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How is SR calcium release in muscle modulated by PIP(4,5),?
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Ion channels are embedded in the lipid bilayer of cell
membranes; therefore, it is not surprising that their func-
tions can be modulated by membrane phospholipids and
their metabolites. Over the last decade, a number of ion
channels—including multiple types of potassium chan-
nels, voltage-gated calcium channels, and transient recep-
tor potential channels—have been shown to be modulated
by phospholipids. This lipid modulation of ion chan-
nels has been implicated in the regulation of such neu-
ronal functions as excitability and synaptic transmission.
In a recent article published in The Journal of General
Physiology, the research team of Vincent Jacquemond
demonstrated that phosphoinositides modulate skeletal
muscle calcium signaling (Berthier et al., 2015). Surpris-
ingly, their results indicate that phosphoinositides can
enhance calcium release from the SR without affecting
currents through voltage-gated calcium channels.

Excitation—contraction (EC) coupling is the process
whereby membrane depolarization in muscle is converted
into a transient increase in the cytoplasmic free cal-
cium concentration (Melzer et al., 1995), with the mag-
nitude of the calcium signal determining the force of
muscle contraction. In both skeletal and cardiac muscle,
EC coupling relies on the close interaction of two cal-
cium channels: a voltage-gated calcium channel (CaV1)
in the plasma membrane and T-tubules, and a ryano-
dine receptor calcium release channel (RyR) in the SR.
In cardiac muscle cells, CaV1.2 calcium channels open
during the action potential; the resulting calcium influx
contributes to the myoplasmic calcium signal and acti-
vates the type 2 RyR (RyR2) calcium release channel to
trigger further release of calcium from the SR. Thus, in
cardiac muscle, the magnitude of the calcium transient
is directly related to that of the L-type calcium current.
Consequently, modulation of the voltage-gated calcium
channel CaV1.2 is an efficient mechanism to regulate car-
diac contraction.

In adult skeletal muscle, on the other hand, L-type cal-
cium currents contribute little if anything to the myo-
plasmic calcium signal that controls contraction. Rather,
the CaV1.1 isoform acts solely as a voltage sensor (Rios
etal., 1992) thatactivates the type 1 RyR (RyR1) through
conformational coupling. Voltage-dependent activation
of RyR1 relies on the cytoplasmic II-III loop of the CaV1.1
as subunit (Grabner et al., 1999) and on the auxiliary
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B1a subunit (Schredelseker et al., 2005). Opening of the
CaV1.1 channel pore is slow compared with voltage-de-
pendent activation of the RyR1 and requires substan-
tially higher membrane depolarization; moreover, the
resulting calcium currents are small and functionally
insignificant. Because L-type calcium currents do not
contribute to cytoplasmic calcium transients in skeletal
muscle under physiological conditions, CaV1.1 L-type
calcium currents are an ineffective target for the mod-
ulation of skeletal muscle EC coupling. Nevertheless,
modulation of the voltage-sensing function of CaVl.1 is
likely to affect RyR1 calcium release and consequently
contractile force.

Berthier et al. (2015), researchers from Lyon, France,
showed that skeletal muscle EC coupling is sensitive to
modulation by phosphoinositides. Notably, they dem-
onstrated this in fully differentiated muscle fibers in
real time. To do so, they had to tackle several experimen-
tal challenges: transfecting mature skeletal muscle cells
in situ, controlling the phosphoinositide composition of
the T-tubule membrane, and measuring EC coupling in
real time. They used the voltage-sensitive phosphoinosi-
tide phosphatases Ciona intestinalis voltage-sensing phos-
phatase (VSP) and the eGFP-tagged Danio rerio VSP
(Dr-VSP), which upon strong membrane depolarization
specifically dephosphorylate PIP, (Okamura et al., 2009),
to rapidly change the phosphoinositide composition
in muscle fiber membranes. Activation of VSPs requires
substantially higher depolarization than does activation
of EC coupling, allowing Berthier et al. (2015) to ana-
lyze depolarization-induced calcium release with and with-
out simultaneous VSP activation. Transfection of VSP
expression plasmids into flexor digitorum brevis and
interosseous muscles in vivo was accomplished by mi-
croinjection followed by electroporation, allowing the
researchers to use what probably is the best available
model system for studying mature mammalian skele-
tal muscle function. 7-10 d later, they isolated individual
muscle fibers and analyzed them in a system that en-
abled them to combine voltage-clamp analysis with fluo-
rescence imaging. This sophisticated setup, which has
been used and refined in the Jacquemond laboratory
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for many years, provides maximal experimental control
over the composition of the intracellular and extracel-
lular compartments (i.e., for the application of fluores-
cent calcium indicators or drugs, respectively) and over
the membrane potential (i.e., to activate EC coupling,
VSPs, or both). Moreover, this approach yields a large
number of quantitative data from electrophysiology (in-
cluding current properties and movement of gating
charges of both native voltage-gated ion channels and
of the heterologously expressed VSPs) and from fluo-
rescence imaging (i.e., the localization and redistribu-
tion of eGFP- or mRFP-tagged probes, and changes in
the concentration of cytoplasmic free calcium ions).

