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ABSTRACT

Fibroblast Growth Factors (FGFs) have been implicated in numerous cellular processes including
proliferation, migration, differentiation and neuronal survival. One of these growth factors, Fibroblast
Growth Factor 2 (FGF2), is apparently implicated in the ability of the adult salamander (Pleurodeles
waltlii) to recover locomotion following complete transection of the spinal cord. In a previous study,
we reported up regulation of FGF2 during regeneration of damaged axons and recovery of hind limb
locomotion. In this study reported here, we investigated the spatial distribution of FGFR2-one of the
receptors that mediate the effects of FGF2-using a variety of techniques, namely, western blot,
immunochistochemistry and in situ hybridization. We find that in intact animals FGFR2 is mainly
expressed in the most posterior part of body Spinal Cord (SC3) specifically in neurons. However,
lesioning the spinal cord produces increased expression in Brainstem (BS) neurons and decreased
expression in posterior parts of the spinal cord not only in neurons but also in the neuroglial
ependymal cells lining the central canal. This suggests that FGF2 simultaneously activates FGFR1 and
2, perhaps at different points in the regeneration process and thus FGFR2 might play at least an
indirect role in the spontaneous regeneration observed in this species and might be relevant to the
treatment of spinal cord lesions in humans. Verification of this possibility will require studies of

additional time points.
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1. INTRODUCTION

Unlike mammals and most other vertebrates, the adult
salamander (Pleurodeles waltlii) has the ability to
spontaneously recover locomotion following complete
transection of the spinal cord (Piatt, 1955; Davis et al.,
1990; Chevallier et al., 2004). Recovery of function,
which takes approximately 3 months, is accompanied by
the functional regeneration of lesioned brainstem and
spinal fibers crossing the transection (Davis et al., 1990;
Chevallier et al., 2004). Although the underlying
molecular mechanisms remain unclear, it is known that
Fibroblast Growth Factor 2 (FGF2) and its receptors can

contribute to the proliferation of neural progenitor cells
(Zhang et al., 2000). It seems likely therefore that FGF2
plays a role in the regeneration process. Studies have
observed up regulation of FGF2 mRNA and protein of
complete cord transection, not only in salamanders
(Moftah et al., 2008) but also in young rat (Qi et al.,
2003). In both cases, observations have been linked to the
ability of descending axons to regenerate in the transected
spinal cord, leading to at least partial recovery of
locomotion (Inoue et al., 1998; Wakabayashi et al., 2001).
This suggests a possible therapeutic role for FGF2 and
FGF2 receptors in human cases of spinal lesion
(McDonald and Sadowsky, 2002).
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A number of studies have investigated regeneration
of the salamander spinal cord following transection of
the spine at the cervical, thoracic and lumbar levels
(Piatt, 1955; Davis et al., 1990) for review). In each case,
the regenerated tail contains a complete spinal cord with
sensory ganglia, motor neurons and interneurons, spinal
projection neurons and spinal tracts (Nordlander and
Singer, 1978; Zhang et al., 2003).

FGF signaling is mediated by four types of receptors
(FGFR1, FGFR2, FGFR3 and FGFR4), which all belong
to the high affinity tyrosine kinase receptor family
(Dionne et al., 1990; Keegan et al., 1991; Trueb, 2011).
They are known to trigger the phosphorylation of
signaling cascades and regulate protein synthesis and
neuronal excitability. Studies in mice showed that the
proper formation of the medial prefrontal cortex depends
on the function of FGFR2 genes since they are required
for up regulating the self renewal of radial glial precursor
cells (Stevens et al., 2010). The function of FGF signaling
in maintaining the self renewal and undifferentiated state
of cortical stem cells is reminiscent of its role in the spinal
cord stem zone (Kang et al., 2009). In comparison,
following peripheral nerve injury in rats, studies suggest
that FGFR2 expression in the Dorsal Root Ganglion
(DRG) is reduced (Yamanaka et al., 2007). However,
relatively little is known about FGFR 2 distribution in the
CNS. Previous studies provide conflicting evidence
(Pettmann et al., 1986; Finklestein et al., 1988; Grothe et al.,
1991; Yamamoto et al., 1991; Gomez-Pinilla et al., 1992;
Matsuda et al., 1992; Matsuyama et al., 1992; Woodward
et al., 1992; Eckenstein et al., 1994) or are limited to
specific areas of the brain (Cuevas et al., 1991; Frautschy
et al,, 1991; Matsuda et al., 1992; 1993; Stock et al.,
1992; Tooyama et al., 1992; Tooyama et al., 1993a; 1993b;
Gonzalez et al., 1994; Saarimaki-Vire et al., 2007).

