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Abstract The current view indicates that after eccentric exer-
cise myofibers are mechanically damaged and therefore an in-
flammatory and necrotic process occurs. In the present paper we
examine the possibility that apoptosis plays a role in normal and
dystrophin-deficient muscles after running. We analysed for
apoptosis normal and dystrophin-deficient mouse muscles after
a night of spontaneous wheel-running followed by two days of
rest. Terminal deoxynucleotidyl transferase-mediated end-
labeling of DNA in nuclei in tissue sections and gel electrophore-
sis of extracted DNA showed the presence of fragmented DNA.
Furthermore, ubiquitin, a protein whose appearance is related to
apoptosis, increased in muscles of both dystrophic and normal
runner mice. The present findings which confirm that DNA dam-
age is absent in muscles of sedentary mice but present in muscles
of runner mice offer a new hypothesis on early events of muscle
damage.
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i, Introduction

Apoptosis is a specific form of cell death that plays an impor-
rant role in development, growth regulation and diseases [1].
\poptosis in thymus has been extensively studied and it is
characterized by an early and intense double-stranded cleavage,
‘hat is normally followed by a nucleosomal ladder when the
DNA is electrophoresed [2]. The nucleus morphologically ap-
oears condensed and it displays marginated chromatin. The
wclear feature (peripheral chromatin condensation, nuclear
ibrillar centre, the osmiophilic nucleoplasmic granules) in an
ipoptotic cell, as it appears in thymus and epithelial cells, is so
ypical that has been considered the hallmark of apoptosis also
n absence of DNA ladder [3]. Recently there have been a
1umber of reports of cell death with the morphological features
»f apoptosis without the generation of a detectable ladder of
wcleosomal fragments. Oberhammer et al. [4], Brown et al. [5]
ind Walker et al. [6] have demonstrated that DNA cleavage in
ipoptosis involves an initial cleavage into high molecular
~eight fragments (HMW) of 700-300-50 kbp, followed by en-
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Abbreviations: EDL, Extensor Digitorum Longus; PBS, phosphate-
buffered saline; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
zlectrophoresis; ROS, reactive oxygen species.

donuclease cleavage into nucleosome or oligonucleosome-sized
fragments. These two steps of DNA fragmentation are cataly-
sed by two different endonucleases and the later stage of DNA
degradation (ladder) is blocked by inhibitors of serine protease
and Zn [6). Two processes must be distinguished in apoptosis,
the first called ‘priming’ involves accumulation into the cell of
the machinery which permits to apoptosis to take place, the
second is the ‘triggering’ of primed cells into apoptosis itself [7].
Little is known about the stimuli that prime cells for apoptosis.
Priming is reversible and may be part of a strategy in the
regulation of cell population, since cells primed for apoptosis
are all doomed to die unless rescued by specific growth factors.
Apoptosis follows triggering immediately, but the time between
priming and triggering may vary. Few informations are availa-
ble about apoptosis in fully differentiated cells especially when
cells are syncytia as the muscle fibers. Only a massive muscle
cell elimination by apoptosis had been described in acute infan-
tile spinal muscular atrophy [8]. Recently we and others showed
that this could be the case for adult mdx mouse muscle [9,10].
In the present paper we investigate the possibility that mild
exercise plays a role in DNA damage and ubiquitin expression
of either normal and mdx muscle. Preliminary results were
reported in abstract form [11].

2. Materials and methods

2.1. Animal experiment

Ten normal and ten mdx C57 adult mice were used at 4 weeks and
were divided in runner and non-runner animals. The runners were
housed in a wheel-cage and let them run spontaneously for an entire
night. Two day after mice were sacrificed. The Tibialis Anterior (TA),
EDL and Soleus muscles of both hind limbs were removed. Muscles
from right limb were fixed in 10% formaldehyde and embedded in
paraffin. The muscles were cut transversely into 6 ¢m thickness slices,
and mounted in Canadian balsam on polylysine pre-coated slides. Mus-
cles from left hind limbs were frozen in liquid nitrogen and stored at
-80°C.

