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ABSTRACT

The aim ofthis thesis study was to investigate the substance l' (SI')-immunoreacli"e

(IR) sensory fiber innervation ofCNS tmget tissues in two expcrimental mndcls. In the tirsl

model, we exmnined the SP-IR boutons apposed to thrcc 1lll1ctionai types or dorsal hOI11

nelll'ons and their morphological interaction with calcitonin gcnc-rclated peptide (CORI') and

enkephalin (ENK) in the cal spinal cord. using a combination or intraccllular

electrcphysiological recording and horseradish peroxidase injcction with ultraslruclural

immunocytoehemistry. In addition to SI'-IR only boutons, wc detectcd boutons co-Iocalizing

SI' plus CORI' and SI' plus ENK immunoreaetivities presY\laptic 10 nociccptive neurons.

Quantitatively, signifieant1y higher numbers of SP-IR, SP+CGRI'-IR and SIVENK-IR

boutons were apposed to nociceptive neurons. Non-nocieeptive neurons were rarely

innervated by boutons which were SI'-IR, SP+CGRP-IR and SP+ENK-IR. ln contrast, ENK­

IR only boutons innervated non-nociceptive neurons eonsiderably. Boutons co-Iocalizing SI'

and CGRP were considered as originating l'rom primary sensory alTerents. Most nociceptive

nelll'ons contained ENK immunoreactivity, but non-nœiceptive neurons were never ENK-IR.

The interaction of SI' and y-aminobutyric acid (GABA) in the superlicial dorsal horn of the

cat and rat spinal cord was also investigated. The co-localization of SP and GABA in axonal

terminais was detected for the first time in the superliciallayers of the dorsal horn or the cal,

but not rat, spinal cord.

In the second model, we used immunocytochemistry to study the SP-IR liber

innervation of the white malter of transgenic miee exprcssing NGF in myclinating

oligodendrocytes driven by a MBP promoter. SP-IR libcrs wcre observed in the white matler
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of the CNS of both transgcnic and eontrolmiee l'rom postnatal day 0 to day 2. From day 5

on, however, these Sr-IR libers inereased markedly to beeome ectopie libers in transgenie

micc, but deereased dramatically, and finally disappearcd, in controlmice. The ectopie Sr-IR

libers of transgenic mice pcrsistcd throughollt adliithood. Capsaicin treatment aboli shed ail

eetopic SP-IR libers, indicating their primary sensory origin.

ln conclusion, Sr-IR libers specifically inncrvated nociceptivc neurons and co­

localizcd \Vith CGRr, ENK and GABA in the cat dorsal homo The finding provides

anatomical substratesfor roIes ofSr in nociception and for 1l.mctional interactions ofSr \Vith

ENK and GABA. Ectopic Sr-IR fibers innervated the white matter of the CNS oftransgenic

mice where NGF was abnormally-produced.
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RÉsurvll~

Ces études avaient comme objectif l'investigation de l'innervation de tissus du

système nerveux central par des fibres immunoréactives pour ln substance t' (SI'), en utilisant

deux modèles expérimentaux. Avec Ic premier modèle, nous avons examiné, sur le come

dorsal de la moelle épinière du chat, ln distribution de terminaux axonaux immunoréaclils

pour la SI' qui étaient apposés à des neurones appartenant ù trois types Illnclionnels. et Ics

interactions de ces terminaux-là avec le peptide altematif du gène dc la calcitonine (CG RI')

et l'encéphaline (ENK). On a utilisé une combinaison d'enregistrement e1ectrophysiologique

intracellulaire, suivi d'injection de peroxydase de raifort. et d'immunohistochimie

ultrastructurelle. On a observé, en plus de boutons axonnllx réactifs uniquement pour la SI',

d'autres qui étaient immunoreactifs pour la SI' et la CORI' et aussi pour la SI' etl'ENK, et

qui établissaient des synapses avec des neurones nociceptifs. Du point de vue quantitatil~ les

cellules nociceptives recevaient significativement plus d'appositions de boulons

immunoreactifs pour la SI', pour les SP+CGRP et pour les SP+ENK, quc Ics neurones non­

noeiceptifs. Cependant, les cellules non-nociceptives étaient rarement innervées par des

boutons immunoréactifs pour la SI', et pour les SP+CGRP ou SP+ENK. En contrcpartic, ccs

cellules non-nociceptives recevaient un nomhre considérable d'appositions dc la part de

boutons immunoréactifs uniquement pour l'ENK. Les boutons axonaux qui étaient

immunoréactifs simultanément pour la SI' et la CORP ont été considérés commc appartenant

à des afférents sensoriels primaires. La majorité des cellules nociceptives étudiées étaicnt

immunoréactives pour l'ENK. Au contraire, les neurones non-nociceptifs n'étaient jamais

immunoréactifs pour l'ENK. Nous avons aussi étudié les interactions entre la SI' et l'acidc

l,
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y-aminobutyriquc (OABA) dans la région superficielle du comc dorsal de la moelle épinière

du chat ct du rat. Nous avons détccté pour la prcmière fois dans la littérature une co-

localisation de sr ct OABA dans des boutons axonaux de la moelle du chat, mais qui

n'cxistait pas chez le rat.

En ce qui concerne les rccherches avec le deuxième modèle expérimental, nous avons

étudié avec inll11unohistochimic l'innervation, par des fibres immunoréactives pour la sr,

de la substance blanche du système nerveux central de souris transgéniques. Ces souris

synt;létisaient du facteur de croissance nerveuse (NOF) dans des oligodendrocytes

producteurs de myéline, sous le contrôle d'un promoteur de la protéine basique de la myéline

(MB r). Nous avons observé des fibres immunoréactives pour la sr dans la substance

blanche du système nerveux central de ces souris transgéniques et aussi des contrôles, du jour

cie naissance jusqu'à l'âge cie 2 jours. Cependant, à partir de l'âge cie 5 jours, ces fibres

inll11unoréactives pour la sr augmentaient d'une façon remarquable en nombre et épaisseur
,

chez les souris transgéniques, pour devenir de vraies fibres ectopiques. Chez les contrôles,

ces/libres devenaient rares pour finalement disparaître. Ces fibres ectopiques des souris

transgéniques persistaient pendant toute la vie adulte cles souris. Ces fibres ectopiques

immunoréactives pour la sr disparaissaient, cependant, après injection de capsaicine. Ce

résultat inclique que ces fibres ont une origine sensorielle primaire.

En conclusion, des fibres immunoréactives pour la sr innervaient d'une façon

spécifique les neurones nociceptifs. En plus, dans quelques terminaux, cette

immunoréactivité pour la sr était co-localisé avec celles pour la CGRP, l'ENK ou le OABA

chez le chat. Ces résultats fournissent une base anatomique pour la participation de la sr

dru1s les mécrulismes nociceptifs et pour les interactions fonctionnelles entre la SP et l'ENK,
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et la sr et le OABA. Des librcs ectopiques immunoréactivcs pour la SI' inncrvaÎL'nt la

substance blanche du système ncrveux ccntrai de souris transgéniqucs qui avaicnt UIlC

production ectopique dc NOl' par des oligodendrocytes.
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Pain is an unplea~ant sensation which OCClll'S following the activation of special

receptors, in the skin and deeper structures ofthc body. Thcse "pain" rcceptors or noeiceptors

can be activated by noxious mechanical, thermal and chcmical slimuli applied 10 Ihc skin,

muscles, joinls and viscerae. There are Iwo main Iypcs of nociccptors, myclinated,

nociceplors (Aô nociceplors) and unmyelinaled noeiceptors (C-polymodal nocieeptors),

which occur respeCtively al the peripheral endings of thinly myclinated fibers (Aô) and

unmyelinated fibers (C). The nociceptive infonuation originaling n'om thc pcripheral tissues

is conveyed by the two types of nociceptive tibers 10 the spinal and mcdullary dorsal hom,

where it is modulated by both excitatory and inhibilory neurolransmitters or neuromodulators

bel'ore being relayed to higher levels ofth~ central nervous system (CNS) [for review, sec

(Willis et al., 1995)]. Substance P (SP), which occurs in Aô and C I1bers, has been

considered a mediatol' ofnociception in the spinal and medullary dorsal homs [for rcview,

see (Henry, 1994)]. The delailed knowledge o~the tenuinalion in Ihe CNS ofSP containing

primary afferent fibers ancl" of the synaptic interactions of Ihesc libers wilh olhcr syslems

under nonnal and abnonnal experimental conditions is very important for the understanding

of nociceptive mechanisms. This thesis project was designed 10 address the above issue in

two experimental models. In the first experimental paradigm, Ihe SP sensory tiber

im1ervation ofphysiologically characterized dorsal hom neurons was invesligalcd in the cal

spinal cord. In the second experimental paradigm, the SP sensory I1ber innervation of Ihe

white matter of the CNS of a transgenic mouse model which ovcr-expresses nervc growth

factor (NGF) was studied.

This general introduction therefore reviews aspecls of the anatomy oflhe dorsal hom
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rclutcd to nociception, thc possible role of sr in nociccption, the interaction of sr with

culcilonin gene-reluted peptide (CGRr), cnkephulin (ENK) und y-uminobutynic ucid

(GABA), as weil us the interaction of sr contuining sensory neurons with NGF. Bused on

this background information. the objective und rationule of the current thesis project were

fOlll1ulated.

1. Anatomiea\ basis of nocieeptive mec\umisms in the dors:11 horn

The cat dorsul horn was divided by Rexed (1952; 1954) into six parallellaminae, on

the basis of their cytoarchitecture. More recently, this classification has been extended to

other mammalian species, including the rat (Molander et al., 1984). The transmission and·

modulation of nociception occur mostly in the superficial layers of the dorsal horn,

pmticularly in lamina 11 ofRexed. Herc,\ will focus on the laminae of the dorsal horn which

are thought to be involved in nociception. For a detailed description of the structure ofthe

dorsal horn see Willis and Coggeshall (1991).

A. Lamina 1

Lamina \ (marginal zone) represents the dorsal-most part of the spinal grey matter.

Morphologically, the neurons oflamina 1 were classically divided into large marginal cells

and smaller neurons (Ramon y Cajal, 1909; Scheibel and Scheibel, 1968; Scheibel and

Scheibel, 1969). More recently, several morphological types of cells were described in the

cat (Gobel, 1978a), rat (Lima and Coimbra, 1986) and monkey (Beai et al., 1981), but these

newer categories have yet to receive general agreement. Lamina 1 is composed primarily of
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local interneurons (Golgi type Il or intrinsic neurons) (Light cl al., 1979; C~l"\'I"l'l1 ~t al.,

1979), but certain populations of neurons in lamina 1arc cells (Golgi typ~ 1or rday n~urons)

which project their axons to higher regions ol'the CNS (Lima and Coimbra, 19~~: Lima and

Coimbra, 1989; Lima and Coimbra, 1990; Lima ct aL 1991), Thinly mydinated libers (!\ô)

are considered to provide most ol'the primary al'I'erents to lamina L although this lamina also

receives a considerable number ol'unmyelinated fibers (C) (Willis and Coggeshall, 1991),

Functionally, lamina 1cells were shown to respond to both noxious and non-noxious

thennal and mechanical stimuli (Cervero et al., 1976; Light ct al., 1979; Brown ct aL 19~ 1),

These cells were characterized as nociceptive specific, wide dynamic range and non­

nociceptive neurons based on their responses to noxious and non-noxious stimuli,

Nociceptive specific neurons respond only to noxious stimuli; wide dynamie rangc ncurOilS

respond to both noxious and non-noxious stimuli; non-nociceptive neurons respond only to

innocuous stimuli. Sixty-three percent oflamina 1cells arc nociceptivc (Light, 1992),

B. Lamina Il

Lamina II is also called the substantia gelatinosa of Rolando (Cervero and !ggo,

1980), for its gelatinous appearance due to the concentration of small ncorons and the lack

ofmyelinated fibers. Lamina II is further subdivided into outer lamina Il (lamina 110) and the

inner lamina II (lamina IIi).

1. Cell types

Ramon y Cajal (1909) classified lamina Il eells into central cells and limiting eells

based on their morphological characteristics. In cat, the central cells and the limiting cells
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were named as islet cclls and stalked cells, respectively, by Gobel (1975; 1978b). The

stalked, or limiting eells, occur along the lamina l-Il border, while the islet, or central cells,

are extensively distributed throllghollt the lamina. The dendritic trees of the stalked cells

were charaeterized as cone shaped, radiating ventrally in laminae Il l'rom the cell bodies

(Gobel, 1978b; Brown et al., 1981). Following electrophysiologieal characterization and

intracelllliar horseradish peroxidase (HRP) it*ction, the stalked eells were thollght to be

eilher noeieeptivespecific or wide dynamic range nellrons (Bennett et al., 1980). The

dendritic trces of the islet cells was described as extending throllgh the thickness of lamina

Il in a rostroeaudal orientation (Brown et al., 1981). The islet cells were reported either as

nociceptive specifie nellrons or as mechanoreceptive nellrons (Bennett et al., 1980).

Aeeording to Light (1992),70% ol'cells in outer lamina Il are noeieeptive, receiving

inputs l'rom mechanieal and polymodal noeiceptors.

2. Glomeruli

The most striking tèature of lamina Il at the ultrastructurallevel is the existence of

synaptic glomemli. A glomerulus consists of a central tenninal, which is in synaptie contact

with several peripheral dendrites and a'wnal temlinals. The central temlinals, or central

boutons (C), have been confiffiled as representing terminaIs ofprimary sensory fibers

(Duncan and Morales, 1978; Coimbra et al., 1984; Murray and Goldberger, 1986).

Two types of synaptic glomeruli were described in lamina II of the rat

(Ribeiro-da-Silva and Coimbra, 1982; Ribeiro-da-Silva, 1995). Type 1: represents the most

conunonly observed glomerular type. The central boutons (Ct) in this glomerular type are
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relatively small and scalloped in shape. eontaining eompaet synaptie vesieles and very fe\\'

mitoehondria. The axoplasm is relatively e1eetron dense. The eentrul boutons likely reprc'sent

the endings of unmyelinated noeieeptive libers. sinee they are eapsaiein sensitive

(Ribeiro-da-Silva and Coimbra. 1984). In rat, this type of glomerulus ean be fmther diviL!ed

into subtypes la and lb (Ribeiro-da-Silva. 1995).

Type Il: The central boutons (Cu) of this glomerular type are usually larger. of less

scalloped contour, electron lueent and rieh in mitoehondria. Type 1\ synaptie glomeruli ean

be further divided into subtype lia, devoid ofneurolilmllent bundles in the C bouton, anL! lib.

rich in neurofilament bundles in the C bouton. Based on the glomerular morphology of

physiologically characterized libers in the cat [for a review, see (Muxwell und R~thelyi,

1987)], the central boutons of type lIa glomeruli might be the tenllination of Aô D-hair

fibers, and those oftype lib, the termination ofthicker libers.

C. Laminae III, IVand V

Compared with lamina IV, lamina III is composed ofrelatively honl0gcneous und

smaller cells. Lamina IV cells are heterogeneous in cell size, with the presencc of some very

large cells. The neurons in lamina III are mostly non-noeieeptive neurons (Maxwell el al.,

1983), but neurons whieh reeeive both innoeuous and noeieeptive inputs arc also found

(Light, 1992). The larger diameter (AP) sensory fibers, whieh do nol convey noeieeptive

information, terminate mainly in laminae III-IVoI' the dorsal hom (Brown ct al., 1981;

Brown, 1982). The cells in lamina V are even more hetercigeneous in size lhan those in

lamina IV. Some neurons in lamina V have been shown to be noeiceptive (De Koninek ct
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ai., 1992). Lamina V also reccives somc high threshold mechanoreceptors (Light and Perl,

1979a).

II. Substance l' :md nociccption

Substance P (SP) is a member of the neurokinin (tachykinin) family, which also

includcs ncurokinin A (substance K) and neurokinin B. SP and neurokinin A share a single

gene and are the products of alternative RNA splicing and/or post-translational processing.

Therefore, they are closely related in structure and function. The functions of neurokinins in

the mammalian CNS have been weil described [for a revie\v, see (Otsuka and Yoshioka,

1993)].

Unlike neurokinin A and neurokinin B whieh were found and characterized only

recently (Nawa et al., 1983), SP was discovered in equine brain and intestine in 1931 by von

Euler and Gaddum (1931), where it was shown to eause hypotension and smooth muscle

, contraction. ln 1936, its peptide nature began to be known. However, it was not until 1971

that SP was purified and its undecapeptide sequence was revealed by Leeman and colleagues

(Chang et al., 1971). Since then, the anatomical distribution and physiologieal l'oies of SI'

have been extensively studied. SP is widely distributed in the central and peripheral nervous

systems and its physiological and pharmacological l'oIes are diverse. Ofthese physiological

roles, its l'ole as a putative "pain" neurotransmitter in the dorsal horn has drawn great

attention over the past two deeades [for reviews, see (Otsuka and Yanagisawa, 1987; Otsuka

and Yanagisawa, 1990)] .

7



•

•

A. MOI]Jhologieal evidencefor li role (~lSp in nociccplhm

1. SP immunoreactivity in the dorsal horn

Immunocytochemically, SP was detected in high concentration in small diameter

fibers in laminae 1 and Il (I-I6kfelt et al., 1975a; Hokfelt et al.. 1976; Cuello ct al.. 19n) and

also in lamina V (Ruda et al., 1986). Unilateral multiple dorsal rhizotomies eaused a marked

reduction in SP immunoreactivity in these regions (I-Hikfelt et al., 1975a; .1cssell et al., 1979),

suggesting the presence ofSP in primary affèrent tenninals. SP immunon:activity was also

found in neurons of laminae 1 and Il (Hunt et al., 1981; Ljungdahl ct al.. 1978) and in

descending pathways l'rom the brainstem (Gilbert ct al.. 1982: Hükt'clt ct al.. 1978).

Ultrastructural studies have shown that SP immunoreaetive (IR) terminais are presynaptic

to dendrites in the superficial dorsal horn (Barber et al., 1979; Chan-Palay and Palay, 1977;

Priestley et al., 1982b; DiFiglia et al., 1982; Ribeiro-da-Silva ct al., 1989). In axonal

terminaIs, SP immunoreactivity was mainly associated with large dense core vesieles (Barber

et al., 1979; Priestley et al., 1982b; Ribeiro-da-Silva et al., 1989), particularly when using

post-embedding immunogold protocols (Merighi et al., 1989).

2. SP immunoreactivity in primary sensory neurons

Using immunocytochemistry, SP immunoreactivity was first shown to be present in

sman size dorsal root ganglion (DRG) cens and in sman diameter axons in the superficial

dorsal horn by Holkfelt and co-workers (Hokfelt et al., 1975a; I-I6kfelt et al., 1975b). A study

(Tuchscherer and Seybold, 1985) showed that in the rat DRG, 6-20% cells were sr

immunoreactive, most ofwhich were of sman size and only a few being of medium size. An
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in situ hybridization study showcd that approximatcly 20-30% of DRO cells in the rat and

rabbit cxprcsscd prcprotachykinin A mRNA (Boehmcr ct al., 1989). The mismatch ofmRNA

content and protein content suggests a fast sr turnover in small size DRO cells. Using a

combination of elcctrophysiological recording and inununocytochel11istry, sr

immunorcactivity was observed in 50% ofC-fiber neurons, in 20% ofAô-fiber neurons, and

in none of the Aa./p-neurons (McCarthy and Lawson, 1989). Subcutaneous administration

of capsaicin to neonatal rats caused a selective degeneration of primary afferent C-fibers

(Pignatelli ct al., 1989), and concurrent depletion ofSrfi'om the DRO and dorsal horn (Nagy

etaI., 1981).

3. Distribution of sr receptors in the dorsal horn

sr, neurokinin A and neurokinin B are the preferred agonists for NK-I, NK-2 and

NK-3 receptors, respectively, but these naturally occurring neurokinins arc not completely

selective for their respective receptor subtypes (Regoli et al., 1988). Using radioautography,

high concentrations ofSI' receptor binding sites were shown in the superficiallayers of the

dorsal hom, pmticularly in Imninae 1and II (Quirion et al., 1983; Mantyh et al., 1989; Dam

ct al., 1990; Yashpal et al., 1990; Oouardères et al., 1993). More recent immunocytochemicaI

studies provided results in apparent contradiction with the binding studies. A study showed

that neurons with SI' receptor immunoreactivity were located in Imnina 1 and III of the

trigeminal caudalis nucleus and in Imnina 1 of the spinal cord (Nakaya et al., 1994). Similar

results were obtained using a monoclonal antibody raised against the C-terrninal of the NK-1

receptor, which revealed that most neurons possessing NK-1 receptor immunoreactivity were
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located in lamina 1 and in lamina III-IV, and only very li:w were observed in lamina Il

(Bleazard et al., 1994). At thc electron microscopy (Elvl) levcl. only 33'1., ofSI'-IR terminais

were presynaptic to neurons expressing NK-I receptors, indicating a mismatch between SI'­

IR terminais and SP receptors. In fac!, the above studies fayOl' the hypothesis that SI' may

be released at a distance n'om the postsynaptic targets expressing NK-l re<:cptors (Liu cl al..

1994).

B. SP and capsaicin

Capsaicin is a pungent ingredient of certain hot pcppers, whieh speci Iically interacls

with small size primary sensory neurons. The detailed description of the c1kcts of capsaicin

on sensory neurons can be found in reviews of Bolzer (1988; 1991) and Dray (1992). The

effects ofIow doses of capsaicin are different quantitativcly and qualitativc\y (1'om lhose of

high doses. At low doses (in the ~lg/kg body weight range), capsaicin cxerts a powerf'ul

excitatory effect on peripheral sensory nerve tem1inals, and this effect is apparently conlined

to unmyelinated fibers (Szolcsanyi, 1977; Fitzgerald, 1983; Kenins, 1982). Bowever, the

inital excitation is soon followed by desensitization to chemical stimuli and by a blockade

of nerve conduction (Fitzgerald, 1983). Systemic administration of capsaicin at high doses

(in the mg/kg range) has a marked néurotoxic effect on a population of sensory neurons,

mainly of small size. The extent of neuronal damage depends on the dosage, route of

administration, animal species and age of the animais (Holzer, 1988). Administration of

eapsaiein to neonatal rats eaused selective degeneration of up to 90% of the unmyelinated

afferent fibers (Janes6 et al., 1977; Nagy et al., 1981; Nagy et al., 1983; Scadding, 1980).
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Furlhcrmorc, SI' and other neuropeptides were markedly depleted in the dorsal horn and the

lrigcminainuc1eus (Cucllo et al., 1981; Helke et al., 1981; Jancs6 et al., 1981) and the pain

thrcshold to noxious stimuli was increased (I-Iolzer et al., 1979; Nagy et al., 1980; Nagy and

Van dcr Kooy, 1983). Capsaicin treatment of adult rats results in Icss pronounced effects

lhan in neonatal rats (Buck ct al., 1982; Hayes et al., 1981; Jancs6 et al., 1985; Jessell et al.,

1978). Capsaicin induced analgesia is not only due to the depletion of SI' from the

lInmyciinated fibers, but also due to its direct effects on the nociceptive neurons (Burks et

al., 1985).

C. Funclional evidence/or a l'ole oIS? innociception

1. Bchavioral studies

Intrathecal SI' injection in mice e1icited tail-toward scratching and biting, behaviours

suggesting pain perception (Hylden and Wilcox, 1981; Piercey et al., 1981). Neurokinin

antagonists (Akerman et al., 1982) or anti-SP antibodies{Nance et al., 1987) administrated .

in the same route produced an analgesic effect. Intrathecal injection of SPin rats also

làcilitated a spinal nociceptive reflex (Yashpal and Henry, 1983; Yashpal and Henry, 1984;

Cridland and Henry, 1988a) with a transient decrease in reaction time to tail withdrawal from

a noxious radimlt heat stimulus. Intrathecally injected SI' increased the magnitude of the

spinal flexion reflex elicited by noxious mechanical or thermal stimuli in the rat, suggesting

that SI' might be released from C-polymodal nociceptors (Wiesenfeld-Hallin, 1986a). More

interestingly, tàmilia! dysautonomia patients, in which SPis depleted from the substantia

gelatinosa of the spinal cord, exhibited severely diminished pain sensitivity (Pearson et al.,
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1982).

2. Excitation of dorsal horn nociceptive neurons by SI'

Electrophysiologically, SI' was ShO\\11 to excite specilically the dorsal horn neurons

that respond to noxious cutaneous stimuli (Hemy. 1976). A slow excilatOl'l' post-synaplic

potential (EPSP) recordell from cat dorsal horn neurons fol1owing noxious eulaneous

stimulation'was blocked by inU'avenous injection ofa SI' receptor antagonist (Radhakrishnan

and Hemy, 1991; De Koninck and Henry, 1991). l'urlhermore, the dorsal hol'l1 neurons with

stronger nociceptive input were demonstrated to be abundantll' innervaled by SP-IR

varicosities in the cat spinal cord (De Koninck et al., 1992).

However, the fast component of the EPSP was likely to be mediated bl' a L;lsl-acting

excitatory amino acid, such as glutamate or aspartate (Yoshimura and .Tessell, 1989), since

it is not blocked by non-peptide SI' receptor antagonists (De Koninck and Henry, 1991).

Experimental evidence indicated that most, if not all, of the primary allèrent terminais

probably release fast-acting transmitters (Jessell et al., 1986; Yoshimura and Jessell, 1989).

Morphologically, glutamate was shown to co-Iocalize with SP in most of SP··IR axonal

terminais in the dorsal horn (Battaglia and Rustioni, 1988; De Biasi and Rustioni, 1988;

Merighi et al., 1991) and in part with SP and CORP in ORO cells (Merighi et al., 1991; Oc

Biasi and Rustioni, 1988).

3. Release of SP in the dorsal horn

Following repetitive electrical stimulation of the dorsal roots, an increascd calcium-
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dependent sr releuse From the isoluted spinul eord of the newborn rut wus detected by

radioimmllnoussuy (Otsllku and Konishi, 1976). Cupsuicin treatment also increased sr

relcuse Jrom the rut spinal eord (Gamse ct al., 1979; Therialilt et al., 1979).

Relcuse of sr From the spinal cord in sitll was also detected by various techniques

in response to peripheral noxiolls stimulation, and it was further shown that the release

occurred purticlilarly in the superficial dorsal horn. An increused sr release was found in the

superfllsate l'rom the cat spinal cord after an electrical stimulation of peripheral nerves at a

C-fiber, but nolan Aô-tiber, frequency (Yaksh et al., 1980). Furthennore, sr release upon

C-liber stimulation in the dorsal hom was also shown by microdialysis (Brodin et al., 1987):

Inereased sr release in the substantia gelatinosa of the dorsal horn fol1owing noxious

meehanical, thermal, and chemical, but not innocuous, stimuli was detected by

microelectrode probes coated with anti-Sr antibodies (Duggan et al., 1987; Duggan et al.,

1988).

Ill. Interaction of SP and CGRP

Calcitonin gene-related peptide (CGRP) is a 37 amino acid-Iong peptide generated

l'rom the calcitonin gene by alternative RNA processing, and is widely distributed in the

nel'VOUS system (Rosenfeld et al., 1983; Amara et al., 1985). A recent review provided a

detai led description of this neuropeptide in the central and peripheral nervous systems

(Hokfelt et al., 1992).

A. Morphological evidence olSP and CGRP interactions

1. Co-Iocalization of sr and CGRP in primary sensory neurons
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CGRP immunoreactive neuron~ repre~ent the largl'~t lK'ptiliL'-l'ontaining pl'I'ulatil'n

so far observed in the dor~al root and trigeminal gangli'l, where thl'Y rL'l1l'l'~l'nt ml'rl' than

50% of ail neurons (Gibson et al., 1984). The ~ize~ of CGRI' nl'Ul\Hl~ ran\.!.l' th'm ~malltl\

large, although most of the cell~ bclong to the ~mall ~ize group (Amara l't al., ILJS5). l 'tiRI'

neurons have a conduction vclocity li'om 0.5 to 28.6 m/~ee (l\kl'arthy al1lll.aw~lH\, \ IlllU).

A striking tèatllrc ofCGRP immunoreaetivity in sensory systems is its eo-loealization with

immllnoreactivitics for SP and other neuropeptidcs. Studies have sl1l1wn that many of the

CGRP-IR neurons also contain SP inununorcactivity (Gib~on et al., 1984: Wiesenfcld-Ilallin

et al., 1984; Gibbins ct al., 1985; Lee et al., 1985b: Skolitseh and .Iaeobowitz. t 985). Thesc

stlldies have led to the assumption that ail SP-IR ncurons eo-Ioca\lzc CGR\'

immunoreactivity. Subseqllently CGRP inununoreaetivity was lhund III co-Illcaliz.c \Vith

inunllnoreactivity for other neuropeptides, such as somatllslatin ami galanin (.lu d al., [987;

Tuchscherer and Seybold, 1989).

2. Co-Iocalization ofSP and CGRP in the dorsal horn

ln the superticiallaminae of the dorsal hom, CGRP immunorl'activity was dl'tl'cted

in high concentration (Kaway et al., 1985; Lee et al., 1985a; Traub ct al., 1990). At the

ultrastructural level, CGRP immunoreactivity \Vas demonstrated to co-exist \Vith SI'

immunoreactivity in the same secretory, large dense core vesicles in peripheral and central

nerve terminaIs ofprimary sensory neurons and in their l'l'li bodies in the dorsal root ganglia

(Gulbenkian et al., 1986; Merighi et al., 1988; Merighi et al., 1989; Plenderleith et al., 1990).

CGRP immunoreaetivity in the dorsal horn originates entirely l'rom the dorsal root ganglia,
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a /imiing which was dcmonstrated by the almost complete depletion of CGRP

immunoreactivity alier dorsal rhizotomy (Traub et al.. 1989; Chung et al.. 1988) and

con/irmed by the luck or dcteetion of CGRP mRNA in the dorsal horn by in sitll

hybridization (Réthclyi ct al., 1989). Hcnce, it is reasonable to use the co-Ioealization \Vith

CGRI' immunoreaetivity in the dorsal horn as a marker to indicate the primary sensory origin

or boutons inlll1unoreactive l'or peptides such as SI' and somatostatin.

B. FllI1ctiOlial evidence (!/ÏllIeraction (!(SP and CGRP innociception

The 11metional l'Ole ofCGRP in primary sensory neul'Ons is unclear. lt is observed

that CGRI' ean exeite the dorsal horn neurons (Wiesenfeld-Hallin, 1986b; Woolf and

Wiesenfeld-Hallin, 1986; Cridland and Henry, 1988e; Ryu et al.. 1988; Morton and

I-lutehison, 1989; Miletic and Tan, 1988; Kawml1ura et al., 1989). In behavioral tests, CGRP

markedly enhances a scratching and biting behaviour induced by the intrathecal

administl11tion of SI' (Wiesenfeld-Hallin et al., 1984). Furthermore, CGRP and SI' modulate

synergistieally the nociceptive flexor reflex (Woolf and Wiesenfe1d-Hallin, 1986).

C. Possible lI1ecf1anisl/1s ofCGRP potellliation ofSP elicitednociception

Two possible mechanisms have been suggested for the CGRP potentiation of the

nociceptive effects of SPin behavioral tests. The tirst one is an inhibitory effect of CGRP

on an endopeptidase involved in the inactivation of SI' (Le Greves et al., 1985; Le Greves

et al., 1989). Thus, CGRP wou1d prolong the action of SI' by preventing its degradation. The

second mechm1ism invo1ves the capability of CGRP to potentiate the re1ease of SI' and l'ast-
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acting cxcitatory amino acids in the dorsal horn. In a!.:rcement with this. CGRP has heen

shown to enhance the release of sr. glutamate and aspartate Il'om the dorsal horn ;/1 vitro

(Oku et al.. 1987; Kangrga and Randic. 1990; Kangrga ct al.. 1<)90). due to its ahility to

increase Ca" in the sensory allèrent terminais in the dorsal horn (Oku ct al.. 1988). The

released sr in turn increases the release of glutamate and aspartate in the dorsal horn

(Smullin et al., 1990) and may enhance glutamate-mediated excitatory transmission in the

dorsal horn (Randic et al., 1990).

IV. Interaction of SP and cnlœphalin

A. Distribution ofENK ùlllllllllOreactivity in the dorsal hol'l/

Elùœphalin (ENK) is an endogenous opioid receptor ligand. Anatomically, both ENK

rectiptor binding sites (Fields et al., 1980; LaMotte et al., 1976) and Met- nnd Lcu-ENK

immunoreactivities have been detected in axonal tem1Ïnals (Hoklèlt et al., 1977; HUllt et al.,

1981) and cell bodies (Hunt et al., 1981; Glazer and Basbaum, 1983; Miller and Seybold,

1987; Bennett et al., 1982; Del Fiacco and Cuello, 1980) in tlIe dorsal horn, particulal'iy in

laminae 1and IL Some ENK-IR lamina 1\ cells \Vere identificd as stalked cells and islet cells

on the basis of their morphology (Bennett et al., 1982). The sccond regioll \Vith high

concentration ofENK immunoreactivity in the dorsal horn is lamina V (Ruda, 1982).

At the ultrastructural leve1, ENK-IR axonal terminais \Vcre fOl\l1d presynaptic to

dendlites and occasionally to neuronal cell bodies (Hunt ct al., 1980; Glazer and Basbaum,

1983). In the substantia gelatinosa of the cat spinal cord, some glomerular peripheral profiles

\Vith synaptic vesicles \Vere ENK immunoreaetive (Bennett ct al., 1982; Glazer and
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13asbaum, 1983) and in rat cvidcnce that ENK-IR terminais are presynaptic to the central

varicositics of glol11eruli has becn Jound (Ribeiro-da-Silva et al., 1991 b; Ribeiro-da-Silva,

1995). ENK-lR and Sr-IR axonal boutons were seen to be presynaptic, separately, to a

cOl11mon dendritc, and Sr-IR central boutons in glomeruli were presynaptic to ENK-IR

dcndrites. However, no 1110rphological evidence has been found for presynaptic interactions

of ENK-IR varicosities on Sr-IR boutons in rat (Cue11o, 1983; Ribeiro-da-Silva et al.,

1991 b) and cat (Ribeiro-da-Silva et al., 199Ia).

13. Origills '?fENK illll/Ill/1Oreac/il'ily ill/he dorsal horn

ENK immunoreactivity in :he dorsal horn has been shown to originate mainly l'rom

intrinsic dorsal horn neurons, since transection of the thoracic spinal cord results in a

negligible loss ofENK immunoreactivity at lumbar levels (Seybold and Elde, 1982). ENK

immunoreactivity in the dorsal horn was suggested to originate l'rom primary sensory

afferents, but it was never detected in a significant number of neurons in the dorsal root

gunglia (Oarry et al., 1989).

sr und ENK immunoreuctivities were fOlll1d to co-localize in a considerable number

of dorsal hom neurons and axonal tenninals in both rat and cat (Senba et al., 1988; Tashiro

et al., 1987; Ribeiro-da-Silva et al., 1991b; Ribeiro-da-Silva et al., 1991a). Indeed, almost

a11 Sr-IR neurons in the dorsal hom co-Iocalize ENK immunoreactivity and about 50% of

ENK-IR neurons also contained sr immunoreactivity (Senba et aL, 1988; Ribeiro-da-Silva

ct al., 1991 b). Therefore, the axonal boutons co-localizing SP and ENK immunoreactivities

can be considered as likely to be of intrinsic dorsal horn origin.
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C. Fllnelional evidence afSP ami ENK interaeliolls in noe/cep/ion

1. Analgesic effects of opiates in nociception

Systemic injection ofopiates into spinalized cats or opiate iontophoresis dircctly into

the spinal cord selectively inhibit the response of dorsal hom neurons to periphemlnoxions

stimulation (LeBars et al., 1976; Zieglgansberger and BayerL 1976; Dnggan el al.. 1976;

Duggan et aL, 1977; Duggan et al., 1981; Randic and Miletic. 1978). Both ô and ~l opiate

receptors are believed to mediate the inhibitory actions ofENK on dorsal hOI11 intel11eurons

(Dickenson et al., 1986; Jeftinija, 1988).

2. SI' induced ENK release inr.:Jciception

In behavioral studies, both the intrathecal administration ofS\> and noxions cutaneons

stimulation in the rat elicit a transient decrease ofreaction time in the tail-flick tcst (Yashpal

and Hemy, 1983; Cridland and Henry, 1988a). This decrease in reactiontime is lollowcd by

a rebound overshoot, which can be blocked by naloxone (Yashpal and Henry, 1983),

suggesting th" activation ofan opioid mechanism at the spinallevel, due either to SI' or to

SP-induced activation of spinal nociceptive pathways. Biochemically, SI' has been shown

to stimulate the release of an endogenous opioid peptide at the spinal (Tang et al., 1983;

Iadarola et al., 1986) and supraspinallevels (Naranjo et al., 1986). Thc involvcment of SI'

receptors in triggering the release ofENK was suggested (Tang ct al., 1983).

3. Inhibition of SI' release in the dorsal hom by ENK

Opioid receptor binding sites in the substantia gelatinosa were rcduced markcdly
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following dorsal rhizotomy (LaMotte et al., 1976). This finding suggests that a considerable

nllmber of opioid receptors is located presynaptically on primary sensory afferents.

Biochemically, the releasc of SI' in laminae 1 and Il was induced by noxiolls stimuli or by

high concentration of potassium (DlIggan et al., 1987; Yaksh et al., 1980). Opiate analgesics

were shown to inhibit SI' release from the spinal cord and trigeminal nucleus (Jessell and

Iversen, 1977; Yaksh et al., 1980). However, there is no available morphological evidence

of ENK-1R axonal terminaIs presynaptic to SP-IR primary sensory afferents (see above).

Thus, it has been hypothesized that endogenous opioid peptides released from the terminaIs

of cnkcphalinergic intcmemons might spread diffusely to exert both presynaptic inhibition

on nociceptive afferent terminaIs and postsynaptic inhibition on dorsal hom nemons (CueÙo,

1983; Iversen, .1986).

V. Interaction of SI' nnd GABA in nociception

A. Distribll/ion ofGABA illllllunoreaclivity in the dorsal horn

y-Amino butyric acid (GABA) is a weil established c1assical inhibitory

nemotransmitter in the CNS. GABAergic neurons in the dorsal hom were detected using

antibodies generated against GABA itself or the synthesizing enzyme glutamate

decarboxylase (GAD). GABAergic neurons are widely distributed in the spinal cord. With

respect to the dorsal hom, GABAergic nemons are particularly concentrated in lnminae 1 to

\lI (Magoul et al., 1987; Todd and McKenzie, 1989; Hunt et al., 1981; Barber et al., 1982;

Todd and McKenzie, 1989). Both stalked (Barber et al., 1982) and islet cells (Barber et al.,

1982; Todd and McKenzie, 1989) were observed to contain GAD or GABA
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immunoreactivities. GABA immunoreactivity in the dorsal horn has two sources: intrinsic

GABAergic interneurons in the dorsal horn, either from the same or adjacent segments. -
(Carlton and Hayes, 1990), and descending libres il'0111 the medullary raphc nuclci. where

GABA has been found in serotonergic cell bodies that project to the spinal cord (Millhorn

et al., 1987; Kachidian et al., 1991).

B. Synaptic arrangements ofGABAergic structures in tlle dorsol 1101'1I

The synaptic arrangements in which GABA-1R elements parlicipale arc of parlieular

interest beeause they provide an anatomical basis for presynaptic and postsynaptic inhibition

mediated by GABA. GAD or GABA-IR terminaIs arc presynaptic to the central boutons of

glomeruli which are of primary sensory origin (Barber et al., 1978; Basbaum cl al., 1986;

Magoul et al., 1987; Todd and Lochhead, 1990; Bernardi et al., 1995). GABA-IR proliles

have been found presynaptic to the temlÎnals offunctionally delined myelinated nociceptors

in the monkey and cat spinal cord (Alvarez et al., 1992). These observations serve as

morphological substrates for GABA inhibition through a presynaptic mechanism. GABA-IR

terminaIs are also presynaptic to dendritic profiles, which are presumed to serve as

postsynaptic inhibition. In addition, most GABA-IR cell bodies and dendrites are

postsynaptic to primary sensory afferents (Basbaum et al., 1986; Carlton and Hayes, 1990;

Bemardi et al., 1995).

C. Interaction ofS? and GABA

Morphologically, there is little experimental evidence available as to the interactions
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of SP-IR and GABAergic elements in the dorsal horn. A preliminary study using a

post-embedding immunogold protocol claimed that GABA-IR axonal boutons were

occasionally presynaptic to SP-IR axonal boutons, but no illustration was given (Merighi et

al., 1989).

Functionally, bath application of SI' was reported to induce a marked increase in the

release of GABA from the isolated rat spinal cord (Sakuma et al., 1991). On the other hand,

it was reported that the well-known analgesic effects ofbaclofen (a GABAB receptor agonist)

are probably not mediated by a reduction ofthe release of SI' or CGRP in the dorsal horn

from central terminais ofprimary afferents, based on the results of an in vivo study using the

. antibody microprobe technique (Morton et al., 1992).

