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Abstract

Auditory neurons, the target neurons of the cochlear implant, degenerate following a sensorineural
hearing loss. The goal of this research is to direct the differentiation of embryonic stem cells (SCs)
into bipolar auditory neurons that can be used to replace degenerating neurons in the deafened
mammalian cochlea. Successful replacement of auditory neurons is likely to result in improved
clinical outcomes for cochlear implant recipients. We examined two post-natal auditory co-culture
models with and without neurotrophic support, for their potential to direct the differentiation of mouse
embryonic SCs into characteristic, bipolar, auditory neurons. The differentiation of SCs into neuron-
like cells was facilitated by co-culture with auditory neurons or hair cell explants, isolated from post-
natal day five rats. The most successful combination was the co-culture of hair cell explants with
whole embryoid bodies, which resulted in significantly greater numbers of neurofilament positive,
neuron-like cells. While further characterisation of these differentiated cells will be essential before
transplantation studies commence, these data illustrate the effectiveness of post-natal explant co-
culture, at providing valuable molecular cues for directed differentiation of SCs towards an auditory
neuron lineage.
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INTRODUCTION

The sensory hair cells of the cochlea transduce the mechanical vibrations of sound to the brain
viaauditory neurons. In addition, these hair cells and their surrounding supporting cells provide
an ongoing source of neurotrophins to auditory neurons [1-6]. The loss of inner hair cells in
mammals causes a permanent sensorineural hearing loss and initiates a wave of secondary
degeneration of auditory neurons, the target neurons of the cochlear implant [7,8]. While the
cochlear implant is capable of directly stimulating residual auditory neurons following a
sensorineural hearing loss, the auditory nerve continues to degenerate, resulting in reduced
numbers of surviving neurons in humans with chronic deafness [9,10] and in long-term
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deafened animals [8,11]. Given that the efficacy of the cochlear implant relies, at least in part,
on a critical number of surviving auditory neurons, current investigations are directed towards
the protection and/or replacement of these cells. Greater numbers of auditory neurons are likely
to result in improved clinical outcomes for cochlear implant recipients [9,12].

Numerous experimental studies have reported the rescue of auditory neurons from
sensorineural hearing loss-induced degeneration by the exogenous infusion of neurotrophins
[13-22]. While significant survival is observed during the delivery of neurotrophins into the
cochlea, this survival-promoting effect is lost immediately following the cessation of treatment
[23]. In addition, the long-term application of exogenous neurotrophins to the cochlea using a
pump-based delivery system is problematic, due to the increased risk of infection associated
with reloading or replacing these devices, which are currently used for delivery in experimental
animals [24]. Given these difficulties, cell based therapies are presently being investigated as
a long-term solution to auditory neuron degeneration in the deafened mammalian cochlea
[24]. Stem cells (SCs) are promising candidates for cochlear cell based therapy as they have
the potential to provide large numbers of replacement neurons to the degenerating auditory
nerve.

In order to direct the in vitro differentiation of SCs into an auditory neuron lineage, we need
to replicate the early developmental stages that result in the formation of auditory neurons in
vivo. In mammals, auditory neurons arise from the otocyst which is formed from an
invagination of the otic placode region of ectoderm at approximately embryonic day eight
[25]. In a specialised region of the otocyst, there is upregulation of the transcription factor
neurogenin-1, which occurs concurrently with upregulation of the neurotrophins brain derived
neurotrophic factor (BDNF) and neurotrophin-3 (NT3). These neurotrophins have been shown
to be essential for normal auditory development, including developing auditory neurons [25],
demonstrated by the localization of their high affinity receptors TrkB and TrkC respectively,
on these cells [1-3,6,26]. The upregulation of neurogenin-1 results in the formation of auditory
neuron precursors, which is followed by the sequential expression of the proneural genes
NeuroD, Brn3a and TrkC as these neural precursors delaminate from the otocyst [25]. Yet to
be elucidated is the mechanism(s) causing the initial upregulation of neurogenin-1 and the
precise sequence of growth factor-receptor interactions that control gene expression, and
ultimately differentiation, into auditory neuron precursors.

Interactions and signalling between developing tissues play an essential role in regulating
differentiation in vivo. Given the complexity of cellular signalling pathways in vivo, this
environment is often difficult to mimic completely in vitro. Co-culture models provide a
method to study differentiation under controlled conditions, with the advantage of being able
to replicate some tissue-derived signalling. Co-culture models have previously been used to
successfully direct the differentiation of stem or precursor cells into neurons [27-29],
haematopoietic cells [30,31], photoreceptor cells [32], and hepatocytes [33], and to promote
cell survival and expansion in vitro [34-38]. However, there are presently no established in
vitro or co-culture models for the differentiation of SCs into auditory neurons.

