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Abstract

The functional role of reactive astrocytes after stroke is controversial. To elucidate whether 

reactive astrocytes contribute to neurological recovery, we compared behavioral outcome, axonal 

remodeling of the corticospinal tract (CST), and the spatio-temporal change of chondroitin sulfate 

proteoglycan (CSPG) expression between wild-type (WT) and glial fibrillary acidic protein/

vimentin double knockout (GFAP−/−Vim−/−) mice subjected to Rose Bengal induced cerebral 

cortical photothrombotic stroke in the right forelimb motor area. A foot-fault test and a single 

pellet reaching test were performed prior to and on day 3 after stroke, and weekly thereafter to 

monitor functional deficit and recovery. Biotinylated dextran amine (BDA) was injected into the 

left motor cortex to anterogradely label the CST axons. Compared with WT mice, the motor 

functional recovery and BDA-positive CST axonal length in the denervated side of the cervical 

gray matter were significantly reduced in GFAP−/−Vim−/− mice (n = 10/group, P <0.01). 

Immunohistological data showed that in GFAP−/−Vim−/− mice, in which astrocytic reactivity is 

attenuated, CSPG expression was significantly increased in the lesion remote areas in both 

hemispheres, but decreased in the ischemic lesion boundary zone, compared with WT mice (n = 

12/group, P <0.001). Our data suggest that attenuated astrocytic reactivity impairs or delays 

neurological recovery by reducing CST axonal remodeling in the denervated spinal cord. Thus, 

manipulation of astrocytic reactivity post stroke may represent a therapeutic target for 

neurorestorative strategies.
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Introduction

Stroke is a leading cause of disability in adults worldwide. For decades, enormous efforts in 

experimental animal models of stroke have been devoted to the development of 

neuroprotective agents in an attempt to salvage ischemic neurons in the brain. However, all 

these efforts have failed to demonstrate efficacy in clinical trials of stroke (Rother, 2008), 

except for the administration of recombinant tissue plasminogen activator (tPA) within 4.5 h 

of stroke onset (Cronin, 2010).

Astrocytes are the most abundant subtypes of glial cells, and by several fold outnumber 

neurons in the central nervous system (CNS). Nevertheless, astrocytes have not been a major 

therapeutic target for the treatment of stroke, with most research emphasis on the neuron. As 

an integral part of the neuron–glia system, astrocytes provide many housekeeping functions, 

including structural support, neuronal metabolism, maintenance of the extracellular 

environment, regulation of cerebral blood flow, stabilization of cell–cell communications, 

neurotransmitter synthesis, and defense against oxidative stress (Ransom and Ransom, 

2012). In the injured CNS, astrocytes undergo important morphological modifications, such 

as hyperplasia and hypertrophy, to form a glial scar, a physical and functional wall 

surrounding the damage area. These astrocytes, also referred to as, reactive Gliosis, exhibit 

increased expression of the intermediate filament proteins including glial fibrillary acidic 

protein (GFAP), vimentin, and nestin, and have altered expression of many other genes 

(Ridet et al., 1997).

The functional role of reactive astrocytes after stroke is controversial (Li et al., 2014). In the 

glial scar, reactive astrocytes express a broad range of inhibitory molecules against axonal 

regeneration, such as chondroitin sulfate proteoglycans (CSPGs) (McKeon et al., 1991). 

However, the glial scar may also seclude the injury site from healthy tissue, preventing a 

cascading wave of uncontrolled tissue damage (Faulkner et al., 2004). In addition, reactive 

astrocytes take up excess glutamate (Mazzanti et al., 2001), and produce neurotrophic 

factors (Hansson and Ronnback 2003), to protect the neurons from ischemic lesion. Thus, 

the reactivity of astrocytes after stroke may potentially play both detrimental and beneficial 

roles under certain spatiotemporal conditions.

In response to brain damage of stroke or trauma, reactive astrocytes upregulate GFAP and 

vimentin and reexpress nestin (Fuchs and Cleveland, 1998; Li and Chopp, 1999). In mice 

lacking both GFAP and vimentin (GFAP−/−Vim−/−), reactive gliosis and the glial scar are 

attenuated after neurotrauma (Pekny et al., 1999); however, at seventh day after induction of 

middle cerebral artery occlusion (MCAo), the infarct volume is 2.1–3.5 fold larger than in 

wild-type (WT) mice (Li et al., 2008). In addition, a recent in vitro study demonstrated that 

GFAP−/−Vim−/− astrocytes exposed to oxygen–glucose deprivation and reperfusion exhibit 

increased cell death and confer lower degree of protection to cocultured neurons than WT 

astrocytes (de Pablo et al., 2013), suggesting that reactive astrocytes are protective during 
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brain ischemia. Considering the multifaceted effects of reactive astrocytes as inhibiting 

axonal growth and supporting neuronal survival, it is interesting to address the question of 

how reactive astrocytes affect neurological recovery post stroke? We, therefore, compared 

functional recovery, axonal remodeling of the corticospinal tract (CST), and the spatio 

temporal change of CSPG expression between WT and GFAP−/−Vim−/− mice subjected to 

cerebral cortical photothrombotic stroke.

