
Role of Ca2+, Membrane Excitability, and Ca2+ Stores in Failing
Muscle Contraction with Aging

Anthony Michael Payne2,#, Ramón Jimenez-Moreno1, Zhong-Ming Wang1, María Laura
Messi1, and Osvaldo Delbono1,2,3,*

1Department of Internal Medicine, Section on Gerontology and Geriatric Medicine, Wake Forest
University School of Medicine, Winston-Salem, NC 27157
2Department of Physiology and Pharmacology, Wake Forest University School of Medicine,
Winston-Salem, NC 27157
3Neuroscience Program, Wake Forest University School of Medicine, Winston-Salem, NC 27157

Abstract
Excitation-contraction (EC) coupling in a population of skeletal muscle fibers of aged mice
becomes dependent on the presence of external Ca2+ ions (Payne et al., 2004b). However, the
mechanism(s) underlying this process remain unknown. In this work, we examined the role of 1)
extracellular Ca2+; 2) voltage-induced influx of external Ca2+ ions; 3) sarcoplasmic reticulum
(SR) Ca2+ depletion during repeated contractions; 4) store-operated Ca2+ entry (SOCE); 5) SR
ultrastructure; 6) SR subdomain localization of the ryanodine receptor; and 7) sarcolemmal
excitability in muscle force decline with aging. These experiments show that external Ca2+, but
not Ca2+ influx, is needed to maintain force upon repetitive fiber electrical stimulation. Decline in
fiber force is associated with depressed SR Ca2+ release. SR Ca2+ depletion, SOCE, and the
putative segregated Ca2+ release store do not play a significant role in external Ca2+-dependent
contraction. More importantly, a significant number of action potentials fail in senescent mouse
muscle fibers subjected to a stimulation frequency. These results indicate that failure to generate
action potentials accounts for decreased intracellular Ca2+ mobilization and tetanic force in aging
muscle exposed to a Ca2+-free medium.
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Introduction
It is generally accepted that mammalian skeletal muscle excitation-contraction coupling
occurs through a mechanical interaction between the L-type voltage sensitive Ca2+ channel
of the sarcolemma – dihydropyridine receptor (DHPR) – and the Ca2+ release channel of the
sarcoplasmic reticulum (SR) – ryanodine receptor type 1 (RyR1) – as opposed to an inward
Ca2+ current through the DHPR (Armstrong et al., 1972; Dulhunty and Gage, 1988;
González-Serratos et al., 1982; Rios and Brum, 1987; Tanabe et al., 1990b; Tanabe et al.,
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1990a). Our laboratory has studied how aging leads to alterations in EC coupling that
contribute to age-related specific force decline, termed “EC uncoupling” (Delbono et al.,
1995; González et al., 2003; Renganathan et al., 1997; Wang et al., 2000). We also reported
that EC coupling in aged mouse skeletal muscle becomes dependent on the presence of
external Ca2+ ions, in opposition to what is accepted for young adult non-injured skeletal
muscle (Payne et al., 2004b). Aging muscle experiences a slow denervation process
(Einsiedel and Luff, 1992; Kadhiresan et al., 1996; Larsson and Ansved, 1995), and our lab
has reported on the importance of denervation in age-related changes in EC coupling
(Delbono, 2003; Payne and Delbono, 2004). Specifically, we recently reported that
preventing denervation by targeting the potent growth factor IGF-1 to spinal cord motor
neurons prevent age-related decreases in muscle fiber specific force (Payne et al., 2006),
providing further evidence for denervation as an underlying cause in age-related alterations
in EC coupling. In investigating potential underlying causes for dependence on external
Ca2+ in aged mouse skeletal muscle to sustain tetanic force, we have now also reported that
targeting IGF-1 to spinal cord motor neurons prevents external Ca2+-dependent EC coupling
(Payne et al., 2007).

The specific molecular mechanism(s) of external Ca2+-dependent EC coupling and whether
this phenomenon leads to functional deficits in aged muscle are yet unknown. To better
understand external Ca2+-dependent EC coupling in aged mammalian skeletal muscle, we
performed experiments to explore the following possibilities: 1) that the presence of external
Ca2+ is needed to sustain contraction force; 2) that aged muscle is dependent on the voltage-
induced influx of external Ca2+ ions; 3) that aged muscle SR becomes depleted of Ca2+

during repeated contractions in Ca2+-free medium; 4) that store-operated Ca2+ entry (SOCE)
is necessary to maintain SR Ca2+ stores in aged muscle during repeated contractions; 5) that
a segregated SR Ca2+ store (Weisleder et al., 2006) accounts for the deficit in SR Ca2+

release in Ca2+-free medium; and 6) that the generation of action potentials fails in response
to high frequency stimulation.

Materials and Methods
Animals

Young (3–6 mo) and old FVB (22–24 mo; our colony), DBA (21 mo; NIA) or CB6F1 (33
mo; NIA) mice were housed at Wake Forest University School of Medicine and all
procedures were approved by the Animal Care and Use Committee. Differences in the age
of these mouse strains relates to their relative life spans. FVB and DBA strains have been
successfully used in the study of aging muscle in previous work from our lab (González et
al., 2000; González et al., 2003; Renganathan et al., 1998) and the CB6F1 strain has been
used by other investigators (Miller et al., 1997). The availability of the oldest animals
determined the inclusion of three mouse strains in the present work.

Single Intact Muscle Fiber Contraction
At time of sacrifice, flexor digitorum brevis (FDB) muscles were carefully dissected and
pinned into a Petri dish lined with Sylgard (Dow Corning, Auburn, MI) in a Ca2+-containing
physiological solution (see below). All contraction experiments were carried out at room
temperature (21–22°C). Single intact fiber dissection followed procedures previously
published (González et al., 2000; Lannergren and Westerblad, 1987). Following dissection,
tendons of single intact fibers were placed in custom-made micro-clips, and these clips were
connected to a force transducer and a micropositioner for length control. Fibers were
adjusted to optimum length (LO) by using single twitches, elicited by 0.5-ms square wave
pulses at 10 V. Once at LO, fibers were stimulated with 350-ms trains of pulses, using
frequencies varying from 50 to 100 Hz. The stimulation frequency that elicited maximum
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force was used for the remainder of the experiment. Preliminary data (not shown) showed
that DBA and CB6F1 mice exhibit a similar proportion of fibers which force decline in
Ca2+-free solution (Affected) and those which do not (Unaffected) as reported previously for
FVB mice (Payne et al., 2004b). Approximately equal number of fibers from the three
mouse strains was included within a given experiment.

