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Abstract: The differentiation of cells composing mature human hairs produces layers with different corneous

characteristics that would tend to flake away one from another, as in the corneous layer of the epidermis, without

anchoring junctions. It is likely that cell junctions established in the forming cells of the hair bulb are not completely

degraded like in the corneous layer of the epidermis but instead remain in the hair shaft to bind mature cuticle,

cortex, and medulla cells into a compact hair shaft. During cell differentiation in hairs, cell junctions seem to

disappear, and little is known about the fate of junctional proteins present in the mature human hair shaft. The

present ultrastructural immunogold study has detected some marker proteins of adhesion junction (cadherin and

beta-catenin) and tight junctions (occludin and cingulin) that are still present in cornified hairs where numerous

isopeptide bonds are detected, especially in the medulla. This qualitative ultrastructural study indicates that aside from

the cell membrane complex, a long corneo-desmosome bonding cortex and cuticle cells, also sparse adherens and

tight junction remnants are present. It is suggested that the cornification of these junctions with the incorporation of

their proteins within the mature corneous material of the hair shaft likely contributes to maintaining the integrity of

the mature hair. This information will also allow us to evaluate the effects of different chemical components present

in hair formulations and stains on these junctional proteins and the consequent integrity of the hair shaft.

Introduction

Hairs derive from a unique process of cornification since cells
originated in the hair matrix gives rise to different layers
forming an onion-like organization inside the follicle
(Rogers, 2004; Morioka, 2005; Langbein and Schweizer,
2005). Hair keratinocytes originate in the bulb, the bottom
region of the follicle that is deeply inserted in the dermis
and gives rise to the hair shafts composed of differently
cornified layers, the cuticle and cortex, and in some cases
also to a central medulla. During their maturation, cells of
the hair increase their content in keratins and associated
proteins (keratogenous zone, above the bulb), and their cell
junctions are affected by this process. After full cornification
in the consolidation zone, located above the keratogenous
zone, most of the cortex cells’ boundaries are no longer
distinguished (Orwin et al., 1973a; Orwin et al., 1973b;
Orwin et al., 1973c; Orwin, 1979). Extraction of mature
hairs with sodium dodecyl sulfate alone or in conjunction

with reducing agents such as dithiothreithol at high
temperature (80–100°C) determines a marked hair swelling
and the extraction of most macro-fibrillar material from
cortical cells with some preservation of the hard material
present along the plasma membrane (Rice et al., 1994). It is
likely that most of the resistance to extractive solvents is
derived from the presence of numerous iso-peptide bonds
while disulfide bonds from keratins and Keratin Associated
Proteins (KAPs) are cleaved (Lee et al., 2006; Barthelemy
et al., 2012). Cuticle cells appear a little altered after this
treatment, but also medullary cells are more resistant than
cortical cells, and a much thicker layer of corneous material
is deposited along the cell periphery, apparently the more
resistant structure of hairs.

Desmosomes, adherens and tight junctions are
established from the different lineages of hair keratinocytes
originated in the matrix region of the follicle (Orwin et al.,
1973a; Orwin et al., 1973b; Orwin, 1979; Kurzen et al., 1998;
Muller-Rover et al., 1999; Brandner et al., 2003; Tinkle
et al., 2003; Young et al., 2003; Zhorn-Kruppa et al., 2018).
In human and porcine hairs, tight junctions are formed
above the bulb and between the keratinizing Henle and
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Huxley layer of the Inner Root Sheath (IRS) and between the
Henle layer and companion layer of the Outer Root Sheath
(ORS) (Zhorn-Kruppa et al., 2018). In pre-keratinized
cortical cells of the wool follicle, gap junctions occupy 4–5%
of the entire surface of cortical cells, desmosomes about 5%,
while tight junctions are lower in percentage (Orwin et al.,
1973a; Orwin et al., 1973b; Orwin, 1979). A remarkable
change in cell junction architecture during cuticle, cortex, and
IRS maturation is the formation of a penta-laminar structure,
the “cell membrane complex,” formed by two dense
thickenings in the plasma membrane of apposed cells and by
two pale spaces, the beta-layers, separated by a central darker
band, the delta-layer (Rogers, 1959, 2004; Bryson et al., 1992;
Robbins, 2009; Jones et al., 2010). The cell membrane
complex has a uniform thickness in cuticle cells, but the
delta-layer becomes more irregular in cortical cells and
contains desmosomal proteins such as plakophilins 1 and 3,
and desmoglein 4 (Alibardi and Noecker, 2013; Alibardi
et al., 2013). Some desmosomal proteins remain incorporated
in the cornified cell membrane complex that appears as the
longest junction formed in hairs for maintaining the
cohesiveness in mature cuticle and cortical cells.

In addition to desmosomes, also adhering and tight
junctions further strengthen cohesiveness among hair
keratinocytes for maintaining hair integrity. Adherens
junctions have been implicated in processes of cell-cell
recognition and later of selective adhesion to form epithelial
layers (Niessen, 2007), and possibly also during hair
morphogenesis and cycling (Hardy and Vielkind, 1996;
Kurzen et al., 1998; Muller-Rover et al., 1999; Young et al.,
2003). Immunolabeling studies showed that also tight
junctions tend to disappear in the hair shaft as cortical and
cuticle cells mature (Langbein et al., 2002), but the fine details
at the ultrastructural level for the human hair are not known.

