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Abstract
Aim: Parvalbumin (PV) is a primary calcium buffer in mouse fast skeletal muscle
fibers. Previous work showed that PV ablation has a limited impact on cytosolic
CaZ* ([CaZ*]

drial density and mitochondrial matrix-free calcium concentration ([Ca®*],;)-

oyto) transients and contractile response, while it enhances mitochon-
Here, we aimed to quantitatively test the hypothesis that mitochondria act to
compensate for PV deficiency.

Methods: We determined the free Ca** redistribution during a 2 60 Hz tetanic
stimulation in the sarcoplasmic reticulum, cytosol, and mitochondria. Via a re-
action-diffusion Ca** model, we quantitatively evaluated mitochondrial uptake
and storage capacity requirements to compensate for PV lack and analyzed pos-
sible extracellular export.

Results: [Ca*'],;, during tetanic stimulation is greater in knock-out (KO)
(1362+392nM) than in wild-type (WT) (855+392nM), p<0.05. Under the as-
sumption of a non-linear intramitochondrial buffering, the model predicts an ac-
cumulation of 725 pmoles/Lg,., (buffering ratio 1:11000) in KO, much higher
than in WT (137 pmoles/Lyy,.,, ratio 1:4500). The required transport rate via mi-
tochondrial calcium uniporter (MCU) reaches 3mM/s, compatible with available

literature. TEM images of calcium entry units and Mn** quenching showed a
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levels of [Ca2+]cyto

KEYWORDS

1 | INTRODUCTION

In fast skeletal muscle fibers, the cytosolic-free Ca*" con-
centration ([Ca2+]cyt0) is finely tuned by the release and
reuptake by the sarcoplasmic reticulum (SR), by the
calcium-binding molecules, being troponin C (TnC) and
parvalbumin (PV) the most prominent ones, and by the
exchanges with the extracellular environment (see for a re-
cent review"). Parvalbumin is a high-affinity Ca**-binding
protein found at high concentrations in vertebrates' fast-
contracting/relaxing skeletal muscle.”* Following a Ca**
release from SR, PV binds several hundred pmoles of cal-
cium per fiber liter,"” hiding it from the Ca®" sensors and
significantly reducing the fluxes of Ca®" to all other com-
partments and buffers. Notably, the increase in [Ca“]cym
following Ca®* release®® or Ca** leakage”'® from the SR is
accompanied by a mitochondrial Ca*" uptake in muscle
fibers, as in most cell types. The increased Ca®" concen-
tration in the mitochondrial matrix enhances adenosine
triphosphate (ATP) production.'’ In skeletal muscles, mi-
tochondrial Ca** uptake also modulates fiber size.'* High
and prolonged Ca®* uptake by mitochondria could trigger
a permeability transition, leading to cell death.>'* A more
well-rounded appreciation of mitochondrial Ca** uptake
in the skeletal muscle is warranted, including its potential
contribution to modulating the amplitude of the [Ca”]cyto
transient (as reviewed recently'®). In this perspective,
mice carrying a null mutation of the parvalbumin gene
(PV-KO mice) represent an attractive model.

In a recent study,'”” we showed increased Ca** up-
take by mitochondria in PV-KO fibers compared to WT
without any increase in cytosolic Ca®* concentration.
The increased intra-mitochondrial Ca** concentration
([Ca**] ) activated a signaling pathway leading to fiber
hypertrophy. Mitochondrial density was also greater in
PV-KO than in WT muscle fibers.

Based on our previous results,’® here we aim to
quantitatively test the hypothesis that the enhanced

extracellular calcium.

greater capacity of store-operated calcium entry in KO compared to WT. However,
during tetanic stimulation were not modulated to variations of

Conclusions: The model-based analysis of experimentally determined calcium
distribution during tetanic stimulation showed that mitochondria can act as a
buffer to compensate for the lack of PV. This result contributes to a better under-
standing of mitochondria's role in modulating [Ca2+]cym in skeletal muscle fibers.

calcium, mitochondria, mouse skeletal muscle fibers, parvalbumin, reaction—diffusion model

mitochondrial Ca*" uptake can compensate PV lack in
modulating [Ca“]cyto. We selected the calcium release
induced by submaximal tetanic stimulation (60 Hz for 2s
at 25°C), as a model. This protocol is sufficient to reach
a steady state (fused tetanus and stable oscillations of
[Ca2+]cym) after 0.3s of stimulation. We measured the re-
distribution of calcium in three compartments, namely
cytosol, mitochondrial matrix, and lumen of the SR.
The exchanges with extracellular space based on store-
operated calcium entry (SOCE) and plasma membrane
calcium ATPase (PMCA)/sodium calcium exchanger
(NCX) were also evaluated. A reaction-diffusion model
derived from that developed to study calsequestrin knock
out (CSQ-KO) muscle fibers'® was implemented to simu-
late the Ca*" distribution in WT and PV-KO muscle fibers.

