
Abstract The spatiotemporal properties of the Ca2+

release process in skeletal muscle fibres were determined
using a confocal spot detection system. The low-affinity,
fluorescent Ca2+ indicator Oregon Green 488 BAPTA-5N
(OGB-5N) was used to record localized, action potential-
induced fluorescence signals from consecutive locations
separated by 200 nm within a single sarcomere. Three-
dimensional reconstructions of the Ca2+ transients
illustrated the existence of fluorescence domains around
Ca2+ release sites, which are centred at the T-tubules. By
constructing isochronal plots, it was estimated that the
earliest detectable full width at half-maximum (FWHM)
of the Ca2+ domains was 0.77±0.08 µm and increased
rapidly with time to 1.4±0.04 µm at peak (17–18 °C). A
delay of 0.64±0.1 ms was observed between the onset
of the fluorescence transients at the Z- and M-lines.
Deconvolution of fluorescence transients gave estimates
of approximately 9 and 2 µM for the peak [Ca2+] changes
at the Z and M-lines, respectively. Our results are
compatible with the possibility that action potential
stimulation elicits Ca2+ release from a region of the sarco-
plasmic reticulum (SR) broader than the T-SR junction.
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Introduction

One of the key steps in fast skeletal muscle excitation-
contraction (E-C) coupling is the process by which Ca2+ is
released from the terminal cisternae (TC) of the sarco-
plasmic reticulum (SR) in response to electrical depolari-
sation of the transverse tubular system (T-system). It is

believed currently that Ca2+, stored at a high concentration
in the lumen of the TC, is released into the myoplasm
through ryanodine receptor (RyR) channels activated by
direct contact with T-tubule dihydropyridine receptors
(DHPR) in response to a change in membrane potential
[15, 34]. The structures supporting the Ca2+ release
phase of E-C coupling are proposed to be junctional sites
known as triads, or T-SR junctions, where RyR and
DHPR are presumed to be linked through protein-protein
interactions [4, 36].

Under physiological conditions, the electrical signal
for Ca2+ release in the muscle fibre is an action potential
(AP) that spreads longitudinally through the sarcolemma
and radially through the membranes of the T-system [1,
2, 19, 23]. In frog skeletal muscle fibres, the T-SR
junctions are remarkably well aligned with the Z-lines
delimiting every sarcomere [9, 32, 41]. Consequently, in
this preparation, APs can be expected to elicit early
increases in [Ca2+] at regions of the sarcomere close to
the Z-line and smaller, more delayed changes at more
remote regions (M-lines) [5].

The localization of the sites of Ca2+ release to the
Z-lines in frog skeletal muscle fibres was demonstrated
experimentally for the first time in 1994 using a spot
detection method and fluorescent Ca2+ indicators [11].
Subsequently, this has been confirmed with other optical
techniques designed to reveal intra-sarcomeric gradients of
free [Ca2+] during SR release [5, 20, 29]. The potentially
important observation that the initial AP-elicited [Ca2+]
increase at the M-line was not delayed significantly
relative to that at the Z-line (Z-M delay, [11]) has
remained a debatable issue in recent years [11, 20, 29].

The overall goal of the present experiments was to
assess quantitatively the spatiotemporal properties of
Ca2+ distribution within a single sarcomere in frog skeletal
muscle fibres following physiological AP stimulation.
To this end, we improved the spot detection methodology
[11] in several different ways. The confocality was
improved to the diffraction limit inherent to an epifluores-
cence system [40]. A high-resolution micropositioning
and focusing system was used to move the stage of the
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microscope and to focus the specimen. Low-affinity indi-
cators afforded minimal distortion of the kinetic features
of the localized Ca2+ transients [7, 8, 13]. Staining the fibre
with the potentiometric dye 1-(3-sulphonatopropyl)-4-{β[2-
(di-N-octylamino)-6-naphthyl]vinyl}pyridinium betaine
(di-8 ANEPPS [23]) provided an in vivo comparison
between the fluorescence profiles of the T-tubules with
those of the Ca2+ distribution at any given time. The
specific aims were to determine the spatiotemporal
properties of AP-induced domains detected using an
improved confocal spot detection system and a low-
affinity Ca2+ indicator and to measure accurately the
Z-M delay in highly stretched muscle fibres.

One of the main conclusions of this study is that, in
response to AP stimulation, Ca2+ was released from
regions of the sarcomere centred at the T-tubules, but
with a broader spatial distribution than the T-SR junction.
Interestingly, the full width at half-maximum (FWHM)
of AP-induced Ca2+ domains, measured at the peak of
the release (~1.4 µm, 5 ms after stimulation at 18 °C) is
similar to that found for Ca2+ sparks attributed to the
opening of few RyR channels [16, 25]. The full duration
at half-maximum (FDHM) of localized, AP-induced
Ca2+ transients measured at the Z-line (6.1±0.3 ms at
18 °C) is also comparable to that of Ca2+ sparks [17].

Materials and methods

Electrophysiological methods

The inverted double-grease gap experimental chamber used here,
as well as the procedures for isolation and mounting of segments
of fibres from the semitendinosus muscle from Rana catesbeiana,
have been described previously in detail [19, 40]. APs were
filtered at 10 kHz with an 8-pole Bessel filter (Frequency Devices,
Haverhill, Mass., USA) and digitized at 25–50 kHz using a
PCI-MIO-16XE-10 data acquisition board (National Instruments,
Austin, Tex., USA).

