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The factors that regulate transcription and spatial expression of the adult skeletal muscle Na“ channel, Nay 1.4,
are poorly understood. Here we tested the role of the transcription factor MRF4, one of four basic helix—loop—
helix (bHLH) factors expressed in skeletal muscle, in regulation of the Nay 1.4 Na* channel. Overexpression of
MRF4 in C2C12 muscle cells dramatically elevated Nay 1.4 reporter gene expression, indicating that MRF4 is
more efficacious than the other bHLH factors expressed at high levels endogenously in these cells. In vivo,
MRF4 protein was found both in extrajunctional and subsynaptic muscle nuclei. To test the importance of MRF4
in Nay 1.4 gene regulation in vivo, we examined Na’ channel expression in MRF4-null mice using several
techniques, including Western blotting, immunocytochemistry, and electrophysiological recording. By all meth-
ods, we found that expression of the Nay 1.4 Na" channel was substantially reduced in MRF4-null mice, both in
the surface membrane and at neuromuscular junctions. In contrast, expression of the acetylcholine receptor, and
in particular its o subunit, was unchanged, indicating that MRF4 regulation of Na" channel expression was
selective. Expression of the bHLH factors myf-5, MyoD, and myogenin was increased in MRF4-null mice, but
these factors were not able to fully maintain Nay 1.4 Na' channel expression either in the extrajunctional mem-
brane or at the synapse. Thus, MRF4 appears to play a novel and selective role in adult muscle.

Key words: Synaptogenesis; Skeletal muscle; Sodium channel; Basic helix—loop—helix; Transcription; MRF4;
Neuromuscular junction

VOLTAGE-SENSITIVE Na" channels underlie the trophin, dystrophin, and ankyrin likely contribute to

propagation of regenerative action potentials in nerve
and muscle cells. In skeletal muscle, two Na" channel
isoforms, Nay 1.4 and Nay 1.5, are expressed at dif-
ferent times during development, with Nay 1.4 being
the predominant adult isoform (21). Nay 1.4 Na'
channels are expressed throughout the surface mem-
brane, but are especially concentrated at neuromuscu-
lar junctions (NMlJs) where they amplify the initial
nerve-stimulated membrane depolarization (9). Al-
though protein—protein interactions between Nay 1.4
and cytoskeletal anchoring proteins such as syn-

Na" channel spatial distribution (5,15,16,29,30,49),
Nay 1.4 mRNA itself is concentrated at NMJs (4),
suggesting that transcriptional mechanisms contribute
to its synaptic distribution. Many other synaptic pro-
teins, such as acetylcholine receptors (AChRs), are
also preferentially aggregated and transcribed at the
NMIJ (39). In contrast to AChRs, the accumulation of
Nay 1.4 Na" channel at NMJs takes place relatively
late in muscle development (5,28). Thus, there are
likely novel aspects to the regulation of Nay 1.4 tran-
scription.
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A group of transcription factors belonging to the
basic helix—loop—helix (bHLH) family plays a piv-
otal role in controlling expression of many genes in
skeletal muscle (38). There are four positive-acting
myogenic bHLH proteins expressed in vertebrate
muscle: myf-5, MyoD, myogenin, and MRF4. Al-
though there is some overlap in the function of these
factors, distinct roles for myf-5, MyoD, and myo-
genin have been defined using knockout mouse mod-
els (3). The predominant bHLH factor mRNA ex-
pressed in adult skeletal muscle is that of MRF4 (19),
but some investigators have questioned whether the
MRF4 protein itself is expressed in normal adult in-
nervated skeletal muscle and have suggested rather
that it regulates some aspect of muscle regeneration
(31,48,53). The phenotype of the MRF4-null mouse
contributes to this view, because the muscles of these
mice appear normal (52). Although a role for MRF4
in early development has been demonstrated (22,34,
45), a unique role for MRF4 in adult innervated skel-
etal muscle remains to be defined.

In this article, we show that MRF4 has a greater
potential to activate Nay 1.4 reporter genes in cul-
tured muscle cells than other bHLH factors. In vivo,
Nay 1.4 expression is reduced in the MRF4-null mice
relative to controls, both in the surface membrane and
at neuromuscular junctions. In contrast, AChRs are
not altered. Taken together, these data suggest that
although AChRs and Nay 1.4 Na" channels are both
concentrated at NMIJs, the transcriptional events con-
tributing to their high-level expression are distinct.
MRF4 appears to have a selective role in regulating
Nay 1.4 expression but not AChR expression.

MATERIALS AND METHODS
Animal Care and Genotyping

The MRF4-null mice were a gift from Dr. Eric
Olson (University of Texas Southwestern Medical
Center) and were previously described (52). B6129
background MRF4-nulls were maintained by homo-
zygous intercrosses and B6129F1 hybrids were used
as controls. Mice were genotyped by PCR. Animals
used in this study were 3—6 months of age. All ani-
mal protocols were used in accordance with the NIH
Guide for Care and Use of Laboratory Animals and
were approved by our Institutional Animal Care and
Use Committees.

