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The myelin sheath is a lipoprotein-rich, multilayered structure capable of increasing conduction
velocity in central and peripheral myelinated nerve fibers. Due to the complex structure and
composition of myelin, various histological techniques have been developed over the centuries to
evaluate myelin under normal, pathological or experimental conditions. Today, methods to assess
myelin integrity or content are key tools in both clinical diagnosis and neuroscience research. In this
review, we provide an updated summary of the composition and structure of the myelin sheath and

discuss some histological procedures, from tissue fixation and processing technigues to the most used
and practical myelin histological staining methods. Considering the lipoprotein nature of myelin, the
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The study of the structure, genesis, and function of myelin began centuries
ago with well-known authors such as Vesalius (1514-1564), van Leeuwenhoek
(1632-1723), Schultze (1825-1874), Schwann (1810-1882), Virchow (1821—
1902), Ranvier (1835-1922), and many others who contributed significantly
to the knowledge (Boullerne, 2016). Currently, myelin is known to be a
specialized lipoprotein-rich multilayered material produced by central or
peripheral glial cells around the axons that form the myelinated nerve fibers.
Myelin is a key structural and functional component of the nervous system,
and its histological evaluation is crucial for establishing certain diagnoses and
for specific research goals, such as nerve tissue regeneration (Garcia-Garcia
et al., 2023). In this sense, this review aims to provide information on the
basic structure of myelin, with special emphasis on the histological methods
available to evaluate myelin structure and content in central or peripheral
nervous system (PNS) tissue samples.

This review follows is a literature review structure and provides a narrative
and descriptive summary of the findings and conclusions of previous research.
It is a narrative but critical and comprehensive analysis of published literature
on a specific topic or research question. This type of studies does not include
a pre-defined search strategy as it is not a systematic review that follows a
pre-stablished protocol with explicit inclusion and exclusion criteria and a
comprehensive search strategy across multiple databases.

Basic structure of myelin

Myelin is the compaction of the plasma membrane of glial cells in a
discontinuous spiral pattern over axons that form the myelinated central or
peripheral nerve fibers. For this reason, these highly specialized and complex
three-dimensional structures are also known as myelin sheaths. Functionally,
myelin sheaths isolate axons from the surrounding environment, support
saltatory electrical nerve impulse conduction, and significantly increase
nerve conduction velocity (Salzer, 2015). Furthermore, myelin sheaths are
also referred to as internodal segments because they are separated from
each other by non-myelinated axonal segments, the nodes of Ranvier,
where action potentials occur (Salzer, 2015). Ultrastructurally, the myelin
sheaths can be divided into two distinct domains, compact and non-compact
myelin. The compact myelin forms the bulk of the myelin sheath, while the
non-compacted myelin can be found in the borders of the myelin sheath
(paranodes) and in Schmidt-Lanterman incisions (Arroyo and Scherer, 2000).
The compacted myelin sheaths are produced in a spiral pattern around the
axons and generate two morphological features at the ultrastructural level,
namely the main dense line and the intraperiodic line (Arroyo and Scherer,

space left by the glial cell when the two opposing plasma membranes
meet during rolling. Meanwhile, the intraperiodic line corresponds to the
extracellular space between adjacent layers of the spiral. Here, the outer
surfaces of the glial cell plasma membrane are tightly bound by the different
outer protein coats of the original cell membrane (Siegel, 1999; Colello,
2011). This highly specialized and complex three-dimensional configuration
of the glial cell plasma membrane is given by the lipid-protein interaction and
the resulting structural stabilization.

