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PURPOSE. Myasthenia gravis demonstrates a distinct predilection for involvement of the
extraocular muscles (EOM), and we have hypothesized that this may be due to a unique
immunological environment. To assess this hypothesis, we took an unbiased approach to
analyze RNA expression profiles in EOM, diaphragm, and extensor digitorum longus (EDL) in
rats with experimentally acquired myasthenia gravis (EAMG).

METHODS. Experimentally acquired myasthenia gravis was induced in rats by intraperitoneal
injection of antibody directed against the acetylcholine receptor (AChR), whereas control rats
received antibody known to bind the AChR but not induce disease. After 48 hours, animals
were killed and muscles analyzed by RNA expression profiling. Profiling results were validated
using qPCR and immunohistochemical analysis.

RESULTS. Sixty-two genes common among all muscle groups were increased in expression.
These fell into four major categories: 12.8% stress response, 10.5% immune response, 10.5%
metabolism, and 9.0% transcription factors. EOM expressed 212 genes at higher levels, not
shared by the other two muscles, and a preponderance of EOM gene changes fell into the
immune response category. EOM had the most uniquely reduced genes (126) compared with
diaphragm (26) and EDL (50). Only 18 downregulated genes were shared by the three
muscles. Histological evaluation and disease load index (sum of fold changes for all genes)
demonstrated that EOM had the greatest degree of pathology.

CONCLUSIONS. Our studies demonstrated that consistent with human myasthenia gravis, EOM
demonstrates a distinct RNA expression signature from EDL and diaphragm, which is based
on differences in the degree of muscle injury and inflammatory response.

Keywords: myasthenia gravis, acetylcholine receptor, autoimmunity, complement, skeletal
muscle

Myasthenia gravis (MG) is an autoimmune neuromuscular
transmission disorder that shows a distinct propensity to

compromise the extraocular muscles (EOMs). Several hypoth-
eses have been considered.1,2 The least esoteric is that patients
come to clinical attention with even slight visual disturbance
produced by EOM weakness, whereas minor reductions of limb
or bulbar muscle power are not as immediately appreciated.
Other explanations can be divided into two categories: one
suggests anatomic-physiological properties make the ocular
motor system more susceptible to the neuromuscular trans-
mission defect2 and the other is that the EOM possesses a
unique immunological environment,1 which places the tissue
at risk for antibody-mediated attack. The two hypotheses are
not mutually exclusive; however, distinguishing between these
considerations has therapeutic implications. Verification that
immune properties target the EOM for attack suggests that
immune-based treatments could be devised to reverse ocular
involvement of MG.

The basis for the differential involvement of muscle groups
by neuromuscular disease, in general, is an open question for
muscle biology. Despite advances in understanding the
primary pathophysiology of many nerve and muscle disorders,
little is known as to why individual diseases target or spare
specific muscle groups. For example, Duchenne muscular
dystrophy, caused by a mutation in dystrophin, which is
expressed in all skeletal muscles, produces weakness of
quadriceps before deltoid, and the tibialis anterior is
compromised more severely than the gastrocnemius.3 Dystro-
phies related to mutations in dysferlin, which is involved in
muscle membrane repair, produce dramatically different
clinical presentations among patients,4 and dysferlin-deficient
mice have relative sparing of proximal muscles.5 Extraocular
muscle, even late in the disease course, is spared in most
human muscular dystrophies and animal models.6–8 Inflam-
matory and endocrine muscle diseases tend to involve
proximal muscles and spare EOM and other cranial nerve–
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innervated muscles, and for these disorders no studies of
differential pathology have been performed. In contrast,9

Graves’ ophthalmopathy and orbital myositis can be isolated
to orbital tissue supporting a unique immunological environ-
ment for the EOM, and more generally the supporting orbital
tissue.10,11

Myasthenia gravis is caused primarily by antibodies directed
against the skeletal muscle acetylcholine receptor (AChR).12,13

The muscle-specific kinase and lipoprotein receptor protein-4
has been identified, as other autoantigens and patients with
antibodies to these proteins may have ocular manifestations of
MG. Experimentally acquired MG (EAMG) may be induced in
animals by administration of antibodies directed against the
AChR, which mimics the final effector mechanism of disease
pathology observed in humans.14 The passive transfer model of
EAMG offers the advantage of a single mechanism of injury to
the neuromuscular junction, which is applied in a uniform
fashion among animals at a single time point. We administered
a monoclonal antibody, which has been used by us and
others15–20 to evaluate differential RNA expression profiles of
EOM, diaphragm (DIA), and extensor digitorum longus (EDL)
to assess the potential differential response of these muscles to
injury and susceptibility to injury.

METHODS

Animals

Eight- to 10-week-old female Lewis rats weighing 125 to 150 g
(Harlan, Indianapolis, IN, USA) were used for the study.
Animals were maintained in the Case Western Reserve
University animal facility. Animals were housed in isolator
cages in a pathogen-free environment, and rodent chow and
water were provided ad libitum. A veterinarian was on staff and
observed the health of the animals throughout the study. All
experiments were conducted in accordance with the princi-
ples and procedures established by the National Institutes of
Health and the Association for Assessment of Laboratory
Animal Care and in the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

Experimentally Acquired MG Induction

Eight- to 10-week-old female Lewis rats weighing 125 to 150 g
(Harlan) received 1.56 lg per gram of body weight intraper-
itoneal injections of rat anti-mouse muscle AChR monoclonal
IgG2b isotype antibody McAb-3, which binds the skeletal
muscle AChR’s extracellular region. McAb-1 was used as an
isotype control that binds the AChR but does not induce EAMG
(both gifts of Vanda Lennon, Mayo Clinic, Rochester, MN,
USA).15 The dose of McAb-3 consistently produces mild
weakness (Class 1) in 24 hours and moderate weakness (Class
2) in 48 hours by a generally accepted grading scale.21 Rats
were killed 48 hours after antibody administration. To qualify
for analysis, rats receiving McAb-3 must have developed Class 2
weakness, but not greater. McAb-1–treated rats never demon-
strated evidence of weakness.

