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Introduccio

1. Introduccio general

Les malalties del cervell representen avui en dia un dels problemes de salut més
importants del mon desenvolupat, tant pel que fa a malalties neurologiques
d’ampli abast, com la malaltia d’Alzheimer, com pel que fa a malalties
psiquiatriques greus, com [l'esquizofréenia i la depressid. Els costos
socioeconomics directes (tractaments) i indirectes (baixes laborals, incidéncia
familiar, atencié al malalt, etc.) de les malalties del cervell a la UE dels 25 pugen
fins als 286.000 milions de € anuals, dels quals gairebé 240.000 milions sdn
deguts a malalties mentals (Andlin-Sobocki et al., 2005). Dins d’aquestes,
depressid i esquizofrénia. La prevencid i correcte tractament d’aquestes dues
malalties representen avui en dia un dels reptes més importants de la
Neurociencia.

2. Esquizofrenia

2.1. Introduccio

L'esquizofrenia és un trastorn mental cronic i greu que afecta un 1 % de la
poblacié. Actualment mostra un 14 % de recuperacio si es conta en els primers 5
anys després del diagnostic (Robinson et al., 2004), i suma fins un 16 % si es mira
la recuperacié entre 15 i 25 anys després del primer episodi psicotic (Harrison et
al., 2001). A Europa, menys del 20 % dels malalts treballa (Marwaha et al., 2007),
fet que demostra el greu caracter invalidant de la malaltia.

L’esquizofrenia compren una gran varietat de simptomes que es solen classificar
en tres classes de manifestacions cliniques (Lewis and Gonzalez-Burgos, 2006;
Lewis and Lieberman, 2000):

1. Simptomes positius (psicotics): amb al-lucinacions (percepcions sensorials
falses sobretot de tipus auditiu), falses creences, déficits en processar i avaluar
informacid, aixi com desorganitzacié del pensament.
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2. Simptomes afectius/negatius: pérdua de motivacio, apatia, desinterés social, i
higiene personal i domestica descurada. Dins d’aquest simptomes també s’inclou
la depressid que pateixen molts d’aquest malalts.

3. Simptomes cognitius: greus problemes d’atencio, realitzacié de funcions
executives, i de memoria, en especial la memoria operativa o de curt termini
(WM, working memory, en anglés).

A més, I'esquizofrénia esta associada a una alta comorbiditat, com pot ser en un
30-50 % amb depressié i en un 50 % amb abus de drogues, i la severitat i
cronicitat de la malaltia fa que un 5-10 % dels pacients cometi amb suicidi.

Tradicionalment s’ha descrit que els primers simptomes de la malaltia
acostumen a apareixer durant

I'adolescencia o als inicis de I'edat 35
madura, en referéncia sobretot a 30

. ez , T e Dones
I'aparici6 de simptomes psicotics 25 it
(Figura 1). Més recentment, s'estd < 2

. , =
plantejant que els simptomes S 15 \
psicotics serien  l'dltima etapa = g
d’aquest trastorn (Insel, 2010), on una 5
simptomatologia cognitiva i negativa o

T T T T T L} T T T T

2 i i U L - S I S S I e )
és present en els anys previs al primer @& qgfL q,f:u %Q,ﬂ: PRGN T

episodi psicotic (Emilien et al., 1999;

Jaber et al., 1996; Reichenberg et al., Figura 1. Distribucié d’edats de la primera aparicié
2010; Sorensen et al, 2010; del'esquizofréniaen donesihomes (Dobbs, 2010).

Woodberry et al., 2008).

2.2. Etiologiai fisiopatologia

Després de 100 anys d’estudi, I'esquizofrénia segueix tenint una etiologia
desconeguda. En diversos estudis epidemiologics i d’adopcié s’ha posat de
manifest un fort component genétic a I'esquizofrénia. Aixi, de I’ 1 % d’incidéncia
a la poblacié general es passa a un 50 % en el cas de bessons univitel-lins o fills
de dos pacients esquizofrenics. S’han descrit diversos factors genétics
(mutacions en determinats gens com COMT, DISC1, NRG1, DTNBP1...; per detall
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Gen Regiod Funcié del gen
cromosomal ‘
NRG1 8p21-22 Guia axonal, sinaptogénesi, diferenciacié glial,
mielinitzacio, neurotransmissié glutamatergica
DTNBP1 6p22.3 Funcié glutamatergica presinaptica
DISC1 T(1, 11) Migracié neuronal, arquitectura de les neurites i
(q42; q14.3)  transport intracel-lular
comTt 22q11 Metabolisme dopaminergic
DAOA 13g22-34 Sistema glutamatergic

Taula 1. Gens implicats en l'esquizofrénia, modificat de (Di Forti et al.,, 2007). NRG1=
neuregulina; DTNBP1=disbindina; DISCl= disrupted in squizophrenia 1, en angles;
COMT=catecol-O-metil-transferasa; DAOA=Activador de D-aminoacid oxidasa.

revisar Taula 1) i ambientals (infeccions prenatals, complicacions obstetriques)
que semblen donar certa vulnerabilitat a la malaltia (Tsuang, 2000). Pero la
influencia de factors psicosocials (situacié socioeconomica baixa, estres, soledat)
son els que afavoreixen el desenvolupament d’aquesta malaltia en I’adolescéncia
o principi de I'’edat adulta (Insel, 2010; Lewis and Lieberman, 2000; Murray et al.,
2008) (Figura2).

Curs Clinic i Fisiopatologic de I’ Esquizofrénia

Estadi de Gestacié Postnatal Infancia Pubertat Adolescéncia Adult Senectut
desenvolupament

: -7 Danys motors, socials i Canvis de
Signes i simptomes | cognitius lleus conducta no
clinics especifics

Anomalies fisiques menors

INIC
Estat de la malaltia PREMORBID PRODROM

Modelatge DA (sensibilitzacio?) Neurodegenaracio
Procés patologic Defectes migracionals NMDA ( Glu?) (estres oxidatiu, EAA?)
Apoptosi

Estrés, circumstancies de la vida, drogues d’ abas
Mielinitzacié
Procés de Pruning
desenvolupament Sinaptogenesi
Diferenciacié
Induccio

Figura 2. Esquema representatiu del curs clinic i fisiopatologic de I'esquizofrenia (Lewis and
Lieberman, 2000).
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Estudis post-mortem i de neuroimatge han revelat un gran nombre d’alteracions
anatomopatologiques i neuroquimiques en el cervell d’esquizofrénics (Harrison,
1999a; 1999b; Reynolds, 1995). Entre elles destaquen I’engrandiment dels
ventricles i la disminucié del volum cortical, hipocampal i talamic, aixi com
alteracions en els sistemes de neurotransmissié dopaminergic, serotonérgic,
glutamatergic i GABAeérgic.

2.3. Hipotesis

La primera hipotesis de la esquizofrénia va ser postulada per Arvid Carlsson el
1978, on suggeria que una hiperactivitat del sistema dopaminérgic era la causa
de la malaltia (Carlsson, 1978). Des de llavors s’han postulat varies hipotesis
neuroquimiques, com la serotonergica (Gouzoulis-Mayfrank et al.,, 1998),
glutamatergica (Goff and Coyle, 2001) o GABAeérgica (Gonzalez-Burgos and
Lewis, 2008; Lewis et al., 2005).

Amb els anys s’ha demostrat una disfuncié dopaminergica en esquizofrénia
(Laruelle et al., 1999) (Taula 2), pero sembla que aquesta seria la conseqiiéncia
d’alguna altra alteracié (Di Forti et al., 2007; Murray et al.,, 2008). De fet,
diferents alteracions cerebrals en rosegadors relacionades amb psicosis, com
poden ser lesions (hipocamp), drogues (amfetamina, fenciclidina, LSD),
alteracions genétiques (COMT, Taula 1), tenen com a conseqiiéncia comuna
I'augment dels receptors D2 d’alta afinitat de dopamina (DA) en [l'estriat
(Seeman et al., 2005), fet que correlaciona amb I'augment dels receptors D2 de
DA en estriat observats en pacients esquizofrénics (Joyce et al., 1988; Mita et al.,
1986; Wong et al., 1986).

Aquestes evidéncies promouen una creixent visié multifactorial de la malaltia, on
s’inclouen la interaccid entre monoamines, glutamat i GABA (Carlsson et al.,
2001), i fins a una de les hipotesis més acceptades recentment, i que engloba en
part les anteriors, que és la del neurodesenvolupament (Insel, 2010; Lewis and
Lieberman, 2000).
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Forga de I'evidéncia

DA Augment dels receptors D, en I'estriat 4
Augment del metabolisme i contingut de dopamina 4+
Augment de la transmissié dopaminérgica estimulada per +++
amfetamina
Disminucio dels receptors de dopamina D, corticals +
Augment dels receptors D3 corticals +
Augment dels receptors D, +/-
Configuracidé anormal dels receptors D, +/-
Alteracio de I'acoblament dels receptors de DA amb la proteina G +/-

5-HT Disminucio dels receptors 5-HT,, corticals +++
Augment dels receptors 5-HT,, corticals ++
Relacié concentracié de 5-HIIA en LCRa amb simptomatologia +
negativa

Glutamat Disminucio de I'expressié de receptors no-NMDA d’hipocamp ++
Augment de I'expressié cortical d’algunes subunitats del receptor ++
NMDA
Augment de la recaptacié de glutamat en I'escorga frontal +
Disminucio de I'alliberacié de glutamat a I'escorga +
Concentracions alterades de glutamat i els seus metabolits +/-

Taula 2. Resum de canvis neuroquimics en I'esquizofrénia. +/- =poc; +=moderat; ++= bona; +++=forta i
++++=demostrat en metanalisis. *Tot i que l'augment es degut principalment al tractament (Harrison,
1999a).

2.3.1. Hipotesi dopaminergica de I'esquizofrenia

Arvid Carlsson es va basar en observacions farmacologiques indirectes per
postular una hiperactivacié general del sistema dopaminergic en esquizofréenia
(Carlsson, 1978). Entre elles hi havia I'evidéncia de que els agents antipsicotics
disminueixen transmissié dopaminérgica (bloquejant receptors DA D2), que els
agonistes dopaminergics indirectes com la d-amfetamina a dosis altes indueixen
psicosis en subjectes no esquizofrenics, i finalment, que dosis baixes d’agonistes
dopaminergics empitjoren els simptomes de pacients esquizofrénics.

Anys més tard, Weinberger va refinar aquesta hipotesi (Weinberger, 1987;
Weinberger et al.,, 1994) i va postular que en l'esquizofrénia hi ha una
hiperactivacié del circuit dopaminérgic mesolimbic (circuit de recompensa), que
seria el responsable de la simptomatologia positiva, mentre que la via
dopaminergica mesocortical (responsable de la modulacié de funcions
cognitives) estaria hipoactiva, i seria responsable dels danys cognitius i negatius
de la malaltia.
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2.3.2. Hipotesi del neurodesenvolupament

En aquesta hipotesi es postula que I'acumulacié de factors de risc en diferents
etapes de la vida és el que déna vulnerabilitat a desenvolupar esquizofrenia. Aixi,
una carrega genetica determinada conjuntament amb factors ambientals
podrien alterar el desenvolupament normal del cervell, i en particular de
I’escorca prefrontal que es troba en fase de maduracio fins arribar a I'edat adulta
(Figura 3) (Insel, 2010; Lewis and Lieberman, 2000).
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Figura 3. Canvis produits en el cervell durant un desenvolupament normal (Insel, 2010).
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De fet, els gens que s’han vist implicats en I'esquizofrénia sén basicament de dos
tipus (Harrison and Weinberger, 2005) (Taula 1), gens implicats en el
desenvolupament i plasticitat sinaptica (NRG1, DISC1, DTNBP1) i gens implicats
en el metabolisme de la catecolamines (COMT, veure apartat 1.6.2.3).

La carrega geneética sola no explica la malaltia, perd juntament amb factors
ambientals tant pre-, peri- com postnatals poden resultar en una connectivitat
deficient entre diferents zones cerebrals com el cervell mig, nucli accumbens,
talem, temporal-limbic i escor¢a prefrontal (Selemon and Goldman-Rakic, 1999).
Al finalitzar I’etapa de desenvolupament del cervell i canvis durant I’adolescéncia
(mielinitzacid, eliminacié de sinapsis excitadores, creacid de sinapsis inhibidores,
canvis hormonals en la pubertat...), és quan els circuits neuronals es mostren
més vulnerables a l'estrés i poden desembocar en l'aparicié de simptomes
psicotics (Figura 3) (Insel, 2010; Lewis and Lieberman, 2000).

2.4. Tractaments

El primer farmac antipsicotic, la clorpromazina, es va descobrir a mitjans dels
anys 50 i va ser el primer d’'una serie de farmacs anomenats classics. Els
antipsicotics classics, com I'haloperidol, tenen com a caracteristica fonamental el
bloqueig del receptor D2 de DA, fet que correlaciona amb la seva efectivitat
clinica (Seeman and Lee, 1975) (Figura 4). Aquests farmacs tenen gran capacitat
de millorar els simptomes positius de la malaltia, pero produeixen efectes
motors adversos (efectes extrapiramidals), hiperprolactinemia i discinésia
tardana, fet que dificulta el tractament a llarg termini.

A meitats dels anys 70 es va descobrir la clozapina (Burki et al., 1973), amb un
perfil farmacologic complex (Figura 4), on destaca la menor afinitat pel receptor
D2 de DA que pel receptor de serotonina (5-HT) 5-HT,,. La clozapina és I'Unic
farmac que ha mostrat superioritat en el tractament de |’esquizofrénia (Davies et
al., 2008; Leucht et al., 2009; Swartz et al., 2008) pero presenta un greu
simptoma advers com és la agranulocitosis (Alvir et al., 1993).

A partir de la clozapina van comengar a apareixer la segona generacié de farmacs
antipsicotics, anomenats antipsicotics atipics (olanzapina, risperidona), i que
pretenien assemblar-se a la clozapina evitant alguns dels seus efectes

15



Mercé Masana Nadal

secundaris. Al igual que la clozapina, aquests farmacs també tenen certa afinitat
per receptor D2 de DA pero presenten major afinitat per receptor 5-HT,, (Figura
4).

Sembla que I’antagonisme d’aquests farmacs pel receptor 5-HT,, seria el
responsable de la millora dels simptomes negatius i cognitius de I'esquizofrenia,
(Kuroki et al., 1999; Meltzer, 1999), com a conseqliencia d’'un augment de
I'alliberacié de DA a I'escorga prefrontal (Rollema et al., 1997). Una altra hipotesi
és que la baixa afinitat i rapida dissociacié dels farmacs antipsicotics atipics al
receptor D2 de DA és la responsable de les seves propietats atipiques (Kapur and
Seeman, 2000).

Més recentment s’estan introduint una nova classe d’antipsicotics (de tercera
generacid), com l'aripiprazol, que presenten un agonisme parcial pel receptor D2
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Figura 4. Representacio radial d’afinitats (K;) de diferents antipsicotics sobre multiples receptors, dades obtingudes a la
PDSP Ki Database (http://kidb.cwru.edu/), i modificades de (Dobbs, 2010; Roth et al., 2004). L’eix radial expressa els
valors de K; desde menor de 10000 (centre, poca afinitat) a 0.1 (exterior, molta afinitat).
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de DA i un agonisme al receptor 5-HT,, de 5-HT (Bishara and Taylor, 2008;
Lieberman, 2004). Aquest agonisme parcial al receptor D2 de DA permetria que
actués com a antagonista en la via mesolimbica (hiperactivada en esquizofrénia)
mentre que faria d’agonista en la via mesocortical (hipoactivada en
esquizofrenia) (Lieberman, 2004).

Per dltim, també s’estan provant una nova classe d’antipsicotics amb agonisme
pel receptor metabotropic de glutamat (mGlu2/3) (Patil et al., 2007), i que serien
els primers en presentar una farmacologia diferent a I’afinitat pel receptor D2 de
DA, fet que obre la porta al desenvolupament d’una nova generacié de farmacs
antipsicotics.

Tot i els esforgos per millorar el tractament dels pacients esquizofrénics, dos
estudis recents, el primer dels EUA, anomenat CATIE (Clinical Antipsychotic Trials
of Intervention Effectiveness, en anglés) i el segon del Regne Unit, anomenat
CUtLASS (Cost Utility of the Latest Antipsychotic Drugs in Schizophrenia Study, en
anglés), van concloure que en general els antipsicotics de segona generacio eren
terapeuticament similars als de primera generacié, perd amb diferents efectes
adversos, i només la clozapina era considerada superior en pacients resistents al
tractament (Davies et al., 2008; Swartz et al., 2008).
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3. Depressio

3.1. Introduccio

La depressid és un trastorn psiquiatric freqlient i una de les malalties més greus
de la societat, amb grans costos personals i socials degut a la baixa productivitat
laboral dels pacients, amb gran absentisme i utilitzacid de serveis sanitaris
(Simon, 2003). Existeixen diferents subtipus de depressid basats només en la
simptomatologia, on la depressié major (o unipolar) és el tipus de depressido més
severa i comuna. Altres subtipus de depressid inclouen la distimia, la bipolar, la
depressié melancolica, la reactiva, la psicotica i la atipica (Nestler et al., 2002).

La depressid major té un prevalenga total d’'un 17 % als EUA, considerada greu
en un 30 % dels pacients, amb un percentatge major en dones, i una prevalenca
de 12 mesos d’un 7 % (Kessler et al., 2005a; Kessler et al., 2005b). A més a més,
entre un 40 i un 50 % dels pacients depressius no responen correctament als
tractaments antidepressius (Nierenberg and Amsterdam, 1990; Trivedi et al.,
2006).

Els principals simptomes de la depressié major estan resumits a la Taula 3. Entre
altres es troben alteracions de I'estat d’anim i de funcions cognitives. Els
pacients depressius també tenen alta comorbiditat (trastorns d’ansietat,

Simptomatologia de la depressié major

Estat d’anim depressiu la major part del dia
Irritabilitat
Autoestima baixa

Sentiments de desesperanga, inutilitat, falta de valor i culpabilitat

Disminucié d’interes o plaer per totes o la majoria d’activitats del dia

Disminucié de la capacitat de pensar i concentrar-se

Augment o disminucid de la gana

Augment o disminucié de pes

Insomni o son excessiu

Fatiga o pérdua d’energia

Augment o retard psicomotor

Pensaments recurrents en la mort o el suicidi

Taula 3. Simptomes de la depressié major. El diagnostic (segons DSM-1V, 2000) es produeix quan
alguns dels simptomes mencionats a sobre es perllonguen durant un periode superior a dues
setmanes i afecten el funcionament normal social i ocupacional (Cryan et al., 2002a; Nestler et
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cardiovasculars, diabetis, Parkinson, Alzheimer) i solen tenir alta mortalitat
(associada a I'alt risc de suicidi i a trastorns cardiovasculars).

3.2. Etiologia i fisiopatologia

La etiologia de la depressié actualment s’explica per una moderada contribucié
genética (30-40 % hereditari) i una complexa interaccié amb I'ambient (Nestler
et al.,, 2002; Sullivan et al.,, 2000). Tot i que no s’ha identificat de forma
consistent cap alteracié génica en pacients depressius, sembla que alteracions
en els promotors del receptor 5-HT;, (Savitz et al., 2009), el transportador de 5-
HT (SERT) (Caspi et al., 2003) i polimorfismes dels enzims triptofan hidroxilasa 2,
COMT i monoamina oxidasa (MAQO) A, aixi com del factor neurotrofic BDNF
(brain-derived neurotrofic factor, en anglés), estarien implicats en la patologia
(Savitz and Drevets, 2009b). Per altra banda, el factors ambientals més
importants per desenvolupar la malaltia sén conseqliencia de I'estres i els
traumes emocionals. També s’ha descrit que alteracions endocrines
(hipercortisolisme o hipotiroidisme), cancers, efectes secundaris de farmacs, etc,
poden ser factors de risc per desenvolupar depressié (Krishnan and Nestler,
2008).

L'eix hipotalem — pituitari - adrenal (HPA) es troba hiperactivat en
aproximadament un 50 % dels malalts depressius (Holsboer, 2001; Sachar and
Baron, 1979). Aquesta hiperactivaci6 de l'eix sembla la responsable dels
simptomes neurovegetatius (alteracid del son, gana, energia i ritme circadia) dels
pacients depressius (Nestler et al., 2002; Slattery et al., 2004).

També s’ha descrit una hipodopaminérgia en malalts depressius, que explicaria
I'augment dels receptors de DA D2 a nivell estriatal i la hipersensibilitat a
psicoestimulants (Dunlop and Nemeroff, 2007; Papakostas, 2006; Tremblay et
al., 2005).

A més, estudis anatomics i funcionals han descrit disminucions de la materia gris,
de densitat glial i hipometabolisme en escor¢a prefrontal dorsolateral. També
s’han descrit disminucions de I'hipocamp de pacients aixi com de I'activitat
estriatal, i augments de I'activitat de I'amigdala i de la zona cingulada 25 (Cg25)
(Krishnan and Nestler, 2008; Savitz and Drevets, 2009a). Tot i aixi, els circuits
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neuronals implicats en depressié no estan ben definits i sembla que sén

diferents regions les que explicarien diferents simptomes. Per exemple, I'escorca

prefrontal i ’hipocamp estarien implicades en els simptomes cognitius, mentre

que l'estriat ventral i I'amigdala en les alteracions emocionals (anhedonia,

motivacio, etc.).

3.3.

Hipotesis

La primera hipotesi de la depressid es va postular a meitats dels anys 60
(Coppen, 1967; Schildkraut, 1965) i postulava una disminucié general de
I’activitat monoaminérgica en el cervell de depressius. Més tard, i per la gran

relacid entre estrés i depressio, es va descriure el model d’alteracié de I'eix HPA
(Holsboer, 2001; Holsboer and Barden, 1996). Com que les hipotesis anteriors no
expliquen el retard en I'efecte dels tractament, es va pensar que es necessitaven

AI'EPF

De I'EPF

— GABAergiques
Glutamatergiques
Dopaminérgiques
Peptidergiques
Moradrenérgiques/serotonérgiques

Circuits neuronals implicats en la

depressio.
La figura mostra un resum simplificat
dels circuits cerebrals que

contribueixen en els simptomes
depressius. Mentre que la recerca en
aquest camp s'ha centrat a l'estudi de
I'nipocamp i l'escorga frontal (p.ex.
I'EPF), cada cop mes s'impliquen altres
estructures subcorticals relacionades
amb recompensa, por i motivacio.
Agquestes inclouen el NAc, amigdala, i
hipotalem. La figura només mostra una
part de totes les interconnexicns entre
aquestes regions cerebrals. La figura
també mostra la innervacio d'aquestes
regions per les neurones
monoaminergiques. LUATV  proveeix
d'inputs  dopaminérgics al  NAg,
amigdala, EPF, i altres estructures
limbigues. La NE (del LC) i la 5-HT (dels
nuclis del rafe) innerven totes les
regions mostrades en la figurz. A més,
hi ha fortes connexions entre
I'hipotalem i la via ATV-NACc.

Figura 5. Esquema dels circuits neuronals implicats en depressiéo i la seva innervacié
monoaminergica (Nestler et al., 2002). EPF, escorca prefrontal; VTA, area tegmental ventral; DR,
nuclis del rafe dorsal; LC, locus coeruleus; NAc, nucli accumbens.
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canvis en I'expressio de factors de transcripcid i d’expressidé genica, i d’aqui va
sorgir la hipotesi neurotrofica de la depressié (Duman, 2004; Duman et al.,,
1997). Totes tres hipotesis estan relacionades (Figura 5) i han servit per ampliar
el coneixement sobre la fisiopatologia de la depressid i per explicar diferents
processos alterats en la malaltia (per revisié mirar (Ansorge et al., 2007; Krishnan
and Nestler, 2008; Nestler et al., 2002; Slattery et al., 2004). Per exemple,
I'activitat monoaminérgica modula en part I'activitat de I'eix HPA i també
I'expressié de BDNF, i a la inversa, I'eix HPA modula I’activitat de les neurones
monoaminergiques.

3.3.1. Hipotesi monoaminérgica

Schildkraut va descriure la hipotesi catecolaminérgica de la depressio el 1965,
(Schildkraut, 1965) a partir dels efectes de la reserpina, la imipramina i el
iproniazid. La reserpina, farmac que buida les vesicules sinaptiques
monoaminergiques, s’utilitzava contra la hipertensié i produia simptomes
depressius en alguns pacients, mentre que el iproniazid (farmac contra la
tuberculosis) i la imipramina (farmac desenvolupat com a antihistaminic) tenien
activitat antidepressiva, i ambdds augmenten la noradrenalina (NE) i serotonina
en |'espai extracel-lular.

Poc després, Coppen (Coppen, 1967) va donar-li un paper més destacat a la
serotonina, pel paper del triptofan en la depressid. De fet, la hipotesi
serotonergica va guanyar importancia als anys 70 a |'aparéixer uns farmacs que
inhibeixen selectivament el SERT, els SSRI (Selective serotonin reuptake inhibitor,
en anglés), i que actualment encara son els més prescrits (Cipriani et al., 2009).

Els farmacs antidepressius que s’utilitzen actualment tenen menys efectes
adversos, pero encara estan dissenyats per augmentar la transmissio
monoaminergica de forma aguda. Pero independentment de [l'estructura
guimica, propietats farmacocinétiques o diana molecular o cel-lular en el cervell,
tots els medicaments antidepressius s’han d’administrar durant setmanes per a
produir una millora clinica significativa (per exemple un 50 % de reduccié de la
gravetat). Aquest retard es considera necessari perque es duguin a terme
processos adaptatius en el cervell responsables de la milloria clinica (que
involucren canvis moleculars i celllulars, degut en part a l'activacio
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d'autoreceptors inhibitoris en les neurones monoaminergiques), i que serien
secundaris a I'augment de les monoamines.

3.3.2. Hipotesi de I'alteracio de I'eix HPA

L'eix HPA s’ha vist hiperactivat en una part dels malalts depressius (Holsboer,
2001). En resposta a I'estres, s’ha descrit que el cervell reacciona activant aquest
eix HPA (Figura 6) (Riedemann et al.,, 2010). Les neurones del nucli
paraventricular de I’hipotalem secreten el factor d’alliberament de la
corticotropina (CRF), que estimula la sintesis i la secreci6 de |la
adrenocorticotropina (ACTH) en la pituitaria anterior. Aquesta ACTH estimula la
sintesi i secrecid de glucocorticoides (cortisol en humans, corticosterona en
rosegadors) de |'escor¢ca adrenal, i sén els

glucocorticoides, via I'accié directa a diferents

zones cerebrals, que afecten ampliament el

metabolisme general i el comportament.

Els glucocorticoides també autoregulen

I'activitat de I'eix HPA de forma precisa a B cociu Sy :J”,"‘”“""’“S
través de diferents arees del cervell. Aixi, GBF  Amygoaia
I'augment de glucocorticoides (degut a =

I'estrés) actua sobre I’hipocamp i les neurones Deramatimacne ol

del nucli paraventricular de I’hipotalem (PVN), -

inhibint la sintesi i alliberacié de CRF, restablint [

el sistema i finalitzant la resposta a |'estrés é\i‘gﬁgf'

(Riedemann et al., 2010). Pero un increment

sostingut del nivell dels glucocorticoides (com
Figura 6. Regulacié del eix hipotalem-

I roduf r un re rllon
els produits per un estrés perllongat), pot pituitari-adrenal (Nestler et al., 2002).

danyar les neurones de [I'hipocamp

(arboritzacid i espines dendritiques), reduir-ne la neurogenesis, i, degut a la
reduccié del control inhibitori de I'eix HPA per part de I'hipocamp, afavorir que
aquest entri en una retroalimentacio positiva (Fuchs and Gould, 2000; Grote and
Hannan, 2007; Riedemann et al.,, 2010). Aquestes alteracions explicarien
I’'augment sostingut de glucocorticoides en la meitat dels pacients depressius, el
volum reduit de I'hipocamp i també alteracions neurovegetatives i cognitives de
la malaltia.
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3.3.3. Hipotesi neurotrofica

La hipotesi neurotrofica de la depressié (Duman, 2004; Duman et al.,, 1997)
postula una disminucié dels factors neurotrofics durant el desenvolupament de
la depressid, que seria el responsable dels volums reduits d’hipocamp i d’altres
arees del prosencéfal. A més, els antidepressius millorarien la simptomatologia
depressiva revertint aquest déficit (Figura 7).

Els factors neurotrofics es van caracteritzar inicialment com factors de
creixement i diferenciacié neuronal que s’expressaven durant el
desenvolupament. Actualment també es coneix que en l'adult regulen la
plasticitat i la supervivencia de neurones adultes i glia.

Monoamines | Monoamines
Glutamate - Glutamate
others ' ‘:.-__others

@) )|

Glucocorticoids

Normal state Depressed state Treated state

Figura 7. Mecanismes neurotrofics en depressié (Nestler et al., 2002). Al panell de I'esquerra es
mostra una neurona piramidal hipocampal i la seva innervacié per neurones glutamatergiques,
monoaminérgiques i altres. També es mostra la seva regulacié per BDNF (derivat de I’hipocamp o
altres arees cerebrals). L’estrés sever provoca canvis en aquestes neurones (panell central), que inclou
una reduccié de I'arboritzacié dendritica, reduccié de I'expressié de BDNF (que podria ser un dels
factors que produeixen els efectes dendritics). La reduccié de BDNF es produida en part per I'excés de
glucocorticoides, que poden interferir en els mecanismes normals de transcripcié (p.ex.CREB) que
controlen I'expressié de BDNF. Els antidepressius produeixen I'efecte oposat (panell dret): augmenten
les arboritzacions dendritiques i I'expressi6 de BDNF de les neurones hipocampals. Amb aquestes
accions, els antidepressius semblen revertir i prevenir les accions de I'estres a I’hipocamp, i millorar

alguns simptomes de la depressio.
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Concretament, el factor neurotrofic BDNF ha sigut el centre d’atencié en
depressid. Es un factor que s’expressa en les estructures limbiques adultes de
forma abundant. A més, s’ha vist que I'estrés disminueix els nivells de BDNF
d’hipocamp (Smith et al., 1995a), que aquesta disminucié es deguda en part a
I’excés de glucocorticoides (Smith et al., 1995b), que antagonistes del receptor 5-
HT,4/2c de 5-HT impedeixen aquesta reduccié provocada per estrés (Vaidya et al.,
1997), i finalment que el tractament cronic amb antidepressius n’augmenta
I’expressié (Nibuya et al., 1995; Smith et al., 1995a).

Tot i aixi, estudis recents proposen una revisio d’aquesta hipotesi, ja que tant en
estudis preclinics com en rosegadors donen resultats inconsistents (Groves,
2007), i tot i que s’accepta que el BDNF esta implicat en la simptomatologia i
tractament de la depressio, no es clar que estigui relacionat amb I'etiologia de la
malaltia.

3.4. Tractaments

Actualment existeixen diferents aproximacions per tractar la depressié, que van
des de psicoterapia per tractar la simptomatologia més lleu, passant per
farmacoterapia, la estimulacié magnetica transcraneal, i fins a electroterapia per
les més severes, que inclou la estimulacié cerebral profunda, la estimulacié del
nervi vago i la terapia electroconvulsiva. Per revisié mirar (Fava and Kendler,
2000; Millan, 2006; Nemeroff, 2007).

Els tractaments farmacologics classics es basen en incrementar la transmissio
monoamineérgica (Figura 8). Els primers farmacs que es van utilitzar com
antidepressius eren inhibidors irreversibles de la MAO (enzim que degrada les
monoamines; veure apartat 1.6.2.3), i els antidepressius triciclics, que bloquegen
el SERT i el transportador de NE (NET) i es caracteritzen per tenir tres anells en la
seva estructura molecular. Ambdds antidepressius produeixen molts efectes
secundaris, sobretot cardiovasculars, i per aixo s’ha limitat el seu Us.

