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Abstract

This work presents new data concerning the immunohistochemical occurrence of the transient receptor

potential vanilloid type-1 (TRPV1) receptor in the human trigeminal ganglion (TG) and spinal nucleus of

subjects at different ontogenetic stages, from prenatal life to postnatal old age. Comparisons are made with

the sensory neuropeptides calcitonin gene-related peptide (CGRP) and substance P (SP). TRPV1-like

immunoreactive (LI) material was detected by western blot in homogenates of TG and medulla oblongata of

subjects at prenatal and adult stages of life. Immunohistochemistry showed that expression of the TRPV1

receptor is mostly restricted to the small- and medium-sized TG neurons and to the caudal subdivision of the

spinal trigeminal nucleus (Sp5C). The extent of the TRPV1-LI TG neuronal subpopulation was greater in subjects

at early perinatal age than at late perinatal age and in postnatal life. Centrally, the TRPV1 receptor localized to

fibre tracts and punctate elements, which were mainly distributed in the spinal tract, lamina I and inner lamina

II of the Sp5C, whereas stained cells were rare. The TRPV1 receptor colocalized partially with CGRP and SP in

the TG, and was incompletely codistributed with both neuropeptides in the spinal tract and in the superficial

laminae of the Sp5C. Substantial differences were noted with respect to the distribution of the TRPV1-LI

structures described in the rat Sp5C and with respect to the temporal expression of the receptor during the

development of the rat spinal dorsal horn. The distinctive localization of TRPV1-LI material supports

the concept of the involvement of TRPV1 receptor in the functional activity of the protopathic compartment of

the human trigeminal sensory system, i.e. the processing and neurotransmission of thermal and pain stimuli.

Key words: calcitonin gene-related peptide; human trigeminal system; immunohistochemistry; substance P;

transient receptor potential vanilloid type-1 receptor; western blot.

Introduction

The trigeminal sensory system subserves general sensory

perception, i.e. touch, proprioception, temperature and

nociception, carried by the 5th cranial nerve from the super-

ficial and deep structures of the head. Most of the primary

sensory neurons are located in the trigeminal ganglion

(TG), although, exceptionally, a substantial amount of those

subserving proprioception reside centrally in the mesen-

cephalic trigeminal nucleus, as well as peripherally in

ectopic sites along the oculomotor nerves (Usunoff et al.

1997). On their way to the somatosensory thalamus and

cortex, the sensory stimuli are first conveyed centrally to

second order neurons in the brainstem trigeminal sensory

nuclear column. There, epicritic (discriminative) tactile and

proprioceptive sensation from large mechanoreceptor neu-

rons is distributed to the mesencephalic and pontine (princi-

pal) nuclei, and the protopathic thermal and painful

sensation from medium- and small-sized thermoreceptor

and nociceptor neurons is conveyed to the spinal sensory

nucleus. In the latter, whilst the rostral part (oral and inter-

polar subnuclei) seems to be primarily associated with

reflexes and appears to participate in pain processing of

intraoral structures, the caudal subnucleus (Sp5C) is commit-

ted to relaying the protopathic stimuli from the entire

trigeminal territory (Paxinos & Mai, 2004; Vanderah &

Gould, 2015). TG neurons for protopathic sensibility and the

synaptic relay structures within the Sp5C are thus the first
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elements responsible for normal trigeminal thermal and

pain perception. They are a crucial factor in the abnormal

ache that characterizes a variety of craniofacial pain syn-

dromes, such as trigeminal neuralgias, headache and burn-

ing mouth syndrome (Terrence & Jensen, 2000; Zakrzewska,

2002; Goadsby et al. 2009; Mock & Chugh, 2010), most of

which are common, debilitating and disabling.

The transient receptor potential vanilloid type-1 (TRPV1)

cation channel plays a pivotal role in the perception and

modulation of pain (Caterina et al. 1997; Szallasi et al.

2007; Chung et al. 2011a; Julius, 2013). The TRPV1 receptor

is activated by noxious heat, acidic and basic deviations

from homeostatic pH, voltage, endogenous compounds

such as endocannabinoids and products of lipoxygenases,

and a variety of substances, among which capsaicin and

resiniferatoxin are the best known (Szallasi & Blumberg,

1999; Hwang et al. 2000; B€olcskei et al. 2005; Immke &

Gavva, 2006; Szallasi et al. 2007; Holzer, 2008; Dhaka et al.

