ABSTRACT: The passive mechanical properties of small muscle fiber
bundles obtained from surgical patients with spasticity (n = 9) and patients
without neuromuscular disorders (n = 21) were measured in order to deter-
mine the relative influence of intracellular and extracellular components. For
both types of patient, tangent modulus was significantly greater in bundles
compared to identical tests performed on isolated single cells (P < 0.05).
However, the relative difference between bundles and single cells was much
greater in normal tissue than spastic tissue. The tangent modulus of normal
bundles (462.5 = 99.6 MPa) was 16 times greater than normal single cells
(28.2 = 3.3 MPa), whereas the tangent modulus of spastic bundles (111.2 =
35.5 MPa) was only twice that of spastic muscle cells (55.0 = 6.6 MPa). This
relatively small influence of the extracellular matrix (ECM) in spastic muscle
was even more surprising because spastic muscle cells occupied a signifi-
cantly smaller fraction of the total specimen area (38.5 = 13.6%) compared
to normal muscle (95.0 + 8.8%). Based on these data, normal muscle ECM
is calculated to have a modulus of 8.7 GPa, and the ECM from spastic
muscle of only 0.20 GPa. These data indicate that spastic muscle, although
composed of cells that are stiffer compared to normal muscle, contains an
ECM of inferior mechanical strength. The present findings illustrate some of
the profound changes that occur in skeletal muscle secondary to spasticity.
The surgical implications of these results are discussed.
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The primary emphasis of research on spasticity has
been to characterize the static and dynamic proper-
ties of the nervous system, since this is the location of
the lesion.? The structural and functional properties
of skeletal muscle have received far less attention,
primarily due to the invasive nature of methods re-
quired to study this tissue. In addition, the relatively
large amount of tissue required for functional mus-
cle studies limits their application in the study of
human disease. Reports suggesting muscle abnor-
malities are found in the literature, but are based on
indirect calculations of joint dynamics or static mea-
surement of biopsy properties.!7.19-21
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Recently, we reported a method whereby com-
plete mechanical and structural analyses could be
performed on isolated single cell segments obtained
from patients with spasticity during the course of
reconstructive surgery to correct joint deformities.’
Structural integrity of the cellular segment appears
to be maintained with these methods as shown by the
maintenance of clear laser light diffraction patterns
from the myofibrillar array within the cell. This study
presented evidence that the resting sarcomere
length of cells from patients with spasticity was sig-
nificantly shorter than in normal individuals. Fur-
thermore, the tangent modulus of “spastic cells”
(i.e., cells obtained from patients with spasticity) was
found to be almost two times greater that the mod-
ulus of normal cells. We hypothesized that the in-
creased modulus (a value that represents a normal-
ized “stiffness”) of spastic cells might explain the
subjective impression of increased muscle stiffness
during intraoperative manipulation of spastic mus-
cles. To test this hypothesis, we repeated analogous
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mechanical studies on small muscle fiber bundles
that are maintained within their native connective
tissue matrix (5-20 muscle cells per bundle). This
approach enables partitioning of the tissue modulus
into intracellular and extracellular components.
This extracellular milieu represents a dynamic com-
ponent of normal muscle tissue. Indeed, disruptions
of the muscle’s extracellular matrix (ECM) receptors
leads to dystrophic phenotypes in animal models.?8
Since it is not possible to test mechanically the ECM
directly, comparison of properties between single
cells and fiber bundles is the only way to quantify the
biomechanical properties of the ECM.

The current study has revealed that, although the
isolated cells of spastic muscles may be stiffer com-
pared to normal cells, bundles from spastic muscle
are actually less stiff compared to normal muscle
fiber bundles because the ECM from spastic cells has
inferior material properties. These data may have
significant implications in understanding the etiol-
ogy of muscle changes secondary to upper motor-
neuron lesions in general, and may also provide
quantitative information for surgeons regarding the
structural basis of the “feel” of spastic musculature.

