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Neurobiology of Disease

Osteopontin-Deficient Mice Exhibit Less Inflammation,
Greater Tissue Damage, and Impaired Locomotor Recovery
from Spinal Cord Injury Compared with Wild-Type Controls

Masayuki Hashimoto,! Dongming Sun,>* Susan R. Rittling,* David T. Denhardt,’ and Wise Young??
ITogane Prefectural Hospital, Togane, Chiba 2838588, Japan, 2W. M. Keck Center for Collaborative Neuroscience and *Department of Cell Biology and
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Osteopontin (OPN) is expressed in many tissues during inflammatory responses. After spinal cord injury, microglia expresses OPN at the
site of injury during the early to subacute stages. However, the function of OPN in spinal cord injury is not well understood. This study
examines the responses of OPN knock-out (KO) and wild-type (WT) mice to spinal cord contusion injury. KO and WT mice were injured
with a modified New York University impactor. Weights of 10 or 5.6 g were dropped 6.25 mm onto the T13 spinal cord under isoflurane
anesthesia. At 24 h,homogenized spinal cords were analyzed for total potassium concentration to estimate lesion volumes. Expression of
apoptotic genes, proinflammatory cytokines, and nerve growth factors was measured by reverse transcription (RT)-PCR and Western
blot. In a series of animals, locomotor recovery was assessed with the Basso mouse scale (BMS) for 6 weeks, and histological analyses was
performed to determine tissue preservation. Lesion volume showed no significant differences between KO and WT mice at 24 h. RT-PCR
indicated that KO mice had significantly less Bcl-2, tumor necrosis factor-c, interleukin-1, and interleukin-6 mRNA compared with WT
controls. Western blot also showed that KO had significantly less Bcl-2 7 d after spinal cord injury. KO mice had significantly worse BMS
locomotor scores than WT at 6 weeks. KO mice also had a significantly reduced area of spared white matter and fewer neuronal-specific
nuclear protein-positive neurons in the spinal cord surrounding the impact site. This result supports a potential neuroprotective role for

OPN in the inflammatory response to spinal cord injury.
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Introduction

Osteopontin (OPN) is a widely expressed cytokine and cell adhe-
sion protein that binds to integrins and CD44 variants on the cell
surface (Denhardt et al.,, 2001). It is routinely expressed by in-
jured tissues, for example during myocardial infarction (Komat-
subara et al., 2003), autoimmune disease (Petrow et al., 2000),
cancer metastasis (Rittling and Chambers, 2004), infectious dis-
ease (Nau et al.,, 2000), stroke (Ellison et al., 1998), and spinal
cord injury (Hashimoto et al., 2003). Injury dramatically upregu-
lates OPN in spinal cord microglia by 3 d. OPN upregulation
correlates with microglial number and may help attract and stim-
ulate astrocytes around the injury site (Hashimoto et al., 2003).
OPN expression after spinal cord injury correlates with cell infil-
tration after injury. Thus, OPN may accelerate the inflammatory
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cascade and may create a nonpermissive environment for axonal
regeneration.

Studies of OPN knock-out (KO) mice suggest that OPN plays
amajor role in attracting inflammatory cells to the injury site. For
example, OPN-deficient mice show markedly less macrophage
infiltration in ischemic kidneys and an enhanced rate of apopto-
sis during the injury phase of acute renal failure (Persy et al.,
2003); they also have reduced tolerance to infectious disease
(O’Regan et al., 2001).

OPN expression aggravates autoimmune conditions. OPN-
deficient mice are resistant to progressive experimental autoim-
mune encephalomyelitis (EAE) and have more frequent remis-
sions (Chabas et al., 2001). Myelin-reactive T-cells in OPN /"~
mice produce more anti-inflammatory interleukin-10 (IL-10)
and less interferon-y than OPN*/* mice. OPN /™ mice recover
more rapidly without spontaneous relapse in EAE (Jansson et al.,
2002). In a rheumatoid arthritis model, the deficiency in OPN
protects joints against destruction in anti-type II collagen
antibody-induced arthritis in mice (Yumoto et al., 2002). In these
autoimmune diseases, the presence of OPN appears to contribute
to inflammatory damage of tissues, perhaps by supporting the
survival of inflammatory cells.

OPN expression differs considerably between CNS and PNS
injuries. Macrophages at crush lesions of the optic nerve strongly
express OPN, whereas macrophages in injured sciatic nerve do
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Table 1. Scheme of present study
5.6 g rod, 6.25 mm injury

10 grod, 6.25 mm injury

24h Western blot Lesion volume, Q-RT-PCR
2d BMS

7d BMS, Western blot, immunohistochemistry

14d BMS

21d BMS

28d BMS, corticospinal tract tracing

35d BMS

42d BMS, NeuN cell counts, white matter sparing

Twotypesofrods (10 or 5.69) were used forinflicting spinal cord injury. All experiments were compared between KO
and WT mice.

not, suggesting fundamental differences in the molecular pro-
gramming of macrophages in these two systems (Kury et al,
2004). OPN expression in the CNS may be related to inability of
the CNS to regenerate.

OPN may exacerbate tissue damage after spinal cord injury as
itappears to do in autoimmune disease. We hypothesized that the
OPN knock-out mice should have less inflammation and tissue
damage and better neurological recovery than wild-type (WT)
mice. This is consistent with the fact that suppression of inflam-
mation and secondary tissue damage is a clinically effective
treatment.

To determine whether OPN expression plays a role in spinal
cord injury, we compared gene expression, lesion volume, white
and gray matter sparing, and locomotor recovery of OPN knock-
out and wild-type mice after a standardized spinal cord contusion
injury. We modified an impactor used to produce rat spinal cord
contusion injury (Beattie et al., 1997) to produce a suitable injury
in mice. This is the first systematic analysis of these outcome
measures in a standardized mouse contusion model.

Materials and Methods

Table 1 shows a time line of the present study to identify different pro-
cedures to compare KO and WT mice.

