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Abstract

There are currently more than 600 diseases characterized as affecting the central nervous system
(CNS) which inflict neural damage. Unfortunately, few of these conditions have effective
treatments available. Although significant efforts have been put into developing new therapeutics,
drugs which were promising in the developmental phase have high attrition rates in late stage
clinical trials. These failures could be circumvented if current 2D in vitro and in vivo models were
improved. 3D, tissue-engineered in vitro systems can address this need and enhance clinical
translation through two approaches: (1) bottom-up, and (2) top-down (developmental/
regenerative) strategies to reproduce the structure and function of human tissues. Critical
challenges remain including biomaterials capable of matching the mechanical properties and
extracellular matrix (ECM) composition of neural tissues, compartmentalized scaffolds that
support heterogeneous tissue architectures reflective of brain organization and structure, and
robust functional assays for in vitro tissue validation. The unique design parameters defined by the
complex physiology of the CNS for construction and validation of 3D in vitro neural systems are
reviewed here.
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1. Introduction

Tissue engineering and regenerative medicine are fields which have a unique tactic to solve
clinical problems: combining the principles of engineering, clinical medicine, biology and
materials science. Regenerative medicine, according to the National Institute of Health
(NIH), is a broad field which involves “intervention to improve the self-healing capacity of
the human body by use of either scaffolding materials, biologically active molecules and
cellular components”, or some combination of these components. There are many
approaches within regenerative medicine, including, but not limited to: genetic engineering
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and subsequent implantation of cells (Lee et al., 2012), bottom-up design and synthesis of
tissue constructs (Kwon et al., 2014), construction of native decellularized extracellular
matrix (ECM) (Wagner et al., 2014), and regenerative methods (Klar et al., 2014), Figure 1.
Tissue engineering is a large subfield of regenerative medicine which refers to a
combinatorial approach of the aforementioned components into a functional tissue or “unit”
of tissue in vitro. Tissue engineering encompasses biomaterial development, which results in
novel, biocompatible materials suitable for interfacing with living tissues. Subsequent
utilization of the biomaterials as a scaffolding support for the cells during in vitro culture
allows for development of 3D tissue models. Among these, several models aim for
reconstruction of specific anatomical structures of CNS such as cortex, optic nerve, blood-
brain barrier (BBB) or spinal cord tissue. This review will focus on tissue engineering as a
tool applied to the development of in vitro models of the CNS.

1.1 History of Clinical Neuroscience

The brain and its substructures were identified early in human history, the nervous system
being cited from the Babylonian period, 1700 BCE, with the Edwin Smith papyrus being the
earliest known to describe surgical techniques to heal injuries (Wilkins, 1964). Since this
primary discovery animal models were used in order to study the brain as well as the
relationship between the brain and the rest of the body (i.e. behavioral studies). For ancient
Greeks these studies were philosophical in form as they considered the human body sacred
and did not dissect it. They focused on debates of the seat of intelligence; attempting to
answer questions involving the locus of emotion and thought. The first documented which
clearly defined the brain as a place where thoughts are generated, sensory information
accepted and processed, and memories stored was in documents by Alemaeon of Croton
(Crivellato and Ribatti, 2007). This view was shared by Hippocrates (460-375BCE) and
Socrates (471-399BCE), but contradicted by Plato (427-347 BCE) and Aristotle (384-322
BCE). In contrast to the theoretical approach of the Greeks, Egyptians were conducting
dissections of the human body. In the Alexandrian period, 3™ century BCE, groundbreaking
neuroanatomical descriptions were produced (Gross, 1987). From this point until the 16%
century, with the exception of Galen (129-199), there were almost no new contributions
other than refinement of ancient practices in Islamic Middle East. In the 16™ century studies
on anatomy catalyzed the concept of structure-function relationships, bridging the previous
gap between the Greeks’ observational science and the Egyptian's experimental science.

Early studies of structure-function relationships in the nervous system began with reflexes,
for example the automatic withdrawal from a painful stimulus, beginning with René
Descartes (1596-1650) and Thomas Willis (1621-1675). However, the neural mechanisms
behind these circuits were not rigorously tested until Robert Whytt (1714-1766) conducted
experiments on frogs. These studies were restricted to the tissue-level, and a valid
hypothesis of the cellular constituents of nerves by Theodore Schwann did not occur until
1839. However, acceptance of the existence of neurons, the primary functional cell type of
the CNS, was resisted until the studies using silver stain by Camillo Golgi (1844-1920) and
Ramén y Cajal (1852-1936) revealed the structure of the neuron. Upon this discovery, many
scientists became interested in the cellular-level contribution to the function of the brain.
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The study of neurons in 2D culture first became possible in 1907 when Rose Harrison
introduced tissue culture by maintaining tissue explants outside of the animal and observing
the outgrowth of nerve cells (Harrison et al., 1907). Refer to Figure 2 for a timeline.

Since these early studies, in vitro tissue models of the CNS have advanced, however none
are able to fully capture the functionalities and subtle mechanisms of the actual tissues. This
is due to challenges of complexity (structure, number and flux of bioactive factors),
physiological relevance (substrate stiffness, cell-cell interactions, and ultrastructure) and
methods for functional evaluation (electrophysiology). For these reasons, researchers are
invested in the development of tissue-like models through tissue engineering.

1.2 A guide to reading this review

Although tissue engineering of the nervous system is in its infancy, a number of important
subfields have emerged. While the details of these are beyond the scope of this review, we
direct readers to review papers in the fields of: (i) nerve guide conduits for peripheral nerve
repair (Marquardt and Sakiyama-Elbert, 2013), (ii) in vitro models of the BBB (Naik and
Cucullo, 2012; Wong et al., 2013), (iii) models of the brain (Brennand et al., 2012;
D'Angelo et al., 2013; Morrison et al., 2011; Zaman, 2013) (iv) microfluidic systems
(Harink et al., 2013; Millet et al., 2007; Morin et al., 2006; Taylor et al., 2003), (v) drug
delivery to the nervous system (Pardridge, 2002; Pehlivan, 2013), (vi) brain-device
interfaces (Aregueta-Robles et al., 2014; Cullen et al., 2011; Lebedev and Nicolelis, 2006),
and (vii) prevention of adverse reactions to device implantation (Shain et al., 2003; Spataro
et al., 2005; Zhong and Bellamkonda, 2007). This review will focus on in vitro tissue
models of the brain and BBB.

Tissue engineering of functional neural systems for in vitro studies presents unique
challenges arising from a limited understanding of neuronal cell network functions in vivo,
the lack of readily available human cell sources, and the difficulty in capturing
electrophysiological information. This review will provide a brief introduction on the
relevant anatomy, physiology and biology with respect to each of these design challenges,
the critical requirements which must be met for each challenge, as well as the current
techniques available to meet these requirements. In particular, this review will focus on
these topics as they apply to the development of in vitro tissue models for the study of the
CNS. This review is organized so that each section is dedicated to each of the major
categories of design criteria for in vitro tissue models. Each section begins with relevant
background information, followed by highlights of the key qualities which must be captured
by the in vitro tissue-models, and finally what the status is of current technologies and the
present shortcomings based on these design requirements. The major sections will include:
motivation and current technologies, designing the ECM, cellular sources, assembly of 3D
structures, functional evaluation and a summary with conclusions and future perspectives.

List of acronyms used in this paper includes: ABC (ATP-binding cassette); AQP
(aquaporin); BBB (blood-brain barrier); BMECs (brain microvascular endothelial cells);
CNS (central nervous system); CSPGs (chondroitin sulfate proteoglycans); DRG (dorsal
root ganglia); ECM (extracellular matrix); ECS (extracellular space); EEG
(electroencephalography); ELISA (enzyme-linked immunosorbent assay); GABA (gamma-
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aminobutyric acid); GDNF (glial-derived neurotrophic factor); GLUT1 (glucose transporter
1); h (human); HA (hyaluronic acid); iPSCs (induced pluripotent stem cells); JAMs
(junctional adhesion molecules); LAT1 (L-type amino acid transporter 1); MBP (myelin
basic protein); multi-drug resistant protein 1 (MDR1); MCT1 (monocarboxylic transporter
1); mesenchymal stem cell (MSC); NCAM (neural cell adhesion molecule); NIH (National
Institute of Health); NPC (neural progenitor cell); NSC (neural stem cell); OAT (organic
anion transporter); PNN (perineuronal net); PNS (peripheral nervous system); SCI (spinal
cord injury); SVZ (subventricular zone); TBI (traumatic brain injury); TEER (transepithelial
electrical resistance); TJ (tight junctions); VEGF (vascular endothelial growth factor); ZO
(zona occludens).

1.3 Tissue engineering in vitro models of the CNS

1.3.1 Motivation in perspective—Death is defined as the irreversible cessation of life,
where in the clinic they will define this as the cessation of heart beat and breathing, or brain
activity (Goila and Pawar, 2009; Keely et al., 1981). With the advent of life support, a
patient's life can be maintained long after brain-death. However, when the brain fails to
function properly, it significantly reduces the quality of life, and, depending on the extent of
the injury or the stage of the disease, it can result in changes in personality or paralysis
(spinal cord injury). To some philosophers, this state of being is such that life no longer
becomes worth living (Greene, 2013), which has motivated CNS research toward healing
the injured or diseased nervous system. However, there are ethical concerns with research
that aims to change the structure and function of the nervous system: computational
modeling resulting in artificial intelligence (Ashrafian, 2014), and physiological research
resulting in technologies which could be used for mind control or mass monitoring (Ford
and Deshpande, 2013). There is also the possibility for unintentional repercussions, for
example identity crisis. However, most governments believe that the fear of abuse of
knowledge should not outweigh the need for development in these areas and as such have
proceeded to fund research. Fortunately, these initiatives have included branches to debate
philosophy and ethics so that policy can stay up-to-speed with science.

In 2013 significant funding was been allocated into “brain mapping” projects, akin to the
Human Genome Project. Funding was awarded by both European Commission (Human
Brain Project) and American government (BRAIN Initiative) (Reardon, 2014). The
approach of Human Brain Project is theoretical, using computing power to generate a model
and the BRAIN Initiative seeks to develop technological methods (e.g. non-invasive
imaging) to study the human brain in real time as well as methods for histological analysis
post-mortem. The motivation of both initiatives to develop novel technologies include the
well-being of societies, staying on the “cutting edge”, and to avoid losing scientists and
clinicians to other countries.

There is a critical need for innovative therapeutic strategies for patients suffering from
neurological disorders. Despite significant research efforts over the past several decades,
there is still a vast amount unknown about the structure-function relationships of the nervous
system. Though resources have been invested into identifying the different circuits of the
brain through the study of primates and other animal models (Joshua and Lisberger, 2014)
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and imaging in humans (Craddock et al., 2013), these tend to be limited when trying to
translate structure to function, particularly on the cellular or subcellular level. One of the
most fascinating aspects to the brain are the neural circuits and their formation, which is
typically studied in relatively simple organisms. However, even the most simple of the
animal models used for studying neural circuits has proven complex to decipher. For
example, the circuit for the somatogastric system of crustaceans, a common animal model
which is used to study circuit dynamics and central pattern generators (neural networks
which generate rhythmic behaviors, e.g. digestion) has only 26 neuron cell bodies (as
opposed to the estimated 100 billion in the adult human CNS), and by comparison these
neurons are large in size. Even this system has not been “solved” and continues to provide
new questions and insight (Rodriguez et al., 2013; Stein, 2009; Tansey et al., 2012). More
complex animals used to model pathological states often differ significantly from human
systems biochemically (e.g. gene expression, metabolism) (Balaban, 2013; Ohtsuki et al.,
2013; Wesseling et al., 2013). In addition, there are strong ethical concerns in some sectors
regarding use of larger animal models (Levy, 2012). Therefore, simplified circuits that could
be built neuron by neuron in vitro would help to elucidate cellular mechanisms of brain
function.

In addition to cell biology, the effects of different ECM molecules on different disease states
and progression should be elucidated both to improve prognosis and potential therapeutic
targets. For example, some researchers hypothesize that the progress and prognosis of a
brain tumor could be monitored by observations of changes in the ECM composition
(Zamecnik, 2005). This hypothesis is being supported by work done with other types of
cancer (Bergamaschi et al., 2008). The information derived in these experiments could also
provide insight on the differentiation of stem cells into neural specific cells. Many CNS-
targeted therapeutics fail in clinical trials, in part due to the insufficient understanding of the
cellular biology involved, the interconnected nature of cells-ECM and function, and many of
the issues raised above.

While there is no substitute for the low cost and simplicity of 2D cell culture studies or the
complexity provided by in vivo systems, the goal of 3D in vitro tissue modeling is to fill in
the knowledge gap that exists between the 2D in vitro and in vivo approaches. The 2D cell
culture approaches lack the complexity and physiological relevance, but allow to use
human-derived cellular and protein constituents. On the other hand, animal studies offer
complexity which cannot be modeled in vitro, but which is also difficult to control and
manipulate, and therefore results in data that must be extrapolated to human systems. The
goal of 3D in vitro tissue modeling is to provide human-relevant studies that are highly
reproducible with tight control over the finite variables within these simplified neural
systems.

