9 Histology of Spinal Cord Lesions in Twy/Twy Mice 99

Fig. 9.1 Photomicrographs showing wheat germ agglutinin-horseradish peroxidase-labeled spinal
accessory motoneurons. (a) A motoneuron at C2—-C3 segments in a representative control ICR
mouse; (b) site A in the twy mouse, the most rostral level; (¢) 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 panel represents the dorsal aspect of the cord. Scale bar=50 um (Reprinted,
with permission, from [7])

9.1.3 Localization of Brain-Derived Neurotropic Factor
Immunoreactivity in the Anterior Gray Matter and Its
Relationship to the Magnitude of Compression

At site B, BDNF immunoreactivity in the anterior horn cells of fwy mice was
significantly higher than in ICR and site A in twy mice (Fig. 9.3c). More severe
compression at site C (TRAS <50 %; n=28) correlated with increased BDNF immu-
noreactivity in anterior horn cells at site B. Also, more labeled non-neuronal astroglia- and
microglia-like cells were detected at sites B and C.

9.1.4 Localization of Neurotrophin-3 Immunoreactivity
in the Anterior Gray Horn and Its Relatzonsth
to the Magnitude of Compression

At site B in twy mice, immunostaining for NT-3 V4 antibody was significant in the
anterior horn cells, with enhanced immunoreactivity in the neuron soma and dendrites
(Fig. 9.4c) compared with those seen at site A in rwy and ICR mice.
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Table 9.1 Results of morphological measurements of neuronal soma and dendrites of the wheat
germ agglutinin-horseradish peroxidase-labeled spinal accessory motoneurons in the medial cell
pool of the rwy and control ICR mice

Spinal cord level

Total number

Site A* Site BP Site C* Mean (SD) (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 574.0 (138.4)* 565.9 (98.9)* 324.4 (170.7) 488.0 (180.2)**
(pm?2)
Number of 74 (1.1 7.6 (1.0) 570 6.9 (1.4)
segments
Maximum branch 3.0 (0.8) 3.1(0.7) 2.8 (0.7 3.0 0.7
order

Total length (pm) 577.0 (142.5)* 523.8 (157.8)* 242.6 (150.8) 242.6 (150.8)
Maximum branch 190.6 (61.5)  183.1 (61.1) 969 (50.1) 1569 (71.4)*
length (pm)
ICR mouse (n=6)
1. Neuron
Nuomber 29.5 (12.1) 93.7 (10.0) 24.3 (5.5) 145.8 (17.0)
Area of soma 529.2 (44.1) 5194 (46.9) 526.3 (83.8) 524.8 (57.5)
(pm2)
2. Dendrite
Number of 7.5(1.0) 8.3(0.5) 6.2 (1.2) 7.3(1.3)
segments
Maximum branch 3.2 (0.8) 3.2(0.8) 3.0 (0.9) 3.1(0.8)
order
Total length (um) 531.8(79.2) 4183 (1.3)  435.6(169.4) 461.9 (134.0)
Maximum branch 169.3 (28.7) 123.0(40.7) 118.6(38.2) 137.0(41.4)
length (pm)
*P<0,05, ¥ P<0.01 (Wilcoxon’s signed-ranks test), compared with the corresponding data of
ICR mice
2Site A: the level most rostral to C1 ventral root. Values are mean (SD)
®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 (Reprinted, with permission, from [7])

9.1.5 Topographic and Quantitative Analysis of Brain-Derived
Neurotropic Factor and Neurotrophin-3
Immunoreactivity

BDNF was detected as a band with a molecular weight of 17-19 kDa (Fig. 9.5a) and
NT-3 as a 30 kDa band (Fig. 9.5b). At site B in twy mice, BDNF and NT-3 expression
was 70.7 % (lane 6 in Fig. 9.5a) and 72.7 % (lane 6 in Fig. 9.5b), respectively (P<0.05)
when compared with that at site C. Immunoreactivity of both neurotrophins increased
significantly at the level distal to the compressed segment (lane 8).
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Fig. 9.2 Three-dimensional computer display of the dendritic arborization of the wheat germ
agglutinin-horseradish peroxidase-labeled spinal accessory motoneurons (abscissa lateral direction,
ordinate anteroposterior direction, and z-axis longitudinal direction). The compression force is
applied in the x~y plane marked by arrows in (¢) and (d). (a) Motoneuron at C2—C3 segment in
the control ICR mouse; (b) site A in the rwy mouse, the most rostral level; (¢) site B, the level
immediately rostral to the compressive lesion; (d) site C, the compression level at the C2-C3 cord
segments (Reprinted, with permission, from [7])

