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Abstract

Background: While muscle regeneration has been extensively studied in animal and cell culture models, in vivo
myogenesis in adult human skeletal muscle has not been investigated in detail.

Methods: Using forced lengthening contractions induced by electrical stimulation, we induced myofibre injury in
young healthy males. Muscle biopsies were collected from the injured leg 7 and 30 days after muscle injury and
from the uninjured leg as a control. Immuno-stained single muscle fibres and muscle cross sections were studied
by wide-field and confocal microscopy. Samples were also studied at the ultra-structural level by electron
MICroscopy.

Results: Microscopy of single muscle fibres in 3 dimensions revealed a repeating pattern of necrotic and regenerating
zones along the length of the same myofibre, characterised by extensive macrophage infiltration alongside differentiating
myogenic progenitor cells and myotubes: the hallmarks of myogenesis. The myofibre basement membrane was preserved
during these processes and interestingly was seen at a later stage as a second basement membrane surrounding the
regenerating fibres.

Conclusions: This is the first work to document in vivo myogenesis in humans in detail and highlights the importance of the

basement membrane in the process of regeneration. In addition, it provides insight into parallels between the regeneration of
adult skeletal muscle in mouse and man, confirming that this model may be a useful tool in investigating myofibre and matrix

formation, as well as specific cell types, during regeneration from the perspective of human muscle.
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Background

The common purpose of studies investigating muscle
regeneration is to contribute to the improved clinical treat-
ment of conditions such as muscle disease, volumetric
muscle loss and sarcopenia, as well as muscle injury itself,
in humans. However, the study of muscle regeneration is
largely based on animal studies, taking advantage of the
possibilities for invasive interventions and where whole
muscles can be excised for analyses. These mostly include
focal muscle injury [1, 2], or various types of toxin injection
into the muscle, as recently studied in detail [3]. The clear
strength of animal models is the possibility for molecular
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manipulation, for example as exploited to demonstrate the
absolute necessity of satellite cells for the regeneration of
murine skeletal muscle following injury [4, 5]. Studying
myogenesis in vitro has also proved to be a valuable tool,
for example in determining intrinsic cell properties and
mechanisms involved in the contribution of other cell types
to muscle repair. However, similarities between these
models and how myogenesis actually occurs in mature
human muscle, in vivo, have to our knowledge never been
investigated. Traumatic human skeletal muscle damage
occurs in the form of either strain muscle rupture which
occurs at the myotendinous junction and does not allow
for study of muscle cell injury or contusion muscle damage
where it is not possible in a systematic standardised way to
study regeneration. Human models of muscle damage are
thus usually exercise-based and consist of voluntary length-
ening (eccentric) muscle contractions, which rarely lead to
myofibre necrosis, despite indirect indications of muscle
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damage such as delayed onset muscle soreness and
increased circulating levels of creatine kinase. While these
pseudomarkers of muscle damage are common and can
reach substantial levels, studies of muscle biopsies from
such studies only occasionally report evidence of myofibre
necrosis [6-8], suggesting a process of remodelling of the
muscle and its associated extracellular matrix rather than
true regeneration, as recently discussed [9, 10]. In contrast
to this, the use of neuromuscular electrical stimulation in
conjunction with forced lengthening contractions has been
shown to be effective in inducing myofibre necrosis in
human skeletal muscle, with concomitant proliferation of
satellite cells and infiltration of macrophages [11]. We re-
cently confirmed a large activation and proliferation of the
satellite cell pool with this model and extended the time
course of study to 30 days, where a large proportion of
fibres demonstrated neonatal myosin expression [12], indi-
cating the potential of this injury model to induce large-
scale muscle regeneration, although how alike this process
is to rodent muscle regeneration has rarely been addressed
in the context of healthy human adult muscle.

While the different forms of muscle injury are associ-
ated with different repair trajectories, the processes of
muscle regeneration share many similarities. In brief,
damaged tissue is removed by recruited macrophages
while myogenesis begins. The main stages of myogenesis
in mature skeletal muscle include the appearance of
myoblasts at the fibre periphery, which eventually fuse
with each other to form myotubes. These myotubes en-
large and mature over time to restore the muscle to its
pre-injury state, as reviewed elsewhere [9, 13]. Depend-
ing on the model of injury, as well as affecting the entire
myofibre, necrosis can also occur segmentally, affecting
only part of the myofibre [1, 2]. One of the pervading
features reported to be required for successful regener-
ation following necrosis is the preservation of the muscle
fibre basement membrane [14]. A recurring observation
from electron microscopy studies is that of empty base-
ment membrane tubes, present after fibre necrosis, in
both animal muscle [14] and human dystrophic muscle
[15]. Furthermore, there are reports of the appearance of
a new basement membrane surrounding the regenerated
myotubes, but within the “original” basement membrane
which at this stage demonstrates a pleated form [16-18]
and is thought to be removed gradually over time. To-
gether, this suggests that the basement membrane is an
important scaffold for myogenesis but at some point be-
comes redundant as the newly formed myofibres form
their own basement membrane. The consequence of the
formation of new myofibres, with a new sarcolemma
and basement membrane, is a completely reconstructed
satellite cell niche, which could be beneficial in certain
situations. It is not known however if this occurs in hu-
man skeletal muscle in the adult state.

Page 2 of 18

The aim of this study was to investigate the in vivo
necrosis and regeneration of healthy adult human skel-
etal muscle with focus on stages of myogenesis and the
myofibre basement membrane.

Methods

Subjects and experimental design

The Regional Scientific Ethical Committees of Copenhagen
in Denmark approved this study (Ref: HD-2008-074), and all
procedures conformed to the Declaration of Helsinki. The
participants were all young healthy males who gave informed
consent on inclusion. The muscle biopsies analysed in this
study are a subset of samples collected during a larger study
[12]. Briefly, volunteers were subjected to a muscle injury
protocol which consisted of 200 forced lengthening contrac-
tions of the vastus lateralis muscles of one leg, with the use
of electrical stimulation to initiate each contraction, as de-
scribed in detail [12].

