
Disruption of Basal Lamina Components in Neuromotor
Synapses of Children with Spastic Quadriplegic Cerebral
Palsy
Karyn G. Robinson1., Janet L. Mendonca1., Jaimee L. Militar1, Mary C. Theroux2, Kirk W. Dabney3,

Suken A. Shah3, Freeman Miller3, Robert E. Akins1*

1 Nemours Biomedical Research, Alfred I. duPont Hospital for Children, Wilmington, Delaware, United States of America, 2 Department of Anesthesiology and Critical Care,

Alfred I. duPont Hospital for Children, Wilmington, Delaware, United States of America, 3 Department of Orthopedic Surgery, Alfred I. duPont Hospital for Children,

Wilmington, Delaware, United States of America

Abstract

Cerebral palsy (CP) is a static encephalopathy occurring when a lesion to the developing brain results in disordered
movement and posture. Patients present with sometimes overlapping spastic, athetoid/dyskinetic, and ataxic symptoms.
Spastic CP, which is characterized by stiff muscles, weakness, and poor motor control, accounts for ,80% of cases. The
detailed mechanisms leading to disordered movement in spastic CP are not completely understood, but clinical experience
and recent studies suggest involvement of peripheral motor synapses. For example, it is recognized that CP patients have
altered sensitivities to drugs that target neuromuscular junctions (NMJs), and protein localization studies suggest that NMJ
microanatomy is disrupted in CP. Since CP originates during maturation, we hypothesized that NMJ disruption in spastic CP
is associated with retention of an immature neuromotor phenotype later in life. Scoliosis patients with spastic CP or
idiopathic disease were enrolled in a prospective, partially-blinded study to evaluate NMJ organization and neuromotor
maturation. The localization of synaptic acetylcholine esterase (AChE) relative to postsynaptic acetylcholine receptor (AChR),
synaptic laminin b2, and presynaptic vesicle protein 2 (SV2) appeared mismatched in the CP samples; whereas, no
significant disruption was found between AChR and SV2. These data suggest that pre- and postsynaptic NMJ components
in CP children were appropriately distributed even though AChE and laminin b2 within the synaptic basal lamina appeared
disrupted. Follow up electron microscopy indicated that NMJs from CP patients appeared generally mature and similar to
controls with some differences present, including deeper postsynaptic folds and reduced presynaptic mitochondria.
Analysis of maturational markers, including myosin, syntrophin, myogenin, and AChR subunit expression, and telomere
lengths, all indicated similar levels of motor maturation in the two groups. Thus, NMJ disruption in CP was found to
principally involve components of the synaptic basal lamina and subtle ultra-structural modifications but appeared
unrelated to neuromotor maturational status.
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Introduction

Cerebral palsy (CP), which is one of the most common causes of

physical disability in children, is a group of movement disorders

occurring when a static encephalopathy develops in the fetal or

infant brain [1,2]. Patients with CP have difficulty with movement,

coordination, and balance associated with weakness, poor muscle

control, and spasticity [3,4]. Significant research has focused on

the genesis and prevention of central nervous system (CNS) injury

in CP; however, the mechanisms and manifestations of peripheral

motor dysfunction are only partially understood [1,5].

Clinically, CP patients are classified as spastic (stiff muscles),

athetoid (writhing movements), or ataxic (poor balance and

coordination). Spastic CP accounts for about 80% of all cases.

Patients with spastic CP often require lifelong support and endure

multiple surgical procedures to correct musculoskeletal problems

associated with their condition. Unfortunately, therapeutic

approaches are limited because the cellular and molecular

mechanisms that contribute to the neuromotor and musculoskel-

etal manifestations of spastic CP are not completely characterized,

although there are clear indications that the peripheral neuromo-

tor system is disrupted in CP patients.

In surgical settings, spastic CP patients exhibit altered sensitiv-

ities to neuromuscular blocking agents [6,7] that are specific for

the postsynaptic acetylcholine receptors (AChRs) expressed by

muscle at neuromuscular junctions (NMJs). CP patients tend to be

more sensitive to the depolarizing agent succinylcholine [7] and

more resistant to the non-depolarizing agent vecuronium [6].
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These altered sensitivities suggest that NMJs, which link the

nervous and musculoskeletal systems, are disrupted in CP patients.

Gene expression studies have established that spastic CP patients

have distinct expression profiles [8], and cross-sectional studies of

CP patients have demonstrated that a subset of NMJs appear

disorganized such that AChR, which is present on the post

synaptic muscle membrane, is found outside the distribution of

synaptic acetylcholinesterase (AChE), which defines the functional

limits of the NMJ. Matched controls, on the other hand, exhibited

nearly complete overlap of the two staining patterns [9]. Both the

average degree of AChR to AChE mismatch and the proportion

of highly disorganized NMJs (i.e. those with mismatches greater

than two standard deviations above control values) present in leg

muscle biopsies correlated with the degree of gross motor disability

in CP patients [10]. Although these previous microanatomic

studies established that dysmorphic NMJs were present, they did

not distinguish whether AChE, AChR, or both were maldistrib-

uted in CP, nor did they establish whether other critical NMJ

components were maldistributed relative to either AChR or

AChE.

The presence of morphologically disrupted NMJs in children,

adolescents, or adults is unanticipated [11]. The formation of

tightly apposed pre- and postsynaptic specializations at NMJs are

hallmarks of neuromotor maturation, a process that is generally

completed during infancy [11,12]. Non-colocalization of NMJ

components is generally indicative of hereditary disease [13],

nerve degeneration/regeneration [14], or incomplete neuromotor

maturation [11]. Since the CNS injury in CP occurs during

neuromotor maturation, we hypothesized that synaptic disruption

in CP patients was associated with the prolongation of neuromotor

immaturity.

Accordingly, we investigated the extent of NMJ disorganization

in CP by comparing muscle acquired from scoliotic patients

undergoing spinal fusion surgery and carrying a diagnosis of either

spastic CP or idiopathic scoliosis (IS). Comparison of patients with

these two conditions allowed us to access a significant number of

surgical cases in which the same anatomic location was exposed

during surgery and allowed the potential effects of scoliosis to be

segregated from any effects of a CP diagnosis since both groups

were scoliotic. The relative distributions of presynaptic (synaptic

vesicle protein 2/SV2), synaptic (AChE and laminin b2), and

postsynaptic (AChR) markers were quantified by fluorescence

microscopy to assess NMJ organization. Ultrastructural differences

were evaluated using transmission electron microscopy. The

relative maturational status of the muscle samples was determined

based on telomere length estimation and on the expression of

myosin heavy chain (MYH) isoforms, AChR subunits, myogenin,

and syntrophins, which are markers that exhibit differential

expression during motor maturation [11,13,15,16,17,18,19,20].

Methods

Patient enrollment and sample acquisition
Patients were enrolled in two distinct phases of research. In the

first phase, samples were analyzed using light microscopy and bio-

molecular assays and in the second phase, samples were examined

using transmission electron microscopy. In both phases, prospec-

tive, non-randomized, and partially blinded designs were em-

ployed. Patients were enrolled after IRB approval of the study and

informed consents and assents were obtained. Patients with a

history of botulinum toxin treatment within the 12 months

preceding surgery and any patients carrying a diagnosis of

chromosomal disorder, degenerative neurological disease, muscu-

lar dystrophy, or a diagnosis of neuromuscular scoliosis other than

CP were excluded. A complete list of exclusionary criteria and a

table summarizing the ages, genders, physical characteristics, and

degree of scoliosis are included in detailed methods in Text S1,

and Table S1 in Text S1. Muscle biopsies (approximately 1 cm3)

were obtained during posterior spinal fusion surgery from the

lateral aspect of the spinalis at the thoraco-lumbar junction on the

concave side of the curve from patients with spastic quadriplegic/

quadriparetic CP (n = 34 for phase one and n = 5 for phase two) or

IS (n = 36, phase one; n = 5 phase two). This combination of

patients was selected to minimize potential effects due to scoliosis

and to allow for the collection of tissue from the same anatomic

location in both patient groups.

Samples from patients enrolled in phase one received a blinding

code and were immediately snap-frozen in liquid nitrogen-chilled

isopentane and stored at 280uC. Among the samples collected, 7

CP and 6 IS were subsequently excluded from the study due to a

lack of motor endplates on microscopic examination. When

possible, all light microscopic and biomolecular assays were

performed on each biopsy, however, since biopsy samples were

necessarily of a limited size, it was not possible to perform all

phase-one analyses on each biopsy. Specific sample usage is

indicated in the text.

Samples from patients enrolled in phase two of the study were

placed into sterile specimen containers immersed in wet ice, and

within 10 minutes of excision, placed in freshly prepared 4%

paraformaldehyde (PFA; EMS, Hatfield, PA) in 0.1 M Sorensen’s

phosphate buffer (PB,EMS, Hatfield, PA) at pH 7.4. The tissue

was then cut into 162 mm pieces and placed in fresh fixative (4%

PFA in PB) for further processing as described below.

For some assays, additional control samples were obtained from

research tissue banks. De-identified muscle from three patients

with Duchenne muscular dystrophy (DMD) were obtained from

the Cooperative Human Tissue Network (CHTN) at Nationwide

Children’s Hospital, Columbus, OH and the NICHD Brain and

Tissue Bank for Developmental Disorders at the University of

Maryland, Baltimore, MD (these were labeled as thigh muscle,

upper arm muscle, and psoas). De-identified muscle from a normal

pediatric patient (lower leg) and a pre-term donor (86 days

gestation) were obtained from the CHTN at the Ohio State

University and the University of Washington Birth Defects

Research Laboratory, respectively.

