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ABSTRACT A laser-diffraction technique was developed that rapidly reports the lengths of sarcomeres (Ls) in serially connected
sectors of permeabilized single fibers. The apparatus translates a laser beam along the entire length of a fiber segment within 2 ms,
with brief stops at each of 20 contiguous sectors. We tested the hypothesis that during lengthening contractions, when maximally
activated fibers are stretched, sectors that contain the longer sarcomeres undergo greater increases in Lg than those containing
shorter sarcomeres. Fibers (n = 16) were obtained from the soleus muscles of adult male rats and the middle portions (length =
1.05 * 0.11 mm; mean *+ SD) were investigated. Single stretches of strain 27% and a strain rate of 54% s~ were initiated at
maximum isometric stress and resulted in a 19 * 9% loss in isometric stress. The data on L revealed that 1), the stretch was not
distributed uniformly among the sectors, and 2), during the stretch, sectors atlong L before the stretch elongated more than those
at short lengths. The findings support the hypothesis that during stretches of maximally activated skeletal muscles, sarcomeres at

longer lengths are more susceptible to damage by excessive strain.

INTRODUCTION

Skeletal muscle is routinely subjected to three types of con-
tractions: shortening, isometric (fixed-length), and lengthen-
ing (1). Of the three, only lengthening contractions are
capable of producing muscle injury (2). Structural damage to
muscle fibers is evident by electron microscopy immedi-
ately after stretches of maximally activated whole muscle
groups (3-5), whole muscles (6-8), intact single fibers (9),
and permeabilized single fibers (10). In each case the damage
is localized within single sarcomeres or small groups of sar-
comeres that appear to be distributed randomly among the
intact sarcomeres. The extent of the injury produced by a
lengthening contraction of whole muscles (7,11,12) and
segments of permeabilized single fibers (10) is affected by a
combination of mechanical factors that include the initial
length, the strain, the stress during the stretch, and the work
done during the stretch.

Although the gross mechanical factors that lead to injury
have been identified, the underlying causative factors and
events have been described only through a theoretical model
(13). The model supports the premise that the injury is due to
nonuniformity in sarcomere lengths (L) and predicts that
during a lengthening contraction, some sarcomeres at longer
lengths are stretched beyond filament overlap, whereas shorter
sarcomeres are strained but maintain filament overlap. The
underlying causes of the nonuniformity in L, are complex (14).
Telley and Denoth (15) concluded that a major cause is the
biological variability in the strength of opposing half-sarco-
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meres that is due to intrinsic differences in the number of
potential force-generating cross-bridges in the two halves. Al-
though nonuniformity in L, has been implicated as the leading
cause of excessive stretch and subsequent damage to localized
groups of sarcomeres during lengthening contractions (7—10),
this hypothesis has not been supported by definitive evidence.
Furthermore, direct imaging of single myofibrils (16) has
challenged the concept that a loss of thick and thin filament
overlap, as in ‘‘sarcomere popping’’ (13), of some sarcomeres
explains the condition of contraction-induced injury.
Macpherson et al. (17) used laser diffraction to measure L
sequentially in five discrete locations along a permeabilized
single fiber. They demonstrated that regions of an activated
fiber that contained the longest sarcomeres before the stretch
showed the highest number of overstretched and disrupted
sarcomeres as observed in electron micrographs obtained after
the fibers were returned to their original length. The finding is
consistent with the hypothesis that sarcomere length is variable
and sarcomeres at longer lengths are more susceptible to injury.
They also reported that, after the activated fibers were returned
to original length after the stretch, the sarcomeres in the injured
regions appeared to be longer than they were before the stretch.
Since they did not measure L of the activated fibers at the peak
of the stretch, whether the L, before the stretch had any influ-
ence on the strain of a region during the stretch is not clear. The
purpose of our investigation was to test the hypothesis that
during lengthening of maximally activated permeabilized fi-
bers, regions that contain longer sarcomeres during the pre-
ceding isometric activation period undergo more stretch than
regions that contain shorter sarcomeres. A rigorous test of this
hypothesis requires simultaneous measurement of the lengths
of each of the serially connected groups of sarcomeres during

doi: 10.1529/biophysj.107.118109



Changes in Sarcomere Length with Stretch

stretches of activated fibers. We developed a technique that
approximates this ideal by measuring, within a 2-ms time pe-
riod, the L of each of 20 contiguous sectors that span the entire
length of the fiber segment.

MATERIALS AND METHODS
Permeabilized single fiber preparation

Adult male rats (Fisher 344; n = 5; age = 6—10 months) were anesthetized
with an intraperitoneal injection of sodium pentobarbitone (50 mg kg™ "), with
supplemental doses administered as needed to prevent response to tactile
stimuli. The soleus muscle was exposed and the proximal and distal tendons
were isolated. The tendons were cut and the muscle removed from the hind
limb. Muscles were placed immediately into cold (~4°C) skinning solution
(see Solutions below). After the soleus muscles were removed from both
legs, the rats were euthanized with an overdose of sodium pentobarbitone
(100 mg kg~ ") and a bilateral pneumothorax procedure was performed. All
experimental procedures were approved by the University of Michigan
Committee on the Use and Care of Animals and in accordance with the Guide
for the Care and Use of Laboratory Animals (Department of Health and
Human Services publication No. 85-23 (National Institutes of Health), revised
1985, Office of Science and Health Reports, Bethesda, MD). Bundles of fibers
~5 mm in length and 1-2 mm in diameter were dissected from the soleus
muscles. After dissection, the bundles were immersed for 30 min in skinning
solution to which the nonionic detergent Brij 58 was added (0.5% w/v).
Fiber bundles were subsequently placed in storage solution and maintained for
24 h at 4°C before being stored at —20°C for periods of up to 4 months.

