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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.



Pain is the perception of an aversive or unpleasansation originating from a
given region of the body and/or viscera. The Irdéamal Association for the
Study of Pain has given the following definitidain is an unpleasant sensory
and emotional experience associated with actugpatential tissue damage or
described in terms of such damagkherefore, pain is highly subjective and
comprises affective (emotiomnal) and sensory diso@tive components,
involving integration and elaboration of peripHarputs conveyed to different
areas of the central nervous system (CNS) alonthé¢oso called nociceptive
pathways. These latter are initially activated bgpecific subset of peripheral
sensory receptors, the nociceptors, that provitternation about tissue damage
from somatic or visceral structures. Noxious stinamicoded by nociceptors are
first conveyed to the dorsal horn (DH) of the spinard or the main spinal
nucleus of the trigeminal nerve, then they travedupraspinal relay centers, such
as the thalamus, and finally reach the corticolon&tructures where they are
perceived as pain.

We will give here an account of the current knowlkea@bout the role of
neurotrophins (NTs) in the primary processing atioos stimuli in the spinal
cord DH. Before doing so we will briefly mentionmse general features of the
anatomical, physiological, and neurochemical ogtion of primary afferent

pathways, to put things under the right perspective

Organization of the primary afferent pathwaysin the spinal cord
The organization and physiological properties ahary afferent pathways in the
spinal cord have been extensively and authoritgtineviewed elsewhere (Ruda

et al., 1986; Willis, Jr. and Coggeshall, 1991; daahd Spike, 1993; Ribeiro-Da-



Silva, 1994; Schadrack and Zieglgansberger, 1998ami 1999; Alvares and
Fitzgerald, 1999; Dubner and Ren, 1999; Petersémn-Zsd Basbaum, 1999;
McHugh and McHugh, 2000; Burnstock, 2000; Herrerale 2000; Gerber et al.,
2000a; Willis, 2001; Hunt and Mantyh, 2001; Ji akdolf, 2001; Morisset et al.,
2001; Mendell and Arvanian, 2002; Willis, 2002)darutaneous primary afferent
fibers (PAFs) have been studied in deeper det&ierdfore, the following short
description will be mainly based upon the data lalsée for this type of fibers.
General properties of PAFs

According to their diameter, structure, and funailoproperties, cutaneous PAFs
can be grouped into three categorie€ fibers, that are thin, unmyelinated and
display slow-conducting velocityi. Ad fibers, that are of intermediate diameter,
scarcely myelinated and have intermediate conduetsbocity; andiii. Al fibers,
that are of large size, myelinated and display ¢asduction velocity. In the skin
these three categories of fibers are typicallygmes proportions of about 70, 10
and 20% respectively, although some variations magur. All types of
cutaneous afferents can trans mit non —nociceptfeemation, but, under normal
circumstances, only C and Ad fibers transmit nqative information. C and Ad
fibers originate from small size type B neurongha dorsal root ganglia (DRGS)
and reach the spinal cord via the dorsal rootdhjoaih unmyelinated fibers
originating from the DRGs are present in the vémtat as well.

In general terms, upon exposure of the skin toxdons stimulus, Ad fibers elicit

a first rapid phase agharp pain, whereas C fibers evoke a second wawudf
pain (Treede et al., 1992; Millan, 1999). There rardtiple classes of both C and
Ad fibers, and their characterization is somewltahglicated by the existence of

interspecies differences, heterogeneity in the gntegs of these fibers in different



tissues, and terminological ambiguities. We wilf to simplify this issue as
follows. C fibers comprisei. non nociceptive thermoreceptois; low threshold
mechanoceptors responsive to pressure,iianaociceptors (Willis, 1991; Treede
et al., 1992). The C fiber nociceptors represemttarogeneous group of receptors
among which are comprised chemoreceptors, higtshbié thermoreceptors and
mechanoreceptors. Some of these may be specifiaaliyated by chemical
irritants, heath or mechanical stimuli, but otherxsy respond to different types of
stimuli and are thus referred to as polymodal orHCK¢hemical, mechanical,
heath) nociceptors. Polymodal nociresponsive Crditbeave a crucial role in the
sensitization of spinal neurons, a process undeylghronic painful states.

Ad fibers comprise two classes of mechanoreceptmes:is normally activated by
high intensity mechanical stimuli above the noxidhgeshold, while the other
displays a lower threshold (Treede et al., 1992ydBan et al., 1996, 1997).
Members of the fist class are usually referred 4oTgpe | mechanoreceptors.
These high threshold rapidly conducting receptoes ander normal conditions,
weakly responsive to high intensity heat cold ahéngical stimuli. However,
upon repetitive thermal stimulation these fiber lb@gome sensitized, and in the
presence of tissue damage, they respond to hdatsustained responses of long
duration and slow latency.

The Type Il Ad mechanoreceptors have been primasgcribed in the primate
hairy skin. They display a lower threshold to nasoheat stimuli than the
corresponding Type | fibers (Treede et al., 1998yddun et al., 1996, 1997).
Finally there are some Ad fibers more responsivecdoling than mechanical

stimuli (Simone and Kajander, 1996, 1997).



AR cutaneous fibers originate from large-sized #Wp@RG neurons and they also
reach the spinal cord via the dorsal roots. Inabgence of tissue or nerve injury
AR fibers respond only to touch, vibration, preesand other modes on non
noxious, low intensity mechanical stimulation oé tekin (Willis and Coggeshall,
1991; Mense, 1993; Woolf et al., 1994b).

Cutaneous nociceptors can encode the intensity afxious thermal and
mechanical stimuli and the spatial localizationnokious stimuli (Treede et al.,
1992; Dubner and Ren, 1999). This indicates thstexte of central mechanisms
of spatial and temporal summation of pain signal{(dMierck, et al., 1997).
However, the prompt response of nociceptors toausxstimuli underlies the so
calledalerting role of acute painand very likely occurs with little modulation at
peripheral or central levels (Handwerker and Kot8B3). Thus, in the absence
of tissue damage, repetitive noxious stimulationyniee associated with a
decreased response of some polymodal C fibersrna & receptor adaptation
observed in other sensory modalities. However, whssue damage occurs
nociceptor adaptation is largely outweighed by i@ r@nd peripheral mechanisms
of sensitization.

Pain originating in organs other than the skin ldigp some distinguishing
features with respect to those outlined abovet, fire distinction of a sharp and
dull phase of pain perception is not obvious; sdcaleep somatic and visceral
pain is often associated with a pronounced automotomponent in which
hypotension, nausea, sweating and other clinigaissrelated to stimulation of
sympathetic and parasympathetic pathways may beepperent; and third, deep
and visceral pain is often diffuse, i.e. it may dificult to exactly localize its

source, and it is frequently subjectively referreather intact tissues.



Nociceptive fibers in muscles are free nerve erdinijstributed within the
connective tissue between individual muscle fibensd investing fascial
envelopes. They are small- sized group Il mye#idafibers (equivalent to
cutaneous Ad fibers) and group IV unmyelinated rib@quivalent to C fibers).
The first are activated by mechanical stimuli asdpond to muscle stretch and
contraction, besides to non-noxious pressure. Hewebout one third of them
are nociceptors, typically being activated by hypoxand/or ishaemia, and
localized noxious rise in pressure (Hoheisel etl&193; Mense, 1993; Marchettini
et al., 1996, 2000). Group Il fibers can be sz by thermal and chemical
stimuli. Group IV fibers share several charactegsof group 11l and about 50%
of them are nociceptive.

Nociceptive fibers in joints mainly consist of gpoll and IV free nerve endings
and a small subset of large corpuscolar myelinadedlike fibers. These
nociceptors respond to anomalous mechanical slait of joint beyond the
normal range of movement.

Nociceptive information from the thoracic and uppbdominal viscera reaches
the CNS via the sympathetic chains, whereas tbat the lower gut and bladder
follows the route of pelvic parasympathetic nervEkere is evidence for the
existence of polymodal C and Ad fibers in the lzexd gut (Cervero and Connell,
1984; Meller and Gebhart, 1994; Cervero, 1995; @abl995; Blackshaw and
Gebhart, 2002). Genuine AR fibers are absent inevés suggesting that non
noxious information in viscera must be transmitigdAd and C fibers. Therefore,
according to the pattern theory, visceral paimiensity-encoded by non-specific
fibers likewise responsive to innocuous stimulatigtandwerker and Kobal,

1993; Cervero, 1995).



Termination of PAFs in the spinal gray matter

In thick sections, the gray matter of the spinatideas a cytoarchitectonic laminar
organization in which 10 different laminae haverbeecognized (Rexed, 1954).
Lamina Il, the substantia gelatinosa Rolandi, ihier subdivided into an outer
(Ily) and an inner ()l portion.

The pattern of termination of PAF in the cord isimhaipsilateral, although the
presence of contralateral projections has beenrtexpdy several investigators,
and tract-tracing studies have demonstrated thetegxie of preferential laminar
terminations for different types of PAFs. Moreoverthe dorsal root entry zone
close to the surface of the spinal cord, PAFs watng from different peripheral
territories become segregated into medial anddbstreams. The medial stream
comprises the large-sized AR fibers which dividéhimi the dorsal funiculus into
ascending and descending branches. These latteg sw0 the gray matter and
make synapses in laminae 1I-VI of the DH and lamiyahe region surrounding
the central canal. The largest ascending branaheslf the way to the dorsal
column nuclei in the medulla oblongata. The latste¢am comprises Ad and C
fibers, which, upon entry, divide into short asaagdand descending branches
within the dorsolateral tract of Lissauer. The liumgjnal projections of Ad and C
fibers extend along several consecutive segmentshefcord (Willis and
Coggeshall, 1991). Non-nociceptive Ad fibers temenprimarily in laminae ill
and lll, whereas nociceptive Ad fibers terminatéaiminae I, 1§, V and X.