2 | RESULTS

2.1 | Free Ca’' concentration in the
cytosol and the sarcoplasmic reticulum at
rest and during electrical stimulation

The experimental conditions (2s electrical stimulation at
60Hz at 25°C) were chosen because they led to the devel-
opment of approximately 80% of the maximal force both
in PV-KO and WT flexor digitorum brevis (FDB) muscles
(see the force-frequency curve Figure 1A), indicating a
similar amount of Ca** buffered by the TnC. After ap-
proximately 0.3s stimulation, the force reached a steady
level, and the Fura-2 ratio signal, a slow-high affinity dye,
showed stable oscillations (Figure 1B). We focused on the
steady-state conditions and neglected the kinetics of the
first initial phase (Figure 1C) and of the decay phase at
the stimuli train's end, already analyzed in our previous
study.'® During the steady-state phase of stimulation, the
peak and the slope averaged over a high number of indi-
vidual transients (Figure 1D,E) as well as the area under
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FIGURE 1 Characterization of 60 Hz, 2s tetanus. (A) Normalized force-frequency curve (2s tetani, 25°C, optimal length) of FDB
muscles does not show a significant difference between WT and PV-KO (n=10 in each group). WT blue and PV-KO red. (B) Superimposed

records of force development and Fura 2 ratio showing a cytosolic calcium transient during a 60 Hz, 2s tetanus. (C) Typical records of

cytosolic calcium transient during a 60 Hz, 2 s tetanus: WT blue and PV-KO red. The interval at steady state in which the area under Fura-2

curve (AUC) is calculated corresponds to 100 stimuli at 60 Hz and is indicated in the panel. (D) Averaged Fura-2 ratio in an individual

response to electrical stimulus in the interval at steady state of the tetanus (average of 100 stimuli at 60 Hz, mean+SD). (E) Calculated

cytosolic calcium concentrations in an individual response to electrical stimulus during the steady-state phase of the tetanus (2s, 60 Hz).

(F) Statistical comparison between area under Fura-2 curve (AUC) in the region indicated in panel C does not show a significant difference

(p=0.066) in WT versus PV-KO fibers. Each dot corresponds to a fiber.

the curve (Figure 1F) of the [Caz+]cyto as determined by
Fura-2 ratio were not significantly different between PV-
KO and WT.

Next, we analyzed the SR-free [Ca®"] ([Ca’*']s) via
D1-ER cameleon in quiescent fibers and during electri-
cal stimulation. We did not observe significant variations
between WT and PV-KO in the resting [Ca®*]g, or in its
decline during the train of stimuli (Figure 2).

2.2 | Mitochondrial Ca’* uptake
increased in the absence of PV

We previously showed that the concentrations of Ca** in
the mitochondrial matrix ([Ca®*],,;,) during a caffeine-
induced Ca** release were significantly higher in PV-KO
fibers."” Here, we first analyzed the effect of parvalbumin
ablation on mitochondrial metabolic function through the
oxygen consumption rate and calcium retention capac-
ity, and no statistical significance on the differences was
achieved by either protocol (Figure S1). Next, we deter-
mined [Ca®*],;,, in FDB fibers at rest and during stimula-
tion, expressed in nmol/L,;,,, measuring the ratio (R;,)
of the YFP and CFP intensities of the 4mtD3cpv sensor

(Figure 3). [Ca®*],;,,,» Was significantly higher in PV-KO
than in WT (Figure 3D-F) at rest and the peak of the te-
tanic stimulation. Instead, the rising rates at the onset of
the stimuli (Figure 3B) and the decay rates at the end of
stimulation (Figure 3C) did not show statistically signifi-
cant differences between WT and PV-KO fibers.

Previous studies showed that mitochondrial density
and size are greater in PV-KO than in WT,'>'7*® leading to
a higher fraction of fiber volume occupied by mitochon-
dria. Moreover, PV ablation increased the number of mito-
chondria coupled with the Ca®* release units (CRU) (from
32.7 to 39.3 per 100 pm? in WT and PV-KO, respectively'),
indicating, on average, a shift toward a microdomain with
a higher Ca** concentration. Here, we found a slightly de-
creased density of Ca’* release (CRUs or triads) in PV-KO
fibers versus WT (Figure 4A,B and Table 1, column A).

