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Calsequestrin, the only known protein with cyclical storage and
supply of calcium as main role, is proposed to have other functions,
which remain unproven. Voluntary movement and the heart beat
require this calcium flow to be massive and fast. How does
calsequestrin do it? To bind large amounts of calcium in vitro,
calsequestrin must polymerize and then depolymerize to release it.
Does this rule apply inside the sarcoplasmic reticulum (SR) of a
working cell? We answered using fluorescently tagged calsequestrin
expressed in muscles of mice. By FRAP and imaging we monitored
mobility of calsequestrin as [Ca2+] in the SR–measured with a calse-
questrin-fused biosensor–was lowered. We found that calsequestrin
is polymerized within the SR at rest and that it depolymerized as
[Ca2+] went down: fully when calcium depletion was maximal (a
condition achieved with an SR calcium channel opening drug) and
partially when depletion was limited (a condition imposed by fatigu-
ing stimulation, long-lasting depolarization, or low drug concentra-
tions). With fluorescence and electron microscopic imaging we
demonstrated massive movements of calsequestrin accompanied by
drastic morphological SR changes in fully depleted cells. When cells
were partially depleted no remodeling was found. The present results
support the proposed role of calsequestrin in termination of calcium
release by conformationally inducing closure of SR channels. A chan-
nel closing switch operated by calsequestrin depolymerization will
limit depletion, thereby preventing full disassembly of the polymeric
calsequestrin network and catastrophic structural changes in the SR.

skeletal muscle | excitation/contraction coupling | cardiac muscle | muscle
diseases | catecholaminergic polymorphic ventricular tachycardia

To start physiological contraction in striated muscles, a large
amount of calcium moves from storage in the sarcoplasmic

reticulum (SR) to the cytosol. Inside the SR, calcium is stored largely
bound to calsequestrin, the only known protein dedicated to re-
versible ion buffering (1). In addition to storing calcium, calsequestrin
has been proposed to mediate multiple functions (2). Although
none of these proposed functions are proven, the likelihood that
calsequestrin does more than buffering is supported by the wide-
spread distribution of calsequestrin and calsequestrin-like orthologs
in various cells, tissues, and organisms of Animalia and Plantae
(reviewed in ref. 3), as well as the diversity of cardiac (4, 5) and
skeletal muscle (6, 7) diseases linked to its mutations. Because the
mutants show altered calcium release timing, calsequestrin is believed
to modulate gating of ryanodine receptor (RyR) release channels.
Because it forms long polymeric tendrils [also known as calcium wires
(8)] ending near the SR channel mouth (9), calsequestrin is proposed
to lead calcium toward the channel (8, 10), a speculation that as-
sumes (as first done in ref. 11) that reduction of dimensionality
enhances diffusion.
Most importantly, calsequestrin is unique as a calcium buffer.

Buffering power B, the incremental ratio of bound over free ligand
concentration, is maximal at zero ligand concentration, when the
buffer is ligand-free, for most buffers. The buffering power of
calsequestrin measured in vitro instead increases with the con-
centrations of free and bound calcium (6). This increase in buff-
ering ability occurs because the loci for most calcium binding are

at the interfaces between calsequestrin monomers, requiring two
monomers to achieve useful binding affinity (12). It follows that
higher [Ca2+] will promote polymerization, which, in turn, will
provide additional sites for calcium binding. If adequately tuned,
this cooperative feature will provide optimal calcium release
ability at physiological [Ca2+]SR (2).
[Ca2+]SR decreases moderately (13) during normal skeletal

muscle function; depletion is greater in cardiac muscle, where it
reaches 50–90% (14). As crucial as polymerization appears to be
for storage, and putatively other functions, its corollary, depo-
lymerization, has never been demonstrated in a working cell
upon depletion of the calcium store. Depolymerization would
not just alter the buffer function of the protein; given the me-
chanical link of calsequestrin with other proteins in the couplon (15,
16), including the calcium release channels of the SR (RyRs), de-
polymerization could be sensed as an allosteric signal by the RyRs,
thereby providing a physical mechanism for their control. Depoly-
merization would derail the hypothetical diffusional enhancement
by destroying the calcium wires; it might also allow migration of
calsequestrin away from triads, with damaging targeting and func-
tional repercussions. Finally, all calsequestrin mutations associ-
ated with diseases of skeletal muscle (6) and many of the known
calsequestrin mutations linked to cardiac diseases (17) are known or
predicted to alter its polymerization; therefore, it can be anticipated
that any changes that hinder normal polymerization of this protein
[including the posttranslational modifications recently studied (18)]
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will have deleterious functional consequences. Whether and to what
extent calsequestrin depolymerizes in situ, in working cells, is the
central question of muscle function tested in the present work.
In single fibers of adult mouse muscle, we first characterize a

kinetic feature of calcium release consistent with calsequestrin
depolymerization and then evaluate the effects of calcium deple-
tion on the intra-SR diffusional mobility of calsequestrin, which
should increase upon depolymerization. We do it in myofibers of
adult mice by imaging the fluorescence of tagged calsequestrin
and its fluorescence recovery after photobleaching (FRAP) as a
measure of the protein’s mobility. Fluorescence tagging is achieved
by fusion of calsequestrin (the skeletal isoform Casq1) with EYFP
or with a calcium biosensor, which also provides a continuous
readout of [Ca2+]SR. Depleting interventions include drugs that open
the SR calcium release channel or inhibit the sarco/endoplasmic
reticulum calcium (SERCA) pump, and fatiguing electrical stim-
ulation. EM imaging, probing possible structural changes in de-
pleted muscles, completes the study.

Results
A Kinetic Hallmark of Calsequestrin Function. Fig. 1A (also Figs. S1
and S2) demonstrates a basic readout of calsequestrin function.
The traces, reproduced from earlier work of our laboratory, are
of calcium release flux elicited by a large depolarization imposed
by patch-clamping; flux was derived from confocal images of
[Ca2+]cyto in wild-type (WT) mouse myofibers (blue) and a mouse
null for both calsequestrin isoforms (red). As previously reported
(19), the waveforms start with a sharp peak and then decay,
rapidly in the calsequestrin-null model but going through a
characteristic “hump” in the WT model. This feature strictly
requires calsequestrin to be present (19) and can be restored by
exogenous expression (Figs. S1 and S2). In all other experiments
illustrated in Fig. 1A, the fast calcium buffer BAPTA [1,2-
bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid] was present

in the internal solution to reduce calcium-dependent inactivation
of the RyR channels (20). The presence of BAPTA increases the
flux of calcium release and results in a sharper hump, which can be
revealed using much briefer pulses, in turn, making elaborate ki-
netic studies feasible. Additionally, the sharply demarcated hump
becomes quantifiable, as shown in Fig. 1C, in terms of the amount
of released calcium on a time integral of calcium flux.
A kinetic feature of the hump illuminates its molecular mech-

