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Alterations in the activity of BK  channels, responsible for the generation of the overall magnitude of Ca -activated K

current at the whole-cell level, occur through allosteric mechanisms. The collaborative interplay between membrane

depolarization and heightened intracellular Ca  ion concentrations collectively contribute to the activation of BK

channels.
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1. The Role of BK  Channel Activity Residing in Cardiac Fibroblasts

Fibroblasts, residing in connective tissue, are pivotal for synthesizing the extracellular matrix and collagen, thereby

offering structural support to tissues, and playing a critical role in the process of wound healing. Specifically, cardiac

fibroblasts, located within the heart tissue, are responsible for both the synthesis and maintenance of the extracellular

matrix, which is indispensable for providing essential structural support to the heart. This matrix serves as a foundational

framework for cardiomyocytes, the muscle cells responsible for the heart’s contraction.

Unlike cardiac muscle cells (cardiomyocytes), which are responsible for rhythmic and coordinated contraction, cardiac

fibroblasts, classified as connective tissue cells, are indispensable for upholding the structural integrity of the heart. This is

achieved through the synthesis of collagen and other proteins located within the myocardial tissue of the heart. Functional

integrity of the heart tissue pertains to the overall health, stability, and proper operation of the various components

comprising the physical structure of the heart. The well-developed heart is a complex organ composed of different types of

cells, including cardiomyocytes, fibroblasts, blood vessels, and extracellular matrix.

BK  channels undergo substantial activation in response to either depolarization of the cell membrane or an increase in

intracellular Ca  levels. Furthermore, the whole-cell I , where BK  channel activity is relevant, displays a pronounced

outward rectifying characteristic . In the context of K  channels, outward rectification means that the channel

primarily allows ions to move out of the cell in response to changes in membrane potential. In other words, the BK -

channel’s conductance is higher for K  ions moving in the outward direction (from inside the cell to the extracellular space)

compared to K  ions moving in the inward direction (from outside the cell to the intracellular space). This characteristic is

significant in functions such as membrane hyperpolarization or repolarization, shaping action potentials, and the

modulation of smooth muscle contraction .

However, owing to the outward rectifying property of BK  channels, their functionality is relatively minimal when the cell

membrane is at its resting potential. Consequently, in non-excitable cells such as fibroblasts, where changes in the cell

membrane potential are minimal, the impact of BK  channels on these cells seems to be constrained. In other words, if

cardiac fibroblasts do not generate a heart-like action potential, their resting membrane potential is supposed to be

roughly between −20 and −40 mV. In this case, BK  channel activity is very weak. However, through effective electrical

coupling, fibroblasts transition to having action potentials, causing the membrane potential to depolarize and consequently

activate more BK  channels. As a result, the magnitude of the whole-cell Ca -activated K  current in cardiac fibroblasts

increases significantly.

The action potential in the ventricles of mammalian hearts, excluding rodents, typically manifests as a square- or dome-

shaped waveform, characterized by the presence of a plateau potential. The ventricular action potential refers to the

sequence of electrical events that occur in the cardiac ventricular cells during each heartbeat. This process involves a

series of phases, each characterized by specific changes in membrane potential. The interplay of specific ionic currents

during the ventricular action potential ensures the proper coordination of electrical events leading to contraction and

relaxation of the ventricular tissues.
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It is worth noting, however, that a mitochondrial BK  channel has been previously identified in dermal fibroblasts and

heart cells . These channels are located within the inner mitochondrial membrane, where they contribute to the

regulation of mitochondrial function and cellular bioenergetics .

