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ABSTRACT

It has been proposed that in posttraumatic syringomyelia, primary injury and
excitotoxic cell death occurring secondary to elevated levels of EAAs initiate a
pathologic process leading to the formation of spinal cavities. An animal model
was devised to elucidate the role of EAAs and spinal subarachnoid blockade in
posttraumatic syringomyelia. Forty-two male Sprague-Dawley rats were used in
this study. The animals were divided into six groups. Group A comprised one
normal rat. In Group B, three control rats received a unilateral injection of 2 pl
normal saline into the spinal cord. In Group C, five rats received an injection of 5
ul 250mg/ml kaolin into the subarachnoid space. In Group D, ten rats received a
unilateral injection of 2 pl 8.3 mM (1.6mg/ml) QA, the EAA receptor agonist,
into the spinal cord. In Group E, ten rats received a unilateral injection of 2 pul
23.7 mg/ml QA into the spinal cord. In Group F, thirteen rats received a unilateral
injection of 2 pl 23.7 mg QA into the spinal cord following injection of 2 pl 250
mg/ml kaolin into the subarachnoid space.

In the saline injection group (Group B) and kaolin injection only group
(Group C), no animal developed a parenchymal cyst during the experimental
period. Inflammatory response, neuronal degeneration and spinal cavitation were
observed in 16/19 animals following the intraspinal injection of QA in Groups D
and E. In these two groups, high concentration QA (23.7 mg/ml) produced larger
cystic spaces and more extensive pathological changes compared to low
concentration QA (8.3 mM or 1.6 mg/ml). Syrinx formation was seen in 9/11
animals in Group F and the combination of intrathecal kaolin and intraspinal QA
was shown to produce cavities that were much larger than those found in animals

injected with QA alone in Group D and E. The results of this study support the
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proposal that in posttraumatic spinal cord injury, primary injury and excitotoxic
cell death occurring secondary to elevated levels of EAAs contribute to a
pathologic process leading to the formation of spinal cavities and a subarachnoid
block by arachnoiditis is one of the pathogenic factors most responsible for
initiating extension of the cavity. This excitotoxic model of posttraumatic
syringomyelia in the rat may offer a useful method to study the etiology of spinal

cavitation and cavity expansion.
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INTRODUCTION

In this review of the literature on syringomyelia, specific consideration has
been paid to syrinxes occurring as a sequel to spinal cord trauma, i.e.,

posttraumatic syringomyelia.

1. Syringomyelia
1.1 Definition and classification

The word syringomyelia was coined by Charles P. Ollivier d’ Angers from
the fusion of the Greek words for pipe and marrow in an 1827 publication." Now
syringomyelia is defined by The Oxford English Dictionary” as a “dilation of the
central canal of the spinal cord or formation of abnormal tubular cavities in its
substance”. Therefore, the term ‘syringomyelia’ in this thesis will be used for all
longitudinal fluid-filled cavities within the spinal cord that extend over two
segments rather than minor cystic changes at the injury site, which usually do not
extend more than one vertebra beyond the level of the injury and are usually
termed ‘cystic myelopathy’.

Several classifications of syringomyelia have been introduced.” Barnett’
classified syringomyelia into five types according to the postulated
pathophysiologic mechanisms. The classification presented in Table 1 is adapted

from Barnett’s classification.

1.2 Historical introduction
Estienne in 1546 was the first to describe pathologic cavitation of the spinal

cord.® A linkage between the presence of the lesion and the expression of clinical




Table 1. Classification of syringomyelia.

1. Communicating syringomyelia
a. Congenital deformities at the craniocervical junction
b. Acquired abnormalities at the craniocervical junction
2. Noncommunicating syringomyelia
a. Congenital deformities at the craniocervical junction
b. Postinflammatory syringomyelia
c. Syringomyelia related to spinal cord tumors

d. Syringomyelia as a late sequel to trauma (posttraumatic syringomyelia)

signs (paralysis) was established by Portal in 1804." After Stilling in 1859
described a persistent dilatation of the central canal in the adult and Hallopeau in
1870 demonstrated pathologic cavitation which was anatomically separate from
the central canal, most investigators applied the term ‘syringomyelia’ to a
condition of pathologic cavitation separate from the central canal whereas those
cavities that were a pathologic dilation of the central canal were termed
‘hydromyelia’.* Ballantine et al.” in 1971 proposed that these two forms of
pathologic cavitation in the spinal cord should be grouped into a single entity,
‘syringohydromyelia’.

Posttraumatic syringomyelia is a serious late complication of spinal injury,
which was first described by Bastian in 1867."° Soon, Holmes' reported that an
intramedullary spinal cord lesion was found occutring at a distance from the site
of severe spinal cord injury. Later, Barnett et al. *? described the development of

spinal cord cavities which were separate from the central canal following serious



spinal cord injury. Other similar findings were reported by Freeman" and
Rossier'!. They regarded these cases as cystic degeneration of the spinal cord
resulting from spinal cord trauma. The introduction of MRI and modern autopsy
studies have shown an increasing frequency of posttraumatic syringomyelia."

Schultze in 1887 and Kahler in 1888 described the classic presentation of
syringomyelia.' They proposed that a dissociated sensory deficit involving the
upper extremity was diagnostic of syringomyelia. The treatment of syringomyelia
has essentially been surgical since Puusepp” in 1926 performed the first shunting
of a syrinx in the spinal cord.

It has been more than three centuries since Estienne’ in 1546 first described
pathologic cavitation of the spinal cord, but the pathophysiologic mechanism of
syringomyelia still remains so controversial that the development of effective

methods of treatment is impeded.

1.3 Epidemiology

Syringomyelia is an uncommon disease whose true incidence is unclear. In a
nationwide survey of syringomyelia in Japan, a prevalence rate of 1 per 100,000
was reported.®"” There is no sex predilection in the development of
syringomyelia.”® An apparent increasing prevalence of syringomyelia due to the
introduction of MRI and the prolonged survival of patients with spinal cord injury
has been observed.’

Previous studies, based on clinical examination and spinal CT, showed that
the incidence of posttraumatic syringomyelia in patients with spinal cord trauma
was low, between 1% and 5%, but incidences of 12-22% have been reported

since the introduction of MRL.” This figure is close to the 17% found in the only



large published postmortem study of 120 cases.” The annual rate of acute spinal
cord trauma in most countries is 20-40 persons per million. Traffic accidents,
sports and recreational activities, accidents at work and falls at home are the main
causes of spinal cord trauma. In addition, one half of the patients with spinal cord
trauma have complete injuries of the spinal cord with no preservation of voluntary
motor or sensory function below the level of the lesion and the levels of lesions

in two-thirds of the patients are in the cervical region.”

1.4 Clinical presentation

The clinical presentation of syringomyelia is considerably varied, depending
on the location of the spinal cord cavitation and consequent gliosis of the spinal
cord parenchyma. The predominant clinical course is slowly progressive. The
clinical features usually include an insidious onset of a dissociated sensory deficit
involving the upper extremity, lower limb stiffness, pain and numbness of the
hands, oscillopsia, diplopia, dysesthesia, ataxia and urinary incontinence."

Various forms of development in posttraumatic syringomyelia have been
described, including progressive evolution, acute phase and stabilisation, and
remission.” It was indicated by Quencer et al.” that posttraumatic spinal cord
cysts were common in patients with new and/or progressively worsening
neurological symptoms who, in the past, had suffered significant cervical or
thoracic spinal trauma. Moreover, a prospective study of 449 traumatic paraplegic
and tetraplegic patients with spinal cord injury demonstrated that neurological
worsening or improvement was attributed to the enlargement or collapse of the
cystic cavity in the spinal cord."” The interval between spinal trauma and the

appearance of neurological symptoms varied from 2 months to 36 years.™



The most common first symptom, which occurs as early as two months and

as late as 30 years after injury, is usually pain, **

which is usually induced by
coughing, straining or moving.” Thirty-four to 94% of people develop pain
following SCI and the pain is described as severe by one-third of these. This has
been classified into several categories including musculoskeletal, visceral and
neuropathic. The pain may present in different ways, such as a burning or a sharp
shooting pain either at the level of the spinal cord injury or diffusely below the
level of injury. Increased sensitivity to light touch (allodynia) in the dermatomes
may be present at or just above the level of injury.” The phenomenon of pain can,
in part, be attributed to deafferentation hyperactivity.”

The progressive type of posttraumatic syringomyelia is characterized by
pain at the onset, followed by objective motor, sensory and reflex changes."” The
most common presenting symptoms are pain, spasticity, sensory loss,
hyperhidrosis, and weakness and the usual physical findings are spasticity,
hypesthesia, and weakness."

However, in many cases of posttraumatic syringomyelia, few neurologic
deficits may be noted and the physical examination is insufficiently sensitive and
nonspecific even when posttraumatic syrinxes extend over many cord segments
rostral to a spinal cord injury and produce extensive neuronal loss, especially in
the intermediate to intermedio-lateral gray matter."” Obvious sensory and/or motor
changes and functional decline may only occur late in the development of
posttraumatic syringomyelia.

Taken together, these observation suggest that the progression of symptoms
is unpredictable and patients may gradually deteriorate over several years to

decades. Paraplegia often develops in the later stage.



1.5 Neuropathology

Syringomyelia is a disorder characterized by the development of an
abnormal fluid-filled cyst in the spinal cord. Syringomyelia, which may be
congenital or acquired, most commonly occurs in the cervical spinal cord but can
involve the entire length of the spinal cord. In some instances, the syrinx may
occur in or extend into the brain stem (syringobulbia).’ The histological changes
of syrinxes in humans vary greatly from case to case. Syringomyelia can be
classified into three pathologic types: 1) central canal syrinxes communicating
with the fourth ventricle in association with hydrocephalus; 2) noncommunicating
central canal syrinxes that occur with a wide variety of congenital and acquired
disorders such as Chiari malformations, arachnoiditis, and extramedullary
compressive lesions; and 3) parenchymal syrinxes that are associated with
conditions that directly injure spinal cord tissue, including trauma and
hemorrhage.’

Communicating central canal syrinxes may be lined wholly by ependyma or
by ependyma and a feltwork of glial fibers and collagen. Serial histological
sections in these cases show that the central canal at C1 is patent and it is in
continuity with the fourth ventricle and that the syrinxes are defined at their
caudal end by age-related stenosis of the central canal.” The central canal of the
spinal cord normally undergoes some degree of stenosis with aging in 70% to
80% of the general population. This is attributed to common viral infections
producing ependymitis.’

Noncommunicating central canal syrinxes are usually lined by glial and
connective tissue and are found at a variable distance from the fourth ventricle.

This type of syrinx is usually a dilation of the central canal which is anatomically



not continuous with the fourth ventricle or the subarachnoid space and which is
usually defined rostrally and caudally by canal stenosis. The syrinxes are
complex, including extensive ependymal denuding, septations and paracentral
dissection. Approximately 40% of central canal syrinxes are found to rupture
paracentrally and dissect into the parenchymal tissues, which may cause
segmental neurological deficits.™*

Extracanalicular syrinxes are associated with conditions which have injured
spinal cord tissue (trauma, infarction and hemorrhage). The syrinxes may be
present at any level and occur most frequently in the dorsal part of the cord.”
Histologically, extracanalicular syrinxes are lined by glial or fibroglial tissue and
are characterized by the presence of central chromatolysis, neuronophagia and
Wallerian dege:neration.3 Recently, on the basis of their observations on the
pathology of human spinal cord injury, Bunge et al.” reported that the main focus
of injury appeared to be in the dorsal part of the lateral white matter in the
midcervical level, where a focus of substantial axon loss was seen. In addition,
their study showed substantial focal demyelination following chronic spinal cord
compression in humans, which is well known in experimental lesions in animals.

Usually cavities in posttraumatic syringomyelia are not connected with the
central canal and the central canal is normal. Multiple cavities may or may not
inter-communicate. The cavity usually occupies the gray matter in the spinal cord
and may develop rostrally or caudally from the site of the injury in the spinal cord

and the medulla.””

Light microscopic studies of posttraumatic syringomyelia
have demonstrated that the cavity is lined by glia or collagen with little or no

ependymal component™ and early reactive edema and necrosis in the surrounding

neural tissue are followed by macrophage infiltration, capillary proliferation and



reactive gliosis which predominates in the late phase after injury. Atrophy of long
tracts, enlarged perivasular spaces, perivascular inflammation, perivascular
collagen and schwannosis are also often observed.” Using electron microscopy, it
is demonstrated that the syrinxes are lined largely by cell processes of astrocytes
and a small portion of the lining consists of ependymal cells without surface
processes. The cystic cavities may develop as early as six weeks after traumatic
injury.” The pathological changes in the spinal cord after acute traumatic injury,
including hemorrhage, edema, neuronal necrosis and demyelination, are followed
by cyst formation and infarction. The central zone occupied by hemorrhage at the
injury site is necrotic by 24 to 48 hours after major trauma. Several days later, the
hemorrhagic zone shows cavitation and the adjacent areas exhibit patchy

. 2225
necrosis.

Finally, the spinal cord becomes relatively fixed at the site of trauma
by arachnoidal adhesions and complete subarachnoid block is often demonstrated.
Several studies have shown that the pathological changes after trauma, a process
of autodestruction, worsened with time. The pathological studies by electron

microscopy also showed progressive changes including granular dissolution of the

axoplasm and vesicular disruption of myelin after traumatic injury.”

1.6 Theories of pathogenesis

Although cavitation of the spinal cord has been recognized for more than
three centuries as a pathologic entity, considerable controversy regarding the
pathophy-siologic basis of the disorder continues. Syringomyelia was originally
described as a developmental abnormality.”’ Subsequently, it has been proposed
that tumors, vascular changes, infective processes, extramedullary compressive

lesions and congenital anomalies are associated with syrinx formation.’ In the



sections that follow, each of the theories will be discussed according to the

classification system in this thesis (see Classification, page 2).

1.6.1. Communicating syringomyelia: congenital

Communicating syringomyelia means that there is a communication
between the syrinx and the fourth ventricle. Most cases of communicating
syringomyelia are associated with congenital deformities at the craniocervical
junction, including the Chiari malformation and the Dandy-Walker
malformation.

Chiari in 1891 divided hindbrain abnormalities associated with
hydrocephalus into three types:”

I Displacement of the cerebellar tonsils into the cervical spinal canal,
without caudal displacement of the medulla,

II Displacement of the inferior vermis into the cervical canal and caudal
displacement of the lower pons and medulla, with elongation of the
fourth ventricle, and

IIT Herniation of the cerebellum in a meningoencephalocele combined
with caudal displacement of the brainstem and medulla.

The Dandy-Walker deformity is described as a communicating
hydrocephalus due to obstruction from birth of the foramina of Magendie and
Luschka. Additionally, all the cerebral ventricles are enlarged and the posterior
fossa of the skull is small.”

The common feature of these malformations is obstruction of the outlets of
the fourth ventricle. From this common feature, hydrodynamic theories have been

proposed.



It was demonstrated by Gardner et al.* during operation in 1957 that a
communication between the fourth ventricle and the upper cervical cavitary lesion
in the spinal cord existed in patients with the Chiari malformation. McLaurin et
al. in 1954 reported that dilatation of the central canal and the cerebral ventricles
was produced by intracisternal injection of kaolin. A radiopaque medium injected
into the ventricles of their animals did not escape from the foramina into the
subarachnoid space but passed from the fourth ventricle into a dilated central
canal. Therefore, from previous experimental studies and observations during
surgery, Gardner” in 1965 proposed the hydrodynamic mechanism of
syringomyelia, namely the gentle, repeated ventricular fluid hammer effect of its
pulse pressure, which was transmitted from the beating of the choroid plexus,
drove the fluid wave down into the central canal of the spinal cord via an opening
at or adjacent to the obex when the foramina of the fourth ventricle were blocked.
The ependymal lining of the central canal was ruptured by the consequent
hydromyelia, and fluid then continued to force its way through the gray matter of
the cord, resulting in syringomyelia. According to this theory, the formation of a
syrinx was a process of slow dissection by the pulsatile hydrodynamic force. The
hydrodynamic mechanism with respect to the pathogenesis of communicating
syringomyelia associated with congenital malformation was first proposed by
Gardner.” Later Becker et al.” and other researchers found dilation of the central
canal at the thoracic cord level in kaolin-induced hydrocephalic animals and they
also suggested that the central canal was distended in the hydrocephalic condition
by the CSF pulse-pressure wave from the fourth ventricle based on the
observation that no central canal dilation existed without significant ventricular

enlargement. In addition, Eisenberg et al. and other investigators” used a
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radioisotope to demonstrate downward movement of CSF from the fourth
ventricle into the spinal central canal in kaolin-induced hydrocephalic animals. A
clinical study by Ghanem et al.”® in 1997 reported that improvement of
syringomyelia and neurologic deficit was observed with suboccipital
foraminotomy for the treatment of syringomyelia associated with Chiari I
malformation in 12 children, supporting Gardner’s hydrodynamic theory. This
sequence of observations was consistent with a hydrodynamic mechanism
proposed by Gardner. Currently, the hydrodynamic mechanism is widely
accepted, according to which CSF from the fourth ventricle passes through the
obex down into the spinal central canal and, consequently, distends the canal
(hydromyelia) and disrupts the canal into the parenchyma (syringomyelia). The
validity of the hydrodynamic theory is dependent upon the presence of

communication between the syrinx and the fourth ventricle.

