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PREFACIO



Finalmente! Nao posso esconder o alivio que sinto ao escrever estas linhas pois
fazem parte daquele que é o ultimo texto que introduzo a esta dissertacdo an-
tes de a dar como concluida. Passaram-se muitos anos desde o dia em que fui
aceite como aluna de doutoramento da Faculdade de Medicina do Porto. Mais
do que aqueles que gostaria que tivessem passado, mas foi o prego que tive de
pagar por ter escolhido doutorar-me numa area, a do Desenvolvimento Em-
briondrio, que até entdo nunca tinha sido explorada pela equipa de investigacao
dedicada ao estudo da dor chefiada pelo Professor Doutor Antonio Coimbra e
mais tarde pela Professora Doutora Deolinda Lima. O desenvolvimento em-
briondrio ¢ uma drea fascinante e desde os tempos de liceu que fiquei seduzida
com as questdes cientificas e filosoficas subjacentes a esta area do conhecimen-
to. Confesso, no entanto, que no remoto Junho de 1994, enquanto aluna do 5°
ano de Ciéncias Farmacéuticas, estava muito longe de imaginar que um dia esta
seria a minha area de especializacdo. Estava a preparar-me para fazer o tltimo
exame do curso (e aquele que julgava ser o ultimo da minha vida ... mal ima-
ginava nos tantos que me esperavam em Medicina) quando recebi um convite
surpreendente, por parte de uma Assistente que tinha sido minha professora
de Farmacologia no 3° ano do curso, a Dr? Silvia Cunha, para participar num
projecto de investigagdo que estava a desenvolver sob orientagdo da Professora
Doutora Deolinda Lima. Foi de facto pela sua mao que entrei no mundo da
investigacao e pela porta do Instituto de Histologia e Embriologia da Faculdade
de Medicina da Universidade do Porto. Agradeco-lhe o convite enderecado,
o muito que me ensinou, a amizade que fomos desenvolvendo nos anos que
juntas trabalhamos e a oportunidade de me apresentar a Professora Doutora
Deolinda Lima. O entusiasmo e a paixdo pela investigagao transmitidas pela
Professora Doutora Deolinda Lima, aquando do nosso primeiro encontro,
juntamente com o clima acolhedor em que fui recebida, foram de tal modo
contagiantes que nao tive dividas que era consigo que queria trabalhar. Esta
tese representa o esforco, dedicagéo, entusiasmo, rigor, empenho, dinamismo,
determinacdo que sao tipicos da sua personalidade e que sabe transmitir aos
seus discipulos. Estou-lhe profundamente agradecida e sensibilizada pela for-
ma como sempre me apoiou e guiou. Néo foi apenas uma orientadora, acima
de tudo uma grande amiga. Ao Professor Doutor David Anderson, agradego-
lhe o privilégio que me concedeu, ao receber-me no seu laboratdrio, na Division
of Biology, CalTech, EUA. Dotado de uma invulgar inteligéncia e rigor cientifi-
co, acolheu-me calorosamente no seu grupo e deu-me a oportunidade de cres-
cer cientificamente. Ao Professor Doutor Zhoufeng Chen, agradeco o facto de
me ter concedido a honra de consigo partilhar a analise fendtipica do ratinho
Drgll knockout e que culminou no percurso escolhido para desenvolver esta
dissertacao. O seu incentivo e sentido de humor foram preciosos. Ao Professor
Carlos Reguenga, desejo exprimir o meu mais sincero agradecimento por todo
o dinamismo e conhecimento que soube imprimir quando se integrou nosso



pequeno grupo do Desenvolvimento. A presente dissertacdo beneficiou imen-
so com todo o seu contributo. A Doutora Liliana Osério, Dr. Carlos Pereira e
Dra. Claudia Lopes estou particularmente reconhecida por toda a colaboragao
e amizade dedicada enquanto bolseiros dos projectos aprovados pela FCT que
financiaram os estudos conducentes a presente dissertagao. As Dras Mariana
Matos e Isabel Regadas pelo seu contributo e alegria. A Professora Doutora
Dulce Madeira e Professor Doutor Manuel Paula Barbosa o meu sincero re-
conhecimento por toda a ajuda prestada sobre métodos estereoldgicos que foi
inestimavel para um dos artigos aqui apresentados. Ao Professor Doutor Filipe
Monteiro gostaria de agradecer a sua disponibilidade e precioso espirito critico.
Ao Professor Doutor Anténio Coimbra, o meu sincero agradecimento por ter
contribuido para a minha ida para os EUA, fiquei muito sensibilizada por o
ver tdo entusiasmado com a escolha do desenvolvimento embriondrio como
area do meu doutoramento. Aos Professores Doutores Claudio Sunkel e Elsa
Bronze-da-Rocha, agradeco o estagio em técnicas de biologia molecular que
me ofereceram antes da minha ida para os EUA. A Professora Doutora Maria
da Conceigao Magalhdes expresso a minha gratidao, agradecendo todas as pa-
lavras de 4nimo que me soube dar e ainda da. Ao Professor Doutor José Castro
Lopes, agradeco toda a amizade e apoio com que sempre me brindou, assim
como a disponibilidade e espirito critico que demonstrou quando solicitado.
Aos Professores Doutores Duarte Pignatelli e Francisco Cruz, companheiros
de antigo gabinete, quero expressar a minha admiragao pela vossa boa disposi-
cdo. As Professoras Doutoras Fani Neto, Delminda Neves, Ana Charrua e Célia
Cruz, o meu especial obrigada por toda a ajuda e recomendagdes/sugestoes de
quem ja teve que passar pelo processo de escrita de dissertagdo. A Professora
Doutora Isaura Tavares, gostava de reconhecer a honra que me concedeu ao co-
orientar informalmente a tese de mestrado integrado em medicina do Nuno
Gongalves. Ao Professor Doutor Henrique Almeida gostaria de agradecer os
bons momentos que juntos passamos a trabalhar nos Mestrados de Medicina
e Oncologia Molecular, serviram para aliviar o stress e foram retemperadores
para o cérebro. As Dras Joana Gomes e Clara Monteiro, amigas especiais, obri-
gada pelo vosso ombro amigo e excelentes momentos de “destilagdo”. Um espe-
cial obrigado aos anos de excelente convivio e discussoes cientificas partilhadas
com a Professora Doutora Ana Rita Castro. A todos os restantes elementos dos
corpos docentes e de investigagao do Servico de Biologia Celular e Molecular e
do Instituto de Histologia e Embriologia, agradeco o convivio enriquecedor e
agradavel com que sempre contei.

Um agradecimento muito sentido a todos os meus alunos que contribui-
ram de uma forma muito particular para a minha sanidade mental. Obrigada
por todos os momentos joviais que juntos partilhamos. Foi um prazer poder
participar de alguma forma na vossa formagao enquanto excelentes futuros e
presentes médicos.



Na Division of Biology, CalTech, gostaria de agradecer a todos os que contribui-
ram para que a minha estadia fosse to agradavel e aos preciosos ensinamentos,
muito em particular aos Doutores Sherry Perez, Sean Morrison, Quifu Ma, Ma-
riela Zirlinger, Sebastian Gerety, Emma Dormond, Amy Greenwood and Liching
Lo. A Gabriele Mosconi, a Lab Manager mais eficiente do mundo, agradego toda
a amizade e preocupacao durante a minha estadia no Anderson Lab.

Reconhego também o grande valor de todo o corpo técnico do Instituto de
Histologia e Embriologia gostaria de agradecer a boa vontade, colaboragdo e
preciosos ensinamentos com que sempre contei, muito em particular a D* Alice
Neves, D* Maria Amélia Ferreira e D? Elisa Nova no apoio laboratorial, ao Sr.
Fernando Pinto no apoio do biotério e das Srs.2 D. Maria Teresa Laranjeira, Eli-
sabete Ferreira, Raquel Madancos, no trabalho de secretariado. A Ana Tavares,
quero real¢ar a amizade que sempre me dedicou.

A todas as pessoas responsaveis pela manuten¢do da colonia de ratinhos
Drgl1 knockout do Biotério do IBMC agradego toda a dedicagdo e esfor¢o em
manter os animais nas melhores condi¢des possiveis e gestao da coldnia, muito
em particular a Dr* Luisa Guardao, Dr? Isabel Carvalho, Isabel Duarte e Maria
de Fatima Martins.

A presente tese de dissertacdo foi possivel devido a concessdo de bolsas de
apoio a minha estadia no CalTech por parte da Fundagao Calouste Gulbenkian
e Fundacido Luso-Americana (FLAD), assim com a concessdo de uma Bolsa
de Doutoramento pela Fundagéo para a Ciéncia e Tecnologia (PRAXIS XXI/
BD/11519/97).

Ao Professor Doutor Vasco Galhardo gostaria agradecer de forma perso-
nalizada. A tua inteligéncia, amizade e incondicional apoio sdo uma béngao e
motivo de orgulho. Sou tao sortuda de te ter como amigo. Tens o dom de tornar
simples aquilo que por vezes é complicado, obrigada por tudo!

Ao Pedro Augusto, Isabel Reimdo, Marta Drumond e Joana Queirdéz Ma-
chado obrigada por terem sempre uma palavra de incentivo e de confianga.

E com imensa saudade que gostaria de reconhecer toda a amizade, confian-
¢a e reconhecimento prestados pelo Professor Doutor Manuel Miranda Maga-
lhaes, que um dia se lembrou de mim para engrossar o corpo docente da Bio-
logia Celular e Molecular. Relembro comovida da vontade que manifestou em
ver-me doutorada em vida. Nao fui capaz de lhe realizar o desejo mas gostava
dedicar a sua memoria esta tese.

