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ABSTRACT

Traumatic brain injury (TBI) causes neuronal loss and disruption of cortical circuitry, and
current therapeutic strategies remain limited. Cell-based approaches hold promise, yet
repairing the cerebral cortex is particularly challenging due to its complex structural and
functional organisation. I hypothesised that, following TBI, implantation of 3D neuronal
constructs derived from temporally specified early and late neuronal progenitor cells (ENPCs
and LNPCs) can enhance implant survival and enable identity-dependent integration with the
host cortex. Furthermore, the implantation of two-layered neuronal tissue that mimics key
aspects of cortical lamination would facilitate the reconstruction of cortical columnar circuits

by promoting both local and long-range connectivity.

Human-induced pluripotent stem cells (hiPSCs) were differentiated into cortical neurons with
distinct laminar fates: ENPCs, enriched in CTIP2+ subcerebral neurons, and LNPCs, enriched
in SATB2+ callosal projecting neurons. Both populations are composed of excitatory
glutamatergic and inhibitory GABAergic phenotypes that established functional synaptic
networks, as confirmed by calcium imaging. hiPSCs-derived ENPCs and LNPCs were used to
generate 3D ENPC and LNPC constructs, respectively, using a droplet-based microfluidic
system. 3D constructs retained fundamental laminar-specific molecular profiles and exhibited
distinct network activity reflecting their temporal developmental identity. When 3D ENPC and
LNPC constructs were assembled into two-layered neuronal tissues, mimicking basic aspects
of cortical lamination, they exhibited inter-laminar structural and functional connections.
Functional calcium imaging of the two-layered neuronal tissue and cross-correlation analysis

revealed temporal coordination between the two layers, consistent with reciprocal interactions.

In vivo, implantation of hiPSC-derived RFP+ NPC constructs into postnatal NOD-SCID mice
with aspiration-induced cortical injury resulted in robust survival, vascularisation, and
progressive neuronal differentiation of the implants. RFP+ NPC implants contributed to circuit
reconstruction in vivo, evidenced by implant-derived projections that extend across major
white matter tracts, reaching cortical, subcortical, and subcerebral targets. Subsequently, 3D
ENPC or 3D LNPC constructs were implanted separately into the same TBI model and
evaluated after two months. They displayed distinct axonal projection patterns that matched
their neuronal identities. The 3D ENPC implants preferentially targeted subcortical regions and

white matter pathways, while 3D LNPC implants exhibited localised cortical projections.



Finally, the implantation of two-layered neuronal tissues further advanced architectural
reconstruction, with ENPC compartment extending long-range connections, and LNPC
compartment supporting local integration, thereby recapitulating the complementary projection
patterns of deep- and upper-layer cortical neurons. Together, these findings demonstrated that
temporal identity could influence the projection patterns and integration of the implants into
the host brain, and that spatially patterned cortical tissues can restore both local and long-range
connectivity. Further research is required to determine whether the implantation of 3D neuronal
constructs, along with their structural integration, can restore the functional aspects of cortical
circuitry. My thesis highlights the importance of constructing 3D neuronal tissues comprising
predefined neuronal subtypes as a foundation for anatomically guided and personalised neural

repair strategies following cortical injury.
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Chapter :1 Introduction
1.1 Cerebral cortex organisation and development

1.1.1 Organisation of the cerebral cortex

The mammalian cerebral cortex is the foundation for higher cognitive functions, sensory
perception, and the initiation of voluntary movements. Structurally, it exhibits a six-layered
laminar organisation, with various cell types arranged into intricate circuits. Functionally, it is
subdivided into specialised areas that are responsible for specific sensory, motor, or cognitive
processes (Jones and Rakic, 2010, Kaas, 2012). There are two main types of neurons in the
cerebral cortex: projection neurons (PNs) and interneurons (INs). PNs are primarily
glutamatergic excitatory neurons, comprising approximately 80% of the cortical neurons
(Gorski et al., 2002). Intracortical PNs include commissural neurons, which project to the
contralateral hemisphere, and associative neurons, which connect regions within the same
hemisphere. Subcortical PNs send their axons to the thalamus, cortico-thalamic PNs, and
subcerebral PNs, send their axons to the brain stem and spinal cord (Molyneaux et al., 2007).
INs are GABAergic inhibitory neurons that account for the remaining 20% of cortical neurons
(Anderson et al., 2001) and provide the primary inhibitory input within cortical circuits (Kepecs
and Fishell, 2014).

The cortical column is considered the fundamental structural and functional unit of the cerebral
cortex, spanning the cortical layers vertically. The upper layers, layers I/II-III, are generally
referred to as the supragranular layer, layer IV as the granular layer, and lower layers, layers V
and VI, as the infragranular layers. The relative thickness and cellular composition of cortical
layers vary across cortical areas (Molnar et al., 2020). Each layer is distinguished by
characteristic neuronal subtypes and marker expression, including CUX1and CUX2 in layers
II/III (Nieto et al., 2004, Yang et al., 2020), ROR in layer IV (Schaeren-Wierners et al., 1997),
CTIP2 in subcerebral PNs of layer V and to a lesser extent in corticothalamic neurons of layer

VI (Arlotta et al., 2005), and FOXP2 in layer VI (Hisaoka et al., 2010).

This laminar architecture supports the canonical cortical microcircuit, with each layer
contributing to the overall function of the cortical columnar unit (Fig. 1.1) (Bosman and
Aboitiz, 2015). Layer VI PNs send excitatory axons to the thalamus and receive excitatory and

inhibitory inputs from superficial cortical and subcortical regions (Gilbert, 1983). Layer V PNs

19



integrate diverse excitatory and inhibitory inputs and innervate subcerebral structures,
including the spinal cord and brainstem. Layer IV is the primary target for thalamic afferents
and mediates processing of sensory input (Kostovic and Goldman-Rakic, 1983). Layer III PNs
project to ipsilateral and contralateral cortical regions, facilitating horizontal intracortical
communication (Mrzljak et al., 1988), while also receiving convergent inhibitory inputs from
INs located within the same layer and in deeper layers. Layer II PNs connect to nearby cortical
areas and receive diverse synaptic inputs, contributing to local information processing. Finally,
Layer I contains a dense plexus of axonal terminals from other cortical layers that form
synapses onto the apical dendrites of pyramidal neurons located in deeper laminae (Bosman
and Aboitiz, 2015). Together, this highly structured circuitry facilitates the dynamic integration
and propagation of information essential for cortical function. Reconstructing both the
structural cytoarchitecture and the functional circuitry remains a key challenge for regenerative

therapies aimed at restoring cortical function after injury.

Columnar Connectome

Figure 1.1 The canonical cortical
column and its connections
The cortical column spans across the
cortical layers. Layer VI PNs send
excitatory axons to the thalamus
~ ) (green arrow) and Layers V/VI project
&« 0 ”/”Ij*’\‘ to subcerebral targetZ (green aII‘)I‘O\;]&/S).
“ ) Layer IV receives inputs from the

ks : I\{ ‘, | thalamus (black arrow). Layers II/I11
" o V ' send outputs to other cortical columns
| ‘ within the same cortical area (red
| -\l arrows). All six layers share

A P information through inter-laminar
connections (yellow arrows). Redrawn
from (Roe, 2019).

Subcerebral
Thalamus Thalamus

1.1.2  Corticogenesis

Corticogenesis is the developmental process by which the cerebral cortex acquires its
characteristic laminar architecture and connectivity. It begins with the generation of cortical
neurons from progenitor cells, followed by post-mitotic migration, differentiation, and the

establishment of synaptic connections that shape cortical circuitry (Noctor et al., 2004).
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PNs and INs arise from distinct progenitors and follow different migratory routes. Excitatory
PNs are generated locally from radial glial cells (RGCs) within the dorsal telencephalon
(pallium) (Gorski et al., 2002, Rakic, 1971). In contrast, most GABAergic INs arise from the
ventral telencephalon (subpallium), particularly the medial and caudal ganglionic eminence

(MGE, CGE) and preoptic area (POA) (Gelman et al., 2009, Fishell, 2007).

The primary progenitors in the ventricular zone (VZ) are the ventricular radial glial cells
(VRGCs), which undergo asymmetric division to generate VRGC and a nascent PN. In addition
to their proliferative role, the radial glia also provide a scaffold along which new neurons can
migrate radially toward the cortical plate (CP) (Kriegstein and Noctor, 2004). Additionally,
VRGCs produce intermediate progenitor cells (IPCs) that undergo symmetric divisions to
generate either neurons or further IPCs. The earliest-born neurons form the preplate, which
later splits into the marginal zone (MZ) and subplate (SP) as additional neurons arrive in the
CP (Luskin and Shatz, 1985). Cortical layering follows an inside—out sequence, with the deep
layers populated first, followed by the upper layers (Tan and Shi, 2013).

Pial Surface

Marginal zone

1

v

v Cortical Plate

vi

Intermediate zone

Outer Subventricular Zone

// Inner Subventricular Zone

Ventricular zone
A Ventricular Surface

[
>

Cortical Neurogensis

Neuroepithelial Ventricular radial Outer radial glial Migrating Gabaergic
cell glial progenitor progenitor cell cells
] cell |
]
Intermediate Migrating Neuroblast Early-born Y Late-born
progenitor cell e neurons L4 . neurons ‘ neurons

Figure 1.2 Schematic illustration of cortical neurogenesis and neuronal migration in the
developing mammalian cortex

The cortical wall is organised into the ventricular zone, inner and outer subventricular zones,
intermediate zone, cortical plate, and marginal zone. Neuroepithelial cells in the ventricular zone give
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rise to VRGCs, which undergo asymmetric divisions to generate vVRGCs and a nascent PN. IPCs undergo
symmetric divisions to generate either neurons or further IPCs. Newly born excitatory PNs migrate
radially along radial glial fibres and populate the cortical layers in an inside-out pattern. GABAergic
INs originate from the ganglionic eminences and migrate tangentially into the developing cortex.
Arrows indicate proliferative divisions and migratory routes. Redrawn from (Molnar et al., 2019).

INs migrate tangentially from subpallial regions to the cerebral cortex, traversing the MZ
before integrating into local circuits (Miyoshi and Fishell, 2011). Their laminar positioning is
largely determined by birthdate and subtype identity (Molyneaux et al., 2007, Kriegstein and
Noctor, 2004), although some late-born INs can be redirected to superficial layers
independently of their birthdate (Kohwi and Doe, 2013, Miyoshi and Fishell, 2011). Following
neurogenesis, gliogenesis begins as RGCs switch to a gliogenic fate, giving rise to astrocytes,

marking the transition from neuronal to glial production (Kriegstein and Noctor, 2004).

During corticogenesis, cortical network maturation is shaped by calcium signalling (Arjun
McKinney et al., 2022). Calcium spikes display characteristic spatiotemporal patterns that
regulate key neuronal differentiation processes, including neurotransmitter signalling, dendritic
growth, and axonal development (Rosenberg and Spitzer, 2011). Distinct activity patterns are
observed at successive developmental stages of corticogenesis, creating a comprehensive
framework for the maturation of the neuronal network. This process begins with a phase of
uncorrelated neural activity, followed by synchronised oscillations that give way to more
complex network activity postnatally (Wu et al., 2024). Calcium spikes arise from both
extracellular influx and intracellular release (Grienberger and Konnerth, 2012). Intracellularly,
inositol trisphosphate receptors (IP3R) and ryanodine receptors (RyR) mediate the release of
calcium from internal stores (Bootman and Bultynck, 2020). Calcium influx is mediated
through various receptors and channels, including ionotropic glutamate receptors (AMPA,
NMDA), voltage-gated calcium channels, nicotinic acetylcholine receptors, transient receptor

potential type C channels and ORAI channels (Grienberger and Konnerth, 2012).

1.1.3 Arealisation of the cerebral cortex

The arealisation of the cerebral cortex, including the specification of the primary motor cortex
(M1), is driven by a coordinated interaction between intrinsic transcriptional gradients and
extrinsic signalling (Grove and Fukuchi-Shimogori, 2003). M1 is initially patterned and
positioned within the rostral neocortex through a high anterior-to-posterior expression gradient

of PAX6, accompanied by low levels of EMX2 (O'Leary et al., 2007). As thalamocortical
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afferents from thalamic nuclei, including motor-related nuclei, innervate the cortical plate, they
reinforce the identity of cortical areas, including M1, by driving region-specific gene
expression and facilitating laminar differentiation (Vue et al., 2013, Loépez-Bendito and

Molnar, 2003).

M1 is characterised by the presence of layer V pyramidal PNs, which establish long-range
corticobulbar and corticospinal tracts (Economo et al., 2018). In primates, M1 further displays
subregional specialisation with the emergence of functional motor maps shaped by both genetic
programmes and experience-dependent plasticity (Sanes and Donoghue, 2000).

1.1.4 Extracellular matrix (ECM) of the brain

The brain ECM accounts for approximately 20% of the adult brain’s volume (Tonnesen et al.,
2023). The brain ECM is a network scaffold occupied by cellular components of the brain and
produced mainly by astrocytes and neurons (Nicholson and Sykova, 1998). It regulates
fundamental neural processes, including neurite outgrowth, synaptogenesis, and synaptic
plasticity (Dityatev et al., 2010). The ECM consists mainly of hyaluronic acid (HA) (Bignami
et al., 1993), chondroitin sulphate proteoglycans (CSPGs), such as lecticans (Lander et al.,
1996), and glycoproteins like tenascins. It contains relatively low amounts of collagen,

fibronectin, and laminin (Ruoslahti, 1996, Bellail et al., 2004).

HA is considered the structural backbone of the ECM. It is a negatively charged
glycosaminoglycan that attracts sodium ions, promoting water retention and hydration of brain
tissue that contributes to brain stiffness (Bignami et al., 1993). Lecticans represent a key
structural family of CSPGs in the brain, comprising aggrecan, versican, neurocan, and
brevican. Neurocan and brevican are brain-specific and interact with HA and tenascins through
distinct binding domains to stabilise the extracellular network (Yamaguchi, 2000). The tenascin
family provides additional cell-binding sites within the ECM, with tenascin-C and tenascin-R
having significant roles in the central nervous system (CNS). Tenascin-C modulates cell
adhesion and detachment during migration (Anlar and Gunel-Ozcan, 2012, Jakovcevski et al.,
2013), while tenascin-R stabilises the ECM by cross-linking lecticans (Yamaguchi, 2000,
Suttkus et al., 2014).

Collagen in the nervous system includes fibrillar collagens, types I and III, and non-fibrillar
type IV. While types I and III are implicated in signalling and repair, type IV is a core

constituent of basement membranes, including those at the blood-brain barrier (BBB) (Chen et
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al., 2015, Banerjee et al., 2016). Fibronectin, though sparse in the CNS, supports neuronal
outgrowth, modulates synaptic activity, and exerts anti-inflammatory effects following injury
(Liesi et al., 1986, Wang et al., 2013b). Laminins are heterotrimeric glycoproteins composed
of a, B, and y chains that form the basal lamina of blood vessels and neural tissues (Durbee;,
2010). In the CNS, laminin is essential for axon guidance, neuronal adhesion, and circuit
formation during development (McKerracher et al., 1996, Luckenbill-Edds, 1997). Its strong
interactions with integrins make it a key determinant of neuronal survival and guidance during

CNS development (Durbeej, 2010).

Neural ECM is organised into perineuronal nets, dense reticular matrices surrounding neuronal
bodies. Structurally, it consists of HA linked to the neuronal surface, bound by lecticans, with
tenascin-R crosslinking the matrix. They buffer ions, protect against oxidative stress, and
restrict excessive synapse formation (Suttkus et al., 2014, Yamaguchi, 2000, Wang and
Fawcett, 2012). Peri-synaptic ECM, another specialised ECM structures, regulate growth
factor sequestration and synaptic stabilisation (Frischknecht and Gundelfinger, 2012).

In addition to cellular and chemical properties, mechanical characteristics are essential for
neuronal survival and neurite extension (Lu et al., 2006, Elkin et al., 2007). Stiffness varies not
only between white and grey matter, but also across different developmental stages, during
homeostasis, and in pathological conditions. These variations play a crucial role in regulating
essential cellular functions, including density, migration, attachment, and communication (Lu
et al., 2006). Experimental evidence highlights the importance of designing biomaterials that
closely replicate the mechanical properties of native CNS tissue (Discher et al., 2005, Engler
et al., 2006).

1.2 Traumatic brain injury (TBI)

Traumatic brain injury (TBI) is a catastrophic clinical problem because of its profound
neurological and systemic consequences. It is defined as structural damage to brain tissue
caused by an external mechanical force applied to the skull or brain, leading to temporary or
permanent impairments in motor and cognitive function (Maas et al., 2010). The severity of
TBI is clinically graded using the Glasgow Coma Scale (GCS) into mild, moderate, and severe
categories, as follows: mild (13—15), moderate (9—12), and severe (<9) (Ghaffarpasand et al.,
2013).
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TBI comprises both focal and diffuse injuries (McGinn and Povlishock, 2016). Focal injuries
result from direct impact and manifest as contusions or hematomas, and are associated with
tissue necrosis, oedema, and BBB disruption. Diffuse injuries result from acceleration-
deceleration or rotational forces, causing extensive axonal shearing across white matter tracts

(McGinn and Povlishock, 2016).

Beyond the initial mechanical insult, TBI initiates a complex secondary injury cascade.
Excessive glutamate release and excitotoxic activation of ionotropic receptors, leading to influx
of calcium and sodium ions and efflux of potassium (Matsushita et al., 2000). These ionic
alterations result in mitochondrial dysfunction (Lozano et al., 2015a), the accumulation of
reactive oxygen species (ROS), and the activation of proteolytic enzymes, ultimately leading
to cell death (Saatman et al., 2010). These events promote glial reaction and infiltration of

peripheral immune cells, augmenting neuroinflammation (McGinn and Povlishock, 2016).

Astrocytes and microglia orchestrate a complex glial response after TBI that can be both
protective and detrimental; this dual role of microglia and astrocytes has made them key targets

for developing neuroprotective and regenerative strategies (Karve et al., 2016).

Astrocytes are the primary cells responsible for maintaining homeostasis in the CNS. They
respond rapidly to injury by forming a glial scar, which isolates the damaged core from
surrounding healthy tissue (Cieri and Ramos, 2025). This reactive astrocytosis exerts both
protective and detrimental effects. On the one hand, they support brain repair through uptake
of excitotoxic glutamate, stabilisation of extracellular ion balance, and BBB repair (Sofroniew
and Vinters, 2010). On the other hand, they secrete pro-inflammatory molecules that enhance

interactions with microglial cells and increase BBB permeability (Cieri and Ramos, 2025).

Microglia, the resident immune cells of the CNS, are activated by glutamate receptor signalling
that triggers further glutamate release (Kaushal and Schlichter, 2008), and concurrent
downregulation of astrocytic glutamate transporters, which reduces clearance and further
elevates extracellular glutamate concentrations (Takaki et al., 2012). They undergo
morphological transformation into pro-inflammatory M1 or anti-inflammatory M2, depending
on environmental cues. M1 microglia secrete various cytokines that aid in clearing cellular
debris (Zhao et al., 2025), while M2 microglia release trophic factors such as Nerve Growth
Factor (NGF), Glial Cell Line—Derived Neurotrophic Factor (GDNF), and Brain-Derived
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Neurotrophic Factor (BDNF) that promote neuronal survival, angiogenesis, and remyelination

(Hu et al., 2015).

Classification of microglia into M1 proinflammatory and M2 anti-inflammatory is based on in
vitro modelling of their responses to different immune stimuli, as assessed by transcriptional
profile and phagocytic activity (Michelucci et al., 2009). This classification is an oversimplified
framework for microglia and necessitates moving away from binary descriptors (Paolicelli et
al., 2022). Consistent with this, Jha et al. generated a multi-model murine TBI single-cell atlas
to resolve microglial heterogeneity with respect to covariates such as sex, region, and time.
They identified multiple transcriptionally distinct microglial subtypes that were not well
captured by binary inflammatory classification but instead followed state-like programmes that

varied with injury context (Jha et al., 2024).

1.3 Different models of TBI and factors influencing the outcomes

A wide range of animal models has been developed to study TBI; despite anatomical and
physiological differences from the human brain, they still replicate the primary and secondary
cascades that define TBI. Commonly used models of TBI include fluid percussion injury (FPI),
cortical impact injury (CCI), weight drop injury, penetrating ballistic-like brain injury (PBBI),
and aspiration lesion model (Fesharaki-Zadeh and Datta, 2024).

In FPI models, the injury occurs when a pendulum strikes the piston of a fluid reservoir,
creating a pressure pulse transmitted to the intact dura through a craniotomy. The craniotomy
is either positioned midline or laterally over the parietal bone. The percussion produces brief
displacement and deformation, with injury severity scales with pulse strength (McIntosh et al.,
1989, Mclntosh et al., 1987). The CCI model utilises a pneumatic or electromagnetic impact
device to deliver a rigid impactor onto the exposed, intact dura through a unilateral craniotomy,
typically located between bregma and lambda. This results in cortical tissue loss, acute subdural
hematoma, axonal injury, concussion, and BBB disruption. Different mechanical factors, such
as time, velocity and depth of impact, can be modulated to control the severity of the injury
(Dixon et al., 1991). Weight-drop models apply a guided free-falling mass onto the exposed
skull, with or without craniotomy. The severity of an injury can be modulated by adjusting the
mass of the weight and the height of the fall (Feeney et al., 1981, Flierl et al., 2009). PBBI
simulates penetrating injury using high-velocity projectiles that create a temporary cavity in

the brain significantly larger than the projectile itself. The severity of the injury depends on the
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projectile trajectory and the amount of energy transferred to the brain tissue (Williams et al.,

2005).

Among these models, the aspiration lesion provides a controlled method for generating a focal
cortical lesion by surgically removing a defined region. It creates a precise and reproducible
lesion, making it advantageous for studying cell transplantation and tissue regeneration in a
controlled environment. Unlike impact models, aspiration injuries do not involve mechanical
compression or deformation of surrounding tissue. Moreover, it allows for the creation of a
cavity into which the graft can be placed immediately after the injury. Therefore, this model
was chosen in this thesis as the platform for testing the implantation of cortical constructs

during the acute phase of brain injury.

Each model enables adjustment of injury parameters to control the severity, but it also presents
limitations due to species-specific structural and behavioural differences. These differences
complicate cross-species comparisons and the translation of preclinical findings to clinical
human outcomes (Xiong et al., 2013). While in clinical settings, TBI severity is typically
graded by GCS, preclinical studies rely on mechanical parameters, histopathological markers,
and behavioural assessments to categorise injuries into mild, moderate, or severe (Xiong et al.,

2013).

Several interrelated variables shape the outcome of TBI in both experimental and clinical
contexts. The type of injury, whether focal or diffuse, blunt or penetrating, along with its
anatomical location, critically influences tissue damage (Xiong et al., 2013). Age is another
factor, as an aged brain has diminished antioxidant enzyme capacities (Delage et al., 2021b)
and modulates injury through exaggerated glial reactivity (Norden and Godbout, 2013). The
immune and inflammatory responses also play a crucial role in secondary injury, as persistent
microglial activation and dysregulated cytokine production further exacerbate neuronal loss

(Loane and Kumar, 2016).

Systemic comorbidities such as hypertension, diabetes, and obesity are known to impair
cerebrovascular function and worsen TBI outcomes. Similarly, pre-existing psychiatric
disorders and substance use complicate recovery trajectories (Hanafy et al., 2021). Endocrine
dysregulation, including stress-induced glucocorticoid elevation and disrupted hormonal
homeostasis, has also been shown to exacerbate neuroinflammation and metabolic dysfunction

(Giordano et al., 2020).
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Biological sex also significantly influences TBI outcomes (Krukowski, 2021). Preclinical
studies indicate that female sex hormones have a neuroprotective effect (Bramlett and Dietrich,
2001). Similarly, clinical outcomes reported fewer comorbidities in menopausal and
perimenopausal females compared to males following TBI (Berry et al., 2009), and another
study reporting the role of the progesterone hormone in enhancing neurological recovery in
patients with TBI (Junpeng et al., 2011). However, other reports contradict these findings, with
females exhibiting the worst outcomes following TBI (Farace and Alves, 2000). This
controversy highlights a gap in understanding sex-specific mechanisms in TBI, which likely

involve complex interactions among hormonal, metabolic, and immune factors.

In addition to biological differences, environmental and rehabilitative conditions shape the
outcome following TBI. In preclinical studies, enriched housing promotes sensorimotor and
social stimulation, facilitating functional gains (Tapias et al., 2022). Similarly, in clinical
settings, early multidisciplinary rehabilitation and strong social support are positively
associated with improved outcomes (Nie et al., 2024). Together, these variables highlight the
multifactorial nature of TBI outcomes and underscore the importance of incorporating
biological, systemic, and environmental factors into both experimental design and clinical

trials.

1.4 Cell therapy for TBI

TBI results in irreversible neuronal loss and circuitry disruption, while the adult brain has a
limited intrinsic capacity for repair and remodelling (Vanacore et al., 2024). Conventional
clinical approaches can stabilise patients and limit secondary injury, but do not restore lost
neural networks (Tsai et al., 2024). Cell-based therapies have emerged as a promising approach
for structural and functional restoration following TBI (Adugna et al., 2022). Stem cell-based
therapies for TBI have demonstrated multiple beneficial effects in preclinical studies, including
graft survival, multilineage differentiation, modulation of glial reactivity, promotion of
angiogenesis, and support of functional recovery. These outcomes are mediated by several
mechanisms, including direct cell replacement, immunomodulation, neuroprotection, and

structural remodelling through biobridge mechanism (Adugna et al., 2022).

Various cell sources have been explored in preclinical models, including fetal
neuronal/progenitor stem cells (FNPSCs) (Ma et al., 2012), adult brain-derived progenitors
(Sun et al., 2011), embryonic stem cells (ESCs) (Haus et al., 2014), and induced pluripotent
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stem cells (iPSCs) (Schantz et al., 2024). As well as mesenchymal stem cells (MSCs) from
bone marrow (BM-MSCs), umbilical cord (UC-MSCs), amniotic fluid (AM-MSCs) and
adipose tissue (Zhang et al., 2022).

Cell therapy strategies include both cell suspension injections and the implantation of 3D
neuronal tissues. I will discuss these approaches, with emphasis on the different pluripotent
stem cells employed, their potential structural and functional outcomes, and the mechanisms
that mediate these effects.

1.4.1 Cell suspension injection

Among the earliest and most widely used strategies for delivering stem cells to the injured brain
is the transplantation of dissociated neuronal stem or progenitor cells in suspension. This
approach has been extensively investigated in rodent models of TBI and forms the foundation
of the current understanding of neural replacement therapies. Early studies demonstrated the
potential of exogenous cells to survive, differentiate and migrate across hemispheres following
cortical injury (Wennersten et al., 2004). Moreover, neuronal integration with allografts has
been reported in organotypic human cortical cultures, underscoring the translational relevance
of this approach (Grenning Hansen et al., 2020). In the following sections, I will compare
findings from studies that used cell suspension for TBI and highlight key factors affecting
therapeutic efficacy and the underlying mechanisms.

1.4.1.1 Cell sources for cell suspension transplantation

1.4.1.1.1 Fetal neuronal/progenitor stem cells (FNPSCs)

FNPSCs were among the first cell sources investigated for their neuroregenerative potential.
For instance, transplantation of human FNPSCs derived from a 10-week gestational forebrain
into the peri-lesional cortex of immunosuppressed rats resulted in graft survival and
multilineage differentiation (Wennersten et al., 2004). Similarly, human FNPSCs transplanted
into the ipsilateral hippocampus survived and differentiated into neurons at 2 weeks post-
transplantation (WPT), accompanied by significant cognitive improvement (Gao et al., 2000).
By contrast, mouse FNSPCs transplanted into the striatum one week after CCI preferentially
differentiated into oligodendrocyte precursor cells. This was aligned with sustained motor
function and marked recovery in spatial learning over 14 months post-transplantation (MPT)

(Shear et al., 2004).
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The neuronal subtypes derived from FNPSCs also mediate the recovery following TBI.
Transplantation of GABAergic neurons derived from rat FNPSCs into the peri-lesional cortex
of adult rats seven days after CCI resulted in significant sensorimotor recovery, compared to
transplantation of astrocytic precursors (Becerra et al., 2007). Although transplantation of
FNPSCs can promote sustained motor improvement, these effects do not necessarily translate
into recovery of cognitive functions, which remains an unresolved challenge. Transplantation
of murine C17.2 FNPSCs into either the ipsilateral or contralateral cortex—hippocampus
interface three days after injury in immunocompetent adult C57BL/6 mice demonstrated long-
term graft survival, with different differentiation profiles. Although motor recovery was

observed in both groups, no cognitive improvement was reported (Riess et al., 2002).

Genetic modification of transplanted FNPSCs, whether by overexpressing neurotrophins such
as NGF or BDNF, or transcriptional regulators like CEND1, enhances survival, neuronal fate
commitment, synaptic integration, and functional recovery. Transplantation of rat HiB5
FNPSCs-overexpressing NGF into the cortex of adult male Wistar rats 24 h after FPI improved
neuromotor and cognitive function compared with controls transplanted with unmodified
FNPSCs (Philips et al., 2001). Similarly, transplantation of BDNF-overexpressing FNPSCs
three days after TBI resulted in superior survival, enhanced neuronal differentiation, and
increased synaptic protein expression compared with unmodified FNPSCs (Ma et al., 2012).
At the transcriptional level, overexpression of the fate determinant CENDI in transplanted
FNPSCs promoted neuronal differentiation, reduced glial scarring, and improved functional
recovery in models of cortical injury compared to grafts of control FNPSCs (Wang et al.,

2022b, Makri et al., 2010).

Although promising results have been obtained, other studies have highlighted the challenges
of poor graft survival. For instance, transplantation of commercial NPSCs into the peri-lesional
area one week after CCl resulted in only 1.4-1.9% of the grafted cells being retained at 2 WPT
(Harting et al., 2009). Similarly, transplantation of mouse FNPSCs into the injured brain

parenchyma resulted in detectable grafts in only a few brains (Wallenquist et al., 2009).
1.4.1.1.2 Adult brain tissue

Several studies have investigated the potential of neural progenitor cells (NPCs) derived from
adult brain tissue in promoting repair following TBI. Compared with embryonic sources, adult

tissue-driven NPCs exhibit more restricted neurogenic potential. For instance, NPCs derived
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from the SVZ of the brains of adult rats were transplanted into the peri-lesional cortex two days
after FPI. By 2-4 WPT, grafted cells migrated from the graft core into the surrounding tissue
and differentiated into astrocyte and oligodendrocyte lineages (Sun et al., 2011). Similarly,
Koutsoudaki et al., used postnatal hippocampal-derived NPCs in penetrating hippocampal
injury. Both NPCs and IGF-I-transduced NPCs survived, migrated to myelin-rich regions near
the lesion, and differentiated into oligodendroglia, but not into neurons or astrocytes. This was
associated with a reduced glial reaction and restoration of spatial learning abilities
(Koutsoudaki et al., 2016). These findings highlight a dual mechanism of functional recovery
through both remyelination and modulation of inflammation, underscoring the therapeutic

promise of these NPCs.

Together, these studies suggest that adult brain-derived NPCs contribute to TBI repair not
through direct neuronal replacement, but primarily via glial-mediated mechanisms such as

remyelination, astrocytic support, and the attenuation of inflammation.

1.4.1.1.3 Embryonic stem cells (ESCs)

ESCs are pluripotent cells capable of indefinite self-renewal and differentiation into derivatives
of all three germ layers (Huang et al., 2015). These properties make them attractive for
regenerative application in TBI. However, their clinical translation is limited by ethical
concerns and the risk of teratoma formation when transplanted without controlled

differentiation (Mountford, 2008).

Early studies illustrated both the therapeutic potential and the inherent risks associated with the
transplantation of undifferentiated ESCs (Riess et al.,, 2007). Transplantation of
undifferentiated mouse ESCs into the injured cortex of immunocompetent rats three days after
lateral FPI led to improved motor performance. Although early graft survival was observed in
all animals, only one animal retained viable grafts at 7 WPT. Additionally, 20% of the total
transplanted animals developed tumours. This study highlights the tumourigenic risk
associated with uncontrolled proliferation (Riess et al., 2007). Subsequent approaches focused
on lineage-committed ESC derivatives to mitigate tumourigenic risk. Haus et al., implanted
CD133-enriched, xeno-free, hESCs-derived neuronal stem cells (NSCs) into immunodeficient
rats with CCI. The grafts survived for up to 5 MPT, and differentiated into mature neurons,
astrocytes, and oligodendrocytes with no evidence of tumorigenesis (Haus et al., 2014).

Similarly, Hoane and colleagues grafted ESC-derived neuronal and glial precursors into the
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lesion cavity of adult rats, seven days after CCI. The transplanted cells migrated to subcortical

regions and differentiated into mature neuronal and glial lineages (Hoane et al., 2004).

Moreover, Liu and colleagues showed the feasibility of ESC-based strategies in non-human
primates by transplanting GFP-labelled, rhesus ESC-derived NSCs into the cortices of
monkeys post-TBI (Liu et al., 2024a). The cells localised at the injury site for over a year and
differentiated into synaptically integrated neurons. Though behavioural improvements were
not significant, the long-term survival and integration support translational potential (Liu et al.,

2024a).

Cryobanked hESC-derived NSCs have also been applied in chronic injury with long-term
promising outcomes. Transplantation of cryopreserved hNSCs into six cortical sites of rats four
weeks after CCI resulted in survival of over 50% of the cells and increased the neuronal
survival in the ipsilateral hippocampus at 3 MPT. The transplanted animals demonstrated
significant recovery in spatial learning and memory, as well as a reduced risk-taking behaviour

(Badner et al., 2021).

Parthenogenetic stem cells (PG ESCs) are pluripotent cells derived from the chemical
activation of oocytes. Although they lack a paternal genome, these cells retain the ability to
self-renew (Brevini and Gandolfi, 2008) and differentiate into functional neuron-like cells
(Ahmad et al., 2012). Lee et al., demonstrated a dose-dependent therapeutic effect of PG ESCs-
derived NSCs after intracerebral injection in a rat model of moderate TBI. Moderate and high
doses significantly improved motor and cognitive performance, relative to low doses. These
findings emphasise the role of cell dosage in driving regenerative outcomes, suggesting that an
adequate cell number is necessary to elicit neuroprotective and functional benefits (Lee et al.,

2019).
1.4.1.1.4 induced pluripotent stem cells (iPSCs)

iPSCs were first introduced by Takahashi and Yamanaka in 2006, when mouse fibroblasts were
reprogrammed into iPSCs using viral vectors to express OCT4, SOX2, c-MYC and KLF4
(Takahashi and Yamanaka, 2006). This groundbreaking technique was adapted for use in
human cells the following year (Takahashi and Yamanaka, 2006, Takahashi et al., 2007).
Unlike ESCs, iPSCs bypass ethical concerns and offer the possibility of autologous
transplantation. However, some challenges remain regarding genomic stability,

reprogramming efficiency, and the risk of tumorigenesis (Yamanaka, 2020).
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Multiple rodent studies have demonstrated that iPSC-derived NPCs can survive, differentiate,
and integrate after transplantation into the injured cortex. Tang et al., transplanted human iPSC-
derived NPCs, labelled with superparamagnetic iron oxide nanoparticles (SPIOs), into the peri-
lesional cortex of adult rats one week after CCI. The grafts differentiated into neurons and
astrocytes and were non-invasively tracked with MRI for up to four weeks (Tang et al., 2013).
These results align with a study conducted with Jiang et al., using a similar CCI model
implanted with rat iPSC-derived NPCs labelled with SPIOs. Manganese-enhanced MRI was
conducted at four weeks, revealing functional activity of the grafts, which was abolished by
the calcium-channel blocker, confirming synaptic integration (Jiang et al., 2019). Together,
these studies validate the feasibility of long-term tracking of functional integration of iPSC-

derived NSCs in vivo.

Modulating cellular states through preconditioning or genetic engineering has further enhanced
therapeutic efficacy. Transplantation of hypoxia-preconditioned iPSC-derived NPCs into
paediatric rats three days after CCI improved social and behavioural deficits, correlating with
elevated expression of oxytocin and its receptor (Wei et al., 2016). To reduce the tumourigenic
risk, iPSC-derived NSCs were engineered to express a suicide gene, yeast cytosine deaminase-
uracil phosphoribosyl transferase (yCD-UPRT) upon administration of 5-fluorocytosine. This
approach enabled the selective ablation of undifferentiated and tumourigenic cells and was
associated with reduced cerebral atrophy and improved sensorimotor recovery (Imai et al.,

2023).

Beyond cell-intrinsic modifications, the host environment has a significant influence on
regenerative potential. Dunkerson et al., showed that iPSC transplantation combined with
environmental enrichment (EE) fully restored cognitive performance in adult rats post-CClI to

levels comparable to those of uninjured controls (Dunkerson et al., 2014).

Recent studies have evaluated the therapeutic potential of human iPSC-derived NPCs in a CCI
model in piglets, as a transition step from rodent models to clinically relevant large-animal
systems. iPSC-derived NPCs were injected into peri-lesional brain tissue five days after
craniectomy. At 12 WPT, they acquired multilineage differentiation potential and reduced
neuroinflammation (Schantz et al., 2024). A follow-up study investigated the synergistic
effects of iPSC-derived NPCs transplantation and postoperative physical rehabilitation. One-
month-old piglets received iPSC-derived NPCs injections a week post-injury, then they began
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a 12-week progressive treadmill regimen a week later. MRI analysis revealed a significant
reduction in lesion volume, midline shift, and white matter degradation following both
interventions. However, only the combined treatment produced superior outcomes, including
enhanced neuroblast proliferation, attenuated astrocytosis, and significant improvements in

motor and exploratory behaviours (Schantz et al., 2025a).

Despite promises, iPSCs still raise safety concerns regarding the potential for de novo
mutations. iPSCs can accumulate de novo mitochondrial DNA (mtDNA) mutations during
reprogramming and long-term culture, leading to the formation of immunogenic neoepitopes
and immune responses, even in autologous settings. This finding has profound implications in
the field of cell therapy for TBI, where immune activation can exacerbate injury and limit graft
survival. Furthermore, it explains the discrepancy between in vitro potential and in vivo
efficacy observed in some iPSC-based graft studies, emphasising the importance of genetic

screening of iPSC lines in future clinical protocols (Deuse et al., 2019).

Collectively, these studies demonstrate the potential of iPSC-based therapies for repairing TBI.
They confirm the feasibility of long-term graft survival and tracking, show the impact of
cellular preconditioning and genetic engineering, and highlight translational relevance through
large-animal validation. Nevertheless, they also reveal critical safety concerns, particularly
related to immunogenicity, which must be addressed in future clinical applications.

1.4.1.2 Therapeutic mechanisms of cell suspension transplantation

Beyond the choice of cell source, the mechanisms of action underlying suspension injections

are diverse.

1.4.1.2.1 Cell replacement

Cell replacement is a fundamental mechanism by which transplanted cells contribute to tissue
repair after TBI. Several studies have documented the capacity of transplanted exogenous cells
to survive, migrate, and differentiate in the host brain. However, genuine neuronal replacement
is often limited, particularly when delivery routes other than local intraparenchymal

transplantation are used (Skardelly et al., 2014).

The differentiation potential of transplanted cells into different lineages varies across studies;
some studies show multilineage differentiation of hESCs-derived NSCs into neuronal and glial

fates, including astrocytes, oligodendrocytes, and microglia. For instance, hESC-derived NSCs
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had long-term survival for up to 5 MPT, with differentiation into mature neurons, astrocytes,
and oligodendrocytes. However, a significant percentage of cells remained Nestin-positive and

undifferentiated even after 20 WPT (Haus et al., 2016).

Other reported more restricted fates, with differentiation confined largely to neurons and
astrocytes only. Interestingly, a common feature among these studies was the peri-lesional site
of graft transplantation. For example, peri-lesional transplantation of FNPSCs was
accompanied by differentiation into neurons and astrocytes, but not oligodendrocytes
(Wennersten et al., 2004). Similarly, the majority of peri-lesionally transplanted FNPSCs
differentiated into DCX+ neuroblasts, with a small fraction differentiating into astrocytes (Gao
et al., 2016). Likewise, hypoxia-preconditioned mouse iPSC-derived NPCs transplanted into
peri-contusion regions differentiated into neurons and astrocytes 2 WPT (Wei et al., 2016).
Another piece of evidence supporting the role of the brain region in driving the differentiation
of transplanted cells is shown by the transplantation of murine C17.2 NSCs into the ipsilateral
and contralateral hemispheres of the same brain. The NSCs transplanted into the ipsilateral
hemisphere expressed both neuronal and astrocytic markers, whereas the grafts in the
contralateral hemisphere primarily differentiated into neurons, showing no glial expression
(Riess et al., 2002). By contrast, transplanted mouse FNPSCs may adopt an oligodendroglial
fate, rather than differentiating into other cell types, after being transplanted into the striatum
(Shear et al., 2004). Similarly, postnatal hippocampal NPCs differentiated into oligodendroglia
after being transplanted into the injured hippocampus (Koutsoudaki et al. 2016).

1.4.1.2.2 Immunomodulation mechanism

Beyond direct cell replacement, transplanted NSCs modulate the post-injury microenvironment
through passive and active immunomodulation. Transplanted hNSCs mediated a microglial
transition from M1 to M2, resulting in decreased levels of proinflammatory cytokines and
increased levels of anti-inflammatory cytokines as early as seven days post-transplantation
(Gao et al., 2016). The NSCs actively regulate immune responses by monitoring and
counteracting inflammatory metabolism via the succinate—SUCNRI pathway axis. The
activated macrophages release extracellular succinate, which binds to SUCNRI1/GPR91 on
NSCs, triggering the secretion of the immunomodulatory prostaglandin E.. This cascade
reduces succinate levels in the cerebrospinal fluid (CSF) and shifts microglia from a pro-
inflammatory to an anti-inflammatory phenotype (Peruzzotti-Jametti et al., 2018). The

immunomodulatory effect is also dose-dependent, with high-dose hNSC transplantation (1.6
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million cells) resulting in significantly reduced microglial activation and a more ramified
microglial morphology compared to low-dose transplants (0.16 million cells) (Andreu et al.,
2023). Importantly, immunomodulation can be achieved via non-invasive routes of stem cell
therapy. Intranasal administration of hNSCs resulted in a decrease in gene expression
signatures associated with microglial activation and macrophage function (Amirbekyan et al.,

2023).

1.4.1.2.3 Neuroprotection mechanism

Cell therapy has been shown to promote endogenous neuron survival, neurogenesis, and
synaptic neuroplasticity in both cortical and hippocampal regions (Badner et al., 2021). These
effects appear to arise primarily through neurotrophin-mediated mechanisms rather than direct
cell replacement. Mechanistic illustration shown by Yan et al., who demonstrated that NSCs
promoted recovery by elevating cortical levels of neurotrophic factors, including BDNF,
GDNF, NGF, Neurotrophin-3 (NT-3), and ciliary neurotrophic factor (CNTF) (Yan et al.,
2013). Similarly, transplantation of BDNF-overexpressing NSCs increased BDNF mRNA
expression at 1 and 2 WPT (Ma et al., 2012). In addition, the transplantation of mouse-derived
NSCs elevated BDNF and Synaptophysin levels in the injured brain, while BDNF knockdown
downregulated key pathways, including Wnt and GSK3-f (Xiong et al., 2018). These findings
further support BDNF’s central role in mediating structural and synaptic repair following NSC

transplantation.

These trophic effects are passage- and dose-dependent. High-passage hNSCs significantly
increased the number of surviving endogenous neurons within both the dentate gyrus (DG) and
cornu ammonis (CA) regions of the hippocampus, with no significant differences between
vehicle and low-passage hNSCs at 20 WPT (Haus et al., 2016). Additionally, transplantation
of high-dose, PG ESCs-derived NSCs enhanced neuronal survival in the peri-lesion cortex and

increased the expression of neural lineage and myelination markers (Lee et al., 2019).

1.4.1.2.4 Biobridge mechanism

Tajiri and colleagues introduced a novel therapeutic concept, the biobridge mechanism, to
explain how transplanted cells facilitate brain repair (Tajiri et al., 2013). Their experiments
involved MSCs transplanted into injured rat brains, where the cells formed a temporary
scaffold linking the SVZ with the damaged cortical tissue. This cellular bridge was enriched in
matrix metalloproteinases that remodelled the surrounding ECM and enabled the migration of

the endogenous NPCs toward the injury site. Over time, this cellular bridge was gradually
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replaced by host-derived cells, suggesting a role in supporting and guiding rather than
permanently integrating (Tajiri et al., 2014, Tajiri et al., 2013).

1.4.1.3 Factors influencing the outcomes of cell suspension injection in TBI

1.4.1.3.1 Cell passage

Cell passage number is a critical determinant of the therapeutic efficacy of NSC
transplantation, with high-passage NSCs (Passage 27) exhibiting a significantly higher
neurotrophic effect relative to low-passage NSCs (Passage 7) (Haus et al., 2016). This study
emphasises the crucial role of quality control and passage optimisation in preparing stem cell

lines for clinical use.

1.4.1.3.2 Cell dose

The neuroprotective and immunomodulatory effects of NSC transplantation are dose-
dependent, necessitating adequate dosing to elicit measurable regenerative effects. Moderate
and high doses of NSCs reduced gliosis, enhanced myelination, and increased peri-lesional
neuron survival (Lee et al.,, 2019). Similarly, transplantation of high-dose NSCs had a
significant immunomodulatory effect compared to low-dose NSCs (Andreu et al., 2023).
Together, these studies confirm that subtherapeutic doses are insufficient to elicit measurable

benefits and emphasise the need for dose optimisation.

1.4.1.3.3 Transplantation window

The timing of transplantation relative to injury progression significantly influences therapeutic
outcomes. Studies have examined transplantation during the acute (24-72 h), subacute (3—14
days), and chronic (> 14 days) phases post-injury, showing varied outcomes due to the

changing pathological environment of the injured brain.

Transplantation during the acute phase targets early neuroinflammatory cascades and limits
secondary damage, facilitating functional recovery (Shang et al., 2022). Studies demonstrated
that NSC transplantation within 24—72 h after injury enhanced motor recovery, increased
synaptic plasticity, and upregulated neurotrophic factors (Xiong et al., 2018, Ma et al., 2012).
Similarly, NGF-expressing NPCs transplanted 24 h after FPI promoted hippocampal neuron
survival (Philips et al., 2001), while fetal NSCs transplanted within 24 h exhibited BDNF-
mediated cognitive recovery (Gao et al., 2006). However, the highly inflammatory
environment may compromise graft survival and increase the risk of adverse effects, such as

tumour formation (Riess et al., 2007).

37



The subacute phase coincides with the partial resolution of acute inflammation, is considered
the most favourable window for transplantation, as it reduces inflammatory hostility while
facilitating graft survival and integration (Shang et al., 2022). Transplantation of E14.5-derived
NPCs seven days after CCI improved both motor and cognitive recovery, with benefits lasting
up to one year (Shear et al., 2004). Similarly, hNPCs transplanted during this window promoted
hippocampal neurogenesis and restored cognition (Blaya et al., 2015, Haus et al., 2016).
However, other studies have reported motor improvement but no cognitive gains with NSCs

transplanted seven days after injury (Harting et al., 2009, Hoane et al., 2004).

Cell therapy in the chronic phase of TBI offers opportunities for neuronal differentiation and
modulation of glial responses (Shang et al., 2022). Transplantation of hNSCs four weeks post-
CCI improved spatial learning, reduced risk-taking behaviour, and enhanced hippocampal
neuronal survival and DG morphology (Badner et al., 2021). In contrast, Zhang et al., reported
that human post-mitotic neurons transplanted into rodent brains four weeks after lateral FPI
integrated into the host brain but did not result in significant motor or cognitive improvements

(Zhang et al., 2005).

Collectively, while the subacute phase appears to provide the favourable window for
engraftment and functional benefit, both acute and chronic transplantation windows offer
distinct therapeutic opportunities. Acute delivery may modulate early inflammatory cascades,
whereas chronic transplantation can promote long-term regeneration and plasticity. Ultimately,
the optimal timing of transplantation should be aligned with the pathophysiological stage of

injury and the intended therapeutic mechanism.

