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ORIGINAL COMMUNICATION

Histological investigation

of spinal cord lesions

in the spinal hyperostotic mouse (twy/twy):
morphological changes
in anterior horn cells and immunoreactivity

to neurotropic factors

Abstract We examined the mor-
phology of spinal accessory mo-
toneurons and immunoreactivity to
neurotrophins, brain-derived neuro-
tropic factor (BDNF) and neuro-
trophin (NT)-3, as well as the pres-
ence of reactive astrocytosisin 70
tiptoe walking Yoshimura (twy) mice
that develop calcification at C1-C2
vertebral level compressing the
spinal cord. At the level of compres-
sion, the area of neuronal soma and
total length of dendrites of wheat
germ agglutinin-horseradish peroxi-
dase (WGA-HRP)-labelled accessory
motoneurons in the media cell pool
decreased significantly with decre-
ment in motoneuron population, rela-
tive to the control. In contrast, at
sites rostral to the compressive le-
sion, a significant enlargement of the
neuron soma and dendritic elonga-
tion were noted, associated with in-
creased motoneuron population and
decreased transverse area of the cord
at the level of compression. At this

site, enhanced BDNF and NT-3 im-
munoreactivities were evident in the
anterior horn cells. In mice with a
more severe degree of compression,
astrocyte-like cells showing BDNF
immunoreactivity became abundant
and axons in the anterior column
demonstrated a marked NT-3 im-
munoreactivity. Our results suggest
increased functional activity of ante-
rior horn cells at levels rostral to the
site of compression. We speculate
that the presence of BDNF and NT-3
in neurons and astrocyte-like cellsis
proportionate to the severity of
chronic mechanical compression and
may contribute to the heterotropic
neuronal reserve and survival.
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Introduction

Reductions in the transverse area of the cervical spinal
cord below 55-75% of the normal value by compressive
lesions may be associated with neurological deficits. Such
lesions may occur in avariety of diseases such as spondy-
losis, ossified posterior longitudinal ligament or herniated
intervertebral discs[7, 23, 31]. We have previously docu-
mented that a 40-50% reduction in the transverse area of
the cervical cord represents the critical threshold for

favourable post-operative neurological recovery [5, 6].
Other studies have shown that chronic compression of the
spinal cord results in atrophy and loss of anterior horn
cells associated with irreversible spina cord damage [2,
23, 28, 31]. Clinically, however, even in cases with severe
compression detected on radiological examination, de-
compression may result in favourable recovery from a
profound paresis. This unexpected outcome may be ex-
plained by the survival of agroup of motoneurons evenin
the presence of considerable mechanical compression.
Furthermore, morphological changes in the compressed
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cervical cord do not necessarily predict acute develop-
ment of paralysis [5, 6].

Using the tiptoe-walking Yoshimura (twy) mouse, a
unique model of spinal cord compression, we recently re-
ported a progressive decline in the number of anterior
horn cells when the transverse area of the cord decreased
to < 70% of the control, but there was no further decline if
the area of the cord was < 50% [4]. We also demonstrated
that a number of accessory motoneurons that were unaf-
fected by external compression translocated to a site ros-
tral to the compressive lesion [7].

In order to elucidate the mechanisms of neurona re-
serve and survival of anterior horn cells, we examined
morphological changes in spinal accessory motoneurons
of the twy mouse using wheat germ agglutinin (WGA)-
horseradish peroxidase (HRP)-labelled neurons. In the
presence of avariable degree of mechanical compression,
we also determined the topographic localisation of ex-
pression of brain-derived neurotropic factor (BDNF) and
neurotrophin (NT)-3, which have been used as markers of
motoneuron survival and neuronal plasticity [20, 37, 42].
We also determined the location of glial fibrillary acidic
protein (GFAP), a marker for reactive astrocytosis [14].

Materials and methods
Experimental animals

The present series of experiments was conducted in 70 twy mice
(Central Institute for Experimental Animals, Kawasaki, Japan)
aged 20 weeks with an average body weight of 28.5, 5.8 g (mean,
standard deviation). Mutant twy mice (twy/twy) were maintained
by brother-sister mating of heterozygous Institute of Cancer Re-
search (ICR) mice (+/twy). The disorder is inherited as an autoso-
mal recessive condition [4, 7], and the homozygous hyperostotic
mouse is identified by a characteristic tip-toe walking at 3 weeks
of age, but no congenital neurological abnormalities are present.
The mouse exhibits spontaneous calcified deposits posteriorly at
the C1-C2 vertebral level, which produce a variable degree of
compression of the spinal cord between segments C2 and C3 [4,
7]. The calcified mass grows progressively with age particularly in
the atlantoaxial membrane, causing profound motor paresis at 4—
7 months. The twy mouse is thus an appropriate model for exam-
ining the effects of atraumatic chronic mechanical compression of
the cervical cord, produced without any artificial manipulation of
the cord. The presence of a large calcified deposit was confirmed
in the present study by contact microradiography (Softex CMR,
Softex Inc., Osaka, Japan) and histologically when the animals
were killed. Eighteen ICR mice, age- and body weight-matched
with the twy mice, served as controls. The experimental protocol
strictly followed the Ethics Committee Guidelines for Animal Ex-
perimentation of our University (FMU).