The present TEM immunogold investigation aims to detect
marker proteins for adherens and tight junctions in the
keratinizing and consolidation regions of the human hair when
hair keratinocytes are in an advanced stage of differentiation
and their cytoplasm is mainly occupied by keratins and other
proteins that accumulate and give rise to the mature corneous
material (corneous proteins, Rogers, 2004; Langbein and
Schweizer, 2005). Cadherins are detected using Pan-cadherin
and beta-catenin antibodies as general markers, while tight
junctional proteins are identified using anti-occludin and anti-
cingulin antibodies. The qualitative analysis also includes the
detection of isopeptide bond in the keratogenous and
consolidating zone of the hair follicle, a chemical bond derived
from the action of transglutaminases on some protein substrates
(Kalinin et al., 2002; Rogers, 2004; Thibaut et al., 2005; Yamane
et al., 2010). As a practical fall-out, the present study may
produce useful information about the damage to the hair
compactness in natural conditions during aging or after perms
and heat treatments to hairs, treatments that might negatively
affect these junctional proteins and the compactness of hairs.

Materials and Methods

Samples and fixation
Hairs from the scalp or the beard were collected from four
informed healthy individuals of mid-age (46–53) by direct

pulling the hairs from the follicles using tweezers. These
people gave their permit for sampling and the use of hairs
for the present and previous studies on similar samples
(Alibardi and Noecker, 2013). Only the hairs that contained
a bulb at their base were utilized for the study. In total, we
analyzed the ultrastructure of the bulb in eleven medullated
hairs (8 beard and 3 scalps hairs) and six non-medullated
hairs (scalp hairs).

The hairs were cut in 1–2 mm pieces from the bulb and
immediately fixed in cold (0–4°C) fixative freshly made (4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4) for
6–8 h, then rinsed in the buffer for about 30 min, and
dehydrated in ethanol (70, 90, and 100%, changes of 30 min
each) at 0–4°C. The hairs were then infiltrated in ethanol-
Lowicryl Resin K4M (1:1) for about 1 h, then in pure
Lowicryl Resin (Polyscience, USA) for 6–8 h, and later
exposed to UV-light at 0–4°C for three days. The use of this
hydrophilic resin for electron microscopy is suited for
maintaining the antigenicity of hair proteins for the
following immunocytochemical procedures (Alibardi and
Noecker, 2013; see below). The samples were sectioned in
transverse or longitudinal section using an LKB-Novae
ultramicrotome (LKB, Bromma, Sweden), and the sections
were attached to glass slides for light microscopy or copper
or nickel grids for electron microscopy.

Histology and ultrastructural immunocytochemistry
Semithin sections were utilized for light microscopy in order
to localize areas of interest where to collect thin sections
(60–90 nm thick) for the immunocytochemical analysis
under the electron microscope. The thin sections to be
studied under TEM were collected on nickel grids, and
some sections were stained with uranyl acetate (10 min) and
lead citrate (6 min) for the morphological study according
to standard methods. Other thin sections were instead
utilized for immunogold labeling after they were pre-
incubated for 10 min in 0.1 M phosphate buffer at pH 7.6,
containing 2% cold water fish gelatin and 1% Triton-X to
block non-specific antigenic sites.

Some grids were incubated with a rabbit Pan-cadherin
antibody (C3678, Sigma, USA) for the general labeling of
adherens junctions using a 1:50–1:100 dilution in the above
buffer. A rabbit antibody against beta-catenin (C2206,
Sigma-Aldrich) was also utilized with a 1:50–1:100 dilution
in the buffer. The cingulin rabbit antibody, C-532, was a
kind gift from Dr. S. Citi, University of Geneva (see Citi
et al., 1988), and it was also diluted 1:50–1:100 in the buffer.
A mouse antibody against occludin (8N-19, sc-8145, Santa
Cruz, USA) was diluted 1:50–1:100 in buffer. Finally, a
mouse antiserum against iso-peptide bond (ab422, Abcam,
Cambridge, USA) was employed at a dilution of 1:50–1:100
in buffer. The sections were incubated overnight with the
primary antibodies in the phosphate buffer indicated above
at 4°C. Some sections were instead utilized as control
sections, and they were incubated overnight as above,
omitting the specific primary antibodies in the incubation
medium. After incubation, the grids were rinsed in the
buffer for three times within 10 min and incubated for 1 h
at room temperature with the secondary antibody
(Sigma, USA) diluted 1:100 in the buffer, anti-rabbit (for
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P-cadherin, Cingulin, Beta-catenin) or anti-mouse (for iso-
peptide and occludin) IgG conjugated to 10 nm gold particles.

After washing in the buffer, grids were rinsed in distilled
water (filtered with a 0.2 μm sterile filter) and dried at room
temperature. These grids were then stained in 2% aqueous
uranyl acetate for 4 min, rinsed in distilled water, dried, and
observed under a Philips CM100 or Zeiss 10C/CR
transmission electron microscopes. Pictures were collected
with films or by a digital camera, and plates were made
using the Adobe Photoshop program 8.0.

