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ABSTRACT
Variants in KCNMA1, encoding the voltage- and calcium-activated K+ (BK) channel, are associated with 
human neurological disease. The effects of gain-of-function (GOF) and loss-of-function (LOF) variants 
have been predominantly studied on BK channel currents evoked under steady-state voltage and Ca2+ 

conditions. However, in their physiological context, BK channels exist in partnership with voltage-gated 
Ca2+ channels and respond to dynamic changes in intracellular Ca2+ (Ca2+

i). In this study, an L-type 
voltage-gated Ca2+ channel present in the brain, CaV1.2, was co-expressed with wild type and mutant BK 
channels containing GOF (D434G, N999S) and LOF (H444Q, D965V) patient-associated variants in HEK- 
293T cells. Whole-cell BK currents were recorded under CaV1.2 activation using buffering conditions that 
restrict Ca2+

i to nano- or micro-domains. Both conditions permitted wild type BK current activation in 
response to CaV1.2 Ca2+ influx, but differences in behavior between wild type and mutant BK channels 
were reduced compared to prior studies in clamped Ca2+

i. Only the N999S mutation produced an 
increase in BK current in both micro- and nano-domains using square voltage commands and was also 
detectable in BK current evoked by a neuronal action potential within a microdomain. These data 
corroborate the GOF effect of N999S on BK channel activity under dynamic voltage and Ca2+ stimuli, 
consistent with its pathogenicity in neurological disease. However, the patient-associated mutations 
D434G, H444Q, and D965V did not exhibit significant effects on BK current under CaV1.2-mediated Ca2+ 

influx, in contrast with prior steady-state protocols. These results demonstrate a differential potential for 
KCNMA1 variant pathogenicity compared under diverse voltage and Ca2+ conditions.
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Introduction

Channelopathy disorders are caused by gene 
mutations producing pathological deficits in ion 
channel function. In humans, KCNMA1 gene 
mutations underlie a rare neurological disorder 
associated with dysfunction of BK channels. 
KCNMA1 transcripts are widely expressed in the 
central nervous system, and the KCNMA1-linked 
channelopathy disorder has multiple brain mani-
festations, including dyskinesia, epilepsy, develop-
mental delay, and intellectual disability [1–3]. 
Patient-associated KCNMA1 variants have been 
designated as gain-of-function (GOF) or loss-of- 
function (LOF) in BK channel activity based on 
experiments conducted under steady-state voltage 
and clamped the intracellular free calcium concen-
tration ([Ca2+]i) in HEK293 and CHO cells. How 
BK channel dysfunction in vivo produces neuro-
logical disease is still under investigation [1,4–12].

BK channels are members of the voltage-acti-
vated potassium channel family. They are activated 
by depolarizing transmembrane voltage and by 
intracellular Ca2+ through the direct binding of 
calcium to two intracellular sites within the C-term-
inal gating ring [13]. These properties make BK 
channel activation responsive to dynamic Ca2+ sig-
naling in neurons at physiological membrane 
potentials [14], as [Ca2+]i in neurons increases 
from resting conditions of <100 nM to as high as 
700 nM upon stimulation [15]. Neuronal BK chan-
nel opening typically depends on local [Ca2+]i pro-
vided by multiple types of voltage-gated Ca2+ 

channels (CaV) and Ca2+-permeable channels 
[14,16]. While physical details of BK-CaV interac-
tions are not fully elucidated, the evidence suggests 
that BK channels interact with the CaV α1 subunit 
and CaV auxiliary subunits [17,18] in a manner that 
varies with cell type and excitable signaling [14].

CONTACT Andrea L. Meredith ameredith@som.umaryland.edu
Supplemental data for this article can be accessed online at https://doi.org/10.1080/19336950.2024.2396346

CHANNELS
2024, VOL. 18, NO. 1, 2396346
https://doi.org/10.1080/19336950.2024.2396346

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0003-1384-5582
http://orcid.org/0000-0003-1061-2302
https://doi.org/10.1080/19336950.2024.2396346
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19336950.2024.2396346&domain=pdf&date_stamp=2024-08-31


CaV-mediated BK channel activation occurs 
within diffusion-restricted membrane domains: 
microdomains (10–100 nm) and nanodomains 
(<10 nm) [14,19,20]. These domains can be inves-
tigated experimentally by recording BK channel 
currents under ethylene glycol tetraacetic acid 
(EGTA) or 1,2-bis(o-aminophenoxy) ethane-N,N, 
N0,N0-tetraacetic acid (BAPTA) buffering condi-
tions. EGTA is a slow Ca2+ chelator that restricts 
Ca2+ diffusion over longer distances. BAPTA has a 
similar binding affinity to EGTA, but greater on- 
rate, restricting Ca2+ diffusion over shorter dis-
tances [21]. Single-molecule localization experi-
ments revealed that voltage-activated CaV1.3 
channels closely cluster within 10–20 nM of BK 
channels in rat hippocampal and sympathetic neu-
rons and in heterologous tsA-201 cells [22]. 
Models developed from electrophysiological data 
estimate that BK channels in these clusters could 
encounter 20 µM Ca2+

i under endogenous condi-
tions or in the presence of EGTA buffering 
(microdomain conditions) and >5 µM Ca2+

i 

under BAPTA (nanodomain) buffering conditions 
[16,23](Figure 1a). BK activation via CaV coupling 

is rapid (within a millisecond), regulated by the 
specific BK and CaV subunits present, and differ-
entially sensitive to EGTA and BAPTA under dif-
ferent cellular conditions [14,18,22–31]. Despite 
the specificity of CaV-mediated BK channel activa-
tion in neuronal signaling, the details of BK-CaV 
function in neurological disease is not well studied.

