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Abstract
Duchenne muscular dystrophy (DMD) is a common inherited muscle disease showing chronic inflammation and
progressive muscle weakness. Absent dystrophin renders sarcolemma more Ca2+ -permeable, disturbs signalling
and triggers inflammation. Sustained degeneration/regeneration cycles render muscle cytoarchitecture susceptible
to remodelling. Quantitative morphometry was introduced in living cells using second-harmonic generation (SHG)
microscopy of myosin. As the time course of cellular remodelling is not known, we used SHG microscopy in
mdx muscle fibres over a wide age range for three-dimensional (3D) rendering and detection of verniers and
cosine angle sums (CASs). Wild-type (wt) and transgenic mini-dystrophin mice (MinD) were also studied. Vernier
densities (VDs) declined in wt and MinD fibres until adulthood, while in mdx fibres, VDs remained significantly
elevated during the life span. CAS values were close to unity in adult wt and MinD fibres, in agreement with tight
regular myofibril orientation, while always smaller in mdx fibres. Using SHG 3D morphometry, we identified two
types of altered ultrastructure: branched fibres and a novel, previously undetected ‘chaotic’ fibre type, both of
which can be classified by distinct CAS and VD combinations. We present a novel model of tissue remodelling in
dystrophic progression with age that involves the transition from normal to chaotic to branched fibres. Our model
predicts a ∼50% contribution of altered cytoarchitecture to progressive force loss with age. We also provide an
improved automated image algorithm that is suitable for future ageing studies in human myopathies.
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Introduction
Duchenne muscular dystrophy (DMD) is the most common X-linked inherited muscle disorder that is associated with progressive muscle wasting and weakness.
The causes of DMD are several mutations in the dystrophin gene that encodes for the 427 kDa isoform of
dystrophin [1]. The complete absence of this cytoskeletal protein has also been shown to affect intracellular
calcium homeostasis [2–6] and activity of ion channels [7]. In particular, membrane permeability towards
Ca2+ ions has been consistently found increased; however, whether this is mostly because of contraction- or
stretch-induced temporary membrane tears [8] or due
to specific aberrant Ca2+ selective channel activities [9]
is still an ongoing debate [10].
Dystrophic muscle fibres undergo continuous
degeneration/regeneration cycles starting from about
4–8 weeks in mdx mice [11], with age-dependent
changes in cell structure [11–14] and microarchitecture [15]. Some of the macroscopic features seen
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during this chronic remodelling are fibrosis, loss
of muscle tissue [16] and branched fibres at the
single-fibre level [13]. The appearance of branched
fibres in mdx muscle shows a clear age dependence
that is associated with progressive weakness [12].
Recent studies have shown that those branch points
in single fibres represent a substrate for increased
mechanical susceptibility towards fibre ruptures [17].
Although it has long been thought that those morphological alterations are a primary consequence of
the lack of dystrophin in mdx muscle, recent models
have started to suggest that the remodelling at the
single-fibre level should be regarded more as a direct
consequence of chronic inflammation, secondary to
the increased Ca2+ permeability of dystrophic muscle
but not directly related to absence of dystrophin [18].
Inflammation is maintained during life in dystrophic
muscle [19].
Although branched fibres are an overall macroscopic
parameter to assess the degree of muscle remodelling,
they do not provide more insights into the alterations
J Pathol 2013; 229: 477–485
www.thejournalofpathology.com

