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Abstract

Decline of tactile sensation associated with ageing depends on modifications in skin and both central and
peripheral nervous systems. At present, age-related changes in the periphery of the somatosensory system,
particularly concerning the effects on mechanoreceptors, remain Here we used
immunohistochemistry to analyse the age-dependent changes in Meissner’s and Pacinian corpuscles as well as
in Merkel cell-neurite complexes. Moreover, variations in the neurotrophic TrkB-BDNF system and the
mechanoprotein Piezo2 (involved in maintenance of cutaneous mechanoreceptors and light touch, respectively)
were evaluated. The number of Meissner’s corpuscles and Merkel cells decreased progressively with ageing.
Meissner’s corpuscles were smaller, rounded in morphology and located deeper in the dermis, and signs of
corpuscular denervation were found in the oldest subjects. Pacinian corpuscles generally showed no relevant
age-related alterations. Reduced expression of Piezo2 in the axon of Meissner’'s corpuscles and in Merkel cells
was observed in old subjects, as well was a decline in the BDNF-TrkB neurotrophic system. This study
demonstrates that cutaneous Meissner’s corpuscles and Merkel cell-neurite complexes (and less evidently
Pacinian corpuscles) undergo morphological and size changes during the ageing process, as well as a reduction
in terms of density. Furthermore, the mechanoprotein Piezo2 and the neurotrophic TrkB-BDNF system are
reduced in aged corpuscles. Taken together, these alterations might explain part of the impairment of the
somatosensory system associated with ageing.
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unknown.

Introduction

The sensory decline in the main sensory modalities is a con-
sequence of the ageing process. Nevertheless, sensory age-
ing is not homogeneous across sensory systems, and large
differences exist among these systems (Andersen, 2012;
Jayakody et al. 2018). The experimental and clinical findings
regarding the ageing of the somatosensory system (involv-
ing mechanoreception, thermoreception and nociception)
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are not conclusive, probably because of the involvement of
the central nervous system, the peripheral nervous system
and skin (Shaffer & Harrison, 2007; Goble et al. 2009; Tseng
et al. 2013; Decorps et al. 2014; Heft & Robinson, 2017). In
any case, elderly people have reduced fine touch discrimina-
tion ability (Skedung et al. 2018).

Age-dependent changes in the structure and physiology
of the somatosensory cortex are now rather well known
(Blatow et al. 2007; Brodoehl et al. 2013; Cheng & Lin,
2013; Groschel et al. 2013; Hagiwara et al. 2014). Addition-
ally, the occurrence of morphological and histological
changes in aged skin due to genetic and environmental fac-
tors is widely acknowledged (Khavkin & Ellis, 2011; Rittie &
Fisher, 2015; Kanaki et al. 2016; Lephart, 2016; Krutmann
et al. 2017). Conversely, the effects of ageing on the
somatosensory peripheral nervous system (dorsal root gan-
glia, large nerve fibres and sensory corpuscles; Vega et al.
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1993; Ulfhake et al. 2002; see Rittie & Fisher, 2015), espe-
cially at the periphery, are largely unknown. Skin ageing is
associated with an overall reduction in nerve fibre endings
in the epidermis and dermis (Besné et al. 2002; Panout-
sopoulou et al. 2009; Fromy et al. 2010; Namer, 2010),
although photoaging is characterized by increased sensory
nerves in skin (Toyoda et al. 2005).

Tactile sensation is one of the most important compo-
nents of mechanosensation and is carried out by specific
sensory formations localized in the skin and known collec-
tively as cutaneous sensory corpuscles or receptors (Zimmer-
man et al. 2014). Functionally, these receptors fall into two
categories: rapidly adapting (RA) mechanoreceptors and
slowly adapting (SA) mechanoreceptors, each of which have
two variants, type | and type Il (Jones & Smith, 2014). SAI
mechanoreceptors are associated with epidermal Merkel
cell-neurite complexes, and SAIl mechanoreceptors are
thought to be located in dermal Ruffini's corpuscles,
although the function of SAIl can be carried out by other
sensory corpuscles (Wu, 1998; Paré et al. 2003; Olson et al.
2016). Merkel cells are specialized epidermal cells (Van
Keymeulen et al. 2009) functionally connected to AB nerve
fibres that act as SAl and express mechanoproteins (lkeda
et al. 2014; Maksimovic et al. 2014; Garcia-Mesa et al.
2017). In mammals, RA mechanoreceptors are found in
Meissner’s and Pacinian sensory corpuscles (Zimmerman
et al. 2014). Meissner’s corpuscles represent RAl mechanore-
ceptors (Vega et al. 2012), whereas cutaneous Pacinian cor-
puscles represent RAIl mechanoreceptors (Vega et al. 2009;
Garcia-Piqueras et al. 2017).

