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Immunohistochemistry
Immunohistochemistry has an essential role in the evaluation 
of muscle biopsies and in examining protein localization. The 
term ‘protein expression’ is often applied to describe immu-
nohistochemical results, but it should be remembered that the 
technique only reflects localization of a protein, not the related 
RNA synthesis, and the gene coding for it may not be active at 
the time the protein is localized. In addition, absence of label-
ling may sometimes be because the epitope of the antibody is 
masked and inaccessible. In addition, RNA from a gene may not 
be translated into protein, but it is the protein that is of patho-
logical significance. Immunohistochemistry is complementary 
to histology and histochemistry, and the results should not 
be interpreted in isolation from other morphological studies 
and the overall clinical picture. Defects in protein localization 
may identify an abnormality in the gene encoding that protein 
(a primary defect) or they may be a secondary response to an 
abnormality in another gene. Immunohistochemical abnor-
malities related to a primary defect are of particular impor-
tance in assessing recessively inherited conditions, where both 
alleles are mutated. In several dominant conditions, expression 
from the normal allele may mask any alteration in the mutant 
allele and labelling of the normal and mutant protein may be 
indistinguishable; analysis of secondary defects is then partic-
ularly important. In some dominant conditions there may be 
detectable accumulation of protein. Thus, analysis of both pri-
mary and secondary abnormalities has an important role in the 
assessment of biopsies.

With the rapid advances in molecular medicine the number 
of primary defects that can be identified with immunohisto-
chemistry is growing, and there is a trend towards classifying 
disorders according to the protein defect (e.g. dystrophinopa-
thy, sarcoglycanopathy, actinopathy, desminopathy, etc.). In this 
book, however, we have adhered to the classical clinical classi-
fication (see Ch. 8), as this still forms the basis for clinical diag-
nosis. This chapter aims to summarize aspects of methodology 
for immunohistochemistry and also the analysis of proteins 
relevant to diagnosis, particularly using commercial antibod-
ies that are readily available to everyone (see Sewry and Qui 
2001). In the last edition of this book we included a table of 
useful commercial antibodies and their suppliers, but there are 
now so many sources to choose from that can easily be accessed 
on the internet we have dispensed with the table. It is impor-
tant to remember, however, that different companies market the 
same clone and titres may vary. In the sections on pathological 
changes we have retained some historical references to reflect 
the major contribution of so many workers in the field and 
updated this with more recent studies and reviews.

Many antibodies are now available for studying diseased mus-
cle, and they have widened our understanding of pathological 

features, but this chapter is not intended as a comprehensive 
account of the myriad of features that have been identified by the 
application of antibodies. The objective of this chapter is to give 
an overview of methods, the use of immunohistochemistry in 
relation to defective proteins associated with neuromuscular dis-
orders, and to discuss some of the major muscle proteins that are 
defective in neuromuscular disorders. There is some inevitable 
overlap with the chapters relating to specific disorders, and there 
is repetition of some information, but this is included in order to 
give a more complete overview. This chapter should be read in 
conjunction with the appropriate disease- related sections. 

Methods for Immunohistochemistry
Immunohistochemistry is used to visualize and localize specific 
protein components of a tissue. The principle of the technique 
is the specific affinity of an antibody for its antigen. Allied tech-
niques are the labelling of glycoproteins with lectins, the label-
ling of receptors with a ligand such as a toxin (e.g. the specific 
affinity of bungarotoxin for acetylcholine receptors at neuro-
muscular junctions) and labelling of nucleic acids by in situ 
hybridization. Similar methods of detection and amplification 
have been developed for all these techniques, but their diagnos-
tic role is currently less than that of immunohistochemistry.

USE OF AUTOMATED MACHINES AND 
IMMUNOLABELLING KITS

Several companies now market machines for automated imuno-
labelling of sections, and their use is now widespread. Although 
these were originally designed for the use of paraffin, fixed sec-
tions protocols can be adjusted to work with frozen sections 
immunolabelled with brightfield markers. Frozen sections are 
more vulnerable to the procedures of a machine and may lift 
off or curl, and consistent results may take time to achieve. In 
addition, the effect of reagents supplied needs to be considered: 
for example, low concentrations of the detergent triton X-100 
are often a component of the kits supplied and, whilst this can 
reduce background and give excellent results, it must be remem-
bered that it can affect membrane phospholipids. The immuno-
globulin class of the antibody used also has to be considered and 
methods adapted accordingly. Similarly, the dilution of antibod-
ies and the use of commercial detection kits used for labelling 
both manually and with a machine (e.g. EnVision or Menarini 
kits) must be empirically determined. Double labelling of myo-
sin isoforms has been successfully achieved on a machine using 
brightfield markers (see below; Raheem et al 2010). Multiplex 
labelling using more than one antibody and different coloured 
brightfield chromogens or fluorescent labels are being developed 
for use on automated machines and may soon have a wider use 
in routine pathological assessment as multiplex labelling using 

6
Immunohistochemistry and 
Immunoblotting



6 Immunohistochemistry and Immunoblotting 141

manual methods is informative (Jimenez- Mallebrera et al 2006, 
Stack et al 2014, Rocha et al 2015). It must be remembered, how-
ever, that assessment of each antibody separately may also be 
necessary as any change in colour in the combined signal will be 
determined by the proportion of each protein detected. Also, the 
detection levels of fluorochromes can vary in different channels. 
Double labelling using fluorochromes in more than one channel 
is a good control for this. We routinely assess collagen VI and 
perlecan double labelling using both red and green excitation 
filters for the visualization of both proteins. When perform-
ing double labelling, assessment of each protein individually in 
serial sections or with two different fluorochromes may then be 
necessary. Each laboratory must determine for themselves the 
time/cost and efficiency benefits of using a machine and multi-
plex methods and be aware that technical issues can arise with 
any method used. The sections below describe manual methods 
of immunolabelling that we have found satisfactory over the 
years and factors to consider. 

TISSUE AND SECTION PREPARATION FOR 
IMMUNOHISTOCHEMISTRY

As for histochemistry, all tissues should be rapidly fro-
zen in isopentane cooled in liquid nitrogen or propane, and  
immunolabelling performed on cryostat sections, as described in  
Chapter 1. If sections are too thick they may ripple and lift off 
the slides, a problem that can occur with some antibodies but 
not others. For immunohistochemistry, we find a thickness of 
5–7 μm optimal. The epitope for some antibodies is destroyed 
or masked by fixation, and unfixed frozen sections are then 
essential. Some antibodies, however, may only give satisfac-
tory results on fixed material, in which case frozen sections can 
be post- fixed (see below). This is rare for the antibodies cur-
rently used for the diagnosis of neuromuscular disorders. If 
only formalin- fixed, wax- embedded material is available, vari-
ous antigen retrieval techniques using pre- treatment of sections 
with enzymes and/or microwaving can be tried. This is useful 
for archival material but is not the method of choice for rou-
tine studies. In our experience, most antibodies for the diag-
nosis of neuromuscular disorders give good results on unfixed, 
untreated cryostat sections. Methanol or acetone or the deter-
gent triton, however, is often used.

As described in Chapter 1, sections collected on Superfrost 
or Superfrost Plus slides or uncoated coverslips can be stored 
until required at −20°C, or lower, if wrapped in clingfilm and/
or foil. This has the advantage that batches of biopsies can be 
labelled in parallel, which is time and cost- effective, and each 
sample then acts as a control for the others, enabling identifica-
tion of any technical problems. A batch should never consist 
of samples all with the same provisional diagnosis (e.g. not all 
potential cases of Duchenne muscular dystrophy: DMD), and 
a single biopsy should not be labelled in isolation. If results are 
needed urgently and a batch of cases cannot be assembled, or if 
additional or repeat studies are needed, a second sample, pref-
erably of normal muscle, should always be included as a con-
trol. Sections should be air- dried at room temperature for about 
20–30 minutes before use. If only a few sections from a package 
of stored frozen sections are required, the remaining sections 
should not be allowed to thaw as condensation may form and 
freeze when the sections are returned to the freezer, resulting in 
artefact when the section is subsequently used.

Fixation of Sections
Many antibodies when applied to muscle sections do not 
require fixation, and this is our method of choice. Acetone or 
methanol, however, is frequently used for studies of muscle 
sections, but in our experience this is often unnecessary for 
the study of human muscle. Formaldehyde or paraformal-
dehyde, at various concentrations, is also sometimes used. 
Acetone or methanol, or permeabilization with Triton X- 100 
(0.05–0.2%) or saponin is often necessary for localization of 
intercellular antigens in cultured muscle cells and can also be 
used on sections. A fixative or permeabilization solution may 
affect the epitope of an antibody and if fixation is required, 
the most suitable, and its concentration, has to be determined 
experimentally. 

Immunolabelling and Washing
For manual immunolabelling, dry sections are placed in a 
moist atmosphere to prevent evaporation of the small volumes 
of reagents, as described in Chapter 1. Use of a hydrophobic 
pen to draw round each section is a convenient way to reduce 
the volume of reagents used and to prevent reagents spread-
ing. Coverslips or slides can be placed in racks and washed 
collectively in a dish, or they can be rinsed individually. Three 
rinses of buffer are required, but the timing of each is vari-
able. It can be from 3 to 5 minutes, or in the case of individual 
coverslips, 10- second dip washes are adequate. The staining 
tray shown in Figure 1.10 has a magnetic strip which holds the 
slides in place and is a convenient way to wash a batch of slides 
by gently expelling buffer from a ‘squeezy’ bottle over the sec-
tions for about 30 seconds. Sections must not be allowed to 
dry out at any stage or false results and artefact will arise. It is 
also important to ensure that there are no bubbles in the anti-
body solution when applied, as no labelling will occur under 
the bubble. 

Blocking Agents
Non- specific background, which reduces the signal- to- noise 
ratio, may be a problem. Additives to the buffer, such as bovine 
serum albumin (BSA; 2%) or detergents (0.2% Triton X), or 
normal serum from the same species as the secondary anti-
body, can be used to reduce non- specific binding of secondary 
antibodies but, as with fixatives, they may affect the epitope of 
the antibody. Some tissue components may contain endoge-
nous enzymes, such as peroxidase or alkaline phosphatase. For 
example, macrophages contain endogenous peroxidase and 
blocking agents are needed if cluster of differentiation (CD) 
markers are localized with peroxidase. Endogenous peroxi-
dase can be blocked with hydrogen peroxide (1%) and endog-
enous alkaline phosphatase can be blocked with levamisole (1 
mM), although the EnVision kit contains a peroxidase blocker. 
It can sometimes be useful to observe endogenous peroxidase 
activity and to know macrophages are present without hav-
ing to use specific cell markers (see Fig. 6.8). Endogenous bio-
tin can be blocked by applying unconjugated avidin followed 
by biotin, available as a commercial kit. We find that there 
is rarely an advantage in using blocking agents for the study 
of human muscle; good washing and optimal dilution of the 
antibodies are more critical factors. Phosphate- buffered saline 
(0.1 M or 0.2 M) at pH 7.2–7.4 is usually used for washing, 
and commercially available tablets are now a convenient way 
to make this up. 
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Primary Antibodies
A wide variety of primary antibodies to muscle proteins are now 
commercially available, in particular those that detect primary 
defects in recessive muscular dystrophies. Several companies 
sell relevant primary antibodies, and most companies now have 
a website. There are also various directories and hybridoma 
banks (see Appendix 2). Several companies market the same 
antibody clone, so purchasing an antibody from a different 
company does not necessarily mean it is a different antibody. 
Attention should be paid to the characterization of a commer-
cial antibody as this is not always complete on data sheets, and 
also to the recommended storage of an antibody. If freezing is 
recommended, an antibody should be divided into aliquots of 
convenient volume to avoid repeated cycles of freeze–thawing. 
Company websites (e.g. Abcam) offer useful advice on storage 
and the length of time that an antibody can be used, which is 
increasingly important for laboratory accreditation. When pos-
sible, characterization of an antibody should be checked in the 
original publication describing the use of the antibody, or the 
information obtained from the company. Dilution of a primary 
antibody should always be assessed by titration in each labo-
ratory, and is dependent on such factors as supplier, poly-  or 
monoclonal antibody, secondary antibody, time and tempera-
ture of incubation, and the detection system used. As for wash-
ing, phosphate- buffered saline at pH 7.2–7.4 is used for diluting 
antibodies. Incubation times can vary from 30 to 60 minutes to 
overnight at 4°C. The latter sometimes reduces background and 
lower dilutions of antibody may be possible. Both monoclonal 
and polyclonal antibodies are available. The former, released 
from hybridoma cells, recognize a single epitope and are highly 
specific. Mouse monoclonal antibodies have been used for 
many years but rat and rabbit monoclonal antibodies are also 
now available. Polyclonal antibodies are usually purified from 
serum following injection of the antigen into an animal species 
(e.g. rabbit, goat or sheep) and recognize several epitopes on the 
antigen. A control not using the primary antibody is particularly 
important when using polyclonal antibodies (see below). Dou-
ble labelling using primary antibodies raised in different species 
is relatively straightforward, but if the primary antibodies are 
both monoclonals from the same species kits are available (e.g. 
Zenon immunolabelling kits). For double/multiplex labelling it 
is often possible to use a cocktail of antibodies applied at the 
same time, provided they do not interfere with each other, and 
appropriate secondary antibodies then applied for each. If mul-
tiple antibodies are applied sequentially, the saturation of the 
first primary must be considered and any possible binding of 
the unsaturated first primary antibody with subsequent second-
ary antibodies used. 

Detection Systems
It is common to use an indirect detection method to visual-
ize the primary antibody, rather than directly labelling each 
primary antibody with a marker, and several commercial kits 
are now available. Indirect labelling gives more flexibility as it 
involves applying a secondary antibody against the appropriate 
immunoglobulin of the species in which the primary antibody 
was raised, and the same one can then be used to visualize sev-
eral different primary antibodies. Most antibodies are immu-
noglobulin G (IgG) immunoglobulins but some are IgM. It is 
essential to use a secondary antibody to the appropriate immu-
noglobulin or to use one that recognizes all classes. Secondary 
antibodies to different IgG classes can be useful for multiplex 

labelling (Bloemberg and Quadrilatero 2012). The secondary 
antibody may be directly conjugated to biotin, an enzyme or 
a fluorochrome. Biotin conjugates are then followed by strep-
tavidin labelled with a marker of choice. This amplification 
technique has the advantage of enhancing the signal because 
of the total number of bound avidin molecules. Streptavidin 
directly labelled with a fluorochrome or a preformed avidin–
biotin complex (ABC) may be used. Good enhancement is also 
achieved with commercial kits (e.g. EnVision or Menarini) and 
the tryamide system (Zenon immunolabelling technology) in 
which peroxidase is used to catalyze the deposition of biotin or 
fluorochrome- labelled tryamide close to the antigen–antibody 
binding site. The deposited biotin is then visualized with strep-
tavidin conjugated to peroxidase or a fluorochrome.

The choice of label to visualize the antibody is often a mat-
ter of personal preference but it is also governed by the type 
of microscope available, the need for a permanent preparation, 
the amount and localization of the antigen and the affinity of 
the antibody used. Enzyme labels, such as peroxidase or alka-
line phosphatase, provide permanent results and it is easier to 
see the overall structure of the tissue, particularly if sections are 
counterstained after immunolabelling. With fluorescent labels, 
however, it may be easier to distinguish small areas of localized 
antibody which appear bright against a dark background, and 
specificity can easily be checked by changing the excitation fil-
ter. Methods for quantifying fluorescent signals are also being 
developed (see below). Aqueous mountants have now improved 
which reduce fading, and fluorescence can be retained for sev-
eral weeks, months or sometimes even years. Good fluores-
cent nuclear counterstains are also now available (see below). 
Fluorescent methods are usually quicker to apply and avoid the 
use of hazardous substances such as diaminobenzidine (DAB). 
Double and multiplex labelling is easier using fluorochromes 
and the relationship of different antigens closely localized at 
the same site is more precisely determined; however, brightfield 
double labelling is also being used (Raheem et al 2010). Illustra-
tive examples of the use of both peroxidase and fluorochromes 
are given in this book. 

Fluorescent Labels
Several fluorochromes are now available, such as fluorescein, 
rhodamine, Texas Red, AMCA, Cy3 and Cy5 and Alexa probes. 
The choice is often one of personal preference, but factors such 
as cost, intensity, filters fitted to the microscope and fading 
also need to be considered. Fluorescein isothiocyanate (FITC) 
fades rapidly on excitation and FITC–Ig conjugates bind non- 
specifically to muscle components. Its use is diminishing in 
favour of Cy and Alexa probes (marketed by Molecular Probes) 
which give a particularly high signal- to- background ratio and 
are resistant to fading on storage and with excitation. Bleaching 
of sections can occur when high- power objectives are used. Stor-
age of the labelled sections in the dark and at 4°C helps to reduce 
fading. Autofluoresence in muscle, such as that associated with 
blood vessels and lipofuscin, should be identified by exchang-
ing excitation filters. The development of new labels encourages 
users to change their methods. While this has obvious advan-
tages, pathological comparisons of intensity are important and 
new baselines may have to be established if changes are made. 
Our method of choice was previously a biotin–streptavidin–
Texas Red system but we now routinely use streptavidin–Alexa 
594 or 488 when labelling by hand with fluorescent markers, 
particularly for localizing small areas or when double labelling 
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is required. For the majority of antibodies we now routinely use 
a peroxidase- based method on a Ventana (Roche) Discovery 
Ultra or a Dako Autostainer machine. Methods have had to be 
adapted and reagents varied in order to obtain good reproduc-
ible results with some antibodies. 