To begin an experiment, a bundle of fibers was removed from the storage
solution and placed in relaxing solution for 25 min at 4°C. Permeabilized
single fiber segments (‘‘fibers’’) were then pulled from the bundle using fine
forceps with the aid of a dissecting microscope and dark-field illumination.
Isolated fibers were transferred to a fluid exchange bath (volume = 330 ul)
containing relaxing solution maintained at 15°C using feedback-controlled
Peltier devices (Fig. 1). One end of the fiber was secured to a force transducer
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(model 403A; Aurora Scientific) using two ties of 10-0 monofilament nylon
suture. The other end was attached in the same manner to the lever arm of a
servomotor (model 322C; Aurora Scientific, Aurora, Canada). The points of
attachment of the fiber to the force transducer and servomotor were short
lengths of 29-gauge stainless-steel thin-wall tubing (outer diameter = 330 wm)
that had been fastened with epoxy to the respective instruments. A typical
preparation is shown in Fig. 1 B with only two of the four sutures visible
within the image frame. The approximate resting L, was determined by
projecting the laser diffraction pattern produced by the middle section of the
fiber onto a calibrated target screen. The fiber length was then adjusted to
obtain the desired L by translating the servomotor using a micrometer drive.
Fiber length (L) was defined as the distance between the innermost ties when
the mean L; was 2.5 um (Fig. 1 B). The length of the fiber being probed
optically (L,p) was obtained by measuring the distance between the ends of
the stainless-steel tubing to which the fiber was attached and then subtracting
the width of the laser spot (Fig. 1 B). The cross-sectional area (CSA) of the
fibers was measured as described later in this section and the force mea-
surements were normalized by the CSA to obtain stress (kN m?). During a
maximum isometric activation, the diffraction pattern produced by a fiber
was inspected visually. A fiber was rejected if the diffraction pattern was faint
or diffuse. At the end of an experiment, any fiber that had gross markers of
damage, such as tears, or other disruptions was also rejected. Six of 22 fibers
were rejected on the basis of these criteria.

Fiber activation

The content of the bath was controlled using a fluid exchange system. Fluid
from the bath was emptied in ~700 ms by opening a solenoid valve to a
vacuum line. After a brief pause of ~500 ms, during which the fiber was
suspended in air, fresh solution was delivered by a syringe pump at the rate of
0.3 ml s™' via multiple conduits near the floor of the chamber. Fresh fluid
thus entered the chamber from the bottom, with the liquid-air interface
forming a plane parallel to the long axis of the fiber and rising rapidly to meet
the fiber. Based on the dimensions of the chamber, the fiber diameter, and the
fluid exchange rate, we estimated that the elapsed time between the first
contact of the fiber with the rising liquid and its complete submersion was

FIGURE 1 (A) Schematic diagram of the exper-
imental apparatus. (B) Top view of a sample fiber
(under dark-field illumination) mounted in the bath
showing only the two innermost ties. The force-
producing length (L) and the investigation length
(Lop) were measured as indicated in the figure with
the L of a central section adjusted to ~2.5 um.
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~50 ms. Relaxed single fibers were activated after they were first equili-
brated with a low-[Ca>" ] preactivating solution for 3 min. The preactivating
solution was weakly buffered for Ca®", allowing rapid activation and force
development upon introduction of the high-[Ca®*] activating solution (18).
Rapid, uniform activation of fibers in this manner ensured that the activation
process itself did not introduce L nonuniformity.

Solutions

The skinning solution was composed of (mM): K-propionate, 125; imid-
azole, 20; EGTA, 5; MgCl,, 2; ATP, 2; pH 7.0. The storage solution was
composed of (mM): K-propionate, 125; imidazole, 20; EGTA, 5; MgCl,, 2;
ATP, 2; glycerol, 50% (v/v); pH 7.0. The relaxing solution (pCa ~9.0) was
composed of (mM): HEPES, 90; Mg (total), 10.3; Mg”, 1.0; EGTA, 50;
ATP, 8.0; CrP, 10.0; NaNj3, 1.0; Na (total), 36; K (total), 125; pH 7.1. The
preactivating solution was composed of (mM): HEPES, 90; Mg (total), 8.50;
Mg”, 1.0; EGTA, 0.10; HDTA, 50; ATP, 8.0; CrP, 10.0; NaN3, 1.0; Na
(total), 36; K (total), 125; pH 7.1. The activating solution (pCa ~4.5) con-
tained (mM): HEPES, 90; Mg (total), 8.12; Mg>*, 1.0; EGTA, 50; Ca®*
(total), 50; ATP, 8.0; CrP, 10.0; NaN3, 1.0; Na (total), 36; K (total), 125;
pH7.1.