Aos meus pais, quero deixar expresso o meu reconhecimento pelo apoio in-
condicional, paciéncia, confianga, coragem, boa disposi¢ido e amor que sempre
transmitiram. Imagino a preocupagio que sentiram durante a minha auséncia
nos EUA mas souberam heroicamente guarda-la e aliviar-me as saudades. Nao
tenho palavras para vos agradecer e exprimir o quanto sdo importantes na mi-
nha vida, tudo o que sou a vocés devo. Obrigada por estarem sempre presentes
e serem quem $ao.



Ao meu querido irmao, agradego todo o incentivo, amizade e cumplicidade
incondicionais, as palavras sempre apropriadas e revigorantes para os momen-
tos de desinimo que senti ao longo deste processo. E um privilégio ter-te como
irmao.

A Inés e Joana, quero agradecer-lhes a oportunidade que me ofereceram de
vivenciar o desenvolvimento embrionario de outra perspectiva. Souberam ser
uns embrides fortes e deixaram-me trabalhar com o mesmo vigor até ao ultimo
dia de gestacdo. Foi um prazer ter a vossa companhia na escrita da discussdo de
dois dos artigos aqui apresentados.

Por fim, quero expressar o meu mais sentido reconhecimento a pessoa que
mais “sofreu” com toda esta tese. O Miguel teve que sobreviver as minhas au-
séncias, ao desgaste e sacrificio implicito pela minha escolha profissional, que
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INTRODUCTION



IN THE EMBRYONIC DEVELOPMENT OF THE NOCICEPTIVE SYSTEM

ROLE OF THE TRANSCRIPTION FACTOR DRG11

D
w

Pain is described by the International Association for the Study of Pain as “an unpleasant sensory
and emotional experience associated with actual or potential tissue damage, or described in terms
of such damage”. Various stimuli, classically grouped as high threshold mechanical, thermal or
chemical may cause pain perception.

Pain can be categorized in many different forms depending on the origin and nature of the
triggering input and its intensity and duration. Of particular relevance is the division into acute
(or physiological) and chronic pain (for review see Portenoy and Kanner, 1996). The latter can be
subdivided into inflammatory and neuropathic pain (for review see Cervero and Laird, 1996), de-
pending on its origin either on nociceptive stimulation of peripheral tissues or on lesionning of the
nervous system, respectively.

THE NOCICEPTIVE SYSTEM

Pain is normally triggered when noxious stimuli of particular qualities are encoded by nociceptors
(for review see Sherrington, 1906). Nociceptors consist on a specialized class of primary afferent
sensory neurons located in the cranial and dorsal root ganglia that respond with a sole discharge
to high threshold stimulation (Burgess and Perl, 1967). They are commonly divided in two classes:
Ad-fiber nociceptors and C-fiber nociceptors. Ad-fiber nociceptors have fast-conducting, lightly
myelinated axons and a broad cell body size spectrum (Lawson, 1992). They mediate sharp, prick-
ing quality pain and are activated more efficiently by strong mechanical pressure and extreme
heat. C-fiber nociceptors have slow-conducting, unmyelinated axons and small-diameter cell bod-
ies (McCarthy and Lawson 1990; Lawson et al., 1996). They mediate burning quality pain and are
activated by a variety of high-intensity mechanical, thermal, and chemical stimuli, therefore being
commonly called polymodal (McCarthy and Lawson 1990; Lawson et al., 1996).

Nociceptors differ in neurotransmitter content and receptor and ion channel expression. They
are commonly divided in two classes: peptidergic neurons, which contain substance P (SP) or cal-
citonin gene-related peptide (CGRP), express TrkA receptors and are NGF-responsive (Averill et
al., 1995; Michael et al., 1997), and non-peptidergic neurons, which exhibit fluoride-resistant acid
phosphatase (FRAP) and thiamine monophosphatase (TMP) activity (Silvermann and Kruger,
1990), bind to the lectin Griffonia simplicifolia (IB4) (Nagy and Hunt, 1982; Streit et al., 1986; Alva-
rez et al., 1991) and are GDNF-responsive (Moliver et al., 1997b; Bennett et al., 1998). Nociceptors
express several transient receptor potential cation channels (TRPs) (for review see Vriens et al.,
2009) such as TRPV1 (Caterina et al., 1997; Tominaga et al., 1998), TRPV2 (Caterina et al., 1999),
TRPV3 (Peier et al., 2002b; Smith et al., 2002; Xu et al., 2002), TRPV4 (Schumacher et al., 2000;
Guler et al., 2002), TRPA1 (Jaquemar et al., 1999; Story et al., 2003), TRPMS8 (McKemy et al., 2002;
Peier et al., 2002a), the purinergic receptor P2X3 (Chen et al., 1995; Lewis et al., 1995; Cook et al.,
1997; for review see Wirkner et al., 2007) and Mas-related G-protein-coupled receptors (Mrgprs)
(Dong et al., 2001; Lembo et al., 2002). From the large variety of Na* channel subunits (Nav) pres-
ent in sensory fibers, Navl.7, Navl.8 and Navl.9 are expressed preferentially in small DRG neurons,
suggesting a possible role in nociception (Akopian et al., 1999; Dib-Hajj et al., 1998; Fang et al.
2002; Djouhri et al., 2003). The dorsal root acid sensing ion channel (DRASIC/ASIC3) (Waldmann
et al., 1997) was shown to be present in peptidergic neurons (Price et al., 2001).

Nociceptors project to the dorsal horn of the spinal cord or to cranial sensory nuclei, where they
impinge upon postsynaptic second-order neurons. They enter the spinal cord through the lateral di-
vision of the dorsal root to form the Lissauer tract, where they give rise to ascending and descending
branches that extend for one to three segments (for review see Fyfte, 1992). Both Ad and C primary
afferents terminate in the most superficial laminae of the spinal cord dorsal horn. Peptidergic neu-
rons project to lamina I and outer lamina II, while non-peptidergic neurons project to inner lamina
I1. Ad primary afferents also project more deeply to terminate in lamina V (for review see Fyfte, 1992).



Information processed at the spinal level is conveyed to supraspinal centers via nociceptive-specific
and wide dynamic range projection neurons. Projection neurons are located in laminae I and IV-V.
Around 80% of lamina I projection neurons express the neurokinin 1 (NK1) receptor (Manthy et
al., 1997; Doyle and Hunt, 1999; Todd, 2002).

Spinal projection neurons are feedback modulated, either directly or through local circuit neu-
rons, upon activation of inhibitory and facilitatory descending pathways originated in multiple
brain areas (Manthy et al., 1997; Stone et al., 1998; Stewart and Maxwell, 2000; Suzuki et al., 2002;
Olave and Maxwell, 2003; for review see Lima and Almeida, 2002; Gebhart, 2004; Ossipov et al.,
2010). Their final output is dependent on the interaction of various supraspinal and spinal neu-
rotransmitter systems that are subjected to adjustment and plasticity, particularly under pathologi-
cal conditions. Local systems include the fast inhibitory neurotransmitters y-aminobutyric acid
(GABA), which acts on ionotropic GABA , or G-protein-coupled metabotropic GABAy receptors,
and glycine, which acts as a cotransmitter on ionotropic glycine receptors (Todd and McKenzie,
1989). Local inhibition is also mediated by endogenous opioids, such as met- and leu-enkephalin,
B-endorphin, and dynorphin (Fields et al. 2006). Supraspinal descending modulatory systems use
monoamines, such as noradrenalin, serotonin and dopamine (for review see Millan, 2002). De-
scending inhibition largely involves the spinal release of noradrenalin from brainstem nuclei such
as the locus coeruleus and nucleus subcoerulus, which acts predominantly at the a2-adrenoceptor
subclass to inhibit transmitter release from primary afferent terminals and suppress firing of pro-
jection neurons in the dorsal horn (for review see Millan, 2002). Neurotransmission of descending
facilitation is much less studied. Serotoninergic pathways arising from the rostral ventromedial
medulla (RVM) were initially shown to play a role in descending inhibition (Basbaum and Fields,
1984), but later revealed to exert bidirectional effects upon spinal nociception (Zhuo and Gebhart,
1991; Kovelowski et al., 2000; Buhler et al., 2005). Recent studies, using regional shRNA interfer-
ence of neuronal tryptophan hydroxylase-2, showed that serotonin from spinal projecting RVM
neurons is an important contributor to pain facilitation during the development of persistent pain
(Wei et al., 2010).

A large variety of discrete brain areas are involved in pain perception (Apkarian et al., 2005),
revealing the complexity of nociceptive processing in the central nervous system (for review see
Tracey and Manthy, 2007). These areas are mainly located in the thalamus, hypothalamus, limbic
system and cortex.

The development of chronic pain of either inflammatory or neuropathic nature is accompanied
by dramatic changes at the various components of the nociceptive system. Such changes are based
on multiple molecular alterations and result in the increase of receptive field size and in peripheral
and central sensitization, with recruitment of unresponsive synapses and increased spontaneous and
evoked firing (for review see Melzack and Wall, 1965; Treede et al., 1992; Cervero and Laird, 1996;
Alvares and Fitzgerald, 1999; Hunt and Manthy, 2001; Julius and Basbaum, 2001). Spontaneous pain,
which results from intermittent axonal depolarization and is characteristic of neuropathic pain, is ac-
counted for by an increase in sodium channel expression (for review see Lai e at. 2004) and a decrease
in potassium channel expression (Devor, 1983) in the DRG of the injured nerve. Hyperexcitability
also develops in dorsal horn neurons, making both peripheral and spinal elements contributors to
neuropathic pain (for review see Dubner and Ruda, 1992; Woolf and Salter, 2000). Inflammatory pain
leads to altered activity of ion channels within affected sensory fibers, namely the purinergic P2X3
receptors and ASIC channels, (for review see Linley et al., 2010). Inflammatory mediators, which
include bradykinin, SP, ATP, prostaglandins, growth factors, proteases, protons, nitric oxide (NO),
cytokines and chemokines, among others (for review see McMahon et al., 2006), are capable of either
sensitizing or directly exciting the peripheral terminals of nociceptive neurons (Shubayev and Myers,
2002; Schafers et al., 2003; Leinninger et al., 2004; for review see Anand, 2004).

