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Chapter 1: Introduction



1.1 Background

The central nervous system (CNS) is inherently complex, composed of diverse cell
populations working in concert to govern perception, movement, and higher cognitive
functions. The CNS may be divided into two major components: the brain which is
responsible for the higher functions, and the spinal cord, which is responsible for sending
motor commands from the brain to the rest of the body (Thau et al., 2025). The brain may
be further divided into several distinct subregions including the cerebral cortex, the
thalamus, hypothalamus, medulla oblongata, and cerebellum, many of which can be even
further segmented into different lobes, sections, and structures responsible for specific

functions (Thau et al., 2025).

There are five primary cell types in the brain: neurons, astrocytes, oligodendrocytes,
microglia, and endothelial cells, though each of these major archetypes contains many sub-
cell types such as precursor cells, ependymal cells and pericytes (McKenzie et al., 2018).
Neurons are the basic building block cell of the brain, responsible for transmitting electrical
signals throughout the brain and to the rest of the body. They can be excitatory, inhibitory,
or modulatory in nature while both sensing and secreting a variety of neurotransmitters to
communicate with other cells in their microenvironment. Neuron morphology can vary
greatly between sub-types, but they are classically denoted as having a cell body, or soma,

a long neurite extension called an axon responsible for outgoing signals, and several shorter



neurites called dendrites responsible for sensing local chemicals and transmitters in the

environment (Raine, 1999).

Astrocytes are star-shaped supporter cells in the CNS that are primarily responsible for
maintaining a homeostatic environment, upregulating and downregulating ions,
neurotransmitters, and neurotrophic factors in their local microenvironment as needed
(Rahman & Suk, 2020). Oligodendrocytes serve the all-important purpose of myelinating
the axons of the neurons, integral components to maintaining the complex electrical
circuitry of the CNS (Salzer & Zalc, 2016). Microglia serve as the immune system of the
brain and function similarly to macrophages found in the rest of the body. They are
responsible for scavenging throughout the CNS looking for amyloid plaques, damaged
cells, and infectious agents, and thus are the primary line of defense for the CNS (Miron,

2017).

The complexity of the CNS and the diversity of the intercellular interactions therein
complicate the study of neuropathology of different diseases and must be studied with a
model that fully captures that complexity. As such, the development of neural microtissues
has emerged as a promising strategy to model the CNS with increased fidelity. Among
these microtissue models, brain organoids are perhaps the most widely adopted approach
(Chiaradia & Lancaster, 2020). Typically derived from induced pluripotent stem cells
(iPSCs), organoids aim to recapitulate key aspects of neurogenesis and regional brain
features (Di Lullo & Kriegstein, 2017). Organoid models are commonly generated by
seeding iPSCs into bioscaffolds such as Matrigel to promote three-dimensional growth and
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recent advances have enabled the generation of region-specific models mimicking the
cortical plate, forebrain, midbrain, and hypothalamus (Jo et al., 2016; X. Qian et al., 2016;
Zamproni et al., 2021). Notably, organoid development exhibits many similarities to the
development of the fetal brain, supporting their application in modeling early
neurodevelopmental processes (Chiaradia & Lancaster, 2020). Additionally, organoids
support gliogenic differentiation. Astrocytes are found in abundance, demonstrating
region-specific morphologies and spatial distributions similar to the in vivo environment
(X. Qian et al., 2020). These astrocytes have been shown to contribute actively to neuronal
function, including depolarization, synapse formation, and synaptic pruning
(Giandomenico et al., 2019; Sloan et al., 2017). Similarly, oligodendrocyte lineage cells
have been observed in organoids, with some studies reporting evidence of partial axonal
myelination (Madhavan et al., 2018; Marton et al., 2019; Tanaka et al., 2020). Furthermore,
both excitatory and inhibitory synapses have been detected, and calcium imaging studies
have revealed spontaneous, long-range electrical activity, indicating functional chemical
synaptic communication between neurons (Giandomenico et al., 2019; Quadrato et al.,

2017).

Despite these advantages, organoids also present several limitations. Following extended
in vitro culture—typically beyond six months—organoids often develop necrotic cores due
to insufficient diffusion of nutrients and oxygen to the center of the tissue mass
(Giandomenico et al., 2019; X. Qian et al., 2020). Consequently, organoids remain limited

in the extent of maturation they can achieve, restricting their utility for modeling late-stage



or neurodegenerative disorders (Lancaster et al., 2013). In addition, although some
oligodendrocytes are present, full myelination and formation of nodes of Ranvier have not
been consistently observed (Chiaradia & Lancaster, 2020). Microglia, the resident immune
cells of the CNS, are also typically absent or only sporadically present (Ormel et al., 2018).
Another concern is the well-documented ‘batch effect,” wherein organoids generated within
a single experimental batch tend to exhibit consistent features, but considerable variability
arises across independent batches in terms of differentiation, morphology, and cellular

composition (Lancaster & Knoblich, 2014).

While organoid models have proven valuable for studying early neurodevelopment and
disease, their inherent limitations in maturation, cellular diversity, and reproducibility have
necessitated the development of alternative models. The Hoffman-Kim lab has developed
an established, primary tissue-derived microtissue model to study the neuropathology of

various diseases.

1.2 Primary Tissue-Derived Cortical Microtissue Model

The Hoffman-Kim lab has previously established a robust, high-throughput cortical
microtissue model capable of biomimetically recapitulating the in vivo microenvironment
or the cortex with a higher fidelity than many spheroid and organoid models (Dingle et al.,
2015). These microtissues are composed of primary cells derived from the cortices of post-
natal rat pups, granting them in vivo-like cellular composition and tissue stiffness (Dingle

et al., 2015). Furthermore, like organoids, these microtissues are electrically active,



forming complex neuronal networks and spontaneously form capillary-like networks
(Boutin et al., 2018; Sevetson et al., 2021). Hundreds of microtissues can be derived from
each animal dissected, allowing us to test more conditions with fewer animals and at a
fraction of the cost of in vivo models. This also represents a significant advantage over
organoid models, which require much more time to reach maturation. While the work
described in this thesis is limited to microtissues derived from rat cortices, we have also
demonstrated that these microtissues may be derived from other regions of the brain such
as the thalamus and hippocampus and may be generated from mouse tissues as well as
human induced pluripotent stem cells. A key advantage our microtissue model holds over
alternative 3D co-culture models lies in the presence of microglia in our model which are
notably absent in most alternatives. As the immune cells of the CNS, microglia play critical
roles in the neuropathology of CNS diseases, especially in the case of glioblastoma as
previously described. Our cortical microtissue model has previously been used to
successfully study various disease states including ischemia and sustained compression
injury (Gonzalez-Cruz et al., 2024; McLaughlin et al., 2023). The robustness, versatility,
biomimetic fidelity, and high throughput nature of these cortical microtissues have made
them a powerful tool for the study of neuropathology. In this work we will leverage this
cortical microtissue model to explore the neuropathology of two diverse disease states in

the brain: traumatic brain injury and glioblastoma.



1.3 Traumatic Brain Injury

Traumatic brain injury (TBI) is a leading cause of death and long-term disability worldwide
(Maas et al., 2017). TBIs occur whenever normal brain function is disrupted by external
forces (Khellaf et al., 2019). TBIs are divided into three primary classifications: mild
(concussion, full recovery expected), moderate (decreased consciousness and some
cognitive impairment), and severe (coma and/or any penetration of the dura matter)

(Pavlovic et al., 2019).

Over 50 million people per year experience a TBI worldwide, resulting in over 70,000
deaths in United States alone (CDC, 2024; Maas et al., 2017). These injuries often lead to
persistent physical and psychological injuries including post-traumatic stress disorder,
headaches, amnesia, concentration deficits, insomnia, depression, and even suicidality (Ng
& Lee, 2019). TBIs are notoriously difficult to study and diagnose because patients rarely
exhibit symptoms that can be detected by biological means and are instead diagnosed
through psychological and behavioral measures which are highly subjective, prone to

human error, and variable in presentation across patients (Turner et al., 2013).

Even more insidiously, TBIs often progress to the fatal chronic traumatic encephalopathy
(CTE), a disease even less well understood than TBI. Often associated with repetitive TBIs,
CTE is most common among athlete and military populations as groups of people
incentivized to return to high-risk conditions as soon as possible (Moszczynski et al., 2018;

Phipps et al., 2020). Like TBI, there is no biological mode of diagnosis for CTE with the



added confound that it can take upwards of 14.5 years for outwards symptoms to present,
often resulting in diagnosis only in post-mortem analysis (Goldstein et al., 2012). In fact,
one 2019 study found that 80% of TBI positive cadavers also exhibited markers of CTE
(Phipps et al., 2020). To address the complexity of studying both TBI and CTE a variety of

biological models have been developed.

1.3.1 Traditional models of TBI

Traumatic brain injury has been studied in three primary modes: human post-mortem tissue
analysis, in vivo animal studies, and in vitro cellular studies. Each of these approaches
offers unique advantages and limitations, offering insights into the broader picture of TBI

neuropathology.

Due to the absence of any reliable biological marker, there is no way to study the
neuropathology of the brain in humans living with TBI. Therefore, any studies performed
on human tissue must by necessity performed post-mortem. These studies have yielded
many very valuable insights into the pathology of the brain tissue including release profiles
for various cytokines and chemokines, the role of neuroinflammation and both pro- and
anti-inflammatory factors, and the deterioration of macro-structures throughout the brain
(Frugier et al., 2010; Goldstein et al., 2012; McKee et al., 2015). Currently, these post-
mortem analyses are the only method researchers have to study human tissue undergoing
TBI-induce neuropathology, making the insights gained from these analyses truly

invaluable. It must be noted, however, that this approach is inherently limited, as



researchers have no control over the TBI stimuli the patient received and, as the patient is
already deceased, they can only provide snapshot of the terminal stages of the
neuropathological progression. Additionally, the time elapsed between the patient’s death
and tissue analysis can lead to molecular and structural degradation in the tissue, especially
in RNA, compromising the quality and integrity (Frugier et al., 2010). For these reasons,
in vivo and in vitro models of TBI are the primary methods of studying TBI in a controlled

environment.

1.3.1.1 In vivo animal studies

Animal models of TBI have several strengths including the ability to control the age of the
animal, the severity and mode of injury, and the mechanical forces introduced to the brain
(Xiong et al., 2013). Additionally, due to the relatively short lifespan of many of the animals
used, long term neurodegenerative effects of TBI can also be studied (S. J. Tang et al.,
2020). These studies are often carried out in rodents, though some larger animals such as
pigs, primates, and sheep have also been used. Common models include the fluid
percussion injury, weight drop injury, controlled cortical impact , and blast injury
(Fesharaki-Zadeh & Datta, 2024). The variety of approaches to modeling TBI in these
animal models speaks to the versatility of in vivo studies in this field of research as well as
the depth of work required to develop several well characterized injury modalities. The
data generated by these models have made huge contributions to our understanding of TBI
pathology. Despite the advances these models have contributed to the field, several
limitations must also be considered. Many of these models lack standardized parameters,

9



carry risks for rebound injuries or infection, have high animal fatality rates, and offer
limited throughput as each animal tested provides data for only one specific TBI parameter

(Fesharaki-Zadeh & Datta, 2024; Zhao et al., 2023).

1.3.1.2 In vitro cellular studies

In vitro cell models of TBI fall within five major modes of injury: stretch, compression,
blast, scratch, and shear. These models provide valuable insights into the cellular response
to very tightly controlled specific TBI stimuli with a high degree of granularity. Except for
compression injuries, these models are typically conducted in a 2D cell culture
environment with stretch injuries the most prevalent injury mode by far (Wu et al., 2021a).
These models benefit from the speed and lost cost with which they can be performed,
quickly generating new data and insights. In vitro models have been instrumental in
elucidating aspects of TBI neuropathology including ion dysregulation, inflammatory
cascades, microtubule and axon injuries, and cell death in response to these TBI stimuli

(Wu et al., 2021a).

However, these models also have several limitations. In a systematic review of in vitro TBI
models, Wu et al. found that over two-thirds of all studies were performed using the stretch
method which, while useful, does not fully replicate the more complex forces acting upon
the brain in vivo. Most in vitro models are also performed specifically on neurons alone

(Bar-Kochba et al., 2016; Wu et al., 2021a); homogeneity of this cell population, in addition
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to the lack of 3D architecture, misses many of the nuances of the complex intercellular

interactions that occur in vivo.

In parallel to the challenges faced in studying TBI, brain cancers such as gliomas present
a distinct but equally complex set of obstacles. Like TBI, gliomas impact a wide variety of
neural cell types and are notoriously difficult to model due to the inaccessibility and
heterogeneity of the brain environment. The following section will focus on glioblastoma,
the most aggressive form of brain cancer, and the experimental models used to investigate

its progression and interaction with the neural microenvironment.

1.4 Brain Cancer

Gliomas, the most common form of brain cancer, account for approximately 23% of all
cancers, with over 25,000 new cases per year in the United States (Price et al., 2024).
Gliomas are classified into four grades: grade I, which are very slow growing and
potentially curable; grade II, consisting of astrocytomas, oligodendrogliomas, and
oligoastrocytomas; grade III, consisting of anaplastic variations of astrocytoma,
oligodendrogliomas, and oligoastrocytomas; and grade IV, glioblastoma, the most
aggressive form of brain cancer with a median survival of only 14.5 — 16.6 months (Wen
& Reardon, 2016). In most cases gliomas initiate at lower grades and will progress to higher

grades over time if left untreated.

Glioblastoma, the most severe form of brain cancer, is notorious for exhibiting a high
degree of heterogeneity, both between tumors and even within an individual tumor (Rybin
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et al., 2022). Part of the severity of glioblastoma lies its prolifically invasive nature, often
infiltrating into surrounding brain parenchyma, though rarely metastasizing beyond the
CNS (Omuro & DeAngelis, 2013). The current gold standard of treatment for glioblastoma
involves surgical resection of the tumor(s), localized irradiation, and a course of the
chemotherapeutic temozolomide (Jacob et al., 2020a). However, this treatment is often
ineffective, largely due to the poorly delineated edges and diffuse nature of glioblastoma,
making it nearly impossible to fully resect the cancerous mass (Jacob et al., 2020a; Rybin

et al., 2022; Wen & Reardon, 2016).

While glioblastoma interacts with all neural cell types, its interactions with microglia are
among the most critical. In the absence of injury or pathogen, microglia surveil their local
microenvironment, activating in response to insult. When activated, they polarize into
either a pro-inflammatory state (M1) or anti-inflammatory phenotype (M2).
Morphologically, these two phenotypes are indistinguishable, however they express
different cytokines and chemokines. Specifically, glioblastoma cells secrete monocyte
chemotactic protein-1 (MCP-1/CCL2) which both stimulates tumor growth and
chemotactically recruits M2 microglia. These M2 microglia migrate to the tumor site and
further secrete CCL2, synergistically creating a pro-tumor microenvironment (Geribaldi-
Doldan et al., 2021). Due to the complex interactions between cancer and the tumor
microenvironment significant effort has gone into designing robust models of

glioblastoma.
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1.4.1 Traditional models of glioblastoma

GBM research relies heavily on the use of in vivo and in vitro models. In vivo GBM models
consist primarily of murine transgenic models and patient derived xenografts, each with
their advantages and disadvantages (Rybin et al., 2021). Transgenic models are excellent
for studying tumorigenesis but lack the heterogeneity commonly found in clinical settings
(Marumoto et al., 2009; Moquin-Beaudry et al., 2022). Xenografts represent the current
gold standard as they model actual patient tumors, but xenografts are a very slow and costly
approach to GBM research (Wang et al., 2009). The limitations of these in vivo models
have led to an increased interest in the development of in vitro models. Initial forays into
traditional cell culture of primary tumor cells by Linkous et al in 2019 revealed that when
cultured in homogenous 2D environments the cells exhibited less tumorgenicity and
invasiveness. A change in cellular morphology and phenotypes was also observed when
culturing the cells for an extended period of time. Additionally, these 2D homogenous
culture approaches failed to recapitulate the complex cellular tumor microenvironment
(TME) (Linkous et al., 2019a). For these reasons, organoid GBM models have been on the

rise in recent years.

Organoid models of GBM have gone through several iterations in the last decade. In 2016,
Hubert et al developed a GBM organoid (GBO) consisting of multiple types of patient
derived cells, representing an advancement from more homogenous models that preceded
it. These GBOs were able to capture more complex cellular morphologies, spatial
distribution, and hypoxic gradients than 2D in vitro models (Hubert et al., 2016). This work
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was further improved upon in 2020 and tested with common GBM treatments of
irradiation, temozolomide, a well characterized alkylating chemotherapeutic commonly
used for both astrocytoma and glioblastoma (Jacob et al., 2020a). This model has continued
to be studied, with a recent paper finding that despite lacking microglia, GBOs still exhibit
an “immune-like molecular program,” allowing the interrogation of the active molecular

pathways that contribute to neural immune response (Watanabe et al., 2024).

While these models represented a promising advancement in studying the cancer
microenvironment, they lacked the ability to interrogate the interactions between healthy
cells and cancer cell. In 2018, two new models of GBM organoids were developed to
overcome this limitation. Neoplastic cerebral organoids (neoCORs) were developed
through CRISPR genetic manipulation to induce GBM tumor growth in cerebral organoids,
allowing for the study of the earliest stages of tumorigenesis and brain-tumor interactions.
However, this approach is restricted to only predefined, well-characterized mutations and
oncogenes, making it less suitable to investigating poorly understood or novel genetic

drivers of glioblastoma (Bian et al., 2018; Ogawa et al., 2018).

The most promising of these organoid approaches was the Glioblastoma-Cerebral
Organoid Co-culture (GLICO) model, combining the benefits of the GBO model and
neoCOR models by leveraging patient derived GBM cells and cerebral organoids. The
GLICO model shows the invasive patterns of GBM cells as well as microtubule networks
within the organoid, a critical component of brain-tumor interactions as microtubules
provide routes of invasion and proliferation to the GBM cells, intercellular communication,
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and contribute to radiation resistance. The GLICO model has demonstrated a transcriptome
similar to primary tumors, significantly higher expression of known GBM-related genes, a
similar distribution of cellular states to primary tumors, and differential sensitives to
chemotherapy and radiation. For all its strengths, the GLICO model has two critical
shortcomings: a lack of vascularization and the absence of immune cells (Linkous et al.,
2019a; Silva et al., 2018). As previously discussed, microglia play a crucial role in
glioblastoma tumorigenesis and therapy resistance and as such are a critical component to

be able to study in vitro.

1.5 Conclusion

Together, traumatic brain injury and glioblastoma represent two highly distinct, yet
biologically complex neuropathologies: one driven by mechanical disruption, the other by
biological means. Despite their differences, both conditions suffer from a lack of in vitro
models that can faithfully capture the cellular diversity, architecture, and signaling
dynamics of the CNS. This dissertation aims to address that shared gap by leveraging a
biomimetic cortical microtissue model to study the neuropathology of both mechanical and
biological disruption. This work contributes to the growing body of research seeking more
physiologically relevant, high-throughput tools for modeling brain disorders. The
following chapters describe the development of two microtissue-based models: one
focused on replicating features of traumatic injury, and the other on capturing glioblastoma

infiltration and the tumor microenvironment. The ability of the cortical microtissue model
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to capture the spectrum of biological responses to these insults highlights the versatility
and translational potential of cortical microtissues as a tool for advancing our

understanding of CNS pathology.
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2.1 Abstract

Traumatic brain injury (TBI) is difficult to study due to the complexity of the brain and the
limitations of existing models, including low throughput and ethical constraints of animal
models, and the lack of cellular and structural complexity in 2D in vitro models. In this
work, we leverage a cortical microtissue platform that retains in vivo-like structure and cell
composition, combined with a custom impactor system to deliver controlled mechanical
strain. We first evaluated embedding the microtissues in hydrogels as a medium of force
transmission, but found that collagen, PEG, and alginate each introduced cell viability loss
or technical challenges. As an alternative, we developed a shear impact method using the
agarose hydrogel the microtissues were formed in. This approach successfully delivered
biologically relevant strains and strain rates, inducing cell death and cytoskeletal
disruption, though with some variability. These findings support cortical microtissues as a
high-throughput, biomimetic model for studying TBI and informed the development of

next-generation impact systems.