Determination of fiber CSA

After Ly was adjusted to ~2.5 um, each fiber was imaged digitally from
above and then from the side using a prism embedded in the chamber wall.
Pairs of diameters were measured, one from each image, at five equally
spaced locations along the midsection of the fiber using custom image-
analysis software developed in MATLAB (The MathWorks, Natick, MA).
The CSA was calculated for each of the five locations based on the as-
sumption that the cross section of the fiber was elliptical. The fiber CSA was
calculated as the mean of the five individual measurements.

L; measurements

The hypothesis that during lengthening of a maximally activated fiber, re-
gions that contain longer sarcomeres undergo more stretch than regions that
contain shorter sarcomeres was tested by rapid measurement of the sarco-
mere lengths of each of 20 contiguous spots along the fiber (hereafter referred
to as “‘sectors’’) before and at the peak of the stretch. Laser diffraction was
selected to make the necessary high-speed sarcomere length measurements
because the technique 1), has been used widely in previous investigations of
Lg; 2), offers a superior signal/noise ratio and a more complete utilization of
the dynamic range of the detectors compared with direct optical imaging (19—
22); 3), requires minimal optics and consequently minimizes the effects of
aberrations that pose significant challenges in optical imaging techniques;
and 4), utilizes inexpensive light sources and optical-to-electrical conversion
systems. To test our hypothesis, a major modification was made in the
measurement methodology of laser diffraction from a traditional single-point
measurement to a multiple-point measurement requiring rapid translation of
the laser beam along the fiber.

L measurements were made from the diffraction patterns that resulted
from transillumination of a small volume of the fiber with a laser beam
having an e~2 beam width of ~180 wm (based on Gaussian intensity dis-
tribution, ~66% of the laser intensity was concentrated in the central 90 um;
~35 sarcomeres in series). A diode laser operating at a wavelength of 650 nm
was used. Translation of the laser spot was accomplished with a slow shear
wave TeO, acousto-optic beam deflector (AOBD, model N45070-6; NEOS
Technologies, Melbourne, FL driven by a digital radio frequency synthesizer
oscillator (model N640410-200-2ASDFS; NEOS Technologies). The
AOBD was located ~60 cm from the fiber so that the maximum laser beam
deflection required to interrogate the full length of the fiber was <2 mrad.
This ensured that angle effects on the diffraction peak intensity (23) were
minimized. The resulting diffraction patterns were captured with a 2048-
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element charge-coupled device linear array sensor (model LD3543PGK;
Perkin Elmer Optoelectronics, Fremont, CA) and a frame grabber (model
PCI-1428; National Instruments, Austin, TX). A complete interrogation of
the length of the fiber segment (L,,) was accomplished by translating the
laser beam through the 20 sectors and scanning the diffraction pattern that
was produced on the sensor by each sector. A complete readout from the sensor
(referred to as a “‘scan’’) was a sequence of 2048 unsigned 8-bit integers that
represented the intensity profile of the diffraction pattern. At each sector on
the fiber, the laser spot was locked for 100 ws and one scan of the diffraction
pattern was acquired. Thus the time taken to complete one full cycle of 20
scans (hereafter referred to as a ‘‘sweep’’) was 2 ms. For a given contraction
protocol, servomotor and AOBD command arrays were precalculated and
stored in the computer. Command arrays were updated to the respective
instruments at a rate of 10 k updates s~'. All inputs and outputs were gated by
a single trigger pulse generated simultaneously on several trigger lines on a
real-time system integration bus. The diffraction, servomotor, and force data
were captured simultaneously at 10 k s~ and stored by computer. A custom
LabVIEW (National Instruments) program controlled the instruments and
acquired and saved the data.

The diffraction data from one full sweep of a fiber (a matrix of 20 X 2048
elements) is shown in Fig. 2 A as a grayscale image. Each scan was pre-
processed with a low-pass filter and folded along the centroid of the un-
diffracted (zero-order, 0°) intensity profile (Fig. 2). The intensity profiles of
the two first-order profiles (—1° and +1°), thus falling on each other, were
averaged to obtain the mean first-order (1°) profile. At any time point, L for a
given sector was calculated based on the distance between the peak locations
of 0° and 1° profiles by using the standard grating equation, A = L - sin#,
where 6 is the diffraction angle between the 0° and the diffracted (1°) beams,
and A is the wavelength of the laser. Both the —1° and + 1° orders were used
(by obtaining 1°) in the L calculation to minimize volume diffraction effects
(23-26). The 1° peak locations were estimated using the centroid method
(27) given in the following equation:

YIp) X p
P=%ip)

where, I(p) is intensity at pixel p, and p is the centroid of the sequence /.