Fluorescence staining and calculation of appositional
scores

Slides containing 8 mm thick cryosections of samples from all

patients enrolled in phase one were analyzed. Samples in which

fewer than 15 different synapses were found in the sections

analyzed were excluded from the analysis. Samples (n = 25

patients with CP, 28 control patients with IS) were triple stained

with tetramethylrhodamine-conjugated a-bungarotoxin (Btx; Mo-

lecular Probes), biotinylated AE-2 antibody, and hybridoma

supernatant containing a monoclonal antibody to either laminin

b2 (C4; Developmental Studies Hybridoma Bank [DSHB]) or

SV2 (DSHB) (see detailed methods in Text S1).

Samples were digitally imaged on an Olympus BX-60

fluorescence microscope equipped with an Evolution QEi

monochrome 12-bit (136061036 pixels) digital camera (Media

Cybernetics) controlled by Image Pro Plus software (version 5.1;

Media Cybernetics). For each fluorophore staining pattern, a

threshold value was determined based on the number of pixels at

each gray level in the acquired image. The majority of the pixels

were in the black background, which comprises low gray levels,

while the brighter NMJ pixels were at a higher gray level. The

software calculated the point along the x-axis at which the

Disruption of NMJ Basal Lamina in Spastic CP
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histogram could be split into two groups so that the summed

variance of the distributions on each side of the split was

minimized. After the software set the threshold levels, the pixels

above those levels were categorized as positive and counted. The

software used this method to categorize and count the pixels as

being stain 1, stain 2, or both for each pixel in the NMJ.

The relative distributions of AChR, AChE, and either SV2 or

b-laminin were compared pair-wise in a two-step process that

used (i) the Image Pro Plus thresholding algorithm to provide an

objective assessment of positive staining based on an iterative

analysis of an image’s histogram to find the best split between

foreground and background signal, followed by (ii) a customized

software macro to calculate an appositional score indicating the

degree of non-colocalization (see Text S1 and Figure 1). Once

the analyses were complete, the blind was broken. Data

calculated for NMJs from IS patients were used to establish

control values and ranges and compared to those from CP

patients to assess statistical differences in relative NMJ

component distribution.

Histological Assessment of Muscle Fibers
A subset of samples (n = 10 patients with CP; 10 control patients

with IS) were stained using a clinical-diagnostic method to detect

myosin ATPase [21]. Briefly, 8 mm thick sections were stained at

high (10.2) or low (4.65) pH to distinguish type I and type II fibers,

which were counted manually in sequential fields under an

Olympus BX-60 microscope using a 106 objective. Data were

acquired using Image Pro Plus software. A minimum of 100 fibers

were counted for each patient sample.

Western Blot Analysis
Myosin heavy chain (MYH) isoforms, of which there are at least

10 Class II sarcomeric types with three that predominate in

mature skeletal muscle [22], were analyzed by Western Blotting

(n = 3 patients with CP; 4 control patients with IS) using

monoclonal antibodies directed against subsets of the Class II

MYHs. Antibodies utilized included the monoclonal antibodies in

table 1 (all from the Developmental Studies Hybridoma Bank,

Ames, IA).

Figure 1. Determination of appositional score. Sample images are shown for a single NMJ from a spinalis biopsy of a child with CP. The
distribution of AChR (Panel A), AChE (B), and the composite image of both AChR and AChE (C) are shown. Each image was thresholded using the
standard algorithm provided in the Image Pro Software, which objectively identifies foreground versus background pixels based on the distribution
of intensities in the image, resulting in images D, E, and F. Distinct boundaries were reproducibly identifiable relative to background using this
approach. A line drawn through the NMJ (G) provided the corresponding histogram (H) which displayed the intensities of AChR and AChE staining
across the NMJ. The pixels above the preset threshold levels were categorized and counted to determine appositional scores.
doi:10.1371/journal.pone.0070288.g001

Disruption of NMJ Basal Lamina in Spastic CP
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Antibodies were purified from hybridoma media using Protein

G agarose columns (Invitrogen, Carlsbad, CA) following the

manufacturer’s specifications and validated on control blots prior

to use. For blotting, protein samples were separated using standard

polyacrylamide gel electrophoresis protocols with pre-cast Novex

gels and pre-made buffers (all from Life Technologies/Invitrogen/

Novex). Bands were transferred to PVDF membranes using a

Novex transfer apparatus and buffers and detected using

Enhanced Chemi-Luminescence detection kits with HRP-conju-

gated anti-mouse secondary anitbodies (Life Technologies/Invi-

trogen/Novex).

Real-time RT-PCR
Total RNA was extracted from frozen tissue sections (n = 12

patients with CP; 12 control patients with IS) using Trizol

(Invitrogen). Complementary DNA synthesis was carried out using

iScript cDNA synthesis kits (BioRad), and real-time PCR was

performed with iQ SYBR Green Supermix (Biorad) on a MyIQ

thermocycler (BioRad) to probe gene expression patterns. Primers

for acetylcholine receptor (AChR) subunits a1, a7, d, e, and c as

well as b1 and b2 syntrophin, myogenin, and AChE were used; b–

glucuronidase (GUSB) was selected as a normalization control

based on its consistent expression across samples (Table S2). PCR

conditions were defined as follows: 5 min at 94uC followed by 30

cycles of 30 s at 94uC, 75 s at 55uC, 45 s at 72uC, and one cycle of

72uC for 7 min.

Telomere Length Analysis. Telomere lengths were estimat-

ed using a quantitative PCR method [23] with slight modifications

(Text S1) and telomere to single copy gene (T/S) ratios were

calculated (n = 10 patients with CP; 10 control patients with IS)

relative to a normal leg muscle sample using the Pfaffl method

[24].

Analysis of Transmission Electron Microscopy (TEM)
Images

Samples were prepared for TEM analysis based on previously

described procedures elaborated in Text S1 [25]. Five distinct

contact regions were analyzed for each NMJ; contact regions were

defined based on the presence of a distinct synaptic gutter.

Morphometric differences were determined for three measures:

fold length, distance between folds, and cross sectional area of

mitochondria. The portion of the nerve terminal within the

synaptic gutter was specifically evaluated for each contact region

using ImageJ software [26]. The distance between folds was

measured as the distance along the synaptic cleft between the

neighboring edges of two successive folds. Fold length was

measured as the distance from the synaptic cleft to the furthest

region each contiguous fold extended into the muscle following a

previously established method [27]. Mitochondria at the nerve

terminal was estimated as the cross-sectional area of mitochondria

per square micron area of the nerve terminal present. Each

measurement approach was validated using inter-rater reliability

scores determined by comparing assessments from two indepen-

dent, blinded investigators (see Table S3).

Immunofluorescence Analysis of Mitochondrial Content
Sections were brought to room temperature and held in 0.1 M

PB. Slides were blocked with 3% BSA (Sigma) for 1 hr and

incubated overnight with mouse monoclonal antibody diluted

1:200, for complex VI subunit I (Mitosciences, Oregon). Slides

were rinsed 36with PB and then incubated with anti-mouse Alexa

Fluor-488 (Invitrogen) diluted 1:400, in a solution containing

0.16 mg/mL a-bungarotoxin-AlexaFlourTM 555 for 1 h. The

sections were rinsed 36, 10 min each with PB and mounted in

PB on slides with a 22640 mm coverslip for visualization.

Confocal Z-stacks were acquired with a 406 C-Apochromat

water immersion lens (Numerical Aperture 1.2) on a Zeiss

LSM510 microscope using identical excitation, emission, and

acquisition settings for all samples.

Results

Screening of NMJ Probes
To identify suitable antibody probes for phase one of the study,

antibodies to critical NMJ components were assessed for their

detectability by indirect immunofluorescence in control human

skeletal muscle tissue. Sections were double labeled with a-

bungarotoxin and the indicated probe. As summarized in Table
S4, probes were rated as easily detectable over background, faint,

very faint, undetectable, or non-specific relative to a-bungarotox-

in. Sixteen antibodies were screened for 15 different NMJ markers;

only three were judged to be both readily detectable over

background based on a standard thresholding algorithm (built

into Image Pro Plus) and localized to NMJs as defined by a-

bungarotoxin. These three were the only antibodies used in the

subsequent study.

Disruption of NMJ Components in Children with Spastic
CP

To evaluate potential NMJ disruptions, the relative localization

of critical NMJ proteins was evaluated by blinded investigators

using wide-field fluorescence microscopy. Since AChR and AChE

are important and well-known participants in the initiation

(AChR) and termination (AChE) of nerve-induced muscle

contraction [11,28], these proteins were included in all compar-

isons. AChR localizes to the postsynaptic muscle membrane;

whereas, AChE localizes to the synaptic basal lamina. In addition,

SV2 and laminin b2 distributions were analyzed based on the

antibody screening. SV2 is a transmembrane keratan sulfate

proteoglycan expressed at nerve endings and routinely used as a

presynaptic marker for NMJs. Laminins are trimeric proteins

containing a, b, and c chains and providing both structural

support and signaling within basal lamina [29,30,31].

Table 1. Monoclonal Antibodies to Myosin Heavy Chains.

Monoclonal Designation Myosin Type Recognized Gene Symbol

A4.74 Fast Types IIx, IIa, embryonic, and IIb MYH1, MYH2, MYH3, & MYH4

A4.951 Slow Type I MYH7

F1.652 Embryonic MYH3

doi:10.1371/journal.pone.0070288.t001

Disruption of NMJ Basal Lamina in Spastic CP
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Data from immunofluorescence assays were included in

statistical comparisons when a minimum of 15 distinct NMJs per

patient were available for each staining combination. A total of

1899 NMJs were examined from IS patients and 1589 from CP

patients. Representative staining for NMJs from IS and CP

patients showing the differences in relative distribution for each

pair of proteins is shown in Figure 2. The approach to

quantifying co-localization between probes is illustrated in

Figure 1, which shows how the thresholding algorithm was used

to define the limits of staining at NMJs and used to calculate

overlap in staining patterns.

