
Annals of Rehabilitation Medicine

Original Article

Ann Rehabil Med 2016;40(5):757-768
pISSN: 2234-0645 • eISSN: 2234-0653
https://doi.org/10.5535/arm.2016.40.5.757

A Model of Glial Scarring Analogous to the 
Environment of a Traumatically Injured  

Spinal Cord Using Kainate
Jong Yoon Yoo, MD, PhD1, Chang Ho Hwang, MD, PhD2, Hea Nam Hong, PhD3

1Department of Rehabilitation Medicine, Asan Medical Center, University of Ulsan College of Medicine, Seoul;  
2Department of Physical Medicine and Rehabilitation, Ulsan University Hospital, University of Ulsan College of Medicine, Ulsan; 

3Department of Anatomy, Asan Medical Center, University of Ulsan College of Medicine, Seoul, Korea

Objective  To develop an in vitro model analogous to the environment of traumatic spinal cord injury (SCI), the 
authors evaluated change of astrogliosis following treatments with kainate and/or scratch, and degree of neurite 
outgrowth after treatment with a kainate inhibitor.
Methods  Astrocytes were obtained from the rat spinal cord. Then, 99% of the cells were confirmed to be GFAP-
positive astrocytes. For chemical injury, the cells were treated with kainate at different concentrations (10, 50 or 
100 μM). For mechanical injury, two kinds of uniform scratches were made using a plastic pipette tip by removing 
strips of cells. For combined injury (S/K), scratch and kainate were provided. Cord neurons from rat embryos 
were plated onto culture plates immediately after the three kinds of injuries and some cultures were treated with a 
kainate inhibitor. 
Results  Astro-gliosis (glial fibrillary acidic protein [GFAP], vimentin, chondroitin sulfate proteoglycan [CSPG], 
rho-associated protein kinase [ROCK], and ephrin type-A receptor 4 [EphA4]) was most prominent after treatment 
with 50 μM kainate and extensive scratch injury in terms of single arm (p<0.001) and in the S/K-induced injury 
model in view of single or combination (p<0.001). Neurite outgrowth in the seeded spinal cord (β-III tubulin) 
was the least in the S/K-induced injury model (p<0.001) and this inhibition was reversed by the kainate inhibitor 
(p<0.001). 
Conclusion  The current in vitro model combining scratch and kainate induced glial scarring and inhibitory 
molecules and restricted neurite outgrowth very strongly than either the mechanically or chemically-induced 
injury model; hence, it may be a useful tool for research on SCI. 
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INTRODUCTION

The glial scar tissue, which forms at the lesion site, after 
spinal cord injury (SCI), is composed mainly of ‘reactive’ 
astrocytes. Astrogliosis involves marked up-regulation 
of two intermediate filaments, which are glial fibrillary 
acidic protein (GFAP) and vimentin [1]. In the reactive 
state, astrocytes secrete various neuro-inhibitory mole-
cules such as chondroitin sulfate proteoglycans (CSPGs), 
which are potent inhibitors of axonal re-growth [1,2]. 

Therefore, many studies, have attempted to examine 
the mechanism of glial scar formation and reactive as-
trogliosis, which are the future targets for therapeutic 
strategies, using an in vitro central nervous system injury 
model. However, most of the studies have been limited to 
brain lesions [3-5]. 

The scratch wound assay has been used to evaluate 
the wound healing effect or astrocyte motility [6-8], and 
to assess the induced reactive astrogliosis [4]. Scratched 
astrocyte culture is thought to have a similar effect as that 
of the cells on in vivo traumatic injury; in other words, 
mechanical stress. However, astrogliosis following SCI is 
associated with not only mechanical injury but also with 
succeeding neurotoxicity [9]. Following the initial trau-
matic SCI, excitatory molecules, like glutamate, induce 
secondary degeneration including reactive astrogliosis 
and formation of the glial scar [10]. The mechanically 
disrupted spinal cord is exposed to secondary damage, 
and this process is promoted by the release of excitatory 
amino acids (EAAs) such as glutamate [11], which cause 
excite-toxicity through two classes of ionotropic recep-
tors, the N-methyl-D-aspartate (NMDA) receptors and 
the AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid) / kainate (2-carboxy-4-isopropenyl-pyr-
rolidin-3-yl acetic acid) receptors. To develop a glial scar 
model parallel to in vivo glial scar formation, it seems 
necessary that both mechanical and chemical injuries 
should be involved. Although kainate (KA) is known to be 
30 times more neurotoxic than glutamate [12], it has not 
been used for developing an in vitro model of astrogliosis 
except for epilepsy.