A partir d’aqui va sorgir la segona generacié d’antidepressius, que comprenen els
inhibidors selectius de la recaptacid, tant de serotonina (SSRI), com de NE i que
son millor tolerats. Els inhibidors selectius del transportador de DA (DAT), tot i
ser bons antidepressius (per exemple amineptina), no s’utilitzen degut a
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Inhibidors Inhibidors de Antagonistes
d’enzims transportadors de receptors
1950 Inhibidors Triciclics
MAQ
v
1960 Inhibidors
subtipus | Selectiu NE ”Selectiu 5—HT| | Mianserina |
de MAO
1970
Trazodona I
1980 | SSRI
Nefazodona |
1990 Inhibidor SNRI
reversible
MAO A NDRI | Mirtazapina
Bupropion

Figura 8. Evolucid dels farmacs antidepressius monoaminergics

(Nutt, 2006; Slattery et al., 2004).

problemes relacionats
amb I'addicci6 com la
tolerancia (Haddad, 1999).
Aixi doncs, els SSRI encara
sén els farmacs més
utilitzats en depressio, tot
i que cada cop es tendeix a
buscar accions
combinades, com farmacs
que inhibeixen tant el
SERT com el NET (SNRI), el
NET i DAT (NDRI) i
Ultimament els inhibidors
triples de la recaptacio

(SERT + NET + DAT) (Chen

el

and Skolnick, 2007; Millan, 2009). Més recentment s’estan dissenyant nous

farmacs antidepressius amb dianes moleculars diferents de les amines, com per

exemple els antagonistes dels receptors de CRF, antagonistes de receptors de

neuropeptids, i fins i tot antagonistes del receptor NMDA de glutamat

(ketamina).

A part, actualment s’utilitzen moltes estrategies de combinacié de farmacs

Intracel-lular
Jglu/NMDA

Liti/ anticonvulsionants
(Multiple, guinases)

SSRI +

Estrogen (ago RE/RE[S)

Tiroxina (hormones
tiroides)

| Neuroendocrines I

Metepristone /
metirapone (inhibidors
glucocorticoides)

| +DA/NEaEPF

Pramipexol Buspirona

(Ago. D2) (5-HT1a Ag.Parcial)

Bupropion Pindolol
(NDRI) (5-HT1A Antag.)

Yohimbine / mirtazapina
(ce2 adrenergic antag.)

——————————
Olanzapina
(Antipsicotic)

Maodafinil

(¢11 adrenergic ago.)

Figura 9. Esquema d’algunes estrategies de combinacié de farmacs per augmentar la resposta
terapéutica dels antidepressius. Normalment els coadjuvants s’afegeixen al tractament amb SSRIs.
Els tres tipus d’accid dels coadjuvants no s’exclouen matuament (Millan, 2006).
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antidepressius amb altres farmacs, no necessariament antidepressius (Figura 9) i
gue intenten suplir les mancances i el retard en la resposta terapéutica
d’aquests.

També s’estan buscant estrategies per identificar i utilitzar la farmacoterapia
més adecuada en cada cas, com ho representen els projectes IMPACTS
(Implementation of Algorithms using Computerized Treatment Systems, en
anges) i el STAR*D (Sequenced Treatment Alternatives to Relieve Depression, en
anglés) (Trivedi et al., 2007; Trivedi and Daly, 2008).

4. Escorca prefrontal

L'escorca prefrontal (EPF) és I'area cerebral responsable de funcions cognitives i
emocionals superiors, essencialment més integradores, i dedicades a la
representacié i execucié d’accions. Aixi doncs, 'EPF pot processar informacio
externa (amb tots els sistemes sensorials, i amb estructures motores corticals i
subcorticals) aixi com informacié interna (limbica i estructures del cervell mig
implicades en afecte, memoria i recompensa), sintetitzar-la, i controlar
I’execucio d’accions en funcio de I'entorn (Fuster, 2001; Miller and Cohen, 2001;
Miller et al., 2002). La dopamina té un paper clau en aquestes funcions que es
detalla en I'apartat 1.6.3.

4.1. Anatomiai connectivitat

L'EPF es troba en la part més rostral del [obul frontal i constitueix el nivell més alt
en la jerarquia de les escorces cerebrals, amb un desenvolupament filogenétic i
ontogenetic més tarda. De fet, 'EPF en el cervell dels humans arriba a tenir el
creixement relatiu més gran, on ocupa aproximadament un terg del neocortex, i
no assoleix la maduresa (completa mielinitzacié i sinaptogénesis) fins a
I’adolescencia (Fuster, 2001).

L'EPF d’humans i primats esta dividida en tres subregions: orbital, medial i
lateral. L'EPF orbital i medial estan implicades principalment en comportament
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emocional i controla activitats viscerals i autonomes. En canvi, L'EPF lateral —en
particular la dorsolateral- que és la més desenvolupada en humans, proporciona
el suport cognitiu necessari per a I'organitzacié temporal del comportament, la
parla i el raonament. Aquesta organitzacié temporal esta basada en xarxes
neuronals que representen la memoria a llarg termini de sequencies
comportamentals, plans i esquemes d’accié (memoria executiva), i és necessaria
per altres funcions relacionades com és la WM o memoria operativa (Fuster,
2001).

La funcionalitat de I'EPF no es deguda a I'estructura per se, sind que depen de la
seva gran connectivitat, generalment reciproca. Concretament, I'EPF rep i envia
projeccions a practicament totes les escorces sensorials i motores aixi com a
estructures subcorticals (Figura 10) (Fuster, 1997; Groenewegen and Uylings,
2000; Hoover and Vertes, 2007; Vertes, 2004).

‘ Escorga premotora
>

1 Escorga prefrontal o Escorga d'associacio s?matosensonal
i ‘__’_4__» visual

i Dorsolateral — auditiva

1

1

! I ‘\.» Escorga d'associacié  olfactiva

1 S — B

i Orbitomedial gusiative

i ~_ visceral

{ Ganglis basals

| Sistema colinérgic del mesencefal |

v

1 | Nuclis monoaminergics (DA, 5-HT, NE, histamina) |

1§ Hipotalem

Tronc de l'encefal |

¥

Medul.la espinal

Figura 10. Esquema representatiu de la connectivitat de I'escorga prefrontal dorsolateral (blau) i
orbitomedial (vermell) de primat. En negre connexions comunes (modificat de (Groenewegen and
Uylings, 2000).
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Entre les estructures subcorticals destaca la gran connectivitat reciproca de I'EPF
amb el talem, concretament el nucli mediodorsal (MD), que ha estat utilitzat
com un criteri per poder definir I'EPF de diferents especies (Fuster, 1997; Rose
and Woolsey, 1947). L’EPF també projecta als nuclis monoaminergics (ATV, area
tegmental ventral; LC, locus coeruleus; i RD i RM, nuclis del rafe dorsal i medial),
I'hipotalem lateral, el sistema limbic (amigdala i hipocamp), ganglis basals
(caudat-putamen, nucli accumbens) i a ’habénula lateral, entre altres (Figura 10)
(Fuster, 2001; Groenewegen and Uylings, 2000; Uylings et al., 2003).

En la rata, 'EPF també es divideix en tres subregions: orbital, medial (EPFm) i
lateral. | a la vegada, 'EPFm es divideix en tres zones: cingulada anterior,
prelimbica, i infralimbica. Estudis de connectivitat i funcionalitat suggereixen que
la zona prelimbica de rata seria analoga a la EPF dorsolateral de primats, mentre
gue la zona infralimbica ho seria de la EPF orbitomedial (Uylings et al., 2003;
Vertes, 2004; 2006).

4.2. Citoarquitectura

L'EPF en humans i primats esta formada per sis capes o lamines, numerades de
forma creixent des de la superficie de I'escorca fins a la materia blanca (Figura
11) i mostra també una organitzacid vertical en columnes (DeFelipe, 2002).
Aproximadament un 75-80 % de les neurones corticals sén piramidals. Aquestes
neurones tenen un cos cel-lular amb forma triangular d’aproximadament 25-50
um de diametre, una dendrita apical que es dirigeix cap a la superficie cortical, i
diverses dendrites a la base. Les neurones piramidals son excitadores i envien
projeccions a diferents arees cerebrals segons en la capa on es trobi el cos
cel-lular (Figura 11). | a la inversa, les aferencies d’altres regions també innerven
capes corticals especifiques, per exemple, el talem innerva les capes Ill i IV,
mentre que les neurones dopaminergiques innerven capes V i VI, i les
noradrenérgiques i serotonergiques innerven totes les capes perd més
densament en la capa V. El 20-25 % restant de neurones de I'EPF sén
interneurones GABAeérgiques. Aquestes neurones tenen molta diversitat
morfologica, bioquimica, fisiologica i funcional. A més, es troben distribuides per
totes les capes corticals i els seus axons sén molt arboritzats i innerven de forma
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local a 'EPF (Beneyto and Lewis, 2010; DeFelipe, 2002; Lewis and Lieberman,
2000).

En la rata, la capa 4 granular no existeix i degut a la compactacié de les capes
només es distingeixen 4 capes: |, lI/ll, V i VI (Groenewegen and Uylings, 2000;
Swanson, 1998).

Orbital

| ! ] &
From: Tar Ta: Ter Tt
Thalamus  Thatamus Spinal Cord Caontralnteral Ipsitataral
Pona Coetax Cortox
Mexduila

Figura 11. Esquema de les capes corticals de I'EPF i la posicié de diferents neurones piramidals en
funcié de les seves projeccions, modificat de (Beneyto and Lewis, 2010; Dobbs, 2010).

4.3. Alteracions en esquizofrenia i depressio

Les funcions de I'EPF, tant emocionals com cognitives, s’han vist alterades en
malalties psiquiatriques com I'esquizofrénia i la depressid (Lewis and Lieberman,
2000; Nestler et al., 2002). En ambdues malalties s’ha descrit una reduccié del
volum cortical, aixi com una reduccié de la funcid i el metabolisme energetic en
I’'EPF dels malalts (Harrison, 1999b; Savitz and Drevets, 2009a).

En particular en I'esquizofrénia, s’ha vist que les neurones piramidals de I'EPF
sdn més petites i tenen menys densitat de dendrites de la base, més curtes i
menys arboritzades, mentre que les neurones GABAeérgiques també tenen la
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transmissid alterada (Figura 12), per més detall revisar (Lewis and Lieberman,
2000; Lewis and Sweet, 2009).

Per altra banda, la dopamina té un paper molt important en la funcié prefrontal
(veure apartat 1.6.3.; (Robbins, 2000; Williams and Goldman-Rakic, 1995). Una
prova d'aixo I'obtenim d'estudis de neuroimatge, on es mostren anormalitats en
les vies dopaminergiques ascendents en pacients esquizofrenics (Abi-Dargham et
al.,, 2002; Laruelle et al.,, 1996). Curiosament, els farmacs antipsicotics atipics
tenen el seu efecte en I'EPF, i sembla que milloren la simptomatologia negativa i
cognitiva de I'esquizofrénia degut a I'augment de DA cortical que produeixen
(Kuroki et al., 1999). Aixi mateix, els tractaments farmacologics antidepressius
tendeixen a augmentar els nivells de monoamines, pero a més s’ha vist que tant
tractaments farmacologics com d’altres (terapia electroconvulsiva, estimulacié
magnetica transcranial i deprivacié del son) augmenten de forma consistent la
dopamina cortical (D'Aquila et al., 2000; Lavergne and Jay, 2010).
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—o ;
i Somal size
G Dendrite length
e Spine density I G CB1 CCK mRNA
L 2 p/ CB1 mRNA
o 3 . —
2 = PVALB mRNA el
) o QGAN mRNA
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Figura 12. Esquema de alteracions en circuits corticals de I'EPF dorsolateral en humans (Lewis and
Sweet, 2009). CB1, receptor de cannabinoides 1; CCK, colecistoquinina; CR, calretinina; GABA, acid
y-aminobutiric; GABA, «2, subunitat a2 del receptor de GABA,; GAT1, transportador de GABA;
GADg;, glutamat descarboxilasa; PVALB, parvalbumina; SST, somatostatina.
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5. Nucli accumbens

El nucli accumbens (NAc) forma part del sistema limbic i concretament es troba
en la part antero-ventral de I'estriat. Tot i aixi, tradicionalment se li han atribuit
funcions diferents del propi estriat. Ja des de el 1980, Mogenson i coautors
proposaven que el NAc funcionava com a interfase entre el sistema limbic i el
motor (Mogenson et al., 1980). Més endavant, els estudis del NAc s’han centrat
en el seu paper en la motivacié i recompensa, en el control d’accions en resposta
a estimuls imprevisibles temporalment (Nicola, 2007), fins a tenir un paper
important en memoria i aprenentatge (Nelson et al., 2010; Pennartz et al., 2009)
i en el control de conductes dirigides a I'obtencid6 de metes (goal-directed
behaviours, en anglés) (Floresco, 2007; Grace et al., 2007).

5.1. Anatomia i connectivitat

Com ja hem comentat, el NAc esta situat en la part antero-ventral de I'estriat, i
conté dos subregions principals, core i shell, i una tercera, el pol rostral. El core
es troba en la part central, directament sota i a continuacié de I'estriat dorsal, i
envoltant la comissura anterior, mentre que el shell envolta la part ventral i
medial del core i alhora es pot dividir en medial, lateral i ventral (Groenewegen
et al., 1999).

Les diferents subregions del nucli accumbens tenen una distribucié d’aferéncies i
eferéncies topograficament no homogénia que reflecteix la seva complexa
citoarquitectura (veure apartat 1.5.2.) (Groenewegen et al., 1999). Sense entrar
en el detall, el NAc rep aferéencies excitadores d’escorces, com la formacid
hipocampal, I'escorga prefrontal, i 'amigdala basolateral, aixi com també del
talem. Llavors el NAc (a I'igual que I'estriat) envia projeccions a arees motores
com el pal-lid ventral que alhora projecta al nucli mediodorsal del talem i altres
divisions talamiques, completant el cercle cortico-estriat-palid-talamo-cortical
(Figura 13). A més, el NAc és una zona molt innervada per fibres
dopaminergiques que provenen principalment de I’ATV i menys de la substancia
negra pars compacta, i també rep aferencies serotonérgiques del RM, i del nucli
A2 noradrenergic, el nucli del tracte solitari (Brog et al., 1993; Delfs et al., 1998;
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Groenewegen et al., 1999; Mogenson et al., 1980; Sesack and Grace, 2010).
Sembla que aquesta dopamina modularia els processos d’aprenentatge i
memoria regulant el flux d’informacié provinents dels diferents inputs limbics
(Floresco, 2007; Goto and Grace, 2008).
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' . Thal | -
g . Ll . v/
N’ ' l' ( ﬂ Y Cooan —> VP diy —> — i
y / % / e . STN !
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Figura 13. Principals (A) aferéncies i (B) eferencies del NAc i I'ATV de regions cerebrals relacionades amb
comportaments dirigits a I'obtencié de metes (Sesack and Grace, 2010). En vermell es mostren les estructures
inhibitories, en verd les excitatories i en groc la influéncia moduladora de la dopamina. BLA, amigdala basolateral;
LHA/LPOA, hipotalem lateral i area preoptica lateral; LHb, habénula lateral; Mid/Intral Thal, nucli talamic medial i
intralaminar; NAc, nucli accumbens; PAG/RF formacié gris periaqueductal i reticular; PPTg/LDT, tegment
pedunculoponti i laterodorsal; RMTg, nucli tegmental mesoponti rostromedial; VP, pal-lid ventral; vSub/Hipp,
subiculum ventral de I'hipocamp; VTA, area tegmental ventral; BF/hypoth, hipotalem i prosencéfal basal; MD thal,
nucli talamic mediodorsal; SNr, substancia negra reticulada; SNT, nucli subtalamic; VP dl/vm, VP dorsolateral i

ventromedial.

5.2. Citoarquitectura

El NAc té caracteristiques estriatals en un 90%, i com a tal, esta format per
neurones GABAérgiques de projeccié (medium spiny neurons, en angles). La
resta sén interneurones locals, incloent neurones colinergiques i amb
parvalbimina (Meredith, 1999).

Tot i aixi, les subregions core i shell sbn morfologicament, neuroquimicament i
funcionalment diferents. Una de les principals diferencies és la distribucio de la
proteina calbindina (proteina que s’uneix al calci), que és localitza més
densament en el core que en el shell (Groenewegen et al., 1999). Concretament,
el NAc core té una estructura compartimentalitzada i amb patrons de
connectivitat segregats com en [I'estriat, anomenada patch-matrix, on els
patches soén rics en acetilcolinesterasa i en receptors L opiods, mentre que la
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matrix és rica en fibres de somatostatina i calbindina, entre d’altres marcadors
(Gerfen, 1992). En canvi el NAc shell, que com s’ha descrit anteriorment és molt
poc immunoreactiu per la calbindina, no manté una estructura patch-matrix tant
clarament segregada com en el core, pero també esta subdividida en poblacions
o grups de neurones amb patrons d’aferéncies i eferéncies diferents de la
poblacié o grup vei (Groenewegen et al., 1999).

Aquestes diferencies es manifesten funcionalment i neuroquimicament, per
exemple s’ha descrit que I'estrés augmenta el metabolisme dopaminergic en el
shell, i no en el core. Per altra banda, antipsicotics com I’"haloperidol augmenten
els nivell de DA en el core i no en el shell, mentre que la clozapina produeix el
mateix efecte en ambdues subregions (Deutch and Cameron, 1992).

5.3. Alteracions en esquizofrenia i depressio

El NAc forma part dels circuits implicats en la regulacié d’emocions com soén
I'apatia i la motivacié. Aquestes funcions, tot i no ser un criteri clinic per
diagnosticar la malaltia per si sols (Levy et al., 1998), s’han vist alterades tant en
pacients esquizofrénics com depressius (Levy and Dubois, 2006; Nestler and
Carlezon, 2006).

Com ja s’ha esmentat en l'apartat 1.2.3.1., I'hipotesi dopaminérgica de
I’esquizofrenia descriu una hiperactivitat de la via dopaminérgica mesolimbica,
qgue seria la responsable de la simptomatologia positiva (Breier et al., 1997,
Weinberger, 1987). També s’ha descrit un augment dels receptors D2 de
dopamina estriatals (Joyce et al., 1988; Mita et al., 1986; Wong et al., 1986).

En pacients depressius també s’ha trobat un augment dels receptors de
dopamina D2 a nivell estriatal (Klimek et al., 2002; Shah et al., 1997) aixi com
hipersensibilitat a psicoestimulants (Tremblay et al., 2005). Per revisié mirar
(Dunlop and Nemeroff, 2007; Nestler and Carlezon, 2006; Papakostas, 2006).

A més a més, la gran connectivitat del nucli accumbens (Groenewegen and
Uylings, 2000; Groenewegen et al., 1999; Sesack and Grace, 2010), li déna un
paper crucial en la integracid i processament d’informacié d’estructures tant
limbiques com corticals. Aixi doncs, alteracions patologiques en aquestes
estructures aferents, com es el cas de I'escor¢a prefrontal (veure apartat 1.4.3),
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hipocamp i el sistema dopaminérgic en esquizofrenia i depressid, poden resultar
en alteracions funcionals associades al nucli accumbens (Goto and Grace, 2005;
2008; Levy and Dubois, 2006).

6. Sistemes monoaminergics

Els neurotransmissors monoamineérgics classics son la dopamina, la
noradrenalina i la serotonina. Aquestes monoamines biogéniques s’han descrit
com a sistemes que modulen una gran varietat de funcions, que van des de la
locomocid fins a comportaments complexos associats a emocions. A més,
alteracions en aquests sistemes s’han relacionat amb diferents patologies com
I’esquizofrenia i la depressié (veure apartats 2 i 3).

6.1. Origeniinnervacio dels sistemes
monoaminergics en el sistema nervios central

En el sistema nerviés central es distingeixen setze grups neuronals
catecolaminérgics i nou de serotonérgics (Dahlstroem and Fuxe, 1964) (Figura
14).

Els grups dopaminérgics sén nou (Figura 14 A), tres es troben en el mesencefal
(A8: grup retrorubral, A9: substancia negra i A10: ATV), cinc en el diencefal (A11,
Al12, A13, A14i A15) i un en el bulb olfactori (A16) (Bjorklund and Dunnett, 2007;
Dahlstroem and Fuxe, 1964). La dopamina és abundant en l'estriat, el nucli
accumbens, el tubercle olfactori, 'amigdala, I'eminéncia mitja i algunes arees de
I’escorga prefrontal.

Concretament, les vies dopaminergiques implicades en esquizofrenia i depressio
s’originen en I’ATV. La via mesocortical projecta basicament a I'EPFm, escorga
cingulada anterior i escorga suprarrinal. Mentre que la via mesolimbica projecta
principalment al NAc, amigdala, BNST, tubercle olfactori, séptum lateral,
hipotalem lateral, talem, habénula, hipotalem i la banda diagonal de broca.
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Els grups noradrenergics son set (Figura 14 B), quatre es troben en el bulb

raquidi (A1, A2, A3 i Ad) i tres en la protuberancia (A5, A6, i A7). Les projeccions

d’aquests nuclis es divideixen en funcié de la seva trajectoria en un feix ventral i

un dorsal. La via noradrenergica ventral s’origina en els nuclis A1, A2, A5 i A7 i

innerva el mesencefal i de forma massiva I’hipotalem i el telencéfal. Mentre que

. L= e /_;‘:59 Escorca prefrontal
— A1~ Rl Mucli accumbens

L Tuberdle olfactori
_~"" Emingnciamitja Estriat dorsal
Amigdala

Bulb olfactéri

Escorca
Septum
Al Hipocamp

YK Hipotalem
Estria terminalis
C Hipocamp Escorga cerebral
Cerebel ——
i - K\\T/__""'

— Estriat dorsal
nucli accumbens

L _.-\
| VP -
st
= @) B
M Estria terminalis
o Hipotalem

Figura 14. Esquema de les projeccions dels sistemes
(A) dopaminergic, (B) noradrenergic i (C) serotonergic
en el cervell de la rata.

la via noradrenergica dorsal
s’origina principalment del nucli A6,
anomenat locus coeruleus, i
projecta al talem, hipotalem dorsal,
hipocamp i arriba fins a zones
distals com I'escorga cerebral (Foote

et al., 1983; Seguela et al., 1990).

Per ultim, el sistema serotonergic té
una distribucié molt semblant al
Els
neurones

noradrenergic (Figura 14 C).
de
serotonergiques es troben en el

nuclis les
tronc de I'enceéfal, el mesencefal i la
protuberancia i es divideixen en
caudals (B1, B2, B3 i B4) i rostrals
(B5, B6, B7 i B8) (Pineyro and Blier,
1999; Tork, 1990). Els grups B5 i B8
corresponen al RM, que projecten
més al sistema limbic, mentre que el
B6 i B7 correspon al RD, que conté
aproximadament un 50-60 % dels
cossos neuronals serotonergics del
central, i
projecta a escorca i a I'estriat.

sistema nervids que

Finalment, és important mencionar
nuclis monoamineérgics
de
reciproca i, tal com s’ha definit en
I'apartat 1.4.1, tots estan controlats

per I'escorga prefrontal (Figura 15).

que els

també s’innerven forma
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Figura 15. Esquema de interconnexions entre els nuclis monoaminérgics, I'escorga prefrontal i el
nucli acumbens. S’han representat la localitzacié principal dels receptors objecte d’estudi en el
present treball.

6.2. Mecanismes de regulacio de les neurones
monoaminergiques

Les neurones monoaminérgiques (Figura 16) sintetitzen els seus respectius
neurotransmissors (Elhwuegi, 2004), que sén emmagatzemats pel transportador
vesicular de monoamines (Masson et al., 1999), i alliberats per exocitosi
depenent de calci (Llinas, 1977). Un cop alliberat el neurotransmissor a I'espai
sinaptic, aquest actuara sobre els receptors pre- i postsinaptics (Boehm and
Kubista, 2002; Starke et al., 1977). La eliminacié de les monoamines de I'espai
sinaptic es produeix o bé a través de la recaptacio pel transportador (Masson et
al., 1999; Torres et al., 2003), o bé per inactivacié enzimatica. Per revisié mirar
(Elhwuegi, 2004).
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Dopamine neuron Noradrenaline neuron 5-Hydroxytryplamine neuron
| Tyrasine \ Cacaine | Tyrosine Cocaine
\ GBR 12935 N Cocaine Fluoxetine
L-DOPA WIN 35,428 L-DOPA Nisoxetine Paroxeting
RTI-121 Reboxetine Sertraline

Adremer‘glc . 5 HT

autoreceptors
LI
°

/ DA receptors \ / Adrenergic receptors \\ /’
Vo

Figura 16. Esquema representatiu de les terminals sinaptiques dopaminérgiques, noradrenergiques i
serotonergiques (Torres et al., 2003). Els transportadors de monoamines es localitzen prop de la
sinapsis, on son crucials per la finalitzacié de la transmissi6 monoaminérgica i el manteniment del
magatzem dels respectius neurotransmissors. En la figura es mostren alguns agents farmacologics que
actuen sobre els transportadors monoaminérgics. Amph., amfetamina; L-DOPA, L-3,4-
dihidrofenilalanina; MPP+, 1-metil-4-fenilpiridina; MDMA, (+)-3,4-metilendioximetamfetamina; NA,
noradrenalina.

6.2.1. Sintesi

La DA i la NE comparteixen la ruta de sintesis, on la tirosina és el precursor comu.
La tirosina es converteix en la 3,4 dihidroxifenilalanina (DOPA) utilitzant I'enzim
tirosina hidroxilasa (que és I'enzim limitant), i posteriorment la DOPA es
transforma en dopamina gracies a I'enzim aromatic L-aminoacid descarboxilasa
(AADC). En la neurona noradrenergica aquesta DA que es troba en les vesicules
sera transformada a NE per la dopamina-f-hidroxilasa.

Per altra banda, la serotonina s’origina a partir del triptofan, on I'enzim limitant
triptofan hidroxilasa el converteix a 5-hidroxi-triptofan que sera convertit
posteriorment per la AADC en 5-hidroxitriptamina (5-HT), o comunament
anomenat serotonina.
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6.2.2. Transportadors

Els transportadors de monoamines pertanyen a una familia de proteines
transportadores amb 12 dominis transmembrana que requereixen el co-
transport de ions Na* i Cl per a la recaptacié de les respectives monoamines de
I’espai extracel-lular. EI NET i SERT necessiten un ié Na* i un CI” per al transport
d’una molécula de neurotransmissor, mentre que el DAT utilitza dos ions Na* i un
de CI" per molécula (Gu et al., 1994; Torres et al., 2003). S’ha demostrat que el
DAT i el NET poden transportar tant dopamina com noradrenalina in vitro i in
vivo amb una constant d’afinitat similar (Carboni et al., 1990; Giros et al., 1994,
Moron et al., 2002).

Per altra banda, el SERT i NET sén dianes claus en els tractaments antidepressius
(veure apartat 1.3.4), mentre que el de dopamina ho és pel trastorn de
hiperactivitat i deficit d’atencio (lversen, 2006).

6.2.3. Inactivacio enzimatica

Els enzims responsables del metabolisme de les monoamines sén la MAO i la
COMT (Kopin, 1985; Shih et al., 1994). La MAO es troba en la part externa de la
mitocondria i n’existeixen dues isoformes, la MAO-A i la MAO-B. La MAO-A és la
responsable de metabolitzar la serotonina i la noradrenalina, mentre que la
dopamina es oxidada per igual per les dues isoformes. La COMT s’encarrega de
metabolitzar les catecolamines i es troba basicament en la neurona postsinaptica
i en cel-lules glials.

Es d’especial interés recordar que els inhibidors de la MAO van ser dels primers
antidepressius utilitzats (veure apartat 1.3.4.), pero es van deixar d’utilitzar degut
als efectes secundaris produits per la inhibicié de I’enzim a nivell periféric, on es
troba en major concentracié en el fetge i els ronyons. Per altra banda, el gen de
la COMT s’ha relacionat amb el risc de desenvolupar esquizofrénia (Taula 1,
apartat 1.2.2 i 1.2.3.2) (Harrison and Weinberger, 2005) i polimorfismes de la
MAO-A i de la COMT s’han postulat factors de risc de patir depressié (apartat
1.3.2.) (Savitz and Drevets, 2009b).
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6.2.4. Receptors

Els receptors de monoamines son receptors de set dominis transmembrana
acoblats a proteina G, a excepcio del receptor 5-HT; de serotonina, que és I'tnic
que esta acoblat a un canal ionic (Taula 4). En la present Tesis doctoral sén
d’especial interés els receptors de serotonina 5-HT;, i 5-HT,s, aixi com els
receptors de noradrenalina c,.

El receptor HT4 té una localitzacié tant presinaptica com postsinaptica (Hoyer et
al.,, 1994; Hoyer et al., 2002; Pazos and Palacios, 1985). A nivell presinaptic es
troba en el soma de neurones serotonergiques dels nuclis del rafe, RM i RD, on
actua com a autoreceptor. A nivell postsinaptic es troba principalment en
estructures limbiques com hipocamp, septum, hipotalem, amigdala i talem, i
també a escorca.

En canvi el receptor 5-HT,, té una localitzaciéd somatodendritica en neurones no
serotonergiques. El receptor es troba ampliament distribuit a I'escorca, pero
també s’ha trobat amb menys proporcié en el claustre, en el nucli olfactiu i
ganglis basals (Hoyer et al., 1994; Hoyer et al., 2002; Pazos et al., 1985).

Finalment el receptor adrenergic o, es localitza a nivell presinaptic en neurones
noradrenergiques on actua d’autoreceptor, i també a nivell postsinaptic
(Boyajian et al., 1987; Happe et al., 2004; King et al., 1995; Pazos et al., 1988).
S’han trobat densitats altes de receptors en |'escor¢a frontal i entorrinal, en el
nucli olfactori anterior, estriat, septum, talem, hipotalem, amigdala, hipocamp,
nucli parabraquial dorsal, cerebel, locus coeruleus i nucli del tracte solitari.
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Monoamina Familia/Classe Subtipus Proteina G Transductor
de Receptors de senyal
Dy
D1 Gs AMPc
Ds
DA D,
D2 D3 Gi/o AMPc
D4
(CETN
ol O1p Gq PLC
Glip
Olaa
NE o2 Clog Gi/o AMPc
Ol
B
B B2 Gs AMPc
B3
5-HT1a
5-HTqs
5-HT1 5-HT4p Gi/o AMPc
5-HT4¢
5-HTy¢
5-HT>a
5-HT2 5-HT,8 Gq PLC
5-HT 5-HT,¢
5-HT3a
5-HT3 5-HT3; Canal ionic
5-HT;3c
5-HT4 5-HT, Gs AMPc
5-HTsa
5-HT5 ?2(+) AMPC
5-HTsg
5-HT6 5-HTg Gs AMPc
5-HT7 5-HT; Gs AMPc

Taula 4. Receptors de dopamina (Emilien et al., 1999; Jaber et al., 1996), noradrenalina (Hein and
Kobilka, 1995; Philipp and Hein, 2004; Raymond et al., 1990) i serotonina (Hoyer et al., 1994; Hoyer
et al., 2002), i els principals mecanismes de transduccio de senyal.
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6.3. Paper de la dopamina a I’escorc¢a prefrontal

La dopamina modula una gran varietat de funcions cerebrals superiors que
inclouen, entre altres, aprenentatge i memoria, percepcid, recompensa,
resposta a I'estres i secrecié hormonal. A més, la DA és diana molecular i cel-lular
de molts farmacs, on destaquen els antipsicotics, antiparkinsonians (levodopa),
tractament del trastorn d’hiperactivitat i deficit d’atencié. També s’ha vist
implicada en el mecanisme d’accié de drogues d’abus, de les quals algunes
actuen de forma directa sobre neurones DA (amfetamina, cocaina) i altres
modulant I'activitat del sistema de forma indirecta (opiacis).

