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Abstract

The electrodes of a cochlear implant are located far from the surviving neurons of the spiral
ganglion, which results in decreased precision of neural activation compared to the normal ear. If
the neurons could be induced to extend neurites toward the implant, it might be possible to
stimulate more discrete subpopulations of neurons, and to increase the resolution of the device.
However, a major barrier to neurite growth toward a cochlear implant is the fluid filling the scala
tympani, which separates the neurons from the electrodes. The goal of this study was to evaluate
the growth of cochlear neurites in three-dimensional extracellular matrix molecule gels, and to
increase biocompatibility by using fibroblasts stably transfected to produce neurotrophin-3 and
brain-derived neurotrophic factor. Spiral ganglion explants from neonatal rats were evaluated in
cultures. They were exposed to soluble neurotrophins, cells transfected to secrete neurotrophins,
and/or collagen gels. We found that cochlear neurites grew readily on collagen surfaces and in
three-dimensional collagen gels. Co-culture with cells producing neurotrophin-3 resulted in
increased numbers of neurites, and neurites that were longer than when explants were cultured
with control fibroblasts stably transfected with green fluorescent protein. Brain-derived
neurotrophic factor-producing cells resulted in a more dramatic increase in the number of neurites,
but there was no significant effect on neurite length. It is suggested that extracellular matrix
molecule gels and cells transfected to produce neurotrophins offer an opportunity to attract spiral
ganglion neurites toward a cochlear implant.
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INTRODUCTION

Cochlear implants, electrical prosthetic devices that stimulate inner ear neurons of
individuals who have lost their cochlear sensory cells, restore usable hearing to deaf
patientsl=3]. Profound hearing loss is associated with withdrawal of dendrites from the
sensory epithelium and progressive degeneration of spiral ganglion neurons(4-3l. Therefore,
neuronal survival may be a limiting factor in cochlear implant use, especially since there is
evidence that the best results are obtained in patients with the highest number of surviving
spiral ganglion neuronsl®l. Cochlear implant electrodes are placed in the fluid-filled scala
tympani of the cochlea, at a significant distance from the spiral ganglion and even from the
spiral ganglion dendrites[’]. Stimulation via a cochlear implant electrode pair is therefore
likely to activate large numbers of neurons concurrently8-101. This may decrease the
resolution and dynamic range of information transmitted in patients with cochlear
implants(8l. The low precision of electrical neural activation, compared to the precise
activation that occurs in the normal cochlea, may explain why increasing the number of
electrodes on a cochlear implant beyond 8-10 does not improve functionality[11]. However,
if cochlear neurons could be induced to extend neurites toward a cochlear implant, it might
be possible to stimulate more discrete subpopulations, and to increase the resolution of the
devicel12-13],

Spiral ganglion neurites grow toward and terminate upon sensory cells even in culture,
perhaps because the cells produce neurotrophinst4], which have been shown to stimulate
neurite extension from spiral ganglion neurons in vitro 15211, Neurotrophins might thus be
used to direct spiral ganglion neurite growth toward a cochlear implant, but with fluid
separating the neurons from the electrodes there is no substrate upon which the neurites
might grow[22],

The growth of neurites from other types of neurons has been shown to be viable in three-
dimensional collagen matrices, which is not surprising since collagen is one of the major
components of normal extracellular matrix[23]. Studies suggest that collagen matrices
provide a suitable and stable substrate for neurite growth, and may also suppress neuronal
apoptosis. Neurons can also develop appropriate polarity and lengthy neurites in collagen
gels[?4, suggesting the potential for use in neuronal regeneration[2°].

