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Abstract 
 

Neurotrophins are a well-known family of growth factors for the central and peripheral 

nervous systems. In the course of the last years, several lines of evidence converged to 

indicate that some members of the family, particularly NGF and BDNF, also participate in 

structural and functional plasticity of nociceptive pathways within the dorsal root ganglia  

and spinal cord. A subpopulation of small-sized dorsal root ganglion neurons is sensitive to 

NGF and responds to peripheral NGF stimulation with up-regulation of BDNF synthesis   

and increased  anterograde transport to the dorsal horn. In the latter, release of BDNF 

appears to modulate or even mediate nociceptive sensory inputs and pain hypersensitivity. 

We summarize here the status of the art on the role of neurotrophins in nociceptive 

pathways, with special emphasis on short-term synaptic and intracellular events that are 

mediated by this novel class of neuromessengers in the dorsal horn. Under this   

perspective we review the findings obtained through an array of techniques in naive and 

transgenic animals that provide insight into the modulatory mechanisms of BDNF at central 

synapses. We also report on the results obtained after immunocytochemistry, in situ 

hybridization, and monitoring intracellular calcium levels by confocal microscopy, that led to 

hypothesize that also NGF might have a direct central effect in pain modulation.  Although  

it is unclear whether or not NGF may be released at dorsal horn endings of certain 

nociceptors in vivo, we believe that these findings offer a clue for further studies aiming to 

elucid ate the putative central effects of NGF and other neurotrophins in nociceptive 

pathways. 
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Pain is the perception of an aversive or unpleasant sensation originating from a 

given region of the body and/or viscera. The International Association for the 

Study of Pain has given the following definition: Pain is an unpleasant sensory 

and emotional experience associated with actual or potential tissue damage or 

described in terms of such damage. Therefore, pain is highly subjective and 

comprises affective (emotional) and sensory discriminative components, 

involving integration and elaboration of  peripheral inputs conveyed to different 

areas of the central nervous system (CNS) along to the so called nociceptive 

pathways. These latter are initially activated by a specific subset of peripheral 

sensory receptors, the nociceptors,  that provide information about tissue damage 

from somatic or visceral structures. Noxious stimuli encoded by nociceptors are 

first conveyed to the dorsal horn (DH) of the spinal cord or the main spinal 

nucleus of the trigeminal nerve, then they travel to supraspinal relay centers, such 

as the thalamus, and finally reach the corticolimbic structures where they are 

perceived as pain. 

We will give here an account of the current knowledge about the role of 
 

neurotrophins (NTs) in the primary processing of noxious stimuli in the spinal 

cord DH. Before doing so we will briefly mention some general features of the 

anatomical, physiological, and neurochemical organization of primary afferent 

pathways, to put things under the right perspective. 

 
 
 

Organization of the primary afferent pathways in the spinal cord 
 

The organization and physiological properties of primary afferent pathways in the 

spinal cord have been extensively and authoritatively reviewed elsewhere (Ruda 

et al., 1986; Willis, Jr. and Coggeshall, 1991; Todd and Spike, 1993; Ribeiro-Da- 
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Silva, 1994; Schadrack and Zieglgansberger, 1998; Millan, 1999; Alvares and 

Fitzgerald, 1999; Dubner and Ren, 1999; Petersen-Zeitz and Basbaum, 1999; 

McHugh and McHugh, 2000; Burnstock, 2000; Herrero et al., 2000; Gerber et al., 

2000a; Willis, 2001; Hunt and Mantyh, 2001; Ji and Woolf, 2001; Morisset et al., 

2001; Mendell and Arvanian, 2002; Willis, 2002), and cutaneous primary afferent 

fibers (PAFs) have been studied in deeper detail. Therefore, the following short 

description will be mainly based upon the data available for this type of fibers. 

General properties of PAFs 

According to their diameter, structure, and functional properties, cutaneous PAFs 

can be grouped into three categories: i. C fibers, that  are thin, unmyelinated and 

display slow-conducting velocity; ii. Ad fibers, that are of intermediate diameter, 

scarcely myelinated and have intermediate conduction velocity; and iii. Aß fibers, 

that are of large size, myelinated and display fast conduction velocity. In the skin 

these three categories of fibers are typically present in proportions of about 70, 10 

and 20% respectively, although some variations may occur. All types of  

cutaneous afferents can trans mit non –nociceptive information, but, under normal 

circumstances, only C and Ad fibers transmit nociceptive information. C and Ad 

fibers originate from small size type B neurons in the dorsal root ganglia (DRGs) 

and reach the spinal cord via the dorsal roots, although unmyelinated fibers 

originating from the DRGs are present in the ventral root as well. 

In general terms, upon exposure of the skin to a noxious stimulus, Ad fibers elicit 
 

a first rapid phase of sharp pain, whereas C fibers evoke a second wave of dull 

pain (Treede et al., 1992; Millan, 1999). There are multiple classes of both C and 

Ad fibers, and their characterization is somewhat complicated by the existence of 

interspecies differences, heterogeneity in the properties of these fibers in different 
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tissues, and terminological ambiguities. We will try to simplify this issue as 

follows. C fibers comprise: i. non nociceptive thermoreceptors; ii. low threshold 

mechanoceptors responsive to pressure, and iii. nociceptors (Willis, 1991; Treede 

et al., 1992). The C fiber nociceptors represent a heterogeneous group of receptors 

among which are comprised chemoreceptors, high threshold thermoreceptors and 

mechanoreceptors. Some of these may be specifically activated by chemical 

irritants, heath or mechanical stimuli, but others may respond to different types of 

stimuli and are thus referred to as polymodal or CMH (chemical, mechanical, 

heath) nociceptors. Polymodal nociresponsive C fibers have a crucial role in the 

sensitization of spinal neurons, a process underlying chronic painful states. 

Ad fibers comprise two classes of mechanoreceptors: one is normally activated by 

high intensity mechanical stimuli above the noxious threshold, while the other 

displays a lower threshold (Treede et al., 1992; Beydoun et al., 1996, 1997). 

Members of the fist class are usually referred to as Type I mechanoreceptors. 

These high threshold rapidly conducting receptors are, under normal conditions, 

weakly responsive to high intensity heat cold and chemical stimuli. However, 

upon repetitive thermal stimulation these fiber may become sensitized, and in the 

presence of tissue damage, they respond to heat with sustained responses of long 

duration and slow latency. 

The Type II Ad mechanoreceptors have been primarily described in the primate 

hairy skin. They display a lower threshold to noxious heat stimuli than the 

corresponding Type I fibers (Treede et al., 1992; Beydoun et al., 1996, 1997). 

Finally there are some Ad fibers more responsive to cooling than mechanical 

stimuli (Simone and Kajander, 1996, 1997). 
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Aß cutaneous fibers originate from large-sized type A DRG neurons and they also 

reach the spinal cord via the dorsal roots. In the absence of tissue or nerve injury 

Aß fibers respond only to touch, vibration, pressure and other modes on non- 

noxious, low intensity mechanical stimulation of the skin (Willis and Coggeshall, 

1991; Mense, 1993; Woolf et al., 1994b). 

Cutaneous nociceptors can encode the intensity of no xious thermal and 

mechanical stimuli and the spatial localization of noxious stimuli (Treede et al., 

1992; Dubner and Ren, 1999). This indicates the existence of central mechanisms 

of spatial and temporal summation of pain signaling (Vierck, et al., 1997). 

However, the prompt response of nociceptors to noxious stimuli underlies the so 

called alerting role of acute pain, and very likely occurs with little modulation at 

peripheral or central levels (Handwerker and Kobal, 1993). Thus, in the absence 

of tissue damage, repetitive noxious stimulation may be associated with a 

decreased response of some polymodal C fibers, a form of receptor adaptation 

observed in other sensory modalities. However, when tissue damage occurs 

nociceptor adaptation is largely outweighed by central and peripheral mechanisms 

of sensitization. 

Pain originating in organs other than the skin displays some distinguishing 

features with respect to those outlined above: first, the distinction of a sharp and 

dull phase of pain perception is not obvious; second, deep somatic and visceral 

pain is often associated with a pronounced autonomic component in which 

hypotension, nausea, sweating and other clinical signs related to stimulation of 

sympathetic and parasympathetic pathways may become apparent; and third, deep 

and visceral pain is often diffuse, i.e. it may be difficult to exactly localize its 

source, and it is frequently subjectively referred to other intact tissues. 
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Nociceptive fibers in muscles are free nerve endings distributed within the 

connective tissue between individual muscle fibers and investing fascial  

envelopes. They are small- sized group III myelinated fibers (equivalent to 

cutaneous Ad fibers) and group IV unmyelinated fibers (equivalent to C fibers). 

The first are activated by mechanical stimuli and respond to muscle stretch and 

contraction, besides to non-noxious pressure. However, about one third of them 

are nociceptors, typically being activated by hypoxia and/or ishaemia, and 

localized noxious rise in pressure (Hoheisel et al., 1993; Mense, 1993; Marchettini 

et al., 1996, 2000).  Group III fibers can be sensitized by thermal and chemical 

stimuli. Group IV fibers share several characteristics of group III and about 50%  

of them are nociceptive. 

Nociceptive fibers in joints mainly consist of group III and IV free nerve endings 
 

and a small subset of large corpuscolar myelinated Ad-like fibers. These 

nociceptors respond to anomalous mechanical solicitation of joint beyond the 

normal range of movement. 

Nociceptive information from the thoracic and upper abdominal viscera reaches 
 

the CNS via the sympathetic chains, whereas that from the lower gut and bladder 

follows the route of pelvic parasympathetic nerves. There is evidence for the 

existence of polymodal C and Ad fibers in the hart and gut (Cervero and Connell, 

1984; Meller and Gebhart, 1994; Cervero, 1995; Gebhart, 1995; Blackshaw and 

Gebhart, 2002). Genuine Aß fibers are absent in viscera, suggesting that non- 

noxious information in viscera must be transmitted by Ad and C fibers. Therefore, 

according to the pattern theory, visceral pain is intensity-encoded by non-specific 

fibers likewise responsive to innocuous stimulation (Handwerker and Kobal, 

1993; Cervero, 1995). 
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Termination of PAFs in the spinal gray matter 
 

In thick sections, the gray matter of the spinal cord has a cytoarchitectonic laminar 

organization in which 10 different laminae have been recognized (Rexed, 1954). 

Lamina II, the substantia gelatinosa Rolandi, is further subdivided into an outer 

(IIo) and an inner (IIi) portion. 

