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Table 1: List of "apoptosis" genes selectively upregulated in cluster 3

Gene Symbol Gene Name EntrezGeneNo. 2hr 6hr 12hr 24hr 48hr 72hr
Nr4a2 nuclear receptor subfamily 4, group A, member 2 54278 160 4.29 130 297 6.14 7.39
Fosl1 fos-like antigen 1 25445 169 2.09 2.15 234 3.02 6.46
Itgav integrin alpha V 296456 139 156 278 238 532 5.22
Twist2 twist homolog 2 (Drosophila) 59327 142 150 137 158 3.08 4.84
Rarb retinoic acid receptor, beta 24706 089 083 142 180 3,90 4.24
Dusp1 dual specificity phosphatase 1 114856 096 170 189 147 259 4.6
Hmox1 heme oxygenase (decycling) 1 24451 163 2.86 307 262 225 3.71
Angptl4 angiopoietin-like 4 362850 123 1.28 133 198 273 3.60
Acin1 apoptotic chromatin condensation inducer 1 305884 092 067 131 214 268 341
Pdgfrb Platelet derived growth factor receptor, beta polypeptide 24629 084 077 1.71 192 299 3.26
Gele glutamate-cysteine ligase, catalytic subunit 25283 125 199 158 180 2.02 3.01
Ihpk2 inositol hexaphosphate kinase 2 59268 107 117 126 164 2.39 2.88
Dapk1 death associated protein kinase 1 306722 085 095 155 138 270 282
Amigo2 adhesion molecule with Ig like domain 2 300186 087 093 100 133 149 2.81
Mmp2 matrix metallopeptidase 2 81686 105 112 132 148 192 276
Hipk2 Homeodomain interacting protein kinase 2 362342 101 163 214 186 294 269
Birc3 baculoviral IAP repeat-containing 3 78971 152 163 122 148 227 268
Myd116 myeloid differentiation primary response gene 116 171071 1.09 190 217 158 295 267
1rn interleukin 1 receptor antagonist 60582 1.73 251 306 177 3,57 249
Hipk1 homeodomain interacting protein kinase 1 365895 112 105 130 137 244 248
LOC687118 similar to death effector domain-containing DNA binding 687118 158 158 214 200 3.13 246
protein 2
Ripk2 receptor (TNFRSF)-interacting serine-threonine kinase 2 362491 104 133 148 1.69 2.55 2.38
Dapk1 death associated protein kinase 1 306722 097 100 116 135 216 235
Timp3 Tissue inhibitor of metalloproteinase 3 25358 116 108 128 101 178 235
CIn3 ceroid lipofuscinosis, neuronal 3, juvenile (Batten, 293485 117 156 208 150 244 232
Spielmeyer-Vogt disease)
Erce5 excision repair cross-complementing rodent repair 301382 105 129 130 2,06 2.13 2.28
deficiency, complementation group 5
Pik3ca phosphatidylinositol 3-kinase, catalytic, alpha polypeptide 170911 108 105 145 163 2.07 220
Raf1 v-raf-leukemia viral oncogene 1 24703 113 166 171 173 201 217
Ednrb endothelin receptor type B 50672 132 109 146 194 131 215
Cd24 CD24 molecule 25145 078 061 070 0.71 1.39 2.13
Hipk2 homeodomain interacting protein kinase 2 362342 093 099 147 135 233 209
Timp3 Tissue inhibitor of metalloproteinase 3 25358 1.10 085 113 098 136 2.08
Vegfa vascular endothelial growth factor A 83785 089 120 094 109 202 207
Gal galanin 29141 132 122 185 077 184 203
Furin furin (paired basic amino acid cleaving enzyme) 54281 117 120 136 118 189 2.03
Ep300 E1A binding protein p300 170915 133 109 123 129 228 201
Sh3kbp1 SH3-domain kinase binding protein 1 84357 103 158 178 147 252 185
Psen2 presenilin 2 81751 137 152 214 191 209 181
Ptk2b PTK2 protein tyrosine kinase 2 beta 50646 093 129 195 169 217 181
LOC687813 similar to Tnf receptor-associated factor 1 687813 187 236 235 168 271 175
Ncf1 neutrophil cytosolic factor 1 114553 183 278 272 244 259 175
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Table 1: List of "apoptosis” genes selectively upregulated in cluster 3 {Continued)

Apbb2 amyloid beta (A4) precursor protein-binding, family B,
member 2

Cin8 ceroid-lipofuscinosis, neuronal 8

Sh3kbp1 SH3-domain kinase binding protein 1

305338 109 112 148 128 215 174
306619 152 211 221 177 194 173
84357 115 141 147 158 241 1.72

[28]. A load stimulus is detected by a mechano-electro-
chemical sensory system, including mechanically sensi-
tive ion channels (stretch-activated channels) linked to
the cytoskeleton [29]. The principle detection system is
the matrix-integrin-mechanosensory protein complex-
cytoskeleton machinery [30,31]. This system is linked to
the kinase cascade (tyrosine or nontyrosine kinase cas-
cade or the JAK/STAT kinase cascade) system, which
provides amplification, diversity, selectivity, and modula-
tion capabilities and contains focal adhesion kinase (FAK)
[32]. The Src homology protein complex (SHC) and
growth factor receptor binding adaptor protein linking
receptor (GRB2) link to the Ras-raf signaling pathway,
and these are regulated through FAK. Ras and GTPase
activation regulates the activation of Raf, MAPK and
extracellular regulated kinase (ERK) [33,34]. Activated
ERKs enter the nucleus and upregulate the expression of
various transcription factors (jun, fos, myc, erg-1) and
activate nuclear binding proteins such as NF-xB [35].
Specific regulation may occur at load response elements
in promoters of certain genes such as platelet-derived

growth factor (PDGF) [36]. The mechanically sensitive
ion channel could also be a gap junction channel, which
propagates a Ca2* wave from cell to cell after a mechani-
cal signal is detected through a cell adhesion molecule
(CAM).

It is clear that systems involved in evoking the response
of neuronal cells to applied mechanical load are highly
complex, which requires an expansive approach to their
elucidation. Our results in primary neuronal-rich culture
have analyzed gene expression profiles using the Affyma-
trix system and thereby have identified 3,412 genes with
altered expression as a result of applied cyclic tensile
stress, many of which are consistent with previous stud-
ies. These data will be useful for future examination of
how the effects of mechanical insult on the spinal cord, in
particular, are regulated. Signalling pathways that may be
involved in this process can be modulated by molecules
such as G proteins, kinase phosphorylation and activa-
tion, and kinase inhibitors or phosphatases [34]. Indeed,
the MAPK kinase pathway was identified by KEGG anal-
ysis of the alterations in gene expression seen in the

Table 2: List of "response to stimulus” genes selectively upregulated in cluster 1

Gene Symbol Gene Name EntrezGeneNo. 2hr 6hr 12hr 24hr 48hr 72hr
Serpina3n serine (or cysteine) peptidase inhibitor, clade A, member 3N 24795 1.53 252 313 538 20.18 49.34
Ereg epiregulin 59325 199 3.65 275 3.06 951 37.80
Ptgs2 prostaglandin-endoperoxide synthase 2 29527 155 3.81 235 348 1252 2158
Ccl20 chemokine (C-C motif) ligand 20 29538 120 227 2,07 183 852 2038
Cxcl3 chemokine (C-X-C motif) ligand 3 171551 162 254 3.06 267 7.10 1843
Hspa4l heat shock protein 4 like 294993 080 062 219 119 498 7.69
Grem1 gremlin 1 50566 111 145 1.2 219 223 7.69
Nupri nuclear protein 1 113900 093 081 169 134 449 6.1
Cryab crystallin, alpha B 25420 083 088 135 106 3.03 596
Gls glutaminase 24398 1.00 1.15 189 173 380 544
Cyp4b1 cytochrome P450, family 4, subfamily b, polypeptide 1 24307 072 175 126 066 142 5.18
Sncg synuclein, gamma 64347 095 077 092 112 272 4N
Vnn1 vanin 1 29142 110 137 143 131 164 4N
Gls glutaminase 24398 088 094 079 092 166 3.89
Cxcl10 chemokine (C-X-C motif) ligand 10 245920 1.23 101 084 1.08 1.65 3.41
Inhbb Inhibin beta-B 25196 097 1.01 1.14 132 097 3.28
Slc12a2 solute carrier family 12 (sodium/potassium/chloride 83629 088 088 097 088 158 3.07

transporters), member 2
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Table 3: High frequency pathways* identified by KEGG/

