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Going native: voltage-gated potassium channels
controlling neuronal excitability
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In this review we take a physiological perspective on the role of voltage-gated potassium channels
in an identified neuron in the auditory brainstem. The large number of KCN genes for potassium
channel subunits and the heterogeneity of the subunit combination into K+ channels make
identification of native conductances especially difficult. We provide a general pharmacological
and biophysical profile to help identify the common voltage-gated K+ channel families in
a neuron. Then we consider the physiological role of each of these conductances from the
perspective of the principal neuron in the medial nucleus of the trapezoid body (MNTB). The
MNTB is an inverting relay, converting excitation generated by sound from one cochlea into
inhibition of brainstem nuclei on the opposite side of the brain; this information is crucial
for binaural comparisons and sound localization. The important features of MNTB action
potential (AP) firing are inferred from its inhibitory projections to four key target nuclei
involved in sound localization (which is the foundation of auditory scene analysis in higher
brain centres). These are: the medial superior olive (MSO), the lateral superior olive (LSO),
the superior paraolivary nucleus (SPN) and the nuclei of the lateral lemniscus (NLL). The Kv
families represented in the MNTB each have a distinct role: Kv1 raises AP firing threshold; Kv2
influences AP repolarization and hyperpolarizes the inter-AP membrane potential during high
frequency firing; and Kv3 accelerates AP repolarization. These actions are considered in terms
of fidelity of transmission, AP duration, firing rates and temporal jitter. An emerging theme
is activity-dependent phosphorylation of Kv channel activity and suggests that intracellular
signalling has a dynamic role in refining neuronal excitability and homeostasis.
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Introduction: defining potassium currents in native
neurons

When delayed rectifying potassium currents were shown
to be the basis of action potential (AP) repolarization
(Hodgkin & Huxley, 1952), it was never envisaged that
there would be such a huge number of genes dedicated to
this function: there are around 40 subunit genes divided
into around 12 families (Coetzee et al. 1999; Gutman et al.
2003). Generally a functional channel requires association
of four α subunits, usually from within the same family
and may include β subunits or other accessory proteins.
K+ channels share a highly conserved pore structure,
providing high selectivity for K+ ion permeation (Doyle
et al. 1998; Yellen, 2002; MacKinnon, 2003). Elaboration
of this structure forms the basis for the rich diversity of
potassium channel properties and functions, but these
subtle differences make it difficult to confidently assign
specific roles to identified subunits in most neurons.

Knowledge of K+ channels is dominated by studies
of recombinant homomeric channels in cell lines, but
this gives limited understanding of heteromeric channels
in native neurons. First one must obtain good quality
voltage-clamp data, but the extensive dendritic trees
of many neurons make space-clamp imperfect, while
the magnitude of outward currents means that the
voltage-clamp error (generated by the current passing
across the pipette series resistance in whole-cell recording)
is very large, even with series resistance compensation
circuitry. These and other issues have been well considered
elsewhere (Williams & Mitchell, 2008; Clay, 2009).

Resting membrane potentials are generally set by
expression of inward rectifiers mediated by the Kir channel
family and by the leak channels, ‘outward rectifiers’
mediated by the tandem-pore (K2p) K+ channels (see
review from A. Mathie in this issue). These channels
are not gated, but show rectification either through pore
block (Kir) or arising from the highly asymmetric internal
and external [K+]. Kv channels activating around resting
potentials, such as Kv1 and hyperpolarization-activated
non-specific cation channels, IH (HCN are structurally
related to Kv) will also influence the resting potential and
synaptic integration (Garden et al. 2008; Oertel et al. 2008;
Hassfurth et al. 2009).

Basic gating/kinetic properties of the K+ channel
families

Within the limitations of voltage-clamp in the whole-cell
patch configuration, we can obtain biophysical parameters
of the currents which are characteristic of particular
families (Gutman et al. 2003). The dominant neuronal
delayed rectifiers in mammals are from the core
voltage-gated channel families: Kv1–Kv4. Each family
contains multiple genes specifying subunits which are

homologous to the single prototypical genes expressed
in Drosophila: shaker, shab, shaw and shal, respectively.
The biophysical properties of native ion channels differ
in rather subtle ways and given their heterogeneous
composition, precise identification is possible only under
special circumstances. Family traits are recognizable, so
it seems reasonable to propose that Kv families are
specialized for particular functions, but there is necessarily
considerable overlap and interaction. Kv1, Kv4 and Kv7
channels are low-voltage-activated (LVA; Fig. 1) opening
on small depolarizations from around resting potentials,
and so are a powerful means of regulating AP number
on depolarization or during an EPSP (Brew et al. 2003,
2007; Coetzee et al. 1999; Brown & Passmore, 2009). Kv4
channels generate the classic A-current, a transient K+

current, which requires prior hyperpolarization to remove
steady-state inactivation before it can activate (Maffie
& Rudy, 2008). Kv3 currents are high voltage activated
(HVA; Fig. 1) requiring voltages achieved only during
APs, and their fast kinetics mean that they contribute
to AP duration and fast firing. Kv2 are also HVA, but
have slower kinetics, and their association with accessory
proteins (gene families: Kv5, Kv6, Kv8 and Kv9) makes their
properties difficult to match with recombinant counter-
parts.