Materials and Methods

Animals

Breeder mice carrying a null mutation in the GFAP and vimentin genes (GFAP−/−Vim−/−) 

(Pekny et al., 1999) and the WT controls on a mixed genetic background of C57Bl/6–

129Sv-129Ola were used. Adult (10–12 weeks old, body weight 22–27 g) male 

GFAP−/−Vim−/− and age-matched WT mice used in this study were generated by our in-

house breeding facility. A total of 44 animals (20 mice for behavioral and anatomical study, 

24 mice for immunostaining) were used in this study. All experimental procedures were 

approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital.

Surgical Procedure of Photothrombosis

To generate a consistent cerebral infarct volume in WT and GFAP−/− Vim−/− mice, focal 

cortical ischemia was induced by photothrombosis of the cortical microvessels with the 

photosensitive Rose Bengal technique, as previously described (Lee et al., 2007; Watson et 

al., 1985), with the following modifications. Briefly, under isoflurane anesthesia, the animal 

was restricted in a Kopf stereotaxic frame on a 37° C homeothermic blanket (Harvard 

Apparatus, Holliston, MA). Rose Bengal (100 µL, 10 mg/mL solution in saline; Sigma-

Aldrich, St Louis, MO) was injected intraperitoneally 5 min before illumination. A midline 

incision of the scalp was performed to expose the skull. The skull was covered by a black 

plastic sheet with a hole to expose the area of 0.7–2.7 mm right to the midline, −1.0 to 2.5 

mm rostral to the bregma, which included the caudal forelimb area and the rostral forelimb 

area (Jang et al., 2013). The brain was illuminated for 10 min through the exposed skull with 

a fiber-optic bundle of a cold light source (KL 1600 LED; Schott, Mainz, Germany) filtered 

with a green filter. Then the scalp was sutured and mice were allowed to awaken.

Behavioral Tests

Twenty mice subjected to photothrombosis were used for behavioral and anatomical studies 

(n = 10/group). To directly assess the voluntary motor deficits and recovery of the stroke-

impaired left forepaw, a foot-fault test and a single pellet reaching test were performed 

before surgery, 3 days after stroke and weekly thereafter up to 4 weeks by an investigator 

blinded to the mouse phenotypes. The foot-fault test measures the accuracy of forepaw 

placement on a non-equidistant grid as the percentage of foot faults of the left forepaw to 

total steps (Hernandez and Schallert, 1988). The single pellet reaching test measures the 

ability of skilled forepaw use (Farr and Whishaw, 2002). The mice were placed in a 

Plexiglas box with a vertical slot on the front wall. Animals were trained for 5 days before 

surgery to use their left forepaw to extract 20 mg food pellets (Bio-Serv, Frenchtown, NJ) 

through the slot. A score of 1 was given when the animal was able to extract the pellet and 
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bring it to the mouth. If the animal dropped the pellet inside the box before eating, a score of 

0.5 was given. If the mouse knocked the pellet off the shelf, a score of 0 was given. 

Performance of individual mouse was defined by the percentage of total score for reaching 

20 pellets to the baseline score before stroke.

Anterograde CST Tracing

To validate the corticospinal axonal remodeling originating from the contralesional cortex, 

anterograde tracing was performed in the left intact cortex at 2 weeks after photothrombosis. 

Under isoflurane anesthesia, a unilateral craniotomy was performed over the left frontal 

motor cortex with a high speed drill (Foredom Electric, Bethel, CT). Ten percent solution of 

biotinylated dextran amine (BDA, 10,000 MW; Molecular Probes, Eugene, OR) in saline 

was injected into four points in the left frontal motor cortex using a finely drawn glass 

capillary injector (100 nL per injection; stereotaxic coordinates: 0 and 0.5 mm rostral to the 

bregma, 1.5 and 2.0 mm lateral to the midline; 0.7 mm deep to the dura) (Paxinos and 

Franklin, 1997). The micropipette remained in place for 4 min after completion of the 

injection.

Tissue Preparation and CST Axonal Measurement

Animals were allowed to survive for 4 weeks after photothrombosis. Under deep Ketamine 

anesthesia, the mice were perfused transcardialy with saline, followed by 4% 

paraformaldehyde. The entire brain and spinal cord were immersed in 4% paraformaldehyde 

overnight. The brain was cut into seven equally spaced (1 mm) coronal blocks. The brain 

blocks and the cervical spinal tissues were embedded in paraffin. A series of adjacent 6-µm 

thick sections were cut from each block and stained with Hematoxylin and Eosin for lesion 

volume evaluation measured as percentage of the lesion area compared with the 

contralateral hemisphere, as previously described (Swanson et al., 1990). The cervical spinal 

tissues were processed for 100-µm thick traverse sections using a vibratome. The spinal 

sections were incubated with avidin–biotin–peroxidase complex (Vector Laboratories, 

Burlingame, CA) at 4°C for 48 h, and the BDA-labeling was visualized with 3,3’-

diaminobenzidine (DAB)-nickel (Vector).