anism. In Fig. 1 B–F, release flux is elicited by pairs of pulses. Flux
in the second pulse is reduced, and its kinetics are modified. At
very short intervals, thoroughly explored in other works (21, 22),
the peak of flux is absent. At intervals between 350 and 500 ms
(Fig. 1 B–E), the peak is largely recovered but the hump is absent.
As shown in Fig. 1G, the peak recovers with a time constant τ of
∼200 ms, although it takes 10 s for the hump to show substantial
recovery and more than 30 s for its full restitution. The red trace in
Fig. 1G shows [Ca2+]SR measured after an unconditioned depo-
larization in a separate experiment. The average τ of [Ca2+]SR
restoration was 230 ms. The similarity of recovery time constants
of peak flux and [Ca2+]SR suggests that the refilling of the SR with
restoration of the [Ca2+] gradient is an important determinant of
recovery of peak flux. Restoration of the hump is instead a much
slower process, not limited by recovery of [Ca2+]SR.
These experiments (and others documented in Figs. S1 and S2)

confirm that calcium released in the hump phase is supplied by
calsequestrin. After this contribution, calsequestrin temporarily
loses this function. Based on the requirement of calsequestrin
polymerization for high-capacity calcium binding in vitro, we pro-
pose that this functional impairment reflects depolymerization of
calsequestrin in situ, upon loss of calcium.

FRAP of Tagged Calsequestrin Reveals Changes in Its Diffusional
Mobility. If calsequestrin depolymerizes inside the depleted SR,
it should become more mobile than in the rested muscle. This
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Fig. 1. Kinetic properties of the hump (also Figs. S1
and S2). (A) Ca2+ release flux elicited in FDB muscle fi-
bers under patch voltage clamp by the depolarization
pulse at the top, derived from a WT (blue) or a Casq-2–
null (red) mouse. Traces are reproduced from earlier
work of our laboratory (19). The arrow indicates the
hump component. (B) Ca2+ release flux elicited by a
two-pulse protocol illustrated at the top. At variance
with the conditions in A, BAPTA (5 mM) was present in
the pipette. Note in the response to the first pulse the
greater peak flux and the sharper, much briefer hump.
The second pulse elicits a sharp flux devoid of a hump.
(C) Time integrals of the flux record in B (the trace in
red is the first part at an expanded time scale, with
arrows corresponding to the arrows in B). Horizontal
lines mark the amplitudes of two stages: “early” and
“late.” The latter measures the magnitude of the
hump as the amount of calcium released. It is zero in
the rise caused by the second pulse, because no late
component is visible in the integral. (D–F) Kinetics
of flux recovery probed with three pairs of pulses
at different intervals, applied on the same myofiber.
(G) Dependence of the peak and hump on the condi-
tioning interval. Small symbols depict peak flux ampli-
tude (normalized to unconditioned value) in four
myofibers. Large symbols represent averages of hump
magnitude (evaluated as described in C) in six cells. The
point at 10 s represents an average of four values at
intervals between 5.5 and 15 s. The black curve,
0.801et=0.207 − 0.085, is a fit to peaks. The curve in red
represents [Ca2+]SR(t) measured in a myofiber express-
ing D4cpV-Casq1, plotted on the same time axis. In
eight cells studied similarly, the recovery was well fit
with a single exponential function of time; the average
τ of [Ca2+]SR restoration was 230 ms (SEM = 37 ms).
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prediction was tested by comparing FRAP of various luminal SR
probes in myofiber bundles in resting and calcium-depleted
conditions. Fig. 2A shows a small bundle of fibers from mouse
flexor digitorum brevis (FDB) muscle inside the miniature
chamber developed for this test. Slender bars attached eccen-
trically to rotary cylinders hold the bundle against the coverglass
bottom, immobilized by stretch and N-benzyl-p-toluenesulfona-
mide (BTS). Fig. 2B shows a raw confocal image of the fluores-
cence of Casq1 fused with EYFP in cells of a calsequestrin-null
mouse. EYFP-Casq1 fluorescence forms two bands per sarco-
mere, consistent with the location previously found for native
Casq1 (23), and for Casq1 fused with D4cpV (24). The agreement
indicates that Casq1 fused to either tag traffics in the same way as
native Casq1, to SR terminal cisternae (TC). Each band of fluo-
rescence therefore originates from the two TC in a triad, which
cannot be resolved optically.
The dark rectangular areas shown in Fig. 2B were bleached by

laser light at two different times: the one at the right while the fibers
were at rest and the one at left 30 min later, 2 min after perfusion
with depleting solution 2. A supporting time-lapse movie (Movie S1)
illustrates the full experiment and demonstrates the performance of a
custom program that automatically locates the bleached region for
continued measurement in the presence of contractile or perfusion
movements (of which the experiment is a most severe example).
Fluorescence measured within the bleached areas is plotted in Fig.
2C. Recovery in the area to the right (region 1, open circles) was slow

while the muscle was at rest and accelerated when the depleting
solution was applied. Recovery in the area to the left (region 2,
closed circles), bleached while in depleting solution, was visibly faster.
Recovery is quantified in terms of the normalized fluorescence
f ðtÞ≡ FðtÞ=Fref. We show in SI Appendix and Fig. S3 that the initial
rate of change of f ðtÞ, denoted as f ′ð0Þ and always given in units of
(1,000 s)−1, is proportional to the effective diffusion coefficient of the
fluorescent species, D. We also establish the applicable value of the
proportionality constant, which results in a D of 0.05 μm2·s−1 when
f ′ð0Þ equals 1. As shown in Fig. 2, f ′ð0Þ was 0.23 for the bleached
region 1 and increased to 0.88 in region 2. The increase upholds the
hypothesis that calsequestrin depolymerizes upon SR depletion
(statistics are presented in Fig. 2F and Table 1).
Although f ′ð0Þ provides a measure of D immediately after

bleaching, the “normalized rate of recovery” keðtÞ was used as a
proportional measure of D beyond the initial times (Methods).
With Fig. S4, we show that keðtÞ will decay monotonically with
time if D is constant; instead, and as also shown in Fig. S4, it in-
creased markedly in the first bleached region of Fig. 2C upon
application of depleting solution. The result is again consistent
with an increase in D (and depolymerization of Casq1).

