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Effects of microgravity on myogenic factor expressions
during postnatal development of rat skeletal muscle
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Inobe, Manabu, Ikuko Inobe, Gregory R. Adams,
Kenneth M. Baldwin, and Shin’ichi Takeda. Effects of
microgravity on myogenic factor expressions during postna-
tal development of rat skeletal muscle. J Appl Physiol 92:
1936–1942, 2002. First published January 18, 2002; 10.1152/
japplphysiol.00742.2001.—To clarify the role of gravity in the
postnatal development of skeletal muscle, we exposed neona-
tal rats at 7 days of age to microgravity. After 16 days of
spaceflight, tibialis anterior, plantaris, medial gastrocne-
mius, and soleus muscles were removed from the hindlimb
musculature and examined for the expression of MyoD-fam-
ily transcription factors such as MyoD, myogenin, and MRF4.
For this purpose, we established a unique semiquantitative
method, based on RT-PCR, using specific primers tagged
with infrared fluorescence. The relative expression of MyoD
in the tibialis anterior and plantaris muscles and that of
myogenin in the plantaris and soleus muscles were signifi-
cantly reduced (P � 0.001) in the flight animals. In contrast,
MRF4 expression was not changed in any muscle. These
results suggest that MyoD and myogenin, but not MRF4, are
sensitive to gravity-related stimuli in some skeletal muscles
during postnatal development.

spaceflight; MyoD-family transcription factor; semiquantita-
tive reverse transcriptase-polymerase chain reaction; hind-
limb muscle

ADULT SKELETAL MUSCLES ARE COMPOSED of various types of
fibers, each of which displays unique biochemical and
contractile properties. These differences are partly due
to the pattern of myosin heavy chain (MHC) isoforms
that is expressed in each fiber type. At least four
isoforms of adult MHC, designated slow (type I), fast
IIa, fast IIx, and fast IIb, have been identified (9, 30).
At birth, rodent skeletal muscles do not express appre-
ciable levels of any of the adult forms of MHC. Thus
rodent skeletal muscles develop postnatally from em-
bryonic and neonatal to adult phenotypes (29). Postna-
tal development of rodent skeletal muscle is well de-
fined (4, 13, 27, 29, 33), and this process occurs within
1 mo after birth (4). In other words, this time frame
represents a critical window in which the skeletal

muscles undergo a rapid muscle mass growth and
MHC phenotype differentiation (4). It is apparent that
neural and humoral factors regulate MHC transition
from embryonic/neonatal to adult isoforms (29). Nor-
mal innervation appears to be needed for development
of the slow (type I) isoform, whereas formation of fast
(type II) isoforms, especially the IIb isoform, is depen-
dent on the level of serum thyroid hormone (29). Thus
both factors cooperate to differentiate each skeletal
muscle into its respective inherent phenotype.

It has been reported that short-term spaceflight causes
adult skeletal muscles to atrophy (10, 11, 14, 18, 25, 28),
and a transition of the fiber type from the slow (type I) to
the fast (type II) phenotype has been also observed (6, 11,
12, 14, 15, 25, 36). Therefore, weight bearing also affects
the properties of each skeletal muscle.

The effects of gravity on the composition of adult
skeletal muscle fiber have been well investigated by
using rats flown in space, but the role of gravity in the
postnatal development of skeletal muscle has not been
addressed sufficiently. Recently, Adams et al. (2)
showed that exposure of euthyroid neonatal rats to
microgravity resulted in repression of type I MHC gene
expression in the soleus (So) muscle, whereas type IIa
and type IIx MHC proteins increased markedly. In
contrast, slight modulation of the MHC profile was
detected in fast-twitch muscles such as the plantaris
(Pl). This involved an increase of type IIb MHC protein
and a concomitant decrease of type IIa and type IIx
MHC proteins (2). Thus exposure of neonatal rats to
microgravity induces dramatic changes in muscle
MHC phenotype in both fast- and slow-twitch muscles.
In addition, Adams et al. (2) also provided evidence
that the modification of MHC gene expression was
regulated at the level of transcription/pretranslation.
However, the regulatory mechanisms controlling MHC
gene expression during postnatal development by load-
bearing activity remain to be elucidated.

