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ECC meets CEU—New focus on the backdoor for
calcium ions in skeletal muscle cells

Werner Melzer®

Calcium ions can rapidly transmit information from the surface
of cells to the cytoplasm, conducted by plasma membrane
channels, or can be released from intracellular stores. Many
invertebrate muscle types and vertebrate heart and smooth
muscle use both the external and internal Ca?* source for
excitation-contraction coupling (ECC) in the mechanism of
calcium-induced calcium release (CICR). Here, a short and small
Ca** entry impulse generated by voltage-activated channels
triggers a larger Ca** efflux from the SR (Rios, 2018). In skeletal
muscle, the voltage-activated Ca2* current could be ruled out as a
trigger for ECC (Dayal et al., 2017); nevertheless, muscle function
depends on external Ca®* in several ways. In recent years, store-
operated Ca%* entry (SOCE), which sets in when the internal stores
of cells get depleted (Prakriya and Lewis, 2015), has progressively
attracted the interest of ECC research (Dirksen, 2009). In the
present issue of the Journal of General Physiology, Michelucci and
coworkers (Michelucci et al., 2020) report structural and func-
tional characteristics of SOCE in skeletal muscle of a mouse with
constitutively compromised Ca®* storing capabilities. The work
provides novel insights into the mechanism by which the extra-
cellular Ca?* source is used to mitigate loss of Ca?* from the SR.

Excitation-calcium release coupling in skeletal muscle
In skeletal muscle, a dense network of thin transverse tubules
(TTs) conducts the action potential from the cell surface to the
terminal cisternae of the SR (Franzini-Armstrong, 2018). The triad,
consisting of one TT flanked on two sides by a terminal cisterna, is
the location of excitation-Ca®* release coupling. In the TT mem-
brane, a specialized voltage-dependent calcium channel (CaVl.];
Bannister and Beam, 2013), commonly known as dihydropyridine
receptor (DHPR), communicates the electrical signal to the calcium
release channel of the SR (ryanodine receptor; RyR1). The coupling
is based on a unique conformational handshake between CaV1.1 and
RyR1 (Herndndez-Ochoa and Schneider, 2018; Shishmarev, 2020)
in a contact structure termed “calcium release unit” (CRU) or
“couplon” (Franzini-Armstrong, 1999; Rios et al., 2015).

The resting free-Ca* concentration within the SR has been
estimated at ~0.3 mM (Rudolf et al., 2006). It is roughly four
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orders of magnitude higher than in the myoplasm and about
fourfold lower than in the extracellular space (~1.2 mM; Walser,
1961). The steep gradient across the SR membrane, i.e., the
driving force for the depolarization-activated Ca%* release, is
achieved by the SR/ER calcium ATPase (SERCA), densely packed
in the nonjunctional regions of the SR membrane. Much more
than the free Ca%* can rapidly be released from the SR because
most is loosely bound to the two isoforms of the acidic protein
calsequestrin (MacLennan and Wong, 1971), mainly CASQl in
fast muscle, and other less abundant Ca* binding proteins. Ca%*-
bound CASQ is a very large multi-subunit complex that forms a
dense network of polymeric strings (Rossi et al., 2020). These
structures may even act as rails for efficient one-dimensional surface
diffusion toward the Ca?* releasing channels (MacLennan and
Reithmeier, 1998). Calsequestrin depolymerizes when free [Ca2'] is
reduced (Park et al., 2003), thus lowering its affinity and allowing
more Ca?* to dissociate (Royer and Rios, 2009). This regenerative
dissociation process is a proper mechanism to prevent the driving
force for Ca** release from declining too rapidly under depleting
conditions (Manno et al., 2017). In addition to its role as an adaptive
Ca?* buffer, calsequestrin and its Ca?*-dependent structural changes
seem to influence RyR1 permeability, in mammalian muscle appar-
ently by favoring RyR1 closure during depletion (Sztretye et al., 2011).

The role of extracellular calcium in skeletal muscle ECC

Early studies, using radioactive isotopes, demonstrated that Ca%*
enters muscle cells during electrical excitation (Bianchi and
Shanes, 1959). One entry pathway for external Ca?* is the
DHPR itself. Even though its primary role is acting as a voltage
sensor to control the open state of RyR1, CaV1.1 permits Ca2* to
pass from the lumen of the TT to the myoplasm (L-type Ca®*
current), providing a flux that is more than two orders of
magnitude smaller than the peak release flux from the SR in
mouse skeletal muscle (Ursu et al., 2005). Its slow time course of
activation during step depolarization made it seem unlikely that
individual action potentials would open the CaVl.l pore at
all. Nevertheless, Ca?* entry associated with action potentials
could be detected (Launikonis et al., 2009) and, at least in part,
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attributed to the DHPR (Bannister et al., 2009). Recent experi-
ments on mice expressing nonconducting CaV1.1 (Dayal et al.,
2017) corroborated earlier studies indicating that the L-type Ca®*
current is irrelevant for EC coupling and is probably not re-
quired for SR Ca®* loading either. Nonetheless, irrespective of
Ca?* entry, the external Ca%* is not without influence on con-
traction and the mechanism that couples voltage to Ca* release
(Liitttgau and Spiecker, 1979; Brum et al., 1988b; Melzer et al.,
1995). If it is removed, the voltage-sensor gating charges of the
DHPR are shifted to an altered mode of mobility (termed charge
2) exhibiting slower kinetics in a more negative voltage range. In
this mode, voltage sensing is no longer coupled to calcium re-
lease (Brum et al., 1988a; Ferreira Gregorio et al., 2017).