In this study therefore, we used in situ hybridization
to examine the distribution of MRNA for FGFR2 in the
entire spinal cord and brainstem of healthy and
transected Pleurodeles in order to get deeper insight as to
the role of FGFR2 in spontaneous spinal cord
regeneration in this species.

2. MATERIALS AND METHODS
2.1. Animals

Experiments were carried out as previously described
(Moftah et al., 2008). In brief, 25 Urodele amphibians
(Pleurodeles waltlii) were obtained from Blades Biological
Itd (Kent, UK) and kept in aquaria at 19°C. Surgical
procedures, handling and housing of the animals were in
accordance with protocols approved by the INSERM Ethics
Committee and conformed to NIH guidelines.
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2.2. Spinalization

Surgery was performed in aseptic conditions under
general anesthesia as previously described (Moftah et al.,
2008). In short, anesthetized animals were operated by
completely cutting the spinal cord between segments 12
and 13. The wound was sutured and wound healing was
complete 8 to 10 days post operative. Sham-operated
animals were exposed to laminectomy but not spinal
cord transection.

2.3. In Situ Hybridization

All animal groups were anaesthetized and treated for
in situ hybridization as previously described (Moftah et al.,
2008). In summary, brainstem and spinal cord were
exposed by craniectomy and laminectomy, respectively
spinal cord was then divided into three segments (SC1,
SC2 and SC3) corresponding respectively to the anterior,
middle and posterior regions of trunk spinal cord. SC1
and SC2 were pooled to represent the pre-lesional part of
the cord (in spinalized animals). Brainstem (BS) and
spinal cord were immediately but separately frozen by
immersion in-50°C isopentane (Merck) without fixation.
All samples were stored in embedding medium (Tissue
Tek, Sakura) to be sectioned and processed later on.

2.4. Oligonucleotide Probes

For in situ detection of FGFR2 mRNA, we used the
following two fifty-mer oligonucleotide probes
(Eurogentech, Seraing, Belgium) based on previously
published gene sequences (Moftah et al., 2002):

5’GGAAATGGACCAGGAACTTACTCTAAAAAGAT
GGTCAGCTGGGATTCGGG3’
5’CCTGGTGTCAGGGTAGCTAGGTGAATACTGCT
CCAGAGGTCCGCTGAGGT?’

The probes were chosen from regions presenting few
homologies with related mRNA sequences and were
checked against the GenBank database.

As previously described (Landry et al., 2000),
oligonucleotides were labeled in cobalt containing buffer
with 3S-dATP (Amersham) to a specific activity of 1-
4x10° cpm/ug and purified by ethanol precipitation.

2.5. In Situ Hybridization

Spinal cord and brainstem sections (265
section/region/animal/experiment) were 14um thick and
processed as described earlier (Landry et al., 2000).
Briefly, sections were incubated at 42°C with 0.5 ng of
each of the radioactively labeled probes. After
hybridization, they were rinsed for four times at 55°C
followed by 30 min at room temperature. Radioactivity
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was revealed by dipping sections into Ilford K5 nuclear
emulsion (llford, Mobberly, Cheshire, UK), diluted 1:1
with distilled water, developing them in Kodak D19 and
fixing them in Kodak 3000. Sections were then
counterstained with 0.25% cresyl violet acetate (pH 4)
(Sigma) and mounted in glycerol.