Four myogenic helix-loop-helix transcription factors
(MyoD, myogenin, Myf-5, and MRF4) are expressed
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specifically in skeletal muscle and are known to regu-
late its development/maturation process (8, 31, 35).
These transcription factors have been shown to bind to
specific DNA motifs, e.g., E-box sequences, resulting in
activation of muscle-specific genes. MyoD-family tran-
scription factors may be candidate regulators that me-
diate the effects of extrinsic factors during develop-
ment. In fact, MyoD-family molecules are expressed in
different patterns depending on the muscle phenotype
(17, 19, 32). MyoD and myogenin mRNAs accumulate
selectively in adult muscles according to their contrac-
tile properties. MyoD is prevalent in fast-twitch (type
II) muscle fibers, whereas myogenin is preferentially
expressed in slow-twitch (type I) muscle fibers (17,
19, 32).

In this study, we examined the relative expression of
three MyoD-family transcription factors (MyoD, myo-
genin, and MRF4) in neonatal rat hindlimb muscles
after 16 days of spaceflight to address the role of
gravity on muscle development. Tissue samples ana-
lyzed in this study were obtained from rats that had
been exposed to microgravity in the Neurolab Mission
(STS-90) and demonstrated that normal MHC transi-
tion in various skeletal muscles was prevented (2, 3).
Although it is difficult to quantify the relative expres-
sion of MyoD-family transcription factors due to their
low expression and the lack of sufficient amounts of
muscle tissues in neonatal animals, a RT-PCR meth-
odology was developed to address these issues because
RT-PCR is highly sensitive in detecting mRNA isolated
from small amounts of sample. However, as initially
used, RT-PCR lacked sufficient accuracy in quantita-
tion. Several modifications to overcome this defect have
been tested and reported (19, 34). In the present paper,
we report a unique new method, based on RT-PCR,
using a PCR primer labeled with infrared fluorescence,
thereby making it possible to quantify the relative
expression of three myogenic factors accurately and
conveniently. The relative expression of MyoD was
significantly reduced (P � 0.001) in the tibialis anterior
(TA) and Pl muscles of flight animals, and that of
myogenin was again significantly reduced (P � 0.001)
in the Pl and So muscles of the flight group. In con-
trast, MRF4 expression was not changed in any mus-
cle. Taken together, these results indicate that the
differentiation/maturation process of skeletal muscles
is likely influenced by gravity, possibly through expres-
sion of key myogenic factors.

MATERIALS AND METHODS

Experimental groups and tissue processing. Seven-day-old
Sprague-Dawley rats were used in a National Aeronautics
and Space Administration (NASA) project designated Neuro-
lab. These animals were randomly divided into three groups:
1) a flight (n � 6) group, 2) a vivarium (n � 8) group, and 3)
an asynchronous ground control (AGC; n � 8) group. Flight
group animals flew aboard the shuttle housed in a rodent
animal holding facility cage along with their nursing mother.
These cages were located in the cargo bay of the Shuttle
Transport System-90. Vivarium and AGC groups, which
were maintained in a rodent animal holding facility cage

prototype and in a conventional cage on the ground, respec-
tively, were used as control groups. The space shuttle was
launched from the Kennedy Space Center on April 17, 1998,
and landed on May 3, 1998. The TA, Pl, So, and medial
gastrocnemius (MG) muscles were removed from the hind-
limb musculature of the flight animals as described in detail
previously (3). Flight animals used in this study were the
same animals employed by Adams and colleagues (2, 3). The
mid portion of each muscle was transected, removed, and
placed on a cork by using tragacanth gum (Wako Pure Chem-
icals, Osaka, Japan). The tissues were then rapidly frozen by
using isopentane cooled by liquid nitrogen. These tissue
samples were subjected to mRNA analysis. Muscles from the
control groups were isolated and analyzed in an identical
manner. All experimental procedures were approved by the
NASA Institutional Animal Care and Use Committee.