CaV1.2 is a widely expressed L-type voltage 
gated Ca2+ channel that influences central neuro-
nal excitability [32] and was previously shown to 
partner with BK channels [24,27,28,33]. In hetero-
logous cells, CaV1.2 channels comprised CaV1.2 α1 
(CACNA1C), α2δ1, and β1b operate between −30  
mV and +60 mV, with a peak activation at 0 mV 
that overlaps with BK channel voltage sensitivity 
[27], and mutations in BK and CaV1.2 channels 
have some overlapping neurological dysfunctions, 
including epilepsy, developmental delay, and intel-
lectual disability [1,34]. The consequences of 
KCNMA1 channelopathy variants that alter BK 
channel gating properties have not been investi-
gated under BK-CaV1.2 channel coupled activa-
tion. In this study, four KCNMA1 variants 
previously studied under clamped Ca2+ conditions 

Figure 1. BK channel activation by Ca2+ influx through CaV1.2 channels. (a) CaV1.2 and BK channel subunits in 2 mM BAPTA and 10  
mM EGTA delimited buffering domains. (b) Two-step voltage protocol used to elicit whole-cell CaV1.2 currents (conditioning step), 
followed by BK currents (test step). (c) Total current from HEK-293T cells co-expressing CaV1.2 and BK channels recorded in 10 mM 
EGTA. (d) Inward CaV1.2 current isolated by addition of 100 nM paxilline to block BK current. (e) Outward BK channel currents 
obtained by subtracting (d) from (c). Dotted line represents the zero current level.
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(two GOF and two LOF) were investigated in BK 
channels activated under CaV1.2 channel Ca2+ 

influx.
In recordings made in clamped Ca2+, BK chan-

nels containing the well-studied KCNMA1 chan-
nelopathy mutations D434G and N999S (BKD434G 

and BKN999S) exhibit GOF behavior, shifting vol-
tage-dependent activation toward more hyperpo-
larized potentials over a range of [Ca2+]i from 0– 
100 μM [4,12,35–42]. Along with shifting the con-
ductance-voltage (G-V) relationship, the D434G 
and N999S mutations also alter BK channel 
kinetics, causing faster activation and slower deac-
tivation [4,12,36–42]. BKN999S channels show a 
greater shift in the G-V curve and a faster channel 
activation compared to BKD434G channels [4,37]. 
The LOF KCNMA1 variants H444Q and D965V 
(BKH444Q and BKD965V) produce channels with G- 
V relationships shifted toward more depolarized 
membrane potentials by 23 mV and 40 mV, 
respectively, and decrease activation kinetics com-
pared to wild type BK channels [4,12,43]. BKH444Q 

also exhibits faster deactivation kinetics [12,43]. 
The effect of these four representative mutations 
was investigated by co-expressing BKWT, BKN999S, 
BKD434G, BKH444Q, or BKD965V channels with 
CaV1.2 channels in HEK-293 cells and recording 
whole-cell currents under voltage-clamp. GOF and 
LOF activities in CaV1.2-activated BK currents 
were compared to previous functional studies in 
clamped Ca2+ conditions to assess the congruency.

Methods

Cell culture and transfection

Mutations were introduced into the WT BK chan-
nel cDNA in pcDNA3.1+ (GenBank MG279689; 
Supplemental Table 1). HEK-293T cells (CRL- 
11268, ATCC, Manassas, VA, USA) were main-
tained in DMEM media (Cat. #11995-065, Gibco, 
Life Technologies Corp., Grand Island, NY, USA) 
supplemented with 10% fetal bovine serum (Cat. 
#100-106, GeminiBio, West Sacramento, 
California, USA), 1% penicillin/streptomycin 
(Cat. #400-109, GeminiBio, West Sacramento, 
California, USA) and 1% L-glutamine (Cat. #25- 
005-Cl, Mediatech Inc., Manassas, VA, USA) in a 
humidified incubator at 37°C with 5% CO2. Cells 

were transfected at 60–70% confluency with 
BKWT, BKD434G, BKN999S, BKH444Q or BKD965V 

