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I n t r o d u c t i o n

During cyclic muscular activity in vivo, mammalian 
motor units are characterized by patterns of excitation 
that commence with two or sometimes three high-fre-
quency action potentials (up to 200 Hz) followed by a 
series of relatively low-frequency (20–80 Hz) stimuli. 
These so-called “doublet” excitation patterns have been 
observed in rodents (Hennig and Lømo, 1985; Gorass-
ini et al., 2000) and humans (Desmedt and Godaux, 
1977) and typically involve fast-twitch motor units (Zehr 
and Sale, 1994). Doublet discharges can increase te-
tanic force output by 44% and decrease contraction 
times by 50% compared with controls (Burke et al., 
1976; see Binder-Macleod and Kesar [2005] for a re-
view), a phenomenon that has been described by some 
as the “catch-like” property of skeletal muscle 
(Burke et al., 1970).

Doublet stimulation is reported to enhance force pro-
duction by significantly elevating SR Ca2+ release 
(Duchateau and Hainaut, 1986). More recently, Cheng 
et al. (2013) used the Ca2+-sensitive dye indo-1 to show 

that an initial 200-Hz doublet action potential results in 
a transient increase in peak tetanic free [Ca2+] during 
the first 15 ms of the response that was ∼100% greater 
than that elicited at a stimulation rate of 70 Hz alone. 
Cheng et al. (2013) concluded that the increased peak 
free Ca2+ observed in response to a doublet stimulus re-
flected an increased release of Ca2+ in response to the 
second pulse. Similar reasoning was used to explain the 
effects of triplet stimulation on SR Ca2+ release (Ab-
bate et al., 2002).

These studies suggest that doublet stimulation signifi-
cantly increases initial Ca2+ release. However, to obtain 
an increase in SR Ca2+ release during doublet stimula-
tion, the Ca2+ released in response to the second stimu-
lation must be greater than the first, which is 
incompatible with previous studies showing a marked 
decrease in Ca2+ release shortly after an initial release 
caused by Ca2+-dependent inactivation of the ryanodine 
receptors (CDI; Baylor and Hollingworth, 2003; Capote 
et al., 2005; Barclay, 2012). For these reasons, we sus-
pected that limitations in previous tracking of cytosolic 
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Ca2+ over time (cytosolic Ca2+ transient: [Ca2+]C (t)) 
caused by the use of a high-affinity Ca2+ indicator and 
insufficient temporal resolution (500 Hz) have resulted 
in a distorted view of the tetanic Ca2+ response in previ-
ous studies (Abbate et al., 2002; Cheng et al., 2013) and 
led to erroneous conclusions.

Although doublet stimulation may not be increasing 
SR Ca2+ release, the pattern of Ca2+ signaling activated is 
likely to be altered in a way that enhances the activity of 
the force generation system. Therefore, the relation-
ship between [Ca2+]C (t) and the binding of Ca2+ to the 
contractile regulatory sites of the contractile apparatus 
needs to be taken into consideration when trying to in-
terpret changes in [Ca2+]C (t) in relation to SR Ca2+ re-
lease and to understand the physiological mechanisms 
responsible for the effects of doublet stimulation on 
force development. In fast-twitch muscle, any initial, 
rapid succession of action potentials releasing Ca2+ to 
the cytoplasm needs to result in binding of Ca2+ to two 
sites on troponin C (TnC; of different affinities) to in-
duce contraction. The kinetics of Ca2+ binding to the 
TnC sites during high-frequency stimulation events 
such as doublets has not been explored, in part because 
the changes in [Ca2+]C (t) during doublet stimulation 
have not been clearly defined with appropriate tem-
poral resolution.

The aims of this study were first to accurately deter-
mine the time course of changes in free Ca2+ concentra-
tion in response to constant frequency and doublet 
stimulation and second to estimate the underlying dif-
ferences in SR Ca2+ release and binding to TnC in re-
sponse to the different stimulation protocols. To achieve 
the first of these aims, changes in free Ca2+ were mea-
sured using a fast, low-affinity Ca2+ indicator allied with 
high temporal resolution laser-scanning microscopy. 
The second aim was addressed by mathematical model-
ing of the release and distribution of Ca2+ in fibers in 
response to the stimulation protocols used in the exper-
imental studies.

We found that the initial high-frequency doublets 
elicited by motor units are aligned with the Ca2+ bind-
ing kinetics of TnC to induce a powerful force response, 
a mechanism that could be fully accounted for by mod-
eling Ca2+ movements based on the high temporal reso-
lution imaging of cytoplasmic free Ca2+.

M at e ria   l s  a n d  m e t h o d s

All experiments were approved by the Animal Ethics 
Committee of the University of Queensland (Ca2+ mea-
surements) and the Animal Ethics Committee of the 
University of Western Australia (force measurements).