BKCa channel activity has been observed to contribute to membrane hyperpolarization in vascular endothelial cells, as

part of endothelium-derived processes . It is important to note that, unlike vascular smooth muscle cells, where the

BK  channels employ a negative feedback mechanism to regulate the excessive increase of intracellular Ca  ions, in

vascular endothelial cells, the functioning of BK  channels in vascular endothelial cells relies on positive feedback

mechanisms to control the intracellular elevation of Ca  ions. Much like vascular or cardiac fibroblasts, a significant

portion of vascular endothelial cells do not exhibit electrical excitability. Consequently, the control of intracellular Ca

within these cells relies on an electrochemical driving force, with a particular emphasis on the flux of Ca  ions. In simpler

terms, the voltage gradient and concentration gradient of Ca  both align inward in these cells. The main reason for this is

that the concentration of Ca  outside the cell is a thousand times greater than inside the cell, and Ca  itself carries a

double positive charge. The electrochemical driving force refers to the combined influence of both the electrical gradient

and the chemical (concentration) gradient acting on ions across a cell membrane. Resting intracellular Ca

concentrations in fibroblasts or endothelial cells are typically maintained at low levels within the cytoplasm, usually around

100 nM. The concentration of extracellular Ca  usually ranges from approximately 1.1 to 1.3 mM in the blood plasma.

However, in response to stimulation, such as exposure to diverse signaling molecules or mechanical forces, a swift and

transient elevation in intracellular Ca  levels can occur. Furthermore, the activation of BK  channels is modulated by

localized microdomains beneath the surface membrane. The precise intracellular concentration of Ca  concentration

necessary for BK  channel activation may vary contingent on the specific tissue or cell type.

However, in electrically excitable cells, such as vascular smooth muscle cells, a negative feedback mechanism operates,

revealing a complex interplay during membrane depolarization. When membrane depolarization induces voltage-gated

Ca  currents—such as T- or L-type Ca  currents—across the cell membrane, extracellular Ca  ions can readily ingress

the cell. Concurrently, membrane depolarization activates voltage-gated Na  current, further promoting cell depolarization.

This dual effect, characterized by both membrane depolarization and elevated cytosolic Ca  concentrations, triggers the

activation of BK  channels. Consequently, these channels lead to membrane hyperpolarization by facilitating the efflux of

K  ions out of the cell. This hyperpolarization, in turn, results in the inactivation of voltage-gated Na  and Ca  currents 

. The activation of BK  channels thus contributes to a retardation in the elevation of intracellular Ca , ensuring

meticulous regulatory control.

The hERG or Kv7.1 channels indeed play a crucial role in the repolarization of the cardiac action potential. However, in

mature cardiomyocytes, BK  channel activity is absent. Consequently, how the activity of BK  channels compares with

other K  channels in influencing the repolarization of mature cardiomyocytes remains unknown. It may be necessary to

investigate whether effective electrical coupling, both qualitatively and quantitatively, can occur between these cardiac

cells and the surrounding fibroblasts to gain insights into this aspect.

A noteworthy finding highlights the existence of BK  channels in cardiac fibroblasts . These channels are thought

to play a role in facilitating potential electrical coupling between myocyte and fibroblast. Electrical coupling denotes the

direct electrical link between neighboring cells, and computational modeling studies in silico lend support to this

phenomenon  (Figure 1). This coupling is often used in the context of neurons or certain types of muscle cells where

rapid and synchronized communication is essential. When cardiac fibroblasts are numerous and establish robust

connections with neighboring cardiac cells through gap junctions or intercalated discs, functional electrical coupling can

be ensured. Gap junctions, protein channels spanning the cell membranes of adjacent cardiomyocytes, are thought to

allow for the direct exchange of ions (such as Na , K , and Ca  ions) and small molecules between neighboring cells .

Connexins are a family of proteins that play a critical role in the formation of gap junctions, specialized intercellular

channels that allow direct communication between adjacent cells. These gap junctions enable the exchange of ions, small

molecules, and signaling molecules, contributing to the coordination of physiological functions in tissues.
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Figure 1. Alterations in the membrane potential of cardiac fibroblasts when they are structurally and electrically coupled to

neighboring cardiomyocytes. Panel (A) represents this scenario in the absence of coupling, while panel (B) shows the

situation in the presence of effective structural and electrical coupling. The graph depicts cardiac myocytes on the left

side, showcasing evident striations. Importantly, the diagram highlights cardiac cells characterized by distinct striations,

serving as an indicator of ventricular cells within the heart. Additionally, a comparable coupling phenomenon is observed

in cardiac atrial cells when a sufficient number of large fibroblasts are present in the atrium. The black short arrow on the

right side of (A,B) indicates the zero potential level.

