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Abstract—Hearing function lost by degeneration of inner ear
spiral ganglion neurons (SGNs) in the auditory nervous sys-
tem could potentially be compensated by cellular replace-
ment using suitable donor cells. Donor cell-derived
neuronal development with functional synaptic formation
with auditory neurons of the cochlear nucleus (CN) in the
brainstem is a prerequisite for a successful transplantation.
Here a rat auditory brainstem explant culture system was
used as a screening platform for donor cells. The explants
were co-cultured with human neural precursor cells
(HNPCs) to determine HNPCs developmental potential in
the presence of environmental cues characteristic for the
auditory brainstem region in vitro. We explored effects of
pharmacological inhibition of GTPase Rho with its effector
Rho-associated kinase (ROCK) and epidermal growth factor
receptor (EGFR) signaling on the co-cultures. Pharmacolog-
ical agents ROCK inhibitor Y27632 and EGFR blocker
PD168393 were tested. Effect of the treatment on explant
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penetration by green fluorescent protein (GFP)-labeled
HNPCs was evaluated based on the following criteria: num-
ber of GFP-HNPCs located within the explant; distance
migrated by the GFP-HNPCs deep into the explant; length
of the GFP + [neuronal class Ill g-tubulin (TUJ1)+ processes
developed and phenotypes displayed. In a short 2-week co-
culture both inhibitors had growth-promoting effects on
HNPCs, prominent in neurite extension elongation. Signifi-
cant enhancement of migration and in-growth of HNPCs into
the brain slice tissue was only observed in Y27632-treated
co-cultures. Difference between Y27632- and PD168393-
treated HNPCs acquiring neuronal fate was significant,
though not different from the fates acquired in control
co-culture. Our data suggest the presence of inhibitory
mechanisms in the graft-host environment of the auditory
brainstem slice co-culture system with neurite growth
arresting properties which can be modulated by administra-
tion of signaling pathways antagonists. Therefore the
co-culture system can be utilized for screens of donor cells
and compounds regulating neuronal fate determination.
© 2014 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION
Therapeutic strategies to protect hearing

Mechanisms contributing to sensorineural hearing
impairment resulting in a slow but progressive loss of
spiral ganglion neurons (SGNs) are still under debate
(Van de Heyning and Kleine Punte, 2010). SGNs degen-
eration arises from the damage to either their peripheral
(dendrites) or central (axons forming the auditory nerve,
AN) processes (Spoendlin, 1987). Recovering damaged
neuronal circuitry is therefore crucial in developing thera-
peutics for people with sensorineural hearing loss.
Attempts to preserve SGNs from further deterioration
have been made (Shibata et al., 2011). Mostly they are
confined to the introduction of neurotrophic factors. The
factors can be overexpressed (Husseman and Raphael,
2009) using a viral vector to transduce cells (e.g. brain-
derived neurotrophic factor (Rejali et al., 2007; Shibata
et al., 2010); glial cell-derived neurotrophic factor
(Kanzaki et al., 2002) or introduced via a passive release
matrix (e.g. neurotrophin-3 (Richardson et al., 2007).
Stimulating residual SGNs electrically directly (Buchman
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et al., 1999) with a cochlear implant (Cl) can functionally
replace damaged parts of the inner ear (Buchman et al.,
1999), unlike hearing aids which make sounds louder by
amplification. Regardless of the Cl surgery success even
when the SGNs population is relatively low (Clark et al.,
1988), still insufficient number or poor condition of resid-
ual SGNs undermines CIl performance (Bradley et al.,
2008). Auditory brainstem implants, which stimulate elec-
trically directly the CN in the brainstem bypassing the AN,
have not yet proved to be satisfactory replacements for
the AN, as the recipients do not achieve a considerable
improvement in hearing (Otto et al., 2002). Nonetheless
preservation of the central processes of the AN is still
beneficial in brainstem implants since transneuronal
degeneration of CN neurons and cells in the higher audi-
tory nuclei can happen due to lack of input produced by
the reduced population of SGNs (Morest et al., 1997).

