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In regenerating muscle cells, muscle regulatory factor
(MRF) 4 is normally the last of the four MRFs to be
expressed. To analyze how the timing of MRF4 ex-
pression affects muscle regeneration, we compared
regeneration after local freeze injury of muscles from
wild-type mice with muscles from transgenic mice in
which MRF4 expression was under control of an
�1.6-kb fragment of the myogenin promoter. Three
days after injury, masseter and tibialis anterior (TA)
muscles in wild-type mice expressed little or no MRF4
mRNA; whereas these muscles in transgenic mice ex-
pressed abundant MRF4 mRNA from both the trans-
gene and the endogenous gene. Thus, MRF4 up-regu-
lation was accelerated in transgenic compared to
wild-type regenerating muscles, and expression of
the transgene appeared to activate, perhaps indi-
rectly, expression of the endogenous MRF4 gene. At
11 days after injury, regeneration, as measured by
cross-sectional area and density of regenerated fibers,
was significantly impaired in transgenic TA compared
to wild-type TA, whereas at 19 days after injury both
transgenic and TA muscle fibers had fully recovered
to preinjury values. Regeneration of masseter mus-
cles, which normally regenerate much less com-
pletely than TA muscles, was unaffected by the trans-
gene. Thus, the timing of MRF4 up-regulation, as well
as additional muscle-specific factors, can determine
the progress of muscle regeneration. (Am J Pathol
2003, 162:1685–1691)

Regeneration of skeletal muscles after injury and forma-
tion of skeletal muscles during development are both
regulated by a family of muscle-specific, basic helix-
loop-helix transcription factors, including muscle regula-
tory factor (MRF) 4, myogenin, MyoD, and Myf-5.1–3 After
muscle injury, Myf-5 and MyoD are typically the first of the
MRFs to be expressed in the regenerating muscle cells,
followed by myogenin, and finally MRF4.4,5 Each of these

MRFs also has a unique spatial and temporal pattern of
expression during development.1–3,6 These expression
patterns raise the possibility that normal muscle regener-
ation requires a precise sequence of expression of the
four MRFs. In this study we examine this possibility by
determining how muscle regeneration is affected when
the timing of MRF4 expression is altered.

Muscle regeneration after injury is performed by a
population of mononucleate cells, termed satellite cells.
Satellite cells reside in uninjured muscle as quiescent
cells, but are activated in injured muscle to first divide
and then differentiate to repair the injury.7,8 Quiescent
satellite cells respond within a day to injury by beginning
to express MyoD and/or Myf-5,9 although the complete
process of regeneration to reform normal tissue architec-
ture typically requires 3 to 4 weeks.10 After injury, differ-
ent muscles regenerate to different extents and muscles
with the capacity for complete regeneration contain more
activated satellite cells than muscles that do not regen-
erate completely.10,11 For example, the tibialis anterior
(TA) of the mouse can regenerate completely in less than
3 weeks and the injured TA contains two to three times
more activated satellite cells than the masseter muscle
that shows incomplete regeneration after 3 to 4 weeks.10

Previous work has used knockout mice to examine the
role of individual MRFs and other muscle transcription
factors in muscle regeneration. Because regeneration is
severely impaired in MyoD (�/�) mice,12 it is clear that
MyoD is a key regulator of regeneration. Because MRF4
expression is greatly reduced in regenerating
MyoD(�/�) compared to wild-type muscles, it seems
that one role of MyoD in activated satellite cells is to
directly or indirectly activate the high level of MRF4 ex-
pression found in the later stages of regeneration. Similar
experiments have not been reported for MRF4 (�/�)
mice and cannot be performed for myogenin (�/�) or
Myf-5 (�/�) mice, because these die at birth.2,3 The
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myocyte nuclear factor is also required for successful
muscle regeneration after injury.13

In this work we use transgenic mice to examine how an
alteration in the timing of MRF expression affects muscle
regeneration after injury. In particular, we examined re-
generation in mice carrying a transgene in which expres-
sion of MRF4 is under control of a myogenin promoter
fragment.14,15 We show that MRF4 is expressed sooner
after injury in transgenic muscles than in wild-type mus-
cles. In addition, premature expression of MRF4 from the
transgene was accompanied by a similarly premature
expression of the endogenous MRF4 gene, suggesting
that MRF4 acts in a positive feedback loop to regulate its
own expression in regenerating muscle. Furthermore, in
transgenic TA, but not masseter, there was a significant,
although transient, attenuation of regeneration at interme-
diate stages of recovery. Thus, muscles with different
intrinsic capacities for regeneration showed different re-
sponses to an altered timing of MRF4 expression.

