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ABSTRACT

Three-dimensional (3-D) reconstruction of images provided by confocal scanning laser
microscopy (CSLM) is a powerful tool in a morpho-functional approach to cutaneous
innervation studies. To investigate mechanoreceptors in the hand, a study of Merkel
complexes was performed in human finger. A double fluorescent-conjugated immunolabeling
with antibodies against neurofilament (NF 200) and cytokeratin (CK 20) on floating, thick
cutaneous samples (80 to 100 pm), was used. After acquisition of serial optical planes by
CSLM, reconstruction was performed with 3-D reconstruction software tools. Merkel cells
were clearly labeled with CK 20, whereas nerve components were only NF 200 reactive. The
cells, localized on the basal lamina of the epidermis, were usually arranged in clusters of five
to eight cells. Each cell was connected to a nerve process ramification originating from a
unique fiber. Quantitative data, compiled from a sample of 25 Merkel complexes, gave a mean
cell diameter of 13 = 1 pm and a mean nerve fiber size of 3 = 1 pm. Surface measurements
were done on a single reconstructed cluster with a mean and standard error which only refers
to the optical 3-D resolution. It gives a surface of 12 + 1 pm? for the contact zone between cell
and nerve fiber and a cluster area of about 500 pm2. The great precision of reconstructed
images provides a detailed analysis of spatial relationships between abutting nerve fibers and
Merkel cells. Data interpretation is improved with complementary ultrastructural and
physiological studies results, and this allows an accurate investigation of cutaneous sensory

endings. J. Comp. Neurol. 398:98-104, 1998.
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Since the first work of Crowe and Whitear in 1978,
immunolabeling techniques have developed as the most
reliable means for the identification of histological struc-
tures, particularly neural ones. By using these techniques,
numerous neuropeptides and proteins have been reported
in cutaneous sensory endings (i.e., calcitonin gene-related
peptide, CGRP; chromogranin, CGA; vasoactive-intestinal-
peptide, VIP; neuron specific enolase, NSE; protein-gene-
product 9.5, PGP 9.5; Gu et al., 1981; Thompson et al.,
1983; Bjorklund et al., 1986; Hartschuh et al., 1989; Wang
et al., 1990; Karanth et al., 1991; Kennedy and Wendelscha-
fer-Grabb, 1993) and thus constitute many potential and
specific markers for the study of skin innervation in
greater depth. Antibodies against neurofilaments (NF

© 1998 WILEY-LISS, INC.

70-200; Iwanaga et al., 1982; Dalsgaard et al.,, 1984;
Bjorklund et al., 1986) or against PGP 9.5 (Thompson et
al., 1983; Wang et al., 1990; Kennedy and Wendelschafer-
Grabb, 1993; Rumio et al., 1995) have proved to be reliable
specific markers of nerve fibers and/or endings. Merkel
described, in 1875, large clear epidermal cells, isolated or
assembled in groups, located on the basal lamina, in close
contact with basal keratinocytes. As they were connected
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Fig. 1. A: General view of a digital pulp section stained with
anti-cytokeratin 20 (in red) and anti-S 100 protein (in brown) antibod-
ies. Merkel cells are present at the base of one ridge of the epidermis
(arrowheads), and dermal nerve fibers, revealed by anti-S 100 protein
staining of the Schwann sheath, are seen in the immediate vicinity
(stars) of the epidermis. Thin paraffin sections (7 pm). Hematoxylin
counterstaining. Light microscopy. 10X. B: High magnification of
another section. Merkel cells are situated on the basal lamina of

by nerves, their discoverer interpreted them as sensory
endings, the Merkel-neurite complex. Until recently, they
were difficult to recognize by light microscopy (LM), and
extensive morphological studies with transmission elec-
tron microscopy (TEM; Breatnach, 1977; Chouchkov, 1978;
Hartschuh and Weihe, 1980; Saxod, 1980, 1996; Winkel-
mann, 1988; Tachibana, 1995), despite their precision,
brought little information about the spatial arrangement,
shape, and location of Merkel cells. However, Moll et al.
(1984, 1992, 1995) demonstrated that cytokeratins (CK
8-18, CK 20), which decorate the intermediate filament
cytoplasmic network, are specific markers of Merkel cells
in human fetal and adult skin, thus allowing easy identifi-
cation at the LM level (Fig. 1A,B).

