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BK potassium channels facilitate high-frequency firing
and cause early spike frequency adaptation in rat CA1

hippocampal pyramidal cells

Ning Gu, Koen Vervaeke and Johan F. Storm

Institute of Basal Medicine, Department of Physiology and Centre of Molecular Biology and Neuroscience, University of Oslo, PB 1103 Blindern,

N-0317 Oslo, Norway

Neuronal potassium (K*) channels are usually regarded as largely inhibitory, i.e. reducing
excitability. Here we show that BK-type calcium-activated K* channels enhance high-frequency
firing and cause early spike frequency adaptation in neurons. By combining slice electro-
physiology and computational modelling, we investigated functions of BK channels in regulation
of high-frequency firing in rat CAl pyramidal cells. Blockade of BK channels by iberiotoxin
(IbTX) selectively reduced the initial discharge frequency in response to strong depolarizing
current injections, thus reducing the early spike frequency adaptation. IbTX also blocked the
fast afterhyperpolarization (fAHP), slowed spike rise and decay, and elevated the spike threshold.
Simulations with a computational model of a CAl pyramidal cell confirmed that the BK
channel-mediated rapid spike repolarization and fAHP limits activation of slower K* channels (in
particular the delayed rectifier potassium current (Ipg)) and Na* channel inactivation, whereas
M-, sAHP- or SK-channels seem not to be important for the early facilitating effect. Since the
BK current rapidly inactivates, its facilitating effect diminishes during the initial discharge, thus
producing early spike frequency adaptation by an unconventional mechanism. This mechanism
is highly frequency dependent. Thus, IbTX had virtually no effect at spike frequencies < 40 Hz.
Furthermore, extracellular field recordings demonstrated (and model simulations supported)
that BK channels contribute importantly to high-frequency burst firing in response to excitatory
synaptic input to distal dendrites. These results strongly support the idea that BK channels play
an important role for early high-frequency, rapidly adapting firing in hippocampal pyramidal
neurons, thus promoting the type of bursting that is characteristic of these cells in vivo, during

behaviour.
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Potassium (K*) channels are by far the most diverse class
ofion channels, and are important for regulating neuronal
excitability and signalling activity in a variety of ways
(Hille, 2001). Since these channels mediate outward K™
currents and increase the membrane conductance, they
tend to hyperpolarize the cell and attenuate the effects
of excitatory stimuli. Potassium channels are therefore
normally regarded as inhibitory, i.e. they reduce neuronal
excitability. The clinical relevance of the dampening effect
of K* channels is illustrated by the several familial forms
of diseases in humans that are caused by genetic K™
channel defects, including benign neonatal convulsions
(Steinlein, 2001) and episodic ataxia (Browne et al. 1994).
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Accordingly, genetic suppression of K™ channel activity in
mice also causes epilepsy (Smart et al. 1998; Peters et al.
2005). Also pharmacological blockade of Kt channels,
e.g. with 4-aminopyridine (Rutecki et al. 1987) or barium
(Hotson & Prince, 1981), readily causes epileptic seizures.

A variety of inhibitory Kt channel effects have been
described in rodent CAl hippocampal pyramidal cells,
which currently is one of the most intensely studied
neuronal types in the mammalian brain (Storm, 1990;
Johnston et al. 2000). For example, A- and D-type K*
channels suppress the initial excitability and cause a
delay in the onset of spiking (Gustafsson et al. 1982;
Storm, 1988). A-type channels also strongly suppress
dendritic excitability and the impact of dendritic excitatory
synapses (Hoffman et al. 1997; Ramakers & Storm, 2002).
Calcium-activated K* channels of the sSAHP type cause
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profound feed-back inhibition of the action potential
frequency duringrepetitive firing (Madison & Nicoll, 1982,
1984; Pedarzani & Storm, 1993). Also Kv7/KCNQ/M-type
potassium channels contribute importantly to spike
frequency adaptation in these cells (Madison & Nicoll,
1984; Gu et al. 2005; Peters et al. 2005). Calcium-activated
K* channels of the SK type have been reported to have a
similar role (Stocker et al. 1999), but this appears not to be
the case in CA1 pyramidal cells under normal conditions
(Gu et al. 2005). However, SK channels have been shown
to be activated by Ca’* spikes (Gu et al. 2005) or by Ca**
influx through synaptically activated NMDA channels (Cai
et al. 2004; Ngo-Anh et al. 2005).