pathway analysis in clusters 1,2, and 3

rank pathway (total gene count) p-value count
cluster 1
1 Glutamate metabolism (26) 0.0021 2
2 D-Glutamine and D-glutamate 0.0081 1
metabolism (3)
3 Taurine and hypotaurine metabolism (10)  0.0266 1
4 Pantothenate and CoA biosynthesis (11) ~ 0.0293 1
cluster 2
1 T cell receptor signaling pathway (95) 0.0156 2
2 Glycosphingolipid biosynthesis - ganglio ~ 0.0307 1
series (15)
3 Cell adhesion molecules (CAMs) (151) 0.0371 2
cluster 3
1 Focal adhesion (187) 0.0001 17
2 Bladder cancer (36) 0.0001 7
3 TGF-beta signaling pathway (81) 0.0003 10
4 Pathways in cancer (313) 0.0005 22
5 Prostate cancer (92) 0.0008 10
6 Small cell lung cancer (92) 0.0008 10
7 ECM-receptor interaction (74) 0.0028 8
8 Glioma (64) 0.0047 7
9 Melanoma (69) 0.0072 7
10 Renal cell carcinoma (69) 0.0072 7
11 PPARsignaling pathway (70) 0.0078 7
12 mTORsignaling pathway (54) 0.0081 6
13 Gap junction (90) 0.0091 8
14 Glycerophospholipid metabolism (46) 0.0168 5
15 MAPK signaling pathway (255) 0.0200 15
16 Non-small cell lung cancer (52) 0.0273 5
17 Pancreatic cancer (71) 0.0286 6
18 GnRH signaling pathway (91) 0.0296 7
19 Adherens junction (73) 0.0323 6
20 Pyruvate metabolism (38) 0.0351 4
21 Regulation of actin cytoskeleton (204) 0.0357 12
22 Leukocyte transendothelial migration 0.0366 8
(116)
23 Chronic myeloid leukemia (79) 0.0449 6
24  Glutathione metabolism (42) 0.0482 4
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Figure 4 The effects of cyclic tensile stress on gene expression
levels analyzed by real time RT-PCR. Application of cyclic tensile
stress resulted in significant increases in MRNA expression levels of
platelet derived growth factor receptor (PDGFR), guanine nucleotide
binding protein gamma 12 (G12) at 12 hours, neurotrophic tyrosine ki-
nase receptor type 2 (trkA/B), fibroblast growth factor receptor (FGFR),
mitogen-activated protein kinase kinase kinase kinase 4 (HGK) at 24
hours, and calcium channel voltage-dependent L type alpha 1F sub-
unit (CACN), v-raf-leukemia viral oncogene 1 (Raf1), dual specificity
phosphatase 1 (MKP), mitogen-activated protein kinase 8 interacting
protein 3 (JIP3), heat shock protein 72 (HSP72), DNA-damage-inducible
alpha (GAD D45), DNA-damage inducible transcript 3 (GAD D153) at
48-72 hours. Red bars indicate significant differences (P < 0.05) in up-
regulation at least 2-fold in comparison to controls. Data are mean +
SEM of 3 experiments.

* Listed pathways are all statistically significant (P < 0.05). "total gene
count" means the number of genes in each pathway, which have
already been registered in KEGG system, and "count" means the
number of genes, which were expressed significantly in each

pathway in this study.

_J

mechanically loaded spinal cord cells. MAPKs are a fam-
ily of related serine/threonine protein kinases that trans-
duce several signals responsible for cell proliferation or
cellular stress, and are also intracellular signaling systems
that induce optimal stress responses. In general, MAPK is
activated by phosphorylation of tyrosine and threonine
residues by MAPKK, which is activated through phos-
phorylation by MAPKKK. In KEGG analysis, the MAPK
signaling pathway can be classified into three main
groups [37]: the classical MAP pathway, the c-Jun N-ter-
minal kinase or stress-activated protein kinase (JNK), the
p38 MAPK signaling pathway, and the ERK pathway. In
the present study, the mRNA expression levels of PDGFR
and G12 significantly increased during the mid period of
cyclic tensile stress application, while CACN, Rafl, MKP,
JIP3, HSP72, GAD D45, and GAD D153 mRNA levels
increased during the late phase of the cyclic tensile stress
application. These genes, which were further identified
by real time RT-PCR analysis, may play an important role
in the response of spinal cord cells to neuronal injury.
Previous in vivo studies of spinal cord injuries using
microarray have also demonstrated the participation of
similar genes in acute phage after injury [9,13]. Gene
expression of trkA/B, FGFR, PDGFR, and Rafl could
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facilitate neuronal survival, while gene expression of G12,
HSP72, GAD D45, GAD D153 could be involved in DNA
damage. Further studies that target specific gene expres-
sion pathways will help determine their precise role in
neuronal responses to mechanical load.

Our study is perhaps the first to attempt investigating
the expression of genes related to apoptotic cell death
during the application of cyclic tensile stress to neuronal
rich spinal cord cells; however, it has several limitations.
These include (i) imperfect validity of microarray results,
with a CV of 5-15% for quantitative signals [38]; (ii) the
neuronal culture was not 100% pure (the rate of NeuN-
positive cells was 71%), and embryonic cells were used,
not adults cells; and (iii} the lack of immunohistological
or in situ hybridization data to identify the exact types of
cells in which alterations in gene expression occurred.
Nevertheless, we believe that the present study might be
the first to comprehensively profile changes in gene
expression involved in neuronal responses to cyclic ten-
sile stress in cultured spinal cord cells using DNA
microarray. This is a considerable improvement in exam-
ining the specific response of neuronal cells to mechani-
cal load. Considered together with our previous findings
[23], we can conclude that certain apoptosis-specific
genes are activated in neuronal cell rich cultures during
the application of cyclic tensile stress. The clinical rele-
vance of tensile stress may specifically include the tether-
ing effect with the developmental ascensus medullaris
[23], cervical myelopathy in association with kyphotic
deformity [4], and complicated spinal cord distraction
injury. However, it is perhaps intuitive to consider that
abnormal tensile stresses are involved in many mechani-
cal insults of the spinal cord. Thus, we believe that our
study provides new insights into the pathophysiology of
spinal cord damage in various disease entities. Further-
more, the current study may help understand the
response of neuronal cells to cyclic tensile stress and ther-
apeutic issues related to the mechanically damaged spinal
cord.

Conclusions

We have investigated the effects of cyclic tensile stresses
on cultured spinal cord cells and demonstrate that cell
death was induced depending on the level and duration of
strain applied. Furthermore, we have performed a com-
prehensive analysis of alterations in gene expression pro-
files that occur following this mechanical stress, and
identified in particular an upregulation of members of the
MAPK pathway. Knowledge of the specific response of
neuronal cells to mechanical insult could be a potentially
useful tool for molecular-based therapy for spinal cord
injury.
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Methods

Cell isolation and culture

Primary cultures were established using the method
described previously by our group [23]. In brief, the spi-
nal cords of Sprague-Dawley rat embryos were dissected
out at post-coital day 15 and stripped of the dorsal root
ganglia and meninges. Dissected tissues were rinsed with
cold Ca?+- and Mg2+-free Hanks balanced salt solution
(HBSS) supplemented with 4 g/L glucose, and incubated
at 37°C for 20 minutes with 0.03% (w/v) trypsin solution
in HBSS under mild shaking. They were transferred into
HBSS containing 0.1% (w/v) soyabean trypsin inhibitor
(Sigma, St. Louis, MO) and 0.2% (w/v) bovine serum
albumin (BSA), and triturated very mildly. The cell sus-
pension was filtered through nylon mesh (70 pm, Cell
Strainer; Becton Dickinson, Bedford, MA). The culture
medium consisted of 75 mL Leibovitz's L-15 medium
supplemented with glucose (4 g/L), 1.0 mL N2 supple-
ment, 15 mL 0.15 M sodium bicarbonate, 10 mL heat-
inactivated horse serum, 1 mL of 100 mM L-cysteine and
1 mL penicillin G 10* U/mL and neutralized with CO2.
After centrifugation at 400 x g for 15 minutes at 4°C, the
precipitated cells were gently re-suspended in a fresh cul-
ture medium and plated at a density of 4.0 x 105 cells/well
onto a 6-well culture plate with a flexible-polystyrene
bottom coated with type IV collagen (BioFlex® Baseplate,
Flexercell International).

The experiment was carried out in the Orthopaedic
Spinal Cord Laboratory of our University Medical Fac-
ulty. The experimental protocol strictly followed the Eth-
ics Review Committee Guidelines for Animal
Experimentation of our University.

Application of cyclic tensile stress to the cultured spinal
cord cells

The cell stretching device used in this study was the Flex-
ercell FX3000° (Flexercell International). The device con-
sists of a computer-controlled vacuum unit, a culture
plate with a flexible-polystyrene well-bottom coated with
type IV collagen (BioFlex® Baseplate), and another culture
plate with a non-deformable culture well bottom con-
structed of the same material as control. The culture
plates consisted of 6-well (35 mm diameter) flexible-bot-
tomed culture plate with a hydrophilic surface. The appli-
cation of a vacuum provides a hemispherically downward
deforming force onto the flexible bottom, resulting in a
non-homogenous strain profile with a maximum at the
periphery and a geometric decline toward zero at the
center of the culture well bottom. For these experiments,
the cultured spinal cord cells were subjected to various
conditions. The flexible-bottomed culture plates includ-
ing the control plates were then placed on the vacuum
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baseplate in the incubator (37°C in 5% CO2). Three days
after cell seeding, the cells were subjected to cyclic tensile
stress for up to 72 hours. Previously we have documented
[23] that ~71% of cells isolated from the spinal cord using
this methodology are positive for the neuronal marker
NeuN (Chemicon International, Temecula, CA).
Repeated examinations by phase contrast microscopy
showed that the cells remained attached to the substra-
tum during elongation of the flexible-polystyrene well
plates as tensile stresses were applied. Panjabi and White
[16] demonstrated that the elastic properties of the cervi-
cal spinal cord are dramatically altered when it is sub-
jected to approximately 10% elongation. In our previous
in vivo study [17], the amplitude of epidurally-recorded
spinal cord evoked potentials began to diminish, espe-
cially the second component (N2 spike), when the longi-
tudinal extension of the cord shortened by 10-17%. Thus,
in the present study, we set the tensile stress levels at a
maximum 15% elongation and set the strain rate to esti-
mate an appropriate frequency of spine movement in
everyday life. Therefore, the cells were observed morpho-
logically following application of various tensile stresses
resulting in strains of 5%, 10%, and 15% applied at fre-
quencies of 0.5 Hz and 1 Hz. Analyses of cell survival,
DNA microarrays and real-time RT-PCR were conducted
at 0, 2, 6, 12, 24, 48 and 72 hours after the application of
the cyclic tensile load. DNA microarray analysis and real
time RT-PCR were performed to compare the levels of
gene expression at time 0 with levels of gene expression
thereafter after the cyclic tensile loading at 0.5 Hz, result-
ing in 10% strain.