Experimental Procedures

Transgenic Mice, Genotyping, mRNA Analyses

Transgenic mice carrying a myogenin promoter frag-
ment-MRF4 cDNA fusion gene, termed myo1565-MRF4
(locus 43), were generated previously.14 The myo1565-
MRF4 fusion gene includes the rat MRF4 cDNA16 under
control of nucleotides �1565 to �18, relative to the tran-
scription start site, of the mouse myogenin promoter re-
gion.17 A polymerase chain reaction assay of tail
genomic DNA was used to identify mice that carried the
myo1565-MRF4 transgene.14 To distinguish the shorter
mRNA produced by the endogenous MRF4 gene from
the longer mRNA produced by the transgene, 10-�g
samples of total RNA isolated from skinned and deboned
hindlimb muscles were separated by electrophoresis,
transferred to nylon, and hybridized with a 32P-labeled
MRF4 probe.14,15 Probes for myogenin, MyoD, and Myf-5
mRNAs were also used as previously described.14,15,18

Consistent results were found when RNAs were obtained
from multiple muscles (for replicates, from two to four
muscles were analyzed; representative blots are shown).

Induced Regeneration of Skeletal Muscle

Mice (2 to 5 months old) were anesthetized by an intra-
peritoneal injection of 87 mg/kg ketamine and 13 mg/kg
xylazine, and an incision �3 mm was made overlying the
TA and masseter muscles. Muscles were subject to a
standardized local freeze injury as previously de-
scribed.10 The incisions were sutured shut. At different
times after injury, animals were euthanized using CO2

inhalation and the muscles were removed using stan-
dardized dissection methods. Time points were chosen
based on the previously determined time course of re-
generation in wild-type TA and masseter muscles.10

Histological Analyses

The isolated muscles were embedded in OCT mounting
medium and frozen in isopentane cooled in liquid nitro-
gen. For histological analyses, 10 to 12 14-�m cross
sections were collected along the entire length of the
muscles at 400- to 500-�m intervals and stained with
hematoxylin and eosin (H&E). All analyses and photog-
raphy were performed on a Zeiss Axioplan microscope
equipped with a video camera and Scion Image software
(Scion Corp., Frederick, MD).

In experiments analyzing regenerating muscles, stan-
dardized methods were used as previously de-
scribed.19–22 Briefly, sections containing the largest area
of damage were selected for measurements. The core of
the damaged area, as defined by the region that was
least regenerated, was visualized using a �10 objective,
and the image was captured to a computer screen. The
cross-sectional area (CSA) and total number of individual
central nucleate, regenerating myofibers within these
0.15- to 0.3-mm2 fields were determined at specified
times after injury. This method of analysis is reproducible
as multiple trained observers (n � 4) choose the same
sections for analysis. For example, in one examination of
79 samples, results were identical for 76 (96.2%). Be-
cause multiple samples were used to determine aver-
ages at each time point and for each genotype, such
small differences among observers did not affect the
results. No difference was observed either in the size of
the injured area or in the percentage of the injured area
that was analyzed between wild-type and transgenic
mice. Myofibers with CSA smaller than 100 �m2 were not
included in the analysis so as not to mistake regenerating
myofibers with mononucleated cells in the damaged
area.

For analyses of myofiber CSA in undamaged muscles,
anatomical markers were used to find the same region in
different samples and these sections were subsequently
used for analysis. The CSA of individual myofibers was
determined by capturing an image in the center of each
section and analyzing 100 to 250 myofibers within this
0.3-mm2 field. Both the unpaired Student’s t-test and the
nonparametric Mann-Whitney test were used to evaluate
the significance of differences in the mean myofiber CSA
or mean number of fibers per unit area between control
and transgenic mice.