Fiber preparation
The isolation, culturing, and dye loading of interosse-
ous fibers have been described in detail previously 

(Cully et al., 2012). 6-wk-old male C57BL/6J mice were 
killed by cervical dislocation, and the interosseous mus-
cles were removed and placed in 3  ml of Dulbecco’s 
modified Eagle’s medium (glucose: 5 mM) containing 
1.5 mg/ml collagenase type-1 (Sigma-Aldrich) diges-
tion solution for 30 min at 30°C. Intact interosseous 
muscles were incubated overnight at 30°C in Dulbec-
co’s modified Eagle’s medium containing 5  mM glu-
cose, 5% fetal calf serum, and 1 mg/ml penicillin and 1 
mg/ml streptomycin. The muscles were then gently trit-
urated to release single fibers.

Ca2+ measurements
Isolated fibers responding to field stimulation were 
transferred to a custom-made experimental chamber 
and positioned above the coverslip base. Fibers were 
loaded with the Mag-Fluo-4AM or Fluo-4AM (5 µM for 
15 min) at room temperature in a HEP​ES-based Ringer 
solution (mM: 145 NaCl, 2.5 CaCl2, 2 MgCl2, 10 HEP​ES, 
3 KCl, and 5 glucose). After the loading period, the dye 
containing Ringer solution was replaced with a dye-free 
Ringer solution containing the myosin II ATPase inhib-
itor N-benzyl-p-toluene sulphonamide (100  µM), to 
prevent cross-bridge cycling and associated movement 
artifacts. The chamber was placed above the inverted 
lens (63×, oil immersion) of a 5 LIVE (ZEI​SS). Isolated 
fibers were stimulated via platinum electrodes using su-
pramaximal square wave pulses (0.3-ms duration) deliv-
ered by an SD9 square pulse stimulator (Grass 
Technologies Inc.). The stimulator was triggered at var-
ious time intervals using Chart 8 stimulator software in 
conjunction with a PowerLab data acquisition/stimula-
tion system (ADInstruments) and a PC. The polarity of 
the stimulation electrodes was kept constant during ex-
perimentation. During stimulation, Ca2+-related fluo-
rescence changes were measured in line scan mode, 
and data were sampled every 0.111 ms (Edwards et al., 
2012), unless otherwise stated. The Ca2+-sensitive dyes 
trapped in the cytoplasm of the fibers were excited by 
the 488-nm line of an argon laser, and fluorescence 
emission was collected in the range >500 nm. Line scan 
image–derived fluorescence data were exported as a 
text file and analyzed using Excel (Microsoft). 

In control measurements, fibers were activated at 70 
Hz (10 stimulation pulses). Stimulation during the 
doublet measurements was similar to controls with 
the exception that the first two action potentials of 
the train were at 200 Hz. Doublet and control tetani 
were collected in the same recording. The doublet 
tetanus was delivered first, followed by the control tet-
anus, 1.2  s later. Control measurements were also 
made, where two consecutive control tetani were de-
livered 1.2 s apart. All experiments were performed at 
room temperature (22–24°C).

In some experiments, the effect of doublet stimula-
tion on Ca2+ release was measured under conditions 
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similar to those reported previously by Cheng et al. 
(2013) using the same temporal resolution (500 Hz) 
and Fluo-4, which has similar affinity to Ca2+ as 
indo-1 (see Results).

To ensure only fast fibers were used in this study, only 
fibers exhibiting the Ca2+ transient shape characteristic 
for type IIb/IIx fibers were selected for analysis 
(Calderón et al., 2009, 2014).

Force measurements
Experiments assessing the impact of doublet stimula-
tion on tetanic force responses were undertaken using 
isolated extensor digitorum longus (EDL) muscles 
from 6-wk-old male C57BL/6J mice. EDL muscles from 
C57BL/6J mice primarily contain fast IIb/x fibers 
(IIb/x fibers 88%, type IIa fibers 12%; Rinaldi et al., 
2012), as used in the Ca2+ experiments in this study. 
Therefore, the use of intact muscle preparations in this 
study should provide a relatively accurate estimate of 
the effects of doublet stimulation on force production 
in fast IIb/x fibers.

EDL muscles (n = 8) were removed surgically under 
anesthesia (40 mg/kg pentobarbitone) and mounted 
onto an in vitro muscle test system (model 1205A; Aurora 
Scientific Inc.; Pinniger et al., 2012). Muscles were main-
tained in an organ bath containing mammalian Ringer 
solution (mM: 121 NaCl, 25 NaHCO3, 11.5 glucose, 5.4 
KCl, 2.5 CaCl2, 5 HEP​ES, and 1 MgSO4, pH 7.3) bubbled 
with carbogen (5% CO2 in O2; BOC). The Ringer was 
maintained at 25°C, which is reported to be optimal for 
the maintenance of in vitro muscle force (Segal and 
Faulkner, 1985). After muscles were removed, the mice 
were euthanized by an overdose of pentobarbitone.