Una de les funcions on la DA cortical té un paper fonamental és la memoria de
treball o WM, fonament fisioldgic en el que resideixen gran part de funcions de
I’escorca cerebral, i que es troba alterat en esquizofrénia. Es una memoria a curt
termini, que a menys que hi hagin efectes reforcants es perd. Seria com la
memoria RAM d’un ordenador, que només passa a ser permanent si es grava en
el disc dur. En primats s’ha vist que la WM depéen de I'augment de la freqliéncia
de descarrega de les neurones piramidals de I'EPF, que s’activen en preséncia de
I'estimul i es mantenen actives mentre lindividu necessita recordar una
determinada orientacié per la correcta realitzacié de la tasca. El bloqueig de
receptors de dopamina D1 corticals

indueixen errors en la realitzacio de & ¥

tasques on la WM és necessaria )
(Sawaguchi and Goldman-Rakic, 1991) i
I"administracié d’agonistes DA D1 millora
el deéficit en WM causada per
I'administracié repetida d’antagonistes
(Castner et al.,, 2000). De fet, la WM

requereix d’una activacid Optima dels ieivels de dopaiina 4 Pessorca
prefrontal dorsolateral

SZ/control Early PD

Meméria de treball (WM)

receptors D1 de DA, que segueixen una

dosi resposta en forma de U invertida Figura 17. Esquema de la relaci6 en forma
de U invertida entre la funcié de WM i els

) ) . nivells de DA a Vlescorca prefrontal
receptors de DA D1 produeix una disfuncié dorsolateral d’humans, modificat de (Leh et

de la funcié cognitiva (Vijayraghavan et al., 2l 2010). SZ, pacients esquizofrénics; PD,
- . pacients de parkinson.
2007; Williams and Goldman-Rakic, 1995).

(Figura 17), on poca o massa activacié dels
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Una de les hipotesis de I'esquizofrenia descriu una disminucié de [’activitat
dopamineérgica cortical (Weinberger, 1987; Weinberger et al., 1994; Weinberger
et al., 1988), i de fet, la innervacié DA a |'escorga prefrontal s’ha vist disminuida
en pacients esquizofrénics (Akil et al., 1999; Lewis and Lieberman, 2000), aixi
com el nombre de receptors dopaminergics D1 (Okubo et al., 1997) que podrien
contribuir al deficit de WM d’aquests pacients. També s’han descrit una
hipodopaminérgia en malalts depressius, que explicaria I'augment dels receptors
de dopamina D2 a nivell estriatal i la hipersensibilitat a psicoestimulants (Dunlop
and Nemeroff, 2007; Papakostas, 2006; Tremblay et al., 2005).

Per tant, sembla evident que un augment de DA, en particular en I'escorca
prefrontal, podria millorar les funcions cognitives d’aquestes malalties
psiquiatriques. Tot i aixi, basant-nos en la relacié en forma de U invertida de la
funcié de WM en resposta a l'activacié del receptor D1 de DA, un augment
massa elevat dels nivells de DA podria resultar també en un empitjorament els
simptomes negatius i cognitius de I'esquizofrénia i depressié.

Per contra, el problema d’augmentar els nivells de DA de forma general a
I'encefal és I'afectacié directa de les altres vies dopaminergiques (Figura 18).
Concretament, els agonistes dopaminérgics augmenten I'activitat motora i els
moviments estereotipats degut a I'activacié de receptors D1 i D2 de DA del
circuit motor dels ganglis basals. Aixi, I'activacié d’ambdéds receptors (via directa i

Estriat
Sistema DA nigroestriat

Escorca
frontal

Hipotalem
posterior

Estriat ventral

Amigdala
Sistema DA
tuberoinfundibular
Sistema DA mesolimbic

Area tegmental ventral

Cap ala médula

Substancia negra espinal

Figura 18. Esquema dels principals sistemes dopaminérgics en el SNC.
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indirecta) es tradueix en un mateix efecte, la desinhibicié de la substancia negra
reticulada, i per tant, un augment de I'activitat de les neurones talamocorticals.
La via tuberohipofisal (que s’origina als nuclis arcuat i periventricular i innerva el
Iobul mig de la hipofisis i I’'eminencia mitja) participa en la secrecié hormonal,
sobretot de prolactina, que es produeix i s’allibera per DA, i és un dels
simptomes secundaris produits pels antipsicotics classics. Finalment, la
hiperdopaminérgia en la via mesolimbica s’atribueix a la simptomatologia
psicotica de I'esquizofrénia, pero per contra, la relacié de la via mesolimbica amb
la motivacid i recompensa fa que un augment excessiu de DA en aquesta via
pugui desembocar en problemes d’addicid i tolerancia, i la seva inactivacié en
falta de plaer.
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Objectius

1. Hipotesiiobjectiu general

La hipotesi de treball de la present Tesi Doctoral planteja que un augment
selectiu de I'activitat del sistema dopaminergic cortical podria ser beneficids en
el tractament antidepressiu i de la simptomatologia negativa i cognitiva en
malalts esquizofrénics.

En aquest marc, I'objectiu general de la Tesi ha estat desenvolupar estratégies
farmacologiques per a augmentar de forma selectiva la funcié dopaminérgica a
I'escorca prefrontal, utilitzant estrategies farmacologiques que actuin sobre els
sistemes serotonérgics i noradrenergics.

1.1. Objectius concrets

1. Estudiar el paper dels receptors 5-HT,, i 5-HTi4 en l'augment de
dopamina en I'escorca prefrontal medial produit per antipsicotics atipics.

2. Estudiar la regulaci6 farmacologica diferencial de les Vvies
dopaminergiques mesolimbica i mesocortical.

3. Estudiar el paper del sistema noradrenérgic en la regulacio dels nivells de
dopamina mesocortical.

4. Proposar noves estrategies farmacologiques en depressio i esquizofrenia
basades en I'augment de dopamina cortical.
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1. Materials

1.1. Animals

En tots els treballs s’han utilitzat rates albines mascle de la soca Wistar i
subministrades per Iffa Credo (Lyon, Francga), de pes entre 250 i 320 grams. En el
primer treball també s’han utilitzat ratolins mascle de la soca C57BL/6,
subministrats per Iffa Credo (Lydn, Franga), i ratolins mascle genoanul-lats
(knockout, KO) per als receptors de serotonina 5-HT;, i 5-HT,,, dels quals el
nostre grup té colonies estables a I'estabulari de la Facultat de Medicina de la
Universitat de Barcelona. Tots els ratolins KO presenten el mateix fons genetic
que els seus respectius controls C57BL/6 i tenen entre 10-15 setmanes d’edat en
el moment dels experiments. Els ratolins KO del receptor 5-HT, es van generar a
la Universitat de Princeton (EUA) pel grup del Dr. Miklos Toth (Parks et al., 1998),
mentre que el KO del receptor 5-HT,, va ser generat a la Universitat de Columbia
(New York, EUA) pel grup de Jay Gingrich (Fiorica-Howells et al., 2002; Weisstaub
et al., 2006).

Els animals han estat estabulats en una habitaci6 amb temperatura controlada
(22 + 2 °C), amb cicle de 12 hores de llum/foscor (les llums s’obren a les 7 del
mati), i amb I'accés lliure a menjar i aigua. La cura i tractament dels animals es
realitza segons la legislacié europea de “Proteccid dels Animals Utilitzats per a
Experiments i Altres Proposits Cientifics”, d’acord amb les normes de la Unid
Europea (0.J. of E.C. L358/1 18/12/1986).

1.2. Farmacs i compostos

Tots els farmacs i compostos utilitzats es detallen en la Taula 5.

Els reactius analitics, incloent compostos necessaris per la preparacio del liquid
cefaloraquidi artificial (LCRa), fases mobils per als analisis de mostres utilitzant
cromatografia liquida d’alta resolucié (HPLC), aixi com el bicarbonat per ajustar
el pH de les solucions, s’"han obtingut de Merck (Alemanya).
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La composicid de les fases mobils per a la deteccié de monoamines per HPLC es

detalla en I'apartat 111.2.1.6. El LCRa utilitzat en els experiments de microdialisi té
la composicid segiient en nM: NaCl, 125; KCl, 2.5; CaCl,, 1.26 and MgCl,, 1.18 (pH
final 6.5); i en el 2n i 3r treball s’ha utilitzat el doble de CaCl, (2.52 mM) per
facilitar I'alliberacio, i per tant deteccid posterior, de la dopamina.

C t
?én:::):c/ Farmacologia Treball
Clozapinal’z Antipsicotics atipics L
Olanzapina® P P 1
Risperidona1 1
EEDQ Agent alquilant que |nactlya els receptors 1
acoblats a proteines G
pol* Agonista 5-HT,a 5 1
[*H]mesulergina® 1
Mianserina Antagonista 5-HTp/5c 1
Ritanserina® 1
SB-242084" Antagonista 5-HT,¢ 1
Spiperona1 Antagonista 5-HT;, 1
[’H]8-OH-DPAT* : 1
BAY x 3792° Agonista 5-HT, 1
WAY-100635" Antagonista 5-HT, 1
5-HT oxalat® Indolamina 1,2,3
Dopamina clorhidrat’ Catecolamina 1,2,3
Noradrenalina bitartrat® Catecolamina 2,3
Citalopram bromohidrat 1,3
P - - > Inhibidor selectiu SERT (Antidepressiu)
Fluoxetina clorhidrat 2
Reboxetina mesilat’ Inhibidor selectiu NET (Antidepressiu) 2,3
Desipramina clorhidrat’ Inhibidor selectiu NET 2
GBR12909 clorhidrat Inhibidor selectiu DAT 2
Nomifensine maleat® Inhibidor DAT/NET 2
Haloperidol1 Antipsicotic classic 2
DSP-4" Toxina NE 2
6-OHDA' Toxina DA/NE 2
RX821002 clorhidrat’ Antagonista selectiu o2 2
Mirtazapina’ Antagonista ¢2 (Antidepressiu) 3
Formalina® Fixador 1,2,3
Fast Green' Colorant 1,2,3
Neutral Red" Colorant 1,2,3

Taula 5. Farmacs i compostos utilitzats, la seva diana farmacologica, i treball en el que s’ha utilitzat.
Els proveidors dels farmacs o compostos sén: 1Sigma/RBI (Espanya), Tocris (UK), 3Eli Lilly (EUA),
*Amersham (GE Healthcare) (Espanya) i 5Bayer, Lundbeck A/S (Denmark).
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2. Metodes

2.1. Microdialisi intracerebral in vivo

La microdialisi intracerebral in vivo permet I'obtencié de mostres representatives
del liquid cefaloraquidi al voltant de la sonda. Aixi doncs, I'analisi d’aquestes
mostres ens pot mostrar canvis en els nivells de neurotransmissors produits per
tractaments especifics, com poden ser l'aplicacié6 de compostos o farmacs,
estimulacié electrica, lesions i fins i tot comportaments.

Els experiments de microdialisi intracerebral requereixen de la construccié de la
sonda de microdialisi, la posterior implantacié estereotaxica d’aquesta sonda en
la rata o ratoli, I'experiment propi de microdialisi en I'animal on es recullen les
mostres de dialitzat cerebral, I'analisi del contingut d’aquestes mostres, i la
posterior comprovacio histologica de la correcta implantacié de la sonda.

2.1.1. Construccio de sondes de microdialisi

En el present treball s’han utilitzat sondes de microdialisi concéntriques en
forma de Y (Adell and Artigas, 1998) (Figura 19). El cos de les sondes de
microdialisi esta format per dos tubs d’acer inoxidable curts de 27 G (0.41 mm
diametre extern (DE),
0.20 mm  diametre

Tub polietile intern (DI), 7 mm de

Tub d’acer inoxidable 27 G

Segell d’Araldit®
Proteccié ciment dental kerr ® TAB 2000 llarg de 25 G (0.51 mm

Proteccid plastic termofusible
DE, 0.30 mm DI, 20 mm

> Tub de silica capil-lar fosa de longitud en rata i 15
——> Tub d’acer inoxidable 25 G

longitud) i un de més

mm en ratoli) (A-M
5 Systems, Carlsborg, WA,

————— > Segell de Loctite® gel

N —— Membrana de dialisi Cuprophan EUA)' En el seu interior
- Tt
[—> Segell de Loctite® gel shi fa passar dos tubs
de silica capil-lar fosa
Figura 19. Esquema d’una sonda de microdialisi. (0.11 mm DE, 0.04 mm
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DI) (Composite Metal Service LTd, The Chase, Hallow, Regne Unit). La unié dels
tres tubs d’acer es segella amb Araldit® (Ciba-Geigy) i es protegeix amb ciment
dental Kerr® TAB 2000. Els tubs d’acer inoxidable de 27 G es connecten a tubs de
polietilé (0.61 mm DE, 0.28 mm DI) (Smiths Medical International Ltd., Kent,
Renge Unit) per facilitar la connexié de la sonda amb la bomba de perfusié, i es
recobreix aquesta unid amb un plastic termofusible. A I'altre extrem, el tub
d’acer de 25 G es connecta amb la membrana de dialisi Cuprophan (Gambro,
Lund, Suécia), 'extrem de la qual juntament amb la zona d’unid al tub d’acer es
segellen amb Loctite® gel. La membrana consisteix en una fibra buida de
cel-lulosa regenerada (0.25 mm DE, 0.22 mm DI) amb una mida de porus que
permet el pas de molecules d’un pes molecular inferior a 5000 daltons.

Aixi doncs, el liquid de perfusié entra per un dels tubs de polietile i passa pel tub
llarg de silica capil-lar fosa que arriba fins a la zona d’ intercanvi, on hi ha la
membrana de dialisi. El dialitzat que s’intercanvia per la membrana entra pel tub
de silica capil-lar fosa més curta i surt per I’ altre tub de polietilé que porta fins a
un vial, on es recollira la mostra per al seu posterior processament.

2.1.2. Implantacio de les sondes de dialisi

La implantacié intracerebral de sondes de microdialisis s’ha dut a terme
mitjancant tecniques d’estereotaxia (Figura 20), seguint un protocol que es
resumeix a continuacioé:

1. La rata o ratoli s’anestesien amb -
pentobarbital sodic (60 i 40 mg/kg e
respectivament). ../,,ﬁffl"

2. l'animal es colloca en un - e & |
estereotaxic (David Kopf / 3 FJ }

Instruments, Tujunga, CA, EUA), i

sobre una manta eléctrica que i
manté la temperatura a 37 °C.
3. Amb un bisturi es fa una incisid

Exposed skull

Microdialysis Probe

longitudinal deixant el crani al

descobert. Figura 20. Esquema d’una rata col-locada

4. Es pren la mesura de bregma i es enun estereotaxic.
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calculen les coordenades de I'area (o arees) d’interes (Taula 6).

5. El crani de l'animal es perfora amb una broca, sense trencar la
duramater, a la coordenada anteroposterior (AP) i lateral (L) d’interés on
es col-locara la sonda.

6. Utilitzant la mateixa broca es perforen 3 forats més en el crani de la rata
-0 2 en el cas del ratoli-, intentant rodejar el lloc d’'implantacié de la
sonda i a ser possible en ossos del crani diferents, on es col-loquen uns
cargols (Microbiotech/se AB, Estocolm, Suécia).

7. S’introdueix la sonda de dialisi al teixit cerebral, previ trencament de la
duramater amb una agulla fins a la coordenada dorsoventral (DV)
d’interes.

8. Safegeix una base de ciment dental Kerr® TAB 2000, que s'utilitza per
fixar la sonda als cargols préviament fixats al crani, donant rigidesa i
proteccio a |'estructura.

9. Un cop acabada I'operacié, els animals es mantenen de forma individual
amb accés lliure a aigua i menjar.

Per la implantacié de canules d’infusié es procedeix de forma semblant fins al
pas 5. Llavors s’introdueix la canula fins a la coordenada DV calculada i es realitza
la infusid local del compost o farmac mitjancant una bomba d’infusié a un flux
d’1 pl/min. Finalment es deixa reposar uns minuts i es treu lentament la canula i
es sutura la pell de sobre el crani.

En el cas de I'implantacié d’eléctrodes, el procediment és similar al d’implantacié
de sondes. L’Unica diferéncia consisteix en afegir una primera capa de pegament
(Super Glue-3 gel) i un tub de polietile (1.67 mm DI) (Becton Dickinson and
Company, Sparks, MD) al voltant de I'electrode abans d’afegir el ciment dental
(pas 8), per fixar i protegir I'eléctrode.

Les coordenades estereotaxiques on es col-loquen les sondes de dialisi, canules i
electrodes es calculen a partir d’atles d’anatomia del cervell de rata (Paxinos and
Watson, 1998) i ratoli (Franklin and Paxinos, 1997), respectivament. Les
utilitzades en la present Tesi es resumeixen a la Taula 6.
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Regid Membrana Experiment AP L DV Treball
(mm)

EPFm* 2.0 Simple sonda +2.2 -0.2 -3.4 1
EPFm 4.0 Simple sonda +3.2 -0.8 -6.0 1,2,3
NAc 1.5 Simple sonda +1.6 -1.1 -8.0 2,3

EPFm 4.0 +3.2 -0.8 -6.0
NAc 15 Doblesonda ;¢ 390207 75 2
Lc® Electrode d’estimulacié (_125'?) -1.2 7.2 2
ATV Canula d’infusio -5.2 -2.2 (10°) -7.8 )
ATV Canula d’infusié -5.8 -1.9 (10°) -7.7
EPFm 4.0 +3.2 -1.5(10°) -5.7
EPFm 4.0 Doblesonda 55 151107 5.7 2
NAc 1.5 +1.6 -3.9 (20°) -7.5
NAC 15 Doblesonda ;0 390200 75 2
EPFm 4.0 Doble sonda +3.2 -0.8 -6.0 3
NAc 1.5 +1.6 -1.1 -8.0

Taula 6. Resum de les coordenades estereotaxiques en mm de diferents arees cerebrals d’interes

en rata i *ratoli . S'inclou la llargada de la membrana de dialisi, el tipus d’experiment en el que s’ha

implantat (simple o doble sonda) i el treball en que s’han utilitzat. Totes les coordenades son des de
. N a ). :b

bregma i duramater excepte les “des d’6s i “respecte lambda.

2.1.3.

Obtencio de mostres de dialitzat cerebral

Els experiments de microdialisis es realitzen 24 h després de la implantacié de la

sonda, temps necessari per a la recuperacid de I'animal i estabilitzacié dels

nivells de neurotransmissors. Tal com es mostra en la Figura 21, la sonda de

(7

Figura 21.

(6

(2)

3)
4)

(5)

intracerebral in vivo.

(1)

(1) Infusio de LCRa
(2) Tub polietilé
(3) Swivel

(4) Tub de polietilé
(5) Sonda de dialisi
(6) Tub de polietilé
(7) Microvial

Esquema d’'un experiment de microdialisi

dialisi de I'animal (5) es
connecta a una bomba de
conté una
LCRa (1).

Aquest LCRa es desplacara

perfusio que
xeringa amb
per un tub de polietileé (2)
(0.61 mm DE i 0.28 mm DI)
(Smiths Medical
International Ltd., Kent,
Regne Unit) fins arribar a un

sistema de connexio
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giratoria, el swivel (3) (Instech Laboratories, Plymouth Meeting PA, EUA), que
permet que I'animal es mogui lliurement sense que el sistema es desconnecti. Al
swivel s’hi connecta un altre tub de polietile (4) (0.15 mm de DI)
(Microbiotech/se AB, Estocolm, Suécia) que es fixa al tub d’entrada de la sonda
(5). El tub de sortida de la sonda es connecta a un tub de polietilé identic a
I'anterior (6) que desemboca a un microvial de 250 pL (7) (Molecular
BioProducts, San Diego, EUA). En el cas de voler mesurar DA i NE s’afegeix 5 pl
d’HCIO, 10 mM en el microvial, per evitar la seva degradacié. Totes les
connexions entre els tubs, swivel i sonda es fan amb tubs adaptadors
(Microbiotech/se AB, Estocolm, Suécia).

Un cop tot el sistema esta connectat a un flux de 1.5 pl/min -0 3 pl/min segons
les condicions de I'experiment-, es deixa 30 min d’estabilitzacié, a partir dels
quals es comencen a recollir les mostres cada 20 -o 10- min, respectivament,
recollint un volum final de 30 pl de mostra. Normalment es recullen 6 fraccions,
de les quals 4 s’utilitzen per a calcular els valors basals. A partir de llavors s’inicia
la fase de tractament, en la qual s’administra el farmac de forma sistémica (i.p. o
s.c.) o bé de forma local (dialisi reversa), diluit en el LCRa que es perfon.

2.1.4. Obtencio de mostres de teixit cerebral

En els experiments que involucren lesions (descrites en els apartats 111.2.2.3 i
[11.2.2.4), els animals es van sacrificar al final dels experiments de microdialisi i el
teixit cerebral es va processar per mesurar neuroquimicament I'abast de la lesié.
Per a tal fi, s’extreu el cervell de la rata i es col-loca dins d’'una matriu metal-lica
de cervell de rata en gel. Rapidament es fan talls coronals d’1 mm amb un bisturi
i s’extreuen I'EPF (en les lesions amb DSP-4) i el NAc mitjancant un punch (en les
lesions amb 6-OHDA). Les mostres de teixit es pesen i congelen en tubs
Eppendorf de 1.5 ml a -80°C.

Les mostres de teixit s’han de processar abans d’analitzar el seu contingut de
neurotransmissors per HPLC (apartat 11.2.1.6.). S'utilitza un tampod
d’homogeneitzacidé amb composicié: 5.0 mM metabisulfit de sodi, 8.3 mM
cisteina, i 0.3 mM EDTA en una solucié 0.4 mM d’acid percloric. Llavors s’afegeix
al tub Eppendorf que conté el teixit aproximadament uns 100 pl de tampd
d’homogeneitzacié per cada 10 mg de teixit, es disgrega el teixit utilitzant un

57



58

Mercé Masana Nadal

sonicador, i es centrifuga a 12000g durant 20 min a 49C. El sobrenedant
resultant es recull i es filtra (0.45 um diametre de porus) (Millipore, Madrid,
Espanya) per a la posterior deteccid de neurotransmissors amb HPLC.

2.1.5. Comprovacio de la localitzacié de les sondes de
microdialisi

Al final de I'experiment de microdialisi s’anestesia I'animal amb pentobarbital
sodic (60 i 40 mg/kg i.p. per rata i ratoli, respectivament). Tot seguit es fa passar
una solucié de Fast Green (compost que s’uneix a proteines i que té coloracié
verdosa) a través de la sonda de microdialisis, per tal de tenyir 'area cerebral on
es troba la membrana de dialisi. Després d’'uns minuts es procedeix a la perfusié
intracardiaca de I'animal amb una solucid salina al 0.9 % seguida d’una solucié
de formalina al 10 % i, immediatament s’extreu el cervell i es congela a -80°C.
Posteriorment es fan seccions de 40 M amb un criostat (HM500-Om Microm,
Alemania) i es tenyeixen amb un protocol estandard amb Neutral Red. lLa
verificacid de la col-locacié de la sonda es fa amb un microscopi optic.

Aquest procediment no es aplicable en animals els quals es vol extreure i
analitzar el teixit cerebral, ja que la perfusié impedeix el posterior analisi dels
neurotransmissors per HPLC. En aquests casos es va realitzar una inspecci6 visual
de la localitzacioé de la sonda.

2.1.6. Analisis de mostres per HPLC

Les concentracions de monoamines i els seus respectius metabolits s’han
analitzat mitjancant HPLC. En les mostres de dialisi s’"ha mesurat principalment
dopamina, pero també serotonina i noradrenalina. En canvi en les mostres de
teixit s’han analitzat les tres amines conjuntament. Les condicions de deteccio es
detallen en la Taula 7 i la quantificacid dels compostos es va dur a terme a través
d’un metode estandard (Nelson Turbochrom Navigator, Perkin-Elmer, San Jose,
CA, EUA).
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Les fases mobils utilitzades per mesurar les amines en mostres de dialitzat
contenen en un volum final de 1 litre d’aigua MilliQ:

DA: 0.15 M NaH,PO,H,0, 0.5 M EDTA, 0.9 M d’acid 1-octanosulfonic (PIC
B8), pH ajustat amb H3;PO, fins a 2.8 i s’afegeixen 100 mL de MeOH.

5-HT: 0.15 M NaH,P0,-H,0, 0.2 M EDTA, 1.7 M PIC B8, pH ajustat amb H;PO,
fins a 2.8 i s’afegeixen 250 mL de MeOH.

NE: 0.15 M NaH,P0,-H,0, 0.5 M EDTA, 2 M d’acid 1-octanosulfonic (PIC B8),
pH ajustat amb Hs;PO, fins a 2.65 i s’afegeixen 80 mL de MeEOH.

Mentre que per mesurar conjuntament les monoamines presents en teixit conté
en un volum final de 1 litre d’aigua MilliQ:

NE, DA, 5-HT: 0.1 M KH,PO,4, 0.1 M EDTA, 2 M PIC B8, pH ajustat amb H;PO,
fins a 2.65 i s’afegeixen 100 mL de MeOH.

Flux i presié de

Monoamines Columna Potencial Temps de retencié
la bomba
s 3.5-4 min DA
DA (dialisi) +0.7V 3-3.5 min DOPAC
Ult here 3 -3 mi
5-HT rasphere 0.8 ml/min 1-3 mlrl DOPAC
(dialisi) um ODS +0.6V 1100-1300 psi 3-4 min 5-HIIA
(75x4.6 mm) 4-5 min 5-HT
NE 2.5-3.5 min NE
(dialisi) 0.7V 4.5-5.5 min DOPAC
3-4 min NE
6-7 min DOPAC
Mediterranea . 8.5-9.5 min DA
NE'(tZ::ii;HT Seal83um | +0.7V 126%_”1"L/0”3'"5i 10.5-11.5 min HIAA
(100x4.6 mm) P 15-16 min HVA
22-23 min 5-HT

Taula 7. Resum de les condicions d’analisi de les mostres de monoamines en dialitzat i en teixit.

En tots els casos s’ha utilitzat un detector electroquimic Decade Il de Antech o bé Waters 2465.
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2.2. Inactivacié quimica de receptors, estimulacio
electrica i lesions

La tecnica de microdialisi intracerebral in vivo es va combinar en determinades
ocasions amb altres procediments, que inclouen: a) inactivacid quimica dels
receptors acoblats a proteina G (GPCRs), b) lesions de nuclis cerebrals concrets,
c) lesions generals sistémiques de les neurones noradrenergiques i d)
estimulacio eléctrica de nuclis concrets. Tots aquests procediments es detallen a
continuacio.

2.2.1. Inactivacio dels receptors acoblats a proteina G

El compost N-etoxicarbonil-2-etoxi-1,2-dihidroquinolina (EEDQ) és un agent
alquilant que s’uneix irreversiblement als GPCRs i els deixa funcionalment
inactius (Amargos-Bosch et al., 2004; Gozlan et al., 1994). Simultaniament es pot
protegir selectivament un receptor especific mitjancant I'administracid per dialisi
reversa d’un antagonista d’aquest receptor en qliestié. D’aquesta manera
s’aconsegueix que només quedin actius els GPCRs que tenen el lloc d’unié
ocupat per I'antagonista. En el nostre cas s’ha utilitzat WAY-100635 per protegir
el receptor 5-HTy, i ritanserina pel receptor 5-HT /5, respectivament.

Aixi doncs, 3 o 4 hores després de la implantacié d’'una sonda de microdialisis
(apartat 111.2.1.2) es perfon a través de la sonda de dialisi I'antagonista del
receptor que volem estudiar a una concentracié de 300 uM durant 3 h. Una hora
després de linici de la perfusié s’administra I'agent EEDQ (dissolt en
etanol/aigua 1:1) de forma i.p. a una dosi de 6 mg/kg. L'endema es realitzen els
experiments de microdialisi intracerebral in vivo (apartat 111.2.1.3) o bé
d’autoradiografia de receptors (apartat 111.2.3), segons correspongui.

2.2.2. Estimulacio electrica

En els experiments d’estimulacié eléctrica es van utilitzar eléctrodes
d’estimulacié bipolar, que consisteixen en dos cables d’acer recoberts amb un



Materials i Métodes

aillant (California Fine Wire Company, Grover Beach, CA, EUA). Per I'extrem
corresponent a l'area d’estimulacié es va treure I'aillant amb un bisturi i es van
separar les puntes uns 150 pum, mentre que per laltre es van cremar
aproximadament 1 cm permetent aixi la separacid de les puntes. L’electrode es
va implantar simultaniament amb les sondes de microdialisi tal com es descriu
en 'apartat 111.2.1.2.

Els experiments de microdialisi es van dur a terme en rata anestesiada (apartat
[11.2.1.3). Es va utilitzar hidrat de cloral com a anestésic amb una dosi inicial de
400 mg/kg i.p. i addicionalment una dosi continua de 50-70 mg/kg.h i.p, i la
temperatura de I'animal es va mantenir a 372C amb una manta eléctrica.
L'estimulacié electrica es va realitzar mitjancant la connexié dels pols exteriors
de I'eléctrode d’estimulacié implantat a una unitat d’aillament de I'estimul Grass
SIU 5 connectada a un estimulador eléctric Grass S-48 (Grass Medical
Instruments).

2.2.3. Lesio del sistema noradrenérgic

Les lesions del sistema noradrenérgic es realitzen mitjancant una administracié
sistémica i.p. de clorhidrat de N-(2-cloretil)-N-etil-2-bromobenzilamina (DSP-4) a
40 mg/kg. El DSP-4 és una toxina que entra a través dels transportadors de
monoamines en els terminals noradrenergics, perd0 també serotonergics i
dopamineérgics, i en destrueix les terminals. Per aquesta raé una hora abans de
I"administracié de DSP-4 es protegeixen les terminals de serotonina i dopamina
amb inhibidors selectius de la recaptacié (Fluoxetina 10 mg/kg i.p. i GBR 12909
s.c, respectivament) per tal d’evitar la seva lesié (Dailly et al., 2006; Fritschy and
Grzanna, 1989; Szot et al., 2010).

Els experiments de microdialisi (apartat 111.2.1.3) es realitzen 5 dies després de
I"administracié del DSP-4. Es controla el pes i estat dels animals durant els 5 dies
de lesid. En finalitzar els experiments de dialisi s’extreuen mostres de |'escorg¢a
prefrontal tal com es detalla en I'apartat 111.2.1.4. i s’analitzen mitjangant HPLC
per comprovar I'eficacia de la lesié (apartat 111.2.1.6.).
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2.24. Lesio unilateral de I'area tegmental ventral

Es va utilitzar la toxina 6-OHDA (clorhidrat de 6-hidroxidopamina) per lesionar
de forma unilateral el sistema dopaminérgic de I’ATV en la rata. De forma
analoga a la lesio utilitzant DSP-4, una hora abans de I'administracié de la toxina
6-OHDA es van protegir els terminals serotonergics i noradrenergics amb
I’administracié d’inhibidors selectius de la recaptacid (Fluoxetina 10 mg/kg i.p. i
desipramina 25 mg/kg s.c., respectivament). Aquesta és una lesié local, per
aquesta rad es van implantar canules d’infusié (tub d’acer de 27 G; 0.41 mm DE,
0.20 mm DI, 25 mm de longitud) (A-M Systems, Carlsborg, WA, EUA) a dos
coordenades de I'ATV (per detall veure Taula 6 i apartat 111.2.1.2), per on es va
infondre un total de 8 pg/ul d’'una solucié de 6-OHDA en LCRa que conté 0.1 %
d’acid ascorbic (4 pg/0.5 ul en cada coordenada). La infusid es realitza a un flux
de 1 pl/min mitjangcant una bomba d’infusié, es deixa reposar 3 minuts, i
posteriorment es treu lentament la canula i es sutura la pell de sobre el crani.

Els experiments de microdialisis (apartat 111.2.1.3) es van dur a terme 8 dies
després de l'administracié de la 6-OHDA. En finalitzar els experiments de
microdialisi, s’extreuen mostres del NAc (apartat Ill.2.1.4.) que s’analitzen
mitjangant HPLC per comprovar |'eficacia de la lesié (apartat 111.2.1.6.).

2.3. Autoradiografia de receptors

La tecnica d’autoradiografia de receptors es va utilitzar per determinar el grau o
I’abast de la proteccié dels receptors 5-HT;4 0 bé 5-HT,4/5c en les rates tractades
amb EEDQ. Aixi mateix, es va utilitzar aquesta técnica per a comprovar l'abséncia
dels receptors 5-HT;4 0 5-HT,4 en els ratolins KO pels receptors 5-HTq i 5-HT;,,
respectivament.

