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ABSTRACT

Traumatic injury to the spinal cord results in a rapid and significant loss of function. One barrier to
successful regeneration in the adult CNS is the diminished axonal growth capacity after maturation. Therefore,
strategies that seek to promote the restoration of function to the chronically injured spinal cord have high
therapeutic value. Neurotrophic factors and peripheral nerves are known to be good substrates for bridging
the lesions associated with CNS trauma. The role of fibroblast growth factor-2, when added to the sciatic
nerve, was examined following spinal cord injury in a rat. We evaluated whether FGF-2 added to a sciatic nerve
graft placed in a gap promoted nerve recovery following a complete transection of the spinal cord and if it
could enhance neuronal plasticity. Rats underwent a transection at the thoracic level, which was repaired with
saline or a fragment of the sciatic nerve. In another group, FGF-2 was added immediately after the lesion. The
effects of FGF-2 and the fragment of the sciatic nerve graft on neuronal plasticity were investigated at the
epicenter of the injury using NF-200 and 5-HT immunoreactivity after 8 weeks. A high number of NF-200 and 5-
HT immunoreactive fibers were observed in the treated groups with sciatic nerve graft in the presence or
absence of FGF-2 when compared to the saline group. However, a small number of NF-200 (% p=0.03) and 5-
HT fibers were observed in the epicenter of the graft when FGF-2 was added, when compared to the group
that received sciatic nerve graft. These results indicate that sciatic nerve grafting favors the growth of fibers in
the traumatized spinal cord, an effect that is slightly influenced by the addition of FGF-2 to the NF-200 and 5-
HT immunoreactive fibers.
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INTRODUCTION

Central nervous system (CNS) injuries in humans usually result in crippling conditions due to their
limited regenerative capacity. Recovered locomotor activity results from the functional regeneration of some
of the lesioned brainstem and spinal fibre tracts following transection.[1,2]

The weakened axonal growth capacity after maturation constitutes an important obstacle to the
successful regeneration in the adult CNS.[3-5] This difficulty of regrowth that was observed in acutely injured
adult axons is more evident in cases of chronic injury.[6,7] Chronically injured axons require additional
stimulation (e.g., exogenous neurotrophins) to induce regeneration.

Several studies have shown that the administration of exogenous growth factors following spinal cord
injury (SCI) promotes functional recovery.[8-14]

Heparin-binding growth factors include the family of fibroblast growth factors (FGFs) and may
stimulate mitogenesis in a variety of cells with mesodermal or neuroectodermal origin. To date, 20 distinct
FGFs have been discovered and numbered consecutively from 1 to 20.[15-17]

Among the factors that are believed to have a significant role in spinal cord regeneration is fibroblast
growth factor-2 (FGF-2), a member of a large family of small peptide growth factors with multiple biological
activities.[18] This factor is involved in regulating developmental processes,[19,20] as well as mediating
outcomes in response to various types of injury.[21,22] FGF-2 plays a role in the neuronal development during
prenatal life and also influences survival and plasticity of neurons in the mature central nervous system.[23]
Both FGF-1 and FGF-2 treated cultures promoted a significant increase in neurite outgrowth of ventral spinal
cord neurons, suggesting that they can influence neuronal development.[24]

FGF-2 is involved in locomotor recovery after SCI. Indeed, in adult rats, a significant and rapid up-
regulation of FGF2 expression was observed both above and below the epicentre of a compression injury.[25-
27] This up-regulation in the distal spinal cord is thought to have a prominent role in motor neuron survival
below the injury and in partial recovery of locomotor function over time.[28]

It is well known that adult neurons survive after an injury of their fibres, and it is likely that multiple
sources of trophic support are required to maintain those neurons following axotomy.

Primary injury is immediate and irreversible, but the secondary injury evolves over time and provides
a window of opportunity for treatment. It is important to emphasize that therapeutic interventions that are
designed to foster regeneration of the injured spinal cord must primarily counteract the sequel of secondary
tissue damage following trauma. To evaluate the potential regenerative role of FGF-2 in the CNS, we have
analysed the expression of markers for neuronal cell body and fibre growth after spinal cord lesion.

