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PURPOSE. Human extraocular muscles (EOM) are preferentially
susceptible to thyroid eye disease. Although the specific cause
of this autoimmune disorder is unknown, it is often associated
with elevated thyroid hormone levels. Thus, the effect of ele-
vated thyroid hormone levels on cross-sectional area, myofiber
size, satellite cells, and myosin heavy chain (MyHC) isoform
expression was examined in adult rabbit EOMs, to determine
how elevated thyroid hormone alters EOM biology.

METHODS. After 1 month of elevated thyroid hormone levels,
the EOMs were removed and prepared for histologic examina-
tion. Total muscle mass, myofiber size, patterns of MyHC iso-
form expression, and the number of satellite cells were deter-
mined.

RESULTS. Elevated thyroid hormone levels significantly de-
creased muscle mass, total number of myofibers, and mean
cross-sectional area of the myofibers. Alterations in MyHC iso-
form expression were extremely complex, but several basic
patterns emerged. The percentages of neonatal- and develop-
mental-positive myofibers decreased in almost all EOM regions
examined, and the percentages of slow-positive myofibers sig-
nificantly increased. In contrast to normal EOMs, which retain
a population of activated satellite cells throughout life, elevated
thyroid hormone levels resulted in the virtual disappearance of
MyoD-positive cells and a decrease in Pax7-positive cells.

CONCLUSIONS. The reductions in EOM size, number of fibers
expressing developmental and neonatal MyHC, and number of
MyoD- and Pax7-positive satellite cells suggest that elevated
thyroid hormone levels decrease the ongoing myofiber remod-
eling normally seen in the EOM. These catabolic changes have
important implications for maintenance of function in the
EOMs. (Invest Ophthalmol Vis Sci. 2010;51:183–191) DOI:
10.1167/iovs.09-3681

Extraocular muscles (EOM) differ from other skeletal mus-
cles in their anatomy, physiology, and even more impor-

tant, in their propensity for involvement or sparing in skeletal
muscle diseases.1 In particular, the EOM are unique in their
exclusive involvement in thyroid eye disease (TED), an auto-
immune disease of the eye muscles that results in their enlarge-
ment in the acute phase and, in the chronic phase, muscle fiber

replacement and contraction or tightening of the muscles. TED
in humans is often associated with thyroid hormone endocri-
nopathy, and this inflammatory orbitopathy results in propto-
sis, strabismus, and eyelid retraction.2,3 Unfortunately, there is
no satisfactory animal model for the autoimmune process that
leads to TED, in part because the pathophysiology is complex
and not well understood. TED does not always occur in cases
of elevated thyroid hormone, but its frequent association—eye
signs in 50% of patients with Graves’ disease—lends credibility
and relevance to the study of the specific effects of hyperthy-
roidism on the EOMs. Although elucidation of the effects of
elevated thyroid hormone cannot explain the mechanism of
this complex autoimmune disease, characterization of the
changes in the EOM muscle as a result of altered thyroid
hormones may suggest important directions for future re-
search.

Thyroid hormone has well-described catabolic effects on
adult skeletal muscle, and sustained elevations in blood thyroid
hormone levels result in muscle weakness and wasting.4 The
direct effects of elevated thyroid hormone are complex. In-
creased rates of protein degradation occur,5 specifically reduc-
ing myosin heavy chain isoform content, but oxidative modi-
fications that impact the ability of the contractile proteins to
generate force also are seen.6 Significant decreases occur in
mitochondrial uncoupling proteins 2 and 3 as well.7 Elevated
thyroid hormone levels affect muscle proliferative cells, in-
creasing both the rate of myoblast withdrawal from the cell
cycle8 and their rate of terminal differentiation.9,10 In the adult,
the EOMs retain a population of activated satellite cells,11 with
resultant continuous myofiber remodeling that involves both
myonuclear addition and removal.12 As elevated thyroid hor-
mones significantly alter these properties in development, the
effects of increased thyroid hormone on satellite cell content,
MyHC isoform, and muscle size in adult EOMs were examined.