Solutions

Ringer’s solution (in mM): 114 NaCl; 2.5 KCl; 10 3-(N-morpholino)
propanesulphonic acid, Na+ salt (MOPS-Na); 1.8 CaCl2; 10 dextrose.
Isotonic high K (in mM): 85 K2SO4; 10 MOPS. Internal solution
(in mM): 110 aspartate-K; 20 MOPS-K; 1 MgCl2; 5 Na2-phospho-
creatine; 5 K2-ATP; 0.1–2.5 EGTA; 0.1 mg/ml creatine phospho-
kinase. The osmolality and pH of the solutions were adjusted to
250 mOsmol kg–1 and 7.0, respectively.

Optical set-up

The stage-scanning confocal microscope was constructed around an
inverted epifluorescence microscope (model IM, Zeiss, Oberkochen,
Germany), preserving the standard bright-field and non-confocal
fluorescence capabilities. For confocal measurements, the beam
(488 nm) from an Ar laser (model 95, Lexel Laser, Fremont,
Calif., USA) was focused onto a 5-µm pinhole (PH-5, Newport,
Irvine, Calif., USA). The pinhole image was projected using a
5× objective through the illumination port of the microscope. A
505DRLP dichroic mirror (Omega Optical, Brattleboro, Vt., USA)
directed the excitation light to a 100× high-NA oil-immersion
objective (Plan Fluor 100, 1.3 NA, Nikon, Tokyo, Japan) which
focused it to a 0.6-µm spot on the preparation. The fluorescence

image of the illumination spot was collected with the same lens,
passed through a 515-nm long-pass emission filter (Omega Optical)
and centred on a 50-µm pinhole (04PIP013, Melles Griot, Irvine,
Calif., USA) used to mask the square active area (200 µm per
side) of a PIN photodiode (HR008, United Detector Technology,
Hawthorne, Calif., USA), which served as the light detector. The
photocurrent was amplified using an integrating patch-clamp unit
(Axopatch 200B, Axon Instruments, Foster City, Calif., USA),
filtered at 2–5 kHz using an 8-pole Bessel filter (Frequency Devices,
Haverhill, Mass., USA), and acquired with the acquisition board
described above. A shutter (22510A1S5, Vincent Associates,
Rochester, N.Y., USA) was used to control the illumination time
of the sample. The experimental chamber and the head-stage of
the current-clamp circuit were mounted on a custom-made micro-
scope stage. Two open-loop motorized drives (860A-2, Newport)
were used for coarse movement of the stage in the x- or y-directions
(orthogonal to the optical axis of the microscope, z-axis). A nano-
translator (Model TSE-150, Burleigh Instruments, Fishers, N.Y.,
USA), driven by an inchworm motor with a closed-loop integral
linear encoder, permitted positioning of the stage along the x-axis
(parallel to the fibre axis) with 50-nm resolution. A 6000ULN
controller (Burleigh) was used to drive the inchworm motor under
computer control using custom-written software in G-language
(Labview, National Instruments, Austin, Tex., USA). This software
also controlled a stepper motor (Z-Axis1, Prairie Technologies,
Middleton, Wis., USA) driving the focusing mechanism of the
microscope (z-axis) with 500-nm resolution.

For standard fluorescence imaging, the light coming from a Hg
lamp (Nikon) was filtered with a 460- to 490-nm excitation filter
(Omega Optical). A moveable mirror (motorized flipper, model
8892; New Focus, Santa Clara, Calif., USA) was used to select
between the argon laser or the Hg lamp. For bright-field imaging,
the preparation was illuminated through a DIC attachment (Zeiss).
Both bright-field and standard fluorescence images were acquired
with a cooled CCD camera (MCD-600, Spectra Source, Agoura
Hills, Calif., USA).

Calibration of the confocal system with fluorescent beads

The lateral (x-y) and axial (z) resolution of the confocal system
was determined in vitro using 0.1- to 2.0-µm-diameter, fluorescently
labelled latex beads (Fluorospheres, size kit #2, Molecular Probes,
Eugene, Ore., USA). The beads were attached to a glass cover-slip
and bathed in water or embedded in 40% glucose and 0.5% agarose
to mimic the refractive index of the fibre [20, 21]. Beads were
scanned in the x- and z-directions in 100- and 500-nm steps,
respectively. Fluorescence intensity as a function of position was
fitted to the Gaussian function:

where xc is the centre, A the amplitude and FWHM the width at
A/2. The lateral resolution of our microscope, determined in this
manner, was 0.3 µm and the axial (z-axis) resolution 0.75 µm.
Both results are in agreement with fluorescence confocal theory
for a 1.3-NA objective [40].

Measurement and analysis of Ca2+-dependent fluorescence
transients

The salt form of Oregon Green 488 BAPTA-5N (OGB-5N, Molecular
Probes), dissolved in the internal solution (200–500 µM), was
added to the cut ends and allowed to diffuse into the muscle fibre
45–60 min prior to optical measurements. To study the spatial
dependence of [Ca2+] changes, the illumination spot was focused
to within 10 µm from the bottom cover-slip and on a variable location
with respect to the fibre’s sarcomere structure. While in this
position, the fibre was stimulated and optical and electrical
transients recorded simultaneously. The fibre was then displaced
100–200 nm along the x-axis and the cycle repeated after 5–10 s
until between three and ten sarcomeres had been scanned. The



combination of stretching and the use of exogenous intracellular
Ca2+ buffers (OGB-5N and EGTA) prevented fibre movement, as
evidenced by direct observation under the microscope and the lack
of movement artefacts in the optical records.

The normalized fluorescence (F) transients, expressed as ∆F/F
[38], were characterized by the following parameters: (1) amplitude
[(∆F/F)peak]; (2) duration, expressed as FDHM; (3) delay time (td),
measured as the period between the time of stimulus delivery (t=0)
and the initiation of the rising phase of the transient, determined as
the first moment at which the fluorescence was sustained for
0.2 ms at 2 SD above the resting fluorescence (Frest); (4) rise time
(rt), defined as the interval between the initiation and the peak of
the transient; (5) maximal rate of change (derivative) of the rising
phase. All these parameters were calculated directly from the
sampled data by a custom-made computer program written in
Delphi (Borland, Scotts Valley, Calif., USA).

