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Patel, Tina J., Ronnie Das, Jan Fridén, Gordon J. Lutz, and
Richard L. Lieber. Sarcomere strain and heterogeneity correlate with
injury to frog skeletal muscle fiber bundles. J Appl Physiol 97:
1803-1813, 2004. First published June 18, 2004; 10.1152/japplphysial.
00505.2003.—Sarcomere length and first-order diffraction line width
were measured by laser diffraction during elongation of activated frog
tibialis anterior muscle fiber bundles (i.e., eccentric contraction) at
nominal fiber strains of 10, 25, or 35% (n = 18) for 10 successive
contractions. Tetanic tension, measured just before each eccentric
contraction, differed significantly among strain groups and changed
dramatically during the 10-contraction treatment (P < 0.01). Average
maximum tetanic tension for the three groups measured before any
treatment was 203.7 = 6.8 KN/m?, but after the 10-eccentric contrac-
tion sequence decreased to 180.3 *= 3.8, 125.1 + 7.8, and 78.3 = 5.1
kN/m? for the 10, 25, and 35% strain groups, respectively (P <
0.0001). Addition of 10 mM caffeine to the bathing medium de-
creased the loss of tetanic tension in the 10% strain group but had only
aminimal effect on either the 25 or 35% strain groups. Diffraction
pattern line width, a measure of sarcomere length heterogeneity,
increased significantly with muscle activation and then continued to
increase with successive stretches of the activated muscle. Line width
increase after each stretch was significantly correlated with the lower
yield tension of the successive contractile record. These data demon-
strate a direct association and, perhaps, a causal relationship between
sarcomere strain and fiber bundle injury. They also demonstrate that
muscle injury is accompanied by a progressive increase in sarcomere
length heterogeneity, yielding lower vyield tension as injury
progresses.

mechanics; eccentric contraction; cytoskeleton; laser diffraction

FORCED LENGTHENING OF ACTIVATED Skeletal muscle [i.e., eccen-
tric contraction (EC)] results in high-tissue loading and is
associated with muscle injury. Despite the common occurrence
of ECs, the relationship between eccentric force and lengthen-
ing velocity is not easily explained based on classic steady-
state cross-bridge theories (22, 52), possibly because force
achieved during muscle lengthening is not a simple reflection
of rates of attachment and detachment of cross bridges. This
may not be surprising because the cross-bridge theory was
developed primarily to explain the relationship between ener-
getics and force during muscle shortening (24).

Injury resulting from EC has been described at morpholog-
ical (14, 18), ultrastructural (15, 16), and light-microscopic
(36, 49, 64) levels. Whereas muscle deterioration and soreness
are associated with injury, the early causative events seem to

be mechanical in nature (7, 37, 45, 69). Presently, there is not
consensus in the literature regarding the mechanical factor(s)
that causes muscle injury. We believe that thisis primarily due
to the imprecise measures of strain that have been used for
experiments in rabbit tibialis anterior (TA) (37) and rat soleus
muscles (69). These investigators have simply assumed that
deformationis equally distributed along the muscle-tendon unit
and that sarcomere strain and tissue deformation are synony-
mous. Additionaly, it has been shown that changes in tetanic
tension (the most commonly used index of “injury”) can be
erroneoudly inferred when tetanic tension optimum is not
reestablished after injury is induced (58). This may also pro-
vide some of the explanation for discrepancy among studies.

Defining the mechanical basis of EC-induced muscle injury
is important as it provides insights into cellular injury mecha
nisms and may provide novel information regarding the nature
of force transmission in skeletal muscle. Strain-based injury
mechanisms may implicate such cellular components as strain-
activated ion channels (4, 21), whereas stress-based mecha
nisms may implicate force transmission by cytoskeletal ele-
ments or direct stress applied to the cell (25, 40). Unique
insights into injury mechanics are afforded by the use of laser
diffraction, which measures not only average sarcomere length
(Ls), but also Ls variability within the volume (17, 29, 59, 72).
Because Ls variability has been used to explain the unique
mechanical behavior of muscle during lengthening (22) and
muscle adaptation to injury (46, 70), it is of interest to measure
these parameters directly during mechanically induced injury.
Therefore, the purpose of this study was to define the relation-
ship between Ls, heterogeneity, and muscle’'s mechanical re-
sponse to ECs.

MATERIALS AND METHODS

Muscle preparation. Experiments were performed on fiber bundles
(n = 33 muscles) or single fibers (n = 15) obtained from the medial
head of the TA muscle of adult Rana pipiens (nomina snout-vent
length = 3 cm), which is composed of only the two fastest amphibian
muscle fiber types, type 1 and type 2 (43). All frogs were housed in
water-filled tanks with dry surfaces at room temperature and were fed
live crickets. Small bundles (~60 fibers) or single fibers were dis-
sected from the medial head of the TA muscle while the muscle was
immersed in Ringer solution consisting of (in mM) 115 NaCl, 2.5
KCI, 1.8 CaCl,, 1.0 MgSO,, and 3.0 phosphate buffer, and 10 mg/l
curare adjusted to pH = 7.10 at 25°C. Animal care adhered to the NIH
Guide for the Care and Use of Laboratory Animals and was approved
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by the University of CaliforniaSan Diego and Veterans Affairs
Committees on the Use of Animal Subjects in Research.