Calcium Biosensors Used as FRAP Probes. To have a measure of
[Ca2+]SR simultaneous with FRAP, we used as FRAP probe the
calcium biosensor D4cpV-Casq1 (24). For comparison with the
results obtained with EYFP-Casq1, some experiments were done
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Fig. 2. FRAP properties of tagged Casq1 (also Figs. S3
and S4 and SI Appendix). (A) Experimental chamber
with FDB bundle in place (Top) and cutoff view of
the 3D printed file (Bottom). (B) Confocal image of
fluorescence of FDB bundle expressing EYFP-Casq1,
showing two regions bleached before (Right) and af-
ter (Left) perfusion with solution 2. (C) Normalized
fluorescence fðtÞ= FðtÞ=Freference in the two bleached
regions. Note the change in f ′ð0Þ (slope of dashed
lines) in depleting solution. (D) FRAP of D4cpV-Casq1.
As illustrated by the green symbols, [Ca2+]SR measured
by the biosensor. Other symbols plot fðtÞ in regions
bleached successively as increasingly depleting solu-
tions were applied. The red steps at the top indicate
successive applications of 1 and 2 mM 4-CMC. The
dashed cyan curves represent exponential fits used to
determine the immobile fraction of fluorescence
(Methods). The f ′ð0Þ rates were 0.8, 2.1, 1.35, and 3.1
(1,000 s)−1, respectively, in regions 1–4. (E) FRAP of
biosensor D1ER. The f ′ð0Þ rates were 1.25, 1.59, and
2.53 (1.000 s)−1 in regions 1–3. (F) Summary of de-
pletion effects, expressed as Ddepleted/Dresting, equal
to f ′ð0Þdepleted=f ′ð0Þresting. N, numbers of region pairs,
usually located on the same cell, for each condition.
Quantifiers are keyed by the central box. The calcu-
lation of levels 5% and 95% (represented by the bars)
requires n ≥ 9, and was therefore not possible in
all cases.
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on Casq-null mice. Most, however, were done on WT mice;
therefore, the exogenous Casq1 (which was expressed at 2–5 μmol/L
cytosol) was less than 10% of the total [estimated at 50 μM or
greater (25, 26)]. The evolution of f ðtÞ in a representative case is
shown in Fig. 2D: Triangles plot [Ca2+]SR, which was reduced to
∼50% of the initial value by a depolarizing solution, and later to
nearly zero by increasing concentrations of 4-chloro-M-cresol
(4-CMC), a drug that opens the calcium release channel. The f ′ð0Þ
in region 1 (bleached at rest) was 0.8; the FRAP recovery time
course was apparently not affected when [Ca2+]SR was decreased
to 500 μM. After [Ca2+]SR was reduced further, f ′ð0Þ increased,
reaching a maximum of 3.1 in region 4 (bleached when [Ca2+]SR
was nearly zero). Meanwhile, the “immobile fraction” (determined
as described inMethods) was reduced to zero, which implies that all
of the tagged Casq1 became mobile.
Bleaching in the four regions illustrated in Fig. 2D was

achieved with the same amount of irradiation. Additional obvious
evidence of the increase in mobility is the change in the value of
f ð0Þ, the first recorded value of fluorescence after the bleaching
irradiation is applied. The monotonic increase of f ð0Þ in the suc-
cessively bleached regions (regions 1 to 4) reflects increased mo-
bility, which resulted in greater recovery of fluorescence during the
several seconds needed for irradiation and to switch from bleach-
ing to the imaging mode. The same criterion is not applicable in
cases (e.g., Fig. 2C) where the intensity of the bleaching irradiation
was adjusted so that the comparison of rates was done at the same
value of f ð0Þ.
The calcium biosensor D1ER, which is not fused to calsequestrin,

was used as an alternative FRAP probe and [Ca2+]SR reporter. In
the example of Fig. 2E, f ′ð0Þ increased slightly upon partial de-
pletion (region 2, black) and twofold when [Ca2+]SR went under
100 μM (region 3, red). In the framework of the depolymerization
hypothesis, the increase in mobility of D1ER indicates that the
network of polymeric Casq1 hinders diffusion of proteins other than
calsequestrin. The relative increase in diffusional mobility (D=Dresting)
in a variety of conditions is summarized in Fig. 2F. Both central
measures and distribution outliers of this variable had values
greater than the null effect (D=Dresting = 1). An alternative analy-
sis, which compares f ′ð0Þ values pooled in different conditions, is
shown in Table 1. From an average f ′ð0Þ of 1.37 (1,000 s)−1, an
estimate of 0.069 μm2·s−1 is derived for D of D4cpV-Casq1 in cells
at rest. This value is extremely low, even for molecules diffusing
inside the endoplasmic reticulum/SR.
Other features of the change in mobility are illustrated in Fig.

3. Fig. 3A summarizes the relationship between the reduction in
[Ca2+]SR (represented as a fraction of the initial value) and the
magnitude of the effect, plotted for both individual experiments

and their averages. The summary upholds the observation in
the experiment of Fig. 2C that reduction in [Ca2+]SR below a
threshold causes a large and abrupt increase in D. This threshold
was near 200 μM, or about 40% of [Ca2+]SR at rest. The observed
abrupt change at very low [Ca2+]SR did not preclude smaller,
graded changes in D when [Ca2+]SR was closer to its value at rest.
Reversibility is a requirement for this change in Casq1, puta-

tively depolymerization, to occur physiologically. We therefore
checked whether the effects of depleting solutions on protein
mobility were reversible. Fig. 3B graphs FRAP in a fiber expressing
EYFP-Casq1 (open circles). The FRAP rate f ′ð0Þ (i.e., the
slope of the line determined by the open symbols) was initially
low, as usual in a fiber at rest; it increased greatly upon expo-
sure to solution 2 and appeared to decrease rapidly on washout.
The evolution is best shown with the “normalized rate” keðtÞ
(blue squares).
The return to low protein mobility required recovery from

calcium depletion. This recovery is shown in the experiment of
Fig. 3C, which consisted of measuring FRAP rate of D4cpV-
Casq1 in six regions, bleached successively in the same muscle
bundle under different conditions. The bundle was exposed to
the reversible SERCA inhibitor 2.5-di(tert-butyl)-1,4-hydroqui-
none (TBQ) during the time marked by the blue bar, causing
[Ca2+]SR to decrease slowly, whereas f ′ð0Þ increased, up to
fourfold after 2 h. The changes reversed partially upon washout.
Two other observations were indicative of calsequestrin de-

polymerization. Depleting solutions often produced an oscilla-
tion in [Ca2+]SR (examples are shown in Fig. 3D and Fig. S5). As
shown in Fig. 3D, the oscillations started with a decay, followed
by an upswing that surpassed the resting [Ca2+]SR value in some
cases and a final fall to near zero. As illustrated in Fig. 3D and
Fig. S5, the magnitudes of the upswing and initial decay were
correlated, and both increased with the dose of 4-CMC. A large
increase in [Ca2+]SR while calcium release channels are open can
only be due to a large decay in SR calcium buffering power, such
as the decay that follows full depolymerization of Casq1. The
association between the magnitude of the upswing in [Ca2+]SR
and its preceding dip suggests that the depletion is the cause of
the polymeric network’s collapse.
In nearly every experiment, a fraction of the bleached fluo-

rescence was unrecoverable (examples are shown in Figs. 2 C
and D and 3 B and D). As documented in the collective plot of
Fig. 3E, this fraction, which presumably represents Casq1 fully
immobilized in the polymeric lattice, was large at high [Ca2+]SR
and decreased with depletion, which is evidence of a weaker
retention of Casq1 in the lattice.

