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IN recent years the long-held beliefs that regeneration in the central nervous
system does not occur have been questioned. As early as 1915, regeneration
within the central nervous system of amphibia was reported. The regenerative
capacity of central nervous tissue has been shown to be greater in embryonic
and newborn animals. Evidence of intraspinal sprouting in the dorsal root axons
with the development of new collaterals and preterminals following partial denerva-
tion of the spinal cord was shown in the cat by Lui and Chambers (1958).

The difficulties associated with regeneration in central nervous tissue were
reviewed by Windle (1955, 1962). Following injury, the pathogenesis of con-
cussion, contusion and laceration in the spinal cord of man was described by
Bedbrook (1966).

Wolman (1966) reported the results of investigations carried out in 76 para-
plegics, and detailed the findings at autopsy on each of these patients. Serial
histological examination of spinal cord sections showed well-developed axon
regeneration in or near the damaged segments in 12 of these patients; regeneration
was demonstrated in spinal cords 12 months to 32 years after injury. These
regenerating axons occurred in small bundles above and below the level of the
maximum cord damage. The suggested origins of these axons were (i) the dorsal
columns or (ii) the propriospinal system. It is still uncertain exactly where such
regenerating fibres terminate or where they make their synapses.

In 1969, Professor W. F. Windle, addressing the Spinal Cord Injury Con-
ference in the New York University Medical School, stated: ‘There is little
interest at the present time in spinal cord regeneration. The one word most
commonly associated with this term is “impossible”.’

However, since 1969 a number of institutions have taken up the challenge
and clarified the pathogenesis of permanent paraplegia in man following a severe
contusion injury to the spinal cord. Hughes has described the various pathological
changes in the spinal cord following trauma (1966).

In attempting to compare the many reports on experimental spinal cord
wrauma, it is necessary to remember the importance of the reproducible and
quantitative form of injury. There is accumulating evidence that moderate
contusion of the spinal cord producing either transitory or permanent paraplegia
results in structural, vascular, physiological and biochemical changes, some of
which may be reversible (Allen, 1911; Freeman et al., 1953; Wolman, 1964;
Harvey, 1967; White et al., 1969; Ducker et al., 1969; Tomasula et al., 1969;
Ducker, 1971; Dohrmann, 1972; Osterholm, 1972, 1974; Hedeman et al., 1974;
Perlman, 1974; Tator, 1973; Naftchi et al., 1974; Yeo et al., 1974).

The following is a short chronological review of a number of experimental
studies carried out to elucidate the pathogenesis of the contusion injury to the
mammalian spinal cord:

I
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In 1890. Schmaus was the first to study in the experimental animal, the
effects of concussion, rather than laceration to the spinal cord. He attached
wooden boards to the backs of rabbits which were suspended vertically and after
blows to the boards he reported areas of necrosis cavity formation and cystic
degeneration (Schmaus, 1890).

1891. Watson dropped dogs from various heights in a specially constructed
apparatus but was unable to duplicate the pathological findings reported by
Schmaus (Watson, 1891).

1895. Bikeles in a similar experiment confirmed the findings of Schmaus
(Bikeles, 1895).

1897. Lugenberger was reported to produce degeneration of the antero-
lateral columns of white matter after contusion to the spinal cords of guinea-pigs
(Schmaus, 1897).

1897. Following blows to a rabbit’s back, studies by Krichgasser (1897) and
Scagliosi (1898) demonstrated degeneration in myelin sheaths and in the anterior
horn cells, although there was no evidence of intramedullary haemorrhage or
fractures of the vertebral column.

1899. After the injury to the spinal cord by squeezing the cat in a swinging
door, Spiller (1899) reported degeneration in the anterior and anterolateral
columns of the white matter.

1907. Stcherbak reported necrosis of the grey matter of the spinal cord after
the application of a vibrating device (Stcherbak, 1907).