Experimental apparatus. For fiber bundles, after dissection, the
specimen was transferred to a custom muscle chamber filled with
Ringer solution (~20°C). With the use of 8—0 black-braided silk
(Deknatel, Fall River, MA), the origin was secured to a rigid, fixed
end, and the insertion site was tied to the lever arm of a servomotor
(model 300B, Aurora Scientific, Aurora, ON). At both origin and
insertion sites, the specimen was tied as closely as possible to the
insertion site of the fiber to minimize series compliance. System
compliance, including the transducer, was ~5 pm/g. For singlefibers,
methods were essentially as previously described in detail (44).
Briefly, intact cells were mounted in a chamber containing room-
temperature (25°C) Ringer solution between a force transducer
(model 405A, Aurora Scientific) and a high-speed length controller
(model 318B, Aurora Scientific) by securing the tendons to 125-um
titanium wires with the use of 10—0 silk suture loops. The force
transducer and motor were mounted independently on XY Z transla-
tion stages to permit precise fiber alignment.

Muscle activation was provided by an electrical stimulator (model
S88, Grass Instruments, Quincy, MA) in series with a bipolar power
amplifier (model 510, Hewlett-Packard, Cupertino, CA) applied via
platinum plate electrodes extending along the length of the bundle. All
contractions reported were performed while stimulating at supramaxi-
mal levels with a 0.3-ms pulse duration and 100-Hz stimulation
frequency. Lever arm movement was induced by using a program-
mable function generator (model 3314A, Hewlett Packard). The servo
system, stimulator, and function generator were all controlled by an
acquisition program written in the LabWindows environment (Na-
tiona Instruments, Austin, TX) and data-acquisition board (model
512, Gage, Montreal, Quebec) running on a personal computer (Datel
Computers, San Diego, CA).

Ls determination. Whereas numerous previous studies have calcu-
lated sarcomere strain during EC, Ls and line width (W) during EC
have never been published. Thus Ls was measured during EC by using
laser diffraction (41). He-Ne laser light was projected through the
fiber(s) from below, and the first-order portion of the diffraction image
projected onto a one-dimensional charge-coupled device array camera
clocked by a controller (models LC1911/RS1910, EG& G Reticon,
Sunnyvale, CA) that was interfaced to the data-acquisition board.
Nominal beam diameter was 1.0 mm, but, based on the Gaussian
intensity distribution, 66% of the laser intensity was concentrated in
the central 0.6 mm. Based on the average fiber length (L¢) of 7.64 mm
(see below), ~8% of the sarcomeres within the specimen contributed
to the diffraction pattern. The beam was placed as close to the fixed
end of the specimen as possible to minimize fiber translation across
the laser beam. Ls was calculated based on the distance between the
centroids of the first- and zeroth-order diffraction lines, by using the
standard grating equation, n\ = Ls sinf, where n is diffraction order
(=1 in al experiments reported here), \ is laser wavelength (0.632
wm), and 6 is diffraction angle relative to the undiffracted zeroth-
order beam. Ls heterogeneity was quantified from the W of the
first-order peak. W was calculated by using the equations derived by
Marikhin and Myasnikova (48) and previously implemented on whole
muscle (56) and single cells (17, 29, 57), where:
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are the zeroth (Mo), first (M1), and second (M) moments of the
diffraction peak, respectively, A; isthe amplitude of the ith photodiode
array element, and W is calculated from these moments as:
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These equations and their application to active and passive muscle
were experimentally validated by comparing light microscopic obser-
vation of sarcomere populations with the diffraction patterns obtained
on whole muscles (56) and single-muscle fibers (10, 29, 57) and are
supported by comprehensive theories of light diffraction that explain
diffraction peak position, intensity, and W based on the known
properties of muscle sarcomeres and fibers (17, 34, 72). Diffraction
data were acquired on a 1,024-element array at a rate of 250 kHz
(4.096 ms per frame of 1,024-element array) for 1 s, yielding 244
spectra of diffraction data for each contraction.

Before contractile experiments, fiber(s) was checked for diffraction
quality. If the resting diffraction pattern from the fiber bundles was poor
(i.e, diffraction orders were faint or diffuse or the plusminus diffraction
orders were of dramaticaly different intensities), the sample was dis-
carded. ECswereinitiated at aresting Ls of ~2.4 um, which was chosen
to permit the specimens to shorten to ~2.2 wm during the isometric
contraction (IC) phase before the EC (Fig. 1). This ensured that ECs
occurred on the descending limb of the length-tension curve, whereinjury
is believed to be more severe, but not at such long lengths that passive
tension would confound stress measurements (53, 65).

Fiber-length determination. Rather than attempting to measure
fiber bundle length directly (which is prone to error in these fiber
bundles due to the staggered fiber insertions onto the tendon), L was
calculated for each bundle by applying a slow 1-mm-length ramp to
the bundle and measuring the accompanying L change. The Ls change
was divided into the imposed length change to yield serial sarcomere
number, which was then multiplied by initial Lsto yield L¢. For each
bundle, average L; calculated from three length ramps was used to
determine the length change required to impose a selected nominal
strain onto the bundle during experimentation. Average L: of all
bundles tested was 7.64 = 0.22 mm at a nomina Ls of 2.4 pm (n =
33). Pilot studies were performed to validate that L¢ calculated by
using this method represented an accurate measure of actua Ls. Lt
measured by using architectural analysis of single fibers dissected
from fixed tissue were compared with those measured by using laser
diffraction of the fresh tissue before fixation and agreed to within
0.17 = 0.19 mm (mean = SD, n = 20 independent measurements).