Fig. 9.3 Photomicrographs showing localization of immunoreactivity of brain-derived neurotropic
factor in the anterior gray horn of a representative ICR mouse (a) and rwy mouse (b—d) with a
transverse remnant area of 60 %. (b) Site A; (¢) site B; (d) site C. (a’, d") Negative controls for ICR
and rwy mice, respectively. Top posterior aspect of the spinal cord. Scale bars=50 pym (Reprinted,
with permission, from [7])
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Fig. 9.4 Photomicrographs showing localization of immunoreactivity of neurotrophin-3 in a
representative control ICR mouse (a) and rwy mouse with a transverse remnant area of 55 % (b—d).
(b) Site A; () site B; (d) site C. (27, d") Negative controls for ICR and rwy mice, respectively. Top,
dorsal aspect of the cord. Scale bars =50 pm (Reprinted, with permission, from [7])

CA 1 2 3 4 5 6 7 8

Fig, 9.5 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 I—4) and twy (lanes 5-8) mice; CA refers to the hippocampus. Lanes I and 5 in
site A, the level most rostral to the C1 ventral root; lanes 2 and 6 in 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 (Reprinted, with permission, from [7])
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9.1.6 TUNEL Staining in the twy/twy Mouse Spinal Cord

Figure 9.6 shows the topographic distribution of TUNEL-positive cells in the chronically
compressed spinal cord of moderately and severely compressed twy/twy mouse
examined by the TUNEL method. No TUNEL-positive cells were identified in both
the gray and white matters of the control ICR mouse spinal cord. In contrast,
TUNEL-positive cells were found in the gray and white matter in the twy/fwy mouse
with moderate compression. In comparison, fewer TUNEL-positive cells are found
in the severe compression group particularly in the anterior horn, though these cells
were abundant particularly in the anterior columns.

9.2 Discussion

Using the twy mice, we have previously demonstrated a significant reduction in the
number of anterior horn cells at the level of mechanical compression [6, 7]. A progres-
sively smaller number of these cells was noted when TRAS was 70 % of the normal
value, reaching an asymptote approximately below 50 %. Interestingly, we also
found increased population of spinal accessory motoneurons at levels rostral to the
C1 vertebra (sites free of direct mechanical compression) [12]. The latter finding led
us to speculate that a group of motoneurons may translocate rostrally to avoid
chronic mechanical compression. Rostral to the site of mechanical compression
(site B), we found enlargement of neuron soma and dendritic elongation of the
WGA-HRP-labeled accessory motoneurons, which correlated significantly with
deterioration of TRAS values measured at the site of compression. Somal size and
dendritic arborization increase in order to facilitate synaptic connection [13] repre-
senting enhanced synaptic circuits [14, 15] to compensate the compromised function
of spinal cord motoneurons.

Nerve growth factors, such as BDNF and NT-3, promote development of neurite
outgrowth, growth, and differentiation of neurons, as well as their survival [16].
Our study found increased BDNF and NT-3 immunoreactivities in anterior horn
cells, in close association with increased neuronal density of spinal accessory moto-
neurons when TRAS ranged between 50 % and 70 %. We postulate that consider-
able amounts of neuropeptides are transported retrogradely [17-19] and/or from the
brain [20] in order to increase neuronal activity as well as axonal transport. It is
known that astroglial cells produce BDNF [21] and other nerve growth factors [22].
In rtwy mice, 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, related to increased number of motoneurons: another possible mecha-
nism to enhance neuronal repair and regeneration. The present study demonstrated
increased numbers of TUNEL-positive neurons in the gray matter and oligodendro-
cytes in the white matter of the spinal cord of the rwy/twy mouse with progressive
mechanical compression, which probably contributes to axonal degeneration and
demyelination in the twy/twy mouse spinal cord with severe compression [8].