To assess whether the increase further attests to the
mitochondria’s role in regulating the [Ca“]cyto during
60 Hz stimulation, we tried to inhibit Ca** uptake via mi-
tochondrial calcium uniporter (MCU). More specifically,
in our previous work, we reported" that MCU silencing
increased the [Ca®*].,, upon the large Ca®" release in-
duced by caffeine. Here, we tested whether depression of

Ca®* uptake via MCU could affect [Ca®"]y, during 60 Hz
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FIGURE 2 Free Ca?' concentration in sarcoplasmic reticulum detected with cameleon D1-ER. (A) Typical-free Ca®" concentration
transient detected with cameleon D1-ER during 2 s stimulation at 60 Hz. Stimulation interval indicated by a black segment. (B) Average of
the decrease phase in WT (n=17) and PV-KO (n=16) fibers, WT blue and PV-KO red. Stimulation interval indicated by a black segment. (C)
Basal values of D1-ER ratio at rest, means, and SD (p=0.26). (D) Fractional decrease in D1-ER ratio during a transient induced by 2s 60 Hz

electrical stimulation, means, and SD (p=0.55).

stimulation. To this end, we followed two alternatives:
(i) silencing via plasmid transfection and (ii) the use of a
novel MCU inhibitor (MCU-i11%°). Both protocols did not
yield a statistically significant conclusion (Figure S2A,B),
likely due to the limited Ca®* release lower than in the
caffeine test, the only partial depression of MCU function,
and high variability of the results. Numerical simulations
(see below) confirmed that, without a complete MCU in-
hibition, the steady [Ca”]cyto during tetanic stimulation
will be only marginally affected (Figure S2C,D).

2.3 | Extracellular Ca’* fluxes in the
absence of PV

EM analysis (Figure 4A,B) also revealed a higher inci-
dence of fibers presenting SR-stacks and the number of
SR-stacks inside those fibers in PV-KO fibers versus WT
(Table 1, columns B and C). SR-stacks are assumed to be
the main component of Ca®* entry units (CEUs) involved
in SOCE."* Besides, TT network (Table 1, columns D

and E), that is, the second component of CEUs, showed
that the total TT length/100 um* and TT/SR-stack contact
length increased in PV-KO.

Next, to establish the functional relevance of greater
CEU presence, we measured the rate of Mn*" quench-
ing of Fura-2 fluorescence in WT and PV-KO FDB fibers
after SR depletion. Interestingly, the quenching rate in-
creases by 1.6 times in PV-KO just as the SR-stack den-
sity (Figure 4C,D). However, no significant differences in
[Ca2+]cyt0 transient (area under the curve at steady state)
were detectable between WT and PV-KO fibers in the pres-
ence and absence of the external Ca** (see Figure S3).

2.4 | Calcium distribution at
rest and during tetanus estimated in a
mathematical model of Ca®* diffusion

We improved our previously published rotational sym-
metric half-sarcomere model,'® based on three main com-
partments: mitochondria, cytosol, and SR (see Figure 5)
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FIGURE 3 Free Ca**concentration in mitochondrial matrix detected with the 4mtD3cpv cameleon. (A) Typical-free Ca’* transient

detected as Rypp,cpp in the mitochondrial matrix. Stimulation interval indicated by a black segment. (B) Average (WT n=13 WT, PV-KO

n=9) of the rising phase of Rypp,cpp. Interpolation with an exponential function did not show statistically significant differences in the rising
rate between WT (blue) and PV-KO (red), p=0.38. (C) Average (WT n=13 WT PV-KO n=9) of the decay phase of Rypp,cpp. Interpolation
with an exponential function did not show statistically significant differences in the decay rate between WT (blue) and PV-KO (red), p=0.14.
(D) [Ca**],yi10 basal at rest in nmol/L, (WT: 118.3 +63.9, n=16, PV-KO: 185.2+ 103, n=11, mean values and SD, p=0.0467). (E) [Ca** ..
peak value reached during 2s 60 Hz electrical stimulation in nmol/L, (WT: 855 +392, n=16, PV-KO: 1362 + 392, n=11, mean values and SD,
'p=0.0029). (F) [Ca®*] ;1o (Peak-basal) in nmol/L (WT: 737 £ 385, n=16, PV-KO: 1177 + 410, n=11, mean values and SD, "p=0.0088).

to properly account for the local [C212+]cyto around mi-
tochondria (microdomains) and the inferred modifica-
tions of the average distances of the mitochondria from
the ryanodine receptor (RyR) in WT and PV-KO fibers.
Based on the assumed total length L=1.25um and radius
R=0.5pm, n=10 radial and m =20 longitudinal compart-
ments (Nompartiments = 200) (see Equations 1 in SI), allowed
reaching the required precision of few tens of nanom-
eters (see below). Also, we improved the original model
(i) To specifically focus on the role of PV, associating this
calcium buffer to a different variable for each compart-
ment (SI Equation 2). (ii) To account for locally variable
[Mg**] .y, Which is a competitor of Ca** for PV. (iii) The
influence of the Mg** on MCU?*>* has also been added (SI
Equation 6), to reproduce the difference between the WT
case, where [Mg**]., increases when Ca®" binds to PV
during stimulation and PV-KO case, where the [Mng']Cyto
is assumed to be constant at rest and during stimulation.
(iv) A cooperative mitochondrial buffer was introduced to
reproduce the high ratio of bound-to-free calcium recently
observed in skeletal muscle fibers.”**** (v) Troponin has
been implemented introducing two cooperative binding
sites (SI Equation 3). (vi) NCX-like calcium transporter
was added to simulate the flux toward the extracellu-
lar space in the T-tubule (SI Equation 7). Calsequestrin,
RyR, and sarco-endoplasmic reticulum calcium ATPase

