placenta in order to characterize the
degree of placental insufficiency recreated by the model.
We hypothesized that significant changes would be de-
tected in ligated placentas in comparison to nonligated
placentas, especially in the degree of ischemia.

Materials and Methods

Ethics Statement, Experimental Groups, and IUGR Induction

All procedures were performed following all applicable regula-
tions and guidelines of the Animal Experimental Ethics Commit-
tee (CEEA) of the University of Barcelona and were approved with
the license number 03/17. Also, animal work has been conducted
fulfilling ARRIVE’s guidelines and reported accordingly [41]. A
total of 6 pregnant rabbits were included in the IUGR induction
protocol for 25 days of gestation. The selection of 6 pregnant rab-
bits was done following previous experience from the group [31,
35, 42]. Considering fetal mortality related to the TUGR model, 12
TUGR models and 18 controls were theoretically obtained at the
time of delivery. This sample size would allow us to include the
required number of animals for each analyses of the study. Sample
size estimation for each main variable of the study has been per-
formed following previous evidence (see the following paragraphs
for detailed information). The IUGR induction protocol was per-
formed as previously described [31]: after a midline laparotomy,
40-50% of the uteroplacental vessels of each gestational sac from
1 horn were ligated obtaining IUGP animals, whereas nonligated
gestational sacs from the contralateral horn provided normally
grown animals (controls). Postoperative analgesia with buprenor-
phine 0.05 mg/kg was administered subcutaneously, and animals
were again housed with free access to water and standard chow ad
libitum and were monitored daily for general health. At 30 days
of pregnancy (term at 31 days), a cesarean section was performed
obtaining living and stillborn animals and their placentas. All liv-
ing newborns and their placentas were weighed. A total of 18 liv-
ing IUGR animals and 20 controls were obtained and included in
each experimental group. None of them presented any of the fol-
lowing exclusion criteria: control’s birth weight below 40 g or
IUGR model’s birth weight above 60 g. The study design is shown
in Figure 1.

Functional Evaluation

On +1P, general motor skills, tone, reflexes, and olfactory sen-
sitivity were evaluated in 12 animals per group selected randomly
(IUGR n = 12; control n = 12), following previously described
methodology [43]. For each animal, testing was videotaped and
variables were scored on a scale of 0-3 (0 = worst and 3 = best),
except for tone that was scored (0-4) according to Ashworth scale
[44], by 2 blinded observers (M.I. and L.P.). A detailed explanation
of how each variable was assessed is given below.

Neonatal Brain Changes in Intrauterine
Growth Restriction

The first part of evaluation lasted 1 min and included the eval-
uation of (i) posture, (ii) righting reflex (number of times the ani-
mal turned prone from supine position in 10 tries), (iii) tone (as-
sessed by an active flexion and extension of the forelimbs and hind
limbs), (iv) circular motion (evaluation of the range of movements
and jumpings), (v) hind limb locomotion (spontaneous movement
of the hind limbs), (vi) intensity of the movements, (vii) duration
of the movement, (viii) lineal movement (number of times the an-
imal crossed a perpendicular line of 15 cm when walking straight),
and (ix) mean of the shortest fore-hind paw distance. After this
first minute of evaluation, suck and swallow, head turning, and
olfaction were evaluated as follows: (i) suck and swallow (assessed
by the introduction of formula [Lactadiet with omega 3; Royal
Animal, S.C.P.] into the rabbit’s mouth with a plastic pipette),
(ii) head turning (assessed by observing the head-body movements
corresponding to the suction reflex), and (iii) olfaction (counting
the time in seconds when the animal moves its nose away from a
cotton swab soaked with pure ethanol when placed close to its
nose). The score grading used for each variable is detailed in online
suppl. material (see online suppl. Table 1; for all online suppl. ma-
terial, see www.karger.com/doi/10.1159/000512948).

Sample Collection

After the cesarean section, placentas were obtained, carefully
washed with saline solution, weighed, and fixed for 24 h by immer-
sion in 10% formalin. Regarding neonates, after functional evalu-
ation, newborns were weighed and sacrificed by decapitation after
administration of ketamine 35 mg/kg and xylazine (5 mg/kg) in-
tramuscularly. All their brains were carefully dissected and
weighed. In total, 16 brains (8 controls and 8 IUGR brains) were
selected randomly, fixed for 24 h in 10% formalin, dehydrated for
48 h with sucrose 30%, and finally frozen at —80°C. All other fresh
brains (4 controls and 4 IUGR brains) were processed according
to the Golgi-Cox staining protocol (see section Neuronal Arbori-
zation Analyses in Frontal Cortex).

Histological Procedures

Placenta

After fixation, paraffin blocks were obtained, and 4-um trans-
versal cuts with a microtome were then performed in 5 placentas
randomly selected from each group. The sample size was defined
following previous literature and considering ischemia as the main
variable of these analyses [45]. Hematoxylin and eosin staining
were performed in 2 consecutive slices from each placenta. Analy-
sis was performed using a bright-field microscope by a trained pa-
thologist who was blinded to the experimental groups following
previous assessments performed in pregnant rabbits [46]. A semi-
quantitative grading system of the histological findings was per-
formed with lesions graded from 0 to 5: 0, unremarkable; 1, mini-
mal; 2, mild; 3, moderate; 4, marked; and 5, severe. Necrosis was
expressed as percentage of necrotic area. The analyses were at-
tempted in the 2 zones of the placenta: the decidua basalis (mater-
nal part) and the labyrinth zone (fetal part).

Neuronal Arborization Analyses in Frontal Cortex

Four animals per group were included in this analysis, similar
to previous evidence [47]. A vibratome was used to obtain 100-pum
serial and coronal sections from whole fresh brains. Afterward,
sections were processed for Golgi-Cox impregnation with an FD
Rapid GolgiStain kit (FD Neurotechnologies Inc.). Coronal slices
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Fig. 1. Graphical representation of the study design and methods.
Summary of the study design. Illustrative image of unilateral liga-
tion of 40-50% of uteroplacental vessels on day 25 of pregnancy
(1a); illustrative images of living newborns and placenta on day 30
of pregnancy, day of the caesarean section (1b); illustrative images
of the neurobehavioral evaluation of righting reflex (2a), smelling

with reference to the bregma were observed under x40 objective
magnification in an AF6000 epifluorescence microscope. Five py-
ramidal neurons from the frontal cortex from each brain hemi-
sphere (10 neurons per animal) that fulfilled the inclusion criterion
were randomly selected, and 1 image per neuron was obtained. In
order to obtain the dendritic tree of each neuron, different Z-stacks
per each image were needed. The inclusion criterion was pyrami-
dal neurons within layers II and III, and complete filling of the
dendritic tree, especially for the basal dendrites, as evidenced by
well-defined endings.

220 Dev Neurosci 2020;42:217-229
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test (2b), locomotion (2c), and sucking and swallowing (2d), per-
formed on +1P; illustrative images of O4-OL, microglia, and astro-
cyte evaluation in the CC (3a); illustrative images of the neuronal
arborization analyses in the frontal cortex (3b). IUGR, intrauter-
ine growth restriction; CC, corpus callosum.

Dendrites that emerged from the soma and that were in the op-
posite side of the thick and long apical dendrite (basal dendrites)
[48] were selected for these analyses. Blinded to the experimental
groups (M.C.L. and L.P.), several parameters from each neuron
were collected by using Image] software, including (i) the area of
the soma (obtained by manual delineation of the shape of the neu-
ronal soma in a 2D image); (ii) the number of basal dendrites (ob-
tained by manual counting); (iii) the total basal dendritic length
(obtained after performing manual delineation of the length of each
basal dendrite and then calculating the sum of all lengths from all
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basal dendritic branches); and (iv) basal dendritic complexity,
which included the evaluation of the number of basal dendritic in-
tersections and the number of each basal dendritic branches. The
basal dendritic complexity was evaluated by using the Sholl tech-
nique, as previously described [49]. Sholl rings were placed concen-
trically in 10-um increasing intervals centered on the soma. For the
basal dendritic intersections, the number of intersections that den-
dritic branches made per each Sholl ring and the summation of all
of them were recorded. For the number of each basal dendritic
branch, each basal dendritic branch was divided into primary, sec-
ondary, tertiary, quaternary, quinary, and senary dendrites. Prima-
ry dendrites were considered those dendrites that were originated
from the soma; secondary dendrites those that were derived from
the primary dendrites, and so on, up to the senary dendrites, cor-
responding to those derived from the quinary dendrites.

WM Evaluation in CC: pre-OLs, Microglia, and Astrocytes

Following previous studies with the same animal model, 4 brains
per experimental group would be required for the assessment of oli-
godendrocytes [42]. However, due to differences in the methodol-
ogy used (in vitro vs. ex vivo), 8 brains per experimental group were
finally included. The same 8 brains were used for microglia and as-
trocyte evaluation, following similar sample sizes as given in previ-
ous literature [26-28]. All WM evaluations were analyzed blinded
per experimental group (L.P. for O4-OL and P.V.-A. for microglia
and astrocyte evaluation). Formalin-fixed brains were cut with a
cryostat obtaining 40-pm-thick coronal sections. For pre-OL evalu-
ation, 3 representative serial sections at the level of the genu CC were
blocked with 10% fetal bovine serum for 1 h, followed by overnight
incubation at 4°C with an anti-oligodendrocyte marker O4 (1:50,
Chemicon). Specifically, the O4 marker stains latter stages of oligo-
dendrocyte maturation (O4-OL), including pre-OLs, pre-myelina-
ting OL, and myelinating OL (Sarah Kuhn 2019). After PBS 0.3%
Triton X-100 washes, 60-min incubation with 1% Hoechst 33258
(1:1,000, Thermo Fischer) for the visualization of the total cellular
nucleus was done. Afterward, the specific secondary antibody con-
jugated to 488 Alexa Fluor (1:400, MoBitec) was added. Immunore-
active sites were revealed and observed under x40 objective magni-
fication by using a confocal microscope. Images were taken with 10
steps in the Z-stack. The total number of cell nuclei (stained with
Hoechst) and the number of cells with positive O4 fluorescent stain-
ing around the nucleus (O4-OL) were counted using Image]J soft-
ware. O4-OL density (O4+ cells/mm?) was then calculated.

For microglia evaluation, similar to O4-OL evaluation, 3 rep-
resentative serial sections at the level of the genu CC were blocked
with 0.5% of bovine serum albumin for 1 h, followed by 1-h incu-
bation at 37°C with the first antibody biotinylated Lycopersicon
esculentum (tomato) lectin (1:100, vector). After PBS 0.3% Triton
X-100 washes, 30-min incubation with the secondary antibody
(streptavidin-cyanine CyTM3-conjugated, Jackson Immunore-
search) and 1% Hoechst 33258 (1:1000, Thermofischer) was done
for the visualization of the total cell nuclei. Immunoreactive sites
were revealed and observed under x40 objective magnification by
using a confocal microscope. Images were then taken and analyzed
using the same methodology described for the O4-OL evaluation,
obtaining the microglial cell density (tomato lectin + cells/mm?).
It is worth to mention that Lycopersicon esculentum (tomato) lec-
tin antibody presents specific affinity for poly-N-acetyl lactos-
amine sugar residues found in the cytoplasm of microglia. In this
regard, activated microglia apart from the changes in morphology

Neonatal Brain Changes in Intrauterine
Growth Restriction

Table 1. Functional results

Variable Control, IUGR, p
n=12 n=12 value
Posture, score” 3(0) 3(0) 1.00
Righting reflex, number of turns 10 (1) 8 (5) 0.03*
Tone, score® 4 (0) 4(0) 1.00
Circular motion, score” 3(1) 1(2) 0.03*
Hind limb locomotion, score” 3(1) 2(2) 0.09
Intensity, score” 3(0) 2(1) 0.03*
Duration, score” 3(0) 3(0) 0.54
Lineal movement 3(2) 2(2) 0.11
Fore-hind paw distance, mm 0(0) 0(3) 0.21
Sucking and swallowing, score” 3(1) 1(2) 0.02*
Head turning, score” 3(0) 2(2) 0.02*
Olfaction, score” 3(1) 3(1) 0.47
Olfaction time, s 2 (4) 3 (5) 0.13

Functional results are expressed as median and IQR, except the
variable “lineal movement,” which is expressed as mean and SD.
IUGR, intrauterine growth restriction; SD, standard deviation;
IQR, interquartile range. * Statistical comparisons between control
and TUGR groups were performed by ordered logistic regression
for each ordinal variable and multiple linear regression for con-
tinuous variables. * Statistical significance was declared when p <
0.05.

also increase the expression of N-acetyl lactosamine residues.
Therefore, the antibody used, tomato lectin, could easily demon-
strate the reactive changes of this cell population [50].

Regarding astrocyte evaluation, although 8 animals were to be
included for each experimental group, only 7 animals per group
were finally included in the astrocyte evaluation due to technical
problems with tissue processing. Three representative serial sec-
tions at the level of the genu CC were put through heat-induced
epitope retrieval and later washed with PBS 0.3% Triton X-100 for
30 min. After blocking the sections with 1% bovine serum albumin
and 5% goat serum for 1 h, they were incubated with the antibody
GFAP (1:400, Biotechne), a marker of astrogliosis [51], at 4 °C
overnight. Following PBS 0.3% Triton X-100 washes, 1-h incuba-
tion with the secondary Ab conjugated to 488 Alexa Fluor (1:400,
Life Technologies) and 1% Hoechst 33258 (1:1,000, Thermofisher)
was performed for the visualization of the total cell nuclei. Immu-
noreactive sites were revealed and observed under x63 objective
magnification by using a confocal microscope. Images were taken
and analyzed using the same methodology as previously described,
obtaining astrocyte density (GFAP + cells/mm?).

Statistical Analyses

The software packages STATA14.0 and GraphPad 5 were used
for the statistical analyses or graphical representation. For quanti-
tative variables, normality was assessed by using the Shapiro-Wilk
test, and the homoscedasticity was determined by using Levene’s
Test, except if variables were >30 (Golgi-Cox variables), normal
distribution was already assumed. For ordinal variables, nonnor-
mal distribution was assumed.
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Table 2. Placenta histological results

Study group Decidua basalis

ischemia, % necrosis, % fibrin, %  calcification (0-4)
Control 92.5 90 3.5 2
IUGR 100* 97.5 4.5 3
Study group Labyrinth zone

ischemia, % collapse (0-4) calcification (0-4)
Control 20 0 0.5
IUGR 95% 2.5 2.7

Results are expressed as percentages or as a semiquantitative grading system of the
histological findings from the decidua basalis and the labyrinth zone. IUGR, intrauterine
growth restriction. * Statistical significance was declared when p < 0.05.

Descriptive variables were expressed as mean and standard de-
viation for normal distributions, whereas median and interquartile
range were used for nonnormal distributions or ordinal variables.
For nonnormal variables and when the null hypothesis from Lev-
ene’s test was rejected, log-transformation was performed prior to
the statistical analysis. Multiple, logistic, or ordered logistic regres-
sions when needed were performed in all quantitative, qualitative
or ordinal variables. Also, the association of O4-OL, microglia, and
astrocytes with birth weight was analyzed by means of Pearson
correlation analysis. Statistical significance was declared at p < 0.05
in all variables evaluated.

Results

Perinatal Data

In comparison to normally grown animals (controls),
IUGR animals presented a significantly reduced birth
weight (IUGR vs. controls: 38.65 + 9.84 vs. 48.48 +7.34 g,
p =0.001) and an increased stillbirth rate (IUGR vs. con-
trols: 42.42 vs. 11.11%, p = 0.01). In the same line, the
brain weight was significantly reduced in the IUGR group
in comparison to control animals (IUGR vs. controls:
1.12 £ 0.12 g vs. 1.24 £ 0.07 g, p = 0.03). However, when
the brain weight/birth weight ratio was calculated, the
IUGR group presented a significant increase in the brain
weight ratio in comparison to controls (IUGR vs. con-
trols: 0.033 + 0.007 vs. 0.026 + 0.003, p = 0.030).

Functional Results

IUGR rabbits showed poorer functional results than
controls in several of the variables assessed, including
righting reflex, circular motion, intensity, sucking and
swallowing, and head turning (Table 1). No differences
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were observed in posture, tone, hind limb locomotion,
duration, lineal movement, fore/hind paw distance, ol-
faction score, and time.

Placenta Analyses

The placental weight was lower in the IUGR group
than the control group without reaching statistical
significance (IUGR vs. controls: 5.23 + 1.72 g vs. 6.11 £
1.46 g, p = 0.08). Macroscopic assessment of the placen-
tas did not show any visible differences between the
groups. However, histological examination of the pla-
centa showed a higher proportion of ischemia, with
trends in necrosis, fibrin deposition, and calcifications
in the IUGR group, especially in the labyrinth zone.
Also, trends presenting a higher degree of vascular col-
lapse in IUGR groups were observed with no signs of
these findings in the control group (Table 2). Represen-
tative images and the semiquantitative grading systems
of the histological findings from the decidua basalis and
labyrinth zone are shown in Figure 2.

Neuronal Arborization Analyses in the Frontal Cortex

IUGR animals showed a trend to present decreased
primary and secondary dendrites with a significant in-
crease in the number of the more distal dendrites (ter-
tiary, quaternary, and quinary dendrites) in comparison
to controls (shown in Fig. 3). No statistical differences be-
tween groups were observed in the rest of variables (den-
dritic length, number of basal dendrites, area of the soma,
number of total intersections, and number of intersec-
tions per each Sholl ring) (shown in online suppl. Table
2; online suppl. Fig. 1).

Pla et al.

29 - 3/24/2021 10:20:30 AM

©
c
o
[
<3
<
o

=
3
°
@
o
m
°
<
3
3
a

Universita

161.116.1



Decidua basalis
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Fig. 2. Placenta histological findings.
a, b Representative images of necrosis from
the decidua basalis in the study groups. Ne-
crosis is observed as a disintegrated nucleus
(arrow). ¢, d Representative images of vas-
cular channels (arrow in control) or vascu-
lar collapse (arrow in IUGR) from the laby-
rinth zone in the study groups. IUGR, in-
trauterine growth restriction.

O Control
l I IUGR

©
1
Color version available online

Control

Dendrites, n

Fig. 3. Number of each basal dendritic branch. a Number of each basal dendritic branch (primary, secondary, tertiary, quaternary, qui-
nary, and senary) in the frontal cortex in control and IUGR groups. Statistical significance was declared when p < 0.05 between control
and IUGR (*). b Illustrative images of basal dendritic ramification in control and IUGR groups. IUGR, intrauterine growth restriction.
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Fig. 4. O4-OL analyses. a 04-OL (immunoreactive cells/mm?) in the CC in control and IUGR groups. Statistical significance was de-
clared when p < 0.05 between control and IUGR (*); and illustrative images of the immunolabeling of O4-OL in control and IUGR
groups. b Association between O4-OL density with birth weight results performed by means of Pearson correlation. [UGR, intrauterine

growth restriction; CC, corpus callosum.

WM Evaluation in CC: O4-OL, Microglia, and

Astrocytes

Density of O4-OL (O4+ cells/mm?) was significantly
correlated with birth weight (R* = 0.32 and p = 0.03), with
trends to present a decrease in the IUGR’s O4-OL den-
sity when compared with controls (IUGR vs. controls:
0.86 + 0.21 cells/mm? vs. 1.05 + 0.27 cells/mm?, p = 0.13)
(shown in Fig. 4). No differences were observed in mi-
croglia and astrocyte density (microglia density = IUGR
vs. controls: 0.29 + 0.06 cells/mm? vs. 0.28 + 0.06 cells/
mm?, p = 0.570; astrocytes density = [IUGR vs. controls:
0.95 + 0.28 cells/mm? vs. 1.13 + 0.30 cells/mm?, p = 0.89).

Discussion
The present study described the structural brain

changes affecting both the GM and WM during the neo-
natal period secondary to placental insufficiency in a rab-
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bit model of IUGR animals. Overall, abnormal neuronal
arborization and an altered WM maturation were ob-
served in the IUGR animals. These findings give us in-
sights into the correspondence at the cellular level of the
structural brain changes underlying neurodevelopmental
impairments secondary to IUGR during the neonatal pe-
riod.

The reduced survival and birth weight together with
the poorer functional outcomes of the [IUGR neonates are
in good agreement with previous data [4, 33, 35]. Clinical
studies have linked ITUGR with an increased risk of peri-
natal mortality [52], and among survivors, IUGR neo-
nates are at great risk for neurodevelopmental dysfunc-
tion, attention, habituation, regulation of state, motor ac-
tivity, and social interactive clusters being the most
affected during the neonatal period [4]. In the experimen-
tal setting, previous articles using the same animal model
described similar results to those reported in this work,
with weakened motor activity, and sucking and swallow-
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ing function [33, 35]. As expected, these functional im-
pairments were less marked than impairments reported
in models with acute and severe prenatal insults that are
related to hypertonia and locomotion deficits, mimicking
human cerebral palsy [40, 53]. Additionally, we observed
a significant brain weight reduction in the [UGR animals
in comparison to controls. This observation is in accor-
dance with previous data from clinical [54-56] and ex-
perimental studies [18, 33, 57, 58]. The relative increase
in the proportion of brain weight compared to fetal weight
is probably related to the “brain-sparing effect” docu-
mented in previous literature [59].

Regarding placental evaluation, both labyrinth and de-
cidua parts of the placenta presented structural changes
in IUGR animals. The most relevant change was the isch-
emia, also with an increase in the fibrin and calcification
deposition, reflecting the effect of uteroplacental vessel
ligation on the placenta. This finding is also in accordance
with previous clinical [60, 61] and experimental data [45,
46, 62] where placental histology assessment evidenced
higher levels of fibrin deposition, placenta infarction, and
calcifications in IUGR.

Regarding the neuronal arborization analyses in the
frontal cortex, abnormal neuronal arborization was de-
tected in cortical neurons from the frontal cortex. We ob-
served lower primary and secondary dendrites with an
increase in the number of tertiary to quinary dendrites in
IUGR in comparison to controls. It is worth noting that
changes in the pattern of dendritic branching or dendrit-
ic arborization area are key features of several human
neurodevelopmental disorders, including Down and Rett
syndromes [63]. In the experimental field, abnormal den-
dritic branching has also been reported after intrauterine
inflammatory insults [64], protein malnutrition [65], and
hypoxic-ischemic events [13, 14, 47, 66]. Decreased den-
dritic arborization in pyramidal neurons of the hippo-
campus, and frontal and cerebellar cortices was observed
in guinea pig and sheep models after either acute [47, 66]
or chronic hypoxic-ischemic events [13, 14]. These previ-
ous data are in line with our observations, although our
results are less pronounced and only for the primary and
secondary dendrites, which could be explained by several
factors. One of the most important factors to consider is
the maturational stage of the brain at the moment of in-
sult presentation. Differences in the state of arbor devel-
opment at the time of insult presentation might result in
different patterns of dendritic arborization changes [3,
67]. This issue is especially relevant when data are extrap-
olated within species, since the pattern of brain develop-
ment and maturation varies considerably across species.

Neonatal Brain Changes in Intrauterine
Growth Restriction

At birth, the precocial score in rabbits has been estimated
to be around 54%, which is more similar to humans (65%)
than that in other species, including rats (45%), guinea
pig (84%), and sheep (82%) [30]. Another factor to con-
sider is the difference in the degree of the insult [68]. The
IUGR model reported in this study induces a mild and
chronic hypoxia-ischemia, and in consequence, the neu-
rological alterations might be less marked than in other
models with a more severe hypoxia-ischemia IUGR in-
duction [13, 14]. Finally, differences in the brain area
evaluated might also explain these different results. The
present study is the first to evaluate the neuronal arbori-
zation parameters in the frontal cortex in mild and chron-
ic models of IUGR. Regarding the increase in distal den-
drites found in our study, it is worth mentioning that den-
dritic arbors are highly dynamic structures, especially in
the latter half of gestation [69]. Follow-up studies in adult
rats demonstrated that shortly after an acute ischemic
event, dendritic arborization was reduced, whereas 24 h
after the insult, dendritic arbors increased [70]. It has
been hypothesized that the reduction in dendritic branch-
es shortly after hypoxic/ischemic insult may reflect the
neuronal damage, while the increase in dendritic arbori-
zation after the insult probably represents a later compen-
satory effect [70]. Since the neuronal arborization is a sur-
rogate marker of neuronal synapses, the increase in the
distal dendrites reported in our study probably reflects
the compensatory mechanisms of the brain to overcome
the abnormal neuronal connectivity caused by the insult.
In this context, diffusion tensor imaging studies using the
same animal model discovered decreased fractional an-
isotropy (FA) in the frontal cortex in IUGR young rabbits
[33]. The decrease in FA in the cortex has been described
during the maturation process and related to the increase
in the expansion of dendritic trees and ramification in
neurons [71]. Therefore, the distal dendrite increase in
the cortical neurons from IUGR young rabbits might be
considered as part of the structural correspondence for
the decreased cortical FA previously reported in studies
from the group [33].

In WM evaluation, we observed a significant correla-
tion between O4-OL and birth weight. This result goes in
line with previous evidences in which positive correlation
between O4-OL in the CC and birth weight were also
found on postnatal day 7 in a moderate IUGR rat model
[28]. Going in the same line, a recent article from our
group has demonstrated impairments in the O4-OL dif-
ferentiation after 5 days of incubation in a novel neuro-
sphere culture obtained from our animal model [42]. Dis-
ruption in the oligodendrocyte maturation process dur-
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ing neurodevelopment is of relevance as it has been linked
with neurodevelopmental impairments later on [15, 20,
29, 38, 72]. While in severe animal models of IUGR, def-
icits in myelin persisted up to a long-term period [29], in
less severe phenotypes of IUGR, after a transient delay in
myelinization during the perinatal period, the myelin
content was restored during the long-term period [20, 22,
37, 73]. However, despite this apparent recovery of the
myelinization, mild motor deficits have been described
during the long-term period in an IUGR model in preg-
nant rats [73]. Although we did not conduct a prospective
study evaluating consequences of this altered oligoden-
drocyte maturation in our animal model, previous diffu-
sion MRI studies in the same animal model showed struc-
tural changes affecting the WM during the neonatal pe-
riod [33] that also persisted on postnatal day 70 [32, 35,
74]. On +1P, we observed a decreased FA in the CC [33],
suggesting diffuse oligodendrocyte injury [75, 76]. On
postnatal day 70, IUGR rabbits presented a decrease in
FA in the hippocampus and in the subventricular WM
[32] and an altered brain network [35, 74], which corre-
lated again with functional disturbances. These results
confirm the persistence of WM brain reorganization in
the IUGR during the long-term period with less orga-
nized and mature fiber tracts [77] that might be second-
ary to the disruption of the oligodendrocyte maturation
during the prenatal period reported in this study. The dis-
ruption of the oligodendrocyte maturation may especial-
ly affect the pre-OL population since in rabbits, the pre-
dominant WM cell is the pre-OL late during pregnancy
[40].

Additionally, microglia and astrocyte densities were
evaluated in this study during the neonatal period, since
they have been implied in the pathogenesis of WM injury
in the developing brain. Prenatal insults might facilitate
the activation of microglia and astrocytes through a neu-
ro-inflammatory mechanism [28, 72, 78-80]. Different
rodent models of IUGR based on hypoxia, uterine artery
ligation, or protein reduction demonstrated delayed oli-
godendrocyte maturation along with microgliosis [28, 29,
78] and astrogliosis [28, 29, 73]. In the present IUGR
model, disrupted maturation occurred with no differenc-
es in the density of activated microglia and astrocytes be-
tween groups. Regarding the microglia, we must take into
consideration that previous literature has demonstrated
no differences in tomato lectin-positive microglial cells in
the cingulate WM of an IUGR rat model, but at the same
time, the expression of genes related to microglial activa-
tion were increased in the IUGR group [78]. Further in-
vestigation in this regard should be done.
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Our study has some strengths and limitations that
need to be mentioned. One of the major strengths of this
research is the animal model used to characterize mild
and chronic effects of [TUGR in brain development. Func-
tional impairments described in this work are consistent
with previousliterature in the [IUGR rabbit model [33, 35]
and also in human studies of IUGR [4, 81]. In addition,
the similarity of brain maturation of rabbit species with
humans makes the rabbit species a reliable model for
translational data to humans [30].