In limb skeletal muscle, four MHC isoforms are commonly
expressed: three produce fast contractile properties, type IIA,
-IIB, and -IIX, and one produces slow contractile properties,
type I. Thyroid hormone status has a significant impact on
differential expression of MyHC isoforms in adult mammalian
limb skeletal muscle.13,14 In fact, thyroid hormone status ap-
pears to predominate over other potential regulators of MyHC
expression, such as electrical stimulation. For example, in
muscles composed of mostly type I or slow MyHC isoform
myofibers, high levels of thyroid hormone upregulate the ex-
pression of type II MyHC mRNA, whereas chronically low
levels of thyroid hormone upregulate type I MyHC expres-
sion,15,16 which in turn results in alterations in contraction
velocity (Vmax).17,18 Elevated thyroid hormone levels also re-
sult in increased percentages of hybrid fibers, which coexpress
multiple MyHC isoforms in single fibers.19

Compared with limb skeletal muscle, EOMs have a more
complex composition with regard to MyHC isoform expres-
sion, expressing nine distinct isoforms, including two normally
found only in developing or regenerating muscle, neonatal, and
developmental MyHC.20,21 The neonatal and developmental
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MyHC isoforms normally are downregulated in limb skeletal
muscles during late stages of development. Adding to this
complexity is the fact that many of these individual MyHC
isoforms are coexpressed in single myofibers.22–26 EOMs nor-
mally express an increased number of thyroid hormone recep-
tors compared with nonocular skeletal muscles.27 Elevated
thyroid hormone accelerates the MyHC transition from neona-
tal to adult isoforms.28 Thus, elevation of thyroid hormone
levels could result in significantly more complex MyHC expres-
sion changes than in normal limb muscle. To our knowledge,
the effects of elevated thyroid hormones on EOM myosin
composition, satellite cell activity, and muscle size in popula-
tions of myofibers from mature eye muscles have not been
studied. In this study, we evaluated the effects of elevated
thyroid hormone levels on the size and number of EOM fibers;
the overall size of EOM muscles; and the percentage of myofi-
bers expressing fast, slow, neonatal, and/or developmental
MyHC in adult rabbits, as well as the effect on the Pax7- and
MyoD-positive populations of satellite cells. These effects were
compared to the properties of normal adult EOMs.

MATERIALS AND METHODS

New Zealand White rabbits were purchased from Birchwood Valley
Farms and housed in University of Minnesota animal facilities. All
experiments complied with the published guidelines of the National
Institutes of Health and the ARVO Statement for Use of Animals in
Ophthalmic and Vision Research and were approved by the University
Animal Care and Use Committee at the University of Minnesota. Hy-
perthyroidism was induced in six rabbits by IP injection of 3,3�,5-
triiodothyronine (T3) at a dose of 0.2 mg/kg body weight every other
day for 1 month.29–31 Serum thyroid hormone levels were determined
at 1 week, 2 weeks, and 1 month. Blood samples were analyzed for
blood thyroid hormone levels by the clinical laboratory in the Depart-
ment of Veterinary Medicine at the University of Minnesota Veterinary
School. All animals were considered to have hyperthyroidism if their
blood T3 levels increased by 50%. All animals met this criterion with
significantly elevated levels of T3 and T4 compared with baseline and
control rabbits. The rabbits were given access to food ad libitum and
were monitored daily for signs of hyperthyroidism including weight,
food intake, water intake, diarrhea, and irritability. Weight loss oc-
curred within the first 2 weeks and then stabilized, dropping from an
average initial weight of 2.23 to 1.37 kg, as previously published.32