Preparation of Protein Fractions and Western
Blot Analysis

Leg muscles were harvested from 3-month-old
mice, flash frozen in liquid nitrogen, and stored at
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—80°C. To process, muscles were thawed on ice in a
homogenization buffer (0.3 M sucrose, 75 mM NaCl,
10 mM Tris, pH 7.4, 20 mM EDTA, 20 mM EGTA)
with a complete panel of phosphatase and protease
inhibitors that was effective against acid and alkaline
phosphatases and all classes of proteases, including
serine, aspartic, cysteine, trypsin-like, and calpains
(Calbiochem #539134, #208733 and #524625). Once
thawed, muscles were homogenized using a Brink-
man polytron for 30 s and centrifuged in a Sorvall
SM24 rotor at 2500 X g for 10 min at 4°C. The result-
ing pellets were used to prepare nuclear fractions (see
below), while the supernatant was transferred to an
SW41 tube and the membrane fraction collected by
centrifugation at 100,000 x g for 1 h. The final crude
membrane pellet was resuspended in homogenization
buffer with 1% SDS, heated at 65°C for 15 min to
denature proteins, and stored at —80°C.

To extract nuclear proteins, the pellets from the
low-speed centrifugation were incubated in a high
salt buffer corresponding to buffer C on ice overnight
(13). Samples were centrifuged at 10,000 x g for 15
min in the SM24 rotor and the supernatant was taken
as the nuclear extract and stored at —80°C.

SDS-PAGE and Western blotting were carried as
described previously (25). Briefly, a Lowry protein
assay was used to normalize protein content between
samples and 200 pug membrane protein or 1 mg of
nuclear protein was used per gel lane. Proteins were
resolved on SDS-PAGE gels. Following electropho-
retic transfer to PVDF or nitrocellulose membranes,
proteins were detected with appropriate antibodies.
Nay 1.4 Na' channels were detected with monoclonal
antibody LD3 (available from Sigma) (10). Other Na*
channel isoforms, including Nay 1.5, were detected
with a pan-Na' channel antibody to the conserved
III-1V linker region (Upstate Biotech). The AChR o
subunit was detected with monoclonal antibody 210
(a gift from Dr. Jon Lindstrom, University of Penn-
sylvania) (44). Commercially available antibodies were
used to detect B-actin (Sigma), MRF4 (Santa Cruz),
myf-5 (Santa Cruz), myogenin (BD Pharmigen), and
MyoD (Novocastra).

Primary antibodies were visualized using either
the ECL-Plus detection kit (Amersham) or the West-
ern Star detection kit (Tropix/Applied Biosystems)
and quantified using a Molecular Dynamics phos-
phorimager. Expression of each protein was normal-
ized to the average of the control group and ex-
pressed graphically as a percentage of control. Five
B6129F1 control and seven MRF4-null animals
were analyzed by Western blot. Statistical compari-
sons between groups were made by Student’s #-test
for both Westerns and other assays that compared
these two groups.
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Molecular Biology Reagents, Cell Culture,
and Transient Expression Assays

The Nay 1.4 reporter genes and controls used in
this study are the same as used in previous work (26),
either a wild-type Nay 1.4 —2800/+254 upstream re-
gion driving the reporter gene, chloramphenicol ace-
tyl-transferase (CAT), or the same sequence with a
promoter E box mutant at —31/-26. As a negative
control, the reporter gene without an upstream se-
quence was used (pCAT-Basic, Promega), and as a
positive control, the reporter gene driven by the SV40
promoter and enhancer was used (pCAT-Control,
Promega).

The MRF4 plasmid (a gift from Dr. Stephen Ko-
nieczny, Purdue University) (35) is driven by the
EMSYV promoter. C2C12 cells were transfected with
this expression vector or an empty expression vector,
pCI (Promega). To create the MRF4 virus, the entire
MRF4 expression cassette, including the EMSV pro-
moter, was excised with the HindIlI sites flanking the
cassette and inserted into the pAd-Link shuttle vec-
tor; the MRF4 recombinant adenovirus was made by
techniques described previously (17,27). The control
virus used in this study expresses a lacZ gene driven
by the CMV promoter, and its construction was re-
ported previously (17). Viral titers were determined
with the Adeno-X Rapid Titer Kit (BD Biosciences).

C2C12 cells were cultured, transfected, and CAT
reporter gene assays and quantification were carried
out as described previously (27). C2C12 cells in this
study were harvested as myoblasts or treated with dif-
ferentiation medium containing 2% horse serum and
harvested as nascent day 2 myotubes or mature day
7 myotubes. Expression of all reporter gene con-
structs is shown relative to pCAT-Control and statis-
tical comparisons were made by a two-way ANOVA
followed by a post hoc Tukey’s comparison. C2C12
myoblasts used to determine which bHLH factor is
compensating in the absence of MRF4 were transfected
with 1000 MOI of LacZ, myogenin, or MRF4 adeno-
virus in 10% FBS and harvested at 48 h for Western
blot analysis as described above.

