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&p.1:Abstract The sensory innervation of the hard palate of
the rhesus monkey was studied by light and electron microscopy. The mucosa of the hard palate is subject to a
particularly heavy mechanical load requiring functional
specialisation of the horny epithelium in the form of
thickenings – the papilla incisiva and eight pairs of rugae
palatinae. A thin layer of firm connective tissue (lamina
propria) attaches the mucosa to the periost of the hard
palate. Sensory nerve fibres were found most abundantly
in the papilla incisiva and first rugae palatinae. Their
number decreases in an aboral direction. Five types of
sensory nerve endings were found. Free nerve endings
were ubiquitous in the epithelium and lamina propria.
Merkel nerve endings were found in the basal layer of
the epithelium of the papilla incisiva and rugae palatinae.
Meissner corpuscles were located in the connective tissue between epithelial pegs, while lamellated corpuscles
were seen below the epithelial pegs. Ruffini corpuscles
were found in the deeper layer of the lamina propria.
Thus, a variety of sensory nerve endings were found in
the hard palate, especially in those areas that are in close
contact with the tongue during chewing of food. This
rich innervation suggests an important role in monitoring
the mechanical properties of food and the position of the
tongue.
&kwd:Key words Mechano-receptors · Palate · Merkel cell ·
Ruffini corpuscle · Free nerve ending · Lamellated
corpuscle · Meissner corpuscle&bdy:

Introduction
Parts of the oral mucosa are exposed to a particularly
heavy mechanical load. In those areas the mucosa has a
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horny epithelium with a firm underlying connective tissue (lamina propria). This type is termed masticatory
mucosa and can be found in the gingiva and hard palate.
In the palate, the mucosa forms macroscopically visible
thickenings: a papilla incisiva and several pairs of rugae
palatinae. Food is pressed with the tongue against these
regions to check its mechanical properties and monitor
whether it is ready for swallowing. For this complex
function, the mucosa of the hard palate and papilla incisiva needs to be well equipped with mechanoreceptors.
Following early light microscopic studies of the human palate by Gairns (1955), various investigators have
carried out electron microscopic studies on the innervation of the papilla incisiva in smaller mammals: rat (Yeh
and Byers 1983; Byers and Yeh 1984; Chan and Byers
1985; Watanabe and Konig 1986), squirrel monkey
(Garant et al. 1980), mouse (Watanabe and Yamada
1988; Tachibana et al. 1990). However, this is the first
such investigation carried out in a larger primate (Rhesus
monkey) with intact connection to the underlying bone
in order to study the topographic arrangement of these
mechanoreceptors in situ. This study provides evidence
for a rich supply with free nerve and Merkel nerve endings, and Ruffini, Meissner and lamellated corpuscles in
the primate hard palate that are likely to play an important role in monitoring mechanical properties of food.

Materials and methods
Two adult Rhesus monkeys were killed with an overdose of thiopental and perfused with 6% glutaraldehyde in 0.05 M phosphate
buffer via the left cardiac ventricle. The upper jaw and hard palate
were removed from the animals and postfixed for several days in
the same solution. The tissue was then decalcified by storing in
5% EDTA solution with 0.1 M sodium phosphate buffer (pH 7.4,
room temperature) for 5 years. The solution was changed every
month. The state of decalcification was checked regularly by mechanical probing and by X-ray just before embedding.
Following decalcification the hard palate was cut into 1.5-mmthick strips, and each strip was divided into 20 sections from the
oral to the aboral end, resulting in several thousand blocks of tissue. These blocks were postfixed in 1% OsO4 in 0.1 M sodium
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phosphate buffer with 1% sucrose at pH 7.4 for 2 h before embedding in gycidether 100.
Serial semithin sections obtained from these blocks were stained
according to Laczko and Levai (1975) and examined by light microscopy. Selected semithin sections were re-embedded, cut into ultrathin sections and contrasted with 1% uranyl acetate and 1% lead
citrate (Reynolds 1963) for electron microscopy (Philips 300).