Both neurotrophin-3 and brain-derived neurotrophic factor have been shown to improve
spiral ganglion neuron survival by up to 4-5-fold, and to affect development invivoand in
vitro [19. 21, 26-30] Gene deletion models have implicated brain-derived neurotrophic factor
as a major survival factor for vestibular neurons, and for type Il spiral ganglion neurons that
are responsible for outer hair cell innervation[31-32], Similarly, neurotrophin-3 has been
shown to promote the survival of type | neurons, responsible for inner hair cell
innervation[31. 33-34],

The goal of this project was to evaluate spiral ganglion neurite growth in a three-
dimensional extracellular matrix gel, and the response of spiral ganglion explants to
fibroblasts producing neurotrophin-3 or brain-derived neurotrophic factor. Such fibroblasts
could serve as a permanent source of neurotrophic factors to direct the growth of spiral
ganglion neurites toward a cochlear implant and improve the survival of spiral ganglion
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neurons. The three-dimensional extracellular matrix gel could serve as a bridge across the
fluid-filled scala tympani, which contains a typical extracellular fluid[3%], compatible with
neuronal survival or spiral ganglion neurites to traverse as they grow toward the cochlear
implant.

Growth of spiral ganglion neurites on two-dimensional collagen surfaces

Spiral ganglion explants grown on a two-dimensional collagen surface exhibited a pattern of
neurite growth similar to that which we have previously described for growth on fibronectin
or lamininl® 15 36-37] Neurites grew in a radial array from the explant, sometimes exiting
the explant in fascicles, but soon separating and then seldom crossing each other (Figure 1).
The neurites tended to grow upon non-neuronal cells that also grew out of the explant(®], as
can be seen in the figure.

Growth of neurites on a two-dimensional collagen surface in the presence of exogenous,
soluble neurotrophins is illustrated in Figures 1-3. In some respects, the results followed the
trend of previously published data regarding the effects of neurotrophins on spiral ganglion
neurites grown on other extracellular matrix molecules such as fibronectin or laminin[38-391,
Explants exposed to exogenous neurotrophin-3 (Figure 1B) produced significantly more
neurites (Figure 2; P < 0.05) than were seen on control explants (Figure 1A) cultured in the
absence of neurotrophins. However, unlike prior reports on laminin or fibronectin, length of
neurites grown on collagen with neurotrophin-3 was not significantly longer than that of
neurites grown without neurotrophin support (Figure 3; P > 0.05). Consistent with prior data
obtained on other extracellular matrix substrates, culture with exogenous brain-derived
neurotrophic factor on collagen (Figure 1C) produced significantly more neurites than were
observed on control explants (Figure 2; P < 0.001), and also more than observed with
neurotrophin-3 (P < 0.001). As observed previously with other extracellular matrix
substrates, there was no effect of brain-derived neurotrophic factor on neurite length (Figure
3; P >0.05). As expected, both neurotrophins were combined (Figure 1D) and significantly
enhanced neurite number and length (Figure 1D, Figures 2, 3; P < 0.01 or P < 0.05) when
compared to untreated, control explants.

Growth of spiral ganglion neurites on two-dimensional collagen surfaces with
neurotrophin-secreting cells

When co-cultured with control fibroblasts producing green fluorescent protein, the neurites
extending from spiral ganglion explants were relatively sparse, and the neurites were thin
and unbranched (Figures 4, 5). Co-culturing with cells producing neurotrophin-3 resulted in
neurites that were longer (P < 0.001) than those of explants co-cultured with the non-
neurotrophin-producing cells (Figure 6). However, the number of neurites was not
significantly greater (P > 0.05) (Figure 7). The neurites also appeared to be thicker and to
exhibit more terminal branches (Figures 4 and 5). When explants were co-cultured with
brain-derived neurotrophic factor-producing cells, neurites were not significantly longer in
comparison to explants co-cultured with non-neurotrophin-producing cells (P > 0.05)
(Figure 6), but there were significantly more neurites (P < 0.001) (Figure 7). As with
neurotrophin-3, the neurites tended to be thicker and exhibit more branches (Figures 4, 5).
The spiral ganglion neurites exhibited no evidence of termination on fibroblasts, whether or
not they produced neurotrophins, nor did neurites appear to grow preferentially on
neurotrophin-producing cells when compared to control fibroblasts.
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Growth of spiral ganglion neurites in three-dimensional collagen gels

Spiral ganglion neurites stimulated with both brain-derived neurotrophic factor and
neurotrophin-3 grew readily in three-dimensional collagen gels (Figure 8). A large number
of neurites were observed on the explants. They extended primarily laterally from the
explants, but also moved in the vertical dimension, both up and down from the explant.
Because of this, the neurites could only be completely visualized by altering the plane of
focus vertically around the explant. The number of neurites counted in gels was significantly
less than on two-dimensional collagen (P < 0.05) (Figure 2).

