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DAKO, Glostrup, Denmark) at 20°C for 10 min. This was
followed by reaction with the following primary antibod-
ies, respectively, at 4°C overnight: monoclonal anti-pro-
liferating cell nuclear antigen (PCNA) antiserum (mouse,
PCIO, NC-012, Lot. 499, Novocastra Laboratory,
Newcastle, United Kingdom); polyclonal anti-S-100 protein
(rabbit, Lot. 089Ec, DAKQO); monoclonal anti-chondroitin-
4-sulfate proteoglycan (mouse, Di-4S, Lot. 93901, Seikagaku
Kogyo, Tokyo). The sections were further reacted with LINK
(biotinylated anti-mouse and anti-rabbit immunoglobulins in
PBS, containing carrier protein and 15 mM sodium azide,
LSAB kit, DAKO) at 20°C for 60 min, and allowed to react
with streptavidin solution (streptavidin conjugated to horse-
radish peroxidase in Tris~HCI buffer, LSAB kit, DAKO) at
20°C for 30 min. To visualize the peroxidase color reaction,
the sections were incubated with DAB solution (DAB,
CBO090, Dojin Chemicals, Kumamoto, Japan) at 20°C for
10 min. Nuclear counterstaining was carried out with hema-
toxylin). Sections stained for chondroitin 4-sulfate proteo-
glycan were pretreated with chondroitinase ABC (Lot.
KFE94801 Seikagaku Kogyo), and then reacted with avidin-
FITC (Lot. 090617, E.Y. Laboratory, San Mateo, CA) after
reacting with the streptavidin solution. The FITC fluorescence
was observed under a confocal laser scanning microscope
(CLSM, LSM-GB, Olympus, Tokyo). Argon laser was used as
the light source with 488 nm as the excitation light The FITC
image was superimposed on the differential interference
image on the background histology.

Alkaline phosphatase staining

Tissues were prepared for ALP staining according to the
method described by Watanabe and Fishman [30]. The entire
vertebral column was dissected en bloc and bisected sagit-
tatly in the median plane followed by fixation in 10% buf-
fered formaldehyde for 24 h at 4°C, and further decalcified
for 4-7 days in 0.5 M EDTA at 4°C. The 10 um frozen
sections were allowed to thaw in a reaction solution con-
taining 10 mg naphthol AS-BI phosphate acid sodium salt
(Lot. CAN9061, Wako Chemicals) and 10 mg Fast red violet
LB salt (Lot. 07911PT, Andrich, UK) dissolved in 20 ml
0.05 M Tris—HCI buffer. After washing with water, nuclear
counterstaining was carried out with hematoxylin, and
mounted with glycerin (Lot. SDQI161, Wako Chemicals).

Results

H&E stained sections with casting of microvascular
meshes

In 22-week-old twy/twy mouse, there were osseous lesions
in the longitudinal ligament between both upper and lower

vertebral columns, compared to control mouse (Fig. 1). At
the age of 6 weeks, the volume of the nucleus pulposus in
the intervertebral discs of all regions of tivy/nwy mice began
to increase causing herniation into the anterior and pos-
terior regions, although the nucleus moved mainly in the
latter direction. Herniation of the nucleus pulposus subse-
quently caused irregular rupture of the annulus fibrosus
cartilaginous tissue. The ruptured annulus fibrosus carti-
laginous cells showed reactive hyperplasia, and the fine
meshes of new capillaries were elongated from the enthesis
portions toward the tops of the protruded annulus fibrosus
cartilaginous tissues (Fig. 2a). Further enlargement of the
nucleus pulposus was noted with time; at the age of
18 weeks, twy mice showed a cluster of primitive mesen-
chymal cells resembling osteoblasts in the vicinity of
newly formed vascular meshes in the longitudinal liga-
ments, both anteriorly and posteriorly and the fronts of the
protrusions of reactively hyperplastic annulus fibrosus
invaded the longitudinal ligaments, accompanied by a
more abundant capillary network (Fig. 2b). At 22 weeks of
age, the enlarged nucleus pulposus with herniation, and the
rupture of the annulus fibrosus became extremely promi-
nent, with marked increase in the number of osteoblast-like
primitive mesenchymal cells. The herniated nucleus pul-
posus merged with the proper nucleus pulposus located in
the center of the intervertebral disc. At this stage,
enchondral ossifications began to develop in the cartilagi-
nous cells at the fronts of the protruded and ruptured
annulus fibrosus. Furthermore, ossification also occurred
near the clusters of osteoblast-like cells at this stage, and
both ossifications, enchondral and membranous, fused
together forming osseous bridges in the longitudinal liga-
ment between the upper and lower vertebrae (Fig. 2c).