1911. Allen was probably the first to injure the spinal cord directly when he
developed a technique which produced an anticipated degree of spinal cord con-
tusion in dogs. Quantitation and standardisation of the lesion was achieved when
a known weight was dropped within a perpendicular tube from a calculated
height on to the exposed spinal cord surrounded by intact dura. Allen reported
that the contusion resulting from a 240 ‘grams-centimeter’ impact resulted in an
immediate spastic paraplegia which improved significantly within ten days. By
increasing the weight to 400 ‘grams-centimeter’ impact the degree of injury was
more severe and a complete permanent spastic paraplegia resulted. Allen also
reported significant recovery in a number of dogs when medial or longitudinal
myelotomy was performed through the bruised segments. Hemorrhage and
oedema was described in the grey and white matter within 15 minutes of the
injury. After four hours, numerous swollen axons appeared in the lateral and
posterior columns of white matter with increasing haemorrhage and oedema.
Reducing the intramedullary tension with myelotomy appeared to improve the
chances of clinical recovery in these animals. He suggested that the development
of high intramedullary pressure from haemorrhage and oedema produced further
ischaemic necrosis after the direct injury (Allen, 1911, 1914).

1916. D’Abundo studied necrosis of the posterior columns of white matter
of the spinal cord after centrifuging (D’Abundo, 1916).

1918. Marinesco described medullary haemorrhages in the spinal cords of
dogs which had been subjected to explosive forces (Marinesco, 1918).

1919. Ayer produced compression in the spinal cords of cats by injecting
paraffin into the epidural space. He reported a normal histological appearance
apart from some meningeal inflammation although the animals suffered complete
paraplegia (Ayer, 1919).

1920. Roussy struck the thoracic vertebral column in guinea-pigs and
rabbits and described the results of this direct trauma on the myelinated fibres
(Roussy et al., 1920).
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1923. Using dogs, McVeigh produced lesions by compressing the spinal cord
with a fingertip at the T7/T8 level. He described the formation of oedema in the
lateral and anterior columns within eight hours of the injury, increasing over
the following two days. The intramedullary haemorrhage extended along the
dorsal white columns and in the central grey matter above and below the level
of the injury (McVeigh, 1923).

1923. Thompson studied the spinal cords of cats following crushing with
the tip of a finger and scalpel handle. He described a cone-shaped region of
haemorrhage and degeneration which extended rostrally and caudally (Thompson,
1923).

1927. Ferraro administered blows to the backs of rabbits with an iron rod
and reported swollen axons in the spinal cord developing within one hour, followed
by alterations in myelin sheaths within 12 hours. Four days after injury reactive
gliosis and degeneration in the white matter were evident with changes in the
anterior horn cells. He attributed the histopathology to shock waves produced
by the blows and transmitted to the spinal cord by the cerebro-spinal fluid (Ferraro,
1972).

1932. Craig inserted pieces of bone wax into the intradural space around
spinal cord of the cat and reported degeneration in the posterior columns at the
level of the compression with vacuolation and cystic degeneration extending
caudally to the compression (Craig, 1932).

1936. Amako, using a modification of Allen’s method of impact injury,
reported immediate haemorrhage in the grey matter with later cavity formation
in the spinal cords of dogs (Amako, 1936).

1945. Cats were suspended vertically by Groat et al. (1945) and struck across
the vertebral column with a board. He reported that the pathological and electro-
physiological changes varied directly with the force employed.

1953. Freeman and Wright claimed that myelotomy of the contused spinal
cord aided functional return in the experimental animal. They postulated that
the oedema and haemorrhage caused further compression of the spinal cord
tissue within the thecal membranes and myelotomy released this pressure (Freeman
& Wright, 1953).

Between 1953 and 1957. Tarlov placed a small hydraulic balloon in the
epidural space to apply a quantitative compressive force to the spinal cords of
dogs. Both acute and chronic compression by the epidural balloon produced
degeneration which extended rostrally and caudally. (Tarlov ef al., 1853, 1954;
Tarlov, 1954, 1957).

1956. Gelfan and Tarlov demonstrated that the conduction block following
compression of the canine spinal cord was reversible. The disturbance of con-
duction appeared secondary to mechanical deformation rather than anoxia (Gelfan
& Tarlov, 1956).

1960. Kano found that by reducing the cross-sectional area of the canine
spinal cord by as little as 10 per cent he would produce degeneration of ganglion
cells, nerve fibres and oedema (Kano, 1960).

1961. Kajiwara and Aikawa secured rabbits within a cylinder and dropped
the cylinder from varying distances to study the histopathology of the contused
spinal cord. Both authors reported intramedullary haemorrhage and oedema in
the spinal cord (Kajiwara, K., 1961; Aikawa, 1967).

