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Introduccio general

Un percentatge important de la poblacié mundial esta afectada per malalties psiquiatriques
pero la linia que posa el limit entre normalitat i malaltia, en aquests casos no esta massa ben
definida. Si el comportament es definis com una funcié normal, com podriem definir on
posem els nostres limits de confianca per a delimitar el comportament patologic? El criteri
acceptat actualment per la major part dels experts en I’area és que si aquell comportament
dificulta el correcte funcionament de la persona, si dificulta la seva vida diaria hauria de ser
considerat patologic. Pero altra vegada, tot i 'existencia de criteris acordats, en el cas de les
malalties/anormalitats psiquiatriques, aquests criteris -almenys fins al moment- sempre han

estat subjectius.

Un tret comi de moltes malalties psiquiatriques és que provoquen, a banda dels simptomes
diferencials de la malaltia, alteracions en un domini del funcionament cerebral que engloba les
anomenades funcions cerebrals superiors: la cognicid. Es poden trobar diferents definicions
de cognicio segons I'especialista a qui es faci la pregunta: neuroleg, psicoleg, neurocientific
filosof o enginyer en intel-ligencia artificial. En aquest precis moment, estas duent a terme
diferents tasques cognitives. A partir d’un grup de linies i caracters, has reconegut per crear
paraules. Has consultat a la teva memoria i els teus coneixements sobre llenguatge el
significat d’aquestes paraules. Fins i tot has pogut fer alguna tasca de decisié mentre decidies
si continuar llegint o no aquest capitol. Aixi, el terme cognici6 (del llati cogroscere, coneixer)
inclou un ampli espectre de conceptes com son la percepcid, la memoria, ’aprenentatge, la

presa de decisions o la resolucié de problemes.

En un principi es creia que la cognicio estava lligada tan sols als humans, pero a poc a poc s’ha
anat veient que animals que no s’havien considerat dins del grup d’éssers vius superiors s’hi
havien d’incloure. Aixi, la cognicié ha deixat de ser una caracteristica solament humana i ha
passat a ser una caracteristica més pero no la que ens defineix. Tot i que no pot ser considerat
un tret Unic, si que és un tret quantitativament diferencial de I'espécie humana i la seva
alteracio en malalties psiquiatriques pot afectar de manera important la vida diaria de la

persona.

Com podem tractar aquestes alteracions? Quins mecanismes tenim per tal d’evitar-les? El
principal problema en el tractament de les malalties psiquiatriques ¢és que hi pot haver
diferents hipotesis per explicar-les, pero la causa real de I"alteracié en la majoria dels casos no

es coneix. Un altre dels problemes, forca derivat de I’anterior, és que tot i els intents de
11



classificacions, les diferents malalties continuen sent calaixos de sastre amb subtipus ben
diferents d’alteracions que es tracten de manera similar. Aixo fa que la farmacologia no sigui
ni de bon tros 'opci6 perfecta, pero de moment és una de les millors opcions que tenim pel
tractament de malalties psiquiatriques. Un dels reptes importants en el camp de la
farmacologia sera el d’intentar personalitzar els tractaments, perd per aixo caldra tant
entendre I'origen de les malalties (gens de vulnerabilitat, circuit implicats, etc.) com entendre

els mecanismes d’accio dels farmacs utilitzats.

En aquesta tesi ens hem centrat en I'estudi del receptor 5-HT:a, un dels receptors de
neurotransmissors més estudiat des del seu descobriment, en el mecanisme d’accié de
psicofarmacs. Per situar aquest receptor en el camp de la psicofarmacologia la tesi consta
primerament d’una introducci6 sobre I'area cerebral implicada en les funcions cerebrals
superiors -I’escorca prefrontal-, com aquesta area és regulada pels sistemes moduladors i quin
paper té el receptor 5-HTa en les funcions cerebrals superiors. Seguidament es descriuen
diferents situacions alterades (esquizofrénia, depressio i dolor), com aquestes situacions so6n

tractades i quin paper hi juga el receptor 5-HTa.

La tesi pretén esclarir una mica més els possibles mecanismes d’accio de diferents
psicofarmacs per tal d’aportar noves idees per al tractament de I'esquizofrénia, la depressio i

el dolor.
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.’escorca prefrontal

L’escorca prefrontal (EPF) és la part del lobul frontal del cervell que es troba situada
rostralment respecte I’area motora i premotora, amb connexions reciproques denses
amb el nucli mediodorsal del talem (MD).

Com a area nodal d’interconnexions, I'activitat fonamental d’aquesta area és
"orquestracio de les funcions cerebrals superiors [1].

DEFINICIO

En un principi, després dels estudis
citoarquitectonics de Brodmann [2] (Fig. 1),
s'anomena a l’escorca prefrontal (EPF) escorca
granular frontal: I’escor¢a de primats amb capa IV
granular situada frontalment a les arees motores

agranulars. La principal raé per utilitzar aquest criteri

¢s que es creia que 'EPF era tinica de primats i, en
aquest taxon, I'EPF és granular. Pero un criteri
citoarquitectonic fa dificil la comparacié d’arees
homologues entre especies degut a la gran variabilitat

que existeix, tant intraespécie com interespecie [3].

Rose i Woolsey [4] mostraren que tots els mamifers

tenien un nucli medio-dorsal al talem (MD) que

Fig. 1. Mapa citoarquitectonic de Fescorea ypicament projectava a una regié del 1obul frontal la

cerebral segons Brodmann [2]. La zona

destacada correspon a PEPF: BA 813 i qual podia ser considerada I'EPF. Aixo permeté
44-47. Modificat de Pandya [852]. utilitzar aquest criteri per definir les homologies
entre especies de mamifers, evitant les limitacions del

criteri citoarquitectonic.

Aquesta definici6 basada en un criteri connectivista encara ¢és vigent, perd amb matisos.
Estudis en diferents especies han mostrat que les projeccions del MD no estan restringides
només a 'EPF [5-10] i que altres nuclis talamics també projecten a ’'EPF [7, 1-14]. Degut a
aquestes consideracions, la definicié actual matisa que es pot considerar EPF I'area frontal

amb la connexi6 reciproca més densa amb el MD quan es compara amb els altres nuclis
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talamics [15]. Tot i aixo, el caracter quantitatiu del criteri a vegades fa dificil arribar a una

conclusio indiscutible en la discussié d’homologies entre especies [14].

FUNCIO

Estudis en rates, monos i humans estan d’acord amb la idea que ’'EPF contribueix a aquells
processos de control cognitiu que sén necessaris per una optima planificacié de seqii¢ncies
comportamentals complexes, incloent la seleccié de I"atenci6 i resistencia a interferéncia, la
inhibicié comportamental, els canvis de tasca, la planificaci6 i la presa de decisions. L’EPF és
important quan el processament zop-down és necessari, ¢s a dir, en les situacions en les quals
el comportament ha de ser guiat per estats interns o intencions i quan la interaccié entre
I’estimul sensorial, el pensament i I’acci6 no tenen una relacié directa ni ben establerta. Aixi,
I’EPF necessita integrar informaci6 tant d’una experi¢ncia prévia com de la situacié del
moment, planificar i organitzar en el temps, dirigir I'atencié i inhibir aquells estimuls que

siguin irrellevants per poder guiar els criteris d’accio [1].

Per tal de dur a terme aquesta organitzacié temporal del comportament, 'EPF esta implicada
en el manteniment on /ine de representacions memoristiques, ’anomenada memoria de
treball (working memory, WM), necessaria per la mediacio de I'accié en el temps. A
diferéncia d’altres arees corticals, les neurones de ’EPF resten actives durant el retard entre
una pista i I'execuci6 relacionada sense que els afecti la preseéncia d’interferencies o
distraccions [16], mantenint la informacié rellevant per la tasca. En relacié amb aquest fet,
estudis de lesions de I'EPF provoquen alteracions en la selecci6 d’accions a executar i I'ordre

temporal d’aquestes accions en humans, monos i rosegadors [17-22].

Altres estudis de lesions de I'EPF en rosegadors o humans han mostrat que aquestes
provoquen un augment de les conductes perseverants. Per tant, I'EPF seria necessaria per al
canvi de pautes d’acci6 [23, 24]. Per altra banda lesions de 'EPFm de rosegadors [23] o de

’EPF-DL d’humans [25-27] generen també deficits d’atencio.

SUBDIVISIONS FUNCIONALS

Tot i que a mesura que baixem en I’escala evolutiva els mamifers tenen arees corticals menys
diferenciades, menys especifiques i menys segregades [15], la topografia i el patré de
connectivitat de 'EPF de rates és prou comparable amb el de monos [14, 28] i es poden
establir paral-lelismes entre les dues especies. Tant I'EPF de mono com la de rata son arees

d’associacio multimodal entre regions cerebrals [29-31].
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Primats

L’EPF de primats es subdivideix en dues regions principals segons criteris funcionals, de

citoarquitectura i connectivitat:

- I’EPF dorsolateral (DL) (BA46 i la zona ventral de BAg). Esta considerada com la part més
cognitiva de 'EPF. Rep indirectament eferéncies de practicament totes les modalitats
sensorials, aixi com d’arees premotora i orbital [32]. Per tant recull informacié
somatosensorial al més alt nivell d’integracio. T¢é fortes connexions amb estructures motores
no primaries, aixi com del cerebel i el coliculus superior. Aquesta organitzacié anatomica
reflexa la importancia de I'EPF DL en el control de processos cognitius i en la guia de

tasques comportamentals complexes.

- L’EPF orbitomedial (OM) compren les regions orbital o orbitofrontal, situades en la zona
ventral (BA 11,12) i la regié medial, que inclou I'EPF medial (BA32) i la regié cingulada
anterior (BA 24 i 25). Aquesta area esta més relacionada amb processos socio-emocionals,

fet que es reflexa en el patré de forta connexié amb estructures limbiques [32].

Rata

L’EPF de rata esta subdividida en dues zones generals (Fig. 2):
- Orbitofrontal (EOF). Inclou les regions orbitals ventral i lateral i ’area insular agranular.
- Medial (EPFm). Al seu torn es divideix en:

- Cingulada anterior dorsal (ACAd). Involucrada en la generaci6 de normes
associades amb I’ordre temporal i la seqiienciacié motora del comportament [14]. Hi

ha controversia pero en la seva inclusié en I'EPF [32].

- Prelimbica (PL). S’ha relacionat amb funcions d’atencio i seleccio de resposta aixi
com de WM . Aquesta regi6 es podria considerar com una versio6 primitiva homologa

al’EPF-DL de primats [15, 20, 33, 34].

- Infralimbica (ILA). Relacionada amb el control de Iactivitat autonoma/
visceromotora [35-37] i en la modulacié de comportaments relacionats amb la por

(38, 391

- Area motora secundaria (MOs). Resta en discussio la seva inclusio en ’'EPF [14, 40].

15



CONNECTIVITAT

L’EPF forma part de gran nombre de circuits cerebrals, els
quals li donen les caracteristiques idonies per dur a terme
les funcions superiors on participa. Un dels trets principals
de la connectivitat de I'EPF és que practicament totes les

connexions que forma son reciproques.

Connectivitat amb el talem

Ja hem vist la importancia de les connexions amb el MD,
criteri per definir-la. Altres nuclis talamics connectats amb
Fig. 2. Diagrama il-lustratiu de 'EPF ~ , , . , . .. .
8 bl I'EPF sén els nuclis de la linia mitja, que projecten
de rata. En blau ’EPFm (més clares
les regions en discussio), en verd preferentment a les regions ventrals de la paret medial de
PEOF. MOp: escorca motora J'EPF i semblen estar implicats en funcions viscerals, i els
primaria. Modificat de Kolb [853]. L. . . o . ,
nuclis intralaminars, que envien aferéncies a arees més
dorsals de I'EPFm i estan relacionats amb processos

d’atencio [41].

Connectivitat cortico-cortical

La majoria d’axons que arriben a ’'EPF son aferéncies corticals, majoritariament ipsilaterals
[31]. Les connexions cortico-corticals d’EPF de rata reflecteixen I'especialitzacio funcional de
les diferents subdivisions. A grans trets, MOs i ACAd projecten reciprocament a arees
neocorticals sensorimotores i d’associacid, aixi com I’escorca visual i perirhinal, mentre que
PL i ILA tenen interconnexi6 amb escorces d’associacio limbica temporal, insular agranular i

formacio hipocampal [42-44].

Connedctivitat subcortical

A nivell subcortical, 'EPF de rata esta connectada reciprocament amb el talem, els nuclis
aminergics del mesencefal (Nuclis del Rafe, NR; Locus Coeruleus, LC; Area Tegmental
Ventral, ATV), 'hipotalem lateral i el sistema limbic. La projecci6 a les estructures motores
dels ganglis basals no és directament reciproca sin6 a través del talem [15, 45-47]. Les
estructures limbiques com I'amigdala, el septum i I’ hipotalem reben projeccions
majoritariament a través d’arees ventrals de 'EPF. Per altra banda, els nuclis monoaminérgics

del tronc de I'encefal reben projeccions principalment de I'EPFm de rates i 'EPF DL de
primats [32, 45. 48, 49].
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ARQUITECTURA
En primats, 'EPF és una isoescor¢a’, clarament laminada. Anomenades des de la superficie

exterior a la substancia blanca trobem les capes [50]: I/Molecular, I1/ Granular externa, 11/

Piramidal externa, IV/ Granular interna, V/ Piramidal interna, VI/ Polimorfica.

La capa II connecta arees corticals del mateix hemisferi. La capa III connecta amb "hemisferi
oposat 0 amb escorces d’associacio del mateix hemisferi. En escorces de 5 capes, la majoria de
connexions talamiques s6n a aquesta capa, mentre que en escorces de sis capes son a la capa

IV. Les capes V i VI representen les principals sortides d’informacié de I'escor¢a.

L’EPFm de rata també conté aquesta estructura laminar, pero I'estratificacié cortical esta

menys diferenciada, distingint-se només 4 capes: I, [I/111, Vi VI [51].

TIPUS DE NEURONES CORTICALS

L’EPF esta constituida per dos grans grups de neurones: les neurones espinoses i les
neurones no espinoses. Les neurones espinoses inclouen la poblacio de neurones piramidals i
neurones estrellades que formen sinapsis asimetriques excitatories (glutamatergiques). Les
neurones no espinoses inclouen la poblacié de neurones que formen sinapsis simétriques

inhibitories (GABAergiques).

Neurones piramidals

Suposen un 80% de la poblacié neuronal cortical i son neurones de projecci6 que integren i
transfereixen la informacio a altres arees cerebrals. S6n neurones multipolars amb soma en
forma piramidal o ovoide, amb una tinica dendrita apical molt ramificada que s’estén a capes
superficials (caracteristica que permet la integraci d’informacié de varies capes corticals),
multiples dendrites basals i un tnic axé descendent que transmet la informacio a arees de

projeccid corticals o subcorticals [10, 42, 52, 53].

Classificacié electrofisiologica

Les propietats electrofisiologiques intrinseques de cada neurona defineixen els patrons de
descarrega concrets i, per tant, la capacitat per integrar entrades i sortides d’informacio.
Segons la resposta a polsos de corrent i els seus patrons de descarrega i vitro [54-57] o in

vivo en rata anestesiada [58] s’ha definit diferents tipus de neurones piramidals (Fig. 3a):

"La part més gran de Iescorga cerebral, on es distingeixen les neurones organitzades en sis capes. També

anomenada escorca homotipica, neocortex, neopallium.
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- Neurones de descarrega regular (regular spiking, RS). Constitueixen la major poblacio dins

de les neurones piramidals. Mostren una descarrega sostinguda amb un patr6 regular. Poden

mostrar adaptacié® lenta o rapida davant d’una despolaritzacié mantinguda.

- Neurones que descarreguen en trens de potencials d’accié (TPA) i que no presenten
inactivacié (ron-inactivating burse, NIB). Presenten una descarrega en trens/agregats de

potencials d’accié amb una amplitud del potencial d’acci6 constant.

- Neurones que descarreguen en TPA i que presenten una inactivacié del potencial d’acci6
dins del tren (inactivating burst, 1B) . La poblacio amb menor representacio. Presenten TPA

on els potencials d’accié van disminuint I'amplitud i augmentant la durada (inactivacio).

Més recentment [59] també s’ha descrit neurones que descarreguen en TPA d’alta freqiiencia

(300-600 Hz) que es repeteixen seguint ritmes rapids (30-50 Hz) (fase rhythmic bursting,
FRB).

En les condicions en que es van fer els primers estudis de caracteritzacio electrofisiologica,
les propietats de les diferents classes de neurones semblaven inflexibles, pero actualment
estudis de registres intracel-lulars en animals no anestesiats han mostrat que una neurona pot
passar d’un tipus de descarrega a un altre canviant lleugerament el seu potencial de
membrana, que alhora depen dels senyals que rep i dels diferents estats de vigilia [60, 61].
Aixi una mateixa neurona pot mostrar diferents patrons de descarrega que anteriorment
s’adjudicaven a tipus neuronals diferents (Fig. 3). Les diferents proporcions de tipus
electrofisiologics en animals en comportament, anestesiats i 7z vizro podria explicar els rols de

les diferents classes un diferents estats funcionals del cervell [62].

