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Spinal cord injury
pathy (CSM) is the most common cause of spinal cord dysfunction in adults in
Western society. Paradoxically, relatively little is known about the pathobiological mechanisms associated
with the progressive loss of neural tissue in the spinal cord of CSM patients. In this report we have utilized
the twy/twy mutant mouse, which develops ossification of the ligamentum flavum at C2–C3 and exhibits
progressive paralysis. This animal model represents an excellent in vivo model of CSM. This study reports
novel evidence, which demonstrates that chronic extrinsic cervical spinal cord compression leads to Fas-
mediated apoptosis of neurons and oligodendrocytes which is associated with activation of caspase-8, -9 and
-3 and progressive neurological deficits. While surgical decompression will remain the mainstay of
management of CSM, molecular therapies, which target Fas-mediated apoptosis could show promise as a
complementary approach to maximize neurological recovery in this common spinal cord condition.

© 2008 Elsevier Inc. All rights reserved.
Introduction
Cervical spondylotic myelopathy (CSM) is the most common cause
of spinal cord dysfunction in people over 55 years of age. Spinal cord
compression may occur due to narrowing of the spinal canal by
osteophytes, ossification of the posterior longitudinal ligament
(OPLL), or disc protrusion (Baptiste and Fehlings, 2006; Bohlman
and Emery, 1988; Swagerty, 1994; McCormack and Weinstein, 1996;
Fehlings and Skaf, 1998). CSM is an intractable disease that progresses
slowly over time and displays clinical manifestations of cervical spinal
cord compression including gait disturbance, clumsiness and par-
esthesia of the hands, along with signs of pyramidal and posterior
column dysfunction, can culminate in tetraparesis or tetraplegia
(Nakamura et al., 1999). Individuals possessing narrow cervical canals,
who develop OPLL, are also susceptible to developing CSM. The
resulting compression andmechanical restriction placed on the spinal
cord microvasculature likely initiates infarction of the gray matter,
ascending demyelination in the posterior columns and descending
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Room 4W-449, 399 Bathurst
03 5298.
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demyelination in the lateral columns and proliferation of hyalinized
small blood vessels (Yu et al., 1988). Despite this current knowledge of
the pathobiological events occurring in OPLL and CSM, considerable
uncertainty remains regarding the molecular mechanisms for the
progressive loss of neurons, oligodendrocytes and demyelination in
the spinal cord in these disorders. Moreover, while there is
speculation that ischemia, excitotoxicity and oxidative stress could
result in induction of apoptosis in CSM, direct evidence for these
mechanisms is lacking (Bracken et al., 1998).

The study of the pathobiological mechanisms of spinal cord
dysfunction related to CSM has been impaired in the past by the lack
of good in vivo models. This has changed with the recent characteriza-
tion of the Tip-toeWalking Yoshimura (twy/twy) mouse; an autosomal
recessive mutant. The twy/twy mouse has a spontaneous mutation in
the nucleotide pyrophosphatase (Npps) gene, and develops calcification
of the ligamentum flavum posteriorly at the C2–3 vertebral level as a
result, which causes cervical spinal cord compression and neurological
dysfunction. The neurological deficits observed in the twy/twy mouse,
which include paraparesis and spasticity, mimic those seen in human
CSM due to OPLL (Tanno, 1992; Okawa et al., 1998a, b; Uchida et al.,
1998). In the present study, we report that the neurobehavioral deficits
of twy/twy mice are associated with neuronal and oligodendroglial
apoptosis. Moreover, we report for the first time that this unique
animal model of OPLL and CSM is associated with perilesional Fas
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receptor activation, which results in the induction of downstream
effector pro-apoptotic caspases.

Materials and methods

Breeding and identification

All experimental protocols of this study were approved by the
animal care committee of the Toronto Western Hospital Research
Institute in accordance with the policies established in the guide on
the care and use of experimental animals prepared by the Canadian
Council of Animal Care. All mice used in this study were obtained from
a breeding colony of twy/twy mouse stock in the Central Institute for
Experimental Animals (Kanagawa, Japan). Homozygous hyperostotic
mice were maintained by brother–sister mating of heterozygous
Institute of Cancer Research (ICR) mice (+/twy). The ossification
disorder is inherited as an autosomal recessive condition. Homo-
zygous hyperostotic mice were identified by a characteristic tip-toe
walking pattern which typically commences at 3 weeks of age. No
underlying neurodevelopmental abnormalities have been described
in homozygous twy/twy mice (Uchida et al., 1998). The calcified mass
grows progressively with age within the ligamentum flavum,
particularly between vertebral segments of C2 and C3, causing
profound motor paresis which progresses between 4–7 months.
Thus, the twy/twy mouse represents an appropriate model for
examining the effects of chronic non-traumatic mechanical compres-
sion of the cervical cord, producedwithout any artificial manipulation.

The mice were kept at a temperature of 20 °C and exposed to
alternate light/dark periods of 12 hours (h). Following the brother–
sister breeding process twy/twy, +/twy and age-matched ICR control
mice were identified through polymerase chain reaction (PCR)
amplification of genomic tail DNA. Oligonucleotide primers (5′-
ATCGATTTGTCTGGTCTCGG-3′, 5′-CAGCCGAGGTCATTGGAT-3′; AGCT
Corp, Toronto, ON) were used to amplify genomic DNA encompassing
the nonsense mutation (glycine 568 to a stop codon) within the
nucleotide pyrophosphatase (Npps) gene, which functions to regulate
soft tissues calcification. The PCR reaction profiles were as follows:
denaturation at 90 °C for 30 s, annealing at 55 °C for 30 s and extension
at 72 °C for 30 s, for 35 cycles. The twy/twy mutation was confirmed
upon the generation of a Tsp509I (New England Biolabs Inc, Ipswich,
MA) restriction site and DNA digestion of the amplified PCR products.