Tissue Preparation

Extraocular rectus muscles, and DIA and EDL muscles were
dissected from rats 48 hours after antibody administration.
Tissues were snap frozen in liquid nitrogen and stored at�808C
until use. Muscles were pooled from three rats for each of three
independent replicate groups. This procedure served to limit
interanimal and interexperiment variability.

DNA Microarray

Isolation of RNA and preparation of labeled cRNA followed
methods described previously.22,23 Labeled cRNA was hybrid-
ized to Affymetrix GeneChip rat genome 430 v2.0 (RAE230
2.0) microarrays (Santa Clara, CA, USA), which evaluates
31,000 probe sets representing 30,000 unique transcripts and
variants from more than 28,000 substantiated rat genes. The
manufacturer’s standard posthybridization wash, double-stain,
and scanning protocols used an Affymetrix GeneChip Fluidics
Station 400 and GeneChip Scanner 3000.

Microarray Data Analysis

Affymetrix Microarray Suite (MAS) software version 5.0 was
used for initial data processing and fold ratio analyses. The MAS
evaluates sets of perfect match and mismatch probe sequences
to obtain both hybridization signal values and present/absent
calls for each transcript. The MAS filter was used to exclude
transcripts that were absent from all samples for further
analysis. Present calls were as indicated for EOM (57.4% 6
2.6%), DIA (53.4% 6 4.7%), and EDL (52.9% 6 2.2%). Any
transcripts with expression intensity below 400 (five times of
background level) across all the samples were also excluded
because distortion of fold difference values results when
expression levels are low and may be within the level of
background noise. Pairwise comparisons were used. For McAb-
1 and McAb-3, transcripts defined as differentially regulated
met the criteria of the following: nine of nine increase/
decrease call each McAb-3 versus McAb-1 in three replicates
with nine comparisons, and absolute value of the mean fold
difference value greater than or equal to 2.0. Hierarchical
clustering was performed by using the clustering function in
GeneSpring software (Agilent Technologies, Santa Clara, CA,
USA). All differentially regulated genes as a gene list and their
expression levels were organized by both individual samples as
well as groups.

Affymetrix transcript annotations were replaced with
official gene nomenclature and functions were assigned using
information in National Center for Biotechnology Information
Entrez Gene, UniGene, PubMed, and Affymetrix NetAffx and
Weizmann Institute of Science GeneCards databases. To track
disease-dependent changes in EAMG mice, we used an
aggregate measure designated as the disease load index.24

The disease load index is a unitless measure, representing the
sum of the fold change absolute values of all differentially
regulated transcripts of a given muscle.

Quantitative Real-Time PCR (qPCR)

Select transcripts were reanalyzed by qPCR, using the same
samples as in the microarray studies. The qPCR used SYBR
green PCR core reagent with an Applied Biosystems PRISM
7000 Sequence Detection System (Foster City, CA, USA), as
described previously.22,23 Rat glyceraldehyde 3-phosphate
dehydrogenase was used as an internal positive loading
control. For primer sequences, see Supplementary Table S1.
Fold change values represent averages from triplicate measure-
ments, by using the 2�DDCT method.25

Histological Assessment

As an additional validation of genomic profiling observations,
we performed standard histological examination. Muscle
tissues were mounted on cork with 8% tragacanth (Sigma, St.
Louis, MO, USA) and immediately frozen in liquid nitrogen-
cooled 2-methylbutane, sectioned at 8 lm, stained with
hematoxylin and eosin, and viewed under a bright field
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microscope (Diaphot Nikon Instruments, Inc., Melville, NY,
USA).

Immunohistochemistry

The EOMs were dissected and frozen in liquid N2-cooled 2-
methybutane and stored at �808C until use. Ten-micrometer
cryosections were fixed for 5 minutes with ice cold acetone
and rinsed with PBS (pH 7.4) before they were blocked with
3% normal goat serum for at least 1 hour. The sections were
then incubated in diluted primary antibody ED1 (mouse anti-
rat CD68; Serotec, Raleigh, NC, USA) or ED2 (mouse anti-rat
CD163; Serotec) or at a dilution of 1:200 or for 1 hour at room
temperature and washed with PBS before application of
secondary antibody Alexa 488 goat anti-mouse (1:500 dilution;
Invitrogen, Grand Island, NY, USA). Images were captured with
a digital camera (Spot; Diagnostic Instruments, Sterling
Heights, MI, USA) and software (Spot Advanced; Diagnostic
Instruments) before processing with image-management soft-
ware (Adobe Photoshop; Adobe Systems, Inc., San Jose, CA,
USA).