C fibers terminate in laminae I-1l and X.

In the superficial DH three main types of PAF terahiconfigurations have been

defined. In two of these, a PAF terminal forms ¢bee of a multisynaptic
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complex commonly referred to as a synaptic glonustulThe third type of
synaptic configuration made by PAF is a conventicgere-dendritic synapse,
which is however particularly enriched in denseedprlarge granular vesicles
(LGVs) which are known to contain one or more npemiides, and are thus also
referred to as P-type vesicles (Merighi, 2002). &jic glomeruli are mostly
peculiar to lamina Il. There are two different tgpe glomeruli (type | and type

II) with different and characteristic ultrastrua@band neurochemical features. It
is now clearly demonstrated that the central teahwf type | glomeruli originates
from a C fiber, whereas the terminals of Ad fibare engaged in type Il glomeruli

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

Neurochemistry of nociceptive PAFs

The issue of the neurochemical characterizatiomoofceptive PAFs is a complex
one since differences are expected to derive froamthe existence of
heterogeneous functional types of PAF (as outladealve), i.e. C fibers compared
to Ad fibers;ii. the different tissue targets of innervation, altjfoithis point
needs further clarification; anil the phenotypic switch that occurs between the
normal intact state versus inflammation and/ougéserve injury.

In general terms, PAF contain and release a cdckfabiologically active
molecules rather than a single neuromessenger. sSEeis1s to be a general rule
rather than an exception since the costorage arekistence of multiple
messengers in neurons is a widespread phenomemugliout the CNS and PNS
(Lundberg, 1996; Hokfelt et al., 2000; Merighi, 200DRG cells are unipolar
neurons giving rise to a common stem axon that idmaely bifurcates into a

centrifugal process reaching the peripheral tissared a centripetal process that
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enters the spinal cord. Although some caution shdod exercised (Merighi,
2002), one expects that the same combination okengers is found at central
and peripheral endings of these neurons. A cortibmaf excitatory amino acids
(EAAs) and peptides is usually found in small- tedimm-sized DRG neurons
that give rise to nociceptive C and Ad fibers (Hakf1991; Lundberg, 1996;
Hokfelt et al., 2000; Merighi, 2002).

Glutamate was one of the first neurotransmitteppsed for PAFs (Johnson,
1972; Hutchinson et al., 1978), and nowadays tle @b this amino acid as a
major excitatory neurotransmitter in the spinaldc@nd throughout the CNS) is
fully established. The availability of antiseraeatited against amino acids fixed in
tissue sections has made possble the visualizafighutamate (and other amino
acids) in specific neurons and pathways that usentlas neurotransmitters
(Ottersen and Storm-Mathisen, 1984; Ottersen addr8tathisen, 1987). Light
immunocytochemical studies revealed that glutanstdetected in both type A
(large) and B (medium and small) DRG neurons and iith plexus of fibers in
the superficial laminae of the DH (Battaglia ands&ani, 1988; Rustioni and
Weinberg, 1989). At the ultrastructural level, glutte immunoreactivity was
localized in terminals which formed the core ofdypand Il glomeruli or were
engaged in simple axo-dendritic synapses (De BiagiRustioni, 1988; Maxwell
et al., 1990; Merighi et al., 1991; Valtschanoffakt 1994). At the subcellular
level staining was selectively localized to smalkar, round synaptic vesicles
(Merighi et al., 1991; Valtschanoff et al., 1994 spartate has also been
implicated as a putative neurotransmitter of PARgstioni and Weinberg, 1989).
This is of relevance since aspartate has been ddrated to be a selective

agonist of the N-methyl-D-aspartate (NMDA) glutamegceptor (Curras and
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Dingledine, 1992). Glutamate and aspartate actibgatt metabotropic (mGlu)
receptors coupled via G-proteins to soluble seamedsengers, and ionotropic
receptors directly coupled to cation-permeabledbannels. All these receptors
show a complex pattern of localization in differem@uronal types of the DH.
Three major groups of mGlu receptors have beengréped (Conn and Pin,
1997; Valerio et al., 1997): group | receptors (mp@nd mGly) are localized to
the superficial laminae of the DH and positivelypled to phospholipase C
(PLC), and possibly nitric oxide synthase (NOS)gevdas group I (mGhand
mGlw) and Il (mGly, mGly and mGly) are negatively coupled to adenyl
cyclase (AC). Specific receptor types differenyiadliter intracellular calcium
concentration ([CH]) and transduction mechanisms, thereby modulating
neuronal excitability by, for example, ion chanresdéptor phosphorylation and
modulation of gene transcription.
DL-a-NH;-2,3,-dihydro-5-methyl-3-oxo-4-isoxazolepropanoiccida (AMPA)
receptor isoforms are made of several subunitsngmadich the Glu R2 plays a
major role in controlling Cd permeability and conductance. The different
isoforms have specific patterns of distributionttke spinal cord (Popratiloff et
al., 1998; Albuquerque et al., 1999; Engelman ¢t18199; Akesson et al., 2000;
Lu et al, 2002). The conductance of AMPA recepttosalized on DH
nociresponsive neurons is predominantly td,Nand these receptors show low
affinity for glutamate (compared to NMDA), low valie-dependence, rapid
kinetics and desensitization upon selective stitraria(Stanfa and Dickenson,
1999; Li et al., 1999a; Szekely et al., 2002). NMbekeptors are composed of
heteromultimeric subunits and can be classified iséveral different types

differentially distributed throughout the CNS. hetDH the NMDA Ris the
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predominant form (Télle et al., 1993; Bardoni et 2000; Bardoni, 2001). All
classes of NMDA receptors display slow channeltiisea variable degree of
voltage-dependent Mgblock, and marked permeability to €a

Neuropeptides are highly concentrated in the sigmrfDH and lamina X. An
impressive number of immunocytochemical studiegshénlast decades provided a
detailed mapping of their distribution. For the pase of the present work we
will restrict our discussion to the tackykinins atite calcitonin gene-related
peptide (CGRP) that coexist with EAAs in at leassudbset of PAF terminals
(Merighi, 2002).

The tackykinins are a family of structurally relhtpeptides derived from two
precursor proteins (Helke et al., 1990). The maskely known member of the
family is substance P (SP) which has been implicate nociceptive
neurotransmission since the early 1950s (Lembe2k3)1 Other members of the
family include neurokinin A (NKA), neurokinin B (NB), and neuropeptide K
(Helke et al., 1990). Light and electron microscagigtribution studies have
demonstrated thai: SP and NKA are widely distributed in PAF terminats
laminae I-11l, and X of the spinal cord (Ruda et 4B86), although the existence
of intrinsic spinal neurons containing SP is alddely recognized (Rustioni and
Weinberg, 1989; Todd and Spike, 1993; Ribeiro-Diae5i1994);ii. they coexist
with EAAs in single PAF terminals where they argregated in LGVs; andi.
they may be costored together and/or with othertigenp namely CGRP, in
individual LGVs (Merighi, 2002).

Three different G protein —coupled receptors na N&d, NK, and NKz have
been so far described in mammals with maximal igffilor SP, NKA, and NKB

respectively (Regoli et al., 1994). NonethelessANHKay also activate NK
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receptors, and SP Nis&ites. Both NK and NK; receptors are positively coupled
with PLC (Bentley and Gent, 1995; Mantyh et al.97p NK; receptor and its
MRNA are widely distributed in the DH (Nakaya et d41994; Bleazard et al.,
1994; Liu et al., 1994a; Brown et al., 1995) whirey are present in numerous
cell bodies mainly localized in laminae | and bt only a few in lamina II.
The pronociceptive peptide CGRP is also particulabundant in sensory
pathways, where the predominant form is aCGRP (Aneiral., 1985). As
mentioned above, in PAF terminals CGRP is ofteiaced with SP (or NKA)
within individual LGVs. CGRP acts on at least twlietent types of receptors
named CGRPand CGRR which are both coupled to AC (Wimalawansa et al.,
1993; Wimalawansa, 1996). The mechanism of actidd@RP 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 CGREeitral and peripheral
endings of nociceptors have been the object ohekte studies.

At central endings, glutamate regulates nocicepisarotransmission by both pre
and postsynaptic mechanisms. NMDA and differenésypf mGlu receptors have
been localized to DH neurons (i.e. postsynaptidalliPAFs) as well as to PAFs
(i.e. presynaptically). Activation of presynapticM®A receptors exerts a
feedback positive action on the release of EAAs 8Rdfrom PAF terminals,
thereby enhancing synaptic transmission (Liu et1#94d; Liu and Sandkuhler,
1998; Boyce et al., 1999; Lu et al., 2003). Ondttesr hand the role of individual
mMGlu receptor subtypes presynaptically localize®£d- terminals remains to be

elucidated, since they might either increase oredese synaptic release in relation
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to their intracellular signal transduction mecharss At present, evidence for an
inhibitory role of group Il and 1l mGlu receptoh&s been provided (Zhong et al.,
2000; Gerber et al., 2000b; Zhou et al., 2001).

High- intensity stimulation of PAFs produces a fa8MPA/kainate-receptor-
mediated EPSC in the superficial laminae of the BEtivation of low-threshold
afferent fibres generates typical AMPA-receptordrated excitatory postsynaptic
spontaneous potentials (EPSCs) only, indicating Kaenate receptors may be
restricted to synapses formed by high-thresholdceptive and thermoreceptive
PAFs (Li et al., 1999b). Although the histologitatalization of kainate receptors
remains uncertain, it seems likely that at least pathem is located on PAF
terminals (Kerchner et al.,, 2002), and that the#senhsitization reduces the
mechanical allodynia and thermal hyperalgesia fiblkdws PAF injury (Zhou et
al., 1997; Kerchner et al., 2001b). Presynaptiodi® receptors are also linked to
changes in GABA/glycine release from spinal cornmeurons (Kerchner et al.,
2001a).