Histological analysis

Twy/twy and +/twy and ICR control mice were intracardially
perfusion-fixed with 4% paraformaldehyde in 0.1 M phosphate buffer
under deep anaesthesia with sodium pentobarbital (50 mg/kg
Somnotol; MTC Pharmaceuticals, Cambridge, ON). The spinal cords
were subsequently postfixed in perfusing solution plus 10% sucrose
overnight at 4 °C. Then, the spinal cords were cryoprotected in 20%
sucrose in PBS for 24 h at 4 °C. A 1 cm length of the cervical spinal cord
segments for transverse and all spinal cords for sagittal sections (4 and
5 month old mice) were separated and embedded within Tissue-Tek®
Optimal Cutting Temperature compound (O.C.T; Sakura Finetek U.S.A.,
Inc., Torrance, CA) and stored at 80 °C.

Serial transverse and sagittal spinal cord sections (10 μm) derived
from twy/twy, +/twy and ICR (n=4/group) were prepared. Transverse
sections taken at 500 μm intervals were selected for staining with
hematoxylin and eosin (H&E)/Luxol Fast Blue (LFB) to readily identify
the injury epicenter. The injury epicenter (see Figs. 1F and G), which
occurred at C2–3, was identified by establishing the site of the
maximal lesion and minimal preserved neural tissue on review of
serial H&E/LFB stained sections. Additionally, sagittal sections of the
head and spine from twy/twy and ICR mice (n=2/group) were
decalcified with 20% EDTA (pH=7.4) in phosphate buffer for 3–
4 days. After decalcification, the head and spine were bisected along
their long axis. Tissues were embedded in paraffin blocks and cut
serially in 8 μm sections. Transverse and sagittal sections were then
stained with H&E/LFB to examine general morphological features of
the spinal cord and myelinated integrity, respectively.

Magnetic resonance imaging (MRI)

All MRI experiments were conducted with a General Electric (GE)
SIGNA 3 Tesla/94 MRI magnet (General Electric Medical Systems,
Milwaukee) equipped with a 3 inch diameter surface coil for
radiofrequency transmission and reception. Four month-old homo-
zygous twy/twy mice (n=2) and an ICR mouse (n=1) were each
sacrificed with a single intraperitoneal overdose of Somnotol before
being placed in a prone position within the MR unit. Sagittal spinal
cord images were acquired using the following T2 weighted sequence:
repetition time (TR)=3000 ms, effective echo time (TE)=84 ms, slice
thickness=1.5 mm, field of view (FOV)=64 cm2, matrix=384 Hz
frequency and 224 phase with a total number of averages (NEX)=12.

Immunohistochemical analysis

Frozen sections were blocked with 1% BSA and 5% nonfat milk with
0.3% Triton X-100 for 1 h. The following primary antibodies were used:
rabbit anti-Fas and anti-FasL (1:100; Santa Cruz Biotechnology, Santa
Cruz, CA), mouse anti-NeuN (1:1000, Chemicon International Inc,
Temecula, CA), oligodendrocyte-selective mouse anti-2′, 3′-cyclic
nucleotide 3′-phosphodiesterase (CNPase; 1:200; Sternberger Mono-
clonals Inc., Lutherville, MA), mouse anti-adenomatous polyposis coli
(APC; 1:40 Calbiochem, La Jolla, CA), astrocyte-selective rabbit anti-
glial fibrillary acidic acid protein (GFAP; 1:100; Sigma-Aldrich, St.
Louis, MO) and macrophage/microglia-selective rat anti-F4/80 (1:100;
Santa Cruz Biotechnology) antibodies in blocking solution overnight at
4 °C. The slides were washed in PBS three times and incubated with
fluorescent Alexa 594 or 488 anti-mouse, anti-rabbit or anti-rat
secondary antibodies (1:200; Sigma-Aldrich) for 1 h. Staining
specificity was determined both by omitting the primary antibody
and by competing the primary antibody with its corresponding
peptide prior to incubation.

Analysis of apoptosis

To confirm the presence of cell death by an apoptotic-like
mechanism in spinal cord sections derived from twy/twy and ICR
mice, we performed in situ labeling of TUNEL-positive nuclei using the
ApopTag® Peroxidase Detection Kit (Chemicon) and the in situ cell
death detection kit, TMR red (Roche Diagnostics GMbH, Roche Applied
Science, Mannheim, Germany) according to the manufacturer's
instructions. Briefly, TdT was used to catalyse the addition of
digoxigenin-peroxidase or fluorescein labeled nucleotides to free 3′-
OH ends of the fragmented DNA in transverse and sagittal spinal cord
sections. As a negative control to assess the specificity of this procedure,
selected sections were stained in the absence of TdT for ApopTag®
Peroxidase Detection Kit (Chemicon). Afterwards, anti-digoxigenin-
peroxidase or fluorescein solution was applied on the sections. The
peroxidase reaction was developed upon adding diaminobenzidine
(DAB) with hydrogen peroxide. The in situ cell death detection kit, TMR
red (Roche Applied Science, Mannheim, Germany), was used on both
the transverse and sagittal spinal cord sections.

Double staining

Following TUNEL, Fas or FasL staining, the sections were incubated
overnight at 4 °C with one of the following cell-specific markers:
neuron-selective NeuN (anti-neuronal nuclei, 1:500; Chemicon), oligo-
dendrocyte-selective anti-CNPase (1:100; Chemicon) or anti-APC (1:40;
Calbiochem, La Jolla, CA) respectively. Sections were washed three



Fig. 1. Genetic, histopathological and imaging characterization of twy/twy mice. PCR amplification of the Npps codon derived from ICR control, heterozygous +/twy and homozygous
twy/twy mice was followed by digestion with the restriction enzyme Tsp509I. The ICR allele yields a single 221 bp fragment, whereas +/twy and twy/twy yield three (221, 132 and
89 bp) and two (132 and 89 bp) fragments respectively (A). Transverse sections of cervical spinal cords in 5 month old ICR control (B), +/twy (C) and twy/twy (D) were stained with
H&E and LFB; Scale bar=200 μm. Sagittal sections of cervical spines in a 4 month old ICR (E) and aged-matched twy/twy mouse (F and G: high magnification) confirmed ectopic
ossification and posterior compression along the ligamentum flavum, particularly between C2 and C3 (F, arrow) of the cervical spinal cord. Sagittal T2-weighted MRI showed at a
5 month old ICR control (H) and aged-matched twy/twy mouse with notable cervical spinal cord compression resulting from ectopic ossification (arrowhead; I).
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times with PBS and incubated with fluorescent Alexa 594 or 488 goat
anti-mouse or anti-rabbit or goat anti-rat secondary antibodies (1:200;
Molecular Probes) for 1 h at room temperature. As negative controls,
the same procedure was performed without primary antibodies.
Following immunostaining, all of the sections were coverslipped with
Mowiol containing 4′, 6-diamidino-2-phenylindole (DAPI) to counter-
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stain the nuclei. The images were taken using Nikon Eclipse E800 light
and Zeiss LSM 510 META confocal microscopes (Thornwood, NY).

