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SUMMARY 

1. We have prepared probes specific for the chicken myogenic determination 
genes MyoD, myogenin, myf5, and herculin and have investigated the expression 
of these genes in response to denervation and acute electrical stimulation in 
neonate chick muscle, using ribonuclease protection. 

2. Upon denervation, herculin mRNA remains essentially unchanged, myf5 
transcript levels approximately double, and MyoD message is up-regulated by 
two- to fivefold. In contrast, the message coding for myogenin, barely detectable 
in innervated muscle, rises dramatically (-200-fold) on the second day after 
nerve section; in this respect it resembles acetylcholine receptor (AChR) a~-,),- 
and di-subunit mRNAs. Cohybridization experiments reveal that the increase in 
myogenin mRNA slightly precedes the rise in AChR tr-subunit message. 

3. Electrical stimulation of denervated muscle leads to an immediate decline 
in myogenin and AChR a~-subunit mRNAs, with half-lives of less than an hour 
and approximately 4 hr, respectively; message stability measurements suggest that 
this is effected through a rapid shutdown of transcription. Messages coding for 
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MyoD, myf5, and herculin decay much more slowly, as a result of slower 
turnover. 

4. Previous experiments have indicated the involvement of a de novo  induced 
(Tsay, H.-J., Neville, C. M., and Schmidt, J., F E B S  Lett. 274:69-72, 1990) 
autocatalytic (Neville, C. M., Schmidt, M., and Schmidt, J., NeuroRepor t  
2:655-657, 1991) transcription factor in the denervation-triggered up-regulation 
of AChR cr-subunit expression; the denervation and electrical stimulation 
experiments reported here are compatible with the notion that myogenin is that 
factor. 

INTRODUCTION 

The analysis of promoter regions of nicotinic acetylcholine receptor (AChR) 
subunit genes has revealed the presence of consensus MyoD binding sites 
(CANNTG motifs, E boxes). In all receptor genes investigated so far, such 
elements have been shown to be crucial for full promoter activity (Y. Wang et al., 
1988; X.-M. Wang et al., 1990, 1991; Piette et al., 1990, 1991; Jia et al., 1992). 

Members of the MyoD family of basic helix-loop-helix (bHLH) proteins 
(MyoD1, myogenin, myf5, herculin/MRF4/myf6) are known to initiate the 
myogenic program in nonmuscle cells (Olson, 1990; Tapscott and Weintraub, 
1991). Since they activate a number of skeletal muscle-specific enhancers through 
CANNTG elements [e.g., in the MCK gene (Buskin and Hauschka, 1989; Lassar 
et al., 1989; Murre et al., 1989; Brennan et al., 1990) and in the MLC1/3 gene 
(Donoghue et al., 1988)], they may also be responsible for the skeletal 
muscle-specific activation of AChR subunit genes. Direct binding and indirect 
activation studies have confirmed this expectation for the AChR 0:- (Piette et al., 
1990), ~,-, and 6-subunit genes (X.-M. Wang et al., 1991). 

Regulatory elements in muscle promoters have been identified by transfec- 
tion of cultured muscle cells. This approach provides information on the control 
of developmental and tissue specificity but is not necessarily relevant for the 
mechanisms underlying phenotypic plasticity of mature myotubes. Although there 
can be little doubt that neural influences affect gene expression, giving rise to a 
spectrum of fiber types, and that denervation leads to very conspicuous changes 
in the activity of certain genes, it has not been established that this involves the 
same set of trans- and cis-acting elements as those active during differentiation. 
The use of transgenic animals carrying 0:-subunit promoter/reporter gene 
constructs has revealed that about 850bp of upstream flanking sequence is 
sufficient for denervation-induced gene activation (Merlie and Kornhauser, 1989). 
A considerably shorter promoter region (downstream of position -116), com- 
prising the o~-subunit gene enhancer whose principal elements are a tandem pair 
of MyoD binding sites (Y. Wang et al., 1988), retains a "robust denervation 
response" according to a more recent report (Merlie et al., 1991). 

