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Abstract

Astrocytes sense changes in neural activity and extracellular space composition. In response, they 

exert homeostatic mechanisms critical for maintaining neural circuit function, such as buffering 

neurotransmitters, modulating extracellular osmolarity and calibrating neurovascular coupling. In 

addition to upholding normal brain activities, astrocytes respond to diverse forms of brain injury 

with heterogeneous and progressive changes of gene expression, morphology, proliferative 

capacity and function that are collectively referred to as reactive astrogliosis. Traumatic brain 

injury (TBI) sets in motion complex events in which noxious mechanical forces cause tissue 

damage and disrupt central nervous system (CNS) homeostasis, which in turn trigger diverse 

multi-cellular responses that evolve over time and can lead either to neural repair or secondary 

cellular injury. In response to TBI, astrocytes in different cellular microenvironments tune their 

reactivity to varying degrees of axonal injury, vascular disruption, ischemia and inflammation. 

Here we review different forms of TBI-induced astrocyte reactivity and the functional 

consequences of these responses for TBI pathobiology. Evidence regarding astrocyte contribution 

to post-traumatic tissue repair and synaptic remodeling is examined, and the potential for targeting 

specific aspects of astrogliosis to ameliorate TBI sequelae is considered.

Introduction

Responses to injury and disease in the central nervous system (CNS) involve multiple neural 

and non-neural cell types that interact over time in an effort to maintain homeostasis, protect 

viable cells, clear debris and preserve function (Burda and Sofroniew, 2014). Astrocytes are 

pivotal responders to all forms of CNS insults through diverse potential changes commonly 

referred to as reactive astrogliosis. In the healthy CNS, astrocytes play critical roles in 

maintaining the homeostasis of ions, transmitters, water and blood flow that are critical for 

neural circuit function. Many aspects of astrocyte responses to CNS damage and disease 

have been reviewed (Sofroniew and Vinters, 2010; Pekny and Pekna, 2014; Sofroniew, 

2014b). In this article we will focus on astrocyte responses to, and roles in, traumatic brain 

injury (TBI).

*Correspondence: sofroniew@mednet.ucla.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Exp Neurol. Author manuscript; available in PMC 2017 January 01.

Published in final edited form as:
Exp Neurol. 2016 January ; 275(0 3): 305–315. doi:10.1016/j.expneurol.2015.03.020.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Multiple forms and severities of TBI and tissue damage

Traumatic brain injury (TBI) can be caused by a wide variety of stimuli and encompasses a 

large range of severities (Graham et al., 2000). There is increasing recognition that TBI can 

not only have direct and immediately recognizable consequences, but also has the potential 

for long-term and gradually evolving sequelae, such as increased susceptibility for 

behavioral disturbances, seizure disorders or neurodegenerative disease (Kovacs et al., 2014; 

Sharp et al., 2014). It is also becoming clear that clinically mild forms of TBI that initially 

do not cause overt symptoms or easily detectable tissue damage can have long-term 

consequences, particularly if repetitive. To understand and address the consequences of TBI, 

there is a need for a better understanding of the cell biological consequences of different 

forms and severities of TBI and how they evolve over time and give rise to different forms 

and severities of tissue damage. The potentially beneficial or sometimes harmful effects of 

cellular responses to TBI such as reactive astrogliosis, are determined by a multitude of 

potential specific signaling events that can vary considerably with different forms and 

severities of CNS insults (Sofroniew, 2009; Burda and Sofroniew, 2014; Sofroniew, 2014b). 

Thus it is important to understand how different triggering events can lead to different 

cellular responses and different forms of pathology.

Tissue pathology and its functional consequences resulting from TBI are heterogeneous and 

determined largely by (i) the mechanical properties of the injury, (ii) degree of injury 

severity and (iii) the anatomical location of the injury. For analytical purposes it is useful to 

differentiate the features and origins of focal and diffuse tissue damage, which are 

associated with different types of astrocyte responses (Fig. 1). It deserves emphasis that 

clinically mild, moderate or severe TBI have the potential exhibit all of these forms of tissue 

damage to varying degrees and across varying expanses of tissue.

Focal tissue damage

Focal tissue damage after TBI can arise in several ways, for example from direct impact that 

produces brain contusion with intra- and/or extra-axial hemorrhage, or from penetrating 

injuries that cause direct parenchymal laceration and hemorrhage. As a result, focal TBI 

lesions form due to abrupt and indiscriminate cell death of a majority of neural cells in 

circumscribed regions (Fig. 1B). Such focal lesions can vary considerably in size, and can 

encompass large areas or can be restricted to small clusters of cells (Myer et al., 2006; 

Villapol et al., 2014).

Diffuse tissue damage

The initial insult leading to diffuse tissue damage after TBI results from tissue strain due to 

inertial forces, such as occurs with rapid head acceleration/deceleration in an automotive 

crash or in blast injuries (Gennarelli et al., 1982). Unlike the easily detectable gross tissue 

disruption produced by focal TBI lesions, primary diffuse TBI pathology is difficult to 

detect by current neuroimaging methods, particularly in its acute stages. Rather, tissue 

deformation produces sub-lethal damage to neurons, glia and vascular cells, which leads to 

chronic progressive cellular injury due to oxidative damage, osmotic imbalance, ischemia 

and inflammation (Fig. 1A). As such, diffuse TBI is often only diagnosed conclusively at the 
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microscopic level during postmortem evaluation, by vascular breakdown and hallmark 

diffuse axonal injury that manifests as axonal swellings, plasmalemmal disruption, 

disconnection and Wallerian degeneration (Johnson et al., 2013). The extent of diffuse 

axonal injury correlates with injury severity and the plane of mechanical loading (Smith et 

al., 2000), with regions of white-grey matter interface or enriched white matter (e.g cortical 

gyri, corpus callosum, brain stem) being particularly susceptible to strain injury (Gennarelli 

et al., 1982; Meythaler et al., 2001).