Confocal scanning laser microscopy (CSLM) has sup-
planted stereological methods applied to serial two-
dimensional images, collected by LM or TEM, for volume
reconstruction of biological objects (Castano and Ventura,
1978; Saxod, 1996).

Three-dimensional (3-D) reconstruction appears to be
the most reliable and accurate way to study these struc-
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epidermis in close contact with basal keratinocytes. Labeling is
strictly cytoplasmic, and nuclei are clearly visible. Dermal nerve fibers
(brown) are seen making contact (arrowheads) with Merkel cells. 40X.
C,D: Stereo-pair (cross-eyed vision) of a cluster of Merkel complexes,
stained with anti-NF 200 (red) and anti-CK 20 (green) fluorescent-
conjugated antibodies, obtained from 70 serial optical sections of 0.3
pm (CSLM, laser Argon 488 nm). Ray casting method reconstruction.
Lens 40/1.30. Scale bars = 50 pm in A, 10 pm in B-D.

tures and their relationships to their environment (Cas-
tano et al., 1993). It is now possible to study morphology and
organization of structures with greater precision by using
thick samples, allowing an “in toto” vision. With CSLM,
images can be obtained with good contrast and high resolu-
tion. By the virtual rotation in space of a given structure,
appropriate computer software allows a more accurate visual-
ization and interpretation of anatomical structures than was
previously possible. Peripheral cutaneous structures have
been thus studied by Castano et al. (1995) and Rumio et al.
(1995) who made 3-D reconstructions of Meissner cor-
puscles in human skin with PGP 9.5 immunolabeling.

For complex structures like cutaneous mechanorecep-
tors, the simultaneous use of different fluorescent-conju-
gated markers, whose specificity of labeling and spectrum
allows fine identification of different components of the
same structure, coupled with CSLM observation, in-
creases the possibilities of interpretation and reconstruc-
tion (Shotton, 1989; Parazza et al., 1993). The present
study uses double immunolabeling and CSLM to investi-
gate Merkel complexes in human digital skin.
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MATERIALS AND METHODS
Tissue preparation

Human digital pulps of two second digits, obtained from
non-replantable traumatic amputations, provided by the
Hand Surgery Unit at Grenoble University Hospital
(France), were used. Injuries occurred in the dominant
hand of two manual workers (43 and 51 years old) without
any noticeable medical antecedents, and their informed
consent was completed in accordance with Helsinki regula-
tions. Samples were immediately excised and fixed in 4%
formaldehyde-phosphate-buffered saline (PBS) 0.01 M, pH
7.4, for 24 hours at 4°C. After rinsing in distilled water,
pulp tissue was cut under the microscope into small
fragments, perpendicular to the skin surface (1 X 6 X 3
mm), and immediately embedded in paraffin or in agar.
Thick serial sections (80 to 100 pm) were made from both
paraffin- and agar-embedded samples with a vibratome
(Vibraslice 752 M, Campden Instruments LTD, England)
and treated for immunolabeling.