Regarding the limitations of the study, we acknowl-
edge our study to be underpowered for some of the vari-
ables assessed. Since we aimed to evaluate structural
brain changes secondary to mild and chronic prenatal
insults, the histological alterations detected were indeed
subtle, and some of the variables were underpowered for
the sample size used (shown in online suppl. Table 3). As
an example, in order to have at least 80% of statistical
power to detect differences between the groups, we have
worked on a sample size of around 30 animals per group
in the pre-OL evaluation, making it a very ambitious
goal. Alternatively, in vitro studies allow us to bypass the
sample size limitation observed in in vivo models. In
comparison to in vivo studies, the in vitro experimental
setting is even more controlled allowing to obtain sig-
nificant differences even with a smaller number of ani-
mals. In fact, a recent study from our group working on
the same IUGR rabbit model but performing histological
analyses in in vitro conditions has demonstrated impair-
ments in the O4-OL using 4 animals from each group
[42]. Another limitation of our study is that we did not
explore if the results reported here could be extrapolated
to other brain regions and in different time points. In this
regard, future studies evaluating WM sequels at different
postnatal time points would be required to further char-
acterize the long-term consequences of abnormal oligo-
dendrocyte maturation occurred during the fetal period
in our animal model. Finally, the evaluation of the mo-
lecular pathways underlying the GM and WM altera-
tions, such as the evaluation of glutamate [82, 83], bone-
derived neurotrophic factor [84, 85], and morphogenet-
ic protein family 4 [73], would help corroborate the
structural brain changes detected in this work at molecu-
lar level.

In summary, this study provides experimental evi-
dence that mild and chronic insults during prenatal life
disrupt normal patterns of neurodevelopment, interfer-
ing with both WM and GM development. The most re-
markable changes are detected in neuronal branching
and maturational pattern of oligodendrocytes. These
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findings enable us to propose this model as a suitable
model to further characterize structural brain changes
underlying the neurodevelopmental impairments due to
IUGR and evaluate potential therapeutic agents aiming to
mitigate these deleterious consequences on neurodevel-
opment.
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Summary

The aim of this study was to develop a rabbit neurosphere culture to characterize differences in basic
processes of neurogenesis induced by intrauterine growth restriction (IUGR). A novel in vitro
neurosphere culture has been established using fresh or frozen neural progenitor cells from newborn
(PNDOQ) rabbit brains. After surgical IUGR induction in pregnant rabbits and cesarean section 5 days
later, neural progenitor cells from both control and IUGR groups were isolated and directly cultured or
frozen at -80°C. These neural progenitor cells spontaneously formed neurospheres after 7 days in
culture. The ability of control and IUGR neurospheres to migrate, proliferate, differentiate to neurons,
astrocytes, or oligodendrocytes was compared and the possibility to modulate their responses was
tested by exposure to several positive and negative controls. Neurospheres obtained from IUGR brains
have a significant impairment in oligodendrocyte differentiation, whereas no significant differences
are observed in other basic processes of neurogenesis. This impairment can be reverted by in vitro
exposure of IUGR neurospheres to thyroid hormone, which is known to play an essential role in white
matter maturation in vivo. Our new rabbit neurosphere model and the results of this study open the
possibility to test several substances in vitro as neuroprotective candidates against IUGR induced
neurodevelopmental damage while decreasing the number of animals and resources and allowing a

more mechanistic approach at a cellular functional level.
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Abstract

The aim of this study was to develop a rabbit neurosphere culture to characterize
differences in basic processes of neurogenesis induced by intrauterine growth
restriction (IUGR). A novel in vitro neurosphere culture has been established using
fresh or frozen neural progenitor cells from newborn (PNDO) rabbit brains. After
surgical IUGR induction in pregnant rabbits and cesarean section 5 days later, neu-
ral progenitor cells from both control and IUGR groups were isolated and directly
cultured or frozen at —80°C. These neural progenitor cells spontaneously formed
neurospheres after 7 days in culture. The ability of control and IUGR neurospheres
to migrate, proliferate, differentiate to neurons, astrocytes, or oligodendrocytes
was compared and the possibility to modulate their responses was tested by expo-
sure to several positive and negative controls. Neurospheres obtained from IUGR
brains have a significant impairment in oligodendrocyte differentiation, whereas no
significant differences are observed in other basic processes of neurogenesis. This
impairment can be reverted by in vitro exposure of IUGR neurospheres to thyroid
hormone, which is known to play an essential role in white matter maturation
in vivo. Our new rabbit neurosphere model and the results of this study open the
possibility to test several substances in vitro as neuroprotective candidates against
IUGR induced neurodevelopmental damage while decreasing the number of animals
and resources and allowing a more mechanistic approach at a cellular functional

level.
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cell culture, differentiation, experimental models, growth inhibition, nervous system,
oligodendrocytes, progenitor cells
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1 | INTRODUCTION

Intrauterine growth restriction (IUGR) is defined as a significant reduc-
tion of the fetal growth rate leading to a birth weight below the 10th
centile for the corresponding gestational age.! The prevalence in
developing countries accounts for 5% to 10% of all pregnancies, being
a global health issue that is associated to short- and long-term neu-
rodevelopmental damage, cognitive dysfunctions and cardiovascular
adverse outcomes.>® Placental insufficiency, the primary cause of
IUGR, reduces the quantity of nutrients reaching the fetus and leads
to fetal development under chronic hypoxia followed by fetal acidosis.

4> and in

Placental insufficiency affects up to 7% of all gestations
approximately 50% of these cases it derives in clinically evident mid-
dle and long-term neurological consequences defined as subtle cogni-
tive and behavioral disabilities.>” Different animal models and
advanced imaging techniques have been used to better understand
the mechanisms underlying neuronal impairments and perinatal
brain maturation alterations induced by IUGR.2° However, there is still
a large knowledge gap on the mechanisms underlying these alter-
ations? and a lack of research models to better characterize the
IUGR-associated brain injury (reviewed by Fleiss et al. 2019*%).

In order to have a human-relevant experimental model of neu-
rodevelopmental damage induced by IUGR, the BCNatal research group
developed an IUGR model in pregnant rabbits.? This animal model
reproduces the neurodevelopmental manifestations of IUGR occurring in
clinical cases, including postnatal functional and structural deficits.}?3
The selection of the rabbit species was based on the higher similarity to
humans in terms of placentation and gestational circulatory changes,*?4
as well as the resemblance regarding white matter maturation, which in
both species happens during the postnatal period.**1>%¢ According to
the model developed by Workman et al.,'¢ to predict the “precocial
score” for neurodevelopment, rabbit species presents a precocial score
at birth (0.537) more similar to humans (0.654) than other species, includ-
ing rats (0.445) or mice (0.408). Likewise, at the neonatal period, diffusion
MRI in whole organ preparations from a rabbit model showed differ-
ences on diffusion related parameters either at gray and white matter,
revealing a pattern of microstructural brain changes produced by IUGR
already at birth.'® Interestingly, decreased fractional anisotropy in white
matter structures has been suggested to reflect oligodendrocyte
injury,17'18

in neuronal arborisation.*? Furthermore, follow-up studies of IUGR rab-
3,20

whereas in the gray matter areas it seems to reflect changes
bits have unraveled changes in their cerebral connections,”~" which cor-
relate very well with the clinical observation that IUGR-affected children
also present cerebral connection alterations in connectomic-studies.?
Linking this clinical adverse outcome with the neurodevelopmental alter-
ations observed in rabbits gives evidence that the rabbit [IUGR model is a
good model to study IUGR-induced structural changes in humans.1%2223

However, in this in vivo model, it is difficult to identify the origin of
the functional and structural deficits induced by IUGR, and so far, it
was not possible to understand which basic cellular processes are altered
during brain development under IUGR. To solve this limitation, we
established an in vitro model based on primary rabbit neuronal

progenitor cells (NPCs) allowing the investigation of the basic

Significance statement

Our research describes for the first time a valuable method
for generation of 3D rabbit neurospheres that can be differ-
entiated to neurons, astrocytes and oligodendrocytes. Such
method is applied for modeling the neurodevelopmental
effects of intrauterine growth restriction (IUGR), for toxicity
testing and for efficacy testing of possible new pharmaceuti-
cals. We have found differences in basic processes of neuro-
IUGR, we have

neurospheres obtained from IUGR brains have a significant

genesis induced by shown that
impairment in oligodendrocyte differentiation and we have
demonstrated that this impairment can be reverted by
in vitro exposure of IUGR neurospheres to thyroid

hormone.

neurodevelopmental processes affected by IUGR. In this model, rabbit
NPCs obtained from control and IUGR pups are cultured as three-
dimensional (3D) cell aggregates called neurospheres. Neurosphere cul-
tures from other species have previously been established and have
been utilized for mimicking basic processes of fetal brain development
like NPC proliferation, migration and differentiation into neurons, oligo-
dendrocytes and astrocytes.?*?? In this study, for the very first time, a
rabbit neurosphere culture was developed and characterized. In addi-
tion, we successfully developed a freezing and thawing protocol,
which allows storing and prolonging the use of rabbit NPCs obtained
from one litter and enables interlaboratory transfer of material. The
ability to freeze and thaw rabbit neurospheres reduces the number of
animals used and is thus much more time- and cost-efficient. Due to
the multicellular nature of the neurosphere method and the possibility
to study a variety of neurodevelopmental processes with it, neuro-
spheres are a valuable test system for studying a plethora of cellular
effects initiated by a variety of different modesofaction.242830-33
Therefore, they seemed well suited for characterizing so far unknown
neurodevelopmental effects on the cellular level induced by IUGR. With
this method, we identified that rabbit NPCs derived from IUGR pups
have a significant impairment in oligodendrocyte differentiation. More-
over, we discovered that exposure to thyroid hormone L-triiodothyronine
(T3) can revert this significant impairment unraveling a possible future
therapeutic strategy. This new methods thus opens the door to easy and

cost-efficient testing of possible neuroprotective therapies for [IUGR.

2 | MATERIAL AND METHODS

2.1 | Rabbit neurospheres generation

Rabbit tissue obtention for this study was approved by the Ethic
Committee for Animal Experimentation of the University of Barce-
lona. Protocols were accepted with the license number: OB 392/19

SJD. Rabbit neural progenitor cells were isolated from nine newborn
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postnatal day (PND) O or 1 New Zealand rabbits whole brains by dis-
section, mechanical dissociation, digestion (20 minutes incubation
with papain 20 U/mL at 37°C), mechanical homogenization into a cell
suspension, and centrifugation (5 minutes at 800 rpm). The cell pellet
obtained was cultured as a cell suspension for 1 week at 37°C and
7.5% CO, in polyhydroxyethylmethacrylate (Poly-HEMA) coated dis-
hes with “proliferation medium” [consisting in DMEM and Hams F12
3:1 supplemented with 2% B27, and 20 ng/mL epidermal growth fac-
tor (EGF) and recombinant human fibroblast growth factor (FGF),
100 U/mL penicillin and 100 pg/mL streptomycin], half volume of

which was exchanged every 2 to 3 days.

2.2 | Neurospheres freezing and thawing protocol
During the neural progenitor cells isolation from 8 out of the 9 whole
rabbit pup brains described above, half of the volume of the cell sus-
pension obtained after resuspension in proliferation medium was cen-
trifuged again (5 minutes at 800 rpm), the supernatant discarded and
the pellet gently resuspended in freezing media instead (1:1; volume of
pellet: volume of “freezing medium” [consisting in 70% (v/v) prolifera-
tion medium, 20% (v/v) fetal calf serum, and 10% (v/v) dimethyl sulfox-
ide (DMSQ)]). Cell suspension in freezing medium was distributed in
1 mL per cryo-vial and immediately placed in a cryo-device filled with
propanol to ensure a freezing rate of —1°C/min, and stored at —80°C.

Each cryo-vial was thawed approximately 1 month after freezing
by brief immersion in a 37°C water bath, transference of cells to
15 mL of “proliferation medium” preconditioned at 37°C and 7.5%
CO, for 2 hours, and gentle resuspension. Cell suspension was cen-
trifuged (5 minutes, 800 rpm), supernatant discarded and cells trans-
ferred to Poly-HEMA coated dishes filled with “proliferation medium”
supplemented with Rho kinase (ROCK) inhibitor Y-276322 at a final
concentration of 10 uM, to enhance recovery and growth of
cryopreserved cells.>* Half of the volume of “proliferation medium”
per petri dish was exchanged every 2 to 3 days by “proliferation
medium” without ROCK inhibitor.

2.3 | Rabbit “Neurosphere Assay”

Fresh or thawed neurospheres formed in the “proliferation medium” cul-
ture, were mechanically passaged before starting experiments with a
chopper to 0.2 mm? squares to ensure homogeneous neurosphere size,
and allowed to recover spherical shape in “proliferation medium” in Poly-
HEMA coated dishes. On the experiment plating day (considered experi-
ment day 0), 0.3 mm diameter neurospheres were selected and plated in

one of the following conditions depending on the assay to perform.

23.1 | Proliferation assay

One neurosphere per well was plated in 96 well-round bottom-plates
coated with Poly-HEMA and filled with 100 uL of “proliferation

TRANSLATIONAL MEDICINE

medium.” Plate was cultured at 37°C and 7.5% CO, for 7 days. One
bright-field picture per neurosphere was taken on days O, 2, 4, 6, and
7. Every 2 days, 50 uL of “proliferation medium” per well were renewed.

Neurosphere diameter was measured in each picture with Imagel.

23.2 | Migration assays

Five neurospheres per chamber were plated in PDL/Laminin coated
8-chamber slides filled with 500 pL of “differentiation medium” [con-
sisting in DMEM and Hams F12 3:1 supplemented with N2
(Invitrogen), penicillin and streptomycin (100 U/mL and 100 pg/mL)].
After 1 and 3 days of culture, bright-field pictures were taken to mon-
itor migration progression by measuring the distance from the
neurosphere core to the furthest migrated cells in four points per
neurosphere using ImageJ.

2.3.3 | Neuronal differentiation assay

At day 3, after taking pictures for migration, neurospheres were fixed
with paraformaldehyde (PFA) 4% (1 hour, 37°C), washed twice with
phosphate-buffered saline (PBS) and stored in PBS until immuno-
stained. For immunostaining, slides were incubated at room tempera-
ture with a blocking solution with 10% goat serum in PBS-T (PBS
containing 0.1% Triton X-100) for 5 minutes. Neurospheres were incu-
bated with a primary antibody solution containing 10% goat serum and
1:100 rabbit 1gG anti-plll-tubulin antibody in PBS-T for 1 hour at 37°C.
After three washing steps with PBS, slides were incubated with second-
ary antibody solution containing 2% goat serum, 1:100 Hoechst 33258
and 1:200 Alexa 546 anti-rabbit 1gG in PBS for 30 minutes at 37°C.
After three washing steps with PBS and one with distilled water, slides
were mounted with Acqua Poly/Mount (Polysciences, Inc.) and stored
at 4°C until image acquisition. After immunostaining, 200x fluorescent
images of two extracts of the migration area were taken per sphere in
five spheres per condition in at least three independent experiments.
The percentage of lll-tubulin positive cells was quantified manually
using Image) software®* cell count tool.

234 | Astrocyte immunostaining

To immunostain astrocytes, the same protocol used to immunostain
neurons was applied but the primary antibody solution contained 10%
goat serum and 1:100 rabbit 1gG anti GFAP antibody in PBS and the
secondary antibody solution contained 2% goat serum, 1:100 Hoechst
33258, and 1:200 Alexa 546 anti-rabbit IgG in PBS 1:200.

23.5 | Oligodendrocyte differentiation assay

Five neurospheres per chamber were plated following the same pro-

cedure described for the migration assay. After 5 days of culture,
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neurospheres were fixed (4% PFA, 1 hour, 37°C) washed twice with
PBS and stored in PBS until immunostained. Slides were incubated
with a primary antibody solution containing 10% goat serum, 1:200
mouse IgM anti-O4 antibody in PBS for 1 hour at 37°C. After three
washing steps with PBS, slides were incubated with secondary anti-
body solution containing 2% goat serum, 1:100 Hoechst 33258, and
1:200 Alexa 488 anti-mouse IgM in PBS for 30 minutes at 37°C. After
three washing steps with PBS and one with distilled water, slides were
mounted with Acqua Poly/Mount (Polysciences, Inc.) and stored at
4°C until image acquisition. After immunostaining, 200x fluorescent
images of two extracts of the migration area were taken per sphere in
five spheres per condition in at least three independent experiments.
The percentage of O4 positive cells was quantified manually using

ImageJ software>® cell count tool.

2.3.6 | Viability assay

At the end of migration/neuronal differentiation and oligodendrocyte
differentiation assays (on days 3 and 5, respectively), and prior to fixa-
tion, a viability assay was performed by removing 200 pL medium per
chamber, adding 100 pL of CellTiter-Blue Reagent (Promega) diluted
1:3 (v/v) in “differentiation medium” per chamber and incubating for
2 hours at 37°C and 7.5% CO, to measure the metabolic activity of the
culture. Fluorescence of the supernatant was measured at 544/590 nm
in two replicates of 100 pL per chamber transferred to two wells of a

96 well-plate and expressed as relative fluorescence units.

2.4 | IUGR induction in rabbits

Animal experimentation of this study was approved by the Ethic Com-
mittee for Animal Experimentation of the University of Barcelona.
Protocols were accepted by the Department of Environment and
Housing of the Generalitat de Catalunya with the license number:
03/17. New Zealand pregnant rabbits provided by a certified breeder
were housed in separate cages with a 12/12 hours light/dark cycle,
with free access to water and standard chow.

After at least 72 hours of acclimatization, IUGR was surgically
induced following a previously described technique in four pregnant
rabbits at 25days of gestation.!? Briefly, 40% to 50% of
uteroplacental vessels that irrigate each gestational sac of one uterine
horn (left or right randomly selected) were ligated obtaining the IUGR
fetuses, while non-ligated gestational sacs from the contralateral horn
provided normally-grown fetuses (controls). Postoperative analgesia
with Buprenorphine 0.05 mg/kg was administered subcutaneously
and animals were again housed with free access to water and stan-
dard chow ad libitum and were monitored daily for general health.
Cesarean section was performed at 30 days of gestation. All living
PNDO pups were identified and classified in control or IUGR groups
depending on the uterine horn, weighted and sacrificed. Brains were
immediately dissected and neural progenitor cells obtained as

described in the “rabbit neurosphere generation” section.

All neural progenitor cells obtained from control and IUGR sib-
lings were frozen at —80°C and thawed in parallel before performing
any Neurosphere Assay.

2.5 | Inclusion criteria of IUGR PNDO rabbit pups

Strong IUGR cases are defined by a body weight lower than the 10th
percentile (32.7 g; Table 1). To cover a broad range of IUGR cases,
neurospheres were prepared from mild and strong IUGR pups. In this
study, IUGR rabbit pups were included for neurosphere preparation if

their body weight was lower than the 90th percentile (57.8 g).

2.6 | Statistics

Statistical analysis was performed using GraphPad Prism vé and v7
(GraphPad Software, La Jolla, California). Concentration-dependent
effects were assessed performing a one-way ANOVA analysis
followed by Bonferroni post hoc test for multiple comparisons. Com-
parisons of two groups were performed with two-tailed t test. Signifi-

cance threshold was established at P < .05.

3 | RESULTS

3.1 | Establishment of a rabbit neurosphere model

To establish a rabbit developmental neurosphere model, we first
started isolating NPCs from control rabbit PNDO or PND1 brains,
testing their ability to spontaneously form neurospheres and evaluat-
ing the competence of these freshly formed neurospheres to perform
basic processes of neurogenesis like proliferation, migration, and dif-
ferentiation. Freshly isolated rabbit NPCs spontaneously formed rec-
ognizable floating neurospheres after 4 days in culture, kept
proliferating further and were big enough to be mechanically passaged
(chopped) after 7 days in culture (Figure 1). Chopped neurospheres
were used to start the “Neurosphere Assay” in control conditions,
always compared to a positive control condition which was specific
for each endpoint tested (endpoint-specific control known to alter the
measured variable): the src-kinase inhibitor PP2 for migration, Epider-
mal Growth Factor (EGF) for neuronal differentiation and viability,
bone morphogenic protein 7 (BMP7) for oligodendrocyte differentia-
tion and withdrawal of all growth factors for proliferation. Freshly pre-
pared rabbit NPCs growing as
(mean + SEM = 806 + 29 pm,
(mean = SEM = 18 + 2 pm/day, Figure 2) in culture. Among cells in

neurospheres  migrated

Figure 2) and proliferated
the migration area, we identified cells differentiating to astrocytes
(GFAP* cells), to oligodendrocytes (04" cells) and to neurons (BllI-
tubulin® cells) (Figure 1). We also quantified the percentage of migrat-
ing cells differentiating to 04" cells after 5 days
(mean £ SEM = 12 + 1%, Figure 2) and to Blll-tubulin® cells after
3 days (mean+ SEM = 3 + 1, Figure 2). For all endpoints, results
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TABLE 1 Percentile and body weight
of rabbit pups on day PNDO

Percentile

PNDO body weight (g)
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5 10 25 50 75 90 95
29.5 32.7 39.7 46.3 52.2 57.8 62.1
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obtained with rabbit neurospheres allowed to observe alterations of
the endpoint in both directions, positive and negative as rec-
ommended for the development of new alternative methods.®®
Besides, all positive controls included to each endpoint and tested in
parallel to control, proved to be able to significantly modify the
response obtained similar to human NPCs, indicating that the system
is dynamic and can be influenced by known substances interfering
with neurogenic processes. However, neuronal differentiation was rel-
atively low compared to the values established for other species
(human neurospheres = 5%37). Therefore, other culture conditions
were tested, mainly the addition of fetal calf serum (FCS) either in dif-
ferentiation medium or in both proliferation and differentiation
medium (Figure 2). Both conditions led to an increased percentage of
cells differentiating into neurons and exceeding 5% of differentiation.
The longer the cells were exposed to FCS, the higher the percentage

of neurons was (Figure 2).

After establishing all endpoints of the “Neurosphere Assay” for
fresh neurospheres, a freezing protocol was tested, either after first
passaging of neurospheres (passage 1) or directly after isolation of
neural progenitor cells from rabbit brain (passage 0).

When the freezing protocol was applied after the first passaging
of neurospheres (passage 1), NPCs lost their capabilities to develop in
all endpoints of the “Neurosphere Assay” (mainly due to too low neu-
ronal differentiation and too low proliferation; see Supporting Infor-
mation Figure S1), and therefore, this option was directly discarded.
Nevertheless, the application of the freezing protocol on freshly iso-
lated NPCs, before the formation of neurospheres (passage 0), led to
results in the “Neurosphere Assay” comparable to fresh neurospheres
(see Material and methods section for more details about freezing and
thawing protocol). Thawed NPCs spontaneously formed recognizable
neurospheres after 4 days in vitro and were big enough to be chopped

after 7 days in vitro (Figure 1). Results of proliferation, migration and
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FIGURE 2 Results of the “Neurosphere
Assay” establishment with freshly prepared rabbit
neurospheres. Rabbit neurospheres were cultured
for 3, 5, or 7 days under control or specific
positive control conditions for each endpoint
tested (PP2 10 pM; EGF 10 ng/mL; BMP7

100 ng/mL). A, 3 days migration; B, 3 days
neuronal differentiation without supplementary
FCS in the medium (wo FCS/wo FCS); C, 3 days
neuronal differentiation with addition of 1% FCS
in the differentiation medium (wo FCS/+FCS); D,
3 days neuronal differentiation with addition of
1% FCS in the proliferation and differentiation
medium (+FCS/+FCS); E, 5 days oligodendrocyte
differentiation; F, 7 days proliferation. All
endpoints were evaluated in five neurospheres/
condition in at least three independent
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differentiation assays met quality criteria as shown in Figure 3. Inter-
estingly, thawed neurospheres also achieved a 5% mean differentia-
tion to neurons without adding any FCS to the differentiation or
proliferation medium, probably because the freezing medium already
contained FCS. Even so, as previously assayed with fresh spheres,
FCS addition to differentiation and/or proliferating medium was also
tested. In this case, FCS addition also induced an increase in neuronal
differentiation, and as previously observed for fresh neurospheres,
the longer the cells were exposed to FCS, the higher the percentage
of neurons was. However, in this case, the percentage of neurons was
so high in some wells (Figure 3; mean > 15%) that neurons were
growing in clumps and overlapping one another making it very diffi-
cult to correctly quantify them. As thawed neurospheres without FCS
addition in culture produced a percentage of neurons that could be
precisely quantified, and also with the aim to not introduce more fac-
tors to the medium which could mask adverse effects induced by

Positive control
without growth factors

physical or chemical agents in future tests, this culture condition
(without FCS) was chosen for further experiments.

Thawed neurospheres were also tested in parallel in control and
positive control conditions, using the same compounds than for fresh
neurospheres. In all cases, positive controls decreased the result
obtained in control conditions. In view of these results, all further
experiments were performed with neurospheres submitted to the
freezing protocol at passage O.

To prove that rabbit neurospheres are able to detect alterations
induced during the course of neurodevelopment without being over-
sensitive, we exposed them to two compounds in a concentration-
range mode, a positive and a negative control, following the recom-

mendations of Crofton et al.3¢

One is a known neurodevelopmental
toxicant in humans and animals, methylmercury chloride (MeHgCl;
positive control) and the other one a compound known to have no

effects on neurodevelopment in humans and animals, saccharine
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FIGURE 3 Results of the “Neurosphere
Assay” establishment with thawed rabbit
neurospheres. Thawed rabbit neurospheres were
cultured for 3, 5, or 7 days under control
conditions or exposed to specific positive controls
for each endpoint tested (PP2 10 pM; EGF

10 ng/mL; BMP7 100 ng/mL). A, 3 days
migration; B, 3 days neuronal differentiation
without supplementary FCS in the medium

(wo FCS/wo FCS); C, 3 days neuronal
differentiation with addition of 1% FCS in the
differentiation medium (wo FCS/+FCS); D, 3 days
neuronal differentiation with addition of 1% FCS
in the proliferation and differentiation medium
(+FCS/+FCS); E, 5 days oligodendrocyte
differentiation; F, 7 days proliferation. All
endpoints were evaluated in five neurospheres/
condition in at least three independent
experiments. Results presented as boxes and
whiskers according to Tukey method. *P < .05 vs
control

FIGURE 4 Rabbit neurospheres sensitivity
and specificity evaluation. Thawed rabbit
neurospheres were cultured for 1 day with
increasing concentrations of the known
neurodevelopmental toxicant: MeHgCl, A, or a
compound known to have no
neurodevelopmental adverse effects: Saccharine,
B. Results presented as mean + SEM of at least
three independent experiments including five
neurospheres/concentration and analyzed by
ANOVA and Bonferroni post hoc test. *P < .05 vs
control
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FIGURE 5 Comparison of control and IUGR neurospheres on
basic processes of neurogenesis. Thawed rabbit neurospheres
obtained from control and I[UGR animals were cultured for 3, 5, or

7 days and comparatively tested for each endpoint of the
“Neurosphere Assay.” A, Migration distance after 1 day; or B,

3 days; C, neuronal differentiation after 3 days; D, metabolic activity
after 3 days; E, oligodendrocyte differentiation after 5 days; F,
metabolic activity after 5 days; G, diameter increase after 7 days; H,
body weight of control and IUGR pups on PNDO; | and J,
representative pictures of oligodendrocyte differentiation in control
and IUGR neurospheres, respectively. Scale bars = 100 um. All
endpoints (except body weight, H) were evaluated in five
neurospheres/condition in at least three independent experiments.
Results presented as boxes and whiskers according to Tukey method.
*P < .05 IUGR vs control

(negative control; reviewed by Aschner et al.>8). MeHgCl induced a
significant and concentration-dependent decrease in neural progeni-
tor cell migration, with an ICsq of 2 uM (Figure 4), while saccharine did

not significantly decrease migration at any concentration tested (maxi-
mum concentration tested = 100 pM).