In this regard, it is important to realize that tissue damage after TBI is seldom purely focal or 

diffuse, with a single case often involving a multiplicity of focal and diffuse lesions 

(Graham et al., 2000; Skandsen et al., 2010). Areas of focal tissue damage are invariably 

surrounded by tapering perimeters of diffuse tissue damage and its associated cellular 

changes and responses (Fig. 1B). For example, an acute contusive TBI may produce a gross 

focal lesion at the site of impact, while generating rapid head acceleration that evokes more 

diffuse damage by way of compressive countercoup injury and rotational tissue shearing 

(Ommaya and Gennarelli, 1974). Indeed, animal models of focal contusive and percussive 

TBI demonstrate diffuse cellular perturbations in regions distal to the epicenter of focal 

damage (Singleton and Povlishock, 2004; Vlodavsky et al., 2005). Conversely, after a 

diffuse TBI caused by severe acceleration-deceleration, the coalescence of multiple small 

vascular deficits created by diffuse multiple small shear injuries may lead to tissue lesions 

similar in nature to focal lesions (Shih et al., 2013). Accordingly, in many if not most cases 

the traumatized brain may be comprised of lesions of disparate pathogenesis, involving a 

range of cellular microenvironments, including synapses, axons and the vascular/

parenchymal interface of the blood brain barrier.

A number of animal models of TBI have been designed to investigate the complex 

detrimental biomechanical and molecular mechanism of underlying brain trauma, and which 

exhibit the features focal and diffuse tissue damage in varying degrees. In-depth analysis of 

the most common models and their utility for investigating specific features of TBI 

pathology has been the focus of excellent review articles (Xiong et al., 2013).

Astrocytes

Astrocytes tile the brain and spinal cord. They localize to all cellular environments and 

thereby exist as common denominators among injury compartments containing differing 

degrees of cell death, neuronal and axonal injury, inflammation and vascular injury (Fig. 1). 

Astrocytes are key players in the multicellular response to CNS trauma and disease (Burda 

and Sofroniew, 2014). Their critical roles in healthy CNS and their general responses to 

CNS insults have been reviewed extensively elsewhere (Sofroniew and Vinters, 2010; Burda 

and Sofroniew, 2014; Pekny and Pekna, 2014). Noteworthy is the increasing recognition that 

astrocytes exhibit structural, molecular and functional diversity in healthy CNS and in 

responses to CNS insults (Zhang and Barres, 2010; Anderson et al., 2014). Here, we will 

focus on astrocyte responses to, and roles in, different forms and severities of CNS tissue 

damage after TBI (Fig. 1). In particular we consider the role of TBI induced mechanical 

forces in the initiation of astrocyte reactivity and astrocyte-microglial interactions. We 

consider functional consequences of such responses with respect to severity of tissue 
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damage and regulation of inflammation, cerebrovascular integrity and post-traumatic circuit 

plasticity and remodeling. We will discuss how certain mechanisms of astrocyte reactivity 

have the potential to dysfunction and become maladaptive, with serious repercussions for 

surrounding neurons and glia. Understanding mechanisms that trigger and regulate astrocyte 

reactivity in TBI, and the beneficial or detrimental consequences of reactivity-associated 

changes in astrocyte functions for disease progression, has the potential to identify novel 

targets for ameliorating post-traumatic brain injury and promoting tissue repair.

TBI mechanopathogenesis as a trigger of astrocyte reactivity

Dissecting the means by which mechanical forces translate into cellular dysfunction and 

damage is fundamental to understanding and developing therapeutic strategies for TBI, in 

particular for milder forms of TBI that may cause widespread diffuse tissue damage but little 

or no severe focal tissue damage. Supra-threshold dynamic strain accompanying the 

spectrum of TBI can profoundly influence cell behavior and function without causing gross 

tissue destruction. For example, although axons are capable of sustaining minor membrane 

deformations, they are rigid structures within an elastic extracellular surround (Javid et al., 

2014) and deleterious mechanical stress experienced at the onset of TBI-induced damage 

produces immediate plasmalemmal instability and cytoskeletal disassembly (Povlishock, 

1993; Pettus and Povlishock, 1996; Singleton and Povlishock, 2004). Astrocytes appear 

equally susceptible to membrane distortions and poration (Cullen et al., 2011). How 

astrocytes transduce physical strain associated with more diffuse forms of tissue damage 

after TBI into subsequent changes in cell function is incompletely understood, but evidence 

is emerging. One mechanism could involve activation of astrocyte mechanosensitive ion 

channels elicited by traumatic membrane deformation (Fig. 2). Indeed, astrocytes express a 

number of mechanotransducing ion channels (Bowman et al., 1992; Islas et al., 1993), as 

well as non-traditional, stretch-sensitive cation channels such as N-methyl-D-aspartic acid 

receptors and “BK” potassium channels, which may all contribute to the rapid influx of 

extracellular calcium and sodium observed in physically stressed astrocytes (Rzigalinski et 

al., 1997; Floyd et al., 2005). Other in vitro studies demonstrate diverse astroglial responses 

to physical strain in the form of plasma membrane stretching, including mitogen-activated 

protein kinase and protein kinase B (AKT) signaling, elevations in intracellular calcium and 

adenosine triphosphate (ATP) release (Ahmed et al., 2000; Verderio and Matteoli, 2001; 

Neary et al., 2003; Neary et al., 2005). ATP is released via connexin hemi-channels, which 

are abundantly expressed by astrocytes (Rouach et al., 2002; Stout et al., 2002). Other 

studies show that astrocyte stretch injury can lead to secretion of vasoactive molecules such 

as endothelin-1 and isoprostanes (Hoffman et al., 2000; Ostrow et al., 2011), as well as 

inositol triphosphate signaling induction and altered sensitivity to extracellular glutamate 

and inflammatory cytokines (B. A. Rzigalinski, 1998; Ralay Ranaivo et al., 2011). 