Muscle sampling and preservation

Muscle biopsies were collected from the vastus lateralis
muscle before the injury protocol and afterwards on days 2,
7 and 30. Biopsies were taken under local anaesthetic (1%
lidocaine: Amgros I/S, Copenhagen, Denmark), using the
percutaneous needle biopsy technique of Bergstrom [19],
with 5—6-mm-diameter biopsy needles and manual suction.
On extraction, portions of the biopsy were prepared for
preservation in three ways: (1) a small part of the sample
was immersed in 2% glutaraldehyde in 0.05 M sodium
phosphate buffer (pH 7.2) for transmission electron micros-
copy (TEM). (2) Parts of the biopsy suited for histology
were aligned in parallel, embedded in Tissue-Tek (Sakura
Finetek Europe, Zoeterwoude, The Netherlands), frozen in
isopentane, pre-cooled by liquid nitrogen and stored at -
80 °C until analysis. (3) If the biopsy contained long intact
bundles of fibres, those were prepared for single fibre ana-
lysis [20]. Fibre bundles were pinned to maintain fibre
length and covered in Krebs-Henseleit bicarbonate buffer
(containing 0.1% procaine) for 2 min, followed by Zamboni
fixative (2% formaldehyde, 0.15% picric acid) for 30 min.
The fibres were then transferred to a glass jar containing
fresh Zamboni fixative and placed in the fridge for approxi-
mately 4 h, after which the Zamboni was replaced by 50%
glycerol in PBS. On the following day, the jar was moved to
a — 20 °C freezer for storage. For the present study, 4 sub-
jects were selected based on the availability of single fibres
collected from the injured leg on day 7 and the control leg
of the same individual, as well as evidence of necrosis on
cross sections on day 7. The age, height and weight of these
subjects was 23 + 4 years, 1.79 + 0.04 m and 69 + 7 kg,
respectively. Samples analysed by electron microscopy
included 2 of these subjects and 3 additional subjects, based
on availability of tissue.
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Immunostaining of single fibres

Single muscle fibres were teased from the fibre bundles in PBS
with the aid of a stereomicroscope. For the samples collected
on day 7, bundles of 2—3 fibres were isolated together due to
the brittle nature of the damaged fibres at this time point. Fi-
bres were transferred to wells (12-well Nunc plate) containing
immunobuffer (IB:PBS containing 50 mM glycine, 0.25% BSA,
0.03% saponin, 0.05% sodium azide) and stained as described
previously [21]. Primary antibodies were diluted in IB and
added to the wells. The plate was subjected to gentle shaking
overnight at room temperature. Triton (0.1%) was added with
the primary antibody for staining with some antibodies. After

Page 3 of 18

washing in 3 changes of IB (15 min each), the fibres were
incubated with the secondary antibodies for 2 h. Following 3
washes, nuclei were stained with 1 pg/ml Hoechst 33342
(H1399; Invitrogen A/S, Taastrup, Denmark) for 5 min. The
fibres were washed twice and individually aligned in a drop of
mounting medium (Molecular Probes Prolong Gold mount-
ing, cat. no. P36930, Invitrogen) on a microscope slide, cover-
slipped and stored at — 20 °C until being imaged.

Antibody combinations and analyses
Single fibres were stained with various combinations of
the antibodies mouse anti-CD56 (cat. no. 347740, Becton
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Fig. 1 Cross-sectional profiles of regenerating fibres. Three serial frozen cross sections of a biopsy obtained from regenerating vastus lateralis skeletal
muscle 7 days after injury induced by electrical stimulation-elicited eccentric contractions (right). Three serial cross sections from the control (uninjured)
leg of the same individual are shown (left) for comparison. The sections have been stained with alpha-sarcoglycan, beta-dystroglycan or dystrophin to
label the sarcolemma, along with a basement membrane protein (laminin or collagen IV) and a myogenic marker (desmin or neonatal/embryonic
myosin; MHCn/e). Each column of images contains single channel and combined images for each staining. In the injured muscle, dystrophin staining
is completely absent in several fibres, while the basement membrane (laminin) is preserved. MHCn/e staining is evident in some small dystrophin-
negative fibres. A similar pattern is evident from the alpha-sarcoglycan and beta-dystroglycan staining, with negative fibres, together with desmin+
cells, contained within a preserved basement membrane (collagen IV). Asterisk indicates some of the necrotic fibres. Note the different profiles of the
injured fibres, such as varying fibre size, and infiltrating cells either confined to the fibre periphery or dispersed throughout the fibre. Scale bar, 100 um
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Dickinson, San Jose, CA, USA), mouse anti-nestin (10c2, cat.
no. sc-23927, Santa Cruz Biotechnology, Inc., Heidelberg,
Germany), rabbit anti-Ki67 (cat. no. CP249, Biocare Medical,
Concord, CA, USA), mouse anti-CD68 (cat. no. M0718,
Dako Denmark A/S, Glostrup, Denmark), rabbit anti-desmin
(cat. no. ab32362, Abcam, Cambridge, UK), rabbit anti-
laminin (cat. no. Z0097, Dako Denmark A/S, Glostrup,
Denmark), goat anti-collagen IV (cat. no. AB769, Merck
Millipore, Darmstadt, Germany) and mouse anti-Pax7 (cat.
no. Pax7, Developmental Studies Hybridoma Bank, Iowa,
IA, USA). Molecular Probes Alexa Fluor 568-labelled phal-
loidin (cat. no. A12380, Invitrogen) was used to stain F-actin.
Viewing the nuclear staining alone by widefield fluorescent
microscopy, all fibres were evaluated for general fibre
morphology and cellular infiltration (n = 4). For the meas-
urement of regenerating zone dimensions, single fibres were
stained for desmin, CD68 and collagen IV, followed by sec-
ondary antibodies Alexa Fluor donkey anti-rabbit 568 (cat.
no. A-10042, Invitrogen), Alexa Fluor donkey anti-mouse
488 (cat. no. A-21202, Invitrogen) and Alexa Fluor donkey
anti-goat 647 (cat. no. A-21447, Invitrogen). A minimum of
20 fibres from the injured and 20 from the control sample
for each subject (n = 4) was stained. Stained single fibres
were viewed by wide-field microscopy, and the length and
diameter of regenerating and necrotic zones, as well as cell-
type content, was determined. Confocal microscopy was per-
formed to obtain more detailed insight. Confocal images
were acquired with a Zeiss LSM710, using the following
objectives: x20/0.8 Plan-Apochromat, x40/1.3 oil DIC EC
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Plan-Neofluar and x63/14 oil DIC Plan-Apochromat.
Hoechst, Alexa Fluor 488, Alexa Fluor 568 and Alexa Fluor
647 were excited by a 405-nm diode laser, a 488-nm argon
laser, a 543-nm HeNe laser and a 633-nm HeNe laser,
respectively.

