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Abstract

Astrocytes form borders (glia limitans) that separate neural from non-neural tissue along
perivascular spaces, meninges and tissue lesions in the central nervous system (CNS). Transgenic
loss-of-function studies reveal that astrocyte borders and scars serve as functional barriers that
restrict the entry of inflammatory cells into CNS parenchyma in health and disease. Astrocytes
also have powerful pro-inflammatory potential. Thus, astrocytes are emerging as pivotal regulators
of CNS inflammatory responses. This article reviews evidence that astrocytes play critical roles in
attracting and restricting CNS inflammation, with important implications for diverse CNS
disorders.

Damage and disease in the central nervous system (CNS) trigger coordinated multicellular
responses that involve glia, neurons and non-neural cells. Immune and inflammatory cells
play critical roles in these responses, particularly as regards neutralizing microbial pathogens
and clearing debris. Fine tuned regulation of inflammation is essential to equilibrate between
debris accumulation and excessive phagocytosis, either of which can be harmful.
Accordingly, diverse cellular and molecular regulatory mechanisms unfold in and around
CNS tissue lesions that balance inflammatory cell-mediated debris clearance with
maximizing the preservation of healthy tissue and restricting the spread of cytotoxic
inflammation?.

Inflammation plays a role in most if not all CNS insults and there is intense interest in
understanding the cellular and molecular mechanisms that regulate the onset and resolution
of CNS inflammation. There is an equally intense search for causal mechanisms underlying
the initiation and progression of CNS autoimmune inflammatory disorders?: 3. Although the
principal effectors of CNS inflammation are circulating bone marrow-derived leukocytes,
there is increasing recognition that CNS intrinsic cells play essential roles in recruiting,
instructing and retaining leukocytes at sites of CNS insults. Among CNS intrinsic cells,
myeloid lineage-derived microglia are well established as early sensors of damage and
recruiters of multicellular inflammation®. In addition, astrocytes are now emerging as cells
that can exert either potent pro-inflammatory functions or critically protective anti-
inflammatory functions, as regulated by specific signaling inputs. This article reviews and
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examines astrocyte contributions to the recruitment, instruction and restriction of immune
and inflammatory cells at sites of CNS injury and disease.

Astrocyte responses to CNS damage and disease

In addition to their many essential functions in healthy CNS, astrocytes respond to CNS
insults through a process called astrogliosis®~. Although astrogliosis is often referred to as
if it were a single uniform entity, this is emphatically not the case. Evidence accumulated
over the past twenty years provides compelling evidence that astrogliosis is a spectrum of
heterogeneous potential changes (Box 1), and that these changes are determined in a context
specific manner by diverse specific signaling events that vary with the nature and severity of
different CNS insults’~11, Functions and effects of astrogliosis are being elucidated.
Reactive astrocytes have the potential to release diverse molecules that impact in many ways
on nearby cells of all types’~10.

Astrogliosis and scar formation have sometimes been regarded as responses that are
predominantly harmful to outcome and should therefore be broadly inhibited. This notion is
refuted by a large volume of /in vivo experimental studies from many laboratories, which
show that normally occurring astrogliosis and scar formation exert numerous essential
beneficial functions that improve outcome, including wound closure, neuronal protection,
blood-brain barrier repair and restriction of CNS inflammation®-8: 10. 12 Nevertheless, under
specific circumstances, astrogliosis has the potential to lead to harmful effects such as
exacerbating inflammation or interfering with synapse sprouting or axon growth6: 7- 13, Both
the beneficial functions of astrogliosis and its potentially harmful effects are regulated by
specific signaling mechanisms that occur in specific contexts and thus represent targets for
potential therapeutic manipulation’- 14, In addition, there is accumulating clinical and
experimental evidence that dysfunctions of astrocytes and astrogliosis, either through loss of
beneficial functions or inappropriate gain of detrimental effects, have the potential to
contribute to or be primary causes of CNS disorders, leading to the notion of
astrocytopathies’- 15 as discussed below.

Restricted leukocyte trafficking in CNS

Regulation of leukocyte trafficking in CNS has similarities and differences with other
tissues. As in other tissues, leukocyte responses to CNS damage, infection and disease
involve two arms of the immune system referred to as innate and adaptive. Innate
inflammatory responses are coordinated by receptors for conserved molecular patterns
associated with pathogens (PAMPs) or with cell damage or danger (DAMPs)16: 17 Adaptive
immune responses are coordinated by antigen receptors generated de novo and rearranged to
achieve specificity8: 19,

In contrast with most other tissues, CNS tissues exhibit some degree of ‘immune privilege’
that is not absolute, but does restrict and regulate the access of blood-borne antibodies and
leukocytes to CNS parenchyma?C. This relative immune privilege is implemented by CNS
intrinsic cells that (i) create a partial but not absolute blood-brain barrier to circulating
antibodies and other immune effector molecules, and (ii) regulate the entry and trafficking of
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leukocytes in CNS tissue from the circulation, meninges and choroid plexus® 20-22, The
restricted access of leukocytes to CNS parenchyma from the circulation involves several
levels of control that regulate the diapedesis and entry of leukocytes past endothelial barriers
into perivascular spaces as well as their passage beyond perivascular spaces into CNS
parenchyma?l: 23, Diverse CNS cells take part in these activities including CNS endothelia,
pericytes, other perivascular cells, microglia and astrocytes?l: 23,

Astrocyte restriction of CNS inflammation

Astrocytes form structurally prominent borders (g/ia /imitans) that line all interfaces
between CNS neural parenchyma and non-neural cells (meningeal cells, endothelia,
pericytes, fibroblast lineage cells etc.) along all blood vessels (Fig. 1a) and meningeal
surfaces (Fig. 1b). In healthy CNS tissue, these astrocyte borders form functional barriers
that present molecular cues that help to restrict leukocyte access into CNS parenchyma from
adjacent non-neural tissues that exhibit high levels of leukocyte trafficking for immune
surveillance?l 23. 24 At sites of CNS tissue damage, astrocytes form scars that share
structural similarities with perivascular and meningeal astrocyte g/ia /imitans borders (Fig.
1¢)25. CNS lesions exhibit high levels of immune and inflammatory cell trafficking after
traumatic injury, stroke, infection, neurodegenerative disease and autoimmune attack.
Astrocyte scars are formed by newly proliferated astrocytes that line all interfaces between
viable CNS neural parenchyma and non-neural cells at sites of tissue damage (Fig. 1¢)26: 27,
There is now compelling evidence that astrocyte scar borders serve as functional barriers
that use contact- and diffusion-mediated molecular mechanisms to restrict and regulate the
entry of inflammatory cells into CNS parenchyma from non-neural lesion cores, as
demonstrated in particular by transgenically targeted loss-of-function experiments (Table 1).