Cd2+ experiment—Fibers underwent two similar prolonged contractile sequences (0Ca
trial and Cd trial). Tetanic contractions were elicited every 20 seconds for 25 min (75 total
contractions) in modified Ringer’s solutions (see below). During the 0Ca trial, standard
Ringer’s solution was replaced with a Ca2+-free Ringer from min 5–15 (contractions 16–
45). After 15 min of recovery the Cd trial was performed by replacing standard Ringer
solution with a Cd2+-containing Ringer solution (0.5 CdCl2 added) from min 5–15. The
change in base solution versus previously published methods is due to the immediate
precipitation of Cd2+ upon introduction to a solution with PO4

−. The longer interval between
tetanic contractions versus previously published methods was to prevent fatigue
development in this solution. Force decline during min 5–15 of the 0Ca trial was compared
to force decline during the same time period of the Cd trial.

4-CmC contracture experiment—Intact fibers underwent one contraction sequence
(one contraction every 10 sec for 15 min; 90 total contractions). Ca2+-free physiological
solution was replaced by Ca2+-free physiological solution (see below) from min 5–15.
Immediately upon the ending of repeated tetanic contractions, solution was switched again
to a Ca2+-free physiological solution containing 1 mM 4-chloro-m-cresol (4-CmC) in
DMSO (1% DMSO final concentration) to elicit a contracture.

2-APB experiments—Fibers underwent two contractile sequences. The first was identical
to the 0Ca trial mentioned above, followed by up to 15 min recovery, to indicate which
fibres exhibited force decline in Ca2+-free solution (see below). The second sequence
followed one of two approaches. In the first approach, physiological solution was perfused
from min 0–5, Ca2+-free physiological solution was perfused from min 5–15, Ca2+-free
solution with 20 µM 2-aminoethoxydiphenyl borate (2-APB) was perfused from min 15–20,
Ca2+-containing physiological solution with 20 µM 2-APB was perfused for 10 min,
followed by standard physiological solution for the final 10 min. 2-APB is a store-operated
Ca2+ entry (SOCE) blocker (Bootman et al., 2002; Gonzalez Narvaez and Castillo, 2007;
Pan et al., 2002). The second approach was used for fibers which exhibited dramatic force
decline (>95%) in Ca2+-free solution. In this approach, 20 µM 2-APB was introduced
simultaneously with physiological solution for 10 min, upon loss of fiber contractile activity,
followed by standard physiological solution for the remainder of the experimental
procedure. As a control, some fibers underwent a standard 150-contraction protocol, during
which 20 µM 2-APB was perfused from min 5–15 (contractions 31–90) to assess the effects
of 2-APB itself. Force decline was assessed during the period in Ca2+-free solution, while
force recovery was assessed during the period in the standard solution with 20 µM 2-APB.

High-Mg2+ experiments—Fibers underwent one of two experimental procedures. In the
first, fibers endured two contractile sequences (0Ca trial and high-Mg trial) as above. The
0Ca trial was identical to above. The high-Mg trial was the same protocol with a Ca2+-free
solution containing elevated [Mg2+] (see below) perfused from min 5–15. Force decline
during min 5–15 of the 0Ca trial was compared to force decline during the same time period
of the high-Mg trial. In the second experimental procedure, fibers were placed in the
experimental chamber and incubated in 5 µM Fluo-4 AM for 45 min. After a 15 min
washout, modified versions of the aforementioned 0Ca and high-Mg trials were performed,
as previously published (Payne et al., 2004b). In these trials, baseline measurements were
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made, followed by 10 min perfusion with Ca2+-free solution, then 10 min of physiological
solution perfusion, eliciting one tetanic contraction every 2 min while intracellular
fluorescence was measured simultaneously. The modified 0Ca and high-Mg trials followed
the same procedure.

Immunostaining for RyR1
EDL muscles were dissected and pinned in Petri dishes lined with Sylgard in Ringer
solution (see above). Bundles of fibers were dissected from EDL muscles (4 bundles
corresponding to the 4 distal tendons) and pinned to the bottom of embedding molds. The
bundles were pinned by one tendon, aligned to a resting length, then stretched 20% (using a
dissection scope with ruler), and the final tendon was pinned. The bundles were covered
with OCT embedding medium, and quickly frozen by immersion in isopentane cooled with
dry ice to −40°C. Longitudinal sections (30 µm thick) were cut with a cryostat. Sections
were placed on a slide in a drop of 3% disodium EDTA (to prevent contracture of muscle
fibers), air dried at 37°C, then stored in a refrigerator. For immunofluorescent staining,
slides were washed in PBS for 5 min, sections were fixed in 4% paraformaldehyde in PBS
for 15 min, followed by four 15-min washes in PBS. Sections were blocked with 5% normal
rabbit serum, 0.5% Triton X-100, 0.2% BSA in PBS for 1 hr at room temperature. Sections
were incubated for 1 hr in primary antibody (34C; Developmental Studies Hyridoma Bank,
University of Iowa, IA, (Airey et al., 1990)) diluted 1:200 in 2% normal rabbit serum, 0.5%
Triton X-100, 0.2% BSA in PBS, then washed 3 times in PBS for 5 min each. Finally,
sections were incubated in an FITC conjugated rabbit anti-mouse secondary antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA) diluted 1:400 in 2% normal
rabbit serum, 0.5% Triton X-100, 0.2% BSA in PBS for 1 hr, then washed 4 times in PBS
for 5 min each and mounted with fluorescence mounting medium. Confocal XY images were
obtained on a BioRad Radiance 2100 confocal laser scanning microscope (BioRad,
Hercules, CA) attached to a Zeiss Axiovert 100 (Carl Zeiss, Thornwood, NY) using a 100×,
1.3 NA oil immersion FLUAR objective (Zeiss). Fluorescence intensity profiles were
analyzed on ImageJ software (NIH).