The pattern of termination of PAF in the cord is mainly ipsilateral, although the 
 

presence of contralateral projections has been reported by several investigators, 

and tract-tracing studies have demonstrated the existence of preferential laminar 

terminations for different types of PAFs. Moreover, in the dorsal root entry zone 

close to the surface of the spinal cord, PAFs originating from different peripheral 

territories become segregated into medial and lateral streams. The medial stream 

comprises the large-sized Aß fibers which divide within the dorsal funiculus into 

ascending and descending branches. These latter swing into the gray matter and 

make synapses in laminae II-VI of the DH and lamina X, the region surrounding 

the central canal. The largest ascending branches run all the way to the dorsal 

column nuclei in the medulla oblongata. The lateral stream comprises Ad and C 

fibers, which, upon entry, divide into short ascending and descending branches 

within the dorsolateral tract of Lissauer. The longitudinal projections of Ad and C 

fibers extend along several consecutive segments of the cord (Willis and 

Coggeshall, 1991). Non-nociceptive Ad fibers terminate primarily in laminae IIi  

and III, whereas nociceptive Ad fibers terminate in laminae I, IIo, V and X. 

C fibers terminate in laminae I-II and  X. 
 

In the superficial DH three main types of PAF terminal configurations have been 

defined. In two of these, a PAF terminal forms the core of a multisynaptic 
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complex commonly referred to as a synaptic glomerulus. The third  type of 

synaptic configuration made by PAF is a conventional axo-dendritic synapse, 

which is however particularly enriched in dense-cored, large granular vesicles 

(LGVs) which are known to contain one or more neuropeptides, and are thus also 

referred to as P-type vesicles (Merighi, 2002). Synaptic glomeruli are mostly 

peculiar to lamina II. There are two different types of glomeruli (type I and type 

II) with different and characteristic ultrastructural and neurochemical features. It 
 

is now clearly demonstrated that the central terminal of type I glomeruli originates 

from a C fiber, whereas the terminals of Ad fibers are engaged in type II glomeruli 

(Valtschanoff et al., 1994; Ribeiro-Da-Silva, 1994). 

 
 
 

Neurochemistry of nociceptive PAFs 
 

The issue of the neurochemical characterization of nociceptive PAFs is a complex 

one since differences are expected to derive from: i. the existence of 

heterogeneous functional types of PAF (as outlined above), i.e. C fibers compared 

to Ad fibers; ii. the different tissue targets of innervation, although this point 

needs further clarification; and iii. the phenotypic switch that occurs between the 

normal intact state versus inflammation and/or tissue/nerve injury. 

In general terms, PAF contain and release a cocktail of biologically active 

molecules rather than a single neuromessenger. This seems to be a general rule 

rather than an exception since the costorage and coexistence of multiple 

messengers in neurons is a widespread phenomenon throughout the CNS and PNS 

(Lundberg, 1996; Hökfelt et al., 2000; Merighi, 2002). DRG cells are unipolar 

neurons giving rise to a common stem axon that immediately bifurcates into a 

centrifugal process reaching the peripheral tissues, and a centripetal process that 
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enters the spinal cord. Although some caution should be exercised (Merighi, 

2002), one expects that the same combination of messengers is found at central 

and peripheral endings of these neurons.  A combination of excitatory amino acids 

(EAAs) and peptides is usually found in small- to medium-sized DRG neurons 

that give rise to nociceptive C and Ad fibers (Hökfelt, 1991; Lundberg, 1996; 

Hökfelt et al., 2000; Merighi, 2002). 

Glutamate was one of the first neurotransmitter proposed for PAFs (Johnson, 
 

1972; Hutchinson et al., 1978), and nowadays the role of this amino acid as a 

major excitatory neurotransmitter in the spinal cord (and throughout the CNS) is 

fully established. The availability of antisera directed against amino acids fixed in 

tissue sections has made possible the visualization of glutamate (and other amino 

acids) in specific neurons and pathways that use them as neurotransmitters 

(Ottersen and Störm-Mathisen, 1984; Ottersen and Störm-Mathisen, 1987). Light 

immunocytochemical studies revealed that glutamate is detected in both type A 

(large) and B (medium and small) DRG neurons and in a rich plexus of fibers in 

the superficial laminae of the DH (Battaglia and Rustioni, 1988; Rustioni and 

Weinberg, 1989). At the ultrastructural level, glutamate immunoreactivity was 

localized in terminals which formed the core of type I and II glomeruli or were 

engaged in simple axo-dendritic synapses (De Biasi and Rustioni, 1988; Maxwell 

et al., 1990; Merighi et al., 1991; Valtschanoff et al., 1994). At the subcellular 

level staining was selectively localized to small, clear, round synaptic vesicles 

(Merighi et al., 1991; Valtschanoff et al., 1994). Aspartate has also been 

implicated as a putative neurotransmitter of PAFs (Rustioni and Weinberg, 1989). 

This is of relevance since aspartate has been demonstrated to be a selective 

agonist of the N-methyl-D-aspartate (NMDA) glutamate receptor (Curras and 
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Dingledine, 1992). Glutamate and aspartate activate both metabotropic (mGlu) 

receptors coupled via G-proteins to soluble second messengers, and ionotropic 

receptors directly coupled to cation-permeable ion channels. All these receptors 

show a complex pattern of localization in different neuronal types of the DH. 

Three major groups of mGlu receptors have been recognized (Conn and Pin, 

1997; Valerio et al., 1997): group I receptors (mGlu1 and mGlu5) are localized to 

the superficial laminae of the DH and positively coupled to phospholipase C 
 

(PLC), and possibly nitric oxide synthase (NOS), whereas group II (mGlu2 and 

mGlu3) and III (mGlu4, mGlu6 and mGlu8) are negatively coupled to adenyl 

cyclase (AC). Specific receptor types differentially alter intracellular calcium 

concentration ([Ca2+]i) and transduction mechanisms, thereby modulating 

neuronal excitability by, for example, ion channel/receptor phosphorylation and 

modulation of gene transcription. 
 

DL-a-NH2-2,3,-dihydro-5-methyl-3-oxo-4-isoxazolepropanoic acid (AMPA) 

receptor isoforms are made of several subunits, among which the Glu R2 plays a 

major role in controlling Ca2+ permeability and conductance. The different 

isoforms have specific patterns of distribution in the spinal cord  (Popratiloff et 

al., 1998; Albuquerque et al., 1999; Engelman et al., 1999; Akesson et al., 2000; 

Lu et al., 2002). The conductance of AMPA receptors localized on DH 

nociresponsive neurons is predominantly to Na+, and these receptors show low 

affinity for glutamate (compared to NMDA), low voltage-dependence, rapid 

kinetics and desensitization upon selective stimulation (Stanfa and Dickenson, 

1999; Li et al., 1999a; Szekely et al., 2002). NMDA receptors are composed of 

heteromultimeric subunits and can be classified into several different types 

differentially distributed throughout the CNS. In the DH the NMDA R1 is the 
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predominant form (Tölle et al., 1993; Bardoni et al., 2000; Bardoni, 2001). All 

classes of NMDA receptors display slow channel kinetics, a variable degree of 

voltage-dependent Mg++ block, and marked permeability to Ca2++. 

Neuropeptides are highly concentrated in the superficial DH and lamina X. An 

impressive number of immunocytochemical studies  in the last decades provided a 

detailed mapping of their distribution. For the purpose of the present work  we 

will restrict our discussion to the tackykinins and the calcitonin gene-related 

peptide (CGRP) that coexist with EAAs in at least a subset of PAF terminals 

(Merighi, 2002). 

The tackykinins are a family of structurally related peptides derived from two 

precursor proteins (Helke et al., 1990). The most widely known member of the 

family is substance P (SP) which has been implicated in nociceptive 

neurotransmission since the early 1950s (Lembeck, 1953). Other members of the 

family include neurokinin A (NKA), neurokinin B (NKB), and neuropeptide K 

(Helke et al., 1990). Light and electron microscopy distribution studies have 

demonstrated that: i. SP and NKA are widely distributed in PAF terminals in 

laminae I-III, and X of the spinal cord (Ruda et al., 1986), although the existence 

of intrinsic spinal neurons containing SP is also widely recognized (Rustioni and 

Weinberg, 1989; Todd and Spike, 1993; Ribeiro-Da-Silva, 1994); ii. they coexist 

with EAAs in single PAF terminals where they are segregated in LGVs; and iii. 

they may be costored together and/or with other peptides, namely CGRP, in 

individual LGVs (Merighi, 2002). 

Three different G protein –coupled receptors na med NK1, NK2 and NK3 have 

been so far described in mammals with maximal affinity for SP, NKA, and NKB 

respectively (Regoli et al., 1994). Nonetheless, NKA may also activate NK1 
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receptors, and SP NK2 sites. Both NK1 and NK2 receptors are positively coupled 

with PLC (Bentley and Gent, 1995; Mantyh et al., 1997). NK1 receptor and its 

mRNA are widely distributed in the DH (Nakaya et al., 1994; Bleazard et al., 

1994; Liu et al., 1994a; Brown et al., 1995) where they are present in numerous 

cell bodies mainly localized in laminae I and III, but only a few in lamina II.  

The pronociceptive peptide CGRP is also particularly abundant in sensory 

pathways, where the predominant form is aCGRP (Amara et al., 1985). As 

mentioned above, in PAF terminals CGRP is often costored with SP (or NKA) 

within individual LGVs. CGRP acts on at least two different types of receptors 

named CGRP1 and CGRP2 which are both coupled to AC (Wimalawansa et al., 

1993; Wimalawansa, 1996). The mechanism of action of CGRP at central PAF 

endings in the DH remains to be elucidated. 

 
 
 

Functional interactions of EAAs, SP and CGRP 
 

The cooperative effects of glutamate, SP and CGRP at central and peripheral 

endings of nociceptors have been the object of extensive studies. 

At central endings, glutamate regulates nociceptive neurotransmission by both pre 

and postsynaptic mechanisms. NMDA and different types of mGlu receptors have 

been localized to DH neurons (i.e. postsynaptically to PAFs) as well as to PAFs 

(i.e. presynaptically). Activation of presynaptic NMDA receptors exerts a 

feedback positive action on the release of EAAs and SP from PAF terminals, 

thereby enhancing synaptic transmission (Liu et al., 1994d; Liu and Sandkuhler, 

1998; Boyce et al., 1999; Lu et al., 2003). On the other hand the role of individual 

mGlu receptor subtypes presynaptically localized to PAF terminals remains to be 

elucidated, since they might either increase or decrease synaptic release in relation 
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to their intracellular signal transduction mechanisms. At present, evidence for an 

inhibitory role of group II and III mGlu receptors has been provided (Zhong et al., 

2000; Gerber et al., 2000b; Zhou et al., 2001). 