20 mV

-64 mV . o
Fig. 3. a) Neurones amb diferents patrons de descarrega: RS, descarrega regular; FRB, neurones
amb trens rapids i ritmics; F'S, descarrega rapida; IB, trens amb inactivaci6. b) Neurona cortical
de I'area d’associacié 7 de gat anestesiat. Els diferents polsos de corrent despolaritzant (indicats

entre 1i2) canvien els patrons de descarrega de la neurona. Modificat de Steriade [62].

2 Interrupcio de la descarrega de potencials encara que la despolaritzacié sigui constant i per sobre del llindar.
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Interneurones GABAérgiques

Les interneurones GABAergiques representen al voltant d’un 15-20% de la poblaci6 neuronal
cortical [63]. Els manquen gairebé per complet les espines dendritiques i es troben repartides
al llarg de totes les capes corticals. Aquest tipus neuronal mostra una gran diversitat

morfologica, bioquimica, fisiologica i funcional [64-73].

Classificacié morfoldgica

Santiago Ramén y Cajal va ser el primer en descriure diferents subtipus de neurones
GABAe¢rgiques d’escorga cerebral i hipocamp [74]. Entre les diferents morfologies neuronals
(Fig. 4), cal destacar:

- Neurones en cistell (basker cells). Formen el cistell de plexes de terminals axonics que

envolten els cossos de les neurones piramidals.

-Neurones en canelobre
(chandelier cells). Les

uniques que realment es

Neurogliaform  Small basket Chandelier

Common type
5

distingeixen per un patrd
de ramificacio de I’axo clar,
en aquest cas, en forma de
terminals formant files
/ curtes verticals de botons
semblants a canelobres.
S6n comuns en una gran
Bipolar cell varietat d’arees corticals 1
especies [75, 76], per aixo
podrien ser considerades
elements basics dels
Fig. 4. Dibuixos de diferents tipus morfologics d’interneurones de capes circuits corticals.

II-VI. Modificat de DeFelipe [71].
-Neurones en doble ram

(double bouquet cells). Son neurones multipolars o bipolars amb arboritzacions axoniques

disposades en orientaci6 vertical que formen paquets molt interconnectats de col-laterals

verticals descendents.

Classificacié neuroquimica

Les interneurones GABAergiques d’escorca es poden classificar pel seu contingut en

neuropeptids, substancies neurotransmissores que s alliberen juntament amb el GABA (acid
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v-amino-butiric): colecistoquinina (CCK), somatostatina (SS), polipeptid intestinal vasoactiu

(VIP) i neuropeptid Y (NPY) [77].

A més, també es poden classificar pel seu contingut en proteines d’uni6 a calci: parvalbimina
(PV), calretinina (CR), calbindina (CB) [71, 78]. Les neurones en canelobre i la majoria de les
neurones en cistell expressen PV. Les neurones en doble ram son practicament les tiniques

que expressen CB (tot i que també poden contenir CR).

Classificacié electrofisiolégica

Segons les caracteristiques electrofisiologiques, podem distingir neurones de descarrega
rapida (fast-spiking, FS) 1 no-FS [56, 78, 79]. També s’han observat cel-lules en cistell que
descarreguen en TPA rapids i ritmics (FRB). Igual que les neurones piramidals, s’han descrit

situacions de canvi d’un patr6 de descarrega a un altre segons I'estat neuronal [62].

S’hipotetitza que les neurones FS descarreguen potencials d’accié molt curts i mantenen
freqiiencies de descarrega molt altes (40-150 Hz) de manera tonica i sense adaptaci6 gracies a
canals de K+ que contenen proteines Kv3.1-Kv3.2 [8o, 81]. Anticossos contra el major

producte genic de Kv3.1 marquen especificament les cel-lules PV+ [82].

Altres tipus neuronals

La neoescor¢a cont¢ tamb¢ una capa d’interneurones excitatories, localitzades principalment
a capa IV. S6n neurones espinoses estrellades amb un plexe de dendrites estelat que utilitzen
glutamat com a neurotransmissor i formen sinapsis amb neurones properes al seu cos
cel-lular. Actuen com a receptors primaris de la informacié sensorial que rep el neocortex del

talem. Han estat descrites principalment a escorces sensorials pero també son presents a EPF

[83].

Relacié entre diferents tipus de neurones corticals

Tots els tipus d’interneurones GABA¢rgiques estudiades formen sinapsis tant amb piramidals
com amb GABAergiques [per revisio: 69]. Un principi basic de l'organitzacio dels
microcircuits corticals és que diferents subtipus d’interneurones innerven preferentment

diferents segments de I’arbre dendritic piramidal [69] (Fig. 5).

Les interneurones que formen sinapsis a la regié perisomatica de la piramidal (axo-
somatiques i axo-axoniques) exerceixen un control important sobre la descarrega d’aquestes
neurones. Les neurones en cistell fan sinapsi al soma i les dendrites proximals de les neurones
piramidals, exercint un important control del potencial de membrana i, per tant, en la
descarrega de la neurona piramidal. Les neurones en canelobre tenen ramificacions axonals
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DB

Cél lules
axo-dendritiques

Cél ules

axo-somatiques Cellules

axo-axoniques

Ci

Fig. 5. Representacio dels diferents tipus
d’interneurones GABAergiques segons els contactes
amb la neurona piramidal. DB, double bouguer; Ci,
cel-lules en cistell; Ca, cel-lules en canelobre, fins ara
les iniques descrites com a axo-axoniques. Modificat
de DeFelipe [71].

que formen un gran nombre de sinapsis axo-
axoniques amb el segment inicial del con
axonal de les neurones piramidals [84], area
on s’integra la informacié per donar lloc al
potencial d’acci6 de la piramidal. D aquesta
manera, tenen un paper clau en la modulacio
de la sortida d’informacié de la piramidal,
podent produir un efecte de curtcircuit en la

propagacio del potencial d’accio.

A més, les interneurones també poden estar
acoblades per sinapsis electriques
(bidireccionals) a través d’unions tipus gap
(gap juncuions) [70, 85-92]. Al principi es

creia que l'acoblament per unions gap es

donava només entre c¢l-lules de la mateixa classe, pero hi ha estudis que demostren gap

Juncions entre diferents tipus d’interneurones [93-95]. Les connexions gap poden arribar a

produir-se a més de 100 micrometres del cos neuronal [g6] i podrien contribuir a la

sincronitzacio de Iactivitat electrica cortical a través de la formacio de xarxes [91].

200um

100 150
50 |06
38.6/30.3 | 23.9 | 20.2 8.9

50
21.8121.7

C

112

a

Fig. 6. a) Reconstruccié d’una neurona PV+ de Iarea 18 de gat. Els cercles de les dendrites indiquen

immunoreactivitat per connexina 36. La part inferior mostra la distribucié d’unions gap. Fila superior: mitjana

de connexions en segments individuals (9 cel-lules). Fila inferior: densitat de llocs de contacte per unitat de

llargada (xmm). b) Reconstruccié de xarxa dendritica de c¢l-lules PV+ unides per connexions gap. Barra

d’escala, 100 pm. Modificat de Fukuda [g6].
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UNITAT FUNCIONAL

Les primeres idees respecte a divisions funcionals de I’escorca postulaven que les funcions
cognitives es localitzaven en zones diferenciades de I'escorca. Es basaven en el fet que
I’escorca esta dividida en regions microscopicament diferenciables, cadascuna amb diferents

connexions, a més de les evidencies que aportaven els estudis de lesions [97].

Per altra banda, sorgi una visi6 més holistica de la funcionalitat cortical, aquella que proposa
que les funcions cognitives estan basades en sistemes corticals ampliament distribuits de
neurones interconnectades. Aquesta idea evoluciona cap al model connectivista: la proposta
d’una xarxa cortical i els mapes de connexions/sistemes de connexions rezwork-like, en els

quals I"associacio esdevé I’essencia de la percepcio, lamemoria i les sensacions [g97].

Es considera que la unitat funcional dels circuits és la columna cortical, base de la hipotesi
columnar cortical de Mountcastle [98]. La hipotesi considera el neocortex com un conjunt
d’unitats funcionals amb forma de mini columnes que creuen totes les capes corticals
perpendicularment a la superficie i que contenen un conjunt de neurones interconnectades.
El microcircuit basic, present en totes les arees corticals i especies examinades [99], estaria
format per una neurona piramidal i les seves connexions d’entrada i sortida tant locals com
externes. La sortida principal del circuit és a través de I’ax6 de les neurones piramidals, que al
seu torn esta influit per les cel-lules GABAergiques que realitzen contactes axo-axonics

especifics dels circuits corticals.

cervell de mamifers per tal d’entendre la funcié cortical i els desordres

cerebrals. Després d’una dissecci6 sistematica de la microanatomia, la genetica |

i Pelectrofisiologia de la columna cortical, es construi el primer model
computacional de la unitat basica cortical: la recreacié a nivell cel-lular d’una
columna neocortical (figura esquerra). Ara les simulacions computacionals
proporcionaran medis per testar hipotesis utilitzant models predictius de

n ¢ hinlaoire svee T 2vala et o oecte cort o e 0
processos biologics complexes. L’altim objectiu del projecte seria permetre el

modelatge, la simulacié i ’experimentacié de tot el cervell.

A banda de les interaccions dins dels microcircuit, el model connectivista de funcié cortical fa
emfasi en les connexions intercolumnars que permeten I'establiment de xarxes paral-leles de

processament coordinant I"activitat de diferents circuits [69, 97, 100, 101].

La visi6 actual de funcionament cortical considera tant les propietats cel-lulars individuals

com les com les propietats emergents del circuit resultat de la interaccié dels seus elements,
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arribant a un compromis entre la segregacio funcional i la integracié global, trets

caracteristics d’un sistema complexe [102].

ACTIVITAT CORTICAL

Un tret caracteristic de la dinamica cortical és la presencia d’una activitat oscil-latoria en
diferents ritmes, part essencial del processament cerebral i relacionada amb els estats de son/
vigilia i les tasques cerebrals [103]. Alteracions d’aquesta activitat oscil-latoria s’associen amb
trastorns neuropsiquiatrics com I’esquizofrénia [104-107], la depressio [108], I’Alzheimer
[109-111], quadres epiléptics, etc. [112, 113], suggerint que una activitat oscil-latoria anormal

seria la caracteristica comu en patologies que impliquen alteracions cognitives.

Els mecanismes de generacié d’oscil-lacions corticals impliquen un balan¢ homeostatic entre
excitacions i inhibicions en la xarxa que depen alhora de les propietats intrinseques
individuals dels seus elements. Alguns dels principals tipus neuronals i xarxes implicades en
les oscil-lacions cerebrals son: i) les neurones corticotalamiques, ii) el circuit inhibitori
recurrent entre neurones reticulars (NRT) i talamocorticals (TC) i iii) les projeccions

neuromodulatories que arriben al talem [114].

Les oscil-lacions es podrien dividir en dos grans grups: els modes de processament global,
que englobarien els ritmes de menor freqiiencia i que servirien per la integracié entre
diferents arees corticals i els modes locals, que engloben els ritmes de més altes freqiiencies i

estarien distribuides en arees molt més limitades [115, T16].

Tradicionalment s’ha separat els diferents ritmes corticals segons la freqiiencia de les seves
oscil-lacions i s’ha intentat associar funcions concretes a cada ritme. Actualment pero, la
tendencia és pensar que els diferents ritmes interaccionen entre ells i d’aquesta interaccié en

resulta la funcio [114].

Durant el son d’ones lentes (SWS, Slow Wave Sleep) hi ha tres ritmes caracteristics: fusos/
spindles (12-15 Hz), delta (1-4 Hz) 1 oscil-lacions lentes (<1 Hz). Durant els estats de vigilia i el
son REM (Rapid Eye Movement) els ritmes caracteristics son theta (6-toHz), beta (20-30Hz)

i gamma (30-60Hz)[114, 117].

L’oscil-lacié lenta observada durant el son o sota els efectes de I'anestesia [118, 119] s’ha
registrat tant en neurones piramidals com GABAergiques [120] i esta format per una fase
despolaritzant perllongada («4p) seguida d’una fase d’hiperpolaritzacié (down) [18].
Recentment s’ha proposat que I'oscil-lacié lenta és resultat de la interaccié d’oscil-ladors

corticals, TC i NRT [121]. Tot i que cadascun d’aquests oscil-ladors és capac de produir la seva
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propia oscil-lacié lenta, la total manifestacio de 'oscil-laci6 a nivell d’electroencefalograma

(EEG) requeriria la interaccio dels tres oscil-ladors [121].

La importancia d’aquestes oscil-lacions lentes resta en el fet que agrupen altres ritmes
cerebrals tant d’alta com de baixes freqiiéncies, organitzant-los en seqiiencies d’ones
complexes [114, 117]. Juguen un rol important en el processat de la informacio cortical,
I"organitzacié temporal de I’escorca i el manteniment de funcions corticals d’alt nivell en les
que es requereix generalment la participacié d’una activitat cerebral conjunta entre arees. A
més, les oscil-lacions lentes i les spindles, participarien en fenomens de facilitacio sinaptica,

contribuint en processos de memoria i aprenentatge [122-128].

Hi ha dos components de les ones delta, el cortical, que sobreviu a la talemectomia [129, 130],
i el talamic generat a partir de corrents intrinseques de les neurones TC [131-133]. S’ha

relacionat les ones delta amb presa de decisions i consolidaci de memoria [112].

L’ona theta va ser estudiada primerament en hipocamp en relaci6 amb la locomocio,
orientaci6 i comportaments voluntaris. Ara pero, s’ha observat en elevat nombre d’arees
cerebrals, inclosa la neoescorca i s’ha associat amb plasticitat sinaptica, codificacio

d’informaci6 i memoria de treball, entre altres [per revisio: 134].

Els ritmes beta i gamma podrien englobar-se dins del nom de ritmes rapids ja que les
neurones passen de beta a gamma en periodes molt curts de temps amb una lleugera
despolaritzacio [135]. A més, totes dues oscil-lacions han estat associades amb tasques de
memoria [136-140] . Els ritmes gamma proporcionen també una estructura temporal per les
tasques d’atenci6 i processament sensorial [141-143]. Es creu que les oscil-lacions gamma son
generades localment a I’escorca [135, 144] possiblement per xarxes de neurones FS PV+ [per

revisio: 145, 146, 147] o cel-lules FRB [59].
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Interaccio reciproca entre
I"EPF 1 els sistemes
moduladors ascendents

L’EPF rep projeccions dels nuclis monoaminergics del mesencefal i dels nuclis
acetilcolinergics (ambdods considerats sistemes moduladors) i alhora és una de les
poques arees corticals que els regula tancant un bucle de relacié reciproca. Els
sistemes de neurotransmissors moduladors influeixen ’activitat/dinamica cortical i
modulen les funcions que du a terme I’EPF. Pel proposit d’aquesta tesi, aquest capitol
es centrara en la descripci6 del paper del sistema serotoninergic.

SISTEMES MODULADORS ASCENDENTS

Els sistemes moduladors ascendents inclouen les projeccions NA, 5-HT, DA i colinergiques
del nuclis mesencefalics i del prosencefal basal. Tradicionalment els neuromoduladors s’han
definit per: 1) organitzacié reticular dels somes i arees de projeccio limitades
topograficament, 2) nombrosos col-laterals en les projeccions a arees del prosencefal, els
quals multipliquen el nombre de cé¢l-lules diana per aquests sistemes, 3) evidencia d’efectes
distribuits espacialment i relativament uniformes, 4) evidencia d’efectes que canvien
lentament o tonics en les neurones diana gracies en part a al transmissio extrasinaptica

(volume transmission)3 [148][pero: 149, 150, 151].

Sistema serotoninergic

La serotonina o 5-hidroxitriptamina (5-HT) és una amina biogenica sintetitzada a partir del
triptofan, aminoacid essencial que només es pot obtenir de la dieta. La hidroxilacié del
triptofan per la triptofan hidroxilasa és el pas limitant de la sintesi de serotonina (Fig. 7) [per a
revisio: 152]. La serotonina alliberada activara receptors especifics, tant a nivell presinaptic
com postsinaptic, per finalment ser recaptada per un transportador especific que es troba tant
en terminals serotoninergics [153, 154] com en cellules glials [155, 156]. Una vegada

recaptada, la degradacio de la serotonina s’inicia amb I’accié de la monoaminoxidasa (MAO,

3 Sistema de comunicacié complementari a la transmissio sinaptica classica que no requereix connexions entre

cel-lules.
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preferentment la MAO-A). L’acid 5-hidroxi-indolacetic (5-

NHz*
o HIAA) és el principal metabolit de la serotonina al cervell.
A L
[ >
SF N . . Ly
H Anatomia del sistema serotoninérgic
Triptofan ) ) ) )
El sistema serotoninergic estd format per un conjunt de
Triptofan . . . s
hidroxilasa c¢l-lules de morfologia diversa que s’agrupen envoltant la
e inia mitja del tronc de I’encefal, principalment en els nuclis
NHg 1 tja del t de I'encefal, principalment en el |
o N0 del rafe (NR). Els nuclis de neurones serotoninérgiques
~ A % 7
A7 © s’anomenen del Br al Bg [157], sent el B7 el NR dorsal (NRD)
N
H i ¢l B8 el NR medial (NRM).
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Descarboxilasa Cal destacar I’extensio i complexitat d’aquest sistema [158],
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-aromatics que innerva la practica totalitat de I’encefal .
NH3*
o Segons les efereéncies, els nuclis serotoninergics es divideixen
\//\\\—"‘ i\ . .
i\/_/_»_ N\/ en dos grups: un superior o rostral (B5-Bg), que innerva el
H cervell anterior en les anomenades projeccions ascendents, i
5-Hidroxitriptamina o
(serotonina) un segon grup inferior o caudal (Br-B4), on trobem un

conjunt de neurones que projecten a la medul-la espinal en

Fig. 7. Sitesi de serotonina a partir . )
87 P les anomenades projeccions descendents [159-163] (Fig. 8).

de triptofan. Modificat de Goridis
[850]. A més, existeixen projeccions serotoninergiques cap als
propis nuclis del rafe, on la serotonina regula la freqii¢ncia de

descarrega a través d’autoreceptors somatodendritics [per a revisio: 164].