(see Supplemental Table 1 for residue numbering), 
and human CaV1.2α (Cacna1c, CAA84341.1), rat 
CaVβ1b (Cacnb1, CAA43665.1) and rat CaVα2δ1 
(Cacna2d1, AAG28164.1) using Fugene HD 
(Fugent LLC Middleton, Wisconsin, USA) at 
0.8:1:1:1 ratio of cDNA and a 1:6 ratio of transfec-
tion reagent (μg/μL). BK channel, CaV1.2α, and 
CaVα2δ1/β1b plasmids were prepared from 2–3, 
5, and 2 independent plasmid preparations, 
respectively, and the numbers of independent 
transfections per condition were as follows: in 
EGTA (BKWT, n = 8; BKD434G, 9; BKN999S, 8; 
BKH444Q, 6; and BKD965V, 4) and in BAPTA 
(BKWT, n = 9; BKD434G, 8; BKN999S, 8; BKH444Q, 4; 
and BKD965V, 6). BKWT was recorded alongside 
each mutation within the same week of data col-
lection. After 24 hours, cells were washed with 
complete media containing Ca2+-free minimum 
essential medium (Cat. #11380-037, Gibco, Life 
Technologies Corp., Grand Island, NY, USA) in 
place of DMEM. After 24–48 hours, cells were re- 
plated onto pre-treated glass coverslips with poly- 
L-lysine (Cat. #P4832, Sigma-Aldrich, St. Louis, 
MO, USA). Experimental recordings were per-
formed 48–72 hours post-transfection.

Electrophysiological recordings

Macroscopic BK and Ca2+ currents were recorded 
in whole-cell voltage-clamp mode at 22–25°C with 
a MultiClamp 700B amplifier using electrodes (3– 
6 MΩ) filled with intracellular solution (123 mM 
K-methanesulfonate, 9 mM NaCl, 10 mM EGTA, 
9 mM HEPES, 2 mM Mg-ATP and 2 mM Na2- 
ATP, pH 7.3 (300–310 mOsm/kg)). BAPTA (5  
mM) was substituted for EGTA in some internal 
solutions as specified in figure legends. The bath 
solution was composed of (125 mM NaCl, 1.2 mM 
MgCl2, 1.25 mM NaH2PO4, 3.5 mM KCl, 2.5 mM 
CaCl2, 10 mM HEPES and 10 mM D-glucose, pH 
7.4 (~300 mOsm/kg)). The access resistance was 
<15 MΩ, and seal resistance was compensated 60– 
80%. Cells where Rs error > 20% were not 
included.

BK K+ and CaV1.2 Ca2+currents were isolated 
from total cell currents by bath application of 100  
nM paxilline (Pax, Alomone Labs, Jerusalem, 
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Israel, #P-450) as described in Figure 1b-d Pax was 
dissolved in DMSO (1000X) and focally applied to 
the bath at the concentrations listed above. 
Macroscopic currents were elicited from a holding 
potential of −90 mV in a two-part voltage protocol 
stepping for 50 ms from −100 to +60 mV in 20- 
mV increments followed by a second step to +60  
mV for 50 ms. Ca2+ currents were assessed from 
the peak of the Ca2+ current from the first step, 
and K+ currents were evaluated from the peak 
current from the second step of the subtracted 
BK channel current. Action potential-evoked cur-
rents were elicited from a holding potential of −90  
mV following by an action potential voltage com-
mand derived from a previously recorded granule 
neuron waveform (baseline membrane potential, 
−47 mV; half-width, 1.9 ms; peak, +46 mV; AHP, 
−52 mV) [4].

Currents were sampled at 50 kHz and filtered 
online at 10 kHz with a P/5 leak subtraction pro-
tocol. Representative traces were post-hoc filtered 
at 2 kHz. Voltage values were adjusted for the 
liquid junction potential (10 mV). The Ca2+ cur-
rent levels were obtained from the peak inward 
current elicited from the first voltage step after 
paxilline application, and the BK current was 
obtained from the peak outward current elicited 
from the second voltage step of the subtracted 
current. Currents were normalized to cell capaci-
tance, and current density-voltage plots were con-
structed by plotting the current densities for each 
as a function of the voltage of the first step of the 
protocol, which elicits Ca2+ influx.

Statistics

All data were tested for normality with the 
Shapiro-Wilk test and either parametric or non- 
parametric statistical tests were performed. For 
parametric tests, one-way ANOVA with 
Bonferroni’s post-hoc test was performed. For 
non-parametric tests, the Kruskal-Wallis testand 
Dunn’s multiple comparisons test were performed. 
Statistical significance was determined at p < 0.05 
using Prism v10, and significant p values are pre-
sented in the figure legends. Data are reported as 
group mean ± SEM.

Results

The goal of this study was to assess the BK current 
produced by channels containing one of four 
KCNMA1 channelopathy associated mutations 
under dynamic activation by Ca2+ entry through 
voltage-gated CaV1.2 channels. Wild type (BKWT) 
or mutant (BKD434G, BKN999S, BKH444Q or 
BKD965V) channels were co-expressed with 
CaV1.2 channels in HEK-293T cells. The auxiliary 
subunits CaVβ1b and CaVα2δ1 were expressed 
along with the CaVα1 subunit due to their copur-
ification from rat brain with both CaVα1 and BKα, 
role in enhancing expression levels, requirement 
for normal gating properties, and high prevalence 
in neurons [24,32,44,45].