Results

This study was designed to determine how muscle re-
generation is affected by premature expression of MRF4
in injured muscles. To this end, we compared regenera-
tion in muscles from myo1565-MRF4 transgenic mice
with that in their nontransgenic littermates. We expected
that MRF4 would be expressed sooner after injury in
transgenic muscles than in nontransgenic muscles. One
group of our analyses, therefore, was used to confirm that
the transgenic mice showed the predicted patterns of
MRF4 expression.
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First, however, we showed that the myo1565-MRF4
transgene did not alter the outcome of normal muscle
development. TA and masseter muscles were prepared
from transgenic and nontransgenic littermates at 2 to 5
months of age, sectioned, and H&E stained. Muscles in
the transgenic and nontransgenic mice were of similar
weight, had similar numbers of myofibers, and had sim-
ilar fiber type percentages (J. B. Miller, unpublished).14,15

In addition, both the mean CSAs of myofibers and the
mean number of myofibers per unit area (myofiber den-
sity) were the same in transgenic and nontransgenic
muscles (Table 1). These results were consistent with
previous analyses showing that adult myo1565-MRF4
mice have normal fiber type composition and muscle
morphology.14,15 Thus, by these measures, the uninjured
TA and masseter muscles in myo1565-MRF4 transgenic
mice were histologically identical to the same muscles in
their nontransgenic littermates.

We next used Northern blotting to determine how mus-
cle injury and expression of the transgene affected ex-
pression of endogenous MRF mRNAs. At 3 or 11 days
after surgery, we dissected both the injured and the
contralateral uninjured TA and masseter muscles from
each of the transgenic and nontransgenic littermates.
Northern blot analysis was then used to examine expres-
sion of the transgene MRF4 mRNA, as well as the endog-
enous MRF4, myogenin, and MyoD mRNAs in individual
muscles.

As expected,16 uninjured muscles in both transgenic
and wild-type mice had abundant MRF4 mRNA pro-
duced from the endogenous gene (Figure 1). (The en-
dogenous MRF4 mRNA is smaller and thus distinguish-
able on Northern blots from the transgene MRF4
mRNA15.) Thus, expression of the myo1565-MRF4 trans-
gene did not alter expression of the endogenous MRF4
mRNA in uninjured muscles. Unexpectedly, the trans-

gene MRF4 mRNA was also expressed in uninjured
transgenic muscles (Figure 1, see Discussion).

At 3 days after injury, regenerating wild-type and trans-
genic muscles showed a clear difference in expression of
the endogenous MRF4 mRNA. The endogenous MRF4
mRNA was nearly undetectable at 3 days after injury in
regenerating wild-type muscles, but it was abundant in
regenerating transgenic muscles at the same time (Fig-
ure 1). The dramatic decrease in endogenous MRF4

Table 1. Effect of Genotype on Regeneration in Tibialis Anterior and Masseter Muscles

Muscle
Days after

injury Genotype

Myofiber cross-sectional
area (�m2), mean � SE

(no. mice)*
Number myofibers,

mean � SE (no. mice)*

Tibialis Uninjured myo1565-MRF4 2227 � 50 (4) 112.0 � 3.0 (4)
anterior wild-type 2203 � 125 (3) 118.3 � 6.4 (3)

6 myo1565-MRF4 672 � 35 (4) 186.8 � 19.7 (4)
wild-type 784 � 166 (3) 150.0 � 20.7 (3)

11 myo1565-MRF4 639 � 70 (6)‡ 280.3 � 27.3 (6)†

wild-type 1050 � 60 (8)‡ 201.9 � 9.5 (8)†

19 myo1565-MRF4 2420 � 144 (4) 105.3 � 7.5 (4)
wild-type 2477 � 250 (4) 106.3 � 2.7 (4)

Masseter Uninjured myo1565-MRF4 1401 � 39 (4) 149.5 � 8.8 (4)
wild-type 1571 � 73 (4) 155.3 � 9.3 (4)

11 myo1565-MRF4 548 � 84 (4) 314.3 � 19.1 (4)
wild-type 567 � 74 (3) 306.0 � 8.7 (3)

19 myo1565-MRF4 924 � 34 (3) 247.0 � 25.0 (3)
wild-type 1009 � 31 (5) 243.2 � 16.1 (5)

26 myo1565-MRF4 997 � 106 (4) 269.3 � 31.8 (4)
wild-type 1046 � 85 (5) 238.0 � 29.8 (5)

*In uninjured muscles, the cross-sectional area and number of normal, peripherally nucleate myofibers/0.3 mm2 were determined. In injured
muscles, the cross-sectional area and number of central nucleate, regenerating myofibers were determined.

†Transgenic and wild-type myofiber densities are significantly different (P � 0.01 by Student’s unpaired, two-tailed t-test; and P � 0.029 by Mann-
Whitney nonparametric test).