Retrograde labelling of spinal accessory motoneurons
by wheat germ aggl utinin-horseradish peroxidase

For three-dimensional morphological examination of WGA-HRP-
labelled accessory motoneurons, 30 twy and 6 ICR mice were
studied. Following anaesthesia by intraperitoneal injection of
sodium pentobarbiturate (0.05 mg/g body weight), the sternomas-
toid muscles were identified bilaterally under a surgical micro-

scope. Branches of the spinal accessory nerves innervating the
muscles were carefully preserved. Using a microsyringe, 1.0 pl of
2.0% WGA-HRP (Toyobo, Tokyo) dissolved in TRIS-HCI buffer
(pH 8.0) was injected carefully into the middle of the superficial
layer of both sternomastoid muscles. The injection site was cov-
ered with sterilised vaseline to prevent any leakage of the WGA-
HRP from the injected site into the surrounding tissues. The ani-
mal was then allowed to recover from anaesthesia. Thirty-six
hours later, the mouse was reanaesthetised, and the right cardiac
auricle was exposed through an anterior thoracotomy and perfused
with 100 ml of 4% paraformaldehydein 0.1 M phosphate-buffered
saline solution (PBS; pH 7.3) and 0.5% glutaraldehyde solution.
The spinal cord segment extending between the lower medulla ob-
longata and C5 segment was removed en bloc immediately after
perfusion through a microsurgical craniotomy and laminectomy.
The neural tissue was stored in 0.1 M PBS containing 30% sucrose
at 4°C for 36 h. Seria 50 um-thick transverse frozen sections were
prepared in each mouse, and after drying at room temperature, all
sections were serially mounted on glass slides and stained accord-
ing to the method described by Mesulam [30]. Using this method,
WGA-HRP-labelled accessory motoneurons stained dark blue
with tetramethylbenzidine and counterstained with neutral red.

Three-dimensional quantitative analysis
of spinal accessory motoneurons labelled
by wheat germ aggl utinin-horseradish peroxidase

We used the cytoarchitectonic method described by Kitamura and
Sakai [24] for identifying and classifying mouse cervical cord mo-
toneurons, as outlined in our previous publications [4, 7]. WGA-
HRP-labelled accessory motoneurons are classified into three ma-
jor divisions, the medial, ventrolateral and dorsolateral motoneu-
ron cell pools. The medial cell pool (groups 1-3) of the twy mouse
located between the pyramidal decussation and C3 cord segment is
severely compressed by the calcified lesion. Accordingly, in the
present study, quantification and morphometric analysis of the me-
dial motoneuron cell pool were conducted on three-dimensional
longitudinal mapping of the cell pool. To minimise the possible ef-
fect of mechanical artefacts and tissue shrinkage of the cord in a
craniocaudal direction during histological processing [7, 28], we
examined the distribution and morphology of al WGA-HRP-la-
belled accessory motoneurons in the media cell pool at the cord
segment between the pyramidal decussation (the segment immedi-
ately rostral to the C1 ventral root) and the level of the C3 dorsal
root. All WGA-HRP-labelled accessory motoneurons in the me-
dial cell pool on the left and right sides, with clearly identifiable
perikarya and dendrites, were serially observed and counted under
the microscope (Labophoto 2Y 2B, Nikon, Tokyo) (Fig. 1a-d). Us-
ing a drawing tube attachment (Nikon, Tokyo), al 500 magnified
neurons were traced and stored on a Macintosh Quadra 650 com-
puter (Apple, Cupertino, Calif.) using the NIH image software
(version 1.59; Ohlandorf Research, Ottawa, Ont.) for measurement
of neuronal morphology. Using the methods described by Clai-
borne et al. [11] and Albers and Meek [1], al traced motoneurons
were topographically examined with regard to arborisation of neu-
rons (number, area of neuron soma) and dendrites (number of den-
dritic segments, maximum branch order, total and maximum den-
dritic length). The relationship between the degree of compression
and these morphological changes of motoneurons was examined.
In several mice (twy, n = 24; ICR, n = 5), images of WGA-
HRP-labelled accessory motoneurons were processed using the
three-dimensional computerised neurona reconstruction system
[41], developed at the Department of Physiology of our University
(FMU) in cooperation with Kogaku (Tokyo) and Nikon. This
analysis allowed visualisation of the stereotaxic image of dendritic
arborisation in an arbitrary level (z-plane) of the spinal cord. Fur-
thermore, this system alows a direct input of the morphological
data of motoneurons through the video display. The depth infor-



783

Fig. la—d Photomicrographs showing wheat germ agglutinin-
horseradish peroxidase-labelled spinal accessory motoneurons. a
Motoneurons at C2-C3 segments in a representative control ICR
mouse; b site A in the twy mouse, the most rostral level; c site B,
the level immediately rostral to the compressive lesion; d site C,
the site of mechanical compression at C2-C3 cord segments. The
top side in each figure represents the dorsal aspect of the cord.
Bar 50 pm

mation (z value) is encoded by adigital micrometer attached on the
stage, while the x-y plane is encoded by a digitiser.

