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SUMMARY 

 

Chemosensitive primary afferent neurons which express the capsaicin/TRPV1 receptor play a 

pivotal role in the transmission of nociceptive stimuli toward the central nervous system. 

They are also intimately involved in the mediation of inflammatory and neuropathic pain and 

the neurogenic inflammatory response. The present Thesis summarizes our experimental 

findings concerning the participation of these particular class of nociceptive neurons in the 

mechanisms of the changes in the structural organization, neurochemical phenotype and gene 

expression of primary sensory neurons brought about by non-specific physical (nerve 

transection) and specific chemical (perineural capsaicin) lesions of peripheral nerves.  

The findings disclosed the lack of a lesion-induced CTB-labelling of the substantia gelatinosa 

after the elimination of C-fibre chemosensitive primary afferent neurons by neonatal capsaicin 

treatment. This corroborates and extends previous reports suggesting that the increased 

labelling may be attributed to an uptake and transport of CTB by injured C-fibre primary 

afferent neurons, rather than to a sprouting response of A-fibre afferents. Since CTB binds 

selectively to the GM1 ganglioside and changes in neural gangliosides may affect the NGF-

regulated expression of specific proteins of nociceptive primary afferents, the expression of 

the archetypic nociceptive ion channel, the TRPV1/capsaicin receptor was also investigated.  

Quantitative morphometric and statistical analyses of L5 dorsal root ganglion cells revealed 

distinct populations of small (type C) and small to medium (type B) neurons which showed 

very high and moderate levels of TRPV1 mRNA and protein, whereas larger (type A) neurons 

practically did not express this receptor. Further investigations demonstrated that peripheral 

nerve lesions produced changes in these neurons which were markedly different in nature and 

depended on the type of the lesion inflicted upon the peripheral nerve. After either transection 

or capsaicin treatment of the sciatic nerve, immunohistochemistry and Western blotting 

demonstrated a massive (up to 80%) decrease in the proportion of TRPV1-immunoreactive 

neurons and TRPV1 protein at all postoperative survival times. After sciatic nerve transection, 

in situ hybridization indicated marked decreases (up to 85%) in the proportion of neurons 

which expressed the TRPV1 mRNA. In contrast, although perineural treatment with capsaicin 

resulted in similar substantial decreases in the proportions of type B and C neurons of the L5 

dorsal root ganglia 3 days postoperatively, a clear-cut tendency to recovery was observed 

thereafter. Hence, the proportions of both type B and C neurons expressing the TRPV1 
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mRNA reached up to 70% of the control levels at 30 days postoperatively. In accord with 

these findings, quantitative RT-PCR revealed a marked and significant recovery in TRPV1 

mRNA after perineural capsaicin but not after nerve transection. These observations suggest 

the involvement of distinct cellular mechanisms in the regulation of the TRPV1 mRNA 

expression of damaged neurons, specifically triggered by the nature of the injury. These 

findings also imply that the antinociceptive and anti-inflammatory effects of perineurally 

applied capsaicin involve changes in neuronal TRPV1 mRNA expression and long-lasting 

alterations in (post-)translational regulation. 

The present findings may have important implications as concerns the mechanism(s) of 

chemically induced selective analgesia. The results point to the possibility that interfering 

with the translation and/or post-translational processing of nociceptive ion channels, such as 

the TRPV1 receptor, by using specific siRNAs, for example, may offer a novel approach to 

the production of antinociception by employing molecular biological tools. 
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1. INTRODUCTION 

 

1.1. Morphological changes associated with peripheral nerve injuries 

1.1.1. Effects of peripheral nerve transection  
 

Different classes of primary afferent fibres terminate in a strict somatotopic and topographic 

manner in the spinal cord. Thick myelinated A-fibre afferents carrying mechanoreceptive 

information terminate in the deeper layers of the spinal dorsal horn, whereas capsaicin-

sensitive, unmyelinated C-fibre nociceptive afferents project to the most superficial laminae, 

the marginal zone and the substantia gelatinosa (Jancsó and Király, 1980, Brown, 1981, 

Willis and Coggeshall, 1991). Neurotmesis, the most severe nerve injury which results in a 

complete division of a nerve, produces a loss of sensory, motor and autonomic functions 

(Seddon, 1943). Peripheral nerve transection represents a form of neurotmesis which results 

in Wallerian degeneration associated also with (transganglionic) degenerative changes within 

the central terminations of the injured (axotomized) primary sensory neurons (for reviews see 

Csillik and Knyihár, 1978, Aldskogius et al., 1985, Jancsó, 1992). Partial denervation of the 

spinal dorsal horn may produce changes in the neuronal microenvironment which, in turn, 

may promote axonal sprouting. Peripheral axotomy results in the appearance of degeneration 

argyrophilia in the somatotopically related central spinal projection areas of injured dorsal 

root ganglion (DRG) neurons (Grant and Arvidsson, 1975, Grant and Ygge, 1981, Aldskogius 

et al., 1985). Degenerative changes of some primary afferent terminals may induce reactive 

restorative phenomena in others producing a re-arrangement of dorsal horn neuronal 

connectivity (cf. Nagy and Hunt, 1983, Réthelyi et al., 1986). Accordingly, an apparently 

massive sprouting response of Aβ myelinated spinal afferents has been detected also after 

peripheral nerve transection in the adult rat. Indeed, following peripheral nerve transection, 

intense transganglionic labelling of the substantia gelatinosa by intraneurally injected 

choleratoxin B subunit (CTB) or its conjugates has been demonstrated (Woolf et al., 1992, 

Lekan et al., 1996, Nakamura and Myers, 1999, Kohama et al., 2000). Since CTB was 

regarded as a specific marker of myelinated fibres, this phenomenon was interpreted as a 

vigorous sprouting response of injured Aβ-myelinated afferents. It has also been suggested 

that this contributes to the development of chronic pain states (Woolf et al., 1992, 1995, 
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Nakamura and Myers, 1999, White, 2000). Recently, the sprouting hypothesis has been 

challenged by showing an increase in the proportion of CTB-horse radish peroxidase (HRP)-

labelled small DRG neurons after peripheral nerve transection (Tong et al., 1999, Jancsó et 

al., 2002) and the co-localization of “injury peptides” such as vasoactive intestinal peptide 

(VIP) and galanin (GAL), characteristic of injured C-fibre DRG neurons, with choleragenoid 

in small sensory ganglion neurons and in their central terminations (Bao et al., 2002, Shehab 

et al., 2003). Electron microscopic histochemical studies furnished direct evidence for the 

transport of CTB-HRP in unmyelinated dorsal root axons following peripheral nerve 

transection (Sántha and Jancsó, 2003). It has been shown that local (perineural) capsaicin 

pretreatment of the transected nerve proximal to the anticipated tracer injection site prevented 

CTB-HRP labelling within the marginal zone and the substantia gelatinosa, but not in the 

deeper layers of the spinal dorsal horn. Perineural application of capsaicin results in a highly 

selective blockade of intraaxonal transport processes in capsaicin-sensitive unmyelinated C-

fibre sensory nerves (Jancsó et al., 1980b, Gamse et al., 1982, Miller et al., 1982) which 

comprise up to 95% of all unmyelinated afferent fibres in rat lumbar dorsal roots (Nagy et al., 

1983). In accord with these findings, many CTB-HRP-labelled neurons of various sizes were 

observed in ganglia relating to transected vehicle-treated nerves, whereas the proportion of 

small neurons was significantly decreased in ganglia relating to transected capsaicin-

pretreated nerves (Sántha and Jancsó, 2003). These findings suggested that a phenotypic 

switch of C-fibre primary afferents rather than A-fibre sprouting may underlie the labelling of 

the substantia gelatinosa with CTB-HRP after peripheral nerve lesions (Jancsó et al., 2002, 

Sántha and Jancsó, 2003).  

In addition to the long-term albeit reportedly reversible fine structural changes observed in the 

substantia gelatinosa and referred to as transganglionic degenerative atrophy (Csillik and 

Knyihár-Csillik, 1986), axotomy produces profound changes in the expression levels of 

neuropeptides and their receptors. The up- or downregulation of certain peptides may result 

from a change in the metabolic profile of the affected neurons, which might switch their 

metabolism to the synthesis of peptides and proteins critical for the structural and functional 

restoration of the injured cells (Lieberman, 1971, Hall, 1982, Tetzlaff and Kreutzberg, 1985). 

The term messenger plasticity (Hökfelt et al., 1994) describes a series of alterations which 

lead to a virtually new phenotype of the affected neurons. Primary sensory neurons are also 

good examples of coexistence systems, expressing both classical and other transmitters such 
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as nitric oxide (NO) and peptides (Hökfelt, 1991). The downregulation of the two main 

excitatory neuropeptides substance P (SP) and calcitonin gene-related peptide (CGRP) was 

clearly demonstrated after axotomy (Nielsch et al., 1987, Noguchi et al., 1990, Dumoulin et 

al., 1991). However, in the same small-sized neuron population, an increase could be 

observed for the proteins and mRNAs of VIP and GAL which are practically undetectable 

under normal conditions (Shehab and Atkinson, 1986, Hökfelt et al., 1987, Xu et al., 1990). In 

parallel, elevated levels of neuropeptide tyrosin (NPY) and cholecystokinin (CCK) mRNAs 

and proteins were detected mostly in large diameter sensory neurons (Wakisaka et al., 1991, 

Verge et al., 1993, Zhang et al., 1994). After axotomy, there is a marked increase in nitric 

oxide synthase (NOS) mRNA and protein in those small diameter sensory neurons that 

upregulate GAL, VIP and NPY (Verge et al., 1992, Zhang et al., 1993). The observed 

downregulation of SP and CGRP results in the attenuation of transmission at the first synapse 

in the dorsal horn. However, it has been shown, that C-fibre transmission is maintained after 

axotomy (Wall et al., 1981). A possible explanation of this phenomenon could be that 

upregulated VIP takes over the role of SP and CGRP (Wiesenfeld-Hallin et al., 1990). 

Furthermore, some neuropeptides such as VIP and NO might promote survival of injured 

neurons by stimulating blood flow and other regenerative mechanisms (Hökfelt et al., 1994). 

Although the exact mechanisms are not well understood, it was suggested that NGF is 

important for the regulation of peptide expression (Lindsay and Harmar, 1989) which also 

depends on the type of the target tissue (McMahon and Gibson, 1987). The transient receptor 

potential vanilloid type 1 (TRPV1) receptor localized mostly in small chemosensitive primary 

sensory neurons is crucially involved in the transmission of nociceptive stimuli and pain 

(Jancsó et al., 1977, Caterina and Julius, 2001, Julius and Basbaum, 2001). Although 

capsaicin-sensitive primary afferents have been implicated in the mechanisms of neuroplastic 

changes which occur in the spinal dorsal horn after peripheral nerve injuries (Wall et al., 

1981), systematic quantitative studies to reveal changes in the expression of TRPV1 

expression after peripheral nerve lesions have not been performed. 

1.1.2. Effects of perineural capsaicin treatment  
 

Previous studies have demonstrated that selective elimination of the nociceptive afferents 

either from the whole animal or from selected regions of the body by systemic (neonatal) or 

localized (perineural) administrations of capsaicin and related vanilloids produced profound 
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antinociceptive and anti-inflammatory effects (Jancsó et al., 1977, 1980b, Fitzgerald and 

Woolf, 1982, Gamse et al., 1982, Jancsó et al., 2011). The perineural application of vanilloid 

compounds that results in a highly selective regional thermal and chemical analgesia has 

attracted much interest because of the possible therapeutic relevance of this intervention. 

Local application of capsaicin or resiniferatoxin has been shown to induce selective regional 

analgesia through long-lasting increases in the thresholds of nociceptive responses elicited by 

chemical irritants and intense heat stimuli (Jancsó et al., 1980a, Gamse et al., 1982, Chung et 

al., 1985). It also reduces inflammatory thermal and mechanical hyperalgesia, ischemic 

reactive hyperemia (Kissin et al., 2002, Domoki et al., 2003, Pospisilova and Palecek, 2006, 

Holzer, 2008, Jancsó et al., 2008, Oszlács et al., 2009) and arthritis (Donaldson et al., 1995). 

Antidromic vasodilatation and neurogenic inflammation, the cardinal local vascular responses 

of chemosensitive afferent endings brought about through stimulation with chemical irritants 

or antidromic stimulation of sensory nerves, are completely abolished by perineural capsaicin 

treatment (Jancsó et al., 1980b, Oszlács et al., 2009). The effects of the local application of 

capsaicin onto peripheral nerves can be separated into three phases (Jancsó and Such, 1983, 

Jancsó, 1992). The selective activation of C and Aδ nerve fibres producing neurogenic 

vasodilatation and extravasation is followed by the blockade of the impulse conduction in 

these fibres and finally, a complete chemical and marked thermal analgesia and abolition of 

neurogenic inflammation ensue. After perineural capsaicin treatment the retraction of 

Schwann cell processes from many unmyelinated axons leaving them packed closely together 

has been demonstrated but clear-cut, immediate degeneration of sensory C-fibres, unlike after 

systemic capsaicin treatment, was not observed (Jancsó et al., 1987). However, after longer 

survival periods the number of unmyelinated axons in the capsaicin-treated nerve was 

significantly reduced indicating a permanent loss of afferent axons from the treated nerve 

(Jancsó and Lawson, 1990, Pini et al., 1990).  

The profound changes in the neurochemical phenotype and the subsequent decrease in the 

sensitivity of chemosensitive primary sensory neurons toward the neurotoxic effects of 

capsaicin are also characteristic features of perineural capsaicin administration (Jancsó and 

Lawson, 1988, 1990). The reduction in capsaicin sensitivity could be explained, at least in 

part, by a decrease in the level of the capsaicin receptor protein. However, there is little if any 

experimental support for this suggestion. The inhibition of intra-axonal transport of sensory 

neuron specific markers, such as SP, fluoride-resistant acid phosphatase (FRAP), thiamine 
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monophosphatase (TMP), CGRP and isolectin B4 (IB4, from Griffonia simplicifolia) was 

evident, but the transport of molecules characteristic of motor and autonomic nerves, such as 

acethylcholinesterase and noradrenaline was unaffected (Gamse et al., 1981, 1982, Jancsó and 

Lawson, 1988, Oszlács et al., 2009). In addition a reliable general marker of nerve injury, the 

transcription factor ATF3 exhibited a highly selective upregulation only in small diameter 

sensory neurons (Jancsó et al., 2011). Electrophysiological studies have revealed a selective 

and long-lasting reduction of impulse conduction in unmyelinated, but not in myelinated 

sensory axons after perineural capsaicin (Jancsó and Such, 1983, Baranowski et al., 1986, Pini 

et al., 1990), which was associated with a reduction of polymodal nociceptor units in the rat 

(Welk et al., 1983, Pini et al., 1990). Morphological investigations have disclosed a 

substantial, but partial reduction in the number of unmyelinated sensory (Baranowski et al., 

1986, Jancsó and Lawson, 1990), but not autonomic (Jancsó and Lawson, 1987) axons in 

capsaicin-treated peripheral nerves and in skin areas innervated by a capsaicin-treated 

peripheral nerve (Jancsó et al., 1980a, Dux et al., 1998). Recent findings, however, indicated 

that that an ultrapotent analogue of capsaicin, resiniferatoxin may act differently since 

application of this agent to peripheral nerves induced lasting analgesia apparently without 

noticeable fine structural alterations in the rat (Kissin et al., 2002, 2007). 

Perineural application of capsaicin results in a selective blockade of intraneuronal transport 

processes in unmyelinated C-fibres (Jancsó et al., 1980b, Gamse et al., 1982, Sántha and 

Jancsó, 2003). This may affect, among others, the retrograde axonal transport of nerve growth 

factor (NGF), a crucial regulator of TRPV1 expression, thus causing downregulation of the 

receptor and consequent loss or decrease in the sensitivity toward capsaicin (Jancsó and 

Lawson, 1988, 1990, Winter et al., 1988, Aguayo and White, 1992).  

Despite the increasing body of experimental findings summarized in the previous sections, 

changes in the expression of the TRPV1 receptor, which confers capsaicin sensitivity on 

chemosensitive primary afferent neurons (Winter et al., 1988, Caterina et al., 1997, Michael 

and Priestley, 1999), have not been investigated so far after perineural treatment with 

vanilloid compounds. Therefore, one specific aim of the studies presented in this thesis was to 

reveal possible changes in the expression of the TRPV1 receptor following perineural 

capsaicin treatment and, for comparison, peripheral nerve transection. 
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1.2. Chemosensitive primary sensory neurons 

 

Chemosensitive primary sensory neurons represent a unique population of peptidergic and 

non-peptidergic spinal and cranial sensory ganglion neurons which are sensitive to capsaicin 

and convey nociceptive impulses evoked by irritant chemicals, acid and heat. These neurons 

are also involved in the generation of the neurogenic inflammatory response which consists of 

neurogenic sensory vasodilatation and plasma extravasation (Jancsó et al., 1977, Jancsó and 

Király, 1980, 1981, Jancsó et al., 2011). Importantly, chemosensitive primary sensory neurons 

express the TRPV1 non-selective cation channel which confers the sensitivity to capsaicin 

onto these neurons (Caterina et al., 1997, Caterina and Julius, 1999, 2001). 

