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Abstract. Careful quantitative analysis of histological preparations of muscle samples is crucial to accurate investigation of
myopathies in man and of interpretation of data from animals subjected to experimental or potentially therapeutic treatments.
Protocols for measuring cell numbers are subject to problems arising from biases associated with preparative and analytical
techniques. Prominent among these is the effect of polarized structure of skeletal muscle on sampling bias. It is also common
in this tissue to collect data as ratios to convenient reference dominators, the fundamental bases of which are ill-defined, or
unrecognized or not accurately assessable. Use of such ‘floating” denominators raises a barrier to estimation of the absolute
values that assume practical importance in medical research, where accurate comparison between different scenarios in
different species is essential to the aim of translating preclinical research findings in animal models to clinical utility in Homo
sapiens.

This review identifies some of the underappreciated problems with current morphometric practice, some of which are
exacerbated in skeletal muscle, and evaluates the extent of their intrusiveness into the of building an objective, accurate,
picture of the structure of the muscle sample. It also contains recommendations for eliminating or at least minimizing these
problems. Principal among these, would be the use of stereological procedures to avoid the substantial counting biases arising
from inter-procedure differences in object size and section thickness.

Attention is also drawn to the distortions of interpretation arising from use of undefined or inappropriate denominators.
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INTRODUCTION

Skeletal muscle presents a profound illustration
of the relationships between function and structure,
ranging from gross anatomical arrangement to molec-
ular configuration. Its single-minded dedication to
metabolically powered mechanical work is spectac-
ularly reflected in its ordered anisometric polarized
structure aligned with its axis of force production.
It comes as no surprise therefore, that disturbances
arising from systemic or local pathological events
or changes in functional demand within this tissue
commonly manifest as disturbances of structure and
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biochemistry and that these are used both as aids
to diagnosis and as tools for investigation of the
causative bases of muscle dysfunction. Such knowl-
edge is key to effective monitoring of therapeutic
intervention. Historically, these pathological features
have been routinely investigated by microscopic and
biochemical analysis of muscle samples obtained by
biopsy or at autopsy. The underlying purpose of such
investigations is to obtain a snapshot of tissue struc-
ture that will contribute to an understanding of the
mechanisms responsible for its status. For purposes
of diagnostic clinical pathology, microscopic analy-
sis of the structure of the tissue has long been the main
line of investigation but biochemical, proteomic, and
gene expression signatures have been added pro-
gressively. With the advent and rapid development
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of new genetic and molecular tools for experimen-
tal pathology, it has become possible to penetrate
these fundamental properties more comprehensively
and with ever more refinement and delicacy. These
advances have proved of especial value in funda-
mental and preclinical research in animal models of
human clinical conditions. However, the molecular
biological innovations have not been paralleled by
equivalent development of methods to fully inter-
rogate the structural consequences of any identified
molecular changes. The object of this article is to
highlight those areas most obviously in need of reap-
praisal and to suggest ways in which current practice
might be improved. For some issues, there is no fully
satisfactory solution, but their identification as poten-
tial hazards remains as a bulwark against erroneous
interpretation.

Transparent interpretation of quantitative data
obtained from complex biological systems is stan-
dardly obscured by inter-sample variation whose
effects are minimized by appropriate experimental
design and statistical analysis. A more insidious, and
therefore dangerous, additional factor is the influence
on the primary data of factors that are not designed as
experimental variables. Where such a factor (e.g. age,
diet, physical activity, diurnal rhythm) imposes a sys-
tematic directional effect on the measured variable,
it will constitute a bias that may distort our inter-
pretation of the experimental outcome. Such biases
may arise from many causes, but two are readily
identifiable in analysis of skeletal muscle. Some are
easily discernable as arising from features intrinsic
to the methods we use to gather and analyze our
data and, once recognized, can be accommodated
during interpretation, but insidious sources of bias,
“unknown unknowns’ are, by definition, easily over-
looked and can spring unpleasant surprises. A second
pervasive source of subliminal bias arises from the
practice of expressing findings as ratios either to
some internal or external reference value. Despite its
co-equal role with the numerator in the generation
of quantitative information of interest, the denom-
inator is widely ignored [1]. Without a thorough
understanding of the denominators, the numerators
convey only limited, and, often, distorted informa-
tion from which to assemble a harmonious picture
of the biological phenomena of interest. This aim of
coherence would also be aided by choice of denomi-
nators that exhibit some definable relationship to one
another.

These intertwined issues are considered in more
detail below.

