
Biochemical and Biophysical Research Communications 451 (2014) 421–424
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Functional coupling of ion channels in cellular mechanotransduction
http://dx.doi.org/10.1016/j.bbrc.2014.07.131
0006-291X/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author. Address: Institute of Cytology RAS, 4 Tikhoretsky Ave.,
St. Petersburg 194064, Russia. Fax: +7 812 2970341.

E-mail address: vchubinskiy@gmail.com (V.I. Chubinskiy-Nadezhdin).
Vladislav I. Chubinskiy-Nadezhdin a,⇑, Yuri A. Negulyaev a,b, Elena A. Morachevskaya a

a Institute of Cytology RAS, St. Petersburg, Russia
b Department of Medical Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia
a r t i c l e i n f o

Article history:
Received 27 July 2014
Available online 7 August 2014

Keywords:
Mechanotransduction
Stretch-activated channels
Calcium signaling
Transformed fibroblasts
a b s t r a c t

The major players in the processes of cellular mechanotransduction are considered to be mechanosensi-
tive (MS) or mechano-gated ion channels. Non-selective Ca2+-permeable channels, whose activity is
directly controlled by membrane stretch (stretch-activated channels, SACs) are ubiquitously present in
mammalian cells of different origin. Ca2+ entry mediated by SACs presumably has a significant impact
on various Ca2+-dependent intracellular and membrane processes. It was proposed that SACs could play
a crucial role in the different cellular reactions and pathologies, including oncotransformation, increased
metastatic activity and invasion of malignant cells. In the present work, coupling of ion channels in trans-
formed fibroblasts in course of stretch activation was explored with the use of patch-clamp technique.
The combination of cell-attached and inside-out single-current experiments showed that Ca2+ influx
via SACs triggered the activity of Ca2+-sensitive K+ channels indicating functional compartmentalization
of different channel types in plasma membrane. Importantly, the analysis of single channel behavior
demonstrated that K+ currents could be activated by the rise of intracellular calcium but displayed no
direct mechanosensitivity. Taken together, our data imply that local changes in Ca2+ concentration due
to SAC activity may provide a functional link between various Ca2+-dependent molecules in the processes
of cellular mechanotransduction.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Mechanical forces play a crucial role in the life of cells, tissues
and whole organisms. Changes in the mechanical properties of
the extracellular microenvironment affect a variety of important
cellular processes including proliferation, growth, differentiation,
gene expression, migration and signal transduction [1,2]. The abil-
ity of cells and organisms to sense mechanical stimuli is thought to
be one of the oldest signaling systems in the living world. The
interest is growing towards studying of cellular mechanotransduc-
tion since numerous pathological processes are tightly linked with
the changes in cell mechanics [3,4].

The major players in the processes of cellular mechanotrans-
duction are considered to be mechanosensitive (MS) or mechano-
gated ion channels, whose activation and inactivation are
controlled by mechanical status of the cell. In the last decades
MS channels were found in the plasma membranes of different
organisms, from bacteria to mammals [5,6]. The expression and
functioning of mechanically gated membrane channel proteins is
likely a universal property of the living cell. In eukaryotes, these
channels are known to be implicated in generation of receptor
potential in specialized mechanosensors. In other excitable and
various non-excitable cells, physiological contribution of MS chan-
nels in cell signaling is much less understood. Ionic mechanisms
mediating mechanotransduction and regulating various aspects
of cell movement are generally assumed to be linked with Ca2+

influx via MS channels [7,8].
Non-selective Ca2+-permeable channels, whose activity is

directly controlled by plasma membrane stretch (stretch-activated
channels, SACs) are the most widespread type of MS channels in
eukaryotic cells. It was proposed that SACs could play an important
role in the different cellular processes and pathologies, including
oncotransformation, increased metastatic activity and invasion of
malignant cells [9]. Ca2+ entry mediated by SACs presumably has
a significant impact on different Ca2+-dependent intracellular and
membrane processes, particularly, on stress-sensitive reactions in
fibroblasts [8,10]. However, direct evidence for the participation
of SACs in Ca2+-dependent cellular responses is substantially
lacking. Here, we show for the first time that Ca2+ influx via SACs
trigger the activity of Ca2+-sensitive K+ channels indicating func-
tional compartmentalization of different channel types in plasma
membrane. The data imply that local changes in Ca2+ concentration
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due to SAC activity may provide a functional link between various
Ca2+-dependent molecules in the processes of cellular
mechanotransduction.
2. Materials and methods

2.1. Cells

We used cultured mouse fibroblasts 3T3B-SV40 (Russian Cell
Culture Collection, St. Petersburg, Russia) as a model to study
membrane mechanisms of mechanotransduction in transformed
cells. The cells were grown on coverslips to 70–80% confluency in
DMEM medium containing 10% fetal bovine serum and antibiotics
in 5% CO2 at 37 �C.