Enzyme Labels
Secondary antibodies can be conjugated to an enzyme that can 
then be histochemically detected at the site of the antigen by 
deposition of a coloured, insoluble reaction product. Peroxidase 
detected with DAB has traditionally been the most used enzyme 
label. It produces a brown end product which is stable for long 
periods at room temperature and can be enhanced with silver 
or nickel to produce a black end product. Other substrates that 
can be used include aminoethyl carbazole (red end product) or 
4- chloro- 1- naphthol (blue end product). A common alternative 
to peroxidase is alkaline phosphatase, which, with the appropri-
ate substrate, can be visualized as a red, blue or black end product. 
Glucose oxidase and β- galactosidase are also useful, particularly 
for double labelling of two different antibodies. Amplification, 
as mentioned previously, can be obtained with a biotin–avidin 
system, either with a preformed complex, directly conjugated 
to streptavidin alone, or various commercial kits. Peroxidase 
antiperoxidase also provides enhancement but is now less com-
monly used since the wider availability of biotinylated systems. 
As with fluorochromes it is necessary to establish baselines and 
become accustomed to levels of intensity of peroxidase labelling 
with each antibody used. It is important to know how a particu-
lar antibody works in your laboratory with your method. 

Counterstaining and Mounting
Counterstains provide an overall impression of the morphology 
of the tissue and can be nuclear or cytoplasmic—more com-
monly the former. They are not essential, and their use is one 
of individual choice. In sections where labelling is expected to 
be absent, such as with dystrophin in DMD or mature muscle 
with no immature myosin isoforms, a nuclear counterstain can 
be helpful. In Emery–Dreifuss muscular dystrophy the absence 
of emerin from the nuclei using a peroxidase detection system is 
easier to assess without a counterstain. With fluorescence, how-
ever, a nuclear counterstain at a different wavelength to the one 
used to detect emerin can be helpful to show where the nuclei 
are. The choice of counterstain is dependent on the colour of the 
end product or fluorochrome. Haematoxylin and methyl green 
are common nuclear counterstains used after peroxidase. If too 
much haematoxylin is present, it may give a pale delineation of 
the sarcolemma and care is then needed in assessing any very 
low levels of sarcolemmal proteins. For example, when assessing 
dystrophin in peroxidase- labelled sections from cases of DMD 
the low levels of minor transcripts may be obscured or low lev-
els of sarcolemmal major histocompatibility complex (MHC) 
class I may be difficult to identify if the haematoxylin counter-
stain is too strong. Fluorescence is then an advantage, as the low 
levels are visible against the dark background. For fluorescence, 
the nuclear counterstains most commonly used are 4′6- diamid
ino- 2- phenylindole.2HCl (DAPI) (1 μg/mL), Hoechst dye (10 
μg/mL), which are both blue under ultraviolet light, or ethid-
ium bromide (1 μg/mL) or TOTO, which are red (all available 
from Molecular Probes). Mountants containing a counterstain 
are also commercially available (e.g. with DAPI from Vector 
Laboratories).

The choice of mountant is also determined by the visualiza-
tion marker. Sections labelled with enzymes such as peroxidase 
can be dehydrated in graded alcohols, cleared and mounted in 
synthetic resins. Fluorescent markers require aqueous moun-
tants and several commercial ones contain antifading agents. 
We have found Hydromount (National Diagnostics) to be use-
ful as this dries to hold the coverslip in place and fluorescence 
lasts for several weeks or months. Mountants from Vector Labs 
are also useful. If a glycerol- based mountant is used, which does 
not dry, the coverslip should be sealed and held in place by nail 
varnish. 

Baselines for Interpretation
Interpretation of results is dependent on several aspects, 
including the visualization technique used, appropriate con-
trols and maturity of the fibres. Results vary between different 
laboratories, even when using the same antibodies with the 
same detection conditions, and it is important that each labo-
ratory establishes optimal conditions and baselines for each 
antibody and knows how a particular antibody works in their 
hands. Controls are essential to check for non- specific back-
ground and to check for preservation of the tissue. An impor-
tant control to check for non- specific labelling is omission of 
the primary antibody so that sections are only labelled with 
the secondary antibody and the detection reagents. Necrotic 
fibres often contain IgG, which is detected by an anti- IgG 
secondary antibody and must not be confused with specific 
labelling.

Immunohistochemical assessment of the sarcolemma is a 
fundamental aspect of diagnostic muscle pathology, and it is 
essential to know if the membrane is well preserved. Both the 
plasmalemma and basal lamina may be damaged or lost if the 
tissue is affected by freezing artefact or in pathologically dam-
aged fibres. Sarcolemmal proteins may also be lost or reduced 
in postmortem material, depending on the time from death to 
freezing the sample. The basal lamina is more resilient than the 
plasma membrane and may be retained on some necrotic fibres 
and fibres in postmortem material, even though the plasma 
membrane is lost (Fig. 6.1a, b). Plasma membrane proteins are 
sometimes less apparent on regenerating fibres (Fig. 6.1c, d), 
and sometimes labelling within a regenerating fibre is seen with 
some antibodies. Studies of dystrophin and all plasma mem-
brane proteins should always be accompanied by parallel stud-
ies of β- spectrin, as these give a good indication of the overall 
preservation of the sample. Antibodies to caveolin- 3 can also 
give a good indication of membrane integrity, and labelling is 
only pathologically affected in a few situations (see below). Sim-
ilarly, any studies of basal lamina proteins should be controlled 
with studies of a laminin chain or a basement membrane colla-
gen, depending on the likely nature of the disorder in question. 
We routinely use an antibody to laminin γ1 to assess preserva-
tion of the basal lamina as, to date, no pathological immuno-
histohistochemical abnormalities in its localization have been 
observed in skeletal muscle. For assessing components of the 
basement membrane, such as collagen VI, we use perlecan or 
collagen V.

Variation in fibre size is often more apparent in sections 
immunolabelled with antibodies to sarcolemmal proteins. We 
therefore routinely study the sarcolemma to assess this and tis-
sue preservation, even if a defect is not suspected.
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DEVELOPMENTAL REGULATION OF PROTEINS

It is important to know the localization patterns of an anti-
body in mature, neonatal and fetal muscle, as many proteins 
are developmentally regulated and expression alters with age. 
When studying an antibody to a protein that has not previously 
been studied in your patient cohort, it is often useful to study 
its localization in fetal, neonatal, dystrophic (e.g. DMD) and 
normal muscle and a range of neuromuscular disorders to get 
an indication of specificity and how expression varies during 
development. In addition, a different isoform of a protein may 
be present at different stages of development. This is particularly 
important when assessing samples that may contain regenerat-
ing fibres, or samples from neonates. We summarize here our 
own experience with the panel of antibodies we most often use 
for diagnosis. This is not intended as a comprehensive account 
of the developmental regulation of muscle proteins but reflects 
developmental aspects with the antibodies used for diagnostic 
assessment.

Some proteins change their isoform during maturity (Table 6.1). 
Studies of developmental isoforms of myosin are useful for assess-
ing immaturity and to help distinguish an atrophic fibre from one 
that is small because it is regenerating. Our studies of regenerat-
ing canine muscle showed that an immature isoform of myosin 
is detectable for a longer length of time than other developmen-
tally regulated proteins such as utrophin, desmin and neural cell 
adhesion molecule (NCAM) (Sewry et al 1992, Wilson et al 1994; 
unpublished observations). For studies of human muscle we rou-
tinely use antibodies to developmental (Leica/Novocastra MHCd) 
and fetal (Leica/Novocastra MHCn) myosin heavy chain to assess 
maturation (see Fig. 6.1) as we have found these useful for assess-
ing immature and regenerating fibres in dystrophic muscle. MHCd 
probably detects the embryonic myosin isoform and highlights the 
small basophilic regenerating fibres (Goebel and Anderson 1999) 
(see also Table 6.4). It is present in myotubes at the early stages of 
regeneration round necrotic fibres (Fig. 6.2a, b) but usually only 
a few larger fibres in dystrophic muscle. It is not clear if MHCd 
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Fig. 6.1 Immunoperoxidase labelling of (a) laminin α2 and (b) β- spectrin in serial sections from a case of Duchenne muscular dystrophy showing 
retention of the basal lamina but variable loss of β- spectrin from damaged and necrotic fibres (*). Fibre sizes range from approximately 10 to 105 μm. 
(c) Immunofluorescent labelling of fetal myosin and (d) β- spectrin in serial sections from a case of Duchenne muscular dystrophy showing reduced 
β- spectrin on several regenerating fibres with fetal myosin (arrows). Note also other fibres with fetal myosin that have normal levels of β- spectrin.
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recognizes the embryonic isoform encoded by the MYH3 gene, 
but it is assumed to, and the terms ‘embryonic’ and ‘developmen-
tal’ are often used synonymously. The antibody marketed by Leica 
(MHCd) was raised against rat neonatal muscle, but F1.652 to 
embryonic myosin from the Developmental Studies Hybridoma 
Bank (DSHB) gives very similar results (see Fig. 6.24) The MHCn 
antibody detects an isoform that is present in human fetuses from 
at least 7 weeks’ gestation, and in addition to regenerating fibres 
of variable size it labels several other fibres in dystrophic muscle 
and round necrotic fibres (see Figs. 6.2 and 6.24). This is prob-
ably the isoform encoded by the MYH8 gene. As this isoform is 
abundant in human fetal muscle, we refer to this as ‘fetal myosin’, 
but the maturation of muscle in other species, such as mice and 
rats, is later and at birth immature myosins are abundant and often 
referred to as ‘neonatal myosin’. The MHCn antibody, however, 
does not recognize fetal myosin in all species (e.g. not in dog or 
mouse). MHCn labels a population of fibres in human neonatal 
muscle, but this number declines with age. A large number of posi-
tive fibres are seen at birth and relatively few after 4–6 months of 
age, but the normal spectrum of expression is not fully established 

as all samples studied have been taken for a clinical reason and 
normality cannot be established beyond doubt. A few positive 
fibres may be seen up to 1–2 years of age, but it is not yet clear 
whether this is within the normal spectrum of expression or if it 
is pathological. Our assessment of biopsies with no, or minimal, 
pathological features, however, indicate that developmental myosin 
is down- regulated by birth and fetal myosin by 4–6 months (Sewry, 
Feng unpublished results); thus, fibres with fetal myosin in patients 
older than 1 year of age probably reflect an abnormality. Patients 
with developmental delay, however, may show several fibres with 
both these isoforms. The presence of fetal myosin is often inter-
preted to reflect immaturity, but in some situations the presence of 
immature myosin isoforms is confusing, as there is evidence from 
studies on animals that they can be re- expressed in denervated 
muscle and during ageing (Schiaffino et  al 1988, Jakubiec- Puka 
et al 1990, Sieck and Zhan 2000, Snow et al 2005, Grounds 2014). 
In human muscle, some small fibres in motor neurone disease and 
the groups of small fibres in spinal muscular atrophy, both of which 
are thought to be non- innervated, express fetal myosin and some-
times additional developmentally regulated proteins (Sewry 1989; 
see also Ch. 9). It is not known if this could reflect regeneration 
induced by denervation, and/or arrest in maturation and/or the re- 
expression of developmental and fetal myosin induced by the path-
ological state. Nuclear clumps which are chronically atrophic fibres 
also express fetal myosin but not developmental myosin (Fig. 6.2c; 
Vihola et al 2003). Thus, labelling with MHCn is not only a feature 
of immaturity but can also be a consequence of abnormality, which 
cannot always be defined. Nevertheless, studies of fetal myosin are 
important for the assessment of other developmentally regulated 
proteins and for identifying different patterns of expression that are 
associated with different disorders (see below). The antibodies to 
developmental/embryonic myosin (MHCd and F1.652) are useful 
for recognizing the early stages of regeneration but, like fetal myo-
sin, this isoform can also be induced by events such as denervation.

Satellite cells that give rise to regenerating fibres can be identified 
with antibodies to various proteins that include Pax7, CD34, caveo-
lin-1, calcitonin, M- cadherin, nestin and NCAM and their position 
under the basal lamina visualized with an antibody to a laminin 
chain or collagen IV. The availability of commercial antibodies to 
these proteins and their use in different species vary. Satellite cells 
in human muscle have different properties than those in animals 
such as mice, and their number is influenced by age, sex, exer-
cise, fibre type and the muscle studied as well as the pathological 
state and whether they are activated (Boldrin et al 2010). NCAM, 
detected by the Leu- 19 antibody, detects activated satellite cells and 

Proteins Relevant to Pathology Whose 
Expression Changes During Development

CHANGE OF ISOFORM
Actin cardiac → skeletal
Myosin embryonic → fetal → fast or slow

LOW EXPRESSION ON IMMATURE AND REGENERATING 
FIBRES
β- Spectrin round some small regenerating fibres
C- terminal dystrophin (sometimes)
Some dystrophin- associated proteins
Neuronal nitric oxide synthase (nNOS)
Laminin β2 extrajunctional labelling weaker in neonates
Integrin α7 extrajunctional labelling weaker in neonates

HIGH EXPRESSION ON/IN REGENERATING FIBRES*
Embryonic (developmental) and fetal myosin heavy chain
Utrophin
Laminin α5
Neural cell adhesion molecule (NCAM)
Vimentin
Desmin
Major histocompatibility complex (MHC) class I

*High internal labelling may also be seen.

TABLE 

6.1

a b c

Fig. 6.2 A necrotic fibre showing the early stages of regeneration at the periphery with cells/myotubes labelled with antibodies to (a) developmen-
tal myosin and (b) fetal myosin. (c) A nuclear clump labelled with antibodies to fetal myosin.



SECTION A The Biopsy: Normal and Diseased Muscle146

these can be seen in varying numbers in different neuromuscular 
disorders (see Fig. 6.15d; Cashman et al 1987, Schubert et al 1989). 
As many biopsies from young children with no or minimal pathol-
ogy do not show satellite cell- like areas positive for NCAM, we 
conclude that NCAM in human muscle recognizes only activated 
satellite cells, in addition to regenerating fibres and denervated 
fibres. Several cell types in addition to satellite are thought to have 
a role in regeneration but they have not been extensively studied in 
human pathological biopsies (Chen and Shan 2019).

Muscle differentiation, development, growth and regeneration, 
including satellite cell function, are dependent on a family of basic-helix 
loop-helix myogenic regulator factors which includes MyoD, Myf5, 
myogenin and MRF4 (Zammit 2017). Recently mutations in some of 
the genes that encode for these factors such as Myf5 and also PAX7 
have been associated with a myopathy (Di Gioia et al 2018; Feichtinger 
et al 2019). Patients homozygous for Myf5 mutations have a disorder 
characterised by ophthalmoplegia, scoliosis and rib abnormalities (Di 
Gioia et al 2018). Myf5 was reduced in muscle from patients with vari-
ants in PAX7 and biopsies showed small fibres and excess fibro-adipose 
tissue. The clinical phenotype in these patients included ptosis, hypoto-
nia scoliosis and facial dysmorphism (Feichtinger et al 2019).

Another important muscle protein that changes isoform during 
development is actin. Two isoforms have been identified that differ by 

only four amino acids at the N- terminal region (Marston and Redwood 
2003). High salt is required in the buffer to specifically demonstrate 
cardiac actin with the commercial antibody that we have used. In fetal 
skeletal muscle the form found in adult cardiac muscle is predominant, 
and this is then replaced by the isoform of skeletal muscle. The cardiac 
isoform is present in the small, basophilic regenerating fibres in dystro-
phic muscle (and sometimes some larger fibres), and only a few positive 
fibres are detected at birth, with most being lost by the late stages of ges-
tation (Ilkovski et al 2005). All intrafusal fibres of spindles show cardiac 
actin but variable fetal, fast and slow myosin (see Fig. 6.31).

It is important to assess the maturity/immaturity of muscle 
fibres in neonatal muscle and when regenerating fibres may be 
abundant. Some proteins are more highly expressed in immature 
muscle; others are lower (see Table 6.1), as judged by antibody 
immunolabelling. Expression studies at the RNA level of many 
of these proteins are limited. Utrophin, the autosomal paralogue 
of dystrophin, is high on the sarcolemma of fetal muscle fibres 
and on regenerating fibres (Fig. 6.3a, c). High internal labelling of 
regenerating fibres may also be seen. Utrophin and dystrophin are 
both expressed at the sarcolemma from at least 9 weeks’ gestation, 
and sarcolemmal labelling of utrophin peaks at about 20 weeks’ 
gestation (Clerk et al 1992a, 1992b, 1993). After about 26 weeks’ 
gestation and in mature muscle utrophin is no longer seen on the 

* *
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d
Fig. 6.3 Labelling of (a) utrophin, (b) MHC class I antigens, and (c) and (d) fetal myosin in serial areas of a biopsy from a patient with Becker muscular 
dystrophy showing utrophin and MHC class I on most fibres and particularly high levels on clusters of regenerating fibres [same fibres labelled in a 
and c (*), and b and d (▴)].
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sarcolemma, and it is confined to blood vessels, nerves and neuro-
muscular junctions. Utrophin has also been reported at myoten-
dinous junctions, but it is not abundant at this site. In the absence 
of dystrophin, or reduced dystrophin, as in Duchenne and Becker 
muscular dystrophies, and in inflammatory myopathies, sarco-
lemmal utrophin is prominent (Fig. 6.3b; Helliwell et  al 1992). 
Some sarcolemmal utrophin may also sometimes be seen in other 
disorders (Sewry et al 2005b). The assessment of utrophin must 
take account of immaturity of the fibres by reference to the pres-
ence of developmental and fetal myosin so that only the abnormal 
overexpression in mature fibres is considered. Low levels of sar-
colemmal utrophin may occur in neonatal muscle that is not dys-
trophic and is not related to the presence of fetal myosin (Sewry 
et al 1994b). The reason for this is unknown. It can also be seen on 
fibres adjacent to some tumours, which raised the possibility that 
factors such as cytokines from the tumour or inflammatory cells 
might up- regulate utrophin (Sewry et al 2005a).