Animal model of spinal cord injury in mice. We used adult (13—16 weeks
old) male 129 strain mice, 49 OPN KO mice, and 49 WT mice for the
experiments. The generation and maintenance of the OPN-deficient
mice have been described previously (Rittling etal., 1998). All animal use
protocols were approved by the Institutional Animal Care and Use Com-
mittee of Rutgers University.

Spinal cord contusion injuries were inflicted using a modified impac-
tor as described previously (Young, 2002). The mice were deeply anes-
thetized by 2% isoflurane in 0.5 L/min oxygen and contused by a 5.6 or
10 g rod with a 1-mm-diameter impact head, dropped a distance of 6.25
mm onto T13 spinal cord exposed by a T10 laminectomy. After injury,
the wound was closed with stainless steel clips. Parameter of the impactor
was described in supplemental Materials and Methods (available at
www.jneurosci.org as supplemental material).

Twenty-four hour lesion volume. At 24 h after spinal cord injury (10 g
rod, 6.25 mm height), the mice were deeply anesthetized by an intraperi-
toneal dose of pentobarbital (80 mg/kg; Abbott Laboratories, North Chi-
cago, IL) and decapitated. Spinal cord injury sites (1 cm) were rapidly
removed, weighed to obtain the wet weight, and homogenized in Trizol
(Invitrogen, Carlsbad, CA) to preserve RNA. Trizol contains sodium but
no potassium. We measured tissue potassium concentration by atomic
absorption spectroscopy to estimate the cell volume fraction and calcu-
late spinal cord lesion volume (Kwo et al., 1989; Constantini and Young,
1994) (supplemental Materials and Methods, available at www.
jneurosci.org as supplemental material).

Quantitative reverse transcription-PCR. Because KO mice had less gray
and white matter sparing 6 weeks after spinal cord injury, we examined
several cell death-related genes (Bcl-2, Bcl-XL, caspase-3, erythropoietin,
and inducible nitric oxide synthase), pro-inflammatory cytokines that
can trigger cell death [tumor necrosis factor-a (TNF-a), IL-1B, and
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IL-6], and nerve growth factors [BDNF, glial cell line-derived neurotro-
phic factor (GDNF), NGF-f3, and neurotrophin-3].

Primers were designed using PrimerExpress software (Applied Biosys-
tems, Foster City, CA) from the same GenBank accession records (Table
2). Levels of quantitative reverse-transcription (Q-RT)-PCR product
were measured using SYBR Green fluorescence during real-time PCR on
an Applied Biosystems 7900HT. A control cDNA dilution series was
created for each gene to establish a standard curve, and all results were
within the standard curve range. Each reaction was subjected to melting
point analysis to confirm single amplified products. Reactions were run
in duplicate, and results were averaged. Glyceraldehyde-3-phosphate de-
hydrogenase was used to normalize the data to control for variations in
the amount of input cDNA.

Western blot. At 24 h and 7 d after injury (5.6 g rod, 6.25 mm height),
spinal cord samples were homogenized in ice-cold lysis buffer containing
50 mm Tris-HCl, pH 7.6, 150 mm NaCl, 1 mm EDTA, 1% NP-40, and
0.5% Triton X-100, plus a protein inhibitor tablet (Roche Diagnosis,
Lewes, UK). Homogenates were centrifuged (15,000 rpm for 10 min),
and supernatants were measured using the Bradford reagent (Bio-Rad,
Hercules, CA). Aliquots of equal amounts of total protein (50 ug) were
electrophoresed on 12% SDS-polyacrylamide gels and transferred onto
polyvinylidene difluoride membranes (Hybond-P; Amersham Bio-
sciences, Uppsala, Sweden). The membranes were blocked for 1 h in 5%
skim milk and incubated with primary antibodies: rabbit anti-IL-6 (1:
500; Millipore, Temecula, CA), rabbit anti-Bcl-2 (1:1500; Millipore), rat
anti-rat/mouse TNF-a (1:1000; BD Biosciences, Franklin Lakes, NJ),
rabbit anti-mouse IL-1f3 (1:200; Research Diagnostics, Flanders, NJ),
mouse anti-actin (Ab-1, 1:2000; EMD Biosciences, San Diego, CA), and
mouse anti-a-tubulin (1:1000; Invitrogen, Carlsbad, CA) for 4°C over-
night or 1 h at room temperature. The membranes were washed four
times and incubated with secondary antibodies (1:2000, ECL horse rad-
ish peroxidase linked whole antibody; Amersham Biosciences) for 45
min. Bands were developed using the ECL+ kit (Amersham Biosciences)
and digitalized by Molecular Dynamics (Sunnyvale, CA) Storm 840 ver-
sion 4.1 and ImageQuant 5.0 (Amersham Biosciences Piscataway, NJ).
Band densities were measured by NIH Image software and normalized by
actin or a-tubulin and compared between KO and WT mice.

Histology. After anesthesia with pentobarbital, the mice were transcar-
dially perfused with 4% paraformaldehydein 0.1 M PBS at 7, 35, and 42 d
after injury. Tissue blocks containing lesion center were collected, post-
fixed in the same fixative overnight at 4°C, and cryoprotected in 20%
sucrose in PBS at 4°C for 24 h. Spinal cords were freeze mounted on a
holder, cutinto 30 wm sections, and placed on poly-L-lysine-coated glass
slides. For midsagittal sections, sequential sections of the lesion center (1
cm) were mounted on five slides. Each slide had six to eight sections
spaced at 150 um in each sequential section. For cross sections of the
spinal cord, a 3.0-mm-long spinal cord containing the lesion center was
dissected and freeze mounted on a holder. Sequential sections were
mounted on seven slides with 2023 sections per slide, spaced in 210 um
intervals.

