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Abstract
Extraocular muscles (EOMs) have unique calcium handling properties, yet little is known about
the dynamics of calcium events underlying ultrafast and tonic contractions in myofibers of intact
EOMs. Superior oblique EOMs of juvenile chickens were dissected with their nerve attached,
maintained in oxygenated Krebs buffer, and loaded with fluo-4. Spontaneous and nerve
stimulation-evoked calcium transients were recorded and, following calcium imaging, some
EOMs were double-labeled with rhodamine-conjugated alpha-bungarotoxin (rhBTX) to identify
EOM myofiber types. EOMs showed two main types of spontaneous calcium transients, one slow
type (calcium waves with 1/2max duration of 2–12 s, velocity of 25–50 μm/s) and two fast “flash-
like” types (Type 1, 30–90 ms; Type 2, 90–150 ms 1/2max duration). Single pulse nerve
stimulation evoked fast calcium transients identical to the fast (Type 1) calcium transients.
Calcium waves were accompanied by a local myofiber contraction that followed the calcium
transient wavefront. The magnitude of calcium-wave induced myofiber contraction far exceeded
those of movement induced by nerve stimulation and associated fast calcium transients.
Tetrodotoxin eliminated nerve-evoked transients, but not spontaneous transients. Alpha-
bungarotoxin eliminated both spontaneous and nerve-evoked fast calcium transients, but not
calcium waves, and caffeine increased wave activity. Calcium waves were observed in myofibers
lacking spontaneous or evoked fast transients, suggestive of multiply-innervated myofibers, and
this was confirmed by double-labeling with rhBTX. We propose that the abundant spontaneous
calcium transients and calcium waves with localized contractions that do not depend on
innervation may contribute to intrinsic generation of tonic functions of EOMs.
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1. Introduction
The extraocular muscles (EOMs) perform a diverse range of functions that include superfast
saccades as well as slow tonic movements (Eggers, 1992; Spencer and Porter, 2006). EOMs
can contract and relax extremely fast, with speeds that are similar to those of ultrafast sound-
producing muscles. EOMs sustain individual twitch contractions at frequencies of 300–400
Hz without complete tetanic fusion (for review, see Li et al., 2011). The very fast
contraction-relaxation cycles of EOMs differ from those in limb skeletal muscle.

The duration of muscle contraction depends primarily on changes in cytosolic free Ca2+

concentration that increases rapidly and initiates contraction (Berchtold et al., 2000). Total
muscle Ca2+ content is up to 40-fold higher in EOMs than in limb skeletal muscle (Porter
and Karathanasis, 1999). Fast contracting muscles must be capable of rapid relaxation, and
indeed, the key calcium pump (calcium ATPase, SERCA) is abundantly expressed in the
sarcoplasmic reticulum (SR) of EOMs (Jacoby and Ko, 1993; Porter and Karathanasis,
1999). The extraordinarily fast contraction and relaxation of EOMs are correlated with the
superior ability of EOMs to maintain calcium homeostasis (Khurana et al., 1995; Andrade et
al., 2005; Zeiger et al., 2010). Ca2+ in EOMs is amplified by the SR but differs from limb
skeletal muscles in ryanodine receptor composition (O'Brien et al., 1993) and in gene
expression for proteins involved in calcium homeostasis (Fischer et al., 2002; Zeiger et al.,
2010).

One major question is how calcium handling contributes to the diverse functions of EOMs.
EOMs not only contract and relax rapidly, but they are also composed of two different types
of myofibers, singly-innervated myofibers, SIFs (~80–90%), and multiply-innervated
myofibers, MIFs (~10–20%). The MIFs are thought to be tonic fibers that primarily produce
slow, graded tension and are involved in fine foveating movements (Eggers, 1992; Spencer
and Porter, 2006). Traditional concepts of eye movements teach that mechanically simple
EOMs rotate the globe under explicit neural control of every kinematic nuance. Recent work
on orbital biomechanics and pulley theory challenges this concept and emphasizes the role
of peripheral biomechanics in tasks previously believed to be micromanaged by brainstem
neurophysiology (Demer, 2006; Miller, 2007). Despite the rapid contraction and relaxation
speed of EOMs and their unique tonic functions, little is known about calcium transients in
intact EOMs. To our knowledge, calcium transients have only been imaged in EOM
myotubes in culture (Zeiger et al., 2010) and in whole EOM (Andrade et al., 2005), but not
in individual myofibers in intact EOMs.

Here we examined calcium transients in EOMs from chicken and additional mammalian
species (mouse, rabbit) using fluo-4 (Gee et al., 2000). We focused much of our work on
chicken, because the avian superior oblique muscle is easier to prepare into nerve-muscle
preparations suitable for electrical stimulation and calcium imaging. Detailed information is
available about muscle force, number of endplates, motor neurons, and myofibers in chicken
EOMs of this age (Sohal et al., 1985; Hatton and von Bartheld, 1999; Croes and von
Bartheld, 2005; Baryshnikova et al., 2007; Croes et al., 2007; Li et al., 2010, 2011). We
describe two types of spontaneous and nerve-stimulation evoked calcium transients in avian
EOMs, and we compare their physiological and pharmacological characteristics with the
range of calcium transients previously reported in developing mammalian myotubes in
culture (Flucher and Andrews, 1993; Jaimovich et al., 2000; Powell et al., 2001; Eltit et al.,
2004; Campbell et al., 2006; Casas et al., 2010). We provide evidence for abundant
spontaneous activity in EOMs, including calcium waves in MIFs with surprisingly large
contractions – larger than nerve-stimulated contractions of SIFs. These findings open new
and exciting avenues to better understand how EOMs may implement complex mechanical
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articulations without exquisite brainstem control, as postulated by modern theories of orbital
biomechanics (Demer, 2006; Miller, 2007).

