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Abstract

The BK channel is a Ca2* and voltage-gated conductance responsible for shaping action potential
waveforms in many types of neurons. Type 1l BK channels are differentiated from type | channels
by their pharmacology and slow gating kinetics. The B4 accessory subunit confers type Il
properties on BK a subunits. Empirically derived properties of BK channels, with and without the
B4 accessory subunit, were obtained using a heterologous expression system under physiological
ionic conditions. These data were then used to study how BK channels alone (type I) and with the
accessory B4 subunit (type I1) modulate action potential properties in biophysical neuron models.
Overall, the models support the hypothesis that it is the slower kinetics provided by the 4 subunit
that endows the BK channel with type Il properties, which leads to broadening of action potentials
and, secondarily, to greater recruitment of SK channels reducing neuronal excitability. Two
regions of parameter space distinguished type Il and type | effects; one where the range of BK-
activating Ca2* was high (>20 uM) and the other where BK-activating Ca2* was low (~0.4-1.2
HM). The latter required an elevated BK channel density, possibly beyond a likely physiological
range. BK-mediated sharpening of the spike waveform associated with the lack of the f4 subunit
was sensitive to the properties of voltage-gated Ca2* channels due to electrogenic effects on spike
duration. We also found that depending on Ca2* dynamics, type Il BK channels may have the
ability to contribute to the medium AHP, a property not generally ascribed to BK channels,
influencing the frequency-current relationship. Finally, we show how the broadening of action
potentials conferred by type 1l BK channels can also indirectly increase the recruitment of SK-type
channels decreasing the excitability of the neuron.
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Introduction

Neuronal large conductance Ca?*-activated K* channels (BK) are activated by coincident
depolarization and increases in intracellular Ca* generated by voltage-gated Ca?* channel
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activation during the action potential spike (Faber and Sah 2003b). As a result, these
channels are activated with a delay from the peak of the action potential, contributing to
shaping the falling phase of the spike (Storm 1987a; 1987b; Golding et al. 1999) and the fast
afterhyperpolarization (FAHP) (Lancaster and Nicoll 1987; Storm 1987a; 1987b).

In different systems BK channels either increase (Du et al. 2005; Gu et al. 2007) or decrease
excitability (Nelson et al. 2005; Matthews et al. 2008). In CA1 hippocampal pyramidal
neurons BK channels have secondary effects that increase excitability (Gu, et al., 2007).
Increases in excitability also were observed in gain-of-function of BK channels in dentate
gyrus granule neurons (Brenner et al. 2005). The mechanisms are two-fold: i) more rapid
Na* channel re-activation following each spike or ii) a decrease in the medium
afterhyperpolarization (mAHP), produced by small conductance (SK) Ca?*-activated K*
currents or delayed rectifier K* currents (Brenner et al. 2005; Gu et al. 2007).

BK channels are expressed from a single pore-forming o subunit and their diversity partly
arises from tissue- and cell-specific expression of (3 accessory subunits (Orio et al. 2002). Of
particular interest is the 4 subunit, an accessory protein highly expressed in the brain
(Behrens et al. 2000; Brenner et al. 2000; Brenner et al. 2005). Knockout studies of the p4
subunit suggest that this protein may confer properties of the type Il class of BK channels in
the brain (Brenner et al. 2005). Type 1l BK channels are resistant to scorpion venoms, are
slow-gated and are relatively less Ca?* sensitive (Reinhart et al. 1989). A possible functional
role of the B4 subunit may be to limit BK channel activation during action potentials, since
knockout of 4 demonstrates a “gain-of-function” for BK channels as evidenced by
sharpening of action potentials. Moreover, knockout animals also exhibit epileptiform
activity, presumably due to a paradoxical increase in neuronal excitability.

Biophysical studies in heterologous expression systems demonstrate complex effects of the
B4 subunit on BK channels. Effects of p4 on steady-state channel open probability are Ca?*-
dependent. p4 increases channel open probability at high Ca* concentrations while
reducing open probability at low Ca2* concentrations (Ha et al., 2004; Wang et al., 2006b;
Wang et al., 2009). Thus, without a measure of local Ca2* that activate BK channels one
cannot infer whether 4 will enhance or inhibit BK steady state currents. The other aspect of
B4’s influence is its significant slowing of activation/deactivation kinetics. A likely
explanation for the BK channel gain-of-function (in p4 subunit knockout animals) is that BK
channel lacking B4 are faster activating and can better follow the time course of the action
potential. The presence of the 4 subunit may therefore slow BK conductance, filtering and
reducing channel activation.

We have performed computational modeling to better understand effects of 4 subunits on
spike duration and neuronal excitability. The approach offers several advantages to
understanding BK channel function. First, computational modeling overcomes the difficulty
to ascribe direct effects of 4 on BK channel activation from secondary effects. For
example, the antagonistic relationship between BK channel activation and voltage-
dependent Ca2* influx can be readily distinguished in a computational model. However, it is
experimentally difficult to distinguish BK channel effects on Ca2* channel activation from
Ca?* effects on BK channels. Second, acutely isolating p4 effects is not yet experimentally
feasible, and inferring B4 function using the knockout mice cannot exclude the possible
compensatory effects. On the contrary, not only is it possible to manipulate levels of p4
‘expression’ using modeling, it is also possible to distinguish effects of steady-state and
kinetic modulation on spike duration and neuronal excitability.

Starting with measurements of BK channel properties made under physiological K*
conditions, we constructed Hodgkin-Huxley-like, “representational” models of BK channels
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with and without the accessory B4 subunit. We then used these models to perform voltage-
and current-clamp simulations to understand what aspects of neuronal parameter space
(voltage-gated channels, Ca2* dynamics, etc.) are affected by BK channels containing or
lacking a 4 subunit. We show that within two regions of parameter space, largely governed
by the intracellular Ca2* transient and the density of BK channels, that the 4 subunit had
largest influences on action potentials. As well, we utilized the representational BK channel
model to make predictions of how BK channels alone and those with B4 subunits (type 11
BK channels) differentially affect action potential shape and output properties of neurons.