The rabbits were killed after 1 month by an overdose of barbitu-
rates given via the ear vein. The extraocular muscles were dissected
from the orbits, frozen, and processed for histologic examination. In
accordance with other studies,24 the four rectus muscles were chosen
for quantitative analysis: the superior rectus (SR), medial rectus (MR),
inferior rectus (IR), and lateral rectus (LR). Immunohistochemistry was
performed on serial frozen sections of EOMs to visualize pan-fast, slow,
neonatal, and developmental MyHC isoforms (Vector Laboratories,
Burlingame, CA). After incubation in blocking serum, the sections
were incubated in the primary antibody for 1 hour at a dilution of 1:40
for the antibodies to fast and slow MyHC isoforms and 1:20 for the
antibodies to neonatal and developmental MyHC isoforms. The sec-
tions were rinsed and incubated using the reagents of an ABC kit
(Vectastain Elite, Vector Laboratories) containing biotin-avidin-peroxi-
dase complexes. The reacted tissue sections were processed by using
the heavy metal–intensified diaminobenzidine procedure. Sections
were also immunostained for the presence of satellite cells positive for
either Pax7 or MyoD, one of the myogenic regulatory factors, using the
procedure described earlier with the following modifications. For
Pax7, the sections were fixed in cold acetone, rinsed in PBS, and
incubated in a primary antibody to Pax7 at a concentration of 1:500
(Hybridoma Bank, University of Iowa, Iowa City, IA). For MyoD, the
cross sections were fixed in 4% paraformaldehyde, rinsed in PBS, and
incubated with a primary antibody to MyoD at a concentration of 1:50
(Vector Laboratories). For the control muscles, both primary antibody

incubation times were 1 hour. For the hyperthyroid muscles, sections
were incubated overnight to maximize the possibility of staining even
cells that contained small amounts of MyoD or Pax7. This method
allowed the visualization of a few Pax7-positive cells that were not
seen with a 1-hour primary incubation period. Muscle sections from six
age-matched control rabbits were similarly processed and analyzed to
assess whether the muscle from the thyroid hormone-treated rabbits
were significantly different.

Because of the complexity of MyHC isoform expression in different
regions and layers of individual EOM,24,25 and the complex coexpres-
sion patterns of MyHC isoforms within single myofibers,22,25,26 we
chose to study populations of myofibers, rather than changes in a small
number of single, identified myofibers. This method would elucidate
trends in MyHC isoform expression within the muscles as a whole. At
least three cross sections from the midbelly region and the distal EOM
near the tendon from each of the four rectus muscles were analyzed for
individual myofiber cross-sectional area, total muscle cross-sectional
area, percentages of myofibers positive for each of the specific MyHC
isoforms examined in this study, and the number of MyoD-positive
satellite cells. A minimum of four fields, or between 200 and 400
myofibers, were analyzed on each cross section from each of the six
experimental and six control rabbits studied. Fiber cross-sectional
areas, total muscle cross-sectional areas, and counts of myofibers pos-
itive for each of the four MyHC isoforms in control and hyperthyroid
EOMs were determined with the aid of a morphometry program (Nova
Prime; Bioquant, Nashville, TN). Because of the known changes in
MyHC isoform composition along the muscle length in rabbits,24 care
was taken to quantify muscle sections from areas the same distance
from the tendon end of each muscle. The percentage positive for each
of the four isoforms examined was determined based on the total
number of myofibers analyzed for each specimen, and these were
compared with the percentage positive for each of the four antibodies
in mature rabbit EOMs from untreated controls. All data were analyzed
for statistical significance with an unpaired Student’s t-test (Prism and
Statmate software; Graphpad, San Diego, CA). An F-test was used to
verify that the variances of the control and experimental groups were
not significantly different. Data were considered significantly different
if P � 0.05. Error bars represent SE of the means.

RESULTS

Grossly, the EOM from the rabbits with elevated thyroid hor-
mone were thinner compared with normal control rabbit EOM.
Both total muscle cross-sectional area and total number of
myofibers in the EOMs from rabbits with elevated thyroid
hormone levels were significantly smaller than those of euthy-
roid rabbits (Fig. 1). There was a significant difference in mean
individual myofiber cross-sectional areas of myofibers positive
for fast and developmental MyHC isoforms, whereas slow myo-
fibers actually increased in mean cross-sectional area compared
with the control muscles (Fig. 2). No significant change was
seen in the cross-sectional areas of neonatal MyHC-positive
myofibers. When the distal ends of the EOM from the rabbits
with elevated thyroid hormone levels were examined, the
inner orbital layer (intermediate layer) was either substantially
thinned or not visible in the sections analyzed (data not
shown). This finding was consistent and particularly pro-
nounced in the lateral and superior rectus muscles. It is unclear
whether it was due to changes in patterns of MyHC isoform
expression or to the decreased number of myofibers. It should
be noted that there was no evidence of inflammatory cell
infiltrate or fiber necrosis in any of the muscle sections exam-
ined.