Immunohistochemical staining

PCNA-positive cells began to appear in 6-week-old
rwy/nwy mice, and continued to be observed there among the
annulus fibrosus cartilaginous cells surrounding the herni-
ated nucleus pulposus and those at the fronts of protrusions
and invasions into the longitudinal ligaments (Fig. 3a). In
rwy/twy mice older than 18 weeks, when the fronts of
ruptured annulus fibrosus invaded the longitudinal liga-
ments, large numbers of PCNA-positive cartilaginous cells
were detected in the longitudinal ligaments (Fig. 3b). The
calcium binding protein, S-100, was strongly and specifi-
cally positive in the annulus fibrosus cartilaginous cells and
in the hypertrophic cartilaginous cells in the endplate at all
ages. The cartilaginous cells invading the longitudinal
ligaments protruding from the ruptured annulus fibrosus
cartilaginous tissue in twy mice were also all positive for
S-100 protein and increased with nwy/nwy mouse aging
(Fig. 3¢, d). The chondroitin 4-sulfate proteoglycan was
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Fig. 1 Photographs showing hematoxylin and eosin (H&E) staining
of 22-week-old nvy/nvy mouse cervical spine samples (a) and ICR
mouse as a control (b). Compared with a control mouse, there are
osseous lesions in the longitudinal ligament between both upper and

lower vertebral columns in twy/nvy mouse. VB vertebral body,
AF annulus fibrosus, NP nucleus pulposus, OS osseous bridge,
PLL posterior longitudinal ligament (arrow heads), magnification
x40

Fig. 2 Photographs showing hematoxylin and eosin (H&E) staining
with casting of vascular meshes. In 6-week-old nvy/nvy mouse, the
ruptured annulus fibrosus with newly produced fine meshes of
capillaries (arrowhead) from the enthesis (a). In 18-week-old nwy/nvy
mouse, hyperplastic annulus fibrosus invades the longitudinal
ligament, together with abundant capillary meshes (arrow heads)
(b). In 22-week-old nvy/swy mouse, enlargement of nucleus pulposus

strongly positive in all layers of the cartilaginous tissue of
the endplates at all ages, but only weakly positive in the
annulus fibrosus cartilaginous tissue. However, the matrix
of the herniated nucleus pulposus, and the protruded
annulus fibrosus cartilaginous cells with the matrix, were
strongly positive for chondroitin 4-sulfate proteoglycan in
the nwy/twy mice older than 18 weeks (Fig. 3e, f).

Alkaline phosphatase staining

ALP staining known to be positive for osteoblasts was
strongly positive in the hypertrophic cartilaginous cells in
the endplate. At 6 weeks of age, osteoblast-like primitive
mesenchymal cells appeared in the amorphous cartilagi-
nous tissue within the posterior part of intervertebral disc
(Fig. 4a). At 10 weeks of age, ALP-positive osteoblast-like
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with herniation and rupture of the annulus fibrosus cartilaginous
tissue. Many osteoblast-like primitive mesenchymal cells are present.
The herniated nucleus pulposus is continuous with the proper nucleus
pulposus. Osseous bridges in the longitudinal ligament between both
upper and lower venebral columns (¢). VB vertebral body, AF annulus
fibrosus, NP nucleus pulposus, OS osseous bridge; magnification
x 100 (a—¢)

cells were markedly increased within the posterior longi-
tudinal ligament and the intervertebral disc posteriorly
(Fig. 4b). At 22 weeks of age, a number of ALP-positive
small osteoblast-like mesenchymal cells were decreased
with forming osseous bridges in the longitudinal ligament
between the upper and lower vertebrae (Fig. 4c).

