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ABSTRACT

The aim ofthi.s thesis study was to investigate the substance P (SP)-immunoreactive
(IR) sensory fiber innervation of CNS target tissues in two experimental madels, In the (irst
model, we examined the SP-IR boi.ltqns apposed to three functional types ol dorsal horm
neurons and their morphological interaction with caléitonin gene-related peptide (CGRPY and
enkephalin (EN_K)_ in the cai' spinal cord, using a combination of intracellular
c—:lectrcphﬁiological recording and horseradish peroxidase injection with ultrastructural
immunocytoch‘emisu'y. In addition to SP-IR only boutons, we detected boutons co-localizing
SP plus CGRP and SP plus ENK immunoreactivities pres?uuplic to nociceptive neurons.
Quantitatively,' significantly higher numbers of’ SP-IR, SP+CGRP-IR and SPHENK-IR
boutons were apposed to nociceptive neurons. I'\Ion-nociccplivc n:t;:u_rons were rarely
innervated by boutons which were SP-IR, SP+CGRP-[R and SP+HENK-IR. In contrast, ENK-
IR only boutons innervated non-nociceptive neurons considerably. Boutons co-localizing SP
and CGRP were considered as originating from primary sensory afferents. Most nociceptive
neurons contained ENK immunoreactivity, but non-nosiceptive neurons were never ENK-IR.
The interaction of SI; and y-aminobutyric acid (GABA) in the superficial dorsal hormn of the
cé.t and rat spinal cord was also investigated. The co-localization ofASP and GABA in axonal
terminals was detected for the first time in thq superficial layers of the dorsal .horn of the cat,
but not rat, spinal cord.

In the second model, we used immunocytochemistty to study the SP-IR fiber
innervation of the white matter of transgenic mice expressing NGI in myclinating

oligodendrocytes driven by a MBP promoter. SP-IR fibers were observed in the white matter



of the CNS of both transgenic and control mice from postnatal day 0 to day 2. From day 5
on, however, these SP-IR fibers increased markedly to become ectopic fibers in transgenic
mice, but decreased dramatically, and finally disappeared, in control mice. The ectopic SP-IR
fibers of transgenic mice persisted throughout adulthood. Capsaicin treatment abolished all
ectopic SP-1IR fibers, indicating their primary sensory origin.

In com_;l'usion, SP-IR fibers specifically innervated nociceptive neurons and co-
localized with CGRP, ENK :mdl GABA in the cat dorsal horn. The finding provides
anatomical substrates for roles of SP in nociception and for functional interactions of SP with |
ENK and GABA. Ectopic SP-IR fibers innervated the white matter of the CNS of transgenic

mice where NGF was abnormally-produced.



RESUME

Ces études avaient comme objectil ["investigation de innervation de tissus du
_systeme nerveux central par des fibres immunoréactives pour la substance P (8P), en utilisant
deux modeles expérimentaux. Avee le premier modele. nous avons examing, sur le come
dorsal de la moelle épiniére du chat, la distribution de terminaux axenaux immunoréactils
pour la SP qui étaient apposés & des neurones appartenant & trois types fonctionnels, ot les
interactions de ces terminaux-la avec e peptide alternatif du géne de la calcitonine (CGRP)
et l’encéphaline.(ENK). On a utilisé une combinaison d’enregistrement clectrophysiologique
intracellulaire, suivi d’injection de peroxydase de railort, et d'immunohistochimic
ultrastructurelle. On a observé, en plus de boutons aana.ux réaclils uniquch]cm pour la S,
d’autres qui étajient immunoreactifs pour la SP et ia CGRP et uus§i pour la SP et 'ENK, et
qui établissaient des synapses avec des neurones nociceptifs. Du point de vue quantitatif, les
cellules nociceptives recevaient significativement plli; d’appositions de  boutons
immunoreactifs polr la SP, pour les SP+CGRP et pour les SP+ENK, que les neurones non-
nociceptifs. Cependant, les cellules non-nociceptives étaient rarement innervées par des
boutons immunoréactifs pour la SP, et pour les S?+CGRP ou SP+ENK. En contrepartic, ccs
cellules non-nociceptives recevaient un nombhre considérable d*appositions de la part de -
boutons immunoréactifs uniquement pour PENK. Les boutons axonaux qui détaient
| immunoréaciifs simultanément pour la SP et la CGRP ont été considérés comme appartenant
a des afférents sensgriels primaires. La majorité des cellules nociceptives étudiées étaicnt
‘immunoréactives pour PENK. Au contraire, les neurones non-nociceptifs n’étaicnt jamais

immunoreactifs pour I’ENK. Nous avons aussi étudié les interactions entre la SP et ’acide
p



y-aminobutyrique (GABA) dans la région superficielle du corne dorsal de la moelle épiniére
du chat et du rat. Nous avons détecté pour la premiére fois dzms_la littérature une co-
localisation de SP et GABA dans des boutons axonaux de la moelle du chat, mais qui
n’existait pas chez le rat.

En ce qui concerne les recherches avec le deuxiéme modéle expérimental, nous avons
étudié avec immunohistochimie I’innervation, par des fibres immunoréactives pour la SP,
de la substance blanche du systéme nerveux cenlra.l de souris transgéniques. Ces souris
syﬁthétisnicnt du facteur de croissance nerveuse (NGF) dans des oligodendrocytes
producteurs de myéline, sous le contrdle d’un promoteur d§: la protéine basique de la myéliné
(MBP). Nous avons observé des fibres immunoréactives pour la SP dans la substance
blanche du systéme nerveux céntral de ces souris transgeniques et aussi des coﬁtréles, du jour
de naissance jusqu’a I'dge de 2 jours. Cependant, & partir de'I'ge de 3 jours, ces fibres
immunoréactives pour la SP augmentaient d’une fagon remarquable en nmﬁbre et épaisseur

-
chez les souris transgéniques, pour devenir de vraies fibres ectopiques. Chez les controles,
- ces”fibres devenaient rares pour finalement disparaitre. Ces fibres ectopiques des souris
transgéniques persistaient pendant toute la vie adulte des souris. Ces fibres ectopiques
impnmoréaclives pour la SP disparaissaient, cependant, apres illjeqtfon de capsaicine. Ce
résultat indique que ces fibres ont une origine sensori_elle primaire,

En conclusion, des fibres immunoréactives pour ‘]a SP innervaient d’une fagon
s'péciﬁque les neurones nociceptifs. En plus, dans quelques terminaux, cette
immunoréactivité pour la SP était co-localisé avec celles pour la CGRP, ’ENK ou le GABA
chez le chat. Ces résultats fournissent une base anatomique pour la participation de 1a SP

dans les mécanismes nociceptifs et pour les interactions fonctionnelles entre la SP et I'ENK,



@ et la SP et le GABA. Des fibres ectopiques immunoréactives pour la S innervaient la
substance blanche du systéme nerveux centrai de souris transgénigues qui avaient une

production ectopique de NGF par des oligodendrocytes.
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CHAPTER |

~ General introduction



Pain is an-unpleasant sensation which occurs following the activation of special
receptors, in the skin and deeper structures of the body. These "pain™ receptors or nociceptors
can be activated by noxious mechanical, thermal and chemical stimuli applied to the skin,
muscles, joints and viscerae. There are two main types of nocii:cplm_‘s. mychinated:
nociceptofs (AD nociceptors) and unmyelinated nociéeptors (C-polymodal nociceptors),
which occur respectively at the peripheral endings of’ t‘hinly' myclinated ﬁb‘crs (A8) and
unmyelinated fibers (C). The nociceptive infonn;ﬂtion originating [tom the peripheral tissues
is conveyed by the two types of nociceptive fibers to thé spinal and medullary dorsal horn,
where it is modulatéd by both excitatory and inhibitory neurotransmitters or neuromodulators
before being relayed to higher levéls of the central nervous system (CNS) [for review, see
(Willis et al., 1995)]. Substance P (SP), which occurs in Ad and C fibers, has been
considered a mediator of nociception in ti'ne spinal and medullary dorsal horns [for review,
see (Henry, 1994)]. The detailed knowledge of the termination in the CNS ol’él’ containing
primary afferent fibers and, of the synaptic interactions of these fibers with other systems
under normal and abnormal experimental cohditions is very important for the understanding
of nociceptive mechanisms. This thesis project was designed to address the above issue in
two experimental models. In the first experimental paradigm, the SP sensory fiber
innervation of physiologically characterized dorsal horn neurons was investigated in the cat
spinal cord. In the second experimental paradigm, the Si’ sensory fiber innervation of the
white matter of the CNS of a transgenic mouse model which over-expresses nerve growth
factor (NGF) was studied.

This general intréduction therefore reviews aspects of the anatomy of the dorsal horn
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related to nociception, the possible role of SP in nociception, the interaction of SP with
calcitonin pene-related peptide (CGRP), enkephalin (ENK) and y-aminobutynic acid
(GABAY), as well as the inleréclion of §P containing sensory neurons with NGF. Based on
this background information, the objective and rationale of the current thesis project were

formutated.

I. Anatomical basis of nociceptive mechanisms ip the dorsal horn
The cat dorsal horn was divided by Rexed (1952; 1954) into six parallel laminae, on |
the bﬁsis of ﬂlf:ir cytoarchitecture. More recently, phis classification has been extended to
other mammalian specic;,s, includi.ug the rat (Molander et al., 1984). The transmission and
modulatigﬁ of nociception occur mostly in the superficial layers of tllle dorsal horn,
particularly in lamina 11 of Rexed. Here, I will focus on the laminae ofthe dorsal horn which

are thought 1o be involved in nociception, For a detailed description of the structure of the

dorsal horn see Willis and Coggeshall (1991).

A. Laminal

Lamina I (marginal zone) represents the dorsal-most part of the spiﬁal grey matter.
Morphologically, the neurons of lamina I 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 ii;ld Coimbra, 1986) and monkey (Beal et al., 1981), but these
newer categories have yet to receive general agreeﬁlent. Lamina I is composed primarily of

-
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local interneurons (Golgi type 11 or intrinsic neurens) (Light et al., 1979; Cervero ot al..
1979), but certain populations of neurons in lamina | are cells (Golgi type 1 or relay nenrons)
which project their axons to higher regions of the CNS (Lima and Coeimbra, 1988; Lima and
Coimbra, 1989; Lima and Coimbra, 1990; Lima et al.. 1991). Thinly myelinated fibers (AS)
are considered to provide most of the primary afferents to lamina 1. although this lamina also
receives a considerablé number of unmyelinated fibers (C) (W illis and Copgeshall, 1991).
Functionally, lamina I cells were shown to respond to both noxious and non-nbxious
thermal and mechanical stimuli (Cervero et al., 1976; Lighl et al.. 1979; Brown ct al., 1981). |
These cells were characterized as nociceptive specific, wide dynEnnic range and non-
nociceptive neurons based on their responses to noxious and non-noxious stimuli,
Nociceptive specific neurons respond only to noxious stimuli; wide dynamic range neurons
respond to both noxious and non-noxious stimuli; non-nociceptive neurons respond only to

innocuous stimuli. Sixty-three percent of lamina 1 cells are nociceptive (Light, 1992),

B. Lamina Il

Lamina II is also called the substantia gelatinosa of Rolando (Cervero and Iggo,
1980), for its gelatinous appearance due to the concentration of small neurons and the lack
of myelinated fibers. Lamina II is further subdivided into outer lamina Il (lamina Ilo) and the
inner lamina II (lamina I1i).
1. Cell types

Ramén y Cajal (1909) classified lamina Il cells into central cells and limiting cells
based on their morphological characteristics, In cat, the central cells and the limiting cells
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were named as islet cells and stalked cells, respectively, by Gobel (1975; 1978b). The
statked, or limiting cells, occur along the lamina I-I1 border, while the islet, or central cells,
are extensively distributed throughout the lamina. The dendritic trees of the stalked cells
were characterized as cone shaped, radiating ventrally in laminae 11 {from the cell bodies
(Gobel, 1978b; Brown ct al., 1981). Following electrophysiological characterization and
intracellular horseradish peroxidase (HRP) injection, the stalked cells were thought to be
either nociceptive specific or wide dynamic range neurons (Bennétt et al.,, 1980). The
dendritic trees of the islet cells was described as ex.tending through the thickness of lamina
Il in a rostrocaudal orientation (Brown et al., 1981). The islet cells were reported either as
nociceptive specific neurons or as mechanoreceptive neurons (Beﬁnett et al., 1980).
According to Light (1992), 70% of cells in outer lamina I are ndciceptfve, receiving

inputs [rom mechanical and polymodal nociceptors.

2. Glomeruli

The most striking feature of lamina II at the ultrastructural level is the existence of
synaptic glomeruli. A glomerulus consists of a central terminal, which is in synaptic contact
with several peripheral dc_:ndrifes and axonal terminals. The central terminals, or central
boutons (C), have been confirmed as representing terminals of primary sensory fibers
(Duncan and Morales, 1978; Coimbra et al., 1984; Murray and Goldberger, 1936).

Two types of synaptic glomeruli were described in lamina II of the rat
(Ribeiro-da-Silva and Coimbra, 1982; Ribeiro-da-Silva, 1995). Type I: represents the most
commoniy observed glomerular type. The central boutons (C)) in this glomerular type are
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relatively small and scalloped in shape. containing compact synaptic vesicles and very few
mitochondria. The axoplasm is relatively electron dense, The central boutons likely represent
the endings of unmyelinated nociceptive fibers. since they arc capsaicin sensitive
(Ribeiro-da-Silva and Coimbra, 1984). In rat, this type of glomerulus can be turther divided
into subtypes laand Ib (Ribeiro-da-Silva, 1993).

Type 1l The central boutons (C,)) of this gionwrﬁlnr type are usually larger, of less
scalloped contour, electron lucent and rich in mitochondria. Type [ synaptic glomeruli can
be further divided into subtype lla, devoid of neurolilument bundles in the C bouton, and 11b,
rich in neurqﬁlament bundles in the C bouton. Based on the glomerular morphology of
physiologically characterized fibers in the cat [for a review, see (Maxwell and Réthelyi,
1987)], the central boutons of type lla glomeruli might be the termination ol” Ad D-huir

fibers, and those of type IIb, the termination of thicker fibers.

C. Laminae HI IV and V

Compared with lamina IV, lamina Il is composed of relatively homogencous and
smaller cells. Lamina I'V cells are heterogeneous in cell size, with the presence of some very
large cells. The néurons in lamina [Il are mostly non-nociceptive neurons {Maxwell et al.,
1983), but neurons which receive both innocuous and nociceptive inputs are also found
(Light, 1992). The larger diameter (AB) sensory fibers, which do not convey nociceptive
information, terminate mainly in laminae lII-1V of the dorsal horn (Brown ct al., 1981;
Brown, 1982). The cells in lamina V are even more heterogencous in size than those in

lamina I'V. Some neurons in lamina V have been shown to be nociceptive (De Koninck ¢t
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ak., 1992). Lamina V also receives some high threshold mechanoreceptors (Light and Perl,

1979a).

Ii. Suhstanée P’ and nociception

Substance P (SP) is a member of the neurokinin (tachykinin) family, which also
includes neurokinin 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-trgnslational processing.
‘Therefore, they are closely related in structure and function. The functions of neurokinins in
the mammalian CNS have been well described [for a review, see (Otsuka and Yoshioka,
1993)].

“Unlike neurokinin A and neurokinin B which were found and characterized only
recently (Nﬁwa etal., 1983), SP was discovered in equine brain and intestine in 1931 by von
Euler and Gaddum (193 lj, where it was shown to caﬁse hypotension and smooth muscle
* contraction. In 193 6, its peptide nature began to be known. However, it was not until 1971
that SP was purified and its undecapéptide sequence was revéaled by Leeman and colleagues
(Chang et al., 1971). Since then, the anatomical distribution apd physiological roles of SP
have been extensively studied. SP is widely distributed in the central and peripheral nervous
systems and its physiological and pharmacological roles are diverse. Of these physiological
roles, its role as a putative "pain” neurotransmitter in the dorsal horn has drawn great
attention over the past two decades [for reviews, see (Otsuka and Yanagisawa, 1987; Otsuka

and Yanagisawa, 1990)].



A. Morphological evidence for a role of SP in nociception
1. SP immunoreactivity in the dorsal horn

Immunocytochemically. SP was detected in high concentration in small diameter
fibers in laminae I and 11 (Hokfelt et al., 1975a; Hakfelt et al.. 1976; Cuello et al., 1978) and
also in lamina V (Ruda et al., 1986). Unilateral multiple dorsal rhizotomies cu.uscd a marked
reduction in SP immunoreactivity in these regions (Hokfelt et al., 1975a; Jessell et al., 1979).
sugge.sting the presence of SP in primary afferent terminals. SP immunoreactivity was also
found in neéurons of laminae [ and 11 (Hunt et al., 1981; Ljungdahl et al., 1978) and in
descending pathways from the brainstem (Gilbert et al.. 198;’2: Hoklelt et al., 1978).
Ultl‘astl'uctural studies have shown that SP immunoreactive (IR) terminals are presynaptic
to dendrites in the superficial dorsal horn (Barber et al., 1979; Chan-Palay and Palay, 1977;
Priestley et al.,, 1982b; DiFigllia et al., 1982; Ribeiro-da-Silva ct al., 1989). In axonal
terminals, SP immunoreactivity was rﬁainly associated with large dense core vesicles (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 ih
small size dorsal root ganglion (DRG) cells and in small diameter axons in the superficial
dorsal horn by Hélkfelt and co-workers (Hokfelt et al., 1975a; Hokfelt et al., 1975b). A study
{Tuchscherer and Seybold, 1985) showed that in the rat DRG, 6-20% cells were SP
immunoreactive, most of which were of small size and only a few being of medium size, An
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in situ hybridization study showed that approximately 20-30% of DRG cells in the rat and
rabbit expressed preprotachykinin A mRNA (Bochmer et al., 1989). The mismatch ol mRNA
content and protein content suggests a fast SP turnover in _small size DRG cells. Using a
combination of electrophysiological recording and innnunocylochemistry, Sp
immunoreactivity was observed in 50% of C-fiber neurons, in 20% of Ad-fiber neurons, and
in none of the Aet/B-neurons (McCarthy and Lawson, 1989). Subcutaneous administration
of capsaicin to neonatal rats caused a. selective degeneration of primary afferent C-fibers
(Pignatelli et al., 1989), and concurrent depletion of SP from the DRG and dorsal horn (Nagy

et al., 1981).

3. Distrib-ution of SP receptors in the dorsal horn

SP, neurokinin A and netrokinin IB are the préferred agonists for NK-1, NK-2 and
NK-3 receptors, respectively, but thes.e naturally occurring neutokinins are not completely
selective for their respecti\{e receptor subtypes (Regoli et a.l., 1988). Using radioautography,
high concentrations of SP receptor binding sites were shown in the superficial layers of the
dorsai horn, particularly in laminae I and 1l (Quirion et al., 1983; Mantyh et al., 1989; Dam
etal., 1990; Yashpal et al., 1990; Gouardéres et al., 1993). More recent innnunocytdchemical
studies provided results in apparent contradiction with the binding studies. A study showed
that neurons with SP receptor immunoreactivity were located in lamina I and III of the
trigeminal caudalis nucleus and in lamina I of the spinal cord (Nakaya et al., 1994). Similar
results were obtained using a monoclonal antibody raised against the C-terminal of the NK-1
receptor, which revealed that most neurons possessing NK-1 receptor immunoreactivity were
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located in lamina | and in lamina ill-lV, and only very few were observed in lamina 11
(Bleazard et al.. 1994). At the electron microscopy (EM) level, only 33% of SP-IR terminals
were presynaptic to neurons exprcss}ng NK-1 receptors, indicating a mismatch between SP-
IR terminals and SP receptors. In fact, the above studies tavor the hypothesis that SP may

be released at a distance from the postsynaptic targets expressing NK-1 receptors (Liu et al.,

1994).

B. SP and capsaicin

Capsaicin is a pungent ingredient of cerfain hot peppers, which specilically imcmcls
with small sizé primary sensory neurons. The detailed descﬁplion of the clteets of capsaicin
on sensory neurons can be found in reviews of Holzer (19'88; 1991) and Dray (1992). The
effects of low dosés of capsaicin are different quantitatively and qualitatively [rom those of
"high doses. At low doses (in the pg/kg body weight range), capsaicin exerts a powerful
excitatory effect on peripheral sensory nerve terminals, and this effect is apparently c.on lined
to unmyelinated fibers (Szolcsanyi, 1977; Fitzgerald, 1983; Kenins, 1982). However, 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 doscs
(in the mg/kg range) has a marked sieurotoxic effect on a population of scnsory ncurons,
mainly of small size. The extent of neuronal damage depends on the dosage, route of
administration, animal species and age of the animals (Holzer, 1988). Administration of
capsaipin to neonatal rats caused selective degeneration of up to 90% of the unmyelinated
afferent fibers (Jancso et al., 1977; Nagy et al., 1981; Nagy et al., 1983; Scadding, 1980).
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Furthermore, SP and other neuropeptides were markedly depleted in the dorsal horn and the
trigeminal nucleus (Cuello et al., 1981; Helke et al., 1981; Jancsé et al., 1981) and the pain
threshold to noxious stimuli was increased (Holzer et al., 1979; Nagy etal.,, 1980; Nagy and
Van der Kooy, 1983). Capsaicin treatment of adult rats results in less pronounced effects
than in neonatal rats (Buck et al., 1982; Hayes et al., 1981; Jancso et al., 1985; Jessell et al.,
l97é). Capsaicin induced analgesia is not only due to the depletion of SP from the
unmyelinated fibers, but also due to its direct effects on the nociceptive neurons (Burks et
al., 1985).
C. F zmc;;':;;z.a[ evidence for a role of SP in nociception
1. Behavioral studies

Intrathecal SP injection in mice elicited 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 SP in rats also
facilitated a spinal nociceptive reflex (Yashpal and Henry, 1983; Yas'hpal and Henry; 1984,
Cridland and Henry, 1988a) with a transient decrease in reaction time to tail withdrawal from
a noxious radiant heaf stimulus. Intrathecally injected SP increased the magnitude of the
spinal flexion reflex elicited by noxious mechanical or thermal stimuli in the rat, suggesting
that SP might be released from C-polymodal nociceptors (Wiesenfeld-Hallin, 1986a). More
interestingly, familial dysautohomia patients, in which SP is depletqd 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 SP

Electrophysiologically, SP was shown to excite specifically the dm‘sul. hora neurons
that respond to noxious cutaneous stimuli (Henry, 1976). A slow excitatory post-synaptic
potential (EPSP) recorded from cat dorsal horn neurons following noxious cutancous
stimulation was blocked by intravenouﬁ injection of a SP receptor antagonist (Radhakrishnan
and Henry, 1991; De Koninck and Henry, 1991). Furthermore, the dorsal horn_ncumns with
stronger _nociceptive input were demonstrétgd to be abundantly inncrvulcd by SP-IR
varicosities in the cat spinal cord (De Koninck et al., 1992).

However, the fast component of the EPSP was likely to bc mediated by a [ast-acting
excitatory amino élcid, such as glutamate or aspartate (Yoshimura and Jessell, 1989), since
it is not blocked by non-peptide SP receptor antagonists (De Koninck and l-lcnry,r 1991).
Experimental evidence indicated that most, if not al.l, of the primary aflerent lcrminulé
probably release fast-acting transmitters (Jessell et al., 1986; Yoshimura and Jessell, 1989).
Morphologieally, glutamate was shown to co-localize with SP in most of SP-IR axonal
terminals in the dorsal horn (Battagha and Rusﬁoni, 1988; De Biasi and Rustioni, 1988;
Merighi et al., 1991) and in part with SP and CGRP in DRG cells (Merighi et al., 1991; De

Biasi and Rustioni, 1988).

3. Release of SP in the dorsal horn

Following repetitive electrical stimulation of the dorsal roots, an increased calcium-
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dependent SP release from the isolated spinal cord of the newborn rat was detected by
radioimmunoassay (Otsuka and Konishi, 1976). Capsaicin treatment also increased SP
release {rom the rat spinal cord (Gamse ct al., 1979; Theriault et al., 1979).

Release of SP from the spinal cord in sitn was also detected by various techniques
in response to peripheral noxious stimulation, and it was further shown that the release.
occurred particularly in the superficial dorsal horn. An increased SP reléﬁse was found in the
superfusate from the cat spinal cord after an electricél stimulation of peri‘pheral nerves at a
C-fiber, but not an A6¥i"1be|:, frequency (Yaksh et al., 1980). Furthermore, SP release upon
C-fiber stimulation in the dorsal hotn was also shown by microdialysis (Brodin et al., 1987).
Increased SP release in the substantia gelatinosa of the dbrsal horn following noxious

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

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

1988).

Ifl. Interaction of SP and CCRI’

Calcitonin gene-related péptide (CGRP) is a2 37 amino acid-long peptide generated
from the calcitonin gene by alternative RINA processing, and is widely distributed in the
nervous system (Rosenfeld et al., 1983; Amara et al., 1985). A recent review provided a

detailed description of this neuropeptide in the central and peripheral nervous systems

- (Hokfelt et al., 1992).

A. Morphological evidence of SP and CGRP interactions
1. Co-localization of SP and CGRP in primary sensory neurons
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CGRP immunoreactive neurons represent the largest peptide-containing population
so far observed in the dorsal reot and trigeminal ganglia, where they represent more than
50% of all neurons (Gibson et al., 1984). The sizes ol CGRIP neurons range from small
large, although most of the cells belong to the small size group (Amara ot al,, 1983, CGRP
neurons have a conduction velocity from 0.5 to 28.6 m/sec (MeCarthy and Lawson, 1900),
A striking feature of CGRP immunorzactivity in schsory systems s its co-localization with
imnunoreactivities for SP ml1d other neuropeptides. Studies have shown that many of the
CGRP-IR neurons also contain S immunoreactivity (Gibson et al., 1984 Wiesenleld-Hallin
et al., 1984; Gibbins et al., 1983; Lec et al., 1985b: Skotitsch and Jacobowitz, 1985). These
studies have led to the assumption that all SP-IR newrons co-localize CGRI
immunoreactivity. Subsequently CGRP immunoreactivity was {ound (o co-localize with
immunoreactivity for other neuropeptides, such as somatostatin and palanin (Ju et al.. [987;

Tuchscherer and Seybold, 1989).

2. Co-localization of SP and CGRP in the dorsal horn

In the superficial laminae _ot’ the dorsal horn, CGRP immunoreactivity was detected
in high concentration (Kaway et al., 1985; Lee et al,, 1985a; Traub et al,, 1990). Al the
ultrastructural level, CGRP immunoreactivity was demonstrated to co-exist with SP
immunoreactivity in the same secretory, large dense core vesicles in peripheral and central
nerve terminals of primary sensory neurens and in their cell bodies in the dorsal root ganglia
(Gulbenkian et al., 1986; Merighi et al., 1988; Merighi et al., 1989; Plenderlceith et al., 1990).
CGRP immunoreactivity in the dorsal horn originates entirely from the dorsal root ganglia,
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a [inding which was demonstrated by the almost complete depletion of CGRP
immunoreactivity alter dorsal rhizotomy (Traub et al.. 1989; Chung et al.. 1988) and
conﬁrmcd by the lack of detection of CGRP mRNA in the dorsal horn by in situ
 hybridization (Réthelyi et al., 1989). Hence. it is reasonable to use 1lhe co-localization with
CGRP immunorcactivity in the dorsal horn as a marker to indicate the primary sensory origin

of boutons immunoreactive {for peptides such as SP and somatostatin.

B. Functional evidence of interaction of SP and CGRP in nociception

The functional role-of CGRP in primary sensofy neurons is unclear. It is observed
that CGRP can excite the dorsal horn neurons (Wiesenfeld#lallin, 1986!3;' Woolf and
Wiesenleld-Hallin, 1986; Cridland and Henry, 19880;_Ryu et al., 1988; Morton and
Hutchison, 1989; Milet;;: and Tan, 1988; Kawamura et al., '19895._111 behavioral tests, CGRP
markedly enhances 1 scf‘atching and biting behaviour induced by the intrathecal
admmistration of SP (Wiesenfeld-Hallin et al., 1984). Furthem}ore, CGRP and SP modulate

synergistically the nociceptive flexor reflex (Woolf and Wiesenfeld-l-lﬁllin, 1986).