To estimate the free [Ca2+] underlying fluorescence transient,
we used the deconvolution formula:

where Fmax and Fmin are the maximum and minimum fluorescence
of the indicator, respectively. Fmax was measured in vivo as
previously described [38]. Fmin was assumed to correspond to the
OGB-5N fluorescence of the resting fibre. This is a reasonable
approximation considering the low affinity of OGB-5N
(Kd=32 µM [7]), and that the average resting [Ca2+] of amphibian
muscle fibres is about 100 nM [27].

T-tubule staining and sarcomere length measurements

To be able to correlate the positional dependence of the Ca2+

transients with specific structures of the sarcomere, the muscle
fibres were stained with the non-permeant fluorescent potentiometric
dye di-8 ANEPPS (Molecular Probes), which specifically labels
the T-system [22, 23].

Experiments involving di-8 ANEPPS were performed using
either dual- or single-staining protocols. In the dual-staining
experiments, the fibres were stained intracellularly with OGB-5N
and subsequently externally with di-8 ANEPPS (1–10 µg/ml in
Ringer) for some 30 min. Confocal spot measurements were
performed as described above to localize the Ca2+-dependent fluores-
cence transients with respect to T-tubule fluorescence. In single-
staining experiments, the fibre was externally perfused for some
30 min with 1–10 µg/ml di-8 ANEPPS in Ringer solution prior to
mounting in the experimental chamber. Fluorescence and bright-field
images of the muscle fibre were acquired with the CCD camera to
provide an accurate determination of the sarcomere length. In
addition, the fibre was scanned with the confocal spot in 100-nm
steps and the fluorescence was acquired at every position. Since in
these measurements the source of fluorescence (the T-tubule)
represents, in principle, a diffraction-limited object [33], it can
be used as a control for the optical resolution of our microscope
in vivo.

Results

Given the importance of the T-tubules in skeletal muscle
E-C coupling, it was important to determine their location
and fluorescence profile under the same conditions under
which Ca2+ detection experiments were performed (see
below). Figure 1A shows a bright-field image of a fibre
stained with di-8 ANEPPS; Fig. 1B its corresponding
standard fluorescence image. As expected, only the
sarcolemma and the T-tubule membranes fluoresced. The
former appeared as a line of high fluorescence at the
border of the fibre; the latter as regularly spaced ribbons

of high fluorescence intensity oriented almost perpendicular
to the border. The space frequency of the T-tubule
structures corresponded to the sarcomere spacing of this
fibre (4 µm). The diffuse background fluorescence seen
in Fig. 1B is out-of-focus light typical of standard images
of a thick preparation [28, 29, 40]. The rejection of the
out-of-focus fluorescence afforded by the use of the
confocal spot detection system can be appreciated in
Fig. 1C and D. Figure 1C is an image depicting the
fluorescence intensity as a function of time and spot
position, constructed from typical stage-scan fluorescence
traces. The total distance scanned was 8 µm, corresponding
to approximately two sarcomeres. It can be seen that the
ratio between the peak fluorescence intensity at the
T-tubules and the baseline is about 10, which is enhanced
significantly compared with Fig. 1B. In addition, the
negligible fluorescence observed in the space between
two adjacent T-tubules demonstrates that there is no
apparent misregistration of sarcomeres above or below
the focal plane of the illumination/detection spot. This is
illustrated quantitatively in Fig. 1D, which corresponds
to a time-average fluorescence profile of the scans in
Fig. 1C. In this figure, the T-tubules appear as very
narrow peaks of fluorescence, the spatial distribution of
which can be readily evaluated quantitatively by fitting
to Gaussian functions. From electron microscopy we
know that diameter of the T-tubules is 20–100 nm [14,
33], which should be small enough to be seen as point
fluorescent objects in a confocal microscope [40].
However, fits of data from several experiments like that
shown in Fig. 1C and D, yield a mean T-tubule FWHM
of 0.49±0.02 (mean±SEM, n=15), significantly wider
than in vitro measurements of 100-nm beads (data not
shown).

Resting OGB-5N fluorescence distribution
and the initiation of Ca2+ release

The Ca2+ indicator Fluo-3 reportedly shows a periodic
resting fluorescent pattern in amphibian muscle fibres,
which has been attributed to differential binding of dye
molecules to intracellular components at the M- and
Z-lines [20, 24, 37]. We studied the resting distribution
of OGB-5N with respect to specific sarcomeric structures.
Figure 2A shows a stage-scan pseudocolour image of the
fluorescence in a single sarcomere (obtained ~90 min
after adding OGB-5N to the cut ends of a muscle fibre),
before and after stimulation. Similar to Fluo-3, the OGB-
5N fluorescence prior to stimulation is not distributed
homogeneously throughout the fibre, but rather in a
banded pattern. However, in contrast to reports with
Fluo-3, two distinct bands of fluorescence are seen in
fibres stained with OGB-5N; a wide band of relatively
high intensity (M-band, Fig. 2A) alternates regularly
with a thinner, less fluorescent band (Z-band, Fig. 2A).
The distance between analogous bands was the same as
the sarcomere spacing, in this case 3.7 µm. Figure 2A
also highlights that AP stimulation elicited a sudden
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increase in fluorescence centred at the Z-band. Figure 2B
shows the intensity profile of the resting fluorescence
distribution in Fig. 2A, obtained by averaging data 10 ms
prior stimulation, and plotting them as a function of the
spot position. The FWHM of the M- and Z-bands,
calculated from these profiles, are 1.6 µm and 0.5 µm,
respectively. The intensity peak at the M-band is approxi-
mately 20% larger that of the Z-band and about 50%
larger than the minimal (background) fluorescence. It
should be pointed out that the banding pattern becomes
more conspicuous as the experiment progresses, and the
results shown in Fig. 2A and B represent an extreme

case to illustrate this phenomenon. Typically, experiments
were conducted when intensity differences between
the peak fluorescence at M-band and the background
fluorescence did not exceed 20%.