2.2. Electrophysiology

Single channel currents were recorded using ‘‘cell-attached’’
and ‘‘inside-out’’ mode of patch clamp method essentially as
described earlier [11,12]. Experiments were performed with HEKA
EPC-8 operational amplifier at room temperature (21–23 �C).
Pipettes were pulled from borosilicate glass capillaries (BF-150-
110-10, Sutter Instruments) to a resistance 7–10 MOhm when
filled with normal external solution containing (in mM): 145 NaCl,
2 CaCl2, 1 MgCl2, and 10 HEPES/TrisOH. To nullify resting mem-
brane potential in cell-attached recordings, we used K+-containing
bath solution (in mM): 145 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES/TrisOH.
pH of all solutions was set at 7.3. ‘‘Cytosol-like’’ solution for inside-
out experiments contained (in mM): 140 K-Aspartate, 5 NaCl, 2
EGTA/KOH, 1 MgCl2, 20 HEPES/TrisOH and appropriate quantity
of CaCl2 to establish the level of free ionized Ca2+ ([Ca2+]i) at
0.01 lM (pCa = 8) or 0.1 lM (pCa = 7). To analyze stretch-induced
channel activation, we used standard method of mechanical stim-
ulation as application of ‘‘negative’’ pressure to a patch pipette.
Data are presented as mean ± S.E.M. (n – number of experiments).
3. Results and discussion

Cell-attached patch-clamp experiments were performed to
characterize stretch-induced activation of native channels in
plasma membrane of transformed fibroblasts (Fig. 1). Typical
stretch-activated currents in response to ‘‘negative’’ pressure (suc-
tion) were recorded in 75% of stable cell-attached patches (n = 30).
The sufficient level of stimulus needed to stimulate the activity of
SACs was about 45–55 mmHg. Unitary currents were recorded in
the range from �60 to +40 mV; reversion was close to zero or
Fig. 1. Activation of native SAC channels in the plasma membrane of 3T3B-SV40 fibroblas
Interval of applied ‘‘negative pressure’’ (suction) is marked by line above current traces
slightly shifted to positive potentials. I–V relationship displayed
no rectification and corresponded to single-channel conductance
of 24.4 ± 1.4 pS. Stretch-induced channel activity with similar
characteristics could be recorded in excised patches; the substitu-
tion of anions in cytosol-like solution confirmed cationic nature of
mechanically-gated currents. The data obtained provide the first
single current description of typical native SACs in transformed
fibroblasts of mammals under quasi-physiological ionic conditions
(with 2 mM Ca2+ in pipette). SAC currents (conductance of 58 pS at
140 mM KCl without Ca2+) in cultured human skin fibroblasts were
recorded earlier [13]. Mechano-gated currents in rat atrial fibro-
blasts were governed by cell deformation but their gating was
reported to be clearly distinct from SACs [14]. The presence of SACs
with unitary conductance about 55 pS in Ca2+-free pipette solution
has been previously demonstrated in migrating fish fibroblast-like
epithelial keratocytes which respond to mechanical forces generat-
ing cytoplasmic Ca2+ transients [7].

Single-channel patch-clamp recordings allowed us to study
membrane mechanisms of ion channel coupling in the processes
of mechanotransduction. Specifically, we observed stretch-induced
SAC activity followed by subsequent activation of outward K+ cur-
rents. This effect was found in 35% of stable patches with SAC
activity. K+ channels were characterized by typical unitary conduc-
tance of 8.6 ± 0.6 pS and extrapolated reversal potential about
�80 mV (Fig. 2A). Importantly, K+ currents displayed no direct
mechanosensitivity and could not be evoked by mechanical stimu-
lus independently of SACs. In a few patches (2 out of 30) we
observed background activity of K+ channels with same unitary
conductance (Fig. 2B) that was also not sensitive to stretch. The
analysis of single-channel behavior in all patches with coupled
activation showed that outward K+ currents always followed
inward SAC currents indicating functional link between SAC-med-
iated cation entry and subsequent K+ channel activity.

