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Abstract. Adult rats ‘were subjected to midthoracic spinal cord tran-
sections. Three segments of spinal cord, each approximately 5 mm in
length, were removed from each animal at intervals from 5 min to 48 h
postlesion; one from the lesion site and one each immediately rostral and
caudal to the transection. Total tissue calcium concentrations ([Cal;) for
each spinal cord segment were determined using atomic absorption
spectrophotometry and compared to control segments from untransected
animals. [Ca]; levels in the segment at the lesion site was significantly
elevated above control values at 30 min post-lesion, but decreased to
control levels by 1 h. All other segments remained at control levels for
the duration of the postlesion period. The rapid rise and fall of [Ca]; at
the lesion site differs from spinal cord contusion studies in which [Cal;
remains at elevated levels for extended periods. It is postulated that the
“open” transection injury permits the rapid clearance of calcium from
the injury site.

INTRODUCTION

Until it was reported in 1973 (22) that high calcium concentrations
increased axonal degeneration following transection of rat nerve fibers
in wvitro, tissue calcium levels were virtually ignored as a significant
factor in the 'pathophysiology that occurs following mammalian spinal
cord injury (9, 17, 18, 20, 27, 28). Since then, a number of investigators
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have implicated calcium as a mediator for cell injury and necrosis in
a variety of biological systems (21, 26, 32), including the destruction of
adjacent neuropil that occurs following spinal cord injury in mammals
(4-17, 10, 15, 16, 23 - 25, 29 - 31).

Intracellular calcification of axons following spinal cord injury in
rats was first reported by Balentine, et al. (6), using electron microscopy
and x-ray microanalysis. Clusters of calcium phosphate crystals, in the
form of needles, were seen surrounding various intraaxonal organelles,
particularly mitochondria. These crystals were seen as early as 30 min
following spinal cord contusion and appeared to peak within 4 h of in-
jury. Using both light and electron microscopy with x-ray microanalysis,
the above initial findings were subsequently confirmed in accidental hu-
man spinal cord trauma and experimental spinal cord contusion in cat
and monkey (3). In addition to axonal degeneration, calcium has also
been linked to the vesicular degeneration of myelin which occurs follow-
ing spinal cord injury or calcium-induced myelopathy (2, 5, 8).

Subsequent studies, using a spinal cord contusion model, revealed
a sustained and significant drop in extracellular calcium within 5 min
of injury (7, 10, 23 - 25, 30). Recovery of extracellular calcium to prein-
jury levels was dependent on the distance from the injury site. In a qu-
antitative tissue calcium study using atomic absorption spectrophoto-
metry (AAS) following spinal cord contusion, the authors reported a sus-
tained and significant increase in total tissue calcium concentration
([Ca];) for up to 7 days postlesion (16). In a similar, more recent study
of [Ca];, the authors reported that the [Ca]; gain at the injury site with-
in 1 h approximated the [Ca]; loss in the surrounding cord, leading them
to postulate that increased [Ca]; at the lesion site was derived from ad-
jacent spinal cord and sequestered in organic phosphates, causing a deep
calcium sink at the contusion site (29).

Anatomical studies of spinal cord contusion appear to coincide with
chemical studies since severe central hemorrhagic necrosis occurs within
4 h following injury, destroying adjacent gray matter at the contusion
site with the resultant formation of spinal cord cavitations (4, 5). Con-
versely, spinal cord transection studies reveal a more leisurely pace for
secondary destruction of surrounding cord neuropil and the subsequent
development of cavitations. In previous studies in our laboratory (11 - 14,
19), spinal cord tramsection in rats resulted in the formation of micro-
cysts in adjacent spinal neuropil during the initial 7 postoperative days.
By 15 days, many of these microcysts had coalesced to form small, mul-
tiple cavitations at the injury site. However, viable gray matter, con-
taining neurons, could still be seen immediately adjacent to the scar that
formed at the transection site. Moreover, axons from the adjacent neuro-
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pil could be seen penétrating short distances into the scar at 15 days
postlesion. By 30-45 days, large cavitations formed at the expense of
spinal cord neuropil. These cavitations continued to expand with time
until they occupied over 90%0 of the cross-sectional area of the adjacent
spinal cord by 60 - 90 days postlesion.

Since dissolution of adjacent spinal neuropil proceeds at a slower
pace in transection injuries versus contusion injuries, and all spinal
cord injury studies involving [Ca]; levels have been done following con-
tusion injuries, it was decided that an assessment of {Ca]; following spi-
nal cord transection would be ‘appropriate to further clarify the role of
calcium. in mediating the initial destruction and progressive necrosis of
neuropil that occurs following spinal cord injury.

MATERIAL AND METHODS

Experimental animals. Twenty-four adult female Long-Evans hood-
ed rats served as experimental animals in this study.

Surgical procedure. Following anesthetization with chloral hydrate
(400 mg/kg i.p.), the back was shaved and the skin swabbed with alco-
hol. A midline incision was made in the midthoracic region with a scal-
pel and the back musculature dissected free of the vertebral column.
Under an operating microscope, a laminectomy‘was performed at the
Ts vertebral level and the spinal cord transected with a No. 12 scalpel.
Hemostasis was achieved with applications of Gelfoam and the muscula-
ture and skin sutured shut in layers. .