Muscles were stimulated with platinum electrodes 
using supramaximal square wave pulses (0.3-ms dura-
tion) provided by a high-power bi-phase current stimu-
lator (Aurora Scientific Inc.). The stimulator was 
triggered at various time intervals using Chart 7 stimula-
tor software and a PowerLab data acquisition/stimula-
tion system (ADInstruments). Before experiments 
commenced, muscles were set to a length producing 
maximum isometric twitch force (optimal muscle 
length). In control measurements, muscles were stimu-
lated with 10 pulses at 70 Hz. Doublet measurements 
were similar except the first two action potentials were 
delivered at 200 Hz. 70 Hz is close to the mean motor 
neuron discharge rate in rodents (Hennig and Lømo, 
1985; Gorassini et al., 2000). 2-min intervals were main-
tained between tetanic stimulations to prevent onset of 
muscle fatigue (Sitparan et al., 2014). Force output was 
recorded using a PowerLab data acquisition system and 
LabChart 7 software (ADInstruments).

Statistics
The data are presented as means ± SEM. Statistical anal-
ysis was undertaken using the graphical software pack-

age Prism (Graph Pad Software). The absolute 
amplitudes of initial Ca2+ spikes transients measured in 
the Ca2+ transients were compared using a paired t test. 
The relative change in the minimum fluorescence be-
tween Ca2+ spikes that occurred during the Ca2+ tran-
sients in control and doublet traces was compared using 
a repeated measures two-way ANO​VA followed by a 
Šídák’s multiple comparisons test.

Mathematical modeling
To provide insight into the mechanisms underpinning 
force enhancement by doublet stimulation, a mathe-
matical model was used to describe the kinetics of Ca2+ 
distribution within muscle fibers and the generation of 
force. The model was based on those described earlier 
(Robertson et al., 1981; Baylor et al., 1983) and is sum-
marized in Fig.  1  A. It is described by six differential 
equations of the form described in detail previously 
(Baylor and Hollingworth, 1998) and which were solved 
using a program developed using Maple software (ver-
sion 2016.1; Maplesoft).

The concentrations of Ca2+ binding and other rele-
vant compounds (Table  1) and parameter values 
(Table 2) used for the model were taken from Baylor 
and Hollingworth’s (Baylor and Hollingworth, 2003, 
2007, 2012) models applicable to mouse muscle fibers. 
The rate constants were adjusted from 16°C, as used by 
Baylor and Hollingworth, to 22°C assuming a Q10 (i.e., 
the increase in rate for a 10°C increase in temperature) 
of 2. The interaction between Ca2+ and the fluorescent 
indicator was not included in the model. Instead, it was 
assumed that the measured Ca2+ signal provided a faith-
ful representation of the time course of the free Ca2+ 
transient; this is true for Mag-Fluo-4 (Baylor and 
Hollingworth, 2011). On this basis, the free Ca2+ tran-
sient predicted by the model was compared directly 
with the measured signal (Fig. 1 B).

Removal of Ca2+ from the myoplasm into the SR was 
modeled as described previously (Ríos and Brum, 
2002). The rate of removal was assumed to have a sig-
moidal dependence on [Ca2+]C, a maximum rate of 
4,670 µM/s (determined empirically to achieve a good 
match between measured and simulated Ca2+ tran-
sients) and to pump at 50% of the maximum rate when 
[Ca2+]C was 2.5 µM (Baylor et al., 2002). A small, con-
stant rate Ca2+ leak from the SR of 2 nM/s was included 
in the model. This leak rate and the pump characteris-
tics established a realistic resting [Ca2+]C of 0.05  µM 
(Bakker et al., 1993). The resting [Ca2+]C determines 
the fractions of the Ca2+ buffers occupied by Ca2+ in the 
muscle before stimulation.

A novel aspect of the model was incorporation of 
force generation. It was assumed that the formation of 
force-generating actomyosin cross-bridges (labeled 
“AM” in Fig. 1 A) was enabled by binding of the Ca2+ to 
the second binding site on TnC (Tn-Ca2, Fig. 1; Ashley 
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and Moisescu, 1972). Note that the second site could 
only be filled once the first binding site was occupied by 
Ca2+. The rate constants for formation and dissociation 
of force generating cross-bridges were set so that the 
predicted time course of twitch force at 16°C matched 

that described for mouse EDL muscle by Baylor and 
Hollingworth (2003). The rates were adjusted to 22°C 
using a Q10 of 2. Examples of simulated force responses 
are shown in Fig. 1 C.

