1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

> % NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
Phys Med Rehabil Clin N Am. 2015 February ; 26(1): 57-67. doi:10.1016/j.pmr.2014.09.005.

Pathophysiology of Muscle Contractures in Cerebral Palsy

Margie A. Mathewson, MS2 and Richard L. Lieber, PhDP.¢.d.*
aDepartment of Bioengineering, University of California, San Diego, 9500 Gilman Drive, La Jolla,
CA 92093-0412, USA

bDepartment of Orthopaedic Surgery, University of California, San Diego, 9500 Gilman Drive, La
Jolla, CA 92093-0863, USA

®Department of Bioengineering, University of California, San Diego, 9500 Gilman Drive, La Jolla,
CA 92093-0863, USA

dDepartment of Veteran’s Affairs, San Diego, CA 92161, USA

Keywords

Cerebral palsy; Skeletal muscle; Extracellular matrix; Sarcomere; Fiber; Gene expression;
Pathophysiology

INTRODUCTION

Nature of the Problem

Cerebral palsy (CP) is a motor disorder caused by a nonprogressive injury to the developing
brain.! The injury occurs perinatally and, though causes are rarely known,23 CP is common
in infants born preterm with small birth weights.* CP occurs in 2 to 3 of every 1000 live
births® and has heterogeneous symptoms, anatomic involvement, and functional impairment,
including lifelong changes in motor function.12 These alterations stem from both changes in
the neural drive to muscles® and changes to muscles themselves.

Symptoms
Spastic CP, which involves injury to the pyramidal system, is the most common form of CP,
making up nearly 75% of all cases.® Spasticity has been defined as a “velocity dependent
resistance to stretch.”” Limb involvement varies, with patients showing symptoms in either
all 4 limbs (tetraplegia or quadriplegia), primarily on one side of the body including one
upper and lower extremity (hemiplegia), or primarily in the lower extremities (diplegia).8
Patients’” functional mobility can be classified using several rating scales, including the
Gross Motor Function Classification System (GMFCS), which rates patient mobility on a
scale of 1 to 5 from high to low function, respectively.1:3 Although the injury associated
with CP initially occurs in the developing brain, symptoms are commonly treated at the
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muscle level. Because the population affected with CP is large and heterogeneous, a better
understanding, especially among clinicians and therapists, of muscular adaptations in CP
may lead to improvements in treatment or even development of completely novel
therapeutic strategies.

To understand the adaptations that occur in muscle from CP patients, it is important to
review the function of typically developing muscle.

HEALTHY SKELETAL MUSCLE STRUCTURE AND FUNCTION

Muscle Structure

Plasticity

The fundamental unit of muscle force production is the sarcomere. Sarcomeres produce
force by the interaction between 2 proteins, actin and myosin. Force production is affected
by both muscle velocity and the amount of overlap between these 2 proteins, or sarcomere
length. The sarcomere length-tension relationship has been characterized in the length-
tension curve.? Sarcomeres are joined end to end (in series) to form myofibrils. Bundles of
myofibrils form myofibers, or multinucleated muscle cells. These muscle fibers are joined
into muscle fiber bundles, or fascicles (Fig. 1).

At each increasing size scale, extracellular matrix (ECM), the surrounding connective tissue,
encapsulates muscle structures. Endomysium surrounds individual myofibers,10 perimysium
surrounds muscle fascicles,! and epimysium surrounds the whole muscle (see Fig. 1).12:13
The composition and arrangement of these structures is important to muscle function, and
can vary in muscle disorders.

The extensive growth and regeneration capacity seen in muscle is due to its intrinsic stem
cell population. Most of these stem cells are called satellite cells# and are found below the
basal lamina of myofibers; they are normally quiescent except when activated during times
of muscle disease or injury.1® Satellite cell number and viability, rather than being constant
throughout life, decreases with age or diseases that are characterized by extensive
regeneration.1® Conditions such as muscular dystrophy, which require constant regeneration
of muscle fibers, are believed to eventually lead to exhaustion of the satellite cell
populationl” and the concomitant loss in a muscle’s ability to adapt to the new functional
demand.

