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The Orail inhibitor BTP2 has multiple effects on Ca%*
handling in skeletal muscle

Aldo Meizoso-Huesca and Bradley S. Launikonis@®

BTP2 is an inhibitor of the Ca?* channel Orail, which mediates store-operated Ca?* entry (SOCE). Despite having been
extensively used in skeletal muscle, the effects of this inhibitor on Ca?* handling in muscle cells have not been described. To
address this question, we used intra- and extracellular application of BTP2 in mechanically skinned fibers and developed a
localized modulator application approach, which provided in-preparation reference and test fiber sections to enhance
detection of the effect of Ca?* handling modulators. In addition to blocking Orail-dependent SOCE, we found a BTP2-dependent
inhibition of resting extracellular Ca?* flux. Increasing concentrations of BTP2 caused a shift from inducing accumulation of
Ca?* in the t-system due to Orail blocking to reducing the resting [Ca?*] in the sealed t-system. This effect was not observed
in the absence of functional ryanodine receptors (RYRs), suggesting that higher concentrations of BTP2 impair RYR function.
Additionally, we found that BTP2 impaired action potential-induced Ca2* release from the sarcoplasmic reticulum during
repetitive stimulation without compromising the fiber Ca?* content. BTP2 was found to have an effect on RYR-mediated Ca?*
release, suggesting that RYR is the point of BTP2-induced inhibition during cycles of EC coupling. The effects of BTP2 on the
RYR Ca?* leak and release were abolished by pre-exposure to saponin, indicating that the effects of BTP2 on the RYR are not
direct and require a functional t-system. Our results demonstrate the presence of a SOCE channels-mediated basal Ca2* influx
in healthy muscle fibers and indicate that BTP2 has multiple effects on Ca?* handling, including indirect effects on the activity

of the RYR.

Introduction

Store-operated Ca* entry (SOCE) is a retrograde Ca®* regulatory
mechanism activated by a depletion of calcium in the ER/SR that
causes an influx of Ca?* into the cell. Two components, an SR
Ca2* sensor (STIM1) and a Ca>* channel in the plasma membrane
(Orail; Soboloff et al., 2006; Feske et al., 2006) conduct SOCE. In
skeletal muscle, SOCE is distinguishable by its rapid rate of ac-
tivation, likely due to its specialized internal Ca2* store, the SR,
and to its specialized cell membrane, the sarcolemma (Kurebayashi
and Ogawa 2001; Launikonis and Rios, 2007; Edwards et al.,
2010; Duke et al., 2010). The sarcolemma is largely inter-
nalized as a network of regularly spaced tubules, called the
tubular system (t-system). The t-system wraps around each
myofibril, forming junctions with the terminal SR at every
sarcomere (Peachey, 1965). The primary role of the t-system
is to support action potential propagation to all parts of the
muscle fiber. Excitation of the t-system causes rapid release
of SR Ca?* through RYRs, communicated through protein-protein
interactions with the t-system voltage sensors across these junc-
tional membranes, in a process known as excitation-contraction
(EC) coupling (Melzer et al., 1995; Stephenson, 2006).

The activity of the RYR is central to both EC coupling and
SOCE, intimately linking these processes in muscle. The static
platform of junctional membranes established for EC cou-
pling allows the STIMI isoform STIMIL to be permanently
placed at the SR terminal cisternae (Darbellay et al., 2011),
where RYRs are located. This provides STIMI direct access to
the transverse tubules, the site of store-dependent Ca* entry
(Launikonis et al., 2003). The close arrangement of these
Ca2*-regulatory proteins at the junctional membranes allows
RYR activity to be pivotal for SOCE. In response to local RYR
activity, the temporal presentations of SOCE are a small,
chronic influx activated by increased levels of RYR Ca?* leak,
as observed in human muscle fibers with RYR variants and
in CASQ1-null mouse fibers (Cully et al., 2018; Michelucci
et al., 2020), and a phasic, greater amplitude influx activated
briefly with a submillisecond delay following voltage-controlled
SR Ca?* release (Koenig et al., 2018, 2019). Both chronic and
phasic SOCE—cSOCE and pSOCE, respectively —magnitude
is sensitive to Ca®* depletion within the SR (Koenig et al.,
2018).
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SOCE is a small Ca?* flux, three to four orders of magnitude
smaller than the release flux from the SR during EC coupling
(Launikonis et al., 2010; Koenig et al., 2018). The SOCE flux has
not been imaged during the release of Ca?* from the SR in intact
muscle fiber preparations because of problems separating SOCE
from the contribution of cytoplasmic Ca2* released from the SR
during EC coupling. In the absence of direct measurements of
SOCE in intact fiber preparations during Ca®* release, exami-
nation of SOCE in muscle has relied on the use of pharmacologic
agents, such as 2-APB, SKF-26365, and 3,5-bis(trifluoromethyl)
pyrazole derivative (BTP2; also called YM-58483), that inhibit
SOCE. Since its discovery and characterization as an Orail in-
hibitor, BTP2 (Trevillyan et al., 2001; Zitt et al., 2004; Ishikawa
et al., 2003) has been broadly used to study cellular and physi-
ologic aspects of SOCE; however, the effects of BTP2 on Ca?*
handing in skeletal muscle have not been defined.

Exploring the effects of BTP2 on skeletal muscle Ca?* han-
dling in detail would significantly aid our understanding of the
physiologic roles of SOCE in skeletal muscle. To do this, we used
the mechanically skinned fiber preparation that allows for si-
multaneous measurements of SOCE and SR Ca* release in the
presence of a functional SR Ca2* pump (Launikonis et al., 2003;
Launikonis and Rios, 2007). Mechanical skinning of skeletal
muscle fibers is the removal of the outer plasma membrane with
fine forceps, which causes the former interface between the
outer plasma membrane and the t-tubular mouths to immedi-
ately seal over upon their separation (Launikonis and Stephenson,
2004; Lamb and Stephenson, 2018). The pre-exposure of the
fiber to an impermeant Ca%*-sensitive dye before skinning
traps the dye inside the t-system (Stephenson, 2006), while
the cytoplasm is opened to experimental manipulation. Ad-
dition of a Ca%*-sensitive dye to the cytoplasm allows for the
measurement of SR Ca?* release, and the t-system-trapped
dye monitors net changes in t-system [Ca?*] ([Ca?*];.sys) from
which SOCE or other t-system Ca** fluxes can be isolated
(Launikonis and Rios, 2007; Cully et al., 2016, 2018). Here, we
applied BTP2 from the cytoplasm and localized its application
to a subsection of the t-system lumen—the extracellular space—of
skinned fibers to provide both in-preparation test and ref-
erence areas for assessing the effect of the compound on the
t-system and SR Ca?* handling. With these approaches, we
observed that BTP2 blocked both a t-system Ca2* channel and
a SR Ca?* leak. Additionally, we found that BTP2 impaired
RYR Ca?* release function during repetitive electrical stim-
ulation or under lowered Mg?* without compromising the cal-
cium loading of the SR. The effect of BTP2 on RYR appears to be
indirect and dependent on a functional t-system membrane,
presumably implicating regulated Ca2* fluxes and/or protein
interactions across the junctional membranes.