2009). The tissue localization of TRPV1 receptors has been

widely shown in primary sensory neurons and their periph-

eral and central terminals (Caterina et al. 1997; Helliwell

et al. 1998; Tominaga et al. 1998; Guo et al. 1999; Michael

& Priestley, 1999; Mezey et al. 2000; Matsumoto et al. 2001;

Ichikawa & Sugimoto, 2003, 2004; Balaban et al. 2003; Dinh

et al. 2004; Damann et al. 2006). In rodent and human

trigeminal primary sensory neurons, the release upon

TRPV1 receptor activation of the pain-related neuropeptide

transmitters calcitonin gene-related peptide (CGRP) and

substance P (SP) from peripheral (Geppetti et al. 1992; Nico-

letti et al. 2008; Fehrenbacher et al. 2009) and central end-

ings (Meng et al. 2009) has been proposed. In turn, the

neuropeptides activate their effector cell receptors, leading

to neurogenic inflammation and sensitization of nocicep-

tors (Szallasi & Blumberg, 1999; Holzer, 2008). In addition to

its significance at the peripheral nerve terminals, the activity

of the TRPV1 receptor appears to be highly relevant for the

sensory neuromodulation at the central first synaptic level

of the pain pathways (Kim et al. 2014 and references

therein). The aberrant activation of the TRPV1 receptor has

been implicated in different trigeminal neuropathological

conditions, such as nerve injury (Urano et al. 2012; Zakir

et al. 2012) and pulpal inflammation (Park et al. 2006;

Chung et al. 2011b). In humans, the local injection of cap-

saicin has been shown to cause sensitization of the forehead

cutaneous afferents (Gazerani et al. 2005, 2009), release of

CGRP from dental pulp (Fehrenbacher et al. 2009) and pain

in the masseter muscle (Sohn et al. 2000), and to have a pre-

ventive effect in the treatment of headache (Cianchetti,

2010; Benemei et al. 2013). The TRPV1 receptor has thus

received much attention as a target for the development of

new therapeutic strategies in pain management (Wong &

Gavva, 2009; Kim et al. 2010; Trevisani & Szallasi, 2010).

However, it has been shown that substantial regional and

species differences exist in the relative proportion and neu-

rochemical features of primary sensory neurons that express

the TRPV1 receptor (Price & Flores, 2007). This warns against

the extrapolation of data obtained from experimental ani-

mals and requires the acquisition of specific knowledge of

human regional chemical neuroanatomy. Regarding the

localization of the TRPV1 receptor in the human trigeminal

somatosensory system, the available information pertains,

to the best of our knowledge, to the TG neurons (Hou et al.

2002) and to certain territories of their peripheral innerva-

tion (Morgan et al. 2005; Yilmaz et al. 2007; Del Fiacco et al.

2015). With a view to contributing to the characterization

of the capsaicin-sensitive component of the human trigemi-

nal sensory system, we present new data here concerning

the immunohistochemical occurrence of the TRPV1 receptor

in autoptic specimens of the human TG and spinal trigemi-

nal nucleus, and we compare this with that of CGRP and SP.

The availability of specimens from subjects at different onto-

genetic life stages allows us to extend the analysis from pre-

natal life to old age.

Materials and methods

Sampling

Specimens of TG and caudal brainstem were obtained at autopsy

from pre- and full-term newborns, one child subject and adult sub-

jects with no history of neuropathology (Table 1). These specimens

were immediately reduced and processed for either western blot or

immunohistochemical analysis. The whole process of sampling and

handling of human specimens was performed anonymously accord-

ing to the standardized procedure for autopsy samples of the Sec-

tion of Forensic Medicine of the Department of Public Health,

Clinical and Molecular Medicine, University of Cagliari, Italy. This

complies with the principles stated in the Declaration of Helsinki

and with the guidelines of the local Ethics Committee (EC) of the

National Health System. The EC has formally stated the moral princi-

ples to which the present study adheres.

Western blot

Tissue blocks of TG and caudal medulla oblongata were immedi-

ately stored at �80 °C until required. Tissue homogenates were pre-

pared in 10 volumes of water containing 2% sodium dodecyl

sulphate (SDS). Total protein concentrations were determined using

the Lowry method of protein assay (Lowry et al. 1951) with bovine

serum albumin as standard. Proteins for each tissue homogenate

(40 lg), diluted 1 : 1 in loading buffer, were heated to 95 °C for

7 min and separated by SDS-polyacrylamide gel electrophoresis

(SDS-PAGE) using a 10% polyacrylamide resolving gel. Internal

molecular weight (mw) standards (Kaleidoscope Prestained Stan-

dards, Bio-Rad, Hercules, CA, USA) were run in tandem. Two gels at

a time were run for Coomassie staining and immunoblotting,

respectively. Proteins for immunoblotting were electrophoretically

transferred on a polyvinylidene fluoride membrane (Bio-Rad) using

the Mini Trans Blot Cell (Bio-Rad). Blots were blocked by immersion

in 20 mM Tris base and 137 mM sodium chloride (TBS) containing

5% milk powder and 0.1% Tween 20 (TBS-T), for 60 min at room

temperature and incubated for two nights at 4 °C with the primary

antibody. The following commercially available rabbit polyclonal

antisera against TRPV1 were tested: Thermo Scientific Pierce-Fisher
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(TS), raised against a synthetic peptide corresponding to residues T

(7)DLGAAADPLQKDTC(21) of the human protein; Neuromics (N),

raised against the sequence RASLDSEESESPPQENSC corresponding

to residues 4–21 of the amino-terminus of the rat protein; Chemi-

con (C), raised against a 21-amino acid peptide corresponding to

the C-terminus of the rat protein; and Immunological Sciences (IS),

raised against a synthetic peptide as a part of the human TRPV1

conjugated to an immunogenic carrier protein. These products

were used as primary antiserum at dilutions 1 : 100 to 1 : 1000 in

TBS-T containing 5% milk powder and 0.02% sodium azide (NaN3).