Results
In the Rhesus monkey, the mucosa of the hard palate is
covered by a multilayered, horny, flat epithelium firmly
connected with the periost through the lamina propria.
The whole mucosa has a thickness of 2.5 to 3 mm. In
this location, the epithelium has no stratum granulosum.
The front part behind the processus alveolaris is thickened to form the papilla incisiva, behind which eight rugae palatinae are located (Fig. 1).
Epithelial thickenings (pegs) reach into the lamina
propria to different degrees. In the papilla incisiva and

rugae palatinae these pegs are especially thick and welldeveloped. The lamina propria consists of a superficial
layer facing the epithelium, forming a negative of the
epithelial form – thinner below the epithelial pegs and
protruding between them. By analogy to the nomenclature of the skin this could be called the papillary layer.
The deeper layer consists of dense connective tissue with
some seromucous salivary glands. This layer is firmly attached to the periost of the hard palate, allowing minimal
movement against each other.
Five types of sensory nerve endings were found:
1. Free nerve endings within the epithelium and the superficial layer of the lamina propria (Figs. 2, 3, 6–8)
2. Merkel nerve endings in the bases of epithelial thickenings (Figs. 4, 5)
3. Ruffini corpuscles in the deeper layer of connective
tissue about 250–400 µm below the basement membrane of the epithelium (Figs. 9–11).
4. Meissner corpuscles in the lamina propria close to
the epithelium between the epithelial thickenings
(Figs. 12–14)
5. Small lamellated corpuscles below the epithelial thickenings (Figs. 15, 16)
Sensory receptors in the epithelium
Free nerve endings
Intraepithelial free nerve endings are supplied by thinly
myelinated (A) afferent axons with diameters of 1–2 µm
and characterised by accumulation of mitochondria.
Their number is highest at the papilla incisiva and decreases in the aboral direction. They can be found in the
stratum spinosum and in the stratum basale. After losing
their myelin sheath in the lamina propria the nerve fibres
penetrate the basal lamina. The first type branches to
form enlarged nerve terminals between keratinocytes of
the stratum spinosum (Figs. 2, 3).
A second type of intraepithelial free nerve ending is
seen just above the basal lamina in direct contact with
cells of the stratum basale (Fig. 6).

Fig. 3 Detail view of a free nerve ending (★) located between keratinocytes of the stratum spinosum. Multiple desmosomal junctions between keratinocytes are indicated by arrows. ×17000&ig.c:/f

Fig. 1 Schematic drawing of the monkey palate with papilla incisiva (IP) and eight pairs of rugae palatinae. The surrounding teeth
are marked as incisors (I1 and I2), caninus (C), premolars (P1 and
P2) and molars (M1 to M3). ×1&ig.c:/f

Fig. 4 Epithelium of the papilla incisiva. Merkel cells (M) with
cytoplasmic protrusions (★) are seen in the stratum basale. They
are connected with the surrounding keratinocytes by desmosomes
(arrows). Nerve terminals (T) are associated with the Merkel cells
on their labial side. In the lamina propria an afferent axon (N) with
sheath of peripheral glial cells can be seen. ×7600&ig.c:/f

▲

Fig. 2 Free nerve ending in the papilla incisiva. The enlarged
nerve terminal (★) is located in the statum spinosum of the palate
epithelium, showing the characteristic accumulation of mitochondria. ×7600&ig.c:/f
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Merkel nerve endings
The basal layer of the epithelial thickenings contains
Merkel nerve endings. Their number depends on the
thickness of the epithelial pegs. In larger pegs up to 12
Merkel nerve endings can be found. In smaller ones
there may be only individual Merkel nerve endings. Each
Merkel nerve ending consists of a Merkel cell and a discoid nerve terminal. The Merkel cells are oval in shape
with the long axis oriented perpendicularly to the mucosal surface. Their nuclei are lobulated and contain typical
dense core granules in that part of the cytoplasm facing
the nerve terminal. Desmosomal contacts with the surrounding keratinocytes are often seen. Between these
contact sites protoplasmic protrusions extend either between or are invaginated into neighbouring keratinocytes
(Figs. 4, 5). The discoid nerve terminals are oriented parallel to the longitudinal axis of the Merkel cells facing
their labial side and are characterised by accumulation of
mitochondria. Synapse-like contacts can be seen between the axolemma of the nerve terminal and the cytoplasmic membrane of the Merkel cell (Fig. 4). Afferent
axons are myelinated with diameters of 4–5 µm. After
losing their myelin sheath the branches form terminals
innervating up to 6 Merkel cells.

