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Regulation of Kv channel expression and neuronal
excitability in rat medial nucleus of the trapezoid body
maintained in organotypic culture

Huaxia Tong, Joern R. Steinert, Susan W. Robinson, Tatyana Chernova, David J. Read, Douglas L. Oliver
and Ian D. Forsythe
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Principal neurons of the medial nucleus of the trapezoid body (MNTB) express a spectrum
of voltage-dependent K+ conductances mediated by Kv1–Kv4 channels, which shape action
potential (AP) firing and regulate intrinsic excitability. Postsynaptic factors influencing
expression of Kv channels were explored using organotypic cultures of brainstem prepared
from P9–P12 rats and maintained in either low (5 mm, low-K) or high (25 mm, high-K) [K+]o

medium. Whole cell patch-clamp recordings were made after 7–28 days in vitro. MNTB neurons
cultured in high-K medium maintained a single AP firing phenotype, while low-K cultures had
smaller K+ currents, enhanced excitability and fired multiple APs. The calyx of Held inputs
degenerated within 3 days in culture, having lost their major afferent input; this preparation
of calyx-free MNTB neurons allowed the effects of postsynaptic depolarisation to be studied
with minimal synaptic activity. The depolarization caused by the high-K aCSF only trans-
iently increased spontaneous AP firing (<2 min) and did not measurably increase synaptic
activity. Chronic depolarization in high-K cultures raised basal levels of [Ca2+]i, increased Kv3
currents and shortened AP half-widths. These events relied on raised [Ca2+]i, mediated by
influx through voltage-gated calcium channels (VGCCs) and release from intracellular stores,
causing an increase in cAMP-response element binding protein (CREB) phosphorylation.
Block of VGCCs or of CREB function suppressed Kv3 currents, increased AP duration, and
reduced Kv3.3 and c-fos expression. Real-time PCR revealed higher Kv3.3 and Kv1.1 mRNA in
high-K compared to low-K cultures, although the increased Kv1.1 mRNA was mediated by a
CREB-independent mechanism. We conclude that Kv channel expression and hence the intrinsic
membrane properties of MNTB neurons are homeostatically regulated by [Ca2+]i-dependent
mechanisms and influenced by sustained depolarization of the resting membrane potential.
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Introduction

A key question of neuronal function is to understand
the mechanisms by which the density and activity
of voltage-gated ion channels are controlled in native
neurons. What forms of homeostatic control enable a
neuron to maintain the ideal balance of delayed rectifier to
set the phenotypic action potential (AP) firing pattern of
any particular neuron? Studies of these processes require

an identified neuron in a highly controlled environment.
We have chosen the principal neuron of the medial nucleus
of the trapezoid body (MNTB) because this neuron has a
well characterised response to depolarisation and can be
maintained in organotypic tissue culture (Lohmann et al.
1998; Lohrke et al. 1998).

Well-regulated intrinsic excitability and expression of
voltage-gated K+ channels are vital to balance excitatory
drive and to maintain high-fidelity synaptic transmission
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in the MNTB (Dodson et al. 2002; Schneggenburger &
Forsythe, 2006). Several activity-dependent changes in
K+ channels have been observed here: high-frequency
auditory stimulation induces rapid dephosphorylation
of Kv3.1 channels facilitates high-frequency firing (Song
et al. 2005); recent evidence demonstrated activity-driven
modulation of Kv3 currents by nitrergic signalling
(Steinert et al. 2008) and reduced Kv1 currents have been
observed in the congenitally deaf mouse (dn/dn) (Leao
et al. 2004). Studies of acute brain slice preparations
are limited to around 8–12 h; however, organotypic slice
culture allows chronic changes to be maintained over
many days under controlled conditions (Uesaka et al.
2005; Baxter & Wyllie, 2006; Gibson et al. 2006; Johnson
& Buonomano, 2007). The aim of this study was to
exploit organotypic brainstem slices to test the effect of
depolarization on K+ channel function and expression in
the MNTB.

Studies of activity-dependent mechanisms frequently
employ chronically elevated [K+]o to generate
depolarization-induced neuronal activity (Muller
et al. 1998; Brosenitsch & Katz, 2001; Zhao et al. 2007). In
young animals (P3–P5) elevated [K+]o was essential for
neuron survival in organotypic cultures of the superior
olivary complex (SOC) (Lohmann et al. 1998; Lohrke
et al. 1998). Afferent activity is necessary for survival
of auditory brainstem neurons at young ages, since
cochlea removal in the first postnatal week results in
severe cell death in the cochlear nucleus and consequently
denervation as well as afferent reorganization in the
SOC (Trune, 1982; Russell & Moore, 1995; Tierney et al.
1997; Harris & Rubel, 2006). However, little cell loss
is found after deafferentation in older animals (Russell
& Moore, 1995; Hsieh & Cramer, 2006). This suggests
that organotypic brainstem cultures from animals older
than P9 may be less sensitive to denervation, permitting
examination of other regulatory mechanisms. Synaptic
activity contributes to neuronal survival and network
development by releasing neurotrophic factors (Rubel
& Fritzsch, 2002; Chabbert et al. 2003; Tan et al. 2008)
and regulating synaptic strength and postsynaptic
excitability (Desai et al. 1999; Nelson et al. 2003; Fan
et al. 2005; Uesaka et al. 2005; Xu et al. 2005), but in
this organotypic culture preparation the major synaptic
input to the MNTB does not survive. This creates a
model neuronal preparation in which we can study
non-synaptic mechanisms of ion channel modulation
and may provide insights into mechanisms by which
auditory transmission can be maintained when synaptic
inputs are compromised, such as following deafness or
associated with cochlear implants.

Using MNTB neurons in organotypic cultures from
P9–P12 rats, we identify Ca2+ and CREB (cAMP-response
element binding protein) mediated signalling which
modulates K+ channel expression, consistent with a

homeostatic role in tuning neuronal excitability. This
regulation is activated by depolarization of the membrane
potential and involves voltage-gated calcium channels
(VGCCs) and release from intracellular Ca2+ stores but
without direct involvement of AP firing.

Methods

Preparation of organotypic brainstem slice cultures
and acute slices

Nine- to 12-day old Lister–Hooded rats were killed
by decapitation in accordance with the UK Animals
(Scientific Procedures) Act 1986, and their brains
were removed. Organotypic cultures were prepared
based on the method of Stoppini et al. (1991) with
modifications as indicated. The brainstem was dissected
in an ice-cold dissecting medium containing: 98% Hanks’
balanced salt solution, 1% penicillin–streptomycin (giving
50 units ml−1 penicillin and 50 μg ml−1 streptomycin),
25 mM glucose (from 45% glucose solution) and 2 mM

kynurenic acid (pH 7.4 when gassed with 95% O2–5%
CO2). Kynurenic acid is a broad-spectrum antagonist
of ionotropic glutamate receptors with preferential
affinity for the NMDA receptor (NMDAR; Stone, 1993),
and protects neurons from glutamate receptor induced
excitotoxicity (Urenjak & Obrenovitch, 2000). Slices for
maintenance in culture were prepared under aseptic
conditions with sterile solutions.