Stem and precursor cell-based therapies

Regrowing SGNs with their fiber projections via implanted
stem and precursor cell conversion would be a way to
improve hearing function in patients who receive Cl or
have severe AN malfunctions. More than a decade of
intensive pre-clinical studies evaluating potential stem
cell types, ranging from embryonic stem cells to inner
ear precursor cells, has proven that both hair cells and
SGNs can to some extent be replaced (Li et al., 2003;
Olivius et al., 2003; Rask-Andersen et al., 2005; Regala
et al., 2005; Corrales et al., 2006; Rivolta et al., 2006;
Coleman et al., 2007; Martinez-Monedero et al., 2008;
Nishimura et al., 2009). However donor cells proliferative
and differentiating potential varies depending on environ-
mental cues and the developmental context in which the
cues are encountered. Therefore donor cells preparation
and conditioning to produce sensory neurons, ways of
delivery, supplementary treatment with growth factors,
removal of inhibitory signals from the donor/host tissue
and use of biocompatible materials to aid cell delivery
and growth need scrutiny.

Organotypic auditory brainstem slice culture system

Organotypic slice cultures of different brain regions have
been used as a 3D model system to study a variety of
developmental and disease-related processes (Gahwiler,
1981). Due to the preserved tissue cytoarchitecture, an
organotypic brain slice culture is suitable to study cell-to-
cell interactions including incorporation and differentiation
of neural stem cells in host tissues (Scheffler et al., 2003).
We have established conditions for the propagation of rat
auditory brainstem slice cultures containing the CN and a
part of the AN (Thonabulsombat et al., 2007; Glavaski-
Joksimovic et al., 2008; Novozhilova et al., 2013). Slice
cultures with the auditory brainstem region contain the
CN, the first relay station in the auditory system that
receives input from the AN. By exposing stem and precur-
sor cells to intrinsic and extrinsic factors, pertaining to the
AN milieu, temporal and spatial cues related to SGNs
development are recapitulated. Evaluation of interaction
with the host tissue of donor cells of human origin, e.g.
human neural precursor cells (HNPCs) used in the current

study is important since human cells are likely to be
required in a future clinical setting.

Screening for factors modulating neurite outgrowth

In spite of a greater ability of HNPCs to survive and
differentiate into neurons when cultured in the presence
of an organotypic culture rather than in monoculture
(Novozhilova et al., 2013), the low efficiency of co-cul-
tured cell integration remains a problem. Lack of growth-
promoting properties by the graft-host interface
environment is to a large extent attributed to the accumu-
lation of glia-associated molecules such as proteogly-
cans, galactolipids and myelin and the complex network
of downstream signals they trigger (Yiu and He, 2006).
Manipulating astroglial environment of the host will to a
certain extent help dissect molecular events regulating
efficient generation of neurons from grafted donor cells.
Acutely dissected brainstem explants with preserved
organotypic organization and lesion-induced neuronal
and glial sprouting offer a convenient model system that
facilitates manipulation and characterization of inhibitory
signaling events hampering donor cells efficiency at
producing functionally integrated neurons in vitro.

Many of the inhibitory molecules found at the lesion
site activate the GTPase Rho with its effector Rho-
associated kinase (ROCK) (Sivasankaran et al., 2004;
Yiu and He, 2006) and epidermal growth factor receptor
(EGFR) (Yiu and He, 2006), providing a strong rationale
to target them following injury. These signaling mediators
transduce inhibitory signals that trigger specific cytoskele-
tal rearrangements in the developing neurite growth cone.
Proteoglycans consisting of a protein core and a chon-
droitin sulfate side chain (CSPGs) are considered to have
a major growth inhibitory effect on developing and regen-
erating neurons (Rolls et al., 2006). GTPase Rho, which
is a key intracellular regulator of cytoskeletal dynamics
(Hall, 1998) has been implicated in growth cone collapse
and retraction of neurites while activated (Lehmann et al.,
1999; Wahl et al., 2000; Dergham et al., 2002).

Pharmacological inhibition of Rho and its downstream
effector ROCK with Y27632 inhibitor has been shown to
attenuate the arrest of neurite outgrowth on inhibitory
substrates in vitro (Lingor et al., 2007) and improved func-
tional recovery in vivo (Dergham et al., 2002; Fournier
et al., 2003; Lingor et al., 2007). Likewise, EGFR activa-
tion induces neurite projections growth inhibition to occur.
Administration of EGFR inhibitors e.g. PD168393 has
been shown to enhance neurite extensions from dorsal
root ganglion (DRG) grown on inhibitory substrates and
to significantly promote regeneration of the crushed optic
nerve in adult mice (Koprivica et al., 2005).

Our study

Here we sought to determine if pharmacological
attenuation of Rho/ROCK and EGFR signaling with their
respective inhibitors Y27632 and PD168393 in our
HNPCs-auditory explant co-culture would facilitate
neurite outgrowth of HNPCs in the presence of the
explant inhibitory central glia. Conditioned medium (CM)
experiments where HNPCs were grown in monoculture
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