Els animals van ser sacrificats amb una sobredosi de pentobarbital i els seus
cervells van ser rapidament extrets, congelats i mantinguts a -20 ©C.
Posteriorment es van fer seccions dels cervells de 14 pum utilitzant un criostat
(HM500-Om Microm, Alemania), i es van muntar sobre portaobjectes tractats
amb 3-aminopropiltrietoxisila (APTS; Sigma/RBI, Espanya), que es van mantenir a
-20 oC fins la seva utilitzacio.
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Per a marcar el receptor 5-HT; es va utilitzar la [?H]8-OHDPAT (227.0 Ci/mmol)
com a lligand radioactiu i 5-HT a una concentracié de 10° M per al marcatge no
especific (Mengod et al., 1996; Pazos and Palacios, 1985). El receptor 5-HT,, es
va marcar utilitzant la [*H]mesulergina (83.0 Ci/ mmol) com a lligand radioactiu
en la presencia de 10’ M d’un antagonista especific del receptor 5-HTc
(SB242084), i la mianserina a una concentracié de 10> M per al marcatge no
especific. Mentre que el receptor 5-HT,: es va marcar utilitzant també la
[*H]mesulergina (83.0 Ci/ mmol) com a lligand radioactiu perd aquest cop en
presencia de 10’ M d’un antagonista especific del receptor 5-HT,a (spiperona), i
altra vegada la mianserina a una concentracié de 10° M per al marcatge no
especific (Lopez-Gimenez et al., 2002; Pazos et al., 1985).

Les seccions es van exposar a una pel-licula fotografica Biomax MR film (Eastman
Kodak Company, Rochester, NY, EUA) juntament amb patrons de *H durant 60
dies a 4 °C. La quantificacié dels autoradiogrames i les fotos amb pseudo-color
es van obtenir amb el sistema d’analisi d’imatge AIS® (Imaging research Inc, St
Catherines, Ontario, Canada). Tots els grups experimentals es van processar per
duplicat i es van exposar als films conjuntament.

2.4. Hibridacio In Situ

En el present treball s’han realitzat experiments de hibridacié in situ simple.

De forma similar a la técnica de autoradiografia, les rates van ser sacrificades per
una sobredosi de pentobarbital i els seus cervells van ser rapidament extrets,
congelats i mantinguts a -20 2 C. Posteriorment es van fer seccions de 14 um dels
cervells utilitzant un criostat (HM500-Om Microm, Alemania), i es van montar
sobre portaobjectes tractats amb APTS (Sigma/RBI, Espanya) que es van
mantenir a -202C fins la seva utilitzacid.

S’ha utilitzat una unica sonda marcada radioactivament per al gen d’expressio
rapida c-fos, seguint un protocol estandard en el laboratori (Amargos-Bosch et
al., 2004; Kargieman et al., 2007). L'oligonucleotid d’ADN utilitzat com a sonda
d’hibridacié del c-fos és complementaria a les bases 131-178 (GenBank, nimero
d’accés #NM 022197). Aquesta sonda va ser sintetitzada amb una sintetitzador
model 380 de Applied Biosystem DNA.
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Les seccions hibridades es van exposar a una pel-licula fotografica Biomax MR
film (Eastman Kodak Company, Rochester, NY, EUA) durant 7 dies amb pantalles
d’intensificacié. Es van mesurar les densitats optiques relatives (DOR) i també es
van obtenir fotos amb pseudo-color amb el sistema d’analisi d’'imatge AIS®
(Imaging research Inc, St Catherines, Ontario, Canada). Els valors de les densitats
optiques es van calcular a partir de la mitja de 2-4 seccions de 4 rates per grup
experimental.

2.5. Activitat locomotora

L’activitat locomotora s’ha mesurat seguint un protocol estandard (Scorza et al.,
2010) i utilitzant un camp obert (open field, en angles) de 35 x 35 x 40 cm, amb
les parets negres i il-luminades indirectament (50-60 lux). El fons del camp obert
esta recobert amb una base de plastic opac que es neteja i canvia abans
d’introduir-hi cada animal.

Els animals es traslladen a la sala d’experimentacié dins de les seves caixes
d’estabulacié una hora abans del test. En el present treball es van administrar els
farmacs 5 minuts abans de posar I'animal en el camp obert, on es deixa un hora.
El comportament de I'animal es grava i mesura automaticament mitjangant una
camera connectada a un ordenador amb un software de video-seguiment
(Videotrack, View Point, Lyon, Franca). Els parametres que es mesuren sén:

1. Distancia horitzontal (distancia moguda total en cm)
Nombre de vegades que s'alca sobre les potes del darrere (rearings, en
anglées)

3. Nombre de vegades que es renta (groomings, en anglées)

2.6. Testde natacio forcada

El test de natacio forgada (FST; forced swimming test, en anglés) s’utilitza per
mesurar el potencial antidepressiu d’'un farmac (Porsolt et al., 1978). En el
present treball s’ha fet servir el FST de rata modificat (Cryan et al., 2002a; Cryan
et al., 2005) (Figura 22).
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Concretament, el FST modificat requereix de dos dies de tractament. El primer
dia consta de 15 min d’habituacid, on la rata s’introdueix en un cilindre de 20 cm
de diametre x 46 cm d’altura, ple d’aigua a 25 + 2 2Ci fins a una altura de 30 cm,
qgue no permet a I'animal recolzar-se amb la cua en el fons del cilindre. El test es
realitza 24 hores despres, on I'animal es posa altra vegada en el mateix cilindre
ple d’aigua durant 5 min mentre es registra el seu comportament amb video des
de sobre.

Els videos s’analitzen a posteriori i es mesura el comportament majoritari de la
rata en intervals de 5 segons (Detke et al., 1995). Aixi doncs, en un total de 5 min
que dura el test, hi ha un nombre total de 60 comptatge repartits en els tres
comportaments que es descriuen a continuacié:

1. Escalada: moviments de les potes de
davant de I'animal dirigides a pujar mmobilitat - Natacio Fcalada
| i = P
es parets del cilindre.
2. Natacié: moviment (normalment
horitzontal) que normalment inclou
creuar diferents quadrants del - .’
cilindre. ’7 )
3. Immobilitat: 'animal no fa cap altre  30cm
moviment que el necessari per t
mantenir el cap fora de I'aigua.

Aixi, una disminucid del temps Figura 22. Esquema dels comportaments
d’immobilitat respecte un animal control mesurats en el test de natacié forgada (Cryan
. i et al., 2002a).

indica que el tractament té gran

potencial antidepressiu, ja que implica que I'animal lluita més enfront d’una
situacio d’estrés com la que representa estar en un cilindre ple d’aigua. També
s’han mesurat el temps que ha passat fins el primer comptatge d’'immobilitat
(Castagne et al., 2009), i s’han representat els patrons de comportament

temporal dels animals (Chandramohan et al., 2008).

Els animals han estat manipulats per I'experimentador durant una setmana
abans del test, i els tractaments farmacologics s’administren 23.5, 5 i 1 hora
abans del test.
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2.7. Dadesianalisi estadistic

Tos els resultats s’expressen com a mitja + error estandard de la mitja. El nivell
de significacio s’ha limitat a p<0.05.

Els resultats de microdialisi s’han expressat en fmols/30 pl de fraccid i
principalment s’han representat com a percentatge dels valors basals (mitjana
de 4 fraccions). També s’ha representat I'area sota la corba de periodes de
temps determinats. El contingut de neurotransmissors en teixit s’ha expressat en
pmol/g teixit.

Les mesures quantitatives autoradiografiques dels diferents radiolligands es van
representar en fmol/mg de proteina, mentre que I'expressi6 de ARNm
mitjangant hibridacid in situ es va mesurar en unitats de DOR i s’"han representat
com a percentatge dels valors controls.

En les mesures comportamentals s’han analitzat diferents parametres. En
I'activitat locomotora s’ha mesurat la distancia recorreguda en cm, nombre de
rearings i nombre de groomings, i en el test de natacié forcada s’ha mesurat els
nombre de comptatges d’immobilitat, natacié i escalades, aixi com la latéencia a
la immobilitat.

Finalment, I'analisi estadistic de totes aquestes mesures s’ha realitzat utilitzant
ANOVA d’una o dues vies seguides per el test post-hoc Newman-Keuls, o s’han
comparat utilitzant la t d’Student, segons correspongui.
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1. Treball 1:

Dopamine release induced by atypical antipsychotics in prefrontal cortex
requires 5-HT;, receptors but not 5-HT,, receptors.

A. Bortolozzi, M. Masana, L. Diaz-Mataix, R. Cortés, M. C. Scorza, J. A. Gingrich,
M. Toth, Francesc Artigas.

International Journal of Neuropsychopharmacology 13(10):1299-314 (2010)

Els farmacs antipsicotics atipics (FAA) augmenten I'alliberacié de dopamina (DA)
a l'escorga prefrontal (EPF) probablement per I'activacié directa o indirecta del
receptor 5-HT;, (R 5-HTy,) (Diaz-Mataix et al., 2005; Rollema et al., 1997). No
obstant aix0, la majoria dels FAA presenten una baixa afinitat in vitro pel R HT .
D'altra banda, els FAA mostren alta afinitat i ocupacié in vitro i in vivo pel
receptor 5HT,, (R 5HT,4). Ambdds receptors coexpressen en gran proporcio a
I’'EPF i presenten un rol oposat en la modulacié de I'activitat de les neurones
piramidals (Amargos-Bosch et al., 2004). Com a consequéncia, l'accié dels FAA
sobre els R 5-HT;, podria ser causada pel bloqueig dels R 5-HT,, en aquelles
cél-lules que els co-expressen, augmentant aixi la neurotransmissié mediada pels
R 5-HT1a. Aqui hem provat aquesta hipotesi examinant la relacié entre I'laugment
de DA a I'EPFm produit pels FAA i cada receptor, utilitzant dues estrategies: a)
ratolins que no tenen el R 5-HT;, 0 bé el R 5-HT,, (knocknout - KO) i b) un model
de rates a les quals s'ha inactivat quimicament els receptors acoblats a proteina
G (GPCR) amb la proteccid selectiva dels R-5HT;4 0 R-5HT;4/5c a la EFPm.

L’administracié local de FAA (clozapina, olanzapina, risperidona) per dialisis
reversa produeix un augment de DA depenent de dosi a EPFm de forma similar
en els ratolins silvestres control i en el KO del R 5-HT,,, mentre que I'augment de
DA és absent en el KO del R 5-HT;4. Es va voler estudiar la contribucié relativa
d’ambdds receptors a aquest augment de DA produit per clozapina a EPFm de
rata. Per a tal fi es van silenciar in vivo els GPCR amb N-etoxicarbonil-2-etoxi-1,2-
dihidroquinolina (EEDQ), i es va protegir selectivament el R 5-HT;4 o el R 5-
HT,a/2c d’EPF amb els seus respectius antagonistes, WAY-100635 o ritanserina. La
inactivacié dels GPCRs, amb una proteccié del 70 % dels R 5-HT,a/5c, Va evitar
I'augment de DA a EPFm produit per clozapina. Per contra, la clozapina va
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augmentar la DA a EPFm en rates tractades amb EEDQ que tenien els R 5-HT,
protegits (50 % proteccio vs rates control).

Aquests resultats indiquen que (1) els R 5-HT, sén necessaris per I'augment de
la transmissid DA cortical induida pels FAA, i (2) aquest efecte no requereix el
bloqueig de R 5-HT,,. Aquestes observacions no s'oposen al fet que el bloqueig
del R 5HT,, participi en I'accié terapeutica dels FAA. Les nostres conclusions es
restringeixen al rol dels receptors serotonergics requerits per augmentar la DA
mesocortical, un efecte de I'accid dels FAA potencialment important sobre els
deficits cognitius i simptomes negatius en pacients amb esquizofrenia.
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Dopamine release induced by atypical
antipsychotics in prefrontal cortex requires
5-HT,a receptors but not 5-HT,4 receptors
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Abstract

Atypical antipsychotic drugs (APDs) increase dopamine (DA) release in prefrontal cortex (PFC), an effect
probably mediated by the direct or indirect activation of the 5-HT,, receptor {(5-HT4R). Given the very
low in-vitro affinity of most APDs for 5-HT,,Rs and the large co-expression of 5-HT,,Rs and 5-HT;,
receptors (5-HTy4Rs) in the PFC, this effect might result from the imbalance of 5HT, 4R and 5-HT,,R
activation after blockade of these receptors by APDs, for which they show high affinity, Here we tested
this hypothesis by examining the dependence of the APD-induced DA release in medial PFC (mPFC) on
each receptor by using fr-vive microdialysis in wild-type (WT) and 5-HT, 4R and 5-HT; 4 R knockout (KO)
mice. Local APDs (clozapine, olanzapine, risperidone) administered by reverse dialysis induced a dose-
dependent increase in mPFC DA output equally in WT and 5-HT, R KO mice whereas the DA increase
was absent in 5-HT, 4R KO mice. To examine the relative contribution of both receptors to the clozapine-
induced DA release in rat mPFC, we silenced G-protein-coupled receptors (GPCRs) in vivo with
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ)) while 5-HT,4Rs or 5-HTas scRs in the mPFC
were selectively protected with the respective antagonists WAY-100635 or ritanserin. The inactivation of
GPCRs while preserving ~70% of 5-HTza 2cRs prevented the clozapine-induced DA rise in mPFC. In
contrast, clozapine increased DA in mPFC of EEDQ-treated rats whose 5-HT, 4 Rs were protected {~50%
of control rats). These results indicate that (1) 5-HT, 4 Rs are necessary for the APDs-induced elevation in
cortical DA transmission, and (2) this effect does not require 5-HT:4R blockade by APDs.

Received 13 July 2009; Reviewed 10 August 2009 ; Revised 12 fanuary 2010; Accepted 13 Januwary 2010
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Introduction

Cognitive impairment, including attention disorders,
deficits in working memory and execulive functions,
is a central feature of schizophrenia lacking adequate
treatment (Braff, 1993; Elvevag & Goldberg, 2000;
Green et al. 2000). Negative symptoms are also poorly
treated with current medications (Weickert ef al
2000, which, by themselves, induce this type of

Address for comespondence: F. Artigas, Fh.D., Department of
Neurochemistry and Neuropharmmacology, [IEB-CSIC (IDIBAFPS),
Rossello 161, 6th floor, 08036 Barcelona, Spain.

Tel.: ( +34) 93363-8315  Fax: ( +34) 933638301

Email: fapngi@iibb.csices

symptomatology (Artaloytia et al. 2006). In particular,
atypical antipsychotic drugs (A’Ds) improve negative
symptoms and quality of life more than classical
antipsychotics (Sumiyoshi et al. 2006; Woodward et al.
2005). Moreover, some APDs (amisulpride, clozapine,
olanzapine, risperidone} proved superior to first-
generation drugs when considering their overall effi-
cacy (Leucht ef al. 2009).

The ability of some APDs to improve negative/
cognitive symptoms (Bubenikova-Valesova et al. 2008;
Grayson et al. 2007; Harvey et al. 2008) has been at-
tributed to their capacity to increase dopamine (DA)-
mediated transmission in the medial prefrontal cortex
(mPFC) and hippocampus of experimental animals
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(Assié ef al. 2005; Bortolozzi ef al. 2007h; Chung et al.
2004; Diaz-Mataix et @l. 2005; Elsworth ef al. 2008;
Ichikawa ef al. 2001; Kuroki ef al. 1999; Li ¢f al. 2009;
Millan, 2000; Rollema et al. 1997, 2000; Youngren
et al. 1999). Indeed, an optimal DA transmission is
fundamental for the execution of PFC-dependent
cognitive tasks (Vijayraghavan ef al. 2007; Williams &
Goldman-Rakic, 1995} and, among other anatomical
and neurochemical abnormalities in PFC, schizo-
phrenia patients show a reduced dopaminergic
innervation (Akil et al. 1999; Lewis & Lieberman,
2000).

APDs share a higher in-vitre affinity and in-vive
occupancy of 5-HTy, receptors (5-HTy4Rs) vs. DA D,
receptors (Meltzer et al. 1989; Nyberg et al. 1998;
Stockmeier et gl 1993). 5-HT,4Rs are densely ex-
pressed in PPFC, mainly in projection pyramidal
neurons (Amargos-Bosch et al. 2004; Lopez-Giménez
el al. 1997; Pazos ef al. 1985; Santana ef al. 2004),
including those projecting to the ventral tegmental
area (VTA) (Vazquez-Borsetli et al. 2009). 5-HT AR
stimulation in PFC enhances the activity of pyramidal
neurons projecting to the VTA (Puig ef al. 2003, 2005)
and of VI'A dopaminergic neurons (Bortolozzi ef al.
2005}, leading to an increased mesocortical DA release
{Bortolozzi el al. 2005; Gobert & Millan, 1999). Further,
the 5-HT. 4R antagonist M100907 reduced the firing of
DA neurons and DA release in mPFC (Bortolozzi et al,
2005; Minabe ef al. 2001; Pehek et al. 2001). Overall,
these observations are consistent with the above
anatomical finding showing the existence of (a) closed
mPFC-VTA loops (Carr & Sesack, 2000) and (&) the
expression of 5-HTy4Rs in mPFC pyramidal neurons
projecting to the VT A (Vazquez-Borsetti ef al. 2009).
However, 5-HTy 4 R blockade has been suggested to be
necessary for APDs lo enhance DA release in the
mPFC (Bonaccorso et al. 2002; Ichikawa et al. 2001;
Liégeois ef al. 2002).

In addition to 5-HT;4R blockade, APDs display
variable, but often high affinity for other monoamine
receptors (see http://kidb.case.edu/pdsp.php; Roth
et al. 2003). Agonist activity al 5-HT,, receptors
(5-HT;4Rs) by APDs appears lo contribute to their
superior efficacy in trealing non-psychotic symptoms
(Bantick ef al. 2001; Meltzer & Sumiyoshi, 2008;
Millan, 2000; Sumiyoshi et al. 20014, b; bul see Rényi
ef al. 2001; Yasuno ef al. 2003). Hence, although APDs
show little or no in-vitre affinity for 5-HTzRs (K;=
770nm for clozapine, >1000nm for olanzapine and
490nm for risperidone; Arnt & Skarsfeldt, 1998;
Bymaster ef al. 1996}, these agents increase cortical DA
release through 5-HT 4R activation (Diaz-Mataix ef al.
2005; Rollema ef al. 1997).

Given the large co-expression of 5-HT, 4 and 5-HTas
receptors in PFC (Amargos-Bosch et al. 2004) and their
opposite role in modulating pyramidal neuron activity
(Aghajanian & Marek, 1997; Amargos-Bosch et al.
2004; Araneda & Andrade, 1991; Ashby et al. 1994;
Puig et al. 2005), the apparent in-pivo action of APDs
at 5-HT, 4,Es might be due to blockade of 5-HT,,Rs
in cells co-expressing both receptors, thus enhancing
5-HT,aR-mediated neurotransmission. Here we ex-
amined this possibility using control mice and mice
lacking 5-HT,s or 5-HT.s receptors. We also used
an in-vivo rat model consisting in the inactivation of G-
protein-coupled receptors (GPCRs) with the alkylating
agent  N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquino-
line (FEDQ), while selectively protecting 5-HT.s or
5-HTyp soc receptors in the mPFC (Amargds-Bosch el al.
2004},

Materials and methods
Animals

Male albino Wistar rats (250-320 g) were from Iffa
Credo (France). Male homozygous 5-HT, 4R knockout
(KO) mice were generated al Princeton University)
(Parks el al. 1998) and 5-HT, 4R KO mice were gener-
aled at Columbia University) (Fiorica-Howells et al.
2002). Both genotypes were gradually backcrossed to
the C57BL/6 background. From these initial sources,
some 5-HT,R KO and 5-HT, R KO mice were
transferred to develop a stable colony in our animal
facilities. Wild-type (WT) mice of the same genelic
background (C57BL/6) were also used. Mice were
aged 10-15wk at the time of experiments, Animals
were maintained in a temperature-controlled room
with a 12-h light/dark cycle (lights on 08:00 hours).
Food and water were available ad libitum. Animal care
followed the European Union regulations (O.]. of E.C.
L358/1 18/12/1986) and was approved by the
Institutional Animal Care and Use Committee of the
School of Medicine, University of Barcelona.

Drugs and reagents

All reagents used were of analytical grade and
were obtained from Merck (Germany). 5-HT oxalate,
clozapine,  1-[2,5-dimethoxy-4-iodophenyl-2-amino-
propane] (DOI), dopamine hydrochloride, EEDQ,
risperidone,  ritanserin,  6-chloro-5-methyl-1-[6-(2-
methylpyridin-3-vloxy)  pyridin-3-yl  carbamoyl]
indoline (SB-242084), spiperone and N-[2-(4-(2-meth-
oxyphenyl}-1-piperazinyljethyl]-N-(2-pyridyl} cyclo-
hexane carboxamide 3 HCl (WAY-100635) were
from Sigma,/RBI (Spain). BAY x 3792, citalopram HBr
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and olanzapine were from Bayer, Lundbeck A/S
(Denmark) and Eli Lilly (USA), respectively. To assess
local effects in microdialysis experiments, drugs were
dissolved in perfusion fluid [aCSF (artificial cerebro-
spinal fluid, mu): NaCl, 125; KC], 2.5; CaCl,, 1.26 and
MgCl,, 1.18] and administered by reverse dialysis at
the stated concentrations (uncorrected for membrane
recovery). Clozapine, olanzapine and risperidone
were initially dissolved in a drop of acetic acid and
diluted to appropriate concentrations in aCSF. All
other drugs were dissolved in distilled water, saline or
aCSF, as required. Concentrated solutions (1 mnt; pIl
adjusted 10 6.5-7 with NaHCO; when necessary) were
stored at —80°C and working solutions were pre-
pared daily by dilution in aCSF. Control mice and rats
were perfused with aCSF. Bars in the figures show the
period of drug administration, corrected for the void
volume of the system.

Microdialysis procedures

Microdialysis experiments in rats and mice were con-
ducted as described previously (Amargos-Bosch ef al.
2004; Bortolozzi et al. 2003). Rats were anaesthetized
with sodium pentobarbital (60 mg/kg ip.) and im-
planted  with 4-mm concentric dialysis probes
(Cuprophan) in the mPFC [coordinates in mm: AP
+32, L —0.8, DV —6.0 (Paxinos & Watson, 2005)].
Experiments were performed in awake animals ~20 h
after surgery. Probes were perfused with aCSF at
1.5 gl/min. After an initial 100 min stabilization per-
iod, four baseline samples were collected (20 min
each) before local drug administration, and successive
dialysate samples were collected. For mice, the surgi-
cal and microdialysis procedures were identical to
those described for rats, except for the dose of anaes-
thesia (40 mg/kg ip.), length of dialysis membrane
(2mm)}, and the brain coordinates (in mm) of the
mPFC: AP +22, L -02, DV —34 (Franklin &
Paxinos, 1997).

Monoamine concentration in dialysale samples was
determined by HPLC with electrochemical delection
(Hewlett Packard 1049; +0.75 for DA, +06V for
5-HT) as described previously (Bortolozzi ef al. 2003;
Diaz-Mataix ¢f al, 2005). Detection limits were 2-3 fmol
for DA and 5-HT.

At the end of the experiments, animals were
killed by an overdose of anaesthetic. Brains were
quickly removed and frozen in dry ice before being
sectioned (40 gm) with a cryostat (FHMS500-Om
Microm, Germany) in coronal planes. Brain sections
were stained with Neutral Red to verify the correct
placement of probes.

Atypical antipsychotics and prefrontal dopamine 3

Silencing of GPCRs in vivo with selective protection
of 5-HT 4 Rs ar 5-HT 4 5-Rs in mPFC

We used a previously described stralegy to selectively
protect 5-HT4Rs or 5-HT,,0cRs in mPFC from
the overall inactivating effect of EEDQ on GPCRs
(Amargos-Bosch ef al. 2004). EEDQ was systemically
administered to inactivate GPCRs while selectively
protecting one or other receptor by the local perfusion
of selective antagonists (WAY-100635 for 5-HT,4Rs,
ritanserin for 5-HT,4 sgcRs) through the microdialysis
probes, EEDQ alkylates several GPCRs and inactivates
their function (Gozlan ef al. 1994), except those whose
binding pockets are occupied. Thus, the perfusion of
WAY-100635 or ritanserin in mPFC confers a selective
protection of 5-HT;sRs or 5-HT.s ocRs in mPFC,
respectively, during EEDQ treatment. These two
experimental groups are designated as GPCR-
silenced + 5-HT s R-protected and GPCR-silenced +
5-HTya sscR-protected, respectively.

Three to four hours after implantation, micro-
dialysis probes were perfused with WAY-100635
(300 gn) for 3h at 1.5 ul/min (5-HT, 4R protection).
One hour after starting the perfusion, EEDQ (dis-
solved in ethanol/water 1:1) was administered at
6 mg/kg i.p. The same procedure was applied to pro-
tect 5-HTyn,2cRs using the 5-HTuu ocR antagonist
ritanserin (300 o). Control rats received vehicle in-
traperitoneally and aCSF through the dialysis probes.
On the following day, histological or microdialysis
experiments were performed. For autoradiographic
studies, 14-um-thick coronal sections were cul, thaw-
mounted onto 3-aminopropyliriethoxysilane (APTS;
Sigma/ RBI, Spain} coated slides, and kept at —20°C
until required. All experiments with control and
EEDQ-treated rats were run in parallel,

Receptor autoradiography

To determine the extent of regional 5-HT,s R or
5-HTyp ecR protection in EEDQ-treated rats we
performed receptor auloradiography for 5-HT,4 and
5-HTaa 0c receptors using the ligands [*H]S-OH-
DPAT (227.0 Ci/mmol) and [*H]mesulergine (83.0 Ci/
mmol), respectively, from Amersham (GE Healthcare,
Spain). Fresh frozen coronal sections of PFC from
control and EEDQ-treated rats were used. Incubation
conditions for [*H|8-OH-DPAT were as previously
described (Mengod ef al. 1996). Non-specific binding
was defined as that remaining in presence of 10 *m
5-HT. Incubation conditions for [*H]mesulergine
were as previously described (Lopez-Giménez ef al.
2002; Pazos et al. 1985). Non-specific binding was
defined as that remaining in the presence of 10 “m
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mianserin. After incubation and washing, tissue sec-
tions were dipped in distilled, ice-cold water and
dried rapidly under a cold air stream. Tissues were
exposed to tritium-sensitive film (Kodak Biomax MR;
Kodak, USA) together with plastic I standards for
60 d at 4 °C. All tissue sections used for quantification
of receptor sites were processed simultaneously under
the same condilions.

5-HTya, 5-HTys and 5-HTye receplors were exam-
ined in mice brain by receptor autoradiography
as previously described (Lopez-Gimenez ef al. 2002;
Mengod et al. 1996; Pazos et al. 1985) using (a) [*[1]S-
OH-DPAT for 5-HT,4Rs, (B) [*H]mesulergine (plus
10 7w of the selective 5-HT.cR antagonist SB242054)
for 5-HTuaRs, and (¢) [*H]mesulergine (plus 10 "m of
the 5-HT,sR antagonist spiperone) for 5-HTcRs.
Quantitative analysis of the autoradiograms was
done with AIS computerized image analysis system
(Imaging Research Inc., Canada).

Data and statistical analysis

Microdialysis resulls are expressed as fmol/30-ul
fraction for DA and 5-HT and shown in the Figures as
percentages of baseline (individual means of four pre-
drug fractions). Area under the curve (AUC) of selec-
ted time periods (fractions 6-16) was also calculated.
Statistical analysis was performed using one- or two-
way ANOVAs for repeated measures or AUC of DA
or 5-HT values followed by Newman-Keuls post-hoc
test,

Quantitative autoradiographic measurements ob-
tained from the different radioligands were analysed
using one-way ANOVA followed by Newman-Keuls
post-hoc test or Student's { test, as appropriate. Data are
expressed as means + 5,50, Statistical significance has
been set at the 95% confidence level (two tailed).

Results
Basal values of DA and 5-HT in mPFC dialysates

Basal extracellular levels of DA and 5-HT in dialysates
from mPFC of mice and rats are shown in Table 1.
Non-significant differences were found between mice
genotype or between control and EEDQ-pretreated
rats.

5-HT 1R and 5-HT xR KO mice: receptor
autoradiography and newrochemical analysis

The lack of 5-HT ARs in these KO mice was previously
assessed by autoradiography, electrophysiology
and microdialysis procedures (Amargos-Bosch el al.
2004). Here, we extended previous autoradiographic

Table 1. Basal DA and 5-HT dialysate values in the mPFC
of mice and rats

Baseline DA Baseline 5-HT
{fmol/ 20-min {fmol /20-min
Group fraction) fraction)

WT mice
5-HT, R KO mice

63+08(n=54) 17.2+19 (n=25)
6.6+08{n=30) 197+19(n=9)
5HT:aR KO mice 57406 (n=49) 165+14 (n=24)
Control rats 89+1.0{n=27} ne

EEDQ pretreated rats 112+16(n=17) ne.

ne., Not examined.
Data are means=+s.tM. of the number of animals shown in
parentheses.

observations. [*H|8-OH-DPAT binding to 5-HT4Rs
showed a high density in PFC, hippocampus and
raphe nuclei of WT mice (Fig. 1, panels Al-A3).
Homozygous 5-HT 4R KO mice showed no specific
binding in either region (Fig. 1, panels A4-A6).

The absence of 5-HT,4Rs in these KO mice was
evaluated by receptor autoradiography and by the
neurochemical response to the preferential 5-HT 4R
agonist DOL Autoradiographic analysis of 5-HT,4Rs
revealed the presence of a strong signal in the frontal
cortex and claustrum of WT mice (Fig. 2, panels
Al-A2). Homozygous 5-HT:4R KO mice showed no
specific binding in either region (Fig. 2, panels A3-A4).
Quantitative assessments of 5-HTjaR and 5-HTaicR
density are shown in Table 2. No genotype differences
between the densities of 5-HTaRs and 5-HT, 4 Rs were
found in receptor-rich areas such as the choroid plexus
and PFC, respectively (Fig. 2b,c).

Perfusion of aCSF did not significantly alter DA and
5-HT output in the mPFC of WT and 5-HT;sR KO
mice (DA, n=6and 5, respectively; 5-HT, n =5 for each
genotype) (Fig. 3a,b). Local administration of DOI
(100 g for 5-HT and 300 g for DA see Bortolozzi
et al. 2003, 2005) enhanced 5-HT and DA output in the
mPFC of WT mice (Fig. 3¢, d). DOl induced a maximal
elevation of the 5-HT output to 205 + 19% of baseline
(n=10) [F(15,135)=7.71, p<0.001]). Similarly, DOI
elevated DA outpul to 192 +23% of baseline (n=10)
[F(15,135)=6.46, p<0.001]. Neither of these effects
was observed when DOI was perfused in the mPFC of
5-HTAR KO mice (Fig. 3¢, d).

Lffect of atypical antipsychotics on mPFC DA output
in 5-HT .R and 5-HT:, R KO mice

These experiments were conducted to examine
whether the increase in DA output induced by APDs
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Fig. 1. Representative autoradiograms of [*H]8-OH-DPAT binding in the brains of wild-type (WT) (A1-A3, upper panels) and
5-HTyaR knockout (KOj mice (A4-A6, lower panels). In WT mice, note the high density for 5-HT;4Rs in (A1) prefrontal cortex
[cingulated (Cgl), prelimbic (PrL}, infralimbic (IL}; AP: 1.78 mm)}, (A2} hippocampus (AP: —2.06 mm) and (A3} dorsal raphe

nuclei (DR} and entorhinal cartex (Ent) (AP: —4.36 mm). Parallel sections of the corresponding null mutant mice (KO) show a
lack of [FH]8-OH-DPAT binding (A4-A6). Scale bar, 1 mm.