The IUPHAR web site (Gutman et al. 2003) provides
broad introductory information on ion channel properties
and their pharmacology. Many pharmacological agents
are not so specific that they can be used as the
sole means of identification for potassium channels.
Tetraethylammonium (TEA) will block many Kv channels
at high concentrations (Armstrong & Binstock, 1965;
Stanfield, 1983) but at low concentrations it is relatively
effective at blocking Kv3 channels (Fig. 2). The approach
we have taken is to build a series of simple pharmacological
tests, which when combined with biophysical data can
indicate the Kv family of a native neuronal conductance,
with additional immuno-histochemical, PCR and/or
transgenic data providing further confirmation. The basic
pharmacological protocol is presented in Fig. 2. At present
it has only been applied to auditory brainstem neurons,
but it should be applicable to other brain areas. Certain
antagonists such as the dendrotoxins are highly specific
and provide clear evidence for the channel family (Harvey
& Robertson, 2004); in a few cases, subunit-specific toxins
can be employed to give even more precise data (e.g. Kv1.1
block by dendrotoxin-K; see Dodson et al. 2002).

The crucial physiological insights to understanding the
biophysical roles of different potassium channel families
may be realized by focusing studies on a specific identified
neuron, which participates in a particular computational
process. Our interest in the control of excitability in the
medial nucleus of the trapezoid body (MNTB) and its
giant synapse, the calyx of Held (Dodson & Forsythe, 2004;
Schneggenburger & Forsythe, 2006), provides an ideal

C© 2010 The Authors. Journal compilation C© 2010 The Physiological Society



J Physiol 588.17 K+ channels and auditory processing 3189

Figure 1. Functional classification of voltage-gated potassium
currents
A, voltage clamp permits the biophysical properties of the native
channel types to be distinguished in terms of voltage-dependent
activation kinetics. Generalization of these properties is expressed here
as a matrix of low-voltage-activated (LVA) channels such as Kv1, Kv4
and Kv7, and high-voltage-activated channels (HVA) Kv3 and Kv2. Kv4
channels (mediating A-type currents) are inactivated at rest and so
require prior hyperpolarization before they will activate. The spectrum
of their channel kinetics further divides these groups into those that
activate rapidly (Kv1, Kv4 and Kv3) and more slowly (Kv7 and Kv2). B,
under conventional voltage recording (current clamp) the Kv channel
kinetics mean that each channel activates over a characteristic part of
the overall AP waveform as represented by the coloured bars/arrows:
LVA channels open on depolarization from resting potentials (−70 mV)
to around −40 to −30 mV, so influencing the threshold for AP firing.
HVA channels require further depolarization, approaching 0 mV, which
is only achieved during APs, so these channels contribute to
repolarization. Kv1 channels would turn on with small depolarizations,
while Kv3 would be delayed until further depolarization. Kv2 would
be even later due to its slow kinetics, but its activity

preparation to explore native K+ channels in the context
of auditory processing. This nucleus has the advantages of
simple morphology (the calyx of Held synapse forms on
the soma of a neuron with few dendrites) and predictable
neuronal properties. The MNTB is an ideal site at which to
address these integrative questions; but first let us briefly
consider the function of the MNTB in auditory processing:
what is it doing, where does it project, how is it adapted to
these postulated computational roles?

What is the MNTB doing?

Three elementary properties of sound are encoded into AP
trains of the 8th nerve by the cochleae: frequency (tone),
intensity (volume) and time (onset, phase). The frequency
of sound is transformed into a place code (tonotopy) by
the resonance of the basilar membrane, so that inner hair
cells close to the oval window (at the base of the cochlea)
respond to high frequencies and as the resonance evolves
with distance along the basilar membrane, increasingly
low frequencies are represented toward the apex. This
tonotopic map is preserved and adapted in the central
auditory projection (Kandler et al. 2009) with each neuron
having a characteristic frequency (CF) to which it fires with
the lowest threshold. For a given frequency (and within
neuronal populations) sound intensity is encoded by AP
firing rate; usually with higher rates representing louder
sounds. Finally, timing is important for localization of a
sound source, which requires integration of AP encoded
sounds from two cochleae for computation of interaural
timing and intensity differences (Oertel, 1999; Trussell,
1999). This computation first occurs in two distinct nuclei
of the brainstem superior olivary complex, each of which
receives inhibitory inputs from the MNTB.

