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o-Phenyl-N-tert-butyl Nitrone (PBN) is a free radical
scavenger which recently has proved to be neuropro-
tective in experimental studies on focal cerebral
ischemia and infarction. We therefore studied the
effect of this drug in a model of moderate compression
injury to rat spinal cord at the midthoracic level. The
compound was given intraperitoneally 0.5 h before
(100 mg/kgb.w)and at 1.5 h (50 mg/kg b.w)and 3.5h
(50 mg/kg b.w) after compression. Treated animals
and controls (vehicle alone) were allowed to survive
for 1 or 9 days following trauma. The functional out-
come was tested by the inclined plane method and the
motor performance score. By using MAP2 immuno-
staining the number of nerve cell bodies in the ventral
horn and the ratio of MAP2 immunostained area to
area of whole section of the cord were assessed to
detect loss of neurons and loss of dendrites in the com-
pressed segment. BAPP and PGP9.5 immunostaining
was used to demonstrate axonal lesions.

Treated and control rats showed at day 1 when
tested with the inclined plane method a marked reduc-
tion of the capacity angle. This abnormality recovered
gradually over the following days and was normalized
at day 9. The motor performance score showed a
marked reduction at day 1 which almost normalized at
day 9. There was no difference regarding the func-
tional outcome between rats given PBN and controls in
none one of these functional tests.

The spinal cord of normal rats presented immuno-
reactivity to MAP2 in nerve cell bodies and dendrites
but not in axons and other structures. Following com-
pression there was at day 1 and 9 a marked loss of
MAP2 immunoreactivity in dendrites and nerve cell
bodies. We could not detect any difference between
the PBN and the control rats regarding the degree of
cell loss or degree of reduction of dendrite staining. No
difference between the two groups was seen with the
axonal immunostainings (BAPP and PGP9.5).

In conclusion, our study did not reveal any neuro-
protective effect of PBN on the functional outcome and
morphology (immunostaining to MAP2, BAPP and
PGP9.5) in this model of moderate compression
trauma to rat spinal cord.

Keywords: Behavoir tests, MAP2, PBN, rat, spinal cord,
trauma

INTRODUCTION

Traumatic injuries to the cord can cause signifi-
cant disability.'?! The functional deficits in
severe cases such as paralysis, loss of sensory
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qualities and autonomic dysfunctions, are caused
by the immediate mechanical injury (primary
injury) and by secondary pathophysiological
mechanisms of biochemical and circulatory ori-
gin.®’! The outcome following traumatic spinal
cord injury has been clinically improved by
drugs, particularly methylprednisolone, proba-
bly by interfering with factors mediating or
maintaining secondary injuries.*>! Similar benifi-
cial effects has been shown in experimental
trauma using lazaroids.®!

In order to rescue as much as possible of func-
tions after spinal cord trauma it is of interest to
test new drugs which may reduce secondary
injuries. Free radicals are considered to be key
factors in the pathophysiology of secondary
lesions of acute traumatic spinal cord injury and
brain trauma.”!!! It has been reported that in
compression injury of rat spinal cord the levels of
nitric oxide and lipid peroxides are elevated at
the injured site and the region around the
trauma.l'"?l Free radicals can be produced in a
large amount upon phospholipid hydrolysis and
by excitatory amino acid release.”l The free
radicals can induce lipid peroxidation which
accelerates membrane damage leading to severe
cell injury.”!% a-phenyl-N-tert-butyl nitrone
(PBN) and lazaroids are both free radical scav-
engers. 613151

Recently, PBN has been extensively studied in
experimental cerebral ischemia since several
reports indicate that it has a considerably neuro-
protective effect.!'"3>1¢ In studies of gerbil brain
ischemia, PBN can attenuate forebrain edema
and increase survival of CA1 neurons.'™ In addi-
tion, PBN can markedly reduce infarct sizel'*'®!
and improve recovery of brain energy state in
ischemia of rats.'3 Other experiments on
ischemia in gerbils have revealed that PBN can
lower brain oxidized protein levels.!'”#!