VI. Interactions of SI' and NGF

NOF represents the prototype of a gene fanlily of neurotrophins which are target-

derived, retrogradely transported, stmctura11y related and possess neurotrophic effects on

certain neuronal populations of the nervous system. This neurotrophin family includes NOF,

brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5

(NT-4/5) [for review, see (Ebendal, 1992)]. These neurotrophic factors are produced in sma11

amounts in the target tissues and control the neuron survival and innervation oftarget tissues

during development. Neurotrophic factors also have important nmctions in the adult nervolls

~

system.

Ofa11 neurotrophins, NOF has been the mostextensively stlldied. Ils wide range of

biological effects lIpon neural-crest derived sensory neuronsand sympathetic neurons, and
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the basal forebrain cholinergic neurons have been weil characlerized and documentcd [for

reviews, see (Thoenen et al., 1987; Purves et al., 1988)]. In primary sensory systems, NO F

has been found 10 interact specifically with a functional group of sensory neurons during

embryonic and postnatal periods. This group ofsensory cells corresponds mainly 10 SI' and

CORP containing small size neurons which projecl lhcir thinly myclinated and unmyclinaled

axonal fibers to both peripheral ffild central targets [for reviews, sec (Johnson, .Ir. ct al., 1986;

Lewin and Mendell, 1993)]. However, the effects ofNGF on sensory neurons vary with each

of the developmental periods. Here, 1will only provide a briefreview of the elTecls ofNGF

on neuropeptide (SP or CORP) containing primary sensory neürons at difrerent

developmental stages.

A. The crucial l'Ole ofNGF in the development ofemblyonic sen.\'0/Y neUl'OI1S

Primary sensory neurons originating from the neural crest have been shown, in both

in vitro and in vivo studies, to be critically dependent on NGF for survival and dil1èrenlialion

during the embryonic period (Levi-Montalcini and Angeletti, 1968; Gorin and Johnson,

1979; Aloe et al., 1981). In these in vivo studies, a majority (up to 80%) ofprimary scnsory

neurons in early development was killed by deprivation ofNGF. Such deprivation has been

achieved by either systemically treating animais with high titre antibodies raised against

NOF or making auto-immunized animais that will produce antibodies 10 their own NOF, In

reeent years, the dependence of embryonic sensory neurons on NOF has been further

substantiated by studies using transgenic mouse technology. NOF or its high affinily

receptor, trkA, was depleted by homologous recombination in transgenic mice (Crowley cl
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al., 1994; Smcync ct al., 1994). Ali or a largc portion of smail sizc neuropeptide containing

DRG cclls died in these transgenic micc, thus leading to a loss or reduction of nociception.

On the other hand, exposure to excess NGF at embryonic stages resulted in excess

scnsory neurons (Henderson et al., 1994; Albers et al., 1994), elongation ofaxonal libers in

the spinal cord (Zhang et al., 1994), hyper-innervation of the skin by CGRP-IR libers (Albers

et al., 1994) and consequent hyperalgesia (Davis et al., 1993).

B. E/(ecis ofNGF on prill1G1Y sel1SOIY nelirons dl/ring Ihe posll1ala/ period

After birth, the role of NGF on sensory neurons changes from a requirement for

survival to the maintenance and modulation of the phenotypes. In the neonatal period,

deprivation ofNGF results in the death of only a small proportion of the small size sensory

neurons (Yip et al., 1984; Hulsebosch et al., 1987; Lewin et al., 1992b), but caused a

substantial reduction of sr contents in sensory neurons (Olten et al., 1980). Conversely,

exposure of neonatal or mature primary sensory neurons to excess NGF leads to increased

sr mRNA expression (Vedder et al., 1993) and protein contents (Olten et al., 1980), and

results in a profound behavioral hyperalgesia (Lewin et al., 1993).

ln adulthood, the depletion ofNGF is unable to cause any neuronal cell death (Garin

and Johnson, 1980), but NGF continually exerts its effects on the maintenance and regulation

ofthe phenotypes ofsensory neurons. Experiments have shown !hat neuropeptides in sensory

neurons were differentially regulatedby peripheral nerve transection, which deprived sensory

neurons oftarget-derived trophic factors. Transection ofa peripheralnerve up-regulated the

level of vasoactive intestinal polypeptide and galanin in sensory nelîrons, and down-
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regulated the expression ofSP and CGRP [for review see (Hôkfelt et al.. 1994)]. The redueed

levels of SP and CGRP in the lumbar DRG after the section of the seiatie nerve, were

reversed by infusion ofNGF into the central stumps of the cut nerve in adult rats (Fitzgerald

et al., 1985; Wong and Oblinger, 1991; Inaishi et al.. 1992) or by a 2 week delayed

intrathecal infusion ofNGF (Verge et al.. 1995). Consistent evidenee was obtained l'rom il/

vilro and in vivo studies that NGF up-rcgulated SP and CGRP genes and proteins in eultlll'cd

adult rat sensory neurons (Lindsay et al., 1989; Lindsay and Hannar, 1989) and that NOF

increased SP content and transport in sensory libers innervating inllamed tissues in the adnlt

rat (Donnerer et al., 1992).

C. NGF and nociception

The l'ole ofNGF in nociception was reviewed by Lewin and Mendell (1993). NOF

plays an imporiant role in the postnatal development ofnociceptors and in meehanisms of

nociception occurring in adult animais.

In the early postnatal period (postnatal day 4-11), administmtion of anti-NGF

antibodies eaused a possible switeh of the Aô-high threshold meehanical receptor (HTMR)

into D-hair type in the skin (Lewin et al., 1992b). This linding implied that sensory neurons

might be subject to respecilication of their phenotypes by the availability ofNGF during

early postnatal period. After neonatal anti-NGF antibody treatment (from postnatal days 2

to 14), the number. ofC-mechanotherrnal fibers in adult rats were reduced by about 60% and

the lost fibers seemed to be replaced by a new population of C-fibers that responded

exelusiveiy to meehanieal stimuli (Lewin and Mendell, 1994). Administration of anti-NGF
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antibodies to neonatal animaIs impaired the ability of Aô and C-liber afferents to elicit

antidromie vasodilation, suggesting that the sensory neurons which had their phenotypes

converled likely mediated the antidromic vasodilation (Lewin et al., 1992a). Conversely,

cxposure of neonatal animais to excess NOF did not inducc dramatie changes in the

proportions of Aô and C-liber afferents, suggesting that the naturally occurring amount of

NOF in the skin is sufticient to ensure the normal development of ail the Aô nociccptors

(Lewin et al., 1993).

ln adult animais, one systemic injection ofNOF led the animal to develop a profound

sensitivity to noxious heat and mechanical stimuli (Lewin et al., 1993). A mechanical

hypera!gesia was elicited in transgenic mice over-producing NOF in the skin under the

control ora KI4 keratin promoter (Davis et al., 1993). Therefore, NOF seems to play an

important linking role in hyperalgesia and inflammation. This assumption was supported by

severallines ofevidencc. NOF in damaged or inflamed tissues increased many folds above

normallevels (Weskamp and Olten, 1987; Aloe et al., 1992). NOF itself is known to eause

hypera!gesia (Lewin et al., 1993) through multiple mechanisms, including mast ccli

degranulation (Stead et al., 1987), noeiccptor stimulation following proteolytie cleavage

(Miaskowski et al., 1991), and possibly through an effeet on the production of peptides by

dorsal root ganglion neurons (Donnerer et al., 1992).

VII. Objectives and rationa1e of the present thesis projeet

A. Slalemenl ofo~jectives

As mentioned above, SP is a presumptive neurotransmitter involved ID the
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transmission ofnociception in thinly myelinated and unmyclinated libers in the dorsal hO\11.

CGRP is likely to potentiate the noeieeption mediated by SI'. The inhibitory

neurotransmitters/neuromodulators. ENK and OABA. probably interaet with SPin the dorsal

h0111 and thus inhibit SP mediated nociception transmission. In the embryo. SI' eontaining

primary afferent neurons are critically dependent on NOl' for survival. growth and

differentiation. After birth. the phenotypes of SI' containing sensory neurons ure maintained

and modulated by NOl'. Il is obvious that SP liber innervation in target tissues is very

important for SP to fultil its roles in nociception. It is of great signilieance to understand the

SP fiber innervation of its central target tissues.

In my thesis work, 1 investigated the innervation of SI'-IR axonal libers in two

different experimental paradigms.

The aim ofthis thesis work was, therefore, to investigate the innervation hy SI'­

IR axonal terminaIs of physiologically c1mracterized dorsal horn nenrons in a normal

experimental condition and, furtherlllore, to elucidate the innervation hy SI'·IR axonal

terminaIs oftarget tissue in the white matter of the CNS in a tr,ülsgenic lIIouse modcl

where NGF is over-produced by myelinating oligodendrocytcs undcr the control of

myelin basic protein (MBP) promoter.

To achieve these objectives, two hypotheses were formulated and tested in this thesis

project.

B. Slalemenl ofhYPolhesis 1

Il is generally thought that functional types of dorsal h0111 neurons may be
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diffcrcntiatcd primari!y by thcir morphology, transmilter/modulator content, and

prcdominant typc of apposcd boutons. We examined this genera! concept. by studying the

innervation by Sr-IR axonalterminals of functional!y characterized dorsal horn neurons. A

prcvious study l'rom our group dcmonstrated that Sr-IR axonal boutons abundantly

inncrvatcd nociceptive dorsal horn neurons, but rarely innervated non-nociceptive neurons

(Oc Koninck et al., 1992), Ho\Vcver, these data \Vere col!ected on a lill1ited sall1ple of

neurons. Bascd on these prciiminary rcsults, 1specifical!y tested the fol!owing hypotheses

in the currcnt thesis projec!:

There are differenees between physiologieal types of dorsal horn neurons in the

innervation by SP-IR axonal libers and also by other axonal libers containing other

neuropeptides or neurotrnnsmitters involved in nociception, sueh as CGRP, ENK :md

GAllA.

C. Statement afrationale ta test hypathesis 1

To address hypothesis 1, a combination of intracellular electrophysiological

recording, intracel!ular it\iection ofHRP, and ultrastructural immLmocytochell1istry was used.

l, Fllnctional characterization of dorsal horn neurons

Following electrophysiological recording, the dorsal horn nellrons of the cat Illmbar

spinal cord \Vere fllnctionally classified into three types based on their responses to

innocllous or noxiolls stimuli in the skin. The tlnee types of dorsal hom neurons were

nociceptive specific, wide dynamic range and non-nociceptive. Noeiceptive neurons,

inclllding noeiceptive specifie and wide dynamic range neurons, exhibited a eharacteristie
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nociceptive responsc. \l'hich \l'as represented by an alkrdischargc and a slo\\'. prolongl'd

depolarization alier the end the stimuli. This typical nociceptive n:spl'nsl' \\'as hloeked hy

NK-I receptor antagonists (Rae!hakrishnan and Henry. 1991: De Koninek and Henry. \(91).

Neurons \l'ere classifiee! as nociceptive ane!non-nociccptivc onthc basis of the prescncc or

absence of such a nociceptive response. Nociecptivc spccific ncurons rcspondcd ouly to

noxious stimuli. \l'hile \Vie!e dynamic range ncurons responded to both noxious and

innocuous stimuli. Non-nociceptive cells responded to both noxious and innocuous stimuli

\l'ith a tàst and brief dischargc and did not display the typicalnociceptive rcsponse deserihed

above. Ariel' functional classification. the cells \Verc injcclee! intraccllularly with a traccr.

horseradish peroxidase (I-IRP). so that the cclls coule! hc idcntificd using histochcmistry.

Usually. 1 to 2 cells were injected pcr animal.

2. Morphological characterization orthe dorsal horn ncurons

After the intracellular injection of I-IRP, thc animais \l'cre Ituther processee! for

morphological observation. HRP labelled cells \Vere dctectee! aller histoehemistry, and SI'

and ENK immunostaining \Vere carried out using"'à pre-embedding protocoL CORI' and

OABA immunoreactivities \Vere demonstrated using a post-embcdding inll11unogold

protocoL The detection of ENK immunoreactivity requircd the use of c1cctron microscopic

radioautography. Under the electron microscope, the different markers wcrc casy to

differentiate. Neurons filled \Vith an homogenous and dense 3,3'-e!iaminobenzie!ine (DAS)

reaction product were identified as the intracellularly I-IRP injected cells. Axonal boutons

containing a non-homogeneous and less dense DAB reaction product, which was
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prclercntially associatcd \Vith dcnsc corc vcsic1cs, \Vcre considcrcd as SP il11l11unoreactivc.

t\xonaJ houtons ovcrlaid by il11l11l1nogold partic1es \Vere defined as either CGRP or GABA

il11l11l1norcactivc depending on thc antibodies used. Boutons overlaid by silver grains of the

radioautographic el11l1lsion \Vere considcred as ENK inununoreactive. At the EM level, the

quantification ofSP-IR, ENK-IR, and CORP-IR boutons \Vhich \Vere apposed to fllnctionally

charaeterized dorsal horn nellrons \Vas cm'ricd out. The percentages of each type of bouton

\Vere detcrmined directly on the EM sereen. The densities of eaeh type of bouton \Vas

dctennined \Vith the aid of nn image analysis system. The relevant data \Vas eompared

statistically.

Using these approaches, \Ve found signitiemllly higher numbers ofSP-IR boutons and

SP+ENK-IR boutons presynaptie to noeieeptive neurons than to non-noeieeptive neurons.

Some of the SP-IR boutons apposed to nociceptive neurons eo-loealized CGRP, suggesting

their primary sensory Ol-igin. Most noeieeptive neurons contained ENK, but non-nociceptive

neurons \Vere never ENK immunoreactive. Although higher numbers of ENK-IR boutons

\Vere apposed 'to nociceptive neurons, considerable numbers of ENK-IR boutons \Vere in

contact \Vith non-noeiceptive neurons.

Additionally, the interaction of SP and GABA in the superticial dorsal hom of the

cat and rat spinal cord \Vas alsoinvestigated. The eo-Ioealization of SP and GABA

immunoreactivities \Vas found in axonal tern1inals for the tirst time in the superticiallayers

orthe dorsal horn of the cat, but not rat, spinal cord.

D. Siaiemelli ofhypolhesis II
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As mentioned above. during the neonatal and adult periods. SI' eontaining primary

sensory neurons are not dependent on NOl' for survivaL h'il their phenotypes continue to be

modulated by NOl'. Sinee the centra!targct meas of the sensory neurons arc very important

in nociception transmission and modulation. the SI' innervation in thc CNS will he

. definitively modulated by many factors. NOl' will bc the most suitable candidate to consider.

Therefore. 1 decided to investigate whether SI' containing sensory neurons respond to an

abnormal NOl' over-expre.ssion in the white malter of the CNS during the carly postnatal

period. Based on the available evidencc, it 'l'as hypothcsized that:

SP-IR axonal libers, originating l'rom NGF-responsive prinmry scnslll'y ncnrons

inncrvate spccilieally target areas in thc CNS wherc NG F is cctopically cxpressed.

E. Slalelllenl ofralionale 10 lesl Ilypolilesis JI

To test hypothesis II, the tollowing strategies were taken. A transgenie mouse modcl

'l'as used whieh bears a chieken NOl' eDNA under the control of a MBI) promoter. The

ehoice ofthis animal mode! was based on the~ationale that the MBI' promoter would direct

NOF transgen~expression in the white matter of the CNS and thatthe transgene expression

would be initiated only in the early postnatal period to avoid any devel9pmental delèct. NOl'

mRNA analysis and NOF immunoeytochemistry were,conducted to examine if the NOl'
, / ·'<1,

. . /

transgene had been over-expressed, at\the gene arid;~otein leve!s, in the èNS of transgenie
-~ '-,~.-

mice. Sinee SI' and CORI' are sensory neuropeptides eontained ii\ most of the NOl'

responsive primary sensory rieurons, sr and CORI' immunoreaetivities were used as markèrs

of the effeets ofNOF over-expression on primâ'ry sensory neurons in the white malter of the
',~
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CNS. flJrthcr clcctron microscopy was carried out to demonstrute such effects at the

ultrastructurul level.

We round that Sr-IR libcrs were present in the white matter of the CNS of both

lnmsgcnic and controlmice fi'Oll1 postnatal day ato day 2. From day 5 on, however, these

Sr-IR libcrs incrcascd markedly to become ectopic libcrs in transgenic mice, but decreased

dramatically and linüliy disappeared in controlmice. Ectopic sr-IR tibers in transgenic mice

rcnmincd throughout adulthood. Capsaicin treatment abolished ail the ectopic Sr-IR libers,

indicating their pdmary sensory origin.

31



•

•

CHAPTER Il

Quantitative :malysis of substance l' immunoreactive boutons on physiologically

charncterized dorsal horn neurons in the cat lumb:1l' spinal cord

Weiya Ma, A. Ribeiro-da-Silva, Y. De Konil1ck, V. Radhakrishl1an. .l.L. HeillY and A.C.

Cuello
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ABSTRACT

ln the present study, we carried out a quantitative analysis of substance P (SP)

immunoreactive (IR) axonal boutons apposed to physiologically characterized dorsal horn

neurons in the cat lumbar spinal cord, using a combination of intracellular

elcctrophysiological recording and injection ofhorseradish peroxidase with ultrastructural

immunocytochcmistry.

Dorsal horn neurons were classitied as nociceptive specitic, wide dynamic range and

non-nociccptive based on their responses to innocuous and noxious stimuli. Allnociceptive

ncurons (nociceptivc specitic and wide dynamic range) exhibited a characteristic nociceptive

response which was blocked by the selective NK-l receptor antagonist, CP-99,994.

At the EM level, 3 nociceptive specific, 3 wide dynamic range and 3 non-nociceptive

neurons were used for quantitative amilysis. The densities of boutons, including SP-IR and

non-IR, apposed the cell bodies, proximal and distal dendrites were not significmltly different

lorthe three functional types ofneurons. The densities ofSP-IR boutons apposed to the three

regions of nociceptive specific neurons were significantly higher than those of non­

nociceptive neurons. When compared with wide dynamic range neurons, nociceptive specific

neurons possessed significant!y higher densities ofSP-IR boutons apposed to the cell bodies

and proximal dendrites. The densities of SP-IR boutons apposed to the proximal and distal

dendrites of wide dynamic range neurons were significant!y higher than those of non­

nociceptive neurons.

The percentages ofSP-IR boutons apposed to ail three regions ofnociceptive specific
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neurons \Vere signifieantly higher than lhose of \Vide dynalllie range (md non-noeieeptive

neurons. AIso, the pereenlages of SP-IR boulons apposed ta the l\uee regions of wide

dynalllie range neurons \Vere signifieantly higher than those of non-nocîeeptive neurons.

Furthermore, for \Vide dynalllie range neurons, the pereentages of S\'-l R boutons apposed

the distal dendrites \Vhieh \Vere loeated in laminae rieh in SI' illln1Unoreaclivily were

signifieantly higher than those of dendrites loeated in area \Vith sparse inUllUnOl'eaClivity.

However, even in areas \Vith intense SI' immunoreaetivily, the values lor the distal dendrites

of non-nociceptive neurons remained very 10\V. About 30-45% of S\'-IR boulons apposed

to nociceptive neurons co-Iocalized CORI' immunoreactivity, a lincling indicating lhat many

of the SP-IR boutons \Vere of primary sensory origin. On average, 33.5 % of the S\'-IR

boutons apposed to the cells, regardless oftheir functional type, cxhibilcd a synaptic contact.

Our quantitative data provide a direct correlation bet\Vcenthc amounl of Sl'-IR input

and the functional types ofneurons and also indicate a correlation bet\Vecn NK-I receptor

mediated responses and the innervation by SP-IR axonal boutons.
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INTRODUCTION

There is an extensive literature indieating that substance r (Sr) has a major raIe in

the dorsal horn of the spinal eord as a mediator or modulator ofnoeieeptive transmission [for

reviews sec (Henry, 1982; Cuello, 1987; Otsuka and Yanagisawa, 1990)]

Inllllul1oeytoehemieal studies have shown that sr inllllunoreaetivity oeeurs in small diameter

sensory libers terminating mainly in lamina 1 and outer lamina Il (Hiikfelt ct al., 1975a;

Cuello ct al., 1978), and also in small liber clusters in lamina V (Ruda et al., 1986). SP

specilieally excites noeiceptive dorsal horn neurons (Henry, 1976; Randie .and Miletie,

1977). The type of physiologieal response that likely corresponds to the eITeet of sr is a

slow, pralonged depolarizationthat oeeurs arter noxiousstimulation, which is blocked by

sr reeeptor (NK-l receptor) antagonists (Radhakrishnan and Henry, 1991; Radhakrishnan

and Henry, 1995; De Koninck and Henry, 1991).

The main objective of the present study was to assess whether there is a direct

correlation between the specilicity and intensity of the nociceptive response and the number

of appositions of SP-immunoreaetive (IR) boutons. ln our previous study, we showed that

neurons which respond to noxious stimuli with a slow, prolonged depolarization arter the end

of the stimulus reccive abundant SP-IR boutons, while non-nociccptive neurons scarcely

receive any SP. lit inputs (De Koninek et al., 1992). Although this previous study was

indicative of a direct correlation between a nociccptive response and the SP innervation of

the ccli, the quantitative data were collected on only one cell for each type of physiological

response and a comparison was not made between regions of the dendritic tree. Therefore,

35



•

•

we decided to investigate quantitatively the relationship bctwccn SP-IR input~ and thc thrcc

types of dorsal horn ncuron. For this purposc. wc conductcd a quantitative analv~i~ 10

determine the densities and pcrcentages of SP-IR boutons apposcd to thc cclI bodic~.

proximal dendrites and distal dendrites of threc nCUrl1ns for cach physiological typc. To

determine the origin of SP-IR boutons apposed to thc intracellularly labelcd ccIls. wc

examined the eo-Iocalization of SI' and ealcitonin gcnc-re\atcd pcptidc (l'GR!')

immunoreaetivities. Some of the data have been presentcd in a preliminnry communication

(Radhakrishnan et aL, 1993).

MATERIALS AND METl-IODS

Elcctrophysiological rccording :md intruccllular injcction of HRI) of thc dorsal hom

ncurons

The methods for cat preparation and intracellular recording have bcen dcscribcd in

detail elsewhere (De Koninck et aL, 1993; Radhakrishnan and l-lcnry, 1995). Bricl1y, adult

cats of either sex (3.0 to 4.5 kg) were anesthestized with a-chloralosc (60 mg/kg i.v.),

artificially ventilated and paralyzed with pancuronium bromide (Pavulon, Organon; 1 mg/kg

i.v. and supplemented as necessary). The spinal cord was transccted at the LI vertebral level

to eliminate the influence of supraspinal structures. Glass micropipettes filled with 0.5 M

KCl and 4-8 % horseradish peroxidase (BRP; Sigma, Type VI; resistanees: 50 to 120 MO)

were used to record intracellularly l'rom dorsal horn neurons in segments L,-L7• A neuron
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was studicd only if it Imd a stable resting membrane potential, if its action potential showed

an ovel'shoot and if the cell exhibited clear, reproducible responses to natural stimulation of

the skin.

Functional classification of the neurons was made based on their responses to natural

cutaneous stimulation and to electrical stimulation of afferent nerves fol1owing previously

dcscribcd criteria (De Koninck and Henry, 1992; Radhakrishnan and Henry, 1995). The

natural stimuli used were movement ofhairs, innocuous and noxious pressure, noxious pinch

with a serrated forceps and noxious radiant heat. Neurons were thus classified as non­

nociceptive, wide dynamic range and nociceptive specific. Nociceptive neurons (i.e. either

nociceptive specitic or wide dynamic range) were classitied as such when they responded

to noxious stimulation with a slow, prolonged depolarization fol1owing the end of the

stimulus. To test whether this response could be blocked by the administration of a SP

receptor antagonist, the specitic non-peptide NK-I receptor antagonistCP-99,994 was given

intravenously (0.5-1 mg/kg) to three wide dynamic range neurons.

Alter thorough electrophysiological recording and functional classitication, the

neuron was injected with HRP by intracellular iontophoresis using 600 ms positive current

pulses of4-8 nA at a frequency of 1 Hz for a duration of lOto 30 minutes, depending on the

type ofneuron injected. One to three neurons were injected pel' cat and a map of the dorsal

surface of the spinai cord was drawn to ensure exact localization and identification of the

labeled cel1s.

HRP histochemistry, pre-embedding and post-embedding immunocytochemistry
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The morphological approaches are described in detail elsewhere (De Koninek et al. .

1993). Following electrophysiological recording and intrucellular injection of HRP. the eat

was subsequently perfused through the lell ventricle with a mixture of 4% parufbnnaldeh"de. .

and 0.5% glutamldehyde in 0.1 M phosphate butTer. pH 7.4. at room temperuture. The

relevant segment of the spinal cord was removed and postlixed in the same Iixative for 'lO

minutes and then intiltrated overnight in 30% sucrose in 0.1 M phosphate butTer. Ne.'l day.

the spinal cord segment was snap frozen in liquid nitrogen and thawed in 0.1 M phosphate

buffer at room tempemture. Fifty-~un-thick parasagittlll sections were eut on li Vibratome.

and processed to demonstrate BRP tïlled cells using BRP histoehemistry in whieh the

chromogen, 3, 3'-diaminobenzidine(DAB, Sigma), was intensilied by nickel and cobalt

(Adams, 1981). Under the light microscope, the BRP labcled neuron was visualized and

photographed. The sections containing the labeled cells were further proeessed lo

demonstrate S1' immunoreactivity in the dorsal homo The sections were incubated'in an llllti-

S1'/anti-BRP bi-specific monoclonal antibody l'TOm the rat (Suresh ct al., 1986) (coded P4C 1;

Medicorp, Canada) overnight at 4°c' The following day, the seciions were incubated in a

solution containing BRP (Sigma type VI, 5~Lg/ml) at room temperature. The DAB reaction

was carried out without intensification.

Subsequently, the tissue was osmicated, dehydmted in ascendirig alcohols and

propylene oxide, and tinally flat-embedded in Epon as previously dcscribed

(Ribeiro-da-Silva et al., 1993). The different parts of the labeled neuron in llat-embcddcd

slices were photographed. The whole morphology of a labeled neuron was reconstructcd

using a camera lucida. The dendritic tree of a cell was divided into thrce segments by
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• imposing three equidistant eircIes eentered on the eell body (Sholl, 1953) on the

reconstruction drawing of the whole morphology of the cell. The diameter of each of the

circIes varied with the size of the dendritic tree. The dendrites located inside the inner circk

were considered as the proximal dendrites, while those located in the outer circIe represented

thc distal dendritcs. To ensure ditTerentiation between the proximal and distal dendrites, the

dendritic segments located in the middle circIe were not used for quantitative purposes.

Samples Il'OIn the cell body, proximal dendrites and distal dendrites of the labeled neuron

wcre sclceted and reembcdded in Epon blocks. From re-embedded blocks, 4-~un-thick

scmithin sections were cut serially, photographed and compared to the original drawing for

identilication of the parts orthe labeled neuron present in each section. The semithin sections

\Vere cut then reembedded in Epon block, From these Epon blocks, ,lltrathin sections were .

cut on an ultramicrotome and collected onto one slot formvar-coated grids, counterstained

with uranyl acetate and lead citrate, ffi1d finally observed under a Phillips 410 electron

microscope.

Some additional ultrathin sections &om three types of neurons were collected onto

mesh nickel grids and processed to demonstrate the co-Iocalization of SP and CGRP using

a post-embedding immunogold staining protocol described in detail elsewhere

(Ribeiro-da-Silva et al., 1993). An ffi1ti-humffi1 CGRP polycIonal rabbit antibody (peninsular)

\Vas used. The secondary ffi1tibody was a gold-conjugated goat ffi1ti-rabbit IgG (Biocell). The

size of goId particIes was 10 nffi1ometers.

QUlmtitativc :malysis
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Of the cells included in thc prescnt study. sections Ihml nellrons 207-1. 208-1 and

212-1 have previously been used in two publications (De Koninck et al.. 1992;

Ribeiro-da-Silva et al., 1992). However. none of the previously used sections was included

in the present data.

For each cell, the numbers ofSP-IR boutons and non-IR boutons apposed to the eell

body, proximal dendrites and distal dendrites were counted directly on the Ervl screen at the

magnitication of 13.800 X. Artel' counting. the entire elcctron mieroscopic lield was

photographed at low magnilication for the pm'pose ofmeasuring thc lcngth ofcellmembrane

to which the boutons were apposed. On average, 1,370 boutons were counted pel' cciI. Five

fields, at least, tl'mu each of the three regions of the eellwere eounted. To annlyze the actual

synaptic specialization between the two structures in isolated ultrathin sections, the.'

goniometer stage of the electron microscope was used ta tilt thegrid. Data Ii'om each region

of the labeled neuron were pooled and the percentages ùfSP-IR boutons apposed to the eell

bodies, proximal dendrites and distal dendrites were determined..

Ta measure the length of profiles of the cell present in each low magnilication

electron micrograph, the negative plates were placed on li Iight box and the image were

captured iuto an image analysis system (MClO-MI system, Imaging Rcsearch Inc.,

St.Catharines, Ontario, Canada) using acoupled black and whitc CCO video camera. The

density ofSP-IR boutons (number ofSP-IR boutons pel' 100)lm ofcell mcmbrane lcngth)

and the density of the total boutons (numberofSP-IR b?utons and non-IR boutons/IOO)lm

•... '6f membrane length) were obtained l'rom each protile of each labeled neurou. At least, 5
,~~.:~~~-'

. profiles foî'~~ch region of a cell were used.,
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• For the study of the co-Iocalization ofSP and CGRP immunoreactivitics, quantitative

data were obtained by counting dircctly l'rom the EM screen the numbers of profiles apposed

lo the differcnt regions of the ccli which were immunostained for SP-only, SP+CGRP and

CGRP-only. Onc cell pel' physiological type was used for this purpose.

The mean percentages and densities of SP-IR boutons, and the densities of the total

boutons, apposed to the cell bodies, proximal dendrites and distal dendrites of the three types

of neurons, were statistically compared using one-way analysis of variance (ANOVA)

followed by post-hoc Tukey's tests. Statistical significance was set atP<O.OS.

RESULTS

Eleetrophysiologieal and pharmacologieal eharaeterization of the dorsal horD Deurons

Intracellular recordings were obtained from a total offifty-five neurons, ofwhich 9

cells were inciuded in this study: three nociceptive specific, three wide dynamic range and

three non-nociceptive. These nine cells were selected as all of them were thoroughly

charactcrized physiologically through intracellular recording and displayed satisfactory

preservation ofultrastructure and immunostaining for SP. On application of noxious stimuli,

the nociceIJtive (nociceptivespecific and wide dynan1ic range) neurons showed an initial

depolarization féllowed by a slow, prolonged d~polarization that outlasted the period of

stimulation (Fig. Ic,d). This depolarization was usually associated with a period ofincreased

rate ofaction potential discharge, or afterdischarge. Following administration of the NK-I
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• reeeptor antagonist. CP-99.994. the late eomponent of the response lthe slow. prolonged

c1epolarization ancl al1ercliseharge) \l'cre eonsiderubly redueed. while the initial deplliarizatilln

was unafTeetecl (Fig. le). Responses to non-noxious eutaneous stimulation. sueh as hair

movement. were briel'and brisk (Figs. la. 2A). and were unal1i:eted by CP-99.994lFig. lb).

Morphologieal c1mraeterization of the dorsal hom neurons

Wicle dynamie range neurons

The cell bodies of the thrce wide c1ynamie range neurons (276-2; 208-1; 339-\) \Vere

loeated in the Imllinae Il-III border. lamina III and lamina 1V respeetivcly (Table 1). Ali cells

displayed identieal eleetrophysiologieal properties. Reprcsentativc rceordings l'rom lme

neuron (339-1) are shown in Fig.!. The morphologieal properties ol'two ofthese edls (208­

1 and 339-1) are shown, respectively, in Figs. 3-4 and 5-6. Morphologically, aIl thrce

neurons were multipolar. One neuron (208-1; Fig. 3A) hacl an extcnsivc dcnclriiic lrce in

lamina III and two major dendritic branches extending to outer lamina Il and lamina 1, an

area of intense SP immunoreactivity (Fig. 3B). lt is intercsting to note that the ccli possessed

n{ullerous small dendritic spines (Fig. 3A; small arrows). \-Iowever, thc c1endritic processes

that extended into laminae l-Ilo were aspiny (Fig. 3A). These dendrites in laminae I-Ilo were

the areas ol'the ceII that received the highest number ofappositions l'rom SP-IR prom~s (Fig.

3B). Even in other areas ol'the dendritictree, SP-IR profiles wcre never seen apposed to

c1endritic spines. This cell did not have mueh Sr-IR profiles apposed to the ccli body area

(Fig. 3B-E). Synapses between Sr-IR boutons and the cclI body werc not frequcntly found

(Fig. 3E). A high number of Sr-IR boutons apposed to or synapse with the distal dendrites
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locatcd in laminac I-Ilo (Fig. 4A-O). l-Io\Vcvcr. cvcn in this mca. Sr-IR ccntral vmicosi""S

of glomcruli \Vcrc ncvcr round prcsynaptic to dcndritcs ofthc ccII (Fig. 4E). CdI 27G-2 (not

illustratcd) \Vas similar to 208-1 in shapc. dcndritic arborization. dcndritic spines and

appositions Jrom sr-IR boutons.

CclI 339-1 (Figs. 1 and 5) possessed a ccII body that \Vas larger in size and \Vas

located in lamina IV (Fig. SA). Like thc othcr \Vide dynamic rangc ncurons. appositions and

synapses li'om Sr-IR boutons \Vere found inJrequently in the ccII body region (Fig. 50.E).

Most of the dendrites of the cell branched within the limits of lamina IV and were virtually

devoid of spines. One dendrite reached as far as the middle third of lamina Il (Fig. SA),

\Vhere it received a considcrable number of appositions l'rom Sr-IR promes. Some dendrites

reached lamina V (Fig. SA), and branched in the patchy areas rich in sr immunoreactivity

characteristic of that lamina (Fig. GA). These processes reccived a high number of

appositions l'rom sr-IR profiles (Fig. GC,O).

The synapses established by Sr-IR boutons onto the dendrites of the cells were

usually clearly asymmetric (see Fig. GC,O - insets). In the ccII body area, synapses were

usually symmetric.

Nociceptive specific neul'Ons

AlI three nèciceptive specific neurons had their ccII bodies located in Lamina 1(Table

1). Two ofthese cells (271-1, 276-1) were bipolar (fusiform) and oriented parallel to the
\1,

main axis of the spinal cord, with their dendritic tree branching within the limits oflamina)
/~

l
l. Figure 7 iIlustrates morphological properties of one of these two bipolar cells (27 1-1).
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Thesc cel!s received numerous synapses from SP·IR bouton profiles in the cel! body area ami

throughout the dendritic branchcs. Examples of SP-IR boutons npposed to dendrites are

illustrated in Fig. 7C,D. A third nociceptivl' specit1c neuron (207·1; see Figs. Sand 9) had

the cel! body located close to the lmninae 1-1\ border (Fig. SA). This cel! was multipolar with

a few scarcely branched dendrites. Some of the dendrites ofthis cciI were oriented ventral!y

and reached as làr as the Imninae 11-\Jl border (Fig. SA,B). Like the bipolar nodeeptive

specifie cells, this multipolar cel! received numcrous appositions aud synapses l1'om SI'·I R

profiles, both in the cel! body mea and in the dendritic trce. Appositions/synapses lhlln SI'"

IR boutons were abundant both in the proximal (Fig. 80) and distal (Fig. 9) dendrites.

-)\pparently, appositions were equal!y abundant no matter whether the dendritcs \Vere loeated

in lamina 1 or iriner lamina II.

Non-noeiceptive neurons

The somata ofal! three non-noeiceptive neurons (271-2, 212-1 and 258-1) \Vere

located in lamina IV. The cel!s \Vere multipolar, \Vith dendritic arborizations oriented
•

dorsal!y. As examples, cel!s 271-2 (Fig. 10; see Fig. 2 for electrophysiological recording

from this cel!) and 212·1 (Fig. Il) are shown here. The cel! bodies gave rise to severalthick

dendritic trunks that branched extensively mostly in lamina Ill, but withc.somc distal

processes readling as far dorsal!y as outer lamina II (Figs. 1DA; II A). The dcndritic

branches possessed spines, particularly noticeable in cel! 212-1 (Fig. II B). Many ofthcsc

spines branched at right angles from the dendritic trunks (Fig. II C; arrows). Under the

electron microscope, SP-IR boutons were seldom found in contact with the perikarya or
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dendrites or the cells. This scarcity can be noticed in Figs. 10C and 1ID. Most of the

varicosities that were apposcd to n0l1-noeiceptive neurons contained small clear round

vesicles. although SDme Jlossessed flattencd vesicles. A few dendritic sJlincs were

comJlonents of synaJlticglomeruli (Fig. II E). lt is :nteresting to Dote that eVtn in areas of

dense SI' innervation, such as lamina 110, the distal dendrites of the non-nociceptive cells

were virtually always separated l'rom SP-IR profiles by some distance.

Quantitative results

The quantitative data obtained l'rom each of the cells included in this study are shown

in Table 1. Figure 12 shows the mean densities orthe total boutons, and the mean densities

and Jlerccntages of SP-IR boutons apposed to the cell bodies, proximal dendrites and distal

dendrites of three types of neurons.

The densities of the total bouton profiles contaeting the cell bodies, proximal and

distal dendrites, did not differ signiticantly with the physiological types of cells (Fig. 12A).

The densities ofSP~IR bouton promes (Fig. 12B) apposed to the cell bodies, the proximal

and the distal dendritic regions of nociceptive specitic neurons were signifieantly higher

(P<O.OI) than those of non~èlOciceptiveneurons. The densities of SP-IR bouton profiles

apposed lo the cell bodies and the proximal dendrites of nociceptive specitic neurons were

-
also signiricantly higher (1'<0.001) than those ofwide dynamic range neurons, but the values

were lIOt signiticant different in the distal dendrites (Fig. 12B). Compared with non­

nociceptive ;eurons, wide dynamic range neurons showed signiticantly higher (1'<0.02)

densities ofSP-IR boutons apposed to the proximal and the distal dendritic regions, however,
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the values \Vere not signitieantly dilTereni in the cell body region (Fig. 1213).

The percentages of SP-IR boutons apposed ta the ccII bodies. proximal and distal

dendrites of noeieeptive speeilie neurons \Vere signilicantly higher than these of \Vide

dynamie range (P<O.OO 1) and llon-noeiceptive neurons (P<O.OO 1) (Fig. 12C). \Vide dynamie

range neurons had signilicantly higher pereentages of SP-IR boutons apposed to the ccli

bodies (1'<0.04), proximal (P<0.001) and distal dendrites (1'<0.001) than non-noeiceptive

neurons (Fig. 12C). Sinee the dendritic branches of \Vide dymllnie range nellrons and non-

nociceptive neuronsdistribllted eXtensively, it \Vas meuningfulto assess the perceillages of

SP-IR boutons apposed to the distal dendrites located in laminae \Vith intense SI'

immunoreaetivity a~ld loeated in la11linae with sparse SI' inununoreactivity. The data in Table
'_. _:',,_.,' , "C

2 sho\Ved that, for \Vide dynal1lic rangeneurons, the pereentageofSP-IR boulons apposed

to the distal dendrites located in hüninae rich in SI' 'inununoreactivity \Vas signiticanlly

higher (1'<0.001) than the distal dendrites located in lal1linae \Vith scm'ec SI'
, ,\,"-. \~~ .

il1lmunoreactivity. Ho\Vever, even in lal1linae witll intense"SP i11lnnmoreactivity, the value

for the distal dendrites of non-noeieeptive neurons re11lained very low ("fable 2).

The pereentages ofSP-IR bouton protiles whieh established 'lisible synaptic contacts

\Vith three types ofneurons were virtually identical regardless of the physiologieal properties

ofthe eells. The ratio of synaptic SP-IR boutons to the total number ofSp-IR apposed to the

neurons was 33.5± 2.3%, which was virtually identicalto the proportion of non-IR boutons

that exhibited synapses on the eell (34.0±3.3%).

!~'''--;
1 •
".

Co-Ioealizqtion of SI' and CGRP im11lunoreactivities

",
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Under the cleetron microscope, sr and CGRP immunoreaetivities \Vere observed to

eo-Ioealize in the same axonal boutons apposed to nociceptive specifie and \Vide r1ynamie

range neurons (Fig. 13). Quantitatively, 43.5 and 30.4 % of the Sr-IR bouton profiles

apposed, respective/y, to noeieeptive specifie and \Vide dynamie range neurons eo-Ioealized

CGRP immunoreaetivity. In contrast, vil1ually ail Sr-IR boutons apposed tonon-noeieeptive

cells were devoid ofCGRr immllnoreaetivity.