2. Material and methods
2.1. Animals

We used sixty male chickens at the age of 6–24 days after hatching (Hatchery: Ideal Poultry
Breeding Farms, Cameron, TX), three C57BL/6 mice (two adults and one infant nine-day-
old pup), and two New Zealand white male rabbits (2–3 kg; Western Oregon Rabbit Co,
Philomath, Oregon). Animals were kept in cages with constant temperature and humidity in
a ventilated room with a 12 hour light/dark cycle. Food and water were provided ad libitum.
The Institutional Animal Care and Use Committee of the University of Nevada, Reno
approved these experimental procedures.

2.2. Muscle dissection
Chickens were killed by decapitation, mice by isoflurane inhalation and cervical dislocation,
and rabbits by an intravenous overdose of euthasol. From each chicken, the right superior
oblique muscle was collected between posthatch days 6 and 24. This extraocular muscle
(EOM) was gently dissected from the orbit, together with the distal inserting sclera and the
proximal inserting bone fragment, and with the distal 1–1.5 cm of the innervating trochlear
nerve intact. After dissection, the entire nerve-muscle preparation was placed into a Sylgard-
lined 10 cm Petri dish containing oxygenated Krebs buffer. The adipose and connective
tissues surrounding the EOM were carefully removed. In order to flatten the muscle in the
dish, 3–4 medium-sized pins (50 μm diameter) were inserted through the sclera piece and
the bone fragment, and 2–4 micropins (20 μm diameter) were inserted into both the medial
and lateral edges of the muscle. The EOMs were dissected and pinned to the dish in their
entirety (from proximal tendon to distal tendon). The trochlear nerve was straightened and
pinned onto the dish (Fig. 1A). The superior oblique muscles from infant and adult mice and
adult rabbits were collected using a similar method as described above. Care was taken to
free the muscle from the cartilaginous trochlea. In muscles obtained from mice, fewer pins
were used due to the smaller size of the EOM.

2.3. Fluorescent dye loading, electrical stimulation and imaging
All procedures were conducted either at room temperature or at 37°C. After dissection,
EOMs were incubated in 50 nM fluo-4 AM (Molecular Probes, Eugene, OR), dissolved in
0.02% dimethyl sulfoxide (DMSO) and 0.01% of the non-toxic detergent Cremophor EL
(Sigma-Aldrich, St. Louis, MO) for 20–60 minutes at room temperature (see Bayguinov et
al., 2010). Then the tissues were rinsed with fresh oxygenated Krebs buffer for 10 minutes
to remove excessive dye. Fluowas excited at 488 nm using Lambda LS (Sutter Instrument
Company, Novato, CA) on a Nikon Eclipse E600FN upright fluorescence microscope that
was equipped with a Nikon Fluor 20x water-immersion lens. The scope was also equipped
with a TRITC filter (530–560 nm excitation, 590–650 nm emission) to visualize rhodamine-
conjugated α-bungarotoxin (rhBTX, see below). Real-time videos were recorded using an
Andor iXON +897 camera (Andor Technology, Belfast, UK). Images were acquired using
Andor Solis 4.14 (Andor Technology, Belfast, UK) at 32 Hz for 1000 or 3000 frames with a
resolution of 512 × 512 pixels (410 × 410 μm). EOMs displaying spontaneous calcium
transients were recorded, then stimulated with a Grass SD9 stimulator (Grass Medical
Instruments, West Warwick, RI) by applying either a single electrical pulse (15–30 Volt, 0.2
ms duration) or a train of pulses (5–25 Hz) to the innervating nerve. The Krebs–Ringer
bicarbonate solution contained (in mM): NaCl, 120.35; KCl, 5.9; NaHCO3, 15.5; NaH2PO4,
1.2; MgCl2, 1.2; CaCl2, 2.5; and glucose, 11.5 (continuously gassed with 3% CO2–97% O2,
pH 7.3–7.4) and was maintained at either 37°C or 22°C (room temperature). In selected
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cases, the whole EOM or the distal EOM segment (outside the endplate area) was treated
with rhBTX (2 μg/ml) at the end of the experiment (after recording Ca2+ activity), and the
myofibers of interest within the same view field were recorded using the TRITC
fluorescence filter on the microscope.

To reduce the amplitude of the mechanical contraction after nerve stimulation, we pre-
treated some EOMs with N-benzyl-p-toluene sulphonamide (BTS, 10 μM, Tokyo Chemical
Industry Co, LTD, Japan). Although this treatment reduced muscle contractions as expected
(Pinniger et al., 2005; Caputo and Bolanos, 2008), it interfered in our EOMs with the
calcium events (reduced spontaneous activity and reduced nerve-evoked calcium transients,
data not shown), despite the relatively low dose used (Hollingworth et al., 2008), and
therefore we did not routinely use BTS in our protocol.

2.4. Image processing and analysis
Raw Solis.tiff stacks were analyzed on a MacPro desktop computer (Apple Inc., Cupertino,
CA) using an in-house analysis software (Volumetry6a & VolumetryG7mv, G. W. Hennig).
Movement of tissues in both the x and y direction were tracked, and the stacks were
stabilized to allow for Ca2+ signals in individual regions of interest (ROIs) to be measured.
Fluo-4 signals are reported as average intensity inside a ROI in 16-bit intensity units (i.u.).
We constructed spatio-temporal maps (ST maps; e.g. Figs. 2B, E; 3B, C; 4B, D) by drawing
rectangular ROIs over areas and averaging pixel intensities perpendicular (default) or
parallel (indicated in text) to the long axis of the myofibers (see Bayguinov et al., 2010). The
length and velocity of slow Ca2+ transients were calculated by applying a threshold to
demarcate calcium waves followed by particle analysis (diameter and length; see Fig. 4 for
example). We define propagating slow Ca2+ transients to be synonymous with “calcium
waves.” Demarcated Ca2+ waves were used to create spatio-temporal (ST) objects using an
iso-surfacing (marching cubes) algorithm. Duration of the calcium transients was measured
at half maximum intensity level (1/2max).