Choice of experimental model. The isolated frog single fiber has
historically represented the preparation of choice for high-resolution
muscle mechanical studies (12, 13, 20) and for definition of the
structural basisfor fiber typesin frogs (32, 33, 42—44). Unfortunately,
pilot experiments (n = 15) indicated that the single fiber is much more
mechanically fragile when subjected to the active lengthening proto-
col described below compared with small bundles of fibers. Pilot
experiments demonstrated that single fibers subjected to a nominal
strain of ~10% generated a stress of 255.2 = 11.5 kN/m? before
treatment, but only 55.4 + 8.8 kN/m? after the 10-EC sequence (n =
8, values not including failed fibers). This was a much more dramatic
decrease compared with that observed for fiber bundles at 10% strain,
which showed only a very slight decrease (see below). Furthermore,
of the 15 single fibers tested, 7 actually ruptured (from contraction 3
to contraction 9) during the eccentric testing protocol. The marked
difference between mechanical response of single fibers and bundles
was associated specifically with active lengthening, because, after 10
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Fig. 1. Muscle force (top traces), sarcomere length (middle traces), and fiber bundle length (Ls; bottom traces) associated with the
contractile experiments performed. These parameters are demonstrated under conditions of isometric contraction (contraction 1; A),
passive stretch (PS) of 25% strain (contraction 3; B), and eccentric contraction (EC) of 25% strain (contraction 9; C). Cross-hatched
bar (A and C) at bottom indicates the period during which the muscle is electrically stimulated. Vertical lines denote corresponding
time periods between force, sarcomere length, and L records. Sarcomere length values on traces represent group means across all

specimens and thus may not exactly fit the trace shown.

ICs, single fibers showed only a minor force loss, and none ruptured
(data not shown), as has been demonstrated in numerous laboratories
(12, 19, 26, 35, 44). Determination of the cellular and molecular
mechanisms responsible for this provocative difference in mechanical
stability between single fibers and fiber bundlesis beyond the scope of
this investigation. Nonetheless, given that physiological sarcomere
strains often exceed 10% (9), we concluded that the single cell was not
the appropriate model to use for this investigation and thus performed
the majority of this study using small fiber bundles.

Experimental design. Fiber bundles were randomly assigned with-
out replacement into either EC (n = 18), passive stretch (PS; n = 9),
or IC (n = 6) treatment groups. In this study, the EC and PS groups
were further subdivided into three different nominal fiber strains of
10, 25, and 35% of L to understand this mechanical factor’s relation-
ship to injury based on the consensus observation that strain velocity
has little or no effect on injury magnitude (37, 45, 69). Each experi-
mental treatment consisted of 10 contractions separated by a 3-min
interval to minimize muscle fatigue. For bundles subjected only to IC,
bundles were held at aresting Ls of ~2.4 wm and activated for ~600
ms. Ls decreased exponentially to ~2.2 wm during stimulation due to
series compliance and returned to ~2.3 pm after cessation of stimu-
lation (Fig. 1A). Fiber bundles subjected to PS were stretched without
activation, to a selected strain, held at the stretched length, and then
returned to the origina length (Fig. 1B). For the EC groups, muscle
were activated isometrically for 200 ms (Fig. 1C) and then lengthened
at 2 Ly/s, resulting in a dramatic tension rise and Ls increase. Tension
increased in two phases, a reflection of the short-range stiffness of
skeletal muscle (23), wheress Ls increased linearly. The first phase
was a high-stiffness phase and was followed by a “yield” of the
muscle to a more compliant phase (see schematic diagramin Fig. 1 of
Ref. 60). Muscle length was then held constant for 400 ms during
which time tension decayed to a new steady state, whereas Ls
remained relatively constant (termed “active hold”). Muscle stimula-
tion was then discontinued, resulting in a force decline, and Ls
typically increased as the series compliance recoiled (termed “passive
hold"). Finaly, muscle fiber bundle length was returned to the initial
length, resulting in Ls decrease and reestablishment of resting L.

For bundles subjected to EC, Ls and W were measured continuously
but analyzed at specific time points: initially, at the end of the IC
period, after muscle elongation, at the end of the active hold phase, at
the end of the passive hold phase, and after the muscle was returned
to its original length. For the IC group, they were measured contin-
uously but analyzed initially, at the end of the IC period, and after
cessation of stimulation. For the PS groups, these parameters were
measured continuously but analyzed initially, at the end of PS, and
after return to rest length. For all groups, force corresponding to each
of these time periods was also recorded.

Ten minutes after EC, IC, or PS treatment, post-EC testing was
performed on each bundle after experimentally reestablishing optimal
length with the use of twitch contractions. This would have the effect
of providing a slightly longer optimal Iength than would be obtained
with tetanic contractions (2, 11). Testing consisted of passive stiffness
and maximum titanic tension (P,) measurements every 10 min for 30
min. The three repeated measures were used to assess bundle stability.
No change in any properties was measured over this 30-min period,
and thus only theinitial post-EC results are presented. Finaly, after 30
min, the muscle chamber was flushed of its Ringer solution and
replaced by a new solution of Ringer containing 10 mM caffeine
(Ringer + caffeine). After 1 h of incubation in Ringer + caffeine, Py
was remeasured.

After contractile experiments, bundles were removed from the
chamber, weighed, and placed between two layers of porcine gel
(15% wt/vol in Ringer solution) for mechanical and cryo-protection.
The gel-muscle sandwich was frozen in isopentane cooled by liquid
nitrogen (—159°C) and stored at —80°C. Bundle cross-sectional area
was calculated from the measured mass and L¢, assuming a muscle
density of 1.056 g/cm? (50).