There is very limited information about the
effects of PBN on CNS trauma. Sen et al.!'
reported that PBN inhibits free radical release in
rat brain concussion. In addition, it has been
found that pretreatment with PBN improves

energy metabolism after spinal cord compression
trauma to rats.!!"!

We are interested in the pathophysiology and
treatment of secondary lesions in spinal cord
trauma. We use a rat model in which we can vary
the degree of compression injury to the spinal
cord from mild to severe.?! In the present
study, we evaluated the effects of a combination
of pre- and post-treatment with PBN on moder-
ate compression injury. To that end we applied
microtubule-associated protein 2 (MAP2),?
B-amyloid precursor protein (BAPP),*! and pro-
tein gene product 9.5 (PGP 9.5)*! immunohisto-
chemistry which are useful methods for studies
on cell bodies, dendrites and axons of the cord.
Finally, we tested the functional outcome by the
inclined plane method of Rivlin and Tator!® and
a combination of four tests, called motor perfor-
mance score, proposed by Euler ef al.1*®! which is
significantly correlated with loss of spinal cord
tissue.

MATERIALS AND METHODS

Animals

Thirty-seven male Sprague-Dawley rats with an
average weight of 310-340g were used. Food and
water were provided ad libitum before and after
the experiments. The rats were kept at a tempera-
ture of 20°C controlled thermostatically and
exposed to alternate light and dark periods of 12 h.

Spinal Cord Injury

We used a rat model with compression injury of
the spinal cord.”?! The animals were anaes-
thetised with a mixture of fluanisone 2.5 mg/ml
and midazolam 1.25 mg/ml in distilled water in
a total volume of 1.5 to 2 ml/kg of body weight,
given subcutaneously. A catheter (PE 50) was
inserted into the tail artery for continuous record-
ing of the mean arterial blood.pressure and sam-
pling of blood. The rats were then placed in a
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prone position on a heating pad and the body
temperature was kept constant at about 37.5°C
by using a rectal thermistor.

The laminae of Th; and Thy vertebrae, which
overlie the Thg and Thy segments of the spinal cord,
were removed leaving the dura intact. The animals
were placed in a stereotactic frame with two
adjustable forceps applied to the spinous processes
of vertebrae cranial and caudal to the laminectomy
in order to stabilise the spinal cord. A 35g weight
was applied on the exposed dura for 5 min.

The inclusion criteria of the physiological para-
meters preceding the spinal cord injury were as
follows: PO, >9.5 kPa, PCO, 4.5-6 kPa, pH
7.35-7.45, mean arterial blood pressure >100 mm
Hg. There was a transient short lasting increase
of blood pressure during compression.

The animals were randomly divided into 5
experimental groups (Table I). Five rats were
used as normal controls. Other rats were sub-
jected to a compression injury with a load of 35g
for 5 min on the exposed dura mater resulting in
a moderate injury characterised by a transient
paraparesis.[?>?! These rats were given intraperi-
toneal injection of PBN or saline and were
allowed to survive for 1 or 9 days.

PBN Administration

Three dosages of PBN (20 mg/ml in 0.9% sterile
saline; product no. B 7263, Sigma) were injected
intraperitoneally to rats with spinal cord injury.
The first dosage, 100 mg/kg b.w was given
30 min prior to compression because the concen-
tration of PBN in CNS reaches a peak at this inter-
val after intraperitoneal administration to normal
rats.””™ Two additional dosages of 50 mg/kg b.w

TABLE I Survey over the different experimental groups and
the number of animals in each group

Groups Survival 1 day Survival 9 days
Normal control 5

PBN 8 8

Saline 8 8

were given 1.5h and 3.5h after injury. For control,
the same volume of saline was applied to other
injured rats. PBN and saline solutions were coded
and the study was performed blind.

