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Abstract

Many neurons degenerate after injuries resulting from overstimulation, drugs, genetic mutations,
and aging. Although several growth factors and neurotrophins delay degeneration and promote
regrowth of neural processes, the role of fibroblast growth factor 8 (FGF8) in mammalian spiral
ganglion neurons (SGN) neurite outgrowth has not been examined. This study develops and uses
SGN cell cultures suitable for experimental analysis, it investigates whether FGF8a and FGF8b
isoforms affect the neurite outgrowth from SGN cultured in vitro. We found that both FGF8a and
FGF8b promoted the outgrowth of neurites from cultured SGN. This response is mediated by FGF
receptors and involves the activation of 1xBa-mediated NFxB signaling pathway. These findings
suggest that, besides its morphogenetic role during development, FGF8 may have trophic
functions in the adult which are relevant to regeneration.
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1. INTRODUCTION

Fibroblast growth factor 8 (FGF8) is a member of the FGF family. It plays a pivotal role in
the patterning of the brain during embryogenesis (Crossley and Martin 1995; Suzuki-Hirano
and Shimogori 2009). Unlike other FGFs, a relatively large number of FGF8 isoforms has
been described, which are products of alternative splicing (Crossley and Martin 1995; Olsen
et al. 2005). Eight FGF8 isoforms have been found in the mouse (FGF8a-h) and four in
humans (FGF8a, b, e and f). FGF8a and FGF8b have 100% sequence homology between
mouse and human (Sunmonu et al. 2010). FGF8 elicits its effects by the activation of four
different subtypes of tyrosine kinase FGF receptors, named FGFR1 through FGFR4 (Zhang
et al. 2006). The FGF8a and FGF8Db structures and their receptor-binding affinity properties
have been well characterized (Olsen et al., 2005). The single residue phenylalanine 32 (F32)
from the alternatively spliced N-terminal region of FGF8b confers on it a higher binding
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affinity than FGF8a toward the “c” isoforms of their receptors FGFR1-3 and FGFR4 (Olsen
etal., 2005).

Previous studies in vitro have implicated other FGFs and neurotrophins in migration,
differentiation, neurite outgrowth (Hossain et al. 2008; Hossain and Morest 2000; Zhou et al.
1996), survival (Pirvola et al. 1995) and regeneration of primary auditory neurons (Wang
and Green 2011; Wei et al. 2007). The role of FGF8 in the nervous system, and particularly
in the auditory system, has received less attention. For these reasons we have used the
auditory system as a model to investigate the function of FGF8.

The cochlear spiral ganglion neurons (SGN) convey sensory information representing
environmental sounds from the hair cells in the cochlea to the cochlear nucleus in the brain.
SGN degenerate after injuries resulting from noise, drugs, genetic mutations, and aging (Bao
and Ohlemiller 2010; White et al. 2000). Since SGN are the primary cells in a pathway
linked to the development and maintenance of language, learning, communication and social
interaction, it would be advantageous especially to arrest this pathology and promote
regrowth of SGN. Since growth factors and neurotrophins can delay degeneration of SGN
and other neurons, and promote regrowth of neural processes (Gillespie and Shepherd 2005;
Klimaschewski et al. 2004; Miller et al. 2007; Sapieha et al. 2003), we investigated whether
FGF8 promoted the growth of neurites from dissociated SGN cultured in vitro, and which
signaling pathway might be involved. These cultures allowed accurate measurements to be
made of individual neurites growing from the neurons.

In the auditory system, FGF8 is required during development for otic placode induction,
pillar cell differentiation and the patterning of the organ of Corti (Jacques et al. 2007; Ladher
et al. 2005; Leger and Brand 2002; Pirvola et al. 2000). It acts by activating FGFR1, FGFR2
or FGFR3 receptors, which are expressed in the cochlea during development (Hayashi et al.
2007; Jacques et al. 2007; Leger and Brand 2002; Oelling et al. 1995). FGF8 also functions
as an axon guidance cue during CNS development (Irving et al. 2002). One could predict,
therefore, that FGF8 may have a role in re-establishing synaptic connections after hearing
loss (Webber and Raz 2006). For example, FGF8 may participate in axonal regeneration by
promoting regrowth of SGN processes, since it promotes neurite outgrowth in explants of
chicken vestibular and auditory neurons (Fantetti and Fekete 2011).