C. Possible ::zqclta::i.v;;r.s' of CGRP potentiation of SP elicited nociception

Two possible mechanisms have been suggested for ihe CGRP potentiation of the
nociceptive effects of SP in behavioral tests. The first one is an inhibitory effect of CGRP
on an endopeptidase involved in the inactivation of SP (Le Greves et al., 1985; Le Greves
et al., 1989). Thus, CGRP would prolong the action of SP by preventing its degradation. The
second mechanism involves the capability of CGRP to potentiate the release of SP and fast-
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acting excitatory amino acids in the dorsal horn. In agreement with this, CGRP has been
shown to enhance the release of SP. glutamate and aspartate rom the dorsal horn in vitro
(Oku et al., 1987; Kangrga and Randic, 1990: Kangraa et al., 1990). due to its ability to
increase Ca™ in the sensory al"i'ereﬁi lerminalé in the dorsal horn (Oku et al., 1988). The
released SP in turn increases- the release of giutamate and aspartate in the dorsal horn
(Smuliin et 51., 1990) and may enhance glutamate-mediated excitatory transmission in the

dorsal horn (Randic et al., 1990).

iV. Interaction of SP and cnkcph:il_in

A. Distribution of ENK immunoreactivity in the dorsal horn
| Enkephalin (ENK) is an endogenous opioid receptor ligand. Anatomically, h.ol.h ENK
receptor bihding sites (Fields et al., 1980; LaMotte et al., 1976) and Met- and Leu-ENK
immunoreactivities have been detected in axonal termin.als (l~lﬁkl‘eﬁ etal., 1‘577; [-lun[ et al..,
1981) and cell bodies (Hunt et al., 1981; Gla?er and Basbaum, 1983; Miller und Seybold,
1987; Bennett et al., 1982; Del Fiacce and Cuello, 1980) in the dorsal horn, particularly in
laminae I and II. Some ENK-IR lamina I cells were idemiﬁcd as stalked cells and islet cells
on the basis of their morphology (Bennett et al., 1982). The second region with high
con.centration of ENK immunoreactivity in the dorsal horn is lamina V (Ruda, 1982).

| At the ultrastructural level, ENK-IR axonal terminals were found prcsynap_tic to

dendrites and occasionally to neuronal cell bodies (Hunt et al., 1980; Glazer and Basbaum,
1983). In the substantiahgelatinosa of the cat spinal cord, some glomcrulzir peripheral profiles
with synaptic vesicles were ENK immunoreactive (Bennett et al., 1982; Glazer and
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Basbaum, 1983) and in rat cvidence that ENK-IR terminals are presynaptic to the central
varicositics of glomeruli has been found (Ribeiro-da-Silva et al., 1991b; Ribeiro-da-Silva,
1995}, ENK-IR and SP-IR axonal boutons were seen to be presynaptic, separately, to a
common dendrite, and SP-IR centr;ll boutons in glomeruli were presynaptic to ENK-IR
dendrites. However, no nllorphological evidence has been found for presynaptic interactions
of ENK-IR varicosities on SP-IR boutons in rat (Cuello, 1983; Ribeiro-da—Silva et al.,
1991b) and cat (Ribeiro-da-Silva et al., 1991za). |

B. Origins of ENK immunoreactivity in ;]1e dorsal horn

ENK immunoreactivity in the dorsal Horn has been shown to originate mainly from
intrinsic dorsal horn neurons, since transection of the thoracic spinal cord results in a
negligible loss of ENK immunoreactivity at lunlbﬁ; levels (Seybold and Elde, 1982). ENK
: innuundrenclivity in the dorsal horn was sugpested to originate from primary sensory
alferents, but it was never detected in a significant number of neurons in the dorsal root
’ganglia‘ (Garry et al., 1989).

SP and ENK immunoreactivities were found to co-localize in a considerable number
of dorsal horn neurons and axonal terminals in both rat and cat (Senba et al., 1988; Tasiﬁro
et al., 1987; Ribeiro-da-Silva et al., 1991b; Ribeiro-da-Silva et al., 1991a). Indeed, almost
all SP-IR neurons in the cilcnrsal horn co-localize ENK immunoreactivity and about 50% of
ENK-IR neurons also contained SP immunoreactivity (Senba et al., 1988; Ribeiro-da-Silva
~etal,, 1991b). 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. Functional evidence of SP and ENK interactions in nociception
1. Analgesic effects of opiates in nociception

Systemic injection of opiates into spinalized cats or opiate iontophoresis dirccﬂy into
the spinal cord selectively inhibit the response of dorsal horn neurons to peripheral noxious
stimulation (LeBars et al., 1976; Zieglgansberger and Ba)fel'l, 1976: Duggan ct al,, 1976,
Duggan et al., 1977; Duggan et al.,, 1981; Randic and Miltﬁic. 1978). Both 6 and 1 opiate
receptors are believed to mediate the inhibitory actions of ENK on dorsal hdm interneurons

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

2. 8P indtlc;ed ENK release in-nociception

In behavioral studies, both the intrathecal administration of SP and noxious cutancous
stimulation in the rat elicit a transient decrease of reaction time in the lail-ﬂic’l;: test (Yashpal
and Henry, 1983; Cridland and Henry, 1988a). This decrease in reaction time is followed by
a rebound. overshoot, which can bé blocked by naloxon_e (Yashpal and Ienry, 1983),
suggesting thelactivation of an opioid mec;imnism at the spinal level, due either to SP or to
SP-induced activation of spinal nociceptive pﬁthways. Bioéhemically, SP has been shown
to stimulate the release of an endogenous opioid peptide at the spinal (Tang et al., 1983;
[adarola et al., 1986) and supraspinal levels (Naranjo et al., 1986). The involvement of SP

receptors in triggering the release of ENK was suggested (Tang et al., 1983).

3. Inhibition of SP release in the dorsal hom by ENK
Opioid receptor binding sites in the substantia gelatinosa were reduced markedly
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following dorsal. rhizotomy (LaMotte et al., 1976). This finding suggests that a considerable
number ol opioid receplors is located presynaptically on primary sensory afferents.
Biochemically, the release of SP in lﬁminae I'and I was induced by noxious stimuli or by
high concentration of potassium (Duggan et al., 1987; Yaksh et al., 1980). Opiate analgesics
were shown to inhibit SP release from the spinal cord and trigeminal nucleus (Jessell and
Iversen, 1977; Yaksh _el al., 1980). However, there is no available mofphological evidence
of ENK-IR axonal terminals presynaptic to SP-IR primary sensory afferents (see above).
Thus, it has been hypothesized that endogenous opioid peptides released from the terminals
of enkephalinergic interneurons might spread diffusely to exert both presynaptic inhibition

on nociceptive afferent terminals and postsynaptic inhibition on dorsal horn neurons (Cuello,

‘ 1983; Iversen, .1986).

V. Interaction of SP and GABA in nociccpﬁon

A. Distribution of GABA immunoreactivity in the dorsal horn

| y-Amian butyric acid (GABA) is a well established classical inhibitory
neurotransmitter in the CNS. GABAergic .neurons in the dorsal horn 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 horn, GABAergic neurons aré particularly concentrated in laminae I to

111 (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 iuterngurons in the dorsal horn, either from the same or adjacent segments:
(Carlton and Hayes, 1990), and descending fibres from the medullary raphe nuclei, where
GABA has been found in serotonergic cell bodies that project to the spinal cord (Millhnrh

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

B. Synaptic arrangements of GABAergic structures }n the dorsal horn

The synaptic arrangements in which GABA-IR elements participate are of particular
interest because they brovide an anzitomical basis for presylnaptic and postsynaptic inhibition -
mediated by GABA. GAD or GABA-IR .terminals arc presynaplic to the central boutons ol
glomeruli which are of prilﬁary sen_sory origin _(Barbcr et al,, 1978; Basbaum ct al., 1986;
‘Magoul et al., 1987; Todd and Lochhead, 1990; Bernardi et al,, 1995). GABA-IR profilcs
have been fo.und ppesynaptic io the terminals of functionally defined myclinalcd nociceptors
in the monkey and cat spinal cord (Alvarez et al., 1992). These obs‘crvalions serve as
morphological substrates for GABA inhibition through a presynaptic mechanism. GABA-IR
terminals are aiso presynaptic to dendritic profiles, which are bresumed lo serve as
postsynaptic inhibitio'n. In addition, _most GABA-IR cell bodies and dendrites are
poétsynaptic to primary sensory afferents (Basbaum et al., 1986; Carlton and Haycs; 1990;

Bernardi et al., 1995).

C. Interaction of SP and GABA
Morphologically, there is little experimental evidence available as to the interactions ,
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0f SP-IR and GABAergic elements in the dorsal horn. A preliminary study using a
post-embedding immunoéold protocol claimed that GABA-IR axonal boutons were
occastonally presynaptic to SP-IR axonal boutons, but no illustration was given (Merighi et
al., 1989),

F unctionally, bath application of SP was reportéd to induce a marked increase in the
release of GABA from the isblated rat spinal cord (Sakuma et al., 1991). On the other ha'nd,
it was reported that the well-known analgésic effects of baclofen (a GABA; receptor agonist)
are probably not mediated by a _‘recl'uction of the release of SP or CGRP in the dorsal horn
from central terminals of primaq afferents, based on the results 61’ an in vivo stqdy using the

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

VL Intcragtions of SP and NGF
NGF represents the prototype of a geﬂe farﬁily of neurotrophins which are target-
derived, retrogradely transported, structurally related and possess neurotrophic effects on
certain neuronal populations of the nervous system. This neurotrophiﬁ family includes NGF, .
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 small
amounts in the target tissues and control the neuron survival and innervation of target ﬁss_ues
during development. Neurothphic factors also have important functions in the adul.t nervous
' =
system.
Ofall neurotrophins? NGF has been the most extensively studied. Its wide range of
biological effects upon neural-crest derived sensory neurons.and sympathetic neurons, and .
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the basal forebrain cholinergic neurons have been well characterized and documented [for
reviews, see (Thoenen et al., 1987; Purves et al., 1988)]. In primary sensory systems, NGF
has been found to interact specifically with.a functional group of sensory neurons during
embryonic and postnatal periods. This group of sensory cells corresponds mainly to SP and
CGRP containing small size neurons which project their thinly myelinated and unmyelinated
axonal fibers to both peripheral ahd central targets [for revie\ve;.; see (Johnson, Jr. ct al., 1986;
Lewin and Mendell, 1993)]. How_evell, the effects of NGF on sensory neurons vm"y with cach
of the developmental periods. Here, I will only provide a bricf review of thé ci‘l‘écls of NGF
on neuropeptide (SP or CGRP) containing priiﬁary" sensory neurons at different

developmental stages.

A. The crulcial role of NGF in the development of embryonic sensory nczu'onsr

Primary sensory neurons originating from the'ncurz_ll crest have ‘been. shown, in both
in vitro and in vivo studies, to be critically dependent on NGF for survival and differentiation
during the embryonic peried (Levi-Montalcini and Angeletti, 1968; Gorin and Johnson,
1979; Aloe et al., 1981). In these in vivo studies, ﬁmajority (up to 80%) of primary scnsory
neurons in early development was killed by deprivation of NGF. Such deprivation has been
achieved by either systemically treating animals with high titre antibodies raised against
NGF or making auto-immunized animals that will ﬁroduce antibodies to their own NGF. In
recent years, the dependence of embryonic sensory neurons on NGF has been further
substantiated by studies using transgenic mouse technoldgy. NGF or its high affinity
receptor, trkA, was depleted by homologous recombination in transgenic mice (Crowley et
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al., 1994; Smeyne ct al., 1994). All or a large portion of small size neuropeptide containing
DRG cells died in these transgenic mice, thus leading to a loss or reduction of nociception.

On the other hand, exposure to excess NGF at embryonic stages resulted in excess
sensory neurons (Henderson él al., 1994; Albers et al., 1994), elongation of axonal fibers in
the spinal éord (Zhang et al., 1994), hyper-innervation of the skin by CGRP-IR fibers (Albers

ctal., 1994) ahd consequent hyperalgesia (Davis et al., 1993).

B. E[ﬁclx of NGF on priﬁzm‘i} sensory neurons during the postnatal period

| A[’t;:i' bil"th, the role of NGF on sensory neurons changes from a requirement for
survival to the nmintenqnce and modulation of the phenotypes. In the neonatal period,
deprivation of NGF results in the death of only a small proportion of the small size sénsor)}
neurons (Yip et al., 1984; Hulsebd_sch et al., 1987; Lewin et al., 1992b), but caused a
substantial reduction of SP contents in sensory neurons (Otten et al., 1980). Conversely,
exposure of neonatal or mature primary sensory neurons to excess NGF leads to increased
SP mRNA expression (Vedder et al., 1993) and protein contents (Otten et al., 1980), and
results in a profound behavioral hyperalgesia (Lewin et al., 1993).

In adulthood, the depletion of NGF is unable to cause any neuronat cell death (Gorin
and Johnson, 1980), but NGF continually exerts its effects on the maintenance and regulation
of the phenotypes of sensory neurons. Experiments have shown that neuropeptides in sensory
neurons were differentially regulated by peripheral nerve transection, which deprived sensory
neurons of target-derivéd trophic factors. Transection of a peripheral nerve up-regulated the

level of vasoactive intestinal polypeptide and galanin in sensory neurons, and down-
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regulated the expression of SP and CGRP [for review see (Hokfelt et al., 1994)], The reduced
levels Qf SP and CGRP in the lumbar DRG after the section of the sciatic nerve, were
reversed by infusion of NGF 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 of NGF (Verge et al., 1995). Consistent evidence was obtained [rom in
vitro and in vivo studies that NGF up-regulated SP and CGRP genes and proteins in cultured
adult rat sensory neurons (Lindsay et al., 1989; Lindsay and Harmar, 1989} and that NGF
increased SP content and transport in sensory fibers innervating inflamed tissues in the aduit

rat (Donnerer et al., 1992).

- C. NGF and nociception

The role ;)f NGF in nociception was reviewed by Lewin and Mendell (1993), NGF
plays an important role in the postnatal devélopment of nociceptors and in mechanisms of
nocriception occurriﬁg in adult animals.

In the early postnatal period (postnatal day 4-11), administration of anti-NGF
antibodies caused a possible switch of the A8-high threshold mechanical receptor (HTMR)
into D-hair type in the skin (Lewin et al., 1992b}. Thislﬁnding implied that sensory neurons
might be subject to respecification of their phenotypes by the availability of NGF during
early postnatal period. After neonatal anti-NGF antibody treatment (from postnatal days 2
to 14), the numbers of C-mechanothermal fibers in. adult rats were reduced by about 60% and
the lost fibers ;eemed to be replaced by a new population of C-fibers that responded
exclusively to mechanical stimuli (Lewin and Mendell, 1994). Administration of anti-NGF
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antibodies to neonatal animals impaired the ability of Ad and C-hber afferents to elicit
antidromic vasodilation, suggesting that the sensory neurons which had their phenotypes
converted likely mediated the anlidromiic vasodilation (Lewin et al., 1992a). Conversely,
exposure of neonatal animéls to excess NGF did not induce dramatic changes in the
proportions of AS and C-fiber afferents, suggesting that the naturally occurring amount of

NGF in the skin is sufficient to ensure the normal development of all the A& nociceptors

(Lewin et al., 1993). |

In adult animals, one systemic injection of NGF led the animal to develop a profound
sensitivity to no‘\;ious heat and mechanical stir_nuli (Lewin et al., 1993). A mechanical
hypérnlgesia was elicited in transgenié mice over-producing NGF in the skin under the
conlrol_of a K14 keratin promotér (Davis et al., 1993). Therefore, NGF seems to play‘an
important linking role in hyperalgesia and inflammation. This assumptio.ﬁ was supported by
several lines of evidence. NGF in damaged or inflamed tissues increased many folds above
normﬁl levels (Weskamp and Otten, 1987, Aloé et al., 1992). NGF itself is known to cause
hyperalgesia (Lewin et al., 1993) .through multiple mechanisms, including mast ceil
degranulation (Stea'd et al., 1987), nociceptorlstimulation following proteolytic cleavage
(Miaskowski et al., 199 1), and possibly through an effect on the production of peptides by

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

VII. Objectives and rationale of the present thesis project
A. Statement of objectives
As mentioned above, SP is a presumptive neurotransmitter involved in the
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transmission of nociception in thinly myelinated and unmyelinated fibers in the dorsal horn.
CGRP is likely to potentiate the nociception mediated by SP. The inhibitory
neurotransimitters/neuromodulators, ENK and GABA, probably interact with SP in the dorsal
horn and thus inhibit SP mediated nociception transmission, In the embryo, SP containing
primary afferent neurons are critically dependent on NG for survival, growth and
differentiation. After birth, the phenotypes of SP containing sensory neurons are maintained
and modulated by NGF. It is obvious that SP fiber innervation in target tissues is very
impoftant for SP to fulfil its roles in nociceptién. It is of great signiﬁcancc to understand the
SP fiber innervation of its central target tissues.

In my thesis work, .I investigated the innervation of SP-IR axonal fibers in two
different experimental paradigms.

The aim of tilis thesis work was, thprcforc, to‘ investigate the innervation by SP'-
IR axonal terminals of physiologic:ﬂly characterized dorsal horn neurons in a normal
experimental condition and, furthermore, to elucidate the innervation by SP-IR axonal
terminals of target tissue in the white matter of the CNS in a transgenic mouse model
where NGF is over:produced by myelinziting oligodendrocytes under the control of
myelin basic protein (MBP) promoter.

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

project.

B. Statement of hypothesis I
It is generally thought that functional types of dorsal horn ncurons may be
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differentiated primarily by their morphology, transmitter/modulator content. and
predominant type of apposed boutons, We examined this general concept, by studying the
innervation by SP-IR axonal terminals of functionally characterized dorsal horn neurons. A
previous study from our group demonstrated that SP-IR axonal boutons abundantly
innervated nociceptive dorsal horn neurons, but rarely innervated non-nociceptive neurons
(De Koninck et al., 1992). However, these data were collected on a limited sample of
neurons. Based on these preliminary results, [ specifically tested the following hypotheses
in the current thesis project: |

Tilcrc are differences bet\fcen physioln.gical types of dorsal horn ncurons in the
innervation by SP-IR nxonal fibers and also by other axonal fibers coptaining other
neuropeptides or neurotransmitters involved in nociception, such as CGRP, ENK and

GABA.

C. Sfalemen? of rarion.alc 1o test hypothesis 1

To address hypothesis 1, a combination of intracellular electrophysiological
récording. intracellular injection of HRP, and ulﬁasnucmral immunocytochemistry was used.
}. Functional characterization of dorsal horn neurons

Following electrophysiological recording, the dorsal horn neurons of the cat lumbar
spinal cord were functionally classified into three types based on their responses to
innocuous or noxious stimuli in the skin. The three types of dorsal horn neurons were
nociceptive specific, wide dynamic range and non-nociceptive. Nociceptive neurons,
including nociceptive specific and wide dynamic range neurons, exhibited a characteristic
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nociceptive response, which was represented by an afterdischarge and a stow, prolonged
depolarization alter the end the stimuli. This typical nociceptive response was blocked by
NK-1 receptor antagonists (Radhakrishnan and Henry, 1991: De Koninek and Henry, 1991,
Neurons were classified as nociceptive and non-nociceptive on the basis of the presence or
absence ol such a nociceptive response. Nociceptive specitic neurons responded only to
noxious stimuli. while wide dynamic range neurons responded to b:;)lh noxious and
innocuous stimuli. Non-nociceptive cells responded to both noxious and innocuous stimuli
with a fast and brief discharge and did not display the typical nociceptive response deseribed
above. Afler functional classification, the cells were injected imraccl-lulm'ly with a lrélccr\
horseradish peroxidase (HRP), so that the cells could be identilted using hislpclu:mislry.‘

Usually, 1 to 2 cells were injected per animal.

2. Morphological characterization of the dorsall horn neurons

After the intracellular injection of HRP, the animals were lurther processed lor
morphological observation. HRP labelled cells were detected after histochemistry, and SP
and ENK imnumnostaining were carried out'usi‘::i:f_j,\"ﬁ pre-embedding protocol. CGRP and
GABA immunoreactivities were demonstrated using a post-embedding immunogold
protocol. The detection of ENK immunoréactivity required the use of clectron microscopic
radioautography. Under the electron microscope, the different markers were casy to
differentiatg. Neurons filled with an homogenous and dense 3,3'-diaminobenzidine (DAB)
reaction product were identified as the intracellularly HRP injected cells. Axonal boutons
containing a non-homogeneous and less dense DAB reaction product, which was
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preferentially associated with densc core vesicles, were considered as SP immunoreactive.
Axonal boutons overlaid by immunegold particles were defined as either CGRP or GABA
immunorcacliv-e depending on the antibodies used. Boutons overlaid by silver grains of the
radioautographic emulsion were considered as ENK immunoreactive. At the EM level, the
qum_niﬁcation of SP-IR, ENK-IR, and CGRP-IR boutons which were apposed to functionally
characterized dorsal horn neurons was carried out. The percentages of each type of bouton
were dcte_rmined directly on the EM screen. The densities of each type of bouton was
determined with the aid of an image analysis syslein. The relevant data was compared
statistically. ‘ ' ‘ _ 3 '

Using these approaches, wé found signiﬁcmmtly_ higher numbers of SP-IR boutons and
SP+ENK-IR boutons presynaptic to nociceptive neurons than to non-nociceptive neurons.
Some Qi’ the SP-IR boutons apposed to nociceptive neurons co-localized CGRP, suggesting .
their primary senisory origin. Most nociceptive neurons conlﬁined ENK, but non-nociceptive
neurons \;fefe never ENK immunoreactive, Although higher numbers of ENK-IR boutons
were apposed to 110ci¢eptive neurons, considerable numbers Of. ENK-IR boutons were in
contact with néu-nociceptive neL;i-bns.

Additionatly, the interaction of SP and GABA in the superficial dorsal horn of the
cat and rat spinal cord was also investigated. The co-localization of SP and GABA
immunoreactivities was found in axonal ferminals for the first time inﬁth‘e. superficial layers
of the dorsal horn of the cat, blt;t not rat, spinal cord.

D. Statement of hypothesis I



As mentioned above, during the neonatal and adult periods, 8P containing primary
senéory neurons are not dependent on NGF for survival, b:# their phenotypes continue to be
modulated by NGF. Since the central target areas of the sensory neurons are very important
in nociception transmission and m.odulmion. the SP innervation in the CNS will be
definitively modulated by many factors. NGF will be the most suitable candidate to consider,
- Therefore, I decided to investigale whether SP containing scn.s.'ow neurons respond to an
abnormal NGF over-expression in lhle \_vhitr.‘ matter of the CNS during the carly postnatal
period. Based on the availaiblé evidence. it waé h};polh_csizcd‘ that;

. SP-{IRI axonal fibci‘s, orig.i;m_ting f;oin NCF-r.csbonsivc primary sensory neu :"0|1$

innervate specifically target arcas in the CNS where NGF is ectopieally expressed.

E. Statement of rationale to test hypothesis If

To test hypothesis 11, the following strategies were taken. A transgenic mouse model

was used which bears a chicken NGF ¢cDNA under the control of a MBP promoter. The

‘choice of this animal model was based on the rationale that the MBP promoter would direct

NGF tran'sgene‘ expression in the white matter of the CNS and that the transgene cexpression .

would be initiated only in the early postnatal period to avoid any developmental defect. NGF

mRNA analysis and NGF immunocytochemistry were conducted to examine if the NGF

. /.
ol
e ~

transgene had been over-expressed, a't\ﬂlg:_wggnc and protein levels, in the CNS of transgenic

mice. Since SP and CGRP are sensory neuropeptides conlained i most of the NGIF

responsive primary sensory neurons, SP and CGRP immunoreactivities were used as markers

of the effects of NGF over-expression on primiry sensory neurons in the white matter of the
: N
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CNS. Turther clectron microscopy was carried out o demonstrate such effects at the
ultrastructural level.

We found that SP-IR fibers were present in the white matter of the CNS of both
transgenic and control mice from postnatal day 0 to day 2. From day 5 on, however, these
SP-] R fibers iﬁcreascd markedly to become ectobic fibers in transgenic mice, but decreased
‘dl'anullicully and [inally disappeared in control mice. Ectopic SP-IR fibers in transgenic mice
remained throughout adulthood. Capsaicin treatment abolished all the ectopic SP-IR fibers,

indicating their primary sensory origin.



CHAPTER 1

Quantitative analysis of substance P immunorcactive boutons on physiologieally
characterized dorsal horn neurons in the cat lumbar spinal cord

Weiya Ma, A. Ribeiro-da-Silva, Y. De Koninck, V. Radhakrishnan, J.L. Henry and A.C.

Cuello
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ABSTRACT

In 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
clectrophysiological recording and injection of horseradish peroxidase with ultrastructural
immunocytochemistry. |

Dorsal horn neurons were classified a's.nocicep.tive specific, wide dynamic range and
non-nociceptive based on their responses to innocuous and noxious stimuli. All nociceptive
neurons (nociceptive speciﬁc and wide dynarﬁic range) exhibited a characteristic nociceptive
response which ‘was blocked by the selective NK-1 receptor antagoﬁist, CP-99,994.

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

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

noh-IR, apposed the cell bodies, proximal and distal dendrites were not significantly different

7 for the three functional types of neurons. The densities of SP-IR boutons apposed to the three

regions of nociceptive specific neurons were signiﬁcantly higher thanl those of non-
nociceptive neurons. When compared with wide dynamic range neurons, nocicep_tive specific
neurons possessed significantly higher densities of SP-IR boutons apposed to the cell bodies
and proximal dendrites, The densities of S?-IR boutons appose& to the proximal and distal
dendrites qf wide dynamic range neurons were significantly higher than those of non-
7nociéeptive neurons, ' | e

The percentages of SP-IR boutons apposed to all three regions of nociceptive specific
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neurons were significantly higher than those of wide dyl_mmic range and non-nociceptive
neurons, Also, the percentages of SP-IR boutons apposed 1o the three regions of wide
dynamic range neurons were significantly higher than those of non-nociccplivc NEUTOnS.
Furthermore, for wide dynamic range ncurons, the percentages of SP-1R boutons upposﬁi
the distal dendrites which were located in laminae rich in SP immunorcactivity were
significantly higher than those of dendrites located in area with sparse immunorcactivity.
However, even in areas with intense SP immunoreactivity, the values for the distal dendrites
of non-nociceptive neurons remained \:fel')f low. About 30-45% of SP-IR boutons apposed
to nociceptive neurons co-localized CGRP immunoreactivity, a {inding indicating that many .
of the SP-1R boutons were of primary sehso’ry origin. On average, 33.5 % L)I‘ the SP-IR
bbu’;ons apposed to the cells, regardless of their functional type, c:\'_hibilecl a synaptic contacl.
Our quantitative data providé a direct correlation belweeﬁ 1l1§ amount of SP-IR input
and the functional types of neurons and also indicate a correlation between NK-1 reeeptor

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

There is an extensive literature indicating that substance P (SP) has a ma] 01; role in
the dorsal horn of the spinal cord as a mediator or modulator of nociceptive transmission [for
reviews see  (Henry, 1982; Cuello, 1987; Otsuka and Yanagisawa, 1990)]
: lmnﬁmocylocI1e1ﬁical studies have shown that SP iﬁnnunoreactivity occurs in small diameter
scﬁsory fibers terminating mainly in lamin_a I and outer lamina If (H(‘jkfelt et al., 1973a;
Cucllo ct al., 1978), and also in small fiber clusters in lamina V (Ruda et al., 1986). SP
specifically excites nociceptive dorsal horn neurons (Henry, 1976; Randic and Miletic,
1977). The type ‘of pliniological response that likely corresponds to the effect of SPisa
stow, prdlongcd depolarization that occurs after naxious'.stimulation, which is blocked by
SP receptor (NK-1 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 Speciﬁ(:ity and intensity of the nociceptive response and the number
of appositions pf SP-immunoreactive (IR) boutons. In our previous study, we showed that
ncurdns which respond to noxious stimuli with a slow, prolonged depolarization after the end
" of the stimulus receive abundant SP-IR boutons, while non-nociceptive neurons scarcely
receive any SP. IR‘inputs (De Koninck et al., 1992)7 Although this previous study was
indicative of a direct correlation between a nociceptive response and the SP innervation of
the cell, 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,
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we decidea to investigate quantitatively the relationship between SP-lR inputs and the three
types of dorsal horn neuron. For this purpose, we conducted a quantitative analysis to
determine the densities and percentages of SP-IR boutons apposed 1o the cell bodies,
proximal dendrites and distal dendrites of three neurons tor each physiclogical type. To
determine the origin of SP-_IR boutons dpposcd 1o the intracellularly labeled cclls“ we
examined the co-localization of SP and caleitonin gene-related pcplidc (CGRI”)
immunoreactivities. Some of the data have been presented in a preliminary communication

(Radhakrishnan et al., 1993).

MATERIALS AND METHODS

Electrophysiological recording and intr:u:cll.ular injection of HRP of the dorsal horn
neu‘rons

The methods for cat preparation and intracellular recording have been desceribed in
detail elsewhere (De Koninck et al., 1993; Radhakrishnan and Henry, 1995). Briefly, adult
cats of either sex (3.0 to 4..5 kg) were anesthestized with a-chlbralosc (60 mg/kg i.v.),
artificially ventilated and paralyzed with pancuronium bromide (Pévulon, Organon; 1 mg/kg
i.v. and supplemented as necessary). The spinal cord was transected at the L, vertebral {evel
to eliminate the influence of supraspinal structures. Glass micropipettes filled With 0.5M
KCl and 4-8 % horseradish peroxidase (HRP; Sigma, Type VI; résistanccs: 50 to 120 MQ)
were used to record intracellularly from dorsal horn neurons iﬁ segments L-Ls. A ncuron
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was studiced only if it had a stable resting membrane potential, if its action potential showed
an overshoot and if the cell exhibited clear, reproducible responses to natural stimulation of
the skin.