1.6.2. Communicating syringomyelia: acquired

Some cases of communicating syringomyelia are associated with acquired
abnormalities at the craniocervical junction, such as tonsillar herniation secondary
to intracranial mass lesions”, basilar impression*’ and Lhermitte-Duclos disease of
the cerebellar vermis.”

To study the mechanism of this type of syringomyelia, researchers usually
inject some irritating substances, including kaolin, into the cisterna magna in
animals to mimic acquired abnormalities at the skull base. In 1954, McLaurin et
al.” reported that both hydrocephalus and cavitary lesions in the spinal cord were
produced in a model of chronic arachnoiditis by injecting kaolin into the cisterna

magna of dogs. Further, they observed a dense adhesive arachnoiditis which
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completely surrounded the spinal cord with a paucity of inflammatory cells and
this suggested that the vessels of the affected subarachnoid space were constricted
by the hypertrophic tissue. Therefore, they concluded that the cavitary lesion was
the result of ischemia. The ischemic hypothesis for experimental syrinx formation
was supported by the experimental work of Dohrmann.’ However, the ischemic
hypothesis is still in dispute. The evidence disputing the ischemic hypothesis was
provided by both Hall et al.** and Williams et al.”, who found no ischemic
changes in their experimental animals prepared by the technique of McLaurin et
al. In a further step, Hall et al.” reported that the neurons and glial tissue in the
immediate vicinity of the kaolin-induced cysts were perfectly preserved,
contradicting the ischemic hypothesis. Becker et al.’ performed cisternal injection
of kaolin to produce a syrinx in the spinal cord and arrested the syrinx by
blockage of the obex and filum. This study supported the hydrodynamic theory of
syrinx formation proposed by Gardner.”

Subsequently, experimental work of James et al.’ and Williams et al.”
modified the hydrodynamic theory. They used silicone rubber rather than kaolin
as the cisternal injection agent. The difference between these two agents was that
the former produced a significant hydrocephalus without causing the dense
inflammatory reaction of the cervical spinal cord meninges, which was
characteristically caused by the latter. In that study, there existed a patent
communication between the central canal and the enlarged ventricular system, but
no syrinx or dilation of the central canal was observed. Two years latter, Williams
et al.” performed cisternal injection of kaolin by the same technique to
demonstrate enlargement of the central canal in 11 animals and found cavities in

the spinal cord in 7 of these animals. The results of these two research groups
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demonstrated that hydrocephalus was a necessary but not sufficient cause of
spinal cord cavitation and a spinal meningeal inflammatory reaction resulting in
subarachnoid scarring and local ischemia may be of special importance in the

development of a syrinx in the spinal cord.

1.6.3 Non-communicating Syringomyelia: congenital

Based on previous pathological investigations, syringomyelia associated
with the Chiari I malformation is characterized by dilation of the central canal
(hydromyelia) and/or paracentral intramedullary cavitation (syringomyelia)
located in the posterior horn and/or the posterior column of the cervical cord,™”
which appears to be an initial process in the occurrence of this spinal cord lesion.
Recent MRI and pathological investigations of syringomyelia associated with
Chiari I malformation have clearly demonstrated that no definite CSF
communication between the central canal syrinxes and the fourth ventricle is
established in the majority of patients. The mechanism of the central canal
dilation can be well explained by the hydrodynamic theory, whereas the formation
of non-communicating cavities can not be explained by this theory.

McLaurin et al.” and other investigators” discovered that myelomalacia
which was located in the posterior half of the cervical spinal cord correlated with
prominent spinal arachnoid granuloma, arterial narrowing, and thrombus
formation in kaolin-hydrocephalic animals. Additionally, the posterior half of the
cervical spinal cord, which is supplied by the terminal branches of the anterior
and posterior spinal arteries, is highly vulnerable to vascular impairment.
Therefore, they proposed that vascular impairment caused by spinal arachnoiditis

might be responsible for cervical cord cavitation. However, subsequent studies™*
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have shown that vascular impairment of the cervical cord is not closely correlated
with spinal arachnoiditis induced by kaolin, so kaolin-induced inflammation does
not play a key role in cervical myelomalacia. Rather, a close correlation between
cervical insufficient blood supply and tonsillar herniation resulting from gross
hydrocephalus has been observed. Experimental work of Yamada et al.” in a
perfusion study revealed insufficient blood flow within the cervical cord at the
level of the intramedullary cavities. They found that the vascular insufficiency of
the cervical cord was closely correlated to the tonsillar herniation resulting from
significant hydrocephalus and therefore postulated that cervicomedullary
compression at the foramen magnum resulting from tonsillar herniation affected
the venous drainage of the cervical cord, caused insufficient blood supply in the
cervical cord and finally resulted in intramedullary cavitation.

From their autopsy studies and animal experiments of syringomyelia
associated with the Chiari malformation, some investigators” also proposed that
cervicomedullary compression at the foramen magnum resulting from tonsillar
herniation was responsible for vascular impairment of the cervical cord at some
distance caudal to that level, particularly a disturbance in venous drainage with
resultant intramedullary cavitation.

Two types of syrinx in syringomyelia associated with the Chiari
malformation—central canal dilation prominent at the thoracic level and cervical
cord cavitation in the posterior column and posterior horn—were produced by the
hydrodynamic force and by vascular impairment, respectively. Some
intramedullary cavities located close to the central canal could easily
communicate with it through enlarged parenchymal interspaces. Therefore,

distending force could increase the size of the syrinx when the syrinx in the
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cervical cord communicated with the central canal.” The enlargement of the other
noncommunicating cavities can be explained by the theory, proposed by Ball and
Dayan," that CSF flows from the spinal subarachnoid space through the

interstitial spaces of the posterior horn into the syrinx.

1.6.4. Postinflammatory syringomyelia

Postinflammatory syringomyelia, which may result from infections (e.g.,
tubercular, fungal, and parasitic) or from chemical meningitis, is commonly
associated with arachnoiditis and arachnoidal scarring. Knowledge that spinal
arachnoiditis produced spinal cord cavitation dates from 1861 when Vulpian
reported the earliest case.”

There were 14 cases of syringomyelia resulting from arachnoiditis limited to
the spinal cord in Barnett’s review,” in which the diagnosis was confirmed by
surgery or necropsy or myelography. Barnett considered syringomyelia associated
with spinal arachnoiditis as one of the non-communicating types because there
was no communication between the cyst and the fourth ventricle. Moreover,
Barnett concluded in his review that ischemia of the central area of the spinal cord
followed by subsequent cavity formation was an important factor in the
production of the spinal syrinx. Caplan et al.” reported 5 patients with
syringomyelia and chronic arachnoiditis and suggested that ischemia caused by
meningeal scarring and disturbance of CSF circulation induced by focal scarring
with spinal block were responsible for syrinx formation in the spinal cord. These
hypotheses are consistent with the report of Cho et al.” , who produced an
expanding syrinx in the spinal cord of their animal model when traumatic injury

was either preceded or followed by the intradural injection of kaolin and they
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demonstrated that the combined trauma and kaolin group was more prone to
develop a syrinx. These results confirmed the conclusion by Barnett et al.” that
tethering of the cord by focal scarring of the meninges, which limited mobility of
the cord and created a subarachnoid block, was one of the pathogenic factors

which were responsible for the formation and extension of the cavity.

1.6.5. Syringomyelia associated with tumors

The association of syringomyelia with spinal cord tumors had its origin in
the discovery by Simon in 1875, who reported the simultaneous occurrence of
syringomyelia and tumors.’ There were numerous studies that proposed a variety
of pathophysiologic mechanisms for the production of syrinx associated with
neoplasms, such as edema, blockage of the perivascular spaces, disturbance in

blood supply to the cord, spontaneous hemorrhage, and autolysis of the mass.’

1.6.6. Posttraumatic syringomyelia

There is no doubt regarding trauma as a cause of cavitary spinal cord
lesions. However, the pathophysiology of posttraumatic syringomyelia is still
controversial. Gardner hypothesized that CSF pulsations from a fourth ventricle
outlet obstruction enlarged the central canal. However, clinically no
communication between the fourth ventricle and the syrinx is demonstrated in
most patients with posttraumatic syringomyelia.” Therefore, the mechanism
proposed by Gardner is not tenable. Following this, many authors have proposed
different theories to clarify the mechanism of posttraumatic syringomyelia, such

as resorption of blood and necrotic tissue,* lysosomal autodigestion,46 infarction,”
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ischemia and edema caused by local arachnoiditis, and CSF entry via

enlarged perivascular spaces, ***

but the pathogenesis of posttraumatic
syringomyelia is still poorly understood. Therefore, until now, there has been no
effective therapeutic method to improve or restore the neurological function
below the level of cavitary spinal cord lesions.

Allen first proposed the concept of secondary injury in 191 1,” according to
his finding in experimental acute spinal cord injury in dogs. The primary
traumatic injury seldom produces total transection in patients with SCI.
Additionally, it has been known that loss of neural function following acute
traumatic injury to the spinal cord only in part results from direct or immediate
damage to spinal gray or white matter. The concept that secondary injury leads to
much of the tissue damage after traumatic SCI has been suggested by the slow
progress of histopathological changes™ and the continuing death of neurons in the
spinal cord after primary trauma to the cord.” Strong evidence has been provided
by the demonstration that neurological impairment can be reduced by numerous
postinjury treatments. Bracken et al.” in 1991 reported a large-scale clinical trial
in patients with SCI, showing that high dose of the steroid methylprednisolone
can reduce functional deficits in patients with SCI and the secondary injury
worsened biochemical and pathological changes in the cord after injury. Now it is
well-established that damage to the spinal cord after SCI is produced by two
distinct mechanisms: the primary mechanical injury and a secondary injury
initiated by the primary injury.” Trauma to the spinal cord not only produces the
primary mechanical damage but also causes progressive autodestruction of tissue
at the trauma site, whose extent is dependent on the severity of the trauma.”

Therefore, secondary injury processes play an important role in the overall
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functional deficit.”*

In the last 20 years, various putative mechanisms of
secondary injury have been proposed with the aim of finding methods to improve

or restore neurological function. (Table 2) The mechanisms presented in Table 2

are adapted from the review article of Tator and Fehling.”

1.6.6.1 EAA mechanism

The EAA glutamate is widely distributed within the CNS and serves as an
excitatory neurotransmitter.” It has long been recognized that EAAs, such as
glutamate and NMDA, can destroy neurons in the mammalian CNS™ and that
there are several types of EAA postsynaptic receptors, which mediate the
neurotoxicity of EAAs .” It has been well-established that a significant elevation
in the level of extracellular EAA occurs in brain ischemia™® and that EAA
antagonists can attenuate the damage of both ischemic®® and traumatic injury to
the brain.”** A significantly increased extracellular EAA and associated
enhanced entry of calcium” are believed to be one of the causal factors in the

damage to certain neurons observed after cerebral ischemia or trauma.

Similarly, it has also been strongly suggested that EAAs are involved in
secondary traumatic injury to the spinal cord. There have been numerous studies
that demonstrate the local levels of EAAs, especially glutamate, rise to toxic

52,71-73

levels following traumatic and ischemic spinal cord injury and that support
the involvement of EAAs in the pathologic changes after spinal cord injury. It was
also observed that the extent of EAA increase was dependent on the severity of

54,711

trauma.’”' By means of the microdialysis technique, Liu et al.”” and other

investigators’"> demonstrated that extracellular EAAs reached toxic levels
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Table 2. Secondary mechanisms of acute spinal cord injury

1. Vascular changes
a. loss of autoregulation
b. systemic hypotension
c. hemorrhage
d. loss of microcirculation
e. reduction in blood blow
2. Electrolyte changes
a. increased intracellular calcium
b. increased extracellular potassium
c. increased sodium permeability
3. Biochemical changes
a. neurotransmitter accumulation
i) EAAs (e.g., glutamate)
ii) biogenic amines (e.g., dopamine)
. arachidonic acid release
. free-radical production
. lipid peroxidation
e. endogenous opioids
f. lysosome
4. Loss of energy metabolism
(decreased adenosine triphosphate production)
5. Inflammatory response

(>N el

upon impact injury to the spinal cord. Furthermore, Liu et al. found that the
increases in EAAs (glutamate and aspartate) were much larger than the increases
in glutamine and asparagine after impact injury. Neuronal discharge, breakdown
of neurons and bleeding result in rises in amino acid concentrations and the last
two are mainly responsible for the release of asparagine and glutamine. Therefore,
they concluded that the EAAs specifically released in response to trauma and
much of the increase in the levels of EAAs was from electrical activity of neurons
instead of simple damage by trauma.” This conclusion is consistent with other
studies, which have shown that the massive increases in extracellular levels of

EAAs observed during ischemia or trauma are the results of ischemia-induced
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6 and the failure

shift of EAAs from intracellular to extracellular compartments
of uptake.* Their study provided strong evidence that EAAs, released in response
to trauma, lead to secondary neuronal cell damage after traumatic spinal cord
injury.

Further evidence was provided by reports of exacerbation of neuronal
damage by EAA administration in the injured cord and attenuation of neuronal
damage by some selective EAA antagonists (including antagonists of NMDA, KA

SLASSTLIATT or ischemic™” injury to the spinal cord.

and AMPA) following traumatic
These results also supported the hypothesis that EAA receptors at or near the
injury site contributed to neuronal damage that results from contusive spinal cord
injury.

To simulate a significant elevation of extracellular EAA level induced by
spinal cord traumatic injury, many investigators infused EAA into the spinal
subarachnoid space™ or injected EAA™" into the spinal cord of animals to
produce dose-dependent pathological changes in the spinal cord neuronal systems.
They found that the pathological changes after EAA injections, including cystic
cavities, closely resembled those in clinical cases of posttraumatic syringomyelia.
The report that the spinal microinjection of exogenous EAA promoted spinal
endogenous glutamate release suggested a positive feedback system, which might
induce and maintain increased NMDA and non-NMDA receptor activation.

Taken together, these results demonstrated that secondary damage to the
spinal cord after traumatic injury can be partially attributed to the delayed

neurochemical change within CNS tissue, which is a significant increase of

extracellular EAAs.
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Consequently the synapses are exposed to abnormally high concentrations of
these neurotransmitters after traumatic injury to the spinal cord. Significantly
increased EAAs are thought to damage neurons by excessive activation, which is
mediated through specific membrane receptors mainly by two mechanisms: (a) an
early chloride and sodium ion influx, leading to acute neuronal swelling and (b) a

52,73,83

later calcium ion influx, leading to more delayed damage. The later increased

intracellular calcium is responsible for a cascade of cell events and further damage

2% Moreover, it has

because the damage can occur in the absence of swelling.
been suggested that the toxic effects of EAA on central neurons are mediated by
an influx of extracellular Ca™ rather than an influx of extracellular Na" based on
the observations that EAA neurotoxicity is largely preserved in sodium-free
solution* and removal of extracellular calcium markedly reduced neuronal
loss.® Additionally, histopathological and biochemical changes in trauma can be
provoked by perfusion of a solution with high concentration of calcium ions
around the spinal cord.” According to these hypotheses, excessive stimulation of
membrane receptors by high extracellular concentration of EAAs may greatly
increase Ca”" influx to produce neuronal death in the CNS with accumulated

intracellular Ca™.”*"*

The increased intracellular Ca™ can activate a number of
Ca’"-stimulated enzymes, such as phospholipases, protein kinases, nitric oxide
synthase, proteases and nucleases, which subsequently damage some organellae ,
including mitochondria and nucleus. All these eventually result in cell damage.”"
These hypotheses have been supported by the observations that a rapid decrease
of extracellular calcium within the spinal cord following spinal injury and the

restoration of neurological function after SCI in rat models by calcium-channel

blockers.™ Further evidence is provided by the report that Ca™ accumulates at
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the impact site in injured spinal cord and comes largely from the surrounding
tissue.” Intracellular calcium influx and consequent accumulation is well-known
as the final common pathway of toxic cell death in the nervous system.”