2.2 Introduction

TBIs are medically complex phenomena induced in three primary modalities: blunt
impacts, penetration injuries, and blast waves (Ng & Lee, 2019). Blunt impact (iTBI)

injuries are the most common, especially within civilian populations, accounting for 88-
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95% of all TBIs. Blunt impacts are primarily caused by falls and motor vehicle accidents
(Santiago et al., 2012). They also often accompany other forms of TBI as a secondary
injury. Penetrating (pTBI) occur when the skull and dura matter are punctured by a foreign
object, such as a bullet or shrapnel. These injuries are much less prevalent among civilian
populations, accounting for only 5-12% of TBIs but, they have a much higher mortality
rate of approximately 40% (Santiago et al., 2012). Blast wave (wTBI) injuries occur when
the brain is exposed to a non-impact shockwave and occur most commonly in military
service members. While rarely seen in civilian populations, wTBI account for more than
70% of TBI among the military (Phipps et al., 2020). In addition, these injuries often occur
multi-modally, for example a soldier experiencing a wTBI from a blast followed by an iTBI

as they land on their back and hit their head.

As the modes of TBI vary, so too have approaches to the study of TBI pathology. Blunt
traumatic brain injury is often conducted in terms of velocity (m/s), acceleration (m/s?) and
force (N) while wTBI research is commonly conducted in terms of pressure (kPa) and
energy transfer (J/s) (Doorly & Gilchrist, 2006; Mishra et al., 2016; Nolan, 2005). More
recent research has sought to unify the lens through which this work is conducted by
shifting to working in terms of strain (%) and strain rate (s™'), regardless of injury modality.
Simply put, strain is the measure of percent compression or elongation (Equation 1), and
strain rate refers to the rate at which compression or elongation occurs (Equation 2).

lo_l
lo

E =
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Strain and strain rate can be viewed as an underlying unifying mechanism between the
different injury modalities as the effect that energy transfer has on the system can be
described in terms of strain and strain rate regardless of how the energy is transferred to
the system. For example, victims of motor vehicle accidents tend to experience strains
between 8 — 14% on their brains while concussed sports players were found to experience
between 14 — 40% strain, both iTBIs (Hosseini-Farid et al., 2020; McAllister et al., 2012a;
L. Qian et al., 2018; J. Zhang et al., 2006a). Conversely, military service members exposed
to wTBIs experience relatively low strains, 10% or lower, but at extremely high strain rates
with some papers reporting figures as high as 960 s™! (Hosseini-Farid et al., 2020; Shafieian

et al., 2011; Vogel et al., 2020).

TBI has been studied in three primary ways: human post-mortem analysis, in vivo animal
studies, and in vitro cell studies, each with their own advantages and limitations. Post-
mortem analysis has revealed how different regions of the brain are affected, where
different markers accumulate, and a snapshot of which cell types are most impacted by
TBI. However, this method is inherently limited to looking at a single snapshot of the
pathology, precluding any study of the temporal component of the pathology (Alaylioglu
et al., 2020). In vivo animal studies allow for more complete control of the TBI inputs,
such as the forces acting on the brain, their mode of delivery, and the timing of the injury.

The main limitation of these studies lies in their limited throughput as each animal can only
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be used to study a single condition. In an injury landscape with as many variables to
consider as TBI, this is a particularly limiting factor as researchers must balance the number
of conditions they wish to study with the ethics of animal sacrifice and high financial costs

(Kumaria, 2017).

In vitro cell based models of TBI overcome many of the cost and throughput limitations
associated with in vivo studies while retaining the ability to tightly control the TBI inputs.
However, this higher throughput comes with a trade-off in the complexity of the system.
The brain is an inherently complex system composed of neurons, oligodendrocytes,
astrocytes, microglia, and neural stem cells all working in concert to conduct the myriad
functions of the brain. In vitro models often sacrifice this complexity by using neuron-only
monocultures which, while still highly informative, miss many of the nuances of these
cellular interactions and cascades. There are many 2D co-culture models where
combinations of these cell types are mixed at biologically relevant ratios, but even these
more advanced models fail to recapitulate the three dimensionality, tissue stiffness, and
extracellular architecture present in vivo (Kanagasabapathi et al., 2011). Recent advances
in organoid cultures have begun to address some of these limitations by providing a more
physiologically relevant microenvironment that recapitulates in vivo structures, creating a
particularly powerful tool for studying neurodegenerative processes and identifying
neuropathological markers (Jgamadze et al., 2020; Lai et al., 2024). However, as mentioned

previously, these models often lack more advanced structures like vascularization and
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myelination, some glial cells, in particular microglia, and have high variability between

batches (Jgamadze et al., 2020).

The Hoffman-Kim cortical microtissue model overcomes many of these limitations.
Because they are derived from primary cortical tissue, they inherently contain the full
complement of cortical cells at biologically relevant ratios, while also providing the three
dimensionality, tissue stiffness, and extracellular architecture required to model more
complex intercellular interactions found in vivo (Boutin et al., 2018; Dingle et al., 2015;
McLaughlin et al., 2023; Sevetson et al., 2021). Additionally, hundreds of microtissues
may be generated from each animal, offering a high throughput modeling option well-

suited to studying the wide variety of potential TBI inputs.

In this work, I develop and evaluate two distinct TBI injury models using the cortical
microtissue platform. I first explored embedding microtissues in various hydrogels to
facilitate force delivery through a custom impactor system. However, I found that collagen,
PEG, and alginate all significantly reduced microtissue viability, even in the absence of
applied injury. These findings led to the development of a novel “shear impact” model,
where microtissues are injured directly within their agarose mold. This method enabled the
delivery of biologically relevant strains and strain rates, resulting in measurable
neuropathological effects, including increased cell death and cytoskeletal disruption.
Together, these results establish a new in vitro platform for studying TBI mechanics in a

biomimetic, high-throughput context.
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2.3 Materials and Methods

2.3.1 Cell isolation and 3D microtissue culture

All animal procedures were conducted in accordance with the guidelines established by
Brown University’s Institutional Animal Care and Use Committee. 96 well agarose
hydrogels were created by dissolving UltraPure agarose (Invitrogen) in heated phosphate-
buffered saline (PBS) (Gibco) at a concentration of 2% wt/vol. The molten agarose was
poured into 96 peg spheroid micromolds (MicroTissues, Inc.) and scraped to remove excess
agarose and ensure uniform shape. After cooling, the agarose hydrogels were removed
from the molds and placed in 24 well plates where they were equilibrated in cortical media-
(CM-) composed of Neurobasal+ (Invitrogen), 0.5 mM GlutaMAX (Gibco), and 1X
Penicillin-Streptomycin (Invitrogen) for two days prior to dissection, with daily CM-
changes. On the day of dissection, CM- was exchanged for cortical media+ (CM+), CM-

that had been supplemented with B27+ (Invitrogen).

Dissections were performed on postnatal (days 0-2) rat pups (Charles River). Mixed sex
rat pups were immersed in ice for 45 minutes and decapitated prior to extracting the cortices
as described in Dingle et al., 2015. Dissections were performed in Hibernate A (BrainBits)
supplemented with 1X B27+ and 0.5 mM GlutaMAX. Extracted cortices were cut into
small pieces and digested in 2 mg/mL papain (BrainBits) dissolved in Hibernate A without
calcium chloride (BrainBits) for 30 minutes at 30°C with occasional perturbation. Papain

was carefully removed and replaced with Hibernate A/B27+ while the cortices were
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mechanically triturated with fire polished Pasteur pipettes to homogenize the tissues. The
homogenized cell suspension was filtered through a 40 um cell strainer (CELLTREAT)
and centrifuged at 150G for 5 minutes. The cell pellet was resuspended in CM+, filtered
again, centrifuged again, resuspended, and centrifuged a third time. The cell suspension
was counted using a trypan blue exclusion assay (Invitrogen) and seeded into the agarose
hydrogel microwells at a cell density of 8,000 cells/microwell or 768,000 cells/hydrogel.
The cells were allowed to settle to the bottom of the wells with occasional perturbations
before filling each well with 1 mL of CM+. Additionally, 2D cortical cell controls were
plated in wells coated with poly-D-lysine (Sigma-Aldrich) at a density of 250,000 cells per
well to ensure general cell health. CM+ was exchanged the day after dissection, and every

2-3 days thereafter.

2.3.2 Hydrogel embedding

To deliver impacts to the microtissues, initial work focused on embedding the microtissues
into a variety of hydrogels to serve as a force transduction medium. Irrespective of the
hydrogel the microtissues were embedded within directly, an initial preparatory step was
taken. An agarose mold with two empty spaces for the impactor’s arms and an empty
central chamber for the embedded microtissue-hydrogel mix to gelate was created. First,
1.5 mL of molten 2% agarose was poured into a 35 mm FluoroDish (WPI) and a
prefabricated stamp was applied for 30 seconds with consistent downward pressure until
the agarose cooled. The stamp was carefully removed, leaving behind the necessary
agarose mold adhered to the bottom of the 35 mm FluoroDish.
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2.3.2.1 Collagen embedding

A collagen mixture was made by mixing to 10X PBS (Gibco), ice-cold 2 mg/mL collagen
(Corning), and the microtissues suspended in CM+. Using a pH strip (Fisher Scientific),
IM NaOH was added to the mixture until a pH of 7.4 was achieved. All steps were
conducted with reagents at ice-cold temperatures as collagen will begin to gelate at room
temperatures. The collagen solution was thoroughly mixed and 200 pL added to the central
reservoir of the premade agarose mold in the FluoroDish. The mixture was incubated at
37°C for one hour to allow the collagen to gelate before adding 2 mL CM+ to the
FluoroDish. All microtissues were given 24 hours to acclimate to the hydrogel before any
impacts were performed. A variation of this procedure was performed to mitigate the cold
shock of introducing the microtissues to the ice-cold collagen wherein the microtissues
were allowed to cool in CM+ from 37° to room temperature over the course of 20 minutes
before being cooled further down by placing the microtissue suspension on ice to more

gradually cool the microtissue before mixing them with the ice-cold collagen.

2.3.2.2 Polyethylene glycol embedding

A proprietary (Stem Pharm, Inc.) polyethylene glycol (PEG) was used to embed
microtissues. A 1:5 dilution of PEG was mixed with microtissues suspended in CM+ before
200 pL of the mixture was added to the central reservoir of the premade agarose mold. This
proprietary PEG formulation had been engineered to crosslink under UV light at a

wavelength of 350 nm which is generally considered safe for cells. The PEG-microtissue
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was placed under a UV lamp with 350 nm bulbs for up to 30 minutes to crosslink the

hydrogel.

2.3.2.3 Alginate embedding

Microtissues were embedded in 2% alginate (Sigma-Aldrich) by first making a 4% alginate
solution in water and mixing a 1:1 dilution with microtissues suspended in CM+ before
200 pL of the mixture was added to the central reservoir of the premade agarose mold. The
mixture was crosslinked by the addition of either 100 mM calcium chloride (Sigma-
Aldrich) or 100 mM zinc chloride (MilliporeSigma) for one minute. The crosslinker was
removed and the hydrogels washed twice with warmed CM+ before returning them to the

incubator.

2.3.3 Impactor injury

Our impactor device was custom designed and built by members of the laboratory of
Christian Franck, PhD at University of Wisconsin-Madison. The main driving component
of the impactor device was PIMag High-Load Linear Actuator (PI USA) which moved the
impacting arm of the device. Embedded microtissues in 35 mm FluoroDishes were loaded
into the sample reservoir and the z-stage lowered until the arms were just above the glass
bottom of the FluoroDish. The stationary arm of the impactor was manually adjusted to
just press against the agarose wall of the central reservoir while the impacting arm was
controlled using PiMikroMove software to just press against the agarose wall on the other

side of the central reservoir. The desired arm distance (mm), movement speed (mm/s) and
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number of impacts was programmed into the software and impacts delivered to the
embedded microtissues. The hydrogels were then returned to the incubator before final

characterization.

A variation of this technique, which we dubbed shear impacts, was implemented by
delivering impacts to the microtissues in the 96 well agarose hydrogel in which they were
originally formed, without first embedding the microtissues into a secondary hydrogel. In
this case the seeded agarose hydrogel was placed in the center of a 35 mm FluoroDish and
the two arms aligned with the indented edges of the hydrogel before proceeding as
previously described. Impacts were visualized by mounting the impactor device above a
custom-built inverted microscope apparatus with either a 4x or 10x objective (Nikon) and

a high-speed camera (Thorlabs).

2.3.4 Strain and strain rate measurements

Strain measurements were collected using ImageJ FIJI to manually measure the diameter
of the microtissues before impact and during impact. To calculate the strain rate with

Equation 2, first the At had to be determined as:

At = diametetimpactea — dlameterinitia 3
velocity

The strain rate was then calculated using Equation 2 for each impact delivered.
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2.3.5 Cell viability assay

Cell viability was assessed by staining the microtissues with a mixture of 1 mL CM+, 1 uLL
Hoechst 33342 (Invitrogen) and 4 uL Ethidium Homodimer-1 (Invitrogen) per hydrogel
for one hour. They were washed twice with fresh CM+ and either imaged in their embedded
hydrogel or flushed out of the 96 well agarose hydrogel using a cut-off P1000 micropipette
tip. Cell viability was modeled by counting the number of cell nuclei (Hoechst 33342) and

the number of dead/damaged nuclei (Ethidium Homodimer-1) where:

o Total Cell Nuclei — Dead Cells
Cell viability (%) = Total Cell Nuclei * 100 4

2.3.6 Immunohistochemical staining

At the desired time point, microtissues were fixed in a 4% v/v paraformaldehyde and 8%
wt/vol sucrose solution overnight. The next day they were washed three times with PBS
for 30 minutes each. The microtissues were flushed out of the agarose hydrogels and
transferred to 1.5 mL Eppendorf tubes for storage at 4°C to await immunohistochemical

(IHC) staining.

When performing IHC, the microtissues were permeabilized and blocked with a blocking
solution consisting of 4% bovine serum albumin (Sigma-Aldrich), 10% normal goat serum
(Jackson ImmunoResearch), and 1% Triton X-100 (Sigma-Aldrich) in PBS for two hours
at room temperature on a shaker plate. Blocked microtissues were then incubated in

primary antibody solutions consisting of either mouse anti-B-iii-tubulin (Biolegend) or
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rabbit anti-glial fibrillary acidic protein (GFAP, DAKO), diluted in blocking solution
overnight at room temperature on a shaker plate. An additional sample of non-primary
control microtissues was set aside and incubated in blocking solution without primary
antibodies instead. The next day, microtissues were washed twice for 2 hours with 0.2%
Triton in PBS (PBT) and blocked for an additional 2 hours. They were then incubated in
secondary antibody solutions consisting of either CY3 goat anti-mouse (Jackson
ImmunoResearch), Alexa488 goat anti-rabbit (Jackson ImmunoResearch) or CY3 goat
anti-rabbit (Jackson ImmunoResearch) antibodies diluted in blocking solution overnight.
On the final day, microtissues were washed twice more for 2 hours in PBT and then
incubated in 1 mg/mL of 4’,6-diamidino-2-phenylindole (DAPI) in PBT for an additional

hour before being returned to PBS for storage at 4°C until imaging.

2.3.7 Calcium imaging

Microtissues were incubated in 5.2 pM Oregon Green 488 BAPTA-1AM (OGB-1,
ThermoFisher) and 0.02% Pluronic F-127 acid (ThermoFisher) in CM+ for 25 minutes at
37°C. The microtissues were washed twice with fresh CM+ and transferred to a 35 mm
FluoroDish for imaging on the confocal microscope. 1-minute videos of calcium activity

were collected at 25-30 frames per second for each microtissue.

2.3.8 Confocal imaging

All imaging was conducted using either an Olympus FV3000RS confocal microscope with

Olympus Fluoview FV3000 software or a Nikon AX-R confocal microscope using NIS-
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Elements software. All images were captured using either a 10X air objective (Olympus,
Nikon respectively) or a 20X air objective (Olympus, Nikon respectively) and laser
channels of 405, 488, and 561 nm. Imaging settings were kept consistent between samples
for all conditions within the same experiment. All z-stacks were collected in Galvano mode
except for calcium imaging which was performed using resonant scanning mode. Live cell
imaging was conducted inside environment control chambers which kept microtissues at

37°C. Images were converted from .oir or .ND2 formats to TIFF in ImageJ FIJI.

2.3.9 Image analysis

Viability assayed microtissues were analyzed in ImagelJ FIJI using the “3D Objects
Counter” plugin to quantify the number of discrete objects present in each channel of the
z-stacks. Object size and intensity thresholds were established in each experiment to
include all pixels positive for either Hoechst 33342 or Ethidium Homodimer-1 while
excluding any background fluorescence or noise. These settings were selected by finding
values that worked appropriately across both control and injury groups, then kept consistent

for the entire experimental data set.

GFAP-stained microtissues were analyzed using Sholl analysis, a neuroanatomy plugin for
ImagelJ F1JI to quantify GFAP branch complexity. GFAP channels were filtered to reduce
background noise and subsequently binarized. Concentric circles radiating outwards from

the center of each microtissue at 10 pm intervals were drawn and the number of GFAP
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intersection points counted to serve as a metric for the complexity of GFAP branching

behavior.

Calcium imaged microtissues were analyzed using a custom MATLAB script developed
by laboratory alumnae Jessica Sevetson, PhD. Regions of interest were manually selected
by circling cell soma and fluorescence within each region was monitored. Fluorescence
over time was measured and normalized against the first 500 frames of analysis while
background noise was filtered out. Normalized fluorescence over time was graphed on a

per-cell basis using the same custom MATLAB tool.

2.3.10 Statistics and data visualization

Data visualization and statistical analysis were both performed in GraphPad Prism 10. Data
was reported as box-and-whisker plots with all individual data points shown. Center lines
of the boxes represent the median while the box boundaries represent the 25" and 75
percentiles. Upper and lower whiskers represent the highest and lowest individual values
recorded, respectively. All data analysis performed consisted of either a one-way or two-
way ANOVA, depending on if the study contained groups from two time points or not. A

p-value of less than 0.05 was considered significant.

2.4 Results

Previous work in the Hoffman-Kim lab has established the cortical microtissue model as a

robust, high throughput platform that recapitulates many of the nuances of the in vivo
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biological environment(Boutin et al., 2018; Dingle et al., 2015; Gonzalez-Cruz et al., 2024;
McLaughlin et al., 2023; Sevetson et al., 2021). The goal of this work was to design an
experimental system that leverages the inherent biological strengths of the cortical
microtissue model for the study of TBI using a custom designed impactor device and a

hydrogel force transduction medium.

2.4.1 Embedding microtissues in collagen leads to significant cell death

Collagen was chosen initially as our force transduction medium to adapt the methods of
our collaborator where 2D cortical cells were grown on top of collagen hydrogels (Bar-
Kochba et al., 2016; Franck et al., 2011a; Toyjanova et al., 2014). This method was adapted
to allow the entire cortical microtissue to be embedded within the collagen hydrogel so that
the impactor device may enact a force on the microtissues and induce strain. However, we
found that microtissues embedded in collagen hydrogels experienced significant cell death,
even in the absence of an impact being delivered. Using our cell viability assay,
microtissues were stained to identify all the cell nuclei and the cell nuclei of dead/damaged
cells. From these two values we were able to quantify the cell viability as a percentage of

the total number of cells that were not stained with our dead/damaged marker.

All cortical microtissues demonstrate some amount of cell death, even when healthy.
Control microtissues exhibited 82.2% + 8.9% cell viability at DIV15. When DIV14
microtissues were embedded in ice-cold collagen and allowed to acclimate for 24 hours

cell viability was found to have fallen to 27.3% + 14.3%. To try to counteract the cold
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shock effects of embedding the microtissues in ice-cold collagen, we employed a gradual
cooling technique as previously described. However, we did not observe any recovery in
cell viability as rates remained at 25.3% + 15.5% with this technique. These cell viability
results represent a significant (p<<0.0001) reduction in the health of our microtissues (Figure
1), even in the absence of a mechanical insult, making this embedding approach unsuitable

for TBI studies.

Gradual Cooling Cold Shock
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Figure 1: Collagen embedding led to significant cell death.

Microtissues were embedded into collagen using either the gradual cooling method or the standard cold shock
technique at DIV 14. Microtissues were stained and imaged after 24 hours of acclimation. The total number
of cell nuclei (blue) and dead cell nuclei (red) were counted and used to calculate the cell viability (%) of
each microtissue. Both gradual cooling (25.34%) and cold shock (27.29%) collagen embedding lead to a
significant decrease in cell viability compared to controls (82.22%). n = 13-17 per condition. **** p<0.0001.

