
330 Plasma membrane PtdIns(4,5)P2 and Ca2+ release

Ohizumi, Y., Y. Hirata, A. Suzuki, and M. Kobayashi. 1999. Two novel 
types of calcium release from skeletal sarcoplasmic reticulum by 
phosphatidylinositol 4,5-biphosphate. Can. J. Physiol. Pharmacol. 
77:276–285. http://dx.doi.org/10.1139/y99-017

Pouvreau, S., and V. Jacquemond. 2005. Nitric oxide synthase in-
hibition affects sarcoplasmic reticulum Ca2+ release in skeletal 
muscle fibres from mouse. J. Physiol. 567:815–828. http://dx.doi
.org/10.1113/jphysiol.2005.089599

Pouvreau, S., L. Csernoch, B. Allard, J.M. Sabatier, M. De Waard, 
M. Ronjat, and V. Jacquemond. 2006. Transient loss of voltage 
control of Ca2+ release in the presence of maurocalcine in skele-
tal muscle. Biophys. J. 91:2206–2215. http://dx.doi.org/10.1529/
biophysj.105.078089

Ríos, E., G. Pizarro, and E. Stefani. 1992. Charge movement and the 
nature of signal transduction in skeletal muscle excitation-con-
traction coupling. Annu. Rev. Physiol. 54:109–133. http://dx.doi
.org/10.1146/annurev.ph.54.030192.000545

Rodríguez, E.G., R. Lefebvre, D. Bodnár, C. Legrand, P. Szentesi, J. 
Vincze, K. Poulard, J. Bertrand-Michel, L. Csernoch, A. Buj-Bello, 
and V. Jacquemond. 2014. Phosphoinositide substrates of myotubu-
larin affect voltage-activated Ca2+ release in skeletal muscle. Pflugers 
Arch. 466:973–985. http://dx.doi.org/10.1007/s00424-013-1346-5

Sakata, S., M.I. Hossain, and Y. Okamura. 2011. Coupling of the 
phosphatase activity of Ci-VSP to its voltage sensor activity over 
the entire range of voltage sensitivity. J. Physiol. 589:2687–2705. 
http://dx.doi.org/10.1113/jphysiol.2011.208165

Schneider, M.F. 1994. Control of calcium release in functioning skel-
etal muscle fibers. Annu. Rev. Physiol. 56:463–484. http://dx.doi
.org/10.1146/annurev.ph.56.030194.002335

Stauffer, T.P., S. Ahn, and T. Meyer. 1998. Receptor-induced tran-
sient reduction in plasma membrane PtdIns(4,5)P2 concentra-
tion monitored in living cells. Curr. Biol. 8:343–346. http://dx.doi
.org/10.1016/S0960-9822(98)70135-6

Suh, B.C., K. Leal, and B. Hille. 2010. Modulation of high-voltage  
activated Ca2+ channels by membrane phosphatidylinositol 
4,5-bisphosphate. Neuron. 67:224–238. http://dx.doi.org/10.1016/
j.neuron.2010.07.001

Suh, B.C., D.I. Kim, B.H. Falkenburger, and B. Hille. 2012. Membrane- 
localized -subunits alter the PIP2 regulation of high-voltage 
activated Ca2+ channels. Proc. Natl. Acad. Sci. USA. 109:3161–3166. 
http://dx.doi.org/10.1073/pnas.1121434109

Taylor, G.S., T. Maehama, and J.E. Dixon. 2000. Myotubularin, a 
protein tyrosine phosphatase mutated in myotubular myopathy, 
dephosphorylates the lipid second messenger, phosphatidylinosi-
tol 3-phosphate. Proc. Natl. Acad. Sci. USA. 97:8910–8915. http://
dx.doi.org/10.1073/pnas.160255697

Therrien, C., S. Di Fulvio, S. Pickles, and M. Sinnreich. 2009. Char-
acterization of lipid binding specificities of dysferlin C2 domains 
reveals novel interactions with phosphoinositides. Biochemistry. 
48:2377–2384. http://dx.doi.org/10.1021/bi802242r

