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Abstract
Over several decades, biomaterial scientists have developed 
materials to spur axonal regeneration and limit secondary 
injury and tested these materials within preclinical animal 
models. Rarely, though, are astrocytes examined compre-
hensively when biomaterials are placed into the injury site. 
Astrocytes support neuronal function in the central nervous 
system. Following an injury, astrocytes undergo reactive gli-
osis and create a glial scar. The astrocytic glial scar forms a 
dense barrier which restricts the extension of regenerating 
axons through the injury site. However, there are several 
beneficial effects of the glial scar, including helping to re-
form the blood-brain barrier, limiting the extent of second-
ary injury, and supporting the health of regenerating axons 
near the injury site. This review provides a brief introduction 
to the role of astrocytes in the spinal cord, discusses astro-
cyte phenotypic changes that occur following injury, and 
highlights studies that explored astrocyte changes in re-
sponse to biomaterials tested within in vitro or in vivo envi-

ronments. Overall, we suggest that in order to improve bio-
material designs for spinal cord injury applications, investi-
gators should more thoroughly consider the astrocyte 
response to such designs. © 2018 S. Karger AG, Basel

Introduction

Biomaterial development for repair and regeneration 
of the central nervous system (CNS) is an active area of 
investigation. Biomaterials can locally release therapeu-
tics to the injury site to mitigate inflammation [Haggerty 
et al., 2018], provide neuroprotection [Haggerty and Ou-
dega, 2013], and induce axonal regeneration [Tsintou et 
al., 2015]. Furthermore, scaffolds can be crafted to direct 
the extension of regenerating axons in the white matter 
tracts of the spinal cord [Straley et al., 2010; Schaub et al., 
2016]. While to a large extent biomaterial development 
has focused on neuronal health and axonal regeneration, 
growing evidence suggests astrocytes play a pivotal role 
in supporting and inhibiting regeneration following spi-
nal cord injury (SCI). Thus, future biomaterials crafted 
for the spinal cord will need to not only promote neuronal 
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health and axonal regeneration directly, but also shift as-
trocytes towards a phenotype more conducive to promot-
ing neuronal survival and axonal regeneration through 
astrocyte-mediated mechanisms.

Since the prevailing focus of biomaterial design has 
emphasized the axon or neuron, few have developed bio-
materials to modulate the astrocyte response and subse-
quently thoroughly assessed this response. If astrocytes 
are studied, then the quantification of the expression lev-
els of the cytoskeletal marker glial fibrillary acidic protein 
(GFAP) [Hol and Pekny, 2015] is the most common pa-
rameter evaluated. Biomaterials that increase the expres-
sion of GFAP induce a more reactive astrocyte pheno-
type, which may not favorably support regeneration. 
Conversely, if the biomaterial reduces GFAP expression, 
then the biomaterial is thought to favorably support re-
generation. However, in order to develop more advanced 
biomaterial designs, astrocyte assessment to implanted 
biomaterials must include an in-depth analysis rather 
than relying on analysis of a single cytoskeletal protein. 
As our understanding of astrocyte biology evolves, assess-
ment of the astrocyte response should include a multifac-
eted array of different cytoskeletal proteins, growth fac-
tors, cytokines, extracellular matrix (ECM) molecules, 
ion transporters, and neurotransmitter channels as pos-
sible examples. 

In this review, we focus on describing the normal be-
havior and physiology of astrocytes in uninjured tissue. 
Subsequently, we present a description of astrocyte phe-
notypic changes in response to injury. Then, the focus of 
the review shifts to a biomaterial-centered emphasis. We 
subsequently provide overviews of studies analyzing as-
trocyte response to biomaterials in culture. The review 
then analyzes those studies that place biomaterials into 
preclinical animal models of SCI and assess the astrocyte 
response to these biomaterials. Finally, we suggest those 
interested in developing biomaterials for SCI applications 
incorporate appropriate experiments to also assess the as-
trocyte response to such materials.

Anatomical Structure/Function of Astrocytes in the 
Native, Uninjured CNS and Changes in Astrocyte 
Function following Injury

Astrocyte anatomical structure, organization, and 
function has been very thoroughly reviewed in other pub-
lications [Kimelberg and Nedergaard, 2010; Sofroniew 
and Vinters, 2010]. In this review, we will focus this sec-
tion on astrocyte parameters that would be important in 
designing biomaterials for the spinal cord. These param-
eters include astrocyte structure, function, and changes in 

Table 1. Astrocyte physiological changes in response to injury

Physiological marker Physiological change 
following injury

Consequence of change Reference

Glutamate transporter 
expression

Expression decreases Increased extracellular 
glutamate, leading to 
excitotoxity

Olsen et al., 2010

Connexin 43 expression Expression increases Increased K+ uptake, reducing 
K+ excitotoxicity

Lee et al., 2005

Increased Ca2+ uptake, 
improving Ca2+ signaling 
between astrocytes

Stout et al., 2002

Aquaporin expression Initially aquaporin expression 
decreases; after 2 weeks, 
aquaporin expression 
increases

Initial inability to sequester 
water leads to tissue swelling

Nesic et al., 2006

Arachidonic acid (AA) and 
prostaglandin E2 (PGE2) 
production

Astrocytes increase 
production of AA and PGE2

Increased extracellular 
production of AA and PGE2 
dilates blood vessels

Xia and Zhu, 2011

Antioxidant production Antioxidant production 
decreases

Increased free radical damage to 
spared tissue

Eddleston and Mucke, 1993
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astrocyte function following injury. The following sec-
tions present opportunity for biomaterial scientists to ex-
plore the ability of their design to influence or modulate 
specific astrocyte functions (Table 1).

Anatomical Structure, Organization, and GFAP 
Expression of Astrocytes in the Spinal Cord
Astrocytes are star-shaped glial cells that extensively 

populate the gray matter and white matter of the spinal 
cord, forming gap junctions between neighboring astro-
cytes [Scemes and Spray, 2012]. Glial cells outnumber 
neurons within the spinal cord with a glia-neuron ratio of 
5.6 to 7.1 [Bahney and von Bartheld, 2018]. In the gray 
matter, astrocytes are protoplasmic, given this name since 
these astrocytes are large with several branched processes 
emanating from the center of the cell [Lundgaard et al., 
2014] and weakly express GFAP [Miller and Raff, 1984; 
Hewett, 2009]. In the white matter, astrocytes are fibrous, 
consist of fewer processes than protoplasmic astrocytes, 
and orient and elongate along white matter tract axon 
bundles [Oberheim et al., 2012], where they are recog-
nized through their prominent expression of GFAP [Eng 
et al., 2000]. When employing a biomaterial strategy for 
the spinal cord, it is important to note that assessment of 
GFAP expression in response to the biomaterial may not 
appreciably decipher differences in the fibrous and pro-
toplasmic astrocyte response to the biomaterial. 

Astrocyte Regulation of Extracellular 
Neurotransmitter Glutamate Levels
Astrocytes interface with neurons at synapses where 

they control many aspects of synapse formation, func-
tion, and elimination [Chung et al., 2015]. Astrocytes up-
take the excitatory amino acid glutamate released by neu-
rons using two glutamate transporters: excitatory amino 
acid transporter 1 (EAAT1), also known as glutamate as-
partate transporter (GLAST), and excitatory amino acid 
transporter 2 (EAAT2), which is known as glutamate 
transporter 1 (GLT-1) [Anderson and Swanson, 2000]. 

Fibrous astrocytes, being more expressive of GFAP, also 
produce more glutamate transporters than protoplasmic 
astrocytes [Perego et al., 2000; Goursaud et al., 2009], sug-
gesting that distinct astrocyte populations have specific 
functions. Since SCI induces loss of GLT-1 expression 
from astrocytes [Olsen et al., 2010], one may assess the 
success of a biomaterial to positively influence astrocytes 
through their capability to restore glutamate transporter 
production and glutamate uptake.

Astrocyte Regulation of Extracellular/Intracellular Ion 
Concentrations
Astrocytes are known to buffer extracellular K+ ion 

concentrations at the synapse through the use of an astro-
cyte-specific connexin, connexin 43 (Cx43) [Nagy and 
Rash, 2000]. Cx43 expression in the spinal cord occurs in 
white matter or fibrous astrocytes, but are also expressed 
in the fine processes of astrocytes globally [Ochalski et al., 
1996]. Following SCI, Cx43 expression from gray matter 
astrocytes is increased 3-fold 4 weeks postinjury [Lee et 
al., 2005], possibly to handle the increased extracellular 
K+ concentrations observed following SCI [Young and 
Koreh, 1986]. Thus, a biomaterial strategy that induces 
astrocytes to produce Cx43 or sequester K+ following 
acute injury may improve outcomes following SCI.

Neurons communicate directly with astrocytes 
through the binding of neurotransmitters onto the sur-
faces of astrocytes, sequestering Ca2+ from astrocytic in-
tracellular stores [Agulhon et al., 2008]. Also, astrocytes 
communicate intercellularly with nearby astrocytes 
through calcium waves that pass through Cx43 [Stout et 
al., 2002]. Following injury to the CNS, adenosine tri-
phosphate (ATP) release triggers astrocytes to increase 
their cytoplasmic calcium concentrations [Burda et al., 
2016]. Thus, examining how biomaterials influence Ca2+ 
dynamics in astrocytes may lead to the design of sub-
strates supporting astrocyte phenotypes supportive of re-
generation or repair. Ca2+ dynamics in astrocytes is not 
often studied with biomaterials. However, microgroove 

(For figure see next page.)