The limits of each staining pattern were determined using an

objective thresholding algorithm, and the degree of overlap

between two staining patterns was calculated using a custom

software macro that compared thresholded images on a pixel by

pixel basis. Data were calculated as the proportion of one

thresholded staining pattern that was present outside the other and

are reported as colocalization scores such that a score of zero

indicates complete overlap and a score of 1 indicates no overlap.

Due to the hierarchical nature of the data acquired (i.e., there

were two patient groups with multiple subjects in each group with

each subject having multiple NMJs analyzed), nested statistical

analyses were carried out. First, all NMJs from all children with a

particular diagnosis were pooled into two groups (1589 CP and

1899 IS NMJs) and compared. Second, a single co-localization

score was calculated for each patient and these scores were

compared between the two groups (25 CP and 28 IS patients).

Finally, data from the entire pool of control/IS patients were

pooled and values from each CP patient were compared to this

group one at a time. In this way, we were able to evaluate

differences in the appearance of NMJs within CP and IS patients

at multiple different levels.

Comparison 1. All NMJs from each group were pooled

and compared directly; this approach disregards patient

to patient variability. Both groups had very well

matched SV2 versus AChR; however, CP patients had

significantly more AChE present outside AChR, AChE

present outside laminin b2, AChR present outside

laminin b2, and AChE present outside SV2. In addition,

there was statistically less laminin b2 present outside

AChE in the NMJs from CP patients. (see Table 2).

Comparison 2. A median co-localization score was

calculated for the set of values determined for each child;

with this approach, variability from within each patient

was not included since data from each patient were

represented by a single value. Comparison of the median

scores between the two patient groups (see Table 3)

indicated that only AChE outside of laminin b2 was

significantly higher in the CP patients (p = 0.017 by

Mann-Whitney U test).

Comparison 3. Each CP patient was compared to the

pooled data from all control/IS patients in order to

determine how the set of NMJs from each CP patient

may have differed from the entire control population of

IS patients. Pairwise Mann-Whitney tests were applied

with Bonferroni corrections employed to account for

multiple comparisons. The results are shown in Table 4.

Twenty-one of the 25 CP patients (84%) had at least one

comparison that was significantly different from the

pooled IS group. The difference that arose most

frequently was AChE outside of laminin b2. Overall,

however, it was difficult to discern a pattern of

disruption across patients. Accordingly, a logistic

regression analysis was employed to determine which,

if any, measures were actually predictive of a CP

diagnosis. The one measure that was found to be

significantly predictive of a diagnosis of CP was AChE

outside of laminin b2 (p = 0.021).

Figure 2. Typical staining patterns for idiopathic scoliosis (IS)
and CP patients with the corresponding threshold images.
Spinalis samples were triple stained for AChR (red), AChE (blue), and
either laminin b2 or SV2 (green). Representative staining patterns with
two of the three stains are shown. Compared to idiopathic scoliosis
patients, CP patients generally had more AChE present outside AChR
(A), more AChE present outside laminin b2 (B), less laminin b2 present
outside AChE (B), more AChR present outside laminin b2 (C), and more
AChE present outside SV2 (D). Both CP and IS samples had a similar
distribution of SV2 relative to AChR (E).
doi:10.1371/journal.pone.0070288.g002

Table 2. Median values and ranges for NMJ component
comparisons; patients pooled by diagnosis.

Comparison Idiopathic scoliosis Cerebral palsy Mann-

(n = 1899 NMJs) (n = 1589 NMJs) Whitney

Median Range Median Range p value

ROE 0.04 0.00–0.80 0.04 0.00–1.00 0.154

EOR 0.30 0.01–1.00 0.32 0.00–1.00 0.002*

LOE 0.39 0.05–0.92 0.36 0.00–1.00 0.002*

EOL 0.07 0.00–0.84 0.10 0.00–1.00 0.000*

LOR 0.51 0.08–0.90 0.50 0.12–0.90 0.141

ROL 0.04 0.00–0.79 0.05 0.00–1.00 0.000*

VOE 0.07 0.00–0.64 0.07 0.00–1.00 0.544

EOV 0.55 0.15–1.00 0.57 0.06–1.00 0.022*

VOR 0.20 0.00–0.67 0.20 0.00–0.80 0.216

ROV 0.45 0.00–1.00 0.46 0.00–1.00 0.955

R = AChR; O = outside of; E = AChE; L = laminin b2; V = SV2.
*represents p values,0.05 by Mann-Whitney.
doi:10.1371/journal.pone.0070288.t002

Disruption of NMJ Basal Lamina in Spastic CP
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The results of these comparisons indicate that the NMJs in

the CP patient group were disrupted with the disruption that

was the most highly affected, that appeared in the greatest

proportion of patients, and that was most predictive of a

diagnosis of CP being AChE appearing outside the limits of

laminin b2 staining.

Neuromotor Maturational Status of Children with Spastic
CP and Idiopathic Scoliosis

To assess the maturational status of muscle from the CP and IS

groups, a series of indicative assays was carried out including

histomorphometry of type I and type II muscle fiber-types,

Western blotting for embryonic myosin heavy chain, quantitative

real time PCR of developmentally-regulated genes, and telomere

length analysis.

Comparison 1. The distribution and conformation of

muscle fiber types were evaluated using a clinical-

diagnostic ATPase histochemistry approach, which is

related to neuromotor development and innervation

[32]. Staining patterns were generated by ATPase

reactions carried out at high and low pH to reveal fast

and slow fibers, respectively, in the context of tissue

organization. The overall appearance of muscles from

patients with IS (Figure 3A) and CP (Figure 3B) were

generally similar and both differed substantially from

immature muscle fibers, which do not evince clear fiber

type patterning. Although similar in shape and size

across samples, the CP samples tended to have thicker

endomysium (Figure 3B) and higher levels of fatty

deposition (not shown). These observations are consis-

tent with earlier reports that muscle from children with

CP is significantly stiffer than muscle from typically

developing children in association with endomysial

thickening and an increase in ECM content [33] and

that children with CP have a greater adipose tissue

infiltration of skeletal muscle than typically developing

children [34].

Although the muscle fibers from CP and IS patients

were similar, there was a slight predominance of type I

over type II fibers in CP patients (Figure 3C), which is

consistent with previous reports [33,35,36]. A predom-

inance of type I fibers has been associated with

myopathic diseases and dystrophies and may be related

to alterations in the use patterns for the specific muscle

[37,38]. Differences in the appearance of fast type IIx,

IIa or mixed type fibers were not evaluated in the

present study; however, we found no significant

difference in NMJ disruption scores associated with

slow (i.e., MAb A4.951 positive) versus all fast (i.e., MAb

A4.951 negative) muscle fiber types by Mann-Whitney

U test (p..0.05; n = 80 fast fiber NMJs and 104 slow

fiber NMJs); thus, the occurrence of disrupted NMJs

appeared unrelated to fast versus slow muscle fiber type.

Additionally, there was no significant correlation

between the degree of NMJ disruption assessed by

median AChE outside of laminin b2 and the ratio of

type I to type II fibers present in each child’s biopsy

material (Spearman’s rho = 20.071).

Overall, the results of Comparison 1 indicate that the

maturational status of the muscle in the two patient

groups was similar although there were notable

differences in the appearance of the muscle fibers that

may warrant further investigation.

Comparison 2. The accumulation of the MYH gene

products in muscle changes during development and

neuromotor maturation [22]. Accordingly, we evaluated

the MYH protein content of a small number of samples

(owing to the large amount of tissue needed to carry out

the analysis, we were not able to perform these assays on

all samples). In particular, immature muscle expresses

embryonic myosin (MYH3) [39], and we used antibod-

ies that recognize embryonic, adult slow (MYH7) and a

combination of fast MYH isoforms (MYH1, MYH2,

MYH3, and MYH4) to evaluate the presence of

developmental MYH3 in CP and IS samples. Gesta-

tional tissue was used as control for MYH3. As seen in

the Western blots shown in Figure 3D, CP and control

samples had similar expression patterns such that fast

and slow isoforms were expressed, albeit at apparently

different ratios, but that the embryonic MYH3 isoform

was not found regardless of diagnosis. These data

suggest that spinalis from the CP group was not

substantially delayed in neuromotor maturation relative

to controls and that the tissues were not regenerating at

the time of surgery.

Comparison 3. The gene expression profiles of maturing

muscle have been well studied, and several genes exhibit

differential expression during neuromotor development

including the c- and e-subunits of the AChR, myogenin,

and b1 syntrophin [11,13,15]. Accordingly, real-time

quantitative PCR was employed to estimate relative

mRNA levels of molecular markers for neuromotor

maturation in CP and control/IS muscle. Transcript

levels for the AChR subunits a1, a7, d, e, and c were

determined (Figure 3E). AChRc is expressed from the

CHRNG gene in immature and in denervated muscle; it

is replaced by AChRe (CHRNE) in mature/innervated

muscle [11]. The levels of AChRc mRNA were similar

in the CP and IS groups. AChRa7 (CHRNA7), which

can bind a-Btx like AChRa1 (CHRNA1) [40], is

Table 3. Median values and ranges for NMJ non-
colocalization scores; each patients received a score
equivalent to the median values within their NMJs.

