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3.5 Discussion
3.5.1 Upregulation of Autophagy in CNS Injury

Previous studies demonstrated the expression of Beclin 1 to increase at lesion sites
after traumatic brain injury and cerebral ischemia [9, 18, 31]. In such diseases,
expression of LC3 increases at the lesion sites [18, 32-35]. These reports suggest
that the autophagic activity increases in response to the neural tissue damage of the
brain. Our previous studies first reported the increased expression of Beclin | and
LC3 in the damaged neural tissue after SCI [25, 26]. Using electron microscopy, we
also confirmed that the formation of autophagic vacuoles also increased in the dam-
aged cells of the injured spinal cord [26]. Therefore, autophagy was activated in the
damaged neural tissue after SCIL

3.5.2 Neuroprotective Function of Autophagy

Many studies reported that autophagy has a cytoprotective function against cell death.
Autophagy has a cytoprotective function in neurodegenerative diseases [10-13].
Autophagy induced neuroprotection in traumatic brain injury and in neonatal hypoxia-
ischemia induced brain injury [9, 36]. In models of Huntington disease, the stimula-
tion of autophagy protects cells against apoptosis [37]. In addition, the inhibition of
autophagy increases the apoptosis of neurons and also causes neurodegeneration in
mice [10, 11]. One potential mechanism underlying these neuroprotective effects is
the blocking of apoptosis by the activation of autophagy [12, 36, 38]. Interestingly, it
has been suggested that mTOR inhibition enhances the clearance of mitochondria by
inducing autophagy, thereby reducing cytosolic cytochrome ¢ release and down-
stream caspase activation [24, 39]. Previous studies have demonstrated that inhibition
of mTOR upregulates autophagy and shows cytoprotective functions by reducing
apoptosis in various disease models, including the myocardial ischemia-reperfusion
model [38] and neonatal hypoxia-ischemia-induced brain injury model [36]. In our
results, rapamycin promoted autophagy by inhibiting the mTOR signaling and
reduced neural tissue damage such as neuronal loss and cell death following SCIL
These results suggested autophagy produced neuroprotective effect after SCL

3.5.3 Autophagy Modulation as a Therapeutic Target for SCI

Autophagy may be dysregulated in various disorders, including metabolic diseases,
neurodegenerative disorders, infectious diseases, and cancer. In several conditions,
autophagy is inhibited and this can occur at different stages of the process to enhance
disease, whereas in other cases autophagic activity may be permissive towards
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pathogenesis [24]. Recently, pharmacological approaches to upregulate or inhibit
autophagy are receiving considerable attention. For example, autophagy upregula-
tion may be of therapeutic benefit in certain neurodegenerative diseases and trauma
[9, 36, 39]. Indeed, our study demonstrated that upregulation autophagy by mTOR
inhibitor, rapamycin, resulted in reduction of neural tissue damage and locomotor
impairment after SCI [28]. Therefore, the pharmacological modulation of autoph-
agy may have clinical benefits for treatment of patients with SCL Further studies to
clarify the neuroprotective and neuroregenerative mechanisms regulated by autoph-
agy are needed in order to approve the clinical use of pharmacological modulation
of autophagy for patients with acute SCL

3.5.4 Autophagic Cell Death

The autophagic process can lead to nonapopiotic programmed cell death, which is
known as autophagic cell death [8]. Autophagic cell death is morphologically distinct
from necrotic cell death and apoptotic cell death [14, 16]. The nucleus is shrunken
and fragmented in apoptosis, but in autophagic cell death, the nucleus does not change
[14, 18, 31]. Previous studies have shown autophagic cell death to be induced after
brain trauma and cerebral ischemia and contributed to neural tissue damage [31, 33).
Our studies demonstrated that most of the nuclei in the TUNEL-positive cells
expressed Beclin 1 or LC3 were round, which should normally be observed in
autophagic cell death, and they were not either shrunken or fragmented as is observed
in apoptotic nuclei [26, 40]. Therefore, these findings suggested autophagic cell death
may occur in the injured spinal cord. However, the molecular mechanism defining the
features of autophagic cell death is still unknown [8, 41, 42]. Further studies are
needed to clarify the molecular mechanism of autophagic cell death in SCIL