478

present already at the subcellular architecture level. In
particular, the time course of the subcellular remodelling process during ageing in mdx muscle is not
known. The definition of subcellular, typical deviations from normal myofibrillar and sarcomere geometry
would, therefore, be of high value to monitor progressive remodelling and correlate it to force loss, as
well as to judge progression, remission or therapeutic
efficiencies.
The visualization of myosin by non-linear secondharmonic generation (SHG) microscopy [20,21] has
introduced a high-end imaging technology tool to study
the microarchitecture in intact muscle fibres [15,22]
and whole tissues [23], even in dynamic systems [24].
It is evident that the positioning and orientation of
adjacent sarcomeres, as well as the lattice built by
adjacent myofibrils, has significant influence on the
strength of force of muscle fibres, ie misorientations
from myofibrils could account for force loss in mdx
fibres. From the initial coarse descriptions, eg ‘wavy
patterns’ of myofibrillar streaks in very young mdx
muscles [25], the combination of SHG imaging with
image processing and pattern recognition has tremendously improved the quality of screening strategies
for dystrophic cytoarchitecture. Since we have recently
introduced (a) cosine angle sums (CAS) as a measure for force vector variance within a myofibre (and
therefore, a measure for overall force output) and
(b) ‘vernier’ counts as local deviations from perfectly
alternating sarcomere patterns (appearing as Y-shaped
structures) [15,23], we now followed the hypothesis
that these parameters were suitable for monitoring disease progression in mdx muscle with age. For this purpose, we investigated hundreds of single intact fibres
from wild-type (wt), dystrophic mdx and transgenic
ex 17–48 mini-dystrophin (MinD)-expressing mice
[26] to present an exhaustive quantitative morphometric description of cellular alterations during the whole
life spans of the animals.

A Buttgereit et al

appear as Y-like structures (‘verniers’). The automated
tool determines the number of verniers as a function of scanned muscle fibre area. In contrast to [15],
this density of verniers [VD; normalized number of
verniers/100 µm2 (#/100 µm2 )] is a function of area and
not of volume throughout this study. The advantage of
this presentation is that results determined in this way
are independent of the distance between slices and can
be compared to measurements that do not cover 3D
analysis (eg thin cryosections). However, to further add
robustness to the automated analysis, it was necessary
to implement a cut-off criterion for the inclusion of
individual slices in the overall VD count for all fibres
within a genotype. It is evident that a gradient-based
filter operation may introduce vast false-positive detection errors within the first slices at the border images of
single fibres [23]. Therefore, to exclude a contribution
from false-positive counts in the statistics, only optical
sections with a dynamic fibre area cut-off were considered, which excluded slices at the edges of the fibres.
The remaining slices corresponded to approximately
90% of the slices within a given fibre volume (this criterion mainly affects the statistics used in Figures 3 and
4). Another, recently used, definition of vernier density
[15] used a definition that weighted the contribution of
verniers counted within a single fibre volume, as given
by:
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Image processing and automated analysis tool

where a i is the area of fibre/slice and A =  i a i is
the total area. This vernier density allows comparison
between individual fibres and is suitable for a smaller
number of fibres measured. It eliminates false-positive
contributions at the fibre borders by the small values of
a i in those slices. This definition is used, for example,
to compare the single fibres shown in Figure 1. For
the statistics, we chose the above-mentioned definition
over the latter because this provided us with a larger
number of slices from a lower number of fibres, yet
sufficient to establish a vernier density distribution
function, as given in Figure 4. From the vernier
density distributions, appropriate distribution models
could then be applied (here, Rayleigh functions; see
Results).
In addition, the automated image processing tool
calculates the cosine angle sum (CAS):



1 
CAS =
cos  (x , y) − median  (x , y)
,y)
(x
||

3D reconstruction was performed using the 3D-Viewer
plug-in in the image analysis package Fiji, based on
ImageJ. Our automated analysis tool is an imageprocessing algorithm in the MATLAB environment
(MathWorks, Natick, MA, USA) based on boundary tensor [27]. Details and parameters used in the
algorithm are described in [15,23], with some novel
modifications. Deviations from the sarcomere pattern

where || is the number of pixels that represent the
surface of the fibre, (x ,y) is the local direction and
median [(x ,y)] is, in extension of [15,23], the main
direction of fibres. For a perfectly linear parallel pattern, CAS = 1 and CAS = 0 for perpendicular structures;  is the fibre area of all slices of a whole
z-stack, which implies that CAS is already the weighted
mean.

