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Abstract

Trauma to either the central or peripheral nervous system often leads to significant loss of function
and disability in patients. This high rate of long-term disability is due to the overall limited
regenerative potential of nervous tissue, even though the peripheral nervous system (PNS) has
more regenerative potential than the central nervous system (CNS). The supporting glial cells in
the periphery, Schwann cells, are part of the reason for the improved recovery observed in the
PNS. In the CNS, the glial populations, astrocytes and oligodendrocytes, do not have as much
potential to promote regeneration and are at times inhibitory to neuronal growth. In particular, the
inhibitory roles astrocytes play following trauma has led to a historical focus on neurons and
oligodendrocytes instead of astrocytes. Recently, this focus has shifted as new, regenerative
astrocyte phenotypes have been described. From these observations, glial cells clearly play critical
roles in native recovery pathways in both the CNS and PNS. This makes the ability to manipulate
both transplanted and native glial cell phenotypes a potentially successful strategy to improve
nerve injury outcomes. This review focuses on factors that cause glial cells to adopt repair
phenotypes and biomaterials that manipulate and/or harness these glial phenotypes.
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Introduction

Central and peripheral nerve trauma leads to a significant burden for patients due to the
long-term loss of function that often results from these injuries. Nervous system injuries also
have a high lifetime cost for patients because loss of function often leads to some level of
disability that can be lifelong, particularly in the case of CNS injury. Peripheral nerve trauma
is a relatively common injury, with about 100,000 cases annually in the United States and
Europe and, despite the higher regeneration capacity of the peripheral system, repair
surgeries are frequently not successful [1]. In the central nervous system (CNS), the most
common form of injury is stroke, which represents the most common cause of disability in
the world [2]. Another, significantly less common, form of CNS injury is spinal cord injury
(SCI) with an annual incidence of 17,000 new cases a year in the United States with an
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estimated 243,000 to 347,000 Americans living with chronic SCI [3]. Due to the extreme
long-term burden on patients, there is significant interest in the development of novel
biomaterials and strategies to improve clinical outcomes from nervous system injuries.
These strategies have focused on numerous modalities to improve neuronal growth including
removal of inhibitory molecules, growth factor delivery, cell replacement therapies, and
combinations of these approaches [4,5]. There, however, has been relatively little focus on
the roles played by glial cells in neural regeneration, especially within the CNS.

Glia perform many important functions to support neurons within both the PNS and CNS.
This review focuses on astrocytes, and oligodendrocytes (OLs) with some discussion of
Schwann Cells (SCs) as well due to their higher native regenerative support. In the CNS,
astrocytes are responsible for maintenance of the blood-brain barrier, disposal of toxic
metabolites by neurons, signal transduction through tripartite synapses, and water
homeostasis; and, OLs are responsible for myelination of the axons. In the PNS, SCs, which
are generally divided into either myelinating or non-myelinating populations, are the major
glial cell population and are responsible for both myelination and trophic support of axons.
The higher regenerative potential of the PNS has been attributed to the ability of SCs to
dedifferentiate into a pro-repair phenotype following injury [6]. In contrast to this
recognized regenerative role of SCs, astrocytes have been historically thought to be
predominantly inhibitory to nerve growth after injury. Recently; however, there is a growing
body of work that shows astrocytes are necessary for recovery following SCI [7,8]. In
contrast to astrocytes, the capacity for OLs to improve recovery following trauma has been
much more extensively studied via cell transplantation studies that have found that human
iPSCs and ESCs can be pre-differentiated into oligodendrocyte precursors (OPCs), and that
these cells are able to promote myelination of spared, demyelinated fibers following SCI
[9,10]. This review focuses on what is known of the pro-regenerative roles played by
different glial cell phenotypes in central nervous system repair, and biomaterials that are
designed to harness or manipulate these phenotypes.