It is thus reasonable to propose that MyoD family proteins mediate the 
pronounced increase in the transcriptional activity of receptor genes observed 
after denervation. The denervation-triggered de novo  synthesis of a transactivator 
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has been postulated on the basis of cycloheximide experiments (Tsay et al., 1990). 
The kinetics of cr-subunit mRNA appearance and disappearance, following 
denervation and electrical stimulation, respectively, is consistent with the 
participation of an autocatalytic transcription factor in receptor gene control 
(Neville et al., 1991); these lines of evidence add support to the notion that 
myogenic factors, which are known to activate their own genes (Olson, 1990; 
Tapscott and Weintraub, 1991), may be involved (Neville et al., 1991). 
Transcripts coding for such a factor should rise before receptor subunit messages 
begin to appear; similarly, a decline in the expression and/or activity of a 
regulatory factor after resumption of electrical activity of the plasma membrane 
should precede the reduction in receptor subunit expression. We have therefore 
compared the kinetics of the appearance and loss of messages coding for AChR 
subunits and for putative transacting factors in innervated, denervated, and 
denervated-stimulated muscle. 

METHODS 

Animal  Experiments. White Leghorn cockerels (Hall's Brothers Hatchery, 
North Brookfield, MA), 3 to 4 days after hatching, were anesthesized with 
ketamine intraperitoneally (50-100 mg/kg), and section of the sciatic nerve was 
performed as described previously (Shieh et al., 1988). Anesthesia was main- 
tained at a surgical level by supplementation as needed throughout the proce- 
dure. The effects of actinomycin D and electrical stimulation were measured 6-7 
days after denervation. For the stimulation experiments, the protocol of LCmo 
and Westgaard (1975) was adapted. The denervated leg musculature was 
stimulated for periods of up to 10hr in 100-Hz trains, 2-sec duration, applied 
once every minute. Cycloheximide experiments were performed as described 
(Tsay et al., 1990). Briefly, the drug, at doses of 0.2/~g/g body weight, was 
injected intraperitoneally at 4-hr intervals. At the desired time animals were 
killed by decapitation, and the leg musculature below the knee was removed and 
frozen in liquid nitrogen. Generally, muscles from two or three animals 
corresponding to the same time point were pooled and total RNA processed by 
the guanidinium isothiocyanate procedure (Chirgwin et al., 1979). RNA was 
quantified spectrophotometrically and checked for integrity by visualization of 
rRNA in agarose/formaldehyde gels. All animal experimentation followed 
protocols approved by the Institutional Animal Care and Use Committee. 

Measurement o f  m R N A .  mRNA levels were measured by ribonuclease 
protection assays essentially as described (Melton et al., 1984). The protected 
bands in the gels were quantified with an Ambis Beta Scanner. 

Isolation o f  Chicken Myogenin cDNA.  A total of 105 plaques from a 
unidirectional ~.ZAP II cDNA library generated from mRNA derived from 1-day 
denervated chick leg muscle was screened with a random-primed murine 
myogenin cDNA probe following conditions recommended by Stratagene. Six 
positive plaques were chosen and purified to homogeneity. All six contained the 
complete coding sequence. One was sequenced in its entirety and conformed to 
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the sequence reported by Fujisawa-Sehara et al. (1990). The 3' BamHI-XhoI  
fragment of 520 bp was subcloned into pSK-  for the generation of riboprobe. 
Multiple closely spaced bands observed in the nuclease protection assay probably 
result from breathing of the AT-rich hybrid during digestion. 

Isolation of  cDNA Partially Encoding the Chick myf5 and Herculin Messages. 
Two degenerate oligonucleotides, ccggatccTGCCTII(C/T)ITGGGCITGCAA- 
( A / G ) I I I T G C A A ( A / G ) ( A / C ) G I A A  and ccggatccAT(A/G)TAI(C/T)(G/T)- 
IATIGC(A/G)I(A/T)IC(G/T)IAGIAT(C/T)TCIAC(C/T)'IT, corresponding to 
regions shared by the four known myogenic factors were synthesized. One 
microgram of chick genomic DNA was amplified by the polymerase chain 
reaction under the following conditions: 5 cycles--95°/lmin, 37°/1min, 
ramp/2 min, 72°/30 sec; 25 cycles--94°/1 min, 55°/1 min, 72°/1 sec. The flanking 
BamHI sites generated by the primers in the resulting 210-bp product were 
cleaved and the fragments inserted into the M13 vector PhageScript SK 
(Stratagene). Individual plaques were grown up and sequenced, using Sequenase 
2.0, following the manufacturer's recommendations (U.S. Biochemical), to 
ascertain their identities. Inserts corresponding to myf5 and herculin were 
PCR-amplified using the flanking universal Reverse and -20 primers and 
transcribed using the appropriate phage RNA polymerase to generate labeled 
antisense riboprobe. 