Simulations started with all the Ca2+ in the SR and 
the leak being the only source of Ca2+ entry into the 
myoplasm. Once the occupancy of the Ca2+-binding 
sites on ATP, TnC, and parvalbumin settled to steady 
values, the response to stimulation was simulated by in-
voking a transient release, or releases if multiple stim-
uli were being modeled, of Ca2+ from the SR with an 
asymmetric time course described by two exponentials, 
one rising and the other falling (Baylor and Holling-
worth, 2012). The design of the model was validated by 
ensuring that it accurately reproduced Baylor and 
Hollingworth’s simulations when using their parame-
ter values for 16°C. Thereafter, parameters appropriate 
for 22°C were used.

Figure 1. S imulation of the effects of doublet stimulation on cytosolic free Ca2+ and force production. (A) Graphical depiction 
of the model of Ca2+ distribution and force generation. The model incorporates both a constant Ca2+ leak and stimulus-induced, 
transient Ca2+ release from the SR. In the myoplasm, Ca2+ is distributed among (i) TnC (Tn), with two, sequentially filled Ca2+ binding 
sites, forming Tn-Ca when one Ca2+ is bound and Tn-Ca2 when both sites are occupied; (ii) parvalbumin (Pv), which has two equiva-
lent Ca2+-binding sites per molecule that also bind Mg2+; (iii) ATP; and (iv) unbound or free Ca2+. Ca2+ is removed from the myoplasm 
via the SR Ca2+ pump. Force generation involves the binding of myosin cross-bridges (M) to binding sites on actin (A) to form the 
force-generating actomyosin complex (AM). AM formation was regulated by Tn-Ca2, which was achieved by setting the concentra-
tion of available actin sites equal to [Tn-Ca2]. (B) Comparison of recorded Ca2+ transients (gray uneven lines) and modeled free Ca 
transients (black smooth lines). Two records are shown, the response to a single stimulus pulse and the response to two stimulus 
pulses separated by 2 ms. The experimental records are the mean of records from four fibers with amplitude scaled by the maximum 
amplitude in response to the first stimulus pulse. (C) Simulated force responses to one pulse and to two pulses separated by 2 ms.

Table 1.  Myoplasmic concentrations of Ca2+, Mg, and Ca2+ binding compounds and concentrations expressed relative to cell 
water volume

Compound Concentration Reference

Total Ca2+ 4,000 µM Lamboley et al., 2015
Resting [Ca2+] 0.05 µM (SR Ca2+ leak, 0.005 µM/s) Bakker et al., 1993
Resting [Mg2+] 1 mM Barclay, 2015
ATP 8,000 µM Barclay, 2015
Tn 120 µM; two distinct Ca2+-binding sites/molecule Baylor and Hollingworth, 2003
Pv 750 µM; two equivalent Ca2+-binding sites/molecule Raymackers et al., 2000
M 120 µM; assumed equal to [Tn]
A Available actin binding sites, concentration time-dependent and equal to [Tn-Ca2]

Where necessary, reported values expressed relative to muscle wet weight were converted by multiplying by 1.5 (Baylor et al., 1983).

Table 2.  Rate constants used in model for Ca2+-binding re-
actions at 22°C

Reaction k+ k−

µM−1 s−1 s−1

Ca2+ + Tn ⇆ TnCa 570 2,340

Ca2+ + TnCa ⇆ TnCa2 133 136

Ca2+ + Pv ⇆ PvCa 63 1.2

Mg2+ + Pv ⇆ PvMg 0.05 4.6

Ca2+ + ATP ⇆ ATPCa 20.6 45,470

A + M ⇆ AM 0.083 22.7

k+, forward rate constant; k−, reverse rate constant. Rate constants for 22°C, 
adjusted from values used for 16°C by Baylor and colleagues (Baylor et al., 2002; 
Baylor and Hollingworth, 2003, 2007) assuming Q10 of 2.
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R e s u lt s

We initially measured the effect of a 200-Hz doublet 
pulse on force output in isolated intact EDL muscle ex-
posed to tetanic stimulation (10 pulses, 70 Hz). Doublet 
stimulation indeed resulted in force responses that in-
creased more rapidly and to higher levels than controls 
(Fig. 2 A). Doublet stimulation significantly decreased 
the rise time of the force response (Fig. 2 B) and signifi-
cantly increased the level of force output from the mus-
cle for at least the first 57 ms (Fig. 2 C). The presence of 
a doublet also shifted the relationship between normal-
ized force and time to the left (Fig. 2 D; P < 0.05), indi-
cating that the rate constant of force development is 
significantly increased in the doublet responses. Note 
that the final level of force in the doublet and control 
responses was similar. We note that previous studies 
have used shorter overall periods of stimulation (the 
arrow on Fig.  2  A indicates the end of stimulation in 

Cheng et al. (2013), which emphasize the effects of 
doublet stimulation on peak force during the early 
phase of the force response (Cheng et al., 2013).