Brainstem slices were prepared as described previously
(Barnes-Davies & Forsythe, 1995). Briefly, the brainstem
was mounted in the chamber of a Vibratome (Integraslice
7550, Campden Instruments, Loughborough, UK). Trans-
verse slices (200 μm thick) of the brainstem containing
the MNTB were cut in ice-cold dissecting medium.
Individual slices were then transferred to 0.4 μm Biopore
CM membrane inserts (Millipore, Bedford, MA, USA)
placed in six-well culture plates, with each well containing
1.1 ml of culture medium. The low [K+]o culture medium
contained 5 mM KCl and comprised 97% Neurobasal-A
medium (without phenol red), 2% B-27 serum-free
supplement, 0.25 mM glutamine solution (Stock: 200 mM,
Invitrogen), 0.25 mM Glutamax I solution (Stock: 200 mM,
Invitrogen), and 0.1% penicillin–streptomycin solution
(Invitrogen) giving 5 units ml−1 penicillin and 5 μg ml−1

streptomycin (Kivell et al. 2000). The high [K+]o

culture medium was the same but with addition of
20 mM KCl (added as a solid and filtered). Slices
were incubated in a humidified 5% CO2 atmosphere
at 36.5◦C. Half of the culture medium was changed
twice a week, and the experiments were performed
after 7–28 days in vitro (DIV). For some experiments,
ryanodine (Rya, 100 μM), 2-aminoethoxydiphenylborane
(2-APB, 100 μM), KG-501 (12.5 μM) or VGCC inhibitors
(nifedipine, 10 μM; ω-conotoxin GVIA, 2 μM; ω-agatoxin
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IVA, 200 nM) were applied to high [K+]o cultured slices
and incubated for 24 to 48 h before recording or mRNA
extraction. Comparison of neuronal properties was made
between treated and control organotypic slices prepared
at the same time.

Acute brainstem slices were prepared in the same way as
described above, except that instead of dissecting medium,
a low-sodium artificial cerebrospinal fluid (aCSF) was
used, with a composition of (in mM): 250 sucrose, 2.5
KCl, 10 glucose, 1.25 NaH2PO4, 0.5 ascorbic acid, 26
NaHCO3, 4 MgCl2, 0.1 CaCl2, gassed with 95% O2–5%
CO2 (pH 7.4). Slices were cut and transferred to aCSF
containing (in mM): 125 NaCl, 2.5 KCl, 10 glucose, 1.25
NaH2PO4, 2 sodium pyruvate, 3 myo-inositol, 0.5 ascorbic
acid, 26 NaHCO3, 1 MgCl2, 2 CaCl2, gassed with 95%
O2–5% CO2 (pH 7.4), incubated at 37◦C for 1 h and then
stored at room temperature until required.

Chemicals were generally obtained from Sigma-
Aldrich, UK, but additional substances were obtained from
other sources. Invitrogen (UK): penicillin–streptomycin,
Neurobasal-A medium without phenol red, B-27
serum-free supplement and Glutamax I. Alomone labs:
dendrotoxin-I (DTX-I); Tocris Bioscience (Bristol, UK):
Rya and 2-APB. Peptide Institute (Japan): ω-conotoxin
GVIA (CTx-GVIA) and ω-agatoxin IVA (Aga-IVA).
Contrary to the advertising literature, marked differences
were found in neurons cultured with different batches
of B-27 serum-free supplement and similar observations
have been reported by others (Chen et al. 2008).
Consequently all experiments in this study were conducted
on two batches of B-27 which provided consistent results.

Electrophysiology

For recording, a slice was transferred to a Peltier-controlled
environmental chamber on the stage of a Zeiss Axioskop
microscope. The chamber was continually perfused
(24◦C) with gassed aCSF. Individual cells were visualized
using differential interference contrast (DIC) optics and a
Zeiss Achroplan 63× (0.9) water immersion objective.

Whole-cell patch-clamp recordings were made from
principal neurons of the MNTB using an Axopatch 200B
amplifier (Molecular Devices, Sunnyvale, CA, USA) or
Multiclamp 700B (Molecular Devices). Patch pipettes were
pulled by a two stage vertical pipette puller (PC-10,
Narishige, Tokyo, Japan) from thick walled borosilicate
glass capillaries (GC150F-7.5, Harvard Apparatus Ltd,
Edenbridge, UK) to a final resistance of 3–5 M�. Patch
pipettes were filled with (in mM): 97.5 potassium
gluconate, 32.5 KCl, 5 EGTA, 10 Hepes, 1 MgCl2 and 2
NaOH (pH adjusted to 7.2 with KOH and osmolarity
adjusted to 295 mosmol l−1 with sucrose). For K+ current
measurement, no leak subtraction was performed. A
−10.5 mV junction potential (JP) was recorded and I–V
curves are presented without JP correction.

Whole-cell patch recordings were obtained from MNTB
neurons during perfusion of normal aCSF containing
2.5 mM KCl, unless otherwise stated. Voltage-clamp was
conducted from a holding potential of −70 mV, and
recordings were only made from cells with whole-cell
access resistance less than 13 M�. Series resistances were
compensated >70% with a 10 μs lag time. Voltage-gated
currents were evoked by 200 ms voltage steps ranging
between −90 mV and +40 mV in 10 mV increments.
In current-clamp recordings, the membrane potential of
MNTB neurons was adjusted to −70 mV before giving
current steps, which ranged from −100 pA to 600 pA in
50 pA increments, to elicit APs.

Signals were amplified and filtered at between 2 and
5 kHz and sampled at between 10 and 20 kHz using an
analog-to-digital converter (Digidata 1322a, Molecular
Devices). Data were acquired using Clampex 9.2
(Molecular Devices). Current–voltage relations and
half-width of action potential durations were analysed
using Clampfit 9.2 and Microsoft Excel.

Retrograde Labelling of MNTB neurons

Sterile phosphate-buffered saline (PBS, 0.01 M), pH
7.4, containing 5% dextran tetramethyl-rhodamine of
molecular weight 3000 (dextran, D3308, Invitrogen;
Oliver et al. 2003; Burger et al. 2005) was applied
using a patch pipette. The pipette was advanced to the
lateral superior olive (LSO) region in an organotypic
slice viewed using Leica MZ16F fluorescence dissecting
microscope. Iontophoretic injections were made using a
Constant Current Isolated Stimulator PS3 (Digitimer Ltd,
Welwyn Garden City, UK) with a Trigger Generator DG2
(Digitimer) and current of 500 ms 100 μA at 1 Hz lasting
2 min. After 1 h incubation, slices were first examined
under fluorescence, and low magnification images were
obtained with the Leica dissecting microscope.