Idiopathic scoliosis Cerebral palsy Mann-

Comparison (n = 28 patients) (n = 25 patients) Whitney

Median Range Median Range p value

ROE 0.04 0.02–0.07 0.04 0.01–0.08 0.487

EOR 0.30 0.24–0.44 0.31 0.20–0.43 0.539

LOE 0.41 0.20–0.56 0.38 0.19–0.49 0.170

EOL 0.06 0.02–0.19 0.10 0.01–0.23 0.017*

LOR 0.53 0.35–0.69 0.51 0.34–0.64 0.226

ROL 0.04 0–0.16 0.05 0.01–0.16 0.349

VOE 0.07 0.03–0.13 0.06 0.01–0.22 0.964

EOV 0.54 0.33–0.69 0.58 0.39–0.76 0.121

VOR 0.19 0.11–0.43 0.21 0.10–0.40 0.838

ROV 0.44 0.31–0.62 0.45 0.26–0.69 0.972

R = AChR; O = outside of; E = AChE; L = laminin b2; V = SV2.
*represents p values,0.05 by Mann-Whitney.
doi:10.1371/journal.pone.0070288.t003
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expressed developmentally and in chronically denervat-

ed [41] or pathologic muscle [42], was found in fetal

tissue but was undetectable in any patient sample.

Similarly, myogenin was not significantly different

between the CP and IS groups but was significantly

elevated in the fetal control. These results suggest that

both groups attained a similar level of maturation.

Interestingly, b1 syntrophin (SNTB1), which is normally

down-regulated in mature muscle fibers, was significant-

ly elevated in CP samples. SNTB1 transcripts can be

found in blood vessels, nerves, and fibrous tissue [15],

and given the lack of other molecular markers for

immaturity, the elevation of SNTB1 in CP samples may

actually reflect the increased fibrosis and fatty-content of

CP muscle samples noted in Comparison 1.

Overall, the gene expression patterns evaluated were

consistent with the CP and IS populations having

attained a similar level of muscle maturation. In

addition, there were no significant correlations found

between median AChE outside of laminin b2 and the

relative expression level of any gene examined (Spear-

man’s rho ,0.6 for each gene evaluated).

Comparison 4. Telomere length indicates the prolifer-

ative capacity and regenerative history of myoblasts with

older or multiply-regenerated muscle fibers having

shorter telomeres [43,44]. To determine whether muscle

from CP and control patients had undergone the same

degree of development and regeneration, a quantitative

PCR method [23] was used to assess telomere length

(Table 5). No significant differences were seen in the

ratio of telomere to single copy gene (T/S ratio) between

patients with IS and CP. In addition, no correlation was

found between median AChE outside of laminin b2 and

the relative telomere length in the CP population

(Spearman’s rho = 0.224). Interestingly, both patient

groups had T/S ratios between the normative adult

muscle control and three DMD patients, which were

analyzed as positive controls for reduced telomere

length. The DMD patients had lower T/S ratios than

both the IS and CP patients, but both groups had T/S

ratios lower than expected relative to adult controls.

These results suggest that scoliosis, but not CP, may be

associated with increased regenerative cycling in spinalis

muscle and support the notion that CP and IS patients

had attained a similar level of neuromotor maturation.

The results of these four sets of assessments are all consistent

with neuromotor maturation having progressed to a similar extent

in the CP patient and control/IS groups. To further verify this

Table 4. Comparison of individual CP patients with the idiopathic scoliosis group.

CP Sample ROE EOR LOE EOL LOR ROL VOE EOV VOR ROV

RA003 222

RA006 +++ 222

RA010 +++ 222

RA013 +++ 222 +++ +++ +++

RA015 222 222

RA016

RA019 222 222

RA026 +++ +++

RA028 222 222 222

RA030 222 +++ +++ +++ 222

RA031 222

RA032 222 222 222

RA035 222 +++

RA040 +++ +++ +++

RA041 +++ +++ +++ +++ +++ +++

RA042 +++ +++ +++

RA046 +++

RA052

RA053 222 222 222 +++ +++

RA059 +++ +++

RA062

RA069 222

RA100 +++

RA104

RA111 +++

Pair-wise Mann-Whitney tests were run to determine how individual CP patients compared to the idiopathic scoliosis groups. R = AChR; O = outside of; E = AChE;
L = laminin b2; V = SV2. +++ indicates that the child had significantly higher values than the control group, while 222 indicates that the child had significantly lower
values than the control group (p#0.002; note that this level of significance was selected because there were 25 CP children compared to the control/IS group).
doi:10.1371/journal.pone.0070288.t004
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result, we performed an additional phase of studies utilizing

transmission electron microscopy.

Transmission Electron Microscopy (TEM) of NMJs
Ultra-structural analysis using TEM was undertaken to examine

the degree of structural disruption in NMJs of both CP and IS

Figure 3. Comparison of neuromotor maturation in idiopathic
scoliosis (IS) and CP patients. A) Spinalis sample from a control
patient showing distinctly stained type I (dark) and type II (light) fibers
using an ATPase assay at low pH (4.65). B) Spinalis sample from a
patient with CP showing type I and type II fibers with an overall mature
appearance similar to that seen in panel A, except for an increased
predominance of type I fibers. C) Analysis of fiber typing: at least 100
fibers were enumerated as either type I or type II fibers for each patient
sample (n = 10 per group) and compared for fiber type predominance.
The average frequency of each type is shown. Patients with CP had a
significantly higher frequency of type I fibers than patients with IS
(p = 0.013 by Mann-Whitney) and a significantly lower frequency of type
II fibers (p = 0.044 by Mann-Whitney). D) CP (lanes 6–8) and IS (lanes 1–
4) muscles were analyzed for the presence of fast, slow, and embryonic
MYHs by Western blot. Fetal muscle (lane 5) was used as a positive
control for immaturity and the presence of embryonic MYH. Antibodies
used are as follows: A4.74 (fast) for MYH1, MYH2, and MYH4; F1.652
(embryonic) for MYH3; A4.951 (slow type I) for MYH7. Neither CP nor
control muscle contained the embryonic MYH isoform. E) RNA was
extracted from spinalis muscle and subjected to real time RT-PCR. Data
are presented as mean (6 SD) fold differences compared to fetal tissue
(n = 12 CP, 12 IS). AChRa1 (CHRNA1), AChRd (CHRND), AChRe (CHRNE),
AChRc (CHRNG), AChRa7 (CHRNA7), myogenin (MYOG), AChE (ACHE),
and b2 syntrophin (SNTB2), did not show significant differences
between the CP and control groups. b1 syntrophin (SNTB1) expression
was significantly higher in CP samples than control samples (p,0.001
by Mann-Whitney).
doi:10.1371/journal.pone.0070288.g003
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patients. Samples from both groups appeared generally similar

with closely apposed nerve and muscle and no evidence of

polyneuronal innervation at the EM or light microscopy level.

NMJs from CP patients had pronounced postsynaptic folds and

postsynaptic myonuclei consistent with mature NMJs (Figure 4).

Interestingly, both the level of presynaptic mitochondrial content

and the extent of postsynaptic folding appeared to differ in the two

groups with CP patients exhibiting what appeared to be deeper

postsynaptic folds and fewer presynaptic mitochondria (Figure 5
and 6). To evaluate these differences, a series of measurements to

characterize synaptic folding and the distribution of mitochondria

were performed. Measures were validated (see Table S3) by

comparing results from two independent raters; the measures were

found to be highly reliable.

Comparison 1. The number and length of postsynaptic

junctional folds were found to differ between the two

groups. There was a statistically significant increase in

the length of primary postsynaptic folds between CP

NMJs (Figure 4A, 4B) and IS NMJs (Figure 5A and
5B). There was a significantly greater distance between

synaptic folds in CP as compared to control samples

(p = 0.0006; Figure 5C). In control muscle samples, the

postsynaptic membrane showed infoldings every

0.39260.029 mm, versus CP showing folds every

0.65660.0368 mm. Folds in CP NMJs, were also

approximately 1.5 times deeper than folds in the IS/

control samples (Figure 5D).

Comparison 2. The distribution of mitochondria within

the synaptic gutter of nerve terminals differed in the two

groups. Mitochondria are important for normal func-

tioning of the NMJ and cluster at nerve terminals

[45,46] presumably to provide the high level of ATP

needed to support axonal transport, synaptic vesicle

formation, purinergic signaling, and ion pump activity

[47]. We observed an apparent reduction in the number

of mitochondrial regions (Figures 4C, 5A, and 5B),

and the proportional cross-sectional area of mitochon-

dria in the nerve terminal within the synaptic gutter was

significantly lower (p = 0.0001; Figure 5E). To further

assess the mitochondrial composition of NMJs, addi-

tional samples were double stained for AChR using

fluorescent bungarotoxin and for mitochondria using a

mouse monoclonal antibody to complex VI subunit I

(Mitosciences, Oregon). Specimens were imaged under

identical conditions to obtain confocal Z stacks

(Figure 6A). The fluorescence emission through the

nerve terminal region of the z stacks was calculated using

Image J software and found to be significantly lower in

CP samples (93.2568.02, n = 25 NMJs) as compared to

controls (156.6866.02 SD, n = 25 NMJs) (Figure 6B).

These two sets of comparisons indicate that NMJs from the two

patient groups were similar with a generally mature appearance on

ultra-structural examination. Differences in the distribution of

presynaptic mitochondria and the conformation of post synaptic

folds suggest dysmorphism in the CP group at the level of

postsynaptic folding and presynaptic organelle distribution.

Discussion

Microanatomic Disruption of NMJs
Our results indicate that neuromotor synapses from erector

spinae muscle of patients with CP may be structurally dysmorphic

and provides details about deformations present in a population of

children with spastic CP. In particular, the localization of both

AChE and laminin b2, which are critical components of the

synaptic basal lamina, appear disrupted in CP on light microscopic

examination. Transmission electron microscopy indicates that

differences in the conformation of postsynaptic folds and the

reduction of mitochondria in presynaptic nerve endings are also

associated with spastic CP. These microanatomic findings extend

previous reports suggesting NMJ disruption [6,7,9,10]. In addi-

tion, our data suggest that muscle samples from CP and control

patients with IS had attained similar levels of maturation and

retained similar levels of regenerative capacity (i.e. telomere

lengths). Thus, NMJ disruption in CP appears unrelated to

neuromotor maturational status.