White matter staining. One slide per animal was stained with luxol fast
blue for myelin. To identify the lesion center, we selected the section
containing the least amount of luxol fast blue stain and then assessed that
section plus five sections rostral and caudal, a total of 11 sequential
sections spanning 2100 um of spinal cord length. The percentage of
spared white matter was calculated from pixels of spared white matter
area divided by pixels of total cross-sectional area using Photoshop 5.5
software (Adobe Systems, San Jose, CA). To determine whether OPN
affected sparing of white matter, we compared absolute spared white
matter pixels for luxol fast blue stain in each of the 11 sections from KO
and WT mice. To determine whether the OPN affected spinal cord mat-
ter, we compared pixels of total cross section areas.

We also compared uninjured spinal cord, a total of 11 sequential sec-
tions spanning 2100 wm of spinal cord length centered at the T13 spinal
cord level. Percentage and absolute pixels of white matter were compared
between KO and WT mice. Pixels of total cross-sectional areas (absolute
spinal cord pixels) were compared within injured KO (KO injury), in-
jured WT (WT injury), uninjured KO (KO normal), and uninjured WT
(WT normal) mice.
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Table 2. Oligonudeotide primers for Q-RT-PCR
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GenBank Description Forward Reverse

U34963 Bcl-xLong (GTGGAAAGCGTAGACAAGGA CTTGCAATCCGACTCACCAA
NM_016993.1 Bcl-2 (TGGGATGCCTTTGTGGAAC TCAAACAGAGGTCGCATGCT
NM_017001 Erythropoetin GTCCCACCCTGCTGCTTTTA GGAGGCCCAGAGGAATCAGTA
NM_008366 IL-2 GTCAACAGCGCACCCACTT TGCTTCCGCTGTAGAGCTTG
NM_013693 NF-a ATGCTGGGACAGTGACCTGG (CTTGATGGTGGTGCATGAG
NM_008361 1B CCAAAAGATGAAGGGCTGCT TCATCAGGACAGCCCAGGTC
NM_031168 IL-6 TTCCATCCAGTTGCCTTCTTG GAAGGCCGTGGTTGTCACC
1281117 NF-x B ACGGATTTCCTCCCTACGGT GATTTCGTGACTCGGGATGG
NM_009810 caspase 3 GGTTCATCCAGTCCCTTTGC (TAGCTTGTGCGCGTACAGC
NM_010927 NOS TGACGGCAAACATGACTTCAG GCGTACCGGATGAGCTGTG
NM_007540 BDNF AGGCACTGGAACTCGCAATG AAGGGCCCGAACATACGATT
NM_010275 GDNF AAGACCCACGTTTCGCATG TCCACTTCCCAGTCCTGCAG
NM_013609 NGF-B GGCAGCTTTTTGGAAACTCCT TTCACTGGCTTGAGGCACAG
NM_008742 NT-3 TCCTCAGCCATTGACATTCG GATCTCCCCCAGCACTGTGA
NM_017008.1 GAPDH AACTCCCTCAAGATTGTCAGCAA GGCTAAGCAGTTGGTGGTGC

Immunohistochemistry. For immunohistochemical stains, we first
placed the slides on a slide warmer for 3 h, rinsed the sections with PBS,
and blocked the sections with 10% normal goat serum in 0.1 M PBS
containing 0.3% Triton X-100 for 2 h at room temperature. Sections
were then incubated with anti-neuronal-specific nuclear protein (NeuN)
(1:400; Millipore) to stain neurons, rat anti-CD11b (Mac-1; 1:400; Sero-
tec, Oxford, UK) to stain macrophage and microglia, rat anti-CD3 (1:
400; Serotec) to stain T-cells, and polyclonal rabbit anti-glial fibrillary
acidic protein (GFAP) (1:400; DakoCytomation, Carpinteria, CA) to
stain astrocytes at 4°C overnight. After rinsing with PBS, the sections
were incubated with biotinylated goat anti-mouse IgG (1:200; Vector
Laboratories, Burlingame, CA), Alexa Fluor 488 goat anti-rat IgG (1:800;
Invitrogen), and Alexa Fluor 488 goat anti-rabbit IgG (1:800; Invitrogen)
for 1 hatroom temperature, followed by Vectastain Elite ABC kit (Vector
Laboratories) using the protocol of the manufacturer except for the flu-
orescent secondary antibody. Color was developed by DAB (Vector Lab-
oratories) for 2 min.

NeuN-positive cell counts. For NeuN staining, a cross-sectional slide
from each animal was used. Each section was tile scanned by Axiovert 200
(Zeiss, Thornwood, NY), recorded by AxioVision Release 4.3, and
printed out to a letter size paper. All of the NeuN-positive cells of gray
matter in one cross section were counted blind. The section that had
fewest number of NeuN-positive cells was designated the lesion epicenter
and five rostral and five caudal sections in intervals of 210 wm, spanning
2100 pwm length of spinal cord centered on injury epicenter. Total neuron
counts for each group and for each spinal cord level were compared
between KO (KO injury) and WT (WT injury). Uninjured T10 spinal
cord sections of KO and WT mice were also stained and tile scanned as
above (KO normal and WT normal). Because the staining was more
uniform in the uninjured cord than in the injured spinal cord, NeuN-
positive cells of gray matter from the uninjured animals were counted by
Scion (Frederick, MD) Image.

Quantitative analysis of Mac-1-, CD3-, and GFAP-positive area. In-
flammatory or immune cell accumulation was assessed in spinal cords
from KO and WT mice at 7 d after spinal cord contusion. Fluorescent
immunohistochemistry of Mac-1, CD3, and GFAP immunoreactivity
was assessed in midsagittal sections (Okada et al., 2004). In the case of
Mac-1 or CD3 staining, sequential five to six sections per animal were
stained as above, and fluorescent signals were captured and tile scanned
by Axiovert 200 (AxioVision Release 4.3). For GFAP staining, sequential
five sections per animal were stained, and fluorescent signals were cap-
tured and tile scanned by Zeiss 510 confocal laser scanning microscope
(LSM). Pictures were reopened by LSM510 Workstation (Zeiss), and 1.8
mm length spinal cords for Mac-1 and CD3 or 2.5 mm length spinal
cords for GFAP were delineated and extracted. Immunolabeled areas (in
square millimeters) were measured and digitalized by using threshold for
each antibody (Mac-1, 56; CD3, 98; GFAP, 49). In each animal, five to six
sequential sections were averaged and compared between KO and WT
mice.