3.6 Conclusion

Our previous studies demonstrated that molecular markers of autophagy such as
Beclin 1 and LC3 were significantly upregulated in the injured spinal cord. The
increased activity of autophagy was observed in neurons, astrocytes, and oligoden-
drocytes at the lesion site. Electron microscopy showed an increased formation of
autophagic vacuoles in the damaged neural cells. In addition, the rapamycin admin-
istration in acute phase of SCI promoted autophagy in the injured spinal cord and
reduced neural tissue damage and locomotor impairment. These findings indicated
that autophagic activity is increased in damaged neural tissue after SCI. Furthermore
the promotion of autophagy by rapamycin treatment can provide neuroprotective
effect to improve locomotor function following SCI.
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Chapter 6
Biomechanics of the Spinal Cord
and the Pia Mater

Hiroshi Ozawa, Takeo Matsumoto, Toshiro Ohashi, and Masaaki Sato

Abstract Biomechanical analysis of the spinal cord is important to clarify the
morphological plasticity of the spinal cord. In the present study, the elastic moduli
of the gray and white matter were measured in situ by using a pipette aspiration
method. The mechanical properties and function of the pia mater were investigated.
Furthermore, the effect of the tensile stress on the morphology of the spinal cord
was investigated. No significant difference in elastic moduli was observed between
the gray and white matter of spinal cord. The elastic modulus of the pia mater was
2,300 kPa, which was 460 times higher than that of the spinal cord parenchyma. The
pia mater triples the elastic modulus of the spinal cord covered by it compared with
the parenchyma and increases the overall stiffness of the spinal cord. As a result of
being tightly covered by the pia mater, the compressed spinal cord contains a large
amount of strain energy, which enables shape restoration after decompression. The
length of the spinal cord was decreased by 9.7 % after the separation to remove
longitudinal tensile stress. The tensile stress along the craniocaudal axis in the spi-
nal cord did not affect the spinal cord deformation in response to the compression,
but it did affect the shape recoverability after the decompression.
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6.1 Introduction

Biomechanical analysis of the spinal cord is important to clarify the morphological
plasticity of the spinal cord. The spinal cord is deformed in response to compres-
sion, and as a result, its cross-sectional area is reduced as observed on CT myelo-
grams and axial MR images obtained in patients with cervical compressive
myelopathy. Several factors regulate the deformation of the spinal cord. The elastic
modulus of the parenchyma and the Poisson ratio are physical factors inherent in the
spinal cord. The pia mater and the dentate ligament are factors that may affect the
physical attributes of the spinal cord. The spinal cord is physiologically stretched
along the craniocaudal axis and is subjected to tensile stress.

In the present study, the elastic moduli of the gray and white matter were mea-
sured in situ by using a pipette aspiration method. The mechanical properties and
function of the pia mater were investigated. Furthermore, the effect of the tensile
stress on the morphology of the spinal cord was investigated.

6.2 Elastic Moduli of the Gray and White Matter
of the Spinal Cord

The gray matter of the spinal cord mainly consists of nerve cells, whereas the white
maiter consists of dendrites and axons. The gray matter has been thought to be
softer than the white matter [1, 2}, although no definite evidence to this effect has
been published. In the present study, the elastic moduli of the gray and white matter
were measured in situ by using a pipette aspiration method, which we have devel-
oped for the assessment of soft biological tissue.