Another Ca?* influx pathway, distinct from the CaVl.], at-
tracted attention in muscle research rather late. As in many
nonmuscle cell types, a SOCE is present in skeletal muscle
(Kurebayashi and Ogawa, 2001; Launikonis and Rios, 2007). It is
associated with the stromal interaction molecule STIMI that
senses the intraluminal Ca?* concentration of the SR and acti-
vates a Ca?*-conducting channel, Orail (originally termed “cal-
cium release-activated Ca?* [CRAC] channel”), when the SR gets
depleted. In nonmuscle cells, it takes rather long (many seconds)
for SOCE to be activated (Wu et al., 2006) because STIM has to
migrate by diffusion within the ER membrane to reach ER-plasma
membrane junctions where it gets close enough to interact with
Orai and triggers its opening. In skeletal muscle, the response of
Orail to SR depletion is fast (less than a second; Launikonis and
Rios, 2007). It could be demonstrated, using a mechanically
skinned fiber approach with a Ca?* indicator trapped in the sealed
TTs, that the reaction is rapid enough to activate SOCE (measur-
able as a depletion signal) after each individual action potential in
a series of excitation events (Koenig et al., 2019). Probably the
rapid activation is made possible by prearranged clusters of Orail
with a specific STIM1 splice variant (STIMIL) colocalized with
RyR1 in the triad (Darbellay et al., 2011).

Muscle fatigue and calcium entry units

SR Ca?* depletion becomes a major challenge for muscle per-
formance during strenuous exercise (Cheng et al., 2018). If
electrical motor nerve stimulation via implanted electrodes is
imposed for days or weeks, fast-twitch muscles undergo a
transition to the more energy-efficient and fatigue-resistant
slow phenotype. The fast-to-slow transition involves a remod-
eling of the membrane compartments of ECC as has been dem-
onstrated by Eisenberg et al. (1984). They found that both the
density of TT and SR gradually decrease during the stimulation
period and recover with a similarly slow time course. Recently,
an interesting discovery was made in mice that had been ex-
posed to a 1-h period of intense treadmill running to cause fa-
tigue. Muscles of these mice exhibited gross structural
alterations of the internal membranes within <1 h following the
strenuous muscle activity (Boncompagni et al., 2017; Michelucci
etal,, 2018, 2019); parts of the longitudinal SR formed extensive
stacks of flat SR pockets, and the TT sent branches into these
regions to form junctions with the new SR derivatives. In par-
allel with these morphological changes, a higher constitutive
Ca?* entry and a strong transient up-regulation of the SOCE rate
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in response to repeated tetanic stimulation was revealed by
Mn?** quenching of intracellular fura-2 fluorescence and was
accompanied by improved force generation (Michelucci et al.,
2019). A further enhancement of SOCE was observed when
depleting the SR using SERCA blockers. These functional effects
were completely absent in preparations of inducible, muscle-
specific Orail knockout and muscle-specific dominant-negative
Orail transgenic mice. The findings suggest that the contact re-
gions between exercise-induced TT branches and SR stacks are sites
of increased SOCE activity. They were, therefore, termed calcium
entry units (CEU) and proposed to help muscle compensate for the
excess loss of SR Ca?* taking place during exercise. The results were
consistent with the role of Orail in reducing muscle fatigue in mice
during repetitive, high-frequency excitation that had previously
been established (Wei-Lapierre et al., 2013). The consequences of
the lack of SOCE activity for the human organism have become
apparent in patients suffering from inherited disorders caused by
loss of function mutations in Orail or STIMI; in addition to severe
immunodeficiency, muscular hypotonia and atrophy are among the
symptoms of these diseases (Michelucci et al., 2018).

Lack of calsequestrin boosts the development of Ca2*

entry units

The new paper by Michelucci et al. (2020) in the present issue of
this journal describes the situation in fast muscles of CASQI knock-
out mice. Eliminating its main Ca®* buffer should drastically reduce
the Ca2* storage capacity of the SR and, as one might think, dra-
matically weaken these animals’ skeletal muscles. Surprisingly, they
behave quite normally and show only mild signs of atrophy (Paolini
et al,, 2007). How do they cope with the lack of calsequestrin?