Moreover, the intercalated discs in heart tissues are specialized structures found in the heart tissue that play a crucial role

in facilitating communication and coordination between adjacent cardiac muscle cells of the heart. This can allow them to

work together as a functional unit during the contraction and relaxation of the heart. These discs play a crucial role in

maintaining the integrity of the cardiac tissue, ensuring the synchronization of both electrical signals and mechanical

forces. This synchronization is essential for the efficient and coordinated contraction of the heart. In other words,

cardiomyocytes and fibroblasts may form a functional syncytium, allowing for coordinated contraction and efficient

pumping of blood. The functional syncytium pertains to the unified and synchronized contraction of cardiac muscle cells in

the heart tissue. The ability of these cells to form a functional syncytium is facilitated by their electrical connectivity

through gap junctions.

In this context, cardiac fibroblasts may display a “dome-like configuration” in their action potentials, referencing the unique

shape observed in specific cardiac cell types, particularly ventricular cardiomyocytes  (Figure 1).

Consequently, the depolarization of fibroblasts becomes more pronounced, emphasizing the crucial role of BK  channels

in cardiac fibroblasts due to their outwardly rectifying property. This prompts an intriguing hypothesis that cardiac

fibroblasts may engage in significant interactions with cardiomyocytes, potentially making a significant contribution to the

heart’s overall structural and functional integrity (Figure 1). This hypothesis becomes especially pertinent when

contemplating the potential augmentation of their numbers or sizes within cardiac tissues, particularly in conditions such

as atrial fibrillation or preceding myocardial infarction . Atrial fibrillation is a common and often chronic

heart rhythm disorder that affects the upper chambers of the heart, known as the atria. In atrial fibrillation, the normal

coordinated electrical impulses that regulate the heart’s rhythm become chaotic and irregular. Consequently, instead of

the atria contracting efficiently to move blood into the ventricles, they quiver or fibrillate. The preceding or old myocardial

infarction, commonly referred to as an “old heart attack”, is a term used to describe a previous heart attack or myocardial

infarction that occurred in the past, and the affected tissue has undergone certain changes over time.

2. Influence of BK  Channel Activity in Cardiac Fibroblasts on Membrane
Potential of Heart Cells

Mammalian heart cells display a diverse cellular composition, placing primary emphasis on cardiomyocytes, cardiac

fibroblasts, and endothelial cells. Notably, among the non-myocytes, cardiac fibroblasts are not electrically excitable and

may constitute a substantial proportion, particularly in cases of atrial fibrillation or old myocardial infarction. These cardiac

fibroblasts have been suggested to play crucial roles in shaping both the structure and functionality of the myocardium 

. It is believed that these fibroblasts contribute to various aspects of cardiac performance, encompassing structural,

biochemical, mechanical, and even electrical dimensions .

Although fully mature mammalian heart cells display electrical excitability, they do not possess functional activation of

BK  channels, despite the consistent functional expression of voltage-gated Na  and Ca  currents in cardiac cells.
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Conversely, undifferentiated cardiomyocytes derived from embryonic stem cells have been observed to express the

activity of these channels which is sensitive to be increased by membrane depolarization and/or elevated cytosolic Ca

concentration . The function of these channels in undifferentiated cardiomyocytes is also responsive to inhibition by

paxilline, a natural product and a class of indole alkaloids known to effectively suppress the activity BK  channels, but

not by apamin, a blocker of small-conductance Ca -activated K  channels. A contributing factor to this difference is the

relatively prolonged duration of action potentials with a plateau potential in mature heart cells, which is attributed to the

absence of functionally active BK  channels . Likewise, cardiomyocytes differentiated in vivo from amniotic fluid-

derived stem cells showed no significant activity of BK  cells . Alternatively, earlier studies have suggested the

possible presence of KCa1.1 (or KCNMA1) in human sinus node function .

