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Reevaluation of Gray and White Matter Injury after Spinal
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Background: Although gray matter injury has been well
characterized, the available data on white matter injury after
spinal cord ischemia (SCI) in rabbits are limited. The current
study was conducted to investigate the evolution of ischemia
induced injury to gray and white matter and to correlate this
damage to hind-limb motor function in rabbits subjected to SCI.

Methods: Thirty-eight rabbits were randomly assigned to
24-h, 4-day, or 14-day reperfusion groups or a sham group (n �
9 or 10 per group). SCI was induced by occlusion of the infra-
renal aorta for 16 min. Hind-limb motor function was assessed
using the Tarlov scale (0 � paraplegia, 4 � normal). The gray
matter damage was assessed on the basis of the number of
normal neurons in the anterior spinal cord. White matter dam-
age was assessed on the basis of the extent of vacuolation and
accumulation of amyloid precursor protein immunoreactivity.

Results: Tarlov scores gradually decreased and reached a
nadir 14 days after reperfusion. There were no significant dif-
ferences in the number of normal neurons among the 24-h,
4-day, and 14-day groups. The extent of vacuolation, expressed
as a percent of total white matter area, was significantly greater
in the 4-day and 14-day groups in comparison with the sham
group. By contrast, there was no difference in vacuolation be-
tween the sham and 24-h groups. Amyloid precursor protein
immunoreactivity was greater in the 4-day and 14-day groups.

Conclusion: The results in the current study show that SCI
induced white matter injury as well as gray matter injury in a
rabbit model of SCI. The time course for 14 days after reperfu-
sion may differ among the gray and white matter damages and
hind-limb motor function in rabbits subjected to SCI.

PARAPLEGIA remains a devastating complication of tho-
racoabdominal aortic operations, with the reported inci-
dence ranging from 2.4% to 40%.1–4 The mechanisms of
postoperative paraplegia involve both acute ischemic
and delayed reperfusion injury. Several attempts using
hypothermia, cerebrospinal fluid drainage, N-methyl-D-
aspartate receptor antagonists, calcium channel block-
ers, and free radical scavengers have been made to pro-
tect spinal cord against ischemic injury.2,5,6 However,
because their efficacy is limited, a more detailed under-
standing of pathophysiologic mechanisms of spinal cord
ischemic injury is needed.

In studies of ischemia-induced spinal cord injury, gray
matter injury has been the primary focus as a target for
therapy because of the traditional view that white matter
is less vulnerable to ischemic injury compared with gray
matter. Zivin et al.7 reported that spinal cord ischemia
(SCI) induced necrosis of gray matter with little evidence
of damage to the long white matter tracts in rabbits.
Since that time, most published studies regarding SCI
have assessed only neurologic function and the severity
of histologic gray matter injury.8–10 However, recent
evidence suggests that white matter injury is of equal
importance to gray matter injury.11–13 Follis et al.11 dem-
onstrated that white matter was more vulnerable to
ischemia in comparison with gray matter in a rat model
of SCI. The data from our laboratory have also shown
that SCI induced white matter injury as well as gray
matter injury 24 h after reperfusion in rats.14 Kanello-
poulos et al.13 suggested that evaluation of only gray
matter injury may underestimate the extent of spinal
cord injury and that the true extent of SCI may only be
obtained with the assessment of both white and gray
matter injury.

Methods for quantitative analysis of white matter dam-
age, which include vacuolation and immunohistochem-
ical analysis of damaged axons and oligodendrocytes,
have only recently been established.13–16 Reevaluation of
white matter injury after SCI in rabbits, with the use of
these methods, would be therefore seem to be war-
ranted. Such a reevaluation may well be necessary for a
fuller understanding of the pathophysiology of SCI and
may lead to novel therapeutic strategies to protect the
spinal cord against ischemia. The current study was
therefore conducted to evaluate the temporal changes in
white and gray matter injury and to correlate this injury
to hind-limb motor function in rabbits subjected to SCI.