Based on the functions of FGF8 discussed above, we hypothesize that FGF8 may promote
neurite outgrowth from mammalian SGN, a function that has not yet been investigated. The
present study focuses on whether FGF8a and FGF8b isoforms could function as trophic
factors in the mouse cochlea. Using dissociated mouse SGN cultured in vitro, we determined
if these isoforms affect neurite outgrowth, and the possible receptors and signaling pathways
involved.

2. RESULTS

2.1 DCX staining of the neurites

To measure the length of the neurites of SGN in vitro, we used two neuronal markers. In
addition to the widely used neuronal marker directed against B-tubulin 111 (TUJ1), we used
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the microtubule-associated protein doublecortin (DCX), because of its distribution at the
ends of neuritic processes (Friocourt et al. 2003). We found that, although both antibodies
are specific for neurons, staining both the soma and the neurites of the SGN, the anti-DCX
antibody stains the neurites out to their ends, which are labeled faintly or unlabeled with the
anti-TUJ1 (Fig. 1). Therefore we used anti-DCX in the subsequent experiments to visualize
neurites in vitro.

As revealed by TUJ1 and DCX immunostaining (Figs. 1 and 3), we observed bipolar and
multipolar SGN, which are typical of dissociated SGN (Whitlon et al., 2006) grown in
culture and immature SGN (Hossain et al., 2008).

2.2. Survival of neurons with the treatments

We evaluated the effect of treatments on cell survival by counting the number of SGN per
mm?2. We found no significant differences between treatments (Table 1). This result rules out
the possibility that the effect of treatments on neurite outgrowth can be attributed to
differences in survival as reflected in the number of neurons.

2.3 FGF8a and FGF8b effects on SGN neurite outgrowth

We tested the effects of FGF8a or FGF8b in vitro on the neurite outgrowth from primary
auditory neurons. Although neither isoform had an effect on the survival of the SGN (Table
1), we found a 39.2 + 3.1 (mean £ SE) percent increase in the length of neurites in cultures
treated with 250 ng/ml of FGF8a, compared to untreated controls; at higher doses the FGF8a
did not promote any further increase in the length of neurites (Fig. 2A). FGF8b promoted a
15.3 £ 2.8 (mean £ SE) percent increase of neurite outgrowth when it was present at 5 or 50
ng/ml. This stimulation was only 6.9 + 2.3 (mean + SE) percent when FGF8b was used at
250 ng/ml (Fig. 2B).

2.4 Effect of FGFR inhibitor on FGF8-stimulated neurite outgrowth

To determine if FGF8 receptors mediated the FGF8-stimulation of neurite outgrowth, we
tested the effect of the FGF receptor inhibitor PD173074 (Bansal et al. 2003; Skaper et al.
2000). By exposing the cultures to 100 nM PD173074 and either FGF8a (250 ng/ml) or
FGF8b (5 ng/ml), the FGF8-stimulated neurite outgrowth was suppressed (Fig. 2C).
PD173074 did not have any additional effect on FGF8-stimulated neurite outgrowth when
present at 200 nM (data not shown). In addition, the inhibitor had no discernible effect on
SGN survival (Table 1) or on the morphology of the cell bodies. These findings suggest that
FGF receptor activity may be required for FGF8-stimulated neurite outgrowth.

2.5 Interaction of FGF8a and FGF8b

To evaluate whether FGF8a or FGF8b isoforms have a synergistic or competitive action, we
exposed the SGN cultures to both FGF8a and FGF8b at concentrations of 250 and 5 ng/ml,
respectively. Despite the higher concentration of FGF8a, its effect on neurite outgrowth
(Figs. 3B and E) was suppressed in the presence of FGF8b (Figs. 3D and E). In contrast, the
effect of FGF8b remained the same, whether it was present alone or together with FGF8a
(Figs. 3C, D and E). These findings are consistent with a higher affinity of FGF8b for the
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receptor, as reported previously (Olsen et al. 2006), and it suggests that FGF8b can
competitively interfere with the action of FGF8a.