Tjondrokoesoemo, A., N. Li, P.H. Lin, Z. Pan, C.J. Ferrante, N. 
Shirokova, M. Brotto, N. Weisleder, and J. Ma. 2013. Type 1 inositol  
(1,4,5)-trisphosphate receptor activates ryanodine receptor 1 to 
mediate calcium spark signaling in adult mammalian skeletal mus-
cle. J. Biol. Chem. 288:2103–2109. http://dx.doi.org/10.1074/jbc
.M112.425975

Treves, S., M. Vukcevic, M. Maj, R. Thurnheer, B. Mosca, and F. 
Zorzato. 2009. Minor sarcoplasmic reticulum membrane compo-
nents that modulate excitation-contraction coupling in striated 
muscles. J. Physiol. 587:3071–3079. http://dx.doi.org/10.1113/
jphysiol.2009.171876

van der Wal, J., R. Habets, P. Várnai, T. Balla, and K. Jalink. 
2001. Monitoring agonist-induced phospholipase C activa-
tion in live cells by fluorescence resonance energy transfer.  
J. Biol. Chem. 276:15337–15344. http://dx.doi.org/10.1074/jbc
.M007194200

Várnai, P., and T. Balla. 1998. Visualization of phosphoinositides 
that bind pleckstrin homology domains: Calcium- and agonist-
induced dynamic changes and relationship to myo-[3H]inositol-
labeled phosphoinositide pools. J. Cell Biol. 143:501–510. http://
dx.doi.org/10.1083/jcb.143.2.501

Weiss, N., C. Legrand, S. Pouvreau, H. Bichraoui, B. Allard, G.W. 
Zamponi, M. De Waard, and V. Jacquemond. 2010. In vivo expres-
sion of G-protein beta1gamma2 dimer in adult mouse skeletal 
muscle alters L-type calcium current and excitation-contraction 
coupling. J. Physiol. 588:2945–2960. http://dx.doi.org/10.1113/
jphysiol.2010.191593

Yamaguchi, S., T. Kurokawa, I. Taira, N. Aoki, S. Sakata, Y. Okamura, 
and K.J. Homma. 2014. Potential role of voltage-sensing phos-
phatases in regulation of cell structure through the production of 
PI(3,4)P2. J. Cell. Physiol. 229:422–433. http://dx.doi.org/10.1002/
jcp.24463

on June 23, 2017
D

ow
nloaded from

 
Published March 30, 2015



 Berthier et al. S1 of 23

jgp

T
H

E
 j

O
U

R
N

A
L

 O
F

 g
E

N
E

R
A

L
 p

H
Y

S
IO

L
O

g
Y

Intramembrane charge movement in VSP-negative  
and VSP-positive fibers
Membrane currents were measured in response to 100-
ms-long depolarizing pulses of increasing amplitude. 
The holding potential was set to 0 mV to annihilate or 
at least limit the contribution of currents caused by volt-
age-gated ion channels (including the DHPR voltage-
sensing and Ca2+-conducting activities) that otherwise 
would have completely precluded detection of intra-
membrane charge movement at the large depolarizing 
levels necessary to activate the VSPs. Although we are 
aware that taking measurements from fibers held at 0 
mV may somewhat negatively shift the voltage depen-
dence of VSP charge as compared with a standard 80-
mV holding potential (see Villalba-Galea et al., 2008), 
there was hardly any alternative way this could be 
achieved in this preparation.