Discussion

The present histological study characterized the localiza-
tion and expression of some factors related to the mecha-
nism of cervical OPLL in the hereditary spinal hyperostotic
mouse; fHwy/twy mice. The main findings of our study
were: (1) the volume of the nucleus pulposus increased in
all intervertebral discs causing anterior and posterior
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Fig. 3 Photographs showing immunohistochemical staining for pro-
liferating cell nuclear antigen (PCNA) (a, b), S-100 protein (c, d),
chondroitin 4-sulfate proteoglycan (e, f). PCNA-positive cells started
to appear in 6-week-old nwvy/nvy mice around the nucleus pulposus
(a). In 18-week-old nvy/nvy mouse, the number of annulus fibrosus
cartilaginous cells surrounding the herniated nucleus increased and
those existing at the fronts of protrusions and invasions into the
longitudinal ligament were positive for PCNA (b). The ruptured

fibrosus cartilaginous cells and those invading the longitudinal
ligament are positive for S-100 protein and increased with age (e,
d). The matrix of herniated nucleus pulposus and the protruded
annulus fibrosus cartilaginous cells with the matrix became strongly
positive for chondroitin 4-sulfate proteoglycan with nvy/swy mouse
aging (e, ). VB veriebral body, AF annulus fibrosus, NP nucleus
pulposus; magnification x200 (a—f)

Fig. 4 Abundant ALP-positive cells (arrows) are found in 6-week-
old nvy/nwy mouse (a), and the ALP-positive cells demonstrated an
extensive increase in number in 10-week-old nwy/nvy mouse (b). In
22-week-old nwy/nwy mouse (¢), the ALP-positive cells are decreased

in number with forming osseous bridges. VB vertebral body, AF
annulus fibrosus, NP nucleus pulposus, OS osseous bridge; magni-
fication x 100 (a—¢)
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herniation at 6 weeks of age. The cartilaginous tissue of the
annulus fibrosus was disrupted and showed regenerative
proliferation with PCNA-positive cartilaginous cells. These
cells were S-100 positive and the matrix was positive for
chondroitin-4-sulfate proteoglycan, indicating the devel-
opment of calcification; (2) over the age of 10 weeks, the
regenerative cartilaginous tissue of the annulus fibrosus
reached the posterior longitudinal ligament together with
neovascularization and appearance of PCNA-positive pro-
liferating primitive mesenchymal cells, These cells were
considered to be osteoblasts since they were positive for
ALP. Together, the serial analysis indicates that OPLL in
nvy/twy mouse is triggered by the enlargement of the
nucleus pulposus followed by herniation, disruption and
regenerative proliferation of annulus fibrosus cartilaginous
tissues. In addition, the calcification and ossification of the
longitudinal ligaments in fwy/nvy mice as a model of
human OPLL seem to be primarily due to genetic abnor-
malities of mucopolysaccharides metabolism of the verte-
bral nucleus pulposus.

BMP-2 and TGF-§ are thought to be involved in the
development and/or progression of OPLL lesions. BMP-2
is produced in certain clusters of mesenchymal cells within
the posterior longitudinal ligament at levels close to the
intervertebral disc and endplate. Abnormal proliferation of
chondrocytes (mostly fibrocartilage cells) is thought to
contribute to the development of the early stages of ossi-
fication [11]. On the other hand, TGF-§1 plays important
roles in the proliferation of fibroblast-like cells in the his-
tologically torn posterior longitudinal ligament, fibroblasts
within the non-calcified layer of the endplate cartilage and
chondrocytes of the calcified zone of the endplate, thus
enhancing the calcification process and ossification [11].
Within the severely degenerated posterior longitudinal
ligament, a high turnover of chondrocytes and fibroblasts
occurs, together with a marked proliferation of small blood
vessels, particularly in the region close to the enthesis [10].
In human subjects showing hypertrophy of the posterior
longitudinal ligament and OPLL, there is an associated
proliferation of fibrocartilage and fibroblast-like cells
within the ligament prior to ossification [24]. In this regard,
the metaplastic proliferative fibrocartilage [13] may also
play an important role in early ossification. Moreover,
Mine and Kawai [17] have reported that undifferentiated
fibroblast- and chondrocyte-like mesenchymal cells within
the degenerated ligaments undergo early calcification of
the supraspinous ligament, together with the proliferation
of irregularly shaped fine collagen fibrils and the increased
activity of acid mucopolysaccharide. In the present study,
significantly large numbers of fibroblast- and osteoblast-
like mesenchymal cells were noted within the posterior
longitudinal ligament. These cells were also present in
enthesis close to the markedly degenerated intervertebral
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discs posteriorly. These findings suggest that cellular pro-
liferation contributes to the early development of OPLL.

