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Abstract
Mechanical forces exerted on cells impose stress on the plasma membrane. Cells sense

this stress and elicit a mechanoelectric transduction cascade that initiates compensatory

mechanisms. Mechanosensitive ion channels in the plasma membrane are responsible for

transducing the mechanical signals to electrical signals. However, the mechanisms underly-

ing channel activation in response to mechanical stress remain incompletely understood.

Transient Receptor Potential (TRP) channels serve essential functions in several sensory

modalities. These channels can also participate in mechanotransduction by either being au-

tonomously sensitive to mechanical perturbation or by coupling to other mechanosensory

components of the cell. Here, we investigated the response of a TRP family member,

TRPC5, to mechanical stress. Hypoosmolarity triggers Ca2+ influx and cationic conduc-

tance through TRPC5. Importantly, for the first time we were able to record the stretch-acti-

vated TRPC5 current at single-channel level. The activation threshold for TRPC5 was

found to be 240 mOsm for hypoosmotic stress and between −20 and −40 mmHg for pres-

sure applied to membrane patch. In addition, we found that disruption of actin filaments sup-

presses TRPC5 response to hypoosmotic stress and patch pipette pressure, but does not

prevent the activation of TRPC5 by stretch-independent mechanisms, indicating that actin

cytoskeleton is an essential transduction component that confers mechanosensitivity to

TRPC5. In summary, our findings establish that TRPC5 can be activated at the single-chan-

nel level when mechanical stress on the cell reaches a certain threshold.

Introduction
Proteins embedded in the lipid bilayer are constantly exposed to the mechanical forces exerted
on the bilayer [1]. External mechanical forces acting on the bilayer change the transverse pres-
sure profile, and directly transduce the pressure to the embedded protein by lipid-protein inter-
actions. In the case of an ion channel, alterations in bilayer tension or curvature causes a

PLOSONE | DOI:10.1371/journal.pone.0122227 April 7, 2015 1 / 18

a11111

OPEN ACCESS

Citation: Shen B, Wong C-O, Lau O-C, Woo T, Bai
S, Huang Y, et al. (2015) Plasma Membrane
Mechanical Stress Activates TRPC5 Channels. PLoS
ONE 10(4): e0122227. doi:10.1371/journal.
pone.0122227

Academic Editor: Alexander G Obukhov, Indiana
University School of Medicine, UNITED STATES

Received: February 24, 2014

Accepted: February 19, 2015

Published: April 7, 2015

Copyright: © 2015 Shen et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Funding: This work was supported by CUHK478710,
CUHK478011, T13-706/11, AoE/M-05/12 and
CUHK2/CRF/11G from the Hong Kong RGC, Grant
81371284 from Natural Science Foundation of China,
and Grant 1301043020 from the third installment of
Anhui Provincial Science and Technology Plan 2013.
The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0122227&domain=pdf
http://creativecommons.org/licenses/by/4.0/


hydrophobic mismatch in the protein-lipid interface, causing the channel protein to adopt a
new conformation that favors either an open or close conformation status of the conducting
pore [2]. Alternatively, the cytoskeleton or extracellular matrix can be the primary force sensor
which can transduce force to a tethered ion channel by displacement, leading to conformation-
al change of the channel [2–4]. In addition, force sensitive enzymes may generate second mes-
sengers that modulate ion channel activity, thereby conferring the mechanosensitivity to that
channel [2–4]. Regardless of the kind of mechanical stress or the signal transduction pathway,
an ion channel is deemed mechanosensitive when its activity is altered in response to mechani-
cal stimuli. Mechanosensitive channels transduce mechanical forces into electrical signals and
are essential for various processes ranging from cell osmotic regulation to organismal sensory
perception [2, 5]. The bacterial MscM, MscS and MscL open in response to osmotic shock,
thus allowing release of cytoplasmic solutes. In yeast, similar function is performed by TRPY to
regulate vacuolar osmotic balance [6]. The C. elegansMEC4 forms the ion conducting pore
within a mechanosensitive complex to sense tactile stimuli [7]. In mammalian neuron, the
mechanosensitive TREK-1 conducts K+ ions to set resting membrane potential [8]. Recently,
Piezo was identified as mechanosensitive channel that is essential for sensing noxious pressure
in Drosophila and mammalian cells [9, 10].

Since the cloning and characterization of the first member of the Transient Receptor Poten-
tial (TRP) channel family, it has been well established that TRP channels play fundamental
roles in sensory biology [11]. Indeed, TRPC1, TRPC6, TRPM3, TRPM4, TRPV1, TRPV2,
TRPV4 and TRPA1 have been reported to be involved in cellular mechanosensory transduc-
tion [12–19]. However, in order to assess whether a given TRP channel is mechanosensitive, it
is necessary to employ comprehensive pharmacological and electrophysiological methods to
verify it. In this regard, increased channel activity after applying force to the channel embedded
in cell membrane is crucial to demonstrate the mechanosensitivity of the channel [20].

TRPC5 is a polymodal channel that is enriched in neuronal cells and also localizes to the
aortic baroreceptor termini, which are sensory neuronal termini for blood pressure detection
[21]. In addition to being sensitive to a variety of lipids and lipid derivatives [22], TRPC5 can
be activated by a bilayer perturbing isoflavonoid genistein [23]. Interestingly, genistein and
structurally similar derivatives induce local thinning of lipid bilayer [24]—also an outcome of
membrane stretch. Given its expression profile and functional properties, we asked whether
TRPC5 functions as a mechanosensitive channel. To answer this question, we used live cell
Ca2+ imaging and electrophysiology to characterize the mechanosensitivity of TRPC5 chan-
nels. Consistent with the findings reported in a previous study [25], but by utilizing indepen-
dent reagents and new approaches, we confirmed that hypotonic membrane stretch activates
TRPC5, in a manner that is independent of phospholipase C. Furthermore, we directly applied
force to the TRPC5-containing membrane patch and recorded stretch activation of TRPC5 at
single-channel level. Our results indicate that mechanical stress induced by either hypoosmo-
larity or micropipette suction stimulates TRPC5 activity, and that the stimulatory mechanism
is dependent on actin filaments.