Astrocyte restriction of cytotoxic CNS inflammation is a recent discovery28. Astrocyte scar
formation around CNS lesions has been recognized for over 125 years, but for much of this
time, scar functions have been enigmatic and astrocyte scars have been studied primarily as
potential inhibitors of axon regrowth after injury13. Over the past twenty years, transgenic
technology revolutionized the ability to study CNS cellular and molecular mechanisms /n
vivo, including mechanisms of neural injury and repair. Early transgenic loss-of-function
studies of astrogliosis unexpectedly revealed an essential function for proliferating reactive
astroglia in restricting cytotoxic inflammation in gut and brain?® 2%, These observations have
been reinforced by numerous related findings (Tables 1,2), and there is now compelling
evidence that scar-forming astrocytes exert critical functions that restrict the spread of
inflammation into CNS parenchyma from inflamed non-neural tissue at perivascular spaces
(Fig. 2Aa,Ab), meninges (Fig. 2Ba,Bb) and tissue lesions (Fig. 2Ca,Cb), after diverse CNS
insults including trauma, ischemia, autoimmune attack and neurodegeneration?8: 30-34,
Nevertheless, in addition to the considerable evidence for astrocyte anti-inflammatory
barrier functions, there is equally substantial evidence that astrocytes exert pro-inflammatory
functions. Thus, astrocytes are emerging as cells that have complex roles in both recruiting
and restricting inflammatory cells.
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Astrocyte recruitment and restriction of leukocytes

Entry of leukocytes into CNS parenchyma involves interactions among multiple cell types
and requires active recruitment across several different cellular and molecular functional
barriers (Fig. 3)3 2124, As in other tissues, initial events involve rolling and adhesion of
leukocytes to CNS endothelia. In contrast with other tissues, diapedesis in CNS requires
passing through an endothelial blood-brain barrier whose permeability is regulated by
numerous molecules that can be produced by diverse cell types, including astrocytes (Fig.
31)1:3:21.24 Once leukocytes have extravasated, they do not pass directly into CNS
parenchyma but collect in perivascular spaces formed by retraction of astrocyte endfeet and
parenchymal basement membrane that surround blood vessels (Figs. 2Aa, 3,)32, where they
may receive molecular instructions from various cell types including astrocytes (Fig. 33).
Passage beyond this barrier of basement membrane and astrocyte endfeet into CNS
parenchyma normally requires active recruitment, which is regulated by various potential
molecules that can be produced by different cell types?L: 23. 24 including by astrocytes (Fig.
34). In this manner, astrocytes take part both in recruiting and restricting the migration of
leukocytes in the CNS, and these functions are purposefully regulated in a context specific
manner by specific signaling events (Fig. 34 5). Thus, in response to different signaling
mechanisms, astrocytes can on the one hand exert pro-inflammatory effects by releasing
molecules that disrupt the blood-brain barrier, promote leukocyte extravasation and help to
recruit leukocytes into CNS parenchyma (Fig. 31_4, Tables 2,3); but on the other hand
astrocytes can also exert anti-inflammatory effects by releasing molecules that promote
blood-brain barrier repair, restrict or confine leukocyte migration and promote the resolution
of inflammation over time (Fig. 35_g, Tables 1,2).

Astrocyte pro-inflammatory mechanisms

Several decades of investigation38 have shown that astrocytes can produce numerous pro-
inflammatory molecules, including diverse cytokines, chemokines, growth factors and small
molecules such as prostaglandins (PGE) and nitric oxide (NO) (Table 2). Recent
technologies that allow cell type specific transcriptome analysis have begun to define
specific contexts in which astrocytes produce a broad repertoire of pro-inflammatory
molecules /n vivo and to identify combinations of molecular triggers that regulate their
production Jn vitro3™=39. For example, analysis of astrocyte transcriptome profiles indicates
that astrocyte exposure either /in vivo or in vitroto pathogen associated molecular patterns
(PAMPs) such as lipopolysaccharide (LPS) and associated cytokines markedly skew
astrocyte transcriptome changes towards pro-inflammatory and potentially cytotoxic
profiles37-39, In contrast, the ischemia caused by experimental stroke Jn vivo shifts the
astrocyte transcriptome towards neuroprotective mechanisms3’.

Transgenic approaches such as Cre-loxP mediated cell-type specific loss-of-function models
are being used to dissect intra-cellular signaling cascades and identify inter-cellular effector
molecules that mediate astrocyte pro-inflammatory functions (Table 3). For example, NFxB
and SOCS3 are pro-inflammatory transcriptional regulators in astrocytes in CNS traumatic
injury and CNS autoimmune inflammation (Table 3, Fig. 3)40-42. As inter-cellular effectors,
CCL2 and CXCL10 released specifically by astrocytes are important recruiters of
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perivascular leukocytes in CNS autoimmune inflammation (Fig. 3,)*3-4%. CCL2 and CCL7
production by astrocytes is heterogeneous38, which may contribute to selective direction of
leukocyte migration in CNS parenchyma.

Multi-molecular signaling cascades are also being defined. For example, in response to
stimulation by the pro-inflammatory cytokine IL-1p, astrocytes generate and release
vasoactive endothelial growth factor (VEGF) that increases blood-brain barrier permeability
and promotes leukocyte extravasation (Fig. 31)*6: 47, Astrocyte Actl signaling is critical for
mediating IL-17 inflammatory gene induction in CNS autoimmune inflammation (Fig.
32'3)48. Certain types of increased neuronal activity can trigger inflammation in epilepsy,
stress and neuropathic pain, and astrocytes contribute to mediating these effects®9,

Astrocyte anti-inflammatory mechanisms

Essential anti-inflammatory roles of astrocytes have now been demonstrated by numerous
transgenic loss-of-function experiments in diverse models of CNS injury and disease (Table
1), and specific molecular mechanisms are gradually being identified (Fig. 35_g; Table 2).
An early observation using transgenic models indicated that blood-brain barrier repair after
traumatic injury is critically dependent on the presence of newly proliferated scar forming
astrocytes?® 30, Astrocyte impact on blood-brain barrier function has a long history of
investigation®C, and recent findings are beginning to define specific molecular mechanism
through which astrocytes can influence blood-brain barrier integrity in different ways. For
example, as discussed above, IL1p stimulated astrocytes release VEGF that disrupts the
endothelial blood-brain barrier and increases leukocyte extravasation (Fig. 31)*6:47. Under
different circumstances, astrocytes release molecules that promote endothelial blood-brain
barrier repair, such as Sonic hedge hog (Shh) (Fig. 3g)°L: %2. In addition, apolipoprotein E
(APOE) secretion by astrocytes critically suppresses a cyclophilin A-NFxB-matrix
metaloproteinase-9 pathway in pericytes that increases blood-brain barrier permeability (Fig.
36)°3. Thus, astrocytes are emerging as pivotal regulators of endothelial blood-brain barrier
properties that can, via specific molecular mechanisms, either open or maintain barrier
functions, and do so in a context dependent manner as regulated by specific signaling events.