The aim of this research is to direct the differentiation of SCs into auditory neurons that can
be used to replace those that degenerate following a sensorineural hearing loss. The current
study addresses the first vital steps in this process; the differentiation of embryonic SCs into
bipolar neurons. We investigated two co-culture models for their ability to direct the
differentiation of mouse embryonic SCs in vitro. Stem cells were induced to form neural
precursors via timed exposure to retinoic acid [39], before being co-cultured with dissociated
rat auditory neurons or hair cell explants isolated from post-natal day five rat pups. The effect
of co-culture with and without BDNF and/or NT3 on the differentiation of these SCs into
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bipolar neuron-like cells was evaluated using a combination of immunohistochemical and
quantification techniques [40].

MATERIALS AND METHODS

Maintenance of embryonic SCs

We used the mouse embryonic SC line R1 B5-EGFP (Tg(GFPU)5 Nagy/J) in this study [41]
http://www.mshri.on.ca/nagy/r1.htm. These cells were genetically modified to express green
fluorescent protein (GFP). Undifferentiated SCs were grown in standard embryonic SC media
comprising Dulbecco's modified Eagle's medium (DMEM; Invitrogen), supplemented with
10% fetal bovine serum (FBS; Invitrogen), 1% penicillin/streptomycin (Invitrogen), 1%
nucleosides (Sigma), 1% nonessential amino acids (Invitrogen), 1% L-glutamine (Sigma), 1
mL/L 1000X R-mercaptoethanol (BME; GIBCO/BRL) and 1 mL/L (1000 units) leukaemia
inhibitory factor (LIF; Chemicon). Stem cells were grown at 37°C, 5% CO» and passaged every
2-3 days using 0.025% trypsin (Invitrogen; diluted in phosphate buffered saline (PBS)
containing 0.2% ethylenediaminetetraacetic acid (EDTA), AppliChem). Green fluorescent
protein positive SCs were purified prior to differentiation into embryoid bodies using
fluorescence activated cell sorting.

Pre-differentiation of embryonic SCs for co-culture

Eight days prior to co-culture, undifferentiated SCs were induced to form embryoid bodies via
timed exposure to retinoic acid [39]. Briefly, undifferentiated SCs were transferred into non-
adherent bacterial petri dishes containing embryonic SC media without LIF and grown for 4
days in vitro. This resulted in the formation of free-floating embryoid bodies. After 4 days in
vitro, embryoid bodies were transferred into fresh embryonic SC media without LIF but
containing 0.5 puM retinoic acid, and grown for a further 4 days in vitro. Prior to co-culture
embryoid bodies were collected in a 50 mL plastic tube and allowed to settle at the base. The
media was carefully removed and the cells were rinsed twice for 5 minutes in 10 mL
unsupplemented DMEM. Half of the resulting pellet was used for co-culture as whole embryoid
bodies, while the remainder was transferred into 1 mL of 0.025% trypsin for 5 minutes for
preparation of dissociated embryoid bodies. Enzymatic digestion was inactivated by addition
of 9 mL embryonic SC media to the trypsin, and the pellet collected and resuspended in 1 mL
auditory neuron media (comprising 50 mL DMEM, 1.1 mL N1 supplement, and 4.5 g/L
glucose). The embryoid bodies were dissociated mechanically using 18G - 23G needles in
succession. A viable cell count was performed using trypan blue (Sigma) and the suspension
adjusted to ~50,000 cells/mL in auditory neuron media.

