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Neural precursor cells (NPC) give rise to neurons and glial cells during
embryonic brain development. Dysregulation of NPC growth and function
can cause brain deformities and result in psychiatric and behavioural deficits
later in life. Recent discoveries reveal that microglia are involved in
modulating neurogenesis during embryonic brain development. This study
explores the role of microglia in regulating NPC proliferation and neural
differentiation using an in vitro cell culture approach. For this, BV2 microglia-
conditioned media from cultures treated acutely and chronically with 1ug/ml
lipopolysaccharide were collected and incubated with the NE-4C
neuroepithelial cell line. NE-4C cultures were either non-induced or induced
into neural differentiation using a retinoid analogue, EC23. The effects of
microglia on NPC were elucidated by examining proliferation, cell death,
pluripotency and cell adhesion markers, as well as early and terminal neural
differentiation. Firstly, it was shown that BV2 soluble factors, regardless of
activation status, significantly reduced the proliferation of NE-4C cells at all
time points examined (from 24 to 96 hours). For instance, at 24 hours,
unstimulated BV2-conditioned media reduced non-induced NE-4C
proliferation by 83.00 £ 4.43% (p<0.001). DAPI/PI staining and Annexin-V/PI
assays showed no increase in apoptotic cells in the presence of BV2
microglia-conditioned media, confirming that the reduced proliferation of NE-
4C is unrelated to apoptosis. By immunophenotyping and RT-qPCR analysis,
it was shown that BV2 microglia-conditioned media does not alter the
expression of pluripotency markers (SSEA-1 and CD133) and neural
commitment and maintenance factors (HES1, HES3, HES5, MASH1, SOX1,
NGN2, and PAX6) in NE-4C neuroepithelial cells at the early phase of neural
differentiation. Immunocytochemical studies showed that BV2 microglia-
conditioned media inhibited the production of RC2+ radial glial cell and



TUJ1+ neurons during the early phase of neural differentiation. This was
accompanied by the reduced formation of neural aggregates. Next, western
blot studies showed that BV2 microglia-conditioned media up-regulate the
expression of E-cadherin, beta-catenin, and CDC42 but down-regulate the
expression of N-cadherin in NE-4C cells. The alteration of the expression of
these molecules in NPC may arrest the cells in an undifferentiated state and
therefore fail to commit into neural differentiation. Subsequently, the present
study elucidated whether microglia-derived soluble factors can impact the
terminal production of neuronal cells. The results demonstrate that
unstimulated BV2 microglia-conditioned media reduced TUJ1* neuron
production in EC23-induced NE-4C cultures by 58.6% (p<0.001). However,
there were no significant changes in the percentage of GFAP* astrocytes.
BV2-conditioned media also did not affect the expression of the mature
neuron marker MAP2 and synapse marker SYT1 in NE-4C derived neurons.
This study then evaluated the effects of BV2-conditioned media on neurite
complexity. BV2-conditioned media significantly reduced the number of
neurites from 9169 £ 1735 in untreated cultures to 1362 £ 117.6 (p<0.001).
Total neurite length was also significantly decreased from 5246 + 924.7px in
untreated cultures to 1026 + 203.6px (p<0.001). Neurite attachment points
were also reduced from 3115 + 451.5 in untreated cultures to 1310 + 356.8
(p<0.001). Also, the number of neurite end points were significantly reduced
from 7776 £ 1845 in untreated cultures to 4060 + 952.1 (p<0.001). There
was no neural differentiation observed in non-induced NE-4C cultures
suggesting that BV2 soluble factors do not contribute to the initiation of
neurogenesis. Also, the activation status of microglia had no effect on NE-4C
neural differentiation in any of the parameters examined, indicating that
ubiquitous microglial soluble factors are responsible for the effects described
here. To conclude, the primary finding of this study is that microglia exert
inhibitory effects on the neural differentiation of NPC.
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Sel induk neural (NPC) berperanan untuk menghasilkan sel-sel neuron dan
glial semasa perkembangan otak embrionik. Penyisihan pertumbuhan dan
fungsi NPC boleh menyebabkan kecacatan otak dan mengakibatkan defisit
psikiatri dan tingkah laku pada tahap kehidupan selanjutnya. Penemuan
baru-baru ini mendedahkan bahawa mikroglia terlibat dalam mengubah
neurogenesis NPC semasa perkembangan otak embrionik. Kajian ini
mengeksplorasi peranan mikroglia dalam mengawal selia proliferasi NPC
dan diferensiasi neural dengan menggunakan pendekatan kultur sel in vitro.
Untuk ini, media BV2 mikroglia dari kultur yang dirawat dengan 1ug/ml
lipopolysaccharide secara akut dan kronis dikumpulkan dan digunakan untuk
diinkubat bersama sel neuroepitelial NE-4C. Kultur NE-4C sama ada tidak
diinduksi atau diinduksi untuk diferensiasi neural dengan menggunakan
analog retinoid, EC23. Kesan mikroglia pada NPC akan dijelaskan dengan
memeriksa proliferasi, kematian sel, pluripotency and adhesi sel, serta
diferensiasi neural awal dan terminal. Pertama, ditunjukkan bahawa factor
larutan BV2, tanpa mengira status pengaktifan, mengurangi proliferasi sel
neuroepitelial NE-4C secara mendadak pada semua titik masa yang dikaiji
(dari 24 hingga 96 jam). Contohnya, media BV2 yang tidak distimulasi
mengurangkan proliferasi kultur NE-4C yang tidak diinduksi sebayak 83.00 *
4.43% (p<0.001) pada titik masa 24 jam. Keputusan dari pewarnaan DAPI/PI
dan ujian Annexin-V/Pl menunjukkan bahawa tidak terdapat peningkatan sel
apoptotik dalam kehadiran media BV2 mikroglia, seterusnya mengesahkan
bahawa penurunan kadar proliferasi NE-4C tidak berkaitan dengan
apoptosis. Dengan menggunakan analisis flow cytometry dan RT-qPCR,
ditunjukkan bahawa media BV2 mikroglia tidak mengubah ekspresi penanda
pluripotency (SSEA-1 dan CD133) serta faktor komitmen dan pemeliharaan
neural (HES1, HES3, HES5, MASH1, SOX1, NGN2, dan PAX6) dalam sel-