As discussed above, astrocyte borders and scars form functional barriers that restrict
leukocyte migration after diverse CNS insults including trauma, ischemia, autoimmune
attack and neurodegeneration (Fig. 2C)28 3034 Transgenic loss-of-function approaches are
beginning to define intra-cellular signaling cascades that mediate astrocyte anti-
inflammatory functions (Table 1). Studies from multiple laboratories indicate that the gp130-
JAK?2-STAT3 signaling pathway is a critical regulator of astrocyte anti-inflammatory
functions after a variety of CNS insults, and does so by mediating scar formation and barrier
functions that restrict the spread of leukocytes and microbial pathogens after traumatic
injury26: 41,54 ‘infection>® and autoimmune attack®. In this regard it is interesting that the
astrocyte structural proteins, GFAP and vimentin®’, are required for astrocyte scar
formation® and their absence markedly exacerbates the inflammation and tissue pathologies
associated with autoimmune attack®8, stroke3L: 3 and neurodegeneration due either to lipid
storage defects®® or amyloid-beta accumulation®.
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Inter-cellular effector molecules that mediate astrocyte anti-inflammatory functions are also
being identified. For example, in response to IL10, astrocytes release molecules such as
TGFp that promote resolution of inflammation1-63 (Fig. 3;). Certain molecules released by
astrocytes have anti-inflammatory effects on microglia and monocytes4 65, Retinoic acid
(RA) released from astrocytes is implicated in protecting blood-brain barrier function and
attenuating inflammation (Fig. 3)%6.

An indirect form of anti-inflammatory regulation also appears to be operational in the form
of intra-cellular signaling mechanisms that suppress pro-inflammatory activators (Fig. 3).
For example, TNFa signaling not only induces production of the pro-inflammatory
transcriptional regulator NFxB, but also induces the ubiquitin modifying protein A20, which
acts to suppress NFxB signaling®”. A20 production by astrocytes is a critical anti-
inflammatory regulator in autoimmune inflammation that suppresses astrocyte production of
leukocyte-recruiting chemokines®8. In an analogous fashion, dopamine (DA) signaling
thorough the astrocytic dopamine D2 receptor (DRD2) acting through alphaf-crystallin
(CRYAB) attenuates inflammation associated MPTP-toxicity®®. CRYAB produced by
astrocytes is a potent negative regulator acting as a brake on various inflammatory pathways
in autoimmune inflammation?0. Similarly, galectin-9 (Gal-9) expression by astrocytes is
induced by pro-inflammatory cytokines such as IL-1pB, INFy and TNFa, but Gal-9 released
by astrocytes induces the apoptosis and downregulation of encephalitogenic T cells in
autoimmune inflammation’?. It is interesting to speculate that temporal regulation within
astrocytes of production of molecules such as CRYAB, A20 and Gal-9 may contribute to
mechanisms that bring about the resolution of CNS inflammation over time (Fig. 37). Small
interfering RNAs (siRNAS) such as miR-181 are also implicated in attenuating astrocyte
expression of certain pro-inflammatory molecules’? (Table 2).

Attenuation of astrocyte pro-inflammatory effects also appears to be an important
mechanism underlying anti-inflammatory effects of sex steroids (Fig. 37). Both estrogen
(Es) and testosterone have potent anti-inflammatory and neuroprotective effects in
experimental and clinical CNS autoimmune inflammation’3. Transgenic loss-of-function
studies show that activation of estrogen receptor alpha (ERa.), but not ERp, specifically on
astrocytes, potently attenuates autoimmune inflammation and reduces astrocyte production
of the pro-inflammatory cytokines CCL2 and CCL774 7,

roles in CNS leukocyte aggregation and instruction

The immune system consists of billions of motile leukocytes that roam throughout the
body’6. Their navigation, interactions and functions are orchestrated by chemokines and
cytokines’®, which are produced by leukocytes themselves and by resident cells in organs
such as the CNS. Various aspects of leukocyte instruction are dependent on stochastic
interactions, which are facilitated by formation of leukocyte aggregates in lymph nodes or in
specialized structures within certain organs’’: 78, Organized aggregates of leukocytes within
the CNS are of interest with regard to their roles in infections and autoimmune
inflammation3: 78-82 as well as their potential roles after CNS injury or during degenerative
disease.
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As discussed above, astrocytes form borders and functional barriers to non-neural tissues
that exhibit increased immune cell trafficking. Because astrocytes have the combined
capacity for recruitment and restriction of leukocytes (Fig. 3), they are well placed to
facilitate both the formation and instruction of CNS of leukocyte aggregates in (1)
perivascular spaces (also known as Virchow-Robin spaces), (2) perimeningeal locations, and
(3) areas of tissue damage after trauma, ischemia, infection, degenerative disease or
autoimmune inflammation (Figs. 2Aa—Ca).

Perivascular lymphocyte aggregates are characteristic of CNS viral infections. Recent
studies show that during recovery from viral encephalomyelitis, multiple changes in the
brain microenvironment not only facilitate B-cell entry, but also support the proliferation,
differentiation and long-term survival of antiviral antibody-secreting cells in perivascular
spaces that are inside the blood-brain barrier82. Perivascular lymphocyte aggregates are
surrounded by barrier forming reactive astrocytes, which can produce many of the
chemokines and cytokines implicated in B cell recruitment and retention in the CNS,
including CCL2, CCL5, CXCL9, CXCL10, IL10 and BAFF (Fig. 2Aa, Table 2).

Meningeal and perivascular aggregates of inflammatory leukocytes are characteristic of
autoimmune inflammation3 78-81, Meningeal leukocyte aggregates are also separated from
adjacent neural parenchyma by barrier forming reactive astrocytes, and these astrocytes are
similarly well positioned to contribute to the formation and persistence of meningeal
leukocyte aggregates through their ability to produce numerous chemokines and cytokines
involved in recruitment and instruction of diverse leukocytes (Table 2) and their ability to
restrict leukocyte migration during autoimmune inflammation (Fig. 2Ba, Table 1).

Although less well studied, aggregates of inflammatory leukocytes are also found in the non-
neural lesion cores that form after CNS damage caused by trauma, ischemia, chronic
epilepsy and chronic neurodegenerative insults (Fig. 2Ca)!. These leukocyte aggregates are
also surrounded by scar-forming reactive astrocytes that separate them from adjacent neural
parenchyma (Fig. 2Ca), and these border forming astrocytes not only contribute to the
formation of leukocyte aggregates through their ability to produce numerous molecules that
recruit and restrict leukocyte migration (Fig. 31  5), but these astrocytes have the potential to
instruct leukocytes via the molecules they produce (Fig. 33, Table 2).