To define the correspondence between known sarco-
meric structures and the M-and Z-bands of fluorescence,
we performed dual-staining experiments as described
in Materials and methods. Prior to staining with di-8
ANEPPS, fibres showed the typical OGB-5N fluorescence
distribution as in Fig. 2A. Subsequent staining with di-8
ANEPPS led to a fluorescence pattern like the one
shown, from another fibre, in Fig. 2C. This pattern
reflects the fact that di-8 ANEPPS staining of the T-tubules
overwhelm the resting OGB-5N fluorescence. Conse-
quently, prior to electrical stimulation of the fibre, only
narrow bands of fluorescence are observed at the Z-lines.
Figure 2D shows the intensity profile of the distribution
of the resting fluorescence of the same fibre, obtained by
averaging data 10 ms prior to stimulation and plotting
the average as a function of spot position. This profile is
quite reminiscent of that shown in Fig. 1D, except that
the FWHM of the T-tubule fluorescence peaks are slightly
broader and that the baseline fluorescence is higher, due
to the presence of OGB-5N. Figure 2C clearly shows
that after stimulation, the Ca2+ signal originates from
regions of the muscle fibre centred at the T-tubules.
Given the fact that the Ca2+ signal was also centred at the
Z-band of OGB-5N fluorescence (Fig. 2A), we conclude

Fig. 1A–D 1-(3-Sulphonatopropyl)-4-{β[2-(di-N-octylamino)-6-
naphthyl]vinyl}pyridinium betaine (di-8 ANEPPS) fluorescence
profiles of T-tubules. A Bright-field image of a segment of a
skeletal muscle fibre stained with 10 µM di-8 ANEPPS. B Standard
fluorescence image of the same fibre as A. The calibration bar
applies to both A and B. C Grey-scale image built from fluorescence
traces acquired from 40 adjacent confocal spot positions in a
different fibre. The total acquisition time was 5 ms, beginning
immediately after the opening of the laser illumination shutter to
avoid bleaching decay, and the records were taken at position
separated by 200 nm. The direction of scan is horizontal; time is
vertical. Fluorescence records were obtained while the fibre was
quiescent at a resting potential of –100 mV. The calibration bar
represents 100 grey-scale levels corresponding to fluorescence
range 0–1.3. D Time average of the fluorescence intensity (in
arbitrary units, a.u.) in every record used to make up Fig. 4B, plotted
as a function of the spot position. The solid lines are Gaussian fits
(a and b) to the fluorescence data, one for each T-tubule
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that this Z-band is co-localized with the T-tubule (Z-line)
and that, correspondingly, the M-band is located in the
centre of the sarcomere (M-line). This type of association
was observed in every fibre tested.

Positional dependence of OGB-5N fluorescence
transients

The heterogeneous resting OGB-5N fluorescence, shown
in Fig. 2A and B, manifests itself as a difference in Frest
between records obtained at the Z- and M-lines (Fig. 3A
and B, traces 1 and 10, respectively). This difference in
Frest makes direct comparison between fluorescence
transients recorded at different positions problematic.
Thus, to compensate for the position dependence of the
resting dye distribution, raw fluorescence traces, like
those in Fig. 3A and B, were converted into ∆F/F traces
as described in Materials and methods. Figure 3C shows

Fig. 2A–D Resting Oregon Green 488 BAPTA-5N (OGB-5N)
fluorescence distribution and co-localization with sarcomeric
structures. A Pseudocolour image built from fluorescence traces
acquired from 24 adjacent confocal spot positions (200 nm apart)
from a fibre perfused internally with 500 µM OGB-5N and
2.5 mM EGTA. The arrow indicates the time of stimulation. The
colour calibration bar represents 12 intensity levels ranging from
1.5 to 3.4. B Resting OGB-5N fluorescence intensity profile for
the scans in A. Means±SD of fluorescence values acquired during
the 6 ms prior to stimulation. Temperature: 18 °C. C Pseudocolour
image built from fluorescence traces acquired from 24 adjacent
confocal spot positions (200 nm apart) from a fibre perfused
internally with 500 µM OGB-5N and 0.5 mM EGTA and stained
externally with 10 µM di-8 ANEPPS. The arrow indicates the time
of stimulation. D Profile of fluorescence intensity against position
from scans in C. Means±SD of fluorescence values acquired
during the 6 ms prior to stimulation. The full width at half
maximum (FWHM) of the fluorescence peaks at the T-tubules
were 0.53 (left) and 0.48 (right) µm. Sarcomere spacing: 3.8 µm.
The colour calibration bar represents 23 intensity levels ranging
from 0.2 to 1.4. Temperature: 17 °C. The fluorescence data shown
in A and B were obtained at higher laser intensities than those in
C and D
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a family of transients spanning half a sarcomere from the
Z-line (trace 1) to the M-line (trace 10). As expected,
due to normalization, the ∆F/F transients have a baseline
value of zero. Furthermore, differences in amplitude
between ∆F/F transients obtained at the Z- and M-lines
are larger than those observed with raw fluorescence
transients. In agreement with previous reports [11, 20],
transients recorded at the Z-line are significantly faster
and larger than those recorded at the M-line.