Degeneration of the cervical intervertebral disc and
vertebral endplate is thought to contribute to the progres-
sion of OPLL [15, 27]. In human subjects, histological
studies have shown a high prevalence of posterior degen-
eration of intervertebral disc and a significant cleft for-
mation and fragmentation, in the presence of ossified
lesions (12, 27]. On the other hand, typical features of the
cartilaginous endplate include a markedly irregular cleft
and fissure formation as well as derangement of the cal-
cified layer of the endplate. Although loss of ALP-positive
cells is possible during histological processing of the
samples, the presence of a high-ALP activity in this region,
which subsequently ossifies, can be a sign of progressive
enchondral ossification. The present results indicated that
in the nwy/twy mouse, development of enchondral ossifi-
cation within the posterior part of the endplate occurs in
close association with the membranous ossification pro-
cess, which was most significant in the enthesis of the
posterior longitudinal ligament. It is possible that these two
ossification processes may occur simultaneously in the nwy/
twy mouse in close association with changes in matrix
proteins constituting the cartilaginous endplate, such as
chondroitin 4-sulfate proteoglycan or other proteoglycans
[31]. Furthermore, a reconfirmation of the expression of
genes related to osteogenesis, angiogenesis, and cell pro-
liferation during an ossification process would be of great
interest for future studies.

In conclusion, we showed that enlargement of the
nucleus pulposus followed by herniation, disruption and
regenerative proliferation of annulus fibrosus cartilaginous
tissues participated in the initiation of ossification of pos-
terior longitudinal ligament in fwy/twy mouse. In this
regard, the cells of the protruded hyperplastic annulus fi-
brosus invaded the longitudinal ligaments and seemed to
induce neovascularization and metaplasia of primitive
mesenchymal cells to osteoblasts in the spinal ligaments of
twy/rwy mice.
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echanical compression of the spinal cord can cause
neural tissue damage, reduction of neuronal cell activ-
i tity and protein synrhesis, and neuronal cell death
by necrosis and apoptosis. Several reports have indicated that
apoptosis of neurons and glial cells occurs rapidly at the level
and vicinity of a traumatic insult and is followed by a second-
ary pathological cascade of injury in the damaged spinal cord.'
Apoptotic oligodendrocytes are also found along the longitudi-
nal axis of the spinal cord, both proximally and caudally away
from the original level of injury, which contributes to delayed
and prolonged demyelination and deterioration of motor
function.3*%7 Because prevention of apoptosis after spinal cord
injury may potentially contrihute to restoration of the spinal
cord neural tissue and improvement of sensorimotor function,
some clinical trials have attempted to suppress apoptotic cell
death after spinal cord injury with various degrees of success 3!

The targeting of neurotrophic genes by retrograde trans-
port of adenoviral vectors (AdVs) through peripheral nerves
and/or targeted muscles is less invasive with the potential
for repeat administration'?? than the direct administration
of gene delivery vectors into neural tissues by intrathecal,
intracerehroventricular, or intraparenchymal infusion.’® This
retrograde approach has been used for potentially therapeu-
tic gene delivery and experimental treatments of injured cen-
tral nervous system tissue, including the spinal cord.’'7 In
this context, our group has confirmed the feasibility of gene
transfer of AdV-mediated brain-derived neurotrophic factor
{BDNF) to spinal accessory motor neurons vig axons inner-
vating the sternomastoid muscle to rescue selective motor
neurons damaged by acute spinal cord injury.’®?

On the contrary, chronic mechanical compression of the
cervical spinal cord may ultimately result in an irreversible and
profound mortor paresis due to dysfunction, neuronal loss, and
demyelination at and around the leve] of spinal cord compres-
sion in a fashion different from acute spinal cord injury.® In a
series of studies, > our group examined chronic spinal cord
damage using the tiptoe-walking Yoshimura (2uwy/ftzoy) mouse,*
a unique animal that develops spontaneous spinal cord com-
pression at the C1-C2 vertebral level, which resembles human
myelopathy. We reported previously that after the age of 18
weeks, the spinal cord in fzry/trry mice becomes spontaneously
and chronically compressed to less than 50% of its normal
transverse area; this compression was associated with a pro-
gressive reduction in the number of anterior horn cells quan-
tified through a standard labeling method and an increase in
the presence of apoptotic spinal cord cells, decreased usage of
neurotrophins in autocrine and paracrine interactions, axonal
demyelination and the loss of axons in the white matter. 23?723
This i vivo model system thereby provides an opportunity to
explore novel modes of neuroprotection against the deleterious
effects of chronic mechanical compression of the spinal cord.

This study was designed to investigate the feasibility of tar-
geted gene delivery by retrograde transport after injections of
adenovirus vectors into the sternomastoid muscles of twy/tiwy
mice and to examine the neuroprotective effects of the AdV-
BDNF gene delivered in such a manner to spinal neural cells
subjected to chronic mechanical compression.