Results

Histology and Immunofluorescence for isopeptide bonds
The available stages of hairs here examined are illustrated in
Figs. 1A-1D, and they were medullated or non-medullated
hairs. The sample included stages varying from follicles at
the level of the keratogenous zone, showing vacuolating
medullary cells (when present), and cortical and cuticle cells
still accumulating keratin bundles (Figs. 1A, 1B), and hairs
containing also the consolidation zone, where most cuticle
and cortical cells were merged into a compact corneous
mass and only some nuclei were still seen (Figs. 1C, 1D).

The immunostaining of hairs using the isopeptide
antibody (ε-bond) indicated that the proteins that are cross-
linked with this type of chemical bond were more numerous
in the medulla of hairs (Figs. 1E, 1F). In the cortex, a
diffuse, sometimes finely punctiform immunolabeling was
seen, but it appeared, in general, low to absent. Although
the cuticle appeared also fluorescent, the controls often
showed that the cuticle was auto-fluorescent, indicating that
the cuticle labeling was, at least in part, non-specific
(Fig. 1G). The IRS was immunopositive in the sections still
containing this tissue, but the IRS was often absent in our
samples (data not shown, see Alibardi and Noecker, 2013).

Immunogold labeling for isopeptide-bond
The present analysis mainly considered the areas of the cuticle,
cortex, and medulla (when present, Fig. 2), observed after
immunogold labeling (Figs. 3–7) during cornification. In
normally stained sections with uranyl acetate and lead citrate,
derived from Lowicryl embedded hairs, cortical cells
accumulated medium to low electron-dense keratin bundles
(macrofibrils) in the keratogenous zone (Figs. 2A–2C), that
were eventually packed into a compact and electron-pale
mass in the consolidation zone shown in Figs. 2A, 2B.
Medulla cells became electron-pale before degenerating into
vacuolated cells and were intensely labeled for isopeptide
bond (Fig. 2C). The mature cuticle cells accumulated a mass
of corneous material subdivided into a denser region
(endocuticle) and an electron-paler region (exocuticle) that
were surrounded by a thickened plasma membrane (Fig. 2D).
Both nuclei and cell membranes largely disappeared in fully
cornified cortical cells in the consolidation zone, and only a
few regions with fusions in the plasma membrane remained
(Figs. 2D–2E). Nucleo-cytoplasmic remnants appeared as
small denser regions located among the electron-pale
corneous material (macrofibrils).

Immunogold-labeling for isopeptide-bonds indicated a
variable but even distribution of gold particles over the

cuticle and cortex in the keratogenous and consolidation
zones (Fig. 3A). The cuticle showed a thin electron-pale
layer (A-layer), a pale exocuticle, and a dense endocuticle
(Figs. 3A, 3B). In the cuticle, the labeling was low to absent
over the A-layer and the membrane complex joining the
strata of cuticle cells (Fig. 3B). The exo-cuticle and the
endo-cuticle showed a diffuse but even labeling.

Also, the cortex was diffusely but evenly labeled, and gold
particles were present over the keratin bundles (macrofibrils),
as observed in both cross- and longitudinal-sections (Figs. 3C,
3D). Occasional labeling was also seen in the delta-layer of the
irregular cell membrane complex joining these cells, the
denser line present among cortical cells (Figs. 3C, 3D). A

FIGURE 1.Histology of keratinizing (A, B) and cornified (C, D) hair,
and immunofluorescence for isopeptide-bond (ε) detection (F–G). A,
hair bulb (beard) with forming medulla and cortex in the
keratogenous zone. Toluidine blue stain. Bar, 20 μm. B, detail on
pale medulla cells and differentiating fusiform cortical cells in the
keratogenous zone. Toluidine blue. Bar, 10 μm. C, detail of largely
cornified, upper hair shaft region (consolidation zone) showing the
denser cuticle, IRS and ORS cells. Bar, 10 μm. D, cross-section of a
cornified hair shaft in the consolidation zone with a central
medulla. Bar, 20 μm. E, parallel cross-section of the previous figure
(consolidation zone), showing a diffuse immunofluorescence in the
cortex and cuticle, but more intense in the medulla. Bar, 20 μm. F,
longitudinal section of cornified hair shaft (consolidating zone),
showing most of the immunolabeling located in the medulla. Bar,
10 μm. G, cross-sectioned control section of hair in the
consolidating zone, showing a weak (auto-)fluorescence in the
cuticle but no labeling in the shaft. Bar, 20 μm. Legends: de,
dermal papilla; co, cortex; cu, cuticle; IRS, inner root sheath; me,
medulla; ORS, outer root sheath.
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higher immune-labeling for the iso-peptide bond was seen in
the corneous material of the medulla regions confining with
the cortex (Figs. 2C and 3E), but the highest labeling was
noted in more internal trabeculae of medullary cells, located
among the corneous cytoplasm still present between the
vacuoles of mature medullary cells (Fig. 3F). This corneous
material of inner medullary cells appeared made of a
meshwork of fine filaments (8–10 nm thick), and the labeling
was uniformly intense. In controls sections, few gold particles
were seen in the cuticle, cortex, and medulla (Figs. 3G–3H).