However, it should be noted that the three-dimensional gel counts could have been an
underestimate of true neurite number, since the values were obtained from a single digital
image for each explant, and not all neurites were visible and in focus in a single focal plane.
With respect to neurite length, when compared to growth on a two-dimensional collagen
surface, neurites in a three-dimensional collagen gel were significantly shorter (P < 0.01)
(Figure 3). This did not appear to be an artifact caused by neurites exiting the plane of focus,
since only neurites that could be traced to their ends were evaluated.

DISCUSSION

The growth of spiral ganglion neurites on two-dimensional collagen surfaces was similar in
many ways to that observed on other extracellular matrix molecules, such as laminin or
fibronectin. That is, neurites tended to grow radially from explants, often in fascicles
initially but separating within about 100 um of the explant and then rarely crossing.
Branching of neurites was relatively infrequent. Spiral ganglion neurites on two-dimensional
collagen responded to soluble, exogenous neurotrophins with increased neurite numbers,
especially for brain-derived neurotrophic factor. However, the effects of exogenous
neurotrophins on neurite length were distinct. Neurotrophin-3, which usually produces
significant increases in spiral ganglion neurite length on other extracellular matrix surfaces,
had no effect on collagen. One potential explanation might be a stimulatory effect of two-
dimensional collagen alone on spiral ganglion neurite length. The lengths that we observed
with collagen alone were greater than 500 um. This is as long as neurites that we have
observed on fibronectin or laminin with neurotrophin-3 treatment(36: 381, Thus, neurite
extension could have been saturated even in the control explants. However, the combination
of neurotrophin-3 and brain-derived neurotrophic factor did enhance neurite length,
indicating that the response was not saturated. An alternative explanation is differential cell
signaling. Differences between spiral ganglion fiber responses to neurotrophins on collagen
versus those observed on laminin or fibronectin suggest that collagen generates different
intracellular signals. This could reflect the stimulation of different integrins. Receptors that
consist of a1, a2 or a3 in combination with b1l are the primary receptors for collagen. In
contrast, many more integrins respond to laminin and fibronectin[4l. Perhaps the combined
intracellular signaling cascades activated by collagen and neurotrophin receptors are quite
different from those activated by laminin or fibronectin and neurotrophins[8: 39, 41-43]

The growth of neurites on a collagen substrate was not limited to two dimensions. Neurites
grew vigorously in collagen gels, and extended in the vertical as well as the horizontal
direction. However, growth was significantly different than on a two-dimensional surface.
The fact that neurites appeared to be fewer and were shorter in three-dimensional gels than
on a two-dimensional surface likely reflects greater difficulties experienced by neurites in
maneuvering through the complex architecture of the gel matrix as compared to a flat
surface. Alternatively, access to neurotrophins and nutrients, or removal of metabolic waste,
could have been impeded by the same factor. However, these conclusions must be qualified
by the limitations of our study. First, we did not culture spiral ganglion explants in three-
dimensional gels without neurotrophins. If the number and length of neurites in this
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condition were lower than that seen on two-dimensional collagen without neurotrophins, the
degree of stimulation observed on three-dimensional gels might have been equivalent.
Second, we evaluated the explants in three-dimensional gels from two-dimensional images.
It may be that three-dimensional reconstructions of explants would have revealed more
neurites that were not visible in two-dimensional angles or longer neurites if three-
dimensional angles were included. The latter seems unlikely, since neurites that were in
focus throughout their lengths in our images also appeared shorter than those on two-
dimensional collagen.