2.2. In situ DNA nicklend labeling

Paraffin embedded tissues were deparaffinized and proteins in tissue
sections were digested by applying proteinase K (20 ug/ml) to specimen
for 15 min at room temperature. Specimens were then washed in dis-
tilled water. Cryostat sections were fixed in 10% neutral buffered for-
malin for 10 min at room temperature. After washing in PBS slides were
post-fixed in ethanol/acetic acid (2:1) for 5 min at room temperature.
Endogenous peroxidase activity was blocked by applying 2% hydrogen
peroxide in PBS on slides for 5 min at room temperature. In situ end
labeling of fragmented DNA was performed using terminal deoxynu-
cleotidyl transferase with digoxigenin-conjugated nucleotides followed
by immunodetection of incorporated nucleotide using the ApopTag In
Situ Apoptosis Detection Kit-Peroxidase distributed by Oncor as de-
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Fig. 1. In situ DNA end-labeling for detection of apoptotic myonuclei in sections of tibialis anterior muscle. Positive myonuclei appear coloured dark
brown. Tibialis anterior muscle of (a) normal non-runner mouse, hematoxylin-eosin stained, (b) the same muscle with in situ nick/end labeling method,
staining is undetectable. (c) normal runner mouse, hematoxylin-eosin stained, (d) runner normal mouse which presents positive myonuclei (brown)
in the presence of counterstain nuclei with methyl-green (green). () non-runner mdx mouse, hematoxylin-eosin stained, (f) the same muscle with in
situ nick/end labeling method, staining is undetectable. (g) runner mdx mouse, hematoxylin-eosin stained, (h) runner mdx mouse which presents
positive myonuclei (brown) in the presence of counterstain with Methyl-green (green).

«

s. ribed by the manufacturer instructions. Positive nuclei in three ran-
domly chosen fields were counted per muscle. Results are expressed as
namber of positive muscles in each group on animals and percent of
positive nuclei in each muscle (mean * S.D.; statistical significance is
c¢:lculated using the Student’s t-test).

2 3. DNA isolation and analysis

For isolation and electrophoresis of DNA, one half of the five mus-
c'es of each experimental group were pooled and lysed in extraction
baffer (proteinase K 1 mg/ml, 100 mM NaCl, 10 mM Tris-HCI, pH 8.0,
25 mM EDTA, 0.5% SDS). The samples were incubated overnight at
59°C and then treated with DNase free RNAse (100 ug/ml) for 1 hr at
5)°C. DNA was phenol/chloroform extracted, ethanol-precipitated,
and resuspended in 10 mM Tris-HCI, pH 8, 10 mM EDTA, pH 8 (TE).
The extracts were subjected to electrophoresis either in a 2.2% agarose
g2l either in a 7% polyacrylamide gel and stained respectively with
¢ hidium bromide and with silver stain.

2 4. Ubiquitin
The residual tissues of the five muscles of each experimental group
vere pooled and homogenized with a Polytron apparatus (PT 10 0D)
i1 50 mM KCI containing 10 mM EGTA, 30 uM pepstatin, 12 uM
yhenylmethylsulfonylfluoride (PMSF) and 1 mM benzamidine to re-
cuce effects of endogenous proteases. An aliquot of the homogenated
sample was dissolved with a volume of 10% v:v glycerol, 2.3% SDS,
% 2-mercaptoethanol, 62.5 mM Tris-HCl pH 6.8 (Sol A). The remain-
ing material was centrifuged at 650 x g for 10 min, the supernatant was
(ollected and stored at —20°C after adding equal volume of Sol A and
toiling for 5 min. Protein concentration was determined by the
(loomassie brilliant blue method [12]. Aliquots of both homogenate
1100 ug) and supernatant (30 ug) were analyzed by 12.5% SDS-PAGE
nd Western blotting. The following conditions were used for antibody
rinding: anti-ubiquitin from Sigma 1:300 dilution, 20°C, 2 h; anti-
;abbit alkaline phosphatase linked (Sigma) 1:4000, 20°C, 1 h. Den-
-itometric scanning of immunoblot was performed using a GS 300
“ransmittance-Reflectance Scanning Densitometer (Hoefer Scientific
nstruments) connected to a Macintosh Plus (Apple computer). Data
vere processed using the GS-370 Data System for Hoefer GS 300
scanning Densitometer, Macintosh version according to Rossini et al.

13].

lable 1
\poptotic myonuclei detected by in situ DNA end labeling in non-
‘unning and running muscles of normal and mdx mice

3roup No. of  No. of Percent of positive nuclet in
animals animals each animal
with posi-  (mean * S.D.)
tive nuclei
Normal
non-runner 4 1 0,0,3,0 1+1
runner S 5 19,30,2,18,29 20x11*
ndx
non-runner 5 3 4,0,6,3,0 3+3
runner 4 4 28,37,34,1 25+ 16°

‘Student’s ¢-test: P = 0.014 vs. non-runner; "Student’s ¢-test: P = 0.018
vs. non-runner. The differences between normal vs. mdx mice are not
significant.