Because age-dependent impairments in mechanosensory
function have been reported and limited information is
available about age-dependent changes in mechanosen-
sors, we conducted research on human digital skin to evalu-
ate the quantitative and qualitative changes that occur in
Merkel cells, Meissner’'s corpuscles and Pacinian corpuscles
with ageing. We have recently studied the development of
these structures until maturity (Feito et al. 2018), demon-
strating that they are not stable but are dynamic structures
that undergo permanent age-related changes. On the other
hand, because the ion channel Piezo2 is at the basis of
mechanotransduction (see for a review Anderson et al.
2017) and is located in both Meissner’s corpuscles and Mer-
kel cells of human digital skin (Garcia-Mesa et al. 2017), we
investigated whether the pattern of expression of this pro-
tein changes with ageing. Furthermore, it is well known
that cutaneous mechanoreceptors depend on the neu-
rotrophin system of the brain-derived neurotrophic factor
(BDNF) and its high-affinity receptor TrkB for development,
growth and maintenance (Botchkarev et al. 1999; LeMaster
et al. 1999; Gonzélez-Martinez et al. 2004; Perez-Pinera
et al. 2008; Reed-Geaghan et al. 2016). Additionally, both
BDNF and TrkB have been detected in developing and adult
sensory corpuscles in different species, including humans
(Stark et al. 2001; Sedy et al. 2004; Calavia et al. 2010a;

Cabo et al. 2015a). Therefore, we analysed whether the
localization of BDNF and TrkB in mechanoreceptors varies
with age. Reduced expression of BDNF and TrkB has been
observed in the central nervous system of old subjects com-
pared with young and adult subjects (Erickson et al. 2010;
Forlenza et al. 2015), suggesting that these molecules have
a role in normal ageing.

The present study aimed to add information about the
mechanisms underlying sensory deficits in elderly subjects
and is focused on the peripheral touch components of
somatosensory perception, with analysis of the effects of
ageing on the structural and neurotrophic features of cuta-
neous sensory corpuscles.

Methods

Skin samples were obtained from the palmar aspect of the distal
phalanx of the first and second fingers during autopsy at the Servi-
cio de Anatomia Patoldgica of the Hospital Universitario Central de
Asturias, Oviedo, Spain (n =6) and the Servicio de Anatomia
Patoldgica of the Complejo Hospitalario Universitaro de Salamanca
(n = 9) and from incidental amputation at the Service of Plastic Sur-
gery of the Hospital Universitario Central de Asturias (n = 6). The
samples were collected within 12 h after demise or incident from
subjects free of neurological diseases and without a clinical history
of fibromatosis or labour-induced repeated trauma. The age range
was 23-90 years and at least one case per decade of life was anal-
ysed. These materials were all obtained in compliance with Spanish
Law (RD 1301/2006; Ley 14/2007; DR 1716/2011; Orden ECC 1414/
2013) and were deposited in our laboratory collection (Registro
Nacional de Biobancos, Seccidon colecciones, Ref. C-0001627; the
responsibility of 0.G.-S.). The study was approved by the Ethical
Committee for Biomedical Research of the Principality of Asturias,
Spain (Cod. CEIm, PAst: Proyecto 266/18).

Immunohistochemistry and immunofluorescence

The specimens were fixed in 4% formaldehyde in 0.1 m phosphate-
buffered saline (pH 7.4) for 24 h, dehydrated and routinely embed-
ded in paraffin. The pieces were cut to 7 um thickness in sections
perpendicular to the skin surface and mounted on gelatine-coated
microscope slides. The presence of Pacinian and Meissner’s corpus-
cles in the skin samples was evaluated by staining with haema-
toxylin and eosin. The occurrence of Merkel cells was assessed with
immunohistochemistry.

The automated diagnostic platform Leica Bond IIl was used for
immunohistochemistry with the Leica Bond™ Polymer Refine Detec-
tion Kit (Leica Biosystems™, Newcastle upon Tyne, UK) according to
the manufacturer’s instructions. The primary antibodies were direc-
ted against the main corpuscular constituents: axons (neurofila-
ment, PGP 9.5) and Schwann cell-derived lamellar and inner core
cells (S100 protein). Moreover, to identify Merkel cells, an antibody
against cytokeratin 20 (CK20) was used. The BDNF-TrkB neu-
rotrophin system was detected using specific antibodies against
specific amino acid sequences within these molecules. Indirect
immunohistochemistry included several negative and positive con-
trols, as well as the internal positive and negative controls. Addi-
tionally, representative sections were processed in the same way as
described above using non-immune rabbit or mouse sera instead of
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the primary antibodies or by omitting the primary antibodies dur-
ing the incubation. Furthermore, when available, additional con-
trols were carried out using specifically preabsorbed antisera. Under
these conditions, no positive immunostaining was observed.