Role of Schwann Cell Phenotypes in PNS Regeneration

It is important to consider the role of SCs in PNS regeneration since the significantly greater
capacity for PNS repair is generally attributed to SCs. SCs are generally divided into either
myelinating or non-myelinating populations, and have a well-defined, pro-regenerative
response to injury. In the context of nerve trauma, SCs distal to the injury from both
populations de-differentiate and adopt a pro-repair phenotype, sometimes called a Blingner
SC. This phenotypic switch is dependent on the transcription factor c-Jun and is
characterized by the suppression of myelin genes and the activation of trophic factors that
support neurite extension. The dynamics of this SC phenotypic switch is nicely review by
Jessen and Mirsky [6]. Following c-Jun-driven dedifferentiation, remyelination of the
regenerated peripheral axons occurs in response to neuron-derived neuregulin-1 (NRG1)-
type Il binding to ErbB2 and ErbB3 receptors on the repair SCs [11]. The roles of different
NRG1 isoforms in this remyelination process is reviewed by Gambarotta et a/. [12]. This
same repair pathway is believed to largely be absent in OL and astrocytes, leading to the
decreased regenerative potential of the CNS. However, NRG1 has also be associated with
the limited amount of remyelination that occurs following SCI, suggesting some similar
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regenerative pathways do exist centrally, even though they are harder to activate [13]. It is an
area of interest in current CNS therapies to find ways to activate these OL and astrocyte
regenerative pathways.

In addition to the well-defined SC repair program described above, it has been observed that
there is a phenotypic preference for sensory neurons to grow on sensory SCs and motor
neurons to grow on motor SCs. This effect was first observed in femoral nerve injury, where
axons would regenerate specifically to either motor or sensory targets, even if an intentional
mismatch was created [14]. Further investigation revealed that this targeting specificity was
partially tied to SC phenotype with motor neurons extending longer neurites over motor
SCs, while sensory neurons extended longer neurites over sensory SCs [15,16].
Considerably less is known about what causes these functional differences between sensory
and motor SCs, making this an area of active investigation since many peripheral nerve
grafts have a sensory/motor mismatch. What is known is that both sensory and motor SCs
can differentiate away from the repair SC phenotype into myelinating (or non-myelinating)
SCs in vitro through the use of glial-derived neurotrophic factor (GDNF) signaling via Fyn
kinase [17]. Furthermore, it has been demonstrated that SCs maintain their motor/sensory
phenotypic identity /n vitro, even without the presence of axons; however, GDNF treatment
prior to the introduction of neurons can be used to mitigate this effect in the case of a
mismatch between axon and SC [18].

These differences between motor and sensory SCs in terms of neuronal support has been
successfully mimicked with acellular materials. Specifically, the combination of collagen
and laminin matrix along with nerve growth factor and neurotrophin-3 containing
poly(lactic-co-glycolic acid) (PLGA) microspheres specifically increased the regeneration of
sensory neurons and improved sensory recovery. In contrast, collagen and fibronectin with
brain-derived neurotrophic factor in PLGA microspheres preferentially increased the
regeneration of motor neurons and enhanced motor recovery following a sciatic nerve
transection [19]. The use of acellular material systems is particularly appealing for clinical
translation since these materials do not require patients to receive immune suppression,
thereby eliminating many complications and contraindications. Hopefully, as the defining
features of the different reactive astrocyte populations and OLs are elucidated, similar
approaches can be used for CNS injury treatment, although the presence of multiple glia cell
types within the CNS significantly complicates regeneration.

Role of Astrocyte Phenotypes in CNS Regeneration

There are many different astrocyte subpopulations found in different CNS regions that
support normal neuronal function. Following trauma, astrocytes become reactive and
participate in the formation of a glial scar that has historically been thought to be a primary
inhibitor of CNS regeneration. The concept of astrocytes as inhibitors of regeneration is
supported by the physical barrier created by astrocyte processes [20,21], as well as astrocytic
production of molecules (e.g. chondroitin sulfate proteoglycans (CSPGs)) that are inhibitory
to neuronal growth [22]. In order to remove astrocyte-associated inhibitory effects, astrocyte
reactivity was knocked-out in mice prior to SCI. Astrocyte knockout, either via vimentin and
glial fibrillary acidic protein (GFAP) double knock out or conditional knockout of STAT3 (a
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required factor for astrocyte reactivity) in astrocytes, was found to increase the size of the
SCI lesion cavity and increase immune cell infiltration [23,24]. Similarly, GFAP (-/-)
Vimentin (=/-) mice that have attenuated astrocyte reactivity have been found to have worse
functional recovery following cerebral cortical stroke [25].