Although myelin enhances action potential propagation in a similar manner in
both the peripheral nervous system (PNS) and central nervous system (CNS),
there are clear structural and biochemical differences between them (Figure 1).
First, depending on its location, myelin is structurally produced by two different
glial cells, oligodendrocytes and Schwann cells, in the CNS and PNS, respectively
(Chato-Astrain et al., 2020a). In this sense, oligodendrocytes are able to
myelinate multiple axon segments simultaneously, in contrast to Schwann
cells, which can only myelinate a single axon segment from a neuron (Harty
et al., 2019). Furthermore, the length of axonal segments generated varies
depending on the glial type, with Schwann cells being 10 times longer than
those generated by oligodendrocytes (Poitelon et al., 2020). It is important to
note that the optic nerve is an exception and is not part of the PNS. This nerve
belongs to the CNS because it embryologically arises with the other elements
of the CNS, and therefore it is histologically composed of CNS neurons and glial
cells, and it is completely covered by the meninges (Mills, 2007).

The molecular composition and deposition patterns also differ between the
two systems. The general myelin composition in PNS and CNS is predominantly
lipid (70-75% of its dry weight) with an unusual plasmatic membrane
lipid composition compared to other cells. It is composed of cholesterol,
phospholipids (e.g., sphingomyelin, plasmalogen), and glycolipids (e.g.,
galactosylceramide) in a ratio of approximately 4:4:2 (Norton and Poduslo,
1973; Nave and Werner, 2014; Poitelon et al., 2020). Interestingly, there is no
significant difference in myelin lipid composition between the CNS and PNS,
except for the predominance of glycolipids, specifically galactosyceramide in
the CNS and sphingomyelin and phosphatidylcholine in the PNS (Poitelon et
al., 2020). However, the remaining 25-30% of myelin protein content varies
considerably (Kiernan, 2007; Jahn et al., 2009; Colello, 2011; Patzig et al.,
2011). In fact, for each nervous system there are proteins specific for central
or peripheral myelinated nerve fibers (Figure 1 and Table 1). Some examples
of these specificities are the presence of myelin protein zero or periaxin in the
PNS and myelin oligodendrocyte glycoprotein or claudin-11 in the CNS. It is
important to note that the development of new protein detection techniques,
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Figure 1 | Schematic structural view of myelin sheath in the nervous system.

This representation shows a simplified distribution of the main components within
myelin sheath in PNS and CNS. Residual intracellular space remaining of the glial cell is
colored blue and corresponds to DL. The extracellular space between adjacent layers of
the spiral corresponds to IL. Mayor lipid components are shown as cholesterol molecules
in orange; phospholipids head in blue color; galactose residue of galactosylceramide
molecule in dark purple. Mayor protein components are represented as CM, GC, DTG,
ITG, PRX, MOG, PO, PLP, MBP, PMP2, and MAG. Note that cytoskeletal elements, other
common proteins and cell organelles are not included for clarity. Original figure was
created by Adobe lllustrator. CM: Compacted myelin; CNS: central nervous system; DL:
mayor dense line; DTG: dystroglycan; GC: glial cell membrane; IL: intraperiod line; ITG:
integrins; MAG: myelin associated glycoprotein; MBP: myelin basic protein; MOG: myelin
oligodendrocyte glycoprotein; PO: myelin protein O; PLP: proteolipid protein; PMP2:
peripheral myelin protein 2; PNS: peripheral nerve system; PRX: periaxin.

Table 1 | Comparison of the lipoprotein composition of myelin in central and
peripheral nervous systems

Lipid composition ~ CNS®  PNS®  Protein composition CNS®  PNS‘

Cholesterol 46% 41% Myelin basic protein 8% 18%

Phospholipids 33% 42% Myelin associated 1% 0.20%
glycoprotein

- Plasmalogen 13% 13% Cyclic nucleotide 4% 0.30%
phosphodiesterase

- Phosphatidylcholine 7% 10% Proteolipid protein 17% 0.20%

- Sphingomyelin 6% 13% Myelin oligodendrocytes 1% -
glycoprotein

- Glycerophosphatides 7% 7% Claudin 11 1% -

Glycolipids 20% 12% Peripheral myelin protein 2 — 0.30%

-Cerebroside 17% 10% Myelin protein O - 45%

(galactosylceramide)