BACKGROUND OF TECHNICAL BIAS

Samples of skeletal muscle are standardly obtained
by biopsy, autopsy or on termination of an animal
experiment, by necropsy. None is trivial, particularly
biopsy, a sufficiently traumatic procedure to be dis-
couraged in preclinical experiments and minimized
in clinical research protocols. So, it is important
to retrieve the maximum amount of reliable infor-
mation from such samples. This objective has been
pursued by establishment of carefully crafted pro-
cedures preparatory to microscopical examination
[2, 3]. Most commonly, this involves either fix-
ation followed by wax embedding, or freezing,
with or without fixation, followed by sectioning
on a microtome or a cryostat and staining of
the resulting sections. For most purposes, frozen
muscle preparation is preferable; wax embedding,
removes lipids, obliterates many antigens, inactivates
enzymes, causes shrinkage and, especially in muscle,
generates conspicuous split-forming artefacts that
complicate measurement of size and spacing. Tradi-
tionally, much of the analysis of the resulting sections
has been based on qualitative descriptive reporting
of features known by experience to be associated
with specific clinical conditions, supported, in some
instances, by moves towards quantitative analysis
[2, 4-9].

Extraction of consistent data from microscopic
examination of biological material faces the enduring
problem of the amount of shrinkage or expansion that
occurs during its preparation. This is especially evi-
dent with wax-embedding procedures. Some account
may be taken of this problem, by measuring the
weight/volume of the pre- and post-embedded mate-
rial and implementing ‘Fractionation’ [10] protocols
to randomize sampling of the entire embedded object
during analysis. This combination provides a basis for
subsequent estimation of the contributions of patho-
logical elements such as fat fibrous connective tissue.
Whether this is a worthwhile exercise with any given
muscle sample can only be judged by the importance
that might be attached to the precision of outcome
required for useful interpretation - often a retrospec-
tive exercise.

OBSERVATION AND PHENOMENOLOGY

Most data gathered routinely from structural
examination of skeletal muscle samples are descrip-
tive observations that are phenomenological in the
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sense that the underlying causality is uncertain
or ill-defined. Commonly, it includes such items
as myofibre size, frequency of centrally/internally
nucleated fibres and of myofibre type in terms of
oxidative/glycolytic phenotype, myosin isoforms, or
of structural abnormalities. Combinations of such
descriptors, provide a ‘fingerprint’ of the condition
of the muscle but, in themselves provide little infor-
mation about the mechanisms that produce them. To
be of value for translation from pre-clinical to clin-
ical investigation, it is important to assure, as far as
possible, that phenomena in the experimental model
correspond causally to those that are deemed to be
implicated in the disease process in man. For exam-
ple, our understanding of demise of muscle fibres
in the mdx mouse has benefitted from a range of
proteomic and physiological investigations demon-
strating the many features it shares with those seen in
DMD [11]. In contrast the robust regeneration, that is
one of the drivers of hypertrophy in the mdx mouse,
is widely held to be responsible for its mild clinical
phenotype making it somewhat dubious as a model
in which to investigate the failure of regeneration in
DMD boys [12, 13].

MUSCLE FIBRE SIZE

An almost reflex, routine, analytical procedure on
microscopic sections of samples of skeletal mus-
cle, is measurement of muscle fibre size either as
cross-sectional area or, to minimize the effect of
oblique sectioning, as minimum Feret diameter [14].
It is worth contemplating, in each individual case,
whether acquisition and analysis of detailed fibre size
data is worth the time and effort involved. Such data
are usually presented as a histogram of the sampled
population whose distribution has been used as a
diagnostic criterion [4-7, 15] as well as for compar-
ison between experimental interventions. However,
this type of analysis shows only whether any two
samples are statistically different, giving no indica-
tion of the source or cause of such difference. To
give insight into the biological causality of what is
being measured, which is the aim in most experi-
mental studies, requires additional information. One
major confounding factor is the extent of muscle
fibre ‘branching’ that, in histological sections may
generate many of the smaller fibre profiles seen in
pathological conditions (Fig. 1). Where it has been
investigated, branching has been found to be a com-
mon feature of muscle regeneration in response to
pathological events or aging [16-20, 21] and, in the

dystrophic mdx mouse, to be a major constituent part
of the apparent increase in myofiber number asso-
ciated with muscle hypertrophy [22]. While readily
identifiable in preparations of isolated muscle fibres
(Fig. 1), in sectioned histological material, determi-
nation of the extent of branching is arduous and time
consuming. Recently developed methods for optical
clarification of thick blocks of muscle, may prove to
be an acceptable intermediate [23, 24].