We proposed that local Ca2+ entry via SACs is the putative
mechanism of functional coupling between two channel types in
the plasma membrane. SAC openings are likely to provide a
pathway for miserable calcium influx into the cell thus affecting
calcium-dependent molecules, particularly co-localized Ca2+-
activated K+ channels (KCa). KCa are well-studied and were found
in many cells and tissues of different origin, including mouse fibro-
blasts [15]. To reveal possible Ca2+-dependent interplay between
SACs and K+ channels we used the protocol combining cell-
attached and subsequent inside-out patch configurations in the
same experiment. Standard pipette solution contained 2 mM CaCl2.
In cell-attached mode we recorded the activation of SACs followed
by the outward K+ currents in the plasma membrane (Fig. 3A).
Then, we gently pulled the patch pipette to form a cell-free
ts. Representative cell-attached current records and corresponding I–V relationship.
. Holding membrane potentials are indicated near. Closed state is denoted by (C).



Fig. 2. Stretch-coupled activation of SACs followed by outward K+ currents. (A) Representative cell-attached records at�30 mV, C – closed state, O1 and O2 – openings of SACs
and K+ channels, respectively. Typical I–V relationship of K+ channels is shown below. (B) K+ channels are not directly gated by membrane stretch.

Fig. 3. Coupled activation of SACs and K+ currents is abolished after formation of cell-free inside-out patch. Shown are representative traces in cell-attached (A) and inside-
out (B) modes from the same experiment. Internal Ca2+ concentration was set at [Ca2+]i = 10�8 M (pCa = 8). (C) K+ currents could be activated by the rise of [Ca2+]i to 10�7 M
(pCa = 7).
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inside-out membrane fragment exposed to cytosol-like low-Ca2+

solution buffered with EGTA ([Ca2+]i = 10�8 M, pCa = 8). Under
these conditions, the coupling between two different channel types
was abolished. Specifically, only SAC activity without subsequent
activation of K+ currents was observed in response to stretch
(Fig. 3B). These observations indicate that K+ channels are activated
by Ca2+ influx via co-localized SACs in plasma membrane of native
cell. After patch excising, calcium chelator EGTA efficiently buffers
SAC-mediated local rise in [Ca2+]i thus preventing co-localized
Ca2+-dependent K+ channel activation. At the same time K+ cur-
rents could be activated by the rise of [Ca2+]i thus demonstrating
Ca2+ sensitivity of the channels (Fig. 3C). Particularly, the elevation
of Ca2+ concentration from 0.01 lM (pCa = 8) to 0.1 lM (pCa = 7)
induced K+ channel activity. Based on single-channel properties
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one can assume that the possible molecular correlate of Ca2+-
activated K+ channels that are indirectly involved in SAC-
dependent mechanotransduction in transformed fibroblasts belong
to small conductance K+ channel (SK) family. SK channels are char-
acterized by high sensitivity to Ca2+ with IC50 starting from
0.07 lM [16]. As it was reported earlier, the appearance of Ca2+

activated K+ currents correlated with transformation of mouse
fibroblasts with Src or Ras oncogene [17,18]. The functional link
between SACs and Ca2+-activated K+ channels may contribute into
increased metastatic activity, migration and invasive potential of
malignant cells.

In several studies the activation of Ca2+-dependent K+ currents
was reported to be coupled with spatially co-localized Ca2+ sources
including voltage-gated Ca-channels (Cav), ryanodine, NMDA,
acetylcholine and IP3 receptors [19]. KCa channels of different con-
ductance (SK and BK) were proposed to participate in mechano-
dependent cellular reactions in prostate cancer cells [20]. Here,
we found that Ca2+ influx via native SACs induced the activity of
Ca2+-activated K+ channels in plasma membrane of transformed
fibroblasts. Moreover, our data unequivocally show that SACs pro-
vide physiologically relevant pathway for Ca2+ entry under natural
ionic conditions. Ca2+ ions may serve as a functional link between
SACs and different Ca2+-dependent molecules thus orchestrating
the interplay between various cellular reactions associated with
processes of membrane mechanotransduction.

Acknowledgments

This work was supported by Russian Basic Research Foundation
and Molecular and Cell Biology Program RAS.

References

[1] S. Suresh, Biomechanics and biophysics of cancer cells, Acta Biomater. 3 (2007)
413–438.

[2] D.E. Discher, P. Janmey, Y.-L. Wang, Tissue cells feel and respond to the
stiffness of their substrate, Science 310 (2005) 1139–1143.

[3] S.E. Cross, Y.-S. Jin, J. Rao, J.K. Gimzewski, Nanomechanical analysis of cells
from cancer patients, Nat. Nanotechnol. 2 (2007) 780–783.
[4] M. Lekka, K. Pogoda, J. Gostek, O. Klymenko, et al., Cancer cell recognition –
mechanical phenotype, Micron 43 (2012) 1259–1266.

[5] O.P. Hamill, B. Martinac, Molecular basis of mechanotransduction in living
cells, Physiol. Rev. 81 (2001) 685–740.