- Sulphatide 3% 1% Periaxin - 16%

Other lipids 1% 5% Other proteins 68% 20%

Table was adapted from Poitelon et al. (2020) and Nave and Werner (2014). Data
obtained from °Norton and Autilio (1966), “0'Brien et al. (1967), “Jahn et al. (2009), and
dSiems et al. (2020). CNS: Central nervous system; PNS: peripheral nervous system.

such as liquid chromatography-mass spectrometry using an elevated collision
energy mode of acquisition, has allowed the detection of numerous newly
identified myelin-associated proteins, accounting for 65%, compared to 35%
for all previously known myelin proteins combined (Jahn et al., 2009). Some
of the new myelin-associated proteins detected in the CNS were: sirtuin,
neurofascin, plasmolipin, among others (Jahn et al., 2009).

Why is it important to study myelin

In the field of neuroscience as well as in clinical practice, the assessment of
myelin integrity or content is important. In fact, histological analysis of myelin
has been instrumental in deciphering current knowledge and concepts about

this highly specific key element (Boullerne, 2016). On the one hand, histology
has provided the basis for studying the structure and even the composition of
myelin at basic and advanced scientific levels. On the other hand, histological
assessment of myelin still has an important clinical importance, providing
the information to make an accurate diagnosis in patients affected by
various diseases. In addition, myelin histology is widely used in a variety of
research areas. Indeed, the identification of myelin by histological staining
techniques allows to accurately determine the effectiveness or failure of
certain experimental setups. For example, in nerve tissue engineering, myelin
histology is a well-established quality control to detect differences in the
degree of peripheral nerve regeneration using engineered substitutes (Chato-
Astrain et al., 2018, 2020b). In addition, histological detection of myelin
components plays a key role in the description and spatiotemporal study of
different demyelination patterns caused by different pathological conditions,
such as traumatic injury, autoimmune-mediated disorders, viral infections,
metabolic or endocrine conditions, among others (Savaskan et al., 2009).
These examples demonstrate the usefulness of histological analyses of myelin
in clinical practice and biomedical research, as these methods are a valuable
complement to clinical, proteomic, genetic, and even behavioral results.

Histological Techniques

Because of the importance of studying myelin, several methods have been
developed to identify myelin. First, different approaches to fixation and
processing of nerve tissue samples are reviewed. Second, some of the most
useful and practical myelin detection techniques are commented on in detail.

Tissue fixation & processing

Although myelin can be observed in fresh material, for most applications the
nervous tissue is fixed, sectioned and stained to obtain permanent histological
specimens (Kiernan, 2007).

The first and most critical step in histology is the fixation (Sdnchez-Porras et
al., 2023), which aims to stabilize and preserve the structure and chemical
composition of the tissue. Samples can be fixed by different mechanisms, the
most used being chemical fixation, followed by physical techniques such as
freezing.

In the case of myelin, the use of non-coagulant routine fixative solutions, such
as formaldehyde or paraformaldehyde, only stabilizes the protein moieties
by cross-linking, without interacting with most of the lipids present in its
structure (Kiernan, 2007; Sdnchez-Porras et al., 2023). Nevertheless, improved
preservation of hydrophilic phospholipids has been obtained by adding
calcium ions to an aqueous solution of formaldehyde (Baker’s formal-calcium)
(Sanchez-Porras et al., 2023). Another chemical treatment often used for lipid
stabilization is osmium tetroxide (OsO,) (Kiernan, 2007; Garcia-Garcia et al.,
2023). This solution could be used as a primary fixative, but it is often used for
post-fixation (after aldehyde fixation). OsO, is reduced by unsaturated lipids
generating black insoluble compounds (Os0O,) (Kiernan, 2007), which provides
a permanent and stable myelin stain. This method allows the assessment of
myelinated fibers in cryosections, but is particularly useful in paraffin- and
resin-embedded material (Raimondo et al., 2009; Garcia-Garcia et al., 2023).