Fig. 2. Representative autoradiograms of [FH]mesulergine {z, b} and [*H]8-OH-DPAT (¢} binding in the brains of wild-type (WT)
{upper panels) and 5-HT,4R knockout (KO} mice (lower panels). In WT mice, note the expected high density for 5-HT.aRs as
visualized with [FH]mesulergine plus 10 7 m SB242084 in (A1) prefrontal cortex [cingulated (Cg1). Motor (M1, M2), AP:

2.10 mm] and, (A2} frontal cortex (FCx) and claustrum {CL} (AP: 0.74 mm). Parallel sections of the corresponding null mutant
mice (KO) show a conspicuous lack of binding {A3-A4). No differences between genotypes were noted for 5-HT,cRs as
visualized with [*H]}mesulergine plus 10 7 m spiperone in the choroid plexus (ChP} (B1-B2) nor for 5-HTiaRs, as visualized with

[*H]8-OH-DPAT in prefrontal cortex (C1-C2) in WT and 5-HT, R KO mice, respectively. Scale bar, 1 mm.

in mPFC is primarily associated with activation of 5-
HT,;aRs or with blockade of 5-HT,sRs. Local admin-
istration of clozapine (300 #m), olanzapine (100 )
(Diaz-Mataix et al. 2005) and risperidone (100 zav)
by reverse dialysis increased the DA concentration
similarly in the mPFC of WT and 5-HT,,R KO mice.
Two-way ANOVAs revealed a significant effect of
time and non-significant effects of genotype and
time x genotype interaction (Fig. 4a-c). The maximal

effect induced by clozapine on mPFC DA output
was 428 +52% of baseline in WT mice (1=9) and
442 +54% of baseline in 5-HT; s R KO mice (7= 9) [ime
effect: F(15,240) =37.22, p<0.0001]. Olanzapine per-
fusion increased DA output to 363+61% of basal
values in mPFC of WT mice (n=6) and to 348 +75% in
5HTaR KO mice (n=7) [time effect: F(15,165)=
10.84,  <0.0001], and the maximal elevation of mPFC
DA release produced by risperidone was 283 +71% of
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Table 2. 5-HT 4K and 5-HT,cR labelling in different brain regions from WT and 5-HT,. K KO mice

5-HT. 4R FH]8-OHDPAT

5-HT,cR FHMesulergine +10 7w spiperone

({Emol/mg tissue)} {fmol/mg tissue}

Prefrontal Frontal Frontal Choroid

cortex cortex cortex Claustrim plexus
WT 341405 251411 184452 18.0+4.0 1275442
5-HT, R KO 325410 252417 15.644.7 213446 128.6 +9.0

5-HT, 4R labelling by [*H]8-OHDPAT and 5-HT,cR labelling by FH]mesulergine +10 M apiperone were meastired in different
brain regions including prefrontal cortex {AT: 2.1 mm), frontal cortex and claustrum {AP: ~0.74 mm) and lateral and medial
choroid plexuses (AT: about —1.58 mmj. Results, expressed as fmal/mg tissue, are the means +s.Em. of 4-§ observations per
mouse =4} {one or two observations for each hemisphere of two consecutive sections per animal and four animals per group).
Non-significant differences were cbserved between both genotypes {Student’s ¢ test).
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Fig. 3. Local effect of the 5-HT,a 5cR agonist DOT {100-300 g} on the output of 5-HT {c} and DA {d} in the mFFC of wild-type

{(WT} and 5-HT.. K knockout (KO} mice. The perfusion of DOl increased 5-HT and DA levels in mPFC of WT mice (n=10). Both
effects were absent in 5-HT K KO mice (#=7-10}. The administration of aC5F did not alter prefrontal 5-HT (g} and DA (B} in

either genotype (1 =5-6). Data are expressed as mean+s.EM. See Results section for statistical analysis.

baseline in WT mice (n="5) and 310+ 68 % of baseline
in 5-HT R KO mice (n=5) [time effect: F(15,120) =
10.85, p < 0.0001].

However, clozapine (3001, olanzapine (100 )
and risperidone (100 gn1) were unable to increase DA
output in the mPFC of 5-HT;4R KO mice (n=4-6)
(Fig. 4a-c). Two-way ANOVAs revealed significant
differences in the effects of APDs between the strains
of mice: {4) clozapine [genotype effect: F(2,19)=
783, p<0.01; time effect: F(15,285)=21.85 p<
0.0001; tme x genotype interaction: F(30,285) =3.79,

p<0.0001], (B) clanzapine [genotype effect: F(2,14)=
5.65, p<0.05; ime effect: F(15,210)=7.42, » <0.0001;
tme x genotype interaction: F(30,210) =2.05, p < 0.001]
and (¢) risperidone [genotype effect: F(2,13)=8.66, p <
0.01; time effect: F{15,185)=10.41,  <0.0001; Hime x
genotype interaction: F(30, 195)=2.73, p < 0.0001].

In addition, the local perfusion of clozapine
and olanzapine at increasing concentrations (30-
100-300 gma) significantly raised DA concentration in
mPFC of both WT and 5-HT,,R KO, but not in
5HT,,R KO mice in a concentration-dependent
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Fig. 4. The local administration of {a} clozapine (300 un, =49},
(B} olanzapine {100 g, n=6-7) and (¢} risperidone {100 s,
n=>5} increased similarly DA levels in mPFC of wild-type
{WT) and 5-HTza R knockout {KO) mice, This effect was not
observed when APDs were infused in the mPFC of 5-HT, R
KO mice (n=4-6, a—c). Data are expressed as mean +sE.M.
See Results section for statistical analysis.

manner (Fig. 5a,8). Twoway ANOVAs of AUC re-
vealed significant differences in the effects of APDs on
the different genotypes: (#) clozapine [concentration
effect: F(2,40)=842, p<0001; genotype effect:
F(2,40)=16.02, p<0.0001] and (¥) olanzapine [con-
centration effect: F(2,31) =540, p<0.01; genotype
effect: F(2,31)=11.60, p<0.001]. Unlike DA, the con-
centration of 5-HT in mPFC dialysates was similarly
affected by clozapine (300 zn) and olanzapine (100 pna)
in the three genotypes. A marginal reduction was
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Fig. 5. Local administration of {4} clozapine and {B}
olanzapine at increasing concentrations (30-100-300 g}
raised a similar DA output in mPFC of wild-type {WT} and
5-HT,s R KO mice. This effect was not observed when APDs
were perfused in the mPFC of 5-HT o R KO mice. {c} Local
effect of clozapine {300 um} and olanzapine {100 gma) on 5-HT
output in mFFC of WT, 5-HTzK KO and 5-HT1aR KO mice.
Data are AUCs (fractions 616} expressed as percentage of
baseline. # =4-9 mice for all groups, except for 300
olanzapine in mPFC of 5-HT, 4R KO mice, where n=3. See
Results section for statistical analysis. * p < (.05, ** p~< 0.01
w5, WT and 5-HT,, K KO mice.

neted in WT and 5-HT, 4R KO, but net in 5-HT, .R KO
mice (p=0.09 for clozapine; p=0.17 for olanzapine;
one-way ANOVA of AUCs) (Fig. 52).

Effect of clozapine on mPFC DA output after
GPCR silencing with selective protection of 5-HTy4
or 5-HTy4,5c vecepiors in vats

Te assess the involvement of 5-HT;s and 5HT,s
receptors in the clozapine-dnduced increase of DA
output in rat PFC, we examined its effect in control
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Fig. 6. {a) The perfusion of 300 g clozapine in mPFC of
control rats increased lacal DA output =10} This effect
was absent in the mPFC of rats whose GPCRs were silenced
by a pricr EEDQ injection {6 mg/kg 1.p.} and their prefrontal
5-HTyy s2cRs had been protected by ritanserin {300 )
administration through the microdialysis probe (=5}

{see Methods section}. (b} Conversely, clozapine
administration {300 g} elicited a significant DA elevation
in mPFC of rats treated with EEDCQ whose 5-HT Kz were
preserved by prior WAY-100635 (300 un} ad ministration
{rn=6). This effect was significantly greater than in control
rats {(#=10}. Data are expressed as mean+sEemM. See Results
section for statistical analysis.

rats and in rats whose GPCRs were previously in-
activated by EEDX) together with a selective protection
of 5-HT4 or 5-HT, 4 s receptors in mPEC (Amargés-
Bosch et al. 2004, see Methods section).

Clozapine perfusion (300 um) increased the DA out-
putin contrel rats (= 10) to 170 £ 14% of baseline but
to a much lower extent (a transient increase to 121+
24% of baseline) in rats with preserved 5-HTya 5cRs
(n=5) (Fig. 64). Two-way ANOVAs revealed a signifi-
cant group effect [F(1,13)=2.41, p<0.009], time effect
[F(15,195) =3.98, p < 0.0001] and time x greup interac-
ton [F(15,195) =3.23, p <0.0001].

We also tested the rele of mPFC 5-HT4Rs in the
clozapine-induced DA release in rats using the EEDQ

model. 5HT,4Rs were unilaterally protected m rat
mPFC by local administration of WAY-100635
(300 pna) during EETX) treatment (see Methods sec-
tor). In this group of rats, clozapine (300 ) elicited
a significant DA elevation (299 £ 57 % of baseline, n=
6) which was greater than in control rats (1704
14% of baseline, n =10; see above) (Fig. 6b). Two-way
ANOVAgs revealed a significant effect of group
[F(1,14)=8.17, #<0.01], time [F(15,210)=14.08, p=<
0.0001] and fime x group interaction [F(15,210) =3.51,
p=20.0001].

Previcus studies have shown that cdozapine re-
versed the increase of cortical 5-HT release induced by
DOI (Bortelozzi ef al. 2003). Since DO also elevates DA
release in mPFC by a 5-HT,aR-dependent mechanism
(Bortolozzi ef al. 2005), we examined whether cloza-
pine was able to counteract the inerease in DA output
induced by DOI despite its ability to increase DA
output by itself. DOI (300 pa) was locally administered
in the mPEC of control rats and of BEEDQ-freated rats
with protected 5-HT,a s ocRs (= 6 and 8, respectively).
DOI inereased DA output in control rats and in those
treated with EEDQ (with protected 5-HT,a pcRs)
Two-way ANOVAs revealed a significant effect of
time [tme effect: F(%, 108)=18.88, p<0.0001; non-
significant effects of the group or tme x group inter-
actions; fractons 1-10) (Fig. 7g). The co-perfusion of
cdozapine (300 gn) reversed the effect of DOIL on
DA output in the mPFC of control rats but not of
those treated with EEDX) with protected 5-HT 4 15cRs
[group effect: F(1,12)=1158, p<0.005; time effect:
F(15,180)=8.87, p<0.0001; time x group interaction:
F(15,180) = 3.69, p <:0.0001 ; fractions 1-16] suggesting
that this effect does not mvolve blockade of 5-HT,4Rs.

To examine the involvement of 5HT4Rs in the
clozapine-mediated reversal of DOT acion en PFC DA
output, we conducted additional experiments in
which we evaluated the ability of the 5-HT, 5 agonist
BAY x 3702 to antageonize the DOI-mediated DA in-
arease. The local perfusion of 30 una BAY x 3702 re-
versed the DA elevation in PFC induced by local DOL
administration [group effect: F(1, 7)=31.60,  <0.0008 ;
time effect: F(15,105) =7.26, p<0.0001; time x group
interactions: F(15, 105) = 3.04, p < 0.0001] (Fig. 7).

Autoradiographic examination of 5-HT, 4 and
5-HT sussc veceptors in the GPCR-silencing model

We performed addiional autoradiographic exper-
iments in rats not subjected to drug infusion (except
for WAY-100635 or ritanserin administration during
EEDQ treatment) to determine the site and extent
of 5HTWR and 5HT.s R protection in the
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Fig. 7. (a2} The perfusion of 300 g DOI {5-HT 24 s2c agonist)
increased DA output in the mPFC of control rats and of rats
treated with EEDC and whose mPEC 5-HT,y /5cRs were
unilaterally preserved by prior ritanserin ad ministration. The
perfusion of clozapine (300 ja) reversed the effect of DOI
only in control rats (n=6-8) but not in those with protected
5-HTaa sscR. (B} In control rats, the local perfusion of
BAY 2 3702 {30 g1} antagonized the increase of DA output in
mPFC induced by the local administration of DO {300 g}
{n=>5). Data are expressed as mean +s.EnM. See Results section
for statistical analysis.

EED-freated rats. EEDQ evoked a massive reduction
of 5-HT 4R and 5-HT,4 ;»cR density (Figs. 8 and 9).
Local, unilateral ritanserin perfusion by reverse
dialysis in the mPFC partally avoided 5-HT,a 0cR
inactivatdon by EEDQ. Densities of 5-HTas ncR-
binding sites in the ipsilateral (protected) mPFC at
AP coordinates (in mm) 3.20-3.70 ranged from 61%
to 83% (mean 7144%, n=4 rats) relative to mPEC
of control rats in the same hemisphere (2 =2). In the
contralateral (unprotected) side, 5-HT 4 scR-binding
sites were 31 +2% (=4 rats) relative to the mPFC in
the same hemisphere of control rats (n=2). One-way
ANOVA indicated that ["H]mesulergine binding in
ipsilateral mPFC of the GPCR-silenced +5-HT,, 5cR-
protected group was significantly different from con-
tralateral mPFC (p «<0.001) (Fig. Sg, b). Coronal sections
from an AP coordinate distant from local ritanserin
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administration (e.g. 420 mm), revealed a marginally
significant difference between ipsilateral and con-
tralateral sides (68 +3 vs. 434 3% relative to PFC in the
same hemispheres of control rats, respectively,
p=0.058).

Figure 97 shows autoracdiograms of 5-HTaRs
in PFC at AP 3.20-3.70mm from different groups
of rats: control (#=2), GPCR-silenced (n=2), GPCR-
silenced + 5-HTy s ppeR-protected (n=4) and GPCR-
silenced + 5-HT sRprotected  (n=4). WAY-100635
perfusion partially protected 5-HT,aRs from inact-
vation by EEDQ. One-way ANOVA indicated that
[FH]S-OH-DPAT binding in ipsilateral PFC of the
GPCR=silenced + 5-HT, aR-protected group was sig-
nificantly different from contralateral PFC (5147 ws.
17 44 % relative to ipsilateral and contralateral cortices
of control rats, respectively, g« 0.001) (Fig. 95). In this
case, 5-HT 4R density was also significantly different
between beoth ipsilateral and contralateral mPFC at AP
~4.20 mm of GPCR-silenced 4 5-HT s R-protected rats
(data not shown).

Discussion

The main finding of the present study is that APDs
such as clozapine, olanzapine and risperidone do not
require interaction with 5HT,\Rs to elevate DA
release in rodent mPFC. This observation is relevant to
understanding the neurobiological basis of the su-
perior therapeutic action of these AFDs in schizo-
phrenia (Leucht ef al. 200%) and may help to develop
new drugs overcoming the limitations of existing
treatments.

Methodological considevations

Two experimental models have been used in the
present study: (4) mice lacking 5-HT 4 or 5-HT,, re-
cepters, and (5) rats, whose GPCRs were inactivated
by EEDQ using selective protection of 5-HTs or
5-HT,4 s5c receptors.

The lack of 5-HT, 4 Rs in KO mmice (Parks 2f gl. 1998)
was assessed by receptor autoradiegraphy, electro-
physiology and micredialysis (Amargds-Bosch ef al.
2004; present study). Here we extend these cbser-
vations to 5-HT;4R KO mice (Fiorica-Howells ef al.
2002). A preliminary account of these data has been
presented previously (Bortolozzi ef al. 2007 a). We show
the absence of compensatory changes of 5-HT 4R and
5HT-R proteins in mice lacking 5-HT,aRs, similarly
toPopaetal. (2005) whoreported an unaltered 5-HT,cR
mRNA expression in 5-HT,4R KO mice. Consistent
with the autoradiographic data, the preferential
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Fig,. 8. (@) Representative autoradiograms showing the density of 5-HTsa s»cRs labelled with [*H]mesulergine in coronal sections
of PFC (AP in mm: 3.70-3.20} from different pretreatment groups: (A1} controls {rats received the EEDC vehicle i.p. and aCSF
through the dialysis probe), (A2) GPCR-silenced rats {injected with 6 mg/kg Lp EEDQ and perfused with aCSF through the
dialysis probe}, (A3} GFCR-silenced +5-HT s R-protected rats {treated with 6 mg/kg i.p. EEDQ while 300 uv WAY-100635 was
perfused through the dialysis probe}, and (Ad} GPCR-silenced +5-HTyy spcR-protected rats {treated with 6 mg/kg 1.p. EEDQ
while 30{ g ritanserin was perfused through the dialysis probe). A5 shows non-specific binding. Panels Ala-Ada are
photomicrographs showing enlargements of the marked area in panels A1-A4. Note the higher 5-HT .y /R binding in ipsilateral
{protected ) MPFC with respect to the contralateral {unprotected) side of panel A4 and the very low occupancy for 5-HT s sacRs in
both hemispheres of panels A2 and A3. Scale bars, 2 mm {Al-Ad) and 500 gm {Ala-Ada). {b) Densitometric quantification of
5-HTys ;2R binding in mPFC including cingulate, prelimbic and infralimbic cortices of the different group of rats (B1-B4). Bats
represent mean 5-HT,, ;K fmol/mg tissue +sEwm. of 4-8 observations {two or four observations at left and right hemispheres
of tw o consecutive secions per animal and two to four andmals per group). * p<0.001 significantly different from corresponding

contralateral {C} and ipsilateral (I} mPFC of control rats, % p<0.001 significantly different from contralateral mPFC of
GPCR-silenced + 5-HTua s scR-protected rats, using one-way ANOVA followed by Newman-Keuls post-hoc test.

5-HT, 4R agonist DOI did not inerease 5-HT and DA
release in the mPEC of 5HT,,R KO mice, an effect
requiring the activation of post-synaptic 5-HT;aRs
on pyramidal cells projecting te the midbrain mene-
aminergic nuclei (Bortolozzi ef ai. 2005; Martin-Ruiz
et al. 2001 ; Vazquez-Borsett ef 2l. 2009).

To examine the role of 5-HTys and 5-HT 50 re-
ceptors in rat PFC, we used a previously described
model (Amargds-Bosch ef al. 2004), consisting in the
selecive protecion of one or other receptor from
the inactivating acton of EEDQ (Battaglia ef al. 1987
Gozlan et al. 1994; Keck & Lakoski, 2000) through
the local administration of antagorusts (WAY-100635

or ritanserin, respectively) to occcupy 5HI,, or
5-HT 4 ssc receptors in mPFC during EEDQ treatment.
This moclel is far from the specificity of KO mice yet it
allows for a preliminary examination of the involve-
ment of 5-HTy 4 and 5-HT s receptors on the effects of
APDs in the rat brain.

The present autoradiographic data indicate that
(1) EELX) produces a massive loss of 5-HT,;, and
5-HT s 50 receptors it vive, and (2) the local protecton
of 5HTs or 5-HT g /se receptors by the respective
antagonists was relatively successful, as shown by dif-
ferences in receptor density between {g) ipsilateral
(protected) and contralateral {unprotected) mPFCs,
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Fig. 9. {#) Representative autoradiograms showing the density of 5-HT,,Rs labelled with FH]8-OH-DPAT in coronal sections of
PFC (AP inmm: 3.70-3.20} from different pretreatment groups: (Al) controls (rats received the FEDQ vehicle Lp. and aC5F
through the dialysis probe}, (A2} GPCR-silenced rats {injected with 6 mg/ke i.p. EEDQ and perfused with aCSF through the
dialysis probe}, {A3) GPCR~silenced +5HT,, ,scR-protected rats {injected with 6 mg/kg 1.p. EEDQ while 300 g ritanserin was
perfused through the dialysis probe), and {Ad} GPCR-silenced +-5-HT, s R-protected rats {Injected with 6 mg/kgip. EEDQ while
300 pn WAY-100635 was perfused through the dialysis probe). A5 shows non-specific binding. Panels Ala-Ada are
photomicrographs showing enlargements of the marked area in panels Al-Ad Note the higher 5-HT 1R binding in ipsilateral
{protected) mPFC with respect to the contralateral {unprotected) side of A4 and the very low occupancy for 5-HT, 4 Rs in both
hemispheres of panels A2 and A3. Scale bars, 2 mm {Al-Ad} and 500 gm (Ala-Ada). (b} Densitometric quantification of 5-HT; 5K
binding in mFFC including cingulate, prelimbic and infralimbic cortices of the different group of rats {B1-B4). Bars represent
mean 5-HT 4 R fmol/mg tissue +s.Em. of 4-8 chservations (twa or four observations at left and right hemispheres of twa
consecutive sections per animal and two to four animals per group}. ** p<0.001 significantly different from corresponding

contralateral {C) and ipsilateral {I} mPFC of control rats, ++ p<0.001 significantly different from contralateral mPFC of
GPCR-silenced +5-HT; s R-protected rats, using one-way ANOVA followed by Newman-Keuls post-hoc test.

and (#) the ipsilateral side in EEDXHreated and control
rats. The fact that receptor densities in protected
sides werelower than in control rats may be partly due
to the datnage caused by the dialysis probe, which
forced us to use corenal sections relatively distant from
the admindstration site, and thus, with lower antagorist
cccupancy than sites close to the microdialysis probes
receiving a higher antagonist concentration.

5-HT;4Rs have a great sensiivity to EEDQ in vifro
(Gozlan ef gl. 1994). The present in-vive data are con-
sistent with this view, since EEDQ) reduced 5-HT s
and 5-HTys o receptor densities to 15% and 30% of
controls, respectvely. Similar differences have been
noted for DA Dy and D, receptors (see Cox &

Waszczak, 1993; Hemsley & Crocker, 2001 and refer-
ences therein). Interestingly, despite measured recep-
tor densities in protected sides being lower than 100%
of contrals, DOI increased DA release to the same ex-
tent in the mPFC of control rats and of those receiving
EEDK) + ritanserin, indicating that local 5-HTa 5cRs
remained entirely functional using this experimental
paradigm. Similar results have been reported for
5-HTaR agenists (Amargds-Bosch f al. 2004).

Role of 5-HT; 4 and 5-HT,, veceptors in the
APD-induced DA release

Despite the diverse phartnacological profiles of
APDs (Arnt & Skarsfeldt, 1998), they share the ability
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to increase DA release in rodent mPFC through 5-
T, 4R activation (Bortolozzi et al. 2007b; Diaz-Mataix
et al, 2005; Ichikawa ef al, 2001 ; Li ¢ al. 2009; Rollema
et al. 1997, 2000). This effect was attributed to simul-
taneous blockade of 5-I1T,s and D, receptors
(Ichikawa et al. 2001) yet it seems to depend exclus-
ively on the activation of 5-HT,4Rs in mPFC
{Bortolozzi et al. 2007h; Diaz-Mataix et al. 2005). In
the present study, we further confirm these previous
observations in 5-HT 4R KO mice and show that 5-
HT:4R blockade is not a requirement. Further, we ex-
tend these observations to rat mPFC, where clozapine
increased local DA release in presence of ~50% of
mPFC 5-HT, 4 Rs but not in rats whose 5-HT 4 Rs were
inactivated to 15% of controls by EEDQ treatment. The
grealer DA increase induced by clozapine in rats
whose GPCRs were silenced by EEDQ - yet with pre-
served 5-HTjaRs - suggests an additional regulatory
role of other receptors in the clozapine-evoked DA
release (e.g. DA D, a-adrenoceptors) once the DA
increase has been induced by 5-HT AR stimulation. It
has been suggested that WAY-100635 may also bind to
DA Dy receptors in addition to 5-HT, s Rs (Chemel et al.
2006; Martel et al. 2007) and therefore, some protection
for D, receptors may exist in the EEDQ + WAY-100635
model. Thus, it cannot be excluded that [, receptors
play a role in the clozapine-induced cortical DA re-
lease using this model in rat mPFC despite its effects
being totally absent in 5-HT, s R KO mice (Diaz-Mataix
ef al. 2005 ; present study).

The apparent bell-shaped dose-effect relationship
of olanzapine on DA release (Fig. 5b) suggests the
involvement of other prefrontal monoaminergic re-
ceptors (e.g. a-adrenoceptors; Amargds-Bosch et al.
2003) for which olanzapine shows nm affinity (Armt &
Skarsfeldt, 1998).

The similar in-vivo DA increases in PFC produced
by several APDs (Diaz-Mataix ef al. 2005; Ichikawa
el al. 2001), does not bear a relationship with their -
vitro affinities for 5-HT 4 Rs, e.g. high for ziprasidone,
low for clozapine and risperidone (vet clozapine oc-
cupies 3-HT, 4Rs in vivo; Chou ef al. 2003} or negligible
for olanzapine (Amt & Skarsfeldt, 1995; Bymaster et al.
1996; Newman-Tancredi ef al. 1998). The exact way by
which APDs lacking in-vitro affinity interact in vive
with 5-HT, sR-mediated neurotransmission is unclear.
The DA output induced by APDs and 5-HT, 4 agonists
was cancelled by co-perfusion with the GABA 4 an-
tagonist bicuculline, suggesting the involvement of
5-HT,5Es in GABA interneurons (Diaz-Mataix et al.
2005). Given the inhibitory nature of 5-HT,sRs, a
preferential action of APDs on 5-HT,sRs located
on GABA interneurons would eventually result in an

increased excitatory cortical output to the VTA to en-
hance DA neuron activity (Gessa ef al. 2000), an effect
qualitatively similar to that of selective 5-HT,, ag-
onists (Diaz-Mataix et al. 2005, 2006).

The increase in mPFC DA release produced by
APDs might theoretically result from an interaction
between 5-HT, 5, and 5-HT,, receptors in neurons co-
expressing these receptors (Amargos-Bosch et al. 20014).
Thus, 5-HT ;4R blockade by APDs might alter the
physiological balance between 5-HT, 5 and 5-HTy,, re-
ceplors, resulting in an increase of 5-HT, sR-mediated
neurotransmission. Flowever, the present data do not
support this possibility, since the APDs clozapine,
olanzapine and risperidone increased a similar DA re-
lease in the mPFC of mice lacking 5-HT,4Rs (with no
alteration of 5-HT 4R density) and in WT controls.
These results in mice were confirmed by rat data
showing that clozapine was ineffective in enhancing
DA output in the mPFC of rats whose 5-HT,\Rs
were inactivated (~15% of controls), vet whose
5-HTup racRs were protected (~70% of controls).

Interestingly, and despite its ability to stimulate DA
release when given alone, clozapine counteracted the
increase in PFC DA output induced by DOI, suggest-
ing a different effect in PFC in basal or stimulated
conditions, This pattern is similar to that observed
in some electrophysiological studies, where clozapine
displays a state-dependent action, reducing neuronal
hyperactivity (e.g. Homayoun & Moghaddam, 2007;
Kargieman ef al. 2007; Schwieler & Erhardt, 2003).
Thus, clozapine would activate the mesocortical DA
system from basal conditions but would dampen cor-
tical hyperactivity.

Clozapine could not reverse the effect of DOI
in GPCR-silenced + 5-HT;, s5cR-protected rats. In this
group, 5-HT.4Rs were entirely functional, as indicated
by the local effect of DOI on DA oulput, comparable
to that in controls. The inability of clozapine to
counteract DOL's effect in these rats suggests the in-
volvement of other receptors, different from 5-HT,4Rs,
to reverse the action of DOI in control rats. Although
we could not perform a systematic study, the com-
parable effect of clozapine and the selective 5-HT 4R
agonist BAY x 3702 suggests the involvement of
3-HT,aRs.

Owerall, these findings indicate that the stimulation
of mesocortical DA release by APDs does not require
the presence of 5-HT.aRs and suggest that these drugs
activate 5-HT,4Rs to enhance cortical DA neuro-
transmission. Alternatively, it is conceivable that other
receptor-receptor  interactions might explain  this
marked discrepancy between in-vitro and in-vivo ac-
tions of APDs at 5-HT,; ARs.



Resultats

Functional consequences

The present dala, obtained in mice and rats using two
different experimental models (permanent 5-HT re-
ceptor KO mice and GPCR inactivation with selective
protection of 5-HT receplors) indicate that blockade of
5-HTy4Rs by APDs is not a necessary step to elevate
DA release and that this effect is mediated by indirect
activation of 5-HT, 4 Rs in PFC. The molecular /cellular
basis of the present in-vivo results is not known.

These observations do not preclude at all that 5-
HT.4R blockade by APDs participates in their thera-
peutic action. Cur conclusions are restricted to the role
of 5-HT receptors required to enhance mesocortical
DA, an effect potentially important for the actions
of APDs on negative symptoms and cognitive deficits
of schizophrenia patients. Given the lack of adequate
treatment of these problems, further detailed studies
are required to examine the ability of APDs-and
in particular, of clozapine -to stimulate cortical 5-
HT,sR-mediated neurotransmission despite their low
or negligible in-vitre affinity.
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Selective enhacement of mesocortical dopaminergic transmission by
noradrenergic drugs: Therapeutic opportunities in schizophrenia.

M. Masana, A. Bortolozzi, F. Artigas.

International Journal of Neuropsychopharmacology 14(1): 53-68 (2011)

La capacitat dels farmacs antipsicotics atipics vs els classics d’augmentar la
funcié dopaminérgica (DA) mesocortical sembla ser la responsable de la millor
eficacia d’aquests en el tractament dels déficits cognitius i els simptomes
negatius en esquizofrénia. Donat que la transmissid noradrenérgica (NE)
contribueix a l'alliberament de DA cortical, hem estudiat com farmacs que
actuen sobre dianes NE poden modular I'alliberament de DA a I'escorga
prefrontal medial (EPFm) i el nucli accumbens (NAc) utilitzant microdialisis in
vivo, amb I'objectiu d’augmentar selectivament la DA mesocortical.

L’administracié local de GBR 12909 (inhibidor selectiu del transportador de DA,
DAT), va augmentar l'alliberacié de DA en major proporcié en el NAc que en
I'EPFm, mentre que la reboxetina (inhibidor selectiu del transportador de NE,
NET) mostra un perfil regional oposat. Els nivells de DA van augmentar de forma
comparable en ambdues regions després de I'administracié local de nomifensina
(inhibidor del DAT i el NET), pero aquest efecte és menor en I'EPFm de rates amb
el sistema NE lesionat amb DSP-4, i en el NAc de rates amb I'area tegmental
ventral lesionada amb 6-OHDA. A més, I'estimulacio eléectrica del locus coeruleus
va augmentar preferentment els nivells de DA a I'EPFm. De forma consistent,
I’administracié de reboxetina conjuntament amb RX 821002 (un antagonista del
receptor o2 adreneérgic) va augmentar dramaticament l'alliberacié de DA a
EPFm, perd no en el NAc. Aquest efecte també es produeix quan la reboxetina
més I'RX 821002 sdn coadministrats amb haloperidol o clozapina.

Aixi doncs, la contribucid preferent del sistema NE a la DA prefrontal permet un
augment selectiu de la transmissié DA mitjan¢ant el bloqueig simultani del NET i
dels receptors a2 adreneérgics, evitant aixi la retroalimentacié negativa produida
pels autoreceptors sobre I'activitat NE. Els nostres resultats ressalten la
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importancia del NET i dels receptors a2 adrenérgics com a dianes terapéutiques
per tractar els simptomes cognitius i negatius en esquizofrénia i altres malalties
psiquiatriques relacionades.
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dopaminergic transmission by noradrenergic
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Abstract

The superior efficacy of atypical vs. classical antipsychotic drugs to treat negative symptoms and cognitive
deficits in schizophrenia appears related to their ability to enhance mesocartical dopamine (DA) function.
Given that noradrenergic (NE) transmission contributes to cortical DA output, we assessed the ability of
NE-targeting drugs to modulate DA release in medial prefrontal cortex {mPFC) and nucleus accumbens
(NAc), with the aim of selectively increasing mesocortical DA Extracellular DA was measured using brain
microdialysis in rat mPFC and NAc after local/systemic drug administration, electrical stimulation and
selective brain lesions. Local GER12909 [a selective DA transporter (DAT) inhibitor] administration
increased DA output more in NAc than in mPFC whereas reboxetine [a selective NE transporter {(NET)
inhibitor] had an opposite regional profile. DA levels increased comparably in both regions of control rats
alter local nomifensine (DAT+NET inhibitor) infusion, but this effect was much lower in PFC of NE-
lesioned rats (D5P-4) and in WAc of 6-OHDA-lesioned rats. Electrical stimulation of the locus coeruleus
preferentially enhanced DA output in mPFC. Consistently, the administration of reboxetine+ RX821002
{an as-adrenoceptor antagonist) dramatically enhanced DA output in mPFC (but not NAc), This effect
also occurred when reboxetine+ RX821002 were co-administered with haloperidol or clozapine. The
preferential contribution of the INE system to PFC DA allows selective enhancement of DA transmission
by simultaneously blocking NET and a.adrenoceptors, thus preventing the autoreceptor-mediated
negative feedback on NE activity. Our results highlizht the importance of NET and agadrenoceptors as
targets for treating negative /cognitive symptoms in schizophrenia and related psychiatric disorders.
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Introduction

Mesocortical and mesolimbic dopamine (DA) systems
play a crucial role in many psychiatric disorders in-
cluding schizophrenia {Carlsson, 1978). A general en-
hancement of brain dopaminergic neurolransmission
in schizophrenia was suggested by pharmacological
evidence (Creese ef al. 1976; Seeman & Lee, 1975).
However, current views indicate a hyperaclivity of
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subcortical DA transmission together with a hypo-
active mesocortical system (Abi-Dargham ef al. 2000;
Akil et @l 1999; Laruelle ef @l. 1996; Lewis &
Lieberman, 2000; Weinberger et al. 1958).