2.4.2 Alternative hydrogels exhibited a variety of limitations that were unsuitable as

force transduction mediums in our impactor system

A proprietary formulation of PEG engineered to crosslink under a biologically safe

wavelength of UV light (350 nm) was tested as an alternative to collagen as a medium to
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embed the microtissues in. Preliminary tests with the PEG formulation in 96 well plates at
volumes of 25 pL showed successful crosslinking within 2 minutes; however when used
in larger volumes of 200 pL to fit the premade agarose mold, the PEG formulation did not
crosslink completely even with 30 minutes of UV exposure (Error! Reference source not
found.A). Alginate was also tested using two different crosslinking agents, calcium
chloride and zinc chloride, with mixed results. While both crosslinking agents successfully
caused the alginate to gelate, only the calcium chloride crosslinker did so without causing
the alginate to deform. Alginate crosslinked with zinc chloride was deformed and
misshapen, making it unsuitable as a medium for delivering impacts to the microtissues
(Error! Reference source not found.A). The consistent shape achieved and success of
crosslinking alginate with calcium chloride warranted further investigation for use in our
impacting system. Microtissues embedded in both modes of alginate hydrogel were further
tested for cell viability 24 hours after embedding. In both cases the cell viability fell, to
26.8% + 12.4% in the case of calcium chloride crosslinking, and 40.1% + 17.1% in the
case of zinc chloride crosslinking (Figure 2B). Additionally, when calcium imaging was
performed on microtissues embedded in each hydrogel we found that calcium dynamics
were either suppressed or not detectable in any of the microtissues (Figure 2C). These

findings prompted us to move to a different impacting approach.
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Figure 2: Each alternative hydrogel tested was unsuitable for cortical microtissue embedding.

A) Of the three hydrogels tested, only the 2% alginate crosslinked in calcium chloride successfully formed a
suitable hydrogel. The PEG failed to crosslink under UV light at the volumes used and the 2% alginate
crosslinked in zinc chloride was misshapen and deformed. B) Cell viability assays were run on microtissues
embedded in both alginates after 24 hours of acclimation. Cell viability was significantly lowered in both
Alginate — Ca (26.78%) and Alginate — Zn (40.09%) relative to the controls (82.22%). C) Calcium activity
was not detected in any microtissue embedded in any of the hydrogel alternatives. n = 6 — 17 for each
condition. **** p<(0.0001. Scale bars = 50 um.

2.4.3 Shear impacts of the cortical microtissues generated neuropathological effects,

but strain was delivered inconsistently.

Due to the challenges associated with embedding the microtissues in a hydrogel medium
we instead moved to a system of impacting the microtissues in the 96 well agarose
hydrogels they were formed in. Using this approach, we were able to successfully compress
the microtissues and both visualize and measure that compression using the custom

inverted microscope apparatus we built without changing the impactor device set up
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(Figure 3A). We conducted a series of experiments where the impacting arm was extended
by 0.5 mm, 1.0 mm, and 1.5 mm for three different blunt impact conditions. The speed of
movement was kept consistent across the three impact conditions at 600 mm/s. Using this
approach we delivered impacts that strained the spheroids by 3.08% + 1.47% with a
calculated strain rate of 37.15s-1 4+ 17.77 s-1 (0.5 mm), 24.25% + 10.65% with a calculated
strain rate of 146.11 s-1 £ 17.77 s-1 (1.0 mm), and 31.52% + 8.96% with a calculated strain
rate of 126.08 s-1 = 35.83 s-1 (1.5 mm). These strains and strain rates are biologically
relevant and within the range of strains and strain rates we are interested in studying.
However, they were inconsistent, yielding coefficients of variance of 47.83%, 43.93%, and

28.42%, respectively (Figure 3B).

Cell viability assays were conducted on both DIV14 and DIV21 microtissues impacted
with 0.5 mm, 1.0 mm, and 1.5 mm impacting arm extensions immediately after the injury
occurred (0 hour) and 24 hours later. Statistically significant increases in cell death were
detected in DIV14 0 Hour 1.0 mm (27.79% + 19.64%), DIV 14 24 Hour 0.5 mm (25.73%
+19.01%) 1.0 mm (42.04% = 11.46%), 1.5 mm (26.25% + 14.04%), and DIV 21 24 Hour
1.5 mm (32.97% + 30.39%) (Figure 3C). While successfully inducing a detectable injury
in our microtissues was a promising sign, again the data was found to be inconsistent with
coefficients of variation of 70.68%, 73.89%, 27.25%, 53.48%, and 92.17%, respectively,

in each of the statistically significant groups.

Immunohistochemical staining of GFAP and B-iii-tubulin was performed on DIV14
microtissues immediately and 24 hours post-injury for each impact condition. GFAP
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network complexity was quantified using Sholl analysis to detect the number of
intersections of GFAP with concentric circles radiating from the center of each microtissue
examined. No significant change in GFAP expression or network complexity was observed
in this model (Figure 3D). Effects on B-iii-tubulin neurite networks were assessed
qualitatively and found that 24 hours post-injury the microtissues that had received the 1.5
mm impact experienced the beginnings of cytoskeletal breakdown. In this group bright
puncta of B-iii-tubulin are visible (Figure 3E arrows), consistent with indications of B-iii-

tubulin breakdown detected in previous work in our lab.
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Figure 3: Shear impacts delivered to the microtissues were inconsistent across the hydrogel but were
able to generate neuropathological effects.

A) Instead of embedding the microtissues within a hydrogel the microtissues were impacted inside of the 96
well agarose hydrogels they were generated in. Using this method we can visualize the microtissue
compression and measure the delivered strain. B) Three impact conditions were achieved and the strain
measured by extending the impacting arm by 0.5 mm (3.08%), 1.0 mm (24.25%), and 1.5 mm (31.52%). The
strain delivered by each impact condition was varied, yielding coefficients of variation of 27.83%, 43.93%,
and 28.42% respectively. C) Cortical microtissues were impacted at DIV14 and DIV21 and cell viability
assays performed immediately after impact and 24 hours after impact. Increases in cell death were detected
in DIV14 0 Hour 1.0 mm (27.79%), DIV 14 24 Hour 0.5 mm (25.73%) 1.0 mm (42.04%), 1.5 mm (26.25%),
and DIV 21 24 Hour 1.5 mm (32.97%), relative to their respective controls (8.10%, 10.51%, and 9.43%). D)
Sholl analysis of DIV 14 microtissues that had been impacted 0 hours and 24 hours post injury did not reveal
any change in the GFAP network complexity in this model. E) Cortical microtissues that were
immunohistochemically stained for B-iii-tubulin revealed a breakdown in cytoskeletal networks after 24
hours in microtissues that were impacted in the 1.5 mm condition as denoted by the formation of puncta
(arrows).

2.5 Discussion

Traumatic brain injury pathology is extremely challenging to study due to the difficulty of
studying living human patients, the limited throughput of animal models, and the reduced
system complexity inherent in cellular models (Alaylioglu et al., 2020; Kanagasabapathi
et al.,, 2011; Kumaria, 2017). The goal of this work was to establish a 3D cortical
microtissue model and blunt injury impacting system that would allow us to interrogate
TBI through the lens of inflicted strain and strain rate. By leveraging the diverse biological
outputs of our cortical microtissue and the versatility of the custom impactor device we set
out to map injury-relevant combinations of strain and strain rate to different

neuropathologies.

Our initial approach to this study relied on embedding cortical microtissues in collagen

hydrogels to serve as a force transduction medium for the impactor device. This approach
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was designed to mirror approaches taken with 2D cell culture work where cells are either
grown on top of or individually dispersed through collagen hydrogels to study the effects
of strain at quasi-static strain rates on a per-cell level by our collaborators in the Christian
Franck Lab (Bar-Kochba et al., 2016; Franck et al., 2011b; Yang et al., 2022). However,
due to significant reductions in cell viability due to the embedding process, alternative

approaches were explored.

Alternative hydrogels of PEG and alginate were selected for their optical clarity, known
biocompatibility, and tunable mechanical properties via crosslinking parameters
(Aisenbrey & Murphy, 2020; Andersen et al., 2015) with two different crosslinking
reagents tested for alginate. While these alternatives were not ultimately suitable for the
system we were trying to design, valuable insights were gained from experimenting with
them. Beyond causing excess cell death in the cortical microtissues, embedding our model
in hydrogels was causing a significant amount of background signal in our fluorescent
assays, making quantification difficult and possibly drowning out signal generated by our
calcium indicator. We were also limited in our ability to conduct time-course studies, as
microtissues would dissociate into the hydrogels after ~72 hours of embedding. Due to
these limitations with hydrogel embedding we pivoted to a new approach wherein we
delivered impacts to the microtissues while still in the 96 well agarose hydrogels they were

formed in.

This new approach, which we call shear impacts, did not require alterations to our existing
impacting setup and brought with it several advantages over the hydrogel embedding
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approach. By keeping the microtissues in their individual wells we gained the ability to
study TBI neuropathology on a longer timescale than was possible with the embedding
approach. We were also able to perform IHC on the microtissues, gaining insights into the
effects of our delivered impacts on cytoskeletal networks and astrogliosis. Using this
approach we successfully delivered impacts to the microtissues in the range of 25 — 30%
strain at strain rates of 40 — 140 s’!, injuries that roughly map to the strains and strain rates
experienced by the brain in mild car crashes or sports collisions (Hosseini-Farid et al.,
2020; McAllister et al., 2012a; J. Zhang et al., 2006a). At these levels of strain and strain
rate we detected a significant increase in cell death consistent with previous work
conducted in our lab where strains of 18%, 27%, and 35% were found to significantly
decrease cell viability as soon as 2 hours post-injury in a sustained compression injury
model (Gonzalez-Cruz et al., 2024). Similarly, we were able to qualitatively determine that
B-iii-tubulin networks begin to break down by 24 hours post-injury in at least one of our
impacting conditions, which again is consistent with the previous study published by the

lab on the sustained compression injury.

Despite these successes achieved, a significant drawback of our shear impact approach lies
in the inconsistency of the data generated. The large degree of variation in the data suggests
that not all microtissues in the hydrogel are undergoing uniform strain and strain rates with
this impacting approach. Due to the shape of the agarose hydrogel and nature of the
impactor device having one stationary arm and one moving arm, the microtissues across

the 96 well array of the hydrogel are likely experiencing significantly different strains and
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strain rates in a single impact. While it is possible to model the gradient of the delivered
strains and strain rates across the full array, one of the main goals of this approach is to
generate a high-throughput approach capable of generating high n values for rapid

screening of tightly controlled TBI inputs.

To overcome the variability inherent in the shear impacting approach developed, initial
work has been completed on a top-down impacting approach wherein 96 silicone pegs will
enter each well in the agarose hydrogel and impact each cortical microtissue individually.
This new approach will leverage a 3D printed bistable compliant mechanism to control the
force and speed of impact, allowing the strain and strain rate to be tuned by the parameters
input during the printing of the mechanism (Jensen et al., 1998). Initial work with this
approach has yielded promising results, similarly detecting increased cell death and the
breakdown of B-iii-tubulin networks post-injury. By building off the foundations and
learnings established in this body of work, this new top-down impacting paradigm offers a
promising future direction in pursuit of a high throughput biomimetic in vitro model for

TBI neuropathology.

2.6 Conclusion

Cortical microtissues combine many of the strengths of in vivo models and 2D in vitro
models of TBI neuropathology. This model recapitulates the inherent complexity of the
neural microenvironment with a higher fidelity than standard 2D cell culture models while

offering a robust, high-throughput system for a fraction of the cost, time, and animal
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sacrifice of standard in vivo models. We have shown that the model responds to various
strain and strain rate stimuli of pathological relevance. While shear impacts are capable of
effectively delivering these stimuli, high variability in the data has led us to a shift to a top-
down impacting paradigm with promising early results. Overall, this work represents

exciting new directions towards the advancement of studying TBI neuropathology.
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3.1 Summary (150 words):

Glioblastoma (GBM) is an aggressive brain cancer with a poor prognosis and is challenging
to study due to its high degree of inter- and intra-tumoral heterogeneity and complex tumor
microenvironment. Current in vitro models of GBM, including patient-derived organoids
and 2D and 3D cell cultures can recapitulate aspects of the GBM biology, but interactions
with normal cells of the central nervous system remain challenging to model. Herein, we
introduce a new 3D biomimetic brain-cancer microtissue (BCM) developed by co-
culturing rat cortical microtissues with rat glioma cell lines. Leveraging this model, we
have characterized glioma cell motility, invasiveness, and interactions with neurons,
astrocytes, and microglia. GBM cell behavior in the BCM model is consistent with that
observed in vivo. This robust and versatile platform will enable future high-throughput
therapeutic screening and detailed insights into primary glioma biology and potentially

other brain tumors and cancers that metastasize to the brain.

Keywords: glioblastoma, cortical, model, microtissue, cancer, organoid, spheroid, tumor

microenvironment, therapeutic screening, infiltration

3.2 Introduction:

Glioblastoma (GBM) is the most common primary brain cancer with over 12,000 new
cases per year in the US (Price et al., 2024). Patients with GBM usually decline rapidly,

with a 5-year survival rate of just 5% and a 15-month median survival, with the standard
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of care comprising surgical resection, temozolomide chemotherapy, and radiation
treatment (Alexander & Cloughesy, 2017; Foray et al., 2021; Stupp et al., 2005). GBM is
notoriously difficult to treat due to its characteristic vast inter- and intra-tumoral
heterogeneity and prolifically invasive behavior (Jacob et al., 2020b; Omuro & DeAngelis,
2013; Rybin et al., 2021). Despite significant efforts over the last 20 years by clinicians
and researchers alike, there has been little to no progress in survival expectancy for GBM

patients. New therapeutic approaches are desperately needed (Aldape et al., 2019).

GBM has a complex tumor microenvironment (TME) featuring interactions with brain
endothelial cells, neurons, and microglia. The tumor cells interact with brain endothelial
cells, astrocytes, neurons and microglia — playing key roles in tumor development,
progression and therapy resistance (Venkatesh et al., 2019; Winkler et al., 2023). Indeed,
over recent years these interactions have been shown to be a critical aspect of GBM

pathobiology.

Modeling these interactions faithfully is challenging. While murine models recapitulate
many key features of the disease, they are not high throughput, are costly and are time
intensive (Haddad et al., 2021; Liu et al., 2021). Traditional 2D cell cultures, 3D cultures
in hydrogels, and neurosphere cultures are useful but do not completely reproduce the
complex cellular TME. For these reasons, multicellular models have become increasingly
important in the field as recent studies have shown increased similarities and clinical

outputs across 3D in vitro models and clinical trials (Liu et al., 2021).
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Organoid models of GBM have gone through several iterations in the last decade as
researchers have sought methods to capture tumor heterogeneity and preserve cellular
morphologies in vitro. Recent co-culture approaches, such as the Glioblastoma-Cerebral
Organoid Co-culture, combine patient-derived GBM cells and cerebral organoids to model
the invasive patterns of GBM cells within the organoid (Linkous et al., 2019b). Despite
advances on this front, these models lack key components of the TME, including
vascularization and the presence of innate immune cells, both of which are critical
components of GBM progression and therapeutic resistance. These limitations underscore
the need for models of a higher level of biomimetic fidelity to gain a more complete

understanding of GBM neuropathology.

Herein we present a new in vitro model of GBM/brain interactions, based on biomimetic
rat 3D cortical microtissues that replicate many features of the normal brain including
electrical signaling, native extracellular matrix secreted by neural cells, and the presence
of functional microglia. We show that these microtissues can be readily co-cultured with
GBM cells, forming Brain-Cancer Microtissues (BCMs). This model has allowed us to
recapitulate the GBM TME with physiologically relevant primary cells including neurons,
astrocytes, oligodendrocytes, neural precursor cells, and microglia. The BCM model has
allowed us to study GBM infiltration and tumor-neuroimmune interactions in a
multicellular context that replicates critical aspects of the GBM TME. This model provides
a platform for future studies of tumor invasion and tumor-neuroimmune interactions, useful

for both malignant gliomas and potentially for systemic tumors that metastasize to the

97



brain. Its ease of use and high level of reproducibility with representation of all brain cell
types provide a platform for investigation of key biological mechanisms and for efficacious

drug screening.

3.3 Results:

3.3.1 Cortical Microtissue and Brain-Cancer Microtissue generation

3D cortical microtissues were generated from primary postnatal (0-2 days) rat cortices as
described previously (Dingle et al., 2015). Briefly, cortices were extracted, enzymatically
and mechanically dissociated into a single cell suspension, and seeded at 8,000 cells per
well into a 96 well 2% agarose hydrogel where they self-assembled into spherical
microtissues over the following 24 hours (Figure 1A). To assess the feasibility of this
model, 200 CNSI1 rat glioma cells (CNS200) were seeded into each microtissue. CNS1
cells infiltrated and incorporated into the cortical microtissue over the first 24 hours of co-

culture, resulting in the complete BCM (Figure 1B, Figure S.1).
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DIV 14 BCMs were assessed for viability after 7 days of co-culture using Hoechst 33342
to label cell nuclei blue and Ethidium Homodimer-1 to label dead cells red (Figure 1C).
There was no significant difference in microtissue viability between BCMs and cortical
microtissue controls (Figure 1D). These data indicated the initial feasibility of this

modeling approach and led to more extensive optimization and characterization of

interactions in the BCMs.
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Figure 1: Brain-Cancer Microtissue generation did not affect cell viability.

A) Cortical microtissues were generated by extracting the cortex, dissociating the tissue, and seeding the cell
suspension into 96 well agarose hydrogels where they spontaneously self assembled. B) Phase contrast
micrographs of BCM formed by seeding CNS1 cells (arrow) into the agarose hydrogel well with DIV2
cortical microtissues (circles). Left: Immediately after seeding. Right: 24 hours after seeding. C) Confocal
micrograph z-projections of BCM stained with Hoechst 33342 (blue) and ethidium homodimer-1 (red).
CNSI cells expressed GFP (green). D) Cell viability in microtissues was unaffected by the introduction of
CNSI1 cells (Control, 87.96% + 6.99%; BCM, 84.75% + 7.80%). n = 6. Significance determined by unpaired
t-test, ns = p>0.05. Center lines of box plots represent median. Lower and upper whiskers represent minimum
and maximum values, respectively. Boxes extend from 25" to 75% percentile. Scale bars = 50 um (B), 100

um (C).
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3.3.2 Infiltrative behavior of glioma cells in BCMs reflect intrinsic cellular and

microtissue characteristics

Two GBM cell lines were used to generate BCMs, GFP-expressing 9L rat glioma cells, and
GFP-expressing CNS1 rat glioma cells. The 9L gliosarcoma cell line is a widely used
model characterized by rapidly growing tumors with clearly delineated margins and little
invasion into surrounding brain tissue (Barth & Kaur, 2009; Stojiljkovic et al., 2003). The
CNSI cell line is a useful model of glioma invasion and ECM interactions, with extensive
brain infiltration (Barth & Kaur, 2009). BCMs were generated by seeding the glioma cells
either at the time of dissection at 100 cells per microtissue, or after 7 days in vitro (DIV)

at either 200 or 400 cells per microtissue

We observed a clear difference in the behavior of the 9L and CNS1 cell lines in the BCM
model consistent with their reported behavior in vivo. 9L cells aggregated, forming
microtumors with clearly delineated edges and little infiltration into the cortical microtissue
(Figure 2A). On the other hand, CNS1 cells remained relatively dispersed and infiltrated
more deeply into the microtissue than 9L cells and over time invaded throughout the
microtissue (Figure 2B). Using custom MATLAB code, we quantified the relative spatial
distribution of the GBM cells in each BCM seeding paradigm by defining collections of 4
or more cells within a 30-40 pm perimeter. This analysis revealed that a higher percentage
of 9L cells engaged in clustering activity relative to CNS1 cells (Figure 2C, Table 1A).
This analysis was conducted to assess the ability of BCMs to preserve the hallmark
phenotypic behavior of each of the cell lines examined. 9L cells are well characterized to
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form densely packed, non-invasive tumors while CNS1 cells are a standard model of GBM
invasiveness in neural tissue. The preservation of these hallmark phenotypes in BCMs is a

promising indicator of the model’s fidelity.