Double immunofluorescence was performed on deparaffinized
and rehydrated sections. Endogenous peroxidase activity and non-
specific binding were reduced by incubating sections with 3% H,0,
and a solution of 10% bovine serum albumin in Tris buffer solution
(TBS), respectively. The sections were then incubated overnight at
4 °C in a humid chamber with a 1 : 1 mixture of a polyclonal anti-
body against S100-protein (diluted 1:1000), PGP 9.5 (diluted
1 : 1000), BDNF (diluted 1 : 200) or TrkB (diluted 1 : 200) and a
monoclonal antibody against NFP (diluted 1 : 1000) or CK20 (predi-
luted and 1 : 200 in the blocking solution). After rinsing with TBS,
the sections were incubated for 1 h with Alexa Fluor 488-conju-
gated goat anti-rabbit IgG (Serotec, Oxford, UK), diluted 1 : 1000 in
TBS containing 5% mouse serum (Serotec), rinsed again and incu-
bated for another hour with Cy3-conjugated donkey anti-mouse
antibody (Jackson-Immuno Research, Baltimore, MD, USA) diluted
1: 50 in TBS. Both steps were performed at room temperature in a
dark humid chamber. Finally, to ascertain structural details, sections
were counterstained and mounted with 4',6-diamidino-2-phenylin-
dole (DAPI) diluted in glycerol medium (10 ng mL™"). Triple fluores-
cence was detected using a Leica DMR-XA automatic fluorescence
microscope (Photonic Microscopy Service, University of Oviedo) with
Leica Confocal Software, version 2.5 (Leica Microsystems, Heidel-
berg GmbH, Germany) and the captured images were processed
using the software Imacel, version 1.43 g Master Biophotonics Facil-
ity, McMaster University Ontario (www.macbiophotonics.ca). Con-
trols of the specificity of the reaction were performed as for
indirect immunohistochemistry.

Data on case material and the characteristics of the primary anti-
bodies used are summarized in Tables 1 and 2, respectively.

Table 1 Data about the subjects and materials.

Case Age in years Gender M/F Hand/finger
1 23 M L/1/D
2 30 M L/1/D
3 35 F L/1/D
4 37 M L/2/D
5 38 F R/1/D
6 40 M L/1/D
7 42 M L/1/D
8 46 M R/2/D
9 47 M L/1/D
10 55 F R/1/D
11 58 F L/1/D
12 58 M L/2/D
13 63 F R/2/D
14 66 M L/1/D
16 69 M L/1/D
16 72 M R/1/D
17 74 M L/1/D
18 81 F L/1/D
19 85 M L/2/D
20 88 M L/1/D
21 90 M L/1/D

F, female; M, male; L, left; R, right; 1 or 2, first or second fin-
gers, respectively; D, distal phalanx.
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Quantitative analyses

Quantitative analyses were performed to determine the density of
cutaneous digital Meissner’s corpuscles and Merkel cells at different
ages but not the density of Pacinian corpuscles because of their
irregular distribution in the skin dermis. To quantify Meissner’s cor-
puscles, we used the method proposed by Verendeev et al. (2015)
to determine its density in the fingertips of primates. The samples
included in the study were divided into three age groups: 20—
39 years, 40-59 years, and 60 years or older (see Table 1). Briefly,
six 7-um-thick sections of each skin sample, 200 um apart, were pro-
cessed for S100 protein immunohistochemistry to identify Meiss-
ner's corpuscles. The sections were then scanned by an SCN400F
scanner (Leica, Leica Biosystems™), and the scans were computer-
ized using SlidePath Gateway LAN software (Leica, Leica Biosys-
tems™). Then, in each section, Meissner’s corpuscles were identified
and counted by two independent observers (J.G.-P. and J.A.V.). The
average numerical values were corrected by applying Abercrombie’s
formula: N = n*T/T + H), where N is the corrected average number
of Meissner’s corpuscles, n is the counted average number of Meiss-
ner’s corpuscles in all sections of a fingertip, T is the average section
thickness, and H is the average diameter of the counted Meissner’s
corpuscles. Through a specific tool of the previously mentioned
software, the average Meissner's corpuscle’s diameter was deter-
mined by measuring its horizontal axis drawing a straight line
approximately in the central region of each corpuscle. The epider-
mal length of each section (mm) was measured with the same tool,
and the average length was multiplied by the section’s thickness
(mm) to give the measured surface area (mm?). Finally, the average
number of Meissner’s corpuscles (N) was divided by the surface area
(mm?) to calculate the density of Meissner’s corpuscles per squared
millimetre of skin (number of Meissner's corpuscles/mm?). After-
ward, the average density for each pre-established age group was
calculated from the individual densities. To determine the density
of digital Merkel’s cells, we used the same Merkel cell immunostain-
ing method for CK20.

Moreover, in the same sections, the density of Meissner’s corpus-
cles (Meissner Index) and Merkel's cells (Merkel Cells Index) was
determined using the methodology proposed by Paré et al. (2007)
and Bhat et al. (2008). These methods calculated the number of
Meissner’s corpuscles and Merkel’s cells with respect to the number
of dermal papillae and epidermal pegs, respectively. To compare
age groups, the measurements were standardized for the length of
skin analysed.

Significant differences among the three pre-established age
groups were assessed with the Kruskal-Wallis H-test; P-values < 0.05
were considered statistically significant (marked in the figures as
*P < 0.05, **P < 0.01).