Laminin α5 and MHC class I (MHC- I) are also proteins that 
are high on regenerating fibres, and assessment of their pathological 
presence again must be related to fetal myosin (Fig. 6.3b, d). Lam-
inin α5 is present on fetal fibres and its presence declines during fetal 
development (Sewry et al 1995; see Fig. 6.9), but moderate sarcolem-
mal labelling may be present in neonatal muscle. MHC- I, however, 
is not present on the sarcolemma of fetal muscle fibres, but low levels 
can be a non- specific finding in neonatal muscle and a variety of dis-
orders (see below). All basal lamina proteins may appear to be high 
on regenerating fibres because of duplication of the basal lamina.

Vimentin and desmin are also high in fetal and regenerating 
fibres. Both are down- regulated during development; vimentin 
is only detected on vascular tissue in mature muscle, and des-
min is seen at the sarcolemma and internally in the fibres at the 
level of the Z line but accumulates in some pathological situa-
tions (see Chs. 15 and 16).

The neural cell adhesion molecule (NCAM; CD56) is present on 
the sarcolemma of regenerating, non- innervated fetal fibres, acti-
vated satellite cells (see earlier), nerves and at neuromuscular and 
myotendinous junctions. Both sarcolemmal and internal labelling 
of fibres is seen (see Fig. 6.15c). Once a fibre becomes innervated, 

NCAM becomes localized to the neuromuscular junction. Non- 
innervated regenerating fibres with extrajunctional NCAM also 
express fetal myosin but, as pointed out previously, some small fibres 
in neurogenic disorders express fetal myosin. NCAM becomes extra-
junctional following denervation (Cashman et  al 1987, Figarella- 
Branger et al 1990), so, with the presence of both these proteins, and 
others associated with immaturity, it can be difficult to distinguish a 
denervated fibre from a regenerating fibre. Extrajunctional NCAM 
is a common feature in DMD, but the origin of this in relation to 
regeneration and innervation is not clear. Similarly, in patients with 
mutations in the ECEL1 gene, several fibres with NCAM but without 
fetal myosin may be present which may relate to a neural problem 
(Ullmann et al 2018). The association of NCAM with innervation is 
the traditional understanding of its role, but NCAM is also thought 
to be a sensitive marker for cellular sialic acid levels and its role in 
sialylation has been studied in GNE myopathy but not a wide variety 
of disorders (Willems et al 2016). 

Neuronal nitric oxide synthase (nNOS) is absent from the 
sarcolemma of denervated fibres (Gosztonyi et  al 2001, Tews 
2001), and the combination of comparisons of fetal myosin, 
nNOS, NCAM and laminin α5 (which is not usually high on 
denervated fibres) can be informative in distinguishing imma-
ture fibres from denervated fibres. Fibres without both fetal 
myosin and nNOS are likely to be denervated (see Ch. 9).

Other proteins are only weakly labelled in immature muscle. 
As accompanying RNA studies have not been done, the possibility 
that any apparent weak or reduced immunohistochemical label-
ling relates to masking of an epitope of a particular antibody rather 
than to low expression cannot be excluded. Low immunolabelling 
may also relate to the affinity of a particular antibody. Several sar-
colemmal proteins, such as β- spectrin, sarcoglycans, C- terminal 
dystrophin, integrin α7 and nNOS, may appear weak on some 
small regenerating fibres that have fetal myosin, possibly because 
of immaturity and a plasma membrane that is not fully developed 
(See Figs 6.4 and 6.8). Internal labelling of small, basophilic fibres 
may be seen with some antibodies (e.g. caveolin- 3;).

Labelling of neonatal muscle with some antibodies is also weak 
and may make pathological assessment difficult at this stage. For 

b

•
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•

Fig. 6.4 Labelling of (a) nNOS and (b) fetal myosin in a case of limb- girdle dystrophy showing absence of detectable nNOS from regenerating fibres 
with neonatal myosin (▴). Note the normal sarcolemmal labelling on mature fibres (*), which range in size from about 45 to 85 μm, and the internal 
labelling of some of these (•), which is sometimes seen in a population of fibres.
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example, sarcolemmal labelling of integrin α7 is low in immature 
muscle, and nNOS with the antibody from Santa Cruz that we have 
used (which is no longer available) is often very weak or absent in 
patients under 1 year of age (Torelli et al 2004). Labelling of nNOS 
at the neuromuscular junction in immature muscle, however, is 
prominent. We have also noticed this weak sarcolemmal labelling 
in neonatal muscle with antibodies to laminin β2, which, in addi-
tion to the high expression at the neuromuscular junction (Sanes 
2003), is also very prominent extrajunctionally and increases in 
intensity with age (Wewer et al 1997; Sewry unpublished obser-
vations). At birth, blood vessels are more intensely labelled with 
laminin β2 than the sarcolemma, but by about 3 years of age the 
intensities are usually comparable (see Fig. 6.9). 

Use of Tissues Other Than Muscle
Although muscle is the tissue of choice, useful diagnostic infor-
mation on some proteins can be obtained from other tissues. 
For example, skin expresses many of the extracellular matrix 
proteins found in muscle, and skin biopsies are a useful alterna-
tive to muscle for studying laminin α2 and collagen VI, particu-
larly when muscle wasting is extensive or muscle is unavailable 
(Sewry et al 1996, 1997b, Harris et al 2017; see Ch. 12). Changes 
in the localization of the α5 and α6 chains of collagen VI have 
also been shown in skin in cases of Ullrich congenital muscu-
lar dystrophy (Sabatelli et al 2011). Skin biopsies are also useful 
for studying the expression of plectin as the basal keratinocytes 
at the epidermal–dermal junction show a reduction or absence 
in epidermolysis bullosa with muscular dystrophy (Shimizu 
et al 1999). Similarly, emerin, which is expressed in the nuclei of 
many tissues, can easily be assessed in skin and oral foliate cells 
(Manilal et al 1997, Sabatelli et al 1998; see Ch. 13). Caution is 
needed using the latter, however, to ensure that the sample does 
not contain dead buccal cells in which the nucleus does not label.

Prenatal diagnosis can be aided by studies of the immunolabel-
ling of proteins in chorionic villi: for example, in congenital mus-
cular dystrophy caused by a primary deficiency of the laminin α2 
chain—‘merosin’- deficient congenital muscular dystrophy (con-
genital muscular dystrophy type 1A or MDC1A) (Muntoni et  al 
1995; see Ch. 12) or the Ullrich form of congenital muscular dys-
trophy caused by mutations in collagen VI (Brockington et al 2004).

Cultured fibroblasts from skin biopsies are of use for some immu-
nohistochemical studies and can be useful for mitochondrial and 
metabolic studies. Research suggests that fibroblasts are useful for 
studying collagen synthesis and glycosylation, including using flow 
cytometry (Sabatelli et al 2001, Jimenez- Mallebrera et al 2006, Hicks 
et al 2008, Stevens et al 2011, Kim et al 2012). Fibroblasts can also be 
transfected with MyoD to convert them to muscle cells for the analy-
sis of muscle specific proteins but this is not widely used for diagno-
sis. It is likely that the use of tissues other than muscle will increase in 
the future as more biomarkers are identified. Blood monocytes may 
also be of use if they express a particular protein. Immunoblotting of 
dysferlin from monocytes suggests this approach is also useful (De 
Luna et al 2007). Recently an immunoassay for dysferlin in  neutro-
phils has also been developed (Cox et al 2019). 

Pathological Features of Diseased 
Muscle
In this section we give an overview of the immunohistochemical 
patterns in diseased muscle in relation to primary and second-
ary defects. This section should be read in conjunction with the 
appropriate chapters on individual disorders (cross- referenced). 

Many of the primary defects relate to recessively inherited condi-
tions. Many new gene defects have been identified and the local-
ization of the affected protein studied. We discuss in this section 
defects in the more commonly affected proteins which generally 
only show an abnormality when the mutations are recessively 
inherited. In dominant conditions immunohistochemical abnor-
malities of a protein are more difficult to detect, as the normal 
allele produces a normal protein product whose localization is 
often normal. Secondary abnormalities then have an important 
role. Protein accumulation, however, can occur in some domi-
nant conditions, both as a primary and secondary effect. Sec-
ondary changes are also important in recessive conditions when 
studies of the primary protein may show equivocal results or 
when suitable antibodies to the gene product are not available.

PRIMARY DEFECTS

The number of abnormal primary protein defects and available 
antibodies that can be detected in neuromuscular disorders by 
immunohistochemistry is rapidly growing. The proteins listed 
in Table 6.2 are those that a pathologist needs to consider and 
to correlate with the clinical phenotype, but the list is not exclu-
sive. Although several new genes responsible for a neuromus-
cular disorder have been identified, not all have been studied by 

Primary Protein Defects in Neuromuscular 
Disorders Where Immunohistochemistry Can 
Be Informative

ABSENCE OF A PROTEIN

Dystrophin Xp21 muscular dystrophies
Sarcoglycans Limb- girdle muscular dystrophies 

2C–F
Dysferlin Limb- girdle muscular dystrophy 2B
Caveolin- 3 Limb- girdle muscular dystrophy 1A, 

rippling muscle disease, hyperCK-
aemia

Telethonin Limb- girdle muscular dystrophy 2G
Laminin α2 MDC1A (‘merosin’- deficient congeni-

tal muscular dystrophy)
Collagen VI Ullrich congenital muscular dystrophy 

(usually no detectable change seen in 
Bethlem myopathy)

Integrin α7 Mild congenital dystrophy/myopathy
Emerin X- linked Emery–Dreifuss muscular 

dystrophy
SERCA 1 Brody disease
Plectin Epidermolysis bullosa with muscular 

dystrophy; limb- girdle dystrophy 2Q
LAMP- 2 Danon disease
Mitochondrial complex I
(Calpain- 3 can be detected on sections and absence seen in limb- 
girdle dystrophy 2A but it is better assessed on immunoblots)

ACCUMULATION OF A PROTEIN

Actin Congenital actin myopathy/nemaline 
myopathy

Myosin Myosin storage myopathy
Myotilin Myotilin- related myofibrillar myopathy
Desmin Desmin myopathy
VCP Inclusion body myopathy with Paget 

disease and frontal dementia

SERCA, sarcoendoplasmic reticulum calcium ATPase; VCP, valosin- 
containing protein.

TABLE 

6.2
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immunohistochemistry, either because antibodies are unavailable 
or because they are unsuitable for studies of sections. Immunob-
lotting (see below), however, can sometimes highlight a defect.

Membrane- Associated Proteins
Several defective proteins associated with the sarcolemma are 
responsible for various forms of muscular dystrophy. The gene 
encoding dystrophin was cloned in 1987 and was the first gene 
defect to be identified in a neuromuscular disorder (see Ch. 10; 
Burghes et al 1987, Koenig et al 1987). Mutations in the dystrophin 
gene on chromosome Xp21 cause Duchenne or Becker muscular 
dystrophy (see Brown and Lucy 1997). Dystrophin is a cytoskeletal 
protein, and immunolabelling of normal muscle shows it is local-
ized to the sarcolemma of every fibre (Fig. 6.5a). Abnormal label-
ling is seen in Xp21 conditions. A secondary reduction, however, 
can occur in some limb- girdle dystrophies and congenital muscu-
lar dystrophies (see below). The majority of cases of DMD show an 
absence of dystrophin from most fibres or a very marked reduction 
(Fig. 6.5b; see Ch. 10). This is thought to be due to disruption of 
the reading frame by the mutation. Isolated fibres, or small clus-
ters, may show a normal intensity and are known as revertant fibres 
(Fig. 6.5c). These are fibres in which the reading frame has been 

maintained by skipping the mutation. In Becker muscular dystro-
phy the reading frame is also maintained and labelling is usually of 
reduced intensity on all fibres, or uneven on many fibres (Fig. 6.5d; 
see Ch. 10). In some Becker muscular dystrophy cases, however, 
dystrophin immunolabelling may be indistinguishable from nor-
mal and, then, assessment of secondary changes is useful. Abnor-
malities related to a defect in the dystrophin gene can also be seen 
in manifesting female carriers of DMD (Fig. 6.6) and occasionally 
in Becker muscular dystrophy carriers (Chevron et al 1992, Glass 
et al 1992), because of random X- inactivation patterns (see Ch. 10).

Dystrophin is a large protein, and it is important to use 
more than one antibody for assessment to avoid false results. 
If the epitope of an antibody lies within a region of the protein 
encoded by a deleted region of the gene, dystrophin will not be 
detected, giving the impression of DMD. If the reading frame is 
maintained, however, other domains including the C- terminal 
region will be present, consistent with Becker muscular dystro-
phy. It is therefore important when assessing a case of muscular 
dystrophy to use antibodies that recognize N-  and C- terminal 
regions of dystrophin, and it is usual to also include one to the 
rod domain of the protein. Although the majority of cases of 
Duchenne and Becker dystrophy conform to the frame shift 

a b

c d
Fig. 6.5 Labelling of dystrophin showing (a) normal sarcolemmal labelling of all fibres, (b) absent dystrophin in a case of Duchenne muscular dystro-
phy, (c) a few revertant fibres with dystrophin among fibres with an absence in a case of Duchenne dystrophy and (d) reduced labelling of most fibres 
in a case of Becker muscular dystrophy.
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hypothesis, there are exceptions, and clinical severity should 
not be judged from dystrophin immunolabelling (see Ch. 10; 
Muntoni et al 1994). Several commercial monoclonal and poly-
clonal antibodies are available, but their affinity is variable, and 
caution in comparing results is then needed.

Dystrophin is associated with complexes of proteins that collec-
tively have been called the dystrophin- associated proteins (DAPs) 
(Barresi and Campbell 2006, Allikian and McNally 2007, Le Rumeur 
et al 2010, Ozawa 2010, Pilgram et al 2010, Gao and McNally 2015, 
Murphy et al 2016, Gawor and Proszynski 2018). All of these localize 
to the sarcolemma in immunohistochemical analysis. Some of these 
proteins are glycosylated, some are transmembrane or extracellular; 
others are intracellular. The DAPs are thought to provide a structural 
link between the subsarcolemmal actin cytoskeleton and the extra-
cellular matrix, stabilizing the membrane during repeated contrac-
tion and relaxation. The complex may also stabilize various receptors 
and ion channels. The DAPs are grouped into subcomplexes (Fig. 

6.7): α-  and β- dystroglycan, which are post- translational products of 
the same gene, the sarcoglycans (α, β, γ, δ) and sarcospan, the syntro-
phins, dystrobrevin and nNOS (Michele and Campbell 2003, Gao and 
McNally 2015). Two additional genes with homology to sarcoglycans 
have also been identified (ε and ζ), and their proteins also localize 
to the sarcolemma (Wheeler et al 2002, Straub et al 2003), but they 
are part of different complexes with roles in other locations, includ-
ing the neuromuscular junctions, retina and brain (Ozawa et al 2005, 
Pilgram et al 2010). ε- Sarcoglycan is homologous to α- sarcoglycan 
and is thought to replace it in smooth muscle, where it is closely asso-
ciated with β-  and δ- sarcoglycan (Straub et al 2003, Lancioni et al 
2011). Mutations in ε- sarcoglycan cause myoclonus- dystonia syn-
drome (Zimprich et al 2001, Waite et al 2011, Rachad et al 2017), 
but no pathogenic mutations in ζ- sarcoglycan in humans have been 
found. Defects in the genes for α- , β- , γ-  and δ- sarcoglycan have been 
identified in forms of limb- girdle muscular dystrophies (see Ch. 11). 
Rare mutations in the gene encoding dystroglycan (DAG1) have 

Fig. 6.6 Labelling of (a) dystrophin and (b) β- spectrin in serial sections from a manifesting carrier of Duchenne muscular dystrophy showing absence 
of dystrophin, but retention of β- spectrin, from several fibres (*). Fibre sizes range from approximately 30 to 75 μm.

a

b
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been identified and are responsible for a form of limb- girdle muscu-
lar dystrophy (Dincer et al 2003, Hara et al 2011, Dong et al 2015), 
and rare cases with a congenital muscular dystrophy phenotype have 
been reported (see Chs. 11 and 12; Geis et al 2013, Riemersma et al 
2015). The major defect associated with dystroglycan is the second-
ary post- translational modification of α- dystroglycan by glycosyl-
ation, and it is recognized as an important pathogenic mechanism in 
several forms of congenital muscular dystrophy (see below and Ch. 
12). The syntrophins are believed to be important in anchoring ion 
channels (Blake and Martin- Rendon 2002), but no mutations in the 
genes encoding syntrophins, dystrobrevin or nNOS have yet been 
found, only secondary alterations in their expression (see below).

The sarcoglycans (α, β, γ, δ) function as a group, so that a 
defect in one results in reduced expression of all four. Complete 
absence of one sarcoglycan, or the most severe reduction, is usu-
ally an indicator of the defective gene and helps to direct molecular 
analysis (Fig. 6.8). The other three sarcoglycans then show variable 
degrees of abnormal immunolabelling, ranging from pronounced 
to minimal. An absence of the whole sarcoglycan complex may 
occur and is usually associated with a defect in the β- sarcoglycan 
gene (Bonnemann et  al 1995). Immunoanalysis, however, does 
not always predict the genotype (Klinge et al 2008). A secondary 
reduction of sarcoglycans occurs in DMD (see below).

Other forms of limb- girdle muscular dystrophy are caused by 
mutations in other genes coding for proteins localized to the sarco-
lemma, and a reduction can be detected with immunohistochem-
istry. An absence or marked reduction of the plasma membrane 
protein dysferlin can be seen in some cases of limb- girdle 2B dys-
trophy and Miyoshi myopathy. Dysferlin is believed to be involved 

in membrane fusion and repair (Bansal and Campbell 2004, Han 
2011, McElhanon and Bhattacharya 2018). Currently available 
commercial antibodies do not always give a clear result with immu-
nohistochemistry, and secondary changes in dysferlin expression 
can also occur in other muscular dystrophies (see below). Abnor-
malities in dysferlin expression are often clearer on immunoblots, 
and several proteins should be examined simultaneously to ensure 
the reduction is not secondary to a primary defect in another pro-
tein such as calpain- 3 or caveolin- 3 (Anderson and Davison 1999, 
Anderson et al 2000, Walter et al 2003, Barresi 2011).