Fig. S1 (A–C) shows examples of membrane current 
traces, processed as described in Materials and methods 
to extract charge movement, from a VSP-negative fiber, 
a Ci-VSP–positive fiber, and a Dr-VSP–positive fiber, 
respectively. The inset in each panel shows the corre-
sponding voltage dependence of the amount of on and 
off charge normalized to cell capacitance. Fig. S1 A il-
lustrates the fact that VSP-negative fibers yielded small 
nonlinear transient currents at the onset and termina-
tion of the pulse. Similar transient changes were pres-
ent in previously published records of membrane 
current from depolarized levels in muscle fibers (e.g., 
Fahlke and Rüdel, 1995; DiFranco et al., 2011). These 
currents were of opposite polarity from those antici-
pated from VSP function, and the amount of charge in 
the on component always exceeded the one in the off. 
These currents were not the result of erroneous sub-
traction of gating charge in the control pulses, as these 
were made positive to avoid contamination from charge 
2 (Brum and Rios, 1987). The origin and properties of 
these currents were not further explored, but because 
they had to also be present in the VSP-expressing fibers, 
they contaminated, to some extent, detection of the 
VSP charge movement. Despite this limitation, Ci-VSP– 
and Dr-VSP–expressing fibers clearly yielded specific 
nonlinear currents, respectively positive and negative in 
terms of the onset and termination of the depolarizing 
pulses. Fig. S1 D shows the voltage dependence of the 
mean amount of off charge measured in VSP-negative 
fibers (n = 6), Dr-VSP–positive fibers (n = 4), and Ci-
VSP–positive fibers (n = 5). For quantification, the off 
was preferred because of the lower amount of contami-

nating current inferred from measurements in VSP-
negative fibers. The dependence of charge versus 
voltage was more positive and the maximum amount of 
charge was larger in Dr-VSP fibers than in Ci-VSP fibers. 
Fitting the voltage dependence of charge movement in 
each fiber with a Boltzmann function gave mean values 
for Qmax (maximal available charge), V0.5 (voltage of 
equal charge distribution), and k (steepness) of 19.3 ± 
4.3 nC/µF, 59.6 ± 6.2 mV, and 15.7 ± 2.5 mV in Ci-VSP–
expressing fibers and 85.4 ± 4.9 nC/µF, 89.4 ± 4.2 mV, 
and 15.6 ± 0.6 mV in Dr-VSP–expressing fibers, respec-
tively. These results are consistent with the voltage-sens-
ing domain of the VSPs being active in the transverse 
tubule membrane of the transfected muscle fibers. In-
terestingly, the voltage dependence of Ci-VSP and Dr-
VSP gating currents found here is similar to the one 
reported previously in standard expression systems. For 
instance, the average mid-activation voltage for Ci-VSP 
and Dr-VSP was 59.6 and 89.4 mV in the muscle fibers as 
compared with either 62.9 and 94.3 mV (Hossain et al., 
2008) or 55 and 100 mV (Falkenburger et al., 2010) in 
tsA201 cells, respectively. Furthermore, gating current 
kinetics were slower in fibers expressing Dr-VSP as com-
pared with fibers expressing Ci-VSP, consistent with pre-
viously reported features of the VSPs in tsA201 cells 
(Hossain et al., 2008). Also interestingly similar was the 
more robust charge movement detected in Dr-VSP– 
than in Ci-VSP–expressing cells, by a factor of 2 in the 
tsA201 cells (Falkenburger et al., 2010) and by a factor 
of 4 here in the muscle fibers. The codon usage index 
(CAI) in mammalian cells was found to be higher for 
Dr-VSP than for Ci-VSP mRNA (CAI = 0.78 vs. 0.69, cal-
culated using mouse codon usage table: Puigbò et al., 
2008), which may contribute to the more robust expres-
sion of Dr-VSP in mammalian cells. In terms of absolute 
density, assuming 1.5 charge moving per voltage sensor, 
the mean maximal amount of charge moved at depolar-
ized voltages would correspond to 800 and 3,600 
molecules of Ci-VSp and Dr-VSP per µm2 of transverse 
tubule membrane. Although this is less than the corre-
sponding levels reported in tsA201 cells (four and seven 
times, respectively; Falkenburger et al., 2010), it is 
within the order of magnitude or larger than the previ-
ously reported density of PtdIns(4,5)P2 in the transverse 
tubule membrane of skeletal muscle (435 molecules 
per µm2; Milting et al., 1994). Thus, it seems more than 
reasonable to anticipate that substantial depletion of 
the transverse tubule PtdIns(4,5)P2 pool does occur 
upon VSP activation in this system.
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Estimation of the changes in transverse tubule membrane 
voltage from measurements of di-8-anepps fluorescence
In the silicone voltage-clamp condition, previous mea-
surements with microelectrodes in the silicone-free 
fiber extremity established that in response to depolar-
izing or hyperpolarizing pulses of 20–40 mV the mem-
brane voltage reached 90–95% of the command pulse 
value (Collet et al., 1999). In the present work, in re-
sponse to large pulses to 100 or 120 mV, the membrane 
potential could not be expected to stay so close to the 
command voltage because of large outward potassium 
currents. To check for the actual membrane voltage 
reached, we measured the changes in the fluorescence 
of di-8-anepps in fibers voltage clamped under the same 
conditions as used in the VSP-expressing fibers. Di-8-
anepps fluorescence transients in differentiated muscle 
fibers are known to arise mostly from the transverse tu-
bule membrane and should thus provide a reliable esti-
mate of the voltage changes experienced by the VSP. 
Fig. S2 shows the results from these measurements. Fig. 
S2 (B and D) shows changes in membrane current and 
in di-8-anepps fluorescence recorded from a fiber stim-
ulated by successive transient voltage-clamp pulses of 
500-ms duration from 80 to 60, 40, 20, 0, 40, 80, 