Immunohistochemistry

Dextran labelled slices were fixed with 4%
paraformaldehyde (PFA) in PBS at 4◦C for 30 min
and washed thoroughly 3 × 15 min in PBS. Low affinity
binding was reduced by overnight incubation (4◦C) with
buffer containing 10% goat serum and 1% bovine serum
albumin (BSA) in PBS with 0.1% Triton X-100 (PBS-T).
The primary anti-Kv3.1b antibody (NeuroMab, Davis,
CA, USA; 1:1000) was applied in the same buffer for
48 h at 4◦C. After washing 3 × 15 min with PBS-T, the
slices were incubated with the secondary antibody (goat
anti-mouse Alexa-fluor 488, Molecular Probes, 1:1000)
for 48 h at 4◦C.

Brain slices were fixed to a coverslip and then to a Petri
dish using thin films of 5% agarose. Slices were viewed with
a ×20/1 NA water-immersion objective mounted on an
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Table 1. The primers used for Qrt -PCR

Primers Forward Reverse

Kv1.1 GCA ACT GAT CAA AAC TGC GTT A ATT GCT TGC CTG GTG CTT T
Kv1.2 TGC AAG GGC AAC GTC ACA GGT CTG AAG CCT TTG GAA GGA
Kv3.1 CTT ATC AAC CGG GGA GTA CG AAT GAC AGG GCT TTC TTT GC
Kv3.3 AGC TTG CTT CCT TGT CAC AGA CT GCG GGA CTT CTC GTA ACC TTT
c-fos CAA GCG GTA GGT TGA ACC AG CCA TAG TCC CAA CCT CCA AC
β-Actin CCC GCG AGT ACA ACC TTC T CGT CAT CCA TGG CGA ACT

Axioskop 2FS (Carl Zeiss) and imaged using multi-photon
excitation from a near IR pulsing laser tuned to 780 nm
(Mai Tai DeepSee-Spectra Physics, Mountain View, CA,
USA). Emissions were monitored at 560–615 nm for
dextran and 500–550 nm for Kv3.1b (Alexa-fluor 488).
Z-series images were collected with an optical section
of 1.64 μm, and summed projections of labelled MNTB
neurons were obtained.

Calcium imaging

Cultured slices, containing dextran retrograde labelled
MNTB neurons, were loaded with 5 μM Fura-2 AM
(Molecular Probes, Eugene, OR, USA, dissolved in
dimethyl sulphoxide (DMSO) containing 5% pluronic
acid) for 10 min in aCSF. Before recording, slices were kept
in aCSF for 30 min to allow de-esterification of the AM
dye, using techniques described previously (Billups et al.
2002). In order to avoid glial cell debris and dead neurons,
fura-2 fluorescence (excitation at 340 and 380 nm) was
recorded only in confirmed MNTB neurons containing
the retrograde dextran signal (543 nm excitation wave-
length). Before imaging, acute brain slices were incubated
in normal aCSF containing 2 mM [Ca2+]o for more than
1 h, allowing equilibrium of intracellular calcium. This
imaging was conducted using an intensified CCD camera
(PentaMax, Princeton Instruments, Inc.). The Fura-2
fluorescent image (emission > 505 nm) was displayed
using MetaFluor imaging software (Series 7, Molecular
Devices). The light source was a Polychrome II Mono-
chromator (TILL Photonics, Martinsried, Germany).
These experiments were performed at 37◦C.

Basal calcium concentrations were measured and
calculated using a standard equation for ratiometric dyes
(Grynkiewicz et al. 1985):

[Ca2+] = K d × (R − Rmin)/(R − Rmax) × Sf2/Sb2

where R is the background-corrected fluorescence
ratio F340/F380, Rmax and Rmin are the fluorescence
ratios of MNTB neurons under Ca2+-free and
Ca2+-saturating conditions, respectively and Sf2/Sb2 =
F 380, zero Ca/F 380, saturating Ca. For the dissociation constant
(K d) of Fura-2, a value of 224 nM was appropriate for
these experimental conditions (temperature = 37◦C).

To assess the scope of [Ca2+]i increases and effects
of inhibitors, recordings were made during transition
from 2.5 mM [K+]o to either 5 mM or 25 mM for low
and high [K+]o cultures, respectively. Constant [Cl−]o was
maintained by NaCl substitution.

Quantitative real-time PCR (Qrt-PCR)

RNA extraction (each homogenate consisted of two
MNTBs pooled from one organotypic slice) was carried
out using two different methods. Total RNA was isolated
using TRI-reagent (Sigma) and mRNA isolated using the
QuickPick kit (Bio-Nobile) which uses oligo-dT coated
magnetic particles to bind poly-A mRNA. RT-PCR was
performed on 100 ng total RNA or whole reaction of
mRNA with SuperScript III first strand synthesis kit
(Invitrogen) using random hexamer primers. Similar
results were given by the two methods, but the QuickPick
method is more suitable for processing small amounts of
tissue. The resulting cDNA was then used for fluorescence
PCR (Power SYBR Green PCR Master Mix and ABI
Prism 7000 thermal cycler; Applied Biosystems Inc., Foster
City, CA, USA). Primers were design to cross exon–exon
boundaries, and the concentrations were optimized
(300–900 nM) to ensure that the efficiencies of the target
amplification and the endogenous reference (β-actin)
amplification were approximately equal. The sequences
are shown in Table 1. Amplification occurred under the
following conditions: 50◦C 2 min, 95◦C 10 min, followed
by 95◦C 15 s and 60◦C 60 s for 40 cycles. Quantification
was performed using the comparative CT method (��CT)
(User Bulletin 2, ABI Prism Sequence Detection System,
pp. 11–15, 1997, PE Applied Biosystems). Each experiment
was carried out on sister slices from the same animal
raised in high [K+]o with (treated) or without (control)
treatment, and ��CT values of treated slices were
normalized to their control slices.

Immunoblotting

MNTB regions were carefully dissected from sister
organotypic slices of the same animal cultured in either
5 mM or 25 mM [K+]o medium for 7 days. For each
culture condition, either two slices were collected from
one animal, or in later experiments four slices (from
2 animals) were combined. To extract protein, boiled
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loading buffer (Trizma-base pH 6.8 100 mM; glycerol 20%;
SDS 4%; dithiothreitol 100 mM; and 0.2% bromophenol
blue) was added to samples and boiled for 10 min (to block
dephosphorylation and degradation of the proteins).
Samples were then homogenized and centrifuged at
12 000 rpm for 3 min at room temperature. Equal volumes
of supernatant from each sample were loaded twice
onto a 10% SDS–polyacrylamide gel with a ladder of
pre-stained proteins (10–250 kDa; Bio-Rad) loaded in
between. After separation, proteins were transferred onto
nitrocellulose membranes using a semi-dry transfer cell
(30 min, 24 V; Bio-Rad). Membranes were blocked with
5% BSA in Tris-buffered saline (TBS: Tris-HCl pH
7.5 20 mM and NaCl 150 mM) overnight at 4◦C. For
blotting, the two identical columns from each sample
were divided and probed with either rabbit anti-CREB
1:1000 or rabbit anti-phospho-CREB (Ser133) 1:500
(Cell Signaling Technology, Beverly, MA, USA) in TBS
containing 5% BSA at 4◦C for 8 h. Loading controls were
performed by labelling the two columns of each sample
with α-tubulin (1:5000, Sigma-Aldrich, UK). Signals were
detected with an anti-rabbit IgG conjugated to horse-

radish peroxidase using enhanced chemiluminescence
detection (GE Healthcare, Little Chalfont, UK). Results
were quantified using densitometry and Image Quant 5.2
(Nonlinear Dynamics Ltd, Garth Heads, UK) software.