Caveolin- 3 is the muscle- specific form of caveolin, and 
defects in its gene occur in a dominant form of limb- girdle dys-
trophy (LGMD1C), in rippling muscle disease, in association 
with exercise intolerance and rhabdomyolysis and some rare 
cases with only elevated serum creatine kinase (CK) (see Ch.11; 
McNally et al 1998, Minetti et al 1998, Carbone et al 2000, Betz 
et al 2001, Gazzerro et al 2010, Scalco et al 2016). Caveolin- 3 
is a plasma membrane protein, and in normal muscle it is seen 
localized to the sarcolemma. An absence or reduction of the 
protein can be detected by immunohistochemistry and is a rare 
example of a detectable reduction of protein resulting from a 
dominant mutation. Patients with an autoimmune, non- genetic 
form, of rippling muscle disease have also been identified and 
muscle biopsies show a mosaic pattern of caveolin expression 
on muscle fibres (Schulte- Mattler et al 2005, Lo et al 2011).

Extracellular matrix proteins have been shown to have a major 
role in neuromuscular disorders. Defects in the LAMA2 gene 
encoding the laminin α2 chain of merosin (laminin 211) occur 
in the severe MDC1A form of congenital muscular dystrophy 
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Fig. 6.7 Diagrammatic representation of dystrophin and its associated protein complex showing how the complex links the extracellular matrix with 
the actin cytoskeleton. Laminin α2 in the basal lamina binds to α- dystroglycan (αDG), which binds to β- dystroglycan (βDG); β- dystroglycan binds to the 
cysteine- rich domain of dystrophin, which in turn binds to the actin cytoskeleton. There are actin binding sites in the N-  and C- terminal domains. The 
sarcoglycans (αSG, βSG, γSG and δSG) interact with β- dystroglycan, and sarcospan is associated with the sarcoglycans, although the precise interac-
tions of all these are not yet clear. ε- Sarcoglycan (εSG) is also present on the sarcolemma but is thought to be part of a different sarcoglycan complex 
The syntrophins bind to the C- terminal domain of dystrophin and nNOS, and dystrobrevin binds to the syntrophins. There is also evidence of a direct 
interaction of β- dystroglycan with F- actin (not shown) (Chen et al 2003).
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(‘merosin- deficient’ congenital muscular dystrophy; Helbling- 
Leclerc et al 1995; see Ch. 12). In normal muscle the laminin α2 
chain is localized to the basal lamina of every muscle fibre. It is not 
present in the basal lamina round blood vessels of skeletal muscle, 
nor of smooth muscle, although a thin layer of labelling of the 
inner layer adjacent to the lumen of large vessels may be seen and 
may relate to the tunica intima or inner endothelial layer. This is 
in contrast to the laminin α5, β1, β2 and γ1 chains (Fig. 6.9a–e; 
and see Fig. 6.32) and to blood vessels of the brain (Villanova et al 
1997). Laminins are heterotrimers, the three chains of which are 
arranged in a cruciform shape and encoded by separate genes. To 
date, five α, four β and three γ chains have been identified, which 
are assembled into at least 15 different forms with a variable tissue 
distribution (Pozzi et al 2017, Hohenester 2019). Early nomen-
clature referred to the chains as A, B1, B2 but this was revised 
to accommodate the growing number of different chains, and a 
further revision is now often used (Aumailley et  al 2005). The 
main variants localized to the sarcolemma are laminin- 2 (often 
referred to as merosin; α2- β1- γ1 chains, also referred to as 211) 
and laminin- 4 (S- merosin; α2- β2- γ1 chains, laminin 221). The 
laminin β2 chain has an organizational role at the neuromus-
cular junction, where it is concentrated (Sanes 2003). Contrary 
to common belief, however, appreciable amounts of laminin β2 
are detected on the extrajunctional sarcolemma, particularly in 
mature muscle (see Fig. 6.9e; Wewer et al 1997). The difference 
probably relates to the use of different antibodies in the various 
studies. The laminin α5 chain is detected on blood vessels and is 
highly expressed on immature fibres. It is down- regulated dur-
ing development and only a little is seen on the sarcolemma of 
mature human muscle fibres (see Fig. 6.9b). The clinical severity 
of cases with a defect in the LAMA2 gene that encodes the lam-
inin α2 chain of laminin 211 (merosin) varies from severe to mild 

and this is usually reflected in the amount of protein that can be 
detected. Severe cases usually show an absence, or only very slight 
traces, of laminin α2 on the sarcolemma (Fig. 6.10a–c; Philpot 
et al 1995). Milder cases show only a reduction of the protein and 
it is then necessary to assess both N-  and C- terminal epitopes 
of this large protein (Sewry et al 1997a; see Ch. 12). Secondary 
changes in laminin α2, α5 and β1 chains are discussed below. No 
defects in laminin γ1 have been identified and it is therefore use-
ful for assessing the integrity of the basal lamina.

Defects in the genes that encode three chains of collagen VI 
are responsible for Bethlem myopathy and the Ullrich form of 
congenital muscular dystrophy (see Ch. 12; Bonnemann 2011, 
Mohassel et al 2018). Distinct labelling of collagen VI associ-
ated with the sarcolemma is seen in normal muscle (Fig. 6.11), 
and it is also seen in the perimysium and endomysium when 
there is excess fibrosis. In the milder cases of Bethlem myopa-
thy, many of which are dominantly inherited, an alteration in 
collagen VI immunolabelling is rarely seen (Fig. 6.12; but see 
Fig. 12.9). In recessive cases of Ullrich congenital muscular 
dystrophy and cases intermediate between Ullrich congenital 
muscular dystrophy and Bethlem myopathy, however, colla-
gen VI may be absent or severely reduced (see Fig. 6.12b, c). In 
some cases, the reduction may only be a subtle change that is 
only apparent at the sarcolemma (see Fig. 6.12c, d). It is impor-
tant that the good preservation of the basal lamina/basement 
membrane is controlled with parallel double- labelling studies 
of another basal lamina/basement membrane protein, such as 
collagen IV, collagen V or perlecan. Collagen V has a similar 
localization to collagen VI, and perlecan interacts with col-
lagen VI (see below).

Missense mutations and in- frame insertions in the gene for 
perlecan have been reported in Schwartz–Jampel syndrome, but 

a b c

d e f
Fig. 6.8 Serial sections from a quadriceps biopsy from a patient with limb- girdle muscular dystrophy caused by a defect in the gene encoding γ- 
sarcoglycan labelled with antibodies to (a) β- spectrin, (b) dystrophin, (c) α- sarcoglycan, (d) β- sarcoglycan, (e) γ- sarcoglycan and (f) δ- sarcoglycan. Note 
the absence of γ- sarcoglycan (e) and the reduction in the other sarcoglycans but normal labelling of β- spectrin (a) and dystrophin (b). Note also the 
cluster of pale regenerating fibres (red arrows) and the endogenous peroxidase in macrophages (green arrows).
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a b

Fig. 6.9 Immunoperoxidase labelling of (a) laminin α2, (b) laminin α5, (c) laminin β1, (d) laminin γ1 and (e) fluorescent labelling of laminin β2. Note the 
strong sarcolemmal labelling of α2, β1, γ1 and β2 but only traces of α5 and absence of α2 from the capillaries (a). The same fibre in a–d is marked (*).

the protein is still present (Nicole et al 2000, Arikawa- Hirasawa 
et al 2002, Martinez et al 2018). Complete absence of the protein 
is lethal and occurs in dyssegmental dysplasia with severe lack 
of bone growth. Perlecan has a major role in clustering of ace-
tylcholine esterase to the neuromuscular junction and connects 
the basal lamina to the plasma membrane via integrins.

Mutations in others collagen genes, including collagen I, III 
and V. are associated with Ehlers–Danlos syndrome in which 
neuromuscular symptoms can be present (Voermans et al 2009, 
Savasta et al 2011, Malfait 2018). Heterozygous mutations in the 
COL42A gene that encodes the 2A chain of collagen IV have 
been reported in a few patients with a myopathic phenotype 

resembling muscle- eye- brain disease/Walker–Warburg syn-
drome, as well as being associated with other phenotypes 
(Labelle- Dumais et al 2019). Mutations in collagen IX are asso-
ciated with epiphysial dysplasia and a myopathy (Bonnemann 
et al 2000), but immunohistochemical studies of the defective 
proteins in muscle are limited. Mutations in collagen XII cause 
a disorder similar to Ullrich CMD and abnormalities in expres-
sion of the protein can be detected (see ch.12). An abnormality 
in the expression of tenascin–X has also been shown in some 
patients with Ehlers–Danlos syndrome, a disorder that is asso-
ciated with a variety of genetic defects (Voermans et  al 2009, 
O’Connell et al 2010, Malfait 2018).
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Fig. 6.10 Labelling of laminin α2 showing (a) normal labelling, (b) an absence and (c) a marked reduction in two cases with a mutation in the LAMA2 
gene.

a

b

c



6 Immunohistochemistry and Immunoblotting 155

Another primary defect in a membrane- associated protein 
is integrin α7, which interacts with laminin α2 (Hayashi et al 
1998). Defects in the gene cause a mild disorder classified as a 
congenital muscular dystrophy but it is generally accepted that 
the features are ‘myopathic’ rather than ‘dystrophic’. Absence 
of integrin α7 is seen with a concomitant decrease in its part-
ner, integrin β1D. This disorder is very rare, and the original 
studies were not performed with a commercial antibody (see 
Ch. 12). Integrin α7β1D forms a transmembrane complex that 
interacts with several proteins, including laminin α2, and sec-
ondary alterations in integrins occur (see below).

The lysosomal- associated membrane protein 2 (LAMP- 2) is 
a transmembrane lysosomal protein that is defective in Danon 
disease (see Ch. 16). This X- linked disorder is associated with 
cardiomyopathy, a vacuolar myopathy and variable degrees of 
mental retardation (Nishino 2006, Majer et al 2012, Endo et al 
2015). Immunohistochemistry and immunoblots show a virtual 
absence of LAMP- 2 protein (Nishino et al 2000), as well as sev-
eral secondary abnormalities (see Ch. 16).

A protein of the endoplasmic reticulum membrane required 
for the assembly of the vacuolar ATPase complex, encoded by 
the VMA21 gene, is responsible for the X- linked myopathy with 
excessive autophagy (XMEA; Ramachandran et al 2009, Rug-
gieri et al 2015). The muscle pathology shares some similarities 
with Danon disease (see Ch. 16), but there are no immunohis-
tochemical studies of the primary gene product. 

Primary Defects in Nuclear Proteins
The nuclear envelope is composed of an outer and inner mem-
brane, nuclear pore complexes and a lamina. The outer membrane 
is continuous with the endoplasmic reticulum, and a number of 
proteins are integral components of the inner membrane. Several 
proteins of the nuclear cytoskeleton and nuclear envelope interact 
and form a complex (Janin et al 2017). Some of these proteins 

are known to have pathogenic consequences in neuromuscular 
disorders (emerin, lamin A/C, nesprin 1 and 2, TMEM43), while 
others (e.g. SUN1 and SUN2) are modifiers (see Ch. 13). Emerin 
is anchored to the inner nuclear membrane (Fig. 6.13), and 
mutations in the gene are responsible for the X- linked form of 
Emery–Dreifuss muscular dystrophy (see Ch. 13). The majority 
of mutations in the EMD gene encoding emerin result in trunca-
tion of the protein, which lacks the C- terminal domain, and result 
in a total absence of the protein from all nuclear membranes. This 
absence is easily detected by immunohistochemistry of muscle, 
skin or buccal cells (Manilal et  al 1996, 1997, 1998, Sabatelli 
et al 1998). Very rare exceptions to this have been reported, and 
emerin was seen to be reduced (Cartegni et al 1997) or mislocal-
ized in the muscle cytoplasm (Di Blasi et al 2000).

Lamins are a principal component of the nuclear lamina, 
and mutations in the gene for lamin A/C (LMNA) are associ-
ated with several phenotypes, including the autosomal domi-
nant form of Emery–Dreifuss muscular dystrophy (see Ch. 13), 
dilated cardiomyopathy, limb- girdle muscular dystrophy 1B, 
familial partial lipodystrophy, an axonal neuropathy (Char-
cot–Marie–Tooth type 2B1), mandibuloacral disease and, pre-
mature ageing disorders (Janin et al 2017). Immunolabelling of 
lamin A/C in dominant Emery–Dreifuss muscular dystrophy of 
muscle shows no detectable difference from controls. Secondary 
changes in laminin β1, however, may be seen (see below).

The nuclear membrane proteins nesprin- 1, nesprin- 2 and 
TMEM43 (encoded by SYNE- 1, SYNE- 2 and TMEM43, respec-
tively) have also been shown to be associated with myopathic 
disorders (see Janin et al 2017). Nesprin- 1 has been shown to be 
associated with a severe recessive disorder with arthrogrypo-
sis (Attali et al 2009), and in patients with cardiac conduction 
defects and an Emery–Dreifuss muscular dystrophy pheno-
type (Zhang et  al 2007, Puckelwartz et  al 2010). An absence 
of nesprin- 1 can be demonstrated in some patients (see Fig-
ure 13.10). In control muscle labelling of nuclear membrane 
proteins is similar in peripheral and internal nuclei (Fig. 6.13) 
except in regenerating fibres labelled with antibodies to nesprin-
 1 (see Ch.13). Heterozygous mutations in TMEM43 have also 
been identified in two cases with an Emery–Dreifuss muscular 
dystrophy phenotype (Liang et al 2011). Immunohistochemi-
cal studies in these cases have been limited, but fibroblasts and 
cells expressing the mutant protein have shown reduced or 
abnormal immunolabelling of nuclear membrane proteins. A 
muscle biopsy from one of the cases with a TMEM43 mutation 
was reported to show reduced nuclear labelling of TMEM43 
(Liang et al 2011).

Mutations in the gene encoding the nuclear matrix protein 
matrin- 3 cause an autosomal dominant distal myopathy with 
vocal cord and pharyngeal weakness (Senderek et  al 2009, 
Muller et  al 2014). Matrin- 3 immunohistochemical labelling 
showed reduced labelling of some nuclei in the only biopsy 
available for study, but the sample was of end- stage muscle.

Other disorders are also caused by defects in nuclear pro-
teins, but immunohistochemistry currently has a limited role in 
studies of the primary protein defect. These include the survival 
motor neurone (SMN) protein in spinal muscular atrophy, the 
expansion of the genes responsible for both forms of myotonic 
dystrophy and the expansion of the poly(A)- binding protein 
nuclear 1 gene (PABPN1) in oculopharyngeal muscular dystro-
phy (OPMD). Antibodies to PABPN1 have been shown to local-
ize to the nuclear inclusions in patients with OPMD (see Ch. 14; 
Calado et al 2000). Antibodies to PABPN1, however, can also 

Fig. 6.11 Normal labelling of collagen VI. Note the peripheral label-
ling round each fibre, labelling of the perimysium (large arrow) and la-
belling round capillaries (small arrow). Fibre sizes range from approxi-
mately 30 to 60 μm.
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a b
Fig. 6.13 Immunolabelling of both peripheral and internal nuclei with antibodies to (a) emerin and (b) nesprin- 1.

a b

c d
Fig. 6.12 Immunolabelling of collagen VI in (a) a case of possible Bethlem myopathy and (b–d) three cases of Ullrich congenital muscular dystrophy. 
Note labelling is indistinguishable from normal in the case of Bethlem myopathy (compare with Fig. 6.11) but absent in b (except round large blood 
vessels, white arrow) and reduced at the sarcolemma in c and d with labelling of the perimysial and endomysial connective tissue still apparent (green 
arrows).
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label nuclei in controls, and high potassium is needed to show 
specificity for OPMD (see Ch. 14). 

Primary Defects in Myofibrillar and Cytoskeletal 
Proteins
An increasing number of defective genes have been identified 
in a number of proteins related to myofibrillar proteins. They 
result in myofibrillar disorganization and, collectively, the term 
‘myofibrillar myopathy’ has been used for one of these groups 
of disorders (see Ch. 16). The myofibrillar myopathies highlight 
the importance of proteins that interact with Z  line proteins 
and maintain sarcomeric structure (Kley et al 2016, Fichna et al 
2018). Myofibrillar proteins affected by mutations in the cor-
responding gene include myosin heavy chain isoforms, skeletal 
actin, telethonin, myotilin, ZASP, Bag3, αB- crystallin, filamin 
C, FHL1, troponin isoforms, tropomyosin, titin, nebulin and 
the intermediate filaments desmin and plectin. The gene for the 
intermediate filament protein syncoilin has also been screened 
as a possible candidate for a myofibrillar myopathy, but no 
mutations have been found (Selcen et  al 2004). These defec-
tive proteins can all be detected by immunohistochemistry but 
as some relate to a dominant condition, and/or the mutations 
are often missense, a total absence of the protein is rarely seen. 
Sometimes, however, an accumulation of protein occurs—for 
example, desmin, myotilin or slow myosin (see below)—and 
additional secondary changes can be detected (see Ch. 16).

