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Abstract

Meissner corpuscles are cutaneous mechanoreceptors that are usually located in the dermal papillae of human
glabrous skin. Structurally, these sensory corpuscles consist of a mechanoreceptive sensory neuron surrounded
by non-myelinating lamellar Schwann-like cells. Some authors have described a partially developed fibroblastic
capsule of endoneurial or perineurial origin around Meissner corpuscles; however, others have noted that these
structures are non-encapsulated. As there is continuity between the periaxonic cells forming the sensory
corpuscles and the cells of the nerve trunks, we used immunohistochemistry to examine the expression of
endoneurial (CD34 antigen) or perineurial [Glucose transporter 1 (Glut1)] markers in human cutaneous Meissner
corpuscles. We also investigated the immunohistochemical patterns of nestin and vimentin (the main
intermediate filaments of the cytoskeleton of endoneurial and perineurial cells, respectively) in Meissner
corpuscles. The most important finding from this study was that CD34-positive cells formed a partial/complete
capsule of endoneurial origin around most Meissner corpuscles, without signs of other perineurial Glutl-
positive elements. However, the cytoskeletal proteins of the capsular CD34-positive cells did not include either
nestin or vimentin, so the cytoskeletal composition of these cells remains to be established. Finally, the intensity
of the immunoreactivity for CD34 in the capsule decreased with ageing, sometimes becoming completely
absent in the oldest individuals. In conclusion, we report the first immunohistochemical evidence of the capsule
of Meissner corpuscles in humans and demonstrate the endoneurial origin of the capsule.
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as rapidly adapting type | mechanoreceptors (Vega et al.
2012; Jones & Smith, 2014; Zimmerman et al. 2014). Struc-

Introduction

The periaxonic cells that form sensory corpuscles are contin-
uous with the cells of nerve trunks, demonstrating a rela-
tionship between nerves and the components of Pacinian
corpuscles (Vega et al. 2009); thus, the capsule and the
outer core are related to the perineurium, the intermediate
layer is related to the endoneurium, and the inner core is
related to Schwann'’s cells (Feito et al. 2016; Garcia-Piqueras
et al. 2017).

Meissner corpuscles are cutaneous mechanoreceptors
located in the human and primate glabrous skin that serve
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turally, Meissner corpuscles consist of the peripheral process
of a mechanoreceptive sensory neuron and non-myelinat-
ing lamellar Schwann-like cells. Occasionally, a complete or
partial capsule of connective tissue surrounding the corpus-
cle has been identified, and Meissner corpuscles have been
described as non-encapsulated, encapsulated and partially
encapsulated (Vega et al. 2012; Piccinin & Schwartz, 2018).
With regard to the putative capsule of human Meissner cor-
puscles, therefore, two main questions remain: whether or
not the capsule exists and whether the capsule has an endo-
neurial and/or a perineural nature. The availability of speci-
fic markers for both the perineurium and the endoneurium
(Weiss & Nickoloff, 1993; Khalifa et al. 2000; Hirose et al.
2003; Takebe et al. 2008; Richard et al. 2014) might help to
answer these questions. The main cytoskeletal proteins in
the cytoplasm of perineurial and endoneurial cells are
vimentin and nestin, respectively (Vega et al. 2009; Richard
et al. 2014). Recently, we demonstrated that the
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Table 1 Primary antibodies used in this study.

Antigen Origin  Dilution Supplier

CD34 (clone Mouse Prediluted Master Diagnostica*
QB-END/10)

Glut1 Rabbit 0.5 pg/mL  Cell Marque®

S100 protein Mouse 1: 1000 Thermo Scientifict
(clone 4C4.9)

S100 protein Rabbit 1 : 1000 Dako®

Nestin Rabbit 1 : 200 LifeSpan BioSciences'
Vimentin Mouse 1 pg/mL Boehringer-Mannheim™”
(clone 334)

Glut1, glucose transporter 1.
*Granada, Spain.

fRocklin, CA, USA.
fFreemont, CA, USA.
Glostrup, Denmark.
ISeattle, WA, USA.
**Mannheim, Germany.
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perineurial-related cells of Pacinian corpuscles display
epithelial membrane antigen and glucose transporter-1
(Glut1) immunoreactivity, while endoneurial-related cells
are CD34-positive (Garcia-Piqueras et al. 2017; Feito et al.
2018).