Satellite cells were isolated from control and
MRF4-null mice using a protocol provided by Dr.
Grace Pavlath, using the gradient developed by Dr.
Yablonka-Reuveni (1,33,50). Briefly, the quadricep
muscles were removed and minced finely. Following
a 1-h digestion with 1% pronase, the muscles were
triturated many times to loosen cells. After allowing
the muscle pieces to settle, the supernatant was re-
moved, passed through a 70-um cell filter, and the
cells collected by centrifugation at 2000 X g for 10
min. To enrich the cell population for muscle satellite
cells, the cells were purified on a 20%/60% discon-

tinuous Percoll gradient by centrifugation at 2000 x
g for 25 min as previously described (50). The cells
at the interface were collected, diluted, and centri-
fuged at 2000 x g for 10 min. The cells were resus-
pended in a Ham’s F10 growth medium supple-
mented with 20% FBS, 1% Pen/Strep, and 5 ng/ml
of bFGF. After approximately 10 days, the resulting
myoblasts derived from activated muscle satellite
cells were plated into Matrigel-coated six-well plates
(Collaborative Biomedical Research) using the same
growth medium. Cells were transfected the following
day, when 80-90% confluent, using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s in-
structions. Each well was transfected with 2.4 ug of
a Nay 1.4 reporter gene, pCAT-Basic, or, for the posi-
tive control, 0.3 ug of pCAT-Control/2.1 ug pCAT-
Basic. The ratios of Nay 1.4 reporter gene to the posi-
tive control plasmid were the same used in previous
work (27). Immediately following transfection, cells
were treated with 100 MOI of either a control LacZ
adenovirus (control or MRF4-null cultures) or a MRF4
adenovirus (MRF4 rescue cultures). After 48 h, cells
were switched to differentiation medium until har-
vested as day 5 myotubes. Cultures were used for
either nuclear extract preparation as described pre-
viously (26) or immunocytochemistry with MRF4 an-
tibody as described below.

Preparation and Immunocytochemistry of Muscle
Whole Mounts

For immunostaining, monoclonal antibody LD3
was either used as an unconjugated primary antibody
with a mouse secondary antibody or directly conju-
gated to Alexa 488, following the manufacturer’s
protocol (Molecular Probes). Preparation of muscle
whole mounts was carried out as previously reported
(17). Briefly, the sternomastoid muscle was removed,
fixed for 10 min in 4% paraformaldehyde in PBS,
rinsed with PBS, and labeled with rhodamine-conju-
gated oBTX to mark neuromuscular junctions. Mus-
cles were incubated in blocking buffer containing
0.2% Triton X100, 2% BSA, and 0.1% Na' azide in
PBS. MRF4 antibody (Santa Cruz) or Alexa 488-conju-
gated LD3 was diluted in blocking buffer, centrifuged
to eliminate particulate material, and muscles were
incubated in antibody overnight. Muscles were coun-
terstained with FITC-conjugated donkey anti-rabbit
to MRF4 (Jackson ImmunoResearch) and To-Pro
(Molecular Probes) to mark all nuclei. Immunostained
muscles were analyzed by confocal microscopy (Leica
TCS 4D system; 40x, 1.25 n.a. oil objective or 100x
1.4 n.a. oil objective). The results, shown in Figure
2A-E, are displayed as single plane projections of
confocal stacks of images.
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Myotubes from muscle satellite cells from control,
MRF4-null, and MRF4-null/MRF4 adenovirus were
stained with MRF4 primary antibody and FITC-anti-
rabbit secondary antibody (Jackson ImmunoResearch
Laboratories), and analyzed by fluorescence micros-
copy (Hoffman Modulation Contrast microscope, 40x
ELWD Plan Fluor Objective).

Quantitative Immunofluorescence

To estimate Na* channel density at endplates, we
labeled endplates with Alexa 488-conjugated LD3.
Single-plane confocal images (Zeiss LSM510 Meta
confocal system, Thornwood, NY) were taken of
stained endplates. Separate images were taken at four
different illuminating intensities by varying the laser
intensity. The average pixel intensity for a 1-um spot
at the bottom of a postsynaptic gutter was then plot-
ted so that slope could be obtained as an indicator of
fluorescence intensity. The plot resulted in a linear
relationship for each endplate between illumination
intensity and fluorescence intensity. If the correlation
coefficient for a given endplate was less than 0.95
the data for that endplate was discarded. Advantages
of this technique over traditional quantitative immu-
nofluorescence are that 1) changes in black level are
not a problem and 2) it allows for comparison of sam-
ples with small and large differences in staining in-
tensity. We have previously used slope to quantify
changes in AChR density and have found it to be
accurate to within 5% (46). Detector gain was maxi-
mized so that the lowest level of illumination could
be used to avoid bleaching. Intensity of illumination
ranged from 0.3% to 0.5% of maximum laser power.
The average pixel intensity of two identical areas at
the level of the postsynaptic primary gutter was then
measured for each of the illumination intensities. This
provided a plot of average pixel intensity versus illu-
mination intensity. The slopes of these plots were
then compared between endplates to assess relative
Na" channel density. Thirty-one endplates were ana-
lyzed in six animals for both MRF4-null and control.

We estimated acetylcholine receptor (AChR) den-
sity using saturating levels of fluorescein-labeled -
bungarotoxin (BTX, Molecular Probes). To verify
that the use of slope gave an accurate measure of the
relative density of labeled AChRs, separate sections
from single muscles were stained with two mixtures
of BTX. In one mix, only fluorescein-conjugated
BTX was used. The BTX was applied in a saturating
dose so that all AChRs were labeled. In the second
mix, 25% of the BTX was labeled with rhodamine
whereas the remaining 75% was labeled with fluores-
cein. The slopes of pixel intensity versus illumination
intensity for fluorescein-BTX labeling were com-
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pared for the two sets of endplates. We found that
the average slope from endplates labeled with 75%
fluorescein-otBTX was 71.5 £ 3.8% of the slope from
endplates labeled with 100% fluorescein-oBTX (n =
4 muscles, p <0.01). Our ability to again detect a
change in AChR density to within 5% (46) suggests
that our technique is very sensitive to changes in in-
tensity of fluorescence.

