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ABSTRACT

In the mature mammalian auditory system, inner hair
cells are responsible for converting sound-evoked
vibrations into graded electrical responses, resulting in
release of neurotransmitter and neuronal transmission
via the VIIIth cranial nerve to auditory centres in the
central nervous system. Before the cochlea can reliably
respond to sound, inner hair cells are not merely
immature quiescent pre-hearing cells, but instead are
capable of generating ‘spontaneous’ calcium-based
action potentials. The resulting calcium signal promotes
transmitter release that drives action potential firing in
developing spiral ganglion neurones. These early sig-
nalling events that occur before sound-evoked activity
are thought to be important in guiding and refining the
initial phases of development of the auditory circuits.
This review will summarise our current knowledge of
the mechanisms that underlie spontaneous action
potentials in developing inner hair cells and how these
events are triggered and regulated.

Keywords: action potentials, calcium, inner hair cells,
cochlea, development, auditory, spiral ganglion neuron

INTRODUCTION

Our exquisite ability to hear and discriminate sounds
relies upon precise organisation of auditory pathways.
The mature auditory system is a highly ordered structure
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and the neural connections are intricately mapped
throughout the auditory brain regions. A major chal-
lenge in auditory research has been to gain an under-
standing of how these complex but highly ordered
neuronal circuits are generated during development.
Although the development of hearing is a multi-
step process, for the purpose of this review, the ‘onset
of hearing’ will be considered to be when auditory
neurones reliably respond to normal intensities of
airborne sound; in rats, this is around postnatal day
(P)10-12. It is generally accepted that much of the
complex circuitry that underpins our ability to hear is
established before the cochlea can reliably respond to
sound and is therefore independent of sound evoked
activity. After this, neuronal connections undergo a
period of experience-driven refinement, generated by
sound-evoked electrical activity in the auditory system,
that leads to the mature, adult neural connections
(for reviews, see Friauf and Lohmann (1999), Rubel
and Fritzsch (2002), Kandler et al. (2009), and
Blankenship and Feller (2010)). However, an inter-
esting question arises: how is such an intricate
auditory map generated before the onset of sound
evoked activity? Initially, this early mapping was
thought to be a result of molecular cues present in
the very early embryo, effectively creating a system
that was predetermined. However, this view has been
radically modified as it has become increasingly
evident that many other systems, such as the retina,
also require experience-independent firing to pro-
mote, for example, neuronal survival, and synaptic
remodelling (reviewed in Moody (1998), Friauf and
Lohmann (1999), and Blankenship and Feller
(2010)). Many authors have drawn comparisons
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between the correlated bursting activities seen in the
pre-hearing auditory system to the light independent
waves of activity that underlie the development of the
retina. Such comparisons have led to the suggestion
that spontaneous activity in auditory neurones, before
the onset of hearing, is likely to play a role in the
development and refinement of auditory maps.
However, despite this, only relatively recently is direct
evidence of a role for sound-independent activity
emerging. For example, Leao et al. (2006a, b) made
recordings from neurones in the medial nucleus of
the trapezoid body (MNTB) and demonstrated that
their neuronal membrane properties were tonotopi-
cally arranged with gradients in ion channel function.
In hearing-impaired mice that lacked auditory nerve
activity before (and after) the onset of hearing, these
normal tonotopic gradients were absent at the onset
of hearing (Leao et al. 2006a, b). These studies
provide convincing evidence that auditory nerve
activity before the onset of hearing is required for
normal tonotopic development of neurones in the
MNTB. The contribution of pre- and post-hearing
activity to the development and refinement of audito-
ry brain maps is likely to be an area of great interest
and debate and the reader is referred to several
reviews (Moody 1998; Friauf and Lohmann 1999;
Rubel and Fritzsch 2002; Walmsley et al. 2006;
Huberman et al. 2008; Kandler et al. 2009;
Blankenship and Feller 2010).