Muscle has strong regenerative capacity, and can respond and change based on functional
demands; for example, muscle fiber atrophy (leading to a decrease in muscle fiber size)
when subject to decreased use, aging, and some diseases. Serial sarcomere number can also
change in response to growth18 as well as limb immobilization with the muscle in a
shortened or lengthened position. This serial change in sarcomere number resulting from
chronic change in muscle length was shown in several classic studies in both mouse!® and
cat.20 These muscles, immobilized in a shortened position, rapidly adjust their sarcomere
number to restore sarcomere length to previous values. A similar response was reported in a
human case study of distraction osteogenesis in which a leg-length discrepancy was
corrected as a patient’s bone was web 4C=FPO gradually lengthened over time.2!
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Sarcomere lengths were measured and sarcomere number calculated over the course of the
treatment. As stretching of the bone and muscle occurred, sarcomere number rapidly
increased and sarcomere length nearly returned to the pretreatment value.?! Serial sarcomere
number from patients with CP appears to be altered in comparison with typically developing
muscles, however, suggesting that the plasticity seen in typically developing muscles may
not be present to the same extent in CP.

MUSCLE PATHOLOGY OF CEREBRAL PALSY

Force Production and Muscle Function

Alterations in gait, balance, and force production have been reported for patients with
CP.22-26 For example, knee extensor force decreases with CP, which can significantly
inhibit mobility.22 Voluntary force production in general is decreased, as shown by many
investigators.2’=29 There is also evidence that greater cocontraction, or simultaneous
activation of a muscle and its antagonist, occurs in CP.3% Compounding the problem of
decreased force production, ankle stiffness was also shown to be 51% higher in CP,
indicating increased resistance to passive ankle flexion.3!

Muscle Architecture

Muscles in spastic CP often develop contractures, whereby joint range of motion is limited
and muscles appear functionally “short.”32 Many researchers have measured changes in
muscle properties such as muscle belly size, muscle length, fascicle length, and sarcomere
length, all of which may help to explain this observation. Ultra-sonography is probably the
most common tool used to describe basic muscle structural changes, such as fiber length and
tissue thickness (Fig. 2).33 Previous architecture studies focused primarily on the
gastrocnemius muscle, an ankle plantar-flexor and knee flexor that is commonly implicated
in ankle equinus contractures34 and also plays a role in knee flexion contractures.
Ultrasonographic measurements show that gastrocnemius muscle volume is smaller in
patients with CP. When affected and unaffected limbs were compared in hemiplegic
patients, muscle volume was print & web 4C=FPO decreased by 28% in the affected
gastrocnemius and by nearly 50% more than muscles of typically developing children.3>
Muscle belly lengths have also been shown to decrease in CP. One 3-dimensional
ultrasonography study of the medial gastrocnemius showed decreased muscle belly lengths,
but no change in fascicle length when normalized to tibia length.3> Based on the description
of muscle structure presented herein, it is clear that ultrasonography alone cannot make
functional predictions based on gross tissue dimensions because the compaosite sarcomeres
cannot be detected using this modality.

In contrast to what might be expected for contractures, which are often considered
permanently contracted or shortened muscles, previous fascicle length measurements in
patients with CP have been inconclusive. Whereas some studies report shorter muscle
fascicles in CP,3436 others report no difference between typically developing and CP
fascicle lengths.3537 In contrast to the variety of results reported for fascicle length,
sarcomere length, the best predictor of active muscle force, has been consistently shown to
be longer in CP patients (Fig. 3). Whereas one study questioned the functional significance
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of sarcomere lengthening based on force measurements across the joint range of motion,38
previous direct studies of sarcomere length show long sarcomeres in CP in both upper3® and
lower extremity flexors.40 It therefore appears that regulation of sarcomere length does not
occur similarly in patients with typical development and those with CP, as CP sarcomeres do
not maintain a relatively constant length as in normal development.