Materials and Methods

Cell culture and cDNA expression
The mouse TRPC5 cDNA (NM_009428.2) and the mouse TRPC6 cDNA (NM_013838.2)
were gifts from L. Birnbaumer (NIH, USA), and were subcloned into either pcDNA3
(TRPC5-pcDNA3 and TRPC6-pcDNA3) or a bicistronic expression vector pcDNA6-IR-
ES-GFP (TRPC5-I-GFP). The C-terminally truncated form ΔC-TRPC5 lacks the last 9 amino
acid residues, and was cloned from the mouse TRPC5 cDNA by PCR. The cDNA of
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ΔC-TRPC5 was subcloned into pcDNA6. Human embryonic kidney (HEK293) cells were cul-
tured in DMEM, and Chinese Hamster Ovary (CHO-K1) cells were cultured in F12/HAMme-
dium. The culture media were supplemented with 10% FBS. Stable HEK293 cell lines
containing pcDNA3, TRPC5 or ΔC-TRPC5, and stable CHO-K1 cell lines containing
pcDNA6-IRES-GFP or TRPC5-I-GFP were generated respectively. To generate the stable cell
lines, ~6x105 cells were transfected with 4 μg of respectively plasmid DNA using Lipofectamine
2000 (Invitrogen), and subsequently cultured in DMEM with appropriate antibiotics, 500 μg/
mL G418 for pcDNA3 construct and 3 μg/ml blasticidin for pcDNA6, to select for stably trans-
fected cells. For the stable CHO-K1 cell lines, GFP-positive colonies were selected during the
2nd, 3rd and 4th passage for continuous culture. Cells were grown in selection medium for at
least 10 passages before being used for experiments.

Preparation of the TRPC5-blocking antibody T5E3 and preimmune IgG
T5E3 antibody was raised in rabbits as described [23, 26]. Briefly, a peptide corresponding to
TRPC5 putative pore-region (CYETRAIDEPNNCKG; E3 peptide) was used to immunize rab-
bits. Antiserum was collected. IgG was purified from the T5E3 antiserum using a HisTrap pro-
tein G column (GE Healthcare). The T5E3 antibody was further purified from the IgG by an
affinity column prepared with E3 peptide-conjugated SulfoLinked Coupling Resin (Thermo
Scientific). Control IgG was purified from serum of pre-immunized rabbits using HisTrap pro-
tein G column. To inhibit TRPC5, cells were pretreated with T5E3 (15 μg/ml) or pre-immune
serum IgG (15 μg/ml) for 1 hour.

Immunoblots detection of TRPC5 in lysates
The cultured cells were trypsinized and washed three times with ice-cold PBS. The cell pellet
was collected by centrifugation at 1600 rpm, followed by trituration in 500 μl ice-cold freshly
prepared lysis buffer (20 mM Tris-HCl, 150 mMNaCl, 1mM EGTA, 0.5% Triton X-100,
pH7.3). The lysate was centrifuged at 12,000 rpm for 30 min at 4°C. The supernatant were col-
lected and the protein concentration was determined by Bradford assay. Subsequently, equal
amounts of protein were boiled in SDS-PAGE loading buffer and loaded at ~80 μg into each
lane of polyacrylamide gel and separated by a 7.5% SDS-PAGE gel. Proteins were then trans-
ferred to a PVDF membrane, which was first blocked by 5% non-fat milk and 0.1% Tween-20
in PBS. Proteins were blotted with the primary antibodies against anti-TRPC5 antibody (1:200;
Alomone Lab) or anti- β-tubulin antibody (1:100; Santa Cruz Biotechnology). Immunodetec-
tion was accomplished with secondary antibody conjugated with horseradish peroxidase, fol-
lowed by reaction with ECLWestern blotting detection system (Amersham).

[Ca2+]i measurement
The concentration of intracellular Ca2+ ([Ca2+]i) was measured as described previously [23].
Briefly, cells were seeded onto poly-L-lysine-coated glass discs one day before [Ca2+]i measure-
ment. The cells were loaded for 1 h in dark with 5 μM Fluo-3/AM and 0.02% pluronic F-127 in
culture media, before mounting onto a microscope chamber containing an isotonic bath solu-
tion (in mM: 65 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, pH7.4; osmolarity calibrated to 300
mOsm with ~140 mMmannitol). Hypotonic bath solutions contained identical ionic concen-
trations to isotonic bath solution, and the osmolarity calibrated to different values by varying
the concentration of mannitol. Normal physiological saline solution (NPSS) contained in mM:
140 NaCl, 5 KCl, 2 MgCl2, 1 CaCl2, 10 Glucose, 10 HEPES, pH 7.4. Fluorescence [Ca2+]i signals
were recorded by InCyt Basic Fluorescence Imaging. Data shown in Fig 1D and 1E were ac-
quired by Nikon T200 fluorescence microscope. Changes in [Ca2+]i were displayed as Ft/F0— a
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Fig 1. Hypoosmolarity induces Ca2+ influx and whole-cell currents through TRPC5. (A-B) representative time-series traces showing [Ca2+]i responses
to hypotonicity (210 mOsm) in TRPC5-HEK cells. Blue bars on top indicate duration of hypoosmolarity. Lanthanum (La3+, 100 μM) directly potentiates
TRPC5 activity and was used to show functionality of the express TRPC5. T5E3 (4 μg/ml) is TRPC5-specific blocking antibody and was applied
extracellularly to inhibit channel activity (B). (C) quantification of [Ca2+]i response to 210 mOsm at different conditions. (D-E), representative time-series
traces showing [Ca2+]i responses to carbachol (Cch, 100 μM) and 210 mOsmwhen TRPC5-HEK cells were treated by 10 μM of U73122 (D) or U73343 (E)
for 30 minutes prior to the recordings. (F) quantification of [Ca2+]i response to 210 mOsm as in (D and E). (G) whole-cell I-V relationships of a representative
TRPC5-HEK cell under isotonic (300 mOsm) and hypotonic (240 mOsm) conditions. (H) I-V relationships of hypoosmolarity-activated currents in cells
pretreated with preimmune IgG (control IgG, 15 μg/ml) or T5E3 (15 μg/ml). The curves were obtained by subtracting the basal currents at isotonic condition
from that at hypotonic condition. (I) summary of data showing hypoosmolarity-activated whole-cell current density at ±80 mV in vector stably-transfected
HEK293 cells, TRPC5-HEK cells and TRPC5-HEK cells treated with 2APB (75 μM), preimmune IgG (+control IgG) and T5E3. Values represent mean
±SEM.