Capsaicin was introduced in the study of pain and neurogenic inflammation by Miklós 

(Nicolaus) Jancsó in the 1940s, who demonstrated that capsaicin applied to the human skin 

causes burning pain and vasodilatation, followed by a phenomenon termed desensitization, 

which rendered sensory nerve endings insensitive to the pain-producing effects of capsaicin 

and other chemical irritants and also to heat (Pórszász and Jancsó, 1959, Jancsó, 1960, 1968 

Jancsó et al., 1967). The chemical structure of capsaicin was reported as trans-8-methyl-N-

vanillyl-6-nonenamid, an acryl-amide derivative of homovanillic acid by Nelson (Nelson, 

1919). Capsaicin and other naturally occurring substances (e.g. resiniferatoxin, capsiate, 

gingerol, eugenol, piperine, cannabidiol) sharing homovanillic acid as structural motif were 

collectively named vanilloids (Szallasi and Blumberg, 1990, 1999, Szallasi et al., 1994, Liu 

and Simon, 1996, Bisogno et al., 2001, Witte et al., 2002, Bandell et al., 2004, Calixto et al., 

2005). N. Jancsó was the first to postulate, that capsaicin acts on a specific pain receptor. 

Later, Gábor Jancsó (Jancsó et al., 1977) recognized the selective neurotoxic action of 

capsaicin by showing that systemic administration of the drug to neonatal and adult rats 

resulted in a selective degeneration of a distinct population of primary sensory neurons 

involved in the transmission of painful stimuli and in the mediation of the neurogenic 

inflammatory response (Jancsó et al., 1977). The demonstration of capsaicin sensitivity has 

become a useful anatomical, neurochemical and functional marker of a subset of primary 

sensory neurons processing noxious stimuli. 

The chemosensitive primary afferent neurons which are selectively sensitive to the 

stimulatory and neurotoxic effects of capsaicin (Jancsó, 1968, Jancsó et al., 1977, Jancsó and 

Király, 1980) and express the TRPV1 receptor (Caterina et al., 1997, Caterina and Julius, 
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2001) play a fundamental role in pain mechanisms. They account for around 50% of DRG 

neurons and 95% of the unmyelinated dorsal root fibres in the rat (Nagy and Hunt, 1983, 

Millan, 1999). C-fibre associated nociceptors have slowly conducting (0.5-2 m/sec) axons and 

small cell bodies (< 400 µm2). In contrast, Aδ-fibre associated nociceptors have medium-

sized cell bodies (410–900 µm2) and thin myelinated axons with intermediate conduction 

velocities (12-30m/sec). One group of C fibres, known as polymodal nociceptors respond to 

all three pain–producing modalities (mechanical, chemical, thermal), while others respond 

only to subsets of these. Morphologically, C-fibres can be divided into two main categories 

(Wood and Docherty, 1997). The so called peptidergic population contains pro-inflammatory 

peptides, such as SP and CGRP, and is regulated by NGF (Aguayo and White, 1992). The 

other population is non-peptidergic and can be identified histologically by the presence of 

TMP, FRAP or IB4 and postnatally they require glial cell line-derived neurotrophic factor 

(GDNF, Breese et al., 2005, Albers et al., 2006). A further class of nociceptors is referred to 

as “silent” or “sleeping” nociceptors (Cervero, 1994, 1995, McMahon et al., 1995). These 

nociceptors comprise 10-20% of unmyelinated C fibres in the skin, joints and viscera which 

are normally irresponsive to acute noxious stimuli. Under certain conditions (inflammation 

and tissue injury) they will be sensitized and activated by chemical mediators (Schmidt et al., 

1995, Dmitrieva and McMahon, 1996). Upon exposure of the skin to a noxious stimulus, 

myelinated Aδ fibres elicit a rapid, first phase of pain, which is ‘sharp’ in nature, whereas 

unmyelinated C fibres evoke a second wave of ‘dull’ pain (Millan, 1999).  

By virtue of their dual functional character, these particular nociceptive neurons comprise a 

unique population of primary afferent neurons (Jancsó, 1960, 1968, Jancsó et al., 1967, 1987, 

Maggi and Meli, 1988, Holzer, 1991, Jancsó, 2009). The transmission of itch and burning 

pain sensation towards the CNS is regarded as their afferent function. Upon stimulation they 

also release neuropeptides (e.g. CGRP and SP) from their peripheral and central terminals 

(Hökfelt et al., 1975, Gamse et al., 1982, Holzer, 1988, 1998, Sann and Pierau, 1998). The 

resulting local vascular responses involve vasodilatation and plasma extravasation, a 

phenomenon defined as neurogenic inflammation (Jancsó, 1960, 1968, Jancsó et al., 1968, 

1980a). Injection of capsaicin into the cisterna magna results in a rapid degeneration of 

trigeminal and spinal chemosensitive afferent fibres and an abolition of nociceptive responses 

to chemical irritants, but leaves the efferent function (neurogenic inflammation) of the 

corresponding peripheral nerve endings intact. These findings provided direct evidence for the 
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dual function of chemo-/capsaicin-sensitive primary afferent neurons (Jancsó, 1981, Jancsó et 

al., 1984, Nagy et al., 2004). 

The in vivo effects of capsaicin on the sensory neurons critically depend on the routes of 

application of the neurotoxin (Jancsó et al., 2011). Neonatal systemic (subcutaneous) 

administration results in complete abolition of the neurogenic inflammatory response (Jancsó 

et al., 1977, Gamse et al., 1980, Jancsó, 2009). The morphological and functional 

consequences of the same treatment in adult animals are less pronounced; only a 

subpopulation of capsaicin-sensitive sensory neurons degenerate (Jancsó et al., 1985). Such 

animals reveal changes in only 17 % of the lumbar DRG neurons with moderate decrease in 

neurogenic plasma extravasation (Jancsó et al., 1977, 1985). These systemic administrations 

produce complete or partial degeneration of the whole system of capsaicin-sensitive primary 

sensory neurons. In contrast, selective degeneration of different domains of capsaicin 

sensitive neurons can be achieved by the topical application or by the intrathecal and 

intracisternal injections of the neurotoxin. Topical capsaicin results in burning pain and 

thermal hyperalgesia, followed by loss of chemogenic pain sensation (Jancsó, 1960, 1968, 

Toth-Kása et al., 1983, Reilly et al., 1997, Nolano et al., 1999). Direct subarachnoid injections 

of capsaicin induce desensitization of the central sensory projections leaving the soma and the 

peripheral terminations intact (Yaksh et al., 1979, Jancsó, 1981, Palermo et al., 1981). 

 

 

1.3. The function and regulation of the capsaicin receptor 

 

The capsaicin receptor belongs to the transient receptor potential (TRP) superfamily of ion 

channels discovered by Minke, (1977). He identified a mutant trp locus in Drosophila 

displaying transient ion currents and abnormal Ca2+ influx in response to light stimuli, 

predicting that the related protein was an inward rectifying calcium ion channel (Montell and 

Rubin, 1989, Minke and Parnas, 2006). Besides photo transduction, evidence suggests that 

these TRP channels are operational in the mechanisms of controlling temperature, 

mechanosensation, pain, taste and pheromone detection (Cortright et al., 2007, Levine and 

Alessandri-Haber, 2007). Based on their amino acid sequence similarities, the TRP-related 

proteins fall into seven subfamilies (Benham et al., 2003, Nilius and Voets, 2004, Pedersen et 

al., 2005, Levine and Alessandri-Haber, 2007, Nilius et al., 2007). Six members of three 
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distinct TRP subfamilies (TRPV1–4, TRPM8 and TRPA1) are expressed in sensory neurons, 

thus they can be regarded as “sensory TRP” channels. 

Almost half of the primary sensory neurons in the DRG express TRPV1 (Szallasi and 

Blumberg, 1990, 1999, Szallasi et al., 1994, Mezey et al., 2000). In the skin, TRPV1-positive 

fibres can be found in the epidermis and the Meissner corpuscules (Pare et al., 2001). In the 

gut, TRPV1 positive fibres distribute through the three mucosal layers, such as epithelium, 

submucosa and muscularis mucosae. They can be observed in myenteric plexi, where they 

establish synaptic contact with neurons. TRPV1 expressing cells can be identified in the villi 

too (Ward et al., 2003).  

The identification and cloning of the grounding member of the TRPV subfamily, called 

TRPV1 or the capsaicin receptor (Caterina et al., 1997, Clapham, 1997) was of pivotal 

significance in the development of molecular pain research. TRPV1, the molecular integrator 

of noxious stimuli is a 95 kDa, 838 amino acid polypeptide with 6 TM segments and a pore 

region named P-loop within the extracellular linker between the 5th and 6th TM segments (Fig 

1). It responds to vanilloids, acidic and thermal stimuli above 43°C (Tominaga et al., 1998, 

Caterina and Julius, 2001, Immke and Gavva, 2006). Vanilloid-binding sites (Arg-114, Tyr-

511, Ser-512, Tyr-550, and Glu-761) and residues involved in proton-mediated activation 

(Glu-648) and sensitization (Glu-600) are depicted in Fig. 1. Glu-600, Asp-646, and Glu-648 

are involved in cation-induced TRPV1 activation and sensitization (Tominaga and Tominaga, 

2005). The glycosilation site of the receptor (Asn-604) provides the association with other 

proteins, so they together form major molecular complexes, called transducisomes or 

signalplexes (Chuang et al., 2001, Vennekens et al., 2002), which are important in the 

regulation of the trafficking and cytoplasmic membrane expression of the receptor (Nagy et 

al., 2004, Tominaga and Tominaga, 2005). The activation of the vanilloid receptor is coupled 

with the phosphorlyation through Ca2+/calmodulin-dependent kinase II (CaMkII, Jung et al., 

2004), whereas the desensitization occurs via dephosphorylation by protein phosphatase 2B 

(calcineurin, Docherty et al., 1996, Wu et al., 2005). The dynamic interaction of these 

enzymes with TRPV1 is responsible for the state changes of the receptor. The cAMP-

dependent protein kinase (PKA) plays a major role in producing inflammatory hyperalgesia 

phosphorylating TRPV1 through the Ser116. PKA reduces the heat threshold of the receptor 

from 43 to 41°C and increases the response mechanism to other exo- and endogenous 

activators (Petho et al., 2004, Lee et al., 2005, Jeske et al., 2009). 
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Fig. 1. Model depicting the membrane topology of TRPV1. The residue for N-glycosylation (Asn-

604) is shown in black, phosphatidylinositol 4,5-bisphosphate (PIP2)-binding domain at the C-

terminus is indicated as gray. Phosphorylation sites for PKA: Ser-116, Thr-144, Thr-370, Ser-502, 

for PKC: Ser-502, Ser-800 and for CaMkII: Ser-502, Thr-704 (Flockerzi, 2007). 

 

PKA thus prevents TRPV1 desensitization (Bhave et al., 2002). Despite this important 

functional regulation, TRPV1 lacks any binding domain for PKA suggesting that PKA must 

act via scaffolding proteins in order to modulate the receptor activity. Phosphorylation 

through PKC activates the receptor and helps the sensitization to inflammatory mediators, 

such as bradykinin and ATP (Lee and Caterina, 2005, Lee et al., 2005). None of the known 

endogenous TRPV1 activators is able to induce channel opening in vivo on their own. It 

seems that they require pathological conditions to act in a synergistic manner. Protons, ATP, 

anandamide (the lipid mediator originally isolated from brain as an endogeneous cannabinoid 

ligand) are important components of tissue damage associated with infection or inflammation 

(Tognetto et al., 2001, Bianchi et al., 2006). The molecular mapping of the receptor residues 

revealed, that capsaicin binds to the residues in the field of the 3rd and 4th TM, the binding of 

resiniferatoxin requires an extra methionine. The same residues are the binding elements for 

the endogeneous vanilloids and for a competitive antagonist, capsazepine (Di Marzo et al., 

2002, Starowicz et al., 2007).  

The expression of the TRPV1 receptor has been demonstrated not only in the primary sensory 

neurons of the DRG, but also in various brain areas, such as the cortex, septum, hippocampus, 
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substantia nigra, cerebellum, several hypothalamic nuclei, central amygdala and the nucleus 

of the spinal trigeminal tract (Mezey et al., 2000, Toth et al., 2005). However, recent findings 

using genetically modified TRPV1 reporter mice have revealed, in contrast to reports of 

widespread and robust expression in the CNS, that neuronal TRPV1 is largely restricted to 

nociceptors in primary sensory ganglia, with minimal expression in a few discrete brain 

regions, most notably in a contiguous band of cells within and adjacent to the caudal 

hypothalamus (Cavanaugh et al., 2011). 

Neurotrophic factor signaling has been thought to play an important role not only in the 

maintenance of the neuronal phenotype (Diamond et al., 1992), but also in the sensitization of 

sensory neurons under conditions of nerve injury(Lewin et al., 1993, Andreev et al., 1995, 

Pertens et al., 1999). NGF has been shown to regulate the sensitivity of a subpopulation of 

cultured DRG cells to capsaicin (Winter et al., 1988, Aguayo and White, 1992). Since many 

NGF-responsive neurons contain TRPV1, this channel is suspected of a role in NGF-mediated 

hypersensitivity (Caterina et al., 1997, Tominaga et al., 1998, Michael and Priestley, 1999). 

Cultured DRG neurons treated with NGF display enhanced inward current in response to 

capsaicin (Caterina et al., 2000, Zhu et al., 2004), whereas in the absence of the factor, they 

loose their capsaicin sensitivity (Winter et al., 1988, Winter et al., 1993). NGF can increase 

TRPV1 expression (Xue et al., 2007) and promote TRPV1 insertion into the plasma 

membrane (Zhang et al., 2005). The downregulation of TRPV1 mRNA has also been 

demonstrated after axotomy and it has been attributed to the decreased availability of local or 

target-derived NGF (Michael and Priestley, 1999) 

 



 

 

15

2. THE AIMS OF THE STUDY 

 

The experiments presented in this thesis were initiated in an attempt to further clarify the role 

of TRPV1 receptor expressing chemosensitive primary sensory neurons in central 

neuroplastic changes, induced by peripheral nerve injury and, in particular, to reveal the 

possible molecular mechanisms of capsaicin-induced chemical and thermal analgesia. The 

specific aims of the experiments presented in this thesis are as follows: 

 

1. to furnish further evidence for and clarify the mechanisms of the contribution of 

capsaicin-sensitive primary afferents to the development of morphological changes 

which follow peripheral nerve injuries; 

2. to classify the primary sensory neurons on the basis of the expression level of the 

TRPV1 receptor; 

3. to provide direct evidence for changes in the expression of the capsaicin/TRPV1 

receptor following non-specific traumatic and specific chemical lesions of peripheral 

nerves and, 

4. to clarify the molecular mechanisms of the analgesic effects of capsaicin applied 

perineurally. 
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3. MATERIALS AND METHODS 

 

3.1 Experimental animals 

 

Adult male Wistar rats weighing 240–260 g at the start of the experiments were used in this 

study. The animal house was maintained under a 12-h light–dark cycle.  All experimental 

procedures were approved by the Ethical Committee for Animal Care of the University of 

Szeged and were carried out in accordance with the European Communities Council Directive 

of 24 November 1986 (86/609/EEC). All efforts were made to minimize the number of 

animals used and their suffering.  

 

3.2. Peripheral nerve transection 

 

The rats were anesthetized with chloral hydrate (400 mg/kg, i.p.). The right sciatic nerve was 

exposed high in the thigh and transected distal to a ligature. Sham-operated animals served as 

controls. After 3, 14 or 30 days, the animals were again anesthetized and sacrificed for 

immunohistochemical and in situ hybridization analyses.  

 

3.3. Perineural capsaicin treatment 

 

The rats were anesthetized with chloral hydrate (400 mg/kg, i.p.). The sciatic nerves were 

exposed high in the thigh on both sides, and small pieces of gelfoam moistened with 0.1 ml of 

a 1% solution of capsaicin or the same volume of the vehicle were wrapped around the right 

and left nerves, respectively. After 20 min, the gelfoam pieces were removed, the wounds 

were closed and the rats were returned to the animal house. After 3, 14 or 30 days, the animals 

were again anesthetized and sacrificed for immunohistochemical and in situ hybridization 

analyses.  
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3.4. Intraneural injection of CTB- HRP 

 

Animals were injected subcutaneously with a single dose of capsaicin (50 mg/kg, Fluka, 

Switzerland), or with its vehicle (8% ethanol, 6% Tween 80 in saline). Three months later, 

under chloral hydrate anaesthesia (400 mg/kg, i.p., Reanal, Hungary) the right sciatic nerve 

was exposed in the midthigh and transected distally to a ligature. Two weeks afterwards, the 

sciatic nerves were exposed and 1 ml of a 2% solution of CTB- HRP (Sigma) was injected 

into the nerves with a Hamilton microsyringe. Three days after the injection, the animals were 

deeply anaesthetized and perfused transcardially with an aldehyde fixative containing 1% 

glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate buffer (pH = 7.4), followed by 

400 ml of cold phosphate buffer containing 30% sucrose. Serial frozen sections of L4–L5 

DRGs, L1–L6 spinal cord segments and the medulla (15 or 60 µm in thickness) were reacted 

for the demonstration of peroxidase activity according to Mesulam (Mesulam, 1978) using 

3,3’,5,5’-tetramethylbenzidine (TMB) as chromogen, dehydrated in ethanol, cleared in xylene 

and mounted in Permount. Size-frequency distribution histograms of CTB-HRP-labelled 

neurons were generated by measuring the cross-sectional area (CSA) of neurons with clear-

cut nuclei in representative serial sections of L5 DRGs of each animal by means of a light 

microscope equipped with a camera lucida and a digitizing tablet connected to a computerized 

system. 

