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Abstract
Traumatic brain injury (TBI) remains a prominent public health
concern despite several decades of attempts to develop ther-
apies for the associated neurological and cognitive deficits.
Effective models of this condition are imperative for better
defining its pathophysiology and testing therapeutics. Human
brain organoids are stem cell–derived neural tissues that
recapitulate many of the steps of normal neurodevelopment,
resulting in the reproduction of a substantial degree of brain
architecture. Organoids are highly relevant to clinical condi-
tions because of their human nature and three-dimensional
tissue structure, yet they are easier to manipulate and inter-
rogate experimentally than animals. Thus, they have the po-
tential to serve as a novel platform for studying TBI. In this
article, we discuss available in vitromodels of TBI, active areas
of inquiry on brain organoids, and how these two concepts
could be merged.
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Upward of 2.87 million patients suffer from traumatic
brain injury (TBI) annually in the United States [1]. The
resulting neurological and cognitive disabilities signifi-
cantly impair individual quality of life and constitute an
enormous societal burden. Despite decades of intensive
efforts, no viable therapies for TBI-associated deficits are
currently available. Several basic and translational ques-
tions require further examination. Substantial progress has

been made in understanding the relevant molecular and
cellular pathways inTBI, but the linkage to biomechanical
forces needs to be explored more fully. The mechanisms
underlying post-traumatic neuroinflammation and neuro-
degeneration are not well understood, nor is the impact of
TBI on neural activity and systems-level networks.
Optimal repair strategies for TBI-induced damage to
neural circuits also remain elusive.
A number of platforms have been developed to model
human TBI under controlled conditions and investigate
the biological mechanisms that come into play after

injury. Most research has been conducted with rodent
models, which can reproduce certain biophysical fea-
tures of TBI and the interplay among various cellular
compartments (e.g., vasculature and immune cells).
However, the rodent brain is an imperfect match for the
human brain because of the former’s lissencephalic
nature and low white matter content. Large animal
models, such as pigs, mitigate these concerns to some
degree but require considerable investments in time
and resources. In vitro models provide a number of
theoretical advantages, including a more controlled

environment and easier access to samples for experi-
mental manipulations and multiple measurements. At
the same time, current cell cultureebased approaches
are likely over-simplified systems that can answer only a
subset of questions for TBI. The generalizability of re-
sults derived from in vitro cultures of commonly used
rodent neurons to human patients is also questionable.
Thus, there is certainly room for new TBI models that
address the shortcomings of current research platforms.
Human brain organoids are a relatively new technology
that holds intriguing promise as a novel in vitro model of

TBI. Derived from pluripotent stem cell sources, brain
organoids recapitulate many steps of normal neuro-
development and emulate cerebral architecture to a
significant degree [2e5]. These entities raise the pos-
sibility of an in vitro three-dimensional TBI model that is
www.sciencedirect.com
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human in nature and reproducible in a personalized
fashion, although caveats do exist. In this article, we
review prior in vitro models of TBI, describe current
progress in the field of brain organoids, and discuss how
these two strands could be merged to create new op-
portunities to study TBI.
In vitro TBI models
A number of technologies have emerged to study spe-
cific aspects of TBI in cell culture systems, which have
been reviewed more extensively in studies by Kumaria
and Tolias [6] and Morrison et al. [7]. These in vitro
platforms can be categorized based on the type of

cellular injury induced, which includes static and dy-
namic mechanical injuries.

Early in vitro models fell primarily in the category of
static or quasi-static mechanical injuries. Cellular or
axonal transection was performed using various in-
struments to explore secondary injury mechanisms such
as excitotoxicity [8,9]. Alternatively, injury was induced
via compression [10] or hydrostatic pressure [11],
similar to the forces generated by weight drop and fluid
percussion injury models in vivo, respectively. One spe-

cific disadvantage of these earlier models was the
inability to objectively characterize the biomechanical
aspects of the injury, especially with respect to the
applied forces and subsequent cellular or tissue defor-
mation. Thus, a certain degree of heterogeneity was
inherent to these methods.