Although it is well established that spontaneous
activity occurs in the developing cochlea, until rela-
tively recently, how such activity was generated was not
fully understood. During the last two decades, it has
been clearly established that developing inner hair
cells (IHCs) are not merely quiescent cells awaiting
the onset of hearing, but are generating electrical
activity in the form of calcium-based action potentials
(Kros et al. 1998). These action potentials have much
slower kinetics than sodium-based action potentials
and can generate sufficient calcium influx to trigger
transmitter release even in cells with relatively imma-
ture synapses (Beutner and Moser 2001; Marcotti et
al. 2003b, 2004). The release of neurotransmitter
activates afferent boutons and drives bursts of firing
activity in spiral ganglion neurones (Glowatzki and
Fuchs 2002; Tritsch et al. 2010). As I will discuss in this
review, it is now proposed that the early electrical
activity in IHGs, together with the genetically deter-
mined molecular cues, are the mechanism by which
the auditory system can establish the detailed circuitry
present before the cochlea can reliably respond to
sound.

Although we have considerable information on
action potentials in IHCs, details of whether their
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generation is entirely spontaneous or externally
evoked still remains an area of debate. In addition,
how they might influence the connectivity and
refinement of the early maps has yet to be established.
This review will outline our current knowledge and
understanding of the mechanisms that generate and
regulate these early sound-independent signalling
events and their transmission to auditory nerve fibres.

ACTION POTENTIAL FIRING IN IMMATURE
IHCS

Mice, rats and other altricial animals have provided
excellent models for studying the development of
hearing because they are born deaf and develop
hearing during the first two postnatal weeks, with the
cochlea able to reliably respond to sound at around
postnatal day (P)10-12. During this developmental
period, the IHCs do not respond to sound but instead
are capable of firing spontaneous and evoked calcium
action potentials that disappear close to P10-12 as a
large, fast potassium current develops and changes
the cell from an excitable cell, capable of firing action
potentials, to one that responds with graded receptor
potentials as it does in the mature system (Kros et al.
1998; Beutner and Moser 2001; Marcotti et al. 2003b).
It is worth noting that outer hair cells are also able to
fire similar action potentials, but their function is
currently unknown (Oliver et al. 1997; Beurg et al.
2008).

Unlike neurones, the IHC action potentials are
generated by calcium influx as removing external
calcium or blocking calcium channels completely
prevents firing. About 70 % of immature IHGCs also
have a fast activating and inactivating sodium current
that disappears in the second postnatal week between
P10-12. Blocking the sodium current with TTX has
no effect on the amplitude of the action potential,
although it does slow the firing rate (Marcotti et al.
2003b). The currents involved in action potential
firing are summarised in Figure 1, where the slow
depolarisation preceding the action potential is initi-
ated by sodium and calcium currents that set the
firing rate, but the upstroke of the action potential is
wholly dependent on calcium influx. Spontaneous
firing first occurs in apical IHCs as early as embryonic
(E) day 18.5, (where E19-20 is the day of birth) when
they are broad and only depolarise the cell by about
20 mV. However, as development proceeds, both the
calcium current and action potential amplitude
increase steadily until age P7 (Beutner and Moser
2001; Marcotti et al. 2003b). At this point in develop-
ment, intracellular calcium signals generated by step
depolarisation of IHCs under voltage clamp are
broadly distributed around the base of the cell and
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not confined to discrete hotspots (Kennedy and
Meech 2002) as they are in the mature system
(Frank et al. 2009). This suggests that the large
calcium current present during this first postnatal
week may be generated by the combined activity of
calcium channels aggregated at synaptic zones and
extra-synaptic calcium channels. The latter may be
required to generate sufficient inward current to
maintain spontaneous spiking. The calcium current
that generates spiking is an L-type (long lasting)
current carried by the Ca,l1.3 subunit (Platzer et al.
2000; Brandt et al. 2003). This current activates at
relatively negative potentials and studies in IHCs have
reported varying degrees of calcium-dependent inac-
tivation, from almost no inactivation to approximately
40 % (Kennedy 2002; Tarabova et al. 2007; Grant and
Fuchs 2008; Johnson and Marcotti 2008).