6.2.1 Materials and Methods

6.2.1.1 Specimen Preparation

Eight Japanese white rabbits weighing an average of 2,600 g (range 2,400-2,800 g)
were killed by intravenous injection of a high dose of pentobarbiturate. The C4-6
spinal column containing the spinal cord was excised from each rabbit. Using an
osteotome, each column was transversely cut at the level of the intervertebral discs.
Three spinal cord specimens were removed from their respective veriebral canals,
and they were immediately placed in physiological saline at room temperature
(16 °C) until mechanical testing.

Each of the three-dimensional cross sections (axial, frontal, and sagittal) was
displayed as follows by using a microslicer: a specimen was cut transversely for the
axial section; the second specimen from the same rabbit was vertically cut anterior
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to the central canal for the frontal section; and the last specimen was cut in the
middle of the right half of the spinal cord for the sagittal section. The gray and white
matter were distinguished by their colors on the surface of each cross section.

The specimens were treated carefully and quickly so that testing was completed
within 15 min after cutting with the microslicer. As long as each specimen was only
visually inspected, the surface of the specimens did not begin dissolving into the
physiological saline within 30 min after the cutting. All experiments were finished
within 1 h after the rabbit was killed.

6.2.1.2  Experimental Apparatus and Procedure

The experimental setup used in the present study was similar to that used by Ohashi
et al. [2] except for the apparatus used to apply negative pressure to the specimens
(Fig. 6.1). As a substitute, we used a small vacuum pump with a large reservoir
(20 L) to control the negative pressure precisely.

Each specimen was fixed on a cork plate by pins with the cut surface to be mea-
sured facing upward. Care was taken not to apply any external load. A glass pipetic
(.8 mm in inner and 1.09 mm in outer diameter) was connected 1o a reservoir and
a pressure transducer with silicone tubing. All of the wbing was filled with physio-
logical saline. The transducer was calibrated with a mercury manometer before each
experiment. The color was noticeably different between the white and gray matter
on the cut surface. After a micromanipulator was used to set the tip of the pipette
perpendicular to the gray or white matier appearing on the cut surface of the speci-
men, negative pressure was applied at a rate of —1 cm H,0O/s (range 0 to =5 cm H,O).
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To measure the elastic moduli of the gray and white matter separately, the pipette
was applied to areas at least 1 mm apart from the boundary between the two types
of matter. The deformation process of the aspirated tissue into the pipette was
observed on a video monitor through a video microscope. The aspirated length was
measured with a video dimension analyzer, and the pressure-deformation curve
was continuously recorded on an X-Y recorder.

6.2.1.3 Determination of Local Modulus of Elasticity

In a separate study [3], finite element analysis of the pipette aspiration method was
performed. The initial value of the modulus of elasticity (i.e., the Young modulus)
was calculated by comparing the pressure-deformation curve obtained in the exper-
iment with that in the finite element analysis.

6.2.2 Results

The pressure-deformation curves revealed typical hysteresis. Accordingly, the
pressure—-deformation relationship during aspiration was different from that during
unloading, indicating that the spinal cord has marked viscoelasticity.

The elastic moduli of the gray and white matter were 3.4+ 1.4 (mean+SD) and
3.4+0.9 kPa in the axial section, 3.0:0.3 and 3.5£0.5 kPa in the frontal section,
and 3.5+0.9 and 2.8+0.4 kPa in the sagittal section, respectively. The difference
between the elastic moduli of the gray and white matter was significant neither in
each section nor among all sections using the Kruskal-Wallis test (Fig. 6.2).
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6.2.3 Discussion