1963. Joyner and Freeman reported clinical improvement in cats when the
use of an intravenous infusion of urea was given soon after the spinal cord was
injured (Joyner & Freeman, 1963).
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1967. Kamiya used intravascular injections of barium sulphate in cats to
demonstrate the vascular changes which occurred after compression of the anterior
cervical spinal cord with a variety of epidural devices (Kamiya, 1967).

Coe, Calvin and Rudenberg (1967) studied the electrophysiological responses
of the monkey’s spinal cord following cervical flexion compression. They
attributed the immediate loss of the negative deflection of the primary evoked
response to conduction alteration at the synaptic level in the injured segment of
the spinal cord.

Harvey and Srebnik (1967) crushed the spinal cords of rats with thumb
forceps and reported regeneration of nerve fibres and improvement in locomotion
in those rats treated with levothyroxine prior to or after injury.

Scholte (1967) pierced the posterior columns of the spinal cord of rats with
a razor blade and studied the spinal cord with the electron microscope. Nine
hours after injury, plasma exudate was evident throughout the grey matter and
in the extracellular spaces of the white matter.

Between 1966 and 1969. Albin used a modified version of Allen’s impact
injury on the spinal cords of dogs and monkeys. He described oedema which
rapidly developed, causing the injured cord to swell, and used localised hypo-
thermia within four hours of the injury (Albin et al., 1966, 1967, 1968, 1969).
He demonstrated significant recovery in a series of 13 animals whose contused
spinal cords were exposed to cooling under general anaesthesia for three hours
(Albin, White & Acosta-Rua, 1968). The cooling process was commenced four
hours after the injury. Each of 13 animals in the control group remained para-
plegic. When local hypothermia to the contused spinal cord was delayed for
eight hours, no significant recovery occurred (Albin, White, Yashon et al., 1968).

1968. Grossman reported abolition of the evoked cortical response one
minute after the impact injury to the thoracic spinal cord of the dog (Grossman,
1963).

The importance of progressive disturbance of the microvasculature which
could lead to further local hypoxia was now well recognised, and suggested as a
reason for extension of the neurological deficit within hours of the spinal cord
injury (Barnes, 1948; Schneider, 1958; Bedbrook, 1966; Osterholm & Mathews,
1972; Vise, Yashon & Hunt, 1974). With the quantitation of trauma and a known
pathology profile, proposed methods of treatment could be assessed in the experi-
mental animal. There was now a new emphasis to research physical and chemical
methods of treatment in an attempt to reduce the pathological changes associated
with profound paraplegia following the contusion injury to the spinal cord.

1969. Ducker and Hamit produced a contusion injury in beagles and reported
thac parenteral administration of steroids by intramuscular injection was of value
in preventing permanent paraplegia. They claimed local hypothermia and intra-
muscular steroids were useful to control cord swelling and improve clinical
recovery, provided treatment was commenced within three hours of injury.
Although both treated groups of animals improved significantly when compared
with controls, the degree of recovery was not significantly different between each
of the treated groups. Intrathecal methyl prednisolone (Depomedrol) also im-
proved the neurological recovery but not as significantly as intramuscular steroids
(Ducker & Hamit, 1969).

Donaghy and Numoto (1969), using dogs, reported recovery of cortical
sensory evoked potentials from peroneal nerve stimulation within four hours of
spinal cord contusion. The rapid return of the evoked potentials indicated future
recovery of motor function.
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Hartzog et al. (1969) treated the contused spinal cord of the baboon with
hyperbatic oxygen and reported functional recovery. Tomasula ef al. (1969)
reported a series of 67 cats subjected to a controlled contusion injury to the spinal
cord. He demonstrated histo-fluorescence in the grey matter beyond the small
areas of haemorrhage within two minutes of the injury. Fifteen minutes after
the injury the entire grey matter and the major portion of the white matter was
fluorescent under ultraviolet light. A study of the sequential pathological changes
between two minutes and four hours after impact revealed progressive pathology
and from then on the damage appeared irreparable. At 48 hours there was a
total loss of anatomical continuity in the spinal cord tissue. He also reported
after a survey on the management of experimental spinal cord trauma that the
best recovery of function occurred after posterior myelotomy.

Using fluorescent techniques to study the intraspinal circulation in dogs,
Wagner ef al. demonstrated a decrease of as much as 50 per cent in the blood
flow through the spinal cord soon after injury (Wagner, 19694, b).