1.3.2 Existing technology—There are several approaches to modeling CNS functions,
and they can be broadly categorized as in vivo, in vitro, ex vivo, and in silico. In vivo work
includes studies typically conducted on rodents for the purpose of basic science and
pharmacology studies (e.g. BBB, stroke, drug toxicity) (Hoehn et al., 2002), on primates for
cognitive and behavioral neuroscience work, and other vertebrate and invertebrate species
for other structural nervous system research (Shiba et al., 2014). In vivo models related to
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the brain include, but aren't limited to, behavioral studies for structure-function relationships
(van der Staay et al., 2009), drug discovery (Markou et al., 2009), traumatic brain injury
(TBI) (Xiong et al., 2013), Alzheimer's (G6tz and Ittner, 2008), and sensory information
processing (de Brito Sanchez and Giurfa, 2011). Ex vivo models utilize slices of brain tissue
dissected form the animal body which preserves the complexity of the brain tissue's
structure while allowing for modes of evaluation which are typically only permissive in 2D
environments. However, it has been reported that there is a significant loss of brain function
once removed from the body due to the rapid loss of viability, and there are limitations on
the amount of tissue which is available (Doering, 2010). In vitro models are cell-based
models which involve culturing cells in 2D on functionalized surfaces (tissue culture plastic,
natural or synthetic polymer coatings), frequently co-cultured with other cell types utilizing
transwells (Cecchelli et al., 2014; Xue et al., 2013). These traditional in vitro models have
provided a wealth of information about neural cell types; examples include spontaneous
network formation, cell attachment sites for adhesion and migration, axonal guidance
mechanisms, molecules (soluble and insoluble) in synaptic targeting, and the resting
membrane potential of different cell types (Kay and Wong, 1986; O'Shaughnessy et al.,
2003). Another type of in vitro model, referred to as cell aggregates (Kato-Negishi et al.,
2013), organoids (Lancaster et al., 2013) and neurospheres (Hogberg et al., 2013; Urich et
al., 2013), is based on the growth of either stem cells or differentiated cells as a
conglomerate (Jafari et al., 2013). These are advantageous as they allow for high cell density
with spontaneous self-organization and cell guided assembly of 3D environment. However,
they tend to suffer from high variability due to the stem cell clone-ability and commonly
form necrotic cores due to the insufficient oxygen and nutrient diffusion, subsequently
leading to size limitation (Lancaster et al., 2013). Results gained from the in vitro, ex vivo
and in vitro models serve as a basis for in silico models which use the computing power to
generate predictions based on experimental data sets. Common in silico models are used to
observe the pharmacology of untested compounds in a specific physiological system
(Broccatelli et al., 2012). For example, an in silico model might attempt to predict how long
a drug at a particular dose would take to reach its target site by modeling the drug's transport
from the plasma through relevant tissues. They can also include imitation of neural circuits,
better known as “artificial intelligence” (Bluebrain, 2014). In addition, in silico modeling
has been applied to the prognosis of brain cancer (Sanga et al., 2007). However, in silico
models are highly limited in terms of number of components they can take under
consideration and require huge computing resources. However, the goal of in silico models
is quite similar to 3D in vitro models: in both approaches the objective is to connect what is
seen in 2D cultures on the cellular/molecular scale with what is seen in vivo on the
anatomical and systems scale.

Although several animal models of neurological diseases offer phenotypically relevant
models of human pathologies, knowledge gaps exist between information provided by 2D
cultures and animal models, and the unsatisfactory correlation between animal and human
physiology (Albers et al., 2001; Birmingham, 2002). In vitro cultures of neuronal cells on
flat 2D surfaces offer simplified, high throughput systems to study disease, drug toxicity,
and biological processes by controlling environmental factors and directly measuring cell
responses (Blain et al., 2010; Hopkins et al., 2013). However, 2D cultures lack endogenous
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3D cell-cell interactions and physiological cues provided by the ECM. Tissue engineering
aims to recapitulate human tissue systems outside of the body for tissue replacement and
regeneration or for the in vitro study of cellular mechanisms and therapeutic development.
Traditional tissue engineering techniques involve the culture of cells on biomaterial
scaffolds in a controlled environment established in bioreactor systems, Figure 3. These
systems also have an advantage over in silico models in that they are not as subject to
presumptions or theories: To design a mathematical model certain assumptions must be
made, choosing the wrong mathematical model or making incorrect assumptions can result
in oversimplification of the system or in error prorogation. In addition, in silico models are
limited in complexity by current processing power, particularly once variability amongst
individuals is considered. Refer to Table 1 for a summary of the advantages and
disadvantages of each approach.

The goal of most current tissue models is to establish systems which can be used to study
pharmacology, network formation, pathology, or combination thereof. There are two basic
approaches to develop these models: bottom-up (compartmentalized) and top-down
(developmental/regenerative). Bottom-up is the methodology of first designing the
scaffolding structure and then seeding it with the relevant cell types and adding biochemical
components into the preformed structures. That is, all of the factors are assembled into
specific spatial coordinates at specific time points. This approach was used by our research
group to develop novel complex functional 3D brain-like cortical tissues, maintained for
months in vitro, formed from primary rat cortical neurons in modular 3D compartmentalized
architecture with electrophysiological function (Tang-Schomer et al., 2014). Bottom-up
approach was also used by Cucullo and co-workers who described the formation of
preformed capillaries and venules kept in series through a systolic bioreactor system
(Cucullo et al., 2013). These vessel-like structures were assembled using relevant cell types
and shown to be functional through assays measuring TEER and permeability which will be
discussed in Section 5.

In contrast, top-down, or regenerative approaches rely on the “intelligence” of the cells and
involve encapsulation of cells within a substrate and allowing them to spontaneously form
structures within the soft substrata which the cells are able to degrade and reconstruct. An
example of this approach is an embryonic stem cell-based model developed by Dubois-
Dauphin and co-workers depicting spatially organized nervous tissue resembling brain sub-
ependymal nervous tissue maintained in vitro for at least 3.5 months (Dubois-Dauphin et al.,
2010). Moreover, Lancaster and co-workers showed that human induced pluripotent stem
cells (hiPSCs) encapsulated and grown in Matrigel result in spontaneous development of
“cerebral organoids” which formed structures anatomically comparable to the organization
of the progenitor zone in human brain (Lancaster et al., 2013). In this line, Kato-Negishi and
co-workers presented the neural building blocks build by a combined culture of massive
amount of rat cortical and hippocampal neurospheroids in a confined space (Kato-Negishi et
al., 2013). Similarly, Urlich and co-workers proposed a 3D BBB model based on a self-
assembling human heterocellular spheroid (Urich et al., 2013). Further details of these
approaches will be discussed in Section 4. Independently from the applied strategy, all
tissue-engineered in vitro models have common challenges: designing the ECM, choosing
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and maintaining CNS-derived cells, engineering 3D architecture, and validating function.
These design challenges will be the focus of the rest of this review.

2. Designing the ECM

2.1 Molecular composition and function

Due to the high density of cells in the brain, only about 20% of total brain volume is
extracellular space, and 20-30% is comprised of ECM (Nicholson, 2001; Sykova and
Nicholson, 2008). Unlike ECM of many other organ systems, adult CNS tissue lacks high
concentrations of fibrillar collagen, fibronectin, and laminin (Bellail et al., 2004), although
there is laminin and fibronectin present in the basal lamina (Liesi et al., 1983, 1986). The
ECM of healthy brain tissue is comprised primarily of hyaluronan, proteoglycans (lecticans),
and tenascins (Bellail et al., 2004; Bignami et al., 1993; Lander, 1993; Ruoslahti, 1996).
Lecticans are a family of chondroitin sulfate proteoglycans (CSPGs) which are a primary
organizational component of brain ECM. There are four types which have been identified:
aggrecan, versican, neurocan and brevican, where the latter two are unique to the brain.
These CSPGs all have a C-type lectin domain on the C terminus and a hyaluronan binding
site on the N-terminus (Yamaguchi, 2000). These lecticans also all have sites to bind to
tenascins. Tenascins are glycoproteins believed to act as linkers, connecting the different
proteoglycans as well as providing cell binding sites. There are four members of the family,
tenascin-W, C, X and R; in the CNS tenascin-C and tenascin-R are shown to play critical
roles (Anlar and Gunel-Ozcan, 2012). Tenascin-R is a crosslinker for lecticans, and
tenascin-C is associated with cell attachment and detachment (migration) (Anlar and Gunel-
Ozcan, 2012; Jakovcevski et al., 2013). Hyaluronan, also known as hyaluronic acid (HA), is
a glycosaminoglycan which carries a high negative charge, thereby attracting cations such as
sodium (Na*) and charged proteins, consequently increasing hydration of brain tissue
(Bignami et al., 1993). This high water content causes the volume of brain tissue to expand
to 10 times greater than that of its molecular constituents and is hypothesized to be the
primary mechanism behind the low stiffness of brain tissue (Bignami et al., 1993). HA is
also the primary structural component of the ECM (Anlar and Gunel-Ozcan, 2012; Bignami
et al., 1993). Insoluble fibronectin is a protein dimer which has a high density of integrin
binding sites as well as binding sites to other ECM molecules, it is described by some as the
glue of the human body (Pankov and Yamada, 2002). Laminin is a glycoprotein with a
characteristic, asymmetric cross-shape which acts as a functional integrator between cells
bound to ECM components (Aumailley, 2013).

These different components of ECM and their correlation to different functions of the brain
is highly complex. Most of the ECM is a part of the perineuronal net (PNN), also referred to
as the Golgi net, which is a dense, mesh-like matrix found around neural soma and
concentrated around synapses. The PNN acts to prevent random synapse formation;
degrading this matrix reestablishes high, experience-based plasticity seen in the
developmental period (Celio et al., 1998; Wang and Fawcett, 2012). It is also shown to act
as an ion buffer and to protect against oxidative stress (Suttkus et al., 2012). Although the
structure of this mesh is highly varied, there is high spatial, temporal, and cell subtype
specificity there is a general, hypothesized structure, refer to Figure 4 (Celio et al., 1998).
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This hypothesis states that HA is bound to neuronal bodies, lecticans are bound to HA, and
the lecticans are linked together via tenascin R (Suttkus et al., 2014; Yamaguchi, 2000). A
similar dense matrix structure known as the perisynaptic ECM, also referred to as axonal
coats, also exists. It plays a role in brain homeostasis through growth factor sequestration,
creation of diffusion barriers (due to high cell density and the highly tortuous ECS of the
brain), and by providing substrate for cell stabilization and raw materials for signaling
components (Frischknecht and Gundelfinger, 2012). The final, major ECM structure in the
brain is referred to as “basal lamina-like”; this ECM is found at the BBB and within the
neurogenic niche. The neurogenic niche refers to a space found near brain capillaries where
there is a limited source of neural stem cells.

Neural tissues have low elastic moduli ranging from <1 kPa for brain slices (Elkin et al.,
2007) and single brain cells (Lu et al., 2006) to ~90-230 kPa for spinal cord (Chang et al.,
1988; Levental et al., 2007), which is similar to muscle fibers (~30-50 kPa, (Fridén and
Lieber, 2003)) and skin (10-100 kPa, (Zheng and Mak, 1997)) and much softer than bone
(106-107 kPa, (Rho et al., 1993)). Recent work has demonstrated that substrate stiffness
significantly affects in vitro cell attachment, survival, and growth of many cell types
including fibroblasts, myocytes, and neurons (Discher et al., 2005; Engler et al., 2006).
Neural culture studies on substrates of different stiffness have reported changes in growth
and axon extension. Neurites from chick dorsal root ganglia (DRG) explants grew
significantly longer down the gradient of stiffness than up the gradient (Man et al., 2011).
Interestingly, Koch and co-workers found that, in comparison, peripheral nerve outgrowths
are more sensitive to changes in substrate stiffness than CNS hippocampal neural extensions
(Koch et al., 2012). This sensitivity of peripheral neurite outgrowth to substrate stiffness
may be due to the increased diversity in mechanical properties of the peripheral nervous
system (PNS) as compared to the CNS where connective tissue consists largely of glial cells
(Koch et al., 2012). Accordingly, the work of Balgude and co-workers on DRG outgrowth in
agarose gels (Balgude et al., 2001) as well as our own studies of DRG neurite extension on
silk hydrogels (Hopkins et al., 2013) resulted in varying growth rates on substrates of
different stiffness. However, in general, hydrogel substrates that are <80 kPa have been most
successful for neural cell culture (Balgude et al., 2001; Hopkins et al., 2013; Man et al.,
2011). Of importance, it has been shown that stiffer substrates, as seen in pathologies such
as Alzheimer's, can have a snowball effect, further perpetuating the pathological state
(Franze et al., 2013). Therefore, careful adjustment of mechanical properties of the scaffolds
is of highest importance to match the CNS tissue characteristics, ensure efficient neurite
outgrowth and prevent cell differentiation.

2.2 Critical design requirements of polymers

Critical design requirements for polymers used for neural tissue engineering can be broadly
categorized as physical (stiffness, degradation rate), biochemical (biological activity) and
practical (cost, reproducibility). As described above, soft matrices are required because they
significantly improve axon length, cell attachment, and survival. They are also more
mimetic of the mechanical properties seen in vivo, which is necessary for any mechanical
modeling (e.g. of a mechanical injury). A successful polymer has an elastic modulus of
<1kPa, imitating the softness of brain and being shown to benefit neural cultures (Georges et
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al., 2006). Moreover, it needs to be slowly degradable to allow for material remodeling
along the cell growth and morphogenesis. For example hiPSC need 20-30 days to develop a
defined brain structures (Lancaster et al., 2013). Therefore, the polymer chosen for CNS
modelling must persist for at least 30 days or more. These two physical requirements can be
challenging to resolve; the low-protein content of the soft, natural polymer matrices results
in hydrolysis occurring more rapidly in the aqueous environment of cell-culturing media. An
additional requirement for support of neuron growth is that the 3D scaffolds must have
proper pore size and porosity to allow for nutrient diffusion and cell infiltration throughout
the gel. A successful material should exhibit similar diffusion properties to brain tissue
which is 1.5-2.35 cm?/s for albumins (Tao and Nicholson, 1996). Materials must also be
permissive to various forms of evaluation. This includes optical clarity allowing for imaging
of high-density cell cultures and thick constructs, or free ion movement for electrical
measurements (Aregueta-Robles et al., 2014; Dana et al., 2014). Another interesting
requirement is electrical conductance to allow for the delivery of electrical current to cells or
to electrically activate molecular structures (Balint et al., 2014). By including these
structures it allows for selective opening of cryptic sites in the polymer which can include
soluble or insoluble, bioactive compounds. The purpose of the development of electrically
conductive polymers, within the context of neural tissue engineering, is to study electrical
stimulation for axonal guidance and for incorporation into devices to attract or repel
neuronal growth (Aregueta-Robles et al., 2014). In addition, these electrically active
polymers could significantly refine the time-scale for presentation of bioactive molecules,
which is highly regulated in vivo, furthering possibilities of in vitro cultures. However, a
necessary requirement if there is to be functional evaluation of the model, is that the
hydrogel permits ion movement. This requirement will be illustrated in Section 5.