Use of fibre size as an indicator of the vigour of
myogenic repair in response to injury is an instructive
illustration of the dangers of unwarranted interpreta-
tion of phenomenological data. The presumption, that
muscle fibre size is a reliable reflection of its con-
tent of myonuclei, ignores the role of the other main
component of muscle fibre size, namely, the amount
of sarcoplasm generated around each myonucleus,
commonly termed the ‘myonuclear domain’. Thus,
measured fibre diameter, is only indirectly related
to its myonuclear content, vitiating its value as a
quantitative indicator of myogenic input. In normal
muscle there is a 2 fold range in myonuclear domain
between fast and slow fibres, with growth and aging
as additional major variables [25], while in the adult
mdx mouse, the myonuclear domain drops to half
of that in the wild-type [12]. Whether such differ-
ences are shared by pathological muscle samples in
other species appears not to have been rigorously
investigated by stereological techniques of the type
described below.

Additional issue

Problem : — uncertainty about the relationship
between muscle fibre size and myonuclear number in
pathological conditions, makes it an unreliable index
of myogenesis.

1. As a more direct and simple measure of myo-
genic activity, the number of myonuclei can be
measured against a variety of denominators,
e.g. per fibre, per area, or per volume of lesioned
muscle and per muscle fibre volume. Such a
combination would provide a basis for estimat-
ing the absolute number of myoblast fusions per
lesion.

2. In experimental animal models, pulsed admin-
istrations of BrdU or Edu can be used to mark
myonuclei originating from myogenic cell divi-
sions within the duration of the pulse, thus
adding an element of precision to estimates of
rate of myogenesis [13].
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Fig. 1. Image of muscle fibre isolated from the EDL muscle of a mature mdx mouse, showing a large fibre with a small branch carrying a
satellite cell as revealed by staining for M Cadherin. If this region had been encountered in a histological section of the muscle from which
it had been isolated, it would have appeared in most sections as two fibres, one large and on small, the latter contributing to the low end of
the spectrum of fibre sizes. The likelihood of such branch sites being recognized as such in a random histological section is low.

STEREOLOGICAL ISSUES

Descriptions of microscopic sections of skele-
tal muscle have fostered a largely two-dimensional
vocabulary that is reflected in a failure to address
issues arising from their thickness. Where the section
is very thin by comparison with features of inter-
est, e.g. nuclei, treatment of the section as a simple
two-dimensional sample is justifiable for gathering
a set of proportional descriptors, e.g. the proportion
of fibrous connective tissue analysis, according to
the Delesse principle [26]. This postulates that for
randomly arrayed objects within a sample volume,
ratio measurements made on a 2-dimensional surface
are maintained as ratios on translation into the third
dimension. Accordingly, the ratios of two areas made
on arandom sample surface can be adopted as equiva-
lent to volume ratios within the sample and, similarly,
perimeter lengths around any measured area of object
can be used as estimates of volume/surface ratios of
those objects.

Counts of numbers of objects, by contrast, are sub-
ject to significant bias arising from the differences in
object size and section thickness. Put simply, the like-
lihood of encountering an object within a sample area
is proportional to the thickness of the section and to
the size of the object at 90° to that section (Fig. 2
A). The general rule, when counting objects within
sample spaces delimited by arbitrary boundaries, e.g.

in a haemocytometer, is to allow for objects that fall
on the edge of the defined sample area by exclusion
of all objects that fall on two adjacent sides. In a
haemocytometer, all objects lie fully within the sam-
ple volume, and we have only the lateral boundaries of
the sample area to deal with. In microscopic sections,
two further boundaries come into play, the upper and
lower cut-planes. Because these intersect objects such
as nuclei, only half of each of these can be consid-
ered to be lying truly within the sample volume of
the section. To remove this source of bias, the objects
intersected by one of the two cut-planes must be
excluded from our counts within this sample volume.
This issue is underappreciated in histopathological
analysis and is commonly dealt with by ignoring it,
to the detriment of the quality of the data. This loss of
interpretable data is especially prominent in the case
of skeletal muscle, where, as discussed below, it fur-
ther compromised by interaction with the polarized,
anisotropic structure of the tissue.

Most protocols for unbiased morphometric sam-
pling of tissues are based on an assumption of random
distribution of the objects of interest. This is clearly
not the case with skeletal muscle, where the fibres
themselves, their nuclei and other organelles, together
with surrounding blood vessels, nerves and intersti-
tial connective tissue show strong orientation along
the axis of contraction of the tissue. This can have
a significant influence on the outcome of many
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A. Abercrombie’s correction for oversampling of objects by microscopic sections of finite thickness is based on the thickness of the
section (T) and the dimension of the object (D) at right angles to the plane of the section. Counts of the object will include all of
the objects lying within the space of T+D, whereas, only those lying within the space T will actually have their centre of gravity
lying within the section. This bias can be accommodated by the correction True number=observed number x T/(T+D)

B. For polarized anisotropic objects such as myonuclei, this is dependent on the angle of the long axis relative to the plane of

section (A,B,C) as well as changes in shape and/or size (D)