Materials and methods

Muscle preparation

All experimental methods using rodents were approved by the
Animal Ethics Committee at The University of Queensland. Male
Wistar rats were sacrificed by asphyxiation via CO, exposure,
and the extensor digitorum longus muscles were rapidly excised
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from the animals. Muscles were then placed in a Petri dish under
paraffin oil above a layer of Sylgard.

All chemicals were obtained from Sigma-Aldrich. BTP2, tet-
racaine, and N-benzyl-p-toluene sulphonamide (BTS) were pre-
pared in stocks dissolved in DMSO. Equivalent levels of DMSO
used in solutions containing BTP2 were added as vehicle to
solutions used in control experiments.

Orail resting Ca?* conductance experiment

Rhod-5N salt was trapped in the sealed t-system as originally
described by Stephenson and Lamb (1993). Briefly, single fibers
from extensor digitorum longus muscles were isolated by using
fine forceps and exposed to an Na*-based physiologic solution
(external solution) containing the following (in mM): 2.5 rhod-
5N, 2.5 CaCly, 132 NaCl, 1 MgCl,, 3.3 KCl, and 20 HEPES, and pH
was adjusted to 7.4 with NaOH. The dye was allowed 2 min to
diffuse into the t-system from the surrounding bubble of solu-
tion containing fluorescent dye. After this equilibration period,
the fibers were mechanically skinned and transferred to an
experimental chamber and bathed in a cytoplasmic solution
containing the following (in mM): 1 Mg?*, 50 EGTA;, 90
HEPES, 126 K*, 36 Na*, 8 ATP, 10 creatine phosphate, and 0.05
BTS, with pH adjusted (with KOH) to 7.1. Free [Ca?*] was set to
200 nM in this solution to promote a loaded SR.

In these experiments and others, we used 1 mM tetracaine to
block SR Ca?* leak. Tetracaine in DMSO was diluted in K*-based
cytoplasmic solutions to reach a final concentration of 1 mM.
1 mM tetracaine has been shown to block the leak of Ca?* in
cardiomyocytes and skeletal muscle fibers from rodent and
human skeletal muscle without inducing off-target effects on
t-system Ca®* handling properties (Shannon et al., 2002; Cully
et al., 2018; Rebbeck et al., 2020).

Extracellular administration of rhod-5N + BTP2

To expose single fibers immersed in paraffin oil to BTP2, we
added 10 pM BTP2 to the Na*-based physiologic solution (ex-
ternal solution; same formulation as above).

Local exposure of t-system lumen to BTP2

To expose discrete segments of single fibers immersed in par-
affin oil to BTP2, an approximate 200-pm subsection of ~1-mm-
long single, intact section of fibers were exposed to a Na*-based
physiologic solution (same formulation as above) but also
containing 10 uM BTP2, using a 2-pl microcapillary tube. The
localized application of BTP2 so that the same fiber had a BTP2-
exposed section and a nonexposed section was possible through
leveraging (1) the restriction on diffusion set by the paraffin oil
surrounding the intact fiber and physiologic solution applied
to it (Lamb et al., 1995) and (2) the restriction on longitudinal
diffusion of small molecules within the t-system (Edwards and
Launikonis, 2008). After the 2-min equilibration period, the fi-
ber was mechanically skinned along its length, encompassing the
extracellular solution-exposed region and unexposed region.
The preparation was transferred to a custom-built chamber and
placed under 50-70 pl K*-based cytoplasmic solution, described
in Orail resting Ca?* conductance experiment, for imaging on the
confocal microscope.
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SR Ca?* release experiments

In experiments in which Ca®** was released from the SR by
stimulation with low [Mg?*] .y, or activated by field stimulation,
fibers were mechanically skinned and transferred to the ex-
perimental chamber and bathed in a cytoplasmic solution con-
taining the following (in mM): 1 Mg?*, 1 EGTAta;, 90 HEPES,
126 K*, 36 Na*, 8 ATP, 10 creatine phosphate, 0.01 rhod-2, and
0.05 BTS, with pH adjusted (with KOH) to 7.1. [Ca?*] in solution
was set to 100 nM to load the SR with Ca?*. Unless otherwise
indicated, [Mg?*] was lowered to 0.01 mM to stimulate the
thorough release of Ca2* from the SR.

Disruption of the t-system membrane

Saponin was prepared from a stock solution of 2 mg ml! dis-
solved in a K*-based cytoplasmic solution. To selectively disrupt
the t-system membrane, 50 pg ml™! saponin was applied to the
skinned fiber preparation in the cytoplasmic solution containing
67 nM [Ca?*] ¢, for not longer than 2 min. Previously, we have
shown that 50 pg ml-! saponin causes a disruption of the t-system
membrane within seconds to cause chronic depolarization fast
enough to elicit voltage-controlled Ca?* release observed as a force
response (Launikonis and Stephenson, 2001).

SR calcium detection

To load the SR with the Ca?*-sensitive fluorescent dye fluo-5N,
we adopted the method of Kabbara and Allen (2001), with minor
modifications. Individual mechanically skinned fibers were
mounted in an experimental chamber and bathed in 67 nM
[Ca?*] o cytoplasmic solution (same formulation as above) with
10 uM fluo-5N acetoxymethyl (AM) ester. 10 pM carbonylcyanide
p-trifluoromethoxyphenylhydrazone and 0.05% Pluronic F-127
detergent were added to decouple mitochondria and to help dis-
perse the AM ester, respectively. Fibers were incubated for 1 h at
37°C. Thereafter, the solution was exchanged to the same internal
solution but without fluo-5N AM. Fibers were then incubated for
an additional 1 h at 37°C to allow for complete hydrolysis of the
acetyl moiety.