METHODS

Patient Characteristics and Biopsy Procedures. All
patients included in this study, or their parents, pro-
vided informed consent for the muscle biopsies that
were obtained secondary to planned surgical proce-
dures. All procedures were performed with full ap-
proval of the Human Ethics Committee at Géteborg
University as well as the Committee on the Use of
Human Subjects in Research at the University of
California, San Diego and VA Medical Centers. Pa-
tients with spasticity suffered from static perinatal
encephalopathy (cerebral palsy), whereas “control”
patients were those undergoing surgery for non-
neuromuscular disorders such as fracture repair,
joint fusion, and tendon repair. As a result, the
patients with spasticity were significantly younger
(9.3 = 3.1 years) than control patients (27.5 = 5.4
years, P < 0.001). Biopsies were obtained from a
variety of different muscles depending on the surgi-
cal procedure implemented. For spastic bundles,
data are reported for the biceps brachialis (n = 3),
extensor carpi radialis longus (n = 1), flexor carpi
ulnaris (n = 2), pronator teres (n = 2), and subscap-
ularis (n = 1) muscles. For normal bundles, data are
reported for adductor pollicis longus (n = 9), bra-
chioradialis (» = 1), extensor carpi radialis longus
(n = 3), flexor digitorum superficialis III (n = 5),
and flexor digitorum superficialis V (n = 3).
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Sample Preparation. Biopsies were treated in ex-
actly the same manner as previously described.’
Briefly, biopsies were excised and immediately
placed in a muscle-relaxing solution composed of
(mM): EGTA, 7.5; potassium propionate, 170; mag-
nesium acetate, 2; imidazole, 5; creatine phosphate,
10; adenosine triphosphate (ATP), 4; leupeptin, 17
pg/ml; and E64, 4 ug/ml, to prevent protein deg-
radation.!'327 Biopsy size was typically a cylinder with
dimensions of 10-15 mm in length and 2 mm in
diameter, and consisted of ~1500 fibers, at least half
of which were completely intact. Almost all biopsies
(28 of 30) were stored in a solution composed of
relaxing solution mixed with 50% glycerol and
stored at —20°C; the remaining 2 biopsies were
tested without storage. No obvious effects of storage
were noted. Over a period of approximately 10
months, a total of 12 biopsies were obtained from
spastic patients, and 22 biopsies were obtained from
normal patients.

Mechanical Testing Protocol. Small bundles were
dissected from biopsies while in chilled relaxing so-
lution under 40X magnification (Leica MZ8, Heer-
brugg, Switzerland) with epi-illumination (Model
DCR 1II, Fostec, Auburn, NY) using microsurgical
forceps (P-00019, S&T, Neuhausen, Switzerland),
and transferred to an experimental chamber filled
with relaxing solution. After transfer and prior to
mounting, the bundle was transilluminated with a
7-mW He-Ne laser beam to define slack sarcomere
length. The device calibration was checked at the
conclusion of the experiment, and the mean abso-
lute diffraction error for the 30 experiments re-
ported here was 2.24 = 3.83% (mean * standard
deviation). The dissected bundle segment was then
secured on either side to 125-um titanium wires
using two individual 9-0 silk suture loops that were
required to prevent sample slippage. One wire was
secured to an ultrasensitive (sensitivity 10 V/g) force
transducer (Model 405, Aurora Scientific, Aurora,
Canada) and the other was secured to a microma-
nipulator. Structural integrity of the bundles treated
in this way was excellent as evidenced by the clear
striation patterns (Fig. 1) and diffraction patterns
(see below). To enable comparison to previously
published data,’ the testing protocol was designed to
measure the bundle’s elastic properties apart from
any velocity-dependent properties.® As such, the fi-
ber bundle was elongated in steps with stress-relax-
ation permitted between steps so that velocity of
stretch was irrelevant. Bundle length and diameter
were calculated from a digital photo image (Model
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50 um

FIGURE 1. Central portion of a skeletal muscle bundle secured to titanium wires (not shown) for mechanical testing. Clear striation pattern
visible in several fibers provides evidence of muscle cell structural integrity.

DC300, Leica). Bundle diameter was converted to
bundle area assuming a circular cross-section.