Recent studies in vitro have shown that the accumulation of intracellular
Ca® can be divided into three distinct phases: (1) when the neuron is initially
exposed to an increased concentration of glutamate, the intracellular Ca™
increases to micromolar level; (2) the intracellular Ca™ recovers to basal levels
following the increase; (3) the intracellular Ca™ gradually reaches a prolonged
plateau. The terminal phase is significantly related to cell death.” By electron
microscopy, Simon et al. found a sustained, excessive calcium entry and
subsequent mitochondrial overload in vulnerable neurons during the terminal
phase. However, transient or less marked calcium accumulation was observed in
those neurons without such vulnerability. From these observations, they drew the
conclusion that mitochondrial injury caused by intracellular calcium accumulation
was a determining factor in irreversible neuronal injury.” In recent years, it has
been known that neuronal damage following trauma mainly results from
accumulation of intracellular Ca** which causes pathological changes in
organellae and is potentiated by increases in osmotic pressure due to rises in
intracellular sodium and chloride ion concentrations.”

Therefore, it can be concluded that traumatic CNS injury is followed by a
sequence of cellular events. A secondary neuronal damage extending considerable
distances from the primary lesion follows the primary mechanical damage to the
neurons at the trauma site. Secondary neuronal damages start 2-3 h after the
primary injury, producing more neuronal damage than the primary trauma.

Initiated by the primary insult, a self-propelling cascade of cellular events is set in
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motion in which many variables act concomitantly. Evidence has been provided
that EAAs are involved in the secondary neuronal damage in traumatic SCI. The
extracellular concentration of EAAs is significantly increased due to trauma.
Several minutes is enough for a high concentration of free glutamate to kill the
neurons.”

Neuronal degeneration produced by EAAs may be an important step leading
to the formation of spinal cavities. One possible mechanism of cyst formation
may be a cycle of events initiated by an increase of EAA levels following
traumatic injury to the spinal cord. Prolonged depolarization of calcium channels
and neurons due to excessive activation of EAA receptors by increased EAAs,
destruction of cell membranes by trauma and EAA-mediated calcium channel
activation results in intracellular calcium and sodium accumulation. This initiates
a cascade of cell events, including impairment in mitochondrial function by
accumulated calcium in mitochondria, calcium-activated neutral proteases to
disrupt microtubular and neurofilament proteins, axonal degeneration, and the
synthesis of toxic free radicals lead eventually to cell death. The necrosis of
neurons stimulates the infiltration of macrophages and reactive astrocytes that
wall off the necrotic area and finally a cavity is formed. The pressure inside the
cavity and contraction of vascular smooth muscle by activation of calcium
channels may result in local alteration in the microvascular perfusion of adjacent
tissue and the resultant focal ischemia would then lead to increased EAA levels,
thereby perpetuating the cycle of EAA-induced neurotoxicity."”

Additionally, the EAA mechanism may account for the more frequent
location of syrinxes. Using quantitative autoradiography, Mitchell et al. found that

EAA receptors were in highest concentrations in laminae I and II of the dorsal
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horn in the cat spinal cord, whereas the sodium-dependent EAA transporter, the
major route of inactivation of extracellular EAAs, was in its highest level in the
ventral horn. Therefore, the ventral horn was more resistant to excitotoxic insults

than the dorsal horn.”

1.6.6.2 Vascular mechanism

There is often a substantial decline in spinal cord blood flow after trauma;
such ischemia is believed to contribute to delayed tissue injury.” Several studies
have shown a major reduction in the microcirculation and a lack of perfusion at
the injury site after experimental cord trauma.” Further, Wallace et al.™
demonstrated that there was a lack of perfusion of the arterioles, capillaries and
venules at the injury site and the adjacent area, which was considerably cephalad
and caudad distant from the injury site, while the large vessels of the cord (the
anterior spinal artery and the anterior sulcal arteries) always remained patent even
after severe cord injury. The ischemic areas included a large part of the gray
matter and the surrounding white matter. Therefore, Tator et al.” postulated that
secondary injury produced thrombosis or vasospasm of arterioles due to the
accumulation of noradrenaline at the injury site. Additionally, a variety of
investigations in different animal models showed major reduction of spinal cord
blood flow after acute cord trauma.

The normal cord can autoregulate blood flow to maintain constant blood
supply over a wide range of arterial pressure. However, autoregulation is
markedly impaired after spinal cord trauma.” Moreover, neurogenic shock can be
induced by acute cord trauma. It has been shown that posttraumatic hypotension

and decreased cardiac output are caused after experimental acute spinal cord
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injury in numerous studies. These declines result from a combination of decreased
sympathetic tone and myocardial effects.”

These results have suggested that reduction of spinal cord microcirculation
at and near the injury sites, impaired autoregulation of spinal cord blood flow,
systemic hypotension, and diminished cardiac output contribute to ischemia after
trauma in the spinal cord. Elevation of posttraumatic mean systemic arterial
pressure to more than 160 mmHg failed to significantly improve spinal cord blood
flow at the injury site and caused marked hyperemia at adjacent sites.” A linear
relationship was found to exist between the severity of cord injury and the
reduction in blood flow at the injury site. Further, both the severity of cord injury
and the degree of posttraumatic ischemia were found to be significantly related to
posttraumatic axonal dysfunction (motor and somatosensory tracts of the cord).”

It can be established that posttraumatic ischemia is a direct and damaging
reaction to trauma due to its characteristics including the immediate onset, the
dose-dependent severity of reduction, and the progressive and persistent time
course. It is also strongly supported by the fact that treatment of the ischemia
contributes to the restoration of cord function.”

However, the manner in which posttraumatic ischemia causes cyst formation
in the spinal cord remains unknown. The deep microvasculature may be occluded
by vasospasm resulting from mechanical damage or by the release of a vasoactive
amine or other vasoconstrictor, direct endothelial damage or swelling due to acute
cord injury, hemorrhage, and thrombosis or platelet aggregation. The targeted
tissue is thus rendered ischemic and proceeds to degenerate. Macrophages and
reactive astrocytes infiltrate and demarcate the necrotic area. Then a cavity is

formed.”
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1.6.6.3 Inflammatory mechanism

An inflammatory response to traumatic injury usually brings about wound
healing. However, it has been suggested that this response in the spinal cord
injury initiates and maintains progressive necrosis. Progressive necrosis precludes
any meaningful tissue repair.” It has been well-established that a process of
progressive necrosis results from ischemic changes occurring at the time of spinal
cord injury.” It has been hypothesized that reperfusion injury of the endothelial
cell after ischemic changes is responsible for the uncoordinated inflammatory
responses. The ischemia can transform the xanthine dehydrogenase in the
endothelial cell into a xanthine oxidase. Then, during reperfusion, oxygen
activates the xanthine oxidase to oxidated xanthine, transferring its electrons to
molecular oxygen to generate superoxide radicals. These radicals, which are toxic
to the endothelial cell, damage the capillary wall. This vascular injury is
exacerbated by neutrophils, which aggregate at sites of vascular damage, secreting
additional reactive oxygen species. In this way, the inflammatory response causes
damage to the endothelial cell, disruption of vascular integrity, edema,
extravasation of erythrocytes, migration of neutrophils and monocytes into the
injured region, and the subsequent release of cytotoxic substances. The sustained
release of cytotoxic substances in this uncoordinated inflammatory response is
believed to play a key role in progressive necrosis in spinal cord injury.”
Progressive necrosis denotes the process in which spinal cord lesions increase
gradually in size and undergo liquefaction necrosis; as a result, the normal tissue
fabric of the spinal cord is gradually replaced by fluid-filled, glia-lined cavities.

This hypothesis has been confirmed by numerous reports that the tissue necrosis
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can be significantly reduced by treatment with anti-inflammatory agents and that

wound healing is adversely affected by the presence of tissue necrosis.””

1.6.6.4 Other mechanisms

Biogenic amines (dopamine, noradrenaline, serotonin and histamine) act as
neurotransmitters in the brain and in the spinal cord. Some investigators'™ "
focused considerable attention on biogenic amines as possible mediators
contributing to the formation of the cystic cavity in posttraumatic syringomyelia.
They reported that elevated levels of biogenic amines were observed within the
spinal cord after trauma and paralleled a marked reduction in spinal cord blood
flow in experimental trauma. However, conflicting results have been reported.”
These results failed to confirm previous reports of amine alteration in head and
spinal cord trauma. Neurological deficits were not observed after intracerebral
injections of serotonin and an impact injury to the thoracic cord did not lead to
changes in noradrenaline, dopamine or serotonin despite the presence of severe
hemorrhage and necrosis. Additionally, e«<-methyl-p-tyrosine, which reduces the
levels of central dopamine and noradrenaline, did not demonstrate a protective
effect after spinal cord trauma. Therefore, the role of biogenic amines in spinal
cord trauma remains to be determined.

The lysosome mechanism was proposed by several authors.* Their studies
produced spinal cord cavitation in dogs by transecting the spinal cord. They found
that transection of the spinal cord was followed by massive accumulation of
lysosomes and release of lysosomal hydrolases within spinal cord stumps. They
suggested that release of lysosomal hydrolases resulted in autolysis of the cord

stumps and subsequent cord cavitation.
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The endogenous opioid mechanism was advanced by Faden et al."”, who

described the therapeutic effects of the opiate receptor antagonist naloxone in
experimental models. They suggested that endogenous opioids might play a
pathophysiological role in the spinal cord following traumatic injury.

Clinically, the mechanism of cyst expansion is more important. A
prospective study of 449 traumatic paraplegic and tetraplegic patients with spinal
cord injury demonstrated that neurological worsening or improvement was
attributed to the enlargement or collapse of the cystic cavity in the spinal cord.” It
was also found that complete collapse of the cyst resulted from surgical
realignment of the spine which restored a normal free circulation of CSF while
enlargement of the syrinx was always closely related to cord impression, tense
syrinx and kyphosis which disturbed the CSF flow within the subarachnoid space.
This latter finding supported the hypothesis that disturbances of the normal CSF
circulation within the subarachnoid space could result in enlargement of the cyst.
This finding is consistent with other hypotheses that CSF enters the syrinx
through the perivascular spaces and the interstitial spaces from the spinal
subarachnoid space.">*""*"

The spinal canal is subject to continuous pressure swings which are mainly
mediated by the epidural veins, which are in free, valveless communication with
the vertebral venous plexuses. Every time a Valsalva maneuver takes place (for
example, coughing or straining), the intrathoracic and intraabdominal pressure is
transmitted inside the spinal canal via the valveless vertebral venous plexus.
Normally pressure is readily equalized between the top and bottom of the spine.

In the presence of a partial subarachnoid block, fluid can be forced upward past

106 107

the block more efficiently than it can run down again.” Williams et al.
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proposed that this may lead to a collapsed theca below the block, thus creating a
suction effect that promotes entry of CSF into the syrinx. This is the “suck”
mechanism. Syrinx fluid may move more readily than the CSF in the
subarachnoid space, because the latter fluid finds some resistance from the
arachnoid strands, the dentate ligaments, the vessels, and the nerve roots that
connect the cord to the dura. The movement of the syrinx fluid can be violent
enough to extend the cavity both cranially and caudally. The pressures involved in
a cough often exceed 100 mmHg and the total energy therefore provides a
potentially destructive force. This is the “slosh” mechanism. These two
mechanisms explain the propagation of the syrinx, but are not universally
accepted as yet. Some studies also showed that neurological deterioration resulted
from lifting heavy weights, straining, and even transmission of shock waves
during lithotripsy." All of these observations suggested that intraspinal
hydrodynamic factors may play a major role in expansion of the syrinx in

44,49,50

posttraumatic syringomyelia. Therefore, entry of CSF, spinal tethering by
local arachnoiditis® and craniospinal pressure difference’ have been suggested as

the main causes of expansion of syrinxes, but their relative contributions are still

unknown.

1.7 Animal Models

A laboratory model of syringomyelia that simulates the pathophysiology
occurring in humans is needed, which would allow for accumulation of data on
syrinx formation and the identification of factors that contribute to and aggravate
the syrinx. At the same time, studies could determine the effectiveness of various

treatments. Although the laboratory model would not be a replacement for studies
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of human subjects, a wealth of information would be obtained to provide

additional insights.

1.7.1 Animal models of communicating syringomyelia

. The reports of animal models of congenital communicating syringomyelia
are few. Kuwamura et al.’ reported the dilated central canal in congenitally
hydrocephalic mice. This study confirmed Gardner’s hydrodynamic theory of
dilation of the central canal by the demonstration that blockage of the
communication between the obex and the central canal prevented the formation of
syringomyelia.

An experimental model of acquired communicating syringomyelia can be
produced in animals by injecting kaolin into the cisterna magna.” Chakrabortty et
al.'"” performed intracisternal injection of kaolin to produce communicating
syringomyelia in rabbits. MRI demonstrated the communication between the
fourth ventricle and the syrinx in most animals. The ultrastructural changes
included demyelination of varying degrees and slight edematous change in the
peri-syringeal white matter, abundant astrocytic proliferation with a large number
of glial filaments at the margin of the syrinx, and the enlarged perivascular spaces
in both the gray and white matter. In this model, continuing axonal degeneration
and demyelinization were observed to be accompanied by an abortive attempt at
regeneration and remyelinization. They suggested that these observations might
be the cellular basis for the refractoriness of communicating syringomyelia even
after surgical treatment. However, occurrence of postinflammatory hydrocephalus
/syringomyelia in humans is rare and the validity of extrapolating these findings

from the kaolin-induced model to the human condition is quite limited.
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The pathology of human syringomyelia including tonsillar herniation
demonstrated less extensive arachnoiditis and the lack of hydrocephalus, while the
development of syringomyelia in the animal model was closely related to
extensive arachnoiditis and hydrocephalus.’ Therefore, Yamazaki et al."”, by
transplanting an extradural neoplasm, produced a new experimental model of
chronic tonsillar herniation in rats, whose central canals in the spinal cord were
enlarged from the C, to the T, segments. They found that the histological changes
in the spinal cord in this new model reflected an early stage of communicating

syringomyelia.

1.7.2 Animal models of non-communicating syringomyelia

Based on previous pathological investigations, syringomyelia associated
with the Chiari I malformation is characterized by dilation of the central canal
(hydromyelia) and/or paracentral intramedullary cavitation (syringomyelia)
located in the posterior horn and/or the posterior column of the cervical cord.
Yamada et al.” reported that two types of syrinx — central canal dilation in the
thoracic cord and intramedullary cavities in the posterior column and posterior
horn in the cervical cord — were produced by a percutaneous injection of kaolin
solution into the cisterna magna in a canine model. Hydrocephalus was also
observed in almost 90% of dogs treated with kaolin and half of the intramedullary
cavities did not communicate with the central canal. The pathological features of
cervical cavitation in this kaolin model resembled those in human subjects and
vascular impairment of the cervical cord may provide a reasonable explanation for
the initial process of non-communicating syringomyelia associated with the Chiari

I malformation. However, there are several limitations with respect to correlating
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it with the human condition, including leptomeningeal granulomata induced by
kaolin, hydrocephalus, hydromyelia and the age of the syrinx.

Another experimental model of acquired non-communicating syringomyelia
can be produced in animals by injecting kaolin into the spinal cord. An
inflammatory response with ependymitis and occlusion of the central canal
outflow pathway resulted. Subsequently, cavitation and dilation of the central
canal occurred with the histopathologic features of syringomyelia.