The present study was designed to investigate whether
human cutaneous Meissner corpuscles possess a complete
or partially differentiated capsule and whether the capsules
have endoneurial or perineurial characteristics. Further-
more, we analysed the occurrence of age-dependent
changes in the capsule, as these types of changes occur in
other corpuscular constituents (Feito et al. 2018; Garcia-
Piqueras et al. 2019).

Methods

Skin samples were obtained from the palmar aspect of the distal
phalanx of the first and second fingers during the autopsy of sub-
jects who were free of known nerurological desease (n = 19), and
from the incidental amputation of the fingertip (n =6). The

Fig. 1 Extraneurial component in peripheral nerve and Pacinian corpuscles. Dual immunofluorescence for (a,c,d,f) CD34 and (b, ¢, e and f) Glu-
cose transporter 1 (Glut1) showing endoneurium-derived cells and perineurium-derived cells, respectively, in a cross-sectioned cutaneous peripheral
nerve (a—c) and a Pacinian corpuscle (d—f). In the peripheral nerve, Glut1 identified the perineurium (b,c), and there was a fine, CD34-positive net-
work inside of the perineurium that corresponded to the endoneurium (a,c); some connective tissue, with CD34+ fibroblasts, is observed surround-
ing the nerve, which might correspond to epineurium. Additional findings in the figure are a very faint Glut1 expression corresponding to eccrine
ducts (b) and several CD34+ connective tissue structures like blood vessels endothelia, fibroblasts and adipocytes (a,c). In the Pacinian corpuscle,
CD34 identified a thin, intermediate layer (d,f), which was surrounded by several outer-core lamellae (e,f). il, intermediate layer; n, nerve. Scale

bar: 60 um (a—c); 50 um (d-f); ic, inner core.
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Fig. 2 Simple immunohistochemistry of Meissner corpuscles. Approximately serial sections of two Meissner corpuscles (a—c, d-f; image c is a detail
of image b), immunostained for the S100 protein (a,d), vimentin (b,c,f) and CD34 (e). Meissner corpuscles were identified by several flattened
Schwann-derived lamellar cells positive with S100 protein and vimentin (a,b). Several fibroblasts (arrows) were surrounding the corpuscle, but were
not continuous with the corpuscle as they have no contact with it (c). In serial sections, several CD34-positive cells, identified as fibroblasts
(arrows), were observed that were continuous with corpuscular lamellar cells (d—f). bv, blood vessel; ep, epidermis; ST00P, S100 protein; VIM,

vimentin. Scale bar: 100 um (a,b,d,e,f); 50 um (c).

subjects’ age ranged from 23 to 90 years. These materials were
obtained from our laboratory collection (Registro Nacional de
Biobancos, Seccion colecciones, Ref. C-0001627; responsible author
0.G.-S.), and the study was approved by the Ethical Committee for
Biomedical Research of the Principality of Asturias, Spain (Cod.
CElm, PAst: Proyecto 266/18). All materials were obtained in compli-
ance with Spanish law (RD 1301/2006; Ley 14/2007; DR 1716/2011;
Orden ECC 1414/2013).

Deparaffinized and rehydrated sections were processed for indi-
rect immunohistochemistry using a Leica Bond™ Max automated
stainer and a Leica Bond™ Polymer Refine Detection Kit (Leica
Biosystems™, Newcastle, UK) according to the manufacturer’s
instructions. Table 1 summarizes the primary antibodies used in the
study to examine the different constituents of Meissner corpuscles.
Indirect immunohistochemistry included several negative and posi-
tive controls, as well as internal positive and negative controls.