Bundles were then lengthened in 250-um incre-
ments after which stress-relaxation was permitted for
2 min, and sarcomere length, tension, and bundle
diameter (after each 500-um increment) were again
recorded. This amount of time has been shown to
permit tension to fall to within ~10% of baseline
values® so that tension levels reflected elastic as op-
posed to viscoelastic mechanical properties. Bundles
were elongated until mechanical failure of any of the
fibers within the bundle occurred, which resulted in
a precipitous loss of tension. The sarcomere length
and force recorded just prior to the lengthening that
resulted in failure were defined as peak sarcomere
length and used to calculate ultimate stress, respec-
tively. Fiber bundle tangent modulus was calculated
as the slope of the fiber’s stress—strain curve accord-
ing to the following equation:

E AU/ (Umax - O-min)
7 AS] B SLmax - SLmin
SLmin
where SL, ;, and SL ., represent the minimum and

maximum limits of the linear region of the sarco-
mere length—stress relationship, o,;, and o,,,, rep-
resent the calculated stresses at these respective sar-
comere lengths, AO'f represents the change in fiber
stress, Aef represents the change in fiber strain over
this linear region, and E; represents fiber elastic
modulus. In contrast to the single-fiber data previ-
ously presented,® sarcomere length—stress relation-
ships were all nonlinear. Thus, tangent modulus was
measured over the linear portion of the curve so that
tangent moduli reported were measured over a sar-
comere length range of 1.13 = 0.48 um for normal
bundles and 1.44 = 0.78 um for spastic bundles.
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Tissue Storage and Morphometry. At the conclusion
of the mechanical test, the bundle was pinned at rest
length into a small plastic cassette (Tissue-Tek,
Miles, Inc., Elkhart, IN) filled with embedding me-
dium (Miles Laboratories, Naperville, IL). It was
placed in a straight position in the middle of the
mould to simplify transverse sectioning. The entire
sample was frozen in liquid nitrogen—cooled isopen-
tane (—159°C) and stored at —80°C until analyzed.

Cross-sections (10 um thick) taken from the mid-
portion of the tissue block were cut on a cryostat at
—25°C (Microm HM500, Walldorf, Germany). Serial
sections were stained with hematoxylin—eosin to ob-
serve general tissue morphology, and labeled with
primary antibodies to either the fast (NCL-MHCH,
Novacastro, Newcastle, UK) or slow (NCL-MHCs,
Novacastro, Newcastle, UK) myosin heavy chain
(MHC). The secondary antibody used for visualiza-
tion was biotinylated goat anti-mouse immunoglob-
ulin G (Zymed Laboratories, San Francisco, CA).
Immunoreactivity was visualized by StreptABCom-
plex (Dako, Glostrup, Denmark) using 3,3’-diamino-
benzidine (DAB; Sigma-Aldrich, Steinheim, Ger-
many) as the chromagen.

Muscle fiber size within each bundle was quantified
by manually tracing the outline of each cell within the
best tissue section (Image], a public domain image
analysis program freely available at http://rsb.info.nih.
gov/ij/index.html). Interobserver error between two
observers was 8.5%, and intraobserver error for re-
peated analysis of the same section by a single observer
was 7.3%. Sections were characterized by an easily iden-
tifiable intermyofibrillar network, tight fiber packing,
and polygonally shaped fibers. However, based on the
fragility and small size of these bundles, numerous
fixation and sectioning artifacts were noted, especially
in the samples obtained from spastic muscles. The
primary artifacts observed included oblique sectioning
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Table 1. Muscle fiber bundle properties.

Parameter measured Normal (n = 21)  Spastic (n = 9)
Fiber bundle length (mm) 2.78 = 0.19 1.90 = 0.24*
Number of fibers 18.1 £1.55 13.0 £ 1.45
Fast MHC (%) 50.6 = 3.9 58.4 + 8.1
Slow MHC (%) 39.4 + 4.7 32.4 + 83
Coexpressed MHC (%) 9.6 + 3.6 9.2 + 3.6
Ultimate stress (MPa) 150.4 = 25.7 50.3 = 11.7*
Peak sarcomere length (um) 4.02 = 0.20 4.04 = 0.39

Cross-sectional area (um?) 94,801 + 9688 87,725 + 18,639

Data are presented as mean + SEM. MHC, myosin heavy chain.
*Significant difference between tissue types (P < 0.05).

of certain cells and exaggerated separation of fibers
within the bundle. To avoid erroneous measurement
of large oblique fibers, the very long, oblong-shaped
fibers were excluded from analysis. In addition, it was
not feasible to measure bundle area directly because
fibers dissociated from one another, leaving the ap-
pearance of increased extracellular space. Using these
exclusion criteria, 18 fibers from a total of 289 fibers in
30 bundles were eliminated from the analysis. Exclu-
sion of such irregular fibers did not affect any of the
statistical analyses performed.