After TBS-T rinse, blots were incubated for 60 min, at room temper-

ature, with peroxidase-conjugated goat anti-rabbit serum (Sigma

Aldrich) diluted 1 : 10 000 in TBS/T. Loading controls were obtained

by immunostaining the membranes as above, using a monoclonal

mouse antibody against glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH; Millipore), diluted 1 : 1000, as primary antiserum,

and a peroxidase-conjugated goat anti-mouse serum (Chemicon),

diluted 1 : 5000, as secondary antiserum. To check for non-specific

staining, blots were stripped and incubated with the relevant sec-

ondary antiserum. After TBS-T rinse, protein bands were visualized

on a film (Kodak X-Omat LS, Kodak, Rochester, NY, USA) using the

ECL PLUS method (GE Healthcare). The approximate mw of

immunolabelled protein bands was determined by comparing the

position of relevant bands on the autoradiography films with that

of nearby prestained mw standards.

Immunohistochemistry

Specimens of human TG and caudal brainstem were immediately

fixed by immersion in 4% freshly prepared phosphate-buffered

formaldehyde, pH 7.3, for 24 h at 4 °C, and rinsed overnight in

0.1 M phosphate buffer (PB), pH 7.3, containing 10 or 30% sucrose

for adult and newborn specimens, respectively. Cryostat consecutive

sections (12 lm thick) were collected in series on chrome alum-gela-

tin-coated slides. TRPV1 and CGRP were studied on series of adja-

cent sections processed by the avidin–biotin–peroxidase complex

(ABC) immunohistochemical technique; TRPV1 and SP were studied

on single slides processed by double staining indirect immunofluo-

rescence. Endogenous peroxidase activity was blocked with 0.001%

phenylhydrazine in phosphate-buffered saline (PBS) containing

0.2% Triton X-100 (PBS-T). The primary antibodies used were:

Thermo Scientific anti-TRPV1, diluted 1 : 100 for immunofluores-

cence and 1 : 500 for ABC immunohistochemistry; a rabbit poly-

clonal antibody against CGRP (Chemicon), diluted 1 : 500 for

immunofluorescence and 1 : 1000 for ABC immunohistochemistry;

a guinea-pig polyclonal antibody against SP (AbCam), diluted

1 : 500 for immunofluorescence and 1 : 1200 for ABC immunohis-

tochemistry. Biotin-conjugated goat anti-rabbit and anti-guinea-pig

sera (Vector), both diluted 1 : 400, were used as secondary anti-

serum in the ABC method; Alexa Fluor 488 or 594 goat anti-rabbit

and goat anti-guinea-pig sera (Invitrogen), diluted 1 : 500, were

used as secondary antiserum in immunofluorescence. The ABC reac-

tion product was revealed with ABC (BioSpa Div.), diluted 1 : 250,

followed by incubation with a solution of 0.1 M PB, pH 7.3, con-

taining 0.05% 3-30-diaminobenzidine (Sigma), 0.04% nickel ammo-

nium sulphate and 0.01% hydrogen peroxide. Incubations with

primary antiserum were carried out overnight at 4 °C. Incubations

with secondary antiserum and ABC lasted 60 and 30 min, respec-

tively, and were performed at room temperature. All antisera and

the ABC were diluted in PBS/T. Negative control preparations were

obtained by incubating tissue sections in parallel with either PBS-T

alone or with the relevant primary antiserum pre-absorbed with an

excess of the corresponding peptide antigen. Mayer’s haematoxylin

staining was used as counterstaining on immunostained TG sec-

tions or alone, in a dedicated series of brainstem sections for orien-

tation. Slides were observed with an Olympus BX61 microscope

and digital images were obtained with a Leica DFC450 C camera by

means of LAS AF software. Some immunofluorescence preparations

were observed with a Leica TCS SP5X Inverted Supercontinuum

Confocal Laser Scanning microscope (Leica Microsystems, Heidel-

berg, Germany) equipped with a white light laser. Images with a

field size of 512 9 512 were generated using a Plan Fluotar 209

lens NA 0.5.