Both aberrant neuronal activity and inflammatory mediators trigger several signaling pathways
in primary afferent and dorsal horn sensory neurons, such as those involving protein kinases A and C,
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calcium/calmodulin-dependent protein kinase and mitogen-activated protein kinases (MAPKs)
(for review see Ji and Strichartzg, 2004). Moreover, activation of MAPKs in nonneuronal cells in
the spinal cord, such as microglia and/or astrocytes, plays an important role in regulating excit-
ability through the control of extracellular glutamate levels, and leads to the production of inflam-
matory mediators and sensitization of dorsal horn neurons (for review see Watkins et al., 2001a, b).

DEVELOPMENT OF THE NOCICEPTIVE SYSTEM

In order for the brain to accurately perceive noxious events, this complex nociceptive neuronal
circuitry must be assembled with precision during embryonic development (for review see Gil-
lespie and Walker, 2001; Julius and Basbaum, 2001). A comprehensive appraisal of the underlying
mechanisms is essential for understanding how the nociceptive system functions and reacts to the
establishment of chronic pain, and opens new frontiers for the development of more effective and
specific pain therapies. In this respect, the neuronal circuitry linking the periphery with the central
nervous system is of particular importance as a privileged site for therapeutical manipulation.

NEURAL TUBE FORMATION AND REGIONALIZATION

The anatomical outline of the mature central nervous system (CNS) is shaped first in the neuroepi-
thelium and later in the early neural plate, as molecularly distinct progenitor regions are formed
through the expression of unique combinations of specific transcription factors (for review see
Lumsden and Krumlauf, 1996; Pituello, 1997; Rubenstein et al., 1998; Lee and Jessell, 1999; Shira-
saki and Pfaff, 2002). In the mouse, neural folds begin to close at embryonic day 8 (E8) to form the
neural tube (for review see Copp, 1990; Copp et al., 2003a, b; Greene and Copp, 2009). Between
E8.5 and E10 (Serbedzija et al., 1990), a migratory cell population delaminates from the dorsal
neural tube to form the neural crest cells (NCCs) (for review see LeDourin, 1980; LaBonne and
Bronner-Fraser, 1999). Their migration occurs in chain-like structures to form the dorsal root gan-
glia (DRG) in a ventral to dorsal order, following a strict spatio-temporal signalling mechanism
(Teillet et al., 1987; Lallier and Bronner-Fraser, 1988; Kasemeire-Kulesa, 2005). During migration
and shortly after coalescing into a ganglion, NCCs are exposed to signals from the adjacent somites
and neural tube (Liem et al., 1997; Martinsen and Bronner-Fraser, 1998; Garcia-Castro et al., 2002;
for review see LaBonne and Bronner-Fraser, 1999) to become committed to a sensory neuronal
fate. Then, they diversify into nociceptive, mechanoreceptive and proprioceptive sensory neurons.

The neural tube is patterned along its rostro-caudal and dorsal-ventral axes early in development
(Jacobson and Gordon, 1976; Colas and Schoenwolf, 2001; for review see Schoenwolf and Smith,
1990; Diez del Corral and Storey, 2004). A series of constrictions appear in its wall, subdividing its
anterior end into expanded vesicles, the forebrain, the midbrain and the hindbrain. The forebrain is
later subdivided into telencephalon and diencephalon, and the hindbrain into the metencephalon
and myelencephalon (for review see Gilbert, 2000). Initially, neural tube patterning is controlled by
secreted extracellular signalling molecules that spread over variable distances, forming gradients
across the neural tissue. These signals are spatio-temporally induced and define the specific tran-
scriptional code that needs to be activated in distinct regions of the CNS for them to acquire their
final structure (for review see Pituello, 1997; Harland, 2000; Tabata and Takei, 2004; Wilson and
Houart, 2004).

Morphologically distinct subsets of cells can be recognized at predictable times and at precise
positions in the neural tube (for review see Tanabe and Jessell, 1996). In the midline there is a
narrow strip of non-neuronal cells forming dorsally the roof plate and ventrally the floor plate.
Between these regions is the ventricular zone, which is formed by a pseudostratified epithelium of



proliferating neural progenitors (for review see Tanabe and Jessell, 1996). The position of progeni-
tor cells along rostro-caudal and dorso-ventral axes is thought to influence their fate, but this is
ultimately defined by the identity and concentration of exposing inductive signals. The acquisition
of dorsal and ventral fates is dependent on short-range signals from non-neural ectoderm and
notochord, respectively (for review see Tanabe and Jessell, 1996). Several TGF-f family members,
including bone morphogenetic protein (BMP), are expressed in the roof plate and prospective neu-
roectoderm, and are critical in the specification of dorsal cell types (Basler et al., 1993; Liem et al.,
1995; Liem et al., 1997; Lee et al., 1998; Wilson and Edlund, 2001; Timmer et al., 2002; Chesnutt et
al., 2004; Win-Lee et al., 2004; for review see Lee and Jessell, 1999; Stern, 2001; Munoz-Sanjuan and
Brivanlou, 2002; Chizhikov and Millen, 2005). Sonic hedgehog (Shh) signals from the notochord
and first induces the formation of the floor plate to then promote the specification of ventral cell
types (Marti et al., 1995; Roelink et al., 1995; Briscoe et al., 2001; Gritli-Linde et al., 2001 ; for review
see Jessell and Dodd, 1990; Placzek, 1995;). Ventral neural tube patterning is also influenced by
BMP signalling (Dale et al., 1999; McMahon et al., 1998; Liem et al, 2000). At a later time, ventral
cell fate determination is dependent on Wnt ligands in conjunction with Shh signalling (Ulloa and
Briscoe, 2007; Alvarez-Medina et al., 2008). Fibroblast growth factors (FGFs), produced by caudal
mesoderm, are down-regulated before neural differentiation (for review see Wilson and Maden,
2005). In response to FGF down-regulation, retinoic acid (RA) is produced by the paraxial meso-
derm and induces neural differentiation (Pierani et al., 1999; Wichterle et al., 2002; Diez del Corral
et al., 2003; Novitch et al., 2003).

Fate mapping and molecular analyses of the spinal neural tube have depicted 11 neural progenitor
domains, which produce distinct subpopulations of neurons in the dorsal (D1-D6) and ventral (po-
p3, pMN) horns (for review see Caspary and Anderson, 2003; Helms and Johnson, 2003; Wilson and
Maden, 2005). Progenitor domains (p0-p3, pMN) express differential combinatory codes of Class I and
Class II homeodomain transcription factors and differentiate into distinct motor neuron subtypes (VO-
V3, MN) in the ventral horn (for review see Wilson and Maden, 2005). Deep dorsal horn neurons are
born after motor neurons from progenitor domains D1-D3, and superficial dorsal horn neurons, the
last to mature, from progenitor domains D4-D6 (Altman and Bayer, 1984; for review see Wilson and
Maden, 2005). While the mechanisms underlying the differentiation of spinal motor neurons are well
understood, our knowledge on the molecular determinants of dorsal neuronal diversity is still limited.

SPECIFICATION OF THE PRIMARY SENSORY PATHWAY

DRG cells are born in successive waves (Frank and Sanes, 1991; Ma et al., 1999) that largely deter-
minate their fate, connectivity, trophic factor dependence and function. In the mouse, cells from
the first wave of neurogenesis are born between E9.5 and E11.5 and produce large-diameter-fiber
TrkB and TrkC neurons, which mediate proprioceptive and mechanoceptive information, respec-
tively (Lawson and Biscoe, 1979; Ma et al., 1999; for review see Marmigere and Ernfors, 2007). Cells
from the second wave of neurogenesis are born between E10.5 and E13.5 and produce the major-
ity of small-diameter-fiber TrkA-positive neurons, which mediate pain (Carr and Simpson, 1978;
Lawson and Biscoe, 1979; Altman and Bayer, 1984; Kitao et al. 1996; Rifkin et al., 2000; Montelius
et al., 2007; for review see Farifas et al., 2002; Marmigére and Ernfors, 2007). Between E11.5-13.5,
the boundary cap cells, a neural crest derivative, migrate along the central axonal projections of
the already formed DRG neurons to colonize the DRG, thus feeding a secondary wave of peripheral
neurogenesis (Maro et al., 2004). In the rat, at E15.5-16.5, a subpopulation of small-diameter-fiber
neurons, probably the one that expresses CGRP, is produced (Kitao et al., 1996).

All these neurons require the bHLH transcription factors neurogenin 1 (Ngnl) and neurogenin
2 (Ngn2) early in specification (Perez et al., 1997; Fode et al., 1998, Ma et al., 1998; Ma, et al., 1999;
Lo et al,, 2002; for review see Anderson, 1999). Ngn2 is primarily needed for the generation of
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TrkC+ and TrkB+ neurons, and Ngn1 for the generation of TrkA* neurons (Ma et al., 1999). Com-
petitive interactions between these precursors may control the final proportions of different neuro-
nal subtypes (for review see Fitzgerald, 2005).

Runxl and Runx3, from the Runt-related (Runx) family of transcription factors (Levanon et
al., 2001, 2002; Inoue et al., 2002; Marmigere et al., 2006; Chen et al., 2006a,b; Kramer et al., 2006;
Nakamura et al., 2008) are required for further differentiation of sensory neurons. Runx3 differ-
entiates the TrkC-positive, proprioceptor population from Ngn2-dependent neurons (Kramer et
al., 2006; Marmigere et al., 2006) and regulates the spinal cord proprioceptor projection (Chen et
al., 2006a). Runx1 differentiates subtypes of nociceptive neurons from the TrkA-positive popula-
tion and regulates their projection to the dorsal horn (Yoshikawa et al., 2007; Chen et al., 2006b).
Runx1 also acts postnatally on Ngnl-dependent neurons to suppress CGRP and TrkA expression,
and thus differentiate a non-peptidergic subpopulation of DRG neurons that begins to express Ret
and IB4 (Kramer et al., 2006, Molliver et al., 1997a, b).

