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HIGHLIGHTS

® Transected spinal cord as a model for study of DRG regeneration.

e Peripheral nerve grafts as a favorable environment to DRG neuroprotection.

® FGF-2 potentiates neuroprotective effect in DRG after spinal cord injury.

® FGF-2 plus sciatic nerve fragment improve DRG plasticity of rats submitted to complete transections of spinal cord.

ARTICLE INFO ABSTRACT

Article history: Neurotrophic factors and peripheral nerves are known to be good substrates for bridging CNS trauma.
Received 24 June 2015 The involvement of fibroblast growth factor-2 (FGF-2) activation in the dorsal root ganglion (DRG) was
Received in revised form 17 August 2015 examined following spinal cord injury in the rat. We evaluated whether FGF-2 increases the ability of
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a sciatic nerve graft to enhance neuronal plasticity, in a gap promoted by complete transection of the
spinal cord. The rats were subjected to a 4 mm-long gap at low thoracic level and were repaired with
saline (Saline or control group, n=10), or fragment of the sciatic nerve (Nerve group, n=10), or fragment
of the sciatic nerve to which FGF-2 (Nerve + FGF-2 group, n=10) had been added immediately after lesion.
Fibroblastic growth factor-2 The effects of the FGF-2 and fragment of the sciatic nerve grafts on neuronal plasticity were investigated
Neuroprotection using choline acetyl transferase (ChAT)-immunoreactivity of neurons in the dorsal root ganglion after 8
Sciatic nerve graft weeks. Preservation of the area and diameter of neuronal cell bodies in dorsal root ganglion (DRG) was
Spinal cord seen in animals treated with the sciatic nerve, an effect enhanced by the addition of FGF-2. Thus, the
addition of exogenous FGF-2 to a sciatic nerve fragment grafted in a gap of the rat spinal cord submitted
to complete transection was able to improve neuroprotection in the DRG. The results emphasized that
the manipulation of the microenvironment in the wound might amplify the regenerative capacity of
peripheral neurons.
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1. Introduction (GDNF) shows important and selective effects on survival and phe-
notypic expression of primary sensory neurons in the dorsal root
Trophic factors, such as nerve growth factor (NGF), brain derived ganglion (DRG) following nervous system injury and peripheral
neurotrophic factor (BDNF) and glia-derived neurotrophic factor inflammation Trophic factors, such as nerve growth factor (NGF),
brain derived neurotrophic factor (BDNF) and glia-derived neu-
rotrophic factor (GDNF) show important and selective effects on
—_— . o ) survival and phenotypic expression of primary sensory neurons in
* Correspondm.g athor ati Department of Biomedic Sflences, Health Sciences the dorsal root ganglion (DRG) following nervous system injury and
Faculty, State University of Rio Grande do Norte, Mossor6é 59607-360, Rio Grande . | :
do Norte, Brazil. peripheral inflammation [1-4].
E-mail address: faustoguzen@uern.br (F.P. Guzen).

http://dx.doi.org/10.1016/j.neulet.2015.08.043
0304-3940/© 2016 Published by Elsevier Ireland Ltd.


dx.doi.org/10.1016/j.neulet.2015.08.043
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neulet.2015.08.043&domain=pdf
mailto:faustoguzen@uern.br
dx.doi.org/10.1016/j.neulet.2015.08.043

44 F.P. Guzen et al. / Neuroscience Letters 616 (2016) 43-48

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. FGFs and its high
affinity tyrosine kinase fibroblast growth factor receptors (FGFRs)
are expressed in the peripheral nervous system and are known to
regulate the development and modulation of DRG neurons [5-9].

Following peripheral nerve injury, FGF-2 increases in DRG neu-
rons [10,11]. This increase may suggest functional roles of FGF-2 on
neuronal survival or signal transduction through the FGFRs in the
DRG. Indeed, FGF-2 exogenously applied shows a neuroprotective
effect on adult sensory neurons after injury [12].