Confocal imaging

Mounted skinned fibers were imaged using an Olympus FV1000
confocal microscope equipped with an Olympus 0.9NA 40x
Plan-Apochromat objective. Rhod-5N trapped in the sealed
t-system or cytoplasmic rhod-2 were excited with a 543-nm
HeNe laser and the emission was filtered using the Olympus
spectral detector. For tracking Ca2* transients in the t-system
or during direct activation of Ca* release with low Mg?* in
single skinned fibers, images were continuously recorded in
xyt mode with an aspect ratio of 256 x 512, with the long aspect
of the image parallel with that of the preparation. The temporal
resolution of imaging in this mode, where the fluorescence
signal from within the borders of the fiber, was 0.8 s. For
imaging action potential-induced Ca?* release, xt scanning was
performed at 2 ms line™ with the scanning line parallel to the
long axis of the fiber. Scanning was always initiated before the
field pulses. Field pulses were delivered at a rate of 0.5 Hz and
strength of 30-50 V cm~2 (Posterino et al., 2000) using a Grass
stimulator box.
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Image analysis for Ca?* measurements

t-system rhod-5N fluorescence (t) (F (t)) was collected during
continuous xyt imaging during multiple internal solution
changes. At the end of the experiment, each fiber was ex-
posed to ionophore and 5 mM Ca?*, followed by 0 Ca?* to
obtain the fluorescence maximum (Fpayx) and minimum (Fpin),
respectively. These values were used in conjunction with
the previously determined Ky of rhod-5N in the t-system of
0.872 mM (Cully et al., 2016) to determine [Ca®*];.sys, with the
relationship:

[Ca™ ], s() = knca™ (F(t) -Fmin) / (Fmax ~F(t)).

In some experiments, the Fy,,, solution induced vacuoles and
could not be used as a suitable calibration point for the deter-
mination of [Ca®*];.sys. Under such conditions, Fy.x was deter-
mined by rearranging the above equation to

Fmax =F+ (F-Fmin) *kpgc, / [Ca*]; 0

with F and [Ca2*], the respective free Ca2* concentration in the
cytoplasm (200 nM) and the t-system (calibrated in an inde-
pendent set of experiments), respectively.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.
ANOVA followed by the post hoc Tukey test for repeated
measures was used to compare different groups (e.g., effect
of increasing concentration of BTP2 on [Caz"]t_sys and effect
of extracellular exposure of BTP2 on SR Ca®* release). Un-
paired two-tailed Student’s t test was performed to compare
means between two groups (e.g., effect of cytosolic exposure
of BTP2 on BTP2-pre-exposed fibers; see Fig. 2). Paired two-
tailed Student’s t test was performed when the experiment
involved in-preparation reference and test areas (e.g., sapo-
nin disrupts BTP2 effect on SR Ca?* release). Multiple t tests
using the Holm-Sidak method were used to determine the
significance between the fluo-5N SR resting signal in the
absence and presence of 10 uM BTP2 at different [Ca?*] .y, as
well as to determine the effect of 10 uM BTP2 on electrically
evoked Ca?* transients. For all cases, differences were con-
sidered statistically significant at P < 0.05.

Results

Experimental evidence from myotubes studies suggest that
there is a resting Ca®* influx across the plasma membrane that is
sensitive to low [BTP2] (Li et al., 2010; Eltit et al., 2013). By
leveraging the weak Ca2* buffering of the sealed t-system that
provides high sensitivity for detecting small changes in [Ca?*]; s,
we assessed whether BTP2 could inhibit a resting Ca?* conduc-
tance in adult skeletal muscle fibers. This was possible by moni-
toring the t-system [Ca?'] transient ([Ca?*].ys (t) during the
application of known BTP2 doses to the cytoplasmic solution of the
skinned fiber, where a change in the steady state of [Caz"]t_sys must
be due to a change in the balance between the t-system Ca®* leak
rate and t-system Ca?* uptake rate. Therefore, a BTP2-sensitive
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resting Ca?* flux in the skinned fiber could be observed as an
increase in [Ca?*]; sy when Orail is inhibited.

Fig. 1 A shows an example of a confocal image of rhod-5N
fluorescence from the t-system of a skinned fiber. The charac-
teristic two transverse tubules per sarcomere are clearly visible
in the image. The sealed t-system with the trapped Ca2*-sensi-
tive dye is able to detect net Ca?* movements across the t-system
membrane. Key components that influence this are shown in the
expanded diagram from the image. The sealed t-system with
rhod-5N has pumps and leak pathways that control the net
[Ca?*];.sys, and the major proteins are plasma membrane Ca?*
ATPase (PMCA) and Orail, respectively. The dihydropyridine
receptor (DHPR) sits on the t-system membrane opposite RYR,
but is not expected to contribute to net changes in [Caz"]t_Sys at
rest. Transient receptor potential (TRP) channels also exist on
the t-system membrane and could be regulated by changes in
[Ca**]sg (He et al., 2005; Lopez et al., 2020b) — for simplicity, we
will refer to any inhibition observed in store-operated calcium
channels as Orail inhibition. The SR is adjacent to the t-system,
with RYR almost spanning the junctional space (JS) between the
SR and t-system. The RYR Ca>* leak increases the JS [Ca?‘]
([Ca?*];s), thereby increasing the activity of the PMCA, which is
observed as an increase in [Ca*];.qys (Cully et al., 2016, 2018).

The necessary resolution for detecting tiny leaks of Ca?*
across the t-system membrane is obtained by optimizing the
signal-to-noise ratio, which requires averaging the rhod-5N
fluorescence signal from the many transverse tubules within
the optical plane of the 100-150-um length of the fiber in the
field of view. This approach adequately captures rhod-5N
transients while continuously imaging at one frame every 0.87
s, without causing bleaching. This absence of bleaching is nec-
essary for an accurate calibration of the rhod-5N signal and
[Ca?*];.sys (Cully et al., 2016).

