Stem Cell Research (2012) 9, 59–68

Available online at www.sciencedirect.com

www.elsevier.com/locate/scr

Proton-gated ion channels in mouse bone marrow
stromal cells
Sandip Madhusudan Swain, Sreejit Parameswaran, Giriraj Sahu,
Rama Shanker Verma, Amal Kanti Bera ⁎
Department of Biotechnology, Indian Institute of Technology Madras, Chennai, 600036, TN, India

Received 16 November 2011; received in revised form 5 March 2012; accepted 30 April 2012
Available online 9 May 2012

Abstract A variety of ion channels like acid sensing ion channels (ASICs) and several members of the transient receptor
potential (TRP) cation channel family are known to be activated by protons. The present study describes proton‐gated current
in mouse bone marrow stromal cells (BMSCs), by using whole cell patch clamp. Rapid application of extracellular solution of
pH ≤ 6.5, evoked slow inactivating current with mean peak value of 328 ± 31 pA, (n = 25) at pH 5.0. The reversal potential was
close to the theoretical Na + equilibrium potential, indicating that majority of the current is mediated by Na + and partially
carried by Ca 2+ as revealed by ion substitution experiments and Ca 2+ imaging. ASICs blocker amiloride (1 mM) and nonselective
cation channel blocker flufenamic acid (0.3 mM) reduced the current amplitudes by 36 ± 5% (n = 10) and 39 ± 7% (n = 14)
respectively. Co-application of flufenamic acid and amiloride further decreased the current by 70 ± 7% (n = 7). However,
capsazepine, SKF 96365 and ruthenium red had no effect. 10 mM of Ca 2+ and 2 mM of La 3+ inhibited the current by 39 ± 6% (n = 5)
and 46 ± 6% (n = 4) respectively. Zn 2+ (300 μM) and Gd 3+ (500 μM) had no effect on the current amplitude. Low pH mediated cell
death was completely inhibited by co-application of La 3+ and amiloride. Reverse Transcriptase-PCR detected expression of
mRNAs of ASICs and TRP family. In summary, our results demonstrate the functional expression of low pH‐activated ion
channels in mouse BMSCs.
© 2012 Elsevier B.V. All rights reserved.

Introduction
Mesenchymal stromal cells (MSCs) participate in wound
healing, organ formation during development, and in tissue
regeneration (Aicher et al., 2011). Some cells within
cultured MSCs population can be differentiated into osteoblasts, chondrocytes and adipocytes (Liu et al., 2009;
Leonardi et al., 2009). MSCs have the ability to home at

the damaged site and promote tissue repair by releasing
paracrine factors. Their immune modulatory properties make
MSCs good candidates for preventing graft rejection and in
autoimmune diseases (Zhao et al., 2010). MSCs can be isolated
from various tissues. Bone marrow stromal cells (BMSCs) have
been widely used in basic research as well as in regenerative
medicine. However, little is known about the electrophysiological properties of BMSCs. To date, few ion channels have
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maximum activation pH (pH50), as calculated from the dose–
response curve, is about 5.0 (Fig. 1B).

been reported in mouse, rat and human BMSCs. Voltage gated
delayed rectifying K + channels, TRPM7 channels, maxi K +
channels, tetrodotoxin (TTX) sensitive sodium channels, and
nifedipine sensitive calcium channels, have been reported to
be present in different mesenchymal stem cells (Li and Deng,
2011; Cheng et al., 2010). Expression of low pH‐activated
channels like ASICs has not been reported in MCSs. In this study,
we characterized the ionic current produced by low extracellular pH in mouse BMSCs. The importance of such proton
activated channels in stromal cells has been discussed.