DS PAGE analysis of myosin heavy chain isoforms. Myosin
heavy chain (MHC) isoforms from bundles were separated by SDS-
PAGE (31), as previously described (43). Briefly, a 10-p.m transverse
section was cut from the muscle midbelly and immediately immersed
into SDS-PAGE sample buffer. This sample was boiled for 2 min and
stored at —80°C before loading onto the gel. Gel components were
identical to those used previously for the separation of the rat MHCs
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(66). Gels (16 X 22 cm, 0.75 mm thick) were run at a constant current
of 10 mA until voltage rose to 275 V and, thereafter, at constant
voltage for 21 h at 4—6°C. Silver staining (Bio-Rad, Hercules, CA)
was performed according to manufacturer’s protocol, except for an
additional 40 min of fixation to reduce background staining. Dried
gels were optically scanned, and densitometry was performed to
quantify the relative proportion of MHC isoforms present in each
specimen. Because the bundles were dissected from the media head,
where only two of the four MHCs are present (43), results were
presented in terms of the percentage of type 1 and type 2 MHC
isoforms present.

Data analysis. For comparison between parameters measured pre-
and posttreatment, one-way ANOVA with repeated measures was
used. For comparison between strain groups and across contraction
number, two-way ANOVA with repeated measures was used. To
assess the relationship between fiber strain and muscle injury, Po
decrease was regressed individually on stress and strain and in
multiple linear combination by using simple and multiple linear
regression. When variables were expressed as percentages, they were
arcsine transformed before one-way ANOVA to satisfy the assump-
tion of normality and skew (63). For comparison between measured
fiber strain and a particular target strain and comparison of change
scores to zero, a one-sampled t-test was used. Level of statistical
significance was set to P < 0.05.

RESULTS

Peak stress during treatment. Peak stress characteristically
reflected the type of treatment imposed on the fiber bundle. For
the I1C group, peak stress showed no significant change over the
10-contraction treatment paradigm, staying constant at an av-
erage level of 222.4 = 4.2 kN/m? (P > 0.9; Fig. 2A, solid
symbols). For bundles subjected to EC, peak stress was ~50%
greater than that observed during IC (average across strain
groups and contractions was 311.5 + 3.6 kN/m?; Fig. 3A), and
two-way ANOVA of stress in bundles subjected to EC dem-
onstrated no significant effect of strain (P > 0.6) and a
significant effect of contraction number (P < 0.05). Specifi-
cally, peak EC stress for the first contraction of each strain
group was 336.1 = 9.9, 349.8 + 16.3, and 332.1 = 12.0
kN/m?, @l of which were not significantly different from one
another (P > 0.6), and decreased to 285.9 + 13.2, 281.1 =
26.5, and 261.9 * 18.0 kKN/m? for the last contraction of the 10,
25, and 35% strain groups, respectively, all of which were not
significantly different from one another (P > 0.8). Thus, in the
EC experimental paradigm, fiber bundles stretched by different
amounts resulted in similar stresses throughout the treatment.
For bundles subjected to PS, no significant stress change was
seen as a function of contraction number for any strain group
(P > 0.9), but asignificant difference between groups was seen
(P < 0.01, Fig. 2A, open symbols) as expected. Specifically,
passive stress was 2.3 * 0.6, 25.6 + 3.5, and 61.9 = 16.7
kN/m? for the first stretch, and none of these values changed
significantly to 4.2 + 1.3, 37.6 + 11.5, and 76.2 = 27.8 KN/m?
for the last stretch of the 10, 25, and 35% strain groups,
respectively (P > 0.1).

Isometric stress before each EC. In contrast to peak stress
measured during active stretch, peak isometric stress measured
during the 200 ms before active stretch changed significantly
during the 10-contraction treatment (P < 0.001) and was
significantly different among strain levels (P < 0.01), as
revedled by two-way ANOVA (Fig. 3B). Isometric stress
measured before 10% L; stretch decreased dlightly but signif-
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Fig. 2. Time course of peak fiber stress (A) and sarcomere strain (B) associated

with PS (0, 10% nominal passive strain; 0, 25% nomina passive strain; 4,

35% nominal passive strain) or isometric contraction (m). Ten of each type of

contraction were applied to the fiber a 3-min intervals. Vaues are means = SE.

icantly from an initial value of 207.5 + 8.3 kN/m? to a final
value of 172.8 = 3.5 kN/m?. At the other extreme, isometric
stress measured before 35% L; stretch decreased dramatically
from an initial value of 193.7 + 9.0 kN/m? to afina value of
76.8 + 8.9 KN/m2 Thus, despite the fact that all bundles
subjected to EC bore similar stress levels (Fig. 3A), the mag-
nitude of stress that they could generate isometrically just
before the eccentric phase of contraction varied significantly
between groups and changed significantly over the treatment
period.

Changes in P,. To determine whether the changes in iso-
metric stress measured during the EC bout reflected actual
muscle injury rather than a systematic shift in Lo, P, was
remeasured 30 min after the EC bout after L, was reset by
using twitch contractions. For each experimental group, P,
measured after 10 ECs significantly decreased relative to P,
measured before experimental treatment (P < 0.04, Fig. 4A)
and was significantly different among the three strain groups
(P < 0.0001; Fig. 4A). Thus, after subjecting fibersto 10% EC,
P, decreased significantly but modestly from 213.8 = 6.9 to
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Fig. 3. Time course of peak eccentric muscle fiber stress (A), isometric muscle
fiber stress generated immediately before active stretch (B), and sarcomere
strain (C) for 10% nominal eccentric strain (@), 25% nominal eccentric strain
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180.3 = 3.8 kN/m? or by ~16% (P < 0.005). This was in
contrast to the tremendous decrease from 255.2 + 11.5 kN/m?
to only 55.4 = 8.8 kN/m? for single cells subjected to 10%
strain. After fiber bundles were subjected to 35% EC, P,
decreased dramatically from 200.9 + 9.0 to 78.3 + 5.1 kN/m?
or by ~60% (P < 0.0001). P, in bundles subjected to 25% EC