Similarly to glutamate, SP is likely to act botle@nd postsynaptically onto NK
receptors at synapses between PAF terminals andddkbns (Routh and Helke,
1995; Heppenstall and Fleetwood-Walker, 1997; T@O8R).

The cooperative action of glutamate, tackykiningl &LGRP on DH neurons
follows a well established temporal pattern, aneirtmespective roles depend
upon the nature and duration of noxious stimulatioitial triggering is provided
by AMPA receptors that display extremely rapid kic&& and their activation
mediates a rapid depolarization of DH neurons aview msec. Slower and more
sustained EPSPs lasting up to 10 sec are consetueuativation of NMDA,

group | mGlu, and NK(NK; and CGRP) receptors.
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At peripheral endings, antidromic action potentidielated to the efferent
function of nociceptive PAFs) may be triggered otlateral fibers giving rise to
the so callegaxon reflex This leads to release of EAAs, SP, CGRP thatthey
with other mediators, enhance nociceptive transanisky a feedback action on
PAF terminals, and by acting onto the surroundilsgues thereby increasing
inflammation and pain (Wood and Docherty, 1997)e Peripheral terminals of
small caliber PAFs express AMPA, NMDA and kainateceptors. Local
administration of ketamine, a NMDA channel blockerhibits primary and
secondary hyperalgesia in humans. The algogenmnaat glutamate at periphery
is likely to be also linked to its capability tarstilate release of SP from PAFs or
sympathetic terminals. In keeping with this findngactivation of peripheral
NMDA receptors on PAFs triggers the release of Star central endings (Liu
et al., 1994b). This process may be mediated by(8iikin, 1993; Aimar et al.,
1998).

Finally it is of interest to note that large calil®d? fibers also display AMPA and
NMDA receptors at both their central and peripheealdings (Wood and
Docherty, 1997). This raises the possibility thais tcategory of fibers is also
modulated by EAAs, that can thus play a role in itduction of mechanical

allodynia.

Functional and neurochemical characterization of Did¢urons involved in
nociception

Although there is a variety of morphological nenabtypes in the spinal cord,
and particularly in the DH, three main classes efirons can be defined in

relation to their response to primary afferent sepsput (Millan, 1999).
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The first class is represented by neurons thatifsg@ly respond to noxious
stimuli. These nociceptive-specific neurons arensiinder normal circumstances,
become activated only by high intensity noxioussati conveyed to the cord by
C and Ad fibers, and display a limited capability éncode stimulus intensity.
They are primarily located in laminae | ang, but are also found in laminae V-
VI.

The second class of is represented by the mulptedal or wide-dynamic range
(WDR) neurons. The terms WDR refers to their prgpef responding to a wide
range of stimulus intensities, from innocuous txiogs, with a direct stimulus-
response relationship. These cells represent theipal neuronal type capable to
encode stimulus intensity. WDR neurons are activaiethermal, mechanical and
chemical stimuli conveyed to the cord by eitherAd, and A3 fibers. They are
mainly located in laminae IV-VI, but are also dé¢ecin laminae I, Jand X (and
in the ventral horn).

The third class is represented by non-nociceptergans, that are found primarily
in laminae Il Il and 1V, although a few also occur in lamina

On the basis of their output destination, DH nesroray be instead classified as
projection neurons, that send their axons outdigegray matter to supraspinal
centers, and interneurons, whose axonal arbornmtare confined within the
spinal cord. Both can be activated by nocicepti®&$ and comprise any of the
functional types (nociceptive-specific, WDR and -howciceptive) described
above. Spinal cord interneurons play a crucial rislethe modulation and
integration of nociceptive stimuli to be relayed hligher centers, and thus are
likely implicated in the process of neuronal semaiion and referred pain.

Interneurons of lamina Il are of particular relesamnder this aspect. For the
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sake of simplicity, interneurons can be furtherdsvded into excitatory and
inhibitory, according to their modulatory role onarceptive inputs. However it
must be kept in mind that some of them may be t@béxert both effects through
activation of different receptor types.

Excitatory interneurons have a role in the indirpolysynaptic activation of
projection neurons, and also form positive feedbaoduits onto PAF terminals.
In a similar fashion, inhibitory interneurons exdéhneir roles through pre and
postsynaptic mechanisms. It seems likely that thajonty of inhibitory
interneurons directly target projection neurons different functional types
(nociceptive-specific and WDR), as well as PAF teals . An additional
possibility is the existence of a direct circuitgonnecting inhibitory and
excitatory interneurons (Fields et al., 1991; McH@aagd McHugh, 2000; Le Bars,
2002).

The neurotransmitters utilized by excitatory ingmons are not fully
characterized, but several lines of evidence inei€&AAs and neuropeptides as
likely candidates. On the other hand, inhibitoryteineurons have been
extensively characterized in terms of their neamgmitter content. These
neurons utilize three main families of neuromessengacetylcholine, opioid
peptides and inhibitory amino acids) that may sinoave or less complex patterns
of coexistence/costorage. Most pertinent to thegmediscussion, the inhibitory
interneurons that use ?-amino-butyric acid (GABA)d/ar glycine as their
(principal) neurotransmitter(s) are widely disttidedi in the superficial laminae of
the dorsal horn (Todd et al., 1995, 1996; Kerkut Bagust, 1995).

GABA acts on two types of receptors named GAB#d GABAs. GABAs

receptors control a chloride-permeable ion charthat,upon opening usually
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leads to cell hyperpolarization. GABAeceptors are G protein coupled. Upon
activation they inhibit AC, decrease Caurrents, increase *Kcurrents and thus
hyperpolarize neurons and reduce transmitter rel@dalcangio and Bowery,

1996). Glycine is often coexisting with GABA, andta on strychnine-sensitive
glycinea receptors (Todd et al., 1996; Laing et al., 1994eurons expressing
GABA and glycine receptors are often postsynaptic PAF terminals, but
presynaptic GABA receptors have also been local@edhese terminals (Xi and

Akasu, 1996; Rudomin, 1999).

NTsin nociceptive pathways

During development, sensory modality in DRG neurand their fibers is linked
to specific growth factor requirements. A large ceetage of type B DRG
neurons and their C fibers is sensitive to capsaitie pungent alkaloid of hot
peppers and vanilloid. These capsaicin-sensitiversi can be further subdivided
into two different populations (Bennett et al., 89T he first contains CGRP and
SP and depends upon nerve growth factor (NGF) tiorinitial survival and
development (see below). The second, that can beleld by IB-4 lectin,
expresses a subclass of ATP receptors and is daptendon glial cell-derived
neurotrophic factor (GDNF). Cutaneous mechanocept@and muscle
proprioceptive fibers depend upon brain-derivedroieophic factor (BDNF) and
neurotrophin-3 (NT-3) respectively, but in the altseof neurotrophin-4 (NT-4)
function, precursor cells intended to become BDNpahdent mechanoreceptors
instead differentiate into NT-3-dependent propnuise neurons (Liebl et al.,

2000).
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It is now clearly established that the role of Nisnociceptive pathways is not
limited to development. For example, NGF not onlgdtions as a trophic factor
for a large population of DRG neurons, but alsoypla key role in mediating
alterations of the C fiber phenotype in certain dibons of enhanced pain
stimulation (such as those following inflammatidegding to hyperalgesia.

In a more general context, NTs also appear to eetabinterfere with short-term
synaptic events in the mature CNS. Indeed, a g@wody of data indicates that
NTs are directly involved in the exchange of infation between central neurons
in several areas of the brain and spinal cord. N&M\F, NT-3 or NT-4 have all
been implicated in synaptic potentiation and ptasti(Gottschalk et al., 1998;
Pozzo-Miller et al., 1999; Xu et al., 2000; Yangakt 2001; Kaplan and Cooper,
2001), and long-term potentiation (LTP) and/or leegn depression (LTD) in
the hippocampus (Saarelainen et al., 2000; Xialget2000), visual system
(Huang et al., 1999; Sermasi et al., 2000; Pesavental., 2000), and, most
related to the present discussion, spinal cordgAov et al., 2000).

The effects of NTs at peripheral and central egglof PAFs should be
considered in an overall organic frame (BennefiQ12. In general, locally
produced NTs are taken up by peripheral endingsoiceptors, exert a series of
biological effects at these sites, and are thengetdely transported to DRGs. An
anterograde transport along the dorsal roots has becumented for at least
some members of the family, that may be therefeleased at central endings of
PAFs within the spinal cord.

We will discuss below the evidence available soféareach individual NT for a
role in the modulation of nociceptive inputs tha¢ aelayed to the spinal cord.

Nonetheless, as it will become apparent in th@¥aohg, there are several types of
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interactions among members of this family of n&oghic factors in nociceptive
pathways.

Before discussing these issues, we will briefly tilensome general concepts on
the induction and regulation of NT synthesis andase from neurons, to put
things in the right perspective. However, one sthdwdve well in mind that most
information regarding this issue has been obtainedtro or in brain areas other

than the spinal cord.