El NRD innerva I’escorca frontal, tempoparietal i piriforme; el talem i I’hipotalem; la
substancia nigra; el nucli interpeduncular; els ganglis basals i el nucli accumbens. E1 NRM
innerva les estructures medials del cervell anterior: septum, hipocamp i escorca cingulada

[per arevisio: 164, 165].

L activitat de les neurones serotoninergiques és regulada per nombroses aferéncies [164, 166,
167]. Cal destacar ’'EPF [33, 45, 48, 168-171], I’habénula lateral [168, 172-174], les aferencies
adrenergiques [175-177] i dopaminergiques [172, 178-182].

A part de les neurones serotoninérgiques, s’han descrit altres tipus cel-lulars minoritaris als
nuclis del rafe, destacant les cel-lules dopaminergiques [179, 183, 184], GABA¢rgiques
[185-187] i glutamatergiques [188, 189]. Tot i que al principi es va pensar que les tniques
neurones de projeccié dels nuclis del rafe eren serotoninergiques [165, 190], s’han descrit

neurones de projeccio que no ho son [191-193].
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Fig. 8. Nuclis serotoninérgics del rafe i les seves principals eferencies. En blau, les projeccions ascendents; en

verd les projeccions descendents. Modificat de Breese [854].

A les zones de projeccid es produeix un major o menor alliberament de serotonina en funci6
de la freqiiencia de descarrega de les neurones serotoninergiques [194]. A més d’aquest
alliberament sinaptic, s’ha descrit I'alliberament d’una fraccié no vesicular de serotonina [195,

196], possiblement a través del transportador de serotonina [197-199].

Fisiologia de les neurones serotoninérgiques

En rata anestesiada, les neurones 5-HT dels NR es caracteritzen per tenir un patré de
descarrega lent (0.4-3.5 Hz) i regular [200-202]. La durada total del potencial d’acci6 és de
2-5 ms [203]. El responsable del llarg periode refractari d’aquestes neurones i de la
regularitat en el patr6 de descarrega és una corrent de sortida de K+ depenent de Caz2+ de
curta durada [204]. Posteriorment s’han descrit neurones 5-HT amb descarregues en trens de

potencials d’accié [205-208].

Receptors de serotonina

Els receptors de serotonina es divideixen en 7 subfamilies anomenades d’1 a 7 [209]. A banda
dels receptors 5-HT}, que son canals ionics modulats per serotonina, tots els altres receptors
pertanyen a la superfamilia de receptors de 7 dominis transmembrana que transdueixen
senyals a través de proteines intercanviadores de nucleotids de guanina, els anomenats
receptors acoblats a proteina G (GPCRs). La taula 1 mostra un resum dels diferents receptors

serotoninergics. El receptor 5-HTa és tractat en un capitol independentment.
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Taula 1. Resum de les principals caracteristiques dels receptors de serotonina descrits actualment.

Receptor| Proteina Localitzacié Implicacions Referéncies

5-HTa

5-HT3

S'HTID
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5-HT9,A

5—HT23
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5-HT;
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5-HT;5
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5-HT;
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Gi/o

Gi/o

Gi/o

Gq

Gq

Gq

Canal
ionic
per Na
+, K+1i
Caz+

Gi/o?

Gs

Gs

Rafe i estructures limbiques

Substancia nigra, Globus pal-lid,
Pal-id ventral, Nucli
entopeduncular, Estriat

Substancia nigra, Globus pal-lid,
Caudat, Escorca, Hipocamp, Rafe

Arees corticals, Caudat-Putamen,
amigdala i hipocamp

Neocortex, escorca piriforme i
entorhinal, claustre, caudat,
acumbens, tubercle olfactiu,
hipocamp

Cerebel, hipotalem, septum
lateral, amigdala

Plexes coroideus, escor¢a
olfactiva, piriforme, cingulada i
retrosplenial, sistema limbic,
ganglis basals . Nuclis del rafe
medial i dorsal (GABAn)

Nucli tracte solitari, area
postrema, nucli motor dorsal del
nervi vagus, hipocamp, amigdala,
capes superficials d’escorga
cerebral

Hipotalem, nucli accumbens,
amigdala, pal-lid ventral,
hipocamp, ganglis basals, tubercle
olfactori

Habénula, escorga, hipocamp, bub
olfactori, cerebel

Tubercle olfactiu, estriat,
acumbens, hipocamp, escorca
cerebral

Talem, hipotalem, escorga,
hipocamp, amigdala, nucli
supraquiasmatic

Autoreceptor i receptor
postsinaptic

Autoreceptor i heteroreceptor a
terminals axonics

Inhibicio alliberaci6 de 5-HT

Postsinaptic

Visual, cognitiva. Autoreceptor.
Migranya

Al-lucinacions, antipsicotics,
termoregulacio, respostes
neuroendocrines

Morfogénesi embrionaria,
motigénesi, ansictat

Postsinaptic. Locomocio, fagia,
ansietat, funcié erectil,
hipertérmia. Antipsicotics,
antidepressius

Vomit, agressivitat, ansietat,
sindrome intesti irritable,
alcoholisme, cognicié, LTP

Memoria, locomocid, recompensa,
ansietat, estres, nocicepcio

Modulaci6 Ach: aprenentatge i
memoria, antipsicotics

Modulacio aprenentatge i
memoria, ansietat, esquizofrénia,
ritmes circadians, termoregulacio,
son REM, depressio

Receptors serotoninérgics presents a |I'EPF

Referir-se al capitol destinat a
aquest receptor

[209, 210, 778, 779]

[780, 781]

[780,782]

[783-785]

[786-7931

[794-7991

[800-806]

[807-816]

[834-840]

[817-819]

[830-833]

[820-829]

Les neurones piramidals d’EPF expressen una gran varietat de receptors serotoninergics.

Entre ells els més abundants son els receptors 5-HTa 1 5-HT.a [210-217]. Els receptors 5-

HT.a es trobarien preferentment a la dendrita apical de les neurones piramidals [214, 217,

218]. Per una discussi6 de la situacié del receptor 5-HT:a veure capitol destinat a aquest

receptor. Diferents estudis iz vitro i in vivo suggereixen la colocalitzacié dels receptors 5-
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HT.a (hiperpolaritzants) i 5-HT,a (despolaritzants) en les mateixes neurones piramidals

[219-221].

Les interneurones GABA¢rgiques d’escorca expressen diferents tipus de receptors de 5-HT,
en particular, 5-HTza, 5-HT1a, 5-HTsc 1 5-HT; [213, 215, 222-225]. El receptor 5-HTa s’ha
detectat tant en neurones CB+ com en PV+ [225]. El 5-HT,4 s’ha detectat en interneurones
GABAergiques PV+ d’escorca de rata [213] i en neurones CB+ d’escorca de mono [215].
Sembla estar especialitzat en interneurones GABAergiques perisomatiques que controlarien
la inhibicié de les dendrites proximals i del soma de la neurona piramidal [215]. Les
interneurones que expressen el receptor 5-HT; corresponen a CCK i CB+ i CR+ [222], tipus

d’interneurones que preferentment controlen les dendrites apicals de les neurones piramidals

[215].

CONNECTIVITAT ENTRE SISTEMES MODULADORS I ’EPF

L’EPF de rates i primats controla les entrades dels sistemes colinérgics i monoaminérgics a la
resta de I'escor¢a [15, 226, 227] ja que, tot i que la practica totalitat de la neoescorca rep
entrades d’aquests sistemes moduladors, només I'EPF envia projeccions reciproques al
prosencefal basal [42, 228-230], al LC [49, 231], als NRM i NRD [48] i a PATV i la pars
compacta de la substancia nigra [232, 233]. El control de Iescorca sobre aquests nuclis
moduladors és especialment important perque a través d’ells és capac d’influenciar amplies

zones del cervell d’una forma coordinada.

Per altra banda, la projeccio directa dels nuclis moduladors a I'EPF modula aquesta area. Les
fibres NA del LC [234, 235], les DA de ATV (via mesocortical) [236] aixi com els nuclis

colinergics del prosencefal basal i el nucli tegmental laterodorsal [237] innerven I'EPF.

La innervacio serotoninergica d’EPF prové majoritariament del NRD, com s’ha demostrat per
estudis anatomics [165, 238] 1 funcionals [239, 240]. Les terminacions serotoninergiques es
distribueixen per totes les capes corticals, tot i que hi ha una major densitat de fibres a capa V

[241]

A més de les connexions amb I'EPF, els sistemes moduladors també tenen projeccions
(moltes vegades reciproques) entre ells: NRD i LC [242], LC i BFCS (sistema colinergic del
prosencefal basal) [243, 2441, NR i BFCS [245], ATV i nuclis colinergics (Nucli basal de
Meynert, Substancia innominata) [246, 247]. Cal fer especial mencié de les interaccions
neuroquimiques, electrofisiologiques i funcionals entre el sistema 5-HT i el DA [per revisio

completa: 248].
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INTERACCIO ENTRE SISTEMES MODULADORS I L’EPF

Modulacié de la fisiologia cortical

Els efectes dels sistemes moduladors depenen dels subtipus de receptors expressats i del

balang d’activacio de diferents receptors, aixi com del tipus neuronal on estan expressats.

La serotonina i els seus agonistes modulen I’excitabilitat de les neurones corticals i la seva
freqiiencia de descarrega [219, 249-253]. Estudis & vivo i in vitro suggereixen que els
receptors 5-HTa 1 5-HT.a exerceixen efectes oposats en 'excitabilitat i la descarrega de les
neurones piramidals d’EPF [219, 221, 251, 253]. L’activacié dels receptors 5-HT:a
hiperpolaritza les neurones piramidals, mentre que la dels 5-HT.a resulta en una
despolaritzacio, reduccio de la hiperpolaritzacio post-espiga (AHP) i augment dels EPSCs
[219, 221, 250-252, 254]. A més, la serotonina també pot activar receptors excitatoris (5-HT, i
5-HT;) en cel-lules GABAérgiques [215, 222] fent que augmentin les entrades GABAergiques

ales cel-lules piramidals [224, 250, 252, 255].

Recetment s’ha mostrat que la serotonina té un rol important en el trafic i funcié dels
receptors NMDA de neurones piramidals d’EPF a través de receptors 5-HTa i 5-HToa.
L activacio del receptor 5-HTa inhibeix les corrents NMDA i a través d’'un mecanisme que
controla I'estabilitat dels microtibuls i impedeix I"ancoratge dels receptors NMDA a la

membrana, mentre que el receptor 5-HT.a contraresta aquest efecte [256, 257].

Els efectes dels altres sistemes moduladors també depenen del balang de receptors activats i
de la situacio d’aquests receptors [258-260]. El cas de la dopamina ha estat ampliament

estudiat [261-264].

Aquests efectes a nivell cel-lular es veuen reflexats a nivell de les oscil-lacions corticals. Per
exemple, 'estimulacio de NRD augmenta la freqiiencia d’ones lentes a EPF, fent-les més

irregulars, promovent els estats p i disminuint-ne la poténcia [265].

Modulacié de les funcions corticals

Tots aquests efectes a nivell cel-lular i de dinamica cortical es fan pales en la contribucié dels
sistemes moduladors (Ach, DA, NA, 5-HT) a les funcions prefrontals [per revisio: 266]. La
flexibilitat comportamental [267], la consolidacié de la memoria [268, 269], 'atencio i la
impulsivitat [270-277] son exemples de funcions modulades per aquests sistemes. En molts
casos aquesta modulacié no segueix una funcié lineal, sind que hi ha nivells optims de

neurotransmissors en cada cas i ’excés o la manca son perjudicials.
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Una de les funcions corticals que sembla estar fortament influenciada pels sistemes
moduladors és la WM. Especialment hi ha evidéncia de modulaci6 d’aquesta funcio per la DA
[278-288] i ’ACh [285, 289-291]. Williams [292] mostra que la serotonina també estava
implicada en la WM: I"aplicacié d’antagonistes 5-HT.a disminueix la freqiiéncia de descarrega
de les neurones d’EPF durant el periode intermedi entre la presentaciéo de I'estimul i
I’execuci6 de la tasca. Per altra banda, una activacio excessiva d’aquest receptor també sembla

ser perjudicial, ja que agonistes d’aquest receptor com LSD o DOI s6n al-lucinogens.

La importancia dels nivells optims de moduladors prefrontals es fa palesa quan es té en
compte I’elevat nombre d’hipotesis sobre desordres psiquiatrics que postulen que la funci6
prefrontal anormal és conseqiiencia d’una desregulacio dels sistemes moduladors [293-296].
Per exemple, tot i els efectes contraproduents dels antagonistes 5-HTza descrits en WM
[292], els antipsicotics atipics sén antagonistes d’aquest receptor i alguns milloren les

disfuncions cognitives de I’esquizofrenia [297-299].
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El receptor 5-HTa

DESCOBRIMENT, CLONATGE I DESCRIPCIO DEL GEN

El gen del receptor de serotonina 1A+ fou el primer que es va seqiienciar per complet i és el

millor caracteritzat de la familia de receptors 5-HT..

Tant el receptor 5-HT\a d’huma [300, 301] com de rata [302, 303] i ratoli [304] foren
identificats per cribratge de seqiiencies homologues a la del receptor P2-adrenergic en
llibreries genomiques. Com el receptor B2-adrenergic, aquest gen no contenia introns, sent
un marc de lectura llarg ininterromput que codificava una possible proteina amb tots els trets
estructurals d’un receptor acoblat a proteina G i s”identifica com el gen del receptor 5-HTa.
El gen conté un lloc gt-ag que podria donar variants de la proteina, pero només hi ha un tinic

ARNm que codifica per una proteina funcional, el receptor 5-HT:a [305, 306].

DISTRIBUCIO ANATOMICA DEL RECEPTOR AL SISTEMA NERVIOS

Fora del cervell, el receptor 5-HTa es troba altament expressat en les capes superficials de
I’asta dorsal de la medul-la espinal, especialment en el segment lumbar [307]. A més, també
s’ha detectat la preséncia del missatger als ganglis cervicals superiors i ganglis simpatics

lumbars [308].

Al cervell, el receptor 5-HT'4 té fonamentalment una localitzacié anatomica dual (Fig. 9): a
la practica totalitat de les neurones serotoninergiques dels nuclis del rafe [309] on actua com
a autoreceptor somatodrendritic [310], i postsinapticament a arees limbiques (formacio
hipocampal -especialment piramidals del CAr i granulars de gir dentat-, septum, EPF, escorca

entorinal) i nucli interpeduncular [210, 211, 311].

Estudis d’hibridaci6 sz siu per I’ARNm del receptor [211, 302, 312-314], autoradiografia [210,

211, 315, 316] i neuroimatge [317-325] confirmen la correlaci6 de expressi6 del missatger i la

4 El gen del receptor de serotonina 1A és conegut com a 5HTra (receptor de 5-hidroxitriptamina (serotonina)
1a); 5-HT.a; ADRBRL1 (beta 2-adrenergic receptor-like protein) ; ADRB2RLi; HTRIA; proteina Gar;

LOC3350.
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ENTORINAL

Fig. 9. Distribucio de ’ARNm del receptor 5-
HT.a. Modificat de Pompeiano [211].

presencia del receptor en les mateixes arees
cerebrals, suggerint que el receptor podria ser

fonamentalment somatodendritic.

A TEPF el receptor 5-HT:a és expressat per un
80% de les neurones glutamacrgiques de capes
externes i al voltant d’un 50% a capa VI en huma
i mono [326]. En rata, aproximadament un 60%
de les neurones piramidals d’EPF expressa
aquest receptor [223]. Mentre alguns autors el
situen al soma i les dendrites basals de les

neurones piramidals [211, 327, 328], altres 'han

trobat fonamentalment al con axonal piramidal,
on exerciria un fort control sobre I’excitabilitat

neuronal [216, 329-331].

Un 20% de les interneurones GABAergiques d’EPF de rata, mono i huma expressa el

receptor 5-HTa [223, 326]. En mono I’expressen un 43% de neurones CB+, mentre que és

rarament expressat en les PV+ [326].

LA PROTEINA: EL RECEPTOR 5-HT 4 COM A GPCR

Segons la TUPHAR, el
receptor 5-HTa pertany a la
classe A dels receptors
acoblats a proteina G (GPCRs)
amb 7 helix o transmembrana
hidrofobiques unides per tres
bucles intracel-lulars i tres
bucles extracel-lulars (Fig.
10). L’extrem carboxil
terminal ¢és intracel-lular i

I’extrem amino terminal

Fig. 10. Estructura en tres dimensions del receptor 5-HTw. Extret de

Swissmodel.com

extracel-lular. Els dominis

intracel-lulars permeten

I"acoblament del receptor a proteines G, que actuen com a mecanismes de transducci6 de

senyal [302, 332].
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Mecanismes de transduccié de senyals

L’estimulacié del receptor 5-HT'a actua a través de diferents vies de senyalitzacio que activen

proteines Gai/Ga, sensibles a toxina pertussis [333-336].

