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The action potential-evoked sarcoplasmic reticulum
calcium release is impaired in mdx mouse muscle fibres

Christopher E. Woods, David Novo, Marino DiFranco and Julio L. Vergara

Department of Physiology, UCLA School of Medicine, Los Angeles, CA 90095, USA

The mdx mouse, a model of the human disease Duchenne muscular dystrophy, has skeletal
muscle fibres which display incompletely understood impaired contractile function. We
explored the possibility that action potential-evoked Ca’" release is altered in mdx fibres.
Action potential-evoked Ca**-dependent fluorescence transients were recorded, using both
low and high affinity Ca** indicators, from enzymatically isolated fibres obtained from
extensor digitorum longus (EDL) and flexor digitorum brevis (FDB) muscles of normal and
mdx mice. Fibres were immobilized using either intracellular EGTA or N-benzyl-p-toluene
sulphonamide, an inhibitor of the myosin II ATPase. We found that the amplitude of the action
potential-evoked Ca’* transients was significantly decreased in mdx mice with no measured
difference in that of the surface action potential. In addition, Ca** transients recorded from
mdx fibres in the absence of EGTA also displayed a marked prolongation of the slow decay
phase. Model simulations of the action potential-evoked transients in the presence of high
EGTA concentrations suggest that the reduction in the evoked sarcoplasmic reticulum Ca**
release flux is responsible for the decrease in the peak of the Ca®" transient in mdx fibres.
Since the myoplasmic Ca>* concentration is a critical regulator of muscle contraction, these
results may help to explain the weakness observed in skeletal muscle fibres from mdx mice and,

possibly, Duchenne muscular dystrophy patients.
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The absence of dystrophin causes Duchenne muscular
dystrophy (DMD), the most common debilitating genetic
disorder affecting boys (for a review, see Emery, 2002).
It has been shown that DMD is caused by mutations
in the dystrophin gene, located on the X-chromosome,
which results in the improper expression of the protein
dystrophin (Hoffman et al. 1987a).

Much of our knowledge of the properties of dystrophin,
and the pathological consequences of its absence, comes
from experimental evidence obtained studying the mdx
mouse, an animal model of DMD that also lacks the
expression of dystrophin protein. Importantly, although
the pathophysiology of the mdx mouse is not identical
to that of the DMD patient (Gillis, 1999), it has been
reported that muscle fibres from both DMD patients
and mdx mice exhibit significantly reduced active force
development (Wood et al. 1978; Coirault et al. 1999). Using
the mdx mouse model, it has been shown that the absence
of dystrophin leads to the absence of the dystrophin-
associated glycoprotein complex (DAG) (for review see
Emery, 2002). In an attempt to explain the overall weakness
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of mdx muscle, it has been proposed that the DAG complex
serves as a membrane anchor and that without it, the
overall membrane integrity is compromised and the Ca**
homeostasis of the dystrophic muscle is disrupted, leading
to necrosis of the muscle (Turner et al. 1988). Although
these results are controversial (for a review see Gillis, 1999),
neither this mechanism nor any other proposed to date
seems to account for the impaired force production of
single fibres (Watchko et al. 2002; for a review see Emery,
1993).

Under physiological conditions, impairment in
sarcoplasmic reticulum (SR) Ca’" release in response to
an action potential (AP) could cause skeletal muscle fibre
weakness since Ca" is the trigger for contraction and the
dependence of tension development on myoplasmic free
Ca’* concentration is very steep (Godt, 1974; Fink et al.
1990). Previous authors have investigated this possibility
by recording AP-evoked Ca’' transients. However,
these authors reported only minimal differences in the
kinetic properties and no significant differences in the
amplitude of transients recorded from normal and mdx
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muscles (Turner et al. 1988; Head, 1993; Tutdibi et al.
1999).

In this paper, we have revisited the issue of evoked
Ca’* signalling in normal and mdx muscle fibres. We
used low and high affinity Ca’" indicators, in the pre-
sence of intracellular concentrations of either EGTA or
N-benzyl-p-toluene sulphonamide (BTS) (Cheung et al.
2002; Shaw et al. 2003) to block contraction, in order
to record AP-evoked Ca?* transients without movement
artifacts. Moreover, by measuring AP-evoked Ca”* trans-
ients using a low affinity indicator in the presence of an
EGTA concentration ([EGTA]) of 5 mm, we were able to
infer the properties of SR Ca*" release (Song et al. 1998;
Novo et al. 2003) in normal and mdx fibres. Our results
demonstrate that the peak free [Ca*"] changes recorded
in response to AP stimulation are significantly smaller
in mdx muscle fibres compared to normal counterparts.
We propose that an alteration in the SR Ca*" release flux
in dystrophic muscle fibres may be responsible for this
decrease. A preliminary version of this work has been pre-
sented to the Biophysical Society (Woods et al. 2003).

Methods
Isolation of fibres

All experiments were carried out according to the
guidelines laid down by the UCLA Animal Care
Committee. Single muscle fibres were enzymatically iso-
lated from flexor digitorum brevis (FDB) and extensor
digitorum longus (EDL) muscles dissected from normal
(C57BL/10Sn]) and mdx (C57BL/10ScSn-mdx/]) (Jackson
Laboratories, ME, USA) mice. Both of these muscles have
been reported to be composed mostly of fast-twitch (type
II) fibres (Parry & Parslow, 1981; Raymackers et al. 2000).
All experiments were done in 8- to 18-week-old normal
and post-necrotic mdx mice (McArdle et al. 1995). Mice
were deeply anaesthetized with halothane (loss of righting
reflex) and killed by cervical dislocation. Muscles were
removed, stored in cold (5°C) Tyrode solution (see below)
and utilized within 30 min.

The digestion and dissociation protocol is a
modification of those described in the literature
(Head et al. 1990; Szentesi et al. 1997). Each muscle was
placed in a Sylgard-bottomed Petri dish with its tendons
held in place by pins and bathed in 0 Mg**, 0 Ca** Tyrode
solution supplemented with 262 units ml™! of collagenase
Type IV (Sigma, St Louis, MO, USA) and 0.5 mgml™!
of bovine serum albumin. The muscles were incubated
for 45min at 37°C under mild agitation. Collagenase
activity was stopped by washing the muscle with 0 Mg,
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Ca’" Tyrode solution at 37°C. The muscle mass was
gently sucked in and out of a fire-polished Pasteur pipette
until muscle fibres were isolated. For FDB fibres, the
average diameter and length were ~30 um and ~300 pm,
respectively. For EDL fibres, the average diameter and
length were ~60 um and ~6 mm, respectively. We
have found that immediately following this dissociation
procedure, only very few of the large number of fibres
isolated actively twitched in response to external electrical
stimulation when bathed in external solutions containing
2.0mmMm [Ca’*]. However, after incubation for 30 min
in L-15 media (Sigma) supplemented with 0.1 mgml™"
penicillin—streptomycin (Sigma) in an O, saturated
environment at 25°C, approximately 25% of the fibres
responded to external stimulation with vigorous twitches.
Only this population of fibres was used. All of these
observations and procedures applied identically to both
normal and dystrophic muscle fibres.