Subsequent dynamic mechanical injury models sought, in
part, to address this issue. These models also attempted to
better model shear deformations of the brain, a major
biomechanical contributor to TBI [12]. Controlled fluid
shear forces can be applied to neurons using a rotating disk

[13] or micropipette [14]. Shear strain also can be induced
mechanically via a moving plate attached to a hydrogel
embedded with cells [15]. Other investigators have
cultured neurons and tissues on flexible membranes that
could be deformed in a controlledmanner to induce stretch
injuries [16,17]. Although the majority of these stretch in-
jurieshavebeenapplied toprimarilyneuronal somata, axon-
specific stretch also has beendemonstrated [18].Models of
axon stretch injury have revealed downstream axonal pa-
thology after TBI such as proteolytic cleavage of voltage-
gated sodium channels [19] and breakdown of the micro-

tubule cytoskeleton [20]. More recently, microfluidic de-
vices have been used as an alternative approach for
delivering precise mechanical strains to axons [21].

Various brain tissue surrogates have been utilized in the
models described in the earlier passages. By far, the most
common are monolayer cultures of primary rodent
neurons, although stem cellederived human neurons
are filtering into more recent studies [22]. A significant
drawback of these culture models is the lack of cellular
www.sciencedirect.com
microenvironment niches arising from three-
dimensional tissue structure. Brain slices, either acute
preparations or organotypic cultures, resolve this
particular problem. However, results derived from
animal brain tissues may not be generalizable to TBI
patients, and human brain specimens are not readily
available. Engineered neural tissues, such as neurons
embedded in hydrogels [23] or seeded on polymer

scaffolds [24], can be generated with human cells in
large quantities, but thus far they have not reproduced
brain architecture to any significant degree. As in vitro
TBI models continue to be refined to more accurately
replicate human injuries, better substrates also will be
needed. Human brain organoids are an intriguing
candidate for this purpose.
Properties of current brain organoids
Organoids are simplified in vitro versions of an organ that
recapitulate its structural features. Current iterations of
organoids are derived from human pluripotent stem cell
sources and utilize processes that occur during normal
development, such as self-assembly, self-patterning, and
self-driven morphogenesis, to generate organ-like archi-
tecture [25]. The modern era of human brain organoids

effectively began in 2013, when Lancaster et al. [2] re-
ported on whole-brain organoids composed of structural
features of multiple brain regions. In the same year, Sasai
et al. [3] described the formation of rudimentary
neocortex with a multilayered structure in an early
version of cortex-specific organoids. A series of subse-
quent studies refined the structural fidelity of brain
organoids, which resulted in improved segregation of
cortical layers [4,5]. This literature has been summarized
in several excellent reviews by Kelava and Lancaster [26]
andDi Lullo and Kriegstein [27] [26,27]. Here, we focus
on the properties of brain organoids that have relevance

for their use in modeling TBI.

Structural and cellular limitations of brain organoids
Significant excitement has been generated by the
advent of human brain organoids because of their ability
to emulate cerebral architecture, which is superior to
any other in vitro system thus far. Despite this feat, it is
important to understand the ways in which organoids fall
short in replicating the brain and the implications of
these shortcomings on the use of organoids in modeling
TBI and other brain disorders. Areas in which brain
organoid generation could improve include their struc-
tural features, cellular composition, and maturity.

Both whole-brain organoids that consist of multiple ce-
rebral regions [2] and region-specific organoids that
reproduce the structure of a single region (e.g., cortex
[4,5] and hippocampus [28]) have been reported.
Structural differences with the brain exist in both cases.
Whole-brain and region-specific organoids are tissues
with a generally smooth surface that enlarge to at most
Current Opinion in Biomedical Engineering 2020, 14:52–58
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4 mm in size. No gyri naturally occur, although phos-
phatase and tensin homolog (PTEN) gene deletion in-
duces the expansion of folds in organoids [29].
Especially with cortical organoids, multiple cortical
units occur, each with its own central ventricle-like
region and surrounding layers of neural progenitors and
differentiated neurons. Axon tracts that mimic white
matter are not found in organoids but can be coaxed to

grow out of organoids using tissue-engineering tech-
niques [30,31]. Recent organoid work has emphasized
region-specific organoids (see the following passages).
These organoids are, by definition, limited to one brain
region, but efforts to fuse different types of organoids as
‘assembloids’ [32,33] or engineering axons between
organoids [31] may build systems that can probe in-
teractions among brain regions.

The cellular composition of brain organoids, particularly
the region-specific variants, is often incomplete. As an

example, cortical organoids are composed of primarily
glutamatergic neurons of ventricular/subventricular
zone origin. Some interneurons are present [5]. How-
ever, the complete complement of interneurons is
absent because these organoids have a dorsal rather than
a ventral fate and the latter is necessary to generate the
ganglionic eminences from which most interneurons
arise. This observation highlights the tension that
characterizes highly controlled protocols that generate
more precise but less complete organoids. Astrocytes
[5,34] and oligodendrocytes [35] appear in older orga-

noids following expected timelines in normal neuro-
development. Other support cells in the brain, such as
microglia and endothelial cells derived from the meso-
derm, are absent in brain organoids, limiting studies of
inflammation, a major component of TBI.