Statistics

Data were presented as the mean ± S.E.M. and analysed
using Student’s t test (paired or unpaired as indicated). A
P value of < 0.05 was considered statistically significant.

Results

Organotypic cultures of brainstem slices from P9 to P12
rats were raised either in low or high [K+]o extracellular
medium (5 and 25 mM KCl, respectively). Electro-
physiological or imaging experiments were conducted on
MNTB neurons which had been maintained for 7–28
DIV or from acute brain slices. The MNTB was identified
by the preserved cytoarchitecture of the superior olivary
complex (Fig. 1A and B), and single neurons displayed

Figure 1. The MNTB maintains projections and neuronal morphology in organotypic culture
A, low magnification microphotograph showing preservation of a transverse brainstem slice after 10 DIV
organotypic culture. Dashed line indicates midline; dashed circles indicate locations of the MNTBs. B, DIC image
showing a patch pipette recording from an MNTB principle neuron (arrow) in an organotypic slice. C, unilateral
dextran rhodamine (dextran) injection in LSO resulted in retrograde labelling in both MNTBs in an organotypic
culture (i); higher magnification images show dextran labelled MNTB neurons in high [K+]o (ii) and low [K+]o (iii)
cultures. D–F, confocal projection images of MNTB neurons showing co-labelling of dextran (red, D) with Kv3.1b
(green, E). Cytoplasmic and putative initial segment region (arrow) staining of Kv3.1b was observed in the merged
image (F).
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typical MNTB morphology (Forsythe, 1994). Both high
and low [K+]o culture media provided viable MNTB
neurons from cultures prepared from P9 (n = 5), P10
(n = 23), P11 (n = 29) and P12 (n = 5), as confirmed
by electroporation of fluorescent dextran in the LSO and
retrograde axonal transport into the MNTB (Fig. 1Cii and
iii). Fluorescence labelling evidence showed that the calyx
of Held synapse was not maintained in long-term culture
(online Supplemental Material, Supplementary Fig. S1).
Nevertheless, subthreshold synaptic events were observed,

Figure 2. MNTB neurons cultured in high [K+]o (25 mM) medium
maintain their phenotypic single AP firing pattern and outward
K+ currents
A, left, current-clamp recording shows single fast APs are evoked
in response to sustained depolarizing current injection (current
magnitude indicated to the right of each trace). Resting membrane
potential was adjusted to −70 mV. Right, voltage-clamp shows fast
inward sodium currents (∗) and sustained outward K+ currents evoked
by voltage step commands (10 mV increments; voltage traces below).
B, current–voltage (I–V ) relationships plotted for control (open
squares), in the presence of 1 mM TEA (filled squares) and in the
presence of both TEA and 100 nM dendrotoxin-I (DTX-I, open
diamond). Insets show that TEA broadened the action potential
(normalized to the same amplitude) and DTX-I induced multiple action
potential firing.

consistent with spontaneous non-calyceal inputs. MNTB
neurons raised in either low or high [K+]o experienced
a similar low frequency of the subthreshold events
when exposed to 5 mM or 25 mM [K+]o containing
aCSF, respectively (low [K+]o, 0.009 ± 0.004 Hz n = 6;
high [K+]o, 0.007 ± 0.004 Hz n = 6). Co-labelling of
fluorescent dextran-labelled neurons with Kv3.1b anti-
body showed a similar expression pattern of Kv3.1b to
acute brain slices (Dodson et al. 2003) with staining in
the soma and proximal region of axons (probable initial
segment; Fig. 1D–F).

Cultures in high [K+]o medium exhibit greater
K+ currents

MNTB neurons raised in either low or high [K+]o

medium were compared to examine if the most basic
neuronal stimulus, depolarization, influenced the intrinsic
properties of MNTB neurons.

Under current clamp, MNTB neurons from high-K
cultures responded to depolarizing current injection
with a phenotypic single brief AP (n = 10; Fig. 2A,
left) and sustained outward K+ currents were evoked
under voltage-clamp (following a rapid inward sodium
current; Fig. 2A, right, ∗). MNTB neurons possess a
TEA-sensitive high voltage-activated Kv3 K+ conductance
which contributes to rapid AP repolarization, and a
dendrotoxin-I (DTX-I) sensitive low voltage-activated Kv1
conductance controlling AP threshold (Brew & Forsythe,
1995; Dodson et al. 2002). Kv1 conductances dominate
at potentials between −40 and −30 mV, while Kv3 is
additionally activated at voltages positive to around 0 mV
(Brew & Forsythe, 1995; Dodson et al. 2002; Johnston
et al. 2008). TEA (1 mM) reduced high voltage-activated
K+ currents, broadening the AP waveform (Fig. 2B) while
DTX-I (100 nM) increased the number of evoked APs.
These results are essentially identical to data from acute
brain slices.

Comparison of the mean current–voltage (I–V )
relations was conducted under identical conditions with
aCSF containing [K+]o of 2.5 mM and showed that in
high-K cultures MNTB neurons (n = 10) were similar
to those from acute brain slices (n = 6, Fig. 3A) while
MNTB neurons raised in low [K+]o (n = 15) exhibited
smaller K+ currents (−40 mV to +40 mV, P < 0.05).
The low voltage-activated current (measured at −30 mV)
was 0.6 ± 0.1 nA in low-K cultured neurons, compared
to 1.3 ± 0.3 nA in high-K cultured and 1.7 ± 0.17 nA
in acute brain slices. High voltage-activated currents
(measured at +30 mV) were 11.3 ± 0.9 nA, 15.1 ± 1.8 nA
and 17.5 ± 1.8 nA for low-K cultured, high-K and acute
slices, respectively. The relative contributions of Kv3 and
Kv1 conductance to the overall I–V relations are similar
in the two culture conditions. TEA (1 mM) reduced the
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K+ current measured at +30 mV by 51 ± 8% (n = 5) in
low [K+]o and 53 ± 8% (n = 4) in high [K+]o cultures,
while DTX-I (100 nM) blocked 59 ± 17% (n = 4) and
54 ± 11% (n = 6) of the currents measured at −30 mV for
low and high-K cultures, respectively (Fig. 3B). Consistent
with the I–V relations, current-clamp recordings revealed
increased excitability in low-K cultures, although a
single brief AP was always found at threshold (Fig. 3C).
Multiple APs were fired for larger current injections
(n = 14) with a lower AP threshold in low-K cultures
(mean current at threshold: low-K: 156 ± 11 pA, n = 16;
high-K: 225 ± 25 pA, n = 10, P < 0.05, Fig. 3D). The