Fig. 2. Diagram illustrating the sources of counting bias in sectioned histological material. A. Taking the centre of gravity of the counted
objects an arbitrary designator of their position, it can be seen that all of the objects actually seen in a section of thickness T, will be
proportional to T + D, whereas the actual number lying truly within the sample space T will be proportional to T. The ratio T/T + D therefore
gives an unbiased estimate of the actual number of objects lying within that sample space. B. When the object is not spherical allowance
must be made for the effects of shape and orientation on the likelihood that it will lie entirely within the sample space. For simplicity, D can

be replaced by its size at 90° to the plane of section.

types of measurement, most notably for counts of
objects. Myonuclei, for instance, whose long axes
are highly oriented along the fibre axis, range, from
some 10-12um long and 4-5um wide in the mouse.
In consequence, myonuclear profiles in muscle cross
sections present a very different picture from those
in longitudinal sections. In accord with the Delesse
principle, the proportion of total area occupied by
myonuclei, does not differ between cross and lon-
gitudinal sections, but in cross sections this area is
distributed as numerous small, near circular, pro-
files while in longitudinal sections it is represented
in fewer, larger, ellipsoid shapes. Thus, as considered
in detail below, the greater the dimension of an object
perpendicular to the plane of section, the greater the
number of sections in which that object appears and
thus the frequency with which it is encountered in
any given section (Fig. 2B). This effect is particularly
strong in the context of the conspicuous orientation
of many objects in skeletal muscle where small dif-
ferences in size of object or section thickness of
section generate significant differences between the
true number lying within the volume of that section
and estimates of the number based on simple counts
(see Fig. 1). For some purposes, one might be con-
tent with differences in such counts as indicators of
some effect of an experimental variable. However, in
so dynamic a system as skeletal muscle, this is unsafe
practice. Changes in the size or orientation of nuclei
in response to an experimental stimulus or to a dis-

ease condition can have marked effects on this source
of bias that may outweigh true differences in nuclear
density. Indeed, any alteration of the distance occu-
pied by an object at 90° to the plane of section - for
instance, change in nuclear size, shape, or orientation
induced by activation of satellite cells [27] or change
in function of myonuclei — will register on simple
counts of sections as an apparent change in number
of these nuclei.

Two main alternative approaches have been
applied to this problem, the first was to count all
objects in a sample area of a section and to apply a cor-
rection calculated from the section thickness and the
size of the object at right angles to the plane of the sec-
tion as shown in Fig. 1A [28]. This approach has been
applied only rarely to skeletal muscle [29] but the sim-

ple equation Real# = Obs#x (T T D) does provide a

means of estimating the errors within the range of
values commonly encountered in sections of skeletal
muscle!. As shown in Fig. 2, the difference between
counted number of objects, e.g. nuclei of 10m diam-
eter in 10pm thick sections, and the actual number
of those objects whose centre of gravity lies within
the volume of that section is strongly influenced by
minor differences in the size of these parameter Even
in the hands of an experienced pathologist, nominally
10pm frozen sections may, in practice, vary between
8—12 pm which would change the overestimate of

! T=section thickness, D= object size at 90° to plane of section
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Effects of Section Thickness and Object Diameter on Validity of Object
Count

Proportion of Real to Observed Objects
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Fig. 3. Plots to show the real number of objects per section volume as a proportion of the number of counted objects of various diameters,
D, within sections of varying thickness, T. Note that within the range of sizes that commonly apply to skeletal muscle histology, the effects
of small differences in either dimension of the object or of section thickness have major effects on the overestimate of object number. Thus,
for a 10um X 5um satellite cell nucleus its number per 10wm thick section will be overestimated by a factor of 2 if its long axis lies at 90°
to the plane of the section but only by a factor of 1.5 if the long axis lies parallel to the plane of section, a difference of 30%. Similarly in
sections cut at a nominal thickness of 10pm, a variation of 2pum on either side would shift the over-estimate of numbers from 2.25 to 1.83,

a difference of 20%.

number of 10p.m objects from 45% to 55%. Similarly,
an elliptical 5X10p.m nucleus, which may change ori-
entation relative to the long axis of the muscle fibre
(Fig. 1B) would be subject in 10m sections to a
50% overestimate in number if sectioned along its
long axis but by only 67% if cut across its short axis.
Likewise, increase in size due to activation will lead
to similar apparent changes in number. In both cases,
the purely technically generated differences of >20%
between estimates give cause for concern and make
it unsafe to use simple counts per section area for
comparison of myonuclear or satellite cell numbers
between different pathologies or treatments.