Materials and Methods

The study was approved by the Animal Experiment
Committee of Nara Medical University (Kashihara, Nara,
Japan). Male New Zealand White rabbits were housed
and maintained on a 12-h light–dark cycle with free
access to food and water. All animals were neurologi-
cally intact before anesthesia and surgery.

Surgical Preparation
The rabbits were fasted overnight and were then anes-

thetized in a plastic box with 5% isoflurane in oxygen.
Anesthesia was maintained with 2–3.5% isoflurane in
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40% oxygen administered via a nonsealing facemask
device. An ear vein catheter was inserted, and an infu-
sion of normal saline at a rate of 10 ml · kg�1 · h�1 was
initiated. An ear artery was cannulated to monitor prox-
imal mean arterial blood pressure. After infiltration with
1% lidocaine, the right femoral artery was exposed and
cannulated with an SP-55 catheter for monitoring distal
mean arterial blood pressure and for sampling arterial
blood.

Spinal cord ischemia was induced as described previ-
ously.17 Briefly, a 5-cm left flank incision parallel to the
spine was made at the 12th costal level after preparation
of the skin with iodine and infiltration of 1% lidocaine.
The retroperitoneal infrarenal aorta was exposed. A sil-
icone string 1.5 mm in width was carefully placed
around the aorta immediately distal to the left renal
artery. Both ends of the silicone string were then passed
through a rubber tube for occlusion of the aorta. After
completion of the surgical preparation, 600 U heparin
was administered intravenously.

Experimental Protocol
The rabbits were randomly allocated to one of the

following four groups according to the duration of the
reperfusion period: 24 h after ischemia (24-h group), 4
days after ischemia (4-day group), 14 days after ischemia
(14-day group), or sham operation (sham group). SCI
was produced by occlusion of the aorta by applying
tension to the silicone string and clamping the rubber
tube for a period of 16 min. Reperfusion of the spinal
cord was achieved by removing the silicone string. Ani-
mals in the sham group underwent surgical preparation
but were not subjected to SCI. Throughout the experi-
ment, paravertebral muscle temperature was monitored
by a needle-type thermistor and was servo-controlled at
38°C by using a water blanket. Proximal and distal mean
arterial blood pressure and heart rate were monitored
continuously and were recorded after surgical prepara-
tion (baseline), during ischemia, and 10 min after reper-
fusion. Arterial pressure of oxygen (PaO2), arterial pres-
sure of carbon dioxide (PaCO2), pH, serum glucose, and
hematocrit were measured after surgical preparation
(baseline). After the final measurement was made, all
vascular catheters were removed and wounds were su-
tured. Isoflurane was discontinued, and the animals
were allowed to recover.

Neurologic Evaluation
At 3 h, 24 h, 4 days (only in the 4-day and 14-day

groups), 7 days, and 14 days (only in the 14-day group)
after the ischemic injury, the animals were assessed
neurologically by blinded observers. Assessment was
made using the Tarlov score,18 which consists of a five-
point grading scale: 0 � paraplegic with no lower ex-
tremity function; 1 � poor lower extremity function,
weak antigravity movement only; 2 � some lower ex-

tremity motor function with good antigravity strength
but inability to draw legs under body or hop; 3 � ability
to draw legs under body and hop but not normally; 4 �
normal motor function.

Histologic Evaluation
After scoring of neurologic function, the animals were

anesthetized with 5% isoflurane in oxygen in a plastic
box. Thiopental, 50 mg/kg, was administered by intra-
peritoneal injection. Transcardiac perfusion and fixation
were performed with 1,000 ml heparinized cold saline
solution followed by 500 ml buffered 3.7% formalde-
hyde. The lumbar spinal cord was removed and post-
fixed in the same fixative for 1–2 days. After this period,
the 5th lumbar spinal segment was dissected, embedded
into paraffin and sectioned. Three micrometer sections
were prepared and were stained with hematoxylin and
eosin for quantitative evaluation.