Analysis of expression of three myogenic factors by semi-
quantitative RT-PCR. Total RNA was isolated by using RNA-
sol B (TEL-TEST, Friendswood, TX) from 15-�m muscle
sections. For this purpose, 10 sections of each TA and MG
muscle and 15 sections of each Pl and So muscle were used.
cDNA was then prepared from total RNA samples by using
random hexamer primers included in a first-strand cDNA
synthesis kit (Pharmacia, Uppsala, Sweden). These cDNAs
were used as templates of the PCR reactions described below.

To amplify DNA fragments derived from MyoD, myogenin,
MRF4, and G3PDH, we prepared specific primer pairs, which
were located in the coding region and included at least one
intron between each pair. The sequences of these primers are
presented in Table 1. The reverse primer was labeled with
IRD-41 at the 5� end to detect infrared fluorescence emitted
from the PCR product. PCR reaction was performed by using
LA-Taq DNA polymerase (Takara, Kyoto, Japan) in a volume
of 20 �l, which included 1 �l of cDNA solution. Amplification
was carried out by repeating the following cycles: 94°C for 1
min, 66°C for 1 min, and 72°C for 1 min. For suitable
detection of the PCR product, the cycle number was opti-
mized according to the amount of cDNA; however, usually 27
cycles were performed for MyoD, 24 cycles for myogenin and
MRF4, and 15 cycles for glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH). Aliquots were loaded on 7% denatured
polyacrylamide gel containing 7 M urea and analyzed by a
DNA sequencer 4200 (LI-COR Biosciences, Lincoln, NE).

To correct for amplification efficiency, which may differ
among the reactions, an external control DNA fragment was
used as a competitor. An identical amount of competitor was
added to both the test samples and standard reaction mix-
tures to avoid variation among samples. The amount of
competitor DNA was optimized around 5 � 10�22 mol for
MyoD, 5 � 10�21 mol for myogenin, 1 � 10�19 mol for MRF4,
and 1 � 10�17 mol for G3PDH per tube. To obtain actual
expression, the density of the band corresponding to the
target cDNA was divided by that corresponding to the com-
petitor. Both densities were calculated by using National
Institutes of Health Image software (version 1.61) from the
digital data collected by the DNA sequencer 4200. To esti-
mate the number of cDNA molecules, standard DNAs, seri-
ally diluted, were assayed as well as cDNA samples to pro-
duce a standard curve for every experiment. In this assay,
identical efficiency of the reverse transcription reaction for
each of the mRNAs examined was assumed.

Construction of the standard and the competitor DNA. To
prepare the standard DNA, PCR products amplified under
the conditions described above were used, except that a
nonlabeled reverse primer was used. These standards were
cloned into a pCRII vector (Invitrogen, Carlsbad, CA). After
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verification of the insert by sequencing, PCR products were
reamplified from these plasmids by using the same primers
and then loaded on 2% agarose gels in the presence of 0.5
�g/ml EtBr. PCR products were purified from gels by using a
QIAquick gel extraction kit (QIAGEN, Chatsworth, CA), and
DNA concentration was determined on the basis of the ab-
sorbance at 260 nm. Competitor DNA fragments were con-
structed by oligonucleotide overlap extension and amplifica-
tion by PCR (16). The final product had a 26-bp DNA
insertion derived from the multicloning site of pBluescript II
(GCTTATCGATACCGTCGACCTCGAGG). Competitor DNA
fragments were prepared for each specific standard DNA
product prepared above.

Restriction enzyme analysis. To confirm exclusive amplifi-
cation of products derived from MyoD, myogenin, MRF4, and
G3PDH mRNA under the RT-PCR conditions used in this
study, PCR products were subjected to a series of restriction
digestions by using several restriction endonucleases (see
Table 1). Product identity was confirmed by obtaining the
correct size of restriction fragments on the basis of published
mRNA sequence for each of the studied mRNAs (see Table 1
for expected fragment sizes).