DISCUSSION

ln the eurrent study, we presented new dfrect evidence that spinal noeieeptive

neurons, whieh exhibited a slow, prolonged depolarization and afterdiseharge bloeked by the

NK-1 receptor antagonist Cr-99,994, reeeived an abundant Ï1Ulervation l'rom SP-IR boutons.

Neurons laeking this type of response received limited SreJR input. Furthennore, our

quantitative data revealed that the densities of sr-IR boutons apposed to the cell bodies and

the proximal dendrites of noeiceptive specifie neurons were significantly higher than those

of \Vide dynamic range neurons. These values for the distal dendrites of the two types of. .

Ilociceptive neurons were not significantly different. Nociceptive specific neurons received

significlUltly higher percentagesof SP-IR boutons apposed to the cell bodies, tl1e proximal

dendrites and the distal dendrites than did wide dynamic range neurons. In laminae with

intense SP immunoreactivity, the percentage ofSP-IR boutons apposed to the distal dendrites
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of \Vide dynamie range neurons \Vere signilieantly highcr than that or thc distal dcndritcs

loeated in laminae \Vith semee SI' immunoreaetivity. !-lowevcr. thc valuc ror:hc distal

dendrites. loeated in meas or intense SI' immunoreaetivity. or non-nociecptivc nelll'ons

remained very lo\V. CGRPimmunoreactivity co-Iocalized in the SP-\ R houtons apposed to

the nociceptive neurons.

Signifieance of the diffcrcnecs of SI'-lR inpnts with tltc ccII type

We deteeted in the present study thatapproximatcly om] third orSp-IR boutolls \Vere

presynaptie to three types of the dorsal hom, ùeurons. This result is consistent \Vith a previous

study (De Koninek et al., 1992). The ratio il) tl~ir study has bcen interpretedas indicating

that virtually allvarieosities \Vould have had àsynaptie specialization irserial sections h.\d
<:

heen analyzed. Therefore, the percentages of SP-IR boutons apposed to each physiologically

charaeterized dorsal horn neuron can be eonsidered as an indicator or the total numbcr of

synapses that the neuron reeeives from Sl'-IR boutons.

Il is important to stress that ail the cells studied received approximately the Sllll1e

densities of appositions from axonal varicosities indepelldently ortheir neurochemiealtype.

Therefore, the pereentage ofSP-IR boutons in the total nUll1ber ofvaricosities apposed tothe

cell cau represent the relative proportion ofSI' synaptie inputs to other transmiller/ll1odulator

specifie synaptie inputs.

It is interesting to note that noeiceptive specifie cells had a signifieant!y higher

number of appositions from Sp-IR profiles than either wide dynall1ie range or non-

noeieeptive neurons. This result was to be expeeted, sinee we had similar finding based on
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the quantitative analysis of one ccII of eaeh type in a previous study (De Koninek et al.,

1992). The present study adds quantitative information abOli! the density and pereentage of

SP-IR boutons apposed to three regions of noeiccptive and non-nocieepdve dorsal horn

ncurons. ln the previous study two types of wide dynamie range neurons were studied, but

only one type ofeells was included in our present study. One of the two wide dynamie range

ncurons in the pre~ious study, whieh possessed partieularly strong noeieeptive responses and

Illld the ccII body loeated in lamina V, was abundantly innervated by SP-IR boutons.

However, even this cell was less innervatcd by Sr-IR boutons than the nociceptive specifie

ccII included in that study, particularly in the cell body region (De Koninck et al., 1992). This

type of wide dynamic range neuron was not included in the present study, as it is:;eldom

lound. The results from the wide dynamie range neuron with llloderate noeiceptive response

in the prcvious study is comparable to the data obtained in the present study. This type ofcell

receives miner Sr-IR input in the cell body area, where the density of sr-IR boutons was

hardlydifferent l'rom non-nociceptive neurons. The data in the CUITent study clearly indieate .
.. "":,

that this type ofwide dynanJic range nel~ons receives most ofits SP-IR synaptic input at the

distal dendrites, pmticularly thase in areas rieh in SI' immunoreactivity, such as laminae I-IIo

and Sr-IR patches oflamina V (Table 2), and at the distal dendritic segment, the density of

SP-IR bout~ns was not significantly different t'rom that of noeiceptive specifie neurons. In

contrast, non-nociceptive cells had weak SI' innervation, even in areas of intense SI'

immunoreactivity, such as lamina IIo (see Table 2).

Substance P rcccptors
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, The specific innervation of nociccptivc neurons by SI'-IR libers !(\\,OlU'S a direet

synaptic action of SI', Using the samc antibody l'rom Vigna et al (1994), several studies have

investigated the distribution of NK-I rcccptor immunoreaetivity in the rat spinal eord

(Bleazard et al., 1994; Liu et al., 1994; Littlewood et al., 1995; 13rllwn et al., 1(95). Ali

studies showed a conspicuous lack ofNK-1 receptor immunorcaetivity in edls in lamina Il,

while considerable immunostaining occurred in lamina 1.md decper laminae. Althollgh some

NK-I receptor immunoreactivity was detected in lamina Il, it eorresponded tll the

immunostaining of dendrites l'rom neurons, the cell bodies of\Vhich \Vere \oeated in other,

laminae. As it is weil known that SI' immunoreactivity is abundant in laminae Imid Il, the

,Iack ofimmunoreactivity for the receptor in lamina Il is unexpectcd. One of the stlldies (Liu

et al., 1994) using double immunostaining atthe ultrastrllcturallevd showed that very few

SP-IR profiles were presynaptic to NK-\ receptor-IR cells. Both the Iack ofNK-1 receptor-

IR in lamina II and the lack ofSI' innervation ofNK-1 receptor-IR cclls were intcrpreted as

that SI' might act at a distance fi'om the release site (Liu et al., 1994). A study using another

anti-NK-I receptor polyclonal antibody revealed a comparable distributiàn of the NK-I

immtmoreactivity (Ding et al., 1995). These results are in apparent contradiction with our

data, since \Ve found that nociceptive response exhibited by nociccptive neurons is c10scly

..
associated with the innervation by,SP-IR terminais which occurs highly in lamina Il, one of

the areas rich in SI' immunoreactivity. It should be noted that only one of the six nociccptive

ceUs that we studied had the cell body in lamina II. Ail the others had their ccII bodies in

lamina 1 or deeper laminae. However, the scarcity of direct SI' innervation of neurons

possessing NK-I receptor immunoreactivity detected in the EM study (Liu et al., 1994)

50



,

contrasts with our dcmonstration of a robust SP-IR innervation of nociceptive cells, but not

of non-nociceptive cells. ft should be stressed that the Jack of NK-I receptor

imll1unorcaetivity in lamina Il reporled by studies published so làr arc also in contradiction

with SP binding studies, which showed intense binding in both laminae 1 and Il (Yashpal et

,
al., 1990; Gouardères et al., 199:3; Bernau et al., 1993). This diserepancy may be due to a

limitation of the antibodies used in the above studies, which may reeognize only a limited

population of the receptor.

SI'-IR inputs and nociccptivc rcsponscs

Our results strongly suggest that SP-IR inputs onto nociceptive neurons are directly

related to the nociceptive response. A correlation between the intensity of the nociceptive

response and the amount of SP-IR profile innervation of nociceptive neurons is also

suggested by our data. We found that ail three nociceptive specifie nelU'ons possessed a 'more

abundant SP innervation than the three wide-dynamie range cells, both types of noeiceptive

neurons received a more abundant innervation than non-nociceptive neurons. The

wide-dynamic range neurons included in this study had weaker nociceptive responses than

the nociceptive specifie neurons. Furthermore, in our previous study (De Koninck et al.,

1992), we showed that a wide dynamie range neuron (205-1) which responded to noxious

pinch with a velY strong nociceptive response received a higher number of SP-IR boutons

(19% for the eell body and 29% for the distal dendrites) than one (208-1) of the wide

dynamie range neurons included in the CUITent study (De Koninek et al., 1992). We did not

-
attempt, however, to furlher quantify the magnitude of the slow responses. Full
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quantitication of the magnitude of the slow. prolonged depolarization was prec1m!ed by the

presence of action potential tiring and bccause recording would have to be perl'onned in the

presence ofblockers ofinhibitory transmission whieh may eontriblIte to the slow. prolonged

response to high intensity stimulation (Urban and Ranclic. 1984).

It should be stresscd that two of the wide dynamie range eclls ol'this study possessed

dendritic spines and that SP-IR proliles were never seen synapsing on spines. This

observation confirms the linding of our previous study that SP-IR input was always

associated with aspiny dendrites or the aspiny portion ol'mixed deildrites (De Koninek ct al..

1992).

The origin of SP-IR boutons

There are three known sources of SI' inllllunoreactivity in the dorsal horn. primary

sensory neurons in dorsal root ganglia (Cuello and Kanazawa, 1978; l-lliklèlt et al., 1975a).

intrinsic spinal cord neurons (Hunt et al., 1981; Ljungdahl etaI., 1978) and c1esecnding libers

t'rom the brainstem (Gilbert et al., 1982; Hôktèlt et al.. (978). Therefore, it was impol"lantto

be able to identify the origin of the SP-IR varicosities apposed to the intracellularly labeled

neurons in this study. CGRP immunoreactivity in the dorsal horn of the spinal cord might

be exclusively of primai")' sensory origin, as it appears virtually abolished l'rom the dorsal

horn following dorsal rhizotomy (Traub et al., 1989; Chung et al., 1988); and in an in situ

hybridization study any dorsal horn neurons synthesizing this peptide was not deteeted

(Réthelyi et al., 1989). A high incidence of co-Iocalization of SI' and CGRP

immunoreaetivities has been reported in dorsal root ganglion neurons (Gibson ct al., 1984;
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lu ct al., 1987; Lec ct al., 1985b; Wiesenfeld-Hallin et al., 1984: Garry ct al., 1989) and in

axon terminais within the superficial dorsal horn of the rat (Plenderieith ct al., 1990;

Tuehseherer and Seybold, 1989). In the eat, approximately 80% (Garry ct al., 1989) or even

100%, (Gibson et al., 1984) ofSP-IR cclls oflumbar dorsal root ganglia were shown to co-

localize CGRP immunoreaetivity. Therefore, it is rcasonable to use the eo-Ioealization of

CORr inllnunoreaetivity as a marker to indieatc Sr-IR boutons ofprimary sensory origin.

Our resultsrevealed that a considerable number of the SP~IR boutons apposed to nociceptive

specific and wide dynamie range neurons eo-Ioealized CGRP immunoreaetivity. The

perecntagcs (30-45%) of boutons co-Iocalizing SP and CGRP detectcdin thc currcnt study

are conservative because the post-embedding iinmunogold protocol for CGRP is less

sensitive lhan the preembedding tcchnique for SI' (for a discussion, see (Ribeiro-da-Silva

et al., 1993). Therefore, it is likely that an even Im'ger iJrOportion of SP-IR boutons is of

primary sensoryorigin. However, some of the SP-IR boutons certainly originate l'rom

intrinsic Sr-IR neurons in the spinal cord and possibly also l'rom supraspinal sources.

Il is also possible that many ofthe Sr-IR boutons that were not CGRP"IR co-localize

enkephalin inllnunoreactivity.In fact, in other studies we have shown that SI' and enkephalin

immunoreactivities are frequent1y co-localized in boutons apposed onto the same

intracellularly labeledcell (Ribeiro-da-Silva et al., 199Ia; Cuello et al., 1993).

Conclusion

The results of the present in vivo study in the cat spinal dorsal horn provide further

evidcnec that there is a direct correlation between nociceptive responses ofphysiologically
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1 charactcrizcd neurons and the innervation or SP-IR sc'nsory libers. In eontrast. non­

nociceptive neurons were scarccly innervatcd by SP-IR libers. e\'en in meas ol'intense::>l'

immunoreactivity. The specilic innervation ornociceptive neurons by SP-IR sensory libers

does not rule out the possibility that SI' may also aet at receptors away Ihlll1 the rdease sile.

as recently suggested by others. However. our data do indieate lhalthe mostlikc!y possibilily

is thal SPacts at a very short distance !l'om the rclease sile on ecUs in direct apposilinn lil the

nerve terminais that rdease the neuropeptide.
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Table 1. Percentages and densities of substance P immunoreactive varicosities aposed to each of the neurons studied.

, Celi type Code Cell body Percentageof SP-IR boutons Number of SP-IR
Iocalization boutonsfl 00 !lm

. CS, PD DD CB PD DD

Nociceptive 207-1 LI .A8.II 51.34 57.53 18.66 23.37 18.99
specifie

271-1 LI 42.75 47.05 49.17 23.12 22.20 12.31

276-1 LI 41.67 51.62 57.43 18.53 19.12 16.30

Wide 276-2 LU-III 17.19 12.79 18.82 7.60 8.40 8.28
dynamic

339-1 LIV 6.09 9.76 24.67 5.17 6.33 13.02range

208-1 LIlI 11.67 .10.83 22.83 4.51 8.23 14.10

Non- . 271-2 UV 4.20 3.50 3.99 2.83 3.20 2.60
nociceptivl',

212-1 LIV 3.77 5.06 7.40 2.46 2.67' 2.86
1\
',l

'1 "

258-1 LIV 3.70 4.10 5.46 3.67 1.92 3.14'."

CB - Celi body region; PD - Proximal dcndritic tree; DD- Distal dendritic tree.
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Table 2. COlllparison of the percentages ofSP-IR boutons apposed t"the distal dendrites
of wide dynl1lllic range. nocÎeeptive speeilic and non-noeieeptive in areas of int,'ns,' SI'
inll11unoreaetivity (Imllinae 1-110 and patehes of SI' inlIllunoreaetivity in lamina V) and
areas of sparse SI' illllllunOl"eaetivity (Ialllinae Ill-IV)

Cel! type

Noeieeptive specitie

Wide dynamie range

Non-noeieeptive

Laminae 1-110 and V*

54.33±4.62

29. 15±2.26

4.73±1.31

Lamina,' Ill-IV

NIA

5.87±U4

5.47±1.17

* - Values (i'0l11 lamina V were restrieted to boutons apposing dendrites loeated
in the patehes of intense SI' illlmunoreaetivity whieh are charueterislic oflaminu
V (see text). NIA - Not applicable. as the noeieeptive specilic cel!s ofthis study
did not have processes in these two laminae.
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Fi!(ure 1. Charactcristic rcsponscs of a widc dynamic rangc nelll'on (cell 339-1) to

i·"".,

noxious and innocuous natural stimuli and to high intensity elcetrical stimuli of a sensory

ncrvc. Thc innocuous stimulus consisted of i'cpetitive movements of hairs in thc exeitatory

rcccptive Jield of the nClll'on; the pcriods ofdelivery orthe stimulus are inclicated by the bars

below the records in a and b. The response to this innocuous stimulus consisted of brief

bursts of action potentials to each movemenl. The noxious stimulus was a pineh to the

exeitatory reccptive Jicld üsing a serrated forceps; the duration ofthis stimulus is represented

b)' the bal' below thc record in c. The response to this stimulus consisted of an initial

depolarization associatecl with a high t\'equency ofaction potentials throughout the stimulus.

This was followecl by·a small hut prolonged depolarization associated with a rate of

c1iseharge of action potentials which remained above the pre-stimulus level for greater than

. one min; the full duration of this prolonged response is not shown. The responseto high

intensity (5 mA, 1 ms pulses at 20 Hz fol' 8 s) elect~'ical stimulation of the superficial

peroneal nerve (Train) is shown in d. This response consisted of an initial c1epolarization and

high frequency of action potentials throughout the stimulus followecl by a prolonged

c1epolarization also associated with a high rate of discharge of action potentials. During the

recorcling Ii'om this neuron the responses ~ll1wn in a and d were tested for the effects of the

NK-I receptor antagonist, CP-99,994, given i.v. at a dose of0.5 mg/kg. The response to hair

movement was unaffected by administration of this'antagonist, as shown in b, taken 3 min

later. ln contrast, the response to the high intensity electrical stimulation was depressed by

the NK-I receptor antagonist as shown in c; the depolari;itions during and following the

stimulus \Verc deprcssed as was the frequency ofaction potentials during the aflerdischarge.
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1 Resting membrane potential -60mV.
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field of a non-nociceptive neuron (ccII 271-2). A. Responses to repelilive mowmenls \11'

1 FigUl'C 2. Effects ofnoxious and innocuous natur,ll stimuli 10 the c'xeitalory reœptive

lmirs, as described in Figure 1. B. Noxious pineh stimulution of the clltancolls reeeplive Iidd

failed to prodllce the slow. prolonged depolurizulion observed with the ccli in Figure 1.

Rather, the neuron showed onl)' a depolarization and high rate of action polenliuls only

throughout the period of the pinch. consistent with sllstained activation or low threshold

primary afferents. Effects ofnoxious pinch stimulation were rOlltinely lesled whilc holding

the membrane potential at three different levels to determine whethcr thc slow. prolongcd

depolarization could have been masked at hyperpolarized pOlentials (De Koninck und Henry.

1991). In the record in which the membrane was held ut -55mV. lhe stimulus was

maintained tOI' a longer period in a fmther elfort to unmask any slow. prolonged

depolarization. ln the botlom record single, low intensity electrieal stimuli were also applied

to the superficial [leroneal nerve at regular intervals (small triungles below the lmec) 16'

prJ~~ke action potentials. Resting membrane potential -65 mV.
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Figure 3. 1vI0rphologicai properties of a wide dynamic range neUl'(1n 20~-1 (\). A.

Camera lucida reconstruction of the neuron in the parasagillal plane. The eel\, with ils eell

body located in dorsal lamina Ill, Imd an extensive dendritie tree in lamina III and twomajor

dendrites extending to lamina 110. The laller dendrites branehed in lamina Ilo, an area of

intense sr immunoreactivity. Notc the large number of spines on the dendrites in lamina Ill,

some ofwhich are indicated with smal\ arrows (scale bar= 150 fun). B. Lightmicrograph

of the neuron in a parasagittal, Epon-embedded 50-flm-thiek section: note the intense SI'

immunoreactivity in laminae 1 and 1I0 atthe top of the photomicrograph (seale bar =100

fun). C. Micrograph from a 4-flm-thick section taken From the section in [3, displaying the

cell body and segme'1ts of dendrites (scale bar = 100 fun). D. Low nmgnil1cati5ll1 cleetron

micrograp!!cofpart ofthe cell body, obtained n'om an ultrathin section cut aller rc-embedding

in Epon of the semithin section in C (scale bar =10 fun). K A SP-lR bouton (arrow) is

presynaptic to the HRP-filk:l cell body (scale bar = 0.5 fun).

\\
.\\,

60

::-'-;1

(~;;



1
A LI

LII

LIli

L1V

.("

1

·1 ;

/

., .

~ ," ...
.."'-; ~.... .,

\
1

\



Figure 4. Morphological propcrtics or a \Vidc dynamic rangc IlC'lll'lln 20R-I (2). A.

!Vlicrograph n'om a 4-pm-thick scmithin scction, sho\Ving thrcc scgmcnts or dcndritcs in

lamina 110 (upper dendrite) and lamina iii (two othcr dcndritcs). Thc portions or thc dcndritcs

labeled 1. 2 and 3 arc illustratcd in thc clcctron micrographs in 8, C and D, rcspcctivcIy,

which were obtained aller re-embedding and cutting or this scmilhin scction (scak bal' = 25

~lm) B. A SP-IR bouton (arrow) presynaptic 10 HRP-lillcd dcndritc (1) in lamina 110 (scak

bar = 0.5 ~lm). C. A SP-IR bouton of the glomcrlliar typc (arrow) is at a distancc ti'om the

dendritic prolïle (2) ofthe cell. This type ofSP-IR prolïle did not conlact lhiscell or any or

the others studicd (scale bar =3 ~1I11). D, E. This neuron had dendrites fi'cquenlly associaled

with synaptic glomeruli in lamina !li (D) and III (E), but thesc glomerllli always possessed

central varicosities (Cn) which~':"'~'llOt SP-IR. The aITow in [) points to a SP-IR profile
-.....,,,

(scale bars = 1 ~1I11).
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Figure 5, Morphologicnl praperties of wide dynnmic range neun>n 339-1 (1), A.

Camera lucida reconstruction of the ccII in the pnrnsngittnl plane, Note that this neUl'lln is

almost enlirely devoid of dendritic spincs. in contrast to the wide dynnmic mnge neunm

shown in Figure 3 (scale bnr = 50 ~1l11). B. Micragraph ofpart of the ccli. obtained 1\'0111 n 50-

~lm-thick section; open arrow indicntes one of the patches of intense SI' inumll10reactivity

which nre charncteristic oflumina V (scnle bar = 50 [lm). C. tvlierograph I\'om a 4-~llu-thick

section of the cell body region obtnined ailer Epon re-embedding of the 50-~1l11-thiek section

l'rom B ; the alTOW indicntes the location of the SP-IR bouton shawn in the EM micrographs

(scale bar = 50 ~lm). D, E. Electron micrographs orthe cell body arca obtained ancr lilrther

re-embedding of the 4-~lm-thick section shown in C; arrows indicnte a SP-IR bouton;

asterisks in E indicate non-IR vesicle-containing pratiles apposed ta the ccII body. Note the

relative scarcity of SP-IR boutons apposed to the' cell body (scale bars = 10 ~111l for D and 1

[lm for E).
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Figure 6. rvlorphological propertics of \l'ide dynamic range nellmn ~Y)-l l2). A and B.

Light micrographs of 50-pm-thick and 4-~lll1-thick sections. rcspc·ctivcly. Open arm\l's

indicate one of the patehes of intense SI' immllnoreaetivity in lamina V. Sol id arro\\'s

indicate the locations in two dendritic branches of the eketron micrographs in C llipper

arrows) and D (lower arrows). C and D. Electron ll1icrographs obtained aller Epon rc-

embedding and ultrnthin sectioning of the 4-~lll1-thick sell1ithin section in B: armws illllicate

SP-IR boutons apposed ta the cell. and arrowheads indicate asynunctrie synapscs between

the SP-IR profiles and the dendritie protiles (arens of synapses ure enlarged in thc respective

insets). The asterisks represent non-IR varicosities.Scnle bars = 50 ~lIn (A and B) and 0.5

~lln(C and D).
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Figure 7. l'vlorphological propcrtics of nociccptivc spcei lic neuron 271-1. A. ('(/1//<'1'(/

•

ll/cicla reconstruction of the ccli (scale bar = 20 fun). B. l'vlicrograph Ih'm a 4-pm-thick

section obtained from thc rc-cmbcdding and cutting of thc SO-pnHhick llat-cmbcddcd

section (not shown). Notc parts ofthc ncuronal ccli body and oftwo llendritcs apposcd by

numerous SP-IR prol1les (smail arrows). C, D. Elcetron mierographs obtaincd Il'om an

ultrathin section eut alter the re-embedding of thc section shown in B : arrows show SP-l R

boutons apposed ta the dendrites of the cell. and arrowheads indieate synaplieeontacls. ln

D, note the asymmetric synapse (arrowhead) of the bouton on the lell onto the dcndrite or

the cell. Scale bars = 20 fun for A and B, and 0.5 fun lor C and D.
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Figure S, Morphological properties of nociceptive specifie neuron 207-1 (2), A.

Caillera IlIcida reconstruction of the cciI. Note the ventrally oriented dendritic branches

n;aching inncr lamina II. Nole also a dOl'sally oricnted primary dendrite with a long branch

extending into the white matter (scale bar = 100 ~lIll), B. A micrograph of a parasagittal, 50­

~lm-lhiek section orthe neuron prior to osmication, Note the intense SP immunoreactivity

around the cell body and main dendrites (scale bar = 50 ~lm), C, Light micrograph ofa 4-~lm­

thiek section eut li'OI11 the section shown in Baller Epon-embedding (seale bar = 20 ~Ull), D.

Electron mierograph of a proximal dendrite corresponding to the dendrite indieated with an

arrow in C . Note the SP-IR varicosities (arrows) apposed to the HRP-filled dendrite (scale

bar = 1 ~1I11).
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Figure <J. Morpi1ological propcrties ofnocic~ptive specilie nell.:on 207-1 (2). A. Light

micl'Ograph ofa distal ,I,:ndrite localcd in lamina Il in a 4-,1I11-thick section. Note the intense

SI' immlll1oreaetivity. The large arrows point to the I-IRP-lilled dendrite. the short arro\V3

indieale SI'-IR varieositie" (seale ba.!' = 20 ,lm). B. Electron micrograph of the dendrite

indieated \Vith the arrows in A. C. An enlargement of the framed area in B. The arro\Vs

indicate SI'-IR axonal varieosities apposed to the HRP-lilled dendrite (Seale bars= 20 >ll11

for A •2 >1I11 for B . and l ,ll11 lor C).
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electrophysiologieal recordings of this ccli are shown in Figure 2. A. Camera lucida• Fi~urc 10. Morphological properties of non-nociceptive neuron 271-2. The

•

.; .

reconstruction of the ccli. Note thc cxtensive arborization in lamina lll. a region where

abundant hair afferents tenninate. and also the spines on the dendrites to the right of the,

perik:1ryon (scale bar = 50 ~un). B. Light micrograph of a 50-~lm-thick Epon-embedded

section showing the ccli body and a portion of dendritic tree. Note the virtl'31 absence of SP-

IR libers in the vicinity ofthis ccli (scale bar = 100 ,.un). C shows an eleetron micrograph

of the portion of the dendrite indicated with an arrow in B; note the scm'city of SP-IR
\\"

boutons apposed to this ncuron (arrow indicates a SP-IR bouton; seale bar = 2 ~lm) .
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recOl...trllction of the neuron. The axon ofthis neuron eould be followed into the dorsolateral

fllniculus (scale bar = 100 pm). B. Light l11icrograph of a 50-fll11-thiek, Epon-el11bedded

section showing branching of the dendrites of the cell; note that sOl11e dendritie branches

penclrate the area of intense SI' inullunoreactivity in lamina 110 (seale bar = 100 flm). C. A

4-flm-thick semithin section obtained after re-embedding of the section in B; note the axon­

like dendritic spines (arrows) originating tl'om the dendrites (seale bar = 25 fUll). D. Electron

mierograph illustrating a dendntie spine (arrow, seale bar =3 fun). E. Electron mierograph

showing the participation of a dendritic branch of the cell in a synaptie glomeruilis. The

gloll1erular central varicosity (Cil) apposed to the dendrite is electron-llicent and rieh in

ll1itochondria (seale bar = 1 flll1) .

• Fi~urc Il . Morphological propcrties ofnon-nociceptive neuron 212-1. A. Camera lucida
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charactcrizcd dorsal hom neurons. For statistical eomparison, one-way ANOVA followed• Figure 12. Quantitative analysis of the boutons contaeting the physiologieally

•

by post-hoc Tukcy test was uscd. A. The densities of total boutons (number ofSP-IR and

non-IR boutons/] 00 ~lm membrane length) apposed to the ccli b()dy, proximal and distal

dendrites were not significantly different between the three types of neurons (P=0.5,

mean±.SEM, n=3). In B, the densities ofSP-IR boutons apposed to the cell bodies and the

proximal dendrites ofnoeieeptive speeilic cells were significantly higher than these ofwide

dynamic range (P<O.O l, mean±SEM, n=3), but the values for the distal dendrites were not

signifieantly different bctween the two types of cells. Compared with non-noeiceptive

neurons, the densities of SP-IR boutons apposed to the three regions of nociceptive specific

neurons were significantly increased (P<O.OI, mean±SEM, n=3). The densities of SP-IR

boutons apposed to the proximal dendrites and the distal dendrites of wide dynamic range

neurons were signifieantly higher than these of non-nociceptive neurons, but no significant
';\

differences of the values for the cell body region were deteeted between the two types of

eells. In C, the percentages of SP-IR boutons apposed to the three regions of nociceptive .

specil1c ncurons were significantly higher than these of wide dynamic range and non-

nociceptive neurons (P<O.OOI, mean±SEM, n=3). The values for the three regions ofwide

dynamic range neurons were significantly higher than those of non-nociceptive neurons

(P<O.OI, mean±SEM, n=3).
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nociceptivc spccific ncuron in lamina 1(ccII 276-1). A. Distal dendrites (asterisks) inlal11ina

1 Irol11 this nociccptive specific neuron arc inncrvatcd by axonal boutons in which SI' and

CG RI' immunoreaetivities are co-Iocalized (iabeled Sp+CGRp). SI' immunoreactivity is

represented by DAB reaction produets and CORI' il11l11unoreaetivity by il11l11unogold

partieles (scale bar = 0.5 ~lIn). B shows the frmned area in A at higher l11agnitication and

printcd with lowcr contrast to allow the easy identitication of the gold partieles over dense­

core vesieles, representing CORI' inununoreactivity (scale bar = 0.5 ~lIn) .

• Figure 13. Co-Iocalization of SI' and CGRp il11l11unoreactivitics in boutons apposed to
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Connecting Text - Chapter II to Chapter III

The study in chapter II dcmonstratcd that nociceptive neurons received significantly

higher pereentages and dcnsities of appositions l'rom SP-IR boutons in the cell bodies,

proximal and distal dendrites than non-nociceptive neurons. Furthcrmore, nociccptive

specilic neurons \Vere apposed by signilicantly higher percentages ofSP-IR boutons in the

lhree regions than \Vide dynamic range neurons. The densities of SP-IR boutons apposed to

the cell bodies and the proximal dendrites nociceptive specifie neurons \Vere significantly

higher than in \Vide dynamic range neurons, but this difference ofthe values \Vas not detected

in the distal dendritic region. For \Vide dynamic range neurons, the percentages of SP-IR

boutons apposed to thcse distal dendrites located in laminae \Vith intense SP

immunoreactiyity \Vere signil1cantly higher than those located in laminae \Vith scarce SP

inullunoreactiyity. Even in laminae \Vith intense SP inllllunoreactivity, the distal dendrites

of non-nociceptive neurons received very 10\V percentages of appositions l'rom SP-IR

boutons. About one third SP-IR boutons apposed to nociceptive neurons co-Iocalized CGRP

immunoreactivity. Based on the aboye results, and on those l'rom previous studies, it \Vas

proposcd that SP-IR boutons apposed to nociceptive neurons might interact \Vith ENK­

containing eIements involyed in the inhibition of nociception.

The experiments presented in the next chapter \Vere designed to test such an

hypothesis. In chapter III, the synaptic interactions of SP-IR boutons and ENK-IR boutons

in relation to the three functional types of dorsal horn neurons \Vere investigated.
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CI-IAPTER III

Substancc P and cnkeph:t1in immunoreactivities in axonal boutons presynaptic to

physiologically identified dorsal hom neurons. An uitrastnlctural l11ultiplc-labeIIing

study in the cat spinal cOl'd.

Weiya Ma, A. Ribeiro-da-Silva,Y. De Koninck, V. Radhakrishnan, .f.L. Henry and A.C.

Cuello
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ABSTRACT

ln the present study, we used a eombination of intraeellular eleetrophysiological

rccording and intraccllular injection of horseradish peroxidase with ultrastructural

immunoeytochemistry to investigate the synaptic inputs /Tom substance P (SP)-, enkephalin

(l~NK)-, and SP+ENK- immunoreactive (IR) axonal boutons to tlu'ee types of functionally

charactcrized dorsal horn neurons in the cat spinal cord.

Thc dorsal horn neurons were classified as nociceptive specific, wide dynamic range

and non-nociceptive based on their responses to innocuous and noxious stimuli. At the EM

level, we round that most of the nociceptive neurons (either nociceptive specific or wide

dynamic range) contained ENK inllllunoreactivity, but that none of the non-nociceptive

neurons was ENK immunoreactive. Furthermore, we observed that SP-IR, ENK-IR and

SP+ENK-IR axonal boutons were apposed to the functionally characterized dorsal horn

neurons. Our quantitative data revealed that the percentages of SP-IR only boutons aPP,osed
\' ,

to the cell bodies, proximal dendrites and distal dendrites of nociceptive neurons were

signiticantly higher than those of non-nociceptive neurons. Further, the percentages of

SP+ENK-IR axonal boutons apposed to the distal dendrites of nociceptive neurons were

significantly higher than those of non-nociceptive neurons, tlle percentat~es ofENK-IR only

boutons apposed to the cell bodies and proximal dendrites of nociceptive neurons were

significantly higher than in non-nociceptive neurons. However, no significant differences in

the values for the distal dendrites were detected between nociceptive neurons and non-

nociceptive neurons. Both ENK-IR only and SP+ENK-IR boutons were never seen
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presynaptic to SI'-IR only boutons apposed ta nociceptive neurons. One third or the a)(onal

boutons e)(hibited synaptic contacts \Vith the dorsal horn ncurons indepcndently or thcir

neurochemical contents and the physiological properties orthe apposed ncurons.

Our data provide anatomical substrates l'or the interuetion orSI' and ENK and support

the idea that the modulation of nociception by ENK is mainly through a pnstsynaptic

mechanism.

INTRODUCTION

Il is generally accepted that substance l' (SI') and enkephalin (ENK) an: involv.:d in

'1

the transmission/modulation of nociception in the spinal and medullary dorsal horns. The

investigation of the interactions of SI' and ENK in the spinal dorsal horn has reeeived

particullli' attention in the past two decades. Anatomically, SI' and ENK immunoreaetivilies

are similarly localized in the lamina 1 and II (Cuello et al., 1977b; Hükfell el al., 1977;

Cuello and Kanazawa, 1978; Hunt et al., 1981), and also in lamina V (Ruda, 1982). SI'

immunoreactive (IR) terminais make synaptic contacts with ENK-IR neurons in the

superficial dorsal horn (Cuello, 1983; Ribeiro-da-Silva et al., 1991 b). Co-localization of SI'

and ENK immunoreactivities was found in axonal boutons in the superficial laminac of thc

dorsal horn of cat (Tashiro et al., 1987) and rat (Senba et al., 1988; Ribeiro-da-Silva et al.,

1991 b). Biochemically, SI' was shown to stimulate the release ofendogenous opioid peptides

at spinal (Tang et al., 1983; Iadarola et al., 1986) and supraspinal (Naranjo et al., 1986)
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levels. l3ehaviorally, the intrathccal administration of SP in the rat produees a transient

deercasc in the reaction time in the tail flick test (Yashpal and Henry, 1983; Cridland and

Henry, 1988b), followed by a rebound overshoot which is blocked by naloxone (Yashpal and

Henry, 1983), suggesting the activation ofan opioid mechanism at the spinallevcl, due either

to SP or to SP induced activation of spinal nociceptive pathways. When co-administrated

intrathecally, a low dose of SP was shown to potentiate the antinoeieeptive effects of

morphine sulphate at a marginally eIlèctive dose in the tail flick test (Kream et al., 1993).

The potentiated analgesic response- was effectively bloeked by the opioid antagonist

naloxone, suggesting a convergence of pharmacologieal eftècts through opioid-responsive

neurons.

However, there is semee information on anatomieal substrates for the funetional

interactions of SP and ENK. In reeent yeJrs, we have investigated the direct synaptic

interactions of SP and ENK immunoreactive elements in relation to functionally

charactcrized dorsal hom neurons in the cat spinal cord, with the specifie lim of providing

more convincing anatomical substrates to interpret these functional phenomena.. Using a

combination of physiological recording, intracellular injection of horseradish peroxidase

(I-IRP) and inullunocytochemistry at the eleetron microscopy level, we previously

demonstrated that some nocieeptive dorsal hom neurons possessed ENK immunoreactivity,

whereas none of the non-nociceptive neurons was ENK immunoreaetive (Ribeiro-da-Silva

d al., 1992). In the present study we investigated the synaptic interactions of SP-IR and

ENK-IR axonal boutons with nociceptive and non-nociceptive neurons in the dorsal horn of

the eat spinal eord. Preliminary results were published elsewhere (Cuello et al., 1993).

75



•

•

MATERIALS AND METHüDS

Physiologicul rccording und intruccllulur injection of HRI'

l'en udult cats of either sex. with body wcights ranging !i'om 3.2 to 4.6 kg. were

anesthetized with "'-chloralose (60 mg/kg Lv.) and paralyzed with paneuronium bl'Omide

(Pavulon,Organon; 1 mg/kg i.v.). The cats were ventilated mtilicially. 1'0 minimize the

influence of supraspinal structures, the spinal cords were transeeled at the LI vertebral kwl.

Intracellular recording was done with HRP-filled glass micropipetles (resistances: 50 to 120

MO) at the L,-L, spinallevel. A neuron was processed further on\y ifit exhibited a stable

resting membrane potential, an action potential with overshoot and a clear. reproducible

response to natural stimulation of the skin.

Functional classification of the neurons was made according to their responses to

natural cutaneous stimulation and to electrical stimulation of afferent nel'ves following

previously d~scribed criteria (De Koninck et al., 1992). Bricny, the natmal stimuli used

were: movement of single hair, innocuous and noxious pressure, noxious pinch with a

serrated forceps, noxious radiant heat and vibration using a feedback controlled mechanical

stimulator. Neurons were categorized as non-nociceptive, wide dynamic range and

nociceptive specific. Nociceptive neurons, including both nociceptivc spccific and widc

dynamic range neurons, exhibited a.'nociceptive response to noxious stimulation

characterized by a slow, prolonged depolarization after thc end of the stimulus and an

afterdischarge. Nociceptive specific neurons responded only to noxious stimuli. Widc

dynanlic range neurons responded to both innocuous and noxious stimuli. Non-nociccptivc
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ncurons did not display thc abovc type of response after noxicus stimulation and exhibited

only brisk and bricf rcsponscs to any kind of stimuli.

Following complete clectrophysiological recording and functional identification of

thc ncuron, a tracer, horseradish peroxidase (HRP), was injected by intracellular

iontophoresis using 600 ms positive current pulses of 1-5 nA at a frequency of 1 Hz for a

duration of 10-30 minutes. The il1jection times varied with the type of neuron injected. One

to thrce ncurons were il~ected per cat and a map of the dorsal surface of the cord was drawn

to ensure cxact localization and identification of the labelled cells.

Immunocytochcmistry

Subseqllently, ail cats were perfused intracardially, for 30 minutes, with a mixture

of4% parafollllaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate buffèr (PB) (pH 7.4)

at room temper;lture. The relevant segments of the spinal cord were removed and postfixed

in the same fixative for 90 minutes and then infiltrated overnight in 30% sucrose in O.IM

(PB). The following day, the tissue was sectioned parasagittally on a Vibratome at a

thickness of 50 ~lm. After being snap frozen in liquid nitrogen and thawed in 0.1 M PB at

room temperature to increase the penetration of antibodies, ail sections were processed to

demonstrate HRP with 3,3'-diaminobenzidine (DAB, Sigma) intensified with cobalt chloride

and nickel ammonium sulphate as previously described (Ribeiro-da-Silva et al., 1993) and

examined under the Iight microscope. The sections containing the labelled cells were further

processed for pre-embedding immunocytochemistry. The antibodies used were an anti­

substance P/anti-HRP bi-specifie monoclonal antibody l'rom the rat [coded P4CI; (Suresh
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et al., 1986); Medicorp, Canada], and an anti-enkephalin internally radiolabeled monoclonal

antibody, prepared From thc NOCl ccllline as described e1se\Vhere (Cuello and Cc'M, 19l)~).

The sections \Vere first incubated in a mixture of P4Cl (1: 10) and NOC 1 (1: 10) anlibodks

overnight at 4"C. The follo\Ving day, allsections were ineubaled in 5 llg/ml HRP (Sigma,

type VI) in phosphate buffcred saline (PBS) for 2 hours al room lemperalure, following

thorough rinsing in pBS. A non-intensified DAB reaction was used 10 show SI'

immunoreactivity.

Subsequently, ail sections \Vere osmicatcd, dchydrated, and l1at-embedded in Epon.

The different parts of the l-IRp labelled neuron, as observed in l1at-embedded sliees, \Vere

photographed and drawn with a camera fllcida. The \Vhole morphology of the HRI' labelled

neuron at the light microscopy (LM) level \Vas reconstructed. Using Sholl's concenlrie eirele

analysis (Sholl, 1953), the whole neuron was dividcd into thrce regions. The dendrites

located in the inner circle were considered as the proximal dendritcs, while those loeated in

the outer circle represented the distal dendrites. The dendritic scgmcnts which were located

in the middle circle were not used in order to avoid thc overlapping of proximal and distal

dendrites. The samples of the different regions of the [-[RI' labelled neuron (ccII body,

proximal and distal dendrites) were selected and re-embedded in Epon blocks. From re­

el11bedded blocks, 4-lll11-thick plastic sections were cut serially, photographed and compared

to the original drawings for the identification of the parts of the [-[RI' labelled neuron present

in each section. The 4-1-1I11-thick sections were then re-el11bedded in Epon and sectioned for

electron microscopie observation. The. ultrathin sections were proccssed for eleetron

microscopie radioautography as described previously, usmg the physicIl1 fine grain
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development (Kopriwa, 1975) or Kodak DI9b (Kopriwa, 1973). Exposure time was 3

months. Artel' eontrast staining with uranyl acetate and lead citrate, the radioautograms were

observed under a Philips 410 e1ectron microscopc.