Since astrocytes clearly serve an important role in limiting secondary injury immediately
following CNS injury, delayed astrocyte ablation was performed using a GFAP-driven
thymidine kinase and ganciclovir injections. However, even in the case of delayed ablation,
the lack of astrocytes led to decreased functional recovery [7,26]. These knockout studies
suggest that astrocytes play a role in the formation of the inhibitory scar, and a role in the
creation of an environment that is permissive to axon regeneration. The concept of pro-
regenerative astrocytes is supported by the observation that neurites within a SCI lesion
often co-localize with “GFAP™ bridge” in both mice [27] and zebrafish [28]. Overall these
recent studies suggest that astrocytes are an overlooked cell population that plays a key role
in promoting recovery following SCI.

Variability in Astrocyte Reactivity

One explanation of the observed duality in astrocytic roles following SCI is that different
reactive astrocyte populations are involved in scar formation versus bridge formation. This
hypothesis is supported by the inherent heterogeneity of astrocytes [29], and the known
differences in the role and function of different astrocyte subpopulations within brain regions
[30]. In support of the idea that there is heterogeneity in astrocyte reactivity, it has been
observed that astrocyte gene expression changes depending on whether the CNS insult was
ischemic or inflammatory. Ischemic injury has been found to lead pro-regenerative reactive
astrocytes, while inflammatory insults leads to inhibitory reactive astrocytes [31]. This
injury type-dependent reactivity has led to the concept that astrocytes may have two types of
reactive polarization, similar to macrophages and microglia, which have been termed Al or
AZ2 reactive astrocytes. Al (pro-inflammatory) astrocytes have “harmful” functions, such as
synapse destruction, while A2 reactive astrocytes have “helpful” (pro-regenerative)
functions. The heterogeneity of astrocyte reactivity is a newly appreciated concept and has
been reviewed by Liddelow and Barres [32].

In addition to the differences in astrocyte reactivity depending on insult, it has also been
found that different brain regions behave differently in response to injury. While there are
many astrocyte subtypes in the CNS, astrocytes can be broadly defined as either fibrous
(found in white matter) or protoplasmic (found in grey matter). Interestingly, studies looking
at the reactivity of white matter and grey matter astrocytes following CNS injury have found
significant differences in how astrocyte morphology changes in response to injury. Optic
nerve crush and corpus callosum injury studies have shown that fibrous astrocytes initially
retract their processes following insult and then re-extend them leading to a significant
increase in the area covered by each astrocyte. This process re-extension and hypertrophy
leads to significant process overlap, which disrupts the normal lamellar structure of the
white matter [20]. In contrast to this, filling studies performed on resting and reactive
protoplasmic astrocytes show that reactive protoplasmic astrocytes exhibit some process
hypertrophy, but they do not have increased overlap between adjacent astrocytes [33]. These
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observations together suggest that fibrous astrocytes are more involved in the creation of the
physical barrier found in the glial scar environment, and that potentially a subset of
protoplasmic astrocytes may be responsible for the formation of GFAP* bridges across
lesion cavities.