The most robust solution is the use of the ‘Dissec-
tor Principle’ to collect data in a way that, as a matter
of procedure, avoids bias arising from difference in
size of object and section thickness Fig. 4 [10]. This
involves analysing the sample volume, by optical sec-
tioning, across a range of depths and ignoring those
objects that were present on either the upper surface
or the lower surface. Where the objects and sec-

tion thickness are of similar dimensions this is most
easily accomplished by confocal analysis of thick
sections, scanning down from the top and exclud-
ing those objects which appear on the top surface.
For simple shapes, each object has only one ‘top’.
Thus all subsequent encounters with further objects
within the section thickness represents an unbiased
sample of those objects lying within the volume of
the section. An example of its rare use for analysis of
skeletal muscle sections [30] produces numbers that
relate absolutely to the volume of the sample, thus
permitting direct comparison between a broad range
of samples and experimental systems, telling us, for
instance, that the density of satellite cells in human
muscle (~5 x 10°/cm?) is very similar to estimates
in mouse muscle (see footnote p10).

Such universally applicable data facilitates com-
parisons between investigations and gives a perspec-
tive to questions whose resolution would be widely
informative guides to the prospects of current thera-
peutic approaches to muscle disease. For example:-
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The Dissector Principle

Top cut
Surface

Bottom cut
surface

Fig. 4. Diagram to illustrate the principles of stereological analysis of microscopic sections by confocal microscopic examination of histo-
logical sections. The region outlined in red is the sample area to be examined through the depth of the section. As in a counting chamber,
objects falling on the two adjacent boundaries, by convention the upper and right-hand, shown as dashes, are counted and those lying on the
remaining two, shown as solid lines, are excluded from any count. By the same argument, objects intersected by the upper cut surface are
ignored and only objects encountered afresh within the depth of the section are regarded as an unbiased estimate of objects lying within the
sample volume. The two solid line extensions of the square are exclusion boundaries for large irregular bjects, that may be encountered in

some tissues, lying partially within the sample square.

how many cells are needed to regenerate a kilogram
of muscle; how large is the target population within
the whole body for a given gene vector; how much
expansion or dilution of a genetic correction would
be expected during childhood growth or due to regen-
eration?

Initial development of the dissector principle had
the misfortune to occur prior to the general availabil-
ity of confocal microscopy. So, originally, the sample
volume was defined by adjacent or near neighbouring
sections, which, for most objects, required a means
of confirming register between two sections, making
the procedure unattractively cumbersome. Confocal
microscopy has greatly, alleviated this problem for
most microscopic objects, both by assuring the iden-
tity of the object across a set of optical sample planes
and by providing accurate estimates of the separation
in the Z axis and of the depth of the sample volume.
This latter is especially important with cryostat sec-
tions, which are difficult to cut to a reliable thickness,
but which are more broadly useful for investigations
with marker-specific antibodies as, for instance in a
stereological survey of the numbers of myonuclei and
satellite cells per volume of muscle.

The sensitivity of this approach rises with the sec-
tion thickness relative to object-size but raises the
question of penetration of antibodies through thick
sections and loss of signal strength with depth of
focus. Whether this is a serious problem in any given
instance may be evaluated by plotting the density of
objects identified with any particular marker against
section thickness.

For electron microscopy, section thickness, at
~50nm is sufficiently close to zero, by compari-
son with the objects the size of cells or nuclei to
be regarded as a 2-dimensional sample that permits
application of the Delesse principle for estimation
of volume and surface ratios [31], but the num-
ber of sections required to adequately sample such
objects for counting by use of the dissector prin-
ciple is too unwieldy for general use. However
recent developments in obtaining and managing
serial images from adjacent section planes [32-34]
have provided straightforward approaches to appli-
cation of dissector analysis as a means of obtaining
unbiased counts of objects of comparable size
to the section thickness e.g. of synapses within
the CNS.
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Summary of stereological issues

Problem : — counts of objects of common inter-
est, e.g. nuclei in microscopic sections, are subject to
significant over-estimation arising from small differ-
ences in section thickness and object size.

1. This source of bias can be minimized by use
of the dissector principle [37] Such absolute
information assumes increasing value in the
evaluation of systemically delivered therapeutic
genetic constructs, where the number of target
nuclei and their potential for dilution of the
constructs with growth and regeneration have
become important ‘unknowns’ in the design of
dosing regimens.

2. I am unaware, at present, of any computer
program to automate application of the Dis-
sector approach to gathering of numerical data
from sections of skeletal muscle. The algorithm
is, in principle, quite simple. It comprises a
scan from the upper cut surface to the lower
cut surface, with consignment of all relevant
objects encountered on the top surface to the
uncounted category and counting of all subse-
quently encountered such objects as lying in the
sample volume between the two surfaces.