Results

Ageing of digital Meissner’'s corpuscles

Meissner’s corpuscles were identified at all ages investi-
gated (Figs 1-3), but differences in the morphology, size,
number, placement within the dermis, and intensity of
immunostaining for the evaluated markers were noted
between the three pre-established age groups. In the age
group 20-39 years, Meissner’s corpuscles were elongated
and were always localized in the apex of the dermal
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Table 2 Primary antibodies used in the study.

Antigen (clone) Origin Dilution Supplier Catalogue number

S100P Rabbit 1:1000 DAKO, Glostrup, Denmark Z 0311

P200 kDa NF (RT-97) Mouse 1:1000 Boehringer-Mannheim, 1178709
Mannheim, Germany

PGP 9.5 Rabbit 1:1000 Abcam, Hamburg, Germany ab10404

Cytokeratin 20 Mouse Prediluted Leica, Newcastle, UK PA0022

Piezo2 Rabbit 1:500 Sigma Aldrich, St. Louis, MO, USA HPA040616

BDNF Rabbit 1:200 Chemicon Int, Temecula, CA, USA AB1534SP

TrkB Rabbit 1:200 Santa Cruz Biotechnology, SC12

Santa Cruz, CA, USA

BDNF, brain-derived neurotrophic factor; NF, neurofilament; NSE, neuron-specific enolase.
The antibody against BDNF is directed against the sequence H,N-HSDPARRGEL-COOH (manufacturer’s note); the antibody anti-TrkB
was directed against the residues 794-808 of the intracytoplasmic domain of human TrkB (manufacturer’s note); the amino acid
sequence recognized by the antibody against Piezo2 is FEDENKAAVRIMAGDNVEICMNLDAASFSQHNP (manufacturer’s information).
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Fig. 1 Sections of glabrous digital skin from 3 subjects with age of 23 (A), 55 (B) and 88 (C) years; immunostained was performed to evaluate
S100 protein (S100P). Nerves and Meissner’s corpuscles were immunolabelled (arrows). e, epidermis. Scale bar: 100 um. The density of Meissner's
corpuscles in the three pre-established age ranges is shown in the graphs, determined as number of Meissner’s corpuscles/mm? (upper) and the
number of Meissner’s corpuscles/dermal papillae. A significant reduction in the density of Meissner’s corpuscles was observed with ageing.

*P < 0.05, **P<0.01.

papillae. The lamellar cells were packed, arranged in paral-
lel, and displayed strong S100 protein immunoreactivity
(Figs 1A and 2B,D); within the corpuscle, the axon showed
a tortuous trajectory (Fig. 2A,C). By 40-59 years, the pre-
dominant localization of Meissner’s corpuscles was also
within the dermal papillae, but some were also highly dis-
placed (Fig. 1B); the corpuscles showed no reduction in size,
and the architecture and immunohistochemical profile of
the axon and lamellar cells did not vary (Fig. 2-H). The sce-
nario changed dramatically in the older subjects (Fig. 1C). In

this group, the size of the Meissner's corpuscles was
reduced, the morphology was rounded (only a few showed
a typical elongated morphology) and most were localized
behind rete pegs instead of inside the dermal papillae. In
those corpuscles, the lamellar cells showed reduced
immunostaining for S100 protein, and the axon was some-
times undistinguishable (Figs 2I-I and 3). This picture
applied to approximately 70% of the corpuscles, whereas in
the remaining 30%, the size, morphology and localization
were similar to those of the younger subjects.

© 2019 Anatomical Society
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Fig. 2 Immunohistochemical localization of : VR
neurofilament protein (NFP) and S100 protein
(S100P) in the axon and lamellar cells,

respectively, of human digital Meissner’s Bty

corpuscles of subjects of different ages: 23
(A, B), 30 (C, D), 40 (E, F), 55 (G, H), 85 (I, J)
and 90 (K, L) years. The localization, size,
morphology and arrangement of corpuscular o
constituents varied with ageing. Moreover, tig
the Meissner’s corpuscles from old subjects
showed a marked decrease in the intensity of
the immunoreaction for S100P, and in some
of these corpuscles, it was impossible to - ';‘El >
identify the axon. e, epidermis. Scale bar: b ? ' :
60 pum.

All these findings were confirmed by confocal microscopy
of the Meissner’s corpuscles of the three age groups, which
showed that ageing induced changes in the size, morphol-
ogy and immunohistochemical profile of these structures
(Fig. 4). Of particular interest was the absence of axon pro-
files in a large percentage of Meissner's corpuscles from
older subjects (Fig. 4l).

In addition to the above-described qualitative changes,
ageing was accompanied by a progressive reduction in the
number of Meissner’s corpuscles with both methods uti-
lized. Significant differences were observed between age
groups, especially between young subjects and adult and
old subjects (Fig. 1).