When expressed in muscle fibers, Dr-VSP localized to
the T-tubule system, and activation of either of the VSP
constructs by depolarizing pulses to 100 mV or higher
resulted in the depletion of PI(4,5)P, within seconds.
This depletion was independently demonstrated by the
rapid translocation of the specific PI(4,5)Py-binding
probe PLC8,PH-mRFP from the T-tubules into the cyto-
plasm. The central finding of the study is that pulse pro-
tocols that result in depletion of PI1(4,5)P, led to a decay
of the peak cytoplasmic calcium signals that was faster
than that found without PI(4,5), depletion. The rate of
calcium release was depressed by ~30% in VSP-express-
ing fibers. Equally strong depolarizations in e GFP-trans-
fected control muscle fibers, or depolarization to voltages
that fully activated SR calcium release but not VSPs, did
not show a similar rundown. The VSP effect on calcium
signals was reversible, and its time course (in the 10-s
range) as well as its voltage dependence was similar to
values expected for VSP action based on previous work
(Okamura et al., 2009; Kurokawa et al., 2012), and to
the time course of the PLCS,PH-mRFP translocation in-
duced by activation of VSP. Therefore, it is plausible to
conclude that the activation of VSP caused the reduc-
tion of the depolarization-induced calcium signals in
skeletal muscle.

This work has several important implications. First,
it is a remarkable technical accomplishment to experi-
mentally control PI(4,5)P; levels in the T-tubule system
of differentiated muscle cells in real time. VSPs have been
successfully used to manipulate phosphoinositides in vari-
ous cell systems (Okamura et al., 2009). Putting them to
use in differentiated muscle cells to deplete PI(4,5)P,
from the rather inaccessible T-tubule system raises the
use of this technique to a new level of sophistication.
Second, demonstrating the rapid translocation of VSP
PLC8,PH-mRFP from the T-tubules into the cytoplasm
and its equally rapid reversibility provide valuable in-
formation about phosphoinositide metabolism in this
unique muscle membrane system. It demonstrates that
T-tubules contain physiologically relevant concentrations
of P1(4,5)P, and of the PI(5) kinase. To our knowledge,
this has not previously been shown for the T-tubule sys-
tem of skeletal muscle and has important implications
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for this membrane system’s role in signal transduction
pathways that rely on phosphoinositide metabolites. Fi-
nally, the most important finding of the study is that
skeletal muscle EC coupling is sensitive to PI(4,5)P, sig-
naling. Consequently, physiological PI(4,5)P; concen-
trations in the T-tubules appear to be important for
maintaining calcium signals and thus contractile force
during repetitive strong activation of EC coupling. This
result is in agreement with those of several earlier stud-
ies demonstrating effects of direct application of PI(4,5)
P, to chemically skinned muscle fibers and isolated SR
membranes (Kobayashi et al., 1989; Ogawa and Harafuji,
1989; Ohizumi et al., 1999).