Statistical analysis. All statistical tests were made by
using an independent t-test. Statistical tests were considered
significant at P � 0.001 or P � 0.005.

RESULTS

Establishment of unique semiquantitative RT-PCR
for MyoD, myogenin, MRF4, and G3PDH. To analyze
the expression of the MyoD family of transcription fac-
tors, which are expressed at a very low level in skeletal
muscle samples available only in small amounts because
the muscles do not grow appreciably during spaceflight
(3), we needed to establish a highly sensitive and semi-
quantitative method based on RT-PCR. Therefore, we
applied an infrared fluorescence-tagged primer to de-
velop a unique RT-PCR method as described in MATERIALS

AND METHODS.
First, we confirmed exclusive amplification of products

derived from MyoD, myogenin, MRF4, and G3PDH
mRNA by restriction enzyme analysis (Fig. 1A). Treat-
ment of RT-PCR products with two kinds of restriction

enzymes resulted in their complete digestion, and the
lengths of the fragments were consistent with our expec-
tations. These results indicated that one can detect
MyoD, myogenin, MRF4, and G3PDH mRNA separately
in a muscle-specific manner (Table 2).

Due to variations in the PCR reaction, it was neces-
sary to monitor the efficiency of amplification by means
of an external standard. We prepared competitor
DNAs, which were 26 bp longer than each PCR prod-
uct, and included them in each of the reaction mixtures
as the external control fragment. Figure 1B presents a
representative result obtained from analysis of the
serially diluted standard DNAs. We routinely obtained
two major bands, as shown. When the density of the
standard DNA band was divided by that of the corre-
sponding competitor, a good linear relationship be-
tween amount of standard DNA and band density was
obtained (Fig. 1C). Standard curves were generated for
each specific cDNA and were used to estimate the
number of MyoD, myogenin, MRF4, and G3PDH cDNA
molecules in unknown samples.

Comparison of the expression of MyoD-family tran-
scription factors in neonatal rat skeletal muscles. We
investigated the expression of MyoD, myogenin, MRF4
and G3PDH in the control muscles. The mRNAs iso-
lated from the TA, Pl, MG, and So muscles of the AGC
rats were subjected to RT-PCR. The expression of
MyoD, myogenin, and MRF4 genes was represented
relatively as the number of cDNA molecules in a solu-
tion containing 1 � 105 G3PDH cDNAs under the
presumption that no fluctuation of G3PDH expression
was induced (22, 24) (Table 2). MRF4 expression was
higher than that of myogenin, and myogenin expres-
sion was higher than MyoD expression in each of the
different muscles. The significantly higher ratio of
myogenin to MyoD expression in So muscle relative to
the fast muscles examined (Table 2) indicated that this
value was characteristic of So muscle’s slow phenotype
(17, 19, 32).

Table 1. Oligonucleotide primers used for RT-PCR and fragments obtained by digestion of the products