RESULTS

Expression Profile Analysis

To identify global patterns of gene expression in rat muscles
induced by EAMG, triplicate RNA samples from EOM, DIA,
and EDL were prepared and further processed for microarray
hybridization from McAb-3 antibody–induced EAMG rats and
McAb-1–injected control rats. The expression profiling
showed 331, 276, and 164 increased and 164,103, and 67
decreased (Supplementary Table S2) transcripts in EOM,
EDL, and DIA, respectively, of EAMG-induced rats compared

with those injected with control antibody with a total of 787
differentially regulated genes among the three muscle
groups. Hierarchical cluster analysis of these 787 transcripts
(Fig. 1) showed a distinct expression pattern of the genes
found to be differentially influenced by induction of EAMG in
rats. Approximately two-thirds of the differentially regulated
genes were increased (528 of 787), whereas one-third of the
differentially regulated genes were reduced (259 of 787).
Comparison of the differentially regulated transcripts across
all three muscle groups (Fig. 2) identified 62 upregulated
transcripts (Table 1) and 18 downregulated transcripts (Table
2) common to all three muscle groups. All transcripts that
showed differential expression were classified into basic
categories of function: response to stress/stimulus, immune
response, transcription factor, metabolism, cell adhesion/
migration, cell-cell signaling/signal transduction, cell growth/
maintenance, regeneration related, muscle related, cell
death/apoptosis, transcription factor related, protein synthe-
sis/modification, receptor/ion channel plus some unclassified
molecules and EST. The percentage of transcripts by category
among EOM, DIA, and EDL are listed in Table 3. The
functional classification demonstrated that highly expressed
transcripts among all muscles were predominantly in the
areas of immune response, response to stress, and metabo-
lism.

A disease load index was calculated in a similar fashion to a
study of muscular dystrophy24 (Fig. 3). Both increased and
decreased transcripts contribute to the RNA expression
assessment of the disease impact and summing their absolute
fold change values provides a single transcriptional index of
EAMG pathology. The higher number of induced/repressed
transcripts in the EOM versus EDL and DIA is consistent with
greater disease pathology affecting the EOM. The disease load
index based on the increased gene expression levels for EOM

FIGURE 1. Hierarchical clustering of the 787 gene probes identified as differentially expressed in EAMG rats compared to control rats among EOM,
DIA, and EDL muscle groups. Transcripts identified are those at the intersection of data obtained with the Affymetrix MAS and RMA algorithms. The
three independent replicates of each group are represented. The scale at the top right denotes normalized expression levels (red, high expression;
blue, low expression).
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was substantially higher, as was the disease load index of
reduced gene levels, to a lesser degree, in comparison with the
other two muscles.

Validation of RNA Profile

The qPCR and histological assessment validated results of RNA
profiling. The expression levels of eight upregulated genes
(Timp1, Spp1, Runx1, Myog1, Mt1a, Gpnmb, Gadd45a,

Cebpd) and four downregulated genes (P2ry1, Neu2, fibro-

nectin, Ly6) assessed by qPCR correlated well with the
profiling analysis (Table 4). These specific genes were selected
for validation because of their specific involvement in muscle,
immune system, or cellular repair function. In keeping with a
large percentage of immune response gene alterations,
histological assessment demonstrated cellular infiltration of
muscle, consistent with inflammatory infiltrates, which was
more prominent in EOM (Fig. 4). Among the immune response
genes identified, CD68 and CD163 are expressed in the
infiltrating and residential macrophages. Figure 5 shows that
in the untreated normal rat EOM, there are rare positive cells
for ED1 (which recognizes CD68 antigen, Fig. 5A) and for
CD163 (which recognizes CD163 antigen, Fig. 5B). The
number of positive cells increased only slightly in McAb-1–
injected control rat EOM (Figs. 5C, 5D); however, EAMG
produced by administration of McAb-3 induced an obvious
increase of CD68- and CD163-positive cells (Figs. 5E, 5F).

DISCUSSION

The RNA expression profiling indicates that EOM has a
differential response gene expression compared with dia-
phragm and a leg muscle to EAMG produced by administration
of antibody directed toward the AChR. We calculated a disease
load index to assess the degrees to which the gene expression
of each muscle diverged from the nondiseased state, which
offers a means to compare the muscles’ global response to
injury. The EOM had the greatest disease load index, indicating
that EAMG had provoked the greatest alteration of RNA
expression in EOM, suggesting a greater degree of injury. The
greater extent of inflammatory infiltration of EOM also
indicates greater involvement of EOM by EAMG. Therefore,
as in humans with MG, the EOMs appear to be preferentially
involved by antibody-mediated attack of the neuromuscular
junction. Finding that a large proportion of gene transcript
alterations were related to immune function supports our
hypothesis that the EOM, and more broadly the supportive
tissue, are a unique immunological environment compared
with other skeletal muscles.11,23,26 We suspect that intrinsic
properties make the EOM particularly susceptible to passively

induced EAMG,11,23 as appears to be the case for the
preferential sparing of EOM by muscular dystrophies.6,10,27

Our conclusions are subject to some caveats. The EOMs are
highly vascular,28 and therefore delivery of pathogenic
antibody could be greater than other muscle. This could
contribute to their greater damage, which would not be related
directly to the intrinsic immune environment of the EOMs. In
addition, the innervational ratio of EOM is higher than other
muscles29 and, therefore, could be subject to greater antibody-
induced injury from an AChR-specific antibody per area of
muscle. This explanation is unlikely, as the amount of antibody
infused is extremely high and likely to bind a large proportion
on AChR at all neuromuscular junctions. The greater disease
load index of EOM could represent a greater adaptive response
to injury than other muscle, but this would not change our
conclusion of EOM having a divergent response to EAMG
compared with the other muscles.