Astrocyte reactivity can also be directly manipulated to increase the presence of pro-
regenerative astrocytes with growth factors and other signaling molecules. Metallothionein is
one such factor that has been shown to induce astrocytes to become more pro-regenerative
through both intracellular and extracellular actions [34]. Furthermore, delivery of
metallothionein has been found to improve neuronal regeneration following an optic nerve
crush injury [35]. Endogenous glial cells can also be manipulated by fibroblast growth factor
2 (FGF-2). Studies in both mice and zebrafish have shown that FGF-2 signaling facilitates
glial bridge formation following SCI [28,36]. In addition, knockout of spry4, a FGF
signaling inhibitor, has been found to reduce inflammatory response and decrease gliosis
following SCI [37]. FGF-2 within lipid microtubules has been incorporated into collagen-
based hydrogels leading to increased astrocyte infiltration into hydrogels /in vitro [38].

There is evidence that astrocytes exhibit plasticity of their reactive phenotype based on the
local environment. Astrocytes transplanted acutely into an SCI lesion, but not healthy spinal
cord, have been shown to adopt an inhibitory phenotype. This phenotypic switch has been
shown to be dependent on integrin-binding to collagen | within the scar. Inhibition of
collagen I binding with an anti-B1 integrin antibody leads to increase axon penetration into
the SCI lesion and improved behavioral recovery following a spinal cord contusion injury in
mice [39].

Consistent with the classification of reactive astrocytes using the same system as
macrophages, astrocytes express receptors and cytokines that are associated with the
immune system. In particular, astrocytes are known to express toll-like receptor 4 (TLR4),
suggesting a pathway for activation in response to lipopolysaccharide (LPS) [40]. Loss-of-
function and gain-of-function studies of TLR4 and triggering receptor expressed on myeloid
cells-2 (TERM-2), a negative regulator of TLR signaling, have shown that increased TLR4
activation with LPS increases pro-inflammatory gene expression by astrocytes. In contrast,
increased TERM-2 signaling has been found to modulate this response by decreasing NF-xB
activation, suggesting that NF-xB signaling could be an important regulator of pro-
inflammatory astrocytes [41].

Astrocytes are also known to upregulate interleukin receptors in response to injury and to
express some interleukins. Because of these expression profiles, it stands to reason that
interactions with immune cells and their secreted factors may alter astrocyte phenotype. Two
interleukins that have been extensively studied in astrocyte phenotype manipulation are I1L-6
and IL-10. IL-6 is a pro-inflammatory cytokine that modulates CNS inflammation. IL-6 is
produced by astrocytes after injury or infection [42], and the presence of IL-6 has been
associated with astrocyte proliferation and scar formation, as well as immune cell infiltration
in the acute phase following injury [43]. There is also evidence that in the subacute phase of
SCl injury, IL-6 expression has pro-regenerative effects, suggesting a duality of roles for this
molecule [44]. In contrast, IL-10 is an anti-inflammatory cytokine that is important for the
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resolution of the immune response throughout the body. In the context on CNS injury, I1L-10
has been delivered intrathecally and intramuscularly to improve functional recovery [45].
Furthermore, astrocyte-specific production of IL-10 has been shown to increase immune cell
infiltration, but also increases motor neuron survival following a facial nerve axotomy [46].
There has been some work using flavopiridol, a cell-cycle inhibitor, as a way to alter the
interleukin expression from astrocytes. In particular, flavopiridol delivery from PLGA
nanoparticles was found to reduce astrocytic synthesis of pro-inflammatory cytokines,
including IL-6, as well as increasing astrocyte-based IL-10 expression [47]. These
observations of the astrocytic roles in immunomodulation suggest that anti-inflammatory
signaling cascades used to alter the immune response in other organ systems may be able to
alter reactive astrocyte phenotypes as well. Overall the manipulation of astrocyte
heterogeneity is still being actively investigated and hold great potential to harness
astrocytes as a regenerative population. The factors discussed here that have been found to
alter reactive astrocyte phenotype are summarized in Figure 1.