In early structural work on the CASQl-null mouse, substan-
tial remodeling of the Ca2* release units was noticed (Paolini
et al., 2007). The present paper highlights the resemblance of
certain remodeled membrane structures in CASQI1-null muscle
to the CEUs that were found to reversibly form in normal muscle
during strenuous exercise (Michelucci et al., 2019). Thus, the
chronic SR filling impairment resulting from the lack of CASQ1
may have caused a substantial up-regulation of CEUs during
muscle cell development. In this way the SR and its rapid
voltage-controlled Ca?*-release mechanism would be connected
more tightly to the extracellular Ca?* pool. This hypothesis is
supported in the new study by a large array of experimental
findings resulting from the combination of ultrastructural,
molecular, and physiological investigations.

The morphometric analysis of electron micrographs revealed
a large increase in the number of SR stacks in the I-band region
and in TT branching to this location as well as in the length of
common contacts between these two elements. Much higher
SOCE activity than in the wild type was found as judged by the
Mn?** quenching technique. As a correlate of SOCE activity, a
gradual build-up of Ca?* release and force development from
initially low levels could be recorded during repeated tetanic
stimulations. This went in parallel with a progressive im-
provement of the SR filling state as measured with an SR-
targeted Ca?* indicator. Finally, significantly higher expression
levels of Orail, of both STIMI isoforms (L and S) and of the
SERCA pump were found by Western blotting.
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Figure 1. Formation of calcium entry units.
Structural changes from the normal state of a
well-loaded SR (left) to a state of Ca2* depletion
(right). Depletion leads to the formation of CEUs
characterized by longitudinal branches of the
transverse tubular system (T-Tubule) and stacks
of the longitudinal SR which are connected by
STIM1-Orail bridges. The right side of the
drawing shows the case of Ca?*-depleted cal-
sequestrin (CASQI) in the terminal cisternae.
Similar CEUs are now reported as permanent
structures in CASQI-null muscle fibers as means
to cope with the compromised Ca?* storing
ability. fSR, free (nonjunctional) SR that does not
interact with TTs; jSR, junctional SR (terminal
cisternae). Figure reproduced from Michelucci
et al,, 2018, with permission.
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The picture that emerges from these findings is the following:
repetitive action potential activation initially leads to a rapid
strong depletion in the terminal cisternae of CASQl-null muscle
accompanied by excessive Ca2* loss to the TT lumen, presumably
via the sodium-calcium exchanger (NCX) and the plasma mem-
brane Ca?* ATPase (PMCA). The SR depletion acts as the signal
for STIM1 molecules to recruit Orail channels of prearranged
CEUs in the TT branches. SERCA pumps in the membranes of
adjacent SR stacks take up the external Ca?* that enters the
narrow inter-membrane gap of the CEU. The raised Ca** con-
centration in the stack compartments of the SR feeds a flux of
Ca?* to the terminal cisternae which counteracts the rapid de-
cline in driving force for Ca®* release. In this way, CEU-based
SOCE sort of mimics the replenishment of free Ca?* in the ter-
minal cisternae that in wild type muscle is provided by dissocia-
tion from CASQL. The morphological and physiological data of
CASQl-null skeletal muscle indicate a permanent state very sim-
ilar to the one reached in wild type mice after strenuous exercise
(Fig. 1), and they provide a plausible explanation for the lack of
obvious disabilities in these mice without having to postulate
compensatory up-regulation of alternative SR Ca?* buffers.

The CEUs constitutively present in CASQl-null muscle or
forming on demand in wild type cells may be part of an exten-
sive Ca?* nanocourse network as has recently been identified in
vascular smooth muscle (Duan et al., 2019). Targeted indicators
should make it possible in the future to visualize the travel
routes of Ca?*, specifically to measure Ca?* entry via the CEUs,
and to search for intra-SR gradients associated with the flux
from the CEU to the CRU. It would also be interesting to learn
more about the specific protein content of the CEU regions.
Which are the molecular components that maintain these
structures and control their formation? The study indicates that
Orail is present. Is STIM preassembled, too, or does it have to
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migrate there from different regions of the SR? And which of the
STIM isoforms are involved? Interestingly, CASQl has been re-
ported to interact with STIMI to inhibit its redistribution (Zhang
et al., 2016). Furthermore, the structural characteristics of the
CEUs may bring about functional changes in addition to up-
regulated SOCE. Are the new longitudinal TT derivatives ex-
citable like their transversal counterparts? This would seem
luxurious since this compartment apparently lacks voltage-
activated Ca?* release. However, the electrical capacitance in-
crease caused by these elements might affect excitability and
conduction velocity in the “regular” TTs. Electrical recordings
combined with measurements using voltage-sensitive dyes may
provide the answers.

The new findings by Michelucci et al. (2020) are intriguing,
and we can expect that CEUs will gain increasing attention in
future studies on altered or diseased states of skeletal muscle.
In particular, studying the pathophysiology of CASQl-related
myopathies (Rossi et al., 2020) will profit from these results.
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