Table 1. Effect of depleting operations on FRAP rate and SR calcium concentration

Diffusing molecule Mouse
Depleting
operation

f′(0) (1,000s)−1 Avg
(SEM)

[Ca2+]SR, μM [average
(SEM)] No. of cells

EYFP- Casq1 Casq1-null None 0.38 (0.09) n.a.† 6
Solution 2 0.87 (0.14)* n.a.† 13

D4cpV- Casq1 None 1.37 (0.26) 368 (46) 5
Solution 2 3.44 (1.02)* 68 (27) 6

WT None 0.64 (0.07) 681 (112) 15
Solution 2 1.85 (0.28)* 64 (14) 14
None 1.45 (0.28) 524 (117) 4
Tetani 2.92 (0.37)* 145 (71) 4

D1ER None 1.84 (0.16) 850 (106) 4
Solution 2 4.24 (0.38)* 100 (30) 4

Column 3 provides initial FRAP rates f ’ð0Þ≡dfð0Þ=dt, where fðtÞ≡ FðtÞ=Fref . FRAP rates in multiple bleached regions of the same cell
were averaged for individual cells. The values listed are equal-weight means of the individual cell averages. Column 4 lists average
[Ca2+]SR as determined by the biosensor at the time of bleaching. Column 5 gives numbers of cells used in the measurements. n.a., not
available.
*Significance of the effect of the depleting intervention at P < 0.05 in a two-tailed t test of differences of averages. Fig. 2F provides an
alternative comparison of effects, as differences paired in individual fibers.
†No biosensor was present.
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These observations indicate that up to 60% of the tagged pro-
tein is immobile in the time scale of our experiments in cells at
rest, and that part of it becomes mobile as [Ca2+]SR is reduced.
When the depletion is slow in onset, the increase in mobility is
gradual and reversible. When the depletion is fast, the oscillation
in free [Ca2+]SR suggests widespread collapse of the calsequestrin
network, leading to sudden loss of calcium buffering capacity and
a corresponding surge in [Ca2+]SR.

Electrical Stimulation Increased Calsequestrin Mobility. SR depletion
was also induced by “fatiguing” field stimulation patterns, con-
firmed to cause mechanical fatigue in separate experiments (Fig.
S6). Fatiguing stimulation achieved a reduction in [Ca2+]SR of
30–40% in 20 min of application and caused a twofold to
threefold increase in f ′ð0Þ. However, for the reduction in [Ca2+]SR
to be sustained while FRAP was measured, stimulation had to
continue, often resulting in movement. In alternative experiments,
a low dose of the SERCA inhibitor cyclopiazonic acid (CPA;
0.5 mM) was added to Tyrode. Fatiguing stimulation then caused
a decrease in [Ca2+]SR that was larger (nearly 70% of resting
value) and sustained, so that stimulation could be stopped during
FRAP measurement. The increase in calsequestrin mobility in
these tests was similar to the increase in mobility induced with
depleting drugs (D=Dresting = 3.3; Fig. 2F).

Displacement of Calsequestrin Demonstrated by Imaging. Fig. 4 shows
D4cpV-Casq1 fluorescence in the muscle of a WT mouse be-
fore and after chemical depletion, together with EM images
of the same muscle. In Fig. 4A is one member of a “z-stack,”
consisting of 30 images at 100 nm of vertical separation. The nu-
merical aperture of the objective, voxel dimensions, and confocal
pinhole radius were all set to optimize spatial resolution. Fig. 4B is
the result of deblurring Fig. 4A (a procedure that uses all members
of the stack), and Fig. 4C is a 3D rendering of the deblurred stack.
The images confirm the observation (24) that in cells at rest, D4cpv-
tagged Casq1 resides mostly in two bands per sarcomere. Fluores-
cence costaining (23, 24) has shown that the bands correspond to

triads, each with two TC not resolved in these images. The narrow
and wide spaces between these calsequestrin bands correspond
respectively to the I and A bands of the sarcomere (24).
The effect of deep depletion is demonstrated in Fig. 4D, a 3D

rendering of a z-stack acquired on the same fiber after exposure
to solution 5. The treatment, which reduced [Ca2+]SR to between
0 and 20 μM in three experiments, caused a major relocation of
the fluorescent species into largely longitudinal structures.
The nature of these structures was explored in EM images of

sections of the same depleted muscles. Fig. 4E, from a muscle at
rest expressing the biosensor, shows the normal arrangement of
triads (indicated here and elsewhere by red arrows). Calsequestrin
is visible as the granular content of the two TC in a triad (27, 28)
and is mostly absent in longitudinal SR (indicated by the yellow
arrow in Fig. 4E). In cross-sections (Fig. 4F), the longitudinal
SR is largely empty (yellow arrow), but it occasionally exhibits
calsequestrin-like granular content as well (green arrow), partic-
ularly at the level of the I band as illustrated here. Fig. 4 G and H
show longitudinal and transversal sections from the muscle in Fig.
4 A–D, fixed after depletion. The images in Fig. 4 G and H
show intermyofibrillar spaces occupied by a labyrinthine array of
membranes with an occasional granular content, presumably
representing polymerized Casq1 (yellow arrows; details are shown
in Fig. 4 I and J). The array of membranes includes denser areas,
often in pairs, which are recognizable by size and placement as
remnants of triads, devoid of their transverse tubule (red arrows in
Fig. 4 G and J). The presence of these elements identifies the
intermyofibrillar array of membranes as displaced, morphologi-
cally altered SR. By shape, size, and orientation, they correspond
to the longitudinal structures in the fluorescence images. Because
it is visible by fluorescence, the content in these structures must
include D4cpV-Casq1. As explained in an earlier section, the ex-
ogenous Casq1 is, on average, not more than 10% of the endog-
enous Casq1; therefore, the massive displacement of volume and
content from triadic toward intermyofibrillar structures must involve
the native Casq1 as well.
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Fig. 3. FRAP indicators of reversible protein depoly-
merization (also Figs. S3C and S5). (A) Increase in FRAP
rate of D4cpV-Casq1 (D=Dresting ≡ f ′ð0Þ=f ′ð0Þresting) vs.
reduction in [Ca2+]SR for individual experiments (symbols)
and averages over 0.2-wide bins in abscissa. (B) Re-
versibility of the effect of exposure to solution 2. Circles
represent the evolution of fðtÞ of EYFP-Casq1 in a
bleached region. Note the change in the slope of re-
covery after solution change. Squares represent the nor-
malized recovery rate keðtÞ, showing reversion of effect
on washout. (C) Initial rate f ′ð0Þ of D4cpV-Casq1 in six
successively bleached regions, and simultaneously mea-
sured [Ca2+]SR. The blue bar on time axis marks the
application of depleting solution 0. The f ′ð0Þ rate
increases as [Ca2+]SR slowly decreases, and recovers
on washout. The large increase in f ′ð0Þ lags behind
the decay in [Ca2+]SR. (D) Green symbols show that
[Ca2+]SR undergoes a large oscillation upon exposure
to solution 5 (additional examples are provided in
Fig. S5). f ′ð0Þ went from 0.85 in a cell at rest (open
circles) to 1.8 upon depletion (filled circles. (Inset) Details
of initial recovery. (E) Relationship between [Ca2+]SR
and the immobile fraction of fluorescence, defined as
1− f∞, where f∞ is the limit value of f at long times. The
linear correlation coefficient ρ2 is 0.61.
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The intricacy of the SR structures in the depleted cells gives the
impression of growth in SR area. To test this possibility, we
computed the ratio of intersected SR membrane length and image
area, which is equivalent to SR membrane area density [area per
unit volume (29)]. Details of the comparison are provided in Fig.
S8. The SR area density was smaller in the depleted condition,
albeit not significantly so. The result of the comparison suggests
redistribution of SR membrane upon deep Ca2+ depletion.
The structural consequences of milder depleting solutions are