3. Results

3.1. Apoptotic myonuclei detected by in situ DNA end labeling

The running and non-running muscles of normal and mdx
mice were tested in situ end labeling to detect DNA double
strand breaks (DSB). With this method minimal digoxigenin
labeling was detected in nuclei of non runner mice muscles (Fig.
1b-1f) while a large number of myonuclei became positive in
both normal and mdx runner mice muscles (Fig. 1d-1h). In
particular, the peripheral myonuclei of normal runner mice
stained with hematoxylin-eosin (Fig. 1c) are positive for DSB
detected with ApopTag method (Fig. 1d). The mdx runner mice
muscles show foci of chronic inflammation with the presence
of infiltrating leucocytes, and small regenerating myofibers
with centrally located myonuclei (Fig. 1g). Fig. 1h shows that
inflammatory cells (leucocytes with green nuclei) are negative
while centrally located myonuclei are positive for apoptosis
(brown). Table 1 shows that the difference in apoptotic nuclei
between runner and non-runner mice muscles is statistically
significant. The difference in the number of positive mice (three
over five for mdx, vs. one over four for normal mice) though
not statistically significant suggests that apoptotic events could
be more frequent in the sedentary mdx mice.

3.2. Organization of chromosomal DNA

The DSB seen with nick/end labeling method that follow
exercise coincide with alteration in the organization of chromo-
somal DNA in mdx runner mice. The fragmented chromosomal
DNA can be visualized by isolating genomic DNA, subjecting
it to electrophoresis size fractionation in agarose, and staining
it with ethidium bromide (Fig. 2). DNA from normal runner,
non runner and mdx non-runner muscles is high-A, DNA and
remains at the top of the gel. However, the DNA from mdx
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Fig. 2. Profile of total DNA isolated from Tibialis Anterior muscle of
running and non-running mouse. DNA purified by phenol/chloroform
extraction. Lane 1, T cells treated with dexamethasone for 6 h; lanes
2-3, DNA extracted from mdx and normal non-running muscle respec-
tively; lanes 4-5, DNA extracted from mdx and normal running muscle
respectively.



294

Fig. 3. Profile of total DNA purified by phenol/chloroform extraction
and subjected to polyacrylamide gel electrophoresis. Lanes 1 and 6,
DNA extracted from T cells treated with dexamethasone for 6 h, 100—
500 ng respectively; lanes 2-3, DNA extracted from normal non-run-
ning and running muscle respectively; lanes 4-5, DNA extracted from
mdx non-running and running muscle respectively.

runner mice presents clear signs of fragmentation. To rule out
the possibility that some small percentage of the DNA was
degraded into a nucleosomal ladder but was below the level of
detection of ethidium bromide, the DNA was subjected to poly-
acrylamide gel electrophoresis followed by silver stain (Fig. 3).
Although some sheared DNA was present in several samples,
probably due to damage during isolation, there is no evidence
of any nucleosomal ladder in normal runner, non runner and
mdx non-runner. Instead in mdx runner fragmented DNA were
detected particularly at nucleosomal and oligonucleosomal
level.

3.3. Expression of ubiquitin

As described in literature, the programmed cell death and/or
apoptosis requires de novo expression of specific sets of genes.
One of these is the ubiquitin gene. We investigate the presence
or absence of polyubiquitin in the supernatant of muscle homo-
genate after SDS-PAGE and Western blot. A polyubiquitin
band (30-35 kDa) is detected in the supernatant, as previously
described [14]. Fig. 4 shows that polyubiquitin amount is low
in normal muscle according to the literature [15] but accumu-
lates at higher levels when the muscles were committed to exer-
cise.

After immunoreaction the band were scanned and quantified
as described in section 2. The results confirm that polyubiquitin
content is at least twice as high in runner muscles compared
with non-runner mice muscles (Table 2).
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4. Discussion

Muscles in adult animals are fully differentiated syncytial
cells and apoptosis, which is known to be present in tissues that
modulate their cellular homeostasis under the influence of
growth-hormonal factors, should be, in theory, absent.