Figure 1 shows the schema of target areas for histo-
logic assessment in the rabbit spinal cord (fifth lumbar
segment). The gray matter damage was evaluated by
counting the number of normal neurons in the ventral
part of gray matter (anterior to a line drawn through the
central canal perpendicular to the vertical axis) with
�200 magnification. Cells that contained Nissl substance
in the cytoplasm, loose chromatin, and prominent nu-
cleoli were considered normal neurons. The number of
normal neurons of the right and left hemicords were
then averaged. White matter injury was assessed by eval-
uating the extent of vacuolation in ventral, ventrolateral,
and lateral white matter as reported previously.14 A grid
with a dimension of 200 �m was placed on each white
matter area. The grid was separated into 144 squares.
The squares in which more than 75% of the area was
vacuolated were counted as being areas of white matter
injury with �200 magnification. Percentage of areas of

Fig. 1. Schema showing target areas for histologic assessment in
the rabbit spinal cord (fifth lumbar segment). Gray matter dam-
age was assessed by counting the number of normal neurons in
the ventral part of gray matter (anterior to a line drawn through
the central canal perpendicular to the vertical axis). White mat-
ter damage was evaluated by measuring areas of vacuolation in
ventral, ventrolateral, and lateral white matter. Percentage of
area of vacuolations was calculated at 200� magnification.
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vacuolation of total target area (0.04 mm2) were calcu-
lated. The percentage areas of vacuolation in the ventral,
ventrolateral, and lateral areas of white matter in both
sides (total six areas) were then averaged.

Adjacent sections were immunostained with amyloid
precursor protein (APP) antibody (Clone 6E10; Chemi-
con, Temecula, CA) to label injured axons using the
streptavidin-biotin method (Histofine SAB-PO (M) Kit,
Nichirei Corp., Tokyo, Japan). Briefly, sections were
deparaffinized and pretreated for antigen retrieval by a
microwave oven in a citric acid buffer (10 mM; pH 6.0)
for 10 min for immunostaining, allowed to cool to room
temperature, and rinsed in phosphate-buffered saline. To
block endogenous peroxidase, they were incubated in
3% hydrogen peroxide in methanol for 30 min, rinsed in
phosphate-buffered saline, and incubated again with nor-
mal rabbit serum for 10 min. Thereafter, the sections
were rinsed and incubated at 4°C overnight with the
primary mouse monoclonal antibody against APP diluted
1:100 in normal rabbit serum. The next day, sections
were rinsed again and were exposed to a biotin-labeled
rabbit anti-mouse immunoglobulin (Ig) G/IgA/IgM mix-
ture for 5 min at room temperature, followed by strepta-
vidin for 5 min. Antigen–antibody complex was visual-
ized with 3,3=-diaminobenzidine (DAB; Nichirei Corp.,
Tokyo, Japan). At the end of the procedure, the sections
were lightly counterstained with hematoxylin, dehy-
drated in graded concentrations of alcohol, and cleared
in xylene before being coverslipped for microscopic
examination. Negative controls for immunostaining
were performed by omitting the primary antibody. APP
immunoreactivity was assessed in the areas of ventral,
ventrolateral, and lateral white matter as mentioned
above. To assess the APP immunoreactivity, a score of 0
(no APP accumulation) or 1 (APP accumulation in axonal
swellings) was assigned to each area, and the total score
(average of both sides) in each animal was calculated

(from 0 to 3). Investigators without knowledge of the
injury models (sham or ischemia) performed the histo-
logic assessment of the gray and white matter injury.

Statistical Analysis
Differences in physiologic variables, the number of

normal neurons, and percentage area of vacuolation
were assessed using one-way analysis of variance; when
significant differences were identified, the Student-New-
man-Keuls test was performed for intergroup compari-
sons. Tarlov scoring and APP score were analyzed by the
Kruskal-Wallis test followed by the Mann–Whitney U test
with Bonferroni correction for intergroup comparisons.
To determine the relation between the number of nor-
mal neurons and percentage area of vacuolation, linear
regression analysis was performed. To determine rela-
tion between Tarlov scoring and the number of normal
neurons or percentage area of vacuolation, the Spear-
man correlation analysis was performed. A P value less
than 0.05 was considered statistically significant. Physi-
ologic variables, the number of normal neurons, and
percentage area of vacuolation are expressed as mean �
SD, and Tarlov scoring and APP score are expressed as
median with interquartile range in parentheses.