FFunctional classification of the neurons was made based on their responses to natural
cutaneous stimulation and to electrical stimulation of afferent nerves following previously
described criteria (Dt‘: Koninck and Henry, 1992; Radhakrishnan and Henry, 1995). The
.natural stimuli used were movement of hairs, 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 hociceptive specific. Noéiceptive neurons (i.e. either
nociccpiive specific or wide dynamic range) were classified as such when they responded
to noxious stimulation inth a slow, prolonged depolarization following the end of the
stimulus. To test whéfher tliis respoﬁse could be blocked by the administration of a SP
receptor antagonist, the specific llbll—pgptide NK-i receptor antagonist CP-99,994 was given
intravenously (0.5-1 mg/kg) to three wide dynamic range neurons.

After thorough electrophysiological recording and functional classification, the
neuron was injected with HRP by intracellular iontophoresis using 600 ms positive current
pulses of 4-8 nA at a frequency of 1 Hz for a duration of 10 to 30 minutes, depending on the
type of neuron injected. One to three neurons were injected per cat and a map of the dorsal
surface of the spinal cord was drawn to ensure exact localization and identification of the

labeled cells,

HRP histochemistry, pre-embedding and post-embedding immunecytochemistry
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The morphological approaches are described in detail elsewhere (De Koninek ot al.,
1993). Following electmphysiological. recording and intraceliular injection of HRP, the cat
was subsequently perfused through the lell ventricle with a mixture of 4% paratormaldehyde
and 0.5% glutaraldehyde in 0.1M phosphate bufler, pH 7.4, at room temperature. The
relevant segment of the spinal cord was removed and postfixed in the same (ixative for 90
minutes and then infiltrated overnight in 30% sucrose in 0.1M phosphate bufTer. Next day,
the spinal cord segment was snap frozen in liquid nitrogen awd thawved in 0.1M phosphate
buffer at room temperdtux‘e. Fifty-pm-thick parasagimﬂ seclions were cut '01) a Vibratome,
and processed to demonstrate HRP filled cells using I~IR1’ histochemistry in which 1th
chro'mogen, 3, 3'-diaminobenzidine-(DAB, Sigma), was intensified by ﬁickcl and cobalt -
(Adams, 1981). Under the light microscopg thé HRP labeied neuron was visualized and
photographed. The sections containing the labeled cells we‘rc further. processed to
demonstrate SP immunoreactivity in the dorsal hom. The sec-lions were incubated ‘in an anti- |
SP/anti-HRP bi-specific monoclonal antibody from the rat (Suresh et al., 1986) (coded P4Cl ;7
Medicorp, Canada) overnight at 4°C. The follqwing day, the sections were incubated in a
solution containing HRP (Sigma type VI, Sug/mi) at room temperature. The DAB reaction.
was carried out without intensification. |

Subsequently, the tissue was osmicated, dehydrated in ascending alqohols and
propylene oxide, and finally flat-embedded in Epon aé previously described
(Ribeiro-da-Silva et al., 1993). The different parts of the labeled neuron in ﬂal—cnnbcddcd
slices were photographed. The whole morphology Qf a labeled neuron was reconstructed
using a camera lucida. The dendritic tree of a cell was divided into 1hrce.scgments by
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imposing three equidistant circles centered on the cell body (Sholl, 1953) on the
reconstruction drawing of the whole morphology of the cell, The diameter of each of the
circles varied with_lhe size of the dendritic tree. The dendrites located inside the inner circle
were considered as the proximal dendrites, while those located in the outer circle represented
the distal dendrites. To ensure differentiation between the proximal and distal (jendrites, the
| dendritic segments located in the middle circle were not used for quantitative purposes.
Samples from the cell body, proximal dendrites and distal dendrites of the labeled neuron
were selected and‘ reembedded in Epon blocks. From re-embedded blocks, 4-pm-thick
semithin seétidﬁs were cut serially, photographed :md compared to the original drawing for
idv.;nlill"lcalion ot'_the parts of the labeled neuron present in each section. The semithin sectiohs
were lcut then reembedded in Epon blc.)cl;.. From these Ep01-1 biocks, _ultl"athin sections ;.vere ‘
cﬁt on an ultramicrotome and collected 0i1t0 one slot fornwar—cﬁated grids,lcounterstained
with uranyl acetate and lead Citrate., and finally observed under a Phillips 410 electron
hﬁcroscop'_e. |

Some édditio_ﬂﬂl ultrathin sections from three types of neurons" were collected onto
mesh nickel grids and processed to demonstrate the co-localization of SP and CGRP using
a post-embeddiﬁg immunogold - staining p'rotqcol descriﬁed in detail elsewhere
(Ribeiro-da-SiIva etal., 1993). An anti-human CGRP polyclonal rabbit an;tibody (Peninsular)
was used. The secondary ahtibody was a gold-conjugated goat anti-rabbit IgG (Biocell). The

size of gold particles was 10 nanometers.

Quantitative analysis



. profiles

Of the cells included in the present study, sections [rom neurons 207-1, 208-1 and
212-1 ha_we 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 of SP-IR boutons and non-lR boutons apposed to the cell

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

~ magnification of 13,800 X. After counting, the entire clectron microscopic field was

photographed at low magnification for the purpose of measuring the length of cell membrane

‘to which the boutons were apposed. On average, 1,370 boutons were counted per cell. Five

fields, at least, from eqch of the three 1'egioﬁs of the ccl{‘wem counted. To aralyze lhp qcmul :
syné@ptic specializatidﬁ bétween_ the two Structufes in ‘.isb-l;\‘led "u‘_llml-hin scélim{s,' Llu;
goniometer stage of tht; e‘lec.fro‘n ii1i_c%rh$copc was used to filt thla‘:_‘grid. Data trom cach region
of the labeled neuron \;\refe pooled and the percentages of SP-IR bo.ulo.ns ap;ﬁibsccl to {Iu, ﬁcll
bodies, pro'ﬁitﬁal dendrités and distal dendrites were determined. - | |

To measure the length of profiles of the cell preSehl in _eucﬁ low magnilication -

 electron micrograph, the negative plates were placed on a light box and the image were -

captured into an image analysis system (MCID-MI' system, Imaging Research Inc.,
St.Catharines, Ontario, Canada) using a coupled black and white CCD video camera. The
density of SP-IR b'ouiohs (nhinber of SP-IR boutons per 100 prﬁ of cell mcmbrahe l_ength) C

and the density of the total boutons (number of SI;-.II'{-bputons and non-IR boutons/100 um

N of membrane length) were obtained from each profile of each labeled neuron. At least, 5

B

6i‘~.$§ch region of a cell were used.

NS : S
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For the study of the co-localization of SP and CGRP immunoreactivities, quantitative
data were obtained by counting directly from the EM screen the numbers of profiles apposed
to the different regions of the cell which were immunostained for SP-only, SP+CGRP_and
CGRP-only. One cell per 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 at /<0.05.
~ RESULTS .
Elcctrophys'iblogi'c:il and pharmacblogicul characterization of the dorsal horn neurons

Intracellular recordings were obtained from a total of fifty-five neurons, of which 9

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

“three "non—noci'ceptivé. These nine cells were selected as all of them were thoroughly
. characterized physiologically through intracellular recording and displayed satisfactory

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

the nociceptive (nociceptive specific and wide dynamic range) neurons showed an initial

' dcpblarizﬁtion followed by a slow, prolonged dépolarization that outlasted the peridd of

stimulation (Fig. lc,d). This depolarization was usually associated with a period of increased

-rate of action potential discharge, or gfferdischarge. Following administration of the NK-1
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receptor antagonist. CP-99.994, the late component of the response (the slow, prolonged
depolarization and afterdischarge) were considerably reduced. while the initial depolarization
was unaffected (Fig. 1¢). Responses to non-noxious cutancous stimulation, such as hair

movement, were brief and brisk (Figs. la, 2A), and were unaflected by CP-99.994 (Fig. 1b).,

Morphological characterization of the dorsal horn neurons

Wide dvnamic range neurons

- The cell bodies of the three wide dynamic range neurons (276-2; 208-1: 339-1) were
located in the laminae II-111 border. lamina 11 and lamina 1V respectively (Table 1), Al cetls
‘displayed identical elgcn‘opl'lysiologicnl properli;s. chresum.uivc recordings {rom one
neuron (339-1) are shown in Fig. 1. The morphological properties of two ol these cells (208~
1 and 339-1) are‘ s_how.n, respectively, in Figs. 3-4 and 5-6. l\}lm'pl.lologicullly, all three
neufons were multipolar. One neuron (208-1; Fig. 3A) had an e.jcle;1sivc d_r.-‘.udriiic tree in
lamina {IT and two major dendritic branches extending to oulgi* lamina 11 and lﬁminn [, an
area of intense SP inununoréactivity (Fig. 3B). It is interesting to note that the cell possessed
numerous small dendritic spines (Fig. 3A; small arrows). However, the dendritic processes
that extended into laminae I-ITo were éspiny (Fig. 3A). These dendrites in laminac I-Tio were
the areas of the cell that received the highest number o.f appositions from SP-IR profifes (Fig.
3B). Even in other areas of the dendritic tree, SP-IR profiles were never seen apposed 1o
dendritic spines. This éell did not have much SPl-IR profiles apposc_cl'to the ccli bodry area
(Fig. 3B-E). Synapses between SP-IR boutons and the celi boay were not {requently found

(Fig. 3E). A high number of SP-IR boutons apposed to or synapse with the distal dendrites
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e located in laminac I-llo (Fig. 4A-D), However, even in this area, SP-IR central varicosii'zs
of glomcn;li were never found presynaptic to dcndrirlcs of the cell (Fig. 4E). Cell 276-2 ('nol
iltustrated) was éixﬁilar to 208-1 in shape, dendritic arborization, dcndritic" spines and
appositions from SP-IR boutons. |

Cell 339-1 (Figs. | and 3) possessed a cell body that was larger in size and was
located in lamina 1V (Fig. 5A). Like the other wide dynamic range -neuro;is,appositions and
syﬁapscs from SP-IR boutons were found infrequently in the cell body region (Fig. SD,E).
Most of the dendrites qflhc céll branched within the limits of lamina IV and were \)ii‘ltially’
devoid of spines. One dendrite reached as far as the middle third of lamina 11 (Fig. 5A),
where it f‘ccéiVed a considerable number of appositions from SP-IR profiles. Some dendrites

reached lamina V (Fig. SA), and branched in the patciiy areas ricill.1 in SP immunoreactivity
characteristic of 'that” lamina (Fig. 6A). The_sé processes received a high number of
appositions from SP-IR profiles (Fig. 6C,D).

The synapses established by SP-IR boutons onto the dendrites of the .celis were'
usuﬁlly clearly asymmetric (see Fig. 6C.D - insets). In the cell body area, synapses were

usually symmetric.

"

Naciceptive speciﬁc neurons
All three nﬁ-ciceptive specific neurons had their cell bodies located in Lamina I (Table

1). Two of these cells (271-1, 276-1) were bipolar (fusiform) and oriented parallel to the
. K'

main axis of the spinal cord, with their dendritic tree branching within the limits of lamina_/”
i ' e

Ie

[. Figure 7 illustrates morphological properties of one of these two bipolar cells (271-i).
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Thesc cells received numerous synapses from SP-IR bouton profiles in the cell boddy avca and

~ throughout the dendritic branches, Examples of SP-IR boutons apposed to dendrites are

illustrated in Fig. 7C,D. A third nociceptive specific neuron (207-1: see Figs. 8 and 9) had

the cell body located close to the laminae 1-11 border (Fig. 8A). This cell was multipolar with

“and reached as far as the laminae 11-111 border (Fip. 8A,B). Like the bipolar nuciccptivt

specific cells, this multipolar cell received numerous appositions and synapses {rom SP-1R
profiles, both in the cell body aren and in the dendritic tree. Appositions/synapses {rom SP-

IR boutons were abundant both in_the proximal (Fig. $D) and distal (Fig. 9) dendrites.

- ) .

" "Apparently, appositions were equally abundant no matter whether the dendrites were located

in lamina I or inner lamina 11.

Non-nociceptive neurons )

The somata of all three non-nociceptive netllrot;s (27El 2, 212-1 and 258-1) w.crc'
located in lamina IV. The cells were multiﬁolar, with dendritic arboﬁzations oriented
dorsally. As examples, cells 271-2 (Fig. 10; see Fig. 2 for éleclroplmysiological rccordin_g
from this cell) and 212-1 (Fig. llj are shown here, The cell bodies gave rise to several thick
dendritic trunks that branched extensively mostly in lamina lll; but with:some distal
processes reaélxing as far dorsally as outer lamin'a_ I (Figs. 10A; 11A). The c'lcndritic

branches posséssed spines, particularly noticeable in cell 212-1 (Fig. 11B). Many of these

spines branched at right angles from the dendritic trunks (Fig. 11C; arrows). Under the

electron microscope, SP-IR boutons were seldom found in contact with the perikarya or
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dendrites of the cells. This scarcity can be noticed in Figs. 10C and 11D. Most of the
varicosities that were apposcd to non-nociceptive neurons-contained small clear round

vesicles, although some possessed flattened vesicles. A few dendritic spines were

componcnts of synaptic glomeruli (Fig. 11E). It is interesting to note that even in areas of

* dense SP innervation, such as lamina lio, the distal dendrites of the non-nociceptive cells

were virtually ah_-véys_ sepzu-ralcd from SP-IR profiles by some distance.

Quantitative results

' ~The quantitative data obtained from each of the cells included in this study are shown

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

;md percentilgeé of Sl_?-Il{ bo':l'll_onsr apposed to the cell bodies, proximal dendrites ahd_ distal -

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

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

+ The densities of SP-IR boutoﬁ profiles (Fig. 12B) 'ap:posed to the cell bodies, the proximal

and the distal dendritic regions of nociceptive specific neurons were significantly higher

~(P<0.01) than those of non<nociceptive neurons. The densities of SP-IR bouton profiles
" apposed o the cell bodies and the proximal dendrites of nociceptive specitic neurons were

-also si gni}icantly higher (P<0.001) than those of wide dynamic range neurt;ns, but the values

were fiot significant different in the distal dendrites (Fig. 12B). Compared with non-

- nociceptive neurons, wide dynamic range neurons showed significantly higher (P<0.02)

densities of SP-IR boutons apposed to the proximal and the distal dendritic regions, however,
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the vélues were not significantly dii‘t‘éreui in the cell liody region (Fig. 1213).

The percentages of SP—lRI bouloi}s.aﬁpo'sed to‘lhe cell bodiés.kpmxi.m'ul and distal
déndrites of nociccﬁtive specific nem'ous were signiﬁcnn_lly higher than these of )i*i(ic
“dynamic range (P<0.001) and lnollfxlocicg:pti\re néurons (P<0.001 )'(Fig. 12C). Wide dynamig
range neurons had s.i\gniﬁ_cn-ﬁ-tly higher percentages ol‘; SP-IR boutons 1%p|1051:d to the cell
" bo.dies (P<0.04), proximal (P%0.00l) and distal dendrites (1<0.001) than |itwi1-11_0cicclvt_j\fc

- neurons (Fig. 12C). Since the dendritic branches of wide dynamic range neurons and non-

nociceptive neurons distributed extensively, it was meaningful to assess the percentages of = -

SP-IR boutons apposed to the distal dehd’riteé located in laminae with “intense SP -

immunoreactivity and located in laminae with sparse SP immunoreactivity. The data in Table

2 showed that, for wide dynamic range neurons, the percentage of SP-IR boutons apposed

“to the distal dendrites located in laminae rich in _SP"inummo_reactivily was-signilicantly

| .
R *

highér (P<0.001) than the distal dehd}isqs located in laminac with scarcc SP

immunoreactivity. However, even in laminae with intense SP immunoreactivity, the value

fof the distal dendrit:esl, of non-nociceptive neurons remained very low (Table 2). |

R Thé bercentages of SP-IR bouton p.roﬁles. wlﬂi_éh éstai)lished visible synaptic conlaclé
with three types of neurons were virtually identical regardless of the physiological properties
of the cells. The ratio of synaptic SP-IR b"outons to the total number of SP-IR 5pposéd to the
neurons was 33.5+ 2.3%, wiﬁch was vi‘r_t.t'lé.lly identical to the proportion of non-IR b'oumns

that exhibited synapses on the cell (34.0+ 3.3%).

W,
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Co-localization of SP and CGRP immunoreactivities
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Undcr the electron microscope, SP and CGRP immunoreactivities weré observed to
co-localize in the same axonal boutonsk-apposed to nociceptive specific and wide dynamic
rﬁngc neurons (Fig. 13). QLlQillilati\‘;Cly, 43.5 and 304 % of the SP-IR bouton proﬁles..
.upl‘)os;:d', respectively, llo nociceptive speciﬁc_: qnd wide dynamic range neurons co-localized
CGRP immu_ndreqctiVily. lnéontrast, virtually all SP-IR Béulons apposeq_to"non-nocicep.tive

cells were devoid of CGRP immunoreactivity.

'DISCUSSION

In the current study, we presented new direct evidence that spinal nociceptive -

neurons, which exhibited a slow, prolonged depolarization and afterdischarge blocked by the

NK-1 receptor antagonist CP-99,994, u:céived an abundant §1u1ervatioxl from SP-IR boutons.

Neurons lacking this type of response received limited SP-JR input. Furthermore, our
ons lacking this typ p ,

quantitative data revealed that the densitié:s of SP-IR boutons apposed to the cell bodieé and

the proximal dendrites of nociceptive specific neurons were significantly higher than those
of wide dynamic range neurons. These values for the distal dendrites of the two types of

nociceptive neurons were not significantly different. Nociceptive specific neurons received

* significantly higher percentages of SP-IR boutons apposed to the cell bodies, the proximal

_ dendriies and thie distal dendrites than did wide dy_namic range neurons. In laminae with

intense SP immunoreactivity, the percentage of SP-IR boutons apposed to the distal dendrites
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of wide dynamic range neurons were significantly higher than that of the distal dendrites

located in taminae with scarce SP immunoreactivity. However, the value for-the distal
dendrites, located in areas of intense SP immunoreactivity. of non-nociceptive neurons
remained very low. CGRP -immunoreactivity co-localized in the SP-IR boutons apposed o

the nociceptive neurons.

Significance of the differcnces of SP-IR inputs with the cell type

PR
-

We detected in the present study that approximately one third of SP-IR boutons. were
presynaptic to three types of the dorsal horn neurons. This result is consistent with a previous
study (De Koninck et al., 1992). The ratio in their study has been interpreted-as indicating -

W

that virtually all varicosities would have had a synaptic specialization il serial scetions had

b

~been analyzed.l Therefo_re, the _percentages of Sl;-IR boutons apposed to cuch_i)llysiawlogicallly
'cllellra‘éterized dorsal horn neuron can be conside;red as an indicator of lhq total number of
synaéses tﬁat the neuron receives from SP-IR Boutons. |
Ttis important to stress that all the cells studied received approxinmiely tl}c sume
densities of appositions froin axonal varicositie?s independ@tly of their neur_ochcmicullh‘typc.
Therefofe, the percentage of SP-IR Boutons inthe tqtal number of varicosities apposed to the
cell can represent the relative proportion of SP synaptic inputs to other transmitter/modulator
speciﬂc;§y11apﬁc inputs. |
It is interesting to note that nociceptive specific cells had a significanly ﬁigher
rllumbelr of; appositions from SP-IR profiles than either wide dynamic ;'angc_ or non-

nociceptive reurons. This result was to be expected, since we had similar finding based on
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the quantitative analysis of one cell of each type in a previous sﬁtdy (De Koninck et al.,
1992). The present study adds quantitative information about the density and percentage of
SP-IR bo.lul-ohs apposed to three regions of nociceptive and non-néciceptive dorsal horn
11cur6ns. In the previous study two types of wide dynamic range neurons were studied, but
only one type of ceils was included i|.1 our present study. One of the two wide dynamic range
" neurons in the pre\vious study, which possessed particulariy strong nociceptive responses and
had_ the cell body located in lamin-a Y, was abundantly innlerva&d by SP-IR boutons.:
I'Iowevcr; cven this cell was less ilil}et'viltéd by SP-IR boutons t.ha.n the nociceptive specific
cell inclﬁdcd in that étudy, pmfi_cularljr i_il the cell bod}; region (De Koninck et éll., 1992). This
'lyp_‘e oi" wide dynamic range neuron was not included in the present sludy, as it is seldom
l‘ognd.‘ T‘l.le t'eSLllts from the wide dynm11ic range neilrdn With 1110cléfate llociéeptive response

. i

in the previous study is compumﬂle to the data obtained in'the present study. This type of cell

—_—

receives minor SP-IR input in the cell body area, where the density of SP-IR boutons was

hardly different from non-nociceptive neurons. The data in the current study clearly indicate

7 %‘\

B

that this type of wide dynan':lic range neurons receives most of its SP-IR synaptic input at the

RIS

distat dendrites, particularly those in areas rich in SP immdnoreactivity, such as laminae I-Ilo
and SP-IR patches of Iamiha V (Table 2}, and at the distal dendritic segmeﬁt; the dehsity of
SP-IR boutons was not siéniﬁcantly different from that of nociceptive specific neurons. In
contrast, non—pociceptive cells had weak SP innervatibn, even in areas of intense SP’
immunoreactivity, such as lamina llo (see Table 2). |

i
Substance P receptors
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The specific innervation of nociceptive neurons by SP-IR fibers favours a direct

synaptic action of SP. Using the same antibody from Vig.na et al (1994), several studies have
investigated the distribution of NK-1 receptor immunorenctiviiy in the rat spinal cord
(Bleazard et al,, 1994; Liu et al., 1994; Littlewood et al.. 1995; Brown et al., 1995, All
studies showed a conspicuous lack of NK-1 receptor immunoreactivity in cells in lamina i1,
while considerable immunostaining occurred in lamina 1 Lmd_dcépcr lnu_1inilc..f\ltl_’mlmlgh s@nc

NK-1 receptor immunoreactivity was detected in lamina Il it corresponded 0 the

L
A

immunostaining of dendrites from ndﬁ‘ons, the cell bodies of which were located in other
“laminae. As it is well. known that SP innnuno&aclivity is abundant in laminae | and 11, llip
. lack of ihnnunoreactivity for thé receptor in lamina Il is unexpeclécl. One: of the studics (Liu
et al,, 1994) using double inununostainihg at the ultrastructural 'lcvcl shéwgd lhn_l very. few
SP-IR i)roﬂles were presynaptic to NK-1 receptor-1R ccll:s. Both the lack .ol’NK-l r'cccptor-
IR in lamina‘ Il and the lack of SP ilinewation of NK-1 receptor-IR cells were intcrpretcd as
that SP might act at a distance from the release site (Liu et al., 1994). A s.iluly qsing another
anti-NK-1 recéptor polyclonal antibody revealed a comparable disiribulfbn of the NlK-i
immunoreactivity (Ding et al., 1995). These resu:\lts are in appareﬁt contradictioﬁ with our
data, since we found that nociceptive response exhibited by nociceptive neurons is closely
associated wiih the innervation by:SP-IR temﬁnals which occurs highly in lamina 11, one of
the are.as rich in SP immunoreactivity. It should be noted that 6n1y one of the six nociceplive
cells that we studied had the cell body in lamina II. All the others had their cell bodies in

lamina I or deeper laminae. However, the scarcity of direct SP innervation of ‘neurons

possessing NK-1 receptor immunoreactivity detected in the EM study (Liu et al., 1994)

o
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contrasts with our demonstration of & robust SP-IR innervation of nociceptive cells, but not
of non-nociceptive cells. It should be stressed that the lack of NK-I i'eceptor
immunoreactivity in lamina Il reported by studies published so far are also in contradiction
with SP binding sludies,. which showed intense binding in both laminae I and II (Yashpal et
al., 1990; Gouardéres et al., l?9f§; Bernau et al., 1993). This discrepancy may Be duetoa
limitation of the antibodies{used in the above studies, which may recognize only a limited

population of the receptor.

SP-IR inputs :md_ nocicebtivc responscs

Our results strongly _suggést that SP-IR inputs onto nociceptive neurdns m‘e‘directly
rclulcd to the no.ciceptive 1'esp0;1se. A correlation betweén the intensity of the hoci;eptive
response and the amount of SP-IR profile innervation of n.ociceptive' neuro_ﬁs is also
stlggegyed by our data. \‘Ne found that all three nociceptive specific neurons posses.sed a'more
nbundﬁnt SP innervation than the three wide-@namic range cells, both types of .nociceptive
neurons receive_ct ‘a more abundant innervation than non-nociceptive neurons. The
\yide-clynamic range 'neuroﬁs iﬁcluded in this E;tudy had weaker nociceptive responses than
the nociceptive specitic neurons. Furthermore, in our previous study (De Koninek et al.,
1992), we showed that a wide dynamic range neuron (205-1) which responded to noxious
pinch with a very strong nociceptive response received a higher number of SP-IR boutons
(19% for the cell body and 29% tor the distal dendrites) than one (208-1') of the wide
dynamic range neurons included in the current study (De Koninck et al., 1992), We did not
attempt, however, to‘: ftlﬁlxer quantify the magnitude of the slow responses. Full

51



quantiﬁcﬁtion of the magnitude of the slow. prolonged dcpolm‘izatioh was precluded by the
presence of action potential firing and because recording would have to be performed in the
presence of blockers of inhibitory u'mimnission which may contribute to the-stow, prolonged
response to high intensity stimulation (Urban and Randic, 1984).

It should be stressed that t\\;f"d ol the wide dynamic range cells of this study possessed
dendritic spines al';d that SP-IR proliles were ncver seen syndpsing .o'n spines. 'l‘l)is
observatioﬁ confirms the finding of our previouS study that SP-IR inpull was '.ilwu_\'s

associated with aspiny dendrites or the aspiny portion ol mixed dendrites (De Koninck et al.,

RS

1992).

The origin of SP-IR boutons
There are three known SOLlrceS of SP immunoreactivity in the dorsal hlm;n,‘prilmru'y'
SENsory neurons in dorslal roﬁt g}mglia _(Cuello and Kmmz@wa, 1978; Hoklelt et al., 19755),. ~
intriﬁsic spinal cord neurons (Hunt et al., 1981; Ljungdahl etal,, l97‘8) and descending l'lbcrs;
from the brainstem (Gilbert et al., 1982; Hokfelt et al., 1978).. Therelore, it was important to
be able to identify the origin 6f the SP-IR varicosities apposed to the intracellularly labeled
neurons in this study. CGRP immunoreactivity in the dorsal horn of the ‘spinal cord l;ligh{
be exclusively of primary sensory origin, as it appears virtually aboliéhed from the dorsal
horn foi]owing 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 detected
(Réthelyi et al., 1989). A high incidence of co-localization of SP and .CGRI’
immunoreactivities has been reported in dorsal root ganglion neurons (Gibson ct al., 1984;
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Juetal., 1987; Lec et al., 1985b; Wiesenfeld-Hallin et al., 1984: Garry et al., 1989) and in
axon terminals within the superficial dorsal horn of the rat (Plenderleith et al.. 1990;
'l'uqhscherer and‘Seybold, 1989). In the cat, approximately 80% (Garry et al., 1989) or f_.-:ve.n
100% (Gibson ct al., 1984) of SP-| R cells of lumbar dorsal root ganglia were shown to co-
Ibculize CGRP imnm'noreactivity. Therefore, it is féasonable toi use the co-localization of
CGRP il_mmmorca-ctivity asa marker to indicate SP-IR boutons of primary sensory origin.
Our resultsrevealed tlm“t a considerable number of the SP-IR boutons apposed to nociceptive
specific and w_ide' dynamic i‘angc neurons co-localized CGRP immunoreactivity. The
l-iercen.lr;igcé (30-45%) 0{‘ boutons co-localizing SI_’. and CGRP dete.c.tedwin the_ cul-reﬁt study |
;ﬁ'é conScrlvalivc.hec:uisert'he post—embeddihg iﬁumunogold protocol for CGRP is less
_sensitive than the preelmbedding' technique for SP (for a di_scussioh, see (Ribeit‘O-dq—Silya -'
et al.,I1993).'-Therefore, it is likely that an ev.en'larger- proportion of SP—IR boutons is of |
~ primary sensory",origin.. However, some of the SP-IR boutons certainly originate from |
inlr.insic SP-IR neurons m the spinal cord and possibly also from supraspinal sources.
Itis also possible that maﬁy of the SP-IR boutons that were not CGRP-IR co-localize
“enkephalin immunoreactivity. In fact, in other studies we have shown that SP and enkephalin
imnmnoreactivities_ are ‘.‘t;requently co-localized in boutons apposed onto the same

intracellularly labeled cell (Ribeiro-da-Silva et al., 1991a; Cuello et al., 1993).