The formation of leukocyte aggregates during CNS inflammation could have various roles,
such as facilitating the transfer of molecular instructions (i) among leukocytes, (ii) from
locally resident CNS cells to leukocytes, and (iii) from leukocytes to local CNS cells
including astrocytes. In addition, release of antibodies and other molecules produced by
leukocyte aggregates within the blood-brain barrier could be important in clearing CNS
infections or clearing debris and achieving repair after CNS damage. Formation and ongoing
instruction of leukocyte aggregates could also have maladaptive roles that exacerbate and
perpetuate CNS autoimmune inflammation. In this regard, certain evidence suggests that T
cell-activation may occur in leukocyte aggregates within CNS lesions in neuromyelitis
optica®3, and astrocytes play causal roles in this disorder as discussed below.
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Thus, multiple lines of evidence implicate important, but underappreciated roles for
astrocytes in the formation, retention and instruction of leukocyte aggregates within specific
CNS tissue compartments in different contexts. In microbial infections and after CNS
damage due to trauma or ischemia, these astrocyte roles appear likely to serve adaptive
functions involved in clearing debris, clearing pathogens and achieving tissue repair. In the
light of these important, potent and widely exercised roles, it is perhaps not surprising that
certain astrocyte effects, dysfunctions or loss of functions may contribute to diverse disease
mechanisms.

Astrocyte impact on inflammation in CNS disorders

Given the many ways in which astrocytes can interact with immune and inflammatory cells,
there is increasing interest in the impact of astrocytes on inflammation in diverse CNS
disorders. It is important to emphasize that astrocyte roles in CNS inflammation are not
uniform or stereotypic, but instead are heterogeneous and context dependent as determined
by a multitude of specific signaling events. Thus, astrocyte effects on inflammation may
vary not only among different CNS disorders, but may also vary within the same disorder as
determined by specific circumstances, such as time course of the pathogenic mechanisms,
location within the CNS or concomitant exposure to PAMPs and cytokines that derive from
local or peripheral pathogens. In this regard it is also interesting to consider that astrocyte
dysfunctions, and perhaps astrocyte genetic polymorphisms, have the potential to contribute
to CNS disorders’: 12,

Trauma and stroke

CNS tissue damage caused by focal traumatic injury or ischemia gives rise to focal
inflammation surrounded by astrocyte scars2’. Under normal circumstances in otherwise
healthy subjects, astrocytes contribute to regulating this inflammation in different ways, first
by mounting pro-inflammatory responses that help to recruit leukocytes, and second by
forming essential barriers that limit the spread of inflammatory cells, as discussed above
(Figures 1-3). These astrocyte roles serve adaptive functions by helping to attract robust
inflammation to sites of tissue damage where it is needed to clear debris, neutralize
pathogens and promote tissue repair, while at the same time protecting immediately adjacent
viable neural tissue. Experimental disruption of astrocyte scar formation after focal trauma
or stroke is associated with spread of neurotoxic inflammation, increased lesion size, loss of
neurons and decreased function (Fig. 2, Table 1). Such findings suggest that astrocyte
dysfunctions could contribute to pathogenic mechanisms, and do so in a variety of ways.
Astrocyte dysfunctions could be caused by genetic polymorphisms or by exposure to
molecular signals deriving from infections, which might alter astrocyte inflammatory
regulation during the response to trauma or stroke in ways that lead to detrimental effects.
There is evidence for such possibilities. For example, astrocytes are major sources of APOE,
and astrocyte derived APOE signaling to pericytes is important in maintaining a functioning
blood-brain barrier (Fig. 3¢)°3. In humans, polymorphisms of APOE are associated with
various disease mechanisms, such that APOE4 is a risk factor associated with worse
prognosis not only in Alzheimer’s disease, but also in stroke and traumatic injuries® €. In
transgenic mouse experiments, astrocyte derived APOE4 was associated with poor blood-
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brain barrier maintenance®3. Astrocyte signaling mechanisms may also be altered by
infections. There is compelling evidence that inflammatory mediators produced both by
local and peripheral infections can markedly skew astrocytes towards pro-inflammatory and
cytotoxic responses3’- 38, which could have detrimental effects in trauma or stroke, as
discussed below. Lastly, it is noteworthy that CNS lesions after trauma and stroke are
surrounded by large areas of perimeter tissue in which hypertrophic reactive astrocytes are
intermingled with functioning neurons, and these astrocytes will also be responding to
inflammatory stimuli emanating from the lesions?’. Increasing evidence implicates
important roles for astrocytes in maintaining and modulating neuronal synaptic
functions®: 87, The extent to which inflammation acting on reactive astrocytes located
among functioning neurons impacts on local circuit function is an important but
understudied areas8,

Astrocytes and CNS autoimmune disorders

Compelling experimental and clinical evidence indicates that astrocytes play critical and
complex roles in CNS autoimmune inflammation. Numerous experimental loss-of-function
studies using the EAE model demonstrate that astrocytes contribute both to attracting
autoimmune inflammation and restricting its spread /n vivo (Fig. 3, Tables 1, 3). These
experimental observations are likely to help illuminate important pathophysiological
mechanisms in clinical CNS autoimmune diseases. An illustrative example is neuromyelitis
optica (NMO), a CNS inflammatory demyelinating and degenerative disease with
pronounced tissue destruction and severe symptoms that can include vision loss and
paralysis. NMO has been causally linked to autoantibodies that bind specifically to
aquaporin-4 (AQP4) on astrocytes and are implicated in compliment-mediated astrocyte
lysis8: 90, There is now persuasive experimental and clinical evidence that AQP4 is not
simply a passive autoimmune CNS antigen, but that binding of AQP4 antibodies to
astrocytes leads to disruption of astrocyte pro- and anti-inflammatory functions that play
causal and disease-defining roles in NMO pathophysiology and disease progression.
Experimental evidence for this notion includes observations that (i) combined exposure of
astrocytes to AQP4/NMO-1gG and complement /n vivo leads to lytic astrocyte destruction in
experimental animals®?; (ii) experimentally induced astrocyte destruction or dysfunction by
diverse transgenically targeted mechanisms markedly exacerbates the spread and severity of
inflammation during experimental CNS autoimmune inflammation32 56 (see also Table 1);
and (iii) binding of NMO-causing AQP4 antibodies (AQP4/NMO-IgG) to astrocytes in vitro
triggers the release from astrocytes of a broad spectrum of pro-inflammatory molecules®?.
These experimental findings illuminate clinical evidence that both clinical progression and
tissue lesions are markedly more severe in NMO patients that have autoimmune mediated
CNS pathology associated with anti-AQP4 autoantibodies, when compared with patients that
have anti-myelin autoantibodies but not anti-AQP4 in what is referred to by some as an
NMO spectrum disorder93-95 but is likely to be a different mechanistic clinical entity%.