2.6. Western Blots

The presence of FGFR2 protein was determined by
Western Blot. Previously removed and frozen brainstem
and SC3 (n = 5) were separately homogenized in ice cold
buffer (10 mM HEPES, 350 mM sucrose and 5 mM
EDTA, pH 7.4) containing protease inhibitors (pepstatin
A 1 pg mL™2, leupeptin 1 pug mL™2, aprotinin 1 ug mL™,
PMSF 1 pg mL™%, benzamidine 0.1 pg mL™ and calpain
inhibitors I and II 8 pg mL™) (Sigma). Homogenates were
centrifuged at 1500 rpm for 8 min. 1% Triton X-100
(Sigma) was added and the supernatants were centrifuged
at 14 000 rpm for 1 h at 4°C. Protein content was
determined using Bradford assay (Bio-Rad, Hercules,
CA). Western Blots were performed with 40 ug of
proteins and repeated five times. Samples were
resuspended in Laemmli (1970), fractionated by SDS-
PAGE using a 10% acrylamide gel and then transferred to
PVDF membrane (Bio-Rad). The membrane was washed
in blocking buffer and incubated overnight at 4°C with
mouse anti-FGFR2 IgM (Chemicon, Temecula, CA)
antibody (1:200 in blocking buffer: BIORAD, Marnes-la-
Coquette, France). Immunoreactivity was detected using
goat peroxidase-conjugated anti-mouse IgM (Bethyl,
Texas, USA) and visualized using ECL detection system
(Cell Signaling, Beverly, MA).

2.7. Immunohistochemistry

Anaesthetized animals (n = 5/experiment) were
perfusion-fixed via the ascending aorta. Brainstem and
spinal cord were dissected out, post-fixed in the same
fixative and rinsed for at least 24 h in 0.1 M PB (pH 7.4)
containing 15% sucrose and 0.02% sodium azide (Sigma)
for cryoprotection. Sections were triple labeled with
mouse anti-FGFR2 IgM, mouse anti-NeuN (Abcam, Paris,
France) and rabbit anti-GFAP (Dako SA, Trappes,
France). This procedure made it possible to avoid cross
reactivity between same species-raised antibodies (as
previously described in Moftah et al. (2008).

In short, blocked sections were incubated with mouse
anti-FGFR2 I1gM  primary antibody (1:1000 in
TNT/BSA). After rinsing in TNT, they were incubated
with  anti-mouse horseradish  peroxidase (HRP)-
conjugated secondary antibody (Dako). Peroxidase
activity was then developed with fluorescein-conjugated
tyramide (Perkin Elmer, Boston, MA) according to the
manufacturer’s instructions, as previously described
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(Landry et al., 2004). Rinsed sections were incubated
with mouse anti-NeuN (1:100 in TNT/BSA) and rabbit
anti-GFAP (1:500 in TNT/BSA) and rinsed in TNT.
GFAP was detected by incubating sections with Alexa
647-conjugated donkey anti-rabbit secondary antibody
(Invitrogen, Cergy Pontoise, France) (1:500 in TNB).
Immunohistochemical detection of NeuN was visualized
with  biotinylated anti-mouse antibody (Vector,
Burlingame, CA) (1:100 in TNB) and Alexa 568-
conjugated streptavidin (Invitrogen) (1:500 in TNB).
Sections were then rinsed and mounted.

2.8. Imaging

Slides were examined; bright field light microscopy
micrographs and triple immunostainings were taken
using a Zeiss Axiophot 2 microscope (Zeiss, Jena,
Germany). Digital images were optimized for image
resolution (300 dpi final resolution), brightness and
contrast using Adobe Photoshop CS3 (Adobe System,
San Jose, CA, USA).

2.9. Data Analyses

The number of labeled cells and the labeling intensity
were quantified as previously described (Landry et al.,
2000). Cellular profiles containing three times more
grains than mean background grain densities were
considered labeled. Cell profiles were manually
outlined as previously described (Moftah et al., 2008).
Delineation was based exclusively on staining and not
on shape, size or other measurable quantities. The
number of silver grains per cresyl violet
counterstained cell was counted semi automatically
using MetaMorph Offline 6.1 software (Universal
Imaging Corporation). Data were expressed as grain
density per um? + SEM in calibrated
photomicrographs. Transmitted light
photomicrographs were taken for at least 500 fields
(700 pmz each), in each experiment.

Data were imported into a spreadsheet program (Sigma
Plot software, Jandel Scientific) that calculated and graphed
the density of FGFR2 mRNA expression and the number of
labeled cells. Data were compared using one way ANOVA
tests and processed using standard statistical analysis
techniques (Sigma Stat software). Differences were
considered to be significant when p<0.05.