High- intensity stimulation of PAFs produces a fast, AMPA/kainate-receptor- 

mediated EPSC in the superficial laminae of the DH. Activation of low-threshold 

afferent fibres generates typical AMPA-receptor- mediated excitatory postsynaptic 

spontaneous potentials (EPSCs) only, indicating that kainate receptors may be 

restricted to synapses formed by high-threshold nociceptive and thermoreceptive 

PAFs (Li et al., 1999b). Although the histological localization of kainate receptors 

remains uncertain, it seems likely that at least part of them is located on PAF 

terminals (Kerchner et al., 2002), and that their desensitization reduces the 

mechanical allodynia and thermal hyperalgesia  that follows PAF injury (Zhou et 

al., 1997; Kerchner et al., 2001b). Presynaptic kainate receptors are also linked to 

changes in GABA/glycine release from spinal cord interneurons (Kerchner et al., 

2001a). 

Similarly to glutamate, SP is likely to act both pre and postsynaptically onto NK1 

 
receptors at synapses between PAF terminals and DH neurons (Routh and Helke, 

1995; Heppenstall and Fleetwood-Walker, 1997; Todd, 2002). 

The cooperative action of glutamate, tackykinins and CGRP on DH neurons 

follows a well established temporal pattern, and their respective roles depend 

upon the nature and duration of noxious stimulation. Initial triggering is provided 

by AMPA receptors that display extremely rapid kinetics, and their activation 

mediates a rapid depolarization of DH neurons over a few msec. Slower and more 

sustained EPSPs lasting up to 10 sec are consequent to activation of NMDA, 

group I mGlu, and NK1 (NK2 and CGRP) receptors. 
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At peripheral endings, antidromic action potentials (related to the efferent  

function of nociceptive PAFs) may be triggered in collateral fibers giving rise to 

the so called axon reflex. This leads to release of EAAs, SP, CGRP that, together 

with other mediators, enhance nociceptive transmission by a feedback action on 

PAF terminals, and by acting onto the surrounding tissues thereby increasing 

inflammation and pain (Wood and Docherty, 1997). The peripheral terminals of 

small caliber PAFs express AMPA, NMDA and kainate receptors. Local 

administration of ketamine, a NMDA channel blocker, inhibits primary and 

secondary hyperalgesia in humans. The algogenic action of glutamate at periphery 

is likely to be also linked to its capability to stimulate release of SP from PAFs or 

sympathetic terminals. In keeping with this findings, activation of peripheral 

NMDA receptors on PAFs triggers the release of SP at their central endings (Liu 

et al., 1994b). This process may be mediated by NO (Sorkin, 1993; Aimar et al., 

1998). 

Finally it is of interest to note that large caliber Aß fibers also display AMPA and 

NMDA receptors at both their central and peripheral endings (Wood and 

Docherty, 1997). This raises the possibility that this category of fibers is also 

modulated by EAAs, that can thus play a role in the induction of mechanical 

allodynia. 

 
 
 

Functional and neurochemical characterization of DH neurons involved in 

nociception 

Although there is a variety of  morphological neuronal types in the spinal cord, 

and particularly in the DH, three main classes of neurons can be defined in 

relation to their response to primary afferent sensory input (Millan, 1999). 
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The first class is represented by neurons that specifically respond to noxious 

stimuli. These nociceptive-specific neurons are silent under normal circumstances, 

become activated only by high intensity noxious stimuli conveyed to the cord by  

C and Ad fibers, and display a limited capability to encode stimulus intensity. 

They are primarily located in laminae I and IIo, but are also found in laminae V- 

VI. 

The second class of is represented by the multireceptorial or wide-dynamic range 

(WDR) neurons. The terms WDR refers to their property of responding to a wide 

range of stimulus intensities, from innocuous to noxious, with a direct stimulus- 

response relationship. These cells represent the principal neuronal type capable to 

encode stimulus intensity. WDR neurons are activated by thermal, mechanical and 

chemical stimuli conveyed to the cord by either C, Ad and Aß fibers. They are 

mainly located in laminae IV-VI, but are also detected in laminae I, IIo and X (and 

in the ventral horn). 

The third class is represented by non-nociceptive neurons, that are found primarily 

in laminae IIi, III and IV, altho ugh a few also occur in lamina I. 

On the basis of their output destination, DH neurons may be instead classified as 

projection neurons, that send their axons outside the gray matter to supraspinal 

centers, and interneurons, whose axonal arborizations are confined within the 

spinal cord. Both can be activated by nociceptive PAFs, and comprise any of the 

functional types (nociceptive-specific, WDR and non- nociceptive) described 

above. Spinal cord interneurons play a crucial role in the modulation and 

integration of nociceptive stimuli to be relayed to higher centers, and thus are 

likely implicated in the process of neuronal sensitization and referred pain. 

Interneurons of lamina II are of particular relevance under this aspect. For the 
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sake of simplicity, interneurons can be further subdivided into excitatory and 

inhibitory, according to their modulatory role on nociceptive inputs. However it 

must be kept in mind that some of them may be able to exert both effects through 

activation of different receptor types. 

Excitatory interneurons have a role in the indirect polysynaptic activation of 

projection neurons, and also form positive feedback circuits onto PAF terminals. 

In a similar fashion, inhibitory interneurons exert their roles through pre and 

postsynaptic mechanisms. It seems likely that the majority of inhibitory 

interneurons directly target projection neurons of different functional types 

(nociceptive-specific and WDR), as well as PAF terminals . An additional 

possibility is the existence of a direct circuitry connecting inhibitory and 

excitatory interneurons (Fields et al., 1991; McHugh and McHugh, 2000; Le Bars, 

2002). 

The neurotransmitters utilized by excitatory interneurons are not fully 

characterized, but several lines of evidence indicate EAAs and neuropeptides as 

likely candidates. On the other hand, inhibitory interneurons have been 

extensively characterized in terms of their neurotransmitter content. These 

neurons utilize three main families of neuromessengers (acetylcholine, opioid 

peptides and inhibitory amino acids) that may show more or less complex patterns 

of coexistence/costorage. Most pertinent to the present discussion, the inhibitory 

interneurons that use ?-amino-butyric acid (GABA) and/or glycine as their 

(principal) neurotransmitter(s) are widely distributed in the superficial laminae of 

the dorsal horn (Todd et al., 1995, 1996; Kerkut and Bagust, 1995). 

GABA acts on two types of receptors named GABAA and GABAB. GABAA 

receptors control a chloride-permeable ion channel, that upon opening usually 
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leads to cell hyperpolarization. GABAB receptors are G protein coupled. Upon 

activation they inhibit AC, decrease Ca2+ currents, increase K+ currents and thus 

hyperpolarize neurons and reduce transmitter release (Malcangio and Bowery, 

1996). Glycine is often coexisting with GABA, and acts on strychnine-sensitive 

glycineA receptors (Todd et al., 1996; Laing et al., 1994).  Neurons expressing 

GABA and glycine receptors are often postsynaptic to PAF terminals, but 

presynaptic GABA receptors have also been localized on these terminals (Xi and 

Akasu, 1996; Rudomin, 1999). 

 
 
 

NTs in nociceptive pathways 
 

During development, sensory modality in DRG neurons and their fibers is linked 

to specific growth factor requirements. A large percentage of type B DRG 

neurons and their C fibers is sensitive to capsaicin, the pungent alkaloid of hot 

peppers and vanilloid. These capsaicin-sensitive fibers can be further subdivided 

into two different populations (Bennett et al., 1998). The first contains CGRP and 

SP and depends upon nerve growth factor (NGF) for its initial survival and 

development (see below). The second, that can be labeled by IB-4 lectin, 

expresses a subclass of ATP receptors and is dependent upon glial cell-derived 

neurotrophic factor (GDNF). Cutaneous mechanoceptors and muscle 

proprioceptive fibers depend upon brain-derived neurotrophic factor (BDNF) and 

neurotrophin-3 (NT-3) respectively, but in the absence of neurotrophin-4 (NT-4) 

function, precursor cells intended to become BDNF-dependent mechanoreceptors 

instead differentiate into NT-3-dependent proprioceptive neurons (Liebl et al., 

2000). 
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It is now clearly established that the role of NTs in nociceptive pathways is not 

limited to development. For example, NGF not only functions as a trophic factor 

for a large population of DRG neurons, but also plays a key role in mediating 

alterations of the C fiber phenotype in certain conditions of enhanced pain 

stimulation (such as those following inflammation) leading to hyperalgesia. 

In a more general context, NTs also appear to be able to interfere with short-term 

synaptic events in the mature CNS. Indeed, a growing body of data indicates that 

NTs are directly involved in the exchange of information between central neurons 

in several areas of the brain and spinal cord. NGF, BDNF, NT-3 or NT-4 have all 

been implicated in synaptic potentiation and plasticity (Gottschalk et al., 1998; 

Pozzo-Miller et al., 1999; Xu et al., 2000; Yang et al., 2001; Kaplan and Cooper, 

2001), and long-term potentiation (LTP) and/or long-term depression (LTD) in 

the hippocampus  (Saarelainen et al., 2000; Xie et al., 2000), visual system 

(Huang et al., 1999; Sermasi et al., 2000; Pesavento et al., 2000), and, most 

related to the present discussion, spinal cord (Arvanov et al., 2000). 

The effects of  NTs at peripheral and central endings of PAFs should be 
 

considered  in an overall organic frame (Bennett, 2001). In general, locally 

produced NTs are  taken up by peripheral endings of nociceptors, exert a series of 

biological effects at these sites, and are then retrogradely transported to DRGs. An 

anterograde transport along the dorsal roots has been documented for at least  

some members of the family, that may be therefore released at central endings of 

PAFs within the spinal cord. 

We will discuss below the evidence available so far for each individual NT for a 

role in the modulation of nociceptive inputs that are relayed to the spinal cord. 

Nonetheless, as it will become apparent in the following, there are several types of 
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interactions among  members of this family of neurotrophic factors in nociceptive 

pathways. 