doi:10.1371/journal.pone.0122227.g001
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ratio of real-time fluorescence (Ft) relative to the intensity at the beginning (F0) of the experi-
ment. Maximal change in [Ca2+]i was presented as ratio F1/F0. All experiments were performed
at room temperature (~ 23°C).

Electrophysiology
Whole-cell voltage clamp and single channel recordings were performed using an EPC9 patch
clamp amplifier (HEKA, Germany). For whole-cell recording, the holding potential was 0 mV,
and I-V relationship was obtained using a ramp protocol from −100 mV to +100 mV over a
duration of 500 ms. When>15% change in current amplitude was observed after applying hy-
potonic stress (regarded as the onset of response), currents at ±60 mV were sampled every 10
seconds continuously for a further 10 minutes. For some experiments, the cells were pretreated
with T5E3 (15 μg/ml) or pre-immune serum IgG (15 μg/ml) for 1 hr, or with 2-APB (75 μM)
or Gd3+ (20 μM) for 15 min before the recording. The whole-cell current was normalized by
cell capacitance (value reported by the HEKA Pulse software) into current density (pA/pF).
For single-channel recordings, a U-shaped water-filled hydraulic pressure system was used to
generate pressure. When needed, the patch pipettes were backfilled with an anti-TRPC5 block-
ing antibody T5E3 (15 μg/ml) or pre-immune serum IgG (15 μg/ml) using a two-step protocol
as described [27, 28]. Single-channel recordings were performed continuously for ~15 min.
T5E3 inhibition was observed in 5–10 min after gigaseal. All currents were sampled at 50 kHz
and filtered at 5 kHz. The junction potential was determined by the software IGOR with Patch-
er's Power Tools, Version 2.07 10.10 2005 (Dr. Francisco Mendez; Max-Planck-Institut für bio-
physikalische Chemie), and was calculated to be approximately +16.66 mV for the
combination of pipette solution (see below for ionic composition) and bath solution NPSS.
The whole-cell and single-channel current data were analyzed with PulseFit and TACFit soft-
ware, respectively. All experiments were performed at room temperature. Solutions for patch-
clamp experiments include: (1) In whole-cell recordings, the pipette (intracellular) solution
contained in mM: 130 Cs-aspartate, 2 MgCl2, 5 Na2ATP, 5.9 CaCl2, 10 EGTA, 10 HEPES, pH
7.4 with CsOH. Free Ca2+ was calculated to be ~200 nM by the Maxchelator program (http://
maxchelator.stanford.edu). The bath solution was either the isotonic solution or the hypotonic
solution, with NaCl being replaced by equal molar of Na-aspartate. (2) In cell-attached channel
recordings, the pipette (extracellular) solution contained in mM: 140 Cs-aspartate, 5 CsCl, 1
MgCl2, 1 CaCl2, 10 HEPES, pH 7.4 with CsOH. The bath solution for the cell-attached record-
ings was NPSS. (3) For determining channel conductance in cell-attached mode, high K+ bath
solution was used, which contained in mM: 130 K-aspartate, 5 NaCl, 1 MgCl2, 1 CaCl2, 10 glu-
cose, 10 HEPES, pH 7.4 with KOH. For experiments with BAPTA-AM treatment, cells were
pretreated with 10 μM BAPTA-AM in Ca2+ free NPSS for 40 minutes before cell-attached re-
cordings. For experiments with cytochalasin D treatment, cells were pretreated with 5 μM cyto-
chalasin D for 30 minutes in NPSS, and subjected to single-channel recording within
30 minutes.

Data analysis and presentation
Data from [Ca2+]i measurement were plotted as traces showing mean ± SEM of Ft/F0 from
�20 cells per experiment. Current-voltage curves in electrophysiology were single representa-
tive recording from multiple experiments. Bar charts show data in mean ± SEM of the mea-
sured values from multiple experiments. Number of experiments (n) was indicated in bracket
at the bar apex or next to the legend label. Student’s t-test was used for statistical comparison,
with probability p<0.05 (�) deemed to be a significant difference. The absence of significant
difference (p�0.05) was denoted as "n. s.".
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Results

Hypoosmotic stress activates TRPC5
It is known that an acute decrease in the osmolarity of the bath solution elicits cell swelling ac-
companied by an increase in plasma membrane tension [29, 30]. Thus, hypotonic shock in-
duced by low osmolarity bath solution can be used as a stimulus to investigate
mechanosensitive components on plasma membrane. Previous studies have demonstrated that
hypotonic shock increased Ca2+ influx and whole-cell currents via TRPC5 [25, 31]. To test
whether TRPC5 is a mechanosensitive channel, we sought to verify whether TRPC5 activity is
stimulated by hypoosmotic stress using independent reagents and approaches. We established
a stable HEK293 line overexpressing mouse TRPC5 (TRPC5-HEK) (Figure A in S1 Fig), and
loaded these cells with a fluorescence Ca2+ indicator, Fluo3, to measure the change in [Ca2+]i.
We bathed the cells in isotonic solution (300 mOsm) and acutely changed the solution to hypo-
tonic solution (210 mOsm) within 30 seconds (Figure B-C in S1 Fig). The cells swelled gradual-
ly within 2–3 minutes after changing bath to hypotonic solution (Figure B in S1 Fig).
Accompanying the swelling, [Ca2+]i of individual cells increases as indicated by Fluo3 fluores-
cence (Figure C in S1 Fig).