Cell quantification

The number of neurons, oligodendrocytes and astrocytes, and the
proportion of Fas or FasL positive neurons, oligodendrocytes and
astrocytes were assessed blindly. We immunostained two tissue
Fig. 2. Neuronal changes in twy/twy mice. NeuN-positive neurons were identified in comp
mutant twy/twy (C) and age and area-matched ICR control, +/twy mice (A and B). Scale ba
selected representative areas (E): at the segment rostral to area of compression between C1 an
at the segment caudal to the compressive lesion between C3 and C4. There was a significant
5 month old twy/twy mice when compared to ICR and +/twy mice (D) (n=4/group). The num
and caudal to the injured epicenter in 5 month old twy/twy mice when compared to ICR a
compression. As a further control, neurons were quantified from the sections taken from the
neurons counts in regions of the cord remote from the zone of compression. Western blotting
NF200 expression in twy/twy mice when compared with ICR and +/twy which was confirme
actin expression (n=5/group).
sections per animal of the sagittal sections derived from twy/twy,
+/twy and ICR control mice (n=4/group). The number of neurons
and oligodendrocytes per mm2 and the proportion of Fas or FasL
positive neurons, oligodendrocytes and astrocytes were selected
from three representative areas (Fig. 2E): the rostral region at the
segment rostral to the compression between C1 and C2 ventral
roots (1 mm); the compressed epicenter at the site of maximal
compression C2 and C3 ventral roots (1 mm); and the caudal region at
ressed epicenter of sagittal sections of cervical spinal cords derived from 5 month old
r=100 μm. The number of NeuN-positive neurons per mm2 was quantified from three
d C2; from the compressed epicenter at the site of maximal compression C2 and C3; and
reduction in the number of NeuN-positive neurons per mm2 in compressed epicenter in
ber of NeuN-positive neurons per mm2 was significantly increased in the region rostral
nd +/twy mice (D), likely reflecting a constant number of neurons in a zone of partial
thoracic cord of twy/twy and ICR control mice. This analysis showed no difference in the
(F) of spinal cord tissue derived from the C2–3 region demonstrated reducedMAP2 and

d by quantification of densitometry of MAP2 (G) and NF200 (H) protein bands relative to
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the site of the segment caudal to the compression lesion between C3
and C4 ventral roots (1 mm). The region between the C2 and C3
ventral roots was considered the “epicenter” in all three mouse lines
studied. The area between the C1 and C2 ventral roots was considered
the rostral region, and the area between the C3 and C4 the caudal
region. To confirm that there were no underlying differences in neuron
counts in non-compressed regions of the spinal cord, we examined
sections from the thoracic cord between the thoracic 9 and 10 ventral
roots in ICR, +/twy and twy/twy mice. All regions studied were 1 mm
in length, and sections were taken from the same areas in ICR, +/twy,
and twy/twy mice. Digital images were captured from 4 random fields
per section in three different regions of the rostral, epicenter and
caudal spinal cord portions of the sagittal sections in twy/twy mice
and region-matched in ICR and +/twy mice. The images were taken at
10× magnification for neurons and 25× magnification for oligoden-
drocytes and astrocytes using a Zeiss LSM 510 META confocal laser
scanning fluorescence microscope. ImageJ software (developed at the
National Institute of Health, Bethesda, MD) was used to delineate the
area from which the numbers of NeuN-positive and APC-positive cells
and the proportion of Fas or FasL positive neurons, oligodendrocytes
and astrocytes were counted. Values were averaged to a single
parameter per animal. The results were expressed as the number of
neurons and oligodendrocytes per mm2 and the proportion of Fas or
FasL positive neurons, oligodendrocytes, and astrocytes. The mean
density of GFAP expression was calculated using ImageJ Software
(Bethesda, MD).

The number of TUNEL-positive cells and the proportion of TUNEL
positive neurons, oligodendrocytes, and macrophages were selected
from the epicenter of the sagittal sections, at the site of maximal
compression at C2 and C3 (n=4 each group). Digital images from 3
random epicenters were taken at 25× magnification using a Zeiss
LSM 510 META confocal laser scanning fluorescence microscope.
TUNEL-positive cells in sagittal sections of spinal cord were
quantified. The results were expressed as the number of total
TUNEL positive cells and the proportion of TUNEL positive neurons,
oligodendrocytes, and macrophages as identified by the nuclear
staining dye, DAPI.

Western blot analysis

To obtain total protein, 1 cm long spinal cord samples centered at
the injury site from twy/twy, +/twy and ICR mice (n=5/group) were
individually homogenized in 5 mM Tris–HCI (4 mM EDTA, pH 7.4,
containing 1 μM pepstatin, 100 μM leupeptin, 100 μM phenylmethyl-
sulfonylfluoride, and 10 μg/ml aprotinin) and were cleared by
centrifugation at 10,000 g for 10 min at 4 °C. Protein concentrations
were determined by the Lowry method (Bio-Rad Laboratories,
Hercules, CA). Approximately 30 μg of protein was run on a
discontinuous SDS-PAGE gel and transferred to a nitrocellulose
membrane. The membranes were blocked with 5% skim milk in TBS
containing 0.05% Tween 20 and then incubated with the following
primary antibodies: (1) rabbit anti-NF200 (1:1000, Sigma); (2) mouse
anti-microtubule associated protein-2 (MAP2,1:200, Sigma); (3) mouse
anti-β-actin (1:400, Chemicon); (4) rabbit anti-Fas and (5) goat anti-
caspase-8 (1:100 and 1:200, respectively; Santa Cruz); (6)mouse anti-
FasL (1:500, BD Biosciences PharMingen, San Diego, CA); (7) rabbit
anti-caspase-9 and (8) cleaved caspase-3 (Cell Signaling Technology,
Beverly, MA).