‡Transgenic and wild-type myofiber areas are significantly different (P � 0.001 by Student’s unpaired, two-tailed t-test; and P � 0.0027 by Mann-
Whitney nonparametric test).

Figure 1. Effect of myo1565-MRF4 expression on MRF expression at 3 days
after injury. RNAs were prepared from the TA and masseter muscles of
injured (3 days after injury) and uninjured wild-type and transgenic mice as
indicated. Ethidium bromide-stained ribosomal RNAs (EtBr) show equal
amounts of RNA in each lane. Northern blots analyzed the myo1565-MRF4
mRNA (transgene), the endogenous MRF4 mRNA (which, as indicated, is
shorter than the transgene mRNA), the endogenous myogenin mRNA, and
the endogenous MyoD mRNA. Injured transgenic, but not wild-type, muscles
had abundant MRF4 mRNA (both endogenous and transgenic), indicating
that up-regulation of MRF4 was accelerated in transgenic muscle cells after
injury. In contrast, myogenin and MyoD mRNA levels were unaffected by the
transgene.
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mRNA levels on injury of wild-type muscles reflects the
loss of the mature myofibers in which MRF4 is highly
expressed. The transgene MRF4 mRNA was also ex-
pressed at 3 days after injury in the transgenic muscles.
The level of MRF4 mRNAs in the transgenic muscles was
similar to that in uninjured muscles, suggesting that the
transgene produced a physiologically significant level of
MRF4, as expected from previous analyses of this trans-
gene during development in utero.14,15 In contrast to the
difference at 3 days after injury, the transgenic and wild-
type muscles at 11 days after injury no longer differed in
expression of the endogenous MRF4 mRNA (Figure 2).
The transgene MRF4 mRNA was expressed at 11 days
after injury, as it was in both uninjured muscle and at 3
days after injury. These results showed that expression of
MRF4 (from both the endogenous gene and transgene)
was higher at 3 days after injury in transgenic compared
to wild-type muscles.

In contrast to the effect on endogenous MRF4 mRNA
levels at 3 days after injury, expression of the transgene
had no effect on the levels of the endogenous MyoD or
myogenin mRNAs (Figure 1). In particular, uninjured wild-
type and transgenic muscles both had a nearly undetect-
able level of myogenin mRNA, whereas injured wild-type
and transgenic muscles both had abundant myogenin
mRNA by 3 days after injury. At 11 days after injury, the
myogenin mRNA remained readily detectable in both
transgenic and nontransgenic muscles (Figure 2). For all
conditions, the TA and masseter muscles showed similar
patterns of expression. At both 3 days and 11 days after
injury, MyoD mRNA levels also appeared unaffected by
the transgene, as levels were similar in transgenic and
nontransgenic muscles (Figure 1 and not shown).

By histology, regeneration in transgenic TA appeared
to be attenuated compared to wild-type TA at 11 days
after injury. When sections from regenerating TA muscles
were examined by H&E staining at 11 days after injury,
the transgenic TA muscles appeared to contain many
more small-diameter fibers than the nontransgenic mus-
cles (Figure 3, A and B). By 19 days after injury, however,
the transgenic and wild-type TA muscles showed similar
extents of regeneration (Figure 3, C and D). In contrast to

the TA results, the transgenic and nontransgenic masse-
ter muscles appeared very similar to each other at 11
days, as well as at 19 and 26 days, after injury (not
shown). Quantitative analyses of myofiber CSAs at mul-
tiple times after injury confirmed that, at the intermediate
stage of recovery, the regenerated myofibers were
smaller in transgenic than in nontransgenic TA muscles.
In particular, the average myofiber CSA in the transgenic
TA at 11 days after injury was only approximately two-
thirds of that in the wild-type TA, which was a significant
difference (P � 0.001 by Student’s unpaired two-tailed
t-test and P � 0.0027 by Mann-Whitney nonparametric
test) (Figure 4, Table 1). The transgenic TA myofibers
were also smaller than wild-type in CSA at day 6 after
injury, but this difference did not reach significance. By
day 19 after injury the myofibers in transgenic and non-
transgenic TA muscles no longer differed in CSA and
both had recovered to their values before injury (Figure 4,
Table 1).