Immunogold-labeling for adhesion junction proteins
The immunolabeling for P-cadherin appeared in the form of
small clusters of gold particles sparsely detected in all

compartments of the hair cuticle, cortex, and medulla. The
accumulated keratin bundles and the corneous material of
keratinizing and mature cells were unlabeled, especially in
the consolidation zone, and no labeling of the cell
membrane complex of cortical and cuticle cells was
observed. In cornified cortical cells, gold particles were seen
along the membrane of some cells, but most cell membranes
were immuno-negative (Fig. 4A). The labeling appeared in
the form of clusters or linear aggregates of 4–10 gold
particles located near or along the cell membrane when the
membrane was still visible (Figs. 4B–4C). No cell membrane
specializations such as dense thickenings, cell membrane
complex, or intercellular material in cortical cells were seen
associated with gold particles. Clusters of gold particles were
detected in spots that represented tangentially sectioned cell

FIGURE 2. Light (A, B) and electron microscopy (C–E) images of the
general morphology in representative hair sections showing the
regions of the hair bulb that have been mainly analyzed in the
present study by immunogold labeling. A, hair bulb and supra-
bulb region including the keratogenous zone and the consolidation
zone at the top. The square C indicates a corresponding area of the
medulla as presented in figure C. Bar, 50 μm. B, close-up to the
consolidation zone where the squares D and E are indicating
corresponding regions shown in figures D and E. Bar, 10 μm. C,
detail on a medullary cell intensely labeled for isopeptide-bond (ε).
Bar, 200 nm. D, detail of mature cuticle (arrowheads indicate the
thickened plasma membrane) and cortical cells (arrows indicate
some boundaries/membranes still present among the merged and
electron-pale macrofibrils). Bar, 200 nm. E, detail of cortical cells
in the consolidating zone (arrows indicate fusion spots). A
maturing cortical cell with still visible keratin bundles is also
present. Bar, 500 nm. Legends: co, cortical cell; con, consolidation
zone; cu, cuticle cell; en, endocuticle; ex, exocuticle; hs, hair shaft; I,
Inner Root Sheath; ke, keratin bundles; ker, keratogenous zone;
mco, maturing cortical cells with not completely packed keratin
bundles; me, medulla; ORS, Outer Root Sheath.

FIGURE 3. Immunogold labeling for isopeptide-bond (ε) in
cornified cuticle-cortex (A–D), medulla (E–F) and control sections
(G–H) in the consolidating zone. A, diffuse labeling in the cuticle
and cortex observed in cross-section. Bar, 200 nm. B, high
magnification showing the low labeling present in cuticle cells and
in the membrane complex. Bar, 150 nm. C, detail on cross-
sectioned cortex with extended membrane complex and diffuse
labeling. Bar, 200 nm. D, detail on a longitudinal section of two
adjacent cortical cells showing the unlabeled membrane complex.
Bar, 200 nm. E, detail on immunolabeled external part of the
medulla that contacts a low labeled cortical cell (position similar to
that in Fig. 2C). Bar, 100 nm. F, central region of medullary cell with
intensely immunolabeled fibrillar network. Bar, 200 nm. G,
immunonegative control (CT) of cortical cells observed in
longitudinal section. Bar, 150 nm. H, immunonegative control
(CT) of cuticle cells seen in cross section. Bar, 200 nm. Legends: a,
A-layer of the exocuticle; co, cortex; cmc, cell membrane complex;
cu, cuticle cell; en, endocuticle; ex, exocuticle; me, medulla.
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membranes where filaments of 10–12 nm in diameter, likely
made of keratin, were present. Some labeling was detected in
the corneous material bordering the cell membrane complex in
internal cortical cells in contact with medullary cells (Fig. 4D).

Cuticle cells in the keratogenous and consolidation zone
appeared largely unlabeled for P- cadherin, aside from rare
clusters of gold particles present near the cell membrane
(Figs. 4E–4F). In medullary cells, sparse clusters of gold
particles were seen near the cell periphery and desmosomal
remnants. Controls were immunonegative or showed few
random-scattered gold particles but no clusters.
Immunolabeling distribution in differentiating cortical cells
localized in the lower, keratinizing zone showed cadherin
labeling external or along the plasma membrane but also in
denser regions of cortical cells, likely representing

tangentially sections of the plasma membrane (Figs. 5A, 5B).
Control sections did not show any clustering of gold
particles but only occasionally sparse gold particles (Fig. 5C).

The immunolabeling for beta-catenin in the elongated
cortical cells of the keratogenous zone was distributed
within the cytoplasm among keratin bundles (Fig. 5D) and
in the nucleus of these differentiating cells (data not shown).
However, in upper levels of the follicle, in the consolidation
zone, the beta-catenin labeling in cortical cells tended to
concentrate near their plasma membranes or their likely
remnants (Fig. 5E) or was detected close to the cell
membrane complex of mature cortical cells but not in the
membrane complex itself (Fig. 5F). A low and sparse beta-
catenin immunolabeling was seen in cuticle cells while some
nuclei appeared intensely labeled, especially in the
euchromatin (data not shown).