The pipette aspiration technique was originally applied to the measurement of the
mechanical properties of red cells and endothelial cell membranes of vessels [4]. By
changing the diameter of the pipette, any size of soft tissue can be tested [5]. One of
the advantages of this method is that different areas in a specimen can be measured
in situ. The computer simulation has indicated that the modulus of elasticity obtained
by this method is an averaged one of the hemispheric area with the diameter corre-
sponding to the pipette diameter at its tip [3]. When using this method, the prereq-
unisite condition of specimens is that they are soft enough to deform under the
aspiration pressure applied through the pipette. In the present study, by using a thin
pipette of 0.8 mm in diameter, the elastic moduli of the gray and the white matter
could be measured separately in situ. _
One of the limitations of this study is that we had to cut specimens to display the
surface to be aspirated. Because nerve cells connect with their axons and dendrites in
the gray matter and dendrites and axons adhere to each other in the white matter, cut-
ting of the specimen would break such connections, and the tissue adjacent to the cut
surface may become loose. The Young modulus measured on the surface of the gray
and white matter may thus be a little lower than that measured in vivo. Nevertheless,
at present there is no experimental evidence to refute the absence of significant differ-
ence in elastic moduli found between the gray and white matter in the present study.

6.3 Mechanical Properties and Function of the Spinal Pia Mater

Little attention has been paid to the function of the pia mater. In current accounts the
function of the pia mater is described as that of a scaffold for the vasculature of the
spinal cord parenchyma such as the anterior and posterior spinal arteries [6, 7).
There have been several articles concerning the mechanical properties of the pia
mater [8, 9]; although its elasticity has been described, the elastic modulus of the pia
mater has not been measured.

In the present study, the mechanical properties and function of the pia mater were
investigated using the following methods: (1) a tensile test of the rabbit spinal cord with
and without the pia mater to measure its elastic modulus and (2) a compression test of
the rabbit spinal cord to clarify the effect of the pia mater on spinal cord stiffness.

6.3.1 Measurement of the Elastic Modulus of the Pia Mater

6.3.1.1 Specimen Preparation
Nine Japanese white rabbits were killed by intravenous injection of a high dose of

pentobarbital. The cervical spinal column and cord from C5 through C6 were
excised from each rabbit. Spinal cord segments were removed from the excised
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Fig. 6.3 Tensile test of the spinal cord. A specimen was hung up with the ventral plate and slightly
elongated with a small load hooked on the dorsal plate. The image of the specimen was continuously
taken with a CCD camera and displayed on a TV monitor. The load was increased at 60 s intervals,
and the vertical distance between two predetermined marks on the specimen surface was measured

spinal columns taking care to keep the pia mater intact. The specimens were
immediately placed in a physiological saline solution at room temperature (16 °C) until
mechanical testing. All tesis were accomplished within 30 min after the excision.

6.3.1.2 Tensile Test

For the tensile test, each spinal cord segment was cut into two pieces whose axial
lengths were about 10 mm. One was the piece with the pia mater, and the other was
the one whose pia mater had been carefully stripped off circumferentially under a
microscope. Two small plastic plates (3 x 10 mm), each with a hook, were attached
to the ventral and dorsal sides of the specimen with cyanoacrylate adhesive. Each
specimen was then hung up with the hook of the ventral plate and was slightly elon-
gated with a small load (0.32 g) on the dorsal plate. The image of the specimen was
taken continuously with a CCD camera [OVM1000NM, Olympus, Japan] and dis-
played on a TV monitor (Fig. 6.3). The axial length (lo) and width (wo) of the speci-
men and vertical distance (do) between two predetermined marks on the specimen
surface were measured on the TV monitor at the initial load. The load (F) was
increased with 1.23 g (specimens with pia) or 0.49 g (specimens without pia), each
at 60 s intervals, and the vertical distance between the marks (d) was measured at
each loading immediately before the increment.

6.3.1.3 Calculation of the Elastic Modulus of the Pia Mater

The load—elongation (F—d) relationship of each specimen was converted into the
stress—strain relationship using lo, wo, and do. Strain (A) was calculated as the form
of the stretch ratio:

A=dldo.

-392-



6 Biomechanics of the Spinal Cord and the Pia Mater 67

Fig. 6.4 Stress—strain curve
was linear in the spinal cord 3.0
without the pia mater. In
contrast, the stress-strain
relationship was nonlinear in
the spinal cord with the pia
mater, showing a concave
upward curve that is
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connective tissue (open
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pia; filled circle, spinal cord
with pia; mean+SEM) 0
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Stress (o) was obtained assuming incompressibility as follows:
o= F}L/(wolo).