Following the primary antibody incubation, membranes were
incubated with horseradish-peroxidase-linked anti-rabbit, anti-
mouse (1:2000, Sigma) or anti-goat secondary (1:4000, Chemicon)
antibodies. Protein bands were then visualized using the enhanced
chemiluminescence (ECL) detection system (Amersham Biosciences
Inc, Buckinghamshire, UK) and exposed to film. To quantify the
amount of protein, the bands were first determined to be within the
linear range of the radiographic film, and optical densities were then
determined by measuring the integrated optical density across the
band using Gel Pro analysis software (Media Cybernetice, Silver
Spring, MD). Densitometric valueswere normalized to those of β-actin
(1:400; Sigma).

Immunoprecipitation

To detect endogenous interactions between Fas, FasL and caspase-8,
spinal cord tissues derived from twy/twy, +/twy and ICR mice (n=
4/group) were homogenized in RIPA buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 100 μg/ml PMSF, 10 μg/ml aprotinin and
10 μg/ml sodium orthovanadate in PBS) and centrifuged at
12,000 rpm for 10 min. The supernatant (200 μg of protein) was
pre-cleared by incubation with protein G-agarose (Santa Cruz) and
normal rabbit IgG for 2 h at 4 °C. The samples were incubated
overnight at 4 °C with 2 μg of either anti-Fas, anti-caspase-8 or anti-
FasL antibodies before being incubated with protein G-agarose for
1 h at 4 °C. Co-precipitated proteins were then detected using the
Western blot techniques described previously.

Footprint analysis

Walking track footprint analysis was modified from the method
described by de Medinaceli et al. (1982). The animals' forepaws and
hindpaws were immersed in non-toxic red and green dyes, respec-
tively. The mice (n=10/group, 4 and 5 months of age) were then
permitted to walk across a narrow wooden board, with dimensions
approximately 1 m long and 7 cm wide, from a brightly illuminated
starting box leading to a darkened box containing their familiar
housing mates. The footprints were then scanned, and digitized
images were measured using Photoshop version 7.0 (Adobe Systems,
Ottawa, ON). Toe spread was measured as the distance between the
first and fifth toe in the forepaw, while interlimb coordination was
measured as the distance between the ipsilateral forepaw (center of
pad) and hindpaw (center of pad).

Statistical analysis

Significant differences in cell counts and Western blot data were
analyzed using repeated-measures ANOVAusing the SPSS SigmaStat 3.0
statistical package (Aspire Software International, Leesburg, VA).
Significant differences in neurobehavioral testing between the ICR and
twy/twywere determined using unpaired t-tests. All data are expressed
as mean±SEM. The criterion for significance was set at pb0.05.

Results

Characterization of the twy/twy mouse

PCR amplification of the coding region for Npps DNA derived from
4 month-old ICR mice and digestion with Tsp509I demonstrated a
single band corresponding to a 221 bp fragment. In contrast, Tsp509I
digestion of amplified DNA derived from +/twy and twy/twy mice
resulted in multiple fragments. Heterozygous +/twy mice demon-
strated three distinct bands corresponding to 221, 132 and 89 bp,
while homozygous twy/twy mice displayed two bands corresponding
to 132 and 89 bp (Fig. 1A).

Histopathological and MRI findings

Following tissue processing and staining with H&E and LFB, we
did not detect any discernable morphological differences between
the ICR control and +/twy mice (Figs. 1B, C and E). However, H&E and
LFB staining of transverse (Fig. 1D) and sagittal (Figs. 1F and G) spinal
cord sections derived from twy/twy mice demonstrated both
posterior and anterior horn atrophy and demyelination in the most
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severely damaged spinal cords in twy/twy mice. Analysis of the
sagittal spinal cord sections from twy/twy mice revealed ossification
of the ligamentum flavum at C2–C3, producing severe spinal cord
compression (Figs. 1F and G). These histopathological findings were
not present in ICR control and +/twy mice (Figs. 1E and C). Moreover,
representative post-mortem T2-weighted MRI of sagittal sections
derived from twy/twy mice confirmed cervical ossification and
spinal cord compression at C2–C3 (Fig. 1I).

Neuronal density is altered in twy/twy mice

The number of neurons per mm2 was significantly reduced within
the severely compressed epicenter (at C2–C3) of the spinal cords of
Fig. 3. Changes in the number of oligodendrocytes in twy/twy mice. APC-positive oligoden
cords derived from 4 month old mutant twy/twy (C) and age and area-matched ICR contro
labeling with GFAP was undertaken to rule out the possibility that APC labeled astrocytes. No
in the number of APC-positive oligodendrocytes permm2 in compressed epicenter in 5month
the number of APC-positive oligodendrocytes per mm2 was significantly increased in the ros
and +/twy mice (E). Western blot analysis confirmed that CNPase expression derived from 4
compared to ICR and +/twy mice (F). Actin protein levels indicate an equal amount of prote
5 month-old twy/twy mice (Figs. 2C and D) when compared to ICR
(Figs. 2A and D; p=0.001) and +/twy mice (Figs. 2B and D; p=0.005).
The density of NeuN-positive neurons per mm2 (Fig. 2D) was
significantly increased in the moderately compressed rostral
(p=0.001) and caudal (p=0.022) regions in twy/twy mice when
compared to ICR mice, a finding which reflects a constant number of
neurons in a smaller tissue volume. To confirm that there were no
underlying differences in neuron counts in non-compressed regions of
the spinal cord, we examined sections from the thoracic cord between
the thoracic 9 and 10 ventral roots in ICR, +/twy and twy/twy mice.
There was no difference in neuronal density in the thoracic cord (a
region free of compressive pathology) between ICR mice and twy/twy
mice (Fig. 2D). In order to validate the immunohistochemical data,
drocytes were identified in compressed epicenter of sagittal sections of cervical spinal
l and +/twy mice (A and B). In order to confirm the specificity of the APC antibody, co-
cells which were APC-positive co-expressed GFAP (D). There was a significant reduction
old twy/twymicewhen compared to ICR and +/twymice (E). In addition, the number of