Behavioral analysis. Motor function of the hindlimbs was evaluated by
the locomotor rating test on the Basso mouse scale (BMS) (Engesser-
Cesar et al., 2005). This scale was developed specifically for mice because
the characteristics of locomotor recovery are different in mice than in
rats. Briefly, the numeric ranking system is as follows: 0, no ankle move-
ment; 1-2, slight or extensive ankle movement; 3, planter placing or
dorsal stepping; 4, occasional planter stepping; 5, frequent or consistent
plantar stepping. There was no animal >6. Subscore was scored if mouse
can do frequent plantar stepping. In this study, subscores of all of the
animals that can do planter stepping were 0, because they did not have
consistent, coordinated, paralleled stepping in addition to tail or trunk
instability. More than two examiners participated in all open field tests
and were positioned across from each other to observe both sides of mice.
Each mouse was assessed for 4 min, and, if the two observers had different
scores, then after discussion the lower score was adopted for record. If
score was different for the right and left legs, the average was calculated.
Three mice have been omitted from this study because leg or legs were
contracted. We measured BMS at 2,7, 14,21, 28, 35, and 42 d after injury.

Corticospinal tract labeling. After 4 weeks of recovery from spinal cord
injury, two mice (one KO and one WT) were deeply anesthetized by 2%
isoflurane in 0.5 L/min oxygen and placed in the stereotaxic device. The
left skull over the intended injection sites was first drilled and enlarged
with rongeurs around the motor cortex of the left side especially for lower
extremities using a surgical microscope (RMS-9210; Zeiss). Dextran
amine-conjugated Texas Red (20%, 0.5 ul, molecular weight of 3000;
Invitrogen) was injected at the sensorimotor cortex at 10 sites through a
1 pl Hamilton syringe (Hamilton Company, Reno, NV) with a glass tip.
After surgery, the mice were housed singly and injected antibiotics for 3 d
as describe above. Animals were perfused after 7 d of operation. For triple
staining of fluorescent immunohistochemistry, anti-Mac-1 (1:400; Sero-
tec) and GFAP (1:400; DakoCytomation) antibodies were applied for the
first antibodies as describe above. Alexa Fluor 488 goat anti-rat IgG (1:
800; Invitrogen) and goat anti-rabbit Cy5 (Jackson ImmunoResearch,
West Grove, PA) were used for secondary antibody. Representative triple
staining was derived by Zeiss 510 confocal LSM.

Statistical analysis. Change between KO and WT was determined to be
significant by Student’s ¢ test using a p value of <0.05. In BMS score,
NeuN-positive cells counts, and spared white matter, significances were
calculated using repeated-measures ANOVA and a Scheffé’s post hoc
analysis using a p value of <0.05.

Results

Impactor parameters

We created a New York University (NYU) impactor to make a rat
spinal cord injury 10 years ago. In the base of experience for
technology and acquisition of data, we made a modified NYU
impactor for mice. This machine has the sensor for the rod move-
ment, and it is able to obtain impactor data for data collection as



3606 - J. Neurosci,, March 28, 2007 - 27(13):3603-3611

Table 3. Results of impactor parameter at a 6.25 mm height drop
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Rod weight Rod material n ImpV (m/s) (d (mm) Ct (ms) Cr (m/s)
109 Metal 3 0.347 = 0.001 1.74 = 0.03 6.2 = 0.09 0.281 = 0.003
5.69 Plastic 44 0.338 = 0.002 1.32 = 0.03 477 =0.17 0.282 = 0.005

We used two types of rods made from different materials and weights. A 10 g weighted rod was used for lesion volume measurement, and a 5.6 g rod was used for the other experiments.

described in supplemental Materials and Methods (available at
www.jneurosci.org as supplemental material). For data correla-
tion, we always focus on ImpV, Cd, Ct, and Cr (Cd/Ct) (for
explanations, refer to supplemental Materials and Methods,
available at www.jneurosci.org as supplemental material). Table
3 summarizes the results obtained using the 10 g metaland 5.6 g
plastic impactor rods to inflict the spinal cord contusion injury.
The 10 g rod was used for lesion volume measurements and
Q-RT-PCR study. The 5.6 g rod was used for the other experi-
ments. The ImpV, Cd, and Ct values of the 5.6 g rod were smaller
than those of 10 g rod.

Quantitative study of cell loss 24 h after spinal cord injury
The potassium concentration at the impact site fell by 14-37%
after injury. Because >95% of tissue potassium is intracellular,
the [K], is inversely proportional to lesion volume (Kwo et al.,
1989; Constantini and Young., 1994). The potassium concentra-
tions of the lesions in the KO and WT mice were 73.72 * 0.91 and
73.92 £ 0.82 umol/g, respectively (n = 15in KO and n = 13 in
WT), not statistically different from each other. Lesion volumes
calculated from the formula described in supplemental Materials
and Methods (available at www.jneurosci.org as supplemental
material) were 4.58 = 0.23 ul in the KO and 4.49 * 0.29 ulin the
WT spinal cord contusion sites, suggesting no significant lesion
volume difference at 24 h after spinal cord injury.

Q-RT-PCR

Histological examination of the spinal cords 42 d after spinal cord
injury revealed fewer neurons in KO spinal cords compared with
WT cords, suggesting that neurons in KO mice may have been
more vulnerable than WT neurons to spinal cord contusions. We
therefore focused on cell death-related genes, proinflammatory
cytokines, and nerve growth factors that could influence neuron
survival (Table 2). Of 14 genes analyzed, contused KO spinal
cords showed significant downregulation of expression of Bcl-2
and proinflammatory cytokines (TNF-q, IL-1 3, and IL-6) com-
pared with WT (Table 4). Although KO mice showed downregu-
lation of NGF-B and GDNF compared with WT contused spinal
cords, t test results suggested that the p value was close to but not
<0.05.