1.4.1.3.4 Administration route

Various delivery routes have been explored for cell therapy in TBI, each offering distinct
advantages and limitations regarding targeting precision, invasiveness, and translational
feasibility. Intracerebral injection is considered the most direct and invasive method in
preclinical studies, enabling precise delivery of cells into the injured cortex and overcoming
obstacles such as cell migration across the glial scar barrier. Intracerebral injection facilitated
engraftment, differentiation, and structural integration (Blaya et al., 2015). However, the lesion
may present an unfavourable microenvironment for direct injection, which potentially lowers

the survival rate of transplanted cells (Wallenquist et al., 2009).
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Intrathecal delivery into the CSF allows broader distribution of the cells in the CNS, bypassing
the BBB, with a promising outcome. Intrathecal administration of peripheral nerve—derived
stem cell spheroids significantly improved sensory and motor function, with considerable
tissue recovery in damaged areas (Shin et al., 2024). Likewise, intranasal delivery offers a non-
invasive way to bypass systemic circulation, promoting cell migration to injured hippocampal

areas and reducing neuroinflammation (Amirbekyan et al., 2023).

Systemic intravenous delivery is the most common route of delivery; it is easily accessed and
minimally invasive, but it raises concerns about poor CNS homing, dilutional effects, and the
risk of entrapment in different organs (Pischiutta et al., 2021, Leibacher and Henschler, 2016).
In a comparative study, the therapeutic efficacy of local and systemic delivery of NPCs was
evaluated, with both delivery routes yielding sustained motor improvements, reduced lesion
volumes, and increased neuronal survival over a 12-week period. However, follow-up studies
showed only transient benefits from systemic delivery (Skardelly et al., 2011, Skardelly et al.,
2014). The different outcomes between the two studies suggest that systemic delivery may
enhance early recovery through a paracrine effect. Still, local delivery is more effective for

targeted tissue preservation and long-term recovery.

In summary, direct routes such as intracerebral and intraventricular administration offer
superior CNS targeting and cell retention but are more invasive. In contrast, indirect routes
such as intrathecal and intravenous delivery are more clinically feasible but may require
optimisation to improve targeting efficiency and durability of effects.

1.4.1.4 Limitations of cell suspension injection

Despite the promising results of cell suspension transplantation, several limitations restrict its
therapeutic potential. First, poor graft survival is common in the hostile post-injury
environment, in addition to limited cell retention within the lesion cavity (Wallenquist et al.,
2009, Amer et al., 2017). Secondly, the lack of anatomical structure in cell suspensions hinders
reconstruction of the laminar cytoarchitecture of the cortex, which is crucial for functional
recovery. Moreover, uncertain lineage differentiation and limited synaptic circuit integration
further limit their efficacy (Grade and Gotz, 2017). These shortcomings have led the field to

adopt tissue-based strategies, utilising cerebral organoids and 3D bioengineered cortical tissue.
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1.4.2 Organoid implantation for TBI

Brain organoids are stem cell-derived 3D neuronal tissues with a self-organising cellular
architecture that resembles the structural and functional properties of the developing brain.
They have been utilised as a platform for studying brain development, investigating
neurodevelopmental disorders, and drug discovery (Lancaster and Knoblich, 2014). Advances
in neuronal differentiation enable the generation of organoids with different regional identities,
including cortex (Eiraku et al., 2008), forebrain (Birey et al., 2017), hippocampus (Sakaguchi
et al., 2015), choroid plexus (Pellegrini et al., 2020), striatum (Miura et al., 2020), thalamus
(Xiang et al., 2019), hypothalamus (Wataya et al., 2008), midbrain (Jo et al., 2016), and
cerebellum (Muguruma et al., 2015).

Organoid transplantation provides several benefits over cell suspension injection. Organoids
act as a multicellular built-in niche to restore lost cells after TBI. Their microenvironment
effectively supports the implanted cells, making them less susceptible to inflammation, which
ultimately enhances their survival and recovery. Moreover, protocols consistently produce
brain—region—specific organoids, allowing for better anatomical and functional alignment with
the injured area. Restoration of structural repair and tissue continuity is achievable through the

implantation of 3D organoids.

In the following sections, I will review studies on organoid implantation into both intact and
injured cortex and explore the underlying mechanisms behind the observed outcomes.

1.4.2.1 Organoid implantation into intact cortex

The implantation of human brain organoids into an intact rodent cortex provides critical insight
into the baseline integration capacity under physiological conditions. The rationale of these
studies was to allow implanted organoids to mature within a structurally intact host brain.
Across multiple studies, this approach has yielded robust evidence for graft survival,
vascularisation, neuronal differentiation, and functional integration. Pioneered work
demonstrated long-term survival of hESC-derived cerebral organoids upon transplantation into
the retro-splenial cortex of adult non-obese diabetic severe combined immunodeficient (NOD-
SCID) mice. Within one week, two-photon microscopy revealed host-derived vascularisation,
with functional blood flow. By six months, optogenetic stimulation confirmed the integration
of graft-derived neurons into the host's synaptic circuits (Mansour et al., 2018). Similarly,

transplantation of hiPSC-derived cortical organoids into the retro-splenial cortex of adult

40



female NOD-SCID mice resulted in their vascularisation as early as 9 weeks post-implantation
(WPI), as captured using two-photon imaging. Organoid cells migrated to the adjacent cortex,
with evidence of human-mouse synaptogenesis. Visual stimuli elicited electrophysiological
responses in the organoid, mirroring those of the surrounding cortex, indicating sensory-driven

integration (Wilson et al., 2022).

Given that the absence of vasculature is a significant limitation in organoid maturation in vitro,
strategies to enhance vascular support have been investigated, yielding promising outcomes
(Mei et al., 2025). Prevascularisation of the organoids through co-culturing with human
umbilical vein-derived endothelial cells resulted in the formation of internal tube-like vessels.
When transplanted into the sensory cortex of adult NOD-SCID mice, these vessels
anastomosed with the host vasculature, establishing a functional network that supported graft
survival and maturation at 2 months post-implantation (MPI). This work highlights the

importance of vascular support for long-term engraftment (Shi et al., 2020).

The cellular composition and secretome profile of organoids vary across different maturation
stages (Yentur et al., 2025), which in turn shape the outcomes of implantation. Implantation of
either 6-week or 10-week hiPSC-derived cerebral organoids into the frontal cortex of severe
combined immunodeficiency (SCID) mice resulted in high survival rates. However, younger
grafts extended more corticospinal projections by 12 WPI, though at the expense of higher

proliferative activity that raises the risk of overgrowth (Kitahara et al., 2020).

Progressive circuit integration has been observed across multiple studies with organoid
implantation. When hiPSC-derived cerebral organoids were implanted into the medial
prefrontal cortex of adult NOD-SCID mice, they survived and developed corticospinal-like
projections. Bidirectional connectivity was evidenced by both spontaneous graft activity and
host neuron responses to light stimulation of the organoid at 3 and 5 MPI (Dong et al., 2021).
Extending this work, Revah et al., transplanted hiPSC-derived cortical organoids into the
somatosensory cortex of newborn immunodeficient athymic nude (ATN) rats. Organoids
developed advanced structural integration with thalamic and cortical inputs, as well as
widespread axonal projection outputs. Human neurons within the graft responded to light and
whisker stimulation, and optogenetic activation of graft neurons induced reward-seeking
behaviour, indicating functional recruitment into host sensory and motivational circuits (Revah

et al., 2022).
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Electrical stimulation (ES) has emerged as a strategy to enhance organoid maturation prior to
implantation. Bioelectricity was input into cortical organoids by ES with a multi-electrode
array (MEA). When ES-pretreated hiPSC-derived organoids were implanted into the primary
sensory cortex of NOD-SCID mice, they exhibited enhanced vascularisation, greater synaptic
integration, and more extensive projections compared to controls. Functional assessments
revealed improved locomotor activity and recognition memory, while electrophysiological
recordings confirmed synchronous firing between graft and host cortices, indicative of

functional integration (Li et al., 2024).

Collectively, these preclinical studies of organoid implantation into intact cortex reveal the
intrinsic potential of organoids to structurally and functionally integrate with the host brain.
Yet the interpretation of results and applicability in the TBI context still differ because the
inflammatory condition can alter the integration potential. Therefore, while these studies
establish feasibility and reveal cellular and circuit-level outcomes, they must be complemented
by injury models to assess the true translational potential of organoid therapy for brain repair.

1.4.2.2  Organoid implantation into TBI

The implantation of human pluripotent stem cell-derived organoids into rodent models of TBI
has provided critical insight into their therapeutic potential under pathological conditions. I will
present the findings according to outcome domains, covering axonal outgrowth and neuronal
integration, functional recovery, vascular integration, and immune modulation and
compatibility.

1.4.2.2.1 Axonal outgrowth and neuronal integration

Implanted brain organoids consistently demonstrate the capacity to extend axons into host
tissue and to establish synaptic connections; however, the organisation and functional
consequences of this outgrowth vary across models. Early evidence of axonal growth was
shown after implantation of a cerebral organoid into the frontoparietal cortex of neonatal CD1
mice with cortical lesions. However, this outgrowth lacked organised projection patterns, even
4 WPI (Daviaud et al., 2018). Later, more structured connectivity was reported with the
implantation of ESC-derived cerebral organoids into the motor cortex of adult rats with biopsy-
induced lesions. Graft-derived cells migrated along white-matter tracts and colonised distant
brain regions in both the ipsilateral and contralateral cortices. This was also accompanied by
increased synaptic marker expression relative to the injured controls, indicating enhanced

implant-host connectivity (Wang et al., 2020b).
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Additional evidence was obtained with the implantation of hESCs-derived cortical organoids
into SCID mice 7 days after CCI of the sensorimotor cortex. Neuronal progenitors within the
graft differentiated into multiple subtypes and extended long projections bilaterally, with
evidence of synapse formation. MEA recordings of acute brain slices revealed spontaneous
activity and stimulus-evoked responses in graft regions 70 days post-implantation, confirming

functional activity of human neurons in the graft (Bao et al., 2021).

Bidirectional and circuit-specific integration of organoids into the damaged visual network was
shown by implantation of hiPSC-derived organoids of occipital identity into adult rats with
cortical aspiration lesions in the visual cortex. Efferent projections extended into adjacent and
subcortical regions, especially visual system-related thalamic nuclei. In parallel, the organoids
received afferent inputs from both host visual areas and the retina. Extracellular recording of
the graft showed spontaneous activity as early as 1 MPI with spike characteristics comparable
to those of native neurons. Two months later, the graft responded robustly to visual stimuli,
with some neurons displaying orientation selectivity comparable to that of native visual cortical

neurons (Jgamadze et al., 2023).

From a translational perspective, axonal outgrowth is a protracted process that requires months
of sustained graft survival and patient stability. Furthermore, because primate brains span an
approximately 350-fold size range and larger brains have longer pathway lengths and
conduction delays, reconstruction of long-range circuits demands longer observation windows
than in rodents (Ardesch et al., 2022, Caminiti et al., 2009). In a fundamental study, 10-week
cerebral organoids were implanted into the precentral gyrus of monkeys. Graft survival and
vascularisation were detected in two out of four monkeys at 12 WPI. Fibres targeted the
surrounding cortical area as well as the subcortical tissue, though not into distal tracts such as
the internal capsule (Kitahara et al., 2020). These findings necessitate the need for extended

observation periods to confirm axonal extensions over greater distances.

Collectively, organoids implanted into injured brains can send long-range efferent projections,
receive afferent inputs, and integrate into functional neural circuits. However, their cellular
heterogeneity raises concerns regarding off-target projections that may disrupt intact host
networks. Future strategies to refine connectivity would include the use of regionally specified
neuronal subtypes, chemotactic guidance cues, or biomaterial scaffolds to direct axonal growth

along physiologically appropriate pathways.
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1.4.2.2.2 Functional recovery

Functional recovery is a key translational standard, and several studies demonstrate
behavioural improvements following organoid implantation. When cortical organoids were
implanted into a lesioned motor cortex, motor abilities were restored as early as the 5th day
post-implantation, reaching normal levels three weeks later (Wang et al., 2020b).
Improvements in cognitive function after organoid implantation have been reported in mouse
models, including enhanced spatial learning and memory, as measured by the Morris water
maze and passive avoidance tests (Bao et al., 2021), as well as improved performance in the

novel object recognition memory test (Kim et al., 2022).

These results demonstrate that organoids can survive in injured brain environments and
contribute to the repair of functional circuitry, leading to measurable behavioural gains.
However, further studies with long-term assessments using standardised behavioural tests
would enhance understanding of the mechanisms underlying recovery and ensure
reproducibility across models, thereby strengthening the translational relevance of organoid-

based therapies.

1.4.2.2.3 Vascular integration

Vascularisation is a prerequisite for the survival and maturation of grafted neural tissue,
ensuring delivery of oxygen and nutrients (Nwokoye and Abilez, 2024). Across multiple
studies, transplanted cerebral organoids consistently exhibited robust infiltration by host-
derived vasculature. Early evidence of angiogenesis was reported within 2 WPI, with extensive
CD31+ networks observed throughout the graft and maintained up to four weeks (Daviaud et
al., 2018, Wang et al., 2020b). Subsequent work confirmed angiogenesis at a later stage, 4 WPI,
by identifying CD31+ endothelial structure (Bao et al., 2021). The presence of host-derived
vasculature correlated with reduced apoptosis and preserved graft volume, underscoring the
central role of vascular integration in sustaining viable and functional implants (Jgamadze et

al., 2023).

Although vascularisation is consistent, it does not occur immediately, leaving organoids
susceptible to ischemia and shrinkage during the early post-implantation period. Addressing
this vulnerability will be crucial for successful clinical translation. Future strategies may

include pre-vascularisation of the organoids or genetic modification to overexpress pro-
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angiogenic factors. Moreover, long-term monitoring is necessary to ensure the establishment

of a functional neurovascular unit that can sustain grafts over extended periods.

1.4.2.2.4 Immune modulation and compatibility

Xenograft transplantation of human cells into rodent brains faces the challenge of immune
rejection (Jiang et al., 2021), necessitating the use of immunodeficient animals (Bao et al.,
2021) or immunosuppressants (Wang et al., 2020b, Kim et al., 2022, Jgamadze et al., 2023).
Beyond compatibility, studies demonstrated an anti-inflammatory effect of organoids,
evidenced by a decrease in astrocytosis and microglial activation in peri-lesional tissue after
implantation (Kim et al., 2022, Bao et al., 2021). Even in the absence of measurable anti-
inflammatory effects, organoid implantation did not exacerbate immune responses at the injury
site, with levels of pro-inflammatory cytokines and activated glial markers no higher than those
of injured controls (Wang et al., 2020b). Nevertheless, the reliance on immunosuppression or
immunodeficient animals limits translational relevance, and future work should incorporate
immunocompetent hosts in long-term studies. A deeper understanding of host—graft immune
crosstalk dynamics could reveal opportunities to apply organoids not only as structural
replacements but as modulators of post-injury inflammation, enhancing both survival and
integration.

1.4.2.3 Therapeutic mechanisms of organoid implantation for TBI

1.4.2.3.1 Cell replacement

In experimental TBI, grafted human cerebral organoids can contribute to repair through direct
cell replacement. Transplanted organoids differentiated into neurons and enhanced motor
recovery (Wang et al., 2020b). In a mouse CCI model, organoid grafts survived in lesion
cavities, differentiated into cortical neurons, sent long-range projections, and improved spatial
learning, consistent with the structural replacement of lost neurons (Bao et al., 2021). Forebrain
organoids placed into the visual cortex integrated structurally and functionally, exhibiting
reciprocal synaptic connectivity with host pathways (Jgamadze et al., 2023). Collectively, these
data support cell replacement, maturation, and axon pathfinding of graft-derived human

neurons as a key mechanism by which organoid transplantation can restore circuits after TBI.

1.4.2.3.2 Promotion of host neurogenesis and neuronal plasticity

While most studies focus on the fate and integration of grafted cells, emerging evidence
suggests that organoid implantation may also stimulate endogenous neurogenesis and promote

neuronal plasticity after TBI. For example, increased endogenous neurogenesis has been
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reported within the DG 2 WPI (Kim et al., 2022). Similarly, upregulation of DCX (Bao et al.,
2021) and Nestin (Daviaud et al., 2018) has been reported at the peri-implant site. Although
the interpretation of these results is limited by the absence of lineage-tracing approaches, they
still suggest that organoid transplantation may stimulate a regenerative response from

endogenous progenitors.

Clarifying the interplay between graft and host neurogenesis could open new avenues for dual
therapies that not only replace damaged tissue but also potentiate intrinsic neurogenesis. Future
studies should employ specific markers, birth-dating strategies, and reporter mouse lines to

distinguish host-derived neuroblasts and neurons from grafted cells.

1.4.2.3.3 Secretome profile and paracrine signalling

Beyond structural integration, organoids exert therapeutic effects through their secretome
profile, which includes a wide range of immunomodulatory, angiogenic, and neurotrophic
factors. Transplantation of cerebral organoids into a TBI model was associated with the
upregulation of BDNF, NGF, and Epidermal Growth Factor (EGF) in the ipsilateral
hippocampus, interpreted as a contribution to the paracrine functions of the transplanted

organoids (Wang et al., 2020b).

Mechanistic insights have been elucidated through in vitro models. Microglia-containing
cerebral organoids release anti-inflammatory cytokines such as IL-10 and Transforming
Growth Factor- (TGF-f), consistent with the immunomodulatory effects reported in vivo
(Hong et al., 2023). Similarly, organoid-derived exosomes (OExo) exhibited antioxidant
activity, including reduced ROS production, preservation of antioxidant capacity, and
downregulation of pro-apoptotic genes (Ji et al., 2023). Cerebral organoids also secrete
Vascular Endothelial Growth Factor (VEGF) and activate VEGF pathways (Fumado Navarro
et al., 2025), contributing to angiogenic repair and consistent with the vascularisation observed
in vivo. Furthermore, OExo are enriched for neurotrophins such as Neurotrophin-4 (NT-4) and

GDNEF, that promote neuronal differentiation (Ji et al., 2023).

Proteomic profiling further underscores the developmental stage—specific nature of the
organoid secretome. At day 35 of differentiation, the profile is enriched in synaptic and
adhesion-related proteins, including synaptic adhesion molecules, cell adhesion molecules, and
ECM remodelling proteases, which are implicated in corticogenesis and circuit assembly. By

day 50, the secretome shifts toward an ECM-rich composition, with collagens, laminins, and
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fibronectin that consolidate neuronal survival and stabilise network connectivity. Total protein
secretion increases with time, with distinct molecular signatures aligning with datasets from

fetal brain organoids and CSF (Yentur et al., 2025).

Collectively, these findings establish the secretome as a key mediator of organoid-based repair,
extending therapeutic potential beyond structural cell replacement. However, there is a lack of
systematic profiling of secretome dynamics. Future research using high-throughput proteomic
and transcriptomic platforms will be essential to identify key effector molecules and optimise
organoid-derived or exosome-based strategies as clinically relevant, cell-free therapies.

1.4.2.4 Factors determining the outcomes of organoid implantation in TBI

The therapeutic efficacy of organoid implantation in TBI is influenced by multiple interrelated
variables, including host characteristics, lesion parameters, graft properties, and

methodological factors (Fig. 1.3).

Host-related factors such as age, sex, immune status, and general health influence graft survival
and integration. Age is a critical, non-adjustable determinant of regenerative capacity
(Vanacore et al., 2024). To date, no study has directly compared organoid implantation across
different age groups. Only one study mentioned the implantation of organoids into 7-day-old
and 6-week-old mice. While both age groups were used in the experiments, the study did not
explicitly compare the age-related outcomes (Kitahara et al., 2020). Sex has significant
implications in TBI studies, as male and female brains respond differently to injury
(Krukowski, 2021). Most studies discussed here relied on male rodents, limiting the
generalisation of findings and overlooking the potential influence of sex hormones and
chromosomal differences on host-graft dynamics. Including both sexes and monitoring of

hormonal status post-implantation would improve translational value.

Lesion-specific parameters, including site, size, number, and accessibility, impact the
outcomes. Most studies targeted the sensorimotor and retro-splenial cortices due to their
accessibility and well-defined functional outputs; however, other cortical regions remain
underexplored. Regional differences in cortical vascularisation may further affect graft
viability. Notably, the primary motor, sensory, and visual cortices, along with the ventral retro-
splenial cortex, possess a dense cerebrovascular network (Wu et al., 2022), suggesting that

implantation in these areas may enhance graft survival.
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Species-specific characteristics are another factor that influences outcomes of organoid
implantation. Most preclinical studies were conducted on rodents, with only one study
including large animals, underscoring the need for additional large-animal studies to bridge
rodent-human gaps. To date, one non-human primate study has transplanted human cerebral
organoids into 3-year-old monkeys, reporting graft survival with host vascularisation and short-

range axonal outgrowth by 12 WPI (Kitahara et al., 2020).

Organoid-related factors, such as the developmental stage and cellular composition of the
organoid, profoundly influence integration. Early-stage organoids (<24 days) retain high
proliferative capacity and plasticity but lack the structural organisation necessary for mature
synaptic connectivity (Yentur et al., 2025). By contrast, late-stage organoids (>90 days) display
enhanced architectural complexity and synaptic development but are more prone to necrosis
due to prolonged in vitro culture. Intermediate-stage organoids (30—60 days) achieve a balance
between cellular diversity and early neuronal commitment, which promotes graft survival and
integration (Bao et al., 2021, Kim et al., 2022). It has been reported that implantation of 6-
week-old cerebral organoids into a TBI mouse model resulted in more axon extensions
compared to 10-week-old organoids (Kitahara et al., 2020). Similarly, 55-day-old organoids
yielded higher neurogenesis and increased cell survival compared to their 85-day-old
counterparts, suggesting that a greater abundance of neuronal progenitors at the time of
implantation may enhance tissue restoration (Wang et al., 2020b). Brain organoids lack
mesodermal-derived lineage, and recent protocols have incorporated endothelial cells (Cakir
et al., 2019, Sun et al., 2022, Shi et al., 2020, Pham et al., 2018) and microglia-like cells into
brain organoids (Ormel et al., 2018), thereby enhancing the physiological relevance of the

organoid.

Methodological variables, such as the implantation window, surgical protocols, and follow-up
duration, can further influence graft integration. To date, there have been limited studies
addressing the optimal timing for organoid implantation. One report found that delayed
implantation of 10-week-old organoids following injury led to greater axonal extension
compared to immediate implantation of organoids of the same age (Kitahara et al., 2020),
consistent with insights previously discussed in cell suspension transplantation. Surgical
protocols also lack standardisation. While most studies use stereotactic delivery into lesion
cavities, others place intact organoids onto the cortical surface, which complicates the

comparisons across studies.
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Follow-up duration is another limitation, with most studies terminating before 6 WPI, which
interferes with the assessment of long-term graft survival, integration, and even tumourigenic
potential. Furthermore, the first week after implantation remains an underexplored window,

despite being a critical window for acute rejection and inflammatory responses.
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Figure 1.3 Factors influencing the outcome of organoid implantation

The success of organoid implantation relies on several factors. These include the developmental stage,
subtype composition, regional identity, and ECM properties of the organoids. Host-related aspects,
such as sex, age, immune status, and strain, also play significant roles. Additionally, the size, site, and
number of lesions are important determinants. Proper operative technique and post-operative follow-
up further contribute to the overall outcome.

1.4.2.5 Limitations of organoid implantation for TBI

While organoids offer promising avenues for brain repair, several intrinsic and methodological
limitations constrain the translational potential of organoids for TBI. A major issue is the
absence of essential cell types, particularly microglia and oligodendrocytes, which are critical
for immune regulation and remyelination, respectively. The absence of a functional
microvasculature component restricts the delivery of nutrients and oxygen, leading to the
development of cellular necrotic cores and impairing the survival and maturation of the graft
(Kofman et al.,, 2022). In addition, variability in organoid differentiation can lead to
inconsistencies across batches, which complicates the standardisation and comparisons

between studies (Andrews and Kriegstein, 2022). Organoid platforms offer minimal control
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over spatial organisation because the lamination in organoids is arranged in largely random
orientations around neural rosettes (Lancaster et al., 2013). This randomness prevents
alignment with host cortical architecture and restricts the ability to reconstruct columnar

organisation.

1.4.3 3D bioengineered neuronal tissue

1.4.3.1 Biomaterials employed in bioengineering neuronal tissue in vitro

Unlike organoid technology, which relies on the inherent self-organisation of stem cells,
bioengineered 3D neural models employ pre-designed biomaterial scaffolds that are seeded
with iPSC-derived cells, immortalised cell lines, or primary neural cells (Hopkins et al.,
2015). Cortical areas differ in their biomechanical and physical properties; therefore, scaffold
properties should be adjusted accordingly to support graft survival and lineage specification
(Blaeser et al., 2016, Ortinau et al., 2010). Biomaterials used in neural tissue engineering can

be broadly classified into naturally derived and synthetic scaffolds.

The frequently used natural polymers for scaffold design in neural tissue engineering are
collagen, gelatin, HA, chitosan, elastin, and alginate. Collagen type I enhances neuronal
survival, attachment, and neurite outgrowth (Tang-Schomer et al., 2014). Furthermore, it
supports the differentiation of NSCs into neurons, astrocytes, and oligodendrocytes in dense
3D cultures, while also enabling the generation of excitable neurons with appropriate polarity
and receptor expression (Watanabe et al., 2007a, Ma et al., 2004). Despite these advantages,
its rapid degradation and non-physiological abundance in the brain limit long-term guidance
(Antoine et al., 2014). Gelatin is derived from collagen degradation and exhibits lower
immunogenicity, whereas gelatin methacrylate (GeIMA) is a synthetic gelatin with mechanical

properties that resist immediate degradation, thereby improving stability (Wang et al., 2017a).

HA is abundant in brain ECM and modulates neural progenitors toward neuronal or glial fates
(Seidlits et al., 2010). It tends to support stem cell quiescence and inhibit neurite outgrowth;
therefore, it is increasingly incorporated into composite scaffolds to guide the differentiation
of neural stem cells into more complex CNS constructs (Preston and Sherman, 2011). HA alone
cannot retain its structure, so it is combined with other biomaterials to enhance its printability,

mechanical stability, and biological properties (Petta et al., 2020).
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Alginate, a polysaccharide derived from brown algae, forms hydrogels when combined with
calcium ions. Alginate hydrogels provide a hydrated environment that supports the diffusion
of nutrients and molecules, while also allowing the entrapment of cells within bioink
formulations (Lee and Mooney, 2012). To enhance its mechanical and biochemical properties,
alginate is often combined with other biomaterials, such as agarose, collagen, or chitosan.
Agarose, another plant-derived polysaccharide, is non-degradable and sensitive to temperature
and pH changes. It can form stable networks and cross-link with different polymers to enhance
structural integrity (Mahendiran et al., 2021). Importantly, combining alginate and agarose has
been shown to influence the physical properties of bioinks, supporting the differentiation of

hNSCs into functional neurons (Gu et al., 2016).

Matrigel is a reconstituted basement membrane extract, derived from the murine Engelbreth—
Holm—Swarm sarcoma, that closely resembles the ECM in both composition and function. It
is rich in laminin, collagen type IV, proteoglycan perlecan, and the glycoprotein entactin.
Matrigel provides a supportive scaffold that promotes cell differentiation, proliferation, and
migration (Novikova et al., 2006). It also contains numerous growth factors, including TGF,
EGF, Fibroblast Growth Factor (FGF), and Platelet-Derived Growth Factor (PDGF), as well
as proteases that regulate cell signalling, angiogenesis and tissue repair (Kleinman and Martin,
2005). These properties make it widely used in neuronal cultures, and Matrigel-based bioinks
have been successfully utilised for bioprinting hiPSC-derived spinal neurons (Joung et al.,
2018) and cortical neurons (Zhou et al., 2020, Jin et al., 2022, Joung et al., 2018); resulting in
promising neuronal survival and functional maturation.

1.4.3.2 Bioengineered neuronal tissue for TBI

The introduction of biomaterial scaffolds into stem cell-based therapy of TBI enhances stem
cell survival and reduces the detrimental effect of the injury microenvironment compared to
cell suspension transplantation. For instance, hiPSC-derived neurons grown in polymeric
scaffolds and transplanted into injured mouse brains exhibited greater survival compared to
those injected as a cell suspension (Carlson et al., 2016). Similarly, Francis and colleagues
reported that peptide-based scaffolds supported the maturation and survival of hiPSC-derived

dopaminergic neurons compared with neurons transplanted in suspension (Francis et al., 2020).

Both natural and synthetic biomaterials have been studied for TBI therapy (Agel et al., 2023).

The hydrogel is a favourable scaffold because its mechanical properties can be modified to
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mimic those of the brain, thereby facilitating the transmission of signals between cells (Li et
al., 2022). Natural and synthetic hydrogels utilised for brain repair, including agarose, collagen
type I, HA, chitosan, alginate, methylcellulose, polyethylene glycol (PEG), Poly (N-(2-
hydroxypropyl)methacrylamide) (pHPMA), and Poly(2-hydroxyethyl methacrylate)
(pHEMA) (Hopkins et al., 2015, Woerly et al., 2008, Lesny et al., 2002).

Collagen-based scaffolds have received particular attention for their biocompatibility and
ability to support cellular adhesion and differentiation (Tang-Schomer et al.,, 2014).
Implantation of collagen-based scaffolds loaded with hBM-MSCs reduced lesion volume and
improved sensorimotor performance and spatial learning after CCI (Lu et al., 2007). Similarly,
collagen-embedded hBM-MSCs supported greater corticospinal axonal outgrowth and
improved motor and cognitive function when compared to controls (Mahmood et al., 2013).
Furthermore, a collagen—chitosan scaffold encapsulating BM-MSCs improved motor and
cognitive outcomes, and increased VEGF expression, thereby enhancing angiogenesis at the
injury site after transplantation in the TBI model (Yan et al., 2019). Additional studies using
different cell sources and species further support the utility of collagen-based biomaterials.
Implantation of human amniotic-derived progenitor cells, combined with a collagen type I
scaffold, improved motor performance and reduced axonal degeneration in the thalamus and

corpus callosum (Chen et al., 2011).

Beyond collagen, other naturally derived scaffolds have also shown promise for neural repair.
Implantation of a gelatin hydrogel loaded with BM-MSCs into a TBI model reduced lesion size
and inflammation, enhanced the survival and proliferation of endogenous neural cells, and
promoted recovery of motor coordination and cognitive function (Li et al., 2021). Zheng et al.,
developed GelMA hydrogel functionalized with polydopamine nanoparticles carrying stromal
cell-derived factor-1 and seeded with hAM-MSCs. When implanted into a TBI model, it
reduced the lesion size, facilitated the regeneration of endogenous nerve cells, and promoted

neuronal differentiation of hAM-MSCs (Zheng et al., 2021).

Recently, attention has shifted toward biomaterials derived from brain ECM, which offer
superior biological relevance. Brain-derived decellularised ECM (BAECM) bioink preserved
ECM proteins and brain-like stiffness; NSCs encapsulated in BIECM exhibited high viability

with restrained proliferation and enhanced neuronal differentiation. In a rat TBI model, iPSC-

52



NSCs delivered in BAECM evoked a reduced glial response and differentiated into mature
neurons (Bae et al., 2021).

Together, these studies underscore the crucial role of the ECM in facilitating the survival,
integration, and regenerative efficacy of transplanted neuronal cells. Biomaterial scaffolds
consistently enhanced cellular retention, reduced lesion volume, promoted axonal outgrowth,
and improved motor and cognitive outcomes. Building on this foundation, the current thesis
explores the design and transplantation of 3D cortical constructs that incorporate defined
extracellular architecture, Matrigel, and region-specific neuronal subtypes for TBI repair.

1.4.3.3 Modelling the multilayer architecture of the cerebral cortex in vitro

Few studies have explored the feasibility of bioprinting to reproduce aspects of cortical
architecture. A six-layer cortical-like construct was successfully fabricated using an extrusion
bioprinter with RGD-modified gellan gum, it is a gellan gum hydrogel that has been covalently
linked with a short peptide containing the Arginine-Glycine-Aspartic acid (RGD) sequence. A
simplified three-layer structure containing primary cortical neurons in the outer layers
supported cell survival, differentiation, and network formation (Lozano et al., 2015b). Building
on this early study, a droplet-based bioprinting approach was developed to generate simplified,
two-layer cortical tissues from hiPSC-derived NPCs. When implanted into ex vivo mouse brain
slices, these printed cortical tissues extended axons into the host parenchyma, supported
reciprocal neurite ingrowth, and exhibited synchronised calcium spikes with host neurons,

confirming functional coupling between graft and host (Jin et al., 2022).

In a more recent study, 3D bioprinting of multi-layered brain tissues was achieved by placing
striatal and cortical neuronal layers side by side within a designated hydrogel scaffold. Their
constructs supported the survival and differentiation of NPCs. Importantly, cortical neurons
projected their axons toward striatal neurons and established a functional synaptic network,
resembling the long-range neuronal connections in the brain (Yan et al., 2024). Another study
reported the development of a six-layered, 3D cortical brain model that integrates multicellular
layers and microscale continuous fibres to simulate neuronal orientation and interaction (Wang
et al., 2024). A novel bioprinting platform combining direct ink writing and
electrohydrodynamic fibre printing was developed to fabricate the model, utilising GelMA-
fibrinogen bioink. The aligned fibres directed neuronal orientation, resulting in neurite

extensions reaching 200-300 pm (Wang et al., 2024). Another brain-like tissue with a layered
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gradient pore construct was fabricated using multi-nozzle printing and a gelatin-alginate-
collagen bioink. By varying collagen concentrations, cortical-like laminar structures were
produced with gradient pore sizes (20—150 pm) and mechanical properties adjusted to match
the softness of brain tissue. The constructs achieved high printing accuracy and cell survival
rates, with rapid cell proliferation within the scaffolds, confirming their suitability for
biological applications (Pei et al., 2021). Together, these studies demonstrate that bioprinting
can overcome the spatial randomness of organoids and enable controlled recapitulation of
cortical lamination and projection patterns between different brain regions.

1.4.3.4 Limitations of biomaterials use in brain repair

Biomaterials for CNS repair hold promise; however, developing biodegradable and
biocompatible scaffolds remains a significant challenge. An ideal scaffold for neural tissue
repair should match both the biochemical and biophysical properties of brain ECM (He et al.,
2012). They should provide sufficient mechanical strength to provide physical support and
prevent tissue collapse. They should maintain appropriate permeability to enable the exchange
of nutrients, oxygen, and secreted factors (Cadena et al., 2021). Additionally, they should be
biocompatible, supporting cellular infiltration and regeneration (Maclean et al., 2018).
Mismatching these properties can complicate the condition; for instance, implantation of a
material with a higher stiffness than that of the native brain elicits foreign body reactions,
including neuroinflammation and gliosis (Moshayedi et al., 2014). Furthermore, natural
biomaterials such as Matrigel exhibit batch variability, which hinders the consistency of the

scaffold (Anderson et al., 2008).

The synthetic biomaterials offer greater reproducibility but often lack inherent biological
properties. Moreover, the degradation of synthetic polymers and their degradation products can
alter the surface properties of biomaterials over time, potentially impacting macrophage
behaviour and the inflammatory response (Anderson and Jones, 2007).

1.4.4 Cell therapy in clinical trials for TBI and Parkinson’s disease

Based on the promising results from the preclinical work, early-phase clinical trials have
investigated the applicability of stem cell therapies for patients with TBI. Bone marrow-derived
mononuclear cells (BM-MNCs) are the most commonly used cell type, and intrathecal

administration is the preferred delivery route (Saboori et al., 2024).
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Cell therapy studies in TBI are either for cell replacement or as cell delivery for tissue support.
In a cell replacement strategy, the therapeutic intervention depends on long-term survival,
differentiation, and functional integration of the transplanted cells into host circuits to restore
lost neurons and connectivity. By contrast, clinical studies use BM-MNCs or MSCs, primarily
aim to modulate the hostile post-injury environment rather than restoring neurons (Cox, 2018).
In this approach, transplanted cells act via paracrine and immunomodulatory mechanisms that
support endogenous repair, through attenuating secondary neuroinflammation, promoting
phagocytic clearance of cellular debris, preserving BBB integrity, and reducing oedema and

oxidative stress (Liao et al., 2015).

BM-MNCs are commonly used due to several practical and translational advantages. From a
practical perspective, isolation of BM-MNC:s is relatively simple, requires minimal processing,
and yields a good number of cells (Nguyen et al., 2023). From a translational perspective, BM-
MNCs have robust preclinical proof of concept and demonstrated safety in Phase 1 clinical
trials for TBI, with no serious adverse events or toxicity reported (Cox et al., 2011). Their 5-8
micron size allows for biologically appropriate intravenous delivery with reduced pulmonary
sequestration (Fischer et al., 2009). Additionally, autologous grafts do not require in vitro
culture expansion; they are easily accessible, avoid the risks of uncontrolled growth associated
with embryonic or fetal stem cells, and do not raise ethical concerns related to cell origin (Cox
et al., 2017). Mechanistically, BM-MNC administration after TBI has been linked to
neuroprotective effects in preclinical models, including preservation of early BBB integrity
and modulation of innate immune responses, including increased apoptosis of activated

microglia (Bedi et al., 2013).

In pioneering work, Cox et al., demonstrated the safety of intravenous autologous BM-MNCs
in children with severe TBI (Cox et al., 2011). Another trial evaluated the combination of
intracerebral and intravenous administration of human umbilical cord blood stem cells, which

improved neurological function at 6 months without causing toxicity (Zhang et al., 2008).

Later in 2013, two additional clinical trials reported motor improvements in TBI patients
following cell therapy. Intrathecal administration of allogeneic UC-MSCs was found to be safe
and effective in alleviating chronic motor deficits (Wang et al., 2013c). Likewise, autologous
BM-MSCs transplanted into TBI patients with cerebral lesions via lumbar puncture improved

motor function in approximately 40% of patients (Tian et al., 2013).
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Later studies in 2017 demonstrated modulation of inflammation, in addition to improvements
in neurological outcomes. Patients with chronic severe TBI received either intravenous or
intrathecal injections of autologous MSC-derived NSCs, experienced varying degrees of
improved neurological function with no reported adverse events (Wang et al.,, 2017b).
Similarly, paediatric patients received an intravenous injection of BM-MNCs, reported
improved recovery, and showed reduced systemic inflammatory markers, including Tumour
Necrosis Factor-a (TNF-a), interleukin-1p (IL-1p), IL-10, and Interferon-y (IFN-y), within 6
months of treatment (Cox Jr et al., 2017). Moreover, a recent study that administered
autologous BM-MNC:s intravenously to patients with acute severe TBI revealed neurological

improvement (Cox Jr et al., 2024).

Collectively, these studies support the safety and efficacy of stem cell-based therapy through
various delivery routes and cell types. However, further trials are necessary to define optimal
cell sources, dosages, delivery methods, and treatment windows to achieve consistent, long-

term neurological benefits for patients with TBI.

Beyond TBI, the strongest clinical precedent for neuronal transplantation comes from
Parkinson’s disease, where fetal and, more recently, pluripotent stem cell-derived
dopaminergic grafts have been evaluated in human clinical trials. Parkinson’s disease, a
neurodegenerative disease that affects the dopaminergic cells in the substantia nigra pars
compacta (Lotharius and Brundin, 2002). The earliest clinical trials implanted fetal nigral tissue
into one striatum of two Parkinson’s patients under immunosuppression. The surgery was safe
but produced no major clinical improvement, with only small, measurable gains in movement
speed and a slightly stronger levodopa response. Brain imaging showed no clear evidence of
graft function (Lindvall et al., 1989). Another early clinical study included six Parkinson’s
patients who received a one-sided transplant of embryonic midbrain tissue into the striatum
and were tracked for up to six years. Brain scans later showed strong dopamine activity in the
grafts, and most patients had meaningful symptom improvement and slightly lower L-dopa

requirements, as well as longer benefit from each dose (Wenning et al., 1997).

A subsequent landmark study was a double-blind, randomised controlled trial of forty patients
with severe Parkinson’s disease, comparing bilateral embryonic mesencephalic cell transplants
into the putamen with sham surgery and following them for one year. On the main patient-

reported global change outcome, there was no meaningful difference between the transplant
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and sham groups at one year. However, patients aged 60 or younger who received transplants
showed improvement on standard Parkinson’s measures when tested off medication, whereas
older patients did not benefit. Most transplant recipients showed evidence of graft survival or
growth, but about 15% developed recurrent dystonia or dyskinesias after initial improvement,

despite reductions or discontinuation of levodopa (Freed et al., 2001).

A further 24-month double-blind, placebo-controlled trial in 34 advanced Parkinson’s patients
tested bilateral fetal nigral transplants versus a placebo procedure. Overall, transplantation did
not significantly improve off-medication motor scores compared with placebo, though the four-
donor group showed a small average improvement while placebo worsened, and milder patients
did show a significant treatment effect. Imaging and postmortem findings confirmed dopamine
neuron survival and increased striatal fluorodopa uptake, but 56% of transplanted patients
developed persistent off-medication dyskinesias (Olanow et al., 2003). The open-label
TransEuro trial evaluated fetal ventral mesencephalic tissue transplants in 11 patients with
Parkinson’s disease. At three years, there was no overall clinical improvement on the primary
outcome, and major graft-induced dyskinesias were not seen. PET imaging showed increased
dopamine uptake in seven patients at 18 months, with near-normal restoration occurring in only
one (Barker et al., 2025). Collectively, these fetal programs demonstrated proof of principle
but also exposed several barriers that limit their broader use, including constrained tissue
availability, batch-to-batch and surgical variability. Together, these factors made fetal tissue

difficult to standardise and scale for broad deployment as a therapy (Barker et al., 2013).

The modern clinical wave aims to replace fetal tissue with pluripotent stem cell-derived
dopaminergic progenitors prepared under controlled conditions, with defined identity and
criteria. A phase I/Il trial at Kyoto University Hospital transplanted iPS-cell-derived
dopaminergic progenitors into both sides of the putamen in seven Parkinson’s patients and
followed them for 24 months. There were no serious adverse events, and MRI showed no graft
overgrowth or tumour formation. The motor scores improved in most participants. PET
imaging showed biological activity, with increased 18F-DOPA uptake in the putamen, greater
in the higher-dose group. Overall, the results suggest that the grafts survived, made dopamine,
and appeared safe, with possible clinical benefit (Sawamoto et al., 2025). In parallel, an open-
label phase I trial tested hESC-derived dopamine-neuron progenitors, transplanted into both
putamina of twelve patients with Parkinson’s disease, with one year of immunosuppression. At

1 year, the primary safety and tolerability goals were met without adverse effects. By 18
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months, 18F-DOPA PET uptake in the putamen increased, consistent with graft survival.
Clinical measures were stable or improved, with no graft-induced dyskinesias reported (Tabar

et al., 2025).

Recently, an ongoing phase 1/2a dose-escalation trial of an autologous graft strategy is testing
whether ANPDO0O1 cells, an autologous dopaminergic neuronal precursor therapy, can be
safely implanted into the brain to mature into dopamine-producing neurons in patients with
sporadic Parkinson’s disease. Participants who undergo neurosurgery are tracked for safety,
symptom progression, and cell survival through clinical assessments and MRI and PET scans
for 5 years. After that, safety follow-up continues annually by phone for 10 more years, for a

total of 15 years of monitoring (NCT06344026, 2024).

1.5 Hypothesis and the project’s aims

Cell therapy for TBI has shown promising results in preclinical studies. However, current
approaches remain limited in their translational potential. Cell suspension transplantation has
demonstrated cell survival and differentiation; however, it is limited by low long-term survival,
lack of structural organisation, and insufficient synaptic integration. These limitations have
prompted the field to explore 3D neuronal tissue. Organoid implantation into the injured brains
showed encouraging outcomes, including neuronal integration with reciprocal connections,
vascularisation, immune modulation, and improvement in motor and cognitive functions.
However, cerebral organoids also have shortcomings, such as core necrosis due to insufficient
oxygen and nutrient diffusion, which constrains cellular maturation. Their cellular
heterogeneity may lead to off-target projections, thereby reducing specificity in circuit
reconstruction. Additionally, there is limited control over the spatial organisation of cells due

to the inherent self-organisation nature of organoids.

Laminar organisation is the key to cortical function, yet this remains an unmet challenge in
regenerative medicine. Effective therapy requires more than simply injecting cells; it requires
reconstructing tissue continuity and ensuring that the layering identity of the host cortex is

matched to guide integration and prevent off-target projections.

To address these gaps, this thesis develops and explores the properties and utility of 3D
neuronal constructs engineered to reproduce the basic laminar organisation and spatial cellular

distribution of the native cerebral cortex. Human iPSCs are differentiated into early neuronal
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progenitor cells (ENPCs) and late neuronal progenitor cells (LNPCs), which correspond to
deep- and upper-layer cortical neurons, respectively. Using a droplet-based microfluidic
technique, I generate 3D ENPC and LNPC constructs that are assembled into two-layered
neuronal tissues, replicating key features of cortical lamination. I hypothesised that, following
TBI, implantation of 3D neuronal constructs derived from temporally specified ENPCs and
LNPCs would enhance implant survival and enable identity-dependent integration with the
host cortex. Furthermore, the implantation of two-layered neuronal tissue that mimics cortical
lamination could facilitate the reconstruction of cortical columnar circuits by promoting both

local and long-range connectivity.

To test this hypothesis, the thesis is structured into experimental aims corresponding to
Chapters 2-4, as outlined below. Each chapter has a specific introduction, methods, results and

discussion. Chapter 5 is the general discussion.

1.5.1 Aim of Chapter 2: Differentiation of hiPSCs into Deep-and Upper-Layer Cortical

Neurons

The overall aim of Chapter 2 is to establish and validate a reproducible differentiation protocol
to generate hiPSC-derived cortical neuronal progenitors that reflect distinct temporal stages of
corticogenesis, including ENPCs and LNPCs. This protocol provides the cellular basis for
subsequent fabrication of 3D constructs (Chapter 3) and in vivo implantation studies (Chapter

4).
Aim 2-1: Optimise hiPSC differentiation into deep- and upper- cortical neurons

To validate the dorsal telencephalic fate of the human progenitors and assess the laminar
identities of ENPCs and LNPCs, I will perform immunocytochemistry to examine the
expression of pluripotency markers (OCT4, NANOG, SOX2) and the neuroectoderm marker
PAX6. I will then conduct immunocytochemistry to identify characteristic layer-specific
transcriptional factors, including deep-layer markers (CTIP2, TBR1), the layer IV marker
(RORB), and upper-layer markers (SATB2, BRN2). To complement this, I will use qPCR to
quantify the expression of cortical layer-specific genes (CTIP2, SATB2) as well as neuronal
maturation markers (MAP2, RBFOX3). Furthermore, I will characterise neuronal phenotypes
and examine potential synapse formation. To achieve this, I will use immunocytochemistry to

identify neuronal subtypes, labelling excitatory neurons with VGLUT1 and inhibitory INs with
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GABA. Finally, I will assess synaptic maturation by co-staining for presynaptic Synapsin-1
and postsynaptic density protein-95 (PSD-95) and analyse their co-localisation and synaptic
density.

Aim 2-2: Determine the functional activity and network connectivity of ENPCs and
LNPCs

To investigate how temporal identity shapes the neuronal activity and network organisation, I
will record spontaneous calcium activity of ENPCs and LNPCs using calcium imaging. I will
then analyse calcium spike dynamics, including firing frequency, global synchrony index, rise
time, decay time, and half maximal spike width. To further characterise network organisation,
I will apply graph theory analysis to the calcium imaging data to assess network topology and
connectivity patterns in ENPC- versus LNPC-derived networks. I will examine receptor
functionality through pharmacological perturbation of glutamatergic and GABAergic
signalling. To achieve this, I will apply exogenous neurotransmitters (GABA and glutamate)
during calcium imaging, after recording baseline activity, to monitor acute network responses.
Finally, I will apply receptor antagonists such as gabazine (a GABA-A receptor blocker) and

picrotoxin (a GABA-A chloride channel blocker) to evaluate their effects on calcium activity.