tral and caudal to injured epicenter in 5 month old twy/twy mice when compared to ICR
and 5 month old twy/twy mice was significantly decreased in injured epicenter when
in loaded in each lane.
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Western blotting with quantitative densitometric analysis was under-
taken. Consistent with the immunohistochemical findings, Western
blot analysiswith anti-MAP2 and anti-NF200 confirmed protein bands
with molecular masses of to 300 and 200 kDa, respectively, in 4 and
5 month old ICR, +/twy and twy/twymice (Fig. 2F). The levels of MAP2
and NF200 derived from cervical segments of 4 (p=0.006 and
p=0.001) and 5 (p=0.002 and, p=0.004) month old twy/twy mice
were significantly reduced in comparison to ICR controls. Also, the
levels of MAP2 and NF200 derived from cervical segments of 4
(p=0.022 and p=0.001) and 5 (p=0.003 and, p=0.011) month old twy/
twy mice were significantly reduced in comparison to +/twy mice
(Figs. 2F, G and H).
Fig. 4.GFAP positive astrogliosis in the compressed region of the cervical cord of twy/twy mice
from 5 month old ICR (A and B) and aged-matched mutant twy/twy mice (C and D). Quanti
Analysis of oligodendroglial changes in the spinal cord lesion site of
twy/twy mice

Previous reports have shown that anti-APC immunohistochemistry
can be used to selectively stain for oligodendrocytes (Dougherty et al.,
2000; Cao et al., 2005). To exclude potential labeling of astrocytes by
the anti-APC antibody, we performed double labeling immunohisto-
chemistry with anti-APC and GFAP antibodies. Our findings demon-
strated that GFAP-positive astrocytes were APC-negative, a result that
is in agreement with Dougherty et al. (2000) (Fig. 3D). Further
immunohistochemical analysis of 5 month old mice with anti-APC
antibodies demonstrated a reduction in the number of APC-positive
. GFAP-positive staining was identified in sagittal sections of cervical spinal cords derived
fication of mean density of GFAP-positive staining is expressed as the mean±SEM (E).
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oligodendrocytes per mm2 at the lesion epicenter in twy/twy mice
(Figs. 3C and E) in comparison to ICR mice (p=0.009) (Fig. 3A).
Interestingly, the number of APC-positive oligodendrocytes per mm2

was significantly increased in the uninjured rostral and caudal regions
Fig. 5. Fas expression in the cervical cord of twy/twymice. Immunohistochemical analysis wa
the lesion of 5 month old mutant twy/twy mice and age and area-matched ICR control mic
positive oligodendrocytes were identified in twy/twy (E and F) and ICR control (D) mice. In a
of sagittal sections between C3 and C4 derived from 5month old mutant twy/twy mice (H an
significant increase in the proportion of Fas positive cells in twy/twymicewhen compared to
relative to constitutively expressed actin for 4 and 5 month old animals are from n=5/grou
of twy/twy mice when compared to ICR mice (p=0.001 and p=0.043,
respectively; Fig. 3E). Consistent with the immunohistochemical
findings, Western blot analysis also showed that the levels of CNPase
expression in the spinal cord lesional tissue derived from 4 month old
s carried out on sagittal sections of cervical cord tissue derived from the region caudal to
e (A and D). This analysis demonstrates that neurons colocalize with Fas (B and C). Fas
ddition, GFAP positive astrocytes at site of the segment caudal to the compression lesion
d I) and age and area-matched ICR control mice (G) also co-labeled with Fas. Therewas a
ICR (J) (n=4/group).Western blot analysis demonstrates that Fas (K) densitometric ratios
p and are expressed as the mean±SEM ratio.
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twy/twy mice were significantly reduced in comparison to ICR controls
(p=0.024) (Fig. 3F). We also found that CNPase expression in the injury
epicenter derived from 4 (p=0.001) and 5 (p=0.005) month old twy/
twy mice was significantly decreased in comparison to heterozygote
(+/twy) mice (Fig. 3F).
Fig. 6. FasL expression and FasR/FasL interaction lead to caspase-8 activation via the extrinsic
caudal to the compression lesion of sagittal sections derived from a 5 month old twy/twy
colocalize with FasL. FasL positive oligodendrocytes were identified in twy/twy (E and F) and
was significantly increased in twy/twy mice in comparison to ICR controls (G). Equal amount
anti-caspase-8 antibodies. Fas/FasL (H) FasL/caspase-8 (I) and Fas/pro-caspase-8 (J) complexe
used to show equal initial amounts of protein loaded.
GFAP expression is altered in twy/twy mice

Immunohistochemical analysis demonstrated increased GFAP
expression in the spinal cord lesion penumbra zone of twy/twy mice
(Figs. 4C and D) in comparison to ICR mice (Figs. 4A and B). The mean
apoptotic pathway. Immunohistochemical analysis of cervical cord tissue in the segment
(B and C) and age and area-matched ICR control mice (A) demonstrates that neurons
ICR control (D) mice. Densitometric analysis demonstrated that Fas protein expression
s of protein lysate were subjected to immunoprecipitation using anti-Fas, anti-FasL and
s were notably increased in twy/twy mice. Bands corresponding to light-chain IgG were
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density of GFAP expression was significantly increased in the rostral
and caudal regions of 5 month old twy/twy mice when compared to
ICR mice and +/twy mice (p=0.001 and p=0.001 respectively; Fig. 4E).