The length of BDA-positive CST axons in the stroke-impaired side of the ventral gray 

matter was measured on 30 consecutive transverse sections of the cervical cord (C5–7) for 

each animal using a plug-in NeuroJ in the NIH image software (ImageJ). The number of 

BDA-positive fibers in the pyramidal tract at the medulla level ipsilateral to the injection site 

were counted and averaged on three consecutive coronal sections for each animal. To avoid 

inter-animal variation in tracing efficiency, CST remodeling was estimated by the total 

BDA-labeled axonal length normalized with a quotient of individual BDA-labeled CST 

number in the pyramidal tract to the average number calculated in all animal groups.

Immunohistochemistry

Separate animal groups of normal and stroke mice euthanatized on days 3, 7, and 14 after 

photothrombosis (n = 3/time point) were used for immunostaining. Following 

deparaffinization, 6-µm thick paraffin coronal brain and spinal sections obtained from WT 

and GFAP−/− Vim−/− mice were processed for either single label (visualized with DAB) or 
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double label (visualized with FITC and CY3) immunostaining using standard procedures. 

Primary antibodies against GFAP (Dako, Carpinteria, CA), vimentin (Abcam, Cambridge, 

MA), nestin (BD biosciences, Franklin Lakes, NJ), S100beta (Dako), CSPG (CS-56, 

LifeSpan Biosciences, Seattle, WA), NeuN (Millipore, Billerica, MA), APC (GenWay 

Biotech, San Diego, CA), and IBa1 (Wako, Richmond, VA) were used. ImageJ was used for 

quantitative measurements of DAB precipitates shown as percentage of relative proportional 

areas.

Statistics

The mixed model, analysis variance and covariance (ANCOVA), was performed to analyze 

the differences in behavioral outcome between WT and GFAP−/− Vim−/− mice before and 

after stroke. Two- sample t-test was used to test the significance in lesion volume, BDA-

labeled axonal length, and CSPG positive immunostaining areas between two groups. All 

data are presented as mean ± SD. A value of P < 0.05 was taken as significant.

Results

Infarct Volume and Behavioral Outcome after Cortical Photothrombotic Stroke

In order to investigate the effect of reactive astrocytes on neurological recovery after stroke, 

we compared the behavioral outcome during the recovery process between WT mice and 

GFAP−/−Vim−/− mice. For this purpose, we performed Rose Bengal induced 

photothrombosis to the forelimb motor cortex. As shown in Fig. 1A, the ischemic infarct 

was localized to the directly illuminated cortical tissue. Unlike increased infarct volume 

observed in GFAP−/−Vim−/− mice compared with that in WT mice 7 days after distal middle 

cerebral artery transection in a previous study (Li et al., 2008), there was no significant 

difference in the lesion volume between WT and GFAP−/−Vim−/− mice 28 days after 

cortical photothrombosis (1B). In addition, the modest cortical lesion in the right fore-limb 

area led to severe, however, comparable behavioral deficits of the left forepaw in both WT 

and GFAP−/−Vim−/− mice starting 3 days after stroke measured with foot-fault test (Fig. 2A) 

and single pellet reaching test (Fig. 2B). Gradual recovery was observed in both WT and 

GFAP−/−Vim−/− mice; however, compared with WT mice, the motor performance of the left 

forepaw in GFAP−/−Vim−/− mice was significantly reduced from day 14 to day 28 after 

stroke.

Contralesional CST Axonal Plasticity Impaired in GFAP−/−Vim−/− Mice after Stroke

Based on our prior findings that unilateral cerebral stroke induces contralesional midline-

crossing remodeling of the CST axons in the spinal cord (Liu et al., 2008), contributing to 

behavioral recovery after stroke (Liu et al., 2013), we further investigated contralesional 

CST axonal plasticity by injecting BDA into the forelimb area of the contralesional cortex, 

to anterogradely label the CST axons (Fig. 3A). In WT mice subjected to unilateral right 

photothrombosis in the forelimb cortical area, in the denervated left side of the cervical cord, 

BDA-labeled contralesional CST axons that crossed the midline of the spinal cord, and 

extended toward the ventral horn (Fig. 3B), were evident, while in GFAP−/−Vim−/− mice, 

BDA-labeled CST axons were rarely observed in the left denervated spinal cord (Fig. 3C). 

We measure the BDA-labeled axonal length on 30 consecutive cervical sections in each 
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animal. Quantitative data showed that the total length of BDA-labeled CST axons was 

significantly reduced in GFAP−/−Vim−/− mice (Fig. 3D, P<0.001).