Therefore in another test, we first pre-incubated the FGF8b with the anti-FGF8b antibody, to
neutralize its activity. Then we exposed the cultures to FGF8a, the combination of FGF8a
and FGF8Db, or the combination of FGF8a and the neutralized FGF8b. The neutralized
FGF8b had no significant effect on the action of FGF8a on neurite outgrowth (Fig.3F). This
suggested that FGF8a can exert its full effect on neurite outgrowth only when FGF8b is
absent.

2.6 Effect of NFxB pathway inhibitor on FGF8a-neurite outgrowth

FGF receptors exert their effects by activating one or more signal transduction pathways
(Reuss and von Bohlen und Halbach, 2003). Our preliminary studies investigated whether
ERK, PI3K and NFxB pathways are involved in the FGF8-promoted neurite outgrowth. Our
data indicated that inhibitors of the ERK (U0126, 50 nM) and PI3K (Wortmannin, 10 nM)
pathways did not modify the FGF8-promoted neurite outgrowth (data not shown). By
contrast, the NFxB inhibitor, BAY11-7082, suppressed the FGF8-neurite promoted
outgrowth (Fig 4). In addition, the inhibitor had no discernible effect on SGN survival (Table
1). This suggests that FGF8 leads to neurite outgrowth by promoting the IxBa
phosphorylation, hence activating the NFxB signaling pathway.

3. DISCUSSION

One of the current models to test the regenerative capacity of primary auditory neurons is a
cell culture of dissociated SGN. Although exposing such cultures to several growth factors
facilitates regeneration by promoting neurite outgrowth (Hossain and Morest 2000; Vieira et
al. 2007; Wei et al. 2007), the role of FGF8 has not been studied previously.

In this study, we report a trophic action of FGF8a and FGF8b, two of the four homolog
FGF8 splice forms found in human and mouse (Sunmonu et al. 2010). In cell cultures of
SGN, both isoforms promote neurite outgrowth without affecting neuronal survival.
However, FGF8a promotes twice the growth of neurite length compared to FGF8b. FGF8b
seems to be predominant and to compete with FGF8a. For example, when the isoforms are
both present, neurite outgrowth resembles that observed with FGF8b alone, regardless of the
higher concentration of FGF8a. In addition, this competition is prevented by the
neutralization of FGF8b. These findings are consistent with the biological role of FGF8
alternative splicing in modulating the binding affinity of FGF8a and FGFb toward certain
isoforms of the FGFR (Olsen et al. 2006). The crystal structure of FGF8b in complex with
FGFR2c revealed that the higher FGFR affinity of FGF8b compared to FGF8a is due to the
interaction between residue F32 from the N-terminal region of FGF8b and the D3
hydrophobic groove of FGFR2c. Surface plasmon resonance analysis confirmed that FGF8a
binds markedly more weakly than FGF8b to FGFRc isoforms as a result of the F32-D3
interaction. The mutation of F32 in FGF8b functionally converts it into FGF8a by reducing
the receptor-binding affinity, thus modifying morphological and gene expression patterning
abilities during mid-hindbrain development (Olsen et al. 2006). In the present report the
presumed higher binding of FGF8b may be interfering with the FGF8a-promoted neurite
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outgrowth by competing for the receptor but leading to a different cellular response, not
evident and out of the scope of this study.