Thus, both experimental and clinical evidence support the notion of NMO as an
astrocytopathy in which autoimmune pathophysiology is complicated by autoimmune
disruption of astrocyte immune regulatory functions. Taken together, available evidence
supports a working model of cellular and molecular pathophysiological mechanisms in
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which astrocytes play active and causal roles in different phases of NMO progression (Fig.
4). According to this model, focal pathology begins with binding of AQP4/NMO-IgG to
astrocyte membranes (Fig. 4a). CNS entry of AQP4/NMO-1gG could occur through
sporadically or disease-specific breaches of the blood-brain barrier. Low-level breaches of
blood-brain barrier are well recognized to occur sporadically in otherwise healthy CNS
through various mechanisms that can allow CNS entry of small but functional amounts of
circulating 19G22 97 Disease specific breaches could include B cell production of AQP4/
NMO-IgG inside the CNS%. As AQP4/NMO-1gG bound to astrocyte membranes
accumulates, it either directly or indirectly provokes astrocyte production of multiple
molecules that help to recruit and activate inflammatory infiltrates (Fig. 4b). In this context it
is noteworthy that there is evidence for activation and instruction of T-cells within the CNS
in NMO lesions83. With time, AQP4/NMO-IgG leads to complement-mediated lytic
astrocyte destruction8% 90, which in turn leads to loss of barrier function and the spread of
neurotoxic inflammation (Fig. 4¢). This spread of inflammation would be associated with
the spread of additional blood-brain barrier breakdown, entry of more AQP4/NMO-1gG, and
the subsequent cascade of astrocyte gain- and loss- of function with its associated
inflammatory pathology, driving the local disease process in a positive feedback manner and
leading to contiguous spread through adjacent CNS tissue with the generation of the large
contiguous lesions that are characteristic of AQP4-associated NMO. It is also noteworthy
that early binding of anti-AQP4 to astrocyte membranes (Fig. 4a) may alter astrocyte
homeostatic functions such as regulation of extracellular fluid and ion balance. Disruption of
astrocyte maintenance of extracellular ion homeostasis can impact on neuronal excitability
and neural circuit function®. Such disruptions could explain early neurological symptoms
associated with NMO prior to the onset of overt tissue degeneration. Recognition of NMO as
an astrocytopathy with different stages and mechanisms of disease progression as they relate
to different perturbations of astrocyte immune-regulatory functions (Fig. 4a—c) may also
reveal new opportunities for treatment strategies in addition to those already under
considerationl®0. From a broader perspective, recognition of the central role of astrocyte
functions in CNS immune and inflammatory responses has fundamental implications for
other CNS autoimmune disorders in which astrocyte roles are only beginning to emerge.

Multiple sclerosis is a major CNS autoimmune disorder. For much of the long history of
investigating multiple sclerosis, astrocytes were regarded as non-participatory bystanders
that responded to, but played little or no role in disease mechanisms3®. This view is now
changing and there is abundant and steadily growing evidence indicating that astrocytes
actively participate in both lesion development and repair, as reviewed recently elsewhere3®.
Neuropathological specimens of active multiple sclerosis lesions exhibit unambiguous early
damage to perivascular astrocyte endfeet3>. Although causation cannot be inferred in such
specimens, the astrocyte appearance and concomitant local inflammation in such clinical
specimens is comparable with the experimentally induced loss of astrocyte barrier functions
described above (Fig. 2, Table 1). There is also compelling evidence that astrocytes take part
in both pro- and anti-inflammatory mechanisms in multiple sclerosis and its experimental
models3. These findings fit well with the experimental findings and models discussed here
(Tables 1-3; Figures 1-3). Given the many ways in which astrocytes can participate in pro-
and anti-inflammatory mechanisms associated with multiple sclerosis and its experimental
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models, it is interesting to consider that astrocyte dysfunctions, or differences in astrocyte
functions secondary to genetic polymorphisms or induced by concomitant local or peripheral
infections, may influence the susceptibility of different individuals to multiple sclerosis, or
may contribute to the waxing and waning of symptoms. From a therapeutic perspective
reducing astrocyte pro-inflammatory effects may be useful targets. The roles of auto-
antibodies are less well defined in multiple sclerosis than in neuromyelitis optica. The most
conspicuous autoantibodies in multiple sclerosis are against myelin peptides, which could at
present be regarded as passive antigens. Recently, auto-antibodies against the astrocyte
membrane potassium channel Kir4.1 have been reported in nearly half of a cohort of
multiple sclerosis patients191, although another report did not find this in a different cohort
of patients!02. The functional consequences of anti-Kir4.1 antibodies with respect to
astrocyte homeostatic or immune regulatory functions are not yet known. Work is needed to
identify potential effects of these and other auto-antibodies on astrocytes in multiple
sclerosis and other autoimmune disorders with CNS involvement, such as lupus.
Identification of diverse antibodies among different patient subsets and recognition that
certain antibodies may alter immune regulatory functions of CNS intrinsic cells such as
astrocytes may help to shed light on the diversity of clinical syndromes associated with CNS
autoimmunity.

Astrocytes and sex differences in CNS inflammatory disorders

A striking feature of CNS autoimmune diseases is their markedly increased prevalence
among women103: 104 Conservative estimates are that female to male ratios are at least 7:1
in neuromyelitis optic and 2:1 in multiple sclerosis. The cellular and molecular mechanisms
that underlie these differences are incompletely understood and likely to be multifactorial.
Intriguing evidence suggests that astrocytes may contribute to these differences. As
discussed throughout this article, astrocytes are well positioned to exert powerful effects on
CNS inflammation. Signalling through estrogen receptor alpha on astrocytes mediates potent
anti-inflammatory and neuroprotective effects during autoimmune inflammation’* 7>, As
discussed above, in neuromyelitis optica, which exhibits a remarkable prevalence for
females, there is strong evidence that astrocytes play active causal roles via both gain and
loss of functions mediated by astrocytes that facilitate the spread of neurotoxic inflammation
(Fig. 4). These findings strongly suggest that further investigation of potential astrocyte
contributions to sex differences in mechanisms of CNS inflammation is warranted.