Action potential repolarisation results from a
combination of calcium channel inactivation, voltage
activation of the delayed rectifier current and activa-
tion of small conductance calcium activated potassi-
um (SK2) currents. In immature IHCs, the SK2
current first appears between PO and P2 depending
on cochlea location (Marcotti et al. 2004; Roux et al.
2011); and by P2-3, it contributes to the robust
repolarisation of the action potential by reducing
the half width and generating the after-hyperpolarisa-
tion. Inhibition of the SK2 current by the bee venom
apamin, an SK2-specific blocker, leads to a loss of the
after-hyperpolarisation and a gradual failure of firing,
initially causing broad or prolonged action potential
plateaus but eventually leading to a maintained
depolarisation (Marcotti et al. 2003a, b, 2004;
Johnson et al. 2007). The delayed rectifier current
present in neonatal IHCs (Ig heo) also aids repolarisa-
tion but has not as yet been identified at the
molecular level (Fig. 1). Thus, the generation and
kinetics of the action potentials are dependent on the
interactions between the calcium channel, calcium
signal, and the SK2 and delayed rectifier potassium
currents as shown in Figure 1. Of critical importance
is the calcium current that generates both the
upstroke of the action potential and the intracellular
calcium signal that activates the SK2 current respon-
sible for the robust repolarisation and maintenance of
action potential firing. Recordings of calcium currents
from immature IHCs (<P12) made at body tempera-
ture are three times larger than those made at room
temperature (Grant and Fuchs 2008), although
recordings from older animals (P13-16) show less
temperature sensitivity (Nouvian 2007). In immature
IHGs, such an effect of temperature is likely to have a
significant impact on all components of the action
potential as both the size of the upstroke and intracellular
calcium signal are critically dependent on calcium influx.
Additionally, calcium buffer concentration, binding
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FIG. 1. Membrane currents involved in spiking in developing
IHCs. A spontaneous action potential recorded from a 3-day-old
mouse showing the different phases of the action potential and how
these are generated by the underlying basolateral currents (arrows).
Initially, both sodium and calcium currents generate a slow
depolarisation before the upstroke of the action potential which is
only dependent on the calcium current. Repolarisation results from
the reduction in calcium current and activation of the delayed
rectifier current present in neonatal IHCs (Ix neo) and SK2 potassium
currents. Reproduced with permission from Marcotti et al. (2004).

kinetics and mobility will help to determine the rise
and spread of the intracellular calcium signal (Roberts
1994) important in SK2 activation. If endogenous
buffering levels are perturbed during whole cell patch-
ing, this is likely to have an impact on action potential
kinetics and may affect regularity of firing as calcium
buffers are known to vary with age and cochlear location
(Hackney et al. 2003, 2005). It is perhaps not surprising
therefore that different experimental conditions can
have a significant impact on action potential firing
(Johnson et al. 2011).

ACTION POTENTIAL FIRING GENERATES
TRANSMITTER RELEASE

Clearly, if IHC action potential firing is to generate
signals within the auditory pathways, then not only
should the action potentials generate neurotransmit-
ter release but the IHCs must receive afferent
innervation capable of detecting and responding to
this release. Afferent nerve fibres invade the sensory
epithelium even before terminal differentiation of
hair cells occurs. As soon as IHCs differentiate, they
are contacted by afferent nerve fibres, but whether
these contacts are functional so early has not been
clearly demonstrated. At birth, IHCs already have the
specialised dense structures surrounded by transmit-
ter release vesicle known as ribbon structures.
However, during the first postnatal weeks, the ribbons
generally have an immature round form and may be
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present in clusters, with or without adjacent nerve
fibres. During the second postnatal week, the ribbon
structures begin to take their more mature plate-like
form (Sobkowicz et al. 1982).