Isolation and preparation of tissues for co-culture

Cochlear tissue for co-culture was isolated from post-natal day five Sprague-Dawley rat pups.
Rat organ of Corti explants are immature at this time with the onset of auditory function
reported to occur between post-natal day 12 and 14, and mature at approximately post-natal
day 22 [42]. Sixteen rat pups (32 cochleae) were required for each co-culture experiment.
Following anaesthesia on ice, rat pups were decapitated and the heads rinsed in 70% ethanol.
Under sterile conditions, the skull was opened longitudinally, the temporal bone identified,
and the bulla removed and placed into a chilled solution of hair cell explant media (comprising
50 mL DMEM/F-12 (Invitrogen), 1.1 mL N1 supplement, and 6 g/L glucose). While still
submerged in hair cell explant media, the cochlea was gently dissected from the bulla and the
organ of Corti removed from the modiolus. The modiolus and organ of Corti were placed into
separate petri dishes and maintained in chilled hair cell explant media until all dissections were
completed. All procedures were compliant with the Royal Victorian Eye and Ear Hospital
Animal Research and Ethics Committee Guidelines (project approval numbers 02/090A and
03/099A).
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Dissociated AN culture—Cultures of dissociated auditory neurons were prepared as
previously described by Gillespie and colleagues [43]. Briefly, the modioli were digested in a
solution of sterile Ca2*, Mg?*-free Hank's balanced salt solution (Gibco), containing 0.025%
trypsin (Calbiochem) and 0.001% DNase (Boehringer Mannheim), and incubated at 37°C.
After 30 minutes, enzymatic digestion was terminated by addition of 1 mL FBS and the modioli
centrifuged for 10 minutes at 2000 rpm at room temperature. The supernatant was discarded
and the tissue was mechanically dissociated in 3 mL Hepes buffered Eagle's medium (HEM;
Gibco) containing 0.001% DNAse, by gentle trituration using 18G - 23G needles in succession.
The tissue was centrifuged at 2000 rpm for 10 minutes, the supernatant removed and the
remaining cell pellet gently resuspended in 3 mL auditory neuron media and pre-plated for 30
minutes at 37°C, 10% CO». The resulting neuron-enriched cell suspension was collected and
then plated into chamber slides (4-well, Nunc Lab Tec II) at 250 uL per well. All wells had
been pre-coated with poly-ornithine (500 pg/mL, Sigma) overnight, and laminin (0.01 mg/mL,
Invitrogen) for at least 1 hour, and contained 50 ng/mL each of BDNF (Peprotech) and NT3
(Peprotech) (final concentration). Previous experimentation in our laboratory demonstrated
that the combined effect of BDNF and NT3 (at a concentration of 50 ng/mL each) was observed
to significantly enhance auditory neuron survival in vitro compared to either neurotrophin alone
[44]. Auditory neuron cultures were incubated at 37°C, 10% CO,, for at least 1 hour prior to
co-culture with pre-differentiated SCs.

Hair cell explant culture—All organ of Corti explants were rinsed briefly in HEM using a
plugged, siliconised Pasteur pipette, and then transferred immediately into fresh hair cell
explant media. The stria vascularis was carefully removed with fine forceps and the remaining
hair cell explant oriented on a 0.4 um organotypic membrane (Millipore) with Reissner's
membrane folded away from the hair cells. Two hair cell explants were oriented on each
membrane. The membranes were placed into individual 35 mm tissue culture wells containing
0.5 mL hair cell explant media + 50 ng/mL BDNF (final concentration) and incubated at 37°
C, 10% CO, for 3 hours prior to co-culture with pre-differentiated SCs. Previous
experimentation in our laboratory showed that BDNF promoted the survival of hair cells in
whole explant cultures (unpublished observations).

Experimental groups

All treatment conditions are summarised in Figure 1 (A-J) and were incubated at 37°C, 10%
CO,, for the time periods described. Each experiment was repeated in triplicate using cochlear
tissues isolated from two animal litters (born on the same day).

Co-cultures of SCs with auditory neurons—Pre-differentiated SCs were added to
auditory neuron cultures, as either dissociated embryoid bodies (250 uL cells suspended in
auditory neuron media) or as whole embryoid bodies (10 uL embryoid bodies + 240 uL auditory
neuron media), and grown for 7 days in vitro. Partial media changes were performed after 2,
4 and 6 days in vitro. Controls were set-up identically in 4-well chamber slides, but without
dissociated rat auditory neurons. Pre-differentiated SCs were added either as dissociated
embryoid bodies (250 uL cells suspended in auditory neuron media) or whole embryoid bodies
(10 uL embryoid bodies + 240 uL auditory neuron media) and grown for 7 days in vitro, with
partial media changes performed after 2, 4 and 6 days in vitro.

Co-cultures of SCs with hair cell explants—Pre-differentiated SCs were added to hair
cell explant cultures as whole embryoid bodies (10 uL embryoid bodies + 490 pL hair cell
explant media). The embryoid body/media suspension was carefully plated onto the
organotypic membrane so as not to disturb the hair cell explant, and then co-cultured for 3 days
in vitro without media changes. Three days was the longest period of time that hair cell explants
could be maintained in static cell culture, before the underlying cells of the explant proliferated
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and disrupted the hair cell growth. Controls were set up identically on organotypic membranes,
but without hair cell explants. Pre-differentiated SCs were placed on top of the membrane as
whole embryoid bodies (10 uL embryoid bodies in 490 pL hair cell explant media) and grown
for 3 days in vitro without media changes. Further controls consisted of growing hair cell
explants alone (without whole embryoid bodies).