BK channels are Ca*"- and voltage-activated potassium
channels with large conductance (also called BKc,, K¢, 1.1,
MaxiK, Slo) (Blatz & Magleby, 1987; Marty, 1989; Sah &
McLachlan, 1992; Vergara et al. 1998). These channels
have been shown to mediate rapid spike repolarization
and fast afterhyperpolarization (fAHPs) in many types of
neurons (Adams et al. 1982; Storm, 1987a,b; Lancaster &
Nicoll, 1987; Schwindt et al. 1988; Womack & Khodakhah,
2002). The BK channels were originally also reported to
reduce the frequency of action potentials and to limit
epileptiform bursts in rat hippocampal CAl pyramidal
neurons (Lancaster & Nicoll, 1987; Alger & Williamson,
1988). However, during previous experiments more than
a decade ago, it was noticed that blockade of the BK
channels in rat CAl pyramidal cells slowed down the
initial discharge frequency in response to current injection
(J. E Storm, unpublished observations). At that time,
this effect was attributed to suppression of the BK
channel-dependent rapid spike repolarization and fAHP
(Storm, 1987a,b). These effects would be expected to
increase inactivation of the spike-generating transient
Nat current (In,r) and activate more of the slower K*
currents, thereby enhancing refractoriness and reducing
excitability during the immediate aftermath of the first
action potential (Shao et al. 1999a). Thus, BK channels
seemed to be able to facilitate high-frequency firing in these
neurons.

Recently, the idea of a facilitory effect of BK channels
was supported by a study of epilepsy in humans. It was
discovered that an abnormal increase in the BK channel
conductance, caused by a gain-of-function mutation in
the BK channel «-subunit, underlies human epilepsy
and paroxysmal movement disorder (Du et al. 2005).
Similarly, dentate granule neurons from mice lacking
the B4 BK channel subunit show a gain-of-function
for BK channels that sharpen action potentials, thereby
facilitating high-frequency firing and leading to temporal
lobe seizures (Brenner et al. 2005). Thus, for the first
time, epilepsy was found to be caused by an increase in a
potassium current, rather than by a decrease. Furthermore,
BK channel-deficient mice have recently been shown to
have reduced EEG power (Storm et al. 2006).
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In the meantime, other reports have also lent support
to the notion that suppression of BK channel activity
can indirectly convey a reduction of neuronal excitability.
Thus, our group found that mice lacking BK channels
showed a reduction of fAHP and firing activity in
cerebellar Purkinje neurons (Sausbier et al. 2004).
Furthermore, in cultured neurons from the cerebral cortex
of mice, bursting activity induced by various procedures
was inhibited by the BK channel blocker iberiotoxin
(IbTX) (Jin et al. 2000).

Previously, certain other K™ channels, in particular
the Kv3 channels with their unusually fast activating
and deactivating kinetics, have been found to facilitate
sustained high-frequency firing, by mediating rapid
spike repolarization and deep, fast afterhyperpolarizations
(Rudy et al. 1999). Thus, blockade of Kv3 channels in
interneurons resulted in a cumulative Na® channel
inactivation, thus slowing down the firing rate (Erisir et al.
1999; Lien & Jonas, 2003).