Morphologica measurements and three-dimensional computer
display of the dendritic arborisation of motoneurons, and immuno-
histochemical studies of neurotrophins, were performed as de-
scribed previously [4, 7]. For this purpose, three segments of the
spinal cord were selected: site A, at the level most rostral to the C1
ventral root; site B, at the segment immediately rostral to the com-
pression lesion between C1 ventral and C2 dorsal roots; and site C,
at the site of compression between C2 and C3 dorsal roots.

Assessment of the compressed spinal cord area

The transverse area of the cervical spinal cord with the maximum
compression at site C in each twy mouse was used as the index to
express the magnitude of external compression. To measure the
area of the compressed cervical cord, photomicrographs of al his-
tologically stained samples magnified 50 times were processed us-
ing an x-y digitiser (Gradimate SQ-3000; Oscon, Tokyo). To com-
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pensate for a possible effect of the size of individual section and
cord shrinkage during histological processing [4, 7], the transverse
area of the spinal cord showing maximum compression at the level
of the C1 ventra root in the twy mouse and the area of the cord at
the corresponding level in the control ICR mouse were then mea-
sured. The ratio between the two transverse areas was designated
as the transverse remnant area of the spinal cord [TRAS (%)] and
this was again used in the present study to represent the magnitude
of compression [4, 7].

Immunohistochemical processing of the spinal cord

To determine BDNF and NT-3 immunoreactivities in the cervical
cord, twenty 20-week-old twy and six |CR mice were studied. Af-
ter anaesthesia with intraperitoneal injection of sodium pentobar-
biturate (0.05 mg/g body weight), perfusion was performed
through intracardiac irrigation of 50 ml PBS (at 4°C) followed by
100 ml of 2% paraformaldehyde in 0.1 M PBS (pH 7.6). Immedi-
ately after perfusion, the cervical cord was removed en bloc and
stored in 0.1 M PBS containing 30% sucrose at 4°C for 48 h. Ser-
ial 20 um-thick transverse frozen sections were treated with 0.1 M
TRIS-HCI buffer (pH 7.6) containing 0.3% Triton X-100 for an-
other 24 h in order to alow reaction of the cell membrane with the
antibodies. Sections were then incubated in a free-floating state
with anti-BDNF V4 or anti-NT-3 V4 antibodies (each 1:30000)
diluted in PBS-Triton for 48 h a 4°C; both antibodies were re-
cently developed by one of the authors (SF) [17] and have been
confirmed to specifically express BDNF and NT-3 immunoreac-
tivities, respectively. After blocking intrinsic peroxidase with
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0.3% H,0, solution, antibodies were detected by incubating the
sections in TRIS-Triton containing 1 g/ml biotinylated anti-rabbit
1gG antibody (ABC Elite kit, diluted 1:1000; Vector Laboratories,
Burlingame, Calif.) at 4°C for 12 h, followed by incubation in
avidin-biotin-peroxidase solution (Vector Laboratories) at room
temperature for 1 h. After rinsing the sectionsin PBS-Triton for 10
min, labelled peroxidase was visualised with 0.05 M TRIS-HCI
buffer (pH 7.6) containing 0.02% 3, 3-diaminobenzidine tetrahy-
drochloride (DAB; Dojin Chemicas, Kumamoto, Japan), 0.6%
nickel ammonium sulphate and 0.0002% H,0,. Hippocampus neu-
rons were immunostained in a similar manner and used as positive
controls; they were also reacted with rabbit serum IgG, then im-
munostained and used as negative controls [17].

To identify the presence of reactive astrocytosis, twenty
20-week-old twy and six ICR mice were studied. The cervical spina
cord was removed en bloc as described above and stored in 0.1 M
PBS containing 30% sucrose at 4°C for 24 h. Serial 20 um-thick
transverse sections treated with 0.1 M TRIS-HCI buffer (pH 7.6)
were reacted with anti-GFAP antibody (GA-5; Sigma Chemicals, St.
Louis, Mo.) for 12 h at 4°C. After blocking intrinsic peroxidase with
0.3% H,0, solution, the sections were incubated in avidin-biotin-
peroxidase solution and allowed to react with 15 mM sodium azide
(ABC Elite kit, Vector Laboratories). In order to visualise peroxi-
dase colour reaction, sections were treated with 0.02% DAB, 0.05 M
TRIS-HCI buffer at pH 7.6 and 0.0002% H,0,. Sections were stained
with eosin and then haematoxylin for nuclear counterstaining.