Quantitative analysis

Microscopy

Auditory neuron co-cultures and control treatments—After 7 days in vitro, all
auditory neuron co-culture and control treatment wells were fixed in 250 uL 4%
paraformaldehyde (PFA) for 30 minutes and then rinsed three times for 5 minutes in PBS.
Following the final rinse, the chambers were removed and the slide mounted in diamidino-2-
phenylindole (DAPI) fluorescent mounting medium (Vector). Stem cells were identified in
each treatment well by the co-expression of endogenous GFP with the nuclear marker DAPI,
using direct fluorescent microscopy. In each well, we counted the number of co-labelled GFP/
DAPI positive cells displaying neuron-like or glial-like morphology, within ten randomly
generated fields of view. Neuron-like cells were identified based on characteristic auditory
neuron bi-polar morphology from previous in vitro experimentation [43] with a soma diameter
of between 15-25 um. Glial-like cells were identified based upon characteristic morphology
[45] and typically displayed numerous, short projections, a much larger cell body and a nuclear
diameter of 20-35 um. All quantification was performed blindly and then analysed using multi-
factorial ANOVA (SigmaStat 3 software), to detect statistically significant differences in the
numbers of neuron-like and glial-like cells produced between the various treatment groups.
Any statistically significant effects were then confirmed using a Kruskal-Wallis one-way
ANOVA on ranks with Dunn's correction for multiple pairwise comparisons.

Hair cell explant co-cultures and control treatments—After 3 days in vitro, all
organotypic membranes were fixed for 30 minutes in 1 mL 4% PFA and rinsed three times for
5 minutes in PBS. After the final rinse, membranes were immunolabelled for neurofilament
protein (68 kDa; Chemicon) using standard techniques. Briefly, all tissues were blocked and
permeabilised using 2% goat serum in 0.1% Triton-X (diluted in PBS) for 1 hour. They were
then incubated in rabbit anti-neurofilament (1:400) for 1 hour at room temperature on rotation.
Following thorough rinsing in PBS, the anti-rabbit secondary antibody Alexafluor 594
(Molecular Probes) was applied for a further hour, at a dilution of 1:200 on rotation at room
temperature. Primary and secondary antibodies were diluted in the described blocking solution.
Following final rinses in PBS, membranes were placed onto glass slides and mounted with the
hair cell explants facing up using Anti-fade (Molecular Probes). IGOR Pro (Wavemetrics®;
www.wavemetrics.com) was used to generate a set of random points at which to count the
number of neurons present in each treatment group. Each point was equivalent to the field of
view under the 20X objective (1.25 mm in diameter). Neuron-like cells were identified within
randomly generated fields by neurofilament expression in conjunction with the characteristic
bi-polar morphology previously described. All quantification was performed blindly and data
analysed using two-way ANOVA (SigmasStat 3 software) to detect statistically significant
differences between groups.

All photomicrographs were taken using a Zeiss Axioplan Microscope using both transmitted
light and a fluorescent lamp with appropriate filters (Zeiss filter set 00; 488000-0000, Zeiss
filter set 02; 488002-0000 and Zeiss filter set 13; 488013-0000), connected to a Zeiss AxioCam
12V monochrome digital camera with AxioVision 3 software.
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RESULTS

Stem cells produced neuron-like and glial-like cell morphologies in auditory neuron co-
cultures and control treatments

Undifferentiated SCs were induced to form free-floating embryoid bodies for eight days prior
to co-culture by removal of LIF from the media and timed exposure to retinoic acid (Figure
2A,B). Following retinoic acid treatment, whole or dissociated embryoid bodies were cultured
either with or without dissociated rat auditory neurons for 7 days in vitro. In addition, the effect
of neurotrophin exposure on each culture condition was examined. The number of neuron-like
cells (Figure 2C,D) and glial-like cells (Figure 2E,F) was counted in each treatment condition
(Figure 3 conditions A-F). Stem cells were distinguished from other cell types in the co-culture
using direct fluorescent microscopy for the co-expression of GFP (green) and DAPI (blue)
(arrowheads, Figure 2C-F). All other cell types were GFP negative and expressed only DAPI
(arrows, Figure 2C-E).