Materials and methods
Single-fibre preparation, SHG-imaging and
statistical analysis
For details regarding the materials and methods used in
this study, see Supplementary material (Supplementary
materials and methods).
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Figure 1. 3D reconstructions from SHG image stacks (grey) and detected verniers (red) in single fibres (left) from adult (5–7 months) wt
(A), MinD (B) and mdx mice (C), as well as diagrams of fibre area-normalized vernier counts (red, VD) and CAS (black) through the z-stack
(right). Wt and MinD fibres show an even pattern with low VD. The sarcomere pattern in mdx fibres can even appear perpendicular to the
actual main direction (grey arrow) and leads to decreasing CAS values. The level of VD in wt and MinD fibres is usually low (< 1/100 µm2 )
but much increased in mdx fibres (> 2/100 µm2 ). (D) Pathological changes in the microarchitecture of mdx fibres in images of higher
magnification.

Results
3D analysis of structural remodelling in single mdx
fibres
To validate our automated image processing tool,
we 3D-rendered complete z-stacks from individual
single fibres and produced the slice-wise CAS and
VD count. Figure 1 shows representative examples
of single fibre sections from wt, mdx and MinD
mice aged 5–10 months. Wt and MinD fibres showed
an evenly spaced lattice pattern with a low index
of structural alteration in microarchitecture. This is
reflected by: (a) the almost unity-valued CAS through
all the imaging planes within the fibres; and (b) the
only sporadic counts of verniers in the two genotypes.
The VDs of wt and MinD fibres rarely exceed values
of VD > 1/100 µm2 , although also in wt and MinD
single fibres, locally confined increases in vernier
counts may be detected in some slices; the overall
slice weighted counts are VD < 1/100 µm2 for the
fibres shown: wt – VD = 0.728/100 µm2 and MinD
– VD = 0.424/100 µm2 . The VDs of mdx fibres were
usually significantly higher. The number of verniers
Copyright  2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

also robustly increased even more in the centre of
the fibre. Values > 2/100 µm2 have been consistently
observed with some slices, even resulting in values
exceeding 10/100 µm2 . The VD count for the fibre
shown in Figure 1 has a VD of 2.921/100 µm2 .
In mdx muscle, the appearance of fibres with macroscopic branching increases with age [13]. This process
is more and more considered a secondary consequence,
due to ongoing damage and regeneration, and is not
specific to the lack of dystrophin per se [18,28]. On
the other hand, it is not at all clear whether there are
specific morphological alterations of cytoarchitecture
prior to fibre splitting, or whether split fibres develop
from a normal morphological stage. The first process
would suggest a gradual remodelling of sarcomeres
and myofibrils within one fibre trunk up to a ‘tipping
point’, from which subsequent rounds of regeneration
would then proceed into a split syncytium. As a firstever approach to this question, we determined fibre
morphology through several age bins.
Figure 2 shows four examples of single mdx
fibres (age ≈ 10 months) with typical morphological
changes in ultrastructure. One type of morphology is
represented by fibre splitting (see Supplementary
J Pathol 2013; 229: 477–485
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Figure 2. Two different types of micro-architectural phenotype: (A) the chaotic type is characterized by a high VD (red) and CAS; (B) within
the branched type, bundles of myofibrils separate to build distinct arms of the syncytium continuous with the main fibre trunk. The other
areas of the fibre may often show only minimal alteration; as a result, VD and CAS are low. (C) Comparison of VD from both types; the VD
of the branched type is at the level of healthy muscle fibres.