CSPG Expression is Increased in GFAP−/−Vim−/− Mice with Attenuated Astrocytic 
Reactivity after Stroke

To identify astrocytic reactivity after induction of the ischemic lesion, we performed 

immunostaining using antibodies against astrocytic markers of GFAP, vimentin, nestin, and 

S100β in WT and GFAP−/−Vim−/− mouse brains (Fig. 4). Three days after stroke, 

hypertrophic astrocytes were detected with GFAP (Fig. 4B) and vimentin (Fig. 4E) 

immunostaining in the cortical area surrounding the lesion in WT mice, but not in 

GFAP−/−Vim−/− mice (Fig. 4C,F). Since nestin is expressed in developing astrocytes and 

absent in mature astrocytes, and re-expressed after injury, nestin was used as a marker of 

reactive astrocytes (Li and Chopp, 1999). Nestin expression was found in the vicinity of the 

lesion in both WT and GFAP−/−Vim−/− mice after stroke (Fig. 4G – I). However, the 

expression of nestin was strong and continuous in WT mice, but weak and transient only for 

3 days, and then barely detected in GFAP−/−Vim−/− mice, consistent with our previous data 

from needle injury of the brain cortex (Eliasson et al., 1999). S100β is a marker of mature 

astrocytes (Cocchia, 1981). We performed double immunofluorescent staining for S100β 

and GFAP or nestin in WT mice. S100β expression was found in the cell body and thick 

processes of most GFAP (Fig. 4J) or nestin (Fig. 4K) positive astrocytes. Therefore, S100β 

antibody was used to identify astrocytes in GFAP−/−Vim−/− mice. S100β positive astrocytes 

were detected in GFAP−/−Vim−/− mouse brain (Fig. 4L), and the expression level of S100β 

was comparable before and after stroke in both WT and GFAP−/−Vim−/− mice (data not 

shown).

Reactive astrocyte generated CSPGs are the major inhibitory components of neurite 

outgrowth in glial scarring following CNS injury (McKeon et al., 1991). To investigate 

whether reduced CST axonal plasticity in GFAP−/−Vim−/− mice is associated with CSPG, 

we examined the distribution of CSPG in both ipsilesional and contralesional cerebral 

hemispheres with immunohistochemistry using monoclonal CSPG antibody CS56, which is 

specific for the glycosaminoglycan (GAG) portion of native CSPG with epitope recognizing 

CS octasaccharide containing A–D tetrasaccharide sequence (Deepa et al., 2007; Ito et al., 

2005). The CSPG positive staining in GFAP−/−Vim−/− mice showed a distinct patchy 

pattern, referred to in a study on the WT mouse cortex as, dandelion clock-like structure 

(Hayashi et al., 2007). In the present study, we found this pattern was also present in the 

corpus callosum and striatum of GFAP−/−Vim−/− mice (Fig. 5). In the contralesional 

cerebral hemisphere, CSPG expression increased as early as day 3 after stroke in both WT 

(Fig. 5A – D) and GFAP−/−Vim−/− mice (Fig. 5E – H), while at day 14 after stroke, CSPG in 

the contralateral hemisphere decreased in WT mice, but further increased in GFAP−/−Vim−/− 

mice. Quantitative data showed that CSPG expression in the contralesional hemisphere at 

day 14 after stroke was significantly higher in GFAP−/−Vim−/− mice than in WT mice (Fig. 

5L). Interestingly, in the ipsilesional hemisphere, increased CSPG expression was observed 

in the ischemic lesion boundary zone (arrows) in WT mice (Fig. 5I – K); however, in 

GFAP−/−Vim−/− mice, CSPG expression was increased in the cortical area outer lesion 

boundary zone (arrowheads), but not in the lesion boundary zone (Fig. 5M – O). 
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Quantitative measurements of CSPG positive areas in the ischemic lesion boundary zone 

and the cortical area outer lesion boundary zone showed significant differences between WT 

and GFAP−/−Vim−/− mice (Fig. 5P).

To reveal the potential cellular sources and targets of CSPG, we performed double 

immunostaining with antibodies against CSPG and S100β, NeuN, APC, NG2, or IBa1to 

characterize astrocytes, neurons, oligodendrocytes, oligodendrocyte precursor cells, and 

microglial cells, respectively (Fig. 6). We found that a subpopulation, but not all astrocytes 

(Fig. 6A – C) and neurons (Fig. 6D – F) were surrounded by CSPG, while oligodendrocytes 

(Fig. 6G – I), immature oligodendrocytes (Fig. 6J – L), and microglial cells (Fig. 6M – O) 

were distant from CSPG, consistent with the results from Wakada et al. (Hayashi et al., 

2007).