Effect of media, neurotrophins and auditory neuron co-culture on the differentiation of SCs
into neuron-like or glial-like cells

We tested the effect of media alone on the differentiation of either dissociated or whole
embryoid bodies into neuron-like or glial-like cells. In the absence of both neurotrophins and
auditory neuron co-culture, we observed significantly fewer neuron-like cells in comparison
to glial-like cells in both dissociated and whole embryoid body preparations (p<0.001; Figure
3 conditions A,B). The ratio of neuron-like cells to glial-like cells in these treatments was
approximately 1:3 (dissociated embryoid body preparations) and 1:9 (whole embryoid body
preparations), strongly favouring the differentiation of glial-like cells in media alone (Figure
3).

We also examined the effect of the neurotrophins BDNF and NT3 on directing the
differentiation of whole and dissociated embryoid bodies. In comparison to media alone
treatments, these experiments showed a decrease in the number of glial-like cells produced.
This was accompanied by a reduction in the total number of differentiated cells counted (Figure
3 conditions C,D). Although whole embryoid body preparations showed significantly fewer
neuron-like cells than glial-like cells (p<0.001), there was no significant difference detected
in the mean number of each cell type in dissociated embryoid body preparations. Furthermore,
the approximate ratio of neuron-like cells to glial-like cells in dissociated embryoid body
preparations was similar with (1:3) and without (1:3) neurotrophin treatment (Figure 3
conditions A,C).

The ability of auditory neurons to promote differentiation toward a neuronal lineage, was
assessed by co-culturing both whole and dissociated embryoid bodies with post-natal rat
auditory neurons. This strategy improved the proportion of neuron-like cells produced from
embryoid bodies (Figure 3 conditions E,F) in comparison to control treatments (Figure 3
conditions A-D), although this increase was not observed to be significantly greater.

Co-cultures of embryoid bodies and hair cell explants promoted differentiation of SCs into
bipolar, neurofilament positive, cells

We also investigated post-natal rat hair cell explants for their ability to direct differentiation
of whole embryoid bodies into bipolar neurons. Pre-differentiated embryoid bodies were co-
cultured with hair cell explants with and without 50 ng/mL BDNF. Fluorescent
photomicrographs depict numerous neurofilament positive, bi-polar neuron-like cells
produced from co-cultures with hair cell explants (arrowheads Figure 4A,B), which were
predominantly observed in the peripheral zone of the embryoid body (arrowheads Figure 5A).
While in some cases the processes extending from these cells were observed growing in a
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directional manner (arrows Figure 4A, arrowhead 5C), in other cases they were observed to
be growing in multiple directions (arrows Figure 4B). Many processes were observed growing
within embryoid bodies (arrowheads Figure 5B) and a proportion of these processes extended
toward adjacent embryoid bodies (arrowhead Figure 5C). Few of these processes were
observed growing toward the hair cell explant and no neuron-like cells were observed on
organotypic membranes when hair cell explants were cultured alone (data not shown). It is
interesting to note that differentiating neuron-like cells were comparable in size, morphology
and neurofilament expression to rat auditory neurons grown in culture (Figure 4C).

We used a two-way ANOVA to detect significant differences in the number of neurofilament
positive neuron-like cells generated from the described treatment conditions. Statistical
analyses showed that significantly more neurofilament positive, bi-polar cells were formed
when whole embryoid bodies were grown in co-culture with hair cell explants, in comparison
to control treatments grown without hair cell explants (p<0.001; Figure 6). We did not detect
any significant effect from the addition of BDNF to the various treatments either in the presence
or absence of hair cell explants (Figure 6G,H versus 61,J).

DISCUSSION

The aim of this research is to differentiate SCs into auditory neurons that can be used to replace
those that degenerate following a sensorineural hearing loss. We investigated two co-culture
models for their ability to provide the correct combination of tissue-derived signals required
for the directed differentiation of embryonic SCs toward an auditory neuron lineage. Despite
minor methodological differences between the two co-culture models, both were effective at
promoting the differentiation of neuron-like cells from whole embryoid body preparations, in
comparison to respective controls treatments. Collectively, these results demonstrate the
potential use of co-cultures, in particular hair cell explants, at directing the differentiation of
SCs into bipolar neuron-like cells. In the future, a purified population of these cells may have
the potential to provide replacement neurons to the deafened mammalian cochlea.

Co-cultures of hair cell explants with embryoid bodies promoted differentiation of neuron-

like cells

The co-culture of hair cell explants with whole embryoid bodies resulted in significantly greater
numbers of neuron-like cells in comparison to control treatments. In these experiments,
differentiated neuron-like cells expressed a neuron specific protein in a pattern comparable to
dissociated neurons cultured from both post-natal day five rats (Figure 4C) and mice [46]. The
neural differentiation in hair cell explant/whole embryoid body co-cultures may be related to
several factors, including the specific role of hair cells and supporting cells in development,
and the precise changes in neurotrophin expression patterns in developing organ of Corti tissue
explants.