Furthermore, dual immunofluorescence was carried out to inves-
tigate the S100 protein, vimentin and nestin distribution, together
with CD34 or Glutl. In deparaffinized and rehydrated sections,
non-specific binding was reduced (incubation for 30 min with a
solution of 5% bovine serum albumin in Tris-buffered saline, pH
7.4). Sections were then incubated overnight at 4°C in a humid
chamber with a 1 : 1 (v/v) mixture of: anti-CD34 or anti-Glut1 and
anti-S100 protein; anti-CD34 or anti-Glut1 and anti-vimentin; and
anti-CD34 or anti-Glut1 and anti-nestin. After rinsing, the sections

were incubated for 1 h with Alexa Fluor 488-conjugated goat anti-
rabbit IgG (Serotec™, Oxford, UK, diluted 1 : 1000), rinsed again
and incubated for another 1 h with a Cy3-conjugated donkey anti-
mouse antibody (diluted 1 : 50; Jackson-ImmunoResearch™, Balti-
more, MD, USA). Both steps were performed at room temperature
in a dark, humid chamber. Thereafter, sections were washed and
mounted with Fluoromount Gold (ThermoFisher, Runcorn, UK) and
finally, the sections were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI; 10 ng/mL) to label the nuclei. Triple staining
was detected using a Leica DMR-XA automatic fluorescence micro-
scope coupled with Leica Confocal Software, version 2.5 (Leica
Microsystems, Heidelberg GmbH, Germany), and the captured
images were processed using the software ImageJ, version 1.43g, at
Master Biophotonics Facility, McMaster University, Ontario
(www.macbiophotonics.ca). As controls, representative sections
were processed in the same way as described above, using non-im-
mune rabbit or mouse sera instead of primary antibodies or while
omitting the primary antibodies during the incubation.

Results

Normal distribution patterns were observed for the investi-
gated proteins Glutl, CD34 and vimentin in peripheral
nerves and in Pacinian corpuscles, which served as positive
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Fig. 3 Evidence of Meissner corpuscle capsule. Dual immunofluorescence for S100 (a,c), CD34 (b—c, e-f) and vimentin (d,f) in consecutive sections
of a Meissner corpuscle, showing a well-defined capsule (b—c, e-f) surrounding S100-positive (a,c) and vimentin-positive lamellar cells that consti-
tute the bulk of the corpuscle (d,f). The capsule was characteristically vimentin-negative, as no yellow signal was observed (d-f); several vimentin-
positive structures are present surrounding the Meissner corpuscle, including dermal fibroblasts and vascular elements. ST00P, S100 protein; VIM,

vimentin. Scale bar: 30 um.

controls. In peripheral nerves, the perineurium displayed
strong immunoreactivity for Glut1, while the endoneurium
showed immunoreactivity for CD34 (Fig. 1a—). In Pacinian
corpuscles, nestin and vimentin were detected in the inner
core cells, while vimentin was the only intermediate fila-
ment found in the outer core and capsule (data not shown).
In addition, intense Glut1 immunoreactivity was detected in
the outer core and capsule, while CD34 was restricted to the
intermediate layer (Fig. 1d-f). The expression of nestin and
CD34 in Pacinian corpuscles is illustrated in the Supporting
Information (Fig. S1).

Meissner corpuscles were identified based on the strong
immunoreactivity of their constitutive lamellar cells (i.e. Sch-
wann-related cells) for the S100 protein and vimentin
(Fig. 2a,b). Surrounding lamellar cells, a more or less contin-
uous layer of vimentin-positive fibroblasts, were observed
in most corpuscles (Fig. 2c). When comparing serial sections
processed for the detection of the S100 protein, vimentin
and CD34, the immunoreactivity localization of the various
proteins differed (Fig. 2d-f). These findings suggest that
Meissner corpuscles are at least partially covered by a CD34-
positive capsule (thus, with an endoneurial nature), and

© 2019 Anatomical Society

cells did not exhibit simultaneous CD34 and vimentin
immunoreactivity. These results were confirmed through
dual immunolabelling (Fig. 3). In most cases (~75-80%), the
lamellar cells of Meissner corpuscles were total or partially
surrounded by a CD34-positive layer (Fig. 4). Therefore, we
explored the possibility that CD34 co-localizes with nestin,
as nestin is expressed occasionally by the lamellar cells (Cala-
via et al. 2012), and these proteins were not co-localized in
the same cells, confirming that Meissner corpuscles possess
an endoneurial capsule (Fig. 5). To evaluate whether there
were perineurial components, we performed single and
dual immunolabelling for Glut1. In serial sections for CD34
and Glut1, the absence of Glut1 around Meissner corpuscles
was observed (Fig. 6a-d), and these results were confirmed
in sections processed for the simultaneous detection of
Glut1 and CD34 (Fig. 6e—9).