Ducker & Assenmacher (1970) and White & Albin (1969a, b) reporteg
initial extravasation of erythrocytes following the venous engorgement and
stasis.

Coalescence of discreet haemorrhages with ischaemic changes in neurones
were reported after a sequential pathological study by Goodkin and Campbell
(1969).

1970. Kelly reported significant recovery in dogs with contused spinal cords
after treatment with hyperbaric oxygen (Kelly ef al., 1970).

Singer, Russell and Coe (1970) reported an abolition of the evoked response
through the injured portion of the spinal cord within 20 to 9o seconds after
trauma. The response reappeared after 24 hours.

1971. Black and Markowitz (1971) observed that steroids enhanced the
functional recovery in monkeys, while incision of the dura mater had a deleterious
effect. Recovery rates were the same in monkeys decompressed with either a
one or three level laminectomy.

Ducker and Perot (1971) reported a decrease in intramedullary blood flow
at one and two hours after contusion. They reported a decrease in spinal cord
tissue oxygen concentration in the traumatised segment within two to three
hours. Further description of the intramedullary haemorrhage and oedema of
the spinal cord was reported in cats by Richardson and Nakamura (1971) using
the electron microscope. They reported an increase in the size of the basement
membranes and a swelling of the astrocytic processes with an increase in the
extracellular space. A combination of local hypothermia and steroids appeared
to reverse all of these pathological changes.

Tator (1971) described demyelination largely in the lateral white matter with
cavitation in the grey over several months after compression of the spinal cord in
monkeys.

Wagner, Dohrmann and Bucy (1970, 1971) described the leakage of erythro-
cytes into the perivascular space surrounding thin wall vessels in the central grey
matter.

Using light microscopy, Yeo, Payne and Collins (1971) reported that white
matter adjacent to the neural tissue injured directly by impact to the spinal cord
of the sheep demonstrated progressive swelling of axon fibres and disruption of
myelin sheaths over four hours. Congestion and extravasation was evident as
early as 15 to 30 minutes and progressed in both white and grey matter over two
hours. By four hours there appeared to be generalised irreversible damage to
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myelinated nerve tissue. Fairholm and Turnbull (1970, 1971) as well as Assen-
macher and Ducker (1971) also described coalescence of discreet haemorrhages
with ischaemic changes occurring in the anterior horn cells. They demonstrated
non-filling of most small vessels within the central grey and white matter lying
beneath.

Locke et al. (1971) described an increase in spinal cord lactate associated
with ischaemia following contusion injury in monkeys. Many other workers,
including Ducker, Kindt and Kempe (1971), continued to report on these dynamic
pathological findings in the acute experimental spinal cord trauma. Dohrmann,
Wagner and Bucy (19714, b, ¢) reported studies of the experimental contusion
in the spinal cord of the monkey and cat with electron and light microscopy. The
muscular venules were found to have tears in their walls as early as 15 minutes
after the contusion and these tears were identified as the source of some of the
very early perivascular extravasation. By four hours the endothelium of the
capillaries was swollen, although the walls appeared intact. Within several hours
after the contusion, ultra-structural alterations in periaxonal spaces and axonal
degeneration were reported. They also reported the perfusion of grey matter
was reduced within 15 minutes and after one hour the blood flow was non-existent.
Although they described alterations in the blood flow in the white matter within
one hour of the contusion the blood flow appeared to return to normal within
24 hours. Dohrmann and Wick (1971) reported the transient decrease in blood
flow in the white matter occurred as early as five minutes and was persistent for
one hour.

Fried and Goodkin (1971), using barium sulphate studies, demonstrated
progressive lack of perfusion and this severe disturbance of normal haemodynamics
was still-evident 24 hours after the injury. Turnbull (1971) described the central
vessels of the spinal cord as susceptible to stretching and compression by a postero-
anterior force. Green and Wagner (1971) reported the development of oedema
in cats, initially in the grey and later in the white matter, within the first eight
hours of the injury. After one hour the oedema appeared primarily to involve
they grey matter but by four hours the white matter immediately adjacent to the
grey matter was also involved. Within eight hours the entire contused section of
the spinal cord was described as ‘oedematous’.