Elastic moduli of specimens with the pia mater (Eall) and those of specimens
without the pia mater (Emed) were obtained from the slope of the stress—strain
curve. The mean thickness of the pia mater (wpia) was measured in histological
sections of intact spinal cords.

The spinal cord parenchyma and pia mater were regarded as a composite mate-
rial of the Voigt model. The elastic modulus of the composite material is a summa-
tion of the values of multiplication of the elastic moduli and volume ratio of each
material. In other words, the elastic modulus of the whole spinal cord including the
pia mater (Eall) depends on the elastic moduli of the pia mater and the spinal cord
parenchyma and the ratio of their thickness. The apparent elastic modulus (Eafl) can
be expressed as follows according to the rule of mixtures:

Eall = Epia-2wpia | wo + Emed (1-2wpia / wo).

The elastic modulus of the pia mater (Epia), therefore, is given by the following
equation: '

Epia = {Eail -wo — Emed(wo— 2wpia)} /(2wpia).

6.3.1.4 Results

The stress—strain relationship was approximately linear in spinal cord specimens
without the pia mater. In contrast, this relationship was nonlinear in specimens con-
taining the pia mater, demonstrating a concave upward curve similar to that.com-
monly observed in connective tissue (Fig. 6.4).

The elastic moduli of spinal cords with and without the pia mater were 165 and
5+2 kPa, respectively. The presence of the pia mater increased the elastic modulus
of the spinal cord threefold. The width of the spinal cord cross section was 5+0.5 mm
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Fig. 6.5 Compression test of
the spinal cord. A micrometer
head compressed the
specimen placed on an
electric balance with a 50 pm
increase at 60 s intervals. The
load applied to the specimen
was measured 30 s after every
increase in compression

Micrometer head

Electric baiﬂce Spinal cord

and the thickness of the pia mater was 12+3 pm (five specimens). The elastic modulus
of the pia mater was calculated io be 2,300 kPa, which was 460 times greater than
that of the spinal cord without the pia mater.

6.3.2 Compression Test of the Spinal Cord with an Intact
or Incised Pia Mater Stiffness of the Spinal Cord

6.3.2.1 Materials and Methods

Four Japanese white rabbits were used in this test. The method of specimen prepara-
tion was the same as that used for the tensile test. Each spinal cord segment was
divided into two pieces for the compression test. In one piece, the pia mater was
kept intact, and in the other it was incised longitudinally at both sides while viewed
with a microscope. Each specimen was transferred into a Petri dish filled with phys-
iological saline solution, which was then placed on an electrical balance {model
AEG-220; Shimadzu Corp., Kyoto, Japan). The specimen was compressed using a
micrometer head (model MHK-25V; Mitutoyo Corp., Kanagawa, Japan) with a
50 pum increase in compression at 60 s intervals (Fig. 6.5). The original measure-
ment was obtained at the point at which the micrometer head touched the surface of
the specimen. The load applied to the specimen was measured 30 s after every
increase in compression. Stiffness, a parameter indicating the amount of mechanical
resistance against a unit deformation, was calculated as the ratio of the load incre-
ment to the 50 pm increase in compression.

Specimens were fixed in 10 % neutral buffered formalin after the compression
test. They were then dehydrated and embedded in paraffin. Sections 5 pm thick
were obtained and stained with H&E. The morphological characteristics of the
specimens were observed.