Macroscopic CaV1.2 and BK channel currents 
were recorded in the whole-cell voltage-clamp 
configuration, using a physiological K+ gradient 
and 2.5 mM [Ca2+]ext. We employed a two-part 
voltage step protocol to activate the currents 
(Figure 1b). The first part comprised depolarizing 
voltage steps (−100 mV to +60 mV, Δ20 mV, 50  
ms) to activate CaV1.2 channels and initiate Ca2+ 

influx (conditioning step). The second part was a 
test step to +60 mV (50 ms) to activate BK chan-
nels at a voltage that does not result in significant 
inward Ca2+ current (ECa2+ = +130 mV, assuming 
a maximum [Ca2+]i of 100 nM). Using this proto-
col, total whole-cell currents consisting of inward 
Ca2+ current through CaV1.2 channels, followed 
by outward K+ current through BK channels, 
were elicited (Figure 1c). BK currents were phar-
macologically isolated from CaV1.2 Ca2+ currents 
by application of 100 nM paxilline, a membrane 
permeant BK channel inhibitor (Figure 1d–e). 
These results show the sequential activation of 
CaV1.2 Ca2+ currents, followed by BK currents.

BK-CaV.2 channel currents under microdomain 
conditions

To assess the activation of wild type and mutant 
BK-CaV1.2 channels within a microdomain, 
whole-cell macroscopic current recordings were 
made in 10 mM intracellular EGTA buffering con-
ditions [16,23]. Current density-voltage plots (I- 
Vs) were constructed from cells co-expressing 
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BKWT channels with CaV1.2 channels (Figure 2a). 
BKWT-CaV1.2 channel currents showed the inward 
Ca2+ current peaked at 0 mV. The outward K+ 

current, from the second step in the voltage pro-
tocol to +60 mV, activated at depolarized voltages 
and peaked at +40 mV (Figure 2a, left panel). Ca2+ 

currents were assessed from the peak current den-
sity of the inward current from the first step, and 
K+ currents were evaluated from the peak outward 
current density of the subtracted BK channel cur-
rent from the second step (Figure 2b).

Next, we tested BKD434G, BKN999S, BKH444Q, and 
BKD965V mutant channels to determine if their 
activity under CaV1.2 activation was consistent 
with prior GOF and LOF designations derived 
from clamped [Ca2+]i recordings [4,12,36,37,40]. 
Since both GOF channels exhibit faster activation 
compared to wild type, BKD434G and BKN999S 

channels were predicted to display increased BK 
current under CaV1.2 channel-mediated activation 

compared to BKWT. Moreover, given the larger G- 
V shift and faster activation kinetics compared to 
BKD434G, BKN999S was predicted to have a greater 
impact on BK-CaV elicited K+ current. Conversely, 
LOF channels activate slower than the wild type, 
and the delayed activation is anticipated to 
decrease BKH444Q and BKD965V channel currents 
under these conditions.

Ca2+ currents peaked around 0 mV (Figure 2a) 
and the levels were not significantly different 
between CaV1.2 channels co-expressed with 
BKWT (−46 ± 9 pA/pF) and CaV1.2 co-expressed 
with BKD434G, BKH444Q or BKD965V (−29 ± 5 pA/ 
pF, −25 ± 2 pA/pF and −50 ± 14 pA/pF, respec-
tively; Figure 2b). However, Ca2+ current from 
CaV1.2 (BKN999S) was significantly decreased com-
pared to the wild type, averaging −17 ± 3 pA/pF. 
As BKN999S is the most severe GOF mutation [37], 
the observed difference between CaV1.2 (BKN999S) 
and CaV1.2 (BKWT) current densities may stem 

Figure 2. CaV1.2 and BK channel currents from cells co-expressing BKWT, BKD434G, BKN999S, BKH444Q and BKD965V in 10 mM EGTA. (a) 
Current versus conditioning step voltage relationships for CaV1.2 and BKWT (N = 17), BKD434G (N = 13), BKN999S (N = 12), BKH444Q (N =  
17) and BKD965V (N = 12) channel currents plotted as a function of the first voltage step of the protocol which elicits Ca2+ influx. 
Representative traces are displayed in Supplemental Figure 1. (b) Peak CaV1.2 and BK channel current levels from (a). BKN999S 

currents were larger (p = 0.0034), and BKD965V currents were smaller (p = 0.0122), than BKWT. Expanded y-axis view of BK current 
levels shown in Supplemental Figure 3. CaV1.2 (BKN999S) currents were reduced compared to CaV1.2 (BKWT; p = 0.0003). (c) 
Normalized current ratios (IBK/ICav) were increased for CaV1.2 (BKD434G; p = 0.0572) and CaV1.2 (BKN999S; p < 0.0001) compared to 
CaV1.2 (BKWT). BKWT data on the right-hand side of the split x-axis is replotted for ease of comparison to BKN999S. in B-C panels, values 
are plotted as individual measurements with average and s.e.m. p values < 0.05 were considered significant.
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from limitations in clamping the particularly large 
currents induced by BKN999S upon Ca2+ influx, 
causing more seals to break in this condition com-
pared to others. It is possible that successful 
recordings were easier to obtain from cells with 
smaller CaV1.2 currents. It is also possible that 
these differences reflect differences in CaV1.2 
expression levels, although this difference was not 
observed consistently for CaV1.2 (BKN999S) across 
study conditions.