The MNTB is an inverting relay, providing an ipsilateral
glycinergic inhibition from contralateral excitation (i.e.
from the sound received on the opposite side of the head).
This input arrives from the bushy cells of the ventral
cochlear nucleus (VCN) via the calyx of Held (Fig. 3, inset).
Each MNTB projects to four auditory nuclei: the medial
superior olive (MSO; Smith et al. 2000; for review see

extended to longer time points as it is slow to turn off. Although
this diagram is a vast oversimplification, it gives a framework in
which to identify native potassium currents and their different roles
in determining neuronal excitability. Note that little emphasis is placed
on inactivation, since this is so dependent on the precise subunit
composition of the channel, but it is nonetheless important; Kv4
channels invariably inactivate, with a time course which is highly
dependent on subunit and accessory proteins. Inactivation (for reviews
see Robertson, 1997; Aldrich, 2001) plays an important role in reducing
the Kv contribution during sustained activation, for instance increasing
AP duration during repetitive firing.
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Grothe, 2003; Fig. 3B), the lateral superior olive (LSO; for
review see Tollin, 2003; Kandler et al. 2009; Fig. 3C), the
superior paraolivary nucleus (SPN; Banks & Smith, 1992;
Kulesza et al. 2007; Fig. 3D) and the nuclei of the lateral
lemniscus (NLL; Glendenning et al. 1981; Yavuzoglu et al.
2010; Fig. 3E). We will briefly review the function of
each nucleus, highlighting the role of the MNTB at each
stage.

(1) The MSO projection. Low-frequency sounds
(<2 kHz) with a wavelength long enough to give two
distinct phases at opposite ears within one sound cycle
are localized by interaural time differences (ITDs) of

the sound stimulus. There are two theories for ITD
processing based on coincidence detection: first, via
‘hard-wired delay lines’ (Jeffress, 1948; for discussion see
Joris & Yin, 2007) and second via ‘virtual delay lines’
introduced by either tonic inhibition (Zhou et al. 2005) or
well-timed inhibition from the MNTB (Pecka et al. 2008).
Both theories require temporal and spatial summation
of phase-locked inputs, in which summation of EPSPs
from left and right ears are refined by voltage-gated
conductances, such as Kv1 (Mathews et al. 2010).
MNTB-mediated inhibition shifts the slope (rather than
the peak) of the ITD functions into the physiologically
relevant range, so that near linear changes in firing rate

Figure 2. Pharmacological profile for native delayed rectifier Kv families
Since native channels are often heteromers, precise biophysical and pharmacological matching to recombinant
homomeric channels is difficult. Measurement of ion channel current defines the functional plasma membrane
channel pool; this is a crucial advantage over biochemical approaches (Western blot or PCR). This pharmacological
profile method should be applied with caution. The antagonists (or gating modifier no.) listed on the left are applied
cumulatively in order to inhibit the conductances indicated in the middle. Resolution of ambiguous pharmacology
is achieved by secondary experiments using the additional pharmacology indicated by the vertical blue arrows.
Additional constraints and confirmation of Kv identity is obtained from the time course and current–voltage
relations of the current measured under voltage clamp, as summarized on the right. ∗Low concentrations of TEA
will also block Kv1.1 homomeric channels. ∗∗ 4-aminopyridine will block many Kv1 and Kv3 subunits at micromolar
concentrations and most Kvs at millimolar concentrations; If Kv4 (A-current) is present it may be effectively removed
by induction of inactivation, without need of pharmacological agents. #Stromatoxin is a gating modifer, shifting
the activation voltage to more positive potentials, rather than an antagonist.
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equate to azimuth sound location (McAlpine et al. 2001;
Grothe, 2003). IPSPs from the MNTB need to be as
precisely timed as the EPSPs, i.e. for phase-locked firing
beyond 1 kHz during the sound (Smith et al. 1998; Paolini

et al. 2001; Kopp-Scheinpflug et al. 2003; Tollin & Yin,
2005) and ensure that inhibition is linearly represented
so that firing is restricted to only one AP per cycle of the
sound wave.