Experimental Procedures

Experiments

Patch Clamp Recording of HEK Cells—Experiments were performed with the mouse
a subunit cDNA expression vector in pcDNA3 (Genbank accession number MMUQ09383,
construct initiates with the MDAL translation initiation site), and mouse B4 (accession
number NM 021452) in the Invitrogen vector pcDNA3.1Hygro(+). The o subunit cDNA
contains alternative exons insertions at site 3 and site 6 (Ramanathan et al., 2000). Studies of
the related B1 and B2 subunits indicate that BK channels can assemble with a less-than
saturating number of accessory subunits (Wang et al., 2002). However, we do not have an
understanding of the relative 4 stoichiometry in DG neurons, nor how reduced p4
stoichiometry affects BK channels. As such, we measured af34 channel gating properties
with DNA transfection ratios that likely saturate BK channels with a full complement of p4
subunits. This was a ratio of 1:10 o to B4 subunit in 2-3 micrograms total DNA and 10
microliter lipofectamine reagent per 35 mm dish of HEK293 cells. After 5 hours of
incubation, the cells were re-plated on glass coverslips and analyzed by electrophysiology
for the following 1-3 days. GFP expression from cotransfection (0.2 microgram) of the
Clontech EGFP-N1 vector was used to identify channel-expressing cells.

The external recording solution was composed of (in mM) 10 HEPES, 145 NaCl, 5 KCl, 1
MgCl,, 2 CaCly, pH 7.2. Internal solutions were composed of a pH 7.2 solution of (in mM)
20 HEPES, 140 KMeSOj3, 2 KCI. Intracellular Ca2* were buffered with 5 mM EGTA (0.9
uM), HEDTA (3.4, 7.3 and 18 uM) or NTA (41 uM) and free Ca2* concentration was
measured using an Orion Ca2*-sensitive electrode (Orion Research, Inc.).

Analysis of Macroscopic Currents—Conductance-voltage (G-V) relationships were
obtained using a test pulse followed by a step to a post-test voltage (OmV) to measure
instantaneous tail current 200 microseconds after the test pulse. In experiments where Gpax
were not reached, Gyay Values at higher Ca2* concentration from the same patch were used.
G/Gmax-V data were fitted with the Boltzmann function: G /Gpay = 1/ (1+ eQF(V12 “V)RT),
where V is the test potential, V1, is the membrane potential at half-maximal conductance, Q
is the equivalent gating charge (the slope of the Boltzmann function is RT/QF).

Computer Modeling

All simulations were performed using NEURON 7.2 (Hines and Carnevale 1997) on an
Apple Macintosh computer. Curve fitting and all analyses were performed using IgorPro
(Wavemetrics, Lake Oswego, OR).

The state variable for each channel (w) was calculated over time using a Crank-Nicholson
method solving the time dependent equation

dw
I_[Wm("v Ca) — wl/7y(v, Ca) )
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where Weo is the steady-state Ca2* and voltage (v) dependent variable and 1, is the time
constant, also both Ca2*- and voltage-dependent. Steady-state values were calculated based
on experimentally-derived Boltzmann functions (Fig. 1B) where

Weo (v, Ca)=1/(14e/V12(CO=156)) @)

The time constant (t,,) was determined from three functions. The first was a symmetrical
double sigmoid function that described the voltage relationship of t, at a particular Ca2*
concentration

f(\')zl /[ 10 - (e-v'/63A6+e(—IS()+\")/63.6)] ~-52 3)

where f(v) > 0.2 allowing the function to approach baselines in both directions and v’ was
the adjusted potential

V=v+100 — s(Ca) (4)

required for the Ca?* dependence t,,. The exponential function s(Ca) was used to “shift” the
voltage-dependence of t,, depending on Ca2* concentration. Lastly, the magnitude of t,, was
also determined by the exponential function p(Ca). From these three functions (found in the
legend for Figure 2), f(v), s(Ca), and p(Ca), t,, was calculated by the equation:

T(v, Ca)=[ p(Ca) — 1] - [(f(v) — 0.2)/0.8] +b (5)

Local Ca?* dynamics sensed by the BK channels (eq. 6) were simulated as a shell beneath
the plasma membrane (Sala and Hernandez-Cruz 1990; Yuen and Durand 1991) and
controlled by Ca2* influx, an exponential function regulating the rate of removal (tc,) from
the shell (the diffusion of Ca2"), a parameter governing the thickness of the shell rapid Ca?*
buffering (S), and resting Ca2* ([Ca],). Varying the parameter S allowed us to change the
amplitude of the Ca2* transient without having to alter voltage-gated Ca2* channels.

d[Ca]zszlu _ [Ca] -[Ca],

T

dt “ u (6)

Simulations were performed using a model of a dentate granule cell modified from that of
Aradi and Holmes (1999). The model included a voltage-dependent Na* conductance (Nay),
fast and slow delayed rectifier conductances (fKpg & SKpg, respectively), a slow Ca2*-
dependent, voltage-independent K* conductance (SK) where noted, and one of three
possible (T, N, or L-type depending on the simulation) voltage-gated CaZ* channels (Aradi
and Holmes 1999). The dendrites contained the Na* conductance and both fKpr & sKpg,
while the axon contained only the Nay, and fKpgr. The somatic compartment contained Nay,
fKpr, SKpR, one of either of the BK channels (a or a4), the SK conductance, and one of
the voltage-gated Ca2* channels in any particular simulation.

The Neuron Model Description Language “mod file” (Hines and Carnevale 2000) describing
both the o subunit model and the a4 model, along with all necessary code demonstrating a
representative simulation, will be made publicly available via the ModelDB database
(https://senselab.med.yale.edu).
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In order to construct biophysical neuron models comparing how type | and type Il BK
channels affect action potentials a quantitative understanding of the channels’ voltage- and
Ca?*-dependence on steady-state and kinetic properties are required. Functions describing
these parameters can then be incorporated into a more complex biophysical neuronal model
where, in turn, their interaction with other conductances on the simulated voltage response
can be investigated (described below). Here we obtained these parameters from channels
expressed in a heterologous system (see Methods). Specifically, BK channels with and
without the B4 accessory subunit were studied under conditions where the external K*
concentration approximated physiological conditions. Macropatch inside-out currents were
elicited from families of depolarizing steps for channels expressed with the accessory
subunit, ap4, or the a subunit alone (Fig. 1A). From these currents steady-state conductance-
voltage plots (G-V) were obtained and fit with Boltzmann function (Fig. 1B) to obtain
values for V1, and equivalent gating charge (Q) over a range of Ca2* concentrations (Fig.
1C, top and middle panels). As expected, increasing Ca2* concentration shifted activation
curves to hyperpolarizing potentials for both the o subunit alone and with the accessory
subunit (op4; Fig. 1B and 1C). Interestingly, p4 significantly reduced V1, at Ca2*
concentration greater than 3 uM in physiological K*. This differs from previous recordings
under symmetrical K*, where p4 increases V1 below 20 uM Ca?*, but lowers it above
(Wang et al. 2006). In contrast to V19, the equivalent voltage-dependence (Q) was relatively
insensitive to Ca2* concentration, though values for ap4 channels were slightly higher than
for the o subunit alone (Fig. 1C, middle panel). Again, this also differs from symmetrical
K*, where B4 reduces Q at all Ca%* concentration (Wang et al. 2006). Single time constants
for channel activation were obtained from families of currents taken over a range of voltage-
steps (Fig. 1A). In general, activation time constants decreased with Ca?* concentration
(Fig. 1C, bottom panel). At high concentrations, there was no significant difference in
activation between BK channels with or without the accessory subunit. At lower Ca2*
concentrations (less than 10 M) ap4 channels activated significantly slower than o
channels.