Results

Forty-four animals were randomly allocated to each
group. Because 1 of 11 animals in the 24-h group, 1 of 10
animals in the 4-day group, and 4 of 14 animals in the
14-day group died before the final assessments, final
analysis was performed in 38 animals. Hemodynamic
parameters are shown in table 1. There were no signif-
icant differences in proximal mean arterial pressure,
distal mean arterial blood pressure, heart rate, and para-
vertebral temperature before ischemia (baseline). Dur-
ing ischemia, there were no significant differences in

Table 1. Hemodynamic Parameters in the Experimental Groups

Sham (n � 9) 24 h (n � 10) 4 days (n � 9) 14 days (n � 10)

Baseline
Proximal MAP, mmHg 67 (15) 60 (8) 59 (9) 68 (9)
Distal MAP, mmHg 75 (15) 66 (10) 67 (7) 75 (8)
Heart rate, beats/min 279 (19) 279 (24) 269 (26) 276 (19)
Paravertebral temperature, °C 37.9 (0.5) 38.1 (0.6) 37.8 (0.4) 38.1 (0.4)

Ischemia
Proximal MAP, mmHg 61 (11) 66 (7) 69 (9)
Distal MAP, mmHg 11 (2) 12 (2) 12 (2)
Heart rate, beats/min 276 (23) 278 (17) 279 (18)
Paravertebral temperature, °C 37.8 (0.5) 37.8 (0.4) 37.9 (0.3)

10 min after ischemia
Proximal MAP, mmHg 62 (18) 57 (12) 58 (4) 62 (6)
Distal MAP, mmHg 71 (17) 68 (14) 65 (6) 66 (8)
Heart rate, beats/min 270 (27) 272 (23) 279 (19) 266 (22)
Paravertebral temperature, °C 38.2 (0.3) 38.2 (0.3) 37.9 (0.4) 38.1 (0.1)

Data are expressed as mean (SD).

MAP � mean arterial pressure.
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distal mean arterial blood pressure values among the
three ischemic groups. After reperfusion, all parameters
were similar among the groups. Blood gas data are
shown in table 2. There were no significant differences
in PaCO2, PaO2, hematocrit, and glucose before or after
ischemia among the groups.

Median values (25th–75th) of Tarlov scoring in all
animals are shown in table 3. Tarlov scores gradually
decreased over the recovery period and reached a me-
dian score of 0 at 14 days. Tarlov scores at 3 h, 24 h, 4
days, 7 days, and 14 days after ischemia were signifi-
cantly lower compared with those in the sham group.
Tarlov scores at 14 days after ischemia were significantly
lower compared with those at 3 h after ischemia.

The number of normal neurons in the three ischemic
groups was significantly lower compared with that in the
sham group (mean � SD: 24 � 22, 11 � 14, and 12 � 9
vs. 45 � 8, respectively; P � 0.05; fig. 2). There were no
significant differences in the number of normal neurons
among the ischemic groups. The relation between Tar-
lov scoring and the number of normal neurons is shown
in figure 3. There was a significant positive correlation
between Tarlov scores and the number of normal neu-
rons (r � 0.678; P � 0.0001).

Figure 4 shows the results of white matter injury. The
percentage areas of vacuolation in the 4-day and 14-day
groups were significantly higher compared with those in
the 24-h group and the sham group (P � 0.05). There
was no significant difference in the percentage areas of
vacuolation between the sham group and the 24-h
group. Representative photomicrographs of hematoxy-

lin and eosin–stained sections in the ventrolateral white
matter are shown in figure 5. Vacuolation was not noted
in the sham group, whereas vacuolation was seen in the
ventrolateral white matter in the 4-day and 14-day
groups. The relation between Tarlov scoring and the
extent of vacuolation is shown in figure 6. There was a
significant negative correlation between Tarlov scoring
and vacuolation areas (r � �0.631, P � 0.0001). Figure
7 shows the relation between the number of normal
neurons and percentage areas of vacuolation. A signifi-
cant negative correlation was noted between the num-
ber of normal neurons and the percentage of vacuolation
areas (R 2 � 0.354, P � 0.0001).