Fig. 1. Schematic showing the response of astrocytes to a SCI. NA-
IVE (top panel) shows astrocytes and microglia spread throughout 
an uninjured spinal cord. The astrocytes are predominantly pres-
ent in the white matter and are organized in nonoverlapping do-
mains. The inset on the right shows an individual astrocyte before 
injury. ACUTE (middle panel) shows an enhanced image of the 
acute changes observed following a contusion SCI. There is an ac-
tivation of microglia, infiltrating macrophages, and astrocytes, all 
of which are recruited to the lesion site. The reactive astrocytes 
undergo hypertrophy and show an increase in intermediate fila-

ment (IF) expression, proliferation, and neurotoxin release, chang-
es presented in an enlarged inset on the right along with the asso-
ciated text. There is also a significant axonal dieback and an accu-
mulation of myelin debris. CHRONIC (bottom panel) shows the 
chronic changes observed following a contusion SCI. The reactive 
astrocytes increase their production of proteoglycans and form a 
thick glial scar, as presented in the enlarged inset on the right with 
the text. The activated microglia and macrophages also persist 
within the lesion area.
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substrates induced astrocytes to increase ATP exocytosis-
mediated calcium signaling compared to astrocytes cul-
tured on flat surfaces [Singh et al., 2015].

Astrocytes also help control extracellular pH through 
transporting enzymes for H+ and HCO3

– [Kimelberg and 
Nedergaard, 2010]. Fibrous [Hansen et al., 2015] and pro-
toplasmic [Dela Peña et al., 2014] astrocytes have the ca-
pability of regulating extracellular pH. Injury to the CNS 
reduces extracellular pH [Chesler, 2005], leading to astro-
cyte death by acidosis. Thus, a biomaterial approach that 
sequesters H+ following acute SCI may lead to the rescu-
ing of astrocytes, thereby leading to better outcomes fol-
lowing SCI.

Astrocyte Regulation of Water Transport
Astrocytes produce water transporters known as aqua-

porins which reside around perivascular end-feet at the 
blood-brain barrier [Kimelberg and Nedergaard, 2010]. 
Astrocytes predominantly express aquaporin 4 (AQP4) 
which enable astrocytes to regulate water homeostasis 
quickly in the space-confined CNS [Potokar et al., 2016]. 
Following SCI at the thoracic region of male rats, astro-
cytes initially decreased AQP4 expression, but after 2 
weeks astrocytes increased and maintained this increased 
expression of AQP4 in the chronically injured spinal cord 
[Nesic et al., 2006]. Since AQP4 expression by astrocytes 
in response to a biomaterial is understudied, a biomate-
rial scientist may explore the ability of their biomaterial 
design to regulate AQP4 expression and water uptake by 
astrocytes. 

Astrocyte Control of Blood Flow
Astrocytes physically interact with blood vessels and 

can alter blood vessel diameter and blood flow through 
the expression of chemical mediators [Sofroniew and 
Vinters, 2010]. Global ischemia is known to increase ni-
tric oxide synthase production from reactive astrocytes 
[Endoh et al., 1994] in an attempt to decrease local blood 
pressure. Release of ATP by damaged tissue stimulates 
astrocytes to rapidly release arachidonic acid and prosta-
glandin E2 [Xia and Zhu, 2011] to dilate nearby blood 
vessels. Thus, assessment of a biomaterial’s capability to 
trigger an astrocyte to release vasodilators may predict 
the ability of the biomaterial to help reduce blood loss fol-
lowing acute injury.

Astrocyte Antioxidant Capability
Astrocytes produce several antioxidants capable of 

counteracting oxidative stress [Wilson, 1997]. Following 
SCI, the concentrations of many free radicals increase 

[Visavadiya et al., 2016]. Thus, one approach to counter-
act free radical-induced secondary injury is to inject an-
tioxidants near the injury site or systemically [Hall, 2011]. 
As the CNS ages [Clarke et al., 2018] or through the onset 
of injury [Eddleston and Mucke, 1993], astrocyte produc-
tion of antioxidant decreases. Therefore, biomaterial sci-
entists should examine the ability of the biomaterial to 
mediate astrocyte production of antioxidants.

Summary of SCI and Ensuing Change of Astrocytes 
into a Reactive Phenotype

While the previous sections have focused on specific 
functions of astrocytes and how injury changes astrocyte 
function, in the following sections a brief description of 
SCI globally is presented. Furthermore, astrocyte changes 
into reactive phenotypes is presented (Fig. 1). These sec-
tions are to inform biomaterial scientists of the possibili-
ties of assessing if a biomaterial approach may influence 
astrocyte reactivity. Following a penetrating force or a 
blunt force trauma to the spinal cord, this primary injury 
damages and destroys cells at the site of impact. After ini-
tial cell damage/death, a cascade of biological processes 
collectively referred to as the “secondary injury” ensues 
which begins minutes after the initial insult and can con-
tinue for weeks [DeVivo et al., 2002; Cramer et al., 2005; 
Yiu and He, 2006]. Secondary injury is complex and in-
volves several different biological processes described in 
more detail here. In the acute phase of the secondary in-
jury, the blood-brain barrier is compromised, and blood-
born inflammatory cells infiltrate the injury site while 
resident microglia become activated. Injury compromis-
es the blood vasculature, including hemorrhage, vaso-
spasm, and thrombosis, leading to tissue edema, necrosis, 
and ischemia [Tator, 1991; Tator and Fehlings, 1991; Bar-
eyre and Schwab, 2003]. Neural death at the injury site 
induces the release of glutamate, leading to an increase in 
the extracellular glutamate concentration. High extracel-
lular glutamate concentrations can overstimulate neuro-
nal glutamate receptors, leading to additional neuronal 
death [Farooque et al., 1996; Xu et al., 1998; McAdoo et 
al., 1999]. Injury also disrupts the ionic balance as well as 
free radical formation, which also results in neural death 
[Hall and Braughler, 1982; Stys, 1998]. Injury also induc-
es apoptosis cascades in neurons, oligodendrocytes, and 
microglia [Beattie et al., 2000]. Infiltrating leukocytes re-
lease cytokines and reactive oxygen species, leading to 
further tissue damage [Means and Anderson, 1983; Popo-
vich et al., 1997; Taoka et al., 1997; Mabon et al., 2000]. 
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The inflammation also contributes to demyelination and 
the damaged white matter axons undergo dieback from 
the site of the injury, which progresses over long periods 
[Totoiu and Keirstead, 2005; Horn et al., 2008; Almad et 
al., 2011]. The accumulating myelin debris containing 
various inhibitory molecules inhibits axonal regeneration 
and acts as a potent inflammatory stimulus causing fur-
ther spinal cord damage [McKerracher et al., 1994; Chen 
et al., 2000]. Although these multicellular inflammatory 
responses lead to tissue loss, they also serve several im-
portant functions, such as preventing infection, clearing 
cellular debris, and containing and preventing the spread 
of tissue damage. In addition, secondary injury cascades 
can also foster neural tissue repair [Donnelly and Popo-
vich, 2008].

In the chronic phase, there is an increase in the con-
nective tissue deposition and reactive gliosis, leading to 
the formation of a glial scar [Katoh-Semba et al., 1995]. 
The scar primarily consists of reactive astrocyte mixed 
with microglia and infiltrating macrophages. The axons 
with limited regenerating potential reach the vicinity of 
the injury site and struggle into the lesion penumbra, but 
eventually cease extending and become dystrophic as 
they penetrate deep into the glial scar [Davies et al., 1999; 
Grimpe, 2004]. Thus, the glial scar acts as a barrier for 
regenerating axons and hinders the possibility of func-
tional recovery [Cregg et al., 2014]. 

Here, we highlight the changes of astrocytes from the 
time of injury to the formation of the glial scar. After SCI, 
astrocytes are activated in a process known as “reactive 
astrogliosis,” where the astrocytes undergo a spectrum of 
changes in their gene expression, proliferation, morphol-
ogy, and physiology [Anderson et al., 2014]. The astro-
cytes show pronounced hypertrophy and extend their 
processes to overlap with nearby astrocytes [Sofroniew 
and Vinters, 2010]. This overlapping of processes is only 
observed with fibrous astrocytes with very minimal over-
lap reported with protoplasmic astrocytes [Wilhelmsson 
et al., 2006; Sun et al., 2010].