material, Video S1). This kind of abnormality is macroscopically distinctive and also presents with CAS values of < 0.9. However, the VD count is more comparable to healthy wt fibres; VD = 0.792/100 µm2 and VD
= 0.383/100 µm2 for the fibres shown in Figure 2B
(CAS values for fibres shown, 0.967 and 0.796). The
reason is that in the centre of the mdx fibre the vernier
count is highest but, due to the splitting of the fibre, the
centre is now the periphery of two or more branches.
Thus, in these smaller fibres, the pattern of sarcomeres
is similar to that in healthy muscle fibres.
Apart from the branched type with a low CAS and
a low VD number, a second mdx type can be distinguished, which we call ‘chaotic’ (see Supplementary
material, Video S2). This chaotic fibre type is characterized by a high level of VD and CAS (for the fibres
shown in Figure 2A, CAS = 0.885 and CAS = 0.965,
VD = 5.303/100 µm2 and VD = 3.096/100 µm2 ).
A third type is the ‘wt-like’-type, which has the
same pattern regarding CAS and VD (ie CAS > 0.95,
VD < 1/100 µm2 ) (see Supplementary material,
Video S3).
Based on our single-fibre bins, we obtained a
steady increase of branched fibres (2–4 weeks, 2%;
2–3 months, 10%; 5–7 months, 22%; 10–12 months,
32%; see also Figure 4 G). Because of the fibrosis
of mdx muscle, in the age group 20–24 months
single fibre preparation was very difficult. Therefore,
we could count only 36 muscle fibres and obtained
19% branched fibres; the percentages of chaotic and
‘wt-like’ types decreased accordingly.

Age-dependent morphometry of the remodelling
process in single mdx fibres compared to wt and
MinD fibres
Quantitative morphometry using SHG microscopy
allows quantifying micro-architectural damage and
Copyright  2012 Pathological Society of Great Britain and Ireland.
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remodelling. In that regard, the future selection of
potential appropriate therapies might strongly depend
on classification scales, eg regarding measures to determine the severity of the disease at the tissue level,
as well as to provide a tool for monitoring. With our
automated tool, we next quantified the age-dependent
trend of micro-architectural damage in mdx muscle.
Figure 3 shows box-plot diagrams of CAS and VD
of wt, MinD and mdx muscle fibres from mice aged
2–4 weeks, 2–3, 5–7, 10–12 and 20–24 months.
In muscle fibres from adult wt and MinD mice,
we found nearly perfectly regular linear patterns from
the age groups 5–7 months or older. The CAS values
in these fibres were distributed in a small interval
close to unity. In the corresponding mdx muscle age
groups, however, CAS values fluctuated substantially.
This large scatter is explained by the two types of
micro-architectural damage in mdx fibres, ‘branched’,
and ‘chaotic’, resulting in a skewed, non-normal data
distribution. The VD data have similar behaviour in the
time course as CAS, although MinD fibres seemed to
have larger VD values at very young ages (2–4 weeks),
followed by lower values in both wt and mdx fibres at
2–3 months (p < 0.01). Since the VD values also failed
for normality testing, another description of the data is
needed. A good approach is provided by the Rayleighdistribution in its modified form:


2



−x2
A
f (x ) = 2 xe 2σ
σ
where σ is the maximum of distribution, ie its most
probable value. The parameter A is a arbitrary scaling
parameter.
Figure 4 shows the advantage of using the Rayleigh
distribution description of the VD data. Figure 4A–C
shows that the distribution at age 5–7 months for wt,
MinD and mdx fibres is single-peaked. The peak for
mdx fibres is shifted towards larger values as compared
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Figure 3. Boxplot diagrams (×, min, max; whisker, 5–95%; box, 25–75%; band, median; square, mean) of CAS (A) and VD (B) for different
age groups. CAS values were close to unity in adult wt and MinD fibres but somewhat smaller in all muscle fibres in the age group
2–4 weeks. In adult mdx fibres, CAS values were always smaller than in the other groups. With age, VD declines in wt and MinD fibres
until adulthood and stabilizes at around 5 months. In contrast, VD remained significantly elevated during the whole life span in mdx fibres.
U-test, mdx versus wt/MinD, *p < 0.05, ***p < 0.01; MinD versus wt/mdx, # p < 0.01.
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Figure 4. Histogram analysis of VD in the age group 5–7 months from wt (A), MinD (B) and mdx (C) fibres, as well as from mdx fibres from
10–12 month-old mice (D). The transformation of box–blot in a statistical histogram results in a Rayleigh distribution that was used to
obtain the fits. (D) In the age group 10–12 months there are two maxima for VD in the mdx mice, while there is only one maximum for
younger mdx mice and the other genotypes, irrespective of age. The first maximum, with small, ie more ‘wt-like’ values, corresponds to
muscle fibres of the branched type; the second maximum with higher values to muscle fibres of the chaotic type. (E) Representation of
both subpopulation distributions with age in all mdx fibres analysed. (F) Maximum σ of Rayleigh fit as a function of age group; the values
in adult mdx mice are significantly increased and remain elevated, ie at the level of very young mice. VDs in very young MinD mice are
transiently at highest values. (G) Relative weight of the three phenotypes of mdx muscle fibres as a function of age.