Astrocyte Phenotype Affects Transplant Outcomes

The inherent functional differences between astrocyte subtypes have also been observed in
SCI transplant studies. Glial restricted progenitors (GRPSs) are a population of primary cells
that can differentiate into either fibrous or protoplasmic astrocytes as well as OLs, but not
neurons [48]. These cells have been successfully isolated from mouse, rat, and human
embryonic spinal cords. Pre-differentiation of these cells into astrocytes using FGF-2, bone
morphogenetic protein 4 (BMP-4) and N2 media supplement showed improved recovery of
when compared to the transplantation of undifferentiated GRPs in a right-sided cervical
hemisection SCI [49,50]. These BMP-4 differentiated astrocytes have a protoplasmic-like
phenotype. Interestingly, when GRPs were pre-differentiated into fibrous-like astrocytes
using ciliary neurotrophic factor (CNTF), they have a detrimental effect on recovery leading
to decreased axon penetration into the injury site and increased allodynia [51,52]. Similar to
other studies using primary cells, there has been heterogeneity in these findings, likely due
to variations in the methods used, that affects the outcome of transplantation. When the cells
are in a more immature state, transplantation of GRP-derived astrocytes has been found to
improve axon penetration into the injury site, regardless of phenotype at the time of
transplantation [53]. Further investigation of these GRP populations has demonstrated that
one factor responsible for these observed functional difference is periostin-1, which is
produced by BMP-4 exposed astrocytes, but not CNTF-exposed astrocytes [54]. Overall
there is significant promise in astrocyte-based therapies, but there is much left to be
elucidated in terms of the reactive states of different astrocyte subtypes and how different
astrocyte subtypes effect axon growth and regenerative potential [55].

Role of Oligodendrocytes in CNS repair

OLs are the other primary glial population within the CNS and are responsible for the
myelination of CNS axons. Myelination is the final step of recovery in the PNS and is
critical for appropriate transmission of action potentials and protection of the axons. For
these reasons, central glial transplantation studies have largely focused on OLs in order to
increase the myelination of the axons that are able to grow into the lesion cavity. Native
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remyelination in the CNS is more difficult to achieve than in the PNS because mature OLs,
unlike SCs, lack the capacity to produce new myelin sheaths [56]. This means that central
remyelination must be carried out by dividing and differentiating oligodendrocyte precursor
cells (OPCs), or infiltrating SCs [57,58]. There has been some work looking to how to
activate local remyelination pathways without requiring cell transplantation. One interesting
finding is that treatment of the spinal cord with a synthetic TLR4 agonist (E6020)
accelerated myelin debris clearance and remyelination following a demyelinating injury with
lysolecithin. This data shows that there is a clear role of macrophage activation in
remyelination, and it is also worth noting that astrocytes express TLR4 so they may also
play a role [59].

Unfortunately, there are not many native OPCs and their migration distance is limited [60],
so transplantation of OPCs and control of their differentiation /7 vivo has been heavily
explored. OPCs themselves do not produce myelin, so they must be differentiated into
mature, myelinating OLs. Unfortunately, OLs have proven more difficult to differentiate
from stem cells or progenitors than either astrocytes or neurons and transplantation of OPCs
alone is insufficient for myelin production. Thus, to facilitate myelination, different
biomaterials and growth factor cocktails have been tested. The ability of different materials
to support OL differentiation and myelination has been reviewed by Russell and Lampe [61].
In particular, myelination has been observed 7 vivo following transplantation of fibrin gels
[62], heparin-modified PLGA bridges [63], or HA and gelatin crosslinked by polyethylene
glycol (PEG) diacrylate [64].

Primary OPCs have been transplanted, after having been cultured and modified to express
ciliary neurotrophic factor, and were found to improved functional recovery and remyelinate
the axons [65]. Similarly, it has been found that human induced pluripotent stem cells can be
pre-differentiated into OPCs and that those cells are able to promote myelination following a
thoracic contusion SCI [9]. Likewise, human embryonic stem cells (hESCs) can be
differentiated into OPCs and have been found to improve remyelination and functional
repair following contusion or complete transection SCI [10,66]. Extensive study of these
hESC-derived OPCs has indicated that they are safe for clinical trial [67], which has led to
an ongoing Phase I/11 clinical trial sponsored by Asterias Biotherapeutics that has reported
promising initial efficacy data [68]. Despite these early successes with this OPC population
in humans, it is worth noting that a review of all SCI treatment studies using rodent-derived
remyelinating populations found that there is significant inconsistencies in recovery
findings, showing that more work is needed on understanding and manipulating myelinating
glia populations [69].