To model channel behavior, V1, values for either aff4 or a BK channels, as determined
above, were plotted against Ca2* concentration and the relationship for each channel was
best fit by a double exponential function (Fig. 2A1). These functions were then used to
calculate the value of fractional opening at steady-state (see Methods equation 2). Next, we
needed to determine the time-dependence for changes in fractional opening. Empirically-
determined time constants (Fig. 2B) were used to generate equations approximating their
Ca?*- and voltage-dependence. Two parameters were used to characterize how Ca2*
affected the voltage-dependent time constants for channel activation; the maximum time
constant for current activation and the potential where the maximum time constant was
observed. The CaZ*-dependence of these two parameters are shown in Figure 2A,. Both the
maximum time constant and the potential where the maximum was reached, for either BK
channel, were best fit by single exponential functions. Peak values for the time constants
were greatest at Ca2* concentrations less than 10 uM and it is within this range that the
largest difference in time constants between the af34 and a were observed.

Using the two Ca2*-dependent functions empirically measured above (maximum time
constant, peak shift potential), continuous functions for activation time constants across a
physiological range of potentials and Ca2* concentrations were calculated. It was assumed
that these functions follow a symmetrical, double sigmoid relationship varying in amplitude
(maximum time constant) and their voltage-dependence. Time constant functions for the of34
and o currents at three different Ca2* concentrations are plotted against experimentally-
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obtained values and demonstrate reasonable overlap (Fig. 2B). For both ap4 and a channels
the functions shifted to more hyperpolarized potentials with increasing Ca2* concentration.
Most notably, however, the range of the time constants was much greater when the p4 was
included, particularly at low Ca2* concentrations. For example, at a low Ca2* concentration
(3.4 uM) the time constant at 0 mV was 33 ms, while with the o subunit alone it was 4 ms.
Similarly, at high Ca* concentration (41 puM) the peak time constant at —40 mV for the a4
current was 9 ms, and 2 ms for the o subunit alone. At 0 mV there was less of a difference in
time constants with high Ca2* concentration.

Simulated currents resulting from the activation of the two BK models by a voltage step, at
two different Ca2* concentrations, are illustrated in Figure 3. Either the af4 or o
conductance was inserted into the soma of a model dentate granule cell (Aradi and Holmes
1999). Voltage-clamp simulations of a standard voltage-step protocol from a holding
potential of —70 mV to a command potential of +40 mV was used to activate BK currents in
the model. At a high Ca2* concentration (40 pM) the activation for both the a4 and a
currents were achieved within 20 ms, with the activation of the a current occurring faster
(Fig. 3A). With a lower Ca2* concentration (3 uM), although ap4 had a larger steady-state
current (Fig. 3B4), the slower activation of the ap4 resulted in significantly less BK current
than o alone over times scales less than 30 ms (Fig. 3B»).

Influence of B4 subunit on single action potentials

We next turned to current-clamp simulations to study how the interaction of voltage-gated
Ca®* entry and BK channel activation affected both the width of the action potential and the
afterhyperpolarization. In mice lacking the B4 subunit, action potential half width of dentate
gyrus granule cells is reduced by approximately 0.3 ms (Fig. 4A;) compared to wild type
(WT) mice and the onset of the fast AHP (fAHP) occurs earlier (Brenner et al. 2005). Our
simulations contained either the a4 or o BK channels, a fast Na* channel, a fast and slow
delayed rectifier K* conductance, an L-type voltage-gated Ca2* conductance (unless
otherwise noted), and intracellular Ca* dynamics regulating BK channels (see Methods). In
the simulations below, we adjusted parameters (BK channel density, amplitude of the Ca2*
transient, and intracellular Ca2* dynamics) to obtain a difference in spike duration of at least
0.2 ms between models with and without the p4 subunit. No changes were made to the Na*
channel and delayed rectifier K* conductances in all simulations. Examples of simulated
spikes generated by the a4 and o BK channel models, generated either alone (Fig. 4B1) or
as part of a train of action potentials (Fig. 4A,), qualitatively had the same features as spikes
observed experimentally.

Compared with a model lacking any BK channels, both the o4 and aBK models shorten the
duration of the spike (Fig. 4B). It is important to note that the influence of a4 BK channels
on the action potential waveform is minimal in some studies of dentate gyrus granule cells,
where the blockade of BK channels with paxilline has little effect (Brenner, et al., 2005; but
see Muller et al., 2007). The o BK model had the greatest effect as it produced
approximately twice as much BK current as the o34 model (Fig. 4B,). Other conductances
in the model were affected by the change in spike width, secondarily to the difference in BK
channels. Both the delayed rectifier current (Kpg) and voltage-gated Ca2* currents were
enhanced by the wider spike produced in the a34 model. Voltage-gated Na* currents during
the upstroke were not different between the two models, as expected. During the
downstroke, the non-inactivated portion of the Na* current was less in the ap4 BK model
(compared to the o BK model) where the spike was wider and there was greater inactivation
of the Na* conductance.