The presence of disrupted motor synapses in patients partici-

pating in this study is surprising as NMJs from mature muscle

normally have very well defined and organized pre-, post-, and

synaptic components [11]. Our data suggest that intrinsic

abnormalities involving the synaptic basal lamina may be

prevalent in CP muscle with the abnormality that was most

common, most significant, and most likely to be associated with a

diagnosis of CP being the localization of AChE outside laminin b2.

Intriguingly, despite these differences in the NMJs from CP and

control groups, some structural aspects of NMJs were nearly

identical in the two groups. For example, the presence of SV2

outside of AChR and AChR outside of SV2 were not significantly

different between the patient groups (p = 0.216 and 0.995,

respectively), indicating that the pre- (SV2) and post-junctional

(AChR) components may be well aligned in CP patients.

Dysmorphism in CP, therefore, lies within the synaptic cleft

represented by the junctional components AChE and laminin b2.

Interestingly, our results also suggest that either laminin b2, which

mediates pre- and postsynaptic organization [29], functions

properly to establish CP NMJs or that another molecule

compensates for laminin b2 dysregulation.

The localization and functional involvement of AChE and

laminin b2 in NMJs are critical to NMJ structure and efficient

neurotransmission. Although specific data on human NMJs are

limited, in the model systems that have been studied, AChE is

expressed by junctional myonuclei in response to nerve activity

and myofiber depolarization with the resulting AChE clustered

at the NMJ as a result of neural agrin signaling [48]. The

asymmetric form of AChE that predominates at NMJs

comprises three tetramers of catalytic subunits linked to a

collagen-Q tail [5,28]; the ColQ C-terminus binds muscle-

specific tyrosine kinase (MuSK) in the postsynaptic membrane

[49] while the tail portion of the ColQ binds perlecan, which

accumulates in the synaptic basal lamina and is itself associated

with a-dystroglycan in the muscle membrane [28]. In short, the

regulation of AChE expression, protein clustering mechanisms

active at NMJs, and linkages between AChE and other NMJ

components drive its normal localization to the basal lamina.

Laminin b2, on the other hand, is a subunit of the heterotri-

meric laminin proteins that are critical in the formation and

function of basal lamina [30]. Laminin b2, which is enriched in

the basal lamina of human [50] and rodent [29] NMJs, is

produced by the muscle, and plays an autocrine role in

promoting proper NMJ maturation [29]. In rodents, laminin

b2 has been suggested to stop outgrowth of neurites from motor

neurons [51], to bind voltage-gated Ca2+ channels and induce

presynaptic differentiation of motor nerve terminals and

organization of active zones in vitro, [29,52,53], and to prevent

Schwann cell processes from entering the synaptic cleft [54].

Interestingly, laminin b2 mRNA levels are elevated in CP
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muscle relative to normal controls [8] suggesting that laminin b2

expression may be dysregulated in CP.

Laminin b2 knockout mice have defective NMJs characterized

by sparse active zones, synaptic vesicles that are evenly distributed

throughout the nerve terminal rather than concentrated at active

zones, Schwann cell intrusion into the primary synaptic cleft, a

decrease in the number of junctional folds, and impaired

neuromuscular transmission [52,55]. Laminin b2 knockout mice

appear to have normally distributed AChE, however [28],

suggesting that laminin b2 does not directly influence the

Figure 4. NMJs from CP Patients by Electron Microscopy. A) Top panel shows an electron micrograph of a CP NMJ. A zoomed out image is
shown in the upper right corner with a red line marking a Schwann cell nucleus, cyan marking the Schwann cell membrane, magenta marking the
nerve terminal, yellow marking the postsynaptic folds, and green marking the postsynaptic nucleus. Scale bars = 1 mm. B) A zoomed image of primary
folds in the CP NMJ is also shown. The blue lines indicate the general depth of postsynaptic fold penetrance into the muscle. For data analysis, each
fold was measured separately using ImageJ software to draw trace lines for individual folds following the methods outlined by Banks et al. [27]. C) A
CP NMJ with a single mitochondrion in the nerve terminal (arrow). The total area occupied by mitochondria was calculated with ImageJ software by
tracing each mitochondrion segment and measuring the summed mitochondrial area relative to the total area of the terminal.
doi:10.1371/journal.pone.0070288.g004
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Figure 5. CP NMJs have a greater distance between postsynaptic folds, longer postsynaptic folds, and reduced mitochondrial load.
A,B) Two examples of control NMJs with zoomed out images in the corners. The cyan lines label Schwann cell membrane, magenta lines label the
nerve terminals, and yellow lines label the postsynaptic membranes. Note the presence of mitochondria in the nerve terminals. C) Graph depicting
the average distance between folds in CP (0.655 mm60.0368 SEM, n = 25 NMJs) as compared to controls (0.392 mm60.0299 SEM, n = 25 NMJs). There
was a statistically significant (p,0.0006) increase in the distance between primary folds in CP NMJs as compared to control NMJs. D) Graph indicating
the mean length of primary folds in CP and control sample in microns. Mean primary fold length in CP (1.536 mm60.128 SEM, n = 25 NMJs) was
significantly (p = 0.0062) higher in CP as compared to controls (1.012 mm60.0636 SEM, n = 25 NMJs). E) Graph depicting a significant (p = 0.0001)
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distribution of AChE. It is, therefore, possible that pathways

involved with laminin b2 and AChE are both dysregulated or that

dysregulation of AChE is at the root of the NMJ disruption.

Although qPCR data suggest similar levels of expression in CP and

control groups (e.g., see Figure 3),details of AChE production, its

association with ColQ and perlecan, and its stable localization in

the NMJs of CP patients remain unclear and additional studies

would be needed to clarify AChE localization in these patients.

Since both AChE and laminin b2 are associated with the

synaptic basal lamina, our observations suggest that CP patients

have inappropriately distributed basal lamina components in their

NMJs. A recent report demonstrated that a patient with two

truncating mutations in the gene encoding laminin b2 had a severe

form of congenital myasthenic syndrome (CMS) characterized by

severe muscle weakness [56]. An anconeous muscle biopsy from

the patient revealed a predominance of type I fibers and a

profound disruption in NMJ structure, including: small nerve

terminals and small areas of apposition between the nerve and

muscle, widened primary synaptic cleft, Schwann cell invasion of

the synaptic space, reduction in the density of synaptic vesicles,

and simplification of the postsynaptic membranes. Despite intact

expression of AChE, the biopsy demonstrated reduced quantal

content of endplate potentials (EPPs), providing a link between

structural disruption of the basal lamina and NMJ function [56].

Similarly, several patients have been identified with endplate

AChE deficiency (EAD), a CMS caused by mutations in the ColQ

tail [57]. These mutations either prevent the binding of ColQ to

AChE or the insertion of ColQ into the basal lamina, resulting in

an absence of endplate AChE, prolonged endplate current,

reduced quantal release by nerve impulse, and small nerve

terminals that are often covered by Schwann cells [57]. Given that

the structure of mature NMJs is tightly controlled and linked to

neuro-muscle trophic interactions, we suspect that the mis-

apposition of NMJ components in CP may be associated with

altered NMJ molecular signaling and function.

Whether microanatomic differences in CP contribute to

spasticity or the markedly reduced voluntary isometric force

generation capacity observed in CP muscles [58,59] requires

further investigation. Nonetheless, the specific non-apposition

between laminin b2 and AChE suggests that the basal lamina may

be a key element in NMJ disorganization in CP muscles.

Consistent with this finding, previous studies have shown that

spastic muscle contains poorly organized ECM material compared

to normal muscle [60] and altered gene expression patterns for

critical proteins (including laminin b2) are found in CP muscle [8].

A recent study also demonstrated an increase in ECM material,

including laminin and collagen, in muscle from children with CP

[33]. Unfortunately, the mechanisms responsible for laminin

distribution patterns within the muscle ECM are only partially

understood, but the concept that ECM malformation is related to

NMJ disorganization may warrant additional consideration.

The relationship between our current study and two previous

studies is of particular note. Since the pharmacologic sensitivity to

neuromotor blocking agents is linked to AChR, previous studies

focused on possible expansion of the AChR distribution. In one

prior study [9], two blinded investigators assessed images of NMJs

taken from erector spinae muscle and stained for AChR and

AChE; when the two agreed that a patient’s sample included at

least one NMJ with AChR extending beyond the limits of AChE,

that patient was scored positive for non-junctional AChR. By that

method, 28% of CP cases were identified as positive for disrupted

NMJs versus 0% from the IS/control group. In the present study

we also used erector spinae but a much more stringent and

objective method was employed, and 16% of CP patients were

identified as having significantly elevated AChR outside of AChE

(i.e., ROE in Table 3; p,0.002). On average, however, AChR

outside of AChE values for the erector spinae samples in the

present study were not significantly different from the controls

owing to the relatively low proportion of NMJs with elevated

AChR outside of AChE among the total number of NMJs

assessed. Interestingly, in a second prior study in which leg muscle

from CP patients was assessed [13], a relatively high proportion of

NMJs with elevated AChR outside of AChE were identified. In

that study, a significant relationship was found between gross

reduction in mitochondrial area per square micron of the nerve terminal is evident in CP (7.8%+1.8 SEM, n = 25 NMJs) as compared to control samples
(23.8%61.4 SEM, n = 25 NMJs). Error bars in all the graphs are +/2SEM.
doi:10.1371/journal.pone.0070288.g005

Figure 6. CP NMJs have a reduced mitochondrial load. A) Confocal images showing double staining for acetylcholine receptor by a-
bungarotoxin (red) and mitochondria (green) using a mouse monoclonal antibody for complex VI subunit I of cytochrome c oxidase (Mitosciences,
Oregon). Images represent the mean intensities of fluorescence signal across 10 z-stacked images by confocal microscopy. CP NMJs show a
decreased intensity for synaptic mitochondria. B) Average mitochondrial fluorescence intensities of NMJs of CP (93.2568.017 SEM, n = 25 NMJs) and
control (156.70612.035 SEM, n = 25 NMJs) samples. Bars represent the mean 6 SEM of immunofluorescence intensity in arbitrary fluorescence units
based on the signal from the mitochondrial stain at the NMJs of CP and control samples.
doi:10.1371/journal.pone.0070288.g006
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motor function and both the average AChR outside of AChE

score and the proportion of highly dysmorphic NMJs present.