Immunoblot analysis of neurotrophic factor in the spinal cord

To topographically quantify BDNF and NT-3 immunoreactivites
in the cervical cord and control tissues (hippocampus), we studied

ten 20-week-old twy mice with TRAS between 50-70% and ten
ICR mice. The cervical cord between the most rostral site (site A)
and the level distal to the compressed segment was divided into
four sections. The sections were solubilised in RIPA buffer
(50 mM pH 7.5 TRIS-HCL, 150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 20 pg/ml leupepting, 1 mM PMSF),
homogenised and then stored at —-80°C. Laemmli sodium dodecy!-
sulfate buffer samples containing each protein were boiled and
subjected to immunaoblot analysis. Total protein (50 pg/lane) was
applied to electrophoresis on sodium dodecylsulfate polyacry-
lamide gels (15%) and transferred onto polyvinylidene difluoride
membrane (PE Applied Biosystems, Foster, Calif.) for 70 minin a
semi-dry blot apparatus. The membranes were then washed twice
in PBS containing 0.05% Tween 20, and subsequently reacted with
anti-BDNF V4 or anti-NT-3 V4 antibody (each 1:1000) diluted for
12 hat 4°C, followed sequentially by reaction with anti-rabbit 1gG
antibody and avidin-biotinylated peroxidase complex. Peroxidase
activity was then visualised. To quantify the relative expression
level of these neurotrophins in ICR and twy mice at each level of
the spinal cord, we analysed the band densities on the photo-
graphic film with a densitometer using the NIH imaging software.
Data were expressed as relative values, representing the ratio of
each band density to control value in the hippocampus of the ICR
mouse (%).

Statistical analysis

All measured values were expressed as mean (SD). Non-paramet-
ric Wilcoxon's signed-ranks test was used to compare the morpho-
logical data of neurons and dendrites measured at variable levels
(sitesA, B and C). At the level of compression (site C), these mor-

Table1l Resultsof morphological measurements of neuronal soma and dendrites of the wheat germ agglutinin-horseradish peroxidase-
labelled spinal accessory motoneurons in the medial cell pool of the twy and control ICR mice

Spinal cord level Mean Total
(SD) number
Site A2 Site BP Site C¢ (SD)
twy mouse (n = 30)
1. Neuron
Number 34.7 (10.1) 67.9 (10.5)* 3.7 (3.2** 106.3 (18.1)*
Area of soma (um?) 574.0 (138.4)* 565.9 (98.9)* 324.4 (170.7) 488.0 (180.2)**
2. Dendrite
Number of segments 74 (1.1 76 (1.0 57 (1.1 6.9 (14
Maximum branch order 3.0 (0.8 31 (0.7) 28 (0.7) 3.0 (0.7
Total length (um) 577.0 (142.5)* 523.8 (157.8)* 242.6 (150.8) 242.6 (150.8)
Maximum branch length (um) 190.6 (61.5) 183.1 (61.1) 96.9 (50.1) 156.9 (71.4)*
ICR mouse (n = 6)
1. Neuron
Number 295 (12.1) 93.7 (10.0) 243 (5.5) 145.8 (17.0)
Area of soma (um?) 529.2 (44.1) 519.4 (46.9) 526.3 (83.8) 524.8 (57.5)
2. Dendrite
Number of segments 75 (1.0 8.3 (0.5 6.2 (12 73 (13
Maximum branch order 32 (0.8 3.2 (0.8) 3.0 (0.9 31 (0.8
Total length (um) 531.8 (79.2) 4183 (1.3) 435.6 (169.4) 461.9 (134.0)
Maximum branch length (um) 169.3 (28.7) 123.0 (40.7) 1186 (38.2) 137.0 (41.4)

* P <0.05, ** P <0.01 (Wilkoxon's signed-ranks test), compared
with the corresponding data of ICR mice

aSite A: the level most rostral to C1 ventral root. Values are mean
(SD)

b Site B: the level immediately rostral to the compression lesion
between C1 ventral and C2 dorsal roots
¢ Site C: compression site between C2 and C3 dorsal roots
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Fig. 2a—d Three-dimensional computer display of the dendritic
arborisation of the wheat germ agglutinin-horseradish peroxidase-
labelled spinal accessory motoneurons (abscissa lateral direction,
ordinate anteroposterior direction and z-axis longitudinal direc-
tion). The compression force is applied in the x-y plane marked by
arrows in c and d. a Motoneuron at C2-C3 segment in the control
ICR mousg; b site A in the twy mouse, the most rostral level; c site
B, the level immediately rostral to the compressive lesion; d site C,
the compression level at the C2-C3 cord segments

phological parameters were statistically examined with TRAS us-
ing Pearson’s correlation analysis. A P value of less than 0.05 de-
noted the presence of a statistically significant difference.