Concomitant with the changes in morphology, reac-
tive astrocytes increase their production of the intermedi-
ate filaments, namely GFAP and vimentin, which are the 
widely used histological markers for reactive astrocytes 
[Bignami and Dahl, 1974; Barrett et al., 1981; Eng, 1985; 
Yang et al., 1994]. These changes are also associated with 
a modest increase in the proliferation of the astrocytes 
around the lesion core [Faulkner, 2004]. Reactive astro-
cytes also secrete potent molecules such as lipocalin, 
which is known to promote neuronal death [Rathore et 
al., 2011; Bi et al., 2013]. Reactive astrocytes also express 

a range of inhibitory ECM proteins known as proteogly-
cans. The proteoglycans are a family of molecules con-
structed from a protein core with long glycosaminogly-
can (GAG) chains consisting of repeating disaccharide 
units [Johnson-Green et al., 1991]. Astrocytes produce 
four classes of proteoglycans: chondroitin sulfate proteo-
glycans (CSPGs), keratin sulfate proteoglycans, heparin 
sulfate proteoglycans, and dermatan sulfate proteogly-
cans. Unique proteoglycans have specific protein cores 
and a variable number, length, and pattern of sulfation on 
the GAG side chains. Of these, CSPGs are prominent in 
the CNS and many distinct molecules exist, including ag-
grecan, brevican, neurocan, NG2, phosphacan, and ver-
sican [Dyck and Karimi-Abdolrezaee, 2015]. After injury, 
proteoglycan expression is rapidly upregulated by reac-
tive astrocytes, forming an inhibitory gradient that is 
highest at the lesion center and diminishes gradually into 
the penumbra [Yiu and He, 2006]. The proteoglycans 
form the ECM for the glial scar and house reactive astro-
cytes, microglia, infiltrating macrophages, and endothe-
lial cells [Jin and Yamashita, 2016].

Although the process of astrogliosis and the formation 
of the glial scar are well understood, the mechanisms un-
derlying this process had not been well characterized un-
til recently. It was shown that an insult to the spinal cord 
transforms the native astrocytes into reactive astrocytes, 
which eventually become scar-forming astrocytes [Hara 
et al., 2017]. All these distinct astrocytic phenotypes have 
distinct gene expression profiles associated with them. It 
was also reported that the astrocytic fate is dependent on 
environmental cues and the formation of astrocytic scar 
is driven by type 1 collagen via the integrin-N-cadherin 
pathway.

An in-depth genomic analysis of reactive astrocytes 
has shown that reactive astrocytes exist in two distinct 
reactive states, one being detrimental (A1) and the other 
being neuroprotective (A2) depending on the nature of 
the insult [Zamanian et al., 2012; Liddelow and Barres, 
2017]. A1 reactive astrocytes were observed when mice 
were exposed to a neuroinflammatory agent while astro-
cytes isolated from an ischemia-induced insult triggered 
astrocytes to become A2 reactive astrocytes. A follow-on 
study has recently revealed that the resident microglia ac-
tivated by the inflammatory stimulus drives this A1 reac-
tive state in astrocytes [Liddelow et al., 2017].

It was long hypothesized that the removal of the barri-
cade created by astrocytes is the key to axonal regeneration 
following SCI. However, there is increasing evidence to 
show that astrogliosis is a physiological response required 
to restoring the internal homeostasis of the CNS during the 
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acute phase of injury. Astrogliosis restores the blood-brain 
barrier and separates healthy tissue from the necrotic pri-
mary lesion. This separation also prevents the potential ex-
acerbation of the inflammatory response, cellular death, 
and tissue damage occurring during the secondary injury 
[Bush et al., 1999; Faulkner, 2004; Okada et al., 2006;  
Herrmann et al., 2008]. The beneficial characteristics of as-
trogliosis was recently reported where the astrocyte scar ac-
tually aids in axonal regeneration rather than inhibiting it 
[Anderson et al., 2016; Liddelow and Barres, 2016].

Analysis of Astrocyte in vitro Response to 
Biomaterials

As the postinjury astrocyte response has become rec-
ognized as an important contributor to functional recov-
ery following traumatic SCI [Silver and Miller, 2004; An-
derson et al., 2016], researchers have explored how as-
trocytes interact with tissue engineering biomaterials. 
Hydrogels, polymer scaffolds, patterned substrates and 
surfaces, and other innovative biomaterial technologies 
have been developed to induce spinal cord regeneration 
and improve functional outcomes after injury [Gilbert et 
al., 2011]. In order to design biomaterials that favorably 
interact with astrocytes following SCI, in vitro experi-
ments are used to understand the response of astrocytes 
to the presence of different biomaterials and surfaces. 
These studies determine astrocyte adhesion, morpholog-
ical changes (Fig.  2), proliferation, migration, gene ex-
pression, and protein expression in an effort to engineer 
new biomaterial technologies that will more favorably in-
terface with astrocytes following SCI.

Astrocyte in vitro Response to Hydrogel Biomaterials
Hydrogels are hydrophilic polymer networks that are 

commonly used in regenerative medicine to provide a 
permissive extracellular growth environment following 
injury, deliver cell-based therapies, and/or release thera-
peutics for extended time periods [for a comprehensive 

review of hydrogel design for regenerative medicine, see 
Annabi et al., 2014]. The capability to inject most biolog-
ically relevant hydrogels directly into an injury site and 
have them conform to the lesion geometry, as well as the 
ability to engineer hydrogel mechanical properties, deg-
radation times, and drug release characteristics, make 
these biomaterials attractive for regenerative medicine. 
These advantageous properties of hydrogels have led to 
their use as biomaterial therapeutics to improve recovery 
following SCI [Jain et al., 2006; Dumont et al., 2016]. In 
order to more fully understand how astrocytes interact 
with hydrogels, in vitro experiments are used to study 
their response (Table 2).

Astrocytes cultured on two-dimensional (2D) cover 
glass or tissue culture plastic display a spread morphology 
that closely resemble the morphology of reactive, in vivo 
astrocytes found boarding the lesion [Zamanian et al., 
2012]. The three-dimensional (3D) environment pre-
sented by hydrogels makes them especially attractive, 
since astrocytes can grow in a 3D environment that is 
similar to their in vivo milieu. In fact, it was observed that 
primary rat cortical astrocytes cultured in 3D collagen 
type 1 hydrogels are less reactive than those cultured on 
2D surfaces [East et al., 2009]. In these studies, a reduc-
tion of reactive marker immunofluorescence (GFAP, 
CSPGs, and AQP4) was observed when astrocytes were 
cultured in the 3D collagen hydrogels. The authors also 
observed a reduction in mRNA levels of GFAP and neu-
rocan. Similarly, astrocytes encapsulated in 3D alginate 
hydrogels exhibit stellate morphologies and extensive 
processes outgrowth [Frampton et al., 2011].

3D cultures can be used to more accurately model the 
in vivo environment. 3D collagen hydrogels seeded with 
the C8 D1A astrocyte cell line have been used to study 
brain endothelial barrier function in vitro. Stimulation of 
C8 D1A cells cultured in 3D collagen hydrogels with trans-
forming growth factor (TGF)-β1 had a more pronounced 
effect on transendothelial electrical resistance compared to 
2D monolayers of C8 D1A cells [Hawkins et al., 2015]. 3D 
cultures of rat cortical astrocytes seeded in collagen hydro-

(For figure see next page.)

Fig. 2. Astrocyte morphologies imaged in vitro. Astrocytes dem-
onstrate several morphologies in vitro depending on their culture 
environment. (1) On typical smooth, 2D surfaces astrocytes dem-
onstrate a flat, spread morphology. (2) Astrocytes cultured in 3D 
hydrogels show many different morphologies, including stellate 
astrocytes that extend processes in all directions, bipolar astrocytes 
that extend two processes, round astrocytes with no processes, and 
perivascular astrocytes that extend processes that resemble end-
feet. (3) Astrocytes cultured on isotropic microtopographies pre-

dominately display stellate morphologies, with extension of sev-
eral processes. (4) Astrocytes cultured on anisotropic micropat-
terns and microstructures display both bipolar and stellate 
morphologies that align along the direction of the surface they are 
cultured on. The many different morphologies suggest that astro-
cytes are impacted by their culture environment, and further study 
is needed to gain a full understanding of the astrocyte response to 
biomaterials.



Biomaterial Modulation of Astrocytes 379Cells Tissues Organs 2018;205:372–395
DOI: 10.1159/000494667

gels can also be used to test the reactivity response of astro-
cytes to potential stem cell therapies. Neural crest stem 
cells and differentiated adipose-derived stem cells cultured 
on top of collagen hydrogels seeded with astrocytes showed 
no increase in astrocyte reactivity, while bone marrow 

mesenchymal stem cells and Schwann cells caused reactiv-
ity in 3D cultured astrocytes [East et al., 2013]. Since astro-
cytes are not as reactive in 3D and appear to more accu-
rately mimic a healthy tissue phenotype, others have stud-
ied how astrocytes impact neurite outgrowth. Cortical rat 

2
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astrocytes and cortical neurons cultured in 3D alginate hy-
drogels with fibroblast-conditioned medium induced a re-
active astrocyte phenotype, altering their gene and protein 
expression towards a more reactive state while inhibiting 
neurite outgrowth [Rocha et al., 2015].