Analysis of Fas expression

Fas-mediated cell death was investigated in the murine cervical
spinal cord following cell-specific labeling of neurons oligodendro-
cytes, and astrocytes with anti-NeuN, anti-APC and anti-GFAP
antibodies, respectively. Fas expression was found at very low levels
in 33±5.8% of neurons (Figs. 5A and J) (notably in 100% of motor
neurons in ICR and twy/twy mice), 20.03±4.85% of oligodendrocytes
(Figs. 5D and J) and a few GFAP positive fibers (Fig. 5G) in ICR mice. In
contrast, Fas immunoreactivity was highly expressed in 66.75±6.24%
of neurons (Figs. 5B, C and J), 29.51±2.67% of oligodendrocytes (Figs.
5E, F and J) and 5±0.58% of astrocytes (Figs. 5H, I and J) around the
lesion epicenter, the rostral, and the caudal regions in twy/twy mice.
Spinal cord sites remote from the C2–3 lesion in twy/twy mice
showed that 21.67±1.76% of astrocytes, 46.93±9.23% of oligoden-
drocytes and 42.25±1.9% of neurons were colabeled with Fas.
Western blot analysis of cervical murine spinal cord tissue with
anti-Fas antibody demonstrated protein bands with molecular
masses corresponding to 45 kDa (Fig. 5K). Densitometric analysis
revealed that Fas protein expression was significantly increased in 4
(p=0.004) and 5 (p=0.001) month old twy/twymice in comparison to
ICR controls (Fig. 5K). In comparison to ICR control mice, the relative
expression of Fas in the cervical cords of 4 and 5 month old +/twy
mice was not significantly different (Figs. 5J and K).

Analysis of FasL expression

We found that FasL expression in the gray matter of normal
spinal cord was very low (5% of neurons; Fig. 6A; 0% oligoden-
drocytes; Fig. 6D and 0% of astrocytes; not shown). In contrast, 60%
of neurons expressed FasL in the gray matter of chronically
compressed cervical spinal cords in twy/twy mice (Figs. 6 and C).
Scattered oligodendrocytes and astrocytes also expressed FasL in the
white matter at the epicenter as well as in the rostral and caudal
regions (Figs. 6EB and F). The pattern of expression of FasL in
astrocytes and oligodendrocytes rostral to the epicenter was the
same as that seen caudally (data not shown). Additionally, Western
blot analysis of cervical murine spinal cord tissue with anti-FasL
antibody demonstrated protein bands with molecular masses
corresponding to 37 kDa. FasL protein expression levels were also
significantly higher in 4 (p=0.002) month old twy/twy mice in
comparison to ICR controls (Fig. 6G).

Fas/FasL interactions mediate caspase activation in the compressed
cervical cord of twy/twy mice

The Fas death receptor is known to initiate apoptosis through the
assemblage of the Fas-associated death domain (FADD) and pro-
caspase-8, subsequent proteolytic cleavage of vital structural sub-
strates and initiation of a caspase cascade (Cutuli et al., 2000;
Charriaut-Marlangue, 2004). We performed immunoprecipitation to
assess the interactions between Fas/FasL, FasL/pro-caspase-8 and pro-
caspase-8/Fas in ICR, +/twy and twy/twy mice. Our findings
demonstrate increased interactions between Fas/FasL (Fig. 6H), FasL/
pro-caspase-8 (Fig. 6I) and caspase-8/Fas (Fig. 6J) in twy/twy mice
relative to both ICR and +/twy mice.

Activation of caspases-8, -9 and -3 in the compressed cervical spinal cord
segments of twy/twy mice

Catalytic processing of caspase zymogens into enzymatically active
cysteine proteases is a critical step inmost forms of apoptosis, whereas
caspase cascades leading to the activation of caspase-3 appears to be
important in the execution of apoptosis within the injured spinal cord
(Cutuli et al., 2000; Charriaut-Marlangue, 2004). Therefore we
performedWestern blot analysis to examine the expression of activated
caspases-8, -9, and -3 in ICR, +/twy and twy/twy mice. Major protein
bands withmolecular masses corresponding to 20 kDa (Fig. 7A), 39 and
37 kDa (Fig. 7B), and 19 and 17 kDa (Fig. 7C) were obtained from
5 month old twy/twy mice with antibodies selective for activated
caspase-8, -9 and -3, respectively. Densitometric analysis of the protein
bands demonstrated significant increases in caspase-8 activation
relative to ICR control (Fig. 7A, p=0.002) and +/twy mice (Fig. 7A,
p=0.005). Moreover, the levels of activated caspases-9 (Fig. 7B,
p=0.001 and 0.001) and -3 (Fig. 7C, p=0.049) were also increased
significantly in twy/twy mice compared to ICR and +/twy mice
respectively.

Neuronal and oligodendroglial apoptosis occurs in twy/twy mice

To investigate apoptosis we performed in situ TUNEL labeling of
cervical spinal tissue derived from ICR, +/twy mice and twy/twy. We
also performed a co-immunohistochemical labeling strategy employ-
ing TUNEL together with anti-NeuN or anti-APC antibodies, to
recognize neurons and oligodendrocytes, respectively. We found
that cervical spinal cord tissue derived from ICR control mice were
devoid of TUNEL-positive nuclei (Fig. 8A). In addition, cervical spinal
cord tissue derived from +/twy mice also failed to demonstrate any
TUNEL-positive nuclei (data not shown). In fact, TUNEL-positive nuclei
were only dispersed throughout the injured epicenter of twy/twy
mice (Fig. 8B). The number of the TUNEL positive cells was
significantly increased in the lesion epicenter of twy/twy mice when
compared to +/twy and ICR mice (p=0.001, respectively; Fig. 8C).
Quantification of TUNEL positive cells at the injury epicenter of the
sagittal sections derived from twy/twy mice revealed 17.8±2.91
(mean±SEM) TUNEL-positive nuclei (Fig. 8C). Quantification with
cell specific labeling revealed that 5% of the TUNEL positive cells were
neurons, 25% were oligodendrocytes and 35% were macrophages.
Clear double labeling could not be identified in the remaining 35% of
cells, potentially due to progressive degradation of cellular integrity.

Quantitative analysis of neurobehavioral deficits in twy/twy mice with
chronic spinal cord compression

To assess functional neurobehavioral outcomes in twy/twy mice
with chronic spinal cord compression, a footprint analysis was
undertaken with a quantitative assessment of perturbations in toe
spread capability and interlimb coordination. Footprints from ICR
mice revealed highly coordinated forelimb and hindlimb foot
placements (Fig. 9A). In contrast, twy/twy mice showed a reduced
ability to spread toes and increased interlimb coordination (Fig. 9B).
The differences in toe spreading (Fig. 9C) and interlimb coordination
(Fig. 9D) between ICR and twy/twy mice were significant (p=0.001) at
both 4 and 5 months. There was no significant difference in toe
spreading and interlimb coordination between 4 and 5 month old
twy/twy mice or between control (ICR) and +/twy mice.