 

3.5. In situ hybridization 

 

The synthesis of the cRNA probe and in situ hybridization were carried out as described by 

(Maniatis et al., 1982), with slight modifications. To generate TRPV1 gene-specific probes, 

total mRNA isolated from rat trigeminal ganglia was reverse transcribed using the universal 

dT17-adapter primer (5’-GACTCGAGTCGAGTCGACATCGATTTTTTTTTTTTTTTTT-3’, 

M-MuLV reverse transcriptase; Fermentas, Vilnius, Lithuania) according to the 

manufacturer’s recommendations. This cDNA template was used to perform RT-PCR with 

the following primer combination: forward 5’-AACCATGGAACAACGGGCTAGC-3’; 

reverse 5’-AACTCGAGTTAGAACAGAGCTGACA-3’. The amplified 255 bp length 

product was cloned into pcDNA3 vector (Invitrogen, Carlsbad, CA, USA). The identity of the 

amplified product was confirmed by DNA sequencing and Northern blotting. After 
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linearization of the vectors, sense and antisense digoxigenin-11-UTP-labelled cRNA probes 

were transcribed with T7 or SP6 polymerases, using a DIG RNA labelling kit (Boehringer 

Mannheim, Mannheim, Germany) according to the manufacturer’s protocol. For in situ 

hybridization, DRGs were quickly removed, embedded in Cryomatrix embedding material 

(Shandon Scientific, Pittsburgh, PA, USA) and frozen immediately at -70 oC. Serial frozen 

sections of DRGs (15 µm in thickness) were cut on a cryostat, and thaw-mounted onto 3-

aminopropyltriethoxysilane-coated glass slides. Sections were air-dried and stored at -20 oC 

until further processing. In order to improve the antigen retrieval sections were heated with 

microwave irradiation (5 + 4 min in 0.01 M Na-citrate solution, pH 6), left in the same buffer 

for 10 min until the forthcoming steps (Yang et al., 1999, Rangell and Keller, 2000, Mitchell 

et al., 2001, Relf et al., 2002, Szigeti et al., 2003). The specimens were fixed for 5 min in 2x 

sodium chloride – sodium citrate (SSC) buffer (0.3 M NaCl and 0.03 M Na-citrate, pH 7.0) 

containing 4% formaldehyde, washed twice in 2x SSC buffer for 2 min, permeabilized with 

0.1% Triton X-100, washed again as before, and then rinsed in 0.1 M triethanolamine  

containing 0.25% acetic anhydride at room temperature for 5 min. Hybridization was 

performed in 50 µl hybridization solution (50% formamide, 5x sodium chloride - sodium 

phosphate - EDTA buffer, 1x Denhardt’s reagent, 10% dextran sulfate, 50 mM dithiothreitol, 

100 µg/ml salmon sperm DNA and 100 µg/ml yeast tRNA containing 200 nmol/ml labelled 

probe) under parafilm cover slips in a humidified chamber at 56 °C for 20 h. The sections 

were extensively rinsed in 2x SSC buffer supplemented with 50% formamide at 50 °C for 15 

min, treated with RNase A at 37 °C for 30 min, and washed again in 2x SSC – 50% 

formamide solution at 50 °C. To block nonspecific antibody binding, sections were incubated 

with Buffer 1 (100 mM Tris-HCl and 150 mM NaCl, pH 7.5) containing 5% normal goat 

serum for 1 h at room temperature, followed by incubation with alkaline phosphatase-

conjugated anti-digoxigenin antibody (1:2500, Boehringer Mannheim GmbH, Mannheim, 

Germany) in Buffer 1 at 4 °C overnight. Sections were washed in Buffer 1 for 3×5 min, rinsed 

in Buffer 2 (100 mM Tris-HCl, 100 mM NaCl and 50 mM MgCl2, pH 9.5) for 10 min and 

developed in Buffer 2 containing 340 μg/ml nitro blue tetrazolium and 180 μg/ml 5-bromo-4-

chloro-3-indolyl phosphate for 12 h in a dark chamber. The reaction was terminated by 

rinsing the slides in a buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) for 10 min. The 

sections were covered with glycerol. 
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3.6. Quantitative RT-PCR measurements 

 

To measure changes in the total TRPV1 mRNA expression in DRGs affected by the 

transection or capsaicin treatment of the sciatic nerve quantitative RT-PCR was used. Rats 

were terminally anaesthetized 3, 14 and 30 days after surgery and the L5 DRGs were excised 

and transferred into 1 ml ice-cold Trizol reagent (Invitrogen, Carlsbad, CA, USA). Total 

mRNA was isolated by Trizol solution according to the protocol of the manufacturer. The 

extracted total mRNA was reverse transcribed by using BioRad iScript cDNA Synthesis Kit 

(Bio-Rad, Hercules, CA, USA). Specific primers were designed to amplify TRPV1 and beta-

2-microglobulin (B2-MG, reference gene) by using the Primer-Blast open source software 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast). The sequences of the primers were as 

follows: B2-MG (NM_012512; reference gene): 5’-TCTCCGGTGGATGGCGAGAGT–3’ 

(reverse); 5’-GCTCGCTCGGTGACCGTGATC-3’ (forward); TRPV1 (NM_031982.1): 5’-

TGTCTTCCGGGCAACGTCCA-3’ (reverse); 5’-AAGCGCCTGACTGACAGCGA-3’ 

(forward). Primers were synthesized by Integrated DNA Technologies (Leuven, Belgium). 

These primers produced distinct PCR amplification products with length of 129 bp for 

TRPV1 and 106 bp for B2-MG, as confirmed by gel-electrophoresis. Quantitative RT-PCR 

was performed in triplicates utilizing SYBR Green technique (iQ SYBR Green Supermix, 

Bio-Rad, Hercules, CA, USA) and BioRad MyiQ5 Real Time Detection System running the 

following amplification protocol: 10 minutes on 95ºC (hot start) followed by 40 amplification 

cycles (denaturation: 10 s on 95ºC, annealing: 30 s on 56ºC; elongation and detection: 20 s on 

72ºC). At the end of the amplification melt-curve analysis was also applied to exclude non 

specific fluorescent signals. Relative changes of target (TRPV1) mRNAs as corrected with the 

housekeeping reference gene B2-MG were calculated by using the Pfaffl-method (Pfaffl, 

2001). 

 

3.7. TRPV1 immunohistochemistry 

 

The animals were deeply anesthetized and perfused transcardially with an aldehyde fixative 

containing 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The L5 DRG was 

removed and postfixed in the same fixative for 2 h, and then placed into a phosphate-buffered 

30% sucrose solution. Representative serial sections of L5 DRGs 15 µm in thickness were cut 
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on a cryostat and mounted on gelatin-coated glass slides. Sections were rinsed twice in 

phosphate-buffered saline (PBS) and incubated overnight with the primary antibody (1:1000; 

rabbit anti-TRPV1 IgG, ACC030, Alomone Labs, Jerusalem, Israel) with 0.3% Triton X100 

added. After rinsing in PBS, the sections were incubated for 2 h with the secondary antibody 

(1:500 biotin-conjugated donkey anti-rabbit IgG, Jackson ImmunoResearch Laboratories, 

West Grove, PA, USA) diluted in PBS containing 0.3% Triton X100. To visualize the biotin-

conjugated antibody, the sections were rinsed and treated with the Vectastain ABC Elite 

staining kit (Vector laboratories, Burlingame, CA, USA) according to the instructions of the 

manufacturer. The sections were dehydrated and covered with DPX mounting medium 

(Fluka, Buchs, Switzerland).  

 

3.8. Semiquantitative densitometry 

 

The sections cut from the DRGs and processed for visualization of the TRPV1 mRNA by in 

situ hybridization or the TRPV1 protein by immunohistochemistry were examined under 

bright-field illumination with a DMLB microscope (Leica, Wetzlar, Germany) equipped with 

a Nikon Coolpix (Nikon, Japan) digital camera. Under identical conditions, microphotographs 

were taken of DRGs relating to control sciatic nerves and sciatic nerves transected or treated 

perineurally with capsaicin following a systemic random sampling method. The optical 

density of DRG neurons with clear-cut nuclei was measured by means of the NIH Scion 

Image analysis program. In sections processed for the demonstration of TRPV1 mRNA, many 

neurons exhibited granular staining of different intensities in the perikaryon. In contrast, in 

labelled neurons the TRPV1 immunoreactivity displayed diffuse staining throughout the cell 

bodies and sometimes in their axons. Gray values (GVs) between 0 and 255 were assigned to 

each neuron with a clearly visible nucleus and their CSAs were measured. Relative optical 

densities (RODs) were determined according to the equation ROD = log10 (255/ (255-GV)). 

The CSA and ROD for each cell were determined and plotted as distribution histograms or 

scatter plots. 

 

3.9. Classification of DRG neurons 
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The DRG neurons were classified into different subpopulations by using a statistical 

approach. Pilot experiments suggested the existence of 3 distinct neuronal subpopulations in 

the control DRGs, with different levels of mRNA signal and TRPV1 immunostaining. Using 

the ROD and CSA data discriminant analysis was performed to define the ROD classification 

effect among the different subpopulations of DRG neurons. To determine the threshold values 

of ROD providing the optimal sensitivity-specificity relations for the separation of the 

neuronal subpopulations, the receiver operating characteristic (ROC) method was applied 

pairwise (Armitage P, 2001, Armitage and Colton, 2005). Since ROC method describes the 

performance of the discrimination only between two groups, therefore data of two original 

groups were aggregated and compared with the remaining third original group. The results of 

the discriminant analysis were used for the selection of groups to be aggregated. 

 

3.10. Western blot analysis 

 

L5 DRGs were removed from rats 3, 14 and 30 days after perineural capsaicin treatment or 

transection of the sciatic nerves and were homogenized immediately in ice-cold Radio 

Immuno Precipitation Assay (RIPA) buffer containing 50 mM Tris (pH 8), 150 mM sodium 

chloride, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate 

(SDS), 2 µg/ml leupeptin (Sigma) and 1 µg/ml pepstatin (Sigma). The homogenates were 

centrifuged at 15000 g for 10 min. The pellet was discarded and protein concentrations from 

the supernatant were determined according to the method of (Lowry et al., 1951). Protein 

samples (60 µg/well) were separated through a 12% SDS-polyacrylamide gel and transferred 

to polyvinylidene difluoride (PVDF) membrane (Amersham Biosciences, Little Chalfont, 

Buckinghamshire, UK) and blocked for 12 h in 5% nonfat dry milk in Tris-buffered saline 

(TBS) containing 0.1% Tween 20. The membranes were incubated for 2 h with rabbit anti-

TRPV1 (1:500, Chemicon, Temecula, CA, USA) and mouse anti-β-actin primary antibody 

(1:20000, Santa Cruz Biotechnology, Santa Cruz, California, USA) in 1% nonfat dry milk in 

0.1% TBS–Tween 20. After three washes in 0.1% TBS-Tween 20, the membranes were 

incubated for 1 h with the appropriate peroxidase conjugated secondary antibodies (1:2000, 

Jackson ImmunoResearch Europe Ltd. Cambridgeshire, UK), and washed five times as 

before. The enhanced chemiluminescence method (ECL Plus Western blotting detection 

reagent; Amersham Biosciences Little Chalfont, Buckinghamshire, UK) was used to reveal 
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immunoreactive bands according to the manufacturer's protocol. The films were scanned at 

600×600 dpi resolution and the densitometric quantification was performed by the ImageJ 

public domain image processing and analysis software (NIH, Bethesda, MD, USA). After 

subtracting background, TRPV1 band densities were normalized to β-actin. The ratio of the 

TRPV1 to β-actin band density was used to calculate the changes in TRPV1 expression. 

Results of three independent experiments are shown as means ± SD. 

 

3.11. Statistical analysis 

 

The experimental data are shown as means ± S.D. Statistical analyses were performed with 

ANOVA and Holm-Sidak, Brown-Forsythe or Bonferroni correction methods for post hoc 

comparisons by using SPSS (v.18, Statistical Software package, IBM Corporation, NY, 

USA). Differences between groups were considered statistically significant if p < 0.05. 
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4. RESULTS 

 

4.1. Effect of neonatal capsaicin treatment on the lesion-induced alterations in the spinal 

distribution of myelinated primary afferent fibres 

 

The injection of CTB-HRP into an intact nerve resulted in the labelling of the deeper layers of 

the spinal dorsal horn, but not the substantia gelatinosa (Fig. 2A). However, after the injection 

of the tracer into a chronically transected nerve, heavy homogeneous peroxidase staining 

could be detected not only in the deep dorsal horn, but also in the substantia gelatinosa and 

the marginal zone (Fig. 2B).The injection of CTB-HRP into the intact sciatic nerve of the 

capsaicin-pretreated rats resulted solely in the labelling of the deeper layers of the dorsal horn, 

the substantia gelatinosa remained free of labelling (Fig. 2C). The injection of the tracer into 

the chronically transected nerve of the capsaicin-pretreated rats resulted in a strong labelling 

of the deep dorsal horn and also a faint, but distinct labelling of the substantia gelatinosa (Fig. 

2D). This latter labelling was confined to a few individual nerve fibres and was much weaker 

than the essentially homogeneous strong labelling seen after nerve transection in the control 

animals (Fig. 2B). In the medulla, labelling was observed in the gracile nucleus relating to 

both the intact and the transected nerves. The intensity and extent of the labelling was 

increased ipsilaterally to the injured nerve (Fig. 2E). This lesion-induced increase in labelling 

was also present in the capsaicin-pretreated rats (Fig. 2F). 

In control rats, light microscopy of the L5 spinal ganglion and analysis of the size-frequency 

distribution histograms revealed that, the CTB-HRP-labelled neurons in the ganglia relating to 

the intact sciatic nerve involved mostly larger ganglion cells, although a moderate proportion 

of small cells were also labelled (Figs. 3A and 4a). In contrast, after nerve transection, a 

majority of the small cells displayed peroxidase activity, indicating the presence of CTB-HRP 

(Figs. 3B and 4b). Neonatal treatment with capsaicin resulted in a profound reduction in the 

proportion of small dorsal root ganglion neurons. In the ganglia relating to the intact nerve in 

these rats, CTB-HRP was localized to larger cells (Figs. 3C and 4c). In the ganglia relating to 

the transected nerve, an increase in the proportion of labelled cells of all sizes was observed 

(Figs. 3D and 4d). 
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Fig. 2. Inverse microphotographs illustrating the distribution of spinal primary afferents 

transganglionically labeled with CTB-HRP in the spinal dorsal horn and the medulla oblongata 

relating to the intact (A, C) and the transected (B, D) sciatic nerves of the control (A, B, E) and the 

capsaicin pretreated (C, D, F) rats. SG = substantia gelatinosa. The scale bars in D and F correspond to 

100 µm and apply to A–D and E–F, respectively. 
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Fig. 3. Inverse microphotographs showing CTB-HRP-labeled neurons of spinal ganglion L5 

relating to the intact (A, C) and the transected (B, D) sciatic nerves of the control (A, B) and 

the capsaicin-pretreated rats (C,D). Note the increase in number of the labeled small cells after 

nerve transection in the control (B), but not in the capsaicin-pretreated (D) rats. Scale bar = 

100 µm and applies to all microphotographs 

 

Fig. 4 Size-frequency 

distribution histograms of 

neuronal populations of 

DRGs relating to intact (a, 

c) and transected (b, d) 

sciatic nerve of control (a, 

b) and capsaicin-pretreated 

(c, d) rats. Clear 

histograms represent the 

total neuronal population, 

whereas filled histograms 

represent the CTB-HRP-

labeled neurons. 
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4.2. Localization of TRPV1 mRNA and protein in the L5 DRG of the rat 

 

In the control DRGs three types of neurons could be distinguished, with different levels of 

TRPV1 mRNA expression and TRPV1-immunostaining. Small to medium-sized neurons 

displayed intense and moderate expression levels, whereas the larger neurons were mostly 

devoid of TRPV1 mRNA and protein (Fig. 5A-D). Since the discriminant analysis showed the 

best separation of group C in respect of the optical densities of the cells, therefore the ROD 

values of this group were compared with the aggregated data of the original B and A groups. 

The optimal cut-off point for the TRPV1 mRNA ROD to distinguish between group C and the 

remaining population was 0.40, which provided a specificity of 96% and a sensitivity of 90%. 