Auditory hair cells provide essential trophic support to auditory neurons during development
[1-4,6] in the form of the neurotrophins BDNF and NT3. The expression gradient of these
neurotrophins in the cochlea is not static, and is hypothesized to be reversed between embryonic
development and adulthood [47]. Specifically, BDNF is expressed in the apical region of the
cochlea during development and NT3 is expressed at the base [2,48], with the relative levels
of BDNF and NT3 reported to be evenly distributed at birth [48]. In addition, studies by
Stankovic and colleagues [5] have illustrated that the supporting cells of the organ of Corti also
provide critical trophic support to auditory neurons via erbB-neuregulin signalling. In this way,
it is plausible that the hair cell explants provide both the combination and concentration of
trophic support required for the differentiation and survival of auditory neurons precursors in
vitro.
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The soma of the neurofilament positive, neuron-like cells were observed primarily around the
periphery of the embryoid body and growing out onto the organotypic membrane. Neuron-like
cells were often observed growing in close proximity to one another and were rarely observed
growing alone. In addition, neurofilament positive processes were observed growing both
within the embryoid bodies and projecting away from the centre onto the organotypic
membrane. A proportion of these processes were observed growing toward one another in the
dish and in a rudimentary directional manner, however, we did not observe any significant
growth of new processes toward hair cell explants, as has been reported when auditory neurons
are co-cultured with hair cell explants [49]. If stem cell therapy is to be used for auditory neuron
replacement in the future, it is imperative that newly transplanted neurons form functional and
tonotopic connections with second order neurons in the cochlear nucleus [50]. Such a therapy
would require the directional growth of new neurons. While further in vivo investigations will
be required in order to properly test the capacity of differentiated cells to form tonotopic
connections in the deafened auditory system, these observations suggest that differentiated
neuron-like cells are capable of rudimentary directional growth in vitro.

Brain derived neurotrophic factor has been reported to direct the differentiation of central
nervous system SCs into neurons [51]. It is therefore interesting to note that we did not observe
any significant effect of exogenous BDNF in the hair cell explant co-culture model. This may
be due to several factors including (but not limited to) a lack of BDNF receptors on
differentiating SCs in this model, competitive binding or receptor saturation by other factors
in the culture medium, or lack of homology between mouse SC neurotrophin receptors and the
human isoform of the protein. Further experimentation will be necessary in order to test these
hypotheses.

The differentiation of SCs into neuron-like cells or glial-like cells under various in vitro

conditions

The differentiation of whole and dissociated embryoid bodies in auditory neuron media, with
and without neurotrophins and auditory neuron co-culture, yielded several interesting findings.
These included the spontaneous differentiation of embryoid bodies into glial-like cells, the
reduction in overall numbers of differentiated cells following the addition of neurotrophins or
auditory neuron co-culture, and the reversed ratio of neuron-like cells to glial-like cells in
auditory neuron co-culture treatments.

We observed spontaneous differentiation of embryoid bodies into glial-like cells following
seven days growth in vitro in auditory neuron media alone. Similar findings have been reported
in neural stem cell neurospheres (embryoid bodies), where gene expression analyses illustrate
the prominence of glial-associated genes [52,53]. Although the present study did not investigate
the mechanism(s) behind enhanced glial-like cell differentiation in this model, these results
are logical when considered in the context of normal nervous system development. The
treatment of undifferentiated SCs with retinoic acid is reported to upregulate several ectodermal
genes while suppressing mesodermal genes [54,55], thereby mimicking early nervous system
development. Given the evidence that both neurons and glia are derived from a common neural
precursor cell [56,57] and that the number of glial cells vastly exceeds the number of neurons
in vivo [58], it is plausible that the in vitro model described mimics the in vivo scenario. An
integral and early mechanism in the differentiation of neurons and glia in numerous SC
populations is the activation of the receptor protein Notch [59-63]. Notch activation in
undifferentiated SCs results in the upregulation of glial cell differentiation and the concomitant
suppression of neuronal differentiation [62,63]. Once activated, this signalling is irreversible
[61]. In addition, glial cells are capable of promoting their own differentiation by secretion of
soluble factors into the local environment, thus once gliogenesis is activated, it is self-
perpetuating [64]. For example, bone morphogenetic proteins secreted by glial cells are
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reported to promote SC differentiation into glial cells in vitro [64]. Moreover, these proteins
have been reported to strongly induce the differentiation of central nervous system SCs into
glial cells [65-70]. The high production of glial-like cells under the described conditions may
be beneficial to cell transplantation studies in the central nervous system that require the
generation of glia. For example, glial cell transplants have been reported to myelinate [71] and
promote functional recovery following spinal cord injury in animal models [72-74].