We then examined the effects of 200-Hz doublet stim-
ulation on tetanic (70 Hz) Ca2+ release under similar 
conditions to Cheng et al. (2013) (i.e., using a high-af-
finity Ca2+ indicator and sampling at 500 Hz). However, 
we used laser-scanning microscopy instead of photome-
try and the Ca2+ indicator Fluo-4 instead of indo-1. 
Fluo-4 (Kd for Ca2+: ∼345 nM; Paredes et al., 2008) has a 
similar reported affinity for Ca2+ to indo-1 (Kd for Ca2+: 
∼250 nM; Grynkiewicz et al., 1985). At 500-Hz sampling 
frequency, we found a qualitatively similar apparent in-
crease in the initial peak Ca2+-related fluorescence after 
doublet stimulation to that reported previously by 
Cheng et al. (2013) (Fig. 3, representative of three ex-
periments). However, with the enhanced signal-to-noise 
of laser-scanning microscopy compared with photome-
try (Edwards et al., 2012), it was possible to resolve indi-

Figure 2. E ffect of the doublet stimulation (200 Hz) on tetanic force responses elicited in intact EDL muscles. (A) An example 
of force traces elicited after exposure to 10 stimulation pulses at 70 Hz in the absence and presence of an initial 200-Hz doublet. The 
arrow shows the time point where Cheng et al. (2013) stopped stimulating their intact fiber preparation and shows why a difference 
in peak force was observed in that study and not the present study; i.e., force had not plateaued in Cheng et al. (2013). (B) The 
effect of doublet stimulation on peak force production (% control) at different time points during the tetanic force response. (C) The 
effect of doublet stimulation on normalized force production (% of maximal force). (D) The time taken for the doublet force response 
to rise to 25%, 50%, 75%, and 100% of maximum force, expressed as a percentage of the control response. Data are presented as 
means ± SEM. *, P < 0.05.
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vidual Ca2+ spikes within the tetanus. In the control 
tetanus, each of the 10 stimulation events resulted in 
individual Ca2+ spikes (Fig. 3 A), whereas in the doublet 
transient, the 10 stimulation pulses resulted in only 
nine peaks (Fig. 3 B). The apparent fusion of the initial 
two Ca2+ transient peaks activated by the doublet 
(Fig.  3  B) is a likely result of sampling below the Ny-
quist frequency.

To verify that our imaging system (5 LIVE; ZEI​SS) was 
capable of accurately tracking [Ca2+]C (t) during 
high-frequency stimulation in fast-twitch muscle fibers, 
we line-scanned isolated fibers at 111 µs/line using the 
low-affinity Ca2+ indicator Mag-Fluo-4, while applying 
twin field pulses in the range 200–1,000 Hz. The use of 
a low-affinity dye at high temporal resolution allowed 
the [Ca2+]C (t) to be resolved, as clearly shown by the 
twin Ca2+ spikes at each stimulation frequency (Fig. 4 A). 

Furthermore, importantly, in each case the secondary 
stimulus did not produce a Ca2+ peak higher than that 
triggered by the first. This indicates that the amount of 
Ca2+ released by the first action potential must be sig-
nificantly greater than the second, suggesting that CDI 
was occurring under these conditions.

The amount of Ca2+ released in response to the sec-
ond of a pair of stimuli was quantified using the model 
of Ca2+ kinetics (described in Materials and methods). 
This was undertaken by iteratively scaling the amount 
of Ca2+ released in response to the second pulse until a 
match was achieved between the amplitudes of the mea-
sured and simulated Ca2+ transient peaks arising from 
the second stimulus. A comparison of the experimental 
and simulated Ca2+ transients is provided in Fig. 5 (A 
and B) and the relative Ca2+ release in response to the 
second of the two stimuli is shown in Fig. 5 C. The anal-
ysis indicates that the amount of Ca2+ released by the 
second stimulus pulse, expressed relative to that re-
leased by the first stimulus, was between 15 and 25%, 
for pulse intervals between 1 and 4 ms. A small addition 
of Ca2+ to the myoplasm by the second stimulus pro-
duced a relatively large Ca2+ transient because the fi-
ber’s rapid Ca2+-buffering capacity is reduced by the 
binding of Ca2+ released by the first stimulus to TnC, 
ATP, and parvalbumin. The simulated force responses 
(Fig. 5 D) showed that a second stimulus could increase 
peak force by ∼30% compared with the response to a 
single stimulus. The basis of this effect, in terms of the 
model used, is a doublet-induced increase in the frac-
tion of TnC molecules with two Ca2+ bound to the regu-
latory binding sites (Fig. 5, E and, in more detail, F). 
After a single stimulus, the proportion of TnC with 2 
Ca2+ bound reached a peak of 60%; this was increased 
to 70% by the addition of a second stimulus pulse 2 ms 
after the first (Fig. 5 F).