Figure 3. Contribution of MNTB-inhibition to auditory brainstem processing
Inset, a sketch of a coronal brain section at the level of the superior olivary complex. Sound-evoked activity from
the contralateral ear arrives as AP trains in the ventral cochlear nucleus (VCN) which sends excitatory projections
to the MNTB (red lines, +). MNTB neurons give inhibitory projections (blue lines, −) to the medial superior olive
(MSO), the lateral superior olive (LSO), the superior paraolivary nucleus (SPN) and the nuclei of the lateral lemniscus
(NLL). All four target nuclei receive direct excitatory inputs from the VCN (not shown). A, excitation to each MNTB
neuron is mediated via a calyx of Held synapse (red line) whose activity can be detected in extracellular recordings
as a presynaptic AP preceding the postsynaptic AP (modified from Kopp-Scheinpflug et al. 2008b with permission
from Elsevier). B, MSO cells receive glycinergic IPSPs directly onto their somata. Without inhibition, the peak of the
ITD function lies within the physiologically relevant range of ITDs (yellow shaded area) and ITDs are encoded by
a topographic map. Well-timed inhibition reduces the firing rate but also shifts the peak ITD function out of the
physiological range. In this scenario the slope of the ITD function can be used to encode ITDs via a rate code. Tonic
(non-phase-locked) inhibition causes a reduction in firing rate but without the respective shift of the ITD function
(figure modified from Pecka et al. 2008 with permission from the Society for Neuroscience). C, LSO cells respond
to ipsilateral sound stimulation with increased firing rates. Increasing the strength of the inhibitory input leads
to successive reductions in firing rate. Dot raster plots resemble the activity at about 20, 50 and 80% reduction
of firing rate. The inhibition needs to be rather strong to suppress the onset component (figure modified from
Park et al. 1997, with permission from the American Physiological Society). D, SPN cells receive a sustained
inhibitory input which effectively suppresses AP firing during sound stimulation. The termination of a sound
is then highlighted by an AP offset response (unpublished data; see also Kadner et al. 2006). E, NLL neurons
receive low-frequency inhibition (blue area and histogram below), in addition to a higher-frequency excitatory
CF-stimulation (red area and histogram below). When both stimuli are presented at 0 ms delay, the excitatory CF
response is suppressed (overlaying blue and red areas) and a post-inhibitory rebound is observed (red part of the
histogram; figure modified from Peterson et al. 2009 with permission from the American Physiological Society).
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(2) The LSO projection. High-frequency sounds
(≥2 kHz) are located by comparison of interaural
differences in sound intensity (IID) caused by reflection
from and refraction around the head. The LSO integrates
EPSPs originating from the ipsilateral VCN and IPSPs
from the MNTB via the contralateral VCN at a matching
sound frequency (Tsuchitani, 1997). Firing evoked by the
ipsilateral EPSP is suppressed by increased sound intensity
at the contralateral (inhibitory) ear, with the firing rate
being described by the IID function (Fig. 3C). The dot
raster plots in Fig. 3C show that complete suppression of
the onset APs is achieved by intense inhibition. Changes
in either timing (of the IPSP or EPSP) or intensity, can
substitute for the other parameter (Pollak, 1988). IIDs are
generally integrated over short time periods (Tollin, 2003)
which makes onset precision essential. Over these periods
the MNTB inhibitory input must have a large firing range
so as to encode inherently small intensity differences.

(3) The SPN projection. The mammalian auditory
brainstem also contains circuits adapted for gap and
sound duration detection which define the end of a
sound (Kadner et al. 2006; Kadner & Berrebi, 2008).
This contributes to vocal communication and speech in
humans (see review Walton, 2010). The SPN receives
predominantly contralateral excitatory input from the
cochlear nucleus (Schofield, 1995) and a strong, tonotopic
inhibitory input from the MNTB (Banks & Smith, 1992).
AP firing is suppressed during the sound by MNTB IPSPs
and when the sound ceases, the SPN is released from
the inhibition and generates rebound APs as an ‘offset
response’ (Fig. 3D). This offset response is blocked by
glycinergic antagonists (Kulesza et al. 2007). The MNTB
must convey sustained inhibition for the whole duration
of the stimulus and have a rapid termination, so as not to
suppress the offset firing in the SPN.

(4) The NLL projection. The NLL analyzes complex
sounds by temporal segregation of spectrally integrated
inputs and is suggested to be involved in echo suppression
(Pecka et al. 2007). Inhibition has two roles. First, the
excitatory response to a CF stimulus is suppressed by
simultaneous delivery of a low-frequency (LF) inhibitory
stimulus, while a change in timing between the two
sounds abolishes the suppressive effect (Peterson et al.
2009; Fig. 3E). Second, a powerful onset inhibition in
the NLL delays the CF excitatory response (Nayagam
et al. 2005) and undermines the precise mutual timing
between LF and CF tones. This onset inhibition has broad
frequency tuning, so it may arise from convergence of
MNTB neurons with a range of CFs. The glycinergic
inhibition may also act directly at the excitatory input
formed by another calyx synapse which originates from
broadly tuned octopus cells in the VCN (Vater & Feng,

1990). In the MNTB, glycine can be excitatory at the CF,
while maintaining its classical inhibitory role at spectrally
distant frequencies (Kopp-Scheinpflug et al. 2008a); this
paradox may involve presynaptic modulation as reported
for the calyceal synapse (Turecek & Trussell, 2001). Similar
mechanisms underlying glycinergic transmission have
been proposed in the NLL (Kutscher & Covey, 2009). Thus,
a precisely timed strong inhibition from the MNTB would
be required by the NLL.