and 120 mV (Fig. S2 A). Fig. S2 C shows the line-scan 
image collected in response to the pulse from 80 to 20 
mV. As expected, depolarizing pulses produced a tran-
sient decrease in fluorescence, the amplitude of which 
increased with the pulse amplitude. The inset in Fig. S2 
D presents the percent change in di-8-anepps fluores-
cence measured near the end of the pulse versus the 
command voltage. The line superimposed to the data 
points corresponds to the result from fitting a linear re-
lationship to the first three data points (command volt-
age to 60, 40, and 20 mV for which little, if any, 
voltage-dependent calcium or potassium conductance 
was activated). The measured changes in di-8-anepps 
fluorescence for the largest pulses clearly escaped from 
this linear relationship. Assuming the transverse tubule 
membrane voltage being reasonably close to the com-
mand voltage for values between 80 and 20 mV, we 
used the linear relationship to estimate the actual mem-
brane voltage reached at each depolarizing level. Fig. 
S2 E shows corresponding mean values for the esti-
mated transverse tubule membrane voltage (estimated 
V) versus the command voltage from measurements 
taken in four fibers. According to this analysis, in re-
sponse to the pulse to 120 mV, the actual membrane 

Figure S1. Intramembrane charge movement in VSP-expressing fibers. (A–C) Charge movement traces from a VSP-negative fiber, a Ci-
VSP–positive fiber, and a Dr-VSP–positive fiber, respectively. In the three fibers, membrane voltage was stepped from a holding level of 
0 mV to the values indicated in A. Insets show the corresponding voltage dependence of the amount of on and off charge. (D) voltage 
dependence of the mean amount of off charge measured in VSP-negative fibers (n = 6), Dr-VSP–positive fibers (n = 4), and Ci-VSP–posi-
tive fibers (n = 5). Error bars represent ± SEM.
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potential was close to 60 mV. This indicates that under 
these conditions, Ci-VSP was likely not fully activated, 
and thus the effect we see on Ca2+ release may actually 
be underestimated. This also likely contributes to the 
fact that Dr-VSP, which exhibits a more positive voltage 
dependence than Ci-VSP, appeared less effective in de-
pressing Ca2+ release.