(D

Sweeping

Sweeping was accomplished by generating a stair-step waveform of total
amplitude proportional to the length of the sweep, and then using the stair-step
waveform as the input to the radio frequency driver of the AOBD to translate
the laser beam along the fiber in equally spaced steps (Fig. 3). When the length
of the fiber was changed, the intervals were adjusted proportionally to ensure
that the entire L., was interrogated. The stair-step waveforms were pre-
calculated for a given fiber length change protocol and stored in the computer.

Experimental protocol

The mean resting L was set to ~2.7 uwm before the fiber was activated because
the mean L within L, shortens up to 6% during the isometric activation phase
before the stretch. The resting L; value was chosen to ensure that the stretch of
an activated fiber was initiated with mean L in the middle of the plateau region
or early part of the descending limb (28,29) of the length-tension relationship
(see Discussion). An activated fiber was then lengthened by a single stretch of
magnitude 0.27 L. The velocity of the stretch was 0.54 L;s ' (Fig. 4 A). After
the stretch, the fiber was returned to its original length at the same velocity.
Immediately upon return to the original length, the fiber was shortened rapidly
(within 1 ms) by a length of 0.22 L and held for 40 ms. The fiber was then
returned rapidly (within 1 ms) to its original length and allowed to generate
maximum isometric force (Fig. 4). The rapid shortening-return maneuver was
performed to establish the true zero of the force transducer. A typical force
response of a fiber to the single stretch protocol is shown in Fig. 4 B.
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FIGURE 2 Method to determine the diffrac-
tion angle. (A) Scheme to obtain the 1° diffrac-
tion patterns from the —1° and +1°. The
grayscale map (left) represents the diffraction
data (all 20 scans) from a full sweep of the fiber.
The x axis of the map represents the pixel
number, and the y axis the sector number. The
grayscale intensity of the image is proportional
to the 8-bit intensity of the diffraction patterns
(black 0 to white 255). The dashed line repre-
sents the fold line obtained by fitting a straight
line to the centroids of the intensity profiles of
the undiffracted order (0°). (B) A typical 8-bit
intensity profile (leff) of the diffraction pattern
corresponding to sector 10 of the grayscale map.
The intensity on the y axis is in arbitrary units
(0—255). The intensity profile in the right panel
corresponds to the 1° and left half of the 0°. The
distance between the 1° and 0° peak locations
(separation in pixels X the pixel size) and the
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Force deficit measurements

Force deficit (10), the percentage reduction in maximum isometric force (P,)
after the stretch of an activated fiber, was calculated from the isometric force
generated by a maximally activated single fiber before and after the single
stretch protocol. Post-stretch force was measured twice: once during the first
activation after a fiber was returned to its original length (Fig. 4) and once
during a subsequent isometric activation, 15 min after the lengthening con-
traction. The difference between the two post-stretch isometric force mea-
surements was <5% for all fibers used in this study, and the force deficit was
calculated as their mean.

A

Stair-step waveform

f T T T 1
0 200 400 600 800 1000

fiber-to-sensor distance were used to compute
the diffraction angle.
Pixel number

Compliant end-sectors

In permeabilized single-fiber preparations, some of the sectors adjacent to the
points at which the fiber is secured to the apparatus lengthen substantially
during maximum isometric activation due to the increased compliance of
weaker sarcomeres that have been compromised by the attachment (30-34).
Visual inspection of the fiber preparations showed a distinct change in the
aspectratio of the fiber near the ends (19), resulting in curved fiber boundaries.
As myofibrils in the sectors adjacent to the attachment points pass through the
curved boundaries, their axes are no longer parallel to the fiber axis. Conse-
quently, for those myofibrils, the component of the tension vector that is

Strain = 0%

Laser spot

Strain = 27%

beam during a sweep. (A) A typical
stair-step waveform (leff) representing
one complete sweep. The step height
corresponds to the separation distance
between the centers of two adjacent
sectors, and the step width corresponds
to the duration of time that the laser spot
was locked at the sector. An illustration
of the sweeping with overlapping laser
spots for an unstretched fiber is shown
on the right. (B) When fiber length was
increased, the separation between the
adjacent laser spots was increased such
that the entire Lo, span continued to be
interrogated.

1
} FIGURE 3 Translation of the laser
I
1
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parallel to the fiber axis is less than that of the myofibrils in other sectors where
the fiber aspect ratio is preserved. The change in aspect ratio is also likely to
indicate an altered myofilament lattice, which will also contribute to a reduced
generation of tension in those sectors. Due to this increased compliance at the
ends, fully functional sectors in the middle of the fiber shorten at the expense
of the end sectors, causing the end sectors to lengthen. Our data indicate that
during maximal activation, the lengthening of sarcomeres near the attachment
points can extend as far as 200 um toward the fiber mid-point. Furthermore,
the change in L from subfunctional sectors to functional sectors, as shown by
our data (Fig. 5), is gradual. Consequently, the simple criterion of either
shortening or lengthening of sectors during a maximal activation is not suf-
ficient to identify the boundary between functional and subfunctional sectors.
Instead, the curvature of the relationship between sector position and Ly is a
better indicator of this boundary. Compliant sectors at the ends of the fiber
were thus identified using a rate-limiting filter, and those sectors were elimi-
nated from subsequent analyses (Fig. 5). The algorithm for the rate-limiting
filter assumed that the middle 10 sectors of the fiber were not affected by
attachment artifacts. The inclusion criterion for a new sector R on the right half
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FIGURE 4 Experimental protocol.
(A) Change in fiber length during the
single stretch lengthening contraction
05s protocol. Activated fibers were sub-
jected to 27% stretch followed by short-
ening at constant speed. Immediately
after the fibers were returned to original
length, a step-shortening and stretch
maneuver was inserted to indicate the
zero of the force transducer on the force
record. (B) A typical force response of
the fiber to the single stretch protocol on
the same timescale as shown in panel A.
The force response of the fiber to stretch
consisted of an initial phase of rapid
increase followed by a phase of slow
increase. The zero of the force trans-
ducer was established during the 40 ms
hold after the step-shortening of the
fiber. After the stretch, steady-state iso-
metric stress was reassessed and used in
force deficit calculations.