to the wt and MinD fibres. This changes in the older
age group (10–12 months; Figure 4D), where, for
mdx fibres, a distinct two-peaked distribution becomes
apparent, with one peak in the range of VD counts
similar to the wt and MinD, and a second peak
with higher VD counts similar to the peak found
in fibres from younger mdx mice. This reflects the
separation into branched and chaotic mdx fibres with
age. This separation is shown in Figure 4E, where
the subpopulations of chaotic (red bars) and branched
(cyan bars) fibres are shown. At young ages, ie before
the dystrophic onset (2–4 weeks), there are hardly any
branched fibres detected. Their percentage strongly
increases with age, as does their VD pattern movement
towards low values indicative of a ‘wt-like’ VD
distribution, despite their branching. Since the vernier
Copyright  2012 Pathological Society of Great Britain and Ireland.
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density remains fairly constant with age (Figure 4 F),
this is a strong indicator that the branched fibres may
develop from the chaotic ones (see Discussion).
In wt and MinD fibres, σ of VD is large for very
young ages, ie even larger for MinD fibres over mdx
and wt fibres, but declines to a minimum value in the
age group 5–7 months (σ ∼ 0.5/100 µm2 ). In contrast,
the values of VD σ in mdx fibres are constantly
elevated (σ ∼ 2/100 µm2 ). It is interesting to note that
in the old-age group 20–24 months, the structural
damage in the branched fibres seems to have become
much higher, such that the number of verniers also
substantially increases. Since at the same time the
number of branched fibres is also somewhat decreased,
the result was that the two peaks fused again. This fact
is also visible in the boxplot diagrams.
J Pathol 2013; 229: 477–485
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Discussion
In clinical and preclinical studies, there is a growing interest for new diagnostics and monitoring tools
to assess the severity of acquired and inherited
myopathies, as well as the efficiency for treatment
regimes: quantitative morphometry of microarchitecture of skeletal muscle using non-linear microscopy is
a strong candidate for such a tool.
Apart from pathological processes, such as trauma
and scarring [28], muscle differentiation [29], growth,
exercise and regeneration [30] also substantially alter
tissue and fibre architecture. The fusion of satellite
cells with muscle fibres during repair processes and
the synthesis of new myofilaments temporarily induce
a local deviation from the normal striation pattern,
which can be restored in time by regulatory processes.
In normal differentiated adult muscle, as well as in
muscle following complete regeneration after minor
injury, most fibres show a perfectly aligned orientation
pattern, ie minimal damage in healthy muscles can be
completely repaired [31].
In muscular dystrophy, the occurrence frequency of
muscle damage is already much higher under normal
usage conditions and mostly under stretched contractions [7,17]. Although the absence of dystrophin is considered to be a trigger for impaired calcium regulation
[32] and aberrant mechanotransduction [5,33], ongoing remodelling is probably more a secondary consequence of ongoing degeneration/regeneration cycles
[34] and sustained inflammation [18]. Because muscle
only has a limited regenerative capacity, the regenerative potential of satellite cells in dystrophic muscles
decreases with age [35]. Concomitantly, the number
of incompletely regenerated, and thus morphologically
abnormal, muscle fibres also increases with age in
mdx mice [13]. During the course of the disease, specific force declines in mdx muscles [14,36] and it
is probable that this is, to a large extent, the consequence of tissue remodelling, ie fibres with deviations in their force vectors following ultrastructural
remodelling [12,15].

