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ABSTRACT Measurements were made of the distributions of total calcium along the length of A and I bands in skinned frog
semitendinosus muscles using electron probe x-ray microanalysis. Since calcium in the water space was kept below the
detection limit of the technique, the signal was assumed to reflect the distribution of calcium bound to myofilament proteins.
Data from sarcomeres with overlap between thick and thin filaments showed enhancement of calcium in this region, as
previously demonstrated in rabbit psoas muscle fibers in rigor (Cantino, M. E., T. S. Allen, and A. M. Gordon. 1993.
Subsarcomeric distribution of calcium in demembranated fibers of rabbit psoas muscle. Biophys. J. 64:211–222). Such
enhancement could arise from intrinsic non-uniformities in calcium binding to either thick or thin filaments or from enhance-
ment of calcium binding to either filament by rigor cross-bridge attachment. To test for intrinsic variations in calcium binding,
calcium distributions were determined in fibers stretched to beyond filament overlap. Calcium binding was found to be
relatively uniform along both thick and thin filaments, and therefore cannot account for the increased calcium observed in the
overlap region. From these results it can be concluded that the observed enhancement of calcium is due to an increase in
calcium binding to myofilaments as a result of rigor attachment of cross-bridges to actin. The source of the enhancement is
most likely an increase in calcium binding to troponin, although enhancement of calcium binding to myosin light chains cannot
be ruled out.

INTRODUCTION

Elevation of myoplasmic free Ca2� followed by binding of
calcium to troponin leads to the contractile event in verte-
brate striated muscle. While troponin has generally been
considered to be the primary Ca2�-sensitive switch regulat-
ing actomyosin interaction in striated muscle (Ebashi and
Endo, 1968), calcium binding to troponin itself appears to
be modulated by actomyosin interaction. Such an effect
would be expected to result in variations in calcium binding
to thin filaments along their length, with more calcium
binding occurring in the overlap region of the sarcomere. A
number of studies show sarcomere length dependence of
45Ca binding in whole fibers and reconstituted actomyosin
preparations under various conditions (see Discussion) and
provide evidence that cooperativity in force development
depends, at least in part, on cross-bridge attachments. In a
previous paper we used electron probe x-ray microanalysis
(EPXMA) to make direct measurements of calcium distri-
butions within the sarcomeres of skinned rabbit psoas mus-
cle fibers (Cantino et al., 1993). We showed that calcium
was elevated in the region of overlap at all levels of pCa
measured, but that the difference was most pronounced at
submaximal levels. An important question that could not be
resolved in our earlier study was whether there might be an
intrinsic elevation in calcium near the ends of either the

thick or the thin filaments that could give rise to the ob-
served result. Such variations in calcium might arise from
changes in TnC affinity along the length of the thin filament
(Gulati, 1993) or variations in calcium binding to myosin
light chains along the thick filament. To resolve this ques-
tion we have made measurements of calcium distributions
along the length of A and I bands in fibers stretched to
beyond filament overlap, then frozen in rigor solutions with
pCa levels varying from 4.5 to 9. Our results show uniform
calcium levels along the lengths of both thin and thick
filaments in the absence of filament overlap.

MATERIALS AND METHODS

Preparation of glycerinated fiber bundles

Semitendinosus muscles from frogs (Rana pipiens) were removed in Ring-
er’s solution (in mM, 95 NaCl; 2.5 KCl; 1.0 MgSO4; 25 NaHCO3; 1.8
CaCl2; 1.0 Na2HPO4; 5 glucose, pH 7.3). After pinning and splaying the
dorsal head of the muscle, the Ringer’s solution was replaced with cold
relaxing solution (see Table 1) diluted 50:50 v/v with glycerol. The fibers
were then stored for 2–12 days at �16°C. Following storage, small bundles
of 8–12 fibers were dissected and skinned in relaxing solution containing
0.6% w/w CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate) for 45 min on ice, with gentle agitation, and then returned to the
standard relaxing solution.