Transmission Electron Microscopy
Samples were prepared for EM as described (Felder et al., 2002; Saito et al., 1984), with
modifications. EDL muscles were fixed in 2.5% glutaraldehyde in 100 mM sodium
cacodylate buffer at room temperature (pH 7.4) and stored in sodium cacodylate buffer at
4°C. Two to four fiber samples were cut from different areas of the fixed EDL muscles,
washed with sodium cacodylate buffer three times, postfixed in 2% OsO4 in cacodylate
buffer for 1–2 hours at room temperature, and stained en bloc with saturated aqueous uranyl
acetate (UA) overnight. Fiber samples were then embedded in Spurr resin and thin sectioned
(<50 nm). Three to four sections were cut from each fiber sample, and then mounted for
further staining. The resulting sections, now on Formvar-coated capper slot grids, were
stained again with UA solution and modified Sato’s lead solution (0.4% w/v calicined lead
citrate, 0.3% lead acetate, 0.3% lead nitrate. 2% sodium citrate 0.72% NaOH) (Takagi et al.,
1990) for 30–60 minutes each, at room temperature. Staining time in samples from young
mice provided optimal contrast at 30 minutes, revealing triads on either side of each Z line.
Staining time was increased to 60 minutes for samples from old mice to produce images of
sufficient quality for analysis. Longitudinally sliced muscle fibers were imaged by electron
microscopy at 60 keV, 50,000× magnification (Carl Ziess 10-C, Oberkochen, Germany).
Micrographs were scanned and images saved for analysis.

Action potential recording
Action potentials were recorded with the two microelectrodes technique in enzymatically
dissociated FDB fibers, using a TEV-200A amplifier (Dagan Co., Minneapolis, MN),
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DigiData 1322A, and pClamp10 software (MDS Analytical Technologies, Sunnyvale, CA).
The external solution was the same used for the contraction experiments with the addition of
50µM N-benzyl-p-toluene sulphonamide (BTS). The recording and current-injecting
electrodes were filled with 3M KCl, respectively. Pipette resistance was 10–20MΩ. Fibers
were stimulated with 50, 75, or 100 Hz trains of pulses for 350 ms. Fibers were stimulated in
physiological solution, then with 10 trains at a 10-second interval in Ca2+-free solution (see
below), then again in physiological solution to allow for recovery.

Solutions
The Ca2+-containing physiological solution consisted of (in mM): 121 NaCl, 5 KCl, 1.8
CaCl2, 0.5 MgCl2, 0.4 NaH2PO4, 24 NaHCO3, and 5.5 glucose, while the Ca2+-free solution
consisted of 121 NaCl, 5 KCl, 2.3 MgCl2, 0.4 NaH2PO4, 24 NaHCO3, and 5.5 glucose. The
Ca2+-free/high-Mg2+ solution was also Ca2+-free and consisted of 117 NaCl, 5 KCl, 5
MgCl2, 0.4 NaH2PO4, 24 NaHCO3, and 5.5 glucose. The three solutions were bubbled
continuously with 95/5% O2/CO2 to maintain pH 7.4. The standard Ringer’s solution
contained: 145 NaCl, 5 KCl, 2.5 CaCl2, 1 MgSO4, 10 HEPES, 10 Glucose, while the Ca2+-
free Ringer solution: 145 NaCl, 5 KCl, 2.5 MgCl2, 1 MgSO4, 10 HEPES, 10 Glucose.
Ringer solution’s pH 7.4 was reached with NaOH.

Statistical analysis
All data are presented as means ± s.e.m. Data were analyzed with paired student’s t-test,
regression analysis, or two-way repeated measures ANOVA, with Tukey’s multiple
comparisons test applied post hoc when appropriate. An alpha value of P < 0.05 was
considered significant.

Results
Role of Ca2+ influx in external Ca2+-dependent contraction in aged mouse muscle fibers

We performed experiments pairing contraction protocols in Ca2+-free solution and in
physiological solution with the addition of Cd2+ to block Ca2+ entry. Addition of 0.5mM
Cd2+ has been shown to eliminate inward Ca2+ current (ICa) in voltage-clamped muscle
fibers while in the presence of 2mM Ca2+(Wang et al., 1999). In these experiments, we
again found two populations of muscle fibers from aged mice – those which exhibit force
decline in Ca2+-free solution and those which do not (Old Affected and Old Unaffected,
respectively) (Payne et al., 2004b). Figure 1A shows the effects of Ca2+-free (left) and Cd2+-
containing (right) solutions on fibers from young and aged mice. The fibers from old mice
could be separated into two groups exhibiting significantly different behavior in Ca2+-free
solution (Figure 1B). Fibers from both the Old Unaffected and Old Affected groups showed
no force decline in Cd2+-containing solution (Figure 1B). The presence of external Cd2+ had
no effect on the force of fibers from young mouse muscle (Figure 1A, B). Figure 1C shows
the force traces of a representative fiber from the Old Affected group. The left set of traces
indicates the 0Ca trial; the right set of traces indicates the Cd trial. Note the force decline in
Ca2+-free solution and recovery in physiological solution containing 1.8mM Ca2+, and no
force decline in Cd2+-containing solution.

Role of sarcoplasmic reticulum Ca2+ depletion in external Ca2+-dependent contraction in
aged mouse muscle fibers

In order to examine the possibility of sarcoplasmic reticulum (SR) Ca2+ depletion during
repeated contractions in Ca2+-free solutions, we conducted experiments in which fibers were
perfused with 1 mM 4-CmC in Ca2+-free solution immediately following a series of tetanic
contractions in Ca2+-free solution. Figures 2A and B illustrate the tetanic contractions
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during the 0Ca trial (left traces) and a contracture evoked by 4-CmC perfusion (right trace)
immediately following cessation of tetanic contractions. Figure 2A shows data from a
muscle fiber representative of fibers from the Old Unaffected group, which exhibit no force
decline while perfused with Ca2+-free solution. Figure 2B shows the same contraction
protocol in a fiber from the Old Affected group, which exhibited significant force decline
while perfused with Ca2+-free solution. Even though tetanic force responses declined to
below measurable levels, a robust 4-CmC contracture could still be evoked in Ca2+-free
solution. In fact, the average contracture force in fibers from this group was virtually
identical to baseline tetanic force, whereas the average force at the end of the 0Ca trial was
significantly reduced (Figure 2C). All fibers from both groups produced robust 4-CmC
contractures following repeated tetanic contractions in Ca2+-free solution.