The same hypotonic stress (210 mOsm) was unable to elicit significant [Ca2+]i change in
vector stably-transfected cells (Figure A in S2 Fig), which displayed intact Ca2+ store release
upon stimulation by carbachol (Cch) (Figure A in S2 Fig), a G-protein-coupled receptor
(GPCR) agonist to acetylcholine receptor. Contrary to the lack of hypotonic stress induced
Ca2+ response in vector stably-transfected cells, TRPC5-HEK cells showed robust [Ca2+]i eleva-
tion when hypotonic stress was applied in the presence of extracellular Ca2+ (Fig 1A). [Ca2+]i
decreased upon restoring bath to isotonic solution. Lanthanum (La3+, 100 μM), which directly
potentiates TRPC5 activity [32], was applied before the end of the experiment and elicit [Ca2+]i
increase (Fig 1A), indicating functionality of plasma membrane TRPC5. The [Ca2+]i rise in
TRPC5-HEK is not due to Ca2+ release, because depleting endoplasmic reticulum Ca2+ stores
with thapsigargin did not prevent the hypoosmolarity-induced [Ca2+]i rise (Figure B in S2 Fig).
The hypoosmolarity-induced [Ca2+]i rise was abolished when 2APB (75 μM), a TRPC5 inhibi-
tor [33, 34], was present in the bath (Fig 1C). These results are consistent with a previous study
showing hypoosmotic activation of TRPC5 [25]. To demonstrate that the response is indeed
specific to TRPC5, we utilized the blocking antibody T5E3, which specifically targets the extra-
cellular turret of TRPC5 protein [23, 26], and found that T5E3 effectively blocked the hypoton-
ic [Ca2+]i rise (Fig 1B and 1C). These data demonstrate that the hypotonic shock causes cell
swelling to activate TRPC5 in the plasma membrane, leading to Ca2+ influx.

It is known that activation of GPCRs increases TRPC channel activity [11, 35]. Some
GPCRs are mechanosensitive [36], thus they are potentially capable of activating the down-
stream phospholipase C (PLC) and G-proteins, and thereby modulating TRPC channel activi-
ty. TRPC5 can be activated by either hypoosmolarity or whole-cell inflation by patch pipette
pressure [25]. In addition, pharmacological inhibition of PLC by U73122 did not reduce the
whole-cell currents in TRPC5 overexpressing cells in response to hypoosmotic shock [25].
However, PIP2, the PLC substrate, was found to be required for the hypoosmotic activation of
TRPC5 [25]. A recent study by Jemal et al. showed that when TRPC5 is co-expressed with the
PLC-coupled type 1 histamine receptor, U73122 treatment reduced, but did not completely
abolish, the percentage of cells that displayed Ca2+ response to hypoosmotic shock [31]. It was
proposed that in addition to the hypoosmotic shock activation of the plasma membrane resi-
dent TRPC5, stimulation of the overexpressed histamine receptor by hypoosmotic shock
caused a PLC-dependent cytosolic Ca2+ mobilization that facilitated plasma membrane inser-
tion of TRPC5 [31]. It is not known whether the Ca2+ response of TRPC5 to hypoosmolarity is
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a result of a mechanosensitive GPCR-PLC pathway endogenous to HEK293 cells. PLC can be
activated by Gq-coupled GPCR agonist, for example carbachol (Cch), to produce IP3 which
triggers intracellular Ca2+ store release. In TRPC5-HEK cells, treatment with U73122 effective-
ly blocked the Ca2+ release elicited by Cch (100 μM) but not the Ca2+ influx in response to
hypoosmolarity (Fig 1D and 1F). In addition, treatment with the inactive analog, U73343, re-
sulted in comparable Ca2+ response to hypoosmolarity (Fig 1E and 1F), suggesting that such
TRPC5 activity is independent of PLC activation. In addition, the lack of hypoosmolarity re-
sponse for TRPC6 (Fig 1C and Figure C in S2 Fig), which is also a PLC-activated channel, fur-
ther confirms that hypotonicity fail to activate the endogenous PLC pathway.

We also examined the effect of T5E3 blocking antibody to the whole-cell currents of
TRPC5-HEK in response to hypoosmolarity. Previous studies showed that TRPC5-overexpres-
sing cells exhibited larger whole-cell currents at hypoosmolarity [25, 31]. Here, we first verified
whether such response was conserved in the TRPC5-HEK stable cells. In a whole-cell configu-
ration, we buffered the intracellular free Ca2+ to 200 nM with EGTA to minimize the impact of
intracellular Ca2+ fluctuation which has been shown to alter the activity of TRPC5 [37]. When
the isotonic extracellular bath solution was replaced with a hypotonic solution, the whole-cell
currents of TRPC5-HEK cells increased and reached plateau at around 400 seconds after bath
exchange (Figure D in S2 Fig). Current-voltage relationship of the whole-cell currents at
hypoosmolarity displayed double rectifications (Fig 1G), which is a characteristic of homo-
meric TRPC5 channels [32, 38]. We applied channel inhibitor 2APB or T5E3 to the bath solu-
tion, and both were able to suppress the hypoosmolarity-induced current elevations (Fig 1H
and 1I). Together with the results from [Ca2+]i imaging experiments, these data demonstrate
that hypotonic cell swelling activates TRPC5 on the plasma membrane.