In order to allow for the growth of neurons, materials must have binding sites recognized by
the integrins or other adhesion receptors expressed by neural cell types in order to bind to
the surface of the biomaterial. The substrates must also have biologically active sites which
catalyze signaling cascades of interest. Due to the heterogeneity among cell types for these
behaviors, it is typically necessary to include proper controls as it is difficult to directly
compare to values obtained from other sources. Doing these control experiments can also
provide a bridge between the in vitro model being investigated and well-established 2D
experiments, further validating the model in question. Some parameters which are generally
observed are axon length and myelination, functional synapse formation, and cell
morphology.

Moreover, the polymer should also be highly reproducible and cost effective. Quality
control of the performance and fabrication of the materials is critical in order to confirm
results across research groups. Since significant amounts of materials are required to form
3D constructs, it is essential that the material is affordable. This can prove costly when
including proper amount of replicates, controls, and various experimental groups. The
matrix must also be statistically equivalent across replicates in order to be successful, as in
any study.
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2.3 Polymers utilized in neural tissue engineering

Due to their low stiffness, high water content, and ability to be functionalized with bioactive
components, hydrogels have been the major class of biomaterials investigated for in vitro
neural culture. Hydrogels can be of natural or synthetic origin and include agarose (Balgude
et al., 2001; Bellamkonda et al., 1995a, 1995b; Cullen et al., 2007a; Dillon et al., 1998;
O'Connor et al., 2001), collagen type | (Coates and Nathan, 1987; Coates et al., 1992;
Krewson et al., 1994; O'Connor et al., 2000a; O'Shaughnessy et al., 2003), hyaluronic acid
(Brannvall et al., 2007, 2007; Hou et al., 2006; Pedron et al., 2013; Tian et al., 2005), N-(2-
hydroxypropyl) methacrylamide (HPMA) (Woerly et al., 1990, 1991), poly(ethylene glycol)
(PEG) (Pedron et al., 2013; Wang et al., 2014; Zustiak et al., 2013), chitosan (Gao et al.,
2014; Leipzig et al., 2011; McKay et al., 2014), alginate (Frampton et al., 2011; Kuo and
Chang, 2013; Matyash et al., 2012; Mosahebi et al., 2003), silk fibroin (Benfenati et al.,
2010, 2012; Hopkins et al., 2013; Hu et al., 2013; Kim et al., 2010; Tien et al., 2013; Zhang
et al., 2012) and methylcellulose (Stabenfeldt and LaPlaca, 2011; Tate et al., 2001), Table 2.

Most of these hydrogels meet the most basic requirements for successful neural cell culture
such as low stiffness, efficient nutrient, oxygen and waste diffusion, and cell attachment
sites which do not cause aberrations from neural phenotype. Reported stiffness values of
hydrogels match those of neural tissues ranging from ~1 to 400 kPa (Ahearne et al., 2005,
2010; Hopkins et al., 2013; Man et al., 2011). Many natural hydrogels contain endogenous
cell attachment sites such as the amino acid sequence arginine-glycine-aspartic acid (RGD)
(Kardestuncer et al., 2006; Pierschbacher and Ruoslahti, 1984; Rice et al., 2013; Sakiyama
et al., 1999) and synthetic hydrogels often offer chemical moieties for covalently
incorporating cell-binding proteins (Patterson et al., 2010; Rice et al., 2013). Several groups
have investigated neural cell growth on hydrogels functionalized with ECM proteins
including laminin and fibronectin (Bellamkonda et al., 1995a, 1995b; Hopkins et al., 2013;
Hou et al., 2006; Stabenfeldt and LaPlaca, 2011). A prevalent integrin subunit expressed by
neurons is the 1 subunit; integrins a1-3 g1 have been shown to bind laminin and collagen,
ag.5P1 to fibronectin, and a7B4 to vitronectin mediating neurite outgrowth when cultured on
laminin or collagen IV (Tomaselli, 1991). Diffusion of proteins through hydrogels is also
similar to that of brain tissue (e.g. 2-9 x 1076 cm2s~1 of bovine serum albumin through 1 to
4.5% collagen gels, (Ramanujan et al., 2002)). However, each of these biomaterials has
particular advantages and disadvantages, which will be discussed here for the more
commonly utilized materials.

Collagen type | has been employed in modeling in vitro systems of brain tissue (Al Ahmad
etal., 2011; Bercu et al., 2013; Tang-Schomer et al., 2014) due to the fact that it promotes
significantly higher neuron survival, cell attachment, and neurite outgrowth when compared
to other ECM materials (Krewson et al., 1994; Zhou et al., 2013). Additionally, since
collagen type | contains endogenous RGD matif, costly macromolecules such as laminin are
not necessary to improve its biological activity. For example, collagen encapsulation of
umbilical cord blood stem cells induced their spontaneous neuronal differentiation and
allowed for their extended culture with high viability (Bercu et al., 2013). Moreover, neural
stem cells were shown to differentiate into neurons, astrocytes, and oligodendrocytes when
grown in a dense 3D collagen cultures (Watanabe et al., 2007). Similarly, collagen-
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entrapped stem and progenitors actively expanded and efficiently generated neurons, which
developed neuronal polarity, neurotransmitters, ion channels/receptors, and excitability (Ma
et al., 2004). It overall suggest, that collagen is a permissive environment allowing for
spontaneous or guided stem cell differentiation toward desired neuronal and glial
phenotypes. However, collagen type | is limited in its relevance to neural tissue engineering
due to its relatively fast degradation rate and its absence in brain tissue. Consequently,
collagen type | does not contribute to synaptic guidance; typical fabrication techniques do
not allow for patterned presentation of cell receptors (Antoine et al., 2014). This decreases
the reproducibility of the system, which is not desirable in the field of modeling. However,
collagen type I holds promise in the subfield of glioblastoma modeling (East et al., 2009),
where cells are shown to overproduce fibrous proteins allowing for permissive growth and a
highly migratory environment (Kaufman et al., 2005). Moreover, collagen type I is
frequently utilized in 3D endothelial cell culture and microfluidic applications to model the
vascular structures (Al Ahmad et al., 2011; Chrobak et al., 2006), which could be translated
to model BBB and vascular compartment of the brain. Nevertheless, much remains yet to be
optimized in terms of vascular structures stability, permeability and collagen degradation.
Similarly, HA has been used glioblastoma modeling (Pedron et al., 2013). HA is attractive
for use in neural tissue engineering due to its prevalence in the brain ECM and its low cost.
However, HA can prove complicated to work with due to the broad spectrum of molecular
weights and the variation in chain sulfation. HA has been shown to guide differentiation of
neural progenitors toward either neuronal or glial cells by the modulation of hydrogel
stiffness (Seidlits et al., 2010). Additionally, the differentiation pattern was shown to be
divergent in case of fetal vs. adult progenitor cells. Fetal cells had the tendency to
differentiate into glial cells, and while adult cells preferentially differentiated into neurons
(Aurand et al., 2014). However, due to the tendency to inhibit neurite outgrowth HA has not
been successful in long-term cultures (Bignami et al., 1993). In this line, HA is enriched in
the neural stem cell niches where it maintains the stem cell quiescence and prevents the
differentiation (Preston and Sherman, 2011). Therefore, HA is increasingly being explored
as a composite material in terms of 3D guided neural stem cell differentiation towards
complex constructs of CNS.

Finally, agarose and PEG gels have been investigated for in vitro culture as an inert
biomaterial with tunable stiffness. These hydrogels can be functionalized through covalent
coupling of bioactive molecules such as ECM-derived peptides or growth factors, which
makes them advantageous for observing the decoupled effects of different parameters on
cell fate (Balgude et al., 2001; Bellamkonda et al., 1995a; Seidlits et al., 2010; Tsurkan et
al., 2013; Wang et al., 2014). However, both polymers cannot be easily remodeled by cells,
unless modified with degradable peptide moieties or cross-linked with hydrolysis-prone
chemistry (Chwalek et al., 2011).

Silk protein has also received recent attention as a favorable candidate for neural tissue
applications due to its tunable stiffness, functionalization capability, and versatility in
forming a myriad of scaffold platforms, Box 1 (Rockwood et al., 2011; Tang-Schomer et al.,
2014; Vepari and Kaplan, 2007). These early works of hydrogel characterization for 3D
neural cultures has begun to lay down the foundation for construction of more complex in
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vitro neural systems through engineering of the neural extracellular space with regard to
stiffness, diffusivity, and cell attachment sites.

3. Use of cells in the in vitro modeling of the CNS

3.1 Cells types of the CNS

There is variety of cell types found in the brain which broad role and function, and recent
progress in the field is being discussed in detail during semiannual European Glial Cell
meeting. However, at this stage of neural tissue engineering six types are typically
considered: neurons, astrocytes, microglia, oligodendrocytes, endothelial cells and pericytes.
Neurons are the primary functional unit of the brain and are responsible for electrical
transmissions which allow for both conscious and autonomic behaviors. Glial cells are
present in the CNS in nearly a one to one ratio to neurons and are thought of as a supportive
cell type (Azevedo et al., 2009; Herculano-Houzel, 2014). The classification “glia’
encompasses astrocytes, microglia, oligodendrocytes, and ependymal cells (ventricle liners
and cerebrospinal fluid secretors) (lacovetta et al., 2012; Verkhratsky and Kettenmann,
1996). Vascular endothelial cells of the CNS are specialized with tight junctions (TJs)
comprising the highly selective BBB. Pericytes reinforce this barrier function and are
influenced by surrounding neurons and glia controlling cerebrovascular tension (intracranial
pressure), angiogenesis (wound healing), and permeability (inflammatory response) (Wong
etal., 2013).

Neurons are polarized cells with processes that extend from their soma (dendrites) and an
axon that extends away from the cell body to conduct the action potential (Amadoro et al.,
2014). Any processes extending from a neuron are generically termed a neurite. Neurons are
also functionally polarized: dendrites and the soma receive electrical and chemical signals,
and axons pass them on. Generally there are many, highly arborized dendrites and one axon
for each neuron cell body, although axons may also branch. There are two basic types:
projection neurons (principal cells) and intrinsic neurons (interneurons). The soma and
dendrites of principal neurons reside in one brain region while their axons form synapses
with neurons in other regions (Bota and Swanson, 2007). Interneurons have shorter axons
which connect locally with neurons in the same brain region (Bota and Swanson, 2007). The
basic neuron cell types include: pseudo-unipolar (sensory neuron), bipolar (interneuron),
multipolar (motor neuron), and pyramidal (Takéacs and Metzger, 2002). There are many
more specific classifications of cells which is beyond the scope of this review, for example
Purkinje cells of the cerebellum (Albergaria and Carey, 2014). Within the spinal cord there
tends to be less variety of neural cell types. It is composed primarily of afferent (sensory
information to the brain) and efferent (motor output from the brain) neurons which are
pseudo-unipolar and multipolar, respectively, with fewer interneurons and simple circuits.
Neurons transmit electrical signals by movement of ion species. When neurotransmitter or
electricity reaches the dendrite of a neuron it results in the depolarization of the membrane
by opening of voltage-gated cation channels. Once a particular voltage threshold is reached,
depending on the neuron, an action potential is fired down the axon in an “all-or-none”
fashion in which there is no loss in amplitude from one action potential to the next.
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In culture, neural cells derived from the CNS grow well on stiff, 2D surfaces such as tissue
culture plastic, if coated with cell-adhesion-promoting factors such as poly-L-lysine or
laminin. Neuronal cells express cell adhesion molecules (e.g. neural cell adhesion molecule
(NCAM), L1, and N-cadherin) and integrins which require these functionalized surfaces to
adhere to (Rutishauser et al., 1988). Cell-cell interactions are also critical enabling post-
mitotic neurons to migrate along radial glial cell guidance fibers from the ventricular zone to
the appropriate level in the layered cortex during development (Anton et al., 1999). Cerebral
cortex formation was disrupted in asp; and agBq knock-out mice, supporting the notion that
cell-cell and cell-matrix interactions are critical during embryogenesis and tissue
development (De Arcangelis and Georges-Labouesse, 2000; Danen and Sonnenberg, 2003).

