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Abstract

Neural tissue engineers are exploiting key mechanisms responsible for neural cell migration and
axonal path finding during embryonic development to create living scaffolds for neuroregeneration
following injury and disease. These mechanisms involve the combined use of haptotactic,
chemotactic, and mechanical cues to direct cell movement and re-growth. Living scaffolds provide
these cues through the use of cells engineered in a predefined architecture, generally in
combination with biomaterial strategies. Although several hurdles exist in the implementation of
living regenerative scaffolds, there are considerable therapeutic advantages to using living cells in
conjunction with biomaterials. The leading contemporary living scaffolds for neurorepair are
utilizing aligned glial cells and neuronal/axonal tracts to direct regenerating axons across damaged
tissue to appropriate targets, and in some cases to directly replace the function of lost cells. Future
advances in technology, including the use of exogenous stimulation and genetically engineered
stem cells, will further the potential of living scaffolds and drive a new era of personalized
medicine for neuroregeneration.
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1. Overview

The brain, spinal cord, and peripheral nervous system have limited capacity for regeneration,
making the effects of neurotrauma or neurodegenerative disease particularly devastating and
often permanent. Successful regeneration would involve a precisely orchestrated
reestablishment of neural connections and reformation of cellular structure, often requiring
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directed long-distance axonal path finding and neuronal/glial migration. The objective of the
field of neural tissue engineering is to utilize biomaterial-and cell-based strategies to
augment endogenous regeneration and/or to provide direct replacement of neural cells and
circuitry. A particularly promising tissue engineering approach involves the development of
“living scaffolds”, which are regenerative scaffolds comprised of living neural cells in a
preformed, often anisotropic, three-dimensional (3-D) architecture. Living scaffolds may
facilitate targeted neural cell migration and axonal path finding by mimicking key
developmental mechanisms. Indeed, directed axon growth and cell migration along
pathways formed by other cells is a common tactic in nervous system development and is
crucial to the proper formation of axonal connectivity and cellular localization. Growth and
migration along living neural cells is driven by juxtracrine signaling involving the
concurrent and often Q3 synergistic presentation of a panoply of cell-mediated haptotactic,
chemotactic, and neurotrophic cues (Fig. 1). Living scaffolds exploiting these cues possess
considerable advantages over more traditional acellular biomaterial approaches due to the
ability to actively drive and direct regeneration rather than simply being permissive
substrates. Moreover, living scaffolds have the ability for constitutive and sustained
interactions rather than transient, often short-lived influence on the host. Importantly, living
scaffolds may act based on feedback and cross talk with regenerating cells/axons and thus
are able to modulate their signaling based on the state and progression of the regenerative
process. On this front, there are a number of promising emerging strategies for the
development of living regenerative scaffolds consisting of aligned glial cells and/or
longitudinal axonal tracts that have driven robust and targeted axonal re-growth and neural
cell migration. However, there are several significant challenges to the development and
translation of living scaffolds, including advancing tissue engineering techniques for the
creation of living cellular constructs in a defined 3-D architecture, establishing
transplantation strategies to ensure preservation of construct vitality and architecture, and
devising strategies for immunological tolerance at both acute and chronic time frames. As
these challenges are overcome, living scaffolds have the potential to transform the field of
neuroregenerative medicine by driving the re-establishment of complex neural structures and
axonal connections, ultimately facilitating functional recovery following a range of currently
untreatable traumatic and neurodegenerative disorders.

2. Definition of living scaffolds

The field of regenerative medicine encompasses the use of biomaterials, cell replacement
strategies, and tissue engineering to promote regeneration following injury or disease.
Biomaterials can provide 3-D structure for host cell infiltration and organization, and may
also serve as a means for drug administration (e.g., controlled release). Cell delivery
strategies can replace lost cells in cases where endogenous cells are insufficient or
unavailable (e.g., new neurons). Tissue engineering combines aspects of both biomaterial
and cell replacement techniques to create 3-D constructs to facilitate regeneration of native
tissue and/or to directly restore lost function based on permanent structural integration [1].
An emerging strategy in neural tissue engineering involves the development and application
of “living scaffolds”, which are defined as constructs with a controlled, often heterogeneous
and anisotropic 3-D cellular architecture and biomaterial composition. The objective of these
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living cellular-biomaterial scaffolds is to serve as chaperones to support, guide, and aid
regenerating cells and/or processes (e.g. axons) — mimicking crucial aspects of
developmental path finding. The cells impart the “living” component of the scaffold, and
incorporated cell types may include primary, stem, differentiated, genetically engineered,
autologous, allergenic, or heterogonous cells [1,2]. Biomaterials utilized within the scaffold
often provide structure and produce an environment in which cells can adhere, migrate,
differentiate, and signal to each other and to the host [3] The biomaterial composition often
governs the mechanical properties of the construct and resulting tissue [3]. A crucial
property of a living scaffold is that it must possess a defined architecture, encompassing both
the structural composition as well as the organization of the cells/processes (Fig. 2). This
architecture must be precisely engineered to match the structure and properties of the tissue
it will integrate with, or to provide directionality for infiltration and targeted re-growth of
host cells. Biomaterials may be synthesized to promote such a desired cellular organization
or to give directional dependence to mechanical properties, such as rigidity and elasticity
[3]. Likewise, gradients of co-delivered factors, such as growth factors and signaling
molecules, may be used within living scaffolds to generate an anisotropic cytoarchitecture

[4].