Measurement of Sodium Current Density Using
Loose Patch

Measurement of extrajunctional sodium current
was made using loose patch clamp as previously de-
scribed (14). To completely relieve both fast and
slow inactivation, patches were clamped at —130 mV
prior to activation of sodium current. To measure so-
dium current density, current was measured follow-
ing a step to —20 mV. To ensure that estimates of
current density were not affected by a depolarized
shift in the voltage dependence of activation we mea-
sured sodium channel activation following a series
of steps ranging from —70 to —10 mV as previously
described (37). No shift was present in the voltage
dependence of activation (data not shown). All cur-
rents were measured at a distance of greater than 50—
100 um from the endplate to avoid the gradient of
sodium current that is present near endplates.

To compare the relative sodium current density be-
tween control and MRF4-null mice the extensor dig-
itorum longus muscles (EDL) of both a control and
MRF4-null mouse were removed and placed in the
same dish and perfused with oxygenated Ringer solu-
tion. Mice used for this study were 4—5 months old;
six measurements per animal in nine pairs of MRF4-
null or control mice were analyzed using the same
patch pipette. Use of the same pipette during the ex-
periment avoided issues of differences in pipette di-
ameter altering sodium current amplitude. The mean
sodium current amplitude was calculated for each
muscle and the amplitude from the MRF4-null mus-
cle was normalized to the amplitude from the control
muscle recorded on the same day to arrive at a rela-
tive current density. Average current density of MRF4-
null mice relative to control was calculated by aver-
aging the relative current density from each day of
recording.

RESULTS

MRFA4 Increases Expression of the Nay 1.4 Na*
Channel in C2C12 Muscle Cells

Previous work indicated that expression of the en-
dogenous Nay 1.4 Na' channel and Nay 1.4 Na' re-
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porter genes increased with development in C2C12
muscle cells but never attained the level observed in
primary muscle cells (27). Although both C2C12 and
primary muscle cells expressed robust levels of MyoD
and myogenin, primary muscle cells expressed much
more MRF4 protein (27). We reasoned that the dif-
ference in MRF4 levels might account for the differ-
ence in expression of Nay 1.4 reporter gene constructs.

Introduction of MRF4 increased expression of a
Nay 1.4 reporter gene at all stages of development in
C2C12 cells, but gave rise to an especially robust ef-
fect in day 7 myotubes (Fig. 1). Western blots analy-
sis confirmed that MRF4 was expressed at low levels
in nontransfected cells, but in transfected cells it was
expressed at high levels at all stages of development
(Fig. 1). Therefore, increased reporter gene expres-
sion in day 7 myotubes was not due to greater expres-
sion of MRF4, but rather due to the activity of a de-
velopmentally regulated factor that appears to work
in conjunction with MRF4. As reported previously,
other bHLH factors were expressed at high levels en-
dogenously in C2C12 cells, as shown for myogenin
(Fig. 1). Taken together, these data indicate MRF4 is
more efficacious in driving Nay 1.4 gene expression
in C2C12 cells than endogenous MyoD and myo-
genin.

MRF4 Is Expressed in Subsynaptic and Other
Muscle Nuclei

Expression of MRF4 in adult skeletal muscle was
assessed by Western blot analysis and confocal mi-
croscopy of muscles stained with a MRF4-specific

antibody (Fig. 2). Western blots indicated that the
MRF4 antibody detects a single band in nuclear ex-
tracts prepared from adult skeletal muscle, which co-
migrates with MRF4 produced from an expression
vector in cultured cells (Fig. 2, row B).

The spatial expression of MRF4 in adult skeletal
muscle was examined relative to rhodamine-cBTX,
a marker for AChRs at NMJs. As reported previously
(5,18,28), the Nay 1.4 Na' channel was localized
preferentially at NMJs and to a lesser degree through-
out the surface membrane (Fig. 2, row A). MRF4 was
expressed in subsynaptic nuclei, as indicated by the
intense staining of nuclei in AChR-rich regions (Fig.
2C, arrows 1-4, and E, arrows 1 and 2). There was
a lower frequency of MRF4-positive nuclei in extra-
junctional regions (Fig. 2C arrows 5 and 6, and D
arrows 7—10). Based on their morphology and their
location outside of the myofiber itself, nuclei at NMJs
that do not stain with MRF4 are likely Schwann cell
nuclei (Fig. 2E, arrows 3 and 4).

Expression of Other bHLH Factors Is Increased
in MRF4-Null Mice

The absence of MRF4 protein in muscle satellite
cultures from MRF4-null animals was confirmed by
Western blot analysis (Fig. 3A).