As illustrated in Fig. 3C and D, the kinetic features of
the transients recorded at intermediate locations between
the M- and Z-line vary continuously from their extreme
values at these positions. The fluorescence records
shown on an expanded time scale in Fig. 3D highlight
the existence of a significant delay from the onset of the
AP to the initiation of the fluorescent transients; td ranges
from 2.72 to 3.6 ms for transients spanning from Z- to
M-line. In addition, the onset of the fluorescent transients
is slightly more delayed, by 0.88 ms, at the M-line than
at the Z-line. The rising phase of the evoked transients,

shown in Fig. 3C and D, becomes slower (rt increases
from 2.6 to 4.0 ms) as the recording position moves from
the Z- to the M-line. It should be noted that the falling
phases of the transients do not cross each other and there
is no evidence of secondary release processes following
the peak. The large difference in (∆F/F)peak between
the Z- and the M-line fluorescence transients (3 and
0.7, respectively) demonstrates the existence of large
intrasarcomeric Ca2+ gradients. After ~20 ms these
gradients collapsed, as evidenced by the fact that the
transients fused together at this time. The electrical
traces shown in Fig. 3E and F are the 10 APs that elicited
the fluorescence transients. They are identical to within
1 mV, thus excluding variations of the electrical properties
of the muscle fibre as a possible cause for the position-
dependent variance in the evoked fluorescence transients.

Table 1 gives average parameter values for fluorescence
transients recorded at the Z- and M-lines from four
fibres perfused internally with typical concentrations of
OGB-5N and EGTA, at room temperature. A striking

Fig. 3A–F Positional depen-
dence of OGB-5N transients
detected in a single sarcomere.
A Fluorescence transients
recorded at the M- (trace 1) and
Z- (trace 10) lines from a fibre
perfused internally with
500 µM OGB-5N and 0.5 mM
EGTA. B Same as A, but time
scale expanded. C Normalized
OGB-5N fluorescence (F)
transients (∆F/F) recorded at ten
adjacent positions separated by
200 nm along a line parallel to
the fibre axis. Traces 1 and
10 correspond to the same
fluorescence transients shown
in A and B. D Same as C on an
expanded time scale. E Super-
imposed traces of the ten action
potentials (APs) that evoked
the fluorescence transients
shown in C and D. F Same as
E, but on an expanded time
scale. Arrows denote time of
stimulation. Dotted lines at the
bottom of every panel indicate
zero fluorescence (A, B), zero
∆F/F (C, D) or resting
membrane potential (–100 mV,
E, F). Temperature: 18.7 °C.
Sarcomere spacing 4.0 µm
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difference exists in rt, which is more than double at the
M-line, compared with the Z-line. The kinetic differ-
ences between Z- and M-line transients are highlighted
particularly by the maximal derivative, which varied
from 0.77±0.08 to 0.13±0.01 ms–1, respectively. An
important outcome of the data pooled in Table 1 is that
the mean Z-M delay, calculated as the average of the
differences in td between Z- and M-line ∆F/F transients,
is only 0.64±0.01 ms at ~18 °C.

Table 1 presents values for Ca2+ transient parameters
at the extreme positions of the Z- and M-line. We
thought it worthwhile to explore how these parameters
varied along the sarcomere. Figures 4A and B show
some of the parameters in Table 1 plotted as a function
of the recording position for a representative fibre. The
paired traces in the figure clearly show that the parameters
are periodic functions of position, having peaks and
valleys centred only at the Z- or M-line with smooth
transitions in between. This demonstrates that, from the
point of view of Ca2+ signalling, the Z- and M-lines
represent boundary positions within the sarcomere.
For example, seemingly unrelated parameters such as
(∆F/F)peak and td vary in an equal and opposite manner
with respect to longitudinal position in the sarcomere,
such that the respective maxima are located at the Z- and
M-lines and, conversely, the respective minima at the
M- and Z-lines.

Estimation of AP-evoked [Ca2+] changes
at the Z- and M-lines

To estimate the magnitude of the [Ca2+] changes underlying
localized fluorescence transients, we calibrated the
fluorescence signals as described in Materials and
methods. We calculated peak [Ca2+] of 8.8 µM and 2 µM
for the Z- and M-lines, respectively.

AP-evoked fluorescence domains

The concept of a Ca2+ domain, i.e. a localized increase in
[Ca2+] as a function of space and time, has been introduced
to characterize Ca2+ entry sites in excitable cells [3, 6,
30]. The properties of AP-evoked presynaptic Ca2+

microdomains in a neuromuscular junction preparation
have been determined experimentally recently using
low-affinity Ca2+ indicators and the spot detection method
[8]. Analogously, when AP-evoked OGB-5N ∆F/F
transients are plotted as a function of distance (Fig. 5),

Table 1 Characteristic parameters of Ca2+ transients recorded at
the Z- and M-lines in frog skeletal muscle. Data were obtained
from four fibres perfused internally with 500 µM Oregon Green
488 BAPTA-5N (OGB-5N) and 500 µM EGTA; n is the number of
measurements. Experiments were performed at 17–18 °C. For

parameter definitions see Materials and methods {(∆F/F)peak
normalized peak fluorescence, td delay time, rt rise time, FDHM
full duration at half-maximum, [d(∆F/F)/dt]max maximal rate of
change of the rising phase}

Parameter (∆F/F)peak td (ms) Z-M delay (ms) rt (ms) FDHM (ms) (ms–1)

Location Z M Z M Z M Z M Z M
Mean 1.82 1.08* 2.31 2.99* 0.64 3.05 6.13* 6.10 15.58* 0.77 0.13*
SEM 0.15 0.08 0.17 0.19 0.10 0.14 0.31 0.27 0.70 0.08 0.01
n 38 36 25 25 38 36 38 36 38 36

