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   In the injured central nervous system (CNS), reactive astrocytes form a glial scar and they are considered

a physical barrier to prevent axonal regeneration by producing axonal growth inhibitors, such as chondroitin

sulfate proteoglycans. However, the physiological role of reactive astrocytes remains to be elucidated. In this

review, we showed that reactive astrocytes play a crucial role in wound healing and functional recovery. At the

subacute phase of spinal cord injury (SCI), reactive astrocytes eventually migrated to the lesion epicenter and

gradually compacted the infiltrated inflammatory cells and contracted the lesion area, and functional recovery

was observed only in this repair phase. Selective deletion of the signal transducer and activator of transcrip-

tion-3 (STAT3) in reactive astrocytes resulted in their limited migration associated with zinc signaling, mark-

edly widespread damaged area and severe motor deficits. These results suggest that STAT3 is a key regula-

tor of reactive astrocytes migration in the healing process after SCI, providing a beneficial aspect of reactive

astrocytes after CNS injury.

Rec./Acc.12/8/2008, pp35-39

  This work was supported in parts by Grant-in-aid for Young Scientists, 19689031 from Ministry of Education, Culture,
Sports, Science and Technology, and research foundations from the general insurance association of Japan, Takeda Science
Foundation, and Japan Orthopaedics and Traumatology foundation.

＊Correspondence should be addressed to:
Seiji Okada, SSP stem cell Unit, Kyushu University School of Medicine, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582,
Japan. Phone:+81-92-642-6120, e-mail: seokada@ortho.med.kyushu-u.ac.jp

KKKKKey wey wey wey wey wooooordsrdsrdsrdsrds spinal cord injury, reactive astrocytes, STAT3

Introduction
　Since the regenerative capability of mammalian CNS is poor,

SCI causes severe motor/sensory dysfunction and deficits can

often be permanent. It is now generally accepted that SCI is a

two-step process involving the primary mechanical injury and a

following cascade of auto-destructive injury. Mechanical trauma
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rapidly lead to blood brain barrier disruption, neuronal cell death,

axonal damage and demyelination, followed by a cascade of sec-

ondary injury that expands the additional inflammatory reaction

at the lesion area1,2). This concept of“secondary”injury en-

compassing both necrotic and programmed cell death was pos-

tulated more than half a century ago, and has long been consid-

ered a major therapeutic target aimed at sparing tissue and func-

tion for anti-inflammatory and anti-apoptotic agents3,4), although

primary mechanical injury is considered irreversible.

　However, the actual clinical paralyses of SCI patients as well

as experimental SCI of rodents almost always exhibit severest

state just after SCI, and gradual improvement to some extent

with time course (except for complete paralysis), and there are

very few patients with permanent deterioration5,6). If the second-

ary injury has a critical influence on the paralysis outcome, there

would be a greater number of patients with deterioration after

injury. Although the clinical time course of paralysis is suggest-

ing that there is some sort of self-repair system after CNS injury

even in rodents and primates, the mechanisms of gradual im-

provement in subacute phase is poorly understood and referred

to as withdrawal of“spinal shock”. Understanding of the self-

repair mechanism inherent in mammals is surely to lead to novel

therapeutic strategy for the treatment of CNS injury.

Astrogliosis and functional recovery
　To interpret the process of paralysis improvement in the sub-

acute phase, we examined serial histological sections of contused

spinal cords and followed motor function in wild-type mice af-

ter produced contusion injury at thoracic 12 levels7). In this in-

complete paralysis model, gradual functional recovery was ob-

served until the subacute phase of injury (～ 2 weeks after injury),

followed by limited recovery afterward.

　Firstly, we tried to confirm the secondary injury process in

the acute phase and found that the area of neural cell loss gradu-

ally enlarged in a rostral-caudal direction within a few days after

SCI. Some portions of neurons were positive for cleaved caspase-

3 indicated that the secondary injury process lasted for several

days in this model during which we observed limited functional

recovery. Meanwhile, astrocytes surrounding the lesion under-

went a typical change of hypertrophy, process extension and in-

creased expression of intermediate filaments such as GFAP and

Nestin by 7 d after SCI, characteristic of“reactive astrocytes”.

　Notably, these responsive astrocytes eventually migrated cen-

tripetally to the lesion epicenter and gradually compacted the

CD11b-positive inflammatory cells, contracting the lesion area

up until subacute phase after SCI as shown in Fig.1A. During

this process, we observed repair of injured tissue and gradual

functional improvement, and reactive astrocytes formed a physi-

cal barrier against inflammatory cells, commonly referred to as

glial scar (Fig.1B). After the migration of reactive astrocytes

and completion of glial scar, functional improvement reached a

plateau around 2 weeks after injury.