resting membrane potentials were −55 ± 1 mV (n = 16)
for low-K cultures and −54 ± 1 mV (n = 10) for high-K
cultures. Voltage-gated Na+ currents at −40 mV were also
lowest in low-K cultures (low-K: 9.6 ± 0.8 nA, n = 15;
high-K: 12.5 ± 1.0 nA, n = 9, P < 0.05). The ratio of Na+

and K+ currents (at +40 mV) was similar in the two
culture conditions (low-K, 0.81 ± 0.11, n = 14; high-K;
0.89 ± 0.07, n = 9, P > 0.05), supporting a similar AP
waveform in the MNTB neurons. Together, these results
show that organotypic cultures from animals over 1 week
old and maintained in high [K+]o culture medium
had similar membrane properties to MNTB neurons in

Figure 3. MNTB neurons cultured in low [K+]o (5 mM) medium exhibit reduced K+ currents and increased
excitability
A, the mean I–V relations plotted for MNTB neurons from acute brain slices (filled circles), high-K cultures (open
squares) and low-K cultures (open triangles). B, the percentage blocks of Kv3 (at +30 mV) and Kv1 (at −30 mV),
induced by TEA (1 mM) and DTX-I (100 nM), respectively, are very similar in low (filled bars) and high-K (open bar)
cultured neurons. C, a plot of the mean number of APs against the eliciting currents in current-clamp, acute brain
slices (filled circles), high-K cultures (open squares) and low-K cultures (open triangles). D, MNTB neurons in low-K
cultures (filled bar) exhibited significant (∗) lower threshold to elicit APs when compared to neurons from high-K
cultures (open bar) and acute brain slices (grey filled bar).
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acute brain slices, while low-K cultured neurons showed
increased excitability due to lower K+ current levels.

Calcium imaging revealed increased resting [Ca2+]i

in high [K+]o cultures

It is often assumed that use of high K+ medium
provides a sustained depolarizing drive and continuous
AP firing which mimics stimulation of excitatory synaptic
inputs. However our direct current-clamp recordings
show that AP firing was rapidly curtailed (Supplementary
Fig. S2A), probably as a result of sodium channel
inactivation (Ulbricht, 2005). This suggests that the
[K+]o-induced changes in organotypic cultures are not
due to increased AP firing or subsequent synaptic
release, and suggests an alternative hypothesis where high
[K+]o causes depolarization-induced Ca2+ influx through
VGCCs and/or Ca2+-induced Ca2+ release (CICR) from
intracellular stores. We asked if there is a difference in
basal [Ca2+]i during chronic depolarisation with [K+]o

concentrations above basal. And then we attempted
to differentiate between Ca2+-entry pathways, such as
VGCCs and store-mediated Ca2+ release. [Ca2+]i was
measured by loading slices with the calcium-sensitive
fluorescent dye Fura-2, and monitoring the fluorescence
from identified MNTB neurons which were dextran-filled
by retrograde labelling of dye injected into the LSO, as
noted in the methods (Fig. 4A and B).

Basal [Ca2+]i was compared between low and high-K
cultures in 5 mM or 25 mM [K+]o containing aCSF,
respectively; we found that high-K cultures (73.3 ± 2.5 nM,
n = 21, P < 0.05) have higher basal [Ca2+]i compared to
low-K cultures (41.6 ± 1.7 nM, n = 40). MNTB neurons
in acute slices (n = 20) also had a higher [Ca2+]i perhaps
reflecting the recent slicing procedure (283.6 ± 8.0 nM).

The membrane potentials obtained under the different
[K+]o are shown in Supplementary Fig. S2; these
depolarisations are across the range of voltages which
would open VGCCs. We asked how [K+]o depolarization
affected [Ca2+]i in the two culture conditions (low-K
cultures (2.5 to 5 mM K+) 6.4 ± 0.9 mV, n = 8; high-K
cultures (2.5 to 25 mM K+) 21.7 ± 2.2 mV, n = 9,
Supplementary Fig. S2B). The high-K cultures exhibited
greater acute increases in [Ca2+]i (low-K cultures
35.5 ± 2.0%, n = 6; high-K cultures 77.0 ± 7.1%, n = 18,
P < 0.05). The larger depolarisation could activate
multiple Ca2+-entry pathways, so the contribution of
VGCCs or internal store release were tested. Bath
application of a VGCC inhibitor cocktail (Nif, 10 μM,
CTx-GVIA 2 μM and Aga-IVA 200 nM), prior to changes
in [K+]o, reduced the relative [Ca2+]i increase to
22.0 ± 0.4% in high-K cultured MNTB neurons (n = 9).
Inhibition of intracellular store release by 100 μM Rya,
a concentration that blocks ryanodine receptors (Buck

et al. 1992; Verkhratsky, 2005), and 2-APB (100 μM, blocks
IP3 receptors) reduced the [Ca2+]i increase in high-K
cultures to 3.8 ± 0.2% (n = 10) (Fig. 4D). VGCCs played
a prominent role, particularly in low-K cultures where
VGCC blockers reduced [Ca2+]i to 8.4 ± 0.4% (n = 8,
P < 0.05, Supplementary Fig. S3), although Rya and
2-APB now had less impact (21.1 ± 0.8%, n = 9). Together
these results suggest that the higher chronic [Ca2+]i in
MNTB neurons in high [K+]o culture conditions may
be involved in the longer-term changes in ion channel
expression.

High [K+]o induces further CREB phosphorylation
during culture

Intracellular calcium is well established as a long-term
mediator in transduction of synaptic activity into gene
expression. Activity-dependent phosphorylation of the
transcription factor CREB at Ser133 (p-CREB) is driven by
cytosolic Ca2+ (Sheng et al. 1990; Brosenitsch & Katz, 2001;
Deisseroth & Tsien, 2002; Kornhauser et al. 2002) and to
test if global Ca2+ increase causes CREB phosphorylation
in this organotypic preparation, we examined the ratio of
p-CREB to CREB using Western blotting.

The high-K cultures enhanced the proportion of
phosphorylated CREB over 7 days. The ratio of p-CREB
to total CREB is 0.70 ± 0.15 in high-K cultures and
0.41 ± 0.15 in low-K cultures (n = 3, P < 0.05, Fig.
5). This result reveals another significant difference
between the two culture conditions and is consistent with
CREB-mediated gene expression underlying changes in
intrinsic excitability.