Discussion

In this investigation we confirm ectopic ossification in the
ligamentum flavum of twy/twy mice at C2–C3 using histological and
MRI approaches. We show novel data that this model of compressive
cervical myelopathy is associated with neuronal and oligodendroglial
apoptosis with evidence of the induction of the Fas-mediated
apoptotic cascade including the activation of caspases-8, -9 and -3.
We also report preliminary quantitative neurobehavioral character-
ization of the motor abnormalities inherent to this animal model of
OPLL and CSM. These findings provide novel insights into the



Fig. 7. Caspase activation is found in the compressed spinal cords of twy/twy mice. Western blot analysis for protein levels of active caspase-8, caspase-9 and caspase-3 for 5 month
old mice. Results of active caspase-8 (A), caspase-9 (B) and caspase-3 (C) protein band densities normalized to that by constitutively expressed actin for ICR, +/twy and twy/twy mice
are from n=4/group and are expressed as the mean±SEM.
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pathobiological mechanisms CSM,which is themost common cause of
spinal cord impairment in man.

Pathobiology of CSM

CSM is a regional spinal cord and nerve root compression
syndrome where the neurological symptoms are primarily due to
changes intrinsic to the cord. The etiology of CSM is likely multi-
factorial and related to a congenitally narrow cervical canal,
progressive cervical spondylosis, physical spinal cord compression,
as well as to a reduction in blood supply leading to considerable
ischemia within the cord (Bohlman and Emery, 1988; Bracken et al.,
1998). The pathological features of CSM include central gray and
medial white matter degeneration and Wallerian degeneration of
posterior columns and corticospinal tracts rostral and caudal to the
site of compression, respectively. The anterior columns are relatively
spared, in comparison (Bracken et al., 1998; Baptiste and Fehlings,
2006). Evidence exists to suggest that interruption of the vascular
supply to the spinal cord via the sulcal and terminal vessels of the
anterior spinal artery may represent a significant component in the
etiology and pathophysiology of CSM (Breig et al., 1966; Hukuda and
Wilson, 1972; Doppman, 1975; Gooding et al., 1975). Considerable
uncertainty remains regarding the molecular mechanisms for the
progressive loss of neurons, oligodendrocytes and demyelination in
the spinal cord in CSM.

The neurological deficits observed in the twy/twy mouse mimic
those seen in human CSM and correlate with the histopathological
changes observed. Several investigators have previously reported that
chronic compression of the cervical spinal cord of twy/twy mice
results in loss of motoneurons of the injury epicenter (Baba et al.,
1996; Baba et al., 1997). Moreover, Uchida et al found enlargement of
the stroma between myelinated never fibers and numerous demye-
linated nerve fibers in the compressed cervical cord of twy/twy mice
(Uchida et al., 2002). In agreement with these findings, we have



Fig. 8. Apoptotic neurons and oligodendrocytes in the compressed cervical cord in twy/twy mice. Representative photomicrograph of sagittal sections at injury epicenter derived
from a 5 month old ICR control (A) and an aged matched twy/twy mouse (B) stained with TUNEL. Quantification of TUNEL positive nuclei from sagittal sections derived from ICR,
+/twy and twy/twy mice (C). Data are from n=4/group and are expressed as the mean±SEM. Double-labeling immunohistochemistry with TUNEL (E and H), anti-NeuN (D) and
anti-APC (G) antibodies were used to examine apoptotic neurons (F; arrows) and apoptotic oligodendrocytes (I; arrows) in the compression lesion of sagittal sections derived
from a 5 month old twy/twy mice.
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demonstrated a significant reduction in the number of oligodendro-
cytes and neurons, coupled with a dramatic increase in astrogliosis at
the lesion epicenter in the cervical spinal cord of twy/twy mice. To
relate the number of neurons in the peripheral zones to the
pathological mechanisms induced by the chronic compression, it is
necessary to know if the neuronal density is altered in twy/twy
mice in the uncompressed spinal cord of twy/twy mice. To this end,
we found that there was no significant difference between ICR mice,
+/twy and twy/twy mice in neuronal density of the thoracic spinal
cord. These results suggest that apoptotic cell death contributes
tissue degeneration in chronic compression and that the functional
neurological deficits in twy/twy mice are associated with loss of
neurons, oligodendrocytes, demyelination and reactive astrogliosis
in twy/twy mice.

There appear to be key differences in the histology of the spinal
cord of twy/twy and ICR mice. We demonstrate that the total number
of neurons and levels of MAP2 and NF200 at the injury epicenter were
significantly reduced in twy/twy mice. In contrast, the number of
neurons, oligodendrocytes and astrocytes was significantly increased
rostal and caudal to the injury epicenter. These findings are in
agreement with those of Uchida et al. (2002), who postulated that
BDNF and NT-3 may contribute to the enhanced neuronal and
astrocytic survival.

In our study, we compared ourMRI findingswith the histopathology
observed in twy/twy mice. These findings are of translational relevance
since MRI may be useful as a noninvasive tool to assess myelin and
axonal integrity in the cord. In the future, we plan to extend our initial
work using MRI by undertaking an investigation of the temporal
changes in the MRI features of the site of cervical cord compression in
twy/twy mice. Moreover, quantitative T2 maps to assess myelin
integrity and diffusion tensor imaging to trace axonal tracts could
provide further insight into the functional integrity of the cervical cord.