Expression Profiling Similarities Across Muscles

The three muscles shared an increase in gene expression
involved in regenerative processes, and several of these genes
are known to be expressed in both muscle and cells of the
immune system. Osteopontin gene transcripts were dramati-
cally increased more than 30-fold in EOM and EDL and 10 times
in DIA. Osteopontin, which is secreted from myoblasts and
various immune cells, is involved in recruitment of inflamma-
tory cells and muscle regeneration.30,31 Osteoactivin (GPNMB)
is a type I transmembrane glycoprotein that is expressed in
various cell types, including skeletal muscle and macrophages.
Osteoactivin has immunosuppressive effects32 and promotes
maintenance of innervation33; each of these properties would
be particularly beneficial for recovery from injury induced by
antibody attack of the neuromuscular junction. The FK506
binding protein 5 is a member of the immunophilin family,
which is involved in calcineurin inhibition, protein folding and
trafficking, and immune regulation. In common with osteo-
pontin and osteoactivin, the gene is expressed in normal
skeletal muscle and several component lines of the immune
system. The MG sera and passive EAMG compromises muscle
contractility beyond that expected by the neuromuscular
transmission defect.34,35 The increase of FK506-binding
protein, which moderates calcium activation of the ryanodine
receptor, could explain this phenomenon.

Assessment by immunohistochemistry identified both
CD68- and CD163-positive cells within EOM. The CD68 marker
is generally accepted to identify M1 macrophages with a
proinflammatory phenotype, whereas the CD163 marker
identifies M2 macrophages, which are primarily involved in
tissue repair.36 The CD163 RNA expression was markedly

FIGURE 2. Venn diagram showing the numbers of differentially expressed transcripts in EAMG muscles compared with control rats shared by or
unique to EOM, DIA, and EDL.

RNA Expression Profiles and EAMG IOVS j July 2014 j Vol. 55 j No. 7 j 4351



TABLE 1. Common Gene Transcript Increases Common to All Muscles

Accession No. Gene

Mean Fold Difference

EOM Diaphragm EDL

Immune response

AB001382 Osteopontin (Spp1) 33.0 11.2 30.2

NM_133298 Glycoprotein (transmembrane) nmb (Gpnmb) 22.0 6.3 12.4

AA945643 Chitinase 3-like 1 (RGD:620874) 14.0 5.2 17.5

BI284255 FK506 binding protein 5 (predicted) (RGD:1309155) 9.0 13.3 9.7

AW534837 FK506 binding protein 5 (predicted) (RGD:1309155) 7.6 11.3 8.4

BF555488 CD163 antigen (predicted) (RGD:1310382) 4.6 2.90 3.3

NM_031832 Lectin, galactose binding, soluble 3 (Lgals3) 4.2 2.0 2.9

NM_012580 Heme oxygenase (decycling) 1 (Hmox1) 3.7 4.5 3.8

BF419200 CCAAT/enhancer binding protein (C/EBP), delta (Cebpd) 2.9 6.3 6.1

NM_017020 Interleukin 6 receptor (Il6r) 2.8 3.1 5.2

BI276554 Transcribed locus 2.3 3.0 3.4

BI284739 LPS-induced TNF-alpha factor (RGD:69294) 2.3 2.0 2.1

NM_080903 Tripartite motif-containing 63 (Trim63) 2.2 5.3 4.5

NM_013154 CCAAT/enhancer binding protein (C/EBP), delta (Cebpd) 2.1 5.7 6.5

AB025017 Zinc finger protein 36 (Zfp36) 2.0 3.2 4.4

Metabolism

NM_053551 Pyruvate dehydrogenase kinase, isoenzyme 4 (Pdk4) 4.8 5.3 9.0

M29853 Cytochrome P450, family 4, subfamily b, polypeptide 1 (Cyp4b1) 4.0 2.5 2.1

U92069 Uncoupling protein 3 (Ucp3) 3.6 3.8 3.2

BI274605 Uncoupling protein 3 (Ucp3) 3.5 4.1 3.5

NM_031544 Adenosine monophosphate deaminase 3 (Ampd3) 3.1 3.9 15.6

NM_053433 Flavin containing monooxygenase 3 (RGD:619761) 3.0 4.0 3.7

BI279069 Diacylglycerol O-acyltransferase homolog 2 (mouse) (Dgat2) 2.4 3.1 2.5

NM_012792 Flavin containing monooxygenase 1 (Fmo1) 2.3 2.1 2.4

NM_017154 Xanthine dehydrogenase (Xdh) 2.1 2.1 2.5

AF394783 Sulfotransferase family 1A, phenol-preferring, member 1 (Sult1a1) 2.0 2.4 2.3

NM_133521 F-box only protein 32 (Fbxo32) 2.0 3.6 4.8

Response to stress/stimulus

AB001382 Osteopontin (Spp1) 33.0 11.2 30.2

AF411318 Metallothionein (Mt1a) 26.2 32.1 64.7

AA849895 Ankyrin repeat domain 2 (stretch responsive muscle) (predicted)

(RGD:1305104)

