1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Opin Biomed Eng. Author manuscript; available in PMC 2021 July 21.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Biomed Eng. 2020 June ; 14: 67-74. doi:10.1016/j.cobme.2020.06.004.

Biomaterial strategies for creating in vitro astrocyte cultures
resembling in vivo astrocyte morphologies and phenotypes

Manoj K. Gottipati12:3, Jonathan M. Zuidema#, Ryan J. Gilbert1:2."

!Department of Biomedical Engineering, Rensselaer Polytechnic Institute, 110 8! Street, Troy,
NY. 12180

2Center for Biotechnology and Interdisciplinary Studies, Rensselaer Polytechnic Institute, 110 8t
Street, Troy, NY. 12180

3Center for Brain and Spinal Cord Repair, Department of Neuroscience, The Ohio State
University, 460 W. 12t Avenue, Columbus, OH. 43210

“Department of Neurosciences, University of California, San Diego, 9500 Gilman Drive, La Jolla,
CA. 92093

Abstract

Astrocytes are dynamic cells residing in the central nervous system exhibiting many diverse
functions. Astrocytes quickly change and present unique phenotypes in response to injury or
disease. Here, we briefly summarize recent information regarding astrocyte morphology and
function and provide brief insight into their phenotypic changes following injury or disease. We
also present the utility of /in vitro astrocyte cultures and present recent advances in biomaterial
development that enable better recapitulation of their /n vivo behavior and morphology.

Astrocytes: Morphology, function, and heterogeneity

Astrocytes are star-shaped glial cells which constitute about 50% of all the cells in the
central nervous system (CNS) and play a vital role in maintaining CNS homeostasis [1].
They are derived from the radial glia in the neuroepithelium [2], which differentiate into
mature astrocytes after neurogenesis and translocate to their destination in the white or gray
matter [3-6]. They lose their bipolar morphology and form additional processes while
upregulating their expression of the glial fibrillary acidic protein (GFAP). Astrocytes can
dramatically alter their shape in the cortex and spinal cord (ex. in response to an injury)
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unlike the neurons and oligodendrocytes, which take on distinct morphology after terminal
differentiation.

Astrocytes have long been characterized into 2 classes (Figure 1), primarily based on their
morphology [7]. They, however, also differ in their developmental origin, location and
antigenic phenotype [8]. Protoplasmic astrocytes have short and extensively branched
processes with a bushy architecture and are predominantly found in the gray matter. They
are arranged in non-overlapping domains and envelop neuronal cell bodies and synapses and
weakly express GFAP [9]. Fibrous astrocytes, on the contrary, express GFAP, have long and
elaborate processes and are found in the white matter where they interact with the nodes of
Ranvier [10,11]. Albeit this classification, it has been shown that astrocytes demonstrate
significantly variable genetic and molecular expression profiles depending on the different
brain regions they are isolated from. Some notable mentions include Muller cells and
Bergmann glial cells [12]. This inherent diversity of astrocytes may have important
implications for their functions and response to insult or disease.

The functional diversity of astrocytes is also influenced by their state of maturity. Immature
astrocytes have been shown to provide a favorable substrate for axonal growth by interacting
with neuronal growth cones during development [13-15]. Mature astrocytes, however, do
not have the same ability to promote neurite outgrowth. Injury to the CNS in adult mammals
causes mature astrocytes to become reactive and lead to the formation of a glial scar that
surrounds the damaged tissue [16]. Such injuries in immature mammals or lower species,
however, result in a more reparative type of reactive astrogliosis, suggesting that there is an
innate difference between immature and mature glia and that astrocytes change their
properties as they mature.

Research over the past few decades has shown that astrocytes play a very crucial role in the
CNS and not just act as passive support cells for neurons. They are important in maintaining
tissue homeostasis by regulating intracellular/extracellular ion and neurotransmitter
concentrations [17]. They regulate inflammatory factors, such as cytokines, chemokines,
complement proteins and reactive oxygen species or reactive nitrogen species [18]. They are
responsible for the formation and maintenance of the blood brain barrier and controlling the
local blood flow [19,20]. They facilitate synaptogenesis and are involved in synaptic
plasticity and pruning. They also play a vital role in providing structural, metabolic and
trophic support for neurons [21-24].