This identification of a role for phosphoinositide modu-
lation of EC coupling raises several questions. Which
phosphoinositide is the physiologically active compound?
What is the source and what is the target of P1(4,5)P; in
skeletal muscle? What, if any, is the physiological signal-
ing pathway and what is its functional importance in
modulation of EC coupling? The experimental design
itself enables a conclusive answer to the question of the
physiologically active phosphoinositide. In native sig-
naling pathways, PI(4,5) P, is a substrate for several en-
zymes and can therefore yield a range of biologically
active compounds including IPs, diacylglycerol, and
arachidonic acid. This can make it difficult to dissect
whether in response to activation of a given receptor
depletion of PI(4,5)P, or accumulation of one or more
of its metabolites is responsible for the observed cellu-
lar response. In contrast, VSP specifically dephosphory-
lates the 5’ position of PI(3,4,5)P5 and PI(4,5)P,, and the
3’ position of PI(3,4)P, (Kurokawa et al., 2012). More-
over, the observed translocation of the specific PI1(4,5)Ps
probe PLCS,PH-mRFP further identifies PI(4,5)P; as the
VSP substrate. Therefore, the signaling mechanisms rel-
evant for modulation of EC coupling after VSP activation
and PI(3,4)P, depletion is most likely either the disso-
ciation of PI(4,5)P, from a specific target protein in the
T-tubule membrane or the loss of membrane targeting
of a PI(4,5)Py,-binding protein (e.g., a pleckstrin homol-
ogy [PH] domain containing triad protein).

Calcium signals in skeletal muscle EC coupling prin-
cipally arise from SR calcium release through the RyR1.
Indeed, earlier studies provide evidence that PI1(4,5)P,
induces RyR-dependent calcium release from heavy SR
fractions reconstituted in lipid bilayers (Chu and Stefani,
1991), making RyR1 a leading candidate for the target
of PI(4,5)P, action. However, ER/SR membranes do
not contain significant amounts of PI(4,5)P, (Hidalgo
etal., 1986). Furthermore, it is rather unlikely that acti-
vation of VSP in the outer membrane (here the T-tubule
membrane) would dephosphorylate PI1(4,5)P, in the ad-
jacent SR membrane. In contrast, a facilitating action
of PI(4,5)P, on CaV1.1 is a likely scenario for PI(4,5)P,
modulation of EC coupling. In skeletal muscle, CaVl.1
controls the opening of RyR1, and other members of
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the L-type calcium channel family (CaV1.2, CaV1.3) have
been shown previously to be modulated by PI(4,5)P,
(Suh et al., 2010; Hille et al., 2015). Berthier et al. (2015)
tested this possibility and found no effect of PI(4,5)P,
depletion on L-type currents in their muscle fibers. It is,
however, possible that PI(4,5)P, binding could either spe-
cifically facilitate the voltage-sensing function of CaV1.1
for EC coupling or the molecular mechanism that trans-
duces the activating signal from the CaV1.1 voltage sensor
to the RyR1. Because CaV1.1 activation of EC coupling is
much more sensitive than L-current activation, it is con-
ceivable that the EC-coupling function of CaV1.1 could
be modulated without changing its currents. Such a
CaVl.l-dependent modulation of RyR1 channel gating
would be reminiscent of the action of malignant hyper-
thermia mutations in CaV1.1 that facilitate gating of the
RyR1 independently of their action on CaV1.1 current
properties (Weiss et al., 2004; Pirone et al., 2010).

If the modulation of EC coupling originates from bind-
ing of PI(4,5)P, to CaVl.1, one would expect to find a
specific PI(4,5)P,-binding site on the cytoplasmic side of
the CaV1.1 o subunit or in the auxiliary ;, subunit, which
is also essential for EC coupling. In this context, Berthier
etal. (2015) refer to a positively charged amino acid clus-
ter in the C terminus of the neuronal CaV2.1 channel iso-
form that has been reported to bind phosphoinositides
(Rousset et al., 2004). However, it is not known whether a
corresponding phosphoinositide-binding site exists in the
very dissimilar C terminus of the skeletal muscle CaV1.1
isoform. Recently, a phosphoinositide-sensitive polybasic
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membrane-binding motif has been described in the cyto-
plasmic loop (I-II linker) of all CaV1 channels (Kaur, G.,
A. Lieb, M. Sinnegger-Brauns, G.]. Obermair, B.E. Flucher,
and J. Striessnig. 2012. Society of Neuroscience Meeting
2012. Abstr. 235.01). Considering its strategic position
near the binding site of the 3,, subunit, it is intriguing
to speculate that CaV1.1 binding of PI(4,5)P; to this se-
quence might stabilize the I-II linker and with it 3,,, and
thus facilitate the efficient transmission of the EC-cou-
pling activation signal through the tripartite complex of
CaVl.lay, B1,, and the RyR1 (Fig. 1). Further experiments
will be necessary to test this hypothesis.