Construction of  Other Riboprobe Templates. The 399-bp HindlI I -EcoRI  
genomic fragment of the chicken AChR o~-subunit gene, containing exon 7 and 
flanking intron sequences (Shieh et al., !987), was cloned into the Bluescript 
plasmid pSK- in order to generate riboprobe. The 355-bp cDNA fragment 
encoding the amino-terminal portion of the chicken fl-subunit gene (Moss et al., 
1987) was excised from pGEM4beta with BamHI and cloned into pSK-. pB5, an 
-500-bp PstI/HindlII genomic fragment which comprises y-subunit exon 1 and 
flanking sequences, and p2, a 494-bp PstI/PstI genomic fragment which contains 
portions of the 5' untranslated sequence and exon 1 of the 6 subunit, were cloned 
into pSK+. Finally, the 102-bp MyoD StuI-PstI fragment (Lin et al., 1989) was 
subcloned into pKS+ for production of riboprobe. 

R E S U L T S  

AChR Subunit Transcript Levels Rise After a Latency Period. The denerva- 
tion response of leg muscle AChR or-, y- and 6-subunit mRNAs has been 
analyzed previously with chicks approximately 8 weeks old (Shieh et al., 1988). 
The present investigation was carried out with neonate animals (denervation 
performed about 2-3 days after hatching). To permit a valid comparison with the 
time courses of myogenic factor transcripts, quantitation of these receptor 
messages was repeated. The /3-subunit mRNA was included in the analysis. 
Results were largely comparable to those obtained in the earlier experiment; 
mRNAs specific for the tr, y, and 6 subunits increased one to two orders of 
magnitude. In contrast, the fl message, which we had not previously investigated, 
was upregulated by only three- to fourfold. If normalized to the maximal 
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Fig, 1. Coordinate up-regulation of AChR subunit transcripts. AChR subunit 
messages were quantified by riboprobe analysis as described under Methods. The 
ce-subunit data (filled circles) represent a compilation of eight experiments, with 
data normalized to the 72-hr value in each experiment. Mean and SD are presented 
for all other time points. Data from individual experiments are shown for fl (open 
circles), ~, (squares), and 6 (triangles); these data are corrected for constitutive 
expression (about 5, 5, and 30% of maximal denervation response for the ~,-, 6- 
and fl-subunit mRNA, respectively) and scaled to the 72-hr value. 

denervation response and corrected for constitutive expression, the /3, 7, and 6 
messages follow a time course similar to that of c~ mRNA (Fig. 1). Data from 
the 12 to 36-hr interval can be fitted to a logarithmic growth curve with a doubling 
time of 5 -6  hr. 

Myogenic Factor Messages Are Differentially Affected by Denervation. The 
similarity of the denervation response of the receptor subunit genes is suggestive 
of a common transactivator. Figure 2 shows a consensus sequence, derived from 
important activating regions of receptor subunit promoters, which could underlie 
this shared regulatory behavior and which bears a striking resemblance to the 
preferred target sequence of both MyoD (Blackwell and Weintraub, 1990) and 
myogenin (Wright et al., 1991). A study of the possible involvement of the MyoD 
family of transcription factors was therefore undertaken. Initially a species- 
specific probe was available only for MyoD; additional chicken-specific sequences 
were obtained by screening a skeletal muscle library (myogenin) and by PCR 
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a L a T G A C A G C T G A G G  
~R g G A A C A G  G T GG T G 
6 g G A A C A G C  T GG G C 
7L a G A A C A G C  T GAT G 
7 R g G GAC AG C T G T C C 