The authors aimed (1) to develop an in vitro glial scar 
model in which both mechanical and chemical injuries 
were provided and (2) to examine the change in the ex-
pression of inhibitory molecules and neurite outgrowth 
induced by KA treatment in glial scar formation initiated 

by scratch injury. This is the first trial in terms of usage of 
KA for developing an in vitro SCI model.

MATERIALS AND METHODS

Two kinds of experiments were performed. One experi-
ment was performed to determine the optimal type of 
injury and the other experiment was performed to evalu-
ate neurite outgrowth in spinal cord neurons seeded into 
astrocytes after different kinds of injury. The laboratory 
sequences of the former experiment were as follows: 
initially, astrocytes were obtained from rat pups and cul-
tured, in the second model of chemical injury, KA was 
applied to the cultured astrocytes at different concentra-
tions (10, 50 or 100 μM). In the third model of mechanical 
injury, two types of scratching times (moderate and ex-
tensive) were provided to the other cultured astrocytes. In 
the fourth model of injury, a combination of chemical (50 

μM KA) and mechanical (extensive) injuries was applied 
to the other cultured astrocytes, and finally, immunoblot 
analyses were performed respectively. The laboratory se-
quences of the latter experiment were as follows: initially, 
spinal cord neurons were obtained from embryonic rats, 
cultured, and seeded into different types of astrocytes in-
jured by KA, scratch, or a combination of the two. In the 
second experiment, some cultures were treated with a 
KA inhibitor, and finally immuno-fluorescence analyses 
were performed to compare the respective degree of neu-
rite outgrowth.

Astrocyte cultures 
All of the following procedures were performed in ac-

cordance with the guidelines of the Asan Medical Center 
Institutional Animal Care Committee protocols of Ulsan 
University. Astrocyte cultures of spinal cords were ob-
tained from P3–P5 Sprague-Dawley rat pups. Rats were 
anesthetized using a mixture of xylazine and ketamine 
(10 mg/kg and 100 mg/kg). An incision was performed 
through the skin and muscles overriding the thoracic 
spine to expose the T9–T11 vertebrae. The spinal cord 
(spinal level T11/12) was uncovered through a dorsal 
laminectomy at T10. The spine was fixed by two Adson 
forceps either of which was placed at T9 and T11. Menin-
ges and blood vessels were stripped, and the spinal cord 
was cut into 250- to 400-μm-thick slices using a McIlwain 
tissue chopper (Ted Pella Inc., Redding, NY, USA). The 
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minced tissues were trypsinized with TrypLE (Invitro-
gen, Carlsbad, CA, USA) and dissociated by trituration 
through a fire-polished Pasteur pipette in the presence 
of 0.02% DNase (Sigma, St Louis, MO, USA). Cell suspen-
sion was filtered through a 80u cell strainer (BD Falcon; 
BD, Le Pont de Claix, France) and centrifuged at 1,200 
rpm for 1 minute. Cell pellets were seeded on poly-L-
lysine coated 25 cm2 cell culture flasks (Nunc) or 6-well 
plates in DMEM (Dulbecco’s modified Eagle’s medium; 
Gibco, Carlsbad, CA, USA) supplemented with 20 mM 
glucose, 15% fetal bovine serum (FBS, Gibco), and peni-
cillin (100 IU/mL) / streptomycin (100 μg/mL) (Invitro-
gen). After a 1–3 hour adhering interval, loosely adhering 
and suspended cells (most of which were oligodendrog-
lia) were removed by gently shaking the flasks at room 
temperature. The strongly adhering microglia were then 
released by vigorous shaking in 10 mM L-leucine-methyl 
ester (Sigma), which served as a lysosomotropic agent 
that destroys mononuclear phagocytic cells. Cells were 
allowed to grow to near confluence in DMEM containing 
20 mM glucose and 10% calf serum in a water saturated 
air with 5% CO2 at 37oC. When they were nearly conflu-
ent, the cultures were passaged by using trypsin, and the 
media was replaced. To obtain highly differentiated as-
trocytes, cells were cultured for more than 3 weeks after 
seeding. After 3 weeks, immunocytochemical staining of 
representative cultures demonstrated that about 99% of 
the cells in these cultures were GFAP-positive astrocytes 
and approximately 1% of the cells were CNPase-positive 
oligodendrocytes, but, OX-42-positive microglia/macro-
phages were not detected. 