From a broader perspective, current brain organoids are
limited in terms of the maturity of their constituent neu-
rons. A combination of genetic [4,5,36], epigenetic [37],
and epitranscriptomic data [38] suggest that current brain
organoids approximate the human fetal brain up to the
second trimester of development. Further maturation is

inhibited, at least in part, by the development of a necrotic
core as organoid growth outstrips the ability of diffusion to
provide adequate nutrient, gas, and waste exchange. This
mass transport deficit depletes neural progenitors located
centrally within the organoid and impairs the health of
differentiated neurons at the periphery. A particularly
elegant feature of brain organoids is the appearance of
cortical laminae highly reminiscent of in vivo cortex. One
consequence of the arrest in organoid development is that
this laminar architecture remains in a rudimentary state.
Impairment of cortical neuron subtype specification is also

associated with metabolic stresses from the in vitro envi-
ronment [39]. Recent attempts to address the mass
transport deficit have involved borrowing techniques from
organotypic cultures to decrease organoid thickness
[30,40]. Transplantation of organoids into rodent brains is
Current Opinion in Biomedical Engineering 2020, 14:52–58
an alternative strategy for advancing organoid maturity by
providing access to host vasculature [41] and relieving
in vitro stressors [39].

Defining the neural activity of brain organoids
Brain organoids have been investigated primarily from a
cellular and molecular perspective with less attention
given to characterizing their neural activity. Calcium
waves and action potentials induced by current injection
were observed in earlier studies [2,4,5], suggesting the
potential of brain organoids exhibit neural activity. It was

initially reported that spontaneous action potentials
occurred in eight-month-old, but not four-month-old,
whole-brain organoids [42]. Subsequent studies
demonstrated that spontaneous activity occurred at
much younger ages in cortical organoids [43], although a
more detailed description of the temporal evolution of
this activity is needed. There is early evidence of neural
network formation in brain organoids. Optical stimula-
tion of light-sensitive cells in whole-brain organoids
modulated the activity of distant population of neurons
[42], and consistent patterns of neural firing in spatially

distinct neurons are observed, suggesting the formation
of network-level circuitry. A recent study reported the
presence of nested oscillations in brain organoids (i.e.,
nonoscillatory gamma activity on delta waves) [43], but
this computational result may not reflect normal oscil-
lations in the brain. Further study is essential to un-
derstand when neural activity appears and how it
evolves in brain organoids.

Heterogeneity in organoid generation
Heterogeneity exists in organoid generation protocols.
Both batch-to-batch and intrabatch variability has been
observed in whole-brain organoids [42]. This variability

includes differences in the specific cell types that are
present in these organoids. Cortical organoids are more
uniform, as shown by the consistent thickness of cortical
layers at different time points [5]. Genetic and tran-
scriptomic analyses support the reproducibility of
cortical organoids at the level of basic cell identify (i.e.,
glutamatergic neuron versus GABAergic neuron versus
astrocyte), including the generation of consistent orga-
noids from different pluripotent stem cell lines [44,45].
However, concerns persist for even cortical organoids
regarding heterogeneity in the identity of cortical areas

expressed (e.g., frontal versus occipital cortex) [39] and
the number and size of component cortical units.
Modeling TBI with brain organoids
Despite the caveats described in the earlier passages,

brain organoids remain a highly promising system for
modeling brain disorders, as they are human entities
that reproduce a substantial degree of three-
dimensional brain architecture [46]. The in vitro
nature of brain organoids facilitates experimental ma-
nipulations and sampling that would not otherwise be
www.sciencedirect.com
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possible in vivo. Brain organoids have already been used
to identify pathogenic mechanisms underlying micro-
cephaly caused by Zika virus infection [5,47,48],
examine cellular and genetic pathways that are pertur-
bed in schizophrenia [49] and autism spectrum disorder
[50], and model the heterogeneity and invasive behavior
of glioblastoma multiforme [51e53]. Brain organoids
have not been reported for the study of TBI as of yet.

Their use to model TBI is a viable option as long as
appropriate questions are asked that keep in mind the
constraints of the modeling system.