consensus 
a ~ atc 
G G A C A G C T G g g  G 

T 
MG A A C A G C T G T T 

Fig. 2. Functionally significant E boxes in chick AChR genes. Functionally significant E 
boxes from three receptor subunit gene promoters contain a myogenin half site. o: L, 
upstream or left E box from a: enhancer; mR, downstream or right E box from ol enhancer 
(Wang et al., 1988); 6, E box from dt enhancer (Wang et al., 1990); ZL and ?R, left and right 
E box from the ?-subunit promoter (Jia et al., 1992); MG, preferred myogenin target 
sequence (Wright et at., 1991). 

amplification of genomic DNA using degenerate primers specific for myogenic 
determination factors (myf5 and herculin). Sequences corresponding to the basic 
helix~-!o0p,helix region are  shown in Fig. 3. In denervated muscle, MyoD 
mRNAbegins  to increase 1 day after nerve section. Transcript levels rise by a 
fact0r 10f2 t05 , from a fairly substantial constitutive expression rate, beginning at 
aboutt5 hr  after denervation. Myf5 and herculin message, which are expressed at 
low levels in  neonate muscle, change only marginally in concentration during the 
1-week postdenervation period examined in this investigation. After a 24-hr lag 
period, myf5 mRNA reaches levels approximately twice the control. Herculin 
message also rises slightly but never reaches a level more than one-third above 
that of innervated muscle. Myogenin transcripts also go up following denervation. 
Compared to MyoD, transcripts encoding myogenin are barely detectable in 
innervated muscle. After nerve section these low mRNA levels rise by two orders 
of magnitude, from approximately 5 amol/mg RNA to over 1 fmol/RNA (Fig. 4). 
Myogenin and receptor subunit transcriPts OS e in parallel. To compare better the 
time courses of myogenin and tr messages, we resorted to hybridizing RNA 
samples with probes for both mRNAs simhltaneously. Beginning at about 15 hr 
after denervation, when the rise in  both: messages first becomes detectable, the 
myogenin/c~ mRNA ratio transient!y increases, indicating that myogenin expres- 
sion precedes upregulafion of ~-subUnifmessage (Fig. 5). 

Electrical Samulation Leadsiii:to ~a Rapid Decline in Myogenin Transcript 
Levels. To reverse the effects of drnervation, the leg musculature was subjected 
to electrical stimulation 1 week after nerve section; chronically denervated muscle 
was used for these experiments because it takes several days for AChR subunit 
levels to stabilize. The denervated limb was stimulated for periods up to 10 hr, 
whereupon the muscle was analyzed for subunit and factor transcripts. Significant 
reduction in message levels, compared to unstimulated controls, was observed 
after 4 hr or more of imposed electrical activity for the o~ subunit, as reported 
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MYOD 

MYOGENIN 

MYF5 

HERCULIN 

TGCCTGCTGTGGGCGTGCAAGGCCTGCAAGAGGAAGACCACCAACGCT 
CysLeuProTrpAlaCysLysIleCysLysArgLysThrThrAsnAla 

TGCTTGCCATGGGCTTGCAAAATCTGCAAGCGCAAAACCGTGTCCATC 
CysLeuProTrpAlaCysLysIleCysLysArgLysThrValSerIle 

tgcctggtgtgggcgtgcaaagggtgcaagaggaaATCCACCACCATG 
cysleuvaltrpalacyslysglycyslysarglysSerThrThrMet 

tgcctggcgtgggtgtgcaaagggtgcaagaggaaGTCGGCCCCCACC 
cysleualatrpvalcyslysilecyslysarglysSerAlaProThr 