Discussion

In this study, we examined whether the absence of the two major astrocytic intermediate 

filament proteins, GFAP and Vimentin, would impact functional recovery and axonal 

remodeling after stroke, since reactive astrocytes purportedly act as a barrier, inhibiting 

neuronal regeneration and neurite outgrowth (Silver and Miller, 2004). We, therefore, 

investigated functional recovery and axonal remodeling in GFAP−/−Vim−/− mice, which are 

devoid of astrocytic intermediate filaments and show attenuated reactive gliosis and scar 

formation after CNS injury (Pekny et al., 1999). The astrocytic nanofilament system is a 

structural component of the cytoskeleton and serves as an important signaling platform in 

situations linked to cellular stress (Hyder et al., 2011; Pallari and Eriksson, 2006; Pekny and 

Lane, 2007). In injured brains of GFAP−/−Vim−/− mice, astrocytes show similar abundance 

and access comparable volumes of brain tissue as astrocytes of wild-type mice 

(Wilhelmsson et al., 2004), but do not exhibit the reactive phenotype with characteristic 

hypertrophic processes as astrocytes in wild-type mice (Li et al., 2008; Wilhelmsson et al., 

2004, 2006). Glial scar formation is attenuated in GFAP−/−Vim−/− mice, healing after 

trauma takes longer and post-traumatic synaptic loss is more prominent (Pekny et al., 1999; 

Wilhelmsson et al., 2004). The astrocyte intermediate filament system influences 

viscoelastic properties of astrocytes (Lu et al., 2011), intracellular vesicle trafficking 

(Potokar et al., 2007, 2010; Vardjan et al., 2012), and is important for astrocyte response to 

hypoosmotic stress (Ding et al., 1998), spontaneous astrocyte motility (Lepekhin et al., 

2001), and highly probably also for the interaction of astroglial cells with microglia or blood 

borne monocytes (Kraft et al., 2013; Macauley et al., 2011; Nakazawa et al., 2007). Genetic 

ablation of GFAP and vimentin when combined with neuronal overexpression of Bcl-2 

improves regeneration of the severed optic nerve in the postnatal period (Cho et al. 2005). 

Regenerative responses and functional recovery after spinal cord trauma is improved in 

GFAP−/−Vim−/− mice (Menet et al., 2003), which also show increased hippocampal 

neurogenesis in adulthood (Wilhelmsson et al., 2012), and in older mice (Larsson et al., 

2004). GFAP−/−Vim−/− mice support better integration of neural grafts (Kinouchi et al., 

2003) and increased neuronal and astrocytic differentiation from neural stem cells 

transplanted in the hippocampus (Widestrand et al., 2007). Thus, at least in some disease 

contexts, the benefits of reactive gliosis at the acute injury phase seem to be counteracted by 

restricted regenerative potential at later stages (Pekny et al., 2014). Surprisingly, in the 
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present study compared with WT mice, GFAP−/−Vim−/− mice subjected to cortical ischemia 

exhibited attenuated astrocytic reactivity, significantly reduced or delayed motor functional 

recovery and CST axonal remodeling, associated with a distinctive CSPG distribution. In 

contrast with WT mice, CSPG was significantly increased in the contralesional cerebral 

hemisphere and in the cortical area of the outer ischemic lesion boundary zone in the 

ipsilesional hemisphere of GFAP−/−Vim−/− mice. The reduced functional recovery and CST 

plasticity observed in GFAP−/−Vim−/− mice after stroke compared with WT mice, may in-

part be attributed to the increased CSPG expression in the contralateral and remote 

ipsilateral hemispheres in GFAP−/−Vim−/− mice.

Because of the overlap between the MCA and anterior cerebral artery (ACA) territories, 

there is a relatively wide blood flow transition zone (from fully flowing to severely 

depressed) in the area of MCA territory during MCAo (Li and Murphy, 2008). A recent 

study demonstrated that astrocytes derived from GFAP−/−Vim−/− mice exposed to oxygen-

glucose deprivation and reperfusion exhibited increased cell death, and conferred a lower 

degree of protection compared with cocultured neurons than WT astrocytes (de Pablo et al., 

2013). Also, the ischemic stroke penumbra may be more compromised in GFAP−/−Vim−/− 

mice because of reduced glutamate transport, less effective endothelin 3-induced blockage 

of gap-junctional communication between GFAP−/−Vim−/− astrocytes potentially allowing 

expansion of the ischemic lesion over time, and lower levels of PAI-1 that may lead to a 

decreased protection against tPA-induced neurotoxicity (Li et al., 2008). Thus, MCA 

transection induces larger infarct volume in GFAP−/−Vim−/− mice than in WT mice (Li et 

al., 2008), which may lead to incomparable functional outcome during the recovery phase 

after stroke. The photosensitive dye (Rose Bengal) becomes activated and induces 

endothelial damage with platelet activation and thrombosis, when illuminated by a cold light 

source, resulting in local blood flow interruption by a rapidly evolving ischemic damage 

without salvageable penumbra (Lee et al., 2007; Watson et al., 1985). Therefore, to avoid 

the variation in lesion volume on behavioral recovery after stroke, we performed a unilateral 

photothrombosis to the forelimb motor area to generate a consistent focal cortical ischemia 

of equivalent size in both WT and GFAP−/−Vim−/− mice. In addition, since the light source 

can be applied to target any cortical area of interest determined by the size of the illuminated 

area, this technique is highly advantageous for precise functional studies.