Quantitative analysis

Thc numbcrs ofSP-IR, ENK-IR, SP+ENK-IR and non-IR boutons àpposed to tlu'ee

types of dorsal horn neuron were counted direetly on the EM sereen. The average

pereentages ofeaeh type of bouton in the totd number of boutons apposed to the cell body,

proximal and distal dendrites were determined. Three nociceptive specific neurons, 4 wide

dynamic range ncurons and 3 non-nociceptive neurons were used for quantification. For each

cell, at least 5 fields frolll each of the duee regions (cell bodies, proximal dendrites and distal

dendrites) were randomly selected and used for the counting of appositions and synapses

[j'Olll neuropeptide-IR and non-IR boutons. The numbers of boutons cOllllted pel' cell ranged

l'rom 155 to 228 for ail regions. Profiles were considered as specifically labeled for SP

imlllunoreactivity when at least the dense-core vesicles displayed DAB deposits. Profiles

were considered as specifically labelled for ENK illll11unoreactivity when overlaid by at least

3 silver grains. 1'0 decide whether the silver grains were located over the profile, the half

distance method was used.

1'0 compare statistically the percentages ofSP-IR only, SP+ENK-IR, ENK-IR only

and non-IR boutons apposed to the cell body, proximal dendrites and distal dendrites oftluee

types of dorsal horn neuron, one-way analysis ofvariance (ANOVA) was used followed by

post-hoc Tukey test for comparisons ofindependent samples. Statistical significance was set
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at P<O.OS. For wide dynamic range ncurons. only the data li'om cells 20R-I. 258-2 ami 276-2

were used for statistical comparisons with other group~. As ccII 205-1 was not comparable

to the other thrce in physiological characteristics. this ccII was not used l'or statistical

comparisons.

RESULTS

Based on the presence or absence of a slow. prolonged depolarization and

àfterdischarge after the end of the noxious stimulus. the dorsal hom neurons were c1assiiled

into nociceptive and non-nociceptive. Orthe 12 neurons includcd in the present study. 3 were

nociceptive specifie, 5 wide dynamic range and 4 non-nociceptive (Table 1). Approximately

one third of the boutons apposed to the intracellularly labelled cells displayed a synaplie

contact when observed in an isolated section. This ratio was approximatcly the same ror.all

boutons independent of their neurochemical characteristics and physiological types or the

cells they were apposed to.

Nocieeptive specifie neurons

Ali three nociceptive 'specific neurons (207-1, 271-1, 276-1) had thcir ccII bodies

located in lamina 1 (Table 2). Two ofthese neurons (271-1 and 276-1) wcre bipolar and

oriented parallel to the main axis ofthe spinal cord, with their dendritic trcc branching within
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the Iimits oflamina 1. The third nociceptive specific neuron (207-1) was located close to the

laminae 1-11 border and was a multipo!ar cell with a few scarcely branchcd dendrites. Some

of thc dcndritcs of this cell radiated ventrally as far as the laminae II-III border. Ali three

nociceptive spccific neurons were ENK immunoreactive (Table 1).

Figures l, 2 and 3 iIlustrate the morphological properties of nocieeptive specifie

neurons. The cell body (Fig. 3B), proximal dendrites (Figs. 2A and 3A) and distal dendrites

(Figs.l B, 2B and 3e) of the cells were overlaid by silver grains indicating ENK

iIlllllunoreactivity.

Boutons immunoreactive for SP only were observed contacting the cell bodies and

dendrites (Figs.2A, 2B and 3A). The synapses fOrtlled were almost invariably of the

aSYlllllletric type (Fig. 2B).

SP and ENK illlmunoreactivities were co-localized in a considerable number of the

boutons apposed to nociceptive specifie neurons (Figs. lA, 3B and 3e). The synapses

forllled by such double labelled boutons were of the asynunetric type.

ENK-IR only boutons were also apposed tq the cell bodies, proximal and distal

dendrites of the nociceptive specifie neurons (Figs.lB, 2A, 2B and 3e). Similar to other

types of boutons, approximately 32.5% ofENK-IR only boutons established synapses with

l-IRP labelled nociceptive specifie neurons. Both ENK-IR only and SP+ENK-IR boutons

were never found presynaptic to SP-IR only boutons whieh were apposed to nociceptive

specifie neurons.

No obvious morphological differences could be detected in the boutons that were

non-immunoreactive when compared to these that were immunoreaetive for SP, ENK or
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both. However, many of the non"IR boutons did not possess an)' dense core yesides, and

some established symmetric synapses.

Wide dynamic nmge neurons

The cell bodies of four wide dynamic range neurons (276-2: 208-1: 258-2: 205-1)

were located in the laminae Il-III bordel', lamina Ill, lamina IV and lamina V, respecliv.:ly

(Table 2). Three of these ceIls (276-2, 208-1 and 258-2) poss.:ssed comparable

characteristics. Physiologically, the three neurons rcspondcd to noxious stimuli \Vith a

moderate nociceptive response. Morphologically, ail cells \Vcre multipolar neurons. Cc1l276­

2 had a stellate-shaped cell body, with most of the dendritic trce arborizing within the limits

of laminae II and III (Fig. 4A), Some dendrites t!'0111 this cell penetl11ted into lamina 1whcrc

they further arborized into smaller processes which travelled l'm' a short distance along the

axis ofthe spinal cord. Some dendrites in laminae IIi and III were spiny. Ce1l208-1 Ims been

described in detail elsewhere (Ma et al., 1995a) and will be describcd only briel1y here. lt

possessed a stellate-shaped cell body. Its main dendritic tl'llnks radiated in ail directions.

Most ofdendrites were spiny, except those that penetrated lamina Ilo and lamina l. Cell 209­

1 was similar in localization and morphology to cell 208-1. The cell body of neuron 258-2

had a triangular shape and was continued by the main dendritic trunks. Most ofthc dendritic

branches ofthe cell e:-..tended dorsally to reach laminae III and IIi, a fcw branchcs extcndcd

ventrally to the deeper laminae (V-VI). This neuron received numerous appositions and

synapses from SPrIR boutons in the dendrites located in lamina V, onc of thc areas with

intense SP immunoreactivity.
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The physiological propcrties of ccII 20S-1 havc becn dcscribed previously (De

Koninek ct al., 1992). This cell posscssed particularly strong nociccptive responses. The cell

body of this ncuron, locatcd in lamina V, was ovoid and gave rise to four main dcndritic

trunks. Most ofthe dendrites were oriented dorsally, with only a few extending to lamina VI.

Somc of the dorsally oriented dendritic processes were very long and reached as far as the

lamina 1-11 bordcr. The dcndrites ofthis cell were virtually devoid of spines.

Four of the wide dynamic neurons (276-2, 208-1, 2S8-2 and 20S-I) were ENK-IR.

Howcvcr, ce1l209-1 was devoid ofENK immunoreactivity. Below, the four wide dynamic

range neurons with moderate nociceptive responses are compared with cell 20S-I.

Regarding the cells with moderate nociceptive responses, boutons inul1unoreactive

for sr only were apposed to the cell bodies, proximal (Fig. SC) and distal dendrites (Fig.

SA) ofthese four cells, particularly to the distal dendrites located in lamina 1 and II for cells

208-1, 209-1 and 276-2 and in lamina V for cell 2S8-2. The cell bodies and the proximal

dendrites of these ceIls were innervated by a liil1ited number of Sr-IR only boutons. In

contrast, cell 20S-\ was comparable to the nociceptive specific neurons, in that it received

a high number of appositions and synapses l'rom SP-IR only boutons in ils cell body,

proximal and distal dendrites (Figs. 6A, 6B and 7A).

sr and ENK double labelled boutons were found apposed to ail the wide dynamic

range neurons. In neurons with moderate nociceptive responses, SP+ENK-IR boutons were

more frequently detected in the distal dendritic tree (not shown). In ceIl20S-I, SP+ENK-IR

boutons were rather abundant in both proximal and distal dendrites (Figs.7A, 7B and 7C).

Figure 7A shows an asymmetric synapse established by a SP+ENK-IR bouton with ce1l20S-
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Boutons immunoreactiw exclusi"cly ItW ENK \\'l're apposl'd 10 thl' l'dl bodil's,

proximal and distal dendrites (Fig, 5B) of the ltlllr wi,IL- dynamk nlllgl' neun'ns wilh

moderate nociceptive responscs, ln comparison, sueh ENK-IR only protiIL-s l\'L'n.' Illorl'

frequently found upposcd to the ccII body, proximal ,IL-ndritcs ami distal ,IL-mlritl's Ill' l'dl

205-1 (Figs,6A, 6B and 7B), Both ENK-IR only and SP+ENK-IR bOlltons l\'L'rl' nl'I'CI'

presynuptic to SP-IR boutons upposcd to wide dynamÎc rangc neunms,

Non-nociceptive neurons

The ccII bodies oflhe lour BRP lubellcd non-nociœptive nelllllllS l2tlb-2, 212-1. 25H­

1,271-2) were locuted in Imllina IV, und were multipolar in shape, As an cxamplc, wc show

the morphologicul properties of ccII 258-1. The body ol'this ccli was ovoid (Fig, HA), ami

the dendritic tree branched mostly within thc limits olïmnina IV, Most ofthc dcmlrilcs of

this cell possessed spines (Fig,8A), Cell 206-2 wus similar to 258-1, whilc œlls 212-\ tlnd

276-1 possessed dendritic trees which were oriented dorslllly and reached outer laminai!.

Most of the dendritic processes of these two cclls possessed dongtlled spincs,

Under the electron microscope, silver grains, indicating ENK immunoreaclivity, wcre

never detected over the cell bodies, proximal dendrites and distal dendrites ofedls orthis

type, SP-IR only boutons were rarely found in contuct with any part ofthis runctionaltypc

of cells, as previously described (De Koninck et aL, 1992; Ma ct aL, 1995a), Occasionally,

an iso1ated SP-IR bouton wus detected presynaptic to these cclls, Boutons immunoreactivc

for both SP. ,and ENK were also infrequently round apposed to this type of the cells. In
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contras!. ENK-IR only boutons wcre rathcr frequently found apposed to non-nociccptive

ncuwns, in bath ccII bodics and dendrites (Figs. 8B and 8C).

Quantitative nnnlysis

As described in "Material and Methods", we ana!yzed quantitatively three nocieeptive

specilic. three wide dymunie range neurons with moderate nociceptive l'esponses and tluee

non-noeieeptive neul'ons (l'able 2). For eomparison. we al50 quantitated cell 205-1, a wide

dynamie range neuron with parlieularly strong noeiccptive responses. The selection of these

ceIls was based on the quality of the morphological preservation. Table 2 shows the

perccntages ofappositions to each of the ceIls l'rom SP-IR only. ENK-IR on!y, SP+ENK-IR

and non-I R axonal boutons. The histograIns in Figure 9 represent the mean pereentages of

ench type of boutons apposed to the three regions of the three groups ofneurons.

Perccntages ofSP-IR onlv boutons

When statistically compaI'ed, the average percentages ofSP-IR only boutons apposed

10 the ccli bodies, proximal dendrites aIld distal dendrites ofnociceptive specific neurons and

\Vide dynamic range ncurons were significaIltly higher thaIl those ofnon-nociceptive neurons

(P<0.02. Fig.9A). Nociceptive specific neurons had significantly higher percentages ofSP-IR

only boutons apposcd to their cell bodies and proxima! dendrites than wide dynamic range

neurons (P<0.02, Fig 9A), but not to the distal dendrites..

Perccntages of SP+ENK-IR boutons
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As ShO\\~l in Figure 9B, the meun percentuges orSp+ENK-IR boutons apposed to the

cel! bodies und proximul dendrites ofnociceptive specific neurons \Vere signilicantly higher

thun those or non-nociceptivc neurons (P<0.02, Fig. 9B), but not in the distal dendritie

region. There \Vere no signiticunt ditlèrences bet\Vcen the mean perccntages or SI'+EN K-l R

boutons upposed to the cel! bodies, proximul dendrites and distal dendrites or nociccptive

specific neurons und \Vide dynumic range neurons (Fig. 9B). Comparing wide dynamic range

neurons und non-nociceptive neurons, there \Vere no signi licunt di flèrenccs hetwcen the

meun percentuges ofSP+ENK-IR boutons upposed to the cell bodies and proximal dendrites,

but the vulue for the distul dendrites orwide dynumic range neurons wus significantly higher

(P<O.O l, Fig. 9B).

Percentages ofENK-IR only boutons

As ShO\~l in Figure 9C, the meun percentages ofENK-IR only boutons apposed to

the cel! bodies and the proximal dendrites ofnociceptive specific ncurons were significantly

higher thtin those of non-nociceptive neurons (P<0.02), butnot in the distal dendritic region.

Nociceptive specific neurons had significantiy higher average percentages or ENK-l R only

boutons apposed to the cel! bodies than wide dynamic range neurons (1'<0.02, Fig. 9C), but

not for the proximal and distal dendrites. Wide dynumic rangc ncurons exhibited

signifieantly higher values of appositions l'rom ENK-IR only profiles in the proximul

dendrites than non-nociceptive neurons (1'<0.01, Fig. 9C), butnot in the ccl! bodies and the

distal dendrites.
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l'ercentages ofnon-IR houtons

As shown in Figure 90, the mean percentages of non-IR boutons apposed to the cell

bodies, the proximal dendrites and distal dendrites of nociceptive spedfic neurons and wide

dynamic range neurons were significantly lower than those of non-nociceptive neurons

(1'<0.01, Fig.90). Compared with wide dynamic range neurons, nociceptive specifie neurons

hat! signil1cantly lower mean percentages of non-IR boutons apposed to the eell bodies and

proximal dendrites (1'<0.002, Fig. 90), but not to the distal dendrites.

DISCUSSION

ln the present study, we eonfinned that most of the nocieeptive dorsal horn neurons

(noeiceplive specifie and wide dynamie range) eontained ENK immunoreaetivity, whereas

none of the non-noeieeptive neurons was ENK immunoreaetive (Ribeiro-da-Silva et al.,

1992). Furthermore, we provide detailed quantitative information on the innervation of

nociceptive and non-noeieeptive neurons by SI' and ENK immunoreaetivities. Higher

numhers of SP-IR only and SP+ENK-IR axonal boutons were apposed to noeieeptive

neurons than to non-noeiceptive neurons. However, ENK-IR onIy boutons innervated only

the proximal dendritie region of noeieeptive neurons in signifieantly higher numbers than

in non-nocieeptive neurons. No signifieant differenees ofthe average pereentages ofENK-IR

only houtons apposed to the distal dendrites were deteeted between noeieeptive and non-

noeieeptive neurons. Both ENK-IR only and SP+ENK-IR boutons were never found
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.. presynaptic to SP-IR boutons apposed to nociceptivc neurons.

1. Origins of SP-IR only, ENK-IR only, :md SP+ENK-IR boutons prcs)'nllptic to

functionally characterized dorsal hom neurons

Significantly higher numbers ofSP-IR only and SP+ENK-IR axonal boutons were

detected apposed to nociceptive neurons than to non-nociceptive neurons. In order to

interpret the significance ofthese lindings, it is important to identify the origins ofSP-IR

only and SP+ENK-IR boutons in contact with nociccptive neurons. SI' immunoreactivity in

the dorsal horn may originate l'rom thrce sources: primary sensor)' neurons in the dorsal mot

ganglion (Hoklèlt et al., 1975a; Cuello and Kanazawa, 1978), intrinsic spinal cord

interneurons (Hunt et al., 1981; Ljungdahl et al., 1978) and descending libers \i'om the

brainstem (Gilbert et al., 1982; Hokfelt et al., 1978). High incidcnce ofco-locaIi7.ation of SI'

and calcitonin gene-related peptide (CGRI') was found in dorsal root ganglion cells of rat

(Gibson et al., 1984; Ju et al., 1987; Lee et al., 1985b; Wiesenfeld-1-lallin ct al., 1984; Gurry

et al., 1989) and cat (Garry et al., 1989; Gibson et al., 1984), and in axonal boutons in the

superliciallarninae ofthe rat dorsal hol'l1 (Plenderleith et al., 1990; Tuchschcrcr and Seybold,

1989). Since CGRP immunoreactivity in the dorsal hol'l1 is cxclusivcly l'rom primary scnsory

afferents, a finding confirmed by investigations using multiple dorsal rhizotomics (Traub ct

al., 1989; Chung et al., 1988) and in Sitll hybridization (Réthclyi et al., 1989), it l'an thereby

be used as a marker for axonal terminaIs from primary sensory origin. In previous studies

(Ribeiro-da-Silva et al., 1992; Ma et al., 1995a), we detectcd that about 30% of sr-IR

boutons apposed to nociceptive neurons also contained CGRl' immunoreactivity. Thesc
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axonal boutons co-Iocalizing sr and CORI' immunoreactivities were therefore considered

to be of primary sensory origin. Thus, some of Sr-IR boutons in the current study certainly

arc primary scnsory affercnts.

ENK immunorcactivity in the dorsal horn has been shown to originate mainly l'rom

intrinsic dorsal horn neurons, since transection of the thoracic spinal cord results in a

ncgligible loss of ENK inll11UnOreactivity in the lumbar spinal cord (Seybold and Elde,

1982). ENK inll11UnOreactivity in the dorsal horn has been suggested to originate ITom

primary sensory afferents, however, ENK has never been detected in a significant number

of neurons in the dorsal root ganglia (Oarry et al., 1989). sr and ENK inll11UnOreactivities

are co-localized in a considerable number ofneurons and axonal telminals in the dorsal h0111

of both rat and cat (Murase et al., 1982; Senba et al., 1988; Tashiro et al., 1987;

Ribeiro-da-Silva et al., 1991a; Ribeiro-da-Silva et al., 1991 b). It has been shown that almost

ail Sr-IR neurons in the rat dorsal hom co-localize ENK and approximately 50% ofENK-IR

neurons co-localize SI' (Senba et al., 1988; Ribeiro-da-Silva et al., 1991, b). Therefore, the co­

localization ofSI' and ENK in the axonal boutons can be used as a marker to indicate SP-IR

axonal boutons of intrinsic origin. Thus, the most likely origin of ENK-IR only and

SP+ENK-IR boutons in the current study is from intrinsic spinal cord neurons.

2. Functional implication ofSP-IR only, ENK-IR only and SP+ENK-IR axonal boutons

in symlptic interactions with nociceptive and non-nociceptive dorsal horn neurons

RP-IR only houtons

ln agreement with previous studies (De Koninck et al., 1992; Ma et al., 1995a), we
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found that SP-IR only boutons were pretèrentially associated with nociceptive neurons. This

finding further supports the concept ofa l'ole of SI' as a neurotransl11itler or neurol11odulator

in the first central synapse of nociceptive pathways. Furtherl11ore. the quantitative data in the

present study arc consistent with those in our previous study (rvla cl al.. IlJlJ5a) where

noeiceptive speeitic neurons Imd significantly highcr average perccntages of SP-1R only

boutons apposed to the cell bodies and proximal dendrites than wide dynal11ie range neurons.

However, in the present study we did not detect a significant ditlèrence of SP-IR only

boutons apposed to the distal dendritic regions betwcen the two types of cells. This

discrepancy is probably duc to the different wide dynamie range neurons used in the two

studies. The ccli (258-2) in this study exhibited a eonsiderably higher percentage ofSI'-IR

boutons apposed to the distal dendrites (Table 2) than the cell (339-1) in the previous study

(Ma et al., 1995a). The al110unt of SP-IR only boutons apposed to nocieeptive neurons

depends, to a certain degree, on the localization orthe dendritic arborization of the ecUs. The

previous study showed that, in wide dynamic range neurons, the average percentages 0 l' Sl'­

IR boutons apposed the distal dendrites which were located in laminae with high

concentrations of SI' immunoreaetivity were signiticantly higher than those apposed to the

distal dendrites located in laminae where SI' immunoreactivity was scaree (Ma ct al., 1995a).

Interestingly, in the present study we found that the mean pereentages ofSP-IR only

boutons apposed to the cell bodies and proximal dendrites of wide dynamic range neurons

with moderate nociceptive responses were lower than those for a wide dynamic range neuron

(205-1) whieh exhibited a markedly stronger nociceptive response. The data is indicative that

the intensity of nociceptive responses of nociceptive neurons might be associated with the
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numbcr of apposcd Sr-JR boutons.

ENK-IR nociccptivc ncurons

Most orthc nociccptivc ncurons included in this study were ENK immunoreactive.

This rcsult furthcr supports the concept that ENK is mainIy associated with the modulation

of nociccption. In behavioral tests, both intrathecal injection of SP and noxious cutaneous

stimulation rcsulted in a transient decrease ofreaction time followed by a rebound overshoot

(Yashpal and Hcnry, 1983; Cridland and Henry, J988b). The earlier phase of the response

was blockcd by SP rcceptor antagonists (Yashpal and Henry, 1983), but the overshoot was

blockcd by naloxone (Cridland and Henry, 1988b), sugge~ting the activation ofan opioid

mcchanism at the spinal cord level, due either to SP or to SP-induccd activation of spinal

nociceptive pathways. ln biochemical studies, SP was shown to stimulate the release of

endogenous opioid peptides (Naranjo et al., 1986; Tang et al., 1983; Iadarola et al., 1986).

The release of endogenous opioid peptides evoked by SP was blocked by a SP antagonist,

suggesting that a SP receptor was involved (Tang et al., 1983). Our ENK-IR nociceptive

neurons innervated by sr inputs provide an anatomical substrate for the above studies.

Interestingly, it has been reported that a low dose of SP caused analgesic effects in

behavioral tests, an eITect that was blocked by naloxone (Stewart et al., 1976; Kream et al.,

1993). These studies suggest that a low dose of SP may trigger the release of endogenous

opioids.

ENK-IR onlv boutons
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Il has been suggested that an inerease in peripheral stimuli aetivates the intrinsie

spinal opioid system, whieh in turn affects the responsiveness of aseending projection

neurons (Basbaum, 1985). ENK-IR axonal boutons were found apposed to spinothalmnie

neurons in lamina 1 (Ruda et aI.. 1984) and in laminae IV to V (Ruda, 198:2). Morel",er,

ENK-IR neurons in laminae 1 and V have been shown to projœt to lhe lateral thalamus

(Coftield and Miletic, 1987a) and those in Imninae VI and VII to the medial thalamus

(Coffield and Miletic, 1987b).ln the present study, wc found ENK-IR only and SP+ENK-IR

boutons apposed to nocieeptive neurons in lamina l, Ill. IV and V. Although wc did not

investigate the projection sites of our ncurons, it is possible that some of the noeieeptive

neurons included in this study are projection neurons.

As mentioned above, although some orthe ENK-IR neurons in the dorsal horn are

projection eells, most of these ENK-IR neurons likely represent interneurons. Lamina 1

neurons with a local axonal arbor may represent a subpopulation of ENK-IR neurons

(Bennett et al., 1981). Two types of ENK-IR neurons in lamina Il have becn identi lied as

stalked cells and ventral lamina II islet cells on the basis ofthcir morphology (Bennett et al.,

1982). Our ENK-IR nociceptive neurons were located or possessed dendrites in laminae l,

n and V, where both SP and ENK immunoreaelivities are concentrated (Cuello et al., 1977b;

H6ktèlt et al., 1977; Ruda, 1982). Therefore, it is reasonab!e to speculate that most of ENK­

IR boutons innervating noeiceptive and non-nociceptive neurons may originate l'rom ENK

containing nociceptive neurons. The innervation by ENK-IR boutons of noeiceptive neurons

is certain!y a morphologieal basis for the inhibition of the responses ofnociceptivc dorsal

horn neurons to peripheralnoxious stimulation (LeBars et al., 1976; Zieglgansberger and
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Bayer!, 1976; Randie and Mi!etie, 1978).

ln the present study, we also deteeted ENK-IR boutons innervating non-nocieeptive

neurons. Quantitativcly, although nocieeptive neurons had signilicantly higher pereentages

ofENK-IR boutons apposed to the cell bodies and proximal dendrites. the values for distal

dendrites ofthree types ofcells were not signil1eantly diITerenl. This result indicates that the

innervation byENK-IR only boutons of non-noeieeptive neurons was considerable. The

Illlletionai signil1cancc ofthis Iinding is at present unclear. A previous study showed that the

numbers ofENK-IR l\<;~urons pel' unit ofvolume in lamina 1 were higher in the thoracic and

lower lumbar/saeml cord ofmt and catthan at other spinallevels (Miller and Seybold, 1989).

The thoracic and lower lumbar/saeml spinal cord receive both visceral and somatie affèrent

inputs [tor review, see (Janig and MOlTison, 1986)]. Morphine and other opiate agonists were

shown to strongly reducc the response to putative nociceptive viseeml stimuli, organ

distension and visccml-chemicaltests (Brasch and ZetIer, 1982). In the present study, both

nociccptive and non-nociceptive nenrons \Vere located in the dorsal horn of the lower lumbar

spinal cord (LS-L7). The innervation ofnon-noeiceptive neurons by ENK-IR boutons in the

present study might prùvide the underlying anatomieal substrate for the effects of opioid

peptides which are not related to anti-noeiception.

sr+ENK-IR boutons

Opposite effeets of C- and N-terminal sr metabolites on the release of excitatory

amino acid have been reported (Skilling et al., 1990). The redueed release of excitatory

amino acids by N-tcnninal sr metabolites \Vas blocked by naloxone, suggesting that an
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opioid reccptor was involved. Wc ean speeulate that the SI' and ENI\. el)-loeaEzin~ axonal

boutons apposed to nociceptive neurons detected in the present study might pn",ide an

anatomical subsu'a!e to such dilTercntial actions of SI' metabolites. Certainly. SP+ENI\.-IR

inputs to nociceptive neurons play a role of line tuning in the transmission amlml1llulation

ofnociception. Since SI' and ENK are n'equently co-Ioealized in the dorsal horn of the spinal

cord as mentioned above (Senba et aL 1988: Ribeiro-da-Silva et al.. 1991 b). the possibility

exists that the ENK containing nociceptive neurons included in our study might ,Ilso eontain

sr. Because oftechnicallimitations. we could not investigate this issue in the present study.

We did not detect any signilicant dit1èrenccs in the percentages of SP+ENK-IR

boutons apposed to the ccli bodies. proximal dendrites and distal dendrites betwcen the two

types of nociceptive neurons, but the values lor the distal demlrites of hoth nociccptive

specilie and wide dynamic range neurons were signilieantly higher tlmn those of mlll­

noeiccptive neurons. This result suggests that SP+ENK-IR boutons arc associated with the

processing ofnociception in the spinal cord, thus opening the possibility that besides pure

pro-nociceptive (Sr) and anti-nociceptive (ENK) messages, a "mixed" peptide message

would be part of the rich transmitter coding of spinal cord scnsory responses clicited by

noxious stimuli originated in the periphery.

It is interesting to note that, in agreement with our previous studies in rat (Cuello,

1983; Ribeiro-da-Silva et al., 1991 b), we did not find any ENK-IR only or SP+ENK-IR

profiles presynaptic to SP-IR boutons. In contrast, howevcr, our present study showed that

both ENK-IR and SP+ENK-IR boutons were more frequently found prcsynaptic to dorsal

horn neurons possessing nociceptive responses than to those not possessing such responscs.
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This lends further support to the concept that thc enkephalinergic modulation ofSP-mcdiated

primary scnsory information occurs at a postsynaptic site.
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Table I. Physiological and neurochemical properties ofthe neurons included in this study

€'

Cell type

Nociceptive specifie

Wide dynamic range
(regular)

Wide dynamic range
(strongly nociceptive)

Non-nociceptive

Code of ceII

207-1

271-1

276-1

208-1

209-1

258-2

276-2

205-1

206-2

212-1

258-1

271-2
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+

+

+

+

+

+
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Table 2. Percentages of neuropeptide-IR varicosities apposed to each of the neurons studied.

Cell type Code Cell % ofSP-IR (non-ENK- % ofSP+ENK-IR boutons % ofENK-IR (non-SP-IR) % of non-IR boulons
body IR) boulons boutons

-
CS PD DD CS PD DD CS PD DD CS PD DD

Nocieeplive 207-1 U 22.45 20.83 27.27 8.16 20.83 20.00 16.33 19.44 23.64 53.06 38.89 29.09
specilie

27.59 29.49 31.48 6.90 11.54 14.81 17.24271-1 U 20.51 14.81 48.28 38.46 38.89

276-1 U 27.08 34.38 40.74 7.29 9.38 7.41 14.58 18.75 11.11 51.04 37.5 40.74

Wide 208-1 Lili 12.50 9.38 21.28 4.17 0.00 10.64 10.42 21.88 23.40 72.92 68.75 44.68
dynamie range

258-2 UV 11.02 16.33 27.78 1.69 4.08 11.11 8.47 12.24 16.17(regular) 78.81 64.35 44.44

276-2 LU-III 12.50 10.71 25.0 5.00 8.93 16.67 11.25 16.07 20.83 71.25 64.29 37.50

Wide dynamie 205-1 LV 23.08 21.33 19.05 15.38 14.67 10.71 19.23 21.33 23.81 42.31 42.67 42.43
range (slrongly
noeieeplive)

Non-nociceptive 206-2 UV 2.30 3.75 3.39 3.45 0.00 1.69 12.64 5.00 16.95 81.61 91.25 77.97

212-1 UV 2.25 1.75 3.66 1.12 3.51 1.22 6.74 7.02 7.32 89.89 87.71 87.80

258-1 UV 0.00 3.08 1.64 0.00 4.61 1.64 10.61 9.23 6.56 89.39 83.08 90.16

CB - Cell body region; PD - Proximal dendritic tree; DD - Distal dendritic tree.
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Figure 1. Morphological properties of nociceptive spe'eilie neurons. .-\ s\1\1\\'s the'

1

caillera IlIcida reconstruction of one of the three nocieeptive specilie'neurons (27(>-1)

included in this study. The ce\l body and most ofdendritie branches :n\' within the limits

of lamina 1. B shows an eleetron mierograph of part of a distal dendrite li'om this ee\l

in lamina 1. Note silver grains representing ENK immunoreaetivity over the dendrite.

Severnl ENK-IR boutons are apposed to the dendrite of the cclI. i\ bouton eontuinin!;!.

DAB reaction products (Sr immunoreaetivity) is also ovcrlaid by silvcr !;!.l1lins

(Sr+ENK). This double labe\led bouton is in contact \Vith the dendrite of the ee\l. Seule

bars =20 ~lm in A, and 0.5 ~lm in B.
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Figure 2. Electron micrographs of the proximal and distal dendrites of the ccII

1

shown in Figure 1. A shows part ora proximal dendrite l'rom the cciI. Note one SI'-IR

bouton and one ENK-IR bouton apposed to this dendrite. Note two double Iabelled

boutons (SP+ENK) which are not in contact with the dendrite of the cciI. B shows Iwo

SP-IR boutons apposed to the dendrite. Note that one of the SI'-IR boutons is

presynaptic ta the dendrite of the ccII at an asymmetrie synapse (arrowheads). Seale bars

= 0.5 ~lm.
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Figure 3. Eleetron mierographs orthe ccli body. proximal and distal {kndrites nr

1

one of the noeieeptive neurons (207-1). A shows part ofa proximal dendrite which is

overlaid by silver grains (the fine grain developer was used). Note three Sl'-IR boutons

apposed to the dendrite of the ccII. B illustrates part or the eell body or this ccli. A

SP+ENK-IR bouton is apposed to the ccli body. C shows part ora distal dendrite orthis

eell whieh is in apposition to three SP+ENK-IR boutons and one ENK-IR bouton. Seale

bar = 0.5 ~lm for ail.
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Figure 4. Morphological pl'Opcrties ofwide dynamic range neurons with moderate

nocieeptive response. A shows the caillera lucie/a reconstruction of a wide dynamie

range neuron (276-2). Note that the ccli body is located at the l,lInina II-III border. The

dendritic tree extend in ail directions. Some orthe ventrally oriented dendritie branches

are spiny. B shows an eleetron mierograph of part of a proximal dendrite of this ccli in

lamina III. This proximal dendrite is overlaid by silver grains indicating ENK

immunoreaetivity. Seale bars = 200 ~lm in A, and 1 ~lln in B.

101



1
A

LI

LII

LIli

---------~~~

-

8
.'

,/ \..

,''"''

"
"','

1



dynamic range neurons with moderate noeiceptive response. A shows part of an ENI'.·• Figure 5. Electron micrographs of thc proximal and distal dendrites 11'<>m wide

IR distal dendrite fi'om cell 276·2. Note a SP·IR bouton apposed to the distal dendrite'.

B shows part ofan ENK·IR proximal dendrite ofcell 208-1. Three ENK·IR boutons an.'

apposed to this proximal dendrite. C illustrates part of an ENK-IR distal demlritl' 11'<>m

cell 208-1. Note a SP·IR bouton apposed to this distal dendrite. Sealc bar = 0.5 !lm II.H·

allmicrographs.
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Figure 6. Electron microgmphs or part oran ENK-IR LlistallknLlrilc' Il'lHn a wiLlL'

Llynamic mnge ncuron (205-1) with strong nocÏl'cptive rcsponsL's. A ami B rL'prl'sl'nt

seriai ultl11lhin sections. Note Sl'-IR and ENK-IR boutons apposL'LI tll this distal

dendrite. Note thatthe ENK-IR bouton is presynaplie tlllhl' lknLlrill'larl'llwhcmis) in

B. Lamina Ili. Scalc bars =0.5 !nn,
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dynamic range neuron (205-1). In A, note that the dendritic prolile reeeivcs appositions

ti'om both SP-IR and SP+ENK-IR boutons. Note that the SI'-IR bouton is pres)'naptie

to the dendrite at an asynunetric synapse (arro\Vheads). The SI'+ENK-IR bouton also

establishes a synapse \Vith the dendrite (arro\Vheads). In Band C. note SI'+ENK-IR

boutons apposed to proximal dendrites orthe ccli. Lamina V. Scale bars =0.5 ~lIn.

• Figure 7. Electron micrographs of the ENK-IR proximal dendrites l,f a \Vide'
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camera lucida reconstruction of celI15S-I. Thc ccli body of this ncuron is 10calL'd in

lamina IV. The denclritic branches ofthis cell wcrc mostly locatcd within thL' limits of

lamina IV. Some of the dendritic branches arc spiny. Parts of distal dcndrilL's IhHl1 lhi:;

non-nociceptive 11euron are shown in B (lamina IV) and C Lamina (Ill ). ln B ami C.

note the absence of ENK immunoreacti\'ity of thc cell, and somc ENK-IR boutons

apposed to the dendrites ofthis cell. Scale bars = 100 ~lm in A. ami 0.5 ~lm in Band C.

• Figure 8. Morpllological propcrlics of non-nociccpti\'c ncurons. A shows thL'

• 105



"'- .

\'l':.";:
"

;-',

~
z
w

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1

> 1
..J

. '~.

"
;

'. -.
" -'

1
1
1
1
1
1
1
1
1

~= 1
..J..J

1

~.
z
w

1

1



SP+ENK-IR (B), ENK-IR only (C) and non-IR (D) boutons apposed to the three regions

of the three types or cells. Using one-way ANOVA rl,llowed by p(lst-hoc Tukey test,

the average percentages orSp-IR only, SP+ENK-IR, ENK-IR only and mlll-i R boutons

apposed to the cell bodies, proximal and distal dendrites among thrce types orcells \Vere

• Figure 9. I-listograms showing the mean pereentages (±8.E.1v1.) or 8\'-1 R only (A),

•

compared. *values for nociceptive specilic neurons (NS) signilicantly dilrerent li'om

\Vide dynamie range neurons (WDR) and non nociceptive neurons (NN).• values Il.11'

NS signilicantly different tr~m NN, • values for WDR signilicantly dil1èrent l'rom NS

and NN. <> values loI' WDR signilicantly difl'erent n'om NN .
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• Connecting Text - Chapter III to clmpter 1V

The study in chapter III demonstruted that most nociceptive neurons in the cal

spinal cord \Vere ENK-IR and tlmt nocieeptive neurons received signilicantly higher

percentages of SP-IR boutons in the Huee regions than non-noeieeptive neurons. The

percentages of SP+ENK-IR boutons apposed to the distal dendritie regions or

nociceptive neurons \Vere signit1cantly higher than in non-noeiceplive nellrons. Thl'

percentages of ENK-IR boutons apposed to the ccli bodies and proximal dendrites or

nociceptive neurons were signiticantly higher than in non-noeiceptive neurons, but no

signit1cant differences were detected in the distal dendritic regim1~.

ln addition to ENK, the classic inhibitory neurotrnnsmitter GABA also

participates in inhibitory mcchanisms in the dorsal horn, as cont1nned by ample

experimental evidence. Thus, it is of interest to investigate the synaptie interaction of

SP-IR boutons with GABA containing elements in the dorsal horn or the spinal cor,!.

In the next chapter, using a combination of pre-embedding

immunocytochemistry and post-embedding inulll1nogold staining, wc invcstigated the

interaction of Sil-IR elements and GABA-IR elements in thc dorsal horn or the cat

spinal cord. As we found for the t1rst time a co-Iocalization or SI' and GABA

immllnoreactivities, we decided to investigate whether it also occurrcd in the rat.
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CHAPTERIV

Substancc 1'- and GAllA-likc illllllunorcactivitics arc co-localizcd in axonal

varicositics in thc supcrlicial 1:lIninac of cat but not mt spinal cord

Wdyn Mn and A. Ribeiro-dn-Silvn
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ABSTRACT

ln the present study. we appli.:d a combination ol'prc-embedding pcroxidasl'­

based immllllocytochemistry and post-embedding immllllogoid staining to l'xmninl' the

synaptic interactions of substance P (SI') and y-aminobutyrie acid (GAnA) in the

superticiallaminae of the dorsal horn ofcat and rat spinal eord. Wc demonstrate 1,\1' the

tirst time the co-existence 01' SI' and GABA immunoreactivities in the axonal boutons

in laminae I-lll orcat spinal dorsal horn. In cat, Illost SI'+GABA immunoreactive UR)

axonal boutons established synapses \VithSI'-IR or non-IR dendrites. These synapses

\Vere exclusively symmetric. Quantitative analysis showed that the pereentage 01'

SP/GABA double labelled bouton protiles was higher (7'X» in lamina 1 but was

considerably 10\Ver in laminae IIo, IIi and!!!. Silllilarly, the density (number ol'bouton

protiles pel' 100 ~lm2) of SP+GABA-IR bouton proliles \Vas highest in lamina !.

I-Iowever, in agreel11ent \Vith previous studies, the co-Iocalization 01' SI' and GAllA

iml11unoreactivities \Vas never detecteel in the rat dorsal horn. In both species,

SP+GABA-IR or GABA-IR axonal bouton protiles \Vere never seen presynaptic to SI'­

IR boutons. These finelings proviele a morphological basis 101' the interaction 01'

excitatory and inhibitory agents in the nociceptive circuits in the elorsal horn of thc cat

and rat spinal corel.
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INTRODUCTION

Il has long been known that the superliciallayers of the dorsal horn are thc first

location in thc CNS wherc the nociceptivc information originating l'rom thc skin and

dccpcr structures is modulated. However, in spitc of aIl the data obtaincd fi'Qln studics

in various disciplines, little is known eoncerning thc precise neurotransmitler-specific

neuronal circuits subserving such modulation. An important issuc to be elucidatcd is

how excitatory and inhibitory neurotmnsmitters interact and are synaptically rclated to

dorsal horn nociccptive neurons. Substantial evidence accumulated during the last two

deeades indicates that substancc l' (SI') plays a mllior role in the transmission of

nociceptive infonnation by primm)' sensory neurons. Brietly, SI' can excite dorsal horn

nociccptive neurons (Henry, 1976). Substance l' immunoreactivity has been detected

in small dimnetcr primary afferent fibres (Hiikfelt et al., 1975a; Hiiktèlt et al., 1975b).

High concentrations ofSI' immunoreactivity were revealed in the dorsal horn (Hiiktèlt

et al., 1975b; Hiikfelt et al., 1977; Cuello et al., 1977a; Cuello and Kanazawa, 1978),

pmticulariy in Rexed's laminae I-II and, to a limited extent, in lamina V, which are the

areas where small dimneter sensory fibres tenninate (Light and Péri, 1979b; Sugiura et

al., 1986). SPis released in the spinal cord in vivo specifically upon activation of

nociceptive sensory fibres (Duggan et al., 1988). SP-mediated responses of dorsal horn

nociccptive neurons could be blocked by a NK-l receptor antagonist (Cridland and

Henry, 1988a; Radhakrishnan and Henry, 1991; De Koninck and Henry, 1991), and

those nociceptive neurons were shown as being abundantly innervated by SP-
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inUllunoreaetive (IR) boutons (De Koninek ct at.. 1992).

GABA is a well-known inhibitory nelll'otranslllittc'r in thc' spinal C'l)nl.