Once fixed or preserved, and considering the aforementioned lipoprotein
nature of myelin, it is possible to use techniques to label the lipid portion or
its constituent proteins. Depending on the method chosen, it is important to
select the correct processing technique, which can generally be divided into
paraffin/resin embedding or freezing prior to sectioning. It is important to
note that organic solvents such as xylene and alcohol (used for dehydration
and clearing in tissue processing) extract most lipids (Sdnchez-Porras et al.,
2023). However, in the case of myelin, only those lipids that are covalently
bound to protein (mainly phospholipids and other lipoproteins) are
partially resistant to chemical extraction and can be identified in routinely
prepared paraffin sections (Carriel et al., 2014b; Garcia-Garcia et al., 2023).
Therefore, to avoid loss of material and to perform an accurate evaluation,
lipid histochemistry is generally performed on frozen sections, which is
particularly useful for detecting myelin degeneration by-products that contain
hydrophobic esters rich in unsaturated fatty acids and cholesterol rather
than the more hydrophilic sphingolipids and phospholipids (Kiernan, 2007).
However, if the freezing process is not completed at a sufficient rate, the
slow freezing often results in ice crystals that can permanently damage tissue
architecture (Kiernan, 2008; Serrato et al., 2009; Cook and Warren, 2015).
To minimize this undesirable effect, chemically pretreated (fixed and sucrose
cryoprotected) tissue samples must be frozen using liquid nitrogen (-170°C)
or precooled isopentane at —80°C (Kiernan, 2008; Serrato et al., 2009; Weiss
et al., 2021). This procedure has been shown to improve tissue morphology
and reduce damage due to ice crystal formation, thus providing a high quality
cryosection suitable for most lipid histochemical methods (such as oil red
and Sudan black) and other staining techniques such as immunofluorescence
(Sanchez-Porras et al., 2023), which will be discussed later in this review.
Therefore, to observe unaltered myelin sheaths microscopically, it is necessary
to perform frozen sections or, alternatively, sections of embedded tissue that
have been specially fixed to insolubilize lipids.

Histological assessment of myelin

After tissue fixation and sectioning, the morphologic characteristics of the
myelin structure can be revealed by various staining techniques that highlight
the different biochemical properties of the myelin sheath. Here we comment
on some relatively simple methods for specific staining of myelin that could
be used for diagnostic or research purposes (Table 2).
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Table 2 | Preferred and recommendable applications of the different histological
techniques to assess myelin sheaths

Resin Paraffin
Methods sections sections Cryosections CNS PNS
Osmium tetroxide technique HR HR S S HR
Solvent dyes NR *S HR HR HR
- Oil red
- Sudan (Ill, 1V, black)
Conventional Luxol fast blue (or KB) ~ NT HR HR HR HR
Myelin-collagen technique (MCOLL) NT HR HR HR HR
Luxol fast blue—periodic acid-Schiff ~ NT HR NT HR HR
technique (LFB-PAS)
FluoroMyelin™ NR NR HR HR  HR
Immunodetection techniques NR HR HR HR HR
Metallographic techniques HR S HR HR
Toluidine blue HR *NR *NR HR HR
Transmission electron microscopy Resin HR HR

ultrathin

sections

*S: The positivity will depend on the degree of preservation of certain lipids after tissue
fixation, processing and embedding and generally, the positive reaction is not optimal.
*NR: Toluidine blue is often used on both paraffin and cryosections for the study of
proteoglycans or metachromatic elements, but it will not stain myelin as it perfectly
does on semithin sections where it is HR. CNS: Central nervous system; HR: highly
recommended; KB: KlGver-Barrera; NR: not recommended; NT: not tested yet; PNS:
peripheral nervous system; S: suitable.