1807

decreased moderately from 216.8 + 8.1 to 125.1 + 7.8 kN/m?
or by ~40%. The percent change in P, measured before and
after the EC bout was nearly identical to the change in peak
isometric stress measured from the 1st to 10th EC contraction
(16 vs. 17%, 42 vs. 46%, and 62 vs. 60%) for the 10, 25, and
35% nominal strain groups, respectively. In other words, there
was no change in P, measured just before the 10th EC and 30
min after the EC bout following correction for a shift in L.
This provides strong evidence that the isometric stresses mea-
sured during this treatment estimate the functional capacity of
the muscle bundle and do not ssimply result from progressive
sarcomere reorganization that could systematically alter Lo or
affect force production due to intersarcomere dynamics.
Previous authors demonstrated that some or all of thedropin
P, after EC was reversed by the addition of caffeine (3, 68). To
address the extent of excitation-contraction uncoupling in the
present experiments, P, was measured after 1 h in bathing
medium consisting of Ringer + caffeine. The 16% decrease in
P, after 10% EC was reversed after the addition of caffeine to
a value not significantly different from the initial value of P,
(Fig. 4A, dashed line above solid bars, P > 0.1) but signifi-
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Fig. 4. Maximum tetanic tension (Po) before (open bars) and 30 min after
(solid bars) 10 EC of a nomina strain of 10, 25, or 35% (A) and 10 PS of a
nominal strain of 10, 25, or 35% or isometric contraction (B). Values are
means = SE. Dashed lines above solid bars represent mean of P, 60 min after
the addition of 10 mM caffeine to the bathing medium.

J Appl Physiol « VOL 97 « NOVEMBER 2004 « WWW.jap.org



1808

cantly below the potentiated stress resulting from caffeine
application to passively stretched or isometrically activated
uninjured muscles (Fig. 4B). Whereas a small increase was
observed after incubation in Ringer + caffeine for the 25 and
35% groups, this increase was not nearly sufficient to reverse
the P, decline observed (Fig. 4A). It should be noted that others
have demonstrated that nitrate, another calcium agonist, did not
reverse the effects of EC on isolated frog muscle fibers (54).

No significant change was observed in P,, measured before
and after PS at any strain magnitude or after |C treatment (P >
0.4, Fig. 4B). As a positive control for the effects of caffeine
treatment on frog skeletal muscle, the PS groups were incu-
bated in Ringer + caffeine at the end of a series of 10 PS.
These undamaged muscles demonstrated a significant 33%
average increase in P, relative to P, without caffeine (Fig. 4B,
dashed line above solid bars; P < 0.05).

Sarcomere strain and W during treatment. Passive sarco-
mere strain () in each group subjected to PS remained
constant across the 10-contraction treatment protocol (Fig. 2B,
open symbols). Nomina fiber strains of 10, 25, and 35%
resulted in actual measured values for g, of 0.09 = 0.02,
0.22 £ 0.013, and 0.32 = 0.03, respectively, all of which were
not significantly different from any of the target strains (P >
0.2), demonstrating the effectiveness of the method of fiber
deformation application. Active sarcomere strain (g5) for each
of the three groups subjected to EC aso did not change
significantly across the 10-contraction treatment protocol (P >
0.6; Fig. 3C). However, unlike ,, where fiber strain was equal
to nominal strain, €5 was more variable and was significantly
less than the target strain for each of the three groups (P <
0.001). For the groups subjected to EC, €, was 0.085 = 0.003,
0.21 = 0.008, and 0.28 = 0.005 for nomina fiber bundle
strains of 10, 25, and 35%, respectively. This amounts to
delivery of 85, 84, and 80% of the intended deformation to the
sarcomere for the 10, 25, and 35% groups, respectively. Based
on the measured properties of frog muscle series elastic ele-
ment (28), as well as the frog tendon material properties (30,
38, 67), it ismost likely that difference between measured and
nominal strains resulted from a portion of the deformation
taken up by the tendon. Still, the excellent correlation between
imposed deformation and sarcomere strain validates that dif-
ferential sarcomere strains were imposed on fiber bundles.

Given that direct measures of sarcomere strain were avail-
able, in contrast to previous studies in which sarcomere strain
was assumed to be proportional to muscle deformation (37,
69), we used regression analysis to quantify the correlation
between sarcomere strain and decline in muscle force. A
significant relationship between sarcomere strain and percent
decrease in P, (P < 0.0001, r2 = 0.87, Fig. 5) was observed,
with the linear model accounting for ~87% of the experimen-
tal variability. No correlation was observed between peak
stress and percent decrease in P, (P > 0.6), although peak
stress did not vary dramatically between groups and thuswould
not be expected to be a strong regressor.