CaV1.2-activated BK channel currents peaked at 
+40 mV (Figure 2a–b). BKWT current density aver-
aged 12 ± 3 pA/pF. The current density of the GOF 
mutant BKN999S was significantly larger than 
BKWT at 109 ± 30 pA/pF, despite the lower Ca2+ 

current densities described above, while the cur-
rent density of the LOF mutant BKD965V was sig-
nificantly smaller than BKWT at 3 ± 1 pA/pF. 
However, the current densities of BKD434G (25 ±  
7 pA/pF) and BKH444Q (5 ± 1 pA/pF) were not sig-
nificantly different from BKWT, and these respec-
tive measurements are plotted on an expanded 
scale in Supplemental Figure S3. Thus, the more 
severe GOF N999S and LOF D965V mutations 
both led to detectable differences in BK channel 
current density and in the expected directions, 
under CaV1.2 activation. Because these differences 
are similar to what has been observed for BKN999S 

and BKD965V under clamped calcium [1], it is 
likely that these differences arise from altered 
channel activity of these mutants.

In order to assess the current through wild type 
and mutant BK channels as a function of the 
available Ca2+ influx, the BK channel current was 
normalized to the absolute value of the peak 
inward CaV1.2 Ca2+ current shown in Figure 2b. 
In this analysis, GOF mutations should be more 
sensitive to Ca2+ influx than the wild type, result-
ing in a higher normalized current ratio (IBK/ICav), 
while LOF mutations should be less sensitive, 
resulting in a lower ratio. IBKWT/ICav averaged 
0.3 ± 0.01, while IBKN999S/ICav was ~28 times 
greater at 8.4 ± 1.8. This large increase was not 
solely due to the voltage-dependent activation of 
BKN999S channels, as no significant BK current was 
detected when BKN999S channels were expressed 
alone in HEK-293T cells and activated using the 
same voltage protocols (data not shown). BKD434G 

also showed a trend toward an increase in the IBK/ 

ICav ratio (0.9 ± 0.1). The normalized IBK/ICav was 
not significantly changed with either LOF muta-
tion compared to BKWT. The BK channel current 
was also normalized to the maximum value of 
CaV1.2 Ca2+ total charge, which demonstrated 
identical statistically significant results as normal-
ization to the peak inward CaV1.2 current (data 
not shown).

These data demonstrate that the GOF variant 
(N999S) shows a clear increase in BK channel 
current under voltage-gated CaV1.2 Ca2+ influx 
within an EGTA-buffered microdomain. The 
D434G, H444Q, and D965V patient variants did 
not exhibit distinguishable GOF or LOF behavior 
under these conditions, in contrast to what has 
been previously observed in clamped [Ca2+]i 
recordings [4,12,35–40,43]. This result suggests 
that the dynamic diffusion of Ca2+ from CaV1.2 
to BK channels within an EGTA-delimited micro-
domain can influence the extent of mutant BK 
channel phenotypes.

BK-CaV.2 channel currents under nanodomain 
conditions

While EGTA permits Ca2+ diffusion across tens to 
hundreds of nanometers, BAPTA restricts Ca2+ 

diffusion to a significantly smaller nanodomain 
around CaV1.2. Channels within nanodomains 
are tightly functionally coupled, typically due to 
co-localization proximity or direct interactions 
within neurons [14]. We next asked if the changes 
in current from CaV1.2-activated mutant BK chan-
nels persisted within nanodomains by recording 
currents in 2 mM BAPTA using the same two 
pulse voltage protocol. Under BAPTA conditions, 
CaV1.2 Ca2+ currents peaked between 0–20 mV 
(Figure 3a) and were smaller than the inward 
currents recorded in EGTA. CaV1.2 (BKWT) cur-
rent density averaged −13 ± 3 pA/pF (Figure 3b). 
There was no significant difference in CaV1.2 Ca2+ 

currents when CaV1.2 was co-expressed with 
BKD434G, BKN999S or BKH444Q. However, CaV1.2 
currents were significantly increased (−32 ± 8 pA/ 
pF) when co-expressed with BKD965V compared to 
BKWT.

CaV1.2-activated BKWT current density aver-
aged 10 ± 2 pA/pF (Figure 3A–B). BKN999S current 
density was significantly larger than BKWT at 29 ±  
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5 pA/pF, as it was in EGTA buffering conditions 
(Figure 2). Some of this BKN999S current was 
detectable at hyperpolarized voltages in the 
absence of CaV1.2 expression (7.6 ± 1.2 pA/pF at 
−20 mV, n = 5), suggesting it results from the GOF 
effect of the N999S mutation. There were no sta-
tistically significant differences in BK current den-
sity between BKWT and BKD434G, BKH444Q, or 
BKD965V under 2 mM BAPTA buffering condi-
tions. However, when BK channel current was 
normalized to the inward CaV1.2 Ca2+ current to 
assess BK channel current as a function of Ca2+ 

influx, the normalized IBKWT/ICav averaged 0.8 ±  
0.2 within BAPTA nanodomains (Figure 3c), 
higher than IBKWT/ICav in EGTA (Figure 2c). 
Normalized IBKN999S/ICav current was ~4 times 
greater (3.5 ± 1) than IBKWT/ICav. BKD434G, 
BKH444Q or BKD965V showed no statistically signif-
icant difference in IBK/ICav compared to BKWT. 
Taken together, the data in Figures 2, 3 demon-
strate that while the BK to CaV1.2 channel current 

ratio increases from a Ca2+ microdomain to a 
nanodomain, only the most severe GOF variant 
(N999S) produced an increase in both Ca2+ con-
ditions. The GOF and LOF behaviors for the 
D434G, H444Q, or D965V variants shown in 
clamped [Ca2+]i conditions were not recapitulated 
under activation by CaV1.2 Ca2+ current in hetero-
logous cells.