Neuronal synthesis and release of NTs

NTs can be released from neurons by an unconvehtimechanism that involves
an increase in [C4; from intracellular stores and is independent from
extracellular C&, but rather depends upon extracellulaf Méux via voltage
gated sodium channels (Blochl and Thoenen, 199&Bland Thoenen, 1996)
seems possible that a rise in cAMP also triggersrél&éase (Thoenen, 1995).
Activation of different types of glutamate/GABA egiors (that, as already
mentioned, are widely expressed in nociceptive vpayis) may stimulate or
inhibit synthesis and/or release of NTs, partidul&¥GF and BDNF. Although
production of these NTs may be regulated by nelraogvity, this does not
appear to be the case for NT-3 (Lindholm et al94)9 Glutamate receptors
display different but still not completely undemstointeractions with NTsn
vitro. Some authors have reported that NMDA receptorg b® involved in
BDNF upregulation (Favaron et al., 1993; Kokaialet 1993), but this has been
denied by others (Zafra et al., 1990; Wetmore et 1894; Lauterborn et al.,

2000). Moreover, in these studies it was observatdositive modulation of
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AMPA or kainate receptors increases NT expressiohippocampal and cortical
neurons (Zafra et al., 1990; Lauterborn et al. 0200

The effect of GABA receptor activation on NT exies is also far from being
clear. Under certain conditions activation of GAB#eceptors seems to
downregulate NT production (Zafra et al., 1991; dimen, 1995), whereas an
increase in NTs and their mRNAs was observed ieroéixperimental contexts
(Heese et al., 2000; Obrietan et al., 2002). T9s8e is further complicated by the
depolarizing effect of GABA during very early stagkedevelopment (Berninger
et al., 1995; Marty et al., 1996; Obrietan et2002).

Nonetheless, given that transmitter amino aciddikety to influence NT levels
in the CNS, in a reciprocal fashion NTs exert a kedrinfluence upon gene
expression and synaptic transmission. These acamnsot limited to long term
plastic changes in synapses, which in the caséeohaciceptive pathways are
much better characterized and understood, but @saprise a number of trk-
mediated rapid effects via multiple intracellulagral transduction pathways. NT
signaling through trks not only occurs postsynaiiyc but also in a retrograde
fashion upon activation of presynaptic receptorthatsame synapses from which
NTs have been released. The dissection of thesemikliated mechanisms in
nociceptive pathways is still far from being contele

Postsynaptic actions are linked to phosphoryladibion channels and transmitter
receptors which potentiaties EPSPs, in particuldDX receptor- mediated
currents (Kaplan and Stephens, 1994; Levine et1898). The intracellular
mechanism involved likely consists in a rise ofa]{; with activation of PLC or

other protein kinases (Sakai et al., 1997; Yu etl&97; Suen et al., 1997a).
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An alternative or additional mechanism has beempgsed for BDNF that can
enhance NMDA receptor- mediated currents by adirttpe allosteric glicinesite
via a retrograde presynaptic mechanism (Jarvik,et397).

Presynaptic actions of NTs have been shown to soimsan increase of synaptic
currents, again linked to a rise of fClathat is responsible for an augmented
release of transmitters, among which glutamaten(iBger and Poo, 1996). Rise
in [C&"); is dependent upon extracellular®Cand likely involves L-type voltage-
dependent C& channels, which can be phosphorylated by differemtein
kinases that may be induced via trk receptors (Bgem and Poo, 1996; Sakai et
al., 1997; Lesser et al., 1997; Sherwood et a@718aldelli et al., 1999; Baldelli

et al., 2002).

NGF

NGF was initially characterized for its growing exffs on sensory neurons (Levi-
Montalcini and Angeletti, 1968). These effects exerted upon binding to high-
affinity trkA receptors which are expressed in appmnately 40% of rat adult
DRG neurons (Richardson et al., 1986; Verge etl889; Smeyne et al., 1994).
During development NGF appears to be necessarguimival of small diameter
DRG neurons giving rise to nociceptive C fibersjgrng to laminae I-1l of the
DH (Otten et al., 1980; Otten et al., 1982; Ruiakt 1992). NGF also influences
the phenotypic development of cutaneous high tlotdsmechanoreceptors of the
Ad type (Ritter et al., 1991; Ritter and Mende®92; Lewin et al., 1992). From
development to adulthood, there is a shift in tle of NGF that initially acts as a

survival factor (in particular for outgrowth andbpferation in sensory axons),
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and becomes then indispensable for the mainter@naedifferentiated phenotype

of DRG neurons (Carroll et al., 1992; Ruit et 4892; Lewin et al., 1992).

Functional role of NGF in adult DRG neurons

In general terms, reduction of the NGF supply tod3Rhat follows a peripheral
nerve damage in adult animals leads to a diminubb8P (and other peptides)
production in neuropathic pain whereas an accumulation of NGF results in
increased SP (and other peptides) synthesiafilammatory pain A remarkable
indication of this role of NGF on plasticity of prary sensory neurons expressing
SP comes from the results of the surgical re-rgutih muscle sensory fibers to
skin (Lewin and McMahon, 1991). It is well knowrathithe levels of endogenous
NGF are by far higher in skin than in muscle, atordingly, re-oriented PAFs
display an increased contend of SP.

NGF counteracts the loss of CGRP and SP expre&R@ neurons following
injury (Fitzgerald et al., 1985; Inaishi et al., 999, and regulates the expression of
these two neuropeptidas vitro (Lindsay et al., 1989; Lindsay and Harmar,
1989). Other studies in which a synthetic proteA-1gG, was used to sequester
endogenous NGF and block the survival effects ofFN@& cultured sensory
neurons, showed that administration of trkA-lg@duces a sustained thermal
and chemical hypoalgesia and leads to a downreguladf the sensory
neuropeptide CGRP (McMahon et al., 1995).

Experimentsin vivo confirmed and extended these observations. Upoal bas
conditions lumbar DRG neurons express high levedlsC&RP, SP and
somatostatin, while there are only limited amounfs vasoactive intestinal

polypeptide (VIP), cholecystokinin (CCK), neuropdptY (NPY) and galanin.
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Following sciatic nerve transection there is paenotypic shiftin peptide
expression with substantial decrease in expresgi@GRP, SP, somatostatin and
their mRNAs in parallel with increased VIP, CCK agalanin (Munglani et al.,
1996; Ramer et al., 1998; Hokfelt et al., 2000) parallel, peripheral axotomy
causes AR fibers to sprout into lamina Il, a redimm which they are normally
excluded (Bennett et al., 1996). Intrathecal NGhiadstration counteracts the
decrease in expression of CGRP and SP, but nottestatin, and reduces the
numbers of VIP-, CCK-, NPY- and galanin-expressimgurons after injury
(Verge et al., 1995). The action of NGF on SP maekplained by the presence
of a NGF-responsive element controlling SP mRNAdaiption in the promoter
region of the preprotachykinin gene (Heumann, 199#)addition, the lack of
NGF effects on somatostatin producing DRG cellsoissistent with the absence
of trkA receptor protein and mRNA in these neurdiW®rge et al., 1995).
Moreover, NGF (but not NT-3 or BDNF) prevents bafle axotomy- induced
reduction in CGRP staining within lamina Il and t@routing of AR fibers into
this region. It is likely that the prevention of AfBer sprouting is a secondary
consequence of NGF rescuing small fibers origigatiom trkA-expressing DRG
neurons (Bennett et al., 1996). Similarly, exp@ssof NGF by recombinant
adenovirus is capable to induce a robust axona@nergtion into normal as well
as ectopic locations within the DH after dorsaltrmgury (Romero et al., 2001).
Behavioral studies, in which rats treated with N@Rd GDNF but not BDNF)
recover sensitivity to noxious heat and pressulleviing axotomy, confirm the
importance of NGF in maintenance of adult senseryrons. Moreover, they

confirmed that NGF and BDNF have different effdatsivo on the ground of the
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their well known actions on distinct subpopulatimisDRG neurons (Ramer et
al., 2000).

NGF, hyperalgesia and inflammation

Administration of excess NGF to neonatal or matargmals can lead to a
profound behavioral hyperalgesia (Lewin et al., 9WNeonatal NGF treatment
results in a marked mechanical hyperalgesia thegigt® until maturity. This
hyperalgesia is explained by an NGF- mediated segison of Ad nociceptive
PAFs to mechanical stimuli. Treatment of juvenitenaals leads to a very similar
behavioral hyperalgesia, but there is not sensitizaof Ad nociceptors to
mechanical stimuli. Adult animals also develop nawbal hyperalgesia upon
NGF treatment, but without sensitization of Ad egtive afferents. In addition,
adult animals develop heat hyperalgesia. Therefibrappears that the NGF-
induced mechanical hyperalgesia is brought aboutifigrent mechanisms in
neonatal and adult rats. Furthermore, NGF-inducedhanical hyperalgesia in
adult animals may be due to central changes, whdreat hyperalgesia is likely
to result from sensitization of peripheral recepttor heat. In keeping, adult rats
that received intraplantar injections of NGF depelbermal hyperalgesia linked
to reduction of thermal nociceptive threshold ipsaicin sensitive PAFs (Amann
et al., 1995). Similar effects are observed in husrafter intradermal injection of
recombinant NGF (Dyck et al., 1997).

Numerous experiments with transgenic mice lackingverexpressing NGF
clearly confirmed the occurrence of perturbatiomsociceptive transmission in
the presence of anomalous levels of this NT. Whenbiasal levels of skin NGF
are reduced by producing transgenic animals thg@ressed a fusion gene

construct containing an antisense NGF cDNA linlethe K14 keratin promoter,
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mice display a profound hypoalgesia to noxious eed¢hanical stimuli (Davis et
al., 1993). Similar results are obtained after mipression and deletion studies of
the ngf gene (Akopian et al., 1996). In keeping, mice withil mutation of the
trkA gene exhibit a severe deficit in nociceptidollowing thermal and
mechanical stimuli (Smeyne et al., 1994). On theeohand, increase of NGF
basal levels in the skin (Davis et al., 1993) @ $hinal white matter (Ribeiro-Da-
Silva et al., 2000) in transgenic animals lead$yperalgesia and/or allodynia.
Excess target-derived NGF does not alter physicddgesponse properties or the
types of neurons containing CGRP, but rather insl@eincrease in the relative
proportions of myelinated nociceptors (Ritter et @000). Therefore, all these
data clearly demonstrate the capability of expeniaéy administered NGF to
modulate the phenotype of DRG neurons, and thabgambus production of
NGF regulates the sensitivity of nociceptive systdMcMahon, 1996)Although
the aforementioned data are mainly referred to naedas afferents, visceral
nociceptive afferents also express trkA receptacsraspond to NGF in a similar
fashion (Dmitrieva and McMahon, 1996; Dmitrievaaét 1997).