W varied as expected for the IC and PS groups. These
conditions are not novel and have been extensively studied
previously (29, 34, 55, 56, 61, 62). A significant ~20%
increase in W was observed with isometric activation as W
increased from 893 + 33 to 1,060 + 31 pixels (P < 0.001),
and a significant ~5% decrease in W from 897 + 31 to 843 +
29 pixels (P < 0.05) was measured at the end of PS. These
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represent the average variability measured across the 10 contractions for all
muscles. Abscissa intercept at 0.021 (arrow) represents the theoretical sarco-
mere strain at which no injury would occur, determined by linear regression on
the data points from each contraction.

results were consistent across the 10 IC and PS. The most
interesting changes in W occurred with EC treatment. As
expected, isometric activation caused an abrupt increase in W
as force developed and sarcomeres shortened. Active stretch
then resulted in adecrease in W (presumably due to the change
in Ls as with PS), but the overall W value at the end of stretch
increased with each subsequent stretch (Fig. 6). Samples from
the 25 and 35% strain groups were pooled as they demon-
strated yield points at essentially the same strain. For these
samples (n = 12 total, 8—12 useable data points per contrac-
tion), the progressive increase in W was associated with a
progressive decrease in yield force (Fig. 7), providing the
intriguing possibility of a causal relationship between the two
parameters. The same result was obtained for the pooled data
compared with the results when the 25 and 35% groups were
separated.

MHC percentages. Quantitative analysis of type 1 and type
2 MHC revealed no significant differences among the 10, 25,
and 35% strain EC groups (P > 0.4) nor the 10, 25, and 35%
strain PS groups (P > 0.25), with type 1 MHC percentage
averaging 56 = 2.3% (n = 20 specimens) across all specimens
(Table 1). Thus the differential injury occurring across groups
could not simply be explained by differences in fiber-type
percentage among groups.

DISCUSSION

The purpose of this study was to elucidate the relationship
between sarcomere behavior and muscle injury during ECs.
This was accomplished by performing real-time measurement
of laser diffraction patterns and fiber bundle stress during a
series of 10 ECs. The study revealed that 1) muscle fiber
bundles are more resistant to strain-induced injury compared
with isolated single fibers, 2) sarcomere strain is a strong
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predictor of the magnitude of muscle injury in small fiber
bundles, and 3) injury is accompanied by a progressive in-
crease in Ls heterogeneity and concomitant yield force de-
crease.

Comparison with previous studies of mechanical-based
muscle injury. In two previous studies of mechanical factors
affecting muscle injury, stress and strain were alternatively
proposed as primary mechanical factors causing muscle injury
(37, 69). The discrepancy between the studies may have been
that comparison between the TA (37) and soleus muscles (69)
was simply not vaid due to the significant structural and
functional differences between these muscles that have very
different functions and very different fiber-type distributions.
Indeed, in a study of EC-induced muscle injury to the rabbit
soleus, we did find qualitatively different functional and struc-
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Fig. 7. Relationship between line width and yield stress for the 12 fiber
bundles in the 25 and 35% strain EC groups. Vaues were expressed based on
stress measurements to minimize variability due to differencesin fiber number
from each bundle. Numbers next to symbols are the contraction numbers
(1-10) associated with each average value. Sample size ranges from 8 to 12 for
each data point because usesble diffraction patterns were not obtained for
every contraction from every bundle. Values are means = SE.
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Table 1. Myosin heavy chain content

Type 1 MHC, %Total MHC

Experimental Treatment Group Pool
Eccentric contraction
10% Strain 57.4+6.7
25% Strain 61.4+3.4
35% Strain 56.7+5.1
Passive stretch
10% Strain 54.6+2.1
25% Strain 481+7.1
35% Strain 48.9+6.6

Vauesare means = SE (n = 4/group) of type 1 myosin heavy chain (MHC)
percentage. Because only types 1 and 2 MHC were present in these samples
(43), type 2 MHC percentage = 100% value shown for each group.

tural effects of cyclic EC on soleus compared with TA muscle:
rabbit soleus muscles showed no gross structural abnormali-
ties; there was no evidence of cytoskeletal protein loss; and the
magnitude of the force decline, even under extreme conditions,
was much less than that observed for equivalent treatment of
the TA (6). Thusit is possible that soleus muscles, perhaps due
to the repetitive eccentric activation pattern that they normally
experience, are ssmply more resistant to ECs and have devel-
oped different structures to resist injury that would be mani-
fested after equivalent treatment of a muscle containing pri-
marily fast fibers (39).

It is also possible that the conflicting data reported between
rabbit TA and rat soleus muscles resulted from the different
methods used to alter muscle stress. Whereas it is clear that
both methods did, in fact, ater muscle stress, the actual strain
imposed on the muscle fibers under the different conditions
was not known. If one assumes that the altered stress condi-
tions of both studies did not systematically bias sarcomere
strain calculated, results of both studies could be valid and,
indeed, conflicting. However, based on the nonlinear mechan-
ical properties of the tendinous material in series with the
muscle, identical deformation patterns applied to muscles con-
tracting at different stresses could result in different sarcomere
strains because deformation would be differentially distributed
along the muscle and the compliant tendon. A final difference
between the studies reported is that the range of the length-
tension curve over which both muscles were stretched was not
matched, and optimal length was not reestablished after injury
using tetanic contractions. As mentioned above, a shift in
muscle optimal length can lead to erroneous conclusions re-
garding the magnitude of injury. Clearly, al of these parame-
ters must be measured directly if future studies are to be
compared accurately. By using these arguments, serious ques-
tions could be raised regarding the actual sarcomere strain
imposed in either of the previous studies. That uncertainty was
eliminated here by use of direct Ls measurement. It was not
possible to test the effects of altered stress explicitly in these
experiments as, unexpectedly, peak stresses achieved among
the three strain groups were not significantly different (Fig.
3A). This was surprising because isometric tension measured
just before the EC varied significantly among the three groups
(Fig. 3B).