Elevated thyroid hormone levels resulted in complex
changes in MyHC composition in the four rectus muscles
examined compared with age-matched control subjects (Figs.
3–7). Specifically, there was a decrease in the percentage of
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myofibers positive for the fast MyHC isoform in the orbital
layer of all muscles examined and a large decrease in percent-
age of fast myofibers in the global layer of only the superior
rectus muscle (Fig. 4). Several of the muscles showed a de-

creased number of fast MyHC-positive myofibers in the tendon
region, most pronounced in the superior and lateral rectus
muscles. Elevated thyroid hormone levels resulted in an in-
crease in the percentage of myofibers positive for slow myosin
in both the orbital and global regions from each of the four
EOMs examined (Figs. 4–7), although the difference was not
always statistically significant. Note that percentages of fast and
slow myofibers do not add up to 100%; it appears that elevated
thyroid hormone levels resulted in an increased number of
hybrid myofibers.

The changes in expression patterns of the immature MyHC
isoforms were relatively similar for the four rectus muscles
(Figs. 3–7). Each showed a significant decrease in the percent-
age of myofibers positive for the neonatal MyHC isoform in all
layers in both regions of the muscle. The percentage of myo-
fibers positive for the developmental MyHC isoform decreased
in the global layers of all muscles examined. Whereas the
superior rectus muscles showed a significant reduction in the
percentage of developmental positive myofibers in the orbital
layer, the other three rectus muscles demonstrated only a trend
toward a decreased number in the orbital layer.

Elevated thyroid hormone levels resulted in a significant
reduction in the number of pax7-positive cells, even after
substantially increasing antibody incubation times (Figs. 8, 9).
In addition, the virtual disappearance of MyoD-positive cells in
the EOM cross-sections in both layers of all regions of the
hyperthyroid muscles was seen (Fig. 8).

DISCUSSION

Elevated thyroid hormone levels resulted in significant de-
creases in single myofiber and total muscle cross-sectional
areas and a decrease number of myofibers in the EOM in
rabbits, a phenomenon observed in orbicularis oculi muscle
from rabbits with hyperthyroidism.32 It is particularly impor-
tant to point out that no alterations in connective tissue were
seen in the thyroid hormone–treated EOMs, similar to what we
saw in the eyelid muscles. Loss of satellite cells positive for
both Pax7, the general satellite cell marker, and MyoD, a

FIGURE 1. (a) There was a significant decrease in overall muscle mass
as indicated by midbelly cross-sectional areas in the hyperthyroid
EOMs in all rectus muscles studied (SR and IR shown here) compared
with control EOMs. Individual myofiber cross-sectional areas were
unchanged. (b) There was a decrease in the total number of myofibers
in all three muscles compared with control EOMs. *Significant differ-
ence from controls. Data are the mean � SEM.

FIGURE 2. Mean cross-sectional ar-
eas for (a) fast, (b) slow, (c) develop-
mental, and (d) neonatal MyHC-posi-
tive myofibers from medial rectus
muscles of rabbits exposed to ele-
vated blood thyroid hormone levels
compared with age-matched con-
trols. *Significant difference from
control sections. Data are the
mean � SEM.
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marker of activated satellite cells, was seen. A complex pattern
of changes in the four MyHC isoforms examined emerged.
Generally, increases in the percentage of slow MyHC isoforms
fibers were seen, and decreases were seen in the percentages
of fast, developmental, and neonatal MyHC isoform expressing
fibers. It appears that as little as 1 month of elevated thyroid
hormone levels can result in a complex set of MyHC isoform
alterations in the EOM myofiber populations, in both the or-
bital and global layers along the length of the muscle from
insertion toward the midbelly region. Further studies should
address changes in the more EOM-specific MyHC isoforms, as
this type of detailed analysis was beyond the scope of the
present study. These changes are summarized and graphically
depicted in Figure 10. In the hyperthyroid extraocular muscle,
the total muscle cross-sectional area and individual myofiber
cross-sectional areas are reduced, there is a reduction in ex-
pression of immature MyHC isoforms, in this case neonatal
MyHC is depicted, and a decrease in cells positive for the MyoD
and Pax7 markers.