BK-CaV.2 channel currents elicited by action 
potentials

We next applied single action potential voltage 
commands to test whether the observed effects of 
channelopathy mutations on BK channel current 
persist under conditions that use physiologically 
relevant stimuli to open CaV1.2 channels. During 
an action potential, changes in the voltage depen-
dence of activation, as well as activation rate, will 
affect the peak BK current levels. Action potential- 
evoked currents were elicited from a holding 

Figure 3. CaV1.2 and BK channel currents from cells co-expressing BKWT, BKD434G, BKN999S, BKH444Q and BKD965V in 2 mM BAPTA. (A) 
Current versus conditioning step voltage relationships for CaV1.2 and BKWT (N = 7), BKD434G (N = 10), BKN999S (N = 7), BKH444Q (N = 4) 
and BKD965V (N = 7) channel currents plotted as a function of the first voltage step of the protocol which elicits Ca2+ influx. 
Representative traces are displayed in Supplemental Figure 2. (B) Peak CaV1.2 and BK channel current levels from (A). BKN999S 

currents were larger than BKWT (p = 0.0247), and CaV1.2 (BKD965V) currents were increased compared to CaV1.2 (BKWT)(p = 0.0099). (C) 
Normalized current ratios (IBK/ICav) were increased for CaV1.2 (BKN999S; p = 0.0319) compared to CaV1.2 (BKWT).
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potential of −90 mV, followed by an action poten-
tial voltage command obtained from a previously 
recorded dentate granule neuron waveform [4]. 
CaV1.2 and BK channel currents were recorded 
under microdomain and nanodomain buffering 
conditions.

In 10 mM EGTA, we found that CaV1.2 (BKWT) 
current density averaged −35 ± 6 pA/pF, and there 
were no statistically significant differences between 
CaV1.2 (BKWT) current density and that of CaV1.2 
(BKD434G), CaV1.2 (BKN999S), CaV1.2 (BKH444Q) 
and CaV1.2 (BKD965V) under these conditions 
(Figure 4a). Outward BKWT current density aver-
aged 5 ± 2 pA/pF, and BKN999S current density was 
significantly larger than BKWT at 24 ± 7 pA/pF. 
BKD434G, BKH444Q, and BKD965V currents were 
not statistically different from BKWT (Figure 4b 
and Supplemental Figure S4). Normalized IBK/ 
ICav averaged 0.2 ± 0.02 for BKWT (Figure 4c). 
IBKN999S/ICav was 1.3 ± 0.3, ~7 times greater than 
BKWT; the other human patient variants showed 

no statistically significant difference in the IBK/ICav 
ratio compared to BKWT.

In 2 mM BAPTA (nanodomain) buffering con-
ditions, CaV1.2 (BKWT) current density averaged 
−50 ± 12 pA/pF (Figure 4d–e), and there were no 
statistically significant differences compared to 
CaV1.2 (BKD434G), CaV1.2 (BKN999S), CaV1.2 
(BKH444Q) or CaV1.2 (BKD965V). Outward BKWT 

current density averaged 25 ± 8 pA/pF, and 
BKN999S, BKD434G, and BKD965V currents were 
not statistically different. Thus with BAPTA buf-
fering, the increase in CaV1.2-activated BKN999S 

current we observed under the two-step voltage 
protocol was not detectable under an action poten-
tial waveform voltage command. BKH444Q showed 
a decrease in current density compared to BKWT 

(10 ± 3 pA/pF). This was the only condition where 
the H444Q variant showed a significant effect on 
current. However, once the current density was 
normalized to assess IBK as a function of ICav, no 
difference was observed between any of the 

Figure 4. Action potential evoked CaV1.2 and BK channel currents from cells co-expressing BKWT, BKD434G, BKN999S, BKH444Q and 
BKD965V. (A, D) Representative whole-cell CaV1.2 (inward) and BK (outward) currents from cells co-expressing CaV1.2 (BKWT), CaV1.2 
(BKD434G), CaV1.2 (BKN999S), CaV1.2 (BKH444Q), and CaV1.2 (BKD965V) channels in 10 mM EGTA (A) and 2 mM BAPTA (D). Traces are 
normalized to the absolute value of the peak CaV1.2 channel current. Dotted line represents zero current level. Insets: action 
potential voltage command. (B, E) BK and CaV1.2 channel currents from the peak of the action potential in 10 mM EGTA (B; N = 10-16 
per condition) and 2 mM BAPTA (E; N = 17-18 per condition). BKN999S current was larger than BKWT in EGTA (p = 0.0033). BKH444Q 