We examined the effects of varying the local Ca2* concentration sensed by the BK channels.
This was accomplished by systematically adjusting the amplitude of Ca2* concentration
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sensed by the BK channels by scaling Ca2* accumulation following Ca2* influx (see
Methods Eq. 6). This approach allowed us to alter Ca2* concentration without introducing
electrogenic effects produced by varying voltage-gated Ca2* entry. Single action potentials,
elicited by a 1 ms depolarizing current pulse (2 nA), were triggered to generate a local Ca*
transient with peak amplitudes that varied between 0-120 puM. BK channel densities of
0.05-0.3 S/cm? achieved a difference in spike width greater than 0.2 ms between the two
models (same density was used for either of the two channel types). At the lowest part of the
range of [Ca%*], the density of BK was approximately 20-fold greater than used in Aradi and
Holmes (1999).

The relationship between Ca2* concentration sensed by the BK channels and the subsequent
effect on action potential duration (measured at —40 mV) for either the off4 or a BK model
is shown in Figure 5A;. With increasing peak Ca2* concentration spike duration decreased
for both models. However, the a BK model saturated at greater Ca2* level and had greater
sharpening of the action potential than the a4 BK model. Spike duration decreased in the o
BK model by ~0.6 ms (from 0 to saturating Ca?* influx) and saturated at the 100 uM range.
In contrast, the o34 BK conferred a maximum 0.3 ms sharpening of the action potential.
This effect saturated at ~30 uM. The difference in spike duration between the two models
(ap4 vs o) increased with the amplitude of the Ca?* transient and maximized to near 0.3 ms
when peak concentrations reached above 60 uM (Fig. 5A)).

As mentioned above, in dentate gyrus granule cells the presence of the 4 subunit not only
widens action potential duration, but also alters the afterhyperpolarization phase compared
to cells lacking the accessory subunit (Brenner et al., 2005). The presence of the 4 subunit
in our models not only affected spike repolarization, but also delayed the
afterhyperpolarization converting a fAHP into a medium AHP (mAHP). We quantified this
shift by measuring the potential after a spike at two time points; 2.5 and 7 ms after the
current stimulus, respectively. As plotted in Figure 5B, the early potential (measured at 2.5
ms) became more hyperpolarized with increasing BK channel activation. The a4 BK model
was less sensitive to increasing Ca?* concentration than the o BK model, consistent with its
slower Kinetics. At the later time point, the a BK model exhibited an afterdepolarization
(ADP) that was only slightly Ca?* sensitive and peaked at concentrations of ~20 uM (Fig.
5B,). In contrast, the ap4 BK model produced a mAHP at this latency that was strongly
Ca®* sensitive up to concentrations over 40 M.

The relationship between peak BK current and spike-mediated Ca2* transients is illustrated
in Figure 5C1. When peak Ca2* concentrations were below 20 uM the relationship between
Ca?* concentration and peak BK current was approximately linear and there was no
difference between the models. With higher concentrations the a4 BK current saturated
below that for the a BK currents, with a difference between the ap4 and a BK currents
becoming apparent when the peak of the Ca2* transient exceeded 20 UM. The difference in
BK current amplitude between the two models translated into a difference in spike duration.
Sharper spikes (shorter spike duration) were produced by the o BK channels, compared to
models containing the aff4 BK channels. This resulted from a near doubling of the BK
current by the o channels, in spite of the fact that Ca2* influx was somewhat less in models
with a BK channels due to narrower spikes (see also Fig. 4B,). To show that for both o34
and o BK channel models the effect of varying BK current on spike duration is the same,
both models fall along the same relationship for peak BK current plotted against spike
duration (Fig. 5C»).

We noticed that the greatest difference in kinetics occurred within a lower range of Ca?*
concentrations (see Fig. 2). To study how a lower Ca?* concentration might differentially
affect the two models, we adjusted the amplitude of the Ca?* transient to achieve
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approximately 100-fold lower amplitudes (less than 1 uM). However, with smaller Ca2*
transients action potentials failed to activate a sufficient BK conductance to affect spike
width (not shown). To compensate for the ineffective conductance in the “low Ca2*
configuration”, BK channel density was increased to yield a difference in spike width (Fig.
6A). To observe a 0.2 ms difference between the two models a BK channel density of 20 S/
cm? or greater was required (compared to 0.05-0.3 S/cm?). The relationship between CaZ*
influx and BK channel activation was now somewhat different than seen with the previous
“high Ca2* configuration”. In particular, there was a greater difference in the current
produced by BK channels. When a4 BK channels were inserted there was a ~93% decrease
in the BK current compared with the o BK model (Fig. 6A). In contrast, there was
approximately a 50% decrease for the high Ca2* configuration. Also in contrast to the high
Ca?* configuration, varying the Ca2* transient produced a relatively monotonic change in
spike duration with a range of Ca2* of 0-1.6 uM for the « BK model, while an effect on
action potential width didn’t occur until ~0.6 uM for the a4 model (Fig. 6B1). As a result,
the difference in spike duration was maximal when the Ca?* transient peaked between 0.6—
0.8 uM (Fig. 6By).

It is important to point out that input resistance (Ry) and membrane time constant (t,,) were
affected by the increase in BK channel density required for the low Ca2* configuration.
Most notably, with a larger density of a BK channels both Ry and t,, were less. In the high
Ca?* configuration (lower BK channel density) for either ap4 or a BK channels Ry = 247
MQ and 1, 39 ms. In the low Ca?* configuration (higher BK channel density) there was no
effect on the passive parameters for aff4 BK channels. In contrast, for a BK channels the
increased channel density resulted in a greater resting membrane conductance and thereby
dropping the passive parameters (Ry = 214 MQ and t,, = 36 ms). Given that neuronal BK
channels have a low affinity for Ca?*, and are not observed to be active at rest suggest that
these model parameters are not applicable to most neurons. Therefore, the remaining
simulations were performed using the high Ca2* configuration.

We next examined how Ca2* channel density and the type of Ca2* channel affected BK
modulation of spike waveforms. Three different voltage-gated Ca?* conductances were
compared over a range of conductance densities representing fast-inactivating (T-type),
higher threshold inactivating (N-type), and high-threshold, non-inactivating (L-type) Ca%*
channels (Fig. 7A). Sharpening of the action potential waveform was produced in both of4
and o BK models by all three sources of Ca2* compared to models lacking BK channels
(Fig. 7B). Interestingly, when T-type channels were the sole course of Ca2* the difference in
spike waveform between ap4 and o BK models had little effect on Ca?* influx. The
relationship between Ca2* channel density and spike duration for all three sources of Ca?* is
shown in Figure 7C. Spike duration generally was reduced in the oo BK channel model with
increasing T-, N-, or L-type channel density. In contrast, a34 models were less sensitive to
Ca?* channel density and T- and N-type channels increased spike duration at higher
densities compared to models with L-type channels due to greater electrogenic effects on
spike duration. The greater Ca2* current broadened action potential duration countering the
effect of BK channels.