110

Milhorat et al."® produced this model of non-communicating syringomyelia
by injecting kaolin into the dorsal columns of the spinal cord at C-6 in rats. They
found that kaolin crystals and polymorphonuclear leucocytes entered the central
canal within 24 hours and drained rostrally. The rostral drainage resulted in a
proliferation of ependymal cells and periependymal astrocytes, which produced
the synechiae and obstruction in the central canal at the level of the injection and
above it. After 72 hours, the upper end of the central canal (the obstructed
segments) became acutely dilated and produced an ependyma-lined syrinx in
22/30 animals. The syrinxes did not communicate with the fourth ventricle
rostrally and there was no evidence of basilar arachnoiditis, ventricular
ependymitis or hydrocepbalus in the histology. These authors believed that the
central canal of the spinal cord acted like a ‘sink’ draining CSF rostrally into the
fourth ventricle. They provided further evidence that the central canal can remove
substances as large as cellular elements from the parenchyma of the spinal cord.

Further, they hypothesized that the obstruction of this outflow pathway might play

a role in the pathogenesis of non-communicating syringomyelia.

1.7.3 Animal models of posttraumatic syringomyelia
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Posttraumatic syringomyelia is characterized by a variety of
histopathological changes resulting from mechanical trauma and vascular
compromise of the cord parenchyma.”* Three experimental models of
posttraumatic syringomyelia have been produced. The mechanical model is the
best characterized and most widely used model of posttraumatic syringomyelia
and is produced by the contusion or weight drop method first described by
Allen."" The other two experimental models have been produced recently.
Syrinxes in the parenchyma of the spinal cord in the ischemic model * resulted
from vascular compromise including ischemia produced by a photochemical
method, while marked elevation of EAAs, occurring in both traumatic and
ischemic injury, was produced by injecting the potent exogenous EAA (QA) into
the spinal cord in the excitotoxic model.”" All these experimental approaches share
the distinction of producing one or more of the pathological changes commonly
associated with human injuries and each has provided valuable insights into the

putative mechanisms of posttraumatic syringomyelia.

1.7.3.1 Mechanical model

In 1890, Schmasus first reported that degeneration and cavitation of the
spinal cord were produced in an experimental rabbit model as the result of a direct
blunt trauma to the backs of rabbits.* Soon, Allen'" in 1911 designed a weight-
drop technique to deliver a quantifiable impact to the spinal cord of animals. The
weight-drop technique, which was refined by later researchers,"* was used to
demonstrate the formation of posttraumatic syrinx and to elucidate the
pathophysiologic mechanism of posttraumatic syringomyelia. Balentine et al."®

and other investigators”'"* utilized a weight-drop technique to produce severe
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traumatic injuries to the spinal cord in animals, which caused stepwise
sequentially pathological changes in the cord. A fusiform zone of spinal cord
necrosis developed, which was similar to the configuration found in human spinal
cord injuries. They found that spinal cord pathology did not parallel the clinical
neurological condition; spinal cord pathological changes, which were initially
prominent in the center of the cord, started as small hemorrhages and edema in
the gray matter and progressed through central necrosis, adjacent white matter
edema, and demyelination, to finally involve the entire cord. Traumatically
induced spinal cord necrosis was the result of vascular injury occurring
immediately at the time of impact and was characterized by fibrinoid necrosis and
disruption of major arteries as well as veins. In addition, ultrastructural
observation in these studies showed that the necrotic process of cellular
constituents was piecemeal, and was characterized by intracellular calcification
and heterophagocytosis in the traumatized tissue.

The weight drop method is the most widely used experimental model of
posttraumatic syringomyelia. However, there are two problems with this model.
One is that the impact is so overwhelming that other factors contributing to

necrosis may not be demonstrated.'”

The other is that this model can not produce
consistent SCI especially when contusion injuries are of moderate severity,
resulting in non-reproducible anatomical and behavioral outcomes.”

To study the role of spinal blockage or arachnoiditis in posttraumatic
syringomyelia, kaolin was injected into the subarachnoid space in the spinal cord,
resulting in tethering due to adhesions between the spinal cord and the dura. The

animal group which received traumatic injury only was compared with the animal

group which received traumatic injury following injection of kaolin.” It was
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found that there was a tendency for the combined trauma/kaolin injection group to
be more prone to develop a syrinx. They concluded that fixation of the spinal cord
and obstruction of the CSF pathway by adhesive arachnoiditis at the site of injury
may play an important role in initiating the expansion of the syringomyelia cavity.
It has also been assumed that tethering of the spinal cord may lead to a reduction
in spinal cord blood flow, triggering a release of EAAs, which in turn causes
tissue damage and leads to excitotoxic cascades, eventually contributing to the

formation and expansion of cavities within the spinal cord.’

1.7.3.2 Ischemic model

Traumatic spinal cord injury results in degeneration of neural tissue by a
number of pathophysiological mechanisms. Local spinal cord ischemia is one of
these mechanisms. It has been known that spinal cord blood flow is considerably
reduced after traumatic injury.”

Bunge et al.” and other researchers™ use the photochemical technique to
induce local spinal cord ischemic injury in the rat, developing the photochemical
lesion model with minimal variability to better understand mechanisms of
posttraumatic syringomyelia. Usually rostral and caudal to this photochemical
lesion in the spinal cord, smoothly contoured and secondary empty cavities
appeared from 28 days to 17 months after lesioning. They did not, however,
increase in size with time. Pathological changes after lesioning were studied by
light and electron microscopy. The photochemical lesions resulted in extensive
necrotic regions bordered by swollen axons, a massive influx of macrophages, an
increase in the perivascular space in surrounding spared tissue, demyelination in

the early stage and later myelination, by both oligodendrocytes and Schwann
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cells, in the tissue surrounding the necrotic lesion. These changes resembled those

observed after SCI caused by contusion or compression.

1.7.3.3 Excitotoxic model

In recent years there have been numerous studies that demonstrate the
involvement of glutamate in the posttraumatic syringomyelia™” and significantly
increased levels of EAAs caused by spinal ischemia as well as spinal cord
trauma."” Additionally, glutamate has been thought as one of several putative
chemical mediators contributing to the central cascade of secondary pathological
changes following spinal cord traumatic injury.” Recently, the role of different
glutamate receptor subtypes in the pathophysiology of SCI was evaluated in a
series of studies in which NMDA and non-NMDA receptor agonists were

microinjected into the rat spinal cord.”™ """

In these studies the intraspinal
injection of QA, NMDA and AMPA resulted in pathological changes, including
cell death and the formation of spinal cavities, which closely resembled those

found after traumatic SCL"" This is also in line with the repeated findings that

blockade of NMDA and non-NMDA receptors can limit neuronal damage in

79,116-120 8

spinal ischemia and mechanical spinal trauma. Yezierski et al.*"* injected
QA into the spinal cord, producing selective elimination of different populations
of neurons. After a long period of time, cavities were formed in the spinal cord.
These cavities were generally unilateral and varied in size and number. In some
cases there was a slight dilation of the central canal. The mechanism of cavity
formation following QA injection is not understood. As a potent agonist of two

subtypes of EAA receptors, QA may produce neuronal degeneration by prolonged

activation of both ionotropic and metabotropic receptors. Prolonged
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depolarization of calcium channels and neurons due to excessive activation of
EAA receptors by increased EAAs, destruction of cell membranes by trauma and
EAA-mediated calcium channel activation results in intracellular calcium and
sodium accumulation. This initiates a cascade of cell events, including impairment
in mitochondrial function by accumulated calcium in mitochondria, calcium-
activated neutral proteases to disrupt microtubular and neurofilament proteins,
axonal degeneration, and the synthesis of toxic free radicals, leading eventually to
cell death. The necrosis of neurons stimulates the infiltration of macrophages and
reactive astrocytes, which wall off the necrotic area and finally an initial focal
cyst is formed.

In conclusion, the results of the experimental models described above
support the general hypothesis that spinal traumatic injury causes neurochemical,
anatomical and pathophysiological changes that collectively constitute a central
injury cascade responsible for the formation of focal cysts.""' However, the

mechanism of subsequent syrinx formation remains unclear.

2. Excitatory amino acids

The last 40 years have witnessed considerable progress in the understanding
of excitatory amino acids (EAAs). Hayashi and his colleagues™' were the first to
demonstrate the convulsive effects of L-glutamate and L-aspartate in mammalian
brain in 1954. Later the depolarizing and excitatory actions of the EAAs on single
central neurons were demonstrated.'” Today it is widely accepted that the EAAs,
such as glutamate and aspartate which are widely distributed in the CNS, play an

essential role in normal synaptic transmission, synaptic plasticity, and various
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neurodegenerative diseases including posttraumatic syringomyelia, Huntington’s

disease, Alzheimer’s disease and stroke.”"*""**

2.1 Structure and classification
2.1.1 Structure

The number of EAAs that are now known runs to well over a hundred. Most
have an «-aminomethylcarboxylic acid terminal, with a second () acidic group
located at the end of a chain of one to three atoms from the carboxyl group. The
w-acidic group shows wide structural variation (Fig. 1). It is common that the
enantiomer varies in potency. The highest activity usually resides in the L isomer,

122,125

except N-alkyl-D-aspartic acids.

The structures of some representative EAAs are shown in Fig 2.7

X—CH—COH X= COOH, SO,H, SO,H, SO,SH, CONHOH,
N(NO)OH, PO,H, PO,H, or cyclic residues
‘ (a)-(f)
NHR

General formula

: _{o HO OH
7\ HO
oot N)‘;)_ p
(c)
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Figure. 1 General structure of excitatory amino acids, showing the diversity of
the w-acidic group. (Adapted from Watkins JC: The NMDA receptor concept:
origins and development, in Collingridge GL, Watkins JC(eds): The NMDA
receptor. Oxford, New York, Tokyo, Oxford University Press: 1-30, 1 994)
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Figure 2. The structures of L-glutamic acid, L-aspartic acid, NMDA, KA, QA,
and AMPA. (Adapted from Watkins JC: The NMDA receptor concept:origins
and development, in Collingridge GL, Watkins JC (eds): The NMDA receptor.
Oxford, New York, Tokyo, Oxford University Press: 1-30, 1994)
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Figure. 3. Ionic structure of Quisqualic acid. (Adapted from Watkins JC:
Excitatory amino acids, in McGeer EG, Olney JW, McGeer PL (eds): Kainic
acid as a tool in neurobiology. New York, Raven Press:37-69, 1978)

Quisqualic acid, one of the most potent EAAs, is a natural heterocyclic e<-
amino acid obtained from seeds of Quisqualis fructus and Q. indica.”"*"* Its full
chemical name is e«<-Amino-3,5-dioxo-1,2,4-oxadiazolidine-2-propanoic acid,
whose molecular formula is C.H N,O, and molecular weight is 189.127.”*"* The

55777375

jonic structure of quisqualic acid, which may be the active form, is shown in Fig

3., Tts unusual oxadiazolidinedione system is strongly acidic with a pKa of 4.15.”
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Quisqualic acid depolarizes the crayfish neuromuscular junction and is a

136,13 .
7 with an

very potent excitant of spinal neurones in the frog, rat and cat,
activity 22-90 times that of L-glutamate. It is synaptically released and removed
from the extracellular environment by low-affinity uptake systems, which also
transport L-glutamate in high affinity and other acidic amino acids. The .relative
potencies of EAAs are mainly determined by their removal rate from the

extracellular space.”™'”

2.1.2 Classification
It has been well established that EAAs act on specific receptors to excite the

121,140

mammalian central neurons and multiple receptors for EAAs exist in the

141

mammalian CNS."* Multiple receptors are involved in EAA synaptic

transmission.'” This is supported by the observations that a range of selective

144
14314 Therefore,

antagonists block the actions of some excitants but not others.
more than 100 EAAs are classified by their receptors. Ultrastructurally, post-
synaptic excitatory receptors, which are involved in the mediation of both the
excitatory and toxic action of EAAs, are located on dendritic and somal
membranes.'”

The EAA receptors comprise two major types: the ionotropic receptors,
which operate ion channels and are subdivided into AMPA, kainate and NMDA
receptors, and the metabotropic receptors falling roughly into two groups, those
that stimulate phosphoinositide hydrolysis and those that inhibit cyclic AMP
production.”"**'* The former group includes mGlu1 and mGlu5, while the latter

group includes mGlu2, mGlu3, mGlu4, mGlu6, mGlu7, and mGlu8.'” Table 3

shows a summary of functional features and general distribution of EAA receptors
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in the mammalian CNS."”*" Thus, NMDA, AMPA and KA are selective agonists
for particular receptor types, while a variety of other EAAs, including L-
glutamate have mixed actions on more than one type of receptor.'

Quisqualic acid is able to function as an agonist at multiple excitatory amino
acid receptor substrates in the CNS. It has weak affinity for NMDA receptors™
and high affinity for the AMPA, kainate, and the metabotropic receptors. The first
three EAA receptor types operate the gate ion channel directly, while the
metabotropic receptors operate via second-messenger systems, including the
stimulation of membrane inositol phospholipid metabolism."*"*'* This is
consistent with the observation that quisqualate toxic effects can not be prevented
by antagonists of NMDA or reducing Ca™"."”

Glutamate is an endogenous amino acid which can activate all of the
receptor classes and has the highest affinity for the NMDA receptor, whereas
NMDA, QA and KA are exogenous amino acids, which do not exist in the
CNS. "

EAA receptors not only mediate normal synaptic transmission along
excitatory pathways, but also participate in the modification of synaptic
connections during development and changes in the efficacy of synaptic
transmission throughout life. However, over-activation of select receptors can also

mediate neuronal degeneration and even cell death."*"

2.2 Synaptic transmission and neurotoxicity

2.2.1 Synaptic transmission
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Table 3. Summary of functional characteristics and general distribution of
excitatory amino acid receptors in the mammalian CNS (adapted from Watkins
JC: The NMDA receptor concept:origins and development, in Collingridge GL,
Watkins JC,ed: The NMDA receptor, 2 edition. Oxford, New York, Tokyo,
Oxford University Press:1-17,1994)

NMDA Widely distributed in mammalian CNS and especially
enriched in hippocampus and cerebral cortex. The
conductance activated by NMDA receptor agonists is
voltage-dependent, voltage sensitivity depending on
extracellular Mg”. Important in the induction of long-term
potentiation, a form of neuronal plasticity, and diseases
including clinical epilepsy and neurodegeneration.
Antagonized selectively by D-2-amino-5-phosphonovalerate
(D-APV) and inhibited non-competitively by phencyclidine-
like (PCP) compounds. Potentiated by glycine.

AMPA Widespread in CNS; parallel distribution to NMDA
receptors. The conductance activated by AMPA receptor
agonists is voltage-independent, involving Na” and K".
Blocked by selective antagonists.

Kainate Concentrated in a few specific areas of CNS, complementary
to NMDA/AMPA receptor distribution, such as stratum
lucidum region of hippocampus. The conductance activated
by kainate receptor agonists is voltage-independent,
involving Na" and K.

Metabotropic A group of receptors stimulating the production of inositol
triphosphate and inhibiting cyclic AMP formation. Subtypes
differentially activated by L-glutamate, quisqualate, ibotenate
and so on, but not by AMPA, NMDA, or kainate. Not
antagonized by NMDA or non-NMDA antagonists. Maybe
involved in developmental plasticity.

It has been well established that glutamate, aspartate and possibly other
EAAs act as neurotransmitters at the majority of excitatory synapses in the
vertebrate CNS.”"**"**'* Additionally, EAAs are thought to play an essential role
in the induction of the plastic changes in synapses.'”’