* P<0.002 vs. values at Z-line (Student’s t-test)

Fig. 4A, B Positional dependence of various properties of OGB-5N
fluorescent transients. A Plots of the delay time (td, filled circles
and solid line) and rise time (rt, open circle and dashed line) vs.
spot position within a sarcomere. B Plots of (∆F/F)peak (filled
squares and solid line) and the maximum rate of change of ∆F/F

( , open squares and dashed line). The solid and

dashed vertical lines mark the positions of the Z- and M-lines,
respectively. The abscissa in B applies for all plots. Sarcomere
spacing 3.9 µm
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a clear portrait of the topology of the inter- and intra-
sarcomeric Ca2+ dynamics can be obtained. There are
defined regions, regularly spaced along the muscle fibre,
in which the Ca2+ release originates and where the [Ca2+]
changes are most pronounced. These regions will be
termed Ca2+ release domains. Figures 5A and B show
different perspectives (3D plot and contour map, respec-
tively) of adjacent Ca2+ release domains spanning
three sarcomeres. They illustrate how the Ca2+ domains
originate in the region of the T-tubules and how they
expand along the longitudinal axis of the fibre. Figure 5A
provides additional evidence that the positional depen-
dence of the ∆F/F transients (as illustrated in Fig. 3C) is
preserved identically across several sarcomeres. The
contour maps presented in Fig. 5B and D demonstrate
that every individual Ca2+ release domain is centred
symmetrically on the Z-line and that the onset of the

∆F/F transient at the M-line is delayed slightly with
respect to the Z-line. Obviously, the resting fluorescence
distribution presented in Fig. 2A is not visible in Fig. 5B
and D due to the ∆F/F normalization. The regular
pattern of the three Ca2+ domains shown in Fig. 5A and
the bilateral symmetry of each of them (Fig. 5B and D)
demonstrate the intrinsic symmetry of the Ca2+ release
regions of the SR with respect to the Z-line. Further-
more, these results indicate that, during an x-axis scan,
the laser intensity required to obtain each AP-evoked
transient did not affect the record obtained from the
adjacent position (separated by 200 nm). In other words,
the intensity of the excitation light was low enough not
to induce significant photodamage to the fibre. However,
this was not always the case and in some occasions
domains were skewed in the direction of the scan; these
results were discarded.

Fig. 5A–D Ca2+-dependent
OGB-5N fluorescence domains.
A, B 3D and contour plots,
respectively, of the Ca2+-depen-
dent OGB-5N fluorescence
transients obtained by moving
the muscle fibre across a
distance of ~13 µm with a
scanning step size of 200 nm.
A and B show the same three
domains. C, D Enlarged view
of the central domain shown in
A and B. The data in A and B
are displayed starting 5 ms
before stimulation, whereas C
and D display data starting
2 ms after stimulation. [OGB-
5N] 500 µM: [EGTA] 100 µM;
sarcomere spacing 4.4 µm;
temperature 17 °C
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An important aspect of the overall process of Ca2+

release in skeletal muscle fibres that becomes patent in
Fig. 5 is the heterogeneous, yet stereotypical, Ca2+ distri-
bution in the myoplasm that persisted for ~20 ms after
AP stimulation. Later on, although the [Ca2+] gradients
dissipated progressively, the [Ca2+] remains elevated
throughout each sarcomere for another ~40 ms (Fig. 5B).
Figure 5C and D shows expanded renditions of the
central domain in Fig. 5A and B to illustrate in more
detail the formation of the Ca2+ domain. It can be observed
that the domain becomes evident ~4 ms after the onset of
the AP as a narrow region of increased ∆F/F that widens
with time, reaching a FWHM of ~1.7 µm at its peak.

The dimensions of Ca2+ release domains

The spatiotemporal properties of Ca2+ release domains
give valuable information about features of the physio-
logical Ca2+ release process, such as the extent and local-
isation of the Ca2+ sources along the muscle fibre and the
diffusion of Ca2+ throughout the sarcomeres. To evaluate
the size and rate of expansion of the domains quantita-
tively, their isochronal cross-sections were fitted to
Gaussian curves to yield their FWHMs [8]. A plot of
isochronal sections obtained at five different times (2.6,
3.0, 3.4, and 4.8 ms after stimulation) during the rising
phase of a Ca2+ domain are shown in Fig. 6A. In the first
2.2 ms, the Ca2+ domain grows in amplitude from a
(∆F/F)peak of 0.3 to 3 and in width from a FWHM of
0.81 to 1.11 µm. Figure 6B shows another sequence of
isochronal sections of the same domain, but in this case
taken during its falling phase (4.8, 7, 9 and 16 ms after
stimulation), demonstrating the gradient dissipation from
a (∆F/F)peak of 3 to 0.81 with concomitant widening
from 1.11 to 1.54 µm. As expected, all the isochronal
spatial profiles are centred and symmetrical about the
same position in the sarcomere (Z-line).