The overall efficacy of classical (DA D, receptor
antagonists) and atypical antipsychotics (APDs, pre-
ferential 5-HTgy soc v5. DA Dg receptor antagonists) to
treat positive symptoms is similar (Liecberman ef al.
2005). In contrast, some APDs, and particularly cloza-
pine, are superior to classical APDs for the treatment
of negative symptoms and cognitive impairment
(Kane et al. 1988; Keefe et al. 2006; Leucht ¢f al. 2009;
Meltzer & McGurk, 1999). This clinical feature has
been relaled 1o the ability of atypical (but not classical)
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APDs to increase DA release in the mesocortical
pathway (Diaz-Mataix ef al. 2005; Ichikawa ef al. 2001;
Kuroki ef gl. 1999; Rollema et ai. 1997; Westerink ef al.
2001). Indeed, an optimal prefrontal DA function is
crucial for working memory and executive functions
(Castner et al. 2000; Floresco & Magyar, 2006;
Goldman-Rakic et al. 2000; Robbins & Arnsten, 2009;
Vijayraghavan ef al. 2007 ; Williams & Goldman-Rakic,
1995).

A key step determining the intensity and duration
of synaptic DA signalling is the reuptake of the
released transmitter into nerve terminals through
high-affinity plasma membrane transporters. Previous
studies indicate a lower density of DA transporter
(DAT) in PEC compared to striatum (Letchworth
et al. 2000; Marshall et al. 1990; Sesack et al. 1998).
Conversely, the PFC contains a higher density of
noradrenaline (NE)} transporter (NET) (Miner et al.
2003; Schroeter et al. 2000) compared to NAc. In fact,
NE axons may contribute to the removal of DA from
the extracellular brain space, since NET shows a
similar affinity for NE and DA (Raiteriet al. 1977). NET
inhibitors seem to preferentially increase the extra-
cellular DA concentration in the medial prefrontal
cortex (mPFC) compared to caudate or nucleus ac-
cumbens (NAc) (Carboni et al. 1990, 2006; Mazei ef al.
2002; Pozzi et al. 1994). Furthermore, NE axons from
locus coeruleus (LC) neurons may contribute to regu-
late extracellular DA concentration in PFC by either
taking up or co-releasing DA (Devoto et al. 2001, 2005;
Devoto & Flore, 2006 ; Kawahara et al. 2001). However,
a systematic comparison of these factors in the meso-
cortical and mesolimbic pathways is lacking,.

Here we evaluated simultaneously the contribution
of noradrenergic transmission to DA reuptake and
release in both mesocortical and mesolimbic pathways
As a result, we report on a marked and selective
enhancement of mesocortical DA transmission by
combining the NET inhibitor reboxetine and the
az-adrenoceptor antagonist RX821002.

Materials and methods
Anidmals

Male Wistar rats (250-320 g, Iffa-Credo, France) were
maintained on a 12-h light/dark cycle (lights on 07:00
hours), room temperature 22+2°C, with food and
water available ad libitum. Animal care followed
European Union regulations (O.7. of E. C. L358/1 18/
12/1986) and was approved by the Institutional
Animal Care and Use Committee of the School of
Medicine, University of Barcelona.

Drugs and reagents

Desipramine hydrochloride, GBR12909 dihydrochlo-
ride, haloperidol, nomifensine maleate, N-(2-chloro-
ethyl)-N-ethyl-2-bromobenzylamine  hydrochloride
(DSP-4), 6-hydroxydopamine hydrochloride (6-OHDA)
and RX821002 hydrochloride were purchased from
Sigma (Spain). Clozapine, fluoxetine hydrochloride
and reboxetine mesylate were obtained from Tocris
(UK). Drugs were dissolved in artificial cerebrospinal
fluid [aCSF (mm): NaCl, 125; KCl, 2.5; CaCl, 2.52;
MgCl,, 1.18] and distilled water for local and systemic
administration (pH adjusted to 6-7), respectively.
Clozapine was dissolved in few drops of glacial
acetic acid and diluted with saline. DSP-4, 6-OHDA
and GBR12909 solutions were prepared prior to use.
6-OHDA was dissolved in water containing 0.1% as-
corbic acid. All reagents used were of analytical grade
and obtained from Merck (Germany).

Microdialysis procedures

Microdialysis experiments were conducted as pre-
viously described (Bortolozzi et al. 2005; Diaz-Mataix
et al. 2005). Briefly, concentric dialysis probes were
implanted under pentobarbital anaesthesia (60 mg/kg
ip.) at the following brain coordinates (in mm):
mPFC, AP +32, L —0.8, DV —6.0, 4-mm membrane
length; or NAc, AP +1.6,L —1.1, DV —8.0, 1.5-mm
membrane length (Paxinos & Watson, 1998). The
probe in NAc samples included core and shell sub-
divisions (Fig. 1b). Groups of rats were implanted with
two probes ipsilaterally in mPFC (as above) and NAc
(AP +1.6,L —3.9, DV —7.5, with a lateral 20° angle).
Experiments were performed in freely moving rats
~20h after surgery except those involving the elec-
trical stimulation of LC (see below). Probes were per-
fused with aCSF pumped at 1.5 ul/min. After an initial
30-min stabilization period, four baseline samples
were collected (20 min/fraction) before local or sys-
temic drug administration. Control groups were per-
fused with aCSF or injected with vehicle.

To examine the effects of electrical stimulation of LC
on DA release, a stimulating electrode was implanted
in LC at AP —2.0 {from lambda; nose down 15° {from
horizontal plane), L —1.2, DV -7.2 (Mateo et al. 1998).
The bipolar stimulating electrode consisted of two
stainless-steel enamel-coated wires (California Fine
Wire, USA) with a diameter of 150 gm and in-witro
impedances of 10-30 k2. Additionally, two dialysis
probes were implanted in mPFC and NAc {as above).
On the following day, rats were anaesthetized with
chloral hydrate (400 mg/kg ip. followed by sup-
plementary doses of 50-70 mg/kgh ip.). Ten-min
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Fig. 1. Representative histological sections cut in the coronal plane at 40 gm showing the tract of a dialysis probe located
within (g} mPFC, (B} NAc and {c} stimulating electrode in locus coeruleus {LC) of the rat. Black arrows indicate the length of
microdialysis probes {4 and 1.5 mm for mPFC and NAc, respectively) and the tip of the electrode in LC. Adapted from
Paxinos & Watson (1998}, Cgl, cingulate area 1; PrL, prelimbic cortex, IL, infralimbic cortex,; DF, dorsal peduncular cortex;

NACC, nucleus accumbens core; NACS, nudeus accumbens shell.

dialysate fractions were collected (fow rate 3.041/
min) and body temperature was maintained at 37 °C
with a heating pad. LC was phasically stinulated for
20 min after four basal fractions: 0.1-ms pulses deliv-
ered at 20 Hz for 250 ms every 1 s (average frequency
5Hz) at 0.7 mA for 20 min using a Grass stimulation
unit 5-48 (Devoto et al. 2005; Florin-Lechner ef al. 1996).

Brain dialysate fractions were collected on micro-
vials containing 5l of 10mm HCIO, and rapidly
injected into the HPLC equipment as described pre-
viously (DHaz-Mataix ef al. 2005). DA was detected
amperometrically (+0.7 V) (HewlettPackard 1049,
USA) with a lirnit of detection of 2-3 fmol/sample. At
the end of the experiments, animals were killed by an
anaesthetic overdose. Brains were quickly removed
and frozen on dry ice before sectioning (40 umn) with
a eryostat (HMS500-Om Microm, Germany). Coronal
brain sections were stained with Neutral Red to verify
the correct placement of probes and electrodes (Fig. 1).

Brain lesions

To examine the relative contribution of noradrenergic
and dopaminergic systems to the release of DA
in mPFC and NAc, we performed specific lesions:
(@) treatment with the NE neurotoxin DSP-4, and
(b) lesion of ventral tegmental area (VTA) DA system
with 6-OHDA. To lesion NE neurons, DSP4 (40 mg/
kg i.p.) was administered 60 min after the injection of
fluoxetine (10 mg/kg 1.p.) and GBR12%0% (20 mg/kg
g.c), to protect serotonin (5-HT) and DA neurons,
respectively (Bortolozzi & Artigas, 2003; Dailly ef al.
2006 ; Fritschy & Grzanna, 1989). Microdialysis ex-
periments were performed 5 d after DSP-4 adminis-
tration in awake rats implanted with a single probe in
mPFC or NAc

For 6-OHDA lesions, rats were pre-treated 60 min
before with fluoxetine (10 mg/kg ip.) and desipramine

25 mg/kg s.c) to protect 5-HT and NE neurons,
respectively (Robinson & Whishaw, 1988 ; Tseng ef al.
2005). Rats were unilaterally injected with 6-OHDA
(total dose 8 g /1 #1) in two locations within the VTA
JAP —52 L —22(10%, DV7.8, AP5.8,L —18 (107,
DV-7.7]. The injecton rate was 1 ul/min, followed by a
3-min pause before slowly withdrawing the infusion
cannula. Micredialysis experiments were performed
& d later in rats implanted with two microdialysis
probes, one in mPFC (or NAc) ipsilateral to the
lesioned VTA and the other one in the contralateral
mPEC (or NAg), used as a control [mPFC: AP +3.2,
L +15 (10%), DV —5.7; NAc: AP +1.6, L £3.9 (20°),
DV —7.5].

The efficacy of DSP-4 and 6-OHDA te lesion NE and
DA systemns, respectively, was assessed by analysis of
NE and DA in brain tissue by HPLC-ED (Adell et al.
1989, Bortolozzi & Artigas, 2003). The effect of lesions
was examined in brain areas containing a substantial
innervation of NE (FFC, for DSP4 lesion) and DA
(NAg, for 6-0HDA lesion). At the end of the micro-
dialysis experiments, rats were killed and their brains
were quickly removed and placed over a cold plate.
In these animals, probe location was assessed by vis-
ual inspection with a low power magnification miero-
scope. Brains were secioned at l-mm-wide coronal
sections and PFC (for DSP4 lesion) and NAc (for
6-OHDA lesion) were carefully dissected out. Only
rats with more than %)% depletions in NE (DSP4) or
DA (6-OHDA) were included.

Statistical analysis

Microdialysis results are expressed as frmol/30-41
fraction and shown as percentages of baseline.
Area under the curve (AUC) of selected time-
periods was also used. Statistical analysis was per-
formed using one- or two-way ANOVA of AUC or
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Fig. 2. Local effect of catecholamine transporter inhibitors on
DA release in mPFC () and NAc (W) of freely moving rats.
The application of artificial CSF did not alter DA levels in any
area. () Nomifensine {(DAT +NET inhibitor), perfused at 1,
10 and 30 gm (12 fractions each), showed a marked dose effect
without regional differences at any concentration.

{b) GBR12909 {a selective DAT inhibitor) was perfused at
increasing concentrations {30, 100 and 300 g, five fractions
each) and produced a significant increase of DA levels in
NAg, but not in mPFC. () Reboxetine (a selective NET
inhibitor) was perfused at increasing concentrations

{1, 10 and 30 gem, four fractions each) and increased DA
output in mPFC, but not in NAc. Bars show the AUC
calculated by averaging DA percentage of baseline values

in fractions 6-16 for nomifensine, and three DA values for
each concentration for GBR12909 and reboxetine. Data are
expressed as mean+s5guM., 1=4-7 rats/ group, except for

1 gt nomifensine in NAc (1 =3), * p<0.05 vs. respective
control (0 ), * p=0.01 for mPFC ps. NAc and ! p=0.05.
See text for detailed statistical analysis.

DA values (repeated measures) followed by
Newman-Keuls post-hoc test. Basal DA dialysate levels
and tissue monoamine contents were compared using
Student’s ¢ test. Data are expressed as means +s.EM.
The significance level was set at p < 0.05.

Results

Local effect of DAT and NET inhibitors an DA
output in mPFC and NAc

Perfusion of aCSF did not significantly alter DA
output in mPFC and NAc of awake rats. The mean
baseline concentrations of DA dialysate samples from
mPFC and NAc (single probe experimenits) were
19+ 1 fmol/fraction (#=33) and 19 +3 fmol/{raction
(1 =27), respectively.

Local infusion of the DAT +NET inhibitor nomi-
fensine (1, 10 and 30 gm} increased extracellular DA
in both areas in a concentration-dependent manner
(Fig. 2a). The maximal DA increase (AUC; 5 was
660 +52% in mPFC and 527 +130% in NAc at 30 gm
(n=>5 each). Two-way ANOVA of AUCs revealed a
significant effect of concentration (Fju=27.13, p<
0.00001) and non-significant effects of region and con-
centration x region interaction. Post-hoc test (Newman-—
Keuls) revealed significant differences among all tested
concentrations.

Unlike nomifensine, significant regional differences
were found for the selective DAT (GBR12909) and
MNET (reboxetine} inhibitors after local administration.
Local GBR12909 infusion markedly increased DA
output in NAc and evoked a minor increase in mPFC
(Fig. 2b). Mean DA elevations at 30, 100 and 300 g,
expressed as percentage of baseline, were respect-
ively: (g) mPFC (n=6): 146 +11, 150+ 24 and 122 +28
and () NAc (n=4): 382475, 390+91 and 287 +80.
Two-way ANOVA of AUCs showed a significant
effect of the drug concentration (Fys,=6.39, p<0.01),
region (Fy5=27.92, p<0.00001) and concentration x
region interaction (Fjsa=3.19, p<0.05), Post-hoc test
(Newman-Keuls) revealed significant differences be-
tween NAc and mPFC at concentrations of 30
and 100 gm and a marginal difference (p=0.052) at
300 g

Local reboxetine application elevated extracellular
DA in mPFC but not in NAc (Fig. 2¢). Reboxetine
effects at 1, 10 and 30 pn, expressed as percentage of
baseline, were respectively: (#) mPFC (n=6): 267 + 19,
278 +21, and 282+33 and (b} NAc (n=4): 129+121,
117 +28 and 90 +19. Two-way ANOVA showed a
significant effect of concentration (F; 3= 8.50, p=0.001),
region (Fy5=60.07, p=<0.0001) and concentration »
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Fig. 3. Local effect of nomifensine 30 gom in mPFC (O7)

and NAc (W) of rats underlying specific lesions.

(a) Noradrenergic lesion with DSP-4 (40 mg/ kg ip. 5d
before experiments) changed DA response to nomifensine
in mPFC but not NAc, compared to control groups. (b) VTA
was unilaterally lesioned with 6-OHDA (8 gz /1 4, 8 d before
experiments) and the contralateral mPFC and NAc were used
as control. 6-OHDA lesion produced a significant change to
nomifensine in NAc-lesioned {6-OHDA ipsilateral side}
compared to control side. Bars show AUC values, averaged
DA values in fractions 6-16, expressed as percentage of
baseline. {¢) Basal DA values {(fmol /fraction) in the mPFC
and NA«c of control and lesioned rats (DSP4 and 6-OHDA).
Data are expressed as mean +5.EM., #=5-6 per group.

* p <0.05 vs. respective control groups and * p-0.01 for
mPFC o5, NAc, See text for statistical analysis.

region interaction (Fy=7.19, p<0.001). Post-hoc test
(Newman-Keuls) revealed significant differences be-
tween NAc and mPFC at all concentrations.
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Effects of selective brain lesions on the modulation
af DA output in mPFC and NAc induced by
nomifensine

We further explored the effect of nomifensine in the
mPFC and NAc of rats underlying specific lesions
with (g} the NE neurotoxin DSP-4 and (b) unilateral
lesion of VT A DA system with 6-OHDA, respectively.

Rals pretreated with D5P-4 showed a 90% depletion
of tissue NE level (85+8 vs. 894 + 92 pmol/g of wet
tissue in PFC, p < 0.00001) without a significant change
in tissue DA in this area. DSP-4-lesioned rats had
higher basal values (fmol/fraction) of dialysale DA in
mPFC (3748, n=6) and NAc (31 +6, # =6), compared
to their respective controls in mPFC (15 +2, n=5) and
NAc (24 +7, n=5), yet only the DA increase in mPFC
reached statistical significance (p < 0.05) (Fig. 3¢}

Local infusion of nomifensine (30 gm) by reverse
dialysis increased mPFC DA outpul in control rats to
660 +52% of baseline, but to a much lower extent
(180 +11% of baseline} in mPFC of DSP-4-pretreated
rats (Fig. 3a). However, DSP-4 pretreatment did not
alter the ability of nomifensine to increase extracellular
DA in NAc (DA increase of 528+130% and 682+
176% in control and DSP-d4-pretreated rats, respect-
ively). Two-way ANOVA revealed a significant effect
of lesion x region interaction (F;s=748, p<0.05).
Post-hoc { test revealed that the effect of nomifensine in
mPEC of DSP-4-lesioned rats was significantly differ-
ent to the other groups.

The unilateral dopaminergic VTA lesion by 6-OHDA
was assessed in the same rats comparing lesion
side (ipsilateral to 6-OHDA application} with control
side (contralateral to 6-OHDA application). Tissue DA
and NE levels were significantly decreased to 93%
and 71%, respectively in NAc (492 +174 vs. 7226 4
272 pmol/g of DA in wet lissue and 298 +53 os.
1019 + 1173 pmol/g of NE in wet tissue, p < (.01). Basal
DA values (fmol/fraction) in the control and lesioned
sides were: (@) control mPFC: 12+4, (B) lesioned
mPFC: 943, (¢) control NAc: 11 +4 and, (d) lesioned
NAc: 9 +2 (n=5-6). Non-significant differences of DA
output were found between control and lesioned sides.

Simultaneous local nomifensine (30 gv) infusion by
reverse dialysis in both control and lesioned mPPFC
increased DA output to 660+ 72% (control mPPFC) and
405+47% (lesioned mPFC)Y of baseline (Fig. 3b). On
the other hand, nomifensine (30 M) perfusion en-
hanced DA output to 798 + 194% of baseline in control
NAc and to 284+69% in lesioned NAc, Two-way
ANOVA revealed a significant effect of lesion (Fy =
11.03, p<0.01) and non-significant effects of region
and lesion » region interaction. Post-hoc Newman-Keuls

93



94

Mercé Masana Nadal

58 M. Masana et al.

350

5 Hz

300 - 5
250 -
200 -
150 %}

Py ot o

T - Q:%:ﬁ_frf;ﬁ_ﬁ, =

50 -

Dialysate DA (% of basal values)

0 1 2 3 4 5 [+ 7 B g
Fraction number (10 min each)

—'— Contred LC, mPFC

—— Controd LT, NAc

=== Stimulatad cutside-LC, mPFC
smam Stimulated outsde LC, NAc
—— Stimulated LC, mPFC

—a&— Stimulated LC, NAc

Fig. 4. Effect of electrical stimulation of LC on DA levels in mPFC and NAc of the same anaesthetized rats. LC stimulation
increased DA release in mPFC to a larger extent than in NAc, Data are expressed as mean +5.M., # =3 for control; n=5 for
stimulated. Inset: LC was stimulated after four basal fractions in phasic mode with 0.1-ms pulses delivered at 20 Hz for

250 ms every 1 s (average frequency of 5 Hz) and 0.7 mA for 20 min. See text for statistical analysis. * p<0.05 vs. control
{non-stimulated) and * p<0.05 for mPFC ps. NAC. Dotted lines show the effect on extracellular DA of rats with stimulating

electrodes implanted outside the LC.

test indicated that only DA values in lesioned NAc
were statistically different from control NAc.

Electrical stimulation of 1.C differentially increases
DA output in mPFC and NAc

We then assessed the effect of electrical stimulation of
LC on DA outpul in mPFC and NAc of the same rals.
Mean DA basal values {(fmol/10-min fraction) were
1543 (n=18) and 17 +3 (n=17) in mPFC and NAc,
respectively.

Burst LC stimulation (1 =75) significantly elevated
extracellular DA in mPFC and NAc compared to
animals with misplaced electrodes, including peri-
coeruleus area (n=9-10) and sham control rats (n=3,
no current was passed through the LC electrode)
{Fig. 4). The DA output in mPFC showed a sharp rise
during the stimulation period which declined rapidly.
Maximal DA increase was 2M+44% of baseline.
Two-way ANOVA revealed significant effects of the
treatment (Fy 5 =6.17, p<0.05), time (Fyu5 =894, p<
0.0001) and treatment x time interaction (Fig = 3.78,
p<0.0001), Burst LC stimulation induced a modest
and slow increase of DA release in NAc (1534 20% of
baseline). Two-way ANOVA indicated a significant
effect of ime (Fg s =213, p<0.05) and treatment x
time interaction (Fise=1.89, p<0.05) and non-
significant effects of stimulation and time. Post-hoc
Newman-Keuls test indicated that DA output in
mPFC during LC stimulation was significantly greater
than in control rats.

Finally, two-way ANOVA of DA output of the sti-
mulated groups revealed significant effects of time
(Fgq2=11.67, p<0.00001) and time » region interaction
(Fg2=2.39, p<0.05). Posi-hoc Newman-Keuls lest in-
dicated that the DA outpul in the mPFC during LC
stimulation was significantly greater than in NAc.

Selective enhancement of cortical DA oulpul by
noradrenergic drugs in APD pre-treated rals

Overall, the above results suggest that (1) the extra-
cellular DA concentration is distinctly regulated in
mPFC and NAc, and (2) NE terminals markedly con-
tribute to the control of mPFC DA (but not of NAc DA)
either by co-releasing DA and/or taking up DA via
NET.

We next studied the feasibility of selectively in-
creasing mesocortical DA transmission through NE-
acting drugs. We conducted two sets of experiments in
rats implanted with two microdialysis probes (mPFC
and MNAc). Baseline DA concentrations in mPFC and
NAc (double-probe experiments) were 9+1 fmol/
fraction (n=69) and 942 fmol/fraction (n=62), re-
spectively.

In the first set of experiments, the selective NET
inhibitor reboxetine (30 un) was locally applied by re-
verse dialysis in mPFC and NAc followed by the sys-
temic administration of the selective az-adrenoceptor
antagonist RX821002 (1 mg/kg s.c.) 2h later, to dis-
inhibit the autoreceptor-mediated negative feedback
on NE neuron activity. Figure 5 shows the increase in
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extracellular DA (ATUCs) obtained in mPFC and NAc
during local reboxetine application plus its combi-
nation with RX821002. Two-way ANOVA revealed a
significant effect of treatment (Fy s =79.18, p<0.0001)
and region (Fy5=>50.40, p<0.0001) as well as a sig-
nificant Ireatment x region interaction (Fy=20.74,
p = 0.0001).

In the second set of experiments, both drugs
were given systemically (reboxetine, 3 mg/kg ip.;
RX821002, 1 mg/kg s.c.). The effect of the reboxetine +
RXB821002 combination was examined alone and in
rats pretrealed with APD drugs: haloperidol (classical,
0.1 mg/kg s.c.) and clozapine (APD, 3 mg/kg s.c.).
The whole set of data are shown in Fig. 6 and were
analysed using two-way ANOVA with treatment
and time as main factors (main effects are shown in
Table 1). The AUC data of relevant fractions (12-16)
for each combination treatment were also calculated
and analysed by two-way ANOVA with treatment
and region as main factors (Fig. 7).

Vehicle + reboxetine + RX821002

Vehicle injections did not alter DA output in mPFC
or NAc. The administration of either reboxetine or
RX821002 alone moderately enhanced DA output, yet
their combined administration dramatically increased
DA levels in mPFC (869+139% of baseline, #=5)
but not in NAc (188+33%, n=4) (Fig. 6a,b; see
Table 1 for detailed statistical analysis), Post-hoc f tests
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(Newman-Keuls) revealed a significant difference of
the reboxetine + RX821002 treatment vs. the rest of ex-
perimental groups in mPFC. No significant differences
were found for DA values in NAc.

Two-way ANOVA of AUC data (Fig. 7a) revealed a
significant effect of treatment (F 5 = 20.6, p <0.00001},
region (Fyg=21.0, p<0.0001) and region « treatment
interaction (Fg g =149, p < 0.00001).

Clozapine + reboxetine + RX821002

The systemic administration of clozapine elevated DA
output to 241 +27% of baseline in mPFC (n=4, data
are AUC; ). In NAc, systemic clozapine adminis-
tration did not significantly alter DA output (99 +13 %,
n=4)

The combination of clozapine + reboxetine +
RX821002 markedly increased DA outpul to 781+
123% of baseline in mPFC (1 =6). This effect was sig-
nificantly greater than that of clozapine alone and that
of clozapine + reboxetine (Newman-Keuls test post-
ANOVA) (Fig. 6B, Table 1). In NAc, the administration
of reboxetine + RX821002 increased the effect of cloza-
pine to 335 + 127% of baseline (# =5} (Fig. 64, Table 1}.
No significant differences between treatments were
found in NAc.

When comparing AUC data within regions (Fig. 6b),
two-way ANOVA revealed a significant effect of
treatment (Fgg=11.9, p=<0.0001), region (F 3 =105,
p=0.005) and a marginal significance of region
treatment interaction (Fy 3y=2.5, p=0.078).

Halaoperidol + reboxetine + RX821002

The systemic administration of haloperidol, given
alone, did not alter the DA output in mPFC (116 +
12%, 1=9, AUC; ), while in NAc it significantly in-
creased DA levels to 162 +20% of baseline (1 =7).

The combination of haloperidol + reboxetine +
RX821002 induced a large elevation of DA levels in
mPFC to 1375 +275% of baseline (n=6). This effect
was significantly greater than that of haloperidol alone
or that of the combined administration of reboxetine +
RX821002 (post-hoc Newman-Keuls; Fig. 6¢, Table 1).
In NAc, the co-administration of haloperidol 4
reboxetine + RX821002 increased DA levels to 238+
43 % of baseline (1 = 5) (Fig. 6f, Table 1). No significant
differences between treatments were found for DA
values in this region.

Two-way ANOVA of AUC data (Fig. 7c) revealed a
sigmificant effect of treatment (F; 3 = 18.2, p <0.00001),
region (Fz=19.5, p<0.0001) and region < treatment
interaction (Fy =142, 7 <0.00001}).
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Fig. 6. Effect of the combination treatment with NE-targeting drugs [reboxetine (Reb), 3 mg/kg ip.; and RX821002 (RX),

1 mg/kg s.c.] on DA release in rats pretreated with (g, ) vehicle {Veh), (¢, ) clozapine (Clz 3 mg/ kg s.c.) and (g, f)

haloperidol {Hal 0.1 mg/kg s.c.). Control groups received vehicle injections {(n =4-6; except for Veh/Veh + Veh, where n=73).
Left{a, ¢, ¢) and right (b, 4, f) panels correspond to the effects in mPFC and N A, respectively. Data are expressed as mean+s.em.

Statistical analyses shown in Table 2.

Discussion

The results of the present study confirm and extend
previous observations on a differential regulation of
DA release in mPFC and NAc. We syslemalically
compared the effect of agents modulating extracellular
DA in both pathways. The data support a significant
contribution of noradrenergic neurotransmission to
DA release in mPFC compared to NAc. The different
mechanisms involved in the control of the active
{extracellular) DA fraction in both areas offer new
therapeutic opportunities to treat non-psychotic symp-
toms in schizophrenia, associated with a reduced

cortical dnpaminergir. function. Hence, we demon-
strate that noradrenergic drugs dramatically and selec-
tively enhance mesocortical DA, using a strategy
previously shown to potentiate the effects of reuptake
blockers on serotoninergic (Artigas ef al. 1996) and
noradrenergic systems (Mateo et al. 1998).

Relative contribution of NE neurotransmission lo
DA oulput in mPFC and NAe

The effects of DAT and /or NET inhibitors agree with
previous observations indicating that NET inhibitors
increase extracellular NE and DA in PEC, but not in
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Table 1. Statistical analyses of the combination treatment of NE-targeting drugs, reboxetine and RX821002, on dopamine

release in vehicle, clozapine and haloperidol pre-treated rats

mPFC NAc

Treatment Effect F r Effect F r
Vehicle

Veh -+ Veh 93419 (6) 190 00001 12149 (5) oal

RebtVeh 195438 (3) =336 <0‘00001 $3+1263) P ; gﬁom

VehtRX 284242 () T o0 ooon  26=61@ Tontas oo

Reb+RX 569 +139* (6) * bapzaa= L <t 185+33 (5) Hhipan =2 <0
Clozapine

Veh+Veh 197 430 (4) 5D 05 110415 {4) bo—as

Reb + Veh 180 +46 (4) “’451242 <t ' 108+21 {4) ”‘743 - '

veheRX  brels) o DERRE 0 Tm WEB@ S

Reb+RX 7814123+ (4) Hhanans =0 <0 2354127 (4) Wl =2 <
Haloperidol

Veh -+ Veh 120 +16 (6) - . 174423 (5) B

Veh 4 RX 197 +18 (6) S e ’ 167422 (8) S e )

Reb+RX 1375 4 275% (9) *anazn=16.0 ~<0.0000 235443 (7) * Lig s =1. <0.0

Reb, Reboxetine; RX, RX821002; Veh, vehicle; n.s., not significant.
Data (effect) are given as percentage of baseline in each experimental group (AUC,; _ ). Number of animals in each group is

given in parentheses.
* Bignificantly different to all other treatments.
* Significantly different to all treatments except for Veh +RX.

Data have been analysed using two-way ANOVA with treatment (T) and time (t) as main factors.