In addition to the difference in CSAs, transgenic and
nontransgenic TA muscles also differed in the density of
central nucleate myofibers at 11 days after injury. The
mean density of central nucleate fibers in the transgenic
TA at 11 days after injury was �1.4 times greater than in
the wild-type TA, which was a significant difference (P �
0.01 by Student’s t-test and P � 0.029 by Mann-Whitney
test) (Figure 4, Table 1). In contrast to this fiber density
difference, we found that wild-type and transgenic TAs at
day 11 had statistically identical total CSAs (average �
SE � 6.9 � 0.5 mm2, n � 8, for wild-type; and 6.5 � 0.2
mm2, n � 6, for transgenic; P � 0.49 by Mann-Whitney
test), showing that neither muscle size nor injury-induced
edema differed between transgenic and wild-type TA at
11 days after injury. Furthermore, the wild-type and trans-
genic TAs at day 11 were statistically identical in the total
muscle area that was damaged by the freeze injury (av-

Figure 2. MRF4 and myogenin mRNA levels in injured muscles at 11 days
after injury were unaffected by expression of myo1565-MRF4. In contrast to
3 days after injury in which MRF4 mRNA was much more abundant in injured
transgenic than wild-type muscles (see Figure 1), the MRF4mRNA levels at 11
days after injury were similar in transgenic and wild-type TA and masseter
muscles. Myogenin mRNA values were also unaffected by the transgene at 11
days, as at 3 days (Figure 1), after injury. Ethidium bromide-stained ribo-
somal RNAs (EtBr) show equal amounts of RNA in each lane.

Figure 3. Attenuated regeneration in transgenic TA at 11 days, but not 19
days, after injury. H&E-stained sections were prepared from regenerating
wild-type (A, C) and transgenic (B, D) TA muscles at 11 days (A, B) and 19
days (C, D) after injury as indicated. Regeneration appeared attenuated in the
transgenic compared to the wild-type TA at 11 days after injury, but not at 19
days after injury. See Figure 4 and Table 1 for quantitation. Scale bar, 60 �m.
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erage � SE was 1.30 � 0.10 mm2, n � 8 for wild-type and
1.47 � 0.19 mm2, n � 6 for transgenic; t-test, P � 0.41)
and in the area of damage that we analyzed (average �
SE was 0.164 � 0.025 mm2, n � 8 for wild-type and
0.195 � 0.019 mm2, n � 6 for transgenic; t-test, P �
0.37), suggesting that the significant differences in wild-
type and transgenic TA fiber densities at day 11 were
not because of variability in injury induction or measure-
ment bias.

The density of central nucleate myofibers was also
higher in the transgenic than in the wild-type TA at day 6
after injury, but this difference did not reach significance.
By day 19 after injury, the density of central nucleate
myofibers was the same in transgenic and nontransgenic
TA muscles.

In contrast to the TA, no significant differences were
detected between the transgenic and nontransgenic
masseter muscles at 11, 19, or 26 days after injury
(Figure 4, Table 1). Both the CSAs and the densities of
central nucleate myofibers were similar at all stages of
regeneration in transgenic and nontransgenic masse-
ters. Even 26 days was not sufficient for the masseter
muscles to return to preinjury values, whereas the TA
returned to preinjury values after only 19 days. Regen-
eration in masseter muscles, whether transgenic or
not, was thus less extensive than in TA muscles, as was
also found in an earlier study on wild-type masseter
regeneration.10

Discussion

At 3 days after injury, transgenic myo1565-MRF4, but not
wild-type, mice expressed MRF4 in regenerating TA and
masseter muscles. Thus, MRF4 mRNA was abundant in
transgenic muscles at an earlier time after injury than in
nontransgenic muscles. In transgenic muscles, MRF4
was expressed at this early time after injury from both the
endogenous gene and the transgene, indicating that ex-
pression of the transgene also activated expression of
the endogenous gene. In transgenic TA muscles, there
was also a transient delay in regeneration compared to
nontransgenic TA muscles. In contrast, masseter mus-
cles regenerated at the same rate irrespective of the
presence of the transgene. We discuss these findings
below.