A simple hypothesis for the dissociation between force
generated (Fig. 3B) and force borne (Fig. 3A) by the contractile
apparatus is that, during the EC protocol, cross bridges attach
normally but yet do not enter the force-generating state. Asthe
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cross-bridge mechanism is known to be a multistate phenom-
enon, this remains an intriguing possibility. It could even have
functional significance in that muscles that experience signif-
icant injury areyet ableto act as significant “brakes’ during the
eccentric action itself. It is aso possible that the peak stress
measured during EC is partly borne by structural elements that
are not stressed during IC. Whether this is truly the case
remains to be determined.

Excitation-contraction coupling and muscle injury. In a
previous study, based on experiments on skinned muscle fibers,
uncoupling of the excitation system from the contractile appa-
ratus was hypothesized to cause amost all of the force decline
observed after EC (68). To test the extent to which this could
explain our contractile data, P, was measured after the addition
of 10 mM caffeine to the bathing medium. In muscles sub-
jected to either PS or isometric activation and that demon-
strated no signs of injury, P, was potentiated by an average of
33.1 = 5.7% (dotted lines, Fig. 4B). Using this as the nominal
potentiation magnitude of caffeine, we compared the measured
caffeine-potentiated P, (dotted lines, Fig. 4A) to a P, vaue
33% greater than the pre-EC value. A differential effect of
caffeine on muscle force recovery was seen where 27, 14, and
4% of the force was recovered for the 10, 25, and 35% groups,
respectively. This suggests that the magnitude of disruption of
the excitation-contraction coupling apparatus was relatively
small and strain dependent in thismodel. By far the majority of
the loss in force was due to factors other than failure to release
calcium from the sarcoplasmic reticulum. This is consistent
with results from single-fiber studies in which the potentiator
nitrate did increase calcium release (as measured by calcium
binding dyes) but failed to reverse the change in optimal length
induced by ECs (54).

Uniformity of applied deformation. To interpret the present
data in terms of sarcomere strain without the confounding
effects of intersarcomere dynamics, it was important that Lg
measured near the fixed ends be representative of those occur-
ring aong the Ls. There is ample evidence from studies of
isolated single frog muscle fibers that regional nonuniformities
along the L can ater even the isometric tension generated by
the fiber (1, 20, 27, 35). It has also been claimed that highly
elongated sarcomeres occur in various regions along the iso-
lated soleus fiber after EC (47). However, we do not believe
that such regional differences in Ls occurred with our model.
We claim that the Ls measured near the fixed bundle end were
indeed representative (although not necessarily identical in
magnitude) of changes that occurred along the entire fiber
bundle length. This is because, despite the fact that shortening
end sarcomeres and stretching central sarcomeres have been
observed in isolated frog single fibers, there is no evidence that
such L differences occur either at the whole muscle or fiber
bundle level. If all “central” sarcomeres in the bundles used
were forced to lengthen due to sarcomere shortening of “end”
sarcomeres, average Ls, asindicated by laser diffraction, would
have decreased during “fixed-end” activation. This was not the
case for any of the fiber bundles studied. Of the 60 ICs
measured from six different fiber bundles, after the initial
sarcomere shortening occurred, subsequent Ls change to the
end of the stimulation period was only 0.057 = .007 pm (n =
60), which was not significantly different from zero (P > 0.3).
We aso bhelieve that the sarcomere strains during EC were
representative of those sarcomere strains imposed along the
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fiber bundle length. If regional nonuniformity of stretch during
EC existed based on random intrinsic differences of sarcomere
properties along and across the fiber bundles, some stretches
could result in greater and others in lesser sarcomere strain
along the Ly compared with the target strain. In fact, sarcomere
strain as a function of EC number was fairly consistent
throughout the treatment period (Fig. 3C) and aways some-
what less than the target strain. If severe regional nonunifor-
mities had developed along the L¢, sarcomere strain would
occasionally be much larger than the nominal strain, as sarco-
mere populations were forced to absorb a disproportionate
fraction of the length change. The fact that, in 180 ECs
measured from 18 different fiber bundles at 3 different applied
nominal strains, €, was aways dightly less than the applied
strain argues strongly against gross nonuniformities devel oping
during the experiments. Clearly, most of the applied deforma-
tion was absorbed by the fiber region examined because 85%
of the 10% strain, 84% of the 25% strain, and 80% of the 35%
strain were delivered to the sarcomeres.

Experimental errors associated with laser diffraction. Al-
though strain was applied to the sarcomere lattice in a fairly
uniform manner, this does not preclude the possibility of the
existence of a small population of sarcomeres within the
illuminated region that could have rapidly elongated during EC
but that would not be detected by laser diffraction. This idea
was proposed to explain a number of unusual properties of
actively lengthening skeletal muscle (52) and is supported
experimentally (22, 46, 65, 71). Because laser diffraction
yields average length of illuminated sarcomeres, weighted for
uniformity, it is reasonable to expect that small populations of
sarcomeres could remain “invisible” to the experimental
method (34, 51). However, despite the possibility of “false
negative” reporting using this technique, the opposite problem,
“false positive” reporting of Ls, is not possible. Thus the
sarcomere strains reported here do represent actual sarcomeres
within the fiber bundle and are not artifacts of the diffraction
method. If a population of invisible sarcomeres did rapidly
elongate in a region outside of the illuminated region, the
remaining sarcomeres in series would have shortened to com-
pensate for the altered length or, at least, would not have
elongated to the extent measured here. The quantitative Ls data
argue that, in the region studied, invisible sarcomeres did not
contribute substantially to the observed effect. We do not
oppose the notion that sarcomeres within the illuminated re-
gion may have “popped” as proposed. Indeed, it would be
expected, based on the theory (52) that a greater number of
sarcomeres would experience undamped elongation as strain
increased. This is because a greater number of sarcomeres
would achieve the critical length necessary for undamped
elongation (52).