Western blot

RNA expression does not necessarily reflect protein synthesis or
protein level changes. To confirm Q-RT-PCR data, we performed
Western blot for Bcl-2, TNF-a, IL-183, and IL-6 at 24 h and 7 d
after injury. Although Bcl-2, IL-1 8, and IL-6 did not show sig-
nificant difference between KO and WT mice at 24 h after injury
(Fig. 1A-C), membrane-bound TNF-a was upregulated at 24 h
in KO spinal cord, contrary to the transcript level (Fig. 1D, *p <
0.05). Conversely, TNF-a was no longer significantly upregu-
lated after 7 d in the KO (Fig. 1 H, p = 0.5); IL-1beta and IL-6
continued to show no change in protein levels (Fig. 1 F,G). Only
Bcl-2 protein was significantly downregulated in KO spinal cord
at 7 d after injury (Fig. 1E, *p < 0.05).

Table 4. Q-RT-PCR results of apoptosis-related genes, proinflammatory cytokines,
and nerve growth factor 24 h after spinal cord contusion injury

GenBank Description Ratio of KO/WT ttest p value
U34963 Bcl-xLong 0.936 0.42
NM_016993.1 Bd-2 0.697 p<0.05
NM_017001 Erythropoetin 1123 0.74
NM_008366 IL-2 0.727 0.45
NM_013693 NF-a 0.721 p<0.05
NM_008361 1B 0.569 p<0.05
NM_031168 IL-6 0.516 p<0.05
1281117 NF-x B 0.851 035
NM_009810 caspase 3 1.354 0.3
NM_010927 NOS 1 0.68
NM_007540 BDNF 1.118 0.18
NM_010275 GDNF 0.693 0.0816
NM_013609 NGF-B 0.64 0.0982
NM_008742 NT-3 1.012 0.95

Bd-2, TNF-a, IL-13, and IL-6 were significantly downregulated in KO by a t test (n = 5- 6 in each group).

BMS locomotor scores

To determine whether OPN deficiency resulted in good or bad
locomotor performance after spinal cord contusion injury, we
measured BMS locomotor scores for 6 weeks. Expectedly, at 2 d
after contusion, the BMS scores were low at 1.31 * 0.25 in KO
and 1.38 % 0.18 in WT mice. These scores remained lower in KO
than WT mice for up to 42 d (Fig. 2). Repeated-measures
ANOVA followed by post hoc test showed that KO mice had
significantly worse BMS scores than WT mice ( p = 0.0332). Post
hoc tests of each time point showed that the BMS scores differed
significantly at 14 and 42 d after injury ( p = 0.0446 and 0.0313,
respectively). At 42 d after contusion, the BMS scores of KO mice
ranged from 1.5 to 3.5 (average, 2.44 * 0.24), which meant slight
to extensive ankle movement to only occasional planter placing
or dorsal stepping. Conversely, BMS scores of WT mice ranged
from 1.5 to 4.5 (average, 3.38 = 0.31). Except for one mouse with
a BMS score of 1.5 at 42 d, seven mice achieved planter stepping
in at least one leg and maximally frequently planter stepping,
without coordination. Although the scores of WT mice continu-
ously increased for 42 d after injury, the KO score of 2.94 = 0.26
at 28 d after injury was decreased to 2.44 * 0.24 at 42 d after

injury.

White matter sparing
We assessed the amount of spared white matter at the contusion
site 42 d after injury to compare KO with WT mice. Representa-
tive sections showed little white matter is residual both in KO and
WT mice at the injury epicenter (Fig. 3 A, B). Repeated-measures
ANOVA and post hoc tests showed no significant difference in the
ratio of spared white matter areas between KO injury and WT
injury (Fig. 3C, p > 0.1). Wealso compared absolute spared white
matter pixels (Fig. 3D) between injured KO mice and injured WT
mice. Post hoc tests at each spinal segment showed statistically
significant differences at the caudal site (840 um, p < 0.05; 1050
pm, p < 0.01).

We compared uninjured, normal spinal cord between KO and
WT. Repeated-measures ANOVA followed by post hoc test
showed that the percentage of white matter (Fig. 3C) as well as the
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A 24h

Ratio of band densities
(bei-2tubulin)
KO 0.429+0,048
WT 056020088 3™

Ratie of band densities
(Il-Theta/tubulin)
KO 042010014

W 0467 40,050 ™

Ratio of band densities Ratio of band densities
(li-&/tubulin) (TNF-alphatactin)
KO 0.480 £0.055 Jns KO 2021023 J*
WT 04510083 WT 130+0.14

Ratio of band densities
(bet-2/tubuliny

Ratio of band densities
(11~ Fhetaitubulin
KO 0.6240.0% 4,

KO 0646 £ 0,067
WT  0.996 £0.109 Jas

WT  0.645 £0.030

Ratio of band densities.

Ratio of band densities.

(167 tubulin) (TNF-alpha/actin}
KO 1131007 ] ns. KO 1981006 j a.s
WT 1212005 WT 1L73:0.36

Figure 1. Changes in protein levels in the injured spinal cord 24 h and 7 d after injury. To
confirm Q-RT-PCR data at the protein level, we did Western blot for Bcl-2, IL-1 3, IL-6, and
TNF-cxat 24 h and 7 d after spinal cord injury. A-D, Protein levels 24 h after spinal cord injury.
Although Bcl-2, IL-1 3, and IL-6 mRNA showed significant difference at 24 h after injury in
Q-RT-PCR, there were no significant difference in protein level ( p = 0.55,p = 0.26,and p =
0.32). Membrane-bound TNF-c was significantly upregulated in the KO mice at 24 h, contrary
to Q-RT-PCR data (D, *p < 0.05;n = 3in KO, n = 4in WT). E-H, Protein levels 7 d after spinal
cordinjury. Although IL-1 3 (F), IL-6 (G), and TNF-cx (H)) showed no statistical difference ( p =
0.39,p = 0.99,andp = 0.52), Bcl-2 was significantly downregulated in KO 7 d after spinal cord
injury (, *p < 0.05; n = 4in each group).
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Figure 2.  Locomotor recovery after spinal contusion injury in OPN-deficient and WT mice.