Primer Set Position Length, nt
Diagnostic Restriction

Enzyme
Restriction

Fragment, nt

MyoD

5�-CAACTGCTCTGATGGCATGATGG 819–841 267 Eagl 147
3�-CTGTAGGAGTTCGCTACGTCTTGT-IRD41 1062–1085 BstXI 117

Myogenin

5�-GCAGTGCCATCCAGTACATTGAGC 402–425 285 Pvull 84
3�-CACCTCCTATACAGACAGTGGAAGG-IRD41 661–685 Pstl 148

MRF4

5�-TCAACTACATTGAGCGTCTGCAGG 457–480 273 BstXI 101
3�-GGTAGCACCTGTCATAAAGGAGTC-IRD41 706–729 Pstl 139

G3PDH

5�-TCTTCACCACCATGGAGAAGGCTG 367–390 262 Mscl 82
3�-GTAGTGACGGTGAGTCTTCTGACA-IRD41 605–628 EcoT22I 117

Primer sets are used as an infrared fluorescence tag; IRD41 was coupled with the reverse, but not the forward, primer at 5� termini.
Positions are indicated by numbers corresponding to the site of mRNA sequence. mRNA sequences are available in the GenBank. Accession
numbers are as follows: MyoD, M84176; myogenin, M24393; MRF4, M27151; glyceraldehyde-3-phosphate dehydrogenase (G3PDH), X02231.
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Effect of microgravity on the expression of MyoD-
family transcription factors in neonatal rat skeletal
muscles. MyoD, myogenin, and MRF4 expression in the
TA, Pl, MG, and So muscles derived from flight, viva-
rium, and AGC rats was investigated (Fig. 2). MyoD
expression was reduced significantly in the TA and Pl
muscles in the flight group relative to the vivarium
group. Relative expression of myogenin decreased sig-
nificantly in the Pl and So muscles in the flight group
compared with the vivarium group. In contrast, MRF4
expression was not changed in any muscle. These re-
sults indicated that exposure to microgravity resulted

in downregulation of MyoD and myogenin gene expres-
sion in some neonatal skeletal muscles.

DISCUSSION

Previously, it was difficult to assess the exact expres-
sion of MyoD family transcription factors due to their
low expression in skeletal muscle. Kraus and Pette (19)
combined RT-PCR and ELISA methods to measure the
mRNA of MyoD family transcription factors. This
method was highly sensitive, but the procedure was
very complicated (19). In this study, we established an

Fig. 1. Establishment of semiquantitative RT-PCR for MyoD, myogenin, MRF4, and glyceraldehyde-3-phosphate
dehydrogenase (G3PDH). A: RT-PCR products were digested with the restriction enzymes indicated at top.
Molecular size markers are indicated at right. Treatment of RT-PCR products with restriction enzymes generated
shorter fragments of expected size on the basis of mRNA sequence information. B: various amounts of standard
DNA, indicated at top, and competitor DNA were mixed in the tube and then coamplified by PCR. The amounts of
competitor DNA were 5 � 10�22 mol for MyoD, 5 � 10�21 mol for myogenin, 1 � 10�19 mol for MRF4, and 1 � 10�17

mol for G3PDH. DNA molecular size markers are indicated at right. C: fluorescence intensities of the bands were
determined by National Institutes of Health Image analysis software. Density of the standard DNA band was
divided by its corresponding competitor DNA and plotted against the varied amounts of standard DNA. Data
presented were derived from the experiment shown in Fig. 1B. Representative results were evaluated by linear
regression analysis.
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assay system based on RT-PCR that can quantify a low
level of relative gene expression accurately and simply
in samples weighing �1 mg. To establish this assay, we
modified the RT-PCR method by using an oligonucleo-
tide primer tagged with infrared fluorescence, making
it possible to evaluate expression of several different
genes by using a minimal amount of tissue sample. In
fact, we could quantify the cDNA content of three
myogenic transcription factors, MyoD, myogenin, and
MRF4, in addition to a housekeeping gene, G3PDH, in
the same sample. The three myogenic factors were
expressed in order of MRF4 � myogenin � MyoD in all
muscles analyzed from the hindlimbs of normal 23-
day-old rats (Table 2). Moreover, the ratio of myogenin
to MyoD expression was higher in the So muscle, which
is dominated by the expression of slow-twitch fibers,
compared with that seen in TA, MG, and Pl muscles.
The latter muscles are biased toward expressing
mainly fast-twitch fibers. These results are consistent
with previous studies on adult rodents (17, 19, 32). In
addition, it is obvious from restriction enzyme diges-
tion that each fragment is amplified specifically during
the PCR reaction, suggesting that our method is suit-

able for these analyses. In this study, expression of the
housekeeping gene G3PDH was utilized as an internal
standard due to accumulated confidence in its reliabil-
ity (22, 24). However, we have to keep in mind reports
(20, 21) that associate the dynamic regulation of
G3PDH gene expression with age, myofiber phenotype,
and lack of muscle loading. To increase reliability,
several standard genes need to be incorporated into a
method. In this regard, stable expression of the MRF4
gene observed after treatment in this study is consis-
tent with previous reports (20, 24) regarding the sta-
bility of its expression in different conditions, indicat-
ing the RT-PCR method developed here was applied
appropriately in this study.