Our previous work has established that the rat cortical microtissue exhibits in vivo-like
stiffness and cellular composition, positioning it as a model to study glioma infiltration
(Dingle et al., 2015). To assess the infiltrative behavior of each cell line, infiltration depth
was determined by identifying the deepest Z-stack slice in the microtissues that contained
green-fluorescent signal from tumor cells. Due to the surface position of the 9L
microtumors, this analysis revealed little to no infiltration of 9L cells (data not shown)
while CNS1 cells exhibited extensive infiltration into the cortical microtissues. Further
analysis of CNS1 infiltration was conducted wherein CNS1 cells were seeded into cortical
microtissues at early (DIV2), middle (DIV7, 11, and 13), and late (DIV14) stages and
characterized after 1, 3, and 7 days of exposure using confocal microscopy imaging (Figure
2D). CNSI cells exhibited maturation-dependent infiltrative behavior, with the deepest and
fastest infiltration occurring in early and mid-stage microtissues and the shallowest and
slowest infiltration occurring in late stage microtissues. After 3 days of co-culture in the
early stage microtissues the CNS1 cells had infiltrated to the maximum visualization depth
of 75 um and possibly beyond (Figure 2E, Table 1B). The differences in infiltration depths

and rates are likely driven by a higher density and distinct composition of ECM present in
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the more mature microtissues, making it more difficult for the CNS1 cells to traverse

throughout the microtissue.
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Figure 2: Brain-Cancer Microtissues demonstrated glioblastoma heterogeneity.

A) Confocal micrograph z-projections of 9L BCM. 9L cells formed large, isolated aggregates with little
infiltration into the BCM. 91200 seeded with DIV7 cortical microtissue for 7 days. Green, GBM; Magenta,
microglia (IB4); Teal, nuclei (Hoechst). B) Confocal micrograph z-projections of CNS1 BCM. CNS1 cells
infiltrated throughout the entirety of the microtissue. CNS200 seeded with DIV7 cortical microtissue for 7
days. Green, GBM; Magenta, microglia (IB4); Teal, nuclei (Hoechst). C) The percentage of cells that engaged
in clustering behaviors was higher in 9L groups: 91100 (76.31%), 90200 (64.54%), 9L400 (78.74%), than
in CNS1 groups: CNS100 (37.88%), CNS200 (25.14%), CNS400 (40.69%). D) Confocal micrograph z-
projections of CNS1 BCMs seeded at early stage (DIV2), mid stage (DIV 7), and late stage (DIV14) after 7
days of co-culture. GBM infiltration depth varied with microtissue maturity at time of seeding. E) The
infiltration depth of CNS1 in early stage BCMs after 1 day (29 um), 3 days (75 um), and 7 days (73 pm), in
mid stage BCMs after 1 day (19 pm), 3 days (46 um), and 7 days (56 pum), and in late stage BCMs after 1
day (19 um), 3 days (16 um), and 7 days (44 pm). n = 6 — 36. Center lines of box plots represent median.
Lower and upper whiskers represent minimum and maximum values, respectively. Boxes extend from 25™
to 75" percentile. * = p<0.05, **** = p<0.0001. Scale bars = 100 um.
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Table 1A: Summary of Glioblastoma seeding paradigms and clustering behaviors

Condition GBM seeding Denslt Seeding | Analysis Incubation GBM # of GBM %

Cell Line & y Age Age Time (days) Clusters Clusters
9L 100 9L 100 cells/BCM DIVO DIV14 14 1.83 76.31
9L 200 9L 200 cells/BCM DIV7 DIV1i4 7 2.67 64.54
9L 400 9L 400 cells/BCM DIV7 DIVi4 7 4.33 78.74
CNS 100 CNS1 100 cells/BCM DIVO DIV14 14 4,17 37.88
CNS 200 CNS1 200 cells/BCM DIV7 DIV14 7 2.73 25.14
CNS 400 CNS1 400 cells/BCM DIV7 DIV14 7 7.17 40.69

Table 1B: Summary of CNS1 infiltration study seeding paradigms

GBM Seeding | Analysis Incubation
Conditi Seeding Densit Infiltrative Depth
ondition | . _ | Seeding Density Age Age Time (days) nfiltrative Depth (um)
DIV 3 1 29
Earl
ary CNS1 | 200 cells/BCM DIV2 DIV 5 3 75
Stage
DIV 9 7 73
DIV 13 1 19
MidStage | cNs1 | 200cells/Bcm | Divil | Dpivia 3 16
DIV 7 7 56
DIV 15 1 19
lateStage | CNS1 | 200cells/BcM | DIvia | Div17 3 16
DIV 21 7 44

3.3.3 Tumor-neuron interactions in BCMs showed disruption of tubulin cytoskeletal

structures

Tumor-neuron interactions in the BCM model were characterized after 7 days (GBM 200

and 400) and 14 days (GBM 100) of co-culture via immunohistochemistry for B-iii-tubulin,
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a marker for the cytoskeletal structures generated by neurons. In a healthy microtissue, this
cytoskeletal network is characterized by the formation of strand-like structures and a
smooth morphology (Figure 3A). The addition of glioma cells resulted in significant
disruption of these neurite networks, with distinct differences between the morphological
responses to the two glioma cell lines (Figure 3B-D). The addition of 9L cells resulted in
neurite networks that generally appeared healthy, except for the sites of the microtumors,
where B-iii-tubulin was absent. Conversely, spheroids seeded with CNS1 cells exhibited a
more global cytoskeletal breakdown, characterized by the formation of puncta and cellular
blebbing. Quantitative neurite network analysis was conducted using a custom graph
theory analysis method to generate morphological graphs of the neurite networks and
quantify the neurite network lengths (Figure 3E) (Burgess, 2024). While the neurite
changes were morphologically different between the two cell lines, the normalized main
network length was significantly decreased across all seeding paradigms (Figure 3F and

G).
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Figure 3: B-iii-Tubulin neurite networks were disrupted in all BCM conditions.

BCMs were generated by co-culturing cortical microtissues with 9L and CNS1 glioblastoma cells (green)
for 14 (GBM100) or 7 (GBM200 and GBM400) days. A) Confocal micrograph z-projection of healthy
controls, which exhibited B-iii-tubulin networks (red) with clear, interconnected, strand-like structures. B)
Confocal micrograph z-projections of cortical microtissues seeded with 9L100 and CNS100 exhibited
smaller normalized main network lengths of B-iii-tubulin. C) Confocal micrograph z-projections of cortical
microtissues seeded with 91200 exhibited smaller normalized main network lengths with large regions
devoid of B-iii-tubulin (arrow), while CNS200 BCMs exhibited B-iii-tubulin disruption with regional dark
spots (arrow). D) Confocal micrograph z-projections 91400 exhibited smaller normalized main network
lengths, large regions devoid of B-iii-tubulin and puncta formation (arrow) while CNS400 exhibited B-iii-
tubulin network disruption and regional dark spots (arrow). E) Skeletonized graph network overlay of
confocal micrograph z-projects of controls and each GBM seeding paradigm. F and G) Main neurite network
length was significantly reduced in all spheroids exposed to cancer cells 9100 (31.89%), CNS100 (44.19%),
91200 (34.37%), CNS200 (42.59%), 9L400 (37.53%), CNS400 (40.58%); as compared to controls (62.6%).
n = 6. Center lines of box plots represent medians. Lower and upper whiskers represent minimum and
maximum values, respectively. Boxes extend from 25" to 75™ percentile. * = p<0.05, ** = p<0.01. Scale
bars = 100 pm.
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3.3.4 Tumor-astrocyte interactions in BCMs showed GBM type-specific effects

In the BCM, astrocytic response to the addition of GBM cells was visualized by
immunohistochemical staining for glial fibrillary acidic protein (GFAP). Astrocytes are
highly branched cells with many processes extended in myriad directions as they survey
the microenvironment to maintain homeostasis, exhibiting highly complex and intertangled
networks when healthy (Figure 4A). The two rat glioma cell lines interacted with the
astrocytes in the BCM in distinct ways (Figure 4B-D). GFAP expression was quantified as
a function of the measured voxel fluorescent intensity normalized against the microtissue

volume.

The addition of 9L cells did not lead to a significant change in levels of GFAP expression
in the BCMs (Figure 4E); however, they elicited an interesting morphological response
from the astrocytes. Branches of GFAP infiltrated and integrated into the 9L microtumors
in all three seeding paradigms, most thoroughly in the 9L100 BCMs where they were co-
cultured together for the longest amount of time (Figure 4B-D). This response suggests that
astrocytes more readily integrate with 9L GBM microtumor sites, unlike neurons which

were characteristically excluded from the microtumors.

BCMs seeded with CNS1 cells exhibited lower GFAP expression. GFAP voxel intensity
was significantly lower in all three seeding paradigms of CNS1 relative to control cortical
microtissues (Figure 4F). The introduction of CNS1 cells may also have contributed to a

partial breakdown of GFAP branches since small detached puncta of GFAP appeared in
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CNS1 BCMs, especially in the CNS100 and CNS400 seeding paradigms which also

showed the lowest amount of GFAP expression.

Control GBM100 GBM200 GBM400

9L

CNS1

Figure 4: GFAP expression was significantly disrupted in CNS1 BCMs but not in 9L BCMs.

A) Confocal micrograph z-projection of control microtissues, which express GFAP as bright intertangled
networks. B) Confocal micrograph z-projections of 9L100 BCMs in which GFAP branches (red) extended
and infiltrated into the microtumors (green). CNS100 BCMs showed less GFAP expression. C) Confocal
micrograph z-projections of 9.200 BCMs showed a similar, though less complete, tendency for GFAP
branches to extend and infiltrate into the microtumors while CNS200 BCMs also exhibited less GFAP
expression. D) Confocal micrograph z-projections of 9L.400 BCMs also showed an integration of GFAP
branching into the microtumors while CNS400 BCMs appeared to form puncta, suggesting a breakdown of
existing GFAP branches. E) 9L BCMs showed similar average voxel intensities to control microtissues.
Control (1,357,644), 9L100 (473,753), 9L200 (2,430,529), 9L400 (662,942). n = 6-12 per condition. F)
Average voxel intensity was significantly lower in all CNS1 BCMs than in control microtissues. CNS100
(31,227), CNS200 (490,232), CNS400 (354,396). n = 6-12 per condition. Center lines of box plots represent
median. Lower and upper whiskers represent minimum and maximum values, respectively. Boxes extend
from 25% to 75 percentile. * = p<0.05, ** = p<0.01, *** = p<0.001. Scale bars = 100 um.

3.3.5 Tumor-microglia interactions in BCMs showed higher numbers of microglia

In the BCM, microglia response to the addition of the glioma cells was assessed through
immunohistochemical staining of ionized calcium-binding adapter molecule 1 (Ibal).
Microglia in their homeostatic surveillant state are characterized by branched and ramified
processes and even distribution throughout the microtissue (Figure 5A). 9L BCMs showed
significantly higher numbers of microglia than controls, with observable localization to the
microtumors (Figure 5B, 5C, 5D, S.2). Interestingly, 9L100 BCMs exhibited significantly

higher numbers of microglia than controls, 9L.200 and 9L400 BCMs (Figure 5E). OL
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microtumors are noted in literature as particularly immunogenic and prone to microglia
infiltration (Barth & Kaur, 2009; Kundu et al., 2024). Our findings suggest that the
additional time of co-culture experienced by 91100 BCMs resulted in a stronger microglial

response, even with the lower initial seeding density.

CNSI1 BCMs also showed higher numbers of microglia than controls; however, the
response appeared to vary by seeding paradigm (Figure 5F). Similar to the 9L seeding
conditions, CNS100 BCMs exhibited the greatest microglia numbers, suggesting that the
temporal component of co-culture is more important to microglial response than initial
seeding density. CNS400 BCMs also showed higher numbers of microglia relative to
controls, but CNS200 did not. While 9L cells are noted in literature for their strong
immunogenic responses, there is less research on CNS1 immunogenicity (Kundu et al.,
2024). These results indicate an overall weaker microglial response to CNSI1 cells, though
with high enough initial seeding density (CNS400) or long enough co-culture (CNS100),
a significant microglial response may still be elicited. Overall, these data reveal that rat
brain microtissues can support GBM cell tumor growth and that interactions between tumor

and normal cells lead to changes in behavior that may be relevant to human disease.
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Figure 5: The number of microglia present was higher in microtissues exposed to GBM.

(A) Confocal micrograph z-projection of control microtissues at DIV 14, which typically contain microglia
(red) with multiple processes as they surveil the environment. (B) Confocal micrograph z-projections of
cortical microtissues seeded with GBM cells (green), showing more microglia in both 9L.100 and CNS100
BCMs than in control microtissues. C) Confocal micrograph z-projections of 9.200 BCMs, which also
exhibited more microglia present with clusters of microglia localized near the microtumors. CNS200 BCMs
did not show differences in the number of microglia. D) Confocal micrograph z-projections of 90.400 BCMs,
which exhibited more microglia. E) The number of microglia present in all 9L BCMs was significantly higher
than controls. 91100 (117.33) exhibited significantly higher microglia numbers relative to both the control
(30.92) and the 91200 (78.25) and 9L400 (74.75). In CNS1 BCMs, only the CNS100 (44.5) and CNS400
(36.92) had significantly higher numbers of microglia relative to controls. CNS200 (25.58) BCMs did not
have significant differences in the numbers of microglia present. n = 12 for each group. Center lines of box
plots represent median. Lower and upper whiskers represent minimum and maximum values, respectively.
Boxes extend from 25th to 75th percentile. * = p<0.05, ** =p<0.01, *** = p<0.001, **** = p<0.0001. Scale
bars = 100 pm.

Discussion:

GBM is a challenging cancer that forms a complex array of interactions between tumor
cells and local brain tissue that are known to be critical for tumor growth but are not yet
well understood. Here, we describe a multicellular BCM model that represents an
advancement in the field of in vitro GBM models. The model is easy to use, robust,
reproducible, and provides a foundation for future drug screening and discovery efforts.

With this approach we have been able to simultaneously study GBM-neuron, GBM-
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astrocyte, and GBM-microglia interactions in an environment where the complex brain

TME is biomimetically represented, offering an advantage over other approaches.

The BCM model demonstrated effective incorporation of GBM cells within the first 24
hours of co-culture with no adverse effects on cell viability in the microtissue. Both
examined glioma cell lines exhibited their characteristic in vivo behaviors in the model,
with 9L cells forming clearly delineated microtumors and CNSI1 cells infiltrating
throughout the entirety of the microtissue (Barth & Kaur, 2009; Stojiljkovic et al., 2003;
Viapiano et al., 2008; H. Zhang et al., 1998). We characterized the differences in spatial
distribution of each GBM cell line, as well as the impact of cortical microtissue maturity
on the infiltrative behavior of CNS1 cells. The BCM model exhibited significant
breakdown of neuronal networks in all seeding paradigms while capturing distinct
differences in the morphology of that breakdown between each GBM cell line. GFAP
expression also showed a cell line specific response, with directed infiltration and
integration into 9L microtumors and significantly less GFAP expression when seeded with
CNSI cells. Additionally, the microglial response to each of the GBM cell lines was

captured, revealing a difference in immunogenicity between 9L and CNSI1 cells.

GBM research relies heavily on the use of in vivo and in vitro models. In vivo GBM models
consist primarily of murine transgenic models and patient derived xenografts, each with
advantages and disadvantages (Rybin et al., 2021). Transgenic models are excellent for
studying tumorigenesis but lack the heterogeneity commonly found in clinical settings
(Marumoto et al., 2009; Moquin-Beaudry et al., 2022). Patient-derived xenografts
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represent the current gold standard as they model patient tumors, but xenografts often grow
slowly and can be costly (Wang et al., 2009). The limitations of these in vivo models have

led to an increased interest in the development of in vitro models.

The most advanced current in vitro models, such as the GLICO model, consist of patient-
derived glioma stem cell (GSC) organoids co-cultured with iPSC-derived cerebral
organoids (Linkous et al., 2019b). These organoids’ properties include GSC proliferation,
microtubules, and the ability to detect a difference in GBM lethality depending on the
invasiveness of the GBM cells (Linkous et al., 2019b; Weth et al., 2022). These models can
recapitulate parts of the GBM TME, but have a key drawback of lacking vascularization
and innate immune cells (Silva et al., 2018). The interaction of microglial immune cells
with GBM cells plays a key role in therapeutic resistance in GBM, making it a key element
of interest for the study of GBM response to therapies (Geribaldi-Doldéan et al., 2021;
Gutmann & Kettenmann, 2019; Hambardzumyan et al., 2016; Pine et al., 2020; Quail &
Joyce, 2017). The presence of innate immune cells in the BCM model is therefore an
important step forward in the development of representative in vitro models of GBM

pathology.

The TME is a highly dynamic environment with many interconnected and complex
interactions occurring simultaneously among the myriad normal and cancerous cells
surrounded by a tissue scaffold that regulates these interactions. For this reason, it is
imperative for a biomimetic in vitro model to successfully recapitulate as much of the TME
as possible. By sourcing all the primary cells in the brain region, BCMs capture more fully
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the complexity of the in vivo environment. Further, these cells faithfully reproduce the
ECM architecture native to the cortex, a feature that is absent in most other 3D models and
which plays an important role on modulating GBM cellular motility and invasiveness
(Dingle et al., 2015; Viapiano et al., 2008; H. Zhang et al., 1998). BCMs provide the
cellular composition and mechanical properties of native cortical tissue scaffolding,
resulting in high fidelity to model tumor cell motility and invasion. One limitation of the
model at this stage is the lack of a myeloid component, which is a significant component
of patient GBM, and which will be investigated in future studies (De Leo et al., 2020).
Additionally, while our cortical microtissue model has previously shown the formation of
capillary-like networks, investigating GBM interactions with capillary-like networks was
outside of the scope of this study and will be investigated thoroughly in our future work

(Boutin et al., 2018).

Of note, the versatility of the BCM model lies not only in the diverse cellular make-up of
the model but also in its modular design. We can model any region of the brain, having
successfully modeled the cortex, cerebellum, thalamus, and hippocampus. We may also
incorporate any number of different cancer cell types. Moreover, BCMs are not restricted
to only studying GBM cell lines; the model offers a promising avenue for studying the
metastatic behavior of other types of cancer, such as breast or small cell lung cancer into
the brain. This model can also be used with any number of cancer seeding paradigms. In
this work, 200 GBM cells per microtissue was chosen initially to reflect the relative average

size of GBM tumors in the average size of the human male brain (DeFelipe, 2011; Palpan
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Flores et al., 2020). The GBM 400 groups were chosen to reflect a high cell density seeding
paradigm, while the GBM100 groups were chosen to study longer term effects on the
cortical cells and to evaluate if there would be adverse effects to BCM formation. It could
be argued that the addition of GBM cells at the time of dissection does not fully reflect the
dynamics of tumorigenesis since in clinical settings tumors grow on neural tissue that is
already organized. Conversely, tumorigenesis propagates from a small initial population of
cancer stem cells which are surrounded by neural tissue as captured in our GBM100
seeding paradigms (Del Vecchio et al., 2013). The versatility to study both of these seeding
paradigms in BCMs underscores the breadth of research questions they may be used to

interrogate.

There are many promising paths forward with BCMs. The current therapeutic gold standard
in clinical GBM is surgical resection, followed by courses of irradiation and treatment with
the standard of care chemotherapeutic drug temozolomide (Jacob et al., 2020b). Future
studies applying this therapeutic course to BCMs will allow us to determine the efficacy
on a per-cell-type basis and assess the magnitude and time course of recovery for each cell
type. Furthermore, due to the high-throughput nature of BCMs, the model could prove to
be critical to quickly and effectively screening new therapeutic approaches. Recent
findings in the field of “‘cancer neuroscience” have also indicated integration of GBM cells
into the neuronal circuitry (Amit et al., 2024; Monje et al., 2020). Conducting
electrophysiological studies to assess GBM integration into electrochemical signaling

pathways may reveal useful insights into the role of neuron-cancer interactions in tumor
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growth and chemoresistance. Finally, expanding BCMs as a model of metastasis presents
a large swath of possibilities for future studies. Lung, breast, and skin cancer are the most
common forms of cancer to metastasize to the brain, with roughly 50% of lung cancers
metastasizing to the brain (Achrol et al., 2019; Price et al., 2024). Incorporating cancer cell
lines from these lineages into BCMs will yield new insights into how these disparate cell
types interact with neural cells while also serving as a high-throughput therapeutic

screening platform.

The BCM model offers new opportunities to study GBM-neuroimmune interactions in
cellular and molecular detail. The high levels of reproducibility and robustness of the
system will provide a platform for drug screening and new insights into the complex

biology of GBM in the context of the brain.

Resource availability:

Lead Contact: Diane Hoffman-Kim, Diane_Hoffman-Kim@Brown.edu

Materials Availability: This study did not generate new unique reagents.