(SERCA) pumps characterizing the SR (SI Equations 4
and 5), and SOCE (SI Equation 8) are like the previous
model. All the relevant equations are reported in the SI.
Using the model, we quantified the effect of PV abla-
tion on Ca®* handling in WT and PV-KO fiber (see Table 2
for the total calcium redistribution). Global (not local)
[Ca”]cyto in the sole absence of PV, without any alterna-
tive buffering system, is predicted to be up to 60 pM during
a 60Hz 2s tetanic stimulation (see supporting informa-
tion Model). [Ca“]Cyto determined with Fura-2 during the
steady-state phase of tetanic stimulation was 3.5pM (see
Figure 1E), and such a huge [C212+]Cyto increase was never
found by experimental data. Thus, we asked the model to
indicate an alternative mechanism that can handle the
Ca*" ions with similar (i) amounts and (ii) rates as PV.

(i) Concerning the mitochondrial Ca®* storage, our
experimental records of [Ca®*],;, with cameleon
4mtD3cpv (see Figure 3) and their calibration (see
Figure S5) show an increase in the free [Ca®*] ., in
PV-KO fibers compared to WT of about 0.5 pmol/L-
mito OF (assuming the mitochondria volume is 5% of
fiber volume) 25 nmol/Lg,.. in WT fibers. Associating
it to the total/free ratio of 5000:1, recently reported’
in quiescent WT skeletal muscle mitochondria, the
extra-amount stored in the mitochondria in PV-KO
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FIGURE 4 Quantitative analysis of Ca”" release units (CRUs or triads) and Ca** entry units (CEUs). (A and B) Representative
longitudinal electron microscopy (EM) images showing of Ca”" release units (CRUS o triads) and Ca** entry units (CEUs) in adult fiber from
WT and PV-KO mice. (A) A portion of fiber from adult WT mouse in longitudinal section, with CRUs positioned at the I-A band transition
of the sarcomere (small black arrows), often found on both sides of the Z-line and in the proximity of mitochondria (M). Inset: Enlargement
of a CRU. (B) CRUs in fibers of PV-KO mice are distributed as in WT fibers (small black arrows). The empty arrows point to membranes
within the I band that are rearranged into SR stacks. Inset: Higher magnification of SR stack near a triad. Scale bars: A and B, 0.5 pm; insets,
0.2pm. (C and D) SOCE rate in PV-KO compared to WT. (C) Recording of Mn** quenching on Fura-2 fluorescence in FDB fibers loaded with
Fura-2, fully depleted by incubation and exposed to Ca**-free medium supplemented with 0.5mM MnCl,, WT blue and PV-KO red. (D)
Maximal rate of fluorescence quenching expressed as a difference to the basal initial rate Rgocp=Rpax — Rbaseline (WT: -0.87 = 0.43, n=16, PV-
KO: -1.52 + 0.73, n=20, mean values and SD, "p=0.007). Each dot corresponds to a fiber. Green symbols refer to the traces shown in C.
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TABLE 1 Quantitative analysis of calcium release units (CRUs or triads) and calcium entry units (CEUS).

A B C D E
N. of Fibers with SR- N. of T Tubule length TT/SR contact length
CRUs/100 pm? stacks, % of total SR-stacks/100 pm? (pm)/100 pm? (pm)/100 pm?

WT 79.2+£20.3 26.3+11.5 2.1+4.0 1.8+5.5 0.7+2.3

PV-KO 71.8+17.2%* 77.3+£3.1%* 4.0+4.5* 2.8+3.5% 2.34+3.2%*

Note: Column A: Quantitative analysis of n. of CRUs/area reported as average number/100 pm”. Column B and C: Percentage of fibers presenting SR-stacks
and number of SR-stacks per area of section reported as the percentage of total fiber number and average stacks number/100 um?, respectively. Columns D and
E: Total extension of the transverse tubule (TT) within the I band of sarcomere and length of TT adjacent to SR-stack membranes (i.e., TT/SR contact length)
measured in transverse sections at 28.000X of magnification and reported as average (in pm)/100 um?.'® Sample size: 30 fibers from six WT mice; 30 fibers from
three PV-KO mice.