8.1 5.4 5.2

NM_024127 Growth arrest and DNA-damage-inducible 45 alpha (Gadd45a) 4.9 4.2 8.1

NM_080906 DNA-damage-inducible transcript 4 (Ddit4) 4.3 12.1 10.6

NM_012580 Heme oxygenase (decycling) 1 (Hmox1) 3.7 4.5 3.8

U92069 Uncoupling protein 3 (Ucp3) 3.6 3.8 3.2

U24174 Cyclin-dependent kinase inhibitor 1A (Cdkn1a) 3.4 4.1 15.8

AI406908 Similar to arsenite inducible RNA associated protein (predicted)

(RGD1310991_predicted)

3.0 4.7 7.0

AI169756 Similar to Mitogen-inducible gene 6 protein homolog (Mig-6) (Gene

33 polypeptide)

2.7 5.0 8.4

AB025017 Zinc finger protein 36 (Zfp36) 2.0 3.2 4.4

Transcription factor

NM_013220 Ankyrin repeat domain 1 (cardiac muscle) (Ankrd1) 65.5 31.3 20.7

NM_017325 Runt related transcription factor 1 (Runx1) 8.0 4.1 6.8

BM392224 TG interacting factor (predicted) (RGD:1310517) 3.4 5.2 9.7

BF419200 CCAAT/enhancer binding protein (C/EBP), delta (Cebpd) 2.9 6.3 6.1

AI411375 V-ets erythroblastosis virus E26 oncogene homolog 2 (avian) (Ets2) 2.5 2.4 2.8

NM_080903 Tripartite motif-containing 63 (Trim63) 2.2 5.3 4.5

NM_013154 CCAAT/enhancer binding protein (C/EBP), delta (Cebpd) 2.1 5.7 6.5

AB025017 Zinc finger protein 36 (Zfp36) 2.0 3.2 4.4

Cell adhesion/migration

AB001382 Osteopontin (Spp1) 33.0 11.0 30.0

AA818262 Angiopoietin-like protein 4 (Angptl4) 12.5 13 17.3

AI548856 Poliovirus receptor (PVR) 8.5 5.9 11.2

NM_031832 Lectin, galactose binding, soluble 3 (Lgals3) 4.2 2.0 2.9

Muscle

NM_013220 Ankyrin repeat domain 1 (cardiac muscle) (Ankrd1) 65.5 31.3 20.7
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elevated in the RNA profile. It should be appreciated that
neither marker definitively differentiates pro- and anti-inflam-
matory macrophages.36 Taken together, the data indicate at this
early stage of antibody-induced injury both populations of
macrophages are present in EOM, indicating that proinflam-

matory and tissue repair is occurring simultaneously, which is
consistent with the entire RNA profile.

The genes Runx1 and Ankrd1, which were most likely
exclusively muscle derived, were increased in each muscle
group; Runx1 has been found to increase in response to

TABLE 1. Continued

Accession No. Gene

Mean Fold Difference

EOM Diaphragm EDL

NM_017325 Runt related transcription factor 1 (Runx1) 8.0 4.1 6.8

AI411375 V-ets erythroblastosis virus E26 oncogene homolog 2 (avian) (Ets2) 2.5 2.4 2.8

NM_133521 F-box only protein 32 (Fbxo32) 2.0 3.6 4.8

Regeneration

NM_013220 Ankyrin repeat domain 1 (cardiac muscle) (Ankrd1) 65.5 31.3 20.7

AB001382 Osteopontin (Spp1) 33.0 11.2 30.2

NM_012792 Flavin containing monooxygenase 1 (Fmo1) 2.3 2.1 2.4

Cell growth/maintenance

BI288701 B-cell translocation gene 2, anti-proliferative (Btg2) 3.5 2.1 3.6

U24174 Cyclin-dependent kinase inhibitor 1A (Cdkn1a) 3.4 4.1 15.8

AI179988 Ectodermal-neural cortex 1 (RGD:1303152) 2.1 4.1 5.3

Cell-cell signaling/signal transduction

NM_133298 Glycoprotein (transmembrane) nmb (Gpnmb) 22.0 6.3 12.4

NM_053551 Pyruvate dehydrogenase kinase, isoenzyme 4 (Pdk4) 4.8 5.3 9.0

NM_053338 Ras-related associated with diabetes (Rrad) 2.1 3.6 28.6

Cell death/apoptosis

NM_024127 Growth arrest and DNA-damage-inducible 45 alpha (Gadd45a) 4.9 4.2 8.1

NM_012580 Heme oxygenase (decycling) 1 (Hmox1) 3.7 4.5 3.8

Protein synthesis/modification

None

Receptor/ion channel

None

Other

AI010427 Ultraviolet B radiation-activated UV96 mRNA, partial sequence 2.3 3.4 10.8

NM_053819 Tissue inhibitor of metalloproteinase 1 (Timp1) 23.2 6.0 8.5

Unclassified

None

EST

BM383531 Transcribed locus 25.2 30.8 31.4

BI274903 Similar to RIKEN cDNA 2310057H16 (predicted)

(RGD1305887_predicted)

6.7 2.9 9.8

BI294706 Similar to MS4A6B protein (MGC94557) 5.3 2.0 2.3

AA859079 Transcribed locus 4.6 5.4 4.8

BM385061 Transcribed locus 3.9 2.4 3.7

AA956555 Transcribed locus, strongly similar to XP_232342.2 similar to

macrophage hemoglobin scavenger receptor CD163 precursor

(Rattus norvegicus)