Understanding the requirement of the target nuclei
allows us to frame ideas concerning the properties to which
the output of MNTB neurons must conform. Precise
timing with low jitter and no aberrant firing is required
for ITD discrimination in the MSO. For IID processing
in the LSO, the MNTB requires a large firing range to
encode the range of sound intensities. Offset encoding
is probably the least demanding in terms of precision
but requires sustained firing for long time periods. The
NLL projection must also have a precisely timed onset,
although our understanding of its overall role here is still
to be elucidated. For each of these discrete circuits the
MNTB is providing IPSPs that must integrate with EPSPs
arising from a shorter synaptic chain, and therefore the
transmission delay to the MNTB must be brief, and the
APs well timed and able to sustain high frequencies with
minimal aberrant firing.

Physiology of the MNTB, a key role for K+ channels

To fulfil its role in the circuitry of the auditory
brainstem, the MNTB needs to have the following intrinsic
properties: fidelity in terms of input vs. output, ability
to generate high and sustained firing rates, and AP
timing accuracy. A further refinement is rapid synaptic
transmission from its presynaptic input to minimize
latency jitter. A physical constraint on fast transmission
imposed by all neuronal membranes is the exponential
(capacitive) rather than instantaneous charging of the
membrane. Each MNTB neuron receives a large excitatory
synapse called the calyx of Held (Held, 1893; Morest,
1968), which originates from the globular bushy cells
of the contralateral cochlear nucleus (Spirou et al. 1990;
Kuwabara et al. 1991; Smith et al. 1991). In response to a
single presynaptic stimulus, this giant synapse generates an
excitatory postsynaptic conductance (EPSG) of between
100 and 300 nS (Johnston et al. 2009), which effectively
supercharges the MNTB membrane, rapidly bringing it
to firing threshold. Although the exuberant size of the
presynaptic input confers minimal time delays between
the presynaptic and postsynaptic APs, the initial current
magnitude and short term depression during repetitive
stimulation generate other more subtle problems for
information transmission.
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Fidelity: preservation of the timing and pattern of AP
trains across the MNTB relay

The large calyceal input generates an EPSC which can
be 30-fold larger than that required to trigger one AP
and so should trigger multiple APs in response to a
single presynaptic AP. This would undermine processing
in the LSO, where the inhibition should scale linearly
with intensity, and the MSO, where aberrant APs would
be mis-timed and poorly synchronized with the phase.
However, the MNTB never fires more than a single AP
for each presynaptic input. This remarkable one-to-one
fidelity is due to low voltage-activated channels formed
from Kv1.1 and Kv1.2 subunits (Brew & Forsythe, 1995;
Dodson et al. 2002). In the MNTB Kv1 channels begin
to activate from around –67 mV and are half-activated
by ∼−40 mV (Fig. 4Ac and d; Brew & Forsythe, 1995).
Their crucial role was demonstrated by application of
DTx-I, which results in multiple postsynaptic APs being
generated in response to a single EPSC (Fig. 4Aa). Kv1
channels also contribute to AP firing threshold and AP
amplitude (Dodson et al. 2002; Klug & Trussell, 2006).

The powerful control on AP firing exerted by a relatively
small Kv1 conductance is made possible by their special
subcellular location in the axon initial segment (AIS) of
the MNTB axon (Fig. 4Ab) (Dodson et al. 2002; Johnston
et al. 2008a; Clark et al. 2009) along with voltage-gated
sodium channels (Kuba et al. 2006; Kuba & Ohmori,
2009). A simple NEURON model of the MNTB (shown in
Fig. 4Ae) reinforces this, showing that passive properties
alone permit spread of large and sustained depolarization
into the axon. With somatic Kv1 channels, depolarization
is largely shunted; however, when placed in the AIS, the
Kv1 shunt is even more effective. Kv1 channels located in
the AIS will act as a high-pass filter permitting only large
fast rising voltage signals to trigger APs.

Although they are not present in the MNTB (Johnston
et al. 2008a), Kv7 channels (M-current) are present in
initial segments of some neurons (Brown & Passmore,
2009), where they serve analogous roles in suppressing
firing. In mice, ether-à-go-go-related gene (ERG) channels
serve a complementary role with Kv1 (Hardman &
Forsythe, 2009). Since ERG channels show increased
current when the extracellular [K+] is raised, ERG
channels may exert most influence during periods of
high-frequency firing when extracellular K+ accumulates
and EK is depolarized.