< Force deficit

1

of the fiber (sector numbers 16—20) was as follows: L, of R must be less than
Lyof R — 1 + 1/2 X SD of L of all the previously included sectors. The
algorithm continued to the right only if sector R met the inclusion criterion.
Similarly, when sectors in the left half of the fiber (sector numbers 5—1)
were analyzed, sector R was included only if L of R was less than L; of R +
1 + 1/2 X SD of L of all the previously included sectors. The algorithm
proceeded to the left only if sector R met the inclusion criterion. Sector se-
lection within one-half of the fiber was carried out independently from the
other half, and the final set of sectors included for analysis was obtained by the
union of the two halves.

A comparative study by Hilber and Galler (34) on the reliability of ex-
periments using permeabilized single fibers with and without glutaraldehyde
fixation of the fiber ends showed that results were comparable for the two
preparation types only when the experimental duration was short. Fixing the
ends with glutaraldehyde improved the reliability and stability of the ex-
periments that involved longer periods of activation. The activation times in
our experimental protocols were ~20 s, much less than the periods of 3—30
min reported in the study of Hilber and Galler (34). The short activation
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FIGURE 5 Sector exclusion map. Each panel shows the effect of the rate-limiting filter on the prestretch L profile of each of the 16 fibers. Note the
increasing trend in prestretch Lg near the end-sectors. The sectors that were eliminated (solid circles with crosses through them) and those that were not
eliminated (solid circles) with the rate-limiting filter are indicated on each L profile.

times, coupled with our acceptance criteria based on visual inspection of the
quality of the laser diffraction patterns and elimination of excessively com-
pliant end-sectors, ensured that the stability of the preparations used in the
study presented here was not an issue.

Statistical analysis

To determine differences between relative stretch magnitudes at different
prestretch L values, the relative stretch magnitudes of sectors were grouped
according to the prestretch L of the sector (see Fig. 8), and then group means
were assessed by a univariate one-way analysis of variance (ANOVA). If the
F-statistic of the ANOVA showed significance, the differences were deter-
mined by Tukey’s HSD post hoc tests for multiple comparisons. The level of
significance was set a priori at p < 0.05. Pearson’s product moment (r,
correlation coefficient) was used to determine the correlation between pre-
stretch L and stretch magnitude (Fig. 6 B), and relative prestretch L and
relative stretch magnitude (Fig. 7).

RESULTS

The lengths of the fibers were Ly = 1.37 = 0.14 (mean = SD,
n = 16) and L,, = 1.05 = 0.11 mm. The CSA was 6490 =

1410 /.Lmz, P, was 0.86 = 0.17 mN, stress was 135 = 25 kN
m 2, and the force deficit after the lengthening contraction
was 19% = 9% P,,. For each fiber, the L for all sectors was
computed from the diffraction patterns captured just before
the stretch, 50 ms after the onset of the stretch, and at the
peak of the stretch. The rate-limiting filter described in Ma-
terials and Methods was applied to the prestretch Lg profile
to identify the functional sectors (Fig. 5). Of 320 sectors
from the 16 fibers, 245 functional sectors were identified for
further analyses. The responses of the remaining 75 sectors
were excluded from the analyses and are not represented in the
results shown in Figs. 6-8. The number of sectors retained
for analyses varied among fibers (range = 11—20 sectors).
For the accepted sectors of each fiber, we computed 1), the
mean prestretch Lg; 2), the increase in L, for each sector 50 ms
after the beginning of the stretch and 3), at the peak of the
stretch; and 4), the mean increase in L for all sectors 50 ms
after the beginning of the stretch and 5), at the peak of the
stretch. We chose to assess L¢ behavior 50 ms after the initi-

Biophysical Journal 95(4) 1890-1901



1896

A Prior to stretch

i)
=]
=
|53
53
»
vy

Panchangam et al.