Aim 2-3: Establish ENPC and LNPC populations as cell sources for 3D constructs and in

vivo implantation

To validate cortical identity in vivo, I will transplant ENPCs and LNPCs into the motor cortex
of postnatal day 7-8 (P7-P8) NOD-SCID mice and subsequently investigate both their cortical
identity and integration within the host brain. I will perform immunohistochemistry on brain
sections using cortical layer markers, CTIP2 and SATB2, to determine whether the
transplanted ENPCs and LNPCs maintain their intended layer-specific differentiation in vivo.
To identify grafted human cells, I will utilise human-specific markers, including human neural
cell adhesion molecule (h(NCAM) and human nuclear antigen (HuNu). Finally, detailed
Neurolucida tracings of axons will be conducted to map the extent and pattern of integration
of transplanted cells into the host brain regions.

1.5.2 Aim of Chapter 3: Droplet-Based Microfluidic Technique to Fabricate 3D Constructs

This chapter investigates the development of droplet-based microfluidic technique to fabricate

3D constructs of ENPCs and LNPCs. It examines whether these constructs retain laminar-

60



specific molecular identities and achieve functional maturation. Furthermore, the chapter
explores the assembly of ENPC and LNPC constructs into two-layered neuronal tissues,
mimicking cortical lamination, and examines how spatial organisation influences network

connectivity and inter-laminar communication.

Aim 3-1: Establish a reproducible droplet-based microfluidic method for the fabrication

of 3D neuronal constructs

To develop a platform for generating 3D constructs, polydimethylsiloxane (PDMS)-based
microfluidic chips with defined channel geometries and inlet—outlet dimensions will be
designed and fabricated. To evaluate the suitability of these constructs for downstream
applications, I will assess cell viability at 1, 8, and 14 days after fabrication using a live—dead

assay on freshly printed constructs.

Aim 3-2: Evaluate viability, proliferation, and neuronal differentiation of 3D ENPC and

LNPC constructs

To assess whether the 3D constructs maintain their capacity to proliferate and differentiate into
defined laminar identities after fabrication, I will evaluate cell survival and proliferation using
immunostaining for Ki-67 to identify proliferating cells and Cleaved Caspase-3 to detect
apoptotic cells. I will then investigate laminar identity markers by performing
immunocytochemistry for CTIP2 and SATB2 expression in 3D ENPC and LNPC constructs.
To further determine neuronal and glial fate, I will conduct immunostaining for GABA and
S100B, respectively. Finally, I will demonstrate synaptic network formation by co-

immunolabelling for presynaptic Synapsin-1 and postsynaptic PSD-95.

Aim 3-3: Define functional activity and network connectivity in 3D ENPC and LNPC

constructs

To examine how temporal identity shapes neuronal activity and network organisation in 3D
environments, I will record spontaneous calcium signals of 3D ENPC and LNPC constructs
after dual loading with Fluo-4 and Fura-Red. I will then quantify spike dynamics, including
firing frequency, global synchrony index, rise time, decay time, and half maximal spike width.
To further characterise network connectivity and reveal the differences between ENPC and

LNPC network organisations in a 3D environment, I will apply graph theory analysis by
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computing matrices for average edge weight, average path length, clustering coefficient, and

modularity.

Aim 3-4: Assemble 3D ENPC and LNPC constructs into two-layered neuronal tissues and

assess structural and functional inter-laminar integration in vitro

I will manually fuse 3D ENPC and LNPC constructs to generate two-layered neuronal tissues
to analyse their structural and functional properties, and to explore whether these two-layered
neuronal tissues can replicate key aspects of cortical column organisation and inter-laminar
interactions. Confocal microscopy will be used to assess maintenance of lamination, track
neurite projections at the interface. I will perform immunostaining for layer-specific markers
to verify the retention of cortical identity. To evaluate inter-laminar functional connectivity, I
will record the calcium activity and apply temporal cross-correlation analysis to reveal the
temporal correlation of signalling and identify leader—follower dynamics between the
compartments.

1.5.3 Aim of Chapter 4: Implantation of 3D Neuronal Constructs into TBI Model

This chapter examines the structural integration of 3D constructs implanted into the TBI model.
All implantation studies will utilise P7-P8 NOD-SCID mice with an aspiration lesion in the

motor cortex as a model of TBI.

Aim 4-1: Assess the survival, differentiation, and structural integration of 3D RFP+ NPC

implants following TBI

To evaluate the supportive microenvironment of transplanted constructs that promotes implant
survival, neuronal differentiation, and integration following TBI, I will implant 3D RFP+ NPC
constructs into P7-P8 mice with cortical lesions and assess the feasibility of long-term survival,
vascularisation, and host integration at 2 WPI and 2 MPI. I will evaluate implant proliferation
and survival using immunostaining for Ki-67 and Cleaved Caspase-3 at both time points.
Cortical neuronal differentiation will be evaluated by immunostaining for CTIP2 and SATB2,
while implant-host interaction will be assessed by analysing blood vessel ingrowth (CD31) and
glial responses (Ibal, GFAP) over time. Finally, I will map axonal outgrowth and anatomical
connectivity using Neurolucida software to reconstruct axonal projections and identify target

regions at 2 WPI versus 2 MPL
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Aim 4-2: Compare the structural integration of 3D ENPC and LNPC implants with host

brains in vivo

To investigate how the temporal identity influences the integration patterns after implantation,
I will selectively implant 3D ENPC and LNPC constructs and compare their structural
integration and connectivity with the host brain at 2 MPI. Axonal outgrowth and anatomical
connectivity will be traced using Neurolucida software to reconstruct axonal projections and
identify target regions at 2 MPIL Synaptic formation will be assessed using
immunohistochemistry for human-specific Synaptophysin and PSD-95. Glial reactivity will be
evaluated by immunohistochemistry for Ibal and GFAP to examine potential differences in
immune responses to 3D ENPC and LNPC implants. To assess the functional activity of the
host brain after implantation of constructs, spontaneous extracellular activity will be recorded
using an MEA system from acute brain slices implanted with 3D ENPC and LNPC constructs
at 2 MPL

Aim 4-3: Evaluate the integration potential of two-layered neuronal tissues that mimic

key aspects of cortical lamination

To investigate whether pre-assembled two-layer neuronal tissues, that mimic key aspects of
cortical lamination, can integrate differently from single-layer grafts and potentially reestablish
both local and long-range projections, I will implant two-layer cortical tissues into the TBI
model and assess their structural integration at 2 MPIL. The compartment-specific axonal
projections will be mapped and reconstructed to determine the projection patterns of ENPC

compartment versus LNPC compartment using Neurolucida software.

By achieving these aims, this thesis will demonstrate whether engineered 3D cortical neuronal

constructs can overcome the current limitations of cell therapy for TBI.
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Chapter :2 Differentiation of hiPSCs into Deep- and Upper-
Layer Cortical Neurons

2.1 Introduction

The mammalian cerebral cortex is organised into six layers, each characterised by distinct
neuronal subtypes and projection patterns (Molyneaux et al., 2007). In rodents, transcription
factors CTIP2 and SATB2 specify subcerebral neurons in layer V and callosal PNs in layer
II/III, respectively (Srinivasan et al., 2012). Neurons expressing CTIP2 give rise to
corticospinal projections (Arlotta et al., 2005), while SATB2 is a transcription factor necessary
for callosal projection neuron identity (Alcamo et al., 2008). The cytoarchitecture and
lamination of the cerebral cortex are fundamental for the establishment of functional
microcircuits, with each layer contributing to the overall function of the cortical column

(Bosman and Aboitiz, 2015).

The breakthrough of hiPSCs has provided a powerful tool for studying human corticogenesis
in vitro and for regenerative medicine (Kim et al.,, 2014, Lee et al., 2024). Multiple
differentiation protocols have been developed using either monolayer or 3D embryoid body
cultures of hiPSCs (Muratore et al., 2014). Monolayer-based dual-SMAD inhibition protocols
use Noggin and SB431542 to antagonise Bone-Morphogenetic Protein (BMP) and TGF-
B/Activin signalling pathways, thereby promoting neuroectodermal fate (Chambers et al., 2009,
Shi et al.,, 2012a). More recent refinements incorporate additional pathway modulators,
including the Wnt inhibitor DKK-1, the BMP receptor inhibitor DMH-1, and the Sonic
Hedgehog antagonist cyclopamine, to further reinforce dorsal cortical identity (Autar et al.,
2022). An alternative strategy involving the forced expression of neurogenic transcription
factors, Neurogenin-2 (NGN2), has emerged to generate iPSC-derived cortical neurons within
two weeks (Zhang et al., 2013). Furthermore, co-expression of NGN1 and NGN2 increases the
efficiency of excitatory fate acquisition compared with NGN2 alone (Goparaju et al., 2017).

Recapitulating laminar identity is essential in cell therapy for TBI with cortical lesion.
Generating ENPCs enriched in deep-layer fate and LNPCs enriched in upper-layer fate
supports the generation of cortical lamination and restores the distinct projection patterns that
support cortical function. While many differentiation protocols achieve broad cortical identity

(Shi et al., 2012b, Boissart et al., 2013, Espuny-Camacho et al., 2013, Bahmad et al., 2017,
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Gunhanlar et al., 2018), fewer have demonstrated the ability to generate laminar-specific PNs
sequentially, recapitulating some aspects of in vivo corticogenesis (Shi et al., 2012a, Espuny-

Camacho et al., 2013).

This chapter aimed to develop and validate a reproducible protocol for differentiating hiPSCs
into ENPCs and LNPCs, serving as a cellular basis for building 3D constructs (Chapter 3) and
for in vivo implantation in TBI models (Chapter 4). I established a differentiation protocol that
generates temporally distinct populations of cortical neurons, characterised their molecular and
functional properties in vitro, and demonstrated their potential for application in 3D tissue
engineering and implantation studies. The first objective focused on optimising and validating
the differentiation of hiPSCs into deep- and upper-layer cortical neurons. Following neural
induction, the dorsal telencephalic identity of the progenitors was confirmed through the
downregulation of pluripotency markers and upregulation of dorsal telencephalic markers. The
temporal specification of progenitors was assessed via immunostaining for CTIP2, TBR1,
SATB2, and BRN2, with support from quantitative PCR (qPCR). Neuronal subtypes were
assessed by immunocytochemistry for both excitatory and inhibitory neurons, and synaptic
maturity was evaluated by co-localisation of Synapsin-1 and PSD-95. The second objective
involved defining the functional properties of ENPCs and LNPCs and how their temporal
identities affect network activity. Spontaneous neuronal activity was captured through calcium
imaging and analysed for firing frequency, global synchrony index, and other spike dynamics
metrics. Graph theory analysis was used to evaluate the network connectivity pattern. Receptor
function was assessed via pharmacological modulation of glutamatergic and GABAergic
pathways. Finally, ENPCs and LNPCs were implanted into the motor cortex of P7-P8 NOD-
SCID mice to evaluate their potential for integration with different brain regions. Integration
was examined through immunohistochemistry for human-specific markers, followed by

mapping of projection and connectivity using Neurolucida software.
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2.2 Methods

2.2.1 Culture of hiPSCs
2.2.1.1 Cell line of hiPSCs

A single hiPSC line (AH016-3), reprogrammed from dermal fibroblasts using integration-free
Sendai vectors expressing OCT4, SOX2, KLF4 and c-MYC, was used in parental (unlabelled)
and RFP-expressing derivative forms (AH016-3 Lenti RFP_IP), both provided by Prof. Sally
Cowley (Haenseler et al., 2017, Sandor et al., 2017). hiPSCs were cultured on Geltrex™
(Gibco® Life Technology) coated six-well plates in mTeSR™ Plus medium (STEMCELL
Technologies). Aliquots of Geltrex, 400 ul each in 50-mL centrifuge tubes, were prepared on
ice and stored at -80°C until use. To prepare a working stock of Geltrex, an aliquot was
transferred from -80°C to -20°C overnight and then to 4°C for a few hours before mixing it
with cold advanced DMEM/F-12 (Life Technologies) using pre-chilled pipettes to prevent
premature gelation. The diluted solution was stored at 4°C for up to two weeks. For coating the
plates, 2 mL of diluted Geltrex was added to each well of the 6-well plates and incubated
overnight.

2.2.1.2 Thawing of cryopreserved hiPSCs

Cryopreserved hiPSCs were stored in a liquid nitrogen tank. For thawing, a vial was retrieved
on dry ice and briefly immersed in a 37°C water bath until only a small crystal of ice remained.
Under sterile conditions, the cells were transferred to 9 mL of pre-warmed mTeSR Plus
medium in a 15 mL conical tube and centrifuged at 200 x g for 5 min. The pellet was gently
resuspended in 2 mL of fresh mTeSR Plus medium supplemented with 10 uM Y-27632 ROCK
inhibitor (STEMCELL Technologies), to enhance post-thaw survival. Cells, from one vial,
were plated into one well of a Geltrex-coated 6-well plate. The medium was changed daily
with 2 mL of mTeSR Plus per well, pre-equilibrated to room temperature for at least 1 h before
use. Y-27632 ROCK inhibitor was omitted from the medium after the first 24 h. When cultures
reached approximately 90% confluency, passaging was done at a 1:3 ratio. After aspiration of
medium, cells were washed with Dulbecco’s phosphate-buffered saline (DPBS, Sigma-Aldrich
Corporation) and incubated with 1 mL of 0.5 mM EDTA (Gibco® Life Technology) at 37°C
for 8-10 min. Cells were gently dissociated in mTeSR Plus supplemented with 10 uM Y-27632
ROCK inhibitor to preserve colony integrity (Schwartz et al., 2011, Watanabe et al., 2007b),
and then evenly distributed into new Geltrex-coated wells. On the following day, the old

medium was replaced by a fresh medium, but without the ROCK inhibitor.
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2.2.1.3 Cryopreservation of hiPSCs

When the cells reached approximately 90% confluency, hiPSCs were cryopreserved in freezing
medium composed of 90% mTeSR Plus medium and 10% dimethyl sulfoxide (DMSO, Sigma-
Aldrich Corporation). Cells were detached with 0.5 mM EDTA at 37°C for 8-10 min, as
previously described. Cells were then resuspended in mTeSR Plus medium and centrifuged at
200 x g for 5 min. The pellet was resuspended in freezing medium and transferred to cryovials.
Vials were placed in a Mr. Frosty™ freezing container (Thermo Fisher Scientific) and
transferred to -80°C overnight, then moved to liquid nitrogen for long-term storage. The
composition of the freezing medium is detailed in Table 2.1.

Table 2.1 Composition of freezing medium for hiPSCs (10 mL)

Item Volume Final Stock Supplier Catalogue
conc. conc. no.
mTeSR™ Plus 9 mL 90% - STEMCELL 1027-076
medium Technologies
DMSO 1 mL 10% - Sigma-Aldrich D2650-
Corporation 100ML

2.2.2 Differentiation protocol to generate deep- and upper-layer cortical neurons

The differentiation protocol had two phases: the neuronal induction phase, from day 0 to day
7, followed by the neuronal differentiation phase, from day 8 to day 70.

2.2.2.1 Neuronal induction phase

Successful induction required a confluent monolayer of hiPSCs with no signs of spontaneous
differentiation. To ensure this, cells were passaged at a 3:2 ratio 24 h prior to induction. On
day 0, mTeSR Plus medium was aspirated, and the cells were washed with DPBS before the
addition of neural induction medium (NIM). The medium was supplemented with dual SMAD
inhibitors, SB431542 and LDN193189. SB431542 inhibits the Lefty/Activin/TGF- pathways
by blocking the phosphorylation of ALK4, ALKS, and ALK7 receptors, which induce the
mesenchymal-to-epithelial transition (Inman et al., 2002). LDN193189 is a derivative of
dorsomorphin and a selective inhibitor of BMP type I receptor ALK2 and ALK3 (Sanvitale et
al., 2013). The medium was replaced daily until the 7th day of induction. The composition of
the NIM is detailed in Table 2.2A.

2.2.2.2 Neuronal differentiation phase

On Day 7, the cells were passaged using 0.5 mM EDTA at a 2:3 ratio and plated onto poly-L-

ornithine/laminin-coated 6-well plates. For the rest of the day, cells were supplemented with
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NIM containing 10 uM Y-27632 ROCK inhibitor. From Day 8, medium was replaced with
Neural Maintenance Medium (NMM), refreshed daily until Day 34 and every other day
thereafter. The composition of the NMM is detailed in Table 2.2B. The cells were passaged on
day 9 of in vitro differentiation (DIV 9) and DIV 12 at a 1:2 ratio using EDTA as previously
described. For subsequent passages on DIV 19, DIV 24, DIV 29, and DIV 34, Accutase (Life
Technologies) was used. Initially, the cells were washed twice with DPBS, and 1 mL of
Accutase was added per well and incubated for 5-7 min, then resuspended in 3 mL of NMM
and centrifuged at 200 x g for 5 min. The pellet was resuspended in NMM containing 10 uM
Y-27632 ROCK inhibitor and replated onto poly-L-ornithine/laminin-coated wells. From Day
40 onwards, 2 pg/mL laminin was added to the medium every five days to reduce detachment
and clumping of neurons (Baron-Van Evercooren et al., 1982).

Table 2.2 Composition of NIM and NMM

(A) Neural Induction Medium (100 mL)

Item Volume | Final Stock Supplier Catalogue
conc. conc. no.
DMEM/F12 Medium | ~49 mL | — 1X Life Technologies 21331020
Neurobasal Medium | ~49 mL | — 1X Life Technologies 21103-049
B27 supplement 1 mL 1X 50X Life Technologies 17504044
N2 supplement 0.5mL | 1X 100X Life Technologies 17502-048
GlutaMax 1 mL 1X 100X Life Technologies 35050-038
LDN193189 10 uL 100 nM | 1 mM Sigma-Aldrich SMLO0559
Corporation

SB431542 100puL [ 10uM | 10 mM Cambridge Bioscience | ZRD-SB-50

(B) Neural Maintenance Medium (100 mL)

Item Volume | Final Stock Supplier Catalogue no.
conc. conc.

DMEM/F12 Medium | ~49 mL | — 1X Life Technologies 21331020

Neurobasal Medium | ~49 mL | — 1X Life Technologies 21103-049

B27 supplement 1 mL 1X 50X Life Technologies 17504044

N2 supplement 0.5mL | 1X 100X Life Technologies 17502-048

GlutaMax 1 mL 1X 100X Life Technologies 35050-038

2.2.2.3 Stock preservation of the hiPSC-derived cortical progenitors

On DIV 24, neuronal progenitors were either in vitro cultured for downstream applications or
cryopreserved for future use. For cryopreservation, cells were dissociated using Accutase and
pelleted by centrifugation. The pellet was resuspended in freezing medium, and the suspension

was transferred into cryovials, which were stored overnight at -80°C in a Mr. Frosty freezing
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container and then transferred to liquid nitrogen for long-term storage. The composition of the
freezing medium is detailed in Table 2.3.

Table 2.3 Composition of freezing medium for hiPSC-derived cortical progenitors (10 mL)

Item Volume Final Stock Supplier Catalogue
conc. conc. no.
NMM 9 mL - - - -
DMSO I mL — — Sigma-Aldrich D2650-
Corporation 100ML
Y-27632 ROCK 5uL 5uM 10 mM STEMCELL 72304-5mg
inhibitor Technologies

2.2.2.4 Recovery of the hiPSC-derived cortical progenitors

Vials of hiPSC-derived cortical progenitors were retrieved from the liquid nitrogen tank and
rapidly thawed in a 37°C water bath until only a small ice crystal remained. The contents were
slowly transferred dropwise into 9 mL of pre-warmed NMM in a 15 mL Falcon tube to
minimise osmotic shock. Cells were centrifuged at 200 x g for 5 min, and the pellet was
resuspended in NMM supplemented with 10 pM Y-27632 ROCK inhibitor. Each vial was
plated onto a 6-well plate pre-coated with poly-L-ornithine and laminin. The following day,

the medium was replaced with fresh NMM without Y-27632 ROCK inhibitor.

Unless otherwise stated, reagents were obtained from commercial sources and used according
to the manufacturer’s instructions. A comprehensive list of all reagents, suppliers, and
catalogue numbers is provided in the Appendix (Table 6.1-6.7)

2.2.3  Characterisation of the hiPSC-derived cortical neurons

2.23.1 Immunocytochemistry of the monolayer-cultured neurons

For immunocytochemistry, cells were seeded on poly-L-ornithine/laminin-coated 18-well
slides (Ibidi, Thistle Scientific). At designated time points, the cells were washed with DPBS
and fixed using 4% paraformaldehyde (PFA, Thermo Fisher Scientific) for 15 min at room
temperature. After fixation, the cells were rinsed three times with DPBS, each for 10 min, and
then stored in the dark at 4°C until use. On the day of immunocytochemistry, the fixed cells
were rinsed with phosphate-buffered saline (PBS) and permeabilised with 0.5% Triton X-100
(Thermo Fisher Scientific) for 10 min. They were then blocked in PBS containing 5% Bovine
Serum Albumin (BSA, Sigma-Aldrich Corporation) and 0.2% Triton X-100 for 1.5 h. Primary
antibodies were diluted in 1% BSA and 0.2% Triton X-100 in PBS and applied overnight at
4°C. The following day, the cells were washed three times with PBS, and then incubated with
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secondary antibodies (1:500) and DAPI (1:1000) for 1.5 h. Finally, the cells were washed three
times with PBS and then mounted with FluorSave mounting medium (Sigma-Aldrich
Corporation). The primary and secondary antibodies used in this study are detailed in Tables

6.5 and 6.6.

2.2.3.2 Confocal microscopy imaging and quantification analysis

Samples were imaged using a confocal microscopy (Zeiss LSM780) equipped with 20X, 40X
oil-immersion, and 63X oil-immersion objectives. Negative controls were included in the
staining runs; however, in the interest of figure clarity, they are not shown in the presented
figures. Three independent differentiation experiments (biological replicates, n) were
conducted. In each replicate, at least three different fields were imaged per marker. Marker-
positive cells were manually counted and expressed as a percentage of total DAPI-positive
cells. For each biological replicate, the average from the three fields was calculated. The

averages from the three independent experiments were then used for statistical analysis.

For the analysis of the progressive expression of cytoskeletal markers throughout
differentiation (at DIV 24, DIV 45, and DIV 70). Images of MAP2 and Nestin immunostaining
were captured with 20X magnification. The images were processed using Imagel software
(NIH, version 2.14.0/1.54f). Images were manually thresholded, and the percentage of positive
area relative to the total field area was quantified. All analyses were conducted using three
independent differentiation experiments, except for Nestin at DIV 24 and DIV 70, where only

two replicates were analysed.

Synaptic density of ENPCs and LNPCs was assessed using images captured with a 63X oil-
immersion objective at 2x digital zoom. A Z-stack of 10 planes separated by a 1 um interval
was acquired and processed with Imagel software. The images were flattened using the Z-
Project Max Intensity function, and then the background was subtracted using the Subtract
Background function (rolling ball radius = 50). Synapsin-1 and post-synaptic PSD-95 puncta
were quantified using the SynBot plugin (Savage et al., 2024). Manual thresholding was
utilised to detect puncta in each channel for each image, with area thresholds set between 40
and 200 pixels for the minimum and maximum sizes, respectively. To detect co-localisation,
the radius and coordinates of each punctum in the first channel were calculated and compared
with those in the second channel. Puncta were considered colocalised if the distance between

them was less than the sum of their radii (Savage et al., 2024). All synaptic density values were
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normalised to the field area. A negative control is provided in the Supplementary Material (Fig.
6.1A), showing no signal in the SYN1 and PSD-95 channels above background.
2.2.3.3 Molecular analysis (RT-qPCR)

2.2.3.3.1 RNA isolation
Total RNA was extracted from neuronal cultures at DIV 24, DIV 45, and DIV 70 using the
Monarch® Total RNA Miniprep Kit (New England BioLabs) according to the manufacturer's
instructions. Cells were enzymatically dissociated using Accutase, pelleted, and then washed
with DPBS. They were either processed immediately or stored at -80°C. For RNA extraction,
pellets were thawed at room temperature and resuspended in 600 pL of RNA Lysis Buffer with
gentle pipetting. All centrifugation steps were conducted at 16,000 x g for 30 s, unless stated
otherwise. Lysates were transferred to a gDNA Removal Column and centrifuged to remove
gDNA. The flow-through was mixed with an equal volume of ethanol and applied to an RNA
Purification Column. The sample was then centrifuged, followed by washing with 500 pL of
RNA Wash Buffer and another centrifugation step.

A mixture of 5 pL of DNase I and 75 pL of DNase I Reaction Buffer was added directly to the
top of the matrix and incubated for 15 min at room temperature. The column was then washed
with 500 uL RNA Priming Buffer, followed by two sequential washes with 500 pL. RNA Wash
Buffer. RNA was eluted with 30-100 pL nuclease-free water into an RNase-free tube. The
eluted RNA was treated with an additional in-tube DNase I digestion to avoid genomic DNA
amplification. For each 40 pL RNA sample, 5 pL. DNase I and 5 uLL DNase I Reaction Buffer
were added, and samples were incubated for 20 min at room temperature. For each 50 pL
treated sample, 100 uL. of RNA Lysis Buffer was added, followed by an equal volume of
ethanol. The binding and elution steps described above were then repeated. The eluted RNA
was either stored at -80°C or placed on ice for the subsequent step of cDNA synthesis. The
quality and yield of the RNA were assessed using a NanoDrop One Spectrophotometer
(Thermo Fisher Scientific).

2.2.3.3.2 cDNA synthesis

Reverse transcription was performed using the LunaScript® RT SuperMix Kit (New England
BioLab). Preparation of cDNA, No-RT control, and No template controls were prepared as
indicated in the tables 2.4-2.6.

Table 2.4 ¢cDNA synthesis protocol
Components 20ul Reactions Final concentration
LunaScript RT SuperMix (X5) | 4 uL 1X
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RNA Sample Variable (upto 1 pug)
Nuclease-free water To 20 uL

Table 2.5 No-RT control protocol
Components 20ul Reactions Final concentration
No-RT Control Mix (X5) 4 uL 1X
RNA Sample Variable (upto 1 pug)
Nuclease-free water To 20 uL

Table 2.6 No template controls protocol
Components 20ul Reactions Final concentration
LunaScript RT SuperMix (X5) | 4 uL 1X
Nuclease-free water 16 uL.

The microcentrifuge tubes were placed in a ProFlex PCR System thermocycler (ThermoFisher
Scientific) with the following programme (Table 2.7):
Table 2.7 cDNA synthesis thermal programme

Step Temperature Time
Primer Annealing 25°C 2 min
cDNA Synthesis 55°C 10 min
Heat Inactivation 95°C 1 min

The synthesised cDNA templates were stored in a -20°C freezer.
2.2.3.3.3 RT-qPCR performance

Amplification was performed using the Luna® Universal qPCR Master Mix (New England
BioLab), and PCR reactions were quantified with the QuantStudio™ 5 Real-Time PCR System
(Thermo Fisher Scientific). In the qPCR plate (Thermo Fisher Scientific), each 20 uL reaction
was prepared as shown in Table 2.8.

Table 2.8 Master Mix for qPCR

Components 20pl reaction Final concentration
Luna Universal PCR Mix 10 L 1X

Forward primer (10 uM) 0.5 pL 0.25 uM

Reverse primer (10 uM) 0.5 uL. 0.25 uM

Template cDNA Variable <100 ng
Nuclease-free water To 20 uL

For preparation, the Luna Universal gPCR Master Mix and other reaction components were
thawed and kept on ice. Master mixes were prepared with an additional 10% excess and
aliquoted into wells before the addition of cDNA templates. Plates were sealed with optically
transparent film (Thermo Fisher Scientific) and then centrifuged at 200 % g for 1 min to remove
air bubbles. The plate was placed in the Real-Time PCR System, following the thermocycling
protocol (Table 2.9):

Table 2.9 qPCR thermal programme
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Cycle step Temperature | Time Cycles
Initial denaturation 95°C 60s 1
Denaturation 95°C 15s 40-45
Extension 60°C 30 s (+ plate read)

Melt Curve 60-95°C Various 1

Because housekeeping gene expression can vary during neural differentiation, reference genes
must be empirically validated for stability at different differentiation stages and conditions
(Augustyniak et al., 2019). Relative gene expression was calculated from three technical
replicates per sample. To improve robustness, three independent housekeeping genes were used
as internal references, including ATP50 (Cordella et al., 2022), PRDM4, and UBE4A
(Vaughan-Jackson et al., 2022). A panel of candidate reference gene, ATP5SO, PRDM4,
UBE4A, and S18 were screened for expression stability across differentiation stages using the
BestKeeper algorithm (Pfaffl et al., 2004). It is an Excel-based reference-gene stability tool
that works on raw CT values. It first calculates descriptive statistics for each candidate
housekeeping gene, including the SD and coefficient of variation, where higher variability
indicates poorer stability. It then constructs a BestKeeper Index and evaluates each candidate
by Pearson correlation against this index to identify the reference genes that are most internally
consistent across samples (Pfaffl et al., 2004). The final set of ATP50, PRDM4, and UBE4A
was chosen based on minimal expression variability across conditions, and the geometric mean
of their CT values was used to normalise target gene expression across samples. Fold changes
were calculated using the AACT method, with DIV 24 as the reference time point. Primer
sequences for neurogenesis-related genes are provided in Table 2.10, and consumables are
listed in Appendix Table A2.

Table 2.10 List of primers for RT-qPCR

Target Direction Sequence (5'-3") Manufacturer
ATP50 Forward | ACTCGGGTTTGACCTACAGC Life Technologies
Reverse | GGTACTGAAGCATCGCACCT Life Technologies
PRDM4 Forward | CCAAAGCAGCTTGTTCTCCGTC Life Technologies
Reverse | TAGAGGTCCAAAGCAAGTCCGC Life Technologies
UBE4A Forward | CCTTTGCCAGATGGCTACAGCT Life Technologies
Reverse | CTCCAGGGAATCTGCTGATGTC Life Technologies
MAP2 Forward | CAGGAGACAGAGATGAGAATTCC | Life Technologies
Reverse | CAGGAGTGATGGCAGTAGAC Life Technologies

RBFOX3 (NeuN) | Forward | GTAGAGGGACGGAAAATTGAGG | Life Technologies
Reverse | CATAGAATTCAGGCCCGTAGAC Life Technologies

SATB2 Forward | CCTTACGCAAATCTCAGACAA Life Technologies
Reverse | CCAGATATCTACCAGCAAGTCAG | Life Technologies
CTIP2 Forward | GAGTACTGCGGCAAGGTGTT Life Technologies
Reverse | TAGTTGCACAGCTCGCACTT Life Technologies
SOX2 Forward | CACACTGCCCCTCTCAC Life Technologies
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| | Reverse | GCTGTAGTG GTTAGACGCTG | Life Technologies |

2.2.3.4 Measuring and analysing functional connectivity from calcium signalling data

Calcium imaging enables the simultaneous monitoring of calcium spikes across large numbers
of neurons (Grienberger and Konnerth, 2012). When coupled with graph theory analysis, it
facilitates a quantitative assessment of functional connectivity. Graph theory generates a
graphical representation of the neuronal network, where nodes represent neurons and edges
reflect pairwise correlation coefficients. It enables the computation of mathematical metrics
such as edge weight, path length, modularity, and clustering coefficient that provide insights

into the functional connectivity and topography of neural networks (Nelson and Bonner, 2021).

ENPCs and LNPCs were separately plated onto poly-L-ornithine/laminin-coated 4-well Ph+
slides at a seeding density of 1.5 x 10° cells/cm?. ENPCs were plated two weeks prior to
imaging, while LNPCs were plated three weeks before imaging. Cells were cultured in NMM
until 48 h before experiments, at which point the medium was replaced with BrainPhys medium

(STEMCELL Technologies).
2.2.3.4.1 Calcium imaging of ENPCs and LNPCs in monolayers

Two calcium indicators were used for calcium imaging: Fluo-4 AM and Fura-Red AM
(Thermo Fisher Scientific). To prepare stock, 50 ug Fluo-4 AM was reconstituted in 44 pL
DMSO and 500 pg Fura-Red AM was reconstituted in 500 uL of 10% Pluronic® F-127
(Thermo Fisher Scientific). Vials were protected from light and stored at -20°C. Monolayers
were loaded with a mixture of 5 uM Fluo-4 AM and 12 uM Fura-Red AM in 0.125% Pluronic
F-127 and then incubated at 37°C and 5% CO; for 30 min. Cells were then washed with
BrainPhys imaging medium (STEMCELL Technologies) and incubated for an additional 30
min to allow for intracellular dye de-esterification. This combination of calcium indicators is
spectrally resolvable and peak responses to calcium change in opposite directions, enabling

pseudo-ratiometric imaging and analysis (Takahashi et al., 1999, Assinger et al., 2015).

Pseudo-ratiometric time-lapse imaging was performed using a confocal microscope (Zeiss,
LSM710) equipped with a stage-top incubator (Thistle Scientific) to produce a physiological
condition of 37°C and a humidified atmosphere of 5% CO>. 488 nm laser light was used to
simultaneously excite Fluo-4 and Fura-Red. Fluorescence emissions were separated by a

dichroic mirror at 580 nm and measured as a Fluo4 channel (bandpass 500-580 nm) and a Fura-
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Red channel (longpass >580 nm). Imaging was conducted using an EC Plan-Neofluar 40X/1.30
oil immersion objective, capturing 800 frames at a frame rate of 1.27 Hz with a resolution of

256 x 526.

2.2.3.4.2 Pharmacological interrogation of neuronal phenotypes

To investigate the pharmacological profile of neuronal networks containing glutamatergic and
GABAergic neurons, relevant neurotransmitters were applied and withdrawn under continuous
superfusion at a rate of 3 mL/min using a switcher to alternate between two perfusion lines.
Solutions were heated with a feedback heating block in series with the superfusion lines.
Cultures were equilibrated with imaging medium superfusate for 3 min prior to baseline
imaging. The protocol consisted of recording the baseline of spontaneous activity, followed by

the activity after application of one of the pharmacological agents listed in Table 2.11.

Pharmacological agents were dissolved in a phenol red-free imaging medium; its composition
is illustrated in Table 6.9.

Table 2.11 Pharmacological agents used for functional interrogation of ENPC and LNPC
neuronal networks

Category Agent Concentration Target receptor/channel
GABA modulators Gabazine 10 uM GABA-A receptor (competitive
antagonist)
Picrotoxin 50 uM GABA-A chloride channel (non-
competitive antagonist)
GABA 100 pM GABA-A receptor (agonist)
Glutamatergic Glutamate 30 uM Ionotropic glutamate receptors (agonist)
modulators (Glu) (NMDA/AMPA)
Action potential Tetrodotoxin | 1 pM Voltage-gated sodium channel blocker
blockade (TTX)
Calcium chelation EGTA 4 mM Chelates extracellular calcium

2.2.3.4.3 Data analysis of calcium signal

2.2.3.4.3.1 Data processing and identifying calcium dynamics

Data analysis was performed using custom MATLAB scripts (MathWorks, Natick, MA, USA).
Motion correction was applied to eliminate XY-plane drift, with the first frame used as the
reference for translational registration. Identical transformations were applied to synchronously
acquired Fluo-4 and Fura-Red images to ensure consistent ratioing. Regions of interest (ROIs)
were detected using the Constrained Non-negative Matrix Factorisation (CNMF) algorithm
implemented in the open-source CalmAn toolbox (Giovannucci et al., 2019), which estimates

the spatial components of each ROI from pixels exhibiting similar fluorescence dynamics. For
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each ROI, pixel coordinates were used to extract Fluo-4 and Fura-Red signals for pseudo-

ratiometric analysis.

A high-pass Butterworth filter was applied to the pseudo-ratiometric traces to remove low-
frequency noise before extracting spike trains. Spike trains were detected using a modified
version of MATLAB's findpeaks function (Signal Processing Toolbox, MATLAB), which
identified calcium events as spikes if at least one of two threshold criteria was met. To optimise
these thresholds, recordings from monolayer ENPC and LNPC cultures were manually
annotated by two independent users. These annotations were used to train the algorithm and
define the threshold parameters. The first criterion was based on an absolute amplitude
threshold, while the second required the signal amplitude to exceed a multiple of the standard
deviation of the filtered baseline noise of the ratiometric trace. Typically, large-amplitude
spikes satisfied the first criterion, whereas the second captured smaller, low-amplitude events.

Any event meeting either criterion was classified as a true calcium spike.

A neuron was considered active if it fired at least once during the recording time, which was
approximately 10.5 min for spontaneous recording; only active neurons were included in
further analyses. The percentage of active neurons (number of active neurons/total number of
neurons detected in the imaging field), the global synchrony index, and spike dynamics, such
as rise time (s), decay time (s), and half-maximal spike width (s), were calculated using a
custom script. The global synchrony index was calculated as the ratio of the total number of
synchronised spikes to the total number of possible synchronised spikes across all time steps.
The spike width was quantified as the full width at half maximum. The rise time was estimated
as twice the duration between the half-maximum and peak; the decay time was estimated as

twice the duration between the peak and the following half-maximum (Fig. 2.1).

For each recording, the mean values of all calculated parameters were averaged across all active
neurons within the field of view. Three independent recordings were obtained from different
culture wells (technical replicates) for each biological replicate, and the mean value across

these recordings was used for statistical analysis.
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2.2.3.4.3.2 Functional connectivity and graph theory analysis

To evaluate the functional connectivity patterns in neurons, graph theory analysis began by

computing the Pairwise Pearson correlation matrix between active neurons (Dingle et al.,
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2020). A threshold of greater than 0.35 was applied to generate a weighted matrix; this
threshold was selected after testing a wide range of values, identifying the optimal threshold

that neither over-segmented the network nor obscured the existing network.

This analysis employed a weighted network approach, where the correlation coefficient for the
paired nodes i and j represented the edge weight in the graph, and the average edge weight was
calculated by averaging all edge weights across the network. Larger edge weights indicate
stronger correlations between neuronal activity, reflecting tighter functional coupling, whereas
lower edge weights denote weaker or more sporadic associations. The path length is inversely
related to edge weight, with lower path length between connected nodes signifying more direct
and efficient routes for information transfer, and longer path length reflecting reduced

efficiency and weaker integration (Nelson and Bonner, 2021, Sporns, 2013).

The clustering coefficient quantifies the strength of functional connectivity among nodes in a
network by assessing the extent of connections among a node’s closest neighbours, represented
as a ratio of actual connections to the total number of possible connections. A network with a
high average clustering coefficient is better at integrating local information and is more resilient
to disruptions. Modularity measures the density of edges within modules compared to the
density of edges between modules. A higher modularity value indicates that the network is
more strongly divided into subnetworks, with nodes more closely connected within modules

than to nodes in other modules (Bullmore and Sporns, 2009, Rubinov and Sporns, 2010).

Edge weight (w;;) was computed as outlined by the open script (Muldoon et al., 2016). Briefly,

the edge weight between node i and node j was equal to the correlation coefficient (r) and

defined as:
wi; =71(,))

The average edge weight (W) for a network with N nodes was calculated as:

1
w=—§ .y
N(N=-1)Lugzj Y
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Path length (d;;) was computed as outlined by the open script (Muldoon et al., 2016). Briefly,

the distance connecting node i to node j was inversely related to the edge weight (w) and

defined as:

The average path length (PL) for a network with N nodes was calculated as:

1
PL=o > d;
N(N=1) Ly 7

The local clustering coefficient (c;) in a weighted graph was calculated following the method
described by Onnela et al., utilising their publicly available MATLAB script (Onnela et al.,
2005), which defined the clustering coefficient in a weighted graph as the intensity of triangle

networks formed by triplets of nodes and calculated as:

.= 1 z VWi Wik Wik
Yoki(ki— 1) s max (w)
Ji

Where k; was the number of edges connected to node 7, and w;;was the edge weight between
i and j. The average clustering coefficient (C) for a network with N nodes was calculated as:

1
C=-X¢
Modularity (Q) was calculated using a previously published MATLAB script (Newman, 2006),
which was the difference between the observed and expected fraction of edges within modules
in a comparable random network. Modules (clusters) detection was performed using a
previously published script (Saberi et al., 2022) that utilised an iterative Louvain community-
detection algorithm (Blondel et al., 2008), which optimises the modularity function through
hierarchical aggregation of nodes into modules to maximise modularity. This method
efficiently identified communities in large, weighted networks by iteratively refining partitions

until no further modularity improvement can be achieved. It was calculated as:

kik; ..
0 = 35 Zuy [wy = 5] 8t 1),
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Where w;; was the weight of the edge between nodes i and ;. k; was the strength of the node
and was calculated as k; = }.; w;; . 2w was the total sum of edge weights in the networks and

was calculated as 2w = Y. ;; w;; .

x;and x; were the community assignments of nodesiandj. &(xi,xj) was equal to 1
o . . . kik; .
if 7 and j belonged to the same community, and 0 otherwise. # was the expected connection

strength between 7 and j in a random network with the same strength distribution.

Networks can be classified based on their topological properties into random networks, which
are highly uniform; small-world networks, which feature both high clustering and short path
lengths; and regular networks or lattices, characterised by high clustering and long path lengths
(Vecchio et al., 2017) (Fig. 2.2C). Small-world networks are an intermediate form of networks
that exhibit a high clustering coefficient and low path lengths. Neural networks exhibit small-
world properties, which enable both efficient information integration and local processing
(Bassett and Bullmore, 2017). Within the neural networks, some neurons play a crucial role in
connecting different parts and are known as hubs (Han et al., 2025). In our script, a neuron was
defined as a hub if it had a relatively large number of intramodular connections, surpassing the

90th percentile of connections in the module.

Finally, the Fruchterman-Reingold algorithm was used to visualise inter-neuronal interactions
within the module network, highlighting the topological proximity of highly connected neurons
within each module (Fruchterman and Reingold, 1991). Edge length was inversely proportional
to the correlation coefficient, such that shorter lines indicate stronger correlations between
neuron pairs. The size of the nodes in the topology reflected hub status within each module,
with centrally positioned hub neurons showing close topological proximity, consistent with

their role as intramodular hubs (Fig. 2.2D).
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Figure 2.2 Framework for functional connectivity and graph theory analysis of neuronal
networks

(A) Functional connectivity matrices are generated from pairwise correlations of pseudo-ratiometric
traces of active neurons. Thresholding of the correlation matrix produces a weighted adjacency
matrix, which is then converted into a binary matrix (0, matrix). Diagrammatic illustration of a
network driven by graph theory, where neurons are represented as nodes and correlation coefficients
as edges connecting the nodes.

(B) The Module detection algorithm identifies modules (clusters) of highly interconnected nodes.
[lustrations of different connectivity matrices, including modularity and clustering coefficient.

(C) Nlustrations of different types of networks, including lattice, small world, and random world
networks, are shown to highlight differences in path length and clustering coefficient.
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(D) Fruchterman-Reingold Algorithm is applied to visualise internodal interactions, where node size
reflects connectivity strength and hubs are prominently highlighted.

2.2.4 Intracortical injection of ENPCs and LNPCs

2.2.4.1 Experimental animals

I employed P7-P8 NOD-SCID mice (NOD.Cg-Prkdcscid 112rg™!Wi!/SzJ) for all transplantation
experiments. It is a strain that combines multiple immune deficits to permit robust engraftment
of human cells. The Prkdc”scid mutation on the NOD results in defective DNA-PKcs activity
and a near-complete loss of T and B lymphocytes. In addition, deletion of the common y-chain
(I12rg null allele) abolishes NK cell function, thereby impairing adaptive and innate immunity.
Additional features of the NOD background contribute to tolerance of human grafts; a variant
of Signal Regulatory Protein alpha (SIRPa) interacts with human CD47 at high affinity,
reducing macrophage-mediated clearance, while complement C5 deficiency limits
complement-driven lysis. Collectively, these features confer profound combined
immunodeficiency, making them a permissive environment for the engraftment of human cell-

derived grafts (DiSanto et al., 1995, Chen et al., 2022).

All procedures were approved by the local ethical review committee and conducted following
the UK Animals (Scientific Procedures) Act, 1986 (ASPA), under valid Personal and Project
Licences. Breeding pairs of NOD-SCID were obtained from Charles River (strain code 614).
Animals were housed in individually ventilated cages under a 12-hour light/dark cycle in the
Biomedical Sciences Building at the University of Oxford. Food and water were provided ad
libitum.

2.2.4.2 Transplantation of ENPCs and LNPCs into the right motor cortex of NOD-SCID mice

Prior to surgery, instruments were autoclaved and maintained on sterile drapes throughout the
procedure. ENPCs and LNPCs were passaged as described above and resuspended at a
concentration of 1 x 10° cells/uL in sterile 0.1% Fast Green FCF (Sigma-Aldrich Corporation)
in PBS. The suspension was loaded into a pulled glass capillary pre-filled with mineral oil
(Sigma-Aldrich Corporation) and connected to a 10 uL. Hamilton syringe via a Hamilton RN
compression fitting (Hamilton). Pups were anaesthetised in an induction chamber using 3%
isoflurane in oxygen for 3 min, then transferred to an anaesthesia maintenance mask supplied
with 2% isoflurane. The body temperature of the mice was maintained with a heating pad, and

the depth of anaesthesia was assessed by pedal withdrawal reflex before starting the procedure.
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After disinfection of the scalp with Chlorhexidine wipes, the capillary tip was positioned above
the right motor cortex (approximately +1.2 mm anterior and +1.2 mm lateral to bregma). The
pipette was lowered until a slight indentation of the cortical surface was visible (defined as Z
= 0), and the injection depth was set to Z = —0.5 mm from the pial surface. A total volume of
1 pl of cell suspension was injected over 2 min (0.5 pl/min) using a Stoelting Quintessential
Stereotaxic Injector (QSI, Stoelting). Post-operatively, animals received a single subcutaneous
injection of meloxicam (1 mg/kg) for systemic pain control. Pups were placed in a pre-warmed
37°C recovery chamber until fully recovered. They were then cleaned to remove blood traces
and gently rubbed with cage bedding to mask surgical odours before being returned to the dam.
On the surgery day, the pups were monitored after 2 h of surgery, and then daily for the first
week after surgery, and weekly until the end of the experiment.

2.2.4.3 Brain collection and immunohistochemistry of free-floating brain sections

Animals were anaesthetised with an overdose of intraperitoneal pentobarbitone, followed by
transcardial perfusion with cold 0.1 M PBS, then 4% PFA. Brains were dissected and post-
fixed in 4% PFA overnight at 4°C, then transferred to 30% sucrose in 0.1M phosphate buffer
(PB) and stored at 4°C for 48 h or until they sank. Brains were frozen on dry ice and coronally
sectioned at 30 um using a Leica sliding microtome. Sections were collected in 48-well plates
containing cryoprotectant solution (30% Ethylene glycol, 30% Sucrose in 0.1M PB) and stored
at -20°C until use. For each brain, sections were distributed sequentially across eight wells such
that each well contained a representative series spanning the entire rostrocaudal extent of the
brain. This ensured that each well contained a representative series of sections suitable for
subsequent immunohistochemical analysis. For immunohistochemistry, free-floating sections
were washed three times in PBS and blocked in PBS+ (PBS with 5% normal donkey serum
and 0.3% Triton X-100) for 1 h at room temperature. Sections were incubated overnight with
primary antibodies diluted in PBS+ at 4°C. The following day, sections were washed in PBS,
incubated for 1.5 h with fluorescent secondary antibodies (1:500) and DAPI (1:1000) in PBS+,
and then washed again before being mounted using FluorSave™ mounting medium. The
primary and secondary antibodies used in this study are detailed in Tables 6.5 and 6.6.

2.2.4.4 Confocal microscopy imaging and quantitative analysis of ENPC and LNPC grafts

Neuronal differentiation and maturation of the grafts were assessed by immunohistochemistry
for layer markers CTIP2 and SATB2. Each experimental group included at least three animals.

From each brain, 2 coronal sections with grafts were used for analysis. For each section, three
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images within the grafts were acquired, using a 40X oil-immersion objective, as a Z-stack with
a 1.88 pum interval. Manual cell counting was performed using the Cell Counter plugin in
Imagel software, and the percentage of HuNu+ cells co-expressing CTIP2 or SATB2 was
calculated per image. The average across the sections of each animal was calculated and
represented a biological replicate (N), and this value was used for statistical analysis.

2.2.4.5 Neurolucida reconstruction of axonal projection and semi-quantitative analysis of
projection density

Neurolucida software platform (MBF Bioscience) was used to trace axonal projections across
serial coronal brain sections, guided by hNCAM immunostaining. Reconstructions were
performed along the entire rostrocaudal axis of the brain to visualise long-range axonal
trajectories and regional innervation patterns. Every eighth section along the rostrocaudal axis
of the brain was used for tracing. Each section was manually outlined, and regions were

delineated based on the Allen Brain Atlas.