**p<0.01; *p<0.05.

FIGURE 5 Multicompartmental reaction-diffusion model. Schematic view of the model reproducing a cylindrical half sarcomere
(upper part), divided in n=10 radial and m =20 longitudinal compartments (only a part is shown in the lower figure where a part of the
sarcomere is enlarged), to quantitatively simulate the free Ca** concentration in the various regions of the model. Based on the assumed
total length L =1.25pm and radius R=0.5 um, the values of m and n are chosen to simulate the observed details of the average distances of
the mitochondria from the RyR in WT (160nm) and PV-KO fibers (117 nm). Main structures, buffers, pumps, and channels are represented
in the figure and described in Supporting information. Created with BioRender.com.
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TABLE 2 Model predictions of calcium distribution in different compartments at rest and during the steady-state phase in WT and

PV-KO.
pmoles/Lgy., WT rest WT act Delta PVKOrest PVKO act Delta
SR Total calcium 3209 2311 898 3209 2307 902
Bound to PV 318 893 575 = = =
Bound to Troponin 7 204 197 7 207 200
Mitochondria 21 137 116 (13% of Total) 29 725 696 (77% of Total)

Total calcium

Note: Model predictions of calcium distribution in the sarcoplasmic reticulum (first row), buffered in the cytosol (second row, PV, third row TnC), and in the
mitochondria (fourth row) at rest (first and fourth columns) and during the steady-state phase of tetanus (second and fifth columns, differences (delta) between

rest and activity are reported in the third and sixth columns) in WT and PV-KO.

compared to WT fibers can reach 125pmol/Lye,
in case of only linear buffering. The storage ca-
pacity increases further in our simulations where
we assumed the cooperative mitochondria buffer-
ing system, as proposed by Bazil et al. 2013 for the
cardiac muscle,” in the absence of experimental
data on skeletal muscle. Notably, the bound-to-free
ratio might increase for genetically modified mus-
cle fiber.” If we repeat the same calculation in PV-
KO, the simulated total Ca** stored in mitochondria
during stimulation will rise from about 137 pmol/L-
fiber i WT to 725 umol/Lg,., in PV-KO (Figure 6 and
Table 2). Thus, the amount of Ca’t entering the mi-
tochondria under these hypotheses is likely suffi-
cient to compensate for the lack of PV.

(ii) The mitochondrial Ca®* uptake kinetics is strictly
related to their distance from the RyR, that is, from
regions at higher [Ca“]cym. Our current and previ-
ous structural data (Table 1A and Figure 4E in Butera
et al."”) indicate an average distance 20%-30% greater
in WT than in PV-KO. Assuming the nearest distance
of 130nm between RyRs and mitochondria® for the
PV-KO case, the WT case becomes 160 nm. Our model
can modulate these parameters, varying the compart-
ment in which MCU and sodium-calcium-lithium
exchanger (NCLX) are localized. Despite the locally
higher [Ca”]Cyto the low value of the apparent Kd
(2pM?) limits the increased Ca®* uptake. However,
in the model we included also the influence of the
Mg®* (not released from PV during Ca®" transient in
the PV-KO fibers) inhibition of the MCU, as observed
experimentally on cardiac mitochondria.** The model
matches our data in both cases with a vyy flux of
about 3 mmoles/Lg../s, in WT, and about 43% higher
in PV-KO. Interestingly, this value is close to the ex-
perimental determinations by Fieni and coworkers®
and Yi and colleagues.” It is worth to note that the
estimation of the amount of calcium entering the mi-
tochondria depends only on the experimentally ob-
served free [Ca®*],;, and the imposed properties of

the mitochondrial buffer, regardless of the values of
the [Ca®*].y,, The values of free [Ca®*].y, in contract-
ing skeletal muscle fibers are still debated, ranging
from about 1* to 10-15uM.*’ If different values are
imposed than what are used in this work, the MCU
parameters in the model must be adjusted to assure
the same maximal value of vy flux required by mi-
tochondrial storage.

Finally, we tested the possible contribution of Ca®*
flux toward the extracellular space. The differences in the
potential transmembrane exchange between WT and PV-
KO are derived directly from our data. In PV-KO fibers,
under the assumption of an identical increase in both
the extracellular efflux and the influx, both rates had to
be increased by 70 times to obtain the observed [Ca“]Cyto
(3.5uM) after 2s of stimulation (Figure 7). Such an incre-
ment is much above the approximately two times increase
in SOCE observed in our experiments.

3 | DISCUSSION AND
CONCLUSIONS

Parvalbumin is a primary Ca®" buffer in the cytosol of fast
skeletal muscle fibers. Here, we demonstrate that an in-
crease in mitochondrial density and calcium uptake can
compensate for the lack of parvalbumin in cytosolic cal-
cium modulation.