MATERIALS AND METHODS
Animal treatment

Pathogen-free adult male Wistar rats (n = 30) from the Federal University of Pernambuco,
Pernambuco, Brazil (body weight [b.w.] 180-200 g) were used in the present study. The Wistar rats were taken
from a long-established colony that has been maintained using the San Poiley outbreeding method.[29] Rats
were kept under a controlled temperature with free access to food pellets and tap water. The study was
conducted according to protocols that were approved by the Research Ethic Committee at the Federal
University of Rio Grande do Norte and in accordance with the Guide for the Care and Use of Laboratory
Animals adopted by the National Institutes of Health.

Microneurosurgery
Rats were pre-anaesthetized with ketamine chloridrate 10% (Agener Unido, Brazil, 0.01 m/100 g b.w.)

and xylazine 2% (Agener Unido, Brazil, 0,01 ml/100 g b.w.) and then anesthetized with isoflurane inhalation
(Isoflorine®) (Cristalia, Brasil). A small laminectomy at the tenth/eleventh thoracic levels was performed. The
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dura mater was incised longitudinally and pulled laterally. Complete transections created a 4 mm-long gap on
the eleventh/twelfth spinal cord levels. A gelfoam soaked in 10 pl of saline was left at the bottom of the gap
close to the vertebral body in 10 rats, while another group of 10 rats received a gelfoam filled with two sciatic
nerve fragments. Additionally, 10 rats received sciatic nerve fragments that was added to 10 ul of a FGF-2
(Santa Cruz Biotechnology, USA) solution diluted in PBS (1 ug/10 pl/animal).[14] We did not considered further
concentrations because higher doses may be toxic to neurons. Four mm-long sciatic nerve fragments were
carefully grafted close to the edges of the spinal cord stumps, thus maintaining in a position that was rostral
and adjacent to the filled gelfoam. Muscular layers and skin were then sutured. All animals received sodium
cephalexin (40 mg/kg/day b.w., im, Eurofarma, Brasil) prior to surgery. The animals were allowed to recover
from anaesthesia and were returned to their home cages. Sciatic nerve fragments were obtained from a
separate group of adult Wistar rats, as described previously.[30] Just before the spinal cord injury procedures,
fragments were bilaterally removed from the rat sciatic nerves by being trimmed out in small 4 mm-long
pieces. Fragments were then washed several times and maintained in a 100 mm dish with Leibovitz’s 15
medium (L-15, Gibco) at room temperature for about 30 minutes while cord injuries were performed in the
host rats.

Tissue preparation, sectioning and sampling

Animals were deeply anaesthetized with Isoforine® (Cristalia, Brasil) and euthanized 2 months after
surgery by a transcardiac perfusion with 100 ml of 0.9% saline at room temperature followed by 500 ml of
fixation fluid (4°C) over a period of 6 minutes, as previously described.[31] The fixative consisted of 4%
paraformaldehyde (w/v) in 0.1 M phosphate buffer, pH 7.4. The spinal cord epicentre was removed and kept in
the fixative solution at 4°C for 90 minutes, and then it was rinsed in 10% sucrose (Merck, Germany) that was
dissolved in 0.1 M phosphate buffered saline (PBS), pH 7.4, for 48 hours. The adjacent DRG was also removed
and stored at -70°C until use. Serial 20 um thick transversal frozen sections were obtained from the spinal cord
with a microtome (Leica, SM 2000R, Germany). The sections were carefully evaluated for visualization of the
spinal cord. Every 10th section was sampled in series and immunolabeled.