Overall, with greater Ca2* channel density there was an increase in the difference in spike
duration between of34 and o BK models (Fig. 7D). When L-type channels were the sole
source of Ca2* the difference in spike width saturated at approximately 0.4 ms. In contrast,
when either N- or T-type channels were used the spike difference continued to increase
nearly linearly within the range of densities studied. For these channels, at high Ca2*
channel densities (greater than 4 mS/cm?) spike width was affected not only by BK currents,
but also by the electrogenic broadening of the spike by the Ca%* channels (Fig. 7C). At
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higher densities, the greater difference was promoted not only by increased spike
sharpening, but broadening of spikes by the larger Ca2* current in ap4 (Fig. 7C).

The amplitude and time course of the Ca?* transient is affected not only by the magnitude of
the Ca?* transient, but also its kinetics. This is determined by a number of factors governing
Ca?* removal including fast buffering, diffusion, and extrusion/sequestration (see Eq. 6).
We examined how varying the time constant for Ca2* removal (t¢,) affected BK currents
and, in turn, spike waveforms. The effect of varying tc, on spike duration was similar to
varying the amplitude of the Ca?* transient. With increasing values of tc,, and therefore
increasing amplitude of the Ca2* transient, there was increased BK channel activation and
decreased action potential duration for both models. Values of t¢, of 0.1 ms or greater were
required to achieve a 0.2 ms difference in spike duration between the two models.
Consistent with the smaller a4 BK currents, spikes in the a4 BK model were wider than
for the a BK model (simulations not shown).

Influence of B4 subunit on firing output

The observation that the p4 subunit affected the afterhyperpolarization phase of the action
potential waveform both experimentally (Brenner et al., 2005) and in our simulations
suggested that the presence of this subunit might directly affect firing rates by increasing
interspike intervals. However, it has previously been shown that when firing rates of dentate
gyrus granule cells were compared between WT and p4 KO mice, no direct effect was
observed (Brenner et al. 2005). Rather, it was shown that p4 had an indirect, secondary
action on firing rates. Blocking BK channels in WT granule cells had no effect on firing
output, while blocking SK channels (a Ca2*-depenent K* conductance) with apamin
increased firing output. Conversely, blocking BK channels in cells lacking the p4 subunit
decreased firing rates, again secondary to SK channel activation (Table 1).

To explore how the two BK channel models’ shaping of spike waveform might, in turn,
control neuronal firing we next studied the instantaneous frequency-current (F-1)
relationship, quantifying the output firing rate of spike trains in response to varying input
current driving the neuron. The general slope of this relationship represents the “gain” of the
cell; for a given change in input current, it tells us how much change in firing output is
achieved. In dentate gyrus granule cells recorded from slices, the F-1 relationship for
neurons lacking the B4 subunit were significantly more excitable and exhibited a greater
slope compared to neurons from WT animals containing 4 (Fig. 8A). When BK channels
were blocked with paxilline (in cells from either WT or KO mice), the F-I slope was the
same as for the WT (One way ANOVA, F=3.959, df=46, p<0.05; Dunnett multiple
comparison test).

In contrast to the in vitro data, when no BK channels were included in the model (as if we
were blocking BK channels) the slope was nearly the same as for the oo BK channel model,
while at the same time the a4 BK model had a direct effect depressing spiking output (Fig.
8B). The mechanism appeared to be through an enhanced mAHP a4 BK model that
increased interspike interval and therefore decreased firing rates (Fig. 8D). Although our
model was able to capture the effects of the two channels on spike waveform, over a large
range of parameter space it failed to reproduce the experimentally-observed F-I relationship.
This suggested that slower channel kinetics (Fig. 1 & 2) alone cannot account for p4 subunit
influence of excitability. We therefore investigated other parameters that perhaps limit any
direct effect of the ap4 BK model on excitability.

One parameter that could limit the direct effect of the B4 subunit would be a decrease in ap4
BK channel density. It has been observed that the presence of the 4 subunit reduces BK
channel density by ~55% (Brenner et al., 2005). Varying the relative density of a4 BK
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channels to a BK channels produced a nearly linear difference in F-I slope. But even a 50%
reduction in ap4 BK channels was not sufficient to eliminate the direct effect on interspike
interval (simulations not shown).

As mentioned above, we surmised that the direct effect of the ap4 BK model was due to the
mAHP. This is inconsistent with the general concept that BK channels rapidly deactivate
after a spike and contribute to a fast but not medium component of the AHP (Faber and Sah
2003b). Therefore, we sought to find a parameter in the model that would influence the rate
of channel deactivation following a spike. Other than modifying channel kinetics, which
would affect spike waveform, the only parameter that could influence channel deactivation
after the spike was the time constant for Ca2* removal (t¢,). We found that decreasing tc,
from 1 ms to a value of 0.2 ms removed much of the direct effect of the a4 BK model on
the F-I relationship (Fig. 8C). This change indeed decreased the BK current associated with
the afterhyperpolarization phase (Fig. 8D). It is important to note that t¢, could be decreased
further, but below 0.1 ms where Ca2* transients were below 10 uM, the channel no longer
had a significant effect on spike duration. Therefore there was an optimum range of tc, that
satisfied not only the effect of the two different BK channel models on spike waveform, but
also did not produce a direct BK channel effect on interspike interval.

Neither voltage-gated Na*™ or K* (Kpr) channels contributed to secondary effects on firing
output. Voltage-gated Na* channels were re-activated slightly more in the af4 BK model
where the mAHP was greater in amplitude and duration, but not sufficiently to affect
excitability (not shown).