Ca2+ store release and CREB are essential to maintain
K+ currents in high [K+]o cultures

We next explored the functional impact of CICR and
CREB activation on K+ currents in high-K cultures.
KG-501 is known to disrupt the association of CREB
with a co-activator, the CREB binding protein (CBP)
and attenuates CREB-mediated transcription (Best et al.
2004; Peltier et al. 2007). To allow sufficient time for
changes in gene expression to be reflected in functional
protein, high-K cultures were incubated with either
CREB antagonist (KG-501, 12.5 μM) or intracellular store
blockers (2-APB, 100 μM and Rya, 100 μM) for 24 to 48 h.
Whole-cell recordings were subsequently made in normal
aCSF and compared to sister controls (n = 4).

We found that AP waveforms were broadened from
0.58 ± 0.04 ms (sister control, n = 4) to 0.90 ± 0.11 ms
(n = 5, P < 0.05) by 2-APB and Rya, and to 1.10 ± 0.11 ms
(n = 6, P < 0.05) by KG-501 (Fig. 6A). The high
voltage-activated K+ currents (on steps to +20 mV to
+40 mV) were reduced significantly by Rya and 2-APB
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(n = 5, P < 0.05), and the mean K+ current was reduced
by 40% at +30 mV (Fig. 6B). Incubation with KG-501
induced a potent reduction of the K+ current (on
steps to −10 mV to +40 mV; n = 5, P < 0.05, 58% at

+30 mV, Fig. 6B). No significant difference was found
in the AP firing threshold or the firing pattern in
KG-501 or Rya and 2-APB treated cultures, consistent
with unchanged low voltage-activated K+ currents.

Figure 4. The rise in [Ca2+]i in high-K cultures is mediated by VGCC influx and intracellular store release
A and B, representative fluorescence images of a group of MNTB neurons from organotypic slices with excitation
wavelength at 543 nM for dextran tetramethyl-rhodamine (dextran) (A) and 380 nM for Fura2 labelling (B). C,
high-K cultures (open bar) displayed significantly greater (∗P < 0.05) basal [Ca2+]i to low-K cultures (filled bar).
D, summary of percentage increase of [Ca2+]i in high-K cultures during changes of [K+]o from 2.5 mM to 25 mM

KCl containing aCSF. Perfusion of VGCC blockers (Nif 10 μM; CTx 2 μM; Aga 200 nM) and inhibition of store
release (P < 0.05) by Rya (100 μM) and 2-APB (100 μM) both greatly reduced the change in [Ca2+]i (∗P < 0.05).
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These results suggest that Ca2+ release from stores and
activation of CREB are both essential to maintain elevated
levels of high voltage-activated K+ currents in MNTB
neurons.

Voltage-gated calcium channel blockers reduce
K+ currents in high-K cultures

Ca2+ influx through VGCCs can also contribute to [Ca2+]i,
as shown in many studies (Power & Sah, 2005; Yu
et al. 2008). The long-term effect of VGCC blockers
was evaluated by incubation of high-K cultures with L-
N- and P/Q-type calcium channel blockers (Nif 10 μM,
CTx-GVIA 2 μM and Aga-IVA 200 nM) for between 48
to 60 h. Whole-cell recordings were subsequently made
in normal aCSF (containing 2.5 mM [K+]o). Results were
compared between MNTB neurons raised in high-K with
(n = 7) or without (control, n = 6) incubation with VGCC
blockers.

After incubation with VGCC blockers, MNTB neurons
fired trains of APs on depolarization instead of the
characteristic single AP, and the AP firing threshold was

reduced from 183 ± 17 pA (control: n = 6) to 135 ± 9 pA
(treated: n = 7, P < 0.05, Fig. 7A). The number of APs
generated by current injections of 600 pA increased
from 1.3 ± 0.2 in control to 6.4 ± 3.1 in treated MNTB
neurons as summarized in Fig. 7C. In addition, the AP
waveform broadened with half-widths increasing from
0.49 ± 0.02 ms (control: n = 6) to 0.66 ± 0.03 ms (treated:
n = 7; P < 0.05, Fig. 7B). The normalised mean I–V
relationship for treated neurons also showed a predictable
change with both high- and low-threshold K+ currents
being reduced substantially (Fig. 7D). After block of
VGCCs, the average low-threshold currents (measured at
−30 mV) were reduced by 71% (control: 1.7 ± 0.3 nA;
treated 0.5 ± 0.2 nA), and the average high-threshold
currents (measured at +30 mV) were reduced by 41%
(control: 12.7 ± 1.4, n = 6; treated: 7.5 ± 0.7, n = 6).
Chronic block of VGCCs mimics blocking release from
intracellular stores, reducing the high voltage-activated
K+ currents. VGCCs are also important for maintaining
Kv1-mediated currents in high-K cultures. Together, these
results suggest that Kv1 and Kv3 are differentially regulated
by different Ca2+ signals.

Figure 5. High [K+]o cultures exhibited greater CREB phosphorylation
Aa, Western blots with the phosphorylated CREB (p-CREB) and total CREB (CREB) antibodies in low-K or high-K
cultures from 3 individual experiments. b, representative loading control by α-tubulin shows equal protein
loading of one sample onto two lanes labelled with p-CREB (above) and CREB (below). Ba, normalized ratio
of phosphorylated CREB (p-CREB) to total CREB is significantly higher in high-K cultures (open bar) than in low-K
cultures (filled bar). b, normalized α-tubulin signal ratio showed identical protein loading for lanes labelled with
p-CREB and CREB antibody previously in both low (filled bar) and high-K cultures (open bar).

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



J Physiol 588.9 Activity-dependent modulation of K+ currents 1461

CREB and VGCCs regulate Kv1.2, Kv.3.3 and c-fos
expression in high [K+]o cultures

High [K+]o cultures exhibited elevated [Ca2+]i and CREB
function, which are essential for maintaining the K+

currents, supporting the concept of activity-dependent
Kv gene expression in the MNTB. Real-time PCR was
performed to test the mRNA levels of Kv1.1, Kv1.2, Kv3.1
and Kv3.3. In addition, the immediate-early gene c-fos
was examined, since it is targeted by CREB (Sheng &
Greenberg, 1990; Sheng et al. 1990; Zhao et al. 2007)
and is an established indicator for neuronal activity in
the auditory brainstem (Luo et al. 1999; Miko et al. 2007).

High-K cultures showed higher mRNA levels of Kv1.1
(2.8 ± 0.2-fold, n = 6, P < 0.05) and Kv3.3 (4.1 ± 0.3-fold,
n = 6, P < 0.05) relative to low-K cultures (Fig. 8A).
Incubation with CREB antagonist (KG-501, 12.5 μM)
for 48 h, reduced the mRNA expression of Kv3.3 to
0.6 ± 0.2-fold (n = 9, P < 0.05) and c-fos to 0.4 ± 0.2-fold
(n = 4, P < 0.05, Fig. 8B), but potentiation of Kv1.1
mRNA levels was also observed (1.9 ± 0.1-fold, n = 4,
P < 0.05) under these conditions. Blocking of VGCCs (Nif
10 μM; CTx-GVIA 2 μM and Aga-IVA 200 nM) produced
similar results with reduced Kv3.3 mRNA (0.7 ± 0.2-fold,
n = 9, P < 0.05) as well as c-fos (0.6 ± 0.3-fold, n = 4,
P < 0.05) and increase in mRNA of Kv1.1 to 1.7 ± 0.5-fold
(n = 9, P < 0.05). VGCC blockers also decreased Kv1.2
expression to 0.8 ± 0.3-fold (n = 8, P < 0.05, Fig. 8C).
Although a cyclic AMP response element (CRE) for CREB
binding has been shown on the rat Kv3.1 promoter (Gan
et al. 1996), neither CREB antagonist nor VGCC blockers
affected Kv3.1 mRNA significantly in this model.