3.2 | Evaluation of the effects of IUGR in
neurodevelopmental processes

The aim of establishing a rabbit neurosphere culture was to develop a
model to study the effects of IUGR on brain development in a more
time- and cost-efficient way with using fewer numbers of animals.
Therefore, we used the rabbit “Neurosphere Assay” to investigate the
specific consequences of IUGR induction by ligation of 40% to 50% of
uteroplacental vessels irrigating the gestational sac between GD25
and GD30. Neurospheres from four control and four IUGR pups with
mean birth weight + SEM =484 + 1.4 g and 30.3 + 2.7 g respectively
(P = .06; Figure 5), and belonging to three different litters were frozen
and thawed in pairs and submitted to exactly the same conditions in
vitro. The neurospheres of these four pups per experimental group
were used to perform all following experiments. Neurospheres from
IUGR animals did not present any significant difference in NPC prolif-
eration after 7 days in culture or in migration after 1 or 3 days in cul-
ture (Figure 5). A non-significant increase in neuronal differentiation
was observed in IUGR neurospheres (Figures 5), while oligodendro-
cyte differentiation was significantly decreased in IUGR neurospheres
compared to control spheres (Figures 5). Viability of these NPCs, mea-
sured by their metabolic activity, was not altered in any of these cases
(3 or 5 days in culture; Figure 5), indicating that the decreased number
of differentiated oligodendrocytes is a specific effect not induced by
general cytotoxicity. By contrast, there were no differences between
control and IUGR neurospheres proliferating capabilities (Figure 5). In
summary, the results of the “Neurosphere Assay” indicated that IUGR
impairs NPCs' differentiation ability into oligodendrocytes, while their
proliferation and migration potential is not affected. To contextualize
these in vitro results, it is important to remark that both, mild and
strong IUGR cases were included (Figure 5) in the preparation of neu-
rospheres for these tests and therefore, the total body weight of
IUGR pups was not significantly reduced compared to the controls
(P = .06). This approach was chosen to cover the broad range of cases
that IUGR can display, and to exclude the possibility of detecting
effects that are only present in the most severe IUGR cases.
Furthermore, the response of control and IUGR neurospheres to
positive controls known to modulate the response of each endpoint
was also compared (Figure 6). As previously shown in Figure 3, posi-
tive controls significantly reduce the respective readouts of all end-
points in control spheres. However, in IUGR spheres, the exposure to
BMP7 did not significantly reduce oligodendrocyte differentiation,
probably because in IUGR neurospheres oligodendrocyte differentia-
tion was already reduced per se (Figure 6). Even if the effect of BMP7
was not significant, it reduced the mean oligodendrocyte differentia-
tion in IUGR neurospheres. These data show that the process is also
dynamic in IUGR neurospheres as compounds in vitro can still modu-
late the impairment of oligodendrocyte differentiation. In the next
step,we tested if this decreased differentiation can also be modulated
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in the opposite direction to increase the percentage of oligodendro-
cytes and revert the observed adverse effect. Thyroid hormone
(TH) plays an essential role in white matter maturation and myelin for-
mation.®?*? For this reason, we exposed control and IUGR neuro-
spheres to L-triiodothyronine (T3; CAS: 55-06-1; Sigma-Aldrich), the
active form of TH, at a concentration similar to the total T3 concen-
tration in human serum, 3 nM.*34¢ T3 exposure significantly induced
the percentage of oligodendrocyte differentiation of IUGR neuro-
spheres to control levels, while it did not affect the percentage of dif-
ferentiation in control neurospheres (Figure 6). Hence, although the
cellular damage was set while cells were still in the in vivo context,
in vitro exposure of ex vivo NPCs to T3 can revert the deleterious
effect of IUGR in oligodendrocyte differentiation.

4 | DISCUSSION

The neurosphere model based on NPCs is a valuable tool to study the
progress of basic neurodevelopmental processes.*” Therefore, we
have previously established “Neurosphere Assays” based on rat,
mouse or human NPCs as methods to evaluate the adverse effects of
chemical or physical agents on neurodevelopment.?428303748 pe to
its nature as a primary cell culture, the neurosphere model retains the
original characteristics of the neuro- and gliogenic populations of the
brain, and reflects their physiological and physiopathological charac-
teristics. To evaluate the effects of IUGR in neurodevelopment, the
ideal situation would be to use a human NPC based “Neurosphere

Assay” to avoid species translation limitations.*” Yet commercially

available hNPCs are derived from healthy individuals, and hNPCs from
IUGR individuals are such an extremely scarce material that they are
unviable to establish a permanent research model for mechanistic
investigations. Therefore, and considering that the rabbit in vivo
previously developed in BCNatal the
rodevelopmental features of human IUGR individuals better than
other rat in vivo models, and that rabbits are perinatal brain devel-

model mimics neu-

opers50 similar to humans and unlike rodents,”* we decided to estab-
lish a rabbit neurosphere culture for the first time. The combination of
a 3D in vitro neurodevelopmental testing strategy, with the clinically
relevant IUGR experimental animal model allowed us to study IUGR
neurodevelopmental consequences by decomposing them into basic
neurodevelopmental processes, which are evaluated separately. This
methodology offers a research approach that allows studying a com-
plex clinical problem on the cellular, and eventually also molecular
level. By employing this newly established in vitro model we identified
that rabbit NPCs from IUGR individuals have a significantly reduced
ability to form oligodendrocytes. Moreover, we were able to revert
this damage by T3 in vitro exposure.

In the present study, we established the in vitro rabbit
neurosphere model with cells obtained from freshly dissected rabbit
brains (Figure 2) and we tested different freezing protocols, choosing the
best one (based on PO cells) for the use of NPCs in the “Neurosphere
Assay” (Figure 3). Neurospheres obtained from both protocols (from
fresh and frozen cells) spontaneously formed after 7 days in culture and
were able to perform all basic neurodevelopmental processes (prolifera-
tion, migration, and differentiation) similar to neurospheres from other

species, for example, rats, mice and humans.2428303748 Among the
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differentiated cells, glial cells outnumbered neuronal cells, according to
the situation described in vivo for other species indicating that a massive
number of glial cells is generated during postnatal neurodevelopment.>2
Specific data in vivo for rabbits during the postnatal period could not be
found, but the glia neuron ratio described in adult rabbits also shows that
in all brain areas except in the cerebellum, glial cells outnumber neu-
rons.>® According to the 3R principle of Russel and Burch (1959) for the
reduction, replacement and refinement of animal experimentation the
established freezing and thawing protocol for rabbit NPCs constitutes a
durable technique to reduce and refine the use of animals. Neurospheres
obtained from both protocols are dynamic systems since their ability to
proliferate, migrate or differentiate was modified by exposure to known
positive control compounds (PP2, EGF, BMP7, or growth factor removal
in Figures 2 and 3). With respect to the modulation of the performance
of these neurospheres, we also proved that a known developmental neu-
rotoxic compound, MeHgCl, induces a significant decrease in cell migra-
tion (Figure 4), showing that this rabbit neurosphere model is sensitive to
known noxious agents. The ICsq concentration detected by the model is
in line with previously detected ICsq concentrations in human primary or
human iPSC-derived neurosphere models for migration distur-

263054 and correlates well with concentrations achieved in vivo

bance
after the administration of MeHgCl doses affecting neurodevelopment.>®
Understanding the sensitivity of a model is a key step for its establish-
ment, that is, it is also essential to ensure that the system is not over-
reactive to any stimulus, which means that known innocuous
compounds for neurodevelopment should not alter the response of neu-
rospheres in the assay. For this purpose, saccharine was chosen as nega-
tive control, because it was already selected as a harmless compound for
neurodevelopment by a panel of experts.>® When saccharine was added
to the neurosphere culture in concentrations up to 100 pM no adverse
effect in migration was observed, indicating the specificity of the assay.
This tiered approach for the establishment of the rabbit neurosphere cul-
ture, besides being a necessary preliminary group of steps for our subse-
quent study of IUGR effects, is an essential procedure for the
establishment of the method as an alternative model for developmental
neurotoxicity detection and the screening and prioritization of chemicals
(following the recommendations from Crofton et al.%¢). Current neu-
rodevelopmental studies on the effects of exposure to substances during
the pre- and early postnatal period are based on the in vivo OECD guide-
lines 426 (OECD, 2007), 414 (OECD, 2018), and FDA guideline S5
(R3) (FDA 2017) which define rat as the preferred rodent and rabbit as
the preferred nonrodent animal. A rat neurosphere model for compound
evaluation has already been available since 2014,%” and now the addition
of the neurosphere model of the preferred nonrodent animal opens the
door to combine these two models for in vitro DNT evaluation in case
the use of human material is not possible or for understanding species
differences in response to exogenous insults.

After performing all establishment steps with control neuro-
spheres: establishment of the (a) fresh culture, (b) freezing and
thawing protocol, and analyzing the system's, (c) dynamism,
(d) sensitivity, and (e) specificity, we compared the performance of
control and IUGR NPCs in the “Neurosphere Assay.” Here, we identi-
fied a significant reduction in oligodendrocyte formation in IUGR

NPCs. This observation in vitro leads to the possible correlation with
a poor myelination in vivo as a cause of neurological damage second-
ary to IUGR. Our finding is in line with previous studies in vivo
reporting that IUGR leads to white matter injury with a deficiency of

mature oligodendrocytes®5”

and adversely affected myelination pro-
cesses in brain histology studies.*® It is important to remark that the
adverse effect on oligodendrogenesis in this study was detected in
neurospheres obtained both from severe and mild IUGR cases, and
therefore the effect was not only observed in the most severe IUGR
cases. These findings are in line with clinical and neuroimaging data
supporting the existence of fetal abnormal neurodevelopment across
all stages of severity in [IUGR. In comparison of control and IUGR neu-
rospheres, we also observed an increase in neuronal differentiation
after 3 days in culture but this effect was not significant. Future inves-
tigations should focus on the prolongation of the period in culture to
obtain more stable results (decrease deviation of IUGR results) and to
clarify if this incipient increase is significant after 5, 7, 14, or more
days in culture and it is consequently another alteration underlying
IUGR neural damage. Besides, after a longer culture period, further
neurodevelopmental endpoints could also be added to the assay, like
neurite outgrowth, neurite branching, synaptogenesis and probably
neuronal network activity. In future work it would also be of high
interest to assess alterations in astrocyte differentiation, using the
protocol established here.

We finally tested a possible future neurotherapy for IUGR:
in vitro exposure to 3 nM of T3 completely reverted the damage
induced by IUGR by inducing oligodendrocyte differentiation, while it
did not increase the percentage of oligodendrocytes in control neuro-
spheres (Figure 6). This TH effect in rabbit control NPCs is similar to
the one observed in human neurospheres in vitro, where 3 nM T3
exposure does not induce an increase in the percentage of oligoden-
drocytes in control neurospheres, but induces oligodendrocyte matu-
ration.3? If T3 also induces rabbit oligodendrocyte maturation in vitro
will be subject to future studies. The transferability of this possible
therapy to the clinical field, needs to be carefully assessed for this par-
ticular condition, but in support of its transferability it is important to
mention that preclinical studies and clinical studies using Tetrac, the
TH analog 3,5,3',5'-tetraiodothyroacetic acid, have already been
conducted or are conducted at the moment with the goal of
supplementing hypothyroid developing brains with TH (ClinicalTrials.
gov identifier: NCT04143295). Preclinical studies in mice show that
postnatal administration of this potent TH receptor agonist offers the
opportunity to reduce the neurological damage associated to the lack
of MCTS8, a transporter playing a critical role in the uptake of thyroid
hormones.>® The results of the clinical trials conducted in MCT8 defi-
ciency patients (also known as Allan-Herndon-Dudley syndrome) will
be of high importance to evaluate the future transferability of the
proposed therapeutic strategy in [IUGR cases.

In summary, we established an in vitro model for the study of
IUGR-induced neural damage which is faster, more economic and
more ethical than the current in vivo approaches in rabbits. Using our
new model we detected that oligodendrogenesis is reduced in IUGR
brains and that this effect is reversed by exposure to T3. This work



BARENYS ET AL.

% STEM CELLS 11

opens the door to the use of the rabbit “Neurosphere Assay” (a) for
testing developmental neurotoxic compounds as a complementary
method to the rat “Neurosphere Assay,” (b) for studying IUGR-
induced neural damage on the cellular and molecular level, (c) for a
future identification of possible disease biomarkers, and (d) for the

evaluation and selection of specific neuroprotective therapies.
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Summary

In this study, our aims were to characterize oligodendrogenesis alterations in fetuses with intrauterine
growth restriction (IUGR) and to find therapeutic strategies to prevent/treat them using a novel rabbit
in vitro neurosphere culture. IUGR was surgically induced in one uterine horn of pregnant rabbits, while
the contralateral horn served as a control. Neural progenitor cells (NPCs) were obtained from pup’s
whole brain and cultured as neurospheres mimicking the basic processes of brain development
including migration and cell differentiation. Five substances, chosen based on evidence provided in the
literature, were screened in vitro in neurospheres from untreated rabbits: Docosahexaenoic acid
(DHA), melatonin (MEL), zinc, 3,3’,5-Triiodo-L-thyronine (T3), and lactoferrin (LF) or its metabolite sialic
acid (SA). DHA, MEL and LF were further selected for in vivo administration and subsequent evaluation
in the Neurosphere Assay. In the IUGR culture, we observed a significantly reduced percentage of
oligodendrocytes (OLs) which correlated with clinical findings indicating white matter injury in IUGR
infants. We identified DHA and MEL as the most effective therapies. In all cases, our in vitro rabbit
neurosphere assay predicted the outcome of the in vivo administration of the therapies and con firmed
the reliability of the model, making it a powerful and consistent tool to select new neuroprotective

therapies.
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Abstract: In this study, our aims were to characterize oligodendrogenesis alterations in fetuses with
intrauterine growth restriction (IUGR) and to find therapeutic strategies to prevent/treat them using
a novel rabbit in vitro neurosphere culture. IUGR was surgically induced in one uterine horn of
pregnant rabbits, while the contralateral horn served as a control. Neural progenitor cells (NPCs)
were obtained from pup’s whole brain and cultured as neurospheres mimicking the basic processes
of brain development including migration and cell differentiation. Five substances, chosen based
on evidence provided in the literature, were screened in vitro in neurospheres from untreated rab-
bits: Docosahexaenoic acid (DHA), melatonin (MEL), zinc, 3,3',5-Triiodo-L-thyronine (T3), and lac-
toferrin (LF) or its metabolite sialic acid (SA). DHA, MEL and LF were further selected for in vivo
administration and subsequent evaluation in the Neurosphere Assay. In the IUGR culture, we ob-
served a significantly reduced percentage of oligodendrocytes (OLs) which correlated with clinical
findings indicating white matter injury in IUGR infants. We identified DHA and MEL as the most
effective therapies. In all cases, our in vitro rabbit neurosphere assay predicted the outcome of the
in vivo administration of the therapies and confirmed the reliability of the model, making it a pow-
erful and consistent tool to select new neuroprotective therapies.

Keywords: progenitor cells; cell culture; differentiation; oligodendrocytes; nervous system
development; neurogenesis; fetal growth restriction

1. Introduction

Brain development is one of the most sensitive and vulnerable processes during
pregnancy. Its disturbance can manifest in neurobehavioral disorders throughout life [1].
Intrauterine growth restriction (IUGR) is defined as a pathological fetal condition where
the fetus has not attained its biologically determined growth potential and estimated fetal
weight is below the 10th percentile for gestational age. IUGR is among the most frequent
disorders, affecting 5-10% of all pregnancies [2]. Most commonly, IUGR occurs due to
abnormal placental function, which reduces placental blood flow, leading to fetal devel-
opment under chronic hypoxia. Restricted oxygen and nutrition supply can have serious
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consequences for the developing brain, disrupting the normal patterns of gray and white
matter development [3,4]. White matter injury occurs due to impaired myelination and
oligodendrocyte maturation, which lead to adverse neurodevelopmental sequelae [5-8].
In the long run, IUGR-infants are prone to develop neurocognitive disorders, learning
disabilities, attention deficit hyperactivity disorder, or autism spectrum disorder [1,9-11].
However, there is currently no therapy to prevent or revert, even at the prenatal period,
the neurological insults that arise from IUGR [12,13].

With the aim of testing potential therapies applicable during the prenatal period to
prevent IUGR-induced neurological disorders, we recently established an in vitro rabbit
neurosphere model reproducing brain development under chronic and mild IUGR con-
ditions [14]. In this model, neurospheres are prepared from a rabbit in vivo model mim-
icking placental insufficiency by selective ligation of uteroplacental vessels in late preg-
nancy. The rabbit in vivo model has already been shown to present cardiovascular Dop-
pler changes similar to human IUGR, reduced birth weight and a higher brain to birth
weight ratios [4,15,16]. The neurosphere model, prepared from IUGR and control postna-
tal day 0 (PNDO) pups’ whole brains, simulates the basic functions of brain development
including cell proliferation, migration and differentiation to neurons, astrocytes, and oli-
godendrocytes (OLs) [14,17,18]. This 3D in vitro culture is an efficient choice because sev-
eral potential therapies can be tested cost-effectively and more ethically than in in vivo
experiments. In this technique, a wide concentration range of each potential therapy can
be tested to select the in vivo concentration range of interest. Afterwards, it is also possible
to prepare neurospheres from pups’ brains exposed to the therapies in vivo during gesta-
tion to test the efficacy and safety of the treatment within the previously selected concen-
tration range.

By using the neurosphere model, it is also possible to study the effects of nervous
system diseases like Alzheimer’s disease or glioma [19] as well as the mode of action of
compounds [20,21]. This culture can be used to characterize the effects at a cellular level
to fill the gaps in translational approaches going from in vitro functional alterations to in
vivo, known adverse outcomes. With the rabbit neurosphere model, we previously dis-
covered that IUGR has a severe impact on OL formation, reducing its differentiation sig-
nificantly [14] and confirming previous results of impaired OL formation after IUGR in
vivo [4,8]. In the present study, we included a time-course evaluation and a molecular
characterization of this impact produced by IUGR in OLs. We analyzed the maturational
stages over time and the expression of two major genes involved in myelination: Myelin
basic protein (Mbp) and myelin oligodendrocyte glycoprotein (Mog). In parallel, the neu-
rosphere assay included measurements of radial glial migration and cell viability.

Aiming to correct the identified adverse effect of IUGR in OLs, we further tested five
potential therapies: docosahexaenoic acid (DHA), melatonin (MEL), zinc, L-triiodothyro-
nine (T3), lactoferrin (LF), and its main metabolite sialic acid (SA). All therapies were se-
lected based on literature research which indicated promising results to overcome fetal
neurological disorders (Table S1). DHA, a long-chain polyunsaturated fatty acid, is essen-
tial for fetal brain development due to its contribution to myelin formation, neurotrans-
mitter metabolism, and synaptogenesis leading to better maintenance of neuronal net-
works [22-24]. The hormone MEL reportedly reduces fetoplacental oxidative stress and is
effective at reducing cerebral white and gray matter injury arising from placental insuffi-
ciency and IUGR in vivo in sheep [25]. Zinc is crucial for normal brain development be-
cause its deficit harms neuronal migration and differentiation and triggers apoptosis [26—
29]. Thyroid hormones regulate the growth of the fetus and its brain development by sup-
porting especially OL maturation [30-32]. LF is a sialic acid-rich glycoprotein that restores
ITUGR-induced impaired oligodendrocyte precursor cell marker NG2 [33] and supports
neuronal outgrowth and synaptic connectivity during fetal brain development [34].

From the five potential therapies tested in vitro, three of them were selected to be
administered in vivo during pregnancy after IUGR induction to find the most promising
candidates to prevent/revert OL damage associated with IUGR.
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2. Materials and Methods
2.1. In Vivo Procedures: IUGR Induction and Administration of Therapies

All animal experimentation procedures were approved by the Ethics Committee for
Animal Experimentation (CEEA) of the University of Barcelona. All protocols were ac-
cepted by the Department of Environment and Housing of the Generalitat de Catalunya
with the license number: 11126, date of approval 24 May 2021, and the procedure CEEA
number OB 340/19 SJD. The procedure for the IUGR induction was previously described
in Eixarch et al., 2009 [15]. Briefly, IUGR was induced at 25th gestational day (GD 25) of
pregnant New Zealand rabbits by surgical ligature of 40-50% of the uteroplacental vessels
of each gestational sac of one uterine horn (IUGR group), the contralateral horn was left
for normal growth (control group). At the time of IUGR induction, pregnant rabbits were
randomly assigned to 4 groups: without treatment (w/o), treatment with DHA, MEL or
LF (Table 1, Figure 1). The therapies were administered orally to pregnant rabbits on the
day of IUGR induction (GD 25) until Caesarean (C-) section was carried out at GD 30
followed by body weight measurement. For all groups, the inclusion criteria of IUGR
PNDO rabbit pups was a birth weight lower and for control pups higher than the 25th
percentile (39.7 g, Table 1 in Barenys et al., 2021 [14]). The in vitro neurosphere culture
was generated by decapitation and whole-brain dissection at PNDO from control and
IUGR pups. The administered dose, number, and birth weight of PNDO rabbit pups are
listed in Table 1. Information about in vivo treatment calculations and supplier is pre-
sented in Supplemental Material 1 (SM1).

Table 1. Number and birth weight of PNDO rabbit pups included in the study.

Treatment Dose Number of Birth Weight [g] + Number of Birth Weight [g] +
(mg/kg bw/day) Control Pups SEM IUGR Pups SEM
Rabbit Doe Control Pups IUGR Pups
w/o - 12 48.52 +1.93 10 31.72+£217*
DHA 37 2 57.05+3.90 2 3476 £5.20 *
MEL 10 2 52.01 £9.38 2 27.94+252*
LF 166 2 59.72 £ 1.57 2 37.86 £3.71*

From one rabbit pup’s whole brain, at least four independent experiments were performed. The
rabbit pup’s sex is not visible at PNDO and was not determined. The dose administered to the preg-
nant rabbit is indicated, w/o: without treatment, bw: bodyweight, *: p <0.05 vs. corresponding con-
trol birth weight.
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Figure 1. Experimental setup. [IUGR was induced in one uterine horn of pregnant rabbits on gesta-
tional day (GD) 25, whereas the contralateral horn remained as control. No treatment (w/o) or ther-
apies were administered to the pregnant rabbit until C-section (GD 30). On PND 0, IUGR and control
pups were obtained from every group and neurospheres prepared from pup’s whole brain. Neuro-
spheres were cultivated in a floating culture for approx. 11 days and mechanically chopped 2-3 days
before plating. On the experimental day (0 h), neurospheres (0.3 mm) were plated on a PDL/Laminin
coated eight-chamber slide w/o or with exposure to therapies. After 72 h migration distanced was
measured and after 120 h viability, oligodendrocyte (OL) differentiation & maturation assessed.
Rectangle bars = time of administration or exposure, blue circle = endpoints. w/o = without, GD =
gestational day, PND = postnatal day, ECM = extracellular matrix, OL = oligodendrocyte, CTB = cell
titer blue. Created with BioRender.com (accessed on 20 May 2022).

2.2. Neurosphere Preparation

Rabbit neural progenitor cells (NPCs) were isolated from rabbits” whole brains. Me-
ninges and olfactory bulbs were discarded followed by mechanical chopping, enzymatic
digestion (20 min incubation with papain 20 U/mL at 37 °C), mechanical homogenization
into a cell suspension, and centrifugation (10 min at 1200 rpm). The cell pellet obtained
was resuspended in 1 mL freezing medium (1:1; volume of pellet: volume of freezing me-
dium [consisting in 70% (v/v) proliferation medium, 20% (v/v) fetal calf serum and 10%
(v/v) DMSQ]) and immediately stored at -80 °C.

After thawing, the freezing medium was replaced by proliferation medium [consist-
ing of DMEM and Hams F12 3:1 supplemented with 2% B27 (Invitrogen, Madrid, Spain),
and 20 ng/mL epidermal growth factor (EGF) including recombinant human fibroblast
growth factor (FGF2), 100 U/mL penicillin, and 100 pg/mL streptomycin] supplemented
with Rho kinase (ROCK) inhibitor Y-276322 at a final concentration of 10 uM. NPCs were
cultured for 11 days on Petri dishes coated with poly-HEMA. Half of the medium was
replaced every 2-3 days.
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2.3. The Neurosphere Assay

Two days before starting the neurosphere assay, neurospheres were mechanically
chopped to a size of 0.2 mm (Mcllwain tissue chopper) to ensure homogeneous size and
spherical shape. On the experimental plating day, neurospheres of 0.3 mm in diameter
were selected and transferred to PDL/laminin-coated, eight-chamber slides (Falcon, Ma-
drid, Spain) containing 500 pL differentiation medium [consisting of DMEM and Hams
F12 3:1 supplemented with N2 (Invitrogen, Madrid, Spain), penicillin, and streptomycin
(100 U/mL and 100 pg/mL)] to assess migration, differentiation, and viability. Five neuro-
spheres were plated in each chamber representing intra-experiment replicates. Subse-
quently, at least three independent experiments were performed for every endpoint and
exposure (Figure 1).

2.3.1. In Vitro Testing of Potential Therapies

Therapies were dissolved in their corresponding solvent depending on their maxi-
mum solubility (Table 2), and subsequently, in differentiation medium. Under differenti-
ation conditions, NPCs were exposed for 5 days to the therapies and the exposure medium
was renewed every 2-3 days. These 5 days of exposure were chosen because at this time-
point, a significant difference of OL differentiation between control and IUGR cultures
was previously detected [14], and because it is a time-point that makes it possible to ob-
serve all maturation stages of O4+ cells. Basic processes of neurogenesis were assessed to
determine the maximum tolerated concentration (MTC) and most effective concentration
(EC). The criteria to define the MTC was a viability >70% of solvent control (SC) values, a
not significantly reduced migration distance, or a not significantly reduced OL percentage
compared to the SC.

Table 2. In vitro testing concentrations of potential therapies.

Compound CAS Number Solubility Concenfration MTC
(Synonym) In Vitro
DHA 6217-54-5 300 uM (DMSO) 300-100-30-10-3-1-0.3 pM 10 uM
MEL 73-31-4 100 uM (DMSO) 100-30-10-3-1-0.3-0.1 uM 3 uM
T3 55-06-1 30 nM (HCI/EtOH) 30-10-3-1-0.3-0.1-0.03 nM 30 nM
Zinc 7440-66-6 300 uM (H20) 300-100-30-10-3-1-0.3 pM 100 uM
LF 339615-76-8 10 mg/mL (H20) 30-10-3-1-0.3-0.1-0.03 pM 30 uM
SA 131-48-6 30 uM (DMSO) 30-10-3-1-0.3-0.1-0.03 pM 30 uM

The tested compounds, the concentration range used in vitro based on their solubility and the re-
sulting maximum tolerated concentration (MTC) is described. The maximum solvent percentage
submitted was 0.1% (v/v).

2.3.2. Migration Assay

Five neurospheres per chamber were plated in PDL/laminin-coated eight-chamber
slides filled with 500 pL differentiation medium. After 48 or 72 h under differentiation
conditions, bright-field pictures were taken to monitor migration progression [EX-H30
camera (Casio, Japan)]. Migration distances were determined by measuring the distance
from the sphere core to the furthest migrated cell at four pre-defined positions per neuro-
sphere using Image] 1.53a software. For the time-course-assay, migration distance was
measured every 24 h over 5 consecutive days. The src kinase inhibitor PP2 at 10 uM served
as endpoint-specific positive control in every experiment.

2.3.3. OL Differentiation and Maturation Assay

After 5 days under differentiation conditions, neurospheres were fixed with 4% PFA
for 30 min at 37 °C, washed and stored in PBS until immunostaining. Slides were washed
with PBS and incubated with 1:200 mouse IgM anti-O4 antibody (R&D Systems, Madrid,
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Spain) in PBS with 10% goat serum overnight at 4 °C. After washing with PBS, slides were
incubated with secondary antibody (anti-mouse IgG Alexa Fluor® 488; Invitrogen, Ma-
drid, Spain) 1:200, 2% goat serum and 1% Hoechst 33258 (Sigma Aldrich, Madrid, Spain)
for nuclei counterstaining in PBS for 30 min at 37 °C. After washing with PBS, slides were
mounted with Fluoromount-G™ Mounting Medium (Invitrogen, Madrid, Spain) and
stored at 4 °C until image acquisition. Two images per neurosphere were taken with a
BX61 microscope (Olympus, Tokyo, Japan) and analyzed with Image] 1.53a. The number
of O4+ cells was manually counted and normalized by the number of nuclei. For the time-
course assay OL differentiation was analyzed every 24 h over 5 consecutive days. Addi-
tionally, a maturation evaluation was performed using the same images: OLs were classi-
fied in different maturation stages according to their morphological appearance: imma-
ture, bipolar, mature, and myelinating (Figure 2D). The cell number of each maturation
stage was normalized by the total number of O4+ cells. At least three independent exper-
iments were performed for each endpoint. BMP7 [100 ng/mL] was used as positive control
in every experiment.