Similarly, a cut-off value of 0.24 provided the optimal differentiation between groups A and 

B (Fig. 5E, G). ROC analysis using CSA data of group A and the aggregated B+C groups 

resulted in a cut-off value of 1000 µm2 providing specificity of 91% and sensitivity of 82%. 

Since these lower values indicated an inferior discrimination performance of CSA as 

compared to ROD, therefore the ROD values and the calculated cut-off points for ROD were 

used throughout in our experiments to identify different neuronal populations in DRGs related 

either to control or treated nerves. 

Type C and B neurons were characterized by their small (CSA range: 0-400 µm2) and 

medium sizes (range: 410-900 µm2) and high (0.41-1) and moderate (0.25-0.40) RODs, 

respectively. The population of type A neurons comprised cells of various sizes with low 

RODs (0-0.24) which hardly exceeded the background ROD. The type C and B neurons were 

regarded as expressing high and moderate levels of TRPV1 mRNA, whereas type A cells 

were classified as TRPV1-negative neurons. The in situ hybridization experiments revealed 

that around half of the DRG cells expressed TRPV1 mRNA in control ganglia. The type C 

cells accounted for around 19% and the type B cells approximately 29% of the total neuronal 

population. About half (51%) of the cells in the DRGs were clearly negative for TRPV1 

mRNA. Although the majority of the TRPV1 mRNA-negative neurons were large, some 

small neurons also exhibited low RODs.  
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Statistical analysis of the TRPV1-immunopositive neurons revealed three subpopulations of 

DRG neurons with respect to their TRPV1 protein content (Fig. 5F, H): the type C and B 

neurons were mainly small to medium-sized, with strong or moderate staining intensity, 

respectively, while the TRPV1-negative neurons were mostly large in size.  
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Fig. 5. A, B: In control ganglia, in situ hybridization (A) and immunohistochemistry (B) revealed 

small to medium-sized neurons with intense (arrows) and moderate (arrowheads) levels of TRPV1 

mRNA and protein, respectively. Larger neurons were usually devoid of both TRPV1 mRNA and 

protein (asterisks). Scale bar indicates 25 µm. C, D: Scatter plots of DRG cells, showing the cell 

sizes and the three separate populations of neurons with intense, moderate and very low RODs. E, 

G: ROC analysis of TRPV1 mRNA RODs revealed the cut-off values for the separation of type C 

and B (E) and type B and A (G) neurons, respectively, and disclosed the high sensitivity and 

specificity of the analysis involving the use of ROD. F, H: ROC analysis of the RODs of TRPV1-

immunopositive neurons revealed the cut-off values for the separation of type C and B (F) and type 

B and A (H) neurons, respectively, and disclosed the high sensitivity and specificity of the analysis 

using ROD. 
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4.3. Effects of perineural capsaicin treatment or transection of the sciatic nerve on the 

expression of the TRPV1 mRNA in the L5 DRG of the rat.  

 

In the rat, the sensory fibres of the sciatic nerve originate from the fourth, the fifth and (to a 

much lower extent) the sixth lumbar DRGs (Green, 1968). Up to 85% of the neurons in the 

fifth lumbar DRG project their axons into the sciatic nerve (Yip et al., 1984, Aldskogius et al., 

1988). In the present study, therefore, the fifth lumbar DRG was chosen to study possible 

changes in the expression of the TRPV1 receptor following two types of nerve injury: nerve 

transection, a physical injury resulting in neurotmesis, damage to all types of axons of the 

sciatic nerve (Seddon, 1943), and perineural treatment with capsaicin, which produces a 

selective chemodenervation of C-fibre afferents, but leaves the continuity of the nerve intact.  

The experiments using quantitative RT-PCR showed an early and marked reduction in 

TRPV1 mRNA expression already 3 days after perineural capsaicin treatment. However, at 

later survival times quantitative RT-PCR measurements revealed a clear-cut tendency to 

recovery towards control expression levels resulting in a marked and statistically significant 

increase in TRPV1 mRNA at 30 days (Fig. 6A). 
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Fig. 6. Quantitative RT-PCR and Western blot analyses of the TRPV1 mRNA and protein 

expression. A: Results of 3-6 independent experiments demonstrate the time course of changes in 

TRPV1 mRNA expression measured with quantitative RT-PCR in L5 DRGs following perineural 

capsaicin treatment and transection of the sciatic nerve. Note the marked time-dependent increase in 

TRPV1 mRNA expression following perineural capsaicin treatment. B: Representative immunoblots 

of TRPV1 and β-actin proteins in L5 DRGs 3, 14 and 30 days after perineural capsaicin treatment 

and transection of sciatic nerve. C: Results of three independent experiments demonstrate the time 

course of changes in TRPV1 protein. Note the marked decreases in the TRPV1 protein at all time 

points after perineural capsaicin treatment and nerve transection. * : Significantly different from the 

control, p < 0.05. #: Significantly different from the 3-day value, p < 0.05. 
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In situ hybridization analysis confirmed these findings by showing a rapid decrease in the 

expression of TRPV1 mRNA in the neurons of the fifth lumbar DRG, with reductions by 

about 50% and 75% in type B and C cells 3 days after the treatment (Figs. 7B and 8B). 

However, this initial decrease in the TRPV1 expression was followed by a distinct recovery 

and the proportion of TRPV1 mRNA-expressing neurons gradually increased up to 70% of 

the control levels toward the end of the study (Figs 7D and 8D).  

Similarly to perineural treatment with capsaicin, peripheral nerve transection resulted in rapid 

and marked reductions in TRPV1 mRNA expression in the type B and C cells of the related 

fifth lumbar DRG 3 days after surgery (Figs. 7F and 8F). However, in contrast with capsaicin 

treatment, there was no recovery in the TRPV1 mRNA expression after peripheral nerve 

transection, it remained at a low level for the entire remainder of the study period (Figs. 7H 

and 8H). In accordance with these findings obtained with in situ hybridization, quantitative 

RT-PCR measurements revealed marked and significant reductions in the TRPV1 mRNA 

expression 3 and 14 days after nerve transection. TRPV1 mRNA expression showed some 

increase after 30 days, but that did not reach significance (Fig. 6A). The percentage 

distributions of each cell populations at all time points after the two different treatments are 

summarised in Table 1.  

 

 

 

 

 

 

___________________________________________________________________________ 

Fig. 7 Scatter plots showing the time course of changes in the populations of TRPV1 mRNA-

expressing L5 DRG neurons following perineural capsaicin treatment and transection of the 

ipsilateral sciatic nerve. Symbols of decreasing graytone intensities denote type C, B and A neurons, 

respectively.  

Fig. 8 Effects of perineural capsaicin treatment (A-D) or sciatic nerve transection (E-H) on the 

TRPV1 mRNA-expressing neurons in the L5 DRGs. Representative microphotographs illustrating 

the control DRGs (A, E), and the ganglia 3 days (B, F), 14 days (C, G) and 30 days (D, H) 

postoperatively. Scale bar indicates 20µm and applies to all microphotographs. 
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PERCENTAGE DISTRIBUTION OF TRPV1-EXPRESSING (B, C) AND TRPV1-NEGATIVE (A) L5 DRG CELL POPULATIONS 

3, 14 AND 30 DAYS AFTER PERINEURAL CAPSAICIN TREATMENT AND NERVE TRANSECTION 

         

PERINEURAL CAPSAICIN 
 

TRPV1 mRNA expression TRPV1 immunohistochemistry  

  

Neuron type Control 3 days 14 days 30 days Control 3 days 14 days 30 days 
 

12 ± 1.4*# C 19 ± 1.28   5 ± 0.74* 17 ± 1.73   2 ± 0.56*   4 ± 0.30*   3 ± 0.43* 9 ± 0.62*# 

20 ± 1.2*# B 29 ± 2.33 15 ± 1.03* 15 ± 0.91* 36 ± 1.00   9 ± 2.23* 11 ± 0.72* 12 ± 0.82* 

69 ± 4.7*# A 51 ± 3.13 79 ± 1.76* 75 ± 1.51* 46 ± 1.00 89 ± 2.06* 84 ± 0.45* 84 ± 0.44* 

         

 

NERVE TRANSECTION 
 

TRPV1 mRNA expression TRPV1 immunohistochemistry  

 
Neuron type Control 3 days 14 days 30 days Control 3 days 14 days 30 days 

 
C 18 ± 1.37   3 ± 0.36*   2 ± 0.03*   2 ± 0.20* 15 ± 1.73   2 ± 0.60*   5 ± 1.03*   4 ± 0.26* 

B 28 ± 3.10 15 ± 1.03* 16 ± 1.72* 16 ± 1.46* 37 ± 4.70 16 ± 1.90* 16 ± 1.20* 18 ± 0 65* 

A 53 ± 1.85 82 ± 1.33* 82 ± 1.69* 81 ± 1.26* 50 ± 0.60 80 ± 2.35* 78 ± 0.80* 77 ± 1 00* 

 

 
Table 1 Data are expressed as means ± S.D. * significantly different from the control, p < 0.05.    

# significantly different from the 3-day value, p < 0.05. 
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4.4. Effects of perineural capsaicin treatment or transection of the sciatic nerve on the 

expression of the TRPV1 protein in the L5 DRG of the rat 

 

Study of the localization of the TRPV1 protein by means of immunohistochemistry revealed 

that the proportion of TRPV1-positive ganglion cells had decreased markedly (to about 30% 

of the control level) in the type B and C cells of the related fifth lumbar DRG 3 days after 

perineural capsaicin treatment (Figs 9B and 10B), and it remained at that low level throughout 

the entire period of the study (Table 1). The reduction in the proportion of type C cells was 

especially pronounced, by about 85%. Western blot analysis of the TRPV1 protein supported 

the immunohistochemical findigs. The TRPV1 protein was markedly and significantly 

reduced at all time points after perineural treatment with capsaicin or peripheral nerve 

transection (Figs 6B and 6C). 

The decreases in TRPV1 mRNA expression and TRPV1 protein (by about 80%) were 

especially marked in the type C cells. The analysis of the experimental data clearly showed 

the time-dependent and cell type-specific changes in the expression of TRPV1 mRNA and 

protein, respectively. Note the tendency of the recovery of mRNA expression following 

perineural capsaicin treatment as compared to the permanently suppressed expression 

following axotomy (Fig. 11A). Similar recovery can not be observed in case of direct 

detection of the TRPV1 protein by immunohystochemistry (Fig. 11B) 

 

 

 

 

________________________________________________________________________ 

Fig. 9 Scatter plots showing the time course of changes in the populations of TRPV1-

immunoreactive L5 DRG neurons following perineural capsaicin treatment and transection of the 

ipsilateral sciatic nerve. Symbols of decreasing graytone intensities denote type C, B and A 

neurons, respectively. 

Fig. 10 Effects of perineural capsaicin treatment (A-D) or sciatic nerve transection (E-H) on the 

TRPV1 protein content of the neurons in the L5 DRGs. Representative microphotographs 

illustrating the control DRGs (A, E), and the ganglia 3 days (B, F), 14 days (C, G) and 30 days (D, 

H) postoperatively. Scale bar indicates 40µm and applies to all microphotographs. 
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Fig. 11 Time course of the changes in the expression of TRPV1 mRNA (A) and the TRPV1 

protein (B) in type C primary sensory neurons. Data represent the relative proportions of the 

type C neurons following perineural capsaicin (locap) or peripheral nerve transection (locut). *: 

significantly different with the corresponding control value; #: significantly different from the 3 

days value. 
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5. DISCUSSION 

 

Peripheral nerve transection, classified as neurotmesis (Seddon, 1943), results in complete 

severance of the nerve producing not only local structural and functional changes, but also 

profound transganglionic changes in the affected axon terminals of the spinal dorsal horn 

(Grant and Arvidsson, 1975, Grant and Ygge, 1981, Aldskogius et al., 1985, Jancsó, 1992). 

The substantia gelatinosa is the principal projection territory of thin primary afferents 

(Szentágothai, 1964) the majority of which are chemosensitive C-fibre nociceptive primary 

afferents (Jancsó and Knyihár, 1975, Jancsó et al., 1980b, Ritter and Dinh, 1988, Jancsó and 

Lawson, 1990, Jancsó, 1992, Guo et al., 1999, Hiura, 2000). Changes in C-fibre function 

and/or morphology have been implicated in the mechanisms of neuroplastic alterations and 

modulation of neuronal connectivity in the spinal dorsal horn (Wall and Fitzgerald, 1982). 

Structural changes involving transganglionic degeneration of C-fibre spinal primary afferent 

fibres have been shown to occur after peripheral nerve lesions (Jancsó and Lawson, 1990, 

Jancsó, 1992). 

In the present study, the distribution of primary afferent fibres in the spinal dorsal horn was 

investigated through the injection of CTB-HRP into the chronically transected sciatic nerve. 

CTB, which is responsible for the binding of the toxic A subunit of choleratoxin to its 

receptor, the GM1 ganglioside, has been shown to specifically label the large, type A ganglion 

cells in the rat that give rise to myelinated axons (Robertson and Grant, 1989). Our findings 

confirmed previous reports showing the transganglionic labelling of the substantia gelatinosa 

after the injection of CTB-HRP into injured, but not into intact peripheral nerves (Robertson 

and Grant, 1985, Woolf et al., 1995, Lekan et al., 1996, Nakamura and Myers, 1999, Bao et 

al., 2002, Sántha and Jancsó, 2003). We also demonstrated that neonatal capsaicin treatment 

produced irreversible loss of small sensory ganglion neurons, and consequently a selective C-

fibre deafferentation of the spinal dorsal horn. Importantly, neonatal capsaicin treatment 

prevented the heavy labelling by CTB of the substantia gelatinosa following a peripheral 

nerve lesion. Previous electron microscopic histochemical studies furnished direct evidence 

for the transport of choleragenoid by unmyelinated axons in the dorsal roots axons relating to 

a transected, but not to an intact sciatic nerve (Sántha and Jancsó, 2003). In capsaicin-

pretreated rats, nerve transection induced an increase in the proportion of CTB-HRP labelled 
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large dorsal root ganglion neurons, which suggests that the increased uptake and transport of 

CTB-HRP by the myelinated afferents is apparently independent of C-fibre function/integrity. 

Finally, the increase in the intensity and extent of the choleragenoid labelling of the gracile 

nucleus indicates that an injury-induced increase in the labelling of the A-fibres occurs also in 

the absence of C-fibres. These results, by showing an almost complete abolition of the injury-

induced transganglionic labelling of the substantia gelatinosa in rats treated neonatally with 

capsaicin furnished further evidence for the pivotal role of chemosensitive primary afferent 

neurons in the apparent structural changes which develop after peripheral nerve lesions 

(Jancsó et al., 2004). The findings provide further support for the view that lesion-induced 

transganglionic labelling of the substantia gelatinosa may be accounted for by a phenotypic 

switch of C-fibre primary afferent neurons rather than a sprouting response of myelinated 

dorsal root fibres (Sántha and Jancsó, 2003). Hence, a peripheral nerve lesion induces 

fundamental changes in the chemical phenotype of chemosensitive primary sensory neurons, 

which express the capsaicin/TRPV1 receptor: these neurons which, in the intact animal do not 

bind the GM1 ganglioside change their phenotype and, similarly to large DRG neurons, turn 

into GM1 binding ganglion cells. GM1 plays a critical role in the mechanisms of the trophic 

actions of growth factors, in particular nerve growth factor (NGF, (Schwartz and Spirman, 

1982, Leon et al., 1984, Mutoh et al., 1998)which, in turn, plays a pivotal role in the 

regulation of the capsaicin sensitivity of DRG neurons (Winter et al., 1988). Since in rat 

sensory ganglion neurons the availability of NGF, and consequently the expression of the 

capsaicin/TRPV1 receptor is critically dependent on the retrograde axonal transport (Winter et 

al., 1988, Aguayo and White, 1992, Bevan and Winter, 1995), it seemed worthwhile to 

initiate further studies to reveal possible changes in the expression of the TRPV1 receptor 

following different types of peripheral nerve lesions. Two different types of peripheral nerve 

injuries were choosen: nerve transection resulting in neurotmesis (Seddon, 1943) and 

affecting all types of axons running in the affected nerve, and perineural capsaicin treatment 

which produces a selective chemodenervation of C-fibre primary afferent fibres and selective 

regional analgesia, i.e. loss of chemogenic pain sensation and reduction of nociceptive 

responses elicited by noxious thermal and chemical stimuli (Jancsó et al., 1980a, 1987, 

Fitzgerald and Woolf, 1982, Gamse et al., 1982, Jancsó and Lawson, 1990). 