Applications of brain organoids as TBI models
Current brain organoids are roughly equivalent to fetal
brains at the second-trimester stage of development.
Thus, a TBI model based on brain organoids is most
appropriately considered an early fetal TBI model. As
with cultures of embryonic rodent neurons, results from
an organoid-based TBI model would need to be inter-
preted with caution, especially if generalizations to
adult or even pediatric patients were to be made.

With this qualification in mind, brain organoids could
provide an intriguing window into human neuronal
physiology after traumatic injury. Applying clinically
relevant biomechanical forces to brain organoids pro-
vides an opportunity to examine the temporal progres-
sion of acute cellular responses to injury occurring
within a complex three-dimensional architecture. In
particular, directly examining the interplay of multiple
cell types may offer important insights into disease
pathogenesis. Because organoids contain an incomplete
complement of cell types that exist in the brain, addi-

tional cellular components, such as microglia or endo-
thelial cells, could be introduced into organoids to assess
their specific contribution to postinjury processes. An
advantage of organoids over other standard in vitro
platforms is their ability to survive on the order of
months, which permits direct evaluation of cellular
Figure 1

Examples of injury models based on human brain organoids (a) In vitro in
moving plate (left) and rapid deformation of axon tracts grown between organo
injury model. Following integration of transplanted organoids with the host bra
percussion methods. This approach permits experimental manipulation and a

www.sciencedirect.com
changes over time into the chronic phase of injury.
Chronic changes after TBI is a topic of increasing
importance as accumulating data suggest that TBI
exposure is associated with neurodegenerative pathol-
ogies in the months and even years after injury [54,55].

Another attractive avenue for the use brain organoids in
studying TBI is high-throughput screening of therapeu-

tics. The viability of this strategy depends on a number of
factors, starting with improvements in organoid homoge-
neity.Miniaturized spinningbioreactors hold thepotential
for scaling up the generation of brain organoids [5], but
novel methods for multiplexing organoid analysis are also
needed.Radiofrequency identification chips embedded in
liver organoids have been used to identify disease pheno-
types [56]. Borrowing techniques from tissuematrix arrays
may facilitate multiplexed analysis of injured brain orga-
noids as well [57].

Building injury models with brain organoids
From a practical perspective, developing a TBI model
based on brain organoids would rely upon methods that

have already been pioneered for other in vitro cultures.
Staticmechanical injurieswould be relatively easy to apply
to brain organoids that are fixed in place, but they would
suffer from the same problems with other in vitro sub-
strates regarding the inability to quantify applied forces
and tissue deformation. Fluid shear forces that have been
applied to monolayer cultures [13] may not produce
enough injury to cells within a tissue andwould need to be
augmented for brain organoid injury. Dynamic mechanical
injury induced by a moving plate [15] could be readily
adapted to brain organoids because it has been applied

previously to cells embedded in a hydrogel. It may be that
stretch injury could be applied to engineered axons
generated from brain organoids (Figure 1aeb) [30,31],
although as with fluid shear injuries the amount of force
applied would need to be increased to account for differ-
ences between axons within tissues as opposed to
jury models include direct application of shear to organoid tissue using a
ids (right) (b) Brain organoids also could be incorporated into an in vivo
in, injury is induced using conventional controlled cortical impact or fluid
nalysis of injured human brain tissue in the in vivo setting.

Current Opinion in Biomedical Engineering 2020, 14:52–58
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monolayer cultures. Another possibility for using brain
organoids to model TBI would be to take advantage of
recent reports of organoid transplantation in rodents [41]
and generate brain chimeras amenable to traditional in vivo
TBI injuries (Figure 1c).
Conclusion
Human brain organoids, even whole-brain organoids, are
not truly ‘mini-brains,’ and current versions most accu-
rately reflect fetal brain development. However, they
recreate brain architecture to a considerable degree,
more so than any other in vitro system thus far. Progress
is being made on multiple fronts to further improve the

fidelity with which organoids reproduce cerebral struc-
ture. In parallel, opportunities exist to use brain orga-
noids to complement other models in studying the
pathogenesis and treatment of human brain disorders
and diseases. Traumatic brain injury is one condition
that would benefit from such an approach, especially
given the importance of species-specific differences in
neural responses to injury and the availability of estab-
lished in vitro injury models. As work on organoid models
of TBI progresses, it will be important to keep in mind
the ethical considerations of research involving replica of

human brain tissue [58,59]. Combining these consid-
erations with the relevant scientific and bioengineering
principles will likely yield a novel and responsible
strategy for investigating human TBI.
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