sel neuroepitelial NE-4C pada peringkat awal diferensiasi neural. Kajian
immunocytochemical menunjukkan bahawa media BV2 mikroglia
menghalang penghasilan produksi RC2* sel radial glial dan neuron TUJ1*
semasa fasa awal diferensiasi neural. Ini disertai dengan berkurangnya
pembentukan agregat neural. Seterusnya, kajian western blot menunjukkan
bahawa media BV2 mikroglia menaikkan ekspresi E-cadherin, beta-catenin
dan CDC42 tetapi menurunkan ekspresi N-cadherin dalam sel NE-4C.
Pengubahan ungkapan molekul-molekul ini dalam NPC boleh menahan sel-
sel dalam keadaan yang tidak berdiferensiasi dan oleh itu gagal melakukan
mode diferensiasi neural. Selanjutnya, kajian ini membuktikan sama ada
faktor larutan BV2 dapat mempengaruhi produksi sel-sel terminal neuron.
Hasilnya menunjukkan bahawa media BV2 vyang tidak distimulasi
mengurangkan produksi neuron TUJ1* di dalam kultur NE-4C yang diinduksi
dengan EC23 sebanyak by 58.6% (p<0.001). Walau bagaimanapun, tiada
perubahan signifikan dalam peratusan GFAP* astrocytes dan nestin* sel
progenitor. Juga diketahui bahawa media BV2 tidak mempengaruhi ekspresi
penanda neuron matang MAP2 dan penanda synapse SYT1 dalam neuron
keturunan NE-4C. Kajian ini kemudiannya menilai kesan media BV2 pada
kompleksiti neurit. Media BV2 mengurangkan bilangan neurit secara
medadak dari 9169 + 1735 dalam kultur tidak dirawat kepada 1362 + 117.6
(p<0.001). Panjang keseluruhan neurit juga menurun secara signifikan dari
5246 + 924.7px dalam kultur yang tidak dirawat kepada 1026 + 203.6px
(p<0.001). Titik pelekatan neurit juga dikurangkan dari 3115 + 451.5 dalam
kultur tidak dirawat kepada 1310 + 356.8 (p<0.001). Selain itu, bilangan titik
akhir neurit juga berkurangan secara signifikan dari 7776 £ 1845 kultur tidak
dirawat kepada 4060 + 952.1 (p<0.001). Tiada diferensiasi neural yang
dilihat di NE-4C kultur yang tidak diinduksi dan ini mencadangkan bahawa
faktor lautan BV2 tidak menyumbang kepada permulaan neurogenesis.
Selain itu, status pengaktifan mikroglia tidak mempunyai kesan yang
berbeza terhadap diferensiasi neural NE-4C dalam mana-mana parameter
yang diperiksa dan ini mencadangkan bahawa faktor larutan mikroglia
setiasa ada yang bertanggunjawab terhadap kesan yang dijelaskan di sini.
Kesimpulannya, penemuan utama kajian ini adalah mikroglia melakukan
kesan perencatan terhadap diferensiasi neural oleh NPC.
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CHAPTER 1