2.5. Treatment with pharmacological agents
EOMs were screened under the fluorescent microscope for regions with well-loaded straight
muscle fibers and frequent fast spontaneous activities (mostly within the distal segment as
shown in Fig. 1). The Petri dish was then secured to the stage to prevent movement.
Thereafter, videos of baseline (control) activity were recorded. After several recordings, one
of the following inhibitors or other pharmacological agents were added to the dish: 2-
aminoethyl diphenyl borate (2-APB), caffeine, lidocaine, ryanodine or tetrodotoxin (Sigma,
MI, USA); carbonyl cyanide p-(trifluromethoxy)phenyl-hydrazone (FCCP, Tocris MI,
USA); alpha-bungarotoxin (Invitrogen, Carlsbad, CA, USA) or tetramethylrhodamine-
conjugated alpha-bungarotoxin (rhBTX, Molecular Probes, Eugene, OR, USA), with final
concentrations described in the text. Electrical stimuli were applied to the nerve trunk to
verify the effects of various channel inhibitors.

2.6. Statistics
The n values represent the number of animals on which observations were made. Regression
analysis and frequency histograms were performed using Excel (Microsoft, Redmond, WA).
One-way ANOVA and Scheffe post-hoc tests were used for statistical comparisons. A
p<0.05 was considered significant.

3. Results
We focused our analysis on the “flat” distal segment of the extraocular muscle (EOM) that
inserts on the globe, where the myofibers fan out and form a relatively thin layer (Fig. 1A).
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The trochlear nerve was clearly visible, including its nerve fibers branching throughout the
proximal and middle segments (Fig. 1A). Most of the myofibers in the chicken EOMs
contained fluo-4 after dye loading, as shown in Fig. 1B. Myofibers were similarly dye-
loaded in mouse and rabbit EOMs (data not shown). A total of 38 chicken EOMs, three
mouse EOMs and one rabbit EOM were successfully analyzed, with 10–15 videos for each
muscle, each video of 32 seconds duration, containing about 30–50 myofibers per field of
view (FOV). Most of the data we present are derived from superior oblique EOMs of 7–20
day old chickens, unless indicated otherwise. Spontaneous calcium transients were seen in
most of the chicken EOMs, and also in developing, early postnatal mouse EOM. In chicken
EOMs, we observed two main types of calcium transients. The first were relatively
abundant, rapid (“flash”-like) transients, presumably involving the entire myofiber (Fig. 2A–
C and supplementary material: video 1). The second were less frequent, propagated at slow
velocities, and were localized to distinct segments of the myofibers (see Fig. 2D–F and
supplementary material: video 2). We use the terminology “calcium waves” for these slowly
propagating calcium transients.

3.1 Ca2+ waves
Slowly propagating Ca2+ transients were seen in about 20% (total >200 myofibers) of the
examined muscles. These waves lasted 2–12 s and had a relatively fast upstroke, long
“plateau” period, followed by a slow exponential decline in Ca2+-induced fluorescence back
to resting levels (see Fig. 2F). Calcium waves occurred in myofibers of all sizes and were
not restricted to large- or small-sized myofibers. The entire wave propagated along the
imaged region of the myofiber at a velocity of 17–62 μm.s−1 (mean of 34.4 ± 5.2 μm.s−1,
SEM), but the speed could be highly variable even within individual myofibers (Fig. 3A–C).
Interestingly, the longitudinal length of the Ca2+ wave that propagation increased. Analysis
of the propagation velocity (leading edge of the transient) and longitudinal length of calcium
waves revealed an exponential relationship (R2 = 0.85; Fig. 3D). Repetitive Ca2+ waves
were only occasionally observed (see asterisks in Fig. 3C). Ca2+ waves often propagated in
both directions away from the site of initiation (see “V-shaped” ST-objects towards the
bottom of Fig. 3C and supplementary material: video 2). In several other cases, calcium
waves traveling in opposite directions towards each other collided and annihilated each
other (data not shown).

Most calcium waves were associated with a local myofiber contraction that followed the
leading edge of the calcium wave after a short delay (200–400 ms; see Fig. 4A–B, E).
Curiously, as long as the propagation velocity of these Ca2+ waves was slow, the contraction
initiated by the leading edge of the Ca2+ wave distorted the myofiber before the remainder
of the Ca2+ transient had time to propagate past that position, creating a “teardrop” effect
(see silhouettes in Fig. 4F). Shape analysis of Ca2+ waves (diameter encoded as a color in
ST map; Fig. 4F) showed that the position of the maximum circumferential dilation (~50%
greater than resting diameter; most likely due to longitudinal compression) was located
further towards the rear of the wave when the velocity of propagation increased (see
separation of normal diameter “green” areas and dilated “red” areas at the top of the ST map
in Fig. 4F). However, the time between an area of a myofiber being first exposed to high
Ca2+ levels and the time at which it reached maximal circumferential dilation was relatively
constant (0.6–0.8 s). This type of analysis allows us to quantify distortion of individual
myofibers within the syncytium when traditional particle tracking methods cannot be used.
This is important for future work that will attempt to better understand how contractions in
individual myofibers contribute to overall force generation in EOMs (see discussion).

Calcium waves sometimes originated and propagated away from a region that displayed
“spark-like” activity (similar to “fast-localized transients” FLT, Flucher and Andrews, 1993)
at the myofiber membrane (supplementary material: video 4). On multiple occasions, the
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wave originated from a site that appeared to be localized close to innervating nerve fibers
(either visualized as small active irregularly shaped structures adjacent to myofibers, or
verified by subsequent demonstration of en-grappe innervation through rhBTX double-
labeling; see below and Fig. 5). However, there was no consistent relationship apparent
between en-grappe innervation and the origination of the calcium wave, and nerve
stimulation did not evoke these slow waves (see below).

