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INTRODUCTION

MORPHOLOGY OF MAMMALIAN CUTANEOUS RECEPTORS

The mammalian skin is a major sensory organ, which contains different receptors of
sensory nerve fibres reporting on the mechanical and thermal state of the body surface,
including the presence of noxious or damaging stimuli. Cell bodies of these specialized
sensory end organs lie in the spinal and cranial sensory ganglia. Central branches of these
primary afferent neurons enter the central nervous system where sensory modalities are
conveyed by anatomically separate pathways of the somatosensory system.
Mechanoreceptors of the skin may be either rapidly adapting endings, responding to
deformational changes evoked by mechanical stimulation, or slowly adapting endings
reacting to steady deformations. Examples of the former are the palisade endings near hair
follicles, subcutaneous large lamellated Pacinian endings and the tactile Meissner’s
corpuscles adjacent to the epidermis. Slowly adapting receptors include Merkel and Ruffini
endings (Schmidt, 1978; Williams et al.1989).

Nerve endings associated with hair follicles are A8 myelinated fibres (according to the
classification of Erlanger & Gasser). In palisade endings fibres approach the follicle from
different directions in the deep dermal layer. They divide and run parallel to the hair in the
outer follicular layer. Some of them give off branches which encircle the hair and terminate
as free endings among collagen bundles.

The large lamellated corpuscles of Vater-Pacini (Pacinian corpuscles) are oval and relatively
big. Each has a capsule and a central core containing the axon terminal. These endings are
present in both the glabrous and the hairy skin of mammals.

Tactile corpusles of Meissner are found in the dermal papillae of the glabrous skin. They
are cylindrical in shape with their long axes perpendicular to the skin surface. Each
corpusce is supplied by a thick myelinated AB nerve fibre. These rapidly adapting
mechanoreceptors (Pacini and Meissner corpuscles) of the skin are active in vibration and
touch sensations.

Slowly adapting mechanoreceptors of the hairy skin (Ruffini endings) and those of the
glabrous skin (Merkel’s receptors) are the highly branched endings of A8 afferents. Slowly
adapting receptors of the skin are active mainly in pressure sensation (Schmidt, 1978).
Thermoreceptors of both hairy and glabrous skin are responsive to moderate cold or heat
stimuli. They are located immediately under the epidermis at separate points. Warmth



receptors are presumed to be free nerve endings and warmth signals are transmitted mainly
over type C unmyelinated nerve fibres. Cold sensations are transmitted by branches of thin
Aé myelinated nerve fibres.

Nociceptor fibres have similar free endings of Aé and C fibres, responding to various
damaging stimuli, signalled centrally as pain, discomfort or irritation of the skin. Some of
them respond only to noxious thermal or mechanical stimuli, others can be stimulated by
more than one type of noxious stimuli. The latter type of nociceptors are called polymodal
nociceptors. Stimulation of Ad nociceptor fibres is responsible for the sharp, pricking
component of pain sensation, while the activation of C-fibres induces a slow, burning type
of pain. Nociceptor endings may often be activated by the release of inflammatory
mediators from surrounding tissues, producing prolonged pain or itch (Téth-Kdsa et
al.1986; Kruger, 1988; Lynn, 1992).

The morphology of sensory endings may vary with their location and with species.
However, broadly similar arrays of sensory endings occur in different areas of the skin,
ranging from the complex encapsulated endings of large myelinated nerve fibres, to free
endings of fine myelinated or unmyelinated fibres. The type and the pattern of activation of
cutaneous sensory nerve endings are responsible for the particular quality and intensity of
the sensation (Schmidt, 1978; Williams et al.1989; Kandel et al.1991).

MORPHOLOGY AND CHEMICAL PHENOTYPES OF PRIMARY SENSORY
NEURONS

Primary sensory neurons of cranial and dorsal root ganglia (DRG) can be characterized not
only by their receptive properties. Division of sensory ganglion cells into morphological
subtypes has been the subject of studies for nearly 100 years. Most reports have favored
two main subgroups (Andres, 1961; Lieberman, 1976; Duce, and Keen, 1977; Rambourg et
al.1983), called types A and B (Andres, 1961) or, more recently, mainly larger "light"
neurons and "small dark" neurons. The morphological classification into two main
categories was based on ontogenetic, morphological and morphometric analyses (Lawson et
al.1974; Lawson, 1979). Statistical analysis of cell size measurements has shown that in
mouse and rat DRG the A and B neurons each have a normal distribution of cell size, and
these two distributions overlap. The light neuron distribution extends over the entire size
range of ganglion, whereas the small dark neurons are limited to the lower end of the
distribution (Lawson et al.1974).