During Ca’* release from SR, parvalbumin can
bind more than 300pmoles/Lg,., Ca®*, well above the
240 pmoles/Lg,., that can be bound by the two Ca**
binding sites of Troponin C.** The complete ablation of
PV in murine fast fibers does not create an excessive ac-
cumulation of Ca** in the cytosol but only minor alter-
ations in the decay phase of the transient.">*! The main
adaptation of PV ablation is the increased mitochondrial
density”’18 and, as shown in our previous study,' an in-
creased calcium uptake by mitochondria. The increased
uptake is detectable both in constitutive knockout and
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FIGURE 6 Model simulations of calcium redistribution during
a 2s, 60Hz tetanus, showing the mitochondrial role. Free or total
Ca®* concentrations per Ly, in WT (blue) and PV-KO (red) in the
relevant compartments. In SR (A), basal level and depletion are
similar in the two cases, as well as the cytosolic-free Ca?t (B) in the
steady state of the tetanic transient, fitting the experimental data.
Free mitochondrial Ca** concentrations (C) closely reproduce the
experimental values, and total mitochondrial Ca*" concentrations
(D) highlight the different roles of the low (blue and red for the WT
and PV-KO, respectively) and of the high cooperative buffers (cyan
and orange for the WT and PV-KO, respectively). The latter is able
to balance, in the PV-KO case, the amount of Ca** not bounded by
parvalbumin. Ca** bound to parvalbumin (blue continuous line,
shown only in the WT case) and free Mg®" (dashed lines, increasing
in WT but constant in the PV-KO case) are shown in (E).

acute downregulation.'® Importantly, no change is detect-
able in fiber type marker expression as myosin or SERCA
isoforms.">*!
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FIGURE 7 Model simulations of the impact of extracellular
space exchanges. Free or total Ca" concentrations per Liper in
WT (blue) and PV-KO (red) in the relevant compartments. In
sarcoplasmic reticulum (A), basal level and depletion are set
similar in PV-KO and WT. To fit the experimental data on the
cytosolic-free Ca®" (B) in the steady state, the total Ca** extruded
toward the extracellular space (C) must be made comparable to
the calcium not bound by PV. In the model, we reached this goal
through a phenomenological exponential increase in the PMCA/
NCX extrusion rate above a threshold in the [Ca2+]Cyto (red line,
see supplementary information). Panel D shows (on a different
time scale) the slow recovery of the free [Ca®*|gy after the train
of stimuli. In WT (blue) it is completed in a few seconds, while it
is much slower in the PV-KO case when we increase the SOCE
flux of factor 2, as observed experimentally (red). Only with a
multiplicative factor of one order of magnitude higher (green) can
the recovery be closer to the WT case, suggesting that this path is
less important in the Ca?* handling in PV-KO.

At variance with our previous work,"® where we ana-
lyzed several muscles of the mouse leg and induced cal-
cium release with caffeine, we adopted as a model FDB
and calcium release induced in a more physiological pro-
tocol of electrical stimulation.

FDB is a fast muscle composed mainly of 2A and 2X
fibers,*** which are less rich in PV than fast 2B fibers but
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definitely richer in mitochondria.> For two decades, FDB
has become the standard reference for studying calcium
signals in murine single muscle fibers. We adopted Fura-2
and two cameleons (ER-D1 and 4mtD3cpv) targeted to SR
and mitochondria®® to measure free calcium concentra-
tion. The choice of cameleon was based on our previous
experience with those dies.”*”*® In particular, 4mtD3cpv
has a low affinity (Kd in vivo >2.5uM, see Figure S5) and
seems suitable to follow the mitochondrial calcium kinet-
ics.”* The choice of Fura-2, a slow, high-affinity dye, was
consistent with the goal of focusing on steady-state condi-
tions and obtaining reliable data on the redistribution of
calcium from the rest to a stable repetitive release. As pre-
viously reported,“’s’40 during a train of stimuli, the amount
of calcium released undergoes a progressive change (re-
duction) of amplitude, and after a few stimuli, a steady
state is achieved. The use of a high-affinity, slow dye im-
plies that the impact of lack of PV on the rising and decay
phases of the transients could not be reliably analyzed.

The experimental data were analyzed with a math-
ematical model which simulates half sarcomere with a
rotational symmetry, in this respect similar to those pro-
posed by others**! but sharing with the model of Rincén
et al.’ a novel and important aspect, that is, the pres-
ence of mitochondria, which was neglected in previous
models.

The modeling of the mitochondria includes three steps
according to the following equation’*:

d[Cal,;
Tmlw =Jyvcu —Incrx — Jbuﬁer

The recent finding by Launikonis laboratory”** pro-
vided evidence of a buffering ability of muscle mito-
chondria in the order of 1:5000 to 1:10000, consistent
with the findings of Chalmers and Nicholls** on liver
and heart mitochondria. The high buffering power can
find a molecular basis in the presence of phosphate in
the matrix's alkaline environment (see for a review®).
Following the modeling of Bazil and colleagues,* we as-
sumed a non-linear biphasic buffer of the mitochondrial
matrix. This is an essential point as it implies that, due
to the higher peak of mitochondrial calcium reached
during the tetanic stimulation in PV-KO compared to
WT, the contribution of mitochondria to the distribution
of calcium release is lower in WT and becomes much
higher in PV-KO (see Table 2). Interestingly, the Jycp
predicted by the model corresponds quite well with that
measured using a completely different approach than in
previous studies.?®? It is, however, higher than the val-
ues obtained by other groups®’ and predicted by Rincén
and colleagues.’