Previous work indicated that mRNA for myogenin
was increased in MRF4-null animals (52); we con-
firmed this at the level of the protein by Western blot
analysis in MRF4-null and control mice (Fig. 3C).
Although previous analyses indicated that expression
of myf-5 and MyoD did not change at the mRNA
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Figure 1. MRF4 increases Nay 1.4 reporter gene expression in C2C12 muscle cells. The —2800/+254 Nay 1.4 CAT reporter gene was
transfected into C2C12 myoblasts along with the empty pCI expression vector (control) or a MRF4 expression vector driven by the EMSV
promoter (MRF4 treated). Cells were harvested as myoblasts (MB), day 2 myotubes (D2), or day 7 myotubes (D7). Reporter gene expression
was assessed relative to that for a control plasmid, pCAT-Control. Averages are shown with error bars indicating SEM (n =4). MRF4
increased Nay 1.4 reporter gene expression, especially in day 7 myotubes. Inset: Western blot analysis was carried out with antibodies to
myogenin or MRF4 to monitor expression of endogenous and exogenous bHLH factors.
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Figure 2. Nay 1.4 Na’ channels and MRF4 are expressed robustly in synaptic region. The sternomastoid muscle was fixed and processed
for confocal microscopy as outlined in Materials and Methods. En face views of the synaptic region are shown in each panel. (A) Nay 1.4
Na' channels (green) are expressed throughout the surface membrane, but are concentrated at neuromuscular junctions (NMJs) labeled with
oBTX, which binds the synaptic marker, acetylcholine receptors (AChRs, red). Scale bar: 50 um for (A, C, D). (B) Western blot analysis
of a nuclear protein fraction demonstrated that the MRF4 antibody is specific for MRF4 in adult skeletal muscle. An MRF4 protein control
was produced in cell culture using an expression vector for MRF4. (C, D) Nuclei associated with NMJs (AChRs, red) express MRF4
robustly (green nuclei indicated by white arrows 1-4). There are also MRF4-expressing nuclei in extrajunctional areas (green nuclei indicated
by arrows 5—10). The unstained nuclei in the region of NMJs are likely those of the overlaying Schwann cells, which are seen more clearly
in (E). (E) A close-up of a single NMJ. Scale bar: 20 um. There is clear MRF4 staining of subsynaptic nuclei (white arrows 1 and 2).
Additionally, there are unlabeled nuclei of a different morphology that lie predominantly outside of the myofiber (yellow arrows 3 and 4).
Based on both morphology and location, these nuclei are likely those of the overlaying Schwann cells.
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Figure 3. Other bHLH factors are expressed at higher levels in MRF4-null mice. (A) A Western blot with an MRF4 antibody was carried
out on nuclear extracts prepared from muscle satellite cells derived from MRF4-null or control mice. A MRF4 expression vector was
introduced into C2C12 cells to produce a positive control. (B) Western blot analysis of myogenin, MyoD, and myf-5 protein expression was
carried out for both control and MRF4-null animals. Consistent with previously published results, expression of myogenin is increased in
MRF4-null mice (18), and, for the first time, MyoD and myf-5 proteins are also found to be increased. Possibly these factors compensate

for the absence of MRF4 in the regulation of many muscle genes.

level (52), expression of both proteins significantly
increased (Fig. 3C). Taken together, these data sug-
gest that increased expression of these other bHLH
factors may compensate for MRF4, as previously sug-
gested (52).

Expression of AChR o Subunit Is Unchanged
in MRF4-Null Mice, but Expression of Nay 1.4
Na" Channel Is Reduced

Expression of the AChR o subunit and the Nay 1.4
Na' channel in the MRF4-null mice was assessed by
Western blot analysis (Fig. 4). Equal amounts of
membrane protein, assessed by Lowry protein assays,
were analyzed in each lane. There was no significant
change in the expression of the AChR o subunit (Fig.
4B), consistent with previous analysis done at the
mRNA level (52). Using either the isoform-specific
antibody LD3 for Nay 1.4 or a pan-Na' channel anti-
body capable of detecting both the Nay 1.4 and Nay
1.5 characterized in Figure 4A, an approximately
50% reduction in global Na" channel expression was
observed (Fig. 4C). Taken together, these data indi-

cate that the overall expression of the adult Na* chan-
nel is reduced and that there is no compensatory in-
crease in expression of the embryonic Na* channel.

Analysis of B-actin expression was initially carried
out with the goal of normalizing expression of other
proteins to it, as is routinely done in many studies.
However, we observed that expression of B-actin in-
creased significantly in the MRF4-null animals (Fig.
4D). Additionally, we found that dystrophin expres-
sion is decreased in the absence of MRF4 (Fig. 4D).
These observations suggest the possibility of more global
changes of surface membrane proteins in MRF4-null
mice.

Peak Na* Channel Current Density Is Reduced
in the Extrajunctional Surface Membrane
of MRF4-Null Mice