Quantification of cell survival under cyclic tensile stress

Cell survival was investigated by scoring the number of
living cells after tensile stress application using the Live/
Dead Assay (Live/Dead Assay, Molecular Probes, Eugene,
OR), according to the manufacturers' instruction. This
assay if based on the differential staining of cells with cal-
cein-acetoxymethyl ester (calcein AM: 3.00 uM) to iden-
tify living cells and ethidium homodimer-1 to identify
dead cells [39,40]. Calcein-AM is a membrane-permeable
dye that is cleaved by intracellular esterase to produce an
impermeant green-wavelength fluorophore in living cells.
Ethidium homodimer-1 cannot penetrate live cells, but it
can enter dead cells which have a porous membrane and
hence bind to DNA to produce red fluorescence. The cul-
ture medium was removed and the cells were then
washed twice with PBS, and stained for 75 minutes at
32°C. The numbers of attached living cells (green) in at
least 6 high-power fields (each containing at least 100
cells) were counted using fluoromicroscopy (IX70, Olym-
pus, Tokyo) and a color image analyzer (MacSCOPE,
Mitani, Fukui, Japan) in more than three wells for each
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time point. There was no evidence of spinal cord cell pro-
liferation during the 3 day period prior to treatment with
cyclic tensile stress, i.e. cell counts were almost uniform
and at a density between 3.3 x 105 and 4.8 x 105 cells/well
after dissemination on Bioflex® Baseplate in the absence
of mechanical stimuli. The cell survival rate (%) at each
time point for cultures which were subjected to 10%
strain at 0.5 Hz frequency was calculated relative to the
cell number at 0-hour. These cultures (subjected to 10%
tensile strain at 0.5 Hz frequency) were then set as a stan-
dard, to which the cell viability of other levels of strain
and frequency were compared.

All values were expressed as mean + standard error of
the mean (SEM). Differences between values of the
loaded and control cultures were tested at each point by
one-way ANOVA and Tukey posthoc test using the SPSS
software version 11.0 (SPSS, Chicago, IL). P values of less
than 0.05 denoted the presence of a statistically signifi-
cant difference.

TEM examination

The presence of DNA fragmentation was examined via
TEM examination. After application of tensile stresses,
cultured spinal cord cells were washed twice with PBS
and fixed with 2.5% glutaraldehyde and 2.5% paraformal-
dehyde, followed by late fixation in 1% osmium tetroxide
for 2 hours. Fixed specimens were dehydrated in a graded
series of alcohol, embedded in epoxy resin and polymer-
ized at 60°C for 2 days. Ultrathin sections were cut by
ultramicrotome, stained with uranyl acetate and lead cit-
rate, and examined with a Hitachi H-7650 TEM (Hitachi,
Tokyo).

RNA preparation and DNA microarray hybridization

The cultured cells on each well at 0, 2, 6, 12, 24, 48 and 72
hours were disrupted in a lysis buffer containing p-mer-
captoethanol and the total RNA from five animals was
pooled at each time point, and further purified using
RNeasy® Mini Kit (Qiagen, Valencia, CA) and treated with
DNase I (TaKaRa Bio, Ohtsu, Japan). The quality of RNA
was initially assessed by electrophoresis on a 1.5% agarose
gel, and further determined by using the RNA 6000 Nano
LabChip Kit® and Agilent Bioanalyzer 2100 (Agilent, Palo
Alto, CA). cDNAs were synthesized by GeneChip T7-
Oligo (dT) Promoter Primer Kit® (Affymetrix, Santa
Clara, CA) and TaKaRa cDNA Synthesis Kit® (TaKarRa
Bio) from 3 pg total RNA. Biotinylated cRNA were syn-
thesized using the IVT Labeling Kit (Affymetrix). Follow-
ing fragmentation, 20 pg of cRNA were hybridized for 16
hours at 45°C on the GeneChip® Rat Genome 230 2.0
Array. GeneChips were washed and stained in the
Affymetrix Fluidics Station 450, and scanned using
GeneChip Scanner 3000 7G.
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Data analysis of GeneChip® expression array

Microarray data was initially processed using GeneChip
Operating Software (GCOS, Affymetrix). Signal intensity
was calculated by Microarray Suite version 5.0 (MAS5.0)
with Affymetrix default setting and global scaling as the
normalization method. The trimmed mean target inten-
sity of each array was arbitrarily set to 500. The ratio and
difference of intensity between two corresponding genes
on each array was calculated. Significance of the differ-
ence in levels of gene expression was set at a ratio and dif-
ference of intensity of ~2 and ~200, respectively. Spots
that could not be interpreted were excluded, resultingin a
list of 3,412 genes available for subsequent analysis. After
filtering, the hierarchical clustering was applied to the
axis using the complete linkage method, as implemented
in the program Spotfire 8.1.1. The distance matrices used
were uncentered, with correlation calculated on the basis
of expression signals for clustered genes.

GO and KEGG analysis

We used the GO system and KEGG system for categoriz-
ing identified genes, and identified specific genes and
pathways in each category by enrichment analysis. The

Gene Ontology Consortium (http://www.geneontol-
ogy.org/doc/GO.doc.html) maintains a controlled vocab-

ulary database of functional descriptions for genes. These
are divided into three families: biological process, cellular
component, and molecular function. We searched for
GO terms associated with Gene ID for GeneChip® Rat
Genome 230 2.0 Array and were able to associate 3,540 of
them with GO terms (GO numbers). In our study, we
used the total list of GO terms within the biological pro-

Table 4: Sequences of primers used for real-time PCR
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cess categories. The number of times a GO term (or
group of terms) appeared at each sub-level of the GO tree
was counted, and hierarchical sums were calculated (of
the number of occurrences at or below each sub-branch).
The KEGG system (http://www.genome jp/kegg/) pro-
vides a reference knowledge base for linking genomes to
life through the process of pathway mapping. We calcu-
lated a probability to determine whether any GO terms or
pathways annotate a specified list of genes at a frequency
greater than that would be expected by chance. The prob-
ability was determined using the following hypergeomet-
ric distribution formula:

MY N-M

k—l! . I : '

i} n—i

P=1—§ [NJ
i=0 _
i

where N is the total number of genes, M is the number
of genes that annotated for a given term or pathway, n is
the size of the list of genes of interest and k is the number
of genes within the list that annotated for a given term or
pathway.

Microarray including GeneChip® loads some different
prove sequences in order to identify one gene. Strictly
speaking, microarray data based on signal intensity repre-
sents the loading common probe set domain designed by
Affymetrix. Therefore, it is possible that the number of
gene symbols is different from that of the identified gene
by the probe set.

Target Protein  Forward Primer Reverse Primer PCR Product Sequence
Size (bp) Accession No.
CACN 5'-TCACCATTGCCTCCGAACACTA-3' 5'-CAGGAGCATTTCTGCCGTGA-3' 104 NM012517
TrkA/B 5'-GCCACACAATGTTGCCCATC-3' 5'-AAGGACTCTGCCCTGGGTGA-3' 185 NMO012731
FGFR 5-TTGCCGAATGAAGACCACGA-3' 5"-GGAGTTCATGGACGAGCTGGA-3' 130 NMO001109892
PDGFR 5'-GAATGACCACGGCGATGAGA-3' 5'-GGATAAGCCTCAAACACCACCTG-3' 141 NM031525
G12 5'-CAAGATGCTGGTGGCTGTCAA-3' 5-AGCAGCTCTGCCTCACGATG-3! 81 NMO021589
Raf1 5'- AACAGTGAAGTCGCGCTGGA-3" 5'- CAGCACAATGCCATAGGAGTAGACA-3' 145 NM012639
MKP 5'-ACAACCACAAGGCAGACATTAGCTC-3'  5'- CAGATGGTGGCTGACCTGGA-3' 127 NM053769
Jie3 5-AGCCTGCCTGCCAAGTACAAG-3' 5'-TCAGGTTGACACCAGCAGCAC-3' 148 NM001100673
HGK 5 -TTCACCATGTCATTCACCGAGA-3' 5'-CCAGCTGAGCGCTTACACCA-3' 99 NM001106904
HSP72 5'-GCTTTCACCTCAAGCCTTTGGA-3' 5-CGGGCCTCATGCACACATAG-3' mn7 NM212504
GAD D45 5'-AGGCAGCCAAGCTGCTCAA-3' 5'-ACGTCCCGGTCGTCATCTTC-3' 82 NM024127
GAD D153 5'-TGGAAGCCTGGTATGAGGATCTG-3' 5'-GAGGTGCTTGTGACCTCTGCTG-3' 175 NM024134
GAPDH 5'-GGCACAGTCAAGGCTGAGAATG-3' 5'-ATGGTGGTGAAGACGCCAGTA-3' 143 NMO017008
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Real-time RT-PCR analysis

Reverse transcription was performed using 500 ng of
total RNA, AMYV reverse transcriptase XL (TaKaRa Bio)
and random primer. Real-time PCR was performed on
the PRISM 7000 (ABI) system using 1 pl of the synthe-
sized cDNA and SYBR Green PCR master mix (Applied
Biosystems, Foster, CA). Table 4 lists the primer
sequences used in the present study. The target genes
were amplified and analyzed in triplicate using ABI Prism
7000 SDS Software (Applied Biosystems). The expression
levels of target genes were normalized to that of glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) at each
time interval, and the relative expression levels of target
genes were calculated relative to that at 0 hour.
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Targeted Retrograde Gene Delivery of Brain-Derived

Neurotrophic Factor Suppresses Apoptosis of Neurons
and Oligodendroglia After Spinal Cord Injury in Rats

Hideaki Nakajima, MD, PhD,* Kenzo Uchida, MD, PhD,* Takafumi Yayama, MD, PhD,*
Shigeru Kobayashi, MD, PhD,* Alexander Rodriguez Guerrero, MD,* Shoei Furukawa, PhD,t

and Hisatoshi Baba, MD, PhD*

Study Design. Histologic and immunohistochemical
studies after targeted retrograde adenovirus (AdV}-medi-
ated brain-derived neurotrophic factor (BDNF) gene de-
livery via intramuscular injection in rats with injured spi-
nal cord.