Ion permeability
The current–voltage relationship (I–V) for current triggered by
pH 5.0 is shown in Fig. 2. The reversal potential with 150 mM
extracellular Na + and 30 mM intracellular Na + was 55 ± 6.6
(n = 7) [Fig. 2A], 14.1 mV higher than theoretical reversal
potential calculated using the Nernst equation. In the presence
of equimolar Na + in both extra and intra cellular solutions
(30 mM), the reversal potential was 24.36± 7.6 mV (n = 4)
[Fig. 2B], instead of “0” for the given solution as calculated
using the Nernst equation. It indicates that the channels are
permeable to other ions apart from Na +.
Ca 2+ is one of the major contributors of proton induced
current generated by ASIC1a, TRPV1 and nonselective cation
channels (Aarts et al., 2003; Xiong et al., 2004). When
external Na + was substituted with equimolar concentration
of NMDG, the peak current was reduced by 56 ± 4%, (n = 5) at
pH 5.0 (Fig. 2C). Removal of both Ca 2+ and Na + from the
extracellular solution abolished the current almost completely
(Fig. 2D), indicating that the observed inward current is due to
both Na + and Ca 2+. We further examined the influx of Ca 2+ by
fura-2 ratiometric calcium imaging. Application of external
solutions of pH 5.0 containing 2 mM Ca 2+ transiently raised the
intracellular calcium in most BMSCs. The florescence intensity

Results
Low pH‐activated inward current
Rapid application of low pH solution generated fast inward
currents that decayed slowly in BMSCs. 90% of the cells
produced measurable currents in response to the application
of acidic solutions of pH 4.0 to 6.5 (Fig. 1A). Interestingly, cells
from the first 2 passages did not display these low pH evoked
currents. The average current amplitude increased from
passage numbers 3 to 9 and then remained constant till the
25th passage. At pH 5.0, the mean peak current was 328±31 pA,
(n=25; holding potential −60 mV). At pH ≤5.0, about 8% of the
cells showed rapid activation and inactivation followed by a
slow sustained component, typical of ASIC3 (Fig. 1C). These
cells were excluded from further characterization. The half-
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Figure 1 Low pH‐activated current in MSCs.(A). Activation of inward currents in MSCs at different pHs. (B) pH dose–response curve
was fitted to the Hill equation, as described in Materials and methods section. Each data point at different pH represents mean ± SEM
obtained from 3 to 10 cells. The calculated pH50 was 4.97 ± 0.1. Current amplitude at a given pH was normalized to the current,
induced by pH 3.5 (I/IpH 3.5). (C) The representative trace showing a distinct biphasic current was observed in 8% of total cell
population.
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ratio (F340/F380) increased by 3.23 ± 0.23 fold (n = 30) [Figs. 2E
and F]. Interestingly, low pH solution, devoid of Ca 2+ also
raised intracellular calcium to a lesser extent, indicating acid
induced calcium release from intracellular stores (Fig. 2E).
To determine the order of permeability of different
monovalent cations, the external Na + was replaced with
equimolar concentration of different monovalent cations.
The rank order of permeability was observed as Na + N NH4+ Li + N Cs + N NMDG, as calculated from the peak currents
before and after substitution of the Na + with respective
monovalents (Fig. 3). When external Ca 2+ was substituted
with 4 mM of Ba 2+ the peak current amplitude at pH 5.0 did
not differ significantly (Fig. 3).