TISSUE PROPERTIES

Mechanical Properties

While CP contractures are often thought to be stiff because of muscle overactivation, there
are also critical contributions to stiffness that simply result from increased intrinsic passive
stiffness of the tissue. A recent study explored the passive mechanical properties of 2 lower
extremity muscles, the semitendinosus and gracilis.4? Fibers, whose passive mechanical
properties are thought to depend mainly on the giant structural protein titin, showed similar
stiffness in typically developing and CP tissue of both muscles. Titin mass was no different
between the 2 groups, as would be expected from the similar fiber stiffness. Gracilis bundles
were much stiffer than either typically developing bundles or bundles from the CP
semitendinosus. CP semitendinosus bundles were also stiffer than their typically developing
controls (Fig. 4). This difference in stiffness was likely due to the contributions of the ECM
at the bundle level. The change in bundle stiffness between typically developing and CP
tissue suggests that collagen content has increased or that there is some type of abnormal
organization in the muscle ECM. Although increased collagen was observed in these
muscles,*C there are currently no tools available to quantify muscle extracellular structures
accurately. Of interest, earlier studies in the upper extremity yielded very different results,
reporting stiffer fibers#! but more compliant bundles in patients with CP,#2 even though the
ECM in CP muscle bundles tested in this study occupied more space than the ECM of
typically developing controls.#2 The differences in stiffness among muscles, potentially
resulting from differences in ECM quality and arrangement, highlight the importance of
studying muscles individually rather than making generalizations, especially in the case of
highly heterogeneous disorders such as CP. In addition, it is important to develop new tools
that can allow accurate measurement of muscle properties that have the greatest clinical
relevance.

Histology

The histologic profile of muscle from patients with CP varies (Fig. 5A). Although the shape
of individual muscle fibers may not change as drastically as it does in some other muscular
disorders, most studies report a decrease in fiber size#344 and an increase in variability of
fiber size.#34> Moderate rounding of muscle fibers has also been reported.44> In one study,
capillary density was 30% lower in patients with CP.46 Lipid content has been shown to
increase in some cases.*344 Collagen content also appears to be increased,*%4° and this has
been correlated with increased stiffness of muscle fiber bundle.? Some investigators have
even reported a significant correlation between collagen increases and patient function,
using the Modified Ashworth Scale and patient balance measurements.*
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Myosin heavy chain, the major muscle contractile protein that determines fiber type, also
changes in patients with CP, although the direction of these changes varies among muscles
studied and techniques used (see Fig. 5B). One study, using nicotin-amide adenine
dinucleotide (NADH) and adenosine triphosphatase (ATPase) staining, which indirectly
reflect muscle oxidative capacity and contractile speed, respectively, reported increased
fiber-size variability in patients with CP, and also found that patients with CP were more
likely to have a strong predominance of one fiber type over the other (either type 1 or type
2). These differences were often greater than 40%, whereas typically developing patients
showed no predominance.*3 Another study using similar histochemical techniques in
gastrocnemius biopsies reported increases in percentage of type 1 fiber and decreases in
percentage of type 2 fiber, especially histochemically defined 2B fibers.#’ In the adductor
longus and triceps surea muscles, increased percentage of type 1 fiber was also reported with
ATPase staining.** A study of hamstring muscle in which myosin isoforms were
electrophoretically separated demonstrated a 30% increase in type 1 myosin heavy chain in
patients with CP. However, when monoclonal antibodies were used to label different myosin
heavy chain isoforms in the biceps brachii, a dramatic increase in percentage of type 2 fiber
was reported, with type 2X myosin heavy chain fibers making up 30% of CP muscle
compared with 4% of typically developing muscle.#® Clearly variation exists among
muscles, and further studies are needed to understand the impact of CP on predominance of
muscle fiber type. From a physiologic perspective, however, percentage of fiber type is not
likely to cause dramatic functional impairment, but rather reflects an altered use pattern of
the muscle.

Gene Expression

Stem Cells

Another technique used to understand muscle at the cellular level is gene expression
analysis. Using microarrays, it is possible to compare thousands of genes simultaneously.
Two recent studies quantified muscle genome-wide expression. The first, which compared
muscles of the forearm, found distinct transcriptional differences between patients with and
without CP.#8 Alterations were seen in multiple pathways, with important differences in
ECM-related genes, a myosin heavy chain fiber-type shift toward faster myosin, a decrease
in oxidative metabolism, and altered genes that allow excitation-contraction coupling.4® The
second study, which measured gene expression in hamstrings, found similar results,
including a dramatic increase in ECM production— related gene expression (which matched
the collagen content measured from the same samples) and decreased oxidative metabolism
gene expression.4? These results agree with physiologic observations in patients with CP.
These transcriptional data appear to reveal “confusion” in muscle cells that exist in the CP
environment.