Polarized light method

This method exploits the anisotropy of unmodified myelin, which results in
an intrinsic birefringence of this structure. This anisotropy could be related
to the high enrichment of birefringent or anisotropic phospholipids in the
myelin sheath. However, this anisotropy is lost with degeneration because the
products of myelin are triglycerides, which are isotropic and therefore easily
distinguished from the intact myelin sheath by the polarizing microscope
(Setterfield and Sutton, 1935; Prickett and Stevens, 1939). In addition, the
presence of birefringent crystals in pathological nerve and other tissues has
long been recognized and tentatively attributed to cholesterol and/or its
esters (Kiernan, 2007), and their contrast could be enhanced by oil-soluble
dyes. Although this method cannot specifically detect a lipid or protein
element in the sheaths, it is able to detect myelin content and its structural
status as a label-free method and is often used to analyze fresh material (Raine,
1984; Morgan et al., 2021).

Histochemical techniques

Here we briefly comment on some of the most commonly used histochemical
techniques for myelin detection which are often based on the identification of
the lipids which form main part of myelin sheaths.

The 0OsO, staining, which frequently involves a post-fixation procedure and
consequent staining, confers myelin stabilization, and provides a permanent
black positive reaction for myelin as well as other lipids present in the tissue.
0s0, penetrates tissues slowly and, a strong oxidizing agent reacts with
organic compounds and it is itself reduced into OsO,. This last molecule
adheres to structures that have been in contact with OsO,. This reaction
prevents myelin sheath swelling and its deposition imparts a dark color at light
microscopy and electron opacity at transmission electron microscopy (TEM)
(Kiernan, 2007). As a result, myelin is stained black, and the nodes of Ranvier
are clearly visible (Figure 2). Schmidt-Lanterman incisures are paler V-shaped
formations within the myelin, visible only within well-processed material at
high magnifications being clearly visible in TEM analysis. In addition, other
staining methods, such as Picrosirius or Masson’s trichome, can be combined
with OsO, staining to identify other important structures in nervous tissue
(Garcia-Garcia et al., 2023). OsO, technique can be applied to cryosections,
but it is especially useful for paraffin or resin sections.

The solvent dyes, such as Sudan (lll, IV and black) and Qil red O, are able
to interact with the hydrophobic domains of lipids including myelin. These
dyes are prepared in polar organic solvents and when they are in contact
with lipids, they diffuse from their solution to the hydrophobic domains of
the lipids present in the tissue. Dyes diffusion occurs because they are much
more soluble in lipids than in the solvent used, for these reasons they are
commonly known as solvent dyes or lysochromes (Kiernan, 2008). From all
the “Sudan” dyes, the Sudan black B is a good option for myelin staining as
it is the less hydrophobic Sudan dyes and stains most lipids. Indeed, Sudan
Black B dye can interact better with the phosphor and sphingolipids of normal
myelin resulting in a dark gray or blue-black myelin staining (Kiernan, 2007).
These methods work in paraffin sections, but better results can be obtained
in cryosections, especially when the samples were chemically fixed and
cryoprotected (Sanchez-Porras et al., 2023).

The myelin-collagen (MCOLL) technique is a trichromatic, histochemical-
based method designed to simultaneously stain myelin, collagen fibers and
cell nuclei allowing to perform an integrated histological analysis (Carriel et
al., 2011; Figure 2). This method combines the classical Luxol fast blue (LFB)

o
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Figure 2 | Histochemical staining techniques in central and peripheral nervous
systems.