Kainate-induced in vitro glial scar model 
Considering that glutamate is known to induce reac-

tive astrogliosis [10] and KA is known to be 30 times 
more neurotoxic than glutamate [12], authors chose KA 
for inducing intense astrogliosis. After 3 weeks in vitro, 
astrocyte cultures were bathed in Krebs solution having 
the following components: glucose (11 mM), KCl (4.5 
mM), NaCl (113 mM), MgCl27H2O (1 mM), CaCl2 (2 mM), 
NaH2 PO4 (1 mM), NaHCO3 (25 mM), gassed with 95% O2 
and 5% CO2, pH 7.4 at room temperature [13]. KA (Sigma) 
was dissolved in Krebs solution and cultures were bathed 
at different concentrations of KA (10, 50 or 100 μM) for 
2 hours. Sham control cultures were exposed to DMEM 
only. At the end of the exposure time, cells were rinsed 

with Hank’s balanced salt solution (HBSS; Sigma-Aldrich, 
Steinheim, Germany) and were maintained in culture 
for 4, 24, 48, and 72 hours before use in experiments with 
DMEM supplemented with 10% fetal calf serum (FCS). 
Six independent experimental sessions using three dif-
ferent concentrations were performed for quantitative 
analyses.

Scratch wound on astrocytes 
Uniform scratch wounds were made on confluent astro-

cytes in 6-well plates using a standard 200 μL sterile plas-
tic pipette tip by removing a strip of cells. For the ‘moder-
ate’ (M) scratch wound model, two horizontal lines and 
two vertical lines (1 cm apart) were drawn. A grid pattern 
of three horizontal lines and three vertical lines (0.8 cm 
apart) was made for the ‘extensive’ (Ex) scratch wound 
model. Following scratching, the detached cells and 
debris were rinsed out with HBSS and the medium was 
replaced with fresh medium. This technique produced a 
consistent line devoid of cells, approximately 3.3 cm long 
×500 um wide. Four lines were drawn in the ‘moderate’ 
wound model, and six lines were produced for the ‘exten-
sive’ wound model. Approximately 6.9% and 10.3% of the 
total surface areas (9.6 cm2) were denuded in the ‘mod-
erate’ and the ‘extensive’ models, respectively. Cultures 
were incubated for 24, 48, and 72 hours before analysis. 
Three independent experimental sessions for either of 
the two injuries were performed for quantitative analy-
ses.

Kainate treatment of scratched astrocytes 
Confluent astrocytes were scratched with a yellow pi-

pette tip (200 μL) in a grid pattern of three horizontal 
lines and three vertical lines resulting in the ‘extensive’ 
scratch wound model. To remove cell debris and de-
tached cells, wells were washed with HBSS, followed by 
2-hour incubation with 50 μM of KA. Cells were rinsed 
with HBSS and cultured for 24, 48, and 72 hours using 
DMEM including 10% FCS. Six independent experiments 
were performed for quantitative analyses.