Discussion

We have shown that MNTB neurons and their projections
to the LSO are preserved in both low (5 mM) and
high (25 mM) [K+]o culture media when rat brain-
stem organotypic slices are prepared from P9–P12
animals. Neurons cultured in low [K+]o medium exhibited
increased excitability, while high [K+]o cultures showed
higher [Ca2+]i and increased CREB phosphorylation and
larger Kv currents. Block of calcium influx or block of Ca2+

release from intracellular stores decreased Kv3 currents,
while block of VGCCs also reduced Kv1 channels. The
CREB antagonist predominantly reduced Kv3-mediated
current. These results show that activity-dependent
changes in Kv currents are mediated by calcium signalling
(via influx and release from intracellular stores) acting
though a CREB signalling pathway, which may constitute
a homeostatic mechanism, adjusting MNTB intrinsic
excitability to depolarisation as a broad index of neuronal
activity (Fig. 9).

Increased [Ca2+]i rather than AP firing regulates
MNTB excitability in high [K+]o

Several activity-dependent mechanisms affecting delayed
rectifier K+ channels have been reported previously,
including, Kv2 phosphorylation in HEK cells (Park et al.
2006) and neurons (Misonou et al. 2006), Kv4 trafficking
in hippocampal neurons (Kim et al. 2007) as well as

Figure 6. Inhibiting CREB or Ca2+ store release in high [K+]o
cultures reduced K+ currents
A, the mean AP half-width increased from 0.58 ± 0.04 ms (control) to
0.90 ± 0.11 ms (Rya+2-APB treated) (∗P < 0.05) and to
1.10 ± 0.11 ms (KG-501 treated) (∗P < 0.05). Inset: superimposed AP
waveforms (normalized to the same amplitude) illustrate broadening
of APs with both treatments. B, the average I–V relationships show
that Rya and 2-APB incubation reduced K+ currents significantly
between +20 and +40 mV (P < 0.05, grey filled squares), and
KG-501 treated neurons (filled squares) exhibited less K+ currents
between −10 and +40 mV (P < 0.05, filled squares). Insets show a
representative current trace for control, Rya+2-APB treated and
KG-501 treated neurons; Na+ current was truncated for better focus
on K+ currents.
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expression of Kv1 (Raab-Graham et al. 2006) and Kv3
channels (Liu & Kaczmarek, 1998) in hippocampus
and inferior colliculus, respectively. Intrinsic membrane
excitability is also regulated by other activity-dependent
mechanisms (Desai et al. 1999; Nelson et al. 2003;
Fan et al. 2005; Leao et al. 2005), and K+-induced
depolarization is often used to increase neuronal activity
(Brosenitsch & Katz, 2001; Fan et al. 2005). In our
study, high [K+]o culture medium permitted maintenance
of the MNTB single AP phenotype, while low [K+]o

medium increased excitability and AP firing and reduced
K+ currents. We first postulated that elevated K+

caused depolarization-induced APs which triggered a
homeostatic mechanism (by up-regulating potassium
channels to control excitability). Counter-intuitively, high
[K+]o caused only transient elevation of AP firing,
so chronic activity-dependent signalling must occur by
other mechanisms. Independently of AP generation,
depolarization evokes Ca2+ influx through VGCCs (Sheng
et al. 1990; Berridge, 1998; West et al. 2001), and

Figure 7. Chronic exposure to VGCC inhibitors attenuated K+ currents in high [K+]o cultures
A, representative responses to depolarizing current steps showed that MNTB neurons raised in high-K (left)
failed to maintained the single AP phenotype after incubation with VGCC blockers Nif (nifedipine 10 μM), CTx
(ω-conotoxin GVIA 2 μM) and Aga (ω-agatoxin IVA 200 nM). The neuron fired a single AP at a previous subthreshold
stimulus (100 pA) followed by multiple APs generated at larger stimuli. Right, the mean AP firing threshold was
significantly smaller in treated neurons (∗P < 0.05). B, representative traces show the AP waveform was broadened
(left) after chronic block of Ca2+ influx through VGCCs. The mean AP half-width increased from 0.49 ± 0.02 ms
(control) to 0.66 ± 0.03 ms (treated) (∗P < 0.05). C, the mean number of APs plotted against the eliciting currents,
showes increased excitability in VGCC blocker treated neurons. D, the average I–V relationship (normalized to the
maximum current in control neurons) showes that incubation with VGCC blockers (filled squares) substantially
reduced outward K+ currents.
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consequently promotes store filling (Rae et al. 2000;
Power & Sah, 2005) or triggers store release (Jacobs &
Meyer, 1997; Berridge, 1998; Meyer-Luehmann et al. 2002;
Yu et al. 2008). A depolarization-induced reduction in
intrinsic excitability mediated by L-type Ca2+ channels
has recently been observed in primary hippocampal
cultures (O’leary et al. 2010). Elevated intracellular Ca2+

forms a versatile mechanism of regulating excitability; for
instance in hippocampal neurons, Ca2+ influx reduced
excitability by up-regulating hyperpolarization-activated
Ih channel expression (Fan et al. 2005) and in vestibular
nucleus neurons, Nelson et al. (2003) suggest that
transient reduction in intracellular Ca2+ increases intrinsic
excitability.

Figure 8. Comparison of K+ channel mRNA
expressed in cultures with low [K+]o, high
[K+]o and high [K+]o incubated with either
CREB antagonist or VGCC blockers
Expression of K+ channel mRNA in the MNTB
was estimated by Qrt-PCR. A, expression
relative to low-K cultures; high-K cultures
showed significantly (∗P < 0.05) higher levels
of Kv1.1 and Kv3.3 mRNA expression. B, CREB
antagonist (KG-501) reduced (∗P < 0.05) the
mRNA levels of Kv3.3 and c-fos but potentiated
Kv1.1 expression in high-K cultures. C, VGCC
blockers (nifedipine, ω-conotoxin GVIA and
ω-agatoxin IVA) reduced (∗P < 0.05) the mRNA
levels of Kv1.2, 3.3 and c-fos but potentiated
Kv1.1 expression in high-K cultures.
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Calcium imaging experiments revealed that MNTB
neurons raised in high-K not only exhibit higher basal
level of [Ca2+]i but also experience increased [Ca2+]i