As mentioned above, blockade of SK channels by apamin has been shown to eliminate the
secondary effects of BK channels on firing output (Brenner et al. 2005). In an attempt to
simulate the F-1 curves seen in vitro we added an SK Ca2*-dependent current to the model,
which would be influenced solely by Ca2* influx controlled by spike duration. As expected,
addition of this current reduced the slope of the F-I relationship for all three models (Fig.
8E), but exerted its effect proportional to spike width, and therefore Ca2* influx (Fig. 8F).
Therefore, SK had a greater influence on F-I slope for models containing broader action
potentials (i.e. aff4 channels or no BK channels at all). As a result, a density of SK channels
was found where both the a4 BK model and the model lacking any BK channels exerted a
similar F-1 slope, but at the same time was less than the slope produced by the o BK model
(Fig. 8E).

Discussion

A primary focus of this study was to understand how BK channels with distinct properties,
such as those with or without the accessory B4 subunit, affect action potential shape and
neuronal excitability. Our major finding was that the differential effects of B4 subunits on
the Ca?* and voltage-dependent properties of BK channels, within discrete ranges of
parameter space, can account for experimentally-observed changes to action potential
waveform and, in turn, their indirect effects on excitability.

Biophysical studies of BK channels indicate that the B4 subunit has two effects on BK
channels; an increase in steady-state conductance and a slowing of channel activation (Fig.
1). In the context of action potentials, these properties are expected to have opposing effects
on K* channel function, promoting and reducing action potential repolarization,
respectively. The computational model supports the hypothesis that it is primarily the effect
of B4 on kinetics, rather than steady-state properties (V12, Q), that is responsible for the
attenuated current and, in turn, broadening of the action potential observed in the presence
of B4. Here, under physiological K*, we found that B4 enhanced, rather than reduced,
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steady-state open probability. This is in contrast to previous observations where modulatory
effects of B4 were characterized in heterologous expression systems under high bi-ionic K*
concentrations (Wang et al. 2006). Because the presence of the B4 subunit decreased the
threshold for activation this property on its own would be expected to enhance the BK
current, not depress it. The models also demonstrate that the effect of the B4 subunit does
not require a difference in BK channel density; total BK channel conductance was
equivalent for simulations of when the B4 subunit was either present or absent. Thus, the
difference in kinetics and, in turn, the change in spike duration between the two types of BK
channels is sufficient to account for variations in neuronal excitability.

Importance of Ca?* dynamics

BK channels are activated by an increase in intracellular Ca?* that shifts their voltage-
dependence into a range sensitive to action potentials. This Ca?* transient is determined by
the properties and density of voltage-gated Ca?* located near BK channels (Cox et al. 1997;
Muller et al. 2007; Fakler and Adelman 2008), how Ca2* concentration is locally controlled
(i.e. buffering, diffusion, sequestration), and the properties of BK channels themselves. The
concentrations required for this change are generally thought to be in the tens of micromolar
range (Cox et al. 1997; Muller et al. 2007; Fakler and Adelman 2008). We found that the
slower activation kinetics, at relatively lower Ca2* concentrations (see Fig. 1C), provided by
the B4 subunit readily explains why these channels are minimally activated by spikes and, in
turn, have little effect on spike waveform. However, at the same time the slower kinetics
also dictate that after a spike the protracted closing of any activated channels will produce a
deeper and prolonged mAHP. As a result, the interspike interval should also be extended,
thereby resulting in a direct inhibitory effect on excitability. This is inconsistent with
experimental observations where there is no direct effect of the aff4 BK channel on
interspike interval. The current view is that the influence of B4 on excitability is produced as
a secondary effect through SK channels (Brenner et al. 2005).

Here we found that only when the Ca2* transient near the BK channels decays at a fast
enough rate is the deactivation of the ap4 BK channel fast enough to prevent elongation of
the interspike interval (Fig. 8D). This is consistent with recent work by Muller et al. (2007)
that support the hypothesis that the source of Ca2* activating BK channels should be within
a very close proximity and that the Ca2* sensor must be one of low affinity (Cox et al. 1997;
Muller et al. 2007; Fakler and Adelman 2008). In such a high Ca2* configuration a relatively
lower, albeit “tuned”, density of BK channels was required and was comparable to densities
used in other simulations (Moczydlowski and Latorre 1983; Aradi and Holmes 1999; Shao
etal. 1999; Ly et al. 2010). That said, we also found a second range of parameter space that
has a more constrained range of Ca2* transient, while requiring a significantly larger BK
channel density to compensate for less channel activation. Further experiments will be
required to test whether this predicted region of parameter space has a physiological
relevance. It could be that different sets of BK channels might work together within both
regions of parameter space to regulate spike waveform (Kaufmann et al. 2009; Kaufmann et
al. 2010) or other factors might permit BK channel activation within lower Ca2* ranges
(Soom et al., 2008; Yan and Aldrich 2010).

If we make the assumptions that either of the two BK channel types (ap4 and o) are equally
situated near voltage-gated Ca2* channels (Muller et al. 2007), the density of Ca2* channels
is the same, and the sole source of Ca2* is influx through Ca2* channels, and not
intracellular release, our simulations suggest that Ca2* kinetics (produced by rapid
buffering, diffusion, etc.) associated with CaZ* binding to BK channels has to be fast and
within a limited time scale. This is required so that i) the transient reaches an amplitude that
differentially activates the two channels thereby producing a difference in spike duration
(Fig. 5C) and ii) it is fast enough so that the BK current doesn’t directly affect interspike
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interval (Fig. 8D). Alternatively, such constraints might not be necessary and the
explanation for why in the presence of the B4 subunit there are no direct effects on
excitability is due to factors associated with BK channel co-localization with Ca* channels.
If B4 subunits perturb the spatial relationship between voltage-gated Ca%* channels and BK
channels the two may no longer be positioned such that BK channels are maximally affected
by Ca2* influx. This is a reasonable hypothesis given that the 4 subunit may affect channel
density and distribution (Wynne et al., 2009).

Our simulations make experimentally-testable predictions with respect to sources of Ca*
and spike waveform. In many neurons both L- and N-type channels are colocalized with BK
channels (Grunnet and Kaufmann 2004; Berkefeld et al. 2006; Fakler and Adelman 2008),
though it is not known whether Ca2* from T-type channels can activate them as well.
Berkefeld et al. (2006) demonstrated in oocytes co-expressing BK af4 channels with either
L-, N-, or P/Q type channels that there is differential activation of the resulting K* current
produced by a spike-like waveform. Our simulations predict that fast-gated BK channels
(those lacking the B4 subunit) sharpen and contribute to repolarization in response to any
one of a range of Ca2* channels (T, N, or L-type). In contrast, af4 BK channels appear to
contribute significantly to repolarization only in response to L-type Ca2* channels (Fig. 7C).
The electrogenic (action potential broadening) effect of N- or T-type channels countered the
outward current produced by ap4 BK channels (spike width was widened, not sharpened).