Immunohistochemical procedures for NF-200 and 5-HT

Immunoreactivity was developed by the avidin-biotin peroxidase technique.[32,33] Series of sections
were washed 2 x 10 minutes in 0.1 M PBS, pH 7.4, at room temperature and incubated with 5% normal goat
serum (NGS, Sigma) for 30 minutes at room temperature. Series were then incubated for 24 hours at 4°C with
one of the following antisera: mouse monoclonal antisera against neurofilament 200 (NF-200) (Abcam, diluted
1:1200) or rabbit monoclonal antisera against 5-hydroxytryptamine (5-HT) (Sigma, diluted 1:3000). The
antibodies were diluted in PBS containing 0.3% Triton X-100 (Sigma) and 1% bovine serum albumin (Sigma).
The series of sections were washed again in PBS (2 x 10 minutes) and incubated with either biotinylated goat
anti-mouse or anti-rabbit immunoglobulins diluted 1:1000 (Jackson Labs, USA) for 1 hour, depending upon the
host species in which the primary antiserum was raised. The sections were washed again in PBS and incubated
with an avidin-biotin peroxidase complex (both diluted 1:100, Vectastain, Vector, for 90 minutes).
Immunoreactivity was visualized using 3-3’-diaminobenzidine tetra hydrochloride (DAB, Sigma) as a
chromogen and H202 (0.05%, v/v, Sigma) for 4 minutes.

Morphometric/microdensitometric image analysis

The NF-200 and 5-HT immunoreactivity was measured in fibres in one section per rat in the central
regions. We did this to obtain the means per group. An optical microscope (Olympus BX41) in a bright field was
used. The counts and measurements were made using the software Image J. Digital images of representative
sections were obtained using a digital video camera (Nikon DXM1200).
Statistical analyses

Statistical analyses were performed using the analysis of variance (ANOVA), and significant

interactions were followed-up with Tukey and Bonferroni post-test comparisons. All statistical analyses were
performed using SPSS 22, and significance was considered as P < 0.05.
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RESULTS

NF-200 immunoreactive fibers (arrows) were seen on sections from the injury epicenter that was
treated with sciatic nerve graft and sciatic nerve graft plus FGF-2 (Fig. 1A and B). NF-200 immunoreactivity
attained values of 259.3 in the nerve plus FGF-2 group and 248.1 in the nerve group (* p=0.03). Sciatic nerve
graft and the sciatic nerve graft plus FGF-2 treatment groups showed significant effect compared with saline
group (% % %*<0.0001) (Fig. 2).

5-HT immunoreactive fibers were seen on sections from the injury epicenter that was treated with
sciatic nerve graft and sciatic nerve graft plus FGF-2 (Fig. 3A and B). The values for 5-HT immunoreactivity were
48.0 in the nerve plus FGF-2 group and 46.0 in the nerve group, indicating no statistical difference. Both
treated groups showed a significant effect when compared to the saline group (% * *p<0.0001) (Fig. 4).

Figure 1. Photomicrographs of NF-200-labelled coronal sections at the epicenter of injury in the spinal cord of
animals that were treated with sciatic nerve graft (A) and sciatic nerve graft in addition to FGF-2 (B).
Illustrations show NF-200-immunoreactive fibers at the epicenter of the lesion (arrows). Bars: 200um.

Figure 2. Distribution of NF-200-immunoreactivity at the epicenter of spinal cord injury of animals that were
treated with saline, sciatic nerve graft (Nerve) and sciatic nerve graft added FGF-2 (Nerve + FGF-2). Means +
S.E.M. *p<0.05, **p<0.01, ***p<0.001, according to ANOVA — Tukey and Bonferroni.
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Figure 3. Photomicrographs of 5-HT-labelled coronal sections at the epicenter of injury of the spinal cord of
animals that were treated with sciatic nerve graft (A) and sciatic nerve graft in addition to FGF-2 (B).
lllustrations show fibers at the epicenter of the lesion (arrows). Bars: 200pum.

Figure 4. Distribution of 5-HT-immunoreactivity at the epicenter of spinal cord injury of animals that were
treated with saline, sciatic nerve graft (Nerve) and sciatic nerve graft added FGF-2 (Nerve + FGF-2). Means +
S.E.M. *p<0.05, **p<0.01, ***p<0.001, according to ANOVA — Tukey and Bonferroni.
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DISCUSSION

Our findings show that, at the time of tissue removal, atrophy was observed at the injury site in the
group that received saline injection, as indicated by an absence of continuity between the regions of damaged
tissue. The regions above and below the site of the lesion displayed scar tissue, thereby resulting in a spinal
cord cavity. Tissue removal in the groups that were treated with fragments of the sciatic nerve displayed a
greater number of fibers that were immunoreactive for NF-200 and lower number of 5-HT immunoreactive
fibers at the epicenter of the graft, when compared to the saline group.