3. The challenges to nervous system repair and regeneration

The nervous system, encompassing both the central nervous system (CNS) and peripheral
nervous system (PNS), is comprised of two major cell types: neurons and glia. Neurons
typically receive electrical signals via branched projections called “dendrites” and transmit
these signals along fibers called “axons”. Glia (CNS: astrocytes, oligodendrocytes,
microglia; PNS: Schwann cells) generally act as support cells to provide structure,
protection, and nutrients to neurons and insulation to axonal projections. A variety of insults
can lead to neuronal and glial cell loss, including traumatic injury, stroke, and
neurodegenerative diseases. In addition, disconnection of axonal pathways is a common
feature across multiple types of neurotrauma and neurodegenerative disorders.
Unfortunately, functional regeneration of these connections rarely occurs due to long
distances to appropriate targets and a lack of directed guidance. Injury to the CNS often
initiates a robust inflammatory response, leading to a non-permissive environment for
regeneration. Astrocytes convert to a “reactive” state and may form a dense barrier of
hypertrophic processes and inhibitory molecules in order to protect the nervous system from
further damage. This barrier, termed the “glial scar”, is long lasting and obstructs the growth
of regenerating axons [5]. In contrast, following trauma to the PNS, tissue and axon
regeneration is generally more successful owing to the pro-regenerative response of resident
Schwann cells; however, functional restoration following major nerve lesions (e.g., several
centimeters or greater in length) is generally poor due to insufficient axonal reinnervation of
distal targets [6]. To date, neither cell replacement strategies nor acellular biomaterial-based
approaches have been successful in orchestrating neural tissue formation and long-distance
axonal path finding in the CNS or PNS.

The emerging strategy of tissue engineered living scaffolds represents a promising approach
for complex nervous system repair. Living scaffolds are generally created to fulfill one or
both of the following objectives: (1) motivate and direct guidance of host processes,
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typically axons, and (2) facilitate migration and organization of host cells. The most
common objective of living scaffolds is to guide the re-growth of axonal tracts damaged
from disease or injury. Following disconnection of axonal tracts, regenerating axons
frequently need to traverse extremely long distances across complicated 3-D environments
to reach specific targets. In such cases, living scaffolds can be used to guide regenerating
axons to precise targets and allow for functional reinnervation. In cases where neural cells
are damaged due to trauma or neurodegenerative diseases, living scaffolds can be used to
provide the necessary structural and chemical cues to encourage inward migration of
existing or newly formed neurons or glial cells (or precursors). Anisotropy in the living
scaffold can be used to organize neurons into networks and patterns. In some cases, the
living constructs may be used to physically replace lost neural cells as well as their long
distance connections.

4. Examples of living scaffolds during nervous system development

The mechanisms by which tissue engineered living scaffolds promote neuroregeneration are
fundamentally based within developmental biology. Throughout embryogenesis and pre-
natal development, there are many instances in which neuronal migration and axonal path
finding are mediated by naturally occurring living scaffolds. Specifically, living scaffolds are
used to facilitate the migration of neurons from the center of the brain to the forming
neocortex [7]. Likewise, axons in both the peripheral and central nervous systems frequently
extend along living scaffolds in order to reach and innervate their respective targets [8-11].

In a developing fetus, neural progenitor cells located in the ventricular zone produce the
majority of neurons. However, these newborn neurons must migrate outward radially in
order to take their place in the forming neocortex. As the size of the brain increases, neurons
utilize scaffolding created by a population of cells called “radial glia” to aid them in
traversing the greater distances. Radial glia extend processes connecting the ventricular zone
to the pial surface of the brain. These glial processes create guided pathways along which
the newborn neurons migrate to the neocortex [7]. In addition to migration, it has been
observed that growing axons often use a glial scaffold to locate appropriate targets and guide
their extension. In the CNS of Drosophila embryos, Jacobs et al. showed that glial cells exist
in patterned configurations that outline axonal pathways before the growth of the axonal
tracts themselves. Pioneering neurons make extensive contact with these glial scaffolds
using their growth cones and filopodia prior to projecting their axons along the length of the
glia [11]. Peripheral glial cells also direct path finding of axons in the transition zone
between the PNS and CNS. Sepp et al. showed that during Drosophila development,
peripheral glia formed funnel-shaped arrays that guided pioneering motor axons into the
periphery. They observed that the axons made typical growth cone contact along the glia,
and ablation of peripheral glia caused disruption of motor axon extension out of the
transition zone [10]. Likewise, these same peripheral glia formed tubes that directed sensory
axons into the CNS. When the glial tubes were ablated, the sensory axons displayed path
finding deficits and failed to reach their appropriate target regions within the CNS. Thus, the
peripheral glia functioned as a living scaffold and substrate to pre-pattern the transition zone
for correct routing of axons between the CNS and PNS during development [10].

Curr Opin Solid State Mater Sci. Author manuscript; available in PMC 2017 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Struzyna et al.

Page 5

Pioneering axons themselves also serve as living scaffolds for the guidance of subsequent
axons in both the PNS and CNS. Through their research with grasshopper embryos, a classic
study by Raper et al. demonstrated that a small number of early pioneering axons fasciculate
to form a reproducible scaffold of axonal pathways (Fig. 3). These initial pathways are
differentially labeled and serve to direct the growth cones and extension of later axons.
Specifically, Raper et al. showed that the growth cones of two sibling neurons located in the
second thoracic ganglion extended along the same initial axonal tract until they diverged
along a second tract of existing axons. This study not only demonstrated that later axons use
pioneer axons as a map for their growth, but that they also recognize specific and differential
labels on these scaffolds to navigate the existing pathways [9]. This phenomenon of pioneer
axons functioning as a scaffold for later axons has also been shown to occur in the PNS. For
example, Ho et al. observed that pioneering axons are responsible for forming the initial
pathways that subsequently become nerves in the antenna and legs of grasshoppers [12].
Overall, these examples demonstrate the developmental basis for contemporary tissue
engineered living scaffolds being used for neuroregeneration; specifically, tissue engineered
living scaffolds aim to exploit crucial mechanisms by which the CNS and PNS are originally
formed.