Immunostaining of frozen sections

Frozen tissue was sectioned at — 20 °C using a cryostat, and
sections were placed on glass slides (Superfrost Plus), which
were stored at — 80 °C before being stained. For the serial
sectioning, 60 12-pm-thick sections were cut from day 7
biopsies obtained from the injured leg from the same 4 sub-
jects used in the single fibre measurement of regenerating
zones. Serial sections were also cut from a control biopsy
from the same individual as a staining reference. Sections
were stained with various combinations of antibodies against
laminin, CD56, desmin and embryonic myosin (F1.652;
Developmental Studies Hybridoma Bank); neonatal myosin
(NCL-MHCn; Novocastra, Leica Microsystems A/S, Bal-
lerup, Denmark); alpha-sarcoglycan (NCL-L-a-SARC, Novo-
castra); beta-dystroglycan (NCL-L-a-SARC, Novocastra);
myogenin (F5d, Developmental Studies Hybridoma Bank);
nestin, CD68, collagen IV and dystrophin (cat. no. D8168,
Sigma-Aldrich Denmark A/S, Copenhagen, Denmark); my-
osin type I (BA.D5, Developmental Studies Hybridoma
Bank) and myosin type II (A4.74, Developmental Studies
Hybridoma Bank). The number of injured fibres 7 days post
was determined from the sections stained with dystrophin,
laminin and Pax7, where dystrophin-negative fibres were
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Fig. 2 Longitudinal profiles of regenerating fibres. Wide-field microscope images of single muscle fibres used for the measurement of regenerating
and necrotic zones, quantified in Fig. 3. Tissue was obtained from Bergstrom needle biopsies of regenerating (@) and control (b) human vastus lateralis
muscles. Single fibres were stained for collagen IV, desmin, macrophages (CD68) and nuclei. The regenerating muscles contained both injured and
uninjured fibres (a). The injured fibres were characterised by a repeating pattern of changing diameter along the length of the fibre, which contained
macrophages and desmin+ cells within the basement membrane. Note the capillaries also stained with collagen IV. Scale bar, 1000 um. In the control
samples, rare fibres demonstrated regions of uneven fibre diameter (b, area in dashed line box magnified further in b.1-4) but did not contain macrophages
or desmin+ cells. Scale bar, 1000 um for b; 200 um for b.1-4
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considered injured. Dystrophin-positive and dystrophin-
negative (delineated by laminin) fibres were counted and the
negative fibres were expressed relative to the total number
of fibres. Injured fibres were also followed through the serial
sections to confirm the changing fibre diameter and cell
content observed in the single fibres.

Transmission electron microscopy

Following 3 rinses in 0.15 M sodium phosphate buffer (pH
7.2), the specimens were postfixed in 1% OsOj in 0.15 M
sodium phosphate buffer (pH 7.2) for 2 h. After dehydration
in a graded series of ethanol, the samples were transferred to
propylene oxide and embedded in Epon (TAAB Laboratories
Equipment Ltd., Aldermaston, UK). Ultrathin sections were
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cut with a Reichert-Jung Ultracut E microtome (Leica Micro-
systems), collected on 1-hole copper grids with formvar sup-
porting membranes (Merck, Darmstadt, Germany) and
stained with uranyl acetate and lead citrate. A Philips CM
100 transmission electron microscope (Philips, Amsterdam,
The Netherlands) was used to view the sections, and digital
images were obtained with an Olympus Soft Imaging Solu-
tions (OSIS) Veleta side-mounted CCD camera (Olympus,
Tokyo, Japan).

Statistics

Data were analysed using version 7.0a of Prism for Mac
OS X software (GraphPad Software, San Diego, CA,
USA). The 4 zone diameter variables were compared by
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Fig. 3 Single fibre zone dimensions. Dimensions of single muscle fibres obtained from control and regenerating human vastus lateralis muscle in
4 individuals (1-4), 7 days after injury. Individual data points with the mean are displayed. Within the damaged fibre (a), note the repeating pattern of
regenerating (thinner) and necrotic (wider) zones (inverted wide-field immunofluorescent image of laminin staining, 500 um scale bar).
Within the damaged fibres, the diameter of the regenerating zones was significantly less than the diameter of the necrotic zones (b) and the control
and undamaged fibres in the injured leg (c), p < 0.05. Displayed in d are the lengths of the regenerating and necrotic zones in the damaged fibres.
The full length of the fibre fragments obtained during the isolation procedure is presented in e
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1-way repeated measures ANOVA with Tukey’s post hoc
test. The 2 zone length variables were compared by
paired ¢ test. Data are reported as means + SD.