tions can they be clearly recognised as terminals rather
than passing axons.
Ruffini corpuscles
Ruffini corpuscles are found in the lamina propria of the
papilla incisiva and rugae palatinae (Figs. 9, 10). They
are cylindrical in shape. The capsules of the cylinders are
formed by flat perineural cells with both ends open. Collagen fibres of the lamina propria enter via these ends
and run through the length of the cylinder to leave at the
other end. These fibres are compartmentalised by thin lamellar cells. The afferent axons are thick myelinated fibres (Aβ) with diameters of about 5 µm (Fig. 9) penetrating the capsule at the long side of the cylinder. The perineurium of the nerve blends with the capsule of the corpuscle. Within the cylinder the axon loses the myelin
sheath and branches into several terminals. Each terminal is partly sandwiched between thin lamellae of terminal glial cells. Parts of the axolemma and sometimes
slim processes are in direct contact with the basal lamina
of the glial cell and collagen fibrils (Fig. 11). Sometimes
several Ruffini corpuscles could be seen close together,
oriented in different directions following the direction of
the collagen fibre bundles.

Sensory receptors in the lamina propria
Meissner corpuscles
Free nerve endings
Two types of free nerve endings can be found innervated
by thinly myelinated (Aδ-) and unmyelinated (C-) fibres.
The endings of Aδ-fibres show typical thickenings and
are only partly covered by processes of the terminal glial
cell (Fig. 6). Very rarely they are embedded by masses of
basal lamina-like material and wrapped within a perineural capsule, resembling a very simple corpuscle (Fig. 7).
The endings of unmyelinated fibres form groups of terminals (Fig. 8). The terminals are thin and covered by
processes of the terminal glial cells. Only in serial secFig. 5 Merkel cells (M) with cytoplasmic protrusions (arrows) in
the papilla incisiva. Nerve terminals (★) are on the labial side of
the Merkel cells. ×5400&ig.c:/f

Fig. 7 Free nerve ending (★) surrounded by a simple sheath of
terminal glial cells (S) and amorphous electron dense material.
Two or three layers of perineural cells (P) encapsulate the complex. ×3200&ig.c:/f
Fig. 8 Bundle of free nerve endings in the lamina propria below
the epithelium of the first ruga palatina. Terminals (arrows) can be
recognized by their accummulation of mitochondria. They are
covered by terminal glial cells with their basal lamina. ×5400&ig.c:/f

Fig. 9 Ruffini corpuscle in the lamina propria of the second ruga
palatina in cross section. The corpuscle consists of nerve terminals
(arrows) sheathed by terminal glial cells anchored between bundles of collagen fibres. Thin lamellae of perineural cells (C) form
cylinders separating the nerve terminals from the surrounding connective tissue. The nerve terminals are supplied by myelinated axons (A) with a diameter of about 3 to 5 µm. ×3250&ig.c:/f
Fig. 10 Oblique section of a cylinder from a Ruffini corpuscle in
the lamina propria of the second ruga palatina. Nerve terminals are
indicated by arrows. ×3250&ig.c:/f
Fig. 11 Detail of nerve terminals from a Ruffini corpuscle. Nerve
terminals are partly sandwiched between thin lamellae of terminal
glial cells (★) leaving parts of the axolemma (arrows) in direct
contact with the basal lamina and collagen fibrils. ×14500&ig.c:/f