6.3.2.2 Resulis

There was no significant difference in stiffness between specimens with an
intact pia mater and.those with an incised pia at a compression less than I mm.
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Fig. 6.6 The stiffness is shown as the ratio of the load increment to the increase of 50 pm deformation.
No significant difference between the stiffness of specimens with the intact and incised pia mater
was found at compression less than 1.00 mm. With an increase in the compression over 1.00 mm,
the stiffness of the specimen with the intact pia mater increased significantly more than that of the
one with the incised pia mater (p<0.05) (open circle, spinal cord with incised pia; filled circle,
spinal cord with intact pia; mean SD)

Fig. 6.7 The shape of the specimen with the intact pia mater was well restored after the removal
of the compression on H&E-stained section (a), while the specimen with the incised pia mater
remained in a deformed state (b). Arrows indicate places where the pia mater was cut at both sides
of the specimen (x10)

At a compression greater than 1 mm, however, the stiffness of the specimen with
the intact pia mater increased significantly more than the one with the incised
pia mater (p <0.05) (Fig. 6.6).

A histological investigation revealed that the shapes of specimens with an intact
pia mater were well restored after removal of the compression. In contrast, speci-
mens with an incised pia mater remained deformed (Fig. 6.7).

6.3.3 Discussion

Our results demonstrated the following. The pia mater had an elastic modulus of
2,300 kPa, which was 460 times greater than that of the spinal cord parenchyma. By
covering the parenchyma, it tripled the elastic modulus of the spinal cord as a whole.
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The pia mater increased the stiffness of the spinal cord and enhanced its recovery of
shape after removal of the compression.

Spinal pia mater consists of two layers: the intima pia (inner layer) and the epi-
pial tissue (outer layer). The inner layer is a network of fine elastic fibers closely
attached to spinal cord parenchyma. The outer layer is relatively thick and formed
by a loose mesh of collagen fiber bundles that partially extends into the arachnoid
trabeculae [10]. The elastic moduli of elastic and collagen fibers have been reported
to be approximately 600 kPa and 1,000 MPa, respectively [11]. Accordingly, the
elastic modulus of the pia mater, which measured 2,300 kPa in the present study,
seems to depend mainly on the elasticity of the elastic fibers and partly on that of the
collagen fibers.

Stiffness indicates the inflexibility of the spinal cord against compression; this is
expressed as the ratio of the increment of the load to an increase in compression.
When tissue is resistant (o deformation, which is referred to as high stiffness, the
load sharply increases as the compression increases. On the other hand, when tissue
is easily deformed, referred to as low stiffness, the load gradually increases. The
results of the present study verified that spinal cord containing an intact pia mater
had greater stiffness. Thus, the pia mater is rigid enough to increase the overall stiff-
ness of the spinal cord.

After the compression test, the shape of the spinal cord with an intact pia mater
was well restored; however, the shape of the spinal cord with an incised pia mater
scarcely recovered. This indicates that, as a result of being tightly covered by the pia
mater, the compressed spinal cord contains a large amount of strain energy, which
enables shape restoration after decompression.

6.4 Effect of the Tensile Stress on the Morphology
of the Spinal Cord

The spinal cord is physiologically siretched along the craniocandal axis and is sub-
jected to tensile stress. Breig and el-Nadi [12] reported that the spinal canal decreases
in length when the spine is extended and increases in length when the spine is flexed
in human cadavers. The spinal cord adapts to these changes of length by elongating
and shortening itself. Tensile stress in the spinal cord is produced by the stretching
of the spinal cord. .

In cervical myelopathy, the spinal cord is deformed according to compression as
observed on CT myelograms and axial MR images. The cross-sectional area of the
spinal cord decreases in response to compression and increases after surgery [13].
Although various mechanical factors regulating the morphology of the spinal cord
have been studied, the influence of physiological tensile stress in the spinal cord has
not been studied from the viewpoint of the morphological plasticity. The purpose of
this study was to investigate the effect of the tensile stress on the morphology of the
spinal cord under compression and decompression in rabbits.
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Fig. 6.8 Schematic drawing of the indentation test of the spinal cord. A rod of 5 mum in diameter
was placed on the spinal cord. The rod was connected with a pan of a scale balance. Varving the
weight on the other scalepan, the indentation of the rod on the spinal cord was measured with a
laser displacement meter as a vertical displacement of the pan

6.4.1 Materials and Methods

Four Japanese rabbits were killed by intravenous injection of a high-dose pentobar-
bital. The spinal column and cord from C1 to T2 were excised from each rabbit. The
specimens were maintained moist with a physiological saline solution during test-
ing. Room temperature was kept at 18 °C.