Nevertheless, the effects of BK channel activity
on excitability and the underlying mechanisms have
previously not been examined in a systematic manner,
although BK channels are believed to mediate rapid
spike repolarization and fAHPs in many types of neurons
(Adams et al. 1982; Storm, 1987a, 1990; Lancaster &
Nicoll, 1987; Schwindt et al. 1988; Takahashi, 1990; Gho
& Ganetzky, 1992; Sah & McLachlan, 1992; Gola & Crest,
1993; Hu et al. 2001; Womack & Khodakhah, 2002; Sah
& Faber, 2002; Zhang et al. 2003; Sausbier et al. 2004).
Earlier studies have provided seemingly conflicting results.
Thus, in one study, blockade of BK channels by a low
dose of tetraethylammonium (TEA) or charybdotoxin
(ChTX) was found to reduce the fAHP amplitude and
increase the initial discharge frequency during a train of
action potentials in hippocampal CA1 pyramidal neurons
(Lancaster & Nicoll, 1987). Furthermore, BK channel
blockade by TEA or ChTX was found to increase the
duration of epileptiform bursts and suppress the associated
transient AHP (Alger & Williamson, 1988). Later, it was
suggested that when the cell is depolarized, BK channels
may contribute to the normal post-burst medium after-
hyperpolarization (mAHP) and early spike frequency
adaptation (Storm, 1989, 1990; Williamson & Alger, 1990).
Increased excitability was reported to result from BK
channel blockade also in dissociated Purkinje neurons
(Swensen & Bean, 2003), rat dorsal root ganglia neurons
(Zhang et al. 2003), and spontaneously firing vestibular
nucleus neurons (Nelson et al. 2003). This is in apparent
contrast to our own previous results, as well as the reduced
Purkinje cell excitability and reduced EEG power found in
neurons from BK channel knock-out mice (Sausbier et al.
2004; Storm et al. 2006), and the human epilepsy caused by
a BK channel gain-of-function mutation (Du et al. 2005).

For these reasons, we have undertaken a systematic
examination of the effects of BK channels on the
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excitability and firing pattern of CAl hippocampal
pyramidal cells, as well as the underlying mechanisms.
We found that blockade of the BK channels significantly
slows down the early high-frequency firing, indicating
that BK channels facilitate high-frequency firing in
these cells. Furthermore, by combining experiments and
computational modelling, we found that these effects
are mediated through fast spike repolarization, fAHP
generation and modulation of other K* channels and
Na't channel inactivation. This provides an example of
how a fast calcium-activated potassium channel type can
enhance neuronal excitability through interaction with
other ion channels. Some of the data have already been
published in abstract form (Gu et al. 2006; Vervaeke et al.
2006a).

Methods
Slice electrophysiology

Slices for sharp-electrode intracellular recording and
field potential recording. Young adult male Wistar rats
(4-7 weeks of age) were deeply anaesthetized with
Suprane before decapitation. Transverse hippocampal
slices (400 um) were cut with a Vibroslicer (Campden
Instruments, UK) and maintained in an interface chamber
filled with artificial cerebral spinal fluid (aCSF) containing
(mm): 125 NaCl, 25 NaHCOs, 1.25 KCl, 1.25 KH,PO,,
1.5 MgCl,, 1.0 CaCl,, 16 glucose and saturated with
95% 0,-5% CO,. The aCSF was heated to 30°C during
recording, and the temperature was kept constant within
£0.5°C. The experimental procedures were approved by
the responsible veterinarian of the Institute, in accordance
with the statute regulating animal experimentation given
by the Norwegian Ministry of Agriculture 1996.

Sharp-electrode intracellular recording. Slices were
transferred to a recording chamber maintained at
30 £ 0.5°C, where they were submerged and perfused
with aCSF of the composition described above, except
that the concentration of CaCl, was 1.6 mm and KCI
was 3.5mm. Sharp electrodes were filled with 4.0 mm
potassium acetate (resistance 80—140 M2, pH 7.35). Intra-
cellular recordings were obtained from CA1l pyramidal
neuron somata with the ‘blind’ method. Current-
clamp recordings were performed using an Axoclamp
2A amplifier (Molecular Devices Corporation, USA) in
bridge mode. Only cells with a stable resting membrane
potential more negative than —60 mV and stable action
potential amplitudes (> 80 mV) were included.