Ageing of digital Pacinian corpuscles

No evident variations in the Pacinian corpuscles were found
between the three established age groups (Fig. 5). The
arrangement of all corpuscular components was almost
identical and no apparent age-related changes were found
in the number of concentric lamellae forming the outer
core and the capsule (ranging between 19 and 41),
although large differences were noted among corpuscles.
The axon displayed NFP immunoreactivity (Fig. 5A,CE,G),
whereas the lamellae of the inner core were positive for
S100 protein (Fig. 5B,D,F,H,J). Nevertheless, in some
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Pacinian corpuscles of older subjects (approximately 15—
25%), no immunoreactivity for NFP was detected, and S100
protein immunoreactivity was restricted to the outer lamel-
lae of the inner core (Fig. 5I-1). Additionally, in some other
corpuscles, the neural compartment of the corpuscles (i.e.
the axon and the inner core) was disarranged compared
with the typical organization of these structures (Fig. 6).

Ageing of cutaneous Merkel’s cells

Digital Merkel’s cells are epidermal cells primarily local-
ized in the basal strata that selectively express the inter-
mediate filament CK20. Using the expression of this
protein as a marker, Merkel’s cells were found in the
epidermal rete pegs of all subjects, and the number of
cells progressively decreased with age (Fig. 7). The quan-
titative analysis showed significant differences between
the young subjects and the adult and old subjects
(graphs in Fig. 7). Interestingly, clusters of up to four
Merkel’s cells were observed in young subjects, whereas
they were less frequent in middle-aged subjects, and
almost absent in the older ones, in which only isolated
Merkel's cells were found.

A graphic summary of the age-related changes in Meiss-
ner's corpuscles and Merkel’s cells described above is pre-
sented in Fig. 8.
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Fig. 3 Digital Meissner’s corpuscles from
E three subjects with ages of 85 (A-D), 88
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% a. * were localized in the dermal papillae, but
most were found in the reticular dermis.
Those found at this location were smaller in
5 b the old subjects than in the adults, showed a
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Ageing of the BDNF-TrkB system in cutaneous

mechanoreceptors

The development and maintenance of Meissner’s corpuscles
and, to a lesser extent, Merkel’s cells and Merkel’s cell-axon
complexes are under the control of the BDNF-TrkB neu-
rotrophin system. Thus, we investigated whether the com-
ponents of that system are present in those sensory
structures and whether these components undergo age-
dependent variations. In human digital Meissner’s corpus-
cles from adult subjects, immunoreactivities for BDNF and
TrkB were detected in the lamellar cells (Supporting Infor-
mation Fig. S1a—) and the axon (Fig. S1d-f), respectively. In
the Pacinian corpuscles, BDNF was found in the inner core
cells (Supporting Information Fig. S2), and TrkB was found
in the axons (data not shown). In Merkel’s cells, BDNF was
undetectable (Supporting Information Fig. S3A-C), whereas
TrkB immunoreactivity regularly occurred in the cytoplasm
(Fig. S3D-F).

The pattern of localization of both BDNF and TrkB
with age was as described above. However, in younger
subjects, BDNF immunoreactivity also showed localization
in axons (Fig. 9A). With ageing, the intensity of immunos-
taining for BDNF (Fig. 9B-D) and TrkB (Fig. 9E-H) progres-
sively decreased, and TrkB immunoreactivity was
undetectable in older subjects (Fig. 9H). These results

LN Scale bar: 60 pm.

were found in approximately 85% of Meissner’'s corpus-
cles, and no apparent age-dependent changes were
observed in the remaining corpuscles (15%). The percent-
age of TrkB-positive Merkel’s cells also declined with age,
with a reduction of approximately 60% in the old age
group compared with the young and adult age groups
(data not shown).

Piezo2 levels in Meissner’'s corpuscles and Merkel’s
cells decrease with age

The occurrence of Piezo2 immunoreactivity in the axons of
human cutaneous Meissner’s corpuscles and the cytoplasm
of Merkel’s cells has been demonstrated recently by our
research group (Garcia-Mesa et al. 2017). Here, we observed
that the axons of most of the Meissner’s corpuscles of the
younger subjects displayed Piezo2 positivity (Fig. 10A,B),
which remained unchanged in the middle-aged group and
was markedly reduced in the older subject age group
(Fig. 10D,E). No Piezo2 immunostaining was noted in the
lamellar cells. In agreement with the above data regarding
the age-dependent decrease in the density of Merkel’s cells,
there was a parallel decrease in the density of the Piezo2-
positive ones (Fig. 10C,F). On the other hand, although no
direct contacts between Merkel's cells and axons were
observed, the density of axon in the vicinity or apparently
contacting Merkel’s cell also decreased with age (Fig. 11).

© 2019 Anatomical Society



23 years

58 years

Fig. 4 Double immunofluorescence for S100
protein (green fluorescence) and
neurofilament protein (red fluorescence) in
human digital Meissner’s corpuscles of
subjects with ages of 23 (A-C), 58 (D-F) and
90 (G-I) years. Sections were counterstained
with DAPI to ascertain structural details.
Objective 63 x /1.40 oil; pinhole 1.37; XY
resolution 139.4 nm and Z resolution

235.8 nm. Scale bar: 20 pm.