Els receptors 5-HTa interaccionen de manera diferencial amb subtipus de proteines Go
segons la regié cerebral on es troben [337]. Diferents subunitats de proteina Ga poden
mediar diferents efectes en els sistemes de transduccio [338] (Fig.11). Aquestes diferéncies en
transduccié podrien explicar les difereéncies regionals en les respostes i les accions

adaptatives dels receptors 5-HT\a (veure Desensibilitzzacio).

p— Fins fa un temps, es creia que la

\ receptor inhibicio de I’adenilil ciclasa (AC) en

oy

h postsinaptiques com I’hipocamp com a

\
/A\ resultat de I"activaci6 de la proteina Goy

[339] i no en els nuclis del rafe [340].

rosegadors es donava tan sols en arees

aj2

i

ol e oy » ’
l / /x m Actualment s’ha demostrat que

— agonistes diferents de la 8-OH-DPAT
com la buspirona també son capacos

TRENDS in Endocrinology & Metabolism

i

d’inhibir PAC en rates [341]. Per altra

Fig. 1. Senyalitzacié especifica de diferents Goi que banda. en humi també s’ha observat la

interaccionen amb el receptor 5-HT1a. Les fletxes indiquen

regulacié positiva i les barres regulacio negativa. Extret inhibicié d’aquest enzim als nuclis del

d"Alberti Tiberi [338]. rafe tant per 8-OH-DPAT [342] com per
buspirona [343]. A més, els receptors

hipocampals i de rafe medien la corrent de potassi inwardly recufying activada per proteina G

(GIRK) [344-3461 a través de les subunitats GBy [347]. D’aquesta manera, I"activacio dels

receptors 5-HT\4 provoca una hiperpolaritzacio a les cel-lules on s’expressa [348]. A banda de

modificar la conductancia pel potassi, les proteines G acoblades al receptors 5-HTa també

poden inhibir canals de calci dependents de voltatge [349, 350].

A banda de les accions tipiques inhibitories del receptor 5-HTa, també s’han descrit accions
excitatories. En teixits que expressen I'adenilil ciclasa II (AC 1I), com hipocamp, el receptor
5-HTa pot mediar I’activacié de I’AC de manera constitutiva [351]. En cél-lules mesenquimals
i sistemes heterolegs s’ha descrit una acci6 excitatoria del receptor 5-HT:a produint
I"activacié de la fosfolipasa CP (PLCP) o la proteina-quinasa activada per mitogen (MAPK) a
través de les subunitats GPBy i també per un mecanisme sensible a toxina pertussis, fet que
suggereix que les proteines Goi/Ga, medien tant la transduccié de senyal inhibitoria com
excitatoria del receptor 5-HTa a través de segons missatgers [338, 352, 3531
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Desensibilitzacié del receptor

L’acci6 d’agonistes sobre GPCRs moltes vegades resulta en una atenuacio de la resposta
funcional del receptor. Aquest procés s’anomena desensibilitzacio i pot donar-se per diferents
mecanismes, entre ells, la fosforilacio del receptor que provoca el desacoblament entre el

receptor i la proteina G, la internalitzacié dels receptors o la modulacié de proteines G.

Sembla que la desensibilitzacio del receptor 5-HT.a per diferents proteines quinases és
selectiva per diferents vies de senyalitzaci6. Per exemple, la fosforilacio del receptor per la
proteina quinasa C (PKC) bloqueja I"activacio de la PLC pero no afecta I’accié del receptor 5-

HT:a sobre ’AC [per revisio: 338, 354].

Per altra banda, hi ha selectivitat regional pel que fa a la desensibilitzaci6 dels receptors 5-
HTa. El tractament perllongat amb inhibidors selectius de la recaptacié de serotonina
(SSRIs)[355-358], I'administraci6 d’agonistes 5-HT:wa [359, 360] o la disrupcié del gen del
transportador de serotonina [361] indueixen la desensibilitzacio funcional dels autoreceptors
5-HT:a de rafe pero no modifiquen els receptors 5-HTa d’hipocamp, els quals fins i tot es
poden hipersensibilitzar [362]. A rafe, aquesta adaptacio és associada amb una alteracio de
"acoblament entre el receptor i la proteina G a nivell de regulacié de la proteina G [362, 363].
També s’ha observat per microscopia electronica [364] i tomografia d’emissi6 de positrons
(PET) [365] la internalitzacié del receptor 5-HTa després d’una injecci6 d’agonista 5-HTa a

rafe pero no a hipocamp.

Oligomeritzacié

Estudis recents han mostrat que els GPCRs poden muntar complexes homo- i hetero-
oligomerics d’alt pes molecular que poden resultar en una alteracio de la seva unié amb el
lligand o la senyalitzacio. En cel-lules transfectades, el receptor 5-HTa és capag de formar
homodimers de manera constitutiva [366]. Lligands especifics regulen el grau d’aquestes
interaccions: I'agonista 8-OH-DPAT facilita la formacié de dimers mentre que I"antagonista
metisergida la disminueix [366]. En sistemes heterolegs, el receptor 5-HT:a és també capag
de formar hetero-oligomers amb els receptors 5-HTs, 5-HT:p, EDG(1), EDG;, GPRss, i
GABAg. [367].

FUNCIO

El receptor 5-HT:a ha estat implicat en elevat nombre de funcions que van des de
termoregulacio i regulacié neuroendocrina [368, 369], comportament sexual [370], ingesta
d’aliments [371] o processos immunologics [372] fins a memoria [373], nocicepcid [374],
ansietat [375], depressio [376] o cognici6 general [377].

36



Relacié del receptor 5-HT1a amb les funcions cognitives

Com hem vist, el sistema serotoninergic innerva arees molt importants en la regulacio de les
funcions cognitives, com la memoria i 'aprenentatge, i el receptor 5-HT.a és expressat en
moltes d’aquestes arees. Hi ha tant evidéncies en animals com en humans que involucren el

receptor 5-HT,a en funcions cognitives.

Estudis en animals

Sarnyai [378] mostra que el KO del receptor 5-HTa presenta problemes en ’aprenentatge

depenent d’hipocamp en tasques la memoria de treball espacial com el laberint de Morris.

Altres grups han mostrat recentment variacions en I’expressio del receptor 5-HTa després de
’entrenament en una tasca d’awoshaping responses en varies arees cerebrals comparat amb
controls no entrenats, indicant que aquesta expressio podria ser funcié de la formacié de

memoria [379)].

En estudis farmacologics, I'antagonisme del receptor 5-HT s reverteix problemes cognitius
causats per lesions del fornix o antagonistes NMDA [380, 381]. Recentment, Hirst [382]
mostra que lantagonista 5-HT:a WAY-101405 millorava la retencio en el test de
reconeixement d’objectes nous i que revertia els deficits causats per l'escopolamina
(antagonista muscarinic) en el test de reconeixement d’objectes i en el test de por
condicionada a context. Misane i Ogren [383] mostraren que els antagonistes 5-HT:a
NAD-299 i WAY100635 revertien els deficits cognitius causats per escopolamina en tests
d’evitacio passiva. Els resultats amb antagonistes del receptor 5-HT,a pero, son variats, amb

un rang entre la millora i I'empitjorament cognitiu [384].

Per altra banda, estudis en animals utilitzant agonistes del receptor 5-HTa com la 8-OH-
DPAT i la tandospirona o agonistes parcials com la buspirona en tasques cognitives també
han mostrat un rang de respostes que va des de la millora fins a empitjorament. Alguns
estudis donen suport a la idea que dosis baixes dels agonistes 5-HT:a podrien augmentar la
cognicid, mentre que les dosis altes impedirien el rendiment cognitiu en tests d’aprenentatge
espaial, evitacio passiva o processament sensorial [385-390]. També s’ha observat la reversio
dels efectes de 'administracié subcronica de fenciclidina després de I'administracio de

I"agonista parcial 5-HTa buspirona [391].

5 Tasca de condicionament classic en la qual I'animal aprén a associar un comportament a una recompensa sense

ajuda de I'experimentador.

37



Quan s’injecta 8-OH-DPAT al NRM hi ha una millora en el rendiment de tasques delayed
non-matching to posttion®, indicant que una disminucio de la serotonina alliberada milloraria
el rendiment en aquest paradigma [392]. Per altra banda, infusions intraprefrontals de 8-OH-
DPAT milloren I"atenci6 visuo-espacial i disminueixen la impulsivitat en rates durant la tasca

anomenada 5-choice serial reaction time task (5-CSRTT)7 [277].

Els agonistes 5-HTa com la 8-OH-DPAT disminueixen la descarrega poblacional de les
neurones piramidals i suprimeixen "augment d’LTP a hipocamp provocat per antagonistes
del receptor 5-HT:a [393]. Per altra banda, els antagonistes 5-HT.x com el WAY100635

també atenuen la LTP quan son injectats al gir dentat (GD) [394].

Resta per resoldre la qiiestio de si els efectes vistos es deuen a 'activacio dels receptors 5-
HT.a postsinaptics o dels autoreceptors. Tot i la varietat en els resultats, queda palesa la

implicaci6 dels receptor 5-HT:a en funcions cognitives.

Estudis en humans

Diferents grups han mostrat que el receptor 5-HTa esta disminuit en la malaltia de
I’Alzheimer i en Ienvelliment [395-397]. Estudis de neuroimatge han permes estudiar la
relacio entre el receptor 5-HT i 1 tasques cognitives [377], mostrant resultats variats entre els

estudis (taula 2) .

Per altra banda, estudis farmacologics han permes investigar les accions de farmacs amb
afinitat pel receptor 5-HTia en tasques cognitives en humans. L’agonista 5-HTwa
tandospirona administrat amb neuroleptics ha mostrat una millora en la memoria verbal i la
funci6 executiva en pacients esquizofrenics [398-400]. Per contra, la memoria verbal explicita
(pero no la WM) sembla resultar perjudicades en una mostra de voluntaris sans [401]. Aixi
sorgeix la possibilitat d’efectes diferencials dels agonistes 5-HTa sobre la cognicié en

mostres de voluntaris sans o amb malalties psiquiatriques.

6 Tasca generalment emprada com a test de memoria espaial

7 Tasca emprada per mesurar diferents aspectes del control atencional (precisio, respostes precipitades, latencia

de resposta). Es du a terme en una cambra operant amb llocs de resposta miltiple i utilitzant reforg alimentari.
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Taula 2. Estudis de PET que investiguen la relacié entre el potencial d’unié (BP?, binding potential) pel receptor

5-HTua i les funcions cognitives. Modificat de Borg [377]. MCI: mdld cognitive impairment; AD: Alzehimer;

MMS: mini-mental state; NC: no correlacio.
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KEsquizofrenia

INTRODUCCIO

Segons ’OMS, I'esquizofrénia és un desordre mental sever caracteritzat per alteracions
profundes del pensament, que afecten els atributs humans fonamentals incloent el llenguatge,
la percepci6 i el sentit de si mateix. Sovint inclou experiéncies psicotiques i perdua de
contacte amb la realitat. Es un desordre psiquiatric greu, que comenca habitualment en

1"adolescencia tardana o I'edat adulta primerenca i pot inhabilitar profundament a la persona.

La malaltia afecta aproximadament a un 1% de persones arreu del mon, la majoria en el grup
d’edat de 15 a 35 anys i, segons 'OMS, esta dins de les deu principals causes de discapacitat.
Tot i que sembla que I'1% d’incidencia de I'esquizofrénia es manté de forma constant entre
cultures, paisos, grups racials i géneres, estudis realitzats en els dos hemisferis han mostrat un
modest excés de naixements en els mesos d’hivern i primavera entre malalts esquizofrenics
[402], tot i que observacions semblants s’han fet també per trastorns depressius [403].
També¢ s’adverteix una tendéncia per part d’individus esquizofrenics a pertanyer a un nivell
socio-economic baix [404] 1 a determinades poblacions immigrants [405] i urbanes [406].
Cal destacar també que tot i que pateixen la malaltia igual nombre d’homes que de dones,
algunes dades suggereixen que en el cas del genere masculi s’observen unes manifestacions

més greus del trastorn [407, 408].

SIMPTOMATOLOGIA I DIAGNOSI

L’esquizofrénia és un desordre complex amb diferents presentacions cliniques. A més, els
diferents sistemes de diagnosi (ICD-10 i DSM-IV) difereixen a I’hora de definir la durada dels
criteris per al diagnosi de la malaltia.

Els pacients esquizofrénics sovint presenten manifestacions premorbides de la malaltia en
I"adolescencia. Aquests inclouen simptomes socials lleus 1 baix rendiment academic, efectes
en el llenguatge de I'individu, el pensament, la percepcio i el sentit de si mateix. Els
simptomes son sovint no reconeguts com els primers signes d’esquizofrénia en aquest estat,
pero poden empitjorar amb el temps fins incloure manifestacions psicotiques com sentir veus
o tenir al-lucinacions visuals. Una vegada la malaltia ha evolucionat fins al punt del primer
episodi psicotic, altres simptomes s’ associen amb la malaltia.
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Els simptomes es classifiquen en positius, negatius i cognitius (Taula 5). La disfuncio
cognitiva ¢és un dels principals determinants del resultat de la malaltia [409, 410] i és present
en un 75% de pacients, mostrant un impediment cognitiu en algun domini cognitiu, incloent

atenci6, memoria de treball, memoria declarativa, funci6 executiva, etc. [411].

Taula 5. Principals simptomes observats en pacients esquizofrénics

Preséncia de comportament Abséncia de comportament . . "
; o n : Disfuncié cognitiva en
anormal (Simptomes positius) [ normal (Simptomes negatius)

Al-lucinacions Retraccié social .,
Abstraccio
Deliris Aillament Funcic 9
uncié executiva
Pensament o parla Pobra cura d’'un mateix . .
d op Memoria verbal i de treball
esorganitzats Estat d’anim i expressio facial Leizmeise
Comportament desorganitzat plans s
Comportament catatonic Manca de pensament espontani Aol

Les formes més comuns de la malaltia inclouen I’esquizofrénia paranoide (paranoies,
simptomes delirants i al-lucinacions), I’esquizofrénia hebefrénica (simptomes negatius,
comportament desorganitzat) i I’esquizofrénia catatonica (alteracions psicomotores, episodis

de violéncia).

ETIOLOGIA, FISIOPATOLOGIA I HIPOTESIS

La causa de I’esquizofrenia és desconeguda, ara bé, la vulnerabilitat de patir aquesta malaltia
esta clarament relacionada amb factors genétics [412-414]. Aixi, la incidencia d’esquizofrenia
d’un 1% en la poblaci6 general va augmentant segons augmenta el grau de parentiu amb un
malalt esquizofrénic [413]. Tot i aixo, la probabilitat mai arriba a ser del 100%, fet que deixa
entreveure que també hi ha factors ambientals que condicionen el desenvolupament de la

malaltia.

Després d’anys de recerca d’un sol gen causant de la malaltia, avui en dia s’accepta que és una
malaltia poligenica [415]. S’ha relacionat amb I’esquizofrenia gens que influencien la funci6

de receptors de neurotransmissors o que controlen el desenvolupament cerebral [416-418].

Estudis de neuroimatge han caracteritzat un gran nombre d’alteracions anatomo-
patologiques en el cervell dels esquizofrénics: reduccié del volum cortical, hipocampal i

talamic i engrandiment dels ventricles, entre altres [419-421].

S’ha descrit maltiples pertorbacions en I'activitat [422-425], el processament de la informaci6
[426, 427], el funcionament de circuits [428] i 'EEG [112, 427, 429-431] de I'EPF de pacients
esquizofrenics. A nivell cel-lular, s’ha descrit també diferents alteracions a I'EPF (Fig. 13)
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[407, 432-437]. A més, els nivells de N-acetilaspartat, un marcador d’integritat neuronal
[438], s’han trobat reduits de manera significativa en ’'EPF, I'hipocamp i el l1obul temporal

[439] de pacients esquizofrénics.
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Fig. 13. Esquema de les possibles alteracions en 'EPF DL de pacients esquizofrénics. No totes les alteracions
han estat replicades de manera consistent; aquelles que ho han estat estan indicades amb fletxes plenes.

Modificat de Lewis [760].

La hipotesi classica sobre la fisiopatologia de I'esquizofrénia era la que postulava un excés
d’activitat dopaminergica [440, 441]. Un refinament posterior de la hipotesi dopaminergica
postula una hiperactivitat de la neurotransmissié dopaminérgica en la via mesolimbica
(suposadament responsable de la simptomatologia positiva) i una disminucié de la
neurotransmissio dopaminergica mesocortical (que contribuiria als danys cognitius i als
simptomes negatius) [442-444]. Aquesta hipotesi ¢és recolzada pels efectes de drogues
psicoestimulants ~ aixi com antipsicotiques amb efectes sobre la neurotransmissio

dopaminergica [445-448].

Aixi mateix, altres drogues al-lucinogenes [449] 1 els nous antipsicotics atipics [450-454]
tenen afinitat pels receptors de serotonina. Aix0 proporciona una nova hipotesi per explicar
els simptomes de I'esquizofrenia: la hipotesi serotoninergica que proposa un desequilibri

en la transmissio serotoninérgica.