Animal care, survival periods and tissue acquisition. Following sur-
gery, animals were separated into 7 groups of 3 each: for postoperative
survival periods of 5, 15 and 30 min; 1, 12, 24 and 48 h. Animals surviv-
ing for 24 and 48 h received manual bladder expressions twice daily.
At the end of each survival period, each animal was anesthetized as
described above. The laminectomy was extended rostral and caudal to
the transection site and 3 segments of spinal cord, each approximately
5 mm in length, were removed as follows: one segment encompassing
the transection site, one segment rostral, and one segment caudal to the
transection site. In addition, a control group of 3 untransected animals
were anesthetized. In each control animal, 3 segments of spinal cord
were removed from the same location as described for the transected
animals. Following tissue removal, all animals were killed by over-doses
of ether. _

Mineral analysis. Spinal cord segments were weighed and rapidly fro-
zen until analysis. They were then ashed in a muffel furnace at 600°C
for 16 hrs and the ash from each spinal cord segment was dissolved in
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5 ml of 1% LaCl; in O.1 N HCIl. Calcium levels were determined by
AAS (Varian AA-1275), using a nitrous oxide-acetylene fuel mixture.
Each sample was tested 3 times and averaged. Statistical analysis of the
data was accomplished by using ANOVA.

RESULTS

The results of [Ca]; are summarized in Fig. 1. Calcium levels in the
transected spinal cords were significantly elevated only at the site of
lesion at 30 min following transection. This maximum calcium level of
962 pug/gm wet weight corresponds to a statistically significant (p << 0.05)
three-fold increase as compared to the 330 pg/gm in non-transected
control spinal cords. Although [Ca]; in spinal segments rostral to the
transection site were either slightly greater or less than controls through-
out the postoperative periods, there were no statistically significant dif-
ferences in [Ca]; between controls and rostral or caudal spinal cord seg-
ments.
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Fig. 1. Summary of quantitative [Ca]; data. Each data point represents triplicate

measurements on 3 animals, using atomic absorption spectrophotometry. Vertical
bars = SEM.

DISCUSSION

The results of this study indicate there is a rapid influx of calcium
into the lesion area within 15 min of spinal cord transection. This in-
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crease in [Ca]; reaches its peak and becomes statistically significant by
30 min postlesion. By 1 h, however, [Ca]; at the lesion site is reduced to
control levels and remains there for the duration of the study. Although
the initial phase of our results parallel two other AAS studies that used
a contusion model, the results diverge quickly. The two other studies
reported significant [Cal, increases at the contusion site within 45 min
or 1 h (16, 29). However, in both contusion studies, [Cal; continued to
increase with time; in one case for the duration of the postlesion period
of 3 h (19), and in the other for 8 h after which [Ca]; remained appro-
ximately 4 times that of controls for the duration of the 7 day postlesion
period (16).

The specific reasons for the 'disparity in [Ca]; results between tran-
section and contusion injuries require further experimentation. How-
ever, there are some plausible explanations for these differences based
on previous studies and the basic mechanics of the 2 types of lesions.
Contusion lesions typically do not disrupt the overlying meninges, but
instantly compress and release the neuropil within the meninges, causing
rapid bidirectional movements and shearing forces within the neuropil.
These forces cause significant functional and physical disruption of de-
licate cellular membranes, permitting the intracellular accumulation of
calcium (5, 7, 10, 25). Moreover, microvasculature within the cord in the
region of the contusion is physically disrupted, resulting in hemorrhage
and edema within the injured neuropil (4). Since little expansion occurs
because of the intact meninges, there is an increase in pressure within
the injured neuropil. This increase in intraparenchymal pressure further
compromises blood supply, restricts the flow of cerebrospinal fluid (CSF)
and hampers the movement of accumulated intracellular calcium, thus
probably contributing to the sequestration of inorganic phosphates and
the subsequent precipitation of calcium in the form of hydroxyapatite
crystals, which then causes necrosis and cell death at the lesion site.
Conversely, typical experimental transection injuries to the spinal cord
are accomplished with a scalpel and result in a relatively clean cut
through the meninges, all axons, neuronal and glial soma, blood vessels
and central canal at the transection site. This, in turn, results in massive
hemorrhage and leakage of CSF, axoplasm and extracellular fluids into
the surrounding tissues. Since a transection is an open injury, the ini-
tial influx of calcium may be diluted and transported from the transect-
ion site by the combination of hemorrhage and extravasation of intra-
cellular and extracellular fluids, resulting in a rapid return of [Ca]; to
normal levels. : ;

It should also be pointed out that factors other than calcium accumu-
lation have been strongly implicated in the pathophysiology that occurs
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following spinal cord trauma. These include ischemia, acidosis, free ra-
dical formation, lipid peroxidation and enzymatic activity (5, 7, 10, 25).
However, it appears that calcium may act as a mediator or play a major
role in all of these proposed mechanisms for cell necrosis and death
followmg spinal cord trauma (5). ‘

In conclusion, it appears that sufficient evidence exists to 1mp11cate
calcium as a causative factor in the rapid onset of cell death at the lesion
site in contusion injuries. However, the pathophysiological role of cal-
cium following experimental spinal cord transection may be limited due
to the rapid clearance of calcium from the injury site within 1 h follow-
ing transection. Moreover, the role of calcium in the subsequent second-
ary destruction of adjacent neuropil is equivocal, since [Ca]; in adjacent
neuropil remains at control levels for the duration of the relatively short
postoperative periods that have been reported following either spinal
cord transection, as in the present study, or spinal cord contusion (186,
29). Long-term studies, combining anatomical and chemical techniques,
are required to establish whether calcium assumes a substantive role in
the subsequent progressive destruction of adjacent neuropil following
spinal cord injury. :

The authors wish to thank Mrs. Nadine Stuth for her excellent technical skills
in atomic absorption spectrophotometry and Ms. Sherrie Hughes for her typmg
skills and-her uncanny ability to read our illegible handwriting.
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