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ABSTRACT

It is well known that neuronal death, clinically mani-
fested as paresis or plegia, is the end result of many
pathological events affecting the central nervous system.
However, several aspects of pathophysiological mecha-
nisms involved in the development of tetra- or paraple-
gia caused by spinal cord traumatic or ischemic damage
are only insufficiently understood and their histopatho-
logical manifestations remain poorly documented. That
is why the authors decided to report on light-microscop-
ic changes observed in 30 um thick spinal cord sections
cut from L3—S1 segments processed by the Nauta stain-
ing method in a group of 6 dogs with ischemic paraple-
gia induced by 30 min of a high thoracic aorta occlusion,
and in a different group of 6 dogs with traumatic para-
plegia induced by 5min spinal cord compression with
200 g metallic rod. Both experimental groups (ischemic
and compression) of spinal cord injuries (SCI) com-
prised the same number of mongrel dogs of both sexes,

weighing 18—25kg. In addition, each of the experimen-

tal groups had 3 normal dogs that served as controls.
All experimental procedures were accomplished under
general anaesthesia induced by pentobarbital and main-
tained by a mixture of halothane and oxygen. Following
the 72 hour survival period, all 18 animals were eutha-
nized by transcardial perfusion with 3,000 ml of saline
and fixed by 3,000 ml of 10 % neutral formaldehyde dur-
ing deep pentobarbital anaesthesia. The histopathologi-
cal manifestation of neural tissue damage caused by isch-
emia or compression was similar. The light-microscopic
images in both groups were characterised by argyrophil-
ia and the swelling of grey matter neurons. However, in
the dogs with traumatic SCIs, the changes only reached
about 750 um cranially and caudally from the necrotic
epicentre. These findings indicated that the events tak-
ing part in secondary spinal cord injury mechanisms are

similar in both, ischemic as well as in traumatic SCI.
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INTRODUCTION

Spinal cord injuries, whether caused by external trau-
matic forces or ischemic events belong to the most serious
healthcare problems in both, human and veterinary health
care practices [1, 4, 6, 8, 18]. Due to their devastating effects
on motor, sensitive and autonomic neural functions, SCI
have attracted the interest of the people (from ancient phy-
sicians and philosophers, to modern scientists, veterinar-
ians, as well as laymen and the public) for a long time [2, 13,
14, 15]. Despite an increasing amount of information ac-
cumulated during the last several decades, many aspects of
the pathophysiological mechanisms involved in the devel-
opment of tetra- or paraplegia have only been partially elu-
cidated and their neurohistological manifestations remain
incompletely documented [7, 14, 18, 21]. This situation in-
spired the authors to study light-microscopic changes char-
acteristic for spinal cord damage induced by two different
types of insults to the spinal cord, i. e. ischemia-reperfusion
and compression injuries, in two different canine experi-

mental models.

MATERIALS AND METHODS

The experimental protocols were prepared with re-
spects to the instructions of the Animal Protection Act of
the Slovak Republic No.15/1995 [5] and approved by the
Ethical Commission of the Institute of Neurobiology, Slo-
vak Academy of Sciences in Kosice, Slovakia.

Eighteen healthy adult mongrel dogs of both sexes, free
of heart worm disease, weighing 18—25kg, divided into
four groups, were used in this study:

1. Non-ischaemic sham controls (n=3). Animals un-

derwent a left-sided thoracotomy only.

2. Non-compressive sham controls (n=3). The standard
L4-L5 laminectomy was performed.

3. Ischemic injuries of the spinal cord (n=6). The de-
scending aorta just distal to the origin of the left
subclavian artery was occluded by a tourniquet for
30 min.

4. Compression SCI (n=6). The spinal cord was trau-
matised by a metallic rod ended with a small knob
weighing 200 g lowered onto the exposed spinal du-
ral sac containing the spinal cord through the L4—

L5 laminectomy for 5 min.
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The experimental procedures were carried out under gen-
eral anaesthesia induced by Pentobarbital (pentobarbitalum
natricum) administered intravenously in a 30mg.kg".10™!
dose. Then the dogs were intubated with an endotracheal
cannula (diameter 8—12 mm) and placed on a volume-cy-
cled ventilator. The anaesthesia was further maintained by
a mixture of oxygen and Halothane. Also, the continuous
direct monitoring of the arterial blood pressure in the ra-
dial artery, EKG, and arterial blood gases were carried out.
The rate of ventilation was adjusted to maintain arterial pO,
between 80—100mm Hg and pCO, at about 38 mm Hg,
i.e., normal canine levels of pO, and pCO, [19]. The arterial
blood pressure (which increased in every dog after a high
thoracic aorta occlusion) was kept at pre-surgical levels by
a continuous infusion of nitroprusside in saline.