Because the endogenous MRF4 mRNA (as well as the
transgene mRNA) was abundant in transgenic, but not
nontransgenic, muscles at 3 days after injury, we con-
clude that MRF4 participates in a positive autoregulatory
loop to activate its own promoter in regenerating muscle.
Previous studies of myo1565-MRF4 mice showed that
MRF4 participates in a positive autoregulatory loop dur-
ing embryonic and fetal development.14,15 In regenerat-
ing adult muscle and in activated satellite cells, MRF4
appears after myogenin5,23 and myogenin appears to be
required for activation of MRF4 expression in embry-
os.15,24 The delay between myogenin and MRF4 expres-
sion in normal muscle regeneration suggests that factors
in addition to myogenin may be required to activate
MRF4 expression in wild-type muscles. Our results are
consistent with this idea, because at 3 days after injury,
myogenin was abundant in both wild-type and transgenic
muscles, whereas MRF4 was abundant only in transgenic
muscles. Positive autoregulation by MRF4 of its own pro-
moter, if it indeed occurs in normal myofibers, could
maintain the high level of MRF4 found in adult myofibers
that ordinarily have little or no myogenin.16,25

Expression of the myo1565-MRF4 transgene in unin-
jured adult muscle was unexpected. Because the endog-
enous myogenin mRNA is rare in adult muscle, we ex-
pected that the myo1565 fragment of the myogenin
promoter would not be highly expressed in adult muscle.
It may be that regulatory elements that down-regulate
myogenin expression in some or all adult myofibers are
missing from the myo1565 fragment of the myogenin
promoter.14,17 Additionally, a small amount of myogenin
promoter activity could result in abundant transgene
mRNA, if the transgene mRNA is much more stable than
the endogenous mRNA. Despite this unexpected expres-
sion in uninjured muscle, the important finding for the
current study was that MRF4 mRNA was abundant shortly
after injury in the transgenic, but not wild-type, muscles,
thus allowing us to compare regeneration in muscles with
different patterns of MRF4 expression.

From day 6 to day 11 after injury, the transgenic and
wild-type TA muscles showed different patterns of myo-
fiber regeneration. In particular, the mean CSA of central
nucleate myofibers remained constant in transgenic TA,
but increased by approximately one-third in wild-type TA,
from day 6 to day 11. As a result, the mean CSA of

Figure 4. Transgenic TA, but not masseter, muscles showed transient atten-
uation of regeneration. Masseter and TA muscles from wild-type (dotted
line, open squares) and transgenic (solid line, filled squares) mice were
injured and collected at 6 (TA only), 11, 19, or 26 (masseter only) days after
injury. As described in Experimental Procedures, both the mean CSA and the
density (number/0.3 mm2) of regenerating, central nucleate myofibers was
measured. At 11 days after injury, the transgenic TA muscles showed a
significantly smaller mean CSA and a significantly higher fiber density when
compared to similarly injured wild-type TA muscles. In contrast, transgenic
and wild-type values did not differ significantly at day 6 or day 19 in the TA
or at any day in the masseter. The TA muscles regenerated much more
rapidly and completely than the masseter muscles. Data are mean � SE; see
Table 1 for values and number of mice examined. Dashed horizontal lines
indicate the approximate myofiber area or density of uninjured muscles (see
Table 1). Asterisks indicates that the two values are significantly different
(by both Student’s two-tailed, unpaired t-test and Mann-Whitney nonpara-
metric test; see text for values).
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regenerating myofibers in transgenic TA was significantly
smaller than that in wild-type TA at day 11 after injury. The
density of regenerating myofibers in transgenic and wild-
type TAs also differed significantly at day 11 after injury.
Although myofiber density increased in both transgenic
and wild-type muscles from day 6 to day 11 after injury,
the increase was greater in transgenic TA (�1.5�) than
in wild-type TA (�1.3�). These results suggest that ex-
pression of transgene in the TA appeared to attenuate
regeneration at day 11 by inhibiting the growth of previ-
ously regenerated myotubes (myofiber area did not in-
crease as in wild-type) and/or by enhancing the formation
(or growth to larger than our 100-�m2 minimum size) of
new myofibers.

The transgenic TA muscles eventually recovered to the
same extent as the nontransgenic TA muscles. By 19
days after injury, the central nucleate myofibers in trans-
genic and nontransgenic TA muscles had similar CSAs
and densities. Thus, from 11 to 19 days after injury, the
transgenic TA myofibers appeared to grow more rapidly
than wild-type myofibers so that transgenic myofibers
caught up to the wild-type myofibers in CSA. As TA
regeneration progressed, the density of central nucleate
myofibers decreased and the CSAs increased to reach
levels similar to those of uninjured TA muscles by day 19
after injury.10

Taken together, these results suggest that expression
of the myo1565-MRF4 transgene produces a biphasic
alteration in the balance of myofiber formation and myo-
fiber growth during recovery of the TA from injury. From
day 6 to day 11 after injury, transgenic TA muscles
showed less myofiber growth and a faster increase in
myofiber density than wild-type muscles, whereas from
day 11 to day 19 the transgenic TA muscles showed
more myofiber growth and a faster decrease in density
than wild-type muscles.