Two different approaches have been used to study
synaptic activity of IHGs. Firstly, direct measurements
of changes in IHC capacitance, a measure presumed
to reflect vesicle fusion with the cell membrane
(Neher and Marty 1982), provide measurements from
all of the ribbon synapses in any given cell (Moser and
Beutner 2000; Johnson et al. 2005). A second
approach of recording activity from afferent boutons
directly attached to an IHC gives information on
activity at a single synapse (Glowatzki and Fuchs
2002). Such approaches have demonstrated that
immature IHCs are capable of transmitter release,
albeit with a reduced sensitivity to calcium, compared
to the hearing system, from as early as E17.5 (Johnson
et al. 2005); although at this early stage, it is not
known whether the afferent terminals are functional.
Capacitance measurements demonstrate that a single
action potential generates sufficient calcium influx to
trigger neurotransmitter release (Beutner and Moser
2001; Johnson et al. 2005). Furthermore, recordings
from afferent boutons attached to P7-11 IHCs show
that the glutamate release initiates excitatory post-
synaptic currents (EPSCs) in the afferent boutons. In
a series of pioneering experiments, Goutman and
Glowatzki (2007) recorded simultaneously from pre-
hearing rat IHCs and a single afferent bouton
attached to the IHC. They demonstrated that depo-
larisation of the IHC caused a corresponding large
response in the afferent bouton. During long depo-
larisation, the initial peak was followed by a mix of
single EPSCs with a wide range of amplitudes and
multiphasic EPSCs, reflecting both highly co-ordi-
nated and less coordinated release from the ITHC
(Goutman and Glowatzki 2007; Grant et al. 2010).
These experiments demonstrate that immature IHCs
are capable of transmitter release and that the
afferent boutons express the appropriate receptors
that allow them to respond to the transmitter release.

More recently, Tritsch et al. (2010) made record-
ings from spiral ganglion neurones (SGNs) and
demonstrated that their activity occurred in bursts
that repeated every 2-3 s. Within these bursts, the
activity was not random but occurred as mini-bursts
that repeated every 100-300 ms. The firing patterns
recorded were not only consistent over time but also
between SGNs, suggesting that the cells were being
driven by a pacemaker. Recordings from IHCs showed
similar patterns of activity with periodic depolarisa-
tions generating burst of action potentials with similar
inter-spike intervals to those seen in SGN mini-bursts.
Unequivocal evidence of the role for IHCs in driving
the activity in SGNs came from simultaneous record-
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ings from IHCs and their corresponding postsynaptic
SGN (Fig. 2). It can be seen that initially the IHCs and
SGN are silent before currentevoked depolarisation
in the IHC generates a period of spiking. As seen in
Figure 2, each IHC action potential generated a small
burst of two to three action potentials in the SGN
(Tritsch et al. 2010).

Together, these data indicate that after birth, IHCs
release neurotransmitter onto functional afferent
nerve terminals and generate patterns of activity in
SGNs (Tritsch et al. 2010). It is possible that such
activity may occur even before birth as IHCs are
capable of transmitter release at that stage (Johnson
et al. 2005). Given that, some interesting questions
arise: How are the action potentials generated? And
what controls whether the firing is continuous or in
bursts? There are two main possibilities: One is that
the action potentials are entirely self-generated and
are wholly reliant on the balance and kinetics of the
ion channels and calcium signals present in hair cells,
but that the pattern of firing can also be regulated by
external mechanisms. The other is that an external
stimulus generates depolarisation that initiates firing
and controls the pattern of firing. Both of these
possibilities are considered in the following sections.