Fig. 9. Progressive ectopic ossification of the ligamentum flavum at C2–C3 in the twy/twy mouse is associated with neurological dysfunction. A comparison of the walking track
footprints for ICR control mice (A) and homozygous twy/twy mice was made (B). Quantification of distance between the first and fifth toe in the forepaw and ipsilateral forepaw
(center of pad) and hindpaw (center of pad) of each animal were calculated and plotted (C and D). Data are from 4 and 5month old mice (n=10mice/groups) and are expressed as the
mean±SEM.
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Role of Fas in central nervous system (CNS) disorders

The cross-linking of the Fas death receptor and the initiation of a
caspase cascade represent a potent extrinsic cue to induce apoptosis in
a wide range of tissues and lesion types, including spinal cord injury
(SCI) (Yoshino et al., 2004). Upon binding trimerized FasL, the Fas
receptor recruits the adapter protein FADD, along with pro-caspase-8
to form a death-inducing signaling complex (Matsushita et al., 2000;
Demjen et al., 2004). The formation of this complex initiates the
autocatalytic activation of pro-caspase-8 and the subsequent down-
stream processing of pro-caspase-3 via direct or indirect mitochon-
drial-dependent mechanisms involving caspase-8 mediated cleavage
of BH3 interacting domains resulting in the release of cytochrome c
and the ensuing activation of caspase-9 (Kuwana et al., 1998;
Stennicke et al., 1998).

A number of reports have demonstrated increased Fas expression
following SCI. Fas expression is increased within in neurons,
astrocytes and oligodendrocytes in the acutely compressed or
contused spinal cord (Casha et al., 2001; Zurita et al., 2001; Yamaura
et al., 2002; Demjen et al., 2004; Yoshino et al., 2004; Davis et al.,
2007). Deficiency of Fas (Yamaura et al., 2002; Yoshino et al., 2004;
Casha et al., 2005) and the neutralization of FasL had been shown to
result in reduced oligodendroglial cell death and improved behavioral
and histological outcomes after SCI (Demjen et al., 2004). Our findings
demonstrate that Fas/FasL expression is increased following chronic
non-traumatic compressive insults to the spinal cord, in agreement
with several reports of pathological CNS conditions including cerebral
ischemia (West et al., 2004) Alzheimer's disease (Yew et al., 2004) and
multiple sclerosis (Dowling et al., 1996). Immediately following acute
traumatic SCI in the rat, enhanced Fas expression occurs within the
gray matter, before being expressed almost exclusively in the white
matter 8–72 h post-injury (Zurita et al., 2001). Immunohistochemical
analysis of the injured spinal cords demonstrated that Fas-positive
cells residing in white matter exhibit characteristics of oligodendro-
cytes, a finding that further strengthens the hypothesis that Wallerian
degeneration and demyelination are associated with oligodendrocyte
apoptosis (Zurita et al., 2001). In addition to Fas expression by
oligodendrocytes, prior research from our laboratory has demon-
strated that Fas is also expressed in astrocytes and microglia, and that
caspase-8 and caspase-3 represent two participants within the Fas/
FasL signal transduction pathway that are activated following SCI with
a temporal profile similar to that of Fas expression and apoptosis
(Casha et al., 2001). In the present study on chronic non-traumatic SCI
pathobiology in the mutant twy/twy mouse we report that neurons
also express Fas.

Using immunoprecipitation techniques we were able to demon-
strate that the twy/twy mouse has increased interactions between
Fas, FasL and pro-caspase-8 relative to normal littermates. Moreover,
twy/twy mice also showed elevated levels of active caspase-8, -9, -3
therefore suggesting that the Fas/FasL signal transduction pathway in
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the twy/twy mouse coincides with caspase activation. Emery et al.
(1998) have demonstrated that, following an acute human traumatic
SCI, oligodendrocytes express caspase-3 and undergo apoptosis. We
demonstrate co-localization of TUNEL positive nuclei with NeuN in
addition to APC, thereby demonstrating apoptosis in neurons and in
oligodendrocytes in the chronic pathology of the twy/twy mouse.
Collectively, these findings are in agreement with the report by
Yamaura et al. (2002; Takenouchi et al., 2008), which showed that
TUNEL positive neurons and caspase-3 positive cells were observed
at the most compressed site of the cervical lesion in 6-month-old
twy/twy mice. Demyelination and TUNEL-positive cells have also all
been observed in the chronically compressed post-mortem spinal
cord of a deceased patient with OPLL (Yamaura et al., 2002). We
believe that apoptosis in both neurons and oligodendrocytes is an
important event which likely contributes to demyelination and
Wallerian degeneration, and thereby affects neuronal function and
survival, in the pathobiology of the twy/twy mouse.

Recent reports have suggested that apoptosis is a dominant
mechanism for cell death in CSM (Yamaura et al., 2002). On a cellular
level, neuronal and oligodendrocytic apoptosis likely precedes axonal
degeneration in CSM, as post-mortem analysis of both human and
animal spinal cord compression demonstrates apoptotic oligoden-
drocytes in the setting of intact demyelinated axons (Blight, 1985;
Bunge et al., 1993). Our data add to the evidence that apoptosis in
neurons and oligodendrocytes contributes to the pathobiology of
spinal cord degeneration in CSM.

Behavioral analysis

Lastly, the results of our walking footprint task analysis demon-
strate that neurological deficit exists in the adult twy/twy mouse.
Relative to ICR controls, we noted a severe inability of twy/twymice to
spread their toes or extend ipsilateral interlimbs over distances. This
neurobehavioral test was chosen as a straightforward measure to
quantify neurological deficit in the twy/twymouse. Although this is an
interesting result, it is preliminary, and more extensive behavioral
testing needs to be done in order to fully characterize the neurological
outcomes of chronic cervical spinal cord compression in this mouse.
We do anticipate, however, that the use of this functional task will be
practical for assessing the therapeutic efficacy of novel pharmacolo-
gical neuroprotective/regenerative approaches in the twy/twy mouse
for application to models of OPLL and CSM.

In conclusion, the results of this research provide evidence to
support Fas-mediated apoptosis as a contributing etiological mechan-
ism in the twy/twy mouse. The Fas cascade leads to activated caspase-
8, -9 and -3 and loss of neurons and oligodendrocytes, which
ultimately results in neurological dysfunction. We also report
preliminary quantitative neurobehavioral characterization of the
motor abnormalities in the twy/twy mouse. Ultimately, in addition
to decompressive surgery, strategies to inhibit Fas activity and
caspase-activation may potentially become useful neuroprotective
approaches for managing OPLL and CSM.
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