current was smaller than BKWT in BAPTA (p = 0.0422). Expanded y-axis view of BK current levels in panel B shown in supplemental 
Figure 4. No significant differences in CaV1.2 currents were observed. (C, F) normalized current ratios (IBK/ICav) in 10 mM EGTA (C) and 
2 mM BAPTA (F). CaV1.2 (BKN999S) channel current was larger compared to CaV1.2 (BKWT) in EGTA (p = 0.003) but not statistically 
significant in BAPTA (p = 0.0643).
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variants (Figure 4f). This result indicates that 
under certain conditions, such as the rapid 
BAPTA buffering and millisecond depolarization 
from a single action potential, even the strong 
GOF mutant BKN999S channels are unable to pro-
duce a detectable difference in CaV1.2-activated 
BK current.

Discussion

This study describes the relative BK current levels 
associated with four representative KCNMA1 
channelopathy variants compared to the wild 
type under CaV1.2 activation. N999S is the most 
common patient variant and causes more severe 
neurological disease than the other variants tested 
in this study [1,4]. In clamped Ca2+ recordings, 
N999S produces strong GOF changes in multiple 
aspects of BK channel gating [36,37]. Consistent 
with this, CaV1.2-activated BKN999S current 
showed increased steady-state current within 
both microdomain (EGTA) and nanodomain 
(BAPTA) Ca2+ buffering conditions (Figures 2,3). 
Importantly, an increase in CaV1.2-activated 
BKN999S current was also evident when the BK 
current was analyzed as a function of the CaV1.2 
current magnitude, suggesting that these results 
reflect the underlying GOF properties of the 
BKN999S channels and are not due to changes in 
the Ca2+ current.

While steady-state currents recorded under 
clamped Ca2+ allow maximal activation of BK 
channels, we found that the BKN999S GOF effect 
was still detectable when CaV1.2-activated BK 
channel current was evoked using an action poten-
tial command within Ca2+ microdomain condi-
tions. The activation for CaV1.2 channels ranges 
from 1–5 ms, depending on membrane potential 
and auxiliary subunit composition [28,46], and 
CaV1.2 channels do not achieve maximal Po dur-
ing short single spikes [28]. The time to peak for 
the neuronal action potential voltage command 
used in this study was <0.5 ms [4], and the nano-
domain context would further reduce Ca2+-depen-
dent activation. Under this condition, the BKN999S 

GOF effect, suggesting that the Ca2+ channel 
openings and BK-CaV coupling context is an 
important determinant of the GOF current pro-
duced by mutant BKN999S channels.

In contrast, the other channelopathy mutations 
did not show the systematic set of changes across 
conditions in CaV1.2-activated mutant BK channel 
current that were observed for N999S. This finding 
parallels the results from mouse models generated 
from these mutations. Interestingly, the GOF 
D434G variant causes similar neurological pheno-
types as N999S, but in smaller subset of human 
patients [38] and with a comparatively milder 
phenotype in transgenic mice [4]. The LOF 
H444Q variant is found in a single individual 
and does not recapitulate the full channelopathy 
disease phenotype in mice [4]. The D965V variant 
has also only been found in a single individual so 
far and has not been tested yet in a transgenic 
animal model. Thus, finding alterations in 
CaV1.2-activated BK current for only one of the 
mutations tested in this study was different from 
previous work performed in clamped Ca2+ condi-
tions, where all four mutations showed significant 
differences from the wild type [1]. These results 
suggest that 1) testing KCNMA1 variants in BK 
channels recorded in clamped Ca2+ conditions 
using steady-state voltage protocols may overesti-
mate the potential for pathogenicity, and 2) cellu-
lar buffering and dynamic voltage stimuli may 
differentially affect CaV channel activation of 
mutant BK channel currents. It remains to be 
determined whether these contextual elements 
explain some of the heterogeneity observed in 
KCNMA1 channelopathy.

Several factors may account for the differences 
between BK channel activation under steady- 
state and CaV channel mediated Ca2+ influx, 
including the type of biophysical alteration pro-
duced by the respective channelopathy muta-
tions, the use of paxilline to isolate the BK 
current, the respective expression levels of BK 
and CaV1.2 channels, the strength of coupling 
between BK and CaV channels, and any feedback 
of BK current on Ca2+ influx. With respect to 
the biophysical basis of BK channel mutations, 
the two mutations identified as GOF in clamped 
Ca2+ conditions differ mechanistically. N999S 
acts by enhancing voltage sensitivity, and 
BKN999S channels exhibit a 1.5-fold larger G-V 
shift and ~3.5-fold faster activation time constant 
than BKD434G channels [37]. Eliminating cal-
cium-dependent activation in BKN999S channels 
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does not affect the G-V shift [36]. This predo-
minant voltage mechanism could support the 
GOF activity of BKN999S channels under a 
wider range of Ca2+ conditions than BKD434G 

channels. Conversely, BKD434G channels demon-
strate increased Ca2+ sensitivity in clamped Ca2+ 