Conclusion
The results of the present in vivo study in the cat spinal dorsal horn provide further
cvidence that there is a direct correlation between nociceptive responses of physiologically
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characterized neurons and the innervation ol SP-IR sensory tibers. [n contrast, non-

noéic_eplive neurons were scarcely innervated by SP-IR fibers, even in :1r¢u.\“'n { inléﬁsc SP
immunoreactivity. The spﬁciﬁc innervuﬁon of naciceptive neurons by SP-IR scnsm‘_\' libers
does not rule out the possil‘vility that SP may also act at receptors away from the rclcnsc.silc. _
as recently sﬁggested by others. However, our L’li.liil do indicate that the most likely pos._s‘ibility
is that SP 'ﬁcts at a very éhorl distance from the release _silc onlccll's in direct 'ilpposilizbn_l(m the

nerve terminals that release the neuropeptide.



Table 1. Percentages and densities of substance P immunoreactive varicosities aposed to each of the neurons studied.

. Celitype - Code Cell body ' Peréenta’gé,o’f'SI}IR boutons = Number of SP-IR |
o . localization .. . ° PR . boutons/100 pm
| “CB.. PD . DD CB PD DD
Nociceptive . 207-1 - - LI L4811 5134 5753 18.66 2337  18.99
specific - a o ' ' R _
| 271-1 LI 4275 47.05 4917 2312 2220 1231
276-1 LI . 4167 Sl62 5743 1853 1902 16.30
Wide ©- 2762 LU 1719 1279 1882 - 760 840 828
dynamic RPN e ' A {
e 339-1 LIV 609 976 2467 517 633 1502
; 2081 LI 11,677 1083 22.83 4.51 823  14.10
Non-. - 2712 LIV 420 350 3.9 283 320 260
OGPV o121 v 377 506 740 246" 267 . 2.86
S 2581 LIV 370 . 410 0 546 3.67 1.92 3.14

CB - Cell body region; PD - Proximal dendritic tree; DD

- Distal dendritic tree.
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Table 2. Comparison of the percentages of SP-IR boutons apposed to the distal dendrites
of wide dynamic range. nociceptive specitic and non-nociceptive in arcas of intense SP°
immunoreactivity (laminae I-Ilo and patches of SP immunoreactivity in lamina \’ Y and
areas of sparse SP immunoreactivity (laminag 11{-1V)

Cell type ~ Loaminae 1-llo and V* Laminae HI-1V
Nociceptive specific 54.33+4.62 N/A

Wide dynamic range - 7‘ 29.15ﬂ:2.26 | - 587154
Non-nociceptive 4. 73+1.31 - SATE1LNT

* - Values from lamina V were restricted to boutons apposing dendrites focated
in the patches of intense SP immunoreactivity which are characteristic of lamina
V (see text). N/A - Notapplicable, as the nociceplive specific u.lls of lhl\ study
did not have processes in these two laminae.

AN
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Fi;.éurc 1. Characteristic responses of a wide dynamic range neuron (cell 339-1) to
noxious and innocuous natural stimuli and to high intensity electrical stimuli of a sensory
nerve. The innocuous stimulus consisted of repetitive movements of hairs in the §§citalol')f
receptive field of the neuron; the periods of delivery of the stimulus are indicated 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 movement. The noxious stimulus was a pinch to the
excitatory receptive field using a serrated forceps; the duration of this stimulus is represented

by the bar below the record in e. The response to this stimulus consisted of an initial

~ depolarization associated with a high frequency of action potentials throughout the stimulus.

This was followed by-a small but prolonged depolarization associated with a rate of

discharge 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 1'esp0nse,'t"o high

intensity (5 mA; 1 ms pulses at 20 Hz for l8 s) elecfrical stimulation of the superficial
peroneal nerve (Train) is shown in d. This response consisted of an initial depolarization and
high frequency of action potentials throughout the stimulus ‘followed by a prolonged
depolarization also ;ssocielted with a high rate of discharge of action potentials. During the
recording {rom this neuron the respbnses shown inaand d were tested for the effects of the
NK-T receptor antagonist, CP-99,994, given i.v. at a dose of 0.5 mg/kg. The response to hair
movement was glnaffectgd by adnﬁnistratiqn’ of this antagonist, as shown in b, taken 3 min
later. In contrast, the responsé to the high iﬁtensity e]ectrica] stimulation was depressed by
the NK;I receptor antagonist as showﬁ in e; the depolarisﬁt{b'ns during and following the
stimulus were depressed as was thé frequency of action pc;lentials during the afterdischarge.
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Resting membrane potential -60mV.
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' A

i

Figure 2, Eftects of noxious and innocuous natural stimuli to the excitatory receptive

- field of a non-nociceptive neuron (cell 271-2), A. Responses to repetitive movements ol

hairs, és described in Figure 1. B. Noxious pinch stimulation of the cutancous receptive lield:
failed ‘to préduce the slow, prolﬁlmged depolarization abserved with the cell in Figure 1.
Rathér, the neuron showed 0111}-::1 depolarization and higlll rate of action potentials only

N : . _
throughout the peri&l of the pinch, consistent with sustained activation of low threshold
primary afferents. Effects of noxiou_s‘ pinch sliinulalion were l'oulilme tested while holding,
the membrane potential at three different'le.vels to determine whether the slow, prqlongcd
depolarization could have been masked at h)-rl_aterpolm'izcd potentials (De Koninck and Henry,

1991). In the record in which the membrane was held at -55mV, the stimulus was

maintained for a longer period in a further cffort to unmask any slow, prolonped

- depolarization. [n the bottom record single, low intensity electrical stimuli were also applied

al

to the superficial peroneal nerve at regular intervals (small triangles below the trace) 0

PN B

provoke action potentials. Resting membrane potential -65 mV.
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Figure 3. Morphological properties of a wide dynamic range neuron 208-1 (1), A.
Camera lucida reconstruction of the neuron in the parasagittal plane. The cell, with its cell
body located in dorsal lamina 111, had an extensive dendritic tree in lamina 11 and two major

dendrites extending to lamina Ilo. The latter dendrites branched in lamina Ho, an area of

intense SP immunoreactivity. Note the large number of spines on the dendrites in lamina Ll

some of which are indicated with small arrows (scale bar = 150 pm), B, Light micrograph

of the neuron in a parasagittal, Epon-embedded 50-pum-thick section: note the intense SP

immunoreactivity in laminae [ and [lo at the top of the photomicrograph (seale bar =100

um). C. Micrograph from a 4-pum-thick section taken [rom the section in B, displaying the

cell body and seglne'ﬁt:s of dendrites (scale bar = 100 wm). D. Low magnification electron

micrograph.of part of the cell body, obtained from an ultrathin seetion cut afler re-embedding

in Epon of the semithin section in C (scale bar =10 um). L. A SP-IR bouton (arrow) is

RN

presynhaptic to the HRP-ﬁligé"d cell body (scale bar = 0.5 pm)'.

[
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Figure 4. Morphological properties of a wide dynamic range neuron 208-1 (2). A.

Micrograph from a 4-pm-thick semithin scction, showing three segments ol dendrites in

lamina llo (upper dendrite) and lamina 1li (two other dendrites), The portions of the dendrites
fabeled 1. 2 and 3 are illustrated in the electron micrographs in B, C and D, respectively,
which were obtained afier re-embedding and cutting ol this semithin scetion (scale bar = 25

~um) B. A SP-IR bouton (arrow) presynaptic to HRP-filled dendrite (1) in lamina o (seale

bar = 0.5 um). C. A SP-IR bouton of the glomerular type (arrow) is at a distance [rom the’

dendritic prdﬁle (2) of the cell. This type of SP-IR profile did not contact thiscell or any of

the others studied (scale bar =3 um). D, E. This neuron had dendrites {requently associated

" with synaptic glomeruli in lamina I1i (D) and 111 (), but these glomeruli always possessed

Ba A

.

central varicosities (C) which »>2.not SP-IR. The arrow in D points to a SP-IR profile

(scale bars =1 pm).
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Figure 5. Morphological properties of wide dynamic range neuron 339-1 (1) A.
Camera lucida reconstruction of the cell in the parasagittal plane. Note that this neuron is
almost entirely devoid of dendritic spines. in coﬁlrnst to the wide dynamic range neuron
shown in Figure 3 (scalé bar= 50‘ pm). B. Micrograph of part of the cell, obtained from a S0-
pm-thick section; op‘énr zirrow i‘ndicates one of the patches of intense SP immsmorcucti\'ily
which are characteristic of lamina V (scale bar = 50 pm). C. Micrograph (rom a 4-pum-thick
section of the cell body region obtained after Epon re-embedding nl'llhe 50-pm-thick section

from B ; the arrow indicates the location of the SP-IR bouton shown in the EM micrographs
(scale bar = 50 pm). D, E. Electron i11icrographs of the cell body area obtained alter l'u.rlhcr
re-embedding of the 4-pm-thick section shown in C; arrows indicate a l\Sl’fll‘\ lmtﬂon:
asterisks in E indicate non-IR Vesicle-éontaining profiles apposed to lhq cell body. Note the
relative scarcity of SP-IR boutons apposed to the'cell body (scalé bars =10 pm for Dand | -

um for E).






Figure 6. ﬂ’101'p11ologicnl propertics ()l‘.\\'idc dynamic range neuron 339-1 (2). A and B,
Light micrographs of 50-pum-thick and 4-pm-thick scclirons, respectively. Open arrows
indicate one of the patches of intense SP immunoreactivity in Jamina ¥, Solid arrows
indicate the locations in two dendrilic branches of the ¢lectron micrographs in C (upper
arrows) and D (lower arrows), C and D. Electron micrographs obtained alter Epon re-
embedding and ulﬁ‘alhiﬂ séctioning of the d-pm-thick scnﬁlhiu scciign in B: arrows indicate
SP-IR boutons apposed to the cell, and :11'1'0\\rhcﬁds indicate :isymmcu‘ic synapses between
the SP-IR profiles and the dendritic profiles (areas of synapses are c'nlm'gn.:d in the respeetive

insets). The asterisks represent non-[R_ varicosities. Scale bars = 30 nm (A ;mgl B) and 0.5

_ um (C and D).







" Figure 7. Morphological properties of nociceptive specilic neuron 27 -1, AL Camrera
lucida reconstruction of the cell (scale bar = 20 pm). B. Micrograph l'roﬁl a s pum-thick
section obtained from the re-embedding and cutting of the 50-pm-thick 1‘1:\t-cn..1hcuhicd
section (not‘ shown). Note parts of the neuronal cell body and of two dendrites apposed by
- numerous SP-IR profiles (small arrows). C, D. Electron micrographs obtained ﬁ'on{ an
ultrathin section cut afler the re-embedding of the section shown in B ; arrows show SP-1R
- boutons apposed to the dendrites of the cell. and arrowheads indicate syhapliccoﬁmcls. In
D, note the asymmetric synapse (m‘rmx*hcﬁd) oi’ the bouton on the lell onto the dendrite of

the cell. Scale bars =20 pm tor A and B, and 0.5 pm for C and D.
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Figure 8. Morphological properties of nociceptive specific neuron 207-1 (2). A.
Camera {ucida reconstruction of the cell. Note the ventrally oriented dendritic branches
rcaching inner lamina 11, Note also a dorsalfy oriented primary dendrite with a long branch
extending into the white matter (scale bar = 100 pm). B. A micrograph of a parasagittal, 50-
pm-thick section of the neuron prior to osmication. Note the intense SP immunoreactivity
around the cell body and main dendrites (scale bar =50 pm). C. Light micrograph of a 4-pum-
~thick scction cut from the scct.ion shown in B after Epon-embedding (scale bar = 20 um). D.
Electron micrograph of a prdximal dendrite correspohding to the dendrite indicated with an
arrow in C . Note the SP-IR varicosities (arrows) apposed to the l-IRP—ﬁllec.i‘ dendrite (scale

bar = 1 pn).






Figure 9. Maorphological properties of‘ndcicr;plivc specilic neuron 207-1 (2). A. Light
micrograph of a distal dendrite located in lamira Il in a 4-pm-thick section. Note the intense
SP immunorcactivity. The large zll'i‘d}a's pnin.t to the HRP-filled dendrite. the short arrows
indicate SP-IR varicositic. (scale bar = 20 pm). B, Electron micrograph of the dendrite
indicated with the arrows in A. C. An cn]arggmenl of the framed area in B. The arrows

indicate SP-IR axonal varicositics apposed to the HRP-filled dendrite (Scale bars= 20 pm

for A, 2 umforB.and I pm for C).

Vie
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Figure 10, Morphological properties of non-nociceptive neuron 271-2. The
clectrophysiological recordings of this cell are shown in Figure 2. A. Camera lucida
reconstruction ol the cell. Note the cxtensive arborization in famina I1l. a region where
abundant hair afferents terminate, and also the spines on the dendrites to the right of the
perikaryon (scale bar = 50: pm). B. Light micrograph of a 530-pm-thick Epon-embedded
scqtion showing the cell body and a portidn of dendritic tree. Note the virtual absence of SP-
IR fibers in the vicinity ol’tl.lis cell (scale bar = 100 pum). C shows an electron micrograph
ol the portion of the dendrite indicated with an arrow in B; note the scarcity of SP-IR

L B

boutons apposed to this neuron (arrow indicates a SP-IR bouton; scale bar = 2 um).
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Figure 11, Morphological properties of non-nociceptive neuron 212-1. A. Camera lucida
reconatruction of the neuron. The axon of this neuron could be foliowed into the dorsolateral
funiculus (scale bar = 100 pm). B. Light micrograph of a 50-pm-thick, Epon-embedded
sccli0;1 showing branching of the dendrites of the cell; note that some dendritic branches
penetrate the area of intense SP immunoreactivity in lamina lo (scale bar =100 um). C. A
4-pum-thick semithin section obtained afier re-embedding of the section in B; note the axon-
like dendritic spines (arrows) originating from the dendrites (scale bar = 25 pum). D. .Electron
micrograph illustrating a dendritic spine (arrow, scale barr= 3 pm). E. Electron micrograph
showing the participation ot‘;a dendritic in’anch of the cell in a synaptic glomerulus. The
glomerular céntral varicosity (C,,) apposed to the dendrite is electron-lucent and rich in

mitochondria (scale bar = 1 pm).
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Figure 12.  Quantitative analysis of the boutons contacting the physiologically
characterized dorsal horn neurons. For statistical comparison, one-way ANOVA followed
by post-hoc Tukey test Iwas used. A. The densities of total boutons (number of SP-IR and
non-IR boutons/100 pm membrane length) apposed to the cell bedy, 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 of SP-IR boutons apposed to the cell bodies and flle
proximal dendrites of nociceptive specific cells were significantly higher than these of wide |
dynamic range (P<0.01, ITlCaI.'l:i:SEM, n=3), but the values for the distal dendrites were not
sign.iﬁcnnlly differgnt between the two types of cells. Compared with'non-nociceptive
neurons, the densities of SP-IR bloutons apposed to the three regions of nociceptive specific
netiro:ﬁ were significantly increased .(P<0.0I, mean=SEM, n=3). The.densitiles of SP-IR
boutons apposed to the proximal dendrites and the distal dendrites of wide dynamic range
neurons were significantly higher than these of non-nociceptive neurons, but no significant
differences of the values for the cell body\l\-f'egion wefe detected between the two types of
cells. In C, the percentages of SP-IR boutons abposed to the three regions of'nociceptive ‘
specific neurons were significantly higher than these of wide dynamic range and non-
nociceptive neurons (P<0.001, meantSEM, n=3). The values for ch€ three regions of wide
dynamic range neurons were significantly higher than those of non-nociceptive neurons

(P<0.01, mean+SEM, n=3).
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Figurce 13, Co-localization ol SP and CGRP immunoreactivities in boutons apposed to
nociceptive specilte neuron in lamina [ (cell 276-1). A. Distal dendrites (asterisks) in lamina
I from this nociceptive specific neuron are innervated by axonal boutons in which SP and
CGRP immunoreactivitics are co-localized (labeled SP+CGRP). SP immunoreactivity is
represented by DAB reaction products and CGRP immun;weact_ivity by immunogold
parlicles (scale bar = 0.5 pm). B shows the framed area in A at higher magnification and
printed with ]6wcr contrast to allow the easy identification of the gold particles over dense-

core vesicles, representing CGRP immunoreactivity (scale bar = 0.5 pum).
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Connecting Text - Chapter 11 to Chapter 111

The study in chapter 11 demonstrated that nociceptive neurons received significantly
higher percentages and densities of appositions from SP-IR boutons in the cell bodies,
proximal and distal dendrites than non-nociceptive neurons. Furlﬁern’nore, nociceptive
specilic neurons were apposed by significantly higher percentages of SP-IR boutons in the
three regions than wide dynamic range neurons. The densities of SP-IR boutons apposed to
the cell bodies and the proximal dendrites nociceptive specific neurons were significantly
higher than in wide dynamic range neurons, but ll;is difference of the values was not detected
in the distal dendritic region. For wide dynamic range neurons, the percentages of SP—IR
boutons apposed to these distal dendrites located in laminae with intense SP
immunoreactivity were significantly higher than those located in laminae with scarce SP
immunoreactivity. Even in laminae wilh intense SP immunoreactivity, th¢ distal dendrli‘tés
of noﬁ-nociceptive neurons received very low percentages of appositions from SP-IR
boutons. About one third SP-IR boutons apposed to nociqeptive neurons co-localized CGRP
immunoreactivity. Based on the above results, and on those from previous studies, it was
proposed that SP-IR boutons apposed to nociceptive neurons might interact with ENK-
containing elements involved in the inhibition of nociception.

The experiments presented in the next chapter were designed to test such an
hypothesis, In chapter Ili, the synaptic interactions of SP-IR boutons and ENK-IR boutons

in relation to the three functional types of dorsal horn neurons were investigated.
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CHAPTER 11

~ Substance P and cnkephalin immunoreactivities in axonal boutons presynaptic to
presynaj
physiologically identified dorsal horn neurons. An ultrastructural multiple-Iabelling

study in the cat spinal cord.

Weiya Ma, A. Ribeiro-da-Silva,Y. De Koninck, V. Radhakrishnan, J.L. Henry and A.C.

Cuello



ABSTRACT

in the present study, we used a combination of intracellular electrophysiological
rccording and intracellular injection of horseradish peroxidase with ultrastructural
immunocylochemislry 1o investigate the synaptic inputs from substance P (SP)-, enkephalin
(ENK)-, and SP+ENK- immunoreactive (IR) axonal boutons to three types of functionally
characterized dorsal horn neurons in the cat spinal cord.

The dorsal horn neurons were classified as.nociceptive specific, wide dynamic range
and non-nociceptive based on their responses to innocuous and noxious stimuli. At tlie EM
level, we [ound that most of the nociceptive neurons (either nociceptive specific or wide
dynamic range) contained ENK immunoreactivity, but that none of the non-nociceptive
neurons was ENK immunoreactive. _Furtﬁermore, 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 apposed
to the cell bedies, proximal dendrites and distal dendrites of nociceptive neurons were
significantly higher than those of non-nociceptive neurons. Further, the percentages of
SP+ENK-IR axonal boutons apposed to the distaﬂll‘dendrites of nociceptive neurons were
significantly higher than those of non-nociceptive_: neurons, the percentayes of ENK-IR only
boutons apposed to the cell bodies and i)roximal 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 SP-IR only boutons apposed to nociceptive neurons. One third of the axonal
boutons exhibited synaptic contacts with the dorsal horn neurens independently ol their
neurochemical contents and the physiological propetties ol the apposed neurons.

Our data provide anatomical substrates lor the interaction of SP and ENK and support
the idea that the modulation 61’" nociception by ENK is mainly through a postsynaptic

mechanism.

INTRODUCTION

[t is generally accepted that substance P (SP) and enkephalin (ENK) are involved in -

I
the transmission/modulation of nociception in the spinal and medullary dorsal horns. The.

investigation of the interactions of SP and ENK in the spinal dorsal horn has received
particular attention in the past two decades. Anatomically, SP and ENK immunoreactivitics
are similarly localized in the lamina I and I (Cuello et al., i977b.; Hakfelt et al., 1977,
Cuello and Kanazawa, 1978; Hunt et al., 1981), and also in lamina V (Ruda, 1982). SP
immunoreactive (IR) terminals make synaptic contacts with ENK-IR ncurons in the
superficial dorsal horn (Cuello, 1983; Ribeire-da-Silva et al., 1991b). Co-localization of SP
and ENK immunoreactivities was found in axonal boutons in the superficial laminac of the
dorsal horn of cat (Tashiro et al., 1987) and rat (Senba et al., 1988; Ribciro-da-Silva et al.,
1991b). Biochemically, SP was shown to stimulate the releasc of endogenous opioid peptides
at spinal (Tang et al., 1983; Iadarola et al., 1986) and supraspinal (Naranjo et al., 1986)
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levels. Behaviorally, the intrathecal administration of SP. in the rat produces a transient
* decrease in the reaction time in the tail flick test (Yashpal and Henry, 1983; Cridland and
Henry, 1988b), followed by arebound overshoot which is blocked by naloxone (Yashpal and
Henry, 1983), suggesting the activation of an opioid mechanism at the spinal level, due either
1o SP or to SP induced activation of spinal nociceptive pathways. When co-administrated
intrathecally, a low dbse of SP was shown to potentiate the antinociceptive effects of
morphinc_ sulphate at a marginally effective dose in the tail flick test (Kream et al., 1993).
The potentiated mmlggsic response: was effectively blocked by the opioid antagonist
naloxonc, suggesting a convergence of pharmacological effects through opioid-responsive
neurons. i
However, there is scarce information on anatomiéal substrates for the functional
“interactions of SP. and ENK. In recent years, we have investigated the direct synaptic
inleractio‘ns of SP and ENK immunoreactive elements in relation to functionally
characterized dorsal horn neurons in the cat spinal cord, with the specific aim of providing
more convincing anatomical substrates to interpret these functional phenomena. Using a
combination of physiological recording, intracellular injection of horseradish peroxidase
(HRP) and immunocytochemistry at the electron microscopy level, we previously
demonstrated that some nociceptive dorsal horn neurons possessed ENK immunoreactivity,
whereas none of the non-nociceptive neurons was ENK immunoreactive (Ribeiro-da-Silva
et 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 cat spinal cord. Preliminary results were published elsewhere (Cuello et al., 1993).
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MATERIALS AND METHODS

Physiological recording and intracellular injection of HRP

Ten adult cats of either sex, with body weights ranging from 3.2 to 4.6 kg, were
anesthetized with =-chloralose (60 mg/kg i.v.) and paralyzed with pancuronium bromide
(Pavulon, Organon; 1 mg/kg 1.v.). The cats were ventilated artificially. To minimize the
influence of supraspinal structures, the spinal cords were transected at the L1 vertebral level.
Intracellular recording was done with HRP-filled glass micropipettes (resistances: 50 to 120
MQ) at the LS-L-,; spinal level. A neuron was processed further only if'it exhibited u stable _
resting membrane potential, an action potential with overshoot ;lmd a clear, reproducible
response to natural stimulation of the skin.

Functional classification of the neurons was macde according to their responses Lo
natural cutaneous stimulation and to electrical stimulation of afferent nerves following
previously described criteria (De Koninck et al., 1992). Bricﬂy,. the natural stimuli uséd'
were: movement of single hair, innocuous and noxious pressure, noxious pinch with a
serrated forceps, noxious radiant heat and vibration using a l'éédﬁack controlled mechanical
stimulator. Neurons were categorized as non-nociceptive, wide dynamic range and
nociceptive specific. Nociceptive neurons, including both nociceptive specilic and wide
dynamic range neurons, exhibited a” ]nociceptive response to noxious stimulation
characterized by a slow, prolonged depolarizatioﬁ after the end of the stimulus and an
afterdischarge. Nociceptive specific neurons responded only to noxious stimuli. Wide
dynamic range neurons responded to both innocuous and noxious stimuli. Non-nociceptive
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neurons did not display the above type of response after noxicus stimulation and exhibited
only brisk and briel responses to any kind of stimuli.

Tallowing complete electrophysiological recording and functional identification of
the neuron, 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 injection times varied with the type of neuron injected. One
to three neurons were injected per cat and a map of the dorsal surface of the cord was drawn

to ensure exact localization and tdentification of the labelled cells.

Immunocytochemistry

Subsequentl}{‘, all cats were perfused intracardially, for 30 minutes, with a mixture
of 4% p.m'af"onnaldehyde and O.S%'glutaréldehyde in 0.1M phosphate bufier (PB) (pH 7.4)
at room temperature, The relevant segments of the spinal cord were removed and pdstﬁxed
in the same fixative for 90 ni'inutes and then infiltrated overniglit in 30% sucrose in 0.1M
(PB). The following day, the tissue was sectioned parasagittally on a Vibratome at a
thickness of 50 pum. After being snap frozen in liquid. nitragen and thawed in 0.1M PB at
room temperature to increase the penetration of antibodies, all sections were processed to
demonstrate HRP with 3,3'-diaminobenzidine (DAR, Sigma) intensified with cobalt chloride
and nickel ammoniuml sulphate as previously described (Ribeiro-da-Silva ef al., 1993) and
examined under the light microscope. The.sections containing the labelled cells were further
processed tbf pre-embedding immunocytochemistry. The antibodies used were an anti-

substance P/anti-HRP bi-specific monoclonal antibody from the rat [coded P4C1; (Suresh
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etal., 1986); Medicorp. Canada}, and an anti-enkephalin internally radiolabeled monoclonal
antibody, prepared from the NOC1 cell line as described elsewhere (Cuello und COté, 1093),
The sections were first incubated in a mixture of P4C1 (1:10) and NOC1 (1:10) antibodies
overnight at 4°C. The following day. all sections were incubated in 5 pg/ml HRP (Sigma,
typé V1) in phosphate buffered saline (PBS) for 2 hours at room temperature, [ollowing
thorough rinsing in PBS. A non-intensificd DAB reaction was used to show 8P
immunoreactivity.

Subsequently, all sections were osmicated, dehydrated. and tlat-embedded in Epon,
The different parts of the HRP labelied neuron, as observed in [lat-embedded slices, were
photographed and drawn with a camera lucida. The whole morphology ol the HRP lubelled
neuron at the light microscopy (LM) level was reconstructed. Using Sholl's concentric cirele
analysis (Sholl, 1953), the Whole neuron was divided into three regions. The clgn;lritcs
located in the inner circle were considéred as the ﬁroximal dendrites, wﬁilc those located in
the outer circle represented the distal dendrites. The dendritic segments which were located
in the middIe circle were not used in order to avoid the overlapping of proximal and distal
dendrites, The sarnpl'es of the different regions of the HRP labelled neuron (celi body,
proximal and distal dendrites) were selected and re-embedded in Epon blocks. From re-
embedded blocks, 4-pum-thick plastic sections were cut serially, photographed and compared
to the original drawings for the identification of the parts of the FIRP labelled neuron present
in each section. The 4-pm-thick sections were then re-embedded in Epon and sectioned for
electron microscopic observation. The ultrathin sections were processed for electron
microscopic radioautography as described previously, using .thc phys.;if:‘hl fine grain
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development (Kopriwa, 1975) or Kodak D19b (Kopriwa, 1973). Exposure time was 3
“months. Aller contrast staining with uranyl acetate and lead citrate, the radioautograms were

observed under a Philips 410 clectron microscope.

Quantitative analysis

The numbers of SP-IR, ENK-IR, SP+ENK-IR and non-IR boutons apposed to three

types of dorsal horn neuron were counted directly on the EM screen. The average

- percentages of each type of bouton in the total number of boutons apposed to the cell body,
proximai and distal dendrites were determined. Three nociceptive specific neurons, 4 wide
dynamic range neurons and 3 non-nociceptive neurons were used for quantification. For each
cell, at least 5 fields from each of the three regions (cell bodies, proximal dendrites and distal
déndrites) were randomly selected and used for the counting of appositions and synapses
from neuropt;ptideﬁRand non-IR boutons, The numbe;‘s of boutens counted per cell ranged
from 155 to 228 for all regions. Proﬁles were considered as specifically labeled for SP
immunoreactivity when at least the dense-core vesicles displayed DAB deposits. Profiles
were considered as specifically labelled for ENK immunoreactivity when overlaid by at least
3 silver grains. To decide whether the silver graihs were located over the profile, the half
distance method was used.

To compare statistically the percentageé of SP-IR only, SP+ENK-IR, ENK-IR only
and non-IR boutons apposed to the cell body, proximal dendrites and distal dendrites of three
Iy[')es of dorsal homn neuron, one-way analysis of variance (ANOVA) was used followed by
post-hoc Tukey test for comparisons of independent samples. Statistical significance was set
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at P<0.05. For wide dynamic range neurons, only the data [rom cells 208-1, 238-2 and 276-2
were used for statistical comparisons with other proups. As celt 205-1 was not comparable

to the other three in physiological characteristics, this cell was not used Tor statistical

comparisons.