3. RESULTS

3.1. FGFR2 in Brainstem and Body Spinal Cord
in Intact Animals

In intact animals, western blot assays showed
significantly less FGFR2 protein in brainstem than in the
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posterior portion of trunk spinal cord (SC3) (Fig. 1 A
and B) (p = 0.01). This was even more evident in the
case of the pooled anterior spinal cord regions (SC1, 2)
where FGFR2 protein decreased (p = 0.014). To verify if
these differences relate to changes in transcriptional
activity, we studied the distribution of FGFR2 mRNA by
using in situ hybridization (Fig. 2 and 3 A, Band E, F).
Analysis of grain density confirmed the western blot
data. More specifically, the highest levels of FGFR2
mRNA were found in SC3 as seen in Fig. 2A. Grain
density had, however, a complex rostrocaudal profile since
it first decreased passing from BS to SC1, 2 (p = 0.005)
then increased reaching around 50% more in SC3 (p =
0.001). Meanwhile, the number of labeled cells shown in
Fig. 2B indicates that around 20% of the total cell number

oS
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Percentuge of ptensaty

A

was labeled in the entire neural axis. These findings
suggest the presence of a rostrocaudal gradient in the
number of cells expressing the receptor in intact animals.

Histologically, FGFR2 mRNA was mainly found along
the midline (Fig. 3, A and B) in the intact brainstem.
However, in spinal cord sections, receptors were obvious in
the ventrolateral region as shown in Fig. 3E and F.

3.2. FGFR2 in Brainstem in Spinal-Transected
Animals

Based on results from previous studies (Chevallier et al.,
2004; Moftah et al., 2008) we measured FGFR2 mRNA
density at 1-2 weeks after transection, when the animals
were unable to display hind limb locomotor movements.

$C1,2 SCA

®

Fig. 1. Immunoblot analysis of FGFR2 expression: (A) shows that a band detected by an anti-FGFR2 antibody is reduced in normal (n = 5)
pooled anterior parts of spinal cord: SC1, 2 (upper middle band) compared to normal (n = 5) brainstem: BS (upper left band) and the
most posterior part of normal (n = 5) spinal cord: SC3 (upper right band). Lower panel shows beta-actin in BS, SC1, 2 and SC3 in
intact animals. (B) BS, SC1, 2 and SC3 band intensity compared to beta-actin bands. Note the maximum intensity in SC3. The
symbols above each bar indicate the statistical significance with the BS bar. (***: p<0.001; **: p<0.01; *: p<0.05)
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Fig. 2. FGFR2 mRNA expression along the brainstem and spinal cord in intact animals: A shows grain density and B shows the
number of labeled cells for FGFR2 mRNAs. FGFR2 mRNA grain density decreases in SC1, 2 but again increases going
posteriorely in SC3 while the number of labeled cells gradually decreases. The symbols above each bar indicate the statistical
significance with the previous bar. (***: p<0.001; **: p<0.01; *: p<0.05)

A second set of measurements was taken 15 weeks post
op., when the animals had fully recovered locomotion
and reinnervation of the spinal cord below the lesion was
complete (Piatt, 1955; Davis et al., 1990; Chevallier et al.,
2004). As controls, we examined the distribution of
FGFR2 mRNA in sham-operated animals.

Tissue sections of BS (Fig. 3C and D) and SC3 (Fig.
3G and H) were examined 15 weeks post operatively to
assess the distribution of FGFR2 mRNA. Positive and
negative cell profiles were found, the former being more
heavily labeled than in intact animals (Fig. 3B), mainly in
brain stem (Fig. 3D). Spinal cord, however, shows no
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clear increase in the amount of FGFR2 mRNA grains,
which are prominent in a ventrolateral position (Fig. 3H).

Analysis of BS from sham-operated animals 15 days
post op. showed no significant difference in grain density
with respect to intact animals (p = 0.3) (Fig. 4A, white
bars), though the number of labeled cells was slightly
higher (Fig. 4B, white bars). There were no significant
differences in grain density between spinalized, sham-
operated and intact animals. This suggests that the slight
increase in the number of FGFR2 positive (FGFR2*)
cells was due to the surgical operation per se rather than
to spinal cord lesion.
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Brainstem