Immunofluorescence and immunochemistry

Two equivalent series of paraffin- and agar-embedded
samples were done in parallel by using a floating tech-
nique and double-immunofluorescence labeling. After be-
ing deparaffinized with toluene and rehydrated in graded
concentrations of ethanol when necessary, all samples
were treated by microwaves (Micromat 120 AEG, Fre-
quency 2.45 Hz, 850 W) in sodium citrate buffer 0.01 M, pH
6, for 2 cycles of 5 minutes each, in order to facilitate
labeling. After incubation in 0.01 M PBS, pH 7.4, contain-
ing 2% skimmed milk powder, in a humid atmosphere at
4°C for 1 hour and rinsing, sections were floated in a
mixture of two primary antibodies, applied for 48 hours at
4°C: murine monoclonal antibodies to cytokeratin 20 (CK
20; Biogenex, San Ramon, CA) at a dilution of 1:200 and
rabbit polyclonal antibodies to neurofilament (NF 200;
Sigma, St. Louis, MO) at a dilution of 1:250, in a humid
atmosphere with gentle agitation. After rinses in 0.01 M
PBS, pH 8.6 (3 X 20 minutes) and incubation in 1% bovine
serum albumin (BSA) for 30 minutes, secondary fluores-
cent-conjugated antibodies were sequentially applied at
4°C, in a humid and dark atmosphere, for 3 hours. A
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0.01 M PBS, pH 8.6, rinse (1 hour) followed by 1% BSA (30
minutes), between the two sequences, was done. The
sections were first incubated in rhodamine-conjugated
(TRITC) goat anti-rabbit antibodies (Jackson, West Grove,
PA) at 1:100, for NF 200 labeling, and further by fluores-
cein-conjugated (FITC) rabbit-antimurine antibodies
(Dako, Glostrup, Denmark) at 1:75, for identification of CK
20. After a final rinse in 0.01 M PBS, pH 8.6, for 1 hour,
sections were mounted in an antifading medium (TRIS-
HCL, pH 7.6, 0.05 M [10%], glycerol [90%l], 1.4 diazabicyclo-
octan 2% [Sigma D 2522]) between a slide and a coverslip
sealed by nail varnish.

For control sections, primary antibodies were substi-
tuted by nonimmune murine and rabbit IgG (2 mg/ml)
(Jackson), or by eliminating the first incubation.

For conventional light microscopy, 7-pm sections were
obtained from paraffin, embedded samples and immuno-
chemistry was performed, as described above, with mono-
clonal antibodies to cytokeratin 20 (Biogenex, San Ramon,
CA) and rabbit polyclonal antibodies to S 100 protein
(Immunotech 1071, Marseille, France). Specific staining
was revealed by incubation with biotinylated secondary
antibodies followed either by a peroxidase (for S 100
protein) or fast red phosphatase (for CK 20) conjugated
avidin-biotin complex (1:500, 1 hour). Peroxidase was
revealed by using di-amino-benzidine tetrahydrochloride,
and nuclei were counterstained with hematoxylin.

Confocal microscopy

Confocal optical sections were collected with a confocal
scanning laser microscope, LSM 410 Invert (Carl Zeiss,
Freiburg), by using a 40X objective lens (Plan-Neofluoar,
1.3 NA, oil immersion). Simultaneous imaging of FITC and
TRITC fluorescence was performed with the following
settings: Both labels were excited with the 488-nm line of
an Argon laser; a 510-nm dichroic mirror was used to
separate the excitation beam from the emitted fluores-
cence. The radiation from each fluorochrome was segre-
gated by means of a 560-nm beam splitter, and label
emissions were selected with a 520- to 560-nm band-pass
filter (FITC) and a 590-nm long-pass filter (TRITC).

Two different samplings were used: The high-resolution
imaging of a single Merkel cell (Fig. 3A—C) was obtained by

