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ABSTRACT  

Complexes formed by voltage-activated calcium channels (CaV) and high-conductance potassium 

channels activated by Ca2+ (BK) have been studied in smooth muscle, secretory cells and in synaptic 

terminals, where they regulate muscle contraction, secretory activity, and neurotransmission. However, 

the complex formed by L- type CaV channels and BK in the soma has been poorly treated. Based on 

immunostaining studies showing the coexistence of these channels in the neuron soma, their possible 

interaction was theoretically studied. Two simulators based on the Hodgkin and Huxley formalism were 

developed to perform virtual experiments on current and voltage clamp. The mathematical models were 

implemented in Visual Basic® 6.0 and were solved numerically. The results indicate that the BK channels 
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were activated with internal Ca2+ at M concentrations. The BK channels follow the kinetics of L-type 

CaVs. The interaction of L-type CaV – BK complex in the soma produced a decrease in neuronal 

excitability.   

  

Keywords: Simulators, BK channels, L-type CaV channels, Neuronal excitability  

  

1 INTRODUCTION  

1.1 BK CHANNELS  

Calcium and voltage-gated high-conductance K channels (BK channels) are ubiquitously expressed 

in a wide variety of neurons (Contet et al., 2016) and non-tissue neurons where they play an important role 

in the regulation of physiological processes such as the modulation of smooth muscle contraction, 

secretion, cardiac pacemaker frequency, neurotransmitter release, control of neuronal firing patterns and 

neuronal excitability, (Ha & Cheong, 2017; Jackson, 2018; Kshatri et al., 2018). At a cellular level, they 

are located in synaptic terminals, dendrites, axon, and soma (Misonou et al., 2006). In the soma, the 

pyramidal neurons show two distinct types of localization, a scattered and a groups pattern (Kaufmann et 

al., 2009). The clinical relevance of dependence on these channels has been reported in several diseases 

such as benign familiar neonatal seizure, episodic ataxia, epilepsy, and chronic pain (Contet et al., 2016). 

The role of BK channels in epilepsy is controversial and is a growing area of intense research. These 

channels are associated with voltage-gated calcium channels (CaV) distributed in somatodendritic 

gradients. They are associated with P/Q type CaV in different somatic coclustering in Purkinje neurons 

(Indriati et al., 2013). The association in the soma of L-type CaV with BK channels has been little studied.  

BK is encoded by a single gene (KCNMA1, SLO-1), it is made up of four alpha subunits and has 7 

transmembrane subunits (Lee & Cui, 2010). Two different classes of auxiliary subunits have been 

identified:  subunit and  subunit. It has been intensively investigated and established that  (1-4) 

subunits modulate the activity of the BK channel (Li & Yan, 2016). These channels have a high 

conductance per single channel ~250 pS (100-300 pS) (at symmetric K+ concentrations) (Butler et al., 

1993). They open in response to the depolarization of the membrane, due to an increase in the internal 

calcium concentration ([Ca2+]i) or because of both  (Ramon Latorre et al., 2017). The BK channel has been 

reported to have two putative calcium-binding sites located in the RCK2 and RCK1 domains (Lee & Cui, 

2010). Subunits modulate BK channels (Contet et al., 2016). The activation voltage for the BK channel 

depends on [Ca2+]i (Miranda et al., 2018). Brenner et al (2000) found that at a membrane potential ~100 

mV, BK channels become activated with [Ca2+]i at concentrations ≥ 10 M. The affinity of BK channels 

for Ca2+ ranges from 1 to 10 M (Contreras et al., 2013). These channels contribute to the repolarization 

of the action potential (AP) and mediate the rapid phase of post-hyperpolarization (fAHP) that follows the 
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AP (Lancaster & Nicoll, 1987). The K+ output current tends to hyperpolarize the cell and attenuates the 

effect of the excitatory stimuli.   