Biomaterial Manipulation of Glial Phenotypes

Given the complexities of glial cell response to trauma, with some glia providing a pro-
regenerative support and others tending to inhibit regeneration, there is significant potential
benefit to use materials to manipulate the phenotypes of both transplanted and native glia.
The major approaches used for these manipulations are modifying the mechanical
properties, composition, growth factor delivery, and alignment of the materials. Here what is
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known about how these biomaterial factors affect the phenotype and differentiation of the
major CNS glial populations is discussed.

Material Properties affecting cell fate

Matrix stiffness is a powerful tool for the manipulation of cell phenotype and the
differentiation of neural progenitor cells (NPCs). NPCs have been shown to differentiate into
OLs and neurons on softer HA-methacrylate hydrogels (3 kPa compressive bulk modulus)
and generally differentiate into astrocytes on stiffer matrices (5 kPa compressive bulk
modulus) [70]. Matrix elasticity has also been found to alter NPC differentiation on
methacrylamide chitosan with increased astrocytic and neuronal differentiation observed on
materials with Young’s moduli <1 kPa, while materials with 7 kPa moduli demonstrate
decreased neuronal and astrocytic differentiation and increased OL differentiation, but not
maturation [71]. In addition to OL differentiation being dependent on matrix stiffness,
myelination by either SCs or OLs is affected by matrix elasticity with low elasticity matrices
(1.5 kPa elastic modulus) allowing for increased myelin production by OLs with /n vivo OL
process extension and myelin production observed to be increased in HA gelatin hydrogels
with Young’s moduli of 13.8 Pa [64,72] In contrast, high matrix elasticity (30 kPa elastic
modulus) increases SC myelin production [72]. These elasticity differences are the result of
non-muscle myosin Il which has been found to be a positive myelin regulator in the PNS,
but a negative myelin regulator in the CNS [72,73]. These studies demonstrate that material
properties are an important consideration when designing scaffolds for either the CNS or
PNS.

Consistent with the observation that material properties affect NPC differentiation, there is
also evidence that integrin signaling is important for astrocytic differentiation from neural
progenitor populations. In particular, the exposure of NPCs to IKVAV peptide amphiphile
(IKVAV-PA) has been shown to increase neuronal differentiation and decrease astrocyte
differentiation [74]. IKVAV is a short peptide sequence from the C-terminal of laminin al
that represents one of the primary functional sites of laminin, and this sequence has been
found to promote cell adhesion and neurite outgrowth [75]. This functionality of the IKVAV
peptide, demonstrates the importance of ECM in NPC differentiation, and the amphiphile
structure used for presentation of the peptides allows for a significant increase in epitope
density. Delivery of IKVAV-PA has also been shown to decrease glial scar density, and
increase oligodendrocyte infiltration following a compressive SCI in mice [76]. The
observed effect of IKVAV-PA particles has been partially attributed to p1-integrin signaling
with both ESCs and subventricular zone NPCs demonstrating increased astrocyte
differentiation in the presence of IKVAV when B1-integrin is knocked out. The importance
of Bl-integrin signaling in functional recovery following SCI is further suggested by
observed behavioral improvements in mice treated with 2 other integrin binding peptide
amphiphiles, RGD-PA or ADEGVFDNFVLK (Tenascin C)-PA [77].