Chemosensitive primary sensory neurons which express the TRPV1 receptor play a 

fundamental role in the transmission of nociceptive impulses (Jancsó et al., 1977, Caterina et 
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al., 1997, Julius and Basbaum, 2001). The level of expression of the TRPV1 receptor is an 

important determinant of the nociceptor function. Increases in TRPV1mRNA expression and 

in peripherally directed axonal transport of TRPV1 protein have been demonstrated to be 

associated with neuropathic pain states and inflammation (Tohda et al., 2001). Conversely, 

knock-down of the TRPV1 gene prevents the development of inflammatory hyperalgesia in 

the rat (Caterina et al., 2000, Davis et al., 2000, Kasama et al., 2007). Hence, TRPV1 receptor 

antagonism or procedures which inhibit the activation of the receptor may produce significant 

antinociception. Indeed, local application of capsaicin and some other vanilloids directly onto 

peripheral nerve trunks has been shown to provide long-lasting and selective chemical and 

thermal analgesia, confined to the region innervated by the affected nerve (Jancsó et al., 1980, 

Gamse et al., 1982, Fitzgerald, 1983, Kissin et al., 2002, Knotkova et al., 2008, Jancsó et al., 

2011). Despite numerous investigations that have made use of perineural capsaicin treatment 

(Gamse et al., 1982, Gibson et al., 1982, Chung et al., 1985, Jancsó and Lawson, 1987, 1990, 

Jancsó et al., 1987, Pini et al., 1990, Jancsó and Ambrus, 1994, Kissin et al., 2002), the 

mechanism of analgesia induced by perineural capsaicin remained unclear. 

In the present experiments, cell size and the ROD of the mRNA signal and of the TRPV1 

immunostaining were measured and a statistical approach was applied to classify 

subpopulations of DRG neurons which express the TRPV1 receptor. The results of the semi-

quantitative morphometric analysis, in situ hybridization, RT-PCR, immunohistochemistry 

and Western blot analysis confirmed and extended previous reports (Jancsó and Lawson, 

1990, Helliwell et al., 1998, Shi et al., 2001, Bridges et al., 2003, Aoki et al., 2004, Hwang et 

al., 2005, Ugawa et al., 2005) indicating the existence of separate populations of dorsal root 

ganglion neurons with different TRPV1 mRNA and protein staining intensity. In agreement 

with the findings of a previous qualitative in situ hybridization study (Michael and Priestley, 

1999), the present quantitative in situ hybridization experiments revealed two subpopulations 

of small and medium-sized neurons that exhibited moderate and high intensities of TRPV1 

mRNA expression and TRPV1 immunoreactivity. The two populations of DRG neurons that 

expressed TRPV1 mRNA or TRPV1 protein could be clearly distinguished through a 

statistical approach involving ROC analysis based on two characteristic traits of TRPV1-

positive neurons: the cell size and the ROD of the mRNA signal or the immunostaining for 

TRPV1. The quantitative data demonstrated that a distinct subpopulation of small DRG 

neurons displayed a significantly higher TRPV1 mRNA expression than did a larger 
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population of small and medium-sized TRPV1-expressing neurons, which accounted for 

around 19% and 30% of the total neuronal population, respectively, in the L5 DRGs of the 

rat. 

Further, our findings also indicated differences in the regulation and long-lasting 

alterations in (post-)transcriptional modification of TRPV1 expression following selective 

chemical and physical injuries inflicted upon primary sensory neurons. In accord with 

previous reports, peripheral nerve transection resulted in a substantial reduction in the 

proportion of TRPV1 mRNA-expressing neurons, which was already evident 3 days after 

surgery and persisted for at least 4 weeks in the L5 DRGs. This was closely paralleled by a 

significant and persistent decrease in the proportions of TRPV1-immunoreactive neurons in 

the L5 DRGs. These findings corroborate and extend previous reports of parallel reductions in 

TRPV1 mRNA expression and protein level in axotomized DRG neurons (Michael and 

Priestley, 1999). The present study further supported these observations by measurements of 

TRPV1 mRNA and protein using quantitative RT-PCR and Western blotting, respectively. 

The results indicated marked, significant and permanent reductions in TRPV1 protein 

confirming the immunohistochemical analysis. TRPV1 mRNA expression was markedly 

reduced 3 and 14 days after nerve transection but it showed a moderate increase after 30 days 

which did not reach significance. 

In sharp contrast, following perineural treatment with capsaicin, neurons in the L5 

DRG exhibited distinct changes in TRPV1 mRNA and protein expressions. Although the 

expression of TRPV1 mRNA in type C neurons was markedly decreased 3 days after the 

treatment, there was a clear-cut tendency toward recovery after 2 weeks, and a statistically 

significant recovery to about 60% of the control value was evident after a survival period of 4 

weeks. In type B neurons, the TRPV1 mRNA expression already displayed a significant 

reduction by 3 days, with a significant recovery at the end of the study period. The 

measurements of total TRPV1 mRNA with quantitative RT-PCR in DRGs relating to the 

capsaicin treated sciatic nerve confirmed these findings. An early profound decrease in 

TRPV1 mRNA expression was followed by a clear-cut tendency to recovery resulting in a 

significant increase in TRPV1 mRNA expression to about 60 per cent of the control at the end 

of the study. Interestingly, however, when the TRPV1 immunoreactivity was investigated, a 

tendency to recovery was not observed. The proportions of TRPV1-immunoreactive type C 

and type B DRG neurons decreased to about 12% and 25% of the total control neuronal 
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population after 3 days and remained at these low levels even after a survival period of 4 

weeks. It should be noted that these changes in the proportions of affected TRPV1-mRNA 

expressing and TRPV1-immunoreactive neurons should be considered in light of the fact that 

about 20% of the neurons in the L5 DRGs are not affected by the lesions for their axons run 

in nerves other than the sciatic nerve (Yip et al., 1984, Aldskogius et al., 1988). These 

immunohistochemical findings were strongly supported by measurements of the TRPV1 

protein with Western blotting of the L5 DRGs relating to the capsaicin-treated sciatic nerves. 

The TRPV1 protein was markedly decreased already 3 days after the capsaicin treatment and 

remained at that low level amounting about 30 per cent of the control throughout the entire 

period of the study. The long-lasting, apparently irreversible functional impairments observed 

after perineural capsaicin treatment, such as the abolition of vanilloid-induced chemogenic 

pain and neurogenic inflammation, elevated latencies of thermal nociceptive reflexes and 

reduced thermal hyperalgesia, are in accord with the downregulation of TRPV1 protein in the 

DRG neurons.  

Several factors must be considered in the interpretation of the disparate changes 

brought about by the two types of nerve injuries, which differ substantially in their nature, i.e. 

nerve transection and perineural capsaicin treatment. In contrast to neurotmesis, although 

leading to a selective chemodenervation of nociceptive afferents which express the TRPV1 

receptor by a mechanism which involves a slowly progressing dying-back type of 

degeneration process (Jancsó and Lawson, 1990, Jancsó, 1992), perineural treatment with 

capsaicin leaves the nerve fibres continuous. The exact nature of this denervation process is 

still unclear, but it has been demonstrated that, although practically all capsaicin-sensitive C-

fibre afferents are functionally inactivated, only about half of the axons of this population 

undergo degeneration, since the number of unmyelinated axons in capsaicin-treated nerves 

decreased by only some 30% (Jancsó and Lawson, 1990, Pini et al., 1990, Jancsó, 1992). This 

may imply that after perineural capsaicin, unlike after nerve transection, the surviving axons 

may provide some trophic support for the chemically injured neurons, which may be 

sufficient to promote the transcription, but not the translation of TRPV1 mRNA.  

Similar phenomena involving a mismatch of mRNA and protein expressions have 

been reported depending on the developmental and/or functional state of the DRG neurons. 

Peripherin mRNA and protein have been shown to be expressed in parallel in developing 

DRG neurons. However, in mature DRGs, large neurons express peripherin mRNA, but not 
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the protein. This was attributed to changes in the availabilty of peripherally derived trophic 

factors such as NGF (Goldstein et al., 1996). 

Although the distinct changes in the availability of trophic factors probably best 

explain, at least in part, the findings of the present study, other mechanisms may also be 

considered. First, peripheral axotomy of primary sensory neurons may be regarded as a trigger 

for a cellular stress response supporting the mechanisms for survival. This may involve 

modulation of gene expression, a very tightly regulated process, which depends both on 

cellular factors and extracellular stimuli. The cell is able to control the expression pattern of 

its proteome at almost all levels of the flow of the genetic information, including intracellular 

transport, translation and the turnover of the individual mRNAs (Eberhardt et al., 2007). 

Comparative proteomic studies revealed the lack of correlation between the mRNA and the 

protein levels of numerous genes (Gygi et al., 1999, Celis et al., 2000, Rajasekhar and 

Holland, 2004), indicating that post-transcriptional regulation is more important, than often 

assumed. There is a time lag associated with synthesis, processing and export of de novo 

synthesized mRNA, thus the use of existing mRNA by a controlled selective and reversible 

silencing is more suitable when immediate changes is required (Mazumder et al., 2003, 2010, 

Sonenberg and Hinnebusch, 2007). This mechanism is more effective in tegulating a 

biological process rather than to interrupt it later to overcome the intracellular accumulation 

of proteins (Holcik and Sonenberg, 2005, Sonenberg and Hinnebusch, 2007, 2009). 

Another way to regulate the cellular mRNA pool could be to send them temporarily 

into processing bodies or building up stress granules consisting of untranslated mRNAs 

(Nover et al., 1989, Bashkirov et al., 1997). Selective recruitment of specific mRNA 

transcripts into stress granules is thought to regulate their stability and translation (Anderson 

and Kedersha, 2002). Finally, neuronal granules harbor translationally silenced mRNAs that 

are transported to nerve cell processes, where they are released and translated in response to 

specific exogenous stimuli (Krichevsky and Kosik, 2001). Processing bodies, stress granules 

and neuronal granules are dynamic; mRNAs can be transported between these compartments 

as a rapid and reversible cellular response to stressful stimuli (Thomas et al., 2005, Anderson 

and Kedersha, 2006, Parker and Sheth, 2007). 

Recent findings showing the replacement of chemically injured neurons by 

proliferating DRG cells may suggest an alternative possibility for the partial restitution of the 

neuron populations which express TRPV1 mRNA. Indeed, the results demonstrated a 
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restoration by neurogenesis of viscerosensory innervation following a systemic injection of 

capsaicin (Czaja et al., 2008) which results in the degeneration of large populations of nodose 

and DRG neurons (Jancsó et al., 1977, 1980b, 1985, Ritter and Dinh, 1988, Jancsó and 

Lawson, 1990, Jancsó, 1992, Hiura et al., 2002, Hiura, 2009). However, this possibility seems 

unlikely, since little if any functional recovery was demonstrated after perineural treatment 

with capsaicin (Jancsó et al., 1980a, Fitzgerald, 1983, Jancsó and Lawson, 1990, Jancsó, 

1992, Dux et al., 1998, Sántha and Jancsó, 2003, Jancsó et al., 2011).  

In conclusion, the observations summarized in this Thesis have revealed new 

mechanisms in the development of lesion-induced neuroplastic changes of the somatosensory 

system. The findings disclosed that, in contrast to the widely held view, the changes in the 

spinal distribution of CTB-binding afferents following peripheral nerve lesions may be 

accounted for by a phenotypic switch of C-fibre primary afferent fibres rather than a sprouting 

response of myelinated A-fibre afferents. Peripheral nerve section results in an increased 

labelling of the substantia gelatinosa of the spinal dorsal horn with CTB due to a phenotypic 

switch of C-fibre afferents involving an increased expression of the GM1 ganglioside. Since 

changes in neural gangliosides may affect the NGF-regulated expression of specific proteins 

of nociceptive primary afferents, the expression of the archetypic nociceptive ion channel, the 

capsaicin/TRPV1 channel was also investigated.  

By making use of in situ hybridization and immunohistochemistry and a statistical 

approach, separate classes of TRPV1-expressing DRG neurons were identified. Further, using 

in situ hybridization, immunohistochemistry, QRT-PCR and Western blotting we found 

distinct and disparate changes in TRPV1 mRNA and protein expressions following peripheral 

nerve injuries. Both transection and perineural capsaicin treatment of the sciatic nerve resulted 

in a dramatic and long-lasting (up to 4 weeks) reduction in the number of TRPV1-

immunoreactive neurons. In contrast, in situ hybridization and QRT-PCR findings 

demonstrated a clear cut tendency for recovery toward normal levels of TRPV1 mRNA after 

perineural capsaicin treatment but not after nerve transection. The reduction in the expression 

of the TRPV1 receptor protein may explain the highly selective analgesic, anti-hyperalgesic 

and anti-inflammatory actions of perineurally applied capsaicin.  

The present findings may also have important implications as concerns the 

mechanism(s) of chemically induced selective analgesia. The results point to the possibility 

that interfering with the translation and/or post-translational processing of nociceptive ion 
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channels, such as the TRPV1 receptor, by using specific siRNAs, for example, may offer a 

novel approach to pain relief by employing molecular biological tools. 
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Selective C-fiber deafferentation of the spinal dorsal horn prevents lesion-

induced transganglionic transport of choleragenoid to the substantia

gelatinosa in the ratq
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Abstract

The effect of neonatal capsaicin treatment, producing selective elimination of almost all unmyelinated C-fiber sensory axons, was studied

on lesion-induced transganglionic labelling of the substantia gelatinosa of the spinal cord by choleragenoid. In both control and capsaicin-

pretreated rats, the injection of choleragenoid-horseradish peroxidase conjugate into the intact sciatic nerves resulted in intense labelling only

of the deeper layers of the spinal dorsal horn. In the control but not the capsaicin-pretreated rats, the injection of the tracer into sciatic nerves

transected 2 weeks previously produced an intense homogeneous labelling of the substantia gelatinosa. It is concluded that the uptake and

axonal transport of choleragenoid by capsaicin-sensitive C-fiber afferents may be accounted for by the lesion-induced transganglionic

labelling of the substantia gelatinosa, rather than by A-fiber sprouting.

q 2003 Elsevier Ireland Ltd. All rights reserved.
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The injection of choleragenoid, the B subunit of choler-

atoxin (CTB), or its conjugates into chronically injured, but

not into intact nerves results in an intense transganglionic

labelling of the substantia gelatinosa of the spinal dorsal

horn. Choleragenoid has been regarded as a specific marker

for myelinated primary afferent fibers which do not

normally terminate in the substantia gelatinosa. Accord-

ingly, these findings were interpreted in terms of a sprouting

response of myelinated, A-fiber primary afferents entering

the substantia gelatinosa ventrally [19,20]. Invasion of the

substantia gelatinosa by mechanoreceptive myelinated

afferents has been suggested to contribute significantly to

neuropathic pain developing after peripheral nerve lesions.

This view has been widely accepted, and the presumed

sprouting of myelinated primary afferents has been demon-

strated in a number of experimental settings involving

different types of nerve injuries [7,9,12,13,19,20]. However,

recent findings have cast doubt on the sprouting hypothesis

of injured myelinated afferent fibers. For instance, an

analysis of the size-frequency distribution histograms of

choleragenoid-labelled sensory ganglion cells has revealed

a substantial increase in the proportion of small neurons

after peripheral nerve transection [6,18]. Most of these small

neurons belong in the capsaicin-sensitive small cell

population of dorsal root ganglion neurons [6,16]. Immu-

nohistochemical studies have demonstrated the co-localiz-

ation of specific markers of injured unmyelinated primary

afferents, e.g. vasoactive intestinal polypeptide and galanin,

with choleragenoid in small sensory ganglion neurons and

their central terminations [1,17]. Studies making use of the

selective neurotoxic effect of capsaicin on the C-fiber

primary sensory neurons have indicated that unmyelinated

primary afferents may play a significant role in the

mechanism of lesion-induced choleragenoid labelling of

the substantia gelatinosa [5,6]. More importantly, electron

microscopic histochemical studies have demonstrated that a

large population of unmyelinated dorsal root axons relating

to an injured, but not an intact peripheral nerve transport

choleragenoid [16]. These findings afforded direct evidence

for the notion that choleragenoid labelling of the substantia

gelatinosa after nerve injury may be accounted for by an

uptake and transganglionic transport of choleragenoid by

the C-fiber afferents rather than by A-fiber sprouting. The

present study was initiated in an attempt to furnish further

evidence of the critical role of capsaicin-sensitive primary

afferents in the mechanism of this phenomenon. An

experimental approach was utilized that resulted in a
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selective and permanent elimination of these particular

afferent fibers by neonatal treatment with the sensory

neurotoxin capsaicin [3,4].

The experiments were performed on adult male Wistar

rats weighing 250–300 g. In one group, the rats (n ¼ 4)

were pretreated with a single dose of capsaicin (50 mg/kg,

Fluka, Switzerland), administered subcutaneously under

ether anaesthesia on the second day of life. This treatment is

known to result in the selective degeneration of small B-

type primary sensory neurons which give rise to unmyeli-

nated axons [3,4]. In another group, four animals injected

with the solvent for capsaicin (8% ethanol, 6% Tween 80 in

saline) served as controls.