90 years
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Fig. 5 Immunohistochemical localization of
neurofilament protein (NFP) and S100 protein n,
(S100P) in the axon and the inner core cells,

respectively, of human digital Pacinian
corpuscles of subjects with ages of 23 (A-D),
55 (E-H)., and 88 (I-L) years. The axon
supplying the corpuscles was identifiable in all
corpuscles of 23- and 55-year-old subjects
and was not identified in the 88-year-old n
subject. The inner core cells displayed ST100P

immunoreactivity in all lamellae in the 23-
and 55-year-old subjects, whereas in the
older subjects, S100P immunoreactivity was
restricted to the outer core lamellae. Scale
bar: 50 pm.
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Discussion

In human skin, a series of sensory formations, collectively
known as sensory corpuscles, are able to detect different
qualities of somatosensation (Zimmerman et al. 2014). In
particular, Merkel’s cell-neurite complexes, Meissner’s cor-
puscles and Pacinian corpuscles discriminate unique aspects
of touch, acting as SAl and SAIl mechanoreceptors (Jones &
Smith, 2014; Zimmerman etal. 2014). Ageing is
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accompanied by a progressive decrease in the somatosen-
sory system that affects the quality of life of elderly subjects
(Skedung et al. 2018). This deterioration presumably
involves all levels of the somatosensory pathways from the
skin to the cerebral cortex, including the cutaneous recep-
tors in which the mechanical input is transduced into elec-
trical energy. The present study was designed to investigate
the age-dependent changes in some types of cutaneous
sensory corpuscles and in one mechanoprotein directly
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Fig. 6 Double immunofluorescence for S100
protein (green fluorescence) and
neurofilament protein (red fluorescence;
arrows in B and E) in human digital Pacinian
corpuscles of subjects with age of 23 (A-C)
and 88 (D-F) years. Sections were
counterstained with DAPI to ascertain
structural details. The axon and the inner core
of the 88-year-old subject are disarranged,
although the corpuscle retained the general
organization. Objective 63 x /1.40 oil;
pinhole 1.37; XY resolution 139.4 nm and Z
resolution 235.8 nm. Scale bar: 50 um.

1

Fig. 7 Immunohistochemical characterization
of CK20 in human digital cells, identified
based on their localization as Merkel's cells, in
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involved in mechanotransduction (Piezo2), as well as the
variations in a neurotrophic system (BDNF-TrkB) that is
essential for their development and maintenance.

The effects of ageing on touch have been reviewed in
detail by Wickremaratchi & Llewelyn (2006), Decorps et al.

subjects of different ages: 23 (A), 30 (B), 55
(C), 72 (D), 88 (E) and 90 (F) years. Scale bar:
50 pum. The density of Merkel’s cells in the
three pre-established age ranges is shown in
the graph. A significant reduction in the
density of Merkel’s cells was observed with
ageing determined as number of Merkel’s
cells/mm? (upper) and the number of
Merkel's cells/rete peg. *P < 0.05,

**P < 0.01.

(2014) and Heft & Robinson (2017). Ageing is also associated
with a progressive decline in cutaneous thermic (Guergova
& Dufour, 2011) and mechanical (Wickremaratchi & Llewe-
lyn, 2006; Wu et al. 2011) perception, as well as a marked
degradation of tactile spatial acuity (Kalisch et al. 2009;
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Young and adult skin

Aged skin

Fig. 8 Schematic representation of Meissner’s corpuscles (MC) and
Merkel's cell-neurite complexes (McNc) in the human digital glabrous
skin of young-adult (top) and old (bottom) subjects. Ageing results in
a reduction in the density of both types of mechanoreceptors as well
as changes in the placement, size, morphology and immunohisto-
chemical profile of Meissner’s corpuscles. e, epidermis.

Skedung et al. 2018). This impairment could be due at least
in part to a reduction in the density and distribution of
Meissner’s and Pacinian corpuscles (Wickremaratchi &
Llewelyn, 2006), as well as Merkel’s disc (Lumpkin et al.
2003).

Age-dependent changes in cutaneous Meissner’s and
Pacinian corpuscles

Classic studies have demonstrated that Pacinian and Meiss-
ner's corpuscles decrease in number and undergo structural
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deterioration upon ageing in humans (Bolton et al. 1966;
Kennedy et al. 2011), monkey (Paré et al. 2007) and mice
(Mathewson & Nava, 1985).