Many studies have demonstrated that receptors for EAAs are involved in

150,160,161

mediating synaptic transmission in the mammalian spinal cord. A number

of electrophysiological experiments have suggested that EAA receptors are

42



involved in spinal sensory pathways. EAA receptor agonists can increase the
firing rate in 75% of spinal neurons, while D-ec-aminoadipate, an antagonist of
all three EAA receptor subclasses, can inhibit Renshaw cell response evoked by
electrical stimulation of large myelinated primary afferent fibers. The existence of
functional NMDA receptors on intrinsic spinal neurons is suggested by the
reduction of polysynaptic excitation in the spinal cord by NMDA antagonists.
More recently, it has been demonstrated that NMDA receptors predominantly
mediate glutamate-induced depolarization of primary sensory neurons. **

Some other experiments suggest a transmitter role of EAAs in spinal
nociceptive inputs. NMDA and AMPA can activate primarily nociceptive
neurons, 60% of which were projection neurons. Spinal neurons sensitive to
aspartate or glutamate were found to be primarily located in the superficial dorsal
horn. PCP was reported to inhibit responses of identified spinothalamic tract cells
to iontophoretically applied glutamate and to noxious mechanical stimuli, whereas
neuronal responses to peripheral noxious mechanical stimulation can be
significantly increased by either NMDA or AMPA at subthreshold doses. By
means of spinal microdialysis technique, increased extracellular levels of
glutamate and aspartate in the dorsal spinal cord of freely moving rats were
observed following peripheral nociceptive stimulation.™ "

Taken together, glutamate and aspartate are excitatory neurotransmitters in
several kinds of primary afferent fibers and in many interneurons of the spinal
cord dorsal horn. Many, but not all, dorsal horn neurons can be excited by these
EAAs through specific receptors. Administration of EAAs was found to facilitate

the responses of primate dorsal horn cells to mechanical stimulation of their

peripheral receptive fields while EAA antagonists can reduce the response.
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Further these results are supported by anatomical evidence that some synapses on

primate spinothalamic tract neurons contain EAAs.'

Therefore, EAAs may play
a key role in sensory transmission in the spinal cord.

Glutamate functions as an excitatory transmitter in the CNS, but it is also a
powerful neurotoxin when its extracellular concentration is sufficiently high. This
is supported by the observation that the sensitivity of central neurons to hypoxia
and ischemia (hypoxic-ischemic brain damage) can be greatly diminished by
either blockade of synaptic transmission or the antagonism of postsynaptic

glutamate receptors.'”

2.2.2 Neurotoxicity
2.2.2.1 Background
In the EAA field, Hayashi first discovered the convulsive effects of

2214 Soon, Lucas and

glutamate and aspartate in mammalian brain in 1954.
Newhouse'® in 1957 established the toxicity of systemically administered
glutamate in the mouse retina and later other researchers demonstrated that Glu
and structural analogs of Glu exerted their depolarization action on postsynaptic
dendritic and somal receptor sites of the neuron to produce neuroexcitatory
activities or neurotoxic activities without damaging axons of passage. Afterwards,
Olney et al.” in 1969 proposed the concept of “excitotoxic” amino acids to
explain the neurotoxicity of those structural analogs of Glu, i.e. EAA, which have
both neuroexcitatory and neurotoxic activity mediated through the actions of
glutamatergic transmission.' More recently mounting evidence includes

confirmation of the depolarizing effects and neurotoxic effects of EAAs in

vitro;'*'* and the demonstration that brief exposure to glutamate was found to
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produce morphological changes in mature cortical cell culture beginning as early
as 90 seconds after exposure, followed by widespread neuronal loss over the next
hours;"” and that NMDA or non-NMDA agonists can produce local neuronal

168-171

degeneration in vitro and in vivo. Furthermore, some studies suggested that

amino acid neurotoxicity was a consequence of an intracellular Ca™ overload

3B 1t is now accepted that selective

brought about by excessive Ca™ influx.
neuronal death can be produced by excessive release of endogenous EAAs in the
CNS in some pathological conditions, including spinal or cerebral ischemia and
trauma, seizure-mediated brain damage, and hypoglycemic brain."”’ Glia and other
non-neuronal cell types are spared due to their lack of excitatory receptors, which
function in synaptic transmission. Therefore, this phenomenon that only neurons
die and non-neuronal cells are spared is termed selective neuronal necrosis.*
2.2.2.2 Mechanisms

A powerful plasma uptake carrier located in both neurons and glia can lower
the extracellular glutamate concentration to about 1 uM while a specific
transporter can package glutamate into synaptic vesicles for subsequent exocytosis
(Fig 4). These two transport pathways maintain the extracellular glutamate

concentration in normal conditions.”"™
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Figure 4. A schematic glutamergic synapse with presynaptic nerve terminal and
postsynaptic dendrite containing glutamate receptors. An astrocyte is next to the synapse.
The numbers correspond to glutamate release from synaptic vesicles (1), glutamate
binding to postsynaptic EAA receptors (2), and glutamate reuptake into nerve terminal
(3a) and astrocyte (3b). (ATP= adenosine triphosphate; ADP= adenosine diphosphate;
Gin= glutamine; GS= glutamine synthase; GT= glutaminase) ( Adapted from Rothman
SM, Olney JW: Glutamate and the pathophysiology of hypoxic-ischemic brain damage.
Ann neurol 19:105-111,1986.)

However, in some pathological conditions such as anoxia/ischemia and
trauma in the CNS, the regulation is lost. The excessive rise of extracellular K*
induced by anoxia/ischemia or trauma in CNS will depolarize neurons, increasing
vesicular release of glutamate ( if ATP levels are sufficient), will promote the
release of glutamate by reversal of the plasma uptake carrier (if the extracellular
glutamate concentration is low) and will inhibit uptake directly. In addition, the
powerful plasma uptake carriers are inhibited by decreased extracellular Na" as a
result of inhibition of Na" pump or a large Na" influx, depolarization of the neuron
by the increased K', and arachidonic acid released by the high glutamate

concentration. The resulting rise in glutamate concentration will depolarize

neurons further and thus release more K'. This is a positive feedback system
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which causes a large rise in extracellular glutamate concentration. If neurons are
exposed to 100 uM glutamate for more than 5 minutes, they will die due to an
excessive Ca™ influx."

A significant rise in extracellular glutamate concentration causes excessive
activation of all postsynaptic EAA receptors, leading to a lethal influx of

46T Tonotropic

extracellular Ca* through cell membrane channels (Fig. 5).
NMDA, kainate and AMPA receptors trigger Ca* influx from the extracellular
fluid via two pathways. One is the NMDA receptor-gated ion channel, which is
highly permeable to Ca™ to allow a significant influx of Ca™. The other is the
voltage-dependent Ca™ channel, which is activated by the depolarization. Strong
depolarization can be produced by activation of KA, AMPA and NMDA receptors
and facilitates the opening of the NMDA ionophore, increasing Ca™ directly via
the NMDA channel. Additionally, the AMPA, KA, and NMDA receptor
activation also produces other ionic changes, including Na" influxes and K*
effluxes. The metabotropic receptor, which is linked via G proteins to
phospholipase C ( the enzyme responsible for diacylglycerol and IP, formation),
activates protein kinase C via diacylglycerol and releases Ca™ from internal stores
to increase intracellular Ca™ via IP, while the activation of AMPA/KA and

metabotropic receptors results in an increase of arachidonic acid formation.”™ "
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Figure. 5 Schematic diagram showing a sustained influx of Cd” following
activation EAA receptors: AMPA, KA, NMDA, and metabotropic receptors.(

VSCC= voltage-sensitive Cd’* channels; AA= arachidonic acid; PKC= protein

kinase C; G= GTP-binding protein; PLC= phospholipase C; DG=
diacylglycerol; IP = inositol-1,4,5-triphosphate.) (Adapted from Schoepp D,
Bockaert J, Sladeczek F: Pharmacological and functional characteristics of
metabotropic excitatory amino acid receptors. Trends Pharmacol Sci 11:508-

515,1990.)
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Figure. 6 Irreversible neuronal damage as a result of sustained influx of ca’

(NO= nitric oxide, PKC= protein kinase C, DNA= deoxyribonucleic acid)

+

49



Intracellular Ca* accumulation produces prominent cytopathological

12313 One of the earliest

changes, leading to irreversible neuronal damage (Fig. 6).
changes is a swelling of the cisternae of the Golgi apparatus, which are the early
site of Ca’ uptake. Chromatin in the nuclei starts to aggregate and, coincidentally,
Ca® accumulation in the nuclei can be detected. As Ca™ in the nuclei increases,
the chromatin becomes progressively more clumped and eventually nuclei
progress to frank pyknosis, a characteristic feature of dead cells. A population of
mitochondria also undergo swelling, in proportion to the amount of Ca™ inside
them. As a result, the oxidative phosphorylation is impaired and ATP synthesis
significantly decreases. As well as causing pathological changes in organellae,
sustained increase in Ca™ also influences ionic channels or pumps and activates a
variety of Ca™ sensitive enzymes, leading up to the following destructive cascade.

1. Elevated Ca™ is able to inhibit K" currents, depress responses to GABA
mediated through GABA , receptors, augment responses to NMDA, and inhibit
the activity of the Na'-K"pump. All these contribute to a feed-forward effect,
further increasing intracellular Ca™ as well as promoting other ionic disturbances.

2. Phospholipase A,, activated by excess Ca™, leads to the production of
arachidonic acid. Arachidonic acid itself is potentially dangerous as it can induce
a lasting inhibition of glutamate uptake and activate protein kinase C (PKC). PKC
activation and its translocation into membranes contributes to a sustained Ca**
entry pathway leading to cell death. Moreover, during its metabolism, arachidonic
acid can give rise to free radicals, which will damage proteins, membranes, and
DNA.

3. The activated proteases and lipases can cause cytoskeletal breakdown due to

degradation of spectrin, microtubules, and neurofilaments.
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4. Nitric oxide (NO) is a diffusible, free radical species that is synthesized by
the enzyme NO synthase. A major stimulus for NO synthase activation is excess
Ca™ in cytoplasm. NO is potentially toxic through its ability to inactivate key
iron/sulphur-containing enzymes and react with superoxide ions to generate
peroxynitrite, a precursor of more toxic free radicals, including the hydroxyl
radical.

It is concluded that excessive activation of EAA receptors on vulnerable
neurons leads to a sustained Ca™ influx and a failure of homeostatic mechanisms
serving to maintain intracellular Ca™ at low levels, contributing directly or
indirectly to cell death, and that Ca™ influx through receptor-activated channels
may be a required condition (factor) for EAA toxicity in addition to the passive
and voltage-sensitive ionic movements caused by the depolarization.'®

It has been well-documented that quisqualic acid-induced neurotoxicity is
attributed to the excessive activation of KA, AMPA and metabotropic receptors."™
However, autoradiographic studies have shown that quisqualic acid has weak
affinity for NMDA receptors and electrophysiological studies have also
demonstrated that quisqualic acid activates NMDA receptor channels.

Furthermore, Pai et al."™'

demonstrated in their study that quisqualic acid-induced
neurotoxicity in vitro is reduced by either NMDA or non-NMDA receptor
antagonists. The activation at the AMPA and KA receptors by quisqualic acid
might produce enhanced release of glutamate from the terminal, which could then
act on the NMDA receptor. Additionally, the depolarization at the AMPA and KA
receptors by quisqualic acid facilitates the opening of the NMDA ionophore. So

it has been proposed that both NMDA and non-NMDA receptors are involved in

neuronal damage produced by quisqualic acid. A role for metabotropic receptors
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in quisqualate-induced neuronal degeneration has also been demonstrated in vivo
studies. Although activation of the metabotropic receptor alone can not induce
cell death due to impotence of a selective agonist for metabotropic receptor in
producing neurotoxicity, release of intracellular Ca”™ from internal stores after
metabotropic receptor activation can potentiate Ca’*-mediated degenerative effects

of glutamate agonists acting concomitantly at ionotropic receptors.”

2.3 Neurodegenerative diseases

EAAs, major excitatory neurotransmitters, participate in normal synaptic
transmission throughout the CNS and produce neurotoxicity by excessive
activation of excitatory amino acid receptors.'® The toxicity resulting in the
degeneration of receptive neurons plays an important role in acute and chronic
neurodegenerative disorders, such as seizure-mediated brain damage, "'
hypoglycemic brain damage, cerebral ischemia and trauma, Huntington’s

8.7 5 livo-pontocerebellar atrophy,™ senile dementia of the Alzheimer

disease,
type, parkinsonism and amyotrophic lateral sclerosis. In vivo and in vitro studies
have shown that the pathological changes closely resemble those induced by
EAAs and antagonists of EAA receptors can significantly attenuate the tissue

damage 83,95,189
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AIMS AND HYPOTHESES

Hypotheses

1. Quisqualic acid will produce parenchymal syrinxes in the spinal cord of rats,
comparable to human posttraumatic syrinxes.

2. Enlargement of the syrinx will be enhanced by local arachnoiditis induced by

subarachnoid kaolin injection.

Aims

1. To produce cystic cavitation in the parenchyma of the spinal cord in the rat
using intramedullary injection of quisqualic acid.

2. To elucidate the role of adhesive arachnoiditis in syrinx formation by
comparing the effects of intramedullary quisqualic acid alone with that of
intramedullary quisqualic acid and subarachnoid kaolin injection.

3. To study the response of the axon, astrocyte and macrophage in the spinal cord

to the intramedullary injection of quisqualic acid.
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METHODOLOGY

1. Animals used and ethics approval

All the experimental procedures were approved by the Animal Ethics
Committees of the Institute of Medical and Veterinary Science (Project numbers
30/98 and 64/98) and the University of Adelaide. Male Sprague-Dawley rats were
used in the experiments and were supplied by and housed in the Institute of
Medical and Veterinary Science. Prior to surgery, rats were kept in cages in
groups of up to six. Postoperatively, they were housed in individual cages and
given food and water ad libidum. Neurological examinations were made daily and
analgesia administered as required.

Forty-two male Sprague-Dawley rats, weighing 300g to 450 g, were used in
this study. The animals were divided into six groups (Table 4). Group A
comprised one normal un-operated rat used as an anatomical control. Group B
consisted of three control rats that received a unilateral injection of 2 pl mixed
solution (1.6 pl normal saline and 0.4 pl 1% Evans Blue) into the spinal cord.
Group C consisted of five rats that received an injection of 5 pl 250 mg/ml kaolin
into the subarachnoid space. Group D consisted of ten rats that received a
unilateral injection of 2 ul 8.3 mM (1.6 mg/ml) quisqualic acid solution, the EAA
receptor agonist, into the spinal cord. Group E comprised ten rats that received a
unilateral injection of 2 [l 23.7 mg/ml quisqualic acid suspension into the spinal
cord. Group F consisted of thirteen rats that received a unilateral injection of 2 pl
23.7 mg/ml quisqualic acid suspension into the spinal cord following injection of

5 ul 250 mg/ml kaolin into the subarachnoid space.
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Table 4. Rats used to study post-traumatic syringomyelia.

Group Injection Survival following Number Average weight
injection of rats +SD
A (normal) - - 1 350 g
B (control) Normal saline 4 weeks 3 350+18 g
& Evans Blue
C Kaolin (subarachnoid) 4 weeks 5 320120 g
D 8.3 mM QA 1 week 1 330 g
(1.6 mg/ml) 2 weeks 4 38720 g
3 weeks 3 325t 5¢g
4 weeks 2 382+ 8¢
E 23.7 mg/ml QA died | 346 g
1 week I 335¢g
2 weeks 2 38510 ¢g
3 weeks 5 336t 5¢g
4 weeks | 408 g
F 23.7 mg/ml QA died 1 355¢g
& Kaolin (subarachnoid) 1 day 1 350 g
1 week 1 350£10 g
2 weeks 4 380+11 g
3 weeks 5 410120 g
4 weeks 1 450 g

2. Preparation of quisqualic acid solutions and suspensions

Two different preparations of quisqualic acid were used for intramedullary
injection. A solution of 8.3 mM (1.6 mg/ml) quisqualic acid was made by adding
0.537 ml of 0.9% sterile saline and 0.1 ml of 1% sterile Evans Blue to 1 mg of
quisqualic acid (Sigma Chemical Corporation, US). A suspension of 23.7 mg/ml
quisqualic acid was created by adding 0.170 ml of 0.9% sterile saline and 0.041
ml of 1% sterile Evans Blue to 5 mg of quisqualic acid (Sigma Chemical

Corporation, US). The 8.3 mM quisqualic acid preparation was aliquoted into
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sterile vials of 0.02 ml samples and stored at -20°C. The 23.7 mg/ml quisqualic
acid suspension was sonicated for 1 hour, before being aliquoted (0.02 ml) and
stored at -20°C. Aliquots of 23.7 mg/ml quisqualic acid suspension were

sonicated for 30 minutes prior to injection.