3.2. Fast Ca2+ transients
Fast spontaneous Ca2+ transients were observed in nearly all of the 38 chicken EOMs
examined (Fig. 6A, B). They were absent in the three adult mammalian EOMs, but were
seen in one limb skeletal muscle. They were similar to previously described “action
potential (AP)-induced calcium transients” in chick and mouse myotubes (Flucher and
Andrews, 1993), except that they were shorter in 1/2max duration (typically about 30–150
ms) than the transients of 200–500 ms duration reported by Flucher and Andrews (1993).
The occurrence of the fast Ca2+ transients in individual myofibers was variable
(approximately 1–20/min), however their occurrence over the entire FOV (about 40
myofiber segments) could be as high as three transients per second (see supplementary video
1). Fast Ca2+ transients were seen both at 37°C as well as at room temperature. They
propagated at a velocity that exceeded the acquisition rate of the camera (32 fps) and
therefore must be equal to, or exceed 13 mm.s−1 along a myofiber. Spontaneous fast calcium
transients did not evoke any measurable myofiber contraction in our preparation (data not
shown).

Analysis of the waveform of 350 fast Ca2+ transients revealed two types of fast Ca2+

transients based on their duration. Type-1 fast Ca2+ transients had a 1/2max duration of <90
ms, while Type-2 fast Ca2+ transients had a 1/2max duration of >90 ms as revealed by the bi-
phasic distribution in Fig. 6E. Using Rayleigh's criterion for resolution to distinguish
between two Gaussian curves, the separation between the two peaks is sufficient (i.e. dip is
> 26.4%) to recognize them as two distinguishable curves. Similarly, the 1/2max durations of
Ca2+ transients evoked by nerve stimulation had a unimodal distribution that closely
resembled the Type-1 distribution and was distinct from the Type-2 distribution. Overall, the
Type-1 fast Ca2+ transients comprised approximately half of the fast spontaneous transients.

The two types of fast transients were occasionally observed in the same myofiber and
therefore do not correlate with distinct myofiber types. Fast Ca2+ transients, of either type,
rarely occurred simultaneously in adjacent myofibers, and did not seem to be correlated with
each other. Fast transients would be expected only in MIFs, not in SIFs, since MIFs
typically do not generate action potentials (APs, Jacoby et al., 1989; Eggers, 1992).
Consistent with this expectation, we did not observe simultaneous or subsequent occurrence
of fast and slow Ca2+ transients, despite careful analysis of about 200 cases of slow Ca2+

transients (calcium waves) and about 10 times more cases of fast transients. Thus, these data
support the notion that MIFs rather than SIFs exhibit calcium waves, while only SIFs can
propagate APs and fast (evoked and spontaneous) calcium transients.

Rapid, “flash”-like calcium transients could be evoked by electrical stimulation of the
trochlear nerve. Stimulation with a single pulse typically and reliably resulted in a rapid
calcium transient that appeared to be identical to the characteristics of the spontaneous
Type-1 fast calcium transients (Fig. 6C, D and white bars in E). There was little indication
of fatigue in EOMs when trochlear nerves were stimulated with frequencies of 1 Hz for 90
seconds (Fig. 7A). At stimulation frequencies at 10–15 Hz, the fast transients followed the
stimulation (all peaks visible). When a more rapid train of pulses was delivered (20 Hz), a
pattern was observed that shows an intermediate stage between partial and complete
“fusion” (Fig. 7B), as has also been reported in skeletal muscle (Baylor and Hollingworth,
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2012). Figure 7C shows responses from a mouse EOM to electrical stimulation of the nerve;
similar data were obtained for chicken EOMs. Not all myofibers across the EOM were
activated by electrical stimulation. Unlike the fast calcium transients, there was no
indication that nerve stimulation evoked calcium waves. In one case, nerve stimulation
showed calcium release within MIF-type en-grappe nerve endings, but this did not result in
either fast calcium transients or calcium waves within the myofiber (data not shown). Single
twitch and train-pulse evoked calcium transients resulted in only minimal myofiber
contraction (movement) in presumptive SIFs in our isometric preparation (Fig. 4C–E,
supplementary material: video 3), in contrast to the substantial movement that was induced
by calcium waves in presumptive MIFs (Fig. 4A–B, E).

3.3. Physiological and morphological analysis of calcium waves
To confirm the notion that slow calcium transients occurred predominantly in MIF-type
rather than SIF type myofibers, the whole EOM or the distal EOM segment (outside the
endplate area) was treated with rhBTX after recording Ca2+ activity, and the myofibers of
interest within the same view field were recorded using the TRITC fluorescence filter on the
microscope. Treatment with rhBTX produced labeling of myofibers that was typical for en-
grappe innervation (Hess, 1961; Hess and Pilar, 1963), and individual MIFs were identified
based on this label. Images were then superimposed with frames from the previous movies
of the calcium activity in the same field of view to identify the type of myofiber (MIF or
SIF). Figure 5 (and supplementary material: video 4) show an example of such double-
labeling. We demonstrate that MIF-type myofibers display calcium waves, but we cannot
exclude the possibility that some SIF-type myofibers also display slow calcium transients, as
the absence of rhBTX-label along a restricted myofiber segment does not allow one to
conclude that it is a SIF-type myofiber. This possibility, however, seems unlikely, because
we did not observe a single convincing case of a myofiber with a calcium wave that
displayed a spontaneous or evoked fast transient in a previous or subsequent recording
session, as mentioned above.