Gadolinium does not inhibit TRPC5 response to hypoosmotic stress
Previous studies have shown that the trivalent ion gadolinium (Gd3+) blocks multiple mechan-
osensitive channels [20, 39]. On the other hand, there is another class of mechanosensitive
channels that are insensitive to Gd3+ [40–42]. TRPC5 activity is reportedly potentiated by Gd3+

and La3+ via the glutamate residue in the pore-loop region [32]. Therefore, we tested the effect
of Gd3+ on TRPC5-mediated [Ca2+]i rise in response to hypoosmolarity. After the [Ca2+]i rise
in response to hypoosmolarity reached its plateau, 20 μMGdCl3 was then added to the bath,
which elicited a further elevation of [Ca2+]i (Figures A-B in S3 Fig). Such additive effect sug-
gests that Gd3+ does not block the TRPC5 response to hypoosmolarity, and that the mecha-
nism of hypoosmolarity activation is independent of Gd3+ potentiation.

Pipette suction activates single TRPC5 channels
Single-channel patch clamp recordings allow characterization of biophysical properties for in-
dividual ion channels. In this technique, mechanical stress can be applied directly to the chan-
nel-containing membrane patch by altering the pressure inside the micropipette (Fig 2A) [20,
43]. Pipette suction increases the curvature and tension of the patched membrane [44, 45]. We
asked whether such mechanical stress applied locally to the membrane would activate the em-
bedded TRPC5. By connecting the patch pipette to a U-shape water column, we can set the pi-
pette pressure to defined pressure values and record channel activity at single-
channel resolution.

Although we did not observe Ca2+ influx in control HEK293 cells when challenged by
hypoosmolarity, we frequently encountered endogenous large-current channels when we ap-
plied negative pipette pressure to HEK293 cells. Because patch clamp experiments measure
currents across the patched membrane that can be carried by any available ions in the extra-
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Fig 2. Pipette pressure activates TRPC5 on single-channel membrane patch. (A) schematic diagram depicting single-channel current measurement in
TRPC5-expressing CHO-K1 cells. Membrane stretch was elicited by applying suction through the patch pipette, as indicated by red arrow. (B) a
representative cell-attached recording (n = 11) of TRPC5-expressing CHO-K1 cell showing changes in channel activity when -40 mmHg pipette pressure
was applied (suction) and subsequently released (release). The pipette holding potential was -60 mV. (C) representative traces showing single-channel
activities in vector transfected (Vector) and TRPC5-expressing (TRPC5) CHO-K1 cells at 0 mmHg and -40 mmHg pipette pressure with cell-attached
configuration. Channel activities were also recorded in TRPC5-expressing cells pretreated with 10 μMBAPTA-AM to buffer cytosolic Ca2+ fluctuation
(TRPC5+BAPTA-AM). The pipette holding potentials were -60 mV. (D) channel open probability (NPo) values over time for the stretch-activated channel
under 0 mmHg and -40 mmHg. Shown are analyses from the same cell-attached patch applied with the indicated pipette pressures for 90 seconds. (E)
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and intra-cellular solutions (for instance, Cs+, K+, or Na+), these endogenous mechanosensitive
channels may mask the channel activity of TRPC5 in single-channel experiments. Therefore,
for single-channel studies, we chose to use CHO-K1 cells, in which we rarely recorded mechan-
osensitive currents. We then established a CHO-K1 cell line stably overexpressing TRPC5
(Figure A in S1 Fig).

In the cell-attached (c/a) mode (Fig 2A), negative pressure (suction) in the pipette at −40
mmHg dramatically increased a TRPC5-like channel activity in TRPC5-overexpressing
CHO-K1 cells (Fig 2B and 2C). The channel open probability (NPo) increased from a control
value of 0.02 ± 0.01 to the values of 0.82 ± 0.19 at −40 mmHg (Fig 2D and 2E). However, in
control cells transfected with an empty vector, the same pressure steps failed to elicit compara-
ble channel activity (Fig 2C). Since TRPC5 activity can be potentiated by cytosolic Ca2+ eleva-
tion [37], we asked how the channel activity in response to pressure would change if the
cytosolic Ca2+ fluctuation is buffered. We treated the cells with 10 μM BAPTA-AM before the
recordings to chelate cytosolic Ca2+, and found that the channel open probability increased sig-
nificantly when −40 mmHg was applied (Fig 2C and 2E), indicating that the channel response
to pressure is not mediated by cytosolic Ca2+ elevation. We also attempted to perform excised
patch recording to test whether TRPC5 is responsive to pressure in the absence of cytosolic
components. After performing cell-attached recordings, we excised the membrane patch that
contained TRPC5 channel and tested for channel activity. Although it was technically challeng-
ing to apply pressure to the excised patch without disrupting the seal or the patched membrane,
we observed that in some excised patches, TRPC5 channel activity increased after applying
pressure (S4 Fig).

To estimate the single-channel slope conductance of this pressure-activated channel, cur-
rent amplitudes were measured at different clamping potentials while the cells were bathed in a
130 mM extracellular K+ solution to dissipate the resting membrane potential. The slope con-
ductance of this stretch-activated channel in c/a patch was estimated to be 39 ± 2 pS (Fig 2F),
which was close to the reported value of 38 ± 3 pS for homomeric TRPC5 channels [32, 46].