Peripheral inflammation leads to profoundly inceshgain sensitivity: noxious
stimuli generate a greater response, and stimafiale normally innocuous elicit
pain, as a consequence of an increased local iségpsif peripheral terminals of
Ad and C fibers. Since the endogenous levels of N@Ee substantially in
inflamed tissues (Weskamp and Otten, 1987; Donredrat., 1992; Woolf et al.,
1994a; McMahon, 1996), it was not surprising th&MNturned out to be a
cardinal link between inflammation and hyperalgesi@F produced in peripheral

tissues (or administered locally) acts on cellgesging trkA receptors such as
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inflammatory cells, sympathetic neurons, and PAfnieals originating from
NGF-sensitive DRG neurons.

In general, hyperalgesia associated with experiah@mtammation is blocked by
the pharmacologicantagonismof NGF in several animal models (McMahon,
1996). Experimental inflammation results in locahsory hypersensitivity and
up-regulates SP and CGRP in DRG neurons innervdtieginflamed tissue
(Woolf et al., 1994a; Amann et al., 1995). Systeadministration of anttNGF
neutralizing antibodies prevents behavioral chan@ésMahon et al., 1995),
neuropeptide up-regulation, and the inflammatiowluced expression of the
immediate early gene-fosin DH neurons (Woolf et al., 1994a). Following
carrageenan inflammation, which raises the endagerievels of NGF in
inflamed tissues, a marked increase in the prapodf active Ad and C
nociceptors is observed (Koltzenburg et al., 198@pntaneously active fibers are
sensitized to heat, but the mechanical thresholchamiceptive PAFs remains
unchanged. When the NGF-neutralizing molecule tdg@- is administered
together with carrageenan, primary afferent nod¢arspdo not sensitize and
display essentially normal response properties.

Under physiological conditions, NGF in inflamedstie derives from different
sources including PAF terminals, Schwann cells,mtimetic neurons, mast cells,
macrophages, fibroblast, and skin keratinocytes\Bret al., 1991). When the
relative contribution of these different cell typ&s the hyperalgesic action of
NGF in inflammation was examined, it was obsentsmt sympathetic neurons
transiently contribute to inflammatory hyperalgesimwever, mast cells (which
are a potential source of NGF) and sensory neussasimportant for the

sustained action of NGF in increased nociceptiaesmission (Woolf et al.,
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1996). The hyperalgesic actions of NGF are in pashsequence of the
sensitization of the peripheral terminals of higheshold nociceptors, either as a
result of a direct action of NGF on trkA expressiP@gFs, or indirectly, via the
release of sensitizing mediators from trkA expmgsnflammatory cells and
postganglionic sympathetic neurons (Amann et a@95). Indeed chronic
degranulation of mast cells significantly impaitse trise of NGF levels in
inflamed tissues (Woolf et al., 1996), possiblyaasonsequence of an impairment
in synthesis, storage or release of NGF from thaflammatory cells, or a
reduction in the release of tumor necrosis factor ather cytokines from mast
cells, which, in turn, stimulate other cell typesproduce NGF.

In animals subjected to Freund's adjuvant-induagiaris (AIA), a model of
long- lasting inflammatory pain, there is an inseh immunoreactivity for the
NGF trkA receptor and the low affinity p75%in NGF-sensitive, but not GDNF-
sensitive, DRG neurons. The rise of B75occurs immediately upon Freund’s
adjuvant administration, and is followed by inceea$ trkA immunoreactivity
linked to the development of a long-lasting inflaatory response. In parallel, the
two receptors are up-regulated at central endirigi@F-sensitive nociceptors
(Pezet et al., 2001). Moreover, blockade of NGRdbiwity using an antagonist of
trkA and p75 R results in suppression of inflammatory pain (Owolat al.,
1999). These results implicate NGF in long-term Ina@isms accompanying
chronic inflammatory pain, via the regulation of tigh affinity receptor trkA
p75'TR

As previously mentioned, a growing body of evidesaggests that chronic
pathologic pain results from long-term plasticifyoentral nociceptive pathways

(Woolf and Costigan, 1999). Diverse peripheral npathies are characterized by
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a loss or reduction of NGF supply to PAFs and DR@®olf, 1996). Several
types of PAF lesions and diabetic neuropathy aseaditerized by decrease of the
mRNA levels for trkA and p75R in DRG neurons with a further reduction of
NGF availability to these cells (Verge et al., 19BgIcroix et al., 1997; Delcroix
et al., 1998). Reduction of NGF availability colld a cause of cisplatin- induced
peripheral neuropathies, and exogenous adminatrati NGF may be helpful to
prevent or reduce cisplatin neurotoxicity in canpatients (Aloe et al, 2000).
Also, NGF levels are reduced in the spinal cordinduexperimental allergic
encephalomyelitis (Calza et al., 1997, 2002), &edctinical course of the disease
ameliorates following NGF administration (Villosket al., 2000). Very recently,
precursors of NGF have been shown to be the predmiiforms of this NT in
brain and peripheral tissues, and evidence has peevided that proNGF
preferentially binds p78R with high affinity. In human and rat skin and nerve
extracts, a 53 kDa band was detected by Westetnuklog antibodies against
rhNGF or preproNGF, that could correspond to aipresly described modified
preproNGF- like molecule (Yiangou et al., 2002)pEession of these molecules is
markedly reduced in skin extracts from patientshwgubclinical diabetic
neuropathy, but is increased in extracts of infldnoelon from patients with
Crohn's disease. Antibodies to both rhNGF and phé@F immunostain basal
keratinocytes in tissue sections of normal humad amt skin, and show
accumulation of immunoreactive material in nenkgefs distally to sciatic nerve
ligation in rats. PreproNGF antibody immunostain leage/medium sized DRG
neurons, whereas only small neurons are stained waitibodies to mature
rhNGF. These observation suggest that preproNGFbegyeferentially taken up

and transported by p?5R. On these bases, the different molecular formiveir



31

from preproNGF are likely to be of importance imsay mechanisms, and
deserve further investigation (Yiangou et al., 2002

As repeatedly mentioned before, PAFs not only esgre high affinty trkA
receptor for NGF, but also the low affinity p75 (Henry et al., 1994; Kitzman et
al., 1998). The level of expression of B78in DRG neurons appears to be
modulated by NGF lewel in target tissues (Kitzmanh a., 1998). The
interrelationships of p™R® and NGF (and other NTs) in determining the
biological functions of the molecule(s) are stitigoly understood. Directly related
to the present discussion, P78 enhances the retrograde flow of NGF from PAF
terminals to DRGs. In fact, NGF is retrogradelynsjgorted in sensory neurons
within DRGs, where it alters transcription of a rhen of proteins and peptides.
NGF-mediated modification of gene expression in DRf@urons during
inflammation is central to the pathophysiology efgstent pain. The phenotype
changes produced by NGF during inflammation incltieeaforementioned
downregulation/upregulation of several neuropegtidevhich may amplify
sensory input signals in the spinal cord and augmeurogenic inflammation in
the periphery, but also upregulation of receptionrs,channels and growth related
molecules which may lead to a hyperinnervationngdired tissue by promoting
terminal sprouting.

Both the endosome-assisted dispatch of activakddrgceptors to DRGs as well
as transport of a NGF-trkA complex may be respdadidr these NGF-mediated
actions at the DRG level (Ehlers et al., 1995; @snet al., 1996; Riccio et al.,
1997). By these mechanisms, NGF can enhance thaugiron of several
nociception-related molecules in C fiber terminbkssides to SP and CGRP.

Among these, certain types of Na+ channels, pretmtivated ion channels and
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vanilloid receptors (Guo et al., 2001) are of matr interest. Also, it was
recently shown that intratechal NGF administratioduces novel purinergic
receptor P2X(3) expression in DRGs and spinal gmastter, with intense
immunoreactivity in axons projecting to laminadld,and X (Ramer et al., 2001).
In DRG neurons the purinergic receptor P2X(3) isinb predominantly in
GDNF-sensitive nociceptors. Therefod® novoexpression of P2X(3) in NGF-
sensitive nociceptors may contribute to chronitammatory pain (Ramer et al.,
2001). Moreover, peripheral production of NGF dgrimflammation and its
retrograde transport to DRGs induces p38 MAPK atitm in the soma of C
fiber nociceptors. Inflammation also increases ganof{but not MRNA) levels of
the heat- gated ion channel TRPV1 (VR1) in thesarams, which is then
transported to peripheral but not central C fileeminals. Inhibiting p38

activation in DRGs reduces the increase in TRPVth&DRG and inflamed skin,
and diminishes inflammation+ induced heat hypeiseitg. Likely, activation of
p38 in the DRG following retrograde NGF transpbst,increasing TRPV1 levels
in nociceptor peripheral terminals in a transcopti independent fashion,
contributes to the maintenance of inflammatory Hegtersensitivity (Ji et al.,
2002).