3.4. Neurally-mediated activation of calcium transients
To determine the mechanisms involved in the generation and propagation of the observed
calcium transients, we tested the effects of several key pharmacological agents. Tetrodotoxin
(TTX; 2–5 μM) was applied directly to the nerve stump and along the nerve trunk during the
recording of spontaneous activity as well as prior to nerve-stimulation of the muscle. TTX
abolished nerve-evoked fast calcium transients in less than 3 minutes (data not shown), but
did not have an effect on spontaneous (either fast or slow) activity, even after prolonged
(10–16 min) diffusion and equilibration of the TTX throughout the muscle. We also tested
lidocaine (2 mM for 3 min) which blocks some TTX-resistant sodium channels. Similar
effects as those observed after the addition of TTX were observed. Since MIFs in EOMs do
not generate propagating action potentials (Jacoby et al., 1989; Eggers, 1992), it is unlikely
that fast spontaneous calcium transients occur in MIFs. Alpha-bungarotoxin (αBTX;
nicotinic acetylcholine receptor blocker, 2 mM low dose, or 5 mM high dose) was used to
determine whether the spontaneous or evoked fast calcium transients required
neuromuscular transmission utilizing the nicotinic acetylcholine receptor. Spontaneous and
nerve-evoked fast calcium transients were abolished in the αBTX treated EOMs (n=3),
indicating that activation of the acetylcholine receptor on the postsynaptic endplate is
required for spontaneous and nerve-stimulation evoked fast calcium transients. The αBTX
did not abolish the calcium waves, demonstrating that activation of the nicotinic
acetylcholine receptor is not required for the spontaneous slow transients (calcium waves),
while this receptor is essential for the nerve-evoked and spontaneous fast transients. Leakage
of acetylcholine from the endplate (Eggers, 1992) appears to be sufficient to induce
spontaneous calcium transients, but such leakage in a non-quantal fashion obviously
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requires functional acetylcholine receptors to induce APs in SIF-type myofibers of EOMs.
Since calcium waves induced robust localized myofiber contractions (Fig. 4A–B, E), we
measured and directly compared the movement of individual myofibers elicited either by a
calcium wave or an evoked twitch or tetanic stimulation. As shown in Fig. 4E, the calcium
wave-evoked contraction of myofibers (presumptive MIFs) was substantially larger than the
nerve stimulation-evoked contraction of (presumptive) SIFs. These findings suggest, but do
not prove, that calcium wave-induced MIF contraction, and not only nerve-evoked
contractions, may be functionally relevant.

3.5. Role of intracellular calcium stores
Calcium release from the SR is thought to be required for the spontaneous and nerve-evoked
calcium transients. When we applied a high concentration of ryanodine (10 μM), dye
intensity levels rapidly saturated. This seemed to eliminate both spontaneous (slow and fast)
and evoked fast calcium transients and often also caused muscle contraction. The rapid
saturation limited the use of the drug in making conclusions about the mechanism. Caffeine
potentiates calcium-induced calcium release in limb skeletal muscle myotubes (Flucher and
Andrews, 1993). To determine whether caffeine has a similar effect in EOM myofibers as it
does in skeletal muscle, we used either a low dose (2 mM) or a higher dose (5 mM). At the
low dose, caffeine induced Ca2+ waves in less than 1 minute. With the high dose of caffeine,
myofibers became saturated with calcium (myofibers turned completely “white”), similar to
the effect of ryanodine. Therefore, the response to caffeine in whole EOMs differs
significantly from that of cultured myotubes (Klein et al., 1992; Flucher and Andrews, 1993;
Endo, 2009).

Since many EOM myofiber types contain an unusually large amount of mitochondria,
thought to be a major calcium store (Fischer et al., 2002; Andrade et al., 2005), we examined
whether mitochondria contribute significantly to the calcium transients we observed in
EOMs. When we applied the mitochondrial inhibitor FCCP (1 μM; uncoupler of oxidative
phosphorylation in mitochondria; Caputo and Bolanos, 2008), there was no effect on
transients in individual myofibers (data not shown), but after a 2–4 minute delay, the
baseline calcium-induced fluorescence increased and the amplitude of transients decreased
with tetanic stimulation of pulses at 10 Hz (Fig. 7D). Mitochondrial calcium handling may
have a role in EOM myofiber activation, although this effect appears to occur only at higher
frequencies of activation.

To determine whether IP3-gated intracellular calcium stores may be involved in the
generation of the calcium waves (Powell et al., 2001), we applied 2-APB, an inositol 1,4,5-
trisphosphate (IP3) receptor blocker (100 μM; Johnston et al., 2005). This drug was
previously shown to be equally effective as xestospongin in inhibiting chicken muscle IP3
receptors (Jordan et al., 2005). 2-APB had no effect on the generation of calcium waves in
EOMs (data not shown).

4. Discussion
The current study was undertaken to characterize the types of calcium transients present in
myofibers of intact juvenile extraocular muscles (EOMs). We found that EOMs contain
distinct types of calcium transients, two fast types and one slow type, and that the slow
calcium transients (calcium waves) elicit remarkably robust localized myofiber contractions.
We propose that the localized contractions elicited by the calcium waves may contribute to
the tonic, gaze-holding functions of EOMs, some of which are now believed to be intrinsic
EOM responses, not directly controlled by neural input (Demer, 2006; Miller, 2007).
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EOMs differ from limb skeletal muscles in that they have a unique composition of
myofibers: singly and multiply innervated fibers (SIFs and MIFs respectively, Spencer and
Porter, 2006), and they display extremely short contraction/relaxation cycles (Li et al.,
2011). Their enhanced calcium handling capacities are believed to enable or assist these
functions (Porter and Karathanasis, 1999; Andrade et al., 2005; Zeiger et al., 2010). Previous
studies on EOMs have been limited to the examination of calcium transients in whole
muscle (Andrade et al., 2005) or immature models (cultured myotubes, Zeiger et al., 2010).
In our work, we have examined spontaneous and nerve-stimulation evoked calcium
transients in single, identified mature myofibers in a syncytium which greatly increases the
spatial and temporal characterization of these events. We made use of inherent advantages
of avian EOMs for calcium imaging; chicken EOMs, in particular the superior oblique
muscle, can be readily dissected with the trochlear nerve intact, allowing us to assess
calcium transients and contractions elicited by nerve stimulation rather than direct muscle
stimulation. Due to the spread and thinning of the distal segment of the EOMs over the
globe, it is not necessary to skin or peel off individual myofiber bundles for imaging, as is
commonly done for limb skeletal muscle (Andrade et al., 2005, but see Casas et al., 2010;
Baylor and Hollingworth, 2012). The use of 7–20 day old chickens corresponds to the age
when the oculomotor system is largely mature (Croes et al., 2007).