Before discussing these issues, we will briefly mention some general concepts on 

the induction and regulation of NT synthesis and release from neurons, to put 

things in the right perspective. However, one should have well in mind that most 

information regarding this issue has been obtained in vitro or in brain areas other 

than the spinal cord. 

 
 
 

Neuronal synthesis and release of NTs 
 

NTs can be released from neurons by an unconventional mechanism that involves 

an increase in [Ca2+]i from intracellular stores and is independent from 

extracellular Ca2+, but rather depends upon extracellular Na+ influx via voltage 

gated sodium channels (Blochl and Thoenen, 1995; Blochl and Thoenen, 1996). It 

seems possible that a rise in cAMP also triggers NT release (Thoenen, 1995). 

Activation of different types of glutamate/GABA receptors (that, as already 

mentioned, are widely expressed in nociceptive pathways) may stimulate or 

inhibit synthesis and/or release of NTs, particularly NGF and BDNF. Although 

production of these NTs may be regulated by neuronal activity, this does not 

appear to be the case for NT-3 (Lindholm et al., 1994). Glutamate receptors 

display different but still not completely understood interactions with NTs in 

vitro. Some authors have reported that NMDA receptors may be involved in 

BDNF upregulation (Favaron et al., 1993; Kokaia et al., 1993), but this has been 

denied by others (Zafra et al., 1990; Wetmore et al., 1994; Lauterborn et al., 

2000). Moreover, in these studies it was observed that positive modulation of 
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AMPA or kainate receptors increases NT expression in hippocampal and cortical 

neurons (Zafra et al., 1990; Lauterborn et al., 2000) . 

The effect of GABA receptor activation on NT expression is also far from being 

clear. Under certain conditions activation of GABA receptors seems to 

downregulate NT production (Zafra et al., 1991; Thoenen, 1995), whereas an 

increase in NTs and their mRNAs was observed in other experimental contexts 

(Heese et al., 2000; Obrietan et al., 2002). This issue is further complicated by the 

depolarizing effect of GABA during very early stage of development (Berninger 

et al., 1995; Marty et al., 1996; Obrietan et al., 2002). 

Nonetheless, given that transmitter amino acids are likely to influence NT levels 

in the CNS, in a reciprocal fashion NTs exert a marked influence upon gene 

expression and synaptic transmission. These actions are not limited to long term 

plastic changes in synapses, which in the case of the nociceptive pathways are 

much better characterized and understood, but also comprise a number of trk- 

mediated rapid effects via multiple intracellular signal transduction pathways. NT 

signaling through trks not only occurs postsynaptically, but also in a retrograde 

fashion upon activation of presynaptic receptors at the same synapses from which 

NTs have been released. The dissection of these trk- mediated mechanisms in 

nociceptive pathways is still far from being complete. 

Postsynaptic actions are linked to phosphorylation of ion channels and transmitter 

receptors which potentiaties EPSPs, in particular NMDA receptor- mediated 

currents (Kaplan and Stephens, 1994; Levine et al., 1998). The intracellular 

mechanism involved likely consists in a rise of  [Ca2+]i  with activation of PLC or 

other protein kinases (Sakai et al., 1997; Yu et al., 1997; Suen et al., 1997a). 
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An alternative or additional mechanism has been proposed for BDNF that can 

enhance NMDA receptor- mediated currents by acting at the allosteric glicineB site 

via a retrograde presynaptic mechanism (Jarvis et al., 1997). 

Presynaptic actions of NTs have been shown to consist in an increase of synaptic 

currents, again linked to a rise of [Ca2+]i that is responsible for an augmented 

release of transmitters, among which glutamate (Berninger and Poo, 1996). Rise 

in [Ca2+]i is dependent upon extracellular Ca2+ and likely involves L-type voltage- 

dependent Ca2+ channels, which can be phosphorylated by different protein 

kinases that may be induced via trk receptors (Berninger and Poo, 1996; Sakai et 

al., 1997; Lesser et al., 1997; Sherwood et al., 1997; Baldelli et al., 1999; Baldelli 

et al., 2002). 

 
 
 

NGF 
 

NGF was initially characterized for its growing effects on sensory neurons (Levi- 

Montalcini and Angeletti, 1968). These effects are exerted upon binding to high- 

affinity trkA receptors which are expressed in approximately 40% of rat adult 

DRG neurons (Richardson et al., 1986; Verge et al., 1989; Smeyne et al., 1994). 

During development NGF appears to be necessary for survival of small diameter 

DRG neurons giving rise to nociceptive C fibers projecting to laminae I-II of the 

DH (Otten et al., 1980; Otten et al., 1982; Ruit et al., 1992). NGF also influences 

the phenotypic development of cutaneous high threshold mechanoreceptors of the 

Ad type (Ritter et al., 1991; Ritter and Mendell, 1992; Lewin et al., 1992). From 

development to adulthood, there is a shift in the role of NGF that initially acts as a 

survival factor (in particular for outgrowth and proliferation in sensory axons), 
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and becomes then indispensable for the maintenance of a differentiated phenotype 

of DRG neurons (Carroll et al., 1992; Ruit et al., 1992; Lewin et al., 1992). 

 
 
 

Functional role of NGF in adult DRG neurons 
 

In general terms, reduction of the NGF supply to DRGs that follows a peripheral 

nerve damage in adult animals leads to a diminution of SP (and other peptides) 

production in neuropathic pain, whereas an accumulation of NGF results in 

increased SP (and other peptides) synthesis in inflammatory pain. A remarkable 

indication of this role of NGF on plasticity of primary sensory neurons expressing 

SP comes from the results of the surgical re-routing of muscle sensory fibers to 

skin (Lewin and McMahon, 1991). It is well known that the levels of endogenous 

NGF are by far higher in skin than in muscle, and, accordingly, re-oriented PAFs 

display an increased contend of SP. 

NGF counteracts the loss of CGRP and SP expressing DRG neurons following 

injury (Fitzgerald et al., 1985; Inaishi et al., 1992), and regulates the expression of 

these two neuropeptides in vitro (Lindsay et al., 1989; Lindsay and Harmar, 

1989). Other studies in which a synthetic protein, trkA-IgG, was used to sequester 

endogenous NGF and block the survival effects of NGF on cultured sensory 

neurons,  showed that administration of trkA-IgG produces a sustained thermal 

and chemical hypoalgesia and leads to a downregulation of the sensory 

neuropeptide CGRP (McMahon et al., 1995). 

Experiments in vivo confirmed and extended these observations. Upon basal 

conditions lumbar DRG neurons express high levels of CGRP, SP and 

somatostatin, while there are only limited amounts of vasoactive intestinal 

polypeptide (VIP), cholecystokinin (CCK), neuropeptide Y (NPY) and galanin. 
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Following sciatic nerve transection there is a phenotypic shift in peptide 

expression with substantial decrease in expression of CGRP, SP, somatostatin and 

their mRNAs in parallel with increased VIP, CCK and galanin (Munglani et al., 

1996; Ramer et al., 1998; Hökfelt et al., 2000). In parallel, peripheral axotomy 

causes Aß fibers to sprout into lamina II, a region from which they are normally 

excluded (Bennett et al., 1996). Intrathecal NGF administration counteracts the 

decrease in expression of CGRP and SP, but not somatostatin, and reduces the 

numbers of VIP-, CCK-, NPY- and galanin-expressing neurons after injury  

(Verge et al., 1995). The action of NGF on SP may be explained by the presence 

of a NGF-responsive element controlling SP mRNA transcription in the promoter 

region of the preprotachykinin gene (Heumann, 1994). In addition, the lack of 

NGF effects on somatostatin producing DRG cells is consistent with the absence 

of trkA receptor protein and mRNA in these neurons (Verge et al., 1995). 

Moreover, NGF (but not NT-3 or BDNF) prevents both the axotomy- induced 

reduction in CGRP staining within lamina II and the sprouting of Aß fibers into 

this region. It is likely that the prevention of Aß fiber sprouting is a secondary 

consequence of NGF rescuing small fibers originating from trkA-expressing DRG 

neurons (Bennett et al., 1996). Similarly, expression of NGF by recombinant 

adenovirus is capable to induce a robust axonal regeneration into normal as well 

as ectopic locations within the DH after dorsal root injury (Romero et al., 2001). 

Behavioral studies, in which rats treated with NGF (and GDNF but not BDNF) 

recover sensitivity to noxious heat and pressure following axotomy, confirm the 

importance of NGF in maintenance of adult sensory neurons. Moreover, they 

confirmed that NGF and BDNF have different effects in vivo, on the ground of the 
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their well known actions on distinct subpopulations of DRG neurons (Ramer et 

al., 2000). 

NGF, hyperalgesia and inflammation 
 

Administration of excess NGF to neonatal or mature animals can lead to a 

profound behavioral hyperalgesia (Lewin et al., 1993). Neonatal NGF treatment 

results in a marked mechanical hyperalgesia that persists until maturity. This 

hyperalgesia is explained by an NGF- mediated sensitization of Ad nociceptive 

PAFs to mechanical stimuli. Treatment of juvenile animals leads to a very similar 

behavioral hyperalgesia, but there is not sensitization of Ad nociceptors to 

mechanical stimuli. Adult animals also develop mechanical hyperalgesia upon 

NGF treatment, but without sensitization of Ad nociceptive afferents. In addition, 

adult animals develop heat hyperalgesia. Therefore, it appears that the NGF- 

induced mechanical hyperalgesia is brought about by different mechanisms in 

neonatal and adult rats. Furthermore, NGF-induced mechanical hyperalgesia in 

adult animals may be due to central changes, whereas heat hyperalgesia is likely 

to result from sensitization of peripheral receptors to heat. In keeping, adult rats 

that received intraplantar injections of NGF develop thermal hyperalgesia linked 

to reduction of thermal nociceptive threshold in capsaicin sensitive PAFs (Amann 

et al., 1995). Similar effects are observed in humans after intradermal injection of 

recombinant NGF (Dyck et al., 1997). 

Numerous experiments with transgenic mice lacking or overexpressing NGF 
 

clearly confirmed the occurrence of perturbations in nociceptive transmission in 

the presence of anomalous levels of this NT. When the basal levels of skin NGF 

are reduced by producing transgenic animals that expressed a fusion gene 

construct containing an antisense NGF cDNA linked to the K14 keratin promoter, 
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mice display a profound hypoalgesia to noxious and mechanical stimuli (Davis et 

al., 1993). Similar results are obtained after mis-expression and deletion studies of 

the ngf gene (Akopian et al., 1996). In keeping, mice with null mutation of the 

trkA gene exhibit a severe deficit  in nociception following thermal and 

mechanical stimuli (Smeyne et al., 1994). On the other hand, increase of NGF 

basal levels in the skin (Davis et al., 1993) or the spinal white matter (Ribeiro-Da- 

Silva et al., 2000) in transgenic animals leads to hyperalgesia and/or allodynia. 