Behavioral Tests

Inclined Plane Method: Every animal was
checked by the inclined plane technique!®! prior
to operation and every second day thereafter. The
rats were placed transversely on an inclined plane
and the angle at which they could maintain them-
selves for 5 sec was recorded and described as the
“capacity angle”.l We have used this method in
the past in a series of investigations on graded
compression trauma to rat spinal cord.”*=!

Motor Performance Score: Recently, Euler et al.l*®)
presented a new way of describing the functional
outcome in a rat model of photochemically
induced lesion of the spinal cord. Each animal can
be tested repeatedly and is given a “motor perfor-
mance score” (MPS) based on the outcome of sev-
eral individual tests, described below (Fig. 1).
Briefly, the rats are first tested in an open field
and given a motor score (see below) according to
their spontaneous activity. The rats obtaining a
motor score of 3-5, are then checked by a beam
walk test (see below). Based on this test, MPS of
4-10 can be obtained. If it is difficult to distin-
guish 4 or 5 of the motor score the righting reflex
test is added. A MPS of 0 is given to rats getting a
motor score of 0 and showing hyperactive with-
drawal reflex. Below is a summary of how the
four tests are performed. From Euler et al.[*!

¢ Motor score: The motor score was assessed by
observing spontaneous activity of theratona 1 x

0.65 m paper-covered table for 1 min.

Score Criteria

0 No movement of hindlimbs,
no weight bearing
1 Barely perceptible movement of

hindlimb, no weight bearing
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Motor score 0 1
Righting refiex

Withdrawal reflex 3

Beam walk

MPS 0 1 2

—
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FIGURE1 Outline of how the MPS scores are obtained based on four different tests. From Euler et al.12¢]

2 Movement in hindlimb,
no weight bearing
3 Can support weight on hindlimb
4 Walks with only mild deficit
5 Normal Walking

4 Righting reflex: Rat was held in one hand and
turned over on its back. It was released from a
height of 7-8 cm above a covered table. The way
the rat tried to regain its original position with its
feet down was observed.

Score Criteria
0 No attempt to right itself
1 Weak or delayed attempt to right or
rights in the direction of the roll
3 Normal righting counter to the

direction of roll

4 Withdrawal reflexes: The hindlimb was with-
drawn when stimulated by pulling the hindlimb
backwards, pricking the sole of the foot with a
needle and pressing the foot between the testers.
The speed and force by which the hindlimb was
withdrawn were tested.

Score Criteria
0 No withdrawal
1 Weak withdrawal
2 Normal withdrawal
3 Hyperactive withdrawal

4 Beam walk: The beam walk was tested by
using four planks of different widths (1.7, 4.7,6.7,
7.7 cm) but same length (1.5 m). Rats were placed

on the widest plank and the capacity to walk on
the plank without foot slips within two trials
were observed. The procedure was repeated on
successively narrower planks. The narrowest
plank a rat could walk was recorded.

Score Criteria
1 7.7 cm
4 4.7 cm
6 2.7 cm
7 1.7 cm

Sampling and Immunohistochemical
Technique

When sacrificed, the animals were sedated with
the same anaesthetics used during the spinal cord
injury procedure and perfused through the heart
with 200 ml of a phosphate buffer solution at a
flow rate of 40 ml per min (PBS, pH 7 .4) followed
by 200 ml of a 4% formaldehyde solution in the
same buffer at 100 mm Hg. The spinal cords were
removed and samples from the Thg o segments
were kept in fixative over night, dehydrated and
samples were embedded in paraffin blocks. Three
transverse sections were randomly taken from
twenty sections which were cut from each seg-
ment and were stained by each of the following
methods: hematoxylin-eosin, immunostaining
with MAP2, BAPP and PGP9.5 antibodies.