2126  www.spinejournal.com

MATERIALS AND METHODS

Animal Model and Intramuscular Injection of AdV
The AdV vectors carrying the BDNE (AdV-BDNF) or
B-galactosidase (AdV-LacZ} genes were prepared according
to the instructions provided by the supplier of the Adenovirus
Expression Vector Kit {Takara Biomedicals, Ohtsu, Japan).

The Ethics Review Committee for Animal Experimenta-
tion of Fukui University approved the experimental protocol.
Spinal hyperostotic fiwy/tury mice (aged 18 weeks; 22-36 g;
Central Institute for Experimental Animals, Kawasaki, Japan;
n = 72) were used in all experiments, Mutant fwy/fwy mice
were maintained by brother-sister mating of heterozygous
Institute of Cancer Research (ICR) mice (+/twy). The dis-
order is inherited in an autosomal recessive manner and the
homozygous hyperostotic mouse is identified by a character-
istic tiptoe walking at 6 to 8 weeks of age, but no congenital
neurological abnormalities are detected at that age. The tuy/
twy mouse exhibits spontaneous calcified deposits posteriorly
at the C1-C2 vertehral level, producing compression of the
spinal cord between C2 and C3 cord segments. The calcified
mass grows progressively with age particularly in the atlanto-
axial membrane, causing profound motor paresis at the age of
20 to 24 weeks (Figure 1) with a genetal ankylosis of joints.
Heterozygous ICR mice (+/fwy) do not exhibit spontancous
calcified deposits or compression of the spinal cord; these ani-
mals {n = 4) were also used as control animals to determine
whether the spinal compression that occurs in twy/tawy mice
influenced AdV-LacZ transfection by retrograde delivery.

The mice were anesthetized and then fixed in a supine
position on a stereotaxic surgical table. The ventral aspect of
the neck was sterilized followed by longitudinal incision to
expose the sternomastoid muscles bilateraily, medial to the
salivary glands. Using a surgical microscope, branches of the
spinal accessory nerves innervating the muscles were carefully
preserved. Using a microsyringe (Hamilton, Reno, NV), 25
wL of AdV-encoding LacZ (x10% PFU) (n = 38) or BDNF
(X108 PFU) (n = 34) was injected carefully and slowly bilat-
erally into the middle belly of the superficial layer of each of
the sternomastoid muscles simultaneously. The mouse was
then allowed to recover from anesthesia and housed under
a 12- to 12-hour light-dark cycle in a bacteria-free bioclean
room with access to water and food ad libitum.

Table 1 summarizes the numbers of ty/twy and +/wy
mice that were injected with AdV-BDNF and/or AdV-LacZ
and how these mice were subsequently analyzed.

Tissue Harvesting and Gross Tissue Morphology

Four weeks after the intramuscular injection of AdV-LacZ
and AdV-BDNF into twyftwy mice, or after AdV-LacZ
injection into ICR mice, each mouse was deeply anesthetized
and the cervical spinal cord was perfused and then fixed in
4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS) and postfixed in the same fixative (24 hours), 10%
sucrose in 0.1 M PBS {24 hours) and 30% sucrose in 0.1 M
PBS (24 hours). Segments of the spinal cord between the
pyramidal decussation and C3 segment were embedded in
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Figure 1. Photographs showing hematoxylin and eosin (H&E)-stained
sagillal (A) and transaxial (B) sections of the cervical spine and the
spinal cord in 22-week-old twy/twvy mice. Calcified lesions originaling
from the atlantoaxial membrane in these mice grow progressively with
age, compressing the spinal cord between C2 and C3 segments Jater-
ally or posteriorly. SC indicates spinal cord; VB, verlebral body. Scale
bar = 500 pwm. *Calcified lesions.

optimal cutting remperature compound and cut on a cryostat
into serial 25-pm thick transverse frozen sections. Hematoxy-
Jin and eosin and luxol fast blue staining were performed to
evaluate the gross morphology and to determine the extent
of the compressed site of the spinal cord on sagittal and axial
tissue sections {n = 2 sections in each orientation per group).