The operations were performed under sterile condi-
tions and basic surgical principles were strictly observed.
Antibiotics (1,500,000 u. i. of benzylpenicillinum procainum
and 1.5g of streptomycin sulphate) were administered in-
tramuscularly during the surgery to every dog. After com-
pleting the surgical procedures, the dogs were placed into
separate disinfected compartments, covered with warm
blankets, and followed until they completely awakened
from the narcosis. Then, they were offered drinking water
ad libitum and food granules. Suppression of postoperative
pain was ensured by the intramuscular administration of
a strong analgesic/opioid (Tramal, i. e. tramadoli hydrochlo-
ridum 50 mg) in 6 hour intervals for 3 days.

After a 72 hour survival period, all dogs (experimental
as well as controls) were deeply anaesthetized by pento-
barbital (50mg.kg".10"" of body weight i.v.), then trans-
cardially perfused with 3,000 ml of saline and fixed by the
same volume of 10 % neutral formaldehyde. Spinal cord
specimens comprised of L3—S1 segments were removed,
24hours post-fixation, cut into 30 um thick sections and
processed by silver compounds according to a protocol of
Nauta staining methods for light-microscopic observations
[12].

RESULTS

All 18 dogs survived the experimental procedures with-
out surgical complications. All six control dogs revealed
no neurological deficit. On the other hand, all of the ex-

perimental animals awakened from anaesthesia with fully



developed paraplegia; their clinical picture was character-
ized by a complete palsy of their pelvic limbs. Parts of the
spinal cord located in the epicentre of the compression in-
jury in members of this experimental group (6 dogs), were
crushed; the appearance of the neural tissue resembled an
engorged haemorrhagic pulp. The spinal cord in the vicin-
ity of the trauma was oedematous and haemorrhagic, but
macroscopic changes did not exceed 14mm cranially and
caudally from the epicentre. The L3—S1 segments of the
spinal cords removed from the vertebral canals of members
of the ischemic group (6 dogs) were pale and oedematous,
but not haemorrhagic. The macroscopic changes were not
restricted to the epicentre and 1—2 adjacent segments only,
but affected the whole specimen.

Light-microscopic observations

No visible histopathological changes developed in the
specimens prepared from the lumbosacral spinal cord seg-
ments of the sham controls. The identity of neurons in
semi-thick sections (30 um) of the L3—S1 spinal cord seg-
ments of sham controls processed according to the Nauta

staining method was hardly distinguishable. The perikarya

were only minimally impregnated and their dendritic ram-
ifications were completely Nauta-negative. The cytoplasm
of middle-sized and large neural cells (especially the large
motoneurons in Rexed’s lamina IX) appeared as pale shad-
ows, almost identical with the background [17]. The locali-
sation of neural cell somata was facilitated by large light
nuclei and darkly stained nucleoli (Fig. 1).

The histopathological changes of the spinal cord tissue
damaged by 30 min of ischemia and 72 hour reperfusion
on the one hand, and 5 min compression by 200 g metallic
rod on the other hand, were similar with only insignificant
differences. The histopathological images were character-
ised by argyrophilia of the neural cells, as well as swelling
and boutonic enlargement of presynaptic parts of their
axons encircled by clear halos (Figs. 2—4). The majority
of boutons was localised in the central part of spinal cord
grey matter, i.e. Rexed’s laminae V—VII [17]. The above
changes were diffusely spread throughout the spinal cord
grey matter in both experimental groups, but in the dogs
with compressive paraplegia, they did not exceed 750 pm

cranially and caudally from the necrotic epicentre.