Solutions

The internal solution contained (mm): 140 potassium
aspartate; 20 K-Mops; 2.5 or 5 MgSO,, 5 Na,-PCr, 5
K-ATP, 5 dextrose, 2.5 glutathione, and 0.1 mgml™!
creatine phospho-kinase. The [EGTA] of the internal was
adjusted to 5 or 10 mm as specified in text. In the pre-
sence of 5mm EGTA, the free [Mg*"] of the internal
solution was calculated, using the Maxchelator program
(Bers et al. 1994), to be 77 um and 0.53 mm, for 2.5 and
5mwm total Mg?*, respectively. For experiments in the
absence of EGTA, only 5mwm total Mg*" was used, and
the free [Mg**] under these conditions was 0.6 mm. The
composition of the external Tyrode solution was (mm):
145 NaCl, 5 KCI, 2 CaCl,, 1 MgCl,, 10 Na-Mops, 10
dextrose. The 0 Mg**, 0 Ca** Tyrode solution was as above
without added Ca** and Mg**. In some experiments, N-
benzyl-p-toluene sulphonamide (BTS), an inhibitor of the
myosin II ATPase, was added to the external solution at
a concentration of 50 uM as we found that this was the
minimum concentration necessary to completely arrest
shortening of the fibre in response to AP stimulation. All
solutions were adjusted to an osmolarity of 300 mosmol
kg~! of waterand a pH of 7.4. Experiments were performed
at 22°C.

Electrophysiological techniques

The electrophysiological method used for enzymatically
dissociated EDL fibres was similar to the triple Vaseline gap
technique previously described for mechanically dissected
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frog muscle fibres (Hille & Campbell, 1976; Palade &
Vergara, 1982; Kim & Vergara, 1998). The main change
was the use of a silicone compound (Chemplex 825, NFO
Technologies, KS, USA) to construct the seals, instead of
petroleum jelly compounds, and the inclusion of 1% fetal
calf serum (FCS, Irvine Scientific) in the external solution
to further improve the tolerance of the fibres to Chemplex
825 (Szentesi et al. 1997). The fibres were straightened
across the gaps, maintained at slack sarcomere length
(~2 um) and loaded with internal solution (see below)
through the cut ends. The holding potential of the central
pool was set at —95 mV.

FDB muscle fibres were transferred to an optical
chamber (DiGregorio et al. 1999) containing Tyrode
solution and impaled with two micropipettes. These
micropipettes were placed ~150 wm apart in un-stretched
fibres with a sarcomere length of ~2 pum, as shown in
the phase contrast image in Fig. 1A. The first one was a
high resistance micropipette (pipette 1, Fig. 1A), which
had ~40 M2 resistance when filled with 3 m KCl, and the
second one was a low resistance micropipette (pipette 2,
Fig. 1A), which had a resistance of ~30 M when filled
with internal solution. Pipette 1 was used to record the
transmembrane potential (V,). No current was passed
through this electrode. Pipette 2 was used to load the fibre
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with internal solution, to maintain its resting potential,
and to stimulate it. Both micropipettes were connected to
a TEV-200A amplifier (Dagan, Minneapolis, MN, USA).
To rule out differences in the passive electrical properties
between normal and mdx fibres used in our experiments,
we compared the current necessary to set the V,, to
—90mV and found that, from a large population of
twitching fibres, including those reported in Results, in
the absence of BTS, 11.7 &1 and 12.3 £ 1 nA of current
was necessary in normal and mdx fibres, respectively
(n=49 fibres from 12 normal mice; n =43 fibres from
14 mdx mice) and in the presence of BTS, 33+ 7 and
35+ 5 nA of current was necessary for normal and mdx
fibres, respectively (n=12 fibres from 5 normal mice;
n =28 fibres from 6 mdx mice). In comparison to the
steady-state holding current, APs were elicited using supra-
threshold current pulses of 0.5 ms duration and 0.2—0.5
1A amplitude (upper and lower limits for experiments in
both the presence and absence of BTS), with no observed
difference in the magnitude of the pulses necessary for
AP stimulation between normal and mdx fibres. For FDB
fibre experiments described in this report, the resting V',
was adjusted to the values indicated in the figure legends
with the aid of constant hyperpolarizing current injection.
The area enclosed by the white square in Fig. 1A is shown

Figure 1. Two-pipette stimulating and recording method

A, 10X phase contrast image of a normal FDB fibre impaled with
two electrodes asdescribed in text. B, 40 x magnification images
of same fibre showing phase image and correspondingOGB-5N
fluorescence image from the region circumscribed by the white
square in A.Calibration bar is 30 um. C, surface AP from a
normal mouse FDB from pipette 1 (black) and pipette 2 (grey).
Internal solutioncontained 5 mm EGTA and the external solution
was normal Tyrode solution.
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at higher magnification in Fig. 1B in order to illustrate
the striation pattern of the fibre (left panel) and the disc-
shaped illumination area where the fluorescence signals
were recorded from in a typical fibre. Figure 1C shows the
APs recorded at both pipettes superimposed. As expected,
the recordings from pipette 2 show a saturating stimulus
artifact that prevents the recording of the initial part of
the rising phase of the AP. As the artifact could not be
eliminated, we included a second microelectrode (pipette
1) to faithfully acquire the AP. As can be seen Fig. 1C, the
record of the AP from pipette 1 does not show the artifact.
All AP records from FDB fibres in the paper were recorded
by pipette 1.

The FDB fibres were loaded passively with the internal
solution by a mechanism comparable to that described for
patch clamp experiments (Pusch & Neher, 1988; Mathias
et al. 1990; Wang et al. 1999). Accordingly, the loading
rates of relevant pipette constituents were calculated using
the measured value for the pipette resistance, published
values for the diffusion coefficients and resistivity, and
an estimated cell volume for a FDB muscle fibre of
typical dimensions and geometry, assuming that 70%
of the fibre volume is free for diffusion of exogenous
constituents without binding (Melzer et al. 1987). The
resistivity for the internal solution was assumed to be
240 Q cm (Pusch & Neher, 1988), and the values for
the diffusion coefficients were 1.8 x 107>, 9 x 107°, and
5.6 x 107® cm?s~!, for K* ions, fluorescein (a molecule
of comparable molecular weight to EGTA) and Oregon
Green 488 BAPTA-5N (OGB-5N), respectively (Pusch &
Neher, 1988; Woods & Vergara, 2002). Assuming that the
diffusion coefficient of EGTA equals that of fluorescein,
our calculations show that 30 min after impalement, the
intracellular concentrations of K*, EGTA and OGB-5N
were 94, 78 and 60%, respectively, of their pipette values.
At 60 min after impalement the corresponding percentages
were: 99.8, 95 and 84%, respectively. A final caveat to these
results is that, for at least the Ca’* indicator, binding to
intracellular constituents most likely occurs as reported
previously (Maylie et al. 1987; DiFranco etal. 2002). In fact,
the resting fluorescence continued to rise throughout the
experiment (~1 h) without reaching a steady-state value,
aswould be expected for a process of diffusion with binding
(Maylie et al. 1987).

In agreement with the theoretical calculations for
loading, by 30 min following impalement, the properties
of AF/F transients (see below) were stable within 8%
of each other (standard deviation/mean). In addition,
in the presence of at least 5 mm EGTA, fibre movement
was arrested by 30 min as judged both by the absence of
movement artifacts in the electrical and optical records,
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as well as by visual inspection of the fibre imaged
with 100x magnification on the screen of a monitor.
Thus, all optical measurements were initiated 30 min
after fibre impalement. After recordings were started, the
fluorescence transients were stable, typically for 30 more
minutes and in some cases for as long as 90 more minutes.
In addition, AF/F transients measured near pipette 2 and
at the ends of the fibre had similar properties. Thus, after
the equilibration period, the concentrations of solutes in
the fibre were assumed to approximate that of the internal
solution in pipette 2, with the caveat that binding to inter-
nal constituents of the fibre may prevent the attainment of
a true steady state.