RESULTS

Based on the pfésence or absence of a slow, pl'ok‘m;ed depolarization and
éiﬂerdischarge after the end of the noxious sﬁmulus, the dorsal horh neurons were classilied
into nociceptive and non-nociceptive. Of the 12 neurons included in the present study, 3 were
nociceptive specific, 5 wide dynamic range and 4 non-nociceptive (Tabie 1). Api)l‘oxihmlcly
one third of the boutons apposed to the intracellularly labelled cells displayed a synaplic
-contact when observed in an isolated section. This ratio was approximately the same for all
boutons independent of their neurochemical characteristics and physiological types of the

cells they were apposed to.

Nociceptive specific neurons

All three nociceptive 'speciﬁc neurons (207-1, 271-1, 276-1) had their cell bodies
located in lamina I (Table 2). Two of these neurons (271-1 and 276-1) were bipolar and
oriented parallel to the main axis of the spinal cord, with their dendritic tree branching within
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the limits of lamina I. The third nociceptive specific neuron (207-1) was located close to the
laminac [-11 border and was a multipolar cell with a few scarcely branched dendrites. Some
of the dendrites of this cell radiated ventrally as far as the laminae I1-1II border, All three
nociceptive speeific neurons were ENK immunoreactive (Table 1).

Figures 1., 2 and 3 illustrate the morphological properties of nociceptive specific
neurons. The cell body .(Fig. 3B), proximal dendrites (Figs. 2A and 3A} and distal dendrites
(Figs.1B, 2B and ‘3C) of the cells were overlaid by silver grains indicating ENK
immunoreactivity.

| ‘Boutons immunoreactive for SP only were observed contacting the cell bodies and
dendrites (Figs.2A, 2B and BA). The synapses formeci were almdst invariably of the
asymmetric type (Fig. 2B). - ‘

.SP and ENK immunoreactivities were co-localiéed in a considerable number of the
boutons apposed to nociceptive specific neurons (Figs. 1A, 313' and 3C)..' The synapses
tormed by such doublc labelled boutons were of the asymmetric type.

ENK-IR onl)-/ boutons Were also apposed to the cell bodies, proximal and distal
dendrites of the nociceptive specific neurons (Figs.1B, 2A, 2B and 3C). Similar to other
types of boutons, approximately 32.5% of ENK-IR only boutons established synapses with
HRP labelled nociceptive specific neurons. Both ENK-IR only and SP+ENK-IR boutons
were never found presynaptic to SP-IR only boutons which were apposed to nociceptive
specific neurons.

No obvious morphblogical differences could be detected in the boutons that were
non-tmmunoreactive when compared to these that were immunoreactive for SP, ENK or
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both. However, many of the nonzIR boutons did not posscss any dense core vesicles, and

some established symmetric synapses.

Wide dynamic range neurons

The cell bodies of four wide dynamic range neurons (276-2; 208-1: 258-2: 20.5-1)
were located in the laminae II_~III border, lamina 111, lamina IV and lamina V, respectively
(Table 2). Three of these cells (276-2, 208-1 and 258-2) possessed comparable
characteristics. Physiologically, the three néurons responded to noxious stimuli with a
moderate nociceptive response. Morphologically, ali cells were multipolar neurons. Cell 276-
2 had a stellate-shaped cell body, with most of the dendritic tree arborizing within the limits ‘
of laminae II'- and 111 (Fig. 4A). Somq dendrites from this cell penetrated into lamina 1 where
- they further arborized into smaller processes which traveiled for a short distance alony the
' ams of the spinal cord. Some dendrites in laminae Ili and 111 were spiny. Cell 208-1 has been
described in detail elsewherg (Ma et al., 1995a} and will be described only brielly hcfe. I
possessed a stellate-shaped cell body. Its main dendritic trunks radiated in all directions.
Most of dendrites were spiny, ekcept those that penetrated lamina [lo and lamina |, 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 of the dendritic
branches of the cell extended dorsally to reach laminae 1[I and 11i, a few branches extended
ventraily to the deeper laminae (V-VI). This neuron received numerous appositions and
synapses from SP-IR boutons in the dendrites located in lamina V, one of the areas with
intense SP immunoreactivity.
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The physiological properties of cell 205-1 have been described previously (De
Koninck et al., 1992). This cell possessed particularly strong nociceptive responses. The cell‘l
body of this ncuron, located in lamina V, was ovoid and gave rise to four main dendritic
trunks. Most of the dendrites were oriented dorsally, with only a few extending to lamina VI.
Some of the dorsally oriented dendritic processes were very long and reached as far as the
lamina I-II border. The dendrites of this cell were virtually devoid of spines. |

Four of the wid¢ dynamic neurons (276-2, 208-1, 258-2 and 205-1) were ENK-IR.
However, cell 209-1 was devoid of ENK immunoreaptivity. Below, the four wide dynamic
* range neurons with moderate nociceptive responses are compared with cell 205-1.

Regarding the cells with moderate nociceptive responses, boutons immunoreactive
[or SP only were apposed to the cell bodies, proximal (Fig. SC) and distall dendrites (Fig.
SA) of these four cells, particularly to the distal dendrites located in lamina I and II for cells
208-1, 209-1 and 276-2 and in lamina V for cell 258-2. The cell bodies and the proximal
dendrites of these cells were innervated by a limited number of SP-IR only boutons. In
contrast, cell 205-1 was comparable to the nociceptive specific neurons, in that it received
a high number of apppsitions and synapses from SP-IR only boutons in its cell body,
proximal and digtal dendrites (Figs. 6A, 6B and 7A).

SP and ENK double labelied l?outons were found apposed to all the wide dynamic
range neurons. In neurons with moderate hociceptive responses, SP+ENK-IR boutons were
more frequently detected in the distal dendritic tree (not shown). In cell 205-1, 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 cell 205-
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Boutons immunoreactive exclusively for ENK were apposed to the cell bodies,
proximal and distal dendrites (Fig. SB) of the four wide dynamic range neurons with
moderate nociceptive responses. in comparison, such ENK-IR only profiles were more
frequently found apposed to the cell body., proximal dendrites and distal dendrites of cell
205-1 (Figs.6A, 6B and 7B). Both ENK-IR only and SP-+HENK-IR boutens were never

presynaptic to SP-IR boutons apposed (o wide dynamic range neurvons.

Non-nocieeptive neurons

The cell bodies of the four HRP labelled non-nociceptive neurons (206-2, 212-1, 258-
1, 271-2) were located in lamina 1V, and were multipobar in shape. As an example. we show
the morphological properties ot cell 258-1. The body of this cell was ovoid (Fip. 8A). and
the dendrirtic tree branched mostly within the limits of lamina [V, Most of the dendrites ol
this cell possessed spines (Fig.8A). Cell 206-2 was similar to 258-1, while cells 21 2-1‘ und
276-1 possessed dendritic trees which were oriented dorsally and reached outer lamina [1.
Most of the dendritic processes of these t';vo cells possessed elongated spincs..

Under the electron microscope, silver grains, indicating ENK immunoreactivity, were
never detected over the cell bodies, proximal dendrites and distal dendrites of cells of this
type. SP-IR only boutons were rarely found in contact with any part of this functional type
of cells, as previously described (De Koninck et al., 1992; Ma ct al., 1993a). Occasionally,
an isolated SP-IR bouton was detected presynaptic to these cells. Boutons immunoreactive
for both SP. and ENK were also infrequently found apposed to this type o.l' the cells, In
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contrast, ENK-IR only boutons were rather frequently found apposed to non-nociceptive

neurons, in both cell bodies and dendrites (Figs. 8B and §C).

Quantitative analysis

As described in "Material and Methods", we analyzed quantitatively three nociceptive
specific, three wide dynamic range neurons with moderate nociceptive responses and three
non-nociceptive neurons (Table 2). For comparison, we also quantitated cell 205-1, a wide
dynamic range neui‘on with particularly strong nociceptive responses. The selection of these
cells was based on-the quality of the morphologicél preservation. Table 2 shows the
pereentages ol appositions to each of the cells from SP-IR only, ENK-IR only, SP+ENK-IR
and non-IR axonal boutons. The histograms in Figure 9 represent the mean percentages of

cuch type of boutons apposed to the three regions of the three groups of neurons.

Percentages of SP-IR aonly houtoﬁs
| When statistically compared, the average percentages of SP-IR only boutons apposed
to the cell bodies, proximal dendrites and distal dendrites of nociceptive specific neurons and
wide dynamic range ncﬁrons were significantly higher than those of non-nociceptive neurons
(P<0.02, Fig.9A). Nociceptive specific neurons had significantly higher percentages of SP-IR
only boutons apposed to their cell bodies and proximal dendrites than wide dynamic range

neurons (P<0.02, Fig 9A), but not to the distal dendrites.

Percentaces of SPHENK-IR boutons




As shown in Figure 9B, the mean percentages of SPAENK-IR boutons apposed to the

cell bodies and proximal dendrites of nociceptive speeific neurons were signiticantly higher

1
b

than those of non-nociceptive neurons (P<0.02.. litg. 9B). but not in the distal dendritic
region. There were no significant differences between the mean percentages ol Sl’-l-lfN K-IR
boutons apposed to the cell bodies. proximal dendrites and dist:;l dendrites ol nocieeptive
spe.ciﬁc neurons and wide dynamic range neurons (Fig. 9B). Comparing wide dynamic rungc
neurons and :non—nacicéptive neurons, there were no signilicant differences between the
mean petcentages of SPHENK-IR boutons apposed to the cell bodies and ﬁroximul dendrites, .

but the value for the distal dendrites of wide dynamic range neurons was significantly higher

(P<0.01, Fig. 9B).

Percentages of ENK-IR only boutons

As shown in Figure 9C, the mean percentages of ENK-IR only boutons apposed to
the cell bodies and the proximal dendrites of nociceptive specific neurons were significantly
higher than those of non-nociceptive neurons (P<0.02), but not in the distal dendritic region.
Nociceptive specific neurons had significantly higher average percentages of ENK-I R only
boutons apposed to the cell bodies than wide dynamic range neurons (P<0.02, Fig. 9C), but
not for the proximal and distal dendrites. Wide dynamic range ncurons cxhibited
significantly higher values of appositions from ENK-IR only profiles in the proximal
dendrites than non-nociceptive neurons (P<0.01, Fig. 9C), but not in the cell bodies and the

distal dendrites.
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Percentages of non-IR boutons
As shown in Figure 9D, the mean percentages of non-IR boutons apposed to the cell
bodies, the proximal dendrites and distal dendrites of nociceptive specific neurons and wide
“dynamic range neurons were significantly lower than those of non-nociceptive neurons
(P<0.01, Fig.9D). Cfnnpared with wide dynamic range neurons, nociceptive specific neurons
had éigniﬁcanlly lower mean percentages of non-1R boutons apposed to the cell bodies and

proximal dendrites (P<0.002, Fig, 9D), but not to the distal dendrites.

DISCUSSION

In the present study, we confirmed that most of the nociceptive dorsal horn neurons
(nociceptive specific and wide dynamic range) contained ENK immunoreactivity, whereas
none of the non-nociceptive i;eltrons was ENK immunoreactive (Ribeiro-da-Silva et al.,
1992). Furthermore, we provide detailed quantitative information on the innervation of
nociceptive and non-nociceptive neurons by SP and ENK immunoreactivities. Higher
numbers of SP-IR only and SP+ENK-IR axonal boutons were apposed to nociceptive
neurons than to non-nociceptive neurons. However, ENK-IR only boutons innervated only
the proximal dendritié region of nociceptive neurons in significantly higher numbers than
in non-nociceptive neurons. No significant differences of the average percentages of ENK-IR
only boutons apposed to the distal dendrites were detected between nociceptive and non-

nociceptive neurons. Both ENK-IR only and SP+ENK-IR boutons were never found
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presynaptic to SP-IR boutons apposed to nociceptive neurons.

1. Origins of SP-IR oniy, ENK-IR only, and SP+ENK-IR boutons presynaptic to
functionally characterized dorsal horn neurons

Significantly higher numbers of SP-IR only and SP+ENK-IR axonal boutons were
detected apposed to nociceptive neurons than to non-nociceptive ncurons. In order to
interpret the significance of these findings, it is important to identify the origins of SP-IR
only and SP+ENK-IR boutons in contact with nociceptive neurons. SP immunorcactivity in
the dorsal horn may originate from three sources: primary sensory neurons in the dorsal root
ganglion (lokfelt et al,, 1975a; Cuello and Kanazawa, 1978), intrinsic spinal cmﬂ
interneurons (Hunt et al., 1981; Ljungdahi et al., 1978) and ciescendihg fibers lrom the
brainstem (Gilbert et al., 1982; Hokfelt et al., 1978). High incidence 01'co-10cqlimli0n of SP
and calcitonin gene-related peptide (CGRP) was found in ciorsal root ganglion cells of rat
(Gibson et al., 1984; Ju et al., 1987; Lee et al., 1985b; Wiésenfeld-l—lullin et al., 1984; Garry
et al., 1989) and cat (Garry et al., 1989; Gibson et al., 1984), and in axonal boutons in the
superficial laminae of the rat dorsal horn (Plenderleith et al., 1990; Tuchscherer and Seybold,
1989). Since CGRP immunoreactivity in the dorsal horm is exclusively from primary sensory
afferents, a finding confirmed by investigations using multiple dorsal rhizotomies (Traub et
al., 1989; Chung et al., 1988) and in situt hybridization (Réthelyi et al., 1989), it can thercby
be used as a marker for axonal terminals from primary sensory origin. In previous studics
(Ribeiro-da-Silva et al., 1992; Ma et al., 1995a), we detected that about 30% of SP-IR
boutons apposed to nociceptive neurons also contained CGRP immunoreactivity. These
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axonal boutons co-localizing SP and CGRP immunoreactivities were therefore considered
to be of primary sensory origin. Thus, some of SP-IR boutons in the current study certainly
are primary sensory afferents.

ENK immunoreactivity in the dorsal horn has been shown to originate mainly from
intringic dorsal horn neurons, since transection of the thoracic spinal cord results in a
negligible loss of ENK inﬂnunoreactivity in the lumbar spinal cord (Seybold and Elde,
1982). ENK i.m‘mllmoreaclivity in the dorsal horn has been suggested to originate from
primary sensory afferents, however, ENK has never been detected in a significant number
of neurons in the dorsal root gaﬁglia (Garry et al., 1989). SP and ENK. immunoreactivities
are co-localized in a considerable number of neurons and axonal terminals in the dorsal horn
of both rat and cat (Murase et al., 1982; Senba et al.,, 1988; Tashiro et al., 1987;
Ribciro-da-Silva-et al., 1991a; Ribeiro-da-Silva et al., 1991b). It has been shown that almost
all SP-IR neurons in the rat dorsal horn co-locali;e ENK and approximatgly 50% of ENK-IR
neurons co-localize SP (Senba et al., 1988; Ribeiro-da-Silva et al., 1991 b) Therefore, the co-
localization of SP 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 of SP-IR only, ENK-IR only and SP+ENX-IR axonal boutons
in synaptic interactions with nociceptive and non-nociceptive dorsal horn neurons
SP-IR only boutons

In agreement with previous studies (De Koninck et al., 1992; Ma et al., 19952), we
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found that SP-IR only boutons were preferentially associated with nociceptive neurons., This
finding further supports the concept of a role of SP as a neurotransmitter or neuromodulator
in the first central synapse of nociceptive pathways. Furthermore. the quantitative data in the
present study are consistent with those in our previous study (Ma et ul... 1995a) where
nociceptive specific neurons had significantly higher average percentages of SP-IR only
boutons apposed to the cell bodies and proximal dendrites than wide dynamic range neurons.
However, in the present Slle)’ we did not detect a significant difference of SP-IR only
boutons apposed io the distal dendritic regions between the two types ol cells. This
diécrepancy is probably due to the different wide dynamic range neurons used in the two
studies. The éell (258-2) in this study exhibiled a considerably higher percentage ol S‘P-IR
boutons apposed to the distal dendrites (Table 2) than the celi (339-1) in -thc previous study
(Ma et al., 1995a). The amount of SP-IR only boutons apposed to nociceptive newrons
depends, to a certain degree, on the localization of the dendritic _arborization of the cells. The -
previous study showed that, in wide dynamic range l-leurons, the average percentages of SP-
IR boutons apposed the distal dendrites which were located in laminac with high
concentrations of SP immunoreactivity were significantly higher than those apposed to the
distal dendrites located in laminae where SP immunoreactivity was scarce (Ma et al., 1995a).

Interestingly, in the present study we found that the mean percentages ol SP-IR only
boutons apposed to the cell bodies and proximal dendrites of wide dynamic range ncurons
with moderate nociceptive responses were iower than those for a wide dynamic range neuron
(205-1) which 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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number of apposed SP-IR boutons.

ENK-IR nociceptive neurons

Most of the nociceptive neurons included in this study were ENK immunoreactive.
This result further supports the concept that ENK is mainly associated with the modulation
of nociception. In behavioral tests, both intrathecal injection of SP and noxious cutaneous
stimulation resulted in a transient decrease of reaction time followed by a rebound overshoot
(Yashpal and Henry, 1983; Cridland and 1-15:1ry, 1988b). The earlier phase of the response
was blocked by SP receptor a111ag01ﬁsts (Yashpal and Henry, 1983), but the overshoot was
blocked by naloxone (Cridland and Henry, 1988b), suggesting the activation of an opioid
mechanism at the spinaf cord level, due either to SP or to SP-induced activation of spinal
nociceptive pailnvays. In biochemical studies, SP was shown to stimulate the release of
endogenous opioid peptides (Naranjo et al., 1986; Tang et al., 1983; ladarola 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 SP inputs provide an anatomical substrate for the above studies.
Interestingly, it has been reported that a low dose of SP caused analgesic effects in
behaviﬁral tests, an effect that was blocked by naloxone (Stewart et al., 1976; Kream et al.,
1993). These studies suggest.that a IO}y dose of SP may trigger the release of endogenous

b}

opioids.

ENK-IR onlv boutons

91



It has been suggested that an increase in peripheral rslimuli activates the intrinsic
spinal opioid system, which in turn affects the responsiveness of ascending projection
neurons (Basbaum, 1985). ENK-IR axonal boutons were tound apposed to spinothalamic
neurons in lamina I (Ruda et al., 1984) and in laminae 1V to V (Ruda, 1982). Morecover,
ENK-IR neurons in laminae I and V have been shown to project Lo lhc.lulcml thalamus
(Coffield and Miletic, 1987a) and those in laminae VI and VI to the medisl thalamus
(Coffield and Miletic, 1987b). In the present study, we lound ENK-IR only and SP+ENK-IR
boutons apposed to nociceptive neurons in lamina I, 1L TV and V. Although we did not
investigate the projection sites of our neurons, it is possible that some ol the nociceptive
neurons included in this study are projection neurons.
| As mentioned above, although some of the ENK-IR neurons in the dorsal hom are
pfojgction cells, most of these ENK-IR neurons likely represent interneurons. Lumina |
neurons with a local axonal arbor may represent a subpopulation of ENK-IR ncurons
(Bennett et al., 1981). Two types of ENK-IR neurons in lamina I have been identified as
stalked cells and ventral lamina Il islet cells on the basis of their morphology (Bennett et al,,
1982). Our ENK-IR nociceptive neurons were located or possessed dendrites in laminac [,
IT and V, where both S'P and ENK immunoreactivities are concer}_lrated (Cuello ctal., 1977b;
Hokfelt et al., 1577; Ruda, 1982). Therefore, it is reasonable to speculate that most of ENK-
IR boutons innervating nociceptive and non-nociceptive neurons may originate from ENK
containing nociceptive neurons. The innervation by ENK-IR boutons of nociceptive neurons
is certainly a morphological basis for the inhibition of the responses of nociceptive dorsal
horn neurons to peripheral noxious stimulation (LeBars et al., 1976; Zicglgansberger and
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Bayerl, 1976; Randic and Miletic, 1978).

In the present study, we also detected ENK-IR boutons innervating non-nociceptive |
neurons. Quantitatively, although nociceptive neurons had significantly higher percentages
of ENK-IR boutons apposed to the cell bodics and proximal dendrites. the values for distal
dendrites of three types of cells were not significantly different. This result indicates that the
innervation by ENK-IR only boutons of non-nociceptive neurons was considerable. The
[unctional significance of this {inding is at present unclear. A previous study showed that the
numbers of ENK-IR neurons per unit ol‘vo_lume in lamina T were higher in the thoracic and
fower lumbar/sacral cord of rat and cat than ut‘ other spinal levels (Miller and Seybold, 1989).
The thoracic and lower lumbar/sacral spiﬁnl cord receive both visceral and somatic afferent
inputs [for review, see (Janiy and Morrison, 1986})). Morphiné and other opiate agonists were
shown to strongly reduce the response to putatﬁze nociceptive visceral stimuli, otgan
distension and visceral-chemical tests (Brasch and Zetler,_ 1982). In the present study, both
nociceptive and non-nociceptive neurons were iocnted in the dorsal horn of the lower lumbar
spinal cord (1.5-1.7). The innervation of non-nociceptive neurons by ENK-IR boutons in the
present study might provide the underlying anatomical substrate for the effects of opioid

peptides which are not related to anti-nociception.

SP+ENK-IR boutons

Opposite effects of C- and N-terminal SP metabolites on the release of excitatory
amino acid have been reported (Skilling et al., 1990). The reduced release of excitatory
amino acids by N-terminal SP metabolites was blocked by naloxone, suggesting that an
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opioid receptor was involved. \’;’c can speculate that the SP and ENK co-localizing axonal
boutons apposed to nociceptive neurons detected in the present study might provide an
anatomical substrate to such differential actions ol SP metabolites. Certainly, SPHENK-IR
inputs to nociceptive neurons play a role of {ine tuning in the transmission and modulation
of nociception. Since SP and ENK are frequently co-localized in the dorsal horn of the spinal
cord as mentioned above (Sénbu ctal., 1988: Ribeiro-da-Silva et al., 1991b), the possibility
exists that the ENK centaining nociceptive neurons included in our study might also contain
SP. Because of technical limitations, we could not investigate this issuc in the present study.

We did not detect any signilicant diflferences in the percentages ol SPHENK-IR
boutons apposed to the cell bodies, proximal dendrites and distal dendrites between the two
types of nociceptive neurons, but the values for the distal dendrites ol both nociceptive
specific and wide dynamic range neurons were significantly higher than those of non-
nociceptive neurons. This result suggests that SPHENK-IR boutons are associated with the
processing of nociception in the spinal cord, thus opening the possibility that besides pure
pro-nociceptive (SP) and anti-uocic_eptive (ENK) messages, a "mixed” peptide message
would be part of the rich transmitter coding of spinal cord sensory responses clicited by
noxious stimuli originated in the periphery.

[t is interesting to note that, in agreement with our previous studics in rat (Cucllo,
1983; Ribeiro-da-Silva et al., 1991b), we did not find any ENK-IR only or SP+ENK-IR
profiles presynaptic to SP-IR boutons. In contrast, however, our present study showed that
both ENK-IR and SP+ENK-IR boutons were more frequently found presynaptic to dorsal
hom neurons possessing nociceptive responses than tq those not possessing such responses.
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E This lends further support to the concept that the enkephalinergic modulation of SP-mediated

primary sensory information occurs at a postsynaptic site.



Table 1. Physiological and neurochemical properties of the neurons included in this study

Cell type Code of cell ENK immunoreactivity of
cell
Nociceptive specific 207-1 +
271-1 +
276-1 +
Wide dynamic range 208-1 +
(regular) 2091 i
258-2 +
276-2 +
Wide dynamic range 205-1 +
(strongly nociceptive)
Non-nociceptive 206-2 -
212-1 -
2581 ;
2712 ;
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Table 2. Percentages of neurop-eptide-IR varicosities apposed ‘to each of the neurons studied.

~

Cell type Code ~ Cell % of SP-IR {non-ENK- % of SP+ENK-IR boutons % of ENK-IR (non-SP-IR) % of non-IR boutons
body IR) boutons ' boutons
CB PD DD CB PD DD CB PD DD CB PD DD
Nociceptive 207-1 LI 2245 2083 2727 8.16 20.83  20.00 16.33 19.44 23.64 53.06 38.89 2909
specific . '
P 271-1 LI 2759 2949 31438 6.90 11.54 14.81 17.24  20.51 14.81 4828 3846  38.89
276-1 LI - 27.08 3438 40.74 729 938 741 1458  18.75 111 51.04 375 40.74
Wide 208-1 LI 1250 938 2128 417  0.00 10.64 1042 21.88  23.40 7292 68.75  44.68
dynamic range
(regular) 258-2 L1V 11.02 16,33 27.78 1.69 4.08 1111 8.47 12.24 16.17 78.81 64.35 4444
| 276-2 LII-TIE 12.50 10.71 250 5.00 8.93 7 16.67 11.25 16.07 20.83 71.25 64.29 37.50
Wide dynamic 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 4243
range (strongly '
nociceptive)
Non-ﬂociceptive 206-2 LIV 2.30 3.75 3.39 345 0.00 1.69 1264 500 16.95 81.61 91.25 71.97
212-1 LIV 223 1.75 3.66 1.12 3.51 1.22 6.74 7.02 7.32 89.89  87.71 87.80
258-1 L1V 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 specific neurons. A shows the
camera lucida reconstruction of one of the three nociceptive speeific neurons (276-1)
included in this study. The cell body and most of dendritic branches are within the linits
of lamina 1. B shows an electron micrograph of part of' 2 distal dendrite [rom this cell
in lamina 1. Note silver grains representing ENK immunoreactivity over the dendrite,
Several ENK-IR boutons are apposed to the dendrite of the cetl. A bouton containing
DAB reaction products (SP immunoreactivity) is also overlaid by silver grains
(SP+ENK). This double labelled bouton is in contact with the dendrite of the cell. Scale

bars =20 um in A, and 0.5 pm in B.
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. Figure 2, Electron micrographs of the proximal and distal dendrites of the cell
shown in Figure 1. A shows part of a proximal dendrite {rom the cell. Note one SP-IR
bouton and one ENK-IR bouton apposed to this dendrite. Note two double labelled
boutons (SP+ENK) which are not in contact with the dendrite of the cell. B shows two
SP-IR boutons apposed to the .dendrite. Note that one of the SP-IR boutons is
presynaptic to the dendrite of the cell at an asymmetrié synapse (arrowheads). Scale bars

=0.5 um.

99



¢ SP+ENK

ad

X

~ L




Figure3.  Electron micrographs of the cell body. proximal and distal dendrites of
one of the nociceptive neurons (207-1). A shows part of a proximal dendrite which is
overlaid by silver grains (the {ine grain developer was used). Note three SP-1R boutons
apposed to the dendrite of the cell. B illustrates part ol the cell body ol this cell, A
SP+ENK-IR bouton is apposed to the cell body. € shows part of a distal dendrite of this

cell which is in apposition to three SP+ENK-IR boutons and one ENK-IR bouton. Scale

bar = 0.5 pm for all.
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Figure 4. Morphological properties of wide dynamic range neurons with moderate
nociceptive response. A shows the camera heida reconstruction of a wide dynamic
range neuron (276-2). Note that the cell body is located at the lamina {1-111 bovder. The
dendritic tree extend in all directions. Some of the ventrally oric:mcd dendritic branches
are spiny. B shows an electron micrograph of part of a proximal dendrite of this cell in
lamina III. This proximal dendrite is overlaid by silver grains indicating ENK

immunoreactivity. Scale bars =200 pm in A, and 1 pm in B.
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Figurc 5. Electron micrographs of the proximal and distal dendrites [rom wide
dynamic range neurons with moderate nociceptive response. A shows part o an ENK-
IR distal dendrite from cell 276-2. Note & SP-IR bouton apposed 1o the distal dendrite.
B shows part of an ENK-IR proximal dendrite of cell 208-1. Three ENK-IR boutons are
apposed to this proximal dendrite. C illustrates part of an ENK-IR distal dendrite [rom

cell 208-1. Note a SP-IR bouton apposed to this distal dendrite. Scale bar = 0.5 pm tor

all micrographs.