Immunohistochemical analysis revealed that APP im-
munoreactivity was concentrated within axon bundles
in the ventral, ventrolateral, and lateral white matter
predominantly in the 4-day and 14-day groups, whereas
APP immunoreactivity was not noted in the sham group.
Representative photomicrographs of APP immunohisto-
chemistry in the ventrolateral region of white matter are
shown in figure 5. Median values of APP scores (25th–
75th) in the sham, 24-h, 4-day, and 14-day groups were 0
(0–0), 0 (0–0), 1.5 (0.9–2.5), and 1.8 (1.5–2.5), respec-
tively. APP scores in 4-day and 14-day groups were sig-
nificantly higher than those in 24-h and sham groups
(P � 0.05; fig. 8).

Discussion

In the current study, hind-limb function deteriorated
over a recovery period of 14 days in rabbits subjected to

Table 2. Physiologic Variables in the Experimental Groups

Sham
(n � 9)

24 h
(n � 10)

4 days
(n � 9)

14 days
(n � 10)

Baseline
PaCO2, mmHg 44 (12) 37 (7) 41 (11) 39 (6)
PaO2, mmHg 216 (39) 211 (33) 201 (21) 200 (32)
Hematocrit, % 41 (1) 41 (2) 40 (3) 39 (2)
Glucose, mg/dl 158 (72) 135 (36) 142 (19) 147 (25)

10 min after ischemia
PaCO2, mmHg 42 (13) 33 (11) 37 (7) 39 (11)
PaO2, mmHg 207 (38) 214 (35) 208 (14) 197 (21)
Hematocrit, % 41 (2) 40 (4) 38 (3) 38 (3)
Glucose, mg/dl 163 (74) 148 (46) 153 (39) 157 (37)

Data are expressed as mean (SD).

PaCO2 � arterial partial pressure of carbon dioxide; PaO2 � arterial partial
pressure of oxygen.

Table 3. Tarlov Scoring after Spinal Cord Ischemia for 16 Minutes

Sham (n � 9) 3 h (n � 28) 24 h (n � 28) 4 days (n � 18) 7 days (n � 10) 14 days (n � 10)

Median (25th–75th) 4 (4–4) 2* (0–3) 1* (1–1.5) 1* (1–1) 0.5* (0–2) 0*† (0–1)

Data are expressed as median (interquartile range). Hind-limb motor function was assessed using Tarlov scoring (0 � paraplegic with lower extremity function;
1 � poor lower extremity function, weak antigravity movement only; 2 � some lower extremity motor function with good antigravity strength but inability to draw
legs under body or hop; 3 � ability to draw legs under body and hop but not normally; 4 � normal motor function).

* P � 0.05 vs. sham. † P � 0.05 vs. 3 h.

Fig. 2. Numbers of normal neurons in the experimental groups.
The numbers of normal neurons in the ischemic three groups
were significantly lower in comparison with the sham group (P
< 0.05). There were no significant differences in the numbers
of normal neurons among the ischemic groups. Data are ex-
pressed as mean � SD. * P < 0.05 versus sham.
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16 min of SCI. Gray matter injury, assessed by counting
the number of normal neurons in the anterior spinal
cord, was observed 24 h after ischemia and was maximal
at 4 days after ischemia. By contrast, white matter injury,
assessed by measuring the extent of vacuolation and APP
immunoreactivity, was not observed 24 h after ischemia
but was prominent at 4 and 14 days later. These results
indicate that the temporal progression of injury in the
gray and white matter differed, with a progression ap-
parent in the latter but not in the former. As such, the
data are consistent with the premise that both gray and
white matter injury contribute to progression in neuro-
logic deterioration that was apparent in the animals
subjected to SCI.