Longer L <—— Shorter L_

200 pixels

At 50 ms

FIGURE 6 Representative diffraction images
and L, of an activated fiber (Fiber 12, Fig. 5)
during the single stretch protocol. (A) Ls were
computed from the diffraction images of the
activated fibers obtained 100 ms before (top), 50
ms after the onset (middle), and at the peak of
the stretch (bottom). Functional sectors were
identified by applying the rate-limiting filter to
the prestretch Lg, obtained from the top image.
(B) For the accepted sectors, the increases in Ly
during the stretch are plotted against the pre-
stretch L. The graph shows a strong correlation
(r = 0.86, p < 0.0001) between the increase in
Ly at the peak of the stretch (shaded circles) and
prestretch Lg, and indicates that sectors with
prestretch L, longer than the mean L, stretched
more than the mean increase in Ly (top-right
quadrant). No such correlation was evident 50
ms after the onset of the stretch (open circles).
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ation of the stretch on the basis that the increase in the force
response changes from a rapid phase to a slow phase at this
time. Frequently, a transient fall in force occurs during the
transition from the rapid to the slow phases of the stretch (Fig.
4 B). The slow phase of the increase in force began after
the fibers had absorbed ~2—3% strain. Based on data from all
of the sectors included in the analyses, mean Lg values were
computed for each fiber. The fiber-mean prestretch Lg ranged
from2.33t02.73 um (mean =2.54 = 0.12 um) and increased
between 0.05 and 0.13 wm at 50 ms after the onset of the
stretch and between 0.37 and 0.83 um at the peak of the
stretch.

In general, a nonuniform distribution of the stretch was
observed along activated fibers, a finding consistent with
previous reports (17,35-37). Representative diffraction pat-
terns of an activated fiber before the stretch, at 50 ms after the
onset of the stretch, and at the peak of the stretch are shown in
Fig. 6 A. For the same fiber, the increase in L for each sector is
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plotted relative to its prestretch Lg in Fig. 6 B and shows
that prestretch L did not appear to influence the increase in
L at 50 ms. In contrast, at the peak of the stretch the sectors
with prestretch L longer than the mean L, underwent a greater
increase in Lg than the mean (top-right quadrant). Simi-
larly, sectors with shorter prestretch L underwent a smaller
increase in L, than the mean at the peak of the stretch (bottom-
left quadrant).

For each sector in a given fiber, L was divided by the mean
of the L, values for all accepted sectors within that fiber and
the ratio was termed the relative prestretch Ly (Fig. 7, hori-
zontal axes). Similarly, the relative increase in L, of a sector at
50 ms was calculated as the ratio of the increase in sector L
after the first 50 ms of the stretch to the mean increase after 50
ms. The relationship between the relative prestretch L, and the
relative increase in L, of a sector at 50 ms is shown in Fig. 7 A.
The figure was obtained by pooling the data from all sectors of
the 16 fibers (245 data points). The graph indicates that rela-
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FIGURE 7 Effect of relative prestretch L, on extensibil-
ity of sectors during stretch. The x axes represent relative
prestretch Lg, the ratio of sector prestretch L to the mean Lg
of the accepted sectors within a given fiber. (A) The y axis
represents the relative increase in Ls 50 ms after the onset of
the stretch (the ratio of the increase in sector L at 50 ms to
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1_'15 the mean L increase at 50 ms). The relative increase in L
did not correlate with relative prestretch L (r = 0.23, p =
0.0003). (B) The y axis represents the relative increase in L
at the peak of the stretch (the ratio of the increase in sector
L at the peak of the stretch to the mean L, increase at the
peak of the stretch). The relative increase in Ly correlated
positively with the relative prestretch Lg (¥ = 0.65, p <
0.0001, slope = 5.4). The graph indicates that sectors with
prestretch Ly longer than the mean of all accepted sectors
within a given fiber extend more than the mean extension,
and that sectors with shorter prestretch L, than the mean
extend less than the mean.
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tive prestretch L and relative increase in Lg at 50 ms did not
correlate. The relationship between relative prestretch Lg and
relative increase in L at the peak of the stretch is plotted in Fig.
7 B. In contrast to the lack of correlation at 50 ms, the relative
increase in L at the peak of the stretch was positively corre-
lated with relative prestretch L. The graph (Fig. 7 B) indicates
that if a sector was initially at a L longer than the mean (in-
dicated by the broken vertical line), then during the stretch
that sector was extended more than the mean (indicated by the
broken horizontal line). Such sectors fall into the top-right
quadrant of the graph. Similarly, the sectors in the bottom-left
quadrant began with shorter prestretch L and stretched less
than the mean stretch. A comparison of the graph in Fig. 7 A
with the graph in Fig. 7 B indicates that this relationship was
established during the slow phase of the rise in tension, not
during the rapid phase (Fig. 4 B). It should also be noted that
the L; of all sectors in this study increased during the
lengthening contraction (38), including those with the short-
est prestretch L, (Fig. 7 B).