Axonal projections were quantified using Neurolucida Explorer by dividing each section into
defined cortical and subcortical regions. These included the ipsilateral cerebral cortex (layers
L1-4 and L5-6), striatum, septum, thalamus, corpus callosum, internal capsule, hippocampal
formation, and piriform cortex, as well as the contralateral cerebral cortex (layers L1-4 and
L5-6) and corpus callosum. Within each region, the number of continuous axonal traces was
recorded, and data from the ipsilateral and contralateral hemispheres relative to the

implantation site were quantified separately.

Projection density within defined brain regions was scored from 0 to 3, based on estimated
projection counts; 0 = no detectable projections, 1 (+) = sparse projections, fewer than 10
projections, 2 (++) = moderate projections, approximately 10—-100 projections, and 3 (+++) =
dense projections, more than 100 projections. This scoring system provides a relative rather
than absolute quantification of axonal distribution. Each animal was scored independently, and
group averages were calculated to illustrate overall projection patterns.

2.2.5 Statistical analysis

Statistical analyses were performed using GraphPad Prism 10. Data were presented as means
+ SEM. Normality was assessed using the Shapiro—Wilk test. Outliers were identified using
the Median Absolute Deviation (MAD) method. For group comparisons, unpaired Student ¢-

test was used for two-group comparisons when data were normally distributed. For
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comparisons between three or more groups, one-way ANOVA followed by Tukey’s post hoc
test was applied if normality was confirmed. In non-Gaussian distributions, non-parametric
tests were used, including the Mann-Whitney U test for two groups and the Kruskal-Wallis
test with Dunn’s post hoc test for multiple groups. A paired Student ¢-test was used to assess
differences in neuronal activity before and after pharmacological intervention. A p-value <

0.05 was considered statistically significant. * p < 0.05, ** p <0.01, *** p <0.001, **** p <

0.0001.

2.2.6 Summary of experimental pipeline, time points, and the number of replicates

The experimental groups, the number of biological experiments (n), the number of animals (N)

per group, and the experimental pipeline were summarised in Table 2.12.

Table 2.12 Summary of the experimental pipeline, time points, and the number of replicates

Experiment Time point of Cell type / Material Number (n) biological

differentiation/ graft replicate,

type Number (N) animal

number

Immunocytochemistry | DIV 0 Pluripotency markers | n = 3 biological
(pluripotency, DIV 9 Dorsal identity replicates
differentiation-related DIV 24 Cytoskeletal markers | except Nestin at DIV 24
markers) ENPCs (DIV 45) (Nestin, MAP2) and LNPCsn =2

LNPCs (DIV 70)

ENPCs (DIV 45) Layers markers

LNPCs (DIV 70) (CTIP2, SATB2)

ENPCs (DIV 45) Synaptic markers

LNPCs (DIV 70) (SYNI, PSD-95)
qPCR DIV 24 (control) SATB2, CTIP2 n = 3 biological

ENPCs (DIV 45) MAP2, RBFOX3 replicates

LNPCs (DIV 70) (NeuN)
Calcium imaging of ENPCs (DIV 45) Spontaneous calcium | n = 3 biological
spontaneous activity LNPCs (DIV 70) activity replicates
Calcium imaging ENPCs (DIV 45) EGTA n = 3 biological
during pharmacological TTX replicates
modulation GABA

Glutamate
Picrotoxin/Gabazine

Calcium imaging LNPCs (DIV 70) GABA n = 3 biological
during pharmacological Glutamate replicates
modulation
In vivo transplantation | ENPCs (DIV 45) P7-P8 NOD-SCID N =7 animals per group

LNPCs (DIV 70) mice
Neurolucida ENPC graft Analysis at 2 MPT N = 6 animals with
reconstruction of axonal | LNPC graft ENPC grafts
projections and semi- N = 4 animals with

LNPC grafts

&5




quantitative analysis of
projection density

Immunohistochemistry
for
layer-specific marker

ENPC-graft
LNPC-graft

Analysis at 2 MPT

N = 3 animals per group
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2.3 Results

2.3.1 Immunocytochemistry of hiPSCs and hiPSC-derived ENPCs and LNPCs

2.3.1.1 hiPSCs express pluripotency markers

The pluripotency of hiPSCs was confirmed by the expression of stemness markers, OCT4,
NANOG, and SOX2, detected through immunocytochemistry (Fig. 2.3A, B). Upon neuronal
induction, the expression of OCT4 and NANOG became undetectable by DIV 9, whereas
SOX2 persisted (Fig. 2.4A, B), consistent with its role in maintaining neural progenitor identity

during early differentiation (Graham et al., 2003).

Figure 2.3 Expression of pluripotency marker in hiPSCs
(A, B) Confocal images showing NANOG, SOX2 and OCT4 expression in hiPSC monolayers. Scale
bar: 100 um.

00 DAPI

DAPI

2.3.1.2 Neural induction promotes dorsal identity

By DIV 9, neural induction produced rosette-like structures characteristic of neuroepithelial
organisation. Immunostaining showed enrichment of the dorsal forebrain marker PAX6 (90.8
+ 3.15%, Fig. 2.4D), with no expression of the neural crest marker SOX10 detected (Fig. 2.4C).

This indicated successful dorsal telencephalic identity without neural crest cell contamination.

Throughout the differentiation process, the cytoskeletal marker of NSCs, Nestin, was
consistently detected by immunocytochemistry (Fig. 2.5), likely sustained by persistent SOX2
activity that binds to an enhancer region of the Nestin gene (Tanaka et al., 2004). In contrast,
the dendritic cytoskeletal regulator MAP2 (DeGiosio et al., 2022), was detected early and

increased gradually, reflecting neuronal maturation. Quantification of the percentage area
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covered by cytoskeletal marker expression confirmed the progressive transition from a
progenitor to a neuronal phenotype across differentiation. At DIV24, MAP2 expression levels
were low (8.63 + 0.343%, n = 3), whereas Nestin was more prominently expressed (21.12 +
4.247%, n = 2), consistent with an early progenitor-like state. By DIV 45 (ENPCs), MAP2
expression increased markedly (35.27 £ 1.256%, n = 3), while Nestin levels decreased (17.80
+ 4.185%, n = 3), reflecting the progressive acquisition of neuronal identity. At a later stage,
DIV 70 (LNPCs), MAP2 expression reached its peak (49.28 + 1.112%, n = 3), whereas Nestin
expression continued to decline (14.91 + 3.512%, n = 2). These reciprocal changes in MAP2
and Nestin expression demonstrated the temporal maturation of the cultures, with Nestin
downregulation paralleled by a sustained increase in MAP2, indicative of neuronal

differentiation and dendritic development.

To further characterise the progenitor state of the differentiated cells, I analysed SOX2
expression and assessed proliferative activity using pHH3 immunostaining. SOX2+ cells were
consistently detected throughout differentiation, with no significant differences between
groups. At DIV 24, the percentage of SOX2+ cells was 56 = 11%, compared with 32 + 5.9%
in ENPCs (p = 0.699) and 27 + 7.9% in LNPCs (p = 0.158; Fig. 2.6D). Proliferative activity,
as assessed by pHH3 expression, was higher at DIV 24 compared to ENPCs (3.1 £+ 0.62% vs.
0.9 £ 0.22%, p = 0.0372) and LNPCs (0.98 + 0.46%, p = 0.0430, Fig. 2.6E). These findings
indicated that while both ENPCs and LNPCs contain residual progenitors, their proliferative

capacity was limited, particularly at later stages of differentiation.
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Figure 2.4 Dorsal identity of the neuroectodermal rosettes at DIV 9

(A-C) Confocal images reveal the loss of pluripotency markers NANOG and OCT4, as well as the
absence of the neural crest marker SOX10, indicating a loss of pluripotency and a lack of neural crest
identity.

(D) Confocal imaging demonstrates robust expression of the dorsal forebrain marker PAX6,
confirming acquisition of a dorsal telencephalic identity.

Scale bar: 100 um. n = 3 biological replicates. DIV = day in vitro.
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Figure 2.5 Temporal expression of cytoskeletal markers throughout neuronal differentiation
(A-C) Representative confocal images show downregulation of Nestin and upregulation of MAP2,
indicating neuronal maturation.

(D) Quantification of the percentage of positive area demonstrates a decline in progenitor-associated
Nestin expression and a corresponding rise in MAP2 expression. Scale bar: 100 pum. n = 3 biological
replicates except for Nestin at DIV 24 and DIV 70 (LNPCs), where n = 2. DIV = day in vitro.
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Figure 2.6 Temporal regulation of proliferative capacity throughout neuronal differentiation

(A—C) Representative confocal images of DIV 24 cells, ENPCs, and LNPCs immunostained for

SOX2 and pHH3. SOX2+ and pHH3+ cells were detected across all groups, indicating persistence of

progenitor identity at different stages of differentiation.

(D) Quantification reveals no significant difference in SOX2+ cells at DIV 24 compared with ENPCs

(p =0.699) and LNPCs (p = 0.158).

(E) Quantification of proliferative cells marked by pHH3 was significantly higher in DIV 24

compared with ENPCs (p = 0.0372) and LNPCs (p = 0.0430).

Scale bar: 100 um. Data are means = SEM. n = 3 biological replicates. DIV = day in vitro.
2.3.1.3 Time-dependent expression of cortical layer markers

hiPSC-derived neurons exhibited stage-specific expression of cortical layer markers, reflecting

key temporal features of in vivo corticogenesis. The deep-layer marker CTIP2, a marker of
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subcerebral PNs in layer V of the cerebral cortex, was highly expressed in ENPCs (DIV 45)
and remained consistently high at later stages of differentiation. Quantification showed CTIP2
expression in 50 = 4.6% of ENPCs (DIV 45) and 48 = 9.0% of LNPCs (DIV 70), with no
significant difference between groups (p = 0.8124, Fig. 2.7C). Additional deep-layer neurons
expressing TBR1 were also detected at DIV 45, confirming enrichment of ENPCs with early-
born cortical subtypes (Fig. 2.7E). The emergence of upper-layer identities was more detected
in LNPCs at later stages. SATB2, a transcription factor specifying callosal PNs in layers II-IV,
was significantly higher in LNPCs (38 & 7.3%) compared with ENPCs (0.29 +0.29%, p = 0.05,
Fig. 2.7D). Likewise, BRN2, another upper-layer marker, was expressed in LNPCs, consistent
with their late-born neuronal identity (Fig. 2.7F). Layer IV marker, RORp, was detected in
ENPCs and LNPCs, with higher expression in ENPCs (63 £+ 9.7%) compared to LNPCs (48 +
5.9%, p = 0.132, Fig. 2.8C). Together, these findings demonstrated that the differentiation
protocol recapitulated temporal layer specification, with ENPCs expressing deep-layer markers
CTIP2 and TBR1, while LNPCs expressing SATB2 and BRN2. A partial overlap in RORf
expression was observed between both groups.

2.3.1.4 The protocol generates glutamatergic and GABAergic phenotypes

There are two neuronal phenotypes within the cerebral cortex, glutamatergic excitatory neurons
and GABAergic inhibitory INs (Anderson et al., 2001). Immunostaining for the excitatory
presynaptic marker VGLUT]1 revealed the characteristic punctate distribution of presynaptic
glutamatergic terminals in both ENPCs and LNPCs, indicating differentiation into
glutamatergic phenotypes in ENPCs and LNPCs (Fig. 2.9A, B). A negative control is provided
in the Supplementary Material (Fig. 6.1B), showing no signal in the channels forVGLUT1 and
MAP?2 channels above background.

GABAergic neurons were detected in both cultures with no significant difference (LNPCs: 22
+ 7.8%, ENPCs: 11 £ 1.9%, p = 0.183, Fig. 2.9C-E). Calbindin+ cells were detected in both
ENPCs and LNPCs (Fig. 2.9F-G). These results demonstrated that both ENPCs and LNPCs
could give rise to a mixed population of glutamatergic and GABAergic neurons, with a trend

towards a higher, albeit non-significant, GABAergic representation in LNPCs.
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Figure 2.7 Temporal expression of cortical layer markers in ENPCs and LNPCs

(A, B) Representative confocal images showing immunostaining for the deep-layer cortical neuronal
marker CTIP2 and the upper-layer cortical neuronal marker SATB2 in ENPCs and LNPCs. ENPCs
were enriched in CTIP2 expression, whereas LNPCs exhibited high SATB2 expression in addition to
CTIP2.

(C-D) Quantification of the percentage of CTIP2+ (p = 0.8124) and SATB2+ cells (p = 0.05) in
ENCPs and LNPCs.
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(E) Confocal images of ENPCs showing positive expression of TBR1, a deep-layer cortical marker.
(F) Confocal images of LNPCs showing positive expression of BRN2, an upper-layer cortical marker.
Scale bar: 100 pm. Data are presented as means += SEM. n = 3 biological replicates.
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Figure 2.8 Expression of cortical layer IV marker, RORf, in ENPCs and LNPCs
(A-B) Representative confocal images showing positive expression of the layer IV cortical marker
RORp in ENPCs and LNPCs.

(C) Quantification reveals a high percentage of RORB+ cells in both LNPCs and ENPCs (p = 0.132).
Scale bar: 100 pm. Data are means = SEM. n = 3 biological replicates.
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Figure 2.9 Glutamatergic and GABAergic neuronal phenotypes are generated in ENPCs and
LNPCs
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(A, B) Representative confocal images showing punctate expression of the excitatory presynaptic
marker VGLUT! colocalised with the cytoskeletal marker MAP2 in ENPCs and LNPCs.

(C, D) Representative confocal images of GABAergic INs in ENPCs and LNPCs.

(E) Quantification of the percentage of GABA+ neurons in ENPCs and LNPCs (p = 0.183).

(F, G) Representative confocal images of Calbindin+ cells in ENPCs and LNPCs.

Scale bar: 100 pm. Data are means = SEM. n = 3 biological replicates.

2.3.1.5 hiPSC-derived cortical neurons express synaptic proteins

To investigate synapse formation, iPSC-derived ENPCs and LNPCs were immunostained for
Synapsin-1 (SYNI1) and PSD-95. Both ENPCs and LNPCs showed positive expression,
indicating synaptogenesis and assembly into neural networks. Quantification of the presynaptic
marker SYN1 showed no difference in the puncta density between ENPCs (0.22 + 0.075
puncta/pm?) and LNPCs (0.38 + 0.032 puncta/um?, p = 0.056, Fig. 2.10C). The puncta density
of PSD-95 was less abundant in ENPCs (0.28 £+ 0.056 puncta/um?) than in LNPCs (0.58 +
0.022 puncta/pm?, p = 0.0036, Fig. 2.10D). Co-localisation of SYNI1 and PSD-95 puncta
demonstrated a higher density in LNPCs (0.21 + 0.018 puncta/um?) compared to ENPCs (0.13
+ 0.029 puncta/um?, p = 0.0407, Fig. 2.10E). Together, these findings suggested that hiPSC-
derived ENPCs and LNPCs formed synaptic networks, with LNPCs having a denser synaptic
network compared to ENPCs.
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Figure 2.10 Synaptic protein expression in ENPCs and LNPCs

(A, B) Representative confocal images showing immunostaining for the presynaptic marker Synapsin-
1 (SYN1) and PSD-95 in ENPCs and LNPCs.

(C-E) Quantification of puncta density, per pm?, of ENPCs and LNPCs for SYN1+ (p = 0.056), PSD-
95+ puncta (p = 0.0036), and SYN1+/PSD-95+ colocalised puncta (p = 0.0407).

Scale bar: 50 um. Data are means = SEM. n = 3 biological replicates.

2.3.1.6 Astrocytes are generated later in the differentiation protocol

The presence of GFAP-positive astrocytes was confirmed, although only a very small number
of cells were detected in both ENPCs and LNPCs (Fig. 2.11). Astrocytes cannot be reliably
identified with GFAP alone because astrocytes are highly heterogeneous and their marker
expression varies with brain region, age, and brain state (Jurga et al., 2021); therefore, it is
recommended to use marker panels. For general astrocyte identity, structural and membrane-
associated markers can be combined, including GFAP, ALDHIL1, AQP4, EAATI/EAAT?2,
S100B, and Nestin, alongside intracellular markers such as SOX9 to improve coverage across
astrocyte subtypes and states (Jurga et al., 2021). For astrocyte functional profiling, marker
panels should be chosen to map onto specific homeostatic pathways, for example, metabolic
support via GLUTI-mediated glucose transport, synaptic glutamate clearance via

EAATI/EAAT2, glutamate—glutamine cycling via glutamine synthetase GLUL together with
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the amino-acid transporters SNAT3 and SNATS, and water and ion homeostasis via AQP4
(Jurga et al., 2021). Finally, for reactive astrogliosis, marker panels should capture reactivity-
associated structural and membrane changes, including GFAP, Vimentin, Nestin, CD44,

connexins Cx30 and Cx43, and S1P3 (Escartin et al., 2021).
A DAPI

Figure 2.11 GFAP+ astrocytes are generated in ENPCs and LNPCs

(A, B) Representative confocal images showing GFAP+ astrocytes in ENPCs and LNPCs.
Scale bar: 100 pm.

LNPCs

2.3.2 Temporal regulation of cortical layer identity and neuronal maturation (QPCR)

Expression of layer-specific markers and neuronal maturation genes was assessed at three time
points: DIV24 (baseline control), DIV45 (ENPCs), and DIV70 (LNPCs). Overall, CTIP2
expression did not differ significantly from baseline: ENPCs showed a fold change of 82 + 56
(ENPCs vs control, p = 0.3706), and LNPCs 61 + 38 (LNPCs vs control, p = 0.5557, Fig.
2.12A). SATB2 expression showed no significant change relative to DIV24, with a fold change
in ENPCs (0.87 £ 0.23, p = 0.99) and in LNPCs (3.8 + 2.3, p = 0.69; Fig. 2.12B). In contrast,
NeuN expression increased significantly over time, consistent with progressive neuronal
maturation: ENPCs exhibited a fold change of 6.9 = 0.91 (p = 0.0036) and LNPCs 5.2 + 0.78
(» = 0.02; Fig. 2.12C). MAP2 expression fold changes also did not reach statistical
significance; fold change was 2.1 + 0.32 in ENPCs (p = 0.24) and 1.8 £+ 0.48 in LNPCs (p =
0.44; Fig. 2.12D).
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Figure 2.12 Gene expression profiling in ENPCs and LNPCs

Quantitative PCR analysis of (A) CTIP2, (B) SATB2, (C) NeuN, and (D) MAP2 in ENPCs and
LNPCs. Data were normalised to the mean of DIV 24 and expressed as fold change.

(A) CTIP2 expression showed no significant difference from DIV 24 in ENPCs (p = 0.3706) and

LNPCs (p = 0.5557).
(B) SATB2 expression did not differ significantly from DIV24 in ENPCs (p = 0.87) or LNPCs (p =

0.99).

(C) NeuN expression increased significantly in ENPCs (p = 0.0036) and LNPCs (p = 0.02) relative to
DIV 24.

(D) MAP2 expression did not differ significantly from DIV24 (ENPCs: p = 0.34; LNPCs: p = 0.56).
Data are means + SEM. n = 3 biological replicates. DIV = day in vitro. Statistical significance was
assessed using one-way ANOVA.

2.3.3 Imaging calcium signalling

2.3.3.1 ENPCs and LNPCs exhibit spontaneous calcium signalling with comparable spike
dynamics

hiPSC-derived ENPCs and LNPCs exhibited spontaneous calcium signals, with 88 +2.9% and
85 £ 4.2% of total neurons being active (i.e. at least one spike in 10.5 min) in ENPCs and
LNPCs, respectively (p = 0.2859, Fig. 2.13B). The firing rate was comparable between the two
groups (ENPCs: 103 + 15 spikes/min; LNPCs: 101 + 27 spikes/min; p = 0.475, Fig. 2.13B).
LNPCs showed a modestly higher degree of synchronisation in activity, with a value of 0.54 +
0.094, compared to 0.41 £ 0.068 in ENPCs (p = 0.0272, Fig. 2.13B). This indicated that
although the proportion of active neurons and their firing rates were similar, LNPC networks
were more temporally coordinated, suggesting stronger functional coupling between neurons

at later developmental stages.

Dynamic features of calcium spikes were characterised by a rapid rise in cytosolic calcium,
followed by a gradual return to baseline levels, as expected from calcium signals. The rise time
was 13.54 +0.391 s for ENPCs and 15.44 + 1.958 s for LNPCs (p = 0.1986). Decay time was
26 + 1.2 s for ENPCs and 24 + 1.3 s for LNPCs (p = 0.1326). The half maximal spike width
was consistent across groups as well (ENPCs: 20 + 0.66 s; LNPCs: 20 + 1.5 s; p = 0.4525; Fig.

2.13C). These comparable kinetic parameters suggested that the underlying mechanisms of
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calcium spikes may be similar between ENPCs and LNPCs, and the key difference was related

to the coordination of activity across the network rather than in individual spike dynamics.

To investigate the source of calcium underlying the observed cytoplasmic spikes, activity was
measured in calcium-free medium supplemented with EGTA (4 mM) to chelate extracellular
calcium. This intervention rapidly suppressed spontaneous activities, indicating that calcium
influx was essential for driving calcium spikes. There was a near-complete reduction in the
percentage of active neurons, from 55 + 5.7% to 1.1 + 0.47% (p = 0.006, paired ¢-test), along
with a decline in spike frequency (56 =+ 14 to 0.32 + 0.14 spike/min; p = 0.0284, paired #-test,
Fig. 2.14A-B). Consistent with a depolarisation-driven mechanism, exposure to the voltage-
gated sodium channel blocker TTX (1 uM) largely abolished activity. In ENPCs, the proportion
of active neurons decreased from 46 + 5.8% to 4.1 £ 0.8% (p = 0.0118, paired ¢-test), while the
spike frequency declined from 78 + 22 to 8.2 + 0.45 spikes/min (p = 0.043, paired #-test; Fig.
2.14C-D). These findings demonstrated that spontaneous calcium spikes relied on extracellular
calcium influx and voltage-gated sodium channel activity, supporting the conclusion that these

spikes represented action potential-driven neuronal activity.

To further characterise the network properties of ENPCs and LNPCs in monolayers, graph
theory was employed to generate metrics that describe functional neuronal connectivity. This
analysis revealed distinct patterns of functional neuronal networks in ENPCs and LNPCs. The
average edge weight was significantly higher in LNPCs at 0.28 + 0.026, compared to 0.2 +
0.016 in ENPCs (p = 0.0281, Fig. 2.15A), indicating stronger connectivity. The average path
length was 2.2 + 0.033 for ENPCs and 2.1 + 0.08 for LNPCs (p = 0.0729, Fig. 2.15B), with no

significant difference between groups.

ENPCs also showed significantly higher modularity, reflecting segregation of subnetworks
with dense connections within modules but sparse connections between neurons across
different modules (ENPCs: 0.38 + 0.030, LNPCs: 0.29 £ 0.0068, p = 0.0256, Fig. 2.15C). In
contrast, the clustering coefficient, which reflects local connectivity, was significantly higher
in LNPCs (ENPCs: 0.62 + 0.016, LNPCs: 0.72 + 0.035, p = 0.0351, Fig. 2.15D). High
clustering coefficients in LNPCs indicated that neurons within modules were highly
interconnected, resulting in a network’s robustness and resilience against random damage.
Collectively, graph metrics indicated that LNPC networks were more integrated and efficiently

connected, whereas ENPC networks were more modular and segregated.
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Figure 2.13 ENPCs and LNPCs exhibit spontaneous calcium activity

(A) A snapshot of the first ten recording frames of the recording. To the right, representative pseudo-
ratiometric traces from four neurons are displayed, and peak activities are denoted with blue asterisks.
(B) The percentage of active neurons was comparable between ENPCs and LNPCs (p = 0.2859), as
well as spike frequency (p = 0.475). LNPCs showed a higher global synchrony index than ENPCs (p
=0.0272).

(C) Dynamics of calcium spikes showed rapid rise and slow decay times, with comparable results
between ENPCs and LNPCs, including rise time (p = 0.1986), decay time (p = 0.1326), and half
maximal spike width (p = 0.4525). Data are means + SEM. n = 3 biological replicates.
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Figure 2.14 Extracellular calcium influx and sodium channel activity mediate spontaneous
calcium activity

(A, B) Pseudo-ratiometric calcium imaging of ENPCs shows that chelating extracellular calcium with
EGTA markedly reduced spontaneous calcium activity. Quantification reveals a significant decrease
in the percentage of active neurons (p = 0.006, paired #-test) and a decrease in firing frequency (p =
0.0284, paired ¢-test).

(C, D) Application of the sodium channel blocker TTX largely abolished activity, reducing the
proportion of active neurons (p = 0.0118, paired ¢-test) and spike frequency (p = 0.043, paired ¢-test).
Data are means £ SEM. n = 3 biological replicates.
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Figure 2.15 Graph theory analysis reveals distinct functional network patterns in ENPCs and
LNPCs

(A) Quantification of average edge weight shows significantly stronger connections in LNPCs
compared with ENPCs (p = 0.0281).
(B) The average path length was shorter in LNPC networks compared to ENPCs (p = 0.0729),

indicating more efficient information transfer, although this difference did not reach statistical
significance.

(C) ENPC networks exhibited significantly higher modularity than LNPCs (p = 0.0256), reflecting
more fragmented subnetworks.

(D) The clustering coefficient, representing local connectivity, was significantly higher in LNPCs
compared to ENPCs (p = 0.0351).

Data are means £ SEM. n = 3 biological replicates.
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2.3.3.2 Pharmacological perturbation of calcium activity identifies functional glutamatergic
and GABAergic receptors

To further investigate receptor activity and validate the functional excitatory and inhibitory
responses, ENPCs and LNPCs were challenged with either glutamate (30 uM) or GABA (100
uM) after recording the baseline spontaneous activity (Kuijlaars et al., 2016). Glutamate
treatment increased the percentage of active neurons and their firing rates in both ENPCs and
LNPCs, compared to baseline activity. In ENPCs, glutamate significantly increased the
percentage of active neurons (baseline: 30 + 3.8%, glutamate: 52 + 3.8%, p = 0.0096, paired ¢-
test), and the firing rate (baseline: 53 + 9.2 spikes/min, glutamate: 101 + 18 spikes/min, p =
0.0229, paired t-test, Fig. 2.16A, B). Similarly, for LNPCs, there was a rise in percentage of
active neurons (baseline: 42 + 3.8%, glutamate: 77 = 11%, p = 0.0298, paired ¢-test),
accompanied by an increase in the firing rate (baseline: 71 + 9.8 spikes/min, glutamate: 160 +

3.8 spikes/min, p = 0.0216, paired t-test, Fig. 2.16E, F).

In contrast, the application of GABA reduced the baseline activity of the neuronal network. In
GABA-treated ENPCs, the percentage of active neurons reduced (baseline: 34 + 14%, GABA:
1.8 £0.51%, p = 0.0089, paired z-test). Similarly, the spike rate diminished (baseline: 67 + 13
spikes/min, GABA: 5.3 + 0.97 spikes/min, p = 0.0461, paired ¢-test, Fig. 2.16C, D). Similarly,
GABA-treated LNPCs showed a significant decrease in the percentage of active neurons
(baseline: 76 + 5.8%, GABA: 67 £+ 5.4%, p = 0.007, paired ¢-test). The recorded frequency
decreased without statistical significance compared to baseline activity (baseline: 80 + 32
spikes/min, GABA: 48 + 13 spikes/min, p = 0.1806, paired #-test, Fig. 2.16G, H). These
findings demonstrated functional glutamatergic and GABAergic signalling in both ENPC- and
LNPC-derived networks, with glutamate displayed as an excitatory signal and GABA exerting
an inhibitory effect.

To confirm the inhibitory effect of GABA, both gabazine, a competitive antagonist of the
GABA-A receptor, and picrotoxin, a non-competitive GABA-A chloride channel blocker, were
used in combination to ensure a full blockade of GABA-A receptor—mediated currents. This
dual application ensured the complete inhibition, as gabazine blocked agonist binding sites
while picrotoxin directly occluded the chloride channel. The baseline activity of ENPCs was
first recorded, then the cells were exposed to gabazine (10 uM), followed by the co-application
of gabazine (10 pM) and picrotoxin (50 pM). With gabazine alone, the proportion of active
neurons was 37 £ 7.3% at baseline and 53 + 6% with gabazine (p = 0.1358), while the firing

103



rate was 60 + 6.2 spikes/min at baseline and 103 + 24 spikes/min with gabazine (p = 0.1252;
Fig. 2.17C). Combined gabazine and picrotoxin treatment induced a robust disinhibitory effect
with a significant increase of percentage of active neurons (baseline: 37 + 7.3%, gabazine and
picrotoxin: 87 £ 2.7%, p = 0.0054) and the firing rate (baseline: 60 + 6.2 spikes/min, gabazine
and picrotoxin: 237 + 61 spikes/min, p = 0.049, Fig. 2.17D). This finding provided evidence
for intrinsic GABAergic signalling that suppressed neuronal activity and can be disinhibited

by GABA-A receptor blockers.
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Figure 2.16 Pharmacological modulation reveals functional glutamatergic and GABAergic
receptors

(A, C, E, G) The left panels display snapshots of the first ten frames, with representative pseudo-
ratiometric traces from four individual neurons, where blue asterisks mark the spike activities.
Vertical dotted lines denote the application of a selective neurotransmitter.

(B) In ENPCs, glutamate induced a substantial calcium influx, significantly increasing the percentage
of active neurons (p = 0.0096, paired #-test) and firing rate (p = 0.0229, paired #-test), relative to
baseline.

(D) In ENPCs, GABA application reduced neuronal network activity, decreasing both the percentage
of active neurons (p = 0.0089, paired ¢-test) and firing rate (p = 0.0461, paired z-test), compared to
baseline.
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(F) In LNPCs, glutamate likewise triggered calcium spikes, with a significant rise in the proportion of
active neurons (p = 0.0298, paired ¢-test) and firing rate (p = 0.0216, paired #-test), relative to baseline.
(H) In LNPCs, GABA suppressed neuronal activity, reducing the percentage of active neurons (p =
0.007, paired ¢-test), although the decline in firing rate did not reach statistical significance (p =
0.1806, paired ¢-test) in comparison to baseline. Data are means = SEM. n = 3 biological replicates.

Gabazine : Gabazine (10 pM)/
(10 pM) Picrotoxin (50 pM)

ke
N
K

A Fluo-4 Fura-Red B

0.4 Ratio

k%

N

o

o
]

o

=3

o
]

100

80 ns

300

(-]
o
1

150
100 200

100

N
o
L
2]
o
1

»n
o
1

g 8
1 L
Number of spikes /min

Active Neurons %
»
o
L

Active Neurons %
3
1
Number of spikes /min

B — e [ e —— T —
0 Baseline +Gabazine 0 Baseline +Gabazine Baseline +Gabazine 0 Baseline +Gabazine
Picrotoxin Picrotoxin

Figure 2.17 Gabazine and picrotoxin together relieve GABA-mediated inhibition

(A) Representative fluorescence images of ENPCs dual-loaded with Fluo-4 AM and Fura-Red AM.
The numbered circles indicate the selected neurons, which show calcium spikes to the right.

(B) Representative pseudo-ratiometric traces from four individual neurons, where blue asterisks mark
the peak activities during baseline, gabazine treatment, and combined gabazine and picrotoxin
exposure. Vertical dotted lines denote the application of a selective neurotransmitter.

(C) In ENPC:s treated with gabazine, the percentage of active neurons and the firing rate did not
change significantly compared to baseline (p = 0.1358 and p = 0.1252, paired t-test).

(D) With gabazine and picrotoxin treatment, the percentage of active neurons significantly increased
(p = 0.0054, paired -test) and consequently the firing rate (p = 0.049, paired #-test) relative to
baseline. Data are means + SEM. n = 3 biological replicates.

2.3.4 Transplantation of hiPSC-derived ENPCs and LNPCs into the motor cortex of NOD-
SCID mice

hiPSC-derived ENPCs and LNPCs were transplanted into the right motor cortex of P7-P8
NOD-SCID mice. The brains were collected at 2 MPT. Human cells were identified with
immunostaining for HuNu and hNCAM to evaluate the fate of the injected cells and their
potential integration into the host brain. Neurolucida tracing software was used to track axonal

projections.
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2.3.4.1 ENPC and LNPC grafts exhibit layer-specific identity at 2 MPT

Grafted cells were mainly detected at the injection site. Both ENPC and LNPC grafts expressed
the deep-layer marker CTIP2. The percentage of CTIP2+ HuNu+ was 32 + 11% in ENPC grafts
and 43 + 11% in LNPC grafts (p = 0.26; Fig. 2.18D). In contrast, SATB2 expression was higher
in LNPC grafts than in ENPC grafts. The percentage of SATB2+ HuNu+ was 19 + 6.4% in
LNPC grafts and 4.0 + 3.4% in ENPC grafts (p = 0.05, Fig. 2.18E). These findings indicated
that ENPC grafts retained a deep-layer fate, marked by CTIP2, while LNPC grafts preserved
their upper-layer identity, characterised by SATB2 expression.

2.3.4.2 [Efferent projections to layer-specific targets

Neurolucida software was used to trace axonal projections across serial coronal brain sections,
guided by hNCAM immunostaining. Reconstructions were performed along the entire
rostrocaudal axis of the brain to visualise long-range axonal trajectories and regional

innervation patterns (Fig. 2.19A).

The projection density was semi-quantified across various brain regions (Fig. 2.19C). ENPC
grafts extended projections deep into the lateral cortex of the ipsilateral hemisphere (Fig.
2.20A’). Both ENPC and LNPC grafts extended projections across the corpus callosum,
reaching the contralateral hemisphere (Fig. 2.20A’*’, C*’*’). Efferent projections into the
thalamus, striatum, and internal capsule varied between ENPC and LNPC grafts. ENPC grafts
displayed a stronger propensity for the striatum and the thalamus compared to the LNPCs (Fig.
2.19C; 2.20A’, B”’) and extended projections throughout the internal capsule of the ipsilateral
hemisphere (Fig. 2.19C; 2.20B”), resembling cortico-spinal projections of deep-layer cortical
neurons. In contrast, LNPC grafts showed no axonal extensions within the thalamus or internal
capsule and exhibited a moderate projection density within the striatum, consistent with the

spatial innervation map of upper cortical neurons (Fig. 2.19C; 2.20C-D).

Collectively, tracking of axonal projections from ENPC and LNPC grafts at 2 MPT revealed
stereotypical projection patterns that closely resemble the endogenous connectivity of native

cortical PNs.
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Figure 2.18 ENPC and LNPC grafts exhibit layer-specific identity at 2 MPT

ENPC graft
* LNPC graft

(A) Schematic illustration of stereotaxic injection of ENPCs and LNPCs into the motor cortex of P7-
P8 NOD-SCID mice. A total of 1 x 10° cells/pL were injected, and brains were collected at 2 MPT.
(B, C) Representative confocal images of ENPC and LNPC grafts. ENPC grafts exhibited CTIP2
expression but not SATB2, whereas LNPC grafts showed higher SATB2 expression in addition to

CTIP2.
(D) Quantification of CTIP2+ HuNu+ of ENPC and LNPC grafts (p = 0.26).
(E) Quantification of SATB2+ HuNu+ of ENPC and LNPC grafts (p = 0.05).

Scale bar: 100 pm. Data are presented as means = SEM; each point represents an animal (N = 3).
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Figure 2.19 Distinct projection patterns of ENPC and LNPC grafts in the brains of NOD-SCID

mice at 2 MPT
(A) Representative Neurolucida reconstructions of axonal projections across serial coronal brain
sections at 2 MPT. Brain reconstructions showing the distribution of human axonal projections traced

with hNCAM immunostaining.
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(B) Representative stitched coronal sections illustrating projections of ENPC and LNPC grafts.

(C) Heatmaps of regional distribution of the projection density of ENPC and LNPC grafts into
ipsilateral cortical layers (L 1-4, L 5-6), striatum (Str), septum (Sep), thalamus (Thal), corpus
callosum (CC), internal capsule (IC), hippocampus (Hipp), and piriform cortex (Pir), and contralateral
cortical layers (L 1-4, L 5-6) and corpus callosum (CC). Each row represents an individual animal
(ENPC grafts: N = 6; LNPC grafts: N = 4). The bottom panel displays the average projection density
across all animals within each group. Projection density was scored on a semi-quantitative scale
ranging from 0 (no detectable projections) to 3 (dense projections).

Scale bar (A): 1000 pm; Scale bar (B): 100 um.
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Figure 2.20 Axonal projections of ENPC and LNPC grafts in the brains of NOD-SCID mice at 2

MPT
Representative coronal brain sections of ENPC grafts (A, B) and LNPC grafts (C, D) transplanted into

the motor cortex of P7-P§ NOD-SCID mice.
(A—A’"’) ENPC graft showing hNCAM-+ axonal outgrowths extending into multiple brain regions.

Insets highlight projections into the lateral cortex (A’), Striatum (A’’), and the contralateral
hemisphere (A’”’).
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(B-B’’) Representative coronal section with insets showing hNCAM+ axonal projections into the
internal capsule (B”) and thalamus of the ipsilateral hemisphere (B’’).

(C—C’>’) LNPC graft, a coronal section with an inset showing the traversing hNCAM+ axonal
projections from the ipsilateral hemisphere (C) through the corpus callosum (C’’”) to the contralateral
hemisphere (C’”*’).

Scale bars of coronal low-power sections counterstained with DAPI: 1000 pm; all insets in (A, C, D):
100 pm; insets in (B’, B’”): 50 pm.
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2.4 Discussion

The generation of cortical neurons from hiPSCs represents a significant advance for both
developmental neuroscience and regenerative medicine. Various neural differentiation
protocols have been established (Shi et al., 2012b, Boissart et al., 2013, Espuny-Camacho et
al., 2013, Bahmad et al., 2017, Gunhanlar et al., 2018), while relatively few have succeeded in
mimicking the temporal sequence of corticogenesis with sufficient fidelity to produce laminar-

specific neuronal subtypes in a reproducible manner.

In this chapter, I optimised a differentiation protocol that generated two temporally distinct
populations, including ENPCs enriched in deep-layer cortical neurons and LNPCs enriched in
upper-layer cortical neurons. These populations displayed distinct molecular and functional
signatures consistent with their in vivo counterparts. Upon transplantation, they retained
laminar identity and established projection patterns characteristic of their developmental stage.

2.4.1 Neural induction promotes the dorsal identity

The protocol was based on the dual-SMAD inhibition approach (Chambers et al., 2009, Shi et
al., 2012a). No additional morphogens were introduced to maintain defined differentiation
conditions and to avoid the variability driven by a broader array of signalling molecules.
Moreover, neural induction was initiated with a confluent monolayer of hiPSCs to ensure

uniform exposure to factors and to facilitate morphological monitoring.

The pluripotency of the hiPSCs was validated by the expression of OCT4 (Hansis et al., 2000),
NANOG (Chambers et al., 2003), and SOX2 (Yuan et al., 1995). Following induction, OCT4
and NANOG expression became undetectable, while SOX2 persisted (Jin et al., 2022). This
persistent expression of SOX2 during differentiation aligns with its dual roles in corticogenesis:
during early neurogenesis, SOX2 directs cells toward a neuroectodermal fate at the expense of
mesodermal and endodermal lineages (Zhao et al., 2004). Later in corticogenesis, SOX2
maintains NSC self-renewal and promotes neural maturation and arborisation (Graham et al.,

2003).

By DIV 9, the neuroepithelial cells reorganised into neural rosettes exhibiting apicobasal
polarity, consistent with earlier reports (Chambers et al., 2009). This rosette formation occurred
earlier than typically reported with dual-SMAD inhibition, which was observed two weeks
after induction (Delli Carri et al., 2013), highlighting the robustness of our induction strategy.
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Dorsal telencephalic identity was confirmed by PAX6 expression, in line with its established
role in specifying the dorsal identity of cortical progenitors that give rise to the PNs (Muzio et

al., 2002, Molyneaux et al., 2007, Englund et al., 2005).

2.4.2 Temporal generation of deep- and upper-cortical neurons

A key strength of this protocol is its ability to recapitulate the temporal sequence of
neurogenesis, consistent with previous reports (Shi et al., 2012b). During differentiation,
neurons were generated in a temporal order, with deep-layer neurons generated first, followed
by upper-layer neurons. It has been shown that early progenitors preferentially gave rise to
CTIP2+ corticospinal and TBR 1+ subplate neurons, while later progenitors produced BRN2+
and SATB2+ callosal neurons (Renner et al., 2017, Dominguez et al., 2013, Clark et al., 2020).
This finding makes the protocol particularly valuable for modelling corticogenesis and laminar
reconstruction, in comparison to other accelerated protocols that bypass the process of temporal

corticogenesis (Zhang et al., 2013).

Ideally, LNPCs would show a temporal progression towards a more fate-restricted, late-stage
cortical progenitor identity, away from the early progenitor state. However, our data showed
that the LNPCs retained a substantial proportion of CTIP2-positive cells, consistent with
cellular heterogeneity. This mixed progenitor state is important for interpreting the subsequent
layering experiments because it implies that LNPC cultures are not purely upper-layer
populations. Consequently, layer-marker readouts should be interpreted as reflecting the
relative proportions of early- versus late-neuronal progenitors within each culture, rather than
indicating a strict temporal switch in layer identities. Functionally, this heterogeneity could
diminish the intended laminar segregation in layered neuronal tissue, leading to partial
intermixing of molecular identities as well as projection and connectivity patterns upon
implantation. This also suggests that stronger temporal patterning cues or additional maturation
steps is necessary to obtain more clearly separated layer-specific neuron populations.

2.4.3 Generation of glutamatergic and GABAergic phenotypes

Our findings also highlighted the coexistence of glutamatergic and GABAergic phenotypes,
with ENPCs and LNPCs containing VGLUT 1+ glutamatergic neurons as well as GABAergic
INs, consistent with prior reports (Shi et al., 2012b). This finding supported the dual origin
hypothesis of human cortical INs, where both dorsal SVZ and ventral ganglionic eminence

progenitors contribute (Petanjek et al., 2008, Zecevic et al., 2005). Interestingly, it has been
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reported that the percentage of dorsally developed INs might be higher than that of ventrally
generated INs in fate-mapping experiments of human mid-fetal slice cultures (Letinic et al.,
2002). Additionally, the dorsal contribution may be specific to humans; it has been
demonstrated that human RG cells isolated from the VZ/SVZ at midterm generate CalR+ INss,
which is not recapitulated in mice (Yu and Zecevic, 2011). Moreover, a cellular barcoding tool
has revealed that individual human cortical progenitors can generate both excitatory neurons
and cortical INs (Delgado et al., 2022). The generation of GABAergic INs alongside
glutamatergic neurons is considered a great benefit for cell therapy, enhancing the translational
value of these cultures, given the neuroprotective and anti-epileptic properties of GABAergic
grafts (Greenfield Jr, 2013). It has been reported that GABAergic transplantation into a TBI
model facilitated the recovery of somatosensory function (Becerra et al., 2007) and improved

memory precision (Zhu et al., 2019).

Synaptogenesis is a crucial step in the formation of functional neural networks. LNPCs
expressed presynaptic and postsynaptic proteins juxtaposed along MAP2-positive dendrites,
with a higher synaptic density in LNPCs. This aligns with in vivo observations, which show
that layer II/III cortical pyramidal neurons exhibit significantly higher dendritic spine densities
compared to layer V neurons (Tjia et al., 2017). In accordance with the present results, previous
studies have demonstrated the formation of functional synapses in vitro capable of calcium-

dependent glutamate release (Baldassari et al., 2022).

The presence of astrocytes has been confirmed, with a very low number of cells detected in
both ENPCs and LNPCs. This indicated that astrocytic differentiation occurred later in the
protocol, with neuronal lineage commitment preceding glial cell generation (Sauvageot and
Stiles, 2002).

2.44 ENPCs and LNPC:s elicit spontaneous calcium activity, with functional glutamatergic

and GABAergic receptors

Both ENPCs and LNPCs exhibited spontaneous calcium activity under physiological
conditions, at 37°C and in 5% CO: humidified atmosphere, during all imaging experiments.
This approach preserved pH homeostasis and cellular metabolism, minimises drift in baseline
fluorescence, and enables extended recordings without compromising viability. Thus, the
observed calcium signals were more representative of in vivo behaviour (Lee et al., 2005).

Calcium spikes were prolonged relative to the millisecond timescale of electrical action
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potentials, which reflected the intrinsic calcium dynamics that operate over a wide range of
temporal scales, including buffering, release from intracellular stores, and slower extrusion
mechanisms (Berridge et al., 2003). This is consistent with previously published calcium
imaging data that report rise times on the order of 5-20 s and decays of 10-40 s in immature

human cortical cultures (Kirwan et al., 2015, Makinen et al., 2018, Cordella et al., 2022).

These spikes were typically characterised by a rapid increase in cytosolic calcium, followed by
a gradual return to resting basal calcium levels, dynamics related to action potential-triggered
calcium influx (Makinen et al., 2018). These spikes were largely abolished by EGTA,
indicating their dependence on extracellular calcium influx, in line with previous findings
(Kirwan et al., 2015). Additionally, they were mostly blocked in the presence of TTX,
underscoring their dependence on depolarisation, consistent with previous reports (Kirwan et
al., 2015, Pre et al., 2014, Paavilainen et al., 2018). A small subset of neurons remained active
with TTX exposure, reflecting alternative depolarising mechanisms, including action potentials
mediated by L-type calcium channels, which support TTX-resistant spikes and calcium-
dependent firing in developing cortical neurons (Lo and Erzurumlu, 2002). Additional
mechanism could include gap junction coupling (Yuste et al., 1992), or spontaneous vesicular
neurotransmitter release events that occur independently of action potentials (Kavalali et al.,
2011). Moreover, the coexistence of various cellular subtypes with different maturation rates

within the same culture would exhibit distinct activity patterns and responses.

Glutamate treatment elicited calcium spikes in both ENPCs and LNPCs, demonstrating the
existence of functional glutamatergic receptors. This finding aligns with previous studies
showing that glutamate stimulation induces fast, receptor-mediated calcium spikes in hiPSC-
derived cortical neurons (Cordella et al., 2022). In contrast, GABA application decreased
neuronal activity, while subsequent disinhibition with dual GABA-A receptor antagonism,
gabazine and picrotoxin, produced a marked increase in network activity. This response
reflected the intrinsic inhibitory tone mediated by GABA-A receptors, which are abundantly
expressed in cortical GABAergic INs and mediate both phasic and tonic inhibition (Farrant and
Nusser, 2005). The combined application of gabazine, a competitive antagonist of the GABA-
A receptor and picrotoxin, a non-competitive chloride channel blocker, produced a pronounced
disinhibition of network activity, consistent with previous observations in in vitro hippocampal
slices (Wlodarczyk et al., 2013). This reflected a developmental shift from depolarising to
hyperpolarising effect of GABA (Zhang et al., 2011), resulting from the upregulation of KCC2
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alongside downregulation of NKCC1 expression (Rivera et al., 2005, Virtanen et al., 2021). In
the developing human cortex, a prominent upregulation of KCC2 takes place in the subplate
and cortical plate prenatally, in contrast to the largely postnatal expression of KCC2 observed

in rodents (Sedmak et al., 2016, Bayatti et al., 2008).

Graph theory analysis of the functional networks of ENPCs and LNPCs revealed distinct
patterns of functional connectivity. The latter demonstrated stronger connectivity and more
efficient information sharing in the network, as evidenced by higher edge weights, shorter path
length, and clustering coefficient, consistent with the characteristics of small-world networks
(Bullmore and Sporns, 2009). ENPCs, by contrast, exhibited higher modularity, a property that
indicates more fragmented subnetworks with dense intra-modular connections but weaker
inter-module links. These observations align with previous studies, which show the transition
from random to small-world topologies during maturation of in vitro neuronal cultures
(Downes et al., 2012) with their ability to spontaneously self-organise into modular small-
world networks (Antonello et al., 2022). In vivo, neuronal progenitors adopt small-world
functional configurations to regulate proliferation and network efficiency (Malmersjo et al.,
2013). Nevertheless, the mature mammalian cortex also exhibits a weighted small-world
network architecture, striking a balance between local clustering and integrative capacity
(Bassett and Bullmore, 2017).