43



La hipotesi glutamatergica postula una disfuncié glutamatergica cortical. Es basa en el fet
que 'administraci6é d’antagonistes del receptor glutamatergic N-metil-D-aspartat (NMDA)
pot originar simptomes psicotics, negatius i disfuncions cognitives en individus sans i
exacerba les manifestacions ja existents en malalts esquizofrenics [455-458]. Per altra banda,
les maltiples i replicades alteracions en el sistema GABA¢rgic en pacients esquizofrénics
(437, 459-461] ha portat a hipotetitzar que un desequilibri en la transmissio cortical
GABAergica podria produir una desregulacio en 'activitat de les neurones glutamatergiques
corticals [434]. Cal indicar que aquestes dues hipotesis son integradores i per tant,
compatibles amb les hipotesis monoaminergiques degut a les relacions entre EPF i sistemes

moduladors [462, 463].

Una de les teories amb més bona acceptacio a I'actualitat és la que considera I’esquizofrénia
com una alteracié del neurodesenvolupament [407], conseqii¢ncia d'una carrega genctica
encara poc coneguda i de possibles danys perinatals, possiblement relacionats amb la resposta
inflamatoria [464-466], que podrien portar a les alteracions descrites en totes les altres

hipotesis.

TRACTAMENT

Hi ha intervencions farmacologiques i psicosocials efectives per tractar I’esquizofrenia. Tot i
aixo, la majoria de persones amb esquizofrénia cronica abandonen el tractament, la qual cosa
contribueix a la cronicitat de la malaltia. Igual que amb els casos reactius de la depressio, els
pacients que no responen a tractament farmacologic o psicosocial son candidats per al

tractament mitjancant TEC combinada amb psicofarmacs [467, 468].

El tractament farmacologic tradicional de I'esquizofrénia es basa en la utilitzacio
d’antagonistes del receptor de dopamina D2 com la clorpromazina [469] o I'haloperidol
[470]. Aquests farmacs s’anomenen antipsicotics classics o tipics (AT) i reverteixen la
simptomatologia positiva malgrat que no permeten la millora dels simptomes negatius/
cognitius dels pacients [471-473]. D’altra banda produeixen reaccions adverses molt
importants: el bloqueig de les accions motores de la dopamina en el circuit nigro-estriatal
produeix discinesies tardanes i un quadre similar al Parkinson (simptomes motors), a més del

bloqueig dopaminergic a I’hipotalem que produeix hiperprolactinemia [474].

El descobriment als anys 70 de la clozapina [475] proporciona un farmac amb un perfil
farmacologic diferent, amb més afinitat pels receptors de serotonina 5-HT.a que pels de
dopamina D2 i que no produia els greus efectes secundaris motors dels AT. La clozapina va
ser el primer d’una nova generacié de farmacs neuroléptics que s’anomenen antipsicotics

atipics (AAT) i1 que tenen afinitat per una gran varietat de receptors (Taula 6). A banda de
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resultar igual d’eficagos en tractar la simptomatologia positiva de la malaltia que els AT, els
AAT també milloren els simptomes negatius i cognitius i estabilitzen I'estat d’anim en alguns
pacients [471, 476-478]. A més, no arriben a produir una ocupacio dels receptors D2 que doni
lloc a la manifestacio dels simptomes motors. No obstant, els AAT poden originar altres

efectes secundaris, com p.ex. agranulocitosi [479].

Recentment s’estan desenvolupant farmacs antipsicotics amb afinitats per altres receptors,
com els metabotropics de glutamat [480, 481], o farmacs antipsicotics d altima generaci6 com
el bifeprunox [482], que combinen I"agonisme parcial pel receptor D2 i I"agonisme pel
receptor 5-HTa 1 que intenten suplir els deficits en el tractament dels simptomes negatius i

cognitius que encara mostren els antipsicotics en mercat.

Es d’interes remarcar que I'escorga prefrontal expressa tots els receptors pels quals tenen
afinitat els farmacs antipsicotics, aixi aquesta regio ¢s una area diana molt important que pot

estar implicada en el mecanisme d’accié d’aquests farmacs.

| tractament pot ser proporcionat a nivell de comunitat, amb una familia activa i implicacié de

I’entorn ( ).

Taula 6. Afinitats zn vitro pels receptors monoaminergics dels antipsicotics més comuns. Ki expressades en nM.

Dades amb receptors humans clonats. Modificat de Bishara [483].

ASSICS ATIPICS i

D1 19.95 210 265 3r 430 525 85

D2 .25 0.7 0.34 i3 4 5 125 3.2 0.16

D3 2 0.8 49 10 7 473 0.6 0.26

D4 3 44 27 9 32 9-12 1.6 0.31
5-HTa 1100 L7 >1000 210 3 770 10 1.8
5-HTon 7:94 45 34 4 05 0.4 12 >> 9-4
5-HT.c 12.59 >10 000 15 I 25 1 8 >>

or 1 6 57 19 0.7 bl 7 >>

Hr 440 61 7 20 50 6 >>

Mx >1500 >> 2 >10 000 >1000 1.9 >>
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EL RECEPTOR 5-HT1s EN LA FISIOPATOLOGIA I EL TRACTAMENT DE
L’ESQUIZOFRENIA

Estudis en animals

En estudis de models animals d’esquizofrénia basats en I’administracié de dosis
subanestesiques d’antagonistes NMDA  s’observa hiperlocomocié, impediments en la
interacci6 social, comportaments estereotipats i deficits en el filtratge de la informacio
sensorial i 1 el processament cognitiu [484]. Utilitzant aquests models, s’ha vist que dosis
baixes d’agonistes 5-HT:a reverteixen els efectes causats per aquests farmacs en tests

d’interacci6 social, inhibicio prepols i hiperlocomocio, [390, 485].

Per altra banda, els agonistes del receptor 5-HTa atenuen la catalepsia (una resposta
predictiva d’efectes secundaris motors) produida per antagonistes D2 en rosegadors, [486].

També s’ha observat el bloqueig del efectes motors per agonistes 5-HT 4 en primats [487].

Estudis en humans

Igual que en la depressio, I'al-lel G de I'SNP rs6295 (C/G-1019) del receptor 5-HT A també
s’ha estudiat en relacio amb I’esquizofrénia (per una descripcio detallada de I’al-lel veure
"apartat Variants del gen del receptor 5-HT 4 en el capitol Depressio). Estudis de PET mostren
que aquest al-lel disminueix el metabolisme a I'EPF i suggereixen que el polimorfisme del
receptor 5-HTa prediu les caracteristiques estructurals i funcionals de regions corticals que

reben projeccions serotoninergiques [485].

Estudis postmortem i de PET han descrit una major densitat/potencial d’uni6 de receptors 5-
HT:a en escorces temporal i frontal de pacients esquizofreénics [488-496]. Aquest augment no
sembla que sigui per compensar una disminucié en la transmissio serotoninérgica, ja que els

receptors 5-HT.4 en aquests pacients es troben disminuits [488].

Els antipsicotics atipics com Iaripiprazol, la ziprasidona o la perospirona tenen una major
afinitat pels receptors serotoninergics que els antipsicotics tipics, destacant el seu agonisme
pels receptors 5-HT:a [497]. El cas de la clozapina mereix especial mencid ja que, tot i que la
seva afinitat pel receptor 5-HT\a 2 vizro no és massa alta, estudis & vivo demostren la seva
uni6 a aquest receptor [498]. S’ha suggerit que I’estimulacio del receptor 5-HT:a millora els
simptomes negatius i els deficits cognitius de I’esquizofrenia mitjancant un augment de DA i
ACh a I’EPF i I'hipocamp a través d’un mecanisme depenent dels heteroreceptors 5-HT:a
postsinaptics [452, 499-502]. Per altra banda, aquesta afirmacio ha estat recolzada
clinicament utilitzant ’agonista parcial tandospirona per millorar la funci6é cognitiva en

pacients esquizofrenics tractats amb farmacs antipsicotics [398, 399].
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Depressio

El terme melancolia (bilis negra en grec) ja I'utilitza Hipocrates 400 AC. Molts dels
simptomes que defineixen actualment la malaltia ja els havien identificat els nostres
antecessors, pero no va ser fins a mitjans del s. XIX que el cervell va ser el centre
d’atenci6 per entendre aquest desordre [503].

INTRODUCCIO

Segons I'Organitzacié Mundial de la Salut (OMS), la depressi6 és un desordre mental coma
caracteritzat per tristesa, manca d’interes o plaer, sentiments de culpa o baixa autoestima,
alteracions del son o la gana, manca d’energia i pobra concentracié. Aquests problemes
poden esdevenir cronics o recurrents, impedint substancialment I’habilitat de I'individu de fer
front a la vida diaria. En els casos més severs, la depressio pot portar al suicidi, una tragica

fatalitat associada amb la perdua de milers de vides cada any (www.who.int).

La depressio pot afectar a persones de tots els generes, edats i procedéncies. Segons 'OMS,
és la principal causa de discapacitat, mesurada per YLDs? i el quart principal contribuent a la
carrega mundial de morbiditat (DALYs!?) el 2000. La prevalenca'® exacta de depressié és
dificil d’establir per les diferents definicions de la malaltia. Alguns estudis situen la incidéncia
de depressid al llarg de la vida en un 5-12% en homes i 12-20% en dones. Les dones semblen

experimentar més factors de risc per patir depressio que els homes [504-506].

SIMPTOMATOLOGIA I DIAGNOSI

La depressio s”engloba dins del grup de Desordres afectius. Els simptomes de la depressio
major inclouen anormalitats de I’estat d’anim i I’humor, les funcions neurovegetatives, la
cognici6 i I"activitat psicomotora [507]. Els simptomes de la depressio son variats entre els
pacients i en certa manera arbitraris pel que fa refereéncia a la durada dels criteris de diagnosi,
el que fa que es puguin englobar sota el sindrome depressiu multiples malalties amb diferent

etiologia [503] (Taula 3).

9YLDs: Years Lived with Disabiliry, anys viscuts amb discapacitat.

' DALYs: Disability Adjusted Life Years, anys de vida ajustats a la discapacitat. La suma d’anys de potencial

pérdua de vida degut a mortalitat prematura i els anys de perdua de vida productiva degut a discapacitat.

T Nombre de casos que presenten la malaltia, dividit pel nombre d’individus que componen el grup o la poblacid
en un determinat moment. D’altra banda, la incidéncia és una mesura de la probabilitat de desenvolupar alguna

nova condicio medica dins en un periode definit de temps.
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Taulas. Es poden definir diferents subtipus de

depressio segons si inclouen episodis de

Criteris de diagnosi per la depressié major . . . ,
gnostp P I mania™ (bipolar), si inclouen simptomes

Estat d"anim depressiu psicotics (depressio psicotica), etc.
Sentiment de desesperanga, inutilitat i culpa
Irritabilitat Deteriorament cogpnitiu en
Baixa autoestima de P ressio
Poca capacitat de concentraci6

El deteriorament cognitiu ha estat

Augment o disminuci6 de la gana .
mostrat en un gran nombre de pacients
Perdua o disminucio de pes

amb depressi6 major [508-510]. S’ha
Insomnia o hipersomnia

e e observat que aquest deteriorament afecta
Manca d’energia, fatiga o augment de Iagitacio

R diferents dominis cognitius, entre ells, la

Pensaments recurrents de mort i suicidi funci6 executiva [511_518]’ la memoria

Es diagnostica depressio major quan un cert nombre dels simptomes CplSOdlC& [512 > 519_52‘2] > la- memoria

mencionats es perllonga per més de dues setmanes i quan aquests semantica [ 517, 523-52 5] la memoria
2 2
simptomes afecten el contacte social i ocupacional normal
visuo-espacial [518, 526] i la velocitat de

processament [516-518, 524].

La severitat de la depressi6 podria estar correlacionada directament amb un major

deteriorament cognitiu general [527].

ETIOLOGIA, FISIOPATOLOGIA I HIPOTESIS

Els estudis epidemiologics mostren que al voltant d’un 40-50% del risc de depressio és
genetic [507]. Tot i aixo, els intents per trobar un gen causant de la malaltia han estat fallits i
es considera que, com moltes altres malalties psiquiatriques, és poligenica. Per altra banda, la
vulnerabilitat a la depressio també depen de factors no genetics com els traumes emocionals,
infeccions per virus o processos estocastics del desenvolupament i amb especial mencio,

'estres [503, 5071

Sembla probable que varies arees cerebrals estiguin involucrades en els simptomes de la
depressio. Estudis d’imatge [424, 528] i post-mortem [529-531] han mostrat alteracions en
varies regions cerebrals en pacients depressius, incloent 'EPF i cingulada, I’hipocamp,
Iestriat, 'amigdala i el talem (Fig. 12). La neoescor¢a i ’hipocamp podrien intervenir en els
aspectes més cognitius de la depressio; Iestriat ventral i 'amigdala, en "anhedonia i els

aspectes motivacionals i I’hipotalem en els aspectes més neurovegetatius.

2 Fils episodis maniacs inclouen autoestima inflada o grandiositat, activitat frenética i parla augmentada,

necessitat de son disminuida, pensament accelerat.
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La hipotesi classica de la depressio ¢s la
hipotesi monoaminérgica [532] que
postula una disfunci6 dels sistemes

monoaminergics. Aquesta es basa en el

descobriment que els farmacs

antidepressius (AD) actuen augmentant la A EPF
neurotransmissié d’aquests sistemes
' o Des d’EPF

moduladors [533]. Els nivells disminuits
de metabolits de serotonina al liquid
cefaloraquidi [534], junt amb els efectes
depressius de deplecions de triptofan
[535] 1 leficacia dels antidepressius _ GABAergica.
X L. Glutamatérgica

moduladors del sistema serotoninergic —— Dopaminérgica
Peptidérgica

[536], van portar a la idea que una NAérgica/5-HTergica

disfuncio en el sistema serotoninergic €s
&t Fig. 12. Resum dels circuits cerebrals que podrien

un factor de vulnerabilitat per a partir  participar en la depressio. Modificat de Nestler [503].

depressio major [per revisio: 537].

Una altra de les hipotesis de la depressio lliga directament I’estres amb aquest trastorn
psiquiatric [503]. Durant ’estres, un dels principals mecanismes de reaccié és Iactivacio de
I’eix hipotalem-pituitari-adrenal (HPA)[538]. En condicions patologiques, nivells elevats i
sostinguts de glucocorticoides (GC) poden danyar les neurones hipocampals [539] i reduir-
ne la proliferacio [540-543], disminuint aixi la inhibicié que I’hipocamp exerceix sobre THPA
i entrant en un cicle de retroalimentaci6 positiva. En almenys la meitat dels casos de pacients

depressius s’ha observat hiperreactivitat [544-547] o hiperfuncié de I'eix HPA [546-548].

La hipotesi neurotrofica [549] de la depressio suggereix que una deficiencia en factors
neurotrofics podria contribuir a la patologia hipocampal durant el desenvolupament de la
depressio. L'estres agut i cronic disminueixen els nivells d’expressio de BDNF (brain-derived
neurotrophic factor) a hipocamp [550]. A més, I’'administracié cronica de practicament totes

les classes d’AD augmenta I’expressio de BDNF en aquesta regio [551].

TRACTAMENT

Malgrat el desconeixement de Ietiologia de la depressid, els tractaments actuals son prou
efectius, amb un 80% de resposta. Tot i aixo, les taxes de remissié completa només arriben al

50% dels pacients [503].
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Les formes més lleus de depressio es poden tractar amb psicoterapia. Les formes més greus
poden ser tractades amb combinacions de psicoterapia i farmacologia, que han mostrat
efectes sinergics [503]. Si s’esgoten es opcions anteriors i no hi ha remissid, la terapia

electroconvulsiva (TEC) ha mostrat ser un dels tractaments més efectius [503].

El primer tractament farmacologic de la depressio foren els antidepressius (AD) triciclics
[552], els quals sembla que actuen inhibint els transportadors de serotonina [553] i
noradrenalina [554] de la membrana plasmatica [555]. Per altra banda, també basats en el
mateix principi de potenciacio dels sistemes monoaminergics, es desenvoluparen els
inhibidors de la monoaminooxidasa (IMAOs) [556] i posteriorment els inhibidors selectius de
la recaptaci6 de serotonina (SSRIs) [557, 558]. noradrenalina (NRIs) [559, 560] i la
combinaci6 d’ambdos (SNRIs) [561].

El problema d’aquests AD és que la seva acci6 antidepressiva només s’observa després de
varies setmanes de tractament. Aquest retard temporal en I’eficacia dels tractaments, podria
ser degut a I"acci6 dual de la serotonina sobre autoreceptors i heteroreceptors 5-HT 4, efecte

que s ha intentat evitar utilitzant antagonistes del receptor 5-HT'a [562-564].

Recentment, amb les noves hipotesis sobre la depressio, s’estan desenvolupant noves
estrategies per al seu tractament [565], tot i que d’aquests farmacs encara no mostren
resultats consistents [566] o sembla que els seus efectes també estiguin basats en accions
sobre sistemes aminergics [567, 568]. Per altra banda, també s’ha mostrat efectiva la
utilitzacio de farmacs antipsicotics atipics [569]. De tota manera, actualment els tractaments
monoamineérgics, tot i que no optims, continuen regnant en el camp dels tractaments

antidepressius [565, 570].

efectiu inclouen manca de recursos, manca de proveidors entrenats i I’estigma social associat

amb els desordres mentals com la depressio ( ).