Fig. 1 B shows [Ca?'];ys (t) continuously monitored during
the addition of known [BTP2] to a resting cytoplasmic solution
containing 200 nM Ca?*. The sequential addition of 1 and then
5 uM BTP2 each induced increases in [Ca?*];.sys, indicating a
progressive decrease in Ca?* leak from the t-system lumen;
however, administration of 10 and 20 pM BTP2 induced the
opposite effect, lowering the [Ca?*];.sys. The biphasic effect ob-
served suggests that higher [BTP2] initiates a secondary effect
that causes the decline in [Ca?*];.ys. A summary of these ex-
periments is shown in Fig. 1 C. The reduction of [Ca?*]; s ob-
served could be due to an increase in Ca?* flux from the t-system
lumen into the bathing solution or to a compromised ability of
the t-system to uptake calcium. Previously, we have shown that
the inhibition of RYR Ca2* leak causes a decrease in [Ca?*]; s
(Cully et al., 2018).

To test whether higher [BTP2] affected RYR Ca?* leak and
contributed to the decrease in [Ca®];.y observed, we per-
formed experiments similar to those in Fig. 1 B, with the vari-
ation that the RYR Ca?* leak was inhibited with 1 mM tetracaine
(Fig. 1 D; Shannon et al., 2002; Cully et al,, 2018). In this ex-
periment, 1 and 5 pM BTP2 exerted a comparable increase in
[Ca?*];.sys steady state, as observed in Fig. 1 B. In contrast, when
the fibers were exposed to 10 and 20 uM BTP2, [Ca2*]; gy re-
mained steady, suggesting that the [Ca?*];.,, decrease observed
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Figure 1. Effect of BTP2 on resting [Ca?*];.sys. (A) t-system-trapped rhod-
5N in a mechanically skinned fiber and a schematic representation of the key
players of calcium handling in the junctional membranes. (B) Representative
t-system calcium transient from a fiber exposed to increasing concentrations
of BTP2. (€) Mean + SD of [Ca?].qs of fibers exposed to increasing con-
centrations of BTP2 (n = 6). One-way ANOVA followed by post hoc Tukey’s
test revealed significant differences between O versus 5 pM BTP2 (P <
0.0001) and 5 versus 20 uM BTP2 (P < 0.0001). (D) Representative t-system
calcium transient from a fiber exposed to increasing concentrations of BTP2
in the constant presence of RYR inhibitor 1 mM tetracaine. (E) Mean + SD of
[Caz"]t_Sys of fibers exposed to increasing concentrations of BTP2 in the
presence of RYR inhibitor tetracaine (1 mM; n = 6). In the presence of tet-
racaine, one-way ANOVA followed by post hoc Tukey’s test revealed signif-
icant differences between 0 versus 5 uM BTP2 (***, P < 0.0001). Data are
shown as mean + SEM, with individual data points also shown. No differences
between 5 versus 20 pM BTP2 were found (P > 0.999).

in Fig. 1 B when RYRs were functional was due to a negative
modulation of RYR by BTP2. In the presence of tetracaine, the
increase in [Ca?*];.qys is saturated from 5 uM BTP2, suggesting
this is sufficient to block the basal extracellular Ca?* flux. A
summary of these experiments is shown in Fig. 1 E.

Additionally, attempts to wash out BTP2 in these experi-
ments did not result in a reversal of the effect imposed by the
agent (data not shown).

In the experiments described above, we administered BTP2
to the cytoplasm of the skinned fibers; however, when using
intact fibers, BTP2 is applied from the extracellular side of the
plasma membrane. Therefore, we next asked whether the site of
BTP2 application would affect the results observed. To test if
the site of BTP2 administration affected the RYR modulation
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Figure 2. Cytosolic administration of BTP2 does not
induce further effects on [Ca?*];.ys on fibers pre-
viously exposed to BTP2 extracellularly. (A) Top:
Representative image of two skinned fibers with
t-system-trapped rhod-5N, with (left) and without
(right) 10 uM BTP2 trapped within the t-system placed
parallel to each other in the same experimental cham-
ber. Bottom: Spatially averaged [Ca®'];.,s profiles of
the two fibers simultaneously exposed to cytosolic
BTP2 (10 uM). Black and red font (top) corresponds to
the fiber with the same color trace (bottom). (B) Mean
+ SEM of A[Ca?*];.qs of fibers with and without ex-
tracellular (EXC) 10 uM BTP2 exposed to 10 pM cyto-
solic BTP2 (n = 5). Two-tailed unpaired t test shows a

t-sys R5N
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o
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significant difference between -EXC BTP2 versus +EXC
BTP2 (*, P < 0.05). (C) Top: Representative image of
two skinned fibers with t-system-trapped rhod-5N,
with (left) and without (right) 10 pM BTP2 trapped
within the t-system placed parallel to each other in the
same experimental chamber. Bottom: Spatially aver-

100 150

AlCa*')sys, mM

- EXC BTP2 +EXC BTP2

observed, we designed an approach where BTP2 could be applied
extracellularly while RYR basal activity could still be assessed.
To do this, intact fibers in paraffin oil were exposed to a phys-
iologic solution from a microcap pipette containing either so-
lution 1 (rhod-5N with 10 uM BTP2) or solution 2 (rhod-5N
without BTP2). Fibers exposed to solutions 1 and 2 were me-
chanically skinned, trapping the solutions inside the t-system.
Under these conditions, a potential inhibition of the RYR-mediated
SR Ca2* leak would result in reduced [Ca?*]; sys compared to
fibers with functional RYRs. To reduce noise that might inter-
fere with comparisons between the reference and test fibers,
we positioned two skinned fibers that represented the two
conditions (rhod-5N + BTP2) in the same experimental cham-
ber, allowing them to be imaged simultaneously under identical
ionic conditions (Fig. 2, A and C, top).