  

1.2 L-TYPE VOLTAGE-GATED CALCIUM CHANNELS  

Ca2+ is an ion of utmost importance for cells. In general, it is a signaling system. It converts 

electrical signals into chemical signals and its response depends on the specific cell type: secretion, 

metabolism, cell proliferation, contraction, excitability, and gene expression. (Bean, 1989). [Ca2+]i comes 

from two sources: influx by voltage-gated Ca2+ channels (CaV) and by the efflux of the reticular system 

(endoplasmic or sarcoplasmic). In neurons, there are various types of voltage-gated Ca2+ channels. Due to 

their biophysical and pharmacological characteristics, they can be classified into 5 families: T-type, L-

type, N-type, P/Q-type, and R-type Ca2+ (Tsien et al., 1988). Specifically, the L-type channels have a ~25 

pS conductance, do not significantly activate during the depolarization of hundreds of milliseconds, are 

sensitive to dihydropyridine, and have a very slow inactivation rate ( >500 ms) (Tsien et al., 1988). L-

type channels are located in a variety of neurons (Tsien et al., 1991) and are mainly located in the cell body 

and proximal dendrites (Hell et al., 1993). They have been studied mainly in secretory cells, cardiac 

muscle, and in neurons in the control of neurotransmission. In synaptic transmission, the distance between 

CaV and the receptor that initiates exocytosis can be ~50 nm (Augustine et al., 2003). They regulate 

synaptic plasticity and blockers such as nifedipine (dihydropyridine) would modulate brain function 

(Striessnig et al., 2006).   

Electrophysiologically, there is interaction between the L-type voltage-gated calcium channel and 

the BK channel in a variety of neurons forming nanodomains (Vivas et al., 2017). In the suprachiasmatic 

nucleus, a differential contribution of calcium sources between day and night for the activation of BK 

current in the circadian clock has been demonstrated. L-type calcium channels are the primary source of 

calcium during the day for the activation of BK channels (Whitt et al., 2018). The coexistence and the 

activation of BK channels by L-type calcium channels have been studied in different tissues (Bellono et 

al., 2017; Vivas et al., 2017). The precise functional interaction between the CaV and BK channels remains 

unclear (Müller et al., 2007).  The role of L-type calcium channel complexes and BK channels in the neuron 

soma has been sparsely addressed. 
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1.3 OBJECTIVE  

The objective of this work are: (1) Develop simulators of the L-type CaV / BK complex, and (2) 

theoretically explore the interaction of the L-type CaV/BK complex in neuron soma, using simulators that 

allow virtual experiments under current and voltage clamp conditions.  

  

2 MATERIAL AND METHODS  

Two simulators were designed and developed for the theoretical study of the L-type CaV/BK 

channel complex in the somatic membrane. (1) Simulator for experiments with current clamp technique, 

(2) Simulator for experiments with the voltage clamp technique. The electrical activity of the neuron was 

reproduced with Hodgkin and Huxley formalism (Hodgkin & Huxley, 1952).  

  

2.1 SIMULATORS OF THE L-TYPE CAV/BK COMPLEX FOR EXPERIMENTS IN VOLTAGE AND 

CURRENT CLAMP.   

In the first simulator (voltage clamp) the somatic membrane has voltage dependent Na+ and K+ 

channels to generate a train of action potentials, described as a control condition and L-type CaV channels 

and BK channels are added to generate the experimental conditions that modify the AP train. In the second 

simulator (current clamp) the somatic membrane has L-type CaV channels and BK channels. The equations 

that integrate the model are the following (Hodgkin & Huxley, 1952; Sterratt et al., 2011) (Eqs. 1 to 10).  

  

 

𝐸𝐵𝐾)                                                                                                                         (1)             

                                                                                   (2)   

                                                                                        (3)   

                                                                                       (4)                        

  

Where:  

V is the voltage of the membrane and Cm is membrane capacitance. The conductances for sodium, 

potassium, leakage, L-type calcium and high-conductance calcium-dependent potassium are: gNa, gK, gL, 

gCa, gBK and ENa, EK, EL, ECa EBK are the corresponding to equilibrium potentials, m is the activation 

constant for Na+, h is the inactivation constant for Na+, n is the activation constant for K+, mCa is the 
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activation constant for L-type Ca2+, hCa is the inactivation constant for L-type Ca2+, q is the activation 

constant for BK. The parameters used are: ENa = 115, EK = -77, EL = -54.4 ECa = 140, EBK = -140 (mV), 

gNa = 120, gK = 36 (mS/cm2), gCa, and gBK (S/cm2) are designated by the simulator user.  