Pharmacologic properties of low pH induced inward
current
Low pH can activate several types of channels and the
observed inward current could be due to the cumulative
effect of all such activated channels. The possible activated
channels could be ASICs, and some members of the sub-family
of TRP channel. We used several known blockers of ASICs and
TRP channels for further characterization. Amiloride (1 mM), a
nonspecific blocker of ASICs (Lingueglia et al., 1997), inhibited
the peak current at pH 5.0 by 36 ± 5% (n = 10) [Figs. 4A and C].
About 70% of the cell population was sensitive to amiloride. To
determine the functional expression of different ASIC isoforms, we used metal ions like Ni 2+, Cd 2+ and Zn 2+, which are
known to modulate ASICs in a subtype specific manner.
Application of Ni 2+ (100 μM) resulted in the reduction of
current amplitude by 13 ± 4% (n = 6) (Fig. 4A). Ni 2+ has been
reported to block homomeric ASIC1a and heteromeric ASIC1a/
2a channels without affecting ASIC1b, 2a, and ASIC3 homomeric channels. However, Ni 2+ does not block the ASIC1a/3
and 2a/3 heteromeric channels (Staruschenko et al., 2007).
Since, 36 ± 5% of proton activated current was contributed by
ASICs (amiloride sensitive), 13% attenuation of peak current by
Ni 2+ reflects that about 1/3 of expressed ASICs (homomeric
ASIC1a and heteromeric ASIC1a/2a) were sensitive to Ni 2+.
However, Cd 2+ (100 μM) and Zn 2+ (300 μM) had no effect on
current amplitude (Fig. 4A). Cd 2+ is known to inhibit ASIC2a
and ASIC3 homomeric channels as well as ASIC1a/2a, 1a/3,
and 2a/3 heteromeric channels but not the ASIC1a homomeric
channel (Staruschenko et al., 2007.) Zn 2+ has been reported to
potentiate ASIC2a containing channels (Baron et al., 2001).
These results suggest that, ASIC1a homomeric channel is the
major ASIC, expressed in BMSCs.
Besides ASICs, some TRP channels also are known to be
activated at low pH (Peter, 2007; Sugiura et al., 2007). Several
blockers were used to identify the different TRP members,
which can be activated by proton in MCSs. Ruthenium red
(5 μM), a nonspecific blocker of TRPV channels (TRPV1–V6)
(Clapham, 2003) and TRPM6 (Voets et al., 2004), had no effect
on low pH‐induced current. La 3+ and Gd 3+ differentially
modulate most of the TRP channels including TRPM2, TRPM3
and TRPM7 (Clapham, 2003; Grimm et al., 2005). 1 mM and
2 mM La 3+ inhibited low pH‐induced current by 26± 7% (n = 5)
and 46 ± 6% respectively (Figs. 4A and B). However, Gd 3+
(1 mM) had no such effect on low pH‐induced current (Fig. 4A).
Interestingly, TRPV1 blocker capsazepine (20 μM) (Bevan and
Szolcsányi, 1990) and SKF96365 (100 μM) (1-(beta-[3-(4-
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methoxy-phenyl) propoxy]-4-methoxyphenethyl)-1H‐imidazole
hydrochloride), a blocker of TRPC sub-family and receptor
mediated calcium entry (RMCE) (Bomben and Sontheimer,
2008; Romero-Mendez et al., 2008) did not affect the proton
activated current (Fig. 4A). However, the current was significantly reduced by nonselective cation channel blocker, flufenamic acid (FFA) [Fig. 4], which is known to block several TRP
members, including TRPC3, TRPC5, TRPM2, TRPM4 and TRPM5
(Albert et al., 2006; Ullrich et al., 2005). Proton activated
current was reduced significantly, when BMSCs were preconditioned with FFA (50 μM) (Fig. 4D). Prolonging pre-conditioning
time enhanced the efficacy of FFA. When the cells were treated
with FFA (50 μM) for 5 s, 30 s and 50 s the current amplitude
decreased by 5.8±4% (n=4), 41.3±7.9% (n=5) and 62.6±11%
(n=4) respectively (Fig. 4D). Further inhibition was not
observed by prolonging the application time. FFA also blocked
the current when co-applied with the low pH external solution.
FFA (300 μM) reduced the peak current by 39±7.3% (n=14) at
pH 5.0 (Figs. 4A and C). Full recovery of the current was not
observed after 3 min of washing. Co-application of FFA (300 μM)
and amiloride (1 mM) further reduced the current by 70±6%
(n=7) [Fig. 4C]. To know the subtype of TRP channels that
actually contributes to the low pH evoked currents, we
generated a current–voltage relationship plot (I–V plot) at pH
4.0, after blocking ASICs with 1 mM amiloride. In response to
voltage ramps of 50 ms duration spanning −100 to +100 mV,
cells produced robust outward rectifying currents and little
inward currents (Fig. 4E). Such an I–V curve is characteristic of
the TRPM7 channel (Nadler et al., 2001).