Reactive Astrogliosis: Astrocytic response to CNS injury

An injury to the CNS typically results in a cascade of cellular and molecular changes, the
magnitude of which depends on the severity of the injury. Astrocytes, in particular, undergo
a dramatic change in their gene expression, proliferation, morphology and physiology, a
process collectively known as reactive astrogliosis [25]. The injury transforms native
astrocytes into reactive astrocytes, which eventually become scar-forming astrocytes (Figure
1) [26]. The astrocytes in the immediate vicinity of the injury become hypertrophic and
show elongated morphologies with overlapping domains (most of which are fibrous
astrocytes), while the astrocytes more distant from the lesion maintain their stellate
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morphology and non-overlapping domains suggesting a spatial heterogeneity in this process
[27]. These morphological changes are accompanied by a modest increase in the
proliferation of astrocytes along with an increase in their production of several key proteins
such as GFAP and vimentin, markers widely used to identify reactive astrocytes, as well as
S100B and nestin [28-33]. They also release neurotoxic molecules such as lipocalin. They
upregulate their expression of proteoglycans, a range of inhibitory extracellular matrix
proteins, prominent of which being aggrecan, brevican, neurocan, NG2, phosphacan, and
versican [34-36]. These proteoglycans form an inhibitory gradient known as a glial scar that
is highest at the lesion center and diminishes gradually into the penumbra, and houses
reactive astrocytes, microglia, infiltrating macrophages, and endothelial cells [37,38]. The
glial scar contains and prevents the spread of the damage to the surrounding healthy tissue,
while also acting as a physical barricade to the regenerating axons and scar formation is
driven by type 1 collagen via the integrin-N-cadherin pathway [26].

Gene transcriptome analysis of reactive astrocytes has shown that they exist in two distinct
reactive states (Figure 1) —neurotoxic Al astrocytes induced by neural inflammation and
neuroprotective A2 astrocytes induced by ischemia [39,40]. Al reactive astrocytes
upregulate many classical complement cascade genes that are destructive to synapses, and
secret neurotoxins while A2 reactive astrocytes can upregulate many neurotrophic factors,
which can promote either the survival and growth of neurons or synaptic repair [41].
However, the signaling pathways driving these distinct states remain to be elucidated in the
context of different CNS injuries.

In vitro Astrocyte Culture

Primary astrocyte cultures are generated to provide insight into astrocyte response to
potentially beneficial pharmaceuticals, to chemokines expressed following injury or during
disease, or to understand astrocyte interactions with other cells in the CNS. From a
biomaterial perspective, primary astrocyte cultures provide useful information concerning
the potential biocompatibility of new biomaterial designs that interface with the brain or
spinal cord. Further, biomaterials can be used to create /n vitro cues that recapitulate aspects
of the /n vivo environment. Before /n vitro culture with biomaterials can occur, different
perspectives of astrocyte culture should be considered.

Astrocytes used for culture are isolated from newborn mice or rats isolated from the brain or
spinal cord [42]. However, location of tissue isolation is important, where white matter
astrocytes are morphologically and phenotypically different than gray matter astrocytes and
astrocyte physiology is distinct within specific anatomical regions as highlighted in the
sections above [43]. Further, immature astrocytes from young animals continue to replicate
in culture and are matured through the addition of fetal bovine serum (FBS) [44]. Culture
protocols vary (medium composition, culture plate coating, and numbers of days in culture)
and such variability can influence the extent of astrocyte reactivity [45]. More recently,
protocols for creating human induced pluripotent stem cells (iPSCs) differentiated towards
astrocytes are used to generate human astrocyte cultures [46]. Thus, human astrocyte
cultures may supplant rodent astrocyte cultures as these protocols become more widely used.
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The standard process to isolate and culture astrocytes typically produces astrocytes that are
reactive in terms of their phenotype. Thus, alternative approaches may be used to isolate
quiescent or naive astrocytes that better represent uninjured or normal physiology. Also, the
culture of astrocytes from young animals takes weeks to generate mature astrocyte cultures.
To circumvent these challenges, astrocytes can be directly isolated from adult animals and
separated from other cells using fluorescence-activated cell sorting (FACS) [47] or
immunopanning [48].

In the following sections, we will present biomaterial platforms used to generate astrocyte
cultures that better recapitulate /7 vivo astrocyte physiology and structure. Our focus
highlights platforms that provide structures (topography) or mechanical properties or
extracellular matrix (ECM; hydrogels) that better recapitulate the /n vivo environment.

Engineering astrocyte morphology and function through topography

It has long been recognized that there is astrocyte morphological heterogeneity in the CNS,
and, more recently, these morphological differences have begun to be studied to elucidate
their impact on astrocyte functional heterogeneity [49]. Morphological and functional
differences have proven difficult to study /n vitro, where traditional two-dimensional
astrocyte cultures more closely resemble reactive astrocytes than the astrocyte morphologies
and phenotypes found in the healthy CNS [39]. The absence of three-dimensional
architecture for astrocyte growth, limited extracellular matrix complexity, and a lack of
cellular diversity found in typical CNS tissue all lead to the limited astrocyte heterogeneity
found in culture. One engineering approach that researchers can employ to increase
astrocyte heterogeneity /n vitrois through the development of culture substrates that have
nano and micro-topographical structures similar in size to those found /in vivo.