3. Preparation of kaolin suspensions
Freshly prepared non-sterile kaolin was used for each subarachnoid
injection. A suspension of 250 mg/ml of kaolin (Sigma Chemical Corporation,

US) was prepared by diluting 2.5 mg kaolin into 10 ml 0.9% sterile saline.

4. Anesthesia

Anesthesia was induced in each rat with 4% isoflurane in oxygen (1.5
L/min) in an anesthetic chamber. Rats were positioned prone on a heat insulating
pad. Anesthesia was maintained with the animal self ventilating 2.5% isoflurane
in oxygen (1.5 L/min) through a nose cone. A heat lamp was used to maintain
body temperature. Following the surgical procedure, anesthesia was withdrawn
and the rat supplied with 100% oxygen for 1-2 minutes before placing the rat in

the postoperative recovery cage.

5. Surgical procedure
5.1 Quisqualic acid injection

A 3 cm midline incision was made in the skin, followed by blunt dissection
to expose the lower cervical spine. Paraspinal muscles were stripped from the
spinous processes of C5 to C7 under a dissecting microscope. A laminectomy of

C6 was performed to expose the dura and the spinal cord. A single puncture was
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made through the meninges 0.5 mm to the right of the midline at the C6
segmental level, using a C-1 taper needle (Ethicon 8706, Johnson&Johnson
Medical Pty. Ltd., Sydney). The QA syringe (5 pl, SGE Pty. Ltd., Victoria) fitted
with a modified bevel needle (0.19 mm outer diameter No. 0367017 was
advanced through the meningeal puncture to a depth of approximately 0.5 mm,
such that the needle orifice lay within the dorsal horn of the spinal cord, with the
bevel facing medially. Two microliters of QA preparation was slowly injected
over a 1 minute period. The needle was left in place for a further minute, before

being slowly withdrawn. The wound was closed in layers using 3-0 synthetic

absorbable sutures.

5.2 Kaolin injection

For subarachnoid kaolin injection a more extensive (C5-7) laminectomy was
performed. The dura and arachnoid membrane were punctured using a C-1 taper
needle at the level of C6. The fixed curved needle (0.47 mm outer diameter) of
the kaolin syringe (10 ul, SGE Pty. Ltd., Victoria) was introduced into the
subarachnoid space and the tip advanced to the level of C5. Five microlitres of
kaolin suspension was slowly injected. The curved needle was left in position for

1 minute, before being slowly withdrawn.

5.3 Combined injection of quisqualic acid and kaolin
In animals that received both subarachnoid kaolin and intraspinal QA
injection, laminectomies of C5-7 were performed. Kaolin injection as described in

section 5.2, was followed by intraspinal QA injection as described in section 5.1.
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5.4 Saline injection

Dissection and exposure of the cord was made as previously described with
a laminectomy of C5-7. Two microliters of sterile normal saline was injected into
the dorsal horn at C6 level, using the same procedure as described for QA

injection.

6. Perfusion-fixation

Following a survival period of 1-4 weeks, rats were induced and
anesthetized with isoflurane. The rat was positioned supine and the thoracic cage
opened to expose the heart and aorta. A blunt 19 gauge needle was introduced
through the apex of the heart into the ascending aorta. Two milliliters of 1000
TU/ml heparin was injected into the aorta. The heart was clamped transversely at
the apex to secure the needle in place. The right atrium was opened. The rat was
then perfused with freshly prepared 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4, at room temperature) for 15 minutes at a pressure of 120 mmHg.
Perfusion pressures were generated with compressed air in a closed system and

monitored with a sphygmomanometer.”

7. Tissue processing
7.1 Removal of spinal columns from rats

The entire spinal column was removed from each rat immediately after
perfusion-fixation and postfixed in 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) overnight. The spinal cord was then dissected out and divided into
nine 1-cm segments. Each segment was marked at the rostral end on the right side

with a small vertical incision to allow orientation.
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7.2 Paraffin sections

Tissue blocks were dehydrated in graded alcohol baths and cleared with
chloroform, prior to processing into paraffin wax. Five micrometer serial sections
were cut at (150 um) levels with a microtome and mounted onto slides coated
with APT (Sigma Chemical Corporation, US). The sections were dried at 37°C
for at least 12 hours prior to use. Sections from each level were stained with

hematoxylin and eosin and immunohistochemically as described below.

7.3 Immunohistochemical techniques
7.3.1 Inmunoperoxidase staining method for GFAP

Immunostaining for GFAP, an astrocyte marker, was carried out on 5-pum
paraffin sections using standard immunoperoxidase staining protocols.”"" The
sections were deparaffinized in xylene and cleared in graded ethanol baths.
Endogenous peroxidase activity in the tissue was blocked by incubation with 3%
H,0, in PBS and non-specific binding was suppressed by incubation with
blocking serum (15% NHS in PBS). The slides were then incubated overnight
with the primary anti-GFAP polyclonal antibody (DAKO Corporation, 6392 via
Real Carpinteria, C.A.), diluted 1:1500 in 4% NHS/PBS. The following day, a
1:300 dilution of swine anti-rabbit biotinylated secondary antibody followed by
the streptavidin/HRP (DAKO Corporation, 6392 via Real Carpinteria, C.A.) was
added to the sections. DAB (Pierce, Rockford, LL.) in H,O, and NiCl was used as
the chromogen for visualisation. The tissue sections were then counterstained with
eosin and mounted for light microscopy ( For details of the GFAP

immunostaining technique, see Appendix 2, GFAP immunostaining, page 131 ).
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7.3.2 Immunoperoxidase staining method for ED1

Immunostaining for ED1, a pan rat macrophage marker, was carried out on
5-pm paraffin sections using standard immunoperoxidase staining protocols.”""”
The sections were deparaffinized in xylene and dehydrated in graded ethanol
baths and hydrated in PBS. After endogenous peroxidase activity in the tissue was
blocked with 3% H,0, in PBS and nonspecific binding blocked with 15%
NHS/PBS, the sections were incubated for one hour with mouse anti-rat primary
ED1 monoclonal antibody (Serotec Ltd., Oxford, UK), diluted 1:400. After
washing in 0.01 M PBS, sections were incubated with a 1:20 dilution of sheep
anti-mouse secondary antibody conjugated by peroxidase (Amersham Pharmacia
Biotech, UK) for 60 minutes. After washing in PBS, the slides were stained for
peroxidase activity with DAB in H,0, and NiCl. The tissue sections were then
counterstained with eosin and mounted for light microscopy (For details of the

ED1 immunostaining technique, see Appendix 3, ED1 immunostaining, page

132).

7.3.3 Immunoperoxidase staining method for 3-APP

Immunostaining for B-APP, a marker for axonal injury, was carried out on
5-um paraffin sections using standard immunoperoxidase staining protocols.”"**
% APP immunostaining was performed using the same protocol as for GFAP,
with the following exception of primary antibody diluted in 1:10000 (Mouse o<
APP, Zymed Laboratories INC, USA) and secondary biotinylated antibody
diluted 1:200 (Rabbit «« Mouse, DAKO Corporation, 6392 via Real Carpinteria,

C.A.) (For details of the B-APP immunostaining technique, see Appendix 4, B-

APP immunostaining, page 133).
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8. Photography
Photomicrographs were taken with an Olympus PM20 camera system and
an Olympus BX50 microscope. Film used for microscopic photography was

Kodak EPY-36 Tungsten 64T Ektachrome.
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RESULTS

Two rats (one in Group E and the other in Group F) died due to anaesthetic
complications. Additionally, there were bilateral upper limb paralyses in one rat
of Group F that was sacrificed 24 hours after operation. These three rats were
excluded from this study. The presentation of histological appearance in the
normal rat will be followed by the results for saline, kaolin, QA and QA plus

kaolin injection.

1. Normal control rats (Group A)

Normal histological appearances were demonstrated in the transverse
sections at the C6 segmental level of spinal cord in the normal rat (uninjected)
(Figure 7). The substance of the cord was divided into outer white matter and
inner gray matter. The inner gray matter had the shape of an H. No pathological
changes were shown in the H&E stained transverse section and in the transverse

sections, stained for GFAP, ED1 and APP, at the same level (Figure 7).
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Figure7. Photomicrographs of transverse sections at C6 segmental level from a nor-
mal rat, showing normal histological appearance. A: H&E, x10. B: GFAP, x10. Figure
7 continued on next page.
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Figure 7 (cont)
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2. Saline control rats (Group B)

Transient right upper limb weakness was observed in all three Group B rats
after operation. All recovered within 1 day following operation. No rat in Group
B developed spinal cord cysts. Transverse sections at the level of injection are
shown in Figure 8. No cavitation in the gray or white matter was observed. The
resulting mild inflammatory response was confined to the side of injection (right).
The right side was indicated by the knife mark made at processing (Figure 8A).
Intense GFAP staining was observed on the side of injection (right) compared to
the uninjected (left) side (Figure 8B).

At higher magnification, the histological appearances of the same sections
are shown in Figure 9. The normal central canal, deposition of yellow
hemosiderin pigment and mild inflammatory response were seen in the H&E
stained section. In addition, the healthy neurons in the gray matter on the side of
injection were observed and the gray matter in the dorsal horn on the side of
injection did not shrink (Figure 9A). A small number of ED1-positive
macrophages in response to injection injury were seen in the transverse section at
the same level (Figure 9C) and no APP staining was demonstrated in the

transverse section at the same level (Figure 9D).
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Figure8. Photomicrographs of transverse spinal cord sections at C6 segmental lev-
el from a contral rat sacrificed four weeks after sterile 0.9% saline injection, demon-

strating mild inflammatory response to saline injection at the point marked with an
arrow. A: H&E, x10. B: GFAP, x10.

66



GFAP,

H&E, x25. B

ection (arrows). A

ine inj

flammatory response to normal sal
x25. Figure 9 continued on next page.

Figure9. High-power view of same slides as in Fig. 8. The pictures showed the mild
in
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Figure 9 (cont).  C: A small number of EDI-positive macrophages in response to
saline injection injury were shown (arrow). EDI, x25. D: Depositon of yellow hemo-
siderin pigment (arrow) was seen without APP accumulation. APP, x25.
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3. Subarachnoid kaolin injection (Group C)

No obvious neurological deficit was observed in the Group C rats following
operation. None of the five animals developed spinal cord cysts. A subarachnoid
block was achieved by adhesive arachnoiditis in the subarachnoid space, which
was infiltrated with kaolin crystals and inflammatory cells (Figure 10). The
predominant inflammatory cell type was the macrophage and kaolin-laden
macrophages were present within the subarachnoid space. It was observed that
some kaolin leaked from the subarachnoid space into the subdural space. No cell
loss, cavitation, or other noticeable changes in the gray or white matter were
observed in the transverse sections. The central canal was normal and no kaolin

crystals were observed in the central canal.
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Figure 10. Transverse sections at C6 segmental level of the spinal cord from a rat
sacrificed four weeks after subarachnoid kaolin injection, showing spinal arachnoidi-
tis and subarachnoid block. Subpial space (small arrow) was expanded during the sec-
tioning due to different density of the tissue. Kaolin-laden macrophages and blood
vessels were seen in the blocked subarachnoid space (large arrow). H&E, x25.
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4. Intramedullary QA injection (Group D and E)

Transient right upper limb weakness was observed in all QA-injected rats of
Group D and E. All recovered within 3 days following operation. There was non-
selective neuron loss in all QA-injected animals. Intraspinal injections of different
concentrations of 2 il QA resulted in a dose-dependent loss of neurons in the
spinal gray matter. Additionally, the longitudinal extent of fluid-filled cysts or
cystic spaces was confined to the segment of injection (C6). Based on the QA
concentration, animals were divided into two groups: low concentration QA
solution (8.3 mM or 1.6 mg/ml) and high concentration QA suspension (23.7

mg/ml).

4.1 Low concentration QA injection (Group D)

Eight of 10 rats injected with low concentration QA (8.3mM) developed a
spinal cord cyst or cystic spaces. An example of inflammatory response, neuron
loss and a small cyst is shown in Figure 11 (animal # 19). The small well-defined
cyst did not communicate with the normal central canal (Figure 11A). Compared
to mild GFAP staining in the normal tissue (Figure 7B) and in the Group B saline
control rats (Figure 8B), intense GFAP staining was observed in the transverse
sections, stained for GFAP, at the equivalent level (Figure 11B). Additionally,
numerous GEAP-positive hypertrophic astrocytes were observed near the cyst
(Figure 11B). A number of ED1-positive macrophages were scattered throughout
the parenchyma in the transverse section, stained for ED1, at the same level
(Figure 11C). The APP immunostaining at the same level, however, showed only

sparse accumnulation of APP (Figure 11D).
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Figure 11. Transverse sections, at C6 segmental level, of spinal cord from a rat sac-
rificed four weeks after low concentration QA injection (8.3 mM). A: A small well-de-
fined cyst was shown (arrow). H&E, x10. B: The cyst from the outlined region in
Figure 11A is magnified. GFAP, x25. Figure 11 continued on next page.
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Figure 11 (cont).  The cyst from the outlined region in Figure 11A is magnified. C:
EDI, x25. D: APP, x25.
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4.2 High concentration QA injection(Group E)

Compared to the pathological changes in the tissue with low concentration
QA, a larger cyst or larger cystic spaces were seen in 8 of 9 rats injected with high
concentration (23.7 mg/ml) QA suspension. Figure 12 shows extensive
inflammatory response and neuron loss bilaterally in the H&E stained transverse
section from a rat sacrificed four weeks after an injection of high concentration of
2 ul QA suspension (animal # 28). Larger fluid-filled cystic spaces were found in
the gray matter on the side of injection. These larger fluid-filled cystic spaces
were separate from the central canal which was normal (Figure 12A). Moreover,
three phases of pathological progress were found in the tissue: early inflammatory
reaction in the gray matter contralateral to the injection site, intermediate
consolidated necrosis in the middle and late fluid-filled cystic spaces ipsilateral to
the injection (Figure 12A). Intense GFAP staining and some intensely staining
hypertrophic astrocytes were observed in the transverse section, stained for
GFAP, at the same level (Figure 12B). There were many more ED1-positive
macrophges than those observed in the tissue with low concentration QA injection
(Figure 11C) throughout the parenchyma, especially in the immediate vicinity of
cystic spaces (Figure 12C). APP immunostaining showed minor APP
accumulation localised to the immediate vicinity of cystic spaces at the same level

(Figure 12D).
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Figure 12. Photomicrographs of transverse sections at C6 segmental level from a
rat sacrificed four weeks after an injection of high concentration of QA (23.7mg/mli),
showing bigger cystic spaces. A:H&E, x10. B: GFAP, x10. Figure 12 continued on
next page.
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Figure 12 (cont).

C: EDI, x10. D: APP, x10.
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5. Intramedullary QA injection with subarachnoid kaolin injection (Group
F)

Transient right upper limb weakness was observed in all rats of Group F
following operation. All recovered within 3-5 days after operation. Syrinx
formation was seen in 9 out of 11 animals. The longitudinal extension of neuronal
degeneration, syrinx and inflammatory response exceeded two segments. An
example sacrificed three weeks after a combination of intraspinal QA injection
and intrathecal kaolin injection is shown in Figure 13 (animal # 35). There were
three well-defined separate syrinxes in the dorsal part of the spinal cord, which
were clearly separate from the normal central canal. The subarachnoid space
obstructed by the arachnoiditis and islands of cells floating in the syrinx were
demonstrated. Additionally, an extensive inflammatory responses and neuron loss
bilaterally were seen in the parenchyma, especially near the syrinxes (Figure
13A). In the immediate vicinity of spinal cavities there were also numerous
GFAP-positive hypertrophic astrocytes embedded in a dense network of GFAP
stained fibers (Figure 13B). Two regions near the syrinxes unstained for GFAP
(Figure 13B) were infiltrated with ED1-positive macrophages and large numbers
of macrophages were scattered throughout the parenchyma (Figure 13C). The .
limited APP accumulation was confined to the immediate vicinity of spinal

cavities at the same level as injection (Figure 13D).
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Figure 13. Transverse sections at C6 segmental level after a combination injection
of 23.7 mg/ml QA into the dorsal horn and 250 mg/ml kaolin into the subarachnoid
space, showing three separate syrinxes. A: H&E, x10. B: GFAP, x10. Figure 13 con-
tinued on next page.
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Figure 13 (cont)
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Photomicrographs, at higher magnification, in Figure 14 showed the largest
of three separate syrinxes seen in Figure 13. The large well-demarcated syrinx
was surrounded by an extensive inflammatory response and some islands of cells
floated in the syrinx (Figure 14A). The lining of the cavity consisted of GFAP-
positive astrocytes and some of islands of cells floating in the cavity were
composed of GFAP-positive astrocytes (Figure 14B). The region surrounding the
cavitation was infiltrated with ED1-positive macrophages and some cells floating
in the cavity were ED1-positive macrophages (Figure 14C). APP accumulation

was confined to the vicinity of spinal cavitation (Figure 14D).
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Figure 14. High-power photomicrographs of same slides as Figure 13. The lining
of spinal cavitation consisted of GFAP-positive astrocytes. A: H&E, x25. B: GFAP,
x25. Figure 14 continued on next page.
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Figure 14 (cont).