Data and Statistical Analysis. Data were grouped by
specimen type (fiber vs. bundle) and tissue type
(normal vs. spastic) and analyzed by two-way analysis
of variance (ANOVA). Data were screened for nor-
mality and skew to justify the use of parametric sta-
tistics.2324 Post hoc multiple #tests were used to
make specific comparisons between bundles and
cells of a given type and between matching speci-
mens of different types. Thus, the multiple #tests
were corrected for these four comparisons, which
were chosen a priori. Data are presented as mean *
SEM unless otherwise noted. Mathematical partition-
ing of tangent modulus and ultimate tensile stress
was based on the assumption that muscle cells and
the ECM acted mechanically in parallel. Bundle area
vs. sarcomere length data were fit to a second-order
polynomial and coefficients of determination used
to determine fit quality.

RESULTS

General Bundle Characteristics. Overall, bundles
obtained from spastic muscles were inferior in qual-
ity compared to normal muscle. For example, spastic
bundles were more mechanically fragile and thus the
length of the spastic bundles tested was significantly
shorter than the length of normal bundles (P < 0.05;
Table 1). Additionally, diffraction patterns from
spastic bundles were more diffuse and of a lower
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intensity compared to those obtained from normal
muscle, although sarcomere lengths were easily cal-
culated. Finally, spastic bundles were characterized
by a relatively large amount of extracellular floccu-
lent material, which obscured transillumination by
coherent laser or broadband white light. Bundles
from both spastic and normal muscle were of the
same cross-sectional area and had similar myosin
heavy chain distributions, and contained a similar
number of muscle fibers (P > 0.05; Table 1).

Increased extracellular material was easily ob-
served by light microscopy in spastic samples (Fig.
2); this material was not simply an artifact of prepa-
ration as was observed with some normal samples
(e.g., Fig. 3A). Whereas muscle cells from normal
tissue generally retained a relatively polygonal shape
(Fig. 3), spastic muscle fibers had a much more
rounded, irregular appearance (Fig. 2). Approxi-
mately 50% of both normal and spastic muscle cells
expressed only the fast MHC, ~40% expressed only
the slow MHC, and a small fraction coexpressed
both fast and slow MHC (Table 1).

Bundle Mechanical Properties. In contrast to me-
chanical results obtained from single cells of normal
muscle in which the sarcomere length—stress rela-

FIGURE 2. Light micrographs of serial sections of spastic muscle
bundles after testing. (A) Hematoxylin—eosin staining for general
morphology. (B) Immunohistochemical sectioned labeled with a
primary antibody to the fast myosin heavy chain. (C) Immunohis-
tochemical sectioned labeled with a primary antibody to the slow
myosin heavy chain.
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FIGURE 3. Light micrograph serial sections of normal muscle
bundles after testing. (A) Hematoxylin—eosin staining for general
morphology. (B) Immunohistochemical sectioned labeled with a
primary antibody to the fast myosin heavy chain. (C) Immunohis-
tochemical sectioned labeled with a primary antibody to the slow
myosin heavy chain.

tionships were predominantly linear (e.g., as shown
in Fig. 2A of Fridén and Lieber®), all sarcomere
length—stress records from fiber bundles were non-
linear (Fig. 4). This suggests that the exponential
shape observed was due to either interaction among
fibers or to the added presence of the ECM. Since all
curves were nonlinear, all moduli were expressed as
a tangent modulus. Necessarily, the average sarco-
mere length range over which bundle tangent mod-
ulus is reported in the current study (1.22 = 0.11
pm, representing an average minimum sarcomere
length of 2.79 * 0.13 wm to an average maximum
sarcomere length of 4.02 = 0.18 wm) was signifi-
cantly shorter (P < 0.0001) compared to the range
previously reported for the modulus of single cells
wherein linear stress—strain curves were usually ob-
served (2.27 * 0.19 um).5
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Slack sarcomere length was significantly shorter
in fiber bundles of normal muscle compared to sin-
gle cells, whereas slack sarcomere length was signif-
icantly longer in fiber bundles of spastic muscle
compared to single cells using a simple #test (P <
0.001; Fig. 5A). Two-way ANOVA revealed a signifi-
cant difference between spastic and normal tissue
types (P < 0.005) and a significant tissue-type X
specimen-type interaction (P < 0.0005) for slack
sarcomere length.