Immunchistochemistry

For immunofluorescence staining, the harvested tissue sec-
tions were incubated at 4°C with polyclonal rabbit antibod-
ies against B-galactosidase (1:10,000; Abcam plc, Cambridge,
UK), active caspase-3 (1:200; Abcam plc), active caspase-8
{1:100; Abcam plc), active caspase-9 (1:100; Abcam plc),
p7SNT (1:100; Abcam plc), and 200 kD Neurofilament Heavy
(NE, 1:1000; Abcam plc). Each of the aforementioned anti-
bodies was diluted (as indicated) in Antibody Diluent with
Background Reducing Components (Dako Cytomation, Car-
pentaria, CA). A fluorescein-conjugated goat antirabbit sec-
ondary antibody (Alexa Fluor 488, 1:250; Molecular Probes,
Eugene, OR) was used to detect immunopositivity for these

Spine

AdV-LacZ-
AdV- injected
AdV-LacZ- BDNF- heterozy-
injected injected gous ICR
twy/twy twy/twy {(+/twy)
mice mice mice
Gross morphology (H&E staining)
Axial section 2
Sagittal section 2
Distribution of B-galactosidase expression, LFB staining
4 4 J 4
Suppression of apoptosis
TUNEL staining 6 6
Immunostain- | 12 (3 foreach | 12 (3 for each
ing (caspase, staining) staining)
P75NTR)

Immunoblot analysis (caspase, p75~™)
2 | 2 ]
Evaluation of NF and NG2

Axial section 6 (3 foreach |6 (3 for each
staining) staining)

Sagittal section |4 (2 for each |4 (2 for each
staining) staining)

AdV indicates adenovirus vector; BDNF, brain-derived neurotrophic factor;
ICR, institute of Cancer Research; H&E, hematoxiline & eosin; LFB, luxol fast
blue; NE neurofilarnent; TUNEL, tenininal deoxynucleotidyl transferase-me-
diated dUTP-biotin nick end labeling.

markers. The sections were then iacubated with monoclonal
mouse antibodies specific for different cell types as follows:
neuronal nuclei (NeuN: 1:400; Chemicon International,
Temecula, CA) as a neuronal marker; reactive immunology
protein {RIP;1:100,000; Chemicon International) for mature
oligodendrocytes; glial fibrillary acidic protein (GFAP: 1:400;
Chemicon International) for astrocytes; microglia monoclonal
antibody (OX-42, CD11b, 1:400; Abcam plc) for microglia;
and NG2 (1:400; Chemicon Intetnarional} for chondreitin
sulfate proteoglycans present on oligodendroglial progenitor.
Immunopositivity for these markers was identified using a
fluorescein-conjugated goat antimouse antibody {Alexa Flour
568, 1: 250; Molecular Probes, Eugene, OR}), which has emit-
tance ata different wavelength to the secondary antibody indi-
cated earlier. For all of the aforementioned analyses, tissue sec-
tions were harvested from a minimum of 3 animals per group.

The TUNEL Technique for the Detection of Apoptosis

Deoxyribonucleic acid (DNA) fragmentation was detected
by terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP-biotin nick end labeling (TUNEL}, using ApopTag
Plus Fluorescein In Situ Apoptosis Detection kit (Chemicon
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International). The procedures used were performed exactly
as described in rhe kir manual. The reaction with TdT was
terminated by washing the sections with stop-wash buffer for
2 hours at 37°C. Antidigoxigenin-Fluorescein was applied for
30 minutes at room temperature. Some sections were coun-
terstained with nuclear marker DAPI (Abbott Molecular, Des
Plaines, IL).

Microscopy

All the images were obtained via fluorescence microscopy
(Olympus AX80; Tokyo, Japan) or confocal laser scanning
microscopy (model TCS SP2; Leica Instruments, Nusslosh,
Germany).

Immunoblot Analysis of the Caspase

Apoptotic Pathway

Upper cervical spinal cord segments between the pyramidal
decussation and C3 segment, including the maximally com-
pressed site, were obtained from the twy/twy mice 4 weeks
after the retrograde injection of AdV-LacZ (n = 2 animals)
or AdV-BDNF (n = 2 animals) and stored in liquid nitro-
gen. The tissue samples were solubilized in RIPA buffer (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 20 pg/mL leupeptine, and 1
mM phenylmethylsulfonylfluoride), homogenized, and then
stored at —80°C. The protein concentration of samples was
measured using the Bio-Rad DC protein assay kit (No. 500-
0116; Bio-Rad Laboratories, Hercules, CA) and then equal
amounts of protein {80 wg/mL) subjected to SDS-PAGE (15%
gels) and Western blotting, using standard techniques. Pro-

