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The levels of mRNAS coding lar the myngemv: factars MyoD and myogenin were measured duiring symupse formation in tlevelnpinu musele and
in udult mule, after denervistion and reinnervation nnd after musele paralysis induced by Wocking of neuramuscular transmission by neurotosing
knawn to nhter the demsity and loculization of synupde proteing such ux the neetyleholine reeeptor (AChRY, The mRNA levels of bath factors dcpeud
on usage of the neuromuseular synupses, but they change to different extents, Myogenin mRINA lavels decrease deastically with innervation. and
increnge sirongly following blacking af transmission whereas the level of MyeD mRNA showed only a small decreuse in response 1o innervation,
dcnervmmn ar musele paralysis by neurotoxing, Neither mRINA showed 1 synapse-related cellular distribution. The results suggest thut nerver
induced eleetricnl muscle activity determines the eallular ratio al’ MynD and myogenin mBRNAx in adult musele, S

MyoD Myogemu. mRNA level; Muscle: aclwnty.Rm

L. INTRODUCTION

With the characterization of MyoD (myoblast deter-
mination gene number 1, MyoD1) [1] considerable in-
terest has been focussed on the analysis of factors which
induce myogenesis and the expression of . muscles
specific structural genes [2]. Other proteins structurally
related to MyoD also convert fibroblast (C3HI10T1/2)
cells into muscle cells and were named myogenin {3,4]
myf-5 [5] and Mrf-4 [€] also known as herculin {71 or
myf-6 [8]. It is not yet clear how the expression of
MyoD and other myogenic factors correlate with the
subsequent activation of genes that are expressed
specifically in skeletal muscle. There is eviderice that
MyoD binds directly to regulatory regions of muscle
specific genes and activates transcription [1]. Putative
MyoD binding sites containing a CANNTG consensus

motif have recently been identified on the genes coding

for different subunits of the nicotinic acetylcholine
receptor (AChR). [9~11]. Two adjacent CANNTG

motifs of the chicken AChR ¢-subunit gene [10] and of

the rat muscle AChR y-subunit gene (Numberger et al.,

submitted) are involved in transcriptional activation of

these genes. On the other hand a single MyoD consen-
sus sequence of the.rat muscle AChR: e-subunit gene
may be necessary to prevent expression in non- muscle
celis (Mumberger et al., submitted).

Thus far it is not Known whether myogenic factors
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are also directly involved in the regulation of proteins
which are localized at the neuromuscular synapsé such
as the AChR, We have measured the changes in the

- levels of MyoD- and myogenic-specific mRNA levels

during establishment, maini¢nance and disruption of
neuromuscular transmission, during which there are
dramatic changes in the level and spatial distribution of -
synapse-specific mRNAs and proteins.

2. MATER‘IAlLS' AND METHODS

. Isolation and surgery of rat muscle

Trlceps muscles from adult Wistar rats (150-3G0 g) or rats of -
various postnatal ages, Killed with ether, CQ» or decapitated wers ‘
removed and immediately frozen in liquid nitrogen. Denervation.and
reinnervation experiments wera performned as described previously
12] Pharmacolegical muscle inactivation was indiced either by in-
jection of botulinum toxin (BoTX) type A into the triceps muscle or
by chronic bleckade of nerve signal conduction in the sciatic nerve us-
ing tetrodotoxin (TTX} following procedures described by Brenner at

al. {13] and Witzemiann et al. [27],

2.2, RNA i'so!arian and Normem blot hybridization enalysis:

Total RNA was extracted by the. guanidinium 1sothiocya'nate
method [12,14). Samples of RNA (10 pg each) were dengturad in 1 M
glyoxal and 50% dimethyl sulfoxide {15] electrophoresed on 1.5%
agarose gels, transferred [16] to Biodyne membranes (Pall) and
crosslinked with the UV Stratalinker from Stratagene. Hybridization
was carried out following the procedure recommended by Pall, The
membranes were exposed to X-ray film (Kodak X-OMAT) for 1-3

days at ~70°C using intensifying screens.