At 18 °C the peak of the Ca2+ release domains
occurred 5.4±0.13 ms (n=38) after the AP stimulation
and 3.05±0.14 ms after the initiation of the transient
(rt, Table 1). At this point, the FWHM was 1.4±0.04 µm
(n=28). Obviously, this value does not directly reflect
the actual size of the Ca2+ release site since the peak

Fig. 6A–C Dimensions and rate of expansion of a Ca2+ release
domain. A Isochronal ∆F/F plots of a single domain obtained at
four different times after stimulation, from 2.6 ms (trace 1) to
4.8 ms, corresponding to the peak time at the Z-line (trace 4). The
FWHM of Gaussian curves fitted to the isochronal data (continuous
lines) were 0.81, 0.84, 0.89 and 1.11 µm for traces 1–4, respectively.
B Isochronal plots of the same domain in A, obtained at three
times after the peak (trace 4). Trace 7 was obtained 16 ms after
stimulation. FWHM of the Gaussian curves fitted to the isochronal
data (continuous lines) were 1.11, 1.36, 1.42 and 1.54 µm for
traces 4–7, respectively. C Plot of FWHM vs. time, demonstrating
the rate of expansion of the domain. Data are the FWHM of
isochronal curves at the given time. The data was fitted with two
straight lines with slopes of 0.15 µm/ms (dashed line) and
0.02 µm/ms (solid line). [OGB-5N] 500 µM; [EGTA] 0.5 mM;
temperature 17 °C; sarcomere spacing 4.0 µm. See text



isochronal measurement was made at a time that allowed
for diffusional expansion of the domain. Using an
approach analogous to the characterization of Ca2+ entry
sites in presynaptic terminals [8], we could estimate the
size of the Ca2+ source at the T-SR junction by measuring
the FWHM of the domain at the earliest time at which it
was detectable. Figure 6C shows FWHM plotted as a
function of the time after stimulation for the same fibre
in Fig. 6A and B. It can be seen that the expansion of the
domain seems to evolve at two different rates. The first
is a fast process that occurs between the onset of the
Ca2+ release and the point at which the Z-line transient
peaks (in this case ~4.8 ms). A linear regression fitted to
the data during this period (dashed line) yields a slope
of 0.15 µm/ms. This early phase is followed by a
significantly slower process of steady expansion (during
which the Ca2+ gradients dissipate), the approximate rate
of which is 0.02 µm/ms (solid line). In this fibre, the
Ca2+ release domain expanded from a minimal FWHM
of 0.8 µm (2.6 ms) to ~1.54 µm (16 ms). Following the
same approach, in ten domains in five different fibres,
the earliest isochronal cross-section that was detectable
above the noise in fibres perfused with 500 µM OGB-5N
and EGTA at ~18 °C, had cross sections of
0.77±0.08 µm (mean±SEM). Interestingly, this value is
significantly larger than the resolution of our optical
system as determined by bead calibrations, as well
as the FWHM of di-8 ANEPPS-labelled T-tubules
(Fig. 1D).

Discussion

In this paper we describe the use of a stage-scanning
confocal microscope to measure AP-induced intra-
sarcomeric Ca2+ transients in amphibian skeletal muscle
fibres under physiological conditions. Using this approach
we obtained a detailed spatiotemporal portrait of the
intrasarcomeric Ca2+ movements occurring in response
to an AP. This has allowed us to begin to assess quantita-
tively the physiological processes that underlie Ca2+

release in E-C coupling.

The confocal spot detection system

The high spatial resolution of the optical set-up, and the
use of nanopositioning actuators, allowed us to discriminate
time-dependent variations in [Ca2+] at positions separated
by 100–200 nm, a significant improvement over the
earlier set-up [11]. What makes our confocal detection
method ideal for studying localized AP-evoked Ca2+

release is not only its spatial resolution, which is compa-
rable to other confocal microscopes, but its extremely
low noise and the ability to acquire data at up to 50 kHz
at every recording site.

Even though in vitro bead calibrations demonstrated
that the lateral resolution of our system is 0.3 µm, an
interesting result was that the FWHM of stained T-tubules,

the diameter of which is <100 nm, was significantly larger
(0.49±0.08 µm). This apparent discrepancy is due
probably to the tortuous geometry of the T-system.
High-magnification electron micrographs of frog skeletal
muscle fibres show that the T-tubules wander around the
Z-line at random [14, 32, 33], so that the T-tubule
could fold back upon itself within the confocal spot.
It could also be due to the fact that the fibre is an
anisotropic and complex optical medium, which could
alter the point-spread function of the microscope. Never-
theless, a sucrose-agar solution designed to mimic the
refractive index of the fibre had no significant effect on
the spatial resolution as determined by in vitro bead
calibration (data not shown). Since the fibres were
scanned strictly parallel to their axis, calculations show
that slight tilting of the T-tubules (Fig. 1) cannot explain
the observed broadening of the T-tubules’ fluorescence
profiles.

Requirements for fibre immobilization
and synchronous Ca2+ release

To make accurate, high spatial resolution recordings of
myoplasmic [Ca2+] transients is it essential to immobilize
the muscle fibre completely, since shortening of the
sarcomeres would distort the Ca2+ transient. We accom-
plished this by stretching the fibres to a sarcomere spacing
of ~4 µm, at which actin-myosin overlap is prevented
[18]. Although this is not the physiological slack length,
stretching does not seem to affect the Ca2+ release
process significantly. This is evidenced by the large
(∆F/F)peak values obtained with OGB-5N at the Z-and
M-lines, which deconvoluted to peak [Ca2+] changes of
~9 and ~2 µM, respectively. Stretching also afforded
several advantages for our experimental approach. Firstly,
the larger the separation between simultaneously activated
adjacent sources of Ca2+ release, the larger the number
of spot positions that can be sampled effectively. Thus,
increasing the sarcomere length was equivalent to
increasing the lateral spatial resolution of the detection
system, which allows for a more detailed description of
intrasarcomeric Ca2+ movements. In addition, sarcomere
stretching increased the diffusion distance to the M-line,
favouring the detection of Z-M delays. Finally, the more
separated the Ca2+ sources are, the less they can be
expected to affect each other. In other words, the Ca2+

release domains described in this work mainly represent
the contribution of individual Ca2+ release sites to the
[Ca2+] profiles along the sarcomere, with only small
effects arising from neighbouring sites.