In a few fibers we also checked how fast the mem-
brane gets depolarized by measuring di-8-anepps fluo-
rescence transients in response to short (20-ms-long) 
depolarizing pulses using the spot detection mode of 
the microscope (32-kHz acquisition frequency). Fig. S2 

F shows the time course of the command voltage (nega-
tively scaled) and of the di-8-anepps response normal-
ized to the same maximal amplitude. The command 
pulse was from 80 to 20 V. The di-8-anepps trace cor-
responds to the average of 10 successive records. The 
superimposed red portions of traces show the result 
from fitting a single-exponential function to the decay-
ing and rising phase of the di-8-anepps transient. From 
similar measurements and analysis taken in seven fibers, 
mean values for the time constant of decay and of rise 
of the fluorescence were 0.67 ± 0.33 ms and 0.77 ± 0.4 
ms, respectively.

Figure S2. Changes in transverse tubule membrane voltage measured with di-8-anepps in response to voltage-clamp depolarizing pulses. 
(A) Command voltage pulses applied to the fiber. (B) Corresponding changes in membrane current. (C) Line-scan image of di-8-anepps 
fluorescence recorded while the command pulse from 80 to 20 mV was applied. (D) Time course of the relative changes in di-8-anepps 
fluorescence elicited by the pulses shown in A; fluorescence was integrated over the entire image width. In D, the inset shows the percent 
change in fluorescence measured near the end of the pulses versus the command voltage; a linear function was fitted through the first 
three data points (superimposed line). (E) Estimated membrane voltage versus applied command voltage (see text for details). Error 
bars represent ± SEM. (F) Normalized time course of change in di-8-anepps fluorescence recorded at high temporal resolution (noisy 
trace) in response to a 20-ms-long depolarizing pulse (clean trace). The red portions of lines correspond to the result from an exponen-
tial fit to the rising and decaying phase of the fluorescence transient.
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DHPR Ca2+ current in VSP-negative and VSP-positive fibers
Membrane currents were measured in response to 1-s-
long depolarizing pulses of increasing amplitude from a 
holding voltage of 80 mV. Fig. S3 A shows examples of 
membrane current traces corrected for the linear resis-
tive component from a VSP-negative fiber, a Ci-VSP–
positive fiber, and a Dr-VSP–positive fiber. Fig. S2 (B–D) 
shows mean values for the peak amplitude, time to peak, 
and time constant of decay of the current in VSP-nega-
tive, Ci-VSP–positive, and Dr-VSP–positive fibers. There 
was no statistically significant difference in any parame-
ter between VSP-negative fibers and either Ci-VSP– or 
Dr-VSP–expressing fibers.

Figure S3. DHPR Ca2+ current in VSP-expressing fibers. (A) Ca2+ current traces from a VSP-negative fiber, a Ci-VSP–positive fiber, and 
a Dr-VSP–positive fiber in response to depolarizing pulses to 20, 10, 0, 10, and 20 mV. Membrane current was acquired at a lower 
sampling rate in the VSP-negative fiber. (B–D) Mean voltage dependence of the peak amplitude, time to peak, and time constant of 
decay of the Ca2+ current in VSP-negative fibers (n = 9), Ci-VSP–positive fibers (n = 4), and Dr-VSP–positive fibers (n = 6). Error bars 
represent ± SEM.
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Video 1. Successive confocal images of the mRFP fluorescence from a skeletal muscle fiber expressing Ci-VSP 
and PLC1PH-mRFP. The fiber was depolarized from 80 mV to the indicated levels. Frames were collected 
every 1.97 s and are displayed at a rate of four frames per second. Frame side size is 25.5 µm.

Video 2. Successive confocal images of the mRFP fluorescence from a skeletal muscle fiber expressing Ci-VSP 
and PLC1PH-mRFP. The fiber was depolarized from 80 to 50 mV approximately between frame number 10 
and frame number 12. Frames were collected every 2.35 s and are displayed at a rate of four frames per second. 
Frame side size is 51 µm.