Stretching and freezing of fiber bundles

Attachment and freezing of fiber bundles was similar to that described in
a previous paper (Cantino et al., 1993), and is summarized here. Following
treatment with CHAPS, fiber bundles were transferred to a transducer
setup, where they were attached, by wrapping, to a force transducer at one
end and to a mechanical stage at the other. The force transducer was a
photoelectric displacement measuring device modified after Chiu (Chiu et
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al., 1982). Once attached to the apparatus, the fiber bundles were immersed
in a series of Plexiglas wells containing bathing solutions (Hellam and
Podolsky, 1969). Fibers were stretched in relaxing solution (see Table 1) to
sarcomere lengths of either 3.2 or 3.8 �m, as measured by laser diffraction.
Once stretched, fibers were transferred to a pCa 8.98 rigor solution for
15–20 min, then to the final designated pCa rigor solution for another 20
min. The bundle was then raised out of the bath, and clamped with copper
clad pliers cooled to liquid nitrogen temperature. Time between removal
from the pool and freezing was �5 s. Frozen fibers were stored in liquid
nitrogen until they were cryosectioned.

Solution composition

As in the previous study, two modifications were made to the usual bathing
solutions for glycerinated fibers in order to improve calcium detection and
to reduce ambiguity of EPXMA data (Kitazawa et al., 1982). First, the final
bathing solutions contained Na� as the major cation to minimize any error
associated with incomplete separation of the potassium K� and calcium K�

x-ray peaks. The Ca2�-dependence of tension development and the max-
imal isometric tension of fibers bathed in solutions with Na� as the major
cation do not differ from those of fibers bathed in solutions with K� as the
major cation (Gordon et al., 1973; Fink et al., 1986). Second, since
EPXMA measures total calcium (bound plus free), the total calcium in
solution was kept low and relatively constant (30–36 �M, except in the
pCa 10 solution). This level of calcium would contribute a maximum of
0.20 mmol/kg dry wt in a dry cryosection (assuming 85% hydration in the
I band before drying) which is at or below the threshold for detection of
calcium by EPXMA with our equipment (�0.3 mmol/kg dry wt). Rigor
solutions with differing free Ca2� concentrations were prepared by varying
the total EGTA concentration. Solution makeup was calculated using the
SPECS computer program (Fabiato, 1988), taking into account the binding
constant of EGTA for the various constituent ions, corrected for pH,
temperature, and ionic strength. Calcium-electrode measurements of cal-
cium propionate and calcium titrated Na2EGTA stock solutions were used
to verify stock concentrations before solutions were mixed. Ionic strength
was kept relatively constant, ranging from 146 to 152 mM in the rigor
solutions. Total sodium, after titration with NaOH, ranged from 124 to 142
mM. Once pCa solutions (nominally, pCa 9, 6, 5, and 4.5) were made they
were assayed by flame atomic absorption spectrophotometry with an
acetylene/nitrous oxide flame to determine actual total calcium in solution
(contaminating calcium in our solutions is usually found to be 2–4 �M of
32 �M, total). Values were reentered into the SPECS program and revised
pCa values computed based on actual total calcium. A correction was also
made to correct for �0.8 �M EGTA that was transferred to the final bath
from the pCa 9.0 rigor solution. Solutions having intermediate pCa levels
were mixed from the above. Table 1 shows the composition of relaxing and

final freezing solutions used (excluding NaOH or KOH used to titrate to
pH 7.0).

Preparation of freeze-dried cryosections

Frozen sections were cut in an RMC MT7 with CR-21 cryoattachment.
Frozen fibers were mounted on metal chucks with a low temperature glue
(s-butyl benzene at �113°C), and sections were cut at �122°C with glass
knives at clearance angles of 7°. Dry-cut sections were transferred to
formvar and carbon-coated folding grids with an eyelash probe, and were
pressed between the two halves of the folded grid with a cold metal rod.
The closed grids were freeze-dried by placing them in a cryopumped
vacuum chamber on a thermally isolated brass cup cooled to liquid nitro-
gen temperature. The cup was allowed to warm slowly in the vacuum
chamber for a period of 14 h, after which the temperature was raised to
slightly above ambient, and samples were moved to a desiccator. Samples
were stored over desiccant (aluminum silicate and silica gel) before analysis.