Since Zivin and DeGirolami7 reported in 1980 that a
rabbit SCI model with infrarenal aortic occlusion was
highly reproducible, a number of investigators have used
this model for the assessments of spinal cord ischemic
injury. In the rabbit, the spinal cord is susceptible to
ischemic injury after infrarenal aortic occlusion because
the lumbar and sacral portions receive a majority of their
blood flow from segmental vessels that originate from
the abdominal aorta. In most of these studies, only gray
matter has been assessed as a target for therapy.8,10,17

This is probably because Zivin and DeGirolami7 origi-
nally reported in 1980 that occlusion of abdominal aorta
induced necrosis of gray matter with relative sparing of
white matter throughout the lumbar and sacral cord.
They demonstrated that there is a total loss of the my-
elinated fibers in the gray matter and little evidence of
damage to the long white matter tracts. However, in
their study, extensive assessments of white matter injury
were not performed because of the lack of established
techniques.

Recently, techniques for the assessment of white mat-
ter injury have been developed in models of cerebral and
spinal cord ischemic injury. Of these, vacuolation and
accumulation of APP immunoreactivity have been used
to assess white matter injury. Kanellopoulos et al.13

evaluated gray and white matter injury after SCI in rats.
In the white matter, vacuolation was widespread and
was prominent in the ventral and ventrolateral white
matter at 2 days after ischemia, and at 6 weeks after the
injury, losses of 47% and 58% of axons in the ventral and
ventrolateral white matter areas, respectively, were
noted. Follis et al.11 investigated the effects of SCI on
gray and white matter injury in rats and demonstrated
that paraplegic animals had myelin vacuolation and an
increased number of macrophages in the anterior and
lateral columns; white matter injury was observed with
or in the absence of injury to the gray matter. Data from
our laboratory have also shown that SCI results in vacu-
olation in the ventral and ventrolateral areas of white
matter as well as a reduction in the number of normal
neurons 24 h after ischemia in rats.14 In a model of focal
cerebral ischemia, Pantoni et al.19 evaluated the white
matter injury using light and electron microscopy in rats
and demonstrated that vacuolation and pallor of the
white matter were marked after ischemia. This reflected
a segmental swelling of myelinated axons, the formation
of spaces between myelin sheaths and axolemma, and
astrocyte swelling.

Because APP is transported by fast anterograde axonal
transport, the accumulation of APP at sites of injury,
accompanied by morphologic evidence of axonal dam-
age in the form of axonal swelling or bulbs, has been
regarded as evidence of axonal injury. For the detection
of axonal injury, APP accumulation has been used in the
models of cerebral ischemia15,16,20 and spinal cord inju-
ry.21 Several investigators have reported that damaged

Fig. 3. Relation between hind-limb motor function and the num-
ber of normal neurons. Hind-limb motor function was assessed
just before the reperfusion using Tarlov scoring, which consists
of a five-point grading scale: 0 � paraplegic with no lower
extremity function; 1 � poor lower extremity function, weak
antigravity movement only; 2 � some lower extremity motor
function with good antigravity strength but inability to draw
legs under body and hop but not normally; 4 � normal motor
function. Open circle, closed triangle, closed circle, and open
triangle indicate the animals in the sham, 24-h, 4-day, and
14-day groups, respectively. There was a significant positive
correlation between motor function and the number of normal
neurons (Spearman correlation coefficient, 0.678; P < 0.0001).