Astrocytes and inflammation associated with neurodegenerative diseases

Astrogliosis is a feature of all neurodegenerative pathologies, but astrocyte roles in most
neurodegenerative disorders are only beginning to be investigated. Inflammation occurs
during the course of most neurodegenerative pathologies and its impact is of increasing
interest. Various lines of evidence are emerging and potentially converging as molecular
dissection of various processes illuminates cellular and molecular mechanisms. For example,
APOE secretion by astrocytes suppresses a cyclophilin A-NFxB-matrix metaloproteinase-9
pathway in pericytes that increases blood-brain barrier permeability and is pro-inflammatory
(Fig. 3)°3. The APOE4 allele is associated with increased risk of Alzheimer’s disease, and
experimental modulation of astrocytes towards APOE4 leads to blood-brain barrier
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disruption, predisposing to inflammation®3, Synapse loss is a key feature of Alzheimer’s
disease, and astrocytes take part in induction and pruning of synapses using molecular cues
that in part overlap with immune system cues19%: 106 Astrocyte expression of some of these
cues is modified by inflammatory stimuli. Attenuation of reactive astrogliosis exacerbates
amyloid-beta accumulation and inflammation in mouse models of Alzheimer’s disease80. In
a mouse model of a neurodegenerative lipid storage defect, experimental attenuation of
reactive astrogliosis markedly exacerbates inflammation and degeneration®®. In
Huntington’s disease and its models, astrocytes as well as neurons accumulate nuclear
inclusions of mutant huntingtin protein (mHtt). In transgenic mouse models, astrocytes with
mHtt downregulate the potassium channel Kir4.1, leading to increased extracellular
potassium and increased neuronal excitability, which is likely to contribute to and exacerbate
direct effects of mHtt on neurons8”: %9, It is interesting that these changes occur before the
onset of detectable astrogliosis, leading to the important recognition that astrogliosis and
astrocyte dysfunction are independent and separable events®°. In Parkinson’s disease and
models, astrocytes are also implicated as regulating inflammation and having both
neuroprotective and neurodegenerative potentiall%7. It is beyond the scope of this article to
examine the many ways in which astrocytes may impact on the broad spectrum of
neurodegenerative diseases. Nevertheless, a rapidly growing literature points towards critical
roles for astrocytes in modulating inflammation and disease progression in diverse
neurodegenerative disorders, and that both loss or gain of astrocyte functions have the
potential to attenuate or exacerbate these conditions in context specific manners. The over-
simplified assumption that astrogliosis is uniformly harmful and should be broadly
attenuated in neurodegenerative conditions is incorrect and no longer tenable. Specific
mechanisms need to be identified and addressed.

Astrocytes and CNS intrinsic infections

Astrocytes contribute to the control and clearance of CNS intrinsic infections in multiple
ways. Astrocyte barrier functions along blood vessels and meninges are critical for limiting
the spread of infections through CNS parenchyma (Table 1, Fig 2)°°. As discussed above, in
addition to barrier functions, astrocytes take part in the recruitment and instruction of CNS
intrinsic leukocyte aggregates (Fig. 3b,c), and such aggregates are thought to contribute to
immune responses that control and clear microbial infections, particularly as regards the
production inside the CNS endothelial blood-brain barrier of antibodies that are critical for
viral clearance®2. Astrocyte functions that help control and clear infections and related
inflammation are particularly important along meningeal borders where leukocyte
trafficking for immune surveillance and inflammatory activity are high for detection and
rapid response to pathogens that gain entry into the CNS protective meningeal shield3: 23,
Restricting these processes to the meninges is critical so as to protect immediately adjacent
functioning CNS parenchyma, for example along the vast expanses of cerebral cortex. The
transition from meningitis to cerebritis is a well-known devastating progression in CNS
clinical infections.
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Impact of peripheral infections on astrocytes and CNS inflammation

Limiting microbial infections is likely to have powerfully shaped the evolution of CNS
injury responses. As a consequence, cells responding to CNS insults are exquisitely sensitive
to PAMPs and molecular cues associated with infections2’. There is growing awareness that
such molecular cues released not only by local, but also by distant peripheral infections can
markedly alter the character of inflammation associated with diverse CNS insults both in
experimental and clinical settings?’. Astrocytes are exquisitely sensitive to infection-
associated PAMPs and cytokines, which can drive astrocyte transcriptome profiles towards
highly pro-inflammatory and cytotoxic phenotypes3=39. While such responses may be
essential and beneficial if triggered by local microbial infections, they could be detrimental
if triggered via circulating PAMPs generated by peripheral infections. Thus, astrocytes
exposed to circulating PAMPs could inappropriately contribute to recruiting cytotoxic
leukocytes (neutrophils, eosinophils and macrophages) to CNS insults that what would
otherwise be sterile (uninfected) tissue responses. Notably, there is clinical epidemiological
evidence that peripheral infections have a negative impact on neurological outcome after
spinal cord injuryl08,

It is also interesting to consider that astrocytes stimulated by PAMPs and inflammatory
cytokines might contribute to autoimmune potential by producing local levels of molecular
cues that recruit and instruct leukocytes within the CNS. The signaling events that initiate
CNS autoimmune disorders or trigger their relapses are not well understood. It is noteworthy
that induction of experimental autoimmune encephalomyelitis with myelin antigens is
markedly accelerated by, and in some cases is dependent upon, concomitant inoculation of
PAMP-related immune stimulatory molecules199. Although these immune stimulatory
molecules are generally thought to act entirely through the peripheral immune system, they
will also, as just described, push astrocyte transcription towards a markedly pro-
inflammatory profile, which may contribute to the induction or persistence of autoimmune
pathology. In support of this notion, exposure to lipopolysaccharide (LPS), the prototypical
PAMP, drives astrocytes towards highly pro-inflammatory molecular phenotypes3: 38, and
deletion of CCL2 production selectively from astrocytes attenuates autoimmune clinical
symptoms and inflammation#3: 44, Such astrocyte-related mechanisms are only beginning to
be explored but hold much potential for adding to the understanding of CNS autoimmune
pathophysiology. In general, the impact of concomitant local or peripheral microbial
infections and inflammation on astrocyte and other glial cell responses to diverse CNS
insults and their potential contribution to neurodegenerative and autoimmune events is an
important emerging topic that warrants further investigation.

Astrocytes, Inflammatory cytokines and behavioral disturbances

It deserves brief mention that astrocytes may contribute to behavioral effects associated with
inflammatory stimuli. Astrocytes can modulate neuronal function and impact on complex
behaviors including sleep®8, pain11%, mood and depression86: 111-113 ‘and certain childhood
behavioral syndromes that involve disorders of synapse development10. 106, 114 Cytokines
and inflammatory stimuli are increasingly implicated in sickness behaviors, pain, sleep
disturbances, mood disorders and certain behavioral developmental disorders115-121,
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Cytokines and inflammatory stimuli exert powerful effects on astrocyte gene expression and
physiology in ways that can impact markedly on synaptic and neuronal functions38: 88, The
broad mixture of astrocyte signaling capabilities provides astrocytes with the potential to
mediate crosstalk between immune/inflammatory and neural systems88. Although much
work is still needed, these types of interactions represent an exciting emerging area of
research that has the potential to deepen our understanding of how signaling events
associated with inflammation can impact on behavior and its disturbances.