Astrocytes may also release matrix metalloproteinase-9 in response to mechanical strain 

(Pan et al., 2012). These diverse effects could have a wide variety of consequences for 

astrocyte functions (Fig. 2) that in turn impact on neural circuit function and circuit 

plasticity during circuit reorganization and attempts to maintain or restore neurological 

functions. Much work is needed to gain a better understanding of these events.
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It is also noteworthy that astrocytes contain dense networks of intermediate filaments such 

as glial fibrillary acidic protein (GFAP). TBI-associated mechanical strain transduced by 

these flexible intermediate filament networks could serve to encode severity of astrocyte 

deformation over a broad dynamic range, in part instructing an appropriate course of 

reactive astrogliosis, which is heterogeneous depending on the degree and location of the 

injury (Fig. 2). GFAP and other intermediate filaments, vimentin and nestin, are markedly 

upregulated following brain trauma and stroke (Li and Chopp, 1999; Liu et al., 2014). 

Elevated levels of astrocyte intermediate filaments appears to be related to the severity of 

cellular perturbation, as GFAP expression is greatest in reactive astrocytes proximal to CNS 

traumatic lesions, tapering in perilesion zones (Wanner et al., 2013). Studies in mice lacking 

both GFAP and vimentin demonstrate markedly impaired astrocyte reactivity, attenuated 

debris clearance and chronic blood-brain barrier dysfunction after focal traumatic injury or 

stroke (Pekny et al., 1999; Liu et al., 2014), indicating that these cytoskeletal proteins are 

required for appropriate initiation and maintenance of reactive astrogliosis. The upregulation 

of intermediate filaments by trauma-reactive astrocytes, as well as their direct association 

with known early stress-response proteins substantiates their role in the early astroglial 

response to TBI (reviewed in (Pekny and Lane, 2007; Toivola et al., 2010)). TBI also 

induces the release of GFAP and S100 calcium binding protein B (S100B) from astrocytes, 

which may serve as a serum and/or cerebrospinal fluid biomarkers of TBI severity (Fig. 2)

(Zetterberg et al., 2013; Plog et al., 2015).

Further investigation into how astrocytes sense and respond to varying degrees of 

mechanical stress will allow for a clearer understanding of the initializing events and 

functional consequences of astrocyte reactivity in TBI. Importantly, primary injury in TBI 

yields immediate release of molecular stress signals by astrocytes and other surrounding 

injured cells, often coupled with the extravasation of volatile serum proteins across a 

disrupted blood brain barrier. The additive effects of initial physical and molecular 

disturbances strongly influences astrocyte gene expression, morphology, secretory and 

proliferative capacities, which impact on the CNS tissue response to TBI (Fig. 2).

Rapid astrocyte responses to TBI

Studies employing intravital time-lapse imaging have revealed astrocytes as critical early 

responders to TBI and suggest an essential role for astrocyte-derived ATP in stimulating 

other cellular responses (Kim and Dustin, 2006). Such findings are consistent with the 

ability of TBI mechanopathogenic forces to initiate various astrocyte signaling events, 

including ATP release via connexin hemi-channels as discussed above. It is noteworthy that 

ATP is also released by dying and injured cells. Regardless of source, TBI-induced 

extracellular ATP induces a rapid rise in cytoplasmic calcium in reactive astrocyte networks 

surrounding acute traumatic brain lesions. This calcium signaling precedes the (i) 

polarization of astrocyte processes towards the site of injury and (ii) recruitment of 

dynamically motile microglia and neutrophils, which occur within minutes following trauma 

and which are all ATP and connexin hemi-channel-dependent (Davalos et al., 2005; Kim 

and Dustin, 2006; Roth et al., 2014). In vitro studies also demonstrate ATP-dependent 

astrocyte calcium signaling with subsequent ATP release, just prior to microglial activation 

(Guthrie et al., 1999; Verderio and Matteoli, 2001). Astrocyte connexin-mediated ATP 
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signaling has also been implicated in driving astroglial and microglial reactivity in 

traumatically injured spinal cord (Huang et al., 2012). These observations support a model 

in which primary mechanical tissue damage induced by TBI rapidly triggers ATP release 

from astrocytes and other cells, which in turn triggers a wave of inter-astrocyte calcium 

signaling and astrocyte-derived ATP release that rapidly recruits microglia to injury sites 

and leads to both microglial and astrocyte reactivity responses (Fig. 3). Notably, initially 

released astrocyte-derived ATP can be recognized as indirectly neuroprotective, as 

recruitment of innate immune cells to traumatic brain lesions is ATP/connexin-dependent 

and essential for the survival of local parenchymal and meningeal cells (Roth et al., 2014). 

In addition, these initial events can also set in motion longer term cellular interactions that, 

depending on the severity of the inducing trauma and degree of tissue damage, can in a 

context dependent manner lead to different forms and functions of reactive astrogliosis.

Different forms and functions of reactive astrogliosis

As discussed above, TBI varies greatly in severity of cellular and tissue damage. There is 

now substantial evidence that astrocytes tune their responses to the nature and severity of 

CNS insults (Fig. 1A,B), resulting in different forms of reactive astrogliosis that have been 

discussed in detail elsewhere (Sofroniew and Vinters, 2010; Burda and Sofroniew, 2014; 

Sofroniew, 2014b). In broad terms, reactive astrogliosis can now be defined as a finely 

graded continuum of multiple potential changes that range from reversible alterations in 

gene expression and cell hypertrophy within preserved individual astrocyte domains (Fig. 

1A), to scar formation that involves substantial cell proliferation and permanent 

rearrangement of tissue structure (Fig. 1B) (Sofroniew and Vinters, 2010; Sofroniew, 

2014b). Thus, astrogliosis is both complex and heterogeneous. Of particular interest here is 

that CNS trauma induces clear gradients in astrogliosis that vary with distance from lesions 

and with injury intensity (Wanner et al., 2013). From a functional perspective, emerging 

evidences points towards critical roles for different forms of reactive astrocytes in a variety 

of post-injury mechanisms including (i) regulation of inflammation, (ii) isolation of lesions 

and protection of adjacent neural tissue, (iii) regulation of the blood brain barrier and (iv) 

synaptic plasticity and neural circuit reorganization, as discussed in the following sections.