Morphometry

TG sections separated by a minimum of 168 lm were used. Cell

size analysis of the immunolabelled and of the whole (labelled

and unlabelled) neuronal population was performed on neuronal

cell profiles of digital images captured with a 209 lens, from at

least four immunostained sections per specimen counterstained

with Mayer’s haematoxylin. Only neurons where the nuclear pro-

file was evident were considered. Neuronal mean diameters were

automatically evaluated by IMAGEPROPLUS software. Statistical param-

eters (mean, median, SD) and histograms were obtained with

STATISTICA 6 software. The percentage of positive perikarya was cal-

culated by using the ratio of the total number of labelled cells

found in three to six immunostained sections to the total

Table 1 List of specimens.

Case Age Gender Causa mortis Postmortem interval, h Method

1 23 w.g. F Premature rupture of membranes 24 WB, IHC

2 34 w.g. F Respiratory insufficiency 34 WB, IHC

3 35 w.g. M Intestinal malformation 48 WB, IHC

4 40 w.g. M Cardiorespiratory failure 37 IHC

5 42 w.g. M Disseminated intravascular coagulation 36 IHC

6 10 y M Cardiorespiratory failure 81 IHC

7 53 y M Ventricular fibrillation 45 IHC

8 60 y F Intestinal occlusion and acute cardiac insufficiency 30 IHC

9 62 y F Myocardial infarction 36 WB, IHC

10 81 y M Ruptured abdominal aortic aneurysm 39 WB, IHC

d, days; F, female; h, hours; IHC, immunohistochemistry; M, male; WB, western blot; w.g., weeks of gestation; y, years.
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number of cells found in the same sections after Mayer’s haema-

toxylin counterstaining.

Results

Western blot

Antisera that could reveal the TRPV1 receptor in human tis-

sue were not readily available and Western blot (WB) analy-

sis was used as an initial step in evaluating the

immunolabelling capacity of four different commercially

available antisera against TRPV1. Protein samples of human

pre-term and adult TG (Table 1, cases 32 and 9, respectively)

and caudal medulla oblongata (Table 1, cases 32 and 10,

respectively), each probed with four different TRPV1 anti-

bodies, produced different WB outcomes. Two of the anti-

bodies (C and N) did not produce any labelling and one (IS)

recognized numerous protein bands at a molecular weight

of about 36 kDa and below. Conversely, in all examined

specimens, the antibody by TS (Fig. 1) detected a constant,

though not very intense, band at about 100 kDa (Fig. 1,

arrow), which corresponds to the molecular weight of the

receptor monomeric form (Jahnel et al. 2001), as expected

in the reducing conditions of the assay. In addition, a

strongly immunoreactive band was present at about

180 kDa, which acquired the aspect of a smear in TG sam-

ples (Fig. 1, large arrowhead). This is likely to correspond to

the dimeric form of the protein, which, as reported by sev-

eral authors (Jahnel et al. 2001; Rosenbaum et al. 2002;

T�oth et al. 2005), is particularly stable and is revealed by

Western blot analysis. A further, rather faint band, below

150 kDa (Fig. 1, small arrowhead), which was more evident

in medulla oblongata samples, may possibly represent splice

variants (Lu et al. 2005; Schumacher & Eilers, 2010) or post-

translational modifications of the receptor (Jahnel et al.

2001; T�oth et al. 2005). This same antibody was also the

only one to produce a reliable immunostaining in tissue sec-

tions of human TG and brainstem. For this reason, the fol-

lowing data are based exclusively on the TRPV1-like

immunoreactivity obtained with the antibody by TS.

Immunohistochemistry

In the TG, TRPV1-like immunoreactive (LI) neurons were

present at all ages examined and were distributed through-

out the whole ganglion (Fig. 2). The immunoreactive peri-

karya contained a dark-brown precipitate, typically in the

form of very thin granules scattered throughout the cyto-

plasm, although occasionally a patchy labelling, suggestive

of a discrete localization in the Golgi apparatus and in the

Nissl substance (data not shown), could be observed. They

stood out against the pale background of the unstained tis-

sue structures. Perikaryal lipofuscin deposits were common

in adult specimens. They were easily recognizable for their

yellow to light brown colour in bright field (arrows in

Fig. 2G) and vivid orange autofluorescence under fluores-

cein filter combination, as well as for their coarse aspect

and compartmentalized localization in the cell soma. Occa-

sionally, positive fibres, isolated or in thin bundles, occurred

among neuronal cell bodies (Fig. 2B,G). Centrally, TRPV1-

like immunoreactivity labelled extensive filamentous and

dot-like elements, similar to those described in the dorsal

horn and spinal trigeminal nucleus of laboratory animals,

and suggestive of fibre tracts and terminals. Labelled cell

bodies were rare. No such stained elements were detectable

in control preparations.