Myosin heavy chains are encoded by a multigene family and 
exist in several isoforms that are regulated in a tissue and devel-
opmental specific manner (Schiaffino and Reggiani 2011). The 
physiological fast or slow characteristics of the different fibre 
types relate to the respective isoforms. The major myosin heavy 
chain isoform in slow, type 1 fibres is encoded by the MYH7 
gene on chromosome 14. This is also the major isoform in car-
diac ventricles (β- cardiac myosin heavy chain) and mutations 
are a cause of familial cardiomyopathy (Seidman and Seidman 
2001, Burke et al 2016). Mutations in the rod domain of MYH7 
have been identified in patients with no overt cardiomyopathy 
but a skeletal muscle myopathy, sometimes with myosin stor-
age (Oldfors and Lamont 2008, Tajsharghi and Oldfors 2013). 
Immunohistochemistry shows these inclusions are in type 1 
fibres and contain slow myosin (see Ch. 15). This disorder has 
been classified as a protein surplus myosin storage myopathy 
(Goebel and Laing 2009, Tajsharghi and Oldfors 2013). And 
mutations in the 3′ domain of MYH7 have been shown to cause 
a distal myopathy (Oldfors 2007). Thus, mutations in different 
domains of this gene lead to dominant disorders with varying 
phenotype. A few patients with recessively inherited mutations 
in the MYH7 gene have also been reported (Beecroft et al 2019).

Both dominant and recessive inheritance of mutations in 
the fast myosin heavy chain IIa gene (MYH2) on chromosome 
17 have been found (see Ch. 15; Tajsharghi et  al 2002, 2010, 
Tajsharghi and Oldfors 2013). In addition to the presence of 
rimmed vacuoles, immunolabelling of fast myosin shows the 
fast 2A fibres are selectively affected, being atrophic, or absent 
(Martinsson et al 2000, Tajsharghi et al 2002). Mutations in genes 
encoding developmental myosins (MYH8 and MYH3) are associ-
ated with syndromes that present with distal arthrogryposis (see 
Ch. 15; Toydemir et al 2006a, 2006b, Tajsharghi et al 2008), but 
there is no information on their immunohistochemical localiza-
tion in muscle samples. Similarly, immunohistochemical studies 
of myosin- binding protein C in cases with mutations in the cor-
responding gene are limited (Gurnett et al 2010).

Mutations in the ACTA1 gene encoding sarcomeric skel-
etal muscle actin are now known to be associated with a broad 
spectrum of clinical phenotypes in forms of nemaline myopa-
thy, ranging from severe to mild (see Ch. 15; Goebel and Laing 
2009, Nowak et al 2013). Mutations can give rise to actin accu-
mulation, with or without nemaline rods, which may be nuclear 
and/or cytoplasmic. Mutations in the ACTA1 gene also result 
in congenital fibre type disproportion without any other struc-
tural defect (Laing et  al 2004) and in a dominant congenital 
myopathy characterized by cores devoid of mitochondria and 
disrupted myofibrils and type 1 fibre predominance, as in cen-
tral core disease, but no nemaline rods (Kaindl et al 2004). A 
mutation in the ACTA1 gene has also been found in the rare 
case described as ‘zebra body myopathy’, and actin accumula-
tion as well as nemaline rods and zebra bodies were observed 
(Sewry et al 2009).

Immunohistochemical studies of tropomyosin isoforms in 
human muscle as a primary defect are limited, but mutations 
in the genes for α- tropomyosin and β- tropomyosin are respon-
sible for rare dominant forms of nemaline myopathy and cap- 
like structures (see Sewry et al 2019). Mutations in the gene for 
β- tropomyosin can also cause distal arthrogryposis without the 
presence of rods (Sung et al 2003). The primary role of tropomy-
osin in relation to cardiomyopathies has also been established 
(Marques and de Oliveira 2016).

Isoforms of α- actinin have been characterized and mainly 
studied in relation to fibre typing and the rods in nemaline 
myopathy, rather than as a primary cause of a muscle disorder. 
Antibodies to α- actinin- 2 label all muscle fibre types, while 
antibodies to α- actinin- 3 only label a subset of fast fibres. A 
common, non- pathogenic polymorphism has been found in the 
gene for α- actinin- 3 (ACTN3) which results in an absence of α- 
actinin- 3 from all fibres and may have some athletic advantage 
(North et al 1999, Yang et al 2009).

Titin and nebulin are two of the largest proteins known, 
both of which exist as multiple isoforms resulting from dif-
ferential splicing (Gautel 2011, Labeit et al 2011, Savarese et al 
2016, Linke 2018). They have a role in maintaining myofibril-
lar alignment and length and contribute to the elasticity of the 
myofibrils. The genes for both proteins are located on chromo-
some 2q, and mutations in the nebulin gene are responsible 
for one of the more common forms of nemaline myopathy 
(Wallgren- Pettersson et  al 2011; Sewry et  al 2019). Commer-
cial antibodies to nebulin in patients with mutations in the 
NEB gene show retention of the protein, but research studies 
with an antibody corresponding to the SH3 region of nebu-
lin have shown an absence in a few severe cases of nemaline 
myopathy, which can help direct molecular analysis (Sewry et al 
2001a, Wallgren- Pettersson et al 2002). Studies have also shown 
a reduction of nebulin on immunoblots in some severe cases 
with NEB mutations (Lawlor et al 2011). Recently, monoclonal 
antibodies that specifically recognize exon 143 or 144 of nebulin 
have been raised (Lam et al 2018). These two exons are differ-
entially spliced in human muscle and studies suggest that they 
are developmentally regulated and that exon 143 is more highly 
expressed in fibres with fast myosin (Fig. 6.14; Lam et al 2018). 
Titin, encoded by the TTN gene, is involved in neuromuscular 
disorders with varying phenotype, including limb- girdle dys-
trophy 2J, dominant hereditary myopathy with early respiratory 
failure (HMERF), some early- onset cases with a fatal cardiomy-
opathy and a congenital myopathy as well as cardiomyopathies 
(see Chs. 11, 15 and 16; Savarese et al 2016, Linke 2018). As with 
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nebulin, absence of the whole titin protein does not occur, but 
a non- commercial antibody raised against the transcript from 
the defective last exon of this giant gene has shown an absence 
in LGMD2J (Hackman et al 2002). Secondary abnormalities in 
nebulin expression occur in DMD and, prior to the identifica-
tion of the dystrophin gene, nebulin was thought to be the pri-
mary defective gene product (Wood et  al 1987), but this was 
subsequently found to be a secondary effect.

Mutations affecting other myofibrillar proteins in which 
immunohistochemistry has been used to study the primary 
protein include telethonin, responsible for limb- girdle muscular 
dystrophy 2G, myotilin, responsible for limb- girdle muscular 
dystrophy 1A and a myofibrillar myopathy, and slow troponin 
T, responsible for a rare form of nemaline myopathy (Moreira 
et al 1997, Johnston et al 2000, Barresi 2011, Selcen 2011). The 
prevalence of these defects is not known, as only a few affected 
patients have been reported. Limb- girdle muscular dystrophy 
2G was thought to be confined to the Brazilian population, but 
rare cases elsewhere in the world have been identified which 
show an absence of telethonin protein with immunolabelling 
(Brusa et al 2018) or, occasionally, retention of telethonin (Bar-
resi et al 2015). Studies of cases with mutations in the gene for 
myotilin suggest they may be a common cause of myofibrillar 
myopathy in some populations (see Ch. 16; Olive et al 2011). 
Mutations in the gene for a fast isoform of troponin I on chro-
mosome 11 cause a form of distal arthrogryposis (Sung et  al 
2003), but there are currently no immunohistochemical data on 
the expression of the protein although abnormalities have been 
detected in immunoblots (Konersman et al 2017).

The cytoskeletal protein desmin is involved both primar-
ily and secondarily in myofibrillar myopathies often collectively 
referred to as ‘desminopathies’, ‘desmin- related myopathies’ 
or ‘myofibrillar myopathies’ (see Ch. 16; Kley et al 2016). Both 
missense mutations and deletions in the gene for desmin have 
been identified (Schroder and Schoser 2009). Inheritance is often 
dominant but rare recessive cases are also known. Age of onset is 
variable, and cardiomyopathy is a frequent complication. Anti-
bodies to desmin show accumulation in fibres that do not express 
fetal myosin, distinguishing them from regenerating fibres with 

high desmin. No desmin was detected in the muscle by immu-
nohistochemistry and immunoblotting from two siblings het-
erozygous for null mutations in the DES gene (Henderson et al 
2013). A characteristic accumulation of electron- dense granulo-
filamentous material is seen at the ultrastructural level (see Ch. 
5), and additional features include secondary accumulation of a 
variety of proteins and cytoplasmic and spheroid bodies (see Ch. 
16). Similar pathological features are also seen when other genes 
in this group of disorders causing a myofibrillar myopathy are 
affected (Kley et al 2016). The gene encoding plectin is mutated 
in the rare skin blistering recessive disorder, epidermolysis bul-
losa simplex with muscular dystrophy, and is associated with a 
range of neuromuscular phenotypes (Winter and Wiche 2013). 
The blistering may not always be marked (Forrest et al 2011), and 
the gene can also be associated with a myasthenic syndrome (see 
Ch. 21; Selcen et  al 2011) and a form of limb- girdle muscular 
dystrophy (see Ch. 11; Gundesli et al 2010). Plectin has a role in 
mitochondrial function, in organizing the intermediate filament 
cytoarchitecture, including anchoring desmin to the nuclear 
membrane, to the periphery of Z lines and at the sarcolemmal 
costameres (Winter et  al 2016). Immunolabelling of skin and 
muscle with antibodies to plectin shows an absence or reduction 
and that a secondary accumulation of desmin can occur in epi-
dermolysis bullosa simplex (Schröder and Goebel 2002, Winter 
et al 2016). Plectin also interacts with β- dystroglycan, dystrophin 
and utrophin (Rezniczek et al 2007) and secondary abnormali-
ties occur in other disorders (see below). Alternative splicing of 
plectin transcripts gives rise to eight protein isoforms, of which 
four are highly expressed in muscle (1, 1b, 1d and 1f). Mutations 
affecting the 1f isoform have been found in a recessively inherited 
form of limb- girdle muscular dystrophy, and a reduction in sar-
colemmal plectin immunolabelling was reported, and also of the 
corresponding RNA (Gundesli et al 2010). Internal labelling of 
plectin was retained in muscle fibres, and studies of mouse mus-
cle, using isoform- specific antibodies, have shown that this inter-
nal labelling is higher in 2A fibres (Rezniczek et al 2007). This 
publication also showed that the plectin 1d isoform is localized 
to the Z line. We are not aware of studies with isoform- specific 
antibodies in diseased human muscle, and those published have 

a b
Fig. 6.14 Muscle biopsy from the psoas muscle of a 13- year- old boy with cerebral palsy immunolabelled with monoclonal antibodies to (a) the re-
gion of nebulin encoded by exon 143 and (b) fast myosin. Note the fibre type pattern and the higher expression of exon 143 in fibres with fast myosin 
(*).
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been with antibodies that recognize all isoforms, but alterations 
in plectin localization can be observed with them. 

Primary Defects in Enzymes
Several primary enzyme defects are known to cause a neuro-
muscular disorder, but it is often more important to examine the 
activity of the enzyme biochemically rather than its localization 
by immunohistochemistry. Immunoblots, however, are useful for 
studying enzymes such as calpain- 3, which is defective in limb- 
girdle muscular dystrophy 2A (Richard et al 1995). This disorder 
is unusual among the limb- girdle muscular dystrophies in not 
being caused by a membrane- associated protein. Calpain- 3 is an 
enzyme located in the cytosol of the fibre and in the nucleus, and 
it binds to the C- terminus of titin. Absence of calpain- 3 can be 
detected on sections but a reduction is more difficult to assess and 
requires immunoblots when secondary changes affecting dysfer-
lin and caveolin- 3 can also be assessed (Charlton et al 2009).

The valosin- containing protein (VCP, also known as p97) and 
UDP- N- acetylglucosamine 2- epimerase/N- acetylmannosamine 
kinase (GNE) are two enzymes associated with myopathies often 
characterized by vacuoles (see Ch. 16). Mutations in the VCP 
gene cause inclusion body myopathy with Paget bone disease and 
frontotemporal dementia (IBMPFD) and the phenotype now also 
includes amyotrophic lateral sclerosis (ALS), Parkinson disease, 
cardiomyopathy and Charcot–Marie–Tooth disease (Evangelista 
et al 2016). VCP is a ubiquitously expressed triple A ATPase that 
has an important role in the ubiquitin proteosome protein degra-
dation system and aggresome formation, as well as other cell func-
tions that include the cell cycle, nuclear envelope reconstruction, 
postmitotic Golgi reassembly, DNA damage response and sup-
pression of apoptosis (Meyer and Weihl 2014, Clemen et al 2015). 
Immunohistochemistry of muscle biopsies shows accumulation of 
nuclear and sarcoplasmic VCP and TDP- 43. MHC I is sometimes 
up- regulated and sometimes inflammatory cells are present (Weihl 
et al 2009, Evangelista et al 2016), but these are not consistent fea-
tures. Lobulated fibres, ring fibres and some polyglucosan- like 
bodies have also been reported in a patient with a mutation in the 
VCP gene who had asymmetrical scapuloperoneal weakness and 
head drop without Paget disease or dementia (Liewluck et al 2014).

The myopathy caused by mutations in the gene encoding 
GNE (also known as Nonaka myopathy, distal myopathy with 
rimmed vacuoles or hereditary inclusion body myopathy) is a 
distal myopathy that spares the quadriceps, a feature that led to 
the disease also being called ‘quadriceps- sparing myopathy’ (see 
Ch. 16; Kayashima et  al 2002, Willems et  al 2016). GNE is an 
enzyme involved in the biosynthesis pathway of sialic acids and 
the reduced enzyme activity of GNE is thought to involve hypo-
sialylation of glycoproteins, although this does not explain all 
of the pathogenic mechanism (Willems et al 2016). A variety of 
research studies have examined sialylation of various proteins in 
GNE myopathy that include β1- integrin, NCAM, α- dystroglycan, 
although the latter is not considered to have a major role in GNE 
myopathy (Broccolini et al 2005, 2010, Willems et al 2016).

Immunohistochemical studies of primary defects in mito-
chondrial enzymes are increasing. Abnormalities in mito-
chondrial oxidative phosphorylation are associated with 
several multisystem disorders (see Ch. 18). The traditional 
method to study this in muscle biopsies has been histochem-
ical analysis of succinic dehydrogenase and cytochrome c 
oxidase (see Chs. 3, 4 and 18) which localize the activity of 
these mitochondrial specific enzymes (Phadke 2017). Anti-
bodies to complex I–IV, however, are proving useful in some 

conditions but do not detect defects in all mitochondrial-
related disorders (Tanji and Bonilla 2008). Complex I defi-
ciency can be identified by antibodies to this component 
(see Ch. 18), and a quadruple multiplex immunofluorescent 
method has been developed to examine complex I, complex 
IV and mitochondrial mass within fibres labelled for lam-
inin (Rocha et al 2015, Ahmed et al 2017, Alston et al 2017). 
Antibodies to TOMM22 and porin are useful for labelling all 
mitochondria (Alston et al 2017). Antibodies to mitochon-
dria show a fibre- typing pattern comparable to staining to 
cytochrome c oxidase but are particularly useful in identify-
ing a deficiency of complex I (see Ch. 18). 

Primary Defects of Ion Channels
The main ion channels that have been studied by immunohis-
tochemistry are the ryanodine receptor 1 (RYR1), the dihy-
dropyridine receptor (DHPR) and the sarcoendoplasmic 
reticulum calcium ATPase (SERCA) (see Ch. 20). Mutations in 
the RYR1 gene on chromosome 19q occur in core myopathies 
and malignant hyperthermia (see Ch. 15; Jungbluth et al 2018). 
Malignant hyperthermia susceptibility is also linked to several 
other loci and genes (see Ch. 20; Loke and MacLennan 1998). 
Not all cases of RYR1-related core disease appear to be suscep-
tible to malignant hyperthermia but patients are always advised 
of the potential risk. The ryanodine receptor is a large ligand- 
gated calcium- release channel with an essential role in excita-
tion–contraction coupling (Jungbluth et al 2018). It has several 
C- terminal transmembrane loops in the membrane of the sar-
coplasmic reticulum and cytoplasmic regions that interact with 
the voltage- gated dihydropyridine receptor of the T tubule. 
Genotype–phenotype correlations suggest that mutations in 
the transmembrane C- terminal region of RYR1 are more com-
monly, but not exclusively, associated with central core disease, 
whereas malignant hyperthermia is more often associated with 
N- terminal hot spots (Jungbluth et al 2018). Many mutations in 
the RYR1 gene are missense and dominantly inherited, so total 
absence of the protein is not seen, nor in the patients with reces-
sively inherited mutations. Limited immunohistochemical stud-
ies of the RyR1 protein have shown a reduction in some cases but 
they are not currently used for diagnosis. A secondary accumu-
lation of several proteins, however, can be useful for visualizing 
the cores (see below).

Brody disease, characterized by stiffness and exercise- 
induced pain (Brody 1969), is caused by mutations in the 
ATP2A1 gene encoding the sarcoplasmic reticulum calcium 
ATPase, SERCA1 (Odermatt et al 1996). SERCA1 is confined to 
fast fibres and SERCA2 to slow fibres. Thus, antibodies to these 
show a checkerboard pattern in normal muscle. In Brody dis-
ease an absence of SERCA1 from the fast fibres can be detected. 
Proteins, such as sarcolipin, that are associated with SERCA 
are candidates for Brody syndrome, which clinically resembles 
Brody disease, but no mutations have yet been found (Odermatt 
et al 1998). 

SECONDARY DEFECTS

A large number of publications describe the wide variety of sec-
ondary alterations in protein localization and expression that 
occur in diseased muscle as a consequence of a primary defect 
in another gene, such as those described previously. In this sec-
tion we concentrate on those that we find to be of diagnostic 
value and situations where antibodies can clarify the nature of a 
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structure (Table 6.3). Further details are also discussed in chap-
ters related to particular disorders.