[6] J. Arnadóttir, M. Chalfie, Eukaryotic mechanosensitive channels, Annu. Rev.
Biophys. 39 (2010) 111–137.

[7] J. Lee, A. Ishihara, G. Oxford, B. Johnson, K. Jacobson, Regulation of cell
movement is mediated by stretch-activated calcium channels, Nature 400
(1999) 382–386.

[8] Y. Sakamoto, M. Ishijima, H. Kaneko, N. Kurebayashi, N. Ichikawa, I. Futami,
et al., Distinct mechanosensitive Ca2+ influx mechanisms in human primary
synovial fibroblasts, J. Orthop. Res. 28 (2010) 859–864.

[9] R. Maroto, O.P. Hamill, MscCa regulation of tumor cell migration and
metastasis, in: O.P. Hamill (Ed.), Mechanosensitive Channels Part B. Current
Topics in Membranes, vol. 59(17), 2007, pp. 485–509.

[10] S. Munevar, Y.-L. Wang, M. Dembo, Regulation of mechanical interactions
between fibroblasts and the substratum by stretch-activated Ca2+ entry, J. Cell
Sci. 117 (2004) 85–92.

[11] E. Morachevskaya, A. Sudarikova, Y. Negulyaev, Mechanosensitive channel
activity and F-actin organization in cholesterol-depleted human leukaemia
cells, Cell Biol. Int. 31 (2007) 374–381.

[12] A.V. Staruschenko, A.V. Sudarikova, Y.A. Negulyaev, E.A. Morachevskaya,
Magnesium permeation through mechanosensitive channels: single-current
measurements, Cell Res. 16 (2006) 723–730.

[13] L.L. Stockbridge, A.S. French, Stretch-activated cation channels in human
fibroblasts, Biophys. J. 54 (1988) 187–190.

[14] A. Kamkin, S. Kirischuk, I. Kiseleva, Single mechano-gated channels activated
by mechanical deformation of acutely isolated cardiac fibroblasts from rats,
Acta Physiol. (Oxf.) 199 (2010) 277–292.

[15] T.L. Pena, Ras/MEK/ERK up-regulation of the fibroblast KCa channel FIK is a
common mechanism for basic fibroblast growth factor and transforming
growth factor-beta suppression of myogenesis, J. Biol. Chem. 275 (2000)
13677–13682.

[16] P. Pedarzani, J. Mosbacher, A. Rivard, L.A. Cingolani, D. Oliver, M. Stocker, et al.,
Control of electrical activity in central neurons by modulating the gating of
small conductance Ca2+-activated K+ channels, J. Biol. Chem. 276 (2001) 9762–
9769.

[17] Y. Huang, S.G. Rane, Single channel study of a Ca(2+)-activated K+ current
associated with ras-induced cell transformation, J. Physiol. 461 (1993) 601–
618.

[18] H.J. Draheim, H. Repp, F. Dreyer, Src-transformation of mouse fibroblasts
induces a Ca(2+)-activated K+, current without changing the T-type Ca2+

current, Biochim. Biophys. Acta 1269 (1995) 57–63.
[19] B. Fakler, J.P. Adelman, Control of K(Ca) channels by calcium nano/

microdomains, Neuron 59 (2008) 873–881, http://dx.doi.org/10.1016/
j.neuron.2008.09.001.

[20] R. Maroto, A. Kurosky, O.P. Hamill, Mechanosensitive Ca(2+) permeant cation
channels in human prostate tumor cells, Channels (Austin) 6 (2012) 290–307.

http://refhub.elsevier.com/S0006-291X(14)01394-1/h0005
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0005
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0010
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0010
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0015
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0015
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0020
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0020
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0025
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0025
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0030
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0030
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0035
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0035
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0035
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0040
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0040
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0040
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0040
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0050
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0050
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0050
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0050
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0055
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0055
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0055
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0060
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0060
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0060
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0065
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0065
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0070
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0070
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0070
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0075
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0075
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0075
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0075
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0080
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0080
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0080
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0080
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0080
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0080
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0085
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0085
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0085
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0085
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0085
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0090
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0090
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0090
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0090
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0090
http://dx.doi.org/10.1016/j.neuron.2008.09.001
http://dx.doi.org/10.1016/j.neuron.2008.09.001
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0100
http://refhub.elsevier.com/S0006-291X(14)01394-1/h0100

	Functional coupling of ion channels in cellular mechanotransduction
	1 Introduction
	2 Materials and methods
	2.1 Cells
	2.2 Electrophysiology

	3 Results and discussion
	Acknowledgments
	References