Therefore, following peripheral inflammation a cdep array of long-term
phenotypic modifications of NGF-sensitive nocicept likely to be responsible
of a series of cellular and molecular events ewdlytueading the onset of
pathologic pain. Under this perspective and ofipaldr relevance to the present
discussion, NGF has also been demonstrated topadbleato induce expression of

BDNF and its mRNA in trkA bearing DRG neurons aftdratechal treatment
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(Apfel et al., 1996; Michael et al., 1997; Cho &t 4997). This issue will be
discussed below in the section of this chaptercdeeld to BDNF.

As mentioned above, there is evidence that theyd#laeveral hours in the onset
of mechanical hyperalgesia evoked by systemic mrasgdministration of NGF
(Lewin et al., 1994), is related to upregulatior5éf, CGRP and NKA synthesis in
DRG, and transport to central terminals in the DHkeeping, antibodies against
NGF or trkA fusion proteins, not only block inflanatory hyperalgesia at
periphery, but also the increase of sensory neptmjgelevels in DRG neurons
and PAF central terminals (Donnerer et al., 1998wih and Mendell, 1993;
Lewin et al., 1993; Croll et al., 1994; Woolf et,dl994a; McMahon et al., 1995;
Malcangio et al., 1997). Moreover, NGF- induced drgigesia and wind-up of
DH neurons are abolished by Nkeceptor antagonists, in accord with the idea
that the longer-term pronociceptive actions of N&E of anindirect type, and
mediated through the sensitization of SP-responBiMeneurons (Thompson et
al., 1995b; McMahon, 1996; Ma and Bisby, 1998).utttier confirmation of this
indirect role of NGF as a central mediator of hgigesia comes from the
observation that its pronociceptive capabilities lamited by the accumulation of
N-terminal SP metabolites (Larson and Kitto, 1997).

Nonetheless, trkA and p75* are expressed in the spinal gray matter with a
laminar pattern corresponding to that of nocicept/and Ad fibers (Fig. 1A, B,
E). By using real time confocal imaging of calciwignal in acute spinal cord
slice preparations from young rats, we have obthpreliminary evidence that
NGF acutely increases [€3 in a subpopulation of lamina Il neurons (Merighi et

al., 1999; Fig. 2). The possibilty that NGF hastrareffects in the DH is



34

confirmed by observation that systemic treatmeitth WiGF induces a significant
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Figure 1: Distribution of NTs and their receptonsnociceptive pathways.

A-B: Immunocytochemical localization of the higtfiafty NGF receptor trkA (A) and the low-
affinity p78'™" (B) in fibers of the superficial laminae of the DELD: localization of BDNF
immunoreactivity in DRG neurons (C) and the supafidiorsal horn (D) . E: In situ hybridization
of trkB mRNA in the dorsal horn. Note the presencenofmerous positive neurons in lamina II.
The arrow indicates the area shown at higher maguiéin in the insert. F: TrkA -immunoreactive
cell bodies and fibers (arrows) in the gray matterm{na X) surrounding the central canal
(asterisk). Bars = 25 um.

increase in evoked release of substance P in #atadospinal cord preparation
(Malcangio et al., 1996). However, acute supeofusif NGF through a naive rat
spinal cord preparation does not alter basal artrétally evoked release of SP-

like immunoreactivity (Malcangio et al., 1997).
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Figure 2: Kinetics of the [Gd]; change in three neurons from the P8 rat substaygiatinosa
following acute NGF (500 ng/ml) administration, agpressed by the ration between Indo-1
emission wavelength at 405 and 485 nm. A total afencells were recordered during this
experiment. We have recordered a total of 36 delithree different experiments, and 14 of them
were NGF-responsive (mean +/-SEM: 42.7 +/-11.3).

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

1995), and thus th@ vivorelevance of these findings remains to be estadalish

BDNF

It is well known that phenotype alterations in Gefis may be paralleled by the so-
called phenotypic switchn AR fibers, which, under inflammatory conditions,
begin to synthesize and release SP (Woolf et 882 1Neumann et al., 1996). In
initial experiments, NGF was hypothesized to havel@in this phenotypic

switch, since it was shown to affect the centrahteals of PAFs by switching the
sensory modalities of AR fibers and modifying thetgrn of their responses to
electrophysiological stimulation (Lewin and Meng€ll994; Thompson et al.,
1995a). Also, these NGF-induced modifications werdiced following treatment
with the NK; receptor antagonist RP675880 thus reinforcing dea iof a close

link between NGF and SP in mediating changes iniceptive transmission

(Thompson et al., 1995a).

However, large diameter AR fibers do not expreka teceptors (McMahon et

al., 1994) and thus NGF could notdieectly involved in the phenotypic shift. On
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the other hand, trkB receptors for BDNF are foumdRG neurons of different
diameters, including a population of mechanicalicegtors (Wright and Snider,
1995; Lewin and Barde, 1996; Koltzenburg, 1999).cbntrast to cutaneous
afferents, about 90% of visceral afferents coexprekB and trkA receptors
(McMahon et al.,, 1994), and BDNF has been demaestréo enhance the
sensitivity to capsaicin of vagal PAFs containirfg @Vinter, 1998). Therefore it
seems possible that BDNF is peripherally upregdlate visceral PAFs upon
inflammation, and might be able to modulate thenplype of these fibers in
visceral pain (McMahon et al., 1994; Lewin and Bart996).

Modulation of nociceptor central synapses by BDNF

Unlike NGF, that appears to be primarily involved the modulation of
nociceptive PAFs at periphery, BDNF has a dired¢ rio the modulation of
central synapses of nociceptors (Pezet et al., @0%2lcangio and Lessmann,
2003). Indeed, there is now compelling evidencé BIaNF is capable to affect
central neuronal activity at least in the hippocasvisual system, and, related to
the present discussion, spinal cord. As we wilkkuks below, BDNF intervenes in
central sensitization, that, as repeatedly mentipiseresponsible of several types
of hyperalgesia and can be considered a partidolan of synaptic plasticity
similar LTP or LTD. In sensory pathways, BDNF arid mRNA are, under
normal conditions, localized in several differe®® neuron subtypes (Fig. 1C),
the majority of which corresponds to small- to medi sized cells expressing
trkA and CGRP (Cho et al., 1996; Apfel et al., 19®6chael et al., 1997). This
close relationship between BDNF and trkA/CGRP esqirgy DRG neurons is
mirrored at their central endings in the spinaldc@Fig. 1D), where BDNF-

immunoreactivity is restricted to CGRP-containingH3. BDNF
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immunoreactivity is not detected in IB4- or trk@béled DRG neurons, although
a few of these cells may express the BDNF mRNA [ide et al., 1997).
Consistently with these observations, BDNF immuactigity is absent from the
termination zones of large caliber and IB4- labelAlFs in the spinal cord
(Michael et al., 1997). The fact that about onedtleif DRG neurons constitutively
express BDNF in normal adult animals raises thestipre of which is the
biological role of this NT in primary afferent pathys. In vitro, a BDNF
autocrine loop has been shown to act on survival sibpopulation of adult DRG
neurons (Acheson et al., 1995). However this saamlkely to take place under
normal circumstancem vivg since only 1% of cells expressing BDNF mRNA
also express trkB, and only 2% of trkB cells camtadi BDNF mRNA (Michael et
al., 1997). The low degree of coexistence betweBNB immunoreactivity and
trkB labeling in DRG neurons is somewhat surprisingnsidering that target-
derived BDNF is believed to be retrogradely tramtgub to the soma of trkA-
expressing neurons (Distefano et al., 1992). Onother hand, it appears that
there is little retrograde BDNF transport from péeral terminals of trkB-
expressing PAFs, and target-derived BDNF might @apyresent a small fraction
of the total BDNF protein within DRGs (Michael elt,al997). As previously
mentioned in the introduction to this review, thasea complex pattern of
messenger coexistence/costorage in PAF centralinaisn (Merighi, 2002).
Therefore, it seems obvious that BDNF may moduls&@ and/or SP actions in
the DH.

In PAF terminals of the naive spinal cord, BDNF iomareactivity appears to be
localized to LGVs, where it might be costored WP (Michael et al., 1997),

although no direct morphological evidence for i ln@en provided yet, and
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BDNF and SP can be released independently afteagap administration to the
isolated DH (Lever et al., 2001).

Since SP release form PAF terminals in the DH @eurthe inhibitory control of
endogenous GABAergic and opioid interneurons timsgonize NMDA-evoked
facilitation, the effects of bicucullin and nalox®mmn BDNF release have been
evaluated, coming to the conclusion that releaserafogenous BDNF is not
modulated by the GABAergic inhibitory system (Lewtral., 2001). Conversely,
release of endogenous BDNF in the isolated rat Ppears to be mediated by
NMDA receptor activation after chemical stimulatiby capsaicin or electrical
stimulation of dorsal roots at C fiber strength.e3& experiments clearly
demonstrate that endogenous BDNF can be releasexbrdital synapses of
nociceptors. However the cellular mechanisms thi@rvene in the regulation of
such a release remain, for the most, obscure. Lavercolleagues (2001) have
shown that after short bursts of high- frequenaygiation of dorsal roots (300
pulses in 75 trains, 100 Hz) BDNF is released togrewith glutamate and SP.
Interestingly, BDNF release is inhibited by the N Deceptor antagonist D(-)2-
amino-5-phosphonopentanoate (D-AP-5) but not by AMPA/kainate (non
NMDA) antagonist 6-cyano-7-nitro-quino xaline-,2dBone (CNQX), indicating
that glutamate stimulates BDNF release by actimattd NMDA receptors.
Nonetheless tetanic high- frequency stimulationO(@lses in 3 trains, 100 Hz)
does not evoke significant BDNF release, suggestiag glutamate alone is not
sufficient to induce release of the NT. Releasermfogenous BDNF in the DH is
likely to occur mainly, if not exclusively, from ¢hcentral terminals of nociceptive
DRG neurons on at least three base®8DNF immunoreactivity in the DH is

substantially reduced after capsaicin applicati@vér et al., 2001)j. there is no



39

histological evidence for intrinsic or descendinDNB- neurons/pathways in the
DH (Apfel et al., 1996; Michael et al., 1997; Hepptall and Lewin, 2001), and

iii. results of the aforementioned electrophysiologegberiments are consistent
with the pattern of NMDA glutamate receptor distitibn in the DH. Therefore, it
seems possible that release of BDNF from PAF detdreinals is modulated,
among others, by presynaptic NMDA receptors onehixers (Liu et al., 1994c;
Marvizon et al.,, 1997; Malcangio et al.,, 1998) amndpostsynaptic NMDA
receptors via a retrograde signaling mechanismlvimg diffusible messengers
such as NO (Merighi et al., 2000).