Balasubramanian et al. [2016] conducted an in-depth 
study of the morphological ontogeny of P1–P3 mouse 
cortical astrocytes cultured in 3D rat tail collagen type 1 
hydrogels. Astrocytes grown in 3D collagen hydrogels ex-
hibited bipolar and stellate morphologies, while these 
morphologies were rarely visualized following 4 days of 
2D astrocyte monolayer culture. They also observed as-
trocytes with a perivascular morphology that showed 
structures resembling end-feet after 10 days of 3D cul-
ture, while this morphology was never observed in 2D. 
These results suggest that astrocytes cultured in 3D col-
lagen hydrogels more closely approximate normal ontog-
eny. Tubular hydrogel-collagen microcolumns have been 
used to induce an aligned, bipolar morphology in rat cor-
tical astrocytes seeded in these constructs [Winter et al., 
2016]. The astrocytes growing in these constructs direct 
neurite extension along their axis of growth when cortical 
neurons were coseeded in the scaffolds. 

Astrocyte migration into 3D hydrogels following SCI 
is important for neuron survival past the edge of the le-

sion site. In order to study this phenomenon in vitro pri-
or to implantation, rat cortical astrocytes were seeded 
into a “core” 3D collagen type 1 hydrogel [Macaya et al., 
2013]. An encapsulating collagen hydrogel was then add-
ed around the core astrocyte gel, with fibroblast growth 
factor-2 (FGF-2) incorporated into these hydrogels. 
When FGF-2 was sequestered in the hydrogel or loaded 
into liposomes, astrocytes migrated farther into the en-
capsulating hydrogels. Overall, these studies suggest that 
the use of 3D hydrogels creates an in vitro environment 
that more closely mimics the in vitro milieu of astrocytes 
compared to 2D monolayer cultures.

The mechanical properties of hydrogels play an im-
portant role in the astrocyte response to these biomateri-
als [Georges et al., 2006]. Polyacrylamide and fibrin hy-
drogels fabricated with a shear modulus similar to that of 
tested rat brains demonstrated preferential growth to cul-
tured cortical neurons, while astrocytes had round mor-
phologies and disorganized actin filaments when cul-
tured on the hydrogels [Georges et al., 2006]. Similarly, 
astrocytes cultured on soft hydrogels composed of chito-
san, alginate, and genipin showed a round morphology as 
opposed to the typical 2D morphology of astrocytes cul-
tured on tissue culture plastic or cover glass [McKay et  
al., 2014]. Placone et al. [2015] conducted a very elegant 

Table 2. In vitro response of astrocytes to hydrogels

Type of hydrogel Type of astrocytes Astrocytic changes Reference

Collagen type 1 Rat cortical Reduced reactivity markers East et al., 2009

Alginate Rat cortical Outgrowth of processes Frampton et al., 2011

Collagen type 1 C8 D1A Altered transendothelial electrical resistance Hawkins et al., 2015

Collagen type 1 Rat cortical Changes in reactivity induced by various cell 
types

East et al., 2013

Alginate Rat cortical Conditioned medium increased reactivity Rocha et al., 2015

Collagen type 1 Mouse cortical In vivo-like morphologies Balasubramanian et al., 2016

Agarose/collagen type 1 Rat cortical Aligned astrocyte growth Winter et al., 2016

Collagen type 1 Rat cortical FGF-2-induced migration Macaya et al., 2013

Polyacrylamide/fibrin Rat cortical Round morphology on soft hydrogels Georges et al., 2006

Chitosan/alginate Rat cortical Round morphologies McKay et al., 2014

Collagen type 1/hyaluronic 
acid/Matrigel

Human derived Reduced GFAP expression in composite  
hydrogels

Placone et al., 2015

Collagen type 1 Rat midbrain Micromotion increased perimeter and cell 
area

Spencer et al., 2017

Collagen type 1 DI TNC1 Compression induced reactivity Mulvihill et al., 2018
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study outlining the impact that hydrogel composition 
and mechanical properties have on the state of human 
astrocyte reactivity. They found that while most in vitro 
studies of astrocytes cultured in 3D hydrogels use colla-
gen as their matrix, astrocytes cultured in composite hy-
drogels composed of collagen, hyaluronic acid (HA), and 
Matrigel exhibited similar morphological characteristics 
to those in the human brain and had very low levels of 
GFAP expression compared with astrocytes seeded in 
collagen hydrogels. This impactful study demonstrated 
the necessity for careful design of hydrogel systems to in-
duce desirable astrocyte interactions with the 3D bioma-
terial environment.

Movement-induced micromotion of implanted hy-
drogels is another important mechanical property that 
can impact cellular responses in a 3D environment [Gil-
letti and Muthuswamy, 2006]. Therefore, the astrocyte 
response to linear actuator-induced micromotion was 
studied in 3D collagen type 1 hydrogels [Spencer et al., 
2017]. Astrocytes responded to the micromotion by in-
creasing their overall perimeters and total cell areas. Path-
ological deformation is another cause of the astrocyte 
transition from quiescent to reactive state [Hernandez, 
2000], and compression forces can be used in vitro to 
study astrocyte mechanobiology. DI TNC1 astrocytes 
were seeded in a 3D rat tail collagen type 1 gel, and com-
pressive loading was used to induce astrocyte reactivity 
[Mulvihill et al., 2018]. This in vitro model is an early step 

towards a means of developing a better understanding of 
how astrocytes respond to compressive forces.

Hydrogels provide a growth permissive, 3D environ-
ment that more closely resembles the in vivo astrocyte 
environment. They more appropriately model the in vivo 
astrocyte milieu compared with monolayer cultures of as-
trocytes and keep astrocyte in a more quiescent state than 
astrocytes cultured on 2D surfaces. However, as Placone 
et al. [2015] demonstrated, care must be taken to appro-
priately design a hydrogel that interfaces with astrocytes, 
especially since recent findings demonstrated that reac-
tive astrocytes induce formation of the astrocytic scar 
when they interact with type 1 collagen [Hara et al., 2017]. 
Ongoing research in the field is working toward engineer-
ing hydrogels that will promote astrocytes to create a 3D 
growth environment that is conducive to neuron regen-
eration.

Astrocyte in vitro Response to Ligand Patterned 
Surfaces
It has long been established that ECM components im-

pact the function of astrocytes [Nagano et al., 1993], and 
following SCI the composition of the ECM is altered to 
an axon inhibitory environment [Silver and Miller, 2004]. 
This has led researchers to study how surface chemistry 
and surface patterning with ECM components impact as-
trocyte growth in vitro (Table 3). The laboratories of 
Tresco and Hlady have been at the forefront of this field 

Table 3. In vitro response of astrocytes to biomaterial surface modifications

Surface modification Type of astrocytes Astrocytic changes Reference

Hydrophobic polymers Rat cortical Decreased adhesion with increased 
hydrophobicity

Biran et al., 1999

Fractal tripalmitin Rat cortical Morphology and protein expression  
patterns closer to in vivo phenotypes

Hu et al., 2014

Chitosan/gelatin/poly-L-lysine
coatings

Rat cortical Altered viability and proliferation Martín-López et al., 2012

Printed laminin lanes Rat cortical Aligned astrocyte growth Meng et al., 2012

Fibrinogen coated Rat cortical Fibrinogen removal, expression of CSPGs Hsiao et al., 2013

Patterned collagen type 1 hydrogels Rat cortical Aligned growth, altered CSPG production Hsiao et al., 2015

Aggrecan-laminin gradients Rat cortical Astrocytes migrate away from aggrecan Hsiao et al., 2018

Microcontact printed ECM Rat cortical Isolated islands of astrocyte growth Ricoult et al., 2012
Raos et al., 2018

Covalently attached fibronectin
and L1

Rat cortical Preferential adhesion to fibronectin 
over L1

Azemi et al., 2008



Zuidema/Gilbert/GottipatiCells Tissues Organs 2018;205:372–395382
DOI: 10.1159/000494667

[Biran et al., 1999; Meng et al., 2012; Hsiao et al., 2013, 
2015, 2018]. The importance of surface chemistry on  
astrocyte growth was one of the first variables studied. 
Initially, rat cortical astrocyte adhesion decreased with 
increasing hydrophobicity [Biran et al., 1999], while DNA 
synthesis increased with increasing hydrophobicity. 
However, all materials tested, except for poly-2-hydroxy-
ethyl methacrylate, were capable of supporting astrocyte 
adhesion and growth to confluence within 2–5 days. Wa-
ter-repellant fractal tripalmitin surfaces were used to un-
derstand how astrocytes respond to surfaces with water 
contact angles of 150–160°. It was found that astrocytes 
cultured on these surfaces have both morphologies and 
protein expression patterns that are similar to in vivo 
phenotypes compared with flat poly-L-lysine controls 
[Hu et al., 2014]. Chitosan-, gelatin-, and poly-L-lysine-
based films have also been studied to determine astrocyte 
growth on surfaces of differing compositions, and it was 
shown that chitosan and gelatin films supported greater 
astrocyte viability and proliferation compared with the 
other films tested [Martín-López et al., 2012].