Fig. 2. A: 3-D reconstruction by a ray casting method of a cluster of Merkel complexes labeled by fluorescent-conjugated antibodies against
NF 200 (red) and CK-20 (green) obtained from 134 serial optical sections of 0.3 pm (CSLM, laser Argon 488 nm). Several Merkel cells, arranged
in a semicircular row at the extremity of an epidermal crest, are connected by a nerve afferent fiber. Cluster area (80 = 1 X 100 * 1 pm)
measures about 500 pm?, and mean cell diameter is 15 = 1 pm. Epidermis on top. Arrow indicates the cell reconstructed in Figure 3A-C.
Measurement mean and standard error only refers to 3-D optical resolution. Reconstructed final volume of 77 X 77 X 40 pm. Lens 40/1.30. B: 3-D
reconstruction by a surface shading method of the same cluster as in A. The globulous shape of Merkel cells is clearly visible. Merkel cells are
connected by a unique nerve fiber (star) which divides into ramifications, with a termination of nerve branches in flat endings. C: 3-D
reconstruction of the same cluster as in A with a rotation of 90° along the X axis with respect to A. The cluster is seen from above, as it would be
observed “through” the epidermis. The afferent nerve fiber (star) and its ramifications are clearly identified. D: 3-D reconstruction of the same
cluster as in A with a rotation of 90° along the Y axis with respect to A. Limits of the section are clearly visible on the left and right of the image.
The cell assembly is on the same plane, on the basal lamina of the epidermis. The afferent nerve trunk (star) has several branches, and the zone
of contact, between the nerve and the cell, is located on the basal side of the cell. Scale bar = 10 pm.

Fig. 3. A: 3-D reconstruction by a ray casting method of a Merkel cell (cell indicated by an arrow in Figure 2A) labeled by
fluorescent-conjugated antibodies against NF 200 (red) and CK-20 (green) obtained from 46 serial optical sections of 0.3 pm (CSLM, laser Argon
488 nm). The afferent nerve fiber (diameter 2.5 = 1 pm) presents a torsion along its longitudinal axis and a curve of 180° before reaching the cell.
The heterogeneous center part is clearly devoid of CK 20 labeling probably in relation to the presence of the nucleus. Measurement mean and
standard error only refers to 3-D optical resolution. Reconstructed final volume of 19 X 19 X 14 pm. Lens 40/1.30. B: 3-D reconstruction by a
surface shading method of a Merlkel cell (cell of A). The globulous shape of the cell is clearly visible. Before reaching the cell, the afferent fiber
describes curves with a thin preterminal portion (arrow) which can be interpreted as the basal lamina crossing region. The zone of contact is
enlarged and flattened with an area of 12 + 1 pm?. Cytoplasmic labeling is high at the periphery, then more heterogeneous or absent in the
center, where the nucleus is. C: Same 3-D reconstruction of a Merkel cell as in B with a rotation of 75° around the Y axis. The intimate
relationship between the base of the cell and the flattened nerve terminal is clearly visible. The surface of contact between the cell and the nerve
plate represents about one-third of the entire cell surface. Scale bar = 5 pm.
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collecting 46 serial optical sections every 0.3 pm with a
pixel size of 0.15 nm; the imaging of the clusters of Merkel
cells was obtained by collecting 70 (Fig. 1C,D) and 134
(Fig. 2A-D) optical sections every 0.3 pm with a pixel size
of 0.3 pm. Each optical section was obtained by averaging
eight frames in order to improve the signal-to-noise ratio.
During the tomography session, a correction of attenua-
tion of emitted and reflected light, due to sample penetra-
tion, was necessary by means of a gain compensation of the
photomultiplier (voltage magnification). Neither TRITC
nor FITC fluorescence presented problems of bleaching
during sessions, even for long exposures (more than 10
minutes/50 optical sections).

Three-dimensional reconstruction

The stacks of images were edited and reconstructed with
software developed in our laboratory (Parraza et al., 1993)
and running on Silicon Graphics workstations and on
Power Macintosh computers. Briefly, the stack of optical
sections was processed in order to compensate for the
decay of fluorescence intensity as a function of depth in the
tissue. The signal-to-noise ratio was improved by applying
a 3-D median filter to the data set. The volumes were
visualized with two different rendering approaches: sur-
face shading and ray casting. These visualization tools are
based on 3-D reconstruction techniques in which the basic
principle is to create either a still or animated synthetic
image of the volume. Different visual attributes can be
selected in order to render specific information. The two
main attributes are 1) the shape of the observed objects
(cells, nuclei . . .), which implies a surface rendering ap-
proach (surface shading), and 2) the content of the object,
which implies a transparency rendering of volumes (ray
casting). By contrast, in the surface model, only the
surface voxels are considered; that is achieved when
showing solid objects as the volume model claims to show
all the information contained in the 3-D cube. This last
display mode might be called “see-through” or transparent
viewing.