-507-



104 K. Uchida et al.

o

Gray matter | Whitemati:er

Fig. 9.6 Photomicrographs of terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick-end labeling (TUNEL) staining in representative control ICR mice (upper photos) and
twy/twy mice with moderate compression (middle photos) or severe compression (lower
photos). Left column: photomicrographs taken by a roupe (x3). The white rectangular area
(anterior horn of the gray matter) and black rectangular area (anterior column of the white
matter) are enlarged in the same row in the middle and right columns, respectively. Black
arrows: representative TUNEL-positive cells. TUNEL-positive cells in the gray and white
matter are noted in twy/fwy mouse. Scale bars=50 pm
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9 Histology of Spinal Cord Lesions in Twy/Twy Mice 105
9.3 Conclusion

WGA-HRP-labeled accessory motoneurons expressed significant BDNF and NT-3
immunoreactivities that correlated with enlargement of neuronal soma and extensive
dendritic arborization at levels rostral to the site of mechanical compression.
Astroglial cells at these levels may play a role in neuronal reserve and survival.
There is a significant correlation between the proportion of apoptotic neurons and
oligodendrocytes in the compressed area of the spinal cord and the magnitude of
cord compression.
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Abstract BACKGROUND CONTEXT: Signal intensity on preoperative cervical magnetic resonance
imaging (MRI) of the spinal cord has been shown to be a potential predictor of outcome of surgery
for cervical compressive myelopathy. However, the prognostic value of such signal remains contro-
versial. One reason for the controversy is the lack of proper quantitative methods to assess MRI
signal intensity.

PURPOSE: To quantify signal intensity and to correlate intramedullary signal changes on MRI
T1- and T2-weighted images (WIs) with clinical outcome and prognosis.

STUDY DESIGN: Retrospective case study.

PATIENT SAMPLE: Patients (n=148; cervical spondylotic myelopathy, n=102 and ossified
posterior longitudinal ligament, n=46) who underwent surgery for cervical compressive myelop-
athy and had high signal intensity change on sagittal T2-WI MRI before surgery between 2006
and 2010.

OUTCOME MEASURE: Neurologic assessment was conducted with the Japanese Orthopedic
Association (JOA) scoring system for cervical myelopathy. The rate of neurologic improvement
was calculated with the use of preoperative and postoperative JOA scores.

METHODS: Quantitative analysis of MRI signal on both T1- and T2-WIs via use of the signal
intensity ratio (SIR; signal intensity of lesion relative to that at C7-T1 disc level) was performed.
Correlations between SIR on T1- and T2-WIs and preoperative JOA score, JOA improvement rate,
disease duration, and MRI morphologic classification (cystic or diffuse type) were analyzed. Multi-
variate regression analysis for JOA improvement rate was also analyzed. In a substudy, 25 patients
underwent follow-up MRI starting from 6 months after surgery to analyze the relationship between
changes in SIR on follow-up MRI and clinical outcome.

RESULTS: SIR on T1-WIs, but not SIR on T2-WIs, correlated with postoperative neurologic im-
provement. The disease duration correlated negatively with SIR on T1-WIs and JOA improvement
rate but not with SIR on T2-WIs. SIR on T2-WIs of “cystic type” was significantly greater than of
“diffuse type,” but SIR on T1-WI and JOA improvement rate were not different in the two types.
Stepwise multivariate regression analysis indicated that SIR on T1-WIs and long disease duration
were significant predictors of postoperative neurologic outcome. SIR on follow-up T1-WI and
changes in SIR on T1-WI after surgery correlated positively with postoperative improvement rate.
SIR on follow-up T2-WI and changes on T2-WI correlated negatively with postoperative neuro-
logic improvement.

CONCLUSIONS: Our results suggest that low intensity signal on preoperative T1-WIs but
not T2-WIs correlated with poor postoperative neurologic outcome. Furthermore, decreased signal
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intensity on postoperative T1-WIs and increased signal intensity on postoperative T2-WIs are pre-
dictors of poor neurologic outcome. © 2014 Elsevier Inc. All rights reserved.