2.3. Hybridization probes . '
Hybridization probes were labelled with [«-**F]dCTP using the

- random primed labelling kit from Boeliringer (Mannheiris) following

procediures based on the method of Feinberg and Vogelstein un. Ex-
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Fig. |. Northern blot hybridization analysis of MyeD and myogenin
transeripts during postnatal development of rat muscle, (A) MyoD
mRNA, and (B) myogenin mRMNA, show autoradiograms of Northern
blots which were analyzed by hybridizinig with *2P-ldbefied probes
(section 2) derived from the corresponding full length cDMNAs [1,4]1.
The positions of rat ribosomal RNAs are giveri. (C) Graphic represen-
tation of the relative changes of the MyoD and myogenin mRNA
levels during postnatal development. The relative contents of the
respective mRNAs (given in arbitrary units) were plotted as a function
of days after birth; the value for adult muscle is indicated by “‘A’. The
values are normalized with the values measured at day 1 after birth for
 MyoD and myogenin. mRNA. Lines are drawn by eye.
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cesx ol incorporated radloderive nueleotide: way remaved wsing spin-

eolumnd frome Blorad. The specific avivites of the probes ranged
from 1= % 1Y cpmspg DNA, Myal [1) and myogealn (4] wpeciile
probes were derived fram full length eDNA clanﬂ kindiy pravided by
Dr Lassar and Dr Dlzon,

2.4, Ewﬂuar‘imr n_r aeloradiograms

Equu! [oading of total RNA was ascerialned by ethidium bromide
staining of the agarese gels. The ribovomal 185 and 283 RMNA bands
served as internal standards, Loading inereasing amounts (3-13 pg) of
total RNA showed a Hnenr incrense in speeltie hybridization signals.
In some cases the same blots were rehybridized using AChR. subunit

*ar acin mRNA speeifle prabes (Witzemana et al., In preparaton).to

confirm ihe specifichy of the observéd changes in mMRNA content (ol
shawn), Autoradiograms were seanned with the dval wavelengih
seanner from Shimaday (C5-910). For densitometrie evaluation care
was taken 1o sean autoradiograms whose densities were in the linear
response range of the fitm.

3. RESULTS

1. MyoD and myogenic mRNA levels changed
differentially during postnaral development ,
Total RNA isolated from lower leg muscle from rat
was . analyzed by Northern blot - hybridization.
Autoradiograms obtained upon hybridization with *P.
labelled MyoD and myogenin specific cDNA-probes are
shownin Fig, 1A, B. The same blot was hybridized first

- with a MyoD-specific probe and then, after washing,
- with a myogenin-specific probe, MyoD mRNA remains
at about the same level during the first 6 weeks of

postnatal development, myogenin mRNA levels on the
other hand are higher at birth and decrease dlastlcally
within the first 3 weeks of development.

- Densitometric evaluation of the autoradmgrams in
Fig. 1 A, B and of additional experiments are sum-
marized in Fig. 1C, where the relative amounts of -
MyoD and myogenin transcripts are plotted as a func-
tion of postnatal age. The results suggest that MyoD

- and myogenin mRNAs may respond differently to

synapse formation and maturation or may follow dif-
ferent = predetermined  development programs
postnatally. - '

3.2, Innervanon of muscle down-regulates mRNA
levéls of MyoD and myogenin

" To discriminate whether the differences in the
postnatal changes of MyoD and myogenin mRNA level
are solely a consequence of myogenic differentiation or
whether it is also affected by neural signals, total RMNA
was isolated from muscles at 7 days of age which were,
however, denervated at day | after birth, MyoD mRNA
levels, which do not change during normal postnatal

development, are clearly increased in 7 day (or 11 day,

not shown) denervated muscles and the normally oceur-
ring postnatal decrcase of myogenin specific mRINA is
prevented by early denervation (Fig. 2A), since the
myogenin mRNA levels are significantly higher in the
denervated muscle when compared to the normally in-
nervated controi muscle (Fig. 2B). These results suggest
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thm beth myoaenie fnemr: are deereased posmnmily in
respanse to innervation. The specificity of these
- changes is supported by experiments where the same

RNA extracts were hybridized with prabes specific for
the AChR subunit mRNAs and actin mRNA {(not’
shown). Denervation of neonatal muscles produced in-

creased levels of AChR subunit mRNAS when com-
pared Lo the contents found in normally developing
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Fig: 2. Postnata} changes in MyeD and myogenin mRNA levels de-
pend on innervation. Total RNA was prepared from postnatal muscle
one day after birth, At the same time muscle was denervated and the
total RNA was jsolated 7 days later from the denervated and the con.
tralateral, innervated muscle as described before [18}, RNA
hybndlzanon analysis was performed as detailed in section 2, (A)
Autoradiograms show MyoD and myogenin specific mRNAs, Posi-
tions of the raz ribosomal RNAs are indicated, Below the coftespon-
ding autoradmgrams the postnatal stages analyged are given, dl
* (postnatal day 1) and 8 (postnaial day 8). N, RNA isolated from in-
nervated niuscle. I, RNA isolated from denervated muscle, (B)
Graphic representations of* the densitometrie evaluation of the
autoradmgrams Arbitrary units are values normalized using the
values measurad at day 1 after birth for MyoD and myogenin iRNA,
N (filled bars) and D (open bars) represent RNA from normal and
denervated muscle at day | and day 8 after birth.
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" Fig. 3, MyoD and myogen‘n mRNA content of adult muscle is down-

regulated by innervation, Total RNA was isolated from adult, inner-

vated muscle and from muscle denervated for 7 days and Subjected to
RNA hybridization analysis.” Reinnervation experiments were per-
formed on rat diaphragm whete functional reinnervation had been
followed in,parallel on separate muscle prepatations {12]. M and D in-,