DENOMINATOR PROBLEMS

An intrusive fundamental issue with all biological
comparison arises from the measurement of numeri-
cal data as ratios against some selected denominator.
Denominators commonly differ between different
types of assay and even between variants of nomi-
nally the same assay. Despite the co-equal part played
by the denominator and numerator in these ratios, the
former is seldom given its due attention. The denom-
inator is, in effect, the sample space within which we
collect the numerator values that we display as data
and to which we attach meaning. As such, the size
and distribution of the denominator are as important
as the numerator to the interpretation of data. As a
further complication, it is not uncommon to find data
expressed in the form of a ratio between two mea-
sures that are themselves ratios. Such ‘stacked ratios’
distance us from the underlying phenomena we are
seeking to understand and complicate our attempts
to model them. Lack of attention to these matters
has been cast as one of the major sources of irrepro-
ducibility in preclinical and clinical research [1]. It is
especially prominent as a source of ‘noise’ in investi-

gations where findings are expressed as fold change
against near-zero baselines.

The highly ordered structure of skeletal muscle
tissue, extending from the molecular level to gross
anatomical arrangement, presents a broad selection
of potential denominators, choice of which, should
be carefully examined in each individual case, espe-
cially where the data is gathered from histological
cross sections, when it impinges heavily on the way
we interpret our data. By virtue of their numeri-
cal, structural, and functional prominence in skeletal
muscle, myofibers have tended to dominate the quan-
titative scene, sometimes as numerators, but more
commonly as denominators. It is technically chal-
lenging to obtain a reliable count of the numbers of
fibres; even in a simple, 2-tendon muscle the pen-
nate arrangement predicts that fibre profiles in most
sections represent only a partial sample of the total
number fibres in the whole muscle and any section
containing one or more tendons will not include fibres
that have inserted on one side or other of the level of
the section. The best we can do, for the most part, is to
make counts on an arbitrarily identified mid-muscle
section.

It must also be recognized that muscle fibres them-
selves are highly responsive to changes in conditions
and therefore not particularly stable features as a
basis for making comparison between pathologies, or
across a time-course, or between the effects of treat-
ments of interest. Thus, investigations that use muscle
fibre profiles in transverse sections as a normalizer
of the number of satellite cells, or other interstitial
cells should be accompanied by information as to the
effect of the experimental variable on muscle fibre
size, packing density and length. Another commonly
cited measure is the incidence of ‘centrally nucleated
fibres’, i.e. fibres containing myonuclei that are not
closely subjacent to the muscle fibre surface. This is
widely used as a semi-quantitative indicator of prior
or current regeneration in both man and mouse, and
usually expressed as the percentage fibres contain-
ing a ‘central’ nucleus. A switch to the myonuclei
themselves as denominators of the numbers at each
position within in each fibre, reorients enquiry of the
phenomenon from its use simply as a crude indi-
cator of prior pathology and opens questions more
relevant to the causal mechanisms that underlie posi-
tioning of nuclei within muscle fibres and perhaps of
the likely functional consequences within the fibre
of such placement. If both denominators are taken
into consideration, then the total number of myonu-
clei per muscle fibre volume and their position within



T.A. Partridge / Improving Analysis of Skeletal Muscle Biopsies S265

each fibre take their place as further features to aid our
quest to understand the biological events that under-
lie the phenomenon of regeneration as a whole. Thus,
such analysis improves sensitivity of measurement
of the duration of the central positioning of myonu-
clei [35]. It is, perhaps, a commentary, on the casual
collection of such data, that over 30 years of study
it has been recorded only recently that mdx mouse
muscle develops twice the myonuclear density of the
equivalent wild-type mouse and that those in a central
position are supernumerary rather than simply dis-
placed nuclei [12, 13]. To miss a 100% difference of
such import, does not speak well of standard practice.
It is notable that this change of interrogative mode
extends our questions from: ‘what mechanisms are
responsible for the position of these myonuclei?;’ by
the addition of the new questions: ‘what mechanisms
are responsible for the doubling in their number?’
and ‘what are all of these extra centrally positioned
nuclei doing?”. Such questions lie in wait for those
with interests in characterizing gene expression pro-
files in single nuclei. The obvious follow-up: ‘are
similar nuclei present in DMD muscle?’, will require
the application of stereological analysis.

A further a major factor in the interpretability of
incidence data within dynamic systems of the type
involved in homeostasis of muscle, is the duration
of the identifying feature. This can vary consider-
ably between species and probably between muscles.
Central nucleation in the mouse, perhaps because it
is very persistent, is more conspicuous than in man
[35, 36]. This persistence makes it a poor indicator
of the dynamics of the process and, in consequence,
greatly diminishes its value as an index of degenera-
tive/regenerative activity beyond the first few weeks
of onset of a myopathic event. In man, incidence
of centrally nucleated fibres of more than 4% is
regarded as a strong signal of current pathology [2],
but whether this is a manifestation of similar mecha-
nisms to those that operate in the mouse is uncertain.
As a comparison, a second commonly used mea-
sure of the intensity of regeneration, the incidence
of fibres expressing developmental myosin isoforms
persists for only 5-7 days in the mouse [37], mak-
ing it a valuable signal of recent regeneration. In
man, the duration of developmental myosin isoform
expression is unknown, again limiting its usefulness
as a marker [38]. A similar problem of short-lived
identification signals arises from the use of satellite
cell numbers as indicators of myogenic activity dur-
ing regeneration. In this highly dynamic process, the
rapidity of transit from activation through to fusion

[39] renders such snapshot counts uninformative;
does a diminution in their number signify a reduc-
tion in their generation or an increase in their rates of
differerentiation and fusion, or both?