Fig. 2 A shows the [Ca?*];.sys (t) of two adjacent fibers (left
[red trace] with BTP2 and right [black trace] without BTP2
trapped inside the t-system) as they are imaged in the presence
of a control solution with 200 nM [Ca2*].y, for 80 s. After this
period, the fibers were exposed to 10 pM cytoplasmic BTP2.
Application of 10 uM cytoplasmic BTP2 reduced the [Ca?*];.qys in
the fibers that were not pre-exposed to BTP2 from the lumen of
the t-system. In contrast, the fiber with 10 uM BTP2 trapped
within the t-system showed no effect under cytosolic adminis-
tration of BTP2. The change in [Ca?*];qy, in the two preparations
following exposure to cytoplasmic BTP2 is summarized in
Fig. 2 B. The lack of effect of cytosolic exposure to BTP2 on
fibers that were previously exposed extracellularly to the
same compound suggests that cytosolic administration does
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- EXC BTP2 +EXC BTP2

aged [Ca?*];.s,s profiles of the two fibers simultaneously
exposed to cytosolic tetracaine (Tet; 1 mM). Black and
red font (top) corresponds to the fiber with the same
color trace (bottom). (D) Mean + SEM of A[Ca?*];.qys is
the difference between [Caz+]t—5y5 in the presence and
absence of tetracaine in fibers with and without EXC
applied 10 uM BTP2 (n = 5). Data are shown as mean +
SEM, with individual data points also shown. Two-tailed
unpaired t test showed a significant difference between
no EXC BTP2 versus EC BTP2 (***, P < 0.0001).

not exert further effects following preloading of the t-system
lumen with BTP2.

Assuming that BTP2 affects the RYR Ca®* leak, then the
preloading of the t-system lumen with BTP2 should show min-
imal sensitivity to any subsequent application of tetracaine.
Fig. 2 C shows the experimental arrangement of two skinned
fibers in the same experimental chamber, one fiber preloaded
with solution 1 (rhod-5N + BTP2) and the other with solution
2 (rhod-5N). The [Ca?*];.sys (t) in Fig. 2 C shows sensitivity of the
fiber to tetracaine that was not preloaded with BTP2, whereas
tetracaine had no effect on the [Ca®*];.qys (t) in the fiber pre-
loaded with BTP2. The change in steady-state [Ca®*];.qy, in the
presence of tetracaine following preloading of solution 1 or 2 is
summarized in Fig. 2 D. Results of Fig. 2 collectively show that
BTP2 impairs the RYR Ca?* leak regardless of the nature of ap-
plication (extracellular or cytosolic).

After observing a negative modulation of the basal state of
RYR by BTP2, we asked whether BTP2 could impair the acti-
vation of RYR Ca?* release. To control for variations in Ca%*
release between preparations, we designed a new approach in
which the extracellular BTP2 application was restricted to a
subsection of the t-system, providing a reference region for Ca2*
measurements using rhod-2, which was simultaneously present
throughout the cytoplasm. To do this, a physiologic solution
containing fluo-5N or fluo-5N + 10 uM BTP2 was applied to only
a ~200-pm-length section of an intact fiber in paraffin oil with a
2-pl microcapillary tube. The fiber was then skinned to trap the
physiologic solution in the t-system (Fig. 3 A). The partial ex-
posure of the fiber to BTP2 is visualized by the local presence of
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Figure 3. Extracellular exposure of BTP2 impairs RYR Ca?* release. (A) Top: Schematic illustration of partial exposure of a single fiber immersed in paraffin
oil to fluo-5N (F5N) + 10 uM BTP2. Middle and bottom: Representative images of a skinned fiber with F5N + 10 uM BTP2 trapped on a segment of the t-system
as a transmitted light and confocal image overlay (middle) and confocal image only (bottom). (B) Top: Transmitted light and confocal image overlay of two
skinned fibers with t-system FSN. Within the top image, one fiber has F5N and 10 uM BTP2 partially trapped (bottom) or FSN only trapped (top) inside the
t-system. Bottom: A simultaneously acquired image shows the rhod-2 fluorescence signal from the cytoplasmic solution of the two fibers. ROls used for
analysis in C and D are indicated in this panel, representing the four conditions (ROI1: F5N, No BTP2; ROI2: No F5N, No BTP2; ROI3: F5N, BTP2; ROI4: No F5N,
No BTP2). (C) Representative confocal images and intensity plots of four different ROIs analyzed during time in response to [Mg?*]c,+, removal. (D) Mean = SD
of Ca2* transient amplitudes induced by [Mg2*] removal (n = 5). One-way ANOVA followed by post hoc Tukey’s test revealed significant differences between

ROI1 and ROI3 (¥, P < 0.05) and ROI3 and ROI4 (*, P < 0.05). ns, not significant.

fluo-5N fluorescence, helping to establish the test region of the
fiber. The rest of the fiber was therefore unexposed to the
physiologic solution, providing both a reference and test region
in the same preparation for Ca?* release measurements, with
rhod-2 present in the cytoplasm.

In this experiment, two fibers are placed in parallel, one
partially exposed to fluo-5N and the second partially exposed to
fluo-5N + 10 uM BTP2. This helps to reduce experimental var-
iables and noise that may otherwise complicate analysis. In this
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experiment, we can consider there are four conditions spaced
across the two fibers in the one experimental chamber (Fig. 3 B).
The chamber has been positioned so that the long axis of the
fibers are parallel with the scanning line. This reduces the time
required to capture a single xy image while maximizing the
visualization of fiber area per image area. This also allows re-
gions marked 1 and 2 and regions 3 and 4 to be imaged simul-
taneously by the scanning laser. Fig. 3 C shows an example of
the Ca®* release experiment, where there is an exchange of a
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standard resting solution (1 mM Mg?*) to a low Mg?*, Ca>*-releasing
solution (0.01 mM Mg?* solution) during continuous imaging
in xy mode. Ca?* release is monitored under the four conditions
by spatially averaging the fluorescence transient from the cyto-
plasm (Fig. 3 C, traces from within each of the four boxed areas
indicated in Fig. 3 B). In this example, the fiber segment with
fluo-5N and BTP2 showed a lower Ca?* release amplitude than
the other three regions of interest (ROIs) that represent the three
reference conditions (ROI1 F/F, = 4.37; ROI2 F/F, = 4.42; ROI3 F/
Fo = 3.16; ROI4 F/F, = 4.35). The results from a total of five similar
experiments using different preparations is summarized in Fig. 3 D.
This observation suggests that BTP2 applied extracellularly impairs
SR Ca?* release through RYRs.