In the TG, TRPV1-LI neurons were heterogeneous in both

density of labelling and cell size, and were detected rather

evenly throughout the ganglion, with no apparent prefer-

ential localization in distinct areas. Figure 3 shows the fre-

quency histograms of the TRPV1-LI neurons (Fig. 3, left

column) and of the whole neuronal population detected

after haematoxylin staining of the same sections (Fig. 3,

right column). These pertain to TG specimens from two pre-

term newborns (Table 1, cases 1, 3), a full-term newborn

(Table 1, case 4), and two adults (Table 1, case 8, 10). The

neuronal mean cell diameter and size range increased with

age. In the adult TG, the haematoxylin stained neuronal

population had a mean cell diameter ranging from about

10 to 85 lm, whereas most of the immunoreactive neurons

(about 78%) had a mean cell diameter below 40 lm, thus

falling into the class of small- and medium-sized cells. The

percentage of TRPV1-LI neurons found in the same subjects

is reported in Table 2. It varied from about half of the total

population at the earliest age we could examine, to about

one-fifth at late perinatal ages, and one-third in the adults.

In the spinal trigeminal nucleus, the immunoreactivity

was localized mostly to its caudal subnucleus (Sp5C; Fig. 4),

whereas the interpolar and oral sections contained rare ele-

ments. Immunoreactive fibre tracts and terminals were

Fig. 1 Western blot analysis of TRPV1 and GAPDH in tissue homoge-

nates of human trigeminal ganglion (lanes a, b) and caudal medulla

oblongata (lanes c, d) from a pre-term newborn (case 2; lanes a, c)

and two adults (cases 9 and 10, respectively; lanes b, d). Arrow points

to the band at the monomer level; large arrowhead points to the

band/smears possibly representing the dimeric form; small arrowhead

points to a band possibly representing splice variants or post-transla-

tional forms of the protein.
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abundant in the spinal tract and deep substantia gelatinosa

(inner lamina II) of Sp5C, less profusely distributed in lamina

I and scarce in the superficial substantia gelatinosa (outer

lamina II) of Sp5C (Fig. 4A,C). Occasional TRPV1-LI cell bod-

ies were observed in lamina I (Fig. 4D). The density of

immunoreactive structures was generally higher in speci-

mens of pre- and full-term newborns than at later ages.

Analysis of codistribution and colocalization of TRPV1

with CGRP or SP was performed in consecutive sections

immunostained with ABC (TRPV1 and CGRP) and in double-

immunofluorescence stained sections (TRPV1 and SP) of TG

and Sp5C. In the TG, the TRPV1-LI neuronal population

overlapped to some extent with that immunoreactive to

either CGRP or SP (Fig. 5). The extent of coexistence of the

markers was different in samples at different ages (Table 3).

In the newborn, about a quarter and a third of the TRPV1-

LI neurons contained CGRP and SP, respectively; alterna-

tively, about 60% of the CGRP-LI neurons and about 40%

of those positive for SP were also immunostained for the

receptor (Table 3). In the adult TG, almost half of the

TRPV1-LI neurons were double-labelled for CGRP and about

a quarter of them were double-labelled for SP; conversely,

about a third of the neuronal population that was

immunoreactive to either neuropeptide was also labelled

for the receptor (Table 3). Centrally, the three markers were

present in the spinal tract and in the Sp5C superficial lami-

nae. However, comparison of immunostaining for TRPV1

and CGRP (consecutive sections, Fig. 6), and for TRPV1 and

SP (double-labelling, Fig. 7) showed that their density and

laminar distribution does not entirely correspond. In partic-

ular, a good codistribution of immunoreactivity to TRPV1

and either peptide occurs in lamina I and inner lamina II,

whereas TRPV1-LI elements are more abundant than the

SP- and CGRP-LI ones in the spinal tract, and the opposite

occurs in outer lamina II. Analysis of double-labelled sec-

tions revealed that co-localization of TRPV1 with SP

appeared infrequently when using conventional fluores-

cence observation (Fig. 7A–C). This was confirmed by confo-

cal microscopy (Fig. 7D).

Discussion

This study provides the first description of the localization

of TRPV1-LI structures in the human trigeminal primary

sensory neurons and spinal nucleus at ontogenetic stages

spanning from prenatal life to old age. TRPV1-like im-

munoreactivity is mostly restricted to TG neurons with a

mean diameter below 40 lm and to the protopathic

A

D

F G H I

E

B C

Fig. 2 Human trigeminal ganglion. TRPV1-LI

neurons from two pre-term newborns (A, B,

case 1; C, case 3), a full-term newborn (D, E,

case 5) and two adults (F, G, H, case 8; I,

case 10). (B) High magnification of a TRPV1-

labelled TG neuron with a varicose proximal

process. (H) Immunostained section with

Mayer’s modified haematoxylin

counterstaining. Arrows in (G) point to

neurons containing small (right) and large

(left) light brown deposits of lipofuscins. Scale

bars: (A, D, E, G, I) 50 lm, (C, F) 250 lm,

(B, H) 25 lm.
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Fig. 3 Human trigeminal ganglion. Size frequency histograms of TRPV1-LI neurons (left column) and all neurons (right column) detected in the

same TG sections of specimens from two pre-term newborns (cases 1 and 3), one full-term newborn (case 4), and two adults (cases 8 and 10).