Thus, among CP patients, the average AChR outside of AChE

appears significantly higher in leg muscle than in back muscle,

which may not be surprising given that the level of affect in CP

tends to be clinically more severe in distal muscles. Overall, the

present study and the previous two have a consistent finding that

the muscle of CP patients contains dysmorphic NMJs.

Neuromotor Maturational Status
In evaluating how the population of NMJs in individual CP

patients differed from those of the IS control group, it was found

that 84% of the CP patients had at least one localization mismatch

that was significantly different from control. Consistent with the

results determined when median values for each child were

compared, AChE outside of laminin b2 was the most common

mismatch. Beyond AChE outside of laminin b2, however,

discernible patterns in the disruption of NMJs were not apparent.

This lack of a general pattern in NMJ disruption may be due to

patient-to-patient variation in responses to nerve-muscle dysreg-

ulation or related to the delay between the CNS injury that

precipitated the disease and the evaluation of NMJs in the study.

In either case, overall patterns associated with NMJ deformation

in different children would be difficult to identify.

It should be noted that non-apposition of NMJ components like

that evident in CP samples has been associated with a dynamic

phase of muscle regeneration [61]. To assess whether the non-

apposition seen in patients with CP was associated with cycles of

regeneration, telomere lengths were examined. Telomeres are

shortened in conditions where numerous cycles of muscle

degeneration/regeneration take place like in DMD [62]. A lack

of difference in telomere lengths between the IS and CP groups

suggests that cycles of degeneration/regeneration were similar in

the two groups and that recurrent muscle regeneration did not

account for the observed lack of NMJ organization in CP versus IS

muscles.

In our investigation of the maturational status of paraspinal

muscle from CP and control patients, we found that the two

groups appeared to have attained similar levels of neuromotor

maturation. Histochemical analysis revealed that samples from CP

and IS patients had the appearance of mature muscle. We did note

a preponderance of slow twitch fibers in CP, which is in agreement

with previous studies looking at muscle fiber types in CP and may

result from differences in the mechanical work of the spinalis

[36,63]. It is not clear, however, why the muscle from the group of

scoliotic patients with CP might differ from those with idiopathic

disease in this regard.

The a1 and d subunits of the AChR are thought to be expressed

at all developmental stages in mammalian muscle; whereas, the e
subunit is expressed post-natally when it replaces the fetal c
subunit, which begins being expressed prior to innervation [11].

The a7 AChR subunit can also be expressed during development

and denervation [41,42,64]. Analysis of these AChR subunits

failed to reveal any significant differences in expression between

CP and control groups. Similar results were found for myogenin,

and the general results for the gene expression analysis support the

notion that CP and IS muscles had both achieved the same degree

of maturation with no evidence for denervation. Given these

results, the up-regulation of b1-syntrophin in CP samples seems

surprising as b1-syntrophin expression in myofibers generally

correlates with AChRc expression [65]. In our study, AChRc was

not altered in the CP patients, and the elevation of b1-syntrophin

may be better accounted for by contributions from non-muscle

tissues, like blood vessels and nerves [15] and other cell types [66]

rather than a direct difference in myofibers.

To further assess NMJ maturation in CP and IS patients, we

performed an additional phase of studies utilizing transmission

electron microscopy (TEM) to examine the number and length of

postsynaptic folds, which are critical indicators of NMJ matura-

tion. Since localizing NMJs in muscle biopsies is a tedious and time

consuming process, we devised a technique for rapid localization

of NMJs using fluorescent bungarotoxin and tile mapping with

confocal microscopy to find NMJs prior to final processing and

visualization by electron microscopy [25]. The technique allows

for rapid and accurate processing of human biopsy samples for

TEM while minimizing structural changes that might occur with

delayed muscle processing post-acquisition.

The general appearance of NMJs in CP samples was similar to

that in controls. There was close apposition of nerve and muscle,

distinct postsynaptic folding, and the absence of polyneuronal

innervation, which all indicate that the two groups had attained a

similar level of maturation. There were, however, some clear

differences. Specifically, the NMJs from children with CP

appeared to have fewer and longer synaptic folds compared to

the IS patients and to previously published images of NMJs from

human back muscle (Figure 4) [67]. Since the primary folds are

rich in Na+ channels, which amplify the acetylcholine-induced

signals transduced by AChRs, a functional consequence of

increased fold length could be an alteration in the efficiency or

duration of neurotransmission. For example, an increase in the

extent of folding would be expected to decrease the threshold for

the initiation of action potentials in the muscle fiber [67]. Thus, an

increase in synaptic fold length and complexity may reflect

functional differences in neuromotor transmission in the two

groups; this idea may warrant further investigation.

Our observations also suggested that CP NMJs have a

decreased mitochondrial load in the nerve terminal as compared

to controls. We corroborated our ultrastructural findings by

immunoflourescence staining of mitochondria. Mitochondrial

accumulation at the nerve terminal is mediated through the actin

cytoskeleton, and high levels of mitochondria are needed to

support neurotransmitter release and nerve terminal function

[45,46]. Studies indicate that presynaptic mitochondria perform

additional functions besides providing the energy for synaptic

release of vesicles and they may participate in synaptic vesicle

biogenesis by driving ATP-dependent vacuolar proton pumps in

the synaptic vesicle membrane, which act in the refilling of

neurotransmitters into its lumen [68]. It has also been suggested

that calcium ions sequestered in mitochondria can provide a

source for the potentiation of neurotransmitter release [69]. The

ATP produced by mitochondria is also co-packaged into synaptic

vesicles and co-released with acetylcholine. The released ATP acts

as a neurotransmitter stimulating purinergic receptors that play

key roles in the development and maturation of the NMJ [70]. A

lack of mitochondria would be expected to alter purinergic

metabolism at the NMJs of CP patients, and based on the strong

association between synaptic structure and the normally high

‘‘safety factor’’ of mammalian NMJs, our results suggest that the

efficiency of neurotransmission to muscles in CP may be

compromised.

The ultrastructural differences observed in the spastic CP NMJs

are similar to those described in certain genetic diseases and in

knockout mice that lack key basal lamina components. At human

NMJs, the pattern of postsynaptic membrane folding can be

complex; however, the depth of synaptic folds is very consistent

[71]. A few neuromuscular disorders such as Bethlem myopathy

[72] and limb-girdle myasthenia syndrome [67] have been
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identified with ultrastucturally disorganized NMJs. In particular,

immunoblotting studies of NMJs from patients with limb girdle

myasthenia showed essentially normal levels of 14 different NMJ

proteins, including components of the basal lamina, postsynaptic

membrane, and postsynaptic cytoskeleton; however, on ultrastruc-

tural examination, the depth of postsynaptic folding was found to

be only half that of controls [67]. In knockouts of the laminin b2

subunit, which is present in all three forms of synaptic laminin

trimers found in muscle (i.e., laminins 4, 9, and 11) and has been

linked to pre-terminal differentiation [30], mice had fewer post-

junctional folds than wild type mice [73]. In addition, mice lacking

the laminin a4 subunit (found in laminin 9) have presynaptic

active zones and junctional folds in normal numbers, but these are

not well apposed to each other [72]. The role of laminin a5, which

is present in the laminin 11 trimer, has been difficult to assess in

vivo because a5 deficiency is embryonically lethal due to extra-

muscular defects [74]; however, in vitro assays indicate that a5

inhibits motor axon growth and prevents Schwann cells from

entering the synaptic cleft [51,75,76]. Thus, synaptic laminins are

critical determinant of NMJ conformation. In addition, proteins of

the DGC complex, which links the BL to the intracellular actin

cytoskeleton, also play important roles in the structural integrity of

the NMJ. For example, utrophin is normally localized with AChRs

at the crest of the postsynaptic junctional folds [77,78], and

utrophin mutant mice exhibit a lower density of AChRs at the

NMJs and fewer junctional fold openings [79,80]. Although

further work is needed to test the idea, the ultrastructural defects

present in the NMJs of children with spastic CP may be related to

alterations in basal lamina proteins like laminin or BL-associated

DGC components like utrophin.

Our observation of patterns in the structural and developmental

measures assessed in this study suggests that differences in

maturational status do not account for dysmorphism in the NMJs

of children with spastic CP. Alternative explanations for the

observed differences seen in CP versus control samples include

inappropriate trophic interactions at the NMJ due to altered

molecular signaling from lower motor neurons during recovery

from a CNS injury suffered during neuromotor maturation. Other

alternatives include the possibility that inappropriately organized

NMJs may develop as an adaptive response to the years of altered

activity, weakness, poor coordination, and spasticity that CP

patients have accumulated or that the disorganization may occur

as a primary result of the incident or infection that caused the

CNS injury. One compelling possibility is that specific windows of

developmental opportunity may exist during neuromotor matu-

ration and that one or some of these are missed when a CNS

injury interrupts normal NMJ development. Such alternative

explanations for NMJ deformations in CP require further research

to evaluate; however, linking peripheral nervous system deficits

with CP and elucidating the pathways leading to peripheral

disruption and disordered movement may provide targets for

advanced therapeutic intervention to treat motor disability in CP.