We then imaged Ca2+ transients during control and 
doublet tetani using the stimulation protocol of Cheng 
et al. (2013) under the conditions established in Fig. 4 A. 
Control tetani at 70 Hz resulted in Ca2+ transients that 
were similar in shape to those reported previously for fast 
type IIb/IIx fibers under similar conditions (Fig.  6  A; 
Calderón et al., 2011). When a 200-Hz doublet stimulus 
was inserted at the start of the tetanus, a second Ca2+ spike 
was clearly delineable from the first spike (Fig. 6 B). In 
all fibers, the initial single large Ca2+ spike was followed 
by Ca2+ spikes that did not reach a peak higher than the 
initial one (Fig. 6, A and B). The main effect of doublet 
stimulation was to minimize the drop in [Ca2+]cyto (t) be-
tween the first three Ca2+ spikes in the doublet response 
(Fig.  6  C). There was no significant difference in the 
amplitude of the initial Ca2+ spike elicited after doublet 
or control stimulation (initial doublet Ca2+ spike: 111.6 
± 4.2% of initial control 70-Hz response; n = 6).

The basis of the effects of the doublet stimulation on 
Ca2+ transients and force development were analyzed 

Figure 3. E ffect of doublet stimulation on Ca2+ transients 
measured in interosseous fibers using Fluo-4 at a sampling 
frequency of 500 Hz. Arrows indicate timing of the first two 
stimulation pulses. (A and B) Fibers were exposed to 10 stimu-
lation pulses at 70 Hz in the absence (A) and presence (B) of an 
initial 200-Hz doublet stimulation.
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using the model. As discussed in the Introduction, the 
interval between stimulus pulses affects the amount of 
Ca2+ released in response to the second, and subse-
quent, pulses. With constant 70-Hz stimulation, 45% as 
much Ca2+ was released by the second stimulus as by the 
first. In contrast, using the doublet stimulation pattern 
with the first and second pulses 5 ms apart, the second 
pulse liberated only 33% as much Ca2+ as the first pulse. 
The effects of this on the binding of Ca2+ to TnC, which 
underlies force development, are shown in Fig.  7  B. 
After the initial high-frequency doublet, the concentra-
tion of TnC molecules with both Ca2+-binding sites oc-
cupied is greater between 5 and 15 ms after the first 
stimulus than with constant frequency stimulation 
(Fig. 7 B, compare dashed and solid lines). This trans-
lated into more rapid force development; the modeling 
indicated that the time taken for force to develop to 
50% of maximum is reduced with doublet stimulation 

from 31 to 23 ms (Fig.  7  D). The simulation further 
shows that the more rapid increase in force is sustained 
so that force output was higher throughout the 150 ms 
of stimulation (Fig.  7  D, inset). As expected, Ca2+ re-
lease measurements showed a greater CDI-related de-
crease in SR Ca2+ release in response to the second 
stimulus pulse of the doublet tetani compared with the 
control; however, Ca2+ release in the doublet response 
returned to control levels shortly after and remained 
similar to controls for the rest of the response (Fig. 7 E).

Di  s c u s s i o n

The results of this study show that 200-Hz doublet stim-
ulation results in significant increases in the rate of 
force development and the initial amplitude of result-
ing force responses, leading to the powerful “ballistic” 
contractions reported previously under these condi-

Figure 4. E ffect of stimulation frequency on doublet-induced changes in cytoplasmic free Ca2+. (A) An overlay of a Ca2+ tran-
sient activated by a single stimulation pulse and various doublet Ca2+ transients measured at stimulation frequencies ranging from 
200 Hz to 1 kHz. Measurements were made using the low-affinity Ca2+ indicator Mag-Fluo-4 and confocal line scanning at 111 µs/
line. (B) The minimum fluorescence between Ca2+ spikes expressed as a percentage of the peak of the Ca2+ transient activated by a 
single stimulation pulse (*, significantly different to 1 kHz; #, significantly different to 500 Hz; n = 4 fiber; P < 0.05). Data are presented 
as means ± SEM.
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tions (Desmedt and Godaux, 1977; Van Cutsem et al., 
1998). However, our findings indicate that high-fre-
quency doublet stimulation does not result in an in-
crease in peak free Ca2+ in fast-twitch skeletal muscle 
fibers, in contrast to previous studies (Duchateau and 
Hainaut, 1986; Abbate et al., 2002; Cheng et al., 2013), 
but maintains a higher [Ca2+]C (t) for the first 20 ms of 
the tetanic Ca2+ transient (Figs. 4, 5, 6, and 7).