Prior studies have shown that in cell-attached current-clamp voltage recordings, the sporadic opening and closure of BK

channels were robustly observed in cardiac fibroblasts. The activity of these channels has the potential to induce random

depolarizing waveforms via effective electrical coupling  (Figure 2). This phenomenon was also previously found

in bovine chromaffin cells . On the other hand, when heart cells are near cardiac fibroblasts, the activity of BK

channels present on the surface of these fibroblasts can lead to varying degrees of membrane depolarization. When the

cell membranes of these cardiac cells undergo random depolarization, coupled with the accumulation of temporal and

spatial phenomena, it is likely to significantly increase the excitability of the cell membrane, even inducing the generation

of action potentials. If the BK  channels on cardiac fibroblasts are activated due to the treatment with the openers of the

channel , it might even result in the facilitation of subtle membrane depolarization in neighboring heart cells.

This effect is attributed to effective electrical coupling between cardiac fibroblasts and neighboring heart cells.

Figure 2. Changes in membrane potential (lower panel) triggered by the random opening of idealized BK  channels

(upper panel) inherently in cardiac fibroblasts. The simultaneous cell-attached potential and current recordings were

made in this study, and cells were immersed in normal Tyrode’s solution which contained 5.4 mM K , and 1.8 mM Ca .

Tyrode’s solution is a physiological salt solution used in biological and medical research to mimic the extracellular fluid

environment in which cells are studied. The dashed orange line in the upper panel represents each level of BK -channel

opening, while the numerical values on the right indicate the number of channel openings. The double arrow in the

channel activity indicates variable duration in the opening or closed state. The upper panel represents the activity of BK

channels. The lower panel shows the changes in membrane potential induced by BK -channel activity. Upward

deflection in current (blue color) and potential (black color) traces represents the occurrence of channel opening and

membrane depolarization, respectively. In the bottom right corner of both the upper and lower panels, there are calibration

marks. Of note, the occurrence of a transient depolarization is not triggered by the second channel opening event, as this

event exhibits a brief duration of channel openness, which is less than 1 msec.

References

1. Ghatta, S.; Nimmagadda, D.; Xu, X.; O’Rourke, S.T. Large-conductance, calcium-activated potassium channels:
Structural and functional implications. Pharmacol. Ther. 2006, 110, 103–116.

2. Wang, Y.J.; Sung, R.J.; Lin, M.W.; Wu, S.N. Contribution of BK(Ca)-channel activity in human cardiac fibroblasts to
electrical coupling of cardiomyocytes-fibroblasts. J. Membr. Biol. 2006, 213, 175–185.

3. Wu, S.N.; Wu, A.Z.; Lin, M.W. Pharmacological roles of the large-conductance calcium-activated potassium channel.
Curr. Top. Med. Chem. 2006, 6, 1025–1030.

4. Toro, L.; Li, M.; Zhang, Z.; Singh, H.; Wu, Y.; Stefani, E. MaxiK channel and cell signalling. Pflug. Arch. 2014, 466, 875–
886.

+

[24][25]

Ca
2+ +

Ca
[4][26]

Ca
[24]

[27][28]

Ca

[24][29][30]

[31]
Ca

Ca
[3][10][12][32]

Ca

+ 2+

Ca

Ca

Ca



5. Wu, S.N.; Lo, Y.K.; Li, H.F.; Shen, A.Y. Functional coupling of voltage-dependent L-type Ca2+ current to Ca2+-activated
K+ current in pituitary GH3 cells. Chin. J. Physiol. 2001, 44, 161–167.