THE ROLE OF EFFERENTS IN THE CONTROL
OF IHC ACTION POTENTIAL FIRING

Early in development, IHCs are transiently innervated
by medial olivocochlear efferent fibres (Simmons et
al. 1996) that disappear after the onset of hearing
(Simmons 2002). These efferent fibres first make
contact with IHCs as early as E16 and increase in
density until the end of the first postnatal week
(Sobkowicz and Emmerling 1989). By P1, these
synapses appear fully functional as ACh-activated
currents can be recorded from IHCs (Roux et al.
2011). Opposite the efferent fibres, the IHC mem-
brane expresses ACh receptors (AChRs) that are also
transiently expressed with a time frame that matches
the nerve innervation. The AChR a9 subunit can be
detected as early as E18 with «10 being detected a few
days later at E21, and both subunits show clear basal
to apical gradients in expression (Simmons and
Morley 1998, 2011; Elgoyhen et al. 2001; Morley and
Simmons 2002) suggesting that the influence of
efferent innervation could vary with cochlear location.
The two subunits form an unusual nicotinic AChR
composed of two o9 and three al0 subunits, a
combination of subunits that renders the receptor
highly permeable to calcium (Elgoyhen et al. 1994,
2001; Glowatzki and Fuchs 2000;Sgard et al. 2002;
Weisstaub et al. 2002; Ballestero et al. 2005; Plazas et
al. 2005). Similar to the case in outer hair cells, upon
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FIG. 2. [HC action potentials drive spontaneous firing in SGNs
in the pre-hearing ear. A Simultaneous recordings from an IHC
(whole cell, blue trace) and corresponding postsynaptic SGN
(extracellular recording, black trace) in a pre-hearing rat. IHC
resting potential —80 mV, stimulated with a 40 pA current

activation the resulting intracellular calcium signal
activates nearby SK2 currents that hyperpolarise the
cell briefly (Fuchs and Murrow 1992; Doi and Ohmori
1993; Yuhas and Fuchs 1999; Glowatzki and Fuchs
2000; Oliver et al. 2000). IHCs respond to exogenous-
ly applied ACh as early as P1 but the maximum
response is seen between P7-9 after which it begins to
decline again (Katz et al. 2004; Roux et al. 2011).
Towards the onset of hearing, direct efferent innerva-
tion of IHCs is lost and these changes are accompa-
nied by a loss of transcription of the gene encoding
the al0 (ChrnalO) but not the a9 (Chrna9) AChR
subunit (Elgoyhen et al. 1994, 2001; Simmons and
Morley 1998, 2011; Morley and Simmons 2002). In
fact, Chrna9 continues to be transcribed into adult
stages (Elgoyhen et al. 1994) although the reason for
this remains unclear. However, the lack of cholinergic
responses in these mature cells is not solely due to the
loss of al0 as even when al0 cDNA is constitutively
expressed under the control of the mouse Pou4f3
gene promoter, a hair cell transcription factor
(Erkman et al. 1996), the response to ACh is still lost
with the same developmental time frame as seen in
wild-type animals. In addition, the lack of chrnal0
seems to cause no developmental defects in the
development of IHC currents or on the action
potential activity (Gomez-Casati et al. 2009). The
pattern of nerve innervation, expression of subunits
of the AChR and responsiveness of the cells to
exogenously applied ACh all peak at the end of the
first postnatal week, a time that coincides with peak
spontaneous action potential activity in the develop-
ing cochlea.

The first demonstration of the effects of efferent
innervation on action potential firing came in a series
of experiments by Glowatzki and Fuchs (2000). They
recorded action potential firing in developing rat
IHCs and showed the occurrence of small hyper-
polarising events (marked by the arrows in Fig. 3A)

injection to initiate firing. The dashed red box is shown in more
detail (B) showing that each IHC action potential initiates several
action potentials in the SGN. Adapted by permission from
Macmillan Publishers Ltd: Nature Neuroscience (Tritsch et al.
2010), copyright (2010).