Confocal microscopy for the glial scar 
Cells were imaged using a Leica TCS-SP2 laser scanner 

confocal system (Leica, Heidelberg, Germany) attached 
to a DMIR2E inverted microscope (Leica Camera AG, 
Wetzlar, Germany). The FITC label was detected with Ar-
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gon laser at 488 nm, and Cyanine 3 (Cy3) was visualized 
with red Argon laser at 514 nm. Cells were pretreated with 
0.3% Triton X-100 in 2% BSA solution for 1 hour. Rab-
bit anti-GFAP monoclonal antibody (1:1000; Chemicon, 
Temecula, CA, USA) was applied for 24 hours at 4oC and 
subsequently incubated with anti-rabbit Cy3-conjugated 
secondary antibody (1:100; Jackson ImmunoResearch 
Labs, West Grove, PA, USA) for 2 hours at room tempera-
ture. Mouse anti-phosphacan antibody (1:1000, Chemi-
con) was incubated with anti-mouse FITC-conjugated 
secondary antibody (1:100, Jackson ImmunoResearch 
Labs) after application. For negative control, one group 
of cells was processed without applying primary anti-
bodies. All cells were rinsed several times in phosphate 
buffer, mounted using Fluoromount (Dako, Carpinteria, 
CA, USA), and then examined under a Leica confocal la-
ser scanning microscope. Digital images were saved and 
processed with Adobe Photoshop for final editing. 

Immunoblot analysis
Cells were lysed by adding SDS-PAGE (sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis) sample buf-
fer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 7.8% glycerol, 
4.5% mercaptoethanol, and 0.1% bromophenol blue) and 
were boiled for 5 minutes at 100oC. Lysates were clari-
fied by centrifugation, and then protein concentrations 
of the supernatant were determined relative to a bovine 
serum albumin standard. The cell lysate was subjected 
to SDS-PAGE on a 4% stacking gel and a 10% polyacryl-
amide separating gel for 70 minutes at 130 V. The protein 
extracts were transferred onto nitrocellulose membranes 
with a Bio-Rad transfer unit for 120 minutes at 200 mA. 
Protein blots were incubated in blocking buffer (2% BSA 
in Tween20/TBS) for 1 hour at room temperature on a ro-
tating platform. These blots were sequentially incubated 
for 24 hours at 4oC with primary antibodies to anti-rabbit 
GFAP (1:1000), rabbit anti-CSPG (1:1000, Chemicon), 
vimentin (1:200, Rabbit polyclonal IgG; Santa Cruz Bio-
technology, Santa Cruz, CA, USA), rho-associated protein 
kinase (ROCK, 1:100, Rrabbit polyclonal IgG; Santa Cruz 
Biotechnology), ephrin type-A receptor 4 (EphA4; 1:200, 
Rabbit polyclonal IgG; Santa Cruz Biotechnology), pro-
inflammatory cytokines—TNF-α (Rabbit polyclonal IgG, 
Santa Cruz Biotechnology), TGF-β (Rabbit polyclonal 
IgG, Santa Cruz Biotechnology), and Phospho-Smad3 
(mothers against decapentaplegic, p-Smad3, Rabbit poly-

clonal IgG; Santa Cruz Biotechnology)—and then they 
were treated with horseradish peroxidase-conjugated 
secondary antibodies (1:1000, Santa Cruz Biotechnology) 
or Cy3-conjugated secondary antibody (1:100, Jackson 
ImmunoResearch Labs) for 1 hour at room temperature, 
followed by three washes. Immuno-reactive bands were 
visualized by chemiluminescent reagents (PIERCE, Rock-
ford, IL, USA). Optical density of the bands was analyzed 
with an Imaging Densitometer (GS-670 model; Bio-Rad, 
Hercules, CA, USA).