Figure 6. Electron micrographs of part ol an ENK-IR distal dendrite from o wide
dynamic range neuron (205-1) with strong nociceptive responses. A and B represent
serial ultrathin scctions. Note SP-IR and ENK-IR boutons apposed to this distal
~dendrite. Note that the ENK-IR bouton is presynaptic to the dendrite Gurowheads) in

B. Lamina 111, Scale bars = 0.5 pun,
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Figure 7. Electron micrographs of the ENK-IR proximal dendrites ol o wide
dynamic range neuron (205-1). In A, note that the dendritic profile receives appositions
from both SP-IR and SP+ENK-IR boutons. Note that the SP-IR bouton is presynaptic
to the dendrite at an asymmetric synapse (arrowheads). The SP+HENK-IR hm_lton also
establishes a synapse with the dendrite {arrowheads). In B and C, note SP+ENK-IR

boutons apposed to proximal dendrites of the cell. Lamina V. Scale bars = 0.5 pm,
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Figure 8. Morphological propertics of non-nociceptive neurons. A shows the
camera lucida reconstruction of cefl 258-1. The cell body of this neuron is located in
lamina IV. The dendritic branches of this cell were mostly located within the limits off
lamina 1V. Some of the dendritic branches arc spiny. Parts of distal dendrites from this
non-nociceptive neuron are shown in B (lamina 1V ) and C Lamina (111). In B and C,
note the absence of ENK immunoreactivity of the cell, and some ENK-IR boutons

apposed to the dendrites of this cell. Scale bars =200 pm in AL and 0.5 pm in B and C,
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Figure 9. = Histograms showing the mean percentages (285N of SP-IR only (A
SP+ENK-IR (B). ENK-IR only {C) and non-IR (D} boutons apposed to the three regions
of the three types ol cells. Using one-way ANOVA followed by post-hoe Tukey test,
the average percentages of SP-IR only, SP+ENK-IR, ENK-IR only and non-IR boutons
~ apposed to the cell bodies, proximal and distal dendrites among three lyp.c..s of cells were
compared. * valucs for nociceptive sﬁeciﬁc neuvons (NS) significantly Llii'l'c.rcnl [rom
wide dynamic range neurons (WDR) and non nociceptive neurons (NN). 4 values for
NS significantly different from NN. @ values for WDR signiﬁcnnl_ly dil.'!'crcnl. l'm.m NS

and NN. ¢ values for WDR significantly different from NN.:

e
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Connecting Text - Chapter 11 to chapter 1V

The study in chapter 1 demonstrated that most nociceptive neurons in the eat
spinal cord were ENK-IR and that nociceptive neurons reccived signilicantly highci‘
percentages of SP-1R boutons in the three regions than non-nociceptive neurons. The
percentages of SP+ENK-IR boutons apposed to the distal dendritic regions ol
nociceptive neurons were significantly higher than in non-nociceptive neurons. The
percentages of ENK-IR boutons apposed to the cell bodics and proximal dendrites of
nociceptive neurons were significantly higher than in non-nociceptive ncurﬁns. but no
significant differences were detected in the distal dendritic reginns.

In addition to ENK, the classic inhibitory neurotransmitter GABA also
participates- in inhibitory mechanisms in the dorsal hom, as confirmed by ample
experimental evidencé. Thus, it is of interest to invesligaté the synuptic interaction ol
SP-IR boutoﬁs with GABA containing elements in the dorsal horn of the spinal cord.

In the next -chapter, using a combination 01"4 pre-embedding
immunocytochemistry and post-embedding immunogold staining, we investigated the -
interaction of SP-IR elements and GABA-IR elements in the dorsal horn _0!' the cat
spinal cord. As we found for the first time a co-localization of SP and GABA

immunoreactivities, we decided to investigate whether it also occurred in the rat.
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CHAPTER 1V
Substance P- and GABA-like immunoreactivities are co-localized in axonal

varicosities in the superficial laminae of ¢at but not rat spinal cord

Wetya Ma and A. Ribeiro-da-Silva
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ABSTRACT

In the present study. we applied a combination of pre-embedding peroxidase-
based immmunocytochemistry and post-embedding immunogold staining to examine the
synaptic interactions of substance P (SP) and y-aminobutyric acid (GABAY) in the
superficial laminae of the dorsal horn of cat and rat spinal cord. We demonstrate lor the
first time the co-existence ol SP and GABA immunorcactivitics in the axonal boutons
in laminae 1-111 of cat spinal dorsal horn. ln cat, most SPHGABA immunoreuctive (IR)
axonal bcn;tons established synapses with SP-IR or non-IR dendrites. These synapses
were exclusively symmetric. Quantitative analysis showed that the pcfccnlngc ol
SP/GABA double labelled bouton profiles was higher {(7%) in l;1|1ii|1;1 I but was
- considerably lower in laminae 1o, IH and M1, S.imilzu'ly, the density (number of houton
profiles per 100 pm?) of SP+GABA-IR bouton profiles was highest in lamina I
However, in agreement with previous studics, the co-localizdtim ol SP and GABA
immunoreactivities was never detected in the rat dorsal homn. In both species,
SP+GABA-IR or GABA-IR axonal bouton profiles were never seen presynaptic to SPP-
IR boutons. These findings provide a morphological basis [or the interaction of
excitatory and inhibitory agents in the nociceptive circuits in the dorsal horn of the cat

and rat spinal cord.
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INTRODUCTION

It has long been known that the superficial layers of the dorsal horn are the {irst
location in the CNS where the nociceptive information originating from the skin and
deeper structures is modulated. However, in spite of all the data obtained from studies
in vurioﬁs disciplines, little is known concerning the precise ncurotransﬁﬁtter-speciﬁc
neuronal circuits subserving such modulation. An important issue to be elucidated is
lu;w excitutory and inhibitory neurotransmitters interact and are synaptically related to
dorsal horn nociceptive neurons. Substantial evidence accumulated during the last two
decades indicates that substance P (SP) plays a major role in the transmission of
nociceptive information by primary sensory neurons. Brietly, SP can excite dorsal horn
~ nociceptive neurons (Henry, 1976). Substance P immunoreactivity has been detected
in small diameter primary afferent fibres (Hokfelt et al., 1975a; Hokfelt et al., 1975b),
High concentrations of SP imml._moreactivity were revealed in the dorsal horn (Hakfelt
et al., 1975b; Hokfelt et al., 1977; Cuello et al.., 1977a; Cuello and Kanazawa, 1978),
particularly in Rexed's laminae 1-I] and, to a limited extent, in lamina V, which are the
areas where smaﬂ diameter sensory fibres terminate (Light and Perl, 1979b; Sugiura et
al., 1986). SP ié released in the spinal cord in vivo specifically upon activation of
nociceptive sensory fibres (Duggan et al., 1988). SP-mediated responses of dorsal horn
nociceptive neurons could be blocked by a NK-1 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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immunoreactive (IR) boutons (De Koninek et al.. 1992).

GABA is a well-known inhibitory neurotransmitter in the spinal cord.
GABAergic neurons are concentrated in the superlicial laminae ol the doesat horn
(Ribeiro-da-Silva and Coimbra, 1980; Hunt et al., 1981; Barber et al., 1982: Fodd and
Sullivan, 1990). Ultrastructural studies using *H-GABA-uptake or umi;v.cm agninst GAD
ot GABA have shown that, in rat and cat. GABAergic axons in laminae -1 established
mostly symmetrical axodendritic synapses, but were also presynaptic to primary sensory
fibres at axoaxonal synapses (Barber et al.. 1978: Ribeiro-da-Silva and Ceimbra, F)BU:
Magoul et al;, 1987: Maxwell and Noble. 1987: Maxwell et al., 1990). GABA-IR
profiles have been found presynaptic to the terminads of [unctionally defined myelinated
nociceptors in the monkey and cat spinal cord (Alvarez et aly, 1992).

Despite the progress made in this aren, we lack direet information coneerning
the synaptic interactions of SP-IR and GABA-IR profiles in the spinal dorsal horn.
Theretbre, the purpose of this study was to address lhc.ubc;vc tssue. To achieve this
objective, we applied a combination of pre-embedding DAB-based
immunocytochemistry and post-embedding immunogold staining o investigate the
distribution of SP and GABA immunoreactivities in the superficial laminac of the dorsal
horn of the cat and rat spinal cord. Our results indicatc'l that SP and GABA
immunoreactivities are co-localized in some axonal varicosities mainly in laminae 1 of
the cat spinal cord. Consistent with previous studies, however, this co-localization of
SP and GABA immunoreactivities was never found in the rat. Furthermore, we never
detected GABA-IR profiles presynaptic to SP—IR bouton profiles in cither animat
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ﬂ Speeies.

MATERIALS AND METHODS

Four lllil['.; cats. 3.5 to 4 kg in weight, were anacsthetized with e-chloralose
(60mg/kg. iv). Four Wistar rats. 250 to 300g in weight, were anaesthetized with
Lquithesin (Gml/kg. t.p.). All animals were perfused through the left vcntrkle with a
ntixture of 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1M phosplmte bufter,
pH7.4. Spinal cord segments C4-C3 (rat) and L2-L4 (rat and cat) were removed,
posﬁixcc_i in the same fixative mixture for 90 minutes, and infiltrated in 30% sucrose in

ol M‘ phosphate bulfer overnight at 4°C, Belore being sectioned, the tissue was snap
{tozen by immersion in liquid nitrogen and thawed in 0.1M phosphate buffer at 25'C.
The spinal cords were sectioned either transversely or pamsagitmlly at 50 pm on a
Vibrulo_me. Prior to incubation in the antibody, the sections were treated with 1%
sodium borohydride in phosphate-buffered saline (PBS) for 1 hour and washed

thoroughly in PBS.

Pre-embedding immunocytochemistry
The antibody used was a bi-specific, anti-substance P/anti-horseradish
peroxidase (HRP) monoclonal antibody [coded P4CI1 (Suresh et al., 1986); Medicorp,

Canada]). Tissue sections were incubated overnight in P4CI antibody, diluted 1:10, at
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4°C. The following day. the sections were incubated for 2 hours at toom temperature in
PBS containing 3 pg/ml of horseradish peroxidase (HRP: Stgma type V. Alter cach
incubation. sections were washed twice tn PBS and reacted for peroxidase with 3.3'
dinminobenzidine tetrahydrochloride (DAB: Sigma) in PBS. Alter the DAR reaction.
the sections were rinsed several times in PBS and immersed tor 90 min. in osmium
tetroxide in 0.1M phosphate bufler at 4°C. The tissue was then dehydimted in aseending
alcohols and flat-embedded in Epon. Alter selecting the appropriate fields, the sections
were tril-nmcd and Epon re-embedded. The sclected areas corresponded to the middle
third of the mediolateral extent ot the superficial dorsal horn, and contained the entice
dorsoventral extent of laminae I-I11. Ultrathin sections were obtained with a Reichert

Ultracut microtome using a diatmond knile and colleeted onto mesh nickel prids.

Post-embedding immunucy-tochcmistry

Post-embedding immunostaining was carried out as deseribed in detail
elsewherg (Ribeiro-da-Silva et al., 1993). A well cliamctcrizcd polyclonal :mli-GABA
antibody (Sigma) raised in rabbit was used. Following washes in Tris-butTered-saline,
en anti-rabbit IgG antibody conjugated to 10nm gold (Biocell) was used. Afler
counterstaining with uranyl acetate and lead citrate, the sectibns were examined under
the electron microscope (Philips 410). To assess the speciﬁéity of the immunostaining,
we carried out preabsorption studies. The antibody against GABA, at the dilution used
for immunostaining, was incubated with | pM GABA (Sigma) for. 24 h at room
temperature. GABA immunoreactivity was not detected when the preabsorbed ahti-
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GABA antibody was used. No specific labelling was obtained when the anti-GABA

antibody was replaced by normal rabbit serum,

Quantitative analysis
This analysis was restricted to the cat. For quantitative purposes, two Epon
blocks were used from each animal. One section from each block was quantified, At the
magnification of X10,200, five non-overlapping fields per laminae were selected at
riandom and pho@gruphcd (total number of photos=13?..). The photographic negatives |
were enlarged X 1.5 for a final magnification of X15,300. At this final magnitication,
the various profiles in the neuropile could be c.lem'ly ide_n.tiﬁed. From the micrographs
thus obtained, all bouton profiles immunoreactive for SP, GABA and those. non-
immunoreactive were counted. Profiles were considered as specifically immunostained
lor GABA when the density of deposited gold particles per square micrometer was at
least three times above background. Background levels were r_ﬁeasureél on capillary
lumens. The percentages oll" SP-, GABA-, -SP+GABA-immunpreactivé and non-
immunoreactive bouton profiles in the tota;l number of bouton pr’cl)ﬁles were determined
- for each lamina. In addition, the densities (number of bouton proﬁies per 100 pm?) of |
SP-, GABA-, SP+GA33A-immunoreactive, and non-in1mt1nor¢active bouton profiles for

cach lamina were calculated. A total number of 2,431 bouton profiles was counted.

RESULTS
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*in other laminae. Most of them were apposed to dendrites, although some were in

Qualitative results

Under the electron microscope. the two immunocytochemical signals could be
easily distinguished. DAB reaction products and immunogold particles represented SP
and GABA immunoreactivity, respectivcly. SP immunorcactivity was :155(;.ci1|lccl with
dense core vesicles, but.also occurred in between the agranular vesicles and on the
mémbranes of mitochondria. Immunogold particles were associated mostly with sall
agranular vesicies and mitochondl‘ia; as described in pr'evious'stu@ics(Muxwpll el :1|.A
1990; Merighi et al., 1989). SP i1m11unor¢activity wzzls detected in dendrites and axonal
terminals, as has been previously desél‘ibed in rat (Chéin-PaIny and Palay. 1977; l’icll.{c.'l
et al., 1977; Barber et al., 1979; Pricstley et al., l982|-.):l ABresnn-l.mn et ul., ‘;1984:
Ribeiro-da-Silva et al., 1989). GABA imlmmdfeaétivity was found in nxonﬁl .b(.)lll.OI.'!&
.'de:ndri'tes .and also in some neuronal c.ell _bédies.(Todd and SLllliQ£111, 1990; Carl{on mllcl

Hayes, 1991; Powell and Todd, 1992: Alvarez et a;.l.,' 1992). In this study, we locused

on the synaptic interactions of SP- and GABA-IR profiles. To facilitate our description,

we will divide such interactions into two types: non-glomerular and glomerular.

Non-glomerular synaptic interactions
The most striking finding in the present study was the detection of boutons

double Iabelied for both SP anid GABA immurioreactiviticslin the dorsal horn of the cat

.-—.spinal cord (Fig. 1). The double-labelled boutons were more numerous in laminae | than

‘
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contact with other axonal boutons or with cell bodies. Usually, double-labelled boutons

were presynaptic o other structures, although in some cases no synapses could be

detected cven after 3-4 serial sections were examined (Fig.1A). A few "en passant" .
varicositics immunoreactive for both SP and GABA were also detected. particularly in

parasagittal sections (Fig. 1B). SP and GABA immunoreactivities were also co-

localized in some dendritic profiles in laminae I-1Jo (Fig. 2} and occasionally in cell

bodies in lamina I (data not shown).

'l‘h.c 'double labelled boutons participated .in several lypes of synaptic
arrz_mgements_. The synapses were exclusively of the_ symmeltric type (Fig.1 C and D).
The - most. eommm_l _postsyli_aptic ele’mettt was a dendrite wﬁich wtis either SP
‘ ’limmttnonegati\{e (Fig.1C) ot immunobositive (ﬁg.lD). Freciuently, SP+GABA-IR:
‘boutons and taotlt01ts immunoteaetive for SP or GABA were presynaptic to & common
, d'en.c‘lrite. In such cases‘,_ the synapses t‘ermed by SP-I-_GABA- etnd GABA-IR boutons
wére 'symmetrie (Fig. [C and ID,_ arrowlteads), but the synapses between SP-IR boutons
and postsytmptic' dendrites were frequently asym:metric‘ (not shown). Occasionally,
boutons co-'localizing SP and GABA were found apposed to SP himmundpo_sitive or
imnuutenegQative boutons (data not shown), but no synapses could be detected, even
after serial section analysis, |

In the rat spinal dorsal horn, SP and- GABA immunoreactivities were always

¢

seen in separate neuronal profiles as reported previously (Merighi et al., 1989). Rather |
frequciljtly; 4GA_BA-IR boutons were apposed to SP-IR boutons (Fig. 3A and 3C).-
. However, no convincing evidence of GABA-IR -boutons presynaptic to SP-IR boutons
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could be obtained, in spite of the analysis of serial sections. SP-IR boutons were
frequently apposed to (Fig. 3B) or presynaptic to GABA-IR dendrites. Figure 3C shows
a frequent synaptic association in which SP-IR and GABA-IR boutons were presynaplic
to a common immunonegative dendrite. As in cat, the synapses between the GABA-IR
bouton and the dendrite were symmetrie (arrowheads in Fig. 3C). in contrast to the

asymmetric synapses formed by most of the SP-IR boutons (open arrow in Fig. 3C).

Glomemlﬁlr synaptic interactions: ' ' ‘ -

~ Ocrasionally, in lamina llo of the cat spinal cord, SP+GABA-IR dendrites were
_apposed to the central boutons of synaptic glomeruli, ﬁllhéugh we did not deteet any
synapses between the two elements (Fig. 2). Wealso detected SP-GABA-IR bnulﬁons _
\l’vhich were presynéptic to peripheral dendrites in synaptic gldﬁmruli (Fig. 4). In this
type of synaptic association, both the central glomerular bouton and the SP+GABA-IR
bouton were presynaptic to a common glomerular dendrite which was immunonegative.
The synapses formed by the double labelled bouton were symmetric (Fig. 4,
arrowheads), in contrast to the asymmetric synapses formed by the central bouton (Fig.
4, open arrow).

In the superficial layers of the rat dorsal horn, GABA-IR boutons were
frequently found as peripheral profiles in synaptic glomeruli, in which the central
Bbutons were SP immunoréacﬁve. Usually, the SP-IR central boutons v;/crc prcsynap}ic
té GABA-IR dendrites (Fig.5A). Less frequently, GABA-IR boutons were appo:%cd to
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SP-1R central boutons, but were never presynaptic to the later element (Fig.5B).

\ Quantitative results
Figure 6A shows the relative percentages of different types of bouton profiles
in the superfictal laminae of cat spinal cord. The relative percentage of SP-IR bouton
profiles was highest in laminae 1 ‘and Ilo. dec;eused in lamina 1l and dropped
drastically in lamina II1. The relative perécnlagc of GABA-IR bouton profiles increased
gradually [rom lamina 1 tol lamina 111, where it reached the highest value. SP+GABA-1R
bouton profiles were never very abundant. Their relative percentage was highest in
‘luminuc 1. and deéreased drastically in lamina llo. Thé percentage of inmmnonegati.ve
bouton [ﬁ'oﬁ‘les remained approximately constant i-n all laminaé, n spité of a small
increase in lamina 111
Figure 6B 1llustrates the densities (1111111ber of bouton profiles per 100 pm?®) of
difTerent types 6t'b0uton proﬂles in each lamina of cat spinal cord. The density of SP-IR
bouton profiles reached its 11iéhest value in lamina Ifo. Values were slightly lowerin
laminae I and 11i, and much lower in lamina III. The density of GABA-IR bm}}g];;"
profiles was higher in laminae i and III than in laminae I and ITo. The highest density
of SP+GABA-IR boutonr profiles was detected in lamina I, and the valueg _were
considerably lower in laminae Ilo, 111 and III. The density of immunonegative bouton

profiles was low in lamina I, and increased progressively from laminae [lo to IIL . "
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DISCUSSION

The major tinding of the present study was the dclecli@n ol a co-existence of 8P
and GABA immunoreactivities in axonal boutons of tho; Supcrﬁciul laminae of the cal
spiual dorsal horn. To cur knowledge, this is the first time that such co-localization has
been x'ep(jrted it this area of the CNS, Such co-localizmim'n of Sp uﬁd -C-n.*\BA
ilmnunoreactivitieé.has been reported in cat r:_:linn (Pouﬁ:ho and Goebel; l‘)SS) and in
hamster ol'l’tlct01'y bulb (Kosaka et zﬂ., 1988), at the light :ﬁicmscnpic level, In ou..r stud)ﬂ '
most of the SP+GABA-IR axonal boutons | cstablished  synapses  wilh sp
immunoreactive or imnmnoﬁegative - dendrites. Tl@' synapses thus [ormed wcrL_;
exclusively symmetric. The quantitative analysis indicated that both the pereentage and _
the density of SP+GABA-IR bouton profiles were considerably higher in lnnﬁnn [ than
in the o‘ther 1a1_ninae‘ In contrast, s‘uch co-localization was never [”oundrin' the rat, in
agreement with a previous report (Merighi et'al.; 1989). |

We should stress that the quantitative data in this study only Serves Lo provide
an idea of how frequent the SP+GABA-IR proﬁlcs;.th:re, both in absolute numbc.rs and
in comparison with others labelied for SP-only and GABA-only in cach of the laminae -
studied. We did not carry out a detailed stereplogical analysis of bouton numbers per
unit of area, but rather coﬁnted profile numbers. Therefore, the factor bouton size was
_ not.taken into account, and the relative percentages and densities would be affected by
possible size differences among the populations of profiles labelled for SP, GABA or

- SP+GABA. Our values should therefore be considered as approximative. Further work
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will be necessary to determine actual terminal numbers.

In some of lhé double-labelled profiles (sce e.g. Fig. 1A), emcl alsﬁ in some of
those labelled for GABA immunoreactivity only, the gold. particles seemied to be more
::ssdcizilcgt with mitochondria than with olliel' structures in the lerminal. This assoctation
hin; also been shown. in other studies using post-embedding innnunosliﬁning for GABA
[see e.g. (Vults‘cli;moﬂ'cl al., 1994)]. The reason why fnilochondria should pqsseés more

GABA than other components of the terminal is at present unclear.

N Ol_'igiri of SP-{-GABA;IR axnﬁul 'bn.:).utons'

Sl’ ll‘nl’lllll'lOIC"lCllVll,\’ in the dorsal horn onam'llcs from small dl'llllétel pnm'uy
- sénsory hbl es (llokﬁ.lt et al, 1973:1 Hokfelt et al., 1973'3 Cuello etal, 1978) neurons
mlnnslc to the dorsal hom (Ljungdahl et al,, 1978; Hunt etal., 1981} and, to a limited
extent, from fibres descéndmn from the raphe nuclei (Mcnetney and Basbaum, 1987)
GABA immunoreactivity in the dorsal horn has two sources: intrinsic GABAergic
interneuwrons in the dorsal horn, either {rom the same or adjacént segments (Carltoh and
Hayes, 1990), and descending fibres from the medullary raphe, where GABA has been
co-localized ip serotonergic cell bédies that project to the spinal cord (Millhorn et al.,
1987; Kachidlian et al., 1991). Since GABA has never been identified in dorsal root
gungli;n neurons, it is very unlikely that SP+GABA-IR boutons might originate from
primary sensory aﬁl—:rents. In line with this, in the presént study, GABA or GABA+SP |
; immunorenciivily.has never been detected in central boutons of synaptic glomeruli,
~-profiles which have been shown to be primary sensory ofigin in both rat (Coimbra et al.,
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1984) and cat (Duncan and Morales, 1978: Murray and Goldberger, 1986). In the

p.resient.slud‘y. SP and GABA immunorcactivitics were also co-localized in‘ soe
dcndri_lic. profiles, particularly in lra-mina lio, and in cell bodies in lamina L1, Together
with the above evidence fronj the Iitcmiurc. this finding indicates that. at icusl in part,
SP+GABA-£R a'x.onal boutonsroriginalc from intrinsic spinul dorsal horn neurons
_located .il.l lamina I1. It should Be stressed that our study was currjcd out in the absencee
'of.‘colclﬁ'cine treatment, li is 1_ilu—:ly 'lhut,‘ alter colcllicinc-trculmeﬁl. S‘P-l-(.,“n\B.»'\.-ll‘_(
- neurons aﬁd dendfitic profiles would be more ir.ppm'cnt in the sﬁpc_ri‘wial luniin:ig a)l"ll)c |

_ dorsal horn of the cat spinal cord. .-

.
w
N .

Fﬁllé.t}én:ll significance of 'SP+GABA-IR boutmm
The co-existence of SP un'c‘l. GABA in the same axonal hqul'ons in the suﬁcrlfnciul
laminae of the cat spinal cord provides new evidence that excitatory and inhihilm;
neﬁrotransmitters interact and exert lhei‘“;‘_.:?f{’ects in a more complex muﬁncr than
previously thought. Ina way, this co-localization can be compared to the co-local iz;llion
. of SP and enkephalin (ENK) in axonal boutons in the rat and cat dorsal horn. In
previous studies, the cq-existence of SP_ and ENK in axonal boutons has been well |
d.escribed in the superficial laminae of the dorsal horn of cat (Tashiro et al., 1987)and
rat (Senba et al., 1988; Ribeito-da-Sitva et al., 1991b). It has been speculated that these
SP+ENK-IR dorsal horn neurons are interneurons within .lhe ma’in”scnsory pathway -
receiving primary sensor-input (likely nociceptive) and trapsmiiling ll.lO pfojcclion

neurons. Alternatively, some or all of the SP+ENK double-labelled cells may be 2
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interneurons not within the main sensory pathway but pal;allcl to it (Ribeiro-da-Silva et
al., 1991b). Neurons co-localizing GABA and SP immunoreactivities might hiave a
similar uciion to those co-localized by SP and ENK immunoreacliviliés. Itis };Jossilf)le
thet the former reprcseﬁl a subpopulation of the later. In fact, itis likely that SP+GABA
ccils :i]so cG-]bcalize ENK .innnunore;lciivity.
ll.is in_li:rcslihg.m note that most of the bouton pruoﬁles co-localizing SP+GABA -

_ immunore-a‘cilivilies were in lamina 1. This lamina contains many neurons ivhich project
to the thalamus ('f:ilnamd Coimbra, 1988). Some of the lamina I projection neurons are
' nociccpiive (Cervero et al., 1976; Price et al., 1979; Woolt and Flt?g,emld 1983) and
sollm lmy conlaln Sp (lea el al 199_)) Itis teasoaable to postulate that SP !-GABA~
IR boulom are pxcsynapllc to lamina I pm_|ec11on neurons (SP IR or non—SP IR) which
are 111§01v;d in’ nociception. MOI‘LOVEI, ina pfelmnnary study, we deteclea some

SP+GABA-IR boutons presynaptic to functionally identified and HRP-filled lamina I
nociceptive neurons (Ma et al., 1994). This evidence strongly suggests that SP+C;ABA
containing interneurons in the spinal' cord piay a role in the modulation of nociceptive
information.

[n the present study, the synaptic contacts established by SP+GABA-IR axonal
boutons and their postsynaptic elements tSP immunopositive or immunonegative
dendrites) were exclusively symmetric, indicating that an inhibitory signal is transmitted
to the poslsynaprt.ic elehlent (Uchizono, 1965; Gray, 1969). It is therefore likély that such
an inhibitory signal would be mediated by GABA, as the ultrastructural evidence

described here suggests.



Consistently, SP-IR. GABA-IR, and SP+GABA-IR boutons were presynaptic

to SP immunopositive or immunonegative dendrites. Therefore, it can be speculated that -

SP containing boutons excite SP-IR dorsal born neurons (hat convey nociceptive signals.

1o higher brain regions. GABA-IR inputs would exert their inhibitory eflects on the
same nomcuphon drwen neurons. Although it is not possible to deline a precise mlc for

the SP+GABA containing system in the modulation of nociception. neurons co-

localizing both immunoreactivities are presumably nivolved in the fine tuning of

nociception modulation in sensory palhways. Thus, the SP+GABA-containing system
could reglﬂate théir ol\m e}citﬁlﬁu on postsynaptic targets by means ;)l‘Gz\BA release
(affetting either. autoréceptor&“ or péslsynaptic rcccplm‘s). -l-iel1cc, uﬁon repetitive
sumuhtlon of the neuron, an c\c1tat01y 1c:>p011br; elicited by Sl‘ could be terminated at
pre- or postbymptlc levels by GABA released by neurons co- lomhzmb SP+GABA.
Conversely, as GABA is a fast transmitter, SP might modulalu the inhibitory response
induced by GABA in the postsynaptic neurons.

1t should be stressed that the SP--GABA system does not seem to occur in rat,
as we did not detect SP+GABA-IR boutons in that species. Allhouéh the ﬂnﬁionul
significance of such species difference in -SP/GABA interactions is not yet clear, it can
be easily predicted that nociception modulation in cat spinal dorsal horn is more
complex than in rat.