Excess target-derived NGF does not alter physiological response properties or the 

types of neurons containing CGRP, but rather induces an increase in the relative 

proportions of myelinated nociceptors (Ritter et al., 2000). Therefore, all these 

data clearly demonstrate the capability of experimentally administered NGF to 

modulate the phenotype of DRG neurons, and that endogenous production of 

NGF regulates the sensitivity of nociceptive systems (McMahon, 1996). Although 

the aforementioned data are mainly referred to cutaneous afferents, visceral 

nociceptive afferents also express trkA receptors and respond to NGF in a similar 

fashion (Dmitrieva and McMahon, 1996; Dmitrieva et al., 1997). 

Peripheral inflammation leads to profoundly increased pain sensitivity: noxious 

stimuli generate a greater response, and stimuli that are normally innocuous elicit 

pain, as a consequence of an increased local sensitivity of peripheral terminals of 

Ad and C fibers. Since the endogenous levels of NGF raise substantially in 

inflamed tissues (Weskamp and Otten, 1987; Donnerer et al., 1992; Woolf et al., 

1994a; McMahon, 1996), it was not surprising that NGF turned out to be a 

cardinal link between inflammation and hyperalgesia. NGF produced in peripheral 

tissues (or administered locally) acts on cells expressing trkA receptors such as 
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inflammatory cells, sympathetic neurons, and PAF terminals originating from 

NGF-sensitive DRG neurons. 

In general, hyperalgesia associated with experimental inflammation is blocked by 

the pharmacological antagonism of NGF in several animal models (McMahon, 

1996). Experimental inflammation results in local sensory hypersensitivity and 

up-regulates SP and CGRP in DRG neurons innervating the inflamed tissue 

(Woolf et al., 1994a; Amann et al., 1995). Systemic administration of anti-NGF 

neutralizing antibodies prevents behavioral changes (McMahon et al., 1995), 

neuropeptide up-regulation, and the inflammation- induced expression of the 

immediate early gene c-fos in DH neurons (Woolf et al., 1994a). Following 

carrageenan inflammation, which raises the endogenous levels of NGF in 

inflamed tissues, a marked increase in the proportion of active Ad and C 

nociceptors is observed (Koltzenburg et al., 1999). Spontaneously active fibers are 

sensitized to heat, but the mechanical threshold of nociceptive PAFs remains 

unchanged. When the NGF-neutralizing molecule trkA-IgG is administered 

together with carrageenan, primary afferent nociceptors do not sensitize and 

display essentially normal response properties. 

Under physiological conditions, NGF in inflamed tissue derives from different 

sources including PAF terminals, Schwann cells, sympathetic neurons, mast cells, 

macrophages, fibroblast, and skin keratinocytes (Brown et al., 1991). When the 

relative contribution of these different cell types to the hyperalgesic action of 

NGF in inflammation was examined, it was observed that sympathetic neurons 

transiently contribute to inflammatory hyperalgesia. However, mast cells (which 

are a potential source of NGF) and sensory neurons are important for the 

sustained action of NGF in increased nociceptive transmission (Woolf et al., 
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1996). The hyperalgesic actions of NGF are in part consequence of the 

sensitization of the peripheral terminals of high threshold nociceptors, either as a 

result of a direct action of NGF on trkA expressing PAFs, or indirectly, via the 

release of sensitizing mediators from trkA expressing inflammatory cells and 

postganglionic sympathetic neurons (Amann et al., 1995). Indeed chronic 

degranulation of mast cells significantly impairs the rise of NGF levels in 

inflamed tissues (Woolf et al., 1996), possibly as a consequence of an impairment 

in synthesis, storage or release of NGF from these inflammatory cells, or a 

reduction in the release of tumor necrosis factor a or other cytokines from mast 

cells, which, in turn, stimulate other cell types to produce NGF. 

In animals subjected to Freund's adjuvant-induced arthritis (AIA), a model of 

long- lasting inflammatory pain, there is an increased immunoreactivity for the 

NGF trkA receptor and the low affinity p75NTR in NGF-sensitive, but not GDNF- 

sensitive, DRG neurons. The rise of p75NTR occurs immediately upon Freund’s 

adjuvant administration, and is followed by increase of trkA immunoreactivity 

linked to the development of a long-lasting inflammatory response. In parallel, the 

two receptors are up-regulated at central endings of NGF-sensitive nociceptors 

(Pezet et al., 2001). Moreover, blockade of NGF bioactivity using an antagonist of 

trkA and p75NTR results in suppression  of inflammatory pain (Owolabi et al., 

1999). These results implicate NGF in long-term mechanisms accompanying 

chronic inflammatory pain, via the regulation of its high affinity receptor trkA 

p75NTR. 

As previously mentioned, a growing body of evidence suggests that chronic 
 

pathologic pain results from long-term plasticity of central nociceptive pathways 

(Woolf and Costigan, 1999). Diverse peripheral neuropathies are characterized by 
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a loss or reduction of NGF supply to PAFs and DRGs (Woolf, 1996). Several 

types of PAF lesions and diabetic neuropathy are characterized by decrease of the 

mRNA levels for trkA and p75NTR  in DRG neurons with a further reduction of 

NGF availability to these cells (Verge et al., 1995; Delcroix et al., 1997; Delcroix 

et al., 1998). Reduction of NGF availability could be a cause of cisplatin- induced 

peripheral neuropathies, and exogenous administration of NGF may be helpful to 

prevent or reduce cisplatin neurotoxicity in cancer patients (Aloe et al., 2000). 

Also, NGF levels are reduced in the spinal cord during experimental allergic 

encephalomyelitis (Calzà et al., 1997, 2002), and the clinical course of the disease 

ameliorates following NGF administration (Villoslada et al., 2000). Very recently, 

precursors of NGF have been shown to be the predominant forms of this NT in 

brain and peripheral tissues, and evidence has been provided that proNGF 

preferentially binds p75NTR with high affinity. In human and rat skin and nerve 

extracts, a 53 kDa band was detected by Western blot using antibodies against 

rhNGF or preproNGF, that could correspond to a previously described modified 

preproNGF- like molecule (Yiangou et al., 2002). Expression of these molecules is 

markedly reduced in skin extracts from patients with subclinical diabetic 

neuropathy, but is increased in extracts of inflamed colon from patients with 

Crohn's disease. Antibodies to both rhNGF and preproNGF immunostain basal 

keratinocytes in tissue sections of normal human and rat skin, and show 

accumulation of immunoreactive material in nerve fibers distally to sciatic nerve 

ligation in rats. PreproNGF antibody immunostain rat large/medium sized DRG 

neurons, whereas only small neurons are stained with antibodies to mature  

rhNGF. These observation suggest that preproNGF may be preferentially taken up 

and transported by p75NT R. On these bases, the different molecular forms derived 
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from preproNGF are likely to be of importance in sensory mechanisms, and 

deserve further investigation (Yiangou et al., 2002). 

As repeatedly mentioned before, PAFs not only express the high affinty trkA 

receptor for NGF, but also the low affinity p75NTR  (Henry et al., 1994; Kitzman et 

al., 1998). The level of expression of p75NTR in DRG neurons appears to be 

modulated by NGF level in target tissues (Kitzman et al., 1998). The 

interrelationships of p75NTR  and NGF (and other NTs) in determining the 

biological functions of the molecule(s) are still poorly understood. Directly related 

to the present discussion, p75NTR enhances the retrograde flow of NGF from PAF 

terminals to DRGs. In fact, NGF is retrogradely transported in sensory neurons 

within DRGs, where it alters transcription of a number of proteins and peptides. 

NGF-mediated modification of gene expression in DRG neurons during 

inflammation is central to the pathophysiology of persistent pain. The phenotype 

changes produced by NGF during inflammation include the aforementioned 

downregulation/upregulation of several neuropeptides, which may amplify 

sensory input signals in the spinal cord and augment neurogenic inflammation in 

the periphery, but also upregulation of receptors, ion channels and growth related 

molecules which may lead to a hyperinnervation of injured tissue by promoting 

terminal sprouting. 

Both the endosome-assisted dispatch of activated trkA receptors to DRGs as well 

as transport of a NGF-trkA complex may be responsible for these NGF-mediated 

actions at the DRG level (Ehlers et al., 1995; Grimes et al., 1996; Riccio et al., 

1997). By these mechanisms, NGF can enhance the production of several 

nociception-related molecules in C fiber terminals besides to SP and CGRP. 

Among these, certain types of Na+ channels, proton –activated ion channels and 
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vanilloid receptors (Guo et al., 2001) are of particular interest. Also, it was 

recently shown that intratechal NGF administration induces novel purinergic 

receptor P2X(3) expression in DRGs and spinal gray matter, with intense 

immunoreactivity in axons projecting to laminae I, IIo and X (Ramer et al., 2001). 

In DRG neurons the purinergic receptor P2X(3) is found predominantly in 

GDNF-sensitive nociceptors. Therefore, de novo expression of P2X(3) in NGF- 

sensitive nociceptors may contribute to chronic inflammatory pain (Ramer et al., 

2001). Moreover, peripheral production of NGF during inflammation and its 

retrograde transport to DRGs induces p38 MAPK activation in the soma of C 

fiber nociceptors. Inflammation also increases protein (but not mRNA) levels of 

the heat- gated ion channel TRPV1 (VR1) in these neurons, which is then 

transported to peripheral but not central C fiber terminals. Inhibiting p38 

activation in DRGs reduces the increase in TRPV1 in the DRG and inflamed skin, 

and diminishes inflammation- induced heat hypersensitivity. Likely, activation of 

p38 in the DRG following retrograde NGF transport, by increasing TRPV1 levels 

in nociceptor peripheral terminals in a transcription- independent fashion, 

contributes to the maintenance of inflammatory heat hypersensitivity (Ji et al., 

2002). 

Therefore, following peripheral inflammation a complex array of long-term 

phenotypic modifications of NGF-sensitive nociceptors is likely to be responsible 

of a series of cellular and molecular events eventually leading the onset of 

pathologic pain. Under this perspective and of particular relevance to the present 

discussion, NGF has also been demonstrated to be capable to induce expression of 

BDNF and its mRNA in trkA bearing DRG neurons after intratechal treatment 
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(Apfel et al., 1996; Michael et al., 1997; Cho et al., 1997). This issue will be 

discussed below in the section of this chapter dedicated to BDNF. 