~ dicate normal:and denervated muscle. Days 7, 14, 30 correspond to’

the time following mechanical nerve crush after which reinnervation
oceurs beginning at day 7 .[12]. (A) Autoradicgram representing
muscular content of MyoD mRNA. (B) Autoradiogram of the blot us-
ed in (A) but hybridized with a myogenin-specific probe. The posi-
tionis of rat ribosomal RNAs are indicated in (A) and (B). (C) Graphic
representation of the densitometric ¢valuation of the autograms
shown in (A) for MyoD (filted bars) and (B) for myogenin (open’

bars). Arbitrary units ave values obtained by normalizing with thc

. values measured fcn normal, innervated muscle. .
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muscles whersas redueed amounts of actin tmnsenpm
were observed [L§]. ‘

~ The effect of denervation and subsequent reinnerva-
tion of adull muscle on the levels of MyoD and
myogenin transeripts is shown in Fig. 3. Following

denervation MyoD mRNA increases only aboutr 3-3.:

fold (Fig. 3A} whereas myogenin shows a more drastic
respanse and increased by at least one order of
magnitude (Fig. 3B, C). The strong increase in
myogenin mMRMNA is quantitatively comparable to the
increase of AChR a-, - and 8-subunit mRNAs follow-
ing denervation [19}. Actin mRNA is, however,

decreased in denervated muscle [27]) again supparting -

the specificity of the observed ¢hanges in MyoD and
myogenin mRNA levels. MyoD as well as myogenin
mRNA levels decrease as a consequence of reinnerva-
tion and reach within about 3 weeks the levels found in
normally \innervated muscle (Fig. 3). Preliminary ex-

periments demonsirate in addition that both niRNAsg -

are reduced to narmal levels when the dencrvatcd mus-
cle is electrically stimulated.

3.3, Muscle paralysis cranges MyoD and myogenm
MRNA levels

Surgical denervation of the muscle leads not only 1o

muscle inactivity, except for fibrillatory electrical ac-
tivity, but also to the degencration of the nerve ter-
minals which is what may be responsible for denerva-
tion-like changes (for review sce [20}). To determine the
effects’ of only muscle paralysis, with the
neuromuscular synapse left structurally intact, nerve-
induced muscle activity was blocked pharmacologically
by botulinum toxin (BoTX) and tetrodotoxin (TTX).
The changes induced by blocking of neuromuscular
transmission with BoTX (for review see {21]) are sum-
marized in Fig. 4, Both MyoD (Fig. 4A) and myogenin
mRNAs (Fig. 4B) are significantly elevated already 2
days after BoTX administration. Within -7 days of
BoTX administration the mRNA levels are increased by
about 4-fold for MyeD and about 21-fold for myogenin
which is similar to the increase observed upon surgical
denervation of the muscle, TTX applied by a nerve-cuff
also induces muscle paralysis. However, in contrast 10
BoTX-blocked museles, vesicular acetylcholine is still

relcased spontaneously with . TTX (for review sce
[22,23]). In TTX-blocked muscle MyoD mRNA levels
increase only slightly and the increase appears to corres- -

pond to the small increase observed in denervated mus-
cle (Fig. 4A). Myogenin mRNA levels increase more
drastically but the increase is only 30-60% of the

amount observed: after surgical denervation (Fig. 4B). -

3.4. Celivlar distribution of MyoD and myogenin |

MRNA
As a consequence of innervation the AChR subumt
mRNAs become mainly restricted to the synaptic

regions during postnatal development [24]. It was
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Fig. 4, Myol) and myogenin mRNA content in pharmacologiently
paralysed muscles. Total RNA was isolated from (riceps musele
paralysed by injection of botulinum toxin {BoTX) or by chronic
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. blockade of impulse canduction in the sciatic nerve with tetrodotoxin

(TTX) a5 deseribed in [13], RNA hybridization analysis was perform-
ed using MyoD and myogenin specific probes, N and Dindicate RNA
isotated from normal and denervated musele. BoTX indicates mRNA
content in muscle paralysed by BoTX for 2 and 7 days (2d, 7d) m\d‘
TTX mRNA content in muscle paralysed by TTX for 3, 4 and 7 days
(3d, ad, 7d). Autoradiograms were densitometrically scanned and the
values are shown by the bar histograms. Arbitrary units cerrespond