Data and Code Availability: Experimental data have been deposited at Open Science
Framework and are publicly available as of the date of publication at [DOI]. All original
code has been deposited at Open Science Framework and is publicly available at [DOI] as
of the date of publication. Any additional information required to reanalyze the data

reported in this paper is available from the lead contact upon request.
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3.4 STAR Methods:

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-B-iii-tubulin Biolegend 801202
Rabbit anti-GFAP DAKO 70334
Rabbit anti-Ibal Fujifilm 018-28523
CY3 Goat anti-mouse Jackson ImmunoResearch | 115-165-068
CY3 Goat anti-rabbit Jackson ImmunoReseaerch | 111-165-144
Chemicals, peptides, and recombinant proteins

Neurobasal A + Invitrogen A3582901
B27 + Invitrogen A3582801
Penicillin-Streptomycin (10,000 U/mL) | Fisher Scientific 15140122
GlutaMAX (100X) Gibco 35050-061
PBS pH 7.4 (1x) Gibco 10010-023
Papain BrainBits

Trypan Blue, 0.4% Solution in PBS MP Biomedicals 1691049
Poly-D-Lysine Sigma-Aldrich P6407-5MG
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RPMI-1640

FBS ScienCell Research | 0025
Laboratories

DMEM Gibco 11330032

G418 MilliporeSigma 4727878001

Paraformaldehyde 20% Solution, EM | Electron Microscopy | 15713-S

Grade Sciences

Sucrose Sigma-Aldrich S9378-1KG

Normal Goat Serum Jackson ImmunoResearch | 005-000-121

Bovine Serum Albumin Sigma-Aldrich A7030-100G

Triton X-100 Sigma-Aldrich X100-100ML

Hoechst 33342,  trihydrochloride, | Invitrogen H3570

trihydrate

Ethidium Homodimer-1 Invitrogen E1169

4, 6-Diamidino-2-Phenylindole | Sigma-Aldrich 32670

(DAPI) 1000X

UltraPure Agarose Invitrogen 16-500-100

Phosphate Buffer Saline Tablets MP Biomedicals 2810305

Hibernate A BrainBits

Hibernate A -CaCl, BrainBits

Ethyl Alcohol 95% (190 Proof) PHARMCO 111000190

0.25% Trypsin-EDTA Gibco 25200-056

Critical commercial assays

Deposited data

Open Science Framework ‘ This study ‘ DOI:

Experimental models: Cell lines

CNS1 Hickey (Dartmouth | RRID: CVCL
University, NH) 5276

oL Yamaguchi (Sanford- | RRID: CVCL
Burnham Institute, CA) 1928

Experimental models: Organisms/strains

Rats | Charles River | CD

Software and algorithms

ImageJ FIJI

MATLAB

Mathematica

NIS-Elements

Other

Agarose molds \ MicroTissues, Inc ’ 24-96
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FluoroDish WPI FD35-100
40 um cell strainer Cell Treat 229481

10 mL Plastic Syringe Fisher Scientific 20230130
Absorbent Bench Cover Fisher Scientific 14-206-64
35mm dishes Corning 353001

24 well plates Cell Treat 229524
Pasteur Pipettes Fischer Scientific 13-678-20C
Hemocytometer Propper Manufacturing 12-519-10
Centrifuge Eppendorf 5810 R

50 mL Centrifuge Tube CELLTREAT 229421

15 mL Centrifuge Tube CELLTREAT 229411
Snap Cap Low Retention Graduated | Fisher Scientific 21-402-905
Microcentrifuge Tubes, 2 mL, Sterile,

Natural

24 well glass bottom plates Cellvis P24-1.5H-N

3.4.1 Cell isolation and 3D microtissue culture

All animal procedures were conducted in accordance with the guidelines established by
Brown University’s Institutional Animal Care and Use Committee. Two days before
dissection, 2% agarose 96-well hydrogels were created using molds from Microtissues,
Inc. The hydrogels were allowed to acclimate to the cortical media- (CM-) consisting of
neurobasal A+, penicillin/streptomycin, and GlutaMAX for two days, with daily CM-
changes. The hydrogels were changed over to cortical media+ (CM+) consisting of

neurobasal A+, 1X penicillin/streptomycin, 0.5 mM GlutaMAX, and 1X B27+ on the

morning of dissection.

Postnatal (days 0-2) rat pups were immersed in ice for 45 minutes and decapitated prior to

dissection. Cortices were extracted and homogenized, first with enzyme digestion in 2
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mg/mL papain solution at 30°C for 30 min with occasional dissection, and then
mechanically with fire-polished Pasteur pipettes. Cortical cells were separated via gentle
centrifugation and counted on a glass hemocytometer with Trypan Blue to determine
viability. The cells were then diluted to a concentration of 8,000 cells per well with mixed
sex cell populations and allowed to settle into the wells for 20 — 40 minutes with plate
shaking every 10 minutes. Over the following 24 hours, the microtissues spontaneously
form in each of the microwells. They were stored in an incubator at 37°C and 5% CO with
changes of CM+ every 2 — 3 days. Additionally, 2D control plates were generated at
250,000 cells per well on poly-D-lysine coated 24 well tissue culture plates to ensure

general cell health.

3.4.2 Cancer cell line culture, seeding, and Brain-Cancer Microtissue generation

CNSI1 cells were cultured in RPMI-1640 with 2 mM L-glutamine, 10% fetal bovine serum,
and 1x pen/strep. 9L cells were cultured DMEM, 10% fetal bovine serum, 1x pen/strep,
and 50 pg/mL of G418 antibiotic. Both cell lines were passaged using standard cell culture
procedures every 2-3 days. GBM cells were counted on a glass hemocytometer and seeded
into the microtissues either at the time of dissection at a seeding density of 100 GBM cells
per microtissue (9,600 cells per hydrogel) or after a certain number of days in vitro at either
a concentration of 200 GBM cells per microtissue (19,200 cells per hydrogel) or 400 GBM

cells per microtissue (38,400 cells per hydrogel).
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3.4.3 Viability assay

Viability assays were performed by co-staining microtissues with Hoechst 33342 (all
nuclei) and Ethidium homodimer (dead/damaged nuclei). Gels were incubated in a dye
mixture consisting of 1 mL CM+, 1 uL Hoechst, and 4 pL Ethidium homodimer while
protecting them from light. They were washed twice with warmed PBS and then returned
to fresh CM+. Using a cut-off P1000 micropipette tip the spheroids were flushed out the
gels and transferred to glass bottomed 35 mm confocal and taken for immediate confocal
imaging. Images were analyzed in ImageJ F1JI using the “3D Objects Counter” plugin to
quantify the number of discrete objects present in the z-stacks. Cell viability was therefore

modeled as:

Total Nuclei — Dead Cell Nuclei o

Cell viability (%) = Total Nuclei

3.4.4 Immunohistochemistry

At DIV14 microtissues were fixed by adding 1 mL of 4% v/v paraformaldehyde in an 8%
wt/vol sucrose in PBS solution and incubating them at room temperature overnight.
Microtissues were washed 3 times for 30 minutes in PBS and then flushed out of the
hydrogels and transferred to 1.5 mL Eppendorf tubes. Microtissues were blocked with
blocking solution consisting of 10% normal goat serum, 4% bovine serum albumin, and
1% triton-x 100 in PBS on a shaker plate at room temperature for two hours. The

microtissues were then moved to a primary antibody solution consisting of either mouse
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anti-B-iii-tubulin, rabbit anti-GFAP, or rabbit anti-Ibal diluted in blocking solution
overnight. A non-primary control for each primary antibody used was set aside in fresh
blocking solution as well. The following day, after two 2-hour washes with PBT,
microtissues were blocked in blocking solution for another 2 hours and then moved to a
secondary antibody solution consisting of goat anti-mouse antibody conjugated to CY3, or
goat anti-rabbit antibody conjugated to CY3 overnight. After removing the secondary
antibody, the microtissues were washed three times for 30 minutes in PBT and then
incubated in 1X DAPI for one hour. They were then transferred back to PBS and stored at

4°C until imaged.

3.4.5 Imaging

All microtissues were imaged on a Nikon AX-R confocal microscope controlled by NIS-
Elements software using glass bottom plates. Fluorescent images were acquired using a
20X air objective (Nikon, Plan APO, NA 0.75, WD 1.0 mm) or a 40X oil objective (Nikon,
Plan Fluor, NA 1.3, WD 0.2 mm) and laser diodes (405, 488, and 532 nm) laser lines with
2 — 3x digital zoom. Imaging settings were consistent between samples for all conditions
within the same experiment. ND2 files were converted to TIFF format in ImageJ FIJI and

analyzed using several software solutions.

3.4.6 Cancer cell behavior analysis

The spatial distribution of clusters formed by tumor cells within the 3D microtissues was

quantified using MATLAB (Mathworks) code (DOI:tbd). Multi-channel fluorescence
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images of 50 slices (pixel width and height 0of 0.2442241 or 0.2849281 pixels/um and voxel
depth of 1.5 um) were pre-processed using ImageJ FIJI software to split the DAPI (nuclei)
and GFP (tumor cell) channels and provide intensity thresholding. Each channel was saved
using tiff format, loaded into the code, and binarized. After binarization, images were
filtered for size and morphology to shed artifacts. Tumor cells that overlapped with nuclei
were segmented, and a second size filter was used to remove puncta. For CNS-1 GBM
analysis, a cluster was defined as a collection of at least four objects within a 30 pum
perimeter in any direction, while for 9L GBM analysis, the perimeter was defined as 40
pum. Initial clusters were determined using the distances between individual objects that fit
the cluster criteria. Objects that could belong to multiple clusters were assigned to a single
cluster, and a new cluster center was calculated by taking the average of all the objects’
spatial coordinates within that cluster. The distances between each cluster center and object
centroid were iteratively checked to update the cluster center coordinates until a steady

state was reached.

CNSI1 cell infiltration depth into microtissues was assessed early (DIV2), middle (DIV7,
11, and 13), and late (DIV14) stages after 1, 3, and 7 days of exposure. Z-stack images
obtained using confocal microscopy were analyzed in ImageJ FIJI. The CNS1 fluorescent
channel was isolated and binarized to visualize the cancer cells. A circle was drawn around
the perimeter of each microtissue to determine the center point, and a second circle with a
diameter of 100 um was positioned at the center of the microtissue. To determine the

infiltration depth, slices from the Z-stack (1 to 50) were examined for the presence of GBM

121



signal within the 100 pm circle. The slice number corresponding to the deepest detectable
GBM cells was recorded. To calculate the depth of CNS1 infiltration, the slice number was

multiplied by the 1.5 um z-step of each slice.

3.4.7 B-iii-tubulin analysis

We show the normalized main network length of the BCMs in Figure 3F and 3G. These
metrics were measured from a graph representation of the BCM’s B-iii tubulin neurite

network.

Graph representation of the BCM neurite network

Z-projections were generated from confocal micrographs collected of the BCMs using the
confocal microscope. The images were 512 pixels wide and 512 pixels tall. The intensity
at each pixel was recorded as a 16-bit binary number. We converted these binary numbers
to decimal numbers, and then in each image, we affinely transformed the pixel intensities
so that the maximum pixel intensity became 1.0 and the minimum became 0.0. This was
done to increase the contrast in each image. Mathematically, our images can be described
as two- dimensional arrays, or matrices, whose elements are real numbers ranging from 0.0

to 1.0.

Let My, for k=1, 2, 3, . . ., nsuck, denote the set of images acquired at different depths.
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This set of images is often referred to as the z-stack. Here, nswuck denotes the total number
of images in the z-stack, which was typically 50 in our case. The intensity of a pixel in

the k-th image M, located at the i row and /" column, is denoted by M(i, /).

We define a single image called the "z-projection", Mproj, using the z-stack as

Mpi(,7) = max  M;(i,j)

kefl,... iatack

Creation of skeleton from Z-projection: We thresholded M,,,; to further increase its

~ . 1, if M;i(i,7) > p
M roi 'l,’ — b Pro) b ?
proi(8:7) {O, otherwise

contrast. That is, we selected u € (0,1) and defined a binary image Mpm j as

such that the contrast of 1\71pr0 j was greater than that of Mprj. We then applied a median

filter to M

proj- That is, we replaced the value at each pixel with the median value of all the

pixels in its r-neighborhood. More precisely, we defined a new image Mpm j using Mproj

as
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~

M pro;(i, j) = median {Mpmj(m, n) | (m,n) € N, (, j)} ,
where the r-neighborhood around pixel (i, j), N,.(i, j), is defined as

NG, 5)={(m,n) €Z’ | Im—i| <7, [n—j] <r}.

In our processing r = 2.

We created a "skeleton" of Mpm j using the following approach. We first binarized 1\7Ipm y
then repeatedly thinned it. A thinning operation turns a white pixel that lies between a white
(pixel value =1) and black region (pixel value =0) to black when that operation does not
change the topology of the white and black regions in the image. Thinning was repeatedly

performed until all regions were a single pixel thick.

Creating a graph from the skeleton: A mathematical graph, G, is defined as a set of
vertices/nodes (V') and set of edges (E); where an edge is a pair of nodes. More precisely,
E € {(u,v)]|u, v €V, u# v}. We created a graph from the binary skeletonized image using

the algorithm given in Algorithm 1 (DOI:tbd).
Graph theory-based metrics for the BCM's f-iii tubulin neurite network

Lengths: In a graph corresponding to a BCM f-iii tubulin neurite network, we define the
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length of an edge as the Euclidean distance between the pixels corresponding to the two
nodes of that edge. We define the length of graph G as the sum of the lengths of all of its

edges. We denote that length as £ (G).

Connected graph: A graph is called connected if one can reach any of its vertices starting
from any other of its vertices and traversing the edges. We found that graphs corresponding

to the BCM B-iii tubulin neurite networks were rarely, if ever, connected.

Sub-graph and maximally connected sub-graph: A sub-graph of the graph G = (V, E) is
another graph G'=(E', V') where V' € V,and E' € E N V' x V'. We found that the G
corresponding to [-iii-tubulin networks in the BCMs consisted of many connected
subgraphs. A graph is called a maximally connected sub-graph of G if it is a sub-graph of
G, it 1s connected, and no new connected sub-graph of G can be created by adding any
more vertices from V into V' irrespective of how we modify E'. In general, a graph G can

always be uniquely decomposed into a collection of maximally connected subgraphs.

Once we have a graph from a z-stack of images of the BCM we decompose it into a
collection of its maximally connected subgraphs. Let these maximally denoted subgraphs
be Gi,i=1, 2, .. .. We computed the lengths of each of those Gi. We define the normalized

main network length as
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max; ¢ (G;)

2.t (Gy)

3.4.8 GFAP analysis

The average voxel intensity of GFAP-stained spheroids was calculated using ImageJ FIJI
by importing confocal images of GFAP-stained spheroids. Individual spheroids were
cropped, and the background was removed to ensure that only single spheroids were
analyzed. The two-dimensional radius (2DR) of each spheroid was then approximated from

the area of the circular cross-section using:

area
2DR =

The height (h) of each spheroid was determined as:
h = number of slices X step size

The three-dimensional radius (3DR) was estimated using a geometric approximation
derived from the Pythagorean theorem, using the height and 2D radius of the spheroid
cross-section:

h? + 2DR?

3DR =
2h
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To quantify GFAP signal intensity, we used the “3D Objects Counter” plugin in ImageJ
FIJI to measure the average voxel intensity of the GFAP-positive regions of each spheroid.
Thresholding was standardized across all conditions by measuring the pixel width of a
representative astrocyte strand and adjusting the threshold to the same pixel width of the
selected astrocyte feature. The “3D Objects Counter” plugin was further used to calculate
the total integrated density (total pixel intensity) of GFAP-positive regions throughout the
spheroid. The average voxel intensity was then obtained by normalizing the total integrated

density to the 3D radius of the spheroid as modeled by:

Total Integrated Density
3DR

Average Voxel Intensity =

3.4.9 Microglia analysis

The count and spatial distribution of microglia within the 3D microtissues was quantified
using the same MATLAB code as previously described to quantify the spatial distribution
of GBM cells. The pixel width and height were adjusted to 0.3419137 pixels/voxel while
retaining the same voxel depth of 1.5 um. In this case the ImageJ FIJI pre-processing step
split the DAPI (nuclei) and the Cy3 (microglia) channels for intensity thresholding.
Microglia that overlapped with nuclei were segmented and counted. For microglia a cluster

was defined as a collection of at least four objects within a 30 pm perimeter.

127



3.5 References

Abreu, C. M., Gama, L., Krasemann, S., Chesnut, M., Odwin-Dacosta, S., Hogberg, H. T.,
Hartung, T., & Pamies, D. (2018). Microglia Increase Inflammatory Responses in
iPSC-Derived Human  BrainSpheres.  Frontiers in  Microbiology, 9.

https://www.frontiersin.org/articles/10.3389/fmicb.2018.02766

Achrol, A. S., Rennert, R. C., Anders, C., Soffietti, R., Ahluwalia, M. S., Nayak, L., Peters,
S., Arvold, N. D., Harsh, G. R., Steeg, P. S., & Chang, S. D. (2019). Brain

metastases. Nature Reviews. Disease Primers, 5(1), 5.

https://doi.org/10.1038/s41572-018-0055-y

Aisenbrey, E. A., & Murphy, W. L. (2020). Synthetic alternatives to Matrigel. Nature

Reviews Materials, 5(7), 539-551. https://doi.org/10.1038/s41578-020-0199-8

Alaylioglu, M., Durson, E., Yilmazer, S., & kK, D. G. (2020). A Bridge Between in vitro
and in vivo Studies in Neuroscience: Organotypic Brain Slice Cultures. Archives of

Neuropsychiatry, 57(4), 333-337. https://doi.org/10.29399/npa.26139

Aldape, K., Brindle, K. M., Chesler, L., Chopra, R., Gajjar, A., Gilbert, M. R., Gottardo,
N., Gutmann, D. H., Hargrave, D., Holland, E. C., Jones, D. T. W., Joyce, J. A.,
Kearns, P., Kieran, M. W., Mellinghoff, I. K., Merchant, M., Pfister, S. M., Pollard,

S. M., Ramaswamy, V., ... Gilbertson, R. J. (2019). Challenges to curing primary

128



brain tumours. Nature Reviews Clinical Oncology, 16(8), 509-520.

https://doi.0org/10.1038/s41571-019-0177-5

Alexander, B. M., & Cloughesy, T. F. (2017). Adult Glioblastoma. Journal of Clinical
Oncology: Official Journal of the American Society of Clinical Oncology, 35(21),

2402-2409. https://doi.org/10.1200/JC0O.2017.73.0119

Amit, M., Anastasaki, C., Dantzer, R., Demir, L. E., Deneen, B., Dixon, K. O., Egeblad, M.,
Gibson, E. M., Hervey-Jumper, S. L., Hondermarck, H., Magnon, C., Monje, M.,
Na’ara, S., Pan, Y., Repasky, E. A., Scheff, N. N., Sloan, E. K., Talbot, S., Tracey,
K. J., ... Borniger, J. C. (2024). Next Directions in the Neuroscience of Cancers
Arising  outside the CNS. Cancer Discovery, 14(4), 669—-673.

https://doi.org/10.1158/2159-8290.CD-23-1495

Andersen, T., Auk-Emblem, P., & Dornish, M. (2015). 3D Cell Culture in Alginate
Hydrogels. Microarrays, 4(2), Article 2.

https://doi.org/10.3390/microarrays4020133

Bar-Kochba, E., Scimone, M. T., Estrada, J. B., & Franck, C. (2016). Strain and rate-
dependent neuronal injury in a 3D in vitro compression model of traumatic brain

injury. Scientific Reports, 6, 30550. https://doi.org/10.1038/srep30550

129



Barth, R. F., & Kaur, B. (2009). Rat brain tumor models in experimental neuro-oncology:
The C6, 9L, T9, RG2, F98, BT4C, RT-2 and CNS-1 gliomas. Journal of Neuro-

Oncology, 94(3), 299-312. https://doi.org/10.1007/s11060-009-9875-7

Bian, S., Repic, M., Guo, Z., Kavirayani, A., Burkard, T., Bagley, J. A., Krauditsch, C., &
Knoblich, J. A. (2018). Genetically engineered cerebral organoids model brain
tumor formation. Nature Methods, 15(8), 631-639. https://doi.org/10.1038/s41592-

018-0070-7

Boutin, M. E., Kramer, L. L., Livi, L. L., Brown, T., Moore, C., & Hoffman-Kim, D.
(2018). A three-dimensional neural spheroid model for capillary-like network
formation. Journal of  Neuroscience Methods, 299, 55-63.