Spinal cord

Fig. 3. Localization of FGFR2 mRNA in cross sections of brainstem and spinal cord in intact and spinal-transected animals: A-D
show in situ hybridization in intact (A and B) and lesioned (C and D) animals’ brainstem. E-H show posterior spinal cord in
intact (E and F) and lesioned (G and H) animals. Squares in A, C, E and G are enlarged in B, D, F and H respectively. All
sections are dorsoventrally oriented. Arrows in B, D, F and H show the grains demarking hybridized FGFR2 mRNAs, while
arrowheads point at non labeled cells. Grains demarking hybridized FGF2 mRNAs are more pronounced in number in the
midline of the brainstem in intact animals (A) while they are more abundant laterally flanking the midline in lesioned
animals (C). Note the significant increase in grain density between BS sections in different conditions (B and D). In spinal
cord sections, intact and lesioned animals (E — H) show a ventrolateral distribution of FGFR2 grains (arrow in H). Scale bars
= 40 pumh bar indicate the statistical significance with intact animals’ level. (*** : p<0.001; ** : p<0.01; * : p<0.05)
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Fig. 4. FGFR2 mRNA expression in the brainstem of spinal-transected animals: A: FGFR2 mRNA grain density. The black bar
represents FGFR2 mRNA grain density measured in intact animals. In sham-operated animals, the level of grain density was
close to control 1-2 weeks post-op (sham, white bar), while a highly significant increase appeared 15 weeks post-op (sham,
grey bar). Spinal-transected animals had almost the same grain density levels as intact and sham-operated animals, 1-2 weeks
post-op (spinal, white bar) and a significant increase 15 weeks post-op (spinal, grey bar) although significantly less than sham-
operated animals. B: Number of FGFR2 cells. The black bar represents the number of FGFR2™ cells measured in intact animals. A
slight increase was observed in sham-operated animals (sham, white and grey bars). In spinal-transected animals the FGFR2™ cells
number was unaltered 1-2 weeks post-op. (spinal, white bar) compared to both intact and sham-operated animals, while it decreased
15 weeks post-op. (spinal, grey bar). This decrease is significant compared to sham-operated animals. Symbols above each bar
indicate the statistical significance with intact animals’ level. (*** : p<0.001; ** : p<0.01; * : p<0.05)
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15 weeks after surgery, sham-operated animals still had
higher grain densities for FGFR2 than intact animals
(Fig. 4A, left grey bar). Spinalized animals also had
higher densities; though lower than those in sham
operated animals (p<0.001) (Fig. 4A, right grey bar).
There was a slim increase in labeled cells numbers in
sham-operated and intact animals (p = 0.9). However
spinalized animals (Fig. 4B, right grey bar) had slightly
lower numbers of labeled cells than intact (P = 0.01) or
sham operated animals (p = 0.008). Together these
results suggest that observed increases in FGFR2
expression were at least partially an effect of
laminectomy. Vice versa, the decrease in the number of
FGFR2* cells in spinalized animals was probably a result
of cord injury, perhaps reflecting the death of descending
brainstem neurons projecting below the transection.

3.3.FGFR2 in Spinal Cord in Spinal-Transected
Animals

LA 24
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Pooling SC1 and SC2, we investigated only one pre-
lesional portion of spinal cord. We found that in sham-
operated animals FGFR2 grain density and numbers of
labeled cells dramatically increased 1-2 weeks after
surgery (Fig. 5, sham white bars). In spinalized animals
grain density did not differ significantly from the levels
observed in intact animals while the number of cells
slightly fell (Fig. 5, spinal white bars). 15 weeks after
surgery grain densities in sham-operated and spinalized
animals (Fig. 5A, grey bars) were almost similar
(0.0625+0.0034  grains/um? and  0.0533+0.0051
grains/um? respectively). In both sets of animals,
densities were significantly higher than in intact animals
(p<0.006) but much lower than those recorded in sham-
operated animals, 1-2 weeks after surgery. Moreover,
cell numbers were not altered in both sham-operated and
lesioned animals (p = 0.084 and 0.07 respectively) after
15 weeks of the operation (Fig. 5B, grey bars). This
suggests that the observed effects were due to the
surgical operation and not to spinal cord lesion.
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Fig. 5. FGFR2 mRNA expression in pre-lesional spinal cord stump (SC1, 2) in spinal-transected animals: A: FGFR2 mRNA grain
density. Same representation and same conventions as in Fig. 4A; In sham-operated animals, the level of grain density
dramatically increased 1-2 weeks post-op (sham, white bar), while at 15 weeks post-op, an increase is still obvious but almost
half of that of the previous time point (sham, grey bar). Spinal-transected animals had almost the same grain density levels, 1-
2 weeks post-op, as control (spinal+, white bar) and a significant increase 15 weeks post-op reaching that of the shams (spinal,
grey bar). B: Number of FGFR2 cells. Same representation and same conventions as in Fig. 4B; A slight increase was
observed in sham-operated animals 1-2 weeks post-op (sham, white bar) while the number of labeled cells did not change 15
weeks post-op (sham, grey bars). In spinal-transected animals, the FGFR2* cells number slightly decreased 1-2 weeks post-
op. (spinal, white bar), while it was unaltered 15 weeks post-op. (spinal, grey bar). Symbols above each bar indicate the
statistical significance with intact animals’ level. (*** : p<0.001; ** : p<0.01; * : p<0.05)
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Fig. 6. FGFR2 mRNA expression in spinal cord stump (SC3) in spinal-transected animals. A: FGFR2 mRNA grain density. Same
representation and same conventions as in Fig. 4A; In sham-operated animals, the level of grain density dramatically
decreased 1-2 weeks post-op (sham, white bar), while at 15 weeks post-op, a slight increase was observed (sham, grey bar).
Spinal-transected animals showed a severe drop in their grain density levels 1-2 weeks post-op (spinal, white+bar), further
decreased 15 weeks post-op reaching almost half of the control level (spinal, grey bar). B: Number of FGFR2 cells. Same
representation and same conventions as in Fig. 4B; No change in the number of labeled cells was observed in any of the
conditions (sham, white bar and grey bars and spinal, white and grey bars). Symbols above each bar indicate the statistical
significance with intact animals’ level. (***: p<0.001; **: p<0.01; *: p<0.05)
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Sl