Fig. 4. Percentage areas of vacuolation in the white matter in the
experimental groups. The percentage area of vacuolation in the
4-day and 14-day groups was significantly higher than in the
24-h group and sham group (P < 0.05). There was no significant
difference in the percentage area of vacuolation between sham
group and the 24-h group. Data are expressed as mean � SD a:
P < 0.05 versus sham, b: P < 0.05 versus 24-h
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axons have a bulbous or swollen appearance with in-
creased APP immunoreactivity within subcortical white
matter and myelinated fiber tracts after focal cerebral
ischemia in rats.15,20 Westergren et al.21 indicated that
APP accumulation was noted in the swollen axons in the
white matter 24 h after spinal cord compression injury in
rats. Our previous report showed the increased APP
immunoreactivity in the swollen axons in rats with SCI,
in which prominent vacuolations were noted by the
hematoxylin and eosin–stained sections.14 Collectively,
the available evidence indicates that APP accumulation is
a sensitive indicator of axonal injury.

In the current study, we demonstrate the findings of
vacuolation and APP accumulation 4 and 14 days after

SCI as white matter injury. These results are discordant
with those reported by Zivin et al.7 Although the reasons
for this are unknown, the differences in methodology for
white matter injury evaluation probably underlie this
discrepancy. In the study by Zivin et al., myelin staining
with the Loyez/Heidenhain-Woelke method was used to
qualitatively evaluate white matter injury without any
quantitative analysis. In contrast, we quantitatively ana-
lyzed white matter injury based on the methodologies
reported recently.14 Of interest is that white matter in-
jury was prominent 4 days and 14 days but not 24 h after
SCI in rabbits. White matter injury after SCI seems to be
delayed in rabbits. This differs from the findings in rats,
in which white matter injury was noted even 24 h after

Fig. 5. Representative photomicrographs
of hematoxylin and eosin–stained sec-
tions (A, B, C, D) and amyloid precursor
protein immunohistochemistry (E, F, G,
H) in the ventrolateral white matter. An-
imals received the sham operation (A, E)
or reperfusion for 24 h (B, F), 4 days (C,
G), or 14 days (D, H) after 16 min of
spinal cord ischemia. Vacuolation was
not noted after the sham operation (A),
whereas vacuolation was widespread and
prominent in the ventrolateral white
matter 4 days (C) and 14 days (D) after
reperfusion. Amyloid precursor protein
immunoreactivity (arrows) was appar-
ent in the regions of axon bundles in the
ventrolateral white matter predomi-
nantly 4 days (G) and 14 days (H) after
reperfusion, whereas amyloid precursor
protein immunoreactivity was not noted
after the sham operation (E). Scale bar �
50 �m.
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ischemia. Because histologic assessment in most studies
of SCI in rabbits was performed within 2–3 days after
ischemia, it may not have been possible to identify de-
layed white matter injury.

Of note was the observation that hind-limb motor
function gradually deteriorated and reached a nadir 14
days after reperfusion. This highlights the importance of
long-term neurologic evaluation after ischemia injury.
Short-term assessment may underestimate the extent of
neurologic dysfunction, and therefore, such assessments
may be insufficient for purposes of quantifying the ex-
tent of neurologic injury. It should be noted, however,
that the degree of injury to the white and gray matter

was similar in the 4-day and 14-day groups even though
there was a further deterioration in hind-limb function
from day 4 to day 14. The reason for the continued
deterioration in function is not clear. One possibility that
deserves comment is the high mortality rate in the 14-
day group. In this study, mortality rates of animals were
9, 10, and 29% in the 24-h, 4-day, and 14-day groups,
respectively. It is conceivable that the animals that died
before the completion of the study might have been the
ones that were more severely injured. Consequently,
their exclusion from analysis would tend to underesti-
mate the extent of injury in the 14-day group.

In summary, our results indicate that SCI induced
white matter as well as gray matter damage in rabbits.
There was a progressive deterioration in hind-limb mo-
tor function over the course of 14 days. Gray matter
injury was apparent early after ischemia and was maxi-
mal at 4 days, whereas white matter injury was delayed.
The data are consistent with the premise that both gray
and white matter injury contributed to the progression
of hind-limb motor dysfunction. Our results highlight the
need for long-term evaluation of neurologic function in
studies of spinal cord ischemia and the importance of
quantifying not only gray matter injury but also that of
white matter.
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