BASIC 

GACCGCCGCAAAGCCGCC 
AspArgArgLysAlaAla 

GACeGGCGTeGGGCGGCC 
AspArgArgArgAlaAla 

GACCGGCGGAAGGCAGCC 
AspArgArgLysAlaAla 

GACCGGCGGAAAGCGGCC 
AspArgArgLysAlaAla 

HELIX I 

MYOD 

MYOGENIN 

MYF5 

HERCULIN 

ACCATGAGGGAACGGCGGCGG 
ThrMetArgGluArgArgArg 

ACGCTGCGGGAGAAGCGGAGG 
ThrLeuArgGluLysArgArg 

ACTATGAGGGAGAGGAGGAGG 
ThrMetArgGluArgArgArg 

ACCTTGCGGGAGCGGGGGAGG 
ThrLeuArgGluArgGlyArg 

CTCAGCAAGGTCAACGAGGCCTTTGAGACCCTCAAGCGCTGCACT 
LeuSerLysValAsnGluAlaPheGluThrLeuLysArgCysThr 

CTGAAGAAGGTGAACGAAGCCTTCGAGGCTCTGAAACGCAGCACT 
LeuLysLysValAsnGluAlaPheGluAlaLeuLysArgSerThr 

CTGAAGAAAGTGAACCAAGCATTCGAGACCTTGAAGAGGTGCACC 
LeuLysLysValAsnGlnAlaPheGluThrLeuLysArgCysThr 

CTGAAGAAGATCAACGAAGCCTTCGAGGCTCTGAAAAGGCGGACT 
LeuLysLysIleAsnGluAlaPheGluAlaLeuLysArgArgThr 

LOOP HELIX II 

MYOD 

MYOGENIN 

MYF5 

HERCULIN 

TCCACCAACCCCAACCAGCGCCTG 
SerThrAsnProAsnGlnArgLeu 

CTGCTCAACCCCAACCAGCGGCTG, 
LeuLeuAsnProAsnGlnArgLeu 

ACGGCCAACCCCAACCAGAGACTC 
ThrAlaAsnProAsnGlnArgLeu 

GTGGCCAACCCCAACCAGCGGCTG 
ValAlaAsnProAsnGlnArgLeu 

CCCAAGGTGGAGATCCTGCGCAACGCCATCCGCTACAT 
ProLysValGluIleLeuArgAsnAlaIleArgTyrIl 

CCCAAGGTGGAGATCCTGCGCAGCGCCATCCAGTACAT 
ProLysValGluIleLeuArgSerAlaIleGlnTyrll 

CCCAaggtcgaaatcctcagctctgccatccactatat 
Prolysvalgluileleuargseralaileglntyril 

CCCAaggtcgagatcctcagctccgccatcaactacat 
Prolysvalgluileleuargseralaileasntyril 

Fig. 3. Sequences of chick myogenic factor bHLH regions. Chicken genomic DNA was 
PCR amplified as described under Methods. The upstream oligonucleotide was designed to 
encode CLPWACKXCKRK, a stretch of 12 amino acids just upstream of the basic DNA 
binding region, of which 10 are conserved in all myogenic genes from Drosophila to Homo. 
The downstream primer encodes KVEILRMAIRY, a portion of helix II of the dimerization 
domain. Of the four genes amplified, two were found to be the previously described chick 
MyoD and myogenin genes (Lin et al., 1989; Fujiawa-Sehara et al., 1990). The other two are 
the chick homologues of myf5 and herculin (Braun et al., 1989, 1990; Rhodes and 
Konieczny, 1989; Miner and Wold, 1990) based on comparison with the mammalian genes. 
The DNA sequences with their deduced amino acid sequences are shown. In the region 
flanked by the PCR primers, myf5 differs by one, and herculin by two amino acid residues 
from their human homologues. The sequence derived from PCR primers is shown in 
lowercase letters. 

prev ious ly  (Nev i l l e  et al., 1991),  whi le  m e s s a g e s  coding  for the other  subunits  
w e r e  much  less  affected.  W h e n  leve ls  o f  factor transcripts were  m e a s u r e d  w e  
o b s e r v e d  a rapid d i sappearance  o f  m y o g e n i n  m e s s a g e  and little effect on M y o D ,  
myf5 ,  and hercul in  m R N A s  (Fig.  6). 