High firing rate

Brief APs allow a neuron/axon to sustain higher firing
rates. The MNTB has extremely brief APs with half-widths
of ∼400 μs due to the rapid kinetics of Kv3 channels
(Fig. 4Bd and e) (Brew & Forsythe, 1995; Wang et al. 1998a;
Rudy & McBain, 2001). The function of Kv3 channels

is conceptually simple: the positive activation voltage
of Kv3 channels limits their activation to voltages only
achieved during the AP (Fig. 4Bb and e), yet their rapid
kinetics ensure they are deactivating during the falling
phase of the AP (Fig. 4Bb), but can contribute to a fast
after-hyperpolarization. The contribution of Kv3 channels
to brief APs is demonstrated by the AP broadening
following application of 1–3 mM TEA (Fig. 4Ba) (Brew
& Forsythe, 1995; Wang et al. 1998a). Short APs will
minimize Nav inactivation and thus assist maintained
firing (Fig. 4Bf ) while the fast Kv3 deactivation will
avoid extending refractory periods. However, all active
Kv conductances (Fig. 1B) will contribute to the AP
amplitude and time course, including Kv1 (see above) and
Kv2. Indeed the large synaptic conductance will influence
AP waveform (Johnston et al. 2009) and during the peak of
an overshooting AP (while V m is positive to EEPSC) could
assist AP repolarization.

Kv3 channels are located in the somatic membrane
and axons, including nodes of Ranvier (Devaux et al.
2003) in the trapezoid body (Fig. 4Bc); this will ensure
rapid discharging of the postsynaptic membrane after
each EPSP. Kv3 channels are also present at the calyx of
Held terminal, but are located on the non-release face
of the terminal and postsynaptically between the fingers
of the calyx (Elezgarai et al. 2003). This exclusion from
the synaptic cleft will minimize K+ efflux into the small
volume of the cleft which would otherwise cause local
depolarization or depletion of intracellular [K+] from fine
structures (Wang et al. 1998b).

Maintained firing

Although the large AMPA receptor (AMPAR)-mediated
EPSC decays extremely rapidly, a slow component remains
(Barnes-Davies & Forsythe, 1995; Taschenberger & von
Gersdorff, 2000; Johnston et al. 2009) and summates with
repetitive stimulation (>50 Hz), resulting in APs being
triggered during sustained depolarization (Taschenberger
& von Gersdorff, 2000). Depolarization during the
inter-spike period reduces the pool of available sodium
channels and can lead to AP failure (Jung et al. 1997;
Johnston et al. 2008a). In the MNTB Kv2.2 causes
inter-spike potential to be more negative and consequently
sodium channels recover more quickly from inactivation
(Fig. 4Ca). Kv2.2 is a delayed rectifier with relatively
slow kinetics and a positive activation range (Fig. 4Cc
and d), so intuitively it will be less activated during
single short APs. However, their slow deactivation rate
allows maintained activation during the inter-spike inter-
val and also results in cumulative activation during
high-frequency firing. Like Kv1 channels, the Kv2.2
channels are localized at the AIS (Fig. 4Cb, the location of
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Figure 4. K+ channel physiology of the MNTB
A, Kv1 channels ensure one-to-one fidelity. Aa, application of DTx results in multiple action potentials on
the tail of the EPSP generated in response to each presynaptic stimulus (Brew & Forsythe, 1995). Ab, Kv1
immunohistochemistry shows that Kv1 channels are located in the axon initial segment (Dodson et al. 2002);
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sodium channels) where they provide a hyperpolarizing
drive whose gain is determined by firing frequency
(Fig. 4Ce). Similar AIS targeting of Kv2.1 and Kv2.2 is
observed in hippocampal and cortical neurones (Hwang
et al. 1993; Sarmiere et al. 2008).

Accurate timing and low jitter

Preservation of timing information requires precision
and minimal jitter (variance) in the response of
the postsynaptic cell to the presynaptic input. As
already mentioned the large synaptic input ensures a
rapid response, but the MNTB also implements other
mechanisms to further reduce jitter. Kv1 channels have
been shown to lower the time constant of the MNTB,
promoting more precise firing (Fig. 4Da); blocking Kv1
channels in vitro resulted in increased jitter with repetitive
stimulation (Gittelman & Tempel, 2006; Klug & Trussell,
2006). Increased levels of jitter have also been observed in
in vivo recordings from Kv1.1 KO mice (Kopp-Scheinpflug
et al. 2003), though this was largely achieved upstream of
the MNTB, probably in the presynaptic axons of the calyx.