　This glial scar contains extracellular matrix molecules that

chemically inhibit axonal regeneration as well as physically, and

has only been considered to definitely play a crucial part in CNS

regeneration failure in the chronic phase of SCI8). However, the

process observed at subacute phase strongly suggested that the

emergence and migration of reactive astrocytes have a promi-

nent role in the repair of injured tissue and the restoration of

motor function before completion of the glial scar.

The migration mechanism and Stat3 sig-
naling
　The regulatory mechanisms behind the reactive response of

astrocytes remain elusive. We investigated the role of Stat3 sig-

naling since Stat3 is a principal mediator in a variety of biologi-

cal processes including wound healing and the movement of

various types of cells9,10). In addition, several reports suggested

Stat3 mediates certain aspects of astrogliosis downstream of the

action of cytokines such as interleukin (IL)-6, leukemia inhibi-

tory factor (LIF) and ciliary neurotrophic factor (CNTF) after

CNS injury11-14).

　In the injured spinal cord, phosphorylated Stat3 prominently

increased at 12 h after injury, which remained detectable with

western blotting for 2 weeks. We observed phosphorylation and

nuclear translocation of Stat3 mainly in reactive astrocytes sur-

rounding the lesion in immunohistochemistry, but not in distant

areas for several days after injury.

　To elucidate the role of Stat3 in reactive astrocytes, we per-

formed experiments by using mice with a selective deletion of

STAT3 under the control of Nestin gene promoter/enhancer15)

(STAT3N-/-), which are activated in reactive astrocytes after SCI.

STAT3N-/- mice showed no apparent abnormalities in motor func-

tion and development, although they showed signs of hyperph-

agia and leptin resistance15). At 2 weeks after injury, widespread

tissue damage, demyelination and severe motor deficit were

observed in this conditional STAT3 knockout mouse compared

to wild-type mice (Fig.2A,C). Interestingly, although the com-

parable tissue damage and reactive gliosis was observed around

the lesion at acute phase of injury in both type of mice, the con-

figuration of these cells remained relatively unchanged for the

chronic phase of injury owing to their limited migration. As a
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result, the impaired contraction of inflammatory cells by reac-

tive astrocytes brought about widespread damage and limited

recovery in only STAT3N-/- mice (Fig.2B,C).

　To further investigate the relationship between STAT3 sig-

naling and function of reactive astrocytes, analysis of SCI in

SOCS3N-/- mice16) was conducted. SOCS3 is the negative feed-

back molecule of STAT3 and the“bipolar”relationship between

STAT3 and SOCS3 has been noted in several selective deletion

experiments15,16). In the injured spinal cord in SOCS3N-/- mice,

rapid migration of reactive astrocytes to seclude inflammatory

cells, enhanced contraction of lesion area and dramatic improve-

ment in functional recovery were observed. These results sug-

gest that STAT3 signaling associated with the migration of reac-

tive astrocytes is key regulator in the healing process after SCI.

　Regarding the downstream of Stat3, several reports indicated

a possible molecular link between Stat3-zinc signaling and cell

movement17). The zinc transporter LIV1 was found to be the tran-

scriptional downstream target of Stat3 and essential for the

nuclear localization of Snail, a transcriptional repressor of the

Cdh1 gene which encodes E-cadherin. The absence of Stat3

therefore causes dysregulation of cell adhesion and impairs cell

movement. In this model, selective deletion of Stat3 in reactive

astrocytes brought about their limited migration and impaired

healing process after SCI. In addition, another study reported

that zinc deficiency impaired compaction of inflammatory cells

by reactive astrocytes after CNS injury similar to STAT3N-/-

mice18,19). On the other hand, astrocyte-targeted IL-6-expressing

transgenic mice showed prompt migration of reactive astrocytes

and compaction of inflammatory cells after CNS injury similar

to SOCS3N-/- mice20). It stands to reason that enhanced phospho-

rylation of Stat3 in reactive astrocytes brought about the similar

phenotype to SOCS3N-/- mice after SCI in this transgenic mice.

We also confirmed the robust expression of LIV1 mRNA in re-

active astrocytes of wild-type mice but limited expression in

STAT3N-/- mice in this model7). Thus, Stat3-Zinc signaling could

Fig.1 Compaction of inflammatory cells by re-
active astrocytes and glial scar formation
(Figure adapted from Okada et al.7)).