The cytoplasm of the light neurons is characterized by uneven staining due to clumps of



Nissl substance (aggregation of ribosomes and rough endoplasmic reticulum) interspersed
with lightly staining regions of the cytoplasm that contain microtubules and large amounts
of neurofilament (NF) (Yamadori, 1970; Duce and Keen, 1977). The small neurons have
more evenly and darkly staining cytoplasm because of a more even, denser distribution of
organelles, few neurofilaments and a greater number of Golgi bodies.

Neurofilament (NF) immunoreactivity can be used to distinguish between the two cell types
since small dark cells are NF-poor and large light cells are NF-rich (Sharp et al.1982;
Lawson et al.1984). RT97, a monoclonal antibody against the phosphorylated form of the
200 kD NF subunit, was shown to label the light but not the small dark neuron population
(Lawson and Waddell, 1991).

Immunocytochemical and histochemical techniques have been used extensively to study the
presence of peptides, enzymes and carbohydrate epitopes in DRG neurons, while in situ
hibridization has permitted the localization of specific mRNAs. The findings suggested that
DRG neurons, in particular "dark" cells, may be divided into further subpopulations. These
will be dealt with in some detail in the following section (Robertson et al.1991; Lawson,
1992; Holford et al.1994).

MAJOR POPULATIONS OF PEPTIDE-CONTAINING SENSORY GANGLION CELLS

The preprotachykinin A gene expressed in primary sensory neurons can give rise to three
types of mRNAs, all of which produce posttranslational products containing substance P
(SP), whereas only two give rise to neurokinin A and only one to neuropeptide K (Weihe,
1989).

Substance P-like immunoreactivity (SP-LI) is present in about 20% of rat lumbar DRG
neurons. SP-LI neurons are mainly small but a few intermediate-sized neurons also show
SP-LI (Hokfelt et al.1976; Tuchscherer, and Seybold, 1985; Mccarthy, and Lawson, 1989).
The great majority of SP-immunoreactive cells also exhibit calcitonin-gene-related peptide
(CGRP)-LI. This implies a close functional linkage of these peptides (Lee et al.1985;
Sundler et al.1985; Carr and Nagy, 1993; Kashiba et al.1996).

In rat lumbar DRGs the conduction velocity of SP-LI neurons has been measured: about
50% of C-fibre cells, 20% of Ad -cells, and no fast conducting A-fibre cells showed SP-LI
(Lawson et al.1993).

Calcitonin gene-related peptide is derived from the calcitonin gene as a result of alternative
processing of mRNA. It occurs in 30-50% of rat DRG neurons. They are mainly small,
with some medium and large cells. CGRP-LI has been shown to represent at least two



forms: «CGRP and BCGRP. The predominant form is «CGRP, which is in small, medium
and large neurons, whereas SCGRP is in small and medium-sized neurons (Mulderry et
al.1988; Noguchi et al.1990). In rat lumbar DRGs about 30% of CGRP-LI neurons are
RT97-positive (Mccarthy, and Lawson, 1990) and these include the medium-sized to large
CGRP-LI neurons. The percentage of CGRP-LI neurons with SP-LI in rats is about 50%
(small neurons). CGRP-LI may coexist also with somatostatin-, vasoactive intestinal
polypeptide- and bombesin-LI. DRG neurons with CGRP-LI have a wide range of
conduction velocities, consistent with their size and RT97 labelling (Lawson, and Waddell,
1991). In rat lumbar DRGs 40% of C-fibre cells, 33% of Aé-fibre cells and 17% of fast A-
fibre cells exhibit CGRP-LI (Mccarthy, and Lawson, 1990; Lawson et al.1996).
Somatostatin (SOM)-LI is seen in about 5-15% of rat DRG neurons, the percentage being
highest in the lumbar region. The size of DRG neurons with SOM-LI in rats is mostly small
(Ju et al.1987), although the mean cell size was larger than that of SP-LI neurons (Price,
1985; Kawatani et al.1986; Garry et al.1989). The lack of RT97 positivity indicates that
SOM-LI is in small neurons which probably have C-fibres (Lawson, and Waddell, 1991) .
There is little or no coexistence of SOM-LI with SP-LI in rats, but all SOM-LI cells have
CGRP-LI (Lawson et al.1993).