Role of store-operated Ca2+ entry (SOCE) in external Ca2+-dependent contraction in aged
mouse muscle fibers

In line with the possible explanation that SR Ca2+ depletion in Ca2+-free solution causes the
observed force decline in aged muscle fibers is the notion that recovery of contractile force
should depend upon SR Ca2+ store repletion via Ca2+ entry. Therefore, we investigated the
role of SOCE in force recovery in those fibers which exhibit force decline in Ca2+-free
medium. If SR Ca2+ depletion is responsible for force decline in Ca2+-free medium, re-
exposure to Ca2+ should allow SOCE, SR refilling, and force recovery; whereas, blocking
SOCE by addition of the well-characterized SOCE blocker 2-APB (Bootman et al., 2002;
Gonzalez Narvaez and Castillo, 2007; Pan et al., 2002) should prevent SR refilling and force
recovery. Figure 3 illustrates the tetanic contractions from the initial 0Ca trials (Figures 3A
and C) and the 2-APB trials using the two different approaches (Figures 3B and D, see
Methods for details) from representative fibers from the Old Affected group. The fiber data
in Figure 3A and B illustrate ~50% tetanic force decline in Ca2+-free solution in both trials,
and recovery of >95% of baseline force after re-exposure to physiological [Ca2+]O
regardless of the presence of 2-APB in the solution. The fiber data in Figures 3C and D
show a more dramatic tetanic force decline in Ca2+-free solution (>96% decline). By the end
of the first trial force recovers to ~83% of baseline force, but after a 5 min recovery 95% of
force was recovered (data not shown). In the second trial, tetanic force again declines >96%
in Ca2+-free solution and recovers 96% of baseline force after re-exposure to physiological
[Ca2+] in the presence of 2-APB. Combined data from all experiments indicate an average
~58% force decline in Ca2+-free solution, followed by recovery of ~85% of baseline force in
physiological [Ca2+] with 2-APB in solution, regardless of whether 2-APB was introduced
in Ca2+-free solution or in conjunction with physiological [Ca2+]. An average of ~90% of
baseline force was recovered in all fibers by the end of the trial in physiological solution
with no 2-APB. After 5-min recovery periods, fibers recovered 100% of baseline force on
average.

Examination of triad membrane structures and ryanodine receptor localization
We used electron microscopy to analyze any changes evident in the triad membrane
structures in muscles from aged mice in our colony (FVB) and from the NIA colony (DBA).
As both FDB and EDL muscles undergo age-related external -Ca2+ -dependent EC coupling
(Payne et al., 2004a; Payne et al., 2004b) we preferred to switch to the latter for EM and
immunostaining experiments due to the more complete ultrastructural characterization in the
literature (Klueber and Feczko, 1994). Examination of overall triad/SR arrangement and
organization indicates that triads in young muscle are very well-ordered, and their location
corresponds with virtually every myofibril at the A–I junction (black arrows, Figures 4A and
B). The number of “normal” triads (135) represented 96% of the total number analyzed
(140). Triads in aged muscle can also be found to be very well-ordered (black arrows, Figure
4C) or quite disorganized (white arrows, Figure 4D). The number of normal triads (71)
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represented 60% of the total number of triads analyzed (121) while the remaining (40%)
exhibited longitudinally oriented sarcotubular system. These data in aged mouse muscle are
in agreement with that found in aged human muscle (Boncompagni et al., 2006). Overall
triad organization does not speak to the possibility of fragmentation of the SR in aged
muscle. Closer examination of triad structure reveals that the SR terminal cisternae can
appear fragmented in muscle from both young (Figure 4B) and old mice (Figures 4C and D).
The fragmented appearance of SR is likely due to the fact that the thin sections were cut
through many convolutions or infoldings of the SR network, thus giving the appearance of
separate membrane structures. For example, what appear to be fragmented SR terminal
cisternae were always in the vicinity of a TT; we could not find large areas of systematically
fragmented SR not in the vicinity of a TT. Higher magnification micrographs of triads and
SR reveal that the longitudinal SR often appears fragmented in muscle from both young
(Figures 5A, B, and C) and old mice (Figures 5E, F, and G). Again, the fragmented
appearance of the longitudinal SR is likely due to thin sections exposing convolutions of
membranes of the SR network. Accordingly, it was actually quite rare to find examples of
triads in which the SR appeared continuous for more than 500nm in fibers from young (4.2
± 1.3%) (Figure 5D) and old (5.5 ± 1.2%) (Figure 5H) mice. The most systematic alterations
evident in triad membrane structures in aged muscle were that of TTs with large profiles (or
elongated TTs having large contact surfaces with SR membranes), in agreement with
Boncompagni et al. (Boncompagni et al., 2006). Figures 5I and J illustrate these types of
TTs adjacent to normal TTs in the same micrograph taken from an aged mouse muscle fiber.

To examine the possibility that EM sections may not reveal segregated pools of releasable
Ca2+, we immunostained stretched longitudinal sections from EDL muscles for RyR1 and
acquired images on a confocal microscope. Immunofluorescent staining in muscle from both
young and old mice reveals the typical double-row staining of triad proteins on either side of
the Z-line with a wide gap in the middle of the sarcomere (Figures 6A and D). Analysis of
the fluorescence intensity profiles (Figures 6C and F) of double-rows shows that the area in
the sarcomere (middle of pictures in Figures 6B and E) displays no more than baseline
fluorescence, indicating no RyR1 in this area in the 24 fibers analyzed for young and old
mice. These data, combined with the absence of segregated SR away from TTs, suggest that
there is no readily releasable pool of SR Ca2+ that is segregated from voltage control – i.e.,
the TT, in aging skeletal muscle.

Role of membrane charge screening in external Ca2+-dependent contraction in aged
mouse muscle fibers