To determine if there was a reduction in the num-
ber of functional Na“ channels in the surface mem-
brane, loose patch recording of Na* current was used
to assess the peak current density in MRF4-null and
control mouse pairs (14) (Fig. 5). With inactivation
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Figure 4. Expression of AChR o subunit is unchanged in MRF4-null mice, but expression of Nay 1.4 Na* channel is reduced. (A) Western
blot analysis of LD3 immunoreactivity demonstrates that this antibody detects only the Nay 1.4 isoform expressed in adult skeletal muscle
and not other sodium channel isoforms, including the Nay 1.5 isoform expressed in cardiac muscle, whereas the pan-Na’ channel antibody,
to the highly conserved III-IV linker (Upstate Biotech), recognizes all isoforms. Labels indicate brain (Br), heart (H), liver (L), and adult
skeletal muscle (SkM). The liver serves as a negative control. (B) Western blot analyses of the o subunit of the acetylcholine receptor
(AChR) indicated that there is not a significant change in this protein. (C) Western blot analyses of Na* channel were carried out using
either the LD3 antibody specific for the Nay 1.4 Na" channel (24) or a pan-Na" channel antibody. Global expression of Na" channels is
reduced by approximately 50% (*p < 0.05, Student’s z-test). Because similar results were observed with both antibodies, these data indicate
that expression of the adult Nay 1.4 Na' channel is reduced, but there is no compensatory increase in expression of the embryonic Nay 1.5
Na" channel. (D) Western blot analysis of B-actin expression was initially carried out with the goal of normalizing expression of other
proteins to it, as is routinely done in many studies. However, we observed that expression of -actin is increased in the MRF4-null animals
(*p < 0.05), precluding its use in this manner. Additionally, dystrophin was found to be decreased in the absence of MRF4. Western blots
were quantified by imaging on a Molecular Dynamics Storm Phosphorlmager and samples normalized to the average of the control samples
(n =5 control animals and 7 MRF4-null animals).
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Figure 5. Peak Na® channel current density is reduced in the extra-
junctional surface membrane of MRF4-null mice. (A) A plot of
the average relative Na* density is shown (*p <0.01, n=9 pairs
of MRF4-null and control animals). Currents were measured using
the technique of loose-patch clamp as described previously (36)
and in Materials and Methods. (B) The peak inward Na“ currents
observed for representative muscle fibers from an MRF4-null and
control mouse pair are superimposed.

relieved, the peak inward Na™ current density was re-
duced approximately 25% in the MRF4-null mice rel-
ative to controls, indicated both in a single current
trace (Fig. 5B), and as the average of six measure-
ments per animal in nine pairs of animals (Fig. 5A).
No change was found in the voltage dependence of
Na' channel gating that could account for the differ-
ence in peak current density.

Nay 1.4 Is Inserted Into the Surface Membrane
but Expression at NMJs Is Decreased
in MRF4-Null Mice

Insertion of the Na* channel into the surface mem-
brane and accumulation at NMJs was assessed by im-
munohistochemistry using a directly conjugated Nay
1.4-specific antibody (Fig. 6). In both controls and
MRF4-null mice, Na" channels were inserted into the

surface membrane, although there was a reduction in
the intensity of the fluorescent signal in the MRF4-
null animals consistent with that observed with the
electrophysiological analysis (Fig. 6A). At NMIJs,
there was no apparent reduction in the intensity of
rhodamine-conjugated oBTX in MRF4-null mice,
while there was a 60% decrease in the intensity of
the directly conjugated Nay 1.4-specific antibody (Fig.
6B, C).

We have previously found that our technique of
quantitative immunofluorescence is accurate to within
5% (46). In order to confirm our ability to detect
small differences in aBTX binding, a combination of
25% rhodamine-conjugated oBTX and 75% FITC-
conjugated aBTX was also used to label synaptic
AChRs. This combination resulted in an approxi-
mately 25% reduction in signal when viewed in the
FITC channel (Fig. 6B), confirming our ability to de-
tect small differences in fluorescent signal intensity.
Taken together, these data indicate that expression of
Na® channels, but not AChRs, is reduced in MRF4-
null mice in the synaptic region.

MRF4 Acts Via a Transcriptional Mechanism

Because exogenous introduction of MRF4 into the
C2C12 muscle cell line is a somewhat artificial sys-
tem, transient expression assays with Nay 1.4 reporter
genes were carried out in muscle satellite cell cultures
isolated from either control or MRF4-null mice (Fig.
7). There was approximately a 50% reduction in ex-
pression of the wild-type Nay 1.4 reporter gene in
the MRF4-null cultures relative to controls (Fig. 7B).
Expression of the Nay 1.4 reporter gene in the MRF4-
null cultures was partially “rescued” by introduction
of an adenovirus that expresses MRF4. In all muscle
satellite cell cultures, a promoter E box mutant pre-
viously shown to disrupt binding of the bHLH factors
to Nay 1.4 reporter genes reduced expression to back-
ground levels similar to those observed with the empty
expression vector, pCAT-Basic. Taken together, these
data suggest that MRF4 acts in part through a direct
transcriptional mechanism (Fig. 7B).

Sister cultures were evaluated for the presence of
MRF4 by immunocytochemistry (Fig. 7A). As ex-
pected, muscle satellite cells from MRF4-null ani-
mals failed to express the MRF4 protein, while con-
trol cultures and those treated with the MRF4-expressing
adenovirus expressed robust levels of MRF4. For un-
known reasons, the MRF4 protein in control muscle
satellite cell cultures was located both in the nucleus
and in the cytoplasm, while all MRF4 protein was
located only in the nucleus in MRF4-null cultures
treated with the MRF4 adenovirus (Fig. 7A).