tein-blotted membranes were washed twice in PBS contain-
ing 0.05% Tween 20, blocked in §% skim milk for 1 hour
(to prevent nonspecific binding) and subsequently probed
with polyclonal antibodies specific for active caspase-3 (1:20;
Abcam plc), active caspase-8 (1:10; Ahcam plc), active cas-
pase-9 (1:10; Abcam plc), or anti-p75N™® (1:10; Abcam plc)
overnight at 4°C. After washes in PBS/Tween 20, immuno-
reactivity for each of these primary antibodies was detected
using enhanced chemiluminescence, with a secondary biotin-
Jabeled antirabbit immunoglobulin G antibody and avidin-
biotinylated peroxidase complex (1:200; Envision System-
HRP Labeled Polymer, Dako Cytomation). The blotted
membranes (PE Applied Biosystems, Foster, CA) were then
stripped and reprobed for B-tubulin levels (Abcam ple) to
demonstrate equal loading and protein transfer.

Quantitation of TUNEL, NF, and NG2
Immunoreactivity

To quantify the TUNEL-positive areas, NF-positive areas, and
NG2-positive areas within the spinal cord, digitized images
of the axial tissue sections were obtained. Six cross-sectional
images were randomly selected (out of 10-15 obtained) from
each of 3 segments of the spinal cord, that is, the site of maxi-
mal compression (between C2 and C3 dorsal roots), the site
that was immediately rostral to tbe site of maximal compres-
sion {between C1 ventral and C2 dorsal roots), and the site
that was immediately caudal to the site of maximal compres-
sion {between C3 and C4 dorsal roots). The immunopositive
area in these digitized images for each fluorescence stain was
then determined using grain counting, with the light intensity

DAPI/B-galactosidase

DAPI/B-galactosidase
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Figure 2. Photomicrographs showing LFB staining
(A and C) and immunofluorescence (B and D) for 3-
galaclosidase in lhe control ICR mice (A and B) and the
twy/twy mice (C and D) 4 weeks afler retrograde Adv-
LacZ injection. DAPY/B-galaclosidase-posilive cells are
distributed mainly in the gray matter of the spinal cord
in the ICR mice {A and B), whereas in the twy/twy mice
they are widely present in both gray and while matters
at the site of maximal compression (C and D). Scale bar
= 500 pwm. ICR indicates Instilule of Cancer Research;
LEB, luxol fast bive.
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set automatically by a color image analyzer (MacSCOPE;
Mitani, Fukui, Japan). For TUNEL immunoreactivity, the
results have been given as relative values, in which the value
for TUNEL immunoreactivity in the site of maximal compres-
sion of AdV-LacZ~injected mice was taken as 100%. The use
of these automated systems limited the potential for interpre-
tative bias in results obtained.

Statistical Analysis

The Mann-Whitney U test was used to compare both the
relative expression values in TUNEL staining and also differ-
ences in NF and NG2 immunostaining in each region of AdV-
LacZ and AdV-BDNF-injected twy/twy mice. All values were
expressed as means * standard error of the mean. P values of
less than 0.05 have denoted the presence of a significant dif-
ference between groups.

ICR/AdV-LacZ

twy/AdV-LacZ

RESULTS

B-galactosidase Expression in the Compressed Spinal

Cord of twy/twy Mice After Retrograde Gene Delivery
Immunofluorescence-staincd axial tissue sections were eval-
uated for retrograde gene delivery in control ICR and #wy/
tawy mice spinal cords injected with the AdV-LacZ adenoviral
vector. B-galactosidase (LacZ)-expressing cells were observed
in the gray matter in control ICR mice (Figure 2A, B),
whereas they were observed in both the gray and white mat-
ters of the spinal cord of twy/wy mice (Figure 2C, D). To
identify the distribution of transfected cells in detail, dual
immunolabeling was also performed for cell-specific markers
and B-galacrosidase. In the twy/ftwy mice, the expression of
B-galactosidase appeared not only in neurons (NeuN-positive
cells), but also, in oligodendrocytes (RIP positive), astroglial