5. Molecular mechanisms of neural cell migration and axon regeneration

In order to develop successful tissue engineered scaffolds for neuroregeneration, the
mechanisms responsible for neural cell migration and axon guidance must be understood
and recapitulated. Both cell motility and axon guidance have been shown to occur through
one or more of the following mechanisms: contact signaling via structural cues presented
along cells and/or on extracellular matrix (ECM), gradients created by diffusion of cell-
secreted soluble factors, and substrate mechanical and geometric properties. Of note, living
scaffolds possess the ability for “juxtracrine” signaling based on the simultaneous and often
synergistic presentation of the aforementioned cues [4,13-17].

6. Neural cell migration

Neural migration is directed by contact signaling, gradients of soluble factors, and the
mechanical properties of the substrate [18]. Changes in the cell cytoskeleton, specifically the
rich network of microtubules in the soma, are the basis for nucleokinesis — movement of the
nucleus [19]. Neurons migrate in response to contact cues with ECM components, cell
adhesion molecules (CAMs), and direct contact with other cells. For instance, migration of
olfactory epithelial neurons was preferentially stimulated and guided by the ECM protein
laminin /n vitro [20]. Studies have shown that neuron migration can also be modulated
through cell-cell contact, specifically involving glial cells. Recently, it was found that the
gap junction proteins connexin 46 and 23 are expressed by radial glia during glial-mediated
migration of neurons [19] These proteins provide adhesive contacts between the radial glia
and neurons which stabilize the processes of migrating neurons [19]. Direct cell contact
mediated by CAMs, specifically L1-CAM and neural cell adhesion molecule (NCAM), also
influence neuronal migration [21]. CAMs generally bind through homophilic and
heterophilic interactions (i.e. binding to identical or similar, as well as different CAMs,
respectively), and therefore provide structural cell-to-cell, axon-to-cell, or axon-to-axon
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linkages [22]. Aside from direct contact dependent neuronal migration, soluble neurotrophic
factors along with neurotransmitters also play a role in influencing neuronal migration
[18,23]. For example, astrocytes have been shown to secrete molecules that encourage
neuronal migration [24]. Lastly, physical properties of the cell, such as polarity, can
influence migration [25]. Thus, the incorporation of these various cues into living scaffolds
can direct neural cell migration to the appropriate sites to promote regeneration.

7. Axonal outgrowth

7.1. Haptotaxis: contact dependent signaling

A combination of attractive and repulsive structural cues Q4 presented to growth cones
direct axons to their targets. These haptotactic proteins appear both directly on cell surfaces
as well as throughout ECM complexes, and serve as guideposts during development and
regeneration [8,22]. Prominent structural cell contact cues involved in axon guidance include
CAMs, most notably L1-CAM and NCAM (as with neural cell migration), amongst others
[8,22]. These molecules play a key role during development, are involved in axon
fasciculation, and are expressed on axons and Schwann cells during limb bud innervation.
Indeed, genetic deficits in CAMs have a severe impact on the proper formation of
corticospinal tracts and corpus callosum, potentially resulting in mental retardation,
hydrocephalus, and difficulties in limb movement [22]. Moreover, deficits in CAM
expression have also been associated with later-onset disorders such as schizophrenia,
Alzheimer's disease, and bipolar disease [26,27]. CAMs have been shown to affect glial
activity and axonal outgrowth in both /in vitro and /n vivo models. Axons growing in vitro
have shown a preference for specific CAMs patterned onto a substrate, with distal axons
(greater than 55 pm from the cell body) selectively following L1-CAM patterning and
proximal axons recognizing both L1-CAM and N-cadherin [28]. In addition, conduits coated
with recombinant human L1-CAM promoted superior axon regeneration and myelination in
rat optic nerve transection models [13]. Moreover, functionalized CAM biomimetics have
been shown to increase Schwann cell activity and myelination of regenerated axons [29,30].
Interestingly, CAMs are highly upregulated under regenerative conditions [22]; therefore,
CAMs naturally existing along living scaffolds may present unique homo- and heterophilic
domains in optimal patterns to promote targeted axonal regeneration. Other structural
guidance cues involve matrix proteins such as collagen, fibrin and laminin, which may occur
on cell surfaces but are most commonly associated with ECM (see [31] for recent review).
The presence and density of these ECM ligands have been shown to be critical factors for
axonal outgrowth in a number of model systems, including models of peripheral nerve injury
and spinal cord injury (SCI) [32-36]

7.2. Chemotaxis: soluble factor signhaling

The effects of chemotactic cues on axon guidance have been studied extensively (see
[8,37,38] for recent reviews). While many trophic factors enhance axon guidance during
regeneration, nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), glial
derived neurotrophic factor (GDNF), and insulin growth factor (IGF) have received
particular attention. Multiple studies have shown that incorporating these factors into nerve
conduits either individually or in combination significantly enhances nerve regeneration
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[4,14-16]. Addition of neurotrophic factors into nerve conduits was shown to increase
regenerating axon density, as well as Schwann cell migration, alignment, and eventual
myelination at the injury site [4,16]. The spatial presentation and gradient of both soluble
factors and membrane-bound structural cues play a significant role in axon guidance. For
instance, it was reported that axons extend in the direction of increasing substrate-bound
laminin concentrations, and that NGF gradients of at least 133 ng/mL per mm and less than
995 ng/mL per mm are needed to promote neurite outgrowth and guide growth cone
extension in PC12 cells [39,40]. Likewise, collagen scaffolds cross-linked with laminin and
loaded with ciliary neurotrophic factor resulted in enhanced axonal guidance, regeneration,
and functional recovery in a rodent model of peripheral nerve injury [41]. Living scaffolds
are able to present a combination of intimate soluble and structural cues, which may together
have significant and synergistic effects on axonal extension.