documented in Fig. 5. Fig. 5 A–D compares fluorescence in the
same fiber before (Fig. 5 A, a–D, a) and after (Fig. 5 A, b–D, b)
treatment with solution 2, which caused a reduction in [Ca2+]SR
to less than 40% of its resting value. Fig. 5 A and B shows un-
processed z-stacks. Fig. 5 A, a–B, b shows collective views of the
stacks, generated by overlapping all sections. Fig. 5 A, b and B, b
shows that the treatment results in blurring of the distribution of
fluorescence, which moves slightly away from triads. Fig. 5 C and
D, comparing the effects of exposures of different duration to the
same solution, shows that the displacement becomes more evi-
dent as exposure time increases.
The effects of this milder treatment were also explored with

electron microscopy. Fig. 5E illustrates a WT myofiber at rest,
expressing D4cpV-Casq1. Two TC in the image (Fig. 5E, red
arrow) have granular content, previously identified as polymeric
calsequestrin, whereas longitudinal SR elements appear empty

or have unstructured content (Fig. 5E, yellow arrow). Fig. 5 F–H
is from different muscles fixed after 25 min in solution 2; these
images illustrate the observation of Casq1-like granular content
in longitudinal SR (arrows), which, however, was not very fre-
quent. The occasional presence of such content in extratriadic
SR of untreated muscle, plus the abundance of SR elements with
content of ambiguous density and texture (Fig. S7), made it im-
possible to decide, based on EM images alone, whether the de-
pleting treatment caused a significant increase in extratriadic Casq1.
The structural effects of fatiguing stimulation are illustrated in

Fig. 6. As stated before, stabilizing the depletion due to tetanic
activity required stimulating in the presence of CPA. Images in
Fig. 6 compare the same myofiber before (Left) and after (Right)
stimulation. The pattern changed subtly, from having two triadic
bands per sarcomere at rest (as in Fig. 5 A, a–D, a) to a more
diffuse appearance consistent with displacement of the pro-
tein. In these and other images obtained similarly, the displaced
calsequestrin appears to occupy preferentially the narrow space
between triadic bands, marked by a yellow arrow in Fig. 6 A, a and
b, a space known to correspond to the sarcomeric I band (24).
EM images of myofibers fixed after fatiguing stimulation

(shown in Fig. S8) have clear examples of displaced Casq1:
extratriadic SR with dense granular content. There are also many
examples where it is not clear whether the content visible inside
SR elements can be attributable to Casq1. Seeking a clearer
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Fig. 4. Consequences of depletion on SR structure
(also Figs. S7 and S8). (A–D) D4cpV-Casq1 images
with a high numerical aperture oil immersion ob-
jective. One image of a 30-image z-stack, raw (A)
and deblurred (B), showing the double-band loca-
tion of Casq1. (C ) Three-dimensional rendering of
the deblurred stack by the simulated fluorescence
process algorithm. The yellow arrow indicates the
location of the Z disk at the center of the double
band (24). The black arrow marks the center of the
A band. (D) Three-dimensional rendering of a
z-stack acquired on same myofiber after 20 min in
solution 5. (E ) Representative EM image of a lon-
gitudinal section of a resting myofiber, showing
triads (red arrows) constituted by two TC with
dense granular content and a transverse tubule,
and longitudinal SR cisternae, which usually appear
empty (yellow arrow) or with finely granular con-
tent. (F ) Transversal section of resting fiber near
the Z disk showing sectioned longitudinal SR ele-
ments, which may be empty (yellow arrow) or may
show granular content (green arrow) suggesting an
extratriadic location of Casq1. (G and H) Sections
from the muscle in A–D imaged after depletion.
Large aggregations of membrane in intermyofi-
brillar spaces, corresponding to the longitudinal
structures formed by fluorescent Casq1 in D, are shown
in G and I. The cross-section in H, comparable to F,
includes interfibrillar elements with calsequestrin-like
content (arrow). (I and J) High-magnification views in a
second muscle, equally treated. The details of altered
triads in J (red arrows), visible also in G, allow identi-
fication of the intricate membrane structures as SR.
Additional details are provided in Fig. S8.

6 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1620265114 Manno et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620265114/-/DCSupplemental/pnas.201620265SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620265114/-/DCSupplemental/pnas.201620265SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620265114/-/DCSupplemental/pnas.201620265SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620265114/-/DCSupplemental/pnas.201620265SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620265114/-/DCSupplemental/pnas.201620265SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620265114/-/DCSupplemental/pnas.201620265SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620265114/-/DCSupplemental/pnas.201620265SI.pdf?targetid=nameddest=SF8
www.pnas.org/cgi/doi/10.1073/pnas.1620265114


distinction, we compared systematically images of transversal
sections (as in Fig. 4 F and H), but we did not find significant
differences in the frequency of “filled” SR elements between
resting and stimulated muscles.

Discussion
Being a calcium-binding protein, calsequestrin might have a
number of signaling roles; its sole demonstrated function in cells,
however, is reversible calcium storage (19, 25). Calsequestrin’s
unique buffer properties appear well-suited for this role; they
include a high calcium-binding capacity and a buffering power B
that increases at increasing [Ca2+], as reflected in a binding curve
of positive curvature (or cooperativity > 1). In studies in vitro,
the increase in B occurs in the same range of [Ca2+] that induces
polymerization (6, 30), which implies that polymerization is crucial
for effective buffering. The potential implications for physiology of
this property (reviewed in ref. 2) have been the subject of much
speculation, all of which remains untested.

Calsequestrin Undergoes Major Conformational Changes upon Calcium
Release. Given that Casq1 provides much of the calcium that sig-
nals muscle contraction (25, 26), the buffering features found in
solution should transfer to the storage properties of the SR in
cells. Indeed, strongly cooperative calcium buffering by the SR was
first documented by Pape et al. (31), who showed with frog muscle
that the calcium buffering power of the empty SR is negligible
compared with the value at rest, a property they attributed to
calsequestrin. Working on mouse muscle, Royer et al. (19) con-
firmed the attribution, quantified the contribution by Casq1 at
75% of released calcium (26), and equated it to the hump of cal-
cium flux caused by a large depolarization (19). Here, we charac-
terized this component further (Fig. 1), showing that it becomes
unavailable at short times after one occurrence and that its resto-
ration proceeds more slowly than recovery of free [Ca2+]SR, and is
therefore not limited by it. The delay implies that Casq1 undergoes
major changes in conformation when cycling calcium on and off,
and that the off change disables its function temporarily. The ob-
servation is consistent with the notion that calsequestrin must po-
lymerize to achieve high-capacity calcium binding and depolymerize
as it loses bound calcium.