Fig. 7. Immunohistochemical analysis of FGFR2 distribution in the brainstem and the distal (sub-lesional) spinal stump (SC3) of
spinal-transected animals. FGFR2 immunoreactive (IR) cells are shown in green (A, E, | and M), NeuN IR cells in red (B, F,
Jand N), GFAP IR cells in blue (C, G, K and O). D, H, L and P are overlays with red-squared enlarged inserts. Brainstem: A
— D: sham operated animals, E — H: Spinal-transected animals, 15 weeks post-op. In sham-operated animals (A), FGFR2 was
expressed in neuroglial cells (double arrows in A-D). FGFR2 expression increased after 15 weeks of spinal cord transection
mainly in neurons (arrows in E, F and H) Distal spinal stump: I-L: sham operated animals, M-P: Spinal-transected animals,
15 weeks post-op. In sham-operated animals, FGFR2 was mainly seen in neurons (arrows in I, J and L) in a ventrolateral
position compared to the central canal (cc) but not in glial cells (arrowheads in K and L). It was prominent, at 15 weeks post-
op., in ependymal cells (double arrows in M-P) and in neurons (arrows in M, N and P). Ependymal cells, which were
neuroglial cells, expressed both NeuN and GFAP (double arrows in N and O). Scale bar: 80 pum, insert scale bar: 20 um

In SC3, sham-operated and spinalized animals both
showed a large decrease in FGFR2 grain density, 1-2
weeks after surgery (Fig. 6A, white bars). In sham-
operated animals grain density increased slightly 15
weeks after surgery (Fig. 6A, grey bars) while in
spinalized animals, it continued to decrease (p<0.001).
Numbers of labeled cells were similar to those observed
in intact animals in both sets of animals at all time points
(p = 0.257 in shams and 0.28 in spinals) (Fig. 6).
Altogether, these findings suggest that at least part of the
observed drop in grain densities was due to the spinal
lesion and that FGFR2* expression in spinalized animals
is down regulated throughout the recovery process.
Taken together, these findings suggest that the spinal
lesion caused a decrease in FGFR gene activation.

To examine whether the observed reduction in the
expression of mRNA from FGFR2 after spinal cord
injury led to reduced protein synthesis, we used
immunohistochemistry to detect FGFR2 protein in
neuronal and glial cells in BS (Fig. 7 A-D) and in spinal
cord (Fig. 71-L). The assay showed that, in intact animals,
FGFR2 protein was present in both types of cell in BS
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(Fig. 7D), but that in spinal cord it was essentially limited
to neurons (Fig. 7L). The positioning of FGFR2 protein
was similar to that of the FGFR2 mRNA observed in the
in situ hybridization study. 15 weeks after spinal lesion,
the main FGFR2" cells in BS were neurons (Fig. 7E-H).
In the spinal cord, however, neuroglial ependymal cells
lining the central canal were the main containers of
FGFR2 protein (Fig. 7M-P).