6. Cordeiro, B.; Terentyev, D.; Clements, R.T. BKCa channel activation increases cardiac contractile recovery following
hypothermic ischemia/reperfusion. Am. J. Physiol. Heart Circ. Physiol. 2015, 309, H625–H633.

7. Sato, T.; Saito, T.; Saegusa, N.; Nakaya, H. Mitochondrial Ca2+-activated K+ channels in cardiac myocytes: A
mechanism of the cardioprotective effect and modulation by protein kinase A. Circulation 2005, 111, 198–203.

8. Kicinska, A.; Augustynek, B.; Kulawiak, B.; Jarmuszkiewicz, W.; Szewczyk, A.; Bednarczyk, P. A large-conductance
calcium-regulated K+ channel in human dermal fibroblast mitochondria. Biochem. J. 2016, 473, 4457–4471.

9. Neira, F.; Neira, N.; Torres, J.; González-Ortiz, M. Physiological and Pathophysiological Role of Large-Conductance
Calcium-Activated Potassium Channels (BKCa) in HUVECs and Placenta. Adv. Exp. Med. Biol. 2023, 1428, 71–82.

10. Li, H.F.; Chen, S.A.; Wu, S.N. Evidence for the stimulatory effect of resveratrol on Ca(2+)-activated K+ current in
vascular endothelial cells. Cardiovasc. Res. 2000, 45, 1035–1045.

11. Berkefeld, H.; Sailer, C.A.; Bildl, W.; Rohde, V.; Thumfart, J.O.; Eble, S.; Klugbauer, N.; Reisinger, E.; Bischofberger, J.;
Oliver, D.; et al. BKCa-Cav channel complexes mediate rapid and localized Ca2+-activated K+ signaling. Science
2006, 314, 615–620.

12. Wang, Y.J.; Lin, M.W.; Wu, S.N.; Sung, R.J. The activation by estrogen receptor agonists of the BK(Ca)-channel in
human cardiac fibroblasts. Biochem. Pharmacol. 2007, 73, 1347–1357.

13. He, M.L.; Liu, W.J.; Sun, H.Y.; Wu, W.; Liu, J.; Tse, H.F.; Lau, C.P.; Li, G.R. Effects of ion channels on proliferation in
cultured human cardiac fibroblasts. J. Mol. Cell Cardiol. 2011, 51, 198–206.

14. Li, G.R.; Sun, H.Y.; Chen, J.B.; Zhou, Y.; Tse, H.F.; Lau, C.P. Characterization of multiple ion channels in cultured
human cardiac fibroblasts. PLoS ONE 2009, 4, e7307.

15. Dean, J.B.; Huang, R.Q.; Erlichman, J.S.; Southard, T.L.; Hellard, D.T. Cell-cell coupling occurs in dorsal medullary
neurons after minimizing anatomical-coupling artifacts. Neuroscience 1997, 80, 21–40.

16. Kamkin, A.; Kiseleva, I.; Lozinsky, I.; Scholz, H. Electrical interaction of mechanosensitive fibroblasts and myocytes in
the heart. Basic. Res. Cardiol. 2005, 100, 337–345.

17. Kizana, E.; Ginn, S.L.; Allen, D.G.; Ross, D.L.; Alexander, I.E. Fibroblasts can be genetically modified to produce
excitable cells capable of electrical coupling. Circulation 2005, 111, 394–398.

18. Lampe, P.D.; Cooper, C.D.; King, T.J.; Burt, J.M. Analysis of Connexin43 phosphorylated at S325, S328 and S330 in
normoxic and ischemic heart. J. Cell Sci. 2006, 119, 3435–3442.

19. Baudino, T.A.; Carver, W.; Giles, W.; Borg, T.K. Cardiac fibroblasts: Friend or foe? Am. J. Physiol. Heart Circ. Physiol.
2006, 291, H1015–H1026.