Fig. 1. Microphotograph of a specimen from L5 spinal cord segment of a control dog. Large motoneurons with darker nucleoli
are Nauta-negative and appear as pale shadows, almost identical with surrounding neuropil. Magn. x180
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Fig. 2. Microphotograph of a specimen from L5 spinal cord segment of a dog after 30 min ischemia and 72 hour survival.
Oedema and enhanced argyrophilia of interneurons in zona intermedia. Magn, x320

Fig. 3. Microphotograph of a specimen from L5 spinal cord segment of an animal after 30 min ischemia and 72 hour survival.
Enlarged terminal parts of axons (boutons) in the 6th Rexed’s lamina of the dorsal horn. Magn. x150



Fig. 4. Microphotograph of a specimen from the L3 spinal cord segment of an animal following the 5 min of compression trauma and 72 hour
survival. Neuropil is Nauta-positive, motoneurons in anterior horns are oedematous, and within their cytoplasm are argyrophilic accumulations
of irregular shape and density. Magn. x120
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Fig. 5. Schematic drawing of arteries supplying the spinal cord modified after Lazorthes etal. [9]
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DISCUSSION

The terms tetraplegia and paraplegia refer in mammals
to the permanent deficit of motor functions of the trunk, all
four extremities and tail (tetraplegia) or pelvic limbs and tail
muscles palsy (paraplegia) accompanied by a loss of: volun-
tary control over the urinary bladder and anal sphincters’
functions, sexual incompetence as well as a complete an-
aesthesia of the affected body area [6, 7, 8]. A very similar
neurological deficit is characteristic for spinal cord lesions
in humans [1, 18, 21]. Trauma to the vertebral column and
spinal cord plays the main role in the development of the
clinical syndrome; less frequently it is caused by an inter-
ruption of spinal cord blood flow [8, 11, 13, 18].

The human spinal cord is supplied by 1 ventral and 2
dorsal spinal arteries, which extend longitudinally in a vari-
able fashion [9, 22]. Cranially these arteries originate from
the vertebral arteries and anastomose at the level of the co-
nus medullaris. At many levels they receive blood supplies
from the radicular arteries, which enter the vertebral canal
along the nerve roots. The anterior spinal artery gives rise
to the central arteries, entering the spinal cord to supply the
ventral horns and ventral parts of the lateral columns. Each
radicular artery supplies a separate functional region of the
spine, particularly via the ventral spinal artery. The first re-
gion extends from C1 to the Th3 segment and is supplied at
the C3 level from the vertebral arteries. The second region
extends from Th3 until the Th7 and receives a branch from
the intercostal artery (originating directly from the aorta) at
the Th7 level. The third region, supplied by only one branch,
arteria radicularis magna (Adamkiewicz artery) originat-
ing from an intercostal or lumbar artery between Th9, LI,
L2, extends from Th8 to the conus medullaris (Fig.5). This
arrangement of the spinal cord blood supply explains why
even a temporary cross-clamping of the thoracic aorta can
cause necrosis of the medullary tissue and lead to the devel-
opment of ischemia-reperfusion paraplegia, characterized
by bilateral motor deficit with complete sensory deficit due
to the so called transverse medullary infarct [22].

The temporary cross-clamping is a condition sine qua
non in the aortic or principal vessels operations [1, 11, 16].
However, awakened from anaesthesia after an uneventful,
technically straightforward procedure with an irreversible
paraplegia, means a catastrophe for a patient and a night-
mare for the vascular surgeon. The risk of this complication

is about 10% in elective thoracoabdominal aortic recon-
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struction and significantly increases in patients struck with
a rupture of an atherosclerotic aneurysm of the vessel [1,
11]. The reason is that haemorrhagic shock causing a rapid
decrease of blood pressure which, in combination with pre-
existing latent insufficiencies of the spinal cord vessels and
their supplying arteries, is an extremely malignant combi-
nation [8, 13, 16].