In contrast to proprioceptors and nociceptors, little is known about the molecular mechanisms
controlling the diversification of TrkB mechanosensitive neurons into distinct subtypes of low-
threshold mechanoreceptors. Recently, it was shown that their differentiation depends on selective
expression of the transcription factor MafA in combination with the Ret tyrosine kinase receptor
and its coreceptor GFR«2 (Luo et al., 2007; 2009; Bourane et al., 2009).

The final numbers of DRG cells are determined by the balance between cell birth and pro-
grammed cell death, their survival being regulated by neurotrophic factors (for review see Kirst-
ein and Farifias, 2002). Peptidergic TrkA-positive neurons depend on nerve growth factor (NGF)
(Silos-Santiago et al., 1995; Molliver et al., 1997a), while non-peptidergic TrkA-negative neurons
(IB4-positive) depend on glial-derived neurotrophic factor (GDNF) (Molliver et al., 1997b; Bennett
et al., 1996, 1998, 2000; Orozco et al., 2001; Zwick et al., 2002).

DEVELOPMENT OF PERIPHERAL AND CENTRAL PRIMARY
AFFERENT CONNECTIONS

In the mouse, outgrowth of axons from the DRG to peripheral and central targets takes place at
E10.5 (Ozaki and Snider, 1997). Innervation of the skin occurs in an organized manner, indepen-
dently of motor innervation. The cutaneous nerve plexus is first build up by large-diameter A-fibers
and immediately after by small-diameter C-fibers (Jackman and Fitzgerald, 2000) in a process that
is regulated by neurotrophins (Kirsten and Farinas, 2002).

DRG axons arise at the dorsal root entry zone (DREZ) by day E10.5, but it takes 48 hours for
them to extend collateral branches into the spinal gray matter (Ozaki and Snider, 1997). The physi-
ological meaning of this waiting period, although documented in different species such as the rat,
frog, cat and mice (Smith, 1983; Lee et al., 1988; Smith and Frank, 1988; Davis et al., 1989; Fitzger-
ald et al., 1991; Mirnics and Koerber, 1995), is not yet understood. At E13.5, a few primary affer-
ent axons have entered the dorsal gray matter and course along the midline toward to the ventral
spinal cord (Ozaki and Snider, 1997). By E15.5, axon projections to both the superficial and deep
dorsal horn have developed (Ozaki and Snider, 1997). Each class of sensory axons projects directly
to its target lamina, never branching into inappropriate laminae en route (Ozaki and Snider, 1997).
Although the laminar architecture of the spinal cord is already established at E15.5 (for review
see Jessell, 2000), the onset of terminal branching occurs later, at E18-19, after morphological and
biochemical differentiation of distinct spinal cell groups is achieved (Fitzgerald, 1987; Mirnics and
Koerber, 1995; Ozaki and Snider, 1997; Jackman and Fitzgerald, 2000).

As to the molecular mechanisms that guide DRG axons to their targets in the spinal cord, the
role of chemorepulsive signals from the surrounding “nontarget” tissues, such as the dermamyo-
tome, the notochord and the ventral spinal cord, is well established (Keynes et al., 1997; Nakamoto



and Shiga, 1998). Growing DRG axons express axonin-1, a GPI-anchored cell adhesion molecule of
the immunoglobulin superfamily (Zuellig et al., 1992) that mediates notochord-derived chemore-
pulsion (Masuda et al., 2000, 2003). They also exhibit neuropilin-1 receptor, which is required for
semaphorin 3A (Sema3A) signaling (Takagi et al., 1995; Kawakami et al., 1996; He and Tessier-
Lavigne, 1997; Kitsukawa et al.,1997; Kolodkin et al., 1997; White and Behar, 2000; for review see
Kolodkin and Ginty, 1997). Sema3A is a diffusible chemorepulsive from the ventral spinal cord that
is involved in the regulation of the timing of DRG axonal entry into the spinal cord dorsal horn (Fu
etal., 2000; Puschel et al., 1996; Shepherd et al., 1997; for review see Fujisawa and Kitsukawa, 1998),
as well as in lamina-specific projection of NGF-dependent DRG axons (Messersmith et al., 1995).

Synaptic connections with primary afferent central targets in the spinal cord are established
around birth (for review see Fitzgerald, 2005). Although data on the molecular mechanisms that
guide proper connectivity are largely missing, it appears to depend on the same gene programs
that direct subtype specification. In vertebrates, subtypes of primary sensory neurons have unique
patterns of axon outgrowth and receptor expression immediately before target innervation (Guan
et al., 2003). At birth, the primary afferent-spinal nociceptive pathway is established, but robust
action potentials can not be evoked until the second postnatal week due to the low frequency of
neurotransmitter release and immature state of the synapses (Fitzgerald and Jennings, 1999; Baccei
et al., 2003).

SPECIFICATION OF SENSORY SPINAL NEURONS

The spinal dorsal horn hosts a large variety of sensory neurons specifically lodged in its differ-
ent laminae (for review see Gillespie and Walker, 2001; Hunt and Mantyh, 2001; Julius and Bas-
baum, 2001). Several transcription factors have been uncovered as important to drive specification
mechanisms and instruct neurons to fulfil their differentiation program (Muller et al., 2002; Qian
et al., 2002; Zhou and Anderson, 2002; Cheng et al., 2004; Ding et al., 2004). Early born spinal
dorsal horn neurons are generated at E10 from six progenitor domains (dpl-6), which express the
proneural genes encoding the bHLH transcription factors Mathl, Ngnl, Ngn2, Mashl and Dbx2
(Gowan et al., 2001; for review see Caspary and Anderson, 2003; Helms and Johnson, 2003; Wilson
and Maden, 2005; Lupo et al., 2006). Between E10-11.5, these progenitors give rise to six early-born
dorsal neuronal populations (dI1-6), which will lodge in the deep dorsal horn (Gowan et al., 2001;
Gross et al., 2002; Muller et al., 2002; Helms et al. 2005; for review see Lee and Jessell, 1999; Jessell,
2000; Chizhikov and Millen, 2005). Math 1-expressing progenitors give rise to dI1 interneurons
(Helms and Johnson, 1998), Ngnl and Ngn2 progenitors to dI2 interneurons (Gowan et al., 2001),
Mashl progenitors to dI3-5 interneurons (Qian et al., 2002) and Dbx2 progenitors to dI6 inter-
neurons (Helms and Johnson, 2003). Early-born neurons can be subdivided into class A (dI1-3)
and class B (d14-6) neurons. Class A neurons arise from the dorsal alar plate, depend on roof plate
signals and are Lbx1-independent (Liem et al., 1997; Lee et al., 1998, 2000; Wine-Lee et al., 2004);
class B neurons arise from the ventral alar plate, are not dependent on roof plate signals and are
Lbx1-dependent (Pierani et al., 2001; Gross et al., 2002; Muller et al., 2002; Cheng et al., 2004 ; for
review see Matise et al., 2002). dI1-3 neurons are thought to be involved in proprioceptive process-
ing (Bermingham et al., 2001; Gowan et al., 2001) and dI4-6 in nociceptive processing (Muller et
al., 2002; for review see Goulding et al., 2002). Olig3 drives a marked increase in the number of dI3
cells in the presence of Mashl, and is therefore thought to impose, together with Mashl, the dI3
fate (Muller et al., 2005). Pax7, Dbx2 and Mash1 have been proposed as possible candidates for dI6
class-specific neuronal markers (Helms and Johnson, 2003; Muller et al, 2002).

At E12-14.5, a second neurogenic wave, derived from Mashl expressing progenitors, produces
two late-born neuronal populations, dILA and dILB. They arise in a salt-and-pepper pattern and
migrate dorsally to form the superficial laminae of the dorsal horn (Gross et al., 2002; Muller et al.,
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2002). dILA neurons differentiate into inhibitory neurons, which use GABA or glycine as fast trans-
mitters. They require Ptfla and Lbx1 for development and express the transcription factors Pax2
and Lhx1/5, as well as Gadl (Glasgow et al., 2005; Cheng et al., 2004, 2005; Pillai et al., 2007). The
expression of Lbx1, another homeobox gene, specifies default inhibitory GABAergic differentia-
tion (Cheng et al., 2005). Gbxl1 is also specifically expressed in dILA neurons, which, as develop-
ment proceeds, differentiate into a subpopulation of GABAergic neurons (John et al., 2005). dILB
neurons differentiate into excitatory neurons and use glutamate as neurotransmitter. They require
Gsx1/2 for development, and express the transcription factors Tlx1/3 and Lmx1b, as well as vGlut2
(Gross et al., 2002; Muller et al., 2002, Cheng et al., 2004, 2005; Glasgow et al., 2005; Brohl et al.,
2008; Xu et al., 2008). TIx-class homeobox genes are determinant for the establishment of an excit-
atory glutamatergic nature (Cheng et al., 2004).

Between E18-18.5 peptidergic dorsal horn neurons are already differentiated in the various sub-
populations. dILA derived inhibitory neurons express category A neuropetides, which include
NPY, nociceptin, dynorphin and enkephalin (Marti et al., 1987; Todd and Spike, 1993; Polgar et al.,
2006). dILB derived excitatory neurons express category B neuropetides, such as CCK, TAC1, GRP
and PACAP (Brohl et al., 2008; Xu et al., 2008).

SPINAL CIRCUITRY ESTABLISHMENT AND MATURATION

Maturation and tuning of spinal nociceptive circuits critically depends on the development of ex-
citatory and inhibitory neurotransmitter/receptor functioning in the neonatal dorsal horn (for re-
view see Fitzgerald, 2005). This depends as much on primary afferents and spinal neurons as on
neurons sending descending projections from multiple brainstem nuclei.