After deparaffination, the sections were treated
in the following order: microwave oven for 10 min
in citrate buffer pH 6.0, in 1% H,0, in methanol for
30 min, 1% BSA in PBS buffer for 30 min and then
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incubated over night with different antibodies:
the monoclonal antibody against MAP2 at a dilu-
tion of 1:1000 (Amersham International plc,
Amersham, UK, code RPN 1194, batch 10), the
monoclonal antibody against BAPP at a dilution of
1:100 (Boehringer Mannheim Biochemical clone
22C11) and a rabbit antiserum against human PGP
9.5 at a dilution of 1:2 500 (code no. RA 95101,
Chemicon, Temecula CA).

The sections incubated with antibodies against
MAP2 or BAPP were then exposed to rabbit anti-
mouse IgG. Swine anti-rabbit IgG was used to the
sections incubated with antiserum against PGP
9.5 for 30 min. The reaction product was visu-
alised by the avidin-biotin-peroxidase complex
method using 3,3,-diamino-benzidine tetrahy-
drochloride as the chromogen (Vectastain Elite
Kit, Vector Laboratories, Burlingame, CA). To
intensify the reaction product we applied the
nickel enhancement procedure combined with
the glucose-glucose oxidase method.*** For
control, the primary antibody was omitted and
thereafter the sections were treated as those in
which the primary antibodies had been applied.

Morphometric Measurement
and Count of Neurons

Three sections, randomly from each segment
were immunostained for MAP2 and used for
morphometry. A computer program, IMP (Center
of Image Analysis, Uppsala University) was used
to measure the MAP2 immunostained area and
the area of whole section of the cord. The ratio
between them was used to assess the degree of
MAP2 lesion. The number of stained nerve cell
bodies was counted in each section stained with
MAP2 immunohistochemistry.

Statistics Processing

Data obtained from inclined plane test, MPS,
morphometric measurement of MAP2 immuno-
histochemistry and number of nerve cell bodies
were statistically processed by using the com-
puter program Statview 4.01, Abacus Concepts.

For comparison of multiple means between
groups factorial analysis of variance was used.
Fisher's protected least squares difference
(PLSD) test was performed for post hoc testing.
Values in Figures are given as the mean + SEM.
Differences with a p-value <0.05 were considered
significant.

RESULTS AND COMMENTS

As shown below the compression caused func-
tional changes in the same way as has been
reported earlier in this model of spinal cord com-
pression.[?177235] The impact also induced a
number of pathological changes of the cord at the
site of compression of the same character as
described in our earlier papers.?!?2%%l Thus, at
day 1 we could observe scattered small bleedings
at the surface of the cord; this change disap-
peared at day 9. Haematoxylineosin stained sec-
tions of the compressed segment displayed at
day 1 multiple small bleedings in the grey matter
of the cord. Some nerve cell bodies were con-
densed. The longitudinal tracts contained
expanded axons and vacuoles.

¢ Behavioral Tests

Inclined Plane: Compression injury caused a
pronounced impairment at day 1 but within 5 or
7 days the value of the capacity angle had
returned close to the normal level. The value of
the angle even exceeded the normal level at day 9
after compression (Fig. 2, upper). There was no
statistical difference between groups given PBN
treatment and non-treatment controls at any time
point (P > 0.05).

MPS: Control rats obtained a value of 10 in the
motor performance score. Only rats with an ini-
tial score of 10 were included in the groups of rats
subjected to spinal cord injury. At day 1 after
compression, MPS was less than 7 and there was
a recovery over the following days in the same
way as observed with the inclined plane method
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FIGURE 2 Graphs showing the changes of neurological functions tested by the inclined plane method (upper) and motor
performance score (lower) in PBN treated rats and non-treatment controls after spinal cord injury. Day 0 = pre-injury, Bars:*SEM.

(Fig. 2, lower). No significance was seen regard-
ing means of MPS score between treated and
non-treated groups at any time point after com-
pression (P > 0.05).

¢ Morphometric Analysis of MAP2
Immunoreactivity and Count of Neurons

The spinal cord of normal rats showed MAP2
immunoreactivity in dendrites and nerve cell
bodies of the grey matter (Fig. 3). Usually, the
dendrites were more heavily stained than the cell
bodies. In both of groups (PBN treatment and
non-treatment), the compressed Thy 3 segment

showed by light microscopy loss of immuno-
reactivity in nerve cell bodies and dendrites, par-
ticularly in the ventral horns at day 1 and 9 after
injury (Fig. 4).