2.4.5 ENPCs and LNPCs retain their identity in vivo, with efferent projections innervating

layer-specific targets

Following transplantation into the motor cortex, ENPCs and LNPCs preserved their laminar
identity in vivo. ENPC grafts expressed CTIP2 and sent projections to corticospinal targets,
including the internal capsule, consistent with their deep-layer fate. While LNPC grafts
exhibited SATB2 expression and extended projections across the corpus callosum. Both graft
types extended projections across the corpus callosum to the contralateral hemisphere,
consistent with their endogenous projection programmes. Our findings align with previous
reports, which demonstrated that grafted neurons adopt projection patterns characteristic of
their developmental identity (Gaspard et al., 2008). Later studies extended this observation,
showing that mouse ESC-derived cortical neurons with the appropriate cortical areal identity,
when transplanted into the visual cortex, could participate in reconstructing damaged cortical
circuits, forming reciprocal and long-range connections (Michelsen et al., 2015). Similar

findings have been reported with transplantation of mouse ESC-derived cortical neurons into
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both intact and lesioned cortex, where the cells integrated according to their subtype identity,
further supporting the principle that laminar fate guides connectivity (Terrigno et al., 2018).
However, contrasting findings show that graft connectivity is largely determined by the
circuitry of the transplantation region, rather than the identity of the transplanted cells (Doerr
etal., 2017).

2.4.6 Limitations

A major limitation of this study is its reliance on a single iPSC line. Previous studies have
demonstrated considerable variability across pluripotent stem cell lines, with genetic
background and reprogramming methods influencing differentiation potential and neuronal

properties (Bock et al., 2011, Wu et al., 2007).

Comparative analyses of ESC and iPSC lines have further shown significant variation in
differentiation efficiency, maturation stages and functional properties, suggesting that the
robustness of our findings would be strengthened by validation across multiple lines (Hu et al.,
2010). Another limitation is the protracted time course required to generate functionally post-
mitotic human cortical neurons. Unlike rodent systems, the differentiation of human cortical
neurons requires several weeks to months in vitro, making large-scale studies time-consuming
and resource-intensive. This temporal mismatch not only complicates throughput but also
underscores the challenge of translating such protocols into clinical screening applications.
Finally, inconsistency across protocols in the use of morphogens and culture components
remains a confounding factor because variability in signalling pathways can lead to divergent
cellular phenotypes and functional outcomes (Engel et al., 2016). This highlights the need for
more standardised, reproducible differentiation pipelines to reduce variability between studies

and improve translatability.

2.5 Conclusion

In this chapter, I optimised a differentiation protocol to generate hiPSC-derived cortical
neurons with distinct laminar identities, recapitulating the sequential inside-out programme of
human corticogenesis. ENPCs acquired deep-layer fate and were rich in CTIP2+ subcerebral
PNs, while LNPCs had upper-layer characteristics and were rich in upper-layer SATB2+
callosal PNs. Both excitatory glutamatergic and inhibitory GABAergic phenotypes were
generated, reflecting the dual origin of cortical INs. Importantly, ENPCs and LNPCs expressed
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synaptic proteins and displayed functional calcium activity, with LNPCs demonstrating higher
network synchronisation and stronger connectivity, consistent with their advanced

developmental stage.

Functional interrogation confirmed the reliance of spontaneous calcium spikes on extracellular
calcium and voltage-gated sodium channels, while pharmacological manipulations highlighted
the presence of functional glutamatergic and GABAergic receptors. Graph theory analysis
further demonstrated that ENPCs and LNPCs established distinct functional network

topologies, with LNPCs exhibiting more efficient small-world connectivity.

Finally, transplantation studies revealed that ENPCs and LNPCs preserved their laminar
identity in vivo and extended axonal projections towards layer-specific targets in brains of
NOD-SCID mice. These findings confirm that temporal identity dictates not only neuronal

subtype specification but also network organisation and integration capacity.
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Chapter :3 Droplet-Based Microfluidic Technique to
Fabricate 3D Constructs

3.1 Introduction

The development of physiologically relevant in vitro models is essential not only for studying
human cortical development but also for generating neural tissues for brain repair. Although
conventional 2D neuronal cultures have been widely used, they do not recapitulate the spatial
complexity and laminar architecture of the cerebral cortex. Additionally, the network density,
structure, connectivity, and functional properties of the neurons in 2D cultures do not
accurately reflect those found in living tissues (Lovett et al., 2020). In contrast, 3D cultures
enable cellular interactions across multiple spatial dimensions, recapitulating the architecture
and signalling dynamics of the developing brain (Ulloa Severino et al., 2016). Human brain
organoids have emerged as a model for investigating various aspects of human brain
development (Lancaster et al., 2017, Renner et al., 2017). However, they exhibit considerable
limitations, including cell heterogeneity and the intrinsic self-organising nature that limit
precise control over spatial patterning and neuronal subtype composition (Andrews and

Kriegstein, 2022).

Bioprinting technologies, including droplet-based, extrusion-based, and laser-based methods,
offer an alternative that enables precise spatial positioning of pre-differentiated cells in pre-
designed architectures (Cadena et al., 2021). This approach allows the generation of 3D
neuronal tissues with adjustable organisation and cellular composition, thereby enhancing
reproducibility and improving nutrient penetration and cell survival (Bishop et al., 2017). 3D
bioprinting of multi-layered brain tissues was successfully constructed by depositing the cell
layers either vertically (Lozano et al., 2015b) or horizontally next to each other (Yan et al.,
2024). However, bioprinting of neurons remains challenging due to the delicate nature of
neurons and the difficulty in identifying a bioink that is mechanically supportive and

biochemically compatible with the brain’s ECM (Wang et al., 2022a).

Various bioinks have been proposed for neuronal bioprinting and tissue engineering (Agel et
al., 2023). Among these, Matrigel-based bioinks have been successfully used for bioprinting
hiPSC-derived spinal neurons (Joung et al., 2018) and cortical neurons (Yan et al., 2024, Zhou
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etal., 2020, Jin et al., 2023, Joung et al., 2018) with promising neuronal survival and functional

maturation.

During cortical development in vivo, PNs populate the cerebral cortex following an inside-out
pattern, where early-born neurons settle in the deeper layers, and late-born neurons migrate
past them to occupy the upper layers (Rakic, 2009). This temporal patterning is accompanied
by a developmental transition in calcium activity from asynchronous activity to large-scale
synchronous oscillations (Garaschuk et al., 2000). While these dynamics have been described
in rodent cortical slices (Corlew et al., 2004, Garaschuk et al., 2000, Allene et al., 2008) and
PSC-derived neuronal cultures (Kirwan et al., 2015), their recapitulation in bioengineered

human cortical tissues has not been detailed.

In the adult cortex, cortical laminae are integrated into a canonical microcircuit (D'Souza and
Burkhalter, 2017). Within the cortical column, layer IV provides strong ascending excitation
to layers II/III. Layers II/IIl integrate local network activity with long-range corticocortical
inputs, projecting both horizontally within the supragranular layers and vertically to deeper
layers, including layer V (Liu et al., 2024b, Weiler et al., 2008). Layers V/VI integrate inputs
from both superficial layers and the thalamus, serving as the cortex’s primary output channels.
,while Layer V sends most corticofugal projections to subcortical targets, and layer VI provides
corticothalamic output and engages in local feedback circuits that regulate thalamocortical gain
(Usrey and Sherman, 2019). Layer I is densely innervated by feedback and modulatory inputs
from higher-order cortical and thalamic sources. These inputs synapse onto the apical dendritic
tufts of pyramidal neurons, thereby shaping the integration of bottom-up and top-down signals
(Douglas and Martin, 2004). Across areas, laminar connectivity follows a consistent pattern:
feedforward corticocortical pathways arise mainly from superficial layers and preferentially
terminate in middle layers, including layers III/IV, of higher-order cortex, whereas feedback
pathways originate from deep layers and avoid layer IV, terminating predominantly in layer I

(Markov et al., 2014).

Despite recent advances in 3D neuronal tissue engineering, no study has directly compared the
functional activity of 3D ENPC and LNPC constructs, nor has it examined how the laminar
arrangement of these neuronal constructs modulates network connectivity. Importantly,

developing 3D ENPC and LNPC constructs extends beyond tissue modelling, representing a
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translational step toward repairing cortical circuitry after implantation into TBI with a cortical

lesion.

In this chapter, I addressed this by the fabrication of 3D neuronal constructs using a custom-
designed droplet-based microfluidic technique with Matrigel as the bioink. hiPSCs were
differentiated into ENPCs and LNPCs in monolayer culture and harvested at DIV 30 and DIV
45, respectively, to reflect early and late stages of cortical maturation. These populations were
bioprinted into separate 3D constructs and either cultured individually or assembled into two-
layered neuronal tissues to mimic basic features of cortical lamination. I investigated whether
these constructs retain their laminar-specific identity after fabrication, using immunostaining
for layer-specific markers, and examined their potential to generate different neuronal
phenotypes. I investigated how the temporal identities can shape and recapitulate the pattern of
in vivo calcium activity by recording spontaneous calcium activity, followed by graph theory
analysis to reveal the connectivity patterns and functional networks. Finally, I investigated
whether assembling 3D ENPC and LNPC constructs into two-layered neuronal tissues could
mimic aspects of cortical lamination, with particular attention to compartmentalisation and

inter-laminar connections.
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3.2 Methods

3.2.1 Microfluidic technique to generate 3D neuronal constructs

3.2.1.1 Fabrication of the polydimethylsiloxane (PDMS) chip

Prefabricated master moulds featuring a T-shaped junction with a serpentine segment were used
to manufacture PDMS chips. The moulds were kept in a protective case and cleaned with a
nitrogen gun before use. The PDMS mixture was prepared using the Sylgard® 184 Silicone
Elastomer Kit (Dow) at a 1:10 ratio, with a total of 55 grams, consisting of 5 grams of the
curing agent and 50 grams of the polymer base, which were thoroughly mixed before being
poured into the master mould. The mixture was degassed by placing the pre-cured PDMS in
the vacuum desiccator (Fisher Scientific) for a minimum of 30 min with intermittent venting
to remove trapped air bubbles. For curing, the mould was placed in a petri dish and moved to
an oven, heated to 65-80°C, for 1 h. After that, a scalpel was used to make straight cuts along
the edge of the master mould to detach the cured PDMS. Once all the edges were released, the
PDMS was gently lifted from the bottom of the mould and placed in a clean petri dish. Two
identical PDMS halves were precisely aligned to form the microfluidic chip. Two different
PDMS chips with varying channel dimensions were fabricated and used to generate constructs
with variable geometries. For constructs with 600 pm width, a chip featuring inlet channels of
950 um and outlet channels of 750 pm was used. For 300 pm wide constructs, a chip with inlet
channels of 750 um and an outlet channel of 550 pm was employed. The serpentine segment

in both chips was 100 mm in length (Fig. 3.1B).

3.2.1.2 Bioink preparation and fabrication of the 3D neuronal constructs

hiPSC-derived ENPCs and LNPCs were collected at DIV 30 and DIV 45, respectively. The
monolayer cells were washed three times with DPBS, then incubated with 1 mL of pre-warmed
Accutase for 5 min. They were resuspended in 5 mL of NMM and transferred to a 15 mL
Falcon tube for centrifugation at 200 % g for 5 min. The supernatant was discarded, and if any
residual supernatant remained, a second brief spin was done for 1 min. Trypan Blue staining
(Thermo Fisher Scientific) was used to manually count the total number of cells and assess cell
viability. The final cell pellet was resuspended in ice-cold, pre-thawed Matrigel (Matrigel®
Growth Factor Reduced, Corning®) to a final density of 80-100 x 10° cells/mL. Matrigel was
kept at 4°C throughout the procedure to prevent early polymerisation, and cell-laden Matrigel
was gently mixed to ensure homogeneous cell distribution. A custom-designed cooling system

was used to maintain a bioprinting temperature between 4°C and 8°C. Two syringes were
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prepared and connected to polytetrafluoroethylene (PTFE) tubing; both initially filled with
Fluorinert™ FC-40 (Sigma-Aldrich Corporation) to ensure continuous flow without air
bubbles. One syringe was subsequently loaded at its tip with the cell-laden Matrigel, while the
other remained filled with the oil to serve as the continuous oil phase. The opposite ends of the
PTFE tubing were inserted into the corresponding inlets of the microfluidic chip. The syringes
were mounted on syringe pumps and operated at flow rates of 2000 uL/h for the oil phase and

500 pL/h for the cell-laden Matrigel phase (Fig. 3.1A).

A third PTFE tube, 30 cm in length, was connected to the outlet of the microfluidic chip to
collect droplets of cell-laden Matrigel. The inner diameter of the collecting tube was chosen to
match the width of the desired constructs, of either 300 or 600 um. Once the system was
assembled, the volumes and frequencies of the formulated droplets could be adjusted by tuning
the flow rate. The Matrigel droplets within the tube were spaced with oil that prevented droplet
fusion, in addition to a transition of oil at the beginning and the end of the collecting tube for
proper sealing. Once the collecting tube was full, it was detached from the chip and incubated
at 37°C and 5% CO: for 2 h to allow Matrigel polymerisation. The constructs were then
unloaded and cultured in ultra-low attachment plates (Merck). Consumables used for the
droplet-based microfluidic technique are listed in Table 6.7.

3.2.1.3 Invitro culture of the 3D neuronal constructs

For the first three days post-printing (DPP), constructs were cultured in NMM supplemented
with 1% Penicillin-Streptomycin (Gibco Life Technologies) and 10 pM Y-27632 ROCK
inhibitor. From 3 DPP, constructs were distributed into ultra-low attachment 96-well plates,
with one construct per well. Half of the medium was replaced with fresh NMM every three
days throughout the culture period. ENPC constructs were cultured for an additional 15 days,
and analysis was performed at DIV 45, representing an early stage of cortical development.
LNPC constructs were cultured until DIV 70, corresponding to the late developmental stage.
This design enabled the modelling of both early and late stages of cortical development and
allowed for the generation of two-layered neuronal tissue through subsequent assembly.

3.2.14 Assembly of 3D ENPC and LNPC constructs into two-layered neuronal tissues

At 3 DPP, one construct of each group, 3D ENPC and LNPC constructs, was placed in a single
well of a 96-well ultra-low attachment plate. They were manually positioned side by side under

an inverted microscope using an insulin needle. Once positioned, the plate was returned to the
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incubator carefully and left undisturbed for two days to allow spontaneous fusion. Culture

medium was changed every three days by replacing half of the volume with fresh NMM.

Within the two-layered neuronal tissue, labelled LNPC constructs were used, employing two
different fluorescent labelling strategies. In one approach, RFP+ iPSC-derived LNPCs were
used to fabricate LNPC constructs, which were then fused with unlabelled ENPC constructs.
These two-layered neuronal tissues were used for tracing inter-laminar axonal outgrowth and
neuronal migration in vitro (Section 3.2.2.2) and for later in vivo implantation experiments
(Chapter 4). The 300 pm-wide constructs were assembled into two-layered neuronal tissues for
in vitro experiments, while the 600 pum-wide constructs were used to assemble the two-layered

neuronal tissues that were used in implantation experiments.

In an alternative approach using 300 um-wide constructs, Dil-labelled LNPCs were used to
generate Dil-labelled LNPC constructs that were assembled with unlabelled ENPC constructs
to fabricate two-layered neuronal tissues, which were then used for calcium imaging
experiments. For Dil labelling (Vybrant™ Dil, Thermo Fisher Scientific), on the day of
printing, the dissociated unlabelled LNPCs were incubated with 5 uM of cell tracker Dil (ex/em
549/565 nm) at 37°C for 1 h. Afterwards, excess Dil was washed away with NMM in two steps,
and the cells were centrifuged into a pellet for construct fabrication, as previously described.
3.2.2 Characterisation of the 3D neuronal constructs

3.2.2.1 Live-dead assay

Cell viability after fabrication was assessed using a live-dead assay using 1 uM Calcein-AM
(Cambridge Biosciences Ltd) and 100 pg/mL Propidium lodide (PI, Sigma Aldrich). Calcein-
AM is a non-fluorescent, cell-permeable molecule cleaved by intracellular esterase into green
fluorescence (ex/em 494/517 nm). PI permeates the membranes of dead cells and binds to DNA
by intercalating between the bases. In an aqueous solution, the dye exhibits excitation/emission
maxima at 493/636 nm, respectively. Once the dye is bound to DNA, its fluorescence is
enhanced 20- to 30-fold. The fluorescence excitation maximum is shifted ~30—40 nm to the
red, and the fluorescence emission maximum is shifted ~15 nm to the blue, resulting in ex/em
535/617 nm. 3D constructs were incubated with dyeing solution at 37°C and 5% CO: for 20
min. Image acquisition was performed using confocal microscopy with a 20X objective, and

Z-stacks were acquired at 15 pm intervals across 5-6 optical sections per construct.
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Quantification was performed using ImageJ software. Dead cells were counted using the 3D
Object Counter plugin, while live cells were manually quantified. For each construct, at least
five planes were analysed. Cell viability was calculated as the percentage of Calcein-positive
cells relative to the total number of counted cells (live cells + dead cells). At least three
constructs were imaged at 1, 8, and 14 DPP, with three biological replicates per time point, and
results were reported as mean + SEM.

3.2.2.2 Inter-laminar neurite outgrowth and cellular migration within the two-layered
neuronal tissues

To evaluate inter-laminar integration, two-layered neuronal tissues, composed of RFP+ LNPC
construct and unlabelled ENPC constructs, were imaged using confocal microscopy. Z-stack
images were acquired at 1 um intervals to visualise neurite outgrowth and cell migration across
the interface. For enhanced visualisation of nuclear profiles across both compartments, two-
layered neuronal tissues were counterstained with 1 pg/mL Hoechst (Thermo Fisher
Scientific). The same two-layered neuronal tissues were live-imaged at 2-, 6-, and 10-day post-
fusion (DPF). Axonal outgrowth was quantified as the RFP+ area within the ENPC
compartment, measured using Imagel software and expressed as a percentage of the total
ENPC compartment area. Migrating neurons were manually counted using ImagelJ software.
A cell was classified as migrated if it was RFP+, co-localised with Hoechst staining, and
located within the ENPC compartment. At least three constructs were reimaged per time point
across three biological replicates, and data were presented as means + SEM. At 2 DPF, only
two biological replicates were available, as the constructs were too fragile to manipulate at
earlier time points.

3.2.2.3 Immunocytochemistry of the 3D neuronal constructs and two-layered neuronal tissues

3D ENPC and LNPC constructs were fixed in 4% PFA for 30 min at DIV 45 and DIV 70,
respectively. Two-layered neuronal tissues were fixed after three weeks of fusion. Post-
fixation, the constructs were washed three times with PBS and stored in PBS at 4°C.
Immunocytochemistry was performed according to standard immunostaining protocols
described in Section 2.2.3.1. The primary and secondary antibodies used for staining are listed
in Tables 6.5 and 6.6. Confocal imaging with Z-stacks, captured at an interval of 1.88 um,
allowed for the analysis of marker expression, neuronal differentiation, and proliferation within
the three-dimensional structure of the constructs. For synaptic development, synaptic markers

were imaged using a 63X oil-immersion objective with a 1 um interval.

125



For each marker, at least three fields were imaged per construct, with three constructs for each

biological replicate. The cells were manually counted, and the percentage of positive cells
relative to the total DAPI-positive cells was calculated. The average value for each biological
replicate (n) was then calculated, and the results from the three biological replicates were used
for statistical analysis. The images in the figures represent maximum intensity projections of
Z-stacks.

3.2.2.4 Calcium imaging of the 3D neuronal constructs and two-layered neuronal tissues

Calcium imaging was performed using 3D ENPC and LNPC constructs at DIV 45 and DIV 70,
respectively. Constructs were dual loaded with Fluo-4 AM and Fura-Red AM following the
protocol described in Section 2.2.3.4, with the only modification being a 60-minute incubation
period instead of 30 min to ensure the dye penetration to the centre of the constructs. Two-
layered neuronal tissues, composed of Dil-labelled LNPC construct and unlabelled ENPC
construct, were imaged three weeks post-fusion after loading with 5 uM Fluo-4 AM. During
imaging, a 488 nm laser was used to excite Fluo-4 AM, and a 568 nm laser was used to visualise
Dil-labelled LNPCs. A schematic of the workflow, from 2D expansion to microfluidic printing,
assembly, and calcium imaging, is shown in Fig. 3.7A. Confocal time-lapse imaging recorded
spontaneous calcium spikes of 3D constructs and two-layered neuronal tissues at a frame rate
of 1.27 Hz over 800 frames.

3.2.2.5 Analysis of calcium imaging data

Data acquired from calcium imaging of 3D ENPC and LNPC constructs, as well as two-layered
neuronal tissues, were analysed using custom-written algorithms in MATLAB, as described in
Section 2.2.3.4.3. Functional connectivity patterns were detected using graph theory analysis

(Dingle et al., 2020) as described in Section 2.2.3.4.3.2.

To investigate the inter-laminar temporal coordination of the two-layered neuronal tissues,
pairwise cross-correlations were computed between Z-scored calcium traces of Dil-labelled
LNPCs and ENPCs pairs. Imaging was performed at a frame rate of 1.27 Hz, corresponding to
a frame duration of 0.785 s, with each recording spanning 800 frames, resulting in a total
duration of ~10.5 min (T). Cross-correlation analysis was performed across a lag window of +
5 frames (£ 3.9 s). Calcium traces were Z-scored on a per-neuron basis to standardise amplitude

and prevent differences in signal magnitude from biasing correlation outcomes.

For a given calcium trace x(t) of length T, the Z-scored signal Z(t) was calculated as:
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where: p = (1/T) * X x(t) is the mean of the trace and ¢ = V((1/T) Z(x(t) — w)?) is the standard

deviation.

A lag matrix was constructed where each entry represented the lag, in frames and equivalent
time in seconds, at which the maximum cross correlation occurred. Positive lag indicated that
the LNPC trace preceded the ENPC trace (LNPC-initiator), negative lag indicated that the
ENPC trace preceded the LNPC trace (ENPC-initiator), and a lag of zero indicated
simultaneous activation between ENPC and LNPC pairs (Fig. 3.9A, C).

Based on this analysis, LNPC and ENPC pairs were classified into three functional groups:
LNPC-initiator, ENPC-initiator, and simultaneous pairs. The proportion of each functional
group was quantified across three independent biological replicates and shown as means +

SEM.

To visualise initiator—follower dynamics at the single-neuronal level, for each initiator neuron,
its Z-scored calcium trace was plotted as the initiator trace. The related follower neurons from
the opposite compartment were identified based on their cross-correlation lag values. Each
follower trace was Z-scored, shifted in time by the estimated lag relative to the initiator, and
vertically offset. This approach allows simultaneous visualisation of an initiator’s activity and
the temporally aligned responses of its followers (Fig. 3.9E, G). Similarly, Z-scored traces of

simultaneous pairs were also displayed (Fig. 3.91).

To highlight group-level dynamics, the mean of calcium traces was computed for initiators and
followers within each category and plotted against one another, revealing characteristic inter-
laminar activity patterns (Fig. 3.9D, F). Similarly, simultaneous pairs across compartments
were also displayed (Fig. 3.9H).

3.2.3 Statistical analysis

Statistical analyses were performed using GraphPad Prism version 10. Data were presented as
means £ SEM. The Shapiro—Wilk test was used to assess the normality of the data. For
normally distributed data, comparisons between two groups were performed using unpaired

Student #-tests, while comparisons involving more than two groups were analysed using one-
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way analysis of variance (ANOVA) followed by Tukey’s post hoc test for multiple
comparisons. For non-normally distributed datasets, the Mann—Whitney U test was used for
pairwise comparisons, and the Kruskal-Wallis test, followed by Dunn’s multiple comparison
test, was applied for three or more groups. For all tests, a p-value < 0.05 was considered

statistically significant. *p< 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.

In imaging-based experiments, biological replicates refer to independently generated
constructs from independent differentiation experiments. For each biological replicate, a
minimum of three constructs were analysed per time point, and at least three fields were imaged
per construct. For calcium imaging, three biological replicates were used; each construct was
once recorded, with at least three constructs analysed per group and time point. The average
across each biological replicate was used for statistical analysis. The summary of the

experimental pipeline, time points, and the number of replicates is shown in Table 3.1.

Table 3.1 Summary of the experimental pipeline, time points, and the number of replicates

Experiment Time Point Constructs Number (n)
Live-dead assay 1, 8, 14 DPP 3D ENPC constructs >3 constructs per
3D LNPC constructs biglogif:al 'ep licate,
n =4 biological
replicates
Immunocytochemistry DIV 45 3D ENPC constructs >3 constructs per
marker,
DIV 70 3D LNPC constructs n = 3 biological
replicates
3 weeks post- Two-layered neuronal
fusion tissue
Neurite outgrowth and 2,6, 10 DPF Two-layered neuronal >3 tissues,
cellular migration tissue n = 3 biological
(RFP+ LNPC construct replicates at 6, 10 DPF
and unlabelled ENPC n = 2 biological
construct) replicates at 2 DPF
Calcium imaging DIV 45 3D ENPC constructs >3 constructs per
DIV 70 3D LNPC constructs biological replicate,
3 weeks post- Two-layered neuronal n = 3 biological
fusion tissue replicates
(Dil-labelled LNPC
construct and unlabelled
ENPC construct)
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3.3 Results

3.3.1 Droplet-based microfluidic technique enables reproducible generation of 3D neuronal

constructs

The custom-designed droplet-based microfluidic system showed high accuracy and
reproducibility. It enabled the generation of neuronal constructs in a high-throughput manner
within a short timeframe with minimal post-processing, facilitating direct transition from
fabrication to in vitro culture. This platform permitted precise control over the construct
geometry within the same bioprinting session by adjusting the flow rate. Constructs with
variable dimensions were successfully fabricated, including those with dimensions of
approximately 300 x 600 um and approximately 600 x 800 um (Fig. 3.1A, B). A current
limitation of the system is its inability to generate layered structures directly. When layered
neuronal tissues were essential for the desired application, manual assembly became necessary,
which is a time-consuming step that could be optimised in future iterations of the system.

3.3.2 Neuronal viability after fabrication of 3D neuronal constructs

To assess the impact of microfluidic printing on cell survival, viability was evaluated at three
time points: 1, 8, and 14 DPP. Quantitative analysis revealed high levels of cell viability across
the different time points: 75+ 7.4% at 1 DPP, 80+ 7.4% at 8 DPP, and 85 +5.4% at 14 DPP
(Fig. 3.1C). These findings demonstrated that the printing process was sufficiently gentle to
preserve neuronal integrity and that the culture conditions supported long-term cell survival.
The sustained viability at 14 DPP indicated adequate nutrient provision, supporting the use of
these constructs for downstream applications such as implantation or extended functional
analysis.

3.3.3 Maturation of 3D ENPC and LNPC constructs

Immunocytochemical analysis of 3D ENPC and LNPC constructs at DIV 45 and DIV 70,
respectively, showed continued neuronal maturation and acquisition of cortical neuronal
identities. Expression of the deep-layer marker CTIP2 was comparable between ENPC and
LNPC constructs (52 + 14% vs. 56 +£9.1%, p = 0.844, unpaired z-test). In contrast, the upper-
layer marker SATB2 was highly expressed in LNPC constructs (39 + 8.2%) but absent in
ENPC constructs (0.0+0.00%, p=0.004, unpaired #-test, Fig. 3.2A), consistent with the
advanced differentiation stage of LNPCs. GABA immunostaining confirmed the generation of

GABAergic INs in both 3D ENPC and LNPC constructs (18 £+ 4.2%, 15 + 2.0%, respectively;
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p = 0.232, unpaired #-test, Fig. 3.2B), indicating lineage specification into different neuronal

phenotypes.

Over time, an increase in cellular density was observed (Fig. 3.1D), reflecting the preserved
proliferative capacity. Ki-67+ immunolabelling demonstrated retained proliferation of ENPC
and LNPC constructs (8.2 + 0.38% and 6.8 + 1.6%, respectively; p = 0.217, unpaired #-test,
Fig. 3.2C), indicating proliferation potential of the progenitors after printing. A small fraction
of apoptotic cells was detected by immunostaining for Cleaved Caspase-3 (4.5 +2.6% and 3.8
+ 1.1%, respectively; p = 0.5, unpaired #-test, Fig. 3.2C), supporting the viability of the
constructs. SOX2+ cells were detected in both ENPC and LNPC constructs (26 &+ 8.5% and 37
+ 8.0%, respectively; p = 0.214, unpaired #-test, Fig. 3.2D), consistent with the known role of
SOX2 in maintaining neural progenitor identity during early differentiation and supporting
aspects of neuronal maturation during later stages (Graham et al., 2003). Synaptogenesis was
evidenced by immunolabelling for the SYN1 and PSD-95. Both markers exhibited punctate
staining, with regions of co-localisation, suggesting the potential of synaptic formation (Fig.
3.2E). Astrocytic differentiation was confirmed by S100f expression in both ENPC and LNPC
constructs (Fig. 3.2F).

3.3.4 Maturation of two-layered neuronal tissues

Two-layered neuronal tissue maintained clear anatomical lamination early post-fusion and after
extended in vitro culture. RFP labelling revealed clear compartmental fusion, with RFP+
LNPCs primarily detected on one side and ENPCs on the other side, at 2 DPF (Fig. 3.3B). By
6 DPF, RFP+ processes extended across the interface, indicating the establishment of inter-
laminar connectivity over time (Fig. 3.3B). Analysis revealed progressive inter-laminar neurite
extension and neuronal migration. Quantification of inter-laminar neurite outgrowth showed a
gradual expansion of the RFP+ area within the ENPC compartment, increasing from 4.0 +2.3%
at 2 DPF to 22 + 7.4% at 6 DPF and 35 + 12% at 10 DPF. In parallel, an average of 25 + 5
RFP+ neurons were detected in the ENPC compartment at 2 DPF. This average increased to

110 + 40 at 6 DPF and reached 197 = 30 by 10 DPF (Fig. 3.3C).

Immunocytochemistry of two-layered neuronal tissues showed preservation of spatial
segregation, with SATB2 expression predominantly localised to the LNPC compartment, while
CTIP2+ cells were primarily distributed in both compartments, confirming preservation of

laminar identity over an extended period of in vitro culture (Fig. 3.3D). Proliferation potential
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and astrocytic differentiation were confirmed by Ki-67 and S100p expression, respectively, in
both compartments (Fig. 3.3E). These findings demonstrated that the fusion of ENPC and

LNPC constructs generated a stable, two-layered neuronal tissue with maintained segregation

of identity.
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Figure 3.1 The droplet-based microfluidic technique reproducibly generates 3D constructs with
high post-printing viability

(A) A schematic illustration of the droplet-based microfluidic system composed of a custom-designed
PDMS microfluidic chip connected to a computer-controlled infusion pump. The microfluidic chip
features two inputs, one for the oil and the other for the cell-laden Matrigel, and a single output for
collecting fabricated 3D neuronal constructs.

(B) Phase-contrast images of 3D constructs with different dimensions generated using different
microfluidic chips are shown to the right.

(C) Live-dead assay of 3D constructs at 1, 8, and 14 DPP, showing sustained high viability over time.
(D) Phase-contrast images of 3D constructs cultured in vitro at 4 and 10 DPP, showing an increase in
cellular density.

Scale bar (B,): 100 mm. Scale bar (C): 50 um. Scale bar (D): 100 um. Results are presented as means
+ SEM. n = 4 biological replicates. DPP: day post-printing.
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Figure 3.2 Maturation of 3D ENPC and LNPC constructs

(A) Immunostaining for cortical layer-specific markers showing CTIP2 expression in both 3D ENPC
and LNPC constructs, and predominant SATB2 expression in LNPC constructs. Quantification is
shown below (p = 0.844 for CTIP2%; p = 0.004 for SATB2%).

(B) GABA immunostaining indicates the presence of GABAergic INs in both ENPC and LNPC
constructs; the percentage of GABA+ cells is quantified and presented below (p = 0.232).
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(C) Immunostaining for Ki-67 and Cleaved Caspase-3 indicates continued progenitor proliferation
with low levels of apoptotic cells (p = 0.217 for Ki-67% and p = 0.5 for Caspase-3%).

(D) SOX2+ expression in both constructs, with quantification revealing comparable levels between
groups (p = 0.214).

(E) High-magnification images showing the juxtaposition of presynaptic SYN1 and the postsynaptic
PSD-95, alongside MAP2-positive neurites.

(F) Immunostaining revealed positive expression for astrocytic marker S100p in both 3D ENPC and
LNPC constructs.

Scale bars: (A-D, F) 100 um; (E) 200 pm. Graphs present means = SEM. n = 3 biological replicates.
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Figure 3.3 Spatial characterisation of two-layered neuronal tissues and inter-laminar
connections

(A) A schematic illustration of assembling 3D ENPC and LNPC constructs into two-layered neuronal
tissues. (Right) Representative fluorescence image of two-layered neuronal tissue composed of RFP+
LNPC constructs and unlabelled ENPC constructs at 2 DPF.

(B) Representative confocal images of two-layered neuronal tissue at 2 DPF and 6 DPF show
progressive axonal extension and cellular migration from the RFP+ LNPC compartment into the
adjacent ENPC compartment across the interface.
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(C) Quantification of the % RFP+ area and the total number of migrated RFP+ neurons in the ENPC
compartment.

(D) Immunofluorescence analysis three weeks post-fusion showing spatial segregation of cortical
layer marker expression, with most CTIP2+ neurons localised in both compartments, while LNPC
compartments were enriched with SATB2+ neurons.

(E) Immunostaining for astrocytic marker S100f and proliferation marker Ki-67, revealing potential
differentiation into glial fate and ongoing proliferation within the two-layered neuronal tissue.

White dashed outlines indicate the construct’s boundary.

Scale bar: 100 um. DPF: day post-fusion. The graphs show means = SEM. n = 3 biological replicates
across time points except 2 DPF, where n = 2.

3.3.5 Spontaneous calcium activity and functional network in 3D neuronal constructs

The intrinsic activity and connectivity patterns of 3D ENPC and LNPC constructs were first
characterised independently to establish their baseline functional properties. Subsequently, the
influence of spatial organisation within two-layered neuronal tissues on the activity profiles
and network properties of each compartment was examined. Finally, the emergence of
directional interactions between compartments was analysed to determine the directionality of
functional connectivity.

3.3.5.1 Distinct functional network properties in ENPC and LNPC constructs

3D ENPC and LNPC constructs exhibited spontaneous calcium activity, recruiting a high
percentage of active neurons (3D ENPC: 83+4.8%; 3D LNPC: 88+3.5%; p=0.1182,
unpaired z-test). The mean firing rate was comparable in 3D ENPC and LNPC constructs (67
+ 13 spikes/min, 79 + 10 spikes/min, p = 0.2554, unpaired #-test). However, 3D LNPC
constructs exhibited a significantly higher global synchrony index (3D ENPC: 0.19+0.019;
3D LNPC: 0.47+0.10; p =0.0286, unpaired z-test), indicating more coordinated activity and
suggesting enhanced maturation of the LNPC-derived networks (Fig. 3.4C). Spike dynamics
were characterised by a fast rise time and a slower decay time. 3D LNPC constructs exhibited
a comparable level of rise times, 15 £ 1.8 s, in comparison to 3D ENPC 17+ 0.59 s (p =0.207,
unpaired #-test) and significantly shorter decay times, 3D ENPC: 25+ 0.88 s; 3D LNPC:
22+0.61 s (p =0.0382, unpaired #-test). Moreover, the half maximal width times were also
shorter in 3D LNPC constructs, 19 +0.88 s, compared to 3D ENPC constructs, 21 £0.71 s (p
=0.0571, unpaired #-test), suggesting network maturation of 3D LNPC constructs (Fig. 3.4C).

Graph theory-based analysis revealed distinct patterns of connectivity. 3D LNPC constructs
displayed a significantly higher average edge weight (3D ENPC: 0.24+0.017; 3D LNPC:
0.50+0.10; p =0.0286, unpaired #-test), indicating stronger correlation activity. Additionally,
they exhibited shorter average path length (3D ENPC: 2.1+0.049; 3D LNPC: 1.7+0.14;
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p =0.0286, unpaired #-test), indicating stronger and efficient functional connectivity between
the LNPCs within 3D constructs. Additionally, clustering coefficients, a measure of the
strength of functional connectivity among neurons, were significantly higher in 3D LNPC
constructs (3D ENPC: 0.64+0.033; 3D LNPC: 0.79£0.046; p=0.0286, unpaired ¢-test),
suggesting efficient sharing of local information and being more resilient to disruptions. 3D
ENPC constructs showed greater modularity (3D ENPC: 0.41 +0.023; 3D LNPC: 0.19 + 0.046;
p=0.0054, unpaired ¢-test), suggesting more segregated subnetworks consistent with the early

developmental stage represented by 3D ENPC constructs (Fig. 3.4D).

To quantify the functional connectivity, Pairwise Pearson correlation coefficients (r) were
calculated between the traces of active neurons. Neuron pairs were functionally connected
when r value was greater than 0.35 (section 2.2.3.4.2). In 3D ENPC constructs, the correlation
matrix revealed that more than half of the neuron pairs had low r-value, while a substantial
number of pairs were highly correlated (Fig. 3.5C). In contrast, most neuron pairs in 3D LNPC
constructs showed high correlation, indicating high global synchrony (Fig. 3.6C). Sorting the
correlation matrices based on connection density revealed that highly connected neurons had

stronger connections in both 3D ENPC and LNPC constructs (Fig. 3.5D, 3.6D).

To evaluate the organisation of functional subnetworks, I applied the Louvain community-
detection algorithm. In 3D ENPC constructs, two distinct modules were identified with sparse
intermodular connectivity, consistent with a more fragmented network (Fig. 3.5F). Within each
module, the neurons were interconnected in a hierarchical topology, with a few hub neurons
with a high number of connections, and more peripheral neurons at the outer edges of the
network topology (Fig. 3.5G). In the 3D LNPC constructs, two modules were identified,
exhibiting strong intermodular connections, indicating rich interconnectivity within the 3D
constructs (Fig. 3.6F). Within each module, the neurons were interconnected in a hierarchical
topology, with more centralised neurons and fewer peripheral neurons at the outer edges of the
network topology, compared to the 3D ENPC construct topology (Fig. 3.6G). Taken together,
3D LNPC constructs exhibited efficient, interconnected networks capable of generating
synchronous oscillatory activity, while 3D ENPC constructs organised into more segregated
and less synchronous subnetworks. These findings demonstrated that functional connectivity

in 3D constructs was influenced by both neuronal identity and maturity stage.
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3.3.5.2 Enhanced functional connectivity of two-layered neuronal tissues

The functional network activity of two-layered neuronal tissues was assessed using calcium
imaging conducted three weeks after assembly. The representative mean calcium traces and
heatmaps demonstrated spontaneous activity in both compartments of the two-layered neuronal
tissue, with highly temporally coordinated activity profiles (Fig. 3.7C-E). To evaluate whether
the laminar arrangement alters the intrinsic activity profiles, the calcium dynamics of the ENPC
and LNPC compartments of the two-layered neuronal tissue were compared to those of their
respective single 3D ENPC and LNPC constructs. The firing frequency in the two-layered
tissues averaged 73 + 6.1 spikes/min in the ENPC compartment and 84 + 22 spikes/min in the
LNPC compartment, values comparable to those recorded in single 3D ENPC constructs (67 +
13 spikes/min) and in single 3D LNPC constructs (79 £+ 10 spikes/min, Fig. 3.7F), suggesting
that lamination did not markedly alter the intrinsic firing frequency of either neuronal

population.

Calcium transient kinetics, including rise time, decay time, and half maximal spike width, were
also comparable between ENPC and LNPC compartments of two-layered neuronal tissues and
their counterparts, single 3D constructs. In the two-layered neuronal tissues, the ENPC and
LNPC compartments exhibited a rise time of 15+ 1.6 s and 15 £ 1.3 s, respectively, compared
to 17 £0.59 s in single 3D ENPC constructs and 15 + 1.8 s in single 3D LNPC constructs (Fig.
3.7G). Decay times measured 23 + 1.5 s in the ENPC compartment and 23 + 1.4 s in the LNPC
compartment, closely matching values of 25 + 0.88 s in single 3D ENPC constructs and 22 +
0.61 s in single 3D LNPC constructs (Fig. 3.7H). The half maximal spike width was 19 + 1.5
s in the ENPC compartment and 19 + 1.4 s in the LNPC compartment, compared to 21 + 0.71
s and 19 £+ 0.88 s in single 3D ENPC and LNPC constructs, respectively (Fig. 3.71). These
findings suggested that the lamination within the two-layered neuronal tissue did not

significantly affect the calcium dynamics in either neuronal population.

Pairwise correlation analysis revealed highly coordinated activity between active neuron pairs
in two-layered neuronal tissues (Fig. 3.8A). Louvain algorithm detected two modules, and
reordering of the correlation matrices to group neurons of the same module highlighted the
presence of strong intramodular and intermodular network connections (Fig. 3.8B—C). Spatial
overlays of neuron maps revealed the distribution of active neurons assigned to two
functionally defined modules within the two compartments of the two-layered neuronal tissue.

The inset highlights hub neurons identified in both ENPC and LNPC compartments, indicating
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inter-laminar connectivity and integration (Fig. 3.8D). Graph layouts were visualised using the
Fruchterman—Reingold algorithm and highlighted dense intramodular connections with highly

connected central hub nodes (Fig. 3.8E).

The two-layered neuronal tissue exhibited a high global synchrony index of 0.57 + 0.039, with
the ENPC and LNPC compartments showing similar values of 0.57 + 0.026 and 0.58 + 0.047,
respectively. In contrast, single 3D ENPC constructs had a significantly lower index of 0.19 +
0.019, whereas single 3D LNPC constructs reached 0.47 + 0.10 (Fig. 3.8F). These findings
suggested that a laminar arrangement enhanced the overall synchrony, particularly in ENPC

networks.

Graph theory matrices further supported this conclusion. The average edge weight of the two-
layered neuronal tissues was 0.47 + 0.048, with the ENPC compartment measuring 0.50 +
0.051 and the LNPC compartment 0.48 + 0.043. Single 3D ENPC constructs had a markedly
lower edge weight of 0.24 + 0.017, while single 3D LNPC constructs matched layered values
at 0.50 = 0.10 (Fig. 3.8G). The average path length of the two-layered neuronal tissues was 1.6
+ 0.057, with values of 1.4 = 0.12 in the ENPC compartment and 1.3 £+ 0.13 in the LNPC
compartment, compared to high values of 2.1 + 0.049 in single 3D ENPC constructs and 1.7 +
0.14 in single 3D LNPC constructs (p = 0.0466 between LNPC compartments and 3D ENPC
constructs, one-way ANOVA, Fig. 3.8H). These data suggested that the lamination supported
stronger functional connectivity in the ENPC compartment compared to single 3D ENPC

constructs, potentially due to network integration with the LNPC compartments.

The clustering coefficient was highest in the two-layered neuronal tissue, at 0.95 + 0.021, and
reached 1.0 £ 0.017 and 1.0 + 0.041 in the ENPC and LNPC compartments, respectively. This
was compared to 0.64 + 0.033 in single 3D ENPC constructs and 0.79 £ 0.046 in single 3D
LNPC constructs (p = 0.0269 between ENPC compartments and 3D ENPC constructs, one-
way ANOVA, Fig. 3.81). The modularity of the two-layered neuronal tissue was 0.24 + 0.049,
with ENPC and LNPC compartments both exhibiting similar values of 0.24 + 0.045 and 0.24
+ 0.046, respectively (Fig. 3.8J). Modularity showed clear differences between single 3D
ENPC and LNPC constructs. It was 0.41 + 0.023 and 0.19 + 0.046 in 3D ENPC and LNPC
constructs, respectively. These findings suggested that two-layered neuronal tissue facilitated

network connectivity between the two compartments and enhanced functional coupling
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between the compartments while preserving their intrinsic properties, as evidenced by
modulating the graph-theory-based matrices.

3.3.5.3 Inter-laminar temporal coordination in the two-layered neuronal tissues

The spatially segregated architecture of the two-layered neuronal tissue enabled laminar and
inter-laminar analysis. The dynamics of inter-laminar coordination were revealed by applying
temporal cross-correlation analysis between LNPC and ENPC compartments. This approach
identified three functional groups, including LNPC-initiator, ENPC-initiator, and simultaneous
pairs (Fig. 3.9A). Temporal functional analysis revealed coordinated activity across
compartments, consistent with bidirectional interactions. This supports the hypothesis that hub-

like activity in one compartment can entrain network activity in the adjacent compartment.

Quantitative analysis across three independent biological replicates revealed that the ENPC-
initiator accounted for 36 + 2.0%, followed closely by the LNPC-initiator at 34 + 1.8%.
Simultaneous pairs were less frequent, representing 30 + 3.7% (Fig. 3.9B). These proportions
suggested that both compartments actively contributed to inter-laminar activity, with a slight
predominance of events led by ENPCs. Temporal lag analysis within a = 5-frame window (+
3.9 s), between LNPC and ENPC compartments, revealed a positive lag in LNPC-initiators,
confirming the delayed recruitment of ENPCs following LNPCs activation, while a negative
lag in ENPC-initiators confirmed the recruitment of LNPCs after ENPCs activation. To
visualise both LNPC-initiator and ENPC-initiator categories, Z-scored traces from one initiator
and the corresponding follower neurons were temporally aligned according to their lag values
(Fig. 3.9E, G). Z-scored traces of simultaneous pairs were also displayed (Fig. 3.9H). The mean
fluorescence traces for each functional group, including LNPC-initiator, ENPC-initiator, and

simultaneous pairs, were calculated and plotted separately (Fig. 3.9D, F, H).

Taken together, these findings demonstrated that the two-layered neuronal tissues preserved
coordinated inter-laminar coupling. While cross-correlation analysis cannot establish causality,
the observed temporal lead—lag relationships highlighted the potential of both LNPC and ENPC

populations to contribute dynamically to inter-laminar network activity.
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Figure 3.4 3D ENPC and LNPC constructs exhibit spontaneous calcium activity with distinct
functional neuronal networks

(A) A schematic illustration showing the generation of 3D ENPC and LNPC constructs using a
droplet-based microfluidic technique. These constructs were matured in vitro, and calcium activity
was captured after dual-labelling with Fluo-4 AM and Fura-Red AM.
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(B) Representative fluorescence images displaying 3D ENPC and LNPC constructs loaded with Fluo-
4 and Fura-Red.

To the right, representative pseudo-ratiometric traces from four neurons are shown. Each row
represents a single-neuron calcium trace, with detected spikes marked by blue asterisks.

(C) Quantitative analysis of percentage of active neurons, firing frequency, global synchrony index,
and temporal dynamics of calcium spikes (rise time (s), decay time (s), and half maximal spike width
(s)). 3D LNPC constructs displayed a significantly higher global synchrony index (p = 0.0286) and a
shorter decay time (p = 0.0382).

(D) Graph theory analysis reveals that 3D LNPC constructs exhibited significantly higher average
edge weights (p =0.0286) and lower average path length (p =0.0286). 3D LNPC constructs also
displayed higher clustering coefficient (p =0.0286), and significantly lower modularity (p = 0.0054).
Scale bar: 100 um. Results are means = SEM; each dot represents one independent biological
replicate.
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Figure 3.5 Functional neuronal network of 3D ENPC constructs reveals high modularity with
low intermodular connections

(A) A snapshot from Fluo-4 and Fura-Red fluorescence channels overlaid with four neurons. The
corresponding single-neuron pseudo-ratiometric traces are shown to the right, with asterisks
indicating the detected spikes.

(B) Heatmap of calcium imaging activity, with every row representing a single neuron. The top trace
shows the mean of pseudo-ratiometric traces across active neurons.

(C) Pairwise correlation matrix of calcium traces of 90 active neurons. Each entry represents the
Pearson correlation coefficient (r-value) between pairs of neurons. Two neurons are considered
functionally connected when the correlation coefficient (r-value) > 0.35.

(D) The same correlation matrix as in (C), reordered based on the density of their functional
connections.

(E) Spatial distribution of colour-coded neurons belonging to two modules. The inset shows the hub
neurons, defined as those with intra-module connections exceeding the 90th percentile. The cross-
module hub connections are represented by grey lines.