7.3. Mechanotaxis: physical/geometric influences

In addition to conventional chemotactic and haptotactic cues for axonal guidance, it is
becoming well established that the mechanical and physical properties of a cell's
environment has a significant impact on cell growth and behavior [17,42]. The effects of
microenvironmental physical properties on neurite outgrowth may be referred to as
“mechanotaxis”, and we previously reviewed interrelated and synergistic influences of
chemotactic, haptotactic, and mechanotactic factors on neuronal survival and neurite
outgrowth in 3-D engineered matrices [43]. Prior work has shown that parameters of neurite
outgrowth such as growth rate and neurite branching depend on matrix mechanical
properties (in 3-D and 2-D) [44,45]. For example, it was shown that agarose stiffness and
pore size differentially influenced the rate and degree of neurite extension of dorsal root
ganglia (DRG), with maximal neurite outgrowth occurring in low concentration (<1.00%)
gels [33,44,46]. DRG neurite outgrowth has also been studied in collagen matrices of
varying concentrations (and hence stiffness), finding that neurite extension was maximized
in lower (0.6 mg/mL) rather than higher (2 mg/mL) concentration gels [36]. However, low
concentration hydrogels have been shown to be unsuitable for the survival and neurite
outgrowth of cortical neurons [47,48]. Additionally, improved cortical neuron viability was
seen on substrates of modulus similar to that of the intact brain [42]. These studies
underscore that different intrinsic mechanisms exist between different neuronal sub-types.
Moreover, within 3-D matrices a complex interplay exists between matrix stiffness, porosity,
and ligand presentation that affects neuronal survival and neurite outgrowth [47].

Additionally, the importance of geometric guidance cues, such as surface curvature, is
increasingly being recognized [17,49-51]. For example, DRG axons in culture were shown
to have enhanced longitudinal growth along microfibers with diameters of 35 pm or less — a
diameter range similar to that of axon fascicles — due to the mechanics of minimizing
process bending [17]. Additional surface features such as scratches, ridges, and grooves can
aid in guiding neurite outgrowth. For instance, it was shown that growth cone branching was
directly related to the number of potential paths at an intersection [52]. Similarly, the shape
of the substrate affects neuron morphology and neuritogenesis. When neurons were cultured
on varying micro-patterned shapes, their cytoskeletons deformed to imitate the shape of the
substrate, revealing that neuritogenesis was increased at the vertex of angles, especially at
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60° angles [53]. Therefore, the physical/mechanical properties and the geometric
presentation of surface/binding domains on a substrate greatly impact neurite behavior, and
can be used to manipulate neurite outgrowth. Of note, living scaffolds comprised of aligned
glial cells/processes and axonal tracts may recapitulate the ideal mechanical and geometric
factors for targeted axonal re-growth.

8. Advantages of tissue engineered living scaffolds

A tissue engineered living scaffold with the highest capacity for regeneration will possess all
of the aforementioned factors, including chemotaxic, haptotaxic, and mechanical cues,
which will work synergistically to promote targeted axonal guidance and/or cellular
infiltration. Although creating 3-D living scaffolds represents a tremendously complex
endeavor, significant progress has been made in the past decade. These living scaffolds show
great promise for neuroregeneration and hold significant advantages over competing
regenerative therapies. Living cells possess the ability to secrete thousands of neurotrophic
factors and control CAM expression. They may actively respond to their environment and
modulate pro-regenerative cues such that they remain optimal for axon guidance and
sprouting, myelination, and the restoration of complex 3-D tissue structures. In contrast to
living scaffolds, most current axon guidance conduits or acellular scaffolds are fabricated
from synthetic or naturally occurring biomaterials. These constructs are sometimes loaded or
coated with soluble factors to promote neural regeneration [1,4,54]. Such therapies are
limited in recreating and maintaining the optimal concentrations of soluble factors and
presentation of structural cues for regeneration; they weakly simulate the conditions that
exist during embryonic development when neurogenesis and axogenesis first occur. At
present, non-living scaffolds can only deliver a relatively small number of factors involved in
regeneration, and, although controlled release of soluble factors is a common objective
[1,37,54] acellular scaffolds are not currently capable of modulating secreted factors based
on the progression and state of the regenerative process. As such, the mechanisms and
efficacy of numerous acellular constructs have not successfully translated to /n vivo
environments despite being “optimized” /n vitro, suggesting that endogenous processes and
signals may override the regenerative effects of many contemporary acellular biomaterials.