Studies in humans are limited and do not use specific
immunohistochemistry assays for each corpuscular compo-
nent. Here, we observed that the size, morphology and
structure of Meissner’s corpuscles remained essentially
unaltered until 60 years of age, and these corpuscles then
progressively shrank, changed morphology and topo-
graphical localization, and lost their immunohistochemical
profile. Interestingly, the absence of immunoreactivity for
axonal markers in older subjects suggests denervation of
those corpuscles, which is supported by the decrease in
the expression of S100 protein by the lamellar cells. In
fact, it is well known that lamellar cells of denervated
Meissner corpuscles lack S100 protein (Del Valle et al.
1993; Marquez et al. 1997; Albuerne et al. 1998). Glob-
ally, our results are in good agreement with the data
reported by Nava & Mathewson (1996) in Meissner-like
corpuscles of murine forepaw digital pads. These authors
observed that in mice aged to their maximum life expec-
tancy, Meissner-like corpuscles decrease and become dis-
organized and lobulated, and these changes are
attributed to distal axonopathy and atrophy of the sen-
sory neurons. A study carried out in the Meissner-like cor-
puscles of the murine palatine mucosa showed that only
rudiments of corpuscles were encountered in old animals
due to an atrophy of the axon and lamellae (lida &
Tachibana, 1996). On the other hand, these changes in
Meissner’s corpuscles we observed here affect most, but
not all the corpuscles, suggesting that tactile texture dis-
crimination remains partially intact with age, irrespective
of cutaneous condition. A recent study by Skedung et al.
(2018) evaluated the density of Meissner’'s corpuscles in
two groups of aged subjects with high and low perfor-
mance, showing that the number was reduced approxi-
mately 50% in the subjects with lower performance.
Thus, the lower performance of this group can be confi-
dently linked to a neural decline.

23 year £
W 3ek f‘!

BDNF

Fig. 9 Immunohistochemical detection of
brain-derived neurotrophic factor (BDNF) and
its signalling receptor TrkB in Meissner’s
corpuscles of subjects with ages of 23 (A, E),
55 (B, F), 88 (C, G) and 90 (D, H) years. Scale
bar: 60 pm.

TrkB
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Fig. 10 Sections of glabrous digital skin from 2 subjects with age of 30 (A) and 88 (D) years immunostained to detect Piezo2. The axon of most
Meissner’s corpuscles displayed Piezo2 immunoreactivity in young individuals (arrows in A, B), whereas this immunoreactivity was restricted to seg-
ments of the corpuscle, or even absent in the older subjects (E). The density of Piezo2-positive Merkel cells in young subjects (C) was higher than
that in the old subjects (f, arrow). e, epidermis. Scale bar: 100 um (A,D), 20 um (B-C,E-F).

Regarding Pacinian corpuscles, the effects of ageing were
not evident in either the number or the structure. However,
a small population of Pacinian corpuscles from the older
subjects seemed to be denervated (no labelling of the axon
and absence of S100 protein in the whole inner core) or the
neural compartment was disarranged. Pacinian corpuscles
have been related to the detection of vibration (Bell et al.
1994; Zelena, 1994; Zimmerman et al. 2014) and these mor-
phological variations might be correlated with the
decreased vibration sensitivity reported in elderly people
(see Shaffer & Harrison, 2007; Landelle et al. 2018).

Fig. 11 Double immunofluorescence for
neuron-specific enolase (green fluorescence in
A and B), neurofilament proteins (green
fluorescence in C-F; red fluorescence in G),
cytokeratin 20 (red fluorescence in A-F) and
Piezo2 (green fluorescence in) in human
Merkel's cell-neurite complexes of subjects
with ages of 30), and 88 ) years. Axonal
profiles are indicated by arrows. e: epidermis.
Objective 63 x /1.40 oil; pinhole 1.37; XY
resolution 139.4 nm and Z resolution

235.8 nm. Scale bar: 30 um (A-F),

20 um (B,G).

The exhaustive review on the Pacinian corpuscles carried
out by Zelena (1994) in the book ‘Nerves and Mechanore-
ceptors’ does not mention the age-dependent changes in
Pacinian corpuscles in humans or other mammalian species.

Age-related changes in the expression of basic
corpuscular antigens

We observed that in some Meissner’s corpuscles from the
aged subjects, there was a reduction in the immunoreactiv-
ity for S100 protein along with an absence of
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immunohistochemically detectable axons. These two find-
ings suggest denervation of these corpuscles because the
expression of S100 protein by lamellar cells depends on the
functional integrity of the axon (Marquez et al. 1997;
Albuerne et al. 1998).

Age-dependent changes in Merkel’'s cells and
Merkel’s cell-neurite complexes

In the present study we have found a marked reduction of
the density of Merkel’s cells in aged subjects. As far as we
know, these age-related changes hae note been reported
earlier. Deterioration of the discs of Merkel was observed
with ageing in rats (Fundin et al. 1997), but deterioration
was not observed in Merkel’s cell-neurite complexes either
in humans or in rodents (Bolton et al. 1966; Mathewson &
Nava, 1985; Paré et al. 2007). Recently, Moayedi et al.
(2018) reported that Merkel’s cells undergo a dramatic
reduction in density with ageing in murine palatine
mucosa.