Results

Day 7 profiles of regenerating vs. control fibres

From cross sections of regenerating muscle obtained 7 days
post injury, different fibre profiles can be observed within
the same biopsy specimen (Fig. 1). A mean of 26 + 14%
(range 9-42%) of fibres demonstrated a complete lack of
dystrophin immunoreactivity, determined from 621 + 372
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fibres per biopsy cross section examined (n = 4), but with
the preserved basement membrane components laminin
and collagen type IV. No dystrophin-negative fibres were
found in the control samples from the same subjects. A
similar pattern was observed for alpha-sarcoglycan and
beta-dystroglycan, with immunoreactivity for these proteins
being absent in the same fibres where dystrophin was
absent, again within a well-preserved basement membrane.
In the injured leg, some of the dystrophin-negative fibres
appeared to be swollen, with many nuclei at the fibre
periphery. This was in stark contrast to the smaller fibres,

collagen IV

zones in the x, y, and z planes. Scale bars, 200 um

Fig. 4 Detailed three-dimensional view of single fibres. Representative confocal microscopy images of single fibres from regenerating human skeletal
muscle 7 days post injury. An intact uninjured fibre lies between 2 injured fibres. Eight individual slices (numbered) of a stack are displayed, with the 4
channels separated into basement membrane (collagen IV, yellow) and nuclei (blue), or macrophages (CD68, green) and desmin (red). Slice 5 is presented
with 4 colours merged and single channel grey scale images below. The thinner regenerating zones (arrows) of the injured fibres contain macrophages
and desmin+ cells and filaments, within the basement membrane. Both cell types are also present in the wider necrotic zones (asterisk) but only at the
periphery (seen in slices 2 and 7), surrounding an acellular core (slices 4-5). Note macrophages in particular can be seen entirely cuffing the necrotic
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which were densely packed with nuclei. Small compact
patches of neonatal/embryonic myosin were also seen, but
only at the fibre edge and typically only in the small fibres.
To characterise these different profiles in more detail, sev-
eral approaches were employed.

The first was to evaluate the gross morphology of all
stained single fibres from the injured leg 7 days post in-
jury. One hundred thirty-three fibres in total were evalu-
ated, where 41 = 12% of fibres demonstrated a clear
pattern of changing fibre diameter in a repeated manner
along the length of the fibre and were densely filled with
nuclei (see example in Fig. 2), with the remaining fibres
appearing normal. The injured fibres were often found
attached to completely unaffected fibres, as was seen on
cross sections. Of the 46 single fibres isolated from a
control sample, only 1 fibre demonstrated an uneven
pattern of fibre diameter, although not to the same
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extent as in the injured leg and without the infiltration
of clustered nuclei seen in the injured fibres.

To determine the dimensions and cell content of these
fibres, single fibres stained for macrophages, desmin and
basement membrane were studied more closely. Macro-
phages or desmin+ cells were not observed in any fibres
from the control leg of the same individuals. The dimen-
sions of the narrow cell-dense regenerating zones and
the swollen necrotic zones seen in the injured muscle
are presented in Fig. 3; 75 regenerating and 77 necrotic
zones were measured. The diameter of the regenerating
zones was consistently less than both the necrotic zones
of the same fibres (p < 0.05) and the undamaged fibres
from both the injured (p < 0.05) and control legs
(p < 0.05) of the same individual. Within the damaged
fibres, a greater variation was observed for the length of
regenerating zones when compared to the necrotic
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Fig. 5 Myofilament formation at the basement membrane. a. Confocal microscope image of a regenerating human muscle fibre (attached to an
uninjured fibre), stained for desmin (red), macrophages (CD68, green), basement membrane (collagen 1V, yellow) and nuclei (blue), 7 days post
injury. The images are presented with all 4 colours merged or split into fewer channels for clarity. Note the distinct necrotic (asterisk) and regenerating
(arrows) zones. Part of the fibre has become detached from the uninjured fibre and folded back on itself during the staining procedure. Note the
capillaries stained with collagen IV on the surface of the fibres. Scale bar, 100 um. The area indicated by the dashed line box was imaged at higher
magnification, shown in b. b Eight to nine adjoining nuclei can be seen (red box) in a desmin dense area of this regenerating zone, indicating they
are potentially newly fused myogenic cells. Macrophages were also observed within the myofibre basement membrane in this narrow zone. The
dashed line indicates the location of the YZ orthogonal view. Scale bars, 20 um
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zones; 100% of regenerating zones were observed to
contain macrophages and 96% of these zones also con-
tained desmin+ cells. Of the 77 necrotic zones mea-
sured, 97% contained macrophages, and 86% contained
desmin+ cells (7 of these, all from the same individual,
with very few desmin+ cells). All fibre fragments studied
were either completely normal or regenerating (alternat-
ing necrotic and regenerating zones, with macrophage
infiltration) along their entire length.

As shown in Fig. 3, the length of the fibre fragments
ranged from 2966 to 8465 pm for the control leg sam-
ples and 1597 to 8001 pm for the undamaged fibres of
the injured leg. The damaged fibres broke easily while
being teased from the fibre bundles, so fewer of these
were obtained and in general, they were shorter, ranging
from 1550 to 6092 pm. It should be noted that the
length of fibre fragments obtained from the fixed fibre
bundles is determined by the length of the fibre bundles
that are drawn into the barrel of the biopsy needle by
suction at the time of biopsy sampling. In this study,
fibre bundles were taken for the single fibre analysis only
in large biopsies where long fibre bundles had been
obtained.