that delayed the subsequent action potential, thereby
lengthening the inter-spike interval. These events
could be blocked by the application of strychnine to
block the AChR and similar hyperpolarisations could
be generated by brief external application of ACh
(Fig. 3B). These experiments demonstrated that IHC
action potential activity could be modulated by the
efferent system. Goutman et al. (2005) then went on
to use electrical field stimulation to drive the efferent
fibres at different frequencies to mimic activity of the
intact system. These experiments showed that stimu-
lation of the efferent system at 2 kHz could delay
action potential firing and higher frequencies of
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FIG. 3. Efferent activity modulates IHC action potential firing. A
Whole cell recording from a pre-hearing rat IHC showing action
potential firing in response to current injection. Arrows indicate
spontaneous hyperpolarisations that briefly pause action potential
firing. B Brief extracellular application of acetylcholine temporarily
inhibits spontaneous firing in IHCs; the effect is fully reversible.
Adapted from Glowatzki and Fuchs (2000). Reprinted with permission
from AAAS.
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5 kHz could prevent firing altogether. More recently,
experiments by Johnson et al. (2011) have demon-
strated that more than a simple on/off inhibition of
firing, the efferent system may exert a more subtle
modulatory effect on the firing patterns of developing
IHCs. They showed that inhibition of the AChR by
strychnine causes the THC membrane potential to
depolarise slightly leading to an increase in firing rate
in basal hair cells and interestingly changed the
apical hair cell firing from a burst-like pattern to
more sustained firing (Johnson et al. 2011). These
data suggest that the efferent system could be
responsible for modulating IHC action potential
firing into bursts and this bursting activity could
drive the corresponding pattern of activity found
in auditory nerve in vivo (Jones et al. 2007).
Indeed as each efferent fibre can contact several
IHGs, it is likely that activation of the efferent
system may produce coordinated firing in groups
of hair cells and therefore in groups of auditory
nerves as previously suggested (Jones et al. 2007).
Interestingly, because there are gradients in the
expression of both of the AChR subunits (Simmons
and Morley 1998, 2002; Elgoyhen et al. 2001; Simmons
and Morley 2011) the influence of efferent innervation
could vary with cochlear location and could partially
account for the patterned activity observed in apical and
basal hair cells (Johnson et al. 2011).

THE ROLE OF ATP IN THE CONTROL OF IHC
ACTION POTENTIAL FIRING

In a series of elegant experiments, Tritsch et al.
(2007) recorded ATP-dependent activity in Kolliker’s
organ. This activity generated large inward currents in
a population of support cells near the organ of Corti,
cells that start to disappear between P13 and P19,
after the cochlea can reliably respond to sound
(Tritsch et al. 2007; Tritsch and Bergles 2010). In
their recording conditions, IHCs were not firing
spontaneously, but instead required ATP release to
generate depolarisation and initiate bursts of firing,
similar to those reported in SGNs (Jones et al. 2007).
The authors also observed optical changes in
Kolliker’s organ that resulted from light scattering
produced when support cells crenellated, an effect
that could be mimicked by application of ATP.
Simultaneous recordings from inner support cells
and IHCs along with optical changes within
Kolliker’s organ showed that all three responded to
ATP in a coincident manner demonstrating that ATP
release can depolarise IHCs (Fig. 4A) leading to
bursts of action potential firing. Furthermore, using
spontaneous optical changes as an indicator of the
timing of ATP release, the authors demonstrate that
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ATP also causes bursts of firing in spiral ganglion
neurones (Fig. 4B). Dual recordings from IHCs
showed that ATP could synchronise the activity of
closely located hair cells but not those located further
away (Fig. 4C) suggesting that coordination by ATP
could form the basis of tonotopic signalling along the
length of the cochlea. Tritsch et al. (2007) conclude
that support cells generate bursts of electrical activity
in spiral ganglion neurones through ATP-dependent
activation of IHCs, coordinated in groups of neigh-
bouring cells.

POSITION DEPENDENCE OF THE PATTERNS
OF ACTION POTENTIAL FIRING

Very recently, evidence has emerged that the pattern
of action potential firing during development has a
clear basal to apical gradient (Johnson et al. 2011).
The authors recorded spontaneous firing in mice, rats
and gerbils using the cell-attached patch technique
which does not disrupt the intracellular environment
by introducing exogenous calcium buffers. As IHC
action potentials depend on calcium for both the
upstroke and activation of SK2 currents, and since
there is evidence that calcium buffering differs along
the length of the cochlea both in the mature and
immature systems (Hackney et al. 2005), this tech-
nique has clear advantages. Importantly, Johnson et
al. (2011) also carried out their experiments at 35—
37 °C, as temperature is known to affect the size of the
calcium current in immature IHCs (Grant and Fuchs
2008). Using this approach, they demonstrated spon-
taneous action potential firing that had a more burst-
like pattern in apical IHCs compared to basal IHCs, a
difference that remained throughout the first postna-
tal week, suggesting that the basal pattern of firing was
not just a manifestation of delayed development along
the length of the cochlea (Johnson et al. 2011). The
spontaneous bursting activity in apical hair cells was
abolished by strychnine, an AChR antagonist, suggest-
ing that the bursting behaviour seen in these experi-
ments was due to the efferent system effectively
‘dampening’ fast firing into a burstlike pattern. The
inhibitory effects of the efferent system seen in these
experiments is in agreement with earlier experiments
where inter-spike interval was increased or firing
inhibited altogether by activation of the efferent
system (Fig. 3; Glowatzki and Fuchs 2000; Goutman
et al. 2005).