Historically, glial cells were considered a part of the extracellular matrix as the structural
‘glue’ physically supporting neural networks. It is now well known, however, that glial cells
are functional entities, essential to maintaining homeostasis for normal function of the entire
nervous system. Currently there are around eleven distinct morphologies of astrocytes
identified, of these distinct subtypes eight are associated with the cerebral vasculature
(Abbott, 2002). Astrocytes (or astroglia) are also the greatest in number and perform a
myriad of functions including BBB homeostasis (Hawkins and Davis, 2005), volume
regulation (lacovetta et al., 2012), neuronal metabolism assistance through lactate shuttling
(Schurr et al., 1997), neurotransmitter and ion buffering (Wong et al., 2013), disease
(Schlachetzki et al., 2013; Sturrock, 1976), and secretion of basal lamina (Liesi et al., 1983).
Astrocytes have also been shown to engage in slow-wave calcium signaling, and are
hypothesized to contribute to the electrical behavior of neurons (Carlsen and Perrier, 2014).
The other glial cell types are less diverse in subtype, however tend to be less well-
understood. Microglia are specialized macrophages in the nervous system that participate in
phagocytosis and act at the first line of defense upon insult to the nervous system. They are
found throughout the brain and spinal cord of the CNS and are one of the few mobile cell
types in the CNS, which can proliferate readily at the sign of injury (Ransohoff and Brown,
2012). Oligodendrocytes are responsible for myelination of axons facilitating rapid
conduction of the action potential from one node of Ranvier to the next (Huang et al., 2014).

3.1.2 Cell types of the BBB—The brain endothelium is vital in maintaining homeostasis
of the brain by allowing essential nutrients to enter, balancing ions and pH, and keeping out
harmful toxins. A gross description of the unique qualities these endothelial cells possess
include presence of TJs between the cells, expression of highly selective, polarized
transporter systems, and specialized enzymatic systems. These assets allow for the
maintenance of brain homeostasis by defense from peripheral substances, regulation of
metabolism, immune response and acting as an interface for endocrine processes
(Eigenmann et al., 2013; Hawkins and Davis, 2005; Wong et al., 2013).

TJs are protein complexes found between cells in monolayers which prevent paracellular
movement of soluble compounds. Due to the presence of highly organized TJs between
brain microvascular endothelial cells (BMECSs), these cells have been described as
“epithelial-like”, as this is more commonly seen in epithelial tissues. Transmembrane
proteins in TJ complexes include claudins (in particular claudin-5), occludins, junctional
adhesion molecules (JAMSs) and nectin. Intracellular proteins involved in this complex are
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zona occludens 1 and 2 (ZO1 and Z02, associated with TJ proteins), afadin, a-catenin
(associated with nectin), and B-catenin (associated with claudin-5).

Polarized transporter systems expressed by BMECs function for nutrient delivery, waste and
neurotoxin removal, ion balance, and macromolecule movement. Transporters can be
qualified as follows: (1) active or passive and (2) efflux or bidirectional transport. Passive
transporters allow certain molecules to diffuse down their concentration gradient and active
transporters, such as the ATP-binding cassette transporter (ABC transporter), require ATP to
transport up a concentration gradient. Bidirectional transporters mobilize their substrates to
both sides of the lumen depending on the physiological state whereas efflux transporters
move their substrate in one direction. Transporters are polarized between the lumen (apical)
and the albuminal side (basal), depending on its function. For example, some systems which
are expressed in high concentration in the lumen are glucose transporter-1 (GLUT1) for
glucose monocarboxylate transporter-1 (MCT1) for lactate, L-type amino acid transporter
(LATZ1) for amino acids and L-dopamine (Ohtsuki et al., 2013). Some these are highly
expressed on the ablumenal side include and ABC transporter called multidrug resistant
protein-1 or permeability-glycoprotein 1 (MDR1 or P-gp, respectively), an efflux transporter
associated with high drug resistance of the BBB, and organic anion transporters (OATS).
The expression of these transporters is remarkably different among species; readers are
referred to Uchida et al. for an example study which compares human to mouse transporter
expression using proteomic techniques (Uchida et al., 2011).

Pericytes take the leading edge of blood vessel formation in brain capillaries, making them
critical for normal development of the vascular tree and angiogenesis in response to various
stimuli (e.g. TBI, hypoxia) (Engelhardt and Liebner, 2014; Hawkins and Davis, 2005).
Studies have also indicated that they are critical in regulation of immune response,
production of basal lamina and phagocytic activity (Lu and Sood, 2008). Pericytes are of
diverse development origin, potentially having the same progenitor as neurons, so they also
provide a limited source for neural stem cells; pericytes require cell-cell anchorage to
endothelial cells to remain in the differentiated state (Lu and Sood, 2008).

Astrocytes, neurons and microglia are also considered to be active in the function of the
BBB. The astrocytes which are the most intimate with the BMECs have been shown through
freeze-fracture of tissue slices to have end-feet which encompass about 60% of the capillary
length (Wilhelm et al., 2011). These end-feet contain a high density of aquaporin 4 (AQP4),
a transporter which regulates ion balance by movement of solvent. By secretion of pro-
inflammatory factors, astrocytes also contribute to the regulation of BBB permeability.
Astrocytes have been shown in vitro to induce BBB properties in BMECs through secretion
of soluble growth factors, for example glial-derived neurotrophic factor (GDNF) (paracrine
signaling), through gap junctions, and indirectly through cell-ECM bioactivity (Isobe et al.,
1996). Neurons specifically are more important to normal BBB physiology by acting as a
functional regulator (e.g. blood flow, permeability) (Abbott, 2002). Microglia, on the other
hand, are not directly involved in common BBB functions (Jin et al., 2010; Ransohoff and
Brown, 2012). In addition, neurons and microglia induce certain BBB-specific behaviors of
the endothelium such as expression of y-glutamyl transpeptidase, an important enzyme
system for aminoacid transport (Tontsch and Bauer, 1991).
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3.2 Critical design requirements for neural cell culture

Cells used for in vitro modeling of the CNS have requirements which can be classified as
morphological, biochemical, functional and practical. Morphological requirements include
basic cell morphology and proper growth patterns and behavior. Biochemical requirements
include human-relevant gene expression, and responsiveness to different soluble and
insoluble factors. Functional requirements include that proteins produced are functional, the
cells exhibit normal behaviors, and the cells work cohesively to provide functions associated
with ultrastructure (e.g. nerves and circuits). Details on functional requirements will be
pursued in greater detail in Section 5.

In general, cells used in 3D cultures must be able to grow robustly and in high densities.
Depending on the cell type, certain morphologies are expected, refer to previous background
discussion. The neurons should express specific markers such as NCAM and Bl1I-tubulin
and depending on the specific neuronal subtype, other proteins should be present, for
example gamma-aminobutyric acid (GABA) receptor. These markers indicate the proper
cell phenotype and implicate that the cells are functional. Depending on the neuron type,
they must have a particular resting potential (typically =70 mV) and fire an action potential
in response to depolarizing inputs, once the threshold for action potential is reached. In
addition, the chosen neurons must be tailored to the application, for example if attempting to
recapitulate an inhibitory circuit a neuron must be inhibitory in nature such as a GABAergic
neuron (Ohmori, 2014). It is also important to consider neural cell type for certain
pathological modeling. For example, in Alzheimer's the first type of neuron to degenerate is
acetylcholinergic neurons found in the nucleus basalis of Meynert (Wahlberg et al., 2012).

Astrocytes and other glial cells used for CNS tissue models must be able to grow in a
controlled manner without overgrowing the neural cultures in order to maintain the proper
cell to cell ratio. They must also play critical supportive roles, both for neural tissue and
BBB modeling. This requires the patterned expression of functional AQP-4 for solvent
regulation. In pathological states, astrocytes must be able to go into reproducible reactive
states and form glial scars. Moreover, oligodendrocytes are necessary for studying
myelination events such as white matter tract formation or repair and multiple sclerosis.
Successful oligodendrocytes will improve myelination of neurons, which can be monitored
by expression of myelin basic protein (MBP). In addition, there should be an improvement
of electrical output of the neural cultures if oligodendrocytes are present. Microglia must
show active role in brain modeling and immune-related disease modeling. Microglia used in
modeling of innate immune response should secrete pro-inflammatory factors and increased
vesicle formation (phagocytosis).

Endothelial cells which are used to model the BBB must have the following qualities: TJ
formation, polarized transporter expression, and functional transporter expression.
Endothelial cells should express TJ proteins such as ZO-1 and claudin, as well as
transporters such as MDR1 and GLUT?1. Pericytes used in BBB models must play critical
supportive roles and secrete soluble factors (vascular endothelial growth factor [VEGF]) as
well as insoluble factors (basal lamina) conducive to angiogenesis.
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Already 25 years ago it was observed that 2D cultures do not replicate the complex
environment of CNS in terms of axonal regeneration (Fawcett et al., 1989) which was later
supported by variety of publications (Cullen et al., 2007b; East et al., 2009, 2013). Based on
this phenomena, there has been an expansion of tissue modeling research to include the most
relevant cell types in the model design. Moreover, 3D co-culture generally employs higher
cell density, resulting in intimate contact of various cell types. This better imitates the
complex cell-cell interaction as compared to 2D cultures. For example, neural-astrocyte
interactions can be employed in tissue engineering for controlling neuronal cell growth.
Neural and glial cells are capable of physically binding to each other through cell adhesion
molecules such as L1 (LICAM, CD171) and NCAM (Rutishauser et al., 1988). Astrocytes
have also been credited with mediating many homeostatic mechanisms of the brain
including vascular regulation, water homeostasis (Simard and Nedergaard, 2004; Thrane et
al., 2011), synaptic transmission and ion buffering (Halassa and Haydon, 2010; Haydon,
2001; ladecola and Nedergaard, 2007; Kuo and Lu, 2011; Perea et al., 2009; Saito et al.,
2011). Astrocytes are also robust in cellular culture making them a favorable tissue
engineering tool for culturing neurons in vitro as they provide both structural and
biochemical support. For example, several studies have reported the increase in neuronal
cell survival in the presence of astrocytes or astrocyte-conditioned media (Gaillard et al.,
2000). During development, neurons rely on tracts of astrocytes (radial glial fibers) for
migration to their destinations for maturation (Lois et al., 1996; Recknor et al., 2004).
Frequently, however, even with these co-cultures neurons do not exhibit human-relevant
biochemical profiles. Astrocytes are also frequently co-cultured with endothelial cells in the
models of neurovascular unit (Al Ahmad et al., 2011; Ferreri et al., 2010). Another co-
culture example is focused on the process of axonal myelination utilizing neurons and
oligodendrocytes (Gardner et al., 2012). Although frequently studied in 2D (Donoghue et
al., 2013; Sorensen et al., 2008), this aspect has been explored in 3D cultures only to a
limited extent. There is one particularly elegant example of a 3D model of CNS based on
embryonic stem cells, cultured for over 3 months, which showed the presence of mature
synapses and myelinated axons, suggesting functional maturation (Dubois-Dauphin et al.,
2010). Another model evaluated the influences of gravity, topography, fluid flow, and
scaffold dimension on myelinating cultures (Donoghue et al., 2014). As myelination is
involved in several disease states such as Alzheimer and multiple sclerosis, modeling these
diseases with 3D CNS tissues will require further development of co-culture methods, in
particular to including oligodendrocytes.

3.3 Types and sources of neural cells

The major categories of cell sources available are: primary cells, immortalized cell lines and
stem cells, Table 3. Primary cells are isolated from the dissected and dissociated tissues.
Brain-derived primary cells are usually used at passage 0, directly after the isolation due to
their tendency to differentiate and weak proliferation potency. Immortalized cell lines are
primary cells which have been genetically transformed so that they can be passaged for
prolonged number of divisions in culture. Stem cells, such as embryonic-derived neural stem
cells, neural progenitors or iPSCs are cells which have the capacity to become neurons, as
well as glial cells (Dubois-Dauphin et al., 2010; Gage, 2000).
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Human nervous system tissues are not usually considered as feasible source of primary cells
for invitro culture due to limited, ethically permissible sources (Cecchelli et al., 2007). On a
practical level, unlike other tissues, most adult neural cells are terminally differentiated
without regenerative capabilities and therefore cannot be easily expanded in vitro. However,
3D cultures require very high seeding densities in the range of several million cells per cubic
centimeter (Miller, 2014), thus we need to look for other solutions to build relevant tissue
models. The most common mammalian source of primary cells are rodents, which however
exhibit significant differences in the organization and function of their nervous systems as
compared to humans such as different ratio of neurons to glial cells (Herculano-Houzel,
2014). However, these cells are readily available and provide valuable information,
therefore rat and mouse hippocampal and cortical neural and glial cell isolations are
frequently employed for in vitro culture (Devon, 2001; Doering, 2010; Giordano and Costa,
2011). Neurons from these sources are easy to acquire due to low cost and ease of isolation
and have provided a wealth of information for basic cell biology (Balgude et al., 2001;
Hopkins et al., 2013). However, the primary neurons may experience a loss of function from
the isolation process. In addition, the long time required to form neural networks in vitro
makes the neurons frequently quiescent before the networks are fully formed, in particular if
the cell density is below optimum. Since primary cells reach senescence after a limited
number of population doublings, immortalized cell lines are often employed. Neural cell
lines are derived either from brain tumors (e.g. neuroblastoma or glioblastoma) or by
genetically modifying healthy isolated cells (Anderson and Ferreira, 2004; Carmeliet et al.,
1994; Sugimoto et al., 2013). PC-12 cells (a rat pheochromocytoma-derived cell line) and
P19 cells (from a mouse embryo-derived teratocarcinoma) differentiated to neural cells have
also been widely employed to study neuronal processes and differentiation in vitro
(Giordano and Costa, 2011; Krewson et al., 1994; Negraes et al., 2012; Nojehdehian et al.,
2010). Cell lines of other neuronal cell types such as astrocytes, for example C6,
(Whittemore et al., 1994), are also frequently employed. It is also common to use
endothelial cell lines in the development of BBB models, for example hBMEC-3. Cell lines
are advantageous in that they can be passaged multiple times and grow robustly in culture.
However, they are disadvantageous in that the biochemical characteristics of the cells are
altered by the immortalization process or tumor origin.