B4 regulation of firing output

The role of type 1l BK channels on neuronal excitability is poorly understood. BK channels
often are shown to affect the downstroke of the action potential and the fAHP (Faber and
Sah 2003a). These simulations allow us to infer that type Il BK channels, due to slow
deactivation conferred by B4, are specialized to influence the afterhyperpolarization more so
than the downstroke. That said, in dentate gyrus granule cells where type 1l BK channels are
expressed, there is still little direct effect on interspike interval (Fig. 8A). In contrast, our
modeling suggests that type | BK channels (or BK channels lacking p4) have a more
profound effect on the downstroke of the action potential, and in turn spike duration, and
generation of a fAHP.

Because BK channels deactivate quickly following repolarization of action potentials they
generally do not directly affect firing rates (Faber and Sah 2003b). However, some examples
exist where BK channels do reduce action potential firing rates (Nelson et al. 2005;
Meredith et al. 2006; Matthews et al. 2008). Over a wide range of parameter space in our
models af4 channels influenced firing rates because their slower gating deepened a mAHP
and extended the interspike interval. But if the Ca2* transient was fast enough (but not too
fast as to limit effects on spike duration), the mAHP was not as large while there was still a
significant broadening of the spike.

Activation of BK currents limit firing rates in some neurons (Nelson et al., 2003; Mathews
et al., 2009), while in others they can enhance excitability, presumably through secondary
mechanisms such as the reactivation of voltage-gated Na* conductances (McKay and
Turner, 2004; Gittis et al., 2005). A recent modeling study by Ly et al. (2010) demonstrated
how BK currents interacting with M- or H-currents can differentially control spiking output,
and would therefore likely be influenced by B4 accessory subunits (Ly et al. 2010). Dentate
granule cells lack significant H-current expression (Santoro et al., 2000) and the impact of
M-currents on dentate granule cell excitability remains to be determined. Here, we found
little interaction between BK channels and voltage-gated Na* conductances (Fig. 8B) and
our model was most consistent with an influence of spike duration on SK currents (Brenner
et al. 2005). In the absence of the B4 subunit there was greater K* current during the
downstroke of a spike (Fig. 4B). With a sharper spike there was less Ca%* entry (Fig. 4B;
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Johnston and Wu 1994; Sabatini and Regehr 1997; Giese et al. 1998) and, in turn, less SK
channel activation (Fig. 8).

We have shown using computational modeling how type | and type Il BK channels can
shape action potential waveforms and that different regions of parameter space can
differentially affect spike repolarization, the afterhyperpolarization, and in turn a neuron’s
firing output. Our models of these BK currents should readily be applicable to more
extensive study of the differential effects of type I and type 1l BK channels on more realistic
neuron models and their interaction with other membrane conductances to influence
neuronal excitability and firing output.

Highlights

> We empirically derived properties of BK channels, with and without the B4
accessory subunit

> In a biophysical neuron model we studied how these two BK channel types
modulate action potentials

> We show that the slow kinetics provided by B4 subunits leads to spike
broadening

> The effect was observed in two regions of parameter space, based on high
and low Ca2* amplitudes.

> B4 subunits may endow BK channels with the ability to contribute to the
medium AHP
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Figure 1. p4 shifts BK steady-state G-V relation to hyperpolarizing membrane potentials in
‘physiological’ external potassium

A: A family of BK currents recorded from a4 (left) or a alone (right) channels in 3.4 uM
Ca?*. Currents were evoked with 200 ms (af4) or 50 ms (o) depolarizing steps between —80
and 60 mV in 10 mV intervals. Current traces were fitted to single exponential (dashed
curve) to estimate activation time constants. To reduce noise in the aff4 current trace, the
data was obtained by averaging five recordings. B: Mean G-V relations at different Ca2*
concentrations (UM) for afi4 (top) and o (bottom). Solid curves represent fits to the
Boltzmann function. (af4: 41 uM (n=9), 18 uM (n=6), 7.3 uM (n=6), 3.4 uM (n=6), 0.9 uM
(n=5); a. alone: 41 uM (n=11), 18 uM (n=7), 7.3 UM (n=6), 3.4 uM (n=5), 0.9 uM (n=3)).
C: Pooled results for V12 (top), mean equivalent gating charge (Q, middle), and the
activation time constant at +60 mV (bottom) plotted as a function of Ca2* concentration. * p
< 0.05 Student’s t-test for un-paired samples.
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Figure 2. Models of BK channels with and without p4 accessory subunit
Aq: The Ca2* dependence of channel activation was best fit by double exponential

functions: V;Yﬁ_j(Ca): - 56‘4+104.56’_230C“+2966‘_2]57C“and

Vi(Ca)= - 32+59.2¢7°“+96.7¢ "% Solid and filled circles are experimental data and
the solid line is the best fit. A,: Relationship between Ca2* and the voltage-dependence of
the time constant for activation was determined by two parameters: maximum time constant
(p®P4 and p%) and the potential where the time constant was greatest (s*? and s*) were best fit
by single exponentials: p*P4 (Ca 2*) = 13.7 + 234 .e~720Ca & pv (Ca) = 2.9 +6.3¢360Ca
sP4 (Ca2*) = —30 + 137 -e 7280 Ca g s%(Ca) = —25.3+107.5e 7120, Solid and filled circles are
experimental data and the solid curves are the best fit. B: Single exponentials were obtained
for BK currents (as in Fig. 1A) exposed to 41 pM Ca?* (a: n = 11; ap4: n = 10), 7.3 uM
Ca?* (a: n = 6; afd: n = 6), and 3.4 uM Ca?* (a: n = 3; ap4: n = 5). Symbols represent mean
experimental data values and the error bars are SEM. The solid curves are the fit of the data
for each concentration by equation 5.
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Figure 3. Simulated currents produced by BK channels

The soma of the model neuron was voltage clamped at —70 mV and stepped to +40 mV.
Resulting currents for simulations containing either the ap4 or o channel models are shown
for two different fixed Ca2* concentrations (A: 40 uM; B: 3 uM) at long (A1 and By) or
short (A, and B,) time scales. As expected, the simulation lacking the B4 subunit clearly
activates faster at either Ca2* concentration. Note, however, that the difference in activation
is more pronounced at the lower CaZ* concentration.
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Figure 4. Effect of p4 or a BK channels on simulated action potentials