As noted above, spiral ganglion neurites responded to neurotrophin stimulation in a manner
generally similar to that seen in other studies. This included the observed response of
neurites to cells that secreted neurotrophin-3 or brain-derived neurotrophic factor. On the
other hand, the neurites did not display significant targeting of the cells, either in terms of
approach or termination, as has been observed with fibroblast growth factor-secreting
cells44] or fibroblast growth factor coated beads[4%]. This may reflect the rapid diffusion of
neurotrophins away from the cells, so that neurites responded to the factors in solution. We
have shown that strong neurotrophin gradients maintained by strong fluid flow in
microchannels do direct spiral ganglion neurite growth but uniform solutions do not[22: 461,
This would not be the case with fibroblast growth factor, which binds readily to extracellular
matrix molecules47-48] and might form a strong concentration gradient around the cells. Of
course, it is possible that a different rate of production of neurotrophins might have had a
different result. We did not measure the concentration of neurotrophins produced in the
culture media by the cells. However, it was clearly above the threshold concentration of
each neurotrophin which is required to evoke a neurite response (1-2 ng/mL)[19. 21, 49]
given the observed effects of each neurotrophin-secreting cell type.

It should be noted that out results are relevant primarily for type | spiral ganglion neurons,
since these neurons make up 95% of the spiral ganglion[>%-511. We have shown that the
neurotrophin dependence of type 11 neurons is different from that of type I neurons>2.
However, type | neurons are by far the dominant transmitters of auditory information to the
brain[33] and thus are the neurons relevant to cochlear implant function[>4],

Our results have positive implications for the guidance of spiral ganglion neurites toward a
cochlear implant. For example, the growth of neurites in a three-dimensional collagen gel
suggests that this or a similar matrix could be used to bridge the fluid gap between the
modiolus and the electrodes of an implant. The number of neurites could be influenced by
neurotrophin stimulation, since brain-derived neurotrophic factor significantly enhanced the
number of neurites that extended from spiral ganglion explants. Similarly, neurotrophin-3
could be added to enhance the length of the extending neurites. The use of cells that stably
secrete neurotrophins has the advantage that the factors would be produced for the life of the
cells.

Biocompatible scaffolds could readily be applied to the surface of a cochlear implant, since
they are much smaller in diameter than the fluid space, the scala tympani, into which they
are inserted. While a collagen gel as employed in this study is one possibility, it should be
noted that there are many other potential substrates that have been used in other applications,
such as nerve repairl®! and tissue reconstruction[®6]. Gel scaffolds with engineered
microchannels for neurite growth[7-581 could also be employed.

However, our results also suggest limitations to this approach. In order for neurites to
interact successfully with a cochlear implant, they would ideally need to exhibit directional
growth, and perhaps to terminate on the electrodes. The neurites in our study did not exhibit
directional responses to cellular neurotrophin sources, nor did they exhibit termination.
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Other stimuli might be needed to produce directional and termination signals. For example,
repulsive signaling by EphA4[43] micropatterned molecules!?2 371 or microchannels[46]
could produce directional growth, while fibroblast growth factor-1 could induce
termination[44-45].

In conclusion, overall, our results suggest that transduced, non-neuronal cells may be
effective as long-term sources of neurotrophic support and for stimulation of neurite
extension from cochlear neurons.

In combination, three-dimensional collagen gels and cells transfected to produce
neurotrophins offer an opportunity to induce growth of spiral ganglion neurites into the fluid
spaces of the cochlear scalae, and thus closer to a cochlear implant. However, additional
sources of cellular signals that would induce directional growth of neurites to the implant
and their termination on the device remain to be identified.

MATERIALS AND METHODS

Design

An invitro, controlled experiment.

Time and setting

Materials

Methods

The experiments described were performed between July 2005 and August 2012 at the
Division of Otolaryngology, San Diego Veterans Administration Medical Center and
University of California, San Diego, CA, USA.

All procedures were approved by the local animal committee (Veterans Administration
Medical Center, San Diego, CA, USA) in accordance with the guidelines laid down by the
National Institute of Health regarding the care and use of animals for experimental
procedures. Postnatal day 3-5 Sprague-Dawley rats were used to obtain spiral ganglion
explants.