Spectral collection and processing

The principles behind the technique of EPXMA have been described in
detail elsewhere (e.g., Hall, 1971; Johnson and Cantino, 1986; LeFurgey et
al., 1988; Somlyo et al., 1989). Only those details pertaining to this study
will be described. Data were collected in scanning transmission mode in a
Zeiss EM910 microscope equipped with an Oxford 30 mm2 Si(Li) x-ray
detector and an Oxford ExLII analytical system. As in our previous study,
two modes of data collection were used. Digital x-ray images were ac-
quired by positioning the beam in a 128 � 128 pixel array for 4–8 s per
pixel, a process requiring 18–36 h per image. Data from two to four such
images were combined to produce calcium and mass distributions from
only a few sarcomeres, but at high spatial resolution. Alternatively, in
“analog raster” analysis, the beam was scanned in a rectangular raster for
1000 s to obtain average calcium concentrations over approximately one-
third of each A or I band in four to five sarcomeres from each fiber. In this
mode, a larger number of fibers could be sampled at lower resolution to
verify that the image data (above) were obtained on fibers that were
representative in terms of the average concentration of calcium present on
the filaments.

Analog raster and image analysis were carried out at room temperature
using a side entry goniometer stage tilted 20° toward the detector. A scan
rotation device allowed orientation of the rectangular raster relative to the
ultrastructure. The grid was oriented so that the fiber axis was parallel to
the tilt axis of the stage to eliminate mixing of adjacent regions of analysis
within the sarcomere when the stage was tilted. The diameter of the beam
was estimated (based on measurements of the transmitted beam and on
edge profiles from x-ray images of an aluminum film) to be 100 nm, with
specimen currents of 10–20 nA. For analog raster analysis, rectangular
rasters were �0.2 � 1.0 �m, and were oriented with their long axes
perpendicular to the fiber axis so that they spanned the entire width of the
sarcomere. Support film spectra or images were collected immediately
adjacent to the section and were used to estimate the magnitude of cor-
rections for both continuum and calcium x-ray counts contributed by the
support film to each myofilament spectrum. Measurements of beam current
at the specimen were used to adjust film corrections for any differences in
total dose in each spectrum or at each pixel.

Spectra were processed using digital filtering and linear least-squares
fitting programs (Shuman et al., 1976) resident on the Oxford ExLII and
described previously (Cantino et al., 1993). These routines yielded peak
and bremstrahlung (1.34–1.64 keV) integrals for the unknown spectrum.
Dry weight concentrations for calcium were computed by normalizing the
film corrected peak counts to the film corrected bremstrahlung counts and
multiplying by proportionality constants determined from protein and
binary standards, with corrections for the difference in the average atomic
number of the standard and that of the unknown. Since standards are
collected under low dose conditions, corrections for beam-induced loss of
the hydrocarbon matrix in the sections were made based on separate low

TABLE 1 Solution composition

Solution NaP* Na2EGTA MOPS Na2ATP

MgP2
Calcium
Total§

(�M)Total Free

Relaxing 100.0# 5# 10.0 4.0 9.0 4.5 —
Rigor, pCa

10.00 27.6 13.0 185.0 — 1.4 1.0 2.9
8.98 27.6 13.0 185.0 — 1.4 1.0 33.4
6.07 38.9 0.048 255.0 — 1.0 1.0 33.4
5.71 41.8 0.037 255.0 — 1.0 1.0 33.7
5.21 44.3 0.027 255.0 — 1.0 1.0 31.7
4.55 44.7 0.005 255.0 — 1.0 1.0 32.9

Concentrations in mM, except as noted.
*P, propionate ion.
#Contains potassium instead of sodium as the counterion for propionate or
EGTA.
§As measured by AAS. Includes CaP and contaminating calcium from
other sources.
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and high dose measurements of bremstrahlung in freeze-dried cryosections.
These were applied after quantitation.

Digital x-ray and scanning transmission electron microscopy (STEM)
images were collected simultaneously at room temperature in 128 � 128 �
16 bit arrays with dwell times of 4–8 s per pixel. Drift correction software
(Statham, 1987) was used to correct for specimen drift during acquisition.
Spectral analysis used to obtain characteristic and bremstrahlung x-ray
intensities at each pixel was the same as that described above. Image data
were transferred to an Apple Power Mac 7100 and imported into the
IPLAB spectrum image analysis package (version 3.1a; Signal Analytics
Corp., Vienna, VA). Profiles corresponding to calcium or bremstrahlung
(mass) distributions along A and I bands were generated using procedures
summarized in Fig. 1. The STEM images (Fig. 1 A) were used to define
“masks” aligned to the sarcomere structure; since x-ray and electron
images are acquired simultaneously, there can be no misalignment between
images. Masks were drawn at the left Z line, one edge of the A band, and
the right Z line to derive data from, respectively, the left I band, the A band,
and the right I band. Pixels corresponding to remnants of sarcoplasmic
reticulum (SR) or mitochondria were identified from the P image (Fig. 1 B)
and corresponding pixels in the targeted x-ray image (for example, the
bremstrahlung or “mass” image shown in Fig. 1 C) were set to zero to
eliminate their contribution to counts within that image. Each mask was
then applied to the targeted x-ray image and translated horizontally, pixel
by pixel, across the image. At each horizontal position, the sum of all pixel
values was computed to generate a single “mask sum.” The combination of
all such sums produced a one-dimensional array representing the total
x-ray intensity distribution across the sarcomeres sampled (Fig. 1 D). The
same procedure was applied to the calcium image. Since calcium distri-
butions were assumed to be symmetrical around the center of the sarco-
mere, we improved signal-to-noise ratios by treating data from left- and
right-half sarcomeres in the same image as separate data sets. Thus, left-
and right-half sarcomere arrays from the same image were aligned at the Z
line, while A band arrays were split and aligned at the center. These were
combined with similar half-sarcomere arrays from other images. Thus, data
in Figs. 5 and 6 represent means and standard errors of the mean over all
half-sarcomere arrays.