Materials that increase oligodendrocyte myelination following CNS trauma

Since myelination is a critical step in recovery from nervous system trauma, the ability of
implanted materials to increase the percent of myelinated fibers could have significant
clinical utility. Since remyelination occurs late following SCI and native OLs don’t have a
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high capacity for remyelination, the ability of materials to promote local remyelination /in
vivo has not been extensively studied. A comparative study of different substrates effect on
myelination /n vitro by myelinating cultures composed of primary cells isolated from E15
rat spinal cords found that low molecular weight e-polycaprolactone (PCL) increased
myelination compared to polycarbonate, poly(methyl) methacrylate, polystyrene, poly-L-
lactide, polydimethylsiloxane, and high molecular weight PCL. These studies also showed a
clear effect on astrocyte phenotype on myelination with media conditioned by astrocytes
cultured on PCL decreasing OL myelination, while media conditioned by astrocytes cultured
on glass increased OL myelination [78]. This suggests that astrocyte phenotype should be
considered when designing materials to increase remyelination following CNS injury and
that the myelination observed in this study may be secondary to astrocyte phenotype
alteration. Electrospun PCL has also been found to increase /in vitro differentiation and
myelination by OPCs. Furthermore, the use of PCL-gelatin nanofibers was found to increase
the percentage of myelin wrapped fibers /n vitro[79]. In the context of PNS injury, it has
been observed that the implantation of electrospun PCL-PLGA conduits into a 10 mm
sciatic nerve gap increased myelination and collagen 1V deposition within the injury and
improved behavioral recovery [80]. Further work is required to determine what mechanism
explains these observed effects of PCL on both SC and OL myelination.

There have been some acellular /n vivo implantation studies that have shown increased
myelin production. One strategy is to deliver sonic hedgehog (SHH) and neurotrophin-3
(NT-3). These factors were delivered following a lateral hemisection SCI using lentivirus
within a multiple channel bridge composed of PLGA. The inclusion of NT-3 was found to
increase myelination by infiltrating SCs, while SHH over-expression significantly increased
OL myelination [63]. Another material found to increase myelination is a Chitosan
Fragmented Physical Hydrogel suspension (Chitosan-FPHS). This material was found to
increase myelination in rats at 4, 8 and 10 weeks after a dorsal overhemisection SCI from
both SCs and OLs. Interestingly, the OL myelination observed in this study was restricted to
regions in which astrocytes were able to infiltrate the Chitosan-FPHS [81]. The materials
that have been found to affect myelination and OL phenotype/differentiation are summarized
in Figure 2.

Materials that Alter Astrocyte Phenotypes

Astrocyte phenotype and penetration is an important consideration for CNS repair materials
since astrocytes are known to support neuronal growth and to be required for the survival of
certain neuronal populations. It has been found in many biomaterials that neuronal growth
into the material is correlated with astrocytes or their processes [82,83]. Thus, it is crucial to
consider astrocytic response to transplanted materials and how to push native astrocytes
away from a scar phenotype toward a more pro-regenerative state. One material that has
been shown to limit inhibitory astrocyte formation is high molecular weight (MW)
hyaluronic acid (HA). Acute transplant of high MW HA following dorsal hemisection SCI
decreased immune cell infiltration and CSPG deposition [84]. The same is not true of small
(40-400 kDa) HA chains, which have been shown to activate NF-xB in astrocytes and so
upregulate inhibitory reactive astrocytes [85]. Similar to this observation with HA,
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implantation of fibrin scaffolds has also be found to slow the accumulation of reactive
astrocytes around a SCI lesion [62].

Matrix alignment has been shown to be a powerful tool in glial manipulations with glia cells,
and neurons, aligning to a provided matrix. Unfortunately, alignment is extremely difficult to
achieve /in vivo, so much of what is known about alignment effects is based on /n vitro data.
Aligned cell morphology has been shown to result in increased neurite outgrowth in both 2
and 3 dimensions [86,87]. Furthermore it has been shown that, when aligned, astrocytes
enhance neuronal growth [88]. In addition, randomly-aligned, electrospun polyamide
nanofibers have been found to decrease astrocyte process hypertrophy and GFAP expression
in vitro compared to poly-L-lysine on either glass or Aclar when exposed to an
inflammatory stimulus (dibutyryladenosin cyclic monophosphate) [89,90]. This suggests
that astrocytes may adopt a more quiescent phenotype when on a fibrillar surface /in vitro,
regardless of alignment.