Astrocyte dysfunctions, CNS inflammation and the concept of

astrocytopathies

There is steadily accumulating evidence that astrocyte dysfunction can provoke or contribute
to diverse clinical neurological disorders® 7: 15, Potential causes of astrocyte dysfunction
include genetic mutations, genetic polymorphisms, metabolic disturbances, comorbid
infections or autoimmune attack. For example, Alexander disease, a dominant mutation of
the GFAP gene is associated with inflammatory degenerative changes, particularly of white
matter, and severe neurological dysfunction122 123, |n familial amyotrophic lateral sclerosis
(ALS), a dominant mutation of the superoxide dismutase (SOD) gene leads to production of
neurotoxic molecules. Targeting mutant SOD selectively to astrocytes in transgenic mice is
sufficient to cause neuronal dysfunction and degeneration124-126 but in the full disease,
mutant SOD in neurons also contributes to neuronal degeneration. Other examples that have
been discussed in more detail above include Huntington’s disease, where astrocytes
accumulate mHtt nuclear inclusions, leading to Kir4.1 downregulation in genetic mouse
models, with increased extracellular potassium and increased neuronal excitability87: 99,
which is likely to contribute to and exacerbate direct effects of mHtt on neurons. In addition,
genetic polymorphisms of the astrocyte protein APOE in the form of allele 4, is associated
with blood-brain barrier disruption and increased risk and severity in Alzheimer’s disease
and traumatic brain injury®3. Lastly, in NMO, autoimmune targeting of astrocytes leads to
both gain- and loss- of astrocyte immune regulatory functions that lead to spread of
neurotoxic inflammation (Fig. 4). Observations such as these provide compelling support for
the emerging concept of astrocytopathies, in which gain or loss of astrocyte functions is
either the primary cause or makes a significant contribution to the pathophysiology and
neurological symptoms of certain CNS disorders.

Concluding remarks

Inflammation is an essential response to CNS insults that is critical for clearance of
potentially toxic cellular debris and pathogens. CNS parenchyma is particularly vulnerable
to rapid spread of inflammatory destruction. Astrocytes form borders and functional barriers
that help restrict the trafficking of immune and inflammatory cells to non-neural cellular
compartments in both healthy CNS and during the response to CNS insults, thereby limiting
the spread of potentially neurotoxic inflammation. Astrocytes can also contribute to the
recruitment, retention and instruction of leukocytes in CNS tissue. Although astrogliosis and
astrocyte scars are sometimes thought of as detrimental to CNS recovery, both experimental
and clinical observations now indicate that loss or dysfunction of scar forming astrocytes can
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severely exacerbate CNS inflammation and tissue damage. Compelling evidence implicates
astrocytes as critical regulators of multiple aspects of CNS inflammation in ways that have
the potential to impact significantly on outcome after traumatic or ischemic damage,
infection, neurodegenerative disease and autoimmune disorders. There is a growing
awareness that understanding and safely modulating CNS inflammation in diverse CNS
disorders will benefit from a better understanding of astrocyte immune regulatory
mechanisms and how they can dysfunction.
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Figure 1. Astrocytes form borders (glia limitans) that serve asfunctional barriersat interfaces
between non-neural tissue and CNS neural parenchyma along blood vessels (a), meninges (b)

and tissue lesions (c)

a| Along blood vessels, astrocyte endfeet and parenchymal basement membrane (PBM)
present diverse molecular cues that constitute part of the multiple functional barriers,
including endothelia with tight junctions and endothelial basement membrane (EBM), across
which leukocytes must be actively recruited to pass from the bloodstream into CNS neural
parenchyma?l: 23. 24 p| Abutting the meninges, astrocyte endfeet and parenchymal basement
membranes present multiple molecular cues that restrict leukocytes in the subarachnoid
space (SAS) from passing freely into CNS parenchyma. c| Surrounding tissue lesion cores
(which are comprised of non-neural cells including leukocytes), astrocyte scars and
parenchymal basement membrane are similar in appearance, organization and function to
astrocyte borders lining non-neural cells along meninges and blood vessels, and similarly
restrict the entry of leukocytes into adjacent CNS parenchyma.
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Figure 2. Dysfunction of astrocyte functional barrierslining inflamed non-neural tissue leadsto
increased spread of neurotoxic inflammation into adjacent neural parenchyma

Aa| Along blood vessels, during autoimmune inflammation or certain infections, leukocytes
are recruited across barriers of endothelia and endothelial basement membrane (EBM) and
collect in perivascular spaces (PVS) but are restricted from passing freely into CNS
parenchyma by molecular functional barriers presented by parenchymal basement
membrane (PBM) and astrocyte endfeet. Ab] When astrocyte endfeet and parenchymal
basement membrane are disrupted or rendered dysfunctional by experimental transgenic
manipulations or by certain disease mechanisms, cytotoxic inflammation spreads into CNS
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parenchyma. Ba| Along meninges, during infections and autoimmune inflammation,
leukocytes freely traffic and collect in the subarachnoid space (SAS) but are restricted from
passing freely into CNS parenchyma by molecular functional barriers presented by
parenchymal basement membrane and astrocyte endfeet. Bb| When astrocyte endfeet and
parenchymal basement membrane are disrupted or rendered dysfunctional by experimental
transgenic manipulations, cytotoxic inflammation spreads from the SAS into CNS
parenchyma. Ca| At tissue lesions, leukocytes freely traffic and collect in non-neural lesion
cores, but are largely excluded from adjacent viable CNS parenchyma when astrocytes scars
and parenchymal basement membrane are intact and functional. Cb| When astrocyte scars
and parenchymal basement membrane are disrupted or rendered dysfunctional by
experimental transgenic manipulations, cytotoxic inflammation spreads from lesion cores
into adjacent CNS parenchyma resulting in neural degeneration and increased lesion size.
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Figure 3. Pro- and anti-inflammatory molecular mechanisms of astrocyte bordersand functional
barriers