Ca?* measurements and data analysis

[Ca**"] was measured using the cell-impermeant forms of
the Ca?* indicators OGB-5N (Molecular Probes, Eugene,
OR, USA) or Oregon Green 488 BAPTA-1 (OGB-1,
Molecular Probes). The concentration of OGB-5N in
the internal solution was 500 um and that of OGB-
1 was 50 um. The equilibrium dissociation constants
(K4 values) and the F./Fm, ratio (R) of OGB-5N
and OGB-1 were determined in vitro using protocols
similar to those described elsewhere (Escobar et al. 1997;
Nagerl et al. 2000). Briefly, the free [Ca®*] of a set of
standard solutions (pCa 9 to 3, in increments of 0.5
pCa units) was measured and adjusted with custom-
made Ca’*-sensitive electrodes. These were made of a
small plastic (PVC) tube (10-20 mm long, 0.7 mm in
diameter) of which 0.5-1 mm of one side was filled with
a 1: 1 mixture of 10% (w/w) Ca*"-selective ionophore II
(Fluka/Sigma-Aldrich, St Louis, MO, USA) plus 2% (w/w)
sodium tetraphenylborate dissolved in 2-nitrophenyloctyl
ether and 8-10% (w/w) polyvinylchloride dissolved in
tetrahydrofuran (THF). A thin Ca*"-selective membrane
formed after evaporation of the THEF, and the electrodes
were stored at room temperature for at least 2 days before
use. Electrodes were used only if they exhibited linear
(Nernstian) behaviour in the pCa range of 3—8 with a slope
of at least 27 mV pCa~! and a measurable responsivity to
pCa 9. Both Ca** dyes were dissolved in every standard
solution to a concentration of 20 M and the fluorescence
of a sample of each solution (10 ul) was measured using
the optical set-up described below. The fluorescence values
were used to generate fluorescence versus pCa calibration
curves which were fitted with eqn (2) from Escobar and
collaborators (Escobar et al. 1997). For the particular
batch of OGB-5N (lot No. 34B2-1) used in this report,
K4 and R were 48 £7 um and 11+ 0.26, respectively.
For OGB-1 these values were 155429 nm and 11 1.1,
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respectively. The free [Ca?*] of the internal solutions were
determined by interpolation from the OGB-1 calibration
curve. Fluorescence measurements of the internal solution
samples containing 20 um OGB- (with or without EGTA)
were made and pCa values were interpolated from the
dye calibration curves. In so doing, the free [Ca’"] of
the internal solution was estimated to be 64 £5 nM in
the absence of EGTA and 2 £ 1 n™ in the presence of 5-
10 mm EGTA. Using the flash photolysis method (Escobar
et al. 1997; Nagerl et al. 2000), we calculated the in vitro
association and dissociation rate constants for OGB-5N to
be: ko =1.57 um~ ' s7' and ko = 7520 s, respectively.
For EGTA, we adopted previously reported values
of Kq=71nM, koy =10.5 um™ ' s and kog=0.75s""
(Nagerl et al. 2000).

Spatially averaged AP-evoked fluorescence transients
were recorded with OGB-5N or OGB-1 using either an
inverted microscope (FDB experiments) or an upright
microscope (EDL experiments). Both optical set-ups
have been described previously (Kim & Vergara, 1998;
DiGregorio et al. 1999). The fluorescence transients were
normalized to AF/F units and characterized according to
the following parameters as previously described (Vergara
& DiFranco, 1992; DiFranco et al. 2002): (AF/F)peas
duration, expressed as the full-duration—half-maximum
(FDHM); and delay to peak (t,), measured from the
initiation of the rising phase of the transient to (A F/F)eak.
The decay phase of the OGB-5N transients was fitted,
using a least-squares fitting routine (Origin 6.1, Microcal,
Northhampton, MA, USA), to the following biexponential
function:

y = Afast exp(_l/tfast) + Aslow eXp(_t/Tslow) (1)

where ¢ is the time (in ms) after the peak of the transient,
and Agg and Ay, are fitted amplitudes of the fast and
slow components, the sum of which cannot exceed the
(AF/F)peak-

Assuming that OGB-5N was at equilibrium with the
free peak [Ca’"] and that the resting fluorescence of the
indicator in the fibres was equal to F,,, the free peak
[Ca*"] underlying the (AF/ F)peak values of the OGB-5N
transients could be estimated according to the following
equation:

Peak[caz+] = Kd((AF/F)peak)/((R - 1) - (AF/F)peak)
(2)
The validity of these assumptions for fluorescence trans-

ients recorded with low affinity indicators, such as OGB-
5N, has been demonstrated previously (Escobar et al. 1995,
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1997). The values for R for OGB-5N were measured in vivo
as described elsewhere (Vergara & DiFranco, 1992; Vergara
etal. 2001) and found to be 11 + 3 (n = 3), comparable to
the in vitro condition (see above).

To determine the AP-evoked SR Ca?™ release flux, OGB-
5N AF/F transients recorded in the presence of high
internal [EGTA] were analysed using the closed form
equilibrium approximation of Song and collaborators
(eqn (5) in Song et al. 1998) and a single compartment
kinetic model including EGTA, the Ca*" indicator, and
Ca’* as the reactants with rate constants determined in
vitro. The model generated AF/F transients according to
the following equation:

AF(t)/F = ([BCa(t)] — [BCa(0)])/([Bit]/(R — 1)
+[BCa(0)]) (3)

where [BCa(#)] is the time-dependent concentration of the
Ca-bound indicator and [By,] is the total concentration
of indicator in the cell. The initial concentration of the
Ca-bound indicator ([BCa(0)]) was calculated according
the following formula:

[BCa(0)] = ([Bii][Ca* (0)])/(Ka + [Ca**(0)]) (4)

where [Ca*™(0)] is the resting (initial) [Ca®*] taken as
the value in the internal solution in the presence of 5 mm
[EGTA]. The kinetics of the Ca?* release flux (J(t)) was
described by the equation:

I(t) == Jmax(l - eXp(_t/Ton)N(Alexp(_t/roffl)
+ Asexp(—1/Tof) + Aszexp(—1/Tof3))

where ¢ is time (in ms) beginning at the rising phase
of the transient. [ (inum ms™!), A, A, and A;
(dimensionless), and T on, Toff1> Tof aNd T gz (In ms) were
adjusted until the time course of the simulated A F/F trans-
ient closely approximated the measured transient.