Analysis of neurite outgrowth in the glial scar models 
Neurite outgrowth in KA-, scratch (S)-, and scratch/KA 

(S/K)-treated astrocytes was compared. The spinal cord 
neurons were prepared from embryonic day 16 (E16) 
Sprague-Dawley rats [14]. Briefly, dissected spinal cord 
tissues were dissociated with 0.25% trypsin and collected 
pellets were further dissociated by trituration. The result-
ing cell mixture was passed through a 40-μm nylon mesh 
and centrifuged for 3 minutes at 1,200 rpm. Cells were 
seeded at a density of 2×105 cells/cm2 on Nunclon 8-well 
plates pre-coated with poly-D-lysine and laminin. Cells 
were maintained in Neurobasal medium with B27 sup-
plement at 37oC under 5% CO2. After 7 days in vitro, spi-
nal neurons were trypsinized and seeded onto the three 
different types of injured astrocytes to determine whether 
there was a difference in the amount of neurite outgrowth 
in the various in vitro glial scar models treated with KA, 
scratch, and scratch/KA. To investigate the specificity of 
KA effect, some cultures were treated with a KA inhibitor 
(6-cyano-nitroquinoxaline-2,3-dione [CNQX], Sigma). 
Then, cultures were incubated in the Neurobasal me-
dium for 48 hours and fixed with 4% paraformaldehyde. 
For analysis of neurite outgrowth, three independent 
experiments were performed. In each experiment, two 
wells were used for each set of conditions, and ten fields 
per well were randomly selected at a magnification of 
×10. Neurite outgrowth was evaluated by measuring the 
area fraction occupied by neurites stained with anti-Tuj1 
(anti-tubulin, β-III isoform, Millipore) using the ImageJ 
(ver. 1.43u) image analyzing system (National Institutes 
of Health, Bethesda, MD, USA). More than three inde-
pendent experiments were performed for quantitative 
analysis.
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Statistics
Adobe Photoshop 7.0 (Adobe Systems, Mountain View, 

CA) was used to optimize image quality and to prepare 
figures. More than three independent experiments were 
performed. The data were analyzed by a one-way analy-
sis of variance (ANOVA) with Tukey-Kramer multiple 
comparison post-hoc test using GraphPad InStat ver. 
3.05 software program (GraphPad, San Diego, CA, USA). 
Each value was expressed as mean±standard deviation. A 
value of p<0.01 was considered to indicate a statistically 
significant effect.

RESULTS

Confirmation of absence of contamination by other 
cells

Immunocytochemical staining showed that about 99% 
of the cells were GFAP-positive astrocytes and approxi-
mately 1% of the cells were CNPase-positive oligodendro-
cytes, but OX-42-positive microglia/macrophages were 
not detected (Fig. 1). 

Effects of injury intensity on scratch- and kainate-in-
duced astrogliosis

Astrocytic gliosis was significantly increased at each 
concentration of KA (p<0.001 vs. CON) (Fig. 2A). The ex-
pression of representative markers of astrogliosis (GFAP 
and vimentin) stained with KA at 50 μM was stronger 
than that of markers stained with KA at 10 and 100 μM at 
48 post-treatment hours. The expression of representative 
inhibitory molecules (CSPG and ROCK) stained with KA 
at 50 μM was stronger than that of molecules stained with 
KA at 10 and 100 μM at 24 and 48 post-treatment hours, 
respectively. The representative markers of astrogliosis 
(GFAP and vimentin) and cytoskeletal inhibitory mol-
ecules (EphA4 and ROCK) in the extensive (Ex) scratch 
injury model were more strongly stained than those in 
the moderate (M) scratch injury model at 48 and 72 post-
treatment hours, and not at 24 hours (p<0.001 vs. CON) 
(Fig. 2B).

Effects of a single or combined injury on astrogliosis
Astrogliosis was significantly increased in KA-, S-, and 

S/K-induced injury models (p<0.001 vs. CON). In the S/
K-induced injury model, the representative markers of 
astrogliosis (GFAP and vimentin) and inhibitory mol-

Fig. 1. Confirmation of depletion of microglia. Immunocytochemical staining of the culture system representing a 
pure astrocyte. GFAP, glial fibrillary acidic protein. 
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trol. *p<0.001 vs. CON; n=3–6.
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ecules (CSPG and ROCK) were more strongly stained 
and the optical immune-densities were stronger at post-
treatment 48 hours than at 24 and 72 hours (Fig. 3).