Age-dependent monitoring of muscle fibre
remodelling in mdx mice
Our improved combined SHG microscopy and imageprocessing approach provides new insights into the
cellular sterical architecture during chronic remodelling
in muscular dystrophy. The cosine of this angle may be
considered as a measure for the theoretical percentage
of power output. Summing over all sarcomeres, this
yields a maximum power fraction. The results clearly
show that the CAS may explain, at least in part, the
progression of muscle weakness in mdx fibres that is
related to contractile apparatus geometry when compared to wt mice. On average, this structure-related
weakness may account for ∼10% in fibres from aged
mdx mice (Figure 3). This is somewhat lower than the
values given in skinned fibre isometric force studies
Copyright  2012 Pathological Society of Great Britain and Ireland.
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on the whole age range of muscle fibres that documented a power loss of 20–30% [36]. The power
output of a muscle fibre is not only the result of sarcomere and myofibrillar geometry but also depends
on the temporal activation profiles amongst sarcomeres. A resulting myofibrillar force vector is determined by activation kinetics and direction. The synchronized activation of all myofibrils within a fibre
volume is governed by simultaneous excitation spread
and ec-coupling, whereas direction is mainly determined by the microarchitecture of the muscle fibre.
Both characteristics are disturbed in dystrophic muscle [17,18] when there are various branches present
in one fibre. In unbranched fibres from young mdx
mice, surface and t-tubular action potential properties
were unchanged compared to wt fibres [37]. Thus, in
those younger age groups where unbranched fibres still
predominate, the imbalance in Ca2+ homeostasis with
increased membrane permeability might be considered
as one of the driving forces to sustain chronic inflammation, amongst other factors [10]. However, our study
clearly shows that also in those early stages, alterations
of myofibrillar geometry can be determined that have
not been previously detected. Those detections and
classifications are well reflected by the CAS values of
fibres.
Another landmark of altered ultrastructure in dystrophic muscle are verniers that also have been reported
in muscle of desmin knockout mice [38] and weight-lift
rat models [30]. The results from desmin-deficient mice
show the elementary role of desmin in cell architecture and force transmission [39]. The same microscopic
appearance of verniers in desmin- and dystrophindeficient muscle suggests that lateral force transmission is also disturbed in dystrophic muscle fibres [40].
Although the localization of desmin and dystrophin
may have different implications for the lateral force
transmission within the fibre and towards the extracellular matrix, it is surprising that the ultrastructural
alterations (ie presence of verniers in the middle of
a fibre volume) are very similar. It can be speculated that somehow, also for dystrophic muscle, the
power of single myofibrils is not correctly transmitted
laterally to the extracellular matrix. In fact, in overloaded fibres, damaged z-disks have been observed
[41]. Therefore the decrease of z-disk connection with
age is another reason for the progressive weakness of
muscles in mdx mice. It certainly correlates with the
degree of regeneration, since similar changes in ultrastructure are observed in attempts of regeneration from
chronic damage [28,31]. Such shifts in the myofibrillar
lattice that underlie ‘verniers’ can easily be estimated
by our tool (ie the parameter VD), the number of which
may also relate to the degree of cellular maturation or
remodelling. For instance, MinD fibres showed higher
VD levels at very young ages (2–4 weeks) and then
very low VD values compared to both wt and mdx
fibres (2–3 months), which may point towards a faster
maturation process in this genotype that still has to be
confirmed experimentally.
J Pathol 2013; 229: 477–485
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Figure 5. Suggested scenario for the transformation of dystrophic muscle fibres. The regeneration phase in dystrophic muscle fibres leads
to deformations in the ultrastructure. From a wt-like-fibre is formed a chaotic fibre. The mechanical destabilization of the muscle fibre
results finally in branching.