Statistics

For statistical analysis of the data, the parameters described
above were determined from a minimum of 10 individual
AP-evoked transients per fibre, separated in time such that
the (AF/F)pex remained within the stability definition
above, and averaged to determine a set of mean values
for the fibre. The data are presented as mean =+ standard
error of the mean (s.e.M.). An unpaired two-population
Student’s ¢ test, assuming unequal variance, was used to
compare the mean fibre values between mdx and normal
mice. P values are given in the text.
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Results

OGB-5N fluorescence transients recorded in FDB
muscle fibres with 5 mm EGTA in the internal solution

Our goal was to examine the AP-evoked SR Ca’" release
of normal and dystrophic fibres. We chose to record Ca**
transients in fibres loaded with EGTA since this Ca** buffer
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at pipette concentrations of >5mw is able to effectively
arrest fibre movement in response to AP stimulation. As
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Figure 2. AP-evoked OGB-5N global fluorescent transients from normal and mdx single fibres recorded
in the presence of 5 mm EGTA in the internal solution

A, AP (black) and evoked OGB-5N fluorescence transient (grey) from an 8-week-old normal mouse FDB fibre.
AF /F peak = 0.66, tp = 1.4 ms, FDHM = 3.2 ms, ta5t = 1.4 Ms, Tgoy, = 23 ms, A; = 0.44 ms, A; = 0.25. Fibre
diameter = 30 um. Resting Vi, = —86 mV. B, AP (black) and evoked OGB-5N fluorescence transient (grey) from an
8-week-old mdx mouse FDB fibre. AF /F peax = 0.39, tp = 1.4 ms, FDHM = 2.8 ms, Ta5t = 1.4 ms, T40y = 10.4
ms, A1 =0.27, A, =0.12. Fibre diameter =29 um. Resting Vi = =90 mV. C, superimposed AP (black) and
evoked OGB-5N fluorescence transient (grey) from a 16-week-old normal mouse EDL fibre. Fibre diameter = 54 um.
Holding potential of the central pool was set to —95 mV. D, AP (black) and OGB-5N fluorescence transient (grey)
from an 18-week-old mdx EDL. Fibre diameter, 65 um. Holding potential of the central pool was set to —95 mV.
The black dashed lines in all panels are the corresponding two-exponential (Figure 2A and B) and single exponential
(Figs 2C, D) fits to the fluorescence data. For all panels, t = 0 corresponds to the onset of stimulation.

has been suggested previously, the reason for this is that
high intracellular [EGTA] constrains the evoked changes
in free myoplasmic [Ca®*] to regions near the Ca’* release
sites (Pape et al. 1995; DiGregorio et al. 1999; Novo et al.
2003). Empirically, our results reflect this situation because

AFIF

AFIF
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Table 1. AP amplitude, OGB-5N transient parameters, and peak [Ca2™] for normal and mdx muscle fibres in the presence

of 5 mM EGTA in the internal solution

AP
amplitude (AFIF)peak Peak [CaZt] to FDHM 74 72 Agow/Asast
(mV) (um) (ms) (ms) (ms) (ms)
Normal FDB 111444  0.72+0.05* 37+£03* 18401 364+02 17+02* 214+3 044005
mdx FDB 108 + 3 0.41+£0.03** 2.1+0.2** 20+0.1 40+02 23+02* 16+1 0.3+0.03
Normal EDL 92 +29 0.80 + 0.04* 4.1 +0.4* 15403 24+04 2.1+03 — —
mdx EDL 100 + 24 0.40 + 0.02* 1.9 £+ 0.4* 17402 3.0+08 20+0.2 — —

For FDB fibres: fluorescence transient parameters and peak [Ca?t] were obtained from n = 9 fibres from 4 normal mice, and
n = 14 fibres from 4 mdx mice (n = 6 fibres from 2 normal mice for and n = 4 fibres from 2 mdx mice in the absence of BTS,
with 2.5 mm total [Mg?t] and the rest obtained in the presence of 50 um BTS with 5 mm total [Mg2+]). AP amplitudes were
obtained from n = 8 fibres from 4 normal mice and n = 14 fibres from 4 mdx mice. For EDL fibres: for both normal and mdx
mice, all the parameters were obtained from n = 3 fibres from 3 mice each. ** Statistical significance between normal and
mdx fibres within muscle type (P < 0.0001); * statistical significance between mdx and normal EDL fibres (P < 0.05).

fibre movement was blocked. An additional advantage of
using sufficiently high [EGTA] is that global fluorescence
transients recorded using the low affinity Ca’* indicator
OGB-5N can closely track the time course of the SR Ca**
release flux (Song et al. 1998; DiFranco et al. 2002; Novo
et al. 2003). Figure 2A shows superimposed traces of the
surface AP and the evoked OGB-5N transient recorded
from a normal FDB fibre with 5mm EGTA in the inter-
nal solution. The OGB-5N transient had a rising phase
that reached a (AF/F)peq of 0.66 in a t, of 1.4 ms and
a FDHM of 3.2 ms. Moreover, the decay of the trans-
ient displayed an initial rapid phase, followed by a slower
decay phase towards baseline. We fitted this decay portion
of the AF/F transient with a biexponential function (see
Methods) yielding a T, 0f 1.4 ms and a 7o, 0f 23 ms. The
magnitude of the contribution of the fast component was
larger than that of the slow component (Agow/Afase = 0.6).
Figure 2B shows corresponding signals recorded from a
FDB fibre isolated from an mdx mouse. While the AP
amplitude is similar to that of a normal mouse (Fig. 2A),
the (AF/F)peac of the OGB-5N fluorescence transient
was 0.39, which is 41% reduced compared to that of
the normal transient (Fig.2A). The kinetic features of
the AF/F transient were quite similar between the two,
with the normal fibres displaying a slightly longer 7o
(1.4 £0.2 times), and similar #, and FDHM (see figure
legend for values). Rows 1 and 2 of Table 1 summarize
these results from multiple experiments. There wasa highly
significant 43 & 2% decrease in the (AF/F),cx of the AP-
evoked OGB-5N transient in mdx versus normal FDB
fibres. While the T, of mdx FDB fibres was significantly
prolonged, neither the AP amplitude nor any of the
other kinetic properties of the OGB-5N transients were
significantly different between normal and mdx FDB fibres
under these conditions. Moreover, we have performed
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these experiments with the total [Mg?*] set at 2.5 or
5mMm in the internal solution and have observed no
difference in the results. Therefore, data from fibres in
both conditions have been merged in the Table 1. All FDB
experiments presented throughout the rest of the Results
section were performed with 5mm Mg** in internal
solution.

OGB-5N fluorescence transients recorded in EDL fibres
with 5 mm EGTA in the cut ends

Since it was possible that the degree of impairment of AP-
evoked Ca’" release in mdx fibres was dependent on the
muscle from which the fibres were derived, we measured
evoked OGB-5N transients in the presence of 5 mm EGTA
in EDL muscle fibres. The length of these fibres is too
long to allow an approximate equilibration of the pipette
contents within the fibre in a reasonable time using the
microelectrode methodology. Consequently, we used the
triple Vaseline gap technique for EDL fibres, instead. Figure
2C and D shows superimposed records of the AP and
the evoked OGB-5N fluorescence transient recorded for
either a normal or an mdx EDL fibre, respectively, which
show that the (AF/F),ex is decreased for the mdx trans-
ient compared to the normal transient, while the kinetic
features of the transients are not different (see figure legend
for values). In parallel to the findings for the FDB fibres,
the results from multiple experiments demonstrate that
the (AF/F)pe of the OGB-5N transient is significantly
decreased by 51 £ 3% in mdx compared to normal EDL
fibres. Comparison of the (A F/F) . between normal FDB
and EDL fibres (first and third row, Table 1) as well as
between mdx FDB and EDL fibres (second and fourth row,
Table 1), demonstrated no significant difference (P > 0.5)
within each population. Consequently, by pooling the
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results from FDB and EDL fibres shown in Table 1, we
calculate an average 45 & 6% decrease in the (AF/F)pcax
of the OGB-5N transients in mdx compared with normal
muscle fibres (P < 0.0001, n= 14 fibres from 8 normal
mice, n= 18 fibres from 8 mdx mice). Analogous to the
results in FDB fibres, we observed no differences in the
kinetic parameters of AF/F transients between normal
and mdx EDL fibres. However, in contrast to the FDB
fibre transients, the decay phase of EDL fibres was best
fitted by a single exponential function (Table 1, rows 3 and
4). It can also be observed that the OGB-5N transients
from EDL fibres from both normal and mdx fibres have
briefer FDHM values than the corresponding transients
obtained from FDB fibres. These differences may result
from differences between EDL and FDB fibres or between
the techniques used to load of the fibre with EGTA: the
gap isolation technique versus the two pipette method.
Given the similarity in the (AF/F)yeqs between EDL and
FDB fibres within strains of fibres, it seems likely, however,
that this reflects an intrinsic difference between the two
muscles.