While conducting contractile experiments using single intact fibers in Ca2+-free solution, we
have observed a phenomenon in some fibers in which force decline is accompanied by
changes in the nature of the contraction. That is, some tetanic contractions elicited at 100 Hz
become unfused during the period of Ca2+-free solution perfusion; and in some cases, fibers
only exhibit twitches instead of tetanic contractions. In most of these cases, the twitch force
is actually below the baseline twitch force for the muscle. Figure 7 shows an example of a
fiber which exhibited this contractile behavior. The baseline trace shows both a twitch and
maximal tetanic contraction superimposed. The next four traces, Tetanic #74-#77, show the
responses to 300-ms trains of pulses at 100 Hz while the fiber was perfused with Ca2+-free
solution. Each response becomes smaller, showing unfused tetani (#74, #75), a twitch
response only (#76), and no response at all (#77). Note that these particular traces exhibit
lower force than even the baseline twitch force. To examine this phenomenon further, we
conducted experiments to probe the possibility that the absence of external Ca2+ reduces
action potential firing, leading to force decline. To this end, single intact FDB muscle fibers
were dissected from aged mice and subjected to similar experiments utilizing both Ca2+-free
and Ca2+-free/high-Mg2+ solutions (see Methods).
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It has been shown that Mg2+ is much less effective at screening negative charges at the
membrane than Ca2+ (Dorrscheidt-Kafer, 1976, 1979b, 1979a). Therefore, force decline in
FDB fibers from aged mice was compared in our standard Ca2+-free solution (Ca2+ offset
with equimolar Mg2+), and in a Ca2+-free solution in which the [Mg2+] was raised to 5 mM
in order to compensate for its lesser charge screening capabilities. Figure 8A shows that the
average force decline displayed by single intact FDB fibers in Ca2+-free solution is similar
to the force decline in Ca2+-free/high-Mg2+ solution. Figure 8B shows force traces (top row)
and intracellular fluo-4 fluorescence signals (representative of intracellular Ca2+ transients;
bottom row) from one fiber at baseline (1, 4), after 10 min in Ca2+-free solution (2, 5), and
after 10 min following return to physiological solution (3, 6). Figure 8C shows force and
fluorescence traces from the same fiber in response to the same contractile protocol using
Ca2+-free/high-Mg2+ solution. Force and the intracellular Ca2+ transient decline in parallel,
and the decline in both force and intracellular Ca2+ is similar in both Ca2+-free solution and
Ca2+-free/high-Mg2+ solution. Paired student’s t-test reveals no difference between force
decline in either solution (p=0.965), while regression comparing force decline in the two
solutions revealed significant correlation between the two conditions (r2=0.892). There were
no fibers which displayed force decline in one solution but not the other.

Repetitive action potential generation
To further examine the role of altered membrane excitability causing dependence on
external Ca2+ in fibers from old mice, we measured the generation of repetitive action
potentials of FDB fibers under two-electrode current clamp in recording conditions similar
to those used for muscle contraction. These experiments again distinguished two groups of
fibers from old mice, Affected (n = 6 fibers, n = 3 mice) and Unaffected (n = 8 fibers, n = 3
mice) by omitting extracellular Ca2+. The Old Unaffected fibers were similar to the fibers
from young mice (n = 8 fibers, n = 3 mice), while the Old Affected exhibited a significant
number of action potential failures when exposed to Ca2+-free solution. There were no
differences in resting membrane potential among the three groups: young (−75 ± 2.2mV),
Old Affected (−76 ± 2.5), and Old Unaffected (−74 ± 2.6mV). The initial resting membrane
potential recorded in each fiber was held throughout the experiment by current-clamp.

We stimulated fibers with 50, 75 and 100 Hz trains for 350ms. Figure 9 illustrates the
generation of repetitive action potentials in response to 100Hz trains in an Old Affected (A)
and an Old Unaffected (B) FDB fiber. The resting membrane potentials for these fibers were
−75 and −74mV, respectively. In control solution (1.8mM Ca2+), every action potential
exhibits an overshoot in both fibers. In Ca2+-free solution, 34 out of 35 action potentials
failed in the Old Affected fiber. In contrast, the Old Unaffected fiber showed 35 action
potentials with no failures. The amplitudes of the first and last action potentials were
compared within the 10th train of pulses in Ca2+-free solution (Table 1). The action potential
amplitude in Old Affected fibers was significantly reduced in Ca2+-free solution compared
to standard physiological solution (Figure 9A and Table 1). In contrast, Old Unaffected
fibers retain the ability to generate normal action potentials when subjected to the same
stimulation regimen in Ca2+-free solution (Figure 9B). The rise and decay phases of the
action potential or abortive responses did not differ significantly among control, 0Ca
solution, or during recovery in 1.8mM Ca2+ in Old Affected fibers (Table 1). This result
indicates that no major alteration in sodium and potassium kinetics occurs when the fiber is
exposed to Ca2+-free solution.

Discussion
This work supports the conclusion that external Ca2+ ions are necessary for the maintenance
of intracellular Ca2+ release and force generation in a population of muscle fibers from aged
mice, and that this age-related dependence on external Ca2+ is probably due to a failure of
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repetitive action potential generation at high frequency stimulation and consequently EC
coupling and not a dependence on influx of Ca2+ ions or depletion of internal Ca2+ stores.

External Ca2+ dependence and Ca2+ influx
We previously suggested that force decline in a population of fibers from aged mice in the
absence of external Ca2+ may be due to the absence of Ca2+ influx into the cell, further
suggesting that these cells may have undergone some type of switch in the mode of EC
coupling which requires influx of external Ca2+ to activate Ca2+ release from the SR (Payne
et al., 2004b). To examine the possibility that the dependence on external Ca2+ in old fibers
arises from the ablation of Ca2+ influx into the cell, we performed experiments in which
Cd2+ was included in solutions to block DHPR ICa (Tanabe et al., 1990a; Wang et al., 1999).
Fibers which exhibited force decline during repeated contraction in Ca2+-free solution
exhibited no force decline in the presence of both Ca2+ and Cd2+. These data indicate that
the presence of external Ca2+ is necessary for proper EC coupling in this population of
muscle fibers from aged mice (~50% of fibers in aged mice (Payne et al., 2004b)), but that
the influx of Ca2+ ions is not necessary. Besides, the timing and flux rate of skeletal muscle
DHPR ICa is probably too slow to be of any consequence in EC coupling. By comparison,
action potentials in skeletal muscle last for roughly 5 msec, DHPR activation (charge
movement, Qon) occurs in 5–10 msec, SR Ca2+ release is elicited directly by Qon, and a
twitch in FDB muscle fibers at 20°C reaches its peak in roughly 30 msec ((Berne and Levy,
1998) and data from our laboratory). DHPR ICa under voltage-clamp conditions does not
start until after some charge has moved, and the time to peak current amplitude is roughly
75–100 msec (Delbono, 1992; Payne et al., 2004b). ICa has also been shown to be so small
compared to SR Ca2+ release flux that it is considered negligible toward cytoplasmic Ca2+

elevations during fiber depolarization (Brum et al., 1988; Brum et al., 1987; Ursu et al.,
2005). Therefore, in response to action potentials, it is highly unlikely that ICa is activated to
any degree substantial enough to contribute to EC coupling or the global Ca2+ transient.
Consequently, it is highly unlikely that the force decline exhibited by muscle fibers from
aged mice in Ca2+-free solution is due to the loss of Ca2+ influx into the cell upon fiber
depolarization.