In the periphery, DRG has been shown to contain both FGF-1
protein and mRNA [13]. Whereas FGF-2 immunoreactivity in the
embryonic DRG is present in almost all neurons [14], expression
in postnatal and adult DRG becomes restricted to the somatostatin
positive subpopulation of sensory neurons [6].

Evidence from several in vitro and in vivo studies has shown
that FGF-2 is not only present in the nervous system but also
mediates survival-promoting effects and stimulates the transmit-
ter metabolism of several neurons during development and after
injury [15,16]. Application of FGF-2 to the proximal stump of the
transectioned sciatic nerve prevents the lesion-induced death of
sensory neurons of DRG L4-L6 [12].

Animal studies have shown that if continuity is restored
between the spinal cord and the ventral roots of nerves at the
lumbar [17] or cervical [18-20] levels of the spinal cord, motor
neuron axons can regrow into their respective peripheral nerves
with concomitant recovery of motor functions. The return of motor
functions after implantation of avulsed spinal nerve roots into the
spinal cord has also been reported in one clinical case [21], as well
as in some animal studies [22-24].

FGF-1 and FGF-2 treated cultures can promote a significant
increase in neurite outgrowth of ventral spinal cord neurons and
stem cells, suggesting that both FGFs can influence neuronal devel-
opment [25,26].

In order to determine functional roles of FGF-2 in the periph-
eral nervous system we analyzed the expression of choline acetyl
transferase (ChAT) in spinal ganglia after spinal cord lesion treated
with FGF-2.

2. Materials and methods
2.1. Animal treatment

Adult male Wistar rats (n=30) from the Federal University of
Pernambuco, Brazil (body weight [b.w.] 180-200¢g), were used in
the present study. The study was conducted according to proto-
cols approved by the Animal Care and Use Ethic Committee at the
Federal University of Rio Grande do Norte using the San Poiley
outbreeding method [27].

2.2. Microneurosurgery

Rats were pre-anaesthetized with an intramuscular injection of
ketamine chloridrate 10% (Agener Unido, Brazil, 0,1 ml/100g b.w.)
and xylazine 2% (Agener Unido, Brazil, 0,01 ml/100 g b.w.) and then
anesthetized with isoflurane inhalation (Isoflorine®) (Cristalia,
Brazil). A small laminectomy at the tenth/eleventh thoracic lev-
els was performed. Complete transections created a 4 mm-long
gap at the eleventh/twelfth spinal cord levels. A gelfoam soaked
in 10 ul of 0,9% saline was left at the bottom of the gap close to
the vertebral body in 10 rats (Saline or Control group). Another
group of 10 rats received gelfoam filled with sciatic nerve frag-
ment (Nerve group). Additionally, a further 10 rats received sciatic
nerve fragment and 10 ] of a FGF-2 (Santa Cruz Biotechnology,

Inc. USA, 1 g/10 pl/animal) solution (Nerve + FGF-2 group). Four
mm-long sciatic nerve fragments were grafted close to the edges
of the spinal cord stumps [28]. All animals had received sodium
cephalexin (40 mg/kg/day, Eurofarma, Brasil) prior to surgery, in
order to prevent secondary infection.

2.3. Tissue preparation, sectioning and samppling

After a 2 months-survival, animals were deeply anaesthetized
with Isoflorine® (Cristalia, Brasil) and euthanized by transcardiac
perfusion with 100 ml 0,9% saline at room temperature followed by
500 ml of fixative solution (4°C) [29,30]. The fixative consisted of
4% paraformaldehyde (w/v) in 0.1 M phosphate buffer, pH 7.4. The
DRGs adjacent to the wounds were removed, kept in the fixative
solution at 4 °C for 90 min, and then rinsed in 10% sucrose (Merck,
Germany) dissolved in 0.1 M phosphate buffered saline (PBS), pH
7.4, for 48 h.