Entry of leukocytes into CNS parenchyma requires active recruitment across multiple
cellular barriers, including an endothelial blood-brain barrier, endothelial (EBM) and
parenchymal (PBM) basement membranes, and astrocytic functional barriers. Different
molecules produced by astrocytes can take part in recruiting, restricting and instructing
leukocytes in the CNS, as well as in promoting the resolution of inflammation over time.
Thus, in response to different signaling mechanisms that are generated in different settings
and at different times in relation to insult progression, astrocytes can in different contexts
release molecules that (1) disrupt the blood-brain barrier by signaling to endothelia, (2)
promote leukocyte extravasation into perivascular space (PVS), subarachnoid space (SAS)
or lesion cores, (3) instruct leukocytes, (4) recruit leukocytes into CNS parenchyma, (5)
restrict leukocyte entry into CNS parenchyma, or (6) repair the blood-brain barrier by
signaling to pericytes, (7) promote resolution of inflammation or (8) repair the blood-brain
barrier by signaling to endothelia. For molecular abbreviations see tables 1-3 and main text.
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Figure 4. Model of NMO as an astrocytopathy with causal contributions of astrocyte gain- and
loss- of functionsto different stages of disease progression

al Stage 1. Sporadic or disease specific breaches of the blood-brain barrier lead to binding of
AQP4/NMO-1gG to astrocyte membranes, which results in astrocyte functional changes. b
Stage 2. AQP4/NMO-IgG binding leads to astrocyte production of pro-inflammatory
molecules and recruitment of leukocytes, initially into perivascular spaces (PVS). This
process may be exacerbated by concomitant exposure to inflammatory mediators deriving
from local or peripheral infections, such as DAMPs, PAMPs or INFy. This process may be
attenuated by estrogen related signaling mechanisms. c| Stage 3. Compliment-mediated
astrocyte destruction leads to loss of astrocyte barrier functions and subsequent spread of
neurotoxic inflammation into adjacent neural parenchyma.
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Anti-inflammatory astrocyte functions and molecular mechanisms demonstrated /n vivo by transgenic loss-of

function studies in mice

Disease M odel Deleted or downregulated astrocyte type or Functions revealed References
astrocyte molecule

Stab brain injury Newly proliferated scar astrocyte Repairs blood-brain barrier; 28
Restricts inflammation;
Protects neurons.

Spinal cord injury Newly proliferated scar astrocyte Repairs blood-brain barrier; 30
Restricts inflammation;
Protects neurons;
Preserves motor function.

Spinal cord injury STAT3 Required for scar formation; 26,41, 54
Restricts inflammation;
Protects neurons;
Preserves motor function.

Focal brain injury Newly proliferated scar astrocyte Restricts inflammation; 127
Protects neurons.

Spinal cord injury BMPR1a Promotes scar formation; 128
Restricts inflammation

Stroke GFAP & Vim Required for scar structure; 31,34
Restricts inflammation.

Stroke Notchl Promotes proliferation and scar formation; | 129,130
Restricts inflammation.

Stroke TGFB Restricts inflammation. 62

EAE GFAP Critical for border structure; 58
Restricts inflammation.

EAE CRYAB Restricts inflammation. 70

EAE Newly proliferated scar astrocyte Restricts inflammation. 32,33

EAE GP130 Critical for barrier function; 56
Restricts inflammation.

EAE ERa Restricts inflammation. 74,75

EAE A20 Blocks NFxB signaling; 68
Restricts inflammation.

EAE SHH Maintains blood-brain barrier. 51

Infection GP130 Critical for barrier formation; 55
Inflammatory cell infiltration.

Infection TGFB Inflammatory cell infiltration. 63
Protects neurons

Liposomal storage disease | GFAP & Vim Critical for border structure; 59
Protects neurons.

Alzheimer’s disease model | GFAP & Vim Critical for border structure; 60
Reduces AB load;
Restricts inflammation.

Alzheimer’s disease model | APOE Maintains blood-brain barrier; 53
Restricts inflammation.

Parkinson’s disease model DRD2 Restricts inflammation. 69

Parkinson’s disease model | CRYAB Restricts inflammation. 69
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Selected examples of astrocyte-produced molecules that exert or regulate anti-inflammatory or pro-

inflammatory functions.

Astrocyte molecules

Anti-inflammatory functions

Reference

Cytokines and growth factors

TGFB, IL6, I1L10, IL11, 1L19, IL27

Activate diverse anti-inflammatory signaling mechanisms.

37-39, 131-133

SHH

Maintains blood-brain barrier by acting on endothelia Smo receptors;
Induces proliferation of scar-forming astrocytes.

51,134

Intracellular signaling factors

STAT3, A20, Gal9, CRYAB |

Suppress pro-inflammatory signaling mechanisms.

| 26, 41,54, 68, 69, 71, 135

Receptors

ERa, GP130, DRD2, |

Suppress pro-inflammatory signaling mechanisms.

| 55, 69, 74, 75

Small inter-cellular effector molecules

RA

Reduces oxidative stress, protects blood-brain barrier function, reduces
inflammation.

66

microRNAs

miR-181, Dicerl, miR-17-5p

Suppress pro-inflammatory signaling mechanisms;
Required for scar-forming astrocyte proliferation via JAK/STAT signaling.

72,136

Astrocyte molecules

Pro-inflammatory functions

Reference

Chemokines

CCL2, CCL5, CCL7, CCL8, CCL12

Recruit diverse leukocytes including monocytes, macrophages, T cells,
eosinophils, basophils, mast cells, dendritic cells.

37-39, 43, 44,132

CXCL1, CXCL9, CXCL10, CXCL12,
CXCL16

cells, NKT cells, B cells, dendritic cells.

Recruit diverse leukocytes including monocytes, macrophages, neutrophil, T 37-39, 45,132

Cytokines and growth factors

IL1B, IL6, IL11, IL15, IL17, TNFa.,

Activate diverse pro-inflammatory signaling mechanisms.

37-39, 131, 132, 137

BAFF
VEGF Opens endothelial blood-brain barrier and promotes leukocyte extravasation. 46, 47
Intracellular signaling factors
NFxB, SOCS3, Activate diverse pro-inflammatory signaling mechanisms. 40-42
Actl Activates IL17 mediated pro-inflammatory signaling mechanisms.
Small inter-cellular effector molecules
PGE, NO Diverse pro-inflammatory effects. 135
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Pro-inflammatory astrocyte functions and molecular mechanisms demonstrated /n vivo by transgenic loss-of
function studies in mice

Recruits inflammation.

Disease M odel Deleted or downregulated astrocyte molecule | Functionsrevealed References
Spinal cord injury | SOCS3 Recruits inflammation. a

Spinal cord injury | NFxB Recruits inflammation. 40

EAE NFxB Recruits inflammation. 42

EAE Actl Recruits IL-17 induced inflammation. | 48

EAE CCL2 Recruits inflammation. 43,44

EAE CXCL10 Recruits inflammation. 45

EAE VEGF Opens blood-brain barrier; 46,47
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