We further verified this mechanical stress-activated channel by apply T5E3 blocking anti-
bodies to the patch pipette via a two-step backfilling method (Fig 2G). Shortly after the forma-
tion of a gigaseal, suction was able to elicit TRPC5-like channel response (Fig 2H). After 5–10
minutes to allow diffusion of T5E3 to the pipette tip, the same suction failed to elicit channel
activity (Fig 2H and 2I). In contrast, back-filling the pipettes with preimmune control IgG was
found to have no effect on the suction-induced response (Fig 2H and 2I). Together, these re-
sults demonstrate that TRPC5 can be activated by mechanical stretch applied to the
plasma membrane.

Graded response of TRPC5 to mechanical stress
Many mechanosensitive channels exhibit a pressure threshold, across which the channel is acti-
vated [47]. We challenged the TRPC5-expressing cells with bath solutions of different osmolar-
ities. The results showed that significant [Ca2+]i rise occurred at or below 240 mOsm (Fig 3A
and 3B). Similarly, on single-channel patch clamp recordings, −20 mmHg had no effect on

quantification of the single-channel open probabilities (NPo) of the channel activities recorded on TRPC5-expressing CHO-K1 cells as in (C). (F) single-
channel I-V relationships of the stretch-activated channels in cell-attached configuration. The bath solution was 130 mMK+ solution (High K+, red circle) for
dissipating the membrane potential. The slope conductance is 39 ± 2 pS. (G) schematic diagram showing the two-step backfilling protocol. Patch pipettes
were backfilled with T5E3 (15 μg/ml) using a two-step protocol. T5E3 eventually diffused to pipette tip to inhibit TRPC5. Only the patched membrane is
depicted for simplicity. Recordings were performed with cell-attached configuration. (H) representative traces showing the stretch (-40 mmHg)-activated
channel in the presence of preimmune IgG (15 μg/ml) or T5E3 (15 μg/ml) immediately (0 min) and 10 minutes (10 min) after gigaseal formation. The pipette
holding potentials were -60 mV. (I) summary of single-channel open probabilities (NPo) as in (H).

doi:10.1371/journal.pone.0122227.g002
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TRPC5 NPo, while −40 mmHg and −60 mmHg significantly increased NPo (Fig 3C and 3D).
Therefore, the single-channel pressure threshold necessary to activate TRPC5 occurs between
−20 and −40 mmHg. These results indicate that TRPC5 activity is significantly enhanced only
when plasma membrane tension reaches a permissive threshold.

TRPC5 response to hypoosmotic stress is dependent on actin filaments
Cortical actin forms a polymerized network underneath the plasma membrane to provide ri-
gidity and integrity to the lipid bilayer. This array of filaments minimizes lateral stretch and
protects the bilayer from sudden changes in bilayer tension, which may lead to rupture of the
membrane. Hence, the presence of cortical actin may limit the transmission of experimentally
applied force to mechanosensitive components within the lipid bilayer. On the other hand, in
the tethered model, actin filaments may convey force to a tethered ion channel, thereby confer-
ring the mechanosensitivity to the channel [3, 4]. To test whether cortical actin filaments mod-
ulate the hypoosmolarity-induced TRPC5 activity, we treated the TRPC5-expressing cells with

Fig 3. Threshold of TRPC5mechanosensitivity. (A) representative time-series traces showing [Ca2+]i in TRPC5-expressing HEK293 cells in response to
different osmolarities. Blue bar on top indicated duration of hypoosmolarity. (B) quantification of the [Ca2+]i response at different osmolarities. *, p<0.05
compared to 270 mOsm. (C) representative traces showing the stretch-activated channel under different pipette pressures from a single cell-attached patch
of TRPC5-expressing CHO-K1 cell. (D) quantification of single-channel open probabilities (NPo) of under different pipette pressure as in (C). *, p<0.05
compared to 0 mmHg.

doi:10.1371/journal.pone.0122227.g003
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cytochalasin D (25 μM) to disrupt actin polymerization prior to hypotonic stimulation. Inter-
estingly, cytochalasin D treatment abolished the sensitivity of the channel to hypoosmolarity
(Fig 4A and 4B), but had no effect on response of TRPC5 to La3+ and Cch (Fig 4C and 4D).
These data suggest that although disrupting actin polymerization blunts TRPC5 sensitivity to
hypotonic membrane stretch, this manipulation does not affect channel activation via plasma
membrane delimited mechanisms. We also tested the effect of cytochalasin D treatment on the
single-channel stretch response of TRPC5. We treated TRPC5-overexpressing CHO-K1 cells
with cytochalasin D (5 μM) and performed cell-attached single-channel recordings. Whereas
pipette suction (−40 mmHg) elicited significant channel openings under cytochalasin D treat-
ment (Fig 4E), the open probability was drastically decreased by ~75% compared to untreated
control (Fig 4F). Therefore, actin filaments are crucial for TRPC5 response to
mechanical stress.

One possible way for actin filaments to regulate TRPC5 sensitivity to mechanical stress is by
tethering to the channel's cytosolic domains. TRPC5 contains a PDZ-binding domain at the C-
terminus. It has been shown that the cytoskeletal-anchoring protein NHERF/EBP50 can physi-
cally couple to TRPC5 via the C-terminal PDZ-binding motif [48, 49]. Since EBP50 interacts
with actin via ezrin, disruption of TRPC5-EBP50 coupling might prevent actin regulation of
TRPC5 upon mechanical stress. Therefore, we constructed a truncated TRPC5 (ΔC-TRPC5) in
which the C-terminal 9 amino acid residues that contain the PDZ-binding motif (VTTRL)
were removed. However, the truncation did not prohibit the channel response to hypoosmolar-
ity (Fig 4G and 4H), suggesting that the C-terminal PDZ-binding domain of TRPC5 is not in-
volved in cytoskeleton tethering for mechanosensitivity.