We found that staining with the DCX antibody is a useful tool to reveal the length of the
neurites of cultured SGN. Staining with anti-TUJ1, an antibody for p-tubulin 111, a
component of neuronal microtubules, was poor or absent in distal regions of the neurite,
limiting the visualization of the extent of neurites. This finding suggests that the distribution
of B-tubulin 111 appears later than 24 hours (when our cultures were harvested) at the distal
processes of SGN, consistent with other cultured neurons in which this isotype of g-tubulin
is not incorporated into microtubules during early neurite outgrowth (Ferreira and Caceres,
1992). This result reflects the influence of culture conditions on the distribution and/ or
expression of cytoskeletal proteins. For instance in Whitlon et al. (2006) the use of BDNF,
NT3, LIF and serum, the time in vitro after plating (42 hours) and the presence of limbus
tissue on their SGN cultures may have some effect on the maturation of neuronal processes,
as reflected in the distribution and/ or expression of B-tubulin I11. The same is true for the
Vieira et al. (2007) experiments, where the SGN cultures were maintained four days in vitro.
Both reports found immunoreactivity of SGN for anti-TUJ1 antibody.

DCX is a microtubule-associated protein (Gleeson et al. 1999); its localization at the tips of
growing neuronal processes suggests that it may also participate in neurite extension or
regulate some adhesion molecules for axonal guidance (Friocourt et al. 2003). The present
staining of DCX in cultured SGN demonstrates its distribution in the soma, the proximal
neurite, and in the ends of growing neuronal processes. The expression of DCX in SGN may
reflect a role in maintaining the morphology (Koizumi et al. 2006) of adult SGN.

FGF8-promoted neurite outgrowth requires one or more FGFRs, as the FGF8a and FGF8b-
promoted neurite outgrowth was blocked by the FGFR inhibitor, PD173074. This inhibitor
blocks FGFR1 and FGFR3-mediated activities (Miyake et al. 2010; Skaper et al. 2000)
without interfering with FGF/FGFR downstream signaling or with other tyrosine kinase
receptors (Bansal et al. 2003; Skaper et al. 2000). Taken together, these findings imply that
FGFR1 or FGFR3 or both subtypes are present in cultured SGN, as suggested previously
(Hossain and Morest 2000; Wei et al. 2007). However, we cannot rule out an effect of cell
adhesion molecules in our model, since recent reports indicate that FGF2 promotes neurite
outgrowth by enhancing the interaction between FGFR1 and NCAM (Allodi et al. 2013).
Additionally, NCAM and N-cadherin are expressed in the growing tip of neurites (Doherty
and Walsh 1996), and both molecules involve FGFR activation to induce neurite outgrowth
(Doherty and Walsh 1996; Hansen et al. 2008). Thus the interaction with these noncanonical
co-receptors should be considered as part of the complex signaling through FGF receptors.

The bFGF-promoted FGFRs activity has been shown to up-regulate protein expression
through NFxB activation (Sigala et al. 2010); and transcriptional control mechanisms are
important in regulation of axon growth and regeneration (Gutierrez et al. 2008; Moore and
Goldberg 2011). Consistent with this, our findings suggest that the activation of the NFxB
signaling pathway is required for FGF8-promoted neurite outgrowth. In this study, the
inhibitor BAY11-7082, which prevents IxBa phosphorylation and hence NFxB activation,
blocked the FGF8-promoted neurite outgrowth from cultured SGN. This inhibitor was
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reported to be as efficient as a genetic blockade of NFxB activation (Widera et al. 2006). A
possible explanation for these findings is that upon FGFR stimulation the IxBa.-mediated
NF«xB signaling pathway is activated to promote neurite outgrowth. Additional evidence,
consistent with this conclusion, suggests that NFxB plays a neuroprotective role, as mutant
mice deficient in NFxB experience accelerated age-related degeneration of SGN and
increased susceptibility to noise-induced hearing loss (Lang et al. 2006).

In summary, we demonstrate here that FGF8a and FGF8b promote SGN neurite outgrowth
in vitro. This response required activation of FGF receptors and the NFxB signaling
pathway. Future studies will be required to reveal its functional significance.

4. MATERIALS AND METHODS

4.1 Animals and tissue preparation

ICR-CD1 mice were obtained from Charles River Laboratories. Eight to 10 day old mice
were used for SGN cell cultures. The University of Connecticut Health Center Animal Care
Committee approved the use of the animals in this study. Every effort was made to minimize
the suffering of animals and to limit their number. To make SGN cell cultures, mice were
decapitated before the temporal bone was dissected and treated as described below.