Patterning of glass surfaces with ECM molecules has 
been used to study the impact of ECM on astrocyte 
growth. Microcontact printing consisting of 15-µm-wide 
laminin lanes was used to induce alignment of cultured 
rat cortical astrocytes [Meng et al., 2012]. Astrocytes 
aligned parallel to the laminin lanes and were able to di-
rect neurite extension due to the alignment of their ex-
pressed fibronectin. Fibrinogen has also been adsorbed to 
glass surfaces in order to study how rat cortical astrocytes 
may interact with blood on a biomaterial surface. Hsiao 
et al. [2013] found that astrocytes remove fibrinogen and 
express CSPGs at the loci of fibrinogen stimuli. This re-
sponse was found to be independent of TGFβ and sug-
gests that implant-adsorbed fibrinogen may contribute to 
reactive astrogliosis. Surface patterning of biomaterials 
has the potential to induce cellular alignment, so astro-
cytes were studied on ECM-patterned collagen hydrogels 
[Hsiao et al., 2015]. Patterning of the collagen hydrogels 
with fibrinogen, aggrecan, fibronectin, and laminin in-
duced aligned growth of astrocytes, while patterns of fi-
brinogen, aggrecan, and laminin lowered CSPG expres-
sion visualized using immunocytochemistry.

Aggrecan-laminin dot gradients were developed to 
study how astrocytes respond to molecular cues of the 
postinjury environment. These gradients were fabricated 
using microcontact printing, where uniformly coated 
laminin covered the entire surface while micrometer-
sized dots of aggrecan were randomly positioned [Hsiao 
et al., 2018]. The study found that astrocytes preferen-

tially shifted away from aggrecan areas to areas with high-
er laminin surface coverage. Microcontact printing is also 
a useful tool to study small numbers in a constricted 
growth region. This technology has been applied to astro-
cyte-neuron cocultures, where astrocytes are seeded onto 
isolated rings of ECM proteins separated by surface-ad-
sorbed polyethylene glycol (PEG) [Ricoult et al., 2012]. 
Hippocampal neurons were then seeded on the “microis-
land” cultures of astrocytes, demonstrating that these co-
cultures can be used to study the cellular response to dif-
ferent surface adsorbed extracellular proteins. This “mi-
croisland” culture platform was further improved upon 
by using parylene-C/SiO2 surfaces to selectively bond 
PEG to SiO2 surfaces [Raos et al., 2018]. Surface immobi-
lization of proteins by covalent attachment is another 
method that can be used to study the response of astro-
cytes to different surface patters. Covalent attachment of 
the L1 biomolecule and fibronectin to silicon surfaces was 
used to show that astrocytes prefer to adhere to surfaces 
with attached fibronectin compared to L1 [Azemi et al., 
2008].

The ECM environment following SCI has a very com-
plex geometry, shows temporal changes, and is composed 
of many different ECM molecules. Because of this com-
plexity, surface patterning is a useful in vitro technique to 
elucidate the influence that single and/or multiple ECM 
molecules have on astrocyte growth and response. This 
technology can be used going forward for the in-depth 
study of how known ECM molecule concentrations, gra-
dients, spatial configurations, and temporal changes im-
pact astrocytes. This area of research has the potential to 
lead to a greater understanding of how the in vivo ECM 
environment following SCI alters the astrocyte response.

Astrocyte in vitro Response to Surface Topography
Cells sense the micro- and nanotopography of their ex-

tracellular environment, leading to the design of surfaces 
that alter cellular responses [Ross et al., 2012], and, follow-
ing SCI, astrocytes near the injury site undergo reactive 
astrogliosis in response to change in their extracellular en-
vironment [Hara et al., 2017]. Therefore, many studies 
have investigated the interplay between surface topogra-
phy and astrocyte response to such topographies (Table 4). 
Aligned micro- and nanostructures made using imprint 
lithography [Xie and Luttge, 2014], microcontact printing 
[Recknor et al., 2004], mechanical collagen-fiber align-
ment [Chaubaroux et al., 2015], parylene-C patterning 
[Unsworth et al., 2011], and aligned polymer fabrication 
techniques [Chow et al., 2007; Hyysalo et al., 2017; Zuide-
ma et al., 2018] have all been shown to orient astrocyte 
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growth parallel to the alignment presented by micro- and 
nanotopographies. These studies demonstrate the ability 
of astrocytes to sense the presence of topographical struc-
tures, leading to experiments that have begun to elucidate 
the astrocyte biological response to surface topography.

Porous surfaces are being developed for applications 
in the spinal cord due to their ability to allow for en-
hanced transport of nutrients [Yang et al., 2005], to alter 
cellular adhesion and growth [Namba et al., 2009], and/
or improve electrode properties [Silva et al., 2014]. Gold 
electrodes are under development for use in the nervous 
system due to their biofouling-resistant electrical perfor-
mance, high fidelity recordings, high effective surface 
area, and tunable pore sizes [Chapman et al., 2015]. 
Nanoporous gold surfaces seeded with both astrocytes 
and neurons show selective reduction of astrocytic cover-
age while maintaining high neuronal coverage [Chapman 
et al., 2015]. This response was later revealed to be due to 
both an initial inhibition of astrocyte attachment and top-
ographical cues provided by the nanoporous gold struc-

ture [Chapman et al., 2016]. Nanoporous alumina sur-
faces have also been studied, and it was found that pore 
size was important for astrocyte attachment, focal adhe-
sions, and GFAP expression [Ganguly et al., 2018]. Astro-
cyte growth into pores on the scale of hundreds of mi-
crons was studied in vitro to understand how these cells 
may interact with implanted porous conduits. Astrocytes 
were found to bridge the pores once they were fully con-
fluent around the porous structures [Sun et al., 2011]. Po-
rous Alvatex® 3D scaffolds were used to study how both 
embryonic and postnatal murine cortical astrocytes re-
spond to porous substrates. Embryonic astrocytes showed 
decreases in protein expression of GFAP, NG2, GLAST, 
and GLT-1 compared to 2D cultures, while only SMC3 
was downregulated in postnatal astrocytes [Ugbode et al., 
2016]. These results suggest that the selection of the prop-
er astrocyte source is important for any study addressing 
astrocyte response to surfaces. In order to gain a greater 
understanding of the astrocyte response to porous struc-
tures, studies that detail astrocyte gene and protein ex-

Table 4. In vitro response of astrocytes to surface topography

Surface topography Type of astrocytes Astrocytic changes Reference

Nanoporous gold Rat cortical Reduction of astrocyte coverage Chapman et al., 2015
Chapman et al., 2016

Nanoporous alumina Rat cortical Pore size altered astrocyte attachment, focal 
adhesions, and GFAP expression

Ganguly et al., 2018

Porous PCL and PDMS Rat cortical Bridging of pores Sun et al., 2011

Porous Alvatex Mouse cortical Retention of nonreactive phenotype Ugbode et al., 2016

Rough silica nanoparticle 
surface

Rat hippocampal Independent growth of astrocytes and neurons Blumenthal et al., 2014

Nanostructured TiO2 Rat cortical Increased production of IL-10, MMP-8, BDNF De Astis et al., 2013

Carbon nanofiber DI TNC1 Reduced proliferation McKenzie et al., 2004

PEG-SWCNTs Mouse cortical Round growth, ↓GFAP expression, ↑proliferation, 
GFAP dependent 

Gottipati et al., 2013
Gottipati et al., 2014

Silicon pillar array Rat cortical Astrocytes grew above pillars Turner et al., 2000

Soft silicone pillars Rat cortical 4.7-μm pillars engulfed and bent, inhibition of 
migration and proliferation on tall pillars

Minev et al., 2013

Silica/parylene-C grids Human NT2 derived Growth in grid patterns Jordan et al., 2016

PMMA microgrooves C6 rat astrocytoma Inhibition of GFAP expression Ereifej et al., 2013

PDMS 1,000-nm grooves Rat cortical Enhanced mitochondrial activity, ATP release, 
calcium peaks and release

Singh et al., 2015

Micropatterned PMMA Mouse cortical Expression of markers and elongation similar to 
radial glia

Mattotti et al., 2012
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pression changes in response to pore size, porosity, and 
pore thickness should be undertaken.

Surface roughness is another important parameter to 
consider when engineering biomaterials for applications 
in the spinal cord. Surfaces with a nanoroughness range 
from root mean square roughness (Rq) of 3.5–80 nm fab-
ricated by spin-coating of silica nanoparticles, and sur-
faces with an Rq of 32 nm, showed rat hippocampal neu-
rons and astrocytes growing independently of each other 
[Blumenthal et al., 2014]. These findings suggest a link 
between surface roughness and astrocyte response that 
alters neuronal growth. Nanostructured TiO2 surfaces 
with Rq of both 20 and 29 nm were generated to study the 
astrocyte production of inflammatory factors [De Astis et 
al., 2013]. It was observed that surface roughness does not 
enhance the cortical astrocyte production of proinflam-
matory factors, but does increase their production of in-
terleukin-10, matrix metalloprotease 8, and brain-de-
rived neurotrophic factor. Neurons did associate with as-
trocytes in this study, even though the surface roughness 
was similar to the 32-nm silica surface, showing the com-
plex array of factors involved in astrocyte response to sur-
faces. Carbon nanofibers possess excellent conductivity 
properties [Lozano, 2000], making them a potential elec-
trode coating material. Studying the astrocyte response to 
carbon nanofibers of 60–100 nm or 125–200 nm in vitro, 
it was revealed that astrocyte proliferation and function 
was minimized on these surfaces [McKenzie et al., 2004]. 