NAc or dorsal striatum (Bymaster et al. 2002 ; Carboni
et al. 1990, 2006; D4 Chiara et al. 1992; Mazei et al. 2002;
Pozzi et al. 1994; Tanda et al. 1994). The local appli-
cation of nomifensine, with similar affinity for DAT
and NET (PDSP database: http:/ /pdsp.med.unc.edu/
pdsp.php; Bymaster ef al. 2002), increased comparably
dialysate DA in mPFC and NAc. However, GBR12909
preferentially increased DA in NAc, suggesting a poor
contribution of DAT-containing fibres to extracellular
DA in mPFEC, a view consistent with the low density of
DAT in PEC (Sesack ef al. 1998) compared to NAc or
dorsal striatum (Letchworth ef af. 2000; Marshall ¢t al.
1990). In contrast, mPFC contains a higher density of
NET (Miner et al. 2003; Schroeter et af. 2000) than the
NAc. Hence, the NAc core contains scarce NE fibres
{Seguela et al. 1990) and those in NAc shell mainly
arise from the nucleus tractus solitarius (Berridge et al.
1997; Delfs ¢f al. 1998). This, together with the similar
affinity of NE and DA for NET (Gu ef al. 1994; Raiteri
et al. 1977) may account for the effect of reboxetine,
which inereased DA output only in mPFC. Despite NE
axons being infrequently apposed to DA axons in PFC

(Miner et al. 2003), newly released DA may diffuse
trans-synaptically to reach NET sites, as observed for
DA itself (Sesack et al. 1998) (see Fig. 8a).
Furthermore, DSP-4 (Fig. 3a) almost abolished the
effect of nomifensine on DA output in mPFC, but not
in NAc, further supporting a preferential contribution
of NE fibres to mPFC DA release. We used standard
lesion procedures to extensively damage DA and NE
neurons/fibres. Thus, similarly to previous studies
{Bortolozzi & Artigas, 2003; Fritschy & Grzanna, 1989;
Robinson & Whishaw, 1988; Tseng et al. 2005) DSP-4
and 6-OHDA depleted tissue NE and DA concen-
trations by >90%, respectively. The clear-cut mPFC-
NAc difference of DSP-4 on homifensine’s effect may
reflect the aforementioned differences on NE axon
densities innervating both brain structures and also
their ability to release DA. Moreover, a preferential LC
sensitivity to the DSP-4 lesion cannot be discounted
(Dailly et al. 2006; Grzanna et al. 1989; Jonsson ef al.
1981). A limitation of the present study is the lack of
immunohistochemical or autoradiographic analysis of
lesions, which, as in other studies (Grzanna ef al. 1989;
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Fig. 7. Bars show the average effect of the combination
treatment of reboxetine (Reb, 3 mg/kg i.p.) plus RX821002
{RX, 1 mg/kg s.c.) on DA release in mPFC (1) and NAc (R)
of rats pre-treated with {#) vehicle, (b) clozapine (3 mg/kg
s.c.) or {¢) haloperidol (0.1 mg/kg s.c.), respectively. Data are
AUC of fractions 12-16 (Fig. 5), expressed as percentage of
baseline; n=4-6, except for Veh/Veh+ Veh, where n=3.
See text for statistical analysis. * p=<0.001 vs. control
treatments and * p<0.01 for mPFC vs. NAc.

Vos et al. 1999; Szot et al. 2010) would have permitted a
detailed assessment of lesion effects on NE and DA
axons.

Conversely, local nomifensine increased DA out-
put less in NAc than in mPFC of the unilaterally

6-OHDA-lesioned rats (Fig. 3b), compared to the
contralateral (unlesioned) side, respectively, suggest-
ing that most DA output in NAc arises from VI'A DA
fibres. Even with the prior protection of NE fibres by
desipramine prior to 6-OHDA application, a marked
reduction of tissue NE was found in the ipsilateral
NAc¢ (71% for NE vs. 93% for DA), possibly due to
toxin diffusion to the neighbouring median forebrain
bundle. Previous studies have shown the inability of
desipramine to fully protect NE axons from 6-OHDA
lesions (Harden ef al. 1998; King & Finlay, 1995).

Although DSP-4 and 6-OHDA markedly affected
the nomifensine-induced rise in extracellular DA,
baseline levels were almost unaltered, with the ex-
ception in mPFC of DSP-4 pretreated rats. This is
consistent with previous literature indicating com-
pensatory changes to maintain extracellular mono-
amine concentrations despite marked differences in
tissue concentrations (Abercrombie & Zigmond, 1989;
Robinson ef al, 1994; Romero ¢f al. 1998; Zigmond et al.
1990; see however Devoto et al. 2008).

The enhancement of DA output in mPFC (244% of
baseline}) after electrical stimulation of LC agrees with
previous observations on a potential co-release of DA
from LC NE fibres in PFC (Devoto ef al. 2001, 2005;
Devoto & Flore, 2006), Since rats in the present study
were implanted with two probes (in mPFC and NAc),
we were able to compare the effect of LC stimulation
on DA output in mPFC and NAc of the same animals.
LC stimulation also moderately increased (133% of
baseline) the DA output in NAc although with a
blunted time-course, an effect that may arise from
ap-adrenergic stimulation of VTA DA neurons fol-
lowing LC stimulation {Grenhoff & Svensson, 1993).
Further, a,-adrenoceptor blockade abolishes the be-
havioural effect produced by the stimulation of VTA
DA neurons (Auclair ef al. 2002, 2004; Darracq ef al.
1998). Although an a,-adrenergic stimulation of meso-
cortical DA neurons cannot be excluded, the larger DA
increase in mPEC, its temporal association with LC
stimulation and the lack of effect when the stimulating
electrodes were placed outside the LC supports a
noradrenergic origin of the DA release in mPFC.

Thus, the present results suggest that the extra-
cellular DA concentration in NAc mainly arise from
VTA DA fibres whereas that in mPFC has a dual con-
tribution, from the VTA and from LC NE fibres. Since
DA is an intermediate metabolite in the synthesis of
NE in noradrenergic neurons, the co-release of DA
and NE may reflect a deficient activity of dopamine-
f-hydroxylase in cortical noradrenergic axons, a
possibility that deserves further investigation. This
region-specific noradrenergic contribution to DA
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Fig,. 8. Schematic representation of the contribution of NET inhibition (reboxetine} and a,-adrenoreceptor antagonism
(RX821002} in NE terminals on the control of extracellular DA levels in mPFC. {a) In a physiclogical situation, DA can be
co-released with NE by noradrenergic terminals and /or taken up by NET, given the similar affinity of the membrane
transportets for both monoamines. (B} The moderate increase in extracellular DA levels in mPFC evoked by reboxetine probably
results from two opposing factors, (i} an elevation resulting from NET blockade itself, and {ii} a reduction resulting from the
activation of ny-adrenoceptors. Activation of somatodendritic azadrenoceptors in the LC {not shown in the figure) also
contributes to attenuate catecholamine release through a reduction of the firing rate of noradrenergic neurons after systemic
reboxetine administration. {¢} The co-treatment with KX821002 removes the ay-adrenoceptor-mediated negative feedback on
noradrenergic release of catecholamines, and markedly potentiates the increase in extracellular DA evoked by reboxetine.

release allows the selective modulation of mesocartical
DA function.

Selective enhancement of DA velease in mPFC:
association with APD treatiments

Many studies implicate prefrontal catecholamine
funetion in cognition (Armsten & Li, 2005; Goldman-
Rakic ef 4l. 2000; Robbins & Roberts, 2007 ; Sara, 2009).
The present and previous observations show striking
similarities between the factors governing DA and NE
release in mPEC. Current views indicate a hypoactive
mesocortical DA pathway in schizophrenia that may
underlie negative and/or cognitive symptoms and
APDs increase mPFC DA output (see Infroducton).
This has been considered a useful pharmacological
feature accounting for the clinical superiority of some
APDs in non-psychotic symptoms (Kane ef al. 1988;
Keefe ef gl. 2006; Leucht ef al. 2009; Meltzer & MceGurk,
1969). Actually, blockade of DA D), receptors is effec-
tve in treating positive symptoms, possibly related to
a subcortical DA hyperactivity (Laruelle ef al. 1996),
but not negative/cognitive symptoms. Conversely,

DA I, receptor blockade induces negative symptoms
in healthy individuals (Artaloytia ef al. 2006).

Previous reports indicate that reuptake blockade in
serotonergic and noradrenergic neurons induces a
very marked increase of the respective neuro-
transmitter in the vicinity of cell bodies in the raphe
nucled (Adell & Artigas, 1991; Bel & Artigas, 1992) and
LC (Grandosoef al. 2004; Mateo ef 4l. 1968). The excess
neurotranstitter in this area activates their respective
autoreceptors (5-HT,, and oy-adrenoceptors), which
leads to a reduced neuronal activity and terminal
moneatine release. Autoreceptor blockade enables
the recovery of cell firing and terminal release, thus
permitting the full pharmaceological effect of reuptake
blockade (Artigas ef al. 1996; Grandoso ef al. 2004;
Invernizzi & Garattind, 2004 ; Mateo ef ai. 1998; Romero
& Artigas, 1997). Given the marked involvement of
noradrenergic fibres in the uptake/co-release of DA in
mPEC, we used this strategy to selectively enhance
cortical DA functon (Fig. 8).

ay-adrenergic antagonists and NE reuptake inhibi-
tors, acting mainty on NE neurons, increase moderately
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but selectively prefrontal DA output (Devoto et al.
2004; Gresch ef al. 1995; Hertel et al. 19994, b; Linner
ef al. 2001; Millan ef al. 2000; Swanson ef al. 2006;
Valentini ef al. 2004; Wadenberg ¢f al. 2007). However,
our results show for the first time that a-adrenoceptor
blockade markedly potentiates the effect of NET in-
hibitors on DA output in mPFC (as also observed for
cortical NE output; Swanson et al. 2006} but not in
NAc (Figs 5-8).

The increase in cortical DA output also occurred
when reboxetine + RX-821002 were administered in
combination with classical (haloperidol - lacking ap-
preciable affinity for as-adrenoreceptor) and APDs
(clozapine — with antagonist properties at as-adreno-
receptors). These drug combinations did not elevate
DA output in NAc or produce even a small effect
compared to the marked elevation seen in mPFC. The
doses used (3mg/kg for clozapine, 0.1 mg/kg for
haloperidol) are close to their ED;, values for occu-
pation of their primary receptor targets (5-HTas, 2c
and D., respectively) (Schotte ef al. 1993). Further, the
dose of clozapine is in the lower range of those shown
to enhance cortical DA release (Diaz-Mataix ef al. 2005;
Ichikawa et al. 2001 ; Rollema et gl. 1997).

Clozapine increased DA output in mPFC, an
effect mediated by cortical 5-HT, 4 receptor activation
(Bortolozzi et al. 2010; Diaz-Mataix et al. 2005)
although ep-adrenoceptor blockade has also been
suggested {Ashby & Wang, 1996; Svensson, 2003).
However, since the elevation of DA output produced
by reboxetine - RX821002 was much larger than that
of reboxetine +clozapine, it seems reasonable to as-
sume that clozapine antagonizes as-adrenoceptors
much less than RX821002.

Consistent with previous reports, haloperidol pro-
duced a moderate DA increase in NAc but not in
mPFC (Kuroki ef al. 1999; Li et al. 1998). However,
the effect of haloperidol + reboxetine + RX821002 was
more marked than that of the latter two drugs, poss-
ibly due to blockade of DA D, receptors by haloper-
idol, which would remove the D,-mediated negative
feedback on DA release following the large increase
produced by reboxetine + RX821002. The lower occu-
pancy of DA D, receptors produced by clozapine
probably accounts for the lower enhancement of
mPFC DA output when combined with reboxetine +
RX821002.

Therapeutic implications

Overall, the above results indicate that (1) extracellular
DA concentration is distinctly regulated in mPFC and
NAc, (2) NE terminals largely contribute to the control

of DA output in mPFC (but not NAc) by co-releasing
DA and taking up DA via NET, and (3) a marked and
selective enhancement of DA function in mPFC is
feasible through the combined administration of NET
blockers and eyadrenoceptor antagonists. The latter
effect occurs when these dugs are administered alone
or in combination with haloperidol or clozapine.
This opens the way to perform clinical trials in
which reboxetine or other NET blockers, used as anti-
depressants, can be combined with ay-adrenoceptor
antagonists in order to test their clinical efficacy on
negative symptoms and/or cognitive dysfunction in
schizophrenia and other psychiatric disorders.
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3. Treball 3:

Selective enhancement of cortical catecholamine release as a way to
potentiate antidepressant treatments.

M. Masana, A. Castafié, N. Santana, A. Bortolozzi, F. Artigas.

En preparacio

La utilitzacié de combinacions de farmacs o farmacs multi-diana s’esta extenent
en la practica clinica per millorar el tractament de la depressié major,
concretament en els casos de resistencia al tractament. Probablement aixo
augmenta I'eficacia dels inhibidors selectius de la recaptacié de serotonina (SSRI)
degut a l'influéncia en altres circuits corticolimbics implicats en depressid. A part
de I'accid principal sobre els sistemes serotonergics (5-HT) i noradrenergics (NE),
la transmissié dopaminergica esta ressorgint com a nova diana per a millorar els
tractaments antidepressius. Un mecanisme potencial per augmentar la
transmissidé DA, particularment en I'escorca prefrontal (EPF) és utilitzant
combinacions de farmacs NE, concretament la combinacié d’un inhibidor del NET
amb un antagonista del receptor adrenérgic a2 augmenta selectivament els
nivells de DA a I'EPF medial (EPFm) de la rata, pero no en el nucli accumbens.

En aquesta linea, s’ha volgut caracteritzar de forma neuroquimica (microdialisi),
comportamental (test de natacié forcada, FST) i histologica (expressio de c-Fos),
la combinacid de dos farmacs antidepressius, reboxetina (Reb, inhibidor selectiu
del NET) i la mirtazapina (Mirt, antagonista del receptor a2-adreneérgic). La
combinacio de Reb+Mirt , produeix un augment significatiu dels nivells de DA en
I'EPFm vs els tractaments individuals. Aquestes evidencies neuroquimiques
correlacionen amb un marcat potencial antidepressiu en el test de natacid
forcada. Ambdos efectes persisteixen en preséncia de citalopram (SSRI).
Finalment I'estudi dels canvis en c-fos en diferents regions cerebrals ens aporta
un correlacionat anatomic de les accions del tractament combinat en situacié
basal o d’estres. Entre altres canvis, el gir dentat, I'area tegmental ventral i el
locus coeruleus semblen regions clau on el tractament combinat reverteix els
efectes d’estres produits pel FST.
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En resum, nosaltres proposem la combinacié de Reb + Mirt com a tractament
potencial per millorar els efectes dels SSRIs. Aquesta combinacié de tractaments
pot oferir noves perspectives per al tractament dels pacients depressius
mitjangant la facilitacié de la transmissié DA a EPFm.
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Abstract

Current treatments for major depression show lack of efficacy and slow onset of action.
A large percentage of patients show incomplete improvements requiring augmentation
strategies and/or more aggressive treatments such as electroconvulsive therapy. Here
we report on a novel augmentation strategy to selectively increase DA function in
prefrontal cortex (PFC), based on previous observations suggesting that a substantial
proportion of extracellular DA in PFC arises from noradrenergic terminals (Masana et
al., 2011). The treatment with the noreprinephrine (NE) reuptake inhibitor reboxetine (3
mg/kg, i.p.) or the non-selective az-adrenoceptor antagonist mirtazapine (5 mg/kg, s.c.)
evoked minor or no increments of extracellular DA concentration in medial PFC
(mPFC). However, their combined administration markedly increased extracellular DA in
mPFC (264 £ 28 %), but not in the nucleus accumbens (NAc). This effect persisted in
rats pretreated with citalopram (3 mg/kg, i.p.). The similar changes observed for
extracellular NE, together with prior evidence indicating that cortical noradrenergic
axons may take up and release DA, suggest that the reboxetine + mirtazapine
combination mainly acted on noradrenergic terminals to increase DA. These
neurochemical observations were paralleled by a very marked antidepressant effect of
the reboxetine + mirtazapine (but not either agent alone) in the forced swim test. c-fos
mRNA expression studies suggest the involvement of various midbrain, cortical and
hippocampal areas in the antidepressant-like effects evoked by reboxetine +

mirtazapine combinations.
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INTRODUCTION

Major depression is a severe psychiatric syndrome with high prevalence and socio-
economic impact (Andlin-Sobocki et al., 2005; Kessler et al., 2005; Murray and Lépez,
1997). However, the high incidence of depression is not accompanied by advances in the
efficacy of existing antidepressants, which typically show response and remission rates of
~50% and ~30%, making that a large percentage of patients require medication
augmentation (Trivedi et al, 2006) or more aggressive strategies, such as
electroconvulsive therapy (Carney and Geddes, 2003) or experimental treatments

including deep bran stimulation (Mayberg et al., 2005).

The brainstem serotonergic (5-HT) and noradrenergic (NE) systems have been
involved in the pathophysiology and treatment of major depression (see Nestler et al.,,
2002 for review). Most prescribed antidepressants, the selective serotonin reuptake
inhibitors (SSRI) and the dual serotonin and norepinephrine reuptake inhibitors (SNRI)
block physiological reuptake mechanisms in respective serotonergic and noradrenergic
axons and thereby, they increase extracellular 5-HT and NE concentration in forebrain
to activate postsynaptic 5-HT and NE receptors involved in the clinical effects. However,
this process is severely compromised by the simultaneous activation of presynaptic
autoreceptors (5-HTiang receptors in serotonin neurons, as-adrenoceptors in
noradrenergic neurons) (Artigas et al., 1996; Mateo et al., 1998). Following repeated
treatment, autoreceptors desensitize leading to a recovery to monoaminergic cell firing
and monoamine release (Bel and Artigas, 1993, Blier and de Montigny, 1994, Mateo et
al., 2001). Thus, the combined administration of monoamine reuptake inhibitors and

antagonists of the corresponding autoreceptors synergistically increase the extracellular
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concentrations of 5-HT and/or NE (Artigas et al., 1996; Invernizzi and Garattini, 2004;
Mateo et al., 1998). This strategy has been applied to enhance the clinical speed and
efficacy of SSRI, using the non-selective 5-HT,a/R-adrenoreceptor blocker pindolol

(Artigas et al., 1994, Perez et al., 1997, Portella et al., 2010).

The mesolimbic and mesocortical dopaminergic systems also appear to play a
key role in numerous physiological (e.g., cognition, reward) and pathological processes
(schizophrenia, drug addition, etc.). Likewise, an abnormal dopamine (DA) function is
involved in depressive symptoms, in particular cognitive dysfunction and anhedonia
(Golman-Rakic, 1999; Goldman-Rakic et al., 2004). Moreover, most antidepressant
treatments indirectly increase dopaminergic function (D'Aquila et al., 2000; Lavergne
and Jay, 2010). However, blockade of DA reuptake may not be a convenient way to
increase DA function due to the profound plastic synaptic changes induced by DA
transporter blockade (Jones et al.,, 1998) and the possibility of inducing tolerance or

abuse (Kuhar et al., 1991; Sora et al., 2001; Woolverton and Johnson, 1992).

Previous work has shown that DA can be taken up and released by
noradrenergic terminals in prefrontal cortex (PFC), a key area in psychiatric diseases,
including major depression and schizophrenia (Devoto et al., 2001, 2005; Devoto and
Flore, 2006; Kawahara et al., 2001; Masana et al., 2011). Hence, NE transporter (NET)
blockade preferentially increase the extracellular DA concentration in PFC compared to
nucleus accumbens (Carboni et al., 1990, 2006; Mazei et al., 2002; Pozzi et al., 1994;
Masana et al., 2011). In agreement with these observations, blockade of as-

adrenoceptors with the selective antagonist RX-821002 synergistically augmented the
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mesocortical (but not mesolimbic) extracellular DA concentration induced by the NET

inhibitor reboxetine (Masana et al., 2011).

Here we evaluate the potential translational value of the above observations for
the treatment of major depression using histochemical, neurochemical and behavioral
approaches in rats. We examined the antidepressant properties of the combination of
two marketed antidepressant drugs, reboxetine (NET inhibitor) and the non-selective az-
adrenoceptor antagonist mirtazapine, under the working hypothesis that this drug

combination should synergistically enhance.

MATERIALS AND METHODS

Animals

Male Wistar rats (250-320 g, Iffa-Credo, Lyon, France) were maintained at 12h
light/dark cycle, 22 + 2 °C room temperature, and food and water ad libitum. Animal
care followed European Union regulations (O.J. of E.C. L358/1 18/12/1986) and was
approved by the Institutional Animal Care and Use Committee of the School of

Medicine, University of Barcelona.

Drugs and reagents

All HPLC reagents used were of analytical grade and obtained from Merck (Darmstadt,
Germany). Reboxetine mesylate and mirtazapine were obtained from TOCRIS
(Avonmouth, UK). Citalopram hydrobromide was generously donated by H. Lundbeck

A/S (Copenhagen-Valby, Denmark). Drugs were dissolved in saline (pH adjusted to 6-7)
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in a final volume of 1-2 ml/kg for systemic administration. Doses used throughout all the
experiments were: reboxetine 3 mg/kg, mirtazapine 5 mg/kg and citalopram 3 mg/kg

(expressed as free bases).

In vivo microdialysis.

Microdialysis experiments were conducted as previously described (Masana ef al,
2010). Briefly, concentric dialysis probes were implanted under pentobarbital anesthesia
(60 mg/kg, i.p.) at the following brain coordinates in mm from bregma and duramater
(Paxinos and Watson, 1998): mPFC, AP +3.2, L -0.8, DV -6.0, 4 mm membrane length;
and NAc, AP +1.6,L -1.1, DV -8.0, 1.5 mm membrane length. Microdialysis experiments
were performed 20-24 h after surgery in freely-moving rats. Probes were connected to
the perfusion pump delivering artificial cerebrospinal fluid (aCSF, in mM: NaCl, 125;
KCl, 2.5; CaCl,, 2.52 and MgCl,, 1.18) at 1.5 yl/min. Samples were collected every 20
min -after an initial 30 min stabilization period- in microvials containing 5 pl of 10 mM
HCIO,4 to prevent catecholamine degradation. Four baseline samples were collected

before systemic drug administration.

Monoamine concentrations in dialysate samples were determined by HPLC with
electrochemical detection (Hewlett Packard 1049, Palo Alto, CA, USA, +0.7 V) as
described previously (Bortolozzi and Artigas, 2003; Masana et al.,, 2011). Detection

limits were 2-3 fmol for DA, NE and 5-HT.

At the end of the experiments, animals were killed by a pentobarbital overdose.
Brains were quickly removed and frozen in dry ice before being sectioned (40 pm) with

a cryostat (HM500-Om Microm, Walldorf, Germany). Coronal brain sections were
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stained with neutral red to verify the correct placement of probes and electrodes. Only

data from rats with probes correctly implanted in mPFC and NAc were used.

Locomotor activity

Rats were brought to the experimental room in their home cages, identified and
weighted one hour prior to the behavioural test. Motor activity was measured using an
Open-Field (OF) apparatus (35 x 35 x 40 cm) with black plastic walls dimly illuminated
(50-60 Ix). The OF was covered by an interchangeable opaque plastic base that was
replaced before each animal. Locomotor activity was recorded during 1 h by a
videocamera connected to a computer (Videotrack, View Point, Lyon, France) and
automatically measured by the video-tracking software. Horizontal locomotor activity
was defined as total distance moved in cm (Scorza et al.,, 2010). Additionally, the
number of rearing and grooming were measured simultaneously by the experimenter.
Rats were not habituated to the OF before drug administration and were used only
once. Acute reboxetine (i.p.) and mirtazepine (s.c) treatment was administered 5 min

prior to the test and control animals received saline injections (Figure 1A).

Forced swimming test (FST)

We used the modified rat FST (Cryan et al., 2002a; 2005) to test the antidepressant
profile of the proposed combination of drugs. Rats were handled daily 1 week before
test. In the pre-test session, rats were placed in a clear methacrylate cylinder (20 cm
wide x 46 om high) filled with water (23-25 °C; 30 cm depth) for 15 min. Rats were
returned to their home cages after being dried off, first with paper towel following by 15

min into a cage with a heating pad. The test was conducted 24 h later in the same
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cylinder for 5 min and videotaped from above. Climbing, swimming and immobility
behavior were scored every 5 s intervals (Detke et al., 1995). Climbing was defined as
upward-directed movements of the forepaws along the side of the cylinder; swimming
consisted of the movement (usually horizontal) throughout the swim chamber that also
includes crossing into another quadrant; and immobility behavior was measured when
no additional activity was observed other than that required to keep the rat's head
above the water. Immobility timing was also measured during FST test and was in
accordance to the immobility score (data not shown). Time spend before the first
immobility score was also measured (Castagne et al, 2009) and time-course
representation was also used for visual inspection of FST temporal patterns
(Chandramohan et al., 2008). Drugs were injected together i.p., 23.5, 5 and 1 h before

test (Figure 1B).

In situ hybridization

Rats were handled 1 week before this study. For acute experiments (Figure 1A), drugs
were administered i.p. 1 h prior to decapitation. For subchronic experiments (Figure 1B),
rats were treated using the drug administration protocol of the forced swimming test
(FST). Briefly, all rats received a pre-test session (15 min swim) 24 h before
decapitation. Drugs were prepared together and injected i.p., 23.5, 5 and 1 h before test
session. An additional group of treated rats and their respective controls were killed

without the FST test swim.

c-fos oligonucleotide probe was complementary to bases 131-178 (GenBank accession

no. NM 022197). Labeling of the probes, tissue sectioning and in situ hybridization
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procedures were carried out as described previously (Kargieman ef al, 2007).
Hybridized sections were exposed to Biomax MR film (Kodak) for 7 days with
intensifying screens. Measures of the relative optical densities (R.0.D.) were conducted
with the AIS computerized image analysis system (AlS, Imaging Research Inc.), which
was also used to acquire pseudocolor images. Images were processed with Photoshop
(Adobe Systems, Mountain View) by using identical values for contrast and brightness.
Individual values of optical densities were calculated as the mean of 2-4 sections per rat

(n=4 per treatment group).

Statistical analysis

Microdialysis results are expressed as fmol/30 pl fraction (uncorrected for recovery) or
as a percentage of basal values. Area under the curve (AUC) of selected time periods
was also used. Statistical analysis was carried out using one or two-way repeated
measures ANOVA of DA, NE and 5-HT values (or AUCs) followed by Newman-Keuls
post-hoc test. Behavioral and histological c-fos mRNA) data were analyzed by one-way
ANOVA or Student’s t-test, as appropriate. Data are expressed as means + SEM. The

significance level was set at p<0.05.
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RESULTS

Effects of acute reboxetine + mirtazapine combinations on monoamine output in

rat mPFC and NAc.

The mean baseline concentrations (fmol/fraction) of monoamine dialysate samples from
mPFC and NAc (double probe experiments) were respectively: a) DA: 13 £ 2 (n=34)
and 8 £ 1 (n=32); b) NE: 3.5 + 0.2 (n=9) and 1.9 £ 0.4 (n=10); and ¢) 5-HT: 3.5+ 0.2

(n=7)and 1.9 + 0.4 (n=10).

The administration of vehicle, reboxetine or mirtazapine did not significantly
increase DA output in mPFC and NAc (Figure 2A, 2B). However, the combined
administration of reboxetine + mirtazapine evoked a marked and significant increase of
DA output in mPFC (264 + 28 % of baseline; F32,=9.47, p<0.001) which was
significantly different from the rest of experimental groups (post-hcc Newman-Keuls
test) (Figure 2A). In contrast, none of the drugs altered the DA output in NAc (Figure

2B).

Co-administration with Citalopram

SSRI are used as first choice antidepressant treatments. Thus, we examined whether
citalopram pre-treatment modified the effects of reboxetine + mirtazapine combinations,

putatively used as an augmentation strategy.

Citalopram pre-treatment did not alter the ability of reboxetine + mirtazapine
combination to increase DA output in mPFC (Figure 2C). One-way ANOVA of mPFC

DA revealed a significant effect of treatment (F315=11.65, p<0.001) with post-hoc
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(Newman-Keuls) significant differences between the reboxetine + mirtazapine combined
treatment (alone or in presence of citalopram) vs. vehicle controls. Neither treatment

altered the DA output in NAc (Figure 2D).

Figures 2E and 2F show the change of the extracellular DA, NE and 5-HT
concentrations in mPFC and NAc, respectively, produced by the acute reboxetine +
mirtazapine combination. This evoked a very marked increase in NE and DA, but not 5-
HT concentrations in mPFC. One-way ANOVA revealed a significant treatment effect on
DA (F113=24.72, p<0.001) and NE (F;7=40.93, p<0.001) output. In NAc, only NE output
was significantly increased by the reboxetine + mirtazapine combination (F5=15.85,

p<0.01) (Figure 2F).

Effects of repeated reboxetine + mirtazapine combinations on dopamine output in

rat mPFC.

Dialysate DA concentration (fmol/fraction) in mPFC was measured in the same animals
after subchronic combined drug treatment (Figure 3). Single injection of reboxetine +
mirtazapine (Figure 3A) produced a significant increase of DA output in mPFC from 12
* 4 fmolffraction (baseline) to 27 + 8 fmol/fraction as described by ANOVA (F,26=5.30,

p<0.05).

On the second day, reboxetine + mirtazapine (14 * 1 fmol/fraction baseline) significantly
increased DA output to the same extend after the second (33 £ 4 fmol/fraction ) and
third administration (33 £ 2 fmol/fraction). Vehicle repeated administration also

produced a moderate increase in DA output in mPFC after the third administration (9
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2 fmol/fraction baseline, 11 £ 1 fmol/fraction second and 20 £ 4 fmol/fraction third
administrations). Two-way ANOVA showed a significant effect of treatment (F1 15=36.28,

p<0.0001), injection (F215=16.89, p<0.0001) and interaction (F»1s=5.06, p<0.05).

Effects of repeated reboxetine + mirtazapine combinations on the forced

swimming test (FST) in rats

Figure 4A shows the effects of the various antidepressant drugs used on FST variables.
At the dose used, reboxetine and mirtazapine alone did not significantly reduced
immobility. However, its combination markedly decreased immobility and increased
climbing behavior. Likewise, citalopram administration (3 mg/kg i.p.) did not alter the
immobility and —as observed in microdialysis experiments- did not change the ability of
the reboxetine + mirtazapine combination to markedly decrease immobility. One-way
ANOVA showed a significant effect of treatment on immobility (Fs43=4.31, p<0.01) with
post-hoc differences (Newman-Keuls test). Swimming was unaffected by the various
drug used. However, one-way ANOVA showed a significant effect of treatment
(F5.43=2.68, p<0.05) on climbing, with post-hoc differences of the reboxetine +

mirtazapine combination vs. citalopram (Newman-Keuls test).

We also examined the latency to immobility produced by the different treatments
(Figure 4B). The reboxetine + mirtazapine combination induced a very marked increase
of this variable (Fs 43=5.63, p<0.001). Figure 5 shows individual behavior of all rats used
in FST experiments. Each rat is depicted by a horizontal line with color-coded

behaviors. Neither of these effects of the reboxetine + mirtazapine combination on FST
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is due to an increase of motor activity, since the combination treatment did not alter the
distance moved nor the number of rearings, yet it caused a moderate decline in groming

behavior (data not shown).

Effects of acute and repeated reboxetine + mirtazepine treatment on c-fos mRNA

expression

In order to assess brain networks involved in the superior antidepressant effects of
reboxetine + mirtazapine combinations, we examined drug effects on the expression of
the immediate early gene c-fos using in sifu hybridization. Relative optical densities
(R.O.D.) were measured and results are expressed as percentages of vehicle-treated
rats. In subchronic administration groups, all R.O.D. are expressed relative to vehicle
pre-FST group of animals. Results and statistical analyses are resumed in Figure 6 for

acute treatment and Figure 7 for subchronic treatment.
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DISCUSSION

The present observations confirm and extend previous reports indicating that
noradrenergic drugs can selectively enhance DA transmission in PFC (Carboni et al.,
1990; Masana et al., 2011; Mazei et al., 2002; Pozzi et al., 1994). This evoked a marked
antidepressant effect in the FST, which most likely results from the synergistic
interaction between the NET inhibitor reboxetine and the non-selective ax-adrenoceptor
antagonist mirtazapine, which alone, did not reduce immobility in the FST. Interestingly,
the neurochemical and behavioral effects of reboxetine + mirtazapine combinations
were unaltered by citalopram pretreatment, suggesting that this drug combination could
be efficiently used as an augmentation strategy in patients treated with —but not

responding to- SSRI.

After more than two decades of antidepressant drugs based on single or dual
targets (e.g., SSRI, SNRI), current trends in development are focused on multi-target
drugs that /) increase the function of all monoamine systems (e.g., triple reuptake
inhibitors) and/or ii) reduce the efficacy of negative feed-back mechanisms operating in
monoaminergic neurons in order to attain greater increments of extracellular monamine
concentration. Triple reuptake inhibitors increase extracellular concentrations of 5-HT,
NE and DA, without the severe side effects of MAO inhibitors. These drugs appear to be
superior in terms of shorter onset of action than traditional antidepressants (Chen and
Skolnick, 2007; Millan, 2009). However, the blockade of DA transporter may involve
tolerance problems (Haddad, 1999). On the other hand, numerous therapeutic
strategies have been put forward based on drug combinations targeting several

monoaminergic elements (Artigas et al., 1994, 1996; Blier et al., 2010; Carpenter et al.,
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2002; Chen and Skolnick, 2007; Lopez-Munoz et al., 2006; Millan, 2009; Papakostas et

al., 2006; Trivedi et al., 2006).