The increased calcium distribution in favor of mito-
chondria in PV-KO fibers should not imply a change in

the total calcium content of the fibers. The main com-
ponent of the total calcium content at rest is the SR, 44
see also Table 2. Here, with two distinct protocols aimed
to cause a complete depletion, we could not show that
significant variations occurred in the total calcium con-
tent (see Figure S4). Moreover, the unchanged values of
free SR calcium and the abundance of the main proteins
involved in SR (shown by Butera and colleagues 2021)
supported the view that the main storage of calcium was
unchanged.

Additionally, we evaluate the contribution of ex-
change with extra-cellular space (ECS), to explore if
the calcium not bound in the absence of PV could have
extruded via NCX/PMCA. We found evidence of a po-
tentially more significant exchange based on the greater
presence of CEU structures and an increased Mn**
quenching rate (Figure 4). However, such an increase
(less than two folds) was not sufficient to compensate
for the lack of PV. A further test based on removing ECS
calcium did not provide evidence in favor of a signifi-
cant exchange with ECS.

Thus, mitochondria remove much more calcium from
the cytosol and contribute significantly to controlling
cytosolic calcium in the fast fibers deprived of PV. This
conclusion acquires significant value when seen from the
broader perspective of the role of mitochondria in skeletal
muscle fibers. As in other cell types, mitochondria do not
only play their main role of powerhouse of the cell, but
using the term proposed some years ago,* they represent
the hub of signaling, regulating apoptosis, and contribut-
ing to modulating cell size. Our present data contribute to
understanding their role in controlling cytosolic calcium
under specific conditions.

4 | MATERIALS AND METHODS

4.1 | Animals

We used (2-3months old) male C57/BL6J (WT) and
PV~/~ (PV-KO) mice in all protocols. PV-KO mice were
generated as previously described.'>*! All procedures
were performed under the Italian law D. L. n.26/2014
and approved by the Committee on the Ethics of Animal
Experiments of the University of Padova (Permit
Number: 666/2018PR). For each group (WT and PV-KO),
6 mice were used for Fura-2 experiments, three mice for
Fura-2 fluorescence quenching with Mn?*, eight mice
for total calcium analysis (releasing cocktail and caf-
feine). Six mice were used for inhibitor experiments
and eight for silencing, three mice were used for oxygen
consumption rate measurements, six mice for calcium
retention capacity experiment, six for mitochondrial
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cameleon transfection, seven for SR cameleon transfec-
tion, and five for contraction experiments on FDB.

4.2 | Exvivo experiments

Mice were euthanized by cervical dislocation. FDB mus-
cles were dissected while submerged in Krebs Ringer
Buffer (KRB—[mM] 120 NaCl, 25 NaHCO,, 4.7 KCl, 2.5
CacCl,, 3.15 MgCl,, 1.3 NaH,PO,, 11 glucose, pH7.4) so-
lution. The muscles were tied to a force transducer (KG
Scientific Instruments, Heidelberg, Germany) and a mi-
cromanipulator and immersed in KRB solution bubbled
with 5% CO, and 95% O, at 25°C. Supramaximal electri-
cal pulses (1 ms duration) were delivered with a Grass S48
stimulator. The muscle length was adjusted to produce
the highest twitch force.

4.3 | FDB electroporation

Electroporation of plasmids in FDB muscle fibers was
carried out while the animals were anesthetized with
an intraperitoneal injection of Zoletil-Sedaxilan mixture
15mg/kg. Hyaluronidase solution (2mg/mL) (Sigma)
was injected under the hind limb footpads, and either 10
or 20 pg of plasmid DNA was injected after 30 min. Ten
minutes later, muscles were electroporated by applying 20
pulses of 100V, 20ms duration, and 1s interval.

4.4 | FDB dissociation and culture

FDB fiber enzymatic dissociation and culture were per-
formed as previously described.>*’” Plated single fibers
were electrically stimulated via platinum electrodes in the
presence of 50-100 uM N-benzyl-P-toluene- sulfonamide
(BTS) at 25°C. Electrical pulses (1 ms duration) at 0.5Hz
for 5min, then trains of 2s duration and 60 Hz frequency
were delivered with a Grass S88 Square Pulse Stimulator.