Since electrospinning can be used to generate alignment, the benefit of fibrillar matrices and
alignment has been widely used material starting point for astrocyte manipulations /n vitro.
Study of astrocytes cultured on aligned collagen fibers /n vitro have found that astrocytes in
an aligned environment decrease expression of GFAP, a hallmark of astrocyte reactivity, and
elongated in the direction of alignment. Furthermore, these structures could be rolled into
3D conduits that maintain their alignment growth benefits [91]. Further manipulation of
collagen fibers with other matrix proteins can be used to improve astrocyte alignment and
decrease the expression of CSPGs, a major class of inhibitory proteins. In particular,
fibrinogen coating significantly increased alignment with collagen fibers, while aggrecan,
laminin, and fibrinogen, but not fibronectin decreased CSPG expression of cultured
astrocytes [92].

Astrocytes cultured on aligned PLLA materials have also been found to elongated and
upregulate the two major glutamate transporters, glutamate transporter 1 (GLT-1) and
glutamate and aspartate transporter 1 (GLAST) [93]. The presence of these transporters is
important to the support of excitatory, glutamatergic neurons that are unable to process
glutamate, which leads to excitotoxicity. In addition to alignment effects, fiber size also
impacts astrocyte phenotypes with 400 nm silk fibers inducing longer astrocyte process
extension, increased area per astrocyte, and improved neuronal maturation when compared
to 1200 nm fibers [94]. Increasing the stiffness of 400 nm cellulose acetate nanofibers from
a tensile modulus of around 24 MPa to around 80 MPa resulted in an increase in astrocyte
attachment, proliferation, and ECM deposition [95]. It is important to note that alignment is
difficult to achieve in an implantation setting, and so the clinical utility of alignment is
currently limited. However, randomly aligned, coated electrospun fibers could have
significant potential as a strategy to manipulate glial populations. Electrospun, randomly
aligned PCL scaffolds have been seeded with human endometrial stem cells and transplanted
following dorsal hemisection in rats. The PCL scaffold implant was found to slightly
increase neurite growth into the SCI lesion, demonstrating the potential of electrospun
scaffolds [96]. The material effects on astrocyte reactivity discussed here are summarized in
Table 1. There is still significantly more work required to fully define how astrocyte
reactivity is regulated and how to promote pro-regenerative astrocytes following injury.
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Concluding

Remarks

Glia are the primary supportive cells of the CNS and PNS and so represent a powerful tool
in efforts to increase the support provided by transplanted materials to neurons following
nervous system injury. Recent work has demonstrated that there is significant heterogeneity
in glial responses to injury, with some glia being better suited to promoting regeneration
than others. The manipulation of these glial phenotypes represents a wide new area for novel
biomaterial approaches to explore.
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Figure 1. Factorsfound to alter reactive astrocyte phenotype
Recent work has demonstrated that heterogeneity exists with astrocytes following trauma

with some factors causing inhibitory astrocytes with overlapping processes to develop and
others cause a pro-regenerative population to arise.
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Figure 2. Materials Altering Oligodendrocyte Differentiation and Myelination
The materials known to impact OPC differentiation (left side) are drawn from Russell and

Lampe [61]. Materials promoting oligodendrocyte myelination (right side) focuses on
acellular implantation studies.
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Table 1
Materials found to Alter Astrocyte Reactivity

Material Astrocyte Effect Source

High MW HA in vivo Decreased CSPG [84]

Low MW HA in vivo Increased Axonal Inhibition [85]

Fibrin in vivo Decreased GFAP [62]
Electrospun polyamide Decreased GFAP and process hypertrophy [89,90]

Fibrinogen coated aligned collagen fibers Decreased CSPG and GFAP [92]

Smaller fiber diameter Longer processes, improve neuronal maturation [94]

Increased matrix stiffness Increased ECM deposition and proliferation [95]
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