FIGURE 4. TEM immunolabeling for P-chaderin in mature cortical
(A–C) and cuticle (E–F) cells in consolidating zone of the hair. A,
cornified cortical cells cut in the in longitudinal plane, showing
clustered labeling near and along the plasma membrane (arrows).
Bar, 150 nm. B, other region of the cortex in longitudinal section
showing clusters of gold particles along visible plasma membranes
(arrow) or in areas that represent tangentially-cut membranes
(double arrows). Bar, 200 nm. C, high magnification detail on a
cluster of gold particles (arrow) on an area likely representing a
tangentially cut membrane remnant of a cortical cell. No labeling is
seen in the cell corneous membrane. Bar, 100 nm. D, detail on
clusters of gold particles (arrows) detected near the membrane
complex of inner cortical cells. Bar, 150 nm. E, detail on clusters of
gold particles (arrows) localized near the cell membrane complex
of mature cuticle cells. Bar, 100 nm. F, high magnification detail of
the labeling (arrows) present along the plasma membrane of
differentiating cuticle cells. Bar, 200 nm. Legends: co, cortex; cmc,
cell membrane complex; cr, cell remnants; cu, cuticle cell; en,
endocuticle; ex, exocuticle; pl, plasma membrane.

FIGURE 5. TEM immunogold labeling for P-cadherin (A–C, Cad)
and beta-catenin (D–F, β-cat) in cortical cells. A, two cells of the
keratinizing region (position like that indicated by ker in Fig. 2A)
showing some labeling (arrowhead) on electron-lucent areas on
their surface. Bar, 200 nm. B, detail on cornified cortical cell where
no cell membranes are visible. Two clusters of gold particles are
seen, one associated to a denser material (arrow) and the other to
paler corneous material (arrowhead). Bar, 100 nm. C, Control
section (CT) of a boundary region localized between cortex and
cuticle cells and showing no labeling. Bar, 100 nm. D, beta-catenin
immunolabeling present in differentiating cells of the keratogenous
zone (position like that indicated by ker in Fig. 2A), which cytoplasm
contains mainly sparse gold particles. Bar, 200 nm. E, cluster of gold
particles close to likely remnants of plasma membranes (arrow)
between two cortical cells cut in longitudinal section. Other small
clusters of gold particles are seen on paler corneous material
(arrowheads). Bar, 200 nm. F, cross-sectioned cornified cells
showing a cluster of gold particles (arrowhead) localized outside
the irregular cell membrane complex (arrows). Bar, 50 nm.
Legends: co, cortex (macrofibril); cy, cytoplasm; exp, extracellular
space; k, keratin bundles; mel, melanosome.
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Immunogold-labeling for tight junction proteins
The labeling for occludin in cortical cells appeared as sparse
rows of gold particles (Figs. 6A, 6B) or, more frequently,
clusters made by 5–30 gold particles (Figs. 6C–6D). These
large and roundish-shaped clusters were not seen in
negative controls and were also absent in previous
observations on the immunodetection for other proteins
(Alibardi, 2017; Alibardi and Noecker, 2013; Alibardi et al.,
2013), indicating a different labeling pattern. The clusters
were closely associated with the periphery of sparse cortical
and cuticle cells and their cell membrane when visible. The
labeling, however, was uneven along the entire surface of
the cornified cortical and cuticle cells. In cortical cells,
groups of gold particles were present over scattered regions
of the plasma membrane but not in desmosomal remnants
or in the cell membrane complex (Figs. 6A, 6B). In some
regions of the perimeter of cortical cells, gold particles

appear associated with the merging membranes of
contiguous cortical cells (Fig. 6B). The larger clusters of gold
particles were, however, seen in longitudinal sections of
cortical cells in the keratogenous and consolidation zones of
hairs, likely representing tangential sections of the
membrane remnants where more epitopes for occludin were
available for binding (Figs. 6C, 6D).

In mature cuticle cell of the consolidation zone, few and
sparse clusters of gold particles were seen, and they were
localized especially in the exocuticle close to the cell
membrane complex (Fig. 6E) or in darker areas within
cuticle cells that likely represented tangentially sectioned
membrane of adjacent cuticle cells (Fig. 6F). No clusters but
instead a diffuse labeling of single gold particles or complete
absence of labeling was seen in controls (Fig. 6G).