2.3.4. Cell Viability

Cell viability was assessed by using CellTiter-Blue® cell viability assay (Promega, Ma-
drid, Spain). This assay is based on the measurement of mitochondrial reductase activity
of living cells by conversion of resazurin to the fluorescent product resorufin. After 2 h of
incubation with the reagent (1:3 v/v), the medium was placed in a 96-well plate and read
with FLUOstar Optima microplate reader. Cell viability was determined after 5 days of
differentiation and for the time-course-assay every 24 h over 5 consecutive days. Neuro-
spheres exposed to 10% DMSO (2 h) were used as lysis control in every experiment.
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Figure 2. Oligodendrogenesis. Rabbit neurospheres obtained from control and IUGR pups were
comparatively analyzed for each endpoint of the ‘Neurosphere Assay’. (A) Oligodendrocyte differ-
entiation after 5 days with and without exposure to the positive control BMP7 [100 uM], (B) oli-
godendrocyte differentiation over five consecutive days, (C) cell viability determined by metabolic
activity, (D) representative pictures of maturation stages in control neurospheres, from left to right:
immature, bipolar, mature, myelinating with oligodendrocyte marker O4 (green) and nuclei marker
Hoechst 33,258 (blue), scale bar =25 pm. (E) Maturation stages of oligodendrocytes (O4+ cells) eval-
uated by morphological appearance over five days, (F) myelinating stage after 4 and 5 days, (G)
qRT-PCR from Mbp and Mog expression in control and IUGR neurospheres, with and without ex-
posure to the positive control 3 nM T3. (H) Representative picture of migrated NPCs after 3 days,
(I) migration distance [um] and (J) Migration rate [pum/h],. Mean + SEM; ns: not significant, *: p <
0.05.
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2.3.5. qRT-PCR

After 5 days of differentiation, RNA was isolated, cDNA synthesized, and gRT-PCR
performed. A detailed description of the method and primer sequences are given in SM2
and Table S2.

2.4. Statistics

Statistical analyses were performed using GraphPad Prism v9. Comparisons of two
groups and time-course experiments were performed with a two-way ANOVA analysis.
Significance over time was assessed by one-way ANOVA. Concentration-dependent ef-
fects were assessed by performing a one-way ANOVA. Post-hoc test Bonferroni’s multiple
comparison test followed ANOVA analysis. The difference between SC and one sample
was calculated with a two-tailed student’s t-test. The significance threshold was estab-
lished at p <0.05.

3. Results
3.1. IUGR Decreases OL Differentiation

Our previous study on the effects of IUGR in rabbit neurospheres already detected a
significantly lower percentage of O4+ cells after 5 days in vitro [14]. This result was repro-
duced in the present study (Figures 2A and S1) and further investigated to distinguish if
this significantly lower percentage at 5 days in vitro was due to a decrease in differentia-
tion or to an increase in cell death.

Neurospheres were obtained from 12 control and 10 IUGR PNDO pups with a signif-
icantly reduced birth weight compared to control (Control: 48.52 + 1.93 g, IUGR: 31.72 *
2.17 g, Table 1). In a time-course assay over 5 days (Figure 2B) in both, the control and
IUGR groups, the percentage of O4+ cells increased significantly over time (Control p =
0.0006; IUGR p = 0.0013). However, there was no increase in % O4+ cells in the IUGR cul-
ture between days 3 and 4, and on days 4 and 5 the percentages were significantly lower
in IUGR than in control neurospheres. The time-course experiment revealed that the dif-
ferentiation rate in IUGR neurospheres is slower than in control (Figure 2B). This effect
was not derived from cytotoxicity since cell viability remained comparable between
groups at all time points (Figure 2C). There was also no decline in the % of O4+ cells in
IUGR neurospheres over time indicating no specific death of this cell type (Figure 2B).
During the 5 days of study, OLs underwent several maturation stages with increasing
morphological complexity from immature appearance over bipolar and mature until they
reached their myelinating postmitotic stage (Figure 2D,E). Over time, the immature stage
decreased significantly while mature and myelinating stages increased significantly (Fig-
ure 2E). On the first day of differentiation, in control and IUGR cultures, the OL popula-
tion was composed of 88-91% immature OLs (green) while on day 2 more OLs developed
a bipolar (yellow, control 26.20%; IUGR 22.37%) or mature morphology (orange, control
13.41%; IUGR 16.87%). The number of mature OLs increased on day three and remained
as the main OL population until day five (orange, control 54.42%; IUGR 54.38%). In the
IUGR group, the myelinating stage was significantly lower on day four (red, control
11.17%; IUGR 4.40%; p = 0.0183) but increased on day five to reach a value comparable to
control (red, control 10.16%; IUGR 10.74%) suggesting a delayed ability to mature (Figure
2E,F).

Besides the morphological appearance, the gene expression of the OL lineage matu-
ration markers Mbp and Mog was analyzed on day 5 in control and IUGR neurospheres
without exposure or after exposure to T3 [3 nM] as a positive control (Figure 2G), since T3
is known to increase the OL maturation in human and rat neurospheres [21]. The OL
marker Mbp is expressed in mature and myelinating OLs, while Mog is expressed in the
postmitotic state of myelinating OLs [35]. IUGR showed a mild downregulation of Mbp
(0.71-fold) as well as Mog (0.70-fold) expression relative to the control. T3 significantly
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enhanced the expression of Mbp (control: 4.3-fold; IUGR: 2.4-fold) and Mog (control: 1.4-
fold; IUGR: 1.3-fold) in control and IUGR neurospheres, as expected.

During the 5 days in differentiation culture, neural progenitor cells migrated out
from the neurosphere core and differentiated while migrating (Figure 2H). In both the
control and IUGR groups, the migration distance increased over the first three days and
remained almost constant until day 5 (Figure 2I). Accordingly, the migration rate de-
creased over time and exhibited analogue dynamics between IUGR and control neuro-
spheres over the 5 days (average migration rate: 11.3 um/h (control); 12.0 um/h (IUGR);
Figure 2J).

With this first evaluation, we proved that IUGR significantly impairs OL differentia-
tion in rabbit neurospheres and that IUGR neurospheres present a slower differentiation
rate compared to controls, while migration rate and cell viability remain unaffected. A
morphology and gene expression analysis indicated a mild delayed OL myelination due
to IUGR.

3.2. In Vitro Testing of Potential Therapies

Intending to foster the OL population under IUGR conditions, we tested five poten-
tial therapies in the neurosphere assay. The therapies were selected based on literature
with preliminary evidence to prevent or revert the perinatal adverse results and neuro-
logical damage associated with IUGR: DHA, MEL, T3, zinc and LF as well as its main
metabolite SA. LF, as a lactic compound, was not soluble in the medium (Figure 52), and
thus SA was considered as a replacement candidate for in vitro experiments [34]. In a first
approach, we determined the maximum tolerated concentration (MTC) of all potential
therapies in control neurospheres (Figure 3). The criteria to set the MTC was viability
higher than 70% of SC and no significant adverse effect in migration distance or OL dif-
ferentiation.

The migration distance and OL differentiation were not specifically disturbed by any
of the tested compounds in control neurospheres. A significant effect was only observed
because of general cytotoxicity at high concentrations of DHA and zinc (100 and 300 uM
DHA and 300 uM zinc; Figure 3A,B). DHA at 30 uM reduced the viability to 67.5 + 38.4%,
which was already below the acceptance limit. OL differentiation and migration were not
significantly altered at concentrations below 30 uM (Figure 3C). Taking all three endpoints
into account, MTC for DHA was established at 10 pM. MEL at 10 pM displayed reduced
viability to 64.7 + 6.8% of control value and no reduced OL differentiation or migration
distance. In consequence, the MTC for MEL was set to 3 uM. The MTC of T3 was estab-
lished to the highest tested concentration (30 nM) since viability, migration and OL differ-
entiation was not significantly reduced at any tested concentration. 300 uM zinc signifi-
cantly reduced the metabolic activity, and therefore the MTC was set to 100 uM. Here, in
control neurospheres 100 uM zinc significantly increased the percentage of OL compared
to SC (SC: 4.21%; 100 uM zinc 10.98%; p= 0.0238). SA did not reduce viability, migration,
or OL differentiation, thus its MTC was established at the highest tested concentration (30
uM).

The main interest was to find a concentration of the tested therapies which enhanced
the OL differentiation of IUGR neurospheres to control neurosphere levels. Migration dis-
tance and viability assays were simultaneously performed to overcome the adverse effects
of the therapies in these endpoints (Figure S3). Rabbit neurospheres from IUGR pups were
exposed to the potential therapies with increasing concentrations up to their respective
MTC (Figure 4A).

None of the potential therapies produced a significant concentration-dependent
monotonic response in IUGR neurospheres. However, some of them induced non-mono-
tonic responses with high increases in oligodendrocyte differentiation at specific concen-
trations. Exposure to 1 uM DHA increased the OL differentiation to its maximum (9.7 +
5.4%) and showed a significant increase by comparison to the SC. Therefore, 1 uM DHA
was considered as its most effective concentration in vitro (Figure 4A).
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Figure 3. Maximum tolerated concentrations (MTCs) of potential therapies in control neurospheres.
Rabbit neurospheres obtained from control pups were cultured for 3 or 5 days and tested for each
endpoint with increasing concentrations of DHA, SA, MEL, zinc, T3, and an endpoint specific pos-
itive control. (A) Viability determined by metabolic activity after 5 days, positive control: lysis (10%
DMSO), dotted line: 70 % of SC, (B) migration distance per day (mean + SEM), positive control: PP2,
(C) oligodendrocyte differentiation after 5 days (mean + SEM), positive control: BMP7 [100 uM].
MTC: maximum tolerated concentration of each compound. All endpoints were evaluated in 5 neu-
rospheres/condition in at least 3 independent experiments. n.a.: not analyzed. *: p < 0.05 vs. solvent

control (SC).
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Figure 4. Effective concentrations of potential therapies in IUGR neurospheres. Rabbit neurospheres
obtained from IUGR pups were cultured for 5 days and tested for oligodendrocyte percentage
(mean + SEM) with increasing concentrations (upper row) or the most effective concentration (lower
row) of (A) DHA, (B) MEL, (C) zinc, (D) T3 and (E) SA. (F) Representative pictures of control and
IUGR neurospheres; and of IUGR neurospheres exposed to the most effective concentration of
DHA, MEL, T3, zinc and SA. Oligodendrocyte marker O4 (green) and Hoechst 33258 (blue), Scale
bar = 100 pm. Analysis was evaluated in 5 neurospheres/condition in at least 3 independent exper-
iments. ns: not significant, *: p < 0.05 vs. solvent control (SC).

Notably, 1 uM MEL significantly increased the OL differentiation of NPCs obtained
from IUGR pups (7.8 + 1.3%) and was set as its most effective concentration (Figure 4B).
T3 showed a significant increase of the OL population in IUGR neurospheres with the
lowest tested concentration (0.1 nM, 6.7 + 0.9%). Thus, 0.1 nM T3 was determined as the
most effective concentration (Figure 4C). Conversely, none of the tested zinc concentra-
tions (not even the maximum tested concentration of zinc: 100 uM, 7.7 + 3.6%) significantly
increased the percentage of O4+ cells compared to the differentiation in IUGR neuro-
spheres. Consequently, we did not consider zinc as a promising therapy to reduce adverse
outcomes induced by IUGR (Figure 4D). Additionally, SA did not increase the OL popu-
lation in IUGR neurospheres at any tested concentration. Figure 4F displays representa-
tive pictures of control and IUGR neurospheres, as well as IUGR neurospheres exposed
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to the most effective/best concentration of DHA, MEL, T3, zinc and SA. Based on these
results, we can conclude that the compounds DHA, MEL and T3 are the most promising
ones due to their stimulating effect in OL differentiation.

3.3. In Vivo Administration of Selected Therapies

To confirm the in vivo relevance of these results, we selected DHA, MEL and LF for
daily administration during pregnancy after [IUGR induction until C-section. In this study,
T3 was not prioritized due to the higher difficulties this therapy would present in the
future when transferred to the clinical field [36]. Although SA, the main metabolite of LF,
was not effective in vitro (see Section 3.2), LF was still selected for in vivo administration,
because a negative effect of the metabolite in vitro does not exclude a positive effect of the
parent compound in vivo. The birth weight of IUGR pups from all treatment groups was
significantly reduced compared to control pups in the untreated groups (Table 1), imply-
ing that the therapies did not interfere with the birth weight. This means that if a protec-
tive effect were detected in one therapy, it could not be assigned to a mere change in
growth. Indeed, neurospheres from IUGR pups delivered from rabbits dosed with DHA
presented a significantly increased percentage of OLs up to the control value (Figure 5).
Whereas the OL population in control neurospheres after dosing with DHA remained on
the control level. The cellular metabolic activity and migration were not diminished after
DHA treatment (Figure S4). Moreover, the prenatal administration of MEL also signifi-
cantly promoted the OL differentiation and increased the number of O4+ cells in IUGR
cases to the control value (Figure 5). Besides, the viability did not differ significantly from
the controls (Figure 54). Finally, our results showed that LF administered to the rabbit
carrying control and IUGR pups could not revert the reduced OL population in IUGR
cases (Figure 5). In this case, cell viability and migration were also not disturbed (Figure
S4). From these results, DHA and MEL were identified as the best therapies among the
tested ones, but no difference between them could be detected. The lack of adverse effects
of these therapies in migration or viability is a preliminary information on the safety of
these potential therapies during neurodevelopment.

IUGR + DHA"
*
|
IUGR+ MEL,
TS
MR
Control

Figure 5. In vivo administration of selected therapies. Oligodendrocyte differentiation. Pregnant
rabbits were administered to either MEL (10 mg /kg BW/day), DHA (37 mg/kg BW/day) or LF (166
mg/kg BW/day) at the day of IUGR induction until caesarean section. w/o = rabbit does without
administered therapy. (A) Neurospheres obtained from control and IUGR pups were tested for %
oligodendrocyte differentiation. (B) Representative pictures of IUGR neurospheres w/o and with
administered therapies; Oligodendrocyte marker O4 (green) and Hoechst 33258 (blue), Scale bars =
100 um. Analysis was evaluated in 5 neurospheres/condition in at least 3 independent experiments.
Mean + SEM; * p < 0.05 vs. w/o control, # p <0.05 vs. w/o IUGR.
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4. Discussion

In this study, we identified DHA and MEL as the most effective neuroprotective ther-
apies for IUGR-induced oligodendrogenesis alterations. These two therapies were se-
lected among five candidates using an in vitro approach, the rabbit neurosphere assay,
and confirmed in this model after in vivo treatment.

Neurospheres have been used for many years as a model to study central nervous
disorders including Alzheimer’s, Parkinson’s, demyelinating diseases, epilepsy and gli-
oma [19], but it was not until recently that a rabbit and a rabbit IUGR neurosphere model
were established [14], opening the door for investigations of the effects of IUGR on cell
functions which are characteristic of the developing brain, and to test potential neuropro-
tective therapies in a more time- and cost-efficient way than traditional in vivo studies.
The rabbit species was chosen because its brain development occurs largely perinatally,
like in humans [14,37,38], whereas the rodent brain develops mainly during the prenatal
phase [39]. In our previous studies with the rabbit neurosphere assay, we proved the abil-
ity of the model to identify the developmental neurotoxicity of known neurotoxicants like
MeHgCl, and by using the IUGR rabbit neurospheres, we identified an adverse impact of
IUGR on oligodendrogenesis. In the present study, we further characterized this oligoden-
drogenesis impairment and have applied the [IUGR neurosphere model for drug screening
for the first time.

The already identified oligodendrogenesis impairment consisted of a lower percent-
age of oligodendrocytes after 5 days in vitro. As such, we have determined that the main
insult emerges already in pre-myelinating O4+ OLs. Our results reveal a significantly
lower percentage of O4+ cells at day 4 in culture and a slower OL differentiation rate in
IUGR neurospheres compared to control without an increase in specific cell death. Re-
garding myelination, our findings indicate that only at day 4 is myelination significantly
reduced in IUGR neurospheres; however, this difference is only present for a short time
in the culture, since 24 h later, the percentage of myelinating OL increases to the control
level. This 24 h delay in myelination is in accordance with other studies of induced peri-
natal hypoxia-ischemia in rodents, indicating a failure of maturation rate in oligodendro-
cyte progenitor cells (OPC) or pre-myelinating OLs [40-42]. At the final time-point (day
5), maturation was assessed in two ways, i.e., OL morphological analysis and gene expres-
sion analysis of Mbp and Mog. Both methods delivered the same result, with no significant
differences in myelination between control and IUGR. Therefore, in this case, these are
comparable alternatives with different advantages, i.e., morphological evaluations with
no extra cost but increased duration, and gene expression analyses with extra cost but
reduced duration. The oligodendrogenesis alterations we found correlate very well with
clinical findings indicating that brain damage in IUGR infants is related to white matter
injury in its diffuse form, as this injury is associated with a selective vulnerability of the
OL lineage [40,43]. Back et al. described it as a differentiation failure of newly generated
pre-OLs, because these are especially susceptible to free radicals while later OL stages
appear to be more resistant [40]. Other studies in primary rat OPC cultures with induced
oxidative stress found that the expression of genes stimulating OL differentiation was
downregulated, while the expression of genes inhibiting OL differentiation was upregu-
lated [43]. Based on our results, potential neuroprotective therapies were devised to pre-
vent this selective OL lower differentiation and not focus on increasing the OL myelinat-
ing status, since this effect disappeared spontaneously after 24 h in our culture.

Potential neuroprotective therapies are required to be effective after a short treatment
period, since late-onset IUGR is the most frequent IUGR-type, with an incidence of 70-
80% of IUGR cases [44]. In these cases, there is often only a small time window between
identification of the risk and intervention leading to a reduced opportunity for preven-
tion/correction [45]. Nowadays the common clinical approach is induced delivery because
no effective therapy for IUGR has been established to date [45,46]. Our neurosphere model
reflects an IUGR condition induced at a late stage of pregnancy [14,15], and therefore, is a
useful preclinical technique for the screening of new antenatal neuroprotective therapies.
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Based on literature research, we selected five potential therapies to overcome IUGR-in-
duced brain insult (DHA, MEL, T3, Zinc, and LF), and for all of them, we characterized
the MTC in rabbit neurospheres in vitro. Among these five potential therapies, DHA (1
uM) and MEL (1 uM) could revert the reduced level of O4+ cells in vitro and were able to
prevent pathological effects secondary to IUGR by administration during rabbit’s preg-
nancy (37 mg/kg BW/day and 10 mg/kg BW/day, respectively).

DHA, an omega-3 fatty acid, is delivered maternally through uteroplacental circula-
tion and is a key component of brain membrane phospholipids [23,24]. It is critical to fetal
central nervous system growth and development; however, the majority of pregnant
women do not consume an adequate amount of omega-3 fatty acids on a regular basis
[22]. Maternal DHA supplementation in a rat model prevented neonatal brain injury by
reducing oxidative stress and apoptotic neuronal death [47]. Other studies support the
hypothesis that DHA enhances the differentiation of OL progenitors into mature OL in
demyelinating diseases [48]. Several clinical studies have already been performed admin-
istering DHA in different forms to pregnant women, aiming to prevent other disorders,
e.g., infant cardiac outcomes or depressive symptoms during pregnancy or postpartum,
with positive and negative outcomes being reported [49,50]. In either case, no general
safety concerns have been identified. Our results, together with this evidence, strongly
support the proposal of a clinical trial of DHA administration to pregnant women carry-
ing fetuses with IUGR to prevent white matter [IUGR-induced alterations.

MEL is produced in the placenta and ovary, where it works as a free radical scaven-
ger and potent antioxidant and has an essential function in placental homeostasis and fetal
maturation [51]. Studies about pregnancies complicated with placental insufficiency re-
vealed a significantly reduced MEL level in maternal blood [52] and significantly reduced
expression of MEL receptors in the placenta [53]. In animal studies, MEL improved neu-
rological outcomes in an ovine model [25,54] and a rat model of white matter damage
[55,56]. To date, only one pilot clinical trial has been undertaken of oral MEL administra-
tion to women with IUGR [25]. Our results reinforce the evidence that MEL is a promising
antenatal neuroprotective therapy due to its promoting effect in fetal pre-OL differentia-
tion.

In our study, an in vitro exposure to T3 significantly increased the OL differentiation
and the expression of the myelination marker Mbp and Mog in IUGR neurospheres. This
effect is in accordance with increased O4+ cells and myelination in rodent and human
neurospheres after T3 exposure [21,57]. However, due to the good results obtained with
DHA and MEL, T3 was not prioritized in our study for in vivo maternal administration
due to possible complications altering the maternal T3 level, and thus, to expected diffi-
culties in the translation to the clinical field [36,58]. Clinical findings of reduced circulating
thyroid hormone concentrations in severe IUGR fetuses prompted further investigations
of the potential therapeutic role of peripartum thyroid hormone treatment; however, the
reader is referred to the recent review of LaFranchi (2021) [59], which summarizes the
mixed results of clinical trials and comments on unresolved questions and the main cur-
rent areas of controversy surrounding this treatment. Surprisingly, exposure to zinc did
not significantly increase the percentage of O4+ cells in IUGR neurospheres (Figure 3).
This treatment was discarded for further investigations in the IUGR model, but these re-
sults could be useful for other researchers aiming to increase the percentage of O4+ cells
in other disease models. Sialic acid, the main metabolite of LF, did not alter OL differen-
tiation in vitro, nor did LF (166 mg/kg BW/day) after maternal treatment in vivo in our
study. LF, an iron-binding glycoprotein with antioxidant and anti-inflammatory proper-
ties, reportedly supports the growth of neurons, maintains neuronal integrity, and in-
creases neuronal density during brain development [34]. Administered postnatally to rat
pups with cerebral hypoxic-ischemic injury, it shows neuroprotective effects on brain me-
tabolism, and cerebral gray and white matter recovery [60]. This notwithstanding, in our
model, no protective effect was observed after in vitro or in vivo treatment, perhaps due
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to the shorter treatment period, to the earlier evaluation time-point or the different end-
points measured.

Overall, it is remarkable that the in vitro rabbit neurosphere assay recently estab-
lished by our group [14] predicted, in all of the studied endpoints, the in vivo outcome of
the tested potential neuroprotective candidates, for both positive and negative effects. The
good agreement of the in vitro and in vivo treatments increases the reliability of the model
and supports its use for further drug screening. In future studies, it will be important to
measure the impact and safety of the tested therapies not only in oligodendrogenesis, but
also on neuronal differentiation in IUGR and control neurospheres, as well as their safety
in terms of general developmental parameters.

5. Conclusions

Using the rabbit IUGR neurosphere model, we demonstrated an adverse impact of
IUGR on the differentiation rate of pre-myelinating O4+ OL and identified two therapies,
i.e.,, DHA, and MEL, which are able to revert the reduced OL percentage in rabbits in vitro
and prevent the impairment in vivo by maternal administration during pregnancy.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biomedicines10051205/s1, [61-65]. Figure S1: Viability of
control and IUGR neurospheres; Figure 52: Maximum tolerated concentrations of lactoferrin; Figure
S3: Viability and migration of IUGR neurospheres; Figure S4: In vivo administration of selected
therapies. Viability and Migration distance; Table S1: Summary of the literature supporting the se-
lection of the five potential therapies; Table S2: Primer sequences 5'-3' designed with NCBI Blast
Primer design; SM1: In vivo treatment calculations and supplier; SM2: qRT-PCR.
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Summary

We aimed to characterize alterations in neuronal development in fetuses complicated with
intrauterine growth restriction (IUGR) and to discover strategies to ameliorate adverse
neurodevelopment effects by using a recently established rabbit in vitro neurosphere culture.
IUGR was surgically induced in pregnant rabbits by ligation of placental vessels in one uterine
horn, while the contralateral horn remained as control. At this timepoint, rabbits were
randomly assigned to receive either no treatment, docosahexaenoic acid (DHA), melatonin
(MEL), or lactoferrin (LF) until C-section. Neurospheres consisting of neural progenitor cells
were obtained from control and IUGR pups and comparable analyzed for the ability to
differentiate into neurons, extent neurite length, form dendritic branching or synapses. We
established for the very first time a protocol to cultivate control and IUGR rabbit neurospheres
not only for 5 days but under long-term conditions up to 14 days under differentiation
conditions. We revealed that IUGR significantly increased the neurite length after 5 days
cultivation in vitro. This result agrees with previous in vivo results from our group: IUGR rabbits
presented a more complex dendritic arborization of neurons in the frontal cortex. MEL, DHA,
and sialicacid (SA) the main metabolite of LF, were exposed in vitro to neurospheres obtained
from untreated rabbit mums. MEL, DHA, and SA decreased the IUGR-induced length of
primary dendrites, however, only SA was able to reduce the total neurite length to control
level in IUGR neurospheres. SA’s parent compound LF was able to prevent abnormal neurite
extension after prenatal administration in vivo and was therefore identified as the most

promising therapy against IUGR induced adverse outcome on neuronal development.
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1 Abstract

We aimed to characterize alterations in neuronal development in fetuses complicated with
intrauterine growth restriction (IUGR) and to discover strategies to ameliorate adverse
neurodevelopment effects by using a recently established rabbit in vitro neurosphere culture. [IUGR
was surgically induced in pregnant rabbits by ligation of placental vessels in one uterine horn, while
the contralateral horn remained unaffected for normal growth (control). At this timepoint, rabbits
were randomly assigned to receive either no treatment, docosahexaenoic acid (DHA), melatonin
(MEL), or lactoferrin (LF) until c-section. Neurospheres consisting of neural progenitor cells were
obtained from control and IUGR pups and comparable analyzed for the ability to differentiate into
neurons, extent neurite length, form dendritic branching or synapses. We established for the very first
time a protocol to cultivate control and IUGR rabbit neurospheres not only for 5 days but under long-
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term conditions up to 14 days under differentiation conditions. We revealed that [IUGR significantly
increased the neurite length after 5 days cultivation in vitro. This result agrees with previous in vivo
results from our group: IUGR rabbits presented a more complex dendritic arborization of neurons in
the frontal cortex. MEL, DHA, and sialic acid (SA) the main metabolite of LF, were exposed in vitro
to neurospheres obtained from untreated rabbit mums. MEL, DHA, and SA decreased the [IUGR-
induced length of primary dendrites, however, only SA was able to reduce the total neurite length to
control level in IUGR neurospheres. SA’s parent compound LF was able to prevent abnormal neurite
extension after prenatal administration in vivo and was therefore identified as the most promising
therapy against [IUGR induced adverse outcome on neuronal development.

2 Introduction

Intrauterine growth restriction (IUGR) is defined as a significant decrease in fetal growth rate
resulting in a birth weight below the 10" percentile of the corresponding gestational age (Sharma,
Shastri and Sharma, 2016). The prevalence accounts for 5-10% of all pregnancies, and amounts to
approximately 600.000 cases in Europe, being therefore a serious health problem (Kady and Gardosi,
2004). Placental insufficiency, the main cause of [UGR, chronically decreases the blood flow and
nutrient supply to the developing fetus resulting in an unfavorable in utero environment with chronic
hypoxia conditions. This situation results to a wide range of abnormal trajectories of brain
development including grey (GM) and white matter (WM) injury (Esteban ef al., 2010; Pla et al.,
2020), which are associated with short- and long-term neurodevelopmental damage and cognitive
dysfunctions (Mwaniki et al., 2012; Batalle et al., 2014; Eixarch et al., 2016). This WM injury is
tightly related to impaired oligodendrocyte development and myelination (Tolcos ef al., 2011;
Eixarch et al., 2012; Reid et al., 2012; Rideau Batista Novais et al., 2016), while GM impairment
often emerges from altered neuronal connectivity including irregular neurite and dendritic processes
in cerebellar cortex and hippocampus, as discovered in sheep, guinea pig and rabbit models of [IUGR
(Dieni and Rees, 2003; Piorkowska et al., 2014; Pla et al., 2020). Previous investigations of our
group unraveled [IUGR induced impaired oligodendrogenesis in an in vitro rabbit neurospheres
model, which correlates very well with clinical outcomes of WM injury (Kiihne et al., 2022). In the
current study, we have directed our focus on investigating neuronal development using the same
model but studying differentiation of neurons, their neurite outgrowth followed by dendritic
branching and network formation in vitro.

Currently, there is no efficient neuroprotective treatment to avoid deleterious consequences related to
IUGR (Lees et al., 2022). Several clinical and experimental assessments give evidence that early
postnatal approaches like breastfeeding (Rao et al., 2007), individualized newborn developmental
care and assessment program (Als et al., 2012), and environmental enrichment (Illa et al., 2018) can
partially ameliorate the neurodevelopmental impairment caused by [UGR. However, all these
strategies have been applied after birth, at a time point when adverse effects of IUGR on brain
development have already occurred. We hypothesize that a treatment applied during the prenatal
period, a “critical window of opportunity” (Susan L. Andersen, 2003), is probably more effective.
But to discover efficacious neuroprotective treatments, it is essential to first deepen the understanding
of the mechanisms behind neurostructural changes underlying fetal programming due to [UGR, and
for that, to have a good experimental model is indispensable.