The empirical equations for Na+ and K+ currents: αm, βm, αn, βn, αh, and βh are as follows (Eqs. 5 to 

10).   

  

                                                                                                         (5)                         

                                                                                                    (6)                            

                                                                                               (7)                             

                                                                                           (8)                              

                                                                                                        (9)                              

                                                                                              (10)                          

 

Where the velocity coefficients for Na+ are m, m, h, h, and for K+ are n and n.  

Equations for the L-type Ca2+ current are the following ( Pospischil et al., 2008) (Eqs. 11 to 15). 

 

𝐼𝐶𝑎 =  �̅�𝐶𝑎 𝑚𝐶𝑎
2  ℎ𝐶𝑎 (𝑉 − 𝐸𝐶𝑎)                                                                                    (11)    

                                                                                                                                                                                     

ℎ𝐶𝑎 =
𝐾

𝐾+[𝐶𝑎2+]𝑖
  , K= 7.2                                                                                             (12)   

                                  

𝑑𝑚𝐶𝑎

𝑑𝑡
=∝𝑚𝐶𝑎

(𝑉)(1 − 𝑚𝐶𝑎) − 𝛽𝑚𝑚𝐶𝑎                                                                        (13)    

                             

The mCa and mCa are expressed empirically (Eqs 14 and 15). 

 

∝𝑚𝐶𝑎
=

0.055(−27−𝑉)

exp (
−27−𝑉

3.8
−1)

                                                                                                      (14)                                  
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𝛽𝑚𝐶𝑎
= 0.94 exp (

−75−𝑉

17
)                                                                                             (15)                                       

 

 

2.2 EQUATION TO CALCULATE [Ca2+]i FROM THE Ca2+ CURRENT 

Based on the work of Wang (1998), Eq. 16 was used to derive [Ca2+]i from the Ca2+ current (Traub, 

1982, 1991; Wang, 1998).    

 

𝑑[𝐶𝑎2+]𝑖

𝑑𝑡
=∝𝐶𝑎  𝐼𝐶𝑎 −

[𝐶𝑎2+]𝑖

𝜏𝐶𝑎
                                                                                          (16)                                     

 

Ca is the time constant of the buffering process and Ca is a constant. Helmchen et al. (1996) and 

Markram et al. (1995) propose a value for  of 0.002 (M (ms A)-1 cm2), with an influx of Ca2+ of ~200 

nM per spike and a time constant Ca of 80 ms. 

 

2.3 EQUATIONS FOR BK CURRENT 

  The equations for the calculation of the BK current are (Eqs. 17 and 18):  

𝐼𝐵𝐾 =  �̅�𝐵𝐾 q (𝑉 − 𝐸𝐵𝐾)                                                                                           (17)     

                                    

𝑑𝑞

𝑑𝑡
=  𝛼𝑞(𝑉)(1 − 𝑞)− 𝛽𝑞 𝑞                                                                                      (18)                                                                                                                                                  

 

The q and q are expressed empirically (Eqs. 19 and 20). 

 

α𝑞 =
exp(

𝑉

27
)0.005(200−[𝐶𝑎2+]

𝑖
)

𝑒𝑥𝑝(
200−[𝐶𝑎2+]𝑖

20
)−1

                                                                                  (19)   

                                    

𝛽𝑞 = 0.0004 𝑡𝑜 0.0002                                                                                          (20)  

                                                                                              

The type-L CaV/BK complex simulator for current and voltage clamp consider the 

pharmacological action of the BK channel blockers: iberiotoxin (Galvez et al., 1990) and charybdotoxin 

(Cui et al., 2009)  and the L-type Ca2+ current blocker with nifedipinae (Striessnig et al., 2006), here 

reflected as a decrease in conductances for BK and L-type CaV, respectively.    
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The equations of the simulators were implemented in Visual Basic 6.0 for Windows® 7 to 10 

environment and interfaces, which allow interactive experiments to be carried out in multiple experimental 

conditions, were designed. To start the integration, a fourth-order Runge-Kutta method with a step time of 

dt = 0.01 was used. An algorithm written in basic to solve differential equations with this method is found 

in Zill (Zill, 1988).  