Using the cingulin antibody, very sparse labeling was
observed in localized small areas of cortical and cuticle cells
in the keratogenous zone. Occasional small clusters of gold
particles were detected along the plasma membranes of

FIGURE 6. TEM immunogold labeling for occludin (Ocl) in
cornified cortical (A–D) and cuticle (E–G) cells. A, cross-section of
cortical cells showing the punctate distribution of gold particles
located along or near remnants of the plasma membrane. Bar,
150 nm. B, detail of gold particles (arrows) located along a
cornified tight junction along the plasma membrane of two cortical
cells. A desmosmal remnant is seen (arrowhead). Bar, 50 nm. C,
cluster of gold particles (arrow) localized in a darker cytoplasmic
region present between pale corneous material of cortical cells. Bar,
200 nm. D, high magnification detail of a large cluster of gold
particles localized in a darker region of a cortical cell, likely
representing a tangentially sectioned cell membrane remnant. Bar,
100 nm. E, cross section of cuticle cells in continuation with the
cortex, showing a cluster of gold particles (arrow) near the cell
membrane. Bar, 200 nm. F, detail on a cluster of gold particles
detected over a dense area found within cuticle cells. Bar, 100 nm.
G, control section (CT) of cuticle and cortex showing few scattered
gold particles. Bar, 100 nm. Legends: co, cortex; cr, cytoplasmic
remnants; cu, cuticle cell; en, endocuticle; ex, exocuticle; pl,
plasma membrane.

FIGURE 7. Immunolabeling for cingulin in the keratogenous zone
(A) and consolidation zone (B–E) of the hair. A, immunolabeling
present on the surface (arrowhead) of two cortical cells (area like
that indicated by ker in Fig. 2A). Bar, 200 nm. B, detail on a cross-
sectioned area of a cornified cell of the cortex. No labeling is seen
in the membrane complex (arrowheads) while sparse gold particles
are present over a denser line (arrows) that likely represents a
junction remnant. Bar, 200 nm. C, detail showing a cluster of gold
particles associated to an electron-dense area (arrow) representing
cytoplasm remnant associated to a residual membrane
(arrowheads) located between two cortical cells. Bar, 100 nm. D,
gold particles found in the endocuticle or at the boundary with the
exocuticle (arrows) in mature cuticle cells. Bar, 100 nm. E,
immunonegative control section (CT) of cuticle and cortex in cross
section showing few scattered gold particles. Bar, 200 nm. Legends:
co, cortex; cr, cell remnants; cu, cuticle cell; en, endocuticle; ex,
exocuticle; exp, extracellular space.
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cortical cells (Fig. 7A). No gold particles were localized over
the intracellular or extracellular components of the cell
membrane complex of both cortical and cuticle cells. Sparse
clusters of gold particles were observed near membrane
remnants or the merged membrane regions interposed
between the cell membrane complex of cortical cells in the
consolidation (fully cornified) zone. No ultrastructural
characteristics for tight junctions were detected in these
regions. Very sparse clusters made of few gold particles were
seen in the membrane remnants detected between the
irregular cell membrane complex of cornified cortical cells
(Figs. 7B, 7C). In some areas of the mature cortex, some gold
particles were seen close to electron-dense material localized
among the electron-lucent macrofibrils, representing the few
areas where nucleus-cytoplasm remnants of cortical cells are
present (Fig. 7C). No or occasional clusters of gold particles
were observed in mature cuticle cells of the consolidation
zone, and only in the endocuticle or along the border of the
endocuticle with the cell membrane complex (Fig. 7D).
Finally, no clusters of gold particles were seen in control
sections of cortical and cuticle cells (Fig. 7E).

Discussion

Junctional proteins contribute to hair stability
In comparison to hair fixed and stained with osmium, uranyl
acetate, and lead citrate that produce a better contrast but
block most antigenic sites of proteins, hair sections in
Lowicryl resin appear electron-lucent and poorly contrasted
while cell membranes are poorly detectable. Despite this
shortage, some antigens have been sufficiently preserved to
be detected by the employed methods. Another limitation to
protein identification derives from their likely natural
alteration and coating with other proteins during the
process of cornification. In addition, the much lower
content in junctional proteins detected in hairs (Barthelemy
et al., 2012) made their immunodetection quite difficult.
During cornification epitope masking or degradation occurs
and no procedures to retrieve the antigens or etching the
surface of the sections were attempted, as previously done
with human epidermis (Ishida-Yamamoto et al., 1999). In
fact, these treatments could have further deteriorated the
ultrastructural details. Despite the above shortages and the
lower resolution of ultrastructural details using Lowicryl, all
cell compartments of hairs were clearly seen: medulla, cortex,
and cuticle. The formation of clusters of immunogold
particles near or along cell membranes or areas of the
membranes cut in tangential section is not seen in control
sections or using immunogold labeling for other non-
junctional proteins (Alibardi, 2017; Alibardi and Noecker,
2013; Alibardi et al., 2013). This unique pattern of labeling,
therefore, supports the identification of areas of corneous
material where junctional proteins are still present in mature
cortical and cuticle cells. The present study indicates that in
addition to desmosomal proteins, adhesion and tight junction
proteins remain in few and sparse regions likely located near
degenerated cell membranes of mature cortical and cuticle
cells (Fig. 8). These proteins undergo a re-distribution from
their initial organization in well-differentiated cell junctions
but appear not to participate in the formation of the cell

membrane complex that instead is mostly derived from
desmosome remnants (Alibardi and Noecker, 2013). In the
cuticle, sparse areas of the endocuticle or localized near the
exocuticle appear to be the site of accumulation of remnants
of tight and adhesion proteins.