Spontaneous activity, appearing early during spinal development, is regulated by the expres-
sion pattern of ion channels in individual neurons (for review see Fitzgerald, 2005). It is thought
to be crucial for expression of distinct neuronal phenotypes, axonal growth, initial set of synap-
tic connections and signalling processes (for review see Moody, 1998; Moody and Bosma, 2005;
Spitzer, 2006). While emerging excitability of embryonic motoneurons has been widely investi-
gated (for review see Barbeau, 1999; Bate, 1999) little is known about that of spinal dorsal horn
neurons.

Spinal networking strongly depends on the activity of glycinergic/GABAergic neurons, whose
action is excitatory until shortly before birth (for review see Sibilla and Ballerini, 2009). The inter-
play between the glycinergic and GABAergic components in the spinal cord is subjected to dynam-
ic changes throughout development, where the “predominance” of one transmitter system over the
other depends on the stage of spinal maturation. In the mouse spinal cord, glycine levels are higher
than GABA levels, indicating that at this early age glycinergic interneurons are already abundant
(Miranda-Contreras et al. 2002). A progressive additional increment in glycine contents takes place
between E17 and postnatal day 3 due to the appearance of numerous glycinergic neurons (Mi-
randa-Contreras et al. 2002). As to GABA contents, there is also a gradual increase between E14
and P3 (Miranda-Contreras et al. 2002). These results are in line with previous data indicating an
increased of the GABAergic component in the embryonic rat spinal cord activity up to E20 (Wu
et al., 1992). However, immediately before birth GABA-mediated excitation is replaced by synaptic
inhibition. The large majority of GABAergic neurons are located in the dorsal horn.

Functional elimination of synaptic inputs plays an important role in shaping adult connectivity
in many parts of the nervous system (Shatz, 1983; Katz and Shatz, 1996; Katz and Crowley, 2002;
Kim and Kandler, 2003; for review see Kano and Hashimoto, 2009), but its role on determining
synaptic connectivity in the spinal dorsal horn is unclear. In the mouse, during the first postnatal
week, a massive loss of glycinergic synapses occurs, together with a similar, but less pronounced
loss in GABAergic synapses (Miranda-Contreras et al. 2002).



Brainstem nuclei differentiate between E11 and E16 in the rat and present their final anatomical
features by E18 (Altman and Bayer, 1984). Axons descend from the brainstem to the spinal cord
long before birth (Cabana and Martin, 1984), but they do not extend collateral branches into the
dorsal horn for some time (Gilbert and Stelzner, 1979; Fitzgerald and Koltzenburg, 1986). This
late development, which appears to depend on afferent C-fiber activity, is thought to explain the
delayed postnatal onset of functional descending inhibition (Cervero and Plenderleith, 1985). Elec-
trical activation of the PAG does not produce analgesia until P21 (van Praag and Frenk, 1991) and
stimulation of the dorsolateral funiculus cannot inhibit firing of dorsal horn neurons until P10
(Boucher et al., 1998; Fitzgeral and Koltzenburg, 1986). Descending fibers transection before P15
has less impact on spinal sensory circuits than it does later in life (Weber and Stelzner, 1977).

OBJECTIVES AND STUDY OUTLINE

Experimental data concerning the molecular mechanisms of development of the nervous system
were scarce in the late nineties of the past century. At that time, however, mouse genetics had
reached sufficient sophistication to allow the combination of molecular, embryological, biochemi-
cal and genetic approaches, which proved to be capable of revealing the principles that control the
diversification and patterning of the vertebrate nervous system (Tanabe and Jessell, 1996). From
then on, seminal studies have uncovered the basic mechanisms that govern neuronal differentia-
tion at the ventral and dorsal spinal cord (reviewed above).

The acknowledgment that transcription factors coordinate several key biological processes in
nervous system development points to a new way of thinking the development and plasticity of
neuronal circuits. A set of transcription factors involved in the development of sensory neurons
and their differentiation into excitatory and inhibitory populations was identified, but very scarce
data were obtained on the molecular mechanisms that govern the development of the nociceptive
system. Only one study by the group of David Anderson (Saito and collaborators, 1995) approached
this issue by revealing a novel paired-like homeodomain transcription factor, Drgll (recently re-
named as Prrxl1), which is specifically expressed in small size DRG neurons and in the superficial
spinal cord dorsal horn. Based on its early expression and particular location, Drgl1 was regarded
as possibly playing a role as a master regulator of differentiation of the spinal nociceptive circuit.

Following an old venture of unravelling the molecular processes that underlie the specification
of the various categories of superficial dorsal horn neurons, a collaboration was set up with David
Anderson aimed at functionally characterizing Drgll as a putative determinant of the differentia-
tion of the nociceptive system through the study of a Drgll knockout mouse model. The resulting
studies, which make up the bulk of the present thesis, were guided by the following objectives:

1) To determine whether Drgll may extend its role to the cranial level

2) To determine whether Drgl1 is involved in the development of the nociceptive system

3) To determine the specific role of Drgl1 in the differentiation of nociceptive primary afferent
and spinal neurons

4) To evaluate whether the differential involvement of Drgll in DRG and spinal cord develop-
ment is explained by the occurrence of Drgl1 splice variants

The data collected during this study were published in the following five original papers.

In the first publication (Developmental Dynamics, vol. 236), systematic spatio-temporal immu-
nohistochemical analysis of Drgll expression in the entire peripheral and central mouse nervous
system was carried out along embryonic development and postnatally. To accomplish this purpose,
a polyclonal anti-Drgl1 antibody was raised in rabbit against the C-terminal region.

The second publication (Neuron, vol. 31) analysed the phenotypic profile resulting from the
deletion of the Drgll gene (the two exons that correspond to the putative DNA binding region) in
mice using homologous recombination in embryonic stem cells. Early developmental phenotypic
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abnormalities in the DRG and spinal cord dorsal horn of DrglI”/- embryos were searched using in
situ hibridization and Nissl staining. Persistent anatomical and molecular deficiencies in the adult
DRG and spinal cord were also looked for. Nociceptive function was experimentally assessed by
performing a battery of behavioural tests in adult mice.

In the third publication (Molecular Cell Neuroscience, vol. 33), the involvement of Drgll in
the development of primary afferent nociceptive neurons was addressed. The various subclasses
of DRG neurons were quantified in wild-type and Drgl1”/- embryos and adult mice by the use of
stereological methods, and the extent to which the innervation of various peripheral tissues was
affected by the deletion mutant was investigated.

The fourth publication (Developmental Dynamics, vol. 239) addressed the immunohistochemi-
cal expression of spinal Drgll along development together with two other functionally related
transcription factors, T1x3 and Lmx1b, as a way of defining various subpopulations of spinal cord
dorsal horn Drgll-dependent neurons. By the use of the Golgi-Rio Hortega silver impregnation
method, the extent to which the loss of Drgl1-dependent neurons in the Drgll knockout mice af-
fected the anatomy of the spinal cord dorsal horn was evaluated. The way in which noxious-evoked
neuronal activation at the spinal level was affected was also investigated by immunohistochemical
detection of c-fos induction.

In the fifth publication (International Journal of Developmental Biology, vol. 53), a Drgl1 alter-
native splice variant was reported and its expression along development at the DRG and spinal lev-
els characterized. Mouse Drgl1 isoform mRNA sequences were obtained by Rapid Amplification
c¢DNA Ends (RACE) analysis and the distribution of the splice isoform at different developmental
ages was analysed by in situ hibridization and quantitative real-time PCR.

All experiments were carried out in accordance with the European Community Council Direc-
tive (86/609/EEC) and the ethical guidelines for pain investigation in animals (Zimmerman, 1983).
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This thesis uncovers Drgl1 as the transcription factor responsible for the establishment of the first
relay of the ascending nociceptive pathway. It shows that Drgl1 plays a crucial role in the differen-
tiation of various classes of superficial spinal dorsal horn neurons, but appears not to influence
the normal embryonic development of small diameter, putative nociceptive DRG neurons. Such
a differential role in the development of the first and second order nociceptive neurons is not ac-
counted for by a Drgll isoform, although the combinatorial expression of Drgll and its isoform
differs between the spinal cord and the DRG along development. Taken together, the results lead
to the hypothesis that Drgll directs the connection between primary afferents and second order
nociceptive neurons by promoting the differentiation of the latter and signalling correct targeting
for their primary afferent pathway.

Throughout most of the thesis, a genetically modified mouse containing a deletion in the Drgl1
gene (Drgl1”/- or Drgl1 knockout) was used.

DRGI1 ISINVOLVED IN THE DEVELOPMENT OF THE NOCICEPTIVE SYSTEM

Drgll is a paired-like homeodomain transcription factor first reported by Saito and collaborators
(1995) to be expressed in the DRG and spinal cord dorsal horn, and later shown to be also present at
the trigeminal complex (Ding et al., 2003). These findings were, however, based on RT-PCR and in
situ hybridization approaches, and referred to isolated time points during either embryonic develo-
pment or postnatal life. In this study, a novel antibody against Drgl1 was produced, and its expres-
sion along development and postnatal life was characterized at the spinal and supraspinal levels
(Publication I). Drgll was shown to be expressed throughout development from as early as E10.5
until shortly after birth in first and second order sensory structures along the entire neuroaxis. At
the spinal level, Drgll was expressed in laminae I-IIT of the superficial dorsal horn and in small
diameter DRG neurons. At the supraspinal level, it was expressed in somatic and visceral sensory
ganglia, namely the trigeminal, facial, vestibulocochlear, glossopharyngeal and vagus ganglia, and
in the spinal trigeminal nucleus (Sp5) (subnucleus caudalis and oralis), principal trigeminal nu-
cleus (Pr5), nucleus of the solitary tract (NTS) and nucleus prepositus (NP). No Drgll expression
was observed in cranial ganglia exclusively subserving motor function.