The simulators generate ASCII files to be exported to graphing and analysis programs. All data 

analysis was performed with Origin 6.0 graphing and curve fitting software, and the Levenberg-Marquardt 

algorithm was used to perform nonlinear least-squares fits. BK and CaV conductance-voltage (G-V) 

relations were determined from the amplitude voltage steps to the test voltage. Each G-V relation was then 

fitted with a Boltzmann function (Cox, 2014) (Eq. 25). 

 

𝐺

 𝐺𝑚𝑎𝑥
=

1

1+exp [(𝑉1
2

−𝑉) 
𝑧𝐹

𝑅𝑇

                                                                             (25) 

   

        

 

3 RESULTS   

3.1 SIMULATOR INTERFACE AND CONTROL SIMULATION.  

The simulator for the experiments with the current clamp technique is shown in Figure 1. It is 

divided into two sectors, one on the right side, for data entry: stimulus pulse, external and internal Ca2+ 

concentrations, conductances for the channels BK and L-type CaV, and a factor to inject Ca2+. It has 

buttons for the application of blockers for the BK channel and the L-type CaV channel. Another on the left 

side, for the graphic recording of the simulations, where the oscilloscope screens are located for the display 

of the AP train (upper), the stimulus pulse (middle), and [Ca2+]i reached by the opening of the type-L CaV 

channels (lower). The values of the parameters that appear in the interface when opening the simulator 

correspond to default values. The pulse of the current has a duration of 300 ms and an amplitude of 8 nA. 

[Ca2+]e = 3 mM, [Ca2+]i = 0.05 M. The conductances for BK and L-type CaV are at zero. These conditions 

correspond to a control simulation: the neuron does not have BK or CaV channels. The AP train that is 

recorded corresponds to the electrical activity of a neuron with voltage-gated Na+ and K+ channels. BK 

channels have been reported to have their effect on a part of the posthiperpolarization of AP in the soma, 

but not on the apical dendrites in hippocampal pyramidal neurons. The authors indicate that this difference 

is determined by a non-uniform distribution of ion channels, suggesting a greater distribution of BK in the 
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soma (Poolos & Johnston, 1999). L-type CaV channels are located mainly in the cell body and proximal 

dendrites (Hell et al., 1993). In this simulator, the L-type CaV/BK complex is located in the soma.  

  

 
Figure 1. CaV-L/BK simulator user interface. Electrophysiological simulation with the current clamp technique of a Hodgkin 
and Huxley type neuron in the absence of the type-L CaV /BK complex. The upper oscilloscope display shows the AP train 
under these conditions (control). The lower oscilloscope display shows the internal Ca2+ concentration (50 nM). The external 
and internal Ca2+ concentrations and current stimulus parameters have default values.  

  

  

3.2 SIMULATION OF SENSITIVITY TO VOLTAGE AND INTERNAL CALCIUM             

CONCENTRATION. 

BK channels are activated by voltage, by an increase in [Ca2+]i or by both (Cui et al.,  2009). Both 

stimuli converge allosterically in the activation of BK channels by increasing concentrations of [Ca2+]i that 

shift the conductance and voltage curve (G-V) to the left (Cui et al., 1997). In this work, the contribution 

of the voltage in the opening of the BK channel was tested through the effect it has on the AP train. Figure 

2, shows the electrophysiological simulation of a neuron stimulated with a pulse current with a duration of 

300 ms and a current intensity of 8 nA. The external and internal Ca2+ concentrations are the same as those 

described in the control ([Ca2+]e = 3 mM y [Ca2+]i = 0.05 M). The neuron has voltage-gated Na+ and K+ 

channels and BK channels in the cell membrane. CaV channels are absent (gCa = 0 S). Under these 

experimental conditions, BK channels only respond to variations in membrane potential. The AP train ends 

in a shorter time (Figure 2, black trace) compared to the control (simulation in Figure 1). It can be seen 

how the frequency of AP decreases. Internal Ca2+ concentrations (≤100 nM) do not activate the channel. 