Obijective. To investigate the neuroprotective effect of
targeted retrograde AdV-BDNF gene transfection in the
traumatically injured spinal cord in terms of prevention of
apoptosis of neurons and oligodendrocytes.

Summary of Background Data. Several studies inves-
tigated the neuroprotective effects of neurotrophins in-
cluding BDNF on spinal cord injury, with respect to pre-
vention of neural cell apoptosis in injured spinal cord.
However, no report has described the potential effect of
targeted retrograde neurotrophic factor gene delivery in
injured spinal cord on prevention of neural cell apoptosis.

Methods. AdV-BDNF or AdV-LacZ was used for retro-
grade delivery via bilateral sternomastoid muscles to the
spinal accessory motoneurons immediately after spinal
cord injury in rats. Localization of B-galactosidase expres-
sion produced by LacZ gene or AdV-BDNF gene transfec-
tion was examined by immunofluorescence staining and
double staining of cell markers (NeuN, RIP, GFAP, 0X-42,
and NG2) in the injured spinal cord. TUNEL-positive cells
were counted and immunoreactivity to active caspase-3
and NG2 was examined after gene injection.

Results. Retrograde delivery of LacZ marker gene was
identified in cervical spinal neurons and glial cells includ-
ing oligodendrocytes in the white matter.

AdV-BDNF transfection resulted in a significant de-
crease in the number of TUNEL-positive apoptotic cells by
downregulating the caspase apoptotic pathway, with sig-
nificant promotion of NG2 expression in injured spinal
cord, compared with AdV-LacZ injection.
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Conclusion. Our results suggest that targeted retro-
grade BDNF gene delivery suppresses apoptosis of neu-
rons and oligodendrocytes in the injured rat spinal cord.

Key words: brain-derived neurotrophic factor (BDNF),
retrograde gene transfer, adenoviral vector (AdV), apo-
ptosis, spinal cord injury. Spine 2010;35:497-504

Traumatic spinal cord injury can cause neural tissue
damage, reduce neuronal cell survival activity including
protein synthesis, necrosis and apoptosis. Several studies
have demonstrated the rapid appearance of apoptotic
neurons and glial cells in the injured cord segments and
adjacent areas following spinal cord injury.'=* In addi-
tion to neuronal apoptosis, programmed cell death of
oligodendrocytes was also observed along the longitudi-
nal axis of the spinal cord, which could be involved in
delayed and prolonged process of demyelination and de-
terioration of sensorimotor function of the cord.™” Be-
cause prevention of apoptosis that occurs after spinal
cord injury could potentially lead to spinal cord tissue
restoration and motor function improvement, it has be-
come a target for drug therapy. A number of clinical
trials have reported success in suppressing apoptotic cell
death after spinal cord injury.®’

Neurotrophic factors are required for neuronal sur-
vival and influence axonal elongation during normal de-
velopment.*~!'? Deficiency of endogenous neurotrophic
factors is a serious problem for neuronal cell survival,*'!
therefore, exogenous administration of neurotrophic
factors has been proposed as one potential treatment for
spinal cord injury.'*"'* Effective neurotrophin delivery
promotes neuronal cell survival, prevent neuronal cell
atrophy, and potentially facilitate axonal regeneration.
In this context, targeted neurotrophin gene delivery
through peripheral nerves or target muscle transmitted
by adenoviral vectors (AdV) is less invasive with the po-
tential of repeated administration,'>'® compared with
direct administration of gene transduction to the nervous
system by intrathecal, intracerebroventricular, or intra-
parenchymal infusion.!” Such retrograde approach has
been used for gene delivery to the central nervous system
including the spinal cord.”!*"®2% Our group has also
reported the feasibility of retrograde delivery of adeno-
virus genome to the cervical and lumbar segments
through injection of an adenovirus vector into the target
muscles using AdV carrying B-galactosidase (AdV-LacZ)
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gene.”"?2 In the spinal hyperostotic mouse (twy/twy),
our group has confirmed that AdV-mediated brain-
derived neurotrophic factor (BDNF) gene via retrograde
axonoplasmic transport could be transfected into cervi-
cal spinal cord neurons and some glial cells.?®
However, it is not clear whether the AdV-BDNF sup-
presses neuronal and glial cell apoptosis in the acute spi-
nal cord injury model, and there is no report that de-
scribes cell death, particularly apoptosis, following
retrograde neurotrophin gene transfection. The present
study was designed to investigate the effects of retrograde
AdV-BDNF gene delivery on apoptosis of neurons and
glial cells (oligodendrocytes) after traumatic spinal cord

injury.
H Materials and Methods

Production of Adenoviral Vector

AdV vectors-mediated BDNF was prepared using the instruc-
tion provided with the Adenovirus Expression Vector Kit
(Takara Biomedicals, Ohtsu, Japan). The mouse BDNF cDNA
was synthesized and confirmed, then subcloned into a cassette
cosmid pAxCAwt carrying an adenovirus type-5 genome lack-
ing the E3, E1A, and E1B regions. The cosmid pAxCAwt con-
tains a Swal cloning site flanked by a cytomegalovirus enhancer-
chicken B-actin hybrid promoter on the 5’ end and a rabbit
globulin poly{A) sequence on the 3’ end. The cosmid was co-
transfected into 293 cells with the appropriately cleaved ade-
novirus DNA-terminal protein complex (COS-TPC method).*
The recombinant adenovirus was propagated and isolated
from 293 cells and purified using 2 rounds of CsCl centrifuga-
tion (AdV-BDNF). As a control maker gene, a recombinant
adenovirus vector coding for bacterial g-galactosidase cDNA,
was isolated using the same procedure (AdV-LacZ). The final
titers of the adenovirus vector contained 5.0 X 10® plaque
forming units/mL.

Animal Model of Spinal Cord Injury and Targeted
AdV-BDNF Gene Delivery
The experimental protocol was approved by the Ethics Com-
mittee for Animal Experimentation of Fukui University. Exper-
iments were conducted in 69 adult male Sprague-Dawley rats
(Clea, Tokyo), aged 8 to 10 weeks with a mean body weight of
263 *= 27.6 g (+SD). Following anesthesia by intraperitoneal
injection of sodium pentobarbiturate (0.05 mg/g body weight),
laminectomy was performed at the C3 and C4 levels under a
surgical microscope (VANOX-S, Olymus, Tokyo), taking ut-
most care in avoiding dura matter laceration. At the C4 verte-
bral level (C5 cord segment), the dorsal dural surface of the
spinal cord was compressed extradurally using a 50 g static
load (custom-made rod, 2 X 3 mm in diameter) for 5 minutes,
as we described previously.2'** Immediately after the injury,
the sternomastoid muscles were exposed on both sides while
the rat was positioned in supine position using a stereotaxic
surgical frame, taking utmost care in preserving branches of the
spinal accessory nerves that innervate the muscles. Using a mi-
crosyringe (Hamilton, Reno, NV), each 100 uL of adenoviral
vector encoding LacZ (5.0 X 102 PFU, n = 37) or BDNF (5.0 X
10® PFU, n = 23) was injected carefully and slowly into the
middle belly of the superficial layer of the bilateral sternomas-
toid muscles simultaneously. AdV-LacZ injection without spi-
nal cord injury (only operation for laminectomy) was used as
normal groups (i.e., positive controls; n = 9). The rat was then

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

allowed to recover from anesthesia and housed under a 12- to
12-hour light-dark cycle in a bacteria-free bio-clean room with
access to water and food ad libitum.

Immunohistochemistry, Double Staining, and Terminal

Deoxynucleotidyl Transferase (TdT)-Mediated

dUTP-Biotin Nick End Labeling (TUNEL) Staining
Following retrograde injection of AdV-LacZ or AdV-BDNF,
the rat cervical spinal cord was perfused and fixed with 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS)
and postfixed in the same fixative (24 hours), 10% sucrose in
0.1 M PBS (24 hours), and 30% sucrose in 0.1 M PBS (24
hours). Segments of the spinal cord (between the pyramidal
decussation and C7 segment) were embedded in optimal cut-
ting temperature compound and cut on a cryostat into serial
25-pm thick transverse frozen sections (n = 53). The length
from the caudal site to the rostral site of the spinal cord assessed
histologically was on average 20 mm. For immunofluorescence
staining, the sections were incubated at 4°C with polyclonal
anti-B-galactosidase polyclonal antibody (1:10,000, rabbit
IgG, Abcam plc, Cambridge, UK), antiactive caspase-3 poly-
clonal antibody (1:200, rabbit IgG; Abcam plc) diluted in an-
tibody diluent with Background Reducing Components (Dako
Cytomation, Carpentaria, CA). In the next step, the section
were incubated with the secondary antibody, goat antirabbit
Alexa Flour 488/fluorescein-conjugated antibody (1: 250; Mo-
lecular Probes, Eugene, OR), for 1 hour at room temperature.
They were then incubated with antineuronal nuclei (NeuN})
monoclonal antibody (1:400, mouse IgG; Chemicon Interna-
tional, Temecula, CA) for neurons, antireactive immunology
protein (RIP) monoclonal antibody (1: 100,000, mouse IgG;
Chemicon International) as a mature oligodendrocyte-specific
marker, anti-NG2 monoclonal antibodies (1: 400, mouse IgG;
Chemicon International) for chondroitin sulfate proteoglycan
for oligodendroglial progenitor, antiglial fibrillary acidic pro-
tein (GFAP) monoclonal antibody (1:400, mouse IgG; Chemi-
con International) for astrocytes, and antimicroglia monoclo-
nal antibody (OX42, CD11b, 1:400, mouse IgG; Abcam plc)
for microglia, followed by goat antimouse Alexa Flour 568/
fluorescein-conjugated antibody (1: 250; Molecular Probes).