Discussion
In the present study, we characterized the mechanosensitive properties of TRPC5. We utilized
two methods to apply mechanical force to the plasma membrane: 1) acute cell swelling induced
by hypoosmolarity; and 2) suction force applied via patch pipette to increase tension of the
patched membrane. We found that either manipulation led to an increase in channel activity
as determined by cytosolic Ca2+ measurement and cationic current recordings. The responses
to mechanical forces were graded within the extracellular osmolarity range of 210–270 mOsm
or pipette suction pressure range of 20–60 mmHg. The TRPC5 response to hypotonic mem-
brane stretch is independent of phospholipase C, which is regarded as an upstream activator of
TRPC channels. Gadolinium, which blocks a wide variety of cation channels including some
mechanosensitive channels [20, 39], failed to block the hypotonic activation of TRPC5 but
rather caused further stimulation of TRPC5-mediated [Ca2+]i rise. We also showed that intact
actin filaments are essential to both the hypotonic activation and pipette pressure-activated sin-
gle-channel response of TRPC5.

Previous studies showed that hypotonic treatment could elicit a [Ca2+]i rise in ~25% of
TRPC5-transfected HEK293 cells [25, 31]. When the cells were co-transfected with type 1 his-
tamine receptors, the hypoosmolarity-responding cells increased to ~60% [31]. However, in
the present study, even without any receptor co-transfection, hypoosmotic cell swelling could
evoke a [Ca2+]i rise (F1/F0 �1.2) in 81 ±6% of TRPC5-transfected HEK293 cells. The reason
for discrepancy is unclear. However, although Gomis et al. and we utilized similar clone
(mouse TRPC5) and expression system (HEK293 cells), one major difference is that we stably
expressed TRPC5 while Gomis et al. transiently expressed the channel. As will be further dis-
cussed below, mechanosensitivity of TRPC5 may involve tethering of TRPC5 to actin filament.
It is possible that stable expression would allow better tethering interaction between TRPC5
and actin filaments to result in more effective mechanical response. In addition, stably
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Fig 4. Actin filament is essential to TRPC5mechanosensitivity to hypoosmotic stress. (A) a representative time-series trace showing [Ca2+]i
responses to different osmolarities in TRPC5-expressing HEK293 cells that were pretreated with 25 μM cytochalasin D for 45 min. (B) summary showing
effect of 25 μM cytochalasin D treatment on the [Ca2+]i responses to hypoosmolarity. (C) representative time-series traces showing [Ca2+]i responses to
100 μM LaCl3 (La

3+, arrow indicates time of addition) in cells that were treated with or without 25 μM cytochalasin D. (D) summary of the [Ca2+]i responses to
100 μM carbachol (Cch) or 100 μM LaCl3 (La

3+). n.s. denotes "not significant". E, a representative cell-attached patch of TRPC5-expressing CHO-K1 cells
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transfected cells may have a higher plasma membrane localization of TRPC5 compared to tran-
siently transfected cells.

Although we and others have shown hypoosmotic cell swelling activates TRPC5 based on
[Ca2+]i measurement and whole-cell patch clamp recording [25, 31], our current study is the
first to demonstrate TRPC5 mechanosensitivity at single-channel level. Because HEK293 cells
are known to express endogenous stretch-sensitive channels [50], we chose to express TRPC5
in CHO-K1 cells to study its mechanosensitivity at single-channel level. We applied negative
pressure (suction) through the patch pipette, which exerts mechanical stress onto the patched
membrane [44, 45], and recorded single-channel activity. The results showed that negative pi-
pette pressure could activate a 39 pS channel in TRPC5-overexpressing CHO-K1 cells but not
in control cells that were transfected with empty vector. The channel activity increased when
the negative pipette pressure reached 40 mmHg or higher. When pipette pressure returned
back to 0 mmHg, the channel activity diminished. The stretch activity of the channel could be
inhibited by a TRPC5 blocking antibody T5E3. In addition, the stretch response persisted even
when cytosolic Ca2+, which potentiates TRPC5 at high concentration [37], was buffered by
BAPTA, indicating the stretch response is not secondary to Ca2+ fluctuation. These data collec-
tively demonstrated the mechanosensitivity of TRPC5 at single-channel level.

There are several general mechanisms for mechanical activation of an ion channel. These in-
clude 1) direct channel activation by altering bilayer tension/bending/thickness, 2) indirect
channel activation via mechanosensitive signaling molecules, and 3) direct channel activation
by tethering to cytoskeletal elements that are exposed to mechanical forces [4, 51]. Some
mechanosensitive channels, including Drosophila NompC and C. elegansMEC-4/MEC-10,
haven been demonstrated to be gated by tethered cytoskeletons [7, 52–54]. Thus, we tested the
model of tethering cytoskeletons. Our data showed that disruption of actin filaments with cyto-
chalasin D abolished the hypoosmolarity-induced [Ca2+]i rise in TRPC5-overexpressing
HEK293 cells, supporting that mechanical force may activate TRPC5 via tethered action fila-
ments. The detailed mechanism of interaction between TRPC5 and actin filaments interact is
unclear. Previous report showed that TRPC5 may be physically coupled to the cytoskeletal-an-
choring protein NHERF/EBP50 via the C-terminal PDZ-binding domain [48, 49]. However,
we found that removing the C-terminal 9 amino acid residues that contain the PDZ-binding
motif (VTTRL) of TRPC5 did not affect the channel response to hypoosmolarity (Fig 4G and
4H), suggesting that actin regulates TRPC5 sensitivity to mechanical stress via channel domain
(s) other than the PDZ-binding motif.

Because many TRPC channels are activated by GPCR-PLC signaling pathway [11, 35], we
also examined the involvement of PLC. However, inhibition of PLC with U73122 had no effect
on hypoosmolarity-induced [Ca2+]i rise in TRPC5-expressing HEK293 cells, suggesting that
PLC pathway was not involved in the process. However, a recent study has shown that Gi pro-
teins can directly regulate TRPC5 activity independently of PLC [55], and thus we cannot
completely exclude the possibility of PLC-independent mechanism on hypoosmotic activation
of TRPC5.