The most common fabrication techniques for creation of three-dimensional topographical
structures for Jin vitro astrocyte cultures have been polymer fiber electrospinning and
photolithography. Topographic features must be in the size range that cells are able to sense
and not bigger than the cells themselves, which has generally been shown to vary in the
range of 100 um to roughly 1 nm [50]. Astrocytes cultured on randomly oriented substrates
in the range of 10um —100nm take on a stellate morphology and extend processes (Figure 2)
more closely resembling protoplasmic astrocytes compared to those cultured on two-
dimensional substrates [51,52]. Many studies have shown that astrocytes cultured on
uniaxially aligned topographies undertake a bipolar or stellate morphology oriented in the
direction of the surface topography [53-56]. While our understanding of astrocyte functional
changes associated with these observed morphological differences is still in its nascent
stage, several interesting findings have begun to emerge. Astrocytes cultured on either
uniaxially or randomly oriented micro- and nanotopographies show a decrease in GFAP
expression that is typically associated with less reactive astrocyte phenotypes [52,53,56-58].
Glutamate transport has also been shown to be impacted, where increases in astrocyte
glutamate transporter expression lead to increased astrocyte glutamate uptake and a
neuroprotective effect on co-cultured neurons [55,56,59]. While these studies identify
functional and morphological changes in astrocytes cultured on micro- and nanotopography,
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much more work is needed in this field to build a greater understanding of the impact of
topography on astrocyte phenotype.

To gain a deeper understanding into the biology of astrocytes cultured on micro- and
nanotopographies, new technologies that are becoming available both in advanced material
synthesis and cellular genotyping and phenotyping should be exploited. These technologies,
including single-cell RNA sequencing, can be used to reveal astrocyte heterogeneity in
culture, and will guide the design of topographies that more closely model astrocyte
phenotypes found /n vivo [60]. In the area of materials fabrication, micro- and
nanotopographies that release therapeutics for extended time periods, display specific
extracellular matrix molecules on their surfaces, and/or have distinct mechanical properties
are being developed [61-63]. These technologies will introduce more precision and
complexity into the astrocyte culture environment, allowing researchers greater control over
the phenotypes they are able to produce in vitro. As researchers combine innovative
technologies that precisely engineer culture environments with state-of-the-art analyses that
determine astrocyte function, the ability to more closely mimic /n vivo astrocyte phenotypes
will begin to be realized.

Use of hydrogels within preclinical CNS injury models instructing their

development for in vitro astrocyte culture

Hydrogels are appropriate materials for CNS injury since many are injectable and fill
irregular geometries created by injury. Hydrogels are soft and many hydrogels nearly match
the mechanical properties of the CNS, as mechanical mismatch between an implant and
CNS tissue can spur further damage [64]. Hydrogels, at the lesion edge, create an interface
to enable astrocyte attachment and infiltration. Thus, hydrogel placement within preclinical
models have instructed the design of hydrogels for /n vitro astrocyte culture.

Some hydrogels within /n vivo settings are designed to facilitate moderate astrocyte
attachment so that dense astrocyte networks or scarring is limited at the lesion edge. They
may also limit interfacing between infiltrating blood monocytes and macrophages and
astrocytes, which can drive astrocytes towards a reactive phenotype. Initial hydrogel designs
implanted within spinal cord injury (SCI) models were composed of fibrin (with slowly
releasing neurotrophin-3) [65] and subsequent designs consisted of hyaluronic acid [66],
both of which were able to reduce GFAP expression following injury. More recently,
polypeptide hydrogels releasing epidermal growth factor (EGF) and fibroblast growth factor
(FGF) modified astrocyte behavior following SCI to stimulate robust axonal regeneration
through astrocytic scars [67].

Results gathered from /n vivo application have driven the design of /n vitro hydrogels for
astrocytes. Most recently, hydrogels for astrocyte culture and study are protein-based with
doped hyaluronan; two such studies are highlighted here (Figure 3). A peptide hydrogel
modeled after brain extracellular matrix was engineered to control astrocyte quiescence and
activation as well as morphology [68]. This result is noteworthy since astrocyte morphology
within hydrogels is often not stellate. Thus, recapitulating astrocyte shape observed /n vivo
may lead to cultures that better mimic astrocyte physiology. In another recent study,

Curr Opin Biomed Eng. Author manuscript; available in PMC 2021 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gottipati et al.