Membrane- Associated Proteins
The use of β- spectrin as a control has already been discussed. 
It is used to assess the preservation of the plasmalemma and 
its closely associated cytoskeleton, so that the presence of other 
membrane proteins can be judged. β- Spectrin, in common with 
other cytoskeletal and plasma membrane proteins, is lost from 
necrotic fibres (see Fig. 6.1) and if there is artefactual damage 
to the membrane, such as freezing artefact or freeze–thawing, 
labelling of the sarcolemma may be weak, uneven or disrupted. 
Weak labelling of some regenerating fibres has been discussed 
in the section on development. The internal membranes of 
split fibres and branched fibres and myotendinous junctions 
label with antibodies to many plasmalemmal and basal lam-
ina protein (Fig. 6.15). Fibres at myotendinous junctions also 
show NCAM, but the reason is not known (see Fig. 6.15d). 

a b
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Fig. 6.15 Labelling of internal membranes with (a) β- spectrin in a whorled hypertrophic fibre (150 μm), (b) laminin α2 and (c) dystrophin at a myo-
tendinous junction. (d) High NCAM on and in fibres at a myotendinous junction; a few small peripheral cells are also visible which may be activated 
satellite cells (arrow).

Proteins That Show a Secondary Change 
That Is Useful for Diagnosis and Can Be 
Studied with Commercial Antibodies

Dystrophin
Sarcoglycans
Utrophin
Neuronal nitric oxide synthase (nNOS)
Laminin α2
Laminin β1
Laminin α5
α- Dystroglycan
Fetal myosin
Fast and slow myosin- hybrid fibres
Desmin and myotilin
VCP accumulation
Major histocompatibility complex (MHC) class I
TDP43
p62

VCP, valosin - containing protein.

TABLE 

6.3



6 Immunohistochemistry and Immunoblotting 161

Invaginations of the sarcolemma when sectioned transversely, 
for example at myotendinous junctions, keep commamay some-
times be confused with vacuoles. The labelling of true vacuoles, 
however, is dependent on their origin. Those of lysosomal ori-
gin, such as in acid maltase deficiency or those derived from 
the sarcoplasmic reticulum, do not usually label with β- spectrin 
and other sarcolemmal proteins, while the autophagic vacuoles 
in Danon disease (LAMP- 2 mutation) and the other X- linked 
disorder with similar pathology, XMEA (see section on vacu-
oles in Ch. 4, the ultrastructural features in Chs. 5 and 16), show 
the presence of plasma membrane proteins on most vacuoles 
and of basal lamina proteins on some (Fig. 6.16).

Dystrophin rarely shows a secondary reduction in well- 
preserved muscle. An exception is in recessive limb- girdle 
dystrophy 2E with a defect in β- sarcoglycan (Bonnemann et al 
1995) and occasionally in some cases of congenital muscular 
dystrophy (see Ch. 12; Arikawa et al 1991). It may occasionally 
occur when other sarcoglycans are defective (Vainzof et al 1996) 
but usually immunolabelling of dystrophin is indistinguishable 
from normal in limb- girdle muscular dystrophies. If dystro-
phin is reduced in a female patient, careful distinction from 
a Duchenne carrier is needed. Utrophin may then be useful 
(see below). Weak labelling with antibodies to the C- terminus 
of dystrophin (such as the monoclonal antibody DYS2 from 
Leica/Novocastra raised against the last 17 amino acids) may be 
apparent in some neonatal samples, possibly because of differ-
ential splicing at the C- terminus of the gene. Dystrophin label-
ling of internal membranes mirrors that of β- spectrin. Labelling 
of dystrophin and most proteins of the dystrophin- associated 
glycoprotein complex is enhanced at neuromuscular junctions 
(Fig. 6.17) and structures such as cytoplasmic bodies may label 
(Helliwell et al 1994). In addition, internal labelling with anti-
bodies to dystrophin may be seen in protein aggregates: e.g. in 
inclusion body myositis (see Ch. 22).

Utrophin is an autosomal paralogue of dystrophin encoded by 
a gene on chromosome 6 that is believed to have arisen in evolu-
tion as a gene duplication. It has considerable sequence and struc-
tural homology to dystrophin and is ubiquitously expressed in a 
variety of tissues (Brown and Lucy 1997). In normal skeletal mus-
cle it is localized to blood vessels, including capillaries, peripheral 

nerves and neuromuscular junctions, and it may be seen at 
myotendinous junctions. As discussed previously, it is highly 
expressed on the sarcolemma of regenerating fibres in a variety 
of disorders (see Fig. 6.3). Overexpression of utrophin on mature 
fibres occurs in Duchenne and Becker muscular dystrophies, 
symptomatic carriers of DMD and inflammatory myopathies 
(Fig. 6.3; Helliwell et al 1992, Sewry et al 1994b). Asymptomatic 
carriers may also show some utrophin. Young cases of Duchenne 
and Becker muscular dystrophies tend to show less sarcolemmal 
utrophin and careful assessment of fibre maturity may then be 
needed (Taylor et al 1997a). Although the presence of utrophin 
is a useful marker for assessment of Xp21 disorders, it is not 
specific and sarcolemmal labelling can be detected in a variety 
of other conditions, including other muscular dystrophies, some 
neonates, and in muscle adjacent to tumours (Sewry et al 1994a, 
1994b, 1994c, 2005a, 2005b). The reasons for this are not known. 
Two full- length isoforms of utrophin, A and B, have been identi-
fied (Burton et al 1999) and the up- regulated isoform in human 
dystrophic muscle and the isoform at the sarcolemmal of fetal 
and regenerating fibres is the A form (Sewry et al 2005a). The B 
isoform is confined to blood vessels.

Most proteins of the dystrophin- associated complex show a 
secondary reduction in Xp21 disorders. We have found immu-
nolabelling of nNOS to be useful in the assessment of Becker 
muscle dystrophy as sarcolemmal labelling is absent when there 
is a mutation in the rod domain ‘hot spot’ (Torelli et al 2004). 
Sarcolemmal nNOS is also absent in cases of Duchenne dystro-
phy. Labelling on larger blood vessels, however, may be retained. 
Whether this relates specifically to nNOS or the use of a particu-
lar polyclonal antibody is not clear. Other dystrophin-associated 
proteins (DAPs) show a variable reduction on the sarcolemma 
in Xp21 disorders. When there is a primary defect in one sarco-
glycan gene, all components of this complex show a reduction. 
A secondary reduction of syntrophins and dystrobrevin and α- 
dystroglycan has been reported in cases that have been found 
to have mutations in the gene encoding contactin 1, an NCAM 
that may have a role at the neuromuscular junction (Compton 
et al 2008).

Labelling of nNOS is also useful in the assessment of neu-
rogenic disorders as evidence suggests denervated fibres lose 

a b
Fig. 6.16 Labelling of (a) dystrophin and (b) laminin α2 in serial sections from a case resembling X- linked myopathy with excessive autophagy. Note 
the internal labelling with invaginations and vacuoles, many of which have both proteins.
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sarcolemmal nNOS, but it gradually reappears following rein-
nervation (Gosztonyi et  al 2001, Tews 2001). Immaturity of 
fibres and regeneration need to be taken into account when 
assessing nNOS (see section on developmental regulation).

In limb- girdle muscular dystrophies secondary reduc-
tions have suggested a relationship between some proteins 
and care in identifying the primary defect is then necessary. 
For example, dysferlin and calpain- 3 can both show a second-
ary reduction when the gene for either is mutated (Ander-
son et al 2000, Vainzof et  al 2001). Similarly, a reduction in 
caveolin- 3 can occur when the primary defect is in the gene 
for dysferlin, suggesting an interaction (Matsuda et  al 2001, 
Walter et  al 2003). Caveolin- 3 also shows a mosaic pattern 
of labelling in cases with an autoimmune aetiology, with or 
without associated myasthenia, and dysferlin may also be 
reduced (Schulte- Mattler et  al 2005, Schoser et  al 2009, Lo 
et  al 2011). Caveolin- 3 and dysferlin also show a secondary 
reduction in cases with a defect in the PTRF gene (see Fig-
ure 11.6; Hayashi et al 2009). Calpain- 3 is very susceptible to 
degradation, and this must also be taken into consideration 

in interpreting results. Commercial antibodies from Leica to 
calpain- 3 can be used on sections to show an absence of pro-
tein but  immunoblots are necessary for assessment of several 
cases (Charlton et al 2009).

A secondary modification in the O- glycosylation of α- 
dystroglycan, a DAP, is now recognized as an important 
pathogenic mechanism in various forms of congenital mus-
cular dystrophies and some forms of limb- girdle muscu-
lar dystrophy (see Chs. 11 and 12; Mercuri and Muntoni 
2012, Kanagawa and Toda 2017, Johnson et  al 2018). Muta-
tions in several genes result in abnormal glycosylation of α- 
dystroglycan (see Table 12.4). These include genes that also 
affect N- glycosylation and are also related to myasthenic 
syndromes (see Ch. 21). Commercial antibodies to glycosyl-
ated epitopes of α- dystroglycan are available (IIH6 and VIA4- 
1) and, recently, mouse and rabbit monoclonal antibodies 
to the core protein have become available (Fortunato et  al 
2014, Humphrey et  al 2015). The reduction of glycosylated 
α- dystroglycan, however, is the feature of significance in the 
congenital and limb- girdle muscular dystrophies referred to 

a b

dc
Fig. 6.17 Labelling of (a) dystrophin (arrow), (b) binding of bungarotoxin conjugated to Alexa 488, (c) α- dystroglycan and (d) β- dystroglycan at 
neuromuscular junctions.
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as ‘dystroglycanopathies’. In normal muscle α- dystroglycan 
is localized to the sarcolemma. Caution and carefully con-
trolled studies are needed for the interpretation of results 
with current commercial antibodies to α- dystroglycan, as 
different batches can give variable results. Despite this, dif-
ferent disease- associated patterns of dystroglycan expression 
are detectable. In Xp21 disorders, antibodies to the core pro-
tein and glycosylated epitope of α- dystroglycan both show a 
reduction, and both α-  and β- dystroglycan are reduced, in 
common with other proteins of the DAP complex. In the vari-
ous forms of congenital muscular dystrophy, β- dystroglycan 
in most cases shows normal sarcolemmal localization when 
the plasmalemma is well preserved, although abnormalities on 
immunoblots of muscle samples from patients with GMPPB 
mutations show a mobility shift (Sarkozy et al 2018). Studies 
using a non- commercial antibody to the core protein sug-
gested that it is often retained, except in Walker–Warburg syn-
drome caused by mutations in the POMT1 gene, where little, 
if any, is detected (Jimenez- Mallebrera et al 2003, 2009), but 
more recent studies with mouse monoclonal antibodies to the 
core protein suggest abnormalities may be more widespread 
than previously appreciated. Variable degrees of reduced gly-
cosylation are seen in muscle- eye- brain disease and Walker–
Warburg syndrome caused by the various genes and there is 
no clear genotype–phenotype correlation, and it is rarely pos-
sible to predict the defective gene with immunohistochemistry 
(see Ch. 12). Epitope masking of α- dystroglycan also occurs 
and can give the appearance of reduced immunolabelling and 
needs to be considered. Many extracellular matrix proteins are 
highly glycosylated, and the epitopes for the antibodies used 
to localize them are not known. It is possible that alterations 
in the glycosylation of these proteins also occurs and may also 
result in abnormal immunolabelling.

Several extracellular matrix proteins show secondary 
alterations and, with the primary defects discussed previously, 
they highlight the pathological importance of the extracellular 
matrix (Mohassel et al 2018). Various types of collagen, such as 
types III, V and VI, are detected in the perimysium and endo-
mysium, and are prominent when connective tissue is exces-
sive (Fig. 6.18). Collagen type I in early studies was shown to 

be mainly restricted to the perimysium, although a little may 
be seen in the endomysium in DMD (Duance et al 1980, Ste-
phens et al 1982), but it is not clear if improvements in antibody 
specificity have altered these early findings. The distribution of 
fibronectin is similar to that of collagen type III, but secondary 
abnormalities have been shown in cases with Ullrich congeni-
tal muscular dystrophy in studies of cells in vitro (Sabatelli et al 
2001). In normal muscle, several collagen types are constituents 
of the basement membrane and appear round each fibre at the 
sarcolemma. In normal muscle, the periphery of each fibre is 
clearly delineated by antibodies to proteins such as collagen 
types IV, V and VI, laminins, perlecan and nidogen (Fig. 6.19). 
They are also seen in the extracellular matrix round blood ves-
sels. When connective tissue is excessive, the sarcolemmal label-
ling of collagen types V and VI is usually more prominent than 
that of the adjacent endomysium (see Fig. 6.18). Architectural 
features involving the sarcolemma, such as splits and indenta-
tions, show extracellular matrix proteins associated with them. 
Some vacuoles also do, depending on their origin (see Fig. 6.15 
and section on β- spectrin). Other collagens are also expressed 
in skeletal muscle, such as types XIII, XV and XVIII, but their 
distribution in pathological states is not known. Collagen XIII 
is associated with a myasthenic syndrome (see Ch. 21), but 
secondary effects in other extracellular matrix proteins are not 
known. Similarly, no secondary abnormalities in collagen IV, V 
or VI were observed in a case with a mutation in the COL3A1 
gene (unpublished observation).

Secondary changes in some laminin chains are seen in vari-
ous muscular dystrophies, in particular various forms of con-
genital muscular dystrophy (see Ch. 12; Sewry and Muntoni 
1999, Jimenez- Mallebrera et al 2005). Laminin α2, a receptor 
for α- dystroglycan, shows a secondary reduction in Fukuyama 
congenital muscular dystrophy, muscle- eye- brain disease, con-
genital muscular dystrophy type 1B, linked to chromosome 1q, 
and MDC1C caused by mutations in the gene for the fukutin- 
related protein. Interestingly, the allelic limb- girdle dystrophy 2I 
caused by defects in the same gene often shows normal sarco-
lemmal labelling of laminin α2 on sections but a marked reduc-
tion on immunoblots (Bushby et al 1998). The reason for this is 
not apparent.

Fig. 6.18 Labelling of (a) collagen V and (b) collagen VI in serial sections showing a distinction of the basement membrane (arrows) and excess 
labelling of the endomysium with both antibodies.

a b
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Laminin β1 is reduced on the sarcolemma, but not the blood 
vessels, in some dominant conditions, in particular Bethlem 
myopathy and autosomal dominant Emery–Dreifuss muscular 
dystrophy (Fig. 6.20; Merlini et al 1999, Sewry et al 2001b) and 
has also been observed in several cases of limb- girdle muscu-
lar dystrophy with a mutation in the ANO5 gene (Baressi and 
Sewry, unpublished observation). It was also reported in other 
dominant myopathies originally thought to be genetically dis-
tinct (Li et al 1997, Taylor et al 1997b), but molecular studies 
have subsequently shown that several of these cases are part of 
the phenotypic spectra of Bethlem myopathy and Emery–Drei-
fuss muscular dystrophy. Reduced laminin β1 has also been 
observed in facioscapulohumeral muscular dystrophy, some 
recessive cases of limb- girdle muscular dystrophy 2I and a 
number of other unclassified myopathies. Thus, it is not clear 
if reduced laminin β1 is a useful marker or if it is non- specific. 
Reduction of laminin β1 is age dependent and has only been 
seen in affected adults and adolescents, not young children. A 
more subtle reduction in laminin β1, with normal localization 
of laminin α2 and γ1, may only be seen on fibres at the periph-
ery of fascicles, on the sarcolemma adjacent to the perimysium 
(Fig. 6.21). This is not a consistent feature in all biopsies, and 
it is not yet clear if it is pathological or if it might relate to the 
presence of different interacting proteins at this site, such as dif-
ferent integrins or different laminin variants. In addition, results 
for laminin β1 vary with the immunohistochemical methods 
used and may relate to the use of triton in the reagents (personal 
observation).

The laminin β2 chain shows a secondary reduction in 
MDC1A when the laminin α2 chain is defective (Cohn et  al 
1997). This is also apparent in chorionic villus samples from 
affected fetuses and skin biopsies from cases with hypoglyco-
sylation of α- dystroglycan that are not molecularly resolved 
(unpublished observation). This raises the possibility that the 
laminin- 4 heterotrimer (laminin 221), as well as laminin- 2 
(laminin 211), could have a pathological role, as both heterotri-
mers contain the α2 chain (Muntoni et al 2003).

Laminin α5 on the sarcolemma is higher in cases with a pri-
mary defect in laminin α2 (MDC1A) and is often higher than 

normal muscle in Xp21 dystrophies and inflammatory myopa-
thies. As expression of laminin α5 is developmentally regulated, 
some of this may relate to regeneration and immaturity and 
careful correlation with immature myosins is needed. The anti-
body marketed by Millipore  (MAB 1924) requires high dilution 
to obtain a clear difference between sarcolemmal and capillary 
labelling and to reveal higher labelling of regenerating fibres 
and of muscle fibres in biopsies from patients with defective 
laminin α2.

Other laminin chains have an important role in muscle and 
nerve function, but studies of their diagnostic role in human 
myopathology are limited (Patton et  al 1999, Yurchenco and 
Patton 2009). The laminin α4 chain appears to be developmen-
tally regulated in muscle (Petajaniemi et al 2002).The laminin 
α3 chain is associated with epidermolysis bullosa (Kiritsi et al 
2013). A muscle biopsy we had from a child with a homozygous 
mutation in the gene encoding laminin α3A showed myopathic 
features with variation in fibre size, excess internal nuclei and a 
predominance of type 1 fibres and normal immunolabelling of 
laminin chains (α2, α5, β1, γ1).