In the simulated case, [Ca2+]i remains at 50 nM throughout the whole simulation time. This result agrees 
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with previous works, where it is shown that BK channels are primarily and independently commanded by 

voltage (Toro et al., 1998). BK channels are sensitive to the increase of internal calcium concentration in 

the micromolar order (Meera et al., 1996). In the soma, they regulate the firing in burst of PA. To explore 

the effect of the increase in internal Ca2+, a simulation in a neuron with Na+, K+, BK, and L-type CaV 

channels was carried out. Under these conditions, the voltage-gated calcium channel opens with the 

depolarization of the membrane. An influx of Ca2+ occurs and internal Ca2+ increases in the order of 

micromolar. The simulation shows a slow increase of internal Ca2+ with respect to time until reaching a 

concentration of 13.9 µM (red curve, lower oscilloscope screen, Figure 2). This concentration of Ca2+ 

activates jointly with the voltage to the BK channels, an adaptation of the AP train occurs and a decrease 

in the neuronal excitability is observed (AP train, red line, Figure 2). These results are similar to those 

reported by Bock and Stuart (Bock & Stuart, 2016). The unique and singular properties of BK channels 

suggest that to be active, they must colocalize with Ca2+ channels and possess specialized sites for Ca2+ 

binding (Stefani et al., 1997). The analysis with a wide range of [Ca2+]i reveals that the function of the BK 

channel is exquisitely modulated by Ca2+ (Meera et al., 1996).      

  

Figure 2. Voltage and calcium sensitivity of BK channels. The upper oscilloscope screen shows the AP train simulations: a 
neuron with only voltage-activated BK (black trace) and a neuron with voltage-activated BK and internal Ca2+ (red trace). It is 
observed that the AP train ends in less time when the BK channel is activated with voltage and Ca2+ (it increases slowly until it 

reaches 13.9 M, red trace with the red arrow in lower oscilloscope).   
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3.3 ACTION POTENTIAL ADAPTATION BY BK SIMULATION.   

Figure 3, shows two simulations to compare the AP train of a control neuron (black line) against 

an experimental neuron with the type-L CaV/BK complex, with the following values for the variables: 

0.116 (S) for gCa and 1 (S) for gBK and a calcium concentration of 1.2 µM was reached (red trace). A 

decrease in firing frequency is observed. The frequency-time relationship of these two neurons and one 

more neuron with a type-L CaV/BK complex was determined, increasing gCa (gCa = 0.5 S), gBK=1 S 

(an internal calcium concentration of 4.87 M was reached) (Figure 4).  A decrease is clearly observed in 

the firing frequency of the neurons that have CaV type-L/BK compared to the control neuron. The 

adaptation percentage for the control neuron Fadap = 0 %, for the neuron with gCa = 0.0116 S, Fadap = 

12.7%; for the neuron with gCa = 0.5 S, Fadap = 19%.  (Fadap = (f0-fss)/f0, where f0 is the initial frequency 

and fss is the frequency in the steady state). A greater adaptation occurs with a greater [Ca2+]i generated by 

a greater conductance of the type-L CaV channel. An adaptation process was studied in a theoretical model 

for cortical pyramidal cells (Wang, 1998). In this model, the adaptation percentage was much higher Fadap 

= 57%. In this case, the model is integrated by two compartments with an electrotonic junction and gNa = 

145 mS/cm2. In our case, gNa = 120 mS/cm2. At a higher Na+ conductance, the AP train presents a greater 

frequency and the adaptation percentage is greater. Theoretical and experimental results (Marcantoni et 

al., 2010) indicate that the action of the BK channel is to reduce the AP frequency and to decrease the 

excitability. The Ca2+ requirements of order M for the BK channel to regulate the excitability, suggest a 

colocalization of the CaV – BK channels (Toro et al., 1998).  
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Figure 3. Simulation of AP train in neuron with BK and CaV-L. The black line corresponds to an AP train from a control neuron. 

The trace in red corresponds to the AP train in a neuron with gBK = 1 S, gCa = 0.116 S, [Ca2+]i = 1.2 M, it is observed how the 

APs decrease their frequency and produce an adaptation.   