Reactive astrocytes regulate TBI-associated inflammation

TBI with severe focal tissue damage triggers inflammatory mechanisms essential for 

clearance of debris (Burda and Sofroniew, 2014). Astrocytes play key roles in this process. 

Astrocytes can both respond to and produce many immunomodulatory molecules, including 

cytokines, chemokines and inflammatory mediators such as danger-associate molecular 

patterns (DAMPs) and alarmins released by stressed, injured or dying cells. Prototypical 

DAMPs, including high-mobility group box 1 (HMGB1), heat shock proteins and S100 

proteins, signal through pattern recognition receptors on phagocytic immune cells to 

promote clearance of cytotoxic cellular debris and decrease inflammation (reviewed in 

(Neal, 2012; Burda and Sofroniew, 2014)). Though pattern recognition receptors, such as 

toll-like receptors (TLRs) and receptor for advanced glycation end products (RAGE), are 

traditionally expressed by microglia and macrophages, they are also expressed by astrocytes 

(Ponath et al., 2007; Gorina et al., 2011). Stimulation of astrocyte pattern recognition 
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receptors by DAMPs results in nuclear-factor-κB (NFκB) signaling, the production of 

proinflammtory cytokines like tumor necrosis factor α (TNFα), α-chemokines, as well as 

inflammatory mediators cyclooxygenase-2 and matrix metalloproteinase 9 (MMP-9) 

(Pedrazzi et al., 2007; Ponath et al., 2007; Gorina et al., 2011). Intriguingly, amyloid-β 

mediated activation of astrocyte RAGE stimulates astrocytes themselves to become 

phagocytic and engulf extracellular amyloid-β (Jones et al., 2013), possibly implicating 

reactive astrocytes in the clearance of neuro- and gliotoxic amyloid protein after injury. 

Additionally, pathogen-associated molecular patterns (PAMPs) from bacterial pathogens, 

such as lipopolysaccharide also bind astrocyte pattern recognition receptors and elicit 

expression of immunomodulatory and pro-inflammatory molecules (Hoarau et al., 2011; 

Hamby et al., 2012). Therefore peripheral infections, which can occur after TBI due to 

peripheral immune suppression (Lenz et al., 2007), could result in the extravasation of 

PAMPs into the CNS across damaged blood brain barrier. PAMP signaling to reactive 

astrocytes and innate immune cells could potentiate pro-inflammatory signaling that would 

recruit additional monocytes, neutrophils and lymphocytes into the injured brain. Clinical 

epidemiological evidence is also emerging that peripheral infections have a negative impact 

on neurological outcome after spinal cord injury (Failli et al., 2012).

Pattern recognition receptor-mediated NFκB signaling in astrocytes also results in cell 

swelling implicated in cytotoxic edema, a major pathophysiologic mechanism underlying 

the harmful increase in intracranial pressure following TBI (Jayakumar et al., 2014). 

Correspondingly, HMGB1 release following TBI-induced tissue damage can signal to 

microglia, inducing secretion of IL-6 that signals reactive astrocytes to upregulate the AQP4 

water channel involved in astroglial water uptake (Laird et al., 2014). Therefore, while the 

DAMP signaling to astrocytes elicits their communication to phagocytic immune cells 

necessary to promote clearance of potentially toxic debris, it may also be maladaptive by 

directly contributing to cytotoxic edema and the deleterious production of inflammatory 

mediators. In this regard, inhibition of NFκB signaling specifically in astrocytes reduces 

inflammation following CNS trauma (Brambilla et al., 2005; Brambilla et al., 2009). 

Additionally, increasing concentrations of the DAMPs HMGB1 and mitochondrial DNA in 

cerebrospinal fluid correlates with greater disability in TBI patients (Walko et al., 2014). 

However, NFκB signaling in astrocytes may also produce beneficial effects after brain 

injury, as it can result in their production and secretion of the neuro- and glioprotective 

growth factors, brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) 

(Zaheer et al., 2001). Likewise, reactive astrocytes can release DAMPs like HMGB1 that 

signals to endothelial cells and their progenitors to promote neurovascular remodeling and 

BBB repair after brain injury (Hayakawa et al., 2012b; Hayakawa et al., 2012a).

It is important to recognize that the astrocytic response to pro- and anti-inflammatory 

cytokines and diverse inflammatory mediators is context-dependent. Different combinations 

of inflammation-associated molecules at different times will elicit disparate astroglial 

responses. This includes, but is by no means limited to the production of immunomodulatory 

molecules, cytokines, chemokines, growth factors and extracellular proteases (Sofroniew, 

2014a). Though daunting from an investigational standpoint, this phenomenon confers 

reactive astrocytes with the ability to respond to and communicate with innate and adaptive 
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immune cells, neurons, glia and vascular cells, and positions them as hub cells in the tissue 

response to TBI (Fig. 1,2,3).