All tests were accomplished within 40 min after the excision. The laminae and
lateral masses between C3 and C7 were removed, and the specimen was put on the
flat test table with the vertebral body down. After removal of the posterior half of
the dura mater and the arachnoid membrane, the dentate ligaments and anterior and
posterior rootlets were carefully dissected between C3 and C7. It was confirmed
that the spinal cord on the spinal column did not adhere to the surrounding structure.
Arod of 5 mm in diameter was placed on the midline of the spinal cord. The rod was
connected with a pan of a scale balance (Fig. 6.8). Varying the weight on the other
scalepan, the indentation of the rod on the spinal cord was measured as a vertical
displacement of the pan using a laser displacement meter (LD-11008-005, Ono
Sokki, Tokyo, Japany at C3/4 and C5 levels (2 points). The origin of the measure-
ment was taken as the point before applying the load. The load on the spinal cord
was increased from O to 1, 3, 5, 10, and 20 g and then decreased to 10, 5, 3. 1, and
0 g at 60 s intervals. The displacement was measured just before the load change.
Then, the spinal cord was cut transversely and separated at C2/3 and C7/T1, and the
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longitudinal tensile stress was removed. The samples were measured again with the
same protocol at 2 points 10 mm caudal to each premeasured point on the spinal
cord so that the residual indentation of the spinal cord caused by the previous mea-
surement did not affect the new measurement. The shape recovery rate was defined
as the proportion of elastic recovery under unloaded condition to the maximum
deformation as follows: a shape recovery rate (%)= {(maximum indentation - residual
indentation)/maximum indentation x 100.

The shape recovery rate of 100 % indicated a complete recovery to the original
condition,

6.4.2 Results

The craniocaudal length of the spinal cord between C2/3 and C7/T1 was
55.5+3.9 mm before the separation and 50.1x3.8 mm after the separation. The
spinal cord was shortened by 9.7 % after the separation (p<0.01).

The recovery rate was not significantly different between the separated and
unseparated cords until 3 g (Fig. 6.9). At the load of 1 g, the recovery rate was
28.0+2.2 % before the separation and 23.6:3.5 % after the separation. At the load
of 0 g, the recovery rate was 63.1x5.9 % before the separation and 55.5%5.3 %
after the separation. The recovery rate afier the separation was significantly lower
than that before the separation at both 1 and 0 g (p<0.05).

6.4.3 Discussion

Reid [14] described that the length of the spinal dura mater and spinal cord was
increased in flexion and that the average stretching between C2 and C5 was approxi-
mately 10 %. Kuwazawa et al. [15] reported that the mean elongation of the length
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of the cervical cord from extension to flexion was 11.7 mm in recumbent volunteers
and 9.5 mm in erect volunteers on T2WI sagittal MR images. These values corre-
sponded to 10.9 % and 8.9 % of the length in the extension position, respectively. In
the present study, the spinal cord was placed in the straight position, and it was
shortened by 10 % after the separation. This value was in agreement with the afore-
mentioned studies.

We described the factors causing shape recoverability of the spinal cord after
decompression in cervical myelopathy [16]. Shape recovery at an early stage after
decompression may result from the movement of interstitial fluid from the periph-
ery of the compressed site to the decompressed site. The spinal cord parenchyma
exhibited viscoelasticity and an extremely low limit of elasticity [17]. This indicates
that the shape recovery of the spinal cord after decompression cannot occur by
itself. The shape recovery must thus be induced by the strain energy in the spinal
cord, that is, the intramedullary pressure [18]. Iida and Tachibana [19] demonstrated
that the spinal cord intramedullary pressure is increased by mechanical compression
on the anterior structure of the spinal canal and stretching of the cord in canine stud-
ies. Therefore, the tensile stress in the spinal cord can increase the intramedullary
pressure and enhance the shape recoverability of the spinal cord [20].
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Chapter 8
Morphologic Change and Glial Response
to Unilateral Spinal Cord Compression