Integrins are a family of transmembrane glycoprotein recep-
tors, each with an α and β chain. To date, 18 α and 8 β chains 
have been identified, which associate into at least 24 different 
dimers. Diversity is increased still further by alternative splic-
ing, which gives rise to more chains. Integrins have a major role, 
together with proteins such as talin and vinculin, in linking the 
cytoskeleton to the extracellular matrix (Klapholz and Brown 
2017). Integrin α7β1D is the major integrin receptor of skel-
etal muscle and is enriched at myotendinous and neuromus-
cular junctions (Mayer 2003, Carmignac and Durbeej 2012). It 
interacts with laminin α2 and α- dystroglycan, and as well as the 
primary defect in integrin α7 described previously, secondary 
alterations occur when these are affected. Thus, a primary or 
secondary reduction of laminin α2 is accompanied by a reduc-
tion in labelling of integrin α7β1D (Hodges et al 1997, Vachon 
et al 1997, Cohn et al 1999). In contrast, in DMD, labelling of 
integrin α7β1D is reported to be higher than normal and its 
up- regulation, like utrophin, has been proposed as a possible 
therapy (Burkin et al 2001). As the availability of commercial, 

Fig. 6.19 Double labelling of (a) perlecan (red) and (b) collagen VI (green) in the same section. Note perlecan and collagen VI at the sarcolemma 
and round capillaries (small arrows) but only collagen VI in the perimysium (large arrow).
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chain- specific antibodies increases, it is likely that studies of 
integrin expression will expand.

Major histocompatibility complex (MHC) proteins are also 
of diagnostic importance, especially in inflammatory myopathies 
(see Ch. 22). Normal mature muscle fibres express minimal or no 
detectable MHC class I or class II or β2- microglobulin but all are 
detectable on endothelial cells of blood vessels, and the capillary 
network is clearly visible (Appleyard et al 1985, McDouall et al 
1989). MHC- I and β2- microglobulin are expressed by regen-
erating fibres in all disorders, but not fetal fibres (see Fig. 6.3). 
Careful correlation with the expression of immature myosin iso-
forms, to take account of regeneration, is therefore needed when 
MHC- I is assessed. Overexpression of MHC- I is an important 
tool for assessing inflammatory myopathies as it is overexpressed 
on the sarcolemma, and sometimes internally in the fibres, in 
all forms of inflammatory myopathy (see Ch. 22; Appleyard et al 
1985, Karpati et al 1988, McDouall et al 1989). This is apparent 
even when pathological features are minimal and there is no 
inflammatory cellular reaction (Fig. 6.22; Topaloglu et al 1997). 
Overexpression of MHC- I, however, is not specific to inflamma-
tory myopathies and it is also sometimes seen in Xp21 muscular 
dystrophies (Appleyard et  al 1985) and in limb- girdle muscu-
lar dystrophy 2B with a defect in dysferlin (Fanin and Angelini 
2002, Confalonieri et al 2003), in which inflammatory cells may 
be present. Low levels of sarcolemmal expression may also be 
seen in some neonates and a variety of other conditions. As cyto-
kines can up- regulate MHC- I, these may have a role in this non- 
specific expression. In some studies MHC class II antigens have 
not been detected (Appleyard et al 1985, McDouall et al 1989), 
but in others they have (Englund et al 2001, Rodriguez Cruz et al 
2014), and they too can be induced by cytokines (Bartoccioni 
et al 1994).

Deposition of immunoglobulins and complement occurs 
in necrotic fibres and in inflammatory myopathies, the mus-
cular dystrophies and myasthenia gravis (Engel and Biesecker 
1982, Isenberg 1983, Morgan et  al 1984). The membrane 
attack complex complement C5b- 9 (MAC) is deposited on 
fibres in X- linked vacuolar myopathy (Villanova et  al 1995) 
and in endothelial cells it is an early feature of dermatomyosi-
tis (Emslie- Smith and Engel 1990). Isenberg (1983) suggested 
that immunoglobulin deposition can be used to distinguish 

myopathic from neuropathic disorders. Studies of myasthenia 
gravis have shown immunoglobulin and complement (C3 and 
C9) at motor end plates (Sahashi et al 1978), providing evidence 
for antibody- dependent complement- mediated injury at the 
post- synaptic membrane.

A variable number of inflammatory cells are a feature of 
myositic conditions (See Ch. 22), and they may also occur in 
several muscular dystrophies. They are common in Xp21 dys-
trophies, limb- girdle dystrophy 2B with a defect in dysferlin 
and facioscapulohumeral muscular dystrophy and some early- 
onset patients with a mutation in lamin A/C (see Ch. 12). 
Immunohistochemistry can be used to define the cell types 
using antibodies to specific clusters of differentiation mark-
ers (CD markers). The most useful are those that recognize 
all T cells (CD 3), CD8 and CD4 T cells, B cells (CD20) and 
macrophages (CD68; Arahata and Engel 1984, 1988a, 1988b, 
Engel and Arahata 1984). The distribution and proportion of T 
and B cells has been found to differ between perivascular and 
endomysial areas, with T cells, in particular CD8 cytotoxic T 
cells, being more prevalent than B cells in endomysial areas. 
The reverse occurs with B cells. In inclusion body myositis, but 

Fig. 6.20 Serial areas showing (a) reduced laminin β1 on the sarcolemma but normal labelling of capillaries and (b) normal labelling of laminin γ1.
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Fig. 6.21 Reduced labelling of laminin β1 only at the  edge of fascicles 
(arrow).
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Fig. 6.22 Major histocompatibility complex class I in (a) normal muscle where it only labels blood vessels and (b) a child with dermatomyositis show-
ing sarcolemmal and internal labelling in the absence of marked pathology.

a b

not dermatomyositis, CD8 T cells and macrophages invade 
apparently non- necrotic fibres (Arahata and Engel 1988b). In 
practice, the type of myositis is rarely diagnosed by this type 
of assessment, but it can be useful to study the types of cells 
present. Macrophages can often be detected by their endog-
enous peroxidase activity if blocking agents are not used. Two 
types of macrophage have been identified, M1 and M2, and 
antibodies specific to each type are available. A method for 
double labelling both has been developed (Kosmac et al 2018). 
Extensive studies of the presence of each type in pathological 
human muscle biopsies have not been performed, although 
there have been studies of patients with an inflammatory 
myopathy or with sarcoidosis (Prokop et al 2011, Rinnenthal 
et  al 2014). Research studies indicate that M1 macrophages 
have a role early after damage, in phagocytosis and that M2 
macrophages have a role in myoblast differentiation, fusion 
and fibre regeneration (Bencze et al 2012, Kharraz et al 2013, 
Chen and Shan 2019). It is also now appreciated that regulator 
T cells also have an important role in controlling the inflam-
matory response (Schiaffino et al 2017).

Secondary changes in the expression of myosin heavy 
chain isoforms are also useful for assessment of biopsies 
and reflect the plasticity of muscle. Myosin heavy chains are 
encoded by a multigene family and exist in several isoforms 
which are regulated in a tissue and developmental specific 
manner (Schiaffino and Reggiani 2011). In addition, hor-
mones such as thyroxine, activity and innervation can influ-
ence and induce isoform transitions. During development, 
embryonic and fetal (neonatal) isoforms are replaced by the 
adult fast and slow forms (Schiaffino and Reggiani 2011). In 
normal human muscle the majority of fibres express either 
a slow or fast myosin heavy chain isoform, correspond-
ing to the histochemical fibre types 1 and 2, respectively. 
Many antibodies to myosin heavy chains are available, but 
their specificity in human muscle is not always clear, as 
many have been characterized in mouse or rat muscle, not 
human. The slow isoform is the same as the β- cardiac iso-
form and in human muscle the fast 2A and 2X heavy chains 
are expressed. The 2B myosin isoform has not been detected 
in human limb muscles, although it is expressed in laryn-
geal and eye muscles and humans have the gene (Mascarello 

et  al 2016). Some other large mammalian species also do 
not reveal the 2B myosin protein (e.g. dogs and horses). In 
a detailed study of slow (1) and fast (2) myosin isoforms in 
human quadriceps muscle comparing immunohistochem-
istry, in situ hybridization and ATPase histochemistry and 
studying the electrophoretic band recognized by the anti-
myosin antibodies used, five fibre types were identified: 1, 
1/2A, 2A, 2A/2X and 2X (Serrano et al 2001). Thus, human 
muscle has appreciable populations of hybrid fibres but the 
proportions of each in different human muscles and age- 
related differences are not fully established (Fig. 6.23). In 
diseased muscle, hybrid fibres expressing fast and slow 
myosin heavy chain isoforms (together with developmental 
myosins in some disorders) are common, and an excessive 
number can be a useful marker of abnormality (Fig. 6.24). 
This co- expression accounts for the poor differentiation of 
fibre types that is sometimes seen in the muscular dystro-
phies with the myosin ATPase technique at pH 9.4, as the 
method cannot distinguish between the enzymes associated 
with each myosin isoform. Double- labelling methods to 
demonstrate fast and slow myosin heavy chain isoforms in 
the same section have been developed (Raheem et al 2010), 
but it has to be remembered that any change in colour of sig-
nal in hybrid fibres is dependent on the proportion of each 
isoform, and also on the dilution of the antibodies used. 
There is only one antibody that is said to specifically recog-
nize human 2X myosin (6H1 from the DSHB), which is an 
IgM antibody. 2X fibres can also be identified by exclusion, 
as the BF- 35 antibody (DSHB) detects all myosin heavy 
chains, except 2X (Fig. 6.25).The SC- 71 antibody recognizes 
2A myosin in rat muscle (Schiaffino et  al 1989), but also 
2X in human muscle, and many 2X fibres labelled with 6H1 
have an intermediate intensity with SC- 71 (see Fig. 6.23). 
These may be hybrid 2A/2X fibres, and it is difficult to dis-
tinguish pure 2A fibres. Our studies with the 6H1 antibody 
to 2X myosin indicate that only a small number of fibres 
are pure 2X fibres in the human quadriceps muscle samples 
that we have studied, but the possibility that this is a patho-
logical finding is not yet clear. The AF.74 antibody (DSHB) 
used by Rahmeem et al (2010) is said in the publication to 
recognize 2A myosin, but the datasheet and our studies with 
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Fig. 6.23 Serial sections of a quadriceps biopsy with minimal pathology labelled with (a) the MHCf antibody to fast myosin heavy chain (Leica), (b) 
MHCs to slow myosin (Leica), (c) SC- 71 to fast myosin (DSHB) and (d) 6H1 to 2X myosin (DSBH). Note the fibres that co- express fast and slow myosin 
(*) and the fibres with 2X myosin which show an intermediate intensity with SC- 71 but are labelled with MHCf (▲). These are probably hybrid 2A/2X 
fibres. One fibre (▲) is labelled with both MHCf and MHCs and not SC- 71 or 6H1.

this antibody indicate that in human muscle this antibody 
recognizes all fast myosin isoforms. In Table 6.4 we list our 
interpretation of labelling with various antibodies to myosin 
heavy chains in human muscle biopsies. The antibody MY32 
(Sigma) is often used to demonstrate fast myosin, but its 
specificity is not clear, as in rat muscle it also detects fetal/
neonatal myosin (Harris et al 1989). Care in selecting anti-
bodies is therefore needed, as there are species differences 
in the myosin isoforms detected, and many of the antibod-
ies have been characterized against animal muscle (mainly 
mouse or rat) and not human muscle. Studies of 2X myosin 
in human pathological samples are limited, and its develop-
mental expression is not clear, although studies performed 
several years ago showed that the proportion of fibres with 
2X myosin does not alter with age but in DMD there is a 
progressive loss of fibres with 2X myosin (Pedemonte et al 
1999). 2X myosin, however, was shown to be developmen-
tally regulated in rat muscle (DeNardi et al 1993).

Embryonic and fetal myosin isoforms are rarely expressed 
in adult skeletal muscle and are useful indicators of imma-
turity and abnormality. We have previously discussed the 
presence of developmental (embryonic) and fetal myosin in 
biopsies in relation to regeneration and their induction by 
denervation (see section on developmental regulation). The 
expression of embryonic myosin declines during fetal devel-
opment and, by birth, very few, if any, positive fibres are 
detected, unless there is developmental delay or fibre regen-
eration. Fetal myosin is present in a large population of fibres 
in neonates at birth and the number declines over the first 
few months after birth; very few positive fibres are seen after 
4–6 months of age. Embryonic and fetal myosin heavy chains, 
encoded by the MHY3 and MYH8 genes, respectively, are 
abundant in regenerating fibres, particularly those with baso-
philia. Fetal myosin is also expressed in an appreciable pro-
portion of non- basophilic fibres in the muscular dystrophies 
and is frequently co- expressed with fast and/or slow isoforms 
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in a variety of disorders, particularly the muscular dystro-
phies (Fig. 6.26). Small fibres in several disorders, including 
spinal muscular atrophy, congenital muscular dystrophy and 
many of the perifascicular fibres in dermatomyositis, also 
express fetal myosin. Some of these fibres, therefore, may not 
be atrophic, as is commonly thought, but may be immature 
fibres, but some may reflect abnormal re- expression (see Ch. 
22). The presence of fetal myosin in denervated muscle has 
been discussed previously (see section on developmental reg-
ulation). The size and number of fibres with fetal myosin in 
pathological muscle vary, and they can be a useful reflection 
of abnormality. In severe muscular dystrophies, such as the 

Duchenne form, a large diffuse population of fibres of variable 
size, and showing variable intensity of labelling, are seen (Fig. 
6.27a). Some of these may be regenerating fibres at varying 
stages of maturity; in others, the fetal myosin may have been 
re- expressed. In Becker muscular dystrophy, clusters of posi-
tive fibres may occur in some areas, with very small positive 
fibres diffusely distributed elsewhere (Fig. 6.27b). These very 
small fibres with fetal myosin (less than 5 μm in diameter) 
are a common feature in congenital myopathies, where they 
are often the only fibres with fetal myosin (Fig. 6.27c) (Sewry 
2010). This appearance, particularly with fluorescence, led to 
the colloquial term of ‘pinprick fibres’. They are easily detected 
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MHCf A4.74

MHCn

F1.652MHCd

MHCs

Fig. 6.24 Serial sections of a quadriceps biopsy from a 7- year- old boy with Duchenne muscular dystrophy labelled with antibodies to (a, b) fast 
myosin, (c) slow myosin, (d) fetal myosin and (e, f) developmental/embryonic myosin. The antibodies used are shown. Note that the two antibodies to 
embryonic myosin label almost identical fibres, which are probably regenerating fibres. More fibres are labelled with fetal myosin than with embryonic 
myosin. MHCf and A4.74 label the same fast fibres with similar intensity and some fibres of varying size co- express fast and slow myosin (arrows).
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Duchenne form, a large diffuse population of fibres of variable 
size, and showing variable intensity of labelling, are seen (Fig. 
6.27a). Some of these may be regenerating fibres at varying 
stages of maturity; in others, the fetal myosin may have been 
re- expressed. In Becker muscular dystrophy, clusters of posi-
tive fibres may occur in some areas, with very small positive 
fibres diffusely distributed elsewhere (Fig. 6.27b). These very 
small fibres with fetal myosin (less than 5 μm in diameter) 
are a common feature in congenital myopathies, where they 
are often the only fibres with fetal myosin (Fig. 6.27c) (Sewry 
2010). This appearance, particularly with fluorescence, led to 
the colloquial term of ‘pinprick fibres’. They are easily detected 

using fluorescent markers but can also be seen with peroxidase 
methods (see Fig. 6.27); the nucleus may nearly fill the whole 
diameter of these very small fibres and the positive peroxidase 
labelling may then be less obvious. They often also show fast 
myosin, but not slow or developmental myosin (Fig. 6.28), and 
also show cardiac actin and NCAM. It is not clear if these very 
small fibres reflect attempts at regeneration or are abnormal 

fibres, as fetal myosin can also be present in very atrophic 
nuclear clump fibres, such as in myotonic dystrophies (see 
Fig. 6.2; Vihola et al 2003). Thus, the presence of fetal myo-
sin is not only a reflection of regeneration (Grounds 2014). 
Generally, in biopsies from DMD patients, fewer fibres express 
developmental/embryonic myosin than fetal myosin (see Fig. 
6.24) and although developmental myosin can be useful for 

c

2X

a b

** * *

Fig. 6.25 Labelling of serial sections from a quadriceps biopsy with minimal pathology with antibodies to fast myosin with (a) MHCf (Leica) and 
(b) A4.74 (DSHB) antibodies showing labelling of the same fibres (*). (c) Double labelling of a quadriceps biopsy performed on the Roche Discovery 
Ultra machine with the MHCs (Leica) to slow myosin (teal) and BF- 35 all myosins except 2X (yellow). 2X fibres appear white by exclusion (2X) and the 
varying intensities of the remaining fibres relating to various combinations of the other myosins. (Unpublished studies courtesy of Dr R. Phadke and 
D. Chambers.)

Antibodies to Myosin Heavy Chains

Clone Supplier
Myosin Heavy Chain
Recognized Gene(s) Fibres Recognized in Human Muscle

F1.652 DSHB Embryonic MYH3 Fetal fibres (absent by birth in normal muscle); regenerating 
fibres

MHCd Leica Embryonic MYH3 Fetal fibres (absent by birth in normal muscle); regenerating 
fibres

MHCn Leica Fetal MYH8 Fetal fibres (absent after 4–6 months in normal muscle); some 
non- regenerating fibres positive in pathological muscle

MHCs Leica Slow MYH7 Type 1 fibres; hybrids containing slow and fast myosin

MHCf Leica All fast MYH2 
MYH1

All type 2/fast fibres; hybrids with varying quantity of each 
isoform

BA-D5 DSHB Slow MHY7 Type 1 fibres

A4.74 DSHB All fast MYH2
MYH1

All type 2/fast fibres; similar to MHCf

SC- 71 DSHB All fast MYH2
MYH1

All type 2/fast fibres; hybrids with varying amounts of each 
isoform; fibres with 2X often have intermediate intensity

MY32 Sigma, Abcam 
and others

All fast (may also cross-
react with fetal myosin)

MYH2
MYH1
?MYH8

All type 2/fast fibres; similar to MHCf

BF- 35 DSHB Slow and 2A MYH7
MYH2

Type 1 and 2A fibres; pure 2X fibres negative

6H1 DSHB 2X MYH1 Only fibres with 2X, including hybrids

Fast myosin is often present in fibres that also have fetal myosin. DSHB, Developmental Studies Hybridoma Bank. 
This is not a complete list of available antibodies to myosin heavy chains

TABLE 

6.4



SECTION A The Biopsy: Normal and Diseased Muscle170

assessing regeneration it can also be induced by denervation, 
in common with fetal myosin.