Eixarch et al. developed an experimental [UGR model in pregnant rabbits mimicking placental
insufficiency leading to neurodevelopmental symptoms of [IUGR which highly correlates with
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clinical outcomes including postnatal functional and structural discrepancies (Eixarch et al., 2009,
2012). Previous studies using this animal model discovered neonatal as well as long-term persistence
of brain reorganization and changes in cerebral network organization induced by IUGR (Eixarch et
al.,2012; Illa et al., 2013; Batalle et al., 2014). These results agreed with clinical investigations that
one year old infants who suffered IUGR also present alterations in structural brain connectivity based
on connectomics studies (Batalle ef al., 2012). The species rabbit was selected due to its higher
similarity to human neurodevelopment compared to other species according to a precocial score
established by Workman et al. (Workman et al., 2013). Rabbits resemble humans in terms of
circulatory changes during gestation, placentation, and brain maturation which occurs primarily
postnatally in both species (Derrick ef al., 2004; Carter, 2007; Workman ef al., 2013). Combining
clinical findings with the neurological changes observed in rabbits indicates that the rabbit [IUGR
model is a suitable model to assess [UGR-induced alterations in humans (Bassan et al., 2000;
Eixarch et al., 2009, 2011; Barenys et al., 2021). To understand better which basic cellular processes
are altered during brain development under IUGR, our group recently established an in vitro model
based on primary rabbit neuronal progenitor cells (NPCs) (Barenys ef al., 2021). In this model, rabbit
NPCs obtained from control and IUGR pups are cultured as three-dimensional (3D) cell aggregates
known as neurospheres. Neurospheres are able to imitate basic courses of brain development such as
NPC proliferation, migration and differentiation into the brain effector cells neurons,
oligodendrocytes and astrocytes (Moors et al., 2007, 2009; Breier ef al., 2010; Gassmann ef al.,
2010; Schreiber et al., 2010; Barenys et al., 2017). Because of its 3D structure encompassing
multiple cell types, the neurosphere model is a valuable test system for studying a wide range of
neurodevelopmental processes guided by a broad variety of cellular pathways (Gassmann et al.,
2010, 2014; Baumann et al., 2016; Barenys et al., 2017, 2021; Dach et al., 2017; Masjosthusmann et
al.,2019). In a cost-efficient and animal-reducing way, with this system we were able to test a much
wider concentration range of potential therapies in vitro compared to classical in vivo experiments.
Besides, on the day of IUGR induction, mother animals were administered to potential therapies in
vivo to subsequently discover prenatal effects of tested compounds in the neurosphere model in vitro.
A detailed description of the experimental setup is displayed in Fig. 1.

By using the rabbit neurosphere assay, our group revealed previously [IUGR-induced adversity on the
differentiation rate of pre-myelinating oligodendrocytes and discovered two therapies,
docosahexaenoic acid (DHA), and melatonin (MEL) reverting the reduced oligodendrocyte
population after in vitro exposure and prevent the neurodevelopmental damage after in vivo
administration to the pregnant rabbit (Kiihne ef al., 2022). This previous study, demonstrated that the
novel rabbit in vitro neurosphere assay is able to accurately predict the in vivo outcome regarding
oligodendrocyte differentiation (Kiihne et al., 2022). Besides from improving [IUGR- induced
impaired oligodendrogenesis (Kiihne ef al., 2022), DHA is also described to facilitate myelin
formation, neurotransmitter synthesis, and sustaining synaptogenesis and neuronal network
(Greenberg, Bell and Ausdal, 2008; Gil-Sanchez et al., 2010; Lauritzen et al., 2016), while MEL is
depicted to reduce fetoplacental oxidative stress and white- and grey-matter damage in a sheep model
of placental insufficiency (Rees, Harding and Walker, 2011; Miller et al., 2014). Lactoferrin (LF), a
sialic acid (SA)-rich glycoprotein, was considered as a promising candidate as it enhances neuronal
growth, synaptic connectivity as well as placental development (Lopez, Kelleher and Lénnerdal,
2008; Wang, 2016). We selected MEL, DHA, and LF (or its main metabolite SA in vitro dues to
limited solubility of LF) due to their promising potential to improve impaired neurogenesis and we
further assessed their safety and efficacy on the neuronal endpoints: Neuron differentiation, neurite
length, number of dendrites per neuron, as well as cell viability.



126

127

128
129
130
131
132
133
134
135

136

137
138
139
140
141
142
143
144
145
146
147
148

149

150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

165

166
167

Lactoferrin prevents IUGR induced neurite length

3 Material and methods

3.1 IUGR induction

All animal experimentation procedures were approved by the Ethics Committee for Animal
Experimentation (CEEA) of the University of Barcelona. All protocols were accepted by the
Department of Environment and Housing of the Generalitat de Catalunya with the license number
11126, date of approval 24/5/2021, and the procedure CEEA number OB 340/19 SJD. The method of
IUGR induction was previously described in Eixarch et al. (2009). Briefly, [UGR was induced at the
25t gestational day (GD) in pregnant New Zealand rabbits by surgical ligature of 40-50% of the
uteroplacental vessels of each gestational sac of one uterine horn, while the contralateral horn was
left for normal growth. Caesarean section was carried out at GD 30 to obtain [UGR and control pups.

3.2 Administration of therapies in vivo

On the day of [IUGR induction animals were assigned to 4 different groups: without (w/0)
administration, or with administration of MEL, DHA, or LF. The therapies were daily administered
to the pregnant rabbit by releasing the solution with a syringe in the throat from the day of IUGR
induction (GD 25) until the day of caesarean section (GD 30). Specific doses were determined as
followed: MEL (10 mg /kg bw/day), DHA (37 mg/kg bw/day) and Lf (166 mg/kg bw/day). We refer
to (Kiihne et al., 2022) for a detailed description about in vivo treatment calculations and supplier.
For all treatment groups, the inclusion criteria for PNDO IUGR pups was a birth weight lower and for
control pups higher than the 25" percentile (39.7 g, (Barenys et al., 2021)). The number and birth
weight of PNDO rabbits from each group was equal to the animals described in (Kiihne et al., 2022),
briefly 12 control and 10 IUGR pups from the group w/o were included, 2 control and 2 IUGR rabbit
pups were included for each treatment group. 4 independent experiments were performed from one
rabbit pup’s brain.

3.3 Neurosphere preparation

The in vitro neurosphere culture was generated directly after decapitation at postnatal day 0 (PNDO).
Neural progenitor cells (NPCs) were isolated from rabbits’ whole brains by dissection, mechanical
dissociation, digestion (20 min incubation with papain 20 U/ml at 37°C), mechanical homogenization
into a cell suspension, and centrifugation (10 min at 1200 rpm). The cell pellet obtained was
resuspended in 1 ml of freezing medium (1:1; volume of pellet: volume of freezing medium
[consisting in 70% (v/v) proliferation medium, 20% (v/v) fetal calf serum and 10% (v/v) DMSO])
and immediately stored at -80°C. Each cryo-vial was thawed by brief immersion in a 37°C water
bath, and cells were transferred to 15 mL of proliferation medium preconditioned at 37°C and 5%
CO2 for two hours, and gentle resuspension. The cell suspension was centrifuged (10 min, 1200
rpm), supernatant discarded and cells transferred to Poly-HEMA coated dishes filled with
proliferation medium [consisting in DMEM and Hams F12 3:1 supplemented with 2% B27, and 20
ng/ml epidermal growth factor (EGF) and recombinant human fibroblast growth factor 2 (FGF2), 100
U/mL penicillin, and 100 pg/mL streptomycin] supplemented with Rho kinase (ROCK) inhibitor Y-
276322 at a final concentration of 10 uM. Half of the volume of proliferation medium per petri dish
was exchanged every 2-3 days by proliferation medium without ROCK inhibitor.

3.4 Neurosphere Plating

IUGR and control brains derived neurospheres formed in the proliferation medium were always
cultured in parallel. Two days before starting experiments, proliferating neurospheres were
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mechanically chopped to a size of 0.2 mm (Mcllwain tissue chopper) to ensure homogeneous
neurosphere size and spherical shape. On the experiment plating day, 0.3 mm diameter neurospheres
were selected and transferred in 8-chamber slides (Falcon) previously coated with Laminin/PDL
containing differentiation medium [consisting in DMEM and Hams F12 3:1 supplemented with N2
(Invitrogen), penicillin and streptomycin (100 U/mL and 100 pg/mL)]. The medium of 7-, and 14-
day experiments were supplemented with 1% fetal calf serum (FCS). Half of the medium was
renewed every 2-3 days. NPCs plated on a Laminin/PDL coated surface radially migrated out of the
sphere core and differentiated into effector cells. Each chamber contained five (5-day experiment) or
six (7- and 14-day experiment) neurospheres representing replicates within one experiment, and at
least three independent experiments were performed for every endpoint and exposure condition.

3.5 Therapy exposure in vitro

Compounds for neuroprotective therapy testing were dissolved in their corresponding vehicle
depending on their maximum solubility (Table 1) and subsequently in differentiation medium. The
effect of the potential therapies was assessed after 5 days of differentiation.

Table 1. Therapy exposure in vitro. The concentration range of potential therapies and their solubility
is indicated, as well as the maximum tolerated concentration (MTC) established in Kiihne et al. (2022).
The maximum solvent concentration was 0.1% (v/v) DMSO.

Therapy CAS Solubility Concentration MTC
(synonym) Number in vitro

MEL 73-31-4 100 uM (DMSO) 3-1-03-0.1 uM 3 uM
DHA 6217-54-5 300 uM (DMSO) 10-3-1-03-0.1 uM 10 uM
SA 131-48-6 30 uM (DMSO) 10-3-1-03-0.1puM 30 uM

3.6 Immunocytochemistry

After 5, 7 or 14 days under differentiation conditions, neurospheres were fixed with PFA 4% for 30
minutes at 37°C, washed twice with PBS and stored in PBS until immunostained. Neuronal staining
after 5 and 7 days: Neurospheres were incubated with a primary antibody solution containing 10%
goat serum and 1:100 rabbit IgG anti-BIII-tubulin antibody (R&D Systems) in PBS-T (PBS
containing 0.1% Triton X-100) for 1h at 37°C. After three washing steps with PBS, slides were
incubated with secondary antibody solution containing 2% goat serum (Sigma), 1:100 Hoechst 33258
and 1:200 Alexa 546 anti-rabbit IgG in PBS for 30 minutes at 37°C. Co-Staining of neurons and
synapses after 14 days: Neurospheres were incubated for 1 h at 37°C, with a primary antibody
solution containing goat serum as blocking solution (10%), rabbit anti-BIII-tubulin IgG antibody
(1:100), mouse anti-synapsinl IgG antibody and PBS-T. After three washes with PBS, slides were
incubated with secondary antibody solution containing 2% goat serum (Sigma), 1:100 Hoechst
33258, Alexa 488 anti-rabbit IgG (1:100), Alexa 546 anti-mouse IgG (1:100) and PBS for 30 minutes
at 37°C. After incubation with the respective antibody solution and three washing steps with PBS,
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slides were mounted with Acqua Poly/Mount (Polysciences Inc.) and stored at 4°C until image
acquisition.

3.7 Image acquisition and analysis of neuronal endpoints

99 ¢

The endpoints “% of neurons”, “number of dendrites per neuron” and “neurite length” were analyzed
after 5, 7 and 14 days of differentiation, whereas “synaptogenesis” was only assessed after 14 days
(Fig. 1). EGF [20 ng/ml] was used as a positive control for neuronal differentiation. Neurospheres
were fixed, immunocytostained and image analysis was carried out by taking two images of each
migration area with a BX61 microscope (Olympus, Japan) and using the Imagel/Fiji 1.53q software.
The number of nuclei (Hoechst staining) representing the total amount of cells were automatically
counted using Imagel/Fiji 1.53q software and neurons (BIII-tubulin+ cells) were manually counted.
To determine the % of neurons the number of neurons was normalized to the number of nuclei.

The number of dendrites/neuron and their distances from the soma (neurite length) were manually
measured by using ImagelJ 1.53q after 5 days of differentiation. After 7 and 14 days, the number of
dendrites/neuron and neurite length were assessed with the “Sholl analysis” of the ImageJ/Fiji 1.53q
software (Binley et al., 2014; Bird and Cuntz, 2019). The total amount of dendrites was classified in
primary, secondary, or tertiary dendrites depending on their point of division. The primary dendrites
are born from the soma, the secondary ones from the primaries and so on. The tool “Sholl analysis”
allowed us to trace manually the different paths of dendrites calculating dendritic branching and
length.

After 14 days the ability to generate synapses was analyzed. Synaptic puncta were defined as the
synapse marker Synapsinl co-localized with BIII-Tubulin+ cells. Synaptogenesis (synapsin-1+
neurons [%]) was determined by the number of neurons with synapsin-1+ puncta normalized by the
total number of neurons. Analysis was evaluated in 5-6 neurospheres/condition, minimum 10
neurons/neurosphere in at least 3 independent experiments.

3.8 Cell viability

The cell viability was assessed with the CellTiter-Blue® cell viability assay (Promega). This assay is
based on the measurement of mitochondrial reductase activity of living cells by conversion of
resazurin to the fluorescent product resorufin. After 2 h of incubation with the reagent (1:3), medium
was placed in a 96-well plate and read with FLUOstar Optima microplate reader. Neurospheres
exposed to 10% DMSO (2 h) were used as lysis control.

3.9 Statistics

Statistical analysis was performed using GraphPad Prism v9. The difference between two samples
was calculated with a two-tailed student’s t-test. Concentration-dependent effects were analyzed
using one-way ANOVA. Time-course experiments including the comparisons of two groups were
assessed by performing a two-way ANOVA. One-way and two-way ANOVA analysis was always
followed by post-hoc test Bonferroni’s multiple comparison test. The significance threshold was
established at * p<0.05.
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4 Results

4.1 1IUGR increases neurite length after 5 days in vitro

Neurospheres were prepared from 12 control and 10 IUGR rabbit pups with a significantly reduced
body weight in the IUGR group as described in Kiihne et al. (2022). Previous results from our group
testing the impact of [UGR in the rabbit neurosphere model after 3 days in culture determined no
difference between control and IUGR on the endpoint "% neurons” (Barenys et al., 2021). In the
current study, we investigated the impact of [IUGR on neuronal endpoints after 5 days in vitro to
unravel if changes may occur at a later timepoint but we confirmed that the percentage of neurons
was also not significantly different between control and [UGR at this timepoint (Fig. 2A displays
representative pictures of neurons stained with the neuronal marker BIII-tubulin in the migration area
of control and IUGR neurospheres after 5 days in vitro. Fig. 2B, Control: 2.25 + 0.39 % vs IUGR:
2.34 £ 0.25 %, p=0.800). The positive control EGF significantly decreased the % of neurons in both
groups (Fig. 2B, Control: 0.21 + 0.08 %; IUGR: 0.15 + 0.04 %), while significantly rising the
viability (Supplementary Fig. 1A), proving that the system is flexible and can react to external
stimuli known to keep cells in a proliferating instead of in a differentiating status. The endpoint
‘neurite length” was measured by the distance from the soma to the neurite end, and the 'number of
dendrites per neuron” revealed the degree of dendritic arborization. After 5 days in culture, neurons
of control and IUGR neutrospheres developed mainly primary dendrites and significantly fewer
secondary dendrites per neuron (1.39 control primary vs 0.12 control secondary dendrites/neuron,
p<0.0001 (FIG. 2D)). Importantly, the total neurite length was significantly increased in [IUGR
neurospheres compared to the respective control value (Fig. 2C, total control: 29.82 + 2.84 vs. IUGR:
36.03 £ 3.46 pm, p=0.011). From the total neurite, the length of the primary dendrites arising directly
from the soma was significantly increased in [UGR neurospheres too (Fig. 2C, primary control:
28.50 = 2.71 vs. IUGR: 34.81 + 3.48 um, p=0.006), whereas secondary dendrites arising from the
primary dendrites were not significantly different compared to control (Fig. 2C, secondary control:
1.36 £ 0.35 vs. IUGR: 1.19 + 0.16 um. p=0.943). The number of dendrites per neuron did not vary
between control and IUGR after 5 days, neither the total number nor the number of primary or
secondary dendrites (Fig. 2D, total control: 1.51 £ 0.09 vs. IUGR: 1.44 + 0.05 dendrites/neuron,
p=0.353).

4.2 TUGR increases the % of neurons after 14 days in a time-dependent manner

We established for the very first time the maintenance of rabbit control and IUGR neurospheres
under long-term differentiation conditions (maximum time in culture previously described was 5
days in vitro (Barenys et al., 2021)) and examined if the neuronal morphology or network formation
may be altered over time (Fig. 3). Representative pictures of neurospheres cultured for 7 and 14 days
in vitro revealed that both groups (IUGR and control) developed BIII-tubulin+ cells and after 14 days
also the pre-synaptic marker synapsin-1+ (Fig. 3A-B). In a time-course experiment, the percentage of
BII-tubulin+ cells was slightly increased in the IUGR group compared to the control after 7 days.
Remarkably, after 14 days, the percentage of neurons in IUGR neurospheres exceeded to a
significant extent the percentage of neurons in the control group (Fig. 3C, Control: 4.43 + 0.98 % vs.
IUGR: 8.82 £2.61 %, p=0.005). By using this time-course approach we discovered that the neuronal
differentiation rate is significantly faster in [UGR compared to control (Fig. 3C, difference between
the slopes of control and IUGR: p=0.013), without affecting the viability at any timepoint indicating
a specific effect on neuronal development by excluding a cytotoxic effect (Supplementary Fig. 1B-
C). The total neurite length and number of dendrites per neuron increased over time in both groups,
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control and IUGR, demonstrating a more complex neuronal morphology with extended neurites and
more branched dendrites from 5 to 14 days (Fig. 3D-E).

After 14 days, the percentage of neurons developing pre-synaptic puncta (synapsin-1+ neurons) was
measured to determine the degree of synaptogenesis (Fig. 3B IV-V arrows, 3F). However, no
significant difference in the synaptic formation between control and [UGR was discovered (Fig. 3F,
Control: 15.23 £ 9.97 % vs IUGR: 27.45 £ 11.36 %, p=0.277).

To investigate the development of neurite length and dendritic arborization in more detail, we
measured not only the total number and length but also primary, secondary, and tertiary dendrites
after 7 and 14 days in vitro (Fig. 4). While NPCs cultured for 5 days only formed neurons with
primary and secondary dendrites (Fig. 2C-D), NPCs cultured for 7 and 14 days established a more
advanced neuronal phenotype including tertiary dendrites (Fig. 4). Representative pictures display the
measurement of neurite length and the number of primary, secondary and tertiary dendrites of control
and IUGR neurons after 7 and 14 days using the "Sholl analysis” (Fig. 4B and D). Primary dendrites
from neurons of both groups (control and IUGR) significantly extended their length over time from 7
to 14 days, whereas only the [IUGR group significantly increased the number of primary dendrites
over time (Fig. 4A). Secondary dendrites of neurons of both groups increased their number from 7 to
14 days, while only the control group significantly increased the length of secondary dendrites (Fig.
4C). Tertiary dendrites from neurons of both groups did not significantly expand their length or
number over time.

4.3 Assessment of potential therapies after S days in vitro

We selected the timepoint 5 days in vitro for further assessments of potential therapies, because our
results at this time-point correlate very well with the situation described in vivo in a previous study
investigating structural brain changes in a rabbit model of IUGR (Pla et al., 2020). This study
observed a more advanced dendritic morphology in the frontal cortex of [UGR compared to control
animals (Pla et al., 2020).

With the aim to revert adverse effects on neurogenesis induced by IUGR, we evaluated the safety and
efficacy of 3 potential therapies MEL, DHA, and SA on the neuronal endpoints "% of neurons’,
‘neurite length’, and "number of dendrites per neuron’, as well as cell viability. In a previous study of
our group using rabbit neurospheres, the maximum tolerated concentration (MTC) from MEL, DHA,
and SA was determined in control neurospheres with the following criteria: viability was not lower
than 70% of the solvent control (SC), migration distance and % of oligodendrocytes were not
significantly reduced (Kiihne ef al., 2022). In the current approach, the additional criteria to set the
MTC was ‘no significant adverse effect on any on the tested neuronal endpoints’ in control
neurospheres. Control neurospheres were exposed to potential therapies in a concentration-dependent
manner for 5 days under differentiation conditions in vitro (Fig. 5). None of the tested therapies
adversely disturbed the tested endpoints and the MTC of each compound was set at the highest tested
concentration for each compound, which was in accordance with the results in Kiihne et al. (2022)
and presented in table 1.

The main interest was to find a concentration of the selected therapies which reverts the adverse
effects of IUGR bringing it to control values in vitro. The cell viability determined by metabolic
activity was always performed in the same experiments to distinguish between a specific effect and a
cytotoxic effect (Supplementary Fig. 2). [IUGR neurospheres were exposed to increasing
concentrations of the selected therapies up to their MTC (table 1). MEL, DHA, and SA did not
significantly interfere with the % neurons at any of the tested concentrations neither in control nor in
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IUGR neurospheres (Fig. 6A). Our focus lied on decreasing the neurite length of the IUGR group
because the total neurite length and the length of primary dendrites were significantly increased by
IUGR after 5 days in vitro. MEL did not significantly reduce the total neurite length in IUGR
neurospheres in none of the tested concentrations (Fig. 6B). However, the lowest (0.1 pM) and the
highest (3 uM) concentration of MEL significantly reduced the length of primary dendrites by
presenting a stronger effect in the lowest concentration (Fig. 6C, 0.1 uM MEL 20.70 + 2.86 pm vs.
SC 34.81 + 3.48 um, p=0.004). MEL induced a non-monotonic response without showing a
concentration-dependent effect or impact on the total neurite length, that is why MEL was not
considered as the most favorable therapy against IUGR induced adverse effects on neurite length.
Likewise, DHA did not present a significant reduction in the total neurite length at any of the tested
concentrations (Fig. 6B). Nevertheless, DHA showed a concentration-dependent effect on primary
dendrites decreasing its length significantly to 20.06 + 1.21 pm compared to SC (p=0.001) with 1 uM
DHA (Fig. 6C). Even though DHA showed a positive effect on primary dendrites, the total length of
neurites could not be improved. On the contrary, the exposure of SA to [IUGR neurospheres
prompted a concentration-dependent effect on total neurites and primary dendrites by significantly
reducing their length. While 10 uM SA significantly decreased the total neurite length (21.03 = 0.75
pm vs. SC 36.03 £+ 3.46 um, p=0.05), 1 uM SA significantly reduced the length of primary dendrites
(20.33 £ 3.68 um, p=0.006). The total number of dendrites per neuron was not altered by any of the
tested therapies (Fig. 6D), neither the number of primary nor of secondary dendrites per neuron (Fig.
6E). Based on these findings, SA was selected to be the best candidate in reverting induced neurite
length induced by IUGR in vitro.

4.4 Administration of therapies in vivo — evaluation in vitro

To investigate the transferability of the in vitro results to the situation in vivo, we randomly assigned
pregnant rabbits to different groups and administered MEL, DHA, or LF daily from the day of [UGR
induction until c-section. SA is the main metabolite of LF, and therefore not SA but the parent
compound LF was selected for the treatment in vivo. The body weight of the PNDO-IUGR pups from
all treatment groups was significantly lower than from the respective control group the same as in
non-treated animals (w/0), suggesting that the treatments have no effect on the body weight (see table
1 in Kiihne et al. (2022)).

Neurospheres were obtained from control and IUGR pup’s whole brain delivered from the different
treatment groups and analyzed for neuronal endpoints in vitro. The cell viability determined by the
metabolic activity was not significantly reduced compared to the control value in all treatment groups
of neurospheres obtained from control and IUGR pups (Supplementary Fig. 3). The % of neurons
was not significantly different between control and IUGR neurospheres obtained from pups from all
treatment groups, which is in accordance with the effect observed in vitro (Fig. 7A). Fig. 7B and C
display the total neurite length and number of dendrites of all treatment groups and the respective
lower graphics the length and number of primary and secondary dendrites per neuron. Neurospheres
obtained from IUGR pups prenatally administered to MEL did not display any improvement in
neurite length, neither the total neurite length nor the length of primary or secondary dendrites (Fig.
7B). Likewise, the prenatal administration of DHA to the pregnant rabbit could not prevent the
adverse effect of [IUGR on total neurite length, primary or secondary dendrites (Fig. 7B). However,
neurospheres from [UGR pups delivered from LF-treated rabbits presented a significant reduction in
the total neurite length compared to the non-treated [IUGR group (LF total: 23.71 + 0.64 um vs. w/o
total: 36.03 & 3.46 um, p=0.049, Fig. 7B). The length of primary dendrites was also significantly
reduced in I[UGR neurospheres of the LF group compared to primary dendrites of the non-treated
IUGR group (LF primary: 22.23 £+ 1.10 um vs. w/o primary: 34.81 = 3.48 um, p= 0.0045), while the
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length of secondary dendrites remained unaffected. In control neurospheres from the LF group, the
neurite length of total and primary dendrites stayed on the level of w/o control neurospheres.
Remarkably, these results follow the results of the in vitro exposure to SA, the main metabolite of LF
(Fig. 6B-C). Finally, the total number of dendrites per neuron did not differ between any treatment
group and non-treated group (Fig. 7C). None of the tested therapies influenced the number of
primary or secondary dendrites per neuron, which was also in line with our in vitro results (Fig. 6D-
E).

Taking into account all results presented, the in vitro neurosphere assay correctly predicted the
outcome of both, positive and negative results of the in vivo administration for the endpoints ‘% of
neurons’, ‘total neurite length’ and ‘total number of dendrites’ or ‘number of primary and secondary
dendrites’. Merely the in vitro results of ‘length of primary and secondary dendrites’ after exposure
to MEL and DHA was not in accordance with the results of the prenatal in vivo treatment. Our
findings revealed LF as the most promising therapy to prevent neurite extension caused by IUGR.
This result is consistent with the in vitro results, where SA improved [UGR-induced neurite length.
These results support the neurosphere assay as a compelling instrument for predicting neuronal
endpoints in vivo.

5 Discussion

We used a previously established rabbit neurosphere model mimicking brain development of [IUGR
affected babies (Barenys et al., 2021). The in vitro neurosphere system has been revealed to
reproduce the clinical situation of WM injury by reducing the percentage of pre-oligodendrocytes in
the IUGR group in vitro by accurately predicting the outcome in vivo with respect to
oligodendrogenesis, which makes it a powerful and consistent tool to assess [IUGR induced
neurological alterations (Kiihne et al., 2022). In this study, we assessed the impact of [UGR on
neuronal development after 5, 7 and 14 days and synaptogenesis after 14 days in vitro, as well as the
safety and efficacy of potential therapies in vitro and after in vivo administration.

IUGR neurospheres presented a significant increase in the total neurite length as well as in the length
of primary dendrites after 5 days in vitro. These results correlate very well with a previous in vivo
study of our group, where neurons presented a more complex branched morphology in the frontal
cortex of [UGR rabbit pups (PND1). Tertiary, quaternary and quinary dendritic branches were
significantly increased in the [IUGR versus the control group (Pla ef al., 2020). With the same in vivo
rabbit model, diffusion tensor imaging parameter were assessed revealing reduced fractional
anisotropy (FA) in several brain regions of WM and GM including the frontal cortex of [UGR
animals (Eixarch ef al., 2012). A decrease in cortical FA is associated with an increase in dendritic
expansion and branching of neurons (McKinstry et al., 2002) and may explain the advanced neurite
length in our IUGR in vitro culture. A recent study by our group provides evidence for an underlying
molecular mechanism: [UGR neurospheres present a significant higher expression of the adhesion
molecule integrin-B1 at gene and protein level (Kiihne et al., under submission). Integrin-B1 interacts
with the extracellular matrix (ECM) protein laminin allowing the migration of NPCs to a distal
destination and the alignment of glial cell in brain and cerebellar cortex (Graus-Porta et al., 2001;
Forster et al., 2002; Richard Belvindrah et al., 2007; Barenys et al., 2017; Kiihne et al., 2019).
Integrin-B1 is not only involved in migration but also in the extension of neurite length and
arborization in the developing brain as studies have shown that integrin-f1 deficiency in cells from
partial knock-out mice were not able to evolve dendritic branching (Marrs ef al., 2006; R. Belvindrah
et al., 2007), integrin-B1 blocking or inhibitor experiments reduced or avoided neurite extension and
branching on laminin (Moresco et al., 2005; Warren et al., 2012; Ortiz-Romero et al., 2018). A
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further perspective experiment to prove the underlying mechanism would be to plate control and
IUGR neurospheres on an ECM with decreasing laminin concentrations to discover whether the
extended neurite length decreases with declining laminin concentrations. However, the increased
expression of integrin-f1 in the [IUGR culture gives explanation for our findings of increased neurite
length after [IUGR induction.