Arrays of calcium and bremstrahlung counts, once obtained as de-
scribed above, were transferred to a spreadsheet where corrections were
made for contributions of the film. Film corrected count data were then
treated in one of two ways. For concentration profiles, a ratio of the
calcium mask sum to the bremstrahlung mask sum was computed for each

mask and expressed as a concentration in mmol/kg dry wt. These values are
useful in areas where protein distributions are uniform, since they can be
compared to values predicted by other methods. However, in areas where
mass is contributed by additional proteins (such as in the overlap region
and the Z line), concentration data will reflect both variations in calcium
per troponin as well as variations in total mass. In these cases it is also
instructive to examine the distribution of counts. Count distributions reflect
the calcium bound per unit distance along the sarcomere, provided that the
filament density, section thickness, and beam conditions are constant
within each half-sarcomere-long row of pixels. Constancy of beam current
(within a percent) has been verified with a Faraday cup. Constancy of
section thickness within a particular field is confirmed by the similarity of
bremstrahlung intensities in each half of profiles such as shown in Fig. 1
D. Filament density was examined by measuring the myofibrillar diameter
in conventional thin sections. It was found to increase only slightly (aver-
age, 6%) in the overlap region of sarcomeres at 3 to 3.3 �m. This increase
will tend to underestimate the degree of enhancement of calcium binding
by 10–15% by decreasing the number of thin filaments in the overlap
region (e.g., in Fig. 3).

Although counts reflect variations in calcium binding per unit distance
within each profile, the absolute intensity of profiles depends on section
thickness, mask width, and electron dose (beam current and dwell time). To
remove these map-to-map variables, all calcium mask sums in each half-
sarcomere profile were normalized to a single scaling factor: the average
bremstrahlung for all mask sums in that half-sarcomere, which depends on
the same factors. When profiles from images acquired on different days
and from different sections are statistically pooled, the variance then
reflects primarily counting statistics and intrinsic sarcomere-to-sarcomere
variation.

Conventional preparation of semitendinosus
muscle for electron microscopy

Bundles of semitendinosus muscle, skinned, mounted, and stretched as
above, were transferred to a fixative containing 0.1 M Hepes buffer, 1.5%
glutaraldehyde, and 1.5% formaldehyde, pH 7.3. Samples were post-fixed
in 2% OsO4 (in 0.1 M Hepes) then were dehydrated through a graded
ethanol series and embedded in an epoxy (SPIpon-Araldite) resin. Sections
were post-stained in uranyl acetate and lead citrate, and were examined in
a Phillips 300 electron microscope at 80 kV.

FIGURE 1 Digital image analysis procedures used in this study. (A) The STEM image of sarcomeres in the image field is used to identify positions of
A and I bands in the sarcomere (fiber frozen at pCa 5.2). (B) The P image is used to identify putative membrane fragments from SR and mitochondria.
(C) The high P pixels selected from the P image are zeroed in the x-ray image to be analyzed; in this case, the bremstrahlung image shows the distribution
of mass in the sample. Masks following the contours of each Z line and the edge of the A band are shown overlaid (in black) on the corrected bremstrahlung
image. Each of these masks is translated across the image to select a region of interest in which all counts are summed. (D) The resulting intensity
distribution represents total bremstrahlung signal as a function of position across the image.
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RESULTS

Calcium-binding enhancement in the overlap
region of frog fast twitch fibers

Our earlier data showing enhancement of calcium binding
in the overlap region (Cantino et al., 1993) were collected
from skinned rabbit psoas muscle; however, our initial
attempts to produce well-aligned sarcomeres in muscles
stretched to beyond filament overlap were unsuccessful.
Sarcomeres in these fibers tended to undergo severe skew
and misalignment at long lengths, making identification of
A-band and I-band regions in cryosections nearly impossi-
ble. This phenomenon was reported previously in rabbit
psoas muscle by Carlsen and co-workers (Carlsen et al.,
1965a, b).