‘1o values normalized by the values measured for mRNA content of

normal innervated muscle, (A) MyoD mRNA, (B) Myogeiin mRNA,

therefore of interest to find out whether innervation
would also contribute to an uneven cellular distribution
of the MyoD and myogenin mRNAs. Rat diaphragm
was dissected into synapse-rich and synapse-free muscle
strips and total RNA was extracted for RNA hybridiza-
tion analysis. The results show that MyoD and
myogenin mRNAS are present-in approximately equal
amounts in both muscle regions and thus display an
uniform cellular distribution (Fig. 5A). Denervation
causes, for both myogenic factors, an increase in synap-
tic as well as extrasynaptic regions which corresponds to

- the increases of theé MRNA levels present in total muscle

(Fig. 5B). MyoD and myogenin mRNA expression ap-
pears therefore not to be confined to specific cellular
regions such as the innervated region of the muscle.
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Fig. 5. Lack of synapse specific tocation of MyeD and myogenin
mRNAs in normal and denervated muscle. Ral diaphragm was
dissected into synapse-rich 1) and synapse-free (EJ) muscle strips {12)
and tatal RNA was extracted for RNA hybridization analysis, (A)
Autoradiograms obtained using MyoD and myogenin specific probes
ns indicated and 10tal RNA from normal innervated diaphragm, (B)
Autcradiograms oblained using Myol> and mydgenin specific probes
‘as indicated and total KNA from 7 days denervited diaphragm.

4. DISCUSSION

The results show that the muscular contents of MyoD
and ‘myogenin mRNA change in several experimental
situations where the interaction between the motor
nerve. and muscle is altered, namely during postnatal

development, denervation, reinnervation, and toxin in-
duced muscle paralysis. Innervation reduces the mRNA
levels of both factors, but to different extents. Whereas
the level of MyoD shows only relatively small changes

in. abundance when neuromuscular transmission is -
established or interrupted (about 2-5-fold) the level of -

myogenin mRNA seems to be more tightly controlled
by the nerve showing much larger changes (about 20-
fold). The experiments with neuromuscular block by
toxins, which leave the nerve-muscle contact physically
intact but bloek functional transmission, suggest that a
signal related to the nerve-induced electrical activity of
the muscle is Clltlcal ior reductlon of MyoD and
‘ mRNA ]evels between denervated and BoTX paralyzed
musele on the one hand and TTX paralyzed muscle on
the other hand suggests that, in addition, a neutrophic
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factor independent of muscle aenvlty may also be in- _
votved in the reduction of myogenin levels. i
“A correlation between the time course of eilher

‘MyoD and myogenin mRNA levels and AChR subunit

specific mRINA levels iy, if present acvall, rather weak.
Possibly, coordinated changes can be found during -
denervation and reinnervation between myogenin
mENA fevels In adult muscle and changes.in e-, 4~ and

" 8-subunit mRNAS [27] whereas for the 8- and e-subunit

mRNAs no correlation is  detectable. Also the:
developmental ehanges are only weakly, if at all, cor
relaced [18].

The lack of correspandence between mRNA levels of

- myogenic factors and AChR subunit mRNAs in various

experimental conditions for whole muscle mRNA levelg
is also seen for the eellular distribution of mRNAs, The
mRNAs of bath factors do not show a synapse-related
celiular distribution, thus an involvement of. these

- myogenic factors in the establishment and maintenance

of synaptic localization of AChR subumt spec:fxc
mRNA is unlikely,

The differential regulauan of the musculm contents
of MyoD and myogenin mRNAs by nerve- -induced mus-
cle activity indicates that the ratio of these two factors
could be selectively affected by muscle activity. The fin-
ding that denervation-triggered activation of AChR-
genes require de novo synthesis of a transcriptional ac-
tivator [25] raises the question whether myogenic fac-
tors such as myogenin. transactivate AChR-subunit

~genes upon denervation. MyoD binding elements are

located in the upstream sequences of AChR subunit
genes and there is evidence that they regulate. the
transcription of «~ [10] and - (Numberger et al., in
preparation) subunit genes in primary muscle cultures.

. The a-, ¥~ and é-subunit mRINASs seem to be regulated,

at least partially, by a signal induced by electrical activi-
ty of the muscle [26,27]. Possibly myogenin, being also
tightly repulated by electrical muscle activity or a
related factor, could beinvolved in the regulation of ex~
trasynaptic o- and - and &- subumt MRNA levels in

adult muscle,
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