As mentioned above, there is evidence that the delay of several hours in the onset 

of mechanical hyperalgesia evoked by systemic or spinal administration of NGF 

(Lewin et al., 1994), is related to upregulation of SP, CGRP and NKA synthesis in 

DRG, and transport to central terminals in the DH. In keeping, antibodies against 

NGF or trkA fusion proteins, not only block inflammatory hyperalgesia at 

periphery, but also the increase of sensory neuropeptide levels in DRG neurons 

and PAF central terminals (Donnerer et al., 1993; Lewin and Mendell, 1993; 

Lewin et al., 1993; Croll et al., 1994; Woolf et al., 1994a; McMahon et al., 1995; 

Malcangio et al., 1997). Moreover, NGF- induced hyperalgesia and wind-up of 

DH neurons are abolished by NK1 receptor antagonists, in accord with the idea 

that the longer-term pronociceptive actions of NGF are of an indirect type, and 

mediated through the sensitization of SP-responsive DH neurons (Thompson et 

al., 1995b; McMahon, 1996; Ma and Bisby, 1998). A further confirmation of this 

indirect role of NGF as a central mediator of hyperalgesia comes from the 

observation that its pronociceptive capabilities are limited by the accumulation of 

N-terminal SP metabolites (Larson and Kitto, 1997). 

Nonetheless, trkA and p75NTR are expressed in the spinal gray matter with a 
 

laminar pattern corresponding to that of nociceptive C and Ad fibers (Fig. 1A, B, 

E). By using real time confocal imaging of calcium signal in acute spinal cord 

slice preparations from young rats, we have obtained preliminary evidence that 

NGF acutely increases [Ca2+]i in a subpopulation of lamina II neurons (Merighi et 

al., 1999; Fig. 2). The possibilty that NGF has central effects in the DH is 
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confirmed by observation that systemic treatment with NGF induces a significant 
 

 
 

Figure 1: Distribution of NTs and their receptors in nociceptive pathways. 
A-B: Immunocytochemical localization of the high-affinity NGF receptor trkA (A) and the low- 
affinity p75NTR (B) in fibers of the superficial laminae of the DH. C-D: localization of BDNF 
immunoreactivity in DRG neurons (C) and the superficial dorsal horn (D) . E: In situ hybridization 
of trkB mRNA in the dorsal horn. Note the presence of numerous positive neurons in lamina II. 
The arrow indicates the area shown at higher magnification in the insert. F: TrkA -immunoreactive 
cell bodies and fibers (arrows) in the gray matter (lamina X) surrounding the central canal 
(asterisk). Bars = 25 µm. 

 

 
 

increase in evoked release of substance P in an isolated spinal cord preparation 

(Malcangio et al., 1996).  However, acute superfusion of  NGF through a naive rat 

spinal cord preparation does not alter basal or electrically evoked release of SP- 

like immunoreactivity (Malcangio et al., 1997). 



35  
 
 

 
 

Figure 2: Kinetics of the [Ca2+]i  change in three neurons from the P8 rat substantia gelatinosa 
following acute NGF (500 ng/ml) administration, as expressed by the ration between Indo-1 
emission wavelength at 405 and 485 nm. A total of nine cells were recordered during this 
experiment. We have recordered a total of 36 cells in three different experiments, and 14 of them 
were NGF-responsive (mean +/ -SEM: 42.7 +/-11.3). 

 

 
 

Anterograde transport of NGF to the DH has not been demonstrated (Anand et al., 

1995), and thus the in vivo relevance of these findings remains to be established. 

 
 
 

BDNF 
 

It is well known that phenotype alterations in C fibers may be paralleled by the so-

called phenotypic switch in Aß fibers, which, under inflammatory conditions, 

begin to synthesize and release SP (Woolf et al., 1992; Neumann et al., 1996). In 

initial experiments, NGF was hypothesized to have a role in this phenotypic 

switch, since it was shown to affect the central terminals of PAFs by switching the 

sensory modalities of Aß fibers and modifying the pattern of their responses to 

electrophysiological stimulation (Lewin and Mendell, 1994; Thompson et al., 

1995a). Also, these NGF-induced modifications were reduced following treatment 

with the NK1 receptor antagonist RP675880 thus reinforcing the idea of a close 

link between NGF and SP in mediating changes in nociceptive transmission 

(Thompson et al., 1995a). 

However, large diameter Aß fibers do not express trkA receptors (McMahon et 

al., 1994) and thus NGF could not be directly involved in the phenotypic shift. On 
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the other hand, trkB receptors for BDNF are found in DRG neurons of different 

diameters, including a population of mechanical nociceptors (Wright and Snider, 

1995; Lewin and Barde, 1996; Koltzenburg, 1999). In contrast to cutaneous 

afferents, about 90% of visceral afferents coexpress trkB and trkA receptors 

(McMahon et al., 1994), and BDNF has been demonstrated to enhance the 

sensitivity to capsaicin of vagal PAFs containing SP (Winter, 1998). Therefore it 

seems possible that BDNF is peripherally upregulated in visceral PAFs upon 

inflammation, and might be able to modulate the phenotype of these fibers in 

visceral pain (McMahon et al., 1994; Lewin and Barde, 1996). 

Modulation of noc iceptor central synapses by BDNF 
 

Unlike NGF, that appears to be primarily involved in the modulation of 

nociceptive PAFs at periphery, BDNF has a direct role in the modulation of 

central synapses of nociceptors (Pezet et al., 2002c; Malcangio and Lessmann, 

2003). Indeed, there is now compelling evidence that BDNF is capable to affect 

central neuronal activity at least in the hippocampus, visual system, and, related to 

the present discussion, spinal cord. As we will discuss below, BDNF intervenes in 

central sensitization, that, as repeatedly mentioned, is responsible of several types 

of hyperalgesia and can be considered a particular form of synaptic plasticity 

similar LTP or LTD. In sensory pathways, BDNF and its mRNA are, under 

normal conditions, localized in several different DRG neuron subtypes (Fig. 1C), 

the majority of which corresponds to small- to medium- sized cells expressing  

trkA and CGRP (Cho et al., 1996; Apfel et al., 1996; Michael et al., 1997). This 

close relationship between BDNF and trkA/CGRP expressing DRG neurons is 

mirrored at their central endings in the spinal cord (Fig. 1D), where BDNF- 

immunoreactivity is restricted to CGRP-containing PAFs. BDNF 
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immunoreactivity is not detected in IB4- or trkC- labeled DRG neurons, although  

a few of these cells may express the BDNF mRNA (Michael et al., 1997). 

Consistently with these observations, BDNF immunoreactivity is absent from the 

termination zones of large caliber and IB4- labeled PAFs in the spinal cord 

(Michael et al., 1997). The fact that about one third of DRG neurons constitutively 

express BDNF in normal adult animals raises the question of which is the 

biological role of this NT in primary afferent pathways. In vitro, a BDNF 

autocrine loop has been shown to act on survival of a subpopulation of adult DRG 

neurons (Acheson et al., 1995). However this seems unlikely to take place under 

normal circumstances in vivo, since only 1% of cells expressing BDNF mRNA 

also express trkB, and only 2% of trkB cells contained BDNF mRNA (Michael et 

al., 1997). The low degree of coexistence between BDNF immunoreactivity and 

trkB labeling in DRG neurons is somewhat surprising, considering that target- 

derived BDNF is believed to be retrogradely transported to the soma of trkA- 

expressing neurons (Distefano et al., 1992). On the other hand, it appears that 

there is little retrograde BDNF transport from peripheral terminals of trkB- 

expressing PAFs, and target-derived BDNF might only represent a small fraction 

of the total BDNF protein within DRGs (Michael et al., 1997). As previously 

mentioned in the introduction to this review, there is a complex pattern of 

messenger coexistence/costorage in PAF central terminals (Merighi, 2002). 

Therefore, it seems obvious that BDNF may modulate EAA and/or SP actions in 

the DH. 

In PAF terminals of the naïve spinal cord, BDNF immunoreactivity appears to be 

localized to LGVs, where it might be costored with SP (Michael et al., 1997), 

although no direct morphological evidence for it has been provided yet, and 
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BDNF and SP can be released independently after capsaicin administration to the 

isolated DH (Lever et al., 2001). 

Since SP release form PAF terminals in the DH is under the inhibitory control of 

endogenous GABAergic and opioid interneurons that antagonize NMDA-evoked 

facilitation, the effects of bicucullin and naloxone on BDNF release have been 

evaluated, coming to the conclusion that release of endogenous BDNF is not 

modulated by the GABAergic inhibitory system (Lever et al., 2001). Conversely, 

release of endogenous BDNF in the isolated rat DH appears to be mediated by 

NMDA receptor activation after chemical stimulation by capsaicin or electrical 

stimulation of dorsal roots at C fiber strength. These experiments clearly 

demonstrate that endogenous BDNF can be released at central synapses of 

nociceptors. However the cellular mechanisms that intervene in the regulation of 

such a release remain, for the most, obscure. Lever and colleagues (2001) have 

shown that after short bursts of high- frequency stimulation of dorsal roots (300 

pulses in 75 trains, 100 Hz) BDNF is released together with glutamate and SP. 

Interestingly, BDNF release is inhibited by the NMDA receptor antagonist D(-)2- 

amino-5-phosphonopentanoate (D-AP-5) but not by the AMPA/kainate (non- 

NMDA) antagonist 6-cyano-7-nitro-quino xaline-,2,3 dione (CNQX), indicating 

that glutamate stimulates BDNF release by activation of NMDA receptors. 

Nonetheless tetanic high- frequency stimulation (300 pulses in 3 trains, 100 Hz) 

does not evoke significant BDNF release, suggesting that glutamate alone is not 

sufficient to induce release of the NT. Release of endogenous BDNF in the DH is 

likely to occur mainly, if not exclusively, from the central terminals of nociceptive 

DRG neurons on at least three bases: i. BDNF immunoreactivity in the DH is 

substantially reduced after capsaicin application (Lever et al., 2001), ii. there is no 
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histological evidence for intrinsic or descending BDNF neurons/pathways in the 

DH (Apfel et al., 1996; Michael et al., 1997; Heppenstall and Lewin, 2001), and 

iii. results of the aforementioned electrophysiological experiments are consistent 

with the pattern of NMDA glutamate receptor distribution in the DH. Therefore, it 

seems possible that release of BDNF from PAF central terminals is modulated, 

among others, by presynaptic NMDA receptors on these fibers (Liu et al., 1994c; 

Marvizon et al., 1997; Malcangio et al., 1998) and/or postsynaptic NMDA 

receptors via a retrograde signaling mechanism involving diffusible messengers 

such as NO (Merighi et al., 2000). 