To provide the best possible filament alignment, we
chose instead to use frog semitendinosus muscle, which can
be stretched to long lengths with relatively little misalign-
ment of filaments. Since ultrastructure in the freeze-dried
cryosections is sometimes difficult to interpret, we prepared
ultrathin sections of overstretched muscle using our initial
isolation, stretching, and rigorization protocol, followed by
conventional embedding. An example is shown in Fig. 2.
Although sarcomere length in these fibers vary, many sar-
comeres are clearly stretched to beyond filament overlap
and show a well-defined gap between the ends of the thin
and beginning of the thick filaments (never clearly visible in
the rabbit psoas muscles).

Before proceeding with experiments involving long
lengths, we first investigated whether enhanced calcium
levels are observed in the overlap region of frog semiten-
dinosus sarcomeres, as we previously found in rabbit psoas
muscle. Fig. 3 shows calcium (A) and bremstrahlung (B)
distributions from a fiber frozen at pCa 5.7 relative to the A,

I, and overlap regions of the sarcomeres (C). Data at each
point represent the mean � SE of x-ray counts from eight
profiles. Numbers below the calcium distribution in Fig. 3 A
represent mean � SD of all points between the arrowheads.
Substantially more calcium is present in the overlap region
than would be expected from the sum of H-zone and I-band
calcium, consistent with previous measurements from rabbit
psoas muscle (Cantino et al., 1993). The calcium and brem-
strahlung distributions fall off at the same position along the
sarcomere, indicating that enhancement of calcium binding
does not extend more than a few regulatory units into the
thin filament. This is also consistent with previous obser-
vations in rabbit muscle.

Calcium distributions in A and I bands of
overstretched frog muscle fibers

To test whether this elevation in calcium binding is due to
intrinsic variations in the amount of calcium bound to the
myofilaments, we examined fibers stretched to 3.4 �m or
above, then placed into rigor solutions at various pCa levels.
Three fibers from each of five separate pCa levels were
analyzed to determine calcium concentrations in the non-
overlap A and I bands using static raster analysis. Results
are plotted in Fig. 4. Calcium levels in the I band rise
dramatically as the free Ca2� is raised from pCa 8.98 to
6.07, presumably corresponding primarily to the binding of
calcium to high-affinity sites on TnC. A further increase is

FIGURE 2 A conventionally fixed and embedded thin section of a
sample of overstretched frog semitendinosus muscle shows good alignment
of the myofilaments, although some irregularity occurs. Comparison with
Fig. 1 A shows that some further disruption of the myofilament lattice
occurs during freezing and sectioning, but that overall the structure is
comparable. Bar � 0.5 �m.

FIGURE 3 Normalized x-ray count profiles from (A) the calcium image
and (B) the bremstrahlung image of a frog semitendinosus fiber frozen at
�3.2 �m sarcomere length. The x-ray count distributions are aligned
relative to the corresponding sarcomere structure as shown in (C).
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observed when free Ca2� is raised from pCa 6.07 to 4.55. In
contrast, A-band calcium shows little increase from 8.98 to
6.07, but rises substantially at pCa 5 and above. Similar
increases in calcium binding to TnC have been shown
previously with EPXMA (Kitazawa et al., 1982; Cantino et
al., 1993), although maximal binding at pCa 4.5 is some-
what lower than expected if all four TnC sites are saturated
with calcium.

To test whether the low concentration of calcium detected
in the I band at pCa 8.98 (see Fig. 4) arises from calcium
bound to EGTA in the water space, we also froze and
analyzed one fiber in a solution containing only 3 �M total
calcium (see Table 1, pCa 10.0). Calcium in the I bands of
this fiber measured 0.6 � 0.2 mmol/kg dry wt, (mean � SE
for five spectra), similar to the 0.7 mmol/kg dry wt mea-
sured in fibers frozen in solutions containing 33 �M total
calcium. This supports our assumption that the calcium in
the solution space between the myofilaments is not detect-
able in freeze-dried cryosections. We have not determined
whether this residual calcium signal is due to a slowly
exchanging bound pool of calcium remaining in the myo-
fibrils or to some small systematic error in our quantitation
procedure.