Although measurements of muscle force were not deter-
mined in the present study, alteration in myofiber size, number

of myofibers, and MyHC isoform composition would have a
significant impact on force development. In animal studies,
elevated thyroid hormone levels cause significant reduction in
force production in both diaphragm and soleus muscles, fast
and slow muscles, respectively.6,33 When the effect of elevated
thyroid hormone on EOM force was assessed in patients with
both active and chronic, mild and severe TED, the muscles
from all patients showed abnormal tension, even those with no
clinical signs of eye movement disorders.34 The authors hy-
pothesize that this abnormality had to be due to direct EOM
changes in these patients, and this hypothesis is supported by
our current analysis. Although magnetic resonance imaging
studies demonstrate significant enlargement of one or more of
the EOM in patients with TED, these patients have already
developed eye signs. Enlargement of the muscles is due to
inflammatory processes within the muscle, and to our knowl-
edge, the muscle itself in these patients has not been studied.
This problem will be difficult to solve, as hyperthyroid humans
could not reasonably have biopsies of eye muscles taken, nor is
EOM surgery a part of normal treatment for patients in whom
TED develops. Ongoing experiments in the laboratory are
focused on whether and when the EOMs return to normal size
after the rabbits return to control levels of thyroid hormone.
Our prediction, based on studies of hyperthyroid patients in
whom muscle strength eventually returns to normal levels after
they are maintained for 6 months in the normal euthyroid state,
is that the same will occur in rabbit EOMs.35

Decreases in the number of myofibers, mean myofiber
cross-sectional area, and total muscle cross-sectional area are
not surprising, given the well-known catabolic effects of thy-
roid hormone on skeletal muscle in general. In the EOM, we
propose that the catabolic effects of increased myofibrillar
protein degradation caused by elevation in thyroid hormone
are exacerbated by the normal process of myofiber remodeling
that occurs throughout life, which is not present in normal
adult limb skeletal muscle.11,12 Elevating thyroid hormone lev-
els in animals during normal limb skeletal muscle development
results in an accelerated process of differentiation.8–10,36 As
would be predicted by the premature withdrawal from the cell
cycle, premature myoblast fusion, and accelerated differentia-
tion in developing limb skeletal muscle exposed to elevated
thyroid hormone levels,8 increased thyroid hormone levels in
EOMs resulted in smaller muscles presumably because of the
same effects of thyroid hormone on the satellite cell popula-
tions within the EOM. Based on immunostaining alone, it is
unclear whether there is an overall reduction in the total
number of satellite cells in these muscles, as indicated by the
decrease in Pax7-positive cells, or there is a decrease in the
expression of Pax7 within individual cells (Fig. 10). The net
result, however, of either scenario is that less muscle regener-
ation/repair would be possible, and thus a smaller muscle
would be predicted.

The decrease in the percentage of EOM myofibers express-
ing the neonatal and developmental MyHC isoforms in most of
the rectus muscles examined mirrors the accelerated loss of
these immature isoforms in developing skeletal muscle under
conditions of elevated thyroid hormone.28 Thus, the overall
decrease in the percentage of EOM myofibers expressing these
immature MyHC isoforms is compatible with current knowl-
edge about the effects of elevated thyroid hormone on non-
ocular skeletal muscle differentiation processes and rates of
differentiation.