Adams et al. (2) showed that exposure of euthyroid
neonates to microgravity resulted in dramatic changes
in muscle MHC phenotype in both fast- and slow-
twitch muscles. In slow-twitch So muscle, a repression
of type I MHC gene expression and an increase of type
IIa and type IIx proteins were markedly induced. In
contrast, a slight modulation, including an increase of
type IIb MHC protein and a decrease of type IIa and
type IIx MHC proteins, was detected in fast-twitch Pl

Table 2. Expression of MyoD family transcription factors in various muscles of AGC rat

Muscle n

cDNA molecules/105 G3PDH cDNAs

Myogenin/MyoDMyoD Myogenin MRF4

Tibialis anterior 8 7.96�0.45 57.2�2.68 949�38.9 7.34�0.52
Medial gastrocnemius 8 12.9�0.72 80.1�6.50 1060�73.5 6.20�0.32
Plantaris 6 13.5�1.36 102�11.6 1150�240 8.10�1.31
Soleus 7 8.29�1.14 258�14.7 1900�98.8 34.1�3.93*

Values of cDNA molecules of myogenic factors per 105 G3PDH cDNAs are means � SE. Myogenin-to-MyoD ratios are also indicated. *P �
0.005 vs. tibialis anterior, medial gastrocnemius, and plantaris muscles.

Fig. 2. Effect of microgravity on the expression of
MyoD-family transcription factors in neonatal rat skel-
etal muscles. RNA isolated from flight (open bars),
vivarium (hatched bars), and asynchronous ground
control (shaded bars) rat skeletal muscles were ana-
lyzed by semiquantitative RT-PCR, described in MATE-
RIALS AND METHODS. Expression of MyoD (A), myogenin
(B), and MRF4 (C) is represented relative to the num-
ber of cDNA molecules of myogenic factors per 105

G3PDH cDNAs. Values are means � SE. TA, tibialis
anterior; MG, medial gastrocnemius; Pl, plantaris; So,
soleus. *P � 0.001.
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muscle. Thus, in the absence of normal weight-bearing
activity, muscle phenotype becomes clearly biased to-
ward a faster MHC profile. In view of the findings
presented above, it was of interest to examine whether
key myogenic factors in the developmental cascade are
affected by this unique environment. In this study,
neonatal rats exposed to spaceflight were analyzed for
gene expression of the MyoD family transcription fac-
tors at 23 days of age after 16 days of spaceflight.
Relative expression of MyoD in TA and Pl muscles and
that of myogenin in Pl and So muscles of the flight
animals were significantly reduced (P � 0.001) relative
to AGC values (Fig. 2), whereas MRF4 expression was
not changed. Taken together, these results indicate
that the differentiation/maturation process of skeletal
muscles is likely influenced by gravity, possibly
through expression of key myogenic factors. The ex-
pression of myogenic factors in response to muscle
unloading has been studied after hindlimb suspension
in rats, which can mimic the conditions of spaceflight
(7, 23). Mozdziak et al. (23) indicated that the expres-
sion of MyoD but not of myogenin increased in So
muscle at mRNA levels after hindlimb suspension. In
contrast, Alway et al. (7) showed that MyoD and myo-
genin mRNA levels were not altered in So muscle by
hindlimb suspension, whereas these mRNAs dramati-
cally increased in Pl muscle. This discrepancy in the
modulation of myogenic factor expressions seems to be
partly due to the age of the rats examined. It is re-
ported that MyoD and myogenin expressions are
closely correlated with age (7, 24). The high expres-
sions of both mRNAs observed just after birth rapidly
decreased and reached a minimum at 	4 mo after
birth; then both increased and recovered in senescent
rats �2 yr old (7, 24). Mozdziak et al. (23) and Alway et
al. (7) examined the effect of muscle unloading in
young adult rats aged 6 and 4 mo, respectively. Fur-
thermore, the MHC phenotype differentiation occurred
rapidly and was almost completed within 1 mo after
birth (4). Taken together, the time frame examined in
this study represents a critical period for analyses
concerning the expression of three myogenic factors,
MyoD, myogenin, and MRF4, that have been impli-
cated in muscle development/differentiation processes
(8, 31, 35). In the context of the above findings, Hughes
et al. (17) suggested that MyoD and myogenin mediate
both neural and humoral control of the postnatal de-
velopment of skeletal muscle.