We also examined the concentrations of sodium and
potassium in EPXMA spectra. As seen in Table 2, the
concentration of sodium was nearly three orders of magni-
tude higher than that of potassium, which was close to zero.
While rigor solutions contained 124 to 142 mM total so-
dium, this cation was replaced with a similar amount of
potassium in the relaxing solutions. Therefore, this differ-
ence in the EPXMA spectra confirms that the relaxing
solution was washed out before freezing.

From these fibers we chose samples with regions
stretched to 3.6 �m or beyond and having the best align-
ment of sarcomeres, and used them to collect higher-reso-
lution data using digital image acquisition. In Fig. 5, A–D
are calcium concentration distributions from both A and I
bands at several pCa levels. Since magnifications varied
from map to map, the horizontal axes of distributions in Fig.
5, A–D have been scaled so that all have the same A and I

band length, allowing for easier comparison to the sarco-
mere structure as represented schematically in E. These
concentrations obtained from images are generally compa-
rable to data in Fig. 4 acquired with static raster analysis.
Distributions for pCa 9.0 to 5.2 show relatively constant
calcium concentrations along the length of both thick and
thin filaments, except near the Z line.

To determine whether the drop in calcium concentration
near the Z line is due to changes in calcium per unit length
of filament or due to addition of (non-calcium binding)
mass in this area, we also examined normalized count
distributions (see Methods), shown in Fig. 6, A–D. Note that
the calcium remains level all the way to the Z line, consis-
tent with the hypothesis that calcium binding to troponin is
uniform, and that the drop seen in Fig. 5 is due to increased
mass from the Z line. The count distributions also serve to
rule out the possibility that calcium binding along the fila-
ments actually increases, but that this increase is masked by
a comparable increase in the mass due to some added mass
component such as titin. No such increase is seen, although
there is a slight decline in calcium at the tips of thick and
thin filaments at pCa 4.6.

Because static raster analysis does not permit selected
removal of high P areas from the region of analysis, we used
high P regions removed from images to assess the possible
effect of inclusion of these areas in the static raster analysis.
Mean calcium concentrations in high P pixels removed from
images are shown in Fig. 7 for the four levels of pCa
examined using x-ray image data. While calcium levels in
these pixels do increase with decreasing pCa they are, in all
cases, the same or lower than the those levels in the I band,
but are, at pCa 6 and above, substantially higher than A
band concentrations (see Fig. 4).

DISCUSSION

There is now substantial evidence that calcium binding to
TnC is enhanced in the region of overlap between thick and
thin filaments. Modulation of 45Ca binding to troponin by
cross-bridge attachment has been reported by a number of

FIGURE 4 Concentrations of calcium measured with static rasters
placed in A and I bands of frog semitendinosus fibers at five different free
calcium concentrations.

TABLE 2 Dry mass concentrations of sodium and potassium
from static raster analyses

Region pCa Sodium Potassium N Fibers (Spectra)

I band
8.98 1063 � 38 2.6 � 1.8 3 (15)
6.07 918 � 204 1.5 � 0.6 3 (15)
5.71 1176 � 47 1.2 � 0.1 3 (15)
5.21 1242 � 24 1.1 � 0.1 3 (15)
4.55 1147 � 79 1.7 � 0.6 3 (15)

A band
8.98 712 � 56 1.0 � 0.3 3 (15)
6.07 647 � 77 1.4 � 0.5 3 (15)
5.71 831 � 89 1.0 � 0.2 3 (15)
5.21 817 � 46 0.8 � 0.2 3 (15)
4.55 784 � 81 1.2 � 0.3 3 (15)

Results are in mmol/kg dry wt (mean � SE for N fibers).
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investigators (Bremel and Weber, 1972; Fuchs, 1977a, b;
Pan and Solaro, 1987; Hofmann and Fuchs, 1987) in various
states and muscle types. Studies using fluorescent labeled
TnC incorporated into skeletal muscle fibers provide evi-
dence that rigor cross-bridge formation produces structural
changes in the vicinity of the probe, providing a mechanism
for alterations in calcium binding (Trybus and Taylor, 1980;
Guth and Potter, 1987; Gordon et al., 1988; Allen et al.,
1992). Further support for cross-bridge effects can be found
in aequorin studies of changes in myoplasmic free Ca2�

following length changes in barnacle skeletal fibers (Ridg-
way and Gordon, 1984) and mammalian ventricular muscle
(Allen and Kurihara, 1982). These researchers proposed that
sudden detachment of cross-bridges leads to increased myo-
plasmic free Ca2� and concluded that the detachment of
cross-bridges reduces the calcium-affinity of troponin.