Effect o f  Metabol ic  lnhibitors. A c t i n o m y c i n  D e x p e r i m e n t s  were  p e r f o r m e d  
to  test  the half-l ife o f  the transcripts.  It was  found that in the presence  o f  the 
drug,  m y o g e n i n  m e s s a g e  decays  with  a hal f - t ime of  less  than I hr. Prev ious ly  the 
half-l ife o f  0c-subunit m R N A  had been  d e t e r m i n e d  to be approx imate ly  4 hr (Tsay 
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Je~r~ated 

Fig. 4. Response of myogenic factor mRNAs to denervation. Samples of total 
RNA (30/~g) from innervated and denervated muscle were hybridized with factor 
(MyoD, myogenin, myfS, and herculin) riboprobe and subjected to nuclease 
protection. (A) Transcript quantification. Four lanes are shown for each factor 
(from left to right): undigested probe, probe digested in the presence of RNA from 
innervated muscle, 3-day denervated muscle, and yeast. Quantitative results, 
obtained by/3 scanner and computed from known specific activities of the probes 
used, are presented in bar graph form at the top. (B) Time course. RNA from each 
of the time points indicated was hybridized simultaneously with MyoD, myogenin, 
and myf5 riboprobe and subjected to nuclease protection. Herculin was examined 
separately, as the size of its protected band is the same as that of myf5. Data are 
presented as multiples of innervated (to) control. Original autoradiographic data 
underneath in chronological order. 
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et al., 1990). These findings suggest that electrical stimulation rapidly shuts off the 
activity of these genes. The resistance of other transcripts to stimulation appears 
to be accounted for by their stability as suggested by actinomycin D experiments 
(Fig. 7). Cycloheximide has previously been shown to prevent denervation 
changes in 0:-subunit message; here we report that it likewise prevents the 
upregulation of myogenin message. When administered either 2 hr before or 2 hr 
after nerve section, cycloheximide blocks the appearance of myogenin transcripts 
20 hr later, while the drug only partially inhibits up-regulation when given 6 hr 
after surgery or later (data not shown). The results are very similar to those 
obtained when o~ transcripts are quantified in the same experimental preparations 
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Fig. 5. Myogenin/ot-subunit ratios in denervated muscle. Relative amounts of 
myogenin and 0:-subunit mRNAs as a function of time after denervation. The 
simultaneous quantification of messages in a given RNA sample is facilitated by 
differences in the size of the protected fragments: 780 nt for myogenin and 224 nt 
for the cr subunit (the splicing intermediate of 294 nt which constitutes about 5% of 
the total o: transcripts was disregarded in the ratio analysis). Four cohybridization 
experiments were carried out. For each individual experiment the myogenin/o<- 
subunit ratios were scaled to the 42-hr value, which was arbitrarily set to equal 1. 
Relative values for each time point were averaged for the four experiments and are 
shown as mean and SD. Pronounced data scatter in the early time points results 
from low transcript levels. 

and suggest that  p ro te in  synthesis is r equ i red  early after  dene rva t ion  in order  to 

raise the levels of m y o g e n i n  m R N A  as well as receptor  subun i t  messages.  

D I S C U S S I O N  

Myogenic Factors, E Boxes, and Receptor Regulation. The  major i ty  o f  

muscle-specific genes conta ins  the C A N N T G  motifs recognized and  act ivated by 
the factors of the M y o D  family. The  A C h R  subun i t  p romote r s  ana lyzed  so far 

also conta in  this e l ement :  Paired E boxes in the ups t r eam regions of the chick o:- 
and ] ,-subunit  genes and  a single C A N N T G  mot i f  in the 6 - subun i t  e n h a n c e r  are 
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Fig. 6. Effect of electrical stimulation on the levels of myogenic 
factor mRNAs in chronically denervated muscle. Total RNA 
(30 ~tg) from 6-day denervated muscle that had been electrically 
stimulated for the indicated times was hybridized simultaneously 
with myogenin, myfS, and MyoD riboprobes and subjected to 
nuelease protection analysis. Herculin message was measured sepa- 
rately. Solid lines represent single-exponential fits for periods of 3 
and 7 hr for myogenin and MyoD, respectively. 