The possibility that transgene expression promotes
myotube formation at the intermediate stage of trans-
genic TA regeneration is consistent with previous studies
suggesting that increased MRF4 expression promotes
myotube formation.9,14,26–29 In myo1565-MRF4 embryos,
in particular, myofiber formation occurs �0.5 to 1 day
earlier than in nontransgenic embryos, although the mus-
cles in transgenic and nontransgenic fetuses become
indistinguishable as development proceeds in utero and
into adulthood (this study).14 High level expression of
MRF4 also promotes early differentiation and myotube
formation in a myogenic cell line.26 Conversely, in MRF4-
null embryos, some somitic myocytes fail to form.27 Fur-
thermore, MRF4 is not up-regulated and myotube forma-
tion is decreased in MyoD-null and myocyte nuclear
factor-null satellite cells, although it is not known if addi-
tion of MRF4 would normalize myogenesis in these
cells.9,13,28,30

The changes in myofiber formation and growth pro-
duced by the myo1565-MRF4 transgene are different
from those produced by other treatments that affect mus-
cle regeneration. As examples, inactivation of desmin or
MyoD or treatment with hepatocyte growth factor pro-
duce a transient attenuation of regeneration similar to that
seen here in the transgenic TA.19,30,31 Under those con-

ditions, however, myofiber density was initially decreased
compared to untreated or wild-type cells, rather than
increased as seen here with the MRF4 transgene. On the
other hand, both the formation and the growth of regen-
erating myofibers are accelerated by inhibitors of nuclear
factor-�B such as curcumin;20 and leukemia inhibitory
factor treatment speeds the growth of regenerated myo-
fibers.32,33 None of those changes in regeneration
matches the change seen in the myo1565-MRF4 TA mus-
cles, suggesting that MRF4 acts via a distinct mechanism
to affect TA regeneration.

It is possible that the transgene altered TA regenera-
tion by increasing the total MRF (or basic helix-loop-helix
protein) concentration, thus, perhaps, titrating out intra-
cellular inhibitors of muscle gene activation. An alterna-
tive possibility is that MRF4 plays a unique role in myo-
cyte formation, consistent with many studies showing that
each MRF has some unique functions.2,3 One way to
distinguish between these possibilities might be to ana-
lyze regeneration in mice that express MRFs other than
MRF4 under control of the myo1565 promoter fragment.

Why did expression of myo1565-MRF4 alter regener-
ation of the TA, but not the masseter? This difference was
unlikely to be because of differences in transgene ex-
pression, because the transgene appeared to be ex-
pressed to the same extent and at the same early time
after injury in both TA and masseter. In addition, both TA
and masseter showed accelerated up-regulation of the
endogenous MRF4 gene on transgene expression. TA
muscles do, however, produce more satellite cells and
regenerate to a greater extent than masseter muscles.10

In the present study, TA myofiber CSAs were fully recov-
ered by 19 days after injury, whereas masseter myofiber
CSAs reached only approximately two-thirds recovery
after 26 days. Perhaps the extensive production of new
myofibers in the TA was sensitive to accelerated up-
regulation of MRF4, whereas the already limited produc-
tion in the masseter was not.

A number of studies have uncovered extracellular and
intracellular factors that either promote or inhibit muscle
regeneration. Among the extracellular agents that im-
prove the outcome or speed of muscle regeneration in
vivo are glucocorticoids, the nuclear factor-�B inhibitor
curcumin, leukemia inhibitory factor, basic fibroblast
growth factor, and insulin-like growth factor 1.20,32–35 On
the other hand, hepatocyte growth factor inhibits muscle
regeneration after injury,19 as does inactivation of the
muscle transcription factors MyoD and myocyte nuclear
factor.12,13,28 Different muscles also have different ca-
pacities for regeneration10 and as shown here, have dif-
ferent responses to accelerated up-regulation of MRF4
different gene expression. Physiologically distinct mus-
cles, such as the extraocular muscles, also express
distinct profiles of regulatory proteins that likely affect
the extent and timing of satellite cell proliferation and
subsequent muscle regeneration.36 –38 Understanding
muscle-specific mechanisms of regeneration could
lead to improved treatments for injuries to specific
muscles.
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