Extracellular field potential recording. Extracellular field
potentials were recorded submerged in a chamber
maintained at 31+£0.5°C, with low resistance glass
micropipettes filled with aCSF (as described above,
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except that the CaCl, concentration was 2.0 mMm) and
coupled to an Axoclamp 2B amplifier (Molecular Devices
Corporation). A tungsten stimulation electrode was placed
in the middle of the stratum radiatum while the recording
electrode was placed in the pyramidal layer, ~200—400 m
apart. The stimuli, consisting of a brief current pulse
(100 us duration, repeated every 30s) elicited two to
four population spikes. pL-APV (50 um) and bicuculline
(5 um) were routinely added to the extracellular solution.
The extracellular recording solution was the same as
described above except that the CaCl, concentration was
2.0 mm and the K* concentration was 4.0 mm.

Data acquisition, storage and analysis

The data were acquired using pCLAMP7.0 or 9.0
(Molecular Devices Corporation) at a sampling rate
of 5-20kHz, analysed and plotted with pCLAMP 9.0
and Origin7.5 (Microcal). Values are expressed as
mean =+ s.e.M. Two-tailed Student’s ¢ test was used for
statistical analysis (P =0.05). The P values are given in
the figure legends.

The interspike interval (ISI) was the time measured
between the peaks of two consecutive action potentials
(APs) within a spike train. The 1st ISI is the time
between the peaks of the 1st and 2nd APs, and so on.
The instantaneous firing frequency of an ISI is f = 1/ISI
(Hz). The cell input resistance was calculated by dividing
the steady-state voltage response by the current pulse
amplitude (Rippye = AV/AI).

Chemicals and drugs

The BK-channel blocker iberiotoxin (IbTX) was
obtained from Dr Hans-Guenther Knaus, Innsbruck
Medical University, Austria. The M-channel blocker
XE991 was obtained from DuPont pharmaceutical
company and NeuroSearch, Denmark. DNQX (6,7-
dinitroquinoxaline-2,3-dione) and TEA  (tetra-
ethylammonium) were purchased from Tocris Cookson
Ltd (UK). Apamin was purchased from Latoxan (France).
The remaining chemicals, including forskolin, were
purchased from Sigma-Aldrich Norway AS (Oslo).
Substances were bath-applied by adding them to the
perfusion medium.

Computer simulations

Computer simulations were performed using the
Surf-hippo neuron simulator, version 3.5a (Graham,
2004). Surf-Hippo is written in Lisp and was run on a
Linux workstation. For integrating the circuit equations,
Surf-Hippo uses a variant of the Crank Nicholson
method as described by Hines (1984). The variable
time-step method was used to speed up the simulations
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(Borg-Graham, 2000), with a maximum voltage error
criterion of 0.05 mV.

We used a computer model that is derived from
the Borg-Graham CAl pyramidal neuron model
(Borg-Graham, 1999), which has been refined through
collaborative studies by using our experimental data on
discharge patterns, AHPs, subthreshold resonance and
oscillations (Shao et al. 1999a; Hu et al. 2002; Gu et al.
2005; Vervaeke et al. 2006b). This model reproduces
quite accurately the spiking behaviour of these neurons
(cf. Shao et al. 1999a) as well as the AHPs following
single action potentials or spike trains (Gu et al. 2005;
Vervaeke et al. 2006b). We refer to the full description
of the model in the supplementary material. Briefly, the
cell was represented by five compartments, comprising
an isopotential soma (diameter 20 um) and a dendritic
cable (total length 800 ;tm and diameter 5 um) consisting
of four segments of equal length. Dendritic spines
were not explicitly modelled, but their contribution to
the linear dendritic load was modelled by raising the
dendritic segment capacitance and reducing the dendritic
membrane resistance (Rall et al. 1992). The soma and
the dendritic segments had a membrane resistance of 20
and 6 k2 cm?, respectively, while the capacitance was 1.0
and 1.5 uFcm™2. A uniform intracellular resistance of
100 2 cm was assumed (Stuart & Spruston, 1998). With
these values, the model was able to account for the input
resistance and whole-cell capacitance measured in our
experiments. The active conductances included persistent
and transient Na* currents (In,p, Inat), four voltage-gated
potassium currents (I, Ip, Ipr, Im), a fast inactivating
Ca’*- and voltage-dependent K* current (Ipx) (Shao et al.
1999a), two voltage-gated calcium currents (Ic,y and
Ica), a hyperpolarization-activated non-specific cation
current (I},) and a slow Ca?*-activated potassium current:
the SAHP current (Iapp).