Biological

Page 6

placement of hyaluronan into collagen hydrogels increased GFAP expression and increased
astrocyte contractility [69]. Deciphering the roles of specific extracellular matrix molecules
on astrocyte morphology and physiology will likely lead to more relevant hydrogel models
for studying astrocyte behavior.

assays to assess astrocytes

Considering the inherent heterogeneity of astrocytes observed in7 vivo, all the in vitro assays
should consider the following aspects to enhance the translational potential of the assays: 1)
source of the astrocytes, 2) activation state of the astrocytes and 3) appropriate readout from
the astrocytes. As highlighted in the introduction, astrocytic structure and function depends
heavily on where the astrocytes are isolated from and what their level of maturity is. So, the
source of astrocytes is extremely important depending on the assay. For example, usage of
mature astrocytes from the spinal cord would make for a better model to study spinal cord
injury as opposed to immature astrocytes isolated from the cortex. Also, since the astrocytes
are not in their naive un-activated state following an insult, it is imperative that the assay is
conducted using the appropriate stimulus to activate the astrocytes. For example, using a
combination of interleukin 1 alpha (IL-1a), tumor necrosis factor alpha (TNFa.), and
complement component 1, q subcomponent (C1q) to induce the neurotoxic Al phenotype in
astrocytes [40] vs. activating the integrin-N-cadherin pathway using type 1 collagen to
induce scar-forming astrocytes depending on the focus of the assay [26]. And finally, the
quantification of the expression levels of GFAP and proteoglycans have been the most
common parameters evaluated to assess the increase or decrease in the reactivity of
astrocytes. However, considering the complexity of the process of reactive astrogliosis, an
in-depth analysis should be conducted to assess the state of astrocytes rather than relying on
a couple of markers. As our understanding of astrocyte biology evolves, assessment of the
astrocyte response should include an array of cytoskeletal proteins, growth factors,
cytokines, extracellular matrix proteins, ion transporters, and neurotransmitter channels
using techniques to study changes at both cellular (ex. flow cytometry) and molecular level
(ex. RNA sequencing).

Three-dimensional printing of astrocytes

Three-dimensional printing offers unique control over cellular placement and the
architectural shape of the /n vitro environment that standard culture practices do not afford
[70]. Some unique system controls that three-dimensional printing allows include: 1) exact
intercellular distances in cultures containing multiple cell types, 2) precise placement of
mechanically distinct materials, extracellular matrix molecules, and/or soluble factors, and
3) three-dimensional scaffold architectures with current resolutions near 50 pm. Using these
fabrication techniques, researchers have begun to develop /n vitro models to study
glioblastomas and connectivity of the nervous system [71,72]. Moving forward, culture
systems that model phenotypically relevant astrocytes for the study of the tripartite synapse,
astrocyte nutrient uptake from blood vessels, and reactive astrocytes found in disease or after
trauma can be envisioned. As the ability to add more complexities to these systems is
established, researchers will begin to create relevant models of astrocyte phenotypes that
better mimic their /n vivo counterpart’s morphology and functionality.
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Summary and future directions

The varying functions of astrocytes in combination with their dynamically changing
behavior following injury or during disease progression make it challenging to create
relevant /n vitro astrocyte culture models. However, due to recent advances in understanding
astrocyte biology in addition to the advances made in creating complex biomaterial
environments, progress is being made to design substrates that better recapitulate astrocyte
morphology and physiology. Future directions will likely include continued development of
biomaterials, creating three-dimensional cellular organization that recapitulates the astrocyte
density found /n vivo, and implementation of co-culture systems that enable understanding
of communication between neurons, other glia, and the immune system.
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Figure 1:
Left: Based on their morphology, astrocytes found in the central nervous system are

characterized into two prominent classes: protoplasmic and fibrous. Right: Following an
insult, astrocytes turn reactive and show a change in their phenotype. However, the nature of
response varies depending on the nature of the insult.
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Figure 2:
Biomaterial topographies induce cultured astrocytes to become stellate and increase their

expression of glutamate transporters while reducing their expression of GFAP.
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Three-Dimensional Culture
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phenotype

Astrocytes on traditional two-dimensional surfaces display polygonal geometries and
astrocytes on these surfaces are typically reactive. Three-dimensional hydrogels with distinct
characteristics are able generate astrocytes displaying stellate forms and enable better

control over astrocyte phenotype.
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