recording conditions [38–40,42], a finding that 
could connect their activation more closely to 
the Ca2+ buffering or BK-CaV coupling context. 
BKD434G channels also exhibit a more pro-
nounced hyperpolarizing V1/2 shift in the mid-
range of [Ca2+]i, suggesting that this GOF 
mutation may behave nonlinearly under 
dynamic CaV1.2 activation. A single study has 
probed the activation of BKD434G channels by a 
CaV channel (CaV2.2; N-type). Under those 
study conditions, CaV2.2-activated BKD434G 

channel current showed an acceleration of BK 
channel activation and reduction in activation 
lag time compared to BKWT [31]. For LOF 
mutations characterized in clamped Ca2+ condi-
tions, the biophysical basis for changes in 
BKH444Q and BKD965V channel gating has not 
been reported. Both mutations localize to 
regions of the BK channel gating ring that are 
involved in Ca2+-dependent activation. The 
effect of each of these LOF mutations is smaller 
than the absolute effect of either N999S or 
D434G [1,4,12], consistent with the data in this 
study.

Use of paxilline to isolate the BK current also 
has a possibility of differentially affecting currents 
from GOF versus LOF mutations, based on the 
inverse relationship of paxilline and BK channel 
open probability. Paxilline inhibition was lower 
with closed channels compared to maximally 
open channels, and this relationship is also Ca2+ 

modulated [47]. Although the patient mutations 
tested here are not expected to affect paxilline 
binding based on their locations [48], it is also 
possible that paxilline affinity differs between 
mutations. These possibilities await further testing 
in experiments that specifically control BK channel 
open probability for each mutation. Such experi-
ments may also be informative for understanding 
the therapeutic potential of paxilline and related 
compounds for myotonia [49].

Another factor influencing the functional desig-
nations derived from clamped Ca2+ and CaV- 

mediated BK channel activation conditions is the 
relative expression level of each channel type, 
which was not assessed in this study. Differing 
BK-CaV expression ratios would not be relevant 
for activating BK channels in clamped Ca2+ but 
could affect the stoichiometry and coupling 
strength of CaV1.2-BK channel complexes. The 
assessment of BK-CaV channel currents in the 
two buffering conditions tested in this study 
(EGTA and BAPTA) likely reflects different cou-
pling scenarios, with the EGTA condition includ-
ing less tightly coupled channels than the BAPTA 
condition. This is supported by the decrease in 
CaV-activated BK channel current observed 
between EGTA and BAPTA. However, the stoi-
chiometry of these coupled channels cannot be 
assessed in this study and is not resolved in other 
studies. Some models have suggested a fixed CaV 
to BK channel stoichoimetry (Prakriya & Lingle, 
2000) [20,23], while other investigations only 
demonstrated a statistical bias for CaV and BK 
channel proximity with no fixed stoichiometry or 
geometry within the clusters (Vivas et al., 2017). 
Additionally, scaffolding proteins could regulate 
the spatial arrangement of BK-CaV complexes 
[50], yet it is not known if these proteins function 
similarly in native and heterologous systems. 
Interestingly, higher BK channel expression has 
been shown to compete α2δ away from CaV2.2 
channels, reducing the Ca2+ current density [17]. 
Thus, how the summation of expression affects 
coupling of BK-CaV channels remains to be 
determined.

There are two conditions where CaV1.2 currents 
are altered by co-expression with mutant BK chan-
nels in this study: BKN999S (EGTA) and BKD965V 

(BAPTA). It is possible that recordings for these 
two variants were easier to obtain from cells that 
had smaller Ca2+ currents for the GOF mutation 
and larger Ca2+ currents for the LOF mutation. 
However, since the Ca2+ current changes were not 
observed consistently across conditions, whether 
there is a relevant underlying biological mechan-
ism related to the BK channel mutations or varia-
tion in expression related to the mutations 
remains to be determined. Such a mechanism 
could involve functional feedback of the BK cur-
rent on activation of the Ca2+ channel or an 
altered interaction between those particular 
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mutants and CaV1.2 subunits. Expression, stoi-
chiometry, and coupling are difficult to control 
in heterologous expression systems using high 
copy plasmids, and future studies specifically 
designed to address whether the mutations cause 
differences in expression and assembly of BK- 
CaV1.2 complexes will be needed. In addition, 
patients harbor heterozygous alleles, creating the 
potential for heterotetrameric BK channels [51]. 
Nevertheless, this study was able to evaluate the 
effects of these BK channel mutations by normal-
izing BK current to the Ca2+ current.

While the central finding of this work was the 
corroboration of the GOF effect of N999S variant 
under CaV1.2-mediated BK channel activation, the 
results for the three other representative channelo-
pathy variants illustrate that the effects of 
KCNMA1 variants could be highly neuron depen-
dent. Important contextual variations could 
include different CaV subunits, Ca2+ buffering 
conditions known to affect coupling strength and 
type of gating stimuli (waveform and frequency of 
action potentials). Examining the effects of BK 
channelopathy mutations in a wider range of con-
texts, such as within different neuronal types, may 
yield more realistic predictions about the patho-
genicity of novel variants. Improved predictions 
will provide a more detailed understanding of 
how dysregulation of BK channel gating may lead 
to altered neuronal excitability and support stron-
ger genotype-phenotype correlations in KCNMA1- 
linked disease.
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