4.2 Spiral ganglion cell culture and treatments

The protocol used was based on those of Vieira et al. (2007) and Whitlon et al. (2006). Each
cochlea was isolated from the temporal bone; the spiral ligament and the organ of Corti were
removed. The modiolus was collected in Hibernate-A medium, containing 2% B27
(Invitrogen) and 0.1% penicillin-streptomycin (Invitrogen). The tissue was digested by
adding collagenase | (125 pg/ml; Sigma), dispase (1 mg/ml; Stem Cell) and DNase | (300
ug/ml; Sigma) for 10 minutes at 37° C and triturating gently. The enzymatic digestion was
terminated by diluting the enzymes with a 10-fold volume of Hibernate-A medium and a 3
min centrifugation at 200 xg. The dissociated cells were plated in 2% B27 Neurobasal
medium on coverslips in 4-well plates (Nalge Nunc International; the culture area was 1.9
cm? per well) previously coated with poly-D-lysine (0.1 mg/ml overnight; Sigma) and
laminin (10 pg/ml two hours; Invitrogen) at a density of two cochleas per plate (There are
around 8000 neurons per ganglion, according to Whitlon et al. (2006)). Cultures were
maintained in a humidified 5% CO? incubator at 37° C. In preliminary experiments the
viability and apoptosis of our cultures were determined using the Annexin V-FITC apoptosis
detection kit (Calbiochem) and analyzed by flow cytometery. We found that after three days
of culture without serum the percentage of living neurons was 9.1 % + 0.9 % (mean £
standard error), comparable with the Whitlon et al. (2006) experiments in the absence of
serum.

After allowing 2 to 3 hours for cell attachment, recombinant mouse proteins, rmFGF8a,
rmFGF8b (R&D Systems) or both were added to the indicated concentrations and the
cultures were incubated for a further 20-22 hours. When used, inhibitors (100 nM PD
173074 or 125 nM BAY11-7082; Tocris) were added 15 minutes before the FGF8 proteins,
in 0.001 - 0.005 % DMSO, which had no effect on neurite outgrowth when compared to
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controls. In some experiments, we neutralized the activity of rmFGF8b by pre-incubating it
with the anti-FGF8b antibody (R&D Systems) for 30 minutes, before it was added to the cell
culture.

4.3 Immunolabeling

After culture for 24 hours, the cells were fixed for 20 minutes with 4% paraformaldehyde in
PB and rinsed with 0.9 % NaCl in PB (PBS). The cells were then incubated in blocking
buffer, containing 10% normal goat serum, 1% BSA and 0.3% triton X-100 in PB, for 1 hour
at room temperature. Primary antibodies in blocking buffer were added to the cells and
incubated overnight at 4°C or 2 hours at room temperature. We used rabbit anti-DCX

(1:500; Santa Cruz) and mouse anti-TUJ1 (1:1000; Covance) as neuronal markers. After
rinsing well, the cells were incubated in secondary antibodies conjugated with Alexa Fluor®
488 or 568 (Invitrogen). Nuclei were visualized by using the fluorescent DNA stain
bisBenzimide H 33258 (Hoechst).

4.4 Imaging and measurements

Images of immunostained cultured cells were captured on a Zeiss Axiovert 200M
microscope equipped with an X-Cite 120Q fluorescence illumination system (Lumen
Dynamics Group Inc.) and Axiovision software for image acquisition. Cells were located by
first inspecting the stained cellular nuclei. Then images of anti-DCX and/or anti-TUJ1
staining were captured by photographing 20x fields throughout the culture area on the
coverslip. The captured images were used to analyze neurite length. Neurite length of all the
neurons bearing neurites (more than 50 individual neurons per condition) was determined
from at least three independent experiments. We used the free-hand line segment tool in
Image J software (National Institutes of Health) to measure the longest process extending
from the soma. To evaluate the effect of treatments on cell survival, the number of labeled
neurons per micrograph was counted and normalized to 1 mmZ.