DNA fragmentation was detected by the TUNEL method
using ApopTag Plus Fluorescein In Situ Apoptosis Detection
kit (Chemicon International) and the instructions provided in
the kit manual. The reaction with TdT was terminated by
washing the sections with a stop-wash buffer for 2 hours at
37°C. Antidigoxigenin-fluorescein was applied for 30 minutes
at room temperature. All images were obtained using a fluores-
cence microscope (Olympus AX80, Olympus Optical, Tokyo)
or a confocal laser scanning microscope (model TCS SP2, Leica
Instruments, Nusslosh, Germany). Some sections were coun-
terstained with nuclear marker DAPI (Abbott Molecular, Des
Plaines, IL).

Luxol fast blue staining was properly performed to evaluate
the gross morphology and the proportions of normal (n = 2)
and injured (n = 2) spinal cords by axial sections. Gross assess-
ment of localization of immunostained cells throughout the
cephalocaudal direction (C0-C8 cord segments) was per-
formed using sagittal sections (n = 12).

Immunoblot Analysis
Cervical spinal cord segments (10-mm long) centered around
the site of injury (epicenter) were obtained after retrograde
injection of AdV-LacZ (n = 2) or AdV-BDNF (n = 2} and
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Figure 1. Photomicrographs show-
ing immunofluorescence for -
galactosidase in axial and sagittal
sections of normal (A-D and I, J)
and injured (E-H and K, L) spinal
cord at 1 week after AdV-LacZ
gene injection. A, E, Luxol fast blue
(LFB) staining. B, F, DAPI. C, G,
B-galactosidase. D, H-L, Merged.
Scale bar = 500 um (A, B, E, F), 1
mm (I, K), 100 um (J, L).

stored in liquid nitrogen. The samples were solubilized in RIPA
buffer (50 mmol/L TRIS-HCI, pH 7.5, 150 mmol/L NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 20 pg/mL leupep-
tine, and 1 mmol/L phenylmethylsulfonylfluoride), homoge-
nized and then stored at —80°C. The protein concentration was
analyzed by Bio-Rad DC protein assay kit (No. 500-0116,
Bio-Rad Laboratories, Hercules, CA). Laemmli sodium dode-
cylsulphate buffer samples containing proteins were boiled and
subjected to immunoblot analysis. Total protein (80 ug/lane)
was subjected to sodium dodecylsulphate polyacrylamide gel
(15%) electrophoresis (SDS-PAGE) and transferred onto poly-
vinylidene difluoride membrane (PE Applied Biosystems, Fos-
ter, CA) for 70 minutes in a semidry blot apparatus. The mem-
branes were then washed twice in PBS containing 0.05%
Tween 20, and then blocked with 5% skim milk for 1 hour,
subsequently reacted with antiactive caspase-3 polyclonal an-
tibody (1:20, rabbit IgG; Abcam plc) diluted overnight at 4°C
sequentially by antirabbit IgG antibody and avidin-
biotinylated peroxidase complex (1:200; Envision System-
HRP Labeled Polymer, Dako Cytomation) for 3 hours. After
triple washing in PBS, the membrane was sunk in the enhanced
chemiluminescence (ECL) for 1 minute to take an radiograph
film for visualization of peroxidase activity.

Quantitative and Statistical Analyses
To quantify the TUNEL-positive and NG2-positive areas, im-
ages of transaxial sections were obtained. Six cross-sections
were randomly selected out of 10 to 15 sections from 3 seg-
ments (site S mm rostral to the epicenter, site of epicenter at
compression, and 5 mm caudal site distal to the epicenter) of
each AdV-injected animal. TUNEL-positive and NG-2-positive
areas (X10) in each immunofluorescence staining were ana-
lyzed using grain counting with the light intensity automati-
cally by a color image analyzer (MacSCOPE, Mitani, Fukui,
Japan).

The Mann-Whitney U test was used to compare the immu-
noreactive areas in each region between AdV-LacZ injected
and AdV-BDNF injected animals. All values were expressed as
mean * SD. A P value <0.05 denoted the presence of a signif-
icant difference between groups.

7 normal B
S DAPI

LFB

)

H Results

B-galactosidase

B-galactosidase

injury

Distribution of 3-Galactosidase Expression in the

Spinal Cord by Retrograde Gene Delivery
To assess the distribution of B-galactosidase following
retrograde gene delivery into the normal (Figure 1A) and
injured (Figure 1E) spinal cord, immunofluorescence
staining was performed and evaluated. B-galactosidase-
positive cells were observed mainly in the gray matter
including motoneurons and interneurons in the normal
spinal cord on axial (Figures 1B-D) and sagittal sections
(Figures 11, J) of positive controls, while they were ob-
served in all (gray matter and white matter) of the injured
spinal cord on axial (Figures 1F-H) and sagittal (Figures
1K, L) sections. In injured spinal cord, double-stained
cells for NeuN in gray matter, and RIP, GFAP, and
OX-42 in white matter, with B-galactosidase, were
clearly identified (Figure 2).

Apoptosis of Neurons and Oligodendrocytes
Histologic evaluation and immunoblot analysis were ap-
plied to assess the effects of retrograde BDNF gene deliv-
ery on apoptotic cell death in the injured spinal cord. A
number of TUNEL-positive cells were found in both gray
and white matters of the cord after AdV-LacZ gene
transfection (Figure 3A). In comparison, TUNEL-
positive cells were markedly decreased in the injured
cord after treatment with AdV-BDNF gene transfection
(Figure 3B). The number of TUNEL-positive cells per
cross section significantly decreased in the AdV-BDNF
injected group compared with the AdV-LacZ injected
group at 3 days, 1 and 2 weeks after injury in the rostral
and caudal adjacent site (Figures 3C, E), and at 1 week
after the injury in the epicenter (Figure 3D). In the AdV-
BDNF injected rats with cord contusion injury, fewer
TUNEL-positive neurons and oligodendrocytes were
found compared with AdV-LacZ transfection (Figure 4).
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Figure 2. Colocalization of cell specific markers (red, left column;
A, NeuN, D, RIP, G, GFAP, J, 0X-42) and B-galactosidase (green,
middle column; B, E, H, K) in the rat 1 week after spinal cord injury.
Expression of B-galactosidase was confirmed in neurons, oligo-
dendrocytes, astrocytes, and microglia, as appreciated in the
merged images (C, F, I, L) following retrograde transfection of
AdV-LacZ gene. Arrows indicate colocalization of -galactosidase
and each cell specific marker. Bar = 100 pm.

Figure 5 shows the results of immunoblot analysis and
double immunofluorescence staining carried out to in-
vestigate the effect of retrograde gene transfection on the
expression of active caspase-3. Immunoblot analysis of
active caspase-3 showed intense molecular bands of 17.0

Figure 3. Photomicrographs show-
ing TUNEL immunofluorescence
staining in the injured spinal cord

kDa. A band of active caspase-3 was evident from 3
hours to 1 week after spinal cord injury in AdV-LacZ
treated rats, while the band appeared 3 to 12 hours later
in AdV-BDNF gene injected animals (Figure 5A). Fur-
thermore, expression of active caspase-3 was decrease in
both neurons and oligodendrocytes after AdV-BDNF
gene transfection (Figures 5SB-E).

Effects of Retrograde AdV-BDNF Gene Delivery on

Endogenous Oligodendrocyte Progenitor Cells
Expression of NG2 (precursor of oligodendrocyte lin-
eage) in the white matter of the cord was investigated at
4 weeks after retrograde injection of AdV-BDNF. Abun-
dant NG2-positive cells were noted in the white matter
of AdV-BDNF- than AdV-LacZ-injected rats in transax-
ial (Figures 6A, B) sections. Quantitative analysis of
NG2-positive area in AdV-BDNF-treated rats showed

significant increase in all 3 anatomic sites (Figure 6C).
W Discussion

A number of experimental studies and transduction ap-
proaches have attempted to establish feasible methods
for improvement of neural function after spinal cord in-
jury. These include stem cell replacement,*® suppression
of various inhibitory factors,”” and neuronal progenitor
cell induction and regeneration.?® The delivery of neuro-
protective genes such as neurotrophic factors can be po-
tentially beneficial for restoration of neural tissue func-
tion after spinal cord injury.”'%'>'¢ Development of
virus vector for gene delivery is a practically feasible tool
for transduction of neurotrophic peptides.”” However,
effective administration of neuroprotective genes into the
injured site of the cord remains a major challenge. Direct
routes for administration of neuroprotective genes have
been used for gene delivery. However, there are difficul-
ties and serious concerns regarding the possible spread of
traumatic neural injury and worsening of neural injury,
including necrosis, and apoptosis as well as cell death.?"
In contrast, targeted retrograde gene delivery through

AdV-LacZ j =— AdV-BDNF

treated with AdV-LacZ (A) and - C
AdV-BDNF (B). Bar = 500 um. Bar T; 100
graphs show results of quantita- 25 80
tive analysis of TUNEL-positive 2% 0
cells per cross section following 28 4
AdV-LacZ or AdV-BDNF transfec- B35 24
tion at rostral (C), epicenter (D), 2 5
and caudal (E) sites of the injured E

cervical cord. Data are mean =+

3h 12h 1D 3D 1W 2W

3h 12h 1D 3D 1W 2W

3h 12h 1D 3D 1W 2W

caudal

rostral epicenter

SD. *P < 0.05.
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AdV-BDNF

Figure 4. Top row: Photomicrographs of cells stained for NeuN, TUNEL, and NeuN/TUNEL following AdV-LacZ (A-C) or AdV-BDNF (D-F)
gene transfection. Bottom row: Photomicrographs of cells stained for RIP, TUNEL, and RIP/TUNEL- double following AdV-LacZ (G-1) or
AdV-BDNF (J-L) gene transfection. Bar = 100 wm (A-F), 50 um (G-L).

the peripheral nervous system or by muscle injection of
adenovirus vectors seems a less invasive method that can
be conducted repeatedly.'®

In a series of experiments, our group evaluated the
feasibility and efficacy of retrograde gene delivery into
the injured cervical spinal cord using recombinant ade-
novirus vector through the sternomastoid muscle, which

A 3H 12H ID 3D W 2W
ko AdV-LacZ
208 T T—
6.8+
AdV-BDNF
20.8 T SN
6.8+

AdV-BDNF

AdV-BDNF

AdV-LacZ

Figure 5. Immunoblot analysis for the expression of active
caspase-3 (A) following AdV-LacZ or AdV-BDNF gene transfection
into the injured cervical cord (top panels). Bottom panel: Photomi-
crographs showing double immunofluorescence staining for ac-
tive caspase-3/NeuN (B, C), active caspase-3/RIP (D, E) 1 day after
the spinal cord injury with AdV-LacZ (B, D) or AdV-BDNF (C, E)
gene transfection. Bar = 100 um (B, C), 50 um (D, E).