https://doi.org/10.1016/j.jneumeth.2017.01.014

Burgess, A. Z. (2024). Development and Validation of a Graph Theory Based
Computational Analysis Tool for Investigating Neuronal Network Integrity in 3D
Cortical Microtissue Models Under Vincristine Treatment and Ischemic and
Ischemia-Reperfusion Conditions [Brown University].

https://repository.library.brown.edu/studio/item/bdr:6tawvmpu/

CDC. (2024, October 29). TBI Data. Traumatic Brain Injury & Concussion.

https://www.cdc.gov/traumatic-brain-injury/data-research/index.html

130



Chiaradia, I., & Lancaster, M. A. (2020). Brain organoids for the study of human
neurobiology at the interface of in vitro and in vivo. Nature Neuroscience, 23(12),

1496—-1508. https://doi.org/10.1038/s41593-020-00730-3

De Leo, A., Ugolini, A., & Veglia, F. (2020). Myeloid Cells in Glioblastoma

Microenvironment. Cells, 10(1), 18. https://doi.org/10.3390/cells10010018

DeFelipe, J. (2011). The Evolution of the Brain, the Human Nature of Cortical Circuits,

and Intellectual Creativity. Frontiers in Neuroanatomy, 0.

https://doi.org/10.3389/fhana.2011.00029

Dejaegher, J., Solie, L., Hunin, Z., Sciot, R., Capper, D., Siewert, C., Van Cauter, S., Wilms,
G., van Loon, J., Ectors, N., Fieuws, S., Pfister, S. M., Van Gool, S. W., & De
Vleeschouwer, S. (2021). DNA methylation based glioblastoma subclassification is
related to tumoral T-cell infiltration and patient survival. Neuro-Oncology, 23(2),

240-250. https://doi.org/10.1093/neuonc/noaa247

Del Vecchio, C. A., Giacomini, C. P, Vogel, H., Jensen, K. C., Florio, T., Merlo, A.,
Pollack, J. R., & Wong, A. J. (2013). EGFRVIII gene rearrangement is an early
event in glioblastoma tumorigenesis and expression defines a hierarchy modulated
by epigenetic mechanisms. Oncogene, 32(21), 2670-2681.

https://doi.org/10.1038/onc.2012.280

131



Di Lullo, E., & Kriegstein, A. R. (2017). The use of brain organoids to investigate neural
development and disease. Nature Reviews Neuroscience, 18(10), 573-584.

https://doi.org/10.1038/nrn.2017.107

Dingle, Y.-T. L., Boutin, M. E., Chirila, A. M., Livi, L. L., Labriola, N. R., Jakubek, L. M.,
Morgan, J. R., Darling, E. M., Kauer, J. A., & Hoffman-Kim, D. (2015). Three-
Dimensional Neural Spheroid Culture: An In Vitro Model for Cortical Studies.
Tissue Engineering. Part C Methods, 21(12), 1274-1283.

https://doi.org/10.1089/ten.tec.2015.0135

Doorly, M. C., & Gilchrist, M. D. (2006). The use of accident reconstruction for the
analysis of traumatic brain injury due to head impacts arising from falls. Computer
Methods in Biomechanics and Biomedical Engineering, 9(6), 371-377.

https://doi.org/10.1080/10255840601003551

Fesharaki-Zadeh, A., & Datta, D. (2024). An overview of preclinical models of traumatic
brain injury (TBI): Relevance to pathophysiological mechanisms. Frontiers in

Cellular Neuroscience, 18. https://doi.org/10.3389/fncel.2024.1371213

Foray, C., Valtorta, S., Barca, C., Winkeler, A., Roll, W., Miither, M., Wagner, S., Gardner,
M. L., Hermann, S., Schifers, M., Grauer, O. M., Moresco, R. M., Zinnhardt, B.,
& Jacobs, A. H. (2021). Imaging temozolomide-induced changes in the myeloid
glioma microenvironment. Theranostics, 11(5), 2020-2033.

https://doi.org/10.7150/thno.47269

132



Franck, C., Maskarinec, S. A., Tirrell, D. A., & Ravichandran, G. (2011a). Three-
Dimensional Traction Force Microscopy: A New Tool for Quantifying Cell-Matrix
Interactions. PLOS ONE, 6(3), el7833.

https://doi.org/10.1371/journal.pone.0017833

Franck, C., Maskarinec, S. A., Tirrell, D. A., & Ravichandran, G. (2011b). Three-
Dimensional Traction Force Microscopy: A New Tool for Quantifying Cell-Matrix
Interactions. PLOS ONE, 6(3), el7833.

https://doi.org/10.1371/journal.pone.0017833

Frugier, T., Morganti-Kossmann, M. C., O’Reilly, D., & McLean, C. A. (2010). In Situ
Detection of Inflammatory Mediators in Post Mortem Human Brain Tissue after
Traumatic ~ Injury.  Journal  of  Neurotrauma,  27(3),  497-507.

https://doi.org/10.1089/neu.2009.1120

Geribaldi-Doldan, N., Fernandez-Ponce, C., Quiroz, R. N., Sanchez-Gomar, I., Escorcia,
L. G., Velasquez, E. P., & Quiroz, E. N. (2021). The Role of Microglia in
Glioblastoma. Frontiers in Oncology, 10.

https://www.frontiersin.org/articles/10.3389/fonc.2020.603495

Giandomenico, S. L., Mierau, S. B., Gibbons, G. M., Wenger, L. M. D., Masullo, L., Sit,
T., Sutcliffe, M., Boulanger, J., Tripodi, M., Derivery, E., Paulsen, O., Lakatos, A.,

& Lancaster, M. A. (2019). Cerebral organoids at the air-liquid interface generate

133



diverse nerve tracts with functional output. Nature Neuroscience, 22(4), 669—679.

https://doi.org/10.1038/s41593-019-0350-2

Goldstein, L. E., Fisher, A. M., Tagge, C. A., Zhang, X.-L., Velisek, L., Sullivan, J. A.,
Upreti, C., Kracht, J. M., Ericsson, M., Wojnarowicz, M. W., Goletiani, C. J.,
Maglakelidze, G. M., Casey, N., Moncaster, J. A., Minaeva, O., Moir, R. D.,
Nowinski, C. J., Stern, R. A., Cantu, R. C., ... McKee, A. C. (2012). Chronic
Traumatic Encephalopathy in Blast-Exposed Military Veterans and a Blast
Neurotrauma Mouse Model. Science Translational Medicine, 4(134), 134ra60.

https://doi.org/10.1126/scitranslmed.3003716

Gonzalez-Cruz, R. D., Wan, Y., Burgess, A., Calvao, D., Renken, W., Vecchio, F., Franck,
C., Kesari, H., & Hoffman-Kim, D. (2024). Cortical spheroids show strain-
dependent cell viability loss and neurite disruption following sustained
compression injury. PLOS ONE, 19(8), €0295086.

https://doi.org/10.1371/journal.pone.0295086

Gutmann, D. H., & Kettenmann, H. (2019). Microglia/Brain Macrophages as Central
Drivers of Brain Tumor Pathobiology. Neuron, 104(3), 442-449.

https://doi.org/10.1016/j.neuron.2019.08.028

Haddad, A. F., Young, J. S., Amara, D., Berger, M. S., Raleigh, D. R., Aghi, M. K., &

Butowski, N. A. (2021). Mouse models of glioblastoma for the evaluation of novel

134



therapeutic ~ strategies. = Neuro-Oncology  Advances,  3(1),  vdabl00.

https://doi.org/10.1093/noajnl/vdab100

Hambardzumyan, D., Gutmann, D. H., & Kettenmann, H. (2016). The role of microglia

and macrophages in glioma maintenance and progression. Nature Neuroscience,

19(1), 20-27. https://doi.org/10.1038/nn.4185

Hosseini-Farid, M., Amiri-Tehrani-Zadeh, M., Ramzanpour, M., Ziejewski, M., & Karami,
G. (2020). The Strain Rates in the Brain, Brainstem, Dura, and Skull under
Dynamic Loadings. Mathematical and Computational Applications, 25(2), Article

2. https://doi.org/10.3390/mca25020021

Hubert, C. G., Rivera, M., Spangler, L. C., Wu, Q., Mack, S. C., Prager, B. C., Couce, M.,
McLendon, R. E., Sloan, A. E., & Rich, J. N. (2016). A Three-Dimensional
Organoid Culture System Derived from Human Glioblastomas Recapitulates the
Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo.
Cancer Research, 76(8), 2465-2477. https://doi.org/10.1158/0008-5472.CAN-15-

2402

Jacob, F., Salinas, R. D., Zhang, D. Y., Nguyen, P. T. T., Schnoll, J. G., Wong, S. Z. H.,
Thokala, R., Sheikh, S., Saxena, D., Prokop, S., Liu, D., Qian, X., Petrov, D., Lucas,
T., Chen, H. I, Dorsey, J. F., Christian, K. M., Binder, Z. A., Nasrallah, M., ...

Song, H. (2020a). A Patient-Derived Glioblastoma Organoid Model and Biobank

135



Recapitulates Inter- and Intra-tumoral Heterogeneity. Cell, 180(1), 188-204.e22.

https://doi.org/10.1016/j.cell.2019.11.036

Jacob, F., Salinas, R. D., Zhang, D. Y., Nguyen, P. T. T., Schnoll, J. G., Wong, S. Z. H.,
Thokala, R., Sheikh, S., Saxena, D., Prokop, S., Liu, D., Qian, X., Petrov, D., Lucas,
T., Chen, H. 1., Dorsey, J. F., Christian, K. M., Binder, Z. A., Nasrallah, M., ...
Song, H. (2020b). A Patient-Derived Glioblastoma Organoid Model and Biobank
Recapitulates Inter- and Intra-tumoral Heterogeneity. Cell, 180(1), 188-204.e22.

https://doi.org/10.1016/j.cell.2019.11.036

Jagtiani, E., Yeolekar, M., Naik, S., & Patravale, V. (2022). In vitro blood brain barrier
models: An overview. Journal of Controlled Release, 343, 13-30.

https://doi.org/10.1016/j.jconrel.2022.01.011

Jensen, B. D., Howell, L. L., & Salmon, L. G. (1998). Introduction of Two-Link, In-Plane,
Bistable Compliant MEMS. Volume 1A4: 25th Biennial Mechanisms Conference,

VO1ATO01A003. https://doi.org/10.1115/DETC98/MECH-5837

Jgamadze, D., Johnson, V. E., Wolf, J. A, Cullen, D. K., Song, H., Ming, G., Smith, D. H.,
& Chen, H. 1. (2020). Modeling traumatic brain injury with human brain organoids.
Current Opinion in Biomedical Engineering, 14, 52-58.

https://doi.org/10.1016/j.cobme.2020.05.004

136



Jo,J., Xiao, Y., Sun, A. X., Cukuroglu, E., Tran, H.-D., Goke, J., Tan, Z. Y., Saw, T. Y., Tan,
C.-P, Lokman, H., Lee, Y., Kim, D., Ko, H. S., Kim, S.-O., Park, J. H., Cho, N.-J.,
Hyde, T. M., Kleinman, J. E., Shin, J. H., ... Ng, H.-H. (2016). Midbrain-like
Organoids from Human Pluripotent Stem Cells Contain Functional Dopaminergic
and Neuromelanin-Producing Neurons. Cell Stem Cell, 19(2), 248-257.

https://doi.org/10.1016/j.stem.2016.07.005

Jung, C. S., Foerch, C., Schinzer, A., Heck, A., Plate, K. H., Seifert, V., Steinmetz, H.,
Raabe, A., & Sitzer, M. (2007). Serum GFAP is a diagnostic marker for
glioblastoma multiforme. Brain: A Journal of Neurology, 130(Pt 12), 3336-3341.

https://doi.org/10.1093/brain/awm?263

Jung, E., Osswald, M., Ratliff, M., Dogan, H., Xie, R., Weil, S., Hoffmann, D. C., Kurz, F.
T., Kessler, T., Heiland, S., von Deimling, A., Sahm, F., Wick, W., & Winkler, F.
(2021). Tumor cell plasticity, heterogeneity, and resistance in crucial
microenvironmental niches in glioma. Nature Communications, 12(1), 1014.

https://doi.org/10.1038/s41467-021-21117-3

Kanagasabapathi, T. T., Massobrio, P., Tedesco, M., Martinoia, S., Wadman, W. J., &
Decré, M. M. J. (2011). An experimental approach towards the development of an
in vitro cortical-thalamic co-culture model. 2011 Annual International Conference
of the IEEE Engineering in Medicine and Biology Society, 648—651.

https://doi.org/10.1109/IEMBS.2011.6090144

137



Khellaf, A., Khan, D. Z., & Helmy, A. (2019). Recent advances in traumatic brain injury.
Journal of Neurology, 266(11), 2878-2889. https://doi.org/10.1007/s00415-019-

09541-4

Kumaria, A. (2017). In Vitro Models as a Platform to Investigate Traumatic Brain Injury.
Alternatives to Laboratory Animals, 45(4), 201-211.

https://doi.org/10.1177/026119291704500405

Kundu, S., Mitra, S., Roshini, A., Longo, J. A., Longo, S. L., Venskus, A., Babu, H., &
Viapiano, M. S. (2024). Inhibition of the extracellular matrix protein fibulin-3
reduces immunosuppressive signaling in tumor stem cells and increases
macrophage activation against glioblastoma (p. 2024.12.28.628031). bioRxiv.

https://doi.org/10.1101/2024.12.28.628031

Lai, J. D., Berlind, J. E., Fricklas, G., Lie, C., Urenda, J.-P., Lam, K., Sta Maria, N., Jacobs,
R., Yu, V., Zhao, Z., & Ichida, J. K. (2024). KCNJ2 inhibition mitigates mechanical
injury in a human brain organoid model of traumatic brain injury. Cell Stem Cell,

31(4), 519-536.e8. https://doi.org/10.1016/j.stem.2024.03.004

Lancaster, M. A., & Knoblich, J. A. (2014). Generation of cerebral organoids from human
pluripotent  stem  cells.  Nature  Protocols,  9(10),  2329-2340.

https://doi.org/10.1038/nprot.2014.158

138



Lancaster, M. A., Renner, M., Martin, C.-A., Wenzel, D., Bicknell, L. S., Hurles, M. E.,
Homfray, T., Penninger, J. M., Jackson, A. P., & Knoblich, J. A. (2013). Cerebral
organoids model human brain development and microcephaly. Nature, 501(7467),

373-379. https://doi.org/10.1038/nature12517

Linkous, A., Balamatsias, D., Snuderl, M., Edwards, L., Miyaguchi, K., Milner, T., Reich,
B., Cohen-Gould, L., Storaska, A., Nakayama, Y., Schenkein, E., Singhania, R.,
Cirigliano, S., Magdeldin, T., Lin, Y., Nanjangud, G., Chadalavada, K., Pisapia, D.,
Liston, C., & Fine, H. A. (2019a). Modeling Patient-Derived Glioblastoma with
Cerebral Organoids. Cell Reports, 26(12), 3203-3211.e5.

https://doi.org/10.1016/j.celrep.2019.02.063

Linkous, A., Balamatsias, D., Snuderl, M., Edwards, L., Miyaguchi, K., Milner, T., Reich,
B., Cohen-Gould, L., Storaska, A., Nakayama, Y., Schenkein, E., Singhania, R.,
Cirigliano, S., Magdeldin, T., Lin, Y., Nanjangud, G., Chadalavada, K., Pisapia, D.,
Liston, C., & Fine, H. A. (2019b). Modeling Patient-Derived Glioblastoma with
Cerebral Organoids. Cell Reports, 26(12), 3203-3211.e5.

https://doi.org/10.1016/j.celrep.2019.02.063

Liu, S., Shi, W., Zhao, Q., Zheng, Z., Liu, Z., Meng, L., Dong, L., & Jiang, X. (2021).
Progress and prospect in tumor treating fields treatment of glioblastoma.
Biomedicine & Pharmacotherapy, 141, 111810.

https://doi.org/10.1016/j.biopha.2021.111810

139



Maas, A. I. R., Menon, D. K., Adelson, P. D., Andelic, N., Bell, M. J., Belli, A., Bragge, P.,
Brazinova, A., Biiki, A., Chesnut, R. M., Citerio, G., Coburn, M., Cooper, D. J.,
Crowder, A. T., Czeiter, E., Czosnyka, M., Diaz-Arrastia, R., Dreier, J. P., Duhaime,
A.-C., ... Zumbo, F. (2017). Traumatic brain injury: Integrated approaches to
improve prevention, clinical care, and research. The Lancet Neurology, 16(12),

987-1048. https://doi.org/10.1016/S1474-4422(17)30371-X

Madhavan, M., Nevin, Z. S., Shick, H. E., Garrison, E., Clarkson-Paredes, C., Karl, M.,
Clayton, B. L. L., Factor, D. C., Allan, K. C., Barbar, L., Jain, T., Douvaras, P.,
Fossati, V., Miller, R. H., & Tesar, P. J. (2018). Induction of myelinating
oligodendrocytes in human cortical spheroids. Nature Methods, 15(9), 700-706.

https://doi.org/10.1038/s41592-018-0081-4

Marton, R. M., Miura, Y., Sloan, S. A, Li, Q., Revah, O., Levy, R. J., Huguenard, J. R., &
Pasca, S. P. (2019). Differentiation and maturation of oligodendrocytes in human
three-dimensional neural cultures. Nature Neuroscience, 22(3), 484-491.

https://doi.org/10.1038/s41593-018-0316-9

Marumoto, T., Tashiro, A., Friedmann-Morvinski, D., Scadeng, M., Soda, Y., Gage, F. H.,
& Verma, I. M. (2009). Development of a novel mouse glioma model using
lentiviral vectors. Nature Medicine, 15(1), 110-116.

https://doi.org/10.1038/nm.1863

140



McAllister, T. W., Ford, J. C., Ji, S., Beckwith, J. G., Flashman, L. A., Paulsen, K., &
Greenwald, R. M. (2012a). Maximum Principal Strain and Strain Rate Associated
with Concussion Diagnosis Correlates with Changes in Corpus Callosum White
Matter Indices. Annals of Biomedical FEngineering, 40(1), 127-140.

https://doi.org/10.1007/s10439-011-0402-6

McAllister, T. W., Ford, J. C., Ji, S., Beckwith, J. G., Flashman, L. A., Paulsen, K., &
Greenwald, R. M. (2012b). Maximum Principal Strain and Strain Rate Associated
with Concussion Diagnosis Correlates with Changes in Corpus Callosum White
Matter Indices. Annals of Biomedical FEngineering, 40(1), 127-140.

https://doi.org/10.1007/s10439-011-0402-6

McKee, A. C., Stein, T. D., Kiernan, P. T., & Alvarez, V. E. (2015). The Neuropathology of
Chronic Traumatic Encephalopathy. Brain Pathology, 25(3), 350-364.

https://doi.org/10.1111/bpa.12248

McKee, A. C., Stein, T. D., Nowinski, C. J., Stern, R. A., Daneshvar, D. H., Alvarez, V. E.,
Lee, H.-S., Hall, G., Wojtowicz, S. M., Baugh, C. M., Riley, D. O., Kubilus, C. A.,
Cormier, K. A., Jacobs, M. A., Martin, B. R., Abraham, C. R., Ikezu, T., Reichard,
R. R., Wolozin, B. L., ... Cantu, R. C. (2013). The spectrum of disease in chronic
traumatic encephalopathy. Brain, 136(1), 43-64.

https://doi.org/10.1093/brain/aws307

141



McKenzie, A. T., Wang, M., Hauberg, M. E., Fullard, J. F., Kozlenkov, A., Keenan, A.,
Hurd, Y. L., Dracheva, S., Casaccia, P., Roussos, P., & Zhang, B. (2018). Brain Cell
Type Specific Gene Expression and Co-expression Network Architectures.