Three months later, the animals were anaesthetized with

chloral hydrate (400 mg/kg, i.p., Reanal, Hungary,) and the

right sciatic nerve was exposed in the midthigh and

transected distally to a ligature. The wound was then closed

and the rats were returned to the animal house. In the control

experiments, the left sciatic nerve was laid open and the

same procedure was followed, except that the nerve was left

intact. Two weeks afterwards, the sciatic nerves were

exposed and 1 ml of a 2% solution of a CTB-horseradish

peroxidase (HRP) conjugate (Sigma) was injected into the

nerves with a Hamilton microsyringe under chloral hydrate

(400 mg/kg, i.p.) anaesthesia. Three days after the injection

of CTB-HRP, the animals were deeply anaesthetized and

perfused transcardially with an aldehyde fixative containing

1% glutaraldehyde and 1% paraformaldehyde in 0.1 M

phosphate buffer (pH ¼ 7.4), followed by 400 ml of cold

phosphate buffer containing 30% sucrose. The medulla,

spinal cord segments L1–L6 and dorsal root ganglia L4–L5

were removed and stored in the sucrose buffer solution.

Serial frozen sections of the dorsal root ganglia, the spinal

cord and the medulla 15 or 60 mm in thickness were cut,

mounted on chromalum-gelatin-coated slides and reacted

for the demonstration of peroxidase activity according to

Mesulam [10], using 3,30,5,50-tetramethylbenzidine (TMB)

as chromogen. After the completion of the enzyme reaction,

most slides were dried overnight and then dehydrated briefly

in ethanol, cleared in xylene and mounted in Permount.

Other sections were counterstained with neutral red.

Size-frequency distribution histograms of CTB-HRP-

labelled neurons were generated by measuring the sizes of

neurons with clear-cut nuclei in representative serial sections

of dorsal root ganglion L5 of each animal by means of a light

microscope equipped with a camera lucida and a digitizing

tablet connected to a computerized system [6,16].

The findings on the spinal distribution of transganglio-

nically transported CTB-HRP in the control (vehicle-

treated) animals confirmed previous observations [15,20].

The injection of CTB-HRP into an intact nerve resulted in

the labelling of the deeper layers of the spinal dorsal horn,

but not the substantia gelatinosa (Fig. 1a). However, after

the injection of the tracer into a chronically transected

nerve, heavy homogeneous peroxidase staining was visual-

ized not only in the deep dorsal horn, but also within the

substantia gelatinosa and the marginal zone (Fig. 1b). The

injection of CTB-HRP into the intact sciatic nerve of the

capsaicin-pretreated rats resulted solely in the labelling of

the deeper layers of the dorsal horn, the substantia

gelatinosa remaining free of labelling (Fig. 1c). Measure-

ment of the maximum dorsoventral extent of the unlabelled

areas of the substantia gelatinosa and the marginal zone

ipsilateral to the intact sciatic nerve in 30 sections of the

spinal cord of the control and the capsaicin-pretreated

animals revealed no significant difference between the

capsaicin-pretreated and the control rats (n ¼ 4; Student’s t-

test). The injection of the tracer into the chronically

transected nerve of the capsaicin-pretreated rats resulted

in a strong labelling of the deep dorsal horn and also a faint,

but distinct labelling of the substantia gelatinosa (Fig. 1d).

This latter labelling was confined to a few individual nerve

fibers and was much weaker than the essentially homo-

geneous strong labelling seen after nerve transection in the

control animals (cf. Fig. 1b). In the medulla, labelling was

observed in the gracile nucleus relating to both the intact

and the transected nerves. In accord with previous findings

[18], the intensity and extent of the labelling was increased

ipsilaterally to the injured nerve (Fig. 1e). This lesion-

Fig. 1. Inverse microphotographs illustrating the distribution of spinal

primary afferents transganglionically labelled with CTB-HRP in the spinal

dorsal horn and the medulla oblongata relating to the intact (a, c) and the

transected (b, d) sciatic nerves of the control (a, b, e) and the capsaicin-

pretreated (c, d, f) rats. Note the lack of labelling of the substantia

gelatinosa of the dorsal horn relating to the intact nerve of both the control

and the capsaicin-pretreated rats. In the substantia gelatinosa and the

marginal zone of the dorsal horn relating to the transected nerve, strong

homogeneous labelling is seen in the control rats, whereas only faint

labelling can be observed in the capsaicin-pretreated animals. sg ¼

substantia gelatinosa. The scale bars in d and f correspond to 100 mm

and apply to a–d and e–f, respectively.
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induced increase in labelling was also noted in the

capsaicin-pretreated rats (Fig. 1f).

Light microscopy of spinal ganglion L5 and analysis of

the size-frequency distribution histograms in the control rats

revealed that, the CTB-HRP-labelled neurons in the ganglia

relating to the intact sciatic nerve involved mostly larger

ganglion cells, although a moderate proportion of small

cells were also labelled (Figs. 2a and 3a). In contrast, after

nerve transection, a majority of the small cells displayed

peroxidase activity, indicating the presence of CTB-HRP

(Figs. 2b and 3b). In agreement with earlier findings [3,4,8],

neonatal treatment with capsaicin resulted in a profound

reduction in the proportion of small dorsal root ganglion

neurons. In the ganglia relating to the intact nerve in these

rats, CTB-HRP was localized to larger cells (Figs. 2c and

3c). In the ganglia relating to the transected nerve, an

increase in the proportion of labelled cells of all sizes was

observed (Figs. 2d and 3d).

The present findings confirm previous reports on the

transganglionic labelling of the substantia gelatinosa after

the injection of CTB-HRP into injured, but not into intact

peripheral nerves [1,9,12,15,16,20] and demonstrate a

critical role of the capsaicin-sensitive primary sensory

neurons in the mechanism of this phenomenon. Indeed,

neonatal capsaicin treatment producing an irreversible loss

of small sensory ganglion neurons, and consequently a

selective C-fiber deafferentation of the spinal dorsal horn,

prevented the lesion-induced strong homogeneous labelling

of the substantia gelatinosa by CTB-HRP. Until recently, it

was widely believed that the appearance of CTX-HRP

labelling in the substantia gelatinosa after peripheral nerve

lesions could be attributed to a sprouting response of

myelinated, A-fiber afferents, which normally terminate

only in the deeper layers of the dorsal horn. However, this

view was recently challenged when it was shown that after

nerve transection, the C-fiber primary afferents become

capable of the uptake and transport of CTB-HRP, and that

this neuroplastic change may be accounted for by a

phenotypic switch of the C-fibers rather than by a sprouting

response of the A-fibers [1,5,6,16–18]. The present findings

lend further support to this assumption by demonstrating

that, in contrast with the situation in the control animals,

after the elimination of the C-fiber afferents by neonatal

capsaicin treatment, the injection of CTB-HRP into the

chronically transected sciatic nerve failed to produce strong

homogeneous labelling of the substantia gelatinosa. These

observations indicate that the presumed sprouting of the A-

fibers plays little role in the lesion-induced massive

transganglionic labelling of the substantia gelatinosa by

CTB-HRP. The possibility that the C-fibers may be

necessary for the initiation of a sprouting response in the

A-fibers seems unlikely. First, electron microscopic histo-

chemical studies furnished direct evidence of the transport

of choleragenoid by unmyelinated axons in the dorsal roots

relating to a transected, but not to an intact sciatic nerve

[16]. Second, in capsaicin-pretreated rats, nerve transection

induced an increase in the proportion of large dorsal root

ganglion neurons which contained CTB-HRP reaction

product, which suggests that the increased uptake and

transport of CTB-HRP in the myelinated afferents is

apparently independent of the C-fiber function/integrity.

Finally, the increase in the intensity and extent of the

choleragenoid labelling of the gracile nucleus indicates that

the injury-induced increased labelling of the A-fibers occurs

under conditions such that the C-fibers are missing.

The present findings raise an interesting point as

concerns the demonstration of possible sprouting of the

dorsal root fibers in the spinal cord. Neonatal capsaicin

treatment has been shown to result not only in irreversible

destruction of the C-fiber primary afferent neurons and their

spinal terminations [4,8], but also in a compensatory/

regenerative sprouting of the A-fiber afferents, as revealed

Fig. 2. Inverse microphotographs showing CTB-HRP-labelled neurons of

spinal ganglion L5 relating to the intact (a, c) and the transected (b, d) sciatic

nerves of the control (a, b) and the capsaicin-pretreated rats (c,d). Note the

increase in number of the labelled small cells after nerve transection in the

control (b), but not in the capsaicin-pretreated (d) rats. The scale bar in d

corresponds to 100 mm and applies to all microphotographs.

Fig. 3. Size-frequency distribution histograms of neuronal populations of

dorsal root ganglion L5 relating to the intact (a, c) and the transected (b, d)

sciatic nerve of the control (a, b) and the capsaicin-pretreated (c, d) rats. Clear

histograms represent the total neuronal population in the ganglion, whereas

overimposed filled histograms represent the CTB-HRP-labelled neurons.
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by both histochemical [11,14] and classical silver impreg-

nation techniques [2]. Surprisingly, this could not be clearly

observed in the present study when CTB-HRP was utilized

as a neuronal tracer with the highly sensitive TMB

technique for the demonstration of HRP activity; faint

labelling of a few presumed sprouting A-fiber afferents was

detected only after nerve transection in the capsaicin-

pretreated rats. These findings indicate that the experimental

conditions used in this and previous studies are unsuitable

for the visualization of a true sprouting response of

myelinated afferents. In the present study, the demonstration

of some fiber labelling in the substantia gelatinosa of the

capsaicin-pretreated animals after the injection of the tracer

into the injured, but not the intact nerve may be explained by

the increased uptake and transganglionic transport of CTB-

HRP by injured myelinated axons, which permitted their

histological visualization. The results of light microscopy

and the quantitative data on the increase in the proportion of

labelled large spinal ganglion cells after nerve transection

support this assumption. It should be mentioned in this

respect that in previous studies which showed the sprouting

of myelinated afferents into the substantia gelatinosa in

capsaicin-pretreated rats, HRP was either injected directly

into the spinal ganglia [11] or applied to the cut central end

of the dorsal root [14], presumably producing optimum

labelling of the dorsal root fibers.

In conclusion, the present study has demonstrated that

extensive C-fiber deafferentation of the spinal dorsal horn

prevents the strong labelling of the substantia gelatinosa by

CTB-HRP. These findings lend further support to the notion

that peripheral nerve lesion-induced transganglionic label-

ling of the substantia gelatinosa by choleragenoid may be

accounted for by a phenotypic switch of the C-fiber

afferents, rather than by A-fiber sprouting. In addition, the

results suggest that the experimental strategies for the

evaluation of afferent sprouting need to be revisited and

improved. Finally, the present observations may be of

appreciable relevance as concerns a possible modulatory

role of axonal ganglioside metabolism/content in the

nociceptor function.
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Abstract—In situ hybridization, quantitative reverse tran-
scription polymerase chain reaction (RT-PCR), immunohisto-
chemistry, and Western blot analysis were applied to study
the changes in expression of the major nociceptive ion chan-
nel transient receptor potential vanilloid type 1 receptor
(TRPV1) after the perineural application of capsaicin or nerve
transection. In control rats, quantitative morphometric and
statistical analyses of TRPV1 protein and mRNA expression
in L5 dorsal root ganglion cells revealed distinct populations
of small (type C) and small-to-medium (type B) neurons,
which showed very high and moderate levels of TRPV1,
whereas larger (type A) neurons mostly did not express this
receptor. After either transection or capsaicin treatment of
the sciatic nerve, immunohistochemistry and Western blot-
ting demonstrated a massive (up to 80%) decrease in the
proportion of TRPV1-immunoreactive neurons and TRPV1
protein at all postoperative survival times. In situ hybridiza-
tion indicated marked decreases (up to 85%) in the propor-
tion of neurons that expressed TRPV1 mRNA after sciatic
nerve transection. In contrast, although perineural treatment
with capsaicin resulted in similar substantial decreases in the
proportions of type B and C neurons of the L5 dorsal root
ganglia 3 days postoperatively, a clear-cut tendency to recov-
ery was observed thereafter. Hence, the proportions of both
type B and C neurons expressing TRPV1 mRNA reached up
to 70% of the control levels at 30 days postoperatively. In
accord with these findings, quantitative RT-PCR revealed a
marked and significant recovery in TRPV1 mRNA after

1 These authors contributed equally to the article.
*Corresponding author. Tel: �36-62-545099; fax: �36-62-545842.
E-mail address: jancso@phys.szote.u-szeged.hu or gaborjancso@
ahoo.co.uk (G. Jancsó).
bbreviations: B2-MG, beta-2-microglobulin; CSA, cross-sectional ar-
a; DRG, dorsal root ganglion; GV, gray value; NGF, nerve growth
actor; PBS, phosphate buffered saline; ROC, receiver operating char-
cteristic; ROD, relative optical density; RT-PCR, reverse transcription

olymerase chain reaction; TBS, Tris-buffered saline; TRPV1, tran-
ient receptor potential vanilloid type 1 receptor.
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perineural capsaicin but not after nerve transection. These
observations suggest the involvement of distinct cellular
mechanisms in the regulation of the TRPV1 mRNA expres-
sion of damaged neurons, specifically triggered by the nature
of the injury. The present findings imply that the antinocice-
ptive and anti-inflammatory effects of perineurally applied
capsaicin involve distinct changes in neuronal TRPV1 mRNA
expression and long-lasting alterations in (post)translational
regulation. © 2011 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: capsaicin, perineural, TRPV1 mRNA, pain, nerve
transection, in situ hybridization.

Chemosensitive primary sensory neurons, which are sen-
sitive to capsaicin (Jancsó, 1968; Jancsó et al., 1977) and
express the transient receptor potential vanilloid type 1
receptor (TRPV1) (Caterina et al., 1997; Caterina and
Julius, 2001), play a fundamental role in pain mechanisms.
By virtue of their dual functional character, these particular
nociceptive neurons comprise a unique population of pri-
mary afferent neurons, which transmit impulses generated
by noxious stimuli and release neuropeptides from their
peripheral and central terminals in response to stimulation
(Maggi and Meli, 1988; Holzer, 1991; Jancsó, 2009). The
chemosensitive primary afferent neurons, which are selec-
tively sensitive to the stimulatory and neurotoxic effects of
capsaicin, account for around 50% of the dorsal root gan-
glion (DRG) cells and 95% of the unmyelinated dorsal root
fibers in the rat (Jancsó et al., 1977, 2011; Nagy and Hunt,
1983). Previous studies have demonstrated that selective
elimination of these nociceptive afferents either from the
whole animal or from selected regions of the body by the
systemic (neonatal) or localized (perineural) administration
of capsaicin and related vanilloids leads to profound anti-
nociceptive and anti-inflammatory effects (Jancsó et al.,
1977, 1980; Fitzgerald and Woolf, 1982; Gamse et al.,
1982). The perineural application of vanilloid compounds
that results in highly selective regional thermal and chem-
ical analgesia has attracted much interest because of the
promising therapeutic relevance of this intervention. Local
application of capsaicin or resiniferatoxin has been shown
to induce long-lasting increases in the thresholds of noci-
ceptive responses elicited by chemical irritants and intense
heat stimuli (Jancsó et al., 1980; Gamse et al., 1982;
Chung et al., 1985; Kissin et al., 2002). Local treatment

with capsaicin or resiniferatoxin also reduces inflammatory
ts reserved.
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thermal and mechanical hyperalgesia and ischemic reac-
tive hyperemia (Kissin et al., 2002; Domoki et al., 2003;
Pospisilova and Palecek, 2006; Holzer, 2008; Jancsó et
al., 2008; Oszlács et al., 2009) and arthritis (Donaldson et
al., 1995). Antidromic vasodilatation and neurogenic in-
flammation, the cardinal local vascular responses of che-
mosensitive afferent endings brought about through stim-
ulation with chemical irritants or antidromic stimulation of
sensory nerves, are completely abolished by such treat-
ment (Jancsó and Király, 1980; Oszlács et al., 2009).

lthough the antinociceptive and anti-inflammatory effects
f locally applied vanilloid compounds have been repeat-
dly demonstrated, the mechanisms of these unique anti-
ociceptive/analgesic effects are still unclear. Electrophys-

ological studies have revealed a selective and long-lasting
eduction of impulse conduction in unmyelinated, but not in
yelinated sensory axons (Jancsó and Such, 1983; Bara-
owski et al., 1986; Pini et al., 1990), associated with a
eduction of polymodal nociceptor units in rat (Welk et al.,
983; Pini et al., 1990), guinea pig, and rabbit (Baranowski
t al., 1986) peripheral nerves. Similar findings have been
eported in monkeys following the treatment of peripheral
erves with capsaicin (Chung et al., 1993). Morphological

nvestigations have disclosed a substantial, but partial re-
uction in the number of unmyelinated sensory (Bara-
owski et al., 1986; Jancsó and Lawson, 1990), but not
utonomic (Jancsó et al., 1987) axons in capsaicin-treated
eripheral nerves and in skin areas innervated by a cap-
aicin-treated peripheral nerve (Jancsó et al., 1980; Dux et
l., 1999). Recent findings indicated that the application of
esiniferatoxin to peripheral nerves induced lasting anal-
esia without noticeable fine structural alterations in the rat
Kissin et al., 2002, 2007). Histochemical and immunohis-

tochemical studies have revealed the marked depletion of
sensory neuropeptides from the spinal ganglia and the
dorsal horn of the spinal cord relating to the peripheral
nerve treated with a vanilloid agent (Gamse et al., 1982;
Jancsó and Lawson, 1988; Oszlács et al., 2009). However,
changes in the expression of the TRPV1, a molecular
integrator of nociception (Winter et al., 1988; Caterina et
l., 1997; Tominaga et al., 1998), which confers capsaicin
vanilloid) sensitivity on chemosensitive primary afferent
eurons (Winter et al., 1988; Caterina et al., 1997; Michael
nd Priestley, 1999) have not been investigated so far after
erineural treatment with vanilloid compounds. The pres-
nt experiments were therefore initiated in an attempt to
ake use of in situ hybridization, quantitative reverse tran-

cription polymerase chain reaction (RT-PCR), immuno-
istochemistry, and Western blot analysis to reveal possi-
le changes in the expression of the TRPV1 following
erineural capsaicin treatment and, for comparison, pe-
ipheral nerve transection.