OGB-5N fluorescence transients recorded in FDB fibres
in the presence of BTS, and in the absence of EGTA

It is possible that the high [EGTA] in the internal
solution used in the experiments above, by lowering
the intracellular [Ca®*] and artificially increasing the
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Ca”* buffering, exacerbates an underlying Ca®* signalling
abnormality of mdx fibres. To test this possibility, we
recorded AP-evoked Ca’" transients in the absence of
EGTA from normal and mdx fibres. In order to block
contraction without using EGTA, we bathed the fibre
in 50 um BTS, a potent and specific blocker of force
production (Cheung et al. 2002; Shaw et al. 2003), 50 um
being the minimum concentration of this drug necessary
to completely arrest movement of unstretched FDB fibres.
While Cheung et al. (2002) and Shaw et al. (2003)
reported no alteration in the Ca?* signalling of frog muscle
fibres exposed to BTS, it was important to verify that
the properties of both the electrical and Ca®* signals
in mammalian fibres were unaltered by BTS. Thus, we
first measured AP-evoked Ca’*" signals from normal and
mdx FDB fibres using the conditions for Fig. 2 but in the
presence of 50 um BTS in the external solution (Fig. 3A
and B). It can be observed that 50 um BTS prolongs the
decay phase of the AP in FDB fibres, which is lower than
the concentration suggested by Cheung and collaborators
which produces a similar effect in frog muscle fibres
(Cheung et al. 2002). However, this prolongation does not
seem to significantly affect the properties of evoked Ca**
signalling in mammalian muscle fibres. The results from
these and other experiments demonstrate that (A F/F)peax
and the kinetic parameters of OGB-5N fluorescence trans-
ients recorded from normal and mdx fibres in the presence
of 5 mm EGTA and 50 um BTS do not differ from those of
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T T
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Figure 3. AP-evoked OGB-5N global fluorescent transients from normal and mdx single FDB fibres
recorded in the presence of 5 mM EGTA in the internal solution and 50 M extracellular BTS

A, AP (black) and evoked OGB-5N fluorescence transient (grey) from a 14-week-old normal mouse FDB fibre.
AF [F peak =0.95, tp =2.1ms, FDHM =3.7ms, Trae =1.9ms, 740y =17 ms, Ay =0.73, Ay =0.25. Fibre
diameter = 30 um. Resting Vi = —96 mV. B, AP (black) and evoked OGB-5N fluorescence transient (grey)
from a 13-week-old mdx mouse FDB fibre. AF /F peax =0.43, tp =2.0ms, FDHM =3.9ms, 7 =1.9ms,
Toow = 14 ms, A1 =0.3, Ay =0.09. Fibre diameter =31 um. Resting Vn = —92 mV. The black dashed lines
in all panels are the corresponding two-exponential fits to the fluorescence data. For all panels, t = O corresponds

to the onset of stimulation.
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transientsrecorded in the absence of BTS (compare legends
of Fig. 3A and B and Fig. 2A and B). Therefore, the results
obtained from FDB fibres in the presence of 5 mm EGTA
in the internal solution, both with and without BTS, were
pooled together in Table 1.

The importance of the preceding observations is that
they show BTS does not alter AP-induced Ca’" release,
thus allowing us to examine whether AP-evoked Ca’t
transients recorded from mdx fibres were altered with
respect to those of normal fibres in the absence of EGTA.
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Figure 4A shows superimposed traces of the membrane
AP and the evoked OGB-5N transient recorded from a
normal FDB fibre in the absence of EGTA in the inter-
nal solution and in the presence of 50 um BTS in the
extracellular solution. As expected, in the absence of EGTA
the OGB-5N transient displayed a larger (AF/F)peq (1.1)
and a longer FDHM (8.5 ms) than in its presence, while ¢,
was quite similar (for comparison see Fig. 2A). In addition,
both 7, and 7 g4y (1.9 and 29 ms, respectively) were longer
than in the presence of EGTA. This trend is also seen in the
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Figure 4. AP-evoked OGB-5N global fluorescent transients from normal and mdx single FDB fibres
recorded in the absence of EGTA and in the presence of 50 uM extracellular BTS

A, AP (black) and evoked OGB-5N fluorescence transient (grey) from a 13-week-old normal mouse FDB fibre.
AF/F peak = 1.13, Z’p =2.0ms, FDHM = 8.52 ms, Tfast = 1.9 ms, Tslow = 29ms, Ay =0.54, A, =0.53 Fibre
diameter = 28 um. Resting Vi, = —92 mV. B, AP (black) and evoked OGB-5N fluorescence transient (grey) from an
8-week-old mdx mouse FDB fibre. AF /F peax = 0.53, tp = 2.4 ms, FDHM = 53 ms, Tg55t = 2.1 Ms, 7oy, = 109 ms,
A1 =0.14, Ay = 0.41. Fibre diameter = 29 um. Resting V', = —94 mV. C, the normal (black) and the mdx (grey)
AF/F transients shown in Fig. 4A and B are shown superimposed. The black dashed lines in panels A and B are
the corresponding two-exponential fits to the fluorescence data. For all panels, t = 0 corresponds to the onset of

stimulation.
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Table 2. OGB-5N transient parameters and peak [Ca2™] for normal and mdx muscle fibres in the absence
of EGTA

(AFIF)peak Peak [CaZt] to FDHM 71 72 Agiow/Asast

(M) (ms) (ms) (ms) (ms)
Normal FDB 1.1 & 0.02** 6.0+0.1** 21+0.1 80x05* 23401 37+3* 1.3+0.1*
mdx FDB 0.64+0.04** 33402 25+0.1 48+ 6% 3.0+04 113+£18* 25+0.3*

For experiments, fluorescence transient parameters and peak [Ca?*] were obtained from n =5 FDB fibres
from 2 normal mice and n =11 fibres from 2 mdx mice. All transients were obtained with 5 mm total
[Mg“]. * Statistical significance between normal and mdx FDB fibres (P < 0.05); ** statistical significance
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between normal and mdx FDB fibres (P < 0.0001)

transient recorded under similar conditions from an mdx
FDB fibre (Fig. 4B). The (AF/F)yea Was 0.53, which is a
55% decrease compared to that of the normal transient
(Fig. 4A), and parallels values observed in the presence
of high [EGTA] (Fig.2A and B). Surprisingly, while the
t, and 7 (see figure legend for values) of this trans-
ient were similar to those of the normal fibre shown in
Fig. 4A, the FDHM (53 ms) and g,y (109 ms) of the mdx
transient were significantly longer than the corresponding
values of the normal transient (Fig. 4A). These data suggest
that mdx fibre transients differ from normal not only in
(AF/F)pear, but also in the decay phase. The two transients
are shown superimposed in Fig. 4C to illustrate that at late
times (>25ms), the AF/F transient from the mdx fibre
was higher than that of the normal fibre, even though its
(AF/F)pea was smaller.