▲

Fig. 6 Two types of free nerve endings in the basal layer of the
epithelium and the lamina propria of the papilla incisiva, respectively. The first one (arrow) is located just above the basal lamina
making direct contact with the keratinocytes of the stratum basale.
The second is formed by a bundle of nerve terminals (★) and
mostly covered by terminal glial cells. Both types contain accumulations of mitochondria. ×5400&ig.c:/f

Meissner corpuscles are located in the connective tissue
between the epithelial pegs in the papilla incisiva and
first two rugae palatinae and are supplied by one or two
myelinated afferent axons with diameters of 4–5 µm.
Their size increases with the thickness of the papillary
layer of the lamina propria. They consist of several flattened nerve terminals surrounded by 1–5 flat cytoplasmic lamellae of terminal glial cells. They lack a perineural capsule and are generally located so close below the
epithelium that the basal lamina of the terminal glial cell
blends with the basal lamina of the epithelium (Fig. 12).
The nerve terminals have a discoid shape oriented in parallel to the epithelial surface. They resemble a stack of
coins with lamellae of the terminal glial cell and material
of connective tissue between them (Figs. 13, 14). The cy-
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Fig. 15 Group of small lamellated corpuscles from the lamina propria of the papilla incisiva. In contrast to the Meissner
corpuscles shown in Figs. 11 to
13 they are about 20 µm below
the basal lamina and are encapsulated by thin perineural cells
(C). In the centre of the inner
core formed by thin lamellae
(L) of terminal glial cells is the
nerve terminal (★). The supplying myelinated axon has a
diameter of about 4 µm. ×2500&ig.c:/f

toplasm and nuclei of the glial cells are usually at the
side of this stack.
Lamellated corpuscles

▲

Small lamellated corpuscles are found individually or
grouped mostly in the connective tissue of the papilla incisiva. Occasionally they can be seen below the epithelium of the first two rugae palatinae. In contrast to
Meissner corpuscles they are located well below the epithelial pegs, without direct contact to the basal lamina,
and possess a thin capsule of two or three layers of perineural cells. Their longitudinal axis runs parallel to the
mucosal surface.
The lamellated corpuscles consist of a nerve terminal,
an “inner core” and a capsule (Fig. 15). In the centre of
Fig. 12 Small Meissner corpuscle in the lamina propria just below the epithelium. The basal lamina of the glial cell blends with
the basal lamina of the epithelium (arrow). Discoid nerve terminals (★) are surrounded by thin cytoplasmic processes of the terminal glial cell (S). ×5400&ig.c:/f
Figs. 13, 14 Larger Meissner corpuscles in the lamina propria of
the papilla incisiva. They are located so close to the epithelium
that the basal laminae blend. Each corpuscle consists of flat nerve
terminals (★) and terminal glial cells (S) with its thin cytoplasmic
processes both running parallel to the epithelial surface. ×5400&ig.c:/f

the two symmetric halves of the inner core, formed by
thin cytoplasmic processes of a pair of terminal glial
cells covered by basal laminae, is an oval shaped nerve
terminal. Longitudinal clefts filled with basal membrane
material can be seen between the halves (Fig. 16). The
slim ends of the oval nerve terminal are oriented towards
the clefts. The corpuscle is innervated by a myelinated
afferent axon of about 5 µm diameter. After losing the
myelin sheath the unmyelinated terminal axon may
branch before forming the nerve terminals.