(F) Clustered correlation matrix; Louvain algorithm revealed the presence of two modules. The
correlation matrix is reordered to group neurons belonging to the same module. The low density of
cross-module correlations indicates weak inter-module connectivity.

(G) Topological representation of intra-module connectivity visualised using the Fruchterman—
Reingold algorithm. Edge length is inversely proportional to the correlation coefficient, such that
shorter lines indicate stronger correlations between neuron pairs. The size reflects hub status within
each module, with centrally positioned hub neurons showing close topological proximity, consistent
with their role as intramodular hubs.
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Figure 3.6 Functional neuronal network of 3D LNPC constructs shows high intermodular and

intramodular connectivity

(A) Representative Fluo-4 and Fura-Red fluorescence images overlaid with four highlighted neurons.
Corresponding single-neuron pseudo-ratiometric traces are shown to the right, with asterisks marking
detected spikes.

(B) Heatmap of calcium activity, with each row representing a single neuron; the top trace shows the
mean of pseudo-ratiometric traces across active neurons.

(C) Pairwise correlation matrix of calcium spikes from 100 active neurons, with functional
connections defined as correlation coefficient (r-value) > 0.35.

(D)The same correlation matrix as in (C), with the neurons sorted based on the density of their
functional connections.

(E) The spatial localisation of colour-coded neurons that belong to two modules. The inset shows the
hub neurons, and the cross-module hub connections are represented by grey lines.

(F) Clustered correlation matrix groups neurons of the same module. The high density of cross-
module correlation indicates strong inter-module correlations and extensive hub connectivity between
modules.
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(G) Fruchterman—Reingold visualisation of intra-module connectivity networks. Hub neurons are
represented in larger sizes and are centrally positioned.
Scale bar: 100 pum.
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Figure 3.7 Two-layered neuronal tissue exhibits spontaneous calcium activity with highly
correlated activity across the compartments

(A) Schematic illustration showing the methodology and experimental timeline. ENPCs and LNPCs
were bioprinted at DIV 30 and 45, respectively. The constructs were assembled and cultured in vitro
for three weeks before being loaded with Fluo-4 AM for calcium imaging.

(B) Confocal images of two-layered neuronal tissue showing distinct ENPC and LNPC compartments
loaded with Fluo-4 and LNPCs labelled with Dil. White dashed outlines indicate the boundary of the
two-layered neuronal tissue.
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(C) Mean fluorescence trace of active neurons of the two-layered neuronal tissue and the
corresponding heatmap reveal spontaneous calcium spikes with synchronous bursting, with every row
representing a single neuron.

(D-E) Mean traces and corresponding heatmaps of active neurons in the ENPC compartment (D) and
the LNPC compartment (E).

(F-I) Quantification of calcium spike matrices in LNPC and ENPC compartments within two-layered
neuronal tissues compared with their respective single 3D LNPC and ENPC constructs; (F) spike
frequency, (G) rise time (s), (H) decay time (s), and (I) half maximal spike width (s).

Scale bar: 100 pm. Results are means + SEM; each dot represents one independent biological
replicate. Only significant results are presented with an asterisk.
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Figure 3.8 Functional connectivity mapping of two-layered neuronal tissue shows recruitment of
both compartments in modules with hubs located in both compartments

(A) Pairwise correlation matrix of calcium traces from active neurons in both compartments. Neurons
are considered functionally connected when the correlation coefficient (r-value) > 0.35.

(B) Clustered correlation matrix reordered to group neurons within the same module, revealing strong
intra- and inter-modular correlations.
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(C)The same correlation matrix as in B, but with the neurons sorted based on the density of their
functional connections.

(D) The spatial localisation of colour-coded neurons that belong to two modules. The inset shows the
hub neurons, and the cross-module hub connections are represented by grey lines.

(E) Topological representation of the intra-module functional connectivity networks. Each module
network is visualised using the Fruchterman—Reingold algorithm, where the length of the lines
connecting the neurons is inversely proportional to the r-value.

(F-J) Quantification of graph theory matrices for two-layered neuronal tissue, the ENPC
compartment, and the LNPC compartment, compared with their counterpart single 3D constructs.
Parameters include: (F) global synchrony index, (G) average edge weight, (H) average path length, (I)
clustering coefficient, and (J) modularity. Only significant results are presented with an asterisk.
Graphs show means + SEM; each point represents a biological replicate.
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Figure 3.9 Cross-correlation reveals inter-laminar coordinated activity in the two-layered
neuronal tissues

(A) Diagram illustrating the cross-correlation workflow across two-layered neuronal tissues. Cross-
correlation was computed for LNPC-ENPC pairs, and the lag at the peak correlation was used to
classify pairs as LNPC-initiators (positive lag), ENPC-initiators (negative lag), and simultaneous pairs
(lag=0).

(B) Proportion of functional groups; ENPC-initiators, LNPC-initiators, and simultaneous pairs across
cross-correlated pairs.

(C) Representative cross-correlogram from three pairs of neurons. The normalised correlation
coefficient is plotted as a function of lag (+ 5 frames). Black crosses mark the peak cross correlation
and corresponding lag. Example pairs include: ENPC (2) leading LNPC (1) by one frame (blue),
simultaneous activity of LNPC (2) and ENPC (1) (red), and LNPC (1) leading ENPC (4) by two
frames (yellow).

(D-F-H) Mean fluorescence traces of leader—follower pairs:

(D) Mean fluorescence traces of the ENPC-initiators with the corresponding LNPC followers,
showing a consistent delay in ENPC response, (F) Mean fluorescence traces of LNPC-initiators and
their ENPC followers, exhibiting reversed timing profiles, and (H) Mean fluorescence traces of
simultaneous pairs of ENPC and LNPC.

(E-G-]) Aligned individual Z-scored calcium traces from representative neurons, (E) Multiple ENPC
followers aligned to a single LNPC-initiator, (G) Traces from multiple LNPC followers aligned to an
ENPC-initiator, and (I) Traces from simultaneous pairs.

Neurons of LNPC and ENPC compartments are colour-coded for visual clarity.
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3.4 Discussion

This chapter demonstrated that the droplet-based microfluidic platform could reproducibly
generate 3D ENPC and LNPC constructs that maintained high viability, matured into distinct
cortical subtypes, and displayed functional calcium dynamics reflective of their developmental
stage. When assembled into two-layered neuronal tissue, these constructs preserved lamination
and developed inter-laminar anatomical and functional interconnections. While earlier research
has created two-layered human neuronal tissue and detected spontaneous calcium activity (Jin
et al., 2023), this study was the first to integrate laminar-specific calcium imaging with graph
theory and cross-correlation analyses to reveal network connectivity and map temporal
coordination between compartments.

3.4.1 Reproducible generation of 3D neuronal constructs

The droplet-based microfluidic platform enabled reproducible and precise control of construct
geometry, facilitating rapid fabrication of constructs without the need for extensive post-
processing. Compared to conventional bioprinting techniques, the platform was expected to
operate under lower shear stress, which has been associated with improved preservation of cell
integrity and long-term viability (Bishop et al., 2017). Fluorinert™ FC-40 oil was selected as
carrier oil due to its lower cytotoxicity and ability to maintain stable droplets (Budharaju et al.,
2024). Matrigel was used as a bioink because of its compatibility with neural cultures and its
support for neuronal survival and functional maturation (Yan et al., 2024, Zhou et al., 2020,
Jin et al., 2023, Joung et al., 2018). However, its xenogeneic nature and batch variability limit
its clinical application (Kleinman and Martin, 2005). Recent studies have highlighted the
promise of decellularised ECM-based hydrogels as alternative bioinks for hiPSC-derived
neural constructs (Sood et al., 2019, Zamponi et al., 2023, Sood et al., 2016).

Following fabrication of the constructs, they demonstrated high viability and proliferation with
low levels of apoptosis, consistent with previous findings after bioprinting of hiPSC-derived

neural progenitors (Salaris et al., 2019, Joung et al., 2018, Abelseth et al., 2019).

The constructs, measuring approximately 600—800 um in height, were designed to match the
thickness of the mouse neocortex around P7, which is the time window for implantation. At

this stage, the neocortex is laminated, and the motor cortex has already received
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thalamocortical input, providing a structurally organised host environment (Vitalis et al., 2018,
Fenlon et al., 2015).

3.4.2 Laminar identity and functional maturation of 3D neuronal constructs

The constructs retained laminar-specific cortical identity, with ENPC constructs enriched in
CTIP2+ deep-layer PNs and LNPC constructs expressing SATB2, a marker of upper-layer
neurons. These expression profiles align with prior studies on in vitro corticogenesis using
hiPSCs (Jin et al., 2023, Pasca et al., 2015, Kadoshima et al., 2013). Both constructs contained
GABA+ INs, which are essential components for establishing excitatory—inhibitory balance in
cortical networks (Warm et al., 2021). Evidence of synaptogenesis was provided by co-

localisation of SYN1 and PSD-95, indicating the capacity to form functional synapses.

Calcium imaging and graph theory analysis revealed distinct patterns of activity in 3D ENPC
and LNPC constructs. 3D ENPC constructs exhibited less synchronous activity, while 3D
LNPC constructs displayed frequent, highly coordinated spikes, consistent with the transition
from early asynchronous activity to synchronised network bursts during in vivo corticogenesis
(Luhmann et al., 2016, Wu et al., 2024). The activity pattern in 3D LNPC constructs was
consistent with observations in ex vivo cortical slices (Corlew et al., 2004, Garaschuk et al.,
2000, Allene et al., 2008), primary cell cultures (Opitz et al., 2002, Voigt et al., 2001), and
hiPSC-derived cortical neurons (Kirwan et al., 2015).

Oscillatory network activity in developing circuits can be driven by distinct mechanisms,
including glutamatergic synaptic transmission, GABAergic signalling, or gap junction—
mediated electrical coupling (Blankenship and Feller, 2010). Garaschuk et al., demonstrated
that spontaneous calcium waves necessitate glutamatergic receptor activation, and their
postnatal cessation coincides with the developmental shift of GABAergic signalling from
depolarising to hyperpolarising (Garaschuk et al., 2000). Two-photon calcium imaging further
revealed the role of depolarising GABAergic transmission in eliciting synchronous network
activity; as the depolarising action of GABA-A decreased, the network activity in lateral cortex
cultures transitioned from stereotypical bursting to more clustered and asynchronous activity
patterns (Baltz et al.,, 2010, Opitz et al., 2002). Additionally, electrical coupling via
dendrodendritic gap junction contributes to network synchrony rather than excitatory synaptic
transmission, suggesting a glutamate-independent mechanism of synchronisation (Peinado,

2001).
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The scarcity of human tissue at these developmental stages and the limited viability of acute
brain slices over extended culture periods make hiPSC-derived cortical neurons a valuable
alternative model for studying the neuronal network. It has been shown that hiPSC-derived
cortical neurons can recapitulate the temporal transitions in activity patterns that are driven by
AMPA and NMDA receptor-mediated glutamatergic signalling (Kirwan et al., 2015).
Furthermore, GABAergic modulation of glutamatergic neurons has been shown to contribute
to synchronous bursting in hiPSC-derived networks (Sakaguchi et al., 2019).

3.43 Calcium dynamics and connectivity patterns

Graph-theory analysis highlighted the role of temporal maturation in shaping the functional
properties of networks. While both 3D ENPC and LNPC constructs demonstrated spontaneous
calcium activity, the 3D LNPC constructs exhibited a more efficient network topology
compared to 3D ENPC constructs. They exhibited increased edge weight, indicating stronger
functional correlation, and a reduced average path length for information to travel across the
network. Moreover, they had a higher clustering coefficient, making the network more resilient
even if some connections are lost. Such topology is known to promote efficient information
transfer and robustness to node loss, features commonly found in biological, small-world
neural networks (Bullmore and Sporns, 2009). Conversely, 3D ENPC constructs exhibited
higher modularity, indicating greater segregation and fragmentation into subnetworks, with
limited global integration. This higher modularity suggested an immature stage, where circuits
are still forming local subnetworks rather than participating in globally integrated
communication (Nelson and Bonner, 2021).

3.4.4 Inter-laminar structural and functional connectivity across two-layered neuronal tissues

Structural integration was evident with inter-laminar neurite outgrowth and neuronal
migration, along with the maintenance of anatomical lamination and spatial marker expression
for weeks in vitro, consistent with earlier research on 3D bioprinted cortical tissue (Jin et al.,
2023). Functionally, the two-layered neuronal tissue displayed widespread synchronous
activity spanning both compartments, with subsets of neurons acting as pacemaker-like
initiators that propagated activity to neighbouring cells in the opposite compartment. Similar
pacemaker properties have been identified in neonatal mouse cortical slice cultures, where
synchronised spontaneous activity originates at either of two homologous pacemakers in the

temporal region and propagates rapidly across the cortex (Lischalk et al., 2009).
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Temporal cross-correlation was applied to examine inter-laminar coordination (Narayanan and
Laubach, 2009, Adhikari et al., 2010). This analysis revealed that activity in one compartment
was frequently associated with temporally shifted activity in the other, consistent with inter-
laminar reciprocal interactions. While cross-correlation cannot establish anatomical
connectivity or causal directionality, the presence of both LNPC-leading and ENPC-leading
events suggests that activity can propagate in either direction across the compartments. Such
reciprocal dynamics are consistent with feedforward and feedback signalling between laminae

within the cortical column of the cerebral cortex (Douglas and Martin, 2004).

From a developmental perspective, deep-layer neurons emerge and mature earlier, establishing
local circuits which later incorporate upper-layer neurons (Lodato et al., 2015). In vivo,
transient developmental circuits originate in subplate neurons and travel upward into the
immature cortical layers, a phenomenon unique to early developmental stages when such
transient layers are present (Luhmann et al., 2016). The slight predominance of ENPC-initiated
events in vitro is consistent with this developmental sequence, while the presence of LNPC-

initiated events may suggest early reciprocal loop formation.

Taken together, these findings confirm that the bioprinted 3D constructs not only supported the
survival and maturation of neurons but also facilitated the emergence of functional activity
patterns that resemble in vivo developmental trajectories. The ability to build layered cortical
tissues in a controlled and reproducible manner offered new opportunities to study the inter-
laminar circuitry and early cortical circuit assembly. In regenerative contexts, pre-patterned
constructs with preserved laminar identity may integrate effectively after implantation into TBI
with a cortical lesion, an approach explored further in Chapter 4.

3.4.5 Limitations and future directions

This study has certain limitations that also inform future directions. Manual assembly of 3D
constructs is labour-intensive. Future platforms should incorporate automated, multi-laminar
tissue fabrication to improve reproducibility and scalability. Furthermore, while Matrigel is
experimentally beneficial as a bioink, its xenogeneic origin raises concerns for clinical
translation, including the potential for antigenicity and a risk of contamination. Previous reports
have identified viral contamination, particularly with lactate dehydrogenase-elevating virus
(LDHV), in animal-derived ECM products such as Matrigel (Liu et al., 2011, Peterson, 2008).

Furthermore, inconsistencies between batches or even within the same batch in biochemical
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(Vukicevic et al., 1992, Hughes et al., 2010) and mechanical properties limit its reproducibility
(Reed et al., 2009). Therefore, future efforts should focus on replacing Matrigel with clinically
compliant ECM analogues that are biocompatible and have mechanical and biochemical

properties that match those of the brain ECM (Cadena et al., 2021, Sensharma et al., 2017).

Although calcium imaging provided valuable insights into spontaneous activity dynamics and
different connectivity patterns, it lacks temporal resolution to capture fast-spiking events or
synaptic currents. Incorporating patch-clamp recordings would enable direct assessment of

action potentials and circuit excitability at higher temporal resolution.

Furthermore, the constructs were primarily composed of excitatory cortical PNs and
GABAergic INs, with limited representation of astrocytes, and lacked both microglia and
oligodendrocytes. Supplying the constructs with different cell types, such as astrocytes,
microglia, and oligodendrocytes, would enhance physiological relevance and tissue integration

for translational applications.

3.5 Conclusion

Through this chapter, I optimised the use of a droplet-based microfluidic platform for
generating physiologically relevant 3D neuronal constructs. The droplet-based microfluidic
technique enabled the reproducible generation of 3D constructs with high post-printing
viability, preserved neurogenic potential, and functional maturation. Both 3D ENPC and LNPC
constructs retained laminar-specific molecular profiles, generated GABAergic INs, and
established synaptic networks. When assembled into two-layered neuronal tissues, lamination
was maintained with underlying inter-laminar structural integration. Calcium imaging revealed
spontaneous activity related to the temporal identity of the 3D constructs. ENPC constructs
displayed lower synchrony activity, while LNPC constructs exhibited highly coordinated
oscillatory activity. In the two-layered neuronal tissue, cross-correlation analysis revealed
temporal coordination between the two layers, consistent with reciprocal interactions, but it did
not confirm bidirectional connectivity. Collectively, these findings established a method for
generating physiologically relevant, laminar-specific human cortical constructs in vitro,
thereby recapitulating aspects of both developmental and mature cortical dynamics. From a
translational perspective, the next chapter will investigate the in vivo integration of 3D neuronal
constructs derived from ENPCs and LNPCs following implantation into TBI with a cortical

lesion.
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Chapter :4 Implantation of 3D Constructs into TBI Model

4.1 Introduction

TBI is a critical clinical condition that affects millions worldwide each year, standing as the
leading cause of mortality and morbidity among young people (Maas et al., 2022). Despite
advances in pharmacological and surgical interventions, current treatment modalities cannot

achieve complete restoration of injured brain function (Pearn et al., 2017).

This limitation has driven growing interest in stem cell-based therapies as a potential avenue
for brain repair. Stem cells possess anti-inflammatory, anti-apoptotic, pro-angiogenic, and
neurotrophic properties, making them promising candidates for TBI treatment at various stages

of pathophysiology (Song et al., 2018).

Cell-based therapy of TBI aims to restore damaged neural tissues and modulate the post-injury
microenvironment (Chrostek et al., 2019). Various sources of stem cells have been explored,
including ESCs, iPSCs, and PSCs from fetal and adult brain tissue, to target different regions
of the brain and address various types of damage (Schantz et al., 2025b). Grafted cells have
demonstrated the ability to integrate into the host brain circuitry and improve functional
outcomes, including enhanced motor function and cognitive abilities (Somaa et al., 2017, Yu
et al., 2019, Andreoli et al., 2020, Xiong et al., 2021). The integration of grafts and the
successful restoration of function were influenced by the identity and maturation stage of the
transplanted neurons. Studies have consistently shown that neurons with region-specific
identities, particularly those matching the host cortical area, exhibit superior integration and
contribute more effectively to circuit reconstruction (Michelsen et al., 2015, Linaro et al., 2019,

Espuny-Camacho et al., 2013, Terrigno et al., 2018).

While most preclinical work has involved xenotransplantation into rodent models, a recent
allograft study demonstrated that hiPSC-derived cortical progenitors transplanted into adult
human cortical tissue can survive and differentiate into mature cortical neurons exhibiting
electrophysiological and ultrastructural properties characteristic of functional human neurons,

further supporting the potential of translational therapy (Grenning Hansen et al., 2020).

To further improve graft survival, maturation, and circuit reconstruction, 3D neural tissues have

emerged as an alternative to dissociated cell injections. Organoid implantation offers several
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advantages. They are considered a niche of diverse cell types that can restore lost cells after
TBI. The organoid microenvironment provides effective support for the implanted cells,
making them less susceptible to inflammation-induced cell death compared to traditional cell

suspension injection (Daviaud et al., 2018).

Multiple preclinical studies have demonstrated the capacity of human brain organoids to
integrate structurally and functionally into host brains following TBI (Shen and Kokaia, 2025).
Wang et al., showed that when hESC-derived cerebral organoids were implanted into an acute
cortical lesion, the cells migrated along white-matter tracts, colonising distant brain regions,
including the thalamus, hippocampus, and contralateral cortex (Wang et al., 2020b). Similarly,
Bao et al., implanted hESC-derived cortical organoids into the sensorimotor cortex 7 days after
CCI. The neurons not only differentiated into various neuronal subtypes but also extended long
projections into the ipsilateral and contralateral hemispheres (Bao et al., 2021). To explore
circuit-specific integration, Jgamadze et al., implanted forebrain organoids into the visual
cortex of rats and reported extensive, bidirectional, reciprocal connections (Jgamadze et al.,
2023). The reported structural integrations with organoid implantation were associated with
improvements in functional outcomes, including motor coordination (Wang et al., 2020b) and
cognitive abilities (Bao et al., 2021, Kim et al., 2022). A major challenge in successful brain
tissue engrafts is establishing vascularisation within the graft that connects to the host’s
vasculature, which is essential for the graft’s survival and maturation (Huang et al., 2022).
Strikingly, transplanted organoids have been shown to integrate with the host vasculature
across various studies (Daviaud et al., 2018, Wang et al., 2020b, Jgamadze et al., 2023, Bao et
al., 2021).

While cerebral organoids offer promising avenues for brain repair, several limitations currently
restrict their therapeutic application. Their structural and functional maturation is limited by in
vitro culture conditions, which impair their ability to integrate effectively with host brain
following implantation. The absence of a functional microvasculature restricts the delivery of
nutrients and oxygen, thereby limiting their survival. Furthermore, they lack the immune cells,
which are critical for tissue repair following TBI. Their cellular heterogeneity can lead to off-
target projections, thereby reducing the specificity in circuit reconstruction. Finally, variability
in organoid differentiation can lead to inconsistencies across batches, which complicates the

standardisation and comparisons between studies (Andrews and Kriegstein, 2022).

154



To address these challenges, this study established a robust microfluidic system to generate
physiologically relevant, 3D neuronal constructs. The droplet-based microfluidic platform
enabled the reproducible generation of 3D constructs using pre-differentiated hiPSC-derived
ENPCs and LNPCs, with high post-printing viability. The fabrication process enabled precise
control over construct dimensions and cell density, ensuring the uniform diffusion of nutrients
and oxygen throughout the tissue. When ENPC and LNPC constructs were assembled into two-
layered neuronal tissues, lamination was maintained with underlying inter-laminar structural

and functional integration.

I hypothesised that, following TBI, implantation of 3D neuronal constructs derived from
temporally specified ENPCs and LNPCs would enhance implant survival and enable identity-
dependent integration with the host cortex. Furthermore, the implantation of two-layered
neuronal tissue that mimics cortical lamination could facilitate the reconstruction of cortical

columnar circuits by promoting both local and long-range connectivity.

The chapter focused on evaluating the structural integration of implants with the host brain and
the reconstruction of cortical architecture. The primary objective was to investigate how
laminar identity influences projection patterns, synaptic connectivity, and glial responses in
vivo. It also evaluated whether spatially patterned two-layered neuronal tissues could survive
and integrate when implanted into an aspiration-induced TBI model in P7-P§ NOD-SCID

mice.

To achieve this, 3D RFP+ NPC constructs were implanted, and brains were collected and
analysed at 2 WPI and 2 MPI. Key endpoints included the evaluation of cell survival (Ki-67,
Cleaved Caspase-3), neuronal differentiation (CTIP2, SATB2), vascularisation (CD31), and
glial responses (Ibal, GFAP), alongside Neurolucida reconstructions of axonal projections. To
investigate how laminar identity influences projection patterns, 3D ENPC and LNPC
constructs were implanted, and brain tissues were collected at 2 MPI. The structural integration
of layer-specific 3D ENPC and LNPC constructs was then compared. This involved mapping
axonal projections using Neurolucida and immunostaining for human-specific Synaptophysin
(hSYP) and the postsynaptic PSD-95. Finally, the potential of anatomical integration of two-
layered neuronal tissues into the host brains was investigated through reconstruction of

compartment-specific projections using Neurolucida.
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4.2 Methods

4.2.1 3D neuronal constructs used for implantation

3D neuronal constructs were generated as described in Chapter 3. The viability was assessed
using a live-dead assay to ensure batch quality before proceeding with implantation. The
constructs used for implantation were cultured for a week after fabrication before being
implanted. All the constructs used for implantation were 600 um-wide, including 3D RFP+
NPC constructs, 3D ENPC and LNPC constructs. Additionally, the two-layered neuronal
tissues used for implantation were assembled using RFP+ LNPC constructs and unlabelled 3D
ENPC constructs, both were 600 pm-wide.

4.2.2 Implantation of 3D neuronal constructs

4.2.2.1 Experimental animals

Strain details were described in section 2.2.4.3.

4.2.2.2 Implantation of 3D neuronal constructs following TBI

Postnatal mice were anaesthetised in an induction chamber using 3% isoflurane in oxygen for
3 min, then transferred to an anaesthesia maintenance mask supported with 2% isoflurane. The
body temperature of the mice was maintained with a heating pad, and the depth of anaesthesia
was assessed by pedal withdrawal reflex before starting the procedure. The surgical site was
disinfected, and a midline skin incision was made to expose the skull. The right motor cortex
was identified, and a 3-sided cranial window of approximately 1 x 1 mm was created using a

fine scissor (Fine Science Tools).

A focal cortical lesion of approximately 1 mm?® was created in the motor cortex by gentle
aspiration using a fine glass pipette connected to a vacuum line. The glass pipette had been
flame-pulled to achieve a narrow, smooth tip, allowing precise removal of cortical tissue to a
depth of approximately 1 mm, reaching just above the corpus callosum. Immediately after
lesioning, a single 3D construct of either 3D RFP+ NPC construct, 3D LNPC construct or 3D
ENPC construct was placed into the lesion cavity using a pipette tip. The two-layered neuronal
tissues, composed of RFP+ LNPC constructs and unlabelled ENPC constructs, were implanted
following the same steps. To identify the spatial orientation of the two-layered neuronal tissue,
fluorescent images of the two-layered neuronal tissues were taken and used as a reference to

identify the shape and orientation of the two-layered neuronal tissues during implantation. The

156



bone flap was repositioned and sealed with tissue adhesive, followed by skin closure using the
same tissue adhesive. In the TBI group, the procedure was identical, except that no construct
was implanted. Post-operatively, animals received a single subcutaneous injection of
meloxicam (1 mg/kg) for systemic pain control. The pups were placed in a heated recovery
chamber until they were fully awake, and then they were returned to the dam. On the day of
surgery, animals were monitored 2 h post-operatively and subsequently monitored daily for
one week. Animals implanted with RFP+ NPC constructs were survived for 2 WPI and 2 MPI
for histological analysis. Animals implanted with 3D ENPC constructs or 3D LNPC constructs
were maintained for 2 MPI for electrophysiological recording and histological examination.
Finally, animals implanted with two-layered neuronal tissues were evaluated at 2 MPI for
histological studies.

4.2.3 Brain collection and tissue processing for immunohistochemistry on free-floating brain

sections

Procedures were performed as described in Section 2.2.4.3.

4.2.4 Confocal microscopy imaging and quantitative analysis

Immunohistochemical analyses were performed on coronal sections of brains implanted with
RFP+ NPC constructs collected at 2 WPI and 2 MPI, and on the coronal sections of brains
implanted with 3D ENPC and LNPC constructs, and two-layered neuronal tissue collected at
2 MPL

The glial reaction was evaluated using Ibal immunoreactivity to identify microglia and
infiltrating macrophages, and GFAP to label reactive astrocytes. Each group included at least
three animals, with 2—-3 coronal sections analysed per animal. From each section, four confocal
images were acquired as Z-stacks of ten optical planes at 1.88 um intervals using a 40X oil-
immersion objective. Each image included a transitional zone showing both the implant region
and the surrounding host cortex, with two regions imaged on each side of the implant (Fig.
4.7D). Z-stacks were flattened using ImagelJ software, and quantification was performed using
QuPath software (version 0.6.0). Ibal+ cells were manually counted in the peri-implant HuNu-
negative region and normalised to the analysed area. GFAP reactivity was calculated as the
percentage of GFAP-positive area relative to the total HuNu-negative area surrounding the

implant.
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Neuronal differentiation and maturation were assessed by immunohistochemistry for CTIP2
and SATB2. Each experimental group included at least three animals. From each brain, 2—3
coronal sections were used for analysis. For each section, three to five fields of view within the
implants were acquired, using a 63X oil-immersion objective, as a Z-stack with a 1.88 um
interval. Manual cell counting was performed using the Cell Counter plugin in Imagel
software, and the percentage of HuNu+ cells co-expressing CTIP2 or SATB2 was calculated

per image.

Proliferation and apoptosis potential within the implants were assessed by immunostaining for
Ki-67 and Cleaved Caspase-3, respectively. The same sampling strategy was applied, with a
minimum of three images per section acquired using a 63X oil-immersion objective. The
percentage of Ki-67+ or Cleaved Caspase-3+ cells was calculated as the number of marker-

positive nuclei divided by the total number of DAPI+ nuclei per image.

To quantify CD31+ vascularisation within the implants, Z-stack images were processed in
Imagel. The CD31 signal was enhanced by subtracting a blurred background (Gaussian Blur,
radius = 10) from a lightly smoothed version of the original image (radius = 2). The resulting
image was further smoothed (radius = 5) and thresholded using the Moments algorithm to
segment vascular structures. The vascularised area was measured and expressed as a percentage

of the total construct area in the same section.

For all histological quantifications of glial reaction, neuronal differentiation, proliferation,
apoptosis, and CD3 1+ vascularisation data were pooled per animal and expressed as means +

SEM across the group.

Synaptogenesis following the implantation of 3D ENPC and LNPC constructs was evaluated
using immunohistochemistry for human-specific Synaptophysin (hSYP) and PSD-95 to
identify pre- and postsynaptic puncta, respectively. Confocal images were acquired using a
63X oil-immersion objective and a 1X digital zoom, with Z-stacks at 1 um intervals. Image
processing was performed using ImagelJ software.

4.2.5 Neurolucida reconstruction of axonal projection and semi-quantitative analysis of

projection density

Procedures were performed as described in Section 2.2.4.5.
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Axon projections were quantified using the Neurolucida Explorer software by partitioning each
section into cortical and subcortical anatomical regions, including the striatum, piriform,
thalamus, hypothalamus, corpus callosum, corticospinal tract, and hippocampal formation, and
recording the number of continuous traces in each region. Symmetric regions, ipsilateral and

contralateral to the implant site, were quantified separately.

4.2.6 Neurolucida reconstruction and volumetric quantification of the implants

The implanted 3D RFP+ NPC, 3D LNPC, and 3D ENPC constructs were reconstructed using
Neurolucida software, followed by volume quantification. Every eighth section (30 um thick)
along the rostrocaudal axis of the brain was used for analysis. Areas of HuNu+ regions were
manually traced and aligned to generate a 3D model of the implant. The total volume of the
implant was calculated from the aligned areas and section thicknesses, and the results were
expressed in mm?.

4.2.7 Electrophysiological recordings from acute brain slices implanted with 3D ENPC and
LNPC constructs at 2 MPI

Spontaneous extracellular activity was recorded using an MEA system from acute brain slices
implanted with 3D ENPC and LNPC constructs at 2 MPI to assess the functional activity of
the host brain after implantation of constructs. Additional recordings were performed from
slices from non-implanted TBI and age-matched uninjured control brains to provide
comparative reference data. Data were collected with a Maxwell device (MaxOne, Maxwell
Biosystems, Ziirich, Switzerland). The MaxOne features 26,400 electrodes within a large
sensing area of 3.85 x 2.10 mm’. Simultaneous recording can be done of 1024 electrodes
(Muller et al., 2015).

4.2.7.1 Slice preparation and MEA recording

Prior to the experiment, dissection instruments were prepared, and a fresh razor blade
(Scientific Laboratory Supplies Limited) was installed into the vibratome (Leica VT1200S).
The slice storage chamber was filled with artificial cerebrospinal fluid (ACSF); the
compositions of the ACSF are illustrated in Table 6.9. All solutions used in the experiment

were saturated with 95% O2 and 5% CO2.

Following decapitation, a midline incision from the foramen magnum to the front end of the

skull was made, and the two skull segments were folded to the sides. The brain was quickly
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and gently removed using a spatula and transferred to a petri dish filled with ice-cold N-methyl-
D-glucamine (NMDG) solution, which enhances neuronal preservation (Ting et al., 2018). The

compositions of the NMDG solution are illustrated in Table 6.9.

The cerebellum, posterior cortex, and olfactory bulbs were trimmed. The brain was glued using
super glue (cyanoacrylate, Loctite) onto the vibratome platform with the posterior side down
and then mounted in the vibratome. Then, the vibratome chamber was filled with crushed, ice-
cold NMDG solution and continuously bubbled. Coronal sections of 300 pm thickness were
sliced through the implanted cortical area using a high blade oscillation and slow advance
speed. Typically, 3-4 slices containing implants were collected per animal. Slices were washed
in cold NMDG solution, then in ACSF, before being placed in an interface storage chamber.

They were incubated for 1.5 h at room temperature until recording.

The MEA system was initialised, and the MaxOne chip was superfused with ACSF at 3
mL/min to flush air bubbles from the system. Then, the brain slice was positioned directly over
the sensing area of the MaxOne chip with a drop of ACSF. Once settled, the extra ACSF was
removed to ensure adequate contact between the slice and the underlying electrodes. The slice
grid was then placed on top of the slice to provide stability when the superfusion was restored.
The superfusion was continued for 10 min as an equilibration period before the actual recording
began. Spontaneous activity was recorded at a sampling rate of 20 kHz. Three recordings were
obtained from each slice, each lasting 5 min, with a one-minute interval. During the recording,
ACSF was supplemented with 200 pM 4-aminopyridine (4-AP, Abcam) and heated to 32°C
using a feedback heating block in series with the superfusion system line.

4.2.7.2 Data analysis

Electrophysiological data were analysed using a custom MATLAB pipeline developed to

assess spiking activity and oscillatory dynamics.

4.2.7.2.1 Data metrics

Raw electrophysiological data were acquired from high-density MEA recordings and stored in
HDFS5 format. Due to the large file size, the data were processed in two sequential chunks. Raw
signals were converted from digital units to electrode voltage and corrected for the amplifier
gain. These steps ensured accurate signal preprocessing for subsequent filtering and spike

detection.
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Two digital filters were applied to prepare the signals for further analysis: a second-order
Butterworth notch filter to remove 50 Hz noise and a high-pass Butterworth filter with a
passband starting at 1 Hz to eliminate slow drifts. The filtered signals were then downsampled
by a factor of 20 to reduce computational load while retaining relevant frequency content, and

a sampling frequency of 1 kHz was assumed throughout.

High-pass-filtered voltage traces were denoised using a median filter prior to spike detection.
Spikes were identified using MATLAB’s findpeaks function, applying a threshold of 5 times
the median absolute deviation (MAD) of the signal. Spike timestamps were visualised using

raster plots, with each row representing an electrode and each dot indicating a detected spike.

The spike frequency (spikes/s) for each electrode was calculated as the number of action
potentials per second. Similarly, for each electrode, mean and maximum spike amplitudes
(uV), and inter-spike intervals (ISIs) were calculated. Bursts were defined as sequences of
spikes with ISIs <100 ms. For each electrode, matrices were computed and then averaged
across all electrodes and across the three recordings obtained per slice. A total of 3—4 slices
were analysed for each animal. Three animals per group were recorded. Averages from slices

were plotted as means + SEM.

Spectral properties of neural activity were analysed using Welch’s method (pwelch function)
applied to low-pass-filtered signals. The power spectral density (PSD) was computed and
integrated across five canonical frequency bands: gamma (30-100 Hz), beta (12-30 Hz), delta
(0.5-4 Hz), theta (4-8 Hz), and alpha (8-12 Hz). PSD was aggregated to compute per-slice

averages with a total of 3-4 slices per animal.

PSD across canonical frequency bands indexes distinct aspects of network function in vivo.
Gamma (30-100 Hz) supports higher-order cortical computations, including attention and
working memory, whereas beta power (12-30 Hz) is associated with sensorimotor control
(Medithe and Nelakuditi, 2016). Delta activity (0.5—4 Hz) is a hallmark of non-REM sleep and
has been linked to sleep-dependent memory processes, serving as a marker of low-frequency,
large-scale synchrony (Nir et al., 2011). Theta (4-8 Hz) is closely associated with
hippocampal-dependent memory operations and navigation, and coordinates information
processing via theta—gamma coupling (Kragel et al., 2020). Finally, alpha rhythms (8—12 Hz)
dominate awake, eyes-closed Electroencephalography (EEG) and are implicated in attentional

suppression-sensory gating and access to stored information (Foxe and Snyder, 2011).
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4.2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism 10. Data were presented as means
+ SEM; the number of animals (N) involved in each experiment is presented in Table 4.1.
Normality was assessed using Shapiro—Wilk test. Outliers were identified using MAD method
and excluded from subsequent analysis. When data were normally distributed, unpaired #-tests
were used for two-group comparisons and a one-way ANOVA followed by Tukey’s post hoc
test was applied for comparisons between three or more groups. In non-normal distributions,
nonparametric tests were used, including the Mann-Whitney U test for two groups or the
Kruskal-Wallis test with Dunn’s post hoc test for multiple groups. A p-value < 0.05 was
considered statistically significant. *p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001.

4.2.9 Summary of animals employed across experimental groups

The experimental groups, the number of animals per group, and the experimental pipeline were

summarised in Table 4.1.

Table 4.1 Summary of experimental groups, time points, and number of animals (N) in each
experimental pipeline

Group Construct | Time | Analysis Pipeline Markers/Tools No. of
Type Point Animals
N)

3D RFP+ | RFP+ 2 WPI | Axonal tracing Neurolucida 1
NPC hiPSC- Neuronal subtype CTIP2, SATB2 |3
implants derived Glial response GFAP, Ibal 3
ENPCs Proliferation/apoptosis | Ki-67, Caspase-3 | 3
Volume reconstruction | Neurolucida 4
Vascularisation CD31 4
3D RFP+ | RFP+ 2 MPI | Axonal tracing Neurolucida 1
NPC hiPSC- Neuronal subtype CTIP2, SATB2 |3
implants derived Glial response GFAP, Ibal 3
ENPCs Proliferation/apoptosis | Ki-67, Caspase-3 | 3
Volume reconstruction | Neurolucida 3
Vascularisation CD31 3
3D ENPC | Unlabelled | 2 MPI | Axonal tracing Neurolucida 2
implants hiPSC- Synaptic integration hSYP, PSD-95 2
derived Volume reconstruction | Neurolucida 5
ENPCs Glial response GFAP, Ibal 3
3D LNPC | Unlabelled | 2 MPI | Axonal tracing Neurolucida 2
implants hiPSC- Synaptic integration hSYP, PSD-95 2
derived Volume reconstruction | Neurolucida 4
LNPCs Glial response GFAP, Ibal 3
2 MPI | Axonal tracing Neurolucida 1
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layered LNPC tracing
neuronal constructs
tissue +
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TBI brains | None 2 MPI | Glial response GFAP, Ibal 3

4.3 Results

43.1 RFP+ NPC implants integrate into the host brains and differentiate after implantation

To evaluate survival, differentiation, and integration of the RFP+ NPC implants, coronal brain
sections were analysed at 2 WPI and 2 MPI (Fig. 4.1A). Human cells were identified based on
the co-expression of RFP and human-specific markers, including HuNu and hNCAM.

43.1.1 RFP+ NPC implants extend long-range projections at 2 WPI and 2 MPI

Neurolucida software was used to trace axonal outgrowth across serial coronal brain sections,
guided by the fluorescence of RFP+ NPCs. Reconstruction was performed along the entire
rostrocaudal axis of the brain to visualise long-range axonal projections and regional
innervation patterns (Fig. 4.1B). At both post-implantation time points, dense projection
bundles were observed emerging from the implant and projecting locally into adjacent cortical
layers (Fig. 4.1B). Additionally, long-range projections were observed at early and late time
points, crossing the midline via the corpus callosum into contralateral cortical regions (Fig.
4.2A, C; 4.3A, D). Moreover, another long-range projection can be detected extending along
the ipsilateral lateral cerebral cortex to the piriform area of the ventral cortex at 2WPI and 2
MPI (Fig. 4.2B’’; 4.3B’’""). Subcerebral projections were also evident, with projections
descending through the internal capsule, indicating potential targeting of deep brain structures

and long-range connectivity (Fig. 4.2B’; 4.3B’"’).

At 2 MPI, axonal projections were markedly enhanced, exhibiting widespread and organised
trajectories. In addition to callosal projections, RFP+ projections were observed traversing the
anterior commissure, an interhemispheric white matter pathway that links the bilateral temporal
lobes across the cerebral hemispheres (Hsu et al.,, 2020), highlighting its role in
interhemispheric connectivity. Beyond cortical targets, axonal projections reached subcortical
nuclei, including the hypothalamus and thalamus (Fig. 4.3B’, B’’). RFP+ axonal projections

within the hippocampus were only observed at 2 MPI, suggesting ongoing axonal growth and
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delayed integration with specific brain regions (Fig. 4.3C”). These findings demonstrated that
axonal projections from implanted human constructs followed known anatomical white matter
tracts in the mouse host, supporting the notion of appropriate guidance and alignment with host

neuronal architecture.
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Figure 4.1 3D RFP+ NPC implants extend long-range projections at 2 WPI and 2 MPI

(A) Schematic representation of the experimental design. RFP+ NPC constructs were implanted into
the right motor cortex of P7-P8 in NOD-SCID mice. Brains were collected at 2 WPI and 2 MPI.

(B) Representative Neurolucida reconstructions of axonal projections across serial coronal brain
sections at 2 WPI and 2 MPI. At 2 MPI, axonal projections were remarkably dense and detected in
various cortical and subcortical regions and along different white matter tracts; N=1.
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(C) Confocal images of representative brain regions reveal axonal projections from the implants into
different brain regions. At 2 WPI and 2 MPI, projections were observed in the midline corpus
callosum, ipsilateral corpus callosum and internal capsule, in addition to contralateral corpus
callosum, with denser and more widespread projections at 2 MPIL.

Scale bar (B): 1000 um, Scale bar (C): 200 um. WPI: weeks post-implantation; MPI: months post-
implantation.

A DAPIRFP+ NPCs

Contralateral hemlsphere Corpus Callosum Medial Frontal Cortex Ipsilateral hemisphere

Internal Capsule Piriform area

Figure 4.2 3D RFP+ NPC implants send axonal projections to the ipsilateral and contralateral
hemispheres at 2 WPI

(A) Representative coronal section showing RFP+ projections extending from the implant into various
brain regions. Insets highlight axonal projections within the contralateral hemisphere (A”), the midline
corpus callosum (A’’), the medial frontal cortex (A’’’), and the ipsilateral hemisphere (A’”*’).

(B) Representative coronal section with insets showing RFP+ projections into the internal capsule
(B’) and the Piriform area (B”’).
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(C) Another coronal section with an inset showing the traversing long-range axonal projections
through the corpus callosum (C’) to the contralateral hemisphere.

Scale bars of coronal low-power sections counterstained with DAPI: 1000 um; all insets (A’-B’*): 100
um; (C’): 200 um.

Abbreviations: WPI: weeks post-implantation; CP: caudoputamen; SSC: somatosensory cortex; LV:
lateral ventricle; LSN: lateral septal nucleus.
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Figure 4.3 Axonal projections from 3D RFP+ NPC implants across cortical and subcortical
regions at 2 MPI

(A) Representative coronal section showing the RFP+ implants sending projections towards various
brain regions. High-magnification insets illustrate RFP+ projections within the contralateral
hemisphere (A’), the midline corpus callosum (A’”), the medial frontal cortex (A’’’), and the
ipsilateral hemisphere(A’*”’).

(B) Coronal section highlighting axonal projections into ipsilateral subcortical brain regions and white
matter tracts. White boxes highlighted the brain regions shown in higher magnification: (B”)
hypothalamus, (B’’) thalamus, (B’*’) internal capsule, and (B’’’’) Piriform cortex.

(C) Axonal projections in the hippocampus and thalamus. (C*) Overview of hippocampal innervation,
with labelled subregions (CA1, CA2, CA3, DG) and nearby thalamic nuclei (CL, MDm, LD, PO).
(C’) shows axonal projections within the thalamus.

(D) Coronal section showing implant-derived axonal projections traversing the corpus callosum
towards the contralateral hemisphere. (D’) High magnification confocal image showing long-range
axonal projections through the corpus callosum (CC) to the contralateral hemisphere and into the
ipsilateral and contralateral lateral septal nucleus (LSN) and caudoputamen (CP).

Scale bars of coronal low-power sections counterstained with DAPI: 1000 pm; all insets (A’-C’”): 100
um; (D*): 200 pm.

Abbreviations: CL: central lateral nucleus; MDm: mediodorsal nucleus, medial part; LD: lateral
dorsal nucleus; PO: posterior nucleus; Fi: fimbria; DG: dentate gyrus; st: stria terminalis; CP:
caudoputamen.

4.3.1.2 Progressive differentiation of 3D RFP+ NPC implants into upper- and deep-layer
cortical neurons

The 3D RFP+ NPC implants exhibited a time-dependent increase in the expression of cortical
layer-specific markers. The percentage of SATB2+HuNu+ neurons increased significantly
from 0.29 + 0.08% at 2 WPI to 31 + 9.5% at 2 MPI (p = 0.0153, unpaired #-test, Fig. 4.4A),
suggesting progressive maturation into upper-layer callosal PNs. The proportion of CTIP2+
HuNu+ neurons was comparable at 2 and 4 MPI (76 +2.9% vs 87 = 4.3%; p = 0.0584, unpaired
t-test; Fig. 4.4B). These findings suggested that the implants continued to differentiate into

deep- and upper layers over time.

4.3.1.3 Temporal changes in cell proliferation and apoptosis within the 3D RFP+ NPC
implants

To determine whether the observed expansion in construct volume was associated with cellular
proliferation, 3D RFP+ NPC implants were analysed for expression of the proliferation marker
Ki-67 and the apoptotic marker Cleaved Caspase-3 at 2 WPI and 2 MPI. At 2 WPI, proliferative
Ki-67+ cells were primarily localised within neuroepithelial niches of neuronal rosette-like
structures. In contrast, by 2 MPI, Ki-67+ cells appeared sparsely distributed throughout the
implant (Fig. 4.5A). Quantification revealed a significant decrease in the percentage of Ki-67+

cells from 8.4 £ 1.5% at 2 WPI to 2.0 + 0.39% at 2 MPI (p = 0.0064, unpaired ¢-test, Fig. 4.5B).
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A low percentage of Cleaved Caspase-3+ apoptotic cells was observed, with no significant
difference between the two time points. The percentage of Cleaved Caspase-3+ cells was
0.27+0.07% at 2 WPl and 0.17 + 0.03% at 2 MPI (p = 0.1107, unpaired #-test, Fig. 4.5B). In
summary, these data suggested that implant overgrowth was driven by high early-stage
proliferation, and the minimal apoptosis did not significantly contribute to post-implantation
volume dynamics.

4.3.14 Volumetric expansion of the 3D RFP+ NPC implants occurs between two weeks and
two months post-implantation

Volumetric reconstruction and quantification using Neurolucida software revealed a
remarkable increase in the volume of the 3D RFP+ NPC implants between 2 WPI and 2 MPI
(Fig. 4.6). Quantitative analysis showed that the average volume of RFP+ NPC implants
increased from 0.51 + 0.22 mm?® at 2 WPI to 5 + 1.5 mm? at 2 MPI (p = 0.0286, unpaired ¢-test),
confirming a statistically significant expansion during the first two months following
implantation. In some brains, the overgrown implants extended over the cerebral surface of the
surrounding tissue. Despite this expansion, there was no evidence of compression of adjacent
structures, ventricular displacement, or midline shift on coronal sections, indicating that
implant growth was accommodated without disrupting the surrounding host anatomy (Fig.
4.6A). This may be attributed to the fact that the growth rates of the implants and the developing
postnatal brain were within a comparable range, allowing spatial integration without exerting

compressive effects.
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Figure 4.4 Differentiation of 3D RFP+ NPC implants into deep- and upper-layer cortical
neurons

(A) Representative confocal images of 3D RFP+ NPC implants at 2 WPI and 2 MPI. Right panel:
quantification of the percentage of SATB2+ HuNu+ neurons reveal that the percentage of positive
neurons was more abundant at 2 MPI (p = 0.0153, unpaired #-test).
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(B) Confocal images showing expression of CTIP2+HuNu+ neurons within the implants at 2 WPI and
2 MPI. Quantification shows a non-significant difference in the percentage of CTIP2+ HuNu+ (p =
0.0584, unpaired ¢-test).