Results

Topographic morphology
of wheat germ agglutinin-horseradish peroxidase-labelled
spinal accessory motoneurons

Representative photomicrographs showing WGA-HRP-
labelled accessory motoneurons in the medial cell pool
of the ICR and twy mice are shown in Fig. 1, and results
of morphological analysis of these motoneurons are
summarised in Table 1. The average TRAS in twy mice

was 44.4 (17.4)% (range 11-79). The total number of
accessory motoneurons in the medial cell pool extend-
ing between the C1 and C3 cord levelsin twy and ICR
mice was 106.3 (18.1) and 145.8 (17.0), respectively.
The number of motoneurons at site C was significantly
lower in twy mice than in ICR mice (P < 0.05,
Wilcoxon's signed-ranks test). Furthermore, at sites A
and B of the twy mice, the mean area of the neuron
soma was significantly larger than in ICR mice (P <
0.05). The proportion of the number of WGA-HRP-la-
belled motoneurons at site C, the compression level, to
that of sites A or B, was significantly lower in twy mice
than in control ICR mice (P < 0.01). The area of WGA -
HRP-labelled motoneuron at site C was smaller in twy
mice, albeit insignificantly, than the corresponding area
at the same level in ICR mice.

There were no significant differences in the number of
dendritic segments and the maximum branch order anong
different sites of the cervical spinal cord in the twy mice.
No significant branching or evidence of growing dendritic
cones were observed at any site in twy mice. In these mice,
there was a tendency for dendrites at site C to be thicker
relative to those in other sites. The total length of den-
drites at sites A and B was significantly longer than in the
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Fig. 3 Relationship between the area of neuronal soma and trans-
verse remnant area of the spinal cord (a—), and relationship be-
tween total length of the dendrites and transverse remnant area of
the spinal cord (d—f) at three representative levels in the twy
mouse. a, d Site A, the level most rostral to the C1 ventral root;
b, e site B, the level immediately rostral to compression between
C1 ventral and C2 dorsal roots; ¢, f site C, the compression site be-
tween C2 and C3 dorsal roots. Broken lines represent average val-
uesin control ICR mice

corresponding levels of ICR mice (P < 0.05). Further-
more, the maximum branch length of dendrites at site B
in twy mice was significantly longer than in ICR mice
(P <0.05).

Three-dimensional computerised display
of spinal accessory motoneurons

Representetive three-dimensional computerised displays
of WGA-HRP-labelled accessory motoneurons are shown
in Fig. 2a—d. At site A of the twy mouse, the most rostral
level, the neuronal configuration (Fig. 2b) was essentially

-100%
10 20 30 40 SO 60 70 80 90 O
Transverse remnant area of the spinal cord (%)

10 20 30 40 50 60 70 80 9¢C
Transverse remnant area of the spinal cord ()

similar to that of the control ICR mouse (Fig. 2a). At site
B, the level immediately rostral to the compressive lesion,
where cord compression was to some extent directed cau-
dally and posteriorly, the elongated dendrites extended
rostrally and ventrally as if the motoneuron avoided pos-
terior compression (arrow, Fig. 2c). At site C in the twy
mouse, in contrast to the images at sites B and A, the den-
drites were shorter (Fig. 2d).

Relationship between morphology of spinal accessory
motoneurons and magnitude of compression

The area of neuronal soma and total length of dendrites
in twy mice at three representative levels are shown in
Fig. 3a—c and Fig. 3d-f, respectively. Both parameters
correlated with the magnitude of compression, i.e. TRAS,
measured at site C. At site A, there was no significant cor-
relation between the area of neuron soma and TRAS, al-
though the area was dlightly larger, but insignificantly
(Fig. 34). At site B, the level immediately rostral to the
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Fig. 4 Photomicrographs showing localisation of immunoreac-
tivity of brain-derived neurotropic factor in the anterior grey horn
of a representative ICR mouse (a) and twy mouse (b—d) with
a transverse remnant area of 60%. b Site A; c site B; d site C.
a’, d' Negative controls for ICR and twy mice, respectively. Top
posterior aspect of the spinal cord. Bar 50 pm

site of compression, the area of neuron soma correlated
significantly with TRAS (r2 = 0.139, P < 0.05, Fig. 3b).
Compared with the finding at site A, TRAS diminished
with reductions of the somal area at site C, although the
correlation between the two parameters was not signifi-
cant (P = 0.075, Fig. 3¢).

The total length of dendrites increased significantly at
sites A (r? = 0.129, P < 0.05, Fig. 3d) and B (r2 = 0.240,
P <0.01, Fig. 3e) as TRAS decreased. At site C, the total
length of dendrites tended to decrease when TRAS dimin-
ished, abeit insignificantly (P = 0.087, Fig. 3f).