RESULTS

On thin paraffin sections examined by conventional light
microscopy, Merkel cells appeared to be specifically labeled
by anti-CK 20 antibodies (Fig. 1A,B) and were present at
the base of certain ridges of the epidermis. After labeling
with anti-S 100 protein, to reveal the Schwann sheath of
nerve fibers, nerve terminals can be seen making contacts
(Fig. 1B, arrowheads) with Merkel cells. For CSLM, agar
embedding proved to be better than paraffin for immuno-
fluorescent labeling of thick sections, perhaps because
paraffin embedding may alter thick samples and interfere
with antibody penetration. CSLM observation is visually
demanding, and plotting of fluorescent objects in thick
samples can be difficult. Furthermore, the observed struc-
ture must be completely scanned in order to achieve a
satisfactory reconstruction. Several clusters were exam-
ined; three were analyzed in detail (Figs. 1C,D, 2A-D), but
only one was totally reconstructed as well as one Merkel
cell with its nerve terminal at a higher magnification (Fig.
3A-C). In order to enhance qualitative data, 3-D reconstruc-
tion was performed by a surface rendering approach or a
ray casting method according to the structures studied
(shape of the object [cells, nuclei . . .], content of the object).
Labeling was specific for each component (CK 20 for the
cell, NF 200 for the nerve), and there was no fluorescence
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blurring which might have interfered with interpretation.
Merkel complexes appeared in groups (clusters) of cells at
the extremity of an epidermal ridge, usually in a semicircu-
lar arrangement (Figs. 1C,D, 2A—C). Merkel cells, clearly
labeled by antibodies against CK 20, were globular in
shape, with a flat base, and situated along the same plane.
Measurements, taken on a selection of 25 cells from three
observed clusters (not shown), gave a mean cell diameter
of 13 + 1 pm (range: 7.5-17 pm). Each cell was connected
by a thin nerve ramification, marked for NF 200, originat-
ing from a unique afferent fiber. In some instances, the
same ramification seemed to connect two neighboring cells
(Fig. 2D). The mean size of nerve fibers, of the three
clusters analyzed (not shown), was 3 + 1 pm (range 2—4
pm, mean measurements on 25 fibers).

In Merkel cells, the green fluorescence, caused by anti-CK
210 antibodies, was diffuse and heterogeneous, dense at
the periphery but absent in the center. This lack of labeling
could be interpreted as the location of the nucleus, as
labeling by antibodies against CK 20 was strictly limited
to keratin network fibers which are only cytoplasmic (Fig.
3A,B). The flat basal surface entered into contact with the
nerve ending, a region that we interpret as the transduc-
tion zone (Fig. 3B,C). The nerve fiber followed a spiral
course before reaching the cell and presented a discoidal
adherent nerve plate which seemed to support the dermal
side of the cell (Fig. 3C). Surface and size measurements,
done on a single reconstructed cluster (Fig. 2A-D) and
reconstructed cell (Fig. 3A-C) have a mean and standard
error which only refers to the optical 3-D resolution. The
elliptic plane of the reconstructed cluster was about 80 = 1
pm in width and 100 = 1 pm in length, and its area was
about 500 nm?2 (Fig. 2A). The nerve plate surface, which
occupied about one-third of the cell base, was 12 = 1 pm?
(Fig. 3A-C).