Effect of extracellular calcium
Extracellular calcium modulates various ion channels, including ASICs (Immke and McCleskey, 2003; Paukert et al., 2004).
The effect of extracellular calcium on proton induced current
in BMSCs was studied. In the presence of 5.0, 10 and 20 mM
calcium, the peak current reduced by 21 ± 6% (n = 6) 30 ± 6%
(n = 7) and 35 ± 9% (n = 5) respectively (Fig. 5). 1.0 and 2.0 mM
Ca 2+ showed a similar trend.

Reverse transcriptase polymerase chain reaction
(RT-PCR)
RT-PCR was used to assess the gene expression of various low
pH‐activated channels in BMSCs. cDNAs synthesized from total
RNA was used for the amplification of desired genes along with
mouse specific primers (Table 1). Fig. 6, shows the expression
profile of the various studied genes. ASIC1a, ASIC3, TRPV1 and
TRPM7 showed robust amplification and the fragment sizes
were as expected. However, ASIC1b and ASIC2a were not
detected even by amplification with multiple primer pairs from
the different sites of the coding region.

Proton‐gated channels are associated acid induced
cell death
Over-activation of proton activated channels is known to
cause cell death by increasing intracellular calcium (Chu and
Xiong, 2012; Bae and Sun, 2011). We examined the role of
proton-gated channels in low pH‐induced cell death. About
20% of the cells died when BMSCs were exposed to
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extracellular solution of pH 6.0 for 1 h. Interestingly there was
no significant cell death when proton activated channels were
blocked with La 3+ and amiloride (Fig. 7), suggesting that these
channels are indeed associated with acid induced cell death of
BMSCs. Although FFA reduced the channel current significantly, we could not use it in cell death assays due to its cytotoxic
effect.

Discussion
In the last decade, BMSCs have gained considerable
attention due to their immense potential in regenerative
therapy. Although ample work on different receptors and
signaling pathways has been published, there are hardly any
studies on ion channels expressed in BMSCs. Recent studies
have demonstrated that multiple ion channels are heterogeneously present in MSCs and the patterns and phenotypes
of ion channels are species- and/or origin-dependent (Li and
Deng, 2011). In the present study, we report the functional
expression of low pH‐activated channels in mouse BMSCs. By
systematic use of different channel modulators/blockers,
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we demonstrated that BMSCs express ASICs and TRP channels
that are activated by low pH. The electrophysiological data
were further substantiated by RT-PCR. About 36% of low pH‐
induced current was contributed by amiloride sensitive
ASICs. The rest of the current was due to the activation of
TRP channels.
mRNAs of ASIC1a and ASIC3 were detected in BMSCs
(Fig. 6). Although, RT-PCR analysis demonstrated robust
amplification of ASIC3, only 8% of cells showed typical ASIC3
type whole cell current (Fig. 1C). Besides, we also demonstrated that homomeric ASIC1a is predominantly expressed in
BMSCs. The possibility of functional heteromeric channel
containing ASIC1a and ASIC3 can be ruled out since Cd 2+ failed
to inhibit the current.
Blocking of ASICs by increased concentration of extracellular Ca 2+ is a well known phenomenon. It has been
hypothesized that Ca 2+ occludes the channel pore and
protonation of several negatively charged amino acids in
the extracellular domain causes the opening of ASIC by
reliving the Ca 2+ block. It has also been proposed that Ca 2+
may inhibit ASICs by modulating the gating (Immke and
McCleskey, 2003; Paukert et al., 2004). We showed that

Figure 2 Na + selectivity and Ca 2+ permeability of low pH-activated channels in MSCs.(A and B) Current–voltage (I–V) relationships
of proton-gated channels at different extracellular Na + concentrations. (A) Reversal potential, calculated from I–V plot at outside
[Na +] 150 mM and inside [Na +] 30 mM was 55.4 ± 6.6 mV (n = 7), which is higher than the reversal potential of the theoretical Na +
equilibrium potential. (B) Reversal potential decreased to 24.36 ± 7.6 mV, (n = 4) by reducing external Na + concentration to 30 mM.
(C) Substitution of extracellular Na + with equimolar NMDG reduced the current amplitude by 56 ± 4%, (n = 5). (D) Complete removal
of extracellular Na + and Ca 2+ abolished 95 ± 4% (n = 4) of the currents, measured at pH 4.5. (E and F) Representative F340/F380 ratio
and images showing low pH-induced intracellular Ca 2+ rise in MSCs. F340/F380 ratio increased by 3.23 ± 0.23 fold (n = 30), upon
application of extracellular solution of pH 5.0. Removal of Ca 2+ from extracellular solution reduced the Ca 2+ rise significantly
(p b 0.01). F340/F380 ratio increased by 1.46 ± 0.1 fold (n = 30) in the absence of extracellular Ca 2+. (F) Representative fluorescent
images of cells loaded with fura-2 are taken at 340 nm of excitation before (pH 7.4) and after application of low pH solution.
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Figure 2