Diffusional Mobility of Casq1 Increases upon Depletion of Calcium
in SR. The present FRAP measurements show that the mobility
of Casq1 inside the SR increases several fold upon reduction in
[Ca2+]SR. That the effect is graded with [Ca2+]SR and accom-
panies depletion induced by diverse means indicates that it is due
to the reduction in [Ca2+]SR rather than the interventions that
lowered it. That the observed change is reversible, conditional on
reversion of the change in [Ca2+]SR, also evinces a causal link
between depletion and the increase in mobility.

The Changes in Calsequestrin Mobility Are Explained by Its
Depolymerization. Both the changes in mobility and the exhaus-
tion and delayed recovery of the hump of calcium release can be
justified simply as consequences of depolymerization of Casq1
upon [Ca2+]SR depletion. To begin with, Casq1 appears to be
polymerized in the cell at rest. Mean initial rates of recovery, f ′ð0Þ,
of D4cpV-Casq1 fluorescence were 0.63 and 1.37, respectively, in
WT and calsequestrin-null mice (Fig. 3F and Table 1). A value of
1 for f ′ð0Þ corresponds to D = 0.05 μm2·s−1 (SI Appendix and Figs.
S3 and S4). This value is extremely low in comparison to other

Fig. 5. Structural effects of a mild depleting solution (also Fig. S8). (A and B)
Transparency presentations of z-stacks of D4cpV-Casq1 high-resolution images
in two WT myofibers at rest (a) and after 15 min in solution 2 (b). (C, a and b)
Three-dimensional renderings of the stacks in B, a and b, after deblurring. (D)
Three-dimensional renderings of stacks from a different myofiber at rest and
after 30 min in solution 2. Longer exposure times allow greater displacements
of the tagged protein. (E) EM image of a longitudinal section in resting
muscle, showing granular content in triadic SR cisternae (red arrow) and lon-
gitudinal SR with homogeneous, lightly stained content (yellow arrow). (F–H)
Images of solution 2-treated muscles, showing granular content in extratriadic
SR (yellow arrows). The bar in E, valid for panels E–H, spans 100 nm.

Fig. 6. Structural effects of fatiguing stimulation. (A) Deblurred high-res-
olution images of D4cpV-Casq1 in z-stacks of the same cell at rest (a) and
after 20 min of application of stimulation pattern 2 in Tyrode with 0.5 mM
CPA (b). (Inset) Arrows in A in the boxed region magnified indicate location
of the Z disk relative to the double-band pattern of tagged Casq1 expres-
sion. After stimulation, this region is occupied by a band of fluorescence. (B,
a and b) Three-dimensional rendering of same stacks.
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large molecules inside the endoplasmic reticulum [e.g., 0.5 μm2·s−1
for elastase-GFP (32), reviewed in ref. 33].
The low estimates of D and the observation that tagged Casq1

is partly immobile agree with the consensus that Casq1 consti-
tutes the dense polymeric network visible inside TC in EM im-
ages (9, 27). The detailed similarity in structure of calsequestrin
polymers in crystals (12) and in vivo (34) provides additional
evidence and supports the extrapolation to cells of calsequestrin
properties observed in solution, including the close association
between polymerization and calcium binding.
That the increase in probe mobility upon [Ca2+]SR reduction is

accompanied by a decrease of the immobile fraction of fluores-
cence (Fig. 3E), that it takes longer than the changes in [Ca2+]SR
(Fig. 3C), and that it appears to accelerate at [Ca2+]SR below a
threshold (Fig. 3A) are all indications that the polymeric network
weakens and eventually comes apart upon depletion. That the
mobility of another protein, D1ER, is also increased (Fig. 2 E
and F) shows that a barrier to diffusion of all large molecules is
lowered when [Ca2+]SR falls, consistent with weakening of a
structure that fills the TC.
A large-scale change in the calsequestrin lattice upon major

depletion also explains the production of [Ca2+]SR upswings
(presumably by calcium that massively leaves the calsequestrin
network as it disassembles) and specifically justifies the observed
correlation between amplitude of intra-SR transients and strength
of the depleting stimulation. Intra-SR calcium transients were first
reported in vesicular SR fractions (35) and studied in detail in the
rat (36). With simultaneous measurements of FRAP rate and
[Ca2+]SR, we now show that they coexist with an increase in Casq1
mobility, confirming that they are associated with and, in all
likelihood, due to changes in the polymeric network of Casq1, as
proposed by Launikonis et al. (37).

Tagged Casq1 Moves Away from TC upon Depletion. The change in
the mobility and polymerization state of Casq1 should allow its
movement away from TC into extratriadic SR. Such movement
was observed in images of muscles depleted pharmacologically
(Figs. 4 and 5). The EM images of SR structures, in which po-
lymerized Casq1 is visible as dense granular content, demon-
strated massive movement in muscles treated with high 4-CMC
(e.g., Fig. 4G). In these muscles, the gross morphology of the
SR changed, in agreement with the notion that polymerized
calsequestrin is a determinant of normal SR morphology in
skeletal and cardiac muscle (38, 39).
There were no obvious changes in EM images of muscles

subjected to the milder depleting solution 2, even though the
fluorescently tagged Casq1 was displaced (Fig. 5). The discrepancy
may reflect a requirement of polymerization for calsequestrin to
be visible in EM images. EM visualization of displaced calse-
questrin may therefore be limited to conditions in which dissoci-
ated calsequestrin migrates away from triads and reconstitutes
polymers elsewhere or the polymeric network breaks into pieces
that can diffuse, conditions only met in muscles treated with the
higher dose of 4-CMC. Such rearrangements are probably irre-
versible and unlikely to occur physiologically.