We successfully established for the very first time the maintenance of the rabbit neurosphere culture
not only for 5 days, but also for 7 and 14 days under differentiation conditions. Both, control and
IUGR neurospheres developed a more complex neuronal phenotype over time including more
dendrites and longer neurites. This outcome demonstrates that our rabbit neurosphere system is able
to reflect spatiotemporal processes of brain development with increasing complexity of the nervous
system as described for human neurospheres (Kim et al., 2006). After 14 days, both groups were able
to develop the pre-synaptic marker synapsin-1, demonstrating the formation of a neuronal network.
These results indicate a faster network expansion in the rabbit compared to human neurosphere
culture because neurons of primary human NPCs did not develop this marker until 28 days under
differentiation conditions and human induced pluripotent stem cells (hiPSCs) developed synaptic
markers at first after 28 days in culture forming an electrically active neuronal network (Hofrichter et
al., 2017; Nimtz et al., 2020). However, it was challenging to maintain rabbit neurospheres for more
than 7 days under differentiation conditions, and it was necessary to supplement the medium with
FCS, which is known to improve viability but also induce neuronal development in rabbit
neurospheres (Barenys et al., 2021). In the time-course experiment, the percentage of neurons in
IUGR significantly exceeded the % of neurons in control neurospheres after 14 days. This increase in
percentage of neurons is not in line with what was described in vivo (Pla et al., 2020), thus we
decided not to focus on this timepoint of the study in the current publication. If [IUGR neurospheres
need to be kept under restricted oxygen and nutrients supply in vitro for long-term culture to keep
being a correct model to study [IUGR needs further clarification. We did not find a difference in the
synaptogenesis between control and IUGR, but to our knowledge, a [IUGR induced disturbance of
neuronal function including signal transmissions has never been studied yet in an in vitro model of
IUGR.

To date no efficient treatment is available to improve adverse brain development occurring from
IUGR, and neuroprotective therapies are urgently needed to be applied prenatally during the “critical
window of opportunity” to protect or correct [IUGR-induced brain damage (Susan L Andersen, 2003).
Our rabbit model mimics the situation of late-onset IUGR, which is the most critical instance
encompassing the highest incidence of IUGR cases with a very small time window between
diagnosis and intervention (Figueras and Gratacos, 2017; Figueras et al., 2018). For the safety and
efficacy testing of potential therapies MEL, DHA, and LF or its main metabolite SA we chose the
timepoint 5 days under differentiation conditions, because our results highly corresponds to the
results of the in vivo study that [IUGR animals produced a more branched neuronal phenotype in the
frontal cortex than the control group (Pla ef al., 2020). Regarding the safety of the selected therapies,
none of the tested concentrations in vitro or after prenatal administration in vivo exhibited an adverse
effect on viability or neuronal endpoints in control neurospheres indicating safe concentrations in
vitro and a safe maternal dose in vivo. These results comply with the safety assessment of all tested
compounds on the endpoint oligodendrogenesis as previously calculated in Kiihne et al. (2022). In
this earlier study, we identified MEL and DHA as the most promising therapies to prevent and revert
adverse effects on oligodendrogenesis, while LF did not change impaired oligodendrocyte
differentiation after [UGR induction (Kiihne et al., 2022). The hormone MEL is a highly effective
antioxidant, which readily crosses the placental and blood-brain barrier (BBB) reducing fetoplacental
oxidative stress and decreased white- and grey-matter damage in different models of [IUGR (Rees,
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Harding and Walker, 2011; Miller et al., 2014; Castillo-Melendez et al., 2017). DHA is a long-chain
omega-3 polyunsaturated fatty acid that is an important component of brain membrane
phospholipids, which contributes to neuronal differentiation and signaling and accelerate myelination
(Greenberg, Bell and Ausdal, 2008; Gil-Sanchez et al., 2010; Lauritzen et al., 2016). By exposure to
different concentrations of MEL, DHA, and SA to IUGR neurospheres in vitro, all three tested
compounds could revert the [UGR-induced length of primary dendrites, however, merely SA was
able to decrease the total neurite length in [IUGR neurospheres. After in vivo administration only LF
could prevent the neurite elongation in [UGR neurospheres and was therefore considered as the best
candidate for the protection of neuronal development.

LF is an iron-binding, SA-rich glycoprotein known to act as anti-bacterial and anti-inflammatory
compound protecting the development of brain and cognitive function (Wang, 2016). LF was
reported to protect against immature brain injury by recovering cerebral GM and WM destruction in
a rat model of hypoxia-ischemia after maternal supplementation with LF (van de Looij ef al., 2014).
SA is a monosaccharide that plays a key role in the synthesis of brain gangliosides and sialylated
glycoproteins including polysialic acid (Poly-SA), which binds to the neural cell adhesion molecule
(NCAM) and is crucial for the neurodevelopment (Weinhold ef al., 2005; Bonfanti, 2006; Wang,
2016). Burgess et al. (2007) discovered in an in vitro primary embryonic rat cell culture, that poly-
SA limits the neurite elongation of septal neurons by preventing the interactions between integrin-f31
and laminin. The other way around, a removal of poly-SA enhances the laminin and integrin-f1
interaction, which was responsible for neurite outgrowth. Another group reported that a removal of
poly-SA facilitated the development of immature neurons in adult mice (Coviello et al., 2021).
Strikingly, functional antibody blocking of integrin-f1 completely eliminated neurite outgrowth on
laminin (Burgess et al., 2007). These results are in line with our investigations revealing an
overexpression of integrin-f1 in [IUGR NPCs (Kiihne et al., under submission) along with elongated
neurite length in IUGR neurospheres, which could be reverted due to SA exposure in vitro and
prevented by LF administration in vivo.

In summary, we established for the first time the sustainment of the rabbit neurosphere culture until
14 days under differentiation conditions with increasing complexity of neuronal length and branching
up to network formation including synaptogenesis, mimicking spatiotemporal characteristics of brain
development. [IUGR neurospheres presented a significant increase in neurite length compared to
control neurospheres after 5 days in vitro. The underlying mechanism of this effect in the [UGR
group, as previously discovered in Kiihne et al. (under submission), could be attributed to an increase
in the adhesion molecule integrin-f1, which promotes neurite outgrowth and branching.

Strongly supporting this hypothesis, SA was able to revert in vitro, and LF to prevent in vivo the
induced neurite length in [IUGR neurospheres. Whereas MEL and DHA could not improve the [IUGR
induced total neurite extension neither in vitro nor after prenatal treatment in vivo. Therefore, LF has
been selected as the most pro mising therapy due to its neuroprotective capacity. For future
applications in the clinical field it may be of high interest to develop a combined supplementation
during pregnancy including DHA as protective agent against impaired oligodendrocyte
differentiation (Kiihne et al., 2022) and LF to prevent [IUGR-induced adverse effects on neuronal
development.
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Figure 1. Experimental setup. At gestational day 25, IUGR was induced in one uterine horn of
pregnant New Zealand rabbits, while the contralateral horn remained as control. Rabbits were kept
until C-section on GD30 with or without (w/0) administration of therapies. Neurospheres were obtained
from control and IUGR rabbit pup’s whole brain on PNDO and stored at -80°C. Proliferating
neurospheres were cultivated in a floating culture until mechanical chopping after 11 days. After 2
days neurosphere were plated on an 8-chamber slide previously coated with PDL/Laminin with or w/o
exposure to therapies under differentiation conditions. The following endpoints were analyzed after 5,
7 or 14 days: Viability, % neurons, neurite length, neurite branching (determined by the number of
dendritic branching per neuron). Synaptogenesis determined by the % of synapsin-1+ neurons was
analyzed after 14 days. The effect of therapies on neurogenesis was assessed after 5 days under
differentiation conditions. Rectangle bars = time of administration or exposure, blue circle = endpoints.
w/o = without, GD = gestational day, PND = postnatal day, c-section = cesarean section, ECM =
extracellular matrix, CTB = cell titer blue. Created with BioRender.com
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Figure 2. Neuronal development after 5 days in vitro. (A) Representative pictures of neuronal
marker BIII-Tubulin (I, green), nuclei marker Hoechst 33258 (II, blue) and merged (III) in control and
IUGR neurospheres after 5 days under differentiation conditions. Control and [UGR neurospheres were
tested for (B) % neurons, including the positive control EGF [20 ng/ml], (C) neurite length and (D)
number of dendrites/neurons. Mean + SEM; * p<0.05, ns: not significant.
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and IUGR neurospheres. Representative pictures of (I) Neuronal marker BIII-Tubulin (green), (II)
nuclei marker Hoechst 33258 (blue), (III) merged picture of neuronal and nuclei staining, (IV) pre-
synaptic marker Synapsin-1, (V) merged picture of neuronal and synaptic staining. Scale bar = 100
pm. (C) Time course of neuronal differentiation from 3 to 14 days of differentiation [% BIII-Tubulin
positive cells], (D) Time course of total neurite length/ neuron from 5-14 days. (E) Time course of total
number of dendrites/neuron from 5-14 days. (F) Synaptogenesis: Rabbit neurospheres obtained from
control and IUGR pups were cultured for 14 days and comparatively tested for the ability to generate
synapses. Synaptogenesis (synapsin-1+ neurons [%]) was determined by the number of neurons with
synapsin-1 positive puncta normalized by the total number of neurons. Analysis was evaluated in 6
neurospheres/condition, minimum 10 neurons/neurosphere in 3 independent experiments. Mean +
SEM; * p<0.05, ns: not significant.
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799  Figure 7. Administration of potential therapies in vivo — evaluation in vitro. Pregnant rabbits were
800  administrated to no treatment (w/0) or to MEL (10 mg /kg bw/day, green), DHA (37 mg/kg bw/day,
801  yellow) or LF (166 mg/kg bw/day, red) at the day of IUGR induction until cesarean section.
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DMSO]. Mean + SEM; * p<0.05, ns: not significant.
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Summary

Epigallocatechin gallate (EGCG), the main catechin of green tea, is described to have potential health
benefits in several fields like oncology, neurology, or cardiology. Currently, it is also under pre-clinical
investigation as a potential therapeutic or preventive treatment during pregnancy against
developmental adverse effects induced by toxic substances. However, the safety of EGCG during
pregnancy is unclear due to its proven adverse effects on neural progenitor cells' (NPCs) migration. As
lately several strategies have arisen to generate new therapeutic agents derived from EGCG, we have
used the rat ‘Neurosphere Assay’ to characterize and compare the effects of EGCG structurally related
compounds and EGCG PEGylated PLGA nanoparticles on a neurodevelopmental key event: NPCs
migration. Compounds structurally related to EGCG induce the same pattern of NPCs migration
alterations (decreased migration distance, decreased formation of migration corona, chaotic
orientation of cellular processes and decreased migration of neurons at higher concentrations). The
potency of the compounds does not depend on the number of galloyl groups, and small structure
variations can imply large potency differences. Due to their lower toxicity observed in vitro in NPCs,
4,4'-bis[(3,4,5-trihydroxybenzoyl)oxy]-1,1'-biphenyl and EGCG PEGylated PLGA nanoparticles are

suggested as potential future therapeutic or preventive alternatives to EGCG during prenatal period.
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on neural progenitor cells' (NPCs) migration. As lately several strategies have arisen to generate new therapeutic
agents derived from EGCG, we have used the rat ‘Neurosphere Assay’ to characterize and compare the effects of
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1. Introduction

Efforts towards improving nutritional status of pregnant women
require the involvement of a wide range of specialists, among them
toxicologists, as efficacy testing of nutritional supplementation should
always be accompanied of safety evaluations. Several national and
multinational studies report on the intake of herbal-based supplements
during pregnancy with high variation on the reported percentages
(reviewed by Barenys et al., 2017b) and describe that ‘health promo-
tion’ is one of the ten most commonly reported reasons among pregnant
women for using herbal-based supplements (Kennedy et al., 2013). As
these substances are not subject to classical risk assessment evaluations,
their general toxicities might be known, but there is a lack of in-
formation on specific toxicities concerning subtle endpoints like de-
velopmental neurotoxicity (DNT) (Barenys et al., 2017b).

Epigallocatechin gallate (EGCG) is the most abundant catechin in
green tea (Rothwell et al.,, 2013). It is present in herbal-based food
supplements which can be easily purchased online, in food shops or in
supermarkets without the advice of health professionals. It has been
described to have several potential health benefits (Hollman et al.,
1999; Singh et al., 2011; Yang et al., 2009) driven by its actions on
numerous cellular targets involved in cell proliferation, adhesion, and
migration ((Mineva et al., 2013; Shankar et al., 2008; Singh et al., 2011;
Suzuki and Isemura, 2001), but these cellular processes are also es-
sential for correct brain development (Holmes and McCabe, 2001),
suggesting a hazardous potential for EGCG on neurodevelopment.

In a previous study using human and rat neurospheres we have
shown that EGCG inhibits adhesion and migration of neural progenitor
cells (NPCs) and that at higher concentrations it also produces a re-
duction of the number of migrating young neurons in vitro, without
affecting NPC proliferation (Barenys et al., 2017a). An independent
research group has recently reproduced these migration alteration ef-
fects in a different test model (cMINC) showing that EGCG also inhibits
human neural crest cells migration in vitro (Nyffeler et al., 2017). Be-
sides being a freely-available food-supplement, EGCG is also intensively
studied at a preclinical level as a potential prenatal treatment to de-
crease developmental adverse effects induced by toxic substances, i.e.
prevention of the neurodevelopmental adverse effects related to the
fetal alcohol syndrome (Long et al., 2010; Tiwari et al., 2010), or ad-
verse outcomes related with genetic diseases like cardiac hypertrophy
and short-term memory deficits associated with Williams-Beuren syn-
drome (Ortiz-Romero et al., 2018) and reduction of craniofacial fea-
tures associated with Down syndrome (McElyea et al., 2016).

Even if EGCG stimulates an elevated interest for therapies in adults
or during prenatal development, it displays poor bioavailability and
limited stability under physiological conditions (Krupkova et al., 2016;
Puig et al., 2009; Turrado et al., 2012), therefore in the last years
several strategies have arisen to generate new therapeutical agents
derived from EGCG to overcome these limitations: e.g. the use of
polyethylene glycosylated poly (lactic-co-glycolic-acid) (PEGylated-
PLGA) nanoparticles to encapsulate EGCG or the synthesis of EGCG
analogues. Here we tested such EGCG alternatives in the ‘Neurosphere
Assay’ to assess their potency to disturb (1) NPC migration distance (2)
the formation of the migration corona (3) cellular process orientation
angle, and (4) neuronal migration. In our study we included the original
compound EGCG, EGCG PEGylated-PLGA nanoparticles (Nano-EGCG),
the polyphenolic compounds G37 and G56 with two galloyl units and a
naphtyl or a biphenyl moiety, respectively, and M1 and M2 with one
galloyl group (Fig. 1). The inclusion of the latter was motivated by the
results in our previous study where we observed that the natural ca-
techin with only one galloyl group epigallocatechin (EGC, CAS: 970-74-
1) disturbed the adhesion of NPCs less potently than EGCG (Barenys
et al., 2017a). These five compounds: Nano-EGCG, G37, G56, M1, and
M2, have already been tested for some beneficial effects related with,
for example, their anticancer, anti-seizure, antibacterial and/or an-
algesic activity (Cano et al., 2018; Crous-Maso et al., 2018; Xifr6 et al.,
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2015), yet their potential to interfere with neurodevelopmental pro-
cesses like migration needs evaluation before they are tested as prenatal
therapies or prenatal nutritional supplements.

2. Material and methods
2.1. Reagents

(—)-Epigallocatechin-3-gallate (EGCG, CAS 989-51-5, purity >
98%) was purchased from TransMIT PlantMetaChem (Giessen,
Germany). 4-Hydroxy-2-naphtyl 3,4,5-trihydroxybenzoate (M1), 3-hy-
droxy-1-naphtyl 3,4,5-trihydroxybenzoate (M2), 1,4-bis[(3,4,5-trihi-
droxybenzol)oxylnaphthalene (G37) and 4,4’-bis[(3,4,5-trihidrox-
ybenzol)oxy]-1,1’-biphenyl (G56) were synthesized as detailed by
Crous-Maso et al. (2018) by the LIPPSO group at the University of
Girona at a purity > 90%. Stock solutions of EGCG and its four deri-
vatives were dissolved at a final working concentration of 0.01%
DMSO.

Poly (lactic-co-glycolic acid)-polyethylene glycol (PLGA-PEG) 5%
was purchased from Evonik Co. (Evonik Co., Birmingham, USA).
1.5 mg/mL EGCG loaded PEGylated-PLGA nanoparticles were prepared
at the laboratory of the ‘Nanostructured systems for controlled drug
delivery’ research group as described in Cano et al. (2018). Briefly, the
formulation with 1.5mg/ml of EGCG, 14 mg/ml of PLGA-PEG and
Tween 80 1.5% led to a monodisperse population (polydispersity index:
PI < 0.1) of particles with an average particle size (Z,,) of
168.5 = 9.9 nm and an encapsulation efficiency (EE) higher than 95%.
The formulation showed a =zeta potential (ZP) value
(—23.3 = 5.3mV). As the nanocarrier was formulated by the double
emulsion method using Tween’80 as surfactant, working solutions of
Nano-EGCG were prepared at a final concentration of 0.1% Tween’80.

2.2. Ethics statement

The acquisition of brain tissue for preparation of neurospheres was
approved by the Ethic Committee for Animal Experimentation of the
University of Barcelona (CEEA) with license number OB 341/17.

2.3. Proliferating cell culture establishment and maintenance

See Fig. 2 for a graphical representation of the experimental ap-
proach. Rat neural progenitor cells (NPCs) were isolated from whole
brain of two postnatal day 1 (PND1) pups as previously described in
Baumann et al. (2014). NPCs were cultivated as a floating culture in a
humidified incubator at 37 °C and 5% CO, in B27-proliferation medium
[Dulbecco's Modified Eagle Medium (DMEM) and Hams F12 (3:1) with
B27-supplement (Invitrogen GmBH, Karlsruhe, Germany), 20 ng/mL
Epidermal growth factor (EGF, Biosource, Karlsruhe, Germany), 10 ng/
mL recombinant rat fibroblast growth factor (rrFGF, R&D Systems,
Wiesbaden-Nordenstadt, Germany), 100 U/mL penicillin and 100 pug/
mL streptomycin (PAN-Biotech)]. Every 2-3 days half of the medium
was replaced with fresh B27-proliferation medium. As soon as neuro-
spheres reached a certain size of 0.5-0.6 mm in diameter they were
passaged mechanically with a tissue chopper (Mclllwain) to maintain
their proliferative character. NPCs were chopped 3-4 days before
plating on a poly-D-lysine/laminin-coated surface in an 8-chamber slide
to perform the differentiation assay as described below.

2.4. Differentiation conditions and chemical exposure

Studies of migration and differentiation were performed under dif-
ferentiation conditions as described elsewhere (Baumann et al., 2014).
Briefly, NPCs were plated onto a coated surface of poly-D-lysine (PDL;
0.1 mg/mlL, Sigma Aldrich) and laminin (5 pg/mL, Sigma Aldrich) in an
8-chamber slide filled with N2 differentiation medium [Dulbecco's
modified Eagle medium (DMEM) and Hams F12 (3:1) supplemented
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EGCG PEGylated-
PLGA Nanoparticles G37
(Nano-EGCG)

with N2 (Invitrogen GmBH, Karlsruhe, Germany), 100 U/mL penicillin,
and 100 ug/mL streptomycin (PAN-Biotech) in absence of the growth
factors EGF and FGF]. 3-4 days after chopping five neurospheres of
diameter 0.3 mm were placed on the surface of each chamber and
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Fig. 1. Chemical structure of the tested com-
pounds. EGCG (458.375 g/mol): epigallocatechin
gallate; M1 (312.27 g/mol): 4-hydroxy-2-naphthyl
3,4,5-trihydroxybenzoate; M2 (312.27 g/mol): 3-hy-
droxy-1-naphthyl 3,4,5-trihydroxybenzoate; EGCG
PEGylated-PLGA Nanoparticles (Nano-EGCG); G37
(464.38 g/mol): 1,4-bis[(3,4,5-trihydroxybenzoyl)
oxylnaphthalene; G56 (490.42g/mol): 4,4’-bis
[(3,4,5-trihydroxybenzoyl)oxy]-1,1’-biphenyl.

exposed for 24 h to EGCG, Nano-EGCG, G37, G56, M1 or M2 at in-
creasing concentrations (1, 5 and 10 uM) at 37 °C in a humidified 5%
CO,, incubator. Solvent controls were plated containing the same sol-
vent concentrations then the tested compounds: 0.01% DMSO as

= 4
Preparation of
exposure
| solutions
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!
E— T\
Sorting and plating
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Incubation for 24h
/‘ at 37°C and 5% CO:2
Evaluation of

Migration distange Migration corona

|Immunccytochemistry
Neuronal differentiation

Fig. 2. Graphical representation of the experimental approach. Migration distance. Phase-contrast image of the whole migration area of a rat neurosphere after
24 h of culture on a PDL/laminin coated surface. Migration distance measurement in 4 perpendicular radii from the neurosphere edge to the furthest migrated cells is
exemplified with 4 arrows. Migration corona. Phase-contrast image of the whole migration area of a rat neurosphere after 24 h of culture on a PDL/laminin coated
surface. The angle of the corona with presence of migrating cells surrounding the neurosphere core is represented with an arrow. Orientation angle. Phase-contrast
image of the right side of the migration area of a rat neurosphere after 24 h of culture on a PDL/laminin coated surface. Measurement of 20 orientation angles is
represented with discontinuous arrows. Neuronal differentiation. Fluorescent microscope image of the upper part of the migration area of a rat neurosphere after
24h of culture on a PDL/laminin coated surface, fixation and immunocytochemistry. Blue: nuclei staining (Hoechst), green: neuronal marker (BIII-tubulin). Scale
bars: 100 um. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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solvent control for EGCG, G37, G56, M1 and M2 and 0.1% Tween 80 as
solvent control for Nano-EGCG. EGF (20 ng/mL) was used as a positive
control, since this concentration significantly increases migration and
inhibits neuronal differentiation (Schmuck et al., 2017). Three to four
independent experiments were performed for every endpoint and
treatment.

2.5. Migration

All migration experiments were performed under differential con-
ditions and were analyzed after an exposure time of 24 h. To evaluate
the individual endpoints the whole migration area of each neurosphere
was visualized using a high performance phase-contrast microscope
(Nikon Eclipse TS100) and pictures were taken with a monochrome
camera (Imaging Source DMK 51AU02).

2.5.1. Migration distance

The radial migration distance of each neurosphere was measured as
described in Baumann et al. (2014) and Moors et al. (2007). Briefly, the
radius in four perpendicular angles from the edge of the neurosphere
core to the furthest migrated cells was measured by using the ImageJ
software. Subsequently the mean of the four radii was calculated to
obtain the migration distance of each sphere.

2.5.2. Corona of migrating cells

The corona of migrating cells around the sphere core was calculated
by manual measurement of the angles of the area covered with cells of
the total corona around a sphere core (360°). The sum of all angles
around the neurospheres covered by cells was calculated.

2.5.3. Orientation angle measurement

NPCs migrate in a specific orientation angle within the migration
area  which was manually analyzed in two frames
(406.5um X 284.8 um) per neurosphere. This orientation angle was
measured in respect to the perpendicular direction from the sphere core
for approximately 300 cell processes per concentration and experiment
and subsequently plotted in a color-coded polar plot using MatLab
R2017b version.

2.6. Viability testing

Viability was assessed directly after capturing pictures for the mi-
gration assay (24h after exposure) by means of Alamar Blue Assay
using the CellTiter-Blue Reagent (CTB) (Promega, Mannheim,
Germany) as described in Baumann et al. (2014).

2.7. Immunocytochemistry

After 24 h of exposure and subsequently viability testing cells were
fixed overnight in 4% paraformaldehyde (PFA) at 4 °C. On the following
day cells were washed with 1x Phosphate Buffered Saline (PBS) and
stored in PBS at 4 °C until immunofluorescence staining was performed.
To stain the cell nuclei and differentiated neurons within the migration
area, neurospheres were incubated for 1 h at 37 °C with 10% goat serum
and rabbit-anti-B(II)-tubulin first antibody (1:200; Sigma-Aldrich) in
1x PBS with 0.1% (v/v) Triton-X 100 (PBS-T) followed by 30 min in-
cubation at 37 °C with 2% goat serum, 1% Hoechst 33258 (Sigma-
Aldrich) and anti-rabbit Alexa Fluor 546 secondary antibody (1:200;
Sigma-Aldrich) in 1x PBS. Two images of the stained migrating area of
each neurosphere were taken under a Nikon Eclipse TS100 fluorescence
microscope. The number of Hoechst-positive cell nuclei was determined
with the “Analyze Particle” command of ImageJ software (Schneider
et al., 2012). BIII-tubulin™ cells were quantified by manual counting in
all images and expressed as percentage of the total number of cell nuclei
within the two pictures corresponding to one neurosphere.
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2.8. Statistics

Statistical analysis was performed with the Software GraphPad
Prism, Version 7, by one-way ANOVA, followed by Bonferroni's test in
the one compound concentration-response experiments. Two-way
ANOVA, followed by Bonferroni's post hoc test was carried out to
compare two compounds concentration-response curves. For each
evaluated compound 50% effective concentrations (ECso) were calcu-
lated by applying a nonlinear sigmoidal dose-response inhibition curve
fit with variable slope to the obtained data points (with constrains
top = 100, bottom = 0). Two-way ANOVA, followed by Bonferroni's
post hoc test was also performed to determine the significance between
angle-orientation variation and concentration. Student's t-test was used
to compare the results between the two solvent controls and multiple
student's t-test was applied to determine the significance between
angle-orientation variation and concentration between the two solvent
controls. Significance threshold in all statistical analysis was fixed at
p < 0.05.

3. Results

In a previous study, EGCG exposure for 24 h disturbed migration of
NPCs in both human and rat neurospheres (Barenys et al., 2017a). As
there were no significant differences in sensitivity towards adverse
EGCG effects between both species, we tested EGCG and five different
related-substances in only one model: the rat neurospheres. To follow
the same approach of that study, we chose the same exposure period
(24 h), the same exposure concentration range (1-10 uM) and the same
solvent control concentration (0.01% DMSO) in all cases except in the
nanoparticulated formulation Nano-EGCG where the solvent control
needed to be 0.1% Tween 80, the surfactant used to ensure the optimal
physicochemical characteristics of the developed nanosystem (Cano
et al., 2018). As 0.1% Tween’80 was never used as solvent control in
the ‘Neurosphere Assay’ before, we present in Supplementary Figure 1
the comparison of the raw values obtained for all evaluated endpoints
for 0.01% DMSO and 0.1% Tween 80 controls, showing no statistically
significant differences for any migration- or neuronal differentiation-
related endpoint and a significant increase in cell viability detected by
means of Alamar-Blue assay in the 0.1% Tween 80 group which in-
dicates that this solvent concentration is not cytotoxic for NPCs in
culture.

The compounds selected to be included in this study were a nano-
formulation of EGCG, and four EGCG structurally-related compounds
including one (M1 and M2) or two (G37 and G56) galloyl groups
(Fig. 1). The tested compounds displayed different potencies in dis-
turbing NPC migration distance after 24 h of exposure. G37 and M2
produced significant decreases of migration distance at 5uM, G56 and
M1 caused this effect at the maximum concentration tested (10 puM),
while Nano-EGCG did not significantly reduce the migration distance
(Fig. 3). G56, M1, M2 and Nano-EGCG displayed a significantly dif-
ferent concentration-response curve from the one of EGCG (Fig. 3).