The large Kv3 conductance facilitates high frequency
firing; however, it also introduces timing errors at
moderate frequencies (Fig. 4Dd). This could be due to
increases in the relative refractory period (Macica et al.
2003; Song et al. 2005), which may introduce a shunt at
the cell body, preventing the AIS from charging rapidly (see
Fig. 4Ae). The magnitude of the Kv3 current in the MNTB
is dynamically regulated by its phosphorylation state
(Fig. 4Db and c). Under basal conditions Kv3 is partially

scale bar is 20 μm. Ac and d, DTx blocks a LVA K+ current with a V0.5 of −43 mV (Brew & Forsythe, 1995; Dodson
et al. 2002 with permission, SfN.). Ae, a simple NEURON model (Hines & Carnevale, 2001) of the MNTB with a
1.8 nA current injection at the soma. The voltage at the soma and at the end of the AIS is plotted in blue and green,
respectively, and shown assuming passive properties (left) Kv1 channels located at the soma (middle) and with Kv1
channels in the AIS (right). Note that with Kv1 channels in the AIS the voltage in the soma differs from the AIS,
which explains the apparent lowering of action potential threshold seen with DTx application (Dodson et al. 2002).
B, Kv3 channels ensure high firing rates. Ba, blocking Kv3 channels with TEA slows action potential repolarization.
Bb, Kv3 current activates with the action potential peaking at the start of repolarization (reproduced from Klug
& Trussell, 2006 with permission from the American Physiological Society). Bc, Kv3 immunohistochemistry shows
these channels in the MNTB cell body and in the axon (arrow indicates nodes of Ranvier); scale bar is 40 μm. Bd
and e, 1 mM TEA blocks a high voltage-activated K+ current with a V0.5 of ∼10 mV. Bf , the Kv3 mediated rapid
repolarization is essential for high firing rates (Wang et al. 1998). C, Kv2 channels enable sustained firing. Ca, in
a single compartment NEURON model, removing Kv2 results in a depolarized inter-spike potential and reduced
availability of Nav channels causing shorter APs. Cb, Kv2 channels are located in the AIS along with Kv1 channels;
scale bar is 20 μm. Cc and d, Kv2 channels mediate a slow activating high voltage-activated K+ current. Ce, Kv2
current is activated in a frequency-dependent manner and remains active during the inter-spike potential (Johnston
et al. 2008a). D, decreased jitter with Kv1 channels and regulation of Kv3 channels. Da, Kv1 channels decrease the
membrane time constant and improve the timing of MNTB neurons during repetitive stimulation (reproduced from
Gittelman & Tempel, 2006 with permission from the American Phsyiological Society). Db, Kv3 phosphorylation
state is regulated by activity; scale bar is 100 μm. Dc, dephosphorylation occurs in loud auditory environments or
with high frequency stimulation and increases Kv3 current magnitude. Dd, large Kv3 magnitudes prolong firing
but introduce jitter (Song et al. 2005 reproduced with permission, Nature Neuroscience); under quiet conditions
Kv3 is phosphorylated and timing errors are minimized.

inactive, but with high frequency synaptic stimulation
(e.g. 600 Hz for 20 s) or moderate sound stimulation, Kv3
becomes dephosphorylated and active (Song et al. 2005),
which promotes higher frequency firing.

Discussion

The auditory brainstem is an example of a system in
which ion channel function can be addressed at the
molecular, cellular and physiological level. Whole-cell
patch recordings permit identification of voltage-gated
potassium currents from MNTB neurons. A common
theme in ion channel regulation of excitability is precise
localization in specific neuronal compartments; many Kv
channels are located in the axon initial segment (Kv1,
Kv2, Kv3) while Kv3, but neither Kv1 nor Kv2, channels
were observed in excised somatic membrane patches
(Johnston et al. 2008a). A generalized overview of Kv
channel localization is provided in Fig. 5. Kv1 channels
limit multiple firing following activation of the giant
synapse and Kv3 channels repolarize the action potential.
Recent evidence shows that Kv2.2 complements Kv3 and
is of increasing relevance during inter-spike intervals in
stimulus trains. A similar role has been proposed for
sodium-activated K+ (IKNa) channels (Yang et al. 2007)
although IKNa may not contribute under all experimental
conditions (Johnston et al. 2008a). Other potassium
conductances mediated by HCN, ERG and Kv4 channels
(Johnston et al. 2008b) are present, but with relatively
small conductances and further work is required to under-
stand their various specific and complementary roles in
MNTB function.
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Potassium currents are crucial for MNTB neurons to
maintain high firing rates, avoiding aberrant firing, and
to permit sustained longer periods of firing. The physio-
logical roles of ion channels in AP firing are often probed
by current injection through the recording pipette rather
than synaptic stimulation. Step current injection generates
only a single initial AP in an MNTB neuron and does
not produce physiological AP waveforms (Johnston et al.
2009). The physiological input is a train of EPSPs, each
generating a single postsynaptic AP at its peak, but as
input frequencies approach refactory period intervals, so
latency fluctuations and AP failures become inevitable
as the synaptic conductance depresses (Hermann et al.
2007; Hennig et al. 2008). MNTB cells fire at much higher
rates for stimulus onset than for later times in the train,
as seen in the phasic–tonic (primary-like post-stimulus
time histogram) responses in vivo (Smith et al. 1998).
In brain slices, MNTB cells can attain ‘instantaneous’
high firing rates up to 800 Hz (Taschenberger & von
Gersdorff, 2000), which requires the high safety factor
of the calyx for postsynaptic AP generation especially
at stimulus onsets (Kopp-Scheinpflug et al. 2008a).
However, during maintained (>30 s to minutes) stimuli
or background spontaneous activity (Hermann et al.
2007), failures in synaptic transmission start to occur,
EPSPs drop below threshold and the MNTB firing rates
decline. The calyx of Held–MNTB synapse has often