9. Disadvantages of tissue engineered living scaffolds

While living cell-based scaffolds provide several key advantages for promoting
neuroregeneration, there are also significant drawbacks to this approach. Living cells may
elicit an immune response from host tissue leading to inflammation or rejection of the graft,
depending on the source and phenotype of the cells [55]. This response can be circumvented
through the use of autologous cells from the patient. Additionally, whereas glial cells elicit a
vigorous immune response and show poor attrition upon transplantation, constructs
consisting of pure neurons appear to be well tolerated by the immune system and survive at
least several months [56-58]. Certain undifferentiated stem cells also may be immune
privileged and only elicit a delayed or significantly attenuated immune response [59].
Although undesirable, immunosuppression can be utilized to mitigate an immune response.
While this approach leaves the host susceptible to other infections, a unique feature of living
neuroregenerative scaffolds is that they do not need to be permanent; once a living scaffold
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has facilitated axonal regeneration and tissue reformation, immunosuppression can be
ceased. Interestingly, in some cases adjunct immunosuppression has actually been shown to
accelerate axonal regeneration and functional restoration [60]. An additional challenge with
living scaffolds is that increasing the regenerative capacity of the cellular environment may
lead to excessive or aberrant regeneration, such as over-proliferation of host cells as well as
formation of deleterious axonal connections. Although the challenge of aberrant
regeneration is not limited to living scaffolds, regenerative constraints may be necessary in
certain applications. However, the nervous system does maintain tremendous capacity for
plasticity, creating the possibility of effective use of novel connectivity. Finally, while living
scaffolds offer the advantage of being “personalized”, i.e. fabricated using a patients own
cells to treat their specific neurological affliction, it may be desirable in other cases to have
generalized scaffolds available “off the shelf.” This prospect creates several challenges
associated with the scale-up and storage of live constructs, as well as the quality control
measures following production and immediately prior to implantation [61]. These challenges
are shared with all emerging tissue engineering strategies for living grafts and organ
replacement, and thus there are a number of companies focused on various strategies to
address these issues [61,62].

10. Examples of living scaffolds in neuroregeneration

Several early /n vitro studies paved the way for the later production and implementation of
living scaffolds for neuroregeneration /n vivo. These studies confirmed that the mechanisms
of action observed during organism development could be reproduced in culture. For
example, Fawcett et al. looked at the ability of cellulose ester tubes lined with either
Schwann cells or astrocytes to guide axonal growth, revealing that axons from both
embryonic DRG and embryonic retina neurons grew quickly and profusely through the
Schwann cell tubes [63] Similarly, astrocyte-containing tubes were also capable of guiding
axon growth [63]. In another seminal study, Chang et al. examined the growth of neurites
along an axonal substrate /in7 vitro. They found preferential neurite extension along the
axonal substrate that was mediated by specific axon surface glycoproteins on the axonal
substrate [64].

In the last two decades, extensive progress has been made in the field of neural tissue
engineering. The mechanisms of neural growth and axonal path finding discovered in the
1980s are now being fully utilized in tissue engineered living scaffolds. For example, in
groundbreaking studies, East et al. at The Open University developed 3-D collagen gels
containing aligned astrocytes. Astrocytes were first seeded in a tethered collagen gel and
allowed to grow. Transforming growth factor was then added to the cultures, which caused
the astrocytes to activate and align within the tethered gel [65]. Plastic compression was
used to swiftly remove fluid from the gels in order to form stable, collagenous sheets
containing the aligned cells. The sheets were then rolled to create cylindrical constructs. In
order to test their ability to promote neuronal growth, dissociated DRG neurons were seeded
within these constructs along with the astrocytes. East el al. found that neurites preferentially
grew along the aligned astrocytes (Fig. 4), and that their growth was enhanced in comparison
to control tubes [65]. Similarly, another group created 3-D nanofiber scaffolds containing
aligned astrocytes. Here, Weightman et al. utilized electrospinning to produce acetate frames
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containing poly-lactic acid nanofibers. Astrocytes and collagen were added to these
nanofiber meshes, after which the frames were stacked in layers. This process caused the
astrocytes to align and proliferate upon the nanofibers [66]. Both of these approaches to
create scaffolds of aligned astrocytes were engineered for repair of CNS injury, and
represent promising approaches that may subsequently support neuronal re-growth and
regeneration.

The Phillips laboratory at The Open University also applied techniques to fabricate collagen
constructs containing aligned rat Schwann cells for peripheral nerve regeneration, which
they designated “engineered neural tissue” (EngNT). Aligned Schwann cells specifically
recreate the Bands of Bungner — naturally occurring columns of Schwann cells that form
following peripheral nerve injury to guide and accelerate axonal regeneration. In order to
test the efficacy of their EngNT constructs /n vivo, Georgiou et al. first placed rolled
constructs into commercially available nerve guidance tubes, and then transplanted these
tubes into a 15 mm gap rat sciatic nerve model. At 8 weeks post-repair, they found that there
was considerably more neural tissue in the nerve guidance tubes containing their constructs
as compared with empty tubes [67]. This group plans to further optimize their constructs and
test their effectiveness across critical gap defects. The use of aligned Schwann cells for
peripheral nerve regeneration is also being pursued by Bozkurt et al. through the use of
nerve guides containing pore channels. This research group engineered a collagen-based
micro-structured scaffold comprised of longitudinally oriented and interconnected pores,
designated “Perimaix”. /nn vitro, they found that their construct was capable of inducing
Schwann cell alignment and supporting longitudinal axonal outgrowth. To investigate the
ability of the Perimaix nerve guides to promote nerve regeneration, they first seeded the
scaffolds with rat Schwann cells and then transplanted them into a 20 mm gap rat sciatic
nerve model. At 6 weeks, they found that the density of axons in the Schwann cell-seeded
Perimaix group was close to the density of axons in their autograft group, and that the two
groups demonstrated comparable myelination [68]. In the future, Bozkurt et al. intend to
optimize their nerve guide for better stability and longevity in preparation for chronic nerve
regeneration studies. In addition to oriented nanofibers, tethered gels, and structured
channels, several other techniques are being used to align cell populations. These include
electrically and magnetically aligned matrices, micropatterned surfaces, gradients of
neurotrophic factors, and fibers containing longitudinal grooves [4,69-71]. Collectively,
these constructs aim to exploit glial-mediated axonal regeneration to facilitate regeneration
following major neurotrauma or neurodegeneration.