Animal dissection and tissue culture—Sprague-Dawley rats were sacrificed as
described by Van De Water and Ruben with slight modifications®l. Under sterile
conditions, the animal skulls were opened mid-sagitally following cervical transection. After
identification of the temporal bone under a dissecting microscope, the membranous
labyrinth was exposed by peeling off the bony and cartilaginous cochlear capsule. Following
removal of the stria vasularis and the organ of Corti, the spiral ganglion was separated from
the modiolus and cut into eight to ten approximately equal portions to serve as explants for
culture.

Soluble neurotrophinc factors and brain-derived neurotrophic factor,
neurotrophin-3, and green flourescent protein-producing fibroblast cultures—
Brain-derived neurotrophic factor (Upstate, Charlottesville, VA, USA), neurotrophin-3
(Upstate) were applied to spiral ganglion explant cultures as soluble factors.

In addition, rat fibroblasts that had been stably transfected with neurotrophin-3, fibroblasts
stably transfected with brain-derived neurotrophic factor, or fibroblasts stably transfected
with green fluorescent protein, kindly provided by Professor Mark Tuszynski of UCSDI6%],
were cultured in cell media consisting of 500 mL Dulbecco’s Modified Eagle’s medium
(DMEM) with 4.5 g/L of glucose, 10% fetal bovine serum, 1% of stock Pen-strep/L-
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glutamine mixture, and 1% of stock G418, grown initially in T25 flasks, and then expanded
up to T150 flasks and stored at 37°C, 5% CO2 and 95% humidity for harvesting. When
fibroblast cell lines were needed, they were lifted from flask surfaces with trypsin. Trypsin
activity was then halted by the addition of DMEM. The solution was collected in a 15 mL
conical tube and then centrifuged at 1 100 r/min for 3-5 minutes. The precipitate was then
separated from the supernatant by decantation, and the pellet was resuspended at the desired
cell density for use in two-dimensional culture plates.

Preparation of two-dimensional collagen tissue culture plates—To establish a
two-dimensional collagen surface, tissue culture plates (24-well, Falcon, Chino, CA, USA)
were incubated with rat tail collagen type 1 at 5 pg/cm? (BD Biosciences, Bedford, MA,
USA) in PBS at 4°C overnight. After coating and two washes with 10 x volume PBS, each
well was filled with poly-L-lysine at 1 mg/mL in DMEM for 1 hour at 37°C and then
washed using PBS. Spiral ganglion explants (see above) were placed in individual wells
containing 170 pL of attachment media containing DMEM with 10% fetal bovine serum, 25
mmol/L Hepes buffer, and 300 U/mL penicillin for 24 hours. This was then replaced with
250 pL of growth medium consisting of DMEM, 25 mmol/L Hepes buffer, 300 U/mL
penicillin, 6 mg/mL glucose, and 1% N-2 supplement. For soluble neurotrophin experiments
(Figures 1-3), 25 ng/mL neurotrophin-3, 25 ng/mL brain-derived neurotrophic factor or both
neurotrophins (each at 25 ng/mL) were added. For experiments with neurotrophin-secreting
cells (Figures 4-7), media were mixed in a 15 mL conical tube and then used to resuspend
one of the fibroblast pellets generated as described above. The cell suspension was then
evenly distributed at 250 pL/well, and a spiral ganglion explant was then placed in each
well. This co-culture was then incubated at 37°C, 5% CO, and 95% humidity for 72 hours.

Preparation of three-dimensional collagen gels—Rat tail collagen type | (BD
Biosciences), sterile 10 x PBS, and sterile 1 mol/L NaOH, and a 25 mL conical tube from
Fisher were placed on ice. While in a hood, using sterile technique, rat tail collagen was
diluted from 3.28 mg/mL to 0.4 mg/mL. 20 mL of DMEM, 0.750 mL of Hepes, 0.165 mL of
glucose, 0.150 mL of penicillin, 0.300 mL of N-2 supplement, 0.075 mL of neurotrophin-3
and 0.024 mL of brain-derived neurotrophic factor were first added to the tube, followed by
0.071 9 mL of NaOH. Finally, 0.085 mL of collagen was added to the tube. The solution
was mixed by inversion. 500 pL of solution was then pipetted into each well of 24 well
Falcon tissue culture plates. This was then kept on ice during the dissection process to
prevent gelation, after which a spiral ganglion explant was suspended centrally in each well.
The plate was then immediately incubated at 37°C, 5% CO, and 95% humidity for 72 hours.