The present study employed two behavioral tests, the footfault test and single pellet reaching 

test, to estimate the neurological outcome of the left forepaw in mice subjected to right 

forelimb motor area lesion. In both behavioral tests used in this study, the mice need to 

voluntarily control the paw movement through the corticospinal innervations. Our 

observations of reduced behavioral recovery and CST axonal remodeling in GFAP−/−Vim−/− 

mice indicated a substantial contribution of astrocytic reactivity to neurological recovery 

after CNS lesion. Consistent with previous studies (Menet et al., 2003; Pekny et al., 1999; 

Wilhelmsson et al., 2004), our results indicated that mice deficient in both GFAP and 

vimentin genes exhibit attenuated astrocytic reactivity after cortical stroke. In WT mice, this 

reactivity was demonstrated by upregulated expression of GFAP, vimentin and nestin, while 

in mice with absence of GFAP and vimentin, nestin, the marker of reactive astrocytes, was 

only transiently increased after stroke. The weak and transient nestin immunoreactivity in 

GFAP−/−Vim−/− astrocytes in the cerebral cortex surrounding the lesion is conceivably a 
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consequence of the absence of vimentin, a polymerization partner of nestin, resulting in 

decreased nestin protein levels in GFAP−/−Vim−/− astrocytes (Eliasson et al., 1999). Neural 

stem/progenitor cells have been identified in the subventricular and subgranular zones of the 

hippocampus (Lagace et al., 2007), as well as the cerebral cortex after stroke (Nakagomi et 

al., 2009). Since nestin is also a neural stem/progenitor cell marker (Morshead et al., 1994), 

further studies are needed to examine the potential effect of reactive astrocytes on 

endogenous neurogenesis after stroke. GFAP−/−Vim−/− mice exhibited a reduced scar 

formation in the lesion boundary region, detected with immunostaining of CSPG, the major 

barrier component in the glial scar. Unexpectedly, our behavioral functional data showed 

that the attenuated glial scar did not lead to improved functional recovery after stroke, as in 

the increased functional restoration observed in GFAP−/−Vim−/− mice subjected to spinal 

cord injury (Menet et al., 2003). This indicated that unlike spinal cord injury, the glial scar 

formation in the infarct proximal boundary region may not be a major barrier factor for 

neurological recovery after cerebral stroke. After spinal cord injury, extension of axons to 

bridge damage, may enhance functional recovery. Thus, reduced scar formation and reduced 

CSPG at the site of the damage may foster neurite growth and functional recovery. In 

contrast, after induction of stroke, reduction of the adjacent glial scar and reduction of 

CSPG, likely has no beneficial effect, since there is no neural cell survival in the ischemic 

infarct core area, thus, no necessity or benefit of promoting neurite extension and growth 

crossing the glial scar into the lesion boundary zone. To the contrary, our data suggest that 

the glial scar may have restorative effects, and restricts the ischemic lesion, and thereby 

promotes neurological recovery post stroke. As previously noted, absence of GFAP and 

vimentin improved post-traumatic synaptic regeneration in the hippocampus in mice, 

however, behavioral data were not reported (Wilhelmsson et al., 2004). We cannot exclude 

the possibility, that photothrombotic stroke leads to a delayed, rather than reduced, 

CSTaxonal remodeling and neurological recovery in mice deficient for GFAP and vimentin, 

since 4 weeks post stroke these mice continued to improve their motor functions. In support 

of this premise, we recently reported delayed but complete axonal regeneration after sciatic 

nerve lesion in GFAP−/−Vim−/− mice that implied altered response dynamics but a 

comparable outcome after peripheral nervous system lesion in mice deficient in the 

intermediate filament system in astrocytes and Schwann cells (Berg et al., 2013).

Studies in both animals and humans show that the adult mammalian brain has potential to 

drive structural and functional reorganization mediating recovery after stroke (Dancause, 

2006; Nudo, 2006). Unilateral stroke in the primary motor cortex leads to functional 

compensation in the contralesional hemisphere in patients with greater recovery (Biernaskie 

et al., 2005; Johansen-Berg et al., 2002; Strens et al., 2003). In rodents subjected to 

unilateral MCAo, CST axons originating from the contralesional cortex re-cross the midline 

of the spinal cord into the denervated gray matter (Liu et al,. 2007), and this axonal 

remodeling contributes to motor recovery (Liu et al., 2011). Growth factors promote 

lesionremote plasticity of the contralesional pyramidal tract, but do not further increase 

axonal sprouting in the injured hemisphere (Reitmeir et al., 2012). To investigate the 

neuroanatomical substrate of the behavioral recovery in mice subjected to photothrombosis 

in the right side of the forelimb motor cortex, we labeled the CST axons originating from the 

contralesional forelimb motor area with intracortical injection of anterograde neuronal 

Liu et al. Page 9

Glia. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



tracer, BDA. Our results showed that contralesional axonal remodeling was significantly 

reduced in GFAP−/−Vim−/− mice compared with WT mice.