GABAergie neurons arc eoneentrated in the superlicial imninae 01' thc dl)rsal hl'l'n

(Ribdro-da-Silvaand Coilllbra, 1980: Hunt ct at.. !981: Barbcr ct al., Il)82: 'l't,dd ami

Sullivan, 1990). Ultmstruetural studics using 'H-GABA-uptakc lH' antisc'ra against UA\)

or GABA have shown that, inmt and cat, GABAcrgic axons in lmnÎnac 1-111 cstablishcd

lllostly symmetricala:..:odcndritic synapscs, but wcre atso prcsynaptîc 10 primary scnslll'Y

fibres ataxoaxonal synapses (Barber ct at.. 1978: Ribcim-da-Silva aud C\)imbra, 1980:

Magoul et al., 1987: Maxwell and Noble. 1987: rv\axwcll cl al.. 1990). GA13A-1 R

profiles have been tound presynaptic to the tel111inals ol'llmetionally ddincd lllydinatcd

nociceptors in the monkey and cat spinal cord (Alvarez ct al.. 1992).

Despite the progress made in this area, we lack direct inl'ormation conceming

the synaptic interactions of Sr-IR and GABA-IR proliles in the spinal dorsal homo

Theretore, the purpose of this study was to address the above issue. '1'0 achieve lhis

objective, we applied a combination of pre-elllbedding DAB-Imsed

immunocytochemistry and post-embedding immunogold staining to investigate the

distribution ofsr and GABA immunoreactivities in the superliciallaminae ol'the dorsal

horn of the cat and rat spinal cord. Our results indicate that SI' ,md GABA

immunoreactivities are co-Iocalized in some axonal varicosities mainly in laminae 1of

the eat spinal cord. Consistent with previous studies, however, this co-locali7A1tion of

sr and GABA immunoreactivities was never found in the rat. Furthermore, we never

detected GABA-IR profiles presynaptie to Sr-IR bouton profiles in cither animal
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spccics.

MATERIALS AND METHODS

Fuur mak cats. 3.5 to 4 kg il1 \wight. were al1aesthetizetl with (X-chlomlose

(60m.g/kg. Lv.). Fuur Wistar mts. 250 to 300g in \wight. were anaesthetized with

Equithesin (3ml/kg. Lp.). Ali animais were perfused through the ldl ventricle with a

mixture ur ol'y., pamllmnaltlehytle and 0.5% glutamldehyde in O.I!'\'I phosphate but1'er.

pH7.4. Spinal cord segments Col-CS (mt) and L2-Lol (rat and eat) were removed.

postlixed in the same lixative mixture ll)r 90 minutes. and intiltmted in 30% sucrose in

(J.l M phosphate but1'er ovemight at olue. Before being sectioned, the tissue was snap

lh)zen by immersion in liquid nitrogen and tlmwed in 0.1 M phosphate but1èr at 25"C.

The spinal cords were sectioned either tmnsversely or pamsagittally at 50 ~lm on a

Vibmtome. Prior to incubation in the antibody, the sections were treated with 1%

sodium borohydride in phosphate-buffered saline (PBS) tOI' 1 hour and washed

thoroughly in pBS.

l're-embedding immunocytochemistry

The antibody used was a bi-specifie, antÎ-substance P/anti-horseradish

peroxidase (BRP) monoclonal antibody [coded p4CI (Suresh et al., 1986); Medicorp,

Canada]. Tissue sections \Vere incubated ovemight in p4CI antibody, diluted 1:10, at
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• 4(lC. Th.: fi.)\lowing day, lh.: s,:clions \\w.: incubal.:d for 2 hours al rooml.:mpc'ratul\' in

PBS .:ontaining 5 ~lg/ml ofhors.:rndish p.:roxidas.: (lIRP: Sigma typ.: VI). Alkr .:adl

incubation, s.:.:tions w.:r.: wash.:d lwiœ in PBS and rc'acl.:d for p':l'llxidas.: ",ith ~,:V­

dimninob.:nzidin.: t.:tl11hydrochlorid.: (DAB: Sigma) in PBS. Alkr thl~ DAB r.:actil111,

th.: s.:ctions w.:r.: rins.:d s.:v.:mltim.:s in PBS and inun.:rs.:d for 90 min. in nsmium

t.:troxid.: in 0.1 t,,1 phosplmt.: bul1èr at4(lC. Th.: tissu.: was tl,,'n d.:hydral':ll in asc':l1llîng

alcohols and l1at-.:mb.:dd.:d in Epon, Alkr sd.:cting lh.: appropriai.: lidds, lh.: sc'clinns

w.:re trinun.:d and Epon re-.:mb.:ddcd. Th.: sd.:ct.:d m'eas .:orr,:spol1lbllo lh.: middk

thire\ orthe mediolatel111 .:xt.:nt of the superlidal dorsal horn, and conlain.:d lh.: .:nlir.:

dorsoventrnl extent oflmninae 1-111. UIll11thin sections were oblained wilh a Reicherl

Ultmcut microtome using a dimnond knilè and co\lecled onto mesh nickel grids,

l)ost-cmbcdding immunocytochcmistry

Post-embedding immunostaining was carried out as described in delail

elsewhere (Ribeiro-da-Silva et al., 1993). A weIl chamcterized polyclonal anti-GABA

antibody (Sigma) mised in mbbit was used. Fo\lowing washes in Tris-bul1èred-salim:,

m anti-mbbit IgG antibody conjugated to 10nm gold (Bioce\l) was \Ised. Aner

counterstaining with uranyl acetate and lead citrate, the sections weI'': examined under

the electron microscope (Philips 410). To assess the specificity orthe immunostaining,

we carned out preabsorption studies. The antibody against GABA, allhe dilution used

for immunostaining, was incubated with 1 ~M GABA (Sigma) for 24 h at room

temperature. GABA immunoreactivity was not deteéted when the preabsorbed anti-
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• GABA anlibody \Vas used. No specifie labelling \Vas obtained when the anti-GABA

antibody was replaeed by normal rabbit sel'llm.

Quantitative lmalysis

This analysis \Vas n:slrieted to the cat. For quantitative pUl-poses, Iwo Epon

bloeks \Vere used l'rom eaeh animal. One section l'rom eaeh bloek was quantified. At lhe

magnilieation of X 10,200, live non-ovcrlapping lields pel' Imninae were seleeted at

l'Undom and photographed (total number of photos=132). The photographie negatives

were enlarged X 1.5 101' a linalll1agnifieation ofXI5,300. At this linalmagnilieation,

the various proliles in the neuropile could be clearly identified. From the l1licrographs

thus oblained, ail bouton profiles ill1munoreaetive for SI', GABA and those non­

inllnunoreactivc were counted. Proliles \Vere considered as specitieally ill1nll1l10stained

loI' GABA when the density of deposited gold particles pel' square microll1eter was at

least three times above background. Background levels \Vere ll1easured on capillary

lumens. The percentages of SP-, GABA-, SP+GABA-immunoreactive and non­

immunoreactive bouton promes in the total number of bouton promes \Vere determined

loI' each lamina. In addition, the densities (number of bouton profiles pel' 100 /lm') of

SP-, GABA-, SP+Gf\J3A-immunoreaetive, and non-immunoreactive boulon profiles for

each lamina \Vere calculated. A tolal number 01'2,431 bouton profiles was counted.

RESULTS
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• Qualit:lti"c rcsults

Undcr the electron microscope. the two immunocytochemical signais could hc

easily distinguished. DAB rcaction products and immunogold particies represented SI'

and GABA immunoreactivity. respectively. SI' immunoreactivity was associated with

dense core vesicles, butalso occurrcd in between the a~ranular vesielcs and on the

membranes ofmitochondria. Immunogold particles were associaled mostly with small

agranular vesicles and mitochondria, as described in previous studies(l'vIaxweli et al.

1990; Merighi et al., 1989). SI' imlllunoreactivity was detected in dendrites and axonal

tenuinals, as has been previously described in rat (Chan·l'alay and Palay,1977: l'iekcl

et al., 1977; Barber et al., 1979; Priestley et al., 1982b: Bresnahan el al., 1984;

Ribeiro-da·Silva et al., 1989). GABA immunoreactivity was l'ound in axonal boutons.

dendrites and also in sOllle.neuronal ccli bodies.(Todd and Sullivan, 1990; Carlton and

Hayes, 1991; Powell and Todd, 1992; Alvarez et al., 1992). In this study, we l'ocused

on the synaptic interactions ofSP· and GABA-IR profiles. 1'0 lùcilitate our description,

we will divide such interactions into two types: non-glomerular and glomcrular.

Non·glomerular synaptic interactions

The Illost striking finding in the present study was the detection of boutons

double labelled for both SI' and GABA immunoreactivities in the dorsal hom of thc cat

,-cc-.,spinal cord (Fig. 1). The double-labelled boutons were more nurnerous in laminae 1than

in other laminae. Most of them were appOsed to dendrites, although sornc werc in
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contact with other axonal boutons or with ccli bodies. Usually, double-Iabelled boutons

were presynaptic to other structures, although in some cases no synapses could be

delected even after 3-4 seriai sections were examined (Fig.1 A). A few "en passant"

varicosities immunoreactive for both sr and GABA were also detected. particularly in

parasagiltal sections (Fig. 1B). sr and GABA immunoreactivities were also eo-

loealized in some dendritic prailles in laminae 1-lIo (Fig. 2) and oeeasionally in ccli

bodies in lamina II (data not shown).

The double labelled boutons participated in several types of synaptic

arrangements. The synapses were èxclusively of the symmetric type (Fig.1 C and D).

The most common postsynaptic elcment was a dendrite which wàs either SP

immunonegative (Fig.lC) or immunopositive (Fig. ID). Frequently, Sr+GABA-IR

boutons and boutons immunoreactive for·SP or GABA were presynaptic to a common

dendrite. In such cases, the synapses formed by SP+GABA- and GABA-IR boutons

\vcre symmetric (Fig. 1C and 1D, arrowheads), but the synapses between Sr-IR boutons

and postsynaptic dendrites were frequently asymmetric (not shown). Occasionally,

boutons co-Ioealizing sr and GABA were found apposed to SP immunopositive or

immunonegative boutons (data not shown), but no synapses eould be detected, even

after seriai section analysis.

ln the rat spinal dorsal horn, SP and GABA immunoreactivities were always

.
scen in scparatc neuronal profiles as reported previously (Merighi et al., 1989). Rather

frequently, GABA-IR boutons were apposed to SP-IR boutons (Fig. 3A and 3C).

Howcvcr, no convineing evidence of GABA-IR boutons presynaptie to SP-IR boutons
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• could be obtained, in spite of the analysis of seriai sections, Sl'-IR boutons \\','1','

Il'equently apposed to (Fig. 313) or presynaptic to GA13A-IR dendrites, Figure 3e sho\\'s

a frequent synaptic association in which SP-IR allli GA13A-IR boutons \\'C1'e pr,'synaptie

to a common immunonegative dendrite, As in cal. the synapses between th,' OA13A-I R

bouton and the dendrite were synunetric (urrowheads in Fig, 3e). in contrust to the

asymmetric synapses formed by most of the SP-IR boutons (open arrow in Fig, 3e),

Glomel'lllar synaptic interactions:

Oc<::asionally, in lamina 110 of the cat spinal eord, SP+GA13A-IR dendrites wel'C

apposed to the central boutons ofsynaptic glomel'llli, although wc did not detect any

synapses between the two elements (Fig, 2), We aiso deteeted SP-GABA-I R boutons

which were presynaptic to peripheral dendrites in synaptic glomeruli (Fig. 4), ln this

type ofsynaptic association, both the central glomerular bouton and the SI'+GABA-IR

bouton were presynaptic to a common glomel'lliar dendrite which was immunonegatiw,

The synapses formed by the double labelled bouton were symmetrie (Fig. 4,

arrowheads), in contrast to the asymmetric synapses fomled by the central bouton (Fig.

4, open arrow),

In the superficial layers of the rat dorsal hom, GABA-IR boutons were

frequently found as peripheral profiles in synaptic glomel'llli, in which the central

boutons were SI' immunoreactive. Usually, the SP-IR central boutons were presynaptic

to GABA-IR dendrites (Fig.SA), Less frequently, GABA-IR boutons were apposed to
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SI'-IR central boutons, butwcre never presynaptic ta the later clement (Fig.5B).

Quantitative rcsults

Figure 6A shows the relative percentages of dinèrent types of bouton proliles

in the superlleiallaminae of cat spinal cord. The relative perccntage of SP-IR bouton

prollies waS highest in laminae 1 and 110, deereased in lamina \li and dropped

drastieally in lamina III. The relative percentage of GABA-IR bouton proliles increased

gradually I\'omlamina 1to lamina 1II, where it reached the highest value. SP+GABA-IR

bouton protilcs were never very abundanl. Their relative percentage was highest in

laminac 1. and decrcased drastically in lamina 110. The percentage of inllnunonegative

bouton promes renmincd approximately constant in ail laminae, in spite of a small

increase in lamina Ill.

Figure 6Billustrates the densities (number of bouton profiles per 100 ~ltn2) of

dillèrenttypes ofbouton promes in each lamina ofcat spinal cord. The density ofSP-IR

bouton promes reached its highest value in lamina 110. Values were slightly lower in

laminae 1 and IIi, and much lower in lamina III. The density of GABA-IR bouton"
_...--.. '

promes was higher in laminae \li and III than in laminae 1 and lIa. The highest density

of Sp+GAnA-IR bouton profiles was detected in lamina l, and the valueswere

considerably lower inlaminae 1I0, IIi and III. The density ofimmunonegative bouton

"
\

,
profiles was low in lamina l, and increased progressively l'rom laminae IIo to III. /;.="~
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D1SClISS\ON

The major Iinding of the present study \Vas the deteetion ora co-existence or SI'

and GABA inllnunoreactivitks in axonal boutons or the superliciallaminae orthe cat

spinal dorsal horn. To cur kno\Vlcdge, this is the tirst time thal sueh co-loealizalion has

been reported in this area or thc CNS. Such co-localization or SI' and GABA

inllnunoreactivities has been rcporled in cat retina (l'ourcho and Goebcl, 19S5) and in

lmmster ollllctory bulb (Kosaka et al., 1988), at the light microscopic levcl. In our study,·

most of the SP+GABA-IR axonal boutons established synapses \Vilh 81'

immunùreactive or inununonegative dendrites. The synapses thus ronned \Vere

exclusively symmetric. 111e quantitative analysis indicatcd that both lhe pcrccntagc atid

the density ofSP+GABA-IR bouton protiles \Vere considcrubly highcr in lamina 1than

in the other laminae. In contrast, such co-localization was never round in the l'al. in

agreement witha previous report (Mèrighi etaI., 1989).

We should stress that the quantitative data in this study only serves 10 provide

an idea ofhow fi'equent the SI'+GABA-IR protiles'were, bolh in absolutc Illunbers and

in comparison with others labelled for SI'-only and GABA-only in cach ofthelaminac

studied. We did not carry out a detailed stereological analysis of bouton numhcrs pel'

unit of area, but rather counted profile numbers. Therefore, the factor bouton size was

not taken into account, and the relative percentages and densitics would be alTcctcd by

possible size differences among the populations ofprolilcs labelled for SI', GABA or

SP+GABA. Our values should therefore be considered as approximative. Further work
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will be neeessary to determine aetual terminalnumbers.

1n Sllme of the doubie-iabelled profiles (sec e.g. Fig. 1A), ancl also in some of

those labellecllor GABA immunoreaetivity only, the gold particles secmed to be more

assoeiatecl with mitoehonclria than with other structures in the terminal. This association

has also been shOl"1l in othel' stuclies using post-embedding inll11Unostaining for GABA

'sec e.g. (ValtschmlOlTct al.. 1994)], The reason why mitoehondria should possess more

GA13A than other eomponents ofthe terminal is at present unclear.

Ol'igin uf SI'+GABA-IR :Ixon:lI boutons

SI' imnllllloreactivity in the dorsal hOl11 miginates Il'om small diameter primary

sensory I1bres (I-Iükfclt ct al., 1975a; Hokl'elt et al., 1975b; Cuello ct al., 1978), neurons

intrinsie to the dorsal h~rn (Ljungdahl et al., 1978; Hunt ct al., 1981) and, to a limited

extenl. l1'om I1bres desccnding ti'om the raphe nuclei (Menétrey and Basbaum, 1987).

GARA immunoreaetivity in the dorsal horn has two sources: intrinsie GABAergie

interneurons in the dorsal horn, either ,li'om the same or adjacent segments (Carlton and

Hayes, 1990), and descending I1bres fi'mu the medullaty raphe, where GABA lms been

eo-Iocalized in serotonergic cell bodies that project to the spinal cord (Millhorn et al.,

1987; Kaehidian et al., 1991). Since GABA has never been identified in dorsal root

ganglion neurons, it is very unlikely that SP+GABA-IR boutons might originate l'rom

primary sensory aftèrents. 1nline with this, in the present study, GABA or GABA+SP

inll11UnOreactivity has never been detected in central boutons of synaptie glomeruli,

,profiles whieh have been shawn ta be primaI")' :;ensory origin in both rat (Coimbra ct al.,
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1984) ane! éat (Duncan and tvloralcs, 1978: tvlurray and Goldbl'rgl'r, 1'>%). In thl'

prcsent study. SI' ane! GABA imnllnloreactivities \Vere also co-It'calizcd in S\\I11C

dcne!ritic proliles. particularly in lamina lio, and in ccII bodies in lamina II. Together

\Vith the above evidencc ti'omthe litcrature, this finding indicates lhat. al least in parI,

SP+GABA-IR axonal boutons originalc Ii'om intrinsic spinal dorsal hOI1l nCUl'l'ns

. locatce! in lamina II. Il shoule! bc stressee! that our study \Vas earricd ont in the abscncc

of colchicine trcatment. Il is \ikcly that. alicr eolehicinc trcatment, SP+GABA-I R

neurons and dendritic proliles \Vould bc morc apparent in the supcrliciallaminae orthe

dorsal horn of the cat spinal core!.

FUllctional signific:mcc of SP+GABA-IR boutons

The co-existence of SI' and GARA in the samc axonal boutons in thc superlicial

Imninae of the cat spinal cord provides 11ew evidence lhat excitatory ane! inhibitory

neurotransmitters interact and exert thelr:.Jnècts in a more comp!cx manner than

previously thought. In a way, this co-Iocalization can bc compared to the co-Iocalization

of SI' ane! enkephalin (ENK) in axonal boutons in the rat and cat e!orsal hOI11. ln

previous studies, the co-existence of SI' ane! ENK. in axonal boutons has been wcll

described in the superficiallaminae of the dorsal horn of cat (Tashiro et al., 1987)'and

rat (Senba et al., 1988; Ribeiro·da-Silva et al., 1991 b). 1t has been spcculatcd thatthcsc

SP+ENK-IR dorsal horn neurons are interneurons within the main scnsory pathway'

receiving primary sensor'~5nput (Iikely nociccptive) and transmilling iqo projection

neurons. Alternatively, sorne or aIl of the SI'+ENK e!oublc-Iabelled cclls may be .:~.
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interneurons not within the main sensory pathway but parallcl to it (Ribeiro-da-Silva et

al., J991 h). Neurons eo-Ioealizing GABA and SI' immunoreaetivities might iiave a

similar action to those eo-Ioealizcd by SI' and ENK immunoreaetivities. It is possible

thut the jèll'lller represent a subpopulation of the later. In làct, it is likcly that SP+GABA

eells also eo-Iocalize ENK inllllUnOreaetivity.

Il is imcresting to note that Illost of the bouton proliles co-Iocalizing SP+GABA

immunoreactivities were in lamina I. This lamina eontainsmany neurons whieh projeet

to the thalamus ~Lima and Coimbra, 1988). Some of the lamina 1projection neurons are

nocieeptive (Ccrvero et al., 1976; Priee et al., 1979; Woolf and Fitzgerald, 1983) and

somc may contain SI' (Lima et al., 1993). It is reaso:lllble to postulate that SP+GABA­

IR boutons are prcsynaptic to lamina 1projection neurons(SP-IR or non-SP-IR) which

are involvedin nociception. Moreover, in a preliminary study, we detectea::some

SP+GABA-IR boutons presynaptic to tùnctionally identitied and HRP-filled lamina 1

nociceptive neurons (Ma ct al., 1994). This evidence strongly suggests that SP+GABA

containing intellleurons in the spinal cord play a l'ole in the modulation ofnociceptive

information.

ln the present study, the synaptie contacts established by SP+GABA-IR axonal

boutons and their postsynaptic elements (SI' immunopositive or il1lmunonegative

dendrites) were exclusively symmetric, indicating that an inhibitory signal is transmitted

to the postsynaptic clement (Uchizono, 1965; Gray, 1969). It is therefore like1y that such

an inhibitory signal would be mediated by GABA, as the ultrastructural evidence

deseribed here suggests.
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Consistently, SP-IR, GABA-IR, and SP+GABA-IR boutons werc' prc'sYlmptie

to SI' immunopositive or immunonegativc dendrites. Therdl1re, il c:m be speculalc'd lhat

SI' eontaining boutons excite SP-I R dorsal horn neurons lhat conwy llC'ciceplivc signais

to higher brnin regions. GABA-IR inputs would exert their inhibitory en'xts on the

same noeiceptio!1 drivenneurons. Although it is not possibll: to deline a precise role Ill1'

the SP+GABA eontaining system in the modulation of nociceplion, neurons eo-

!oealizing both immunoreaetivities are presumabiy itivolved in the line luning of

noeieeptionmodulation in sensory pathways. Thns, the SP+GABAeontaining system

eould regulate their own excitation on po~tsynaptie targets by means of GABA rdease

(affecting either autoreccptor6' or postsynaptic receptors). Hence, npon repetitive

stimulation of the neuron, an excitatory response elicited by SI' eould be lerminated al

pre- or postsynaptic levels by GABA released by neurons eo-Ioealizing SI'+GABA.

Conversely, as GABA is a tùst transmiller, SI' might modulale lhe inhibilory response

induced by GABA in the postsynaptie neUl'Ons.

Il should be stressed that the SP+GABA system does not seem to oeeur in l'al,

as we did not detect SP+GABA-IR boutons in that species. Although the Ill\1clional

significancc of snch species difference in SP/GABA interâctions is nol yet dear, il can

be easily predicted that nociception modulation in cat spinal dorsal horn is more

complex than in rat.

lnterestingly, in both eat and rat spinal dorsal horns, we did not detcel GABA-IR

boutons presynaptic ta SP-IR boutons. Although this type of synaptie arrangement was

reported as occasionally seen in a previous preliminary report in the l'al dorsal hom, ,
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• such finding has not bccn illustratcd (Mcrighi ct al., 1989). In our study. wc carricd out

a detailed search for presynaptic interactions ofOABA-IR or SP-IR boutons in seriaI

ultrathin sections. However. OABA-IR boutons were n'equcntly prcsynaptic to non­

immunoreactive vesicle-eontaining prolilcs. either axonal boutons or presynaptic

dendrites (Ribeiro-da-Silva. 1995). This negative finding suggests that OABA probably

niight modulate nociceptive information conveyed by SI' containing primary sensory

libres through a postsynaptic mechanism. Our finding is also supportcd by a reccn!

report that the well-known analgesic elTccts ofbaclolèn are not mediated by a reduction

of the rclease ofSP or CORP in the dorsal horn l'rom central terminaIs ofnociceptive

primary atlèrents, while it could he mediated through the suppression of lumbar dorsal

hom ncurons (Morton ct al., 1992).
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of lamina 1 of the dorsal horn of cat spinal cord. Diaminllbc'nzidine reactilln pn>dm·t
.. Figure 1. Co-Iocalization of SI' and GABA immllnoreactivitics in :lX\lllal bOllt\lllS

,,.

1

represents SI' antigenie sites.lnunllnogold particics represcnt GABA immunorc·'lctivity.

Mierographs of A to D show exampks of some of the types of proliks dctectcd. A

shows a bouton eo-loealizing SI' and GABA which did not establish synapses with the

sllrrouncling proliles in the four seriai sections eX:lmined. B shows a dOllbk-Iabd lc<l

prolile whieh represents an "en passant" varieosity or.m axon. C illustrates a doubk-

labellecl bouton apposecl to a varieosity labclled Illr GABA only: no symlps\: bctween

the two profiles eould be cleteetecl. even artel' seriai section analysis. However,

SP+GABA-IR bouton is presynaptie to a immunonegative dendrite (d), the synapse thus

fonnecl being symmetric(arrowheads). D shows a SI'+GABA-IR axonal bouton and a

GABA-only bouton whieh are presynaptie to a eommon SI'-1 R dendrite, both synapses

being synlluetrie (arrowheacls). Seale bars =0.5 ~uu.
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Figure 2. Co-Iocalization of SI' and GABA imnllll1lH'cactivities in a p\'l1ximal

,

dendrite in lamina 110 of thc cat dorsal homo The doublc-Iabdlcd dcndritie p\'l1 li k'

(SI'+GABA) is apposcd to thc ccntral dcment ol'a synapticg.loll1l'rulns (l\ typl'; sl··..·rct:

(Ribciro-da-Silva, 1995)). The CI boulon is prcsynaptic to othel' dcndrites (d) but not

to the double-Iabelled prolilc. Scale bal' = 0.5 ~lm.
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of the dorsal hol'l1 orthe rat spinal eord. A shows a SP-IR :lxonal boulon appl1sed la a

GABA-IR axonal boutons in lamina 1: no synapses were deteeled bel\Veen Ihe Iwo

clements after serial scclion analysis. In R a SP-IR axonal bouton is apposed la a

GABA-IR dendritc in lamina 1. C illuslrates a 81'-1 R axonal bouton and a GA13A-lR

bouton which arc prcsynaptic to li coml11on dcndrite (d) in lamina liA. The synapsl'

bctween thc SP-IR bouton and thc dcndrite is asyn1l11elric (open arrow), bUl the one

between thc GABA-IR and thc dendritc is sYl11mctric (arrowheads). Seale bars ~ 0.5

~ll11.

• Figure 3. Association ofSP-IR and GABA-IR boulons in thl' superlÏ<:iallaminae

,
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boutons ofsymptic g\ol1lel'uli in lamina 1I0 of the cat spinal con!. Note a SI'+GA13A-IR• Figure 4. Synaptic interactions of SP+GA13A-IR axonal boutons and ccntral

bouton and an iml1lunonegùtive central bouton (C,) whieh lire pl'es)'naptk to a C'\lllmOn

dendrite (d). The sympse between the SP+GA13A-IR bouton and thc dcndrite is

synllnetric (arrowheads). while the one. between the central bouton and the dendrite is

asymmetric (open ar1"O\\'). Scale bars =0.5 ~lm.
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GABA-IR profiles in the superliciallmllinae of the ral spinal dorsal hOI11. In A, a SP-IR

glol11erular cenlral bouton (C, type) is presynaptic to GABA-IR or non-IR dendrites in

lamina lIA. Although the dendrites appear lightly labelled l'or GA8A immunoreaetivily,

it was considered specifie as it is over 5 times above background Ie\'ds. The symipses

are asymmetric (open arrows). In n, a GABA-IR bouton is apposcd lo a 81'-1 R central

terminal (C,) in lamina lIB, no synapses were observecl bclween these lwo dement:;,

even artel' analysis of adjacent sections. Scale bars =0.5 ~lm .

• Figure 5. Synaptic interactions ofSP-IR central boutons ofsynaplic gll)meruli and
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. in laminae 1-1II of the dorsal horn ofcat spinal corlL;\ rcprcscnts thc rclati"c pcrccnt~\gc• Figure 6. Quantification ofS\'-, GABA- and SI'+GABA-IR axonal bouton protiks

•

ofeach neurochemical type ofaxonal varicosity profilc in cach lamina. B rcprcscnts thc

density pel' 100 ~un' of each neurochemical type of bouton prolilc pcr lamina. Notc that

bouton protiles co-Iocalizing SI' and GABA immunorcactivitks \Vcrc nc"cr "Cry

abundant, although in lamina 1 they representcd 7% of thc tolal i1lllnbcr of bouton

pr.)files in the lamina. Totalnumber ofvaricosity protilcs countcd = 2,431 .
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Connecting Tcxt - Chapter 1V to Chapter V

ln the study of chapter IV, we observed ft)\' the tirst time that SI' and GABA

immunoreactivities were colocalized in the same axonal boutons in the dorsal horn of

cat, but not rat, spinal cord. The percentages and dcnsitics of SP+GABA-IR boutons

were higher in lamina 1 than in other laminae. SP+OABA-IR boutons were presynaptic

to both SP-IR dendrites or non-inlll1unoreactive dendrites. The synapses thus It11111ed

were always symmetriC.

ln chapter II, III and IV, we investigated the innervation of SP-1R axonal

termin:-ls in the first experimental mod~l, namely, under the normal physiological

.",. condition. As the innervation by SP-IR libers might be altered under an abnonl1al

developmental environment, we decided to investigate such possibility. 1'0 address this

issue, we used a transgenic mouse model which over-expr~ssed NOl' in myelinating

oligodendrocytes under the control of MBP promoter. In Chapters V and VI, wc

investigated the over-expression orNOF in myelinating oligodendrocytes in thc~NS
, ":' "

and the SP-IR sensory fiber innervation i!l central target tissues of transgenic micc.
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CHAPTER V

Ectopic substancc P and calcitonin gcnc-rclatcd pcptidc immnnorcactivc tibcrs in

thc spinal cord of trnnsgcnic micc ovcr-cxprcssing ncrvc growth factor

Weiya Ma, A. Ribeiro-da-Silva, G. Noel, J.-P. Julien and A. Claudio Cuello
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ABSTRACT

The aim of the present stucly was to investigate the ill l'il'" ciTects ofthc CNS

over-exprcssion ofnerve growth làctor (NOl') on primnry scnsory neurons. '1'0 achicve

this objective, a transgenic mouse moclel was gencratcd which bcars.a chick NGF gcnc

clriven by the myelin. basic protein (MBP) promotcr. Northcrn blot analysis

clemonstrated that high levels ofNOl' mRNA wcre cletcetcd in the spinal con! or adult

transgenic mice. By using inununocytochemistry. NOi' immunorcaclivl,(IR)

oligodendrocytes were observed throughout the white matter. Furthcrmorc, numcnHIS

ectopie substance l' (SP)- and calcitonin gene-related peptide (CGRp)-IR libcrs \vere

detected in the::"'hite matter of the spinal cord of trunsgenic mice. NOF-IR
" .

oligodendrocytes and ectopie SP- and CORI'- libers were entirely abscntli'om control

mice.ln the cervical and lumbar dorsal root ganglia, the pcrccntages of SP-lR neurons
•

were .signilicantly higher in transgenic mice when com[Jared to contr(Jls. At the EM
',,::-

level, ectopie SI'- and CORp-IR libers were characterizecl as unmyelinatecl axons and

•. ~. axonal boutons. SI' co-loca!ized with CORP in some ofthose axonal boutons and libers.

Capsaicin treatment of adult mice completely abolished those ectopie Sp-IR libers,

confirming their primary sensory origin. Our results indicate that primary sensory

neurons are responsive to NOl' over-expression in CNS. Ectopie SI'- 'Incl CGRP-IR

fibers in the white matter likely represent collateral sprouts of the central processes of

the dorsal root ganglion cells, which \Vere triggered by NOl' over-expressed in the

myelinating oligodendrocytes in the spinal cord of transgenic mice. :
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INTRODUCTION

Nervc growth f~lctor (NG!') rcpresents the prototype of target-derived.

relrogradcly transported trophic moleeules. A wide range of funclions ofNGF in the

nervous system have been weil elmracterized and documented [for reviews see

(Thoenen etaI.. 1987; l'urves et al., 1988)]. Brielly, NGF was found to be essemial to

lhe growth. dilTerentiation and survival of neurons in the autonomie and sensory

nervous systems during early development (Levi-Montalcini and Angeletti, 1968; Gorin

and .lohnson, 1979; Aloe et al., 1981). ln adult animaIs, sympathetie (l'llt'ves et al.,

1988; Ruit et al., 1990), some sensory (Yip et al., 1984), and eholinergic basal forebmin

[lix review see (Heni et al., 1989)] neurons remain responsive to NGF when damaged

or in lheir normal state.

ln sensory systems, NGF is specifically taken up along the length of both

peripheral and central processes of sensory neurons (Richardson and Riopelle, 1983)

and is transported retrogradely to the neuronal perikaryon (StOckel et al., 1975).

Approximately 40% of the neurons in the adult dorsal root ganglion (DRG) display

. high-amnhy NGF reeeptors, which are thought to be responsible for the transport of

NGF (Rielmrdson et al., 1986; Verge et al., 1989b). Subsequently, IrkA protein has been

proven to be an essential component of the high-affinity NGF receptor in some adult

small and medium-sized sensory neurons (Verge et al., 1992). Moreover, continuous
, .. ~ -

'; ~

infusion ofNGF to the proximal stump ofa transected sciatic nerve mitigates some of
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the morphological. biochemieal. and electrophysiological aiteralions in a:-wlomizcd

dorsal 1'001 ganglion neuronal perikarya (Schwartz et al.. IlJB2: Filzg"rald ct al.. IlJB5:

Olto el al.. 1987: Rich et al.. 19B7). In addition. lhe drmnatic redllclion in the nllmber

ofhigh-alTinity NOl' receptors on sensory neurons t'ollowing axotolllY can be prewnted

by administration ofNOl' tothe proximal stump (Verge et al.. IlJB9b). Takcn logelher.

these findings suggestthat NOl' continues to acl on intact adliit (mature) sensory nel'\'es.

Substancc P (SP) and ca1citonin gcne-rclated peptide (CGRP) are both present

in small diameter DRO neurons (I-lokt'clt et al.. 1975b: 1-11iklèlt et al.. IlJ7G: Gibson et

al., 1984) and their thinly myclinated and unmyelinated central and peripheral proeesses

(Cuello et al., 1978; Lee et al., 1985b). These small diameter cells are the mosl

conspicuous NOF-sensitive elements among primlll)' sensory neurons. Thus. it Ims been

reported that NOl' modulates th~ gene expression and content ot'SP and CGRP in these

DRO neurons (Lindsay and l-lnrmar, 1989; Rich el al., 1987; Verge et al., 1992),

However, the above studies, and others using transgenic models (Hoyle et al., 1993;

Albers et al., 1994), are focused on the eftècts ofNGF when sllpplied directly to cell

somata or to the peripheral nervous system. Therefore, there are no studies on the in vivo

effects upon neural crest-derived primary sensory neurons of endogenous over- J,
\\

,.c.'xpression ofNOl' within the CNS boundaries. A transgcniclllolisc model'\"ith a chick

NOl' gene driven by the myelin basic protein (MBP) promotcr was gcnerated to inducc

such a' condition. NOl' was expected to bc ovcr-cxprcsscd in the Illyclinating

oligodendrocytes of the white matter of the CNS in these transgenic mice. Intercstingly,
".,.--.' f,

one NOl' transgenic line (414) was found to express elevated levels of NOl' in the
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ubllnuunl white matter al' the spinal caru.

Based on the abave. SI' anu CORI' immllnareaetivitics wcrc lIscdas markers to

deteel whether thinly myelinateu'allu unmyelinated nocieeptive l1bers originating l'rom

the DRO were responsive ta the endogenaus O\'er-expression of NOl' in the CNS.

Examinatian al'SI' and CORI' immunoreactivities were lIndertaken in the spinal cord

of thase transgenie miee and controls at bath LM and EM levels. In addition. SI'

immllnoreactivities of the dorsalroot ganglia and the lower lip skin oftransgenie miee

and eontrols were alsa examined.

MATERIALS AND METHODS

Making orthe MBP/NGF construct

A HindlII/SlI1al fragment (884 bp) ofDNA including the partial chicken NOl'

cDNA clonedinto pGEMI (c1oned by Dr. 1-leull1unn and kindly provided l'rom Dr. M.

Snanna, Helsinki) was blunt-ended with Klenow and subcloned into the ScaI site of the
l,

pSVsec plasll1id in frame with the proopiomelanocortin (POMC) signal peptide

sequences (Lemay et al., 1989). A PvuI/SmaI fusion POMCINGF fragment of I.l kb

was then subcloncd into the BspM2 site of the pM2 vector (kindly provided l'rom Dr.

A. Roach. Toronto) that includes the 5' and 3' sequences of the mouse MBP gene

(Readhead et al., 1987). The c10ning site is located 10 bp upstream of the initiation

AUG codon of the MBP gene. A 4.5 BglII fragment cOll1prising 1.3 kb of 5' l\I!.BP
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• sequences, 1.1 kb of the P01v1C/NGF l'usion gene and ~.l kb of the' Y MB!' regions "'as

isolated and used to gencrate lransgenic mice.

Production of trnllsgcllic micc

Microinjection into one-ceIl embryos of the linearized MI3!'/NGF eonstruet was

perfonned as described by I3rinster et al. (1981). Mouse strain C3136S l, derived II\)m

a cross ofstrain C3H \Vith strain C5713L/6. was used. Integration of the transgene int"

the mouse genome \Vas assessed by Southel1l blot analysis of genomic DNA isolated

l'rom the mouse taiL Eight transgenic founders have been derived bearing various eopies

of the MI3PINGF transgene. Ho\Vever, only one founder (line 414) showed ddectabk

levels of chick NGF expression in the nervous system.

RNA anlllysis

Mice \Vere saeriticed by ,cervical dislocation. Total RNA \Vas isolated by

horrlogenization in guanidinium thiocyanate and ultracentrifugation through a CsCI

eushion (Chirg\Vin et aL, 1977). Eaeh RNA sample (20 ~lg) \Vas lr.letionated on a l'X,

agarosç-formaldehyde gel (Sambrook et aL, 1989) prior 10 blolling. The tilter \Vas
,. ,'.,'. ';;::---'~'~~'-'

hybridized at high stringeney as deseibed in Sambroè'k et aL\}Q89) using a "P-Iabelcd
1 ~ _~\

PstI/SmaI fragment of the ehiek NGF eDNA.i
"---::::-~

Immunocytochcmical proccdUl'cs

Light Microscopy
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• A) NGF immunostaining

'l'en transgenie miee of either sex fram line 414, and ten age-matehed contrais

/l'om the same simin were used. The ages of animais \Vere 20 days and 2 months. Ali

animais were anesthetized \Vith Equithesin (4 ml/kg, i.p.) and perfused transeardially

\Vith a mixture 01'2% paraformaldehyde and 0.2% benzoquinone in 0.075M phosphate

bul1èr (pH 7.4) Jor 30 minutes. The spinal eords \Vere removed, postlixed in the same

lixative lor 2 hours and then inl1ltmtedin 30% sucrase in 0.1 M phoshate butTerat 4"C.

Spinal eord segments were eut on a cryostat at the thickness of 50 ~un and collected as

frœ-Iloating in phosphate buflèred saline \Vith 0.2% Triton X-IOO (rBS~T). After

\Vashes in l'BS+T, sections \Vere ineubated in an anti-mouse NGF antibody (1: 1000)

(kindly provided by Dr. J. Conner, San Diego) for n hours. An ABC kit (Veetor) \Vas

subsequently used according to manufacturer's instructions. After being thoroughly

rinsed in l'BS, the li'ee-lloating sections \Vere mO'\l1ted onto gelatin-subbed slides. Ali

sections \Vere liuther dehydrated in ascending alcohols, cleared in xylene, and cover

slipped \Vith Entellan (E. Merck).

B) sr andCGro> immunostaining

l'ive adult transgenic mice, male and female, l'rom line 414 \Vere anesthetized

\Vith Equithesin (3 ml/kg, i.p.) and perfused through the ascending aorta \Vith a fixative

containing 3% parafonnaldehyde, 0.1 % glutaral?~hyde and 15% saturated picric acid

(v/v) in 0.1 M phosphate butTer, pH 7.4, for 30 minutes follo\Ved by perfusion with the

saille fixative mixture devoid of glutaraldehyde, and tinally by 10% sucrose in 0.1 M<,
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phosphate bulrer. loI' 30 minutes eaeh (Garolllio et al.. 19(2). Fi\'e non-trans~enic' mic'e

orthe same age and Il'om the sal11c strain \Vcrc used as enntrols. Till' cer\'ical. tiloracil'

and lumbar spinal eords. the cervical and lumbar dorsal root ganglion and thl' skin of

the lo\Ver lip \Vere removed and inliltratcd overnight in 30%1 sucrose in n.l tvlphosplmll'

buffer. 'l'en ~llll-thick sections of the dorsal mot ganglia (DRG) werc obtained in a

cryostat. coilected onto gclatin-subbed si ides and processcd Il)r SI' immunoslaining

only. Fifiy ~1l11-thick trnnsvcrse and parasagitlal sections of thc cervical. thoracic.

lumbar spinal cords and the skin of lowcr lip wcre obtained \Vith a sledge Il'eezing

microtome. immersed in 0.5% B20 2 in phosphate-bul1'ered saline (l'BS) Il)r 15 min, and

\Vashed extensively in PBS+T. Subsequently. hall' of the spinal cord sections and ail

sections fromlo\Ver lip skin \Vere proccssed tOI' the dcmonstration of SI' and the other

hall' of the spinal cord sections tOI' CGRP immunoreactivity. For SI' iml11unostaining.

the sections \Vere incubated \Vith a bi-specitic anti-SP/anti-horscradish pemxidase

(I-IRP) monoclonal atiti",.;dy [code NC 1; (Suresh et al.. 19S6); Medicorp. Canada]. For

CGRP inUllunostaining, an anti-human CGRP rabbit polyclonal antibody (Peninsula)

\Vas used, diluted in PBS+T. Ail sections \Vere incubatcd overnigilt at 4"C. Ail

subsequent incubations \Vere performed at room teillperature. Ailcr t\Vo \Vasilcs in

PBS+T, the sections for CGRP immunostaining \Vere incubated 101' 1 hour in an anti-

rabbit/IgG anti-HRP bi-specific monoclonal antibody [Code McCS; (Kenigsberg ct al..