MAP?2 immunoreactive areas were measured
by computer image analysis (Fig. 5, upper). The
ratio of MAP2 immunostained area of the grey
matter to the whole section area was used to assess
the degree of severeity of the lesion. At day 1 after
compression, there was compared with controls a
marked reduction of MAP2 stained area in the
grey matter of the cord (P <0.0001). At day 9, there
was no obvious recovery of MAP2 staining com-
pared with the findings at day 1 (P > 0.05).
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FIGURE 3 MAP2 immunoreactivity in normal spinal cord.
Reactivity is seen in dendrites and nerve cell bodies of the grey
matter. The dendrites are more heavily stained than the cell
bodies. No immunoreactivity is present in axons and non-
neuronal cells.

We also counted the number of labelled nerve
cell bodies in the ventral horns in sections stained
with MAP2 immunohistochemistry. Both groups
showed a reduction of labelled nerve cell bodies.
This reduction was of about the same order at
day 1 as at day 9 after trauma. We could not find
any statistical significant difference between PBN
treated and control rats regarding the loss of
nerve cell bodies (Fig. 5, lower).

FIGURE 4 Changes of MAP2 immunoreactivity in com-
pressed spinal cord at day 1 after injury. There is a loss of
Immunoreactivity in some areas of the grey matter. The arrow
points the central canal.

[:] Normal
35 7 FBN 1 day
30 1 —+ Saline 1 day
E BN 9 days
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FIGURE 5 Graphs illustrating the loss of MAP2 immuno-
reactivity measured by computer image analysis (upper) and
the reduction of number of nerve cell bodies (lower) (PBN
treated rats and saline controls at day 1 and 9). Bars:+SEM.

¢ BAPP and PGP9.5 Immunoreactivity

The spinal cord from normal controls presented
BAPP immunoreactivity in nerve cell bodies and
the initial part of a few axons. The axons of the
white matter were not stained. Scattered
immunoreactive glial cells of the white matter
were detected. The compressed segment of
injured animals showed at day 1 after trauma
many markedly swollen axons with intensely
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BAPP immunoreactivity in the white matter. At
day 9, similar marked changes were present. In
addition, there were numerous small, closely
located, rounded profiles in the white matter par-
ticularly in the corticospinal tract.

The nerve cell bodies of normal spinal cord
presented weak PGP 9.5 immunostaining of the
cytoplasm. Glial cells were nof labelled. Axons of
the longitudinal tracts were weakly stained but
the corticospinal tracts were free from staining.
The PGP9.5 immunoreactive axons were numer-
ous in the longitudinal tracts of the injured seg-
ment but they were never found in the
corticospinal tracts following compression.
Axonal swellings showed more extensive PGP9.5
staining than axons of normal size. At day 9,
many swollen axons with PGP9.5 immunoreac-
tivity were still present. A few nerve cell bodies
showed positive staining.

No obvious difference was found regarding
the extent of BAPP and PGP9.5 changes between
groups with PBN treatment and non-treated
injured rats.

DISCUSSION

Several recent reports indicate that the free radi-
cal trapping agent, PBN"'7"%I has remarkable
neuroprotective effects in studies of brain
ischemia.'1318] The great current interest in this
compound is also due to the fact that it has
proved to have effects in some experimental situ-
ations even when it is given a few hours after
ischemia.[1>1416]

Free radicals are thought to be cardinal factors
in the secondary processes not only of ischemic
brain lesions but also of acute traumatic CNS
injury.” 1! Previously, there is only one published
paper on PBN treatment in experiments on trau-
matic injury to the CNS. Thus, Sen et al.l'!
reported that PBN inhibits free radical release in
rat brain concussion. This fact encouraged us to
start studies on the effects of PBN on compression
injury of rat spinal cord. However, with the exper-
imental set-up applied, the dosages used and the

outcome measures employed we could not find
any clear-cut positive effect of PBN treatment.