Discussion
The present study confirms that in primates a great variety of sensory nerve endings can be found in the masticatory mucosa that are likely to play an important role in
checking the food during the chewing process. This is in
line with previous findings in smaller mammals. We
found two morphologically distinct types of free nerve
endings in the epithelium and two in the underlying connective tissue, Merkel cell nerve endings at the bases of
epithelial thickenings, Ruffini corpuscles in the deeper
layer of the lamina propria, Meissner corpuscles in the
lamina propria with close contact to the basal lamina of
the epithelium, and small lamellated corpuscles in the
connective tissue of the lamina propria. This suggests a
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Fig. 16 Detail of an inner core from a small lamellated corpuscle
in the lamina propria of the papilla incisiva. In the centre of the inner core is the nerve terminal (★) with mitochondria. Pairs of terminal glial cell (S) with thin cytoplasmic processes (L) and basal
lamina form one half of the inner core, each separated by a longitudinal cleft (arrow) with collagen fibrils. A thin capsule (C) surrounds the inner core of the corpuscle. ×7360&ig.c:/f

high degree of specialisation of the various types of
mechanoreceptors for different parts of the sensory process involved in masticatory control.
Free nerve endings
Free nerve endings were found in large numbers in the
papilla incisiva, with decreasing numbers in the aboral
direction. They are particularly concentrated in the elevated parts of the mucosa (papilla incisiva and rugae
palatinae). In the mucosa between the elevated parts only
a few free nerve endings can be seen. Two types with
different characteristics and location were seen in the
epithelium. Those in the stratum spinosum were simple
enlargements of the peripheral end of the thinly myelinated afferent nerve fibre. In contrast, the second type was
located exclusively in the stratum basale, making direct
contact with keratinocytes containing accumulations of
mitochondria. In the skin, this type is believed to have
mainly thermoreceptive functions (Hensel 1973), and
this is likely to be the case in the oral mucosa as well.
However, we are not aware of studies employing electro-

physiological recordings from such receptors. Those
nerve endings in the stratum spinosum were described as
probable mechanoreceptors (Munger 1965) but may also
act as polymodal nociceptors. In addition to those in the
epithelium, in the lamina propria also two types of free
nerve endings could be distinguished. Nerve endings of
afferent C-fibres showed minimal terminal enlargement,
appearing in groups wrapped by processes of the terminal glial cell. Thus, in order to be sure that these were
endings rather than passing nerve fibres, serial sections
had to be examined. In contrast, nerve endings of thinly
myelinated fibres had clear terminal enlargements and
were only partially covered by processes of the terminal
glial cells. Functionally, the free nerve endings in the
connective tissue are most likely polymodal nociceptors
(Kruger et al. 1981; Kruger and Halata 1996). However,
some of the free nerve endings in the connective tissue
may be efferent autonomic fibres involved in vasomotor
control.
Merkel nerve endings
Merkel nerve endings were found in large numbers in
epithelial pegs throughout the hard palate. All Merkel
cells found in this study were in contact with nerve terminals. It is striking that the location of Merkel cells in
relation to the nerve terminals seems to depend on the direction of the mechanical stimulus to be perceived. In the
skin, the long axis of Merkel cells runs parallel to the
surface of the epidermis with the nerve terminal directed
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towards the basal lamina (Halata 1975; Halata 1993). In
sinus hairs their long axis is parallel to the hair shaft,
with the nerve terminal away from the basal lamina
(Halata and Munger 1980). In the monkey hard palate,
the alignment is perpendicular to the epithelial surface
with the nerve terminal on the labial side of the Merkel
cell, suggesting an optimal arrangement for the perception of shear forces applied by the tongue. In contrast, in
the large papilla incisiva of the goat (lacking incisor
teeth) Merkel cells and nerve endings are arranged parallel to the mucosal surface as in the skin (Schwegmann et
al. 1993).
Merkel cell receptors are known to have slowly adapting responses monitoring punctuate pressure (Iggo and
Muir 1969). Characteristic features of Merkel cells have
led to the hypothesis that the Merkel cell acts as a mechanoelectric transducer employing synaptic transmission
to the nerve terminal (Iggo and Findlater 1984). These
features could also be seen in the present study: protoplasmic protrusions extending between or invaginating
into neighbouring keratinocytes, dense core granules and
synapse-like contacts. However, there is still controversy
about the precise role of Merkel cells within the mechano-electric transduction process (Mills and Diamond
1995; Ogawa 1996; Senok et al. 1996; Senok and
Baumann 1997). In contrast to findings by Tachibana
and her group (Tachibana et al. 1991; Tachibana et al.
1997; Tachibana et al. 1998), we could not find evidence
for the presence of so called “transitional” Merkel cells
without contact to nerve terminals. All Merkel cells
found in our study had contact with nerve terminals.
Ruffini corpuscles
Ruffini corpuscles were found in the deeper layer of the
lamina propria of the papilla incisiva and rugae palatinae. They are specially designed to monitor stretch and
can be found ubiquitously in the connective tissue underlying the mucosa and skin or in joint capsules. The nerve
terminals are always adjusted to the structure of the surrounding tissue. Larger accumulations of nerve terminals
are often wrapped by a capsule consisting of either fibroblasts or perineural cells (Halata 1988). In contrast, Ruffini corpuscles in the periodontium of teeth (Itoh et al.
1981; Byers 1985; Millar et al. 1989) and those associated with hairs (Halata and Munger 1980) mainly lack
such a capsule, which appears to have no effect on their
function. They respond with a slowly adapting nerve discharge (Chambers et al. 1972). The connection with bundles of collagen fibres of the lamina propria makes them
ideally suited for this task. In contrast to Ruffini corpuscles found in joint capsules (Halata 1988), those in the
oral mucosa and in the periodontium have a thin perineural capsule that is lacking completely in some places.
The usual spindle shape of Ruffini corpuscles is more
discoid in the palate. In view of the rather thin layer of
firm connective tissue between the mucosa and bone of
the hard palate (2.5 to 3 mm) any movement within this