1990); Medicorp, Canada]. Foilo\Ving t\Vo \Vashes (15 min each) in PI3S+T. ail scctions

\Vere incubated in 5 llg/ml of Sigma type VI BRP dissolved in PI3S+T, rinsed three

times in PBS+T, and reacted \Vith 3,3'-diaminobcnzidine tctrahydrochloride (DI\I3;

139



• Sigma) in pBS. Subsequently, the sections \Vere mounted on subbed slidL's, dehydratL'd

and cover slippcd as described above, [-Ialf or the cervical and lumbar DRU sections

\Vcre counterstaincd with 1% crcsyl violet l'or the purpose ol'lIuantitication.

Electron Microscopv

Segments (C4-C?) of the cervical spinal cord li'om both lransgenie mice and

controls fixed were quickly li'ozen by immersion inliquiclnitrogcn, and tha\Ved in 0.1

M phosplmte bul'fer at 25uC. Finy ~lm-thick scctions wcrc obtaincd \Vith a Vibratome,

treated for 30 min in 1% sodium borohydridc inl'BS anclthen rinsed severallimes in

pBS until ail bubbles disappeared (Kosaka et al., 1986), The sections were incubaled

overnight at 4"C in anti-SP/anti-HRP bi-specific monoclol1l11 antibody, Il)lIowed by

5~lg/ml ofI-IRP in pBS, Aller several washes in pBS, the DAB rcaction was carricd out

with double intensification (Adams, 1981), Triton X-I 00 was omittccl ti'om ail steps,

Al'ter the DAB reaction, the tissue was rinsed several\times with PI3S and lhcn

osmicated for 1 hour in 1% osmium tetroxicle in 0.1 M phosphate bulrer at 4uC.

Subsequently, the osmicated sections were washcd twice with c1istillcd watcr,

dehydrated in ascending concentrations ofalcohol and nat embeddcd in Epon bctween

thick acetate foil and a plastic cover slip. After polymerization ofthc Epon, the scctions

were examined by light microscopy, The selected fields ofthc supcrfjciallaycrs orthc

dorsal hom and the dorsolateral funiculus werelrimmcd and rc-embccldcd·ror clcctron

microscopic examination. The ultrathin sections were countcrstained with uranyl acctate

and observed with an electron microscope (Philips 410). For thc dctcction or thc co-
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localization of SI' and CORI' at EM Icvel, a post-cmbedding, immunog,old technique

\Vas used to detect CO RI' antigenic sites in ultrathin sections previously proccssed for

SI' immunocytochemistry as described above. Ultrathin sections \Vere collected onto

formvar-coated nickel grids and \Vere incubated in the primary antibody cvernight at

l'oom lemperature in a humid chamber. The primary antibody was a rabbit antibody

against rat CORI' (l'eninsula). Subsequently, sections \Vere incubated in the secondary

antibody I()r 1 hour at room tcmperature. The secondary antibody \Vas a gold-conjugated

goal anti-rabbit [gO (Biocell). The size of gold partieles \Vas 10 nanometers.

Subsequently, sections \Vere rinsed thoroughly in BSA-Tris and distilled \Vatel', contrast

stained with uranyl acctate and lead citrate, and examined under the EM.

Cnpsnicin trcntmcnt

Four 3-month-old male transgenic mice l'rom line 414 and 4 control mice were

used. Ali animais were anesthetized before capsaicin treatment with an intramllsclliar

injection of ketamine (100 mg/kg) and acepromazine (2.5 mg/kg). Atropine (0.04

. mg/kg) \Vas administrated subcutaneously 15' minutes prior to capsaicin. Three
\:

transgenic mice were it*cted sllbcutaneouslly with capsaicin (50 mg/kg, Sigma) and

one mouse \Vas it~ected \Vith solvent only to serve as eontrol. Five days later, the second

i11iection of capsaicin \Vas caITied out in the same way and at the same dose as the first

one. Ten days after first injection of capsaicin, all animais were anesthetized with .

Equithesin and perfused throllgh the ascending aorta with 4% paraformaldehyde in

0.1 M phosphate buffer, pH 7.4. The spinal cords were removed and postfixed in the
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same fixative for 2 hours and inlill.rated (wernight in 30% sue\'(1se in 0.1 Ivl phosphate

bulTer at 4"C. Subsequently. spinal eord segments \Vere eut transversely on a eryostat

at the thiekness of 50 ~lIn. The ti·ee-lloatinl'. sections \Vere ineubated ovcrnil'.\lt at 4"C, ,

in anti-Sr/anti-HRp bi-speeilic monoclonal antibody and ['\'(1eessed l'or the

demonstration of sr immunoreactivity as deseribed above.

Qu:mtitntivc :mnlysis

The following parmneters \Vere analyzed quantitativcly in sections proccssed rllr

light microseopy: 1) the relative optical density of sr and CORI' illllllunoreaelivities

in laminae 1-11 of the dorsal horn orthe spinal cord. and 2) the percentage llrthe area

oceupied by ectopie Sp'and CGRp inununorcaetive libres in the dorsll!ateral Itlllieulus

of the spinàl eord. Quantilieation of immunostaining was earried out by means llr an

, automated image analysis system (MI, lmaging Research lne., St. Catharines, Ontario.

Canada), with the help of a light microscope (Olympus) coupled to a black and white
c

CCD camera. The intensity of the immunostaining was assessed by measuring the

relative optical density in laminae I-ll of the dorsal horn or the spinal eord within a

rectangular area with 18.52 ~Lm in length and 1.85 ~un in width. The measuring

rectangle was plaeed with the upper edge in contact with the dorsal colullln, equidistant

l'rom both the lateral and medial edges of the dorsal homo For the quanti lieation of the

sr and CGRP immunoreactive fiber network in the laterai eolumns, the percentage of

the area occupied by SI' and CGRP immunoreactive libers was measured using a

sample window of 220.37 Ilm X 287.04 Ilm, which was placed in the dorsolateral
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funiculus.

Cresyl violet eountcrstained cCl'vical and lumbar DRG sections were uscd ta

determine the percentage of Sr-IR cclls in the total numbcr of DRG ccIls per section.

Ail DRG eells pel' section werc eounted dircctly under the light microscope. For eaeh

animal, eounts \Verc carried out on 12 sections of c~rvical and lumbar DRG,

respeetivcly. DRGs l'rom 4 transgenic and 4 controlmice were used.

Stalistical eomparisons were earried out by means of Student's l-tcsts. The

signi lieanee level \Vas set at r<o.os.

RESULTS

E~\)J'ession oh MBl)/NGF eonstruet in a t~ansge~ie mouse line

A partial ehiek NGF eDNA of884bp corresponding to the third exon of the

gene was subcloned in frame \Vith the rOMC signal sequence of the pSVsec veetor

(Lemay et al., 1989) to allo\V secretion ofNGF in expressingcells. The chicken NGF

cDNA contained ail coding sequences but \Vas missing the sequences for the signal

peptide. The rOMCINGF lragment \Vas then subcloned into the MBP expression vect;)r

(Readhead et al., 1987) called pM2 (kindly provided by Dr. A. Roach,Toronto). Before

generating transgenic mice, the POMCINGF fusion construct under the SV40 pro l11ot6r

,
was ~ested in transient assays in COS cells. Conditioned medium·from transfected ceUs

\Vith the POMCINGF construct promoted neurite extension l'rom PC12 cells indicating
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that the precursor moleculcs \Vere correctl)' synthesized and processed Il) the sccretory

path\Vay of COS cclls to produce a limclional NOl' product.

Transgcnic micc \Vere generaled by the microinjection of a 4.5 kb DNA

fragment comprising the rOMC/NOF lilsion gene l1anked by 1.3 kb of 5' and 2.1 kb of

3' sequences tl'om the IvlBP gene (Fig.! A). The choicc oflhis promo1er \Vas bascd on

the hope that the MBP regulntory clements \Vould direct substanlialleve\s oflransgene

expression throughout the nervous system and that expression \Vould be reslricted 10 the

postnatal period to avoid developmental dcfects.

Eight NOl' transgenic lines \Vere generated. Northern blot analysis \Vas carricd

out on 20 ~Lg of total RNA obtained tl'om diLTerent tissues of FI olrspring (2 months

old). Only one NOl' transgenic line (Iine 414) sho\Veddetectable levcls ofNOF mRNA

in the adult nervous system. As sho\Vn in Figure 1D, these tl'l1nsgenics express NOl'

mRNA at high levels in the spinal cord and low levels in the bl'l1in stem. However, no

detectable level ofNOl' mRNA \Vas observed in the kidney.

NGF, SP nnd CGRP immunorcnctivitics

The results obtained using immunocytocl1('mi~try for NOl' or neuropeptides SP

and CGRP were identical in homozygous and heterozygous transgenic mice and

differed l'rom those in controls. Therefore, the results reported below were obtained

using both homozygoûs and heterozygous animais.

NGF immunoreactivity in the sninal cor~l
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NGF immunoreactive cells were observcd throughout the whitc malter of the

spinal cord or both 2ü-day-uid ane! 2-month-ole! transgenic mice (Fig. 2B and 20).

These NOl' ilnmunoreactive eells in the white malter possessed th~ morphological

eharacteristics of oligodcndrocytes. In logitudinal sections, they were aligned in rows

in between the nerve libers. A few NOl' immunoreactive oligodendrocytes were fotUld

in the gray malter (Fig. 2B). In short, these eells showed few processes radiating J'rom

a spherical or polygonal ccII body. These proeesses were more delicate and thinner than

lhose orastrocytes and neurons, and never formed the vascular tèet typical of astrocytes.
""'--

No NOl' immunoreaetive oligodendrocytes were detected either in the gray or white

malter orthespinal cords l'rom age-matched control mice (Fig. 2A and 2C).

sr AND CGRP immunoreitctivities in the spinal cord

Intense SP and CGRP immunoreactivities were observed in laminae I-I! of

dorsal horn of the spinal cord oftransgenic mice and their age-matched controls (Figs.

3 and 4). Some scattcred SP and CORP immunoreactive fibres could be detected in the

area around the central canal. The well-known staining of CGRP of some motoneurons

was also visualized (Figs. 4A and 4B). No apparent transgenic vs. control differences

in the inul1unoreactivitiesfor both peptides were detected in the gray matter.

However, striking changes in the immunostaining patterns for both peptides

were detected in the white matter. Particularly in the lateral columns, but also in the

ventral and dorsal columns, ectopic SP and CGRP immunoreactive fiber bundles were
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detected in transgenic mice (Figs. 313 and 413). The orientation of the liber bllndks \Vas

mainly parnllel to !he main axis of the spinal cord (Fig. 513). lIueh liber bllndks \\'L're

entire1y absent t'rom controls (Figs. 3A and 4A). whieh possessed only isolated libL'rs

in the white malter (and almost exclusively in the dorsal eolumns).

At high magnitication. ectopic sr and CGRP immllnoreaetive libers \\'Cre

visualized as tiber bundles in the white matter of the transgenie mollsc spinal eord (Figs.

3D and 40). Some particularly long ectopic sr and CGRl' immllnorcaetive libers were

found to penetrate transversely toward the gray matter or to travcl arollnd the edge of

thç: gray matter (Figs.313 and 413). Many varicosities could be found along these long

CGRP inll11UnOreactive libers.

sr immunoreactivity in the spinal cord alter capsaicin treatment

Figure 6 illustrates sr immunostaining of spinal cord sections Ii'om vchicle­

treated (6A and 6e) and capsaicin-treated (613 and 60) transgenic micc. SI'

il11l11unoreactivity in laminae I-ll was remarkedly reduccd in capsaiein-treated

transgenic mice (Fig. 613) cOl11pared to the vehicle-trcated mouse (Fig. 6A). In

capsaicin-treated animais; no ectopic sr immunoreactivc fibers could bc dctectcd (Fig.

613 and 60). No changes in the pattern of ectopic sr immunorcaetive libcrs were

observed throughout the white matter of the spinal cord of vchiclc-trcatcd transgcnic

mice (Fig. 6Aand 6e).

sr immunoreactivity in the dorsal root ganglion cells. sciatic nervc and lower lip skin
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Cervical and lumbar Sr-IR ORG cclls \Vcre usually dm'ker in transgenie than in

control micc (1' .gs. 7A and 78). Quantification of ORG cclls reveulcd that the

pcrccntagcs ofboth cervical and lumbar Sr-IR ORG cclls \Vere significuntly higher in

transgenic mice than in controls (Fig. 8). ln the skin of the 10\Ver lip, Sr-IR fibres \Vere

visuaiizcd around blood vessels, glands, hair follicles, and in the epidermis itself as

described.by previous researchers (I-Ii.ikfelt et al., 1977; Cuello et al., 1978). Although

libers \Vere not quantified. there were no obvious transgenic vs. control differences in

the numbcr, intcnsity of staining and distribution pattern of SP inU11lUlOreactive fibers

in the lower lip skin (Figs. 7C and 70).

sr and CGGRr immunoreactivities at the EM level

sr immunorcactivity was present in unmyelinated and some thinly myelinated

axonal profiles of laminae 1 to Il and Lissauer's tract. SP-IR axonal varicosities

contained numerous agranular round synaptic vesicles and a variable number of larger

dense core vesicles. OccasionaIly, synaptic glol11eruli with central profiles

il11munorcactive for SP were found mainly in the outer two-thirds of lamina Il. In the

double-stained sections, SP and CGRP immunoreactivities we"e co-Iocalized in some

boutons in the superficial dorsal hom ofboth transgenic mice and controls. Immunogold

particles reprcsenting CGRP iml11unoreactivities were detected primarily overlying

dense-eore vesicles. Some boutons were CGRP immunoreactive only. From two

transgenic and two control mice, the numbers of SP- and CGRP-IR boutons were

counted on photographic enlargel11ents of 10 low power electron micrographs obtained
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at mndom tl'om lamina 1 and out~r lamina II. Th~ ~ounting 01" th~ Illllnb~r" 01"

imnnll1or~activ~ boutons did not r~vcal any "ignili~ant diIT~r~n~~ ill SI' and CURI'

immunor~activiti~sbct\V~~n tmnsgcni~ micc and ~ontrols. In th~ ar~a 01" lh~ \\ hit~

matter \Vhere the dorsolateml I"uniculus is lo~ated, SP-IR ~~topic lib~r" \\'~r~ vi"ualiz~d

among many small unmyelinat~d lib~rs in small groups, "urround~d hl' thiL"kll'-

myelinated nb~rs (Fig.9). In som~ lields, sp-m. lib~rs occurrcd in isolation (Figs. 10A

and lOB), while in ot\ler tields they formed cluslers (Figs. 9C, 9D and 10C). Ail ~~lopi~

libers \Vere unmyelinated and ofvaried dimnet~rs.Som~ SP-IR terminais or varicosilics

could be làund containing large dense-core v~sicl~s and smail ekar v~si~1cs (Figs. 10A

and lOB). DAB-reaction product \Vas mainly deposited in larg~ d~ns~-~or~ v~"icl~" alld

in cytoplasm bet\Veen small clear v~sicles. Som~ SP-IR boutons ~ould b~ sœn

establishing synapses with dendritic protiles \Vhich \Vere SI' immunon~gativ~ (Figs.

lOB). In the post-embedding inlll1unogold stained sections, CGRP \Vas I"ound 10 co­

loealize with SPin the same boutons or varieosities in almost hall" ofth~ SP-I R prolil~s.

As in the double-stained boutons in the substantia gelatinosa, inlll1unogold parlicles

representing CGRP antigenicity were visualized mostly in the d~ns~ cor~ v~sicl~s \Vh~re

SI' immunoreactivity \Vas also detected (Figs. lOD and 1DE). Some boutons co­

loealizing SI' and CGRP formed synaptic specializations \Vith immunonegative

dendritic profiles (Fig. 1DE). CGRP/Sp co-Iocalization was also detected in

unmyelinated axons (Fig. lOC).

In the dorsolateral funiculus of the spinal ccd from control mice, no such

ectopie SP-IR fibers and boutons could be found. In the double-stained sections, no
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CGRP- and/or SP-IR boutons or varicosities could bc visualizcd in the whitc malter of

control mice.

Ouantitative rcslIlts

Fields n'om laminac 1-1l of the dorsal horn and lateral flln,'cllilis of 125 sections

were measllred bilaterally in 5 transgenie micc and 5 controls. The relative optical

density of SI' and CORI' immllnoreactivities in the laminae 1-1l of the dorsal horn of the

cervical spinal eord of transgenic mice were not significantly different l'rom eontrols.

Thc percentages of the area ocellpied by CORP- and SP-IR fibers in the dorsolateral

fllnicnlll~ of the transgenic monse spinal cord were 24.34±1.4% and 4.97±0.7%

respectively. The vaincs were significantly higher (1'<0.001) than those obtainedfrom

controlmicc (0.08±0.04% and 0.28±0.1 %, respectively)

,
DISCUSSION

ln the present stlldy, high leveis ofNOl' mRNA were detected in the spinal cord

of adnit transgenic mice (2 month old) l'rom line 414 in Northern blot analysis.

Flirthel1110re, NOF-IR oligodendrocytes were revealed throughout the white matter of

the spinal cord of transgenic mice l'rom this line at ages of 20 days and 2 months by

inul1l1nocytochemistry. Those transgenic mice possessed ectopic SP- and CORP-IR

libers thr011ghout the white matter ofthe spinal cord. After capsaicin treatment of adult

animaIs, peptide immllnoreactivity was virtually entirely abolished l'rom the white
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matter. At EM level. those ectopie SP- and l'aRP-IR libers were eharacterized as

unmyelinated axons and axonal terminais. SI' \Vas round to eo-Incalize \Vith CGRp in

some of those axons and axonallerminals.

An:ltomie:ll origin of cctopic SI' :lml CGRI' imOluuorcuc!i"c lihcrs

Substance l' immunoreactivily in the spinal eord orig.inales li'nm thrce snurces:

dorsal root ganglia cells (Hokfelt et al.. 1975b; Hoklèlt et al.. 1976), intrinsic spinal cnrd

neurons in laminae 1 and Il (Ljungdahl el al.. 1978) and descending. libers Il'0111

supraspinal structures (Hoklèlt et al., 1978). The high incidence of lhe co-existence nI'

SI' and CGRp immunoreactivities Ims been reporled in sonmta of the dorsal 1'00t

ganglion (Gibson et al., 1984; Lee et al., 1985b), and in axon terminais wilhin the

superlicial dorsal horn of the rat (Plenderleith et al., 1990). The axon lenllinals eo­

localizing SI' and CGRP immunoreactivites in the superficiallayers orthe dorsal hOI11

should be virtually ail ofprimary sensory origin, because CGRI' immunoreaclivity is

abolished l'rom the dorsal horn following dorsal rhizotomy (Chung et al., 1988; Traub

et al., 1989). Therefore, for most ectopic CGRp-IR fibers and some ectopic Sp-I R

libers, the most Iikely origin is the dorsal root ganglion cclls. SP- and CGRp-IR dorsal

root ganglion neurons in the adult rat are responsive to NGF, as shawn by in vitro and

in vivo studies (Lindsay and Harmar, 1989; Verge et al., 1989b; 1naishi ct al., 1992;'

Donnerer et al., 1992; Tuszynski et al., 1994). In our present study, wc dctccted a higher

number of Sp-IR neurons in DRGs l'rom transgenic mice than in those l'rom controls.

Additionally, Sp-IR DRG neurons were more intensely stained in transgcnic micc lhan
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• in controis. Those lindings strongly suggested that ORO cells were influenced by the

over-expression of NOl' in the white matter of the spinal cord of transgenic mice. To

identily the origin ofectopic SP-IR libers, we earried out capsaicin treatment for adult

transgenic mice. Capsaicin is a neurotoxin which is speeilie for a certain population of

sensory neurons and does not directly affect neurons intrinsic to the CNS [for review

sec (Holzer, 1988)], and which can deplete substance P from primary sensory libers in

the spinal eord (.Jessell et al., 1978). In our present study, ectopie SP-IR libers were no

longer detected aller capsaicin treatment, contirming that those ectopie libers are of

primary sensory origin.

FomUltion of ectopie SP :md CGRP immunoreactive fibers

An important issue is how those ectopic SP· and CORP-IR libers were formed

in transgenic mice. Il is weil documented in earlier experilllents (Levi-Montalcini and :"

Angeletti, 1968; Oundersen and Ban'el!, 1979; Campenot, 1982) that one of the

important properties ofNOl' is its ability to direct growth or regeneration ofsensory and

sympathetie axons along a concentration gradient. Intact noeiceptive libers (Dialllond

et al., 1992), sympathetie a.'wns (Kuchel et al., 1992) and axons of septo-hippocalllpal

neurons (Van der Zee et al., 1992) of adult rat have been ~ho\Vl1 to sprout collateral

branches into denervated target tissues where an up-regulation of NOl' expression

probably occurs. Furtherlllore, NOl' was also demonstrated to induce collateral

sprouting of mature, uninjured sensory (Diamond et al., 1992) and sYlllpathetic

(lsaacson et al., 1992) axons in aduit rats and aged rats as weil (Andrews and Cowen,
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1994). NGF was demonstrated to inerease the content and transportl,fsubstanl'"l' and

l'GRP in sensor)' ne l'Vcs innervating inllamed tissu,' (Donner,'r d al., Il)<)2). 'l'Il<'

exogenous administration of NOl' to the spinal eord by means of tll<' graning. of

genetieally enginccred libroblasts Ims becn shown to exert a n"lII'otl'llpic a,'til'n oll

primary sensory libers in adult aninmls ('l'uszynski ct aL 1994). Our pres,'nt r,'sults

SUPPOIt theirobservation and suggest that ncul'l1tmphins have th,' ,'ap:lbility ofnwruling

the known inhibitory int1uences ofnligodcndrocytes in CNS regeneratil)\\ (Sehnell and

Schwab, 1990).

Other transgenic mouse modds have becn genemted whkh nyer-express NUI'

under the control of ditTerent promoters. ln DBH-NGF transgenic mice (llnylc et aL

1993), over-expression of NGF in sympathetic neurnns eaused excessive aXlll\

outgrowth l'rom ganglia, although no terminal hyperinnervation. but mther 1\1\

hypoinnei'Vation of tissues, was detected. Recently, Albers ct al. (1994) Imve nbserved

that overexprcssion of NGF in the epidennis of tmnsgenic mice caused an hyper-

innervation of the skin by l'GRP immunorcactive fibe19.

In the present study, the over-exprcssion ofNGF was predicted to be rcstricted

to the white matter in the transgenic animais due to the nature of the transgene

promotor. In fact, ail MBP promoter fragments used so far have 1~liled to direct

Schwann cell specifie transcription in transgenic mice [sec e.g. (Gow cl al., 1992)\. ln

agreement with this, we did not detect any NGF-IR cells in peripheral nerves in our

transgenic mice (data not shown). Only oligodendrocytes in the white matter ofeNS

of transgenic animais were detected as NGF immunoreactive. As the white matter
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r~prcscnls the area of highcst NGF conccntration, NGI' ovcr-cxprcssion in the white

maller presllmably ine!lIcee!thc growth of collateral Sprollts of the e!orsal root axons.

Althollgh no ine!ivie!lIal libcrs were followce! to thcir tcnnination point, thc observation

of numerolls SI'-I R boutons in thc white maller ine!icates that many of them probably

ene! in thc white mallcr.

When comparee!to controls, no increascs of SI' ane! CGRI' inununoreactivities

coule! bc e!etcetcd in the substantia gelatinosa of transgcnic mice, whcrc most thinly

myclinatcd and unmyclinatee! primary atlèrents tenninate. The mostlikely interpretation

is thc absencc of ovcr-proe!uccd NGI' in transgenic e!orsal horn e!emonstratee! in NGI'

imlllunostaining. Morcovcr, SI' immunoreactivity in the lower lip skin of transgenic

micc did not e!illèr n'Ohl controls, which also coule! be explained by the absence ofNGF

ovcr-cxprcssion in pcripheraltarget tissues.

Taken together, ail these lines of evie!ence support our hypothesis that the

collateral sproutïng of sensory fibers into the white matter is induced by NGI'

ovcr-cxpressee! in the oligoe!ene!rocytes.

Thcse NGI' immunoreactive oligodendrocytes coule! be e!etected, l'rom postnatal

day 0 to 2 month, in the white matter of the spinal cord as weil as in other brain

regions, such as in the white matter of lower brainstem and cerebellum (Ma et al.,

unpublished observations). The expression pattern ofNGI' positive oligodendrocytes

in the CNS was consistent with the expressions ofreporter genes driven by MBP gene

promoters ofvarious sizes as defined in previous studies (l'oran and l'eterson, 1992;

Goujet-Zalc et al., 1993). Ectopie SP-IR fibers were first detected by the day ofbirth

153



•

1

and persisted throughout adulthood 111 transgenic Iniee (ivla et al., unpnblished

observations).

Possible signifie:mee of ectopie SP and CGRP illllllllIIoreactive libers

Depletion of NOF by its antisera in a critical periml (postnatal days 4 to Il)

could switch developing afferents l'rom high-threshold mcchanoreccptors (HTMRs) into

D-hairs and increased the mechanical thresholds ofthose HTMRs that remained (Lewin

et al., 1992b). NOF could induce heat and mechanical hypcralgcsia in adult rats (Lewin

and Mendell, 1992). lt is c1ear that NOF can still modulate phenotypic expression of

nociceptors after birth. In our experiments, ectopie SP- and CORP-1R libers induccd

by overexpression of NOF in the white matter of the transgenie spinal cord likdy

represent the collateral sprouting of thinly myelinated and ul1lnyelinated primary

afferents which convey nociceptive information. Therefore, an inleresling question is

whether this transgenic mouse mode! will display altered patterns ofphysiological and

behavioral responses to noxious stimulation. Further physiological and behavioral

experiments will c1arify this issue.
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cDNA fragment (NGF) was fused in frame to the POMC (P) signal peptide sequence.

Thc microinjectcd DNA fragment contained the POMCINGF construct (1.1 kb) flanked

hy 1.3 of 5' and 2.1 kb 01'3' sequences Ii'om the MBP gene. B. High-Ievel expression of

NGF IlIRNA in the spinal cord oftransgenic mice. Note the dense band corresponding

to 1.1 kb on line 4 /1'om the spinal cord of a transgenie mouse. Northern blot analysis

was eal'ried out using total RNA (20flg) isolated l'rom the cortex (lanes 1 and 6),

cerebellum (lanes 2 and 7), brain stem (lanes 3 and 8), spinal eord (lanes 4 and 9) and

kidncy (lanes 5 and 10) of a transgenie mouse l'rom line 414 (lanes 1-5) and [rom a

normal mouse (lanes 6-10). The membrane was hybridized at high stringeney with a

chiek NGF 32P-Iabeled cDNA probe.

• FiJ(urc 1. A Schcmatic rcprcscntation of the MBPINGF transgene. A ehiek NGF
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Figure 2. NGF il11l11unostaining in the cervical spinal cord (CS level) of control

1

(A) and 20-day-old transgenic l11ice over-expressing NGF (B). The fral11ed areas in A

and Barc illustrated at higher l11agnifieation in C and D respectively. In B, observe

nUl11erolls NGF il11l11l1noreactiveoligodendrocytes in the white matter, and very few in

the gray matter, of the spinal cord of transgenic mice. ln D, note that the NGF

il11l11l1noreactive cells displayed the morphological characterities of oligodendrocytes,

as they possess spherical or polygonal ccII body and a few shortprocesses with right­

angled branching (arrows), and never fonned thevaselliar feet typical ofastrocytes. No

NGF inllnunoreaetive oligodendroeytes eould be detected in the spinal eord of control

l11ice (A and C). Scale bars=200 fun in A and B, and 50 flm in C and 0
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Figure 3. sr il11l11unoreactivity in the cervical spinal cord (C5Ievel) ofcontrol (A)

t, ..•

and transgenic l11ice over-expressing NOF (B). The framed areas in A and B arc shown

at higher l11agnilication in C and D respectivc1y. sr iml11unoreaetivity was intense in

Lal11inae 1and II of the dorsal horn in both control (A) and transgenie l11icc (B). In B,

note ectopic Sr-IR libers in the anterior, lateral and dorsal colul11ns of spinal cord of

transgenic 1110use. Arrows indicate ectopic sr-IR libers in the dorsolateral funiculus.

ln A and C, no sueh ectopic Sr-IR libers could be detected in the spinal cord l'rom a

control mouse. Seale bar =200 1.1l11 in A and B, =50 Ilm in C and D.
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(A) and transgenic mice (B). The framee! areas in A ane! B are shown at higher

magnilication in Cane! D respectively. Observe the intense immllnostaining in the

sliperliciallayers (LI-LIll orthe dorsal horns lI'Qln both control (A) ane!transgenic (B)

mice. However, in B, ectopic CGRp-IR libcrs were foune! in the anterior, lateral ane!

dorsal collll11ns. In D, observe the e!etails of ectopic CGRp-IR libers in the e!orsolateral

rliniclilus (arrows); some long ectopic CGRP-IR libers (arrowheae!s) could be seen to

originate Il'om the white malter ane!to course transversely toward the gray maller. No

sllch CGRp-IR libers coule! bc e!etected in the white malter of controlmice. CGRP·IR

• Figure 4. CGRp immllnostaining in the eervical spinal core! (CS level) of control

ventral horn nelll'ons coule! be roune! in both control and transgenic mOllse spinal core!s

(open arrows). Scale bars = 200~Lm in A and B, =100 ~Ltn in C and D.
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Figure 5. SI' immunoreactivitics in thc dorsolatcral funicuills as obscrved in the

•'

parasagittal sections l'rom control (A) and transgenic (B) mice. ln Il. ectopic SI'-IR

libcrs (arrows) travcl in thc dorsolatcral fllnicllills paralle! to the axis of the spinal cord.

No sllch longitlldinally oricntateel ectopic Sr-IR libers can be found in the white matter

orthe spinal corel of control micc (A). Scale bar =50 I-Im.
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trcatcd (A) and capsaicin-treated (B) transgenic mice. The framed meas in A and B are

shown at highcr magnilication in C and D respectively. sr immunoreactivity was

intt;nst; in Laminae 1 ancl Il of the dorsal horn in the vehicle-treatecl animal (A) and

drastically redllced in the capsaicin-treateclmollse (B). In B and D, note that ectopic sr­

IR libers Wt;rt: not detectcd in the white matter of the spinal cord of capsaicin-treated

transgenic mOllse. However, those ectopic Sr-IR fibers were present in vehicle-treated

transgcnic mousc (A and C). Scale bars = 200 ~lm in A and B, and 50 ~ltn in C and 0

• Figure 6. SI' immllnoreaetivities in the ccrvi·.:al spinal cord (C4 levcl) of vehicle-
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Inwcr lip in control (A and C) and tl'llnsgenic mice (B and D). Note that the SI'-IR ORO• Fi~urc 7. SI' immunorcactivity in cervical dorsal root ganglia and in the skin of the

•

cclls in the transgenic mousc specimen (B, arrows) were almost ail intensely

immunostaincd. in contrast with the wide variation in the intensity of sr

immunorcactivity detected in the neurons of the control ORO (A. arrows). No

signilicant diflèrences in the size ofDRG cells could be detected between eontrols and

lransgenic mice. Howevcr, ln the skin of the lower lip. no apparent differences in SP-IR

libcr.i \Verc dctected bctwecn control (C) and transgcnie (D) micc. Scale bar =50 ~un.
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violet counterstained sections from cervical and lumbar DRG of transgenic mice and

controls were used for quantif1cation. Both SP positive and negativc DRG cells were

counted directly undcr the light microscope. The percentages of SP-IR DRG neurons

in the total number ofDRG neurons pel' section were determined for transgenic mouse

specimens and controls. The percentages ofboth cervical and lumbar SP-IR DRGcells

were significantly higher in transgenic mice than in controls (P<O.OI, n=4, Student's t­

test).

• Figure 8. Quantification ofDRG neurons in transgenic mice and controls. Cresyl
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dorsolateral funieulus in control (A and B) and transgenic (C and D) mice. In C, observe• Figure 9. Electron micrograph of SP immunoreaetivity in the white matter of the

•

ectopie sp-m. libers (arrows). Sueh libers were part of bundles of unmyelinated axons

in betweenthe myelinated libers. D shows at higher magnification the area framed in

C . Such groups of unmyc!inated SP-IR axons were absent from controls (A). B

represents an enlargment of the framed area in A and shows one of the few axonal

boutons which forms a synapse on a dendritic profile (curved anow) in the white matter

of contrais. Scale bar = 1 ~Ul1 for A and C, =0.5 ~ll11 for Band D.
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boulons in lhc dorsolateral funiculus of the spinal cord oflransgenic mice. A shows a

Sp-IR boulon containing dense core vesicles (arrows). B shows a SP-IR bouton

conlaining small agranular vesicles (arrows), which is presynaptic (eUl'ved arrow) to a

dcndrilic profile. C, D and E represent electron micrographs from a double staining for

SI' (electron-dense immunoprecipitates) and CGRP (gold particles). D and E show

double-Iabeled boutons and C illuslrate double-labeled axons. Immunogold particles,

representing CORI' immunoreactivity, were localized over the dense core vesicles. In

I~, a bouton co-localizing by SP andCORP inul1unoreactivities establishes a synapse

(cl1l'ved arrow) with a dendritic profile. Scale bar =0.5 ~lm .

• Figure 10. Electron micrograph of ectopie SP- and CORp-Li axon and axonal
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Conneeting Text - Chapter V to VI

ln the study ofehapter V, wc demonstrated that NGF-IR oligodendroeytes and

ectopie Sf'-IR and CGRP-IR libers were present in the white matter of the spinal eord

of20-day-old and 2-month-old transgenic mice. These ectopie Sf'-IR libers disappeared

following eapsaicin treatment. Under the EM, these ectopie SP-IR libers were

eharaeterized as fibcr bundles, eonsisting ofunmyelinated axons. Some ectopie Sf'-IR

boutons eo-Iocalized CGRf' and were presynaptie to dendrites. The numbers of SP-IR

neurons in the cervical and thoracie DRG oftransgenic mice were increased compared

to controis. ln chaptcr VI, we studied developmentally and topographically the

expression of the NGF transgene in myelinating oligodendrocytes and the distribution

of cctopic Sf'-IR libcrs in the white matter of the CNS oftransgenie mice.
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CHAPTER VI

Topognlphic :md timc coursc studics of cctopic substancc l' immunorcactivc lihcrs

--in the CNS of tr:msgenic micc which ovclo-cxprcss ncn'c growth fachll" in

myclinnting oligodcndrocytcs

Weiya Ma, A. Ribeiro-da-Silva, J.-p. Julien and A. C. Cuello
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ABSTRACT

'1'0 examine the in vivo bio!ogical effects ofthc over-expression ofnerve growth

factor (NGF) in the CNS upon neuropeptides containing prin1<lry sensory neurons, we

used transgenic mice which bear chicken NGF cDNA driven by a 1.3 kb myelin basic

protein (MBP) promoter fragment. Using inlll1unocytC'chemistry, we demonstrated in

a previous stue!y (sce elmpter V) that NGF immunoreactive (IR) oligodendrocytes

occurred in the white matter of the spinal cord ofadult transgenic micc. Consistently,

substance l' (SP)- ane! calcitonin gene-related peptide (CGRp)-IR ectopic libers of

sensory origin were observed in the white matter of the transgenic spinal cord. The aim

orthe present study was to investigate, spatially and temporally, the expression ofNGF­

IR oligodendrocytes and the occurrence of ectopic Sp-IR libers in the CNS of

transgcnie mice. Our data show that NGF-IR oligodendrocytes occurred in the white

malter ofCNS n'om postnatal day 0 (the earliest dayexamined) to 2 months. At day 20,

NGF-IR oligodene!rocytes were present in the caudate-putamen, corpus callosum,

reticular nuelei ofthalal11us, reticular nuelei ofpons ane!medulla, trigeminal spinal tract,

eochlear nuelei, pyramidal tract, and white matter of cerebellum and spinal cord. No

NGF-IR oligodendroeytes were detected in the CNS ofcontrolmice at any age. NGF-IR

fiber- like stmctures were observed in the white matter ofthe cerebellum, pons, medulla

oblongata and spinal cord oftransgenic mice aged from day 0 to day 5. By day 15, these

NGF-IR liber-like stmctures were no longer detected. Under the electron microscope,

these NGF-IR fiber-like stmctures were characterized as NGF il11lUunoreactivity around
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small unmyelinated libers. Some of thesc small unmydinated libers whieh were

surrounded by NOF immunoreaetivity eontained SP and CORP immunoreaetivilies.

Interestingly, in both transgenic and control miec trom postnatal day 0 to day 10,

numerous NOF-IR glia-like cells were observed in thc venlral part of the l'orebrain as

well as in the brainstem, cerebellum and spinal core!. These glia-like eclls \l'cre

considerably smaller than the NOF-IR oligodendrocytes. From day 5 on, thcse NGF-IR

glia-like eclls deereased markedly in number. and by day 15 couId not be detected.

Numerous SP-IR libers were lound in the 'l'hile matter 01' the spinal cord. medulla

oblongata, pons and eerebellum ofboth transgenic mice and contro\s Il'om postnatal day

oto day 2. By day 5, the SP-IR libers in the white matter Imd decreased c!runmtically

in contro\s, but increased markedly in transgenie mice. ln these animais. (rom day 5 on,

SP-IR libers in the white matter (ectopic) inereased to adult level by day 20, at which .

they persisted tlu'oughout adulthood. The. pereentages of SP-IR eells in the cervical and

lumbar dorsal root ganglia, and in the trigeminal ganglia 'l'cre signi Iicantly higher in

transgenie miee than in controls. Moreover, SP-IR sensory ganglion eclls in transgenie

mice were more intensely stained than in eontrols. Therefore. we eonclude that

neuropeptide containing sensory neurons responded to the over-expression ofNGF in

the myelinating oligodendrocytes in the CNS of transgenic mice. Our results aiso

suggest that the SP-IR libers which normally occuITed in the white matter of the CNS

during early development were induced to sprout by the over-expression ofNOF during

the postnatal period, thus beeoming ectopie fibers in transgenie miec. ln adulthood, the

maintenance ofthese ectopie fibers 'l'as independent ofNOF ovcr-exprcssion.
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INTRODUCTION

It has been noted that nerve growth factor (NGF) interacts specifically with

substance P (SP) and calcitonin gene-related peptide (CGRP) containing small and

medium size sensory neurons during embryonic devclopment and in the postnatal period

[lor revicw, sec (Lewin and Mendell, 1993)]. However, the eftècts ofNGF on sensory

neurons vary with diffcrent developmental stages. In el11bryos, sensory neurons,

particularly those which containSP and CGRP, are critically dependent on NGF for

survival and di Ilèrentiation. This NGF dependence was evideneed by classieal studics

in whieh pril11ary sensory ncurons were deprived of NGF, through either systemic

administration of anti-NGF antibodies or autoiml11unization (Levi-Montalcini and

Angcletti, 1968; Gorin and Johnson, 1979; Aloe et al., 1981). More recently, this critical

NGF dependence of the developing sensory neurons has been substantiated by studies

which, using homologous recol11bination, depleted NGF (Crowley et al., 1994) or the

high aftinity NGF receptor, trkA (Smeyne et al., 1994) in transgenie mice. Ail these

studies have shown that deprivation of NGF or its receptors at an embryonie stage

aboli shed ail, or a large portion, of the small size neuropeptide-containing sensory

ncurons and led to the loss or reduction ofnoeiception. Conversely, the over-availability

ofNGF at embryonic stages resulted in excess of sensory neurons (Henderson et al.,

1994; Albers et al., 1994), hyperinnervation ofCGRP-immunoreaetive (IR) fibers in the
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skin (Albers et al.. 1994) and conscqu~nt hypcrnlgcsia lDa\'is d al.. Il)\).,) .

ln the nconatal pcriod, dcpri\'ation ol'NCIF r~sults only in thl' dl'ath "l'a smal\

number of the smal\ sizc sensory neurons (Yip ~t aL, 1l)~4; Ilulsd'llSl'h l't al.. 1\)~7:

Lewin et al.. 1992b), and in a reduction ol'SI' contents 0l'sl'nsl1ry nl'urons lUlll'n l't aL,

1980), Administration of excess NOF to n~mmtal or mature animais Î1lCrc'asc'd SI'

contents (Ollen et aL, 1980) and gene expression lV~dder et al.. Il)\)~), ami bmught

about a protbund behavioral hyperalgesia (Lewin et al.. ll)l)~), These lines ol'e\'id~nee

indicate that NOl' modulates the phenotypes ofsensory neunms aller birlh,

Wc recently conununicated that the endogenous over-expressi"n ofNOF in the

white matter oftransgcnie mice resulted in an abnornmlterminalion pallern ofprlmary

sensory libers in the CNS (Ma et aL, 1995b), For the generution 01' this trunsgenie

mouse model, fragments of 1.3 kb 01'5' and 2,1 kb ol'the 3' sequences n'om the myelin

basic protein (MBP) gene were chosen as the regulatory clement to promote chicken

NGF cDNA expression throughout the CNS, Becausc ol'the nalure ol'the promoter, the

expression of chicken NGF was restricted to the postnatal period 10 llvoid

developmental defects. In these transgenic mice, NOF inununoreactivity was detected

in myelinating oligodendrocytes throughout the white mallcr of the spinal cord 01'20­

day-old and 2-month-old animais (Ma et al., 1995b). Moreover, we also observed

ectopie SP- and CGRP-IR sensory fibers in the white matter orthe spinal cord. In the

present study we investigated the temporal and spatial expression 01' NOF

immunoreaetivity in myelinating oligodendroeytes in the CNS ofthis transgenie mouse

model to assess the in vivo effeets ofNGF over-expression on sensory neurons in the
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CNS in th~ ~arly postnatal stages. We extended our investigation by studying the time

~()Urs~ and distribution patterns ofNGF-IR oligodendroeytes and ectopie Sr-IR Ilbers

in th~ CNS ()fth~s~ transg~nie mice.