Supporting Information

Figure S1 Laminin b2 2 distribution in Spinalis. A Spinalis

sample from an IS patient was double stained with C4 anti-

laminin b2 antibody (green) and tetramethylrhodamine-conjugat-

ed bungarotoxin (Btx). Although laminin b2 expression was

evident along the sarcolemma in human samples, the thresholding

algorithm could delimit the NMJ by the more intense fluorescence

signal.

(TIF)

Figure S2 Colocalization of AE-2 anti-AChE staining and
fasciculin-2. A Spinalis sample from an IS patient was double

stained with purified AE-2 anti-AChE antibody (green) and Alexa

Fluor 594-labeled fasciculin-2, a purified snake toxin that binds

AChE with high specificity and high affinity. The two stains

colocalized, indicating that both specifically label AChE.

(TIF)

Text S1 Detailed Methods. Table S1, Patient demo-
graphics. Table S2, Primer sets used for Real Time
PCR. Table S3, Inter-rater reliability for TEM Image
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(DOCX)

Acknowledgments

The authors thank the Histotechnology Core Laboratory of Nemours

Biomedical Research for assistance with sample preparation and ATPase

histochemistry. Ms. Shannon Modla and Dr. Kirk Czymmek were

instrumental in performing electron microscopy, ultramicrotomy, and are

thanked for their technical guidance, assistance, and helpful discussions.

Alicia Olivant Fisher, Nadine Kaelber, David Lewis, Terry Kokas,

Marianne Meshreki, Heather Mosca, and Candice Tolud are all thanked

for their experimental assistance, assessment of inter-rater reliabilities, and

helpful discussions.

Author Contributions

Conceived and designed the experiments: KGR J. Mendonca MCT KWD

SAS FM REA. Performed the experiments: KGR J. Mendonca J. Militar

REA. Analyzed the data: KGR J. Mendonca J. Militar MCT KWD SAS

FM REA. Wrote the paper: KGR J. Mendonca MCT KWD SAS FM

REA. Coordinated patient enrollment, consent/assent, and clinical dataset:

JLMi. Provided Clinical Assessment of Patients to validate diagnosis: MCT

KWD SAS FM.

References

1. O’Shea TM (2008) Diagnosis, treatment, and prevention of cerebral palsy. Clin

Obstet Gynecol 51: 816–828.

2. Badawi N, Watson L, Petterson B, Blair E, Slee J, et al. (1998) What constitutes

cerebral palsy? Dev Med Child Neurol 40: 520–527.

3. Koman LA, Smith BP, Shilt JS (2004) Cerebral palsy. Lancet 363: 1619–1631.

4. Odding E, Roebroeck ME, Stam HJ (2006) The epidemiology of cerebral palsy:

incidence, impairments and risk factors. Disabil Rehabil 28: 183–191.

5. Rotundo RL, Rossi SG, Kimbell LM, Ruiz C, Marrero E (2005) Targeting

acetylcholinesterase to the neuromuscular synapse. Chem Biol Interact 157–158:

15–21.

6. Hepaguslar H, Ozzeybek D, Elar Z (1999) The effect of cerebral palsy on the

action of vecuronium with or without anticonvulsants. Anaesthesia 54: 593–596.

7. Theroux MC, Brandom BW, Zagnoev M, Kettrick RG, Miller F, et al. (1994)

Dose response of succinylcholine at the adductor pollicis of children with

cerebral palsy during propofol and nitrous oxide anesthesia. Anesth Analg 79:

761–765.

8. Smith LR, Ponten E, Hedstrom Y, Ward SR, Chambers HG, et al. (2009) Novel

transcriptional profile in wrist muscles from cerebral palsy patients. BMC Med

Genomics 2: 44.

9. Theroux MC, Akins RE, Barone C, Boyce B, Miller F, et al. (2002)

Neuromuscular junctions in cerebral palsy: presence of extrajunctional

acetylcholine receptors. Anesthesiology 96: 330–335.

10. Theroux MC, Oberman KG, Lahaye J, Boyce BA, Duhadaway D, et al. (2005)

Dysmorphic neuromuscular junctions associated with motor ability in cerebral

palsy. Muscle Nerve 32: 626–632.

11. Sanes JR, Lichtman JW (1999) Development of the vertebrate neuromuscular

junction. Annu Rev Neurosci 22: 389–442.

12. Sanes JR, Lichtman JW (2001) Induction, assembly, maturation and

maintenance of a postsynaptic apparatus. Nat Rev Neurosci 2: 791–805.

13. Taniguchi M, Kurahashi H, Noguchi S, Fukudome T, Okinaga T, et al. (2006)

Aberrant neuromuscular junctions and delayed terminal muscle fiber maturation

in alpha-dystroglycanopathies. Hum Mol Genet 15: 1279–1289.

Disruption of NMJ Basal Lamina in Spastic CP

PLOS ONE | www.plosone.org 14 August 2013 | Volume 8 | Issue 8 | e70288



14. Levitt-Gilmour TA, Salpeter MM (1986) Gradient of extrajunctional acetylcho-

line receptors early after denervation of mammalian muscle. J Neurosci 6: 1606–
1612.

15. Kramarcy NR, Sealock R (2000) Syntrophin isoforms at the neuromuscular

junction: developmental time course and differential localization. Mol Cell

Neurosci 15: 262–274.

16. Gu Y, Hall ZW (1988) Immunological evidence for a change in subunits of the

acetylcholine receptor in developing and denervated rat muscle. Neuron 1: 117–

125.

17. Leinwand LA, Saez L, McNally E, Nadal-Ginard B (1983) Isolation and

characterization of human myosin heavy chain genes. Proc Natl Acad Sci U S A
80: 3716–3720.

18. Mishina M, Takai T, Imoto K, Noda M, Takahashi T, et al. (1986) Molecular

distinction between fetal and adult forms of muscle acetylcholine receptor.

Nature 321: 406–411.

19. Missias AC, Chu GC, Klocke BJ, Sanes JR, Merlie JP (1996) Maturation of the

acetylcholine receptor in skeletal muscle: regulation of the AChR gamma-to-

epsilon switch. Dev Biol 179: 223–238.

20. Wright WE, Sassoon DA, Lin VK (1989) Myogenin, a factor regulating

myogenesis, has a domain homologous to MyoD. Cell 56: 607–617.

21. Brooke MH, Kaiser KK (1970) Three ‘‘myosin adenosine triphosphatase’’

systems: the nature of their pH lability and sulfhydryl dependence. J Histochem

Cytochem 18: 670–672.

22. Biral D, Betto R, Danieli-Betto D, Salviati G (1988) Myosin heavy chain

composition of single fibres from normal human muscle. Biochem J 250: 307–

308.

23. Cawthon RM (2002) Telomere measurement by quantitative PCR. Nucleic

Acids Res 30: e47.

24. Pfaffl MW (2001) A new mathematical model for relative quantification in real-

time RT-PCR. Nucleic Acids Res 29: e45.

25. Modla S, Mendonca J, Czymmek KJ, Akins RE (2010) Identification of

neuromuscular junctions by correlative confocal and transmission electron
microscopy. J Neurosci Methods 191: 158–165.

26. Rasband WS (2010) ImageJ. U. S. National Institutes of Health, Bethesda, MD,

USA. Available: http://imagej.nih.gov/ij/.

27. Banks GB, Chamberlain JS, Froehner SC (2009) Truncated dystrophins can

influence neuromuscular synapse structure. Mol Cell Neurosci 40: 433–441.

28. Rotundo RL (2003) Expression and localization of acetylcholinesterase at the

neuromuscular junction. J Neurocytol 32: 743–766.

29. Nishimune H, Valdez G, Jarad G, Moulson CL, Muller U, et al. (2008)

Laminins promote postsynaptic maturation by an autocrine mechanism at the

neuromuscular junction. J Cell Biol 182: 1201–1215.

30. Patton BL (2000) Laminins of the neuromuscular system. Microsc Res Tech 51:

247–261.

31. Patton BL (2003) Basal lamina and the organization of neuromuscular synapses.

J Neurocytol 32: 883–903.

32. Karpati G, Engel WK (1968) Histochemical investigation of fiber type ratios
with the myofibrillar ATP-ase reaction in normal and denervated skeletal

muscles of guinea pig. Am J Anat 122: 145–155.

33. Smith LR, Lee KS, Ward SR, Chambers HG, Lieber RL (2011) Hamstring

contractures in children with spastic cerebral palsy result from a stiffer

extracellular matrix and increased in vivo sarcomere length. J Physiol 589:
2625–2639.

34. Johnson DL, Miller F, Subramanian P, Modlesky CM (2009) Adipose tissue

infiltration of skeletal muscle in children with cerebral palsy. J Pediatr 154: 715–

720.

35. Marbini A, Ferrari A, Cioni G, Bellanova MF, Fusco C, et al. (2002)

Immunohistochemical study of muscle biopsy in children with cerebral palsy.

Brain Dev 24: 63–66.

36. Ito J, Araki A, Tanaka H, Tasaki T, Cho K, et al. (1996) Muscle histopathology

in spastic cerebral palsy. Brain Dev 18: 299–303.

37. Coers C, Telerman-Toppet N (1977) Morphological changes of motor units in

Duchenne’s muscular dystrophy. Arch Neurol 34: 396–402.

38. Kihira S, Nonaka I (1985) Congenital muscular dystrophy. A histochemical

study with morphometric analysis on biopsied muscles. J Neurol Sci 70: 139–
149.