3.6 2.8 3.0

BG371620 Transcribed locus 3.1 2.4 2.5

AA850715 Transcribed locus 2.9 2.4 3.0

AI170665 Transcribed locus 2.9 4.3 2.2

BI278547 Hypothetical LOC300027 (LOC300027) 2.9 2.1 2.1

AI172302 Transcribed locus 2.9 2.6 6.9

BF565188 Transcribed locus 2.7 2.2 2.4

BF396512 Transcribed locus 2.7 3.6 3.1

AA925542 Transcribed locus 2.5 2.7 3.7

BF565188 Transcribed locus 2.2 2.2 2.4

BE115141 Transcribed locus 2.1 2.2 2.3

BI282296 Transcribed locus 2.1 2.2 2.0

AI045724 Transcribed locus 2.1 3.5 4.1

AI412174 Similar to hypothetical protein MGC34760 (MGC94799) 2.1 3.0 3.4
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denervation and prevent atrophy of skeletal muscle.37,38 The
genes Spp1 and Rrad are influenced by Runx1 expression, and
Ankrd1 is a member of a conserved gene family, referred to as
muscle ankyrin repeat proteins (MARPs). The expression of
MARPs is induced on injury and hypertrophy, stretch or
denervation, and during recovery following starvation, sug-

gesting that they are involved in muscle stress response
pathways.39 Increase in Runx1 and Ankrd1 is also observed
with axotomy and mouse models of motor neuron disease,
which has been found to have early neuromuscular junction
degeneration. The Lgals3 gene (galectin), which we also found
increased, is elevated in expression also in these other disease

TABLE 2. Common Gene Transcript Reductions Across All Muscle Groups

Accession No. Gene

Mean Fold Difference

EOM Diaphragm EDL

Immune response

AI406939 Putative lymphocyte G0/G1 switch gene �3.1 �2.1 �3.9

BG381127 Ly6/neurotoxin 1 (predicted) (RGD:1312017) �2.0 �2.5 �2.0

Metabolism

AA945624 NAD(P)H dehydrogenase, quinone 2 (RGD:1303320) �2.2 �2.3 �2.3

Response to stress/stimulus

NM_031750 Heat shock 27kD protein family, member 3 (Hspb3) �2.7 �2.9 �2.3

Transcription factor

BE111791 CDNA clone MGC:95090 IMAGE:7126503, complete cds �2.4 �2.3 �2.0

Cell adhesion/migration

AA799521 Similar to RIKEN cDNA 9830160G03 (predicted)

(RGD1305167_predicted)

�4.2 �3.5 �4.3

Muscle

NM_017130 Neuraminidase 2 (Neu2) �4.6 �5.3 �5.2

AA799521 Similar to RIKEN cDNA 9830160G03 (predicted)

(RGD1305167_predicted)

�4.2 �3.5 �4.3

NM_031750 Heat shock 27kD protein family, member 3 (Hspb3) �2.7 �2.9 �2.3

U22830 Purinergic receptor P2Y, G-protein coupled 1 (P2ry1) �2.3 �2.7 �3.2

AA945624 NAD(P)H dehydrogenase, quinone 2 (RGD:1303320) �2.2 �2.3 �2.3

Regeneration

NM_017130 Neuraminidase 2 (Neu2) �4.6 �5.3 �5.2

BE107450 Transcribed locus, strongly similar to NP_835197.1 neuronal

regeneration related protein (Rattus norvegicus)

�3.3 �3.2 �2.6

U22830 Purinergic receptor P2Y, G-protein coupled 1 (P2ry1) �2.3 �2.7 �3.2

Cell growth/maintenance

AI406939 Putative lymphocyte G0/G1 switch gene �3.1 �2.1 �3.9

Cell-cell signaling/signal transduction

NM_053703 Mitogen-activated protein kinase kinase 6 (RGD:620666) �2.9 �3.2 �2.8

NM_022618 A kinase (PRKA) anchor protein 6 (Akap6) �2.4 �2.1 �2.1

U22830 Purinergic receptor P2Y, G-protein coupled 1 (P2ry1) �2.3 �2.7 �3.2

Cell death/apoptosis

BM389225 Angiopoietin-like 2 (Angptl2) �2.1 �3.2 �2.9

Protein synthesis/modification

None

Receptor/ion channel

None

Other

None

Unclassified

BI289329 Similar to hypothetical protein DKFZp434H2010 �3.1 �2.4 �2.8

BI289459 Hypothetical LOC300061 (LOC300061) �2.6 �2.2 �2.8

AI013568 Similar to 1300013J15Rik protein �2.5 �2.9 �3.0

EST

BE111310 Transcribed locus �6.1 �10.1 �7.1

BF283398 Transcribed locus �3.2 �2.4 �2.6

AI070365 Transcribed locus �2.2 �2.5 �3.6
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models.40,41 The CCAAT/enhancer binding protein (C/EBP),
delta (Cebpd) is a transcription factor found in immune cells
and several other tissues,42 which is increased with motor
neuron degeneration and food deprivation, in which it
enhances myostatin expression.43 Deranged neuromuscular
transmission or the reduction of animal weight, presumably
caused by reduced food intake, could have led to Cebpd

increase.
Chitinase 3–like 1, a member of a family of genes that are

induced at sites of infection, was elevated across all three
muscles. These genes are part of innate antipathogen
responses and appear to minimize oxidative damage and
thereby reduce tissue injury. They increase the adaptive
immune response to cancer and infection to eradicate
pathogen invasion.44 Chitinase proteins have been shown to
enhance tissue healing and fibrosis.