The characterization of Ca2+ release domains was
only possible since Ca2+ release is a stereotyped process,
both in time and space. Thus, following each AP stimu-
lation, the Ca2+ release from the SR was repeated identi-
cally throughout the muscle fibre. This repeatability has
been documented previously using global detection
techniques [35, 38]. Our work shows that this repeatability
is also present at the sarcomere level, given the high
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similarity between Ca2+ signals recorded at equivalent
positions of the sarcomere for different Ca2+ release sites
(Fig. 5A and B). This result indicates that the processes
underlying a Ca2+ release domain at each triad are
extraordinarily similar to each other, which is inferred
readily from the characteristic bilateral symmetry and
periodic distribution of the kinetic parameters for
fluorescence transients recorded along a sarcomere
(Fig. 6). Fluctuations in the Ca2+ release in response to
consecutive stimulations would have resulted in a less
repeatable pattern.

Ca2+ domains and Ca2+ sparks

After the introduction of localized detection methods to
study E-C coupling in skeletal muscle [11] subsequent
confocal fluorescence studies were performed primarily
using beam-scanning confocal microscopes to investigate
the spatiotemporal properties of spontaneous Ca2+

release events (Ca2+ sparks). The sparks are localized
Ca2+ release events, believed to represent elementary
processes underlying Ca2+ release during E-C coupling
[24, 37]. Most of these studies have been performed
in fibres subjected to either sub-threshold electrical
stimulation [24, 37] or non-physiological conditions
[16, 17, 26], whereas the present study focused on the
measurement of localized Ca2+ domains triggered
by physiological AP stimulation. As such, our work
provides valuable reference data challenging the
putative physiological role of the Ca2+ sparks since
both phenomena have been studied with comparable
spatial resolution.

In frog skeletal muscle, the x-axis FWHM of Ca2+

sparks (measured at peak times that range from 4.8 to
8.8 ms after their onset) is either similar [16, 17] or
larger [39] than the FWHM of the Ca2+ domains
(1.4±0.04 µm, measured 3.05±0.14 ms after the onset of
the transient, Table 1) described here. Admittedly, these
measurements have been made under different experi-
mental conditions and, more notably, using Ca2+ indicators
of widely different Kd and kinetic properties [7, 12, 13].
Nevertheless, it is surprising that our domains, which
arise from a massive recruitment of Ca2+ release
channels, and may even be distributed at extended
regions of the SR (as discussed below), exhibit an
FWHM that is comparable to events that are proposed to
arise from the opening of a few, highly localized, Ca2+

release channels.
In addition, the FDHM of the Ca2+ spark is longer

[17, 39] than that of the AP-evoked Ca2+ domain. It is
difficult to explain why a Z-line Ca2+ transient, which
can be estimated to arise from the opening of many Ca2+

release channels, should have a shorter duration than a
Ca2+ spark. The kinetic limitations of Fluo-3 [12, 13]
may be responsible in part for the relatively slow kinetics
of Ca2+ sparks. Nevertheless, the comparison with our
results would require, in addition, that, if they truly
represent elementary events in skeletal muscle E-C

coupling, their stochastic recruitment to yield an evoked
physiological response must be synchronized exquisitely.

Z-M delay

Recent measurements of localized AP-evoked Ca2+

transients using a beam-scanning microscope in intact
frog skeletal muscle fibres injected with Fluo-3 have
shown the existence of ~1 ms Z-M delay at 22 °C [20]. In
this study we examined the kinetic properties of Z- and
M-line transients carefully, using a confocal detection
system with comparable resolution, a low-affinity Ca2+

indicator with an improved kinetic response with respect
to Fluo-3 [12, 13] and muscle fibres stretched to sarcomere
spacings of ~4 µm. Moreover, we used a stringent
criterion to determine the onset time of the fluorescence
transients (2 SD above baseline, see Materials and methods).
Under these conditions, a Z-M delay was detectable, but
was very short (0.64±0.1 ms at ~18 °C, P<0.002, see
Table 1). The interpretation of this delay in terms of the role
of diffusion and the underlying Ca2+ release mechanism
is contingent upon detailed mathematical modelling of
the optical system and the experimental conditions [31].
Nevertheless, under our experimental conditions, we do
not believe that the value of this delay was influenced by
signals from misregistered sarcomeres above or below
the focal plane of the illumination/detection spot, given
that the space between two adjacent T-tubules showed
negligible di-8 ANEPPS staining (Fig. 1).

Dimensions and expansion of the Ca2+ domain

A surprising result was that the smallest detectable
isochronal cross-section of Ca2+ domains had a FWHM of
~0.8 µm. This result cannot be explained easily by limitations
in the axial resolution of the detection system since
fluorescently stained T-tubules showed significantly narrower
FWHMs of ~0.5 µm. Moreover, our bead calibration
experiments demonstrated that the detection system in the
x-axis is almost linearly accurate in measuring objects of
dimensions larger than 0.5 µm (data not shown). A possible
explanation is to assume that a relatively broad band of
Ca2+ release sites (probably spanning both terminal cisternae
of the triad) is rapidly engaged after the AP activation [11].
Two lines of evidence support this possibility. Firstly, the
presence of extra-junctional RyR Ca2+ release channels has
been demonstrated in the membranes of skeletal muscle
SR [10]. Secondly, it could be argued that the low affinity
of OGB-5N might contribute to the large size of the
earliest detectable width of the Ca2+ domain since it could
miss relatively small [Ca2+] changes occurring early after
AP stimulation. Control experiments using the high-affinity
indicator OGB-2 [7], however, yielded results similar to
those with OGB-5N (data not shown).
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