We did not test the model of direct channel activation by membrane tension/bending/thick-
ness, because this would require expression of purified TRPC5 proteins in artificial lipid

pretreated with 5 μM cytochalasin D at 0 mmHg and -40 mmHg pipette pressure. F, quantifications of channel open probability (NPo) from patches with or
without cytochalasin D treatment. NPo of cytochalasin D treated patches is significantly lower compared to the untreated at -40 mmHg (*, p<0.05), and is
significantly higher compared to that at 0 mmHg (#, p<0.05). (G) representative time-series trace showing [Ca2+]i response to different osmolarities in
HEK293 cells expressing ΔC-TRPC5, a truncated form lacking the C-terminal PDZ-binding motif. (H) summary of [Ca2+]i responses to different osmolarities
in ΔC-TRPC5-expressing HEK293 cells. *, p<0.05 compared to 270 mOsm.

doi:10.1371/journal.pone.0122227.g004
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bilayers. In this regard, we and others have previously shown that TRPC5 can be activated by
genistein, lysophosphatidylcholine and sphingosine 1-phosphate, all of which are capable of in-
serting into lipid bilayers, thereby altering the curvature and thickness of lipid bilayers [22–24,
56]. These previous data suggest that activity of TRPC5 may be also modulated by membrane
tension/bending/thickness. Nevertheless, our present data clearly showed that cytochalasin D
inhibited both the hypotonicity-induced [Ca2+]i rise and the single-channel stretch response,
suggesting that mechanical stress of the membrane is conveyed to TRPC5 via actin filaments.
Further study is warranted to examine how actin filaments sense the stress and interact with
TRPC5, and whether actin cytoskeletons are involved in other modes of TRPC5 activation.

TRPC5 expression has been found in many cell types with inherit mechanosensitive Ca2+

influx, including endothelial cells, smooth muscle cells, cardiac myocytes and arterial barore-
ceptor neurons [21, 57–59]. While TRPC5 knockout mice showed defective innate fear re-
sponse [60], tissue-specific mechanotransduction functions in these mice remain to be
uncovered. One study reported that TRPC5 knockout mice showed lower response to Von
Frey fiber stimulations on paw skin mechanosensitivity [61]. The results from the current
study add to the growing molecular evidence that TRPC5 may participate in the mechano-
transduction of membrane stress. However, deeper and extended functional studies are neces-
sary to ascribe a general role for TRPC5 in mechanotransduction in vivo.

Supporting Information
S1 Fig. Hypoosmolarity induces cell swelling and [Ca2+]i rise in TRPC5-HEK (related to
Fig 1). (A) representative image of an immunoblot comparing TRPC5 expression in HEK293
cells (left panels) and CHO-K1 cells (right panels) transfected with empty vector (vector) or
TRPC5 (TRPC5). Blot with anti-β-tubulin antibody confirmed equal loading of proteins (lower
fpanel). (B) bright-field time-course images showing morphological change of HEK293 cells
then bath solution was exchanged from isotonic (300 mOsm) to hypotonic (210 mOsm). Scale
bar represents 20 μm. The yellow-boxed area was magnified and shown on the lower panel at
the respective time point. (C) morphology (upper panel) and [Ca2+]i Fluo-3 fluorescence
(lower panel) of TRPC5-HEK cells in isotonic (300 mOsm) and hypotonic (210 mOsm) bath
solutions. Scale bar is 20 μm.
(TIF)

S2 Fig. Hypoosmolarity increases Ca2+ influx and whole-cell currents through TRPC5 (re-
lated to Fig 1). (A) representative time-series traces showing [Ca2+]i responses to hypotonicity
(210 mOsm) in HEK293 cells stably transfected with vector pcDNA3. Carbachol (Cch,
100 μM) was added to show intact Ca2+ store mobilization. (B) representative time-series traces
showing [Ca2+]i change in TRPC5-HEK in response to hypoosmolarity when Ca2+ store was
depleted. Thapsigargin (5 μM; TG) was added at the time indicated by arrow to deplete the ER
Ca2+ store. (C) representative time-series traces showing [Ca2+]i change in TRPC6-expressing
HEK293 cells in response to hypoosmolarity (210 mOsm) and 1-oleoyl-acetyl-sn-glycerol
(100 μm; OAG). OAG is a direct agonist on TRPC6. (D) representative time-series traces show-
ing whole-cell current change of a TRPC5-HEK cell in response to hypotonicity (240 mOsm)
at holding potentials of +60 mV (open circle) and -60 mV (close circle).
(TIF)

S3 Fig. Gadolinium does not inhibit TRPC5 response to hypoosmolarity. (A) representative
time-series trace showing [Ca2+]i change of TRPC5-expresssing HEK293 cells in response to
hypoosmolarity (210 mOsm). Traces show cells bathed in nominally Ca2+ free solution (0 Ca2+,
black trace), treated with 4 μg/ml T5E3 (red trace), or with the addition of 20 μMGdCl3 at the
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time indicated by arrow (blue trace). (B) quantification of [Ca2+]i response of TRPC5-expressing
HEK293 cells at 210 mOsm, before and after addition of 20 μMGdCl3. Values are normalized
to that before addition.
(TIF)

S4 Fig. TRPC5 activity in response to pressure in excised patch recordings. A representative
trace (n = 3) showing a channel preserving pressure-sensitivity in excised inside-out patch. The
patch was excised from TRPC5-expressing CHO-K1 cell previously held at -60 mV at cell-at-
tached mode with NPSS as bath solution. Arrows indicate the application and release of -40
mmHg pipette pressure.
(TIF)
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