The ratio of neuron-like cells to glial-like cells in these treatments is also noteworthy. While
there is a marked reduction in the total number of cells counted following the addition of
neurotrophins, the approximate ratio of neuron-like cells to glial-like cells in dissociated
embryoid body cell preparations is similar with and without neurotrophin treatment (Figure 3,
condition A versus C). Interestingly, co-culture with rat auditory neurons improved the ratio
of neuron-like cells to glial-like cells in treatments containing auditory neurons with whole
and dissociated embryoid bodies, suggesting an important role of tissue-derived signalling in
directing SC differentiation. Although these findings were not statistically different, they
reflect the capacity of co-culture to alter the ratio of differentiated cells in culture. The auditory
neuron co-culture requires further methodological refinement before it can be used effectively
to direct auditory neuron differentiation.

Methodological considerations for future co-culture experimentation

Given the absence of reports on directed differentiation of SCs into an auditory neuron lineage
to date, we hypothesized that co-cultures would provide an excellent starting point. While our
data suggest that co-cultures hold promise for the directed differentiation of SCs toward an
auditory neuron lineage, there are several methodological difficulties with co-culture which
will need to be addressed for future experimentation and before these cells can be used for
transplantation. Like many SC differentiation strategies, the described co-cultures produced a
heterogeneous population of cells. While not problematic in these early stages of our
experimentation, this difficulty will need to be addressed if a pure population of auditory
neurons is to be differentiated for transplantation studies. A related problem is the retrieval of
cells from the co-culture once they have been directed to differentiate into the desired lineage.
While GFP transfection has enabled the rapid identification of SCs in co-culture models,
expression of this protein is routinely downregulated or lost upon differentiation [75], rendering
cell purification problematic. These difficulties could be overcome by the design of co-culture
systems that enable the separation of cell populations within the same dish. Such models would
confer the benefit of cell-cell mediated signalling (which is difficult to reproduce with
commercially available supplements) without the problem of retrieving differentiated cells.
Moreover, the use of conditioned media to direct the differentiation of SCs would also offer
these advantages, with the added advantage of driving differentiation in a manner which
accurately reflects in vivo development. In the long-term, the findings of these co-cultures will
need to be applied to human (rather than animal) stem cell lines. This reiterates the importance
of designing co-culture models than enable the rapid and efficient separation of cell types in
co-culture. It also highlights the requirement to identify the factors that cause directed
differentiation in vitro, so that these factors may, in the future, be applied to pure populations
of human stem cells for transplantation.

SUMMARY

There is often a prolonged delay between the loss of hearing and the implementation of
treatment, resulting in progressive degeneration of the auditory nerve. The aim of this research
is to generate a population of replacement cells for auditory nerve degeneration, by directed
differentiation of SCs into auditory neurons. While SC research is directed at cell replacement
in many biological systems, to our knowledge this is the first report describing the
differentiation of SCs toward an auditory neuron lineage using in vitro models. Particularly
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promising was the co-culture of whole embryoid bodies with hair cell explants, which resulted
in significantly greater numbers of bipolar cells displaying a morphology and neural protein
expression analogous to mammalian auditory neurons grown in vitro. While further
investigations are necessary to determine whether the neuron-like cells generated from these
treatments are functional and possess the characteristic electrophysiological properties of
auditory neurons in vivo, hair cell explant/embryoid body co-cultures hold promise for the
identification of factors promoting auditory neuron differentiation in vitro. The maintenance
of a healthy population of auditory neurons is important for cochlear implant function and
future hair cell regeneration studies, both of which rely on critical numbers of surviving
auditory neurons for their efficacy.
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Figure 1.

Auditory co-culture models and control treatments

Stem cells (SCs) were co-cultured with rat post-natal day five auditory neurons or hair cell
explants as described. Prior to co-culture, undifferentiated SCs were induced to form embryoid
bodies via timed exposure to retinoic acid. Following eight days differentiation, SCs were
placed into co-culture either dissociated or whole (illustrated schematically). The square wells
represent treatments grown in auditory neuron media. Auditory neuron co-cultures and control
treatments were maintained for 7 days in vitro. Circular wells represent hair cell explant co-
cultures and relative controls, which were maintained for 3 days in vitro. Co-cultures and
control treatments are distinguished pictorially. Following growth in vitro, all wells were fixed
and processed for quantitative analysis. The number of times each experiment was repeated
(n), the total fields of view (FOV) counted, and the experimental groups (A-J) are detailed on
the far right had side of the diagram. DIV = days in vitro; SC = stem cell; LIF = leukemia
inhibitory factor; BME = 3-mercaptoethanol; EBs = embryoid bodies; AN = auditory neuron;
HCE = hair cell explant; BDNF = brain derived neurotrophic factor; NT3 = neurotrophin-3.
Timeline is not to scale.
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Figure 2.