Simulation of the changes in Ca2+ binding to the main 
intracellular Ca2+ buffers during tetanic Ca2+ release 
shows that the main effect of the second response in the 
doublet is to more rapidly increase occupation of the 
second Ca2+-binding site on TnC (TnC2), beyond that 
which was achieved by the first Ca2+ release response. 
The increase in the rate of force development shown in 
this study (Fig. 2 D) ultimately reflects the higher occu-
pancy of TnC2 rather than a change in the rate constant 
for cross-bridge attachment per se, in terms of the 
model used in this study. The increased rate of force 
development reflects the increased modulation of the 
rate constant for cross-bridge attachment and force 
generation induced by the earlier increase in the con-
centration of TnC2. Although the second pulse of the 
doublet increases saturation of TnC2 with Ca2+, consid-
erably less Ca2+ is actually released in response to the 

second pulse in the doublet compared with that re-
leased by the second pulse in a pair of constant, low-
er-frequency pulses (Fig. 5 C). However, because of the 
extent of saturation of the rapid Ca2+ buffers (TnC and 
ATP) by the first pulse in the doublet, even a relatively 
small addition of Ca2+ to the myoplasm in response to 
the second pulse is sufficient to prevent a significant de-
crease in [Ca2+]C and to increase the fraction of TnC 
molecules with two Ca2+ bound. Earlier occupation of 
Ca2+-binding sites on the other cytosolic Ca2+ buffers, 
after doublet stimulation (Fig. 7 C), would also slow the 
rate of post-release Ca2+ decay (Baylor and Holling-
worth, 2003) and consequently prolong Ca2+ occupancy 
of TnC, further contributing to the faster rate of force 
development after doublet stimulation.

Increased saturation of TnC2 underpins the more 
rapid development of force in response to doublet stim-
ulation, as shown in the modeled force responses in 
Fig. 5 D, which are in close agreement with the effects 
of doublet stimulation on force enhancement in intact 
fast-twitch muscles in vitro (Fig. 2 A). It should be noted 
that although our results indicate that doublet stimula-
tion has no effect on peak tetanic plateau force produc-
tion (10 stimulation pulses; Fig. 2 A), stimulation bursts 
with a smaller number of pulses, such as those typically 

Figure 5.  Analysis of Ca2+ transients in 
response to pairs of pulses. (A) Averaged 
records of [Ca2+]C in response to a single 
pulse (lower record) and pairs of pulses at 
1-, 2-, 3-, and 4-ms intervals. Each record 
is the mean of records from four fibers 
normalized by peak value in response to 
first stimulus. (B) Simulated time courses of 
free [Ca2+] in response to the same stim-
ulus patterns used for A. (C) Amount of 
Ca2+ released in response to second stim-
ulus expressed relative to that released by 
first pulse. (D) Simulated time courses of 
force output in response to a single stimu-
lus (labeled “T”) or pairs of pulses (upper 
traces). Note the different time scale to 
other graphs. (E) Simulated time courses 
of the concentration of TnC with two Ca2+ 
bound (Tn-Ca2). The total concentration 
of sites is 120 µM. (F) Detail from E, high-
lighting the increase in [Tn-Ca2]. Provision 
of a second stimulus increased above that 
achieved in a twitch and close to saturation 
(i.e., [Tn-Ca2] = 120 µM).
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found in fast-fatigable motor units (Hennig and Lømo, 
1985), will increase peak tetanic force output, as shown 
in Cheng et al. (2013).

Modeling of the effects of high-frequency doublets on 
Ca2+ release shows that CDI is extremely rapid in fast 
twitch fibers, markedly decreasing Ca2+ release during 
the second response of the doublet to 15–20% of initial 
SR Ca2+ in <1 ms (Fig. 5 C). The degree of CDI found in 
this study under tetanic conditions, where Ca2+ release 
during the second pulse of burst was ∼33% of the first for 
the doublet (5-ms pulse interval) or 45% of the first for 
controls (15-ms pulse interval), was very similar to the 
values reported recently by using a different experimen-
tal approach (Barclay, 2012). Barclay (2012) estimated 
SR Ca2+ release during tetanic stimulation from ATP 
turnover–derived SR Ca2+ reuptake measurements made 
in the absence of cross-bridge cycling and found that 
Ca2+ release during the second pulse of a tetanus was 
∼30% of that occurring in response to the first pulse for 
a 5-ms pulse interval and ∼40% of the first for a 15-ms 
pulse interval. The values found here are also in the same 
range as those reported by Baylor and Hollingworth 
(2007), who developed the modeling methodology used 
in this study, where 25% as much Ca2+ was released in 
response to the second stimulus compared with the first 
for a 15-ms interpulse period (based on Ca2+ transients 
measured at 16°C). The results of this study also indicate 
that the magnitude of CDI elicited by the doublet (5-ms 
pulse interval) returns to control levels by the third pulse 
of the 10-pulse protocol and remains relatively constant 
during the rest of the response, in keeping with previous 
findings using different methodology (Barclay, 2012). 
Overall, these results suggest that CDI provides a finely 
tuned negative feedback mechanism that matches SR 
Ca2+ release to inter-pulse stimulus duration, in order to 
provide the minimum Ca2+ release required to maintain 
significant occupation of TnC2 with Ca2+.