DISCUSSION

In 1875, using an osmic acid preparation, Merkel de-
scribed a large clear epidermic cell connected by nerves
which he interpreted as a sensory ending. Although its
ectodermic or neural crest origin has not been definitively
proved in humans yet (Moll and Moll, 1992; Tachibana,
1995; Saxod, 1996), several neural and epidermal markers
have been demonstrated, allowing specific identification at
the light microscopic (LM) level. The Merkel cell is reactive
for several neuropeptides and proteins such as neuron
specific enolase (NSE), protein gene product 9.5 (PGP 9.5),
chromogranin (CGA), vasoactive intestinal polypeptide
(VIP), calcium gene-related polypeptide (CGRP), and met-
enkephalin in animal species and humans (Gu et al., 1981,
Hartschuh et al., 1989; Karanth et al., 1991; Tachibana,
1995). Moll et al. (1984, 1995) have demonstrated that
cytokeratins 8-18 and 20 (CK 8-18, CK 20) are specific
and reliable labels for Merkel cells in human adult and
fetal skin.

The contact between a nerve fiber and a Merkel cell with
immunolabeling techniques at the LM level has rarely
been demonstrated. Moll et al. (1984) reported such a case
after double immunolabeling with antibodies against cyto-
keratins (CK 8-18) and neurofilaments (NF 70-200).
However, Narisawa et al. (1994) have shown that, in
certain preneoplasic status, about 10% of the Merkel cells
react with NF 70-200, which may interfere with image
interpretation when this antibody is used for simultaneous
immunolabeling. Gu et al. (1981), using antibodies against
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NSE, demonstrated nerve fibers close to Merkel cells but
no convincing connections. With PGP 9.5, Wang et al.
(1990) also demonstrated close relations between nerve
ramifications and Merkel cells. Rumio et al. (1995), with
CSLM and PGP 9.5 immunolabeling, reported confocal
images of Merkel cells but without evidence of a contact
region between the cell and the nerve ending, probably due
to a lack of labeling. Almost all Merkel cells are innervated
(Pasche et al., 1990), and in the present study, non-
innervated cells were never observed. From our knowl-
edge, this is the first time that a convincing connection has
been demonstrated between a Merkel cell and an afferent
nerve with an immunolabeling technique and CSLM.

The principal advantage of double labeling is an objec-
tive visualization and image interpretation of structures.
In our reconstructions, Merkel cells are only CK 20
reactive, the nervous structure being strictly labeled by
NF 200, and no fluorescence blurring troubles interpreta-
tion. The neural connection has, however, been reported by
several TEM studies in animals and humans, describing a
contact region on the basal side of the cell and dense
intracytoplasmic core granules (70 to 120 nm) localized at
the dermal side of the cell, next to the nerve terminal
(Breatnach, 1977; Saxod, 1978; Hartschuh and Weihe,
1980; Winkelmann, 1988). According to Tachibana (1995),
the Merkel cell population in human skin can be divided
into two groups: innervated and noninnervated cells. The
former type might act, during skin development and
post-traumatic reinnervation, as targets for nerve guiding
and sprouting by means of the release of trophic factors. In
the course of skin differentiation, a reciprocal trophic
dependence between nerves and Merkel cells has been
demonstrated (Pasche et al., 1990; Vos et al., 1991;
Narisawa et al., 1992, 1996; Moll et al., 1996). Merkel cells
could play a role of metabolic support for intra-epidermal
nerve terminals as well as for capillaries and conjunctive
cells. Noninnervated Merkel cells in adult skin can also
stimulate differentiation of keratinocytes and modulate
sensory nerve endings (Gaudillere and Misery, 1994).

This close relationship between the basal membrane of
the Merkel cell and nerve endings, the presence of special-
ized junctions, and rare observations of fusion between
core granules and cell membrane (Chen et al., 1973) are in
favor of a chemical synaptic transmission. Merkel cells act
as mechanical transducers (Horch et al., 1974; Iggo and
Findlater, 1984; English et al., 1992), this functional
aspect being supported by experiments with Ca2* channel
blockers (Findlater et al., 1987; Pacitti and Findlater,
1988). However, this question is still controversial (Mills
and Diamond, 1995), and the possibility of a prime mechani-
cal transduction by the nerve ending remains (Gottschaldt
and Vahle-Hinz, 1981; Diamond et al., 1988; Diamond,
1994; Gaudillere and Misery, 1994).