To further analyze the effect of the prestretch L on the
nonuniform increase in L (Fig. 8), the relative increases in L at

the peak of the stretch for all 245 sectors were assigned to one
of six groups according to the prestretch Lg values. The groups
were distributed equally over a range of 2.25—2.85 um with
an interval of size 0.1 wm, and the means and 95% confi-
dence interval bars were plotted for the individual groups
(Fig. 8). The group means correlated with the mid-interval
value of the x axis (r = 0.88, p = 0.02). A one-way ANOVA of
the group means resulted in a significant F-statistic (F = 8.31).
The post hoc multiple comparisons of mean values among the
groups showed significant differences (Fig. 8). These tests re-
vealed a biphasic relationship between prestretch L, and rela-
tive increase in L, with the increase in Lg being independent
of prestretch L in the range of 2.25—2.60 um followed by an
increasing trend for values of prestretch Ly >2.60 wm. The
prestretch L value at which the change in the trend of the rel-
ative increases in Lg occurred coincided approximately with
the beginning of the descending limb of the length-tension
relationship for soleus muscle fibers from rats (28,29) (Fig. 8).
The confidence intervals indicated that the spread of data
points in each group was substantial, but no systematic changes
in the spread of data points with L were observed (Fig. 8).
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FIGURE 8 Relative increase in L at the peak of the stretch versus
prestretch L. The data from all 16 fibers (245 sectors) were pooled and the
relative increases in Ly of sectors were assigned to six different groups
(A—F) according to the prestretch L values. The y axis on the left side of the
graph represents the relative increase in L as a ratio of increase in L to mean
increase in L for a given fiber, and the x axis represents the prestretch L of
the sectors in wm. The groups were divided uniformly in the prestretch L
range of 2.25-2.85 um with an interval size of 0.1 um. The group means
and the error bars representing 95% confidence intervals for the means are
shown in the figure. A one-way ANOVA to compare the group means
resulted in a significant F-statistic (F = 8.31), indicating differences among
groups. The post hoc comparisons identified pairwise differences (p < 0.05)
as indicated above the bars of the histogram (e.g., group A is different from
groups E and F). The L, at which the shift in trend occurred coincided
approximately with the beginning of the descending limb of the length-
tension relationship (dash-dotted line, y axis on right-hand side) for the
soleus muscles of rats.

DISCUSSION
Measurement of the behavior of sarcomeres

The testing of our hypothesis required major modifications of
the current measurement methodology for laser diffraction
from the traditional single-point to a multiple-point approach.
Multiple-point monitoring of Ly behavior was introduced
initially by Lieber et al. (39) for studies of intact single fibers
from muscles of frogs. The single fiber performed multiple
tetanic contractions and the fiber was translated axially
through a stationary laser beam during the interval between
the contractions. The system relied on the reproducibility of the
behavior of L in a single fiber during repeated tetanic con-
tractions. Such an approach is not applicable to investigations
of the behavior of Lg during a protocol that causes an irre-
versible change in the behavior of sarcomeres. Macpherson
et al. (17) translated a laser beam, before and after a single
lengthening contraction, to five discrete locations along a
stationary segment of a permeabilized single fiber in ~5 s to
obtain spatially resolved data on L;. The number of locations
interrogated and time required for the measurements by
Macpherson et al. (17) did not meet our requirements of high
spatial and temporal resolution. We accomplished this by
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rapidly deflecting the laser beam through 20 serially con-
nected sectors along the full length of the fiber segment in
2 ms. Although the diffraction pattern for each sector was
acquired sequentially, the short duration of acquisition ap-
proximated an instantaneous ‘‘snapshot’’ of the sarcomere
lengths along the full length of the fiber.

Complexity of sarcomere dynamics

The results indicated that L, heterogeneity was present during
a fixed-length contraction and that a stretch applied during the
contraction was distributed nonuniformly along the fiber,
increasing the heterogeneity. This uneven distribution of the
stretch resulted in some mismatches between the position of
the laser beam and the sarcomeres located within a given
sector. As a consequence of this mismatch, a given sector
number did not correspond exactly with the same population
of sarcomeres from sweep to sweep. Analyses of the data
indicated that such mismatches were of minor consequence;
the magnitudes of all of the mismatches averaged 18% * 9%
for all of the sectors analyzed, and only 1% of the mismatches
exceeded 50%. Furthermore, the spatial-frequency content of
the L, profiles before and at the peak of the stretch was very
low (—3 dB frequency <0.07 cycles sector '), which made
any errors introduced by either the contamination or loss of
sarcomeres, for a given sector, insignificant. Although scan-
ning with overlapping sectors resulted in some cross talk
between sectors, the overlapping, rather than exclusion, was
necessary to avoid undersampling and to obtain an accurate
profile of the L of the entire fiber.

A few investigators (40,41) have used direct imaging of
myofibrils to track individual sarcomeres or half-sarcomeres.
Such an approach avoids cross talk between measurements of
neighboring sarcomeres. Despite the absence of cross talk, the
data obtained from a myofibril do not reflect the complex
dynamics within a single fiber introduced by the lateral
transmission of forces through the connections provided by
cytoskeletal structures, such as desmin (42,43). The half-
sarcomere (41) or sarcomeric (40) behavior within a single
myofibril must be augmented by data supplied by numerical
models to provide a realistic representation of fiber-level be-
havior (15). In contrast with the direct imaging methods, laser
diffraction provides average information regarding the sar-
comeres within a given sector, but the technique cannot re-
solve sarcomere-level events. Consequently, the application
of the laser sweep technique to permeabilized single fibers
provides data on sarcomere dynamics that complement those
obtained from single myofibril imaging of single sarcomeres
(40) or half-sarcomeres (16,41).