External Ca2+-dependence and SR Ca2+ depletion
In a previous report, we suggested that a possible cause of external Ca2+-dependent
contraction in aged mouse muscle fibers was that the SR becomes depleted of Ca2+, thus
reducing the amount of released Ca2+ and reducing force in Ca2+-free solution (Payne et al.,
2004b). It has been shown in skeletal muscle that the SR can be depleted of Ca2+ in
externally Ca2+-free conditions, and that upon reexposure to external Ca2+-containing
solution intracellular stores are rapidly refilled via SOCE (Kurebayashi and Ogawa, 2001).
It has also been shown that SOCE is blocked by the drug 2-APB (Prakriya and Lewis,
2001). However, the procedure to deplete the SR is very prolonged and involves high [K+]
contractures and SERCA inhibitors over a time course up to 3 hours. This is probably due to
the large amount of SERCA on the SR to immediately uptake cytoplasmic Ca2+ (Franzini-
Armstrong and Jorgensen, 1994), abundance of calsequestrin to allow a huge Ca2+ storage
capacity (Ikemoto et al., 1974; MacLennan and Holland, 1975), and the fact that skeletal
muscle SR membranes are much less leaky than smooth muscle or non-excitable cells
(Murayama et al., 2000; Ogawa et al., 1999). It therefore seemed unlikely that our procedure
of tetanic contractions over 10 min in Ca2+-free solution depleted the fibers of Ca2+ to the
level that force was not detectable in some fibers. Nevertheless, others have shown that
rapid contractions in Ca2+-free solution may deplete SR Ca2+ in aged muscle fibers
(Weisleder et al., 2006). However, our data show that in fibers exhibiting nearly 100% force
decline in Ca2+-free solution, all fibers produced robust 4-CmC contractures (~98% of
baseline force). These data indicate that the SR contained a large amount of Ca2+ available
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for release. In the aforementioned work by Kurebayashi and Ogawa, the investigators found
that contractures by exposure to high [K+] in the absence of external Ca2+ eventually
became undetectable. However, after addition of a SERCA blocker, contractures once again
became robust, indicating that prior to SERCA blocker application the SR contained Ca2+

(partially depleted), but upon its release the Ca2+ was taken up into the SR before it could
reach the contractile apparatus (Kurebayashi and Ogawa, 2001). It is possible that our
experiments produce this partially depleted state in the SR of Old Affected fibers, and that
the 4-CmC is releasing the remaining Ca2+. However, since we did not include a SERCA
blocker in our experiments, reuptake of the Ca2+ should not be affected and 4-CmC
contractures should be very small to non-existent in these fibers. Therefore, these data
suggest that force decline in aged fibers in Ca2+-free solution is not due to SR Ca2+

depletion.

Other investigators have found that upon force decline in Ca2+-free solution due to SR Ca2+

depletion, caffeine contractures are still produced in fibers from aged mice but not young
(Weisleder et al., 2006). These authors conclude that a segregated store of voltage-
insensitive Ca2+ exists in these fibers – similar to MG29 knockout mutants (Kurebayashi et
al., 2003) – and may be due to the age-related decline in MG29 expression (Weisleder et al.,
2006). It was consequently found in MG29 knockouts that SOCE is activated in fibers even
before caffeine contractures were elicited, suggesting the voltage-controlled store of Ca2+

was depleted, but the voltage-insensitive store was not (Kurebayashi et al., 2003). Therefore
it may be possible that our experiments deplete a voltage-controlled store of Ca2+ while the
4-CmC contractures release the segregated store of Ca2+ in fibers from aged mice. To
examine this, we utilized 2-APB to block potential SOCE upon return to physiological
solution in our experiments. We found that 2-APB did not block recovery of tetanic force in
muscle fibers from aged mice that displayed force decline in Ca2+-free solution. This lack of
effect was seen whether the drug was introduced simultaneously with external Ca2+ or 5 min
prior to return of external Ca2+. These results suggest that tetanic force decline in our
experiments in Ca2+-free solution is not due to depletion of voltage-controlled SR Ca2+

store, and further suggest that force recovery in physiological solution is not due to SOCE.

External Ca2+ dependence and altered membrane structures
In conjunction with the hypothesis of a segregated Ca2+ store in aged muscle fibers,
structural changes to the SR network in aged fibers, such as swollen TTs and fragmented SR
networks were described (Weisleder et al., 2006). Upon examination of EM micrographs of
triads within muscle from young and old mice, we found many examples of what appear to
be fragmented SR networks, both in the longitudinal SR and the terminal cisternae, in
muscle fibers from both young and old mice. In fact, it was more common to find SR
membranes that appeared fragmented than intact luminal structures. We found a higher
incidence of overall triad disorganization in fibers from aged mice, similar to the findings of
Boncompagni et al. (Boncompagni et al., 2006). Part of the disorganization described in
aged muscle is a reduction in triad density in aged human muscle fibers. This provides
morphological evidence to support our previous findings of EC uncoupling in aged muscle
(Delbono et al., 1995; González et al., 2000; Renganathan et al., 1997; Wang et al., 2000).
While disorganization of the triad membrane structures in aging is an intriguing
development in EC uncoupling, a potential triad membrane-associated mechanism for
external Ca2+-dependent contraction in aged fibers is not obvious in that report or in ours.
The supposed fragmented SR terminal cisternae we found in muscle fibers from young and
old mice were always in the vicinity of a TT, suggesting that they would be under voltage
control. Furthermore, we were unable to find any extensively fragmented SR networks as
suggested (Weisleder et al., 2006).
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It is possible that the EM micrographs may have missed some type of alternative
localization of SR containing RyR1 not linked to DHPR. In order for a segregated,
membrane-bound store of Ca2+ to be released upon caffeine or 4-CmC exposure, that store
must contain RyR1. To examine the organization of RyR1 in aged muscle, we stretched and
fixed bundles of muscle fibers from young and old mice for immunostaining. The typical
double-row staining in both young and old muscle fibers reveals that the subcellular
localization of RyR1 does not change in aged muscle. While the expression of DHPR does
decline with age, leading to a reduction in the DHPR-RyR1 ratio (EC uncoupling) (Delbono
et al., 1995; Renganathan et al., 1997; Wang et al., 2000), it seems that the RyR1 do indeed
stay localized at the triads, where DHPRs are also found. Therefore, while fewer RyR1s are
coupled to DHPRs in aged muscle, our data suggest the uncoupled RyR1s do no represent a
storage pool of Ca2+ segregated from voltage controlled release.