C: EDI, x25. D: APP, x25.
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Photomicrographs, at higher magnification, in Figure 15 show the other two
small syrinxes from the case seen in Figure 13. These two small syrinxes were
separated by a thin septum and were surrounded by an extensive inflammatory
response (Figure 15A). The lining of the two syrinxes was composed of GFAP-
positive astrocytes and numerous intensely staining hypertrophic astrocytes were
found in the vicinity of the cavitation (Figure 15B). The region surrounding the
cavitation was infiltrated with ED1-positive macrophages (Figure 15C). The
sparse APP accumulation was confined to the vicinity of spinal cavitation (Figure

15D).
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Figure 15. High-power photomicrographs of same slides as Figure 13, showing two
well-defined small syrinxes separated by a thin septum in the dorsal part of spinal
cord. A: H&E, x25. B: GFAP, x25. Figure 15 continued on next page.
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Figure 15 (cont). C: EDI, x25. D: APP, x25.



Figure 16 shows the H&E stained section 0.8 mm rostral to the lesioned
level seen in Figure 13. Figure 17 is the same section as Figure 16 immunostained
for GFAP. Three phases of pathological progression can be observed in the H&E
stained section: (1) early phase of inflammatory mononuclear response in the gray
matter contralateral to the injection side; (2) intermediate phase of consolidated
necrosis in the gray matter ipsilateral to the injection region infiltrated with
macrophages; (3) late phase of fluid-filled cystic spaces separated by islands of
cells and blood vessels (Figure 16). Additionally, the central canal was normal
and it did not communicate with the fluid-filled cystic spaces.

In the region with inflammatory response and neuron degeneration there
were also some GFAP-positive hypertrophic astrocytes embedded in a dense
network of GFAP stained fibers. In addition, islands of GFAP stained astrocytes
were found in the fluid-filled cystic spaces (Figure 17).

Figure 18 shows the transverse section 1.0 cm rostral to the lesioned level
seen in Figure 13. Bilateral inflammatory mononuclear response and extensive
neuron loss were found in the parenchyma and unilateral spongy degeneration
was found in the posterior white column on the side of injection. The central canal

had no apparent pathological changes.
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Figure 16. Transverse section, at the level 0.8 cm rostral to lesioned level, of spinal
cord from the case seen in Figure 13. A: Inflammatory response, consolidated necrosis
and cystic spaces separate from the central canal. H&E, x10. B: High-power view.
H&E, x25.
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Figure 17. Photomicrographs of transverse section, stained for GFAP, at the same
level as in Figure 16. A: Some GFAP-positive astrocytes embedded in a dense network
of GFAP stained fibers. GFAP, x10. B: High-power view as in Figure 17A. GFAP, x25.

88



e
.f"‘.‘?}r e
o p == [Tah

Al ity -‘i\-"{‘.. L

" = T | s

T o At Sl

. N TS o

A0, "R S A0 T
— \1, ' %}*; ol

Figure 18. Photomicrograph of transverse section at the level 1.0 cm rostral to in-
jection seen in Figure 13. A: Bilateral inflammatory response. H&E, x10. B: High-
power view of the case seen in Figure 18A. H&E, x25.
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Figure 19 is taken from 0.5 cm caudal to the lesioned level seen in Figure
13. Inflammatory reaction, necrosis and extensive neuron loss were found on both
sides, especially on the side of injection. The central canal was a little enlarged
(Figure 19A). Numerous ED1-positive macrophages on both sides were linked by
a track of macrophages in the gray commissure around the central canal (Figure
19B).

High-power views of the same slides as in Figure 19 demonstrated
numerous ED1-positive foamy macrophages and some blood vessels in the
necrotic region (Figure 20).

Figure 21 is taken from 0.8 cm caudal to the leisoned level seen in Figure
13. There were bilateral inflammatory responses and neuron loss in the
parenchyma (Figure 21A). In the transverse section stained for macrophages at
the same level as in Figure 21A, there were numerous ED1-positive macrophages
in the gray matter on both sides, linked by a track of macrophages in the gray
commissure around the central canal (Figure 21B).

The summary of injection parameters, survival time and pathological
findings in six groups of rats are shown in Table 5. The sizes of the cysts shown
in Table 5 are the biggest. The longitudinal extent and size of cavities are
generally related to injection concentration and to duration of survival though
there is variability in the size and extent of spinal cavities with the same different

injection concentration and at the same survival times.
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Figure 20. High-power view of same slides as in Figure 19. A: Foamy macrophages
and blood vessels in the necrotic region. H&E, x100. B: EDI1-positive macrophages.
Macrophages, x100.
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Figure21. Photomicrographs of transverse sections at the level 0.8 cm caudal to the
lesioned level seen in Figure 13. A: Bilateral inflammatory responses and neuron loss.
H&E, x10. B: Numerous EDI-positive macrophages. Macrophage, x10.
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Table 5. Injection parameters, survival time, and pathological findings in six
groups of experimental rats.

Group Injection Animal # Survival Extent and size of
the cysts (mm)
A - ! - -
B Normal saline  2-4 4 weeks -
&Evans Blue
C Kaolin 5-9 4 weeks -
D 8.3 mM QA 10 1 week None
(1.6 mg/ml) 11 2 weeks 0.30 & 0.5
12 2 weeks 0.30 & 0.6
13 2 weeks 0.30 & 0.5
14 2 weeks None
15 3 weeks 0.30 & 0.4
16 3 weeks 045 & 0.7
17 3 weeks 0.30 & 0.5
18 4 weeks 030&04
19 4 weeks 0.30 & 0.5
E 23.7 mg/ml QA 20 1 week 3.00& 1.0
21 2 weeks 3.30& 1.0
22 2 weeks 3.00& 1.0
23 3 weeks 3.00 & 0.9
24 3 weeks None
25 3 weeks 2.70 & 0.8
26 3 weeks 3.60 & 0.9
27 3 weeks 300& 1.0
28 4 weeks 3.00& 1.0
F 23.7 mg/ml QA 29 1 week 8.40& 1.0
& Kaolin 30 2 weeks 8.70 & 0.9
31 2 weeks 9.00 & 1.0
32 2 weeks 930& 1.0
33 2 weeks None
34 3 weeks 10.20 & 1.0
35 3 weeks 10.50 & 1.2
36 3 weeks 10.35 & 0.9
37 3 weeks 990 & 1.1
38 3 weeks 2.60& 1.0
39 4 weeks None
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DISCUSSION
1. QA as a tool in a rat model for traumatic SCI

QA is a potent agonist of multiple EAA receptors and can be used as a tool
in the rat model of traumatic spinal cord injury to reproduce in rats many of the
pathological and clinical features of traumatic SCL

The pathological findings in this animal model parallel the sequelae of
human traumatic SCL Direct intraspinal microinjection of nanomole amounts of
QA resulted in fluid-filled cysts or cystic spaces and neuronal loss (Figure 11, 12
and 13). Correspondingly, cavities in human SCI are present in a substantial glial
fiber network with intense astrocytic fibrous gliosis that replaces the damaged
nerve fibers and neuron cell bodies.””” GFAP-positive hypertrophic astrocytes
embedded in a dense network of GFAP stained fibers were also observed in these
experiments (Figure 11, 14 and 15). Immunoperoxidase staining for GFAP was
used to investigate this astrocytic response. GFAP is an intermediate filament
protein specifically localized in astrocytes. GFAP has a molecular weight of
47,000 and antibodies to this protein localize specifically in astrocytes. Other glial
cells and neurons are unstained.”'

Inflammatory mononuclear response and consolidated necrosis in the gray
matter infiltrated with ED-1 immuno-stained large foamy macrophages was also
seen in this animal model (Figure 19, 20 and 21), corresponding to the most
striking pathological change in human SCI: the accumulation of large foamy
macrophages in response to necrosis of nerve fibers and neurons.” ED1, a rat
macrophage marker, was used to elucidate the inflammatory response. ED1
monoclonal antibody recognizes a cytoplasmic antigen in rat macrophages and

cells of the mononuclear phagocyte system."” High concentration QA caused a
phagocyle Sy g
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bilateral inflammatory response which may be related to spread of QA from the
injection site via the gray commissure around the central canal. This assumption is
supported by the track of macrophages in the gray commissure shown in Figure
19 and 21.

Unexpectedly, only sparse APP accumulation was observed in the tissue in
this animal model. This most likely results from the severe damage to neurone
cell bodies caused by QA, resulting in rapid neuronal death and disintegration of
axonic material. B-APP, transported by fast axoplasmic flow, is an integral
transmembrane nerve cell surface glycoprotein originating from a gene on
chromosome 21.”** B-APP can be used as a marker of axonal injury because
inhibition of axoplasmic flow in damaged axons leads to accumulation of 3-APP
in the axon."”"* Accumulation of APP follows sublethal-injury to the neurons but
cell death results in cessation of axoplasmic flow and therefore no further buildup
of APP.

Intraspinal injection of low concentration QA (8.3 mM) produced a single
small cyst, local inflammatory response and unilateral neuron loss (Figure 11),
while high concentration QA (23.7 mg/ml) resulted in a large cysts, extensive
inflammatory response and bilateral neuron loss in the transverse spinal cord
sections (Figure 12). These findings demonstrate the marked effect of QA
concentration on the extent of neuron loss and the size of the cyst in the spinal
cord. Furthermore, at the site of cavitation there was increased staining for GFAP
and large numbers of macrophages, which are consistent with the possible
mechanism of initial cyst formation in excitotoxic injury described in section
1.7.3.3. These experiments also confirmed the neurotoxicity of QA. Additionally,

the areas of necrosis involved both gray and white matter. This contradicts the
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traditional concept that excitotoxic injury usually induces selective neuronal
necrosis, but a recent study has shown glutamate receptors in the two major glial
cell types (astrocytes and oligodendrocytes) and activated glutamate receptors in
glial cells during neuronal activity.'” The combined effect on neuron and glia may
explain why a cyst forms rather than an area of gliosis following spinal injections
of QA. Another possibility would be trauma produced by the injection needle,
however control animals injected with saline and Evans blue showed small areas
of necrosis but did not develop cysts.

Except for these pathological changes, a noteworthy clinical feature of this
excitotoxic model was the absence of permanent motor deficits in QA-injected
rats with massive neuronal loss in the spinal cord, which was similar to those
described in many cases of traumatic SCL Preservation of function despite
profound neuronal loss is often observed in many patients with traumatic SCI and
those suffering posttraumatic syringomyelia. The question is raised: how is
function preserved despite massive neuronal loss? This is conventionally
explained by the location of many syrinxes in the gray matter.” Because the
syrinx usually begins as an intramedullary cavity within the gray matter at the
base of the posterior column, the first fibers to be affected are those subserving
pain and temperature as they cross from the dorsal horn to the contralateral side of
the cord via the anterior white commissure.”” Therefore, these syrinxes do not
directly affect motoneurons or ascending and descending tracts, at least in the
early stage. Recently, Goldstein et al."” added the explanation that as interneurons
became necrotic over time, spared descending motor axons changed their usual
pathways through the interneurons and connected with denervated motorneurons

in new ways. The significant axonal sprouting of descending pathways and
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synaptogenesis may be implicated in these changes. This hypothesis is supported
by the recent findings in animals that new neuronal circuitry can be formed to
replace that which is lost within the adult animal central nervous system following
trauma.”

Close simulation of the pathological changes described following traumatic
SCI and the pathogenesis of cavities in the clinical condition of posttraumatic
syringomyelia in this excitotoxic (QA) model suggests that QA can produce
syrinxes, which are comparable to human posttraumatic syrinxes.

The fluid-filled cysts or cystic spaces produced by QA without kaolin are
simple and nonexpansible, corresponding to the small fluid-filled cysts that are
common after traumatic SCI in the human. On MRI almost 50% of injured spinal
cords have one or several small cysts that can be called the primary cyst.”
Primary cysts occur in a proportion of cases following traumatic SCI. The
“primary cyst” at the injury site, which usually does not extend more than one
vertebra beyond the level of the injury and does not require surgical treatment, is
distinct from true posttraumatic syringomyelia that extends over more than two
segments. The primary cyst represents established spinal cord damage resulting
from traumatic injury, which can be simulated by the intraspinal QA injection in
the animal model. The occurrence of posttraumatic syringomyelia in patients
with primary cysts is significantly correlated with spinal subarachnoid block and

the resulting alteration of CSF flow.™

2. The role of subarachnoid block in posttraumatic syringomyelia
To study the effect of subarachnoid block resulting from arachnoiditis,

subarachnoid injection of kaolin was performed to produce inflammation in the
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subarachnoid space in Group B and E. It was found that the combination of
subarachnoid kaolin and intraspinal QA injection (Group E) produced multiple
cavities (Figure 13) that were much larger and more extensive than those found in
rats injected with QA alone. This suggests that enlargement of syrinxes is
enhanced by the block of the subarachnoid space (arachnoiditis) and the ideal
excitotoxic model of posttraumatic syringomyelia in the rat was achieved in
Group E. Additionally, subarachnoid kaolin injection alone (Group B) did not
produce a syrinx in the parenchyma and did not cause enlargement of the central
canal even though blockage of the subarachnoid space was achieved (Figure 10),
demonstrating that subarachnoid block is a necessary but not sufficient cause of
large and expansible cavitation in the spinal cord. The results of Group B and E
are consistent with the report of Cho® that there was a tendency for the combined
mechanical trauma/kaolin injection group to be more prone to develop a syrinx
and there was no spinal cavitation in the kaolin injection alone group.

This study demonstrated that alteration of CSF flow may be an important
mechanism leading to the enlargement of the syrinx. The correlation between the
spinal subarachnoid block and the development of a syrinx supports the
pathogenic theory of Williams' (theory of ‘slosh’ and ‘suck’). The primary cyst
is believed to result from liquefaction of hematomyelia, myelomalacic necrosis, or
drastic release of EAAs. The secondary enlargement of the cavity occurs as a
consequence of the intracordal fluid movement due to an increase in epidural
venous pressure. It has been reported that CSF tracks along the perivascular
spaces to gain access to the center of the cord.” Every time a Valsalva maneuver
takes place (for example, coughing or lifting), the intrathoracic and

intraabdominal pressure is transmitted inside the spinal subarachnoid space via the
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valveless venous plexus around the vertebral bodies. When compressed in the
spine, the CSF has nowhere else to go but the head. Normally the pressures are
readily equalized by movement of the CSF up into the head followed by return to
the normal resting distribution of that fluid. In the presence of a subarachnoid
block, fluid can be forced upward or downward past the block, which results in a
collapsed syrinx above or below the block and a suction effect that promotes entry

1% Syrinx

of CSF into the syrinx cavity. This is the “suck” mechanism (Figure 35).
fluid may move in preference to the CSF in the subarachnoid space because the
CSF fluid finds some resistance from the arachnoid strands, dentate ligaments, the
vessels, and the nerve roots that connect the cord to the dura. The pressure

involved in a cough often exceeds 100 mmHg so that the movement of the syrinx

fluid can be violent enough to extend the cavity both rostrally and caudally. Such
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movement of syrinx fluid is called “slosh” (Figure22).