EL RECEPTOR 5-HT 15 EN LA FISIOPATOLOGIA TEL TRACTAMENT DE
LA DEPRESSIO

El receptor 5-HT 4 ha estat associat ampliament amb la depressio [per revisions: 376, 571].
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Variants del gen del receptor 5-HT1a

S’ha identificat un polimorfisme d’un nucleotid (SNP) situat a la regio promotora del gen 5-
HTw (HTR1A: -1019C/G; 156295) [572] que regula la unié de factors de transcripcid i per
tant, I'expressio genica del receptor [573]. Aquests factors de transcripci6 actuen de manera
diferent en ce¢l-lules serotoninérgiques i no-serotoninergiques i per tant modulen I’expressio
del receptor 5-HT:a de manera diferent a nivell pre- i post- sinaptic [573]. L’al-lel G
augmentaria I'expressio de I'autoreceptor a rafe [573-576], reduint la neurotransmissio
serotoninergica a les arees de projeccio. Per contra, a les zones postsinaptiques aquest al-lel

provocaria una disminuci6 de I’expressio del receptor 5-HT:a [574. 577, 578].

La resposta al tractament antidepressiu ¢és diferent segons el genotip per aquest SNP [579] i
Lemonde [573] mostra que la freqiiencia de I’al-lel G en pacients amb depressié major era el

doble que en els controls i encara major en pacients amb intents de suicidi.

Quantificacié del receptor en pacients depressius

Per altra banda, la implicacio del receptor 5-HTa en depressio s’ha fet palesa en estudis post-
mortem de pacients depressius, on, tot i els resultats contradictoris [580-584],
majoritariament es veuen disminucions en el nombre/densitat de receptors en diferents arees

cerebrals (Taula 4).

Taula 4. Resum de resultats en articles que quantifiquen el receptor 5-HT:a en pacients depressius post-

mortem. AD, antidepressius; TEC, terapia electroconvulsiva.

Hipocamp i Amigdala ~ DePressius victimes de 3 6:amb AD [848]

T
.

EPF DL i hipocamp Depressius ‘ St,enel Eg;lent dela [8441

BAro en EPF de dones Depressius ’ No [578]

Hipocamp Depresséﬁic?(’icidmcs de ‘ No de forma cronica [845]

EOF Depressius ’ e ADa;laIﬁzI;ylzrzt fesos [582]

EPF DL Depressio severa ‘ ;;;;légi gnl)tirgggelgl 15;2 [397]

EPF Depresséléssgﬁg(si iv1’ct.imes Augmenst_lll}lt%iiacié gen [846]
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Els estudis de tomografia d’emissio de positrons (PET) mostren una disminucio del potencial
d’uni6 (BP) pel receptor 5-HTa en varies zones cerebrals de pacients depressius, també en

pacients no medicats [585-588][pero: 576].

El receptor 5-HT14 i la hipotesi relacionada amb I’estrés

[’efecte d’una possible desregulacio de I'eix HPA sobre la funcié del receptor 5-HTa s’ha
il-lustrat en estudis en animals [589-600] i humans [601, 602]. Aquests estudis mostren que
I'exposicié cronica a glucocorticoides (GC) atenua els efectes fisiologics dels agonistes 5-
HT:a. Sembla que el liti i el valproat podrien exercir la seva accié AD atenuant la senyalitzacio

GC i per tant, afavorint els receptors 5-HT:a [603].

El receptor 5-HT1a i la hipotesi neurotrdfica

Actualment també hi ha evidéncies que els estabilitzadors de I'estat d’anim [604, 605] i
alguns AD [606, 607] podrien actuar afavorint la proliferacié neuronal [608], la neurogenesi
[609] i I'augmentaci6 de neurotrofines com el BDNF [607]. En aquest sentit, s’ha adjudicat
als receptors 5-HT:a postsinaptics accions com augmentar el creixement de dendrites a
hipocamp [610], la proliferacié neuronal al gir dentat [611-613], la supervivencia neuronal
hipocampal [610] o promoure la proteccié contra apoptosi induida per glutamat [256,

614-617].

El receptor 5-HT1a i el tractament monoaminérgic

Varies setmanes de tractament amb els SSRIs i IMAOs porten a la desensibilitzacié dels
autoreceptors 5-HT,a de rafe (pero no dels corticals o limbics), resultant en una facilitacié

estable de la transmissio serotoninérgica postsinaptica [355, 359, 618-625].

El tractament a llarg plag amb agonistes del receptor 5-HT,a com la buspirona ha mostrat un
efecte antidepressiu i ansiolitic en estudis en animals i humans [376, 623, 626-628]. Per altra
banda, estudis en models animals han mostrat que I'activacio del receptor 5-HTa postsinaptic

té efectes semblants als antidepressius comuns [627, 629)].

L’antagonista 5-HTs pindolol s'uneix preferentment als receptors 5-HTa de rafe [630, 631].
D’aquesta manera ha mostrat accelerar la resposta AD dels SSRIs i la buspirona bloquejant el
Jeedback negatiu inicial mediat per I'acci6 sobre els autoreceptors somatodendritics [562,

632-638].

S’ha hipotetitzat I"accié dels antidepressius triciclics a nivell 5-HT.a postsinaptic facilitant
I"activacio de les proteines G acoblades al 5-HTa i augmentant aixi la transmissio a través

d’aquest receptor. Per tant, actuarien augmentant la sensibilitat del receptor postsinaptic en
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comptes de desensibilitzar el receptor somatodendritic [355, 639, 640]. La sensibilitat
augmentada dels receptors postsinaptics 5-HT;a també s’ha mostrat en estructures limbiques
com I’hipocamp després de I'administraci6 repetida de TEC [641, 642] o d’inhibidors de la
recaptacio [362, 643].

Totes aquestes evidéncies recolzen la idea que I"activacié dels receptors 5-HT,a postsinaptics

¢s particularment important per al tractament antidepressiu.
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Dolor

INTRODUCCIO

La informacié nociceptiva que incideix a I’asta dorsal de les medul-la espinal des de la pell, les
visceres i altres teixits, no ¢és automaticament transferida a centres superiors [644]. La
informaci6 dels terminals de les fibres nociceptives i les fibres aferents primaries és
processada i modificada (augmentada o disminuida) a nivell medul-lar per aferéncies
supraespinals. A més, la preséncia d’interneurones que interaccionen amb les fibres aferents i
que també poden rebre tant aferéncies nociceptives com aferéncies moduladores complica

encara més la modulacié del dolor a nivell medul-lar [645].

El circuit processador de la informacié del dolor (matriu del dolor) ha estat estudiat en estudis
de neuroimatge i inclou les escorces sensorials primaria i secundaria (St i S2), I'escorca

insular, I’escorca anterior cingulada (EAC),

I'amigdala, els nuclis talamics i 'EPF

[646-650]. L’St és generalment associada
amb aspectes discriminatius sensorials, I’S2
té funcions més afectives/cognitives,
mentre que I'insula i 'EAC son importants
per aspectes afectius/motivacionals i certs
aspectes cognitius. L’amigdala i 'EPF
s’encarregarien de I'avaluacié cognitiva i
conscient del dolor [651], modulant el dolor

emocional i cognitivament.

. - , o . S’ha observat hipoactivitat de I'EPF en
Fig 14. Principals regions corticals i subcorticals

implicades en la percepcio del dolor. GB, ganglis pacients amb diferents desordres del dolor

basals; Amig, amigdala; HT, hipotalem; PB, nucli [652, 653]. Contrariament, estimuls nocius
parabraquial; PAG, substancia gris periaqiieductal; Sti - aguts en subjectes normals semblen estar

So, arees somatosensorials primaria i secundaria; Mri  ggsociats a una activacio de I’EPF [654,
AMS, area motora primaria i suplementaria; EAC, . . . .
P P 655]. Estudis de registres unitaris
escorca anterior cingulada; EPP, escor¢a parietal .
_ . _ _ extracel-lulars en rates anestesiades mostren
posterior; EPC, escorga cingulada posterior. Modificat

0" Apkarian [6,48]. que les neurones d’EPF son activades per
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estimuls mecanics nocius [656]. Per altra banda, el dolor cronic indueix una disminucié de

materia grisa a EPF i talem [657].

El dolor pot ser considerat com una experiencia multidimensional, no només incloent
nocicepcid, sin6 també components emocionals, afectius i cognitius [649, 650, 658-661]. El
dolor pot portar a ansietat, depressio i simptomes cognitius com afectacions en la presa de
decisions [662]. Alhora, els processos cognitius poden modular la percepcié del dolor
[663-665].

Estudis epidemiologics mostren que 8 de cada 1o pacients amb depressio major pateix dolor
cronic o simptomes somatics [666-668] i alternativament, persones que pateixen dolor cronic
o condicions fisiques doloroses tenen un major risc de desenvolupar depressié major [669,

670].

ELRECEPTOR 5HTis EN EL PROCESSAMENT [ EL TRACTAMENT DEL
DOLOR

Les projeccions descendents del NRD envien col-laterals a la medul-la espinal i al nucli
trigeminal, I'equivalent funcional i estructural de I’asta dorsal [671-674]. Pero la principal font
d’afereéncies serotoninergiques a la medul-la espinal i al nucli trigeminal procedeix del Nucli
del Rafe Magnus i la Medul-la Rostroventromedial (RVM) [675-677]. Existeixen contactes
axo-somatics 1 dendritics de terminals serotoninérgics a I'asta dorsal, alguns dels quals a
neurones que després projecten a estructures superiors [678, 679]. Més de trenta anys enrera
ja es mostra que les lesions dels nuclis del rafe bloquejaven I'analgesia induida per morfina

[680].

Exposicions agudes i croniques a estimuls nocius activen les neurones serotoninérgiques del
RVM i acceleren I'intercanvi de serotonina a la medul-la espinal [681-684]. La influéncia de la
serotonina sobre I"activitat de les neurones que responen a estimuls nocius a I’asta dorsal és

heterogenia, amb inhibicions i (menys freqiientment) activacions [685-688].

Hi ha multiples evidencies que impliquen el receptor 5-HTia en la modulacié del dolor i
concretament hi ha un gran nombre d’evidéncies que recolzen la idea de que els agonistes del
receptor 5-HT:a tenen efectes antinociceptius. Estudis comportamentals i preclinics han
mostrat efectes analgesics dels agonistes del receptor 5-HT:a com son la buspirona, la
gepirona, la 8-OH-DPAT o I'F13640 [374, 689-691, per revisio: 692, 693-695]. Aquests
resultats estarien d’acord amb una hiperpolaritzacié causada per aquests farmacs en les

neurones de projeccio de I’asta dorsal de la medul-la.
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Un estudi recent de PET amb "C-WAY100635 en homes sans [696] reporta que la intensitat
del dolor per pressio de fred esta inversament correlacionada amb el BP pel 5-HTa en rafe,
amigdala, insula, escorca posterior cingulada i EPF. Els autors interpreten les dades
suggerint que individus amb major disponibilitat de receptors 5-HT:a en aquestes regions

tenen major habilitat per suprimir el dolor.

Per altra banda, AD com els SSRIs o els inhibidors duals de la recaptaci6 com la venlafaxina,
s’han utilitzat amb moderat éxit per al tractament de la fibromialgia, i altres desordres del
dolor [697]. Berrocoso i Mico [698] postulen que els efectes analgesics dels AD com la
venlafaxina poden ser parcialment atribuits a la desensibilitzacié dels autoreceptors 5-HTa,
portant a un augment de la senyalitzacié serotoninergica a les projeccions descendents
espinals. Aixi, igual que en depressié una disfunci6 dels nuclis del rafe pot portar a una
senyalitzacié serotoninergica anormal en heteroreceptors 5-HTa postsinaptics a EPF i les
regions limbiques, la mateixa disrupcio del rafe pot portar a una disfuncio en la senyalitzaci6
serotoninergica a la medul-la espinal, permetent aixi un imput dolor6s més permissiu

procedent de la periferia [699].

A diferencia dels analgesics opioides que produeixen una primera analgesia resultat de I"acci6
directa sobre receptors opioides i, amb el temps, una sensibilitzacié als estimuls nociceptius
resultat indirecte de la primera analgesia [700, 7o1], els agonistes 5-HTa podrien produir els
efectes contraris, és a dir un primer dolor quan s’estimulessin els receptors nociceptius seguit
d’una hipoalgesia. Amb la cronicitat, al contrari del qué passa amb els opioides, la hipoalgesia
cada vegada seria més important fins que I"analgesia fos ’efecte majoritari, de manera que un
estimul nociceptiu cooperaria amb altres per produir hipoalgesia [702]. Aixi, I"as d’agonistes
5-HT:a mimetitzaria les accions de I’estimulacié nociceptiva de receptors periferics per
iniciar els mecanismes neuroadaptatius de tolerancia inversa i cooperacié nociceptiva.
Aquesta tolerancia inversa podria ser produida per la desensibilitzacio dels autoreceptors 5-
HT:a als nuclis del rafe sense alterar receptors postsinaptics com poden ser els receptors de la

medul-la espinal, facilitant les accions de la serotonina a nivell postsinaptic [703, 704].
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Hipotesi de treball 1 objectius

La hipotesi de treball general del grup postula que I'escorca prefrontal té un paper clau en el
mecanisme d’acci6 de psicofarmacs tals com els farmacs antipsicotics i els antidepressius.
Dins d’aquest marc general, la present tesi doctoral va ser basada en la hipotesi que proposa
que els psicofarmacs modulen els circuits cortico-mesencefalics que impliquen I’escorca
prefrontal i els nuclis monoaminergics del mesencefal, tenint un paper clau en aquesta

modulacio els receptors 5-HT'a de I'escorga prefrontal.

Sota aquesta hipotesi de treball, la present tesi va plantejar com a objectiu general I'estudi
dels efectes produits per farmacs agonistes i antagonistes del receptor de 5-HTa sobre
I'activitat de neurones de I’escorca prefrontal que projecten als nuclis monoaminergics

mesencefalics i de neurones serotoninergiques del nucli del rafe dorsal.
Objectius concrets:

L Caracteritzar 'efecte de I"administraci6 sistémica d’agonistes del receptor 5-HTa

sobre I'activitat unitaria i poblacional de I’escorca prefrontal medial.

2. Determinar les poblacions de receptors implicades en els efectes de 'agonista 5-HT'a

prototipic 8-OH-DPAT sobre 'activitat de I'escor¢a prefrontal medial.

3. Estudiar el lloc d’acci6 preferent de nous agonistes 5-HTa (F13640 1 Fi5599)

desenvolupats per al tractament de depressio i dolor.

4. Caracteritzar el nou antagonista 5-HTa DU 125530 a nivell electrofisiologic per tal
d’examinar la possibilitat de la seva utilitzaciéo per a la potenciacio de la terapia

antidepressiva.
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Materials 1 metodes

MATERIALS

Animals

En els treballs d’aquesta tesi s’han utilitzat rates mascle albines adultes de la soca Wistar

(Rattus norvegicus) de 230-320 g de pes, procedents d’Iffa Credo (Lyon, Franca).

Els animals han estat estabulats en grups d’un maxim de 4 almenys cinc dies abans de la seva
utilitzacio per permetre la seva aclimatacio. L’ambient d’estabulacio ha estat controlat amb un
cicle de 12 hores de llum i 12 hores de foscor, a una temperatura estable de 22+2 °C i aliment

(pinso comercial) i aigua ad libitum.

Tots els procediments amb els animals s’han dut a terme seguint la legislacié europea de
“Proteccio dels animals utilitzats per experiments i altres proposits cientifics”, d’acord amb
les normes de la Uni6 Europea O.]. de E.C. L.358/118/12/1986.

Farmacs

La Taula 7 mostra un resum dels farmacs utilitzats en aquesta tesi.

Taula 7. Resum dels farmacs utilitzats en la present tesi

8-OH-DPAT Agonista 5-HT s L4 Administracid i.v. Sigma-Aldrich (St. Louis, MO)
R (+)-8-OH- . S : : .
Agonista 5-HT:a 1, 4 Administracid i.v. Sigma-Aldrich (St. Louis, MO)
DPAT
. o o Pierre Fabre Medicament (Castres,
Fi5599 Agonista 5-HTa 2,4 Administracio i.v.
Franga)
. o o Pierre Fabre Medicament (Castres,
Fr3640 Agonista 5-HT:a 3.4 Administracio i.v.
Franga)
. Inhibidor de la . . L
Fluoxetina . 5 Administracid i.v. Tocris (Bristol, UK)
recaptacio de 5-HT
_ o - Solvay Pharma (Brussel-les,
DU 125530 Antagonista 5-HTa 5 Administracid i.v. .
Belgica)
. ID 2’ 37 4’ o . . . . .
WAY 100635 Antagonista 5-HTa Administracid i.v. Sigma-RBI (St. Louis, MO)
5
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. . ) Electrode de registre, . : .
Bicuculina Antagonista GABAx L 4 . Sigma-Aldrich (St. Louis, MO)
bloqueig local GABAA
Gabazina _ Eléctrode de registre, _ : _
Antagonista GABAA I, 4 . Sigma-Aldrich (St. Louis, MO)
(SR 95531) bloqueig local GABAA
Inhibidor de la . o
L . . Administraci6 i.p., . : .
Nomifensina recaptacio de NA i L4 > » Sigma-Aldrich (St. Louis, MO)
proteccio de lesio
DA
Inhibidor de la Administraci6 i.p., . : .
PCPA : o I, 4 ) ) Sigma-Aldrich (St. Louis, MO)
triptofan-hidroxilasa deplecio de serotonina
. LCR artificial, canvia
. Inhibidor de la . H. Lundbeck A/S (Copenhagen-
Citalopram . I, 4 balang alliberament/ .
recaptacio de 5-HT Valby, Dinamarca)

recaptacio

Excepte en el cas de la PCPA, es van preparar solucions mare aliquotades dels farmacs i es van
congelar a -20°C fins al dia de la seva utilitzacid. El dia de I’experiment, es van descongelar el

nombre necessari d’aliquotes d’aquestes solucions i es prepararen les dissolucions.