Elevated levels of thyroid hormones are known to hinder
muscle repair and cause skeletal muscle atrophy in adult non-
ocular skeletal muscle.37 These processes would explain the
reduction in overall muscle cross-sectional area seen in the
present study. There are three processes that can be proposed
to explain the decreased myofiber size and overall myofiber

FIGURE 3. Extraocular lateral rectus muscle sections: (A–D) control;
(E–H) hyperthyroid rabbits immunostained for the presence of (A, E)
fast, (B, F) slow, (C, G) developmental, and (D, H) neonatal MyHC
isoforms. Positive myofibers appear black. Note that the global layer is
to the left in all images and a portion of the orbital layer can be seen
at right. These sections are intermediate between the midbelly and
tendon ends. Note the decrease in myofibers positive for developmen-
tal and neonatal MyHC isoforms in the muscles from the hyperthyroid
rabbit. Bar, 20 �m.
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number. First, it is known that the EOMs continue to express
various myogenic growth factors, including IGF, in the adult.38

Previous studies demonstrated that the addition of exogenous
IGF results in increased skeletal muscle mass.39,40 Since IGF is

regulated by thyroid hormone, reduction of this myogenic
growth factor would result in reduced muscle mass.41 This
hypothesis is currently under investigation. Second, a signifi-
cant reduction in the number of satellite cells positive for the

FIGURE 4. Quantification of the per-
centage of myofibers in the lateral
rectus muscle from hyperthyroid and
control sections positive for (a) fast,
(b) slow, (c) developmental, and (d)
neonatal MyHC isoforms. *Significant
difference from control sections.
Data are the mean � SEM.

FIGURE 5. Quantification of the per-
centage of myofibers in the inferior
rectus muscle from hyperthyroid
and control sections positive for (a)
fast, (b) slow, (c) developmental,
and (d) neonatal MyHC isoforms.
*Significant difference from control
sections. Data are the mean � SEM.
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myogenic regulatory factor MyoD, a marker of activated satel-
lite cells,42 was seen. This means that elevated thyroid hor-
mone levels appear to decrease the process that controls myo-
fiber remodeling in adult rabbit EOMs.12,43 Inhibition of
ongoing myofiber remodeling would be predicted to result in

decreased muscle mass, as seen in the present study. Other
laboratories have demonstrated that thyroid hormone specifi-
cally inhibits satellite cell proliferation in vitro,8,44 which again
supports the present results. Finally, elevated levels of thyroid
hormone can stimulate apoptosis in muscle cells.5,45,46 Of

FIGURE 6. Quantification of the per-
centage of myofibers in the medial
rectus muscle from hyperthyroid and
control sections positive for (a) fast,
(b) slow, (c) developmental, and (d)
neonatal MyHC isoforms. *Significant
difference from control sections.
Data are the mean � SEM.

FIGURE 7. Quantification of the per-
centage of myofibers in the superior
rectus muscle from hyperthyroid and
control sections positive for (a) fast,
(b) slow, (c) developmental, and (d)
neonatal MyHC isoforms. *Significant
difference from control sections.
Data are the mean � SEM.
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interest, the basal level of cell turnover in normal thyroid
glands is regulated by apoptosis, which in turn is altered in
several thyroid diseases.47 In light of these studies, similar
changes in rates of cell turnover in the EOM are not surprising.
Studies of the effect of thyroid hormone on apoptosis in the
EOMs are ongoing. However, as the effects of both these
processes would be to decrease muscle mass, the overall de-
crease in myofiber size and number would be expected. Ele-
vated thyroid hormone levels cause many other changes in
cells. In particular, it is known that the EOMs are particularly
rich in mitochondria and that these mitochondria display met-
abolic differences compared with normal limb muscle.48 As
elevated thyroid hormones alter mitochondrial uncoupling
proteins,7 this and other aspects of the unique metabolism of
EOMs would certainly play a role in alterations in these muscles
under these conditions.49 Based on the appearance of the
muscles, as seen in Figure 3, no fibrosis was observed. Thus,
the satellite cells did not change their differentiation pathway
toward a fibroblast fate, nor is it likely that the myofibers
themselves would have transdifferentiated into connective tis-
sue.

The alterations of muscle size and myosin isoform expres-
sion were relatively uniform among the four rectus muscles
despite their significant differential involvement in TED in
humans.50 Thus, it appears that these particular characteristics
would not contribute to the differential susceptibility of indi-
vidual EOM to TED, where the medial and inferior rectus
muscles are affected more often.51 However, as any type of
increased cell loss can trigger release of inflammatory media-
tors,52 it may be that the myofiber loss plays a role in initiation
of the inflammatory cascade in this disease.