The experimental model of spinal cord ischemia-re-
perfusion injury used in our study was developed with an
aim to imitate the situation in humans as much as possible.
Originally we considered the utilisation of small laboratory
animals in our experiments [10]. We had both, rabbits, as
well as rats at our disposal. However, interventions in the
thoracic cavity of rabbits or rats require a special apparatus
for maintaining artificial ventilation and an endotracheal
intubation which is so technically difficult, that a cannula
often can be introduced into trachea through a tracheot-
omy only. Moreover, in rabbits another problem appears;
the spinal cord lesion leads to a complete urinary reten-
tion, which causes an early death of the animal [10]. On the
other hand, administration of general anaesthesia to larger
animals is simpler; the surgical situation in a thoracic cavity
resembles the situation in humans, and as a result are more
reliable. That is why minipigs, dogs or cats are used more
and more frequently in experimental studies nowadays [16,
20]. Having at our disposal the necessary equipment for in-
trathoracic and intraspinal procedures in dogs, as well as
sufficient experience with operations on them, we decided
to use these animals again [19].

The pathophysiological consequences of spinal cord
damage are explained by the theory of primary and sec-
ondary injury mechanisms. Primary SCI result from the
direct mechanical insults to neural tissues and spinal cord
(especially grey matter) vascular network [15, 21]. Four
basic types of primary SCI and their combinations can oc-
cur. They include: the laceration of the spinal cord (caused
by shearing and traction), compression of the cord (by an
intraspinal haematoma, herniated intervertebral disc, dis-
located vertebra or its fragments in a case of vertebral frac-
ture or luxation), concussion of the spine (e.g. when the
victim was hit by an automobile, gunshot or falling from
a height), and lack of blood supply, i.e. ischaemia [3, 4, 6,
7, 11]. The secondary mechanism in SCI develops as an
expansion of the primary damage [14]. Regardless of the
type of insult, which started the cascade of events leading

to disintegration of spinal cord tissue (neurons and sup-



portive glial cells), and destruction of connections between
brain — spinal cord and spinal cord — spinal cord neurons,
the secondary mechanism in SCI develop as an expansion
of primary damage [13, 14, 15]. The vast majority of in-
vestigators comply with the theory of a multi-step process,
including: persistent depolarization of cell membranes,
energy depletion from repolarization, deregulation of in-
tracellular calcium, formation of reactive oxygen species,
lipid peroxidation, loss of cellular ionic gradients, oedema
formation, nuclear DNA fragmentation, rupture of cell
membranes and inflammatory reaction in both, traumatic
and ischemic SCIs [3, 8, 14, 18, 21]. An important finding
of our study was the ability of the Nauta staining method to
visualize and localize damaged spinal cord neurons when
their somata and dendrites became argyrophilic due to an
ischemia-reperfusion or a compression injury. The unusual
type of synaptic degeneration, characterized by a massive
occurrence of enlarged boutons encircled by clear halos,
could be a light-microscopic manifestation of ionic shifts
and membrane depolarization processes, which are consid-
ered an integral part of a cascade leading to neuronal death
in SCI. The density and laminar distribution of boutons
correlated with the distribution of small argyrophilic neu-
rons localized in the deep dorsal horn layers. The results
of our experiments demonstrated the high vulnerability of
these spinal cord grey matter cells. With regard to the fact,
that many small neurons and interneurons form synapses
with axons of descending supraspinal tracts, the damage
induced by ischemia-reperfusion and compression SCI
very probably play an important role in the gradual trans-
formation of post-ischemic or compressive paraplegia from
a flaccid paralysis to a spastic palsy [14, 21, 22].

More than a decade ago, spinal cord traumatic or isch-
emia-reperfusion lesions resulted in confinement of the
patients to wheelchairs and struggles with different medi-
cal complications for the rest of their life [1, 6, 7, 8, 9, 13,
21]. The treatment armamentarium was limited and the
provision of care for individuals with SCI was met with
frustration in the majority of cases. Progress in neurosci-
ence research has made the idea, that SCI will eventually be
treatable, more plausible [3, 14, 16, 18].

The authors believe that the histopathological changes
observed in the spinal cord specimens of dogs of both ex-
perimental groups, expressed the consequences of compro-
mised spinal microcirculation. It means that ischemia plays

an important role in the pathophysiology of both, traumatic

and ischemia-reperfusion SCI. Therapeutic measures need

to take this observation into consideration.

CONCLUSIONS

The comparison of neurohistopathological changes
observed in specimens prepared from L3—S1 spinal cord
segments of dogs with ischemic and compressive paraple-
gia stained by the Nauta method indicated that metabolic
events leading to cell death in these different experimental
models are similar and certain ischemic components also

participate in development of traumatic spinal cord lesions.
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