Day 7 confocal study of regenerating fibres

Confocal imaging of the immuno-stained single fibres
revealed a continuous basement membrane defining the
original muscle fibre (Figs. 4 and 5), within which mono-
nuclear cells (macrophages, satellite cells and myoblasts),
multinucleated myotubes and longer regions of imma-
ture sarcomeres were observed. Macrophages and des-
min+ cells were observed together in the necrotic zones
but only at the fibre periphery, surrounding a completely
acellular core (Fig. 4). Macrophages were consistently
seen to cuff the necrotic zones in all planes, often
forming a clear boundary between the necrotic and re-
generating zones (Fig. 4), as well as being dispersed
throughout the regenerating zones to varying degrees,
alongside desmin+ mononuclear and multinuclear cells
(Figs. 4 and 5). Confocal analysis of the necrotic regions
revealed a complete lack of sarcomere striations (Fig. 6).
This was confirmed by TEM of longitudinally orientated
tissue, where the classic sarcomere-banding pattern seen
in adjacent uninjured fibres was absent in the injured
fibres (Fig. 7). By TEM, multiple cell pseudopodia could
be observed infiltrating the necrotic tissue from the
mouth of the necrotic zone (Fig. 7). It is likely these are
macrophages.

Within the narrow regenerating zones, two patterns
were apparent, possibly representing distinct stages of
myofibre regeneration. Either these zones were filled
with cells (including myogenic Pax7+ or CD56+ cells),
with no sign of sarcomere striations (Figs. 6, 8 and 9), or
a clear striation pattern was evident in parallel with
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Fig. 6 Lack of striations in necrotic zones. a. Low magnification
confocal microscope image of a regenerating human muscle fibre
7 days post injury (and an uninjured fibre above it), stained for
desmin (green), actin (phalloidin, red) and nuclei (blue). Note the
distinct necrotic (asterisk) and regenerating (arrow) zones. Scale bar,
100 um. The area indicated by the dashed line box was imaged at
higher magnification, shown in b. The image slice (10) through the
middle of the regenerating zone reveals a cell-dense area lacking
actin striations. A desmin-positive sheath surrounds this region (slices
15-17). The dashed lines indicate the location of the two YZ orthogonal
views. Note the wider necrotic zone devoid of cells and striations in its
core. Scale bars, 20 um

myonuclei aligned in series (Fig. 10). Strongly stained
desmin+ cells were observed at the fibre periphery, ei-
ther as mononuclear cells at the periphery of a necrotic
zone (e.g. Fig. 4, slice 7) or as a formation of a continu-
ous desmin+ network, encasing the narrow cell-dense
zone. Figure 10 is an example of a regenerating zone
containing an immature sarcomere striation pattern and
what appear to be myonuclei, completely enveloped by a
desmin+ coating. Similar arrangements of many aligned
and adjoining nuclei were observed in many fibres stud-
ied. An example is shown in Fig. 5, where it can also be
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necrotic;zone

Fig. 7 Macrophage pseudopodia infiltrate necrotic tissue. Transmission electron microscopy of biopsies obtained from regenerating human
skeletal muscle 7 days post injury. a is the lowest magnification, with b-d increasing in magnification and the area shown outlined by the white
dashed line box in the preceding image. Damaged fibres were observed adjacent to completely intact fibres (evident from the preserved striated
sarcomere pattern clearly visible in the bottom left corner of image c). Within the damaged fibre, necrotic tissue can be seen to fill the wider zone and
is followed by cell-dense regions. The asterisk (@a—c) indicates the nucleus of a putative macrophage, situated at the mouth of the necrotic zone with
its pseudopodia (white arrows) extending deep into the necrotic tissue (c, d). a-c Scale bars, 10 um.d 1 um

seen that these nuclei did not belong to macrophages,
and in Fig. 11, where such a series of nuclei was seen
completely enveloped by a CD56+ layer, further support-
ing the idea that they are indeed newly fused myogenic
cells. Macrophages were clearly seen alongside these
structures in most samples studied, as can be seen in
Fig. 5. Incidentally, staining for Pax7+ cells was not con-
sistent. Some fibres contained many Pax7 cells in con-
trast to a complete lack of Pax7+ cells in many fibre
fragments. While this may represent an actual finding,
this was not studied in a systematic manner in this paper
and it is likely that enumeration of specific cell popula-
tions is best performed on fixed or frozen tissue cross
sections, e.g. as we recently reported for satellite cells
and fibroblasts [22].

Day 7 cross-sectional profiles

To confirm that the presence of zones of varying diam-
eter was not an artefact of the single fibre method (e.g.
fibre hyper-contraction before fixation), serial sectioning
of frozen biopsy material was performed. Many of the
same features observed in the single fibres are also
apparent in the injured fibres of these stained cross

sections, such as changing fibre diameter and cell con-
tent, all within a preserved basement membrane (Fig. 12).
Within these fibre scaffolds, cells positive for CD68 and
a broad panel of myogenic markers (CD56, desmin,
myogenin, nestin and neonatal and embryonic myosins)
were observed.