A) GFAP-positive reactive astrocytes gradually confine the
area of CD11b-positive inflammatory cell infiltration. Scale
bar, 500μm.
B) GFAP-positive reactive astrocytes gradually form glial
scar and seclude inflammatory cells. Scale bar, 100μm.

Fig.2 Compaction of inflammatory cells by reactive as-
trocytes and functional recovery were limited in
STAT3N-/- mice (Figure adapted from Okada et al.7)).

A) Compared to WT mice, the infiltration of CD11b-positive cells,
GFAP negative area and demyelination were greater in STAT3N-/- mice
at 2 weeks after injury. Scale bar, 500 μm and 300 μm.
B) Glial scar formation and seclusion of inflammatory cells were in-
sufficient in STAT3N-/- mice even at 3 weeks after injury.
C) Time course of functional recovery of lower limbs (open filed score).
While gradual recovery was observed in the subacute phase in WT
mice, little improvement was observed in STAT3N-/- mice. Data are
mean±s.e.m. ＊p<0.01, and ★p<0.05.
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be a radically new therapeutic target for the treatment of CNS

injury.

The pleiotropic role for astrogliosis
　Astrogliosis is intrinsically loosely defined term. After CSN

injury, the astrocytes around the lesion response to injury and

undergo a typical change of hypertrophy, process extension.

These reactive astrocytes are gradually integrated and form a

physical barrier, commonly referred to as glial scar21) as shown

in Fig.1B. This process after CNS injury is roughly described

as“reactive gliosis”or“astrogliosis”. As mentioned above,

astrogliosis is considered to be detrimental for regeneration of

CNS since they secrete chondroitin sulphate proteoglycans

(CSPGs), which inhibit axonal outgrowth8). Owing to this inhibi-

tory molecule, severed axons within long myelinated tracts cannot

regenerate past the lesion. In fact, treatment with chondroitinase

after SCI resulted in degradation of CSPGs at the lesion site, and

allowed axonal regeneration and recovery of locomotor and prop-

rioceptive functions22). In mice lacking both GFAP and vimentin,

reduced astroglial reactivity resulted in improved sprouting of

axons and functional restoration after SCI23).

　However, the basic phenomena of reactive gliosis appear con-

served throughout vertebrate evolution. Thus, reactive gliosis

has advantages for functional restoration or survival. Actually,

glial scar provide several important beneficial functions for sta-

bilizing fragile CNS tissue and repair of the blood-brain barrier

after injury. Their primary role is to seclude the injury site from

healthy tissue, preventing a cascading wave of uncontrolled tis-

sue damage8). The selective ablation of dividing astrocytes using

ganciclovir and GFAP-TK transgenic mice resulted in severe

leukocyte infiltration, tissue disruption, demyelination and neu-

ronal death24). Here, we showed that Stat3 signaling in reactive

astrocytes have a considerable role in the repair of injured tissue

and the recovery of motor function.

　Although these results seem to conflict with one another, con-

sideration of the timeframe in which these events were observed

suggests a possible phase-dependent role of reactive astrocytes.

In mice lacking both GFAP and vimentin, functional recovery

was observed later than 2 weeks after injury23), whereas substan-

tial recovery was completed within 2 weeks after injury in Nes-

Stat3-/- and Nes-Socs3-/- mice, suggesting that reactive astro-

cytes in the subacute phase repair tissue and restore function,

whereas in the chronic phase of injury they impair axonal regen-

eration as a physical and chemical barrier. These reports also

indicate that different potential effects of reactive gliosis are likely

to be context dependent and regulated by different intracellular

signaling pathways.

Concluding remarks
　In this review, we have shown that Stat3 is a key regulator of

reactive astrocytes migration and beneficial aspects of reactive

astrocytes after CNS injury. Stimulation of reactive astrocytes

migration might thus represent a potential target for intervention

in the treatment of CNS trauma. However, the precise mecha-

nism of reactive response in astrocytes as well as the functional

recovery by reactive astrocytes remains elusive. For functional

restoration, reorganization of interactions between descending

inputs and the lumbosacral locomotor circuits is required. In

addition, developed glial scar actually inhibit the regeneration

and reorganization of spinal circuits in the chronic phase of in-

jury. Future elucidation of both intrinsic and extrinsic astrocytes

response mechanisms might contribute to achieve a better un-

derstanding of the pathophysiology of CNS injury.
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