REGISTRES ELECTROFISIOLOGICS ZV VIVO EN RATA ANESTESIADA

Preparacié dels animals

L’anestesia utilitzada en tots els experiments fou hidrat de cloral preparat en una solucio

salina al 0.9%. Els animals van ser anestesiats amb una dosi inicial d’hidrat de cloral (Merck,
NJ, EUA) de 400 mg/kgi.p..

Quan I'animal estigué ben anestesiat es canula la vena femoral dreta amb un cateter de
polietile (PE20, diametre intern 0.38 mm, diametre extern .09 mm, Becton Dickinson, NJ,
EUA) acoblat a una xeringa d’t ml per 'administraci6 intravenosa de farmacs o, en cas

necessari, de dosis extres d’anestesia.

En els casos en que les condicions del registre demanaven una estabilitat superior (p.ex.
registre d’interneurones GABA¢rgiques i marcatge amb neurobiotina, treball 1) es realitza
una traqueotomia amb una canula de polietile (PE240, diametre intern 1.67 mm, diametre

extern 2.42 mm, Becton Dickinson, NJ, EUA).

La temperatura de I'animal es mantingué estable a 37+o.5 °C gracies a una manta

termoreguladora situada entre ’animal i I'estereotaxic (RTM-1, Cibertec, Madrid).

L’anestesia es va mantenir estable durant I’experiment administrant hidrat de cloral (50-70
mg/kg/h) amb una bomba de perfusié continua i.p. (CMA, Suecia).
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Seguidament es col-loca I’animal a I'estereotaxic (David Kopf, Turunga, CA, EUA) i la pell i
els teixits que cobreixen la part posterior del crani van ser tallats per permetre la visi6 de
Bregma i Lambda. Es va orientar el cap de I'animal de manera que aquests dos punts es

trobessin anivellats.

Per minimitzar les pulsacions i la pressié intracerebral, es punxa la membrana atlanto-
occipital. Posteriorment es va realitzar una petita craniotomia en les coordenades de I’area de
registre i una altra en les coordenades de 1’electrode d’estimulacio, si era el cas. Les
coordenades utilitzades en la present tesi es detallen en la Taula 8.

Taula 8. Coordenades (en mm) des de Bregma segons I’atles de Paxinos i Watson [851]. AP, anteroposteior; L,
lateral; DV, dorsoventral.

I I I T

EPFm Registre +3.2/+3.4 -0.5/-1 De-0.8a-4

ATV Estimulacio -5.8 -0.4 -8.2 o
NRD Estimulacio -7.3 -3.T -6.2 30°
NRD Registre Veure text De-4.72-6.6 o
HPC Registre -6.3/-7 -4 De-4a-7 15°
EPFm Estimulacio +3 -0.8 -3.5 o

En el cas dels registres de neurones serotoninergiques del NRD, la craniotomia fou una mica
més gran que en els altres casos (un quadrat de 4 x 4 mm amb el centre a Lambda). La majoria
de neurones serotoninergiques es troben properes a la linia mitja [202, 705] pero
anatomicament trobem un eixamplament del sinus sagital just damunt d’aquesta area de
registre. Per tal de permetre el descens de 1"electrode de registre al NRD es va lligar el sinus

sagital amb fil de seda i es va tallar i apartar de ’area de registre.

Preparacié dels eléctrodes

Registre

Els electrodes de registre es van fabricar a partir de micropipetes de vidre capil-laritzades de

2.0 mm de diametre (Borosilicate glass capillaries, World Precision Instruments, Sarasota,
FL, EUA) estirades amb un estirador de vidre vertical (Narishige PE-2, Narishige Scientific

Instruments, Tokyo, Japo).
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Els electrodes es van omplir amb NaCl 2 M o amb una solucié de Pontamine Sky Blue en NaCl
2 M previament filtrats. Aixi vam obtenir electrodes amb una resistencia inicial al voltant de
20 MQ. En els treballs 11 4 1 en els grups experimentals assenyalats, els electrodes contenien
solucions de bicuculina 20 mM en NaCl 1M, gabazina 20 mM en NaCl o.2 M (resistencies
inicials al voltant de 20 M) per tal de bloquejar les entrades GABAA a la neurona registrada o
Neurobiotina 2% en NaCl o.5 M (resistencies inicials d’uns 40 MQ) per tal de marcar

juxtacel-lularment la neurona registrada al final de I’experiment.

La resisténcia inicial dels electrodes es va reduir i viro formant un circuit tancat entre
I"electrode i un fil de plata submergits en una solucié salina 0.9% i connectats a un
estimulador Cibertec CS-20 i una unitat d’aillament de I’estimul Cibertec ISU 165 (Cibertec,
Madrid). D aquesta manera es van administrar polsos de corrent de 5 mA i 500 ms fins que la
punta de I”eléctrode tingués una resistencia d’entre 6 i 12 MQ en els casos en que I’ electrode
contenia sali i pontamina, una resisténcia d’entre 10 i 12 M en els casos en que Ielectrode

contenia bicuculina o gabazina i 15-22 MQ en el cas dels eléctrodes amb Neurobiotina.

Estimulacié

Els electrodes d’estimulacié es van fabricar a partir de cables bipolars d’acer amb aillant
(California Fine Wire Company, Grover Beach, CA, EUA). Per I'extrem corresponent a I’area
d’estimulacid, es va treure I'aillant de les dues puntes de I’eléctrode (400-600 pm) amb un
bisturi i es van separar una distancia de too-150 pm. Per 'extrem utilitzat per a la connexié de
I"electrode amb el sistema d’estimulacid, I’aillant es crema aproximadament 1 cm permetent la

separacio de les dues puntes.

Una vegada posicionats en les coordenades adients gracies a 'estereotaxic, la fixacio dels
electrodes d’estimulacié al crani de I'animal es va realitzar mitjancant I"aplicacié d’una
primera capa de pegament de cianoacrilat (Super Glue-3 Gel, Loctite, Henkel, Diisseldorf-
Holthausen, Alemanya) i una segona de resina autopolimeritzant de metil metacrilat (TAB

2000, Kerr, Salerno, Italia).

Sistemes

Registre extracel-lular in vivo

Quan I’animal estigué col-locat I'estereotaxic, la cirurgia acabada i, si s’escau, 1”electrode
d’estimulacié fixat, es procedi a Pextraccio de la dura mater visible en la craniotomia
corresponent a I’area de registre mitjangant unes pinces de precisio (Dumont, Suissa). En tot
moment, I"area de cervell exposada es mantingué¢ humida gracies a I’aplicacio de solucio salina

0.9%.
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Seguidament s’introdui dins el cervell de I'animal un eléctrode de registre baixat dorso-
ventralment mitjancant un microposicionador hidraulic micrometric (David Kopf 640,

Tujunga, CA, EUA) fins al DV escaient.

Es munta un circuit tancat entre un fil de plata situat dins de I"eléctrode de registre i un terra
col-locat en el teixit muscular del coll de I'animal. Tots dos cables porten el senyal a una

cel-lula receptora del senyal electric.

Breument, la senyal és amplificada deu vegades per un amplificador Neurodata [R283
(Cygnus Technology Inc., Delaware Water Gap, EUA). Seguidament la senyal es divideix per:
i) 'observacio directa de la senyal electrica en un oscil-loscopi (HM 205-3, HAMEG
Instruments, Barcelona), ii) el processat de la senyal a audio (AUMON 14, Cibertec, Madrid) i
iii) la posterior amplificacio i filtratge en un postamplificador Cibertec Ampli 63 AC
(Cibertec, Madrid). Hi ha dues entrades al postamplificador que reben tractaments diferents
per a permetre simultaniament el registre del potencial de camp (local field potential, LFP) i
el registre unitari de la descarrega neuronal. El postamplificador amplifica la senyal del LFP
100 vegades i la filtra per permetre el pas de senyal entre o.1 1 100 Hz. En el cas del registre
unitari de la descarrega neuronal, la senyal és amplificada tamb¢ 100 vegades, pero en aquest
cas ¢s filtrada per permetre el pas de la senyal entre 30 Hz i 1 kHz. Per al registre unitari de
les interneurones GABAergiques IS, es van ampliar el marge de senyal fins a 1o kHz per tal de

facilitar la identificacio i registre d’aquest tipus neuronal.

Posteriorment el senyal electric s’envia a la interfase (DAT Micror4or, Cambridge Electronic
Design, CED; Cambridge, Anglaterra) que transformara la informacié analogica en digital
per permetre ’adquisicio (freqiiencia de mostreig de 25 kHz pel registre unitari i 2.5 kHz pel
registre del LFP) i emmagatzematge de dades pel programa Spike2 (CED, Cambridge, UK).

El processat i I"analisi de dades es du a terme de manera off-/ine.

Estimulacié eléctrica

Per als experiments en els quals es du a terme la identificacié antidromica de les neurones
(veure segiient apartat) es connecta cadascun dels pols exteriors de 1’electrode d’estimulacio
implantat a una unitat d’aillament de I’estimul Grass SIU 5 (Grass Medical Instruments)

connectada a un estimulador Grass S-48.
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Identificacié de les neurones

SRR W (S W—

1

est

Neurones piramidals de projeccié

Les neurones piramidals d’EPFm i
d’hipocamp es van identificar com a
neurones de projeccio a ATV o NRD i
EPFm, respectivament. Un cop I’ eléctrode
de registre es troba en I'area desitjada, la
identificacio es dugué a terme de manera
sistematica gracies a I’estimulacio de I’area
de projeccio: 'observacio de potencials
antidromics i la col-lisi6 d’aquests
potencials amb descarregues espontanies
de la neurona foren criteris
imprescindibles per a la identificacio i per

tant, per al registre de la neurona.

Amb aquesta metodologia [706], si la
neurona registrada projecta a ['area
d’estimulacié, es genera un potencial
antidromic que viatja a través de 'ax6 de la
neurona des de I'area d’estimulacio fins al
cos cel-lular situat a I'area de registre. El
retard entre 'estimul i el potencial
antidromic registrat es manté constant. La
descarrega espontania (potencials d’accio)
de la neurona podra causar la supressio
(col-lisio) del potencial antidromic si
aquests dos potencials coincideixen en
algun punt de I'ax6, impedint el registre
del potencial antidromic  en l'area de

registre (Fig. 15).

Fig 15. Exemple de registre d’una neurona piramidal ’EPFm de projeccié a ATV, Lestimulacié de ATV

(est) provoca un potencial antidromic (A) a una laténcia fixa, en aquest cas de 20 ms. La descarrega espontania

de la neurona I’EPFm (E) en linterval de propagacié del potencial antidromic provoca la col-losio dels

potencials (*) i evita el registre del potencial antidromic.
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En el cas de les neurones piramidals d’EPF de projeccio, s’estimula I'ATV o ¢l NRD amb
polsos quadrats de 0.2 ms i intensitat de corrent de fins a 2mA, a una freqiiencia de o.gHz. En
el cas de les neurones piramidals d’hipocamp de projecci6 a 'EPFm, s’estimula 'EPFm amb
polsos quadrats de 0.3 ms i intensitat de corrent de fins a 1 mA a una freqiiéncia de o.5 Hz.
Cal destacar que aquestes neurones no descarreguen sota els efectes de I’hidrat de cloral, per
aquest motiu, quan l’electrode s’acosta a una neurona d’hipocamp només se sent un
increment del soroll de fons, que ens indicara la presencia d’una neurona i, per tant, que

podem estimular 'EPFm per comprovar si és una neurona de projecci6 a aquesta area.

Neurones serotoninérgiques de NRD

En els treballs 2 i 3, les neurones

a. il 0.1 mV| Co . . e,
w serotoninergiques es van identificar

I\ 1ms

segons els criteris descrits per Wang
1 Aghajanian [202] (Fig. 16):

-Descarrega espontania molt regular

amb una freqiiencia de 0.3-3.4 Hz

-Potencials d’accio bi- o tri- fasics de

2 a5 ms de durada

-Ocasionalment, preséncia trens de

2 a 4 potencials d’accié separats

menys de 20 ms [205, 707].

WAY 100635 -
F15599 ugikgiv. 10 uglkg iv. Un dels trets caracteristics de les

°i2 i i i l neurones serotoninérgiques ¢és la
inhibicié després de I"administracio
d’agonistes de 'autoreceptor 5-

HTa.

SPIKES/10 S

1;in

Fig 16. Alguns trets caracteristics de les neurones serotoninérgiques de NRD. a) Linia negra, mitja de 10
potencials d’accié d’una neurona serotoninérgica de NRD de més de 3 ms de durada (At). Linies grises, error
estandard. b) Registre de la mateixa neurona serotoninérgica del NRD destacant la regularitat de la seva
descarrega. ¢) Histograma de freqiiéncia mostrant la inhibicio de la mateixa neurona serotoninérgica davant de
I'agonista 5-HT.a F15599 i la posterior reversio per Pantagonista 5-HTa per WAY 100635. La freqiiencia de

descarrega basal de la neurona és d’uns 2.3 Hz.

71



Neurones GABAérgiques FS d’EPFm de rata

Les neurones GABAergiques d’EPFm s’identificaren a) electrofisiologicament i b) per

tecniques histologiques.

La identificacié electrofisiologica es dugué a terme primerament abans d’iniciar el registre i
de manera més exhaustiva off lne avaluant la freqiiencia de descarrega i la durada del

potencial d’acci6. Les interneurones GABAergiques FS tenen freqiiencies de descarrega

elevades i potencials d’acci6 curts [708].

Per a la identificacié per tecniques histologiques, després del registre es procedi al marcatge
juxtacel-lular de la neurona registrada. En aquests casos, els electrodes de registre havien de
contenir neurobiotina (Vector Labs, Burlingame, CA, EUA). En acabar I'experiment,
I"electrode de registre s’acosta tant com fos possible a la neurona i s’administraren polsos
positius quadrats de 200 ms i 1-6 nA de corrent a través d’ell fins aconseguir que la descarrega
de la neurona fos dirigida per aquests polsos (Fig. 17), mantenint aixi la neurona durant 5-20
min. Aixo fa que la neurona es despolaritzi i permet I’entrada de la neurobiotina a I'interior de
la cel-lula. Posteriorment, per acotar Iarea on es trobava situada la neurona, es canvia
I"electrode per un electrode de registre amb Pontamina Sky Blue i es feren dues marques
microiontoforéticament 200 pm per davant i per darrere del lloc de marcatge de la neurona

(veure “Marcatge de I’area de registre™).

La rata es sacrifica amb una sobredosi d’anestesia i es va perfondre utilitzant 240 ml de
soluci6 salina i 240 ml de formalina 10%. S’extregué el cervell, es conserva durant almenys
dues hores en soluci6 de formalina 10% i es deixa tota la nit en solucié de sucrosa 10% en
PBS. Seguidament es va congelar en isopenta a -30°C i es conserva al congelador a -80°C fins

al seu processat.

0.2mv |_

0.2s
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Fig 17. (pagina anterior) Exemple de marcatge juxtacel-lular amb neurobiotina en una neurona piramidal
d’EPFm. a) Traca de registre durant administracié de polsos de corrent (linia superior) mostrant com la
descarrega de la neurona és dirigida pels polsos. b) Resultat del marcatge juxtacel-lular de la mateixa neurona
piramidal ’EPFm. La neurobiotina en aquest cas va ser detectada en teixit no congelat amplificant el marcatge
amb el kit ABC (Vector Labs), amb avidina acoblada a peroxidasa i utilitzant DAB i H,O, com a substrats per

produir un precipitat de color marro.

Deteccié de neurobiotina i hibridacié in situ per la identificacié histologica
de les neurones GABAérgiques registrades

Per tal d’identificar histologicament les interneurones GABAergiques d’EPFm es va posar a
punt, en colaboraci6 amb Giuseppe Mocci, la combinacié d’un assaig histoquimic per la
deteccié de neurobiotina (per tal de marcar la neurona registrada) amb una hibridacio a2 sz
per la GAD 65 i 67 (per comprovar que aquesta neurona era GABAergica). Per dur a terme
aquesta combinacio, el protocol inclou primerament els passos per a la hibridaci6 i siu
radioactiva seguit de la deteccid de la neurobiotina per histoquimica i el posterior revelat de la

radioactivitat.

Es van obtenir seccions histologiques coronals dels cervells de 14 pm utilitzant un microtom-
criostat (Microm HM500 OM, Walldorf, Alemanya) i es van col-locar sobre portaobjectes
pretractats amb Histogrip (Zymed Laboratories Inc., CA, EUA) per emmagatzemar-los a

-20°C fins al moment de ser processats.