Table 2 presents a summary of the properties of the
OGB-5N transients obtained without EGTA from mdx and
normal FDB fibres. Overall, it can be observed that there is
a highly significant 42 4 4% decrease in the (A F/F);car of
mdx fibres under these conditions, which is not statistically
different from that observed for OGB-5N transients in
the presence of 5 mm EGTA (P > 0.5). In contrast to the
finding for OBG-5N transients with 5mm EGTA in the
internal solution (Table 1), the FDHMs of mdx fibre trans-
ients recorded in the absence of EGTA were significantly
longer than their normal counterparts (P < 0.0001, Table
2). Since both the t,, values and the 7, values of the mdx
transients recorded in the absence of EGTA were similar
to those of the normal fibre transients (Table 2), while the
Tsow and the ratio Age./Afg were significantly larger (by
3.0 £ 0.8 and 1.9 £ 0.1 times, respectively; P < 0.05), this
lengthening of the FDHM can most easily be explained by
a prolongation of the slow component of the decay phase.

Calculation of the peak [Ca?*] in response to AP
stimulation

Making the assumption that OGB-5N is able to track
accurately the changes in free [Ca*"] during an AP-
evoked SR Ca** release, we calculated (see Methods) the

peak myoplasmic free [Ca’"] which yields the measured
(AF/F)peax of the transients and these values are shown in
Table 1 (column 3) and Table 2 (column 2). From these
data, we calculated that the myoplasmic free peak [Ca®"]
was decreased by 46 = 9 and 45 £ 4% in the presence of 5
and 0 mM EGTA in internal solution for mdx FDB fibres,
and 54 + 13% for mdx EDL fibres in the presence of 5 mm
EGTA in the cut ends, compared to the respective normal
counterparts.

AP-evoked fluorescence transients recorded with a
high affinity Ca?* indicator from FDB fibres

In contrast to the significant decrease in the amplitude of
AP-evoked Ca*" signals in mdx compared to normal fibres
described above, previous studies have reported that Ca**
transients were similar in the two strains of mice (Turner
et al. 1991; Head, 1993; Tutdibi et al. 1999). However, all
these studies used high affinity Ca’>" indicators (Fura-2
and Indo-1) in the absence of EGTA to measure Ca?*
transients. In an attempt to emulate these conditions, we
examined the properties of AP-evoked Ca®* signals in
FDB fibres loaded with 50 um OGB-1, a closely related
analogue of OGB-5N with a significantly higher affinity
for Ca’* (see Methods), and no EGTA. It was necessary
to include 50 um BTS in the external solution to block
contraction, as discussed above (Fig. 3). Panels A and Bin
Figure 5 show an AP superimposed on the evoked OGB-1
fluorescence transient from a normal and an mdx FDB
fibre, respectively, recorded under these conditions. In
agreement with our OGB-5N results in 0 EGTA (Fig. 4),
the (AF/F)pea of the OGB-1 transient was smaller in an
mdx fibre (Fig. 5B) than in a normal fibre (Fig.5A). As
expected, though, because of the slowness of the indicator,
the time course of both transients was longer (see Fig. 5
legend for values) than the corresponding OGB-5N trans-
ients (Fig. 4A and B). In addition, it can be observed that
in the case of the normal fibre, the transient decays with
an early sloping plateau phase followed by a late decay,

© The Physiological Society 2004



J Physiol 557.1

findings which are consistent with the possibility that
OGB-1 is near saturation at the peak of the transient. These
misrepresentations of the time course of the underlying
Ca’* signals makes a comparison between normal and
mdx OGB-1 transients less valuable. For example, the clear
prolongation in the FDHM of OGB-5N transients from
mdx fibres without EGTA in the internal solution (Table 2,
column 2) is no longer significantly manifested in OGB-1
transients recorded under similar conditions (50 &= 6 ms
versus 68 & 11 ms, n=>5 fibres from 2 normal mice versus
n= 6 fibres from 2 mdx mice, respectively). Nevertheless,
in agreement with all of the other data in this report, we
found that OGB-1 transients from mdx fibres displayed
a highly significant 36 &= 6% (P < 0.0001) decrease in the
(AF/F)pea compared to that of normal transients (7 values
as above for normal and mdx experiments).

Discussion

The pathophysiology of DMD is poorly understood.
In particular, the weakness observed in isolated fibres
from mdx mice and DMD patients has not been fully
explained (Emery, 1993; Watchko et al. 2002). These results
could be explained by lower evoked myoplasmic free
[Ca*"] changes in dystrophic fibres. In contrast to pre-
vious reports (Turner et al. 1991; Head, 1993; Tutdibi
et al. 1999), we demonstrate that mdx skeletal muscle
fibres display a significant impairment in AP-evoked SR
Ca’* signalling which may provide a mechanism for
the observed contractile dysfunction of these mice, and
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potentially for impaired force production of humans
afflicted with DMD.

We began these studies using FDB muscles fibres
obtained by collagenase dissociation since this afforded us
high yields of twitching normal and mdx fibres. Since these
FDB fibres are too short for gap isolation procedures, we
developed a microelectrode-based technique for electrical
and fluorescence recording. Similar to an approach used
previously (Eusebi et al. 1980), we used two micro-
electrodes, one for loading the fibre with internal solution
and passing current and the second for recording V.,
without distortion.

In order to achieve accurate measurements of both
optical and electrical signals, it was critical that fibre
movement was arrested. To accomplish this, we used two
different approaches. On the one hand, we included milli-
molar concentrations of EGTA in the internal solution
for FDB fibres (or in the cut ends for EDL fibres). It has
been reported previously that high intracellular [EGTA]
reduces the amplitude, accelerates the time course, and
constrains the free myoplasmic [Ca?*] changes to narrow
regions circumscribing the Ca’" release sites (Pape et al.
1995; DiGregorio etal. 1999; Novo et al. 2003). Empirically,
the results reported here confirm these facts since fibres
electrically stimulated in the absence of EGTA contracted
vigorously, while those in the presence of > 5 mm EGTA did
not contract. Thus, the relatively large calculated [Ca®*]
changes in the presence of EGTA (up to 4 um peak [Ca**])
reported above did not occur throughout the myofibril
and/or were brief enough to prevent the effective activation
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Figure 5. AP and evoked OGB-1 global transients from normal and mdx FDB fibres

A, superimposed AP (black) and evoked OGB-1 fluorescence transient (grey) from a 16-week-old normal FDB fibre
loaded with 0.05 mm OGB-1 and in the presence of 50 um extracellular BTS. (AF /F)peak = 2.7, tp =4.32 ms,
FDHM = 50 ms. Fibre diameter = 31 um. B, superimposed AP (black) and evoked OGB-5N fluorescence transient
(grey) from a 12-week-old mdx FDB fibre loaded with 0.05 mm OGB-1 and in the presence of 50 uM extracellular
BTS. (AF /F)peak = 1.7, t, = 8.0 ms, FDHM = 65 ms. Fibre diameter = 29 um. For all panels, t = 0 corresponds

to the onset of stimulation.