To show that myogenin is the bHLH factor regulat-
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Figure 6. Expression of Nay 1.4 Na' channels, but not AChRs, is reduced at neuromuscular junctions in MRF4-null mice. (A) Muscle cross
sections stained with a directly conjugated Nay 1.4-specific antibody in both control and MRF4-null muscle. Na* channels are inserted into
the surface membrane normally, although there appears to be a reduction in intensity in the MRF4-null mice relative to the control. Scale
bar: 30 um. (B) Analysis of en face views of NMJs stained with rhodamine-oBTX in both control and MRF4-null animals. Despite our
ability to detect differences in fluorescence to within 5%, we could detect no reduction in AChR density at NMJs from MRF4-null mice.
(C) Analysis of en face views of NMJs stained with directly conjugated Nay 1.4-specific antibody. There is a 60% reduction in Na“ channel
density at neuromuscular junctions in MRF4-null animals (*p < 0.01, n = 6 animals). Scale bar in (B, C): 2 um.

ing Na" channel expression in the absence of MRF4,
we transfected C2C12 myoblasts, which only express
myf-5 and MyoD, with myogenin and MRF4 adeno-
virus (Fig. 7C). To control for adenovirus infection,
a LacZ virus control was used. As seen by Western
blot analysis, myogenin was able to partially compen-
sate in the absence of MRF4, whereas myf-5 and MyoD
present in myoblasts had little effect on Na" channel
expression.

DISCUSSION

A number of investigators have advanced the view
that expression of the adult skeletal muscle Na" chan-
nel, Nay 1.4, and its accumulation at neuromuscular
junctions (NMlJs) is a relatively late event that is
more consistent with “maturation” of the surface
membrane and synapse rather than part of “initial”
synapse formation, represented by clustering of ace-
tylcholine receptors (AChRs) and associated proteins
(5,9,12,20,28,39,51). However, the mechanisms that

regulate this “maturation” are not well understood.
Because Na" channels are associated with particular
cytoskeletal proteins, such as ankryin and dystrophin
(5,16), it has been suggested that these anchoring pro-
teins are responsible for Na* channel distribution (5,
9,12). In addition, ectopic expression of the nerve-
derived factor, z-agrin, at extrajunctional sites in vivo
induces expression of Na' channels (41). Because
agrin is well-known for its ability to cluster AChRs
by inducing rearrangements of anchoring proteins
(6,39), a similar role is suggested for Na* channels
(9,12,41).

However, it is also known that the mRNA for Na*
channels is expressed at higher levels at NMJs (4),
suggesting that transcriptional mechanisms contribute
to this “maturation.” Because bHLH transcription
factors have a well-known role in muscle develop-
ment (3,7,38), they are good candidates for regulating
both “early” and “late” events. In vertebrate skeletal
muscle, there are four bHLH factors: myf-5, MyoD,
myogenin, and MRF4. Of these, MRF4 is expressed
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in adult muscle, although its role at this stage of de-
velopment is not well defined. These factors regulate
most muscle genes, including AChRs and Na' chan-
nels, through cognate binding sites called E boxes in
their upstream regulatory regions (11,26,27,32,43).
Previous work indicated that MRF4 might play a
selective role in Nay 1.4 Na" gene regulation, because
Nay 1.4 reporter gene expression was higher in cells
that expressed more MRF4 (27). Our results show
that MRF4 increases expression of Nay 1.4 reporter
genes in C2C12 cells more efficaciously than other
bHLH factors endogenous to these cells. This obser-
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vation led us to develop the hypothesis that MRF4
may play a role in the “maturation” of Na" channel
expression in adult skeletal muscle. This hypothesis
is different from the view presented by other investi-
gators who have suggested that MRF4 is involved
only in the repair and/or regeneration of adult skeletal
muscle (48,53).

We tested our hypothesis in vivo using the MRF4-
null mouse model. Using three different techniques,
we demonstrate that Nay 1.4 Na' channel expression
is reduced in MRF4-null mice. Western blot analysis
demonstrates that global expression of the Na* chan-
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Figure 7. MRF4 regulates Nay 1.4 gene expression at the transcriptional level. Either a wild-type or the promoter E box mutant Nay 1.4
reporter gene was introduced into muscle satellite cell cultures, derived from either control or MRF4-null animals (B). Expression was
normalized relative to that of a control vector, pCAT-Control. As a negative control, an empty expression vector, pPCAT-B, was also used.
Expression of the wild-type reporter gene is reduced in MRF4-null cultures, but is partially “rescued” by treating these cultures with 100
MOI of a MRF4 adenovirus. The promoter E box mutation decreases expression to nearly background levels under all conditions examined.
Sister cultures of those used for transfections were analyzed for MRF4 protein by immunocytochemistry. As expected, MRF4 is expressed
only in control and MRF4-rescued cultures, although the cellular distribution of MRF4 is both cytoplasmic and nuclear in the control cultures
(A). To determine which bHLH factor might be compensating in the absence of MRF4, C2C12 myoblasts expressing only myf-5 and MyoD
were infected with myogenin and MRF4 adenovirus (C). LacZ adenovirus was used as a negative control. Whereas myf-5 and MyoD have
little effect on Na* channel expression, myogenin can almost fully compensate.
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nel is reduced by 50%, while functional expression
of Na' channels in the surface membrane is reduced
by 25%. The apparent discrepancy in channel num-
bers observed between these two techniques could be
explained by a more efficient insertion of Na" chan-
nels into the surface membrane in the MRF4-null
mice or a reduction of T-tubular Na® channels in
MRF4-null mice that cannot be measured by our
electrophysiological recording techniques. Analysis
of muscle cross sections using immunocytochemistry
indicates that Na* channels are inserted into the sur-
face membrane in both MRF4-null and control mice.
Thus, we suggest that the difference detected by these
two techniques is due to a reduction in T-tubular Na*
channels, which contribute a large percentage to the
overall channel population in muscle (24). A 25%
reduction in surface Na" channels will have little ef-
fect on muscle excitability (37), thus leading to the
apparently normal phenotype of MRF4-null mice.
Measurements of AChR and Na' channel density at
NMIJs by quantitative confocal microscopy indicated
that Na* channels are reduced by 60% at synapses,
while AChRs are not significantly altered. Taken to-
gether, these data support the view that AChRs and
Nay 1.4 Na* channels are regulated by different mecha-
nisms and that MRF4 plays a selective role in regulat-
ing Na" channel gene expression.