Wilkins

liams &

Lippincott Williams

is innervated by the spinal accessory nerve,?!*? applying
modified wheat germ agglutinin-horseradish peroxidase
labeling method of cervical motoneurons pool.” B-galac-
tosidase (AdV-LacZ) gene expression was found in the
cervical spinal cord from 4 to 6 weeks after injection of
adenovirus vector, reaching peak expression level at 1 to
2 weeks, and exhibiting transduction efficacy (survival
rate of cervical spinal cord motoneurons: 87.5% to
98.9% within 3 days after injection).?"** Transduction
of interneurons and glial cells (microglia, reactive astro-
cytes, and oligodendrocytes) induced by primary or sec-
ondary wave of injury could be verified with X-gal stain-
ing at early time after the trauma. Several investigators
have reported cell proliferation and differentiation of
glial progenitor cells in the residual white matter follow-
ing spinal cord injury.*!'=*? These surviving cells require
neurotrophins even during the pathologic process after
the trauma. The efficiency of retrograde delivery of neu-
ropeptide genes could be influenced by various factors,
but our group has confirmed that AdV-LacZ is trans-
ported via retrograde axonoplasmic flow rather than
through systemic circulation because no gene expression
was observed in various peripheral organs.”?? Accord-
ingly, targeted retrograde AdV-LacZ gene and hopefully
AdV-BDNF gene delivery is considered feasible from a
methodologic point of view.

Exogenous administration of BDNF promotes neural
cell survival, alleviates neuronal atrophy,'? facilitates ax-
onal regeneration,® prevents apoptosis,”®’” enhances
differentiation of neuronal stem cells to neurons fol-
lowed by improvement of motor function,'* and induces
glial cell proliferation, axonal outgrowth and myelina-
tion.*® Our group has reported that retrograde AdV-
BDNF gene transduction in the injured cervical cord
plays a positive role in maintaining surviving neurons
following trauma,*” but there was no evidence of
whether the same treatment suppressed neuronal and
glial cell apoptosis. Previous studies reported that spinal
cord injury resulted in induction of apoptosis mediated
by caspase-3* and overexpression of the death recep-
tors, especially Fas,*! p75NTR peptide,** and mitogen-
activated protein kinase (MAPK) pathway including
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Figure 6. Photomicrographs show-
ing the expression of NG2 in the

white matter of injured spinal cord ©
after AdV-LacZ (A) or AdV-BDNF o B
(B) gene transfection. Transaxial g 5000
sections of the cord show in- 2
creased number of NG2-positive & 4000
cells and area following AdV- o
BDNF gene transfection (B in com- i
parison to A). Quantitative analysis S 2000
of the NG2-positive area in the ax- =2
ial sections showed a significant 1000
increase of NG2 expression after 0

AdV-BDNF gene injection (C). Data
are mean + SD. *P < 0.05. Bar =
50 wm (A, B).

apoptosis signal-regulating kinase 1 (ASK1), Jun N-
terminal kinase (JNK), and p38 MAPK cascade.*
Caspases are a family of cysteine proteases that play im-
portant roles in the effector phase of apoptosis and are
activated through intrinsic and extrinsic pathways. Ap-
optosis of neurons and oligodendrocytes involves the ac-
tivation of casepase-3.** Activation of casepase-3 and
upregulation of these caspase mRNA levels occur imme-
diately after spinal cord trauma.*** Underexpression of
these neuropeptides suggest suppression of neural cell
apoptosis. Although TUNEL staining is not specific to
apoptotic cells,®” the retrograde delivery of AdV-BDNF
to the epicenter and around injured site resulted in a
significant decrease in the number of TUNEL-positive
cells at early stage following traumatic cord injury, sug-
gesting antiapoptotic effect of the treatment. Our obser-
vation also suggest that AdV-BDNF transduction imme-
diately after the injury is attributable to downregulation
of caspase-3-mediated pathway, particularly neurons
and oligodendrocytes in animals with injured cervical
spinal cord.

Oligodendrocytes that survive even under demyelinat-
ing injury to the cord were believed to be uncorrelated to
remyelination.*® Instead, the presence of NG2-labeled
endogenous oligodendrocyte progenitor cells in the le-
sion indicates the proliferation of cycling cells,*” and
considered to contribute to myelin repair.*® After spinal
cord injury, expression and localization of NG2 were

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited
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identified in the residual white matter,>® and in the
present study, they were also found in the traumatised
and adjacent sites. While the issue of whether BDNF
attenuates apoptosis of oligodendrocytes or not remains
unresolved, oligodendrocytes express the full-length
form of trkB, and their survival depends on the MAPK
signaling pathway downstream of trkB.*” In the present
study, we found increased NG2 immunoreactivity after
AdV-BDNF gene injection and potential antiapoptotic
effect of BDNF that is conveyed to the neural cells via
axonoplasmic transport. BDNF is reported to induce
proliferation of oligodendrocytes and myelination of
regenerating axons after spinal cord injury.*” Accord-
ingly, it is conceivable that increased the NG2 immu-
noreactivity following AdV-BDNF gene transfection
represents antiapoptotic effect on neural cells includ-
ing oligodendrocytes.

® Conclusion

In conclusion, we have described the potential roles of
targeted retrograde AdV-BDNF gene transfection to the
traumatically injured cervical spinal cord in terms of sig-
nificant reduction in the number of TUNEL-positive neu-
rons and oligodendroglia. This action seems to be medi-
ated by downregulation of caspase-3-mediated
apoptotic cascade. Retrograde BDNF gene delivery is a
potentially feasible method to promote the survival of
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neurons and oligodendroglia after traumatic spinal cord
injury.

m Key Points

e Retrograde delivery of control LacZ marker gene
via bilateral sternomastoid muscles to the cervi-
cal spinal cord was successfully transfected into
neurons and glial cells including oligodendro-
cytes in and around injured site in rat spinal cord
injury.

e Targeted retrograde delivery of AdV-BDNF gene
to the epicenter and around the cord injured site
resulted in a significant decrease in the number of
TUNEL-positive apoptotic cells by downregulat-
ing the casepase-3 apoptotic pathway at early
stage after the injury.

e Targeted delivery of AdV-BDNF gene increased
endogenous NG2-labeled oligodendrocyte pro-
genitor cells at 4 weeks.

e Targeted retrograde AdV-BDNF gene delivery is
considered a potentially useful therapeutic tool
for neuronal and oligodendrocyte survival after
spinal cord injury.
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Interferon-y Decreases Chondroitin Sulfate Proteoglycan
Expression and Enhances Hindlimb Function
after Spinal Cord Injury in Mice
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Abstract

Glial cells, including astrocytes and macrophages/microglia, are thought to modulate pathological states fol-
lowing spinal cord injury (SCI). In the present study, we evaluated the therapeutic effects of interferon-y (IFN-y),
which is one of the cytokines regulating glial function, in a mouse contusive SCI model. We found that
intraperitoneal injection of IFN-y significantly facilitated locomotor improvement following SCI. Im-
munohistochemistry demonstrated that IFN-y decreased the accumulation of chondroitin sulfate proteoglycans
(CSPGs), which are critical axon outgrowth inhibitors produced by reactive astrocytes in the injured central
nervous system (CNS). Quantitative real-time polymerase chain reaction (RT-PCR) and Western blotting
demonstrated that neurocan, one of several CSPGs, was reduced in the spinal cords of IFN-y-treated mice
compared to vehicle-treated mice. Consistently, IFN-y inhibited the production of neurocan from activated
astrocytes in vitro. In addition, IFN-y treatment enhanced the number of serotonin-positive nerve fibers and
myelinated nerve fibers around the lesion epicenter. We also found that glial cell line-derived neurotrophic
factor (GDNF) and insulin-like growth factor-1 (IGF-1) were upregulated post-SCI following IFN-y treatment.
Our results indicate that IFN-y exhibits therapeutic effects in mouse contusive SCI, presumably by reducing
CSPG expression from reactive astrocytes and increasing the expression of neurotrophic factors.