Single-walled carbon nanotube (SWCNT) films have 
well understood electrical properties that can influence 
the electrical properties of neurons [Mazzatenta et al., 
2007]. SWCNTs can be readily functionalized with PEG, 
improving their biocompatibility. Therefore, PEG-func-
tionalized SWCNT films of different thicknesses (10, 30, 
and 60 nm) were used to modulate the morphology, func-
tion, and proliferative characteristics of astrocytes [Got-
tipati et al., 2013]. Astrocytes were found to grow bigger 
and rounder in shape on various thicknesses of SWCNTs, 
showed lower expression of GFAP, and had an increase 
in proliferation. These results suggest that PEG-SWCNTs 
may reduce astrogliosis in vivo. Using astrocytes from 
GFAP null mice, the changes associated with PEG- 
SWCNTs were shown to be dependent on astrocyte 
GFAP expression [Gottipati et al., 2014]. These studies 
demonstrate that surface roughness is another important 
factor to consider when developing biomaterials that in-
teract with astrocytes.

Nano- and micropatterned surfaces have been devel-
oped to study the astrocyte response to different topo-
graphical structures. One of the earliest studies showed 

that astrocytes cultured on silicon pillar arrays made con-
tact with the pillars but did not reach down into 1- to 
5-µm inter-pillar gaps [Turner et al., 2000]. This led to the 
study of the astrocyte response to soft silicone micropil-
lars. Astrocytes were shown to engulf and bend micropil-
lars with a height of 4.7 µm, but not shorter pillars of 0.5 
µm [Minev et al., 2013]. Also, astrocytes cultured on the 
tall pillars were less migratory and proliferative on these 
pillars, suggesting that surface patterning can be used to 
alter astrocyte behavior. Grid networks composed of SiO2 
grids inlaid with biocompatible parylene-C have also 
been developed to study astrocyte interactions from the 
single cell to the network level [Jordan et al., 2016]. While 
more work needs to be done in this field, the study showed 
the feasibility of this approach to pattern astrocytes in a 
grid network. Grooved channels have also been used to 
study how these structures impact astrocytes. Grooves 
277 nm wide with a period of 3,600 grooves/mm pat-
terned in poly(methyl methacrylate) PMMA were devel-
oped to study astrocyte reactivity. These grooves were 
found to promote astrocyte alignment, reduce cell adhe-
sion and proliferation, and to inhibit GFAP protein ex-
pression [Ereifej et al., 2013]. Polydimethylsiloxane 
grooves with 1,000-nm spacing and 250- to 500-nm 
depths were used to study astrocyte calcium signaling. 
Again, these grooves aligned astrocyte growth, cytoskel-
etal components, and the nucleus-centrosome axis [Singh 
et al., 2015]. Astrocytes also showed enhanced mitochon-
drial activity, ATP release, and calcium peaks and release, 
suggesting that the response of astrocytes to surface pat-
terning is a complex process that may impact the entire 
cell. Mattotti et al. [2012] used micropatterned PMMA 
substrates to study the astrocyte response to lanes of both 
2 and 10 µm. Using P0 mouse cortical astrocytes, this 
study found evidence to suggest that astrocytes grown on 
2-µm PMMA substrates express markers and elongate 
similarly to a radial glial cell phenotype. These cells were 
in close association with cultured neurons and directed 
neurite outgrowth. While these studies represent an im-
portant step forward in understanding the response of 
astrocytes to patterned surfaces, much more work is 
needed to elucidate changes in gene and protein expres-
sion in order to begin to develop a broader understanding 
of how astrocytes respond to different surface patterns.

Electrospun polymer fibers have been developed ex-
tensively for tissue engineering applications because of 
their capacity to mimic the topography of the ECM [In-
gavle and Leach, 2014]. The ability to use multiple biode-
gradable polymers, readily control fiber diameter, and 
ease of aligning the fibers make them especially attractive 
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for nervous system applications [Schaub et al., 2016]. Be-
cause of this, several studies have examined the ability of 
fibers to alter astrocyte behavior in culture (Table 5) [Bai-
guera et al., 2010; Schaub and Gilbert, 2011; Kim et al., 
2012; Qu et al., 2013]. One important parameter studied 
is the expression of GFAP, where astrocytes seeded on 
both polycaprolactone (PCL) nanofibers [Min et al., 2013, 
2014] and cellulose acetate nanofibers [Min et al., 2015] 
decreased their expression of GFAP compared to tissue 
culture plastic controls. In order to gain a better under-
standing of how astrocytes are reacting to polymer fibers, 
more in-depth biological analysis was conducted. Using 
a polyether-based polyurethane resin, fibers with an aver-
age diameter of 1,200 nm were created. Puschmann et al. 
[2013] found that these fibers again reduced GFAP pro-
tein expression of primary cortical astrocytes following 6 
days in culture. Importantly, the 1,200-nm fibers used 
had extensive effects on the cultured astrocytes. Astro-
cytes cultured on the 1,200-nm fibers showed lower pro-
tein expression of nestin, synemin, vimentin, and heat 
shock protein 70, suggesting that the 3D nanofiber topog-
raphy creates a less stressful environment for the astro-
cytes. They then studied the gene expression profiles of 
these astrocytes and broadly found that gene expression 
differed in biochemical pathways that regulate cell prolif-
eration, cell shape, and cell motility. Lau et al. [2014] stud-
ied the effects of both random and aligned PCL nanofi-
bers on mouse astrocyte gene and protein expression at 
both 4 and 12 days in vitro. Again, GFAP protein expres-
sion was downregulated when astrocytes were grown on 

the PCL nanofiber topography. mRNA expression of 
genes involved in cell motility and pathfinding (skeletal 
muscle actin-α2, vinculin, and chemokine [C-X-C motif] 
ligand 12), promotion of neuronal survival (brain-de-
rived neurotrophic factor, anti-oxidant [glutathione S-
transferase α1], and heme oxygenase 1), and glutamate 
transporter (EAAT2) were all upregulated when astro-
cytes were cultured on PCL nanofibers. Furthermore, pri-
mary rat astrocytes cultured on poly-L-lactic acid electro-
spun fibers (with diameters equal to 2 µm) showed in-
creased immunohistochemical and protein expression of 
EAAT2, while functionally taking up more glutamate in 
solution compared with astrocytes cultured on 2D sur-
faces [Zuidema et al., 2014]. These two studies suggest 
that astrocytes are not only less reactive when in contact 
with polymer fibers, but that astrocytes in contact with 
microfibers may be growth supportive for neurons.

Electrospun fibers have also been used to create in vi-
tro models of the blood-brain barrier, and the astrocyte 
environment following SCI. Electrospun gelatin biopa-
pers were used to create an in vitro blood-brain barrier 
model [Bischel et al., 2016]. Cocultures of human endo-
thelial cells and astrocytes on gelatin biopapers had im-
proved transendothelial electrical resistance, decreased 
permeability, and permitted a smaller separation between 
cells compared to the standard polyethylene terephthal-
ate inserts. Electrospun fibers have also been used to 
study in vitro SCI models. 3D organotypic spinal cord 
slice arrays were connected to poly-lactic acid nanofiber 
meshes to study cellular growth induced by the nanofi-

Table 5. In vitro response of astrocytes to electrospun fibers

Electrospun fiber Type of astrocytes Astrocytic changes Reference

Polycaprolactone nanofibers Rat cortical Reduced GFAP expression Min et al., 2013
Min et al., 2014

Cellulose acetate nanofibers Rat cortical Reduced GFAP expression Min et al., 2015

Bioactive 3D nanofibers Mouse cortical Broad changes in protein expression towards  
in vivo phenotype

Puschmann et al., 2013

PCL nanofibers Mouse cortical Gene expression: ↓GFAP, ↑cell motility, 
↑neuronal survival, ↑glutamate transport

Lau et al., 2014

PLLA microfibers Rat cortical Increased EAAT2 protein expression and 
glutamate uptake

Zuidema et al., 2014

Gelatin biopapers Primary human Improved in vitro blood-brain barrier model Bischel et al., 2016

PLLA nanofibers Mouse spinal cord SCI repair model Weightman et al., 2014

PLLA microfiber transition
boundaries

Rat cortical Orientation boundaries change astrocyte, 
ECM protein, and neurite alignment 

Zuidema et al., 2015
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bers [Weightman et al., 2014]. The aligned fibers directed 
astrocyte growth, and neurons were found associated 
with the oriented astrocytes. Another in vitro model pro-
duced a transition boundary of aligned astrocytes with 
nonoriented astrocytes by removing aligned poly-L-lactic 
acid fibers using chloroform [Zuidema et al., 2015]. This 
created a gap composed of a polymer film bordering 
aligned fibers. Astrocytes were seeded on these surfaces, 
followed by dorsal root ganglia neurons. It was found that 
the aligned astrocytes directed neurite extension, but if a 
neurite crossed into the nonoriented area, neurites lost 
their aligned growth and began turning. While these 
studies may not directly study how astrocytes are being 
impacted by biomaterials, they do show that there are 
many potential in vitro applications for polymer fibers.