Because Meissner corpuscles undergo developmental
(Feito et al. 2018) and postnatal age-dependent changes
(Garcia-Piqueras et al. 2019), we also investigated whether
the CD34-positive capsule that surrounds most Meissner cor-
puscles varied with age. Prenatal Meissner corpuscles lack a
capsule, and the first evidence of a well-defined capsule
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Fig. 4 Cells surrounding the capsule. Dual immunofluorescence for vimentin and CD34 (a) and S100 and CD34 (b,c). Vimentin-positive fibroblasts
were distinctly separated from the flattened CD34-positive fibroblasts (arrows) of the endoneurium-derived capsule (a). The CD34-positive capsule
surrounding Meissner corpuscles was also sharply demarcated from S100-positive lamellar cells (b,c). DAPI, 4’,6-diamidino-2-phenylindole; S100P,

S100 protein; VIM, vimentin. Scale bar: Scale bar: 30 pm.

Fig. 5 Nestin expression in Meissner
corpuscles. Dual immunofluorescence for
nestin (a,c-d) and CD34 (b-d) on a Meissner
corpuscle. Nestin was detected in corpuscular
lamellar cells with the same morphological
pattern as S100 but with a lower intensity (a,
c—d). CD34 (red) appeared as a discontinuous
layer surrounding nestin-positive cells (b—d,
green), without any co-expression, which
would have appeared yellow (c,d). bv, blood
vessel; DAPI, 4’,6-diamidino-2-phenylindole;
ep, epidermis. Scale bar: 110 um (a—d);

20 um (d).
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Fig. 6 Absence of perineurial component in the capsule. Immunohistochemistry on approximately serial sections of two Meissner corpuscles
(highlighted with arrows) (a-b and c-d) immunostained for CD34 (a,c) and Glucose transporter 1 (Glut1; b,d); dual immunofluorescence for Glut1
and CD34 (e-g). There was no evidence of Glut1 expression in the stromal cells that were suggestive of perineurium-derived fibroblasts (b,d—g)
surrounding the CD34-positive corpuscular capsule (a and c). Glut1 expression is found in the epidermal basal cell layer, as this protein is a glucose
transporter (b,d-g). An inset in panel f shows a dilated blood vessel adjacent to a Meissner corpuscle that had both a CD34-positive endothelial
lining and several Glut1-positive erythrocytes inside. DAPI, 4’,6-diamidino-2-phenylindole; ep, epidermis; MC, Meissner’s corpuscles. Scale bar:

110 um (a—d); 50 um (e—g).

was at 23 years old. The capsule was present in adults, but
the marker expression was less intense and fewer cells
stained positively with age, until an age of 88 years, when
CD34 expression disappeared (Fig. 7).

Discussion

The present study was designed to analyse whether or not
Meissner corpuscles have a differentiated capsule based on
the continuity between endoneurial and perineurial nerve
sheaths with periaxonic corpuscular covers (Malinovsky,
1986). Glut1 and vimentin and CD34 and nestin were investi-
gated to identify perineurial- and endoneurial-related cells,
respectively. The distribution of these antigens in human
cutaneous Meissner corpuscles is well known (Vega et al.
2009; Richard et al. 2014; Feito et al. 2016; Garcia-Piqueras
et al. 2017). In addition, nestin-positive potential neural
stem cells have also been found adjacent to Meissner cor-
puscles in humans (Calavia et al. 2012) and mice (Widera
et al. 2009).

© 2019 Anatomical Society

CD34 is a glycoprotein cell-cell adhesion factor (da Silva
et al. 2010) present in haematological precursors and blood
vessels, as well as in mesenchymal cells that are able to dif-
ferentiate (Sidney et al. 2014). In the skin, CD34 is localized
in vascular endothelia, cells surrounding sweat glands, der-
mal dendritic cells, fibrocytes, mesenchymal stem cells and
interstitial cells/telocytes (Narvaez et al. 1996; Sidney et al.
2014; Diaz-Flores et al. 2016). In support of the present
results, CD34 was also detected in the endoneurium (Weiss
& Nickoloff, 1993; Khalifa et al. 2000; Hirose et al. 2003;
Richard et al. 2014; Diaz-Flores et al. 2016) and the so-called
intermediate endoneurial layer of Pacinian corpuscles (Gar-
cia-Piqueras et al. 2017).