Key words: astrocyte; interferon-y; chondroitin sulfate proteoglycan; macrophage; microglia; neurotrophic factors;
spinal cord injury

Introduction

IN]URED AxoNs in the central nervous system (CNS) regen-
erate poorly compared to those of the peripheral nervous
system (PNS). Subsequent to spinal cord injury (SCI), the lack
of axonal regeneration results in permanent functional defi-
cits. Traumatic injury of the spinal cord causes the recruitment
of glial cells including astrocytes and macrophages/microglia
to the injured site, and these glial cells play positive and
negative roles in axonal regeneration and functional recovery
post-SCI (Donnelly and Popovich, 2008; Popovich and
Longbrake, 2008; Yiu and He, 2006). Reactive astrocytes at the
injured site are detrimental to axonal regeneration post-SCI,
since they form a glial scar that constitutes a physical barrier
to axon regeneration. They also produce chondroitin sulfate
proteoglycans (CSPGs), that are potent axon outgrowth in-
hibitors (McKeon et al., 1991, 1999; Smith and Strunz, 2005;
Yiu and He, 2006). It has been suggested that the blockade

of the inhibitory effects of CSPGs is of potential therapeu-
tic value in the treatment of SCI. Intrathecal infusion
of chondroitinase ABC, which is a bacterial enzyme that
cleaves glycosaminoglycan side chains on CSPGs, into the
injured spinal cord has been demonstrated to overcome the
inhibitory effect of CSPGs, and results in axon regrowth and
functional recovery in rodents (Barritt et al., 2006; Bradbury
et al., 2002).

Macrophages/microglia are also reported to play roles in
the pathogenesis of CNS injuries. The beneficial effects of
macrophages/microglia include the clearance of axon and
myelin debris by phagocytic action/protease secretion, and
the promotion of axon elongation/neuronal survival by the
secretion of neurotrophic factors (Donnelly and Popovich,
2008; Jones et al., 2005; Popovich and Longbrake, 2008;
Schwartz et al., 1999; Shechter et al., 2009). However, it has
been suggested that the activation of macrophages/microglia
after CNS injury is less efficient than that of macrophages after
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PNS injury, and that this might be partly attributable to the
deficiency of appropriate regeneration of the injured CNS
(Schwartz et al., 1999). It is of interest that the implantation of
activated macrophages promotes axonal growth and func-
tional recovery following CNS injury (Lazarov-Spiegler et al.,
1996; Rapalino et al., 1998). Conversely, the excessive in-
flammation associated with tissue injuries mainly induced by
macrophages/microglia can also be detrimental to recovery
post-SCI {Donnelly and Popovich, 2008; Jones et al., 2005;
Popovich and Longbrake, 2008). Inflammatory cytokines such
as tumor necrosis factor-« (TNF-«) and /or interleukin-1 (IL-1)
expressed by activated macrophages/microglia induce neu-
rodegeneration following SCI (Genovese et al., 2006; Lee et al.,
2000; Nesic et al., 2001). A recent report showed that inflam-
mation itself is required for spinal cord repair (Stirling et al.,
2009). Thus anti-inflammatory cytokines do not always pro-
mote recovery after SCI, and appropriate doses of proin-
flammatory cytokines might be helpful for the SCI repair
process.

In this study, we demonstrate that a proinflammatory cy-
tokine, interferon-y (IFN-y), which modulates the activities of
both astrocytes and macrophages/microglia and is clinically
available for the treatment of mycosis fungoides in humans,
has therapeutic effects on an experimental mouse contusion
model of 5CI.

Methods
The mouse animal model of spinal cord injury

Adult female C57BL/6 mice (8-10 weeks old) were an-
esthetized with 1-1.2% halothane in oxygen. Following dorsal
laminectomy (T9-T10 level), the spinal cord was contused
(60 kdyn) using an Infinite Horizon Impactor (Precision Sys-
tems & Instrumentation, West Monroe, LA), as previously
described (Koda et al., 2007; Nishio et al., 2007). The muscle
and skin layers were then sutured. The bladder was expressed
by manual abdominal pressure every day until 2 weeks post-
injury. Food and water were provided ad libitum. All animals
were treated and cared for in accordance with the Chiba
University School of Medicine guidelines pertaining to the
treatment of experimental animals.

IFN-y treatment

Immediately following SCI, the mice received an IP injec-
tion of 1.0x10* U recombinant mouse IFN-y (R&D Systems,
Minneapolis, MN) diluted in 500 uL phosphate-buffered sa-
line (PBS) or 500 uL vehicle (PBS) as a control, every day for 14
days. Prior to IP injection, we expressed their bladders man-
ually, and measured body weight and the amount of residual
urine.

Behavioral analysis

Hindlimb motor function was evaluated using the Basso
mouse scale (BMS) open field locomotor test, in which the
scores range from 0 to 9. BMS scores were recorded at 1, 3,5, 7,
10, 14, 21, 28, 35, and 42 days following SCI by two inde-
pendent examiners. We assessed hindlimb motion, mainly in
order to determine whether the mouse could coordinately
move and step. If there were differences in the BMS score
between the right and left hindlimbs, we took the average of
the two scores.
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Tissue preparation and immunohistochemistry

For immunohistochemistry, the animals were sacrificed
and perfused with 4% paraformaldehyde in 0.2 M phosphate
buffer (pH7.4) at 10 days (early phase) and 6 weeks (chronic
phase) post-injury, and preserved spinal cord tissues were
collected. The whole spine was dissected out and post-fixed
in 4% paraformaldehyde for 24h at 4°C. Next, the spinal
cord was removed from the vertebral column and retained
for 48 h in 30% sucrose at 4°C for cryoprotection. The spinal
cord was embedded in Tissue-Tek OCT obtained from Sa-
kura Finetechnical Co. Ltd. (Tokyo, Japan), and immediately
frozen on dry ice at —80 °C. A series of 20-um sagittal sec-
tions as well as cross-sections were cut on a cryostat and
mounted on poly-L-lysine (PLL)-coated Superfrost-Plus
slides purchased from Matsunami Glass (Osaka, Japan), and
desiccated overnight. After washing three times with PBS,
all sections were blocked in PBS containing 5% goat serum
and 0.3% Triton X-100 for 1h at room temperature. The
sections were then incubated with primary antibodies
overnight at 4°C, washed three times with PBS, and incu-
bated with fluorescein-conjugated secondary antibodies for
1h at room temperature. The sections were then rinsed three
times in PBS and mounted. For primary antibodies, we used
monoclonal anti-CD11b (1:400; BD Biosciences Pharmingen,
San Diego, CA), monoclonal anti-GFAP (1:500; Sigma-Al-
drich, St. Louis, MO), monoclonal anti-CSPG (1:400; Sigma-
Aldrich), and monoclonal anti-serotonin (1:400; Sigma-Al-
drich). Luxol fast blue (LFB) staining of spinal cord cross-
sections was performed in order to measure the area of
spared myelinated nerve fibers in the white matter. Im-
munohistochemistry using each antibody was performed
simultaneously to equalize the variability of staining, and all
of the slides underwent LFB staining simultaneously to
equalize the variability of staining.

Histological assessment

Using spinal cord sections collected 10 days post-injury,
we examined the distribution of macrophages/microglia, re-
active astrocytes, and the expression of CSPGs. Every fifth
section of the central portion of the spinal cords was serially
mounted. At least four samples, each at 80-ym intervals
within 320 um of the center of the lesion site, were mounted on
a slide and evaluated by immunchistochemistry as described
above.

Using spinal cord sections collected 6 weeks post-injury, we
determined the number of regenerated or spared neuronal
fibers by staining serotonin fibers. Descending serotonergic
fibers mainly derived from the raphe-spinal tract are thought
to be important for locomotor control (Deumens et al., 2005).
To confirm the axonal regeneration/sparing induced by IFN-y
treatment, we performed immunohistochemistry for seroto-
nin to count the number of serotonin-positive fibers. Every
fourth section of the central portion of the spinal cords was
serially mounted. At least four samples, each at an 80-um
interval within 320 um of the center of the lesion site, were
mounted on a slide and evaluated for serotonin immunohis-
tochemistry as described above. Lines were drawn perpen-
dicular to the long axis of the spinal cord at the epicenter, and
at 1, 2, and 3mm rostral and caudal to the epicenter. The
number of serotonin-positive fibers that traversed each line
was counted.
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We also assessed re-myelination or spared myelin by LFB
staining in transverse sections. At least four samples, each at
an 80-um interval within 320 um, were isolated from the epi-
center, as were segments 0.6 mm, 1.2 mm, and 1.8 mm rostral
or caudal to the lesion epicenter.

The number of cells was determined by immunoreactivity
(fluorescence intensity) using Scion Image computer analysis
software (Scion Corporation, Medford, MA), and Photoshop
7.0 software (Adobe Systems, San Jose, CA).

Real-time quantitative polymerase chain reaction

Total RNA from the injured spinal cords (6-mm segments
including the lesion epicenter; the samples were near the re-
gion assessed by immunohistochemistry) was isolated 1 week
after SCI using an RNeasy Kit (Qiagen, Hilden, Germany),
and ¢cDNA was obtained using reverse transcriptase (GE
Healthcare, Buckinghamshire, UK.). For the quantitative
analysis of mRNA expression of neurotrophic factors, proin-
flammatory cytokines, and neurocan, the cDNA was used as
the template in a TagMan real-time PCR assay (ABI Prism
7500 Sequence Detection System; Applied Biosystems, Foster
City, CA), according to the manufacturer’s protocol. Specific
primers and probes for the TaqMan real-time PCR assay were
purchased from Applied Biosystems. The following TagMan
probes were used in this study: MCP-1 (Applied Biosystems
catalog no. Mm99999056_m1), CCR-2 (no. Mm99999051_gH),
neurocan (no. Mm00484007_m1), GDNF (no. Mm00599849 _
m1), IGF-1 (no. Mm00439561_m1), BDNF (no. Mm00432069_
m1), and NT-3 (no. Mm00435413_s1).