Interestingly, in both cat and rat spinal dorsal horns, we did not detect GABA-IR
boutons presynaptic to SP-IR boutons. Although this type of sznaplic arrangement was
reported as occasionally seen in a previous preliminary report in the rat dorsal horn,
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such finding has not been illustrated (Merighi et al., 1989). In our study. we carried out
a detailed search for presynaptic interactions of GABA-IR or SP-IR boutons in serial
ultrathin sections. However, GABA-IR boutons were frequently presynaplic (o non-
immunoreactive vesicle-containing profiles, cither axonal boutons or presynaptic
dendrites (Ribeiro-da-Silva, 1995). This negative finding suggests that GABA probably
might modulate nociceptive information conveyed by SP containing primary sensory
[ibres thmugﬁ a _postsynqptic Vmecl‘mnism. O.m' finding is alsq supported by a recent
report that the well-known analgesic eflects of baclofen are not mediated by a reduction
of the release 61‘ SP or CGRP in the dorsal horn from central terminals of nocicepﬁve
prinnllry afferents, while it could be mediated through -1_lie SLlppressiOﬂ ol iumbar dorsal

horn neurons (Morton et al., 1992},



Figure 1. ‘Co-localimtion of SPand GABA immunoreactivities in axonal boutons
of lamina 1 of the dorsal horn of cat sp'hml cord. Diaminobenzidine reaction produet
represents SP antigenic sites. lmmunogold p;u‘liclc;: represent GABA immunoreactivity,
Micrographs of A to D show.cxamplcs ot some of the vacs.ni' profiles detected. A
shows a bouton co-localizing SP and GABA which did not cstablish synapses with the
surrounding profiles in the four serial scetions examined. B shows a double-labetled
profile which represents an."cn passnnll" varicosity of an axon. € illustrates a double-
labelled bouton apposed (o a varicosity labelled for GABA o-nly: no synnp;c between -
the two profiles COLlld be detected. even alter serial section analysis. However,
SP+GABA-IR bouton is presynaptic to a innmmoﬁégutivc dcm.lrilc (). the synapse l_hus
formed being symmetric (arrmvhcuds). D shows a SP+GABA-IR axonal bouton uﬁd n
GABA-only bouton which are pmsynaplh to a common SP-IR dendrite, both synapses

being symmetric (arrowheads). - Scale bars = 0.5 pn.

e
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Figure 2. Co-localization ol SP and GABA ilmmunnrcucli\'itics i o proximal
dendrite in lamina o of the cat dorsal hor. The double-labelled dendritic prolile
(SP+GABA) is apposed to the central clement ol a synaptic ‘glm_ncrulus (Crvpes serrell
(Ril‘rciro-dn-Sil\iu. 1995)}. The béup.m is presynaptic ln- t‘;lhcl‘ dendrites (Llj but not

to the double-labelled prolile. Scale bar = 0.5 pm.
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Figure 3. Association of SP-IR and GABA-IR boutons in the superficial laminae
of the dorsal horn ol the rat sﬁinnl cord. A shows a $P-IR axonal bouton apposed to a
GABA-IR axonal boulons in lt-lmin:i I no synnpsés were deteeted between the two
eiements after serial section analysis. In B. a SP-IR :1x0n\:1l bouion is upposéd oo
GABA-IR dendrite in lamina . C illustrates a SP-IR axonal bouton and a G.I\BAI-.LR‘
.bouton which a;e presynaﬁtic to o cmn.mon-dex.'ldrilc (d) in l_uniina ll;‘{'. 'l‘hc- s_yn:lpsc.
" between the SP-IR bouton and the dcndrité |s usynmiclrit (open un';\w)._ but lhc‘ L_mc'rl
between lhe.G-AB;L\—IR and_ the dendﬁlc_i;s sym.metric;, (;11‘1‘0\\4& 'uds). ASc.ulc_- bars = Oi '

pm. ' ' N
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Figure 4. Synaptic interactions of SP+GABA-IR axonal boutons and central

boutons of synaptic glomeruli in Jamina lfo of the cm'spin;\l cord. Note a SPHGABA-IR
bouton and an immunonegative central bouton (C) which are presynaptic to a common -
dendrite (d). The synapse between the SPHGABA-IR bouton and the $Icndrilc 18
symmeti‘ic (arrowheads). while the one between the central bouten and the dendrite is

asymmetric (open arrow). Scale bars = 0.5 pm.
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Figure 5. Synaptic interactions of SP-IR central boutons of synaptic glomeruli and
GABA-IR profiles in the superficial laminae of the rat spinal dorsal hom. In A, a SP-IR
glmnerulz.xr central bouton (C, type) is presynaptic to GABA-IR or non-1R dendrites in
lamina IIA. Although the dendrites appear lightly labelled for GABA immunorcactivity,
it was considered specific as it is over 5 times above background levels. The synapses
.are asymmetric (opeﬁ arrows). In B, a GABA-IR bouton is apposed to a SP-IR central
terminal (C,) in lamina 11B. no synapses were observed between these two clements,

even after analysis of adjacent sections. Scale bars = 0.5 jum.






Figure 6. - Quantification of SP-. GABA- and SP+GABA-IR axonal bouton protiles

. in laminae [-11I of the dorsal horn of cat spinal cord. A represents the relative percentage

of each neurochemical type of axonal varicosity profile in cach lamina, B represents the
density per 100 pm? of each neurochemical type of bouton prolile per lamina. Note that

bouton profiles co-localizing SP and GABA immunoreactivities were never very

-

abundant, although in lamina 1 they represented 7% of the total number of bouton

rafiles in the lamina. Total number of varicosity profiles counted = 2.431.
P | Y1

130 ;

N



¥ N 29w o % N O
rUWwe| Jad zLuri 001 Jad suonoq o isquiny

—
s o o o ™~ -9 o
: %) D T [ S Y -
& R eulwe| Jad suonoq Jo Jaquuinu |eiol Jo %



Connecting Text - Chapter 1V to Chapter V

In the study of chapter [V, we observed for the first time that SP and GABA
immunoreactivities were colocalized in the same axonal boutons in the dorsal horn of
cat, but not rat, spinal cord. The percentages and densitics of SP+GABA-IR boutons
were higher in iamina I than in other laminae. SP+GABA-I R boutons were prcsyﬁuptic
to both SP-IR dendriteé or non-immunoreactive dendrites. The synapses thus formed

were always symmetric.

In chapter II, Il and 1V, we investigated the innervation of SP-IR axonal

\.

terminzds in the first experimental 1110dg!, name_ly. under the nprmal physiological
% coudition. As the innervation by SP-IR [ibers might be altered .undcr an abnormal
developlﬁental environment, we decided to investigate such.possibilily. To address this
issue, we used a transgénic mouse mode! which over-expfésscd NGF in myulihuling
oligodendrocytes undgl’* t.he control of MBP promoter. In Chapters V and VI, we
investigated the over-expression of NGF in myelinating oligodendrocytes in the CNS

Al
J”'Qh

and the SP-IR sensory fiber innervation in central target tissues of transgenic micc.

s

A

i
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CHAPTER V

Ectopic substance I and calcitonin gene-related peptide immunoreactive fibers in

the spinal cord of transgenic mice over-expressing nerve growth factor

Weiya Ma, A. Ribeiro-da-Silva, G. Nbel, J.-P. Julien and A. Claudio Cuello



ABSTRACT

The aim of the present study was to investigate the in vive effeets of the CNS
over-expression of nerve growth factor (NGF) on primary sensory neurons, To achieve

this objective, a transgenic mouse model was generated which bears a chick NGF pene

b=

driven by the myelin. basic protein (MBP) promoter. Northern blot analysis
demonstrated that high levels of NGF mRNA were detected in the spinal cord ol adult

transgenic mice. By using immunocytochemistry, NGF  imumunorcactive (IR)

-oligodendrocytes were observed throughout the white matter, Furthermore, numerous

ectopic substance P (SP)- and calcitonin gene-related peptide (CGRDM)-IR fibers were -

detected in the "vhite matter of the spinal cord of transgenic mice. NGI-IR

~
oligodendrocytes m{c':'l"eclopic SP- and CGRP- fikers were entirely absent from control
lll_ice;‘lll the cervical and lumbar dorsal root pan glia., the percentages ol SP-IR ﬁéurons
were P:igniﬁcantly higher in transgenic mice \ﬂwn compared to c01lli'gjs. At the IEM
level, ectopic SP- and CGRP-IR fibers were charactcrized as unmyclinated axons and
axonal boutons. SP co-localized with CGRP in some of those axonal boutons and [ibcrs.
Capsaicin treatment of adult mice completely abolished those ectopic SP-IR ﬁhcrl:‘-;,
confirming their primary sensory origin. Our results indicate that primary scnsory
neurons are responsive to NGF over-expression in CNS. Ectopic SP- and CG}{P-IR
fibers in the white matter likely represent collateral sprouts of the central processes of
the dorsal root ganglion cells, which were triggered by NGF over-expressed m the

myelinating oligodendrocytes in the spinal cord of transgenic mice. +
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INTRODUCTION

Nerve growth factor (NGF). represents the prototype of target-derived.
retrogradely transported trophic molecules. A wide range of [unctions of NGF in the
nervous system have been well characterized and documented [for reviews see
(Thoenen ct al., 1987; Purves et al., i988)]. Briefly, NGF \vaé lound to be essential to
the growlh;.clil"i'erentialion and survival of neurons in the autonomic and sensory
nervous systems during early development (Levi-Mplﬁalcini and Angeletti, 1968; Gorin
and Johnson, 1979; Aloe et al., 1981). In adult animals, sympathetic (Purves et al.,
1988; Ruit et al., 1990), some sensory (Yipetal., 1984), and cholinergic basal forebrain
[for review sce (I-Iel’ii etal., 1989)] neuroﬁs remafn responsive to NGF ;vhen damaged
~orin their normal state.

Ih sensory systems, NGF is specifically taken up along the léngth of both
peripheral and central processes of sensory neurons (Richardson and Riopelle, 1983)
and lb transported retrogradely to the neuronal perikaryon (Stockel et al., 1975).
- Approximatety 40% of the neurons in the adult dorsal root ganglion (DRG) display
_high-attinity NGF reéeptors, which are tﬁought to be responsible for the transport of

NGF (Richa1~d3011 etal,, 1986; Vergeet al., 19S9b). Subsequently, kA protein has been
proven (o be an essel.xtial component :of the high-affinity NGF receptor in some adult
- small and medium-sized sensory neurons (Verge et al., 1992). Moreover, contlinuous
infusion 0?NGF to the proxi:mal stump of a transected sciatic nerve mitigates some of
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the morphological, biochemical, and electrophysiological alterations in axotomized
dorsal root ganglion neuronal perikarya (Schwartz et al., 1982; Fitzperald ot al., 1985:
Otto et al.. 1987: Rich et al., 1987). In addition. the dramatic reduction in the number
of high-affinity NGF rcceptors on sensory neurons [ollowing axotomy can be prevented
by admi.nislration of NGF to the proximal stump (Verge et al., 1989b). 'l‘nl\ccn together,
these findings suggest that NGIF continues to act on intact adult (mature) sensory nerves,

Substance P (SP) and calcitonin gene-related peptide (CGRI') are both present
in small diameter DRG neurons (Hokfelt et nl... 1975b: Hoklelt et al., 1976: Gibson Ll
al., 1984) and their thinly myelinﬁled and unmyelinated central and pcriphcml pmccsgcs
(Cuello et al., 1978; Lee et al.,, 1985b). These small diameter Ccl_ls are the most
conspicuous NGF-sensitive elements among primary sensory neurons. Thus, it has been
reported that NGF modulates the gene expression and content of SP and CGRP in these
DRG neurons (Lindsay and Harmar, 1989; Rich et al,, 1987; Vci‘gc et al., 1992).
However, the above studies, and others using transgenic models (Hoyle et al., 1993;
Albers et al., 1994), are focused_on the effects of NGIF when supplied directly 1o celi
somata or to the peripheral nervous system. Therefore, there are no studics on the in vi ﬁr}

effects upon neural crest-derived primary sensory neurons of endogenous over-

'l\\ .
~~epression of NGF within the CNS boundaries. A transgenic.mouse model with a chick

NGF gene driven by the myelin basic protein (MBP) promoter was generated to induce

such a condition. NGF was expected to be over-expressed in the myelinating

oligodendrocytes of the white matter of the CNS in these transgenic mice. Interestingly,

et g

one NGF transgenic line (41 &-) was found to express elevated levels of NGF in the
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abundant white matter of the spinal cord.

Based on the above, SP and CGRP immunoreactivitics were used as markers to
detect whether thinly myelinated and unmyelinated nociceptive fibers originating from
the DRG were responsive to the endogenous over-expression of NGF in the CNS.
Examination of SP and CGRP immunoreactivitics were undertaken in the spinal cord
ol those transgenic mice and controls at both LM and EM levels. In addition, SP
immunoreactivitics (_)1’ the dorsal root ganglia and the lower lip skin of transgenic mice

and controis were also examined.

MATERIALS AND METHODS

Making uf the MBP/NGF construct

A Hind[tl/Smal fragment (384 bp) of DNA including the partial chicken NGF
¢cDNA cloned_inrto pGEM1 (cloned by Dr. Heumann and kindly provided from Dr. M. -
Saarma, Helsinki) was blunt-ended with Klenow anfl subcloned into the Scal site of the
pSVsec plasmid in frame with the ﬁroopimnela&cortin (POMC) signal peptide
sequences (Lem.ay et al., 1989). A Pvul/Smal fusion POMC/NGF fragment of 1.1 kb
;\‘vas then subcloned into the BspM2 site of the pM2 vector (kindly provided fI;0n1 Dr.
A, Roach, Toronto) that includes the 5' and 3' sequences of the mouse MBR gene
(Readhead et al., 1987). The cloﬁing site is located 10 bp upstream of the initiation

AUG codon of the MBP gene. A 4.5 Bglll fragment comprising 1.3 kb of 3' MBP
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sequences, 1.1 kb of the POMC/NGF {usion gene and 2.1 kb of the 3' MBI regions was

isolated and used to generate transgenic mice.

Production of tr:msgcﬁic mice

Microinjection into one-cell embryos of the lincarized MBE/NGF construct was
performed as dcscribe;i by Brinslcr etal. (1981). Mouse strain C3IB6S 1. derived [rom
a cross of strain C3H with strain C537BL/6. was used. Integration of the ul‘unsgcnc into

the mouse genome was assessed by Southern blot analysis ol genomic DNA isolated

~from the mouse tail. Eight transgenic founders have been derived bearing various copics

of the MBP/NGF transgene. However, only one founder (line 414) showed detectable

~

levels of chick NGF expression in the nervous system.

RNA analysis

Mice were sacrificed by cervical dislocation. Total RNA was isolated by
honiogenization in guanidinium thiocyanate and ultracentrifugation through a CsCl

cushion (Chirgwin et (;_11., 1977). Each RNA sample (20 pg) was fractionated on a 1%
agarose-formaldehyde gel (Sambrook et al,, 1989)‘.11[*i‘or to blotting. The {ilter was

o . ] ‘ X ) ’::fl' — \_:‘\\A\
hybridized at high stringency as descibed in Sam__'drpdk et al, (1989) using a ¥P-labeled
S R N

Pstl/Smal fragment of the chick NGF CD§{\JJ _ i+

"

Immunocytochemical proceduyes e

Light Microscopy

- ¢
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A) NGF immunostaining

‘T'en transgenic mice of either sex from line 414, and ten age-matched conlrols.
[rom the same sirain were used. The ages of animals were 20 days and 2 months. All
animals were anesthetized with Equithesin (4 ml/kg, i.p.) and perfused transcardially
with a mixture 01'2% paraformaldehyde and 0.2% benzoquinone in 0.075M phosphate
bulfer (pl1 7.4) for 30 minutes. The spinﬁl cords i\rerc removed, postlixed in the same
lixative for 2 hours and then infiltrated in 30% sucrose in 0.1M phoshate buffer at 4°C.
Spinal cord segments wgré cut on a cryostat at the thickness of 50 um and collected as
t'rec~ﬁbnling in phosphate buffered saline with 0.2% 'fl'it011 X-100 (PBS+T). After
. washes in PBS+T, sections were incubated in :ui anti-mouse NGF al.ltibody (1:1000)
(kindly provided by Dr J. Conner, San Diegé) for 72 hours. An ABC kit (Vector) wés
sﬁhscqucnlly used according to manufacturer's instructio‘ns. Alter being thoroughly
rin:;ed in PBS, t!le free-floating sections were mornted onto gelatin-subbed slides. All
sections were further dehydrated in ascending alcohols, cleared in xylene, and cover

' slipped with Entellan (E. Merck).

B) SP undCGRi’ imniunoStaining
Five adult transgenic mice, male and female, from line 414 were ane_sthe';iﬁzed
with Equithesin (3 ml/kg, i.p.) and perfused through the ascending aorta with a ﬁxati-ve
 containing 3% paralormaldehyde, 0.1% glutaralgphyde and 15% saturated picric acid
(v/v)in 0.1 M phosphate buffer, pH 7.4, for 30 m“i.nutes followed by perfusion with the
“same fixative mixture devoid of glutaraldehyde, and ﬁnally.by 10% sucrose in0.1M
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phosphate buffer. for 30 minutes cach (Glzu‘ol‘alo etal., 1992). Five non-transgente mice
of the same age and [rom the same strain were used as controls, The Ccrvicul. limmcic
and lumbar spinal cords, the cervical and lumbar dorsal root ganglion and the skin of°
the lower lip were removed and infiltrated overnight in 30% sucrase in 0.1 M phosphate
buffer. Ten pm-thick secl_ions of the dorsal root ganghia (DRG) were abtained in o
cryostat, collected onto gelatin-subbed slides and processed for SP immunostaining
anly. Fifty pm-thick transverse and parasagittal sections ol the cervical, thoraeie,
lumbar spinal cords and the skin of lower lip were obtained with a sledge freczing
microtome, immersed in 0.5% H,0, in phosphate-buflered saline (l’BS{) lor 15 min, and

washed extensively in PBS+T. Subsequently, half of the spinal cord sections and all

- sections from lower lip skin were processed for the demonstration of SP and the other

_half of the spinal cord sections for CGRP immunoreactivity. For SI immunostaining.

the sections were incubated with a bi-specilic anti-SP/anti-horseradish peroxidase
(FIRP) monoclonal aﬁtia,sdy |code P4CI; (Suresh et al., 1986); Medicorp, Canada]. IFor

CGRP immunostaining, an anti-human CGRP rabbit polyclonad antibody (Peninsula)

was used, diluted in PBS+T. All sections were incubated overnight at 4°C. All

- subsequent incubations were performed at room temperature. Aller two washes in

PBSAT, the sections for CGRP immunostaining were incubated for 1 hour in an anti-
rabbit/IgG anti-HRP bi-specific monoclonal antibody [Code McC8; (Kenigsberp et al.,
1990); Medicorp, Canada). Following two washes (15 min each) in PBS+T, all scctions

¢

were incubated in 5 pg/ml of Sigma type VI HRP dissolved in PBS+T, rinsed three

‘times in PBS+T, and reacted with 3,3'-diaminobenzidine tetrahydrochloride (DAR;
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Sigma) in PBS. Subsequently. the sections were mounted on subbed stides, dehydrated
and cover slipped as described above. Half of the cervical and lumbar DRG sections

were counterstained with 1% cresyl violet [or the purpose of guantilication.

Segﬁlet1ts (C4-C7) of the cervical spinal cord from both transgenic mice and
controls fixed were quickly frozen by immersion in liquid nitrogen. and thawed in- 0.1
M phosphate buffer at 25'C. Fifty Hum-lhick sections were obtained wilh a Vibratome,
treated for 30 min in 1% sodium borohydride in PBS and then rinsed several times in
PBS until all bubbles disappeared (Kosaka et al., 1936). The sections were incubated
overnight at 4°C in anti-SP/anti-HRP bi-specitic monoclonal antibody, followed by
Spg/ml of HRP in PBS. After several washes in PBS, .lhc DAB reaction was cm‘ricd out
with double intensification (Adams, 1981). Triton X-100 waé omitted [rom all stcps.‘
After the DAB reaction, the tissue was rinsed sevcml.\"';.limcs wilh PBS and then
osmicated for 1 hour in 1% osmium tetroxide in 0.1 M phosphate buffer at 4'C.
Subsequently, the osmicated sections were washed twice with distilled water,
dehydrated in ascending concentrations of alcohol and flat embedded in Epon between
thick acetate foil and a plastic cover slip. After polymerization of the Epon, the sections
were examined by light microscopy. The selected fields of the superficial layers of the
dorsal horn and the dorsolateral funicull..iis"were ‘wimmed and re-embedded-for clectron
microscopic examination. The ultrathin sections were counterstained with urany! acetate
and observed with an electron microscope (Philips 410). For the detection of the co-
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localization of SP and CGRP at EM level, a post-embedding immunogold technique
was used lo detect CGRP antigenic sites in ultrathin sections previously processed for
SP immunocytochemistry as described above. Ultrathin sections were collected onto
formvar-coated nickel grids and were incubated in the primary antibody cvernight at
reom lemperature in a humid chamber. The primary antibody was a rabbit antibody
against rat CGRP (Peninsula). Subsequently, sect-{ons were incubated in the secondary
antibody for 1 hour at room temperature, The secondary antibody was a gold-conjugated
goat anti-rabbit [gG (Biocell). The size of gold particles was 10 nanometers.
| Subsequently, sections were rinsed thoroughly in BSA-Tris and distilled water, contrast

stained with uranyl acetate and lead citrate, and examined under the EM.

Capsaicin treatment -

Four 3-month-old male transgenic mice from line 414 and 4 céntrol mice were
used. All animals were anesthetized before capsaicin treatment with an intramuscular
injection of ketamine (100 mg/kg) and acepromazine (2.5 mg/kg).. Atropine (0.04
‘ mg/kg) was administr;;-ned subcutaneously 15."\ minutes prior to capsaicin. Three
transgenic mice were injeéted subcutaneouslly with capsaiciﬁ (50 mg/kg, Sigma) and
one mouse was injected with solvent only to serve as control. Five days later, the second
injection of capsaicin was carried out in the same way and at the same dose as the first
one. Ten days after first injection of capsaicin, all animals were anesthetized with |
Equithesin and perfused through the ascending aorta with 4% paraformaldehyde in

0.1M phosphate buffer, pH 7.4. The spinal cords were removed and postfixed in the
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same {ixative lor 2 hours and infiltrated overnight in 30% sucrose in 0. 1M phosphute
buffer at 4°C. Subsequently. spinal cord segments were cut transversely on chmslut
at the thickness of 50 pm. The free-floating sections were incubated overnight at 4'C
in anti-SP/anti-HRP  bi-specific monoclonal antibody and  processed i'Ult Cthe

demonstration of SP immunoreactivity as described above.

Quantitative analysis
The following parameters were analyzed quantitatively in sections processed for
tght microscopy: 1) the relative optical density of SP and CGRP immunoreactivities
in laminae -1 of the dorsal horn of the spinal cord , and 2) the percentage ol the are:
occupied by ectopic SP'and CGRP immunoreactive fibres in the dorsﬁlatcrul luniculus
of the spinal cord. Quantification of immunostaining was Iczu‘ricd out by means ol an
" automated image analysis system (M1, Imaging Research Inc., St. Catharines, Ontario,
Canada), with the help of a light micrr\mcope'(Olympus) coupled to a black and white
CCD camera. The intensity of the, ili:nmnostaining was assessed by measuring the
relative optical density in laminae 1-11 of the dorsal horn of the spi'nal cord within a
rectangular area with 18.52 um in length and 1.85 um in width. The measuring
rectangle was placed with the upper edge in contact with the dorsal column, equidistant
from both the lateral and medial edges of the dorsal horn. For the quantification of the
SP and CGRP immunoreactive fiber network in the lateral columns, the percentage of
the area occupied by SP and CGRP immunoreactive fibers was mecasured using a

sample window of 220.37 um X 287.04 pm, which was placed in the dorsolateral
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funiculus.

Cresyl violet counterstained cervical and lumbar DRG sections were 'used to
determine the pcrcchiagc' of 8P-IR cells in the _lbtal number of DRG cells per section.
All DRG cells per section were counted directly under the light microscope. For each

“animal, counts were carried out on 12 sections of cervical ‘and lumbar D_RG;
respectively, DRGs from 4 transgenic and 4 control nﬁce were used.
Statistical comparisons were carried out by ‘mc.ans of Student's t-tests. The

significance level was set at P<0.05.

RESULTS

E;‘\'[‘.\ression of 2 MBP/NGF construct in :lll'transgel:.ic m'ous-cL line

A partial chick NGF ¢cDNA of 884 bp corresponding to the third exon of the
gene was subeloned in frame with the POMC signal sequence of the pSVsec vector
(Lemay et al., 1989) to allow secretion of NGF in expressing.cells. The chicken NGF
- cDNA cdntained all coding sequences but was missing the sequences for the signal
" peptide. The POMC/NGF li;;gment was then subcloned into the MBP expression vector
(Readhead et al., 1987) called pM2 (kindly provided by Dr. A. Roach,".l"oronto). Before
gen;)fating transgenic mice, the POMC/NGF fusion construct under the SV40 prom;;é}'
wai'; I,Lcstg:d in transient assays in COS cells. Conditioned medium from transfected cells
witl{ tl}f: POMC/NGF cénstruct promoted neurite extension from PC12 cells indicating
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that the precursor molecules were correetly synthesized and processed 1o the secretory
pathway of COS cells to produce a functional NGF product.

Transgenic mice were generated by the microinjection of a 4.5 kb DNA
fragment comprising the POMC/NGT fuston gene lanked by 1.3 kb o3 and 2.1 kb of’
3" sequences from the MBP gene (Fig.1A). The choice of this promoter was based on
the hope that the MBP regulatory elements would direet substantial levels nl'lruu;gcnc
expression throughout the nerQous system and that expression woulﬁ be restricted to the
postnatal period to avoid developmental defects.

Eight NGF transgenic lines were generated. Northern blot analysis was carricd
out on 20 pg of total RNA obtained trom different tissues of FI oltspring (2 months
old). Only one NGF transgenic line (line 414) showed detectable levels oi‘NGF mRNA
in the adult nervous system. As shown in Figure 1B, these transgenics express NGV
mRNA at high levels in the spinal cord and low levels in (he brain stem. I-Iowcv@ﬂ ho

detectable level of NGF mRNA was observed in the kidney.

NGF, SP and CGRP immunoreactivitics

The results obtained using immunocytnci}emistry for NGF or neuropeptides Sp
and CGRP were identical in homozygous and hetcﬁzygous transgenic mice and
differed from those in controls. Therefore, the results reported below were obtained

using both homozygoﬁ‘s and heterozygous animals.

Wy

NGF immunoreactivity in the spinal cord ™
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NGF immunorcactive cells were observed throughout the white matter of the
spinal cord of both 20-day-uid and 2-month-old transgenic mice (Fig. 2B and 2D).
These NGF iimmunorcactive cells in the white matter possessed the morphological
characteristics of oligodendrocytes. In logitudinal sections, they were aligned in rows
in between the nerve fibers. A few NGF immunoréactive oligodendrocytes were found

“in the gray matter (Fig. 2B). In short, these cells showed few processes radiating liom
a spherical or polygonal cell body. These processes were more delicate and thinner than
those of astrocytes and neurons, and never formed the vascular feet typical of astrocytes.

No NGF immunoreactive oligodendrocytes were detected either in the gray or white

matter of the spinal cords from age-matched control mice (Fig. 2A and 2C).

SP_ AND CGRP immunoreiictivities in the spinal cord

Intense SP and CGRP immunoreactivities were observed in laminae [-IT of
dorsal horn of the spinal cord of transgenic mice and their age-matched controls (Figs.
3 and 4), Some scattered SP and CGRP immunoreactive ﬁbreg could be detected in.t.he
area around the central canal.lThe well-known staining of CGRP of some motoneurons
was also visualized (Figs. 4:& and 4B). No apparent transgenic vs. control differences
in the immunoreactivities for both peptides were de.tected 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 alsc; in the

ventral and dorsal columns, ectopic SP and CGRP immunoreactive fiber bundles were
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detected in transgenic mice (Figs. 3B and 4B). The orientation of the fiber bundles was
mainly paralle] to the main axis 01 the spinat cord (Fig, 3B). Such liber bundles were
entirely absent from controls (Figs. 3A and 4A), which possessed only isolated fibers
in the white matter (and almost exclusively in the dorsal columns).

At high magnification, ccto-pic SP and CGRP immunorcactive tibers were
visualized as fiber bundles in the white matter of the transgenic mouse spinai cord (Figs.
3D and 4D). Some particularly long cctopic SP and CGRP immunoreactive fibers were
found to penetrate transversely toward the gray matter or (o travel around the edge ol

the gray matter (Figs.3B and 4B). Many varicosities could be found along these long,

CGRP immunoreactive fibers.

SP immunoreagctivity in the spinal cord afier capsaicin treatment

Figure 6 illustrates SP immunostaining of sﬁinal cbrdl sections [rom vehicle-
treated (6A and 6C) and capsaicin-tfeated (6B and 6D) transgenic mice. SP
immunoreactivity in laminae I-I[l was remarkedly reduced in capsaicin-treated
transgenic mice (Fig. 6B) compared to the vehicle-treated mouse (Fig. 6A). In

capsaicin-treated animals; no ectopic SP immunoreactive fibers could be detected (Fig.

6B and 6D). No changes in the pattern of ectopic SP immunoreactive fibers were

- observed throughout the white matter of the spinal cord of vehicle-treated transgenic

mice (Fig. 6A and 6C).

SP immunoreactivity in the dorsal root ganglion cells, sciatic nerve and lower lip skin
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Cervical and lumbar SP-IR DRG cells were usually darker in transgenic than in
“control mice (I.ags. 7A and 7B). Quantification ol DRG cells revealed that the
percentages of both cervical and lumbar SP;IR DRG cells were significantly higher in
lrzmsgcriic mice than in controls (Fig. 8). In the skin of the lower lip, SP-IR fibres were
visualized around. blood vessels, glands, hair follicles, and in the eptdermis itself as
described by previous rescarchers (Hokfelt et al., | 977; Cuello et al.; 1978). Although
fibérs \_yérc not quantified. there were no obvious transgenic vs. control differences in
the number, intensity of staining and distribution pattern of SP immunoreactive fibers

in the tower lip skin (Figs. 7C and 7D).