Effects of kainate on expression of phosphacan
The area fraction occupied by stained primary antibod-

ies to GFAP and phosphacan representing astrogliosis 
was the greatest in the S/K-induced injury model among 
the control, S-, and S/K-induced injury models. The area 
fraction representative of GFAP and phosphacan in the 
KA inhibitor (CNQX)-treated S/K-induced injury model 
was reduced more than that in the S/K-induced injury 
model, suggesting that treatment with a KA inhibitor 
could reverse the scarring effect of KA (Fig. 4). 

Effects of the kainate inhibitor on neurite outgrowth
The neurite length measured in a neurite stained with 

anti-Tuj1, which represents neurite outgrowth, was 
smaller in the S/K-induced injury model than in the S-
induced injury model, and the decrement was synergistic 
rather than additive (p<0.001 vs. S). In the S/K-induced 
injury model, the neurite length after CNQX treatment 
recovered to the value in the S-induced injury model 

(p<0.001 vs. S/K), showing that inhibition of KA could 
re-boost neurite outgrowth (Fig. 5). Highly branched pro-
cesses of neurites were found in the CNQX-treated S/K-
induced injury model, compared to the simple processes 
of neurites found in the S/K-induced injury model, and 
they can be representative of a re-boosting effect.

DISCUSSION

For realization of an in vitro astrocyte scarring model 
analogous to the environment of a traumatically injured 
spinal cord, the authors provided scratch-induced or/
and KA-induced injury to the cultured astrocytes, and 
checked the pattern of proteoglycan expression accord-
ing to the intensity and combination of injury mode and 
neurite outgrowth after seeding into astrocytes. Our key 
findings are as follows: (1) the optical immune-densities 
of GFAP, vimentin, CSPG, ROCK and EphA4 are most in-
tense at a 50 μM concentration of KA among the 10, 50, 
and 100 μM concentrations, and they are more promi-
nent in the extensive scratch injury model than in the 
moderate scratch injury model, (2) the optical immune-
densities of GFAP, vimentin, CSPG, and ROCK are stron-
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ger in the combined injury model than in the singular 
(scratch or KA) injury model, (3) the immuno-positive 
area fraction of GFAP and phosphacan is larger in the 
combined injury model than in the scratch injury model, 
(4) the immuno-positive area fraction of stained anti-
Tuj1 is smaller in the combined injury model than in the 
scratch injury model, (5) treatment with a KA inhibitor 
reverses KA-induced neurite outgrowth inhibition. 

Increased proteoglycan expression has been reported 
in response to mechanical [7,14] and chemical injuries 
[15]. O’Callaghan et al. [16] reported that the synthesis of 
GFAP following administration of neuro-toxicants was 
up-regulated in a dose-dependent manner, and Ellis et 
al. [17] reported that the degree of injury in rat cortical 
astrocyte culture exposed to stretch was proportional 
to the extent of mechanical deformation. These results 
are compatible with the current results obtained from 
mechanical injury. As various concentrations of gluta-

mate have been reported in physiologic and pathologic 
conditions [10,11], the authors determined that 50 μM 
is the most ideal concentration for inducing astrogliosis. 
These ‘non-dose-dependent’ responses are not compat-
ible with previous reports. However, all of the reports on 
KA have focused on the brain model of epilepsy, except 
for the report by Milenkovic et al. [18] in which the addi-
tive response was not evaluated. In contrast to previous 
reports on the variable degree of vulnerability of different 
populations of brain astrocytes to glutamate, AMPA, and 
KA [19], in the current study, astrocytes showed an ex-
pectable pattern of injury after treatment with KA. These 
expectable characteristics of the current injury model 
induced with KA may provide a reliable prototype for 
physicians to support the SCI experiments.