Vasoactive intestinal polypeptide (VIP)-LI neurons are rare in intact animals, but peripheral
axotomy enhances the expression of VIP-LI in injured dorsal root ganglion neurons in rats
(Shehab and Atkinson, 1986; Doughty et al.1991). In rats VIP-LI coexists with CGRP-LI.
Galanin (GAL)-LI has been demonstrated in lumbosacral DRGs in rats. (Ch’ng et al.1985)
The immunoreactive neurons were small and comprised 15% of all neurons. Peripheral
axotomy causes a dramatic increase in the percentage of DRG neurons with GAL-LI in rats
(Hokfelt et al.1987; Villar et al.1989; Kashiba et al.1994). In this species some GAL-
immunoreactive neurons have SP-LI, but few (0-2%) showed SOM-LI (Lawson, 1992).
Bombesin/gastrin releasing peptide-LI has been found in rat DRG neurons in coexistence
with SP-LI and CGRP-LI but not with SOM-LI (Lawson, 1992).

GAL, VIP and Neuropeptide Y (NPY) are referred to as "injury peptides" of the DRG cell
(Jancsd, 1992). They are very rare in intact rat DRGs. Peripheral axotomy, however,
results in a significant increase of GAL, VIP and NPY-LI and the expression of
corresponding mRNAs in sensory ganglion cells. After peripheral nerve injury GAL-LI was
found in many small, medium and some large neurons. VIP is upregulated in many small to
medium sized neurons, while NPY-LI could be detected mostly in large and many medium
sized neurons (Jancsd, 1992).



ENZYMATIC MARKERS OF DRG NEURONS

Different enzymes have been demonstrated in sensory neurons with both histochemical and
immunocytochemical methods.

Acetylcholinesterase (AChE) activity can be demonstrated in DRGs of a variety of species.
Its activity seems to be stronger in the small than in the large cells (Kalina, and Wolman,
1970; Lawson, 1992).

Acid phosphatases are found in many small DRG neurons. One class of these enzymes is
fluoride-resistant acid phosphatase (FRAP), which is an extralysosomal enzyme found in
many small neurons in rat DRG (Knyihdr-Csillik, and Csillik, 1981; Lawson, 1992). Little
or no overlap was found between FRAP and either SP-LI or SOM-LI in rat DRG neurons
(Nagy and Hunt, 1982). Approximately 50% of FRAP neurons showed CGRP-LI
(Lawson, 1992).

Thiamine monophosphatase (TMP) activity is seen exclusively in small rat DRG neurons, is
also fluoride-resistant and has a distribution similar to FRAP. Hence it has been suggested
that FRAP and TMP are identical enzymes (Knyihdr-Csillik et al.1986; Bucsics et al.1988;
Tomiyasu, and Inomata, 1991;).

Adenosine deaminase has been demonstrated in a small proportion (7-13%) of exclusively
small neurons in rat DRG (Nagy et al.1984). All these neurons also showed SOM-LI, but
none showed SP-LI, nor did any have positive histochemical reactions for FRAP (Nagy,
and Daddona, 1985; Lawson, 1992).

Tyrosine hydroxylase, activity is present in only 1% of adult rat DRG cells (Price, and
Mudge, 1983). These cells belong to the small dark cells (Lawson, 1992).

Carbonic anhydrase is present in 20-38% of rat DRG neurons which are large and medium-
sized. All these neurons are RT97-positive cells, and therefore probably all have myelinated
fibres (Lawson, and Waddell, 1991; Prabhakar and Lawson, 1995).

Protein kinase C -LI was found in 45% of rat lumbar DRG neurons, mainly in the larger
neurons, and in fibres that were mainly myelinated (Roivainen et al.1990; Lawson, 1992).

DRG CELL POPULATIONS CONTAINING SPECIFIC PROTEINS

Growth-associated protein (GAP 43/B-50/neuromodulin) is a membrane proteine involved
in axonal growth and regeneration. mRNA for GAP 43 is high in about 50% of intact
lumbar DRG neurons in rats. There is a virtually complete correspondence of neuronal
populations expressing high levels of GAP 43 mRNA and high-affinity nerve growth factor



(NGF) receptor, and low GAP 43 mRNA and SOM-LI or TMP activity respectively (Verge
et al.1990). After axotomy nearly all DRG neurons expressed mRNA for GAP 43 (Li et
al.1995).