Notably, both the location of Drgl1 along the brain and the size and neurochemical signature of
cranial and DRG primary afferent neurons agreed with the spinal superficial dorsal horn location
as to a specific role for Drgll in the development of the nociceptive system. However, Drgll was
also detected in a trigeminal area devoted to tactile sensation, the Pr5 (our own results; Qian et al.,
2002; Ding et al., 2003), while at the spinal level a small fraction of Drgl1l-immunostained neurons
was located in lamina III, the site of termination of A§ D-hair follicle primary afferents (Light and
Perl, 1979b; Willis et al., 2004). Hence, although the major sites of termination of tactile primary
afferents did not express Drgl1, the possibility of an involvement in the establishment of a particu-
lar part of the sensory circuit processing innocuous input should be considered.

In order to investigate whether Drgl1 is required for the development of the primary nociceptive
circuit, Drgl 17/~ mice were generated and characterized as to DRG and spinal cord morphological and
neurochemical abnormalities, and nociceptive function was experimentally evaluated (Publication
II). Drgl1”- mice exhibited a distorted spinal cord dorsal horn, with a reduction in the number of
small dark Nissl stained neurons and in CGRP and TrkA immunostaining, and a complete absence
of PKCy staining. Additionally, an abnormal distribution of primary afferent fibers in the superficial
dorsal horn was observed, with an apparent lateral-to-medial shift in their distribution. Such an aber-
rant projection could be taken as indicative of a role for Drgl1 in medio-lateral somatotopic organi-
zation. However, the loss of PKCy (Publication II), Lmx1b and T1x3 neurons (Publication IV) across
the entire mediolateral extent, together with the almost complete amputation of the superficial dorsal
horn, better revealed by the Golgi staining (Publication IV), is against this possibility.



As to nociceptive behaviour, Drgl1-/- mice displayed higher response latencies in the hot plate, tail-
flick and paw withdrawal tests for thermal sensitivity, and reduced withdrawal response to mecha-
nical stimulation by von Frey filaments. In addition, they exhibited reduced responses to chemical
nociceptive stimulation in both the capsaicin and formalin tests. These results indicate that, in the
absence of Drgl1, mice present reduced sensitivity to noxious stimuli across a broad range of mo-
dalities, including mechano-, thermo-, and chemo-sensitivities. Although all the applied tests deal
only with cutaneous nociception, it is very likely that similar nociceptive defects occur for visceral
and deep tissue stimulation. Peripheral innervation of Drgl1”/~ mice was shown to be disrupted
at postnatal ages in the three types of peripheral tissues (Publication III), while noxious evoked
induction of the c-fos proto-oncogene was compromised at the superficial dorsal horn after stimu-
lation of the three peripheral areas (Publication IV).

Sensorimotor functions, mediated by muscle afferent sensory neurons innervating spindle fibers
and Golgi tendon organs, were intact in the knockout mice, indicating that Drgl1 is not required
for the development of the proprioceptive system (Publication II). This is consistent with the ob-
servation that no evident neuronal loss, morphological defects or abnormal central projections of
IA muscle afferent fibers took place in the ventral spinal cord of these mice. It should be noted that
disruption of proprioceptive functioning, with impaired hindlimb locomotion, is actually obser-
ved in mice bearing mutations in genes required for proprioceptive sensory neuron development or
survival (Ernfords et al., 1994; Farinas et al., 1994; Klein et al., 1994; Arber et al., 2000).

DRGI11 APPEARS NOT TO BE INVOLVED IN THE DIFFERENTIATION OF
NOCICEPTIVE PRIMARY AFFERENT NEURONS BUT IS REQUIRED
FOR THEIR POSTNATAL SURVIVAL

Mouse embryos deficient in Drgll exhibited abnormalities in the timing and position of the ini-
tial ingrowth of primary afferent fiber projections to the spinal cord dorsal horn. Primary afferent
fibers approached the spinal cord and entered the dorsal horn gray matter with a delay of 3 to 4
days, to then penetrate biased towards its medial region (Publication II). Nevertheless, the develo-
pment of small size TrkA-positive, CGRP-positive (peptidergic) and IB4-positive (non-peptidergic)
(Publication III) neurons was not affected until birth, ruling out a role for Drgl1 in their diffe-
rentiation. The data collected in publication III showed that, until neonatal age, the total numbers
of sensory neurons did not differ, nor did the expression of markers for different primary afferent
neuronal subtypes between wild-type and Drgl1”/~ mutant mice. Moreover, innervation of peri-
pheral targets was preserved in Drgl1~/- mice at P0, indicating that peripheral innervation can rea-
ch normal development. Consistent with these results was the absence of TUNEL-positive cells in
the DRG of Drgl1”/- mice during embryonic development and at the neonatal stage (Publications
II and III). Drgl1 thus seems to be neither required for the generation, differentiation and survival
of primary afferent neurons until birth, nor for the normal innervation of the various peripheral
tissues at this time point.

From P7 on (Publication III), there was a decrease to about half of the numbers of both pepti-
dergic and non-peptidergic small-diameter primary afferent neurons in Drgl1 -/~ mice. Accordin-
gly, size-frequency distribution of DRG neurons led to the conclusion that neurons in the AP range
were present in numbers similar to those occurring in wild type mice. However, it also revealed
that small diameter neurons at the C fiber range were more affected than neurons at the Ad fiber
range. This finding, together with the fact that IB4 neurons comprise mostly C primary afferents
(Zwick et al., 2002), implies that the larger fraction of the small diameter neurons preserved in the
absence of Drgll is Ad peptidergic (CGRP). C and Ad fiber neurons are known to convey nocicep-
tive and innocuous thermal input from the periphery (McCarthy and Lawson, 1990; Fundin et al.,
1997). Yet, innocuous thermal neurons belong mostly in the C unmyelinated group (for review, see

DISCUSSION

—
=
=~



IN THE EMBRYONIC DEVELOPMENT OF THE NOCICEPTIVE SYSTEM

ROLE OF THE TRANSCRIPTION FACTOR DRG11

—
o
[&2]

Willis and Coggeshall, 1991). Thus, being mostly A§, the non Drgl1-dependent small size primary
afferent neurons must mainly convey nociceptive input. Taking into account that the deep dorsal
horn keeps its normal morphology in Drgl1”/~ mice whereas the superficial dorsal horn almost
completely disappears (Publication IV), these neurons most likely make up the nociceptive inner-
vation of lamina V (Light and Perl, 1979a,b; Cervero and Connell, 1984).
It should be noted that, in the knockout mice, peripheral innervation was disrupted from P7 on in
cutaneous, visceral and deep peripheral tissues, supporting that the population of Drgl1-dependent
primary afferent neurons is not tissue specific. However, visceral tissues were much more affected,
which agrees with c-fibers making up the bulk of visceral sensory innervation (Cervero, 1985).
Taken together, the data showed that Drgl1 is required for the maintenance, immediately after
birth, of a significant fraction of normally differentiated small-diameter, putative nociceptive pep-
tidergic and non-peptidergic primary afferent neurons mainly belonging in the C-unmyelinated
class and innervating all peripheral tissues. These neurons are likely to follow programmed cell
death in the absence of Drgll, as indicated by an increase at P7 of the immunoreactivity for an
active form of caspase-3, an ubiquitous caspase that is a main effector of the apoptotic cascade (for
review, see Yuan and Yankner, 2000).

DRGI11 COMMANDS THE DIFFERENTIATION OF NOCICEPTIVE SPINAL NEURONS

The correct perception of noxious events relies on the activation of distinct sensory neurons spe-
cifically organized in different laminae in the spinal cord dorsal horn. These neurons differentiate
during development in a spatial-temporal order due to the expression of combinatorial sets of
homeodomain transcription factors. Drgl17/~ mice exhibit defects in the superficial dorsal horn
similar to those observed in TIx3/1 or LmxIb knockout mice (Cheng et al., 2004, 2005; Ding et al.,
2004), suggesting that the three transcription factors belong to a genetic cascade involved in buil-
ding up the spinal cord superficial nociceptive circuit (Gross et al., 2002; Muller et al., 2002; Qian
et al., 2002).

The present thesis shows that various subpopulations of superficial dorsal horn neurons can be
defined by the differential combination of Drgll, TIx3 and Lmx1b (Publication IV). During em-
bryonic development, Drgll-immunoreactivity was detected both in early-born (dI3 and dI5) and
late-born glutamatergic (dILB) T1x3/Lmx1b-positive neurons. All newly formed early-born Drgl1-
positive neurons expressed the glutamatergic fate determinant gene, Tlx3 (Cheng et al., 2004; our
own results). Postnatally, four subpopulations were identified. Although the majority (85%) ex-
pressed both Tlx3 and Lmx1b with (58%) or without (27%) Drgll, a small fraction (15%) did not
express Tlx3. This is in line with the observation by Xu and collaborators (2008) of some lamina
III neurons Tlx3-dependent during development that did not express T1x3 after birth. Half (7%) of
the TIx3-negative neurons only expressed Drgll. Drgll-positive neurons spanned the entire super-
ficial dorsal horn from laminae I to III, although prevailing in lamina II (65%). The subpopulation
that expressed Lmx1b but not Tlx3 (7%) was however located in lamina III.

In the Drgl1-/~ spinal cord, the majority of Tlx3- and Lmx1b-positive neurons was absent from
E18.5 on. This observation agrees with the detection of abnormal cell death at E17.5 (Publication
II) and further reveals the glutamatergic nature of DrglI-/- dependent neurons. However, it is wor-
th noting that there is a significant fraction of glutamatergic neurons that are not Drgl1-dependent,
which is preserved in the Drgl1/~ mice in amounts similar to those present in wild-type mice. The
same is true for the GABAergic, Pax2-positive population. Both findings support the assumption
that Drgl1-dependent neurons degenerate instead of following another differentiation pathway.