Astrogliosis was most intense at post-treatment 48 hours 
and the optical immune-densities of vimentin showed a 
synergistic effect as well as an additive effect. Malhotra 

CON

S

S/K

S/K

CNQX

Fig. 4. Effects of kainate on expres-
sion of phosphacan (scale bar, 75 
μm). Western blot was performed 
(n=3–6 for immunoblot analysis 
at each time point in each group). 
Stained GFAP and phosphacan 
representing astrogliosis were the 
largest in the scratch/kainate (S/
K)-induced injury model among 
the control (CON), scratch (S), 
or S/K-induced injury models. 
Merged images (Merged) showed 
double-immunolabeling for GFAP 
and phosphacan. GFAP, glial fi-
brillary acidic protein; CNQX, 
6-cyano-nitroquinoxaline-2,3-
dione.
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et al. [20] reported that the combination of scratch and 
CdC12-induced chemical injury induced stronger astro-
gliosis than only a single injury in cultured 9L rat glioma 
cells. Similarly, a combination of stretch and co-culture 
with meningeal fibroblasts produced a widespread glial 
scar compared to the controlled astrocytes in the study 
by Wanner et al. [21]. However, although co-culture with 
fibroblasts displayed the highest mRNA and protein ex-
pression of GFAP, phosphacan, neurocan, and tenascin 
among the controlled astrocytes, stretch and co-culture, 
their combination did not only cause a significant differ-
ence compared to only co-culture but it also showed a 
paradoxical decrement [21]. It is contrary to the additive 
effect of combination in the current study. In the current 

study, in addition to an additive response, a synergistic 
response of vimentin was observed at post-treatment 48 
hours. Additionally, Wanner et al. [21] chose the brain as 
the target to show that the heterogeneity of response to 
injury must have occurred. Taking the above comments 
into consideration, the current combination (scratch 
and KA) injury model may be superior to the brain in-
jury model invented by Wanner et al. [21] in terms of the 
degree of astrogliosis and the subsequent evaluation at 
post-treatment 48 hours is appropriate for an in vitro ex-
periment of astrogliosis.

Wanner et al. [21] reported that combined stretch and 
co-culture with fibroblasts in post-natal spinal cord neu-
rons resulted in the smallest size of neurite trees per field 
and it showed a significant difference compared to either 
of the two. However, it is not compatible with the results 
of the current study, in which combined injury did not 
cause a significant difference in the mean length of the 
longest neurite and the total area of neurite outgrowth 
per neuron compared to either of the two alone [21]. But, 
findings of the study by Wanner et al. [21] originated from 
the experiment in which the brain was used; hence, it 
could not be compared directly with the current study in 
spinal cord neurons. Antagonist treatments of the NMDA 
receptor, one of the EAAs glutamate receptors, limits his-
tological damage and improves functional outcome in 
the in vivo SCI rat model [22]. More specifically, antago-
nism of the non-NMDA receptor selectively preferring KA 
reduces glial loss in the spinal cord contusion model [23] 
and reduces functional impairment in the in vivo SCI rat 
model [24]. The above findings indicate the same results 
as in previous reports which show the potential strength 
of KA usage in astrogliosis. 

Mechanical injury, the disruption of the blood-brain 
barrier, ischemia, neuro-excitotoxicity, low temperature, 
laser, and inflammation are contributing factors to scar 
formation [25-27]. Various in vivo or in vitro culture mod-
els have been proposed. in vivo cultures such as insertion 
of a nitrocellulose sheet into the central nervous system 
(CNS) have the limitation of lack of easy modulation [28].

Traumatic impact on the CNS causes cellular injury and 
reactive astrogliosis similar to that caused by mechanical 
stresses including nerve compression, percussion, and 
stretch, which have been used for astrocyte activation 
[21]. Stretch of the tissue, for example, with a rapid pres-
sure pulse using a deformable substrate, induces cul-

Fig. 5. Effects of the kainate inhibitor on neurite out-
growth. Neurite stained with anti-Tuj1 in the scratch/kai-
nate (S/K)-induced injury model was the smallest among 
the control (CON), scratch (S), or S/K-induced injury 
models (*p<0.001 vs. S) and this effect was reversed by 
treatment with a kainate inhibitor (**p<0.001 vs. S/K).
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tured cells to transiently increase membrane permeabil-
ity and to release free radicals [17] and stimulate reactive 
astrogliosis. Nevertheless, most stretch injury models, 
except in one report [21], have not proved the expression 
of neurite outgrowth inhibitors, which is in contrast with 
the current study. However, the scratch injury model is 
known to be a well-characterized model for astrogliosis 
[6-8,14]. 