X-axis values represent the mean cell diameters expressed in lm; Y-axis reports values of relative percent frequency. Curves superimposed on the

histograms represent the theoretical normal distribution.
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(nociceptive) caudal subdivision of the spinal nucleus. A per-

centage of the TRPV1-LI TG perikarya is also immunoreac-

tive to CGRP and SP, and the receptor is partially

codistributed with both neuropeptides in the spinal tract

and in the superficial laminae of the Sp5C.

Many studies in the literature, which correlate morpho-

logical features with neurochemical ones and with func-

tional/pathological involvement in different sensory

ganglia and species, classify the neurons in subpopulations

of small-, medium- and large-sized cells. Unfortunately,

among different reports (Rambourg et al. 1983; Harper &

Lawson, 1985; Lee et al. 1986; Lazarov, 2002; Priestley et al.

2002; Jimenez-Andrade et al. 2006; Dilkash et al. 2010;

Chung et al. 2011b), the size boundaries that define those

subpopulations are far from being consistent. Any strict

demarcation may appear arbitrary. Yet, given that, in our

study, the mean cell diameter of the adult TG perikarya

ranges from 10 to 85 lm (and that some of the largest

neurons are located outside the TG), we can reasonably

say that most of the TRPV1-LI neurons belong to the small-

and medium-sized cell class. This is in keeping with previ-

ous studies on rat TG (Caterina et al. 1997; Helliwell et al.

1998; Bae et al. 2004; Damann et al. 2006; Cavanaugh

et al. 2011) and human (Lauria et al. 2006) and rat DRG

(Caterina et al. 1997; Helliwell et al. 1998; Guo et al. 1999;

Michael & Priestley, 1999; Aoki et al. 2005; Cavanaugh

et al. 2011; Quartu et al. 2014). The small- and medium-

sized TRPV1-positive primary afferent neurons are related

to unmyelinated (C) or thinly myelinated (Adelta) afferents

(Guo et al. 1999; Michael & Priestley, 1999; Caterina &

Julius, 2001; Bae et al. 2004; Holzer, 2008) and are consid-

ered to be nociceptive. In accordance with this, clinical

findings report that TRPV1 receptor plays a role in pain

and hyperalgesia associated with inflammation, injury, aci-

dosis and cancer (Holzer, 2008). As regards the trigeminal

system, a positive correlation between TRPV1-LI sensory

afferents and pain score has been shown in dental pain

(Morgan et al. 2005) and chronic burning mouth syndrome

(Yilmaz et al. 2007), and we detected an increased density

of the TRPV1-LI vascular innervation of scalp arteries in

chronic migraine (Del Fiacco et al. 2015). The percentage

of the TRPV1-positive neurons we detected in the adult TG

is double the percentage that was previously reported by

Hou et al. (2002). We do not have a clear-cut explanation

for this divergence. Among the antibodies we probed, the

Table 2 Percentage of TRPV1-positive trigeminal ganglion neurons.

Specimen %

23 w.g. (case 1) 51.77 � 0.02% (1053+/2034)

35 w.g. (case 3) 21.23 � 0.01% (706+/3326)

40 w.g. (case 4) 17.31 � 0.01% (663+/3831)

60 y (case 8) 32.92 � 0.02% (1038+/3153)

81 y (case 10) 32.17 � 0.02% (542+/1685)

A

B

C

D

Fig. 4 Human spinal trigeminal nucleus, caudal part (Sp5C). Pre-term

newborn (A, B, case 3), adult (C, D, case 10). (A,C) TRPV1-LI fibre-

and terminal-like elements are localized to the spinal trigeminal tract

(sp5) and to lamina I (I) and inner lamina II (IIi) of the Sp5C. Arrow in

(A) indicates the posterior median septum. (B) Same field as in (A) (left

dorsal quadrant) as seen in a consecutive section stained with Mayer’s

modified haematoxylin. (D) A positive cell in lamina I. cu, cuneate fas-

cicle; gr, gracile fascicle. Scale bars: (A, B, C) 500 lm, (D) 20 lm.
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one that belonged to the same brand as that used in the

aforementioned study did not yield any immunochemical

labelling, either in WB or in histochemistry. On this issue, it

is pertinent to remark that extremely different values,

ranging from 20 to 54%, have been reported in the adult

rat TG by different groups (Ichikawa & Sugimoto, 2001;

Bae et al. 2004; Cavanaugh et al. 2011). Such a disparity in

the number of TRPV1-LI neurons also occurs in studies of

rodent DRG, where scored TRPV1-positive neurons vary

from about 23% to more than 50% (Guo et al. 1999; Aoki

et al. 2005; Cavanaugh et al. 2011; Quartu et al. 2014).