EXPERIMENTAL PROCEDURES

Adult male Wistar rats weighing 240–260 g at the start of the
experiments were used in this study. The animal house was
maintained under a 12-h light/dark cycle. All experimental proce-
dures were approved by the Ethical Committee for Animal Care of

the University of Szeged and were carried out in accordance with

Please cite this article in press as: Szigeti C, et al., Disparate changes
1 receptor mRNA and protein in dorsal root ganglion neurons following
roscience (2011), doi: 10.1016/j.neuroscience.2011.10.058
the European Communities Council Directive of 24 November
1986 (86/609/EEC). All efforts were made to minimize the number
of animals used and their suffering.

Perineural capsaicin treatment

The rats were anesthetized with chloral hydrate (400 mg/kg, i.p.,
Reanal, Budapest, Hungary). The sciatic nerves were exposed
high in the thigh on both sides, and small pieces of gelfoam
moistened with 0.1 ml of a 1% solution of capsaicin (Fluka, Buchs,
Switzerland) or the same volume of the vehicle (6% ethanol, 8%
Tween 80 in saline) were wrapped around the right and left
nerves, respectively. After 20 min, the gelfoam pieces were re-
moved, the wounds were closed, and the rats were returned to the
animal house. After 3, 14, or 30 days, the animals were again
anesthetized and sacrificed for immunohistochemical and in situ
hybridization analyses.

Peripheral nerve transection

The rats were anesthetized with chloral hydrate (400 mg/kg, i.p.,
Reanal, Budapest, Hungary). The right sciatic nerve was exposed
high in the thigh and transected distal to a ligature. Sham-oper-
ated animals served as controls. After 3, 14, or 30 days, the
animals were again anesthetized and sacrificed for immunohisto-
chemical and in situ hybridization analyses.

In situ hybridization

The synthesis of the cRNA probe and in situ hybridization were
carried out as described by Maniatis et al. (1982), with slight
modifications. To generate TRPV1 mRNA-specific probes, total
mRNA was isolated from rat trigeminal ganglia and was reverse
transcribed by using the universal dT17-adapter primer (5’-
GACTCGAGTCGAGTCGACATCGATTTTTTTTTTTTTTTTT
-3’, M-MuLV reverse transcriptase; Fermentas, Vilnius, Lithuania)
according to the manufacturer’s recommendations. This cDNA
template was used to perform RT-PCR with the following primer
combination: forward 5’-AACCATGGAACAACGGGCTAGC-3’;
reverse 5’-AACTCGAGTTAGAACAGAGCTGACA-3’. The ampli-
fied 255 bp length product was cloned into pcDNA3 vector (Invit-
rogen, Carlsbad, CA, USA). The identity of the amplified product
was confirmed by DNA sequencing and Northern blotting. After
linearization of the vectors, sense and antisense digoxigenin-11-
UTP-labeled cRNA probes were transcribed with T7 or SP6 poly-
merases, using a DIG RNA labeling kit (Boehringer Mannheim,
Mannheim, Germany) according to the manufacturer’s protocol.

For in situ hybridization, DRGs were quickly removed, em-
bedded in Cryomatrix embedding material (Shandon Scientific,
Pittsburgh, PA, USA), and frozen immediately at �70 °C. Serial
frozen sections of DRGs (15 �m in thickness) were cut on a
cryostat and thaw-mounted onto 3-aminopropyltriethoxysilane-
coated glass slides. Sections were air-dried and stored at �20 °C
until further processing. The specimens were fixed for 5 min in 2�
sodium chloride–sodium citrate (SSC) buffer (0.3 M NaCl and 0.03
M Na-citrate, pH 7.0) containing 4% formaldehyde, washed twice
in 2� SSC buffer for 2 min, permeabilized with 0.1% Triton X100,
washed again as before, and then rinsed in 0.1 M triethanolamine
containing 0.25% acetic anhydride at room temperature for 5 min.
Hybridization was performed in 50 �l hybridization solution (50%
formamide, 5� sodium chloride–sodium phosphate–EDTA buffer,
1� Denhardt’s reagent, 10% dextran sulfate, 50 mM dithiothreitol,
100 �g/ml salmon sperm DNA, and 100 �g/ml yeast tRNA con-
taining 200 nmol/ml labeled probe) under parafilm cover slips in a
humidified chamber at 56 °C for 20 h. The sections were exten-
sively rinsed in 2� SSC buffer supplemented with 50% formamide
at 50 °C for 15 min, treated with RNase A at 37 °C for 30 min, and
washed again in 2� SSC–50% formamide solution at 50 °C. To

block nonspecific antibody binding, sections were incubated with
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buffer 1 (100 mM Tris–HCl and 150 mM NaCl, pH 7.5) containing
5% normal goat serum for 1 h at room temperature, followed by
incubation with alkaline phosphatase-conjugated anti-digoxigenin
antibody (1:2500, Boehringer Mannheim GmbH, Mannheim, Ger-
many) in buffer 1 at 4 °C overnight. Sections were washed in
buffer 1 for 3�5 min, rinsed in buffer 2 (100 mM Tris–HCl, 100 mM
NaCl, and 50 mM MgCl2, pH 9.5) for 10 min, and developed in
uffer 2 containing 340 �g/ml nitro blue tetrazolium and 180 �g/ml
-bromo-4-chloro-3-indolyl phosphate for 12 h in a dark chamber.
he reaction was terminated by rinsing the slides in a buffer (10
M Tris–HCl, 1 mM EDTA, pH 8.0) for 10 min. The sections were

overed with glycerol.

Quantitative RT-PCR measurements

To measure changes in the total TRPV1 mRNA expression in
DRGs affected by the transection or capsaicin treatment of the
sciatic nerve, quantitative RT-PCR was used. Rats were termi-
nally anesthetized 3, 14, and 30 days after surgery, and the L5
DRGs were excised and transferred into 1 ml ice-cold Trizol
reagent (Invitrogen, Carlsbad, CA, USA). Total mRNA was iso-
lated by Trizol solution according to the protocol of the manufac-
turer. The extracted total mRNA was reverse transcribed by
using BioRad iScript cDNA Synthesis Kit (Bio-Rad, Hercules,
CA, USA). Specific primers were designed to amplify TRPV1
and beta-2-microglobulin (B2-MG, reference gene) by using the
Primer-Blast open source software (http://www.ncbi.nlm.nih-
.gov/tools/primer-blast). The sequences of the primers were as
follows: B2-MG (NM_012512; reference gene): 5=-TCTCCG-
GTGGATGGCGAGAGT-3= (reverse); 5=-GCTCGCTCGGT-
GACCGTGATC-3= (forward); TRPV1 (NM_031982.1): 5=-
TGTCTTCCGGGCAACGTCCA-3= (reverse); 5=-AAGCGCCT-
GACTGACAGCGA-3= (forward). Primers were synthesized by
Integrated DNA Technologies (Leuven, Belgium). These primers
produced distinct PCR amplification products with length of 129 bp
for TRPV1 and 106 bp for B2-MG, as confirmed by gel-electro-
phoresis. Quantitative RT-PCR was performed in triplicates utiliz-
ing SYBR Green technique (iQ SYBR Green Supermix, Bio-Rad,
Hercules, CA, USA) and BioRad MyiQ5 Real Time Detection
System running the following amplification protocol: 10 min on
95 °C (hot start) followed by 40 amplification cycles (denaturation:
10 s on 95 °C, annealing: 30 s on 56 °C; elongation and detection:
20 s on 72 °C). At the end of the amplification, melt-curve analysis
was also applied to exclude nonspecific fluorescent signals. Rel-
ative quantities of target (TRPV1) mRNAs as compared with the
housekeeping reference gene B2-MG were calculated by using
the Pfaffl-method (Pfaffl, 2001).

TRPV1 immunohistochemistry

The animals were deeply anesthetized and perfused transcardi-
ally with an aldehyde fixative containing 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). The L5 DRG was removed and
postfixed in the same fixative for 2 h and then placed into a
phosphate-buffered 30% sucrose solution. Representative serial
sections of L5 DRGs 15 �m in thickness were cut on a cryostat
and mounted on gelatin-coated glass slides. Sections were rinsed
twice in phosphate-buffered saline (PBS) and incubated overnight
with the primary antibody (1:1000; rabbit anti-TRPV1 IgG,
ACC030, Alomone Labs, Jerusalem, Israel) with 0.3% Triton X100
added. After rinsing in PBS, the sections were incubated for 2 h
with the secondary antibody (1:500 biotin-conjugated donkey anti-
rabbit IgG, Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) diluted in PBS containing 0.3% Triton X100. To visual-
ize the biotin-conjugated antibody, the sections were rinsed and
treated with the Vectastain ABC Elite staining kit (Vector labora-
tories, Burlingame, CA, USA) according to the instructions of the
manufacturer. The sections were dehydrated and covered with

DPX mounting medium (Fluka, Buchs, Switzerland).

Please cite this article in press as: Szigeti C, et al., Disparate changes
1 receptor mRNA and protein in dorsal root ganglion neurons following
roscience (2011), doi: 10.1016/j.neuroscience.2011.10.058
Semiquantitative densitometry

The sections cut from the DRGs and processed for visualization of
the TRPV1 mRNA by in situ hybridization or the TRPV1 protein by
immunohistochemistry were examined under bright-field illumina-
tion with a DMLB microscope (Leica, Wetzlar, Germany) equipped
with a Nikon Coolpix (Nikon, Tokyo, Japan) digital camera. Under
identical conditions, microphotographs were taken of DRGs relat-
ing to control sciatic nerves and sciatic nerves transected or
treated perineurally with capsaicin following a systemic random
sampling method. The optical density of DRG neurons with clear-
cut nuclei was measured by means of the NIH Scion Image
analysis program. In sections processed for the demonstration of
TRPV1 mRNA, many neurons exhibited granular staining of dif-
ferent intensities in the perikaryon. In contrast, in labeled neurons
the TRPV1 immunoreactivity displayed diffuse staining throughout
the cell bodies and sometimes in their axons. Gray values (GVs)
between 0 and 255 were assigned to each neuron with a clearly
visible nucleus, and their cross-sectional areas (CSAs) were mea-
sured. Relative optical densities (RODs) were determined accord-
ing to the equation ROD�log10 (255/(255�GV)). The CSA and

OD for each cell were determined and plotted as distribution
istograms or scatter plots.

Classification of DRG neurons

The DRG neurons were classified into different subpopulations by
using a statistical approach. Pilot experiments suggested the ex-
istence of three distinct neuronal subpopulations in the control
DRGs, with different levels of mRNA signal and TRPV1 immuno-
staining. Discriminant analysis was performed to define the ROD
classification effect among the different subpopulations of DRG
neurons. To determine the threshold values of ROD for the sep-
aration of the neuronal subpopulations, the receiver operating
characteristic (ROC) method was applied pairwise (Armitage,
2001; Armitage and Colton, 2005).

Western blot analysis

L5 DRGs were removed from rats 3, 14, and 30 days after
perineural capsaicin treatment or transection of the sciatic nerves
and were homogenized immediately in ice-cold radio immuno
precipitation assay (RIPA) buffer containing 50 mM Tris (pH 8),
150 mM sodium chloride, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate (SDS), 2 �g/ml leupeptin
(Sigma), and 1 �g/ml pepstatin (Sigma-Aldrich, St. Louis, MO,
USA). The homogenates were centrifuged at 15000 g for 10 min.
The pellet was discarded, and protein concentrations from the
supernatant were determined according to the method of Lowry et
al. (1951). Protein samples (60 �g/well) were separated through a
12% SDS-polyacrylamide gel and transferred to polyvinylidene
difluoride (PVDF) membrane (Amersham Biosciences, Little Chal-
font, Buckinghamshire, UK) and blocked for 12 h in 5% nonfat dry
milk in Tris-buffered saline (TBS) containing 0.1% Tween 20. The
membranes were incubated for 2 h with rabbit anti-TRPV1 (1:500,
Chemicon, Temecula, CA, USA) and mouse anti-�-actin primary
antibody (1:20000, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) in 1% nonfat dry milk in 0.1% TBS–Tween 20. After three
washes in 0.1% TBS–Tween 20, the membranes were incubated
for 1 h with the appropriate peroxidase-conjugated secondary
antibodies (1:2000, Jackson ImmunoResearch Europe Ltd., Cam-
bridgeshire, UK), and washed five times as before. The enhanced
chemiluminescence method (ECL Plus Western blotting detection
reagent; Amersham Biosciences, Little Chalfont, UK) was used to
reveal immunoreactive bands according to the manufacturer’s
protocol. The films were scanned at 600�600 dpi resolution, and
the densitometric quantification was performed by the ImageJ
public domain image processing and analysis software (NIH,

Bethesda, MD, USA). After subtracting background, TRPV1 band
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densities were normalized to �-actin. The ratio of the TRPV1 to
�-actin band density was used to calculate the changes in TRPV1
xpression. Results of three independent experiments are shown
s means�SD.

Statistics

The experimental data are shown as means�SD. Statistical anal-
yses were performed with ANOVA and Holm-Sidak, Brown-For-
sythe, or Bonferroni correction methods for post hoc comparisons
by using SPSS (v.18, Statistical Software package, IBM Corpora-
tion, NY, USA). Differences between groups were considered
statistically significant if P�0.05.

RESULTS

Localization of TRPV1 mRNA and protein in the L5
DRG of the rat

In the control DRGs, three types of neurons could be
distinguished with different levels of TRPV1 mRNA expres-
sion and TRPV1-immunostaining. Small- to medium-sized
neurons displayed intense and moderate expression lev-
els, whereas particularly the larger neurons were mostly
devoid of TRPV1 mRNA and protein (Fig. 1A–D). The
optimal cut-off point for the TRPV1 mRNA ROD to distin-
guish between group C and the remaining population was
0.40, which provided a specificity of 96% and a sensitivity
of 90%. Similarly, a cut-off value of 0.24 provided the
optimal differentiation between groups A and B (Fig. 1E,
G). Type C and B neurons were characterized by their
small (CSA range: 0–400 �m2) and medium sizes (range:
410–900 �m2), and high (0.41–1) and moderate (0.25–
0.40) RODs, respectively. The population of type A neu-
rons was composed of cells of various sizes with low
RODs (0–0.24), which hardly exceeded the background
ROD. The type C and B neurons were regarded as ex-
pressing high and moderate levels of TRPV1 mRNA,
whereas type A cells were classified as TRPV1-negative
neurons. The in situ hybridization experiments revealed
that around half of the DRG cells expressed TRPV1 mRNA
in control ganglia. The type C cells accounted for around
19% and the type B cells approximately 29% of the total
neuronal population. About half (51%) of the cells in the
DRGs were clearly negative for TRPV1 mRNA. Although
the majority of the TRPV1 mRNA-negative neurons were
large, some small neurons also exhibited low RODs.

Statistical analysis of the TRPV1-immunopositive neu-
rons revealed three subpopulations of DRG neurons with
respect to their TRPV1 protein content (Fig. 1F, H): the
type C and B neurons were mainly small to medium-sized,
with strong or moderate staining intensity, respectively,
whereas the TRPV1-negative neurons were mostly large.

Effects of perineural capsaicin treatment or
transection of the sciatic nerve on the expression of
the TRPV1 in the L5 DRG of the rat

In the rat, the sensory fibers of the sciatic nerve originate
from the fourth, the fifth, and (to a much lower extent) the
sixth lumbar DRGs (Green, 1968). Up to 85% of the neu-
rons in the fifth lumbar DRG project their axons into the

sciatic nerve (Yip et al., 1984; Aldskogius et al., 1988). In i
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he present study, therefore, the fifth lumbar DRG was
hosen to study possible changes in the expression of the
RPV1 following two types of nerve injury: nerve transec-

ion, a physical injury resulting in neurotmesis, damage to
ll types of axons of the sciatic nerve (Seddon, 1943), and
erineural treatment with capsaicin, which produces a se-

ective chemodenervation of C-fiber afferents, but leaves
he continuity of the nerve intact.