Multiple types of calcium transients
Previous work has identified multiple types of calcium transients in skeletal muscle, with
considerable variability between animal species, muscle cell types, ages, and in-vitro versus
in-vivo conditions (Flucher and Andrews, 1993; Jaimovich et al., 2000; Powell et al., 2001;
Eltit et al., 2004; Campbell et al., 2006; Cheng and Lederer, 2008; Hollingworth et al., 2008;
Casas et al., 2010). Spontaneous calcium transients differed in duration, amplitude,
propagation velocity and pharmacological properties. Evoked calcium transients are
primarily of the faster types (Table 1). Our study focused on the “global transients” rather
than the discretely localized sparks or embers (Schneider and Ward, 2002; Csernoch, 2007;
Cheng and Lederer, 2008). We demonstrate abundant spontaneous calcium transients in 1–3
week old chicken EOMs, in contrast to adult mammalian skeletal muscle that lacks
spontaneous activity, unless myofibers are substantially modified (e.g., enzyme-dissociated,
dialyzed, cut, permeabilized, cultured, or subjected to osmotic stress, Cheng and Lederer,
2008; Hollingworth et al., 2008; Endo, 2009). We discuss two types of calcium transients in
EOMs: slowly propagating calcium transients (calcium waves) and fast “flash”-like
transients (either spontaneous or nerve stimulation-evoked).

Calcium waves
A variety of slow Ca2+ transients have been described in skeletal myofibers (Table 1). The
duration of the slow transients (2–12 s) we observed falls between the shorter caffeine-
induced “wave” (1–2 s, Flucher and Andrews, 1993) or “short duration transient,” SDT (1–2
s, Campbell et al., 2006) and the much longer “long duration transient,” LDT (25–84 s,
Campbell et al., 2006, Table 1) or the delayed “slow signal” (NLT, Eltit et al., 2004, Casas
et al., 2010, >200 s, Table 1). Thus, calcium waves in chicken EOMs are distinct from those
in limb skeletal muscle. Some of these differences may reflect the different degrees of
differentiation of cultured myotubes (slower calcium uptake) vs. mature myofibers (more
rapid calcium uptake).

In previous studies, delayed and slow calcium waves (25–200 s) in cultured myocytes were
found to be ryanodine-insensitive, but IP3 receptor dependent (Jaimovich et al., 2000;
Powell et al., 2001; Eltit et al., 2004; Campbell et al., 2006; Casas et al., 2010). This differs
from calcium waves in EOMs that were not reduced by the IP3 receptor blocker 2-APB. The
calcium waves observed in our study were similar to (although of longer duration than)
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those described in limb skeletal muscle myotubes after the addition of caffeine (Flucher and
Andrews, 1993).

While calcium waves have been previously described, they are often considered preparation
artifacts of cultured and isolated, denervated myofibers, and most of such slow calcium
transients were not accompanied by local myofiber contractions and movement. Therefore,
since we imaged minimally manipulated myofibers within intact tissue and at physiological
temperature, it is important to emphasize that our work provides some of the strongest
evidence to date that calcium waves do occur in vivo and are not necessarily artifacts. In
previous work, although caffeine-induced waves showed contractions (Flucher and
Andrews, 1993), calcium waves in limb skeletal myotubes did not elicit contractile activity
(Jaimovich et al., 2000). Our work on EOMs is the first to demonstrate that spontaneous
slow calcium transients in intact myofibers are accompanied by robust localized
contractions. The distortion produced by calcium wave-induced contractions in an active
myofiber was considerably greater than those elicited by fast transients (Fig. 4A–E) and
could be detected in adjacent myofibers at a distance of up to 30 μm, consistent with reports
that myofibers in the EOM are coupled within an elastic network (Demer et al., 1995;
Osanai et al., 2009). The lack of appreciable movement in SIFs after twitch or tetanic nerve
stimulation illustrates the difference between a calcium wave-induced localized MIF
contraction and an isometric contraction in a pinned EOM preparation. At the point of
maximal wave-induced contraction (located at some distance behind the leading edge of the
Ca2+ wave) there was a pronounced increase in the diameter (“dilation”) of the myofiber
that impacted upon the adjacent myofibers. This is likely due to longitudinal compression
that causes the cell to “bulge” out circumferentially at the site of maximal stress. While it
has been shown that Ca2+ is involved in the regulation of cell volume (McCarty and O'Neil,
1992), these changes take minutes to reach maximal effect (~20% Δ volume; Liu and
Persson, 2005) and are unlikely to explain the rapid and localized expansion and
“contraction” back to normal diameters (<2 s) that we observed in response to calcium
waves. The characteristics of the “teardrop”-shaped Ca2+ waves offer a way to measure
distortions in single active myofibers in intact EOMs without using surface markers or other
fixed landscape points.

As mentioned above, only SIFs but not MIFs propagate APs; therefore, myofibers with
spontaneous or evoked fast calcium transients most likely are SIFs. To confirm that Ca2+

waves were indeed localized to MIFs, we double-labeled some EOM preparations with
fluorescent α-bungarotoxin (rhBTX) after calcium imaging. We found that MIF-type
innervation is present in some myofibers that showed Ca2+ wave activity (Fig. 5). Calcium
waves in MIF-type myofibers are consistent with the notion that MIFs are involved in tonic
contractions, even though they lack propagated action potentials (Chiarandini and Stefani,
1979; Jacoby et al., 1989). Accordingly, although we do not have direct evidence, we
propose that calcium waves may contribute to the tonic adjustments of eye position that are
believed to be carried out by MIF-type myofibers (Eggers, 1992; Spencer and Porter, 2006).
Ca2+ waves observed in our study occurred asynchronously across multiple myofibers and
even within individual myofibers, similar to the graded, tonic pattern of activity in postural
skeletal muscles (e.g. soleus; Mosher et al., 1973), blood vessels (Jaggar et al., 2000) and
intestinal smooth muscle (Hennig et al., 2002). The summation of a large number of slow
asynchronous contractions in individual myofibers may enable the EOM to maintain a
specific degree of tonic contraction even in the presence of fast saccadic movements. While
traditional models of ocular motility assumed that the brainstem precisely controls every
aspect of eye movement, modern theories of orbital biomechanics postulate that some
features of the EOMs are capable of operating without direct brainstem control (Demer,
2006; Miller, 2007). One may envision that calcium waves and their tonic contractions
contribute to function within pulley mechanics, maintaining vector forces in response to
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local conditions and requirements, or they may help to optimize myofiber length (Scott,
1994). It should be explored whether calcium waves and local contractions may be involved
in differences between horizontal rectus motoneuron behavior and horizontal rectus EOM
force (Miller et al., 2011). Although speculative at this point, calcium wave-induced
contractions independent of direct neural control may contribute to mechanisms by which
the peripheral effector organ operates within such a model of orbital biomechanics. Future
studies will address this possibility.