Although, with respect to the data on DRG, the longitudi-

nal variations existing at different spinal levels (�Spicarov�a

& Pale�cek, 2008) must also be considered, the use of differ-

ent fixative solutions, antibodies (even different lots of the

same brand) and methodological procedures may possibly

account for the discrepancies observed.

Our observations suggest the occurrence of age-related

changes. In the TG, the number of TRPV1-labelled neurons

amounted to half of the total ganglion neurons at the earli-

est age we could examine (23 weeks of gestation). This pro-

portion declined to about one-fifth at late perinatal ages

A

C D E

B

Fig. 5 Human trigeminal ganglion. Adult (A, B, case 8); full-term newborn (C–E, case 5). (A, B) Adjacent sections immunostained for TRPV1 (A)

and CGRP (B) showing neurons double-stained for TRPV1 and CGRP (red arrows) and neurons labelled solely for either TRPV1 (green arrows) or

CGRP (blue arrows). (C–E) Double-labelling for TRPV1 (C) and SP (D). (E) An overlay of panels (C) and (D) showing TRPV1+/SP+ neurons (yellow),

TRPV1+/SP� neurons (red) and TRPV1�/SP+ neurons (green). Scale bars: (A, B) 50 lm, (C, D, E) 50 lm.

Table 3 Percentage of TRPV1-LI neurons of the human TG showing also immunoreactivity for neuropeptides (indicated as TRPV1+CGRP+ and

TRPV1+SP+), and of either CGRP- or SP-LI neurons showing also immunoreactivity for TRPV1 (indicated as CGRP+TRPV1+ and SP+TRPV1+).

% TRPV1+ neurons containing neuropeptides % CGRP+ neurons containing TRPV1 % SP+ neurons containing TRPV1

Full-term newborn 42 w.g. (case 5)

TRPV1 61.11 � 0.05%

11 (CGRP+TRPV1+)/18 CGRP+

41.1 � 0.06%

7 (SP+TRPV1+)/17 SP+

CGRP 26.19 � 0.02%

11 (TRPV1+CGRP+)/42 TRPV1+

SP 33.3 � 0.04%

7 (TRPV1+SP+)/21 TRPV1+

Adult 60 y (case 8)

TRPV1 34.88 � 0.01%

30 (CGRP+TRPV1+)/86 CGRP+

37.5 � 0.04%

9 (SP+TRPV1+)/24 SP+

CGRP 47.61 � 0.02%

30 (TRPV1+CGRP+)/63 TRPV1+

SP 25 � 0.02%

9 (TRPV1+SP+)/36 TRPV1+
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(35 and 40 weeks of gestation) and we counted up to one-

third in the adults. Although the number of examined spec-

imens is small, the observed differences might represent an

aspect of the reported shaping and functional maturation

of the nociceptive circuitry (Fitzgerald, 2005; Fitzgerald &

Walker, 2009). Centrally, the immunoreactive elements in

the Sp5C were more dense at perinatal life stages than in

childhood and adult life, and the described laminar distri-

bution was already obvious at the earliest pre-term age we

could examine. These findings differ substantially from the

delayed pattern of expression and laminar organization

detected in the rat spinal cord during development (Guo

et al. 2001).

The distribution of TRPV1-positive elements in the Sp5C

has a close similarity with that reported in the adult rat

spinal dorsal horn by Guo et al. (1999, 2001) and Valtschan-

off et al. (2001). As well as describing the occurrence of

TRPV1-LI nerve fibres and terminals in laminae I and II inner,

they stress the paucity of immunoreactivity in lamina II

outer, they report the presence of the receptor in local neu-

rons, and they show that most immunoreactive terminals

are distinct from those immunoreactive to substance P in

both laminae. Their findings and ours differ substantially

from the localization of the receptor in the rat Sp5C shown

by Bae et al. (2004). The latter detect the TRPV1-positive

innervation in lamina I and II outer and show the colocaliza-

tion of the receptor with CGRP and SP. This appears to rep-

resent a remarkable species difference. In the rat, in both

lamina II inner of the spinal dorsal horn (Guo et al. 1999)

and lamina II outer of the Sp5C (Bae et al. 2004), the

immunoreactivity to the receptor occurs in nerve fibres and

terminals that bind the isolectin Griffonia simplicifolia B4

(IB4). IB4 is considered to be the marker of the non-pepti-

dergic nociceptive primary sensory neurons, and it has been

suggested that IB4 binding neurons expressing the TRPV1

receptor are important in neuropathic pain (Snider &

McMahon, 1998) and thermal nociception (Guo et al. 1999).

It will therefore be interesting further to characterize the

human TG and Sp5C structures in terms of their IB4 binding

ability and compare it with their TRPV1 immunoreactivity.