Calcium-binding proteins, calbindin D-28k and parvalbumin have been demonstrated
immunocytochemically in 22% and 14 % respectively, of rat DRG neurons, including small,
medium and large neurons. Among small cells calbindin-immunoreactive neurons
outnumber parvalbumin positive neurons (Carr et al.1990; Ichikawa et al.1994). These two
calcium-binding proteins coexist extensively with each other and with carbonic anhydrase in
rat DRG neurons (Carr et al.1990). They have low coexistence with CGRP-LI (Carr et
al.1989; Ichikawa et al.1994). Recently another calcium-binding protein, calretinin has also
been localized in DRG neurons (Ichikawa et al.1994).

DRG CELL POPULATIONS EXPRESSING CARBOHYDRATE EPITOPES

Lectins specific for carbohydrate epitopes of glycoconjugates label subpopulations of DRG
and other sensory neurons. It has been suggested that these glycoconjugates may be
involved in development, axon guidance or cell-to-cell recognition and contact (Streit et
al.1985; Alvarez et al.1989; Scott et al. 1990; Plenderleith et al.1992).

A large population (about 75%) of small DRG neurons and some intermediate-sized
neurons in rats are labelled by the Peanut lectin, Griffonia simplicifolia I-B4 lectin, Ricinus
communis lectin and Glycine max (Soybean) lectin (SBA) which recognize terminal D-
galactose residues and label laminae I and II in the spinal dorsal horn where central
terminals of primary sensory neurons are distributed (Streit et al.1985). A large proportion
of SBA-labelled neurons showed SP-LI and all SP-LI neurons were labelled with SBA
(Streit et al.1986; Nagao et al.1992). Tomato lectin which has a specificity for poly-N-
acetyllactosamine residues labels approximately 60% of DRG neurons. These tomato lectin-
positive neurons belong exclusively to the population of small sensory neurons (Ambrus et
al.1994).

Larger neurons are rarely stained by galactose binding lectins, but they are stained by the
lectins Griffonia simplicifolia IT lectin, and Lens culinaris lectin, which indicate the
presence of glycoconjugates with N-glycosidically linked oligosaccharides and glycogen
(Streit et al.1985).



SPECIFIC RECEPTORS EXPRESSED BY DRG NEURONS

A protein tyrosine kinase of = 140 kD molecular weight, encoded by the proto-oncogen
trkA, has been identified as the high affinity nerve growth factor (NGF) receptor (gp 140-
trkA) (Molliver et al.1995). TrkA immunoreactivity was observed in small and medium
sized ganglion cells. In lumbar L4 and LS ganglia trkA-immunoreactive cells constitute
40% of DRG ganglion cells and range in size from 15 to 45 um in diameter. Double
labelling using markers for various dorsal root ganglion subpopulations revealed that
virtually all (92%) trkA-immunoreactive cells express CGRP. 18 % of trkA-
immunoreactive cells belong to the large light cell-population, identified by their strong
immunostaining with the neurofilament antibody RT97. Non-peptide-containing small cells,
which constitute approximately 30% of DRG cells are not trkA-immunoreactive and
therefore most probably are functionally independent of nerve growth factor. (Averill et
al.1995; Kashiba et al.1996).

The ganglioside GM 1 is a membrane receptor with high affinity for cholera toxin.
Immunohistochemical demonstration of the binding of the B subunit of cholera toxin (CB)
revealed that most cells of the light, RT97-positive population in rat DRG neurons are CB-
positive. Eighty-five percent of CB-positive neurons also show carbonic anhydrase activity,
but only a few of them have SP-LI, CGRP-LI or FRAP. This is so far the only marker for
the majority of light neurons other than antineurofilament antibodies (Perry et al.1991;
Robertson et al.1991; Robertson et al. 1992).

Beside the markers characterizing specific populations of DRG cells, there are neuronal
markers which are characteristic not only for smaller populations of DRG cells but all the
primary sensory neurons express them. These general neuronal markers include the
cytoplasmic protein, protein gene product 9.5 (PGP 9.5, Navarro et al.1995; Reynolds and
Fitzgerald, 1995), neuron specific enolase (NSE, Vega et al.1990), and synaptophysin
(Navone et al.1986).

THE SYSTEM OF CAPSAICIN-SENSITIVE PRIMARY AFFERENT NEURONS

Pseudo-unipolar neurons of spinal and cranial sensory ganglia have been classified
according to a variety of morphological or functional criteria. Electrophysiological and
histological studies have revealed a close correlation between axonal conduction velocity,
fibre type and cell body size by showing that axons with low and high conduction velocities
relate to small dark (type B) and light (type A) sensory cells, respectively (Harper and














































