The BMS scoresin KO and WT mice (n = 8 per each group) were determined at 42 d after injury.
The BMS scores were consistently greater in WT than KO for 42 d. Repeated-measures ANOVA
followed by post hoc test showed that KO mice had significantly worse BMS score than WT ( p <
0.05). Post hoc tests at each time point showed statistical significance at 14 and 42 d after injury
(*p < 0.05). Although the scores of WT mice increased for 42 d, the scores of KO mice at 28 d
were decreased at 42 d. Error bars illustrate the SEM.

absolute white matter pixels (Fig. 3D) were both less in uninjured
KO mice than uninjured WT mice (p = 0.0136, p = 0.0881 in
each). These findings suggest that KO mice have less white matter
area than WT mice before spinal cord injury.

To assess changes of spinal cord size before and after spinal
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Figure 3.  White matter sparing after spinal cord contusion injury in OPN-deficient and WT
mice. A, B, Representative spinal cord sections after injury on the lesion epicenter show minimal
sparing of white matter in both KO (4) and WT (B) mice. Scale bar, 500 wm. C, Ratio of sparing
white matter for 2100 m length centered on lesion epicenter was compared at 42 d after
injury [n = 7inKOinjury (blue 4 )andn = 8inWTinjury (pink l)]. Uninjured spinal cords of
each genotype werealso comparedin KO (green A; n = 5) and WT (brown X symbols; n = 5).
Although repeated-measures ANOVA followed by post hoc test showed no significant difference
between KO injury and WT injury mice ( p = 0.83), there was statistical significance between
KO normal and WT normal in ratio of white matter ( p = 0.0126). D, Absolute spared white
matter pixels in injured animals and absolute white matter pixels in normal spinal cord are
shown. Post hoc tests at each spinal segment showed the area of spared white matter was lesser
at caudal sites of KO injury than WT injury. E, Absolute spinal cord pixels of KO injury, WT injury,
KO normal, and WT normal were plotted at each spinal segment. Repeated-measures ANOVA
followed by post hoc test showed statistical significance between KO injury and WT normal
(p = 0.0459). Post hoc test for all four groups at each spinal segment showed significant
difference between KO injury and WT injury at caudal site of spinal cord. *p < 0.05; **p < 0.01.
Error bars illustrate SEM.

cord injury, we compared absolute spinal cord pixels among in-
jured KO mice, injured WT mice, uninjured KO mice, and unin-
jured WT mice (Fig. 3E). Repeated-measures ANOVA followed
by post hoc test showed significant difference between injured KO
mice and uninjured WT mice ( p = 0.0459). Post hoc tests com-
paring all four groups at each spinal segment revealed possible
significant difference between injured KO mice and injured WT
mice at caudal spinal cord sites (840 um, p < 0.05; 1050 um, p <
0.01). These results suggest that injury reduces significantly not
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Figure 4.  Neuron counts after spinal contusion injury in OPN-deficient and wild-type mice.
NeuN-positive cells were counted for 11 sections (2100 wm length) centered on the lesion
epicenter, averaged in each group, and compared between KO and WT mice. A, B, Representa-
tive sections of injury epicenter show only a few neurons were spared both in KO (4) and WT (B).
€, D, At630 pu caudal from the lesion center there were fewer spared neurons in the KO than in
the WT. E, Normal spinal cords of each genotype were also compared (n = 5inKOandn = 5in
WT). Repeated-measures ANOVA between KO injury and WT injury showed no statistically
significant difference in neuron number ( p = 0.09), but post hoc tests at each spinal segment
showed significant differences between the KO and the WT at 210 and 630 pum caudal from the
lesion epicenter (*p < 0.05;n = 7inKOand n = 6in WT). Error bars illustrate SEM. Scale bars:
500 pm.

only white matter size but also spinal cords sizes in KO compared
with WT mice.

NeuN-positive cell counts

To assess numbers of neurons 42 d after spinal cord injury, we
stained sections with NeuN to label neurons, counted the num-
ber of NeuN-positive neurons, and compared the average counts
between KO and WT mice. Representative sections of the injury
epicenter showed few spared neuron in both KO and WT mice
(Fig. 4A, B). However, at 630 um caudal to the lesion epicenter,
WT mice had more spared neurons than KO mice (Fig. 4C,D).
Post hoc tests at each spinal segment between injured KO and
injured WT mice revealed that NeuN cell counts differed signif-
icantly at two caudal sites: +210 um ( p = 0.0267) and +630 um
(p=10.0311) from lesion center (Fig. 4 E). The mean and SEMs of
the NeuN counts at each spinal segment from KO and WT mice
were 351 = 93 and 480 =* 83 cells, respectively, 42 d after spinal
cord injury. The cell count difference was, however, not statisti-
cally significant on a t test.

We also counted NeuN-positive cells in uninjured KO and
WT mice. Repeated-measures ANOVA and post hoc test between
uninjured KO and WT mice revealed no differences around the
T13 spinal cord level (2100 wm length centered around T13 spi-
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nal cord) (Fig. 4E). The mean and SEMs of the NeuN counts
from KO and WT mice were 946 * 47 and 910 = 45 cells, but the
difference was not statistically significant on a ¢ test.