Astrocytic glial scar formation isolates the injury site to protect spared tissue from further 

damage (Bush et al., 1999). Reactive astrocytes restrict the lesion and minimize the area of 

inflammation in the acute stage after CNS injury (Sofroniew, 2005), and may also restrict 

diffusible factors secreted from the lesion region into remote area. Thus, our observation of 

increased CSPG expression in the cortical area outer ischemic lesion boundary zone and the 

contralesional cerebral hemisphere in GFAP−/−Vim−/− mice may be attributed to the 

attenuated glial scar formation in the lesion boundary zone. CSPGs are a family of 

molecules including aggrecan, brevican, neurocan, versican, phosphacan, and NG2, 

characterized by a protein core to which large, highly sulphated GAG chains are attached 

(Morgenstern et al., 2002). After injury, CSPG expression is rapidly upregulated by reactive 

astrocytes, forming an inhibitory gradient that is highest at the centre of the lesion and 

diminishes gradually into the penumbra (McKeon et al., 1991). The inhibitory activity of 

CSPGs depends on the GAG components, as treatment with chondroitinase ABC, an 

enzyme that removes GAG chains from the protein core, eliminates this inhibition (Silver 

and Miller, 2004). The expression of CSPG characterized by the CS-56 antibody, which 

recognizes the CS GAG region, was previously identified in a subpopulation of astrocytes 

(Hayashi et al., 2007). Our results of increased CSPG expression in the areas remote from 

the lesion including the contralesional cerebral hemisphere and the cortical area outer lesion 

boundary zone in the ipsilesional hemisphere in GFAP−/−Vim−/− mice, suggest that 

subpopulations of astrocytes lacking GFAP and vimentin respond to injury to upregulate 

CSPG expression. Thus, the reduced CST axonal remodeling and neurological recovery in 

GFAP−/−Vim−/− mice after stroke may be attributed to upregulated CSPG expression in the 

remote areas surrounding a subpopulation of astrocytes and neurons, although the specific 

types of these astrocytes and neurons remain to be further characterized. Our findings that 

reduced CSPG distribution in the lesion boundary zone in GFAP−/−Vim−/− mice was 

accompanied with impaired functional recovery, further indicated that the glial scar provides 

beneficial effects to neurological recovery after cortical stroke, consistent with our previous 

study that the functional recovery after stroke is associated to distal local axonal sprouting 

and outgrowth within the denervated spinal gray matter, rather than long distance axonal 

regeneration originating from the brain (Liu et al., 2008).

Neurite extension may depend on a balance of growth-promoting and growth-inhibiting 

molecules in the extracellular matrix after injury. The CNS response to stroke is a 

multicellular process that changes continually over time and is regulated by a multitude of 

extracellular and intracellular molecular signaling events (Burda and Sofroniew, 2014). 

Depending on the timing and local environments after stroke, reactive astrocytes may be 

beneficial or detrimental (Lo, 2008). In the setting of ischemia, attenuation of reactive 

gliosis by genetic ablation of GFAP and vimentin leads to increased infarction (Li et al., 

2008) and synapse loss (Wilhelmsson et al., 2004), suggesting that reactive astrocytes play 

an important role in the protection of the ischemic penumbra. Recent work also suggests that 

astrocytes promote neurorestoration several days to weeks after injury (Zhao and Rempe, 

2010). Astrocytes, together with microglia, also release trophic factors such as basic 

fibroblast growth factor, nerve growth factor, ciliary neurotrophic factor (Hansson and 
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Ronnback, 2003), glial cell line-derived growth factor (Schaar et al., 1993), and brain-

derived neurotrophic factor (Bejot et al., 2011), thus promoting neuronal plasticity, synaptic 

formation, and rebuilding of the nervous system to improve functional outcome after injury 

(Privat, 2003; Trendelenburg and Dirnagl, 2005). In contrast, reactive astrocytes may release 

proteolytic molecules, such as matrix metalloproteinases (Hsu et al., 2006), to degrade 

CSPGs (Zuo et al., 1998), as observed in the present study that attenuated astrocytic 

activation induced increased CSPG expression in GFAP−/−Vim−/− mice. Several forms of 

astrocytes exist in the CNS, including fibrous (in white matter), protoplasmic (in grey 

matter), and radial (Marin-Padilla, 1995; Shannon et al., 2007). For isomorphic reactive 

astrocytes, the balance is inhibitory for central neurite outgrowth, while anisomorphic 

reactive astrocytes probably express inhibitory components at lower levels and the growth 

promoting factors predominate (Bovolenta et al., 1991). In the present study, the CSPG 

expression was distributed to a subpopulation of astrocytes, suggesting that a different 

subtype of astrocytes may respond to the lesion differently. Further investigation is needed 

to reveal what kind of astrocytes and how they provide beneficial or detrimental effects to 

stroke recovery.