For this reason researchers have turned to stem cells and iPSCs of human origin to overcome
challenges associated with the use of primary and immortalized cell sources. Transitioning
from animal to human cell sources is a major challenge for neural tissue engineers; adult
stem or stem-like cells may be the most feasible option. Since ethical issues surround the use
of human embryonic stem cells, hematopoietic stem cells, and iPSCs raised as an option
since they are capable of differentiating to neural phenotypes, Box 2 (Robertson et al., 2008;
Selvaraj, 2012).

A culture with pluripotent cell populations provides flexibility for differentiation down
several lineages (neuronal, astrocytic, oligodendrocytic) within the same construct for a self-
assembled tissue system. In addition, stem cells can be passaged to high numbers and
proliferate readily, making them convenient for high density, multiple-replicate cultures. For
producing neural cell types, the most promising tissue sources seem to be bone marrow for
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mesenchymal stem cells and fibroblasts for iPSCs, however many other tissue sources have
been used successfully, Table 3. However, these cells are still poorly characterized
compared to primary cultures and cell lines: they are expensive and time-consuming to
maintain in the undifferentiated state. These cultures are costly from this culture
maintenance, and the differentiation process takes several weeks and requires numerous,
specific media components. Assuming that differentiation is successful, cultures often
contain impurities of other, less stable adult somatic cells, thus requiring thorough
characterization. Moreover, differentiation potential differs between the clones and between
the donors, perpetuating the variability in the results. Therefore, specific protocols for cell
maintenance and differentiation need to be followed through the lengthy process.

Conversely, in favor their use, stem cells can be derived from the disease affected patients
such as Alzheimer or Parkinson, which allows for modeling of disease-specific neuronal
tissues. It has been recently shown that iPSC-based cerebral organoid model can recapitulate
the distinct characteristics of microcephaly, a disorder that has been previously challenging
to obtain with in vivo rodent models (Lancaster et al., 2013). Moreover, iPSC-derived cells
were used to develop fully human BBB model comprising of hPSC-derived BMECs, brain
pericyte, astrocytes and neurons derived from human neural progenitor cells (NPCs)
(Lippmann et al., 2014). Increasing number of publications including iPSCs indicates that
the stem cells have the potential to become the major cell source utilized in the future.

Neural stem cells (NSCs) represent yet another cell source for CNS engineering. NSCs can
be derived from embryos, fetal tissues or adults, however, the first two sources raise ethical
concerns, reviewed in (Jakel et al., 2004). Adult NSCs are found in neurogenic regions of
the adult brain, the hippocampus and subventricular zone (SVZ), as well as the spinal cord.
They are able to differentiate into the major cell types (neurons, oligodendrocytes,
astrocytes), thus NSCs are of interest for 3D CNS engineering. Although studied mainly in
2D setting, their differentiation potential directly in 3D culture has been also evaluated in
biomaterial scaffolds such as methacrylamide chitosan (Li et al., 2012), type | collagen
(Watanabe et al., 2007), graphene foam (Li et al., 2013) further confirming that the
composition and the structure of 3D scaffolds seem to play a significant functional role.

4. Tissue engineering the 3D architecture

4.1 The anatomy of brain tissue

When anatomically describing the brain it is typically said that there are five main brain
regions, and within these regions there are high-operative structures which are further
categorized based on function (Giedd, 2004). Several of these brain structures have
implications in neurological disease that may benefit from modeling in vitro. For example,
Alzheimer's disease affects the memory forming and recall capabilities of the hippocampus
and cortex (Anderson and Ferreira, 2004; Arnold et al., 1991; DeKosky and Scheff, 1990;
Laakso et al., 1995; de Leon et al., 1989); Parkinson's and Huntington's diseases selectively
destroy high-level motor and learning neurons of basal ganglia particularly the substantia
nigra and the striatum, respectively (Bg et al., 2003; Dragunow et al., 1995); multiple
sclerosis attacks myelinated axon tracts both in the brain and spinal cord (Asahi et al., 2001;
Goebels, 2007); and cerebrovascular regulation by the neurovascular unit (i.e. the BBB
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functionally coupled with neurons) is affected by nearly all CNS conditions (Asahi et al.,
2001; Hawkins and Davis, 2005; Haydon and Carmignoto, 2006; Ujiie et al., 2003).
Although all of these structures are incredibly complex and unique, there are shared
architectural features found throughout the brain. These include aligned neural tracts (e.g.
lamination of the cortex, white matter tracts, optic radiations, and hippocampal circuits),
dense clusters of neuronal cell bodies (e.g. basal ganglia, basal forebrain), and blood vessels
regulated by surrounding neurons and astroglial endfeet (i.e. the neurovascular unit).

4.2 Critical design requirements for engineering in 3D

The lack of appropriate fabrication methods and across-scale knowledge makes it impossible
to faithfully design and construct whole brain regions in vitro. Therefore, current goal of
tissue engineering is to develop functional CNS tissue units on the micro- and millimeter
scale which maintain common architectural features found in all the brain regions such as
neuro-vascular unit or neuronal networks. This process is guided by the basic requirements
and assumptions of tissue engineering which include faithful reconstruction of architectural
features of the native tissue, utilization of appropriate fabrication techniques and
reproducibility of the system.

Moreover, the architectural requirements of models, are also important from the point of
analysis of cell morphology, biochemistry and function. Therefore, the models mimicking
spinal cord are frequently utilizing arrays of aligned fibers (Chow et al., 2007; Weightman et
al., 2014) or gels (East et al., 2010; Phillips, 2014) to achieve directional growth of axons
and nerve regeneration. Architectural requirements include high cell density and cell
compartmentalization enabling development of vascularized features and neuronal networks.
It has been suggested that neural stem cells favor higher cell concentration during growth
and differentiation in 3D cultures (Watanabe et al., 2007). However, high cell density in 3D
cultures carries a high risk of cell necrosis due to the limited diffusion of oxygen, nutrients
and wastes, and has been observed in organoid cultures of CNS (Lancaster et al., 2013).
Therefore, means increasing the transport rate of metabolic products and byproducts to and
from the 3D culture need to be developed in order to diminish the cell death. As mentioned
in Section 2.3, when constructs are critically sized passive diffusion of nutrients and oxygen
is not sufficient to meet metabolic demands. Therefore, to prevent the formation of a
necrotic core in critically-sized constructs, structural elements such as channels (Chrobak et
al., 2006; Wray et al., 2012), or solutions such as bioreactors (Bellas et al., 2013; Lancaster
et al., 2013) must be implemented. Several existing 3D CNS models included the dynamic
aspect of fluid flow such as spinner flask culture (Hogberg et al., 2013; Lancaster et al.,
2013) or microfluidic perfusion (Cucullo et al., 2013; Griep et al., 2013), however majority
of them is still based on the static culture due to the high cost and tedious work connected
with bioreactor cultures.

Requirements of fabrication techniques include: the technique does not harm cellular
constituents, the process is highly repeatable, and the technique does not alter the bioactivity
of the hydrogel. There are many potential modes of cell damage from polymerization
reactions. For example, unmodified chitosan requires lowering the pH to cell-damaging
levels in order to polymerize, therefore, encapsulation in chitosan requires modification of
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the polymer (Wang et al., 2010). In order to appropriately recapitulate what is seen in vivo
neurons should grow in alignment in fasciculated bundles, preferably guided along radial
glial-like tracts. This is also important for extracellular recordings, which will be discussed
in Section 5. It is also important that any fabrication process does not negatively affect the
bioactivity of a macromolecule. For example, an approach to functionalizing synthetic
polymers is to attach peptide sequences to increase the number of cell binding sites. It is
important that the covalent bonding technique does not result in the peptide losing its
bioactivity.

Practical requirements include that the process is repeatable and manageable in cost. The
process must be highly repeatable in order to draw significant conclusions. The 3D system
must also be sustainable for long term culture; there cannot be ultrastructure collapse.
Overall the greatest challenge with designing the structure is to match complexity with
practicality; complex fabrication techniques often involve cytotoxic components and
expensive materials.

4.3 Current strategies for assembly of 3D structures

In spite of significant evidence behind the value of 3D cultures (Kofron et al., 2009), there
are currently few 3D architectures inspired by in vivo structures for CNS tissue modeling.
However, techniques from other fields can be borrowed for assembling complex 3D neural
tissue systems, Table 4. For example, microfabrication of physical or chemically printed 2D
patterned substrates are often employed for guidance of neurite extension (Delivopoulos et
al., 2009; James et al., 2000; Sgrensen et al., 2007). This technique can be translated to 3D
structures of aligned neural tracts by bonding the patterned material to glass forming hollow
channels that can be functionalized for cell growth (Shin et al., 2004), or by stacking several
layers of patterned cell-laden gels made from a positive mold (Tan and Desai, 2005). Some
notable approaches to aligning neural tracts which have already been demonstrated in 3D are
the use of electrospun fibers, a technique also shown to be highly effective at aligning neural
growth in 2D culture (Puschmann et al., 2014) and the use of mechanical gradients
(Sundararaghavan et al., 2009). We have also observed self-assembled dense clusters of
neurons separated from the neuronal tracts by the scaffold structure mimicking white/gray
matter of the cortex (Tang-Schomer et al., 2014). For top-down approaches, 3D rapid
prototyping techniques have been applied in which porous polymer scaffolds are machined
to exhibit defined macroscopic geometries (Lin et al., 2004; Sherwood et al., 2002). Our
group has recently characterized a porous silk-based scaffold platform for such top-down
tissue engineering of the neurovascular unit, Box 3. Another powerful approach is to
encapsulate cells in a soft matrix and allow them to spontaneously form structures as
demonstrated by the examples of iPSC-derived cerebral organoids (Lancaster et al., 2013) or
self-assembled BBB (Al Ahmad et al., 2011; Urich et al., 2013). This approach is especially
useful for stem cell-based models as it explores the natural property of cells to self-assemble
during the long-term differentiation process allowing for development of unique niches and
structures (Dubois-Dauphin et al., 2010; Hogberg et al., 2013; Lancaster et al., 2013). Each
of these approaches has advantages and disadvantages, refer to Table 4.
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Tissue engineering of 3D constructs often requires control of environmental factors by
bioreactors. Simple bioreactor designs include spinner flasks or perfusion through culture
chambers, refer to Table 4. There are also many advanced designs of bioreactors capable of
delivering physiological stimuli experienced by different tissue types such as sheer stress or
stretching (Freshney et al., 2007). In general, bioreactors aim to regulate many facets of the
cellular environment such as directing cell-seeding into scaffold compartments, improving
mass transfer of nutrients/waste, insuring adequate gas exchange to the bulk culture,
replenishing media, controlling temperature/pH, and delivering physiological stimuli
(Freshney et al., 2007). Neural cells do not readily proliferate and are not subjected to flow
stresses under normal conditions, which may contribute to why there are few bioreactors
designed for long-term culture of 3D neural tissues. However, thick cultures (=500 pm) of
neurons and glia in hydrogels experience poor viability at high densities (6,275 cells/uL)
(lii et al., 2011). The simplest bioreactors employed for neural tissues consist of a silicone or
porous membrane that is rocked gently within a media bath (Morrison et al., 2000, 2006;
Stoppini et al., 1991) or a spinner-flask (Lancaster et al., 2013). More recent bioreactor
designs for neural cultures include custom-built bioreactors to support higher cell density 3D
cultures (Braitenberg, 2001; Gabbott and Stewart, 1987; Vukasinovic et al., 2009) as well as
those equipped with mechanical functions and sensors for testing TBI (lii et al., 2011;
LaPlaca et al., 2005; Morrison et al., 1998, 2011, 2000, 2006).

Other specialized bioreactor systems frequently employed for neural tissue systems are
employed for BBB studies. Traditional culture platforms for constructing tight
microvascular endothelial cell layers for BBB modeling consist of a porous membrane (e.g.
Transwell, Corning Inc.) suspended in a well representing the BBB lumen (Transwell insert)
and ab-luminal (lower well) compartments of the blood vessel (Cecchelli et al., 1999;
Dehouck et al., 1990; Di et al., 2003; Hatherell et al., 2011; Megard et al., 2002). Perfusion
systems employed for dynamic BBB models have also been constructed with bundles of
hollow fibers where endothelial cells can be cultured within the lumen and support cells can
be seeded ablumen with sample ports for accessing permeability of the flow-through
(Cucullo et al., 2002, 2011). For more extensive reviews on BBB models, readers are
referred to (Grant et al., 1998; Naik and Cucullo, 2012; Wong et al., 2013).

5. Validating function

In order to be useful for gaining new knowledge about human systems, in vitro 3D models
should provide a physiological response to treatments and stimuli. With the exception of in
vitro BBB models, characterization of 3D in vitro neural systems was characterized through
viability and morphology studies, as well as electrophysiology. Up to date most of the 3D
tissue engineering research is using microscopy as a major mode of evaluation. Although
significant information can be obtained through visual analysis of neuronal outgrowth, it is
clear that understanding cell-cell interactions, complex mechanisms, and specific electrical
activity of neural systems is critical to developing effective therapeutics for CNS conditions.
Additionally, the existing 3D models are based on low cell density resulting in poor axon
alignment, or axon fasciculation which affects their physiological functionality. To address
these needs, there have been few attempts to increase the cell density by using the spheroid
and organoid approaches (Kato-Negishi et al., 2013; Lancaster et al., 2013). Both
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approaches showed spontaneous neuronal activity as demonstrated with calcium imaging.
However, there is an urgent need for new methods to validate the function of 3D models and
provide convincing translational evidence.