4. DISCUSSION

Compared to our previous study (Moftah et al., 2008),
we show here that, in intact Pleurodeles, the pattern of
distribution of FGFR2 mRNA is opposite to that of its
ligand (FGF2). Increased expression of FGFR2 in the
posterior part of the spinal cord may be correlated with
decreased levels of FGF2. However, histologically, they are
seen in the same ventrolateral position in spinal cord cross
sections. Judged by their morphology, size and position, the
main cells expressing FGFR2 appear to be motor neurons.

In the present study, we analyzed the spatial
distribution of FGFR2 mRNA in brainstem and spinal
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cord from adult Pleurodeles. Our findings show that in
normal animals, expression of FGFR2 mMRNA is
significantly higher in the most posterior part of the
spinal cord than in the BS. The rostrocaudal gradient in
the number of cells expressing the receptor suggests the
existence of an increasing gradient of grain density in
individual cells.

We go on to show that spinal injury at the mid trunk
level modifies this distribution. In lesioned animals, the
highest levels of expression are observed in BS with no
significant drop in SC1 and 2. By contrast, expression of
FGFR?2 in posterior segments of the cord is reduced. This
finding is evidence in favor of the suggestion by
Chevallier et al. (2004) that the recovery of locomotor
activity is underlined by descending BS axons
regeneration. It is probable that the observed post lesion
increase in rostral FGFR2 facilitates the high
regenerative capacity of reticulospinal neurons already
seen in previous studies (Davis et al., 1990; Chevallier et al.,
2004). Increased rostral expression of FGFR2 matched
the increased expression of FGF2 reported in our
previous work (Moftah et al., 2008). This is evidence
that FGF2 contributes to spinal cord regeneration, in
Pleurodeles and that this effect is mediated by FGFR2.

If we consider spinal cord results together with
findings from BS we observe an overall decrease in
FGFR2 expression in spinalized as opposed to sham-
operated animals. This appears to be matched by a fall in
the overall number of FGFR2 expressing cells. The
observed drop in the number of labeled cells in BS and
SC1 & 2 suggests that in some individual cells FGFR2
expression may in fact be up regulated.

Given that lesioned animals show a decrease in
FGFR2 expression in SC3, it is probable that the direct
onsite regenerative effect of FGF2 depends on other
receptors. It is nonetheless possible that FGFR2
contributes to the proliferation of the surrounding tissue,
including neuroglial cells in the ependymal tube. This
possibility is supported by the observed increase in the
receptor’s mRNA in sham-operated animals, where no
spinal cord lesion was performed and only the
surrounding tissue healed and is consistent with the
findings of our previous FGF2 study in sham-operated
salamanders (Moftah et al., 2008).

Our immunohistochemical data shows that in
spinalized animals, FGFR2 protein is mainly located in
neuroglial cells lining the ependymal canal. This is a
major finding, since (i) the ependymal canal epithelium
has been demonstrated to harbor neural stem cells
(Johansson et al., 1999) and (ii) FGF2 is one of the two
necessary mitogens for adult neural stem cells, especially
in spinal cord (Weiss et al., 1996). The role of the
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FGFRs in the proliferation of neural progenitors in BS
and spinal cord is currently unknown. Our findings of
high levels of FGFR2 expression in BS and lower levels
in the posterior segment of spinal cord support previous
suggestions stating that FGF2-induced proliferation of
neural progenitor cells in BS is mediated primarily by
FGFR2 while proliferation in spinal cord mainly depends
on FGFR1 (Zhang et al., 2003). An alternative is that
FGF2 simultaneously activates FGFR1 and 2, perhaps at
different points in the regeneration process. Verification
of this possibility will require studies of additional time
points and might be relevant to the treatment of spinal
cord lesions in humans.

CONCLUSION

The present study shows that, in intact animals,
FGFR2 is mainly expressed in the most posterior part
of body spinal cord specifically in neurons. However,
lesioning the spinal cord at the mid-trunk region
produces increased expression of FGFR2 in brainstem
neurons and decreased expression in posterior parts of
the spinal cord, not only in neurons but also in the
neuroglial ependymal cells lining the central canal.
This suggests that FGF2 simultaneously activates
FGFR1 and 2, perhaps at different points in the
regeneration process and thus FGFR2 might play at
least an indirect role in the spontaneous regeneration
observed in this species and might be relevant to the
treatment of spinal cord lesions in humans.
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