been described as maintaining a ‘one-to-one’ input/output
fidelity; this is true at low stimulus frequencies, where
Kv1 channels suppress multiple firing to the giant calyceal
input (Brew & Forsythe, 1995). But in terms of auditory
physiology, the MNTB relay is best considered as a
‘one-to-no-more-than-one’ transmission; i.e. failures in
terms of skipped cycles during high firing rates are
tolerable (Macica et al. 2003; Kaczmarek et al. 2005; Song
et al. 2005) from the computational viewpoint, since the
APs which do propagate are still well timed with respect
to the sound wave (albeit at a lower overall firing rate).
Failures of the EPSP to trigger APs in the target neuron
have been described in some studies (Guinan & Li, 1990;
Kopp-Scheinpflug et al. 2002; Steinert et al. 2008; Lorteije
et al. 2009) although not all (McLaughlin et al. 2008).
One issue is that the incoming AP train to the MNTB will
already have been conditioned and AP firing limited by
transmission through the VCN (Englitz et al. 2009) and
the cochlea. However, attainment of high transmission
rates must require similar adaptations at all levels of the
pathway. Clearly activity-dependent modulation during
spontaneous firing (Hermann et al. 2007) and activation
of nitrergic signalling induces transmission failures under
physiological conditions (Steinert et al. 2008).

Ligand-activated or inhibited K+ conductances are
familiar concepts in terms of Kv7 (KCNQ), KIR3
(KATP) and KCa1.1 (BK), but there is increasing evidence

Figure 5. Subcellular localization of voltage-gated K+ channels
Somatic Kv channels include Kv3 and ERG, but the major part of the conductance arises from channels in the axon
initial segment (AIS) which are dominated by Kv1, Kv2 and Kv3 channels (as well as voltage-gated sodium channels,
Nav). The location of Kv4 on dendrites is implied from their absence in MNTB somatic membrane and evidence
from other cell types. Nodes of Ranvier (NOR) contain Nav and Kv3, with Kv1 channels in the juxtaparanodal region,
under the myelin sheath (Wang et al. 1993). The last NOR of the axon known as the heminode is particularly
large for the Calyx (Leão et al. 2005) and contains Kv1 and Kv3 channels, with the majority of Kv3 being on the
non-release face of the synaptic terminal.
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for activity-dependent modulation of voltage-gated
potassium channels (e.g. Kv2.1, Chen et al. 2006; Park et al.
2006) across many areas of the nervous system. Reduced
Kv1 currents (Leao et al. 2004) and Kv3 channel activity
(von Hehn et al. 2004) are seen in hearing impaired or
deaf animals and during incubation with elevated [K+]o

(Liu & Kaczmarek, 1998; Tong et al. 2010). Future work
will focus on the signalling and homeostatic mechanisms
by which synaptic input modulates Kv channel function
and the extent to which changes in Kv current are
mediated by ion channel phosphorylation or trafficking.
These approaches will provide important insights into
the mechanisms influencing ion channel activity during
auditory insult, deafness and disease. Recent evidence
suggests multiple levels of activity-dependent control in
the MNTB. Synaptic stimulation, lasting seconds and
involving PKC (Macica et al. 2003; Desai et al. 2008)
and the protein phosphatases PP1/PP2A, mediates a
short-term facilitation of Kv3 conductances through net
dephosphorylation in response to moderate sound levels
(Song et al. 2005; Strumbos et al. 2010). Stimulation of
the calyceal input over tens of minutes causes activation
of nitric oxide signalling and suppression of Kv3 currents
(Steinert et al. 2008) and potentiation of other delayed
rectifiers by cGMP/PKG-dependent mechanisms. These
observations highlight the concept that the excitatory
synaptic input can modulate the excitability of the target
neuron by direct changes in voltage-gated potassium
channels. This supports the notion that the calyx of
Held–MNTB synapse is not an inert secure relay, but
requires active feedback and feedforward control in order
to tune neuronal excitability to recent synaptic activity.
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