The non Drgll-dependent superficial dorsal horn neurons were confined to a narrow strand,
which could be delineated in spinal slices silver impregnated by the Golgi-Rio Hortega method
(Publication IV). In these preparations, a clear reduction in the number of small size, spiny super-



ficial dorsal horn neurons was observed, which was more marked than would be expected from the
sum of glutamatergic non Drgll-dependent neurons and GABAergic, Pax2-dependent neurons.
The deep dorsal horn did not exhibit any changes nor presented small spiny neurons, which is
against the possibility that, due to reorganization of the dorsal horn, superficial dorsal horn neu-
rons were relocated in the deep dorsal horn. That discrepancy in numbers is more probably due
to the fact that spinal neurons stained by the Golgi method represent a very small fraction of the
entire neuronal population.

There was also a marked reduction in the numbers of Fos-positive neurons in the superficial
dorsal horn following noxious stimulation (Publication IV). In the deep dorsal horn, c-fos induc-
tion was identical to that observed in wild-type mice. This finding, while in line with the normal
development of the deep dorsal horn, raises important questions as to the role of superficial gluta-
matergic local circuit neurons in the nociceptive activation of deep dorsal horn neurons. Although
the spared - mainly Ad - primary afferent neurons can account for the activation of the deep dorsal
horn, the spinal cord pain modulatory circuitry of Drgl1”/- mice must be deprived of an impor-
tant excitatory component. This should result on an imbalance favouring inhibition of nociceptive
transmission, and consequently on the decrease of noxious-evoked c-fos activation in the deep
dorsal horn. In this respect, it is worth noting that about 85% of lamina II local circuit neurons
are glutamatergic (Santos et al., 2007, 2009), against 20% GABAergic neurons, as revealed by the
present work. It is possible that the spinal and supraspinal pain control systems have adapted along
development to re-establish the lost balance.

On the other hand, in spite of normal nociceptive activation in the deep dorsal horn, nociceptive
behaviour is seriously affected (Publication II), which poses interesting questions regarding the
relative role of the lamina I and deep dorsal horn nociceptive ascending systems in pain processing
(for review, see Lima, 2008).

THE RELATIVE CONCENTRATION OF DRGI11 AND ITS SPLICE VARIANT ALONG
DEVELOPMENT MAY CONTRIBUTE TO ITS DIFFERENTIAL ROLE IN THE DRG AND
SPINAL CORD

Gene expression can be differentially regulated by splice variants, providing a mechanism for pre-
cise control of diverse morphogenetic events (Grabowski and Black, 2001; Fagnani et al., 2007; Li
etal., 2007; Irimia et al., 2009). Here, we have characterized a Drgl1 alternative splice variant (also
known as Prrxl1-b), which lacks the OAR domain (Publication V). To date, the function of the
OAR domain is not properly known but it is believed to have a molecular function directly rela-
ted to the transcriptional activity of the paired-like homeodomain proteins (Simeone et al. 1994;
Galliot et al., 1999; Meijlink et al., 1999; Norris and Kerne, 2001).

The Drgl1 splice isoform presented the same regional distribution pattern along the entire neu-
roaxis as Drgll, but differed as to its relative quantitative expression profile in the DRG and spinal
cord at distinct developmental ages. The amount of Drgl1 was higher than that of its splice variant
at both sites. However, in the DRG the two isoforms exhibited relatively high levels of expression,
with the same temporal profile and a similar ratio from prenatal to postnatal ages. In the spinal
cord, the expression of the Drgll splice variant was practically nil from E18.5 on, with a striking
high ratio between the two isoforms, particularly at PO. These observations suggest that the two
isoforms are differentially regulated in the DRG and spinal cord, and raise the hypothesis that
tissue-specific control of the amount of Drgl1 relative to its splice variant is a key factor for the re-
gulation of the molecular mechanisms that govern the development of the nociceptive circuit, and
may contribute to the differential role of this transcription factor in the two regions (see below).
Considering the marked down-regulation of the Drgll splice variant in the spinal cord between
E18.5 and P7, a time interval that encompasses the embryonic age at which synaptic connectivity is
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occurring (Fitzgerald, 2005), it is possible that it acts as a repressor of synaptic organization at the
superficial dorsal horn.

THE ROLE OF DRGI11 IN THE DEVELOPMENT OF THE PRIMARY
AFFERENT - SPINAL NOCICEPTIVE CIRCUIT

The work developed in this thesis departed from the hypothesis, raised by the study of Saito and
collaborators (1995), that Drgll should be important for the normal differentiation and synaptic
connection of primary afferent and spinal cord nociceptive neurons. The loss-of-function studies
performed allowed us to conclude that indeed Drgl1 is crucial for the formation of a major compo-
nent of superficial dorsal horn glutamatergic neurons (Publication IV), but apparently irrelevant
for the normal development of primary afferent nociceptive neurons (Publication III). Peripheral
targeting of primary afferent neurons also developed normally in the absence of Drgll (Publica-
tion III), whereas spinal targeting appeared to be disrupted, since central projections had difficulty
in entering the spinal grey and finding their proper termination area (Publication II). Normally,
primary afferent fibers arrive at the dorsal root entry zone by E10.5 and begin to invade the spinal
gray matter at E12.5 (Ozaki and Snider, 1997). In the absence of Drgll, primary afferent arrival at
the entry zone and penetration into the spinal gray was delayed by 3 to 4 days, and their distri-
bution in the superficial dorsal horn somehow disrupted, conforming the abnormal dorsal horn
morphology installed at this age (Publication II). Later, shortly after birth, these primary afferent
neurons, which until then were phenotypically normal, underwent apoptosis and their numbers
were markedly reduced, with parallel impairment of peripheral innervation (Publication III).

These data strongly support the hypothesis that primary afferent neurons died due to the fact
that they did not find their target neurons in the dorsal horn. It is known that neuronal survival
requires trophic support, which depends on the establishment of correct connections with the
targets (Snider and Silos-Santiago, 1996; Kirstein and Farinas, 2002; Markus et al., 2002). In the
rat, primary afferent neurons establish functional contacts with spinal neurons and peripheral
tissues next to birth (Fitzgerald and Fukton, 1992; Hall et al., 1997; Jackman and Fiztgerald, 2000;
Fitzgerald, 2005). At neonatal age, peripheral innervation was apparently normal in the absence of
Drgl1, which leaves the observed loss of 2/3 of glutamatergic superficial dorsal horn neurons as the
putative cause for target deprivation-induced primary afferent neuronal death. It is worth noting
that, besides the sealed 1/3 glutamatergic neurons, superficial GABAergic neurons and deep dorsal
horn nociceptive neurons were also preserved and may have accounted for the conservation of 2/3
of thin primary afferent peptidergic and non-peptidergic neurons in the knockout mice.

However, although following normal differentiation (Publication III), and in spite of normal
neurogenesis at the superficial dorsal horn until E14.5 (Publication IV), in the absence of Drgl1,
primary afferent neurons had trouble in finding their way to the spinal cord at ages as early as
E10.5, which points to a role for this transcription factor in very early stages of guiding primary
axons to their spinal targets. It is known that, during development, DRG neurons extend their
axons toward the dorsolateral part of the spinal cord, enter the spinal cord at the dorsal root entry
zone and then grow longitudinally inside the spinal cord to form the dorsal funiculus without
penetrating the dorsal mantle layer (for review see, Masuda and Shiga, 2005). Only after a ‘waiting
period’ of a few days do these axons project into the dorsal mantle layer in a ventral to dorsal order.
Proprioceptive afferents are the first to send collaterals ventrally, followed by large-caliber sensory
afferent and at last fine calibre nociceptive and thermoreceptive afferents (Ozaki and Snider, 1997).
Inhibitory cues transiently expressed, such as Sema3a (Messersmith et al., 1995; Shepherd et al.,
1997; Fu et al., 2000; Masuda et al., 2003) and Netrin-1 (Watanabe et al., 2006; Masuda et al., 2008;
Masuda et al., 2009) are apparently required for the correct patterning of sensory afferents during
this waiting period (Ozaki and Snider, 1997). Furthermore, there is increasing evidence that trans-



cription factors and cell surface molecules, such as Runx3, Er81, Pea3 and F11, are involved in the
correct projection of proprioceptive DRG axons (Arber et al., 2000; Perrin et al., 2001; Inoue et al.,
2002; Livet et al., 2002; Chen et al., 2006), supporting evidence that several molecules orchestrate
in order to elaborate the waiting period for sensory afferents. Appropriate neuronal migration is a
prerequisite for the normal projection of primary afferents to the developing spinal cord. Ding and
collaborators (2005) have shown that migration of early-born neurons is essential for the central
projection of primary afferents, since they repel nociceptive and chemoattract proprioceptive affe-
rents probably through the activity of Sema3a.

To our best knowledge, Drgl1 is the sole transcription factor that was shown to be present in

migrating superficial nociceptive neurons, to account for their normal differentiation and to be
involved in the correct projection of nociceptive afferents into the spinal cord (present thesis). It is
however very probable that other transcription factors contribute to this process. A careful analysis
of the genetic program under the control of Drgl1 is being carried out in our laboratory in order
to identify new players that, together with Drgl1, govern the establishment of the first relay of the
ascending nociceptive system.
In summary, the data collected in this thesis suggest that Drgl1 plays a double role in the formation
of the DRG-spinal nociceptive circuit. It is involved in the differentiation of a major subpopulation
of excitatory nociceptive superficial dorsal horn neurons in one hand, while apparently comman-
ding the guiding and synaptic connectivity of their primary afferent pathway, on the other. Future
studies using conditional Drgl1l mutations should be conducted to test this hypothesis.
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In this work, we investigated the putative involvement of Drgl1 in the development of the nociceptive
system, in particular at the DRG-spinal level, as suggested by the study by Saito and Collaborators (1995)
showing that this transcription factor is expressed in the DRG and spinal superficial dorsal horn.