Due to the hurdles connected to evaluation of 3D in vitro cultures this section will describe
the principles of these assays in their 2D configuration and then highlight the challenges of
translation to 3D. In addition, the few currently existing technologies to evaluate function of
3D cultures will be highlighted and described. Table 5 outlines assays available for 3D in
vitro analysis including viability and morphology analysis (not discussed here) and
functional testing (discussed below).

5.1 Assays and their principles

5.1.1 Evaluation of neuronal function—Functionality of neural cells is most reliably
detected through electrophysiological measurements. Although neurons are often considered
the only electrically active cells in the nervous system, transmission of ionic current through
other cell types, for example astrocytes has been shown to directly contribute to neuronal
action potential transmission via ‘gliotransmission’ of compounds at the synaptic cleft
(Perea et al., 2009). In neurons, action potential generation requires that the membrane
potential depolarizes from =70 mV to =55 mV. Both membrane potential and action
potential propagation are generated by ion flux through voltage-gated ion channels (Kolaj et
al., 2014). Due to the role of ionic current in the generation and transmission of action
potentials, neuronal firing can be assessed both indirectly through monitoring of ion flux and
directly through measurement of electrical conductance. This gave rise to three basic
methods: patch clamping (ion-based measurements) (Ward, 1997), calcium imaging (ion-
based measurements) (Kim and Jun, 2013) and extracellular electrical recordings (electrical
measurements) (Churchland et al., 2007).

The patch clamp technique, pioneered by Nobel Prize-winners Erwin Neher and Bert
Sakmann, is the evaluation of the electrical potential of a single or a small group of
membrane ion channels on a single cell (Neher and Sakmann, 1992). The electrode used in
this technique consists of a 1 ym-diameter, glass micropipette “patching” a piece of the cell
surface. By using microscopy as a guide to touch the cell membrane, negative pressure is
applied resulting in a high resistance (G€2) seal, referred to as a cell-attachment patch. Other
variations include inside-out patch, whole cell clamp, and the outside-out patch (Neher and
Sakmann, 1992; Ward, 1997). Independent of the set-up, the intracellular membrane is
exposed to various environments as controlled by fluid delivered by the micropipette or the
external bathing solution. Therefore, the effects of ion flux under various test conditions
while in voltage-clamp mode, for example at what threshold voltage a particular ion channel
will open, can be elucidated. Patch clamp technique has been successfully used to
demonstrate neuronal activity in a 3D CNS models showing that values measured in 3D are
similar to 2D (Coates and Nathan, 1987; Irons et al., 2008; Xu et al., 2009). Moreover, it
allowed to determine whether neurons growing in 3D developed functional synapses by
detecting postsynaptic current, thus proving that the method is suitable method of neuronal
evaluation for tissue engineering approach. However, utilization of this method poses certain
requirements on the side of the biomaterial, which needs to be relatively transparent to allow
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visual cell allocation under the microscope. Moreover, it has to be relatively soft to enable
pipette penetration toward the cell body, but at the same time do not cause the pipette
occlusion. From the perspective of cell culture, the method is relatively time consuming and
does not allow for high throughput measurements. It could benefit from high cell density
cultures which increase the chance of patching a cell, however, on the other hand
measurements performed by this method can be performed mostly close to the surface of the
3D construct as deeper levels lack the optical clarity, especially in dense cultures or cell
spheroids. Due to the variety of drawbacks connected to patch clamping calcium imaging
became the method of choice for characterization of electrically (and non-electrically) active
cells in 3D. Intracellular calcium flux is responsible for many cell physiological processes
including slow cell-cell signaling, vesicular neurotransmitter packaging, transport, and
release at the neuronal synapse (Catterall et al., 2013; Frank, 2014). Fluorescent calcium
indicators such as Fura and Fluo series (as well as several others) and genetically encoded
calcium indicators (GECI) allow for quantification of intracellular calcium over time
through image-sequence or video capture during fluorescence microscopy (Grienberger and
Konnerth, 2012). Calcium imaging requires optical clarity of biomaterial cultures and a
high-speed capture camera, in the case of action potential propagation. Calcium sensitive
dyes must be loaded at the beginning of each imaging session, making chronic neural
activity recordings problematic especially in 3D, where the diffusion of a dye is affected by
the density of the biomaterial. By contrast, GECI can be cell-type specific and exhibit
persistent expression, enabling monitoring of the same neural population over weeks. Due to
its robust character calcium imaging dyes are widely used in CNS engineering allowing to
record the activity of whole neuronal populations and networks (Kato-Negishi et al., 2013;
Lancaster et al., 2013). On the contrary, GECI, as a very recent method, have not yet been
used in a tissue engineered setting. However, due to the several advantages which they offer
over the dyes, GECI seem to be a method of choice in the future.

Another method for characterizing electrical activity of a neuronal culture is a direct
measurement of electrical current through extracellular electrical recordings (Csicsvari,
1998). For characterizing neuronal networks in healthy brain tissue, signal processing and
spike sorting is necessary and requires computational modeling due to the extensive variety
of spikes encountered (Izhikevich, 2004). Multi-electrode arrays (MEAS) of ~1 pm in
diameter inserted into the brain may detect that activity of at most one surrounding neuron
(Claverol-Tinturé et al., 2005). Extracellular recording were successfully utilized by our
group in the CNS 3D model (Tang-Schomer et al., 2014) as well as by others, (Dubois-
Dauphin et al., 2010; Frampton et al., 2011). Although these recordings enable to record the
activity neurons in response to stimuli, the signals are very low and requires exact
coordinate matching among samples to reproduce measurements.

5.1.2 Evaluation of endothelial cell function—Transepithelial electrical resistance
(TEER) is a gold standard method utilized to measure the tightness of BBB-mimicking
models. It is based on measurement of the electrical resistance of an endothelial cell
monolayer which is measured by generating an electrical field across the cell monolayer. As
the monolayer forms and TJs develop, it becomes increasingly difficult for ionic charge
carriers to migrate through the biological membrane. Additionally, in the case of matured
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monolayers, there are transporter systems which work to maintain a particular ion balance,
which can result in a resting current which is oppositional to the applied current. TEER
measurement was incorporated in various models of neurovascular unit (Griep et al., 2013;
Lippmann et al., 2014) including one 3D model (Cucullo et al., 2013). As the measurement
of TEER in 3D models is a highly sophisticated and requires advanced engineering skills to
design electrode system compatible with the given 3D model of neurovascular unit it is not
frequently used in 3D tissue engineering setup. Finally, TEER is limited to the measurement
of paracellular tightness. Therefore, to measure the activity of transporters, permeability
tests must be conducted alongside.

Apparent permeability (Papp) is observed by sampling how much a compound moves from
the lumen compartment (known input) to the brain compartment (observed output) over a
defined period of time, and normalize this to the area which separates the lumen
compartment from the brain compartment, Egn 1 (Sun and Pang, 2008). Cr refers to the
concentration of the drug imparted into the receiving compartment, V refers to the sampling
volume, Cp g refers to the concentration into the donor compartment at time zero, t refers to
the time when sampling occurs, and A refers to the area of the membrane.

P - Cp, * Vs
app CphoxtxA Ea. 1

There are three basic routes by which a compound can enter the brain (1) paracellular, (2)
active transport, (3) passive transport. Though not impossible, diffusion through the cell
membrane is rarely considered as a possible route due to the low pinocytic activity of the
endothelial cells of the BBB (Deli et al., 2005). The qualities that determine which pathway
the drug takes includes but is not limited to size, charge, polarity and solubility. To measure
the activity of a particular transporter, one must use its substrate (or an analogue), usually
fluorescently-labelled to enable trace it by the means of microscopy. The most frequently
utilized molecules include sucrose, BSA, dextran (Cucullo et al., 2013; Price and Tien,
2011; Winfried Neuhaus, 2006).

5.2 Critical design requirements for development of technology for validation of 3D in vitro
tissue-model function

There are many difficult requirements to fulfill when attempting to measure
electrophysiology of 3D in vitro tissue cultures, refer to Table 6. For patch-clamping this
includes optical clarity of hydrogels, a reliable method to fix the substrate in place, a robotic
system with high control in x, y and z directions, and a heated stage to maintain culture
viability during prolonged testing periods. Calcium imaging requires all of these factors as
well, except for the robotic system. Instead a high-speed capture microscope is needed to
observe action potential propagation. As some performance benchmarks, the resting
membrane potential of most neurons should be around —70 mV and action potentials should
occur around —-55 mV (Kolaj et al., 2014).

The main requirement for permeability testing, both for TEER and Pop, measurements, is
that there are two compartments where the only semi-permeable surface is the cell
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monolayer. This usually translates as design requirements for the hydrogel and tissue
assembly, however, it also requires that the sampling ports do not disturb the monolayer.
TEER also requires that the electric field remains stable and constant, and that the device is
tuned to the particular electrical field geometry. For TEER, a model using primary animal
endothelial cell lines usually requires a minimum of 200 2cm? to be considered suitable for
permeability testing, this value being associated with healthy, confluent monolayers. For
cells to be considered as TJ forming values should be = 500-1000 Qcm?. Models using
human cell lines have shown to be only partially restrictive with values ranging from 20-200
Qcm? (Eigenmann et al., 2013; Hatherell et al., 2011; Wong et al., 2013). Primary human
BMECs normally have values closer to that of primary animal cells, with values >150 Qcm?
and can also exceed 1000 Qcm? (Wong et al., 2013). Values for apparent permeability
testing depends on the tracer. Some common tracers include sucrose (apparent permeability
<10~"cm s71), sodium-fluorescein, rhodamine-123 and different molecular weight dextran
(Wong et al., 2013).

5.3 Current techniques for evaluating neural cell culture

There are many challenges of patch clamping or field potential recordings in vitro including
presence of exogenous biomaterial hydrogels and scaffolds and the inevitable lower cell
density than present in vivo. Even in vivo patch-clamping often results in “blind patching”,
the patching of unknown neurons, or requires the use the use of confocal microscopy, which
also has disadvantages (Dana et al., 2014; Homma et al., 2009). Efforts have been made
toward increasing the usability and success of 3D patch clamping through automated
processes (Yang et al., 2013). Recently, robots for patch clamping in vivo have been
developed allowing for automated blind patching of neurons (Kodandaramaiah et al., 2012).
Although a first step, this robot has yet to become commercially available. Additionally,
efforts to patch clamp neural cells have not been successful: embedded in a collagen matrix
(mechanical damage to electrode and hydrogel), on the surface of brain slices (Nashmi et al.,
2002) and cell-laden collagen hydrogels (Coates and Nathan, 1987; Coates et al., 1992;
Krewson et al., 1994). It is also difficult to immaobilize soft 3D constructs such as hydrogels
for simultaneous perfusion of test compounds and recording of response (O'Shaughnessy et
al., 2003). These challenges have limited recording of tissue-engineered constructs mainly to
extracellular recordings.

Extracellular electrical recordings measure groups of neurons as opposed to single neurons.
For example, excitatory post-synaptic potentials (EPSPs) are well established within neural
tracts in the hippocampus where the structure and directionality of signal transmission is
well defined (Andersen et al., 1969). Electroencephalography (EEG) is also regularly
employed to measure brain waveforms during various levels of consciousness, for example
to understand memory consolidation during sleep (Moroni et al., 2012) and to test novel
anesthetics for anesthesia awareness (Hayashi et al., 2014; Khan et al., 2014; Schneider et
al., 2014). Therefore, to employ meaningful extracellular stimulation and recordings in vitro,
culturing techniques, technology and data processing techniques must all be advanced and
standardized. In order to produce appreciable signals, neural cultures must be robust, high
density and have a polarized structure (isotropic signals may cancel each other out). In order
to interpret data, electrodes and devices that are sensitive in this lower amplitude range must
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be developed. Additionally, cultures must be well-characterized enough to understand the
biological mechanism behind waveforms. For example frequency of action potential firing,
calcium activity, and neuron geometry (Buzséki et al., 2012). For these reasons, this type of
recording could not be biologically conclusive on its own, and would need input from
biochemical assays, a disadvantage when compared with patch-clamping.

Indirect analysis of membrane voltage changes and action potential firing can be performed
through fluorescence imaging of Ca2* indicators or voltage-sensitive dyes (VSDs).
Fluorescence Ca2* indicators and VVSDs do not require physical placement of electrodes and
provide opportunity to record signals ranging from intracellular structures to entire
populations of cells simultaneously. However, optical techniques require visualization and
image capture of cells, which is challenging in biomaterial scaffolds with poor optical
transparency, especially in thicker constructs. Poor magnitude and repeatability of diffusion
of the dyes through connective tissue (or biomaterial) to cell membrane targets results in
poor signal-to-noise ratio and presents a significant challenge. It may also be difficult to
discern neuronal signals from those of other cell types in mixed cultures since Ca*
signaling is responsible for a myriad of cellular physiological processes. For example in
astrocytes, Ca?* flux has been shown to account for gliotransmission (Martineau, 2013) as
well as long-distance communication in astrocyte syncytium (Volterra and Meldolesi, 2005).
Pre-staining cell types with viable cell tracer dyes may allow for identification of neurons in
mixed cultures. Overall such optical imaging techniques offer an alternative to
electrophysiology for capturing electrical events in vitro (Tang-Schomer et al., 2014).