Scar-forming reactive astrocytes form functional barriers around tissue 

lesions

Experimental evidence indicates that reactive astrocytes are instrumental in preserving 

injured but salvageable tissue. In response to focal tissue damage or inflammation, reactive 

astrocytes form scar borders that segregate damaged and inflamed tissue from adjacent 

potentially viable neural tissue (Sofroniew and Vinters, 2010; Burda and Sofroniew, 2014; 

Sofroniew, 2014b). These scar-borders are comprised almost entirely of newly proliferated 

astrocytes that do not observe discrete individual cellular domains and have elongated 

processes that intertwine extensively (Wanner et al., 2013). Scar-forming proliferative 

reactive astrocytes that surround areas of severe brain injury exhibit barrier functions that 

are instrumental in regulating the expanse of tissue injury, inflammation and instructing 

wound repair (Fig. 1B). TBI studies using transgenic models of astrocyte ablation have been 

particularly informative as to the specific roles being played by reactive astrocytes proximal 

to sites of brain trauma. For example, genetic ablation of the proliferative scar forming 

reactive astrocytes responding to focal penetrating brain damage results in a greatly 

intensified and prolonged neuroinflammatory response by both innate and adaptive immune 

cells, with pronounced neurodegeneration (Bush et al., 1999). Following CNS trauma, 

reactive astrocytes proliferate and dynamically intertwine to form a barrier that isolates 

inflammatory cells into numerous clusters, effectively containing an otherwise harmful 

inflammatory response to the site of injury (Wanner et al., 2013). Reactive astrocytes may 

play a similar role in quelling the inflammatory response to diffuse brain trauma that results 

in microvascular disruption and axonal injury that precipitate only a moderate innate 

inflammatory footprint (Csuka et al., 2000; Lin and Wen, 2013).

It is interesting that astrocytes act to isolate and protect CNS tissue not only under injury-

reactive conditions, but also under non-reactive conditions in healthy tissue. For instance, 

the glial limitans, a barrier of astrocytic endfeet continuous with nearly all neurovascular 

basal lamina of the CNS is central to a selectively permeable blood brain barrier (Abbott et 

al., 2006), as well as the efficient exchange of cerebrospinal and interstitial fluid by the more 

recently described glymphatic system (Iliff et al., 2012; Nedergaard, 2013).

Still unclear are the mechanisms underlying how reactive astrocytes initially determine the 

locations of scar borders that separate potentially viable neural tissue from tissue that is 

irreversibly damaged and ceded to inflammatory degradation. Astrocytes express a number 

of neuroimmune-regulators (NI-Regs) that could spatially restrict inflammation by binding 

respective NI-Reg receptors on macrophages to directly inhibit phagocytic activity or 

obstruct members of the complement cascade by way of complement regulatory proteins 

(Burda and Sofroniew, 2014). Reactive astrocytes are also capable of inducing T-cell 

apoptosis and may thereby control the spread of peripheral lymphocyte-mediated 

inflammation following severe TBI. For example, following TBI, reactive astrocytes 

upregulate CD95 and CD95R to induce lymphocyte apoptosis through a CD95/CD95R-
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dependent mechanism, though astrocytes themselves remain protected (Bechmann et al., 

2000; Bechmann et al., 2002; Griffiths et al., 2010).

Reactive astrocytes regulate the blood brain barrier

There is a long history of studying astrocyte roles in blood brain barrier function in health 

and disease (Abbott et al., 2006). Advances were greatly accelerated by transgenic mouse 

models that allowed dissection of cellular and molecular mechanisms of blood brain barrier 

function in vivo. For example, an early observation using transgenic mice demonstrated that 

blood brain barrier repair after penetrating TBI is critically dependent on the presence of 

newly proliferated scar-forming astrocytes (Bush et al., 1999). Recent findings using 

transgenic mice are beginning to define in vivo molecular mechanism through which 

astrocytes influence blood brain barrier integrity in different ways. There is now evidence 

that astrocyte secrete molecules that either open or close the blood brain barrier. For 

example, in response to stimulation by the pro-inflammatory cytokine IL-β, astrocytes 

generate and release vasoactive endothelial growth factor (VEGF) that increases blood-brain 

barrier permeability and promotes leukocyte extravasation (Argaw et al., 2009; Argaw et al., 

2012). In addition, apolipoprotein E (APOE) secretion by astrocytes suppresses a 

cyclophilin A-NFκB-matrix metaloproteinase-9 pathway in pericytes that increases blood 

brain barrier permeability and is pro-inflammatory (Bell et al., 2012). In this context it is 

noteworthy that polymorphisms of APOE are associated with various disease mechanisms 

such that APOE4 allele in humans worsens prognosis in Alzheimer’s disease and after TBI 

and stroke (Mahley and Huang, 2012; Yamagata et al., 2013). In transgenic mice, 

modulation of astrocytes towards APOE4 production leads to blood brain barrier disruption, 

predisposing to inflammation (Bell et al., 2012). Under different circumstances, astrocytes 

release molecules that reduce blood brain barrier permeability and promote its repair. In this 

regard, astrocyte released molecules that act on endothelia to reduce blood brain barrier 

permeability after CNS injury include Sonic hedge hog (Shh) (Alvarez et al., 2011; Alvarez 

et al., 2013) and retinoic acid (Mizee et al., 2014). In addition, an astrocyte/microglial axis 

also likely to involve astrocyte-derived ATP gradients seems play a role in the maintenance 

of the blood brain barrier early after TBI (Roth et al., 2014). Thus, astrocytes are emerging 

as pivotal regulators of endothelial blood brain barrier properties that can, via specific 

molecular mechanisms, act to open, maintain or restore barrier functions, and do so in a 

context dependent manner as regulated by specific signaling events.

In this context is deserves mention that many reactive astrocytes alter their expression and 

cellular distribution of AQP4 so as to lose their heavy polarization of AQP4 along 

endothelial surfaces, with consequent impact on tissue fluid homeostasis and edema 

formation after TBI as reviewed elsewhere (Papadopoulos and Verkman, 2013). The 

potential impact of astrogliosis on the recently described glymphatic system and its 

proposed mechanisms for clearance from extracellular space into CSF of molecules and 

molecular fragments, including potential biomarkers of TBI, is intriguing (Iliff et al., 2012; 

Thrane et al., 2014). Recent evidence suggests a critical role for the glymphatic system in 

the clearance of CNS-endogenous biomarkers, including GFAP and S100B, into the blood 

following TBI (Plog et al., 2015).
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Reactive astrocytes and neural circuit functions

It deserves emphasis that after mild or diffuse TBI, as well as in perimeter areas around 

focal CNS lesions, large areas of functioning neural tissue contain astrocytes exhibiting mild 

to moderate reactive astrogliosis (Burda and Sofroniew, 2014). These hypertrophic reactive 

astrocytes exhibit varying degrees of molecular, structural and functional changes that 

generally stop short of proliferation and scar formation (Fig. 1A), and these reactive 

astrocytes continue to interact with synapses and neurons as prior to the insult (Fig. 4). In 

healthy CNS tissue, astrocytes perform diverse functions critical for the function of mature 

neural circuits (Zhang et al., 2003; Schummers et al., 2008; Allen et al., 2012). The degree 

to which changes associated with reactive astrogliosis impacts on neural circuit function and 

neural circuit reorganization after CNS injuries is an area of intense interest and 

investigation, as discussed in the next sections.