MATERlALS AND METI-IüDS

NG F :md SI' immunostaining in the CNS of transgenie and control miee

Ali animais \Vere li'mu mouse strain C3B6S 1. Forty-live homozygous and

heterozygous transgenic mice of either sex l'rom line 414 \Vere used. The ages of

transgenic mic,:: \Vere postnatal day 0, day 5, day 10, day 15, day 20, 2 months, 4

months, 6 months and 12 months. Age-matched non-transgenic mice \Vere employed

as controls. Ali animais \Vere anesthetized \Vith Equithesin (4 ml/kg, i.p.) and perfused

tl'Unscardially \Vith a mixture of 2% paraformaldehyde and 0.2% p-benzoquinone in

0.075M phosphate buffer (PB) (pH 7.4) for 30 minutes. The \Vhole brain and the spinal

cord \Vcre removed, postlixed in the same Iixative for 2 hours and then inliltrated

overnight in 30% sucrose in 0.1 M PB at 4°C. Most of the braill and the spinal cord

segmcnts l'rom cervical, thoracic and lumbar levels were cut on a cryostat transversely,

50 ~LlU thick, and collected as free-floating sections in phosphate-buffered saline with

0.2% Triton X-IOO (PBS+T). Some of the brain and the spinal cord segments were cut

parasagitally; one Imlf of the sections was processed for NOl' im111unostaining, while
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the other hall' \Vas used for SI' immunostaining.

For NGF immunostaining, sections \Vcre tirst incubatcd in 1.5'~·~1 normal goal

serum in PBS+T for 30 minutes to block non-specilic staining. Thcn scctions \Vcrc

incubated in an anti-mouse NGF antibody (1: 1000, kindly providcd by Dr. J. Conncr.

San Diego) for 72 hours. An Elite ABC kit (Vector) \Vas subscquently uscd according

to the manufacturer's instructions. In short. sections \Vere incubatcd in biotinylutcd goat

anti-rabbit antibody (1 :200) and ABC complex (1 :50) for one hour cach. at l'Oom

temperature. Finally, sections were reacted with 0.06% 3,3'-diaminobcnzidinc

tetrahydrochloride (DAB, Sigma) and 0.03% hydrogcn pcroxidc dissolvcd in 1'8S+T.

Between incubations, sections \Vere extensively rinsed in P8S+T.

For SI' inUllunostaining, a bi-specitic monoclonal antibody. anti-SP/anti­

horseradish peroxidase [code P4C1; (Surcsh et al., (986); Mcdicorp. Canada] was uscd.

This antibody recognized both the antigen, SI', and the marker, horscrndish peroxidase

(HRP). Sections were incubated in P4C 1 overnight at 4"C. Subsequent incubations were

performed at room temperature. Following two washes in 1'8S+T. ail sections were

incubated in 5 ~lg/ml of HRP (Sigma type VI) in PBS-+T for one hour. Subsequently,

sections \Vere rinsed in PBS+T and reacted \Vith DAB in PBS+T. Finally, the free­

floating sections \Vere mounted on gelatin-subbed slides. Ali sections \Vere further

dehydrated in ascending alcohols, cleared in xylene, and cover slipped \Vith Entellan (E.

Merck).

SP immunostaining of ecUs in primary scnsory ganglia
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Four male homozygous and heterozygous transgenic and 4 male control mice,

3 months old, were anesthetized with Equithesin (4ml/kg, Lp.) and perfused with 4%

paraformaldehyde in 0.1 M phosphate bul'fer for 30 minutes. The cervical and lumbar

dorsal root ganglia (DRG), and the trigeminal ganglia l'rom both transgenie and control

miee were removed and postfixed in the same fixative for 2 hours. Subsequently, ail

specimens were infiltrated in 30% suerose in 0.1 M PB at 4°C. Ali the DRG and the

trigeminal ganglia were eut serially on a cryostat at a thiclmess of 10 ~1l11. Sections were

mounted alternatcly on two sets of gelatin-subbed slides. The mounted sections were

air dried and thoroughly washed in PBS+T. Sections underwent SP immunostaining as

mentioned above with the anti-SP/anti-I-IRP bi-specifie monoclonal antibody. After SP

inlll1unostaining, one of the sets of seriai sections was counter-stained with 1% cresyl

violet. Ali sections were dehydrated in ascending akohols, cleared in xylene, and cover

slipped as described above.

Cupsuicin trcutrncnt

Four 3-month-old male homozygous transgenic miee fromline 414 and 4 control

mice were used. Before capsaicin treatment, aIl animaIs were anesthetized with an

intramuseular il~ection.of ketamine (100 mg/kg) and acepromazine (2.5 mglkg).

Atropine (0.04 mg/kg) was administrated subcutaneously 15 minutes priOf to the

capsaicin. Three transgenic and control mice were injected subcutaneously with

capsaicin (50 mg/kg, Sigma) and one mouse ofeach type was injected with solvent only

to serve as control. l'ive days later, this procedurè was repeated. Ten days after the first
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il~iection, ail animaIs \Verc anesthetized \Vith Equithesin and perfused intraeardially \Vith

4% paraformaldehyde in 0.1 M PB (pl-I 7.4) and the brainstem. cerebellum. spinal eords

and the trigeminal ganglia were removed. Ail tissues \Vere postlixed in the same Iixative

for 2 hours and intiltrated overnight in 30% sucrase in 0.1 M PB at 4"C. Subsequently.

the brainstem, the cerebellum and the spinal cord segments \Vere cut transversely on a

cryostat at a thickness of 50 ~Llll. FortY-~Llll-thick sections \Vere cnt Ill\' the trigeminal

ganglia. The free-floating sections \Vere incubated overnight at 4"C in an anti-SI'/anti­

!-IRp _bi-specific monoclonal antibody and proccssed lor the demonstration of SI'

immllnoreactivity as described above.

NGF immunostaining fOl' c\cctron microscopic obsl~rvation

Two male transgenic mice, at the age ofpostnatal day 5, \Vere anesthetized \Vith

Eqllithesin (3 ml/kg, i.p.) and perfused \Vith a tixative containing 3% paralormaldehyde,

0.1 % gllltaraldehyde and 15% satllrated picric acid (v/v) in 0.1 M PB (pH 7.4) lor 30

minutes, followed by pertllsion \Vith the same !ixative mixture without glutaraldchyde,

and finally with 10% sucrase in 0.1 M PB, for 30 minutes each (Ribeira-da-Silva ct al.,

1993). The cervical spinal cord was removed and cryoprotected in 30% sucrasc in 0.1 M

PB. The follo\Ving day, segments C4-C7 of the cervical spinal cord wcre snap frazcn

by immersion in liquid nitrogen, and thawed in 0.1 M PB at 25"C. Fifty ,.ull-thick

sections were cut on a Vibratome, treated for 30 minutes in 1% sodium borahydridc in

phosphate-bllffered saline (pBS) and then rinsed several times in l'ES until ail bubblcs

disappeared (Kosaka et al., 1986). The sections were incubated in thc anti-mousc NOF
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antibody mentioned above at the dilution of 1:1000 for 72 hours. An Elite ABC kit

(Veetor) was used aeeording to the manufaeturer's instruetions. Finally, the DAB

reaetion was earried out with double intensifieation (Adams, 1981). Triton X-I 00 was

omitted from ail steps. Afier the DAB reaetion, the tissue was rinsed several times with

PBS and then osmieated for 1 hour in 1% osmium tetroxide in 0.1 M PB at 4°C.

Subsequently, the seetions were washed twice with distilled water, dehydrated in

ascending concentrations ofalcohol, and flat embedded in Epon between thick acetate

foil and plastic coyer slips. After polymerization of the Epon, the sections were

examined by light microscopy. The selected fields of the white matter of the ventral and

lateral columns of the spinal cord were trimmed and re-embedded for ultrastructural

examination. The non-counterstained ultrathin sections were observed with an electron

microscope (Philips 410).

For the detection of SI' and CGRP in1l11Unoreactivities at the electron

microscopy level, a post-embedding immunogold protocol was used for ultrathin

sections previously processed for NGF il11l11unocytochemistry as described above.

Ultrathin sections were collected onto fomlVar-coated nickel grids and incubated in the

primary antibody overnight al roOl11 tel11perature in a hUl11id chamber. The primary

antibody was either a rabbit antibody against rat CGRP (1 :2000, Peninsula) or a rat

monoclonal antibody against SI' (1: 10, (Cuello et al., 1979». Subsequently, sections

were incubated in the secondary antibody for 1 hour at room temperature. The

secondary antibody was either a gold-conjugated goat anti-rabbit IgG (1 :20, Biocell) or

a gold-conjugated goat anti-rat IgG (1:20, Biocell). The size of the goId particles was
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10 nm. Subsequently, sections \Vere rinsed thoroughly in BSA-Tris and distilled \Vater,

contrnst stained \Vith manyl acetate and lead citrate, and examined under the elcctl'On

111lcroscope.

QU:lDtitativc amllysis

A) Number ofNGF-IR oligodendrocvtes in the white malter of the spinal cord

The numbcrs ofNGF-IR oligodendrocytcs \Vere counted directly under the

lightmieroscope in both cervical and thoracic spinal cord sections n'omtransgenic micc

aged from postnatal day 0 to 6 months. 'l'en sections ti'OI11 the cervical region and 10

from the thoraeie \Vere counted, respective1y, for each animal. Five transgcnic and livc

control mice were used for each age group. The mean numbcrs of NGF-IR

oligodendrocytes per section were determined for each age group.

B) Number of intersections ofectopic Sr-IR libers in the white matter of the spinal cord

Quantification was carried out by counting directly the total numbcrs of

intersections of SP-IR fibers with a line drawn along the periphery of the spinal cord.

Sections obtained from transgenic mice aged l'rom postnatal day 0 to 12 months and

control mice aged from postnatal day 0 to day 10 were used for this quantification. The

counting was done for 10 cervical and 10 thoracic sections, respectively, l'rom each

animal. Five transgenic mice and five control mice were used in each age group. The

mean number of intersections pel' section of ectopic Sr-IR fibers were determined for

each age group. Statistical comparisons of the mean number of interscctions pel' section
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bctwccn transgcnic micc and controls was carricd out using Student's t-test. The

significancc levcl was sct at P<O.OS.

C) Percentages of SP-IR neurons in the total numher of neurons in primary sensory

ganglia

SP-IR and non-inul1unoreactive cells were counted directly under the light

microscopc in sections from the cervical and lumbar DRG, and from the trigeminal

ganglion of four transgenic and four control mice. Two cervical and two lumbar DRG

Irom cach animal were used for counting. Six sections were counted for each gm1glion.

Sections from one trigeminal gm1glion !Tom each animal were counted. The percentages

of sr-IR ncurons in the total number ofneurons per section were thus determined. The

.mcan percentages of Sr-IR neurons in the cervical and lumbar DRG and in the

trigeminai ganglia from transgenic mice and controls were compared, using Student's

t-test. The signiticance level was set at r<o.os.

D) Size ft'eQuency distribution of Sr-IR neurons in primat:)' sensory ganglia

The soma areas and average soma diameters were measured for Sr-IR neurons

from the cervical and lumbar DRG and the trigeminal ganglia oftransgenic mice and

controls. The measurements were made using an image analysis system (MI, Imaging

Research Inc., St. Catharines, Ontario, Canada), with the aid of a light microscope

(Olympus) coupled to a black and white CCD camera. One hundred Sr-IR cells from

each oftl1e cervical and lumbar DRG and the trigeminal ganglia were measured for each
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animal. Four transgenic animais and four contrais \Vere used. ('ells \\'CI'e cl1nsidcrcd as

small size neurons \Vhen their average soma diameters \Vere bclo\V 15 ~1111. IVlediul11 sizc'

neurons had average soma diameters Ji'mll 15 ta 15 ~1I11. Large size ncurl1ns had averagc'

soma diameters larger than 15 ~1Il1. The mean perccntagcs of SP-I R cclls in dil1l:rc'l1t

ranges of average soma diamctcr \Vere compared bet\Vcen transgenie mie<: and conlrols

using Student's t-test. Significance levcl \Vas set at P<O.05.

RESULTS

The generation and expression orthe NOF transgene, and the phenotypie eL1\:els

in the adult transgenic mice ofthis Hne have been reported previollsly (Ma ct al., 1995).

In this study, \Ve addressed developmentally the in vivo NOF transgene expression ami

the consequences of this expression on NOF responsive sensory neurons, On gross

examination, we did not detect any differcnces in the appcarances or lhe brain, the

spinal cord, the trigeminal ganglia and the dorsal root ganglia between transgenie and

control miee.

The spatial and temporal expression of the chieken NGF transgene in myelinating

oligodendrocytes in the CNS of transgenic mice

At ages 1'rom postnatal day 0 to 2 months, numerous NOF-IR oligodendrocyte

Iike cells were observed in certain specific areas in the CNS of tine ;\414 transgenic
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miee. In sharp contrast, no sueh NGF-IR oligodendroeytes could be detected in any

CNS region in controlmiee in any age group. Most orthe NGF-IR oligodendrocytes

were located in the white m'Iller of the CNS. Some of the NGF·IR oligodendroeytes

eould be lound in the white maller within certain nuclei. The topographic distribution

of the NGF·IR oligodendrocytes is shown in Figure 1. In the forebrain of postnatal day

lOto day 20 transgenic mice, NGF-IR oligodendroeytes were lound in the corpus

ealtosum, eaudate-putamen and the internai capsule. At the brainstem levcl. NGF-IR

oligodendrocytes were observed in the reticular thalamic nucleus. in the reticular

formation, pyramidal tract, spinal trigeminal tract and cochlear nuclei. NGF-IR

oligodendrocytes were also detected in the central white maller of the cerebeltum, the

cerebcllar cortex and throughout the white matter of the spinal cord. NGF-IR

oligodendrocytes in these areas of the CNS exhibited the typical morphological

c1111l'tleteristics ofoligodendrocytes, e.g. a lèw delicate and thin processes radiating lrom

a spherical or polygonal celt body (Fig. 2, tUTOWS).

Tempomlty, NGF-IR oligodendrocytes occurred in a caudo-rostral gmdient in

paraltel with the postnatal progression ofmyelination by oligodendrocytes in the CNS

(Table 1). By postnatal day 0, NGF-IR oligodendrocytes could be four.d only in the

white mallerofthespinal cord and certain regions in the pons and the medulta

oblongata. By postnatal day 2, NGF-IR oligodendrocytes were also detected in the

central white matter of the cerebeltum and the cerebeltar cortex. By postnatal day 10,

NGF-IR oligodendrocytes could be detected in the caudate-putamen in some transgenic

mice. At day 20, NGF-IR oligodendrocytes \Vere seen in ait these regions in ait the
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tmnsgenic mice examined, as illustrated in Figure L l3y postnatal day 60. howewr,

NGF-IR oligodendl'Ocytes were dramalically decreased in number in the white matt,'r

of the spinal cord. medulla oblongata, pons and eerebellum. and eould no longer b,'

llmnd at the forebmin levd, Quantitativdy. as shown in Figlll'e 3, the numbers ofNUF­

IR oligodendrocytes in the white nmtter of both the ccrvical ami thoracie regil1ns llf th,'

spinal cord oftransgenic miœ increased considerably during tbe carly postnatal period

and reached a platcau by day 10, Aner day :W, they dedined gradually ami eomplctdy

disappeared by the age of6months (Fig.3. Table 1),

Interestingly, in transgenic miœ Il'om postnatal day 0 to day 5. wc observcd not

only NGF-IR oligodendrocytes. but also NGF-IR liber-like structures in the white

matter orthe spinal cord, medulla oblongata. pons and cercbdlum (Fig..! ami 5), NGl'­

IR oligodendrocytes were scattered within the networks llmned by NGF-IR liber-like

stntctures, Some orthe NGF-IR Iiber-like structures were very long, extruding bnmchcs

into surrounding white matter (Fig, 5, arrows), ln the spinal clll'd, some ofthose liber­

like structures were seen in the ventral roots. Olhers tmvellcd tnmsversdy in the venInti

and lateral columns of the white matter of the spinal cord (Fig.5E and 51'), am! somc

extended into the gray matter (Fig,5E and 51'). No NGF-!R cell proliles were present

in the ventral roots (Fig, SE and 51', curved arrows). However, at postnatal day 0, the

NGF-IR fiber-like structures were present only in the vcntral part of thc spinal cord.

They were absent in the dorsal columns despite the occurrcnce of numcrousNGF-IR

oligodendrocytes there. By postnatal 5, both NGF-IR oligodendrocytcs and libcr-like

stntctures \Vere seen in the dorsal columns of the spinal cord. These NGF·IR libcr-!ike
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structures were still visible in some specimens from IO-day-old mice, although they

were harder to detcct than in 5-day-old animais. By postnatal day 15, the NOF-IR fiber­

like struetures were no longer detected in any of the areas where NOF-IR

oligodendrocyles occurred.

At day 5, the thickness and length ofNOF-IR fiber-like structures and of ectopie

SP-IR libers (described below) \Vere similar in the cerebellar cortex (Fig. GA and 6B)

and in the white malter of the spinal cord (Fig. GC and GD). However, this similarity

was not observcd in specimens Irom day 0 and day 2 mice, in which NOF-IR liber-like

structures \Vere thieker and longer than SP-IR libers.

Under the electron mieroscop~, NOF-IR oligodendrocytes were identified in the

white matter of the spinal cord (Fig. 7). In the cytoplasm of oligodendrocytes, NOF

immunorcactivity was particularly associated with the Golgi apparatus and

muitivesicular bodies. The NOF-IR liber-like structures seen under the lightl11icroscope

corresponded to NOF immunoprecipitates around bllndles Ofllnl11yelinated axon-like

processes (Fig. 8 A, Band C). In the dOllble-stained llitrathin sections, iml1111nogold

l'articles, representing sr and CORP iml11unoreactivities (respectively in Figures 8B

and 8C) \Vere detected in some of these small diameter llnl11yelinated axon-like

processes.

The topographie and temporal occurrence of ectopic SP-IR fibers in the CNS of

NGF over-expressing tr:msgenie mice

ln adllit transgenic l11ice, ectopie SP-IR libers were seen in the pyramidal tracts,
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reticular formation and cochlear nueIci at the brainstem leve!; in the central white matter

of the cerebellum and the ccrebellar cortex; and in the white matter or the spinal eord

(Fig. 9). Ectopic fibers always occurred in bundles which consisted or thin libers

possessing numerous tiny varicosities, which could be dclected e!earl)' at higher

magnifications (see Fig. lOB). These thin fibers were eharacterized as unmye!inated

libers under the electron microscope in a prcvious study in the spinal eord (l'vIa ct al..

1995). In fact, ectopic fibcrs were detected only in the meas where NGF-I R

oligodendrocytes were also seen. However, no ectopic SP-IR libers were obser"ed in

the forebrain (Fig. 9). Figure! Qshows the ectopie Sr-IR libers in certain regions orthe

CNS ofthe transgenic mice. In the central white matter orthe cerebellum. ectopic libers

extended at raudom with no specilic orientation (Fig. [OA). Some ectopie libers

penetrated iuto the white matter of the paral1occulus. [n the cortex orthe cerebe!lum,

the ectopie libers formed bundles which penetrated externally to the sur!hcc (Fig. 10A);

the varicosities in these tiber bund[es were usually larger and more apparent (Fig. 1013)

than other regions of the CNS. In the pons, ectopie sr-IR libers travellcd transversely

a[ong the margin'ofthe pons (Fig. LOC). In the medulla oblongata, eetopie Sr-IR libers

entered the white matter [ongitudinally or ob[ique[y (Fig. 100).

In the time course study, from .postnata[ day 0 to day 5, we detected a

widespread SP-IR tiber network in the gray and white matter or the pons, medulla

ob[ongata and spinal cord of both transgenic mice and controls. I-Iowever, sr

immunostaining was more intense in specimens from transgenic mice than l'rom

contro[s. Sr-IR fibers formed thin bundles, from postnatal day 0 to day 2, not only in
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• the white malter of the pons, medulla oblongata and the spinal eord oftransgenie mice,

bul also in the white malter of the same regions in eontrolmiee. Figure Il shows the

extensive SP-IR liber network in the cervical spinal eord oftransgenie and control miee

Irom day 0 to day 5. Interestingly, trom day 0 to day 5, these thin SP-IR liber bundles

inereased dramatieally in number and thiekness in transgenie specimens (Fig. Il B. 110

and II F), while deereasing markedly to an almost undeteetable level in control animaIs

(Fig II A, II C and 11 E). There were no statistieally signifieant differences in the

numbers of intersections ofSP-IR liber bundles in the white matter of the cervical and

thoracic spinal cord between transgenic mice and eontrols at the ages of postnatal day

oand day 2, in contrast to postnatal day 5 and day 10 where those found in transgenic

mice were signilicantly higher (Fig. 12).

By postnatal day 5, SP-IR fibers in the white matter of transgenic mice were

. more numerous and làrmed thicker bundles than at carlicI' ages. As very tèw SP-IR

libers were deteeted in the white matter of control mice older than day 5, wc eonsidered

these thick SP-IR fiber bundles in the white. matter of similar transgenic miee older than

5 days as ectopie fibers.

QU<U1titatively SP-IR fibers in the white matter ofthe cervical and thoraeie spinal

cord inereased significantly after birth and reaehed .adult levels by day 20 (Fig. 13).

Then, the number of ectopie SP-IR fibers remained constant until 12 months, the oldest

age studied. The ectopie SP-IR fiber bundles grew in the thickness, reaehing their

thickest point between 2 to 4montl1s, after which they progressively thinned upto the

tinal time point studied (12 months).
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• Incrcascd numbcrs of SI'-IR cclls in primury scnsory gnnglin of tl"llnsgcnic miel'

SI'-IR cells in the cervical and lumhar DRO and the trigeminal ganglia of

transgenic mice (Fig. 14B and 14D) were more intensely slained and more IHlml'I'l\US

than in controls (Fig.14A and 14C). Quantitative analysis revealed that the pl'reentages

ofSI'-IR cells increased signilicantly in the cervical and lumbar DRO ami the trigeminal

ganglia of transgenic mice. when compared with controls (Fig. 15). 8ize Il'equeney

distribution analysis did not detcet any signilicant difference in 81'-1 R neul'l\ns in the

cervical and 1umbar ORO and the trigemina1 ganglia bet\Veen transgenie miel' ami

controls (Fig.16). Most ofthc SP-1R ganglion cells were \Vilhin the small size range:

only a smail proportion of the cells \Vere within the medium size range (Fig. Hi).

Effccts of cnpsaicin trcatmcnt

Following capsaiein treatment, ectopie SP-IR libers \Vere no longer detected in

the cerebellum, pons, medulla oblongata (Fig. 17B and 17D) and spinal cord of

transgenic mice; vehicle-treated animaIs \Vere not similarly allècted (Fig. 17A and 17C).

Furthermore, eapsaicin treatment deereased markedly the numbers ofSP-IR cells in the

trigeminal ganglia oftransgenic mice (Fig. 171'), compared to vehicle-treated transgenie

animais (Fig. 17E). In eapsaicin-treated transgenic and in control specimens, the SI'

immunoreaetivities in the dorsal hom of the spinal cord and of the trigeminal nucleus

eaudalis were reduced, as previously reported (Jessell et al., 1978; Nagy ct al., 1980;

Jancs6 et al., 1981; Priestley et al., 1982a).
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I>eteetion of NGF-IR small glia-like eells in the CNS of both transgenie and control

miee during neollatal period

ln the specimens l'rom both transgenic and controlmice nged n'om day 0 to day

10, NGF-IR small glia-like cells were detected in the gray matter and white matter of

the ventral part of the lorebrain, as weil as in the brainstem, cerebellum and spinal cord.

These cells possessed a small cell body and a few processes giving rise to several

multiple short branches (Fig. 18), and were considerably smaller than the NGF-IR

. oligodendrocytes (Fig. 180). At postnatal day 0, these cells were most apparent in ail

of the above regions, progressively decreasing in quantity by day 10, and disappearing

entircly by day 15 in al! regions of the CNS ofboth transgenic and controlmice.

DISCUSSION

Topographie and temporal expression of the NGF transgene

We demonstratedin the present study that, under the control of the 1.3 kb 5' and

2.1 kb 3' sequences of the MBP promoter, NGF was expressed in oligodendrocytes

located in the eaudate-putamen,· corpus eal!osum, retieular nucleus of the thalanms,

central white matter of the cerebel!um, cerebel!ar cortex, trigelilinal tracts, pyran1idal

tracts, eoehlear nuclei, reticular formation of the brainstem, and white' matter of the

spinal eord. The expression ofehick NGF immUlloreaetivity in this study was tissue and

ccl! specifie, since NGF immunoreaetivity was restIieted to the oligodendroeytes in the
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white matter of the CNS oftransgenic miec. This tissue and cell spedlic expression of

NOl' immunoreactivitl' was likcll' detenllined bl' the nature of the r,,1I31' promoter.

Previous studies using 0.63 kb to 4.2 kb MEl' promoter lhtgments ail nlikd ln

direct Schwann ecll specilic transcription in transgenic mice (Readhcad et al.. 1987:

Gow et al.. 1992: l'oran and l'eterson, 1992: Ooqjet-Zalc et al.. 1(93). Oligodendrneytes

nonnally expressed MBp at levels several fold higher than that expressed bl' Schwann

cells. The promoter used in this studl' lacks upstremll regulatorl' clemenls which mighl

be required for MBp expression in Schwann cclI. This mal' exp!ain the Iack of NOl'

expression in Schwann cclls in pcripheral nervous tissues. Indeed, our' NOl'

inununostaining failed to detect any NOl'-IR cells in periphcral nerves. Thus, NOF

expression was restricted exclusivell' to the CNS. Although inUllunostaining of

oligodendrocyte-specific markers was not carried out, we presume that the numerous

ceUs with intense NOl' immunoreactivity \Vere oligodendrocytcs, based on thdr

morphological characteristics and distribution pall~rn. In our study, NOF-IR

oligodendrocytes appeared only in the~vhite matter of severa! regions in the CNS of

transgenic mice. This spatial specificity oftransgene expression is also consistcnt \Vith

several reports of expression in oligodendrocytes of a bacterial reporter gene (p-

galactosidase) under different fragments of the MBp promoter, varying lj'OI11 0.63 kb