Besides decreasing the migration distance, we observed the pre-
viously described characteristic effect of EGCG disturbing the migration
pattern by induction of gaps and branches in the migration area
(Fig. 3). This effect, which so far has only been reported after exposure
to catechin related compounds or to a functional betal-integrin anti-
body, can be assessed by measuring the angle of the corona surrounding
each neurosphere core with presence of migrating cells, irrespective of
the distance of migration from the neurosphere core as published before
for EGCG evaluation (Barenys et al., 2017a) and previously described in
a different developmental neurotoxicity test using stem cells and mea-
suring the neural outgrowth surrounding embryoid bodies (Theunissen
et al.,, 2011). When the angle of the corona surrounded by migrating
cells was measured, the tested compounds displayed very similar po-
tencies than in the migration distance assay: G37 and M2 significantly
decreased the angle of corona at 5uM, while G56 and M1 only
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Fig. 3. EGCG, Nano-EGCG and structurally related compounds display different potencies in disturbing NPC migration distances and the formation of the
migration corona. Rat neurospheres were cultured for 24 h with increasing concentrations of EGCG, Nano-EGCG, G37, G56, M1 and M2. Migration distance (A) and
the angle of the corona with presence of migrating cells surrounding the neurosphere core (B) were evaluated in five neurospheres/concentration in four independent
experiments. Results are presented as mean = SEM in % of respective solvent control (DMSO 0.01% for EGCG, G37, G56, M1 and M2 or 0.1% Tween’80 for Nano-
EGCG), and mean = SEM angle values in degrees, respectively. *p < 0.05 versus respective solvent control by one-way ANOVA and Bonferroni test. #p < 0.05 versus
EGCG concentration-response curve by two-way ANOVA. C. Representative phase-contrast images of neurospheres exposed to 5uM of each test compound for 24 h
showing part of their migration area with one of the measured distances indicated with an arrow. D. Representative phase-contrast images of neurospheres exposed
to solvent control 0.01% DMSO, or 5uM of all tested compounds for 24 h showing the full migration area and the measured angles of corona with migrating cells

around a sphere (In solvent control picture D, an arrow indicating the measured migration distance is also included for comparison with C). Scale bars: 100 pm.

+

presented significant effects at 10 uM and Nano-EGCG did not induce a
significant reduction of the endpoint (Fig. 3). Also in this case, when
concentration-response curves of each compound were compared to the
one of EGCG, all tested compounds displayed a significantly different
curve profile than EGCG except G37 (Fig. 3).
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To better compare the potencies of the effects among all com-
pounds, 50% effective concentrations (ECsy) were calculated for the
two previously presented endpoints as well as for viability results by
applying a nonlinear sigmoidal dose response curve fit to the obtained
data points (Fig. 4). ECso values were above the tested concentrations
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Fig. 4. EGCG structurally related compounds display different potencies in disturbing NPCs migration related endpoints. Rat neurospheres were cultured for
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*p < 0.05 versus respective solvent control by one-way ANOVA and Bonferroni test. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

for all endpoints for G56 and Nano-EGCG. For M1, ECs, values were
also above the tested concentrations for all endpoints except for mi-
gration where it was 8.61 uM. In contrast, G37 presented ECs, values of
the same magnitude than EGCG while M2 displayed approximately two
times higher ECso values for the endpoints migration distance and
corona formation. Viability curves representing metabolic activity
measured with the Alamar Blue Assay showed that ECs, values were not
reached in any compound except for EGCG and G37. A very recent
study shows that migration distance or pattern can define the magni-
tude of signal of viability assays like the Alamar Blue Assay because the
metabolizing rate is related to number of cells in the migration area
(Fritsche et al., 2018). Therefore it is not surprising that EGCG and G37,
the two compounds with the strongest effect in migration distance and
migration pattern are the only ones reaching an ECs in the Alamar Blue
Assay. In that study, to discard a direct cytotoxic effect of EGCG in NPCs
a different assay not directly dependent on cell number was applied:
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FACS analyses identifying annexinV/Propidium Iodide positive cells
clearly showed that EGCG does not cause cell death (Fritsche et al.,
2018).

A complementary approach to evaluate the effect of EGCG on the
migration of NPCs is to measure the orientation angle of the cell mi-
grating processes in a fixed area. As cells migrate radially from the
neurosphere core, cellular processes of solvent control neurospheres
were mainly oriented between 0° and + 30° angles toward the re-
ference axis (for a schematic representation of the measurement
method the reader is referred to Barenys et al., 2017a). In contrast, as
previously observed, 24 h EGCG exposure caused a chaotic orientation
of processes with a significantly increased percentage of cells be-
tween * 30° and + 60° angles. In this case, at higher concentrations, a
significant increase in the percentage of cells oriented between + 60°
and + 90° angles was also observed, while Nano-EGCG did not change
the orientation of cell processes at any tested concentration (Fig. 5).
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Fig. 5. EGCG, Nano-EGCG and structurally related compounds display
different effects on the orientation of migrating cells processes. Color-
coded polar plot displaying the orientation of cellular processes in relation to
the reference axis after exposure of rat neurospheres to increasing concentra-
tions of EGCG, Nano-EGCG, G37, G56, M1 and M2 during 24 h. Blue: angles
from —30 to 30°, yellow: angles from 30° to 60° and —30° to —60°, red: angles
from 60° to 90° and —60° to —90°. Results are expressed in percentage of the
total angles measured (vertical axis represents percentage in logarithmic scale).
Data representing 3 independent experiments, where the angle of 240 cell
processes in average per concentration and experiment were measured.
*p < 0.05 versus respective solvent control angle group by two-way ANOVA and
Bonferroni analysis (EGCG, G37, G56, M1 and M2 solvent control: 0.01% DMSO;
Nano-EGCG solvent control: 0.1% Tween’80). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)
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For the other four tested compounds, in all cases the disturbance
effect induced was less potent than after exposure to EGCG, as no sig-
nificant effects were observed at 1 uM and there was no significant
increase in the percentage of cells oriented between * 60° and + 90°
angles after exposure to any of the compounds tested. Again, when
comparing among them four, the effect was more potent after exposure
to G37 and M2 than after exposure to G56 or M1, which was not in-
ducing significant effects until 10 pM.

As in the ‘Neurosphere Assay’ the radial glial scaffold is normally
used by young neurons to migrate away from the sphere core, we finally
evaluated if the alterations in cell orientation had an impact in the
percentage of migrating neurons, as previously observed with EGCG in
human NPC (Barenys et al., 2017a). Similar to previous results in
human neurospheres, after 24h of exposure, EGCG induced a sig-
nificant reduction in the percentage of neurons in the migration area
also of rat neurospheres only at the highest concentration tested
(10uM; Fig. 6) (Barenys et al., 2017a). From all other compounds
tested, only M2 induced a significant decrease in the percentage of
neurons at concentrations even lower than EGCG (1 uM), while G37 and
M1 showed a trend to reduction without reaching statistical sig-
nificance (ANOVA p value = 0.06 and 0.07 respectively). Again, Nano-
EGCG and G56 had no adverse effect on the endpoint studied at any
concentration.

4. Discussion

The within-laboratory variability of the results obtained with the
‘Neurosphere Assay’ in control or exposed neurospheres has already
been published in several articles performed by different operators over
a long time (Baumann et al., 2016; Fritsche et al., 2005; Moors et al.,
2009; Schmuck et al., 2017). In addition historical control values of the
different endpoints of the neurosphere assay were summarized
(Baumann et al., 2015). But so far, the transferability of the method in a
second laboratory was not shown. In the present work, we reproduce
the results previously published for solvent control (DMSO 0.01%) and
EGCG exposed neurospheres in a different laboratory (University of
Barcelona) of a different country (Spain), with different equipment and
using neurospheres gained from a different rat strain (Sprague-Dawley).
The values obtained in control culture conditions in this new lab fulfill
the quality requirements previously published (Baumann et al., 2016,
2014) and EGCG exposure disturbed NPC migration by inducing the
same pattern of alterations: significantly reduced migration distance,
significantly decreased angle of corona with presence of migrating cells,
significantly disturbed orientation of migrating cells' processes, and at
higher concentrations reduced neuronal migration. The transferability
of results among laboratories is a requirement of the retrospective va-
lidation process of new methods in toxicology described by Hartung
et al. (2004), which outlines the path to evaluate the validity of a new
test on the basis of a modular validation approach and which was al-
ready used for example to retrospectively validate the in vitro micro-
nucleus test (Corvi et al., 2008). According to the recommendations on
test readiness criteria for new approach methods in toxicology (Bal-
Price et al., 2018) the present results contribute to prove the robustness
of the ‘Neurosphere Assay’ (criteria 9c-interlab) and bring forward its
readiness.

The main aim of this study was to compare the effects of EGCG on
NPC migration with the ones induced by the structurally related com-
pounds G37, G56, M1, M2 and Nano-EGCG, developed as new ther-
apeutical strategies. The overall evaluation of the endpoints shows a
consistent pattern of different potencies of the tested compounds:

EGCG = G37 > M2 > M1 = G56 > Nano-EGCG

Several studies have shown that EGCG can bind to laminin (Peter
et al., 2017; Suzuki and Isemura, 2001) and disturb the adhesion of
cells to the extracellular matrix (Bracke et al., 1987; Chen et al., 2003;
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Fig. 6. EGCG structurally related compounds display different potencies in disturbing the migration of young neurons. A. Rat neurospheres were cultured for
24 h with increasing concentrations of EGCG, Nano-EGCG, G37, G56, M1 and M2. The number of BIll-tubulin™ cells was manually counted in two areas per
neurosphere and five neurospheres per concentration in three independent experiments and divided by the total number of nuclei in the two areas. Results represent
the mean + SEM in % of respective solvent control (DMSO 0.01% for EGCG, G37, G56, M1 and M2 or 0.1% Tween"80 for Nano-EGCG). *p < 0.05 versus respective
solvent control by one-way ANOVA and Bonferroni test. B. Representative pictures of neurospheres exposed to 10 uM of the tested compounds and their respective
solvent controls. Blue: nuclei staining (Hoechst), green: neuronal marker (BIII-tubulin). Scale bars: 100 pm. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Suzuki and Isemura, 2001) finally leading to an altered cell migration
pattern (Bal-Price et al., 2017; Barenys et al., 2017a; Nyffeler et al.,
2017). The structural moieties inducing this altered cell migration
seemed to be galloyl/pyrogallol groups because in a previous study,
catechins lacking these residues did not disrupt cell adhesion (Barenys
et al., 2017a). In that study we postulated that compounds with only
one galloyl or pyrogallol moiety would disturb NPC migration less
potently than compounds including two of them. With the results of the
present work we can refute this hypothesis, as M2 with only one galloyl
moiety disturbs migration more potently (ECsomigration-m2 = 3.06 pM)
than G56 with two (ECsomigration-Gs6 = not reached). The current results
also indicate that variations in the main structure can cause large dif-
ferences in migration disturbance potency as G37 and G56 include both
two galloyl groups but G37 with a naphthyl unit disturbs migration
more potently than G56 with a biphenyl one (ECsomigration-
637 = 2.17uM < < ECsomigration-Gs6 = not reached).

Hence, the structural interplay between galloyl groups and other
aromatic ring groups within the same molecule seems to determine
laminin binding capacity that masks integrin binding sites. To unravel
the precise structures necessary for exerting these effects, more com-
pounds structurally related to EGCG need to be tested in this assay.

To compare the EGCG-related compounds’ potencies at an in vivo
relevant concentration-range all compounds were tested between 1 and
10 uM (reviewed by Barenys et al., 2017b). Concentrations of EGCG in
human plasma within this range have already been described after
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EGCG supplements intake (Shanafelt et al., 2009; Ullmann et al., 2003),
however, a 5 or 10 uM concentration would not be achievable in in-
dividuals with a non-supplemented diet (Skibola and Smith, 2000).
When tested at this range of concentrations, compounds G37 and M2
disturbed some endpoints with an ECsq < 5uM. G56 and M1 sig-
nificantly disturbed migration distance and the formation of the mi-
gration corona only at 10 pM and for G56 ECs, values were not reached
within the tested concentrations. For these compounds, concentrations
around 10 uM are not expected to be achieved in the developing brain
in vivo, as pharmacokinetic studies in pregnant rats indicate that for
example total EGCG is found at approximately eight times lower con-
centrations in the fetal brain than in maternal plasma (Chu et al., 2006).
However, pharmacokinetic studies in pregnant animals with G37, G56,
M1, M2 or Nano-EGCG have not been performed yet. In this sense, even
if 10 uM EGCG already induce a total response in migration, and higher
concentrations would exceed in vivo relevance, the addition of a 20 uyM
concentration for some of the other tested compounds would have
strengthened the calculation of ECsq values. According to our results,
M1 and G56 would seem good candidates to develop therapeutic or
preventive strategies for pregnant women, however, M1 induces a non-
significant decrease in migration of young neurons after 24 h (p = 0.07)
which could be expected to become stronger after longer exposures. As
G56 does not induce any reduction in this endpoint either, G56 would
seem a better alternative than M1. Other studies have shown that G56 is
significantly more effective than EGCG in reducing thermal
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hyperalgesia in a chronic constriction nerve injury mice model, that it
displays strongest inhibition of lipogenic enzyme fatty acid synthase
(FASN) than EGCG and that compared to the control group it does not
cause significant changes on body weight neither alterations in hepatic,
renal or hematological function markers at daily doses of 50 and
75 mg/kg (Xifro et al., 2015).

Furthermore, the nanoformulation of EGCG did not disturb any of
the evaluated endpoints in this study (ECsos = not reached for any
endpoint). It is expected that in this particular case EGCG presents a
more sustained release to the medium than when neurospheres are
exposed to the free drug as this is precisely one of the aims of na-
noencapsulating a compound, to contribute to a slower delivery of the
drug. This sustained delivery might be responsible of a decreased
concentration in the medium and a decreased interaction of the com-
pound with the cells of the sphere or with the extracellular matrix, and
therefore be responsible of a decrease or in this case an avoidance of
adverse effects. The fact that a different solvent control was used while
testing Nano-EGCG (0.1% Tween"80) did not influence the outcome, as
the results of this solvent control are comparable with the ones of the
solvent control used for G37, G56, M1 and M2 (0.01% DMSO;
Supplementary Figure 1). This comparison also contributes to identify
Tween 80 as a usable solvent control in the ‘Neurosphere Assay’, which
might be of relevance due to its common use to develop nanoparticu-
lated systems. Based on our results, Nano-EGCG could also be a po-
tentially useful alternative to EGCG for developmental therapies. Pre-
viously published studies showed that Nano-EGCG significantly
reduced the number and the intensity of epileptic episodes in mice more
than the administration of the free drug (Cano et al., 2018).

Finally, it is important to remark that compounds containing galloyl
moieties should be suspected to disturb the neurodevelopmental key
event ‘NPC migration’, and therefore, developmental neurotoxicity re-
levant evaluations should be included in the process of developing new
medical drugs structurally-related with this family.

In summary, we can conclude that several compounds structurally-
related to EGCG that are designed as its new therapeutical alternatives,
induce the same pattern of alterations in the migration of NPCs than
EGCG and some of them do it with the same potency (G37). In general,
the potency of the effects of these compounds does not necessarily
depend on the number of galloyl groups present in the molecule. This
study suggests G56 and Nano-EGCG as potential therapeutic or pre-
ventive alternatives to EGCG for the prenatal period but further com-
prehensive evaluations of the neurodevelopmental effects of these
compounds are needed to confirm their safety.
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Summary

Following a multi-disciplinary approach integrating information from several experimental
models we have collected new evidence supporting, expanding and redesigning the AOP
“Disrupted laminin/int-B1 interaction leading to decreased cognitive function”. Investigations
in vitro in rabbit and rat neurospheres and in vivo in mice exposed to EGCG (epigallocatechin-
gallate) during neurodevelopment are combined with in vitro evaluations in neural progenitor
cells overexpressing int-B1 and literature information from int-B1 deficiency models. We have
discovered for the first time that neural progenitor cells from intrauterine growth restricted
(IUGR) animals overexpress int-B1 at gene and protein level and due to this change in prenatal
brain programming they respond differently than control neurospheres to the exposure of
EGCG, a compound triggering neural progenitor cell migration alterations. We have also
identified that EGCG developmental exposure has deleterious effects on neuronal branching
and arborisation in vitro and in vivo. Our results warn that a thorough developmental
neurotoxicity characterization of this and other catechin-based food supplements is needed

before recommending their consumption during pregnancy.
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Abstract

Following a multi-disciplinary approach integrating information from several
experimental models we have collected new evidence supporting, expanding and
redesigning the AOP “Disrupted laminin/int-B1 interaction leading to decreased
cognitive function”. Investigations in vitro in rabbit and rat neurospheres and in vivo in
mice exposed to EGCG (epigallocatechin-gallate) during neurodevelopment are
combined with in vitro evaluations in neural progenitor cells overexpressing int-B1 and
literature information from int-B1 deficiency models. We have discovered for the first
time that neural progenitor cells from intrauterine growth restricted (IUGR) animals
overexpress int-B1 at gene and protein level and due to this change in prenatal brain
programming they respond differently than control neurospheres to the exposure of
EGCG, a compound triggering neural progenitor cell migration alterations. We have also
identified that EGCG developmental exposure has deleterious effects on neuronal
branching and arborisation in vitro and in vivo. Our results warn that a thorough
developmental neurotoxicity characterization of this and other catechin-based food
supplements is needed before recommending their consumption during pregnancy.



1. Introduction

Epigallocatechin gallate (EGCG), the most abundant catechin in green tea, is currently being
broadly studied as a promising treatment for several diseases including Alzheimer’ and
Parkinson’s disease, cancer, obesity or inflammation (Cano et al., 2019; Pervin et al., 2018).
EGCG has even been proposed as a possible treatment during pregnancy to prevent/ treat
alterations of brain development due to Down’s syndrome (Catuara-Solarz et al., 2016; Souchet
et al., 2019; Stagni et al., 2021, 2016), or fetal alcoholic syndrome (Almeida-Toledano et al.,
2021; Long et al., 2010; Tiwari et al.,, 2010). However, the safety of EGCG during prenatal
development is still unclear because it has not been subject to classical risk assessment
evaluations (Abdel-Rahman et al., 2011) and comprehensive information on specific toxicities
concerning subtle endpoints like developmental neurotoxicity (DNT) is missing (Barenys et al.,
2016a). Previous studies using the Neurosphere Assay shed light on the potential
neurodevelopmental toxic effects of EGCG proving adverse effects on neural progenitor cell’
(NPC) migration and unravelling the mechanism behind it: the binding of EGCG to the
extracellular matrix protein laminin, which prevents the interaction of the integrin-f1 (int-f1)
cell adhesion molecule with laminin (Barenys et al., 2016b, 2017; Kiihne et al., 2019; Peter et al.,

2017; Suzuki and Isemura, 2001).

However, the dose makes the poison, so in the present study, we investigated in the
Neurosphere Assay if 5-, 50- or 500-times lower concentrations of EGCG would no longer have
this DNT effect and could be safely used as a neuroprotective prenatal therapy. In parallel we
tested the same concentrations of a synthetic analogue of EGCG named 4,4'-bis[(3,4,5-
trihydroxybenzoyl)oxy]-1,1'-biphenyl or G56 with the same purpose, because it was previously
selected in the Neurosphere Assay as the safest among a group of synthetic analogues regarding
NPC migration and it was suggested to be the best candidate for potential future therapeutic or

preventive alternatives to EGCG during the prenatal period (Kiihne et al., 2019).



For both compounds we didn’t only evaluate their safety, but also their efficacy as
neuroprotective agents at this lower concentration range. In this case and based on the known
antioxidant activity of EGCG we studied their use as neuroprotective prenatal therapies during
intrauterine growth restriction (IUGR) (Barenys et al., 2021). IUGR is a widespread disorder
during development defined as a significant reduction of fetal growth rate mainly due to
placental insufficiency (Kady and Gardosi, 2004). This condition leads to fetal development
under chronic hypoxia resulting in white matter injury due to myelination defects and in a
significant reduction in oligodendrogenesis (Barenys et al., 2021; Kiihne et al., 2022; Reid et al.,
2012; Rideau Batista Novais et al., 2016; Tolcos et al., 2011). In the long run, IUGR can manifest
in severe neurodevelopmental sequelae like neurocognitive disorders, learning disabilities,
attention deficit hyperactivity disorder, or autism spectrum disorder (Abel et al., 2013; llla et al.,
2013; Leitner et al., 2007; Mwaniki et al., 2012). Hence it was reasonable to test the widely used
green tea component EGCG and the alternative G56 on the critical neurodevelopmental
endpoints of migration and OL differentiation. To study the neuroprotective potential of EGCG
and G56 to rescue IUGR induced oligodendrogenesis defects, we used a novel 3D rabbit
neurosphere model, which mimics the basic processes of brain development of control and IUGR
rabbit pups including NPC proliferation, migration and differentiation (Barenys et al., 2021;
Baumann et al., 2014; Moors et al., 2009). The species rabbit was chosen due to its similarity to
human placentation and perinatal brain development (Barenys et al., 2021; Drobyshevsky et al.,
2014; Workman et al.,, 2013) and because it was previously proven to reflect better the
neurodevelopmental alterations observed in humans than the rodent species (Batalle et al.,

2012, 2014; Eixarch et al., 2012; Illa et al., 2013).

Based on the obtained results with EGCG and G56 in control and IUGR rabbit neurospheres, we
further explored the consequences of EGCG exposure to dendrite formation and continued

building a previously postulated adverse outcome pathway (AOP) complementing it with a



combination of key events (KEs) related with both endpoint, cell migration and dendrite

formation.

2. Material and Methods

2.1. IUGR induction

All animal procedures were approved by the Ethics Committee for Animal Experimentation
(CEEA) of the University of Barcelona and all protocols were accepted by the Department of
Environment and Housing of the ‘Generalitat de Catalunya’ (license number: 11126, date of
approval: 24/5/2021, procedure CEEA number: OB 340/19 SID). The IUGR induction were
performed in pregnant New Zealand rabbit according to the procedure previously described in
Eixarch et al., (2009). Briefly, on gestational day (GD) 25, IUGR was induced by surgical ligature
of 40-50% of the uterine vessels of each gestational sac of one uterine horn whereas the parallel
horn remained as control for normal growth. On GD 30, IUGR and control pups were born under
caesarean section and the birth weight was measured. In this study, the inclusion criteria for
postnatal day (PND) O rabbit pups was the same that was previously used in Barenys et al.,
(2021): for IUGR pups a birth weight lower and for control pups a birth weight higher than the

25™ percentile (39.7 g).

2.2. Neurosphere preparation

The neurosphere culture was prepared from whole brains of control and [IUGR PNDO rabbit pups.
The body weight of the pups was measured after caesarean section. The average birth weight
of IUGR rabbit pups was significantly lower than the weight of control pups (control 47.7 £ 19.5
gvsIUGR 28.1 +11.4 g, Fig. S1). Neural progenitor cells (NPCs) isolation from PNDO rabbit brains
was performed as previously explained in Barenys et al. (2021), Kiihne et al. (2022) and detailed
in Pla et al. (2022). In brief, meninges and olfactory bulbs were carefully removed from the brain
followed by mechanical cutting and enzymatic digestion with papain 20 U/mL for 20 min at 37°C.

Cell suspension was generated by mechanical homogenization and centrifugation for 10 min at



1200 rpm. Afterwards the cell pellet was resuspended in freezing medium (1:1; volume of pellet:
volume of freezing medium [consisting in 70% (v/v) proliferation medium, 20% (v/v) fetal calf
serum and 10% (v/v) DMSO]) and immediately stored at —80 °C. A detailed description of the
thawing protocol can be found in Pla et al. (2022). After thawing, NPCs were cultured for 11 days
in proliferation medium on Petri dishes coated with poly-HEMA at 37°C and 5% CO,. Proliferation
medium consists of DMEM and Hams F12 3:1 supplemented with 2% B27, and 20 ng/mL
epidermal growth factor (EGF) including recombinant human fibroblast growth factor (FGF2),
100 U/mL penicillin, and 100 pg/mL streptomycin, supplemented with 10 uM Rho kinase (ROCK)
inhibitor Y-=276322. Subsequently, half of the medium was renewed every 2-3 days without

ROCK supplements.

2.3. Neurosphere assay

After 11 days of proliferation, neurospheres were mechanically chopped to 0.2 mm size
(Mcllwain tissue chopper) and incubated at 37°C and 5% CO; for 2-3 days until they reached a
size of 0.3 mm. For every endpoint of migration and differentiation, 5 neurospheres per
condition were plated as replicates in a dice position in one well of an 8-chamber slide coated
with PDL/Laminin. Each chamber contained 500 pL of differentiation medium consisting of
DMEM and Hams F12 3:1 supplemented with N2 (Invitrogen), penicillin, and streptomycin (100
U/mL and 100 pg/mL). At least three independent experiments were performed for every

endpoint and exposure.

2.3.1. Testing of EGCG and G56

EGCG and G56 were dissolved in DMSO and subsequently in differentiation medium with a
maximum solvent concentration of 0.01% DMSO. The highest tested concentration was 1 uM
followed by 1:10 dilution. NPCs exposed to the solvent control (SC), or compound were
incubated for 72 h or 120 h depending on the endpoint to analyse. After 72 h of differentiation

50% of the medium was replaced by fresh exposure medium.



2.3.2. Migration distance assay

Radial glial migration was measured as previously described in Baumann et al. (2014). Briefly,
after 72 hand 120 h under differentiation conditions, bright-field pictures were taken from each
neurosphere [EX—H30 camera (Casio, Japan)]. Migration distance [um] was measured on four
right-angled sides from the neurospheres core until the furthest migrated cell using Image)

1.53a software.

2.3.3. Corona formation of migrating cells

After 72 h under differentiation conditions, the angles of cells covering the migration corona
around the sphere core was manually measured, being 360° the total corona of migrating cells.
The sum of all angles surrounding the sphere core was calculated, as previously described in

Kihne et al. (2019).

2.3.4. Viability testing

Cell viability was assessed after 120 h of differentiation using CellTiter-Blue® (CTB) reagent
(Promega). In every experiment a lysis control was included by exposing neurospheres to 10%

DMSO for 2 h. For a detailed description refer to Pla et al. (2022).

2.3.5. Oligodendrocyte differentiation assay

The OL immunocytostaining was performed after viability assessment as described in (Kiihne et
al., 2022; Pla et al., 2022). Briefly, after 120 h of exposure neurospheres were fixed with 4% PFA.
Slides were washed with PBS and incubated with the 1% antibody solution overnight at 4°C
(1:200 mouse IgM anti-0O4 (R&D Systems), 10% goat serum in PBS) and after washing with the
2" antibody solution for 30 min at 37°C (1:200 anti-mouse IgG Alexa Fluor® 488 (Invitrogen), 2%
goat serum and 1% Hoechst 33258 (Sigma Aldrich)). Images from the upper and lower part from
each neurosphere were taken with a BX61 microscope (Olympus, Japan). The number of O4+

cells and nuclei were automatically counted using a high-content workflow from KNIME® version



4.4.0 (Berthold et al., 2007), and subsequently normalized by the number of nuclei (KNIME®
workflow adapted from the “High content Screening” workflow of KNIME created by Christian
Dietz. Our workflow is available in KNIME®-hub:

https://hub.knime.com/elisabet t/spaces/Public/latest/Counting%200L~fVNKirqqJhzZW8qjf. A

statistical comparison with manual evaluation can be found in supplementary material SM1 and

Fig. S2).

2.3.6. gRT-PCR

RNA isolation and cDNA synthesis was performed from control and IUGR neurospheres after 5
days under differentiation conditions followed by gRT-PCR using self-designed primer sequences

for int-81 and int-64 for the species rabbit (table S1). A detailed description is described in SM2.

2.3.7. Western blot

NPCs under proliferating conditions obtained from control and IUGR animals were thawed, 2x
centrifuged at 163 rcf for 10 min to discard the supernatant and the remaining pellet was
homogenized for protein expression analyses of int-B1 and int-B4 by using the western blot

technique. A detailed description of the western blot method is explained in SM3.

2.4. Neurite length in rat neurosphere assay

For details on the performance of the rat neurosphere assay the reader is referred to Kithne et
al. (2019). Briefly, rat neurospheres were cultured under differentiation conditions for 24 h on
PDL/Laminin coated 8-chamber slides, and subsequently fixed and immunostained for BlIl-
tubulin+ cells (neurons) and Hoechst 33258 (nuclei). After 24 h exposure to SC (0.01% DMSO)
or EGCG [1 uM] the neurite length from 20 neurons (Blll-tubulin+ cells) per neurosphere was

manually measured using ImageJ 1.53a software.