An obvious question to be raised regards the physiological significance of BDNF 

release in the naïve DH. In an attempt to answer this question and to better 

characterize the mechanism(s) of action of this NT in the spinal cord, 

sequestration of endogenous BDNF (and NT-4) by a trkB fusion protein or 

analysis of BDNF-deficient mice has been employed. However, after BDNF 

sequestration no changes in either basal pain sensitivity or mechanical 

hypersensitivity induced by peripheral capsaicin administration (a measure of C 

fiber- mediated central sensitization) are observed (Mannion et al., 1999). On the 

other hand, in BDNF-deficient mice selective deficits in the ventral root potential 

(VPR) evoked by stimulating nociceptive PAFs are observed, whereas the non- 

nociceptive portion of the VPR remains unaltered (Heppenstall and Lewin, 2001). 

Although there may be some concern in the interpretation of these results, since a 

decrease of about 30% of the total number of DRG neurons was previously 

observed in BDNF null mutants (Ernfors et al., 1994a), Heppenstall and Lewin 

have shown no obvious alterations in the number and connectivity of nociceptive 

neurons in their mutants, and come to conclude that BDNF released from 
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nociceptive PAFs has a role in modulating or even mediating reflex excitability, 

and that BDNF is necessary for normal baseline nociceptive responses in the 

spinal cord. 

Whereas all these observations converge to support a pronociceptive effect of 

endogenous BDNF in the spinal cord, the results obtained  after application of 

pharmacological concentrations of exogenous BDNF in different experimental 

paradigms, are subject to a more complex array of interpretations. Initial studies in 

which the NT was infused into the midbrain came to the conclusion that BDNF 

has an antinociceptive effect (Siuciak et al., 1994; Siuciak et al., 1995). Similarly, 

after engrafting of genetically engineered BDNF-secreting neurons or  

recombinant adeno-associated viral- mediated over-expression of BDNF in the 

spinal cord, attenuation of allodynia and hyperalgesia is observed after sciatic 

nerve constriction (Cejas et al., 2000; Hains et al., 2001a, b; Eaton et al., 2002). 

Also, topical application of BDNF to the adult rat isolated DH inhibits the 

electrically evoked release of SP from sensory neurons, and increases K+- 

stimulated release of GABA (Pezet et al., 2002a). 
 

On the other hand, others have provided evidence that, in the isolated spinal cord, 

exogenous BDNF selectively enhances the C fiber- mediated component of the 

flexor withdrawal reflex and NMDA-evoked responses recorded from ventral 

roots (Kerr et al., 1999). In keeping with the idea that BDNF has a pronociceptive 

effect in the DH, we have recently observed that BDNF alters [Ca2+]i in lamina II 
 

neurons after confocal imaging of acute spinal cord slices (Merighi et al., 1999). 

After capsaicin administration, we came hypothesize that rise of [Ca2+]i in these 

neurons is not directly due a postsynaptic effect of BDNF, but rather mediated by 
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a presynaptic mechanism involving release of SP from PAF terminals 

(Carmignoto et al., 2003). 

 
 
 

Upregulation of BDNF following inflammation or injury 
 

A correct understanding of the role of BDNF in nociception is further complicated 

by plasticity of PAFs that occurs under pathophysiological and/or experimental 

conditions. Indeed, the DRG content of BDNF is markedly upregulated in an 

NGF-dependent fashion upon different experimental manipulations leading to 

inflammation and/or injury (Thompson et al., 1999). 

After intratechal NGF treatment there is a up to 80-90% increase of BDNF and its 

mRNA in trkA/CGRP expressing DRG neurons, whereas NGF does not increase 

BDNF expression in those neurons lacking trkA (Apfel et al., 1996; Michael et 

al., 1997). Similar results are obtained after systemic NGF treatment, a procedure 

that mimics peripheral inflammatory states (Kerr et al., 1999). Moreover in a 

number of experimental models that are known to upregulate peripheral NGF, 

such as experimental inflammation after intraplantar formalin/carageenan (Kerr et 

al., 1999; Mannion et al., 1999) or neuritis of the nerve roots after lumbar disc 

herniation (Obata et al., 2002), the pattern of BDNF expression is modified in a 

similar fashion. C-fiber electrical activity also increases BDNF expression in 

DRGs, and both inflammation and activity increase full- length trkB receptor 

levels in the DH (Mannion et al., 1999). 

In addition, peripheral nerve injury leads to the same kinds of plastic changes in 

DRGs and spinal cord. Following a chronic sciatic nerve lesion or axotomy there 

is a long- lasting ipsilateral increase (2-4 weeks) in BDNF mRNA and protein in 

large diameter trkB- and trkC-expressing DRGs, whereas BDNF level is 
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unchanged or reduced in most trkA expressing neurons (Michael et al., 1999; 

Zhou et al., 1999; Ha et al., 2001; Fuk uoka et al., 2001). Under these conditions, 

BDNF-immunoreactive nerve terminals in the ipsilateral spinal cord increase in 

laminae II-IV and nucleus gracile. These studies show that in the DRGs, small 

trkA neurons switch off their normal synthesis of BDNF, whereas large trkB/C 

neurons switch to a BDNF phenotype. Plastic changes affecting sensory pathways 

are associated to thermal hyperalgesia, a sign of neuropathic pain, and appear to 

be reversed upon relief of behavioral changes. Namely, disappearance of thermal 

hyperalgesia is associated with downregulation to baseline levels of BDNF in 

DRGs and spinal cord (Miletic and Miletic, 2002). 

Thus, a growing body of evidence indicates that chronic/neuropathic pain  due to 

inflammation and/or peripheral nerve injury is mediated by BDNF at central 

synapses in the DH, upon a NGF-dependent phenotypic shift in the DRGs that 

leads to BDNF upregulation. In keeping, BDNF-induced behavioral changes 

indicative of neuropathic pain are abolished upon administration of a BDNF 

sequestering trkB-IgG fusion protein (Kerr et al., 1999; Mannion et al., 1999; 

Thompson et al., 1999), anti-BDNF antibodies to the spinal cord (Fukuoka et al., 

2001), or peripherally applied anti-NGF antibodies (Fukuoka et al., 2001).  

Despite of the extensive work done on this issue, the mechanism of action of 

BDNF within the spinal cord remains elusive. In a recent review, four different 

states of sensory processing have been described in relation to plasticity of the 

sensory system (Woolf and Costigan, 1999). The first state corresponds to normal 

nociceptive transmission. Under these conditions the system operates at baseline 

sensitivity, and only an intense stimulation of C and Ad fibers produces short- 

lasting pain. The second state occurs in a time scale of minutes and is linked to the 
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onset of post-translational changes within the DH. These changes lead to central 

sensitization and modify the basal threshold of sensitivity resulting in 

hyperalgesia and allodynia. The third state is a consequence of activity-dependent 

transcriptional changes within DRGs and DH, occurring in a time scale of hours. 

In this case the system is further potentiated with increased responsiveness to C 

fiber inputs. The fourth state is a consequence of peripheral inflammation and 

occurs in a time scale of hours/days. In this case potentiation of the system is 

paralleled by DRG phenotypic switch, leading to highest central sensitization. 

All lines of evidence available so far converge to the conclusion that BDNF 

physiologically acts starting from stage two onward. At this stage (which is not 

associated to inflammation) relatively brief C fiber inputs can sequentially evoke 

augmented membrane excitability, windup and central sensitization (Woolf and 

Wall, 1986). Windup is a consequenc e of the removal of Mg2+ block of the 

NMDA receptor with amplification of each subsequent input (Woolf and 

Costigan, 1999). BDNF likely plays a role in central sensitization upon release 

from PAF terminals and subsequent binding to trkB-expressing DH interneurons. 

The activation of trkB (and NMDA, mGluR, NK1) receptors gives rise to an 

increase in [Ca2+]i (Heath et al., 1994; Carmignoto et al., 2003) following 
 

extracellular influx and/or release from internal stores.  Indeed, the action of 

BDNF on [Ca2+]i has been proposed to be mediated by the trkB- induced activation 

of PLC? with the consequent production of inositol trisphosphate (IP3) and  

release of Ca2+ from internal Ca2+ stores (Zirrgiebel et al., 1995; Li et al., 1998). 

Increase in [Ca2+]i leads to activation of other tyrosine kinases such as src and 

PKC (Zirrgiebel et al., 1995). The major targets of these kinases are the NR1 and 

NR2 subunits of the NMDA receptor (Yu et al., 1997; Suen et al., 1997b). These 
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posttranslational modifications eventually lead to reduction of the NMDA 

receptor Mg2+ block. 

Stages three and four are respectively associated with early and late changes in 

transcription within DRG and DH neurons. Two hours after C fiber stimulation, 

BDNF mRNA levels increase in DRGs, and the trkB mRNA (Fig. 1F) augments 

in the DH (Woolf and Costigan, 1999). Namely, although in situ hybridization 

reveals the existence of a large population of DH neurons with trkB mRNA , 

immunohistochemistry demonstrates a low number of lamina II neurons 

expressing the full- length trkB protein in the naive spinal cord (Michael et al., 

1999; Mannion et al., 1999), and higher levels were only observed following 

episodes of high neuronal activity, inflammation and/or axotomy (Michael et al., 

1999; Mannion et al., 1999; Thompson et al., 1999). Increase in the amount of 

BDNF in DRGs and central PAF terminals, together with augmented expression 

of its high affinity receptor in the DH leads to potentiation of the system and 

further transcriptional changes. Acute BDNF stimulation induces a robust 

phosphorylation of the transcription factor cAMP response element-binding 

protein (CREB) in acute hippocampus and visual cortex slices (Pizzorusso et al., 

2000). It is therefore conceivable that at least part of the activity-dependent up- 

regulation of BDNF within the DRGs is also CREB-dependent. Moreover in 

hippocampus and visual cortex (Pizzorusso et al., 2000), spinal cord (Thompson 

et al., 1995a) and DRGs (Kim et al., 2000) increased expression of c-fos is 

observed after BDNF in vitro or in vivo. Also noxious stimulation induces trkB 

receptor and downstream ERK phosphorylation in DH (Pezet et al., 2002b). 