To our knowledge, there is only one system which exists that has successfully measured
TEER in 3D, this is from the work of 3D BBB modeling utilizing parallel bundles of hollow
conduits previously described by Cucullo and co-workers (Cucullo et al., 2013). The lack of
available systems is due to the fact that it is difficult to build-in electrodes without disturbing
the culture, to acquire stable readings (difficult to form full monolayers in 3D, more
variability in ion-path through polymers), and to reliably place the electrodes in the same 3D
coordinates (locamotor, mechanical damage to electrode or monolayer). There are, however,
many existing systems for measuring permeability of tracers in 3D. These systems typically
have two configurations: one where there is an inlet and outlet through a unidirectional
pump system. The other where there is a sampling port to the abluminal compartment,
allowing for direct measurement of the concentration difference between the two
compartments (Naik and Cucullo, 2012). These systems are well-characterized, and simple
to employ in perfused cultures.

6. Conclusions

Throughout history scientists and philosophers have questioned the source of human
intelligence and consciousness. Over time the field of neuroscience evolved from
philosophical debate and gross anatomy to connecting anatomical structures to behavior, and
the isolation of single neurons to discern their electrophysiological properties. Today,
researchers are interested in how the function of a network of individual neurons adds up to
the complexities of brain function, and how this knowledge can be applied to medicine.
Neural tissue engineering approaches to nervous system injury, disease, diagnostics, and in
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vitro modeling offers great promise for therapeutic innovation. The development of neural
systems for recapitulation of human neural physiology in vitro can be accomplished through
careful engineering of the extracellular space, cellular components, and greater hierarchical
3D structure. Current state of the art 3D neural systems employ hydrogel biomaterials for
cell encapsulation and in vitro culture. These first generation tissue models have revealed
many critical challenges associated with 3D neural tissue culture including the maintenance
of high cell density cultures within soft materials, organization of 3D heterogeneous
structures, and functional assessment of in vitro neural tissues. The next generation of in
vitro neural model systems should strive to address these challenges, refer to Table 7.
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Box 1. Versatility of Bombyx mori silk fibroin protein as a biomaterial

Raw silk fibroin protein is extracted from the cocoons of the Bombyx mori silkworm
through aqueous-based processing yielding large volumes of protein solution per gram of
starting silk fibroin (Vepari and Kaplan, 2007). Over 400,000 tons of dry silkworm
cocoons are available per year at low cost for the textile industry, which can be used for
biomaterial development. Silk proteins are large polymers comprised of repeating
sequences of large hydrophobic domains interspaced with smaller hydrophilic domains
(Vepari and Kaplan, 2007). This structure promotes B-sheet formation of tightly stacked
anti-parallel sheets supported by hydrogen bonding allowing for stabilization into a
variety of structures including fibers, films, gels, sponges, and electrospun mats without
the use of chemical cross-linkers or organic solvents (Rockwood et al., 2011; Vepari and
Kaplan, 2007).

Silk is a favorable candidate for biomaterial platforms due to its biocompatibility,
aqueous-based processing, and robust mechanical and degradation properties. Although
silk is inert on its own, it can be functionalized through chemical modification, or
physical adsorption or encapsulation. For example, silk materials have been chemically
modified with RGD to promote cell adhesion, designed to slowly release encapsulated
drugs and morphogens over time and decorated with inorganic compounds such as
hydroxyapetite (Furuzono et al., 2004; Kardestuncer et al., 2006; Li et al., 2006;
Pritchard and Kaplan, 2011).

We recently examined silk hydrogels as soft biomaterials for neural tissue engineering
applications (Hopkins et al., 2013). We found that silk hydrogels exhibit a range of low
stiffness comparable to neural tissues and other hydrogel platforms such as collagen,
fibrin, and agarose, and maintains its structural integrity significantly longer than these
gels; <50% by mass degraded within 25 days (Hopkins et al., 2013). Differential DRG
explant neurite outgrowth was observed on silk gels of different stiffness, growth factor
content, and ECM molecular functionalization illustrating control of environmental
conditions for in vitro study of neuronal growth mechanisms (Hopkins et al., 2013).

Several other silk-based biomaterial platforms have proven useful for neural system
applications. For example, bioactive silk nerve guide conduits have been employed for
peripheral nerve repair (Lin et al., 2011). Silk films loaded with chondroitinase ABC
show promise for reduced gliotic scarring at the neuron-implant interface and ultrathin,
resorbable electronics (Benfenati et al., 2010, 2012; Kim et al., 2010; Tien et al., 2013).
Currently, efforts are focused on development of 3D neuronal cell cultures supported by
silk sponge scaffolds for construction of complex architectures mimicking form and
function of brain regions (Tang-Schomer et al., 2014), Box 3.
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Box 2. Promise of iPSCs as a reliable human cell source for neural tissue
engineering.

Although animal models have been employed for neurological studies for many years,
the primate cerebral cortex has many different features than a rodent's including
significantly larger size and complexity, and increase in diversity of cell types (Hill and
Walsh, 2005; Rakic, 2009). Human neural cell sources are challenging to come by
prompting researchers to explore stem cell options for in vitro neural cultures.

Human induced pluripotent stem cells (hiPSCs) have gained a lot of recent attention
since their production in 2007. iPSCs are generated from adult somatic cells (i.e. skin,
blood, liver, etc.) through induction of genes that make them pluripotent (Gianotti-
Sommer et al., 2008). These genetic alterations turn back the clock, effectively
reprogramming cells to resemble (at least phenotypically) embryonic stem cells
(Gianotti-Sommer et al., 2008). There are many benefits of using iPSCs as a human cell
source for tissue engineering including lack of ethical issues present concerning the use
of embryonic stem cells, readily available iPSCs and differentiation protocols, and the
ability to create patient-specific tissues that may better represent pathophysiological
events lacking in animal models (Gunaseeli et al., 2010).

Recently, Lie et al., 2012 outlined a detailed protocol for the differentiation, culture, and
characterization of hiPSCs to all classes of mature cortical projection neurons (Lie et al.,
2012). Interestingly, these methods appear to temporally recapitulate the stages of human
cortical development including differentiation of hiPSCs to neuroepithelial cells, primary
and secondary progenitor cells, and finally early-born deep-layer as well as later-born
upper-layer excitatory neurons and astrocytes ADDIN ZOTERO_ITEM
CSL_CITATION {“citationID”:“25pcmsQuen”,“properties”:{“formattedCitation”:“(Lie
et al., 2012)”,“plainCitation’:“(Lie et al., 2012)"},“citationltems™:[{*“id:812,“uris”:
[“http://zotero.org/users/local/JzGdbClU/items/MC
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Box 3. Silk sponge scaffolds for top-down approaches to forming
heterogeneous 3D tissues in vitro

As discussed in Box 1, silk fibroin from silkworm cocoons can be used to form a variety
of biomaterial platforms. Recently, porous silk sponge scaffolds have been investigated
as a platform for critically sized, 3D in vitro tissues (Wray et al., 2013). This platform
aims to address the need for improved nutrient and oxygen delivery and waste removal
from large 3D constructs by including arrays of hollow channels throughout the bulk of
the scaffold.

Our group developed silk-based platform for use as an in vitro model of the brain-like
tissue by seeding primary rat neurons in the silk sponge scaffold filling the void space
with collagen (Tang-Schomer et al., 2014). We found that these scaffolds matched the
stiffness of endogenous rat brain tissue and that constructs remained viable in culture for
at least 2 months. Furthermore, immunofluorescence staining showed formation of
axonal tract within the bulk of the collagen matrix and clustering of neuronal bodies on
the silk sponge, thus mimicking white/gray matter architecture of the cortex. In response
to injury our engineered CNS tissues showed similar biochemical and
electrophysiological response to in vivo cases.

The addition of hollow channels to the silk sponge scaffolds will allow for localized
functionalization and compartmentalized seeding of the vasculature and bulk neural
tissue. These features are well suited for construction of complex heterogeneous
structures such as those found in the brain. For example, channels can be coated with
endothelial-promoting factors such as collagen or fibronectin to promote endothelial cell
attachment and monolayer formation and the bulk scaffold can be impregnated with
collagen gel for neural cell growth.
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Figure 1.
Graphical representation of 3D tissue modeling subfield. Amy Hopkins, Elise DeSimone,

Karolina Chwalek and David Kaplan, Progress in Neurobiology.
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¢ 1700 BCE: First description of the nervous system, The Edwin Smith Papyrus
\/ * 460-322 BCE: Philosophers of ancient Greece debate the locus of intelligence and the
BCE purpose of the brain
¢ 300-201 BCE: Neuroanatomical descriptions by Egyptians
0- ® 129-199: Galen, groundbreaking anatomical descriptions
1500
~
* René Descartes (1596-1650) and Thomas Willis (1621-1675) describe reflexes
1500—| ® Robert Whytt (1714-1766) Identification of the role of nerves in reflexive circuits
1800
~N
¢ T. Schwann Identifies neurons in 1839
\/ ¢ Camillo Golgi (1844-1920) and Ramdn y Cajal (1852-1936) Confirmation of the existence of neurons
1800- | « 1885: Identification of the blood-brain barrier
1900
¢ 1907: Advent of tissue culture and culture of neurons N\
* 1960’s: SEM of the lumen of the blood-brain barrier by Reese and Karnovsky
\/ ¢ 1980s: Protocol to isolate brain microvascular cells
1900- | « 1990: Ogawa et al demonstrate functional magnetic resonance imaging (fMRI) in rodents
2000 | o 1991: practice of fMRI in humans begins
\/ ¢ 1992: Patch-clamp Neher and Sakmann /
2000- | ® 2013:Launch of the BRAIN Initiative (USA) and Human Brain Project (Europe)
Present

Figure 2.
A graphical summary of key milestones in clinical neuroscience. Amy Hopkins, Elise

DeSimone, Karolina Chwalek and David Kaplan, Progress in Neurobiology.
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Figure 3.
Traditional tissue engineering techniques. Amy Hopkins, Elise DeSimone, Karolina

Chwalek and David Kaplan, Progressin Neurobiol ogy.

Prog Neurobiol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Hopkins et al. Page 52

@J Hyaluronic acid

Y Tenascin R
«xg Lecticans

Figure 4.
Representation of the PNN. Amy Hopkins, Elise DeSimone, Karolina Chwalek and David

Kaplan, Progressin Neuraobiology.
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Table 1

Advantages and disadvantages of current approaches to modeling CNS. Amy Hopkins, Elise DeSimone,
Karolina Chwalek and David Kaplan, Progress in Neurobiology.
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Type of Model

Advantages

Disadvantages

References

In Vivo

« High complexity, particularly
pathological modeling

« Suitable for long-term studies
» Anatomical relevance

« Limited sample size

« Low reproducibility

« High volume and low control over
variables

« Limited relevance to humans

« Difficult to quantify results

(Cernak, 2005; Gotz
and Ittner, 2008)

Ex Vivo (Tissue-Slices)

« Complex architecture

« Capability for functional tests used on
2D slices

« Contains all cell types

« Loss of tissue function
« Short-term culture only
* Low access to human tissue

(Hanson et al., 2010;
Morrison et al., 2006)

2D InVitro « Inexpensive « Limited complexity (Abbott et al., 2010;
« Highly reproducible « Short-term culture only Blain et al., 2010;
« Capable of high throughput studies « Limited cell sources available Dubois-Dauphin et al.,
« Quantifiable « Limited insight into biological 2010; Fedoroff and
« Ability to carefully control mechanisms and functions, particularly on | Richardson, 2010)
environmental conditions the whole-tissue scale
* Numerous, wellcharacterized assays
In Slico * Inexpensive « Currently, impossible to model all (Braitenberg, 2001; Liu
« High-throughput parameters et al., 2004)
« Highly quantitative « Input parameters limited to animal
« Highly reproducible studies
3D In Vitro: Cell « High throughput « Typically cannot have both high (Lancaster et al., 2013;
Aggregate * Quantifiable complexity and high variable control Tieng et al., 2014)

« Simultaneous examination of
biological mechanisms and functional
outputs

*3D

« Formation of necrotic core

3D In Vitro: Tissue-
Engineered Approaches

« Reproducible

« Controlled complexity

« Capability for long-term studies
« Quantifiable

« Capability to probe biological
mechanisms

« Possibility for human and
physiological relevance

« Lack of protocols and technology for
functional evaluation

« Limited human cell sources

« Bioreactors required for longer cultures
(= 6 months) and criticallysized constructs
« Currently, limited to tissue-scale (cannot
model whole-organ)

(Cecchelli et al., 2007;
Ogunshola, 2011)
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Biomaterials investigated for neural culture systems. Amy Hopkins, Elise DeSimone, Karolina Chwalek and
David Kaplan, Progress in Neurobiology.

Biomaterial Design Features Investigated References

Agarose * Pore size (Balgude et al., 2001; Bellamkonda et
* Laminin-derived peptides al., 1995a, 1995b; Cullen et al., 20073;
« Charge Dillon et al., 1998; O'Connor et al.,
« Polymer concentration 2001)
« 3D encapsulation
 Acute mechanical insult

Alginate * Pore size (Frampton et al., 2011; Kuo and Chang,
« Charge 2013; Matyash et al., 2012; Mosahebi et

* ECM molecule functionalization

« Encapsulation of cells (Schwann, neurons, astrocytes, iPSCs,
etc.)