Effects of BTP2 on SR Ca?* loading

Next, we wished to determine whether BTP2 affected the ability
of the SR to load Ca%*. To do this, we loaded the SR of skinned
fibers with fluo-5N and tracked the SR Ca%*-dependent fluo-
rescence transient during Ca?* release with caffeine and re-
loading the SR with Ca?* at known [Ca?*] y. Fig. 4 A shows the
SR fluo-5N fluorescence transients in the absence of BTP2,
where the SR is initially depleted in the presence of caffeine, and
the [Ca?*]cy, is stepped up from 28 to 67 to 200 nM under
resting ionic conditions. This protocol was repeated on the same
fiber to test the reproducibility of SR Ca?* loading in the prep-
aration, indicated by the broken horizontal lines on Fig. 4 A to
compare the steady-state SR fluo-5N fluorescence at the re-
peated exposure to the same [Caz*]cyto. In another preparation,
the same protocol was performed including 10 uM BTP2 in the
second series of exposures to 28, 67, and 200 nM [Ca?*] .y
(Fig. 4 B). In this example, the SR fluo-5N fluorescence transient
showed that the SR could hold more Ca?* in the presence of BTP2
than in its absence. The increase in SR fluo-5N fluorescence in
the presence of BTP2 from these and similar experiments is
summarized in Fig. 4 C. Our results are consistent with a
blocking action of BTP2 on RYR Ca?* leak and the absence of
inhibitory effects of BTP2 on the SR Ca%* pump.

Effects of BTP2 on the SR from the t-system

The similar efficacy observed with 10 uM BTP2 on RYR function
when applied intra- or extracellularly suggested that this inhi-
bition was unlikely to come from a direct effect on RYR. If ex-
tracellular BTP2 affected the RYR by diffusing through the
t-system membrane and interacting with this channel, we would
expect this effect to at least be partially reduced due to dilution of
[BTP2] in the bathing solution and competition with Orail, com-
pared with the case where the cytosol is loaded with a known final
concentration of the compound. Since the known target of BTP2
(Orail) is found in the t-system membrane, we decided to test
whether altering the t-system functionality affected the ability of
BTP2 to inhibit RYR function.

The integrity and functionality of the t-system can be selec-
tively disrupted by exposure to saponin (Endo and Iino, 1980;
Launikonis and Stephenson, 2001). The presence of saponin
causes saponin-cholesterol subunits to become mobile to form
pores in the t-system. Cholesterol is enriched in plasma mem-
branes, making this treatment specific to the t-system (Bangham

Meizoso-Huesca and Launikonis
Multiple actions of BTP2

JGP

et al., 1962). Thus, we could determine whether the effect of
BTP2 on the SR was dependent on the functional status and/or
lipid environment of the t-system by pre-exposing the skinned
fiber to saponin.

We tested whether saponin pretreatment altered the effect of
BTP2 on SR Ca?* leak and release in two independent experi-
ments. First, the SRs of two mechanically skinned fibers were
loaded with fluo-5N, but only one of the fibers was pretreated
with saponin. These fibers were placed in the same experi-
mental chamber for imaging on the confocal microscope, as
shown in Fig. 2 A. The SR fluo-5N transient from the two fibers
was monitored continuously during the exchange of a standard
cytoplasmic solution for a similar one containing 10 uM BTP2
(Fig. 5 A). The saponin-pretreated fiber—indicated as - t-sys—did
not respond to the introduction of BTP2, whereas the fiber with
the intact t-tubules—indicated as + t-sys—showed an increase in
SR Ca?*-dependent fluo-5N signal after exposure to 10 uM BTP2,
which is consistent with a negative effect on RYR (Fig. 5, A and B).

To determine whether the effect of BTP2 on SR Ca?* release
required a functional t-system, a similar approach to that de-
scribed in Fig. 3 was used. A portion of the fiber t-system was
loaded with 10 uM BTP2 (identified by the presence of simul-
taneously loaded Fluo-5N; Fig. 3). After the skinning process, the
fiber was exposed to 50 pg ml saponin for 2 min and then
transferred to a cytoplasmic solution with rhod-2. Enough fluo-
5N remained inside the t-system to identify the differently
treated sections of the preparations. To stimulate a direct release
of SR Ca?*, [Mg?*]cyto was lowered from 1 mM to 0.4 mM while
the cytoplasmic Ca?*-sensitive rhod-2 transients were continu-
ously monitored in xyt mode (selected images in Fig. 5 C). Fol-
lowing saponin pretreatment, 10 uM BTP2 no longer had an
effect on the cytoplasmic Ca®* transient in low Mg?* (Fig. 5, D
and E). The lack of effect of BTP2 on RYR activation following
saponin pretreatment suggests that, even though BTP2 impairs
RYR function, it is unlikely to be due to a direct interaction with
this channel.

BTP2 and EC coupling
The major role of the RYR is to release Ca?* during excitation for
the purpose of force generation. Given the results presented so
far, it was important to determine whether BTP2 affected RYR
activity during EC coupling. The t-system of skinned fibers is
able to repolarize in the presence of a K*-based cytoplasmic
solution, allowing field pulses to initiate all the steps in EC
coupling (Posterino et al., 2000; Choi et al., 2017; Lamb and
Stephenson, 2018). Using mechanically skinned fibers in this
way, it was possible to directly explore the effect of BTP2 on
voltage-controlled Ca?* release; in these experiments, contractile
proteins were blocked from generating force by the presence of
myosin II ATPase inhibitor BTS in the cytoplasmic solution.
Importantly, this could be done without altering the fiber cal-
cium content, as the cytoplasmic solution bathing the skinned
fiber is effectively an infinite pool of buffered [Ca?*] .y, not
influenced by any small amount of Ca2* that would enter from
the sealed t-system during pSOCE (Koenig et al., 2018, 2019).
We imaged cytoplasmic rhod-2 with confocal line-scanning
during field pulse shocks to the fiber at 0.5 Hz to assess the effect
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of BTP2 on EC coupling. Fig. 6 A shows examples of the spatially
averaged rhod-2 fluorescence transients. Approximately 20 s of
field stimulation of the fiber in a control solution showed roughly
equal peak amplitudes of the electrically evoked Ca?* transients,
after which BTP2 was directly added to the bathing solution at O
(control), 1, 5, 10, or 20 M. A dose-dependent decline in the
amplitude of the electrically evoked Ca?* transients was observed

>

Saponin 50 uglml pretreatment

after the addition of BTP2. Fig. 6 B shows the summary of the
experiments under each experimental condition.