elevated concentrations of extracellular Ca 2+decreased low
pH‐induced current (Fig. 5). Although statistically significant
inhibition was observed with 10 mM and 20 mM Ca 2+, the
trend was evident with even 1.0 and 2.0 mM Ca 2+. ASICs
contributed only 36% of the total current and therefore even
a slight inhibition by Ca 2+ indeed reflects a larger change in
ASIC currents.
About 64% of low pH‐induced current was due to the
activation of FFA sensitive TRP channels. The expression of
TRPV1 and TRPM7 was particularly determined since they were
known to be activated by low pH. TRV1 is directly gated by
proton whereas, low pH strongly potentiates TRPM7 (Jiang et
al., 2005; Gunthorpe et al., 2002). RT-PCR analysis detected
the presence of both TRPV1 and TRPM7 mRNAs (Fig. 6). A major
problem associated with TRP channel research is the lack of
specific pharmacological agents and therefore, we had used
nonspecific blockers as well as fairly specific blockers to
identify the functional TRP channel subtypes. Although TRPV1
mRNA was detected in BMSCs, it does not seem to contribute
low pH‐activated current since a potent antagonist, capsazepine, failed to attenuate the current (Fig. 4A). Besides Gd 3+,
that generally potentiates TRPV1, (Tousova et al., 2005) had no
effect on the current (Fig. 4A). These data suggests that
although undifferentiated BMSCs express TRPV1 mRNA, functional expression is limited. The TRPV1 functional channel may
appear after differentiation of BMSCs into a specific cell type.
Another TRP family member, TRPC5, was also reported to be
activated at low pH (Semtner et al., 2007). La 3+ and Gd 3+,
which potentiate TRPC5, (Semtner et al., 2007) had inhibitory
and no effect on the proton activated current respectively.
Thus, the involvement of TRPC5 can be ruled out. Acidic pH can
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(continued).

Figure 3 Cation permeability of low pH-activated channels in
MSCs.Permeability of different monovalent cations was tested
by substituting external Na + with equimolar concentration of
different monovalent cations. Average peak current induced by
pH 5.0 in 150 mM external Na + (control) was normalized to 100.
Currents with different substituted cations are expressed as
‘relative to control’. Among the tested cations, NH4+ showed
highest permeability after Na + and NMDG the lowest. Replacement of extracellular Ca 2+ with 4 mM Ba 2+ had no significant
effect on current amplitude.
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Figure 4 Inhibition of low pH-activated channels in MSCs by different ions and pharmacological agents.(A) Low pH-activated
currents were reduced significantly by 1 mM amiloride, 300 μM flufenamic acid (FFA), and both 1 mM and 2 mM La 3+. Metal ion Ni 2+
reduced the current by 13 ± 4% (n = 6), whereas Zn 2+ and Cd 2+ had no significant effects. Other blockers like SKF 96365, ruthenium
red, gadolinium, nimodipine and capsazepine did not alter the current significantly. (B and C) Traces represent the inhibition of
currents by La 3+ and amiloride in combination with FFA. Co-application of amiloride and FFA blocked the current by 69.48 ± 6.57%,
n = 7 (p b 0.05). (C‐ii) Represents effect of FFA alone. Current traces presented in (C‐i) and (C‐ii) are recorded from two different
cells. (D) 50 μM of FFA blocked the channel current by 5.8 ± 4% (n = 4), 41.3 ± 7.9% (n = 5) and 62.6 ± 11% (n = 4), when preconditioned at
closed state for 5 s, 30 s and 50 s respectively. (E) Current–voltage relationships in the presence of amiloride, obtained from BMSC
at pH 4.0. The currents exhibited strong outward rectification with insignificant inward component, a characteristic of TRPM7
channel.