An alternative approach to engineering scaffolds containing aligned glial cells is to create
constructs containing long, aligned axonal tracts. These constructs are designed to utilize
“axon-mediated axonal outgrowth” to support neural repair. This mechanism involves the
growth of regenerating axons along pre-formed (i.e. tissue engineered) axonal pathways,
mimicking axonal growth along “pioneer” axons during nervous system development. Our
group at the University of Pennsylvania has employed constructs containing longitudinally
aligned axonal tracts as the basis for living scaffolds to repair axonal connections in the CNS
and PNS. In one application, we engineered a micron-scale tubular construct consisting of
an inner ECM core and an outer hydrogel shell. In order to generate the 3-D axonal tracts,
we plated populations of primary neurons on either end of the constructs and optimized
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conditions to permit axonal projections across the tubular constructs [72]. These “micro-
tissue engineered neural networks” (micro-TENNS) exhibited robust neuronal survival and
axonal extension /n vitro, recapitulating the systems-level neuroanatomy of the brain:
discrete neuronal populations spanned by long axonal tracts (Fig. 5). In future applications,
these miniature constructs — roughly three times the diameter of a human hair and extending
several centimeters in length — may be used for targeted reconstruction of neural circuitry
lost due to injury or disease in the CNS (Fig. 5).

Our research group also utilizes much larger constructs containing long, integrated, axonal
tracts for peripheral nerve repair. To generate our “tissue engineered nerve grafts” (TENGS),
we used the recently discovered process of axonal “stretch-growth.” This process mimics the
developmental mechanism by which axons are extended in length due to tension as an
organism grows from embryogenesis to adulthood [73,74]. This process involves plating two
neuronal populations on either side of an interface, allowing axonal networks to form
between them, and then slowly separating the populations in micron-size increments using
custom mechano-bioreactors. These integrated axons respond to the forces by increasing in
length as well as diameter, and this process also encourages fasciculation [73,74]. To date,
stretch-grown axonal constructs have been generated at lengths of 5-10 cm in 14-21 days,
with even longer lengths likely attainable [73,74]. To test the efficacy of the TENGs /n vivo,
we encapsulated the stretch-grown axons in collagenous matrices for stability and
transferred them into nerve guidance tubes for transplantation into a 10 mm gap rat sciatic
nerve model. At 6 weeks post transplantation, we found that the TENGs survived,
maintained their cytoarchitecture, and had integrated with the host nerve tissue. In particular,
host axons were in intimate proximity with TENG axons, suggesting the transplanted axon
tracts mediated host axonal growth across the lesion (Fig. 6). At 16 weeks post
transplantation, the segments of neural tissue bridging the gap appeared grossly normal, with
a significant density of myelinated host axons [56]. Similar constructs containing “stretch-
grown” axonal tracts were also used for spinal cord repair. Here living scaffolds consisting
of neurons and stretch-grown axonal tracts were grown to 10 mm in length, encapsulated in
collagenous matrices, and transplanted to repair equally sized lateral hemisection spinal cord
lesions in rats. Remarkably, at one-month post surgery, the constructs had survived and
integrated with the host by extending axons into the spinal cord [57]. This promising
approach may permit host axon regeneration across major spinal cord lesions.

11. Future applications

Living scaffolds for neuroregeneration are evolving quickly and merging with other areas of
biology and biotechnology. A prime example of this is the inclusion of autologous stem cells
within living scaffolds. This approach will converge with personalized medicine in order to
deliver scaffolds with the precise architecture and cell phenotype(s) necessary for a given
patient and their disorder. Many different stem cells have already been isolated and used for
purposes of neural regeneration; these include precursor cells for neurons, oligodendrocytes,
astrocytes, and Schwann cells differentiated from human embryonic stem cells (hESCs),
induced pluripotent stem cells (iPSCs), and adipose-derived stem cells (ASCs) among others
[75-79]. In addition to being an eternal source of autologous cells, stem cells have been
shown to encourage neural regeneration through their unique release of trophic factors. For
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example, neural stem cells demonstrated functional improvement in rat and mice models of
Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis [80-82].
Transplanted neural progenitor cells derived from iPSCs improved neurological outcomes in
a rat stoke model, while oligodendrocyte progenitor cells derived from iPSCs demonstrated
robust myelination of myelin deficient mice and prolonged their survival [77,78]. NG2-
expressing oligodendrocyte precursor cells, or polydendrocytes proliferate and differentiate
into oligodendrocytes in response to demyelinating lesions and promote functional recovery
and remyelination, which was shown in a mouse model of encephalomyelitis [83-85]. ASCs
promoted nerve regeneration and axon myelination following peripheral nerve lesions in rats
[86]. Although autologous stem cells have drastically increased the feasibility of clinical
translation, it is important to note that the mechanisms by which they stimulate regeneration
are not well understood. Furthermore, they have the potential to differentiate into
undesirable phenotypes and/or result in tumorigenesis [76].

In addition to, or in combination with, the use of stem cells, the inclusion of genetically
engineered cells within living scaffolds is gaining recognition as a means to enhance the
regenerative response. The genetic material of these cells can be altered to provide the cells
with increased durability upon transplant or to better promote axonal regeneration and
function. The approaches being pursued to provide these capabilities vary greatly and range
from augmenting the intrinsic functions of the cells to engineering cells that can
constitutively secrete trophic factors [2]. For example, Akerud et al. injected mouse neural
stem cells engineered to over express glial cell line-derived neurotropic factor (GDNF) into
a mouse model of Parkinson's disease. At four months post surgery, the engineered cells had
maintained therapeutic levels of GDNF /n vivo and prevented degeneration of dopaminergic
neurons in the substantia nigra [87]. In a different approach, Gravannis et al. genetically
modified Schwann cells to express sialyltransferase X (STX), an enzyme responsible for
mediating the properties of the cell adhesion molecule NCAM. The altered Schwann cells
were seeded into nerve guidance tubes for transplant into a rat model of peripheral nerve
injury, and resulted in increased fiber diameter and myelin thickness of regenerating axons
[88]. However, it is possible to over-engineer cells to the point that they actually inhibit
regeneration. For example, Santosa et al. found that allografts supplemented with Schwann
cells overexpressing GDNF were overly attractive and prevented regenerating axons from
leaving the allografts, thus blunting regeneration [89].