SP and CGGRP immunoreactiviti¢3 at the EM level

SP immunoreactivity was present in unmyelinated and some thinly myelinateé
a.\‘onaﬂ profiles of laminae [ to II and‘Lissauer's tract. SP-IR axonal varicosities
contained numerous agranular round synaptic vesicles and a variable number of larger
dense core vesicles. Occasionally, synaptic glomeruli with central profiles
immunoreactive for SP were found mainly in the outer two-thirds of lamina II. In the
double-stained sections, SP and CGRP immunoreactivities were co-localized in some
boutons in the superficial dorsal horn of both transgenic mice and controls. Immunogold
particles representing CGRP immunoreactivities were detected primarily overlying
clet1s¢-corc 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 enlargements of 10 low power electron micrographs obtained
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at random from lamina I and outer lamina 1l The counting of the numbers of
immunoreactive boutons did not reveal any significant dilterence in SP and CGRP
immunoreactivities between transgenic mice and controls.  In the arca of the white
matter where the dorsolateral funiculus is located, SP-1R ectopic {1bers were visualized
among many small unmyelinated fibers in small groups. surrounded by thickly-
myelinated fibers (Fig.9). In some fields, SP-IR fibers occurred in isolation (IFigs. 10A
and 10B), while in other ficlds they formed clusters (Figs, 9C, 9D and 10C). AH cctopic
fibers v&ere unimyelinated and of varied diameters. Some SP-I..R terminals or varicosities
could be found containing large dense-core vesicles and small clear vesicles (Figs, 10A
and 10B). DAB-reaction product was mainly deposited in large dcnsc-cofc vesieles and
in cytoplasm between small clear vesiclcs.\Some SP-IR boutons cn.uld be seen
establishing synapses with dendri?ic profiles which were SP immunonegative (Figs.
10B). In the post-embedding immunogold stained sections, CGRP was lound (o co-
localize with SP in the same boutons or varicosities in almost half of the SP-IR profiles.
As in the doubie-stained boutons in the substantia gelatinosa, immunogold particles
1'ep1'esentin.g CGRP antigenicity were visualized mostly in the dense core vesicles where
SP immunoreactivity was also detected (Figs. 10D and 10E). Some boﬁlons co-
localizing SP and CGRP formed synaptic specializations with immuﬁoncgulivc
dendritic profiles (Fig. 10E). CGRP/SP co-localization was also detected in
unmyelinated axons (Fig. 10C).

In the dorsolateral funiculus of the spinal coid from control mice, no such
ectopic SP-IR fibers and boutons could be found. In the double-stained scctions, no
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CGRP- and/or SP-IR boutons or varicosities could be visualized in the white matter of

control mice.

Quantitative results

Ficlds [rom lamipac 1-I1 of the dorsal horn and lateral fun’culus of 125 sections
were measured bilaterally in 5 wansgenic mice and 5 controls. The relative optical
density of SP and CGRP immunoreactivities in the laminae I-1I of the dorsal horn of the
cervical spinal cord of transgenic mice were not signiﬁclantlyldifferent from controls.
The percenlages of the area Qccupied'by CGRP- and SP-IR fibers in the dorsolateral
[uniculus of the transgenic‘mouse spinal cord were 24.34+£1.4% and 4.97£0.7%
rcsi)cctively. The values were significantly higher (P<0.001) than those obtained from

coutrol mice (0.08+0.04% and 0.28+0.1%, respectively)
DISCUSSION -

In the present study, high levels of NGF mRNA were detected in the spinal cord
of -adult transgenic mice (2 month old) from line 414 in Northern blot analysis.
Furlhennore, NGF-IR oligodendrocytes were revealed throughout the white matter of
the spinal cord of transgenic mice from this line at ages of 20 days and 2 months by
immunocyiochemistry. Those transgenic miée possessed ectopic SP- and CGRP-IR
fibers throughout the white matter of the spinal cord. After capsaicin treatment of adult
animals, peptide immunoreactivity was virtually entirely abolished from the white
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matter. At EM level, those ectopic SP- and CGRP-IR libers were characterized as
unmyelinated axons and axonal terminals. SP was found to co-localize with CGRI in

some of those axons and axonal terminals.

Anatomical origin of ectopic SP and CGRP immunorcactive fibers

Substance P immunoreactivity in the spinal cord originaies from three sources:
dorsal root ganglia cells (Hokfelt et al.. 1975b; l-Iﬁk{'eiL ct al., 1970). intrinsic spinal cord
neurons in laminae [ and II (Ljungdahl et al.. 1978) and descending tibers (rom
supraspinal structures (Hoklelt et al., 1978-). The high incidence o [ the co-existence ol
SP and CGRP immunoreactivities has been reported in somata ol lll;: dorsal root
ganglion (Gibson et al., 1984; Lee ct al., 1985b), and in axon terminals within the
superficial dorsal horn of the rat (Plenderleith et al., 1990). The axon terminals co-
Jlocalizing SP and CGRP immunoreactivites in the superficial layers ol the dorsal horn
should be virtually all of pi‘imary sensory origin, because CGRP immunoreactivity is
abolished from 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-IR
fibers, the most likely origin is the dorsal root ganglion cells. SP- and CGRP-IR dorsal
root ganglion neurons in the adult rat are respbnsive to NGF, as shbwn by in vitro and
in vivo studies (Lindsay and Harmar, 1989; Verge et al., 1989b; [naishi et al., 1992; -
Donnerer et al., 1992; Tuszynski et al., 1994). In our present study, we detected a higher
number of SP-IR neurons in DRGs from transgenic mice th‘an in those from controls.
Additionally, SP-IR DRG neurons were more intensely stained in transgenic mice than
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in controls. Those findings strongly suggested that DRG cells were influenced by the
over-expression of NGF in the white matter of the spinal cord of transgenic mice. To
identify the origin of ectopic SP-IR fibers, we carried out. capsaicin treatment for adult
transgenic mice. Capsaicin is a neurotoxin which is specilic for a certain population of
sensory neurons and does not directly affect neurons intrinsic to the CNS [for review
see (Holzer, 1988)], and which can deplete substance P from primary sensory fibers in
the spinal cord (Jessell et al., 1978). In our present study, ectopic SP-IR fibers were no
longer detected alter capszﬁcih treatment, confirming that those ectopic fibers are of

primary sensory origin.

Formation of ectopic SP and CGRP immunoreactive fibers

An important issue is how those ectopic SP- and CGRP-IR fibers were formed

in transgenic mice. It is well documented in earlier experiments (Levi-Montalcini and />

Angeletti, 1968; Gundersen and Barrett, 1979; Campenot, 1982) that one of the
imporlzint properties of NGF is its ability to direct growth or regeneration of sensory and
sjmpmhetic axons along a concentration gradient. Intact nociceptive fibers (Diamond
et al., 1992), sympathetic axons (Kuchel et al., 1992) and axons of septo-hippocampal
neurons (Van der Zee et al., 1992) of adult rat have been shown to sprout collateral
branches into denervated target tissues where an up-regulation of NGF expression
probably occurs. Furthermore, NGF was also demonstrated to induce collateral
sprouting of mature, uninjured sensory (Dialﬁond et al,, 1992) and sympathetic
(Isaacson et al., 1992) axons in adult rats and aged rats as well {(Andrews and Cowen,
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1994), NGF was demonstrated to increase the content and transport of substanee 1 and
CGRP in sensory nerves innervating inflamed tissue (Donnerer ot al,, 1992), The
exogenous administration of NGF to the spinal cord by means of the gralling of
genetically engincered fibroblasts has been shown to exert a neurotrepic action vn
primary sensory fibers in adult animals (Tuszynski et al., 1994), Our present results
support their observation and suggest that newrotrophins have the capability ot overuling
the known inhibitory influences ol oligodendroeytes in CNS repencration (S“chucll and
Schwab, 1990). y

Other transgenic mouse models have been generated which over-express NGU
under the control of different promoters. In DBH-NGF transgenie mice {Hoyle et al,,
1993), over-expression of’ NGI in sympathelic- neurons ciused excessive axon
outgrowth from ganglia, aithough no teru_ﬁnul hyperinnervation, but rather an
hypoinnervation of tissues, was detected. Recently, Albers et al, (1994 have abserved
that overexpression of NGF in the epidermis of transgenic mice caused an hyper-
innervation of the skin by CGRP immunoreactivé fibers.

In the present study, the over-expression ol NGF was predicted to be restricted
to the white matter in the transgenic animals due to the nature of the transgene
promotor. In fact, all MBP pfomoter frapments used so far have failed to direct
Schwann cell specific transcription in transgenic mice [see e.g. (Gow et al,, 1992)]. In
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 OFCNS‘

of transgenic animals were detected as NGF immunoreactive. As the white matier
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represents the arca ol highest NGF concentration, NGF over-expression in the white
matter presumably induced the growth of collateral sprouts of the dorsﬁl rool axons.
Although no individual fibers were {ollowed to their termination point, the observation
of numerous SP-IR boutons in the white matter indicates that many of them probably
end in the white matter,

When compared to controls, no increases of SP and CGRP immunoreactivities
could be detected in the substantia gelatinosa of transgenic mice, where most thinly
myelinated and unmyelinated primary aflerents terminate. The most likely interpretation
is the absence of over-produced NGF in transgenic dors.al horn demonstrated in NGF
immunostaining. Moreover, SP immunoreactivity in the lower lip skin of transgenic
mice did not difler froin controls, which also could be explained by the absence of NGF
ovcr—cxpression in peripheral target tissues.

Taken together, all these lines of evidence support our hypothesis. that the
collateral sprouting of sensory fibers into the white malter is induced by NGF
over-expressed in the oligodendrocytes.

| These NGF immunoreactive oliéodendrocytes could be detected, from postnatal
day 0 to 2 month, in the white matter of the spinal cord as well as in other brain
regions, such as in the white matter of lower brainstem and cefebellum (Ma et al.,
unpublished observations). The expression pattern of NGF positive oligodendrocytes
in the CNS was consistent with the expfessions of reporter genes driven by MBP gene
promoters of various sizes as defined in previous studies (Foran and Peterson, 1992;
Goujet-Zalc et al., 1993). Ectopic SP-IR fibers were first detected by the day of birth
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and persisted throughout aduithood in transgenic mice (Ma et al., unpublished

observations).

Possible significance of ectopic SP and CGRP immunoreactive fibers
Depletion of NGF by its antisera in a critical period (postnatal days 4 to [1)
could switch developing afferents from high-threshold mechanoreceptors (HTMRs) into
- D-hairs and increased the_mechmlical thresholds of those HTMRs that remained (Lewin
et al., 1992b). NGF could induce heat and mechiﬁcnl hyperalgesia in adult rats (Lewin
and Mendell, 1992). Tt is clear that NGF can still modulate ﬁlle110l}f[)ic cxprcssioh ol
nociceptors after birth. In our experiments, ectopic SP- and CGRP-IR fibers induced
by overexpression of NGF in the white matter of the transgenic spinal cord likely
represent the collateral sprouting of thinly myelinated and unmyelin_:\lcd .primury
- afferents which convey nociceptivler information. Thercfore, an interesting question is
whether this transgenic mouse mode! will display altered patterns of physiological and
behavioral responses to no;:ious stimulatibn. Fufthcr physiological and behavioral

experiments will clarify this issue.
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Figure 1. A Schematic representation of the MBP/NGF transgene. A chick NGF
cDNA fragment (NGF) was [used in frame to the POMC (P) signal peptide sequence.
The microinjected DNA [ragment contained the POMC/NGT construct (1.1 kb) flanked
by 1.3 ol 5" and 2.1 kb ol 3' sequences {rom the MBP gene. B. High-level expression of
NGF mRNA in the spinal cord of transgenic nmice. Note the dense band corresponding
to 1.1 kb on line 4 from the spinal cord of a transgenic mouse. Northern blot analysis
was carried out using total RNA (20pg) isolated from the cortex (lanes 1 and 6),
cerebelfum (lanes 2 and 7), brain stem (lanes 3 and 8), spinal cord (lanes 4 and 9) and
kidney (lanes 5 and 10) of a tl‘ﬁtlsge1lic mouse from line 414 (lanes 1-3) and from a
‘ normql mouse (lanes 6-10). The lﬁembmne was hybridized at high stringency with a

chick NGF ¥P-labeled cDNA probe.
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Figure 2. NGF immunostaining in the cervical spinal cord (C5 level} of control
(A) and iO-dzly-old transgenic mice over-expressing NGF (B). The framed areas in A
and B are illustrated at higher magni-l‘lcalion in C and D respectively. In B, observe
numerous NGF imlﬁunoreaclivc._oligodendrocytes in the white matter, and very few in
the gray matier, of the spinal cord of transgenic mice. In D, note that the NGF
immunoreactive cells displayed 1156 morphological characteritics of oligodendrocytes,
as they possess sphqrical or polygonal cell body and a few short processes with right-
;}'ngied branching (ar.rows), and never formed the vascular feet typical of astrocytes. No
NGF immunoreactive oligodendrocytes could be detected in the spinal cord of control

mice (A and C). Scale bars=200 pm in A and B, and 50 gm in Cand D
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Figure 3. SP immunoreactivity in the cervical spinal cord (C5 levé]) of control (A)
and transgenic mice over-expressing NGF (B). The framed areas in A and B are shown
at higher magnification in C and D respectively. SP immunoreactivity was intense in
Liaminae | and II of the dorsal horn in both control (A) and transgenic mice (B). In B,
note cctopic SP-1R fibers in the anterior, lateral and dorsal columns of spinal cord of
(ransgenic mouse. Arrows indicate ectopic SP-IR fibers in the dorsolateral funiculus.
In A and C no such ectopic SP-IR fibers could be detected in the spinal cord from a

control mouse. Scale bar =200 um in A and B, =50 pm in Cand D.
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Figure 4. CGRP immunostaining in the cervical spinal cord (C3 level) of control
(A) and transgenic mice (B). The framed areas in A and B are shown at higher
magniltication in C and D respectively. Observe the intense immunostaining in the
superficial layers (LI-LII) of the dorsal horns from both contro! (A) and transgenic (B)
mice. However, in B, ectopic CGRP-IR fibers were found in the anterior, lateral and
dorsal columns. In D,. observe the details of ectopic CGRP-IR fibers in the dorsolateral
[uniculus (arrows); some long ectopic CGRP-IR fibers (arrowheads) could be seen to
originate from the white matter and to course transversely toward the gray matter. No
such CGRP-IR fibers could be detected in the white matter of control mice. CGRP-IR
ventral hom neurons could be found in both control and transgenic mouse spinal cords

{open arrows). Scale bars =200pum in A and B, =100 pm in C and D.
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Figure 5, SP immunoreactivities in the dorsolateral funiculus as observed in the
parasagittal sections rom control (A) and transgenic (B) mice. In B. ectopic SP-IR
fibers (arrows) travel in the dorsolateral funiculus parallel to the axis of the spinal cord.
No such longitudinally oricntated ectopic SP-IR fibers can be found in the white matter

of the spinal cord of control mice (A). Scale bar = 50 pm,
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Figure 6. SP immunoreactivities in the cervieal spinal cord (C4 level) of vehicle-
treated (A) and capsaicin-treated (B) tr;msgenic mice. The framed areas in A and B are
shown at higher magnification in C and D respectively. SP immunoreactivity was
intense in Laminae [ and 1l of the dorsal horn in the vehicle-treated animal (A) and
drastically reduced in the capsaicin-treated mouse (B). In B and D, note that ectopic SP-
IR fibers were not detected in the white matter of the spinal cord of capsaicin-treated
lrxlllsgc11ic mouse. However, those ectopic SP-IR fibers were present in vehicle-treated

transgenic mouse (A and C). Scale bars =200 pm in A and B, and 50 pm in C and D

160



LY
. .
L
[EEN
.
’
RN
4

\ :
Vv o




Figure 7. SP immunorcactivity in cervical dorsal root ganglia and in‘lhe_ skin of the
lower lip in control (A and C) and transgenic mice (B and D). Note that the SP-IR DRG
cells in the transgenic mouse specimen (B, arrows) were almost all intensely
immunostained, in contrast with the wide variation in the intensity of SP
tmmunorcactivity detected in the neurons of the control DRG (A, arrows). No
significant diflerences in the size of DRG cells could be detected between controls and
transgpenic mice. However, In the skin of the lower lip. no apparent differences in SP-IR

[ibers were detected between control (C) and transgenic (D) mice. | Scale bar = 50 pm.
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Figure 8. Quantification of DRG neurons in transgenic mice and controls., Cresyl
violet counterstained sections {rom cervical and lumbar DRG of transgenic mice and
controls were used for quantification. Both SP positive and negative DRG cells were
counted directly under the light microscope. The percentages of SP-IR DRG neurons
in the total number of DRG neurons per section were determined for transgenic mouse
specimens and controls. The percentages of both cervical and lumbar SP-IR DRG cells
were significantly higher in transgenic mice than in controls (P<0.01, n=4, Student's t-

lest).
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Figure 9. Electron micrograph of SP immunoreactivity in the white matter of the
dorsolateral funiculus in control (A a_nd B) and transgenic (C and D) mice. Iﬁ C, observe
cctopic SP-IR fibers (arrows). Such fibers were part of bundles of unmyelinated axons
in between ihe_ myelinated [ibers. D shows at higher magnification the area framed in
C Such groups of unmyelinated SP-IR axons were absent from controls (A). B
represents an enlargment o_f the framed area in A and shows one of the few axonal
boutons which forms a synapse on a dendritic profile (curved arrow) in the white matter

of controls. Scale bar =1 um for A and C, =0.5 pm for B and D.
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Figure 10.  Electron micrograph of ectopic SP- and CGRP-LI axon and axonal
boutons in the dorsolateral funiculus of the spinal cord of transgenic mice. A shows a
SI’TII{ bouton containing dense core vesicles (arrows). B shows a SP-IR bouton
| containing small agranular vesicles (arrows), which is presynaptic (curved arrow) to a
dendritic profile. C, D and E represent electron micrographs from a double staining for
SP (clectron-dense immunoprecipitates) and CGRP (gold particles). D and E show
double-labeled boutons and C:illustrate doubl_e-labeled axons. Immunogold particles,
representing CGRP immunoreactivity, were localized over the dense core vesicles, In
E, a bouton co-localizing by SP and CGRP immun.oreactivities establishes a synapse

(curved arrow) with a dendritic profile. Scale bar = 0.5 pm.
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Connecting Text - Chapter V to VI

In the study of chapter V, we demonstrated that NGF-IR oligodendrocytes and
cctopic SP-IR and CGRP-IR fibers were present in the white matter of the spinal cord
of 20-day-old and 2—mpnlh-old transgenic micé. Thése ectopic SP-IR fibers disappeared
following capsaicin treatment. Under the EM, these ectopic SP-IR fibers were
churacterized as fiber bundles, consisting of unmyelinated axons. Some ectopic SP-IR
boutons co-localized CGRP and were presynaptic to ﬁealdrites. The numbers of SP-IR
neurons in the cervical and thoracic DRG of transgenic mice were increased compared
to controls. In chapter VI, we studied developmentally and topographically the
expression of the NGF transgene in myelinating oligodendrocytes and the distribution

ol ectopic SP-IR fibers in the white matter of the CNS of transgenic mice.
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CHAPTER V1

Topographic and time course studies of cctopic substance P immunoreactive fibers

in the CNS of transgenic mice which over-express nerve growth factor in

myelinating oligodendrocytes

Weiya Ma, A. Ribeiro-da-Silva, J.-P. Julien and A. C. Cuello
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ABSTRACT

To examine the in vivo biological elfects of the over-expression of nerve growth
factor (NGF) in the CNS upon neuropeptides containing primdry sensory neurons, we
used transgenic mice which bear chicken NGF ¢cDNA driven by a 1.3 kb myelin basic
protein (MBP) promoter fragment. Using immunocytechemistry, we demonstrated in
a previous study (sce chapter V) that NGF immunoreactive (IR) oligodendrocytes
occurred in the white matter of the spinal cord of adult transgenic mice. Consistently,
‘?‘ubslancc P (SP)- and cﬁlcitonin pene-related peptide (CGRP)-IR ectopic fibers of

scll;sory origin were observed in the white matter of the transgenic spinal cord. The aim
of the present study was to investipate, spatially and temporally, the expression of NGF-
IR oligodendrocytes and the occurrence of ectopic SP-IR fibers in the CNS of
lfansgcnic mice. Our data show that NGF-IR oligodendrocytes occurred in the white
matter of CNS from postnatal day 0 (the earliest day-examined) to 2 months. At day 20,
NGF-IR oligodendrocytes were present in the caudate-putamen, corpus callosum,
reticular nuclei of thalamus, reticular nuclei of pons and medulla, trigeminal spinal tract,
“cochlear nuclei, pyramidal tract, and white matter of cerebellum and spinal cord. No
NGF-IR oliéodendrocytes were detected in the CNS of control mice at any age. NGF-IR
fiber- like structures were observed in the white matter of the cerebellum, pons, medulla
oblongata and spinal cord of transgenic mice aged from day 0 to day 5. By day 15, these
NGF-IR fiber-like structu;'es were no longer detected. Under the electron microscope,

these NGI'-IR fiber-like structures were characterized as NGF immunoreactivity around
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small unmyelinated fibers. Some of these small unmyelinated [ibers which were
surrounded by NGF immunoreactivity contained SP and CGRP immunorcactivities.
Interestingly, in both transgenic and control mice trom postnatal day 0 to day 10,
numerous NGF-IR glia-like cells were observed in the ventral part of the forebrain as
well as in the brainstem, cerebellum and spinal cord. These plia-like cells were
considerably smaller than the NGTF-IR oligodendrocytes, From day 3 on, these NGFJR
glia-like cells deéreased markedly in number, and by day 15 could not be deteeted.
Numerous SP-IR fibers were found in the white matter of the spinal cord, medulla
oblongata,. pons and cerebellum of both transgenic mice and controls from postnatal day
0 to day 2. By day 5, the SP-IR fibers in the white matter had decreased drumuli.cally
in controls, but increased markedly in transgenic mice. In these aﬁimuls. [rom day 5 011;
- SP-IR fibers in the white matter (ectopic) increased to adult level by dnjr 20, at which .
they persisted throughout adulﬁlood. The percentages of S._P—IR cells in the cervica.xl and
lumbar dorsal root ganglia, and in the trigeminal ganglia were signilicantly higher in
transgenic mice than in controls. Moreover, SP-IR sensory ganglion cells in transgenic
mice were more intensely stained than in controls. Therefore, we conclude that
neuropeptide containing sensory neurons responded to the over-expression oi’NGF in
the myelinating oligodendrocytes in the CNS of transgenic mice. Our results also
suggest that the SP-IR fibers which normally occurred in the white matter of the CNS
during early development were induced to sprout by the over-expression of NGF during
the postnatal period, thus becoming ectopic fibers in transgenic mice. In adulthood, the
maintenance of these ectopic fibers was independent of NGF over-expression.
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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 smail and
medium size sensory neurons during embryonic develqpmem and in the postnatal period
[for review, see (Lewin and Mendell, 1993)]. However, the effects ol"NGF o1 Sensory
neurons vary with different developmental stages. In embryos, sensory neurons,
particularly these which contain SP and CGRP, are critically dependent on NGF for
survival ﬁnd difterentiation. This NGF depéndence was evidenced by classical studies
in which pr.imary sensory neurons were deprived of NGF, tln'ough'eithel.' systemic
administration of anti-NGF aatibodies or autoimmunization (Levi-Montalcini and
Angeletti, 1968; Gorin and Johnson, 1979; Aloe et al., 1981). More recently, this critical
NGF dependence of the developing sensory neuroﬁs has been substantiated by studies
which, using homologous recombination, depleted NGF (Croulrley etal., 1994) or the
high affinity NGF receptor, trkA (Smeyne et al., 1994) in transgenic mice. All these
studies have shown that deprivation of NGF or its receptors at an embryonic stagé
abdlisﬁed all, or a large portion, of the small size neuropeptide-containing sensory
neurons and led to the loss or reduction of nocicéption. Conversely, the over—availabiiity
ol NGF at embryon.ic stages resulted in excess of sensory neurons (Henderson et al.,

1 994; Albers et al., 1994), hyperinnervation of CGRP-immunoreactive (IR) fibers in the
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skin (Albers et al.. 1994) and consequent hyperalgesia (Davis et al., 1993),

In the neonatal period, deprivation of NGE results only it the death of a smatl
number of the small size sensory neurons (Yip et al. 1984 Hulseboseh ot al., 1987;
Lewin et al.. 1992b). and in & reduction of SP contents ol sensory neurons {Otten et al.,
1980). Administration of excess NGF to nconatal or mature animals increased 81
contents (Otten et al.. 1980) and gene expression (Vedder et al.. 1993), and brought
about a profound behavioral hyperalgesia (Lewin ot al.._ 1993). These lines of evidence
indicate that NGIF modulates the phenotypes of sensory neurons afler birth,

We recently connnﬁnicated that the endogenous over-expression of NGE in the
white matter of transgenic mice resulted in an abnormal termination pattern of primary
senéory fibers in the CNS (Ma et al,, 1993b). For the generation ol this transgenic
mouse model, fragments of 1.3 kb of 5" and .il kb of the 3' sequences [rom the myelin
basic protein (MBP) gene were chosen as the regulatory element to promote chickcn
NGF cDNA expression throughout the CNS. Because of the nature of the promoter, the
expression of chicken NGF was restricted to the postnatal period lo avoid
developmental defects. In these transgenic mice, NGF itnn1unorcactWity was detected
in myelinating oligodendrocytes throughout the white matter ol the spinal cord of 20-
day-old and 2-month-old animals (Ma et al., 1995b). Morecover, we also observed
ectopic SP- and CGRP-IR sensory fibers in the white matter of the spinal cord. In the
present study we investiated the temporal and spatial cxpression of NGF
immunoreactivity in myelinating oligodendrocyics in the CNS of this transgenic mouse
model to assess the in vivo effects of NGF over-expression on sensory neurons in the
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CNS in the early postnatal stages. We extended our investigation by studying the time

course and distribution patterns of NGFF-IR oligodendrocytes and cctopic SP-IR fibers

in the CNS of these transgenic mice.

MATERIALS AND METHODS

~ NGF and SP immunostaining in the CNS of transgenic and contrui mice
All animals were from mouse strain .CSBGSL Forty-five homozygous and
hclerozygous transgenic mice of gither sex from line 414 were used. The ages of
| transgenic mice were postnatal day 0, day 5, day 10, day 15, day 20, 2 months, 4 |
months, 6 monllths and 12 months. Age-matched non-transgenic mice were employed
as controls, All animals were anesthetized with Equithesin (4 ml/kg, 1.p.) and perfused
lrﬁnscardially with a mixture of 2% paraformaldehyde and 0.2% p-bgnzoquinone in
0.075M phosphate buffer (PB) (pH 7.4) for 30 minutes. The whole brain and the spinal
cord were removed, postfixed in the same fixative for 2- hours and thgn infiltrated
overnight in 30% sucrose in 0.1M PB at 4°C. Most éf the brain and the spinal cord
segments from cervical, thoracic and lumbar levels were cut on a-cryostat transversel.y,
50 pum thick, and collected as free-floating sections in phosphate-buffered saline with

0.2% Triton X-100 (PBS+T). Some of the brain and the spinal cord segments were cut

parasagitally; one half of the sections was processed for NGF immunostaining, while
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the other half was used for SP immunostaining.

For NGF immunostaining, sections were first incubated in 1.5% normal goat
serum in PBS+T for 30 minutes to block non-specilic staining. Then sccti‘nn‘s‘ were
incubated in an anti-mouse NGF antibody (1:1000, kindl).r provided by Dr. J. Conner.
San Diego) for 72 hours. An Elite ABC kit (Vector) was subscquently used according
to the manufacturer's instructions. In short, sections were incubated in biotinylated poat
anti-rabbit antibody (1:200) and ABC complex (1:50) lor one hour cach, at mmﬁ
temper&ure. Finally, sections were reacted with 0.06% 3.3'-diaminobenzidine
tetrahydrochloride (DAB, Sigma) and 0.03% hydrogen peroxide clissnlvcai in PBSHT,
Between incubations, seclions were extehsively tinsed in PBS+T.

For SP immunostaining, a bi-specific monoclonal antibody, anti-SP/anti-
horseradish peroxidase [code P4C1; (Suresh et al., 1986); Mcdicorp, Canada] was uséd.
This antibody recognized both the antigen, SP, and the marker, horseradish peroxidase
(HRP). Sections were incubated in P4C1 overnight at 4°C. Subscquqm incubations were
performed at room tempél‘ature. Following two washes in PBS+T, all scctions were
incubated in 5 pg/ml of HRP (Sigma type VI) in PBS+T for one hour. Subscquently,
sections wére rins