Day 30 features

Two basement membrane-like structures were observed
by TEM around many regenerating muscle fibres at
30 days post injury in the 5 subjects studied. The inner
basement membrane had the appearance of a continu-
ous layer tightly following the sarcolemma, as in the
uninjured samples. The second basement membrane
structure had a pleated wrinkled appearance and con-
sisted of empty loops, which were clearly anchored to
the muscle fibre at both ends, as illustrated in Fig. 13.
The muscle fibres themselves, while demonstrating a
clear mature striation pattern at this time point, main-
tained some signs of on-going regeneration. These signs
included the presence of nestin-positive striations and
active satellite cells, the latter evidenced by strong des-
min and nestin, or CD56 and Ki67 staining (Fig. 14).
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Slice 12

Slice 14 Slice 12

Fig. 8 Proliferating cells and myotubes. Confocal images of a long regenerating zone (arrows) of a human skeletal muscle fibre, lying above an

satellite cell on the undamaged fibre. b Scale bars, 20 pm

uninjured fibre, stained for the myogenic marker CD56 (red), cell proliferation marker Ki67 (green) and nuclei (blue). a scale bar, 100 um. The
areas indicated by the dashed line box were imaged at higher magnification, shown in b, where images are displayed as maximum intensity
projections of multiple or single stack slices. CD56+ myogenic cells and myotubes (arrowhead) are visible. Asterisk indicates a single CD56+

Discussion

In this first detailed study of regenerating adult human
skeletal muscle, the main findings are that necrotic myo-
fibre tissue is simultaneously removed and replaced
within the same basement membrane scaffold, which is
preserved throughout the continuum of muscle injury
and repair until a new basement membrane is formed
on the surface of the new myofibre. Myotubes form and
fuse with each other, and myofibrillogenesis follows. As
well as opening up a new method for following myogen-
esis in vivo in human skeletal muscle, these findings
further illustrate the importance of the extracellular
matrix in regulating myofibre repair.

Based on our observations, in humans, the regener-
ation of skeletal muscle fibres that have been injured to
the extent they undergo necrosis is characterised by the
following events, as illustrated schematically in Fig. 15.
Firstly, it appears that the electrically stimulated eccen-
tric contraction model employed in our study induces
complete fibre necrosis. Not all muscle fibres were af-
fected, but in all the affected muscle fibres (26 + 14%)
we studied, we failed to find any regions demonstrating
intact mature myofibre characteristics. Thus, our findings
do not support the segmental model of muscle injury,
which may be specific to focally induced injury [1, 2].
Rather, the present human model may have more in
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uninjured myofibre

Slices 10-11

Slices 10-11

Fig. 9 Pax7 staining. Confocal images of regenerating human skeletal muscle fibres. a A single muscle fibre is displayed, stained for laminin (red),
Pax7 (green) and nuclei (blue), as maximum intensity projections of several slices to show that Pax7+ cells are located in both the regenerating
zones (arrows) and at the periphery of the necrotic zones (asterisk). b Three fibres are visible, and the lowest fibre is undergoing regeneration. In
the regenerating zone, it is clear that none of the Pax7+ cells is proliferating (Ki67+). The area indicated by the dashed line box is shown at
higher magnification, where a cluster of Pax7+ cells was observed on the surface of the uninjured fibre. Scale bars, 100 pm

Slices 4-5

Slices 4-5

common with toxin-induced injury in the mouse, at least
with regard to the extent of fibre injury. Secondly, the
basement membrane around the necrotic fibres is pre-
served until the newly formed fibre forms a new basement
membrane. This was apparent on single fibres, as well as
cross sections, by the strong continuous staining of two
major basement membrane components, laminin and col-
lagen type IV. The lack of dystrophin staining around the
damaged fibres indicates that sarcolemmal protein integ-
rity has been severely compromised at this time point.
This was supported by the lack of other sarcolemmal pro-
teins, beta-dystroglycan and alpha-sarcoglycan (adhalin),
as described previously for rodent muscle [23]. In addition
to differences between adult satellite cells and embryonic
founder stem cells, which form the first muscle fibres dur-
ing embryonic development, as reviewed elsewhere [24], it
would appear that the presence of a basement membrane
template on which myogenesis can take place is a major

discriminating feature between adult regenerative myo-
genesis and foetal myogenesis. Primary myotubes become
apparent in developing mouse muscle at 12 days of devel-
opment, while basement membrane formation does not
appear until 18 days of development (2-3 days before
birth), where the muscles begin to take on characteristics
of mature muscle [25]. In the few studies of human foetal
myogenesis, it seems that primary myotubes are apparent
at 7 weeks [26], while basement membrane formation is
evident by 14—15 weeks of development [27], clearly indi-
cating that primary myotubes form without a basement
membrane scaffold. In the finding of a “double” basement
membrane 30 days post injury, it is likely that the second
pleated basement membrane in fact represents the ori-
ginal basement membrane. At some point as the new
myofibre is formed within this structure, it begins to form
its own new basement membrane, and the process of
shedding the original one begins. The double membranes
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Slice 13

Fig. 10 Early sarcomere formation. Confocal images of regenerating zones of human single muscle fibres at 7 days post injury, where immature

actin striations (phalloidin, red) were clearly visible within a desmin+ (green) filamentous sheath (a) or within a CD56+ membrane (b). The nuclei
(blue) are likely to be myonuclei. Note part of the adjacent undamaged fibre at the bottom of the image in a, where the mature striation pattern
of the sarcomere can be seen. The dashed line indicates the location of the YZ orthogonal view. Scale bars, 20 um

desmin

YZ orthogonal view

uninjured myofibre

seen in our samples are similar to those presented in older
electron microscopy studies of animal muscle, where the
importance of the basement membrane for successful re-
generation was discussed [16-18]. It can be speculated
that this process continues over several months until no
remnants are visible and only the new basement mem-
brane is visible. The implications of this are currently un-
known, but in principle, this new basement membrane,
together with the new sarcolemma, represents a com-
pletely new satellite cell niche, populated with a renewed
pool of satellite cells.