Scientific Reports, 8(1), 8868. https://doi.org/10.1038/s41598-018-27293-5

McLaughlin, R. M., Top, 1., Laguna, A., Hernandez, C., Katz, H., Livi, L. L., Kramer, L.,
Zambuto, S. G., & Hoffman-Kim, D. (2023). Cortical Spheroid Model for Studying
the Effects of Ischemic Brain Injury. In Vitro Models, 2(1), 25-41.

https://doi.org/10.1007/s44164-023-00046-z

Miron, V. E. (2017). Microglia-driven regulation of oligodendrocyte lineage cells,
myelination, and remyelination. Journal of Leukocyte Biology, 101(5), 1103—1108.

https://doi.org/10.1189/j1b.3R11116-494R

Mishra, V., Skotak, M., Schuetz, H., Heller, A., Haorah, J., & Chandra, N. (2016). Primary
blast causes mild, moderate, severe and lethal TBI with increasing blast
overpressures: Experimental rat injury model. Scientific Reports, 6, 26992.

https://doi.org/10.1038/srep26992

Monje, M., Borniger, J. C., D’Silva, N. J., Deneen, B., Dirks, P. B, Fattahi, F., Frenette, P.
S., Garzia, L., Gutmann, D. H., Hanahan, D., Hervey-Jumper, S. L., Hondermarck,
H., Hurov, J. B., Kepecs, A., Knox, S. M., Lloyd, A. C., Magnon, C., Saloman, J.
L., Segal, R. A., ... Winkler, F. (2020). Roadmap for the Emerging Field of Cancer

Neuroscience. Cell, 181(2), 219-222. https://doi.org/10.1016/j.cell.2020.03.034

142



Moquin-Beaudry, G., Benabdallah, B., Maggiorani, D., Le, O., L1, Y., Colas, C., Raggi, C.,
Ellezam, B., M’Callum, M.-A., Soglio, D. D., Guimond, J. V., Paganelli, M.,
Haddad, E., & Beaus¢jour, C. (2022). Autologous humanized mouse models of
1PSC-derived tumors enable characterization and modulation of cancer-immune
cell interactions. Cell Reports Methods, 2(1).

https://doi.org/10.1016/j.crmeth.2021.100153

Moszczynski, A. J., Strong, W., Xu, K., McKee, A., Brown, A., & Strong, M. J. (2018).
Pathologic Thr175 tau phosphorylation in CTE and CTE with ALS. Neurology,

90(5), e380—e387. https://doi.org/10.1212/WNL.0000000000004899

Ng,S.Y., & Lee, A. Y. W. (2019). Traumatic Brain Injuries: Pathophysiology and Potential
Therapeutic ~ Targets.  Frontiers  in  Cellular ~ Neuroscience,  13.

https://www.frontiersin.org/articles/10.3389/fncel.2019.00528

Nolan, S. (2005). Traumatic Brain Injury: A Review. Critical Care Nursing Quarterly,

28(2), 188-194.

Ogawa, J., Pao, G. M., Shokhirev, M. N., & Verma, 1. M. (2018). Glioblastoma Model
Using Human Cerebral Organoids. Cell Reports, 23(4), 1220-1229.

https://doi.org/10.1016/j.celrep.2018.03.105

143



Omuro, A., & DeAngelis, L. M. (2013). Glioblastoma and Other Malignant Gliomas: A
Clinical Review. JAMA, 310(17), 1842-1850.

https://doi.org/10.1001/jama.2013.280319

Ormel, P. R., Vieira de S4a, R., van Bodegraven, E. J., Karst, H., Harschnitz, O., Sneeboer,
M. A. M., Johansen, L. E., van Dijk, R. E., Scheethals, N., Berdenis van Berlekom,
A., Ribes Martinez, E., Kling, S., MacGillavry, H. D., van den Berg, L. H., Kahn,
R. S., Hol, E. M., de Witte, L. D., & Pasterkamp, R. J. (2018). Microglia innately
develop within cerebral organoids. Nature Communications, 9(1), 4167.

https://doi.org/10.1038/s41467-018-06684-2

Palpan Flores, A., Vivancos Sanchez, C., Roda, J. M., Cerdan, S., Barrios, A. J., Utrilla, C.,
Royo, A., & Gandia Gonzalez, M. L. (2020). Assessment of Pre-operative
Measurements of Tumor Size by MRI Methods as Survival Predictors in Wild Type
IDH Glioblastoma. Frontiers in Oncology, 10.

https://doi.org/10.3389/fonc.2020.01662

Pavlovic, D., Pekic, S., Stojanovic, M., & Popovic, V. (2019). Traumatic brain injury:
Neuropathological, neurocognitive and neurobehavioral sequelae. Pituitary, 22(3),

270-282. https://doi.org/10.1007/s11102-019-00957-9

Phipps, H., Mondello, S., Wilson, A., Dittmer, T., Rohde, N. N., Schroeder, P. J., Nichols,
J., McGirt, C., Hoffman, J., Tanksley, K., Chohan, M., Heiderman, A., Abou

Abbass, H., Kobeissy, F., & Hinds, S. (2020). Characteristics and Impact of U.S.

144



Military Blast-Related Mild Traumatic Brain Injury: A Systematic Review.

Frontiers in Neurology, 11, 1227. https://doi.org/10.3389/theur.2020.559318

Pine, A. R., Cirigliano, S. M., Nicholson, J. G., Hu, Y., Linkous, A., Miyaguchi, K.,
Edwards, L., Singhania, R., Schwartz, T. H., Ramakrishna, R., Pisapia, D. J.,
Snuderl, M., Elemento, O., & Fine, H. A. (2020). Tumor Microenvironment Is
Critical for the Maintenance of Cellular States Found in Primary Glioblastomas.
Cancer Discovery, 10(7), 964-979. https://doi.org/10.1158/2159-8290.CD-20-

0057

Price, M., Ballard, C., Benedetti, J., Neft, C., Cioffi, G., Waite, K. A., Kruchko, C.,
Barnholtz-Sloan, J. S., & Ostrom, Q. T. (2024). CBTRUS Statistical Report:
Primary Brain and Other Central Nervous System Tumors Diagnosed in the United
States in  2017-2021.  Neuro-Oncology, 26(Supplement 6), vil—vi85.

https://doi.org/10.1093/neuonc/noael45

Qian, L., Zhao, H., Guo, Y., Li, Y., Zhou, M., Yang, L., Wang, Z., & Sun, Y. (2018).
Influence of strain rate on indentation response of porcine brain. Journal of the
Mechanical ~ Behavior  of  Biomedical = Materials, 82, 210-217.

https://doi.org/10.1016/j.jmbbm.2018.03.031

Qian, X., Nguyen, H. N., Song, M. M., Hadiono, C., Ogden, S. C., Hammack, C., Yao, B.,
Hamersky, G. R., Jacob, F., Zhong, C., Yoon, K., Jeang, W., Lin, L., Li, Y., Thakor,

J., Berg, D. A., Zhang, C., Kang, E., Chickering, M., ... Ming, G. (2016). Brain-

145



Region-Specific Organoids Using Mini-bioreactors for Modeling ZIKV Exposure.

Cell, 165(5), 1238-1254. https://doi.org/10.1016/j.cell.2016.04.032

Qian, X., Su, Y., Adam, C. D., Deutschmann, A. U., Pather, S. R., Goldberg, E. M., Su, K.,
Li, S., Ly, L., Jacob, F., Nguyen, P. T. T., Huh, S., Hoke, A., Swinford-Jackson, S.
E., Wen, Z., Gu, X., Pierce, R. C., Wu, H., Briand, L. A., ... Ming, G.-L. (2020).
Sliced Human Cortical Organoids for Modeling Distinct Cortical Layer Formation.

Cell Stem Cell, 26(5), 766-781.€9. https://doi.org/10.1016/j.stem.2020.02.002

Quadrato, G., Nguyen, T., Macosko, E. Z., Sherwood, J. L., Min Yang, S., Berger, D. R.,
Maria, N., Scholvin, J., Goldman, M., Kinney, J. P., Boyden, E. S., Lichtman, J. W.,
Williams, Z. M., McCarroll, S. A., & Arlotta, P. (2017). Cell diversity and network

dynamics in photosensitive human brain organoids. Nature, 545(7652), 48-53.

https://doi.org/10.1038/nature22047

Quail, D. F., & Joyce, J. A. (2017). The Microenvironmental Landscape of Brain Tumors.

Cancer Cell, 31(3), 326-341. https://doi.org/10.1016/j.ccell.2017.02.009

Rahman, M. H., & Suk, K. (2020). Mitochondrial Dynamics and Bioenergetic Alteration

During Inflammatory Activation of Astrocytes. Frontiers in Aging Neuroscience, 0.

https://doi.org/10.3389/fnagi.2020.614410

146



Raine, C. S. (1999). Characteristics of the Neuron. In Basic Neurochemistry: Molecular,
Cellular  and  Medical  Aspects. 6th  edition.  Lippincott-Raven.

https://www.ncbi.nlm.nih.gov/books/NBK28209/

Rybin, M. J., Ivan, M. E., Ayad, N. G., & Zeier, Z. (2021). Organoid Models of
Glioblastoma and Their Role in Drug Discovery. Frontiers in Cellular

Neuroscience, 15. https://www.frontiersin.org/articles/10.3389/fncel.2021.605255

Rybin, M. J., Laverde-Paz, M. J., Suter, R. K., Affer, M., Ayad, N. G., Feng, Y., & Zeier,
Z.(2022). A dual aurora and lim kinase inhibitor reduces glioblastoma proliferation

and invasion. Bioorganic & Medicinal Chemistry Letters, 61, 128614.

https://doi.org/10.1016/j.bmcl.2022.128614

Salzer, J. L., & Zalc, B. (2016). Myelination. Current Biology, 26(20), R971-R975.

https://doi.org/10.1016/j.cub.2016.07.074

Santiago, L. A., Oh, B. C., Dash, P. K., Holcomb, J. B., & Wade, C. E. (2012). A clinical
comparison of penetrating and blunt traumatic brain injuries. Brain Injury, 26(2),

107-125. https://doi.org/10.3109/02699052.2011.635363

Sevetson, J. L., Theyel, B., & Hoffman-Kim, D. (2021). Cortical spheroids display
oscillatory network dynamics. Lab on a Chip.

https://doi.org/10.1039/D1LC00737H

147



Shafieian, M., Bao, J., & Darvish, K. (2011). Mechanical properties of brain tissue in strain
rates of blast injury. 2011 IEEE 37th Annual Northeast Bioengineering Conference

(NEBEC), 1-2. https://doi.org/10.1109/NEBC.2011.5778711

Silva, B. da, Mathew, R. K., Polson, E. S., Williams, J., & Wurdak, H. (2018). Spontaneous
Glioblastoma Spheroid Infiltration of Early-Stage Cerebral Organoids Models
Brain Tumor Invasion. SLAS Discovery, 23(8), 862-868.

https://doi.org/10.1177/2472555218764623

Sloan, S. A., Darmanis, S., Huber, N., Khan, T. A., Birey, F., Caneda, C., Reimer, R., Quake,
S. R., Barres, B. A., & Pasca, S. P. (2017). Human Astrocyte Maturation Captured
in 3D Cerebral Cortical Spheroids Derived from Pluripotent Stem Cells. Neuron,

95(4), 779-790.e6. https://doi.org/10.1016/j.neuron.2017.07.035

Stojiljkovic, M., Piperski, V., Dacevic, M., Rakic, L., Ruzdijic, S., & Kanazir, S. (2003).
Characterization of 9L glioma model of the Wistar rat. Journal of Neuro-Oncology,

63(1), 1-7. https://doi.org/10.1023/a:1023732619651

Stupp, R., Mason, W. P., van den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. J. B.,
Belanger, K., Brandes, A. A., Marosi, C., Bogdahn, U., Curschmann, J., Janzer, R.
C., Ludwin, S. K., Gorlia, T., Allgeier, A., Lacombe, D., Cairncross, J. G.,
Eisenhauer, E., Mirimanoff, R. O, ... National Cancer Institute of Canada Clinical

Trials Group. (2005). Radiotherapy plus concomitant and adjuvant temozolomide

148



for glioblastoma. The New England Journal of Medicine, 352(10), 987-996.

https://doi.org/10.1056/NEJMoa043330

Tanaka, Y., Cakir, B., Xiang, Y., Sullivan, G. J., & Park, I.-H. (2020). Synthetic Analyses
of Single-Cell Transcriptomes from Multiple Brain Organoids and Fetal Brain. Cell

Reports, 30(6), 1682-1689.¢e3. https://doi.org/10.1016/j.celrep.2020.01.038

Tang, S. J., Fesharaki-Zadeh, A., Takahashi, H., Nies, S. H., Smith, L. M., Luo, A., Chyung,
A., Chiasseu, M., & Strittmatter, S. M. (2020). Fyn kinase inhibition reduces
protein aggregation, increases synapse density and improves memory in transgenic

and traumatic Tauopathy. Acta Neuropathologica Communications, 8(1), 96.

https://doi.org/10.1186/s40478-020-00976-9

Tang, V. W. (2020). Collagen, stiffness, and adhesion: The evolutionary basis of vertebrate
mechanobiology. Molecular Biology of the Cell, 31(17), 1823-1834.

https://doi.org/10.1091/mbc.E19-12-0709

Thau, L., Reddy, V., & Singh, P. (2025). Anatomy, Central Nervous System. In StatPearls.

StatPearls Publishing. http://www.ncbi.nlm.nih.gov/books/NBK 542179/

Toyjanova, J., Hannen, E., Bar-Kochba, E., Darling, E. M., Henann, D. L., & Franck, C.
(2014). 3D Viscoelastic traction force microscopy. Soft Matter, 10(40), 8095-8106.

https://doi.org/10.1039/c4sm01271b

149



Turner, R., Lucke-Wold, B., Robson, M., Omalu, B., Petraglia, A., & Bailes, J. (2013).
Repetitive Traumatic Brain Injury and Development of Chronic Traumatic
Encephalopathy: A Potential Role for Biomarkers in Diagnosis, Prognosis, and
Treatment? Frontiers in Neurology, 3.

https://www.frontiersin.org/articles/10.3389/fneur.2012.00186

Venkatesh, H. S., Morishita, W., Geraghty, A. C., Silverbush, D., Gillespie, S. M., Arzt, M.,
Tam, L. T., Espenel, C., Ponnuswami, A., Ni, L., Woo, P. J., Taylor, K. R., Agarwal,
A., Regev, A., Brang, D., Vogel, H., Hervey-Jumper, S., Bergles, D. E., Suva, M.
L., ... Monje, M. (2019). Electrical and synaptic integration of glioma into neural

circuits. Nature, 573(7775), 539-545. https://doi.org/10.1038/s41586-019-1563-y

Viapiano, M. S., Hockfield, S., & Matthews, R. T. (2008). BEHAB/brevican requires
ADAMTS-mediated proteolytic cleavage to promote glioma invasion. Journal of

Neuro-Oncology, 88(3), 261-272. https://doi.org/10.1007/s11060-008-9575-8

Vogel, E. W., Panzer, M. B., Morales, F. N., Varghese, N., Bass, C. R., Meaney, D. F., &
Morrison, B. (2020). Direct Observation of Low Strain, High Rate Deformation of
Cultured Brain Tissue During Primary Blast. Annals of Biomedical Engineering,

48(4), 1196-1206. https://doi.org/10.1007/s10439-019-02437-4

Wang, J., Miletic, H., Sakariassen, P. ., Huszthy, P. C., Jacobsen, H., Brekka, N., Li, X.,

Zhao, P., Merk, S., Chekenya, M., Bjerkvig, R., & Enger, P. @. (2009). A

150



reproducible brain tumour model established from human glioblastoma biopsies.

BMC Cancer, 9(1), 465. https://doi.org/10.1186/1471-2407-9-465

Watanabe, F., Hollingsworth, E. W., Bartley, J. M., Wisehart, L., Desai, R., Hartlaub, A.
M., Hester, M. E., Schiapparelli, P., Quifiones-Hinojosa, A., & Imitola, J. (2024).
Patient-derived organoids recapitulate glioma-intrinsic immune program and
progenitor populations of glioblastoma. PNAS Nexus, 3(2), pgae051.

https://doi.org/10.1093/pnasnexus/pgae051

Wen, P. Y., & Reardon, D. A. (2016). Progress in glioma diagnosis, classification and
treatment. Nature Reviews Neurology, 12(2), 69-70.

https://doi.org/10.1038/nrneurol.2015.242

Weth, F. R., Peng, L., Paterson, E., Tan, S. T., & Gray, C. (2022). Utility of the Cerebral
Organoid Glioma ‘GLICO’ Model for Screening Applications. Cells, 12(1), 153.

https://doi.org/10.3390/cells12010153

Winkler, F., Venkatesh, H. S., Amit, M., Batchelor, T., Demir, I. E., Deneen, B., Gutmann,
D. H., Hervey-Jumper, S., Kuner, T., Mabbott, D., Platten, M., Rolls, A., Sloan, E.
K., Wang, T. C., Wick, W., Venkataramani, V., & Monje, M. (2023). Cancer
neuroscience: State of the field, emerging directions. Cell, 186(8), 1689-1707.

https://doi.org/10.1016/j.cell.2023.02.002

151



Wu, Y.-H., Rosset, S., Lee, T., Dragunow, M., Park, T., & Shim, V. (2021a). In Vitro Models
of Traumatic Brain Injury: A Systematic Review. Journal of Neurotrauma, 38(17),

2336-2372. https://doi.org/10.1089/neu.2020.7402

Wu, Y.-H., Rosset, S., Lee, T., Dragunow, M., Park, T., & Shim, V. (2021b). In Vitro Models
of Traumatic Brain Injury: A Systematic Review. Journal of Neurotrauma, 38(17),

2336-2372. https://doi.org/10.1089/neu.2020.7402

Xiong, Y., Mahmood, A., & Chopp, M. (2013). Animal models of traumatic brain injury.

Nature Reviews Neuroscience, 14(2), 128—142. https://doi.org/10.1038/nrn3407

Yang, J., Cramer, H. C., Bremer, E. C., Buyukozturk, S., Yin, Y., & Franck, C. (2022).
Mechanical characterization of agarose hydrogels and their inherent dynamic
instabilities at ballistic to ultra-high strain-rates via inertial microcavitation.
Extreme Mechanics Letters, 51, 101572.

https://doi.org/10.1016/j.em1.2021.101572

Zamproni, L. N., Mundim, M. T. V. V., & Porcionatto, M. A. (2021). Neurorepair and
Regeneration of the Brain: A Decade of Bioscaffolds and Engineered Microtissue.

Frontiers in Cell and Developmental Biology, 9.

https://doi.org/10.3389/fcell.2021.649891

Zhang, H., Kelly, G., Zerillo, C., Jaworski, D. M., & Hockfield, S. (1998). Expression of a

cleaved brain-specific extracellular matrix protein mediates glioma cell invasion In

152



vivo. The Journal of Neuroscience: The Olfficial Journal of the Society for
Neuroscience, 18(7), 2370-2376. https://doi.org/10.1523/INEUROSCI.18-07-

02370.1998

Zhang, J., Yoganandan, N., Pintar, F. A., & Gennarelli, T. A. (2006a). Brain Strains in
Vehicle Impact Tests. Annual Proceedings / Association for the Advancement of

Automotive Medicine, 50, 1-12.

Zhang, J., Yoganandan, N., Pintar, F. A., & Gennarelli, T. A. (2006b). Brain Strains in
Vehicle Impact Tests. Annual Proceedings / Association for the Advancement of

Automotive Medicine, 50, 1-12.

Zhao, Q., Zhang, J., Li, H., Li, H., & Xie, F. (2023). Models of traumatic brain injury-
highlights and drawbacks. Frontiers in  Neurology, 14, 1151660.

https://doi.org/10.3389/fneur.2023.1151660

3.6 Supplementary Materials

S.1 — Timelapse of CNS1 Infiltration

4

240413_CNS1_Infiltration_72hour_Timelapse.mp4

S.2 — Spatial Analysis Code:
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clc
clear all

%% Load in data tiffs using full file name inside single quotes

DAPI_raw = tiffreadVolume('DAPI_ADT.tif');
IBA_raw = tiffreadVolume('IBA_ADT.tif');

%% Binarize image and apply filter filter
Ignore: add a median filter

DAPI filt = imboxfilt3(DAPI raw, [3 3 3]);
IBA_filt= imboxfilt3(IBA raw, [3 3 3]);

3R 3R X

Ignore: saturate the top and bottom 1% of the data to improve contrast
DAPI= imbinarize(imadjustn(DAPI_raw));
% IBA = imbinarize(imadjustn(IBA_raw));

3R R

DAPI= imbinarize(DAPI_raw);
IBA = imbinarize(IBA_raw);

% Exclude objects that have pixel lengths less than minSize; apply to IBA
% binary images

minSize = 150;

IBA_bw = bwareaopen(IBA, minSize);

% Set a morphology filter for DAPI to exclude unresolved nuclei
sel= strel('sphere', 3);

%sel = strel('sphere', 1);

DAPI_bw= imopen(DAPI, sel);

% Overlap DAPI and IBA binary images and remove small objects
combined= DAPI_bw.*IBA_bw;
combined= bwareaopen(combined, 25);

%Ignore

%sel = strel('disk', 1);

% se2 = strel('sphere', 1);

%se3= offsetstrel('ball’, 3, 1);
%combined bwl = imopen(combined, sel);
% combined bw2 = imopen(combined, se2);
%combined_bw3 = imopen(combined, se3);

%Visualize the binary data
volshow(DAPI bw)
volshow(IBA bw)
volshow(combined)
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%% Find the center of each object and measure the
other objects

CC= bwconncomp(combined);

stats = regionprops3(CC, "Centroid");

n_centers = height(stats);
center = stats{:,:};

% Empty array to save the distances data
distances = zeros(n_centers, n_centers);

for ii= 1:n_centers
for jj= 1:n_centers

distance between it and all

distances(ii,jj)= sqrt( (center(jj,1)-center(ii,1)).”2 +
(center(jj,2)-center(ii,2)).”2 + (center(jj,3)-center(ii,3)).”2 );

end
end

% Plot all the centers of the objects in 3D space
figure(1)
plot3(center(:,1), center(:,2), center(:,3), '.")