Disruption of the blood-brain barrier induces infiltra-
tion of macrophages and fibroblasts to form the glial 
scar [29], and the borders created between astrocytes 
and meningeal cells shows astrocyte reactivation [30]. 
Considering that several days are required for the action 
of co-culture with fibroblasts after the preceding stretch 
in contrast to KA-induced injury (a few hours), and that 
there is no significant difference in the average frequency 
of neurite outgrowth inhibition in the stretch model in 
the study by Wanner et al. [21], its effect may be more 
kinetic (mechanical injury-dependent), and therefore it 
would not be a competitive model for the combination 
injury model. Glutamate neuro-excitotoxicity is observed 
in acute CNS injury [31], and it contributes to secondary 
injury after SCI and it is toxic to astrocytes through glu-
tamate receptor activation [11]. Astrocytes regulate most 
of the glutamate homeostasis through various glutamate 
receptors and transporters [10]. These include NMDA, 
AMPA, and KA receptors as glutamate receptors [10]. KA 
is known to be 30 times more neurotoxic than glutamate 
[12]. Glutamate receptors 1–4 subunits compose AMPA 
receptors, and KA receptors 1–2 subunits and glutamate 
receptors 5–7 subunits compose KA receptors [10]. Antag-
onists of AMPA and KA receptors protect neurons more 
efficiently than those of NMDA receptors [32]. However, 
AMPA can activate only AMPA receptors, KA can stimu-
late both AMPA and KA receptors and function indepen-
dently to AMPA receptor blockers [33]. Because of the 
degree of strength of KA mentioned above, in the current 
study, KA treatments in contrast to the no additive ef-
fect of the co-culture with meningeal fibroblast model, 
showed synergistic inhibition of neurite outgrowth such 
that KA can be intense enough to induce strong astroglio-
sis, which can be used as an in vitro model. 

The glial scar shows permissive as well as inhibitory 
signals for regenerating axons [34], and astrocytes pre-
vent glutamate neurotoxicity [35]. In response to injury, 
expressions of KA receptors [36] and GLT-1 glutamate 

transporters [37] are up-regulated, and the subsequent 
accumulation of Ca2+ leads to death of activated astro-
cytes and failure to form a glial scar in the in vivo experi-
ment [38]. Locally in vivo injection of KA did not cause 
formation of an encapsulating glial scar around the le-
sion [18] and it showed preserved neuronal orientation 
[18]. However, evaluation for permissive phenomena was 
not performed in the current study. Even though there 
are reports showing that astrocytes can be de-differen-
tiated into stem/precursor cells through an autocrine or 
paracrine loop in response to injury [14], it needs to be 
assessed whether these phenomena affect the settlement 
of astrogliosis. Cultured astrocytes are too immature to 
simulate astrocyte reactivation and they favor promotion 
rather than inhibition of neurite outgrowth [39]. In spite 
of a full incubation period (>3 weeks), the authors did not 
check the mitotic status of the cultured astrocytes; hence, 
the possibility of contamination by undifferentiated cells 
cannot be ruled out completely. Considering the discor-
dance between peak and expression densities of GFAP 
in the glial scarring model [21], the increased neurite 
outgrowth in the current study may be the result of cell 
contraction and cytoskeletal fasciculation, and it may not 
a real increase [40]. Similar to the report by Wanner et al. 
[21], neurons show heterogeneous clustering, and hence, 
the authors’ choice of the most neuron-populated spots 
for evaluation may have underestimated the inhibitory 
effect. Various neuronal populations react very differently 
and the same neurons, depending on their size, respond 
very differently to the scar-like cultures [21]; hence, the 
current in vitro model does not represent the in vivo 
whole SCI. 

In conclusion, the current in vitro model analogous to 
the environment of traumatic SCI, using 50 μM KA and 
extensive scratch, may be useful for assessing the mecha-
nism of glial scar formation and for examining variable 
treatments to augment regeneration after SCI.
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