A group of 6 uninjured animals were also perfused and their
DRGs from the same location in the thorax were taken out. A
microtome (Leica, SM 2000R, Germany) was used to prepare 20 j.m
thicken transversal frozen sections from the DRG.

2.4. Immunohistochemical procedures for ChAT

Immunoreactivity was detected using the avidin-biotin peroxi-
dase technique [31-33]. Series of sections were washed 2 x 10 min
in 0.1 M PBS, pH 7.4 and incubated with 5% normal goat serum
(NGS, Sigma) for 30 min at room temperature. Series were then
incubated for 24 h at 4°C with goat monoclonal antisera against
ChAT (Millipore, diluted 1:100). 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 10min) and incubated with biotinylated donkey anti-
goat (ChAT) immunoglobulins diluted 1:1000 (Jackson, USA) for 1
hour. The sections were washed again in PBS and incubated with
an avidin-biotin peroxidase complex (both diluted 1:100, Vectas-
tain, Vector) for 90 min. Immunoreactivity was visualized using
3-3’-diaminobenzidine tetrahydrochloride (DAB, Sigma) as a chro-
mogen and H, 0, as a substrate.

2.5. Morphometric/microdensitometric image analysis

The ChAT immunoreactivity was measured in one section per
rat in the ganglion central region. An optical microscope (Olym-
pus BX41) with a 40x objective in bright field was used to obtain
the digital image. The counts and measurements were made using
Image ] software. Digital images of representative sections were
obtained using a digital video camera (Nikon DXM1200).

2.6. Statistical analysis

Statistical analyses were performed using the analysis of vari-
ance (ANOVA) and significant interactions were followed-up with a
Tukey and Bonferroni post-test comparison. All statistical analyses
were performed using SPSS 22, and significance was set at p <0.05.

3. Results

Photomicrographs in Fig. 1 illustrates the Nissl stained DRG neu-
rons of animals without injury (Fig. 1).

Uninjured animals used as parameters had a mean area of
neuronal cell body of 9.1 um, compared to the saline group
(6.86 um?), the nerve group (7.85um?) and the nerve+FGF-2
group (8.54 wm?). Considering the injured groups, the group that
received sciatic nerve graft with FGF-2 added showed higher values
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Fig. 1. Photomicrographs illustrate Nissl-stained DRG neurons of animals without injury.
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Fig. 2. Area of ChAT-immunoreactive cell bodies in the DRG of uninjured rats treated with saline, grafts of fragments of the sciatic nerve (nerve) or fragments of the sciatic
nerve with added FGF-2 (nerve + FGF-2). Means + S.E.M. xp <0.05, xp <0.01 and ***p <0.001 according to ANOVA - Tukey and Bonferroni.

of cell body area compared to the saline group (x*x*xp=0.0001) and the saline group had 1.75 pum, in the nerve group 2.55 wm, and
compared to the nerve group (xxp = 0.006) (Fig. 2). in the nerve+FGF-2 group had 2.81 um. Thus, the group that

The profiles of ChAT immunoreactive neuronal cell body diam- received a sciatic nerve graft with FGF-2 added showed higher val-
eter in the DRG, in the uninjured control animals, had an average ues in the diameter of the cell body compared to the saline group
diameter of 2.96 pm neuronal cell body. In the injured animals, (#%xp=0.0001) and in relation to nerve group (xxp =0.007) (Fig. 3).
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Fig. 3. Diameter of ChAT-immunoreactive cell bodies in the DRG of animals treated with saline, grafts of fragments of the sciatic nerve or fragments of the sciatic nerve with
added FGF-2. Means + S.E.M. xp <0.05, *xp <0.01 and ***p <0.001 according to ANOVA - Tukey and Bonferroni.

|

Fig. 4. ChAT-immunoreactive neurons. (A), saline group; (B), nerve group; (C and D), nerve + FGF-2 group. Arrows point relevant ChAT-immunoreactive cell body. Bars:

20 mm? (A-D).