Fixation and immunohistochemistry—After 72 hours in culture, the spiral ganglion
explants were fixed with 4% paraformaldehyde for 20 minutes at room temperature and then
washed with PBS twice. Following permeabilization of the cells with 10% fetal bovine
serum/1% Triton X-100 in PBS, the specimens were incubated with 15 pL/mL donkey
serum (Sigma, St. Louis, MO, USA) in PBS for 10 minutes to prevent non-specific antibody
binding. In order to detect 200 kDa neurofilament, the explants were then incubated with a
rabbit polyclonal anti-NF200 antibody (Sigma) at a 1:500 dilution in PBS with 15 uL/mL
fetal bovine serum at 4 °C for 24 hours. The specimens were labeled with a FITC-or Texas
red-conjugated secondary donkey anti-rabbit antibody (Jackson ImmunoResearch, West
Grove, PA, USA) for 30 minutes at room temperature. Fibroblasts and other non-neuronal
cells that migrated from the explants were visualized with FITC-conjugated phalloidin
(Sigma) to label beta-actin. Cultures were visualized on an inverted fluorescence microscope
(Olympus IX70, Melville, NY, USA), or for greater details on a confocal miscrocope (Zeiss
510, Thornwood, NY, USA). For three-dimensional cultures in gels, images were obtained
in the focal plane that allowed the maximum number of neurites to be observed and
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analyzed. More than one focal plane was imaged for some explants to illustrate neurite
extension in a three-dimensional manner.

Data analysis—Neurite lengths and numbers were evaluated as previously
described[38-39], Briefly, explants were digitally imaged at a standard magnification. The
length of extending spiral ganglion neurites was determined by tracing all neurites on each
spiral ganglion explant and measuring the length from the edge of the explant to the tip of
the neurite using National Institutes of Health Image software (National Institutes of Health,
Bethesda, MD, USA). This number was averaged for each explant, and then across all of the
explants for a given treatment condition. The number of neurites was determined by
counting all traced fibers from each explant. Counts were taken beyond the point of neurite
fasciculation that is typically observed close to the explant (Figure 1).

Data were analyzed by analysis of variance (ANOVA) and by Fisher’s Protected Least
Significant Difference (PLSD) tests with Bonferroni correction for multiple post-hoc tests,
using Statview 5.0 software (Statview, Cary, NC, USA). Probabilities less than 0.05 were
accepted as statistically significant.
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BDNE NT-3 + BDNF

Figure 1. Appearance of spiral ganglion explants grown on a two-dimensional collagen surface,
immunostained for neurofilament 200 (FITC)

(A) Untreated control explant; (B) explant exposed to 25 ng/mL exogenous neurotrophin-3
(NT-3); (C) explant exposed to 25 ng/mL exogenous brain-derived neurotrophic factor
(BDNF); (D) explant exposed to both 25 ng/mL NT-3 and 25 ng/mL BDNF. In the presence
of exogenous NT-3 or BDNF, explants exhibited more neurites than those exposed to
control media. The images were obtained on an Olympus 1X70 inverted fluorescent
microscope.
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Figure 2. Average number of neurites on spiral ganglion explants exposed to exogenous
neurotrophinsin solution, either on a two-dimensional (2-D) surface or in a three-dimensional
(3-D) collagen gel

Experimental groups are presented on the X axis. On 2-D collagen, neurotrophin-3
(NT-3; @P < 0.05), brain-derived neurotrophic factor (BDNF; PP < 0.001) or the two
neurotrophins combined (°P < 0.001) significantly increased neurite number when
compared to media without neurotrophins (Cont). In contrast, in a 3-D gel even with both
neurotrophins present, the number of neurites counted was not significantly different from
that observed on explants grown on 2-D collagen without neurotrophins. The number of
neurites per explant in 3-D gels was also significantly less than that observed on explants
grown on 2-D surfaces with both neurotrophins (°P < 0.05). Data are presented as mean +
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SD. The number of explants in each group is provided in parentheses. Data were analyzed

by analysis of variance (ANOVA) and Fisher’s Protected Least Significant Difference
(PLSD) post-hoc test.
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Figure 3. Average length of neuriteson spiral ganglion explants exposed to exogenous
neurotrophinsin solution, either on a two-dimensional (2-D) surface or in a three-dimensional
(3-D) collagen gel