Genetically engineered cells are also being used to control neural circuitry via optogenetic
stimulation. Optogenetics refers to the technique of controlling neural activity through light
sensitive ion channels called channelrhodopsins. For example, Weick et al. used light to
exclusively stimulate transplanted neurons expressing channelrhodopsins. They showed that
the transplanted cells formed functional circuits with host neurons, and that they could drive
the activity of the host neurons by optically stimulating the transplanted neurons [90]. It has
similarly been shown that neurons expressing channelrhodopsins could modulate a range of
neural activity, including activating high frequency oscillations when injected into the
hippocampus as well as control of muscle function when engrafted into the sciatic nerve
[91,92]. As the applications of optogenetics evolve, the inclusion of cells expressing
channelrhodopsins will afford living scaffolds the ability to drive local circuitry for purposes
of neuromodulation and/or neuroregeneration.
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Bioreactor technology is similarly beginning to converge with the development of novel
living scaffolds. Bioreactors are devices engineered to mimic a specific physiological
environment for the purpose of influencing the growth of cells or tissue [93]. Bioreactors
may guide or control the growth of cells through the use of mechanical, electrical,
biological, or chemical stimuli. In particular, it is expected that electrical conditioning will
be used to impact the function of neural cells in living scaffolds for neuroregeneration. It
was shown that exogenous electrical activity generated by piezoelectric substrates resulted in
increased neurite length and branching complexity of rat spinal cord neurons [94]. Likewise,
it was shown that the application of an electrical field induced preferential directionality to
neurite outgrowth [95] Additionally, electrical stimulation has been seen to play a significant
role in fate determination of stem cells [96]. Once the consequences of various stimulation
paradigms are better understood, it is likely these signals will be incorporated into
bioreactors to condition living scaffolds for enhanced performance /n vivo.

Novel fabrication methods, including 3-D printing and “cell electrospinning,” are also being
utilized to generate living scaffolds. 3-D printing has the capacity to integrate proteins,
growth factors, biomaterial, and live cells into a singular scaffold with increased control over
deposition location and amount. Therefore, 3-D printing can fabricate anisotropic scaffolds
that more closely mimic /n vivotissue [97]. However, few neuronal cell types have been
tested in 3-D printers, and there is widespread concern regarding the potentially harmful
vibration frequencies and power levels used in various printers. Lorber et al. recently found
that the viabilities of piezoelectric inkjet-printed retinal ganglia and glial cells were
significantly reduced in comparison to controls [98]. Within the last decade, researchers
have also used “cell electros-pinning” to generate fibers containing cells for use in living
scaffolds. While these fibers can be fabricated with anisotropic properties, it remains unclear
how the process influences cell gene expression [99]. To date, living neurons and glia have
yet to be incorporated into electrospun fibers for regeneration therapies. Thus, although 3-D
printing and cell electrospinning hold great promise for neural tissue engineering
applications, further characterization of their effects on cell viability and gene expression is
necessary.

In the future, living scaffolds may also be used as interfaces between the nervous system and
machines. One of the greatest obstacles facing neural interface technology is the immune
response elicited by implanted electrodes. An immune response generally results in fibrous
encapsulation of the electrodes and, ultimately, the attenuation of signal transmittance.
Living scaffolds may be able to prevent an immune response by acting as biological
intermediates between the body and the electrodes. In this case, the body would only
perceive the biological portion of the interface, while the living scaffold would interact
directly with the electrodes [100,101].

Finally, once the mechanisms that lead to successful neuroregeneration are fully understood
they could be recapitulated onto acellular biomaterials to fabricate a universal, cost-efficient
scaffold. For example, the CAMs responsible for nerve guidance could be presented in the
appropriate pattern on a biomaterial with the correct mechanical properties, such as stiffness,
fiber diameter, etc. Neurotrophic factors could be loaded into the scaffold at varying
distances to create a gradient for controlled release that would promote axon guidance and
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regeneration. Although a biomimetic, acellular scaffold presents many benefits, it is unlikely
that it would match the advantages, ability, and robustness of the “living scaffold” defined
herein.

12. Summary

Directed axon growth and cell migration along pathways formed by other cells is a common
tactic in nervous system development. Indeed, this concept has long been appreciated in
developmental neurobiology as crucial to the proper formation of the nervous system,
including necessary axonal connectivity and localization of cellular constituents. However,
only recently has this idea been embraced as a strategy to facilitate nervous system
regeneration by the relatively new field of neural tissue engineering. Tissue engineers are
growing cells and creating living constructs with specific geometrical, mechanical, and
biological cues to allow for targeted and orchestrated neural tissue regeneration across three-
dimensional space. Although there are significant challenges to implementation, this
approach is extremely promising for neuroregenerative medicine and may ultimately
facilitate functional recovery for a number of currently intractable neurotrauma and
neurodegenerative diseases.
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Strategies for Directed Axon Regeneration Along Tissue Engineered Living Scaffolds

A. Direct axon-mediated axonal regeneration across
tissue engineered constructs consisting of aligned
axonal tracts:

Soluble
factors

Host neurons with regenerating axons _ _
Regenerating

host axon

Living scaffold: aligned axonal tracts
Soluble

B. Direct glial-mediated axon regeneration along tissue factors

engineered constructs with aligned astrocytes:
Regenerating

Host neurons with regenerating axons host axon

Living scaffold: aligned astrocytic somata & processes

Fig. 1.