potentiate the activity of TRPM7 by 10 fold (Jiang et al., 2005;
Cui et al., 2011). It is also sensitive to FFA and La 3+ (Jiang et al.,
2003; Kerschbaum et al., 2003). Therefore, the FFA sensitive
component of the low pH‐activated current in BMSCs is possibly
due to the activation of TRPM7 channels. To confirm it further,
we generated an I–V plot at low pH in the presence of
amiloride for blocking ASICs. As shown in Fig. 4E, the I–V plot
shows outward rectification with slight inward current, a

typical characteristic of the TRPM7 channel (Nadler et al.,
2001).
TRPM7 channel has been implicated in cell survival and
proliferation. In zebra fish, TRPM7 knockouts showed several
development defects in skeletal muscle and growth retardation
(Elizondo et al., 2005). TRPM7 was also reported to regulate
cell migration (Wei et al., 2009). Knocking down TRPM7 in DT40B cells resulted in growth retardation and death (Nadler et
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al., 2001). Similarly, TRPM7 knocked down MSCs showed
decreased cell proliferation and viability, suggesting its role
in differentiation and development (Cheng et al., 2010). On the
other hand, ASICs are yet to be implicated in cell proliferation
or differentiation. Over-activation of ASICs and TRP channels is
known to cause cell death by increasing intracellular calcium.
They are associated with low pH‐induced cell death in many
patho-physiological conditions (Xiong et al., 2004; Bae and Sun,
2011). In our study, BMSCs showed TRP and ASICs mediated
intracellular calcium rise and mortality, when treated with low
pH solutions. Acid induced death was prevented by blocking
these channels. In regenerative therapy, MSCs are often
exposed to the inflammatory milieu where extracellular pH
is invariably acidic (Nedergaard et al., 1991; Siesjo et al.,
1996) and thus activation of these channels is inevitable.
Therefore the viability of BMSCs in the affected region will be
compromised unless activities of proton‐gated calcium permeable ASICs and TRP channels are controlled.

Materials and methods
Reagents
All reagents for cell culture were purchased from Gibco Life
Technologies, Grand Island, NY, USA. Fura-2AM was procured from Molecular Probes, Eugene, Oregon, USA. All
channel blockers, BAPTA, NMDG, EGTA and salts used in the
experiments were purchased from Sigma-Aldrich Corp., St.
Louis, MO, USA.

Isolation and culture of bone marrow derived BMSCs
6–8 weeks-old Swiss albino mice were procured from Tamil
Nadu Veterinary and Animal Sciences University, Chennai,
India. The procedure was approved by the Institutional
Animal Ethics Committee. Mice were euthanized and BMSCs
were isolated as described earlier (Sreejit and Verma, 2011).
Briefly, BMSCs were collected from the aspirates of the
femurs and tibias of mice (~ 20 g) with 10 ml of MSC
maintenance medium (MM) consisting of DMEM/F12 (1:1)
supplemented with fetal calf serum (FCS) (20%), penicillin
(100 U/ml), and streptomycin (100 mg/ml), 2 mM L-
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glutamine, 0.1 mM nonessential amino acids and 3 mM
sodium pyruvate. Cells were washed twice and resuspended in bone marrow matrix media (BMM) and plated
at a density of 1 × 10 4 cells/cm 2 in flasks. Cultures were
maintained at 37 °C in a humidified atmosphere containing
5% CO2. After 72 h, nonadherent cells were discarded, and
the adherent cells were thoroughly washed twice with
Dulbecco's Phosphate Buffered Saline (DPBS). Fresh complete medium was added and replaced every 3 or 4 days for
~10 days. The cells were harvested after incubation with
0.25% trypsin and 1 mM EDTA for 5 min at 37 °C and replated at densities of 5 × 10 3 cells/cm 2. These cells were
maintained for electrophysiological studies. Results presented here are from the cells between passages 7 and 13.