Nonuniformity of stretch along the fiber

In the study presented here, all lengthening contractions were
preceded by a period during which the maximally activated
fiber was maintained at a fixed length. The L, nonuniformity
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that was established during the fixed-length phase of the
contraction served as the initial condition for the subsequent
lengthening contraction and was assumed to be due to het-
erogeneity in the force-generating capabilities of the sectors.
During the first 50 ms of the stretch of the maximally activated
fiber, when the force was increasing rapidly, the increase in Ly
of sectors did not appear to be influenced by their initial L. In
contrast, during the slow phase of force increase, a systematic
relationship developed between the prestretch Lg and the in-
crease in L;. The results indicated that, upon stretch of a
maximally activated fiber, the increase in length was not
distributed uniformly among the sectors of a fiber. Instead,
sectors with longer prestretch L absorbed a relatively higher
proportion of the stretch. The negative slope of the descending
limb of the length-tension relationship has been implicated in
the development of Lg nonuniformities at longer lengths
(44,45). According to static-elastic theoretical models, sar-
comeres that begin on, or are stretched onto, the descending
limb during a contraction are weakened due to reduced op-
portunity for cross-bridge formation (13,46). As the length-
ening contraction proceeds, the models predict a positive
feedback cycle in which these weakened sarcomeres accept a
disproportionately large fraction of the stretch, causing a
further reduction in opportunity for cross-bridge formation,
thereby exacerbating their weakness. Our results do not
contradict this prediction.

Morgan (13) suggested that the positive feedback associ-
ated with lengthening on the descending limb of the length-
tension relationship could cause the longest sarcomeres to
undergo a rapid and uncontrolled lengthening (referred to as
sarcomere ‘‘popping’’) until the force of the myofibril is
borne completely by passive elements. The laser diffraction
pattern that forms the basis for our measurements reflects the
average length of the ~200,000 sarcomeres contained within
a given sector of a single fiber. If sarcomere ‘‘popping’’ were
to occur within single myofilaments, or even small groups of
myofilaments, such sarcomere-level events would not be
detected in the laser diffraction pattern of a fiber sector.
Consequently, these results should not be interpreted as evi-
dence supportive of the ‘‘sarcomere popping’” hypothesis.

Relationship between strain and injury

A number of studies have shown a strong correlation between
the magnitude of the strain of single fibers and the severity
of injury as measured by the force deficit (7,10,47,48). This
strain-dependence of injury, coupled with the finding of
greater numbers of disrupted sarcomeres in permeabilized
single fiber sectors with the longest prestretch L, (17), implies
that sectors with the longest prestretch L are those that are
most strained during the subsequent lengthening contraction.
Our study confirms that relationship. In a maximally activated
fiber maintained at fixed length, groups of strong sarcomeres
will shorten at the expense of the weaker sarcomeres, which
will be stretched to longer lengths (49) and possibly onto
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the descending limb of the length-tension curve. A subsequent
stretch of the fiber will place the long sarcomeres at a high risk
of undergoing additional lengthening and damage as they
absorb a higher proportion of the imposed stretch. A number
of investigators have successfully identified focal injury to
single or small groups of sarcomeres after a variety of proto-
cols of single lengthening contractions (7,9,10,12,17,47,
48,50), but a direct link between the injured sarcomeres and
their lengthening behavior during the stretch has not been re-
solved. Our study, for the first time (to our knowledge), shows
that in a maximally activated fiber the magnitude of the pre-
stretch L is a good predictor of the magnitude of the relative
increase in the L during a subsequent stretch. Coupled with
the well-established relationship between strain and injury
(7,10,47,48), this finding suggests that sectors with longer
prestretch L are at higher risk of contraction-induced injury
than those with shorter prestretch Lg. These data provide an
explanation for the observation of Macpherson et al. (17) that,
after a severe stretch, the regions of a fiber that were at longer
sarcomere lengths during maximum activation before the
stretch showed excessive damage to single sarcomeres and
small groups of sarcomeres as viewed by electron microscopy
after the stretch.

SUMMARY

We have developed a technique to measure spatially resolved
L rapidly along the lengths of permeabilized single fibers,
and demonstrated that stretches of maximally activated fibers
are distributed nonuniformly along the fiber length. During a
stretch of a maximally activated fiber, the increase in the
nonuniformity of sarcomere lengths that developed during the
stretch was due to sectors composed of the sarcomeres at
longer lengths being stretched more than the sectors com-
posed of sarcomeres at shorter lengths. These results support
the hypothesis that the injury observed in individual sarco-
meres, or small groups of sarcomeres, within single muscle
fibers in a skeletal muscle that has undergone a severe
lengthening contraction involves those sarcomeres or groups
of sarcomeres that were at longer lengths when fibers were
first activated. When such a muscle is activated and then
lengthened, the single sarcomeres or groups of sarcomeres that
are at longer lengths compared to their serially connected
neighbors are at risk of being stretched excessively beyond
the capability of the internal structure of the sarcomere to
maintain its structural integrity.
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