Inflammatory and immune cells accumulation after spinal
cord injury

At 7 d after spinal cord injury, we used immunohistochemical
stain for Mac-1-positive cells and CD3-positive cells. Mac-1 im-
munoreactivity is higher in KO mice than WT mice, but there was
no significant difference between KO and WT (p = 0.56) (data
not shown). Conversely, CD-3 immunoreactivity is lighter in KO
than WT, but there was no significant difference (p = 0.51) (data
not shown).

GFAP-positive astroglial scar accumulation after spinal

cord injury

To assess the relationship between OPN deficiency and astroglial
scar formation, we measured astroglial scar area and compared
between KO and WT mice 7 d after spinal cord injury. Although
immunoreactivity of GFAP-positive area was higher in KO than
WT, there was no significant difference (p = 0.28) (data not
shown).

Corticospinal tract labeling

Although the BMS scores 4 weeks after injury showed no statis-
tical difference between KO and WT mice, they did showed sig-
nificant differences 6 weeks after injury (Fig. 2). We injected
Texas Red-conjugated dextran amine into cerebral cortex at 4
weeks. Low-magnification image (10X) of triple staining of red
(corticospinal tract), green (macrophages/microglia), and blue
(astrocytes) showed orientation of these colors around the injury
sites in KO mouse (Fig. 5A) and WT mouse (Fig. 5C). We were
unable to see regenerative corticospinal tract or residual tract on
the caudal side of GFAP staining area around lesion epicenter.
High-magnification image showed that the distance between the
caudal end of the corticospinal tract and GFAP staining area of
KO (Fig. 5B) was farther away than that of WT mouse (Fig. 5D).

Discussion

Spinal cord contusion injury of mice

Several groups have reported spinal cord weight-drop contusion
injuries of mice, dropping 1-3 g weights 25-50 mm heights
(Kuhn and Wrathall, 1998; Okada et al., 2004). In the present
study, we used 10 or 5.6 g rods dropped 6.25 mm. The potential
energy (PE) of our model is comparable with those in these other
models: PE (10 grod) = mgh = 10 X g X 6.25 [where m is weight
(in kilograms), gis G force (9.8m/s?), and & is height (in meters)]
= 0.6125 X 10 %J. PE (5.6 grod) = 5.6 X g X 6.25 = 0.343 X
10>,

The average of impact velocity (v) just before impact was
0.348 * 0.001 m/s in our 24 h lesion volume study. The expected
ideal velocity of 6.25 mm weight drop should be 0.350 m/s. The
velocity deviated from the ideal by only 0.57%, i.e., (0.350—
0.348)/0.348 X 100 = 0.57%. In our 33 impacts, only three were
>2 SDs from the mean, but the velocity error of these three
impactions was <5% of mean. The average kinetic energy (KE) of
impact, i.e., KE = 1/2 mv?, was 0.6053 = 0.0039 X 10 J. The
difference between PE and KE (PE — KE) was 11.8% of PE [ (PE —
KE)/PE X 100], and this difference of energy was lost before
impaction. The percentage of energy loss [(PE — KE)/PE X 100]
in the 6.25 mm injury was higher than that of 12.5 mm to 50 mm
injury in rat (our unpublished data).

The average lesion volume (calculated loss of intracellular vol-
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A KO

Figure 5.
tracing, macrophages/microglia, and GFAP astrocytes. A, C, Representative 10X triple-labeling images of KO (4) and WT (C)
mouse. There were more Mac-1-positive macrophages/microglia and less GFAP-positive astrocytes in KO than that of WT mouse
around the injury site. B, D, High-magnification images of A or € (25<) show that corticospinal tract halt before GFAP staining
area (B) andin the GFAP staining area (D). There s no visible corticospinal tract staining in caudal spinal cord beyond GFAP staining
in KO and WT mouse. Scale bars: 4, €, 500 m; B, D, 200 pum.

ume) in contused mouse spinal cord was 4.67 ul. The lesion
volumes produced by 6.25 mm contusions in rat was 6—7 ul
(Young, 2000). We also measured spinal cord lesion volumes in
mice after 12.5 mm injury but found no significant difference
between 6.25 and 12.5 mm. One possible explanation is that the
6.25 mm weight drop is already producing close to the maximum
cellloss at the contusion site, because the ratio of intracellular and
tissue volume (V;/V,) was not significantly different between 6.25
and 12.5 mm injury.

Gene expression difference between KO and WT mice

We used Q-RT-PCR to assess apoptosis-related genes, proin-
flammatory cytokines, and nerve growth factors. Interestingly,
downregulation of Bcl-2, TNF-a, IL-13, and IL-6 in KO mice was
statistically significant in Q-RT-PCR. Bcl-2 protein was still
downregulated in KO spinal cords 7 d after spinal cord injury.
Some laboratories have reported that OPN plays an important
anti-apoptotic role in myeloma cells (Caers et al., 2006), dendritic
cells (Kawamura et al., 2005), and cardiac fibroblasts (Zohar et
al., 2004). OPN may regulate Bcl-2 upregulation and regulate
neuron death after spinal cord injury.

Downregulation of TNF-« in the present study is supported
by several studies reporting that OPN deficiency reduces TNF-«
expression (Jansson et al., 2002; Morimoto et al., 2004). Similarly,
OPN induces Thl-promoting TNF-a (Renkl et al., 2005). These
studies support our finding that proinflammatory cytokines are
downregulated in injured spinal cords of KO mice. Both TNF-«
and IL-1 increase OPN mRNA in both clonal osteoblasts and
primary osteoblast-like cells (Jin et al., 1990), suggesting that
OPN has functions complementary to proinflammatory cyto-
kines. The downregulation of proinflammatory cytokines in KO
mice may result from a deficiency of interaction between OPN
and TNF-q, IL-1pB, or IL-6.