The Ly6/neurotoxin 1 was the only one of two immune-
related genes found to be reduced in all three muscles; the
other was a gene whose function is as yet to be characterized
(see Table 2). In addition to being a cell surface marker of
lymphocytes, Ly6 activates nicotinic acetylcholine receptors in
various tissues, which may lead to cell injury.45,46 Its
downregulation may serve a protective effect from potential
synapse injury from depolarization and subsequent calcium
influx, as observed in slow channel syndrome.47 There was a
general lack of alterations in interleukins and other cytokines
observed to be elevated in circulation or circulating cells in
MG, although there was a small increase in IL-6 receptor gene
expression.

In addition to osteopontin, three cell adhesion–related
genes were found to be increased across each of the three
muscles. Angiopoietin-like protein 4 promotes angiogenesis in
the context of wound healing and is activated during induction
of systemic inflammation.48,49 The poliovirus receptor gene is
a transmembrane glycoprotein and is part of the immunoglob-
ulin superfamily with functional domains that mediate cell
attachment to vitronectin and an intracellular domain that
binds dynein. Its increased expression is most likely related to
immune cell infiltration, in which it is known to function.50

Lgals3 is a member of the lectin family and is involved in many
processes, including inflammation and tissue repair.51,52

Myogenin, the myogenic regulatory factor, was increased
among all muscles, which would also support repair of injured
muscle and activation of satellite cells. In contrast, Myf6 was

increased only in EDL, and DIA and MyoD transcripts were
only elevated EOM. These observations point to fundamental
differences in response to injury among the muscles. These
observations support the postulate that EOM is unique in its
repair mechanism. McLoon and colleagues53,54 proposed that
EOM is under a constant active state of remodeling, which
explains its sparing by most muscular dystrophies.

Altered Metabolism

Nearly a quarter of the differentially expressed genes common
to all muscles were related to cellular metabolism and an
upregulation of transcripts occurred rather than a suppression.
This observation is surprising, as the EOM, EDL, and DIA differ
markedly in constitutive metabolic properties. Extraocular
muscle does not have glycogen stores, has extremely high
mitochondrial content, and relies on glucose and lactate as
metabolic substrates.55 In contrast, EDL is relatively poor in
mitochondrial content and is primarily glycolytic, whereas DIA
has a mixture of fiber types, which rely on oxidative and
glycolytic metabolism. The gene responsible for synthesis of
the key metabolic enzyme, pyruvate dehydrogenase kinase
(Pdk4), was increased, which would be expected to lead to
conservation of glucose and reduce free radical production
through the electron transport chain. The gene Dgat2

catalyzes the conversion from diacylglycerol to triglyceride
and its elevated expression would be expected to enhance
lipid synthesis.56 The Cyp4b1 gene promotes omega-hydrox-
ylation of medium-chain fatty acids and is generated with acute
inflammation.57–59 An increase in uncoupling protein 3 (Ucp3)
occurs when fatty acid delivery to mitochondria exceeds
capacity for oxidation, which appears to be occurring based on
the described gene changes and its activity leads to reduced
reactive oxygen species formation.60 Taken together, these
relatively focused gene transcript alterations would favor
oxidative metabolism and reduce free radical generation,
perhaps to limit further tissue injury. Consistent with this
conclusion, hemoxygenase-1 was elevated, which would be
expected to reduce tissue injury with a potent anti-inflamma-
tory influence as well as the promotion of wound healing.61

EOM-Specific RNA Expression Alterations

In addition to the overall disease load index being highest for
EOM, immune-related gene expression changes were most
prominent for the EOM compared with the other muscles. Part

TABLE 3. Transcript Change in Percent by Category

Shared EOM DIA EDL

Response to stress/stimulus 12.8 3.8 6.4 5.4

Immune response 10.5 15.7 7.2 7.8

Metabolism 10.5 9.8 12.1 9.3

Cell adhesion/migration 3.8 2.5 2.7 2.2

Cell-cell signaling/signal transduction 4.5 5.2 5.2 5.2

Cell growth/maintenance 3.0 2.7 3.3 3.9

Regeneration related 5.3 1.5 3.9 2.6

Muscle related 6.8 4.3 5.8 4.1

Cell death/apoptosis 2.3 2.0 3.3 2.2

Transcription factor related 9.0 5.5 7.6 8.5

Protein synthesis/modification 1.5 2.5 2.7 3 .2

Receptor/ion channel related 1.5 1.8 2.7 2.6

Other 1.5 3.5 3.6 2.4

Unclassified function 4.5 7.5 3.9 4.8

ESTs 22.6 31.5 30 35.6

The percentage of transcripts in each category was calculated
among EOM, DIA, and EDL separately and calculated in the commonly
shared transcript list.