A: Comparison of experimentally-measured spikes to simulated action potentials. Action
potentials recorded in dentate gyrus granule cells (A1) from WT (ap4) and KO (o) mice
(from Brenner et al., 2005). A,: Simulated action potentials generated as part of a train of
spikes for both the ap4 and o BK models. B1: Single action potentials produced in models
containing either the af4 or o BK channels. A spike from a model lacking BK channels is
shown for comparison (dashed line, ggk = 0). By: lon currents underlying the action
potential for either ap4 or oo BK models. Currents shown: BK, delayed rectifier (Kpg), L-
type voltage-gated Ca2* channels (Cay/), and fast voltage-gated Na* channels (Nay).
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Figure 5. ng)ike waveforms are differentially affected in ap4 and a BK channel models with
varying Ca“* transient levels

A: Effect of varying Ca2* transient amplitude on the difference in spike duration between
models (gca=4.5 mS/cm?; ggk=0.05 S/cm?). A;: Increasing Ca2* transient amplitude
reduced action potential duration for both models at concentrations above 20 uM. Ay: The
difference in spike width increased as a function of the average Ca2* transient amplitude
(average of peak Ca2* transient produced by ap4 and a BK models) up to ~60 uM. B:
Presence of B4 affects afterpotentials in the model neurons. Afterspike potentials were
measured at two time points: 2.5 ms and 7 ms after the onset of the stimulus. B1: Plot of the
spike afterpotentials at the earlier time point (2.5 ms) as a function of Ca%* transient
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amplitude. Both a4 and o BK models expressed a fAHP. B,: Plot of the spike
afterpotentials at the later time point (7 ms) shows that for models lacking the B4 subunit an
afterdepolarization (ADP) was elicited across all Ca2* ranges, in contrast to models with the
B4 subunit where a medium AHP was expressed. C: Relationship between Ca2*, BK channel
current, and spike width. C1: Peak BK current is plotted against varying Ca2* transient
amplitude illustrating the larger current produced by the model lacking the p4 subunit. C,:
Spike duration for the same two models plotted for varying BK currents showing the
relationship between BK current and its effect on spike duration.
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Figure 6. A difference in spike duration between af4 and a models can be elicited with small
Ca?* transients if countered by an increase in gBK

A: Spikes (top traces), Ca2* transients (middle traces), and BK current (lower traces)
produced when Ca2* transient amplitude was low and BK channel density was elevated to
40 S/cm? (low Ca2* configuration). Note that the peak Ca2* transient was less than 1 pM
(compare with ranges in Figure 4). B: Effect of varying Ca2* transient amplitude, by varying
the Ca?* buffering factor CB, on spike duration (B;). The difference in spike width between
the two models (B,) (difference between af4 and a models) was greatest when Ca2* peaked
at approximately 0.6 uM for a channel density of ggx = 40 S/cmZ.
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Figure 7. Differential effects of varying the density and type of Ca?* channels

A: three types of voltage-gated Ca2* channels were compared; a low-threshold, fast
inactivating T-type channel, a higher-threshold, inactivating N-type conductance, and a
high-threshold, non-inactivating L-type channel (the latter was used in all previous
simulations). Fractional G-V plots for the three channel types are shown. B: Effect of
different Ca2* channels (gc,=3.6 mS/cm?; ggi=0.05 S/cm?) on spike waveforms when there
were no BK channels present in the simulations (dashed line) and for simulations with either
the ap4 or a channel models. C: Spike duration plotted against varying Ca* channel density
for models containing L- (top), N- (middle), or T- (bottom) type Ca2* channels. Spike
duration for models containing o34 BK channels (filled circles) and a BK channel (open
circles) are plotted. Dashed lines represent spike duration when no Ca%* channels were in
the model. Note that for the a4 BK channel models N- and T-type channels produced
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broader spikes at higher Ca2* channel densities. D: Effect of varying CaZ* channel density
on the difference in spike duration between simulations using the af4 or a channel models.
The difference in spike duration increased with channel density for all three types of
channels, saturating to near 0.4 ms for the L-type channel. In contrast, the difference
increased throughout the range of densities when either the T- or N-type channels were
engaged.
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Figure 8. Direct and secondary effects of BK channels on output firing

A: Instantaneous frequency-current (FI) relationships averaged between the first three spikes
in dentate gyrus granule cells from wild type (WT) animals (n=22), mice lacking the p4
subunit (KO; n=19), and WT mice exposed to the BK channel blocker paxilline (WT Pax;
n=6). The slope of the FI relationship was greatest for the cells from KO mice, while they
were the same for both the WT and WT exposed to paxilline. In experiments where the SK
channel blocker apamin was present, the FI relationship for WT cells, but not p4 KO were
increased (not shown). B: Simulations with a Ca2* recovery time constant of 1 ms failed to
replicate the relationship between FI curves; the a4 BK model had a direct effect on firing
rate and the model lacking BK channels had an FI curve with the same slope as the a BK
model. C: Decreasing the Ca2* recovery time constant to 0.2 ms eliminated the direct effect
of the a4 BK current on FI slope. D: The direct effect of the a4 BK model on interspike
interval was due to the slow deactivation of the BK current. Action potentials (top traces)
produced in either model with a 1 ms (dotted traces) or 0.2 ms (solid traces) Ca2* recovery
time constant (tc,). Note that the increased fAHP for the o BK model and the greater mAHP
in the aff4 BK model. Normalized BK channel currents (bottom traces) illustrating how the
slower deactivation of the a4 BK model occurs when the Ca2* recovery time constant is 1
ms (arrows) resulting in the larger mAHP. E: Addition of an SK conductance replicates the
experimentally observed effect of the BK channels in neuronal input/output. F: Spike width
affects SK channel current that, in turn, results in the secondary effects on interspike
interval.
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Experimental constraints

Spike duration FI Slope
Condition | WT (apd) | KO (a) | WT (apd) | KO (w)
Control ++ + ++ +++
Paxilline ++ ++ ++ ++
Apamin ++ ++ +++ +++

++ : no difference from WT control

+ : less than WT control

+++ : greater than WT control
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