Representative coronal sections of rat encephalus, and cross and longitudinal sections of
rat sciatic nerves stained by diverse histochemical methods. Here a comparison between
the routine stain HE and specific myelin staining methods such as KB (or conventional
LFB), MCOLL, OsO, and FM staining is included. HE shows the typical histological pattern
with nuclei stained blue and a pink contrast. Conventional KB reveals the myelin sheaths
with an intense blue histochemical reaction and cellular elements in a light purple color.
The MCOLL method provides a simultaneously and specific staining of myelin (blue) and
fibrillar collagen fibers (red) with a cell nuclei contrast (blue/purple). OsO, generates a
permanent and stable myelin dark stain, which significantly facilitates the identification
and evaluation of nerve fibers. FluoroMyelin™ stains myelin in red fluorescent color

and nuclei were detected by DAPI (blue). All samples were fixed in formaldehyde and
embedded in paraffin except FluoroMyelin™ ones, which were fixed in formaldehyde,
cryopreserved and cryosectioned. Scale bars in images for central nervous system:

low magnification: 3000 pm; medium magnification: 500 um; higher magnification: 50
um. Scale bars in images for peripheral nervous system: 50 um cross and longitudinal
sections. DAPI: 4',6-Diamidino-2-phenylindole; FM: FluoroMyelin™; HE: hematoxylin and
eosin; KB: Kltver-Barrera; LFB: Luxol fast blue; MCOLL: myelin-collagen method; OsO,:
osmium tetroxide.

myelin staining technique with picrosirius histochemical method for fibrillar
collagens and Harris hematoxylin as nuclear contrast (Carriel et al., 2014a).
LFB has largely been used for myelin detection since its introduction by
Kluver and Barrera (1953) in fact this method is also know as KB technique
(Figure 2). It was assumed that LFB stains specifically lipid domains, however,
it is currently believed that LFB does not have any histochemical interaction
with lipids. Indeed, the colored dye anion enters all parts of the tissue, but
the basic amino acids of the myelin proteins may retain them in sites that
are not easily reached by the differentiating solution staining myelin with
a characteristic blue reaction (Kiernan, 2007). Then, after myelin stain,
picrosirius is performed which is based on a strong anionic tetrakisazo dye
called Sirius red F3B (Carriel et al., 2011). These dye molecules parallelly
interact with cationic groups on the surface of the collagen, giving an intense
red colorimetric reaction to the fibrillar collagen fibers in light microscopy
(Trau et al., 1991). Moreover, picrosirius molecules increase the natural
birefringence of these fibers allowing their select evaluation by polarized light
microscopy. MCOLL technique can be conducted in cryosections, but it is
especially useful in paraffin-embedded material (Chato-Astrain et al., 2023).
In addition, there is another modification of the classical LFB technique,
where it was combined with periodic acid-Schiff (PAS) histochemical method.
This LFB-PAS method is especially useful to evaluate the demyelinating
processes and also to identify the inflammatory activity. Indeed, the addition
of PAS histochemical method allows to identify the cellular debris phagocyted
by immunological cells, mainly by the microglia or foam cells, in some
pathological conditions such as multiple sclerosis (Kuhlmann et al., 2017;
Frosch et al., 2021).

The FluoroMyelinTM is a commercially available ready-to-use method to
study myelin based on a fluorescent dye that can easily interact with myelin
lipids. This component is a non-toxic water-soluble fluorescent dye with
lipophilic chemical properties that primarily incorporate into the lipid portion
of the myelin sheaths but also faintly label cellular membranes. FluoroMyelin
technique is suitable to evaluate central or peripheral myelin in cryosections
(direct frozen or formalin-fixed and cryoprotected samples) (Figure 2),
cell cultures or in fresh or even living material. However, it is important
to mention that this method does not work in paraffin-embedded tissues
(Garcia-Garcia et al., 2023). This one-step method is fast and often used in
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combination with other immunofluorescence-based methods allowing to
establish functional interactions in normal, degeneration or regeneration
processes (Scott-Hewitt et al., 2018; Ciotu et al., 2023). FIuoroMyeIinTM is
of advantage when information about the general myelination status is of
interest, being a much shorter process than immunodetection technique
and, thus, are independent of available myelin protein antibodies. However,
its main disadvantages are the short-lifetime and its non—compaﬁbilit¥ with
paraffin-embedded samples (Garcia-Garcia et al., 2023). FluoroMyelin™ dye
must be used in cryosection where it can be easily combined with other
fluorochromes and immunofluorescences.