Fatiguing Stimulation Causes Minor Displacement of Casq1. Tetanic
stimulation caused moderate, rapidly recovering SR depletion.
Mobility increased in these cases, but its evaluation required
maintaining the stimuli during FRAP, which elicited contrac-
tions and required continued perfusion, both sources of artifact.
A greater increase in mobility was recorded after electrical
stimulation in the presence of CPA, which made the depletion
sustained, so that FRAP rates could be determined without
movement artifact. The magnitude of the increase in mobility
was then comparable to the magnitude caused by chemical de-
pletion (Fig. 2F). By contrast, a systematic examination of EM
images of transversal sections of electrically stimulated muscles
found no changes in the dense content of longitudinal SR ele-
ments, identified as polymeric calsequestrin. This negative result is
consistent with our failure to demonstrate displacement of dense

content in EM images of cells subjected to mild depleting solu-
tions and may again reflect the impossibility to visualize mono-
meric calsequestrin by EM. Therefore, we conclude that the Casq1
network is not grossly disassembled by fatiguing stimulation as
applied here.
Findings in vitro help interpret the present observations; in-

deed, it has been shown that the crystal lattices of calsequestrin
and their asymmetrical units establish order of longer range as
[Ca2+] increases (18). Thus, upon moderate alteration of [Ca2+]
and [K+], order may decrease or increase in a gradual manner,
without total breakdown or reconstruction of the basic lattice.
Extrapolating to cells, and in line with the observed limited
displacement of Casq1 and the increase in its mobility, we pro-
pose that limited changes in [Ca2+]SR weaken the Casq1 net-
work, without full disassembly.
The argument for gradual change, rather than a binary alter-

native of polymerization or depolymerization, can also be cast in
terms of diffusion with binding. If the binding affinity K of Casq1
to the fixed polymeric network decreases in a continuous manner
as [Ca2+] is reduced, the effective diffusion coefficient of Casq1,
Deff =D=ð1+KÞ, will increase gradually as [Ca2+] and K decrease.

Casq1 Depolymerization as a Possible Contributor to Muscle Fatigue.
Depletion of calcium in the SR is believed to contribute to
muscle fatigue because it reduces the [Ca2+] gradient driving
calcium release, possibly reducing contractile activation (e.g., ref.
40). The present results suggest a second mechanism: The changes
in the Casq1 network induced by the mild depletion associated
with fatiguing activity will reduce the buffering power of the SR,
and thus contribute to the reduction in calcium flux.

A Self-Protecting Calsequestrin Switch on Calcium Release? Sztretye
et al. (20) showed that long-lasting membrane depolarization in
myofibers under voltage clamp causes only partial calcium store
depletion; their finding is in agreement with the present evidence
that depolymerization may be graded and remains limited during
normal muscle function. The same work showed that depletion is
partial because RyR channels close before the SR is fully de-
pleted. The closure may be mediated by Casq, because in Casq-
null muscles, RyRs stay open, allowing for full depletion. Here, we
show that complete depletion often leads to abrupt, large-scale
depolymerization (as reflected in the oscillations in [Ca2+]SR ob-
served under these conditions; Fig. 3D and Fig. S5) and, ultimately,
to major alterations in SR structure (Fig. 4). If, as proposed by
Sztretye et al. (20), changes in the Casq1 lattice due to partial SR
depletion constitute the conformational signal that close RyR
channels, the ultimate benefit of this modulation would be to
prevent both full emptying of the calcium store and catastrophic
disassembly of the Casq1 network.

Polymerization Defects of Calsequestrin as Causes of Disease. Stud-
ied in vitro, two disease-linked variants of Casq1, D244G (7) and
M87T (41), show altered polymerization, which requires higher
[Ca2+], leads to abnormal polymeric structure, and reduces cal-
cium binding in solution in both cases (6). The present evidence
that Casq1 undergoes depolymerization in vivo supports the view
that muscle weakness in patients with the D244G mutation is due
to reduced calcium storage and release (6, 42). Additionally,
changes in the structure of the polymer (6) may explain the ab-
normal assembly of SR components characteristic of “surplus
protein” or “vacuolar aggregate” myopathies (43, 44).
Although M87T is not causative of disease per se, it increases

penetrance of RyR1 mutations linked to malignant hyperthermia
(MH) (41), a disease characterized by events of uncontrolled
calcium release that cause hyperpyrexia and rhabdomyolysis. We
now show that conditions favoring RyR channel opening and
rapid calcium release cause oscillations in [Ca2+]SR, presumably
due to disassembly of the Casq1 lattice. As reported by Cully
et al. (36), these [Ca2+]SR transients are regenerative; therefore,
they may be a factor, as yet unrecognized, precipitating the MH

8 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1620265114 Manno et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620265114/-/DCSupplemental/pnas.201620265SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1620265114


event. Variants that destabilize the Casq1 lattice, including M87T
(41), could aggravate the MH condition by this means.
The present findings have implications for cardiac physiology and

disease. Depolymerization should be more complete in the heart,
because the SR appears to deplete more fully there than in skeletal
muscle (e.g., refs. 45, 46). Because TC are smaller in cardiac cells
and connect more sparsely to longitudinal SR (47), the loss of
calsequestrin (Casq2) from these TC would be limited and easier to
reverse, even after full disassembly of the polymeric network.
The present findings therefore support the idea that Casq2
detachment from cardiac couplons constitutes a signal for
closing RyR2 channels and termination of SR calcium release
(reviewed in ref. 48).
Disrupted polymerization has been demonstrated for three

missense mutations of Casq2. Mutations R33Q and D307H, as-
sociated with a severe form of catecholaminergic polymorphic
ventricular tachycardia, yield monomers that form an altered
dimer, whereas mutant L167H has a disrupted hydrophobic core
in an internal domain, resulting in random aggregates that do not
respond to varying calcium concentration (17). These alterations
will interfere with beat-to-beat cycling of calcium. Additionally,
by interfering with Casq2 trafficking and retention in TC (49),
weaker polymerization may explain the reduction in Casq2
content that accompanies most of its mutations (4). If, as sug-
gested by the present results, polymerization and depolymerization
are dynamic processes that repeat with every heartbeat, any hin-
drance to these processes will have repercussions on calsequestrin
endowment and structural stability of the cardiac SR.
In sum, the present work establishes calcium-dependent po-

lymerization and depolymerization of calsequestrin as a critical
hub for modulation of function, trafficking, correct couplon as-
sembly, stability of SR structure, and their alterations in human
disease (50–52).

Methods
Preparation of Plasmids. Preparation of plasmids was as described by Sztretye
et al. (24). Briefly, two D4cpv fusion plasmids were assembled: D4cpV-Casq1,
combining cDNA of mouse Casq1 (53) with pBAD/D4cpv (54), and EYFP-
Casq1, combining fusion plasmid pEYFP-N1-dogCasq2 (55) and mouse Casq1
(53). The D1ER gene (56) was inserted in pcDNA3 for transfection.

Animal use protocols were found consistent with ethical standards and
approved by the Institutional Animal Care Use Committee of Rush University.
Transfection and isolation of muscle followed methods adapted from DiFranco
et al. (57), and described by Royer et al. (19). Four to seven days after trans-
fection, the animals were killed by CO2 inhalation, and FDB muscles were
removed for imaging or functional studies. In experiments with single
cells, the methods of cell separation and patch voltage clamping were as
described (58).

Calcium Concentration Measurements. Cytosolic transients were recorded in
isolated cells under whole-cell patch-clamp with rhod-2 introduced via the
patch pipette. The [Ca2+]cyto and calcium release flux were derived by con-
ventional procedures (58) from line scan and x–y confocal images (SP2
acousto-optical beam splitter; Leica). Single-cell flux measurements were
performed at 20–22 °C in “external” solution. The [Ca2+]SR was determined
from suitable Förster resonant energy transfer (FRET) ratios, from which
[Ca2+]SR was derived as published (24).