Reactive astrocytes regulate injury-induced synapse remodeling

A recent series of ground breaking studies from the Barres lab shows that in the developing 

CNS, astrocytes serve multiple essential roles in the formation of functional synapses 

(Clarke and Barres, 2013). Astrocyte-secreted thrombospondins (TSPs) and hevin work in 

tandem to induce structural formation of excitatory synapses (Christopherson et al., 2005; 

Kucukdereli et al., 2011). Astrocyte-derived Gypican-4 and -6, recruit AMPA glutamate 

receptors to synapses to induce their functionality (Allen et al., 2012). In addition, astrocytes 

play critical roles in the synapse pruning and phagocytosis that are critical for the 

development of functional neural circuits (Stevens et al., 2007; Chung et al., 2013). These 

seminal findings are now also providing a molecular basis with which to start dissecting 

how reactive astrocytes may impact on synapse formation and pruning after injury and 

disease, including TBI. For example, a recent study shows that following extracranial facial 

nerve transection, reactive astrocytes extend hypertrophic processes around neighboring 

traumatized motor neurons, promote their survival and mediate the recovery of functional 

synapses with excitatory afferents in a thrombospondin- and signal transducer and activator 

of transcription 3 (STAT3)-dependent mechanism (Tyzack et al., 2014). Expression of 

TSP-1 and TSP-2 by astrocytes is also increased after stroke and TSP-1/2 knockout mice 

demonstrate significantly diminished axonal sprouting that contributed to impaired 

functional recovery (Liauw et al., 2008). Much additional work is needed, but these early 

findings point towards important roles for reactive astrocytes in post-traumatic synaptic and 

neural circuit reorganization.

Reactive astrocytes mediate post-TBI changes in the perineuronal net

Astrocytes may also influence synaptic reorganization through production of extracellular 

matrix molecules that contribute to formation and modification of the perineuronal net, 

which is a rich network of extracellular matrix and cell adhesion proteins that encapsulates 

and is thought to stabilize synapses (Wang and Fawcett, 2012). These specialized structures 

contain a mixture of proteoglycans, glycoproteins and glycosaminoglycans, including 

chondroitin sulfate proteoglycans (CSPGs), tenascins (R and C), hyaluronan and link 

proteins, produced by both neurons and glia (Carulli et al., 2006; Wang and Fawcett, 2012). 
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Formation of perineuronal nets during development is neural activity-dependent and 

associated with the closure of critical periods of plasticity and thereby act to inhibit 

formation of aberrant synaptic connections (McRae et al., 2007; Wang and Fawcett, 2012). 

In the normal brain, perineuronal nets are the predominant site of CSPG deposition (Carulli 

et al., 2006), however these sulfated proteoglycans and other perineuronal net proteins are 

upregulated with CNS trauma, where they may regulate post-traumatic collateral sprouting 

and synaptic reorganization. The upregulation of CSPGs in response to CNS trauma has 

been studied extensively, in part due to their nature as plasticity-restricting proteins and their 

accumulation within and around traumatic CNS lesions (Yi et al., 2012) reviewed in (Busch 

and Silver, 2007).

In response to TBI, astrocytes upregulate the expression of select CSPGs and other 

perineuronal net-related proteins, most of which have been demonstrated to have both 

permissive and restrictive effects on injury-induced axonal sprouting. For example, the 

CSPG neurocan, which is expressed normally only by developing astrocytes and neurons, is 

robustly expressed by reactive astrocytes in the hippocampus following traumatic 

deafferentation from the entorhinal cortex (Haas et al., 1999). In vitro axon outgrowth 

assays demonstrate an inhibitory effect of neurocan on developing axons (Friedlander et al., 

1994), although in vivo, expression of neurocan is dense within zones of extensive axon 

sprouting, both following injury and in development (Fukuda et al., 1997; Haas et al., 1999). 

Brain trauma also causes astrocytes to increase expression of tenascin-C, which although 

capable of directly inhibiting axon outgrowth in vitro, localizes to zones of post-traumatic 

sprouting in the denervated hippocampus (Deller et al., 1997; Treloar et al., 2009). Such 

conflicting data may, in part, be explained by differential expression of adhesion molecules 

by developing or reactive sprouting axons (Andrews et al., 2009).

TBI-reactive changes in CPSG production are not uniform throughout the lesion area. For 

example, while the lesion core of a cortical contusion contains and is immediately 

surrounded by deposits of sulfated proteoglycans, there is a significant decrease in CSPGs in 

the perilesion perimeter (Harris et al., 2009; Harris et al., 2010; Yi et al., 2012). Indeed, 

astrocytes surrounding traumatic brain lesions are highly immuno-reactive for the CSPGs 

versican, neurocan and aggrecan (Harris et al., 2009), but appear to downregulate their 

expression further from the injury site. In fact, reduction in CSPG deposition within the 

perilesion area is maximal at 7 days post injury and correlates with a reduction in 

perineuronal net density and a remarkable increase in the number of growth associated 

protein-43-postiive neurons (Harris et al., 2010). In contrast to these findings, astrocytes 

surrounding traumatically deafferented hippocampal neurons appear to upregulate 

expression of neurocan specifically within regions of active sprouting (Haas et al., 1999). 