For both normal and spastic muscle, tangent
modulus was significantly greater in bundles com-
pared to single fibers (P < 0.0001; Fig. 5B), but the
difference was more pronounced for normal muscle
than spastic muscle. In fact, whereas spastic muscle
bundle modulus was only twice the single-fiber mod-
ulus, normal muscle bundle modulus was over 16
times greater than the modulus of a normal single
muscle cell (Fig. 5B). Two-way ANOVA of tangent
modulus revealed a significant effect of tissue type
(P<0.01), a significant effect of specimen type (P <
0.0001), and a highly significant interaction term
(P < 0.005). These data clearly suggest a dramatic
difference in the behavior of spastic muscle bundles
compared to normal muscle fiber bundles.

Consistent with our previous report, spastic mus-
cle fibers were only one-third the size of normal
fibers (Fig. 6A). However, since the spastic and nor-
mal bundles were approximately the same size (Ta-
ble 1), only about 40% of the spastic bundle was
occupied by muscle fibers, whereas 95% of the nor-
mal bundle was occupied by muscle (Fig. 6B).
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FIGURE 4. Examples of sarcomere length—stress curves mea-
sured from small muscle bundles. Normal sample obtained from
the adductor pollicis muscle in a 45-year-old patient during frac-
ture repair (filled circles) compared with a sample obtained from
a spastic pronator teres muscle in an 11-year-old girl with static
perinatal encephalopathy during tendon transfer surgery (open
triangles).
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FIGURE 5. Biomechanical properties measured from single cells
(left panels) and muscle fiber bundles (right panels) of normal
(filled bars) and spastic (hatched bars) subjects. (A) Slack sar-
comere length measured prior to mechanical testing. Two-way
ANOVA revealed a significant difference between tissue types
(P < 0.005) and a significant tissue-type X specimen-type inter-
action (P < 0.0005) for slack sarcomere length. (B) Tangent
modulus calculated from the linear portion of the sarcomere
length—stress relationship. Two-way ANOVA of tangent modulus
revealed a significant effect of tissue type (P < 0.01), a significant
effect of specimen type (P < 0.0001), and a highly significant
interaction term (P < 0.005). Asterisks indicate P < 0.05 by
multiple t-test between normal and spastic specimens.

Further evidence of the decreased influence of
muscle cells on the mechanical behavior of spastic
bundles was obtained by plotting the change in bun-
dle cross-sectional area as a function of sarcomere
length during testing (Fig. 7). The normal relation-
ship between fiber area and sarcomere length is
well-approximated by a second-order polynomial
since muscle volume remains constant during length
change.!716 The average coefficient of determina-
tion of the normal data (Fig. 7A; 0.92 = 0.06) was
greater than that calculated for the spastic data (Fig.
7B; 0.83 £ 0.20), although the high variability in the
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spastic group precluded achieving statistical signifi-
cance. Qualitatively, the second-order relationship
of normal muscle was more consistent compared to
the relationship observed for spastic muscle.

DISCUSSION

The purpose of this study was to determine the
mechanical properties of fiber bundles obtained
from both spastic and normal muscles. We had pre-
viously demonstrated that spastic muscle cells were
stiffer and had a shorter resting sarcomere length
than normal cells.> The most likely explanation for
this observation was a modification of the intramus-
cular protein titin, which has been shown to bear the
majority of the resting tension in skeletal muscle.10:15
However, in contrast to detailed studies in frog mus-
cle'® demonstrating that the effect of intracellular
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FIGURE 6. Morphological properties measured from muscle bun-
dles of normal and spastic subjects. (A) Muscle fiber area digi-
tized from light micrograph cross-sections. (B) Percentage of
bundle cross-sectional area occupied by muscle fibers. Note that
a much larger proportion of spastic muscle bundles is occupied
by extracellular material.
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Spastic muscle. Note that the normal muscle behavior is much
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the larger area fraction of muscle cells within normal muscle
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proteins (presumably titin) dominated the passive
mechanical properties even of whole muscle, a far
more significant mechanical role for the ECM was
revealed in the human muscle samples examined
herein.