The main event observed in our study was the replace-
ment of a necrotic muscle fibre with an essentially new
muscle fibre, formed through myogenesis. As the muscle
fibre itself undergoes necrosis, macrophages infiltrate the
dead tissue and begin the process of phagocytosis (Figs. 4
and 5). This occurs simultaneously at many sites along the
length of the muscle fibre, rather than beginning at one

end of the fibre. It is likely that the narrower regions
observed to intersperse with the necrotic regions repre-
sent areas where the macrophages have already removed
the necrotic tissue, and are thus at more advanced stage of
regeneration. It can be speculated that this pattern is fully
attributable to the 7-day time point at which the tissue
samples were collected, rather than being specific to the
electrical stimulation model employed in this study. Had
we taken a muscle biopsy a few days after day 7, it can be
speculated that the necrotic zones of the injured fibres
would have all been removed, leaving only small fibres
with the appearance of one long regenerating zone (as
seen in Fig. 10). While this could be the case for muscle
obtained from healthy volunteers, it is not known how
diseased muscle would appear using this method. In par-
ticular, muscular dystrophy where a cycle of regeneration
for one myofibre may never reach completion before the
degeneration begins.
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Slice 12

desmin

desmin

Scale bars, 20 um

nuclei

Fig. 11 Myotube formation in vivo. a Single slice from a confocal stack of images of a regenerating zone of human skeletal muscle (day 7),
capturing 6-7 adjoining nuclei (green) enclosed in a CD56+ (magenta) structure (arrow), likely a myotube, which is aligned along the fibre axis.
Note the faintly visible adjoining uninjured fibre underneath, and part of another regenerating fibre at the bottom left of the image. The dashed
line indicates the location of the YZ orthogonal view, where the fine CD56 staining can be seen entirely surrounding the myotube and where 2
peripherally located myonuclei are visible in the undamaged fibre. b Confocal images of 2 biopsy cross sections, from the same individual as in a,
stained for CD56 and desmin, where CD56 can be seen encasing desmin+ structures, in 3 regenerating fibres (arrows) in each series of images.

YZ orthogonal view

uninjured
myofibre

> <
nuclei CD56- desmin

In some fibres, these regenerating zones contained
only mononuclear macrophage and myogenic cells,
while in others, multinucleated myotubes were observed,
one of the hallmarks of myogenesis. It is interesting that
both myogenic and macrophage-type cells were seen to-
gether in both zones, although myogenic cells and myo-
tubes appeared to remain close to the basement
membrane. While a major role of macrophages in this
situation is in removing the necrotic tissue, the import-
ance of macrophages in supporting myogenesis has
clearly been shown, where pro-inflammatory and anti-
inflammatory macrophages were found to stimulate
myogenic cell proliferation and differentiation, respect-
ively [28]. A high degree of cell proliferation was ob-
served in the regenerating zones but did not appear to
originate in myogenic cells, at least at the time point
7 days post injury. This was apparent from staining with
the cell proliferation marker Ki67 together with the

myogenic markers CD56 or Pax7. It is possible that the
bulk of myogenic cell proliferation had already occurred
at this time point, leaving macrophages as the most
likely cell type capable of proliferating. This is supported
by the presence of myogenin+ and desmin+ mono-
nuclear cells, as well as neonatal and embryonic myosin,
indicative of myogenic differentiation. Within the same
basement membrane scaffold, many myotubes could be
observed. CD56 was a reliable marker for myotubes,
demonstrating a fine continuous staining of the myotube
membrane, seen to typically contain 6-9 nuclei. Also,
mono-nucleated CD56+ cells were seen in abundance in
the regenerating fibres. While CD56 also labels nerves
and natural killer cells, our co-staining of CD56 with
desmin supports CD56 as a marker of myogenic cells
and myotubes inside the regenerating fibre scaffolds.
However, where we did not include desmin in the label-
ling experiments with CD56, we cannot rule out the
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Fig. 12 Myogenic and inflammatory cell activity viewed in serial cross sections. Microscope images of serial sections of one biopsy collected from
regenerating human muscle 7 days after an injury protocol. Sixty serial sections (12 um thick) were cut and stained for various markers. Shown
here is a selection of these sections, where the section number (number sign) and proteins stained are indicated. Note the change in fibre diameter of
the injured fibres, which are most clearly seen in section #19 (asterisk) by their lack of dystrophin (dys) staining and preserved basement membrane
(collagen 1V, col4). As observed in the single fibre analysis, these fibres are characterised by infiltration of macrophages (CD68+), the presence of
neonatal/embryonic myosin (MHCne) and differentiating myogenic cells (desmin+, CD56+, myogenin+, nestin+). Scale bar 100 pm
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possibility that some of the mono-nucleated CD56+ in
the necrotic fibres could be non-myogenic. The observa-
tion of myotubes is interesting in that it not only illus-
trates clearly how muscle fibres are formed in the adult

but also supports the explanation for the occurrence of
so-called split or branched fibres [29-32], as simply the
result of incomplete lateral fusion of myotubes during
regeneration [9, 33]. If only one myofibre is to be formed
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Fig. 13 Original and new myofibre basement membrane. Transmission electron microscopy of biopsies obtained from regenerating human
skeletal muscle 30 days post injury. Two basement membrane-like structures were observed around many regenerating muscle fibres. The outer
basement membrane (arrows) consisted of empty pleats, which were clearly anchored to the muscle fibre and potentially are remnants of the ori-
ginal basement membrane. A continuous basement membrane, tightly associated with the sarcolemma as is seen in uninjured muscle, was also
observed. Examples from 2 subjects are presented. A satellite cell (sc) is seen in the image to the left

within each basement membrane tube, all of the myo-
tubes will have to fuse with each other, and incomplete
fusion would lead to the appearance of split fibres. We
did observe a few instances of this in our samples but
the time course of sampling may not have been optimal
to study this phenomenon. Further work employing this
model of muscle injury in humans could include time
points at 10—14 days to catch this process.