Localisation of brain-derived neurotropic factor
immunoreactivity in the anterior grey matter
and its relationship to the magnitude of compression

In control ICR mice, BDNF immunoreactivity was pri-
marily localised in the grey matter, particularly in the an-
terior grey horn cells (Fig. 4a). In twy mice with TRAS
values of 50-70% (n = 12), BDNF-like immunoreactivity
at site A was essentially similar to that observed in ICR
mice (Fig. 4b). At site B, BDNF immunoreactivity in the

anterior horn cells was significantly higher than in ICR
and site A in twy mice (Fig. 4c). At site C of twy mice,
BDNF immunoreactivity was generally weak (Fig. 4d),
although intense immunostaining was observed in a num-
ber of shrivelled motoneurons. In the presence of a more
severe compression at site C (TRAS < 50%; n = 8), ante-
rior horn cells at site B showed more significant BDNF
immunoreactivity compared with that at site C of twy
mice and at site B of those animals with TRAS = 50-70%
as well as the corresponding level of control mice. In ad-
dition, more labelled non-neuronal astroglia= and mi-
croglia-like cells were detected at sites B and C.

Localisation of neurotrophin-3 immunoreactivity
in the anterior grey horn and its relationship
to the magnitude of compression

In ICR mice, the anterior horn cells were clearly stained
with anti-NT-3 V4 antibody, athough their nuclei were
spared (Fig. 5a). In twy mice (TRAS = 50-70%), NT-3
immunoreactivity was enhanced in the anterior horn cells
of site A (Fig. 5b) relative to the same areain ICR mice.
Similarly, at site B, immunostaining for NT-3 V4 antibody
was significant in the anterior horn cells, with enhanced
immunoreactivity in the neuron soma and dendrites (Fig.
5¢) compared with those seen at site A in twy and ICR
mice. On the other hand, NT-3 immunoreactivity tended
to diminish in the seemingly atrophic anterior horn cells at
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Fig. 5 Photomicrographs showing localisation of immunoreac-
tivity of neurotrophin-3 in a representative control ICR mouse
(a) and twy mouse with a transverse remnant area of 55% (b—d).
b Site A; c site B; d site C. &, d' Negative controls for ICR and
twy mice, respectively. Top dorsal aspect of the cord. Bar 50 um

site C (Fig. 5d), compared with that seen in ICR mice and
also at sites A and B of twy mice.

Localisation of brain-derived neurotropic factor
and neurotrophin-3 in the anterior white matter

BDNF and NT-3 immunoreactivity in the ICR and twy
mice are shown in Fig. 6a—d. Severe compression (TRAS
< 50%) was associated with increased BDNF immunore-
activity and abundant astroglia-like cellsin the white mat-
ter at site B (Fig. 6b). A number of axons and nerve fibres
a site B in the anterior columns also showed increased
staining for anti-NT-3 V4 antibody compared with the
posterior column, and they became coarse but had larger
diameters, particularly at the exit of the ventral root (Fig.
6d), than in ICR mice.

Localisation of glia fibrillary acidic protein
within the spina cord

In control mice, type 1 and type 2 astrocytes were
coarsely positive for GFAP in the white and grey matters,
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respectively (Fig. 7a). In the twy mouse with TRAS 70%,
a number of astroglial cells were present entirely within
the spinal cord, showing abundant nuclear chromatin, at
and around the site of compression. In contrast, in twy
mice with TRAS of 50-70%, astroglial cells strongly pos-
itive for GFAPs were significant at sites A (Fig. 7b),
B (Fig. 7¢), and C (Fig. 7d).

Topographic and quantitative analysis of brain-derived
neurotropic factor and neurotrophin-3 immunoreactivity

A major band with a molecular weight of 17-19 kDa
was commonly detected with anti-BDNF V4 antibody
(Fig. 8a). Similarly, a band with a molecular weight of
30 kDa was detected with anti-NT-3 V4 antibody (Fig.
8b). In ICR mice, the relative ratios of density of BDNF
and NT-3 V4 immunoreactivity in each band were
42-45% (lanes 1, 2, 3, and 4 in Fig. 8a) and 49-51%
(lanes 1, 2, 3, and 4 in Fig. 8b), respectively. On the
other hand, the relative ratios of BDNF and NT-3 V4
immunoreactivity at the compressed site (site C) were
26.3% (lane 7 in Fig. 8a) and 39.0% (lane 7 in Fig. 8b),
respectively. Both ratios were significantly lower (P <
0.05) than those in ICR mice (lane 3 in Figs. 8a and b).
At site B in twy mice, BDNF V4 and NT-3 expression
was 70.7% (lane 6 in Fig. 8a) and 72.7% (lane 6 in Fig.
8b), respectively (P < 0.05) when compared with that at
site C). Similarly, immunoreactivity of both neu-
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Fig. 6 Photomicrographs showing localisation of immunoreac-
tivity of brain-derived neurotropic factor (BDNF) and neu-
rotrophin (NT)-3 in the anterior column of the white matter in ICR
and twy mice with a transverse remnant area of 30%, both at site
B. a, b BDNF immunoreactivity in ICR and twy mice, respec-
tively. ¢, d NT-3 immunoreactivity in ICR and twy mice, respec-
tively. &, ¢’ Negative controls for BDNF and NT-3 in ICR mouse,
respectively. Bar 50 um

rotrophins increased significantly at the level distal to
the compressed segment (lane 8).

