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Objective and methods To evaluate synaptic changes using synaptophysin immunohistochemstry
in rat and mouse, which spinal cords were subjected to graded compression trauma at the level of
Th8-9. Results Normal animals showed numerous fine dots of synaptophysin immunoreactivity in
the gray matter. An increase in synaptophysin immunoreactivity was observed in the neuropil and
synapses at the surface of motor neurons of the anterior horns in the Th8-9 segments lost
immunoreactivity at 4-hour point after trauma. The immunoreactive synapses reappeared around
motor neurons at 9-day point. Unexpected accumulation of synaptophysin immunoreactivity occurred
in injured axons of the white matter of the compressed spinal cord. Conclusion Synaptic changes
were important components of secondary injuries in spinal cord trauma. Loss of synapses on motor
neurons may be one of the factors causing motor dysfunction of hind limbs and formation of new
synapses may play an important role in recovery of motor function. Synaptophysin immunohistochemistry
is also a good tool for studies of axonal swellings in spinal cord injuries.
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INTRODUCTION

Trauma to the spinal cord results in pathological changes in various constituents,
including primary and secondary injuries of nerve cell bodies, axons, dendrites, synapses
and glial cells. There have been a number of reports on the general pathology™® and on
alterations of axons®®*%* and dendritesi*** of the traumatized spinal cord. However,
synaptic changes after spinal cord trauma have rarely been reported™>1¢!,

Synaptophysin (also termed P38) is the most abundant integral membrane [protein of
synaptic vesicles"*®! and can be used as a marker protein of synaptic vesiclest’*?%. It is
present in such vesicles of the central and peripheral nervous systems as well as in vesicles
of some neuroendocrine cells®??2, Synaptophysin immunohistochemistry has therefore
been used as a reliable tool in studies of synaptic pathology of some nervous system
disorders’?*? and in the diagnosis of certain neuronal and neuroendocrine tumors?+27,
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However, only a few publications are available on the use of synaptophysin for studying
synaptic changes in traumatized spinal cord. One study demonstrated that rat spinal cord
hemisection resulted in an increased expression of synaptophysin in the gray matter caudal
to the injury at day 7 after trauma, and this was thought to imply formation of new
synapsesi®?®. Another study showed that spinal cord hemisection in the rat resulted in a
remarkable decrease in synaptophysin immunoreactivity at the surface of motor neurons
caudal to the injury at days 3 and 10 after traumal*®!,

It is not known whether synaptophysin expression changes in other structures apart
from synapses following spinal cord trauma. Synaptophysin is transported anterogradely and
retrogradely by fast axonal flow!®*”), Disturbances in axonal transport and consequent
axonal swelling are the most common alterations of axons after traumal®**2. Certain
proteins that are transported anterogradely and retrogradely are accumulated in the axonal
swellings as a result of arrested axonal flow!®**¥, 3-Amyloid precursor protein (APP) is one
of these proteins and has been widely used in studies of axonal changes following brain and
spinal cord traumal®®®%®! There are no previous reports describing accumulation of
synaptophysin in axons of injured spinal cords.

We have now investigated changes in synaptophysin in two models of spinal cord
compression trauma. To that end we have used immunohistochemistry and focused our
attention not only on synaptic changes but also on accumulation of this compound in axons
of the white matter.

MATERIALS AND METHODS

In the present study we selected tissue sections from our previous experiments on spinal
cord compression trauma in rat and mouse models®*). Details of the experimental
procedures have been described elsewherel®,

Animals

Forty male rats (Sprague-Dawley, mean weight 370 g) and 16 female mice (B6CBAF1
hybrids, mean weight 25 g) were used. Food and water were provided ad libitum before and
after the experiments. The rats were kept at a temperature of 20°C by thermostatic control
and exposed to alternate light and dark periods of 12 h.

Spinal Cord Compression Trauma

The spinal cord compression trauma was produced by a similar procedure in rats and
mice®*¥, The animals were anaesthetized and laminectomized at vertebrae Th7-8 in rats and
at vertebra Th8 in mice. They were then placed in a stereotaxic apparatus with two
adjustable forceps applied to the spinous processes of vertebrae cranial and caudal to the
laminectomy in order to stabilize the spinal cord. A predetermined weight was applied
extradurally to the spinal cord for 5 min.

Rats  After surgery the rats were randomized into eight groups with four rats in each
according to the loads applied on the exposed dura (35 g causing a moderate injury and 50 g
resulting in a severe injury) and the periods for which the rats were allowed to survive (4 h,
1, 4, or 9 d). Four normal and four laminectomized rats without compression served as
controls. The neurological function was tested by the inclined plane techniquel*” before and
each day after injury. Moderate injury induced transient paraparesis and severe injury caused
paraplegia of the hind limbs.
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Mice  Two groups of four mice in each were subjected to moderate and severe spinal cord
trauma, achieved by 5 g/mm? and 10 g/mm? compression, respectively. After compression they
were allowed to survive for 14 d. Four normal and four laminectomized mice without
compression served as controls.