With regard to Meissner corpuscles, in the present
study, we provide immunohistochemical evidence of the
existence of a CD34-positive layer surrounding the Sch-
wann-derived lamellar cells. The endoneurial origin of this
layer was supported by the presence of CD34 in the
peripheral nerve endoneurium (Weiss & Nickoloff, 1993;
Garcia-Piqueras et al. 2017). Nestin expression was not
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Fig. 7 Ageing of the capsule of Meissner corpuscles. Images of representative Meissner corpuscles (arrows) from subjects of different ages, which
included two corpuscles from a 22-year-old subject (a,b), two from a 40-year-old subject (c,d), two from a 55-year-old subject (e,f) and two from
an 88-year-old subject (g,h), immunostained for CD34. Meissner corpuscles are highlighted with arrows. There was a decreasing gradient of CD34
expression from the 22-year-old subject, who had strong expression, to the 88-year-old subject, who did not have significant expression, suggest-
ing the absence of Meissner corpuscle capsules at that age. The gradient of expression is attributable to a thicker and more continous capsule in
the younger individuals in contrast to the discontinous and fine capsule of older corpuscles. Some blood vessels are found in proximity to Meissner
corpuscles, with strong endothelial CD34 expression. bv, blood vessel; ep, epidermis. Scale bar: 50 um.

found in our experience on endoneurial elements, neither
Pacinian corpuscles capsule, Meissner corpuscles capsule or
peripheral nerve; this partially agrees with the findings of
Richard et al. (2014), who describe a faint nestin expres-
sion on cultured endoneurial fibroblasts. This endoneur-
ium-related layer had variable continuity, being more
continuous and distinct in younger subjects. The
immunoreactivity of this layer decreased with age and
even disappeared in older subjects. Using the same argu-
ments presented in the previous paragraph about the
potential of CD34 cell for proliferation and differentiation
(Sidney et al. 2014), it is very reasonable to hypothesize
that this CD34-positive layer outside the Meissner corpus-
cle has a role in the postnatal growth of Meissner corpus-
cles (Feito et al. 2016). In contrast to Pacinian corpuscles
and in agreement with the literature, no perineurium-
derived elements were found surrounding the capsule of
Meissner corpuscles. Despite there being no epineural
markers, we cannot exclude the presence of the epineur-
ium in Meissner corpuscles.

Based on the anatomical continuity between peripheral
nerves and corpuscular structures (Malinovsky, 1986) and

the common immunohistochemical profiles of these struc-
tures (Vega et al. 1996, 2009), a relationship between the
endoneurium, inner core of Pacinian corpuscles and the
capsule of Meissner corpuscles can be established. Based on
the previous experiments of Saxod (1996) with chimaeras,
this CD34-positive capsular structure surrounding Meissner
corpuscles does not have a neural origin, and the compo-
nents of this structure are recruited from resident mes-
enchymal cells by trophic factors released by the developing
axon and/or the immature Schwann cells during develop-
ment. If the mechanism of formation is the same between
Pacinian and Meissner corpuscles, as described by Saxod
(1996), the marked morphological variation between the
two corpuscles is because of their asynchronous develop-
ment (Feito et al. 2018).

In conclusion, we have described the presence of a
defined layer surrounding the lamellar Schwann-derived
cells of Meissner corpuscles with variable continuity. This
capsule was more apparent in 23-year-old subjects, and its
immunoreactivity decreased with age, even disappearing in
older subjects. No perineurium-related structures were
found in Meissner corpuscles.

© 2019 Anatomical Society
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Dual immunofluorescence for nestin (a, ¢-d and f) and
CD34 (b-c and e-f) on Pacinian corpuscles from a 22-year-old
patient (a-c) and a prenatal subject at 40 weeks of gestation (d-
f). Nestin was detected in the inner core cells of the corpuscle,
with the same morphological pattern as S100, with very faint
expression in the perineurium-derived cells of the outer core
and the absence of expression in the inner core in both samples
(a, c-d and f). CD34 appeared as a fine, intermediate layer sur-
rounding nestin-positive cells (b-c) in the adult subject; CD34
appeared as a large, intermediate layer in the 40-week fetus,
interposed between the inner core and the outer core (d-f).
Scale bar: 50 um.