The likelihood of a primary afferent origin for the TRPV1-

LI material in the human spinal trigeminal nucleus rests

upon experimental data showing such an origin in the

rodent Sp5C (Mezey et al. 2000; Cavanaugh et al. 2011) and

spinal dorsal horn (Guo et al. 1999; �Spicarov�a & Pale�cek,

2008). Yet, the occurrence of TRPV1-LI cells in the human

trigeminal nucleus suggests that the possibility of a central

origin for the TRPV1-LI elements should not be dismissed, as

can also be inferred from the evidence of TRPV1 mRNA in

homogenates of rat spinal cord (Mezey et al. 2000; Sanchez

et al. 2001; Quartu et al. 2014) and of TRPV1 protein in the

rat dorsal horn GABAergic interneurons (Kim et al. 2012)

and glial cells (Doly et al. 2004; Chen et al. 2009).

Earlier studies have provided evidence for the colocaliza-

tion of the TRPV1 receptor with the neuropeptides CGRP

and SP in TG (Ichikawa & Sugimoto, 2000; Hou et al. 2002;

Bae et al. 2004) and DRG neurons (Guo et al. 1999; Michael

& Priestley, 1999; Aoki et al. 2005; Hwang et al. 2005;

Cavanaugh et al. 2011; Quartu et al. 2014). Although the

coexistence values we have obtained tend to match those

reported for rat TG (Bae et al. 2004), they differ substan-

tially from the previous data on human TG. The latter

show that only about 10 and 8% of the TRPV1-positive

neurons also contain CGRP and SP, respectively (Hou et al.

2002). As mentioned above, different sampling conditions

A B

C D

E F

G H

I J

K L

Fig. 6 Human spinal trigeminal nucleus, caudal part (Sp5C). Pairs of

adjacent sections of medulla oblongata from full-term newborn (A–D,

case 5), child (E–H, case 6), and adult (I–L, case 10) specimens show-

ing the partial codistribution of TRPV1- (A, E, I) and CGRP-like

immunoreactivity (B, F, J). (C, D, G, H, K, L) Higher magnifications of

microscopic fields in box in (A, B, E, F, I, J), respectively. I, lamina I; IIi,

inner lamina II; sp5, spinal trigeminal tract. Scale bars: (A, B, E, F, I, J)

500 lm, (C, D, G, H, K, L) 100 lm.
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and methodological approaches may account for such a

discrepancy. A further point to be considered is that,

owing to the intrinsic limitations of studies on human tis-

sues, our results are based on rather small numbers of cells

and this also applies to the report by Hou et al. (2002). The

analysis of a larger number of samples might perhaps

reduce the now apparent difference. On the other hand,

even in the rat DRG the percentage of coexpression of

TRPV1 and either neuropeptide appears to diverge signifi-

cantly in different studies (Guo et al. 1999; Michael & Pri-

estley, 1999; Aoki et al. 2005; Hwang et al. 2005;

Cavanaugh et al. 2011; Quartu et al. 2014). Unfortunately,

we could not obtain a satisfactory double immunostaining

for TRPV1 and CGRP. However, the colocalization detected

in the TG neurons, together with the codistribution

observed in the superficial laminae of the Sp5C, implies

that at least a certain degree of colocalization in the cen-

tral afferents cannot be excluded. The colocalization of

TRPV1 and SP in the Sp5C does not appear to exist to a

degree that is comparable to that observed in the TG. It

may be reasoned that the immunofluorescence method

and/or milieu are not appropriate for completely revealing

the TRPV1 content in primary afferent central endings.

Nevertheless, a differential degree of colocalization of

TRPV1 with SP and CGRP at primary sensory neuron periph-

eral and central endings has been reported in the rat lum-

bar DRG neurons (Guo et al. 1999; Hwang & Valtschanoff,

2003). It may therefore be hypothesized that the TRPV1

and SP (and possibly CGRP) are not transported at the cen-

tral nerve endings in the same way and to the same extent.

Indeed, the western blot analysis shows that the amount

of TRPV1-LI protein detectable in the medulla oblongata is

much lower than that observed in the TG.

To summarize, our results demonstrate that in the

human trigeminal sensory system:immunoreactivity to the

TRPV1 receptor occurs in a subpopulation of mostly small-

and medium-sized primary sensory neurons and in the

spinal nucleus, where it is concentrated in the caudal sub-

nucleus; these elements are detectable from early pre-

term life to postnatal old age; the TRPV1 receptor par-

tially colocalizes with the neuropeptides CGRP and SP in

ganglion neurons; comparison with the literature points

to differences with experimental animals in the central

distribution of the immunoreactive structures. These data

provide supporting evidence for the concept of the

involvement of the TRPV1 receptor in the neurotransmis-

sion of the protopathic sensory stimuli from the trigemi-

nal territory.
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