39. Karsch-Mizrachi I, Travis M, Blau H, Leinwand LA (1989) Expression and

DNA sequence analysis of a human embryonic skeletal muscle myosin heavy

chain gene. Nucleic Acids Res 17: 6167–6179.

40. Marinou M, Tzartos SJ (2003) Identification of regions involved in the binding

of alpha-bungarotoxin to the human alpha7 neuronal nicotinic acetylcholine

receptor using synthetic peptides. Biochem J 372: 543–554.

41. Fischer U, Reinhardt S, Albuquerque EX, Maelicke A (1999) Expression of
functional alpha7 nicotinic acetylcholine receptor during mammalian muscle

development and denervation. Eur J Neurosci 11: 2856–2864.

42. Nizri E, Wirguin I, Brenner T (2007) The role of cholinergic balance

perturbation in neurological diseases. Drug News Perspect 20: 421–429.

43. Mouly V, Aamiri A, Bigot A, Cooper RN, Di Donna S, et al. (2005) The mitotic

clock in skeletal muscle regeneration, disease and cell mediated gene therapy.

Acta Physiol Scand 184: 3–15.

44. Decary S, Mouly V, Hamida CB, Sautet A, Barbet JP, et al. (1997) Replicative

potential and telomere length in human skeletal muscle: implications for satellite
cell-mediated gene therapy. Hum Gene Ther 8: 1429–1438.

45. Lee CW, Peng HB (2006) Mitochondrial clustering at the vertebrate
neuromuscular junction during presynaptic differentiation. J Neurobiol 66:

522–536.

46. Lee CW, Peng HB (2008) The function of mitochondria in presynaptic
development at the neuromuscular junction. Mol Biol Cell 19: 150–158.

47. Kann O, Kovacs R (2007) Mitochondria and neuronal activity. Am J Physiol

Cell Physiol 292: C641–657.

48. Wallace BG (1989) Agrin-induced specializations contain cytoplasmic, mem-
brane, and extracellular matrix-associated components of the postsynaptic

apparatus. J Neurosci 9: 1294–1302.

49. Strochlic L, Cartaud A, Mejat A, Grailhe R, Schaeffer L, et al. (2004) 14-3-3

gamma associates with muscle specific kinase and regulates synaptic gene

transcription at vertebrate neuromuscular synapse. Proc Natl Acad Sci U S A
101: 18189–18194.

50. Wewer UM, Thornell LE, Loechel F, Zhang X, Durkin ME, et al. (1997)

Extrasynaptic location of laminin beta 2 chain in developing and adult human
skeletal muscle. Am J Pathol 151: 621–631.

51. Patton BL, Miner JH, Chiu AY, Sanes JR (1997) Distribution and function of

laminins in the neuromuscular system of developing, adult, and mutant mice.
J Cell Biol 139: 1507–1521.

52. Nishimune H, Sanes JR, Carlson SS (2004) A synaptic laminin-calcium channel
interaction organizes active zones in motor nerve terminals. Nature 432: 580–

587.

53. Chen J, Billings SE, Nishimune H (2011) Calcium channels link the muscle-
derived synapse organizer laminin beta2 to Bassoon and CAST/Erc2 to

organize presynaptic active zones. J Neurosci 31: 512–525.

54. Patton BL, Chiu AY, Sanes JR (1998) Synaptic laminin prevents glial entry into
the synaptic cleft. Nature 393: 698–701.

55. Noakes PG, Gautam M, Mudd J, Sanes JR, Merlie JP (1995) Aberrant

differentiation of neuromuscular junctions in mice lacking s-laminin/laminin
beta 2. Nature 374: 258–262.

56. Maselli RA, Ng JJ, Anderson JA, Cagney O, Arredondo J, et al. (2009)

Mutations in LAMB2 causing a severe form of synaptic congenital myasthenic
syndrome. J Med Genet 46: 203–208.

57. Ohno K, Brengman J, Tsujino A, Engel AG (1998) Human endplate

acetylcholinesterase deficiency caused by mutations in the collagen-like tail
subunit (ColQ) of the asymmetric enzyme. Proc Natl Acad Sci U S A 95: 9654–

9659.

58. Stackhouse SK, Binder-Macleod SA, Stackhouse CA, McCarthy JJ, Prosser LA,
et al. (2007) Neuromuscular electrical stimulation versus volitional isometric

strength training in children with spastic diplegic cerebral palsy: a preliminary
study. Neurorehabil Neural Repair 21: 475–485.

59. Stackhouse SK, Binder-Macleod SA, Lee SC (2005) Voluntary muscle

activation, contractile properties, and fatigability in children with and without
cerebral palsy. Muscle Nerve 31: 594–601.

60. Foran JR, Steinman S, Barash I, Chambers HG, Lieber RL (2005) Structural

and mechanical alterations in spastic skeletal muscle. Dev Med Child Neurol 47:
713–717.

61. Nishizawa T, Tamaki H, Kasuga N, Takekura H (2003) Degeneration and

regeneration of neuromuscular junction architecture in rat skeletal muscle fibers
damaged by bupivacaine hydrochloride. J Muscle Res Cell Motil 24: 527–537.

62. Decary S, Hamida CB, Mouly V, Barbet JP, Hentati F, et al. (2000) Shorter
telomeres in dystrophic muscle consistent with extensive regeneration in young

children. Neuromuscul Disord 10: 113–120.

63. Rose J, Haskell WL, Gamble JG, Hamilton RL, Brown DA, et al. (1994) Muscle
pathology and clinical measures of disability in children with cerebral palsy.

J Orthop Res 12: 758–768.

64. Tsuneki H, Salas R, Dani JA (2003) Mouse muscle denervation increases
expression of an alpha7 nicotinic receptor with unusual pharmacology. J Physiol

547: 169–179.

65. Compton AG, Cooper ST, Hill PM, Yang N, Froehner SC, et al. (2005) The
syntrophin-dystrobrevin subcomplex in human neuromuscular disorders.

J Neuropathol Exp Neurol 64: 350–361.

66. Okuhira K, Fitzgerald ML, Tamehiro N, Ohoka N, Suzuki K, et al. Binding of
PDZ-RhoGEF to ATP-binding cassette transporter A1 (ABCA1) induces

cholesterol efflux through RhoA activation and prevention of transporter
degradation. J Biol Chem 285: 16369–16377.

67. Slater C, Fawcett P, Walls T, Lyons P, Bailey S, et al. (2006) Pre- and post-

synaptic abnormalities associated with impaired neuromuscular transmission in a
group of patients with ‘limb-girdle myasthenia’ Brain 129: 2061–2076.

68. Nelson PG, Fields RD, Yu C, Liu Y (1993) Synapse elimination from the mouse

neuromuscular junction in vitro: a non-Hebbian activity-dependent process.
J Neurobiol 24: 1517–1530.

69. Yang YM, Liu GT (2003) Injury of mouse brain mitochondria induced by

cigarette smoke extract and effect of vitamin C on it in vitro. Biomed Environ Sci
16: 256–266.

70. Todd KJ, Robitaille R (2006) Purinergic modulation of synaptic signalling at the

neuromuscular junction. Pflugers Arch 452: 608–614.

71. Slater C, Lyons P, Walls T, Fawcett P, Young C (1992) Structure and function of

neuromuscular junctions in the vastus lateralis of man. A motor point biopsy

study of two groups of patients. Brain 115: 451–478.

72. Patton BL, Cunningham JM, Thyboll J, Kortesmaa J, Westerblad H, et al.

(2001) Properly formed but improperly localized synaptic specializations in the

absence of laminin alpha4. Nat Neurosci 4: 597–604.

Disruption of NMJ Basal Lamina in Spastic CP

PLOS ONE | www.plosone.org 15 August 2013 | Volume 8 | Issue 8 | e70288



73. Knight D, Tolley LK, Kim DK, Lavidis NA, Noakes PG (2003) Functional

analysis of neurotransmission at beta2-laminin deficient terminals. J Physiol 546:
789–800.

74. Miner JH, Cunningham J, Sanes JR (1998) Roles for laminin in embryogenesis:

exencephaly, syndactyly, and placentopathy in mice lacking the laminin alpha5
chain. J Cell Biol 143: 1713–1723.

75. Cho SI, Ko J, Patton BL, Sanes JR, Chiu AY (1998) Motor neurons and
Schwann cells distinguish between synaptic and extrasynaptic isoforms of

laminin. J Neurobiol 37: 339–358.

76. Patton BL, Connoll AM, Martin PT, Cunningham JM, Mehta S, et al. (1999)
Distribution of ten laminin chains in dystrophic and regenerating muscles.

Neuromuscul Disord 9: 423–433.

77. Bewick GS, Nicholson LV, Young C, O’Donnell E, Slater CR (1992) Different

distributions of dystrophin and related proteins at nerve-muscle junctions.
Neuroreport 3: 857–860.

78. Peters MF, Sadoulet-Puccio HM, Grady MR, Kramarcy NR, Kunkel LM,

et al. (1998) Differential membrane localization and intermolecular
associations of alpha-dystrobrevin isoforms in skeletal muscle. J Cell Biol

142: 1269–1278.
79. Deconinck AE, Potter AC, Tinsley JM, Wood SJ, Vater R, et al. (1997)

Postsynaptic abnormalities at the neuromuscular junctions of utrophin-deficient

mice. J Cell Biol 136: 883–894.
80. Grady RM, Merlie JP, Sanes JR (1997) Subtle neuromuscular defects in

utrophin-deficient mice. J Cell Biol 136: 871–882.

Disruption of NMJ Basal Lamina in Spastic CP

PLOS ONE | www.plosone.org 16 August 2013 | Volume 8 | Issue 8 | e70288