 

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Frequency-time relationship. In the control neuron, it is observed how the AP frequency remains constant throughout 

the time of the simulation (black squares). The activation of the BK channels by the type-L CaV action (gBK = 1 S, gCa = 0.116 

S) decreases the AP frequency throughout the stimulus time (circles in red). A greater activity of the CaV channels activate 

more the BK channels (gBK = 1 S, gCa = 0.5 S) producing a greater adaptation (green triangles).  
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3.4 VOLTAGE CLAMP EXPERIMENTS OF THE L-TYPE CAV / BK COMPLEX  

The I-V relationship for BK and CaV was explored and the Ca2+ concentration generated by the 

Ca2+ current was calculated (Wang, 1998). A simulator that allows carrying experiments under voltage 

clamp conditions was developed. The user interface has a data input module: stimulus duration and voltage, 

initial conditions: [Ca2+]e = 2 mM, [Ca2+]i = 50 nM, with gBK and type-L gCaV = 1 and 0.116 S, 

respectively. It has five oscilloscope screens that display: the BK current (IBK), the L-type CaV current 

(ICaV), [Ca2+]i, and the current-voltage relationship (I-V) for IBK and ICaV (Figure 5). IBK and ICaV currents 

were evoked with voltage pulses in the range of -50 to 40 mV with steps of 10 mV, VH = -93 mV. The 

macroscopic IBK current is displayed on the upper oscilloscope screen. An outgoing current that inactivates 

very slowly with time is observed (Helton et al., 2005). The macroscopic ICaV current is displayed on the 

lower oscilloscope screen. An incoming stream that does not inactivate is observed. Changes in [Ca2+]i are 

displayed on the intermediate oscilloscope screen. The current-voltage (I-V) curves for IBK and ICaV are 

displayed in the central part of the user interface. The IBK follows the kinetics (mirrored) of ICaV. The L-

type CaV channel commands the BK channel (Figure 5).   

  

    
Figure 5. User interface of the simulator for voltage clamp experiments. Simulation with (S): gBK = 1, gCa = 0.116. It was 
stimulated with voltage pulses ranging from -50 to 40 mV with steps of 10 mV. The upper oscilloscope display shows the 
macroscopic BK current, the middle oscilloscope display shows the internal Ca2+

 concentration, and the lower oscilloscope 

shows the macroscopic Ca2+ current. The [Ca2+]i increase from 0.05 to 1.87 M. The I-V curves show how IBK follows ICaV 

kinetics. 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

The analysis of the dependence of activation voltage was performed with an adjustment of the  
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The analysis of the conductance-voltage (G-V) normalized for BK and type-L CaV with the 

Boltzmann equation. Under the simulation conditions for G-V of the ICaV, V1/2 = -2.79 (mV) and for IBK, 

V1/2 = 5.06 (mV). First the CaV channel opens, Ca2+ enters the neuron, and the BK channel is activated. 

The G-V curve for BK follows the kinetics of the G-V curve for L-type CaV (Figure 6).      

  

Figure 6. G-V relationship for BK and L-type CaV channels. Comparison of the G-V curves of the L-type CaV channel (red 
circles) and the BK channel (black squares). Experiments were performed in voltage clamp with pulses from -50 to 40 mV with 
steps of 10 mV. The solid lines are the fit to the Boltzmann equation at 23 oC.   

 

  

  

    

4 CONCLUSIONS  

The properties of L-type Ca2+ channels can have important regulatory effects on the properties of 

action potentials. The membrane potential that regulates CaV channels may dynamically regulate the 

degree of activation of the BK current and produce profound effects on cell excitability. Selective coupling 

between L-type CaV and BK channels in the soma may provide a key mechanism that enables specific 

modulation of Ca2+ channels to exert profound physiological and pathological consequences. The decrease 

in cellular excitability could contain the appearance of repetitive APs that lead to disorders such as 

epilepsy. Under conditions where the electrophysiology of BK channels is normal, an increase in gNa 

intensifies excitability again. The mechanisms that regulate cell excitability are complex and the precise 

role of ionic currents and their synchronization still requires intensive study. The BK channels are [Ca2+]i 

sensors, a sudden increase in Ca2+ is the signal for their activation and to stop the AP train.   
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