Scale bar: 50 pm. WPI: weeks post-implantation; MPI: months post-implantation, ns = non-
significant. Results are presented as means = SEM; N = 3.
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Figure 4.5 Temporal changes in cell proliferation and apoptosis within the 3D RFP+ NPC
implants

(A) Representative confocal images of RFP+ NPC implants at 2 WPI and 2 MPI immunostained for
Ki-67 and Cleaved Caspase-3. At 2 WPI, Ki-67+ proliferative cells were primarily localised within
the neuroepithelial niche of rosettes, while at 2 MPI, Ki-67 expression was sparsely distributed.
Caspase-3+ apoptotic cells (indicated by orange arrow) were present at both time points, but in
reduced numbers at 2 MPI.

(B) The percentage of Ki-67+ cells significantly decreases from 2 WPI to 2 MPI (p = 0.0064,
unpaired #-test), whereas the reduction in Caspase-3+ cell percentage was not statistically significant
(»=0.1107).

Scale bars for all panels: 50 um. WPI: weeks post-implantation; MPI: months post-implantation, ns:
non-significant. Results are presented as means + SEM; N = 3.

4.3.1.5 Diffuse and stable vascularisation of the 3D RFP+ NPC implants

Vascularisation is essential for graft viability and integration. To assess the vascularisation of
the implanted constructs over time, brain sections were immunostained for an endothelial
marker, CD31 (Lertkiatmongkol et al., 2016). CD31+ endothelial cells were observed
throughout the implants as early as 2 WPI, indicating early vasculature infiltration. By 2 MPI,
the CD31+ vascular network remained widely distributed throughout the growing implants.
These vessel-like structures appeared to branch and scale within the expanded implant,

indicating stable vascular integration alongside the implant’s expansion. Quantitative analysis
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revealed that the total CD3 1+ area (um?) within the implants and the percentage of CD31+ area
relative to the total implant area remained stable between 2 WPI and 2 MPI (Fig. 4.6C).
Quantitative analysis of implant vascularisation revealed that both the absolute and relative
vascularised areas remained stable between early and late post-implantation time points. At 2
WPI, the mean CD31+ area within the implant was 5960 =+ 387 um?, corresponding to
4.1%+0.95 of the total implant area (N=4). By 2 MPI, the CD31+ area measured
5625 + 789 um?, representing 1.9% + 0.35 of the implant area (N = 3). While there was a trend
toward reduced vascular coverage over time, the differences were not statistically significant
for either the absolute CD31+ area (p = 0.3643) or the percentage of CD31+ area (p = 0.0527).
These findings suggested that vascularisation was established early after implantation and
maintained over time. However, the origin of the vasculature was not determined in this study.

Moreover, the presence of structural vasculature does not necessarily indicate stable blood

perfusion.
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Figure 4.6 Volumetric expansion and vascularisation of the 3D RFP+ NPC implants over time
(A) Volumetric reconstruction of RFP+ NPC implants at 2 WPI and 2 MPI. Left: Fluorescence
imaging of the whole brain, showing the fluorescent implants within the motor cortex. Middle:
corresponding coronal sections showing the spatial relationship of the implant within the host cortex.
Right: 3D reconstruction of the implants using Neurolucida software across coronal sections. Scale
bar: 1000 pm.

(B) Quantification reveals a significant increase in implants’ volume between 2 WPI and 2 MPI (p =
0.0286, unpaired ¢-test).

(C) Representative confocal images of RFP+ NPC implants immunostained for CD31, a marker of
endothelial cells, showing vascular infiltration at both time points.

(D) Bar graphs show no significant difference in either the CD31+ area (um?) (p = 0.3643) or
percentage of the CD31+ area (p = 0.0527) between 2 WPI and 2 MPL.

Scale bar: 200 um. WPI: weeks post-implantation; MPI: months post-implantation, ns: non-
significant. Results are presented as means = SEM; N (2 WPI) =4; N (2 MPI]) =3.
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4.3.1.6 Remodelling of glial reaction two months after implantation of RFP+NPC constructs

Quantitative analysis revealed a significant reduction in the density of Ibal+ microglia
surrounding the implants between 2 WPI and 2 MPI. The density of Ibal+ microglia decreased
from 0.00071 +0.00015 cells / um? to 0.00040 +0.00004 cells / um? (p =0.0125). Reactive
microglia observed within the implants did not colocalise with HuNu, indicating host origin
(Fig. 4.7C). Microglial morphology varied according to spatial distribution. At the host-implant
interface, Ibal+ microglia displayed hypertrophic cell bodies and thickened, retracted
processes indicative of reactive, activated microglia (Fig. 4.7A’). Ibal+ microglia located
distant from the implants exhibited a more ramified morphology, consistent with the resting
state (Fig. 4.7 A’’”’). Microglia infiltrating the implants exhibited an amoeboid or rod-like
morphology, characteristic of phagocytic function (Fig. 4.7A’°, A’”’). Further quantitative

analyses are required to validate these morphological observations.

GFAP immunostaining revealed a pronounced astrocytic response at the host—implant
interface, with dense accumulation of hypertrophied astrocytes insulating the implant. GFAP+
astrocytes were also distributed throughout the central regions of the implants. The proportion
of GFAP+ area within the peri-implant zone significantly reduced from 64 + 8.5% at 2 WPI to
44 +1.5% at 2 MPI (p=0.0410), indicating a progressive attenuation of astrocytic reactivity
(Fig. 4.7C). Collectively, these findings suggested dynamic remodelling of the glial response
over time, with a trend towards stabilisation of the local inflammatory microenvironment by 2

MPI.
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Figure 4.7 Remodelling of host glial response following implantation of RFP+ NPC constructs
Representative confocal images of coronal brain sections at 2 WPI and 2 MPI illustrate the host glial
response to the implants.
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(A, B) Low-magnification confocal images illustrate implant location and selected regions for higher
magnification, marked in white boxes.

(A’, B’) Insets highlight the host-implant interface, where dense astrocytic and microglial reactivity
were evident. Ibal+ microglia displayed hypertrophic cell bodies and thickened, retracted processes
indicative of activation. Astrocytes exhibited a hypertrophic morphology, with prominent, thickened
primary processes.

(A”’, A’”’) insets showing reactive microglia and hypertrophied reactive astrocytes occupying the
implant. (A’’) insets show the ameboid morphology of the microglia with phagocytic features, and
(A’”’) show rod-shaped microglia.

(A’’’”) Higher magnification of the area surrounding the construct shows ramified microglia and
branched non-reactive astrocytes, indicating a homeostatic phenotype.

(B”’) Insets showing reactive ameboid microglia and hypertrophied astrocytes invading the implants
at 2 MPL

(B’’’) Higher magnification of the area surrounding the construct shows ramified microglia and non-
reactive astrocytes.

(C) Quantification reveals a significant reduction in the percentage of GFAP+ area (left) and Ibal+
cell density (right) in the peri-implant region between 2 WPI and 2 MPI (p = 0.0410 and p = 0.0125,
respectively; unpaired #-test).

(D) The schematic illustration of the host-implant interface on both sides of the implant used for
analysis.

Scale bar: 500 um (main panels), 50 pm (insets). Results are presented as means + SEM; N = 3.
WPI: weeks post-implantation; MPI: months post-implantation.

4.3.2 3D ENPC and LNPC implants exhibit distinct integration and connectivity

Brains implanted with single 3D ENPC or LNPC constructs were collected at 2 MPI (Fig.
4.8A). The 3D implants accommodated the lesion cavity and integrated with the host tissue.
To assess the integration of implanted cortical constructs, human cells were identified by

immunostaining for HuNu and hNCAM.

4.3.2.1 Distinct efferent projections and regional targeting of 3D ENPC and LNPC implants

The Neurolucida software system was used to track axonal projections across serial coronal
sections, guided by the hNCAM signal (Fig. 4.8B). Axon projections were quantified using the
Neurolucida Explorer software by partitioning each section into cortical and subcortical
anatomical regions, including the striatum, piriform, thalamus, hypothalamus, corpus
callosum, corticospinal tract, and hippocampal formation. Symmetric regions, ipsilateral and

contralateral to the implant site, were quantified separately.

Both 3D ENPC and LNPC implants sent dense axonal projections into adjacent cortical layers;
however, they exhibited distinct axonal targeting and distribution patterns across various brain
regions. In ENPC implants, projections were more broadly distributed and extended to multiple
subcortical regions, with higher densities observed in the ipsilateral and contralateral striatum,

thalamus and hypothalamus. Moderate densities were detected in the CST and hippocampal
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formation. This widespread projection pattern suggested that 3D ENPC implants retained the
characteristics of deep-layer corticofugal neurons, which can extend long-range projections
toward subcortical and descending pathways (Fig. 4.8C). In contrast, 3D LNPC implants
exhibited more restricted and locally concentrated projections, predominantly targeting the
cortex and corpus callosum, with limited extension into deeper subcortical regions. Moderate
density was detected in the striatum, but the overall density was lower than that observed for
3D ENPC implants. No projections detected in the thalamus and hippocampal formation. This
projection profile is consistent with the callosal and associative connectivity pattern of upper-

layer cortical neurons (Fig. 4.8C).

When averaged across animals, 3D ENPC implants displayed higher efferent density in
subcortical and descending pathways, whereas 3D LNPC implants showed preferential
intracortical and commissural connectivity, indicating an identity-dependent integration
pattern.

4.3.2.2 Synaptic integration of the implant-derived projections with host cortical circuits

Adequate neural replacement requires not only survival and axonal projections but also the
formation of functional synaptic connections with host brain circuits. To assess synaptogenesis,
brain sections were immunostained for human-specific Synaptophysin (hSYP), a marker of

human-specific presynaptic terminals, and for PSD-95, a postsynaptic density marker.

Confocal imaging revealed a dense network of hSYP puncta surrounding host neurons. Many
of these presynaptic terminals were closely opposed to PSD-95 puncta, suggesting
synaptogenesis. High-resolution analysis identified individual synaptic sites marked by co-
localisation of hSYP and PSD-95, supporting the synaptogenesis between implant-derived
projections and host circuitry (Fig. 4.9).
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Figure 4.8 3D ENPC and LNPC implants show distinct axonal projection patterns

(A) Schematic timeline illustrating the implantation of 3D ENPC and LNPC constructs into the right
motor cortex of P7-P8 in NOD-SCID mice. Brains were collected and processed at 2 MPI.

(B) Representative Neurolucida reconstructions of axonal projections of 3D ENPC and LNPC
implants across serial coronal brain sections at 2 MPI.
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(C) Heatmaps of regional distribution of the projection density of 3D ENPC and LNPC implants into
distinct ipsilateral and contralateral cortical regions, including cerebral cortex (Ctx), striatum (Str),
piriform (Pir), thalamus (Thal), hypothalamus (Hyp), corpus callosum (CC), corticospinal tract (CST)
and hippocampus formation (HF). Each row represents an individual animal.

The bottom panel displays the average projection density across all animals within each group.
Projection density was scored on a semi-quantitative scale, ranging from 0 (no detectable projections)
to 3 (dense projections). Scale bar (B): 1000 pm; N=2.
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Flgure 4 93D ENPC and LNPC implants exhibit human-host synaptic formation
High-magnification confocal images showing the juxtaposition of the presynaptic human-specific
Synaptophysin (hSYP) and the postsynaptic marker PSD-95, indicated by white arrows.

Scale bar: 50 pm (main panels), 10 pm (insets). MPI: months post-implantation; N=2.

4.3.2.3 3D reconstruction and quantification of the implant volume

The volumes of the 3D ENPC and LNPC implants were reconstructed and quantified using
Neurolucida software (Fig. 4.10B). Volumetric quantification demonstrated comparable
volumes in the ENPC and LNPC implants, with no statistically significant difference. The
average of reconstructed volume of 3D ENPC implants was 0.060 + 0.010 mm?* and was 0.051
+0.021 mm? for 3D LNPC implants (p = 0.3619, unpaired ¢-test, Fig. 4.10C). These findings
suggested that the differences observed in the anatomical integration patterns of the 3D ENPC

and LNPC implants were primarily due to differences in cell identity rather than volume.
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4.3.2.4 Glial reactivity to 3D ENPC and LNPC implants in comparison to TBI brains

To evaluate the host immune response to 3D ENPC and LNPC implants and whether the
implants had immunomodulatory effects, glial reactivity in brains with 3D ENPC or 3D LNPC
implants was compared with that in TBI brains. Quantification of Ibal+ microglial density in
the peri-lesional or peri-implant regions revealed higher values in brains with 3D ENPC
implants (0.00055+0.0001 cells/um?) and 3D LNPC implants (0.00047+5.0x10°
cells/um?), relative to the TBI brains (0.00040+4.1 x 10~° cells/um?, Fig. 4.11B). These
differences did not reach statistical significance (ENPC implants vs. LNPC implants: p = 0.72;
ENPC implants vs. TBI brains: p = 0.34; LNPC implants vs. TBI brains: p = 0.75; one-way
ANOVA). Astrocytic reactivity, quantified as the percentage of GFAP-positive area relative to
the total peri-implant HuNu-negative area, was highest in TBI brains (70 + 8.2%). Brains with
ENPC implants exhibited an intermediate level of GFAP coverage (51 + 13%), while LNPC
implants elicited the lowest astrocytic response (37 + 0.27%, Fig. 4.11C). Group comparisons
did not reveal statistically significant differences (ENPC implants vs. LNPC implants, p =
0.671; ENPC implants vs. TBI brains, p = 0.441; LNPC implants vs. TBI brains, p = 0.111;
one-way ANOVA). Together, these results indicated that the 3D ENPC and LNPC implants

did not significantly exacerbate the host glial response compared to TBI brains.
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Figure 4.10 Volumetric reconstruction of 3D ENPC and LNPC implants at 2 MPI

(A) Representative coronal brain sections of brains with 3D ENPC and LNPC implants imaged at 2
MPL

(B)Volumetric reconstructions of 3D ENPC and LNPC implants were conducted using serial coronal
sections.

(C) Quantitative analysis shows no statistically significant difference in the volume of 3D ENPC and
LNPC implants at 2 MPI (p = 0.3619, unpaired #-test).

Scale bar (A, B): 1000 pm. MPI: months post-implantation, ns: non-significant. Results are presented
as means + SEM; N (Animals with ENPC implants) = 5; N (Animals with LNPC implants) = 4.
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Figure 4.11 Glial reactivity to 3D ENPC and LNPC implants at 2MPI
(A) Representative confocal images showing GFAP+ astrocytes and Ibal+ microglia in coronal
sections from TBI brains at 2 months post-injury and brains with 3D ENPC and 3D LNPC implants at

2 MPL
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(B) Quantification of peri-lesional or peri-implant Ibal+ microglial density reveals no statistical
significance across groups (cells/um?) (ENPC implants vs. LNPC implants: p = 0.72; ENPC implants
vs. TBI brains: p = 0.34; LNPC implants vs. TBI brains: p = 0.75; one-way ANOVA),

(C) Quantification of the percentage of GFAP+ area reveals no statistical significance across groups
(ENPC implants vs. LNPC implants: p = 0.671; ENPC implants vs. TBI brains: p = 0.441; LNPC
implants vs. TBI brains: p = 0.111; one-way ANOVA).

Scale bar: 100 pm (main panels); 50 um (insets). MPI: months post-implantation; ns: non-significant.
Results are presented as means = SEM; N = 3.

4.3.2.5 Electrophysiological assessment of cortical network activity of brains with 3D ENPC
and LNPC implants compared to TBI and control brains

Spontaneous extracellular activity was recorded using the MEA system from acute brain slices
with 3D ENPC and LNPC implants at 2 MPI to assess the functional activity of the host brain
after implantation. Additional recordings were performed from slices from non-implanted TBI
and age-matched uninjured control brains to provide comparative reference data. There was no
significant difference in spike frequency (spikes/s) between groups. Control brains exhibited a
frequency of 0.073 £ 0.0029 (Number of Slices, NS = 12). TBI brains had a frequency of 0.072
+ 0.0023 (NS = 11). Brains with 3D ENPC implants and 3D LNPC implants recorded
(0.074 £ 0.00090, NS = 13) and (0.066 +0.0031, NS = 12, Fig. 4.12B), respectively. Dunn’s

multiple comparisons test revealed no significant differences between any of the groups.

Total burst number was slightly higher in the control group (0.77+0.10, NS = 11), compared
to TBI brains (0.47 £0.049, NS = 11), brains with 3D ENPC implants (0.51 +0.020, NS = 13),
and brains with 3D LNPC implants (0.45 = 0.055, NS =12, Fig. 4.12B). Dunnett's T3 post hoc

tests revealed no statistically significant differences.

Median ISI (ms) was significantly prolonged in brains with 3D LNPC implants compared to
the TBI brains. Median ISI values were as follows: control brains, 13323 +352 ms (NS =11);
TBI brains, 12046 £ 323 ms (NS =12); brains with 3D ENPC implants, 12890+ 196 ms (NS
=13, Fig. 4.12C); and brains with 3D LNPC implants, 14292 + 543 ms (NS =12). Only the
comparison between the TBI brains and brains with 3D LNPC implants reached statistical

significance (p =0.0081).

Similarly, the mean ISI (ms) was highest in brains with 3D LNPC implants (19352 + 667 ms,
NS =12), compared to control brains (18245 + 437 ms, NS =12), brains with 3D ENPC
implants (17548 =246 ms, NS =13), and TBI brains (16508 £ 430 ms, NS =11). Only the
comparison between TBI brains and brains with 3D LNPC implants showed statistical

significance (p = 0.0045), indicating a delay in spiking activity.
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Mean spike amplitude was significantly increased in brains with 3D LNPC implants
(12+£1.3 uV, NS =12), compared to control brains (9.2+0.096 uV, NS =12), TBI brains
(9.1 £0.089 uV, NS =12), and brains with 3D ENPC implants (9.1+0.037 uV, NS =13).
Statistical analysis revealed significant differences between brains with 3D LNPC implants and
all other groups (Control brains vs. brains with 3D LNPC implants: p =0.0186; TBI brains vs.
brains with 3D LNPC implants: p = 0.0014; brains with 3D ENPC implants vs. brains with 3D
LNPC implants: p=0.0419, Fig. 4.12C).

Maximum spike amplitude was significantly elevated in brains with 3D LNPC implants
(14 + 1.5 uV, NS =12), compared to control brains (11 +0.41 pV, NS =12), TBI brains
(11 +0.18 puV, NS =11), and brains with 3D ENPC implants (11 = 0.039 uV, NS =13). Dunn’s
multiple comparisons test indicated significant differences for control brains vs. brains with
3D LNPC implants (p = 0.0351), TBI brains vs. brains with 3D LNPC implants (p = 0.0202),
brains with 3D ENPC implants vs. brains with 3D LNPC implants (p = 0.0043, Fig. 4.12D),
highlighting the greater peak signal output in brains with 3D LNPC implants.

Table 4.2 Summary of statistical p-values for the spike parameters comparing control brains
(Control), TBI brains (TBI), brains with 3D ENPC implants (ENPC), and brains with 3D LNPC

implants (LNPC)
Parameter Statistical Control Control Control TBI vs TBI vs ENPC vs
Test vs TBI vs ENPC | vs LNPC | ENPC LNPC LNPC
(multiple
comparison)
Frequency | Dunn's >0.9999 | >0.9999 | 0.5616 >0.9999 | >0.9999 | 0.3679
Burst Dunnett's 0.1010 0.1621 0.0748 0.9375 0.9998 0.8157
Number T3
Median ISI | Dunn's 0.2255 >0.9999 | >0.9999 | >0.5676 | 0.0081** | 0.6159
Mean ISI Dunn's 0.1236 >0.9999 | >0.9999 | >0.5986 | 0.0045** | 0.4035
Mean Dunn's >0.9999 | >0.9999 | 0.0186* | >0.9999 | 0.0014** | 0.0419*
Spike
Amplitude
Max Spike | Dunn's >0.9999 | >0.9999 | 0.0350* | >0.9999 | 0.0202* 0.0043**
Amplitude

* p<0.05, *p <0.01, ***p < 0.001, ****p < 0.0001.

Power spectral analysis revealed significant group differences in gamma band activity. The
mean gamma power was highest in the TBI brains (1.1 x 10+ 1.0 x 10", NS =12) and in
brains with LNPC implants (1.1 x 10°+2.4 x 10719, NS =12), compared to the control brains
(8.3 x 10719+ 1.0 x 107!, NS =12). In contrast, brains with ENPC implants exhibited the lowest
gamma power (5.2 x 10719+ 5.1 x 10"12, NS =13, Fig. 4.13B). Statistical comparisons using

Dunn’s multiple comparisons test revealed significantly lower gamma power in brains with
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ENPC implants compared to both the TBI brains (p <0.0001) and the control brains
(p = 0.009).

Analysis of beta frequency power (12-30 Hz) revealed differential activity across groups.
Brains with LNPC implants showed the highest beta PSD values (1.2 x 10° £ 2.5 x 10°1%, NS
= 11), followed by control brains (7.2 x 1071+ 1.6 x 10"!!, NS = 9), TBI brains (6.8 x 101 +
2.3 x 1011, NS = 11), and lastly those brains with ENPC implants (5.7 x 101 + 4.8 x 1012,
NS = 13, Fig. 4.13B). Dunn’s multiple comparisons test revealed significantly lower beta
power in brains with ENPC implants compared to control (p = 0.0025) and TBI brains (p =
0.0309). Brains with LNPC implants also showed non-significant difference relative to control

(p = 0.0798).

PSD analysis of the delta frequency band (0.5-4 Hz) revealed differences across the
experimental groups. The mean delta power was highest in the TBI brains (7.9 x 10+ 1.2 x
10, NS = 12), followed by brains with LNPCs implants (4.0 x 10 £ 9.6 x 1071, NS = 11),
control brains (2.5 x 10 + 8.6 x 10°!!, NS = 8), and brains with 3D ENPC implants (2.3 x 10
9+2.6 x 101° NS = 10, Fig. 4.13C). Dunn’s multiple comparisons test indicated no significant
differences between the control and other groups. However, brains with ENPC implants and
those with LNPC implants showed significantly reduced delta power compared to TBI brains
(TBI brains vs. brains with ENPC implants: p = 0.0007; TBI brains vs. brains with LNPC
implants: p = 0.0025), suggesting a potential reduction of low-frequency oscillatory activity

following the implantation of these constructs.

Analysis of theta band power (4-8 Hz) revealed that control brains exhibited the highest power
(2.8 x10°£9.4 x 1071% NS = 12), followed by TBI brains (1.8 x 10 £2.0 x 10!, NS = 12),
brains with 3D LNPC implants (1.6 x 10 + 3.6 x 10°'%, NS = 11), and those with 3D ENPC
implants (8.5 x 101% + 1.7 x 10°!!, NS = 13, Fig. 4.13C). Dunn’s multiple comparisons test
showed a significant reduction in theta power in brains with 3D ENPC implants compared to
both control (p = 0.0096) and TBI brains (p = 0.0035). No other pairwise comparisons reached
significance. These findings indicated that 3D ENPC implants may suppress theta-range

activity more than other groups.

Alpha band power (8-12 Hz) exhibited group-dependent variations. Control brains showed the
highest alpha PSD (7.8 x 1019 £ 1.9 x 101%, NS = 12), followed by brains with 3D LNPC
implants (6.8 x 1071+ 1.5 x 10-'°, NS = 11), TBI brains (5.0 x 10'% + 3.5 x 10"!!, NS = 12),
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and brains with 3D ENPC implants (3.4 x 1071 = 3.9 x 10"!2, NS = 13, Fig. 4.13C). Dunn’s
multiple comparisons test revealed that ENPC constructs exhibited significantly reduced alpha
power compared to both control (p = 0.0022) and TBI brains (p = 0.0069), while LNPC
implants showed no significant difference from other groups. These data suggested that 3D
ENPC implants suppressed alpha oscillatory activity to a greater extent than 3D LNPC

implants.

Table 4.3 Summary of statistical p-values for PSD comparisons across frequency bands between
control brains (control), TBI brains (TBI), brains with 3D ENPC implants (ENPC), and brains
with 3D LNPC implants (LNPC)

PSD Statistical Control | Control | Control vs TBI vs TBI vs ENPC
Test vs TBI | vs LNPC ENPC LNPC VS
(multiple ENPC LNPC
comparison)
Gamma | Dunn's >0.999 | 0.009* | >0.9999 <0.0001* |0.1374 0.3317
9 * ook
Beta Dunn's >0.999 | 0.0025 | 0.0798 0.0309* 0.5241 >(0.999
9 ** 9
Delta Dunn's >0.193 | 0.9472 | >0.9999 0.0007*** | 0.0025* | >0.999
5 * 9
Theta Dunn's >0.999 | 0.0096 | 0.1227 0.0035** | 0.0578 >(0.999
9 ** 9
Alpha Dunn's >0.999 | 0.0022 | 0.0791 0.0069** | 0.1759 >(0.999
9 ** 9

p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4.12 Electrophysiological assessment of cortical network activity of brains with 3D
ENPC and LNPC implants compared to TBI and control brains

(A) Experimental workflow comprising control brains, TBI brains, and brains implanted with 3D
ENPC or 3D LNPC constructs.
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At 2 MPI/post-lesion, acute coronal slices 300 um thick, with 3-4 slices per animal, were prepared,
and spontaneous activity was recorded using high-density MEA.

(B -D) Quantification of electrophysiological parameters across groups. Parameters include:

(B) spike frequency (spikes/s), total burst number per 5S-minute epoch,

(C) median inter-spike interval (ms) and mean inter-spike interval (ms),

(D) mean spike amplitude (uV) and maximum spike amplitude (uV).

(E) Representative raster plots of spontaneous spiking activity from control brains, TBI brains and

brains with 3D ENPC and 3D LNPC implants. Each row corresponds to an electrode's activity, and
each dot represents a detected spike.

Data represent means + SEM; each dot represents an average recording from a slice (NS =

11-13). Non-significant results are not shown for better visualisation.
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Figure 4.13 Frequency of band-specific power of brains with 3D ENPC and LNPC implants
compared to TBI and control brains

(A) Hlustration of traces of canonical brain rhythms: gamma (30—100 Hz), beta (12-30 Hz), alpha (8-
12 Hz), theta (4-8 Hz), and delta (0.5-4 Hz). Each frequency band is shown with example oscillatory
waveforms and associated cognitive and physiological functions.

(B) Quantification of PSD of high-frequency bands across groups.

(left) gamma power, brains with 3D ENPC implants vs. TBI brains (p < 0.0001), brains with 3D
ENPC implants vs. control brains (p = 0.009).

(right) beta power, brains with 3D ENPC implants vs. control brains (p = 0.0025), brains with ENPC
implants vs. TBI brains (p = 0.0309), brains with 3D LNPC implants vs. control brains (p = 0.0798).
(C) Quantification of PSD of high frequency across groups

(left) delta power, TBI brains vs. brains with 3D ENPC implants (p = 0.0007), TBI brains vs. brains
with LNPC implants (p = 0.0025).

(middle) theta power, brains with 3D ENPC implants vs. control brains (p = 0.0096), brains with 3D
ENPC implants vs. TBI brains (p = 0.0035).

(right) alpha power, brains with 3D ENPC implants vs. control brains (p = 0.0022), brains with 3D
ENPC implants vs. TBI brains (p = 0.0069).

Data represent means £ SEM; each dot represents an average recording from a slice (NS = 9-
13). Non-significant results are not shown for better visualisation.

4.3.3 Two-layered neuronal tissue recapitulates local and long-range cortical projections

Following implantation of two-layered neuronal tissue, brains were collected 2 MPI for
anatomical analysis. The Neurolucida software system was used to track axonal projections
across serial coronal sections, along the entire rostrocaudal axis of the brain to visualise axonal
trajectories. Axonal projections of the LNPC compartment were guided by red fluorescence of
RFP+ LNPCs, whereas the axonal projections of the ENPC compartment were guided by
hNCAM-positive staining of unlabelled ENPCs. Two distinct colours were used to distinguish
the axonal projections of the compartments during tracing, revealing distinct integration
patterns across various brain regions (Fig. 4.14B). ENPC compartment exhibited broad axonal
projections into multiple cortical and subcortical regions, including the striatum, thalamus, and
internal capsule (Fig. 4.14B). In contrast, axonal projections from the LNPC compartment were
more spatially restricted, predominantly confined to adjacent cortical layers surrounding the
implantation site (Fig. 4.14B, Fig. 4.15). Semiquantitative analysis of the total projections from
delineated regions revealed that the implanted two-layered neuronal tissues sent dense axonal
projections into the ipsilateral cortical layers and corpus callosum, with moderate
representation in the contralateral cortical layers and corpus callosum. Additionally,
projections extended to multiple subcortical regions, including the striatum, thalamus, and
hypothalamus. Furthermore, moderate density was detected in the CST. This widespread

projection pattern suggested that two-layered neuronal tissue could recapitulate both the
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connectivity of deep-layer corticofugal neurons as well as upper-layer callosal and associative

cortical neurons.

However, these observations upon tracing using Neurolucida were derived from a single brain
implanted with a two-layered neuronal tissue and should therefore be interpreted cautiously.
Moreover, the anatomical projections were not complemented by electrophysiological
recordings to confirm functional connectivity. Therefore, further experiments involving
combined structural-functional analyses will be required to draw definitive conclusions about

the integrative potential of the two-layered neuronal tissue.
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Figure 4.14 Anatomical integration of two-layered neuronal tissue at 2 MPI

(A) Schematic timeline illustrating the implantation of 3D two-layered neuronal tissue into the right
motor cortex of P7-P8 NOD-SCID mice. Brains were collected at 2 MPI.

(B) Representative Neurolucida reconstructions of axonal projections across serial coronal brain
sections at 2 MPI. The ENPC compartment showed dense axonal projections to various cortical and
subcortical regions, as well as along white matter tracts. The LNPC compartment displayed more
localised, regional distribution projections across the different layers of the cerebral cortex.

188



(C) Heatmap of regional distribution of the projection density of two-layered neuronal tissue into
distinct ipsilateral and contralateral cortical regions, including cerebral cortex (Ctx), striatum (Str),
thalamus (Thal), hypothalamus (Hyp), corpus callosum (CC), corticospinal tract (CST) and
hippocampus formation (HF). Each row represents an individual animal (N = 1). Projection density
was scored on a semi-quantitative scale ranging from 0 (no detectable projections) to 3 (dense
projections); N=1.
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Figure 4.15 Local and long-range axonal projections of the implanted two-layered neuronal
tissues

(A) Representative confocal images of the brain implanted with two-layered neuronal tissue,
immunostained for ANCAM to visualise the total axonal projections of unlabelled ENPCs and RFP+
LNPCs, relative to RFP+ axonal projections of RFP+ LNPCs in different brain regions. White boxes
indicate regions shown in high-magnification panels A’- A’*’”’.

High-magnification confocal images reveal the axonal distribution in selected brain regions at
increasing distances from the implant site on both sides, (A’) corpus callosum, (A’”) motor cortex,
(A’”’) primary somatosensory cortex, (A’’’”) secondary somatosensory cortex and (A’’’’”) piriform
area. Scale bar (A): 1000 um. Scale bar (A’—A’""""): 100 um.
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4.4 Discussion

Advances in stem cell research highlight the potential of cell-based therapy as a promising
therapeutic approach for TBI (Adugna et al., 2022). I hypothesised that, following TBI,
implantation of 3D neuronal constructs derived from temporally specified ENPCs and LNPCs
would enhance implant survival and enable identity-dependent integration with the host cortex.
Furthermore, the implantation of two-layered neuronal tissue that mimics key aspects of
cortical lamination could facilitate the reconstruction of cortical columnar circuits by

promoting both local and long-range connectivity.

In this study, I differentiated hiPSCs into ENPCs and LNPCs, representing deep- and upper-
cortical neurons, respectively. Next, I employed a droplet-based microfluidic technique to
generate 3D ENPC and LNPC constructs, which were subsequently assembled into a two-

layered neuronal tissue that resembled the basic aspects of the cortical lamination.

To investigate the therapeutic potential of 3D neuronal constructs in TBI, RFP+ NPC
constructs were implanted into P7—P8 in NOD-SCID mice following an aspiration-induced
cortical lesion. Brains were collected at 2 WPI and 2 MPI. The results demonstrated robust cell
survival, progressive neuronal maturation, robust vascularisation, immune response
modulation, and structural integration with the host brain. Subsequently, 3D ENPC or 3D
LNPC constructs were implanted into the same TBI model and evaluated at 2 MPI. They
displayed distinct axonal projection patterns that matched their neuronal identities. Finally,
two-layered neuronal tissue can recapitulate key aspects of the cortical connectome, combining
the corticofugal output of deep-layer neurons with the callosal and associative connectivity of

upper-layer cortical neurons.

Various preclinical models exist for modelling TBI (Fesharaki-Zadeh and Datta, 2024). In this
study, I employed a focal aspiration lesion targeting the motor cortex, which resulted in
substantial cortical tissue loss, BBB disruption, and intracerebral haemorrhage, representing a
severe form of TBI. By removing a defined brain region while sparing surrounding tissue, the
aspiration model provided a reproducible cavity suitable for studying implant integration in a

controlled environment.

In this study, NOD-SCID mice were used to minimise immune-mediated rejection of human

xenografts, owing to impaired innate and adaptive immune status, with no additional
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pharmacological immunosuppressants required (Shultz et al., 1995). However, given this
relatively short endpoint, the use of a profoundly immunodeficient strain may not have been
necessary for addressing the outcomes of the current study. In similar short-term
transplantation paradigms, immunocompetent hosts maintained under continuous
immunosuppression for the study duration have been used as an alternative strategy to support
graft survival while preserving a more clinically relevant immune context (Feng et al., 2024).
An alternative effective approach in this study is to use an immunocompetent model under the

influence of immunosuppressive agents for the entire duration of the study (Diehl et al., 2017).

Age and the timing of implantation are key determinants of implant survival and integration.
In this study, postnatal mice were selected for implantation to capitalise on the highly
permissive neuroplastic environment at this postnatal developmental stage (Marzola et al.,
2023). At this stage (P7-P8), the neocortex is already fully laminated, and the motor cortex has
already received thalamocortical input, providing a structurally organised host environment
(Vitalis et al., 2018, Fenlon et al., 2015). Immediate implantation of 3D constructs was
performed following the induction of a cortical lesion. Although delaying organoid
implantation by a week after cortical lesioning studies is more clinically relevant and has shown
significant enhancement of implant survival and axonal outgrowth (Kitahara et al., 2020),
immediate implantation offers distinct advantages. It allows the lesion cavity to be sealed
before significant infiltration by inflammatory cells occurs, thereby preserving the local tissue

environment and mitigating the secondary inflammatory cascade.

The three-dimensional nature of the constructs provides a major advantage over traditional cell
suspension injections. Unlike dissociated cells, which lack spatial organisation, 3D constructs
resembles the native architecture of neural tissue, enabling neurons to interact within a
structured and physiologically relevant environment (Ulloa Severino et al.,, 2016).
Encapsulation within Matrigel droplets protected the cells from mechanical and shear stress
during implantation. This ECM also offered a supportive niche that promoted neuronal
survival, structural organisation, and functional maturation. Additionally, the incubation period
following fabrication allowed the neuronal network to recover and stabilise before
implantation. Local implantation of 3D constructs into the cortical lesion helped overcome key
challenges associated with peri-lesional injection of cell suspension, including limited cell
migration and the presence of a glial scar barrier that impedes integration and survival. These

combined advantages are consistent with previous studies demonstrating enhanced implant
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survival and improved functional outcomes following implantation of 3D neuronal tissue

(Carlson et al., 2016, Francis et al., 2020).

Different cortical regions have distinct physical properties, necessitating consideration of
scaffold material and microenvironmental compatibility during the design of implantable
neuronal constructs. A range of biomaterials with different compositions is available for
bioprinting applications (Cadena et al., 2021, Gungor-Ozkerim et al., 2018). In this study,
Matrigel was used as a scaffold material due to its supportive properties for survival and
maturation of NSC (Wang et al., 2020a, Uemura et al., 2010). Consistent with previous reports
on implantation of 3D brain organoid (Mansour et al., 2018, Kitahara et al., 2020, Jgamadze et
al., 2023) and other engineered neuronal tissue (Latchoumane et al., 2021, Carlson et al., 2016,
Tate et al., 2002), the implanted constructs demonstrated robust long-term survival for up to 2

MPI.

4.4.1 Neuroregenerative and neuromodulation properties of RFP+NPC implants

The RFP+ NPC implants established long-range axonal projections along major white matter
tracts, including the corpus callosum and internal capsule. Moreover, axonal terminals were
identified in cortical and subcortical structures. These findings support the potential of these
neurons to contribute to circuit reconstruction in TBI. Consistent with our findings, prior
studies have demonstrated that transplanted hiPSC-derived cortical neurons in cell suspension
can establish extensive, long-range projections across significant white matter tracts, reaching
both ipsilateral and contralateral hemispheres (Palma-Tortosa et al., 2020). Similarly, hESC-
derived cortical organoids implanted into SCID with CCI of the sensorimotor cortex extended
long projections into the ipsilateral and contralateral hemispheres, with evidence of synapse

formation (Bao et al., 2021).

The anatomical reconstruction was accompanied by time-dependent terminal differentiation
into cortical neuronal subtypes, including SATB2+ callosal PNs and CTIP2+ subcortical PNs.
The cumulative percentage of marker-positive cells exceeded 100%, which likely reflected the
presence of double-positive cells, which could not be resolved due to the use of single-marker
staining protocols. Similar observation of co-expression of CTIP2 and SATB2 occurs during a
brief window of time postnatally in specific cortical regions as a part of dynamic refinement of
neuronal identities, shortly after that vast majority of cells expressing either SATB2 or CTIP2,
but not both (Alcamo et al., 2008, Harb et al., 2016).

194



Multilineage differentiation of transplanted cells into mature neurons, astrocytes, and
oligodendrocytes has been reported (Haus et al., 2016), while another study reported lineage
bias towards oligodendroglia but not neurons or astrocytes (Koutsoudaki et al., 2016). In the
present study, differentiation into non-neuronal lineages was not assessed; therefore, the extent

of fate potential of the implanted cells into glial lineage remains undetermined.

The balance between proliferation and maturation within the implants evolved. At 2 WPI, a
higher proliferative index was observed, leading to early implant expansion. This was followed
by a stabilisation phase in which neuronal differentiation and host integration became
predominant. Despite the significant volumetric expansion, there was no evidence of tissue
compression or midline shift, indicating that the growth was well accommodated within the
injured cortical cavity and that the implant’s growth rate matched that of the host brain.

4.4.1.1 Vascularisation of RFP+ NPC implants detected at 2 WPI and 2 MPI

A key challenge in achieving successful brain tissue engraftment is the establishment of a
functional and stable blood perfusion, which is essential for neuronal differentiation and
neurogenesis (Shen et al., 2004). In our study, widespread vascularisation was observed
throughout the implants, as evidenced by CD31+ endothelial cells as early as 2 WPI and up to
2 MPI. This observation aligns with previous studies reporting host-derived vascular
integration into implanted organoids in TBI models (Daviaud et al., 2018, Wang et al., 2020b).
In a more recent study, progressive host-derived vascularisation of implanted organoid
supported volume maintenance and reduced apoptosis (Jgamadze et al., 2023). However, the

precise origin of the vasculature was not determined in this study.

The timing of vascularisation and implant expansion is an intriguing aspect to explore. A
previous study reported a reduction in implant volume during the first two weeks before the
establishment of vascular networks (Daviaud et al., 2018). This suggests that delayed
vascularisation initially constrains implant growth, followed by an expansion phase once
vascular support is established. Our observation of increased implant volume between 2 WPI
and 2 MPI is consistent with this trajectory. Evaluating early post-implantation time is

necessary for a more detailed understanding of early vascular dynamics.

Vascularisation may be facilitated by astrocytes that surrounded and occupied the implants.
Astrocytes are known to have an angiogenic effect through VEGF secretion (Rosenstein and

Krum, 2004). Additionally, they exhibit neurotrophic and neuroprotective effects (Barkho et
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al., 2006) via the secretion of BDNF and NGF (Schwartz et al., 1994). These trophic effects
may support the continued differentiation and proliferation of NPCs within the implants,
highlighting the role of astrocytes in implant survival and integration.

4.4.1.2 Remodelling of glial reaction at two months after implantation of RFP+NPC
constructs

While most studies emphasise the angiogenic and neuroregenerative effects of stem cell-based
therapies, their immunomodulatory properties remain underexplored. Nonetheless, growing
evidence suggests that immune modulation may be a key mechanism underlying the
therapeutic benefits of cell-based therapy for TBI. In this study, peri-implant microglial and
astrocyte reactivity significantly declined by 2 MPI, reflecting an evolving immune
environment consistent with the therapeutic effect of neural stem cell-based therapy (Pluchino
and Martino, 2008, Fainstein et al., 2013). This finding aligns with previous studies that showed
reduced glial scarring after organoid implantation (Kim et al., 2022, Bao et al., 2021).

Microglia are among the first cells to respond to CNS injuries (Donat et al., 2017, Nespoli et
al., 2024). Early post-implantation, host Ibal+ microglial activation was prominent, consistent
with previous reports on organoid implantation (Mansour et al., 2018, Daviaud et al., 2018).
These infiltrating microglia play a crucial role in implant integration and the regenerative
process. When M1-polarised microglial cells secrete various pro-inflammatory cytokines
(Zhao et al., 2025), M2-polarised microglia promote repair through the release of neurotrophic
factors, including NGF, BDNF, and GDNF, thereby facilitating angiogenesis, neuronal

survival, and remyelination (Hu et al., 2015).

At 2 WPI, there were abundant reactive astrocytes in the peri-implant cortex, consistent with
glial reaction to injury (Nespoli et al., 2024). The fundamental role of reactive astrocytosis after
brain injury is to maintain homeostasis in the CNS through creating a physical barrier between
damaged and healthy tissues (Silver and Miller, 2004, Cieri and Ramos, 2025), increasing the
BBB integrity (Faulkner et al., 2004), clearing excess extracellular glutamate (Zou et al., 2010),
and stabilising extracellular fluid and ion balance (Sofroniew and Vinters, 2010).

4.4.2 Cortical identity-guided integration of 3D ENPC and LNPC implants

Effective brain repair requires specificity in circuit reconstruction and the avoidance of off-
target connections that can disrupt brain function. This specificity can be achieved by

employing neurons with pre-defined identities. 3D ENPC implants, enriched in CTIP2+ PNs,
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extended long-range axonal projections targeting both cortical and subcortical regions, in
addition to CST, supporting their functional identity as deep-layer PNs (Leone et al., 2008).
Prior work has shown that CTIP2-enriched organoids generate extensive axonal projections

along the host CST by 12 WPI (Kitahara et al., 2020).

In contrast, 3D LNPC constructs, enriched in SATB2+ neurons, exhibited corticocortical
projection profiles. Their axons were primarily confined to adjacent cortical regions, consistent
with their role in intracortical signalling (Leone et al., 2008). These distinct patterns supported
the notion that the intrinsic identity of the implants strongly influenced the eventual projection
pattern and structural integration. In conjunction with the long- and short-range axonal
projections exhibited by 3D ENPC and LNPC implants, respectively, synaptogenesis was
evidenced by the juxtaposition of hSYP and PSD-95, supporting the potential of functional
integration. Similar observations of synaptogenesis have been reported with organoid

implantation (Wang et al., 2020b, Bao et al., 2021).

In addition to their distinct projection patterns, 3D ENPC and LNPC implants elicited
differential host glial responses, suggesting that neuronal identity may also influence immune
modulation post-implantation. GFAP was quantified in predefined regions at the graft—host
interface, as this boundary provides the relevant information for assessing reactive astrogliosis
that could affect graft survival, neurite outgrowth, and host-implant interactions. To minimise
sampling bias, regions of interest were positioned using a pre-defined, standardised approach
across all sections and groups, sampling approximately two-thirds peri-implant host tissue and
one-third implant tissue, rather than being selected on the basis on GFAP signal intensity. The
lateral edges of each implant were systematically sampled, with two regions per side imaged.
The dorsal surface of the implants was excluded due to disproportionately high GFAP staining,
likely reflecting meningeal effects that are not directly comparable to the parenchymal interface
and could therefore skew between-group comparisons (Moumdjian et al., 1991). This
standardised approach effectively accounted for the distribution of GFAP and enabled robust,

anatomically matched comparisons between experimental groups.

Quantitative analysis of astrocytes and microglia within peri-implant regions revealed that
brains with 3D LNPC implants exhibited the lowest astrocytic reactivity, while Ibal+
microglial density was also slightly reduced compared with 3D ENPC implants. These results
suggested that 3D LNPC implants, which integrated more locally, provoked a milder glial
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response than 3D ENPC implants, which exhibited broader subcortical projections. These
findings suggested that neuronal subtype influenced not only anatomical and functional
integration but also the local inflammatory environment, a critical factor in long-term graft

acceptance.

Collectively, 3D ENPC and LNPC implants demonstrated comparable survival and volume
expansion but exhibited distinct integration patterns and differential glial response. These
differences in axonal targeting and potential network reconstruction highlight the importance
of matching cell type with therapeutic goals.

4.4.3 Electrophysiological profiles of cortical slices at 2 MPI after 3D ENPC or LNPC

implantation

There was no difference in the spontaneous firing rate between the control and TBI cortices
recorded from in vitro slices. This aligns with cortical reports showing no change in the
incidence of spontaneous firing after TBI (Feng et al., 2021). Similarly, there was no significant
difference in bursts across groups recorded from the cortical areas, consistent with previous
reports indicating that the cortex is less prone to significant changes in spontaneous activity,

including rate and duration, than the hippocampus (Kang and Morrison, 2015).

Despite similar firing rates, TBI brains exhibited shorter ISIs than those implanted with LNPC
constructs, suggesting neural hyperexcitability after TBI. This finding is consistent with
previous reports of focal somatosensory cortical injury, which causes a suppression of cortical
responses followed by an imbalance in excitation and inhibition in the chronic post-injury
phase, manifesting as hyperexcitability (Ding et al., 2011). This hyperexcitability is attributed
to a decline in GABA release, likely due to the loss of superficial inhibitory INs (Yang et al.,
2007). The lengthening of the ISI in brains with LNPC implants relative to TBI brains aligns
with previously published data on increased inhibitory tone and suppression of
hyperexcitability after the integration of grafted cortical progenitor cells (Zhu et al., 2023).
Although I have not implanted pure INs, the implants contained a mixture of glutamatergic and

GABAergic INs, as discussed before in Chapter 2.

PSD of gamma waves is associated with higher-level cognitive tasks, such as information
processing and brain connectivity, as recorded by EEG (Medithe and Nelakuditi, 2016). In
chronic TBI, gamma power findings are heterogeneous across modalities; some cohorts show

increased resting gamma, others report reduced gamma synchrony (Huang et al., 2020, Vakorin
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etal., 2016). Magnetoencephalograms (MEG) studies of chronic human TBI reported a marked
increase in resting gamma, which associates with poorer executive performance and
visuospatial processing (Huang et al., 2020). Similarly, in a preclinical study, global increases
in absolute EEG power were observed across most frequency bands, including gamma, delta,

theta, alpha, and beta at chronic time points following injury (May et al., 2023).

Conversely, other studies reported reduced network connectivity in gamma frequency ranges
within 3 months of injury, as observed in resting-state MEG from adults with TBI (Vakorin et
al., 2016). Our MEA data align with this complexity; TBI brains showed no significant
differences in gamma power at 2 MPI compared to the control brains. The brains with ENPC
implants exhibited the lowest gamma power, while brains with LNPC implants and TBI brains
had levels comparable to the control brains. This difference highlights the methodological
dependence and the distinction between in vivo and in vitro recording of brain waves. In acute
brain slices, long-range feedback and feedforward projections are severed, altering the absolute
band power. Moreover, a cautious interpretation of the high-frequency data is warranted in this
context because slices lack the different state transitions, such as sleep, arousal, and

locomotion, that strongly reshape the in vivo power spectral density.

Brains with 3D LNPC implants showed a non-significant increase in gamma power relative to
brains with ENPC implants and levels comparable to those of the control and TBI brains. This
increase in gamma may reflect better local circuit integration of LNPC implants with the host
brain. It has previously been demonstrated that gamma oscillations can be modulated by
treatment. In cases where TBI reduces gamma oscillations, 40 Hz Blue LED therapy restores
reduced cortical gamma activity and significantly improves performance on the modified
neurological severity score (Yang et al., 2022). Similarly, in clinical trials, transcranial direct
current stimulation (tDCS) combined with cognitive training has been shown to positively
influence neuroplasticity and functional connectivity in prefrontal regions and to be associated

with increased gamma power detected by EEG (Afsharian et al., 2024).