2.5. Dendrite length after developmental administration of EGCG in vivo



Animal procedures were approved by the Committee of Ethical Animal Experimentation (CEEA-
PRBB; Protocol Number: VCU-14-1665) and the Generalitat of Catalonia (Protocol Number:
DAAM-8101) in accordance with the guidelines of the European Communities Directive
86/609/EEC. For a description of the in vivo study the reader is referred to Ortiz-Romero et al.
(2018). Briefly, treatment was started in pregnant female mice at postcoitum by dissolving EGCG
in drinking water freshly prepared from a green tea extract (Mega Green Tea Extract,
decaffeinated, from Life Extension®, USA, EGCG content by HPLC 326,25 mg) every 48—60 hours.
Animals drank EGCG (2.5-3 mg per day) until sacrifice at 8 weeks old. After cardiac perfusion
with 1x PBS followed by 4% PFA, brains were removed and postfixed in 4% PFA for 24 h at 4¢C,
in PBS for 24 h at 42C and, afterwards, crioprotected in 30% sucrose for 24 h at 42C. Finally, serial
coronal sections (150 um) of brain were collected on a glass slide and directly mounted with
Mowiol. For morphological analysis of the stratum radiatum (SR) and stratum oriens (SO),
1360x1024 images of CA1 hippocampus were obtained with an Olympus DP71 camera attached
to an Olympus BX51 microscopy with an Olympus U-RFL-T source of fluorescence at 4x
magnification. Measures from six hippocampal sections per animal were averaged. For spine
density and spine length analyses we obtained 1024x1024 pixel confocal fluorescent image
stacks from coronal tissue sections of using a TCS SP2 LEICA confocal microscope. Measurements

were performed according to a previously published method in Borralleras et al. (2016).

2.6. Behavioural tests

All experiments were performed during the light phase of the dark/light cycle by researchers
unaware of the different experimental groups. At the level of the task apparatus there was a
constant illumination of about <10 lux. In all tests each apparatus was cleaned with a diluted

ethanol solution after each mouse.

2.6.1.Social interaction test



We used the same previously described test in Borralleras et al. (2016), conducted in an open
field. First, an empty wire cup-container was placed in the centre of the arena. The subject
mouse was allowed to explore the arena, and the amount of time sniffing the empty container
was measured for 5 minutes. Next, an intruder mouse was hold in the container and, again, the

amount of time nose to nose sniffing was measured for 5 minutes.

2.6.2. Marble-burying test

The test was conducted in a polycarbonate rat cage filled with bedding to a depth of 5 cm and
lightly tamped down. A regular pattern of 20 glass marbles (five rows of four marbles) was placed
on the surface of the bedding prior to each test. An individual animal was placed in each cage.
The number of buried marbles (>2/3 marble covered) was counted every five minutes for 20

minutes.

2.7. Statistics

Statistical analysis was performed using GraphPad Prism v9. Two groups were compared with
two-way ANOVA followed by post-hoc Tukey’s multiple comparison test. The difference
between two groups was calculated with a two-tailed Student’s t-test. The significance

threshold was established at p<0.05.

3. Results

3.1. Safety and efficacy testing of EGCG and G56 in the Neurosphere Assay.

3.1.1. Safety testing

A fundamental neurodevelopmental key event previously found to be affected by EGCG
exposure at 5 and 10 uM is NPC radial migration, including the migration distance and its corona
formation (Barenys et al., 2017). Therefore, to test the safety of lower concentrations, we
analysed the effects of EGCG and G56 on neurospheres derived from control and IUGR brains.

After 3 days in vitro exposure to the highest tested concentration of EGCG [1 uM], control



neurospheres had a significantly reduced migration distance (62.4 + 4.9 % of SC), whereas
migration was not disturbed in IUGR neurospheres (102.9 + 6.8 % of SC; Fig. 1A and B). This
result remained the same after 5 days in vitro (Suppl. Fig. S3). Thus, after exposure to 1 uM of
EGCG, the migration distance of control and IUGR neurospheres was significantly different (Fig.
1A) because the controls were affected but IUGR neurospheres were not. Similarly, EGCG [1 uM]
significantly reduced the corona formation surrounding the sphere core in control neurospheres
(313° + 12.9° vs 360° of SC), but not in IUGR neurospheres (347° + 13.0° vs 360° in SC; Fig. 1B).
G56 did not significantly interfere with the migration distance or corona formation at any tested
concentration in both groups, control or IUGR (Fig. 1C and D), which shows, as described before,
that this EGCG derivative is safer than the parent compound (Kiihne et al., 2019). After exposure
to EGCG or G56, cell viability determined by metabolic activity was not significantly affected (Fig.

1D).
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Figure 1. EGCG disturbs migration in control but not in IUGR neurospheres. Rabbit neurospheres obtained from
Control and IUGR pups were comparatively analysed for each endpoint. Migration pattern was analysed after 3 days
under differentiation conditions. (A) Migration distance [um] after exposure to EGCG (green) and G56 (blue). (B)
Formation of migration corona [°] after exposure to EGCG (green) and G56 (blue). (C) Representative pictures of
migrated neural progenitor cells (NPCs) after 3 days in vitro of control and IUGR neurospheres with and without
exposure to 1 uM EGCG or G56, arrow: migration distance, dotted line: corona formation. (D) Cell viability determined
by metabolic activity after exposure to EGCG (green) and G56 (blue). Analysis was evaluated in five neurospheres/
condition in at least three independent experiments. Mean + SEM, *: p<0.05.



3.1.2. Efficacy testing

Within the migration area, NPCs differentiated under control conditions to 7.9 £+ 0.8 %
oligodendrocytes (OLs). NPCs obtained from IUGR brains had a significantly reduced ability to
differentiate to OLs (4.6 £ 0.5% IUGR) compared to control (Fig. 2A-C), reproducing previous
findings of our group (Kiihne et al., 2022). We observed that none of the tested concentrations
of EGCG or G56 could significantly increase OL differentiation, neither in control nor in IUGR
neurospheres. The endpoint-specific positive control BMP7 significantly reduced OL
differentiation to 1.3 £ 0.6 % (Suppl. Fig. S4). With these results it was clear that neither EGCG
nor G56 is a good candidate to be used as a neuroprotective therapy to prevent or treat white

matter alterations induced by IUGR.
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Figure 2. Lack of efficacy of EGCG or G56 upon decreased oligodendrocyte differentiation in IUGR neurospheres.
Rabbit neurospheres obtained from control and IUGR pups were comparatively analysed for each endpoint.
Oligodendrocyte differentiation after 5 days exposed to (A) EGCG and (B) G56. (C) Representative pictures of control
and IUGR neurospheres exposed to the 1uM EGCG or G56, oligodendrocyte marker O4 (green) and Hoechst 33258



(blue), Scale bar = 100 um. Analysis was evaluated in five neurospheres/condition in at least three independent
experiments. Mean + SEM, *: p<0.05.

3.2. IUGR neural /progenitor cells overexpress int-f1

Since we identified a significant difference in susceptibility to migration effects between control
and IUGR neurospheres, being the IUGR less sensitive, we analysed the gene expression of
subunit int-B1 in control and IUGR neurospheres, because previous studies revealed that EGCG
interferes with the laminin/ int-p1 interaction leading to a disturbed migration pattern (Barenys
et al., 2017). We also analysed the expression of int-B4 since this is another integrin subunit
known to bind to laminin (Barczyk et al., 2010; Humpbhries et al., 2006) but it is not involved in
the mechanism of action of EGCG disturbed migration (Barenys et al., 2017). Our gRT-PCR results
confirmed that in the IUGR group, the expression of int-B1 was significantly increased to a 10-
fold higher amount than in the control (control 1.14 vs IUGR 10.97, p=0.047, Fig. 3A). No
significant difference was observed in the fold-change expression of int-4 between control and
IUGR (control 1.09 vs IUGR 1.08, p=0.964, Fig. 3A). In line with these results, a significant increase
inint-B1 protein to a 3.5-fold higher amount than in control was observed in IUGR NPCs (control
1.00 vs IUGR 3.49, p=0.0465, Fig. 3B) and no significant difference was observed in the fold-
change expression of int-B4 protein between control and IUGR (control 1.00 vs IUGR 1.05,

p=0.8116 Fig. 3B).
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Figure 3. Overexpression of int-81 in IUGR neurospheres on gene and protein level. (A) gRT-PCR from int-81 and int-
B4 expression in control and IUGR neurospheres after 5 days of differentiation (five neurospheres/condition).
(B) Western blot analysis from control and IUGR proliferating NPCs. Analysis was evaluated in at least three
independent experiments. Mean + SEM, *: p<0.05, ns: not significant.

3.3. Neurodevelopmental EGCG exposure has deleterious effects on neurites

Besides being involved in cell adhesion and migration, int-B1 is crucial for other
neurodevelopmental processes like neurite length and arborization (Belvindrah et al., 2007;
Marrs et al., 2006). Knowing that, and linking this information with the fact that IUGR animals
present a higher arborization of neurons (Pla et al., 2020), we wondered if EGCG could also affect
neurite length and arborization during neurodevelopment. We first analysed in vitro the neurite
length of neurons exposed for 24 h to EGCG [1 uM] in a neurosphere culture using the pictures
of a previous study (Kiihne et al., 2019). Indeed, the neurite length in vitro was significantly
reduced after EGCG exposure compared to the solvent control (51.0 £ 2.7 um SC vs 42.0 + 3.9
um EGCG, p=0.0138, Fig. 4A-B). In a next step we searched for evidence of the relevance of this
effect in vivo in the literature and we found an article performed in mice indicating that one of
the experimental groups was exposed to EGCG during gestation and the postnatal period (Ortiz-

Romero et al., 2018). Since the results of control animals exposed to EGCG on dendritic length



for this specific group were not included in that publication (the publication was focusing on the
effects of EGCG in a Williams-Beuren syndrome mouse model), we contacted the authors
obtained the raw data of controls and controls exposed to EGCG and we present the results
here. In this case the dendritic length was analysed at postnatal week 8 after administration of
EGCG from postcoitum until sacrifice. Indeed, the dendritic length of CA1 cortical neurons in the
stratum radiatum (SR) and stratum oriens (SO) decreased significantly in the EGCG group
compared to the untreated group (SR: 225.9 +4.0vs 197.2 +2.5; S0: 130.1+ 1.6 vs 100.1+ 1.4

Fig. 4C-D), without affecting birth weight or brain weight (Suppl. Fig. S5).

A neurospheres
in vitro 1 uM EGCG
80
'E‘ *
& 60_
e
M=
g 40
[
=
5 20
8 50 pm
0=
SC  1uMEGCG | Neurons BllI-Tubulin, nuclei Hoechst
Stratum Radiatum Stratum Oriens
300+ * 300+
= — =
£ E
:. = =
£ £
B 2097 ==——— %, 2001 *
c c
o9 o
© © f——)
£ 100 £ 100 1
T T
c c
Q Q
o [a}
0 T T 0 T T
Control EGCG Control EGCG

Figure 4. Neurodevelopmental exposure to EGCG decreases neurite length in vivo and in vitro. (A) In vitro neurite
length measurement in rat neurospheres exposed for 24h to solvent control (SC) or 1 uM EGCG; (B) representative
images of rat neurospheres stained for neurons with 8111-Tubulin (red) and nuclei with Hoechst 33258 (blue), Scale bar
=50 um. (C) In vivo dendrite length measurement of CA1 cortical neurons in stratum radiatum and (D) stratum oriens
with and without developmental administration of EGCG to mice; boxplot represented in Tukey’s style (Median, and

25th and 75th percentiles), *: p<0.05.



3.4. Integration in an adverse outcome pathway (AOP) concept

By combining previous results from the literature with our novel investigations, we bring new
evidence supporting, expanding and redesigning the previously postulated AOP “Binding to the
extracellular matrix protein laminin leading to decreased cognitive function.” (Klose et al., 2022)
which is now entitled: “Disrupted laminin/int-B1 interaction leading to decreased cognitive
function” (Fig. 5). Our new design includes information from three kind of experimental data
obtained 1) after exposure to EGCG (in green), 2) from an int-B1 deficiency in partial int-p1
knock-out animals or via blocking experiments with int-B1 antibody (in blue), and 3) from an
overexpression of int-B1 due to IUGR (in yellow). Moreover, we bring together evidence at both

levels, in vivo (blank box) and in vitro (dotted box).
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Figure 5. AOP “Disrupted laminin/ int-81 interaction leading to decreased cognitive function”. The AOP
frame begins with a MIE leading to a cascade of KEs on cellular and tissue/organ level and results
ultimately in an AO at the organism level. Every little box refers to a publication including the MIE,
interference with a KE or AO respectively, either in vivo (blank box) or in vitro (dotted box). The interference
of KEs was due to EGCG exposure or administration (green) or int-81 deficiency due to partial knock-out
or blocking experiments with int-81 antibody, specific peptides, or toxins (blue). The yellow boxes present
a contrary/compensating effect in IUGR models exhibiting an overexpression of int-81 (yellow). n: new
results including in the present paper; AOP: adverse outcome pathway, MIE: molecular initiating event;
KE: key event; AO: adverse outcome.

References Legend:

Chemical binding to laminin: (Barenys et al., 2017; Lo et al., 2007; Suzuki and Isemura, 2001)
Int-B1 deficiency: (Barenys et al., 2017; Belvindrah et al., 2007; Graus-Porta et al., 2001)
Overexpression of int-B1: Fig. 3A & B

References KEs

MIE (Barenys et al., 2017; Lo et al., 2007; Melgarejo et al., 2009; Park et al., 2010)

KE1 (Barenys et al., 2017)

KE2 (Barenys et al., 2017; Belvindrah et al., 2007)

KE3 (Barenys et al., 2017 (green and blue); Chen et al., 2003; Kiihne et al., 2019)

KE4 (Barenys et al., 2017; Kiihne et al., 2019)

KES5 (Belvindrah et al., 2007; Graus-Porta et al., 2001)

KE6 (Belvindrah et al., 2007; EI-Borm and Abd El-Gaber, 2021; Graus-Porta et al., 2001)
KE7 (Frick et al., 2012; Robel et al., 2009)

KE8 (hypothetical)

KE9 Green (n): Fig. 4A & B; (Belvindrah et al., 2007; Marrs et al., 2006; Moresco et al., 2005)
KE10 Green (n): Fig. 4C & D; (Warren et al., 2012)

KE11 (Warren et al., 2012)

AO (Warren et al., 2012)

References contrary/ compensating effects (cKE):

cKE3: Fig. 1A

cKE4: Fig. 1B

cKE9: (Kiihne et al., in preparation: IUGR increased neurite length)
cKE10: (Pla et al., 2020)

The AOP begins with a disrupted laminin- int-B1 interaction (MIE (Barenys et al., 2017; Lo et al.,
2007; Melgarejo et al., 2009; Park et al., 2010)) due to a chemical, in this case EGCG, binding to
laminin (Barenys et al., 2017; Lo et al., 2007; Suzuki and Isemura, 2001). As previously described,
this interference causes decreased adhesion of NPC’s in vitro (KE1 (Barenys et al., 2017; Graus-
Porta et al., 2001)) and GFAP+ processes alterations (KE2 (Barenys et al., 2017; Belvindrah et al.,
2007)), which leads to a reduced migration distance (KE3 (Barenys et al., 2017; Chen et al., 2003;
Kihne et al., 2019)) and a reduced corona formation with a lower density of migrating cells (KE4

(Barenys et al., 2017; Kiihne et al., 2019)). Our new results in IUGR neurospheres exposed to



EGCG support this previously established chain of KEs, because KE3 and KE4 are not present if
cells overexpress int-B1 (cKE3 and cKE4; Fig. 1A and B). The altered GFAP+ processes (KE2) are
an in vitro observation after EGCG exposure but also an effect described in cell cultures from
mice lacking the expression of int-B1 subunit in radial glial cells, which was linked with the same
effect (disturbed glial cell alignment in the developing brain cortex) in brain sections of these
mice (KE5 (Belvindrah et al., 2007; Graus-Porta et al., 2001)). As a result of this alteration in
GFAP+ processes outgrowth, the same main effect has been described in vitro and in vivo: a
lower cell density in the migration area (in vitro; KE4) or in cortical layers (KE6 (Belvindrah et al.,
2007; EI-Borm and Abd El-Gaber, 2021; Graus-Porta et al., 2001)). A preliminary indication that
EGCG could also produce this effect is given by the fact that prenatal exposure to green tea
extract leads to a decreased number of cells in the cerebellar cortex and cerebellum (ElI-Borm
and Abd El-Gaber, 2021), but a study with only EGCG exposure at doses not producing significant
decreases in body weight of the pups should be performed to confirm these results. As a
consequence, another key event at organ level already described after int-B1 knock-out
induction in glial cells, leading to cerebellar hypoplasia (KE7 (Frick et al., 2012; Robel et al.,
2009)), but the behavioural consequences of this group of KEs, are to the best of our knowledge,
not explored after integrin beta 1/laminin disruption. The behavioural consequence of
cerebellar hypoplasia described in the literature is “cerebellar cognitive affective syndrome”

(KE8 (Basson and Wingate, 2013)), but this remains as a hypothetical linkage in our AOP.

Our new results have opened a second branch in this AOP related to adverse effects on neurite
growth due to the same MIE: disrupted interaction between ECM (laminin) and B1-integrin. At
the in vitro level there were already several evidence: 1) int-B1 deficiency in cultures of partial
knock-out mice cells decreases neurite length (KE9 (Belvindrah et al., 2007; Marrs et al., 2006)),
2) int-B1 blocking peptide B1P reduces the length of neurites on laminin (KE10 (Belvindrah et al.,
2007; Marrs et al., 2006)) and, 3) int-B1 inhibitor toxin echistatin eliminates neurite branching

and elongation of cortical neurons on laminin (Moresco et al., 2005). Again, our investigations



in IUGR neurospheres support this link because neurons obtained from IUGR neurospheres,
overexpressing int-B1, present longer neurites (cKE9; Kiihne et al., in preparation). Moreover,
the in vivo relevance of this AOP part was already demonstrated in mice lacking int-f1 in
excitatory forebrain neurons and failing to elaborate dendritic arborization (KE10 (Ortiz-Romero
et al., 2018; Warren et al., 2012)), while IUGR animals overexpressing integrin beta 1 present
more complex dendrite arborization than controls (cKE10). Thanks to this AOP approach, we
could build all these connections between the KEs and finally demonstrate for the first time that
EGCG in vitro exposure decreases neurite length (Fig. 4A and B) and EGCG in vivo developmental
exposure impairs dendritic arborization and decreases dendrite length in the hippocampus (Fig.
4C and D). The AO described in mice lacking int-B1 in excitatory forebrain neurons was cognitive
deficits, specifically impaired hippocampus-dependent learning measured by the novel object
recognition test (KE11 (Warren et al., 2012)), so the expected AO would be “decreased cognitive

function” after developmental exposure to EGCG.

4. Discussion

We have discovered a significant increase in the expression of int-61 in IUGR neurospheres, at
both gene expression and protein expression level, which enables a better adhesion of NPCs to
the ECM and an appropriate migration phenotype under exposure to EGCG at concentrations
disturbing migration in control neurospheres. This finding unravels one of the probably several
molecular adaptations that brains suffer when developing under chronic mild hypoxic
conditions. To the best of our knowledge, this is the first time that this molecular change is
identified in IUGR brains, and the implications of this finding are very relevant because it can
explain some of the neurodevelopmental alterations described after IUGR in vivo, as for example
the changes in neuronal arborization. Other authors have described a marked upregulation of
integrin a6B1 or a5B1 in brain endothelial cells (Halder et al., 2018; Li et al., 2010) or increases

in astrocyte end-feet adhesion molecules such as integrin a6B4 in adult brains after chronic mild



hypoxia (Li et al., 2010) or increases in the expression of laminin-associated integrins a6p1 or
a7B1 in mature neurons after nerve injury, which promote axonal regeneration in a mature
nerve system (Nieuwenhuis et al., 2018), so it is not surprising that changes in adhesion
molecules also occur in developing brains under IUGR induced by chronic mild hypoxic

conditions.

During brain development integrins are involved in laminin adhesion and in axonal growth and
pathfinding (Myers et al., 2011). Several studies clearly support that int-B1 increases extension
and complexity of dendritic branching of cortical neurons (Moresco et al., 2005; Warren et al.,
2012) and previous studies of our group have discovered that IUGR rabbit pups present a
significantly higher complexity of dendritic branches in the frontal cortex in vivo (Pla et al., 2020).
Therefore, it is plausible to postulate that the increased int-81 expression in rabbit IUGR NPCs
might underlie this increased dendritic arborization in IUGR brains. Although further studies
need to be done to unequivocally link this mechanism with the histological outcome observed
in IUGR pups, our discovery gives insights of an int-B1 mediated mechanism in neurogenesis and
opens the door for a better characterization of changes in prenatal brain programming induced

by IUGR.

This discovery was possible thanks to the previous existence of a putative AOP: “Binding to the
extracellular matrix protein laminin leading to decreased cognitive function” (Klose et al., 2022),
which was submitted to the OECD in 2019. Creating AOP-structured collections of
molecular/cellular/organ/organism-event networks underlying human biology responding to
toxic insults (named as toxicological ontology (Baker et al., 2018; Desprez et al., 2019;
Heusinkveld et al., 2021)) is an extremely powerful strategy because it allows to cross
information from different fields, in this case developmental neurotoxicity, developmental

biology, and developmental physiopathology, to identify the molecular events behind specific



cellular effects and finally design experiments which are directly aimed to evaluate the relevant

KE or AO while saving animals, time and resources because the search is more directed.

Our results support and expand the previously submitted AOP, and after combining them with
the literature results, we can say that compared to the previous one, the new version of the
AOP: 1) is more chemically agnostic, 2) includes a new branch of key events, and 3) is more
specific at the organ and organism level. Since we have found evidence of other compounds
following the same chain of KEs (mainly blocking peptides or spider toxins) but not having the
same MIE (which was previously defined as “binding compound to laminin” (Bal-Price et al.,
2016)) to make the AOP more chemically agnostic, as required per definition in AOPs (Bal-Price
and Meek, 2017), we have changed the MIE to a broader definition: “disrupted laminin/integrin
beta-1 interaction”, which encompasses both situations: those were the interaction is disrupted
due to lower laminin availability and those due to lower integrin beta-1 availability. As a
consequence, the title of the AOP has also changed to: “Disrupted laminin/integrin beta-1
interaction leading to decreased cognitive function”. Thanks to the cross-linked information in
this AOP we could also identify a new adverse effect of developmental exposure to EGCG, and
we have therefore included a new branch of events related to adverse effects on neurite
outgrowth, which could be independent or related to the glial effects described in the other
branch of the AOP. We have characterized for the first time adverse effects on dendritic length
of CAl neuronsin the stratum radiatum and stratum oriens in mouse brains after developmental
exposure to EGCG in vivo. In accordance, EGCG reduced the neurite length in a neurosphere
culture after 24h of exposure, so both in vitro and in vivo evidence are added to this new branch
of the AOP. The interrelationship between both branches is suspected because Belvindrah et al.,
discovered that “the defect in neurite outgrowth of int-B1-deficient neurons is rescued when
glial cells express B1 integrins and undergo normal morphological differentiation, suggesting
that the perturbations in neurite outgrowth are a secondary consequence of defects in glial

cells” (Belvindrah et al., 2007), however, after in vitro or in vivo exposure to EGCG it is not



possible to distinguish if the effect is direct or secondary. By including this information together
with new evidence supporting the glial branch, we have made the AOP more specific at the
organ and organism level: we have collected evidence in vivo for both branches, we have
identified a more specific and more probable organ effect for the glial branch “cerebellar
hypoplasia” (based on int-B1 knock-out induction in glial cells, leading to cerebellar hypoplasia
in mice (Robel 2009 and Frick 2012)), and identified which behavioural alteration is probably
disturbed due to the neurite outgrowth effects, impaired hippocampus-dependent learning
(based on previous publications revealing that a selective loss of int-B1 in excitatory neurons
leads to this effects measured with the Novel Object Recognition test (Warren et al., 2012)). The
final AO of both branches would still be “decreased cognitive function”, as previously described
in the AOP (Klose et al., 2022). It is true that the evidence in vivo is based on green tea extract
exposure studies instead of only EGCG exposure studies, so there is still the need to confirm this
relationship, but one important aspect is that the new branch could have even more relevance
in vivo than the previous one because adverse effects in animals appear at lower doses of green
tea extract, and of EGCG. In the lower case the dose is 2.5-3 mg/animal/day, which is a dose
within the range of the recommended doses in pre-clinical and clinical studies (Almeida-

Toledano et al., 2021; Souchet et al., 2019; www.clinicaltrials.giov, 2022).

Altogether, our investigations strongly suggest that EGCG can produce developmental
neurotoxicity and they are the basis for future studies required to confirm the postulated AO of
this pathway. From our work, it is clear that there is the need to do an in vivo study in mice
exposed to EGCG, to green tea extract (with an equivalent dose of EGCG) or to water where
behavioural alterations in the Novel Object Recognition test and cerebellar hypoplasia and
“Cerebellar cognitive affective syndrome” are evaluated. Performing behavioural tests, such as
anxiety-like behaviour tests or sociability tests has not shown any effects in the present study
(see Suppl. Fig. S6 including non-significant results of the marble burying test and social

interaction test), but the dose used was low and these effects could still appear at higher doses.



Given the high importance EGCG prenatal exposure is acquiring in the last years in the preclinical
field for the treatment of several diseases (Almeida-Toledano et al., 2021; Ortiz-Romero et al.,
2018; Souchet et al., 2019), it is of utmost importance to clarify its possible neurodevelopmental
toxicity and to perform a correct risk assessment evaluation depending on the dose of exposure.
Since the quantitative aspect of the proposed AOP is still missing, the inclusion of different doses
of EGCG would be required to identify a NOAEL. The idea of including two groups, one exposed
to EGCG and one to the green tea extract relies on the already mentioned fact that all results in
vivo included in the current version of the AOP are based on studies were EGCG was
administered as a green tea extract and because in these extracts several catechins are present.
Other catechins like EGC (epigallocatechin) or ECG (epicatechingallate) have been shown to
produce the same KEs than EGCG in vitro (Barenys et al., 2017), so an additive effect among

them can be expected and would be important to be identified.

Our work also contributes to future evaluation of chemicals triggering the same KEs, which
would be expected to have the same MIE and induce the same AO. So far, several compounds
or plant extracts have been proved to potently trigger migration disturbance (KE3 — KE4) with
the same specific phenotype than EGCG: Lei Gong Teng extract (another Chinese herbal
medicine) (Klose et al., 2022), and two synthetic analogues of EGCG including G37 (1,4-
bis[(3,4,5-trihydroxybenzoyl)oxylnaphthalene) and M2 (3-hydroxy-1-naphthyl 3,4,5-
trihydroxybenzoate) (Kiihne et al., 2019). For future substances suspected to be candidates to
follow this AOP, a simultaneous in vitro evaluation of KE3, KE4 and KE9 in a neurosphere model
could be enough to evaluate the potency of the compound in comparison to EGCG and to assess
the suitability of its use during pregnancy, avoiding the unnecessary use of animal experiments.
Using this strategy, we give evidence here that another analogue of EGCG named G56 does not
adversely affect these key events and can therefore be considered as a safer alternative to EGCG
during pregnancy, in this specific DNT aspect. However, neither G56 nor EGCG could rescue the

decrease in oligodendrocyte differentiation induced by IUGR, so despite being safer, this



compound would still not be a promising neuroprotective treatment in this condition. The
oligodendrocyte differentiation evaluation was performed for the first time using a high-content
workflow of KNIME® adapted from the “High content Screening” workflow of KNIME created by
Christian Dietz for oligodendrocyte automatic counting (see link in Material and Method 2.3.5).
We have proved that our workflow results are statistically comparable to those obtained with
our manual counting (see Suppl. Fig. S4), and we contribute to the field by sharing this workflow
in open access to make the evaluation of this endpoint faster, easier because it can be used in
manually taken fluorescence microscope pictures, and cheaper because no expensive

evaluation software is needed (see link in Material and Method 2.3.5).

5. Conclusions

We have discovered for the first time that IUGR neurospheres overexpress int-B1 and they
respond differently than control neurospheres to the exposure of a compound triggering
migration alterations. Because int-B1 is involved in NPC migration but also in axonal growth and
neuronal branching, and IUGR animals have branching alterations, we strongly think that our
discovery is bringing relevant new insights to the characterization of IUGR-induced

neurodevelopmental alterations.

On top of that, we have also discovered that EGCG developmental exposure has deleterious
effects on neuronal branching and arborization. This important finding warns for a further DNT
thorough characterization of this and other food supplement compounds before recommending

them as prenatal treatments.

Finally, our study contributes to demonstrate that the neurosphere assay is well suited for
hazard assessment of DNT, that the results obtained with this technique correlate well with in
vivo evidence and that when they are combined with gene/protein expression analyses they are
powerful tools for building AOPs which ultimately allow a better comprehension of the DNT

effect or related neurodevelopmental diseases.
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