Keywords: Cervical myelopathy; Magnetic resonance imaging; Intramedullary spinal cord signal intensity; Quantitative
analysis; Prognosis; Neurologic outcome
Introduction of the spinal cord on sagittal T2-weighted magnetic resonance

It is important to assess spinal cord function in patients
with cervical compressive myelopathy that is amenable to
neurosurgical treatment. Most conventional tests focus
on evaluation of neural conductivity across the damaged spinal
cord [1] or morphologic and pathologic changes at the com-
pressed cord that can be identified on magnetic resonance
imaging (MRI). MRI is a valuable tool before surgical decom-
pression because it visualizes not only the magnitude of spinal
cord compression but also intramedullary signal intensity.
Many authors have reported intrameduflary changes in high
signal intensity on T2-weighted imaging (WI) in patients
with compressive spondylotic lesions of the cervical spinal
cord [2-5]. The presence of intramedullary high signal inten-
sity on T2-WI in patients with compressive myelopathy
reflects chronic spinal cord compression lesion. However, the
prognostic value of these imaging abnormalities remains con-
troversial, especially with regard to signal intensity of the spi-
nal cord on T2-WIL Intramedullary changes in high signal
intensity on T2-WI can reflect a wide range of compressive
pathologies and nonspecific histologic changes that have been
related to different events, representing anything from mild, re-
versible changes such as gliosis and demyelination to severe,
irreversible changes including cavitation or necrosis. A few
studies have shown a clear correlation between high signal in-
tensity of the spinal cord on T2-WT alone and poor prognosis
after surgery and that poor prognosis correlates with low signal
intensity of the spinal cord on T1-WI [6,7]. Other studies also
showed that high signal intensity on T2-W1 of the spinal cord
and low T1-weighted signal intensity of the spinal cord can pre-
dict a poor surgical outcome. However, controversy exists in
the reported results, mainly because of the lack of proper quan-
titative assessment method of these changes in signal intensity.
The present study was designed to quantify signal intensity and
to correlate changes in intramedultary signal on MRI with clin-
ical outcome and determine their prognostic value.

Materials and methods
Patient population

Between 2006 and 2010, a total of 148 patients (CSM,
n=102; OPLL, n=46) who underwent decompressive surgery
at our hospital and showed high intramedullary signal intensity

imaging (MRI; 1.5 Tesla Signa System; General Electric, Mil-
waukee, WI) were assessed in this study. None of the patients
had developmentally narrow canal on plain radiographs or
multisegmental lesions on MRI. Exclusion criteria included
a history of traumatic injury of the cervical spinal cord,
malignancy, and infection. Among the 148 patients, 25 under-
went follow-up MRI starting from 6 months after operation.
Two senior surgeons (KU, HB) performed all operations,
and they did not participate in the assessment of MRIs and stat-
istical analysis. All examinations strictly followed the Ethics
Review Committee Guidelines of Fukui University, and writ-
ten informed consent was obtained from all patients.

Neurologic assessment was conducted by use of
the Japanese Orthopedic Association (JOA) scoring system
for cervical myelopathy (Table 1). The rate of neurologic im-
provement was calculated by the use of the following equa-
tion: [(postoperative JOA score—preoperative JOA score)/
(17—preoperative JOA score)x100]. An improvement rate
of 100% was the best possible postoperative recovery [8].

High-resolution MRI

MRI examination of the spinal cord was performed preop-
eratively using 1.5 Tesla Signa System (General Electric).
T1-WIs and T2-WIs of sagittal views of the spinal cord were
obtained using spin echo sequence system for T1-WIs and a
fast spin echo sequence system for T2-WIs. Quantitative anal-
ysis was based on the method described previously {9]. T2-W1s
of sagittal increased signal intensity values on the cervical spi-
nal cord were obtained first because small changes in signal in-
tensity on T1-WIs are difficult to visualize, and 0.05 cm”
regions of interest (ROIs) were taken. The same spinal cord le-
sion of T1-W1s on T2-WIs were obtained on Centricity Picture
Archiving and Communication Systems (General Electric
Healthcare Japan, Tokyo, Japan), and 0.05¢cm?* ROIs were tak-
en. The signal intensity values for T2- and T1-WIs of sagittal
views of the normal cord at cervical C7-T1 disc levels were ob-
tained, and 0.3 cm® ROIs were selected. The signal intensity
was measured automatically by the computer, and changes
in signal intensity in the cord were qualitatively assessed on
both T1-WIs and T2-WIs. For quantitative analysis of the sig-
nal, the signal intensity ratio (SIR) for both T1-WIs and
T2-WIs was calculated by the following equation:

SIR = [SI of sagittal cervical and spinal cord lesion (0.05 em®)/
SI of sagittal normal cord between C7 and T1 disc levels (0.3 cm?) |

-b12-