Johnson et al. (2011) also recorded the effects of
exogenously applied ATP to mimic the activity of
Kollikers organ, but using experimental conditions
(higher extracellular potassium) that would tend to
favour spontaneous firing. In the experiments of
Tritsch et al. (2007) and Tritsch and Bergles (2010),
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FIG. 4. ATP release from Kolliker’s
organ activates IHCs. A Simultaneous
recordings of IHC currents (black trace)
and a nearby support cell (red trace) and
optical changes (blue trace) imaged in the
adjacent Kolliker's organ. B Depolarisa-
tion and action potential firing in a P9
IHC (black trace) that was coincident with
optical changes in Kolliker's organ (blue
trace). C Inward currents recorded from
pairs of IHC located either in close
proximity to each other or more distant
showing synchronisation of activity in
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the IHCs were essentially quiescent in the absence of
ATP with a resting potential of —72 mV. This is
presumably due to the choice of lower extracellular
potassium concentrations that would favour a negative
resting potential and reduce the likelihood of sponta-
neous firing. They clearly observed that ATP is able to
robustly depolarise the IHCs and initiate bursts of
firing. In broad agreement, Johnson et al. (2011)
demonstrated that micromolar concentrations of ATP
could depolarise IHCs and cause increases in firing
rate. However, they also demonstrated that much
lower concentrations of ATP were able to hyper-
polarise the hair cells and thus reduce firing rate, an
effect that would be impossible to detect if the THC
was already silent. Taken together, these data suggest
that if IHCs are spontaneously firing in vivo then the
release of ATP from Kolliker’s organ could have a
more subtle modulatory effect by increasing or
decreasing firing in a dose-dependent manner. As
yet, the question of whether the IHCs are firing
spontaneously or are normally silent and require an
external stimulus to initiate firing is not fully under-
stood. However, it seems that when IHCs fire they do
so in a burstlike manner, and that the pattern of
bursting is arranged in a longitudinal gradient along
the cochlea.

CONCLUSIONS

Over the past 10-15 years, enormous progress has
been made into understanding the early developmen-

distant IHC pair

IHC that are located close together.
Adapted by permission from Macmillan
Publishers Ltd: Nature (Tritsch et al. 2007)
copyright (2007).

tal signalling events occurring within the cochlea. A
picture of action potential firing within developing
hair cells driving the activity of spiral ganglion neuro-
nes in an experience-independent manner has now
clearly emerged. Despite this, there are still very
important questions that remain unanswered. It is
now well established that IHCs can generate bursts of
action potential activity, but two mechanisms have
been proposed to generate coordinated bursting in
developing IHCs that may be regulated in completely
different ways. Understanding how release of ATP
from Kolliker’s organ and the modulation of firing by
the efferent system interact to produce patterned
firing is likely to prove of critical importance. In order
to achieve this, we must determine the activity of the
efferent system in vivo and how ATP release from
support cells is generated and regulated. The recent
discovery of longitudinal gradients in action potential
firing hints at a mechanism that, in addition to
molecular cues, helps develop a tonotopic gradient
in the neural circuitry. Although establishing that
coordinated bursts of firing in spiral ganglion neuro-
nes originate from the IHCs in the organ of Corti
represents a huge advance in our understanding of
auditory development, it leaves open the question of
how this early coordinated activity mediates refine-
ment of neural connections during the development
of hearing. Furthermore, determining how genetic
defects may alter or prevent these early signalling
events and understanding how these changes may
lead to hearing loss still represent considerable
challenges.
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