Therefore, like developmental axon guidance cues, reactive astrocytes may alter their 

spatiotemporal expression of plasticity-restricting perineuronal net proteins to push, pull and 

hem sprouting axons towards new functionally beneficial synaptic targets while preventing 

aberrant and potentially deleterious connections. Notably, ischemic brain injury in vimentin 

and GFAP double knockout mice leads to a compromised reactive gliosis, yielding greater 

amounts of CSPG in the perilesion area and significantly attenuated motor axon remodeling 

(Liu et al., 2014). This suggests that reactive astrocytes are involved in the alteration of 
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perilesion CSPGs and play a substantial role in mediating post-traumatic circuit remodeling 

after brain injury. The precise signaling mechanisms that regulate astrocyte CSPG 

expression or drive perineuronal net breakdown in the perilesion area are unclear, but 

reactive astrocytes release of MMP-9 which can breakdown perineuronal net proteins (Pan 

et al., 2012). Thus reactive astrocytes have the potential to influence synaptic plasticity or 

stability via the breakdown or production of perineuronal nets.

Reactive astrocytes contribute to post-traumatic homeostatic synaptic 

plasticity

Regulation of synaptic drive and firing rate is central to maintaining stable and precise 

information transfer through vastly cross-connected neural circuits. Under normal 

physiologic circumstances, alterations in activity brought about by deviations in the strength 

of particular synapses due to long-term potentiation (LTP) or depression (LDP) can 

potentially destabilize associated networks (Malenka and Bear, 2004; Turrigiano and 

Nelson, 2004). Stabilizing phenomena, collectively referred to as homeostatic synaptic 

plasticity, respond to perturbations in activity by balancing excitatory and inhibitory drive 

through modulation of global synaptic strength (Turrigiano and Nelson, 2004). Homeostatic 

synaptic plasticity appears also to be an important mechanism for maintaining circuit 

function after TBI, when damage to neurons and axons results in decreased input to and 

from affected brain regions (Fig. 4A,B). Recent evidence points towards roles for reactive 

astrocytes in this process. Excitatory synaptic scaling, a form of homeostatic synaptic 

plasticity, tunes global excitatory synaptic strength to fluctuations in firing rate by increasing 

postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) 

density across all of a neurons’ synapses (Turrigiano et al., 1998; Beattie et al., 2002). This 

process has been demonstrated to rely, in part, on the production of the cytokine TNFα, 

which is secreted by astrocytes and possibly other glia in response to decreased excitatory 

input (Beattie et al., 2002; Stellwagen and Malenka, 2006; Turrigiano, 2006)(Fig. 4B). 

Reactive astrocyte-derived TNFα may also contribute to homeostatic synaptic plasticity 

after TBI such that TNFα released by reactive astrocytes following traumatic hippocampal 

denervation appears responsible for increased excitatory synaptic strength of local dentate 

granule cells (Becker et al., 2013). This suggests that reactive astrocytes play a role in 

maintaining neuronal excitability, and thereby neurologic function, after TBI (Fig. 4B).

Reactive astrocytes and post-traumatic epilepsy

Epilepsy can be a secondary pathology following TBI as a result of injury-induced circuit 

reorganization (Hunt et al., 2013). Computational models suggest that a post-traumatic 

inflammatory response could elicit epileptogenic activity by hijacking the astrocyte-

mediated excitatory synaptic scaling system (Savin et al., 2009). Similar models also 

implicate synaptic scaling in the creation of epileptic burst firing within the deafferented 

cortex (Houweling et al., 2005). Interestingly, the overexpression of TNFα by astrocytes in 

the uninjured brain has been shown to elicit spontaneous seizure activity (Akassoglou et al., 

1997). Thus, several lines of evidence suggest that although reactive-astrocyte derived 

TNFα may help to maintain neural excitability and neurological function after TBI by 

potentiating excitatory transmission (Fig. 4B), hyperphysiologic levels of TNFα after TBI 
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have the potential to drive dysregulated synaptic scaling that results in harmful 

hyperexcitability of post-injury neural circuits (Fig. 4C). In such a model, an intermittent 

reduction or loss of excitatory input to a neuron following TBI could induce the production 

TNFα by reactive astrocytes to drive increased AMPAR insertion to the post-synaptic 

membrane to sustain neuronal excitability in response to reduced levels presynaptic 

glutamate release. As part of the inflammatory response to brain trauma, activated microglia 

and neutrophils recruited to the injury by reactive astrocytes (Fig. 3) also contribute to the 

production of local TNFα gradients that potentiate the excitatory synaptic scaling 

mechanism (Fig. 4B) (Turtzo et al., 2014). Activated microglia also release the chemokine 

stromal cell-derived factor 1, which binds its receptor, CXCR4 on astrocyte to elicit even 

further TNFα secretion into the (peri)synaptic space (Bezzi et al., 2001). Trauma-induced 

collateral sprouting of local axons, stimulated in part by astrocyte-derived molecules as 

discussed above, could result in simultaneous synaptic remodeling and the formation of 

compensatory excitatory inputs upon the deafferented neuron (Fig. 4C). These events, alone 

or in combination with the recovery of injured excitatory synapses on the now 

hyperexcitable neuron, have the potential to drive irregular and potentially epileptogenic 

excitatory transmission in the post-traumatic brain (Fig. 4C). It is also noteworthy that the 

absence of β1-integrin expression by astrocytes elicits spontaneous seizure activity in 

uninjured mouse brain (Robel et al., 2015), strengthening the argument that astrocyte 

dysfunction may be a causal factor in certain seizure disorders. The experimental examples 

of TNFα and β1-integrin also raise the interesting possibly that vulnerability to seizure 

disorders may be influenced by genetic polymorphisms in astrocytes. Nevertheless, it 

deserve emphasis that the majority of experimental and clinical circumstances that elicit 

astrogliosis in seizurigenic brain regions are not associated with seizures, suggesting that 

normally functioning astrogliosis per se is not an absolute seizure trigger and that specific 

molecular circumstances are involved when seizurigenesis occurs.