Samples and Staining

The animals were sedated and perfused through the heart with a phosphate buffer solu-
tion (PBS, pH 7.4) followed by a 4% formaldehyde solution in the same buffer. Relevant
segments of spinal cords were excised and placed in the same fixative for 24 h. They were
then dehydrated in ethanol and embedded in paraffin. Sections 5 pm thick were cut. Haema-
toxylin and eosin staining was used to evaluate the general morphological changes.

In the present study transverse sections were collected from segments Th7, Th8-9 (the
compressed site), and Th10 of the rat spinal cord and from compressed segments proximal
and distal to the trauma in the mouse spinal cord.

For synaptophysin immunohistochemistry the sections were boiled in a microwave
oven for 10 min in citrate buffer (pH 6.0) to retrieve the antigen. To improve the background
quality, the sections were treated in 1% hydrogen peroxide in PBS for 30 min and in 1%
bovine serum albumin in PBS buffer for 30 min. The sections were then incubated overnight
with rabbit serum anti-synaptophysin (code no. A 0010, DAKO, Glostrup, Denmark) at a
dilution of 1:50. A swine anti-rabbit 1gG was applied to the sections for 30 min. The reaction
product was visualized by the avidin-biotin-peroxidase complex method, using ethylcarbazol
as the chromogen. Haematoxylin was used to counterstain cell nuclei. For control purposes
the primary antibody was omitted and thereafter the sections were treated as those in which
the rabbit serum anti-synaptophysin had been applied. Synaptophysin immunohistochemistry
was carried out on all sections at the same time and blindly.

RESULTS

Rats-general Morphological Changes

Moderate compression resulted in multiple small bleedings and condensation or loss of
nerve cell bodies in the gray matter of the injured Th8-9 segment at 4 h and day 1. Expanded
axons and vacuoles were seen in the white matter, particularly 1-9 d after injury. The subpial
regions of the white matter were well preserved. The cranial Th7 and, especially, the caudal
Th10 segments showed some condensed neurons and vacuolation of the white matter.

Severe compression resulted in pronounced edema of the Th8-9 segment and many
bleedings in the gray matter. At day 1 after compression, there was a large area of necrosis,
which occupied almost the entire cross-section of the spinal cord. Reactive gliosis was seen
in necrotic areas at day 9. The caudal Th10 segment displayed small bleedings, condensed
neurons and vacuolization of the white matter. Condensation of neurons and vacuolization
of the white matter were also observed in the cranial Th7 segment.

Rats-synaptophysin Immunohistochemistry

Normal controls In the spinal cord of both normal and laminectomized rats,
synaptophysin immunoreactivity appeared as numerous diffusely distributed fine dots in the
neuropil of the gray matter. The dots were more marked and more intensely stained along
the surface of motor neurons and their proximal dendrites, and delineated their polygonal
contours (Fig. 1A). The most frequent immunoreactive dots were observed in the substantia
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gelatinosa and neighbouring white matter (Fig. 1B).

Fic. 1. Normal distribution of synaptophysin immunoreactivity in rat spinal cord. A. An anterior horn.
Immunoreactive profiles appear as fine dots diffusely distributed in the gray matter neuropil.
The dots are more dense along the surface of motor neurons and their proximal dendrites and
delineate their polygonal contours. B. A dorsal horn. The most frequent dots are present in the
substantia gelatinosa.

Moderate trauma Moderate compression of the spinal cord induced rapid and
pronounced changes in synaptophysin immunoreactivity. Four hours after trauma, the
synaptophysin immunoreactivity in the gray matter neuropil was strikingly increased. The
immunoreactive profiles appeared as coarse granules of different sizes. Remaining motor
neurons of the anterior horns had lost immunoreactive dots on their surface (Fig. 2A). Many
slightly expanded axons with intense synaptophysin immunoreactivity were seen throughout
the white matter (Fig. 4A), including the corticospinal tracts, in the Th8-9 segments. One
and four days after injury, the immunoreactive axons were more expanded and had
increased in number (Figs. 4B and C). The immunoreactive intensity varied considerably
between the enlarged axons. Immunoreactive materials were also present in the debris of
necrotic areas. Nine days after compression, coarse granules with intense immunoreactivity
were scattered in the gray matter and were arranged along the surface of remaining motor
neurons of the anterior horns (Fig. 2B). Many immunoreactive axons were still present in
the white matter.