Figure 22. A diagram showing the mechanisms of “slosh” and “suck”. The upper
part might be collapsed on the down phase as shown on the left and the lower part
of the syrinx might be compressed on the phase of sloshing as shown on the right.
( Adapted from Williams B: Posttraumatic syringomyelia, in Vinken PJ, Bruyn
GW and Klawans HL: Handbook of clinical neurology, Amsterdam, North-
Holland: 375-396, 1992.)
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AR
Although the hypothesis described above is not universally accepted as y“é"'%f“‘ i

it can well explain the results in this study. Certainly in rats with arachnoiditis
induced by kaolin much larger syrinxes occur than in those with normal CSF
flow. The subarachnoid blockage and the resulting alteration of CSF flow may be
an essential prerequisite for the occurrence of syrinx in posttraumatic
syringomyelia. Reports of neurological deterioration in patients after
weightlifting exercise, straining, coughing or lithotripsy support this theory. The
experimental study of Cho® on rabbits also confirms the critical role of
subarachnoid blockage in the pathogenesis of syrinxes. Moreover, it has been
reported in several clinical studies”*” that the surgical technique of subarachnoid
space reconstruction and augmentation, which corrected the “suck” and “slosh”
mechansim, produced radiological improvement or healing of the syrinx in 88%
of the patients so treated. However, some patients with completely healed
syrinxes continued to deteriorate clinically because of the irreversible pathological
changes of progressive gliosis around the syrinx."” Therefore, early surgery to
improve CSF flow should be considered in addition to techniques of cyst

drainage.

3. Excitotoxic model for traumatic SCI

Many animal models of syringomyelia produce a syrinx by dilation of the
central canal (hydromyelia). This is not ideal for studying posttraumatic
syringomyelia where the syrinx is usually located in the gray matter of the spinal
cord. Although the weight drop method is the most widely used experimental
model of posttraumatic syringomyelia, the overwhelming impact produces

inconsistent results through varying combination of direct injury and ischemia or
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hemorrhage from vascular injury. The photochemical method produces a cyst but
it does not expand over time. Our excitotoxic model produces spinal cord cysts
which are quite comparable to posttraumatic syrinxes. Moreover, it has been
demonstrated that EAAs produce neuronal degeneration in a number of in vivo
and in vitro studies®*” and neuronal degeneration is produced by dramatically
increased EAAs in some pathological conditions, including traumatic spinal cord
injury and ischemic spinal cord injury.™""” Furthermore, evidence for the
involvement of EAAs in the pathological process following spinal cord injury has
been provided by the reports of exacerbated damage to neurons in the injured cord
following EAA administration and the neuroprotective effects of an EAA
antagonist, following traumatic injury to the spinal cord.”""""* Therefore, EAAs
may have an important role in the production of human posttraumatic

syringomyelia and are a logical choice for the development of an animal model.

4. QA preparations and injection method

QA, a potent agonist of multiple EAA receptors, was used in this animal
model of posttraumatic syringomyelia due to its potent neurotoxicity and the
involvement of EAAs in the secondary injury of posttraumatic syringomyelia.”

To determine the effects of QA concentration on the extent of neuron
degeneration and the size of lesion, two different QA preparations were used in
the experiments.”’ The low concentration (8.3 mM) QA solution was created by
dissolving 1 mg QA powder with 0.537 ml of sterile normal saline and 0.1 ml
sterile Evans Blue at 21°C. The high concentration (125 mM) QA solution used
by Yezierski et al.*' could not be reproduced because it exceeded the solubility of

QA. To allow injection of high-concentration QA into the spinal cord, 5Smg QA
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crystals were suspended in 0.170 ml of sterile normal saline and 0.041 sterile
Evans Blue by sonication to produce a 23.7 mg/ml QA suspension.

In this study, we noted a decline or loss in neurotoxicity of QA solution or
suspension which had either been stored for more than one day at 4°C or
repeatedly frozen and thawed. This was unexpected because QA is generally
considered to be quite stable. **** McGeer et al. reported a similar fall in
neurotoxicity of KA solution, which is an analogue of QA.'” We found that
consistent results can be obtained with aliquots of a QA solution or suspension
stored at -20°C and thawed immediately before use.

Several technical difficulties were encountered during the initial stages of
this study. The Hamilton 30 gauge point style 4 needle with a short bevel was still
not sharp enough to penetrate the pia easily even though it was sharpened under a
microscope. By contrast, the Hamilton 30 gauge point style 4 needle with a long
bevel could penetrate the pia easily, but it could not deliver QA into the dorsal
horn exactly and would penetrate through the spinal cord when the needle
opening was completely inserted into the cord. The problem was solved by using
a sharp suture needle to produce a hole in the meninges and replacing the
Hamilton 30 gauge point style 4 needle with a finer SGE needle without bevel to
deliver QA accurately into the dorsal horn.

It was initially difficult to inject QA into the spinal cord without leakage
into the subarachnoid space because it was impossible to tell if the colorless QA
solution or suspension was leaking along the needle track. Evans blue was added
and this not only made any leakage very obvious but also caused discoloration
within the cord, confirming appropriate location of the injectate. The leakage of

QA along the track of needle into the subarachnoid space during and after the QA
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injection was avoided by injecting 2 pl of QA into the spinal cord over a period of
2 minutes, leaving the injection needle in place for another 1 minute after
injection and using a finer SGE needle. Wrathall et al. *! described injecting a total
volume of 1.68 pl over a period of 8 minutes to avoid leakage. The continuous
movement of the cord due to arterial pulsation and respiration increases the risk of
unwanted cord damage if the needle is left in place for this long. No obvious
leakage was observed with an injection period of 2 minutes followed by a delay of
1 minute before removing the needle. Control rats in Group B receiving saline
injection by the same method did not show any noticeable changes except a mild
inflammatory response (Figure 8 and 9). This method of QA delivery produced

very consistent results.

5. Limitation of this project and future work

The combination of intraspinal QA injection and subarachnoid kaolin
injection in this study has been shown to produce a useful animal model for
posttraumatic syrinomyelia, refining our knowledge of the pathogenesis of
posttraumatic syringomyelia. The implication of subarachnoid blockage and
EAAs in posttraumatic syringomyelia may suggest new treatments or
improvements in currently available therapies. This approach may offer a useful
method to further study the etiology of spinal cavity formation and expansion.

In this study, however, the hypothesis that CSF tracks along the perivsacular
spaces to gain access to the syrinx in the cord lacks direct evidence. Methods of
reduction of the cyst are relatively difficult to systematically examine in this

animal model due to the small size of the rat. The utility of this small animal
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model in predicting syrinx formation and extension is limited by the inability to
use MRI techniques because of the small size of the rat.

Further work using the CSF tracer HRP will provide information regarding
the dynamics of CSF flow in both the presence and absence of subarachnoid
block. Future studies will be necessary to determine if the cystic cavities enlarge
after longer survival intervals. Additionally, further experiments will be
performed in other species in an attempt to reproduce the results obtained in rats
and to develop a larger animal model that allows trials of experimental therapies
in animals and that facilitates noninvasive evaluation of the cyst volume. Sheep
are suitable for this future study particularly as their cords are of similar

dimension to the human.
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CONCLUSION

Inflammatory response, neuronal degeneration and spinal cavitation were
observed following the intraspinal injection of the EAA receptor agonist QA. The
combination of intrathecal kaolin and intraspinal injections of QA was shown to
produce cavities that are much larger than those found in animals injected with
QA alone. We believe the primary cyst was formed at the site of neuronal death
due to QA. CSF then flowed from the subarachnoid space into the primary cyst.
When the subarachnoid space was blocked by arachnoiditis, CSF tracking through
the cord expanded the primary cyst producing a condition mimicking human
posttraumatic syringomyelia. This excitotoxic model of posttraumatic
syringomyelia in the rat may offer a useful method to study the etiology of spinal
cavitation and cavity expansion.

The results of this study also support the proposal that in posttraumatic
spinal cord injury, excitotoxic cell death occurring secondary to elevated levels of
EAAs contributes to the pathologic process leading to the formation of spinal
cavities. Subarachnoid block by arachnoiditis is one of the pathogenic factors

most responsible for initiating extension of the cavity.
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APPENDICES

1. Fixative and buffers
4% Paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)

To make 5 L of fixative:

Solution 1

e Dissolve 200 g paraformaldehyde in 2500 ml distilled H,O. Heat to 60° and
stir.
Add 1 mol/L. NaOH by drops until clear.
Filter.

Solution 2
e Dissolve 0.19 mole (26.20 g) of NaH,PO, in 2500 ml distilled H,O.
e Add 0.807 mole (114.56 g) of Na,HPO,.

Combine Solution 1 and Solution 2.
Cool down overnight.
Check pH and adjust pH to 7.4 with 5 M NaOH.

Tris buffer 0.05 M, pH 7.45

To make 1 L of buffer:

e Dissolve 6.06 g Tris in 1 L distilled H,0.

e Add8.77 g NaCl

e Adjust pHto 7.45

e Allow at lease 10 minutes to fully dissolve and equilibrate, recheck pH.

Citric acid buffer 0.05 M, pH 6.0

To make 5 L of buffer:
¢ Dissolve 10.5 g citric acid monohydrate in 5 L distilled water.
e Adjust pHto 6.0.

PBS 0.01 M, pH 7.45

To make 20 L of buffer:

e Dissolve 1052 g NaCl into 3250 ml distilled water.

e Add 165.6 g NaH PO, H,O.

e Adjust pH to 6.33.

e Allow 2-3 minutes to ensure electrode stability, recheck pH of the stock
solution.

e Dilute 660 ml of stock solution to 20 L with distilled water.
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o Sample 200 ml, check pH and adjust pH to 7.45 using 5 M NaOH.
e Adjust the 20 L buffer by adding 100 times of the NaOH added to 200 ml
sample.

Ni DAB chromogen-substrate buffer 0.05 M, pH 7.45

To make 50 ml of buffer:

e Thaw 1 ml DAB and dilute it in 50 ml Tris buffer.
e Add 500 pl of 4% NiCl.

e Adjust pH to 7.45.

e Filter and add 50 pl of 30% hydrogen peroxide.

2. Immunohistochemical techniques
GFAP immunostaining

1. Rehydrate

e Wash in 3 changes X 5 minutes of 100% xylene.
e Wash in 2 changes X 3 minutes of 100% alcohol.
e Wash in 2 changes X 3 minutes of 95% alcohol.
e Wash in 2 changes X 2 minutes of 0.01 M PBS.

Block endogenous peroxidase

Remove an unblocked control slide to fresh 0.01 M PBS.

Incubate slides in 3% H202 in PBS for 5 minutes.

Rinse slides in PBS.

Wash in 2 changes X 5 minutes of 0.01 M PBS.

Remove a blocked control slide to PBS with unblocked one. Store in 4 °C.

.....!\J

3. Autoclave

e Slides in citric acid buffer are incubated in the autoclave for 10 minutes
(134 °C, 32 psi)

e Remove to air and cool down to 50 °C.
Rinse slides in 0.01 M PBS.

e Wash in 2 changes X 5 minutes of 0.01 M PBS.

4, Make 15% NHS/PBS, pH7.45.
e Add 5 ml NHS to 25 ml PBS.
Adjust pH to 7.45.

ol

Add 15% NHS/PBS; incubate for 20 minutes.

6. Incubated at 4 °C overnight with the primary rabbit anti-cow polyclonal
antibody, diluted in 1:1500.

7. Defrost for 2 hours at room temperature.

Rinse in PBS individually.

9. Wash in 2 changes x 5 minutes of 0.01 M PBS.

o
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10. Add 1:300 dilution of the swine anti-rabbit biotinylated secondary polyclonal
antibody for 1 hour.

11. Rinse in PBS individually.

12. Wash in 2 changes x 5 minutes of 0.01 M PBS.

13. Add 1:500 dilution of HRP-labelled streptavindin; incubate for 2 hours.

14. Rinse in PBS individually.

15. Wash in 2 changes X 5 minutes of 0.01 M PBS.

16. Put back the unblocked and blocked control slides.

17. Add Ni DAB; incubate for 10 minutes.

18. Rinse in PBS individually.

19. Wash in 2 changes x 5 minutes of 0.01 M PBS.

20. Counterstain using eosin for 30 seconds.

21. Rinse in PBS.

22. Wash in 90% alcohol for 1 minute.

23. Wash in 100% alcohol for 1 minute.

24. Wash in 100% xylene for 2 minutes, two times.

25. Coverslip.

ED1 immunostaining

Rehydrate

Wash in 3 changes X 5 minutes of 100% xylene.
Wash in 2 changes x 3 minutes of 100% alcohol.
Wash in 2 changes X 3 minutes of 95% alcohol.
Wash in 2 changes x 2 minutes of 0.01 M PBS.

e o o ¢ —

Block endogenous peroxidase

Remove an unblocked control slide to fresh 0.01 M PBS.

Incubate slides in 3% H,0, in PBS for 5 minutes.

Rinse slides in PBS.

Wash in 2 changes x 5 minutes of 0.01 M PBS.

Remove a blocked control slide to PBS with unblocked one. Store in 4 °C.

.....!\)

3. Make 15% NHS/PBS, pH7.45.
e Add 5 ml NHS to 25 ml PBS.
e Adjust pH to 7.45.

4. Add 15% NHS/PBS; incubate for 20 minutes.

5. Incubated with the mouse anti-rat primary ED1 monoclonal antibody, diluted
in 1:400.

6. Rinse in PBS individually.

7. Wash in 2 changes X 5 minutes of 0.01 M PBS.

8. Incubated with a 1:20 dilution of sheep anti-mouse secondary antibody linked
with peroxidase for 1 hour.

9. Rinse in PBS individually.

10.Wash in 2 changes x 5 minutes of 0.01 M PBS.

11. Add Ni DAB; incubate for 10 minutes.

12. Rinse in PBS individually.

13. Wash in 2 changes x 5 minutes of 0.01 M PBS.
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14. Counterstain using eosin for 30 seconds.

15. Rinse in PBS.

16. Wash in 90% alcohol for 1 minute.

17. Wash in 100% alcohol for 1 minute.

18. Wash in 100% xylene for 2 minutes, two times.
19. Coverslip.

B-APP immunostaining

1. Rehydrate

e Wash in 3 changes X 5 minutes of 100% xylene.
e Wash in 2 changes X 3 minutes of 100% alcohol.
e Wash in 2 changes X 3 minutes of 95% alcohol.
e Wash in 2 changes X 2 minutes of 0.01 M PBS.

2. Block endogenous peroxidase

e Remove an unblocked control slide to fresh 0.01 M PBS.

¢ Incubate slides in 3% H,0, in PBS for 5 minutes.

e Rinse slides in PBS.

e Wash in 2 changes X 5 minutes of 0.01 M PBS.

e Remove a blocked control slide to PBS with unblocked one. Store in 4 °C.
3. Autoclave

e Slides in citric acid buffer are incubated in the autoclave for 10 minutes
(134 °C, 32 psi)

e Remove to air and cool down to 50 °C.

e Rinse slides in 0.01 M PBS.

e Wash in 2 changes X 5 minutes of 0.01 M PBS.

4. Make 15% NHS/PBS, pH7.45.
e Add 5 ml NHS to 25 ml PBS.
e Adjust pH to 7.45.

5. Add 15% NHS/PBS; incubate for 20 minutes.

6. Incubated at 4 °C overnight with the primary anti-APP monoclonal antibody,
diluted in 1:10000.

7. Defrost for 2 hours at room temperature.

8. Rinse in PBS individually.

9. Wash in 2 changes X 5 minutes of 0.01 M PBS.

10. Add 1:200 dilution of the rabbit anti-mouse biotinylated secondary antibody
for 1 hour.

11. Rinse in PBS individually.

12. Wash in 2 changes X 5 minutes of 0.01 M PBS.

13. Add 1:500 dilution of streptavindin/HRP; incubate for 2 hours.

14. Rinse in PBS individually.

15. Wash in 2 changes x 5 minutes of 0.01 M PBS.

16. Put back the unblocked and blocked control slides.
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17. Add Ni DAB; incubate for 10 minutes.

18. Rinse in PBS individually.

19. Wash in 2 changes X 5 minutes of 0.01 M PBS.
20. Counterstain using eosin for 30 seconds.

21. Rinse in PBS.

22. Wash in 90% alcohol for 1 minute.

23. Wash in 100% alcohol for 1 minute.

24. Wash in 100% xylene for 2 minutes, two times.
25. Coverslip.
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