Metallographic techniques

Another way to detect myelin is using metallographic techniques after
formaldehyde or paraformaldehyde tissue fixation. This method allows the
amplification of a discrete binding or deposition of a gold or silver atom at a
specific location in a histological section until they become visible in the light
or electron microscope. Back in 1894, Camilo Golgi described a method that
he called “reazione nera” that later on Santiago Ramdn y Cajal adapted to
avoid the problems encountered in staining myelinated neurons. The essence
of the Golgi method consisted of the immersion of small pieces of nervous
tissue into osmium-bichromic solution for several days. Then, the samples
must be left in a fresh solution of silver nitrate for a few more days (de Castro
et al., 2007). In recognition of their work on the structure of the nervous
system, they were awarded the Nobel Prize in Physiology or Medicine. Since
then, several modifications have been made to these methods and nowadays
they can still be used for myelin staining. Now it is believed that this method
takes advantage of the non-coagulant fixatives previously mentioned as it
seems to cause a chemical build-up of “points of reduction” in the myelin
membrane. These points are then flooded with silver ions contained in the
developer, which will cause a build-up of clusters of metallic silver atoms on
the spot. Further silver ions will bind the cluster and they will be reduced
to metallic silver resulting in a visible silver grain (Larsen et al., 2003).
Metallographic techniques are often applied in paraffin-embedded sections
but can also be used in cryosections of tissues after formaldehyde fixation.

Immunodetection techniques

Myelin can also be detected by immunohistochemistry or
immunofluorescence using antibodies that specifically recognize the myelin
proteins. These are powerful techniques that exploit the specific binding
between an antibody and antigen to detect and localize specific antigens in
cells and tissue (Magaki et al., 2019). The antibody-mediated recognition
focuses on myelin-specific proteins such as the specified in Table 1. The
antigen detection could be either through chromogenic or fluorescents
means in immunohistochemical or immunofluorescence staining respectively.
Immunohistochemical staining usually combines a secondary antibody
conjugated with the horseradish peroxidase enzyme that catalyzes the
precipitation of a substrate, mostly 3,3'-diaminobenzidine, in insoluble colored
precipitates at the antigen location site. Moreover, this process is normally
accompanied by a slight hematoxylin counterstain that generates a tissue
overview of the different histological structures. In immunofluorescence
protocols, the secondary antibody is conjugated with a fluorochrome
and normally counterstained with 4',6-diamidino-2-phenylindole. These
methods offer the possibility to detect different specific proteins (epitopes)
and correlate them with different cellular or molecular processes proving
highly valuable biological information. In addition, immunofluorescence
techniques have the great advantage of allowing the simultaneous study,
and even colocalization, of several molecules, either by combining them with
fluorescent dyes or by using several specific antibodies against different target
proteins, providing highly valuable information. From a technical point of
view, immunofluorescence can be conducted in paraffin-embedded material,
but better results can be obtained with fresh formaldehyde-fixed cryosections
since the epitopes are better preserved (Scalia et al., 2017).

Semithin and ultrathin sections techniques

Myelin is usually detected, besides the light microscopy methods, with
ultrastructural techniques based on TEM. Results from the preparation of
the nervous tissue samples for TEM are significantly superior to those from
light microscopy (Carriel et al., 2014a; Ronchi et al., 2014; Geuna, 2015). The
technical procedure ensures appropriate fixation of the tissue (generally using
glutaraldehyde), myelin preservation (due to the OsO, postfixation), and the
ability to create semithin and ultrathin sections that are transversally oriented,
commonly obtained from resin and stained by toluidine blue dye. It has been
reported that the selection of the embedding medium, resin or paraffin, can
have an impact on nerve fiber size distribution in morphometrical analyses
(Raimondo et al., 2009). Both semithin and ultrathin sections enable a
highly precise, high-resolution, and quantitative evaluation of degeneration
or regeneration profile in both CNS (spinal cord and brain) (Ek et al., 2010;
Bondan et al., 2014) and PNS (Carriel et al., 2014a; Ronchi et al., 2023).