Whereas all the above observation give a rather coherent explanation of the 

postsynaptic effects of BDNF on DH neurons, a presynaptic action onto trkB- 
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expressing PAF terminals cannot be completely ruled out from observation of the 

time course of the BDNF acute effect on substantia gelatinosa neurons after real 

time confocal imaging of [Ca2+]i . Indeed, in slices preincubated with BDNF, 

[Ca2+]i oscillations  progressively increase with time both in frequency and 
 

amplitude (with a peak of activity 2-3 hours after incubation), and eventually 

affect an augmented number of cells (Merighi et al., 1999). This observation, 

suggests that the effect of BDNF is not linked to trkB- mediated formation of IP3. 

Indeed, activation of PLC?, that may results from activation of trkB receptors by 

BDNF, rapidly triggers the formation of IP3, and then the release of Ca2+ from 

intracellular compartments. The ensuing [Ca2+]i elevations strictly depend on the 
 

continuous formation of IP3, and they rapidly fade away in the absence of the 

stimulus that activates the IP3-coupled receptor (Pozzan et al., 1994). The direct 

activation of trkB receptors on DH neurons can, therefore, hardly account for the 

long- lasting increase in [Ca2+]i oscillation frequency and amplitude that are 

observed in slices subjected to a relatively short pre- incubation with BDNF before 

recording, rather than continuous superfusion for several hours. Accordingly, this 

latter type of BDNF action is more compatible with an indirect presynaptic 

mechanism that requires the recruitment of additional (retrograde ?) messenger(s) 

that in turn trigger [Ca2+]i oscillations in lamina II. 

The existence of such a presynaptic mechanism needs to be substantiated by an 
 

unequivocal localization of trkB receptors upon PAF terminals, localization that is 

at present still under debate. 

 
 

NT-3 
 

Neurotrophin-3 (NT-3) has a well documented role as a survival factor during 

development of muscle spindle afferent (group Ia) fibers. Selective survival of 
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muscle sensory neurons occurs in vitro in the presence of NT-3 (Hory-Lee et al., 

1993). Moreover, there is a selective loss of muscle afferents after treatment with 

anti-NT-3 antibodies before birth (Oakley et al., 1995), and muscle PAFs do not 

survive in mice with null mutation of NT-3 (Snider, 1994). In keeping, these 

fibers are rescued after reintroducing a NT-3 gene (Wright et al., 1997), and 

animals lacking the NT-3/trkC signaling pathway do not develop muscle PAFs 

(Ernfors et al., 1994b). In addition, several lines of evidence demonstrate a role 

for NT-3 in the rescue of spindle afferent function after axotomy or chemically 

induced neuropathies (Mendell et al., 2001). 

NT-3 exerts its biological effects via trkC receptors that are primarily localized to 

large caliber myelinated Aß fibers, although trkC has been localized throughout 

the spinal cord, including the superficial laminae of the DH (Zhou and Rush, 

1994), and descending serotoninergic fibers. Large myelinated muscle 

mechanosensitive PAFs retrogradely transport NT-3 from periphery to DRG 

neuronal cell bodies, but a centripetal transport to the spinal cord remains be 

demonstrated (Distefano et al., 1992). If indeed endogenous NT-3 reaches the 

naive spinal cord,  as it could be inferred from the observation that NT-3 is 

necessary for development of the monosynaptic stretch reflex after birth (Seebach 

et al., 1999), the mechanism(s) through which it acts at central synapses has been 

in part elucidated using the monosynaptic stretch reflex as a model system 

(Mendell et al., 2001). Application of exogenous NT-3 increases the amplitude of 

dorsal root-evoked monosynaptic AMPA/kainate receptor-mediated EPSP within 

minutes, and requires the presence of active NMDA receptors on the motorneuron 

membrane (Arvanov et al., 2000). The action of NT-3 is specifically exerted on 
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this type of synapses and not on other inputs that reach the motorneurons, and 

disappears in animals older that 1 week (Mendell et al., 2001). 

Although the physiological role of NT-3 does not seem to be restricted to muscle 

afferents, since excess NT-3 enhances the separation of dermatomes that occurs 

postnatally (Ritter et al., 2001), the existence and origin(s) of a putative pool of 

NT-3 in the DH of mature animals remain unclear, and a precise role of NT-3 in 

nociception still has to be established. 

Initial studies in which NT-3 was infused into the midbrain indicate, on a 

behavioral basis, that it has antinociceptive effects (Siuciak et al., 1994). This is 

further confirmed in an isolated spinal cord preparation in which a single systemic 

injection of NT-3 induces mechanical (but not thermal) hypoalgesia (Malcangio et 

al., 1997). Moreover, NT-3 inhibits the release of SP, suggesting that this 

mechanism may be responsible for NT-3- induced antinociception. In this 

experimental context NT-3, although not modifying SP basal outflow, dose- 

dependently inhibits the electrically evoked, but not capsaicin- induced, release of 

the peptide. NT-3-induced inhibition persists even in the presence of 

pharmacological concentrations of NGF in the perfusion fluid, and is still 

significant when the evoked release of SP is enhanced by a prolonged in vivo 

treatment with NGF. It seems likely that inhibition of SP release by NT-3 is 

mediated by activation of GABAA receptors onto DH interneurons since 

naloxone, but not CGP 36742 (a GABAB antagonist), abolishes the NT-3 effect on 
 

SP release (Malcangio et al., 1997). In keeping, locally administered NT-3 

appears to reduce the peripheral sensitization that follows a chemically- induced 

neuropathy  (Helgren et al., 1997). 
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More recently however, it was reported that NT-3 increases C-fibre stimulation- 

evoked SP release, and capsaicin superfusion- induced SP release in the isolated 

spinal cord. From these observations it was concluded that increased SP-release 

from the spinal cord is not necessarily associated with behavioral hyperalgesia in 

NT-3 treated rats (Malcangio et al., 2000). Similarly, a number of other 

experiments lead to support a pronociceptive role of NT-3. Transganglionic 

labeling of Aß fibres with choleragenoid- horseradish peroxidase (C-HRP) in 

animals treated intrathecally with NT-3 for 14 days via an osmotic pump shows 

that the area of C-HRP label expands into lamina II. These NT-3-treated animals 

have a significant decrease in mechanical nociceptive threshold (White, 1998). 

Consistent with this finding, intrathecal administration of NT-3 antisense 

nucleotides attenuates the density of C-HRP labeling in lamina II in nerve injured 

animals, and significantly attenuates nerve injury- induced allodynia (White, 

2000). 

 
 
 

NT-4 
 

In situ hybridization studies demonstrate that NT-4 is synthesized by DRG and 

DH neurons (Heppenstall and Lewin, 2001). Very little work has been done to 

characterize the effects, if any, of NT-4 in central nociceptive pathways. In NT-4 

null mice there are not obvious deficits in flexion reflex (Heppenstall and Lewin, 

2001). However in these mutants the anti- nociceptive effect of morphine appears 

to be partially mediated by NT-4-induced trkB receptor activation (Lucas et al., 

2003). 

 
 
 

Conclusion 
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A significant advancement of our understanding of the physiological role of NTs 

in nociceptive pathways has been achieved in the last years. Nonetheless a 

number of questions are still unresolved mainly linked to the mechanism(s) 

through which NTs acutely modulate synaptic transmission at central synapses in 

the DH. Our possibilities of comprehension of this aspect of NT neurobiology are 

further hampered by the fact that this family of growth factors exert a wide array 

of functions during development in the survival and maintenance of nerve cells, 

and that substantial maturation of the nociceptive pathways still occurs in 

postnatal life. The recent observation that NTs can be sorted into either the 

constitutive or regulated secretory pathways (Mowla et al., 1999), explains how 

NTs can act both as survival factors (when entering the constitutive pathway) and 

neuromessenger (when entering the regulated pathway).  Similarly to what 

happened with NGF, that was initially considered as the prototype of neurotrophic 

factors, BDNF is now emerging as the prototype of a novel class of 

neuromessengers in several areas of the CNS. In keeping, BDNF is processed in 

the regulated secretory pathway within brain neurons and secreted in an activity- 

dependent manner (Mowla et al., 1999), and in BDNF knockout mice there is an 

impairment of synaptic vesicle docking (Pozzo-Miller et al., 1999), confirming 

that it is released at synapses and influences neuronal activity. In the nociceptive 

pathways plastic changes mediated by NTs, particularly NGF, have been 

extensively documented, and the cellular and molecular mechanisms that underlie 

these changes have been basically unraveled. Nonetheless the acute modulatory 

effects of NTs at central synapses in the DH are still far to be understood, since 

some effects of BDNF (and perhaps other members of the family) are hardly 

explained only on the basis of post-translational and/or activity-dependent 
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transcriptional modifications of the nociceptors and/or their postsynaptic target 

neurons in the DH. 

Clearly much work still needs to be done to clarify the subcellular site of storage 

of NTs at central synapses, their pattern of coexistence with EAAs and/or 

neuropeptides, and functiona l interactions these nociceptive messengers. This 

information, together with an in-depth ultrastructural and functional analysis of 

receptor distribution in the DH, will be fundamental to fully understand fast 

synaptic events that are mediated by NTs in nociceptive pathways. 

 
 
 

Acknowledgements 
 

The original work described in this paper has been funded by grants of the Italian 

MIUR (Fondi FIRB 2001 and COFIN 2002 to AM and GC) and by local grants 

from the University of Torino. 

 
 
 

Abbreviations 
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excitatory amino acid; EPSP, excitatory postsynaptic spontaneous potential; 
GABA, ?-amino-butyric acid; GDNF, glial cell-derived neurotrophic factor; IP3, 
inositol trisphosphate; LTD, long term depression; LTP, long term potentiation; 
NGF, nerve growth factor; NK, neurokinin; NKA, neurokinin A; NKB, neurokinin 
B; NMDA, N-methyl-D-aspartate; NO, nitric oxide; NOS, nitric oxide synthase; 
NPY, neuropeptide Y; NT, neurotrophin; NT-3, neurotrophin-3; NT-4, 
neurotrophin-4;  PAF, primary afferent fiber; PLC, phospholipase C; SP, 
substance P; VIP, vasoactive intestinal polypeptide; VPR, ve ntral root potential; 
WDR, wide dynamic range. 
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