Fig. 4A-C shows profiles of ChAT immunoreactive neuronal
cell bodies of DRG from injured groups. Fig. 4A (saline group)
shows the cell body flattening at the periphery of ganglion (arrow).
Greater preservation was observed in the groups nerve (Fig. 4B)
and nerve + FGF-2 (Fig. 4C and D).

Morphological analysis shows that the plastic behaviors in the
treated groups were higher than the control group. The nodes of
treated animals showed a more preserved architecture (Fig. 4B-D)
than the control.

4. Discussion

Several trophic factors released from multiple cell types orches-
trate the cellular reactions to injury in the nervous system. One such
factor, implicated as having a major role in the injury responses
in CNS, is FGF-2 [34,35]. It has been reported that peripheral
nerve injury induces FGF-2 in DRG neurons and in Schwann cells
[10,11,36]. FGF-2 has complex intracrine and autocrine modes of
action, mediated by the FGF receptor [37]. In the nervous system,
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the effects of exogenous FGF-2 are mediated mainly by the tyrosine
kinase FGFR1, which is localized in the plasma membrane as well
as in the nuclei of neurons in the peripheral nerve [7,38,39].

Some reports have shown that peripheral nerve lesions can
accelerate regeneration of the central primary sensory neurons in
the dorsal spinal roots [40-42]. However, most of the axons are still
unable to reenter the spinal cord, and those that succeed penetrate
no further than the superficial dorsal horn of the spinal cord. These
reports also suggest that adding some “intrinsic or extrinsic fac-
tors” [42-44] can lead to the regeneration of the central processes
of the DRG, toward gaining entry into the spinal cord.

Gene therapy with adenoviral vector encoding a neurotrophin is
capable of enhancing and directing the regeneration of a subpopu-
lation of dorsal root axons through to the CNS environment in rats.
However, the regenerating axons, in the study cited, did not spread
widely throughout the gray matter or away from the injection site,
and no sensory recovery was mentioned [45].

Analysis of nervous tissue in rats showed FGF-2 immunoreactiv-
ity in many diverse size neurons. Many researchers have proposed
both neurotrophic and regenerative functions for FGF-2. This sug-
gests that FGF-2 may perform similar functions in DRG neurons
[46,47].

Our findings show ChAT immunoreactivity in the DRG adjacent
to the spinal cord injury. The animals that received treatment with
sciatic nerve had neuroprotection when the area and diameter of
cell bodies were analyzed, an effect potentiated by FGF-2.

Spinal cord treatment with sciatic nerve and sciatic nerve plus
FGF-2 allowed recovery of hind limb movements compared to
control, manifested by significantly higher behavioral scores and
higher amounts of MAP-2 and GAP-43 immunoreactive. Thus FGF-
2 added to the nerve graft favored the motor recovery and fiber
regrowth [30].

FGF-1 enhances neurite outgrowth and stimulates expression of
GAP-43 and T a-tubulin in cultured neurons from adult rat dorsal
root ganglia. After transection and repair, the animals that received
treatment with NGF showed recovery in both motor and sensory
nerve functions [48,20]. During peripheral nerve regeneration, FGF-
2 is up-regulated in both the crushed nerve and the respective
spinal ganglia, suggesting a possible physiological function of FGF-2
during the regeneration process [11]. Treatment with acupuncture
has been seen to promote effects on the expression of GDNF and
FGF-2 in the left sixth lumbar DRG following removal of adjacent
dorsal root ganglia [49].

These findings indicate that our treatment strategy using nerve
grafts along with FGF-2 can enhance axon outgrowth from the DRG,
protecting the spinothalamic and spinocerebellar tracts resulting
in improvements in sensory stimulation, tone, posture and move-
ment.

5. Conclusion

The addition of exogenous FGF-2 to a sciatic nerve fragment
grafted into a gap on the rat spinal cord which had been submitted
to complete transection is able to improve neuroprotection in the
DRG. The results emphasized that the manipulation of the microen-
vironment at the wound is able to amplify the regenerative capacity
of peripheral neurons.
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