The present study shows the feasibility of selectively increasing cortical (but not
mesolimbic) catecholaminergic transmission using marketed drugs. The prominent and
selective increase of DA and NE output in mPFC evoked by the reboxetine +
mirtazepine combination is consistent with previous data by our group using reboxetine
and the selective ap-adrenergic antagonist RX-821002 (Masana et al., 2011), which
evoked an even greater increase of DA in mPFC. However, unlike mirtazapine, RX-
821002 is not available for human use, which avoids the clinical usefulness of the above
findings. Previous reports indicate that a,-adrenoceptors negatively modulate NE
release after antidepressant treatments. Hence, the combined administration of NET
inhibitors and ax-adrenergic antagonists markedly increased extracellular NE in
forebrain (Invernizzi and Garattini, 2004, Mateo et al., 1998; Ortega et al., 2010;

Sacchetti et al., 1999).

A likely explanation for the observed increase of extracellular DA in mPFC is the
contribution of noradrenergic axons to a substantial proportion of cortical DA release
(Devoto et al., 2001; Masana et al., 2011). Hence, as proposed (Masana et al., 2011),
NET blockade would increase the extracellular NE concentration, resulting in an
enhanced activation of terminal (and likely somatodendritic) a,-adrenoceptors, which
would attenuate noradrenergic cell firing and NE release. Blockade of as-adrenoceptors
would counteract autoreceptor-mediated negative feedback, leading an enhanced NE
release. DA, stored in the same synaptic vesicles than NE, would therefore be

subjected to the same processes (Masana et al., 2011).
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In contrast to mPFC, the combination of reboxetine + mirtazapine only increased
extracellular NE in NAc (Figure 2F). This effect may be due to the different regional NE
innervation in rat brain and to the greater contribution of DA axons to extracellular DA in
NAc. Hence, the focus coeruleus is the main NE source for noradrenergic PFC
innervation whereas it has a low contribution in NAc, where the nucleus of the solitary
tract is the main NE source (Berridge et al., 1997; Delfs et al., 1998; Foote et al., 1983;
Seguela et al, 1990). On the other hand, the large density of DA fibers in NAc —
compared to PFC- minimizes the noradrenergic contribution to extracellular DA in the

NAcC.

The reboxetine + mirtazapine combination also evoked a very marked decrease
of immobility in the FST, which was accompanied by an increased latency to immobility.
Although various neurotransmitters and receptors have been implicated in
antidepressant response in the FST (Cryan et al,, 2002b; Page et al., 1999, 2003;
Reneric and Lucki, 1998), the parallel changes in PFC DA and FST variables induced
by the reboxetine + mirtazapine combination support the view that an increased cortical
DA (and very likely) NA function underlies the behavioral action of antidepressant drugs

(see also Lavergne and Jay, 2010 for review).

Interestingly, the marked reduction of immobility produced by reboxetine +
mirtazapine and its combination with citalopram was obtained with doses of these
compounds that are ineffective when given alone, in agreement with data in the
literature (Connor et al.,, 1999; Mague et al., 2003; Reneric et al. 2002). This further
supports the above interpretation of the mechanism of action, likely resulting from a

synergistic interaction between NET blockade and a,-adrenoceptor blockade. Several
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groups have extensively examined the effects of many antidepressant classes and their
combinations on swimming and climbing behaviors in the FST (Cryan et al., 2002b;
Page et al., 1999, 2003;; Reneric and Lucki, 1998). The present results agree with
previous studies showing that the combination of desipramine (NET inhibitor) +
idazoxan (ay-adrenencceptor antagonist) + fluoxetine (SERT inhibitor) produced a
greater reduction of the immobility time, as well an increase of swimming and climbing

behaviours (Reneric et al., 2001).

We used c-fos expression to examine the rat brain areas involved in the above
antidepressant-like effects. Overall, acute and subchronic reboxetine + mirtazapine
treatments induced a similar change of c-fos mRNA expression throughout the brain,
with an increased expression in dorsal raphe, enthorrinal cortex, dentate gyrus and a
decreased expression in PFC, compared to vehicle-treated animals. Interestingly, acute
reboxetine + mirtazapine increased c-fos expression in the dorsal raphe but leave it
unaltered in the ventral tegmental area and focus coeruleus. However, subchronic
reboxetine + mirtazapine treatment increased c-fos expression in the latter two areas,
suggesting an enhanced catacholaminergic activity. The above areas have been
strongly linked with the pathophysiology and treatment of depression in humans and
animal models (Krishnan and Nestler, 2008; Nestler et al.,, 2002). However, some
regional changes in c¢-Fos expression produced by antidepressants and/or FST
procedures are not consistent across the literature, probably because of the different

protocols used (Beck 1995; Torres et al., 1998; Svenningsson et al., 2007).

In the present study, all subchronically treated rats received a pre-swim session.

The comparison of ¢-fos data between subchronic treatments, before and after a swim-
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test session, showed that the dentate gyrus, ventral tegmental area, /ocus coeruleus,
and the dorsal tegmentum are target areas for the antidepressant effects of reboxetine
+ mirtazapine, since the effect of the combination treatment evoked different responses

depending on the number of swim session received (Stone et al., 2007).

In summary, we show that the combination of drugs targeting NET (e.g.,
reboxetine) and as-adrenoceptors (e.g., mirtazapine) can be a useful augmentation
strategy of SSRI effects, by selectively increasing PFC catecholaminergic
neurotransmission. In particular, the increase of PFC DA release achieved with these
drugs may contribute to improve cognitive dysfunction in depressed patients and

enhance motivation.
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Figure 1. Diagram of the different experimental protocols used for (A) acute and (B)
suchronic administration of reboxetine + mirtazapine (Reb+Mirt) or vehicle, following the
FST administration protocol. Microdialysis samples (red boxes) were collected before
and after acute (single) administration, and also during 2nd and 3rd administration of
the subchronic treatments. Locomotor activity (LA, blue box) was measured during 1h
right after acute administration treatments. FST protocol (green box) consisted of a pre-
swim session of 15 min the day before the test (pre-test day), and a 5 min swim session
the test day. Drugs were administered between both swim sessions 23.5, 5 and 1 h
before the test (swim). For in situ hybridization experiments (cFos, purple triangle),
animals were decapitated one hour after acute treatment, and 5 min before (pre-swim)
and after swim session (post-swim) on the test day. All animals received the pre-swim

session on the pre-test day and the three treatment administrations.
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Figure 2. Microdialysis experiments following acute treatment protocol. Bars show the
average effect of vehicle (white bar), reboxetine (Reb), mirtazapine (Mirt) and the
combination Reb+ Mirt (black bar) in {(A) mPFC and (B) in NAc. Citalopram (Cit)
pretreatment did not modify the DA increase produced by vehicle or Reb+Mirt neither in

(C) mPFC nor (D) NAc. NE levels, but not 5-HT, wa increased in (E) mPFC and (F)
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NAc. Data are AUC of six 20 min fractions, expressed as percentage of baseline.

*p=<0.05 and **p<0.01 vs vehicle; #p<0.05 and ##p<0.01 vs Cit.
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Figure 3. Microdialysis experiments following subchronic treatment. Bars show the
average effect of vehicle (white bar) and the combination of reboxetine + mirtazapine
(Reb+ Mirt) (black bar) in mPFC. DA output was increased by Reb+Mirt treatment after
the first (A), second and third administration (B) of the combination treatment. Data are
AUC of six 20-min fractions, expressed as fmolffraction. *p<0.05 and **p<0.01 vs

vehicle; #p<0.05 and ##p<0.01 vs the respective baseline.
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Forced Swimming Test
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Figure 4. Forced swimming test experiments. Bar graphs showing the effect of
treatments on A) immobility, swimming and climbing scores, and B) latency to the first
immobility count in the FST. *p<0.05 vs vehicle; #p<0.05 vs citalopram; {p<0.05 vs Reb

and Mirt.
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Figure 5. Raw data from forced swimming test (FST) experiments. Each horizontal
trace corresponds to a rat. Time (abscissa) corresponds to the 5 min of FST. Each
color-coded pixel represents 5-s of behavioral activity (red- climbing, green-swimming,
blue-immobility). This representation allows to quickly visualize rat behavior in the FST.
Hence, climbing predominates during the first 1-2 minutes. Rats treated with vehicle or
subeffective doses of antidepressant drugs rapidly enter into a swimming/immobility
behavior. In contrast, rats treated with reboxetine (Reb) + mirtazapine (Mirt) (alone or

with citalopram, Cit), persist for longer times in the climbing behavior with much less

-
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immobility. These individual data correspond to the same animals than in Figure 3.
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Figure 6. Representative coronal rat brain sections showing ¢-fos mRNA expression at
different AP coordinates from bregma (from left to right in mm = 3.2, 1.6, -5.6, -7.8, -
9.7), assessed by in situ hybridization. (A) Upper and lower panels show the brain
sections of rats treated with vehicle or reboxetine + mirtazapine (Reb+Mirt). Scale bar is
2 mm. (B) Bars represent percentage of change of the c-fos mRNA relative optical
density (R.O.D) compared to vehicle. Statistical analysis revealed significant effects of

treatment in several brain regions. Blue and green frames (A) represent the significant
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percentages of decrease and increase, respectively, of c-fos mRNA expression
compared to vehicle-treated controls. Light and dark colors correspond to *p<0.05 and
**p<0.01, respectively. n.d (non determined). mMPFC, medial prefrontal cortex; Orbital,
orbital cortex; pyr, piriform cortex; Cg1, cingulate cortex area 1; CPu, caudate putamen;
NAc, nucleus accumbens; Septum DV, lateral septum dorsal and ventral part; septum L,
lateral septum intermediate part; DG, dentate gyrus; MD CL thalamus, mediodorsal and
centrolateral thalamus: CM thalamus, central medial thalamus; DMD, dorsomedial
hypothalamic nucleus, dorsal part, amy nu, amygdaloid nuclei; VTA SN, ventral
tegmental area and substantia nigra; DR, dorsal raphe nucleus; ECIC, external cortex of
the inferior colliculus; Ent, enthorrinal cortex; LC, Jocus coeruleus; DTg, laterodorsal

tegmental nucleus.
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Figure 7. Representative coronal rat brain sections showing ¢-fos mRNA expression at
different AP coordinates from bregma (from left to right in mm = 3.2, 1.6, -5.6, -7.8, -
9.7), assessed by in situ hybridization. (A) Panels show brain sections of rats treated
with vehicle or reboxetine + mirtazapine (Reb+Mirt) before (pre-swim) and after (post-
swim) test swim-session. Scale bar is 2 mm. (B) Bars represent percentage of change
of the c-fos mRNA relative optical density (R.0.D) compared to pre-swim vehicle group
of rats. Two-way ANOVA revealed significant effects of treatment (T, blue and green),
test swim (F, orange and red), and treatment-FST interaction (T&F, black) in several
brain regions. Light color means *p<0.05 and darker colors **p<0.01. Abbreviations

described in Figure 6.

143






V. Discussio

145






Discussio

1. Consideracions generals

La principal aportacié d’aquesta Tesi Doctoral és la proposta de noves
estrategies terapéutiques pel tractament de la depressid i la simptomatologia
negativa i cognitiva en esquizofrenia. Aquestes estrategies es basen en
I"augment selectiu de DA cortical, sense actuar directament sobre el sistema
dopaminergic, i per tant, evitant els efectes secundaris que produiria un
augment general de la dopamina al cervell. Tal com s’ha descrit ampliament en
la introduccié del present treball, la dopamina té un paper clau en la
fisiopatologia i tractament de I'esquizofrénia i la depressid. De fet, un augment
de dopamina cortical sembla que seria beneficids pel tractament d’aquestes
malalties psiquiatriques (veure apartat 1.6.3), sobretot en la millora de les
funcions cognitives i la simptomatologia negativa d’aquests pacients. En aquest
marc, la recerca de la present Tesi Doctoral s’ha dirigit a I'estudi del sistema
dopaminergic mesocortical i la seva diferenciacid del sistema mesolimbic.
Concretament, s’han proposat diferents mecanismes pels quals podem modular i
augmentar selectivament la neurotransmissi6 DA cortical, a partir de
manipulacions farmacologiques dels sistemes serotonérgic i noradrenergic.

En primer lloc s'ha avaluat el paper dels receptors de serotonina (5-HTya i 5-HT>,)
en el mecanisme pel qual els farmacs antipsicotics atipics (FAA) augmenten els
nivells de dopamina a I'escorga prefrontal medial. En segon lloc, s’ha fet un
estudi sistematic de mecanismes de regulacié dels sistemes dopaminergics
mesocortical i mesolimbic. En especial, s’ha estudiat el paper del sistema
noradreneérgic en la regulacié dels nivells de DA mesocortical i mesolimbica, a
través de mecanismes d’inhibicié del transportador NET o de I'autoreceptor a2
adrenergic.

Els presents resultats permeten confirmar que és possible modular de forma
diferencial la transmissié dopaminérgica a EPFm sense actuar de forma directa
sobre el sistema dopaminérgic. Aixi doncs, podem incrementar la DA cortical
amb agonistes del receptor 5-HT;,, mecanisme pel qual els FAA produeixen un
augment dels nivells de DA a EPFm (Treball 1). També podem modificar la DA
cortical actuant sobre el sistema noradrenérgic. En concret, en els treballs 2 i 3
es mostra com la co-administracié d’un inhibidor del NET i un antagonista del
receptor o2 adrenérgic permet augmentar els nivells de DA a EPFm sense
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alterar-ne l'alliberacié en el NAc. Finalment, en el treball 3 també es mostra que
aquesta combinacio té un gran potencial com a tractament antidepressiu.

El coneixement de mecanismes capacos d’augmentar selectivament la
transmissid6 dopaminergica cortical, sense actuar directament sobre el sistema
dopaminergic, permet abordar noves estrategies farmacologiques amb gran
potencial per tractar tant la depressid com els simptomes cognitius i negatius de
I’esquizofrenia.

1.1. Modulaci6 dels nivells de dopamina cortical per
antipsicotics. Paper dels receptors 5-HT1a i 5-
HT2a

Les aferencies excitadores que regulen l'activitat de les neurones
dopaminergiques de I'ATV inclouen, entre altres, a les neurones piramidals
glutamatergiques de I'EPFm (Carr and Sesack, 2000; Thierry et al., 1983; Thierry
et al.,, 1979; Tong et al.,, 1996; Tong et al., 1998). Les neurones piramidals de
I'EPFm expressen de manera abundant el receptor 5-HT,, (Amargos-Bosch et al.,
2004; Pazos and Palacios, 1985; Santana et al., 2004), incloses les que projecten
a I'ATV (Vazquez-Borsetti et al., 2009). De manera que I'activacié dels receptors
5-HT,, a EPFm incrementa tant |'activitat de les neurones piramidals (Puig et al.,
2003) aixi com les neurones dopaminergiques de I'ATV, produint un augment de
I'alliberament de DA mesocortical (Bortolozzi et al., 2005).

D'altra banda, s'ha descrit que els receptors 5-HT;, es localitzen en un 50-60 %
de les neurones piramidals de 'EPFm (Santana et al., 2004). L'activacié d'aquest
receptor a 'EPFm produeix un augment de I'activitat de les neurones piramidals
gue projecten al ATV (Diaz-Mataix et al., 2006)(LIadé-Pelfort, en preparacio) i
incrementa l'activitat de les neurones DA i l'alliberacio de DA a I'EPFm (Diaz-
Mataix et al., 2005).

A més, els farmacs antipsicotics atipics produeixen un augment dels nivells de DA
cortical (Bortolozzi et al.,, 2007; Diaz-Mataix et al., 2005; Ichikawa et al., 2001;
Kuroki et al., 1999; Rollema et al., 1997; Westerink et al., 2001) que sembla ser la
responsable de la millora dels simptomes negatius/cognitius de I'esquizofrénia
(Kane et al., 1988; Keefe et al., 2006; Leucht et al., 2009; Meltzer and McGurk,
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1999). Aquest augment de DA cortical produit pel FAA s’ha descrit que depen de
I'activacié del receptor 5-HT,, (Diaz-Mataix et al., 2005; Ichikawa et al., 2001;
Kuroki et al., 1999; Rollema et al., 2000; Rollema et al., 1997), i concretament,
dels receptors 5-HT5 presents a 'EPFm (Diaz-Mataix et al., 2005). Tot i aixi, els
FAA tenen alta afinitat in vitro i ocupacio in vivo pels receptors 5-HT,, (Meltzer et
al., 1989; Nyberg et al., 1998; Stockmeier et al., 1993), pero baixa o nul-la pel
receptor 5-HT1, (Arnt and Skarsfeldt, 1998; Bymaster et al., 1996).

Els resultats obtinguts en la present Tesi han permeés confirmar que els FAA
requereixen de l'activacié dels receptors 5-HT;, a I'EFPm per produir I'augment
dels nivells de DA mesocortical. | en contra del que s’havia suggerit préviament,
aquest augment no depén del bloqueig del receptor 5-HT,4 cortical (Bonaccorso
et al., 2002; Ichikawa et al., 2001; Liegeois et al., 2002). De fet, I'administracid
local a EPFm de diferents antipsicotics atipics com la clozapina, olanzapina i
risperidona, produeix un augment similar dels nivells de DA a la mateixa EPFm
tant en ratolins control com en ratolins KO pel receptor 5-HT,,, indicant que
I"'antagonisme pel receptor 5-HT,, no és el responsable de I'augment de DA.

Per contra, I'administracié local dels mateixos FAA a EPFm de ratolins KO pel
receptor 5-HT;4 no produeixen aquest increment de DA. Aquests resultats es van
confirmar en rates tractades amb I'agent alquilant EEDQ, de forma que es van
inactivar tots els GPCR excepte aquells receptors protegits per I'antagonista
corresponent al receptor 5-HT;, o bé al 5-HT,, (WAY-100635 o ritanserina,
respectivament). En aquestes condicions, la clozapina va ser capa¢ d’augmentar
la DA cortical en preséncia d’Unicament del receptor 5-HT;, (EEDQ + proteccio
amb WAY-100635) i no en presencia del receptor 5-HT,, (EEDQ + proteccié amb
ritanserina).

En resum, els resultats confirmen estudis previs on s'indica que és necessari que
el receptor 5-HT;, estigui funcionalment actiu a 'EPFm per augmentar els nivells
de DA mesocortical. Aquest és un efecte potencialment important per a les
accions dels FAA sobre els simptomes negatius i déficits cognitius en pacients
qgue pateixen malalties psiquiatriques. Addicionalment, el present estudi aporta
per primera vegada que aquests efectes concrets sobre la neurotransmissié DA
mesocortical no depenen del receptor 5-HT,,, mentre que no s'oposa a que el
bloqueig d'aquest receptor participi en l'accié terapéutica dels FAA.
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1.2. Modulacié de la dopamina cortical pel sistema
noradrenergic

El sistema dopaminergic d’origen en I’ATV presenta una innervacio més
abundant cap a la via mesolimbica que cap a la via mesocortical (Swanson,
1982). A més, estudis previs indiquen una distribucié i densitat dels
transportadors de DA diferent en les dues vies (Letchworth et al., 2000; Marshall
et al., 1990; Sesack et al., 1998), sent menor a I'EPF en comparacié amb |’estriat.
Aquestes diferéncies en la densitat de DAT podrien ser especialment rellevants
en la regulacio de I'activitat de les neurones DA de I’ATV que projecten cap a les
vies mesocortical i mesolimbica. De fet, els resultats obtinguts en aquesta Tesi
mostren un major augment de DA produit per la infusié local de l'inhibidor
selectiu del DAT en el NAc en comparacié amb I'EPFm de rata (treball 2).

En contraposicié a la baixa densitat de la proteina DAT a 'EPFm, aquesta regid
rep una densa innervacid noradrenergica (Seguela et al., 1990), i mostra una
gran densitat de NET (Miner et al., 2003; Schroeter et al., 2000). Estudis in vitro
han descrit que el NET mostra una afinitat per la DA similar a la de la propia NE
(Gu et al.,, 1994; Raiteri et al., 1977). De fet, les nostres dades indiquen que el
bloqueig in vivo del NET amb reboxetina (inhibidor selectiu del NET), tant local
com sistémica, en rates produeix un augment de DA a 'EPFm (treball 2 i 3) pero
no en el NAc, en concordanca amb altres estudis (Bymaster et al., 2002; Carboni
et al., 2006; Carboni et al., 1990; Di Chiara et al., 1992; Mazei et al., 2002; Pozzi
et al., 1994; Tanda et al., 1994).

Aixi doncs, els resultats obtinguts confirmen i amplien estudis previs on ja es
demostrava que el NET té un paper important en la recaptacié de DA a EPFm de
rata, mentre que el DAT és més rellevant en el NAc. De fet, els transportadors de
monoamines recapten els respectius neurotransmissors mitjancant transport
actiu d’ions Na*/Cl". En concret, el DAT necessita dos ions Na® i un de CI', mentre
que el SERT i NET només un Na’ i un CI (lversen, 2006; Torres et al., 2003).
Aquesta diferencia energética pel transport actiu de monoamines, juntament
amb la major densitat de NET respecte al DAT a EPFm, la similar afinitat de la DA
i NE pel NET, i la localitzacié cel-lular del DAT fora de les sinapsis en 'EPFm de
rosegadors (Sesack et al., 1998) podria explicar perqué en preséncia de DAT i
NET, el NET és més actiu recaptant DA de |'espai extracel-lular que no el propi
DAT en I'EPFm de rosegadors.
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Per altra banda, el treball 2 també ens suggereix que la DA podria estar
alliberada per terminals noradrenergics. En aquest cas s’ha de tenir en compte
que la DA és el precursor de la NE i es troba en les mateixes vesicules
sinaptiques. De fet, la lesid del sistema noradrenergic amb la toxina DSP-4 va
evitar 'augment dels nivells de DA produit per I'inhibidor no selectiu del DAT i
NET nomifensina a EPFm, perd no en NAc. A més, I'estimulacio eléctrica del locus
coeruleus va produir un augment estimul-depenent de la concentracié de DA
Unicament a I'EPFm, d’acord amb altres estudis que suggerien una coalliberacié
de DA per terminals NE (Devoto and Flore, 2006; Devoto et al., 2001; Devoto et
al., 2005; Kawahara et al., 2001). Per tant, aquests resultats mostren un paper
clau del sistema noradrenérgic sobre I'alliberacié de DA a EPFm, en comparacio
amb el NAc. Aquesta diferéncia regional sembla concordar amb Ila relacié de
fibres NE/DA, que tal com s’ha descrit anteriorment, és molt major en 'EPFm
qgue en el NAc, on en aquesta Ultima regid les fibres dopaminergiques sén la
principal aferencia catecolaminergica.

En conjunt, aquestes dades ens van suggerir actuar sobre els mecanismes de
regulacié de les neurones noradrenérgiques per modular selectivament la DA
cortical. Concretament es va utilitzar una estrategia ampliament descrita per
augmentar la transmissi6 monoaminérgica, i que involucra I'antagonisme de
I"autoreceptor adrenérgic a2 juntament amb el bloqueig del NET pel sistema
noradrenergic (Grandoso et al., 2004; Invernizzi and Garattini, 2004; Mateo et
al., 1998) o bé el bloqueig de I'autoreceptor 5-HT,, juntament amb el SERT pel
sistema serotonergic (Artigas et al., 1996; Romero and Artigas, 1997).

Aixi doncs, I'administracié conjunta d’un inhibidor del NET com és la reboxetina
amb un antagonista del receptor o2 adrenérgic com I’'RX 821002 (treball 2) o bé
la mirtazapina (treball 3), va ser capa¢ de potenciar l'augment de DA
mesocortical -i no la mesolimbica- en comparacid amb els mateixos farmacs
administrats de forma individual. Per tant, els resultats ens indiquen que la
modulacié del sistema noradrenérgic permet modificar també els nivells de DA a
I'EPFm.
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1.3. Noves estrategies farmacologiques per tractar
la esquizofrenia i depressio

Recentment s’estan utilitzant estrategies de combinacié de farmacs per millorar
el tractament de malalties psiquiatriques com esquizofrénia i depressioé . Varies
regions i circuits cerebrals s’han vist implicats en la fisiopatologia i tractament
d’aquestes malalties, on I'escorga prefrontal té un paper clau. Aquests circuits
regulen els estats emocionals i les funcions executives, i la seva disfuncié s’ha
implicat en la seva fisiopatologia i tractament.

Aquest és el cas de la mirtazapina, que s’ha utilitzat com a coadjuvant per
millorar el tractament tant en esquizofrenia (Joffe et al., 2009; Poyurovsky et al.,
2006) com en depressio (Blier et al., 2010; Carpenter et al., 2002; de la Gandara
et al., 2005; Lopez-Munoz et al., 2006). En aquest sentit, la combinacié de
farmacs per se, és una bona estratégia per potenciar els efectes dels tractaments
antidepressius i antipsicotics, ja que amplien l'espectre d’accié d’un sol
tractament.

Els resultats de la present Tesi ens han permés proposar una nova estrategia
concreta per augmentar de forma selectiva la DA cortical, combinant un
inhibidor del NET i un antagonista del receptor o, adrenergic. A més, hem
comprovat que |'efecte sobre els nivells de DA extracel-lular es mantenen quan
es co-administren ambdds farmacs tant amb antipsicotics classics i atipics
(treball 2), com amb antidepressius del tipus SSRI (treball 3). Encara més, la
interaccio sinergica entre reboxetina i mirtazapina va produir un marcat efecte
antidepressiu en el test de natacid forcada, que no es va observar quan els
compostos s'administraven de manera individual (treball 3).

Diversos sistemes de neurotransmissors i receptors han estat implicats en la
resposta antidepressiva en el test de natacié forcada (Cryan et al., 2002b; Page
et al., 2003; Page et al., 1999; Reneric and Lucki, 1998). Pero el paral-lelisme
entre els canvis de DA a la EPFm i la resposta comportamental induits per
aquesta combinacié de reboxetina i mirtazepina suggereix que un increment de
la funcié cortical dopaminergica -i probablement NE (Mateo et al., 2001; Mateo
et al.,, 1998)- podria estar relacionada amb lI'accid antidepressiva d'aquests
farmacs.
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Per altra banda, trobar les dosis adequades dels tractaments és clau per al seu
efecte, ja que un augment massa elevat també podria ser perjudicial per les
funcions cognitives (Williams and Goldman-Rakic, 1995). En aquest sentit, les
dosis de reboxetina i mirtazapina elegides per I'estudi (treball 3) van ser dosis
gue per si soles sdn prou baixes i quasi inefectives en I'augment de DA cortical,
mentre que la combinacié d’aquestes produeix un augment significatiu dels
nivells de DA cortical que mostra un gran potencial antidepressiu en el test de
natacié forgada.

Tot i aixi, seria necessari un estudi farmacologic i dosis-resposta més detallat per
poder generalitzar I'efecte antidepressiu de la combinacié concreta de
reboxetina + mirtazapina a tots els farmacs que bloquegen el NET i antagonitzen
el receptor a,-adrenérgic. Precisament, altres estudis que utilitzen farmacs amb
perfil farmacologic semblant, com I'idazoxan i la desipramina, obtenen resultats
diferents als presents quan els farmacs es combinen i s’analitza el seu efecte en
el FST (Reneric et al., 2001; Zhang et al., 2009). A més, la mirtazapina mostra
també cert agonisme pel receptor 5-HT,,, fet que probablement |i déna
propietats diferents a la resta d’antagonistes o, ja que, a part de I'augment de
DA cortical degut a I'antagonisme pel receptor a2 (Devoto et al., 2004; Millan et
al., 2000), I'agonisme que presenta pel receptor 5-HT,, facilita 'augment de DA
cortical que produeix la mirtazapina per se (Nakayama et al., 2004).

Per ultim, és interessant destacar que el tractament combinat de reboxetina +
mirtazapina modifica I'expressio del gen c-fos comparat amb vehicle i en funcié
del nivell d’estres de I'animal (treball 3). Algunes de les regions on s’observen
aquests canvis de densitat d'expressié de c-fos en la rata es relacionen amb
regions cerebrals implicades en els trastorns depressius en malats (Krishnan and
Nestler, 2008; Nestler et al., 2002). En general, tant el tractament agut com
subcronic amb aquests farmacs va induir canvis similars en |'expressié de c-fos
amb una densitat augmentada en el nucli del rafe dorsal, escorca entorrinal i gir
dentat, i una marcada reduccié a I'EPFm. A més, el tractament repetit amb
reboxetina + mirtazapina també va incrementar |'expressié de c-fos als nuclis
catecolaminérgics del cervell mig (ATV i LC). D'altra banda, els canvis de
I'expressio de c-fos d'algunes d'aquestes regions, entre elles els nuclis
catecolamineérgics, gir dentat i el nucli tegmental laterodorsal, proveeixen un
patré topografic d'activitat cerebral associat al test de natacié forcada i a les
accions neuroanatomiques selectives de I'associacid entre reboxetina i
mirtazapina. Per tant, els resultats de la present investigacié il-lustren la utilitat
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d'avaluar I'expressié del ARNm del c-fos amb la finalitat d'examinar la correlacid
anatomica i funcional entre el comportament associat a una situacio d'estres i
I'accid dels farmacs antidepressius.

Finalment, el fet que la reboxetina i la mirtazapina siguin dos antidepressius que
s’utilitzen actualment en la practica clinica, facilita que aquesta estratégia de
combinacié de farmacs proposada en la present Tesi Doctoral sigui facilment
traslladable per al seu Us terapeuticc amb Il'objectiu de millorar Ila
simptomatologia depressiva i cognitiva tant en pacients esquizofrénics com en
depressius resistents al tractament.



VI1. Conclusions

155






Conclusions

1. Els antipsicotics atipics, com la clozapina, olanzapina i risperidona, augmenten
I'alliberament de dopamina a I'escorca prefrontal medial de rosegadors per un
mecanisme que requereix |'activacié del receptor 5-HT;, de serotonina pero no
el bloqueig del receptor 5-HT>,.

2. La utilitzacié d’inhibidors selectius pel transportador de dopamina i de
noradrenalina mostren que en arees riques en fibres noradrenérgiques com
I'escorca prefrontal de rata, la dopamina es recaptada pels terminals
noradrenergics.

3. Les lesions dels sistemes dopaminergic i noradrenérgic, aixi com I'estimulacié
del locus coeurleus, indiquen que [l'alliberament de dopamina a escorca
prefrontal es produeix principalment en terminals noradrenéergics. Aquest
comportament és diferent en el nucli accumbens, on la dopamina s’allibera i es
recapta en terminals dopaminérgics.

4. El bloqueig dels receptors adrenérgics a2 potencia I'augment de dopamina a
escorca prefrontal produit per la inhibicié del transportador de noradrenalina.
Aguest fenomen es manté en preséncia d’antipsicotics i obre la porta a la
utilitzacié d’aquesta estrategia terapeutica en el tractament dels simptomes
negatius i cognitius en esquizofrenia.

5. El bloqueig simultani del transportador de noradrenalina i dels receptors
adrenérgics a2 produeix un notable augment dels nivells de dopamina i
noradrenalina corticals, que es manté en presencia de l'inhibidor selectiu de
recaptacié de serotonina citalopram. Aquest efecte s'acompanya d’un marcat
efecte antidepressiu en la prova de la natacié forcada, suggerint que la
combinacid reboxetina + mirtazapina pot ser una nova estratéegia antidepressiva
basada en un augment de la funcié catecolaminérgica cortical.

7. L'estudi de I'expressié del gen c-fos ens permet establir una correlacid
anatomica i funcional entre el comportament associat a una situacié d'estres i
I'accid de la combinacid de reboxetina amb mirtazapina. L'area tegmental
ventral, el locus coeruleus, el gir dentat i el nucli tegmental laterodorsal sén
regions clau on el tractament varia el seu efecte sobre I'activitat neuronal en
funcié de l'estat d’estrés de I'animal.
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