One of the novel findings of our study was the
presence of two distinct abnormal cell architectures:
a branched type that has been extensively studied previously [17], and a chaotic fibre type that has not been
described before. This latter type was characterized by
a high VD but also a high CAS value, which is different from the branched type, which had a low VD,
more similar to wt fibres, but a low CAS value. Most
interestingly, while the branched type clearly increased
in frequency with age, the percentage of chaotic fibres
decreased.
The decrease of CAS and the increase of VD of mdx
fibres with age have their origin in the same two-stage
process [17]. In the first stage, the altered function of
ion channels and the increase of calcium in muscle
fibres induce the activation of cell damage pathways.
The regeneration of the fibres leads to deformations in
the ultrastructure. In this phase, the number of verniers
and the CAS are high; we find many fibres from the
chaotic type. In the second stage, the deformations
result in branching of the muscle fibres. That means
that the branched fibres likely originated from the
chaotic type. In this phase, the number of verniers and
the CAS decrease. This view is also supported by an
age-dependent comparison of the relative weight of the
three fibre types in mdx fibres, where an exhaustion of
wt-like fibres is found with age. A relatively constant
proportion of chaotic fibres is found up to 5–7 months,
after which their proportion decreases as branched
fibres become more apparent (Figure 4 G).
It is well known that central nuclei are a hallmark
of regenerating fibres. Also, we see that the VD is
largest in its distribution within the fibres’ central
areas at young ages. If one would postulate that
through the ongoing degeneration/regeneration cycles
fibres became mechanically destabilized from within,
one could potentially explain why branched fibres
show decreased VD and CAS values at older age.
Local membrane damage gives rise to Ca2+ influx
and activation of inflammatory signalling cascades and
ROS production [10]. Since in Duchenne muscular
Copyright  2012 Pathological Society of Great Britain and Ireland.
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dystrophy local membrane repair mechanisms induced
by dysferlin and mitsugumin-53 are impaired [8],
a more vigorous subsequent activation of quiescent
satellite cells is expected. Indeed, increased activation
of satellite cells in mdx muscle has been found [42].
Once satellite cells are activated, they migrate to
damage sites and the cell interior [43], where they
build new myotubes to fuse into the muscle fibres.
This precipitous process in dystrophic muscle may
then result in the ongoing build-up of centrally located
high vernier densities and the chaotic phenotype.
However, through ongoing damage and remodelling,
there may exist a ‘tipping point’ from which on
further repair might destabilize the central fibre parts
in a way that they simply split up and the defect is
closed by enwrapping sarcolemma, leaving a branched
fibre. Since the previously misaligned lattice of those
adjacent myofibrils has now become separate, the
verniers no longer exist in those two separate arms.
As a result, VD declines and CAS increase (from
similar considerations). Our results provide a strong
support for this scenario (shown in Figure 5), ie an
increase in branched and a decrease in chaotic fibres
with age, the latter potentially also coinciding with a
decrease in the regenerative potential of mdx fibres
[44]. One constraint of our study is the use of larger
populations of different fibres in age bins. A more
direct confirmation of the aforementioned scenario
would require to repetitively revisit one and the same
single fibre in vivo over a long time period, which is
currently not possible.
In conclusion, our study provides a new tool,
combining SHG microscopy with automated image
processing, to provide a platform for quantitative morphometry in living muscle fibres and tissue. The
technological development of multiphoton endoscopy
solutions has recently started to touch a new era of
applicability in humans, using a minimally invasive
approach [24]. In parallel with in vivo morphometry,
suitable image database information now needs to be
J Pathol 2013; 229: 477–485
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generated on various human muscle diseases to correlate morphometric parameters with disease diagnostics
and to monitor the severity of disease progression as
well as therapy efficiency.
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SUPPLEMENTARY MATERIAL ON THE INTERNET
The following supplementary material may be found in the online version of this article:
Supplementary materials and methods
Video S1. 3D reconstruction of a branched muscle fibre with two split-ups from a 3 month-old mdx mouse. This phenotype is characterized by
low levels of CAS and VD
Video S2. 3D reconstruction of a chaotic muscle fibre from a 3 month-old mdx mouse. This phenotype is characterized by high levels of CAS
and VD, as well as twists and tilts
Video S3. 3D reconstruction of a muscle fibre from an 11 month-old wt mouse. The regular lattice leads to a low level of VD und a normal CAS
value close to unity
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