Perineural treatment with capsaicin resulted in a rapid
ecrease in the expression of TRPV1 mRNA in the neu-
ons of the fifth lumbar DRG, with reductions by about 50%
nd 75% in type B and C cells 3 days after the treatment.
owever, this initial decrease in TRPV1 expression was

ollowed by a distinct recovery and the proportion of
RPV1 mRNA-expressing neurons gradually increased up

o 70% of the control levels toward the end of the study
Table 1). The experiments using quantitative RT-PCR
onfirmed these findings by showing an early and marked
eduction in TRPV1 mRNA expression already 3 days after
erineural capsaicin treatment. However, at later survival
imes quantitative RT-PCR measurements revealed a
lear-cut tendency to recovery toward control expression

evels resulting in a marked and statistically significant
ncrease in TRPV1 mRNA at 30 days (Fig. 2A). Study of
he localization of the TRPV1 protein by means of immu-
ohistochemistry revealed that the proportion of TRPV1-
ositive ganglion cells had decreased markedly (to about
0% of the control level) 3 days after perineural capsaicin
reatment, and it remained at that low level throughout the
ntire period of the study (Table 1). The reduction in the
roportion of type C cells was especially pronounced, by
bout 85%. The analysis of the experimental data clearly
howed the time-dependent and cell type-specific changes

n the expression of TRPV1 mRNA and protein, respec-
ively (Figs. 3 and 4). Western blot analysis of the TRPV1
rotein supported the immunohistochemical findings. The
RPV1 protein was markedly and significantly reduced at
ll time points after perineural treatment with capsaicin
Fig. 2B, C).

Similarly to perineural treatment with capsaicin, periph-
ral nerve transection resulted in rapid and marked reduc-
ions in both TRPV1 mRNA expression and TRPV1 protein
n the type B and C cells of the related fifth lumbar DRG 3
ays after surgery. However, in contrast with capsaicin
reatment, the TRPV1 mRNA expression did not recover,
ut remained at a low level for the entire remainder of the
tudy period. In accord with this, the proportion of TRPV1-

mmunoreactive neurons dropped to about 30% of the
ontrol level and then remained low throughout the study.
gain, the decreases in TRPV1 mRNA expression and
RPV1 protein (by about 80%) were especially marked in

he type C cells (Table 1, Fig. 5). In accordance with the
esults obtained with in situ hybridization, quantitative RT-
CR measurements revealed marked and significant re-
uctions in the TRPV1 mRNA expression 3 and 14 days
fter nerve transection. TRPV1 mRNA expression showed
ome increase after 30 days, but that did not reach signif-
cance (Fig. 2A).
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Fig. 1. (A, B) In control ganglia, in situ hybridization (A) and immunohistochemistry (B) revealed small- to medium-sized neurons with intense (arrow)
and moderate (arrowhead) levels of TRPV1 mRNA and protein, respectively. Larger neurons were usually devoid of both TRPV1 mRNA and protein.
Inverse microphotographs; scale bar indicates 25 �m. (C, D) Scatter plots of DRG cells, showing the cell sizes and the three separate populations
of neurons with intense, moderate, and very low RODs. (E, G) ROC analysis of TRPV1 mRNA RODs revealed the cut-off values for the separation
of type C and B (E) and type B and A (G) neurons, respectively, and disclosed the high sensitivity and specificity of the analysis involving the use of
ROD. (F, H) ROC analysis of the RODs of TRPV1-immunopositive neurons revealed the cut-off values for the separation of type C and B (F) and type

B and A (H) neurons, respectively, and disclosed the high sensitivity and specificity of the analysis using ROD.
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DISCUSSION

Chemosensitive primary sensory neurons which express
the TRPV1 play a fundamental role in the transmission of
nociceptive impulses (Jancsó et al., 1977; Caterina et al.,
1997; Julius and Basbaum, 2001). The level of expression of
the TRPV1 is an important determinant of the nociceptor
function. Increases in TRPV1 mRNA expression and in pe-
ripherally directed axonal transport of TRPV1 protein have
been demonstrated to be associated with neuropathic pain
states and inflammation (Tohda et al., 2001). Conversely,
knockdown of the TRPV1 gene prevents the development
of inflammatory hyperalgesia in the rat (Caterina et al.,
2000; Davis et al., 2000; Kasama et al., 2007). Hence,
TRPV1 antagonism or procedures, which inhibit the acti-
vation of the receptor may produce significant antinocice-
ption. Indeed, the local application of capsaicin and some
other vanilloids directly onto peripheral nerve trunks has
been shown to provide long-lasting and selective chemical
and thermal analgesia, confined to the region innervated
by the affected nerve (Jancsó et al., 1980, 2008, 2011;
Gamse et al., 1982; Fitzgerald and Woolf, 1982; Kissin et
al., 2002; Knotkova et al., 2008). Despite numerous inves-
tigations that have made use of perineural capsaicin treat-
ment (Gamse et al., 1982; Gibson et al., 1982; Chung et
al., 1985; Jancsó and Lawson, 1987, 1990; Jancsó et al.,
1987; Pini et al., 1990; Jancsó and Ambrus, 1994; Kissin et
al., 2002), the mechanism of analgesia induced by
perineural capsaicin remained unclear.

In the present study, the cell size and the ROD of the
mRNA signal and the immunostaining were measured,
and a statistical approach was applied to classify subpopu-
lations of DRG neurons which express the TRPV1. In
agreement with the findings of a previous radioactive in
situ hybridization study (Michael and Priestley, 1999), the
present findings revealed two subpopulations of small- and
medium-sized neurons that exhibited moderate and high
intensities of TRPV1 mRNA expression and TRPV1 immu-
noreactivity. The two populations of DRG neurons that
expressed TRPV1 mRNA or TRPV1 protein could be
clearly distinguished through a statistical approach involv-

Table 1. Percentage distribution of TRPV1-expressing (type B, C) an
capsaicin treatment and nerve transection

Neuron type TRPV1 mRNA expression

Control 3 d 14 d

Perineural capsaicin
C 19�1.28 5�0.74* 9�0.62*#

B 29�2.33 15�1.03* 15�0.91*
A 51�3.13 79�1.76* 75�1.51*

Nerve transection
C 18�1.37 3�0.36* 2�0.03*
B 28�3.10 15�1.03* 16�1.72*
A 53�1.85 82�1.33* 82�1.69*

Data are expressed as means�SD.
* Significantly different from the control, P�0.05.
# Significantly different from the 3 d value, P�0.05.
ing ROC analysis based on two characteristic traits of
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TRPV1-positive neurons: the cell size and the ROD of the
mRNA signal or the immunostaining for TRPV1. The quan-
titative data demonstrated that a distinct subpopulation of
small DRG neurons displayed a significantly higher TRPV1
mRNA expression than did a larger population of small-
and medium-sized TRPV1-expressing neurons, which ac-
counted for around 19% and 30% of the total neuronal
population, respectively, in the L5 DRGs of the rat.

The main finding of the present study is the demon-
stration of disparate changes in the expression of TRPV1
mRNA and protein in DRG neurons after selective chem-
ical denervation by perineural capsaicin treatment. Fur-
ther, the findings also indicate differences in the regulation
of TRPV1 expression following selective chemical and
physical injuries inflicted upon primary sensory neurons.

In accord with previous reports, peripheral nerve tran-
section resulted in a substantial reduction in the proportion
of TRPV1 mRNA-expressing neurons, which was already
evident 3 days after surgery and persisted for at least 4
weeks in the L5 DRGs. This was closely paralleled by a
significant and persistent decrease in the proportions of
TRPV1-immunoreactive neurons in the L5 DRGs. These
findings corroborate and extend previous reports of paral-
lel reductions in TRPV1 mRNA expression and protein
level in axotomized DRG neurons (Michael and Priestley,
1999). The present study further supported these obser-
vations by measurements of TRPV1 mRNA and protein
using quantitative RT-PCR and Western blotting, respec-
tively. The results indicated marked, significant, and per-
manent reductions in TRPV1 protein confirming the immu-
nohistochemical analysis. TRPV1 mRNA expression was
markedly reduced 3 and 14 days after nerve transection,
but it showed a moderate increase after 30 days, which did
not reach significance.

In sharp contrast, following perineural treatment with cap-
saicin, neurons in the L5 DRG exhibited distinct changes in
TRPV1 mRNA and protein expression and TRPV1 immuno-
staining. Although the expression of TRPV1 mRNA in type C
neurons was markedly decreased 3 days after the treatment,
there was a clear-cut tendency toward recovery after 2

-negative (type A) L5 DRG neurons 3, 14, and 30 d after perineural

TRPV1 immunohistochemistry

Control 3 d 14 d 30 d

1.4*# 17�1.73 2�0.56* 4�0.30* 3�0.43*
1.2*# 36�1.00 9�2.23* 11�0.72* 12�0.82*
4.7*# 46�1.00 89�2.06* 84�0.45* 84�0.44*

0.20* 15�1.73 2�0.60* 5�1.03* 4�0.26*
1.46* 37�4.70 16�1.90* 16�1.20* 18�0 65*
1.26* 50�0.60 80�2.35* 78�0.80* 77�1 00*
d TRPV1

30 d

12�

20�

69�

2�

16�

81�
weeks, and a statistically significant recovery to about 60%
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Fig. 2. Quantitative RT-PCR and Western blot analyses of the TRPV1 mRNA and protein expression. (A) Results of three to six independent
experiments demonstrate the time course of changes in TRPV1 mRNA expression measured with quantitative RT-PCR in L5 DRGs following
perineural capsaicin treatment and transection of the sciatic nerve. Note the marked time-dependent increase in TRPV1 mRNA expression following
perineural capsaicin treatment. (B) Representative immunoblots of TRPV1 and �-actin proteins in L5 DRGs 3, 14, and 30 d after perineural capsaicin
reatment and transection of sciatic nerve. (C) Results of three independent experiments demonstrate the time course of changes in TRPV1 protein.
ote the marked decreases in the TRPV1 protein at all time points after perineural capsaicin treatment and nerve transection. * Significantly different
rom the control, P�0.05. # Significantly different from the 3-day value, P�0.05.
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of the control value was evident after a survival period of 4
weeks. In type B neurons, the TRPV1 mRNA expression
already displayed a significant reduction by 3 days, with a
significant recovery at the end of the study period. The
measurements of total TRPV1 mRNA with quantitative
RT-PCR in DRGs relating to the capsaicin-treated sciatic
nerve confirmed these findings. An early profound de-
crease in TRPV1 mRNA expression was followed by a
clear-cut tendency to recovery resulting in a significant
increase in TRPV1 mRNA expression to about 60% of the
control at the end of the study. Interestingly, however,

Fig. 3. Representative inverse microphotographs of the L5 DRGs, il
transection (E–H) on the TRPV1 mRNA expression (A, B and E, F)
corresponding control (A, C, E, G) DRGs and DRGs ipsilateral to the s
after 14 d. Scale bar indicates 25 �m and applies to all microphotogr
when the TRPV1 immunoreactivity was investigated, a
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tendency to recovery was not observed. The proportions of
TRPV1-immunoreactive type C and type B DRG neurons
decreased to about 12% and 25% of the total control neuro-
nal population after 3 days and remained at these low levels
even after a survival period of 4 weeks. It should be noted that
these changes in the proportions of affected TRPV1 mRNA-
expressing and TRPV1-immunoreactive neurons should be
considered in light of the fact that about 20% of the neurons
in the L5 DRGs are not affected by the lesions for their axons
run in nerves other than the sciatic nerve (Yip et al., 1984;
Aldskogius et al., 1988). These immunohistochemical find-

the effects of perineural capsaicin treatment (A–D) or sciatic nerve
1 immunoreactivity (C, D and G, H). Microphotographs illustrate the
ve treated with capsaicin (B, D) or peripheral nerve transection (F, H)
lustrating
or TRPV
ciatic ner
ings were strongly supported by measurements of the
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TRPV1 protein with Western blotting of the L5 DRGs relating
to the capsaicin-treated sciatic nerves. The TRPV1 protein
was markedly decreased already 3 days after the capsaicin
treatment and remained at that low level amounting about
30% of the control throughout the entire period of the study.
The long-lasting, apparently irreversible functional impair-
ments observed after perineural capsaicin treatment, such as
the abolition of chemogenic pain and neurogenic inflamma-
tion, elevated latencies of thermal nociceptive reflexes, and
reduced thermal hyperalgesia, are in accord with the down-
regulation of TRPV1 protein in the DRG neurons.

Several factors must be considered in the interpreta-
ion of the disparate changes brought about by the two
types of nerve injuries, which differ substantially in their na-
ture, that is, nerve transection and perineural capsaicin treat-
ment. Nerve transection, classified as neurotmesis (Seddon,
1943), results in complete severance of the nerve. In con-

Fig. 4. Scatter plots showing the time course of changes in the populati
treatment (A–D) and transection of the ipsilateral sciatic nerve (E–H).
respectively.

Fig. 5. Scatter plots showing the time course of changes in the popula
treatment (A–D) and transection of the ipsilateral sciatic nerve (E–H).

respectively.
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trast, although leading to a selective chemodenervation of
nociceptive afferents which express the TRPV1 by a mech-
anism which involves a slowly progressing dying-back type of
degeneration process (Jancsó and Lawson, 1990; Jancsó,
1992), perineural treatment with capsaicin leaves the nerve
fibers continuous. The exact nature of this denervation pro-
cess is still unclear, but it has been demonstrated that, al-
though practically all capsaicin-sensitive C-fiber afferents are
functionally inactivated, only about half of this population
undergo degeneration, the number of unmyelinated axons in
capsaicin-treated nerves decreasing by only some 30%
(Jancsó and Lawson, 1990; Pini et al., 1990; Jancsó, 1992).
This may imply that after perineural capsaicin, unlike after
nerve transection, the surviving axons may provide some
trophic support for the chemically injured neurons, which may
be sufficient to promote the transcription, but not the transla-
tion of TRPV1 mRNA. This assumption is supported by find-

PV1 mRNA-expressing L5 DRG neurons following perineural capsaicin
of decreasing graytone intensities denote type C, B, and A neurons,

RPV1-immunoreactive L5 DRG neurons following perineural capsaicin
of decreasing graytone intensities denote type C, B, and A neurons,
ons of TR
Symbols
tions of T
Symbols
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ings indicating that perineural capsaicin treatment exerts a
profound selective, but transient blockade of axonal transport
processes in C-fiber primary afferent neurons (Gamse et al.,
1982; Sántha and Jancsó, 2003). Nerve growth factor (NGF)
reaching the perikarya of the DRG neurons through retro-
grade axonal transport has been shown to play a pivotal role
in the regulation of the expression of TRPV1 mRNA and
protein in DRG neurons. Indeed, deprivation of DRG neurons
of NGF under either in vivo or in vitro conditions has been
hown to lead to a downregulation of TRPV1 mRNA expres-
ion and a loss of sensitivity to capsaicin (Winter et al., 1988;
guayo and White, 1992; Jancsó and Ambrus, 1994; Jancsó
t al., 1997; Michael and Priestley, 1999).

Similar phenomena involving a mismatch of mRNA
nd protein expressions have been reported, depending
n the developmental and/or functional state of the DRG
eurons. Peripherin mRNA and protein have been shown

o be expressed in parallel in developing DRG neurons.
owever, in mature DRGs, large neurons express periph-
rin mRNA, but not the protein. This was attributed to
hanges in the availability of peripherally derived trophic
actors such as NGF (Goldstein et al., 1996).

Although the distinct changes in the availability of
trophic factors probably best explain, at least in part, the
findings of the present study, other mechanisms may also
be considered. The replacement of chemically injured neu-
rons by proliferating DRG cells may offer an alternative
possibility for the partial restitution of the neuron popula-
tions which express TRPV1 mRNA. Indeed, recent find-
ings demonstrated a restoration of viscerosensory inner-
vation by neurogenesis following a systemic injection of
capsaicin (Czaja et al., 2008), which results in the degen-
eration of large populations of nodose and DRG neurons
(Jancsó et al., 1977, 1980, 1985; Ritter and Dinh, 1988;
Jancsó and Lawson, 1990; Jancsó, 1992; Hiura et al.,
2002). However, this possibility seems unlikely, since little
if any functional recovery was demonstrated after perineu-
ral treatment with capsaicin (Jancsó et al., 1980, 2011;
Fitzgerald and Woolf, 1982; Jancsó and Lawson, 1990;
Jancsó, 1992; Dux et al., 1999; Sántha and Jancsó, 2003).

The present study suggests that the regulation of the
xpression of TRPV1 after nerve injury is dependent on

he type of the injury and not on the type of the DRG
euron. Whereas nerve transection resulted in an appar-
ntly long-lasting downregulation of TRPV1 mRNA expres-
ion, the selective chemodenervation of capsaicin-sensi-
ive DRG neurons produced a transient and largely revers-
ble downregulation of TRPV1 mRNA expression as shown
y both in situ hybridization and quantitative RT-PCR.

However, both treatments induced a seemingly irreversible
inhibition of TRPV1 translation and/or changes in post-
translational processing, resulting in a massive and per-
manent loss of TRPV1 protein from DRG neurons, as
assessed by immunohistochemistry and Western blotting
following perineural capsaicin treatment or nerve transec-
tion. The present findings may have important implications
as concerns the mechanism(s) of chemically induced se-
lective analgesia. The results point to the possibility that

interfering with the translation and/or post-translational
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processing of nociceptive ion channels, such as the
TRPV1, by using specific siRNAs, for example, may offer a
novel approach to the production of antinociception by
employing molecular biological tools.
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