recognized by MyoD and myogenin, and this interaction leads, either directly or 
indirectly, to the activation of appropriate reporter gene constructs (Piette et aL, 
1990; Jia et al., 1992; Wang et al., 1991). Although no information is currently 
available on the promoter of the chick fl-subunit gene, it is plausible to postulate 
that all receptor genes are regulated by myogenic factors. 
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Fig. 7. Effect of actinomycin D on myogenic factor message levels. 
Six-day denervated chicks received intraperitoneal injections of the 
transcription inhibitor actinomycin D (2/~g/g body weight). Total RNA 
(30~ug) was obtained after the indicated survival periods, incubated 
simultaneously with myogenin, myf5, and MyoD riboprobes, and then 
subjected to nuclease digestion. The relative values obtained are shown 
in arbitrary units. 

Direct support for a control of AChR genes by MyoD family proteins is 
lacking except for the observation that myogenin antisense oligonucleotides 
abolish expression of the y-subunit gene in BC3H-1 cells (Brunetti and Goldfine, 
1990). Circumstantial evidence is mounting, however: Recently, Duclert et al. 
(1991) studied steady-state levels of the mRNAs of myogenic factors and of the cr 
subunit in mouse muscle, both during postnatal development and after denerva- 
tion, and concluded that "myogenin and/or MyoD might mediate some of the 
effects of electrical activity on AChR gene expression." Eftimie et al. (1991) also 
described temporal and mechanistic correlations among levels of MyoD, myoge- 
nin, and tr-subunit mRNA in mouse skeletal muscle: Changes in transcript levels 
of the myogenic factors precede changes in ol-subunit message during develop- 
ment and following denervation, and the expression of all three genes in 
denervated muscle could be inhibited by chronic electrical stimulation. Expres- 
sion of myogenic factor genes was investigated by Sakmann and his colleagues in 
rat muscle (Witzemann and Sakmann, 1991). Since re, 7, and 6 genes are at least 
partly regulated by electrical activity, these authors suggest that "myogenin, 
being also tightly regulated by electrical muscle activity. . . ,  could be involved in 
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the regulation of extrasynaptic o:, 7, and 6-subunit mRNA levels in adult 
muscle". At this point it may be worth pointing out that extrapolations from one 
species to another have to be made with caution. In the mouse, MyoD and 
myogenin are about equally sensitive to denervation, being up-regulated 10- to 
40-fold and 30- to 40-fold, respectively (Duclert et al., 1991; Eftimie et al., 1991); 
in the rat, on the other hand, MyoD mRNA increases only 4-fold in denervated 
muscle, compared to a 20-fold increase in myogenin message (Witzemann and 
Sakmann, 1991). The dramatic up-regulation of myogenin in denervated chick leg 
muscle is unique, and the 50-fold weaker response of MyoD is a challenge to the 
expectation that these factors activate each others' expression. 

Kinetic Considerations.  Using run-on analysis we have previously shown 
that the activities of the or, y, and (5 genes change in unison after denervation. If 
message levels are scaled to the response on day 3 and corrected for the amounts 
expressed constitutively in innervated muscle, a similar time course is observed 
for all subunit transcripts, even including the fl-subunit mRNA, which we have 
not previously investigated. This finding suggests that the same transactivator or a 
group of related factors may act on, and coordinate the expression of, individual 
receptor subunit genes. We have recently argued, from the asymmetry of the 
kinetics of a~-subunit mRNA up- and down-regulation, that the a~-subunit gene is 
regulated by an autocatalytic transactivator whose function is blocked by 
membrane activity (Neville et al., 1991); this lends support to the possible 
involvement of myogenic determination factors which are known to activate their 
own promoters (Olson, 1990; Tapscott and Weintraub, 1991). A careful 
comparison of the time courses of c~-subunit and myogenin messages permits an 
additional and independent test of the possible role of myogenin. The factor 
which is presumed to be limiting initially will bind to any suitable promoter and 
activate the corresponding gene. Only those myogenin molecules that activate the 
myogenin gene, however, would set the positive feedback loop in motion. 
Consequently, one would expect myogenin transcription to precede transiently 
transcription of other target genes. However, the delay may be so brief as to be 
imperceptible when time courses resulting from two separate experiments are 
compared. We therefore resorted to an experimental protocol in which the same 
RNA sample was hybridized with the two distinct riboprobes simultaneously. 
Analysis of the myogenin/o:-subunit mRNA ratio at a high temporal resolution 
suggests that myogenin message rises earlier than o:-subunit mRNA and that 
possibly the up-regulated myogenin gene carries the 0:-subunit gene along. 