MRF4 expression was not influenced by short-term
spaceflight. MRF4 is a myogenic factor expressed
mainly after birth and is likely to have a role in the
maintenance of skeletal muscles rather than develop-
ment/differentiation processes, which may be con-
trolled by MyoD, myogenin, and Myf-5 expression (26).
MRF4, unlike MyoD and myogenin, sustains its steady
expression independent of age. Furthermore, MRF4
expression is resistant to a lack of loading stimulation
in adult skeletal muscles (7, 24). Tight regulation of
MRF4 expression independent of the loading stimulus
may again indicate a distinct role of MRF4 from MyoD
and myogenin in the development of skeletal muscles.

In the context of the observations presented here,
Adams and colleagues (1, 3) reported that blood and
tissue levels of insulin-like growth factor (IGF)-I are
tightly linked with muscle-loading activity. Somatic
and muscle-specific IGF-I expression is impaired in
developing euthyroid and hypothyroid neonates ex-
posed to spaceflight (3). In addition, it recently has
been reported that IGF-I induces the expression of
MyoD-family transcription factors (5). Thus reduction
of MyoD and myogenin expression in neonatal rats
exposed to microgravity may be due to the reduction in
IGF-I. Interestingly, thyroid hormone deficiency, in
and of itself during neonatal development, results in
lower levels of blood and skeletal muscle IGF-I expres-
sion (3, 4). This response essentially mimics that seen
in euthyroid neonatal animals exposed to microgravity.
However, the change in MHC profile in hypothyroid
animals is totally different compared with that seen in
euthyroid animals exposed to microgravity (2, 3). In
the case of thyroid hormone deficiency in adult ani-
mals, MyoD gene expression, but not the myogenin
gene, was suppressed (19). Thus different mechanisms
may be involved in the regulation of postnatal devel-
opment of rodent skeletal muscle compared with fac-
tors that alter gene expression and muscle homeostasis
in the adult state.

In conclusion, given the fact that spaceflight induces
slow to fast transitions in the MHC phenotype in both
slow- and fast-twitch muscles of developing rodents (2)
and given the fact that both MyoD and myogenin gene
expression are repressed in both fast and slow muscles,
such as the TA, Pl, and So muscles, under these same
conditions, it seems reasonable to conclude that al-
though these myogenic transcription factors are likely
important during the growth and differentiation pro-
cess of developing neonatal skeletal muscle, these fac-
tors are probably not the primary regulators control-
ling the MHC phenotype transitions seen in those
neonatal muscles exposed to spaceflight. However, it is
curious that in the So muscle of flight-exposed neo-
nates, myogenin in particular was markedly reduced to
levels in the range seen in the fast muscles of both
flight- and ground-based neonates (Fig. 2). Because we
have observed that both the proximal and distal re-
gions of the type I MHC promoter contain numerous
E-box elements, which are thought to interact with
myogenic factors such as myogenin, marked repression
of this factor in the neonatal So could act in consort
with other regulatory transcription factors in modulat-
ing the downregulation of this gene in the So muscle of
microgravity-exposed neonates. Clearly, more research
is needed in further addressing the role of myogenic
factors on muscle growth and differentiation processes.
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