© The Physiological Society 2004



70

C. E. Woods and others

J Physiol 557.1

B
1.0 1.04
0.8 0.8
B
0.6 5 06
& =
% 5
0.4 g 044
o
=
0.2 0.2
0.0 0.04
0 4 6 8 10 0 2 4 6 8 10
Time (ms) Time (ms)
D
5+ 300
n = 250
E
) = 2001
s 7] 2
= § 150
" 24 i
2 4 1004
1- 8
504
0 0
0 2 4 6 g 10 0 2 4 6 8 10
Time (ms) Time (ms)
3004
- 2501
E
= 2004
§ 150
g
[
& 100 4
1+
(&)
504
04
T T T T T 1
0 2 4 6 8 10
Time {ms)

Figure 6. AP-evoked and simulated OGB-5N global transients from normal FDB fibre at different EGTA
concentrations

A, AP-evoked OGB-5N transients recorded in the presence of 5 and 10 mm EGTA (larger and smaller black traces,
respectively). The data were fitted to the predictions (grey traces) from a single compartment model in which the
concentrations of OGB-5N and [EGTA] were those use in the experiments. The Ca2™ release function is described
in the Methods. The fitted parameters (Jmax, N, 71, T2, T3, T4, A1, A2, A3) were, respectively, 103 um ms=1, 4.6,
0.5ms, 1.3 ms, 1.2 ms, 13.4ms, 3.8, 5, 0.9 for the 5 mm transient and 149 um ms~', 5, 0.3 ms, 4 ms, 1.5 ms,
22 ms, 0.1, 3.8, 0.4 for the 10 mm transient. B, same AF/F transients as shown in Fig. 64 without fits shown
normalized to their respective (AF/F)peaks. C, model predictions for the [Ca?*] changes in 5 mm (larger black trace)
and 10 mm (smaller grey trace) EGTA as calculated from the single compartment model. D, Ca?* release fluxes
associated with the [CaZt] change in 5 mm (black) and 10 mwm (grey) EGTA presented in C, as calculated from the
single compartment model. £, Ca2™ release fluxes associated with the [Ca2*] change in 5 mm (black) and 10 mm
(grey) EGTA presented in C, as calculated from eqn (5) of Song et al. (1998). For A, APs were recorded but are not
shown. For all panels, t = O corresponds to the start of each transient.
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of the Ca’* dependent conformational change by troponin
in the region of actin/myosin overlap. Indeed, since the
measured fluorescence change arises from small regions of
the myofibril, whereas the baseline fluorescence arises from
the entire myofibril, itis likely that the truelocal value of the
peak [Ca’"] is significantly larger than the values reported
in Table 1. Second, for experiments done in the absence
of EGTA, we pharmacologically blocked contraction by
adding BTS, a specific inhibitor of the muscle myosin
ATPase (Cheung et al. 2002), to the extracellular solution.
We extended the study by Cheung and collaborators by
demonstrating that BTS is also an effective blocker of
AP-evoked contraction in mammalian muscle fibres at
a concentration of 50 um without having any obvious
impact on Ca’' signalling of these fibres. It is worth
noting, however, that an ~3-fold increase in the current
necessary to maintain the resting V,,, and a prolongation
of the falling phase of the AP was observed under these
conditions.

A key finding of this report is that the amplitude of
the AP-evoked OGB-5N transients of mdx muscle fibres
was significantly decreased by ~40% compared to normal
fibres with no difference in the AP. This decrease was
observed in the presence and absence of intracellular
EGTA, and therefore presumably at different resting free
myoplasmic [Ca?*], as well as with high and low affinity
indicators. Moreover, this decrement in the Ca** signalling
of FDB fibres from mdx mice was also observed in EDL
fibresloaded with 5 mm EGTA. Another major finding was
that in the absence of EGTA, the decay phase of Ca®* trans-
ients from mdx FDB fibres was significantly prolonged
compared to normal fibres, in agreement with a previous
report using a high affinity indicator (Turner et al. 1988).
It should be emphasized that since there was no difference
between our measurements of the surface AP in normal
and mdx fibres, these alterations in AP-evoked Ca’*t
signalling were measured in electrically indistinguishable
populations of fibres. Moreover, all of our experiments
were done in animals between 8 and 18 weeks of age,
which corresponds to the postnecrotic phase of the mdx
phenotype (McArdle ef al. 1995). We found that within
this age range there is little dispersion in the properties of
the AP-evoked Ca?* transients, as evidenced by the small
value of the s.e.M. within each strain of mouse (Tables 1
and 2). Thus, we believe that the measured alterations in
mdx Ca®" signalling represent a physiologically relevant
impairment in the excitation—contraction (EC) coupling
process of dystrophic mice.

As mentioned above, this report contradicts a number
of previous reports on mdx muscle AP Ca’>" signalling
(Turner et al. 1988; Head, 1993; Tutdibi et al. 1999). In our
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view, these studies have a number of limitations which
may affect the findings. First, these studies used high
affinity indicators which may not have been able to track
accurately in skeletal muscle fibres rapid [Ca’*] changes
(Hirota et al. 1989; Escobar et al. 1997). To test whether a
similar high affinity indicator missed the depression in
the (AF/F)peax of mdx fibres observed using OGB-5N,
we repeated our measurements using the high affinity
indicator OGB-1 in the absence of EGTA (Fig. 5A and B).
The AF/F transients obtained from normal fibres using
OGB-1 (Fig. 5A) suggest that the myoplasmic free [Ca®*]
changes in response to AP stimulation in these fibres are
large enough to approach the region of saturation for
OGB-1. However, we still observed a similar reduction
in the (A F/F)pea of the mdx fibre transients under these
conditions. Second, two of the previous studies presented
calibrated Ca*>" transients obtained with Fura-2 and Indo-
1 using an equation (Grynkiewicz et al. 1985) which
assumes that the dye is at equilibrium with the free [Ca®"]
(Turner et al. 1988; Head, 1993). This assumption is known
to be in error for high affinity indicators (Escobar et al.
1997). Because of this error, we chose not to deconvolve
the OGB-1 transients using similar assumptions, but we
did so for the low affinity indicator OGB-5N since it has
been demonstrated to be at near equilibrium with AP-
evoked free [Ca*"] changes (Escobar et al. 1997). Thus,
it is not possible for us to compare directly our high
affinity transients with theirs. Nevertheless, we calculated
peak [Ca?"] for normal and mdx fibres of 6.0 and 3.3 um,
respectively, in 0 EGTA (Table 2, columns 2 and 3). These
values are up to 10-fold higher than those previously
published for comparisons between #dx and normal fibres
(Turner et al. 1991; Head, 1993; Tutdibi et al. 1999). In
fact, our prediction for the peak [Ca®"] in mdx fibres in
response to AP stimulation is considerably higher than
those reported for normal fibres in these previous studies.
In addition, our values are more in line with values
reported for mammalian muscle fibres using low affinity
indicators (Delbono & Stefani, 1993; Hollingworth et al.
1996). Another weakness of these studies is that they did
not provide simultaneous measurements of the AP and
the evoked Ca’*" signals (Turner et al. 1988; Head, 1993;
Tutdibi ef al. 1999). We measured both of these signals
simultaneously and found that the surface AP is not altered
in mdx fibres. This observation extends previous findings
that both the passive electrical properties (Hollingworth
et al. 1990) and the major conductances responsible for
the AP are similar in the two strains of mice (Mathes et al.
1991; Hocherman & Bezanilla, 1996).