Through the manufacture of a polyclonal antibody against DGR11, we were able to demonstrate
that Drgl1 is expressed throughout embryonic development, from as early as the embryonic age 10.5
(E10.5) until early postnatal age, in first and second order sensory structures along the entire neuro-
axis (Publication I). At the spinal level, DRG11 immunostainig was observed in small diameter DRG
neurons and the superficial dorsal horn, while at the supraspinal level, it was observed in several cra-
nial sensory ganglia and the respective relay nuclei in the brainstem. This distribution pointed out a
putative role for DRGI11 in the formation of the first link of the ascending sensory pathway, not only
at the spinal level but also along the brain.

In order to ascertain whether DRGI11 specifically commands the development of the nociceptive
system, we underwent the phenotypic characterization of a Drgl1 knockout mice (Drgl17) (Publica-
tion II). Drgl1”/- mice exhibited reduced reflex responses to mechanical, thermal and chemical pain-
ful stimuli, together with anatomical and neurochemical abnormalities in the superficial dorsal horn
and misdistribution of their primary afferents, which entered the spinal gray with a marked delay.

We then addressed the involvement of Drgll in the development of primary afferent nociceptive
neurons (Publication IIT) and observed that, in mice deprived of Drgll, primary afferent neurons
follow normal differentiation and project normally to their peripheral targets until neonatal age.
Shortly after birth, however, about 1/3 both of peptidergic and non-peptidergic, putative nociceptive
neurons followed apoptosis, which paralleled marked impairment of peripheral innervation of the
skin, viscera and deep tissues. These data indicate that Drgll is not required for the normal diffe-
rentiation of small diameter, putative nociceptive primary afferents, but essential for the survival of a
significant fraction of those neurons immediately after birth.

The analysis of the differentiation of spinal cord dorsal horn neurons in wild type and DrglI”-
mice followed (Publication IV). Drgll was shown to be required for the differentiation, after E 14.5,
of a subset, amounting to 73%, of nociceptive glutamatergic superficial dorsal horn neurons, which
could be subdivided in 3 different categories expressing either (i) Drgll, T1x3 and Lmx1b, (ii) Drgll
and LmxIb, or (iii) Drgl1 alone. Moreover, Golgi studies confirmed the absence, in Drgl17-- mice, of
a large amount of small, spiny neurons in the spinal superficial cord dorsal horn, while ¢-fos induc-
tion studies revealed defective noxious-evoked activation at the superficial but not the deep dorsal
horn. Besides demonstrating that Drgl1 is required for the proper development of a major fraction
of glutamatergic superficial dorsal horn neurons, these data indicate that the lack of this excitatory,
mostly local circuit neuronal population does not result in decreased nociceptive activation at the
deep dorsal horn, which, together with the depressed nociceptive behavior observed in these animals
(Publication II), underlies the importance of the spinal superficial nociceptive relay in pain proces-
sing. In addition, taking into account the normal embryonic development of primary afferents in the
absence of Drgll, reported in publication IV, these data support the hypothesis that postnatal death
of primary afferent neurons in this condition is accounted for by the lack of a neuronal target in the
spinal gray.

Lastly, we investigated the contribution of a Drgl1 splice variant to the observed differential role of
Drgll in the DRG and spinal cord (Publication V). We verified that both Drgll and its isoform are
present in both regions along development, although a marked decrease in the relative concentration
of the DRGI1 isoform takes place after E18.5 in the spinal cord, but not in the DRG. This finding
suggested a role for the Drgll isoform as a repressor of the establishment of synaptic connections
between primary afferents and superficial dorsal horn neurons, which is known to take place between
E18.5 and birth.

Altogether the studies that compose this thesis unravel a role for Drgll in the development of the
first arm of the ascending nociceptive pathway, and reveal that Drgll may both command the di-
flerentiation of a large fraction of glutamatergic nociceptive superficial dorsal horn neurons and the
establishment of its afferent connections from the DRG.
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Neste trabalho, investigamos o envolvimento do gene Drgl1 no desenvolvimento do sistema nociceptivo, nomea-
damente ao nivel do ganglio raquidiano e medula espinhal, tal como sugerido pelo estudo de Saito e colaboradores
(1995) que mostrava que este factor de transcrigao é expresso no ganglio raquidiano e no corno dorsal superficial da
medula espinhal.

Através da produgio de um anticorpo policlonal contra DGR11, demonstramos que o Drgl1 é expresso du-
rante o desenvolvimento embriondrio, logo a partir da idade embrionaria 10,5 (E10.5) até a idade pds-natal pre-
coce, em estruturas de primeira e segunda ordem sensorial ao longo da neuroeixo (Publicagdo I). Ao nivel da
medula espinhal, o Drgl1 foi observado por imunohistoquimica em neurdnios pequenos do ganglio raquidiano
e nas laminas superficiais da medula espinhal, enquanto que ao nivel supra-espinhal, observou-se no ganglio
sensorial do trigémio e em varios nucleos de projecgao no tronco cerebral. Essa distribui¢ao sugeriu um possivel
papel do Drgl1 na formacao da primeira ligagao da via ascendente sensorial, ndo s a nivel espinhal, como tam-
bém ao longo do encéfalo.

A fim de se verificar se Drgl1 esta envolvido especificamente no desenvolvimento do sistema nocicepti-
vo, realizdmos a caracterizagao fenotipica de ratinhos knockout Drgl1 (Drgl 1) (Publicagdo IT). Ratinhos
DrglI7/- apresentaram uma reducio das respostas a estimulos dolorosos de natureza mecénica, térmica
e quimica, juntamente com alteragdes anatomicas e neuroquimicas ao nivel do corno dorsal superficial,
para além uma ma distribuicio dos seus aferentes primarios, que entravam na substéncia cinzenta da me-
dula espinhal com um atraso significativo.

Em seguida, observamos o papel do Drgl1 no desenvolvimento de neurdnios nociceptivos aferentes primarios
(Publicagdo III) e observamos que, em ratinhos Drgl 1, 0s neurdnios aferentes primérios diferenciavam-se nor-
malmente e projectavam normalmente para os seus alvos periféricos até a idade neonatal. No entanto, ap6s o nasci-
mento, cerca de 1/3 dos neurdnios nociceptivos peptidérgicos e nao peptidérgicos sofriam apoptose que era seguida
de deficiente inervagao periférica da pele, visceras e dos tecidos profundos. Estes dados indicam que o Drgl1 ndo é
necessario para a diferenciacio normal de neurdnios nociceptivos aferentes primarios, mas é essencial para a sobre-
vivéncia de uma parcela significativa desses neurénios imediatamente apds o nascimento.

Seguiu-se a analise diferencial de neurdnios das laminas superficiais do corno dorsal da medula espinhal
em ratinhos DrglI7- e wildtype (Publicagdo IV). O Drgll mostrou-se necessario para a diferenciagio de
uma subpopulacdo, depois de E14,5, que correspondia a 73% dos neurénios glutamatérgicos presentes no
corno dorsal, e que podem ser subdivididos em trés categorias diferentes que expressam tanto (i) Drgl1, Tlx3
e Lmx1b, (ii) Drgll e Lmx1b, (iii) apenas Drgll. Além disso, realizdmos estudos com impregnacao pelo mé-
todo de Golgi Rio-Hortega que confirmaram a auséncia, em ratinhos Drgl17~, de uma grande quantidade
de pequenos neurénios espinhosos no corno dorsal superficial da medula espinhal, enquanto que estudos
de indugdo do protooncogene c-fos revelou uma diminuida activagdo no corno dorsal superficial mas nao no
corno dorsal profundo, ap6s estimulagdo ndxica. Além de demonstrar que Drgll é necessario para o bom
desenvolvimento de uma grande frac¢do de neurénios glutamatérgicos do corno dorsal, estes dados indicam
que a falta desta populagio excitatdria ndo resulta em diminui¢do da activag¢io nociceptiva no corno dorsal
profundo, que juntamente com a resposta comportamental diminuida apds estimulagao dolorosa observada
nestes animais (publicagdo II), refor¢a a importincia das laminas superficiais no processamento nociceptivo.
Além disso, tendo em conta o desenvolvimento embrionario normal dos aferentes primarios, na auséncia de
Drgl1, mencionado na publicagdo IV, esses dados apoiam a hipétese de que a morte pds-natal dos neurénios
aferentes primarios nesta condigo é explicada pela falta de um alvo neuronal espinhal.

Finalmente, investigaimos a contribuicao de uma isoforma do Drgl1 no papel diferencial do Drgl1 observado no
ganglio raquidiano e da medula espinhal (Publicagdo V). Verificamos que tanto o Drgl1 como a sua isoforma estao
presentes em ambas as regides ao longo do desenvolvimento, apesar de uma diminuigao acentuada na concentra-
¢ao relativa da isoforma Drgl1 que ocorre apds E18.5 na medula espinhal, mas néo no ginglio raquidiano. Este
achado sugere um papel para a isoforma Drgl1 como um repressor do estabelecimento de conexdes sindpticas entre
os aferentes primarios e os neurénios superficiais do corno dorsal, que se sabe ocorrer entre E18.5 e 0 nascimento.

No seu conjunto, os estudos que compdem esta tese, permitem revelar um papel para Drgll no desenvolvi-
mento do primeiro componente da via nociceptiva ascendente, e revelam que o Drgl1 é necessario para a dife-
renciagio de uma grande fracgao de neurdnios glutamatérgicos nociceptivos presentes nas laminas superficiais
do corno dorsal e no estabelecimento de sinapses com o ganglio.

RESUMO E CONCLUSOES

-
-
H