An obvious question to be raised regards the plogical significance of BDNF
release in the naive DH. In an attempt to answer destion and to better
characterize the mechanism(s) of action of this MT the spinal cord,
sequestration of endogenous BDNF (and NT-4) byk8 fiusion protein or
analysis of BDNF-deficient mice has been employddwever, after BDNF
sequestration no changes in either basal pain tisgigsior mechanical
hypersensitivity induced by peripheral capsaicimeistration (a measure of C
fiber- mediated central sensitization) are obsel#annion et al., 1999). On the
other hand, in BDNF-deficient mice selective dédicn the ventral root potential
(VPR) evoked by stimulating nociceptive PAFs arsasbed, whereas the non
nociceptive portion of the VPR remains unalteredgdpenstall and Lewin, 2001).
Although there may be some concern in the intespicet of these results, since a
decrease of about 30% of the total number of DRGrams was previously
observed in BDNF null mutants (Ernfors et al., 189Heppenstall and Lewin
have shown no obvious alterations in the numbercamthectivity of nociceptive

neurons in their mutants, and come to concludeBBF released from
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nociceptive PAFs has a role in modulating or evediating reflex excitability,
and that BDNF is necessary for normal baseline ceptive responses in the
spinal cord.

Whereas all these observations converge to sugp@ionociceptive effect of
endogenous BDNF in the spinal cord, the resultsiobt after application of
pharmacological concentrations of exogenous BDNFlifferent experimental
paradigms, are subject to a more complex arragtefpretations. Initial studies in
which the NT was infused into the midbrain cameh® conclusion that BDNF
has an antinociceptive effect (Siuciak et al., 13dciak et al., 1995). Similarly,
after engrafting of genetically engineered BDNFrgiog neurons or
recombinant adeno-associated virat mediated oxeression of BDNF in the
spinal cord, attenuation of allodynia and hypersilgas observed after sciatic
nerve constriction (Cejas et al., 2000; Hains gt2l01a, b; Eaton et al., 2002).
Also, topical application of BDNF to the adult reolated DH inhibits the
electrically evoked release of SP from sensoryamjrand increases K
stimulated release of GABA (Pezet et al., 2002a).

On the other hand, others have provided eviderate iththe isolated spinal cord,
exogenous BDNF selectively enhances the C fibediated component of the
flexor withdrawal reflex and NMDA-evoked responsexorded from ventral
roots (Kerr et al., 1999). In keeping with the idikat BDNF has a pronociceptive
effect in the DH, we have recently observed thaNBlters [C4]; in lamina Il
neurons after confocal imaging of acute spinal ctices (Merighi et al., 1999).
After capsaicin administration, we came hypothesiize rise of [C&]; in these

neurons is not directly due a postsynaptic effé&@NF, but rather mediated by
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a presynaptic mechanism involving release of SPmfr®AF terminals

(Carmignoto et al., 2003).

Upreqgulation of BDNF following inflammation or inju

A correct understanding of the role of BDNF in megtion is further complicated
by plasticity of PAFs that occurs under pathophygjwal and/or experimental
conditions. Indeed, the DRG content of BDNF is redi upregulated in an
NGF-dependent fashion upon different experimentahipulations leading to
inflammation and/or injury (Thompson et al., 1999).

After intratechal NGF treatment there is a up te089 increase of BDNF and its
MRNA in trkA/CGRP expressing DRG neurons, where@g-Nloes not increase
BDNF expression in those neurons lacking trkA (Amkal., 1996; Michael et
al., 1997). Similar results are obtained aftereyst NGF treatment, a procedure
that mimics peripheral inflammatory states (Kerrakt 1999). Moreover in a
number of experimental models that are known tcegylate peripheral NGF,
such as experimental inflammation after intraplafdemalin/carageenan (Kerr et
al., 1999; Mannion et al., 1999) or neuritis of therve roots after lumbar disc
herniation (Obata et al., 2002), the pattern of BD&kpression is modified in a
similar fashion. C-fiber electrical activity alsmcreases BDNF expression in
DRGs, and both inflammation and activity increas# fength trkB receptor
levels in the DH (Mannion et al., 1999).

In addition, peripheral nerve injury leads to tlaene kinds of plastic changes in
DRGs and spinal cord. Following a chronic sciatecve lesion or axotomy there
is a long- lasting ipsilateral increase (2-4 weeksBDNF mRNA and protein in

large diameter trkB- and trkC-expressing DRGs, eagBDNF level is
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unchanged or reduced in most trkA expressing nsufMichael et al., 1999;
Zhou et al., 1999; Ha et al., 2001; Fuk uoka et24l01). Under these conditions,
BDNF-immunoreactive nerve terminals in the ipsiakespinal cord increase in
laminae II-IV and nucleus gracile. These studieswslhat in the DRGs, small
trkA neurons switch off their normal synthesis dD®F, whereas large trkB/C
neurons switch to a BDNF phenotype. Plastic chaaffesting sensory pathways
are associated to thermal hyperalgesia, a sigreafopathic pain, and appear to
be reversed upon relief of behavioral changes. Mardesappearance of thermal
hyperalgesia is associated with downregulation dseline levels of BDNF in
DRGs and spinal cord (Miletic and Miletic, 2002).

Thus, a growing body of evidence indicates thabwcityneuropathic pain due to
inflammation and/or peripheral nerve injury is nagdd by BDNF at central
synapses in the DH, upon a NGF-dependent phenogjpit in the DRGs that
leads to BDNF upregulation. In keeping, BDNF-indiideehavioral changes
indicative of neuropathic pain are abolished updmiaistration of a BDNF
sequestering trkB-1gG fusion protein (Kerr et d1999; Mannion et al., 1999;
Thompson et al., 1999), anttBDNF antibodies to gpmal cord (Fukuoka et al.,
2001), or peripherally applied anttNGF antibodi@aukuoka et al., 2001).
Despite of the extensive work done on this issbe, hechanism of action of
BDNF within the spinal cord remains elusive. Inezent review, four different
states of sensory processing have been describeglation to plasticity of the
sensory system (Woolf and Costigan, 1999). The $iete corresponds to normal
nociceptive transmission. Under these conditiomssystem operates at baseline
sensitivity, and only an intense stimulation of @daAd fibers produces short-

lasting pain. The second state occurs in a timle s€¢aninutes and is linked to the
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onset of post-translational changes within the Dhese changes lead to central
sensitization and modify the basal threshold of sty resulting in
hyperalgesia and allodynia. The third state isrssequence of activity-dependent
transcriptional changes within DRGs and DH, ocagrin a time scale of hours.
In this case the system is further potentiated witleased responsiveness to C
fiber inputs. The fourth state is a consequenc@aripheral inflammation and
occurs in a time scale of hours/days. In this gastentiation of the system is
paralleled by DRG phenotypic switch, leading tohieist central sensitization.

All lines of evidence available so far convergetiie conclusion that BDNF
physiologically acts starting from stage two onwahd this stage (which isot
associated to inflammation) relatively brief C fieputs can sequentially evoke
augmented membrane excitability, windup and cersalkitization (Woolf and
Wall, 1986). Windup is a consequenc e of the remo¥aMg* block of the
NMDA receptor with amplification of each subsequenput (Woolf and
Costigan, 1999). BDNF likely plays a role in cehsansitization upon release
from PAF terminals and subsequent binding to trkBressing DH interneurons.
The activation of trkB (and NMDA, mGIuR, NKreceptors gives rise to an
increase in [CH]; (Heath et al., 1994; Carmignoto et al., 2003) foifay
extracellular influx and/or release from internabres. Indeed, the action of
BDNF on [C&']; has been proposed to be mediated by the trkB- @lactivation
of PLC? with the consequent production of inositképhosphate (IP3) and
release of Cd from internal C4" stores (Zirrgiebel et al., 1995; Li et al., 1998).
Increase in [CH]; leads to activation of other tyrosine kinases saslsrc and
PKC (Zirrgiebel et al., 1995). The major targetslefse kinases are the NR1 and

NR2 subunits of the NMDA receptor (Yu et al., 1991en et al., 1997b). These
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posttranslational modifications eventually lead reduction of the NMDA
receptor M§' block.