20. Wu, C.T.; Qi, X.Y.; Huang, H.; Naud, P.; Dawson, K.; Yeh, Y.H.; Harada, M.; Kuo, C.T.; Nattel, S. Disease and region-
related cardiac fibroblast potassium current variations and potential functional significance. Cardiovasc. Res. 2014,
102, 487–496.

21. Angelini, A.; Ortiz-Urbina, J.; Trial, J.; Reddy, A.K.; Malovannaya, A.; Jain, A.; Entman, M.L.; Taffet, G.E.; Cieslik, K.A.
Sex-specific phenotypes in the aging mouse heart and consequences for chronic fibrosis. Am. J. Physiol. Heart Circ.
Physiol. 2022, 323, H285–H300.

22. Gupta, T.; Kaur, M.; Sahni, D. Identification of novel pulmonary vein nodes as generators of ectopic arrhythmic foci for
atrial fibrillation: An immunohistochemical proof. Surg. Radiol. Anat. 2022, 44, 129–136.

23. Yamagishi, Y.; Oginosawa, Y.; Fujino, Y.; Yagyu, K.; Miyamoto, T.; Tsukahara, K.; Ohe, H.; Kohno, R.; Kataoka, M.; Abe,
H. Relationship between Effective Refractory Period and Inducibility of Atrial Fibrillation from the Superior Vena Cava
after Pulmonary Vein Isolation. Int. Heart J. 2022, 63, 498–503.

24. Liu, Y.W.; Fang, Y.H.; Su, C.T.; Hwang, S.M.; Liu, P.Y.; Wu, S.N. The biochemical and electrophysiological profiles of
amniotic fluid-derived stem cells following Wnt signaling modulation cardiac differentiation. Cell Death Discov. 2019, 5,
59.

25. Kleger, A.; Liebau, S. Calcium-activated potassium channels, cardiogenesis of pluripotent stem cells, and enrichment of
pacemaker-like cells. Trends Cardiovasc. Med. 2011, 21, 74–83.

26. Toro, L.; Wallner, M.; Meera, P.; Tanaka, Y. Maxi-K(Ca), a Unique Member of the Voltage-Gated K Channel Superfamily.
News Physiol. Sci. 1998, 13, 112–117.

27. Imlach, W.L.; Finch, S.C.; Miller, J.H.; Meredith, A.L.; Dalziel, J.E. A role for BK channels in heart rate regulation in
rodents. PLoS ONE 2010, 5, e8698.



28. Pineda, S.; Nikolova-Krstevski, V.; Leimena, C.; Atkinson, A.J.; Altekoester, A.K.; Cox, C.D.; Jacoby, A.; Huttner, I.G.;
Ju, Y.K.; Soka, M.; et al. Conserved Role of the Large Conductance Calcium-Activated Potassium Channel, K(Ca)1.1,
in Sinus Node Function and Arrhythmia Risk. Circ. Genom. Precis. Med. 2021, 14, e003144.

29. Perkins, K.L. Cell-attached voltage-clamp and current-clamp recording and stimulation techniques in brain slices. J.
Neurosci. Methods 2006, 154, 1–18.

30. Roshchin, M.V.; Matlashov, M.E.; Ierusalimsky, V.N.; Balaban, P.M.; Belousov, V.V.; Kemenes, G.; Staras, K.; Nikitin,
E.S. A BK channel-mediated feedback pathway links single-synapse activity with action potential sharpening in
repetitive firing. Sci. Adv. 2018, 4, eaat1357.

31. Fenwick, E.M.; Marty, A.; Neher, E. A patch-clamp study of bovine chromaffin cells and of their sensitivity to
acetylcholine. J. Physiol. 1982, 331, 577–597.

32. Wu, S.N.; Jan, C.R.; Chiang, H.T. Fenamates stimulate BKCa channel osteoblast-like MG-63 cells activity in the
human. J. Investig. Med. 2001, 49, 522–533.

Retrieved from https://encyclopedia.pub/entry/history/show/122989