The semithin sections are especially useful to perform systematic counting
of myelinated axons determining the effectiveness of different experimental
approaches in tissue engineering (Raimondo et al., 2009; Chato-Astrain et al.,
2020a; Ronchi et al., 2023). This systematic quantitative assessment offers a
reproducible, accurate and objective evaluation of the regeneration profile
in each case through the recording of mainly the number, size and shape
parameters of myelinated fibers (Raimondo et al., 2009; Ronchi et al., 2014;
Chato-Astrain et al., 2020a).

Finally, TEM allows the acquisition of high-resolution pictures at extracellular
and intracellular levels, which is especially used in the description of

peripheral nerves ultrastructural characteristics (Geuna et al., 2009). This
technique enables not only a precise identification and quantification of
myelinated fibers, but also the unmyelinated ones, improving the accuracy
of the semithin section analyses (Ronchi et al., 2014; Chato-Astrain et al.,
2020a). In addition, TEM analysis also allows to obtain all the aforementioned
histomorphometrical parameters, including the unmyelinated/myelinated
axon ratio, another crucial indicator of peripheral nerve regeneration, thanks
to the high resolution of ultrathin section images (Lovati et al., 2018). Actually,
both resin-based methods are considered gold standard techniques for the
histological evaluation of myelin by several authors.

Limitations

In this review, we discussed the most commonly used methods to
histologically evaluate the myelin content and it can provide valuable insights
into the current state of the field. It attempted to summarize the advantages
and limitations of each method and provide recommendations for choosing
the appropriate method for a given research question. However, this review
has some limitations that should be considered.

First, it is important to note that not all histological methods for myelin
staining were included in this review and therefore, some methods that may
be useful for certain research aims were not discussed here. Second, the
results of studies that use different myelin staining methods could not be
comparable due to differences in sensitivity, specificity, and wide range of
other technical factors. Researchers should carefully consider the strengths
and limitations of each method and choose the most appropriate technique
based on their specific research aims taking into account that myelin is often
affected by several technical factors such as fixation and subsequent tissue
processing.

Researchers should consider that myelin can be evaluated by other
molecular-based methods (mass spectrometry-liquid chromatography,
gene expression analyses, etc.) obtaining more specific, semiquantitative,
and even accurate information than by histological analysis. Indeed, myelin
histological assessment should be complementary to other clinical, molecular
and functional results, but not be used as the sole findings in an experimental
setup or clinical study.

Conclusions

The study of the structure, genesis and function of myelin began centuries
ago. Since then, numerous techniques have been developed for the
histological identification of this important structure and, in fact, there are
currently useful methods available for the assessment of myelin. In this
review, we have discussed some of the most used techniques that can be
applied not only for the clinical determination of specific diagnoses but
also for the evaluation of the effectiveness of new treatments in the field of
neuroscience. Myelin identification techniques are able to specifically detect
some of the main components of this structure as it does the OsO, technique,
MCOLL histochemical technique or the toluidine blue semithin sections.
However, staining technique must be selected in accordance with the previous
tissue fixation and processing methods. Cryosection or paraffin-embedded
tissue processing affects different structural elements of myelin, and thus
it is important to be able to specifically detect the remaining molecules. In
addition, the structural complexity of the sheaths makes it difficult to detect
all myelin components using a single descriptive histological method that may
include many technical limitations. In this sense, it is advisable to combine
different histological techniques (histochemical, immunohistochemical and
ultrastructural methods) to successfully study the structure and composition
of myelin.
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