layer is likely to be fairly limited. The presence of
Ruffini corpuscles in this location suggests that shear
forces do result in lateral movement of the mucosa
against the hard palate of such dimensions that it needs
to be monitored. The ultrastructural differences between
Ruffini corpusles in the connective tissue of the hard palate and those in the locomotion apparatus may be an adaptation to the kind of shear forces occurring in this location.
Meissner corpuscles
Meissner corpuscles were found only in the papilla incisiva and the first two rugae palatinae. They are located in
the lamina propria just below the basal lamina between
the epithelial pegs and do not possess a perineural capsule. Their size depends on the height of the neighbouring epithelial pegs. They are always supplied by one single axon, in contrast to those in skin of the monkey finger tip, which can have up to three supplying nerve fibres and an egg-cup shaped perineural capsule in the
lower part (Halata 1993). In the skin they function as
rapidly adapting mechanoreceptors (Cauna 1956; Iggo
and Andres 1982) monitoring changes in pressure. It is
likely that the response characteristics are the same in
this location. The positioning just below the epithelium
and the orientation of lamellae parallel to the surface
makes them ideally suited for the task of supplementing
the responses of slowly adapting receptors (i.e. Merkel
nerve endings) to the level of pressure on the mucosa
with additional and independent information about rapid
changes in pressure occurring during the chewing process.
Lamellated corpuscles
Lamellated or Pacini-like corpuscles were found in rather small numbers in the lamina propria, mainly in the papilla incisiva. Often they were found in groups supplied
by one axon. Their longitudinal axis runs parallel to the
mucosal surface and the perineural capsule is thinner
than in other locations (Zelena 1994). They are known to
be very rapidly adapting, especially suited for the perception of vibration stimuli (Loewenstein 1971). Close
similarities exist to those described in the mucosa of the
cat tongue (Spassova 1974), also called “Krause’s endbulbs”.
The density of receptors in the mucosa of the hard
palate and in the papilla incisiva suggests that these different receptors play an important role in sensing the mechanical properties of food before swallowing as well as
the position of the tongue within the mouth. In man the
latter information is likely to be important for the articulation of speech. Usually such a rich supply of mechanoreceptors is only found in the skin of the fingertips. Here
the active movement for the monitoring of surface properties plays an important functional role. The hard palate
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does not move itself, but the movement of the tongue or
food along these receptors is recorded.
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