during depolarization, compared to low-K cultures.
In high-K cultures, block of store release almost
eliminated the [Ca2+]i rise suggesting dominance of
CICR; on the other hand VGCCs appeared to play a
more dominant role in low-K cultures. Current-clamp
recordings (Supplementary Fig. S2B) showed that 25 mM

induced 21 ± 2 mV (n = 9) depolarization compared to
6 ± 1 mV (n = 8) in 5 mM [K+]o relative to control
2.5 mM [K+]o. This difference mirrors the levels of plateau
depolarization (supplementary Fig. S2C) achieved during
sustained low frequency versus high frequency synaptic
stimulation in the auditory system. That is, MNTB
neurons experiencing high levels of spontaneous firing
(average around 40 Hz) and/or peak sound-evoked firing
rates in vivo (Kopp-Scheinpflug et al. 2003) are spending
large periods of time depolarized to levels similar to that
achieved on perfusion of 25 mM [K+]o. CICR has been
shown to amplify AP induced Ca2+ influx depending
on the number and frequency of the stimuli (Jacobs &
Meyer, 1997). Together, this evidence suggests that the
depolarization induced by 25 mM K+ during culture would
complement synaptically driven activities in vivo and
consequently trigger CICR and tune excitability.

Elevated [Ca2+]i triggers CREB-mediated
up-regulation of K+ channel expression

Optimal [Ca2+]i is critical for cell survival and
development in auditory neurons (Zirpel & Rubel, 1996;
Zirpel et al. 1998) and as a second messenger, intracellular
Ca2+ transforms neuronal activity into changes in gene
expression through CREB, CaRF (the calcium-response
factor) and NFAT (the nuclear factor of activated T-cells)
(West et al. 2001, 2002). Among these transcription
factors, CREB is closely coupled with Ca2+ elevation via
VGCCs and ligand-gated ion channels (Brosenitsch &
Katz, 2001; Hardingham et al. 2001; West et al. 2001; Zhao
et al. 2007; Li et al. 2009).

Nuclear CREB phosphorylation at Ser133 is necessary
to activate CREB-mediated transcription in neurons,
and high [K+]o cultures display significantly higher
phosphorylated CREB. Reducing CREB activity by
KG-501 functionally attenuated K+ currents in the high
voltage-activated Kv3 range (between −10 and +40 mV)
in addition to down-regulating mRNA levels of Kv3.3,
suggesting that CREB translates neuron activity into
K+ channel transcription. In the auditory pathway, Tan
et al. (2008) showed an activity-dependent expression of
p-CREB and brain-derived neurotrophic factor (BDNF)
following chronic stimulation of cochlear implants in deaf

Figure 9. Depolarization-induced homeostatic regulation of K+ channel expression
Upon depolarization, calcium influx through voltage-gated calcium channels (VGCCs) and ligand-gated channels
(including NMDA receptors) elevates cytosolic Ca2+ and triggers ryanodine/ IP3 sensitive Ca2+ release (CICR) from
the endoplasmic reticulum (ER). The amplified Ca2+ signal promotes phosphorylation of CREB, which activates
K+ channel transcription, K+ channel expression is up-regulated, and neurons become less excitable with faster
action potentials and higher firing threshold.
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animals, consistent with the induction of postsynaptic
p-CREB observed here.

The endoplasmic reticulum (ER) can act as a Ca2+

sink, buffering as well as amplifying Ca2+ signals and
CICR may provide access for transmitting calcium signals
from the cell surface into the nucleus (Hardingham et al.
1997; Jacobs & Meyer, 1997; Usachev & Thayer, 1997;
Berridge, 1998; Power & Sah, 2005). Nevertheless, little is
known about the link between CREB and IP3/ryanodine
receptor mediated store release (Ginsburg & Kimmel,
1989; Finkbeiner & Greenberg, 1998). Since calcium
imaging experiments showed CICR regulated [Ca2+]i

in high-K cultures and blocked store release reduced
Kv3 currents, it seems likely that CICR may mediate
the CREB-dependent transcription. The Qrt-PCR results
revealed that block of VGCCs induced a similar reduction
of Kv3.3 and c-fos to those evoked by blocking CREB
activity.

Versatile regulation of Kv expression by CREB
and intracellular Ca2+

Kv3.1 contains a CRE element located in its promoter
(Gan et al. 1996; Kaczmarek et al. 2005), and von Hehn
et al. (2004) showed that Kv3.1 tonotopicity accompanied
p-CREB clustering in the MNTB. No significant difference
in Kv3.1 expression was observed between the two culture
conditions, and block of CREB function or VGCCs fails to
affect Kv3.1 mRNA. However this may simply reflect that
Kv3.3 message is more limiting of Kv3 channel production
than Kv3.1 mRNA under these conditions. Kv1.1 message
is higher in high-K cultures, but blocking either CREB or
VGCC-mediated Ca2+ influx increased Kv1.1 expression
in high-K cultures. Links between CREB signalling and
Kv1 channels are suggested by over-expression of CREB
in the nucleus accumbens shell (Wallace et al. 2009)
which down-regulated Kv1.1 expression in socially isolated
rats, but other activity-dependent mechanisms will also
have an important role; for example, Raab-Graham
et al. (2006) suggested an mTOR-dependent pathway
in regulating Kv1.1 channel mRNA translation. Cyto-
plasmic Ca2+ regulates various kinase cascades and
specifically regulates CREB function through multiple
phosphorylation events (West et al. 2001; Deisseroth
& Tsien, 2002; Kornhauser et al. 2002; West et al.
2002). Influx through NMDA receptors leads to transient
phosphorylation of CREB through the calmodulin/CaM
kinases IV-mediated pathway (Deisseroth et al. 1998; Ho
et al. 2000; Kang et al. 2001), and Ca2+ influx through
L-type Ca2+ channels triggers sustained phosphorylation
through mitogen-activated protein kinase (MAPK)
pathways (Dolmetsch et al. 2001; Wu et al. 2001).
Brosenitsch & Katz (2001) showed that patterned
stimulation activated N-type Ca2+ channel-mediated

gene induction through a PKA and PKC involved
pathway, while K+-induced depolarization induced L-type
Ca2+ channel-dependent expression through MAPK.
Therefore, Ca2+ influx through VGCCs may integrate
with CICR depending on calcium levels and/or channel
subtype. In our study, the CREB mediated signalling
selectively targeted Kv3.3 expression and function, but the
results also suggested different regulatory pathways acting
on Kv1 channels and further study is required to identify
them.

Conclusion

Our experiments demonstrate that depolarization of
MNTB neurons causes changes in functional expression of
voltage-gated potassium channels in the membrane. This
signalling pathway is mediated though increased [Ca2+]i

involving CICR, and activating CREB-dependent gene
transcription, rather than APs or neurotransmitter release.
We conclude that a Ca2+ and CREB-mediated homeostatic
mechanism associated with membrane depolarisation
regulates intrinsic excitability of MNTB neurons but does
not require specific synaptic stimulation or AP firing.
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