* Neural culture models (network formation)

« Implantation and drug delivery

al., 2003)

Collagen type |

« Electrophysiology of cells at surface

« Collagen concentration

* ECM molecule (fibronectin, laminin) functionalization
« Collagen-agarose composites

* NPC differentiation

(Coates and Nathan, 1987; Krewson et
al., 1994; O'Connor et al., 2000b;
O'Shaughnessy et al., 2003)

Hyaluronic acid

* Implantation response

* NSC proliferation and differentiation
* Cell attachment sites

* Neurite growth and inhibition

« Effects on pathological states

(Hou et al., 2006; Pedron et al., 2013;
Tian et al., 2005)

Chitosan

» NSC differentiation with immobilized bioactive factors
* Injectable matrix for implantation
* Gene delivery

(Gao et al., 2014; Leipzig et al., 2011;
McKay et al., 2014)

Methyl-cellulose

« Implantation in brain injury

* Neural cell viability

* Substrate stiffness

* ECM molecule (laminin) functionalization

(Stabenfeldt and LaPlaca, 2011; Tate et
al., 2001)

PEG

* Matrix stiffness

« Encapsulation of cells

* ECM molecule functionalization
« 3D glioma modeling

(Pedron et al., 2013; Wang et al., 2014;
Zhou et al., 2013)

p(HEMA), p(GMA), HPMA

* Implantation response
« Implantation in SCI
« Neural cell viability & morphology

(Woerly et al., 1990, 1991, 2001)

Silk fibroin

* Substrate stiffness

« ECM molecule functionalization (fibronectin, laminin)
* Growth factor delivery

* Neurite growth rate

« Charge

* Neurite alignment

* Brain-device interface

(Benfenati et al., 2010, 2012; Hopkins
etal., 2013; Hu et al., 2013; Kim et al.,
2010; Tien et al., 2013; Zhang et al.,
2012)

ECM = extracellular matrix; iPSC = induced pluripotent stem cell; NPC = neural precursor cell, NSC = neural stem cell, SCI = spinal cord injury
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Table 3

Cell Sources for 3D Neural Cultures. Amy Hopkins, Elise DeSimone, Karolina Chwalek and David Kaplan,
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Progress in Neurobiology.

System | Tissue Source Cell Type References
General Protocols (Doering, 2010)
Primary Cells
CNS Whole brain (mouse, rat, human) Astrocytes (Emery an_d Dugas, 2013; Foo, 2013; Olah et al.,
Oligodendrooyes 2012; Schildge et al., 2013)
Microglia
Pericytes and BMVECs (Carson and Haudenschild, 1986)
Cortex NPCs (Schwartz et al., 2003)
BMVECs (Bernas et al., 2010)
Hippocampus Neurons (Brewer, 1997; Giordano and Costa, 2011)

PNS Neurons

Spinal motoneurons

(Juurlink, 2001)

Explant Culture

CNS Brain slices

Cortex

Hippocampus

Spinal cord

Neurons, glia, vascular cells

(Murray et al., 1999)

(Elkin et al., 2007)

(Murray et al., 1999; Stoppini et al., 1991)

(Krassioukov et al., 2002; Stavridis et al., 2005)

PNS Dorsal root ganglia

Sensory neurons

(Friedel et al., 1997)

Immortalized Cell Lines

CNS Whole brain

Oligodendrocytes

(Bottenstein, 1986)

MVECs

(Sano et al., 2007; Stins et al., 1997)

Human brain tissue

MVECs (hCMEC/D3, hBMEC,

TY10, BB19)

(Eigenmann et al., 2013; Poller et al., 2010)

Hippocampus

Neurons

(Gingerich et al., 2010)

Neuroblastoma

NPCs (SH-SY5Y, IMR-32, SMS-

(Carmeliet et al., 1994; Jia et al., 2011; Matsuo and

KCNR) Thiele, 1998; Sugimoto et al., 2013)
Hypothalamus Neurons (Mayer et al., 2009)
Pheochromocytoma NPCs (PC12) (Giordano and Costa, 2011; Krewson et al., 1994)
Human spinal cord Motoneurons (Cashman et al., 1992; Zschuntzsch et al., 2013)
Astrocytes (C6) (Whittemore et al., 1994)
Mouse embryonic teratoma NPCs (P19) (Negraes et al., 2012)

PNS Peripheral nerves

Schwann cells

(Hai et al., 2002)

Stem Cells

CNS Mouse embryonic

Neurons Astrocytes

(Kothapalli and Kamm, 2013)

Human neuroepithelium

Human bone marrow and dental pulp

Human adipose tissue

Neural stem cells

(Uchida et al., 2000)

(Karadz et al., 2011)

(Carelli et al., 2014)

Fibroblasts (Mouse, Human)

iPSCs

(Takahashi and Yamanaka, 2006; Takahashi et al.,
2007)
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System

Tissue Source

Cell Type

References

Adult somatic cells

(Compagnucci et al., 2014)

CNS = central nervous system; PNS = peripheral nervous system; NPCs = neural progenitor cells; BMVECs = brain microvascular endothelial
cells; iPSCs = induced pluripotent stem cells
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Approaches for assembly of heterogeneous 3D tissue structures. Amy Hopkins, Elise DeSimone, Karolina
Chwalek and David Kaplan, Progress in Neurobiology.

Bioreactors

« Compartmental cell seeding
* Molding

(e.g. sponges, hydrogels)

Fabrication Techniques Biomaterials Cell Sources

Bottom-up | e Cell aggregates « 2D patterned substrates (e.g.  Low passage adult somatic cells
» Microfabrication thin films, hydrogels) « Stem cells
« Cell sheets *iPSCs
« 3D printing

Top-down | * Machined scaffold « Solid degradable polymers * Primary cells

« Adult somatic cells

« Perfusion

« Spinning / rotating

« Stretching

« Dynamic compression
* Tension / Torsion

« Pulsatile flow

« Electrical stimulation
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Major methods used to assess in vitro neurological tissues. Amy Hopkins, Elise DeSimone, Karolina Chwalek

and David Kaplan, Progress in Neurobiology.

Technique

Description

2D or 3D

Functional Assay?

Challenges in 3D
cultures

Reference

Live/Dead fluorescent assays

Indicates intracellular
esterase activity (live
cells) vs. loss of
plasma membrane
integrity

Both

No

Diffusion through 3D
constructs; Optical
clarity of biomaterial
substrates; Loss of
viability

(O'Connor et al.,
2001)

Immuno-histological /
cytological fluorescent assays

Phenotypic
characterization of
cultures by targeting
antigens of interest
with fluorescent-
labeled antibodies

Both

Indirect; Cells will
synthesize certain
proteins or sugars if
they are serving a
particular function

Diffusion through 3D
constructs; Non-
specific fluorescence;
Optical clarity of
biomaterial substrates;
Loss of viability

(Krassioukov et
al., 2002;
Stavridis et al.,
2005;
Whittemore et
al., 1994)

Flow cytometry

Phenotypic
characterization of
cultures by targeting
antigens of interest
with fluorescent-
labeled antibodies;
Allows for cell
counting, sorting and
purification

Both

Indirect; Cells will
synthesize certain
proteins or sugars if
they are serving a
particular function

Destruction of 3D
architecture;
Interference of
biomaterials with cell
counting / sorting

(Emery and
Dugas, 2013;
Foo, 2013)

Molecular techniques (e.g.
gPCR, ELISA, proteomics)

Phenotypic or
genotypic
characterization based
on detection of
genomic DNA,
mRNA, or protein

Both

Indirect; Cells will
synthesize certain
proteins or sugars if
they are serving a
particular function

Destruction of 3D
architecture;
Interference of
biomaterials with
assay; Low cell density
does not yield
sufficient titers of
protein or genetic
material

(Maximino et
al., 2014; Noda
etal., 2014;
Wesseling et al.,
2013)

Patch-clamping

Single cell recordings
of membrane
potential in real time

2D

Yes

Micro-electrodes too
delicate to penetrate
biomaterials; Poor
optical clarity of
biomaterials hinders
identification of single
cells during patching;
Electrical insulation
properties of
biomaterials may affect
recordings; Lack of
knowledge of signal
processing of 3D in
vitro

(Kolaj et al.,
2014; Neher and
Sakmann, 1992;
Ward, 1997)

Fluorescent calcium indicators

Fluorescent markers
that bind calcium and
that bind calcium and
allow for
measurement of
calcium flux
indicating
neurotransmitter
release and other
intracellular processes

Both

Yes

Diffusion through 3D
constructs; Non-
specific fluorescence;
Optical clarity of
biomaterial substrates;
Loss of viability;
Highspeed capture
camera required in case
of action potential
propagation

(Catterall et al.,
2013; Frank,
2014; Kim and
Jun, 2013)
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Technique Description 2D or 3D | Functional Assay? Challenges in 3D Reference
cultures
Permeability studies Continuous flow Both Yes Bioreactor required to (Cucullo et al.,
through cultures to ensure equal flow 2013; Deli et al.,
measure permeability through entire 2005; Sun and
of epithelial/ construct; Pang, 2008)
endothelial barrier Reproducibility of
biomaterial scaffold to
eliminate variability
among samples
TEER Measurement of Both Yes Placement of (Cucullo et al.,
electrical resistance of electrodes on either 2013)
epithelial/endothelial side of cell layer
barrier requires custom culture
chamber design which
depends on 3D
architecture;
Reproducibility of
biomaterial scaffold
critical to eliminate
variability among
samples
Multi-electrode arrays Extracellular 3D Yes Significant spike (Claverol-
recordings; Small (~1 sorting required; Tinture et al.,
um) arrays implanted Reproducibility 2005;
in brain tissue to difficult; Limited to I1zhikevich,
individually record recordings of groups of | 2004)
single neurons present single cells = may be
in a particular locale; missing significance of
May be flexible and whole network
conform to complex
surfaces
Flexible electrodes Extracellular 3D Yes Significant spike (Aregueta-
recordings; sorting required; Robles et al.,
Biomaterial Reproducibility 2014; Kim et
reinforcements of thin difficult; Must take al., 2010)

electrodes for
penetration of dense
tissue and prevention
of glial scar formation

into account
biomaterial
degradation effects on
signal processing

gPCR = Quantitative polymerase chain reaction; ELISA = enzyme-linked immunosorbent assay; BBB = blood-brain barrier; TEER = trans-

endothelial electrical resistance
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Functional validation of 3D in vitro neural systems and associated challenges. Amy Hopkins, Elise DeSimone,
Karolina Chwalek and David Kaplan, Progressin Neurobiol ogy.

Physiological Process

Analysis Method

Challenges

3D in vitro Approaches

BBB integrity

Compound permeability

« Robust perfusion cultures
« Reproducible measurements

« Perfusion bioreactor consisting of bundles of
hollow channels, (Cecchelli et al., 2007;
Cucullo et al., 2002, 2013)

TEER

« Placement of electrodes within
vessels

* Reproducible electrode
placement & readings

» Custom-built chambers, electrodes, and
power/recording systems, (Cucullo et al., 2002,
2013; McAllister et al., 2001; Santaguida et al.,
2006)

Neural electrical activity

Patch-clamping

* Penetration of glass
micropipette through scaffold
« Visualization through scaffold

* Increase strength of small electrodes (Tien et
al., 2013)

« Optically transparent biomaterials (Balint et
al., 2014)

« Slice preparations (Hanson et al., 2010;
Kapfhammer, 2010; Stavridis et al., 2005)

Extracellular recordings

« Culturing high neural cell
densities

« Construction of polarized
neural populations

* Optimization of 3D in vitro culture systems in
regards to cell density and 3D architecture
(Cullen et al., 2006; East et al., 2010; Miller,
2014)

Neuronal and glial
signaling

Calcium imaging, VSDs

« Visualization through 3D
biomaterials

« Identification of different cell
types

« Diffusion of dyes through 3D
tissues

« Signal-to-noise ratios

« Optically transparent biomaterials (Dana et al.,
2014)

« Ratiometric dyes (Homma et al., 2009)

« Slice preparations (Dana et al., 2014)

BBB = blood-brain barrier; TEER = transendothelial electrical resistance; VSD = voltage-sensitive dye
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Page 61

Critical requirements which have not yet been met by current in vitro tissue models. Amy Hopkins, Elise
DeSimone, Karolina Chwalek and David Kaplan, Progress in Neurobiology.

Biomaterials

Requirement

Justification

Remaining Challenges

Development of “smart” biomaterials
which maintain previous biochemical
characteristics (e.g. bioactivity, optical
clarity, electrical conductance, etc.)
without introducing cytotoxicity

To make the platform more compatible with
functional assays such as stimulation with
light (photo-catalyzed release of
compounds, live-culture imaging) and
electricity (electrical stimulation of neurons)
while maintaining viability

Introducing favorable biochemical characteristics in
“smart” polymers that frequently exhibit cytotoxic
fabrication techniques; or, Optimizing physical
characteristics of existing biopolymers for
functional testing

Cellular Sources

Requirement

Justification

Remaining Challenges

Use of stem cells and iPSCs

The expandability of stem or stem-like cells
combined with high control over genotype
and phenotype is required to reach high cell
densities, achieve appropriate number of
replicates and imitate human phenotype

Verified protocols for expansion, differentiation,
and maintaining differentiated state in long-term
cultures; Optimized growth and differentiation in
3D

Designing 3D Space

Requirement

Justification

Remaining Challenges

High spatial control combined with
gentle processing methods

Neural processes such as synaptic targeting
are high resolution and high sensitivity

Optimizing seeding protocols to be compatible with
fragile cells and proteins

Functional Evaluation

Requirement

Justification

Remaining Challenges

Development of methods of functional
evaluation which are compatible with
3D in vitro systems including
electrophysiological and imaging

Relevant functional outputs are necessary
for validation of tissue model

Resolving and interpreting extracellular recordings
to the low density, 3D cultures; High spatial control
for probing electrodes; Ability to measure through
thick tissue constructs (e.g. penetration of
electrodes)

iPSCs = induced pluripotent stem cells
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