Concluding remarks

Recent progress demonstrates that astrocyte responses and roles in TBI are complex and 

determined by specific signaling mechanisms in a context-dependent manner that is related 

to the nature and severity of tissue damage. There is now substantive evidence that reactive 

astrocytes perform essential functions in the regulation and restriction of inflammation and 

the preservation of tissue and function. In addition, there is increasing evidence that reactive 

astrocytes play critical roles in post-TBI synaptic plasticity and the reorganization of neural 

circuits. It is also becoming clear that dysfunctions of reactive astrogliosis can occur, either 

through gain of abnormal effects or loss of normal functions, and contribute to post-TBI 

disorders, such as susceptibility to seizures. As a result, reactive astrocytes are increasingly 

recognized as potential targets for novel therapeutic strategies in TBI. For example, the 

anticonvulsant and anti-inflammatory drug levetiracetam may be useful in maintaining 

astrocyte connexin expression and healthy membrane potential (Haghikia et al., 2008; 

Stienen et al., 2011). Such a therapy could assist in the prevention of secondary injury due to 

enduring inflammation and closely related post-traumatic epilepsy discussed above. Opioid 

antagonists and agonists may also be potent regulators of astrocyte reactivity (Block et al., 

2013). As we learn more about the specific astrocyte roles and underlying mechanisms 
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regulating TBI pathophysiology additional potential therapeutic targets will emerge. Much 

work is needed in this area.
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Highlights

• Astrocytes respond to diverse forms of brain injury with heterogeneous and 

progressive changes of gene expression, morphology, proliferative capacity and 

function that are collectively referred to as reactive astrogliosis.

• In response to TBI, astrocytes in different cellular microenvironments tune their 

reactivity to varying degrees of axonal injury, vascular disruption, ischemia and 

inflammation.

• TBI-reactive astrocytes significantly contribute to post-traumatic tissue repair 

and synaptic remodeling following brain trauma.
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Figure 1. Reactive astrogliosis following TBI is a graded and heterogeneous response that 
reflects the severity of CNS tissue damage
A, In response to mild or moderate tissue damage, astrocytes undergo hypertrophic reactive 

astrogliosis that includes molecular, structural and functional changes. Different forms of 

tissue pathology, such as local axonal injury and degeneration, blood brain barrier (BBB) 

disruption with inflammatory cell extravasation, deafferentation and synapse degeneration 

due to distal axon injury, or exposure to PAMPs associated with peripheral bacterial or viral 

infection, can all uniquely influence astrocyte function and in different combinations can 

drive specific forms of astrogliosis. These hypertrophic reactive astrocytes are intermingled 

among viable neural cells in areas of injured, but surviving and functioning neural tissue. B, 

Severe tissue damage elicits neural and glial cell degeneration, vascular breakdown and a 

robust innate and adaptive immune response, leading to the formation of tissue 

compartments with distinct forms of reactive astrogliosis. Immediately adjacent to the 

injury, astrocytes proliferate and intertwine to form an astroglial scar (AS) that surrounds 

and restricts the spread of the intense inflammatory response in the lesion core. These scar 

forming astrocytes are present in areas that contain few if any surviving neural cells, and 

their main interactions are with non-neural cells in tissue lesions. Adjacent to the astrocyte 

scar, features characteristic of mild or moderate brain trauma are present and taper with 

distance from the lesion core (LC). In these areas reactive astrocytes undergo changes in 

morphology and function characteristic of hypertrophic reactive astrogliosis as described in 

A, and these reactive astrocytes interact with injured but surviving cells in the perilesion 

perimeter (PLP). Astrocyte reactivity in the PLP may also influence neurons and glia in the 

healthy tissue (HT) distal to the injury.
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Figure 2. Astrocytes sense and respond to mechanical strain after TBI
Physical strain deforms flexible networks of intermediate filaments within astrocytes and 

activates ion influx through mechanosensitvie cation channels. Rises in intracellular calcium 

cause astrocyte ATP release that signals in an autocrine or paracrine manner, driving 

multiple intra- and inter-cellular signaling pathways and inducing the release of 

endothelin-1, MMP9 and glutamate. Depending on the severity of the mechanical insult, 

astrocyte reactivity may involve complex changes in phenotype and function that respond to 

and influence neuroinflammatory responses to injury as well as mechanisms of secondary 

TBI pathogenesis. Trauma also causes astrocytes to release GFAP and calcium-binding 

S100B that may serve as biomarkers of TBI severity.
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Figure 3. ATP gradients from astrocytes direct the initial innate immune response to TBI
(1) Non-reactive astrocytes have the capacity to sense and release ATP. (2) Local trauma 

triggers ATP release from injured cells. (3) ATP signaling to other astrocytes causes a rapid 

and persistent rise in intracellular calcium in the surrounding astroglial network. (4) 

Calcium-induced release of ATP via astrocyte connexin hemi-channels generates an ATP 

gradient that signals to innate immune cells (5) activating and recruiting them to the site of 

injury.
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Figure 4. Contribution of astrocyte-mediated synaptic scaling to post-traumatic epileptogenesis. 
A
, In the uninjured brain, astrocytes buffer ions and neurotransmitters from the synaptic space 

and are actively involved in maintenance of neural activity and firing rate. B, TBI induced 

neuronal and axonal injury reduces afferent input to target neurons. The resulting reduction 

in synaptic activity elicits excitatory synaptic scaling, in part, by reactive astrocyte-derived 

TNFα, which stimulates AMPAR insertion into the postsynaptic membrane of target 

neurons, thereby increasing excitability. Infiltrating inflammatory cells also produce local 

gradients of TNFα, further amplifying post-synaptic excitability. C, Partial or complete 

recovery of traumatized afferent axonal input, and/or newly formed connections formed 

through trauma-induced axonal sprouting can drive epileptogenic burst firing in the post-

traumatic hyperexcitable target neuron. Lingering inflammation and associated TNFα can 

continue to potentiate the synaptic scaling and hyperexcitability.
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