The soma was divided into three subcellular
compartments to model the differential and localized
intracellular Ca’>* dynamics. The outer membrane shell
consists of two juxta-membrane shells to reproduce the
Ca’" channel dependence of the BK- and sAHP current,
in particular a co-localization of the channels underlying
Icany and Ipk (Borg-Graham, 1987). The rest of the somatic
volume is occupied by a core compartment. As Ca’" ions
enter through the calcium channels they diffuse among
the subcellular compartments and undergo instantaneous
buffering while a Ca** pump causes efflux of Ca*" ions
into the extracellular space. [Ca*"] in all compartments
was initially set to 50 nm.

Calculation of all currents was based on the extended
Hodgkin—Huxley formalism with rate constants derived
from a single barrier thermodynamic gating particle
model (Borg-Graham, 1987). Exceptions are I y,r and Ik,
which were calculated according to a more generalized
Markov scheme (Shao et al. 1999a; Borg-Graham, 1999;
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Vervaeke et al. 2006b). The simulation temperature was
30°C.

In Fig.10, the accumulative Ipx inactivation was
removed by increasing the transition rate from the
inactivated state (I) to the closed state (C). This was done
by shifting the V; , of the squeezed exponential describing
this transition from —120 mV to —50 mV (eqn (1)).

asc(V)=|n+ (060 + exp((v_kivl/z)))
(1)

In Fig. 10D, the recovery of inactivation of Iy,r was
varied by changing the V;,, of the squeezed exponential
describing the transition from the inactivated (I) to the
closed state 1 (Cl) to —53, —55, —57 and —59mV
for the panels from left to right, respectively. The
excitatory synapse was calculated as Iy, = goyn (Erev = Vim)s
with reversal potential (E.,) of 0mV and the unitary
synaptic conductance (gqn, peak conductance 0.3 uS)
was described by a difference of exponentials with time
constant of 0.1 ms for the rising phase and 5.0 ms for the
decay phase. This synapse was inserted 300 um from the
soma.

Results

Intracellular recordings

Somatic intracellular recordings with sharp micro-
electrodes were obtained from 53 CA1 pyramidal neurons,
in stratum pyramidale of rat hippocampal slices from
young adult male Wistar rats (4-7 weeks of age). All
cells were recorded in current-clamp mode, in normal
aCSF (with [K*], =3.5mM and [Ca’*],=1.6mmM) at
30.0 £ 0.5°C. The average resting membrane potential
(V1) and input resistance (Ripput) were —68.2 & 1.6 mV
and 40.7 &£ 2.1 M€, respectively. To standardize our tests,
the membrane potential prior to stimulation of the cell
was normally maintained at a constant level (—60 mV) by
injection of DC current (Figs 1-5, 7 and 9), but tests at
—70 mV were also performed.

TEA reduced the early high-frequency firing, but did
not affect low-frequency firing

Several potassium channels that are important for spike
repolarization and spike frequency control in mammalian
central neurons can be reversibly blocked by TEA. This
is true for several voltage-gated K™ channels such as Kv3
(Rudy & McBain, 2001), some Kv7 channels (KCNQ or
M-channels) (Hadley et al. 2000) and the Ca?*-activated,
voltage-dependent BK channels (Storm, 1987a; Lancaster
& Nicoll, 1987).

TEA, being a small, water-soluble molecule, has the
advantage that it readily diffuses in and out of the slice,
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