Summary of denominator problems

Problem:- The extensive and complex interactive
nature of the cell populations within skeletal muscle
raises questions as to how to normalize data on any
of them individually.

1. The most broadly informative array of numeri-
cal data would consist of the numbers of nuclei
and the volume sampled, together with a mea-
sure of total muscle weight/volume. Additional
reference denominators such as muscle fibres,
nerves, blood vessels, should be chosen to test
the hypothesis in question rather than on the
basis of convenience.

MUSCLE DISSOCIATION

Recent research studies in animal models and in
human trials, have taken the quite different tack of
analysing the cellular content of muscle by dissoci-
ating it and sorting the resultant cell suspension for
analysis of aberrations of myogenic function, or of
protein content or evidence of expression of genes
suspected of playing some part in this malfunction.
Initially, prior to the discovery of antigenic markers of
cell types of interest, most investigations of this type
employed differential adhesion [40] or cell size and
granularity as criteria [41] for separation of different
cell types and sub-populations. Early investigations
of such cells concentrated mainly on the in vitro
behaviour of the distinguishable cell types present in
these populations, principally on their myogenic pro-
clivities versus those favouring formation of fibrous
scar tissue or fatty tissue. This approach had become
progressively sophisticated by development of cell-
sorting techniques made available by the advent of
arange of antigenic markers [42—48], supplemented,
more recently, by in sifu RNA hybridization to locate
sites of expression of specific genes and by editing of
specific genes to provide visualizable signals of their
active expression [39, 49-51]. These advances have
greatly enhanced the precision of cell identification
and accelerated the overall aim of relating molecu-
lar and structural data to the clinical and pathological
status of the muscle. The goal of this work is the ideal
of marrying up the findings derived from analysis of



5266 T.A. Partridge / Improving Analysis of Skeletal Muscle Biopsies

the population of isolated cells with those obtained
from the histological investigations of the intact tis-
sue and, thus, to generate a coherent overall picture
of the status of the muscle and some understanding
of the processes underlying this status [39]. Each of
these modes of investigation is subject to its individ-
ual array of artefacts and biases that must be taken into
account in the interpretation of the emerging data, for
such features are covertly disruptive of our attempts to
meld the data from a variety of types of investigation
into a coherent whole [50].

The attraction of dissociated muscle preparations
is the facility for detailed analysis of individual cell
types, together with an automated detailed record
of their proportions within the extracted population.
Recent advances in methods for characterizing indi-
vidual cells in terms of an array of antigens displayed
by each one has greatly enhanced understanding
of the complexity of interactions between different
cell types [52-55]. More direct information on the
predilection of individual cells to specific functional
pathways comes from the use of constructs that per-
mit interrogation of the assortment of genes they were
expressing at the time of isolation and of subpopula-
tions within these cell types derived from normal and
pathological of murine [56-58] and human [59-62]
muscles. These advantages are tempered by the loss
of spatial and numerical relationships between the
cells involved. Procedures for isolating individual
cells from the tissue perturb their inter-relationships
[63, 64] and must be considered likely to have dif-
ferential effects on the efficiency with which each
type is retrieved, thus losing the intrinsic denomi-
nators that are available for standardization within
the intact tissue. This constitutes a prime example of
stacked ratios, presenting a considerable barrier to
interpretation of the data in terms of what is actually
occurring within the tissue of origin and leaving us
with two clear problems.

First, it deprives us of adequate means of assess-
ing biases arising from the rigours of the protocols
for dissociation and analysis [63], where efficiency
of extraction from a tissue may be affected by its
prior and current pathology and by varying resilience
of the cells to the sorting procedure associated with
their activation or metabolic status. Without such
information we are unable to attribute firm causes
to any observed differences between proportions of
identified cell types. Have they arisen from dif-
ference in success of extraction, or survival, or
are they, as we might hope, directly reflective of
the in vivo mechanisms of the innate pathology of

interest, or perhaps of our attempts to modify that
pathology?