INTRODUCTION

The brain consists of complex neural circuits made up of neurons and glia.
This complex organ exerts centralised control over every aspect of an
organism, including basic physiological functions, rudimentary reflexes,
cognition, and intellect. During embryonic development, the brain derives
from neural precursor cells (NPC) that are highly plastic, proliferative,
possess the ability to differentiate into different cell types and eventually
acquire regional identities (Gotz & Huttner, 2005; Taverna et al., 2014).
Development of the brain is a highly coordinated process that requires
precise spatiotemporal regulation of NPC self-renewal and pluripotency in
order to generate the right amount and right type of neuronal cells at the right
time. Dysregulation of NPC function at embryonic developmental stages can
result in brain malformations and later lead to neurodevelopmental disorders
(Ernst, 2016).

Microglia are specialised tissue macrophages in the brain that play important
roles including provide immune defences, tissue repair and maintaining brain
homeostasis (Wolf et al., 2017). Emerging data shows that microglia are
actively involved in shaping the development of the prenatal and perinatal
brain (Paolicelli et al., 2011; Schafer et al., 2012; Cunningham et al., 2013;
Arno et al., 2014). During embryonic development, yolk sac-derived microglia
progenitors invade the developing brain and strategically take residence at
neurogenic areas (Ginhoux et al., 2010; Cunningham et al., 2013; Swinnen
et al., 2013). The invasion of microglia into the brain rudiment, their
positioning patterns, and maturation timeline coincides with many embryonic
brain development milestones including brain vascularisation, appearance of
developmental apoptosis death, neuroepithelial to radial glial transformation,
neuronal migration, and myelination (reviewed in (Harry & Kraft, 2012)).
Given the time and space correlation of microglia development and important
neurogenesis milestones, it is tempting to speculate that microglia are
capable of modulating the process of embryonic neurogenesis.

The present study aims to elucidate the effects of microglia on NPC neural
differentiation. It was hypothesised that microglia affect the neural
differentiation outcome of NPC. For this purpose, the study employed a cell
culture approach using the NE-4C neuroepithelial cell line as a model of NPC
and BV2 microglia cell line as a model of microglia. BV2 microglia-
conditioned media from different culture conditions (unstimulated, acute and
chronically activated using lipopolysaccharide; LPS) were collected and used
to treat NE-4C neuroepithelial cells under non-induced and retinoic acid-
induced neural differentiation conditions. Microglia acquire distinct
phenotypes upon acute or chronic immune stimulation (Cacci et al., 2008). It
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had been demonstrated that these phenotypes have different effects on NPC
properties (Battista et al., 2006; Cacci et al., 2008; Guadagno et al.,
2013). Here, the effects of distinct microglia phenotypes (non-activated,
acute or chronically activated) were examined. As retinoic acid is important
for both in vitro and in vivo neurogenesis, the effects of microglia in the
presence and absence of this neural inducer was explored to deduce their
role in induced neurogenesis and whether their effects are independent of
retinoic acid-induction. With this approach, firstly the potential of microglia to
induce neural differentiation and to regulate NPC biology during the early
phase of retinoic acid-induced neural differentiation were determined by
examining NE-4C proliferation, cell death and radial glia marker. Next, the
expression of cell adhesion-related molecules in NPC were examined.
Finally, the production of neurons was measured to further characterise the
effects of microglia on NPC terminal neuronal differentiation.

General Objective

The general objective of this project is to determine the effects of microglia
on neural differentiation of NPC.

Specific Objectives
The specific objectives are:

1. To examine the effect of microglia on the proliferation of
neuroepithelial cells.

2. To evaluate the effect of microglia on neuroepithelial cells
differentiation to produce radial glial cells, neurons and astrocytes.

3. To determine the effects of microglia on the expression of cell
adhesion-related molecules during neuroepithelial cell differentiation.
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