4.5 Statistical analysis

Statistical analyses were performed using one-way ANOVA (GraphPad 5.0b Prism). Each
experiment was performed in triplicate. Individual comparisons were determined using
Dunnet’s or Tukey’s multiple comparison post hoc tests. Data are presented as mean £ SEM
and means were considered significantly different if A<0.05.
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Highlights

We report that FGF8a and FGF8b promote spiral ganglion neuron
(SGN) neurite growth in vitro

This action is mediated by FGF receptors

FGF8b competitively interferes with the action of FGF8a

The NF«xB signaling pathway is required for SGN neurite outgrowth
The DCX antibody reveals the distal neurites of cultured SGN.
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S 4

Fig. 1.
Localization of TUJ1 (BI1I-Tubulin) and DCX in cultured neurons derived from P8 mouse

cochlea. Each of these neuronal markers labels both the soma and the neurites of SGN in
culture. DCX, however, extends into the distal parts of the neurites (arrows), farther than
TUJ1. M (multipolar cell body), B (bipolar cell body).
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Fig. 2.

chFSa and FGF8b promote cultured SGN-neurite outgrowth in a dose-dependent manner
through FGF receptors. Neurite outgrowth was evaluated 20 hours after addition of FGFs
(total of 24 hours). The maximum outgrowth was observed in the presence of 250 or 500
ng/ml of FGF8a (A) and 5 or 50 ng/ml of FGF8b (B). This effect was prevented by the FGF
receptor inhibitor PD173074 (C). When used, the inhibitor (100nM) was added 15 minutes
before the FGF8. Results are expressed as mean + SEM of neurite length; n = 50 to 80
neurites per condition in each of three experiments. Differences were determined by
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ANOVA,; comparison between treatments was determined by Tukey’s multiple comparison
post-hoc test. In A and B, asterisks denote differences from the controls (***p < 0.001, **p
<0.05).
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FGF8b blocks the FGF8a-promoted neurite outgrowth. Representative images are shown of
cultured SGN with control medium (A), 250 ng/ml of FGF8a (B), 5 ng/ml of FGF8b (C) or
both FGF8a and FGF8b (D). FGF8a and FGF8b independently promote neurite outgrowth to
different extents, whereas when they are combined, only the effect of FGF8b is apparent (E).
When FGF8b is neutralized by pre-incubation with anti-FGF8b, and then both FGF8a and
the neutralized FGF8b are added to the medium, the effect of FGF8a is observed again (F).
Results are expressed as mean + SEM of neurite length; n = 50 to 80 neurites per condition
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from three independent experiments. Differences between treatments were determined by
ANOVA followed by Tukey’s multiple comparison post-hoc test (***p < 0.001).
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Fig. 4.
The FGF8a-promoted neurite outgrowth is prevented by an NFxB inhibitor. The NFxB

inhibitor, BAY11-7082, prevents the FGF8a-promoted neurite outgrowth. The inhibitor (125
nM) was added 15 minutes before the FGF8a (250 ng/ml). Results are expressed as mean +
SEM of neurite length; n = 50 to 80 neurites per condition from three independent
experiments. Differences between treatments were determined by ANOVA followed by
Tukey’s multiple comparison post-hoc test (***p < 0.001).
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Table 1

The treatments did not affect neuronal survival. Neurons were stained with anti-DCX antibody 24 hrs after
plating. Cultures were maintained in the absence of serum (control) and the presence of FGF8a (250 ng/ml),
FGF8b (5 ng/ml), BAY11-7082 (125 nM) or PD173074 (100 nM). Cell counts are from independent
micrographs (n) taken at 20x. Differences were evaluated with a one-way ANOVA (F= 0.8885, P= 0.4738, df
=4).

Treatment Neurons per mm2 (& N

Control 9+0.7 20
FGF8a 9+0.7 22
FGF8b 10+0.8 23
BAY11-7082 11+1.0 18
PD173074 9+0.8 20

Survival (labeled neurons),

@ Mean = SE
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