Recent work with the MyoD mouse model re-
vealed that this bHLH factor also regulates synaptic
gene expression, although the nature of the changes
were different and included substantial alterations in
the timing of the embryonic to adult AChR subunit
transition and ultimately resulted in expression of
AChR clusters over the entire muscle surface (47).
The MyoD-driven changes are consistent with a role
in early events of synaptogenesis while the results
with the MRF4-null mouse model are consistent with
alterations in maturation of the surface membrane
and synapse. That both MyoD and MRF4 influence
different aspects of synapse formation is consistent
with evidence from other labs indicating that endoge-
nous muscle factors play an important role in synap-
togenesis (2,8,36).

To confirm that MRF4 is acting at the transcrip-
tional level, we expressed Nay 1.4 reporter genes in
muscle satellite cells prepared from control or MRF4-
null animals. The myotubes in these cultures are closer
to muscle in vivo than C2C12 cells because they are
very mature and spontaneously contract (Thompson
and Kraner, unpublished observations). Expression of
Na' channel reporter genes was higher in control cells
than MRF4-null cells, and the magnitude of the dif-
ference was similar to what was observed in vivo—a
50% reduction of reporter gene expression in MRF4-
null cultures. When introduced with an adenovirus,
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MRF4 partially “rescued” reporter gene expression in
MRF4-null cells. These data indicate that MRF4
works in part through a direct transcriptional mecha-
nism, but in addition it appears that muscle satellite
cells derived from MRF4-null animals lack other
transcription factors that also influence Nay 1.4 Na*
channel gene expression through this upstream regu-
latory region. Given that MRF4 is known to influence
expression of other important muscle regulatory fac-
tors such as the MEF2 family (7), this result is not
altogether unexpected and underscores the difficulty
in separating the “developmental” impact of MRF4
from its “direct” effects. The cell culture studies indi-
cate that MRF4 acts both directly and indirectly on
the Nay 1.4 promoter region.

Under all conditions, reporter gene expression was
abolished in the presence of a mutated promoter E
box, indicating that all bHLH factors act through this
E box and that the bHLH factors are required for co-
ordination of Na' channel gene expression, consistent
with earlier studies (26). We previously demonstrated
that myogenin initiates expression of the Nay 1.4 Na*
channel (27) and now show that, in the absence of
MRF4, myogenin is able to compensate. Because we
also show that MRF4 increases expression of this
gene both in vitro and in vivo, a clear hierarchy of
Na' channel gene regulation through the bHLH fac-
tors emerges.

The increased expression of B-actin and the de-
creased expression of dystrophin in MRF4-null mice
suggest that MRF4 likely has a more global role in
adult innervated skeletal muscle. Na® channels are
part of the dystrophin-associated protein complex and
link into the B-actin cytoskeleton through this com-
plex (16). In addition, the Na" channel ¢ subunit as-
sociates with B-actin through an interaction with ank-
ryin mediated by its Bl subunit (29,30). In the mdx
mouse model, loss of dystrophin leads to a reduction
in the expression of its associated proteins, including
Na" channels (2). Of note, there is a report that a
human patient with a mutant MRF4 protein exhibited
a more severe course of muscular dystrophy than
would have normally been expected based on the
Becker’s muscular dystrophy gene he inherited (23).
Taken together, these observations suggest that
MRF4 may have a selective role in regulating expres-
sion of not only Na' channels but also other proteins
of the surface membrane, especially those in the dys-
trophin-associated protein complex.

It has been suggested that the bHLH transcription
factors work in combination with other transcription
factors to deliver an appropriate “address” to achieve
muscle-specific gene expression (7). The bHLH fac-
tors may work in a similar way to achieve synapse-
specific gene expression. Increased Nay 1.4 reporter
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gene expression in day 7 C2C12 myotubes indicates
that MRF4 works in conjunction with developmen-
tally regulated factor(s). Future work will be directed
at identifying such factors. Candidates might include
other transcription factors known to regulate synapse-
specific gene expression, such as GA-binding protein
(40).

In summary, there are distinct “early” events and
“late” events in muscle membrane development and
synapse formation, represented by the expression
and movement of AChRs and Na' channels, respec-
tively. Interactions with cytoskeletal anchoring pro-
teins likely fine-tune the architecture of surface mem-
brane and synapse, but transcriptional regulation by
bHLH transcription factors is important. MyoD serves
as a driver of early synaptic development (47), while
MRF4 serves as a selective regulator of late matura-
tion of the surface membrane and synapse and thus
has a role in development of adult innervated skeletal
muscle. While this article was under review, another

lab has advanced a different explanation for Na
channel expression in skeletal muscle (42).
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