A striking aspect of AChR regulation is the suppression of extrasynaptic 
receptor by the electromechanical activity of the muscle fiber. In 1977 Hall and 
Reiness showed that electrical activity blocks receptor synthesis. Goldman et al. 
(1988) and Witzemann et al. (1991) have shown that receptor subunit mRNAs 
remain low despite denervation as long as the denervated muscle is chronically 
stimulated. More recently this has been confirmed and extended to the myogenic 
factors MyoD and myogenin (Eftimie et al., 1991; Witzemann and Sakmann, 
1991). 

The present study shows that chronic stimulation is not necessary; on the 
contrary, plasma membrane activity very rapidly affects gene transcription. If 
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electrical activity of the plasma membrane mediates the influence of innervation 
on receptor gene expression and if, furthermore, the induction of a transactivat- 
ing factor is required for the denervation response, one would expect the factor 
gene to be inactivated upon reinnervation (and resumption of electrical activity) 
as well as upon electrical stimulation of the denervated muscle. This is indeed 
observed for myogenin. The myogenin message has a half-life in vivo of less than 
an hour; upon electrical stimulation myogenin transcripts are depleted with a 
similar rate, suggesting that the myogenin gene is rapidly inactivated. In contrast, 
MyoD, myf5, and herculin are more stable and/or less sensitive to electrical 
stimulation. 
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Fig. $. Model of regulation of receptor gene transcription by plasma 
membrane activity. Schematic view of a mechanism that accounts for the 
levels of myogenin in receptor subunit mRNA in innervated and 
denervated chick muscle. Myogenin (MG) occurs at low levels in 
innervated muscle in an inactive form, MGi. Upon cessation of mem- 
brane activity it is converted to the active form, MG,, binds to the MG 
promoter, and begins to stimulate its own expression. When an adequate 
level of MG is attained, transcription of receptor subunit genes is 
initiated. Small and large rectangles denote regulatory and coding 
regions, respectively. 
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A Putative Signaling Pathway. A mechanism can be sketched that in- 
corporates current knowledge of the functions of myogenin and of the regulatory 
events following nerve section: In innervated muscle, low levels of myogenin are 
kept in an inactive form through signals that originate in the depolarizing 
membrane. Perhaps protein kinase C, which (a) is rapidly mobilized in skeletal 
muscle by electrical stimulation (Richter et al., 1987), (b) inactivates myogenin 
(E. Olson, personal communication), and (c) is known to inhibit AChR subunit 
gene expression in cultured myotubes (Klarsfeld et al., 1989), acts as a mediator. 
Cessation of electrical activity of the sarcolemma then results in the appearance 
of active myogenin protein, possibly through a phosphatase-catalyzed shift to the 
dephosphorylated active form or through continued constitutive synthesis of the 
factor (which, in the absence of covalent modification, remains active). The active 
factor then stimulates transcription of its own gene as well as those coding for 
receptor subunits. This up-regulation is slow initially but then gains speed as the 
positive feedback loop leads to an exponential increase in factor and in 
factor-dependent gene activity. As soon as membrane activity is resumed, 
myogenin is rapidly phosphorylated and inactivated, and myogenin-dependent 
transcription of the AChR genes as well as the myogenin gene itself ceases (Fig. 
8). It has been proposed that the autocatalytic properties of the MyoD family of 
transcription factors help to stabilize the differentiated phenotype (Thayer et al., 
1989; Olson, 1990). The present study suggests that myogenin may also 
contribute to, or account for, phenotype switching in the mature myofiber. 
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NOTE A D D E D  IN PROOF 

We have recently established that PKC mediates the depolarization-triggered 
inhibition of acetylcholine receptor subunit genes (Huang, C. F., Tong, J., and 
Schmidt, J. Neuron 9, in press). 
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