FRAPMeasurements. FRAPmeasurements were done in thin bundles dissected
from FDB muscles and mounted in a custom 3D-printed chamber (Fig. 2A;
patent PCT/US16/26097) designed to fit inside a 35-mm thermostatic jacket.
Miniaturization, flow streamlining, and a built-in inlet manifold, made
possible by the 3D printing technique, accomplish rapid, turbulence-free
perfusion and solution exchange. Thin stainless wires attached eccentrically
to rotary cylinders allow stretching and pressing the muscle bundle to the
coverglass chamber bottom for immobilization (completed by BTS in the
perfusing solution) and imaging with high numerical aperture objec-
tives. Trains of stimuli applied with built-in platinum electrodes under
continuous perfusion produce a measured current of steady amplitude.
The chamber can be built to order (Department of Molecular Physiology
and Biophysics, Loyola University, Chicago; available upon request from
pjcaron@lumc.edu).

Muscles expressed Casq1 tagged by EYFP or the biosensors D4cpV-Casq1 or
D1ER. Photobleaching was achieved by joint irradiation with 351-, 364-, and
488-nm laser lines at full power, high zoom, and repeated application, resulting
in ∼40,000-fold the energy density of fluorescence excitation, which bleached
∼90% of fluorescence. FRAP was monitored by fluorescence of the bleached
region, excited at 458 nm, and emitted in the 470- to 580-nm range. If the
fibers moved during recovery, FRAP was evaluated using a custom program
(FRAPAN_cdark.pro; code is available upon request), which located the center
of mass of the bleached region. An extreme example of movement is illus-
trated in Movie S1, which is supplemental to Fig. 2B. The measured fluores-
cence, FðtÞ, is a function of time after bleaching. The commonly used metric to
evaluate recovery, fðtÞ≡ FðtÞ=Fpre, where Fpre is fluorescence before bleaching,
was replaced by fðtÞ≡ FðtÞ=Fref , where Fref, measured in a close unbleached
region, may vary with time, thus correcting for long-term changes. Two
metrics were used to evaluate mobility of the bleached species: the initial rate
of change of fðtÞ, denoted as f ′ð0Þ≡dfð0Þ=dt, and the normalized rate of
recovery keðtÞ≡ ½dfðtÞ=dt�=½1− fðtÞ�. We show in SI Appendix and Fig. S3 that
f ′ð0Þ is proportional to the effective diffusion coefficient of the fluorescent
species, D. The relationship derived from theory is D = 0.05 μm2·s−1 × f ’ð0Þ.
Although f ′ð0Þ provides a measure of D immediately after bleaching, the
metric keðtÞ was defined to have a measure of D beyond the initial times (ke
would be the rate constant of the process if fðtÞ recovered as an exponential
function of time). Again, from theory developed in SI Appendix, ke is expected
to decay monotonically with time if D is constant.

The immobile fraction of fluorescence was calculated as 1− fð∞Þ, where
fð∞Þ is the final steady level of fluorescence, read directly from the mea-
surements when fðtÞ reached a steady value (examples in Fig. 3D) or
obtained from a fit fðtÞ= fð0Þ+ ðfð∞Þ− fð0ÞÞð1−e−t=τÞ (examples in Fig. 2D).

Solutions. The measurements on single cells under voltage clamp used the ex-
ternal solution and the pipette solution containing BAPTA described by Sztretye
et al. (24). FRAP measurements and imaging used Tyrode (58) and four depleting
solutions named “0,” “2,” “5,” and “TBQ.” Solutions 0, 2, and 5 consisted of
Tyrode plus 0.05 mM TBQ; 0.5 mM CPA; and 0, 2, or 5 mM 4-CMC. TBQ solution
had 0.05 mM TBQ as the sole depleting drug. The contraction inhibitor BTS was
present in all solutions at 0.05–0.1 mM. The pH was 7.2, and the osmolality was
320 mOsm. For fixation and EM imaging, the experimental solutions had 4%
(vol/vol) glutaraldehyde added and aspartate substituted for glutamate.

High-Resolution Imaging of Fluorescence. High-resolution imaging of fluores-
cence was done with EYFP-Casq1 or D4cpV-Casq1, combining high-intensity
illumination, a high numerical aperture objective (coverglass-corrected,
1.4 numerical aperture, oil immersion, 63× magnification), optimal con-
focal pinhole size (1 Airy disk), collection of light in an extended range (470–
580 nm), long integration time at each pixel (5 ms per 512 pixel line), and
acquisition of z-stacks at oversampled x–y–z voxel dimensions (62 × 62 × 100 nm),
which allowed for offline deblurring by all-neighbors deconvolution (59). For
this purpose, the point spread function of the system was determined using
170-nm beads. FWHM was 350 nm in x–y and 480 nm in z. The deblurred set
was represented or “rendered” in three dimensions using the “simulated
fluorescence process” algorithm (60). Determination of the point spread func-
tion (PSF) of the imaging system, deblurring, and rendering were done in the
HuPro (SVI) programming environment.

EM Imaging. Extensor digitorum longus (EDL) muscles were fixed in the ob-
servation chamber and shipped to the EM laboratory. Upon arrival, bundles
were postfixed in OsO4, stained with uranyl acetate, and embedded in Epon.
Thin sections were imaged after staining with lead acetate. The techniques
are detailed by Boncompagni et al. (9). Morphometry (determination of
areas and lengths of membrane intersections) was done with ImageJ (NIH).

Quantification and Statistical Analysis. Kinetic parameters of release flux (peak
amplitude and hump area) were averaged in repeated trials in four to six
separate animals. Peak flux vs. (t) in two-pulse experiments was fitted by a
custom least-squares routine.

The significance of differences in f ′ð0Þ (Table 1) were evaluated by two-tailed
t tests of differences of averages. Additionally, the ratios f ′ð0Þdepleted=f ′ð0Þresting
(Fig. 2F) were evaluated nonparametrically for difference with a value
of 1, corresponding to the null effect. The significance was established
by range tests.

Software. Release D4.pro is a computer program that calculates [Ca2+]cyto(t)
from fluorescence images of cytosolic indicators. Ratio image series D4.pro is
a computer program that calculates [Ca2+]SR(t) from FRET pairs of images.
FRAPan_Cdark.pro calculates fð0Þ and associated metrics from series of
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fluorescence images. FRAPmodel PADE.pro and FRAPmodel Gauss.pro
compute the analytical solutions for two FRAP models (Figs. S3 and
S4). Diffusion bleach.pro computes FRAP numerically in models with
realistic geometry. All programs are written in the IDL environment (Harris
Geospatiale). All are available upon request.

Supporting Information. Eight figures, SI Appendix (theory of FRAP) and one
movie (Movie S1) time-lapse movie of FRAP sequence) have been provided
to support this article.
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