Although reactive astrocytes form an inhibitory glial scar following stroke, they also 

perform functions important in neural repair. Our findings suggest that the involvement of 

astrocytes in axonal remodeling and functional recovery after stroke may represent a 

possible therapeutic target for neurorestorative strategies. Further studies focused on 

preserving reactive astrocytes, to augment their protective functions, and/or reduce their 

detrimental effects, may lead to novel approaches to improve neurological recovery after 

stroke.
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FIGURE 1. 
Photothrombosis induced cortical ischemic infarct in mouse forelimb motor area by the 

Rose Bengal technique. A: A series of Hematoxylin and Eosin stained brain sections from a 

representative GFAP−/−Vim−/− mouse show a typical photo-thrombotic lesion in the right 

sensorimotor cortex 28 days after ischemia. B: There was no significant difference in 

quantification of the stroke volume between the WT and knockout mice. Data are mean ± 

SD for n = 10 per group. Scale bar = 1 mm. [Color figure can be viewed in the online issue, 

which is available at wileyonlinelibrary.com.]
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FIGURE 2. 
Behavioral performance of the left forepaw. Mice were trained prior to stroke and baseline 

data were recorded. After photo-thrombosis of the right forelimb cortex, the left forepaw 

performance was significantly impaired in both foot-fault test (A) and single pellet reaching 

test (B; n = 10, *P<0.001, day 3 vs. day −1). Both WT and GFAP−/−Vim−/− mice exhibited 

gradual improvement, however, the recovery was significantly reduced in GFAP−/−Vim−/− 

mice than in WT mice (#P<0.05, ##P<0.01 vs. WT).
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FIGURE 3. 
Anterograde tracing of the CST originating from the contralesional cortex. A: A schematic 

drawing shows contralesional CST axonal labeling with BDA injected into the 

contralesional cortex and the location of pictures in B and C taken in the cervical spinal 

cord. B and C: Representative confocal pictures from WT and GFAP−/−Vim−/− mice 

showing midline-crossing BDA-positive CST axons (arrows) sprouted into the denervated 

side of the ventral gray matter after stroke. D: Quantitative data showing that the BDA-

labeled contralesional CST axonal length in the denervated side of the cervical cord was 

significantly reduced in mice lack GFAP and vimentin, compared with WT mice (n = 10/

group, *P<0.001). CC stands for central canal indicating the midline of the spinal cord. 

Scale bar=100 µm. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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FIGURE 4. 
Astrocytic activation was attenuated in the cortex after stroke. Immunostaining images show 

GFAP (A–C), Vimentin (D–F), and Nestin (G–I) in the cortex of adult normal WT mice (A, 

D, and G), day 3 stroke WT mice (B, E, and H), and GFAP−/−Vim−/− mice (C, F, and I). 

Note that immunoreactivities of GFAP and Vimentin were increased in the cortical area 

around the lesion in WT mice and absent in GFAP−/−Vim−/− mice, while immunoreactivity 

of Nestin was dramatically increased in WT mice and slightly increased in GFAP−/−Vim−/− 

mice. Double immunostaining images show that S100β colocalized with GFAP (J) and 
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Nestin (K) in the WT mouse brain. In the GFAP−/−Vim−/− mouse cortex, S100β-positive 

astrocytes were still present. Scale bar for A–I and L = 100 µm; for J and K550 µm.
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FIGURE 5. 
CSPG immunoreactivity in the contralesional and ipsilesional cerebral hemispheres. In the 

contralesional hemisphere, increased positive staining areas were present in the cortex 

(black arrows), corpus callosum (white arrowheads), and striatum (black arrowheads) in the 

WT mice (A–D) and GFAP−/−Vim−/− mice (E–H). In the ipsilesional hemisphere, increased 

positive staining areas were present in the lesion boundary zone in WT mice (arrows in I–
K), but in the cortical area outer lesion boundary zone in GFAP−/−Vim−/− mice (arrowheads 

in M–O). Quantitative data of positive area measurements indicate that CSPG expression 

was significantly increased in the contralesional hemisphere in both WT and 

GFAP−/−Vim−/− mice (L, *P<0.01, **P<0.0001 vs. normal control), and significantly 

higher expression was evident at day 14 after stroke in GFAP−/−Vim−/− mice compared with 

WT mice (#P<0.01 vs. WT), while in the contralesional hemisphere, CSPG expression was 

significantly increased in the lesion boundary region in WT mice (P, *P<0.01, **P<0.001 

vs. normal control), and the cortical areas in GFAP−/−Vim−/− mice (*P<0.01, **P<0.001 vs. 

normal control), which was significantly different between WT and GFAP−/−Vim−/− mice 

(#P<0.01, ##P<0.001). Dot lines indicate the lesion border. Scale bar=100 µm.
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FIGURE 6. 
Double immunostaining images show expression pattern of CSPG with S100β (an astrocytic 

marker; A–C), NeuN (a neuronal marker; D–F), APC (an oligodendrocytic marker; G–I), 

NG2 (a marker of oligodendrocyte precursor cells; J–L), and IBa1 (a microglial marker; M–
O) in the GFAP−/−Vim−/− mouse brains 7 days after stroke. Note that CSPG was present 

around a subpopulation of astrocytes (arrows in C) and neurons (arrows in D), but not 
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adjacent to oligodendrocytes, oligodendrocyte precursor cells, or microglia. Scale bar = 50 

µm.
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