External Ca2+-dependence and sarcolemmal excitability
The tetanic contraction force traces from fibers exhibiting dramatic force decline in Ca2+-
free solution often resembled those elicited by lower frequency stimulation; that is, they
became unfused tetani similar to those elicited by 50 Hz stimulation. Also, some fibers
produced only single twitches in response to trains of pulses at 100 Hz. Our Ca2+-free
solution replaced Ca2+ with an equimolar concentration of Mg2+, making Mg2+ the primary
divalent cation in the external solution. It has been shown that Mg2+ is only about half as
effective at screening negative charges on the outer leaf of the membrane versus Ca2+

(Dorrscheidt-Kafer, 1976, 1979b, 1979a). We therefore surmised that the ability of these
fibers to fire action potentials might be impaired. However, adding Mg2+ to the solution to
compensate for its reduced charge screening ability did not change the outcome of the
experiments. Fibers showed equal decline in tetanic force and intracellular Ca2+ transients in
our standard Ca2+-free solution and the Ca2+-free solution with elevated Mg2+ (see
Methods), suggesting that abnormal membrane charge screening is not the primary cause of
force decline in Ca2+-free solution in fibers from aged mice.

As mentioned above, muscle fibers in aging muscle undergo a slow denervation process
(Einsiedel and Luff, 1992; Kadhiresan et al., 1996; Larsson and Ansved, 1995; Wang et al.,
2005). This process is accompanied by a slow depolarization of the membrane resulting
from altered Na+ and K+ permeability and leading to inactivation of Na+ currents (Kotsias
and Venosa, 1987, 2001). The slower time course of action potentials leads to missing
events during a train of pulses, and, in some fibers, only single action potentials during a
train of pulses (Kotsias and Muchnik, 1987). These changes were found in normal Ringer
solution, whereas our results were collected in Ca2+-free solutions. Therefore, while
potential alterations to Na+ channels during aging may explain our data, the published
findings in denervated muscle do not fully explain our results.

In 43% of the fibers from old mice, approximately 97% of the action potentials failed in
response to 100Hz stimulation pulses Ca2+-free solution. This finding correlates with the
decline in tetanic force in Old Affected fibers reported here and previously (Payne et al.,
2004b). Failing action potentials can lead to decreased intracellular Ca2+ release and force
during high-frequency stimulation (100Hz).

Nominally Ca2+-free Ringer solution induces amphibian skeletal muscle depolarization
(Usher-Smith et al., 2006). However, if this mechanism were responsible for failures in
action potential generation, it should affect all FDB fibers from both young and old mice,
but the ability to generate action potentials in external Ca2+-free solution was impaired in
only 43% of the fibers from old mice and almost no fibers from young mice. This
observation supports the concept that the mechanism underlying action potential failures
does not depend exclusively on the absence of external Ca2+ but also on sodium channel
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dysregulation with aging. Muscle denervation and increased TTX-resistant sodium channels
have been reported in aging muscle (Wang et al., 2005). However, whether Nav1.5 is more
susceptible to external Ca2+ omission than the normal skeletal muscle Nav1.4 channel is not
known. Altered Na+ channel properties (namely, conductance) have been shown in roughly
half of the fibers from aged rats, which suggests that posttranslational modifications account
for some of the differences observed between young and old (Desaphy et al., 1998). For
example, the level of sialylation has been shown to play an important role in the voltage
dependence of skeletal muscle Na+ channel gating (Bennett et al., 1997). These researchers
also showed that the level of sialylation influenced the channel’s sensitivity to external Ca2+

(Bennett et al., 1997). Alterations to posttranslational channel modifications, such as various
types of glycosylation, in aged muscle fibers could explain our findings when external
[Ca2+] is reduced. As another potential mechanism, modification during aging in the lipid
bilayer surrounding sodium channels may influence their permeation and gating properties
(Ji et al., 1993). Whether the inwardly rectifying potassium channel is altered in a fraction of
aging muscle fibers is not known. Although the lack of significant changes in the action
potential decay phase indicates that this explanation is unlikely, further studies are needed.

In conclusion, the data reported here indicate that external Ca2+ but not Ca2+ influx is
needed to maintain force during fiber repetitive electrical stimulation in a population of
aging fibers. SR Ca2+ depletion, SOCE, and the putative segregated Ca2+ release store do
not play a significant role in external Ca2+-dependent contraction in aging muscle. Failure to
generate action potentials in 0Ca solution explains the decreased intracellular Ca2+