In this study, we showed that fibers responded to stim-
ulation frequencies of up to 1 KHz with two clear Ca2+ 
release events (Fig. 4 A), which to the best of our knowl-
edge is the first time this ability has been reported in 
skeletal muscle. However, our simulation data suggest 
that doublet stimulation rates in the range 200–1,000 
Hz will all result in similar increases in TnC2 binding 
(see Figs. 5 E and 7 B), suggesting that doublet frequen-
cies >300 Hz would not further increase force enhance-
ment (Fig. 5 D) and would be of little functional value. 
In keeping with this, doublet frequencies in vivo are 
usually around 200 Hz. For example, in humans, mean 
doublet frequencies have been shown to be around 180 
Hz (Christie and Kamen, 2006), whereas in fast muscle 
of rats, mean doublet frequencies between 160 and 290 
Hz have been reported (Gorassini et al., 2000). In fact, 
high doublet frequencies (>250 Hz) may be detrimen-
tal. Burke et al. (1976) measured muscle force output 
and electromyography (EMG) in response to mo-
tor-neuron doublet stimulation and reported a decrease 
in force enhancement and a reduction in the EMG re-
sponse to the second stimulation pulse at pulse intervals 

Figure 6. T he effect of doublet stimulation (200 Hz) on Ca2+ 
transients measured in interosseous fibers using Mag-Fluo-4 
(sampling every 111 µs) during tetanic activation at 70 Hz. 
(A) Stimulation at 70 Hz resulted in Ca2+ transients that exhib-
ited a larger initial Ca2+ spike, after which peak Ca2+ gradually 
decreased to a uniform lower level. The minimum fluorescence 
values between Ca2+ spikes (expressed as a percentage of the 
minimum fluorescence between the final two Ca2+ spikes in the 
Ca2+ transient) gradually increased to a plateau. (B) The pres-
ence of a doublet (Db), indicated by the arrow, produced two 
clear Ca2+ spikes in response to the doublet action potentials, 
but had no effect on peak Ca2+. (B and C) Doublet stimulation 
resulted in a persistent increase in the minimum fluorescence 
values between the initial three Ca2+ spikes (**, significantly dif-
ferent to control, P < 0.01). Data are presented as means ± SEM.
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of 4 ms or less. Given that our findings indicate the loss 
of EMG is unlikely to be caused by an inability of the 
fiber to react to the second stimulus, higher frequency 
doublets may be ineffective because of a failure of neu-
rotransmission at these high stimulation frequencies, at 
least in sedentary animals.

In summary, the results of this study show that dou-
blet stimulation results in maintained higher values of 
[Ca2+]C (t) during the early portion of tetanic Ca2+ re-
lease (Fig.  6  C). Our results and others (Baylor and 
Hollingworth, 2007, 2012) indicate that the enhance-
ment of skeletal muscle force production can be fully 
explained by the increased Ca2+ availability in the cyto-
plasm resulting from doublet stimulation and its main 
effect to rapidly increase the saturation of TnC2. Finally, 
these findings do not support the existence of any dou-
blet-induced “catch-like” process of force enhancement 
in fast-twitch skeletal muscle. Rather, doublet activation 
works through the normal force-summation mecha-
nism, where it acts to significantly increase the rate of 
force development during the early phase of contrac-
tion and, presumably, more powerful force responses 
under isotonic conditions. Therefore, a more appropri-
ate description than catch-like for the effects of doublet 
stimulation on force production would be doublet-in-
duced rapid summation.
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centration of TnC with both Ca2+-binding regulatory sites occu-
pied by Ca2+. (C) Concentration of Ca2+ in the SR and bound to 
parvalbumin (Pv) and bound to ATP. (D) Force output during the 
initial force development. The more rapid force development 
in response to the doublet stimulation is apparent. The arrow 
indicates the time at which the second stimulus was delivered in 
the doublet protocol. The inset shows the time course of force 
development for 150 ms after the first stimulus, encompassing 
all 10 stimuli delivered. (E) SR Ca2+ release as a percentage of 
initial Ca2+ release in response to constant frequency and dou-
blet stimulation during the 10-pulse tetanic stimulus.

Figure 7. S imulated responses to constant frequency and 
doublet stimulation. Simulations of constant frequency stimu-
lation (70 Hz) are shown with solid lines, and simulations of the 
response to doublet stimulation (two pulses at 200 Hz followed 
by eight at 70 Hz) are shown with broken lines. (A) Free Ca2+. 
The time scale encompasses the first three stimuli only. (B) Con-
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