Discussion

Using the twy mice, we have previously demonstrated a
significant reduction in the number of anterior horn cells
a the level of mechanical compression [4]. A progres-
sively smaller number of these cells was noted when
TRAS was 70% of the normal value, reaching an asymp-
tote approximately below 50%. Hence, we postul ated that
TRAS of 70% could be regarded as the “threshold” level
for survival of anterior horn cells at the level of compres-
sion. Interestingly, on the other hand, using the WGA-
HRP-labelling method, we aso found increased popula-
tion of spinal accessory motoneurons at levels rostral to
the C1 vertebra (sites free of direct mechanical compres-
sion) [7]. The latter finding led us to speculate that a
group of motoneurons may translocate rostrally to avoid
chronic mechanical compression. The present study was

designed, therefore, to investigate the morphological be-
haviour and immunological reaction of the cervical spina
cord anterior horn cells under long-term traumatic com-
pression. Our findings are particularly important when
considering the neuronal reserve available for normal
spina cord function in the presence of mechanical injury.
The present study showed a small but insignificant de-
crease in the somal area and dendritic length at the site of
compression (site C). It is generally believed that atrophy
and reduced neurona population occur when retrograde
axonoplasmic transport is damaged in motoneurons of the
central nervous system (CNS), although such an event al-
lows some neuronal axons to regenerate and function at a
later stage. Brannstrém et al. [10] demonstrated that per-
manent axonotomy in the adult cat causes a transient in-
crease in the somal size of the spinal motoneuron followed
by normalisation of the size, together with a decrease in the
area of dendritic arborisation and the length of the neuron.
Bowe et a. [9] described enlargement of the perikaryal
area and thickening of dendrites without elongation of
spinal motoneurons of mature rats following sciatic nerve
crush injury. They suggested that the function of these neu-
rons would subsequently decrease despite a certain degree
of neuronal regeneration that may occur at a later stage.
Rostral to the site of mechanical compression (site B),
we found enlargement of neuron soma and dendritic elon-
gation of the WGA-HRP-labelled accessory motoneurons,
which correlated significantly with deterioration of TRAS
values measured at the site of compression. During devel-
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Fig.7 Photomicrographs showing immunoreactivity of glia
fibrillary acidic proteins in a representative ICR mouse (a) and a
representative twy mouse with a transverse remnant area of 55%
(b—d). b Site A; c site B; d site C. Top dorsal aspect of the cord.
Bar 50 pm

opment of neuronal circuits, the neuron shows neurite
growth towards the target areas followed by synaptic for-
mation [35, 40]. Thus, during this process, the somal size
and dendritic arborisation increase in order to facilitate
synaptic connection [25]. In thisregard, Purves and Licht-
man [33] and Turner and Greenough [39] have indicated
that increased dendritic density (arborisation) and forma-
tion of more complex synaptic networks represent en-
hanced synaptic circuits. Cullheim and Risling [12] ob-
served regeneration of axons of cat lumbar motoneurons
after intramedullary axonotomy, and identified the pres-
ence of vigorous neuronal activity aimed at regeneration
of the neurons. On the other hand, O’ Hanlon and Lowrie
[32] demonstrated that 2—-4 months after sciatic nerve
crush injury, the neonatal rat spinal motoneuron showed
enlargement of the soma and reorientation of dendrites
with approximately 30% decrease in the total length of
dendrites. In addition, using cholera toxin B-conjugated
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HRP, Goldstein et a. [19] showed that the morphology of
dendrites of surviving spinal nucleus of the bulbocavernous
following target deletion (extirpation of unilatera mus-
cles) at birth could change, with significant increases in
dendritic length and arborisation of dendrites. They also
correlated dendritic reorganisation with possible influ-
ences of interaction of dendrites themselves. Our findings
may represent enhancement of certain neuronal activities
to compensate the compromised function of spinal cord
motoneurons at the level of mechanical compression.
Nerve growth factors, such as BDNF and NT-3, act to
promote the development of neurite outgrowth, growth
and differentiation of neurons, as well as their survival
[18, 22]. A number of reports [3, 8, 16, 29, 36, 38] have
discussed the role of these and other factors in the CNS.
Suzuki et a. [38] documented in hippocampal granular
cells certain morphological changes of neurons after in-
jection of kainate, including somatic as well as dendritic
growth and increased nuclear volume. These changes cor-
related with overexpression of BDNF mRNA. Merlio et a.
[29] also described increased expression of trkB mRNA,
the receptor for BDNF and NT-3, following a variety of
brain insults, and Arendt et a. [3] described reciprocal re-
active expression of nerve growth factors following
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CA 1 2 3 4