Discussion
The experiments presented in this work provide novel evidence
regarding the effect of BTP2 on Ca?*-handling in skeletal muscle

Figure 5. The negative modulation of BTP2
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conditions (n = 5). Dotted lines between the red and
green bars indicate data points obtained on the
same fiber during the same Ca?* release event. Two-
tailed paired t test revealed no significant differ-
ences between ROI1 (+BTP2) versus ROI2 (-BTP2).
a.u,, arbitrary units; ns, not significant.
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Figure 6. Effect of BTP2 on electrically
evoked SR Ca?* release. (A) Original recordings
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fibers. We show that low pM concentrations of BTP2 block a
resting Ca?* influx across the t-system membrane, likely cor-
responding to Orail inhibition; however, at concentrations
above 5 uM, RYR Ca?* leak and release was impaired by BTP2.
The inhibitory effect of BTP2 on the RYR was observed fol-
lowing either extracellular or intracellular application of the
agent and was abolished by saponin treatment. The sensitivity
of a t-system Ca?* channel to low [BTP2] has implications for
understanding extracellular Ca%* influx at rest, which is im-
portant in our fundamental understanding of the maintenance
of fiber calcium content (Rios, 2010) and conditions, such as
muscular dystrophy (Turner et al., 1991) and malignant hy-
perthermia (Eltit et al., 2013; Lopez et al., 2020a). Additionally,
the promiscuity of BTP2 effects at commonly used doses high-
lights a need for re-evaluation of some conclusions regarding
SOCE function in skeletal muscle that have been based on the
premise of a selective action of BTP2 on Orail.

The mechanically skinned fiber represents an effective cel-
lular preparation for testing of Ca?*-handling modulators as a
part of drug and modulator discovery pipelines. The progression
of modulators from identification in a high-throughput, non-
cellular, or molecular protein modulator assay to a cell-based
assay is essential for confirmation of specificity for a particu-
lar target and analysis of off-target effects (Rebbeck et al., 2020).
In skinned fibers, basal Ca?*-handling activity, including RYR
Ca?* leak to Ca®* release during EC coupling, can be assessed
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(Choi et al., 2017; Rebbeck et al., 2020). In addition to the con-
trolled delivery of modulators to the cytoplasmic environment
(Lamb and Stephenson, 2018), here we provide a way to isolate
modulator application within a single fiber by local application
to a subsection of the t-system lumen. The t-system lumen can
be manipulated by the delivery of physiologic solution con-
taining compounds of interest while the fibers are intact and in
paraffin oil. Paraffin oil maintains the physiologic solution to the
area of the fiber where it was applied, preventing diffusion along
the outside of the sarcolemma. Furthermore, as the t-system is
diffusionally restricted longitudinally, there is negligible pene-
tration of the modulator throughout the t-system network of the
fiber. The applied modulator is maintained in the t-system re-
gion of application while the fibers are intact and in paraffin oil
or following skinning (Fig. 3; Edwards and Launikonis, 2008).
Testing the effects of modulators on low-amplitude t-system
membrane Ca?* fluxes particularly benefits from this approach,
where the capacity to have in-preparation reference and test
regions improves the resolution of the comparison, as the vari-
ability of comparing reference and test conditions between fibers
is eliminated (Fig. 3). We further strengthened the approach by
monitoring two fibers in the same chamber, side-by-side, that
therefore encounter exactly the same cytoplasmic ionic con-
ditions. The examples we provide in the current study (Figs. 3 and
5) can be changed to other drugs or modulators against desired
reference conditions in future studies.
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BTP2, t-system Ca?* leak, and RYR Ca?* leak

In mechanically skinned fibers, the t-system is a very weakly
Ca?*-buffered compartment with [Ca?*];.sys in the low millimo-
lar (physiologic) range. The high [Ca?*] and poor Ca?* buffering
makes the t-system membrane leaky to Ca%*. A constant action
of the t-system PMCA is required to balance the steady-state
[Ca?*];.sys with the leak of Ca®* across the membrane (Cully
et al., 2016). In the skinned fiber, the low volume-to-surface
area ratio of the sealed t-system and weak Ca?* buffering of this
compartment provide the sensitivity needed to detect small Ca2*
fluxes across its membrane. This makes the skinned fiber an
appropriate preparation for detecting the effects of drugs or
modulators on t-system Ca®* leak. With this approach, we found
that in the presence of [BTP2] <5 uM, steady-state [Ca?*] sys
increased, indicating that BTP2 blocked resting extracellular
Ca?* influx across the t-system membrane in adult muscle fibers.
As [BTP2] was increased to 10 uM, steady-state [Ca?*]; s was
reduced compared with that at 1 uM BTP2. The depressive effect
of 10 uM BTP2 was abolished in the presence of tetracaine, a
blocker of RYR Ca?* leak (Shannon et al., 2002).

Our results are consistent with the fact that steady-state
[Ca?*];.sys is modulated by the RYR Ca?* leak, as this influences
the JS [Ca?*] ([Ca®*];s), and that there is a constant Ca?* leak
across the t-system membrane. Importantly, we show here that
BTP2 can separate these variables. In resting myotubes, Eltit
et al. (2013) found a similar inhibition of the influx of Ca2* in
myotubes in the presence of 5 pM BTP2 and in dominant-
negative Orail®®°Q myotubes. The well-established effect of
BTP2 on Orail (Wei-LaPierre et al., 2013), in combination with
our results (Figs. 1 and 2) and those of Eltit et al. (2013), suggest
that BTP2 inhibits a basal extracellular Ca?>* influx through
Orail. It is possible that this BTP2-sensitive Ca>* influx is low-
magnitude SOCE, regulated by RYR Ca?* leak to modulate fiber
calcium content (Rios, 2010; Cully et al., 2018); however, we
must also bear in mind that BTP2 has been shown to have an
effect on TRP channels, which may conduct part of the Ca?* flux
across the t-system membrane (He et al., 2005). Looking for-
ward, BTP2 can be an important tool used to separate t-system
Ca?* flux and RYR Ca?* leak to assess basal Ca?* handling in
conditions such as muscular dystrophy or malignant hyper-
thermia, where excess Ca®* entry through the t-system has been
proposed to be pathophysiologic through both Orail and TRP
channels (Turner et al., 1991; Eltit et al., 2013; Cully et al., 2018;
Lopez et al., 2020a).