The effects of elevated thyroid hormone levels on fast and
slow MyHC isoform composition have been studied in nonocu-
lar adult skeletal muscles. Most skeletal muscles, when sub-
jected to elevated thyroid hormone, shift their overall MyHC
composition in the opposite direction from their normal state;
thus, in the soleus, a muscle predominantly containing slow
MyHC-positive myofibers, elevated thyroid hormone levels re-
sult in a shift toward an increasing number of myofibers posi-

FIGURE 8. Extraocular inferior rectus muscle sections from (A, B)
control and (C, D) hyperthyroid rabbits immunostained for the pres-
ence Pax7 (A, B) and MyoD (C, D). Arrows: positive nuclei. Note the
complete absence of positive cells in the hyperthyroid muscle samples.
Bar, 20 �m.

FIGURE 9. Quantification of the number of pax7-positive satellite cells
in the control and hyperthyroid rectus muscles.

FIGURE 10. Depiction of the changes
that occur in the extraocular muscles
after exposure to elevated thyroid hor-
mone. Relative to the normal muscle
depicted on the left, the orbital and
global layers, superiorly and inferiorly
placed on the drawing, show de-
creased overall muscle cross-sectional
area, decreased individual myofiber
cross-sectional areas, and decreased
number of fibers. In addition, immature
MyHC isoform expression decreases,
with neonatal MyHC isoform changes
depicted here. There is a loss of cells
expressing Pax7 and MyoD. Two alter-
native hypotheses for the disappear-
ance of pax7-positive myogenic precur-
sor cells (satellite cells) are proposed.
Elevated thyroid hormone causes a de-
crease in the number of these cells,
due to fusion into existing fibers or
apoptosis or to a loss of Pax7 expres-
sion. Left: a normal extraocular mus-
cle. (A) One fiber, with several satellite
cells, is depicted: Pax7-positive (blue)
and MyoD-positive (green). Right: two
possible explanations for the loss of
Pax7-positive cells. Either (B) all but a
very few disappear, or (C) the cells re-
main but they no longer express Pax7.
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tive for fast myosin.16,53 In the plantaris, a muscle normally
containing predominantly fast MyHC-positive myofibers, ele-
vated thyroid hormone results in a shift toward an increased
number of slow myofibers.54 In orbicularis oculi from hyper-
thyroid rabbits, which is also a muscle expressing predomi-
nantly fast-positive myofibers, similarly there is a significant
increase in the percentage of myofibers expressing the slow
MyHC.32 It is unclear what controls these patterns of fast and
slow MyHC transitions under hyperthyroid conditions. One
factor may be the number of thyroid hormone receptors on the
nuclei within each muscle type, as the EOMs express an in-
creased number of thyroid hormone receptors compared with
limb skeletal muscles27; however, it is unknown whether re-
ceptor expression varies between fiber types. Thus, the effects
of thyroid hormone on metabolism and MyHC phenotype ap-
pear to be extremely complex and fiber specific.53,54

The rabbit model used in the present study addresses
changes in the EOMs caused by increased systemic thyroid
hormone levels. Human TED is a complex autoimmune inflam-
matory response in the EOM, and it must be stressed that it is
not the same as simple hyperthyroidism. However, it is evident
from our study that hyperthyroidism itself leads to significant
changes in extraocular muscle metabolism, such that the mus-
cles are reduced in size, have altered populations of satellite
cells (the muscle regenerative cell), as well as altered expres-
sion of MHC isoforms in populations of myofibers in the EOMs.
As clinically relevant eye signs are seen in at least 50% of
patients with Graves’ disease,54 changes within the EOM with
increased thyroid hormone levels may suggest new testable
hypotheses. It may be that TED is a result of a set of predis-
posing factors in patients, but it only develops if some type of
precipitating factor is added as occurs with blepharospasm.55

Additionally, muscle catabolism may expose nuclear antigens
to the immune system, suggesting new directions for future
studies. It is hoped that a greater understanding of the changes
in the EOM as a result of increased thyroid hormone may
suggest alternative strategies for manipulating the muscles in
the acute phase of patients who develop this potentially blind-
ing disease.
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