As can be seen from this account, fibre typing with myosin 
antibodies is complex because of the presence of hybrid fibres 
and the varying combinations and quantity of each isoform in 
each fibre. How these varying hybrid fibres are affected in dis-
eased muscle is not yet fully established but is likely to become 
clearer in the future. The specificity of antibodies to human myo-
sin heavy chain isoforms has not been clarified and extrapolat-
ing from studies on animal muscle must be done with caution. 
In practice, identifying myosins by immunohistochemistry is 

useful, even if the precise isoform recognized is not clear. The 
Leica MHCf antibody identifies fibres with 2A and 2X fast iso-
forms and fibres which also contain fetal myosin. Co- expression 
of slow and fast myosin detected by MHCs and MHCf is not 
common in normal human muscle and observing an appre-
ciable number is a useful indication of abnormality, even if the 
cause is not apparent.

An accumulation of a protein is also useful to assess. High 
levels of desmin are seen not only in regenerating fibres but 
also in myofibrillar myopathies caused by several gene defects 
(see Ch. 16), or when there are structural defects such as cores 
(Sewry 2008, Schroder and Schoser 2009, Selcen 2011). Cores 
with disruption of myofibrils show accumulation of several 
additional proteins such as heat shock proteins, filamin C, 
myotilin, ubiquitin, RyR1, DHPR and calsequestrin (see Fig. 
6.29; Schröder et al 2003, Selcen 2011). In disorders charac-
terized by rimmed vacuoles, such as inclusion body myositis 
and the myofibrillar myopathies, several proteins accumu-
late such as VCP and other proteins found in the brains of 
patients with Alzheimer disease accumulate. These include 
strumpellin (a binding partner of VCP), phosphorylated tau, 
ubiquitin, β- amyloid precursor protein, prion protein, presi-
lin and proteins involved in ubiquitinylation and autophagy 
such as TDP43 and p62 (Figs. 6.29 and 6.30; Askanas et  al 
2009, Olive 2009, Clemen et al 2010); p62 can sometimes also 
be seen as small focal speckles, suggesting autophagy (see 
Fig. 6.30b). This speckled appearance seen in scattered fibres 
is  typical for immune mediated necrotizing myopathy. 

Immunohistochemistry of Other 
Tissue Components
Several tissue components in addition to muscle fibres are use-
ful to examine in muscle biopsies and are apparent using the 
antibodies often used to study muscle biopsies. These include 
blood vessels, spindles, nerves and neuromuscular junctions. 
Spindles are surrounded by a connective sheath that labels 
with antibodies to utrophin and laminins (Fig. 6.31), but 
nuclei of this sheath are not labelled with some nuclear mem-
brane proteins such as nesprin 1 (see Fig. 6.31; see Ch. 13). 
The intrafusal fibres of spindles show different types of fibres 
with antibodies to developmental (embryonic), fetal, fast and 
slow myosin. The labelling of intrafusal fibres with antibodies 
to developmental and fetal myosin is a useful internal control 
when all the extrafusal fibres are negative. All intrafusal fibres 
express cardiac actin, in contrast to extrafusal fibres in normal 
muscle, which show none (see Fig. 6.31). Intrafusal fibres of 
spindles in biopsies from patients with nemaline myopathy do 
not usually show nemaline rods.

Labelling of laminin α2, α5, β1, β2 and γ1 chains high-
lights the differences between blood vessel types (Fig. 6.32; 
Yousif et al 2013). Laminin α2 is not present on the extracel-
lular matrix round capillaries or major blood vessels of skel-
etal muscle. A thin layer of labelling, however, may be present 
on some larger vessels, which probably relates to the tunica 
intima. Antibodies to the laminin α5, β1, β2 and γ1 chains 
identify the capillary network, and the α5 and γ1 chains are 
seen on all layers of arterioles and venules. This is in con-
trast to laminin β1, which is only seen at the inner layer of 
venules and not the outer layers (see Fig. 6.32c). Antibodies 
to utrophin reveal all bloods vessels, including the capillary 
network. Blood vessels express the B isoform of utrophin and 

a

*

b

*

c
Fig. 6.26 Labelling of (a) fast, (b) slow and (c) fetal myosin in a case of 
Becker muscular dystrophy showing a group of regenerating fibres that 
co- express all three isoforms (arrows). Note also the occasional fibre that 
co- expresses fast and slow myosin (*).
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Fig. 6.27 Differing numbers and distribution of fibres with fetal myosin. Note in (a) the large population of diffusely distributed positive fibres of 
varying size in a case of Duchenne muscular dystrophy; in (b) a cluster of positive fibres and scattered very small fibres in a case of Becker muscular 
dystrophy; and in (c) only scattered very small fibres less than 5 μm in a case of nemaline myopathy.

a

b

c



SECTION A The Biopsy: Normal and Diseased Muscle172

most commercial antibodies recognize both the B and the A 
isoform present on the sarcolemma of fetal and regenerating 
fibres. A few additional antibodies commonly used also reveal 
blood vessels, including the capillary network. These include 
MHC- I and -II, collagen IV, V and VI and perlecan. The capil-
lary network is not extensive before the age of 2–3 years, and 
capillary loss is apparent in dermatomyositis (see Ch. 22).

Neuromuscular junctions are highlighted by several antibodies 
and are specifically labelled by their binding of the snake venom, 
bungarotoxin (see Fig. 6.17). Neuromuscular junctions are often 
abundant in fascicles adjacent to nerves, if these are present. 

Immunoblotting
Immunohistochemical studies are complemented by immu-
noblot analysis (Western blot). Immunoblotting detects the 

proteins present in a homogenate or extract of tissue, and 
the denatured proteins are separated by polyacrylamide gel 
electrophoresis (PAGE) according to the size of the polypep-
tide. The separated proteins are transferred to a membrane 
(usually nitrocellulose), and each protein is then detected 
by specific antibodies. The quantity of a protein can be esti-
mated and its molecular mass determined. This quantifica-
tion requires reference to a standard for assessing molecular 
mass and one for controlling for protein loading (myosin is 
often used). In addition, a control sample is run in parallel 
to control for degradation changes. Not all antibodies suit-
able for microscopy will detect denatured proteins on blots; 
similarly, some antibodies that detect denatured proteins on 
blots will not detect native protein on a section. Suppliers’ 
data sheets usually indicate the conditions under which an 
antibody has been tested.

a b
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Fig. 6.28 Serial sections from a 2- year- old girl with a heterozygous change in the RYR1 gene of uncertain significance immunolabelled with antibod-
ies to (a) developmental myosin, (b) fetal myosin, (c) slow myosin and (d) fast myosin. Note the predominance of fibres with slow myosin, a population 
of very small fibres that show fetal myosin (less than 5 μm), some of which also show fast myosin but no developmental or slow myosin, and also a few 
larger fibres that co- express slow and fast myosin (*).



6 Immunohistochemistry and Immunoblotting 173

a b c
Fig. 6.29 Labelling of (a) desmin, (b) calsequestrin and (c) dihydropyridine receptor in a case of RYR1-related core myopathy. Note the presence of 
all of these proteins around some cores (small arrows) and accumulation of them in other cores (large arrows).

a b
Fig. 6.30 (a) Accumulation of p62 in and around some fibres in a 62- year- old female with probable inclusion body myositis and (b) fine speckles in 
a quadriceps biopsy from a 3- year- old girl with an unresolved form of congenital muscular dystrophy.

Immunoblotting is time consuming and more costly than 
immunohistochemistry and not necessary for all proteins on 
a routine basis. All immunoblotting results are related to those 
from immunohistochemistry and the clinical phenotype, and 
these often determine the need to perform immunoblotting. 
CK levels can be a useful guide, as many of the disorders where 
immunoblotting is helpful are associated with a significantly 
raised level, in particular recessive muscular dystrophies with 
defects in plasma membrane proteins (Barresi 2011). Disorders 
where CK is normal rarely show any detectable diagnostic altera-
tion in proteins on immunoblots. It is not necessary to determine 
the absence of a protein such as dystrophin by immunoblotting 
in a case of DMD, as this is easily seen on sections, but examining 
the quantity and the molecular mass of dystrophin in a possible 

case of Becker muscular dystrophy can be informative, particu-
larly in cases where a deletion has not been detected by routine 
analysis. Detection of a lower molecular mass, however, will only 
be observed if there is a deletion of one or more exons, and not if 
there is a point mutation. A reduction in quantity, however, may 
occur if there is a point mutation.

In sarcoglycanopathies, where the primary loss or deficiency 
of one of the four sarcoglycans (α, β, γ, δ) leads to a secondary 
deficiency of the whole subcomplex, examining all four proteins 
with other sarcolemmal proteins on a multiplex blot can help 
to direct molecular analysis, but the results are not always clear 
and not all the antibodies give reliable results on immunoblots 
(Anderson and Davison 1999, Klinge et al 2008, Barresi 2011). 
In assessment of some disorders, immunoblotting is essential, 
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Fig. 6.31 Labelling of spindles with antibodies to (a) slow myosin, (b) fast myosin, (c) fetal myosin, (d) developmental myosin, (e) laminin α2, (f) lam-
inin α5, (g) cardiac actin, (h) nesprin 1 and (i) utrophin. Note the variable myosin isoforms in the intrafusal fibres, including developmental myosins, all 
intrafusal fibres showing cardiac actin, the spindle sheath with labelling for laminin α5 and utrophin and no nesprin 1 labelling of nuclei of the spindle 
on contrast to the adjacent extrafusal fibres (arrow). Note also the quite high  labelling of laminin α5 in the extrafusal fibres in (f) in this patient.
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as the antibody gives a clearer result on immunoblots, and dif-
ferences in interacting proteins can be examined. For example, 
the deficiency of the enzyme calpain- 3 in LGMD 2A requires 
immunoblots as it is important to distinguish a pathogenic 
deficiency from that caused by degradation. The commercial 
antibodies to calpain- 3 deficiency can identify the absence of 
native protein in a section, but a reduction is more difficult to 
determine and requires immunoblotting (Charlton et al 2009). 
Dysferlin can be detected on sections but a clearer result is 
obtained on immunoblots, and it is important to compare 
dysferlin, calpain- 3 and caveolin- 3, simultaneously on a mul-
tiplex blot, as secondary reductions can occur when there is a 
primary defect in any of these (Anderson et al 2000, Matsuda 
et al 2001), as well as in other disorders, for example, disorders 
affecting the M  line region of titin result in reduced calpain-
 3 (Udd et  al 2005, Carmignac et  al 2007) and when the gene 
encoding polymerase 1 and transcript release factor (PTRF) is 
defective (Hayashi et al 2009). When caveolin- 3 is reduced in 
immune- mediated rippling muscle disease, a mosaic pattern of 
labelling is seen on sections but no reduction may be seen on 
immunoblots (Schoser et al 2009). Detection of a normal quan-
tity of calpain- 3 does not exclude a molecular defect (Anderson 
et al 1998), because immunoblotting only detects the presence 
of the protein, not enzyme activity.

Immunoblotting can complement the detection of red uced gly-
cosylation of α- dystroglycan observed by immunohist ochemistry 
in cases of various forms of congenital muscular dystrophy, as the 
reduction in glycosylation is seen on blots as a narrowing and 
lowering of the broad band normally seen. Immunohistochem-
istry is needed to detect any subtle changes. Correlative studies 
of the core protein of α- dystroglycan are currently hampered by 

the lack of suitable antibodies that detect both native protein on 
sections and denatured protein on blots.

In disorders with hypoglycosylation of α- dystroglycan, a vari-
able secondary reduction of both laminin α2 and α- dystroglycan 
is seen (Jimenez- Mallebrera et al 2009), and immunohistochemi-
cal staining and immunoblot analysis may sometimes give rise 
to conflicting results. For example, LGMD2I immunostaining for 
laminin α2 (using an antibody directed against the 80 kDa frag-
ment) may show normal labelling on sections but an absence on 
immunoblots (Bushby et al 1998).

A recently developed method for determining proteins in a 
lysate, capillary Western immunoassay (Wes), has successfully 
been applied to the quantification of dystrophin (Beekman et al 
2018). It is a highly sensitive method that does not require gels 
or blots and can rapidly detect very low amounts of protein 
from only a small sample of tissue. This method may have a 
wider application in the future. 

Quantification
The pathological role of quantification of fibre sizes and propor-
tions has been discussed in Chapter 4, and there are now several 
software programs to quantify these as well as various histologi-
cal features such as internal nuclei. Some of these, such as Image 
J, are freely available on the internet. Quantification of immuno-
histochemistry, however, is more difficult. A pathologist relies on 
personal experience of the intensity of immunolabelling using a 
particular antibody. Intensity of labelling can vary between differ-
ent test runs, with antibody batches, dilution of antibodies and the 
method or kit used. This variability is the reason it is important 
never to label one biopsy in isolation but to always have another 
sample for comparison. Whenever possible we label 3–4 biopsies 

a cb

fed
Fig. 6.32 Labelling of blood vessels with antibodies to (a) laminin α2, (b) laminin α5, (c) laminin β1, (d) laminin γ1, (e) utrophin and (f) MHC- I. Note 
the absence of laminin α2 from the capillaries (green arrows) and the absence of laminin β1 from the basement membrane of a venule in contrast to 
laminin α5 and γ1 (black arrows); both laminin α2 and β1 are seen on the inner layer of the venule (black arrow). Laminin α2 is seen on a motor nerve 
in the perimysium (blue arrow).
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Summary of Suggested Antibody Panels for Routine Use

PRIMARY PANEL
  β- Spectrin
 Dystrophin (N-  and C- domains, and rod domain if DMD suspected)
  Laminin α2, α5, β1, γ1
  Utrophin
 MHC- I
  Caveolin- 3 (optional)
  Developmental, fetal, fast and slow myosin
NCAM

Some Antibodies for Supplementary Studies Reason to Apply

Sarcoglycans Raised CK; dystrophic features in biopsy
nNOS Male patient; Becker muscular dystrophy suspected
Dysferlin Raised CK; dystrophic features in biopsy; suggestive phenotype
Emerin Male patient; suggestive phenotype
α-  and β- dystroglycan Suggestive phenotype
Collagen VI Suggestive phenotype
CD markers Presence of inflammation
C5b- 9 Presence on capillaries
Desmin and myotilin Presence in or round cores; accumulation of possible myofibrillar material
p62 Presence of autophagy; inclusion body myositis suspected
LAMP- 2 Presence of several vacuoles; suggestive phenotype

CK, creatine kinase; nNOS, neuronal nitric oxide synthase; NCAM, neural cell adhesion molecule; CD, cell differentiation.

TABLE 

6.5

together. This then controls for any technical problem in relation to 
an antibody or other reagent. It is also time and cost- effective. As 
discussed previously the time/cost- efficiency of using a machine for 
immunolabelling is one of personal choice, but technical problems 
and inconsistent results can arise. Controls are therefore important 
both for labelling by hand or using a machine.

Quantification of immunolabelling is an important outcome 
measure for clinical trials, particularly for dystrophin (see Ch. 
10). Reliable results are now a major prerequisite of the regu-
lating authorities such as the FDA (Food and Drug Adminis-
tration). The difficulties and limitations of quantification of 
immunofluorescence of dystrophin using either MetaMorph 
or Definiens software were discussed at a recent workshop 
(Aartsma- Rus et  al 2019). Using MetaMorph software, dys-
trophin has been measured in random regions of interest and 
normalized to β- spectrin in serial or double immunolabelled 
sections (Arechavala- Gomeza et  al 2010, Taylor et  al 2012). 
The method using Definiens software measured dystrophin in 
whole sections doubled labelled with antibodies to β- spectrin 
or laminin α2 and compared the results with labelling of serial 
sections and analysis with MetaMorph software (Sardone et al 
2018). The methods used have highlighted the variable dystro-
phin levels between controls, variability between experiments, 
differences between muscles and also that β- spectrin and lam-
inin α2 levels are higher in DMD biopsies than normal muscle. 
Using either of these as a reference standard therefore influences 
the results, although they both provide a useful mask to identify 
the number of fibres (Sardone et al 2018).

Lectin fluorescence has recently been quantified in studies of 
muscle biopsies from patients with mutations in the GNE gene. 
The fluorescently labelled sialic acid- binding lectin, Sambucus 
nigra agglutinin, was measured using caveolin- 3 as a mask to 
identify all the fibres in whole sections and ZEN2 Pro software 
(Zeiss) (Leoyklang et al 2018). This method identified reduced 
lectin labelling considered to reflect reduced sialylation, but it is 
not clear how the method accounts for any increased connective 
tissue which is labelled by most lectins because of the sugar mol-
ecules on them. Studies of lectins, however, can identify abnor-
malities in various neuromuscular disorders, although they are 
rarely studied now (Capaldi et al 1984, 1985, Dunn et al 1984). 

Panel of Antibodies to Apply
Determining which antibodies to apply can be difficult. Some 
laboratories prefer to apply a large panel at the outset, whereas 
others prefer to apply panels after reviewing initial results. This 
is often determined not only by the preference of the labora-
tory staff but also by the provisional diagnosis of the patients 
referred. In London, for example, we are a national referral cen-
tre for congenital muscular dystrophies and congenital myopa-
thies, whereas centres that have a large number of samples from 
adult patients will have a different spectrum of differential diag-
noses to consider. Our preference is to have a primary set of 
antibodies that we apply to all biopsies and to follow this up 
with additional studies dependent on initial results. We have 
attempted to summarize our approach in Table 6.5.
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