A second major bias of more subtle origin derives
from presentation of data in terms of percentages of
cells with no assurance as to the representativeness
of the sample from which they are drawn. Published
data [48, 65, 66] and personal enquiry, puts the yield
of satellite cells isolated and sorted from mouse limb
muscle in the order of 0.5 -1 x 10° / g, whereas calcu-
lation from the numbers of satellite cells on isolated
EDL muscle fibres would set the number actually res-
ident in muscle at some 1020 fold greater?. As with
polls of public opinion based on limited sampling
density, reliability is strongly dependent on recogni-
tion of and adjustment for the biases intrinsic to the
data gathering procedure. For cells sorted from skele-
tal muscle, in the context of a set of only partially
identified potential selective influences arising from
the extraction and assessment procedure, a swathe
of uncertainty befouls precise interpretation. This
becomes important where the pathology involves a
major change in number of a specific cell type, as seen
prominently with the transient immigrant popula-
tions of inflammatory cells in myonecrotic or immune
pathologies. In such instances, the change in overall
cell number can lead to changes in the proportions
of minor cellular components of the population that
do not necessarily reflect differences in the numbers
of each component cell type in the tissue from which
they were extracted. Fibre isolation procedures, are
potentially subject to the problem of loss of satel-
lite cells from the fibres. But, in this instance, the
myonuclei within the co-extracted fibres carrying the
satellite cells provide a common reference with his-
tological sections, that can be used to determine the
extent of any such loss in any given circumstance
[12].

Summary of muscle dissociation issues

Problem:- extraction and sorting of cells from
intact muscle tissue disrupts their inter-relationships
and exerts a range of selective constraints on the
vields of cells of different phenotypes and states of
activity, preventing firm assignment of the numerical
data within the tissue of origin.

2 A mouse EDL muscle, weighing 10—12 mg contains ~1000
fibres with 5—10 satellite cells per fibre, providing a simple estimate
of number of satellite cells in a mouse EDL muscle at 5-10 X103
i.e. 0.5-1 X 10%/g of muscle.
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1. Interpretation of complex ratio data would be
aided by expressing all data from preclinical
models against a broadly applicable denomina-
tor, e.g. per starting weight/volume of muscle.

2. The above can be linked to stereological counts
of each identified cell type in histological sec-
tions, which employs the same denominator and
thus permits estimation within the original sam-
ple of the absolute frequency of each cell type of
interest. Such a format would provide a means
of comparing data between samples, protocols,
pathologies, or experimental procedures. For
preclinical research, where our aim is to pro-
duced data from animal model experiments that
can be compared with confidence to the near-
est human equivalent data, we must choose our
denominators thoughtfully.

OVERALL CONCLUSIONS

Sampling of skeletal muscle for diagnostic pur-
poses has, in recent years, partly ceded its once
central role in histopathology to a broader set of
applications in aiding the rapid advance of funda-
mental cell biological research made accessible by
the toolkits developed for genetic and molecular bio-
logical research. In consequence, structural analysis
has become a crucial tool for investigating the con-
nection between molecular and functional defects in
this tissue. In this respect, the recent development of
the facility for characterizing individual isolated cells
and using these same markers in sectioned muscle to
determine the structural inter-relationships of these
cells in intact muscle [39, 46, 49, 50, 56], hold new
promise of resolving the in vivo versus in vitro issues
that, historically, have beset this type of investigation.

However, our current approach to analysis of the
structure of muscle samples has yet to benefit from
adoption of quantitative analytical methods that have
long been available but little used. Routine appli-
cation of well-developed stereological approaches
would provide a basis for investing molecular bio-
logical findings with absolute standards, related to
cell number, that would permit their application to
the scale of whole muscle or whole body biology.
This ability to span scale and species is important if
we are to strengthen the prospects of converting our
preclinical findings at the molecular and cellular level
to realistic routes for treatment of muscle deficit and
disease in Homo sapiens.

Over the past few years, analysis of tissue sam-
ples has concentrated on automation of tasks that,
historically, have consumed the time of expert
histopathologists. This entails investment in the use
of machine learning, in the hope of incorporating
some of the virtues of ‘experience’ into automated
objective analyses that recognize and make appropri-
ate accommodation to preparative artefacts, such as
scoring from knife defects and edge-effects induced
by desiccation of the sample. By comparison, the
automation of stereological analysis should be a rel-
atively simple exercise and could be set to gather
large amounts of quantitative data against all infor-
mative denominators. These should be chosen for
their relevance to basic biological features of dis-
ease and, of hypothetical predicted modifications of
these features induced by therapeutic stratagems. Ver-
satility of structural/molecular biological data can
be optimized by selection of denominators that are
applicable to each of the modes of investigation. For
instance, choice of cell number (or diploid genomes)
per sample would, in principle, provide access to the
‘Holy Grail’ of establishing direct quantitative rela-
tionships between data on gene/protein expression
and the structure and function of the tissue in which
they are being expressed.
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