Fast calcium transients
The fast Ca2+ transients we observed (30–150 ms 1/2max duration) were similar in duration
to the “FLT” transient (50–200 ms; Flucher and Andrews, 1993; Campbell et al., 2006), but
those we observed occurred throughout entire cells, rather than being discretely localized as
previously reported (Flucher and Andrews, 1993; Campbell et al., 2006). They were also
considerably shorter in duration compared to the action potential (AP)-induced transient
(200–500 ms in duration; Flucher and Andrews, 1993), and the so-called “fast signal” (1000
ms; Eltit et al., 2004; see Table 1). In our study, two types of fast Ca2+ transient could be
distinguished based on their half maximal duration, which we named Type-1 and Type-2.
Their significance is currently unclear, but they do not appear to be correlated with distinct
myofiber types, since both subtypes were found in the same myofiber. The mechanism
underlying the two types of fast Ca2+ transients is unlikely to be due to multiple APs
prolonging the event, as more than two peaks would be expected in the frequency
distribution corresponding to different numbers of APs if this were the case. Faster
acquisition rates may allow us to better distinguish waveform differences between Type-1
and Type-2 fast Ca2+ transients. Note that most other studies did not use 1/2max duration
calculations to estimate the duration of calcium transients (Table 1).

The properties of the fast Ca2+ transients we saw in EOMs are consistent with AP-induced,
acetylcholine-receptor dependent calcium release from SR as they were abolished by α-
bungarotoxin (αBTX). Since MIFs do not generate propagating muscle APs (Chiarandini
and Stefani, 1979; Jacoby et al., 1989; Eggers, 1992), both spontaneous and nerve-evoked
fast transients would be expected to occur in SIFs rather than MIFs. Indeed, we did not
observe a single convincing myofiber with both slow and fast calcium transients, consistent
with the notion that only SIFs generate APs and propagate fast calcium transients, while
only MIFs have calcium wave activity (Jacoby et al., 1989; Spencer and Porter, 2006). TTX
and lidocaine rapidly eliminated nerve-evoked calcium transients. The failure to block
spontaneous fast transients with these drugs is most likely due to differences in sodium
channels, including TTX sensitivity, between nerve and muscle (Bondi et al., 1986). The
function of spontaneous activity in EOMs is unclear, but such intracellular Ca2+ transients
may regulate biochemical pathways, gene expression and plasticity (McCormick, 1999).

In previous work, the mitochondrial uncoupling agent FCCP reduced calcium signals in
whole EOM (Andrade et al., 2005). In our study, FCCP had a relatively small, but consistent
effect on elevating the baseline in individual myofibers after tetanus-like stimulation,
indicating that mitochondrial buffering of calcium may be involved in its sequestration
(Vanden Berghe et al., 2002). However, given the lack of effects on individual transients,
mitochondrial calcium buffering does not seem to be a major factor in the generation of fast
Ca2+ transients. Calcium waves were not assessed for the effect of FCCP, and it is possible
that mitochondria are involved as previously shown in mammalian skeletal myotubes
(Eisner et al., 2010).
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Calcium handling and growth factors
Little is known about the mechanisms that would explain why calcium handling in EOMs is
so efficient compared to other skeletal muscles, but increasing evidence indicates that
growth factors such as insulin-like growth factor-1 (IGF-1) are involved. IGF-1 is expressed
at significantly higher levels in EOMs than in other skeletal muscles (Fischer et al., 2002;
Feng and von Bartheld, 2011). IGF-1 prevents the age-dependent decrease in charge
movement and intracellular calcium in skeletal muscle (Wang et al., 2002), induces
intracellular calcium signals (Espinosa et al., 2004), and regulates transcription of
dihydropyridine receptors as well as parvalbumin – both of which control calcium
(Renganathan et al., 1997; Latres et al., 2005). Further, IGF-1 shortens the half-relaxation
time of EOM contraction (Li et al., 2011). We are currently examining how growth factors
affect calcium transients in EOMs. Our preliminary data indicate that IGF-1 acutely and
dramatically increases calcium waves in EOMs. Abnormal trophic feedback may be
involved in strabismus (von Bartheld et al., 2010). Strabismic EOMs were shown to contract
slower than normal EOMs (Lennerstrand, 2007), and strabismic human EOMs significantly
down-regulate several calcium-related genes (Altick, Feng, Schlauch, Johnson, von
Bartheld, manuscript submitted). A better understanding of calcium handling in EOMs may
inform about the causes or parameters of EOM dysfunction in strabismic conditions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Extraocular myofibers display two types of spontaneous calcium transients

• Slow calcium transients can generate local myofiber contractions

• Slow calcium transients occur in multiply-innervated myofibers

• Extraocular muscles may use slow calcium transients to adjust tonic functions
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BULLET POINTS