Stages three and four are respectively associaitbdearly and late changes in
transcription within DRG and DH neurons. Two hoafter C fiber stimulation,
BDNF mRNA levels increase in DRGs, and the trkB nmR(®¥ig. 1F) augments
in the DH (Woolf and Costigan, 1999). Namely, althb in situ hybridization
reveals the existence of a large population of Edrons with trkB mRNA ,
immunohistochemistry demonstrates a low number ahina Il neurons
expressing the full- length trkB protein in the veaspinal cord (Michael et al.,
1999; Mannion et al., 1999), and higher levels wené/ observed following
episodes of high neuronal activity, inflammatiord/n axotomy (Michael et al.,
1999; Mannion et al., 1999; Thompson et al., 19898)rease in the amount of
BDNF in DRGs and central PAF terminals, togethahvaugmented expression
of its high affinity receptor in the DH leads totgatiation of the system and
further transcriptional changes. Acute BDNF stimola induces a robust
phosphorylation of the transcription factor cAMPspense element-binding
protein (CREB) in acute hippocampus and visualesoslices (Pizzorusso et al.,
2000). It is therefore conceivable that at least pathe activity-dependent up-
regulation of BDNF within the DRGs is also CREB-degent. Moreover in
hippocampus and visual cortex (Pizzorusso et @00P spinal cord (Thompson
et al., 1995a) and DRGs (Kim et al., 2000) incrdasgpression ot-fos is
observed after BDNn vitro or in vivo. Also noxious stimulation induces trkB
receptor and downstream ERK phosphorylation in Hezét et al., 2002b).
Whereas all the above observation give a ratheereolh explanation of the

postsynaptic effects of BDNF on DH neurons, a praptic action onto trkB-
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expressing PAF terminals cannot be completely rolgdfrom observation of the
time course of the BDNF acute effect on substaggi@tinosa neurons after real
time confocal imaging of [G4); . Indeed, in slices preincubated with BDNF,
[C&a']; oscillations progressively increase with time biotfrequency and
amplitude (with a peak of activity 2-3 hours aftecubation), and eventually
affect an augmented number of cells (Merighi et B999). This observatipn
suggests that the effect of BDNF is not linkedrkit mediated formation of IP3.
Indeed, activation of PLC?, that may results frartivation of trkB receptors by
BDNF, rapidly triggers the formation of IP3, aneéththe release of &afrom
intracellular compartments. The ensuing{Q@levations strictly depend on the
continuous formation of IP3, and they rapidly faml®ay in the absence of the
stimulus that activates the IP3-coupled receptozZBn et al.,, 1994). The direct
activation of trkB receptors on DH neurons canrefeee, hardly account for the
long- lasting increase in [&% oscillation frequency and amplitude that are
observed in slices subjected to a relatively shat incubation with BDNF before
recording, rather than continuous superfusion éwegal hours. Accordingly, this
latter type of BDNF action is more compatible wiéim indirect presynaptic
mechanism that requires the recruitment of addafigretrograde ?) messenger(s)
that in turn trigger [CH]; oscillations in lamina L.

The existence of such a presynaptic mechanism nedmssubstantiated by an
unequivocal localization of trkB receptors upon P@&Fminals, localization that is

at present still under debate.

NT-3
Neurotrophin-3 (NT-3) has a well documented roleaasurvival factor during

development of muscle spindle afferent (groupit@grk. Selective survival of
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muscle sensory neurons occinitro in the presence of NT-3 (Hory-Lee et al.,
1993). Moreover, there is a selective loss of neuaffierents after treatment with
antiNT-3 antibodies before birth (Oakley et aB9%), and muscle PAFs do not
survive in mice with null mutation of NT-3 (Snidet994). In keeping, these
fibers are rescued after reintroducing a NT-3 g@neight et al., 1997), and
animals lacking the NT-3/trkC signaling pathway mmt develop muscle PAFs
(Ernfors et al., 1994b). In addition, several limésvidence demonstrate a role
for NT-3 in the rescue of spindle afferent functiafter axotomy or chemically
induced neuropathies (Mendell et al., 2001).

NT-3 exerts its biological effects via trkC receapgtthat are primarily localized to
large caliber myelinated AR fibers, although trk&stbeen localized throughout
the spinal cord, including the superficial laminafethe DH (Zhou and Rush,
1994), and descending serotoninergic fibers. Langgelinated muscle
mechanosensitive PAFs retrogradely transport NTednf periphery to DRG
neuronal cell bodies, but a centripetal transporthie spinal cord remains be
demonstrated (Distefano et al., 1992). If indeedogenous NT-3 reaches the
naive spinal cord, as it could be inferred frone thbservation that NT-3 is
necessary for development of the monosynapticcéinetflex after birth (Seebach
et al., 1999), the mechanism(s) through whichti¢ at central synapses has been
in part elucidated using the monosynaptic stretetlex as a model system
(Mendell et al., 2001). Application of exogenous-BlTnhcreases the amplitude of
dorsal root-evoked monosynaptic AMPA/kainate regeptediated EPSP within
minutes, and requires the presence of active NM&x&ptors on the motorneuron

membrane (Arvanov et al., 2000). The action of Nig-8pecifically exerted on



47

this type of synapses and not on other inputs iteath the motorneurons, and
disappears in animals older that 1 week (Mendedl.eR001).

Although the physiological role of NT-3 does noeseto be restricted to muscle
afferents, since excess NT-3 enhances the sepadtidermatomes that occurs
postnatally (Ritter et al., 20Qlthe existence and origin(s) of a putative pool of
NT-3 in the DH of mature animals remain unclead anprecise role of NT-3 in
nociception still has to be established.

Initial studies in which NT-3 was infused into theidbrain indicate, on a
behavioral basis, that it has antinociceptive éfféSiuciak et al., 1994). This is
further confirmed in an isolated spinal cord pragian in which a single systemic
injection of NT-3 induces mechanical (but not thabnihypoalgesia (Malcangio et
al., 1997). Moreover, NT-3 inhibits the release ®P, suggesting that this
mechanism may be responsible for NT-3- induced naoiteption. In this
experimental context NT-3, although not modifying® ®asal outflow, dose-
dependently inhibits the electrically evoked, bat napsaicin- induced, release of
the peptide. NT-3-induced inhibition persists evaém the presence of
pharmacological concentrations of NGF in the peofusfluid, and is still
significant when the evoked release of SP is ergtafny a prolongedn vivo
treatment with NGF. It seems likely that inhibitiawi SP release by NT-3 is
mediated by activation of GABAreceptors onto DH interneurons since
naloxone, but not CGP 36742 (a GABa&ntagonist), abolishes the NT-3 effect on
SP release (Malcangio et al., 1997). In keepingallp administered NT-3
appears to reduce the peripheral sensitizationftilatvs a chemically- induced

neuropathy (Helgren et al., 1997).
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More recently however, it was reported that NT-&aases C-fibre stimulation-
evoked SP release, and capsaicin superfusion-edd8® release in the isolated
spinal cord. From these observations it was coeclutiat increased SP-release
from the spinal cord is not necessarily associatigd behavioral hyperalgesia in
NT-3 treated rats (Malcangio et al., 2000). Sinylara number of other
experiments lead to support a pronociceptive rdleN®-3. Transganglionic
labeling of AR fibres with choleragenoid- horsestdiperoxidase (C-HRP) in
animals treated intrathecally with NT-3 for 14 daya an osmotic pump shows
that the area of C-HRP label expands into lamindHese NT-3-treated animals
have a significant decrease in mechanical nociegtireshold (White, 1998).
Consistent with this finding, intrathecal admiragion of NT-3 antisense
nucleotides attenuates the density of C-HRP lappetinamina Il in nerve injured
animals, and significantly attenuates nerve injunguced allodynia (White,

2000).

NT-4

In situ hybridization studies demonstrate that NT-4 is lsggized by DRG and
DH neurons (Heppenstall and Lewin, 2001). Veryelitvork has been done to
characterize the effects, if any, of NT-4 in cehtraciceptive pathways. In NT-4
null mice there are not obvious deficits in fleximilex (Heppenstall and Lewin,
2001). However in these mutants the antt nocigeptifect of morphine appears
to be partially mediated by NT-4-induced trkB reoepactivation (Lucas et al.,

2003).

Conclusion
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A significant advancement of our understandinghef physiological role of NTs

in nociceptive pathways has been achieved in tlse yaars. Nonetheless a
number of questions are still unresolved mainlkdoh to the mechanism(s)
through which NTs acutely modulate synaptic tragsion at central synapses in
the DH. Our possibilities of comprehension of thépect of NT neurobiology are
further hampered by the fact that this family obwth factors exert a wide array
of functions during development in the survival andintenance of nerve cells,
and that substantial maturation of the nociceptpahways still occurs in

postnatal life. The recent observation that NTs bansorted into either the
constitutive or regulated secretory pathways (Moetlal., 1999), explains how
NTs can act both as survival factors (when enteitiegconstitutive pathway) and
neuromessenger (when entering the regulated pajhwegimilarly to what

happened with NGF, that was initially consideredhasprototype of neurotrophic
factors, BDNF is now emerging as the prototype ofnavel class of

neuromessengers in several areas of the CNS. pinggeBDNF is processed in
the regulated secretory pathway within brain nesrand secreted in an activity-
dependent manner (Mowla et al., 1999), and in BIxNéckout mice there is an
impairment of synaptic vesicle docking (Pozzo-Milkt al., 1999), confirming

that it is released at synapses and influencesonauactivity. In the nociceptive
pathways plastic changes mediated by NTs, partiguldGF, have been

extensively documented, and the cellular and mtdecuechanisms that underlie
these changes have been basically unraveled. Ndesththe acute modulatory
effects of NTs at central synapses in the DH alefat to be understood, since
some effects of BDNF (and perhaps other membertheffamily) are hardly

explained only on the basis of post-translatiomal/ar activity-dependent
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transcriptional modifications of the nociceptorsd/@n their postsynaptic target
neurons in the DH.

Clearly much work still needs to be done to clatifg subcellular site of storage
of NTs at central synapses, their pattern of céemce with EAAs and/or

neuropeptides, and functiona | interactions thegeiceptive messengers. This
information, together with an in-depth ultrastruatuand functional analysis of
receptor distribution in the DH, will be fundamdnta fully understand fast

synaptic events that are mediated by NTs in notiepathways.
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