Analysis of Astrocyte Response to Biomaterials 
Implanted into Preclinical Animal Models of SCI

Extensive astrocyte in vitro culture experiments have 
been conducted using various biomaterials to study the 
ability of the biomaterial to change astrocyte behavior. 
Although these studies have provided some insight, these 
findings should be extended to an appropriate in vivo SCI 
model to test if the biomaterial induces astrocyte differ-
entiation towards specific reactive states. Here, we review 
manuscripts that have used biomaterial approaches to as-
sess glial reactivity, axonal regeneration, and functional 
recovery. Since our focus is particularly on astrocytes, we 
only include the biomaterial approaches that have stud-
ied the effects of the material on astrocytes and have 
shown a change in astrocytic properties (Table 6).

Natural Biomaterials and Synthetic Biomaterials
Hydrogels and other injectable biomaterials hold great 

promise in the field of regenerative medicine [Kretlow et 
al., 2007; Hoare and Kohane, 2008; Klouda and Mikos, 
2008]. Trauma to the spinal cord typically leads to the 
formation of an irregular cavity. Injectable biomaterials, 
hydrogels in particular, can fill these cavities and act as a 
scaffold for cellular infiltration and matrix deposition. 
The mechanical properties of the hydrogel scaffolds can 
be adjusted to match the properties of the native spinal 
cord tissue, compared to most preformed biomaterial 
matrices. In addition, injectable materials can be mixed, 
in their liquid state, with therapeutics or growth factors 
prior to their injection into the spinal cord, and hence can 
act as drug delivery agents. Currently, continuous or pro-
longed infusion of medication for pain relief is facilitated 

through the use of catheters and mini pumps directly into 
the spinal cord or the surrounding tissue [Tutak and Do-
leys, 1996]. However, these infusion strategies are prone 
to blockages and/or infections [Amar et al., 2005]. Hence, 
injectable hydrogel materials can controllably release 
medication over time. The release characteristics of the 
loaded therapeutics can be modulated by adjusting the 
physical and chemical properties of the injectables or by 
incorporating secondary vehicles such as micro- and 
nanoparticles, liposomes, and microtubules [Kretlow et 
al., 2007; Willerth and Sakiyama-Elbert, 2007]. We review 
some of the studies that have focused on injectable hydro-
gel biomaterials for SCI applications either as a scaffold, 
a drug delivery agent, or both.

Hydrogels, being injectable, make an excellent bioma-
terial for translational applications, particularly in SCI 
applications where the damage to the spinal cord typi-
cally leaves a cavity devoid of any tissue [Woerly, 2000]. 
Several studies have used hydrogels to study their effects 
on tissue regeneration following an SCI. In the following 
sections, we highlight hydrogel strategies used within in 
vivo animal models. 

Natural Hydrogels
Joosten et al. [1995] have shown that in situ gelling col-

lagen scaffolds reduce the accumulation of astrocytes at 
the interface but still promote ingrowth of the accumu-
lated astrocytes into the scaffold 4 weeks after implanta-
tion in a T8-T9 dorsal hemisection rat SCI model. This, 
however, was not observed when a preassembled collagen 
gel was used instead, and the authors report that an opti-
mal integration between host and graft is important to 
promote the ingrowth of astrocytes into the biomaterial. 
The work by Marchand and Woerly [1990] has also 
shown that in situ gelling collagen hydrogel promotes as-
trocytic ingrowth followed by axons into the biomatrix, 3 
months after implantation in a T8-T10 complete transec-
tion rat SCI. However, the collagen matrix denatured in 
2–3 months. So, to improve the stability and durability  
of the collagen, in a subsequent study, Marchand et al. 
[1993] coprecipitated collagen with chondroitin-4-sul-
fate or chemically crosslinked the collagen with carbodi-
imide and implanted them into a T8-T10 hemisection rat 
SCI model. They showed that the hydrogels have im-
proved mechanical properties and favor axonal regenera-
tion by modifying the normal scarring process as assessed 
by type 1 collagen deposition in the scar 4 weeks and 6 
months postimplantation. The use of a collagen impreg-
nated acrylic hydrogel made of 2-hydroxyethyl methac-
rylate implanted into T8-T9 suction cavities of the dorsal 
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funiculus of adult rat spinal cords showed minimal astro-
cytic accumulation at the interface, which was not ar-
ranged in dense rows, and no cystic cavitation accompa-
nied by axonal penetration along the full length of the 
hydrogel [Giannetti et al., 2001].

High molecular weight HA-based hydrogels designed 
to resist degradation were implanted into a rat T7-T8 dor-
sal hemisection injury model and was shown to effective-
ly reduce astrocyte proliferation, GFAP immunoreactiv-
ity (ir), and CSPG production in vivo [Khaing et al., 

Table 6. In vivo response of astrocytes to various biomaterials

Biomaterial used Type of injury Astrocytic changes Reference

Collagen hydrogel T8-T9 rat dorsal hemisection Ingrowth of astrocytes Joosten et al., 1995

Collagen hydrogel T8-T10 rat complete 
transection

Ingrowth of astrocytes Marchand and Woerly, 1990

Collagen acrylic hydrogel T8-T9 rat suction cavities of 
the dorsal funiculus

Minimal astrocytic 
accumulation at the interface

Giannetti et al., 2001

High molecular weight 
hyaluronic acid hydrogel

T7-T8 rat dorsal hemisection 
injury

Reduced astrocyte 
proliferation, GFAP-ir and 
CSPG production

Khaing et al., 2011

Fibrin hydrogel T8 rat complete transection Reduced GFAP-ir Taylor et al., 2006

Self-assembling peptide 
amphiphiles

T10 mice clip compression Reduced GFAP-ir Tysseling-Mattiace et al., 
2008

SWCNTs functionalized with 
PEG

T9 rat complete transection Decreased lesion volume Roman et al., 2011

Neurogel T6-T7 cat complete 
transection

Prevention of scar formation Woerly et al., 2001a, 2004

Neurogel T6-T7 cat complete 
transection

Ingrowth of astrocytes Woerly et al., 2001b

Collagen hydrogel with EGF 
and basic FGF-2

T2 rat severe compression Increased GFAP-ir and 
decreased lesion cavity

Jimenez Hamann et al., 2005

Agarose hydrogel with BDNF T10 rat dorsal hemisection Reduced GFAP-ir and CSPG 
production

Jain et al., 2006

Agarose hydrogel with  
MP-loaded nanoparticles

T9-T10 rat contusion Decreased lesion volume Chvatal et al., 2008

Agarose hydrogel with  
MP-loaded nanoparticles

T9-T10 rat dorsal hemisection Reduction in GFAP-ir and 
CSPG-ir

Kim et al., 2009

Tetronic oligolactide hydrogel 
with MP

T7 rat hemisection Decreased CSPG deposition Kang et al., 2010

Poly(lactic-co-glycolic acid) 
nanoparticles with Flavopiridol

T10 rat hemisection Reduction in cavitation Ren et al., 2014

Agarose hydrogel with  
chABC-loaded lipid microtubes

T10 rat dorsal hemisection Decreased number of reactive 
astrocytes

Lee et al., 2010

Aligned poly-L-lactic acid 
microfibers

T9-T10 rat complete 
transection

Ingrowth of astrocytes Hurtado et al., 2011

Collagen nanofibers C3 rat hemisection No astrocyte infiltration Liu et al., 2012

Poly(lactic-co-glycolic acid) and 
poly(ε-caprolactone) channels

T10 rat contusion Minimal astrocyte infiltration Gelain et al., 2011

Poly(propylene carbonate) 
microfibers with dbcAMP

T8 rat hemisection Decreased glial scar thickness Xia et al., 2013
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2011]. This study demonstrated that HA-based hydro-
gels, when stabilized against degradation, can be used to 
minimize undesired scarring unlike the native HA, which 
was shown to degrade and induce the activation and pro-
liferation of astrocytes [Struve et al., 2005]. 

Fibrin scaffolds significantly enhance the regeneration 
environment by decreasing the astroglial scar formation 
at the white matter border of the lesion in a T8 complete 
transection rat SCI based on GFAP-ir at 9 days postim-
plantation [Taylor et al., 2006]. Delayed implantation of 
prepolymerizing fibrin scaffolds, however, implanted 2 
weeks after a T9 dorsal hemisection in rats delayed the 
accumulation of GFAP-positive astrocytes at the lesion 
border and lessened the migration of astrocytes into the 
lesion, although no change in CSPG deposition was re-
ported [Johnson et al., 2010]. 

Synthetic Injectable Biomaterials
Injectable, self-assembling peptide amphiphiles (PA) 

incorporating the neuroactive pentapeptide epitope 
from laminin, isoleucine-lysine-valine-alanine-valine 
(IKVAV), were used by Tysseling-Mattiace et al. [2008] 
because of their ease of self-assembly in vivo and the 
ability of IKVAV PA to promote neurite outgrowth in 
culture [Silva et al., 2004]. They showed that the injec-
tion of IKVAV PA into mice following an acute T10 clip 
compression SCI caused a significant reduction in 
GFAP-ir and facilitated the regeneration of ascending 
and descending sensory axons at the lesion site at 11 
weeks postinjection. While regeneration occurred, there 
was no change in functional recovery compared to the 
controls.