Conspicuous changes in synaptophysin immunoreactivity also occurred in the cranial
Th7 segment. Four hours after injury, increased immunoreactivity was seen in the gray
matter of this segment, especially at the surface of motor neurons in the anterior horns
(Fig. 3). The caudal Th10 segment did not show visible changes in synaptophysin
immunoreactivity. Nine days after trauma, the immunoreactivity was normal in the Th7 and
Th10 segments.
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FiG. 2. Changes in synaptophysin immunoreactivity in rat spinal cord after trauma. A. An anterior horn.
Four hours after moderate trauma there was an increase in synaptophysin immunoreactivity in
the gray matter neuropil of the injured Th8-9 segments. Motor neurons lost immunoreactive
dots on their surface. B. At day 9 following moderate trauma, intensely immunoreactive profiles
had reoccurred on the surface of motor neurons in the anterior horn of the Th8-9 segments.

Fic. 3. An anterior horn. Markedly intense immunoreactivity was seen around the surface of motor
neurons in the Th7 segment.
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Severe trauma  Severe compression resulted in a large area of necrosis occupying
almost the entire cross-section of the Th8-9 segment at 4 h and day 1. Reactive gliosis was
seen in the lesion at days 4 and 9. In some of the rats the subpial part of the dorsal horns was
preserved and showed increased immunoreactivity. Otherwise, synaptophysin immunoreactivity
was lacking in the gray matter. A number of enlarged axons with intense synaptophysin
immunoreactivity were present in the white matter from 4 h to 9 d after trauma.

The cranial Th7 and caudal Th10 segments displayed expanded axons with synaptophysin
immunoreactivity, but they were much less abundant than in the Th8-9 segment. The
changes in immunoreactivity in the gray matter of the Th7 and Th10 segments were similar
to those in rats with moderate injury.

Mice-general Morphological Changes

Atrophy of mouse spinal cords was noted 14 d after both moderate and severe injury.
The architecture of the spinal cords was distorted. After moderate compression, the central
area of the spinal cord exhibited gliosis, but the subpial regions of the dorsal horns and
white matter were preserved. The area of gliosis occupied almost the whole cross-section of
the spinal cord subjected to severe trauma.

Mice-synaptophysin Immunohistochemistry

As in the rats, both normal and laminectomized mice showed synaptophysin immunoreactivity
in the spinal cord. Fourteen days after moderate compression, the immunoreactivity was
increased in the gray matter, especially around motor neurons. Expanded axons with intense
synaptophysin immunoreactivity were present in the white matter. In mice subjected to
severe injury such axons were only seen in the subpial regions. Preserved dorsal horns
showed increased immunoreactivity.

DISCUSSION

In the present study synaptophysin immunochistochemistry demonstrated that compression
trauma induced striking synaptic changes in rat and mouse spinal cords. The synaptic
changes were observed as early as 4 h after compression and were noted at all survival
periods in the rats. Such changes were not confined to the injured segment, but extended
into the neighbouring segments. The synaptic alterations thus seem to be important
components of the secondary injuries in spinal cord trauma.

Synaptophysin immunoreactivity was markedly increased in the gray matter of the
Th8-9 segments in the rats 4 h after moderate trauma. Synaptophysin is the major protein of
the synaptic membrane®’® and may play an important role as a channel in synaptic vesicle
exocytosis, e.g. in neurotransmitter release®*"). Thus, the early increase in synaptophysin
immunoreactivity may reflect upregulation of synaptic functions and may be related to
release of neurotransmitters, especially excitatory amino acids, which have been intensely
studied®-%2,

Nine days after moderate injury in the rats, coarse granules with intense immunoreactivity
were scattered in the gray matter with a distribution pattern different from that in normal rats.
The immunoreactive profiles reappeared around the surface of remaining motor neurons.
These changes may indicate formation of new synapses.

The changes in synaptophysin immunoreactivity around motor neurons in the anterior
horns varied at different survival periods and in different segments. The injured Th8-9
segments showed a loss of immunoreactive dots on the surface of motor neurons at an early
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stage (4 h) of injury. This may be one of the mechanisms causing motor dysfunction of hind
limbs™. The motor neurons regained the immunoreactive profiles, then showing more
intense immunoreactivity than that in normal rats. This restoration may play an important
role in the recovery of motor function as tested by behaviour assessments®’. In the cranial
Th7 segment increased immunoreactive dots surrounded motor neurons, but the caudal
Th10 segment did not show any visible changes in immunoreactivity. The reason for this
difference is not clear.

One interesting finding in both the rat and mouse is the accumulation of synaptophysin
immunoreactivity in injured axons after compression trauma to the spinal cord. Such
accumulation occurred soon after the injury and lasted for a long period. Although there are
several markers available for axonal swellings®®*® we did not find any reports on
accumulation of synaptophysin immunoreactivity in injured axons of the spinal cord. The
present study introduced synaptophysin immunohistochemistry as a good tool for
demonstration of axonal swellings in rat and mouse models of spinal cord compression
trauma.

In summary, compression trauma induced remarkable alterations of synapses in injured
Th8-9 segments as well as in neighbouring segments. The accumulation of synaptophysin
immunoreactivity in injured axons occurred soon after spinal cord injury and lasted for a
long period of time.
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