We used a compression model of rat spinal cord
in which the degree of lesion and the survival
period can be varied. ! By using moderate
compression we induced a lesion characterised by
transient loss of motor functions tested by the
inclined method and by the motor performance
score techniques.”?! The compression induced
local pathological changes of the grey matter of
the cord as well as moderate lesions of axons of the
longitudinal tracts. Such morphological changes
were present from day 1 to day 9, i.e. throughout
the entire experimental period. There is thus a dis-
crepancy between functional restoration and mor-
phological changes which persist at least to day 9
in this model of moderate compression. The
degree of injury which we produced appears to be
adequate for this study. The absence of any
recorded positive effects of PBN does not exclude
the possibility that the compound may have some
consequences in other types of trauma to the cord.

Theoretically, the absence of any PBN effects
may have something to do with the way the
compound was given or with dose used. PBN
was given intraperitoneally to the rats 30 min
prior to compression, i.e. the commonly used
route, 3141516l implying that concentration in the
spinal cord would be at its peak. Two additional
doses were given 1.5h and 3.5h after injury in
order to maintain high PBN concentration in the
tissue for about 6h; the biological half-life time is
134 min.1®! The dosage used, i.e. 100 mg/kg and
50 mg/kg are those used in previous investiga-
tions in which positive effects of PBN has been
found in experimental cerebral ischemia.!"!*314]
The lack of any detectable effects in our study on
spinal cord compression therefore does not seem
tobe due to the way the compound was given or
to the dose level used.

We applied one traditional (inclined plane)
and one new (motor performance score) method
to assess the functional outcome after trauma and
to record any effects of PBN. Both tests reflect the
degree of impact to the cord and the functional
changes over time after an injury can be
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recorded.?*#*! In our study, the tests revealed

expected functional deficits but there was no dif-
ference between rats giver PBN and the controls.
Even though these tests are among the best of
available techniques to assess functional out-
come they are fairly crude. Therefore, some posi-
tive effects of PBN in spinal cord compression
trauma can not be ruled out.

The morphological methods used (MAP2,
BAPP and PGP9.5 immunostainings) are recently
developed techniques which are very useful to
detect changes in nerve cell bodies, dendrites and
axons of rat spinal cord after compression
trauma.'?>??* MAP2 is a component in nerve
cells, dendrites and MAP2 immunostaining is
therefore very useful to detect injuries of these
structures of the cord. Previously, most investi-
gations using this technique, have been based on
light microscopic observations alone but in a
recent study of focal ischemia image analysis was
applied to obtain quantitative information.[??! By
using computer image analysis on coded sections
we could not in the present study detect any
PBN-induced reduction in the degree of injury to
the nerve cells bodies and dendrites of the com-
pressed segment. Nor did we observe any influ-
ence by PBN on the degree of axonal lesions.
However, detection of degree of axonal lesions is
very difficult since such changes are not suitable
for morphometric analysis.

The absence of recorded effects of PBN in the
present study was unexpected in light of the
many recent studies demonstrating a neuropro-
tective effect of this compound in cerebral
ischemia. 1"131%) The lack of recorded positive
effects may be due to methodological or biologi-
cal factors. Even though the functional and mor-
phological outcome methods applied are among
the best ones for this type of experiments, they
obviously have their limitations. Before we con-
clude that PBN has no effects at all in spinal cord
trauma, additional experiments must be per-
formed, for instance variation of model including
more severe trauma and change of PBN deriva-
tives to more active compounds. In addition,
other outcome measures may be considered.

Considering biological factors, the possibility
exists that the neuroprotective capacity by PBN
varies between different regions of the nervous
system, being more pronounced in the brain than
in the spinal cord. This view, i.e that PBN is not
universally protective, is supported by findings
in experiments on heart ischemia demonstrating
lack of protection by this compound.[*04!
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