After the formation of myotubes, the next stage of
myofibre formation observed was the presence of actin
striations (phalloidin stained) in very small fibres. These
striations represent sarcomere formation, albeit at an
early stage of myofibrillogenesis. Desmin appeared as a
filamentous sheath surrounding these fibres (Fig. 10),
rather than a major component of the z-lines as seen in
the uninjured fibres and also seen in the samples col-
lected 30 days post injury. At this later stage, many satel-
lite cells on regenerating fibres also stained strongly for
desmin (Fig. 14). Cycling satellite cells 30 days post
injury have been reported in regenerating mouse muscle
[3], supporting our finding of on-going satellite cell ac-
tivity at this time point. It is not known how long the
process of muscle regeneration following such an injury
stimulus takes to complete in humans, but it is clear that
the main processes involved beyond 30 days are replace-
ment of immature myosins by mature myosin types and
growth of myofibres to their original size. The space oc-
cupied by the original myofibres (before injury) has been
lost, so a strong growth stimulus will be required for
these new fibres to regain their original space. In turn,
this will also require major and continued remodelling
of the muscle basement membrane and extracellular
matrix surrounding these fibres. We and others have
previously shown elevated gene expression levels of
many components of the muscle extracellular matrix
4 weeks after a single bout of electrically stimulated or

voluntary eccentric contractions [34, 35], supporting this
idea of sustained matrix remodelling as fibres return to
their pre-injury size. In a recent study of regenerating
muscle at this time point, we observed 4 times baseline
levels in the numbers of muscle fibroblasts, which can
be explained by the prolonged matrix remodelling. How-
ever, in addition to their primary role as a source of
matrix proteins, skeletal muscle fibroblasts also strongly
stimulated myogenic precursor cell differentiation and
fusion [22], uncovering a novel role for fibroblasts in
contributing to the complete maturation of human
myofibres undergoing regeneration after injury. Taken
together, it seems that at our last sampling time point of
30 days post injury, in addition to the presence of stri-
ated myofibres with a new basement membrane, all the
cells required for full restoration of the muscle are
present and active, leading us to assume that the process
will continue. Future work could examine muscle biop-
sies at 3—-6 months post injury to determine the full
length of time required for human muscle to regenerate
and whether exercise and/or pharmacological interven-
tions during this time help or hinder the process.

Limitations and strengths of the method

In general, the single fibre method adds valuable infor-
mation to the study of muscle regeneration that is lost
in analysis of tissue cross sections. However, it is not
without limitations. The fibres are subjected to many
manipulations during the various stages of preparation,
so the potential for artefacts is high. The fixation itself is
also quite harsh, precluding the use of antibodies that
perform better on, or even require, unfixed tissue (e.g.
embryonic and neonatal myosins). In addition, it was
clear from this study that fibres damaged by the electrical
stimulation were more brittle and thus broke more easily
while being teased from the fibre bundles, requiring the
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Fig. 14 Satellite cells on single fibres. Confocal images of satellite cells on the surface of regenerating human muscle fibres 30 days post injury.
Three desmin+ (nestin-negative) satellite cells are visible in a, where nestin demonstrates a striated staining pattern of the myofibre, indicating
ongoing regeneration. Scale bar 100 um. Proliferating satellite cells are shown in b, evident from the expression of Ki67 and CD56, or desmin and

S desmin

nuclei

isolation of 2-3 fibres together, resulting in a selection of
fibres that make to the microscopy stage. Lastly, we ob-
served great variation in the pattern of Pax7 cell staining
in particular on both intact and regenerating single fibres,
ranging from dense clusters to more evenly spaced cells
along the fibre, and even many fibre fragments completely
lacking Pax7 cells. It is not clear if the endomysium and
basement membrane of some fibre preparations can vary
in permeability to antibodies or if this actually reflects the

biology of these fibres. A lack of staining should therefore
not necessarily be interpreted as a lack of protein, without
validating the findings on serial sections. Nonetheless, des-
pite these limitations, experience with the method together
with the study of tissue sections (by light or electron
microscopy) to control for preparation artefacts, as we did
in this study, lends value to the single fibre method as a
useful tool in studying muscle fibre dynamics in three di-
mensions, not just under conditions of regeneration but
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Fig. 15 Overview of the regeneration of injured adult human skeletal myofibres. Upon injury, myofibres undergo necrosis, resulting in loss of the
sarcolemma and removal of necrotic tissue by macrophages. The basement membrane, which is preserved, also acts as a scaffold for activated
satellite cells to adhere to while they differentiate and fuse to form myotubes. Macrophages are also present in these zones. All the myotubes
within a basement membrane tube eventually fuse with each other to form a single myofibre, which also forms a new basement membrane,
resulting in a shedding of the original basement membrane. At 30 days post injury, the regenerating myofibres are still smaller than pre-injury

== pasement membrane
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and activated satellite cells are frequent on their surface

during any form of adaptation, as has been expertly demon-
strated by others [20, 21, 36].

Conclusions

In summary, this work is the first to provide evidence of
the occurrence of myogenesis in vivo to replace whole
necrotic myofibres in human adult skeletal muscle fol-
lowing experimental injury. The main advantage of this
model is that all the biological components of the system
are present, from the basic vascular and innervation
aspects to the complete host of molecules and cell types
comprising the myogenic stem cell niche. Through bi-
opsy sampling, and potentially advanced in vivo imaging
techniques, the steps of regeneration and activities of
specific cell types can be followed as they occur in their
native environment. A further advantage of this model is
that the influence of various pharmacological agents on
these processes can be investigated in an in vivo setting,
which may prove useful in determining the applicability
of findings originating in cell culture or animal models.
In addition, confocal microscopy of regenerating single
fibres can easily be applied to injury models in other

species. Altogether, our study contributes to basic under-
standing of the process of muscle regeneration in
humans and provides a strong case for further study of
myogenic and non-myogenic cell activities as well as
muscle matrix, in the context of healthy and diseased
human skeletal muscle in addition to regenerative
medicine.
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