The levels of beta power after TBI were comparable to those in control brains, while brains
with 3D ENPC implants exhibited reduced beta power relative to both control and TBI brains.
In brains with 3D LNPC implants, beta power was comparable to control brains, with a non-

significant difference. An increase in beta power has been previously reported in association
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with therapeutic interventions and improvements in cognitive performance in clinical trials

(Afsharian et al., 2024).

In this study, Delta power was highest in TBI brains, and brains with 3D ENPC and LNPC
implants had significantly lower delta power than TBI brains. This finding partially aligns with
previous reports where TBI rats exhibited a trend toward increased delta power compared to
sham rats (Mountney et al., 2021). Alpha or theta power in TBI brains did not differ
significantly from controls. Clinical studies showed that patients with post-injury syndrome
displayed a decrease in alpha frequency as recorded by EEG (Kadri and Apriani, 2022) and
other reports have shown a reduced alpha-band power bilaterally in the frontal lobes, as
measured by MEG, following TBI (Popescu et al., 2016). Additionally, rats with LFPI
demonstrated deficits in hippocampal theta activity, characterised by a significant attenuation

of theta power (Fedor et al., 2010).

The reduction in delta power in brains with 3D ENPC and LNPC implants may indicate some
modulation in cortical network, consistent with a shift away from post-injury cortical slowing
and towards functional reorganisation associated with implant integration. This aligns with
previously published data that associates recovery and improved cognition with decreased delta
power, measured with EEG in the medial frontal cortex following transcranial magnetic
stimulation (Durbin et al., 2023). The lower bands, alpha and theta, were lowest in brains with
3D ENPC implants, whereas brains with 3D LNPC implants exhibited levels close to those of
control brains. This increase in alpha and theta power with LNPC implants is consistent with
previous reports of increases with therapeutic intervention and improvement in cognitive
function (Afsharian et al., 2024). Similarly, in a clinical study, tDCS has been shown to
beneficially modulate cortical excitability, with EEG results indicating a decrease in delta

activity and an increase in alpha activity, alongside cognitive benefits (Ulam et al., 2015).

Collectively, at 2 MPI, 3D LNPC implants were found to have a more positive impact on
cortical network dynamics than 3D ENPC implants. 3D LNPC implants were associated with
prolonging the inter-spike intervals, increasing spike amplitudes, and reducing delta power,
while bringing alpha, theta, and beta activity closer to normal levels. Additionally, gamma
power in brains with LNPC implants was comparable to that in control and TBI brains and
higher than in brains with 3D ENPC implants but did not reach statistical significance. On the

other hand, 3D ENPC implants seemed to generally suppress oscillatory activity across various
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frequency bands, and this suppression didn’t lead to improvements in spike timing or

amplitude. This might indicate weaker local synaptic engagement of the 3D implants.

The 3D LNPC implants group showed consistently higher values across several readouts,
giving the visual impression that this dataset skewed the group distribution. Importantly, this
recording was not formally classified as an outlier and therefore was retained in the analysis.
This pattern reflects a common feature of acute ex vivo MEA recordings, in which multiple
technical and biological factors can introduce substantial variance between slices, including
electrode—tissue contact, subtle differences in slice thickness, and the extent and location of the
implant relative to the array. To ensure that the group-level conclusions were not dependent on
a single dataset, future studies should increase cohort size to better capture the true variance in

implant-driven network activity.

4.4.4 Two-layered neuronal tissues reconstruct local and long-range cortical connections

Anatomical mapping of axonal trajectories of implanted two-layered neuronal tissue revealed
distinct integration patterns between the ENPC and LNPC compartments. Consistent with their
developmental origins, ENPC compartments exhibited extensive projections extending into
both cortical and subcortical regions, including the striatum, thalamus, and internal capsule,
indicative of a deep-layer corticofugal phenotype (Molyneaux et al., 2007). In contrast, LNPC
compartments displayed more confined projections to adjacent cortical layers and the corpus
callosum, aligning with the connectivity pattern of upper-layer callosal and associative neurons
(Britanova et al., 2008). These projections, together, reconstruct local and long-range cortical

connections

This widespread projection pattern suggested that two-layered neuronal tissue can reestablish
aspects of cortical lamination and associated connectivity, with ENPC compartments
exhibiting long-range efferent pathways and LNPC compartments supporting local and
interhemispheric communication. However, these observations were derived from a single
implanted brain, and the conclusions remain preliminary. This anatomical integration provides
the potential of host-implant integration, and electrophysiological recordings are needed to

confirm functional connectivity.

During implantation of the 3D ENPC and LNPC constructs, the ideal scenario is to align the

construct with the corresponding cortical lamina. This alignment enables investigating how

201



layer-specific cues influence graft differentiation and integration. However, precisely placing
3D constructs into either superficial or deep cortical laminae is technically challenging, even
with standardisation of lesion size. Deeper placement typically requires traversing more
superficial tissue, which may itself alter the local microenvironment and confound

interpretation of layer-dependent effects.

Implantation of two-layered neuronal tissues introduces an additional challenge: maintaining
precise orientation. Here, fluorescence imaging was employed to distinguish superficial from
deep compartments, providing a practical guide for surgical alignment. Nonetheless, some
degree of rotation or misalignment can occur during placement and wound closure. Such
misorientation is important to consider, as it may expose each compartment to an unintended
microenvironment, potentially influencing survival, maturation, and host innervation patterns

independently of the original ENPC/LNPC identity.

To address this limitation, future experiments should incorporate explicit orientation controls,
such as an inverted double-layer group in which the ENPC/LNPC order is deliberately
reversed. These controls would clarify whether observed outcomes are driven primarily by cell
identity or by superficial-deep positioning and would enable systematic assessment of how
compartment-lamina mismatches influence graft integration.

4.4.5 Limitations and future directions

While this study demonstrated the integrative potential of 3D neuronal constructs, still
limitations that should be acknowledged, and future directions can be identified to further

advance this work.

One of the limitations of the study is the age of the mice used for modelling TBI and further
implantation, which was P7-P8. Cross-species neurodevelopmental benchmarking aligns
rodent P7-P8 with a human late-preterm period, ~30-34 gestational weeks, rather than the
mature brain (Semple et al., 2013). At this stage, the rodent brain is undergoing rapid growth
and circuit assembly with ongoing glial proliferation, early myelination, and an evolving E/I
balance that can be disrupted by injury, yielding pathophysiology that is not directly
comparable to that of adolescent and adult TBI (Delage et al., 2021a). Therefore, this model is
very relevant to immature perinatal brain injury; this developmental mismatch should be
recognised as a limitation, as it does not reflect the age distribution of TBI in humans (Lele,

2022). To strengthen translational interpretation, future work should investigate key outcomes
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in older injury models to test whether graft survival, differentiation, and integration patterns

are conserved across developmental stages.

Incorporating additional cell types such as GABAergic INs, astrocytes, oligodendrocytes, or
endothelial cells could further enhance circuit complexity, support synaptic integration,
promote myelination, and improve vascularisation, thereby advancing the functional
maturation of the constructs in vitro and improving outcomes following in vivo implantation.
In a parallel experimental study, we are exploring the incorporation of murine astrocytes into
3D constructs containing hiPSC-derived NPCs. Astrocyte-NPC implants exhibited enhanced
neuronal maturation in vitro with promising results upon implantation, including robust axonal
growth and evidence of astrocyte coupling to blood vessels within the implants compared to
NPC-only implants. These findings underscore the pivotal role of astrocytes in facilitating

neuronal tissue integration.

Another direction that can be investigated is comparing in vivo 3D implants with their in vitro
counterparts at equivalent stages of maturation to assess whether the host environment
accelerates or modifies neural circuit development of the constructs. This study did not directly
address this question, but they are critical for understanding the influence of host environment

on construct maturation after implantation.

Moreover, injury-scaffold matching may improve anatomical compatibility and integration.
Advances in imaging and biofabrication, such as MRI-guided 3D printing, offer the possibility
of tailoring scaffold geometry to the exact dimensions of cortical lesions (Fu et al., 2017). The
feasibility of applying this approach to variable lesion sizes or multi-site injuries remains an

open question that warrants further exploration.

Two-layered neuronal tissue offers a promising strategy for re-establishing cortical columnar
circuitry following TBI. However, the lack of cellular polarity is an important limitation to
acknowledge. The apical dendrites of deep-compartment PNs have not observed to traverse the
overlying LNPC compartment to reach the pial surface of the brain, thereby limiting the
formation of canonical cortical microcircuits. In the intact cortex, the dendrites of pyramidal
cells of layer V cluster and ascend through layer IV, reaching layer I along with other dendrites
from layers II and III (Molnar and Rockland, 2020). The apical dendrite orientation and
interactions with upper-layer neurons are critical for input integration and cortical computation

(Spruston, 2008). Therefore, future strategies should aim to generate laminated neuronal tissue

203



with preserved cellular polarity to better recapitulate the functional organisation of the cerebral

cortex.

At the time of thesis submission, analysis of the two-layer neuronal tissue cohort was limited
to a single animal. This work was conducted collaboratively, and the remaining samples could
not be processed to the same analytical standard before submission. Progress on the remaining
work was further delayed by equipment failure, a broken microscope, which prevented the
acquisition of additional imaging datasets. As a result, only one animal provided complete and
analysable imaging data at submission. This limitation is fully acknowledged, and the results
for two-layered neuronal tissues were presented as preliminary and descriptive rather than as a

powered group-level comparison.

In summary, this study provides strong evidence for the viability and integrative potential of
3D neuronal constructs following implantation into a TBI model. These findings support the
concept of using developmentally patterned, layered cortical tissues to reconstruct disrupted
cortical column circuits. Future work should focus on optimising implant composition, refining
transplantation strategies, modulating host responses, and evaluating long-term functional

outcomes to advance the clinical translation of this approach.

4.5 Conclusion

Implantation of RFP+ NPC constructs into the postnatal TBI model demonstrated robust
survival, progressive neuronal differentiation, and anatomical integration. The implants grew
without disrupting surrounding brain structures, exhibited early and stable vascularisation, and
showed a temporal decline in proliferation and apoptosis. Implant-derived projections extended
across major white matter tracts, reaching cortical, subcortical, and subcerebral targets. These
findings provide strong evidence that NPCs within a supportive 3D microenvironment can

survive in vivo and may contribute to in vivo circuit repair.

Implantation of 3D ENPC and LNPC constructs further highlighted the importance of
developmental origin in shaping projection patterns and host integration. 3D ENPC implants
preferentially targeted subcortical regions and white matter pathways, consistent with their
deep-layer CTIP2+ identity, while 3D LNPC implants exhibited localised cortical projections
aligned with their SATB2+ upper-layer identity. Both implant types displayed stable volumes

but diverged in the spatial targeting of axons. These findings support the rationale for using
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regionally specified neuronal subtypes to achieve targeted reconstruction of cortical circuits.
The MEA data indicated that 3D LNPC implants led to longer ISIs, higher spike amplitudes,
decreased delta power compared to TBI brains, and helped restore alpha, theta, and beta activity
toward normal levels, suggesting enhanced local network dynamics. In contrast, ENPC
implants broadly suppressed oscillatory activity across frequency bands without improving

spike timing or amplitude under our recording conditions.

The layered organisation offers a promising strategy for approximating aspects of cortical
connectivity after implantation. The two-layered neuronal tissue, composed of assembled
ENPC and LNPC constructs, successfully mimicked certain aspects of the laminar architecture
of the cerebral cortex and exhibited a widespread projection profile. The ENPC compartment
projected to distant subcortical targets, while the LNPC compartment maintained local cortical

projections.

Together, these results provide compelling evidence that 3D neuronal constructs, implanted
into TBI, can survive, mature, vascularise, and integrate into the host brain. The distinct
projection patterns driven by cell identity reinforce the importance of matching neuronal
subtype to therapeutic goals. Nevertheless, this study provides the first attempt to generate the
fundamental units of cerebral cortical tissue, providing a foundation for personalised,

anatomically guided neural repair strategies following cortical injury.

205



Chapter :5 General Discussion

5.1 General findings

In this DPhil project, I developed a platform to generate human cortical neuronal progenitors
and assemble them into 3D engineered neural tissues. hiPSCs were differentiated into ENPCs
and LNPCs, which broadly align with deep- and upper-layer cortical projection neuron
identities, and these populations were then biofabricated using a droplet-based microfluidic
approach to produce 3D ENPC and LNPC constructs. These constructs were additionally
assembled into simplified two-layer neuronal tissues to approximate key aspects of cortical
lamination. The hypothesis underlying this work was that implanting 3D neuronal constructs
derived from temporally specified ENPCs and LNPCs would improve implant survival and
enable integration with the host cortex based on cell identity. Additionally, implanting two-
layered neuronal tissue could facilitate the reconstruction of cortical columnar circuits by
promoting both local and long-range connectivity. This work shows that temporal patterning
shaped not only marker expression but also network behaviour in 2D culture and 3D cortical
tissues. In vivo, implanting 3D ENPC and LNPC constructs into an aspiration lesion model
showed that these engineered tissues can survive, mature, and form distinct projection patterns
within the injured brain based on cell identity, supporting the feasibility of transplanting 3D
neuronal constructs. Building on this, the two-layer constructs also offered a preliminary

platform that replicates the complementary behaviours of deep and upper layers in vivo.

Collectively, the current findings support the therapeutic potential of identity-specified, 3D
neuronal constructs for cortical circuit reconstruction following TBI. To advance this approach
toward clinical translation, several key stages must be addressed within a structured framework

for cell-therapy development.

5.2 Limitations and future directions

While these findings demonstrate feasibility, important biological, technical, and translational
challenges remain. Below, I critically evaluate these limitations and suggest future directions.

5.2.1 Cell source

In this study, I utilised human iPSCs, which bypass ethical concerns associated with ESCs and

hold potential for autologous transplantation (Takahashi et al., 2007). Nevertheless, several
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challenges remain. A key issue is genomic instability, along with the associated risk of
tumourigenesis (Yamanaka, 2020). The tumourigenic potential is strongly influenced by the
reprogramming approach. Using c-MYC transgenes and integrating vectors, whether retroviral
or lentiviral, increases the risk of insertional mutagenesis. In contrast, non-integrating methods,
such as Sendai RNA virus, adenovirus, or episomal plasmids, substantially mitigate this risk
(Schlaeger et al., 2015). Although autologous transplantation is theoretically achievable with
iPSC-derived grafts, a major translational concern is the potential for immunogenicity. De novo
mtDNA mutations can arise during reprogramming or long-term culture, generating
immunogenic neoepitopes that elicit immune responses even in genetically matched,
autologous settings (Deuse et al., 2019). This highlights the importance of screening for genetic

and mitochondrial integrity in iPSC-derived neurons before clinical use.

Establishing patient-specific autologous iPSC lines remains time-consuming and costly,
limiting their clinical scalability. Two alternative strategies have been proposed to overcome
this challenge. The first involves genetic modification to generate universal donor cell lines
with reduced expression of human leukocyte antigens (HLA). The second is the development
of iPSC haplobanks, where selected homozygous lines for common HLA haplotypes are stored.
From these, HLA-matched therapeutic products can be derived for a broad proportion of the
population (Turner et al., 2013, Sullivan et al., 2020). Both approaches have the potential to
enhance scalability, lower manufacturing costs, and improve the clinical applicability of iPSC-

based therapies.

A limitation of this study is the use of a single iPSC line (AH016-3). It is well established that
ESC and iPSC lines exhibit significant variation in differentiation efficiency, maturation
stages, and functional properties, suggesting that the robustness of our findings would be
strengthened by validation across multiple lines (Hu et al., 2010). Only a single hiPSC line was
used for the core experiments in this thesis to minimise biological and technical variability
while establishing the feasibility of the differentiation and biofabrication pipeline. iPSC lines
can differ substantially in baseline epigenetic state and differentiation propensity, meaning that
incorporating multiple lines would introduce additional variance and require a much larger
experimental design to distinguish true biological effects from line-to-line effects. Within the
scope of this project, prioritising one well-characterised line allowed optimisation of the
protocol, consistent production of ENPC and LNPC populations, and systematic evaluation of

3D construct formation and implantation outcomes under controlled conditions. This choice is
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therefore a pragmatic limitation; although it strengthens internal consistency, it restricts the

immediate generalisability of the findings across genetic backgrounds.

To address this limitation, parts of the workflow were repeated using hESCs, providing
preliminary evidence that the approach is not strictly confined to a single hiPSC line. However,
these hESC experiments were not designed as a direct comparative study and were therefore
not included in the thesis as a formal line-to-line evaluation. Future work should extend the
analysis to multiple hiPSC lines with direct comparisons to quantify robustness and identify
any line-dependent effects on neuronal subtype specification, construct behaviour, and in vivo

integration.

Another limitation involves the characterisation of the ENPCs and LNPCs used in this study. I
used only a few layer-specific markers to define laminar identity, which do not fully reflect the
molecular diversity of upper- and deep-layer neuronal populations. Moreover, I did not directly
compare these cells with human in vivo—derived upper- and deep-layer cortical neurons at
comparable developmental stages. As a result, it is uncertain to what extent the cells mimic the
complete transcriptional and functional profiles of native cortical neurons. Future research
should incorporate more comprehensive molecular profiling, such as single-cell
transcriptomics, alongside electrophysiological studies, compared with primary human tissue.

5.2.2 Stage of differentiation and composition of the implants

hiPSC-derived ENPCs and LNPCs expressed layer-specific markers, yet retained proliferative
capacity, indicating the persistence of progenitor cells. Thus, the implants represented a
heterogeneous composition rather than a pure population of post-mitotic neurons. A more
precise quantification of the ratio between progenitors and different neuronal phenotypes
would provide important insights into how cellular composition influences laminar identity and
functional outcomes after implantation. Therefore, single-cell transcriptomics of the constructs
should be compared with single-cell atlases of the developing human cortices at various stages

of maturation.

The stage of neuronal differentiation significantly influences implant outcome. NPCs and
NSCs are widely favoured for transplantation because of their scalability and plasticity
(Ottoboni et al., 2017). However, their fate and integration are largely dictated by host
environmental cues, which reduces the degree of experimental control (Ludwig et al., 2018).

In contrast, post-mitotic neurons are less plastic and more fragile, making dissociation and
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implantation a technically challenging process (Ottoboni et al., 2017). A mixed population of
progenitors and differentiated neurons may therefore offer an optimal balance. Progenitors can
provide trophic and structural support while gradually maturing in vivo, whereas differentiated
neurons can integrate immediately into host circuitry and shape the differentiation trajectory of
neighbouring progenitors (Chau et al., 2016, Revah et al., 2022). In principle, this mixed

population could deliver both rapid and sustained therapeutic benefits.

Cells can be genetically engineered to enhance their neuroprotective and immunomodulatory
functions. For example, MSCs engineered to overexpress IL-10 have been shown to improve
functional recovery in TBI models by reducing inflammation (Peruzzaro et al., 2019).
Similarly, Genetic modification of transplanted NSPCs, whether by overexpressing
neurotrophins such as NGF or BDNF, or transcriptional regulators like CENDI1, enhanced
survival, neuronal fate commitment, and synaptic integration with functional recovery (Ma et
al., 2012, Wang et al., 2022b, Makri et al., 2010, Philips et al., 2001). Collectively, these
findings underscore the therapeutic potential of augmenting cell-based therapies through
genetic modification to enhance their anti-inflammatory and neurotrophic properties. However,
further systematic studies are required to refine optimal targets and assess long-term safety.

5.2.3 Bioink and scaffold considerations

My study did not directly investigate the effects of various bioinks and the impact of the ECM
on development, differentiation, and integration. While Matrigel offers considerable
experimental utility as a bioink, its xenogeneic origin raises substantial barriers to clinical
translation. Key concerns include antigenicity and the potential risk of pathogen transmission
(Liu et al., 2011, Peterson, 2008). Furthermore, inconsistencies between batches or even within
the same batch in biochemical and mechanical properties challenge the reproducibility
(Vukicevic et al., 1992, Hughes et al., 2010, Reed et al., 2009), further limiting its translational
potential. Therefore, future efforts should focus on replacing Matrigel with clinically compliant
ECM analogues that are biocompatible, pathogen-free, xeno-free, and capable of recapitulating
the structural and biochemical features of the native ECM. Such alternatives must also be
scalable, consistent, and suitable for supporting the functional integration of engineered neural

tissues in therapeutic applications (Cadena et al., 2021, Sensharma et al., 2017).

In my study, I successfully generated two-layered neuronal tissues that recapitulated some

basic elements of cortical lamination. A next step would be the fabrication of more complex
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multilayered tissues incorporating diverse neuronal and glial populations, thereby providing a
close approximation of native cortical organisation. Achieving this will require greater
precision in both cell differentiation and spatial positioning, which in turn may benefit from
advanced bioprinting strategies with higher spatial resolution and more accurate cell patterning.

5.2.4 Implantation paradigm and peri-operative care

In this study, constructs were implanted one week after fabrication, a timeframe that was likely
sufficient for initial cellular recovery but may have been inadequate for progenitors to fully
establish layer-specific identities in vitro. The effect of different pre-implantation timeframes
was not studied; therefore, future studies should explore the optimisation of the interval
between construct generation and implantation to balance graft viability with the acquisition of

laminar fate.

In this study, I employed NOD-SCID mice for the host model because they lack adaptive
immunity and NK cells, providing a permissive environment for human graft survival (DiSanto
et al., 1995, Chen et al., 2022). However, the innate immune system remains intact, with
resident microglia and astrocytes still functional, and can elicit local inflammation in response
to the surgical injury and the grafts. Thus, NOD-SCID mice serve as a model for optimising
implant survival and preventing rejection; however, they do not recapitulate the full

complexities of the immune system.

From a translational perspective, the use of immunocompetent hosts in combination with
immunosuppressive regimens is more clinically relevant. However, careful optimisation is
essential, since inappropriate drug choice or dosing may compromise implant viability. In vitro,
it has been demonstrated that Cyclosporine A and Mycophenolate Mofetil (MPA) exert strong
anti-proliferative and pro-apoptotic effects, while also suppressing neurogenesis at clinically
relevant concentrations. In contrast, Everolimus and Prednisolone cause minimal apoptosis and
only modest effects on proliferation and differentiation at therapeutic doses (Skardelly et al.,
2013). In vivo, an immunosuppressive cocktail consisting of Tacrolimus, methylprednisolone,
and MPA effectively prevented immune rejection and enabled robust hNSCs survival and long-
term engraftment up to 16 WPT (Spurlock et al., 2017). Conversely, hMSCs promoted
comparable structural protection and functional recovery in both immunosuppressed and

immunocompetent mice, independent of immunosuppression (Pischiutta et al., 2014). Taken
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together, these findings underscore the importance of tailoring immunosuppressive protocols

to the type of implant and the recipient’s immune status in future experiments.

All surgical procedures were performed on postnatal mice, when the neocortex is laminated
(Vitalis et al., 2018, Fenlon et al., 2015), allowing constructs to be implanted into a structurally
organised yet highly plastic environment (Marzola et al., 2023). However, this age does not
recapitulate the pathological complexity of adult TBI (Semple et al., 2013) and does not
accurately reflect the epidemiology of TBI in the population (Lele, 2022). To enhance
translational relevance, future studies should include adolescents, adults, and the geriatric TBI

models to capture the age-dependent variability.

In this study, implantation was performed during the acute phase of injury, immediately after
lesioning the cortex, to seal the lesion cavity before extensive inflammatory infiltration, aiming
to preserve the local environment and mitigate secondary inflammatory cascades (Shang et al.,
2022). Although transplantation of NSCs within the acute window can enhance motor recovery
and increase synaptic plasticity (Xiong et al., 2018, Ma et al., 2012), the subacute phase is
widely considered the favourable window for transplantation (Shang et al., 2022).
Additionally, cell therapy in the chronic phase of TBI offers opportunities for neuronal
differentiation and modulation of glial responses (Shang et al., 2022). From a clinical
perspective, delayed therapeutic interventions could also benefit patients who do not receive
treatment within the narrow early neuroprotection window. Future studies should therefore
directly compare acute, subacute, and chronic implantation protocols in matched models to

define the optimal therapeutic window for clinical translation.

I have utilised the aspiration model of TBI, which provides a controlled method for generating
a precise focal cortical lesion, but it lacks the mechanical forces and diffuse axonal injury
characteristic of clinical TBI (Xiong et al., 2013). As a result, this model does not capture the
full cascade of excitotoxicity, neuroinflammation, and secondary injury that influence patient
outcomes. While aspiration lesions are useful for studying cortical reconstruction, their
translational relevance is limited, and the use of other injury models better recapitulates the

multifactorial nature of TBI.

Implantation and handling of 3D constructs are technically demanding, making standardisation
of surgical parameters essential for comparability and safety. Critical variables include the

choice of surgical instruments that delicately handle the engineered tissue without damaging
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it, which may require the development of new surgical tools for this empirical step.
Additionally, the time interval between handling of the 3D construct and implantation must be
considered and validated, as abrupt transitions from culture to the brain environment can
impose significant stress on the implants (Gobbel et al., 2010). Further complexity arises with
the implantation of patterned neuronal tissues, where correct orientation is critical to preserve
laminar architecture. In stereotactic implantation, multiple parameters directly influence
implant viability and integration, including needle gauge, tip geometry, infusion rate, carrier
viscosity, and post-implantation dwell time (Kondziolka et al., 2011). The needle must be
appropriately sized for the implant and designed with materials and linings that minimise
friction. Flow rates should be carefully balanced, sufficiently strong to advance the implant,
yet delicate enough to avoid excessive shear stress or compression of the surrounding tissue.
Likewise, the choice of carrier vehicle is crucial, as an appropriate medium can reduce

mechanical damage and facilitate smooth delivery of the implants.

Developing effective post-operative care is essential for both optimising surgical outcomes and
enabling early detection of adverse effects. In this study, animals were monitored daily during
the first post-operative week and then weekly until the end of the experiment, allowing for the
detection of both acute and chronic complications while ensuring animal welfare. Beyond
surgical management, combining cell therapy with pharmacological agents may promise to
enhance therapeutic efficacy. It has been shown that when BM-MSCs transplantation was
combined with the inhibition of Calpain, one of the earliest pro-inflammatory mediators
upregulated after neurotrauma, it reduced neuroinflammation and graft apoptosis, improved
cell survival, and ultimately enhanced functional recovery compared with untreated controls

(Hu et al., 2019).

It is also important to recognise that standalone cell therapy, as tested in preclinical trials, does
not reflect the multidrug treatment protocols commonly employed in clinical TBI management.
Clinical management of TBI frequently involves the concurrent use of multiple drugs for
comorbidities or complications of multi-trauma. Moreover, the impact of multidrug regimens
on grafted cells at sites where the BBB is compromised is poorly understood, particularly for
highly sensitive, culture-derived neurons. Preclinical studies are therefore necessary to evaluate
the safety and efficacy of combination regimens under conditions that more closely mirror the

clinical setting.
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Although anatomical integration and synaptic marker expression were observed in this study,
definitive evidence of functional implant-host communication will require electrophysiological
validation via patch-clamp analysis or calcium imaging. In parallel, behavioural testing using
motor and cognitive assays in TBI models will be necessary to determine whether implanted
constructs contribute to functional recovery. Developing approaches for the targeted activation
and inactivation of integrated implant-host circuits, such as optogenetic approaches, alongside

behavioural testing, will be essential to provide the functional contribution of the implants.

In the present study, infiltrating cells were not comprehensively studied beyond the glial
reaction at the host-implant interface; therefore, the cellular composition of infiltrates,
including recruited macrophages and microglia, and the presence of oligodendroglia lineage
remains to be defined in future work using lineage- and origin-resolved markers. Several
transplantation studies showed that implant-derived axons can become myelinated in vivo.
Strong proof-of-principle that human pluripotent stem cell-derived cortical grafts can generate
myelinating oligodendrocytes was shown in a rat stroke model, where grafted human iPSC-
derived cortical neurons extended long-range axons, and immuno-electron microscopy
demonstrated myelin ensheathment of graft-derived axons (Palma-Tortosa et al., 2020). In the
same study, MBP-positive fibres close to the graft could be co-labelled with human-specific
markers, consistent with functional donor-derived oligodendroglia contribution (Palma-
Tortosa et al., 2020). Complementing this, a subsequent study using a cortically patterned
human iPSC-derived NPCs showed that grafts can generate mature, myelinating
oligodendrocytes with EM evidence of graft-associated myelin in vivo and in human cortical
organotypic cultures (Martinez-Curiel et al., 2023). Importantly, the detection of
oligodendrocyte-lineage markers; such as OLIG2 or PDGFRa, in or around a graft does not
demonstrate functional myelination; this requires direct evidence of myelin sheaths
ensheathing axons, ideally supported by myelin protein localisation around axons and
ultrastructural confirmation by electron microscopy. Mansour et al. detected OLIG2-positive
oligodendrocyte-lineage cells in grafted cerebral organoids, but did not report MBP staining
consistent with myelination (Mansour et al., 2018). Conversely, Dong et al. reported that a
small subset of STEM121-positive human cells co-expressed MBP after cerebral organoid
transplantation, suggesting that human-derived myelination may occur, but likely at low levels

(Dong et al., 2021).
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Beyond local circuit engagement, functional recovery after TBI also depends on the restoration
of distributed network dynamics, including interhemispheric communication through the
corpus callosum. One well-established physiological readout of interhemispheric coupling is
interhemispheric inhibition (IHI). In the intact brain, IHI is a physiological process where one
hemisphere sends signals that suppress the activity of the corresponding area in the opposite
hemisphere, often referred to as transcallosal inhibition (Ni et al., 2009). Functionally, this
inhibitory coupling helps maintain hemispheric balance and support selective unilateral motor
control (Hubers et al., 2008). IHI can be demonstrated with paired-pulse Transcranial Magnetic
Stimulation (PP-TMS); a conditioning stimulus over one M1 suppresses the motor-evoked
potential (MEP) produced over the opposite M1 at interstimulus intervals typically in the ~5—
15 ms range (Ferbert et al., 1992, Daskalakis et al., 2002).

After TBI, diffuse axonal injury can affect interhemispheric pathways, including the callosal
communication and inhibition. In individuals with a history of sport-related concussion, studies
report altered transcallosal inhibition with impaired interhemispheric inhibitory signalling
(Davidson and Tremblay, 2016). Similar findings have been reported in adolescents after
concussion, where delayed onset of transcallosal inhibition has been observed during the
typical symptomatic period (Schmidt et al., 2021). Mechanistically, these physiological
changes are consistent with IHI’s dependence on intact callosal pathways, supporting the idea
that callosal vulnerability in TBI can contribute to altered interhemispheric balance (Li et al.,
2013). A key question is whether implant-derived callosal projections could support restoration
of interhemispheric coupling and rebalance interhemispheric dynamics. Given the association
of SATB2 with callosal projection neuron identity, LNPC-derived neurons may be particularly
relevant to this restoration (Alcamo et al., 2008). However, because the functional role of
interhemispheric inhibition cannot be inferred from anatomy alone, future work should
therefore test whether donor-derived transcallosal projections form functional synapses in
contralateral cortex and whether they normalise interhemispheric interactions.

5.2.5 Long-term monitoring and imaging

While this study assessed outcomes up to 2 MPI, longer-term evaluations are required to
monitor implant stability, vascularisation, and immune response over extended periods because
histological data obtained at early time points do not correlate with long-term outcomes. To
support long-term studies, non-invasive or minimally invasive imaging modalities, such as

MRI and Positron emission tomography (PET), can be combined to evaluate different aspects
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of implants in vivo. MRI offers multiparametric options, including structural MRI, which can
track lesion evolution; perfusion MRI techniques to monitor cerebral blood flow and BBB
permeability; and functional MRI, which enables network-level assessments (Dijkhuizen,
2011). PET imaging has been utilised to monitor metabolic recovery after stem cell
transplantation in models of cerebral ischemia, revealing enhanced glucose uptake at graft sites

that correlates with improved neurological function (Wang et al., 2013a).

Additional minimally invasive modalities, such as ultrasound and photoacoustic imaging,
enable high-temporal-resolution vascular and perfusion monitoring at the bedside, while
electrophysiological techniques provide complementary functional data (Hu et al., 2022). In
non-human primate studies and clinical pipelines, multiparametric MRI combined with PET
offer a robust framework for translating studies. Importantly, applying these modalities to our
3D implants would enable longitudinal visualisation of implants, thus strengthening the

translational impact of our work.

Rodent models have been invaluable for establishing proof of concept in cell therapy for TBI,
demonstrating long-term survival and migration (Pischiutta et al., 2021). However, their
predictive value for clinical outcomes is limited by fundamental species differences in brain
size and cortical organisation (Ardesch et al., 2022). The rodent cortex lacks the extensive
gyrification, expanded association areas, and complex laminar circuitry characteristic of the
human neocortex (Ventura-Antunes et al., 2013). As a result, many therapies effective in
rodents fail to translate to humans (Loane and Faden, 2010). To improve translational
relevance, promising interventions should be validated in large-animal models with
neuroanatomical and functional features more comparable to those of the human brain before

advancing to clinical trials.

Establishing a robust preclinical foundation for the clinical translation of cell therapies
necessitates meticulous study design. This includes using both male and female animals,
covering a range of different ages, incorporating models with comorbidities, applying
randomisation and blinding, calculating appropriate sample sizes, exploring dose-response
effects, and evaluating transplanted cells in multiple animal models across various research

sites.
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5.3 Concluding remarks

This work represents an initial step toward reconstructing the fundamental cellular and
functional components of the cerebral cortex. The findings demonstrate that hiPSC-derived 3D
cortical constructs, including RFP+ NPC, ENPC, LNPC, and two-layered neuronal tissues, can
survive and integrate into the injured rodent brain. The vascularisation and host immune
responses observed in the RFP+ implants indicate active implant-host interactions that may
support implant maintenance and integration. Importantly, the distinct projection patterns
shaped by neuronal identity underscore the necessity to align implant composition with specific
therapeutic goals. These results provide a foundational platform for advancing targeted neural
repair therapies, where implant composition and structural organisation can be tailored to the

anatomical and clinical requirements of individual patients.
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Figure 6.1 Negative controls of immunocytochemistry
(A) Representative confocal images of negative control staining of SYN1 and PSD-95.

(B) Representative confocal images of negative control staining of VGLUT1 and MAP2 channels
show no specific immunoreactivity above background. Scale bar: 100 um
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Table 6.1 Cell culture consumables used for human iPSC culture and neuronal differentiation

Item Final Stock Supplier Catalogue
conc. conc. no.
Advanced DMEM/F-12 — — Gibco® Life Technology 12634010
BrainPhys™ Imaging - - STEMCELL Technologies | 5796
Optimized Medium
BrainPhys™ Neural Medium | — - STEMCELL Technologies | 5792
Distilled water — — Life Technologies 15230089
DPBS — — Sigma-Aldrich Corporation | D8537
Geltrex™ LDEV-Free — — Gibco® Life Technology A1413302
hESC-qualified Reduced
Growth Factor
Laminin (LAM) - - Sigma-Aldrich Corporation | L2020-1MG
mTeSR™ Plus Medium — — STEMCELL Technologies | 1027-076
Penicillin-Streptomycin 1% 100% Gibco® Life Technology 15140122
Poly-ornithine (PO) — — Sigma-Aldrich Corporation | P4957-50ML
StemPro Accutase - - Life Technologies A1110501
UltraPure 0.5 M EDTA 0.5mM |0.5M Gibco® Life Technology 15575020
Y-27632 dihydrochloride 10 uM 10 mM | STEMCELL Technologies | 72304-5mg
(ROCK inhibitor)
Dimethyl Sulfoxide (DMSO) | 10% — Sigma-Aldrich Corporation | D2650-
100ML

Table 6.2 Consumables used for RNA extraction, cDNA synthesis, and qPCR
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Item Final conc. Stock Supplier Catalogue
conc. no.
LunaScript™ RT SuperMix Kit | — — New England E3010L
Biolabs
Monarch® Total RNA Miniprep | — — New England T2010S
Kit Biolabs
Luna® Universal gPCR Master | — — New England M3003L
Mix Biolabs
MicroAmp™ Fast Optical 96- - - Life Technologies | 4346906
Well Reaction Plate
Table 6.3 Reagents used for calcium imaging experiments
Item Final conc. Stock Supplier Catalogue
conc. no.
Fluo-4 AM 5uM I mM (in Thermo Fisher F14201
DMSO) Scientific
Fura-Red AM 12 uM I mM (in Thermo Fisher F3021
DMSO) Scientific
Pluronic Acid F-127 0.125 % 20% (in Thermo Fisher P3000MP
DMSO) Scientific
Picrotoxin 50 uM 10 mM in Tocris 1128
DMSO
GABA 100 uM 50mMin | Abcam ab120359
water
Glutamate 30 uM 50mMin | Abcam ab120049
Water
Tetrodotoxin citrate (TTX) 1 uM 1 mM Tocris 1096
Water
EGTA 4 mM - Sigma-Aldrich E3889
Corporation

Table 6.4 Consumables used for immunostaining, viability assays, and stereotaxic injection

Item Final conc. Stock Supplier Catalogue
conc. no.

Ibidi p-Slide 18 Well - - Thistle Scientific SKU 81816

Ibidi 4-well Ph+ plates - - Thistle Scientific 80446

Ibidi Stage Top Incubator - - Thistle Scientific 10720

Paraformaldehyde (PFA) 4% 4% 4% Thermo Fisher J61899.AK
Scientific

Glycine 1 M Solution — — Merck 67449-1ML-

F

Triton X-100 — X100 Thermo Fisher 85111
Scientific

Normal Donkey Serum - - Abcam ab7475

DAPI Solution 1X 10,000X Merck MBDO0015-

IML

Calcein-AM 1 uM I mg Cambridge CAY 14948
Bioscience

Propidium lodide (PI) 100 pg/mL | 10 mg Sigma-Aldrich P4170
Corporation

Trypan Blue Solution, 0.4% - 0.4% Thermo Fisher 15250061
Scientific

254




Vybrant™ Dil Cell-Labelling 5uM — Thermo Fisher V22885

Solution Scientific

Hoechst 33258, pentahydrate 1 pg/mL — Thermo Fisher 62249

(bis-benzimide) Scientific

Bovine Serum Albumin (BSA) | - — Sigma-Aldrich A9418
Corporation

FluorSave Reagent - - Merck 4204990

Fast Green FCF 0.1X — Sigma-Aldrich F7252
Corporation

Mineral oil — — Sigma-Aldrich M_g410
Corporation

Compression Fitting, — — Hamilton 55751-01

Removable Needle (RN) to Company

1/16" O.D. PEEK Tubing

10 uL, Microliter Syringe, — — Hamilton 80330

Removable Needle (RN) Company

Clinell 2% Chlorhexidine in — — Zedmed CA2C240

70% Alcohol Surface Wipes

Stoelting Quintessential — — Stoelting 53311

Stereotaxic Injector

Solution for Injection for Dogs 1 mg/kg Smg/mL Boehringer —

and Cats, Meloxicam

4-Aminopyridine (4-AP) 200 uM — Abcam Abl120122

Fresh razor blade — — Scientific BH10
Laboratory
Supplies Limited

Vetbond Tissue Adhesive - - The Vetstore 1469

Table 6.5 List of primary antibodies

Target Original Manufacturer (Cat. no.) Dilution factor
species
SOX2 Goat R&D Systems (AF2018) 1:200
PAX6 Rabbit BioLegend (901302) 1:200
OCT4 Rabbit Millipore (C30) 1:100
NANOG Rabbit Millipore (A30) 1:100
SOX10 Rabbit Cell Signaling (D6D9) 1:100
Nestin Rabbit Abcam (ab5968) 1:2000
DCX Rabbit Abcam (ab15723) 1:200
TBR2 Rabbit Abcam (ab23345) 1:200
CUX1 Goat Santa Cruz (sc-514008) 1:1000
NeuN Mouse Millipore (MAB377) 1:400
MAP?2 (clone 5F9) Mouse Millipore (05-346) 1:200
GABA Rabbit Sigma (A2052) 1:200
Ki-67 Rat eBioscience (14-5698-82) 1:200
pHH3 Mouse Abcam (ab180577) 1:200
CTIP2 Rat Abcam (ab18465) 1:200
VGLUTI1 Rat Synaptic Systems (135303) 1:200
BRN2 Mouse Abcam (ab243045) 1:200
SATB2 Rabbit Abcam (ab92446) 1:200
hNCAM Rabbit Abcam (ab75813) 1:200
TUJ1 Mouse Abcam (ab78078) 1:1000
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TBR1 Rabbit Abcam (ab10554) 1:200
Synapsin-1 Rabbit Abcam (ab254349) 1:500
MAP2 Chicken Abcam (ab5392) 1:1000
PSD-95 Mouse Abcam (ab13552) 1:500
HuNu Mouse Merck (MAB1281) 1:200
PSD-95 Guinea Pig Synaptic Systems (124014) 1:500
Human Synaptophysin Mouse Invitrogen (14-6525-80) 1:500
Cleaved Caspase-3 Rabbit Cell Signalling (9661s) 1:200
S1008 Mouse Sigma (S2532) 1:200
GFAP Rat Invitrogen (13-0300) 1:200
Ibal Goat Abcam (ab5076) 1:200
Human RORJ Mouse Perseus Proteomics (PP-N7927- 1:50
00)

Table 6.6 List of Secondary Antibodies
Target species | Host species | Fluorophore | Manufacturer (Cat. no.) | Dilution
Rabbit Donkey Alexa Fluor 568 | Invitrogen (A10042) 1:500
Rabbit Donkey Alexa Fluor 647 | Invitrogen (A31573) 1:500
Goat Donkey Alexa Fluor 488 | Invitrogen (A11055) 1:500
Mouse Donkey Alexa Fluor 647 | Invitrogen (A31571) 1:500
Mouse Donkey Alexa Fluor 488 | Invitrogen (A21202) 1:500
Rat Chicken Alexa Fluor 647 | Invitrogen (A21472) 1:500
Guinea Pig Goat Alexa Fluor 568 | Invitrogen (A11075) 1:500

Table 6.7 Consumables used for the droplet-based microfluidic technique

Item Final Stock Supplier Catalogue no.
conc. conc.
Fluorinert™ FC-40 — — Sigma-Aldrich F9755
Corporation
Braun 5 mL Injekt syringe - - Thermo Fisher 4606051V
Scientific
Braun 1 mL Injekt-F fine dosage syringe | — - Thermo Fisher 9166017V
Scientific
Corning® Matrigel® Growth Factor — — Corning 354230
Reduced (GFR) Basement Membrane
Matrix, LDEV-free, 10 mL
Masterflex® microbore transfer tubing — — Emtechnik MFLX06417-
(size 11) 11
Masterflex® microbore transfer tubing — — Emtechnik MFLX06417-
(size 21) 21
Masterflex® microbore transfer tubing — — Emtechnik MFLX06417-
(size 31) 31
Sylgard® 184 Silicone Elastomer Kit - - Dow 01673921
Vacuum desiccator - - Thermo Fisher 11316984
Scientific
Table 6.8 General laboratory consumables and plasticware
Item Final Stock Supplier Catalogue
conc. conc. no.
Cryogenic vial, 1.8 mL — — STARLAB E3090-6222
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(NazHPO4, 0.2 M)

mL

Pipette tip, 10 pL - - STARLAB S1121-2710
Pipette tip, 20 pL - - STARLAB S1120-1710
Pipette tip, 200 uL - - STARLAB S1126-7810
Pipette tip, 1000 uL - - STARLAB S1120-8810
6-well tissue culture plate - - Greiner Bio-One | 657160
12-well tissue culture plate - - Greiner Bio-One | 665180
24-well tissue culture plate - - Greiner Bio-One | 662160
48-well tissue culture plate - - Greiner Bio-One | 677180
96-well tissue culture plate - - Greiner Bio-One | 655180
Stripette, 5 mL — — Scientific 4487
Laboratory
Supply
Stripette, 10 mL — — Scientific 4488
Laboratory
Supply
Stripette, 25 mL — — Scientific 4489
Laboratory
Supply
Micropipettes - - STARLAB 631-0448
MicroAmp™ Optical Adhesive Film — — Thermo Fisher 4311971
Scientific
96-Corning® Costar® Ultra-Low - - Merck SL3474-
Attachment Multiple Well Plate 24EA
24-Corning® Costar® Ultra-Low - - Merck SL3473-
Attachment Multiple Well Plate 24EA
Table 6.9 Frequently used solutions
Buffer / Solution Components Amount Notes
PBS (10X, 1 M, pH 7.4) Sodium chloride (NaCl) 80 g Dissolve in dH-O to
1000 mL
Potassium chloride (KCl) |2g
Potassium dihydrogen 24¢
phosphate (KH2PO4)
Sodium phosphate dibasic | 14.4 g
(Na:HPOQs, anhydrous)
PB (0.1 M, pH 7.4) Sodium phosphate 27.8 gin 1000 | Solution A
monobasic (NaH2PO4, 0.2 | mL
M)
Sodium phosphate dibasic | 28.4 gin 1000 | Solution B

Mix A +B (140 mL A + 360 mL B + dH20 to 1000 mL)

phosphate (KH2POs, 1.2
mM)

Cryoprotectant Sucrose 300 g Dissolve in PB 0.1
Ethylene glycol 300 mL M to 1000 mL
ACSF (pH 7.4) Sodium chloride (NaCl, 7.36¢g Bring to 1000 mL.
126 mM) 300+ 10 mOsmol/L,
Potassium chloride (KCI, | 0.365 g
4.9 mM) Bubble with 95%
Potassium dihydrogen 0.163 g 02/5% CO..
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Magnesium sulphate 0289 ¢
(MgSO0s4, 2.4 mM)
Calcium chloride (CaCl., | 0.278 g
2.5 mM)
Sodium bicarbonate 2.18¢g
(NaHCOs3, 26 mM)
D-Glucose (10 mM) 1.80 g
NMDG protective cutting N-methyl-D-glucamine 182¢g
solution (pH 7.4) (NMDG), 93 mM
HCl, 93 mM (to pH 7.4) —
Potassium chloride (KCI, | 0.186 g
2.5 mM)
Sodium dihydrogen 0.144 g
phosphate (NaH2POs, 1.2
mM)
Sodium bicarbonate 252¢g
(NaHCO3, 30 mM)
HEPES (20 mM) 477¢g
D-Glucose (25 mM) 450 g
Sodium ascorbate (SmM) | 0.99 g
Thiourea (2 mM) 0.152 g
Sodium pyruvate 3 mM) | 0.330g
Magnesium sulphate 120 g
(MgS04, 10 mM)
Calcium chloride (CaCl., | 0.055¢g
0.5 mM)
Phenol red-free imaging Sodium chloride
medium (pH 7.4) (NaCl, 121 mM) 7.07124 ¢ Bring to 1000 mL,
Potassium chloride 300+ 10 mOsmol/L,
(KCL 4.2 mM) 0313152 g
Calcium chloride Bubble with 95%
(CaCl2, 1.1 mM) 1.1 mL 02/5% CO..
Magnesium chloride
(Mgcl2, ImM) 1 mL
Sodium bicarbonate
(NaHCO3, 22 mM) 1.84822 g
D-Glucose
(2.5 mM) 0.4504 ¢
NaPyruvate
(0.5 mM) 5 mL
Serine
(0.002 mM) 0.0002102 g
Alanine
(0.002 mM) 0.0001782 g
Glycine
(0.002 mM) 0.00015 g
Phenol red-free calcium-free | Sodium chloride Bring to 1000 mL,
imaging medium (pH 7.4) (NaCl, 121 mM) 7.07124 g 3004+ 10 mOsmol/L,
Potassium chloride
(KCL 4.2 mM) 0313152 g Bubble with 95%
EGTA 02/5% COs..
(4 mM) 152 ¢
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Magnesium chloride

(Mgcl2, ImM) 1 mL
Sodium bicarbonate

(NaHCO3, 22 mM) 1.84822 ¢
D-Glucose

(2.5 mM) 0.4504 g
Na Pyruvate

(0.5 mM) 5 mL

Serine

(0.002 mM) 0.0002102 g
Alanine

(0.002 mM) 0.0001782 g
Glycine

(0.002 mM) 0.00015 g
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