% Calculate the means and standard deviation of all the distances for each

% object
for zz=1:n_centers

Mean_distances(zz)=mean(nonzeros(distances(:,zz)));
Stdev_distances(zz)=std(nonzeros(distances(:,zz)));

end

%% Generate Histogram to determine distribution of all values

distances_form= squareform(distances);
figure(2)

hold on

title("Distances between all objects")
ylabel("Counts")

xlabel("Distances in Pixels")
histogram(distances_form, 10)

hold off

%% Find the distance of all objects to a center point of the image taken

DimX = size(DAPI,1);
DimY = size(DAPI,2);
DimZ = size(DAPI,3);
core = [DimX/2 DimY/2 Dimz/2];
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for ii= 1:n_centers
distances_core(1,ii)= sqrt( (core(l)-center(ii,1)).”2 + (core(2)-
center(ii,2)).”2 + (core(3)-center(ii,3)).”2 );
end

figure(3)

hold on

ylabel("Counts")
xlabel("Distance in Pixels")
title("Distances to the center")
histogram(distances_core,50)
hold off

%Ignore

% K-means cluster analysis

% evaluation = evalclusters(center,"kmeans","gap","KList",1:6);
% figure(2)

% plot(evaluation)

%% TO DO:

% Add an overlay between IBA and combined image

% Sort through the data to identify certain clumps "using threshold" and
% criteria

S.3 - Algorithm 1: Creation of a graph from a binary skeletonized image

Input : Binary image with white pixels

Output: A graph representation of the image, G=(V,E).
1 SetV=E=0;

2 Initialize the set U with all white pixels in the image;
3 Choose a white pixel p at random from U ;

4 while U is not empty do

5  Delete p from U ;

6 Let n «— number of white pixels among the 8 nearest neighbors of p;
7 switch n do
8 case 0 do
9 Designate p as an isolated point and include it in V ;
10 Choose a white pixel p at random from U ;
11  end
12 caseldo
13 Designate p as a node and edge point and include it in V ;

14 if pold exists then
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39 end

create a new edge {p, pold} and include it in E;
Delete pold;
Choose a white pixel p at random from U ;

else
pold « p;
p < neighbor of pin U ;
end
end
case 2 do
Designate p as an interior point;

p < neighbor of pin U ;
end
casen>3 do
Designate p as a node and branch point and include it in V ;
if pold exists then
create a new edge {p, pold} and include it in E;
pold < p

p < neighbor of pin U ;
else
pold < p;

p < neighbor of pin U ;
end
end
end
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Chapter 4: A Versatile Platform for Modeling Traumatic Brain Injury

and Glioblastoma In Vitro
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4.1 Modeling brain tissue

The central nervous system is an incredibly complex interconnected network of myriad
cells, macro- and micro-scale structures, and intricate functional interactions responsible
for regulating sensation, movement, and cognitive functions. This system, composed of
highly specialized cells including neurons, astrocytes, oligodendrocytes, and microglia
working in concert with one another is particularly difficult to model due to its inherent
complexity at the cellular and structural levels (McKenzie et al., 2018; Miron, 2017;
Rahman & Suk, 2020; Salzer & Zalc, 2016; Thau et al., 2025). Two particularly challenging
disease states of the CNS, traumatic brain injury and glioblastoma, require advanced
modeling systems to understand the complex neuropathology they induce (Aldape et al.,

2019; Alexander & Cloughesy, 2017; Maas et al., 2017; Ng & Lee, 2019).

Current approaches to modeling these diseases have generated many invaluable insights
into their pathophysiological responses. However, these models are not perfect and several
gaps exist in how effectively each of these diseases can be studied. The main approaches
to studying TBI consist of post-mortem tissue analysis, in vivo animal studies, and in vitro
cellular models (Frugier et al., 2010; Goldstein et al., 2012; McKee et al., 2013, 2015; V.
W. Tang, 2020; Wu et al., 2021b; Xiong et al., 2013). Post-mortem tissue analysis has
yielded insights into human TBI neuropathology, cytokine and chemokine profiles,
neuroinflammatory responses, and macro-structural deterioration (Alaylioglu et al., 2020;

Frugier et al., 2010; Goldstein et al., 2012). However, these insights come with the
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limitations of being unable to experimentally control the original TBI stimuli, a lack of
dynamic disease progression data, and a decay in molecular integrity due to the time
between patient death and tissue analysis (Alaylioglu et al., 2020; Frugier et al., 2010;
Goldstein et al., 2012). In vivo animal studies allow researchers to control the TBI stimuli
and choose which stage of disease progression they want to interrogate more specifically,
providing observations into long term neurodegeneration. Despite these strengths, in vivo
animal models of TBI suffer from low throughput, high rates of animal fatality, and risks
of rebound injury or infection (Kumaria, 2017; Zhao et al., 2023). In vitro cell models
overcome many of these limitations due to their high throughput nature, absence of animal-
associated complications, and ability to precisely study specific TBI modalities at a cellular
level. However, these come at the cost of being conducted primarily in 2D neuron
monocultures absent of the complexity of multi-cellular interactions and 3D architecture

found in vivo (Kanagasabapathi et al., 2011; Wu et al., 2021b).

These challenges are not unique to the study of TBI, when modeling CNS pathology there
is a consistent tradeoff between model complexity and experimental control. The study of
glioblastoma, while a very different disease in nature and pathology, suffers from many of
the same challenges as TBI when attempting to model neuropathology. Like TBI,
glioblastoma affects not just the neurons, but the broader microenvironment and requires a

model that capture these intercellular dynamics in three dimensions.

The study of glioblastoma pathology is largely conducted using in vivo models, traditional
2D cell culture models, and organoid models. In vivo models are generally divided into
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transgenic models, which provide valuable insight into tumorigenesis, and xenograft
models, which generate data that is highly representative of patient tumors. However, these
models are limited by low heterogeneity, prolonged experimental timelines, and high
associated costs (Marumoto et al., 2009; Moquin-Beaudry et al., 2022; Wang et al., 2009).
Traditional 2D cell culture models are highly versatile and facilitate precise investigation
of specific cellular responses; however, they fall short in modeling tumor invasiveness and
the complexity of the TME, primarily due to the limited ability to successfully co-culture
multiple relevant cell types at biomimetic concentrations (Geribaldi-Doldén et al., 2021;
Pine et al., 2020). GBM research has successfully leveraged a variety of organoid models
including GBOs, neoCORs, and GLICOs to generate key insights into GBM invasiveness,
spatial organization, and the TME. While these insights are extremely valuable, these
models provide limited control over which GBM-inducing genetic mutations can be
studied, lack vascularization, and are absent of microglia, which are of critical importance

in GBM pathology (Hubert et al., 2016; Linkous et al., 2019b; Silva et al., 2018).

The limitations of current models of TBI and glioblastoma pathology present an
opportunity to develop improved systems capable of more accurately capturing the native
complexity of the CNS. In response to this need, we employed the cortical microtissue
model developed by the Hoffman-Kim lab. This biomimetic model captures important
hallmarks of the in vivo environment, including cellular diversity, functional connectivity,

and three-dimensional architecture. This model enables the study of neuropathology with
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enhanced fidelity, throughput, and experimental control compared to traditional in vitro

and in vivo approaches.

4.2 Cortical microtissues as a model of neuropathology

The cortical microtissue model represents a significant step forward in modeling CNS
diseases. This self-assembled 3D model incorporates relevant CNS cell types, including
neurons, astrocytes, oligodendrocytes, and microglia at biomimetic densities and contains
both structural and functional characteristics of native cortical tissue, including both tissue
stiftness and electrochemical signaling (Boutin et al., 2018; Dingle et al., 2015; Sevetson
et al., 2021). The reproducibility, versatility, and high throughput of this model position it
well to bridge several of the existing gaps in the field and advance the study of TBI and

GBM disease progression.

This cortical microtissue model provides several key strengths that enhance its applicability
to neuropathological studies of TBI and GBM. Critically, this model retains the complex
cellular diversity of native cortical tissue as stated previously, perhaps the most important
of which are microglia, which are notably absent in many alternative in vitro models
(Abreu et al.,, 2018; Gonzalez-Cruz et al., 2024; Gutmann & Kettenmann, 2019;
Hambardzumyan et al., 2016; E. Jung et al., 2021). These microtissues also exhibit tissues
stiffnesses consistent with native cortical tissue, an essential element to accurately

modeling the mechanical stimuli associated with TBI and GBM cell motility through the
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system (Dingle et al., 2015). Additionally, the stability and robustness of the model

facilitates our ability to conduct temporal analyses of the progression of these diseases.

While we did not focus extensively on electrophysiology in this work, it is worth noting
that the model supports neuronal network formation and calcium signaling, offering
additional functional readouts for future studies (Sevetson et al., 2021). We also did not
explore the proto-vascularization observed in the model previously in the form of capillary-
like networks (Boutin et al., 2018). Although these structures do not recapitulate full
vascularization or establish a functional blood brain barrier (BBB), their presence does
provide the opportunity to study localized tissue responses in proximity to capillary-like
networks. While there are models specialized to study nutrient diffusion or BBB dynamics
such as BBB-on-a-chip, the cortical microtissue model presented herein is better suited to
studying multicellular responses to diseases after crossing the BBB (Jagtiani et al., 2022).
Altogether, the cortical microtissue model provides a versatile and powerful platform for

the interrogation of TBI and GBM disease states.

4.2.1 Cortical microtissues as a model of TBI pathology

In this thesis we leveraged the biomimetic fidelity and high throughput nature of the
cortical microtissue model to establish a novel approach to modeling TBI neuropathology.
Our initial goal was to systematically examine TBI pathology by delivering an array of
physiologically relevant strains and strain rates reflective of real-world injury scenarios

(Hosseini-Farid et al., 2020; McAllister et al., 2012b; J. Zhang et al., 2006b). Using a
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custom built impactor device designed by our collaborators at the Christian Franck lab, we
successfully delivered blunt impact injuries to the cortical microtissues, achieving strains
ranging from 3% - 32% and strain rates up to 146 s™, aligning with the mechanical stimuli

observed most commonly to induce mild TBI, such as sports collisions or vehicle accidents.

Initial efforts to embed the cortical microtissues within collagen revealed significant
detrimental effects to cortical cell viability. As we explored alternative hydrogels of
alginate and PEG we found that the cell health and assay sensitivity of our microtissues
continued to be compromised. We pivoted to a new approach wherein we delivered a shear
impact to the microtissues within the agarose hydrogels in which they were initially
formed. With this approach we were able circumvent the negative effects on cell viability

we uncovered when embedding the cells into hydrogels.

Using this shear impact approach, we detected significant increases in cell death
immediately and 24 hours post-injury, as well as disruption to the neuronal cytoskeletal
networks as denoted by B-iii-tubulin breakdown 24 hours post-injury. These findings were
consistent with known injury responses in prior sustained compression injury studies, thus
validating our model’s ability to recapitulate key hallmarks of TBI pathology

(Kanagasabapathi et al., 2011; Wu et al., 2021b).

However, one significant limitation of this approach was the inconsistency in how strain
was distributed across the array of microtissues, likely due to uneven force distribution

inherent to the shear impact method. To overcome this variability and increase the precision
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of the model we have begun work on a top-down impacting paradigm using a 3D printed
bistable compliant mechanism (BiCM) to drive 96 individual silicone pegs into each well
of the hydrogel array. Preliminary results demonstrated that this new system can replicate
the injury responses seen in shear impacts including decreased cell viability and the

breakdown of B-iii-tubulin neuronal networks post injury.

Taken together, these efforts establish the cortical microtissue model as a viable platform
for studying TBI at both cellular and structural levels, offering a balance between
biomimetic properties and a high degree of experimental control. Having demonstrated the
cortical microtissue model’s ability to model mechanical injury induced neuropathology,
we sought to interrogate the system’s ability to model another complex CNS disease:

glioblastoma.

4.2.2 Cortical microtissues as a model of glioblastoma pathology

To use the cortical microtissue model in a different neuropathological context we
introduced glioblastoma cell lines, developing Brain-Cancer Microtissues (BCMs). This
approach allowed us to recapitulate many features of the brain-tumor microenvironment
while maintaining our model’s strengths in its high fidelity cortical makeup and cellular
architecture. Leveraging the presence of all native cortical cells, especially microglia which
are notably absent in most current organoid models, we investigated how two different
GBM cell lines interacted with neurons, astrocytes, and immune cells in a 3D setting, as

well as GBM invasiveness (Geribaldi-Doldan et al., 2021; Miron, 2017).
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The BCM model exhibited distinct behaviors between the two GBM cell lines tested, 9L
and CNS1. 9L cells formed discrete, compact microtumors with minimal invasion, whereas
CNSI cells displayed infiltration throughout the microtissues, both consistent with their
respective in vivo phenotypes (Barth & Kaur, 2009; Viapiano et al., 2008; H. Zhang et al.,
1998). In CNSI cells, infiltrative behavior was moderated by microtissue maturity,

suggesting that ECM composition and tissue architecture influence GBM motility.

We also observed distinct effects of GBM co-culture on each neural cell type we examined.
Both GBM cell lines disrupted the B-iii-tubulin neuronal networks, though in completely
distinct morphologies. Astrocytes exhibited divergent responses to each GBM cell line as
well, with CNS1 suppressing GFAP expression while 9L microtumors were infiltrated by
astrocyte processes. This interaction in particular was quite interesting as literature
indicates that GFAP expression is typically upregulated in glioblastoma patients to such a
degree that in severe cases it can be detected in their blood (C. S. Jung et al., 2007). While
we saw two distinct effects on the astrocytes in our model, neither resulted in GFAP
expression upregulation, raising the question of whether this disparity is due to the
particular cell lines we chose to examine or if there are more complex interactions
occurring in vivo that BCMs are not capturing. Microglia exhibited a much stronger
response to 9L cells than CNS1, consistent with the high degree of immunogenicity of 9L
reported in literature, though the time of co-culture with both GBM cell lines appeared to

have an even more powerful effect on microglia proliferation (Barth & Kaur, 2009).
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These findings position BCMs as a powerful and flexible system for studying both GBM
pathology, and screening potential therapeutic approaches. BCMs combine biomimetic cell
composition, 3D architecture, and notably, the presence of immune cells, offering a new

platform for the investigation of brain cancer.

4.3 Future directions and impact

The work presented in this thesis lays the groundwork for a biomimetic, high throughput
in vitro platform for the study of neuropathology. There are several exciting future
directions for both the TBI and the GBM projects to go, building upon the findings
presented here to further advance our understanding of CNS disease states and therapeutic

strategies.

In the near term, we aim to further refine and validate the top-down impact paradigm
delivered by the bistable compliant mechanism (Jensen et al., 1998). While impacts are
currently delivered to the microtissues with this approach, efforts are underway to quantify
the strain and strain rate experienced by each microtissue during impact. We also plan to
more fully characterize the responses of individual cortical cell types to injury over time,
and to investigate the effects of repetitive impacts, which have been shown in literature to
induce synergistic, rather than additive, neuropathological effects (Goldstein et al., 2012;
McKee et al., 2013, 2015; Moszczynski et al., 2018). By tuning the mechanical properties
of the BiCM to control the strain and strain rate delivered to the microtissues, we will

leverage this new paradigm to fulfill our goal at the outset of this work to systematically
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interrogate our microtissue’s response to an array of physiologically relevant strains and
strain rates reflective of real-world injury scenarios. This will play an important role in
achieving our ultimate goal of mapping out TBI pathology and progression as a function
of strain and strain rate and identifying biomarkers released as the injury progresses. These
findings may be used in the future to help diagnose and treat TBI accordingly, overcoming

current challenges in TBI diagnosis.

The BCM platform will be expanded upon to include additional glioblastoma cell lines to
capture the effects of a more diverse range of GBM phenotypes on cortical cells.
Functionally, the BCM model is well suited for screening therapeutic approaches; a clear
next step for this model would incorporate standard-of-care treatments. Specifically,
courses of irradiation and temozolomide together could be applied to the model to study
their effects on both, the GBM cells in the model and the cortical cell response to these
interventions (Jacob et al., 2020b). In the long term, this model can also be adapted to
explore other modes of brain cancer, notably metastases from breast, lung, or skin cancer
origins, each of which commonly metastasizes to the brain (Achrol et al., 2019; Price et
al., 2024). While a strength of our model lies in the presence of microglia as the resident
immune cells of the brain, we are also interested in incorporating circulating immune cells
into the model in the future to mimic the neuroimmune response when the BBB has been
compromised in vivo. By introducing T-cells and monocytes, we could begin to explore
how peripheral immune infiltration interacts with glioblastoma progression and the tumor

microenvironment (Dejaegher et al., 2021).

168



This cortical microtissue model is well-suited to support a wide range of molecular and
functional assays, including RNA sequencing, cytokine profiling, proteomic analysis, and
ATP-based viability measurements. These techniques would allow for deeper mechanistic
insight into both TBI and glioblastoma-induced changes in cellular behavior, signaling
cascades, and tissue-wide responses. This opportunity exists across both the TBI and GBM
applications of the model, enabling investigations into inflammatory signatures,
neuroprotective pathways, and treatment responses within a single biomimetic model.
While the current methodology of producing 96 microtissues per agarose gel generates
soluble factors below the detection threshold of many commercially available assays, this
is a solvable constraint. Now that foundational parameters have been validated for both
disease models, future iterations can increase the number of microtissues generated per gel
to produce higher analyte yields. This simple modification will expand the analytical
capabilities of the cortical microtissue model and strengthen its role as a versatile platform

for molecular screening across diverse CNS pathologies.

These future directions aim to address critical gaps in our understanding of CNS pathology
by enabling more nuanced studies of cell-cell interactions, the neuroimmune environment,
and treatment responses in a controlled, biomimetic system. As the model continues to
evolve, its combination of physiological relevance and high throughput positions these
cortical microtissues as a valuable tool for advancing both fundamental research and

translational studies in TBI and glioblastoma.
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4.4 Contributions of this thesis work

The following list summarizes the primary contributions of this thesis to the field of neural

tissue engineering, traumatic brain injury, and glioblastoma research:

e Physiologically relevant strains and strain rates were successfully delivered to 3D
cortical microtissues, inducing hallmark TBI phenotypes including increased cell
death and cytoskeletal breakdown, establishing the platform as a viable in vitro
model of TBI neuropathology

e Glioblastoma cells integrated into cortical microtissues while demonstrating unique
phenotypic behaviors including cell-line specific infiltration patterns and distinct
interactions with neurons, astrocytes, and microglia, revealing critical aspects of
brain-tumor microenvironment dynamics.

e Temozolomide preserved cortical cell viability in the presence of GBM cells,
demonstrating the model’s resilience and potential as a screening platform for

therapeutic approaches.

4.5 Conclusion

This thesis presents the development of a 3D biomimetic in vitro model for the study of
the neuropathology of traumatic brain injury and glioblastoma. Through an iterative
process of developing and refining mechanical injury delivery methods and the integration

of cancer co-cultures, this model has been shown to recapitulate complex cellular responses
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across multiple neural cell types. Importantly, this platform opens the door to rapid
therapeutic screening in a controlled, reproducible, and physiologically relevant
environment. These contributions enhance the broader neuroscience community’s ability
to model CNS diseases with appropriate nuance and precision, laying the foundation for

future investigations into a wide range of neurological pathologies.
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