Thus, the regenerative potential of peripheral nerve graft (PNG) to injured spinal cord is associated
with an ability to induce branching and axonal sprouting within the graft[14], which stimulates the production
of neurotrophic factors including FGF-2, the factor used in this study that mitigates the formation of glial scar
at the site of trauma.[34,35]

Although the combination of PNG and FGF-2 was effective in promoting regeneration of chronically
injured axons after a high-level injury, it is not known whether this strategy would be as effective in
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encouraging regrowth of chronically injured axons that were damaged at thoracic levels of the spinal cord. The
growth potential of lesioned axons is greater when the injury is closer to the cell body, which is likely
attributable to the induction of regeneration associated genes (RAGs), such as GAP-43 and cytoskeletal
proteins, when axotomy occurs at more proximal levels than at distal levels.[36,37] Therefore, it would be
expected that axons that were injured at a higher level would have a greater regenerative capacity than axons
that were injured further down the spinal cord. Indeed, axons severed at cervical levels regenerate into PNGs
better than those that were injured at thoracic or lumbar levels.[38] It would be interesting to determine
whether treating an acute or chronic thoracic injury site with FGF-2 before grafting a PNG successfully
promotes axonal regeneration into and beyond the transplant.

Studies have shown that implants of FGF-2 can increase the expression of GAP-43, a molecular marker
of axonal sprouting to the injury site, which was then followed by the restoration of hindlimb function.[39-45]
It is plausible that interactions between FGF-2 and glial cells strongly influence the microenvironment of the
injury, thereby restoring metabolic homeostasis, providing protection to undamaged cells and
possibly rescuing damaged neurons.

However, we observed a small number of NF-200 and 5-HT fibers were observed in the epicenter of
the graft when FGF-2 was added, when compared to the group that received sciatic nerve graft. Possibly the
regenerative effects on descending pathways in the spinal cord such as eg. serotonergic is somewhat more
complex to exert plastic action when compared to GAP-43 expression.

Kawamata[46] reported an increase in GAP-43 immunoreactivity (a molecular marker of axonal
sprouting) in the intact sensorimotor cortex contralateral from the location of cerebral infarcts that were
induced by a middle cerebral artery occlusion following FGF-2 treatment. This suggests that FGF-2 enhances
functional improvement after stroke via the stimulation of neuronal sprouting in the intact brain. FGF-2 also
significantly increases both the sprouting of the cholinergic septodentate pathway following entorhinal cortex
injury[47] and the production of astrocyte-associated fibronectin[48], an axonal growth-promoting
molecule.[49,50]

Our data further indicates that the distal spinal cord stump, the target for the regenerated descending
fibres, also responded to FGF-2 inoculation. This action could facilitate the reestablishment of the functional
innervation of spinal locomotor networks below the site of injury by regenerated brainstem and intraspinal
descending neurons. In line with this assumption, the expression of FGF-2 mRNA and protein was also shown
to be upregulated in the distal cord after a compression injury or a complete spinal cord transection in infant
rats but not in adult rats.[25,51] This differential expression of FGF-2 has been related to the higher
regenerative capacity of some descending tracts and functional recovery in spinally transected infant rats.[52]
Moreover, FGF-2 could facilitate the regeneration of damaged axons from descending and ascending
intraspinal neurons. The regeneration of damaged axons from intraspinal neurons is thought to have an
important role in the reestablishment of the intersegmental locomotor coordination across a spinal cord
transection.[53-55,02]

CONCLUSION
In conclusion, the addition of sciatic nerve fragment that was grafted in a gap of the rat spinal cord
that was submitted to complete transections was able to improve neuroprotection in the spinal cord. Sciatic
nerve grafting favors the growth of fibers in the traumatized spinal cord, an effect that is slightly influenced by
the addition of FGF-2 to the NF-200 and 5-HT immunoreactive fibers.

Highlights

e Spinal cord transection as a model for regeneration.
e Peripheral nerve grafts as a favorable environment to spinal cord regeneration.
e FGF-2 exerts little effect on the regeneration of immunoreactive fibers to NF-200 and 5-HT.
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