Hiroshi Ozawa and Jianwu Zhao

Abstract In cervical myelopathy, unilateral compression of the spinal cord would
be expected to produce Brown-Séquard syndrome. However, transverse lesion
syndrome occurs in most ¢linical cases. In ordér to reveal the mechanism by which
unilateral compression induces transverse damage to the spinal cord, damage of the
gray and white matter in each half of the spinal cord was examined precisely using
the density of reactive glial cells. The cervical spinal cord in rabbits was unilaterally
compressed with a small screw. The area of each half of the damaged cord and the
densities of GFAP-positive astrocytes and reactive microglias of the compressed
and contralateral halves were investigated. As the compression increased, the area
of the compressed half of the spinal cord decreased significantly compared to the
contralateral half. The densities of GFAP-positive astrocytes in the gray matter and
the anterior funiculus significantly increased in the compressed half. There were no
significant differences in the densities at the lateral and dorsal funiculi between the
compressed and contralateral halves. The tissue damage in the gray matter of the com-
pressed half was markedly higher. These findings provide evidence for the mechanistic
basis of spinal cord damage that leads to transverse lesion syndrome in unilateral
compression myelopathy.
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cord compression
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8.1 Imtroduction

In cervical myelopathy due to chronic compression, the spinal cord is compressed
either locaily in cases of spondylosis and disc herniation or over its entire width in
the cases of ossification of the posterior longitudinal ligament (OPLL) and spinal
canal stenosis. The former type of compression is classified into median and unilat-
eral compression [1-3]. Theoretically, unilateral compression of the spinal cord
should produce a Brown-Séquard syndrome consisting of ipsilateral motor dysfunc-
tion and contralateral sensory disturbances below the level of the lesion. However,
it clinically produces transverse lesion syndrome consisting of bilateral motor and
sensory deficits of the lower limbs with almost equal severity in most cases [4-7].
This suggests that the unilateral compression exerts some mechanical effects on the
contralateral side of the spinal cord as well as the compressed side.

The pathomechanisms of spinal cord injury and myelopathy have been investigated.
Numerous pathophysiologies of myelopathy resulting from either compression of
the entire width or the median compression of the spinal cord have been reported
[8-10]. In these experiments, however, the full width of the spinal cord was com-
pressed or, if locally compressed, the compression site was not controlled. There
have been no models reported in which the spinal cord is compressed unilaterally
with control of the site and severity. Further the pathophysiology of the contralateral
side compared to the compressed side has not been described in a unilateral com-
pression model [11].

In order to reveal the mechanism by which the unilateral compression induced the
transverse damage to the spinal cord, damage of the gray and white matter in each half
of the spinal cord was examined via quantitative assessment of the glial cells.

8.2 Materials and Methods

8.2.1 Spinal Cord Compression Model

The experiments were conducted on Japanese white rabbits weighing approxi-
mately 3,000 g (range 2,800-3,200 g). The rabbits were anesthetized with intrave-
nous pentobarbiturate (25 mg/kg). Following exposure of the anterior aspect of C5
body, the body was perforated to the epidural space using a high-speed drill (2 mm
in diameter) under a microscope. The hole was localized 2 mm to the right of the
midline. A screw (2.1 mm in diameter) with a round tip was gradually driven
through the hole to compress the spinal cord. For the appropriate evaluation of the
proliferating glial cells, the screw was placed to protrude 2 mm into the spinal canal as
mild compression and 3 mm as moderate compression. Three rabbits served as sham
controls. They were examined for motor functions using Tarlov’s rate of functional
recovery [12] the next day and 1 week after the surgery.
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