Regeneration after injury, if takes place, starts from satellite
cells, substituting the loss of myofibers. It is well known that
exercise in an unaccustomed muscle provokes mild injury, sore-
ness and lactic acid accumulation. Smith [16] suggested that in
adult muscle the events observed after an eccentric muscle
exercise reflect the typical sequence of acute inflammation
which follows the unknown primary damaging event, usually
related to the mechanical overloading of the intra-inter fiber
components induced by the contractile machinery. The events
are divided in time lapses of 24 h and comprise accumulation
of neutrophils in the first 24 h, release of lysosomal enzymes
till 48 h, release of inflammation mediators and signs of repair
at 72 h. The data here presented shed a light on the pathogene-
sis of the post-exercise muscle injury, since DSB, detectable
after exercise, precedes any sign of necrosis, indicating that
DNA damage is present while inflammation is in progress. We
showed by in situ nick/end labeling the presence of apoptotic
myonuclei in mdx mice [9], in line with a recent report about
apoptosis in dystrophin-deficient muscles [10], and now we are
able to show by DNA analysis the presence of DNA damage.
In both normal and dystrophic non-runner adult muscles apop-
tosis is absent when analysed by electrophoresis of extracted
DNA. The percent of positive nuclei (about 30%) for in situ
nick/end labeling in mdx and normal runner mice raises the
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Fig. 4. Analysis of ubiquitin by Western blot of supernatant from
homogenate of runner and non-runner muscles. Lane 1, normal non-
runner muscle; lanes 2-3, normal and mdx runner muscle; lane 4, mdx
non-runner muscle; lane 5, 1 ug of ubiquitin. Myosin heavy chain (200
kDa), bovine serum albumin (68 kDa), actin (43 kDa), and ubiquitin
(8 kDa) were used to calibrate the gel electrophoresis.
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Table 2
Ubiquitin content after Western blot and densitometry

Muscle Total protein content Polyubiquitin content
(ug) (arbitrary units)

Normal

non-runner 30 2500

runner 30 5830
wi ix

non-runner 30 3000

runner 30 5100

problem of the significance of the phenomenon, since the per-
cent of positive myonuclei largely exceeds the percent of the
slow type myofibers that are known to be prone to undergo to
nacrosis after mild exercise. However, the DNA analyses show
the breakdown of chromosomal DNA into nucleosome-size
fragments only in mdx runner mice muscles. The non-detected
fragmentation in normal runner mice muscles could be ex-
p ained by the presence of DNA fragments of so high molecular
weight (50-300 kbp) that they are not detectable with normal
gl electrophoresis. The observed DNA damage, probably the
initiation of apoptosis process, was presumably due to an accel-
erated muscle metabolism during exercise or to a production
of reactive oxygen species (ROS), facilitated by the increased
cutecholamine level induced by stress, not compensated by nor-
mial glutathione cycle and/or normal cellular ROS scavengers.
Indeed the recent findings [17] that thiol compounds inhibit
e1donuclease and protect from apoptosis while glucocorticoid
hormones, which are produced in stress conditions, facilitate
the DNA fragmentation are able to explain why DSB are pres-
eat in runner muscle mice. Of particular interest is the observa-
t-on that a real myonecrosis follows the DNA damage observed
it muscle after mild exercise only in a few percent of slow-type
f'bers [18]. Our data also show that chromatin fragmentations
cccurs with a parallel increase in polyubiquitination. At pres-
ent, the genes and the proteins responsible for apoptosis are
lirgely unknown. One candidate could be the ubiquitin [19]
vwhich can be covalently linked to cellular proteins to mark
taem for degradation. Increasing amount of ubiquitin are de-
seribed in developing muscle Manduca [20] and other insects
[21] which are good model for studying programmed cell death.
I'olyubiquitin is present in normal muscle, being related to
protein turnover, and its content is increased in many muscle-
wasting conditions in rodents (see for review [15]). Indeed,
Schwarts et al. [22] described ubiquitin linked to actin and a
preferential degradation of actin and myosin heavy chain in
“Manduca muscle. With immunoblot technique we found in
1unner mice muscles an increased level of an anti-ubiquitin
1zacting band which is present at lower level in normal mice
11uscles. Purification and identification are in progress, how-
cver preliminary results suggest that the protein is only poly-
ubiquitin,

A reasonable hypothesis could be that in myofibers, with
yrevalent oxidative metabolism (slow type), the amount of ROS
produced overwhelms natural cellular scavengers accompanied
ty reduction of thiol groups, and caused DNA damage. The
data we have obtained are in line with the hypothesis that mild
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exercise is followed by inflammation but is preceded by DNA
damage and apoptosis in which ubiquitin can play a pivotal role
in protein degradation. Further information are needed in
order to understand why differentiated cells as adult myofibers
might undergo apoptosis. Gottlieb et al. [23] recently described
apoptosis in rabbit cardiomyocytes after reperfusion injury,
that might be the case of skeletal muscles after wheel-running.
We believe that the nuclear events we here described are of the
foremost importance in understanding the pathogenesis of ex-
ercise-induced damage, favouring the hypothesis of a peculiar
fragility of dystrophic myofibers to normal-life stress in view
of the presence of an apoptotic process in mdx mice after a mild
exercise.