CA 1 2 3 4

Fig. 8 Photomicrograph showing the expression of brain-derived
neurotropic factor (a) and neurotrophin-3 (b) by Western blot
analysis. The lane number shows each level of the spinal cord in
the ICR (lanes 1 to 4) and twy (lanes 5 to 8) mice; CA refers to
the hippocampus. Lanes 1 and 5 site A, the level most rostral to the
C1 ventra root; lanes 2 and 6 site B, the level immediately rostral
to compression between C1 ventral and C2 dorsal roots; lanes 3
and 7 site C, between C2 and C3 dorsal roots (the compressed
level in the twy mouse); lanes 4 and 8 the level between C3 and C4
dorsal roots

chronic neurotoxic injury. Another important finding in
our study was increased BDNF and NT-3 immunoreactiv-
itiesin anterior horn cells, including spinal accessory mo-
toneurons, in close association with increased neurona
density of motoneurons. In the spinal cord, Sendtner et al.
[37] showed that BDNF and NT-3 effectively prevented
the death of sciatic motoneurons in the newborn rat, and
Yan et a. [42] reported that these neuropeptides prevented
dysfunction of adult rat motoneurons (diminished activity
of choline acetyltransferase) following axonotomy. In an-
other experimental set-up, Schnell et al. [36] showed that
NT-3 enhanced axona growth and elongation of the in-
jured rat corticospinal tract. Henderson et al. [20] showed
that both polypeptides prevented death of cultured embry-
onic rat spinal cord motoneurons and mRNA within the
neuron that encodes NT-3. In the present study, we found
a significantly weak immunostaining for both BDNF and
NT-3 V4 antibodies in anterior horn cells located at the
level of severe compression (site C), while at levels ros-
tral to the compression (site B), an overexpression of

kDa
—21.5
—— | — | —

—14.3

5 6 7 8
kDa
— 460
— . = 30.0
—21.5

5 6 7 8

these neuropeptides was detected in anterior horn cells,
when TRAS ranged between 50% and 70%. Thus, the
presence of severe mechanical compression was associ-
ated with a marked increase in immunoreactivity of these
neuropeptides. Furthermore, heterotropically translocated
motoneurons showed increased activities of BDNF and
NT3 together with enlargement of the soma and dendritic
elongation associated with extensive arborisation of den-
drites. We speculate that for an effective utilisation of
these neuropeptides, these neurons may have a particular
autocrine mechanism, as suggested by Fukumitsu et al.
[17]. Furthermore, since motoneurons express trkB and
trkC mRNASs[18], it is possible that the uptake of BDNFs
occurs in tissues other than neurons themselves. Interest-
ingly, the expression of NT-3 was more significant in the
ventral region of the anterior column (Fig. 6d). In new-
born and adult rats, nerve growth factors are produced not
only by neurons and Schwann cells but also by fibroblasts
of their targets as well [42]. We postulate that consider-
able amounts of neuropeptides are transported retro-
gradely [13, 27, 43] and/or from the brain [15], in order to
increase neuronal activity as well as axonal transport.

It is generally believed that reactive astrocytosis (infil-
tration of astroglial cells) followed by some scar tissue
formation occur following injury of the CNS, including
the spinal cord. Reactive astrogliosis may inhibit regener-
ation of axons as well as dendrites [21, 34]. In the twy
mouse, histological evidence of significant oedema,
necrosis, cystic formation and fibrous scar formation is
usually absent, while atrophy and loss of neurons are
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noted at levels proportionate to the extent of compression.
In the twy mouse, reactive astrocytosis was significant at
sites other than the level of compression. It is known that
astroglial cells produce BDNF [8] and other nerve growth
factors [26]. In the spinal cord injury model, Frisén et al.
[16] demonstrated that trkB mRNA, the receptor for
BDNF, is strongly positive in motoneurons and astroglial
cells, and axonal regeneration was more marked at the site
with significant increase in trkB mRNA immunoreactivity
within the white matter. In the present study, when TRAS
was 55% of the control, a number of infiltrated astroglial
cells, positive for BDNF immunostaining, were detected
at sites rostral to the site of compression, particularly in
the white matter, where an increased number of motoneu-
rons was noted. Based on these findings, we postul ate that
reactive astroglial cells in twy mice with severe spinal
cord compression produce BDNF, which enhances neu-
ronal repair and regeneration.

In conclusion, we used the twy mouse, which simu-
lates spondylosis and ossified posterior longitudinal liga-
ment, in order to elucidate topographicaly the mecha-
nisms of neuronal changes in chronic spinal cord com-
pression. WGA-HRP-labelled accessory motoneurons were
found to express significant BDNF and NT-3 immunore-
activities that correlated with enlargement of neurona
soma and extensive dendritic arborisation at levels rostra
to the site of mechanical compression. Heterotropically
infiltrated astroglial cells at these levels may play an im-
portant role in neuronal reserve and survival and probably
the production of such neurotropic factors.
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