4.5 | Sarcoplasmic reticulum and
mitochondrial-free Ca’t measurement in
FDB fibers

FDB muscles were transfected with plasmids encoding
either 4mtD3cpv cameleon targeted to the mitochon-
drial matrix via a sequence from subunit VIII of human
cytochrome c¢ oxidase (COX) or encoding SR-targeted
cameleon D1ER carrying a calreticulin peptide sequence.
Seven days after transfection fibers were dissociated,
plated, and placed on the stage of an inverted fluorescence

ACTA PHYSIOLOGICA Mk

microscope (Eclipse-Ti, Nikon Instruments, Amsterdam,
Netherlands) at 20X magnification equipped with the
perfect focus system. Two images corresponding to YFP
(acceptor) and CFP (donor) light emissions were collected
with 9ms resolution time with a cooled CCD camera
(C9100-13, Hamamatsu) as previously described.”*” FRET
was quantified using ImageJ software. YFP and CFP in-
tensities were corrected for background, and the ratio (R)
was defined as follows: R =(YFP fiber — YFP background)/
(CFP fiber — CFP background).

4.6 | Cytosolic-free Ca’* measurement in
FDB fibers

FDB fibers enzymatically dissociated and plated (see
above) were loaded with 2pM Fura-2/AM (Thermo
Fisher Scientific) diluted in KRB containing 0.02% plu-
ronic acid F68 (Sigma-Aldrich) for 20min at 37°C and
then washed for 15min with KRB containing 75pM BTS
(Sigma-Aldrich) to minimize fiber contraction. Calcium
release was induced at 25°C with supramaximal electri-
cal pulses (1 ms duration) via platinum electrodes. A dual-
beam excitation fluorescence photometry setup (IonOptix
Corp.), mounted on a Nikon Eclipse TS100, and equipped
with a Xenon Short Arc Lamp, recorded Fura-2 emis-
sion light at 510 nm (sampling rate 1kHz). The free Ca**-
concentration levels were inferred from the emission ratio

Ry With excitation at 360nm and 380 nm.

4.7 | Fura-2 quenching with manganese
FDB fibers loaded with Fura-2 were fully depleted by incu-
bation with two SERCA pump inhibitors (1 M thapsigar-
gin [Thermo Fisher Scientific, TG]; 15pM CPA). BTS was
added to prevent motion artifacts.*® Store-depleted fibers
were then bathed in a Ca®*-free medium. Fura-2 was ex-
cited at 360 nm (isosbestic wavelength), and emission was
detected at 510 nm. After recording an initial baseline rate
of Fura-2 decay (Rp,qine)> fibers were exposed to Ca**-
free medium with 0.5mM MnCl,. The maximum rate of
decline in Fura-2 fluorescence in the presence of Mn**
(Rmax) Was measured and the rate of SOCE (Rgpcp) Was
calculated as Rggcp =R jax — Rpascline-

4.8 | Transmission electron microscopy

Muscle samples were fixed with 3.5% glutaraldehyde in
0.1 M NaCacCO buffer (pH 7.4), at room temperature and
kept at 4°C in fixative until further use. Fixed muscles
were post-fixed in osmium tetroxide, stained en-bloc,
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embedded, and sectioned as previously describe
Ultrathin sections (~50 nm) were then stained for EM in
uranyl acetate replacement and lead citrate and exam-
ined with a Morgagni Series 268D electron microscope
(FEI Company, Brno, Czech Republic) equipped with
Megaview III digital camera (Olympus equipped with
Soft Imaging System) at 60kV. The number of CRU was
determined in longitudinal sections at 14.000X of mag-
nification, percentage of fibers presenting SR-stacks,
number of SR-stacks per area of section, and total ex-
tension of the transverse tubule (TT) were measured
in transverse sections at 28.000X of magnification. In
each sample, 10 fibers were analyzed, and in each fiber,
five micrographs were randomly collected from non-
overlapping regions.

d.47’48

4.9 | Mathematical model and data
simulation

The compartmental model simulates the temporal vari-
ation of the Ca®" concentrations in the three main com-
partments (cytosol, SR, and mitochondria) and buffers
through a numerical implementation in MATLAB®
(R2021a) available at https://github.com/lorenzomar
cucci/ParvalbuminKO_calcium_diffusion. The differ-
ential equations, described in the text and in the supple-
mentary information, are solved using the built-in odel5s
solver, with initial conditions respecting the steady state
in the resting conditions, based on the parameters defined
in Table S1.

4.10 | Statistical analysis

Data were expressed as means + standard deviation except
when differently indicated. The threshold for significance
was set P<0.05. An unpaired t-test was used in ex vivo
analyses, mitochondrial and SR cameleons, and Fura-2
analyses. Multiple unpaired t-test was used for force-
frequency statistical analysis. The comparison in the pres-
ence and absence of extracellular calcium for the silencing
and for the inhibitor was based on a parametric 2-way
ANOVA test with multiple comparison (Fisher's least sig-
nificant difference test.). Normality tests were performed
for each experiment. All data satisfy the Kolmogorov-
Smirnov normality test. All the statistical analyses were
made with GraphPad Prims® 9.
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