It has been demonstrated that spurious Ls may be obtained
by using laser diffraction on isolated single-muscle fibers,
when the three-dimensiona sarcomere lattice orientation sat-
isfies the criterion of Bragg interference (59) or when subpopu-
lations of sarcomeres diverge in lengths (34, 51). The magni-
tude of the Bragg effect was quantified in single fibers as a
function of fiber size and beam diameter (41) and shown to be
explainable by using a generalized three-dimensional light
diffraction theory (5, 72). Such three-dimensional satisfaction
of the Bragg condition across an entire fiber bundle is not
possible because of the high degree of spatial and angular
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A-band dispersion that occurs between muscle fibers. Pilot
studies using fiber bundles of 15-50 fibers revealed intensity
fluctuations of only ~15% compared with the 10-fold change
obtained by using single fibers (data not shown). Using an
average fiber bundle size of 60 fibers, a completely uniformly
oriented fiber would contribute, at most, 1.7% of the intensity
of a given diffraction order (1/60). More realistic measure-
ments demonstrate that, under worst case conditions, ~15% of
the diffraction order intensity from a single fiber can result
from Bragg interference (41). We thus suspect that, at most,
only ~0.3% of our diffraction pattern intensity (i.e., 15% of
1.7%) resulted from Bragg diffraction within muscle fiber
bundles, which would not affect the Ls reported here.

The laser diffraction method provides the unique opportu-
nity to define the L distribution within the illuminated region.
Diffraction order W has been shown theoretically (34, 72) and
experimentally (55, 56, 62) to estimate Ls variance within the
illuminated region. In this experiment, significant increases in
W were observed secondary to muscle activation (Fig. 6),
supporting the concept proposed previously that muscle acti-
vation causes a redistribution of Ls in a random but not
systematic fashion (see case 11, Eq. 22 of Ref. 72). However,
unexpectedly, W also progressively increased with each sub-
sequent stretch (Fig. 6), and this W increase was accompanied
by a systematic decrease in yield force (Fig. 7). This relation-
ship was significant and linear in 14 of the 18 bundles tested,
with correlation coefficients ranging from 0.61 to 0.93. Such an
association between Ls heterogeneity and yield force was
predicted as an ancillary feature of the “popping sarcomere”
hypothesis (52) but has never been demonstrated experimen-
tally. Morgan simulated the force records from hypothetical
fibers in which heterogeneity ranged from 2% to 10% and
showed precisely this yield force decrement. The functional
explanation is that yield force reflects the weakest sarcomere
being stretched. As heterogeneity increases, the weakest sar-
comere becomes progressively weaker (and longer), thus re-
sulting in a lower yield force. Whereas evidence for the
existence of such “popped” sarcomeres was provided based on
direct observation and statistical analysis of Ls from a fixed
muscle (8, 65), this is the first direct demonstration of such a
relationship in a population of living muscle fibers. It should be
noted that, using a skinned rat soleus single-fiber model and
attempting to measure Ls along the fiber, Macpherson and
colleagues (47) claimed to provide direct experimental support
for the popping sarcomere hypothesis. However, the “ popped”
sarcomeres that they reported (“longest” open bar in their Fig.
5) were only calculated by subtraction from actual experimen-
tal data and were never directly measured. This was because
the authors could not obtain useable diffraction patterns in
certain regions of the fiber after single ECs. This severely
limits the interpretation of their data because it is not justified
to assume that the entire deformation magnitude was taken up
in the region for which no Ls was even measurable. Thus we
claim that, using the EC model, there is presently no evidence
for large-scale regional variation in Ls, as has been claimed
(47), and, in fact, the present study provides data to counter
that statement. It is most likely that the elongated sarcomeres
are randomly distributed throughout the cell (52).

Sarcomere strain and muscle injury. Our data revealed that
the magnitude of muscle injury, indicated by the decline in P,
was a strong function of €, (Fig. 5). The relationship between
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strain and percent tetanic tension decline was given by the
equation y (%P, decline) = 225 (%P, decline/strain) X
strain — 4.78 (P < 0.01, r? = 0.88). Solving for the strain at
which the %P, decline is zero yields a value of 2.1%. Taken at
face value, this suggests that, under the conditions used here,
sarcomere strains of 2.1% would result in no muscle injury.
This value is a reasonable approximation of the short-range
elastic element in muscle corresponding to the high-stiffness
portion of the eccentric curve (see, for example, the force
record in Fig. 1C). The strain injury may only beinitiated when
muscle cross bridges are forcibly pulled off of the thin filament
within the sarcomere and forced to reattach at a new active site
closer to the specific cross bridge. In fact, injury could result
from “overstraining” any element within the fiber. In the
context of “sarcomere popping,” as mentioned above, greater
strain would permit more sarcomeres to approach their “yield
phase” and rapidly elongate, resulting in tissue injury.

Taken together, the present experiments provide strong sup-
port for the concept that mechanical injury to muscleis directly
related to the sarcomere strain imposed on the sarcomere
lattice. Furthermore, the progressive increase in Lg heteroge-
neity (Fig. 6) and the concomitant decrease in yield force (Fig.
7) provide strong support for the novel hypothesis of popping
sarcomeres previously proposed.
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