Although these studies have provided a firm basis for the
hypothesis that cross-bridge attachments act cooperatively
to enhance calcium binding to TnC, they do not have the
spatial resolution to detect variations in calcium binding
along the thin filament. Spatially resolved measurements of
calcium binding were first carried out by Winegrad (1965),
who found enhanced 45Ca levels in the overlap region of
muscles fixed for autoradiography. More recently we de-
tected elevated calcium levels in the overlap region of
skinned rabbit psoas sarcomeres, using EPXMA (Cantino et
al., 1993). We attributed these results to enhanced binding
of calcium to TnC resulting from strong cross-bridge attach-

ment; however, these data alone did not allow us to rule out
two alternative explanations for the increased binding in the
overlap region. First, although we did correct the amount of
calcium observed in the overlap region for the contribution
by calcium binding to myosin, this correction was based on
measurements made toward the center of the H zone. Since
the protein composition at the center of the thick filaments
changes substantially due to absence of myosin heads and
presence of M line proteins, it remained possible that our
correction factor underestimated the true magnitude of my-
osin calcium binding at the ends of the thick filaments, i.e.,
in the overlap region. This effect, if sufficiently large, could
give rise to the observed calcium binding enhancement in
our images and static raster data.

A second explanation for the observed results is that
calcium binding to the thin filament is non-uniform. This
has been proposed as a molecular mechanism for the steep
length dependence of calcium sensitivity in cardiac muscle
(Gulati, 1993). In this scheme, the affinity of TnC itself is
non-uniform along the length of the thin filament, with
higher affinity at the free end. This distribution, if it exists,
might produce an observed elevation in calcium in the
overlap region, unrelated to the attachment of cross-bridges.

Our results on frog semitendinosus muscle in rigor would
appear to rule out either of these possibilities, at least in
skeletal muscle. As in rabbit psoas muscle, we find substan-
tial enhancement of calcium binding in the overlap region of
skinned frog fibers. However, when these fibers are

FIGURE 5 Calcium concentration profiles
across A and I bands from images of fibers
frozen at various free calcium concentrations:
(A) pCa 4.6 (mean � SE for four profiles); (B)
pCa 5.2 (mean � SE for six profiles); (C) pCa
6.1 (mean � SE for four I-band and seven
A-band profiles); (D) pCa 9.0 (mean � SE for
six profiles). Alignment of I band (left) and A
band (right) relative to the profiles is shown in
(E).
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stretched to beyond filament overlap, the calcium distribu-
tion measured by EPXMA is uniform over most of the A
and I bands. In some cases there appeared to be some
decline in calcium levels at the end of the I band (see Fig.
6 A). The presence of a similar drop in bremstrahlung
profiles (data not shown) suggested that this was primarily
related to misalignment of I bands from different parts of
the image and from different images; this is reflected in the
reduction in this decline when the calcium signal is normal-
ized to the local bremstrahlung, as in the concentration

profiles in Fig. 5. The variations in filament length observed
may arise in part from skewing that is intrinsic to the
myofilaments in these sarcomeres, but the majority arose
from the necessity of averaging multiple profiles. We found
that cryosectioning produced variable compression, which
led to variation in I and A band lengths from one field to
another. Despite this mitigating factor, it is clear that over at
least 80% of the thin-filament calcium levels remain rela-
tively constant. It seems extremely unlikely that calcium
binding could increase in the last 20% of the thin filament
to sufficient levels to give rise to the 1.5–2-fold enhance-
ment seen in the overlap region.