St?uctural and soluble cues directing axonal outgrowth along “living scaffolds”. (A) Axon
growth is directed along existing axonal tracts (“pioneer” axons in development or tissue
engineered axonal tracts in regeneration) due to a combination of a precise spatial
presentation of cell-adhesion molecules (CAMSs) and the intimate presentation of secreted
chemotactic and neurotrophic factors. (B) Axon guidance may also progress along aligned
astrocytic somata and processes, where the presentation and/or gradients of CAMS,
extracellular matrix constituents, and secreted neurotrophic factors promote axon guidance.
Similarly, “living scaffolds” may also be applied to facilitate and direct cell migration to
reconstruct complex neural tissue structure (not shown).
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Fig. 2.

Gﬁal and neuronal alignment in engineered 3-D microsystems /n Vitro. Neuronal-astrocytic
co-cultures formed in 3-D around engineered micro-towers (250 um tall, 200 um diameter).
(A) Across the top 200 um of these cultures, neural cells expressing green fluorescent
protein (GFP) and astrocytic processes (glial-fibrillary acidic protein; red) coalesced into
discrete tracts spanning the cellular populations directly adhered to the micro-towers. (B) In
this system, neurons (GFP+) grew in alignment with long astrocytic processes (GFAP+; red)
spanning the micro-towers. Adapted from [43].
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Fig. 3.
A living scaffold in nervous system development. Axon growth directly along “pioneer”

axons that previously reached the appropriate target. Scanning electron micrograph of a
cross-section of the posterior commissure in an embryo (41% of the way through gestation).
Several discrete axon bundles are shown crossing in the posterior commissure (center of
image). A black arrowhead indicates the previously formed bundle over which the growing
axons travel. A white arrow indicates the axon bundle in the lateral neuropil upon which the
various growth cones diverge and extend in the ganglionic connectives. Scale bar:20 um.
Reproduced with permission from [9].
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Fig. 4.
Tissue engineered constructs with aligned astrocytes. (A) Astrocytes expressing green

fluorescent protein (GFP) grown in plastic compressed collagen constructs survived and
maintained alignment within the matrix. (B—D) Confocal micrographs of aligned astrocytic
constructs in co-culture with DRG neurons. Neurites stained for B-tubulin I11 (red) could be
seen extending along GFP* astrocyte processes. This demonstrated that neurite outgrowth
was guided by aligned astrocytes in these implantable constructs. Scale bars: 25 pm.
Reproduced with permission from [65].
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neuronal somata
restricted to
both ends

biaxial axonal
projections through
microconduit inlerior

Fig. 5.
Micro-tissue engineered neural networks (Micro-TENNS) consisting of aligned axons and/or

glia for CNS repair. We have developed “micro-TENNSs”, which are miniature, living,
preformed constructs grown /n vitro that consist of discrete neuronal population(s) spanned
by long axonal tracts. These living micro-TENNS reconstitute the neuroanatomy of brain
pathways, and therefore may be used to physically reconstruct lost or dysfunctional neural
circuits. (A-D) Confocal reconstructions of micro-TENNS labeled via immunocytochemistry
to denote neuronal somata/axons (B-tubulin I11; green), cell nuclei (Hoechst; blue), and glial
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somata/processes (glial-fibrillary acidic protein; red) at 7 days /n vitro. (A) Axons projected
longitudinally into the construct core, (B) while both neuronal and glial (when present)
somata remained in a dense cluster on the end. (C) When glial processes were present, they
also presented aligned 3-D growth, but did not project as far as the axons. (D) Overlay (scale
bar = 100 um). (E) These miniature living scaffolds are designed for minimally invasive
injection into the brain to simultaneously replace neurons and reconstruct long-distance
axonal connections lost due to trauma, stroke, or neurodegenerative disease. Note that while
(A-D) illustrates a unidirectional micro-TENN, (E) depicts the implantation of a bi-
directional micro-TENN. Adapted with permission from [72].
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Fig. 6.

Li?/ing axonal scaffolds for peripheral nerve regeneration. Survival and integration of
implanted living tissue engineered nerve grafts (TENGS) at 6 weeks following
transplantation to bridge excised segments of sciatic nerve in rats. Constructs consisted of
longitudinally aligned axonal tracts (GFP*) generated based on axonal “stretch-growth.” (A)
Longitudinal section of continuous proximal (top) and distal (bottom) nerve across the repair
site (scale bars = 0.5 mm). Note multiple transplanted ganglia on the proximal and distal
ends with aligned axonal tracts spanning those neuronal populations (GFP*). (B)
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Regenerating host axons (neurofilament; red) entered into the proximal end of the constructs
and were not co-localized with GFP. (C) However, host axons (red) across the center of the
grafts were co-localized with GFP* transplanted axons, suggesting host regeneration
occurred along the transplanted axonal tracts. (D) A subset of GFP* TENGs were
transplanted across the excised sciatic nerve in transgenic rats expressing alkaline
phosphatase (AP; red). Here, neurites from transplanted neurons (GFP*, short arrow) were
observed in intimate contact with axons from the host (AP*, arrow heads) and were often
intertwined (long arrows). These observations suggested that host axonal regeneration
occurred directly along the living scaffold of aligned axonal tracts presented by TENGs.
Adapted with permission from [56].
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