Piezo2 expression is reduced in aged cutaneous
mechanoreceptors

Activation of mechanically gated ion channels is at the ori-
gin of the detection of low- or high-threshold mechanical
stimuli. Different candidates have been proposed to be the
mechanotransducers in human sensory corpuscles and Mer-
kel’s cells (Calavia et al. 2010b; Cabo et al. 2015b; Alonso-
Gonzalez et al. 2017). However, only Piezo2 has been
demonstrated to be an essential component of distinct
stretch-activated ion channels involved in mechanotrans-
duction (see Roudaut et al. 2012; Delmas & Coste, 2013; Wu
et al. 2017;. Piezo2 is present in mechanosensory neurons
(Coste et al. 2010; Ranade et al. 2014) and different low-
threshold cutaneous mechanoreceptors, including human
Meissner’s corpuscles and Merkel’s cells (Garcia-Mesa et al.
2017). Although the ageing effects on the structure and/or
the function of these mechanosensitive ion channels have
not been described, one can speculate that their reduced
expression in the axons supplying RAI and SAI could con-
tribute to age-related tactile defects.

BDNF-TrkB neurotrophin complex is altered in the
skin of aged subjects

The development, survival and maintenance of cutaneous
sensory corpuscles are controlled by different neu-
rotrophins and their Trk signalling receptors (see Montano
et al. 2010). The BDNF-TrkB system is involved in different
modalities of touch because it controls Meissner’s corpus-
cles and, to a lesser extent, Pacinian corpuscles and Mer-
kel’s cell-neurite complexes (Gonzalez-Martinez et al. 2004;
Sedy et al. 2004; De Carlos et al. 2006; Perez-Pinera et al.
2008). BDNF-TrkB continues to be expressed in some
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neurons of adult sensory ganglia and in some types of sen-
sory corpuscles throughout the entire lifespan (see Mon-
tano et al. 2010). The present study and previous studies
(Calavia et al. 2010a) demonstrate that human cutaneous
sensory corpuscles contain immunohistochemically detect-
able BDNF and TrkB, and confirm that TrkB immunoreactiv-
ity in Meissner’s corpuscles decreases in subjects older than
50 years. Our results demonstrate that the ageing of sen-
sory corpuscles is accompanied by a decrease in the
immunohistochemically detectable BDNF and TrkB, which
were absent in some Meissner’s corpuscles. Whether the
absence of BDNF-TrkB is responsible, at least in part, for
the size and morphological changes observed in Meissner’s
corpuscles and in the density of Merkel cells remains to be
investigated. In any case, our results could explain the
reduction in sensory neurons of the dorsal root ganglia
that occurs with ageing (Vega et al. 1993). In the human
central nervous system, low levels of BDNF and reduced
expression of TrkB are related to ageing and the related
diseases (Erickson et al. 2010; Forlenza et al. 2015; Nunes
et al. 2018).

Overall, the present study demonstrates that the cuta-
neous Meissner’s corpuscles and Merkel’s cell-neurite com-
plexes and, less evidently, Pacinian corpuscles, which
represent the most peripheral part of the sensory nervous
system, undergo age-dependent morphological and size
changes as well as a decrease in their density. The
mechanoprotein Piezo2 involved in fine touch is also
reduced in aged corpuscles, as is the trophic system respon-
sible for their maintenance. These changes partially explain
the impairment of the somatosensory with ageing.
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Supporting Information

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

Fig. S1. Double immunofluorescence for BDNF (a) and TrkB (d)
(green fluorescence) and S100 protein (red fluorescence) in
human digital Meissner’s corpuscles of one 30-year-old subject.
BDNF and S100 protein were colocalized, suggesting that BDNF
was present in the lamellar cells. Conversely, no colocalization
of TrkB and S100 protein was detected, indicating that TrkB is
mainly located in axons. Objective 63 x /1.40 oil; pinhole 1.37;
XY resolution 139.4 nm and Z resolution 235.8 nm. Scale bar:
30 um.

Fig. S2. Double immunofluorescence for BDNF (green fluores-
cence) and NFP (b) and S100 protein (e) (red fluorescence) in

human digital Meissner’s corpuscles of one 30-year-old subject.
BDNF and S100 protein were colocalized, suggesting that BDNF
is present in inner core cells. Conversely, no colocalization of
BDNF and NFP was detected, indicating that BDNF is not present
in the axon. Objective 63 x /1.40 oil; pinhole 1.37; XY resolution
139.4 nm and Z resolution 235.8 nm. ic, inner core; arrow indi-
cates the axon. Scale bar: 50 pm.

Fig. S3. Double immunofluorescence for BDNF (a) and TrkB (d)
(green fluorescence) and CK20 (red fluorescence) in human digi-
tal Merkel cells (arrows). BDNF and CK20 never colocalized,
whereas TrkB and CK20 colocalized in the cytoplasm of Merkel
cells. Objective 63 x /1.40 oil; pinhole 1.37; XY resolution
139.4 nm and Z resolution 235.8 nm. ic: inner core; arrow indi-
cates the axon. Scale bar: 30 um.
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