ICR/AdV-LacZ ICR/AdV-LacZ

A \

Figure 3. Photomicrographs show double-stained immunofluorescence for B-galactosidase and cell-specific markers in the spinal cord of the
control ICR mice (A) and the twy/twy mice 4 weeks after retrograde AdV-LacZ (B) and AdV-BDNF (C) injections. Although expression of B-
galaclosidase was evident in only neurons (NeuN), including the cervical spinal moloneurons, in the control ICR mice (A) B-galactosidase im-
munoreactivity could be seen not only in NeuN but also in oligodendrocytes (reactive immunology protein [RIP)), astroglial cells (glial fibrillary
acidic protein [GFAP]), and microglia (OX-42) at the site of maximal compression after retrogradle gene delivery of AdV-LacZ (B) or AdV-BDNF
(©) in the twy/twy mouse. White arrowheads indicate colocalization (yellow) of B-galactosidase (green) and each cell-specific marker (red). Scale
bar = 10 um. ICR indicates Instilute of Cancer Research; BDNF, brain-derived neurotrophic factor.
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cells {GFAP positive), and microglia (OX-42 positive) at the
site. of maximal compression after retrograde AdV-LacZ
(Figure 3B) and AdV-BDNF (Figure 3C) gene delivery. In
contrast, the expression of B-galactosidase was evident only
in neurons (NeuN-positive cells), including the cervical spinal
motor neurons, in the control ICR mouse (Figure 3A).

Retrograde AdV-BDNF Gene Delivery Protects Spinal
Cord Neurons and Oligodendrocytes From Apoptotic
Cell Death
Immunohistological analyses were performed to assess the
effects of retrograde AdV-BDNF compared with AdV-LacZ
{control) gene delivery on the apoptotic cell death pathway in
cells in the compressed spinal cord of the #wy/twry mice. The
number of TUNEL-positive cells was decreased in the gray and
white matters of the spinal cord after AdV-BDNF injection
{Figure 4B) compared with AdV-LacZ injection (Figure 4A).
Quantitative image analysis demonstrated that there was a
significant proportional decrease in TUNEL immunopositivity
{per cross-sectional area), at both the sites of maximal com-
pression and also the sites rostral and dorsal to that compres-
sion, in the spinal cords of AdV-BDNF-injected twy/twy mice
comnpared with AdV-LacZ—injected troy/twwy mice (Figure 4C).
We compared the protein expression levels and distrihu-
tion of active caspase-3, caspase-8, caspase-9, and p7SN™®
after retrograde AdV-BDNF versus AdV-LacZ gene delivery
by immunoblotting of extracted proteins and immunohis-
tology of tissue sections. Protein levels of active caspase-3,
caspase-8, caspase-9, and p75N™ were decreased after AdV-
BDNF injection compared with AdV-LacZ injection in immu-
noblot analysis (Figure SA). In addition, there was decreased
immunoreactivity for active caspase-3, -8, -9, and p75N™ in
the neurons (NeuN-positive cells) and oligodendrocytes (RI1P-
positive cells) of AdV-BDNF-injected mice compared with
AdV-LacZ-injected mice (Figure 5B-Q). This evident protec-
tion of compressed spinal neurons and oligodendrocytes from
the apoptotic cell death pathway was further indicated by
immunostaining for NF (neuronal) and NG-2 (oligodendro-
cyte precursor) as markers, where quantitative image analysis
demonstrated significant increases in NF-immunoteactivity
(Figure 6) and NG2-immunoreactivity (Figure 7) in the AdV-
BDNF injected compared with AdV-LacZ injected twy/twy
mice, rostral and caudal to the compression site but not in the
compression site itself.

DISCUSSION

This study has used an in vivo model to examine the feasi-
bility of retrograde gene delivery using adenovirus vectors
into mechanically compressed cervical spinal cord tissues
and, further, to determine the effects of induced BDNF gene
expression delivered in sucb a manncr. The main findings of
the study are the following:

1. Retrograde gene delivery of the LacZ marker gene via the
bilateral sternomastoid muscles succeeded in tranfecting
the cervical spinal neurons and glial cells including oligo-
dendrocytes in twy/twy mice.
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Figure 4. Photomicrographs showing TUNEL immunofluorescence
slaining at the site of maximal compression in the spinal cord of the
twy/twy mice aller AdV-LacZ gene (A) and AdV-BDNF gene (B) trans-
fection. The prevalence of apoptotic (TUNEL-posilive) cells in lhe
AJV-BDNF gene-injecled twy/twy mice was lower than thatl seen in
twy/twy mice injecled wilh the AdV:LacZ gene. The areas of TUNEL
positivily (indicating the presence of apoptotic cells) at all 3 anatomic
siles measured in Lhe vicinity of the compressed spinal cord were sig-
nificanlly smaller in the AdV-BDNF gene-lransfecled twy/twy mice
{n = 6) than in the AdV-LacZ gene-transfecled twy/twy mice (n = 6)
(C). Dala are mean = SD. *P < 0.01. Scale bar = 500 um (A and B).
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