• Extraocular myofibers display two types of spontaneous calcium transients

• Slow calcium transients can generate local myofiber contractions

• Slow calcium transients occur in multiply-innervated myofibers

• Extraocular muscles may use slow calcium transients to implement tonic
functions
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Fig. 1.
A–B. Extraocular muscle (EOM) preparation and fluo-4 loaded myofibers. A. A chicken
superior oblique EOM is pinned to the bottom of a 35-mm dish (dorsal surface). The
trochlear nerve is indicated and its branching fibers in the proximal and middle segments are
clearly visible. The transition from myofiber to tendon is apparent by the lighter color of the
tendon. The thickness of the EOM decreases from proximal to distal. The relative size of the
field of view (FOV) used for calcium imaging is shown by the dashed square in the distal
region. The larger rectangle within the square represents the size of the image in (B). B.
Representative image of fluo-4 dye-loaded extraocular myofibers in the distal segment of a
superior oblique muscle from a 9-day old chicken.
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Fig. 2.
A–F. Two main types of Ca2+ transients observed in chicken extraocular muscle (EOM). A.
An example of a field of view (FOV) from the distal region of a chicken EOM loaded with
fluo-4. Fast Ca2+ transients were observed in this region and were measured in one muscle
fiber (see dashed rectangle). The intervals between these fast Ca2+ transients and their
amplitudes were variable as shown in the spatiotemporal (ST) map (B) and time course (C).
In contrast, slow Ca2+ transients (calcium waves) only occurred in distinct segments of a
myofiber (see asterisk in FOV in D) and propagated slowly in the longitudinal axis. In this
example, a calcium wave was initiated in a myofiber towards the bottom of the FOV (see
arrowhead in the ST map in E) and propagated in both directions. Ca2+ waves had much
greater amplitudes and durations (10–20×) compared to the fast Ca2+ transients (F).
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Fig. 3.
A–D. Characteristics of Ca2+ waves. A. Field of view (FOV) showing a Ca2+ wave in an
individual EOM myofiber. The propagation of the Ca2+ wave was unusually variable and
slowed down dramatically towards the top of the FOV as shown in the ST map in B. The
pattern of propagation of all (12) Ca2+ waves in the FOV is represented by ST objects in C.
Note that very few myofibers displayed more than one Ca2+ wave during the recording
period of 32 s (see asterisks in C), and that Ca2+ waves initiated within the FOV often
traveled in both directions along the myofiber away from the site of initiation (“V-shaped”
ST objects). The relationship between the longitudinal length of a Ca2+ wave and its
velocity was exponential (D).
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Fig. 4.
A–D. Ca2+ waves and contractions. A and C show fields of view (FOV) of chicken EOM
preparations. An ST map was constructed by averaging the fluorescence intensities
perpendicular to the long axis of adjacent myofibers in the area encompassed by the white
dashed rectangle (B and D). A Ca2+ initiated in the rightmost myofiber (arrowhead in ST
map in B) that caused a contraction after a delay of ~200 ms (blue trace in E). The
contraction was more easily measured in the leftmost myofiber as the distance between the
two white tracking rectangles in A. Fast Ca2+ transients evoked by a train of electrical
impulses (C and ST Map in D) did not result in any appreciable distortion of muscle fibers
(see E, magenta trace). The distortion due to longitudinal contraction could also be
visualized by examining the shape of the Ca2+ wave as shown in F. The “bulging” of the
myofiber, most likely due to longitudinal compression, was maximal 0.6–0.8 s after elevated
Ca2+ levels were detected. The diameter of the myofiber made visible by the Ca2+ wave was
color-coded, such that the normal resting diameter of the myofiber (~10 μm) was colored
green and dilated regions were colored red (15–17 μm; see F). In this example, the Ca2+

wave propagated from the bottom to the top of the FOV at different speeds (see silhouettes
at 0, 2.2 and 4.5 s in F), resulting in an elongation of the “teardrop” shape at higher
velocities.
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Fig. 5.
Ca2+ waves and myofiber innervation. Panels (0–3 s) show the initiation (see arrowhead)
and propagation (see dashed white line) of a calcium wave upwards from a region in an
individual myofiber. The preparation was subsequently double-labeled with rh-aBTX and
was shown to contain typical “engrappe” innervation (red fluorescence) close to the site of
initiation of the calcium wave (see asterisk). This provides direct evidence that slow calcium
transients occur predominantly, if not exclusively, in MIF-type myofibers.

Feng et al. Page 22

Exp Eye Res. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
A–E. Spontaneous and nerve-evoked fast Ca2+ transients. A shows a FOV from which an
ST map was constructed by averaging Ca2+ intensities in myofibers parallel to their long
axis (see dashed rectangle). B shows the pattern of fast Ca2+ transients over time in ~15
active myofibers. Note the variable intensity and interval of fast Ca2+ transients both within
individual myofibers (a single horizontal row) and between multiple myofibers (multiple
rows). C shows a FOV in an experiment in which four pulses of electrical nerve stimulation
were applied (~ every 5–8 s). Note the synchronous activation of many myofibers in the ST
map shown in D. The frequency histogram of half-maximal duration shows a bi-phasic
distribution (E; black bars) with two peaks located at ~75 ms and ~110 ms and a trough at
~90 ms. Faster events (<90 ms) were described as Type-1, and slower events (>90 ms) as
Type-2 fast Ca2+ transients. Nerve-evoked fast Ca2+ transients were predominantly Type-1
(<90 ms). Histogram data were compiled from 350 transients examined in seven EOMs.
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Fig. 7.
A–D. Nerve-evoked stimulation of EOMs by a single pulse and train of pulses. A. Graph
shows consistent amplitude of transients, without any significant fatigue, in a chicken EOM
that was stimulated for 90 seconds with a 1 Hz pulse train, 30V. B. Traces of higher
frequency stimulation (2 seconds duration, bar) with a train of pulses at 5, 10, and 20 Hz
(from left to right) in a chicken EOM. Note the undulating amplitudes and increases in
baseline with increasing frequencies. C. Traces of calcium transients evoked by two separate
single pulses (triangle), followed by a train of pulses (at 10 Hz, for 4 seconds, bar) in an
adult mouse EOM. Note again the undulating amplitudes during the train of pulses. D. The
mitochondrial uncoupler, FCCP, increases the baseline and reduces the amplitude in EOMs
after a 4 min delay, when stimulated with a train of pulses at 10 Hz for 3 seconds (bar). In
all traces, the y-axis shows relative fluorescence in intensity units (i.u.).
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