Patch clamp recording
Low pH‐activated whole cell current was recorded with
amplifier Axopatch 200B (Molecular Devices, Sunnyvale, CA,
USA), as described earlier (Jetti et al., 2010). Patch pipettes of
4–6 MΩ were prepared from borosilicate glass using pipette
puller P-80 (Sutter Instrument Company, Novato, CA, USA).
Current was recorded at a holding potential of −60 mV unless
otherwise mentioned. Digidata 1440 and pClamp 10 (Molecular
Devices, Sunnyvale, CA, USA) were used for digitization, data
acquisition and analysis. Data were sampled at 10 kHz and low
pass filtered at 1 kHz. The external solution contained (in mM):
150 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 glucose and 10 HEPES (pH
7.4). The pipette solution for whole cell patch recording
contained (in mM): 120 KCl, 30 NaCl, 1 MgCl2, 0.5 CaCl2, 0.5
EGTA, 2 Mg‐ATP, and 10 HEPES (pH 7.2). 2-[N-morpholino]
ethanesulfonic acid (MES) was used for buffering external
solutions of pH below pH 6.0. The extracellular solutions
without Na + or 30 mM Na + were prepared by substituting with
equimolar N-methyl-D-glucamine (NMDG). 5 mM EGTA or 1 mM
BAPTA was added in Ca 2+-free medium of pH 7.4 and pH b 7.0
respectively. In the ion permeability experiment, the pipette
solution contained (in mM) 120 CsCl, 30 NaCl, 1 MgCl2, 0.5
CaCl2, 0.5 EGTA, 2 Mg-ATP and 10 HEPES. In external solution,
NaCl was replaced with 150 mM monovalent ion. The Cs +
permeability experiment was performed with 120 mM KCl in
pipette instead of 120 mM CsCl.

Ca 2+ imaging

Figure 5 Effect of extracellular calcium.There was no significant change in peak current with 0.1, 1 and 2 mM extracellular
Ca2+. However in the presence of 5 mM, 10 mM and 20 mM
calcium, the peak current reduced by 21± 5.9% (n= 6), 30± 6.4%
(n= 7) and 35 ± 8.9% (n= 5) respectively.

Intracellular calcium ([Ca 2+]i) was measured by standard
ratiometric method, using Fura-2. Cells grown on cover
slips were incubated with 5 μM fura 2-AM in bathing
solution containing (in mM): 150 NaCl, 5 KCl, 2 CaCl2, 1
MgCl2, 10 HEPES, and 10 glucose (pH 7.4) at room
temperature (22–24 °C) for 30 min, followed by 30 min of
washing with dye free solution. [Ca 2+]i was imaged with
appropriate excitation and emission filters for fura-2.
Images were captured with an Andor CCD camera (Andor
Technology, Belfast, Northern Ireland, UK), attached to an
Olympus IX71 inverted microscope. The low pH test solution
was supplemented with major Ca 2+ entry pathway blockers
e.g. CNQX (20 μM, for glutamate receptors) and nimodipine
(10 μM, for L-type calcium channel). Image intensity was
calculated from the background subtracted images, by
using Image J software.
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Mouse gene specific primers for RT-PCR.

Name

Gene Bank accession no.

Primer sequence (5′-3′ and F-forward, R-Reverse)