Chemically functionalized SWCNTs promoted neu-
rite extension of hippocampal neurons in culture [Ni et 
al., 2005]. This finding was extended to an in vivo study 
where SWCNTs functionalized with PEG was injected 
into the lesion following a T9 rat complete transection 
SCI [Roman et al., 2011]. The treatment significantly de-
creased the lesion volume without increasing reactive as-
trogliosis. A significant improvement in hindlimb loco-
motor recovery was also reported associated with an in-
crease in the number of corticospinal tract fibers.

Synthetic Hydrogels
Neurogel, a biocompatible poly (N-[2-hydroxypropyl]

methacrylamide) hydrogel, promoted axonal growth into 
the matrix in part by reducing the reactive astroglial re-
sponse and preventing scar formation as assessed using 
GFAP-ir 6 months postimplantation in a cat T6-T7 com-
plete transection SCI [Woerly et al., 2001a, 2004]. This 

was a follow-up study to work done in rats using delated 
implantation of Neurogel (14 weeks postinjury) where 
similar ingrowth of astrocytes and axons was observed 7 
months postimplantation along with significant im-
provement in functional recovery [Woerly et al., 2001b].

Drug Delivery from Injectable Hydrogel Systems
In addition to providing a matrix for tissue regenera-

tion, hydrogels can also be developed to release drugs  
locally to the injury site. A combination of epidermal 
growth factor and basic FGF-2 loaded into a collagen hy-
drogel was used by Jimenez Hamann et al. [2005] to stim-
ulate the proliferation and differentiations of ependymal 
cells, a potential source of endogenous progenitor/stem 
cells in the adult spinal cord. They showed that the hydro-
gel did increase ependymal cell proliferation following in-
trathecal injection in a severe compressive rat SCI model 
at the T2 level. However, the authors reported an increase 
in the GFAP-ir with a decrease in the lesion cavity. The 
growth factor BDNF (brain-derived neurotrophic factor) 
loaded into an agarose-based hydrogel reduced the reac-
tivity of astrocytes, as assessed by a reduction in GFAP-ir, 
and the production of CSPGs following implantation in 
a T10 dorsal hemisection rat model [Jain et al., 2006]. A 
significant increase in axonal regeneration and sprouting 
into the hydrogel was also reported.

The glucocorticoid methylprednisolone (MP) is the 
only FDA-approved drug for SCI applications [Bracken 
et al., 1998]. MP was shown to improve neurological re-
covery in humans if administered within 8 h after SCI 
[Bracken et al., 1990]. However, a high system dose of MP 
causes adverse side effects, including wound infections, 
pneumonia, and acute corticosteroid myopathy, and 
these side effects would be minimized by controlled and 
localized delivery of MP [Bracken et al., 1990; Gerndt et 
al., 1997; Legos et al., 2001; Qian et al., 2005]. Work by 
Chvatal et al. [2008] encapsulated MP in biodegradable 
poly(lactic-co-glycolic acid)-based nanoparticles in aga-
rose hydrogels. This injectable composite was placed into 
a T9-T10 contusion rat SCI. Following delivery of the 
MP-containing hydrogel, the authors noted a significant 
reduction in lesion volume 7 days postinjury. A follow-up 
study by the same group using MP-loaded nanoparticles 
in an agarose matrix enabled a significant reduction in 
GFAP-ir and CSPG-ir at the lesion border in the presence 
of the hydrogel, 2 and 4 weeks postimplantation in a T9-
T10 rat dorsal hemisection SCI model [Kim et al., 2009]. 

Another anti-inflammatory agent, minocycline, was 
loaded into an injectable Tetronic-oligolactide copoly-
mer hydrogel, which is liquid at room temperature and 
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solidifies at 37  ° C. Injection of this hydrogel in the lesion 
created following a rat T7 hemisection SCI significantly 
decreased CSPG deposition and increased axonal in-
growth at 1 and 6 weeks postinjection, respectively [Kang 
et al., 2010].

Ren et al. [2014] reported a decrease in GFAP-ir and 
an increase in neuronal survival and regeneration using 
the broad-spectrum cell cycle inhibitor Flavopiridol load-
ed into poly(lactic-co-glycolic acid) nanoparticles inject-
ed into a lesion created by a hemisection SCI at the T10 
level in rats. In addition, a reduction in the cavitation by 
approximately 90% was also reported along with im-
proved motor recovery.

Since the accumulation of axon-inhibiting CSPGs oc-
curs in the glial scar, chondroitinase ABC (chABC) was 
used in several studies to digest the GAG chains on  
CSPGs and thereby overcome CSPG-mediated inhibition 
[Bradbury et al., 2002; Pizzorusso et al., 2002, 2006; Bar-
ritt et al., 2006]. Since chABC loses its activity rapidly at 
physiological temperature [Tester et al., 2007], a thermo-
stabilized chABC was made by Lee et al. [2010] using the 
sugar trehalose. The chABC was loaded into lipid micro-
tubes embedded in an agarose hydrogel and injected in a 
rat T10 dorsal hemisection SCI. The thermostabilized 
chABC was reported to be stable for at least 2 weeks and 
has shown successful CSPG digestion following implan-
tation in vivo. The hydrogel also decreased the number of 
reactive astrocytes at the lesion site 2 weeks after injury as 
assessed using GFAP-ir.

Topographical Guidance Scaffolds
Although several groups have focused on using inject-

able materials as SCI therapies, many are studying fibrous 
materials within animal models of SCI. Fibrous materials 
provide a physical scaffold for the growing cells. These 
scaffolds are designed to mimic the fascicular nerve archi-
tecture, and the fibrous ECM within native tissue in terms 
of both chemical composition and physical structure in 
addition to being biocompatible, nontoxic, nonmutagen-
ic, and nonimmunogenic [Goyal et al., 2016]. Further-
more, they provide appropriate mechanical support and 
show favorable topographical properties to improve cell 
adhesion, proliferation, and differentiation [Lanza et al., 
2011]. In addition to acting as a scaffold, they can also be 
used for drug delivery applications similar to injectable 
biomaterials.

Electrospun Fiber Guidance Scaffolds
Electrospun fibers made from different biocompatible 

polymers were used to direct the migration of astrocytes 

and the extension of neurites from neurons in culture. 
Some of these materials were tested in vivo to assess their 
effects on the tissue following a SCI. Hurtado et al. [2011] 
used conduits made of highly aligned electrospun poly-L-
lactic acid microfibers (fiber diameter of 1.2–1.6 µm) and 
implanted them in a T9-T10 complete transection rat SCI 
model. Astrocytes were shown to migrate into the con-
duits along the length of the fibers 4 weeks postimplanta-
tion and axonal regeneration was localized to these mi-
gration astrocytes. Work using electrospun collagen 
nanofibers in a C3 hemisection rat SCI has shown sig-
nificant neural fiber sprouting 30 days postimplantation 
[Liu et al., 2012]. However, no infiltration of astrocytes 
into the conduits was reported. Self-assembling peptides 
assembled into electrospun guidance channels made of 
poly(lactic-co-glycolic acid) and poly(ε-caprolactone) 
have been used to study functional recovery in a delayed 
implantation T10 contusion SCI in rats [Gelain et al., 
2011]. The channels were implanted into the cysts formed 
after a contusion SCI at 1 month postinjury. Astrocytes 
were shown to surround the implant with very minimal 
infiltration into the tubular channels. There was also a 
significant ingrowth of βIII-tubulin-positive neurons in 
the scaffolds. A study by Xia et al. [2013] reported on the 
sustained delivery of dibutyryl cyclic adenosine mono-
phosphate to the hemisected spinal cord in rats at the T8 
level from electrospun poly(propylene carbonate) micro-
fibers. Four weeks postimplantation, the scaffold de-
creased the thickness of the glial scar, assessed using 
GFAP labeling, and promoted axonal growth into the 
scar.

Conclusion

This review highlights the advances made in the field 
of SCI therapies using biomaterials. Although significant 
progress is being made using different materials, there are 
only limited studies that show an improvement in func-
tional recovery. One important and relatively unexplored 
area for the advancement of biomaterial approaches 
could be to specifically target astrocytes, which in turn 
can drive axonal regeneration. A time-dependent analysis 
of the glial scarring response has shown positive and pro-
tective effects of astrocytes at the acute stage of injury. 
Subsequently, the astrocytes shift to a negative and in-
hibitory barrier suppressing axonal regeneration at the 
chronic stage of injury [Rolls et al., 2009]. Hence, bioma-
terial approaches can be designed to revert astrocytes 
back to a neuron-supportive phenotype. This idea is sup-
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ported by recent advances in the field that show that en-
vironmental cues can drive the astrocyte phenotype in 
vivo after injury and the process of scar formation could 
be reversible [Hara et al., 2017]. A different approach 
could be to better understand the differences between re-
active states of astrocytes and use biomaterials to target 
the mechanisms underlying the induction of those reac-
tive states [Liddelow and Barres, 2017]. A drive from a 
detrimental phenotype to a neuroprotective phenotype 
may boost axonal regeneration.
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