According to the scanty data available, desmosomes
represent the prevalent type of cell junction present in hair
keratinocytes (Orwin et al., 1973a; Franke and Heid, 1988;
Langbein et al., 2002), and during hair cornification, they
give rise to residual proteins incorporated in the cell
membrane complex that likely sustains most of the cohesion
of cortex and cuticle cells (Alibardi and Noecker, 2013;
Fig. 8). Among others, desmosomal proteins such as
desmoglein 4 and plakophilins 1 and 3 remain in the cell
membrane complex of mature cortex and cuticle cells, a
structure that represents a long and stable
corneodesmosome (Fig. 8). The present qualitative study
suggests that also residual adhesion and tight junction
proteins still present in mature hairs may contribute to
maintaining united cortical and cuticle cells. Lack of
immunolabeling of the intercellular components or the
delta-layer of the cell membrane complex indicates that
adhesion and tight junctional proteins do not participate in
the composition of these long corneodesmosomes.

The labeling for iso-peptide bond inside hair keratinocytes
and occasionally in intercellular remnants of cortical and cuticle
cells suggests the absence of transglutaminase substrates in the
delta layer of the cell membrane complex. Also, the diffuse
labeling for isopeptide bonds in the cortex and cuticle
indicates that these cells contain a relatively low amount of
this covalent bond while most of their corneous material
contains disulfide bonds generated by sulfhydryl oxidase on
keratins and KAPs (Rogers, 2004; Langbein and Schweizer,
2005; Alibardi, 2017). Although diffuse, the presence of
isopeptide bonds in the cortex and cuticle, in addition to the
heavier labeling of the IRS and medulla, confirms that TGase
is involved in part of the consolidation of the corneous
material, as it was previously indicated by the biochemical and
immunohistochemical detection at the light microscope
level (Yamane et al., 2010). Although previous studies indicate
that the cuticle contains isopeptide-bonds (Rogers, 2004;

FIGURE 8. Summarizing schematic drawing to evidence the residual
junctions and the few proteins so far detected in the mature shaft of
the human hair. The three-dimensional distribution of these
junctions is only indicated but it remains to be fully determined in
detail, together the presence of other junctional proteins.
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Lee et al., 2006), the present study suggests a limited
contribution of proteins containing lysyl-and glutamyl-
residues as substrates for transglutaminase catalysis (Kalinin
et al., 2002; Rogers, 2004; Thibaut et al., 2005), in particular,
due to TGase 3 (Yamane et al., 2010). As opposed, medulla
and IRS contain high levels of proteins capable to form
isopeptide bonds, such as trichohyalin and involucrin (de
Viragh et al., 1994; Thibaut et al., 2005; Alibardi, 2012). In
these two compartments, medulla and IRS, a higher
localization of TGase 1 has been reported to be the most
active enzyme forming isopeptide bonds (Yamane et al.,
2010). Therefore, previous and the present study explain the
high reactivity for iso-peptide bonds detected in the fibrous
network forming the trabeculae of vacuolated medullary cells
in association with specific medullary keratins and associated
proteins (Langbein and Schweizer, 2005). During the
keratinization of medullary cells, dense and amorphous fibrils
are deposited along the plasma membrane (Orwin, 1979;
Rogers, 2004; Langbein and Schweizer, 2005; Morioka, 2005).
This material largely derives from the coalescence of the
medullary granules along the plasma membrane during the
late stages of medullary differentiation.

Adherens junctions
Previous light microscopy immunohistochemistry indicated
that E- and P-cadherins disappear in hardening cells of both
developing and cycling hairs and IRS (Hardy and Vielkind,
1996; Kurzen et al., 1998; Muller-Rover et al., 1999; Young
et al., 2003). The present study indicates the presence of
residual immunoreactivity for P-cadherin and beta-catenin
during keratin accumulation in cortical cells, and less
frequently also in cuticle cells. The immunolabeling was
observed despite no specific morphological differentiation
for adherens junctions was observed, probably due to the
junctional alteration in the areas under cornification and for
the relatively poor preservation of fine ultrastructural details
needed to maintain antigens for immunogold analysis. The
sparse immuno-gold labeling for cadherins indicates that in
mature cortical and cuticle cells, only a few epitopes remain
available for reacting with the employed antibodies,
suggesting that small quantities of adherens proteins are
incorporated, degraded, or masked in the membrane of
these mature cells.

E-cadherins are present in most cells of the epidermis,
while P-cadherins are expressed in epithelial cells destined to
give rise to the hair peg and the matrix of the bulb,
suggesting that they determine a selective cell adhesion
responsible for hair morphogenesis (Hardy and Vielkind,
1996) or cycling (Muller-Rover et al., 1999). Cadherins have
been detected during the initial stages of cell-cell interaction
in the matrix and in the differentiation zone in forming hairs
(Hardy and Vielkind, 1996; Muller-Rover et al., 1999; Young
et al., 2003). E-cadherins are present in the outer root sheath,
while P-cadherins remain in the matrix of epithelial cells and
in the central cells forming the medullary and cortical cells
precursors. In cadherin-deficient mice, the IRS is most
affected by the absence of E- and P-cadherins and its cells
become loose, the companion layer detaches from the Henle
layer leading to the distortion of the follicle and eventually to
hair loss (Tinkle et al., 2003; Young et al., 2003). Cadherins

apparently disappear in keratinizing cells of the medulla,
cortex, cuticle, and IRS, a process that takes place in the
keratogenous zone of the hair follicle. The present study
suggests that adherens junctional proteins become restricted
to few small regions in cortical and cuticle cells during
cornification (Fig. 8), and likely are less important than
desmosomal proteins for the integrity of the hair shaft.