FIGURE 3. Aggregate of disease load index (DLI) plots for EOM, DIA,
and EDL in EAMG rats, illustrating disease severity in different muscles
by summing the absolute values of fold changes of differentially
regulated in each muscle.
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of this can be explained by the greater infiltration of immune

cells, as genes specific for these cells (Chemokine receptor 2,

Leukocyte peptidase receptor 2, Sectm1, CD18, Igsf6, major

histocompatibility related genes, CD68, Ccr1, CD44) or

chemotactic for lymphocytes (Ccl20 and other chemokine-

ligands) are predominant in the EOM genomic profile. Three

complement pathway genes (C5r1, C2, C1qb) were elevated

only in EOM; C5r1 is likely acting to resolve acute inflamma-

tion as has been observed in other conditions,62 and C2 and

C1qb are known to be expressed by myoblasts63,64 and

cardiomyocytes,65 which may lead to enhanced inflammation

or clearance of cellular debris. Consistent with our previous

investigations, transcript levels of the intrinsic complement

inhibitor, Daf, were reduced in response to EAMG in EOM, but
not the other muscles.20

There is considerable evidence for skeletal muscle group
heterogeneity from DNA microarray and proteomic studies.
These all support the existence of broad-based, inter- and intra-
allotype diversity.26,66–71 Genomic profiles support the notion
that despite similarities in morphology (i.e., myotubes formed
by a syncitium of myoblasts and striated appearance), EOM and
skeletal muscles have significant differences in transcrip-
tomes,68–70 which warrant EOM classification as a distinct
allotype, as cardiac and smooth muscle. Comparing results of
the present RNA profile with those previously done of the wild-
type state,68–70 indicates that transcripts that are differentially
expressed in EOM, for example, several myosin heavy chain
isoforms, are not identified in the present profile. This
observation indicates that induction of EAMG alters constitu-
tive transcription.

In keeping with the baseline differences in the normal state,
our results demonstrate that the inherent targeting of EOM by
antibody attack is greater in EOM and the muscle responds in a
fundamentally different way. This is consistent with observa-
tions of other muscle disorders, such as muscular dystrophies
and motor neuron disease.6,10,27

Significance for Human Disease

The administration of antibody against the AChR mimics the
final effector mechanism of human MG, and the antibody used
in this study activates complement, which is a primary
mechanism of disease induction in humans.13 However, it
must be appreciated that the human disorder does not
demonstrate inflammation,72 as is observed in the passive
transfer model of MG used here, and therefore, the present
results may be most relevant to inflammatory disorders that
affect EOM. We demonstrated that EOMs have inherent
properties that make them more susceptible to injury, as
demonstrated by the greater disease load index. Essentially all
patients with MG have ocular muscle involvement and a large
minority has disease isolated to the ocular muscles. Therefore,
the underlying autoimmune pathology appears not to be the
determining factor, but rather inherent properties of muscle.
The results demonstrate that a relatively limited alteration of
global RNA expression of muscle occurs in response to EAMG
induced by antibody transfer. Muscles activate genes that are
regenerative. Gene profiles indicate that metabolism is altered
to limit generation of reactive oxygen species, which may
produce further injury. EOM has a much greater increase in
gene expression, which suggests that either there is a greater
degree of injury or a particularly robust response to a similar

FIGURE 4. Histological sections stained with hematoxylin and eosin
and viewed at low magnification to provide a representative view from
EOM, EDL, and DIA from control and McAb-3 injected mice. Note more
extensive inflammatory inflammation in EOM compared with other
muscles.

TABLE 4. Fold Change Comparison Between Real-Time PCR and Microarray

Gene Symbol Gene Title

EDL EOM DIA

qPCR Array qPCR Array qPCR Array

Timp1 Tissue inhibitor of metalloproteinase 1 8.9 6 2.9 8.5 20 6 3.0 23 9.0 6 2.3 6.0

Spp1 Secreted phosphoprotein 1 30 6 1.7 30 82 6 0.3 33 22 6 1.8 11

Runx1 Runt-related transcription factor 1 18 6 3.5 6.8 12 6 2.0 7.9 1.4 6 0.3 4.1

Myog Myogenin 15 6 1.6 6.4 22 6 2.6 9.4 3.0 6 1.2 2.3

Mt1a Metallothionein 262 6 3.2 65 54 6 0.8 26 50 6 1.7 32

Gpnmb Glycoprotein (transmembrane) nmb 20 6 4.0 12 31 6 3.0 22 2.0 6 1.2 6.2

Gadd45a Growth arrest and DNA-damage–inducible 45 alpha 30 6 7.2 8.1 41 6 10 4.9 18 6 4.5 4.2

Cebpd CCAAT/enhancer binding protein (C/EBP), delta 22 6 1.5 6.5 5.5 6 0.1 2.9 6.2 6 0.6 6.3

P2ry1 Purinergic receptor P2Y, G-protein coupled 1 �3.5 6 0.1 �3.2 �1.6 6 0.1 �2.3 �2.1 6 0.1 �2.7

Neu2 Neuraminidase 2 �8.7 6 1.2 �5.2 �2.9 6 0.4 �4.6 �3.6 6 1.4 �5.3

218860 Fibronectin, type III /// SPla/RYanodine receptor SPRY �4.3 6 1.2 �4.3 �11 6 3.6 �4.2 �4.3 6 2.2 �3.5

216965 Ly6/neurotoxin 1 (predicted)/CD59 antigen 1.6 6 0.1 �2.0 �1.8 6 0.1 �2.0 �2.3 6 0.3 �2.5
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level of injury to all three muscles evaluated. It is impossible to

absolutely distinguish these possibilities; however, the greater

infiltration of inflammatory cells does suggest a greater degree

of injury to us. Continued work defining the immune

environment of EOM may lead to targeted immunotherapy

for orbital diseases, such as ocular myasthenia, orbital myositis,

and Graves’ ophthalmopathy.6,10,27
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