Stem cell morphology and GFP expression in vitro

Mouse embryonic SCs were induced to form free-floating embryoid bodies by removal of LIF
from the culture media (arrowheads, A). Photomicrograph of a transverse section through an
embryoid body after 8 days in vitro, illustrates endogenous GFP expression (green) in
differentiating cells (B). The nuclei are counterstained with DAPI (blue). The co-culture of
dissociated and whole embryoid bodies with auditory neurons resulted in neuron-like cells and
glial-like cells. Neuron-like cells displayed typical bipolar morphology with a well defined
soma (arrowheads C,D) whereas glial-like cells displayed a soma extending beyond the
diameter of the nucleus and numerous short processes extending in several directions
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(arrowheads E,F). Differentiating SCs were identified via colocalisation of endogenous GFP

(green) and DAPI (blue). All other cells in co-culture were distinguished by single DAPI label
(arrows C,D,E). Scale bars = 100 um (A); 50 um (B,E,F); 20 um (C,D).
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Figure 3.

Generation of neuron-like cells and glial-like cells produced from in vitro differentiation
models

The mean number of neuron-like cells and glial-like cells in several differentiation models is
represented. In auditory neuron media alone, whole and dissociated embryoid bodies
differentiated into significantly more glial-like cells (A,B). Following the addition of BDNF
and NT3, the number glial-like cells was reduced, however there were still significantly more
glial-like cells formed when BDNF and NT3 were present in embryoid body cell preparations.
The co-culture of whole and dissociated embryoid bodies with auditory neurons resulted in
improved ratios of neuron-like cells to glial-like cells, which was most pronounced in whole
embryoid body preparations. Experimental groups A-F (detailed in Figure 1); error bars
indicate SEM; SCs = stem cells; Diss = dissociated; EB = embryoid bodies; NT = neurotrophins
BDNF and NT3; AN Co = auditory neuron co-culture; NLCs = neuron-like cells; GLCs =glial-
like cells; ** = p< 0.01; *** = p< 0.001
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Figure 4.

Neurofilament positive bipolar cells were identified in hair cell explant co-cultures

Whole embryoid bodies were observed to differentiate into bipolar, neurofilament positive
neuron-like cells when co-cultured with hair cell explants (arrowheads A,B). While some of
these cells extended processes in the same direction (arrows A), others were observed growing
in multiple directions (arrows B). Neurofilament positive cells displayed the characteristic
bipolar morphology of early post-natal rat auditory neurons grown in vitro and immunolabelled
with neurofilament protein (arrowheads, C). In particular, note the characteristic labelling
around the nucleus (arrowhead, inset C). Scale bar = 20um (A,B, inset C); 50 um (C).
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Figure 5.

Growth of neurofilament positive neuron-like cells on organotypic membranes

Fluorescent photomicrographs illustrating neurofilament labelling of embryoid bodies grown
on organotypic membranes. (A) Growth of bipolar, neurofilament positive neuron-like cells
(arrowheads) toward the periphery of the embryoid body. (B) Growth of neurofilament positive
processes throughout the embryoid body (arrowheads). (C) Lower magnification image
illustrating the rudimentary directional growth of neurofilament positive processes
(arrowhead) away from the centre of the embryoid body, toward an adjacent embryoid body.
Scale bars = 200 um (A, B, C).
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Figure 6.

Co-cultures of embryoid bodies and hair cell explants produced significantly more
neurofilament positive bipolar neuron-like cells compared to controls

When whole embryoid bodies were co-cultured with early post-natal rat hair cell explants,
significantly greater numbers of neurofilament positive, bipolar neuron-like cells were
observed in comparison to control treatments grown in the absence of hair cell explants. There
was no significant difference observed in the number of neuron-like cells formed in the
presence or absence of 50 ng/mL BDNF, either with or without co-culture with hair cell
explants. Experimental groups G-J (detailed in Figure 1); error bars indicate SEM; NFL =
neurofilament 68 kDa; SCs = stem cells; EB = embryoid bodies; BDNF = brain derived
neurotrophic factor; HCE = hair cell explant; *** = p<0.001.
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