Campbell ef al. (1971) studied evoked cortical potentials in cats and demon-
strated that, if the potentials were evident within three hours of the injury, recovery
would follow.

1971-1972. Osterholm was the first to suggest that local accumulation of
noradrenaline following injury could result in further progressive damage to
neurones adjacent to the nerve tissue damaged by the initial blow. He reported
a fourfold rise in the level of noradrenaline in the cat’s spinal cord within one hour
of injury. In this period the levels of dopamine were shown to fall. By locking
noradrenaline synthesis and release with intravenous administration of alpha
methyl tyrosine, Osterholm demonstrated a marked reduction in the pathology
found in both grey and white matter. The recovery in the treated animals was
recorded as significantly improved when compared with the recovery in the
control group of animals (Osterholm, 1971, 1972).

In 1972, Kelly reported significant recovery from induced paraplegia in dogs
with hyperbaric oxygen (Kelly et al., 1972).

Tarlov (1972) stated that irreversible conduction block following compression
of the spinal cord of the cat was secondary to mechanical deformation and not due
to hypoxia.
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1973. Di Chiro and Wener reviewed the detailed angiographic anatomy which
is important in the interpretation of the pathology of spinal cord injury.

Tator and Deecke (1973) demonstrated in monkeys that local perfusion of
the injured spinal cord with cooled and non-cooled Elliots ‘B’ solution produced
significantly better restoration of function than was found in similarly wounded
non-perfused animals. They suggested that perfusion dialysis of some noxious
chemical material from the wounded cord occurred and this thesis would have
supported much of the work reported by Osterholm.

Martin and Blodell (1973) evaluated the experimental spinal cord injury
using cortical evoked potentials. They concluded that bilateral normal sensory-
evoked potentials should indicate functional and probably structural integrity of
the posterior half of the spinal cord.

Dohrmann and Wick (1973) documented the fact that the smaller vessels in
both the central grey and white matter at the level of the injury did not fill, strongly
suggesting the presence of local retardation or arrested blood flow.

1974. Vise, using fluorescent microscopy with Evans blue as a tracer, reported
a defective blood-brain barrier in dogs immediately following spinal cord injury.

Since the publication of Osterholm’s work in 1971, many other workers have
been unable to confirm the reported rise of noradrenaline in contused spinal cord
tissue (Hedeman & Shellenberger, 1973; Naftchi et al., 1974; Vise et al., 1974;
Hinwood et al., 1974; Yeo ef al., 1974).

Until ten years ago little was known of the early dynamic pathological changes
which occurred in the bruised mammalian spinal cord. As yet, it is still not
possible to know exactly what happens to the contused human spinal cord and
information must continue to be obtained from the experimental animal. Isotope
myelography has been reported as a useful investigation to help identify spinal
cord swelling and contusion (Yeo & Collins, 1974).

This brief historical review summarises many of the studies which are being
made in animals whose nervous systems closely resemble that of man. The best
choice for such studies would be the ape, although expensive and difficult to
nurse satisfactorily for long periods. In this country the sheep has proved an
adequate experimental model with a suitably sized spinal cord and a satisfactory
animal for nursing in slings. A detailed assessment of clinical recovery in the
control and treated animals has been possible and the animals nursed for long
periods without significant complications (Yeo ef al., 1971, 1974, 1975).

Much of the basic research work in recent years has been centred on the
catecholamine release theory with progressive neurological damage in the region
of the initial spinal cord injury. Drugs such as Alpha methyl tyrosine have been
found to be highly effective in preventing acute noradrenaline hyperaccumulation
and when given 15 minutes after the injury protect against haemorrhagic necrosis
in injured spinal cord tissue (Osterholm, 1972). Why Alpha methyl tyrosine is
so effective in animal experiments during the acute phases of treatment while
subacute and chronic injured and treated cords often become severely degenerated
remains an unanswered question. Hedeman and Shellenberger were unable to
detect any protection from single treatments of AMT in chronic dog studies
(Hedeman and Shellenberger, 1973). Other forms of treatment which have been
tried in recent years are anti-fibrinolytic therapy, hyperbaric oxygen and anti-
serontonic therapy. The results of these experiments have been summarised in
an excellent review article by Osterholm (1974). Many of these physical and
drug treatments in the experimental animal have been promising but are not yet
applicable to the paraplegic or quadriplegic patient.
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