As expected, the amount of calcium measured in the A
band is well below that in the I band at levels of pCa
between 6.1 and 4.6. Nonetheless, substantial increases in A
band calcium concentration occur between pCa 6.1 and 4.6
(Figs. 4 and 5). These increases are likely to be due to
binding to myosin light chains, which bind up to two moles
of calcium per mole of myosin (Holroyde et al., 1979). If
myosin contributed all of the mass in the A band, and all
light chain sites were saturated, the concentration of calcium
measured by EPXMA would be �4 mmol/kg dry wt, well
above the 1.3 � 0.5 mmol/kg dry wt measured here. How-
ever, in the presence of 1 mM Mg2� it is unlikely that all
sites are saturated at pCa 4.6, and other mass-contributing
components such as titin, C protein, and M line proteins
may reduce the maximum dry weight concentration.

FIGURE 6 Normalized calcium count pro-
files across A and I bands from images of
fibers frozen at various free calcium concen-
trations. (A) pCa 4.6 (mean � SE for four
profiles); (B) pCa 5.2 (mean � SE for six
profiles); (C) pCa 6.1 (mean � SE for four
I-band and seven A-band profiles); (D) pCa 9.0
(mean � SE for six profiles). Alignment of I
band (left) and A band (right) relative to the
profiles is shown in (E).

FIGURE 7 Calcium concentrations derived from high P pixels removed
before image analysis of subsarcomere distributions shown in Fig. 6.
Values are mean � SE for data from n images. Fibers were frozen at pCa:
(A) 9.0, n � 4; (B) 6.1, n � 6; (C) 5.2, n � 5; (D) 4.6, n � 4.
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The significance of increases in calcium associated with
myosin is unclear, since kinetics of calcium binding to
isolated myosin are too slow to contribute to activation
(Bennett and Bagshaw, 1986). It is possible that kinetics
measured in isolated systems differ from those in the intact
sarcomere. While the distributions in Figs. 5 and 6 argue
strongly against calcium binding enhancement in the over-
lap region being a result of intrinsic variations in calcium
binding along the thick filament, it remains possible that
cross-bridge attachment to actin enhances the affinity of
myosin regulatory light chain for calcium, just as it appears
to enhance the affinity of TnC for calcium. In this case some
portion of the calcium enhancement seen in the overlap
region might arise from calcium binding to myosin. Such an
effect would be interesting in the light of proposals that
calcium binding to myosin RLC increases the number of
strongly attached cross-bridges (Moss, 1992).

If calcium measured in the A band is bound primarily to
myosin light chains, then it is somewhat surprising that no
decrease was detected in calcium at the center of the sar-
comere, where no myosin heads are present. The often
imperfect alignment of M lines (as evident in Fig. 1) and
slight misalignments between profiles in the average would
tend to smear out any reduction. A second possibility is that
calcium binds to M line proteins, so that any decrease in the
bare zone is masked. At pCa 4.5 some elevation of calcium
was sometimes seen at the center of the sarcomere; how-
ever, this elevation seemed to be associated with elevated P
and was largely removed by the correction for high P pixels
(see Methods). As indicated in Fig. 7, high P areas have
calcium concentrations substantially above A band levels at
pCa 4.5. Even in conventional ultrathin sections, regions of
membrane fragments are sometimes found at the level of the
A band. These regions, if below the threshold for pixel
removal, would elevate calcium levels at the center of the
sarcomere. Calcium bound to membrane fragments in
skinned fibers, if they constitute a large enough fraction of
the myofibrillar mass, could also be a significant contribu-
tion to total fiber calcium measured by other techniques.

It is now generally accepted that other accessory proteins
are present in the I band, notably titin and nebulin. These
proteins contribute mass, and possibly calcium, to these
measurements. By using existing data on relative mass
fractions and distributions of actin, tropomyosin, troponin,
titin, and nebulin in the sarcomere we previously estimated
that mass contributed by titin and nebulin would lower the
contribution of each mole of calcium bound to troponin
from 2.25 to 1.7 mmol/kg dry wt in the I band. As previ-
ously noted, this is consistent with the levels of 6.8 mmol/kg
dry wt seen in overlap regions of rabbit psoas fibers, though
above levels seen in the non-overlap I band (Cantino et al.,
1993). In the current study, I band levels are closer to what
would be predicted for three calcium atoms bound to tro-
ponin; however, calcium levels measured in pCa 4.6 fibers
were quite variable, with some measurements close to the
predicted levels for four binding sites. It is also possible that
not all sites are saturated at pCa 4.6. If calcium binding to

titin or nebulin occurs in skeletal muscle, EPXMA measure-
ments suggest that it is relatively small in magnitude, and
uniform in distribution.
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