Product size, bp

ASIC1a

NM_009597.1

(Set-1), F: CTTGCCCACATCTTCTCCTATG
R: AGTCCCACCTTTCATGGTCTTC
(Set-2), F: CCTTCAACATGCGTGAGTTCTAC
R:TGGTCTTTCTCCACTAGGAAGTC
(Set-3), F: GCCTATGAGATCGCAGGG
R: AAAGTCCTCAAACGTGCCTC
Set-1), F: AGAATCGGAAGAAGAAGAAGAGAAG
R: GTAGAGCAAGTCAGGGTAGCTGAG
(Set-1), F: TCGGAGAGAGTATCCTACTATTTCTCAT
R: CTTCAAACGTTGTTTCCTCTGTCT
(Set-2), F: CAACTTCAAACACTACAAACCGAAG
R: CAGTAATTGCTGTCCTTTTCTGC
(Set-3), F: GAAGAGGAAGGGAGCCATGAT
R: GGCAGAAGTTCGCAATGTG
(Set-1), F: CTCTACCAGGTGGCTGAGCGGGTTC
R: AGTTGTGCCATGTCAAAAGTCG
(Set-2), F: GCTGAACATGCTGCCTACCTTC
R: CTGGGCTGGCACAGTCCTTGT
(Set-3), F: CCCAGCTCTGGACGCTATG
R: TCTTCCTGGAGCAGAGTGTTG
(Set-1), F: AGACAGAGACCCTAACTCCAAGC
R: AATGGCAATGTGTAATGCTGTC
(Set-2) , F: GTGGAGGTGGCAGATAACACAG
R: GAAGAAGAAGTAGACTCCTCCTGACAC
(SET-1), F: ATTCATGCTAGAATTGGGCAAG
R: AGTGTAAGGATAAGCTGGTCAAATG

515 (a)

ASIC1b

AB208022.1

ASIC2a

NM_001034013.2

ASIC3

TRPV1

TRPM7

NM_183000.2

NM_001001445.1

NM_001164325.1

616 (a*)
286 (a)
328 (n)
521 (n)
628 (n)
256 (n)
687 (a)
404 (a*)
414 (a)
571 (a*)
533 (a)
396 (a*)

Amplified (a), amplified and shown in Fig. 6 (a*) and not amplified (n).

Cell viability assay
Confluent BMSC cultures grown on 24 well plates were
incubated with an extracellular solution of pH 6.0, with or
without amiloride and Lanthanum chloride (300 μM each) for
1 h in a cell culture incubator (5% CO2, 37 °C). The control
group was treated with an extracellular solution of pH 7.4.
After washing, cells were treated with 100 μg/ml Alamar
blue prepared in serum and antibiotic free media at 37 °C
for 2 h (Nakayama et al., 1997). Fluorescence intensity was
measured with 570 nm excitation and 595 nm emission. The
reduction of fluorescence intensity correlates with cell death.
Fluorescence intensity of the cells treated with extracellular
solution of pH 7.4 was normalized to 100% viability and other
groups were expressed accordingly.

Figure 6 RT-PCR analysis.RT-PCR analysis detected messenger RNAs (mRNA) of ASIC1a, ASIC3, TRPV1 and TRPM7 in BMSCs.
ASIC1b and ASIC2a were not detected. The gel-picture represents RT-PCR products of one set of primers of each gene.

RT-PCR
Total RNA of mouse bone marrow derived MCSs was isolated by
using the acid guanidinium thiocyanate–phenol–chloroform
extraction method (Chomczynski and Sacchi, 1987). RNA
was subjected to cDNA conversion using M-MLV Reverse
Transcriptase (New England Biologicals, Beverly, MA, USA)
along with oligo (dT) primers. cDNA was then used for
polymerase chain reaction (PCR) analysis with mouse ASICs
and TRP channel primers made from coding sequence regions

Figure 7 Blockers of ASICs and TRP channels protect BMSCs
from acid induced death.Co-application of ASICs blocker
amiloride and TRP channels blocker La 3+ prevented low pH
(pH 6.0, for 1 h)-induced death of BMSCs. Values are mean ± SEM
of three independent experiments.

Proton-gated ion channels in mouse bone marrow stromal cells
(Table 1). To determine the isoforms of ASICs and TRPV1,
different sets of primer from different coding regions of mouse
ASIC 1a, 2a, 3 and TRPV1 were used. cDNA was amplified using
a DNA thermal cycler containing a standard concentration of
PCR components and PCR products were observed in 1.5%
Agarose gel in TAE buffer.

Statistical analysis
Recorded current was analyzed with Clamp fit 10.0 (Molecular Devices, Sunnyvale, CA, USA) and dose–response curves
were fitted with the Hill equation to calculate IC50, using
Sigma plot 11.0. Statistical test was carried out by using
Student's t-test for comparison of two groups and ANOVA for
multiple comparisons.
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