Of course, other constituents of the functional EC-
coupling protein complex could also be possible targets
for PI(4,5)P,. Necessary conditions for carrying out this
function would be that the responsible triad protein in-
teracts (directly or indirectly) with the RyR1 and either
partitions into the cytoplasmic leaflet of the T-tubule
membrane or is anchored to the T-tubule membrane by
a PH or a similar PI(4,5) Py-binding domain.

Finally, the question of the possible physiological up-
stream activators of PI(4,5)P, depletion must be ad-
dressed. PI1(4,5) P, modulation of ion channels has been
principally discussed in two different contexts (Hille
et al., 2015). According to the regulation in time hy-
pothesis, PI(4,5)P; binding to channels could function
as a mechanism to fine-tune calcium channel function
in response to upstream signaling events like the acti-
vation of Gq protein—coupled receptors or other path-
ways that activate signaling phospholipases or PI5 kinase.

_contraction/stretch _

SR

physiological

Figure 1. PI(4,5), modulation of skeletal muscle EC coupling. In the center, the EC-coupling complex (red)—composed of the L-type
calcium channel subunits Cayl.1 oy and By, in the T-tubule and the RyR1 calcium release channel in the SR—is displayed. The ex-
perimental tools used by Berthier et al. (2015) to deplete PI(4,5)P, (VSP) and monitor PI(4,5)P, depletion (PH-RFP, PLC3,PH-mRFP)
are shown on the left. Note that EC coupling is activated at membrane potentials of 210 mV, whereas activation of VSP requires
repetitive depolarization to 2100 mV. On the right, physiological signaling pathways that mediate PI(4,5)P, depletion are shown. It is
also possible that PI(4,5) Py, modulation of the EC-coupling complex is caused by the physical force of membrane stretch during contrac-
tion. PI(4,5)P, might interact with binding sites on Cayl.1, like that in close proximity to the binding site for 3,,, and thereby facilitate
EC coupling. Alternatively, PI(4,5) P, could interact with other triad proteins spanning the gap between the T-tubule membrane and the
RyR1 to facilitate SR calcium release without modulating Cayl.1 calcium currents.
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According to the regulation in space hypothesis, PI1(4,5)
Py interactions could stabilize normal channel function
in the appropriate membrane compartment, whereas,
in membrane compartments lacking PI(4,5)P,, channel
function would be inhibited. In line with this second
hypothesis, the results from Berthier et al. (2015) would
indicate that the specific phosphoinositide composition
of the T-tubule membrane is important for the opti-
mal function of the EC-coupling apparatus. Furthermore,
PI(4,5)P; has been shown to mediate physical fore (i.e.,
membrane stretch) between the lipid bilayer and volt-
age-gated ion channels (Anishkin et al., 2014). There-
fore, skeletal muscle contraction could by itself be the
mechanism activating PI(4,5)P, modulation of EC cou-
pling. In this case, no need for endogenous PI(4,5)P,-
modulating enzymes or upstream regulators would exist.
On the other hand, if indeed active PI(4,5)P, depletion
functions as a physiological modulator of EC coupling,
the receptor initiating this pathway and the essential en-
zymes remain to be identified. PLC and PI3K have been
implicated in various signaling pathways controlling
myoblast fusion, muscle differentiation, metabolism, and
insulin-dependent regulation of glucose uptake. In light
of the present findings, any of these signaling events
could modulate SR calcium release in parallel by acti-
vating PI(4,5)P, depletion.

Many previous studies have identified PI(4,5)Ps; modu-
lation of ion channels in heterologous expression systems.
This reductionist approach facilitated the elucidation
of the molecular mechanisms underlying PI(4,5)P,
action on these channels. However, in many cases, the
physiological importance of channel modulation by phos-
phoinositides remained unclear. With their bold approach,
Jacquemond and coworkers provide compelling func-
tional evidence for modulation of EC coupling by PI(4,5)
P, under physiological conditions. Now the molecular
details of the signaling mechanism and the upstream
activators must be identified.
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