Because the impairments in Ca?* signalling of mdx
fibres we have reported here could result from an alteration
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in the evoked SR Ca’* release time course and/or the
Ca*" buffering/sequestration properties of these fibres,
it is important to clarify the potential contributions of
these two processes. It is worth emphasizing that, along
with blocking contraction, another advantage of using
high EGTA to study AP-evoked Ca’*" transients is that
the endogenous buffering capacity of the fibres can be
dominated. In turn, under this condition, the measured
Ca’* transient is representative of the AP-evoked SR Ca**
release flux and, thus, any differences between the trans-
ients of normal and mdx mice represent differences in the
properties of the release flux alone. The validity of this
approach has been demonstrated in cardiac and skeletal
muscle by using high intracellular [EGTA] and OGB-
5N (Song et al. 1998; DiFranco et al. 2002; Novo et al.
2003). As discussed in the Methods section, it is unlikely
that the [EGTA] in the impaled fibre in these studies was
able to reach the pipette [EGTA]. However, the dramatic
reduction of the FDHM for OGB-5N transients measured
in the presence of 5mm EGTA in the internal solution
(Table 1), compared with the values in the absence of
EGTA (Table 2), along with the concomitant blockage of
contraction, suggests that a situation is reached where the
exogenous buffer overwhelms the endogenous buffering
capacity of the fibre. To assess this more directly, we
compared the rates of release predicted by our kinetic
model for the two internal solution EGTA concentrations.
Figure 6A shows superimposed representative AP-evoked
OGB-5N transients recorded from normal FDB fibres
in the presence of 5mm (larger black trace) and
10 mm (smaller black trace) EGTA. The (AF/F)yeax in
10 mm EGTA was decreased by 53% compared with that
in 5 mMm EGTA. Figure 6B shows the AF/F transients pre-
sented in Fig. 6A normalized to their respective maxima.
Since the time courses of these two transients are similar,
but much faster than those observed in the absence of
EGTA (see Fig.4A and Table 2), it is possible to suggest
that 5 mm EGTA in the internal solution may be sufficient
to unmask the time course of the flux itself. In order to
more quantitatively analyse this possibility, AF/F trans-
ients were simulated by our kinetic model (see Methods)
using adjustable Ca?* release waveforms. Results designed
to simulate the measured AF/F traces are superimposed
on these experimental data (Fig. 6A). The predicted free
[Ca*"] changes are shown in Fig.6C. As expected, the
model predicted smaller free [Ca®*] changes for the higher
[EGTA] used but, importantly, the predicted fluxes for
the 5 and 10 mm conditions were very similar (Fig. 6D).
Moreover, when this analysis was performed using the
analytical approximation of Song and collaborators (eqn
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(5) in Song et al. 1998), the predicted Ca’" release fluxes
were also very similar to each other and to our model
predictions (compare Figs 6D and E). While the absolute
values of the fluxes may be incorrect because of the
uncertainty about the exact myoplasmic [EGTA], it is
clear that the kinetics of the OGB-5N AF/F transients
measured with 5mm [EGTA] in the internal solution
approximate the underlying AP-evoked SR Ca’" release
flux. Therefore, the decrease in the amplitude of the AP-
evoked Ca®* transients observed in mdx mice in the pre-
sence of high [EGTA] (Figs 2B and 3B) reflects an intrinsic
impairment in the AP-evoked SR Ca’" release flux of
these mice. By deconvolving these AF/F transients using
our kinetic model, we calculate that the AP-evoked SR
Ca”* release flux goes from 230 & 22 um ms™! in normal
fibres to 125+ 12 uM ms~' in mdx fibres (n =12 fibres
from 7 normal mice, n=17 fibres from 7 mdx mice),
which represents a 46 £+ 9% flux reduction in dystrophic
fibres. We can infer that, most likely, this decrement in
the flux is also the cause of the decreased signals observed
in 0 EGTA (Figs 4 and 5), but model simulations for this
case will depend on the dynamic endogenous buffering in
these fibres which, at present, has not been quantitatively
characterized (see below).

Since we measured spatially averaged, multisarcomeric,
Ca** signals, we cannot distinguish between the
possibilities that all of the Ca** ‘release units’ are impaired
to the same degree, or that there is a mixture of functioning
and non-functioning units in different sarcomeres of mdx
fibres. To evaluate these possibilities, a detailed exploration
of the spatio-temporal evolution of the [Ca’>"] changes
with intrasarcomeric resolution, akin to what we have
accomplished previously in amphibian fibres (DiFranco
et al. 2002; Novo et al. 2003), will be required for normal
and mdx fibres. It will also be important to identify where
in the cascade of events responsible for EC coupling the
impairment occurs. It seems unlikely that the voltage
sensitivity of the release process is different in mdx mice
since we observed no difference in the kinetics of the
Ca’" transients in 5mm EGTA (which approximate the
kinetics of the release process) (Figs 2 and 3, Table 1)
and since charge movements have been reported to be
normal in dystrophic fibres (Hollingworth et al. 1990).
Thus, it is intriguing to suggest that the cause of the
reduced AP-evoked Ca’" release reported here for mdx
fibres occurs after the voltage-dependent coupling at the
triads and there is both biochemical and physiological
evidence in support of this possible explanation (Hoffman
et al. 1987b; Knudson et al. 1988; Culligan et al. 2002;
Friedrich et al. 2003). Alternatively, an explanation for
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this impairment may be that the T-tubule system is
altered in mdx mice and we are currently investigating this
issue.

The longer decay phase of mdx fibres observed with
both indicators in the absence of intracellular EGTA
(Fig. 4) suggests that mdx and normal fibres have different
mechanisms of myoplasmic Ca?* binding and/or sub-
sequent sequestration by the SR. A possible explanation
for the prolongation of the decay phase is the reduction in
the parvalbumin protein content of mdx fibres, as reported
previously (Sano et al. 1990), a decrease which has been
reported for other adult dystrophic muscles as well (Klug
et al. 1985). In addition, or alternatively, our results could
be explained by the apparent reduction in the maximal
velocity of Ca*" transport by the SR Ca*" pump in mdx
mice (Kargacin & Kargacin, 1996). Fibres from mdx mice
have been reported to have a higher proportion of slow
(type I) fibres (Petrof et al. 1993) and it could be argued
that the prolongation of the decay phase of mdx transients
reported here is representative of this. We feel that this
is unlikely, however, since the prolongation in the decay
phase of the mdx fibre transients compared to normal
fibre transients, recorded using OGB-5N in the absence
of EGTA, is much greater than that shown in a previous
study for slow fibres compared to fast fibres (Baylor &
Hollingworth, 2003). Moreover, since BTS was effective
at relatively low concentrations, it is likely that the mdx
fibres used here were fast-twitch fibres, since slow-twitch
fibres express the S-forms of myosin II, which is much less
sensitive to BTS (Cheung et al. 2002). It is clear, however,
that this alteration of Ca’* signalling in mdx fibres is
hidden when experiments are performed with 5 mm EGTA
in internal solution since the kinetics of the transients from
normal and mdx fibres are statistically similar under this
condition (Table 1 and Figs 2 and 3). Whatever the cause,
the prolongation of the decay phase of the AP-evoked Ca**
transient of mdx fibres may explain the lengthening of the
relaxation time of dystrophic muscle contraction (Parslow
& Parry, 1981; Bressler et al. 1983; Dangain & Vrbova,
1984).

Finally, it will be important to examine AP-evoked SR
Ca’* release in fibres of young mdx mice (< 4 weeks of
age) which are in the prenecrotic phase of development
(Head et al. 1992; Gillis, 1999; Durbeej & Campbell, 2002)
in order to clarify whether the pathophysiology caused
by the absence of dystrophin leads to the impaired AP-
evoked Ca*" signalling we have observed either directly or
indirectly by affecting the subsequent development muscle
fibres in mdx mice.
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