Another possible explanation of the lower cytokine expression
is reduced number and activity of microglia/macrophages, which
assemble at the injury site and secrete cytokines in KO mice com-

Fluorescent immunohistochemistry at 5 weeks after injury illustrates the relationship between corticospinal tract
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pared with WT. Microglia and macro-
phages from injured spinal cord secrete
TNF-a (Pearse et al., 2004). Macrophage
density increases TNF-a, IL-1, and IL-6
expression (Leskovar et al., 2000). OPN
deficiency reduces macrophages and
CD4-positive T-cells, as well as TNF-« in
hepatic granuloma (Morimoto et al,
2004). OPN is chemotactic for microglia/
macrophages, and microglia/macro-
phages express high levels of OPN (Giach-
elli et al., 1998). The number of microglia/
macrophages in injured spinal cord may
have been partially responsible for the dif-
ference of gene expression in TNF-a, IL-1,
or IL-6 in KO versus WT mice at 24 h after
spinal cord injury. Interestingly, Mac-1-
positive microglia/macrophages were
more accumulated in KO than WT mice at
7 d after spinal cord injury. OPN defi-
ciency may influence the phase shift of in-
flammatory cell accumulation after spinal
cord injury.

Although Q-RT-PCR did not show sta-
tistical differences of neurotrophic factor
gene expression between injured KO and
WT mice, the data suggest that KO mice
had less GDNF and NGF-p expression than WT. NGF increases
osteopontin in human periodontal ligament cells (Kurihara et al.,
2003). OPN also may have complementary function with NGF
gene. Increases in the GDNF mRNA levels correlated with the
restoration activity of locomotor function (Hashimoto et al,,
2005b). Gene expression difference of neurotrophic factor be-
tween KO versus WT spinal cord may be partially related with
tissue sparing or axonal regeneration.

Locomotor recovery and histology

In the present study, KO mice had less spared white matter mea-
sured in pixels than WT. This is one reason why OPN knock-out
mice had lower BMS scores than in WT mice during the entire 6
weeks of observed recovery. Note that analysis of uninjured spi-
nal cords indicated that KO mice had less white matter than WT.
This is consistent with previous in vitro and in vivo studies indi-
cating that OPN ™/~ mice contained significantly less MBP than
WT mice and that OPN expression is upregulated during demy-
elination and remyelination (Selvaraju et al., 2004). OPN there-
fore may play a role in remyelination after spinal cord injury.

NeuN-positive cell counts indicated significant greater neu-
ronloss in KO than WT mice. In addition to anti-apoptotic func-
tion as described, OPN improves survival of interstitial and tu-
bular cells (Ophascharoensuk et al., 1999), endothelial cells
(Khan et al., 2002), and vascular smooth muscle cells (Weintraub
et al,, 2000). The deficiency of OPN influenced neuronal loss in
KO mice and impaired locomotor recovery after spinal cord
injury.

Lower proinflammatory cytokines in OPN KO mice may ex-
plain the reason for impaired locomotor recovery than WT, be-
cause recombinant IL-183, TNF-«, and IL-6 treatment of injured
spinal cord results in more spared tissue than controls (Klusman
and Schwab, 1997). In the present study, we can rather conclude
that sufficient upregulation of inflammatory cytokine is essential
to attain better neurological recovery after spinal cord injury.

OPN-deficient mice had significantly smaller caudal spinal



3610 - J. Neurosci., March 28, 2007 - 27(13):3603-3611

cords than WT mice after spinal cord injury. Although KO mice
had less white matter to begin with, this finding is consistent with
the smaller total areas of white matter and counts of NeuN-
positive cells in KO mice after spinal cord injury. Exercise pre-
vents regressive changes in the motor neurons and dendrites in
transected spinal cords (Gazula et al., 2004). Neuron loss may
also be greater in KO mice as a result of greater locomotor im-
pairment in these mice.

Comparison with other KO mice studies

Two other knock-out mice studies compared locomotor scores
after spinal cord contusion. One (Abe et al., 2003) studied mice
that were deficient in tissue plasminogen activator, whereas
the other studied mice that were deficient in matrix
metalloproteinase-9 (Noble et al., 2002). These two studies found
better locomotor recovery in KO than WT mice. Both of these
genes show peak expression at 24 h after spinal cord contusion
injury. OPN expression peaks 3—7 d after spinal cord compres-
sion in mice (Hashimoto et al., 2005a). The slower time course of
OPN expression suggests that OPN may play a role in the
recovery.

Several studies compared locomotor scores in knock-out mice
after dorsal hemisection. Kerr and Patterson (2004) studied re-
covery from dorsal hemisection in mice with leukemia inhibitory
factor deficiency, and Goldshmit et al. (2004) studied mice that
lacked EphA4. Casha et al. (2005) studied the responses of FAS-
deficient rats to clip compression injury. In both EphA4- and
FAS-deficient mice, locomotor scores after spinal cord lesion
were better in KO than WT mice. FAS deficiency rescued more
neurons, and EphA4 deficiency prevented glial scar formation.

Our study of OPN-deficient mice showed worse locomotor
recovery because of greater neuronal loss and less white matter
sparing. Because we did not see astroglial scar difference, in-
creased macrophages/microglia, or CD3-immunoreactive area,
we can ascribe worse locomotor recovery to tissue sparing.

In summary, OPN-deficient and wild-type mice were sub-
jected to spinal cord contusion injury using an NYU impactor
modified for mice. The impactor delivered consistent impacts to
the spinal cords. Lesion volumes calculated from total tissue po-
tassium concentration at 24 h did not differ significantly between
KO and WT mice. We selected 14 apoptosis-related genes or
neurotrophins for additional analysis by Q-RT-PCR. Bcl-2,
TNF-a, IL-1B, and IL-6 mRNAs were downregulated in KO
compared with WT mice. Locomotor performance for 6 weeks
was assessed by BMS score and found to be significantly lower in
KO than WT mice. BMS scores of KO mice never exceeded those
of WT mice for 6 weeks after injury. At 6 weeks, histological
studies revealed greater NeuN-positive neuron loss and less
spared white matter area in KO than WT mice. These data suggest
that OPN is beneficial for recovery from spinal cord injury.
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