The arrangement of Merkel cells in clusters, connected
by a single nerve fiber, can argue for a collective physiologi-
cal behavior, but this may be discordant with electrophysi-
ological data. Evaluation of cutaneous Merkel cell densi-
ties, extrapolated from microneurographic recordings of
human digital nerves, is a hundred times lower than those
obtained by histological methods (Miller et al., 1958;
Johansson and Vallbo, 1979; Vallbo and Johansson, 1984;
Lacour et al., 1991; McKenna Boot et al., 1992; Cohen and
Vierck, 1993; Thomas and Westling, 1995). Nevertheless,
according to the strategy of histological counting, results
can vary greatly. Furthermore, noninnervated cells (ana-
tomically and/or physiologically speaking) would be counted
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with a histological approach, whereas they would not be
detected by electrophysiology. These differences can also
be explained by the fact that Merkel cells, assembled in
clusters and connected by a single nerve, can act not as a
single physiological unit as the spatial orientation could
suggest, but perhaps more as autonomic entities. Merkel
cells are considered type I slowly adapting mechanorecep-
tors (SAI) (Horch et al., 1974), and the evaluation of SA I
unit densities can be very different depending on whether
the cell physiological behavior is individual or collective.
Type I mechanoreceptor (SAT and RAI) recordings for edge
sensitivity in digital pulp sensitive fields (Johansson et al.,
1982) are in favor of a possible peripheral coding of
information. The SA I units have a better edge sensitivity
than RA I receptors, so signal modulation may perhaps be
produced in the skin in relation to the spatial arrangement
of Merkel cells among a given cluster and/or between
several clusters which may have been stimulated, owing to
the possibility of the transmission of a slight skin deforma-
tion at distance. The surface occupied by a cluster reaches
about 500 pm?2, according to our observation, but electro-
physiological evaluation when assessed by standardized
methods (Vallbo and Johansson, 1984) give surfaces of 11
mm? for such SA I receptive fields with distinct borders.
Thus, responses from a unique SA I receptive field (SA I
unit) seem to reflect the activation of several clusters of
Merkel cells which would mean that there is already a
structured (integrated) coding at the periphery level.
These discrepancies of interpretation between histological
and physiological data plead for a collective physiological
behavior of Merkel cells. However, explanation of the
physiology requires further experimental studies.

Usually Merkel complexes are situated with a horizon-
tal orientation, on the basal lamina of epidermis, in close
relation to basal keratinocytes, in groups of five to eight
cells (cluster) at the extremity of epidermal ridges (Moll et
al., 1984; Winkelmann, 1988; Tachibana, 1995). Confocal
images are consistent with these descriptions. Merkel
complexes are arranged in a ring or in an elliptical
assembly in the same plane and are connected by small
nerve ramifications originating from an unique afferent
fiber. The cell has a globulous shape, and cytoplasmic
labeling is heavy at the periphery and more heterogeneous
in the center. As with thin immunolabeled samples, the
polylobed nucleus can be easily observed on 3-D reconstruc-
tions. However, ultrastructural studies have shown that
the cells have fine cytoplasmic projections which penetrate
between keratinocytes. Despite high cytoplasmic labeling
and the possibility of rotation, resolution is insufficient to
observe these processes (Breatnach, 1977; Chouchkov,
1978; Saxod, 1978; Winkelmann, 1988; Tachibana, 1995),
and only gross diverticles were seen on confocal images.

In conclusion, the use of CSLM combined with double
immunofluorescence on thick sections gives detailed 3-D
reconstructions of Merkel complexes and allows a clear
demonstration, at the optical level, of the nerve terminal
abutting the Merkel cell. These methods are powerful tools
for studying the organization and relationships of mecha-
noreceptors and nerves involved in cutaneous innervation.
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