to 3.2 kb in size, in transgenic nl0dels (Miskiminset al., 1992; Oo\'! et aL, !992; Foran
•
~~~':-,~-

and Peterson, 1992; Ooujet-Zalc etaI., 1993).

In the present study, the developmental expression of NOl' immunoreactivity

in the CNS of transgenic mice foUowed ~ caudo-rostral gradient. At birth, NOr-IR
'_F
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oligodendroeytes appeared in the white matter ofthe spinal cord, medulla oblongata and

pons. By day 2, they began to appear in the central white matter of cerp.bellum and the

ecrebellar cortex. By day 10, NGF-IR oligodendrocytes could be detected in the the

calldate-plltmnen of some transgenic mice. This pattern ofdevelopment is in agreement

with previous stlldies oftransgenic mice using MBP promoters ofvarious gene sizes

(l'oran and Pctcrson, 1992; Goqjet-Zalc ct al., 1993). Although we did not examine

transgcnic mice at cmbryonic stages, we have detected NGF-IR oligodendrocytes as

carly as postnatal dayO in the white malter of the spinal cord, medulla oblongata and

pons. This is consistent \Vith previous studies (Foran and Peterson, 1992; GOl\jet-Zalc

ct al., 1993) in \Vhich tile bacterial reporter gene expression in oligodendrocytes started

perinatally. In our transgenic mice, it is Iikely that oligodendrocytes begin to produce

NGF shortly before birth, becauseofthe nature ofMBP promoter. At birth, NGF-IR

oligodendrocytes mld fibers in the white matter of the CNS were present in only limited
, .

numbers; aller birth, more oligodendrocytes \J~re driven to produce NGF by the MBP

promoter, to reach a plateau level on day 10.

Interestingly, in addition to NGF-IR oligodendrocytes, we also detected NUF-IR

liber-like structures in several CNS regions in transgenic mice from postnatal day 0 to

5, which were absent in controls. Surprisingly, such fiber-like structures displayed a

continuous immunostaining for considerable distances, as iftheyrepresented bundles

of immunostained a.xons rather than processes of immunostained oligodendrocytes.

Such structures \Vere invcstigated by electron microscopy at postnatal day 5 and were

shown to represent immunoprecipitates in between and on the membranes of profiles
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that apparently correspondcd to unl11yelinated libers organized in bund!cs. Beeause !css

than ideal conditions of lixation had to bc used to allo\l' the demonstration of NOl'

immunoreactivity at the ultrastructural level, the morphologieal preservation of the

tissue was notsumcient to allo\\' us to identify \\'hether the staining around the libers

\l'as intTacellular, presumably in oligodendrocyte processes, or extraeellular. Il is 1ikcly

that pmi of the NOl' iml11unoreactivity corresponded to extracellular NOl' rcleased !i'om

nearby oligodendrocyte processes. However, part of the staining \l'as deteeted on the

membranes of the unmyelinated libers themselves. We can conclude that the NOI'-IR

liber-like structures seen under light microscopy eorrespond to NOl' immunoslaining

on and around ulill1yelinated libers.

As the light microscopic appearance ofboth NOl' liber-like structures and ofS!'­

IR liber bundles in the white matter was làirly similar at postnatal day 5, 11ut not at .

earlier ages, we decided to eany out a double-Iabeling study at the ultrastruetural leve!.

This revealed that, in the lateral funiculus, some ofthc unmyelinated libers surrounded

by NOl' immunoreactivity, werethemselves immunoreactive for sr or CORI'.

Although wc were only able to detect a few such libers, this observation clearly

demonstrates that some of the NOl'-IR liber-like structures seen under light microscopy

are equivalent to the SP-IR ectopic liber bundles. This linding is important as almost

ail SP-IR and most of the CORP-IR ORO neurons express high amnity NOl' receptors

(Verge et al., 1989a). As the ectopic SP-IR libers were abolished by capsaicin treatment

(see Results), they are likely of sensory origin (Holzer, 1988). lt is tempting to

speculate that the NOl' immunoreactivity around SP-IR libers represents NOl' released
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Irom ncarby oligodcndrocytc processcs and that the NOF inununostaining on the

membranes of such sr-IR libcrs represents NOF bound to NOF receptors, prior to

internalization and retrogradc transport to the ccII body in the ORO. The reason why

such NOF-IR liber-like structures are hard to detect after day lOis at present unclear,

but wc can speculate that it may result l'rom a faster uptake ofNOF by slightly more

mature libers, preventing the accumulation of NOF at levels detectable by

immunocytochemistry.

The observation of NOF-immunoreactivity around some unmyelinated fibers

which wcre inul1unoreactive for sensory neuropeptides at postnatal day 5 is very

important, as these lllmngements may indicate sites ofactive sprouting ofsensory fibers

attractcd to areas of higher NOF concentration. Such NOF accumulations in the white

matter of transgenic mice might induce normally occUlTing, isolated Sr-IR fibers to

sprout into bundles of ectopic fibers. In contrast, Sr-IR fibers quickly disappeared in

the early postnatal period from the white matter ofcontrolmice, due to the lack ofNGF

over-availability. This issue is discussed in detail in tlIe following section.

Certainly, some of the NOF fiber-like structures may not be related to sensory

libers, since neuropeptide immunostaining was restricted to a limited number of

unmye1inated fibers. NOF-IR fiber-like structures were located primarily in the ventral

columns at postnatal days 0 ll11d 2 ll11d did not correlate with the Sr-IR fibers. A possible

explanation is that part of the NGF-IR fiber like structures correspond to

immunostaining associated with oligodendrocyte processes surrounding fiber bundles

that will be finally myelinated.
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l'rom nearby oligodendrocyte l'rocesses and that the NGF immunastaining on the

membranes of such SP-IR fibers represents NGF bOlll1d to NGF reeeptors, l'rial' ta

internalization and retrograde transport to the cell body in the DRG, The reasan wh\'

such NGF-IR fiber-like structures are hard to detect aner day lOis at present uncle;\I',

but we can speculate that it may result l'rom a l'aster uptake afNGF by slightly mare

mature tibers, preventing the accumulation of NGF at lcvcls deteetable by

immunocytochemistry,

The observation ofNGF-immunoreactivity around some unmyclinated libers

which were immunoreactive for sensory neuropeptides at postnatal day 5 is very

important, as these alTangements may indicatesites of active sprouiing ofsensory fibers

attracted to areas ofhigher NGF concentration, Such NGF accumulutions in the white

matter of transgenic mice might induce normully occurring, isolatcd SP-\ R fibers lo

sprout into bundles of ectopic fibers, ln contrast, SP-IR fibcrs quickly disappcured in

the early postnatal period l'rom the white matter of controlmice, due to the lack ofNGF

over-availability, This issue is discussed in detail in the following section,

Certainly, some of the NGF fiber-like structures may not be related to sensory

fibers, since neuropeptide immunostaining was restricted to a limited number of

unmyelinated fibers, NGF-IR fiber-like structures were located primarily in the ventral

CO\UI1lI1S at postnatal days 0 and 2 and did not cOlTelate with the SP-IR fibers, A possible

explanation is that part of the NGF-IR fiber like structures correspond to

immunostaining associated with oligodendrocyte processes surrounding fiber bundles

that will be finally myelinated,
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Reponse of SI' eontaining primary sensory ganglion cells to NG F expression in

rnyelinating oligollenllrocytes

ln a previous study (Ma et al., 1995), we described ectopic sr- and CGRr-IR

libers in the white matter of the spinal cord ofadult transgenie miee. At the EM level,

the sr-IR 11bers were eharaeterized as unmyelinated fibers occurring in bundles. AI'ter

eapsaicin treatment, the ectopie Sr-IR libers disappeared l'rom the spinal cord,

conlirming thcir primary scnsory origin. Bere, we report that there are also ectopic sp­

IR libers in other areas of the CNS oftransgenic mice. Sr-IR fibers were observed in

the white matter of the spinal cord, medulla oblongata, pons and cerebellulll of

tmnsgenie mice l'rom postnatal day 0 to 1 year of age. After capsaiein treatment, these

ectopic libers were abolished l'rom the white matter ofthese regions, confirming their

sensory origin. No such fibers were found in the forebrain oftransgenic mice.

A. sr-IR libers in the white matter of the CNS in neonatal transgenic and controllllice

Unexpectedly, Sp-IR fibers were also found in the white matter ofthe CNS of

control mice l'Tom postnatal day 0 to day 2. The distribution pattern was silllilar to that

observed in transgenic mice. sr-IR fibers in the white matter of control mice decreased

markedly tl'om day 2 to day 5. By day 10, no obvious Sr-IR fibers could be detected in

the white matter of controls, except for those crossing !Tom the dorsal roots and

localized in Lissauer's tracts. An earlier study (Pickel et al., 1982) showed that

longitudinal Sr-IR fibers were present in the white matter ofmedulla and spinal cord

190



1

of the l'etuI rut (EI5-18), but not in adult aninmls. Thcrcl'on:, thcsc SP-IR tibL'rs in thL'

white matter of nconatul trnnsgenic and controlmicc arc Iikcly prescnt bcrorc birth.

These fibers might constitutc redundant clcmcnts which arc probably climinatL'd Llming

the early postnatal stage, an issue which rcquircs thrlhcr investigation.

The occurrence ol'SP-IR libers in the white matter ol'both lI',msgcnie micc aml

controls is closely rclated to NGF, givcn the known scnsitivity ol'SP containing SL'nsory

neurons to NGF during early development (Olten ct al.. 1980: Kcsslcr and l3Iack, [980:

Olten and Lorez, 1983). More importantly, during the carly postnatal pcriml. NOl' was

shown to up-regulate SI' gene expression and protein biosynlhcsis in rat scnsl1l'Y

neurons ill vitro and in vivo (Vedder ct al., 1993). But whcre in the CNS is NOl'

produced at this stage? Interestingly enough, we did tlnd NGF-m. sma\l glia-Iike ce\ls

throughout the spinal cord, brainstem, cerebe\lum and ventral parl or l'orebrain .tÎ"llm'

postnatal day 0 to lOin both control and transgenic mÎce. Such ce\ls \Vere particularly

abundant at postnatal day 0 to day 2. These NGF-IR snm\l cells possessed glial

characteristics, and were considerably smaller than NGF-1R oligodendrocytes. The

characterization of these cells is beyond the scope of this study. A previous sludy

described NGF iIllmunoreactivity in the gray matter and white matter of the spinal cord,'

medullary fiber tract and cerebellum of E15 and 16 day mousc CNS (Finn ct al., 1987).

This study is consistent with our observation. In vitro and in vivo studies (Lu ct al.,

1991) also suggested that glial NGF gcne expression and protein synlhcsis may be

restricted to the active growth phase that nonnally occurs during carly development. In

light of these studies, we propose that the occurrence of SP-IR fibers in the white
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malter orthe spinal cord, brainstemand cercbellum ol'both trnnsgenie and control mice

\Vas probably a consequence ol'high levels ol'NGF released by NGF-IR non-neuronal

eells in the above regions.

The l'unctional implication or SP..IR liber gro\Vth and sprouting during carly

dcvclopmcnt is unknown, but it is indicati've that sr containing sensory neurons arc

extremely sensitive to NGF atthis stage. A previous study showed thaltransection or

the inl'l'lIorbital ncrve in neonatal rats rcsulted in a selective survival orsr containing

trigeminat ganglion cclls (Enliejian et at., 1989). It is possible that sr containing

lrigeminal cclls could obtain NOl' n'om NOl' releasing glial cells through the sprouting

of lheir ccntralterminals in the CNS, thus being spared l'rom neuronal death.

B. Ectopie SP-IR I1bers in the white malter of the CNS ofadult trans!lenic mice

The up-rcgulalion of sr in sensory neurons by NOl' has been cOlltimled by

1ll1l11erous studies (Olten et at., 1980; Lindsay et al., 1989; Lindsay and I-Iammr, 1989;

Donnerer et al., 1992; Vedder et al., 1993). Therefore, the over-availability ofNOl' in

the CNS of lransgenic mice may explain why we detected more sr-IR neurons in

primary sensory ganglia in these animais and why these Sr-IR cells were more intensely

stained than in control mice. This would be the consequence ofhigher production ofsr

in primary sensory neurons. The increased thickness and number of sr-IR fiber bundles

which were observed in transgenic mice after day 5 probably results l'rom the sprouting

of Sr-IR libers which normally occur in the white matter only in the early postnatal

period. This 'l'as likely induced by the over-availability of NGF produced by
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oligodendrocytes. ln eontrolmicc. as no NGF ovcr-producing oligl'lkndroeytes l'xist

in the CNS. these SI'-IR libers in the white matter withdrnw aner day 5. duc to thl'

down-regulation ofNGF in the CNS whieh nonnally oecurs postnalally.

By the age oftwo months. NGF expression in mydinating oligodellllroeytes in

trnnsgenic miee is probably turned ot1'because of the nature olïl'lBl' gene espression

[101' review. see (Campaghoni. 1988)]. Grmlual down-regulation of ivllW gene

expression allcr postnatal 1 month may explain why no NGF-I R oligodendrocylcs were

detected aller twomonths ofage. I-Iowever. ectopie SI'-IR libers persisted in the white

matter of the CNS. independently ofNGF over-expression untilthe age of 12 months.

lt is likely that they persist for longer. but no older animais were studied. Sinee ectopie

SP-IR liber bundles in 12-month-old transgenie mice wen: mueh thinner than thosc in

2-month-old animais, it is possible that at this age the production of SI' was down­

regulated to a level at whieh tèwer individual SP-IR libers wen: visible in lhe bundles.

due to the lack of expression of the transgene in the CNS.

As mentioned above, ectopic SP-IR libers were not detecled in the forebrain.

The reason is not known. It may be simply because the forebrain is far away l'rom the

central targets ofNGF responsive primary sensory neurons in the trigeminal ganglia and

DRG. Such distance is probably excessive for prospective SI' containing sensory fibers

to reaeh, although NGF-IR oligodendroeytes were observed in certain forebrain regions.
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•
Table 1. Postnatal distribution ofNGF-IR oligodendrocytes in the CNS oftransgenic mice

•

Postnatal Forebrain
day

CCA CPu CAl

°
2

5

10 - -t+

15 -t+ +-t+ -t+

20 +-t+ -t+-t+ +-t+

60

180

TR

-t+

+-t+

Brainstem Cerebellum Spinal
cord

RF P STV CN

-t+ - -t+ -t+ - +-t+

-t+ - -t+ -t+ -t+ +-t+

+-t+ - +-t+ +-t+ +-t+ -t+-t+

-t+-t+ -t+ -t+-t+ -t+-t+ +++ ++-t++

-t+-t+ -t+ -t+-t+ -t+-t+ +-t+ -t+-t+

+-t+ -t+ -t++ +-t+ ++ +-t+

+ + -t+ -t+ + -t+

CCA - corpus callosum; CPu - caudate-putamen; CAl - internai capsule; tr - reticular thalamic nucleus; RF - Brainstem reticular
formation; P - pyramidal tract; STV - spinal trigeminal tract; CN - cochlear nuclei.
The density ofNGF-IR oligodendrocytes was quantitatively assessed. Results are expressed in a scale from -, not found, to 1 1 1 1 l, the
highest density observed (approximately 15 cells per 10,000 /lm 2

).
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day-old transgenic mice. At the forebrain leve\. NGF-IR oligodendrocytes \Vere I:'und

in the corpus callosum (CCA), caudate-putamen (CPu), and internai eapsule (CAl). At

the brainstem leve\. NGF-IR oligodendroeytes appeared in the retieulnr thalamic

nucleus (tr), reticular formation (RF). pyramidal tracts (l'), spinal trigeminal traet (ST\!)

and cochlear nuclei. Numerous NGF-IR oligodendrocytes \Vere present in the cerebellar

cortex, the central white matter of the cerebellum and the spinal cord. One circle

represents 4 cells counted.

1 Figure 1. Topographie distribution ofNGF-iR oligodendrocytes in the CNS l\f~O-

,
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Figure 2. NGF-IR oligoelenelrocytcs in various areas of the CNS \11' 20-daY-l1Id

1

transgenic mice. NGF-IR oligodendrocytes were delected in the caudate-putamen 1:\).

pyramielaltract at the pons Ievel (B), the central white matter of the cerebellum 1C),

trigeminal tract (0), brainstemreticular formation (E) and the white matter ofthl' spinal

corel (F). Note that the NGF-IR cells indicated by arrows exhibil the lypical

morphological characteristics of oligoelenelroeytes. Scale bars =::!5 !ll1l.
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Figure 3. Number ofNOF-IR oligodendrocylcs (mean±SElvL n=5) in the cervical

1

and thoracic spinal cords of transgenic mice at dinèrent postnatal ages. NGF-lR

oligodendrocytes were detccted by postnatal day O. and reached the maximum at day

10. Aner day 20, NOF-IR oligodendroeytes dccreased grndually in number and

disappeared completely by the age of postnatal 6 months.
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Figure 4. Micrographs at 10w magnilication showing NGF-IR oligodel1llroeytes

1

and fiber-!ike structures in severa! rcgions of the CNS of 5-dny-old transgenie mice.

Abundnnt NGF-IR oligodcndrocytes and libers were obscrvcd in the central white

matter of the cerebell1l1l1 (A), cerebral cortex (B), spinal trigeminal tract lC), and

brainstem reticular tànhation (D and E). No sllch NGF-IR oligodcndrocytes and libers

were làllnd in controls nt the snmc agc (not shown). Scalc bars =1DO ~lIn.
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and fiber-like structures in certain areas of the CNS of5-day·old transgenic mie<:, NOl"·

, Figure 5, Micrographs at higher magnification showing NGF·IR oligodendr(leytes

1 ,~

IR oligodendrocytes were seen in the spinal trigcminal tract (A). ccrcbellu\l1 (H).

reticular formation of medulla oblongata (C). and white mattcr of the cervical spinal

cord (D, E and F). Note that some of these NGF-IR fiber-like structures givcout

branches (alTows in G, D, E, and F). NGF-IR oligodendrocytcs were distributcd in the

fiber networks. Note in E and F that, although some NGF-IR fibcr-like structures were

detected, no NGF-IR cells were found in the ventral roots (curved arrows). Scale bars

=25 ~lm.

, \
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NOF-IR l1ber-like structures and SP-IR libers in the ccrebellar eorlex ami spinal cord
1 Figure 6. Similarity ofmorphologieal appearancc at the light mieroseopy kwl 01'

1

of 5-day-old transgenic miee. NOF-IR l1ber-like structures (A and C. arrows) appeared

similar to SP-IR l1bers (H and D, arro\Vs) in the eerebellar cortex (A aml H) and the

spinal eord (e and D). In the spinal eord, note that boll! NOF-IR liber-like stl'lletlll'es

and SP-IR l1bers \Vere observcdin the ventral roots (open arro\Vs). Seak bars= 25 lll\\.
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of the cervical spinal corel ora transgenic mouse at the age or postnatal day 5. A. NOF

inuullnoprecipitates wcre particlliarly associated with Golgi apparatus (open arrows) and

mllltivesiclllar bodies (arrows). B shows the lhuued area in A at higher magnilieation.

Opcn arrows indicate NGF:Î.R in the Golgi apparatlls. C illustrates DAB reaelion

proeluct tilleelmllitivesicular boelies (arrows) l'rom anolher NGF-IR oligodendroeyte.

.Scale bars = 1 ~llll for A, =0.5 ~l1U for Band C.

1 . Figure 7. Electron miciOgraphs ora NGF-\R oligodendrocyte in the white matter

1 20\
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Figure 8. Electron micrographs orNGF immunoreaetiviy in th,' white mall,'r or

1

the cervical spinal card ora transgenic mouse at the age or postnatal day5. A illustrales

the ultrastructural appeurancc or NGF-IR tiber-Iike structures s,'en under light

microscopy. Note immunoprecipitutes in betwecn and on the membranes or small

diumeter unmyelinuted axon-likc structurcs. Some orthese small unmyelinalcd libers

contuin smull clear vesicles (arrow). H and C represent double staining Illl' NGF and SI'

(H) or CORI' (C) using a combinalion or pre-embcdding and post-embedding

inllllunocytochemistry as described in Methods. Inllllunogold particles rcpresent SI' or

CGRp immllnoreactivities. Note that SI' (H) or CGRI' (C) i~nmunoreactivitics 'l'cre

detected in some of these small diamcter libers which 'l'cre surrollnded by NGF

imll111noreactivity. Arrows indicate immllnogold particlesassociated \Vith dense core

vesicles. Scale bars = 0.5 ~lll1.
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Figure 9. Topographie distributiou of ectopie SP-IR libers in the CNS or20-day-

old transgenie miel'. Ectopie SP-IR fibers were obseryed in the pyramidal tracts, lhe'

reticular formation ane! eoehlear nuciei, in the cerebellar cortex and in the central white

matter of the cerebellum, ane! in the white matter or the spinal conl. Ectopie SP-lR

libers werc not seen in the forebrain. No ectopie SP-IR libers \Vere detected in the abow

regions in control miel'. l'SV, trigeminal spinal nucleus: RF, retieular formation: p,

pyramidal tract.
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Figure 10. Ectopic SP-IR I1bers in ccrtain regions or the CNS or 2-month-l)ld

transgenic mice. A shows ectopic SP-IR I1bers in the central white malter or the

cerebellum which were arranged at random. Note also the partienlarly thiek I1ber

bundles in the cerebellar cortex. B illustrates the enlargement orthe Ihulled area in A, .

note numerous varicosities (arrow) clustcred along the I1ber bunclle. C shows

transversely oricnted ectopic SP-IR I1bers in the white mattcr or the pons; note the

branches of the fibers (arrow) crossing the midline. D shows ectopie SP-IR I1bers in the

white matter of the medulla oblongata. Scale bars = 100 ~llll.
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Figure 11. Detection ofSP-IR libers in thc white malter orthe spinal eord orboth

transgcnic mice(B. D and F) and controls (A. Band E) dming the carly postnatùl

period. Note abundant SP-IR lïnc libers in the spinal cord of newbol1l tram;genie and

controlmice. The immunostaining was more intense in transgenic specimens (H. D and

F) than in controls (A, C ar,d E). SP-IR libers wcrc prcsent in the white malter or day

o and day 2 tl'ansgenic and control animaIs. At day 5. SP-IR libers were ahnost

undetectable in the white matter of the control mouse (E). but had increased markedly

in number and thickness in the transgenic mouse (F). Scalc bars =1 00 ~ll1l.
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Figure 12. Quantification of ectopie SP-IR fibers in the white matter or the spinal

cord of transgenic and control mice in the carly postnatal period. The number or

intersections ofSP-IR fibers with the periphery of the cervical and thoracic spinal con!

of transgenic mice at postnatal day 0 and 2 did nol dilTer signilieantly Il'om conlrols

(P>0.5, Student's t-test, mean±SEM. n=5). Howcver, the values in lransgenic mice al

postnatal day 5 and 10 were signilicantly higher than in contro\s (* 1'<0.00 1, Student's

t-test, mean±SEM, n=5).
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and thoracic spinal cord of transgenic mice at dilTerent age groups. The number• Figure 13. Quantif1cation of ectopie SP-IR libers in the white m,Hter orthe cervical

•

(mean±SEM, n=5) of intersections ofSP-IR libers \Vith the periphery orthe cervica: ami

thoracic spinal cords were counted. These f1bcrs were detectcd as carly as postnatal day

oand increased gradually in numbers anerwards. The libers reached the adult levd by

day 20.
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Figul'c 14. sr-IR cells in the cervical DRG and trigeminal ganglia or ~-month·old

•

transgenic mice (B and D) and age-matehed controls (A ami Cl. sholl'ing th,' mor,'

intense staining orthose 11'0111 transgenie miee ovcr eontrols. Not,' the darker staining

of smail cells in transgenic specimens (arrows in Band D). Scalc bars = 25 pm.
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trigl'minal ganglia of transgl'nic micl' and controls. Valucs in transgcnic mÏl'c \\'CrC• Figure 15. Pl'rcl'ntages of Sl'-IR eclls in the cervical and lumbar DRCî and Ihe

•

significantly highl'r than in contrais. * P< 0.0 L Studcnl's l-lcst. mcan±SEM.IF4.
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lumbar DRO and trigcminal ganglia oftransgenie miee and eontrols. The pereentages• Figurc 16. Size frequene)' distribution analysis of SI'-IR ccIls in the cervical and

-;'

•

ofSP-IR DRG (B and C) and trigeminal ganglion l'clis (A) oftransgeni<: miee \\'L're Ill't

signifieantly different l'rom those in eontrols (1'>0.5. Student's \-lest. mean:I,SEtvl. n=-\).

Note that most SP-IR neurons in the primary sensory neurons of both transgenie and

control miee arc within the range of smail size group (mean average soma diamelers

below 15 ~lm), with only a small portion ofSP-IR neurons bc!ongs to the medium si"l'

group (mean average soma diamelers between 15 and :!5 ~lm). The si"e n'equeney

distribution pattern ofSP-IR l'clis in the lumbar DRO (C) was similal' 10 lhal observed

in trigeminal ganglia (A) in both transgenie and eonlrolmicc.
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rollowing cupsaicin trcalmcnl. EClopic sr-IR libcrs in thc ccrcbral corlcx (B) and lhe

medlilla oblongata (0) were complctely aholished in capsaicin lrcaled 4-month-old

lransgcnic micc. Howcvcr, lhcsc eClopic libers wcrc still detected in thc cerebral cortex

(A) and mcdlllla oblongala (C) orvehiele-lrealed lransgenic mice. Consistent!y, SP-IR

cclls in lhc lrigcminal ganglia wcrc considerably redllced in nllmber in a capsaicin­

trcalcd 4-month-old lransgenic mOllsc (F), compared wilh a vehicle-treated transgenic

mOllse (E). Scale bars =100 ~lIn.

• Figure 17. Deplction or cctopic sr-IR libers and Sr-IR trigcminal ganglion cclls
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transgenie (B and D) and conlrolmicc (A and C) at the age of day 5, ln A and B (from• Figure 1S. NGF-IR glia-Iike small eells in the cervical spinal cod and pons of

.' i.ii

the spinal cord), note that these (arrows) possess small eell bodies and a few proees~es

giving ri sc 'iO multiple thin branches. C and D show idcntica! NOF-IR cells (arrows) in
\

the pons oftransgenic and controlmiee. In D, note that NGF-IR oligod~ndrocytes (open

arrows) in transgenic mice are eonsiderably larger than the small glia-Iike eells. Scale

bar = 25 ~ln1.
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Chapter VII

Final discussior.,
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The studies in this thesis dealt with the innervation 1", sr-IR sensorv libers or
•. 0"

CNS target tissues in two expcrimcntalmodcls, ln thc tirst model. we addressed the

issues of how SP-IR axonal terminais are spccilically associated with neurons whieh

exhibited a characteristic nociceptive rcsponsc and how Sl'-I R axollal terminaIs internct

with CGRP, ENK am! GABA in the dorsal hom of the cat spinal corel. under normal

physiological conditions. In thc second model, we examined the possibility that Sl'-IR

sensory fiber innervation of the central target tissues might be ml1niplilated by the

abnoTIllal over-expression ofNGF in the CNS oftransgenic micc. ln this chapter. 1will

discuss the major findings obtained lIsing the two experimental parndigms. and the

future studies in whieh these findings ean be integrated. 1will also discllss an hypothetic

mode! of the transmission and modulation ofnociceptl'1n in the cat dorsal hom.

1. Sr-IR tiber innervation ofthe dorsal horn of the cM spinal cord

A. Summwy ofmajorfindings

As in a previous study from our laboratory (De Koninck el al., 1992), all

nociceptive dorsal horn neurons (noeieeptive specifie and wide dynamic range) included

in this thesis exhibited a eharaeteristie type of noeieeptive response, a slow and

pro!onged depolarization after the end of the noxious stimulation. This noeieeptive

response was bloeked by SI' (NK-l) receptor antagonists. Our quantitative data showed

that the densities of SP-IR boutons apposed to the cell bodies, proximal dendrites and

distal dendrites ofnocieeptive specifie neurons were signifieantly higher than those of

non-nociceptive neurons. The values for the cell body and the proximal dendrite regions
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ofnociceptive specifie neurons were significantly higher than for wide dynamic range

neurons, but no sigo:ificant difJèrenees were detected in the distal dendritic region. The

values for the proximal and distal dendrite regions ofwide dynamic range neurons were

significantly higher than those of non-noeiceptive neurons, but this was not the case for

the cell body region. The percentage~ of SP-IR boutons apposed to the cell bodies,

proximal dendrites and distal dendrites ofnociceptive neurons were significantly higher

than those of non-nociceptive neurons. FurthetTIlore, the percentages of SP-IR boutons

apposed to the tluee regions of nociceptic specifie neurons were significantly higher

than those of wide dynamic range neurons. In wide dynamic range neurons, the

percentages of SP-IR boutons apposed to the distal dendrites in areas with intense SP

inuTIunoreactivity were significantly higher than those located in areas with scarce SP

immunoreactivity. In non-nociceptive neurons, the values for the distal dendrites were

very low, even in areas of intense SP immunoreactivity. About 30-35% of the SP-IR

boutons apposed to nociceptive neurons co-localized CGRP immunoreactivity,

indicating that these Sr-IR boutons were of primary sensory origin.

Interestingly, ail nociceptive specifie neurons and most of the wide dynamic

range neurons possessed ENK immunoreactivity. However, none ofthe non-nociceptive

neurons were ENK immunoreactive. Axonal boutons co-Iocalizing SP and ENK

iml11unoreactivities (SP+ENK-IR) were apposed to functionally characterized dorsal

horn neurons. Quantitatively, the pereentages of SP+ENK-IR boutons apposed to the

distal dendrites ofnociceptive neurons were significantly higher than in non-nociceptive

neurons. The percentages of ENK-IR boutons apposed to the cell bodies and the
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proximal dendrites of nociceptive neurons were significantly higher than in non­

nociceptive neurons; these differences were not detected in the distal dendritic rcgion.

Non-nociceptive neurons received a considcrable number of ENK-IR ont)' boutons.

Both ENK-IR and SP+ENK-IR boutons were never found pres)'naptic to SI'-IR

boutons.

For the tirst time, a co-localization of sr and GABA inullunoreactivilies in

axonal boutons and dendrites in the cat dorsal horn \Vas found. Howcver. this co­

localization ofSP and GABA \Vas never detected in thc rat dorsal horn. SI'+GABA-IR

boutons were significant!y more numerous in lamina 1 than in other laminlle.

SP+GABA-IR boutons established synapses \,'ith either sr· IR or non-I R dendrites. The

synapses thus tormed were exclusively symmetric.

B. A putative model olnociception transmission and modlliation by SP, CGRP, ENK

and GABA in the dorsal hom olthe cat spinal cord

Based on the tindings from previous studies of our group and those included in

this thesis, it can be concluded that in the dorsal horn sr fibers innervatc spccii1cally

neurons which exhibit a characteristic type of nociceptive response. This i1nding

provides direct anatomical and physiological evido::nce that sr is a neurotransmilter in

the first central synapse ofpain pathways. Our data enriched CUITcnt availablc litcraturc

[for review see, (Otsuka and Yoshioka, 1993)].

Il has been previously reported that in cat, 80% (Garry et al., 1989) or cvcn

100% (Gibson et al., 1984) ofSP-containing DRG cells co-Iocalizcd CGR?, and also
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that many axonal boutons in the dorsal horn co-Iocalized SP and CGRP (Plenderleith

ct al., 1990; Tuchscherer and Scybold, 1989). Functionally, CGRP potentiated the

nociceptive effects elicited by SP in behavioral tests (Wiesenfeld-Hallin et al., 1984;

Woolfand Wiesenfeld-l-1a!lin, 1986). Here, we provide the first direct evidence that the

axonal boutons co-Iocalizing SP and CGRP are presynaptic to nociceptive dorsal horn

neurons. This finding indicates that a considerable number of the SP-IR boutons

originate from primary sensory afferents.

Multiple dorsal rhizotomies resulted in a dramatic reduction of opioid receptor

binding sites in the superficallayers of the dorsal horn (LaMotte et al., 1976). AIso,

opoid receptor mRNAs have been detected in DRG neurons using in Sitll hybridization

(Maekawa et al., 1994; Minami et al., 1995). These findings indicated that a substantial

number of opioid receptors are localized in primary sensory afferents and that opioid

peptides may act directly on these afferents. 1-10wever, ENK-IR boutons were never
\\

round to be presynaptic to SP-IR axons (Cuello, 1983; Ribeiro-da-Silva et al., 199Ib).

Rather, ,(high number ofaxodendritic synapses in which the presynaptic axonal

terminais were ENK il11l11unoreactive has been detected (Ribeiro-da-Silva et al., 1991 b).

Therefore, these findings indicate that opioid peptides might inhibit nociception main!y

through a postsynaptic mechanism. In this thesis, the finding that nociceptive dorsal

harn neurons contained ENK and received synapses from both ENK-IR and SP+ENK-

IR boutons lends considerable support to the theory ofa postsynaptic rnechanism in the

enkephalinergic modulation of nociception. Sorne ENK-IR boutons were detected

apposed to non-nociceptive dorsal horn neurOI1S, indicating that ENK might also play
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other functional l'oIes besides modulation of noeieeption.

The deteetion of a eo-loealization of sr and GABA immunol'eactivities in the

axonal boutons in the superiieial laminac of the spinal dorsal horn of eat but not raI

further eontributes to the concept that the modulation in the dorsal horn is extreme1y

eomplex. In a preliminary study not included in this thesis. wc fi.1und that some of these

boutons eo-loealizing sr and GABA were apposed to noeiceptive neurons. but not to

non-noeiceptive neurons (Ma et al.. 1994). It is interesting to note that bolh SI'+GABA­

IR and GABA-IR boutons were never found to be presynaptie to sr-IR boutons. The

above iindings indieate that, similar to ENK, GABA might modulate SI' mediated

nociception, mainly through a postsynaptie meehanism.

Based on results obtained using the first experimental paradigm, a hypothetieal

model is proposed here for the transmission and modulation of nociception in the dorsal

horn of the eal'spinal eord.

Following the activation of the peripheral nociceptors by noxious stimuli, the

noxious information is eonveyed by small diameter (Aô and C) primary sensory libers

to the dorsal homo This leads to the release ofglutamate, SI' and CGRI' li'om the central

terminaIs of primary sensory iibers (Battaglia. and Rustioni, 1988; De Biasi and

Rustioni, 1988; Merighi et al., 1991). The released glutamate excites nociceptive dorsal

hom neurons, resulting in an initial fast and briefdepolarization (Yoshimura and Jessell,

1989), followed by a second phase of slower responses mediated by the scnsory

peptides, particularly if the noxious stimulation persists in the peripheral tissuc. The

component mediated by SI' will become prominent in the second phase, reprcsentcd by
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a slow and prolonged depolarization after the end of the noxious stimulus. As wide

dynmnie range neurons also reeeive synaptic input lrom innoeuous primary sensory

libers, non-noxious stimulation probably influences the noeiceptive transmission of

wide dynamic range neurons, as stated by the pain theories of Melzaek and Wall (1965)

and Cerveroand Iggo (1978).

The noeiceptive neurons may be divided into several types, ofwhich J will foeus

on two. The lirst type comprises ceIls loeated mostly in lamina J, which are non-ENK-

IR and project their axons to supraspinal structures (mainly to the thalamus) (Ruda,

1986). These cells .probably contain excitatory amino acids such as glutamate. The

second type ofnocieeptive neuron is likely the one that we detected more frequently in

'\',
our sllt.:~~s and representsmostly enkephalinergie cells, either interneurons or, less

frequently, projectionneurons. Some ofthe cells of the second type may eo-loealize

ENK and sr. The faet that we detected mostly noeiceptive neurons whieh were

enkephalinergie may indicate that the second type of ceIls is more abundant than the

lirst type, an hypothesis that is in agreement with the fact that, even in lamina J, most

of the neurons are interneurons (Light et al., 1979; Cervero et al., 1979).

We can speeulate that the ENK eontained in the second type of nocieeptive

neurons is released loeally to affect the responsiveness of the nociceptive non-

cnkephalinergie projection neurons to noeieeptive information. However, some of the

ENK-JR noeiceptive neurons could also be projection neurons (Coffield and Miletie,

1987b; Coffield and Miletie, 1987a), thus exerting their inhibitory effeets al higher

levcls in the pain pathways. But more likely, GABA-JR and ENK-JR interneurons,
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throu!!,h their loenl nxonal te!'minals. exert a lilst and a sil"\' inhibito!'\' d1l'l't,. .

respectivcly. on noeiecptive neurons, SP+ENK-IR ami SP+GABA-IR intCl1ll'lll\lnS play

a role of fine tuning. through the l'clcase of SI' or. respectivcly. ENI'. or l'ABA. 10 l'hhc!'

enhance or inhibit the transmission ofnociccption. Finally. as a rcsull ol'allthl' abO\'l'

interactions. the transmission and inhibition or nociccption will bc wcll balancl'd 10

adapt to the interior and exterior environmenls.

C. 1I1Iegratiol1 ofclI/Tel1l resll/ls il1lo.fiillire sil/dies

1. Correlation of the intensities ofSP c1icited nociceptive responses with the mllolint oC

SP boutons apposed to nociceptive neurons.

Our data suggest that nociceptive neurons \Vith strong nocieeptive responses

receive higher numbers of SP-IR boutons than those \Vilh nmderale nociccptive

responses. However, the data is not yet conclusive. Furthcr sludies arc needed to

con'clate the intensity of the nociceptive responses of nociccptive speci lie and wide

dynamic range neurons with the number of synapses receivcd l'rom SP-IR boutons

apposed to them. If possible, the intensity of peripheral noxious stimuli should be

directly correlated with the intensity ofthe nociceptive responses and the amount oCSP-

IR boutons apposed to nociceptive neurons. Elucidation of this issue will provide

insights into the mechanisms underlying the transmission of nociccption I11cdiated by

SP in the dorsal horn.

2. Examination of the correlation of NK-I receptor immunoreactivity with sr
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immunoreactivity in rclation to functionally churactcrized dorsal horn ncurons .

As menlioned in the gencral introduction, rcecnt immunocytochemical studies

(Bleazard el al., 1994; Liu et al., 1994; Littlcwood ct al., 1995; Brown ct al., 1995)

demonstrated that NK-l rcccptor immunorcactivily was prcscnt in lamina 1 and in

deepcr 1aminae, but was scarce in lamina II. Morcovcr, using a monoclonal antibody

against the NK-1 receptor in a double inll11Unostaining at the EM level, a study showed

that SP-IR boutons were seldomly found apposed to NK-1 rcceptor-IR neurons in the

rat dorsal horn (Liu ct al., 1994). In our studies, wc found that the nUlllber of SP-IR

boutons reccivcd by nociccptivc ncurons was correlated with the location of the

dcndritic nrborizmiun of the cclI. The dendritcs of nociecptivc ncurons which were

locatcd in laminac l, Il and V, arcas rich in sr illllllunoreactivity (Hokfclt ct al., 1975a;

Cucllo ct al., 1978; Ruda ct al., 1986), rcecived significantly higher percentages of SP­

IR inputs than those locllted in other lalllinae. Also, our data favor the idea that SI'

cscrts its cLlècts at synapticsites. In fact, about one third ofail SP-IR boutons eshibited

a synapse with thc cells, a proportion which was identical to that ofnon-illllllunoreactive

boutons. Therefore, it is very important to invcstigate whether the nociceptive neurons

which receive higher l1lullbers of Sr-IR boutons contain NK-1 reecptor

illlmunorcactivity. To overcomc the dense DAB reaction product after HRP filling,

lucifer yellow will be injectcd intracellularly (instead ofHRP) as described in a reecnt

report (Branchercau ct al., 1995). This protocol includes the use of an antibody against

lucifcr ycllow, followed by a secondary antibody labe1ed with 1 11111 gold, and by silver

intcnsification. This protoco1 will allow us to combine our study with DAB-based
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immunoeytoehemistry for the dcteetion of NK-I reeeptor antigenk ~ite~. The two

signaIs should be easy to di~tinguish. as the silver-gold parlieles indieate the

intraeellularly labeled cell. and the DAB precipitates the NK-\ receptor antigenic ~ite~.

SP antigenie sites can be detected subsequently using post-embedding immunogold

staining.

3. Ditferentiation ofnoeieepthe neurons with predominant SP-IR primary sensory liber

innervation and those in whieh SP-IR intrinsie fiber innervation prevails

As mentioned above, CORP inu1llmoreaelivity in the dorsal horn originates

exclusively from primary sensory afferents, as shown in studies using dorsal

rhizotomies (Traub et al., 1989; Chung et al., 1988) and il! silll hybridization (Réthelyi

et al., 1989). The eo-Ioealization ofSP and CORP in axonal boutons in the dorsal horn

ean be used as a marker for SP-IR boutons ofprimary sensory origin. In eontrast, ENK

immunoreaetivity in the dorsal horn originates mostly l'rom intrinsie dorsal horn

neurons, since thoracie spinal eord transeetion eaused oniy a negligible reduetion of

ENK immunoreaetivity in the lumbar dorsal horn (Seybold and Elde, 1982). Also, ENK

was found to frequently eo-Ioealize with SP in the dorsal horn (Senba ct al., 1988;

Ribeiro-da-Silva et al., 1991b). Therefore\\Jhe eo-Ioealization ofSP and ENK in axonal
.', .

boutons in the dorsal horn ean be used as a maker for SP-IR boutons of intrinsic origin.

It will be interesting to determine: 1. whether nociceptive dorsal horn ncurons which

predominantly receive synapses from SP+CORP-IR boutons are physiologically

ditferent from those which predominantly receive contacts l'rom SP+ENK-IR boutons;
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2. whcthcr nociccptivc projcction ncurons rcceive a predominance of synapses l'rom

SP+CORP-IR boutons or from SP+ENK-IR boutons.

4. Association ofaxonal boutons co-Iocalizing sr and OABA with nociceptive dorsal

. horn ncurons.

Wc detected for the tirst time that sr and OABA are co-Iocalized in axonaI

boutons in the dosai horn ofcat, but not rat, spinal cord. Furthermore, in a preliminary

study (Ma et al., 1994) not included in this thesis, axonal boutons co-Iocalizing sr and

OABA were found apposed to nociceptive neurons. Therefore, it is important to

quantitate thc OABA-1R and Sr+OABA-IR boutons apposed to the three functional

types of dorsal horn neuron. This study will hopefully provide novel information

regardipg the modulation ofnociceptive neurons by a classic neurotransmitter (OABA).

ENK was fOlll1d to co-Iocalize with GABA in some dorsal hom neurons in lamina II and

III (Todd et al., 1992). As our studies found that sr co-Iocalized with ENK or GABA

in axonalboutons presynaptic to nociceptive neurons, it is possible that sr, ENK and

OABA might be co-localized in axonal boutons apposed to nociceptive neurons. The

clucidation ofthis issue will help us to better understand the interactions of excitatory

and inhibitory neurotransmitters in the modulation ofnociception in the dorsal homo

II. SP-IR liber innervation of the white matter of transgenie mice which over­

express NGF in myelinnting oligodendroeytes

A. SlImmGlY ofmajorfindings
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ln transgenic mice which bem' a chick NGF cDNA driven b)' a l'vlBP promoter.

NGF-IR oligodendrocytes were found in the following regions: ut the 1l1l'ebrain levcl.

in the caudate-putamen and corpus callosum; at the brainstem level. in the relicular

nuclei of the thalamus. trigeminal spinal tracts. pyramidal tracts. reticular nuclci or

brainstem and cochlear nuclei; in the central white matter or thc eerebcllllln and the

cerebellar cortex; and in the white matter orthe spinal cord. ln our time eourse study.

we observed NGF-IRoligodendrocytes as early as postnatal day O. Then. they increased

substantially in number and reached a plateau by day 10. Aner day 20, these cclls

decreased gradually in number and completely disappeared by the age or postnatal 2

months. From day 0 ta day 5, NGF-IR tiber-like structures were detected in the white

matter of the CNS oftransgenie mice. Under the clectron microscope, these NGF-IR

fiber-like structures were characterized as smail unmyelinated libers surrounded by

NGF immunoreactivity. Some ofthese smaIlumnyelinated libers were eharacterized
,~, '

as SP-IR or CGRP-IR following double immunostaining. Interestingly, during the carly

neonatal period, small NGF-IR glia-like cells were observed in the CNS or both

transgenic and control mice. These smail NGF-IR glia-like cells decreased in number

from day O. ta day 10 and were not seen by postnatal day 15.

From day 0 ta day 2, SP-IR fibers were detected in the white malter orthe pons,

meduila oblongata, cerebellum and spinal cord of both transgenic mice and contrais.

However, SI' immunostaining was considerably more intense in transgenic mouse

specimens than in contrais. These SP-IR fibers decreased dramatically in numbcr in

control mice and by day 5 they were not detected. In contrast, SP-IR fibcrs increased
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significantly in transgenic mice from day 0 onwards. By day 5, they became the thick

bundles of ectopic fibers in the white matter of transgenic mice. These eetopic SP-IR

fiber bundles reaehed the adultlevel by day 20, and kept the sarne level until the age of

12 months (the oldest age examined). At the EM level, these ectopic SP-IR fibers were

characterized as bundles of small unmyelinated Sr-IR fibers, which displayed boutons

with synaptic vesicles. These SP-IR boutons formed synapses with dendrites .in the

white matter. The SP-IR fibers and boutons co-Iocalized CGRP immunoreactivity. After

capsaicin treatment, all the cctopic SP-IR fibers were abolisI1ed from the white matter

of adult transgenic mice. In adult transgenic mice, the percentages of SP-IR neurans in

primary scnsory ganglia were significantly higher than in controls. In spite of the

incrcascd numbers, the size distribution of SP-IRcells in the dorsal raot ganglia of

transgcnic mice was the samc as in contrais. In short, most of these SP-IR cells were of

small sizc.

B. Possible/u/ure s/udies using /his /ransgenic mouse model

1. Experimcntal model for pain perception.

As discussed in chapter VI, it is Iikely that the over-availability ofNGF in the

white matter oftrangenic mice during early the postnatal period induced the normally

occurring SP-IR fibers to sprout, thus forming thick ectopic SP-IR fiber bundles in the

white matter. The interpretation of these data would be in agreement with the concept

established by numerous studies [for review see (Black et al., 1990)], namely that, in

addition to fostering connectivity during development, NGF and other neurotrophic
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factors are required for the maintenance of pathways and thdr components dllring

maturity. Primary sensory neurons, in response to NOF over-expression in the white

matter of the CNS, were likely induced to synthesize higher amounts or SP and CORI'.

The functional consequences fi'om these changes in thc transmission and perccption or

nociception remain to be determined. NOF itselfis known to causc hypernlgesia (Lewin

et al., 1993), through multiple mechanisms, including mast cell degranulation (Steml ct

al., 1987), nocieeptor stimulation following proteolytic cleavage (Miaskowski et al.,

1991), and, possibly, through an effect on the production of peptides in ORO nCllrons

(Wong and Oblinger, 1991; Oonnerer et al., 1992; Verge et al., 1995). 1t will he

interesting to find out ifthese transgenic miee display any hyperalgesia, particularly in

the age group from day 0 to 2 months, a period in which NOF-IR oligodendrocylcs wcre

detected in the whitematter of the CNS. In older transgenic mice, it will be mcaningtlll

to determine ifthere is any alteration in pain perception, sincc ectopie SI'·IR scnsory

fibers continue to exist independent1y ofNOF over-expression.

2. Experimental models for the in vivo study ofneurotrophic effects orNOF on basal

forebrain cholinergie neurons.

There is overwheming experimental evidence for a neurotrophic role ofNOF in

adult and aging basal forebrain cholinergic neurons [for reviews, see (Hefti et al., 1989;

Hefti et al., 1993)]. Basal forebrain cholinergic neurons reaet to NOF with an incrcasc

in the enzyme responsible for aeetylcholine production, choline acetyltransferase

(ChAT) (Onahn et al., 1983; Hefti et al., 1984; Thoenen and Barde, 1980). In our
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transgenic mice, numerous NGF-IR oligodendrocytes were observed in the eaudate-

putamen from postnatal day lOto 20. These NGF-IR oligodendrocytes in the striatum

may be used as natural pumps to administer NGF endogenously. Therefore, it will be

interesting to examine ChAT inllTIunostaining ofthe basal forebrain cholinergie neurons

in these transgenic mice, and to determine behaviorally whether these transgenic miee

are different Irom controls in the capability ofmemorizing and learning, particularly

after lesions. This modelmay present several advantages over the one currently used in

the rat which requires the administration ofNGF via minipump [for reviews see (Hefti

etaI., 1989; Hefti et al., 1993; Cuello et al., 1990)]. In fact, the supply ofNGF in these

transgenic mice is continuous. Indeed, NGF-IR nemons, which were likely cholinergic

neurons (Hu et al., .1994), in the septal nuclr.i and nucleus basalis of day JO and day 20

transgenic mice were considerably increased in number and size when compared with

age-matched controls (Ma et al., unpublished observations).
,

3. Experimental models for neural regeneration in'transected spinal cord

Studies on the regeneration of the lesioned spinal cord are of g~eat clinical

importance and have drawn considerable attention in reeent years. Neurotrophie factors

are thought to be involved in the regeneration and sprouting of pathway tracts in the

CNS. However, regeneration of long neural pathways in the CNS is usually very

restricted because ofthe occurrence ofmyelin-assoeiated inlùbitory molecules produced

by oligodendrocytes [for reviews see, (Schwab, 1990; Schwab et al., 1993)]. Therefore,

results havebeen very limited to date, as no much regeneration has been achieved. A

study (Schnell et al., 1994) has shown that a single injection ofNT-3 or NGF induced
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the collateral sprouting of the transected corticospinal tract. and that some libers grew

for some distance past the lesion point. representing a true regeneration. To fmther

elucidate this issue, our transgenic mice provide an excellent experimental modet. as

NGF-IR oligodendrocytes were observed in the white matter of the spinal eord Il'om

postnatal day 0 to 2 months and may be used as a natural source ofhigh concentrations

ofNGF. Il is possible that neurotrophins, in concentrations highcr than those achievcd

via injection of exogenous neurotrophic factors, may ovcrcome the inhibitory el1ècls of

myelin-associated inhibitors on the regeneration of axons in the CNS. There11)1'e, it

would be interesting to examine whether the corticospinal tracts of transgenic mice

sprout and regenerate following spinal cord transection and how signi [jcant such

sprouting and regeneration may be.

III. General conclusions

The CUITent thesis project studied SP-IR sensory fiber innervation in CNS tm'gets

in two experimental models. In the tirst model, SP-IR boutons innervatcd nociccptivc

neurons in significantly higher nWllber than non-nociceptive ncurons in thc dorsal horn

of the cat spinal cord. We also found that a considerable number ofsuch SP-IR boutons

were of primary serisory origin as they co-Iocalized CGRP immunorcactivity. ln

coritrast, other SP-IR boutons co-Iocalizing ENK immunoreactivity were very likely

l'rom dorsal horn intrinsic miurons. The preferential innervation of nociceptive neurons

by SP-IR boutons seemed to be proportional to the specificity and intensity of the

nociceptive response, as wide dynamic ratlge neu1'ons with mode1'ate nociceptive

228



•

•

rcsponscs wcrc Jcss inncrvated than both wide dynamic range neurons with strong

nociccptive rcsponse and nociceptive specific neurons. Boutons co-localizing SP and

GABA immunorcactivitics were detectcd in the dorsal horn of cat, but not rat, spinal

cord, a finding that indicates species differences in the modulation ofnociception. These

lindings providc anatomical sllbstrates for the transmission and modulation of

nociccption in the dorsal horn of the cat spinal cord. In the second experimental model,

ectopic SP-IR sensory fibers innervated the white matter of the CNS oftransgenic mice

which over-prodllced NGF in myelinating oligodendrocytes. These ectopic SP-IR

sensory libers might be involved in nociccption, an issue which needs further

experiments to elucidate.
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LIST OF CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

Significantly higher numbers ofSp-IR boutons \Vere apposed to noeiceptive

•

neurons than to non-nociceptive neurons in the dorsal h0111 ofcat spinal cord.

Nociceptive specific neurons received signiticanlly higher numbers ofSP-IR

boutons than wide dynamic range neurons. In wide dynamic range neurons, the distal

dendrites located in areas rich in SI' immunoreactivity received signilicantly higher

numbers of appositions l'rom Sp-IR boutons than those located in areas \Vith scarce

SI' immunoreactivity. About 33% ofSp-IR boutons apposed to nociceplive neurons

co-Iocalized CGRP immunoreactivity.

2. Most nociccptive neurons included in our studies were ENK-IR, and received

significantly higher numbers ofSp+ENK-IR boutons in the distal dcndrites than

non-nociceptive neurons. Nociccptive neurons reccived signiticantly higher

numbers ofENK-IR boutons in the cell bodies and proximal dendrites than non­

nociccptive neurons, but this difference was not detected in the distal dcndrites.

3. SI' and GABA immunoreactivities were co-Iocalized in axonal boulons and

dendritic profiles in the superficial laminae, particulary lamina l, of the dorsal horn

of cat, but not rat, spinal cord. Such Sp+GABA-iR boutons wcre prcsynaptic to SP­

IR or non-IR dendritic profiles. The synapses thus formed were always symmetric.
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4. From postnatal day 0 to 2 months, NOF-IR oligodendrocytes were observed

in the whitc malter ofthc CNS oftransgenic micc which carried a chick NOl' cDNA

driven by a 1.3 kb MBP promotcr. NOF-IR fiber-like structures were detected in the

whitc mattcr of the CNS oftransgcnic mice at the ages from postnatal day 0 to day 5.

At thc EM leve1, these structures were characterized as SmaIlUt1l11yelinated fibers

surrounded by NOl' immunoreactivity. Some ofthese unmyelinated fibers contained

SI' or CORP immunoreactivitics. Small NOF-IR glia-like cells were found in the

CNS of both transgenic and controlmice from day 0 to day 10.

5. SP-IR fibers were detected in the white matter of the CNS in bothtransgenic

and controlmice from postnatal day 0 to day 2. However, these SP-IR fibers

disappeared in controls by day 5 and increased in number and thickness in transgenic

mice, thus forming ectopie fibers which were present throughout adulthood. At the

EM level, these ectopic SP-IR fibers in the white matter were characterized as

bundles of smallunmyelinated fibers. Some ectopic SP-IR boutons were presynaptic

to dendrites. Some SP-IR boutons and axons co-localized CGRP immunoreactivities.
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