In a novel approach to understanding CP muscle, a recent publication highlighted the
possible importance of certain muscle stem cells, called satellite cells, in patients with CP
(Fig. 6). In one study, flow cytometry, a method used to count and isolate tagged cells of
different types, was used to count cells in human biopsies.?? Although there was no change
in either hematopoietic or endothelial cell numbers between groups, patients with CP had
fewer than half as many satellite cells when compared with typically developing control
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subjects (see Fig. 6A). This observation reveals decreased Q9 intrinsic satellite cell number
or satellite cell depletion in CP, and may indicate that this change contributes to abnormal
sarcomere length, changes in material properties, and contracture formation. The question as
to the cellular mechanism that could explain these changes remains unanswered. However,
there is the exciting possibility that should this mechanism be determined, a new therapeutic
approach to curing skeletal muscle contractures might be developed.

SUMMARY

Although CP is caused by a brain injury, critical symptoms manifest in the muscle.
Contractures and spasticity seen clinically correspond to changes in muscle sarcomere
length, fiber type, ECM concentration, fiber and fiber bundle stiffness, and even stem cell
numbers. Better understanding of muscular changes and development of new treatments that
focus on these aspects might lead to new avenues for improving function in patients with
CP.
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Fig. 1.

Structural hierarchy of skeletal muscle. Skeletal muscle is composed of bundles of muscle
fibers called fascicles. Individual fibers in these fascicles consist of myofibrils, which are
composed of the contractile proteins actin and myosin. Connective tissue, which surrounds
the muscle at many levels, is organized into epimysium, surrounding the whole muscle;
perimysium, surrounding fascicles; and endomysium, surrounding muscle fibers.

Phys Med Rehabil Clin N Am. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Mathewson and Lieber Page 11

———— - 7'_ _"
T —

__:—:WO* imal

Fig. 2.
Typical ultrasonography image of a human soleus muscle. Muscle appears dark and the

connective tissue light on the sonogram. Superficial and deep aponeuroses surround the
muscle on either side. The red line indicates the path of a muscle fascicle and the yellow line
represents the thickness of the muscle belly.
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Fig. 3.

chhematic length-tension curve of skeletal muscle. When sarcomere length data for cerebral
palsy (CP; O symbols) and typically developing (TD; X symbols) muscles are plotted on
this curve, sarcomeres clearly act in a fundamentally different region of the curve for CP in
comparison with TD subjects. For example, if TD sarcomeres are stretched, maximal force
production will increase, whereas the opposite will happen for CP sarcomeres. Muscles
represented include gracilis, semitendinosus, soleus, and flexor carpi ulnaris. (Data from
Mathewson MA, et al. submitted; and Lieber RL, Fridén J. Spasticity causes a fundamental
rearrangement of muscle-joint interaction. Muscle Nerve 2002;25(2):265-70; and Smith LR,
Lee KS, Ward SR, et al. Hamstring contractures in children with spastic cerebral palsy result
from a stiffer extracellular matrix and increased in vivo sarcomere length. J Physiol
2011;589(10):2625-39.)
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Fig. 5.
Light micrographs of muscle from a patient with CP. (A) Hematoxylin and eosin permits

evaluation of basic muscle tissue morphology. (B) Adenosine triphosphatase histochemical
staining permits determination of muscle fiber type.
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Fig. 6.
Fluorescence-activated cell sorting of several muscle mononuclear populations. (A) Whereas

the percentage of other cell types such as mononuclear cells and inflammatory cells are
unchanged in patients with CP, the fraction of satellite cells in CP muscle is half of what is
found in TD muscle. (B) Immunohistochemical image of a satellite cell is shown in its
native environment. Satellite cells are identified by looking for Pax7-positive staining (light
green) on top of a cell nucleus (4’,6-diamidino-2-phenylindole [DAPI] positive; blue) that is
located under the basal lamina (laminin staining; red). Satellite cells are indicated with white
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arrows. ([A] Data from Smith LR, Chambers HG, Lieber RL. Reduced satellite cell
population may lead to contractures in children with cerebral palsy. Dev Med Child Neurol
2013;55(3):264-70; and [B] Courtesy of the National Skeletal Muscle Research Center,
www.muscle.ucsd.edu; with permission.)
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