Enzyme-linked immunosorbent assay (ELISA)

Injured spinal cords (6-mm segments including the lesion
epicenter; the sample was near the same region assessed by
immunohistochemistry) were homogenized in homogeniza-
tion buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, and 1%
Triton X-100) containing a protease inhibitor cocktail (com-
plete; Roche Diagnostics, Basel, Switzerland). Homogenates
were cleared by centrifugation at 14,000 rpm for 10 min at 4°C.
Protein concentration of the supernatants was measured with
Bio-Rad Dc Protein Assay Reagents (Bio-Rad Laboratories,
Hercules, CA), and the protein concentration was adjusted to
1mg/mL by diluting the supernatants with a homogeniza-
tion buffer. IFN-y in the supernatants was quantified with an
immunoassay kit from Bender MedSystems (Vienna, Aus-
tria), following the manufacturer’s protocol. In order to de-
termine if IP-administrated IFN-y reached the injured spinal
cord, we examined IFN-y concentration with ELISA at 5, 10,
and 14 days post-SCIL.

Western blotting

Homogenates of injured spinal cords were prepared as de-
scribed above in the ELISA section. After centrifugation, pro-
tein concentration of the supernatants was adjusted to 1mg/
mL. For the detection of neurocan, the supernatants were di-
gested by chondroitinase ABC (Seikagaku Corp., Tokyo, Ja-
pan) for 3h at 4°C, and mixed with an equal volume of a
2xsample buffer (250 mM Tris-HCl, 4% sodium dodecyl sul-
fate [SDS], 20% glycerol, 0.02% bromophenol blue, and 10% f-
mercaptoethanol). For the detection of GFAP, Nogo A, and
semaphorin 34, the supernatants were mixed with an equal
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volume of a 2xsample buffer. After boiling for 5min, equal
volumes of the samples were subjected to 5% (neurocan) or 10%
(GFAP, Nogo A, and semaphorin 3A) SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions, and
the proteins were transferred to a polyvinylidene difluoride
membrane (Immobilon-P; Millipore Corp., Billerica, MA).
After blocking of the membrane with PBS containing 5% skim
milk and 0.05% Tween 20, the membrane was reacted with
anti-neurocan (Seikagaku Corp.), anti-GFAP (Sigma-Aldrich),
anti-Nogo A (Santa Cruz Biotechnology, Santa Cruz, CA),
or anti-semaphorin 3A (Santa Cruz Biotechnology) anti-
bodies. For detection, a horseradish peroxidase-conjugated
secondary antibody (Cell Signaling Technology, Beverly,
MA), and an ECL chemiluminescence system (GE Healthcare)
were used. Quantification of protein bands was performed
using Scion image software.

Astrocyte culture

Primary astrocyte cultures were prepared from newborn
mice at post-natal day 1 (P1). The upper portion of the skull
was opened and the meninges were carefully removed in
order to minimize contamination of the cell culture with fi-
broblasts. The cerebral cortices were cut into small pieces and
enzymatically dissociated using 0.025% trypsin in PBS for
10min at 37°C. Following the addition of 10% FBS and
0.5mg/mL DNase I, the dissociated cortices were triturated
and then gravity filtered through a 70-um cell strainer. The
cells were resuspended in Dulbecco’s modified Eagle’s medium
(DMEM) plus GlutaMAX (Invitrogen Corp., Carlsbad, CA)
containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin, and then seeded onto PLL-coated 75-cm?” tissue
culture flasks. The medium was changed every 3 days until
the cells were confluent. Thereafter, the flasks were shaken at
200 rpm for 6h in order to remove the contaminating non-
astrocytic cells. The astrocytes were gently trypsinized, rinsed
in fresh medium containing 10% FBS, and then plated on PLL-
coated four-chamber glass slides. The astrocytes were treated
with 10ng/mL transforming growth factor-f (TGF-), pur-
chased from PeproTech, Inc. (Rocky Hill, NJ), or 10ng/mL
epidermal growth factor (EGF; PeproTech, Inc.), in the ab-
sence or presence of 2.0x 10® U/mL IFN-y (R&D Systems) for
24h, before collection of total RNA using an RNeasy Kit

(Qiagen).

Statistical analysis

For all experiments with the exception of the behavioral
analyses, statistical analysis was performed using the Student’s
t-test. For the behavioral analyses, BMS scores were analyzed
using repeated-measures analysis of variance (ANQOVA), fol-
lowed by Fishet’s protected least significant difference (PLSD)
post-hoc test. For fractional BMS scores at each time point, one-
way ANOVA followed by the Bonferroni/Dunn test were
used. Statistical significance was set at p < 0.05 for fractional
BMS scores. All values are the means + standard error.

Results

Intraperitoneally-administered IFN-y
reaches the injured spinal cord

We performed ELISA for IFN-y to determine whether in-
traperitoneally-administered IFN-y can reach the injured
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spinal cord. IFN-y was almost undetectable in uninjured and
injured spinal cords without IFN-y treatment. In contrast,
IFN-y was clearly detected in the injured spinal cords with
IFN-y treatment at 5 and 10 days post-SCI, suggesting that the
intraperitoneally-administered IFN-y had reached the injured
spinal cords at least until 10 days post-SCI (Fig. 1).

IFN-y improves locomotor performance post-SC/

In order to assess the therapeutic effects of IFN-y on a
mouse contusion SCI model, IP administration of IFN-y once a
day for 14 days post-SCI was performed. We evaluated the
locomotor function of hindlimbs by recording BMS scores
for up to 6 weeks post-SCI. The overall BMS scores for IFN-y-
treated mice were significantly higher than those of the
vehicle-treated mice, as calculated by repeated-measures
ANOVA (p <0.01); furthermore, at specific time points (10,
14, and 21 days) post-5CI, there were significant differences
between the two groups (p < 0.05; Fig. 2). After 6 weeks, the
vehicle-treated group’s score leveled off at 2.8+ 0.6 points,
while the IFN-y-treated group was at 4.4 & 0.6 points, and its
score appeared to continue to increase. Whereas the hin-
dlimbs of the vehicle-treated mice exhibited only extensive
ankle movement, IFN-y-treated mice exhibited occasional
plantar stepping or consistent dorsal stepping within 10 days
post-SCI, suggesting that [FN-y has therapeutic effects, even
in the early phase post-injury. We also examined body weight
and residual urine; however, there were no significant dif-
ferences between the two groups (data not shown).

IFN-y treatment increased the range of
macrophage/microglia accumulation post-SC/

The distribution of macrophages/microglia in spinal cords
following injury was examined immunohistochemically at 10
days post-SCL At this time point, numerous CD11b-positive

300+ p<0.01

= L
g [ vehicte
o 2001 Bl PNy
2
iy
£ 1001 ’r—o'?s

atal §=l Fal §

Control 5 days 10 days 2 weeks

FIG. 1. Intraperitoneally-administered interferon-y (IFN-y)
reached the injured spinal cord. We performed enzyme-
linked immunosorbent assay (ELISA) for IFN-y to determine
whether intraperitoneally-administered IFN-y could reach
the injured spinal cord. IFN-y was nearly undetectable in
uninjured and injured spinal cords without IFN-y treatment.
In contrast, [FN-y was clearly detected in the injured spinal
cords with IFN-y treatment at 5 and 10 days post-SCI, sug-
gesting that the intraperitoneally-administered IFN-y reached
the injured spinal cords at least until 10 days post-SCI (SCI,
spinal cord injury).
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macrophages/microglia were seen densely clustered in the
epicenter of the injured area in vehicle-treated mice, as pre-
viously reported (Kigerl et al.,, 2006; Sroga et al., 2003;
Fig. 3A). However, the injured spinal cords of IFN-y-treated
mice exhibited a different distribution of these cells. In these
mice, the accumulation of macrophages/microglia was less
dense at the epicenter; instead, these cells were more widely
distributed from the rostral to the caudal side of the epicenter
(Fig. 3B). The mean range of the horizontal distribution of
the infiltrated macrophages/microglia was 1.18 + 0.03mm
in the vehicle-treated group, and 6.15+0.96mm in the
IFN-y-treated group (Fig. 3D), and the difference between
the two groups was statistically significant (p < 0.05). There
was a tendency for more macrophages/microglia to accu-
mulate in the IFN-y-treated group; however, the difference
between the two groups was not statistically signifi-
cant (p=0.08; Fig. 3C). We attempted to determine the dif-
ference in macrophage /microglia distribution by examining
the expression of chemokines that are known to affect mac-
rophage migration. We examined the mRNA levels of
MCP-1 and its receptor CCR-2 in the spinal cord at 1 week
post-SCI by real-time PCR (Fig. 3E and F). The relative levels
of MCP-1 and CCR-2 mRNAs were 1.9 and 3.8 times higher,
respectively, in the IFN-y-treated group than in the vehicle-
treated group. To address the effects of IFN-y treatment on
the levels of proinflammatory cytokines, we checked mRNA
levels of TNF-g, IL-15, and IL-6 in the spinal cord at 1 week
post-SCI by real-time PCR (Supplementary Fig. 1; see online
supplementary material at http: /www liebertonline.com).
There was no statistically significant difference in the levels
of TNF-a, IL-18, and IL-6 mRNA with vehicle or IFN-y
treatment, although there was a tendency toward an increase
in IL-18 and IL-6 levels with IFN-y treatment.
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FIG. 2. Interferon-y (IFN-y) promotes functional recovery
following spinal cord injury (SCI). Hindlimb function of mice
following SCI was evaluated using the Basso mouse loco-
motor scale (BMS). Repetitive administration of IFN-y for
14 days post-injury significantly enhanced hindlimb func-
tional recovery, as assessed by repeated-measures analysis of
variance (ANOVA; p < 0.01). After 10, 14, and 21 days post-
SCI, IFN-y-treated mice (1 =15) exhibited significantly bet-
ter hindlimb function than vehicle-treated mice (n=13;
*p <0.05).
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