Tight junctions
The present TEM results confirm previous LM studies on the
expression of tight junctional proteins in hairs, which become
scarce or completely absent in the keratogenous zone
(Brandner et al., 2003). Tight junctions were seen in the
ORS and IRS, but they were less abundant in cells of the
medulla and cortex and became sparse or absent in mature
cells forming the hair shaft. The corneous mass connected
through cornified junctions likely ensures cohesion among
cortical and in few punctiform regions located among
cuticle cells after complete maturation of the hair.

The weak but localized immunolabeling for occludin, still
observed in cortical and cuticle cells in the keratogenous zone,
largely disappears in the consolidation zone. The present
study has shown poor reactivity in the residual junctions
present between keratin-filled cells and in cell membrane
complexes. The presence of tight junctions in differentiating
cells suggests that their proteins are later incorporated
into the keratin mass of cortical cells (Orwin et al., 1973a,
1973b, 1973c; Fig. 8). The observations suggest that
occludin is embedded in the corneous material formed in
the keratogenous zone, a process that determines the
loss of reactive epitopes that become unavailable for
antibody recognition after being coated-bonded with
keratins and KAPs.

Tight junctional proteins such as ZO-1, occluding, and
claudin were mainly localized in the ORS of the hair follicle
(Tebbe et al., 2002; Zhorn-Kruppa et al., 2018). These
junctions were rare in differentiating cortical and cuticle
cells (Brandner et al., 2003). Occludin was especially found
in the membranes of cells of the Henle layer in the IRS,
where numerous tight junctions were detected (Orwin et al.,
1973b; Langbein et al., 2002). Immunoreactivity for tight
junctional proteins almost disappeared in keratinizing
cortical and cuticle cells. The higher intensity of labeling
and the more numerous tight junctions recorded in the ORS
and IRS over those present in the hair shaft (Orwin et al.,
1973b) suggests a function of sealing the upper epithelium
of the follicle from the penetration of external molecules
and microbes into the hair follicle (Brandner et al., 2003;
Zhorn-Kruppa et al., 2018). The formation of tight junctions
between Huxley-Henle and companion layers is also
important for the cohesion of these layers that form the
slippage plane during the growth (anagen) of the hair shaft
(Alibardi and Noecker, 2013).

The ultrastructural immunolocalization for cingulin (Citi
et al., 1988; Niessen, 2007) further confirms the persistence of
few tight junction proteins in the modified junctional
remnants of mature cortical and cuticle cells, except in the
cell membrane complex (Langbein et al., 2002, Fig. 8).
Different proteins of cell junctions might be degraded and
removed once cells become keratinized or fully cornified in
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the upper regions of the hair follicle, and also cingulin may
become masked by other proteins produced during the
intense process of cornification, in particular from cross-
linked keratins and KAPs. The permanence of few
detectable tight junctional proteins and their incorporation
into the corneous material likely contributes to maintaining
the cohesion of the hair shaft, although tight junctional
proteins appear less important than the more abundant
desmosomal proteins for hair integrity (Lee et al., 2006;
Barthelemy et al., 2012; Alibardi and Noecker, 2013;
Alibardi et al., 2013). Both biochemical and
immunohistochemical data support the presence of various
junctional proteins in the corneous shaft of mature hairs
that are important to maintain hair cohesiveness.

The identification of cell junctional proteins is of
practical interest to determine whether, after treatment
with hair formulations for cosmetic purposes, these
proteins undergo extractions and/or chemical modification
that can lead to hair damage (Dawber, 1996; Cruz et al.,
2016). For instance, hair treatment with “thioglycolic acid
cold permanent lotion” determines the swelling of cuticle
cells, alteration of the exo/endo-cuticle organization, and
the reduction of overlapping layers of cuticle cells. The A-
layer of the exo-cuticle becomes electron-denser, indicating
the penetration and chemical alteration that negatively
influence the integrity of cuticle cells. The delta-layer of
the cuticle membrane complex becomes more irregular
after some cosmetic treatments, and the external
macrofibrils of cortical cells appear swollen and less packed
than in untreated hairs. Knowledge of the localization of
other junctional proteins that compose mature hairs (Lee
et al., 2006; Barthelemy et al., 2012) would, therefore, be
important also for cosmetic treatments.

In conclusion, the present ultrastructural study indicates
that despite cornification some reactive epitopes still remain
localized in the junctional remnants indicating that tight
junctional and adherens proteins, in addition to those of
desmosomes previously studied, are not degraded but
remain incorporated within the corneous material of hairs
and contribute to its stability. This is a different process
from the junctional degradation that occurs during corneous
desquamation at the surface of the epidermis.
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