It is possible that BTP2 also affects other RYR isoforms. In the
sinoatrial node, Liu et al. (2015) showed a negative effect of BTP2
on spontaneous and caffeine-induced SR Ca?* release. BTP2 may
indirectly affect RYR2 in a similar fashion to RYRI as we have
shown here.

BTP2 effects on the SR from the t-system membrane

In this study, we found that the t-system Ca?* leak and SR Ca%*
leak or release was affected by BTP2 regardless of intra- or ex-
tracellular delivery (Figs. 2, 3, 4, 5, and 6). It was important to
determine this, as the efficiency of BTP2 to diffuse through the
plasma membrane is unclear. We also observed that saponin
pretreatment abolished the effects of BTP2 on the SR (Fig. 5).
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Pre-exposure to saponin disrupts the functional status of the
t-system membrane specifically because saponin binds choles-
terol, which is only in high abundance in the t-system mem-
brane (Bangham et al., 1962; Yeagle, 1985). The brief pre-exposure
to saponin did not affect SR Ca?*-handling properties (Fig. 5).
These results are consistent with BTP2 having its effects from the
t-system membrane. This is possible through alterations in any of
the multiple protein-protein interactions across the t-system-SR
junction that are dependent on the organization of the t-system
lipid. The high cholesterol concentration of the t-system, as in all
plasma membranes, conveys the physical properties of the mem-
brane that, in turn, affect the properties of its embedded proteins.
Cholesterol provides rigidity and determines the thickness of the
lipid bilayer (Yeagle, 1985). For example, the removal of choles-
terol affects the t-system DHPR and K* channel properties in
muscle (Launikonis and Stephenson, 2001; Pouvreau et al., 2004).
The need for a functional t-system to observe the effect of BTP2
on RYRs highlights that the effect corresponds to an indirect
modulation of the channel, as well as the complexity of the
protein-protein interactions and their interplay at the JS (Barone
et al., 2015; Quick et al., 2017; Nakada et al., 2018).

BTP2 and EC coupling

We provide a dose-response of the effect of BTP2 on the Ca?*
transients of EC coupling in skeletal muscle (Fig. 6). The result is
independent of alterations induced by BTP2 on Ca?* flow
through Orail during pSOCE because the low stimulation rate
(0.5 Hz) would only induce the entry of a very small amount of
Ca?* from the t-system in the presence of a functional Orail
(Koenig et al., 2018), and the cytoplasmic solution of the skinned
fiber is an effectively infinite pool of cytoplasmic EGTA (1 mM)
that buffers [Ca?*] ., without restricting the capacity of the SR
Ca?* pump to resequester released Ca2* (Stephenson, 2006; Choi
et al., 2017; Lamb and Stephenson, 2018). For these reasons, the
decline of the transients in the presence of BTP2 in our ex-
periments cannot be attributed to any effect on Orail or SOCE.
The demonstration of an indirect effect of BTP2 on RYR Ca?*
release induced by lowering [Mg?*]cy:, (Fig. 3) suggests that the
impaired EC coupling step in the presence of BTP2 is the opening
of RYR.

To check that there was an absence of effect of pSOCE on
fiber calcium content in these experiments, we can calculate the
sum of calcium that was potentially blocked from entering the
open cytoplasm during electrical stimulation via pSOCE in Fig. 6.
To reach the point at which the electrical stimulation responses
were reduced to 50% of the control in the presence of BTP2, 25,
8, and 2 pulses were required in the presence of 5, 10, or 20 uM
BTP2, respectively. From Fig. 4 in Koenig et al. (2018), an upper
threshold of 0.25 mM [Ca2*];.,s was calculated to enter the cy-
toplasm during pSOCE (2.5 pM calcium per fiber volume).
Therefore, the sum (upper limit) of calcium potentially pre-
vented from entering from the sealed t-system in the presence of
BTP2 during 0.5-Hz stimulation was 62.5, 20, and 5 uM calcium
per fiber volume, respectively. A depletion of SR calcium by 62.5
pM from the endogenous level of 1 mM—assuming all calcium
entering from the t-system ends up in the SR or causes it to
retain its normal level of calcium—would not decrease the SR
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calcium content enough to affect the total amount of calcium
released during action potential stimulation (Posterino and
Lamb, 2003). We conclude that BTP2 inhibits electrically
evoked Ca?* transients independently of alterations in Ca2*
flow through Orail.

A prime candidate for the indirect effect of BTP2 from the
t-system on RYR is the DHPR, as DHPR is in direct contact with
RYR. DHPR imposes inhibitory regulation on RYRI activity at
rest (Zhou et al., 2006; Figueroa et al., 2012; Eltit et al., 2011), and
DHPR has been shown to be affected by other SOCE inhibitors,
2-APB and SKF-96365 (Olivera and Pizarro, 2010). A nonspecific
effect of 10 pM BTP2 on DHPR would explain such indirect ef-
fects on RYR reported here.

Here, we have further developed the capacity of the me-
chanically skinned fiber to be used as a preparation suited to the
assessment of modulators of Ca®* handling in muscle. We fo-
cused on BTP2 because of its known action on Orail (Wei-
LaPierre et al., 2013) and the high interest in understanding
the physiologic roles of SOCE in muscle function. Our systematic
assessment of the actions of BTP2 showed effects on EC coupling,
which directly affects the regulation of SOCE. Of course, the use
of BTP2 to address questions about SOCE and t-system Ca%*
fluxes remains possible when care is taken to avoid undesired
effects of the modulator on the function of RYR, a key protein of
SOCE and EC coupling. In our experiments, the actions of BTP2
on [Ca?*];.sys transients provided further evidence for the im-
portant role of RYR Ca?* leak in setting the t-system Ca®* gra-
dient in the resting muscle (Cully et al., 2018) and suggests how
the lipid environment of the t-system can affect protein function
in the SR. Finally, BTP2 is likely to be an important tool in ex-
amining basal Ca?* influx across the t-system membrane. The
BTP2-sensitive Ca?* influx is likely an essential component of
Ca?* homeostasis in healthy muscle but contributes to patho-
physiology in other conditions (Turner et al., 1991; Eltit et al.,
2013; Rios et al., 2015; Lopez et al., 2020a).
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