Experimental groups are presented on the X axis. On 2-D collagen, individual neurotrophins
had no effect on neurite length. However, neurotrophin-3 (NT-3) and brain-derived
neurotrophic factor (BDNF) combined significantly enhanced neurite length (3P < 0.05).
Also, growth in a 3-D collagen gel significantly inhibited neurite length (°P < 0.01) when
compared to any other condition. Data are presented as mean £+ SD. The number of explants
in each group is provided in parentheses. Data were analyzed by analysis of variance
(ANOVA) and Fisher’s Protected Least Significant Difference (PLSD) post-hoc test. Cont:
Control.
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Figure 4. Response of spiral ganglion neuritesto cellular sources of neurotrophins

Explants were immunostained for neurofilament 200 (Texas Red). Non-neuronal cells were
visualized with phalloidin (FITC) to label cellular actin to identify any potential
relationships between non-neuronal cells and neurites, such as targeting. On a two-
dimensional collagen substrate, spiral ganglion explants co-cultured with brain-derived
neurotrophic factor (BDNF) secreting cells exhibit enhanced neurite number when
compared to explants maintained with control, non-secreting fibroblasts. Neurotrophin-3
(NT-3) secreting cells enhanced neurite length. The images were obtained on an Olympus
IX70 inverted fluorescent microscope.
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Figure 5. Confocal images of spiral ganglion neurites co-cultured with neurotr ophin-producing
cells

As above, neurites were immunostained for neurofilament 200 (Texas Red) and FITC
phalloidin was used to visualize actin in non-neuronal cells. On a two-dimensional collagen
substrate, spiral ganglion neurites did not terminate on fibroblasts, regardless of whether or
not neurotrophins were secreted. However, the neurites appeared thicker in the presence of
neurotrophin-producing fibroblasts. The images were obtained on a Zeiss 510 confocal
microscope. NT-3: Neurotrophin-3; BDNF: brain-derived neurotrophic factor.
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Figure 6. Average length of neuriteson spiral ganglion explants co-cultured with neurotrophin-
secreting or control (Cont) fibroblasts

Neurotrophin-3 (NT-3) secreting cells significantly enhanced neurite length (3P < 0.001),
while brain-derived neurotrophic factor (BDNF)-secreting cells did not (P > 0.05). The
number of explants in each group is provided in parentheses. Data are presented as mean +
SD and analyzed by analysis of variance (ANOVA) and Fisher’s Protected Least Significant
Difference (PLSD) post-hoc test.
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Figure 7. Average number of neurites from spiral ganglion explants co-cultured with

neur otr ophin-secreting cells

Neurite numbers were greatly enhanced by brain-derived neurotrophic factor (BDNF)-
secreting cells (3P < 0.001), but not by neurotrophin-3 (NT-3)-secreting cells (P > 0.05). The
number of explants in each group is provided in parentheses. Data are presented as mean +
SD and analyzed by analysis of variance (ANOVA) and Fisher’s Protected Least Significant
Difference (PLSD) post-hoc test.
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Figure 8. Growth of spiral ganglion neuritesin three-dimensional (3-D) plane

The explant was immunolabeled for neurofilament 200 (FITC). In a collagen gel, neurites
grow from a spiral ganglion explant exposed to both neurotrophin-3 and brain-derived
neurotrophic factor both in the horizontal and vertical dimensions. The left and right images
show two focal planes, in order to illustrate the three-dimensional nature of neurite
extension through the gel. The mean length of neurites was shorter than that observed on
explants grown on a two-dimensional collagen substrate (Figure 3). The images were
obtained on an Olympus IX70 inverted fluorescent microscope.
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