The most significant mechanical difference be-
tween normal and spastic muscle was the higher
tangent modulus of small bundles compared to sin-
gle cells (Fig. 5B). In normal muscle, the addition of
the ECM dramatically increased the modulus from
~28 kPa to ~470 kPa, a 16-fold increase (filled bars
in Fig. 5B). This is especially impressive in light of
the calculation in the current study that the ECM of
normal muscle made up only 5% of the specimen
cross-section (Fig. 6B). This estimate is consistent
with other morphometric estimates.*1226 Consider-
ing the muscle and ECM to be acting in parallel, the
tangent modulus of the normal ECM would be cal-
culated to be ~8.5 GPa, extremely stiff for mamma-
lian connective tissue, which has been reported to
have a modulus ranging from 1 to 3 GPa.81418 How-
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ever, it should be noted that these previous reports
are based on measurements made on isolated intact
external tendons, which may not adequately repre-
sent either the structural or material properties of
the complex intramuscular connective tissue mi-
lieu.?5-26 The values reported herein represent the
first estimates of tensile modulus for the intramus-
cular connective tissue matrix based on direct me-
chanical measurements. The idea that this matrix
may exceed the modulus of the external tendon is
not surprising based on the relatively rough estimate
of the true load-bearing area of the connective tissue
matrix. Future studies are required to refine these
estimates.

Surprisingly, spastic muscle bundles had a mod-
ulus that was only twice the fiber modulus (hatched
bars in Fig. 5B). Apparently, this was due to the
relatively small area fraction of stiff muscle cells (Fig.
5B) embedded in a large quantity of low-quality
ECM (Fig. 6B). Again, considering the muscle and
ECM to be acting in parallel, the tangent modulus of
the spastic ECM would be calculated to be only
~0.20 GPa, 45 times lower than that calculated for
normal ECM and much lower than any literature
value reported for connective tissue. The structural
basis for the inferior mechanical properties of the
spastic ECM is not known. Morphologically, the spas-
tic ECM appeared disorganized, “loose” (not dense),
and hypercellular (e.g., Fig. 2). This may represent a
dynamic reorganization of the spastic ECM in re-
sponse to altered muscle fiber mechanical proper-
ties, or the altered muscle fiber mechanical proper-
ties may be an attempt by the muscle cells to
compensate for the deranged ECM. It is also possible
that the inferior quality of the ECM may, in part, be
responsible for the surprisingly highly elongated sar-
comeres in wrist flexors after contracture, which
were recently measured in vivo.!! Based on measure-
ments of hydroxyproline content, Booth et al. dem-
onstrated that clinical measures of spasticity severity
correlated significantly with collagen content.? Al-
though these investigators did not specifically ad-
dress the quality of the connective tissue, they con-
cluded that the increased amount of collagen I in
spastic muscle suggests that thickening of endomy-
sium plays a role in the change of stiffness. The
possibility also exists that some of the differences
observed between tissue types is a reflection of the
large age differences between specimens based on
the report of increasing endomysial connective tis-
sue with age.” However, the extent to which age
affects the properties reported here is not yet known.

These findings have significant implications for
the surgeon involved with reconstructive surgery of
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both normal and spastic patients. The data indicate
that, in normal muscle tissue, the ECM dominates
the “feel” of the whole muscle since its tensile mod-
ulus is over 300 times that of the muscle cells. There-
fore, even though a small amount of ECM is present
in normal muscle, its functional impact is profound.
This means that, when a surgeon pulls on a muscle
to “tension” it during tendon transfer,?? the sense of
resistance is probably dominated by the ECM rather
than the muscle cells themselves. This is not the case
for spastic muscle in spite of the large amount of
ECM. The spastic ECM has a modulus that is only
four times greater than its fibers and, since the bun-
dle is approximately 60% ECM and 40% fibers (Fig.
6B), the “feel” of a spastic muscle represents much
more of a balance between ECM and fibers com-
pared to normal muscle. Thus, during surgical ma-
nipulation of spastic muscle, the “feel” of the tissue is
more closely related to the properties of the muscle
fibers themselves. Further studies are required to
provide surgeons with specific guidelines for specific
muscles in order to determine the precise extent to
which each muscle should be elongated during sur-
gical manipulation.

This work was supported by NIH grants AR40050, AR40539, and

HD044822, the United States Department of Veterans Affairs, and
a Swedish Research Grant (11200).
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