mobilization and depressed tetanic force in Old Affected fibers.
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Figure 1. Blocking inward Ca2+ current with Cd2+ does not cause force decline in muscle fibers
from aged mice
A. Force decline in fibers from aged mice is significantly greater in Ca2+-free solution (left)
than in solution with 0.5mM Cd2+ (right) (*, p<0.01; n = 5 fibers from 3 young mice). Force
decline in Cd2+-containing solution was not significant. B. Fibers from aged mice fall into
two categories: Old Unaffected fibers (n = 5 fibers from 3 mice) and Old Affected fibers (n
= 7 fibers from 5 mice). Again, the 0Ca solution induced a significant decrease in force
(left), while no fibers displayed significant force decline in Cd2+-containing solution (right)
(**, p<0.001; n = 10 fibers). C. Tetanic contraction force in a single intact FDB fiber of an
aged mouse from the Affected group exposed to physiological (1.8mM Ca2+), 0Ca2+ and
1.8mM Ca2+ plus 0.5 mM Cd2+ solutions, sequentially (see top bar).
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Figure 2. 4-chloro-m-cresol (4-CmC) contractures following repeated tetanic contractions in
Ca2+-free solution
A. Sequence of tetanic contractions from a single intact Old Unaffected FDB fiber of an
aged mouse in physiological solution, Ca2+-free solution, and 1mM 4-CmC in Ca2+-free
solution (see top bar). B. Tetanic contractions from a single intact Old Affected FDB fiber in
physiological solution, Ca2+-free solution, and 1mM 4-CmC in Ca2+-free solution (see top
bar). C. Normalized tetanic force at the end of Ca2+-free solution perfusion was significantly
decreased in Old Affected fibers compared to Old Unaffected, and was significantly less
than the 4-CmC contracture force at the end of the experiment (**, p<0.001; n = 4 old
unaffected and 6 affected from 3 and 5 mice, respectively). Tetanic force in the Old
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Unaffected group was not different from 4-CmC contracture force. 4-CmC contracture force
was not different between groups.
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Figure 3. 2-APB action on tetanic force recovery
A and B. Tetani from a single intact FDB fiber of an aged mouse recorded during two
exposures to Ca2+-free solution. The traces in A illustrate a 0Ca trial (see Methods). The
traces in B illustrate a 2-APB trial in which the 2-APB was introduced during 5 min of
contraction in Ca2+-free solution prior to return to normal physiological solution (see
Methods). Force decline was virtually identical in the two trials. Note that force recovery in
the 2-APB trial occurred in the presence of 1.8 mM Ca2+ (physiological solution) and in the
presence of 2-APB. C and D. Tetani from a single intact FDB fiber of an aged mouse
recorded during two exposures to Ca2+-free solution. Traces in C illustrate a 0Ca trial (see
Methods). Force decline in this experiment was greater than that illustrated in A and B.
Force fully recovered to baseline within 5 min after the experiment (data not shown). Traces
in D illustrate a 2-APB trial in which the 2-APB was introduced simultaneously with return
to physiological solution. Force fully recovered in the presence of 2-APB. Note the variable
onset of the decline in tetanus amplitude after incubating the muscle fiber in Ca2+ free
medium. Traces are representative of 6 fibers from 6 mice.
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Figure 4. Electron microscopy examination of triad organization
A and B. Samples from young mice taken at 25,000× magnification. Black arrows indicate
well-organized triads. C and D. Samples from old mice taken at 25,000× magnification.
Black arrows indicated well-organized triads in C. White arrows indicate disorganized triad
structures in D. Images are representative of 10 fibers from 5 mice. Calibration bar = 1µm.
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Figure 5. Electron microscopy examination of triad membrane structures
A–D, I. Examples of triads in muscle fibers from young mice taken at 50,000×
magnification. Black arrows indicate t-tubules (TT). Note fragmented appearance of
longitudinal SR in A–C, and continuous appearance of longitudinal SR in D. Black arrow in
I indicates a normal TT, while white arrow indicates a rare elongated TT. E–H, J. Examples
of triads in muscle fibers from old mice taken at 50,000× magnification. Black arrows
indicate TTs. Note fragmented appearance of longitudinal SR in E–G, and continuous
appearance of longitudinal SR in G. Black arrows in J indicate normal TTs, while white
arrows indicate elongated TTs. Elongated TTs were more common in muscle fibers from
aged mice. (Diagonally cut corners on J occurred from cropping circumstances). Images are
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representative of 12 fibers from young and 15 fibers from old mice. Calibration bar for A to
H = 1µm. Calibration bar for I and J = 500nm.
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Figure 6. Immunofluorescent staining of RyR1 in stretched muscle fibers from young and old
mice
A and D. Examples of immunostaining in muscle fibers from young (A) and old (D) mice.
Note the double-row staining pattern for RyR1. Bars = 5µm. B and E. Higher magnification
(using ImageJ software) images of sarcomeres – Z-lines in the centers of stained double-
rows – used for fluorescence intensity profiling seen in C and F. Bars = 1µm. All examples
from both young and old show double-row staining pattern surrounding Z-lines with
baseline fluorescence in the center of the sarcomere. Image analysis was performed on 24
fibers for young and 24 fibers for old mice.
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Figure 7. Tetani and twitches recorded in a single intact FDB muscle fiber from an aged (20 mo)
FVB mouse
Baseline represents a tetanic trace elicited with a 300-ms train of pulses at 100 Hz
superimposed over a single twitch response in physiological solution. Tetanic #74-Tetanic
#77 represent responses to 300-ms trains of pulses at 100 Hz while in Ca2+-free solution.
The Recovery trace is a tetanic response to a 300-ms train of pulses at 100 Hz in
physiological solution 10 min after the end of the experiment. These traces are
representative of 10 fibers from 8 mice.
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Figure 8. Force decline and intracellular Ca2+ transients in Ca2+-free solution and Ca2+-free/
high-Mg2+ solution are similar
A. Muscle fibers from aged mice displayed nearly identical average force decline in both
Ca2+-free solutions. Paired t-test, p=0.965 (n = 5 fibers from 4 mice). B and C. Tetanic
contractions (1, 2, 3) and intracellular Fluo-4 fluorescence readings (4, 5, 6) from a single
intact FDB fiber of an aged mouse measured simultaneously. One and 4 represent traces
from the beginning of the experiment. Two and 5 represent traces after 10 min exposure to
either Ca2+-free physiological solution (B) or Ca2+-free/high-Mg2+ solution (C). Three and
6 represent traces after 10 min re-exposure to physiological solution.
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Figure 9. Action potentials in FDB fibers from young and old mice
A and B illustrate trains of action potentials recorded in an Old Affected and Old Unaffected
fiber, respectively in response to fiber stimulation at 100 Hz for 350 ms. Recordings in
1.8mM Ca2+ (control) and the first and tenth pulses in 0Ca2+ are shown. The first and tenth
pulses in the recovery phase in 1.8mM Ca2+ for the old affected fiber are also shown. Dotted
and dashed lines indicate the membrane voltage at rest and 0mV, respectively.
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Table 1

Control
(1.8mM)

Test
(0 Ca2+)

Recovery
(1.8mM Ca2+)

Action potential rise
phase, τa (ms)

0.13 ± 0.07 0.14 ± 0.06 0.09 ± 0.08

Action potential decay
phase, τd (ms)

0.52 ± 0.04 0.56 ± 0.05 0.46 ± 0.03

Last/first action
potential amplitude

0.89 ± 0.03 0.63 ± 0.02
(*)

0.92 ± 0.01
(#)

Percent of action
potential failures at

pulse 10th (%)

0.05 ± 0.02 97.2 ± 1.3
(*)

0.04 ± 0.06
(#)

N fibers 12 6 8

(*)
p < 0.01, comparing control and test recordings

(#)
p < 0.01, comparing test and recovery recordings

τa and τd were not statistically different among control, test and recovery phases of the experiment.
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