Acknowledgements: The financial support of TELETHON - ITALY to
the project ‘Studies of the mechanisms of cell death and fibrosis in
Duchenne Muscular Distrophy (no. 192)’ is gratefully acknowledged.
Supported in part by funds from the Italian C.N.R. to the Unit for
Muscle Biology and Physiopathology, and the Italian M.UR.S.T.
(60%) to U.C. and Italian M.U.R.S.T. (40%) recipient P.A.

References

[1] Thompson, C.B. (1995) Science 267, 1456-1462.

[2] Oberhammer, F.A., Hochegger, K., Froschl, G., Tiefenbacher, R.
and Pavelka, M. (1994) J. Cell. Biol. 126, 827-837.

[3] Zakeri, Z.F., Quaglino, D., Latham, T. and Lockshin, R.A. (1993)
FASEB J. 7, 470-478.

[4] Oberhammer, F.A., Wilson, J.W., Dive, C., Morris, 1D,
Hickman, J.A., Wakeling, A.E., Walker, P.R. and Sikorska, M.
(1993) EMBO J. 12, 3679-3684.

[5] Brown, D.G., Sun, X.M. and Cohen, G.M. (1993) J. Biol. Chem.
268, 3037-3039.

[6] Walker, P.R., Weaver, V.M., Lach, B., LeBlanc, J. and Sikorska,
M. (1994) Exp. Cell. Res. 213, 100-106.

7] Steller, H. (1995) Science 267, 1445-1449.

[8] Fidzianska, A., Goebel, H.H. and Warlo, 1. (1990) Brain 113,
433-445.

[9] Podhorska-Okolov, M., Sandri, M., Bruson, A., Carraro, U.,
Massimino, M.L., Arslan, P., Monti, D., Cossarizza, A. and
Franceschi, C. (1995) Basic Appl. Myol. 5, 1-4.

[10] Tidball, J.G., Albrecht, D.E. and Lokensgard, B.E. (1994) Mol.
Biol. Cell. 5, suppl., 155.

[11] Carraro, U., Rizzi, C., Rossini, K., Podhorska-Okolov, M.,
Arpesella, G. and Mikus, P. (1994) in: Skeletal Muscle Assist
(Salmons, S., Ed.) CA Heart, University of Twente, Enschede, The
Netherlands, pp. 43-46.

{12] Bradford, M. (1976) Anal. Biochem. 72, 248- 254,

{13] Rossini, K., Rizzi, C., Sandri, M., Bruson. A. and Carraro, U.
(1995) Electrophoresis 16, 101-104,

[14] Sandri. M., Rizzi, C., Mazzoleni, F., Dalla Libera, L., Mussini, E.,
Catani, C. and Carraro, U. (1993) Mol. Biol. Cell. 4, suppl., 385.

[15] Finley, D. and Chau, V. (1991) Annu. Rev. Cell. Biol. 7, 25-69.

[16] Smith, L.L. (1991) Med. Sci. Sports and Exerc. 23, 542-551.

{17} Cain, K., Inayat-Hussain, S.H., Kokileva, L. and Cohen, G.M.
(1995) FEBS Lett. 358, 255-261.

[18] Wernig, A., Salvini, T.F., Langenfeld-Oster, B., Irintchev, A. and
Dorlochter, M. (1991) in: Plasticity of Motoneuronal Connection
(Wernig, A., Eds.) Elsevier, pp. 85-100.

[19] Takayama, S.. Sato, T., Krajewski, S., Kochel, K., Irie, S., Millian,
J.A. and Reed, J.C. (1995) Cell 80, 279-284.

[20} Schwarts, L.M., Myer, A., Kosz, L., Engelstein, M. and Maier, C.
(1990) Neuron 5, 411-419.

[21] Schwarts, L.M. (1992) J. Neurobiol. 23, 1312-1326.

[22] Schwarts, L.M., Jones, M.E.E., Kosz, L. and Kuah, K. (1993)
Dev. Biol. 158, 448-455.

[23] Gottlieb, A.R., Burleson, K.O., Kloner, R.A., Babior, B.M. and
Engler, R.L. (1994) J. Clin. Invest. 94. 1621-1628.