Les seccions es van descongelar, assecar i fixar amb paraformaldehid. Després de fer-los
diferents rentats, es van tractar amb pronasa (24 U/ml, Calbiochem, Gibstown, NJ, USA),
Iactivitat de la qual es va parar per immersi6 en una solucio de glicina (2 mg/ml en x PBS).

Posteriorment els teixits es van rentar en PBS i es van deshidratar en etanol.

Per permetre la hibridacié de les seccions amb I’oligonucleotid per la deteccié de la GAD, les
seccions es van incubar tota la nit a 42°C en una cambra humida amb una solucié tamponada
que contenia aproximadament 2 x 107 cpm/ml d’oligonucleotid, preéviament marcat amb [33P]
([33P]-dATP, >2500 Ci/mmol, PerkinElmer, Boston, EUA) i purificat per cromatografia
(ProbeQuant G-50 Micro Columns, GE Healthcare, Buckinghamshire, UK).

Es realitzaren rentats per eliminar I'excés de sonda no hibridada o unida inespecificament al
teixit i seguidament es passa a fer 'assaig histoquimic per a la deteccié de la neurobiotina
mitjancant el kit comercial ABC (Vector Labs, CA, EUA). Aquest kit d’avidina-biotina
amplifica la senyal formant grans complexes amb la neurobiotina. L’avidina t¢ unida

peroxidasa que en incubar-se amb peroxid d’hidrogen i DAB (diaminobenzidina, Sigma-
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Aldrich, MO, EUA) produeix com a producte un precipitat de color marrd, permetent la

visualitzacid de la neurona marcada amb neurobiotina.

Per detectar el marcatge a nivell cel-lular de ’ARNm de la GAD, es va procedir a la immersi6
de les seccions en emulsio fotografica liquida (dzpping) de sals de plata (emulsié nuclear Ks,
lliford, UK), en abséncia de llum i a 4°C durant dues setmanes. Passat aquest temps els
portaobjectes van ser finalment revelats amb D-19 (Kodak, NY, USA) i fixats en Ilford Hypam

(Iford, Knutsford, Cheshire, UK). Posteriorment es van muntar en Mowiol (Calbiochem,
Gibbstown, NJ, USA).

Farmacologia

Administracié intravenosa de farmacs

El dia de I'experiment, les aliquotes mare dels farmacs necessaris emmagatzemats a -20°C es
van descongelar i dissoldre a les concentracions adequades per a I’administracié i.v. amb

volums d’injeccio de com a maxim 1 ml / kg.

Un cop identificada la neurona desitjada, es registra durant 5 minuts activitat unitaria i de LFP
basal i seguidament es procedi a I’administracié de farmacs per la canula de la vena femoral
cada 3 minuts. En general els protocols contemplaren I'administracié d'una o varies dosis
d’un farmac i I’'administracié de I’antagonista adient per comprovar I'especificitat dels efectes

observats.

Bloqueig local de receptors GABAA

En els treballs 11 4 es va utilitzar el bloqueig local de receptors GABAA com a eina
experimental. En dos grups experimentals s’utilitza o bé gabazina (20 mM en sali 0.2 M) o bé
bicuculina (20 mM en sali 1 M) per omplir els electrodes de registre. El diametre de la punta
dels electrodes (5-7 pm) permeté la sortida per difusié passiva d’aquests farmacs durant el
registre i, per tant, el bloqueig local dels receptors GABAx de la neurona registrada. Aquesta

metodologia ja havia estat utilitzada anteriorment per diferents grups [709, 710].

Deplecié de serotonina

En els treballs 1 i 4, es va tractar un grup experimental amb p-clorofenilalanina (PCPA).
Aquest farmac ¢s un inhibidor de la triptofan hidroxilasa, enzim necessari per la sintesi de
serotonina. L’administracio d’una sola dosi de 300 mg/kg i.p. de PCPA produeix, segons la
bibliografia [711], una disminucio estable dels nivells de serotonina del voltant del 80% entre

el segon i el quart dia després de la injeccio.
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Per tal de protegir la sintesi de catecolamines, s’administra un inhibidor de la recaptacio de

NAiDA, reduint-se aixi els efectes de la PCPA sobre aquests sistemes [712].

El tractament va consistir en una administracié de 300 mg/kg i.p. de PCPA (preparada al
moment) una hora després de la protecci6 dels sistemes catecolaminérgics amb una injeccié
de 10 mg/kg i.p. de nomifensina. Els experiments es van dur a terme entre 48 i g6 hores

després de I'administraci6 d’aquests farmacs.

Després dels experiments de registre, es va sacrificar els animals amb una sobredosi d’hidrat
de cloral i van separar les dues EPFm dels dos hemisferis. Aquestes es van congelar a -80°C
fins al dia del processament del teixit. Breument, s’afegi tampé d’homogeneitzacio i es
sonicaren i centrifugaren les mostres per a 'extracci6 del sobrenedant. Aquest sobrenedant
s’analitza per obtenir la quantificacio dels nivells de serotonina, dopamina, noradrenalina i els
seus metabolits en teixit mitjancant HPLC tal com descriu Adell et al. [198]. Els nivells es van
calcular com el % de la mitja de diferents animals controls (n=g) no tractats amb PCPA. Els
nivells de serotonina dels animals control foren del voltant de 2510 pmol/g de teixit, mentre
que en el cas dels animals lesionats foren de prop de 130 pmol/g (aprox. 6% de serotonina

respecte els animals controls; controls n=9, depletats n=10).

Histologia

Marcatge de |'area de registre

Al finalitzar els experiments, en els casos en que 1"electrode de registre contenia Pontamine
Sky Blue, es va marcar el punt de registre mitjancant un diposit iontoforetic d’aquest colorant.
Es va administrar una corrent cationica (20 mA) durant 30 minuts. D’aquesta manera,
després del processat del cervell, s’observa una marca de 5-ro micrometres visible per
microscopia optica en el lloc on s’havia efectuat el registre. Aquest procediment també
s utilitza després dels experiments de registre i marcatge juxtacel-lular amb eléctrodes plens
de Neurobiotina, canviant I”electrode per un ple de Pontamine Sky Blue per tal d’acotar I'area

on s’ havia marcat la neurona.

Verificacié de |'area de registre i estimulacié

Al finalitzar els experiments els animals es van eutenasiar amb una sobredosi d’hidrat de cloral
1 es van perfondre amb solucié salina seguida de formalina 10% (Tocris, Bristol, UK)
conservant el cervell en solucié de formalina 10% per una verificacié més acurada o bé es va
extreure el cervell i es va congelar amb neu carbonica per conservar-lo congelat a -8o°C.
Posteriorment, els cervells es van tallar de forma coronal en seccions de 70 pm amb vibratom
o en seccions de 50 pm amb un criostat, respectivament.
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Els talls obtinguts es van muntar en portaobjectes, es van assecar a |’aire entre 24 i 48 hores i
es van tenyir amb Neutral Red. El procediment de la tinci6 consisti en incubar els
portaobjectes en una solucié de 5 g de colorant en 500 ml d’aigua durant 10-30 minuts.
Seguidament s’efectuaren rentats consecutius en un gradient creixent d’etanol (70, 95 i
100%) i un ultim tractament de xilol. Per dltim, els portaobjectes es van cobrir amb un

cobreobjectes i es van visualitzar al microscopi optic (Fig. 18).

D’aquesta manera es va comprovar la situacio dels electrodes de registre (en els casos en que
s’havia marcat el punt de registre amb Pontamina) i la situacio dels electrodes d’estimulacio.
Els casos en que es detectava que la situacié de qualsevol dels electrodes no era 'apropiada

foren descartats dels estudis.

Fig18. Talls histologics coronals de cervell de rata tenyits amb Neutral Red. a) Exemple de marcatge de Iarea de
registre amb Pontamine Sky Blue en Ihipocamp (punta de fletxa negra). b) Visualitzacié de I'electrode

d’estimulaci6 en ’EPFm (puntes de fletxa blanques).

Analisi de dades

L’analisi de les dades obtingudes durant els registres es va dur a terme mitjan¢ant el mateix

programa Spike 2 (Cambridge Electronic Design, CED, Cambridge, UK).

Anadlisi de la freqiiéncia de descarrega

La freqiiencia de descarrega correspon al nombre de potencials d’acci6 per segon i es pot

representar en un histograma de freqii¢ncies.

La freqiicncia de descarrega basal es calcula fent la mitja dels 5 minuts d’activitat basal abans
de I"administraci6 de qualsevol farmac. L’administracié de farmacs es va dur a terme cada 3
minuts i s’utilitza el tercer minut després de la injeccio per calcular la freqiiencia de

descarrega resultat de "'administracio i.v. del farmac.
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S’han considerat respostes al tractament augments o disminucions de la freqiiencia de

descarrega majors del 30% de la freqiiencia basal.

Analisi del patré de descarrega

En aquesta tesi vam analitzar el patré de descarrega de les neurones d’EPFm segons el
metode utilitzat per Laviolette (2005). Es defineix un tren de potencials d’acci6 (TPA) com la
descarrega de dos o més potencials d’accié amb intervals entre ells (zuterspike interval, 15])

menors de 45 ms (Fig. 19).

Es va calcular el nombre de potencials descarregats en TPA en un minut, el nombre mig de
potencials dins d’'un TPA, el percentatge de potencials descarregats en forma de TPA, la
durada dels TPA i I'interval entre ells amb dades corresponents al mateix interval temporal

que l'utilitzat per a I’analisi de la freqiiencia de descarrega.

En el cas de les neurones serotoninergiques del NDR s’analitza la regularitat de la descarrega

quantificant el coeficient de variacio.
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Fig19. Exemple de patr6 de descarrega d’una neurona piramdal d’EPFm de projeccio6 a PATV. La linia superior
marca dos trens de potencials d’accié (TPA) de dos i tres potencials. Sota d’aquesta tenim la deteccié del
potencials d’acci6 propiament dits i I’amplificacio d’un dels TPA, mostrant com I'interval entre espigues (ISI) es

menor de 45 ms (criteri que vam utilitzar per a definir un TPA).
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Analisi dels parametres del potencial d’accié

En el treball 1 es va calcular la durada

del potencial d’acci6 tant de neurones

piramidals com de neurones

At ' GABAergiques per tal d’identificar-
i les electrofisiologicament. Es va

calcular fent la mitja dels 10 dltims

0.5 ms
potencials d’acci6 del basal i mesurant

Fig 20. Exemple del potencial d’accié d’una interneurona |3 dyrada de la fase despolaritzant

GABA¢rgica. Per al calcul de durada de la fase despolaritzant (Fig 20)

del potencial d’accio es va fer la mitja de la forma de 10
potencials d’acci6 i es va determinar At. La linia negra il-lustra . .
- o Analisi del potencial de camp
la mitja de 10 potencials d’acci6 i les linies grises I'error
estandard. Per "analisi espectral del potencial de
camp es va aplicar I'algoritme de la
transformada rapida de Fourier (Fourier Fast Transform, FFT) que permet quantificar la

composicio6 freqiiencial de la senyal.

La FFT ¢és una eina matematica que transforma un bloc de dades a un grup d’ones cosinus.
Vam limitar la mida dels blocs que s’havien de transformar a 8192 (mida de FF'T) i la resolucio

a 0.3 Hz.

Les dades de I'ona poques vegades es repeteixen ciclicament; per evitar les discontinuitats
entre ¢l final d’un bloc i el comencament del segiient s’ajusten tant el principi d’un bloc com
el final del segiient a zero, modificant les finestres de dades. Hi ha diferents maneres de fer les

finestres, de les quals nosaltres vam utilitzar ’'anomenada Hamming.

Vam representar les dades com espectres de freqiiencia, calculant Iarea sota la corba de les

freqiiencies de 0.3 a 4 Hz.

MICRODIALISI INTRACEREBRAL /V VZVO EN RATA ANESTESIADA

En aquest apartat detallarem els metodes utilitzats en els experiments de microdialisi
intracerebral del laboratori on s’ha dut a terme en aquesta tesi, per tant, els corresponents als

treballs 1 4.

Preparacié de les sondes de microdidlisi

Per una descripcié detallada de la metodologia utilitzada per fabricar sondes de microdialisi i

del procediment per al seu implant, podem referir-nos a Adell i Artigas [713].
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Preparacié dels animals

Per a la implantacié de les sondes, els animals es van anestesiar amb pentobarbital sodic (60
mg/kg i.p.) i es van col-locar en un aparell estereotaxic, mantenint la temperatura estable
gracies a una manta electrica. Es va fer una craniotomia a la zona adient, en aquest cas a les
coordenades corresponents a EPFm (AP +3.2 mm; L. -0.8 mm ), i tres petites craniotomies
per a col-locar-hi dos cargols. Es baixa una sonda de microdialisi amb una membrana de 4 mm
de llargada fins al DV corresponent (DV -6 mm) i seguidament, es fixa la sonda amb ciment

dental tot cobrint també la zona dels cargols.

Obtencié de mostres

Les mostres es van obtenir 18-20h després de I'implant de la sonda per permetre la

recuperacio de I'animal després de la cirurgia i 'estabilitzacio dels nivells basals de serotonina

[714].

Els animals es van anestesiar amb una dosi inicial d’hidrat de cloral de 400 mg/kg i.p. i se’ls
va canular la vena femoral utilitzant el mateix protocol que en els experiments
d’electrofisiologia. Igual que en els experiments d’electrofisiologia, els nivells d’anestesia es
mantingueren constants amb una bomba de perfusio (50-70 mg/kg/h d’hidrat de cloral i.p.) i

la temperatura gracies a una manta eléctrica.

Tot seguit, es va perfondre el sistema amb liquid cefaloraquidi (LCR) artificial (en mM: NaCl
125; KCl 2.5; MgCl, 1.18; CaCl, 1.26). En alguns casos (veure Taula g), es va afegir citalopram
o pM a I'LCR artificial per tal de magnificar les diferencies entre I'alliberament i la
recaptacio de serotonina [715, 716]. L’LCR artificial passa fins a la membrana de dialisi on es
produeix la dialisi propiament dita i es recull la mostra posteriorment en un vial de polietile de

250 pl.

Taula g. Procediments emprats en diferents experiments de microdialisi intracerebral.

E Volum Temps Nombre | Administracié
xperiment | Citalopram Flux
mostra recollida de basals de farmacs

10 ptM 3 pl/min 12l 4 minuts Cada 12 minuts
II 10 pM 3 pl/min 36l 12 minuts 7 Cada 2 minuts
111 No 1.65 pl/min 331l 20 minuts 6 Cada 7 minuts
v No 1.65 pl/min 33l 20 minuts 6 Cada 5 minuts
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Els primers 1o minuts de perfusio el flux es mantingué a 1oo pl/min per tal de netejar i omplir
els tubs i connexions del sistema. Seguidament, el flux es redui al flux corresponent a
I"experiment per tal d’estabilitzar I'intercanvi a la membrana de dialisi. Després de 60 minuts
d’estabilitzacio, es procedi a la recollida de mostres en intervals variables segons

I'experiment, obtenint-se aixi diferents volums de mostra.

Es van recollir un nombre variable de fraccions corresponents a la situacié basal segons
’experiment i es procedi a I'administracié dels mateixos farmacs (8-OH-DPAT i WAY

100635) utilitzats en els experiments d’electrofisiologia també per via intravenosa.

Histologia

Un cop acabat I’experiment, es va sacrificar els animals mitjangant una sobredosi d’anestesia i
es passa a través de la sonda de dialisi una solucié de colorant Fast Green (Sigma Chemical,
UK) per tal de marcar la zona de dialisi. Després d’uns minuts, es va extreure el cervell i es va

congelar a-20°C.

Per tal de comprovar la correcta situacio de les sondes es van realitzar talls coronals als nivells

adequats mitjangant un bisturi i visualitzacio directa.

Analisi de mostres

Les mostres es van analitzar mitjan¢ant un sistema de cromatografia liquida d’alta resolucié

(HPLC) segons el metode descrit per Adell i Artigas [713].

Per la separacié de les mostres es va utilitzar una columna de 3 pm de tamany de particula, 10
cm de longitud i 2 mm de diametre (Waters, Spherisorb EUA). Es va analitzar els nivells de
serotonina i acid 5-hidroxiindolacetic (5-HIAA) mitjangant un detector electroquimic HP
1049A (Hewlett-Packard, CA, EUA) amb un potencial d’oxidacié de 0.6 V. El flux de treball
fou de 0.3 ml/min. El temps de retencié per la serotonina va ser de 4.5 min i el del 5-HIAA de
3.4 min. El limit de deteccié fou de 3 fmols. Els cromatogrames obtinguts es van processar

amb el programa informatic Total Chrom Navigator (Perkin Elmer, MA, EUA).

Els resultats dels analisis de les mostres mitjangant ’HPLC es van obtenir en forma de fmols/

fraccid i es van expressar en forma de percentatge de la mitja de basals.

ANALISI ESTADISTIC
L’analisi estadistic dels resultats es va realitzar generalment amb el programa Statistica
(StatSoft inc, versio 4.5). El programa GraphPad (GraphPad Software Inc., versié 4.0) s’ha

utilitzat per calcular les ED50 d’inhibici6 de les neurones serotoninergiques (treballs 2 i 3) i
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el programa Primer of Biostatistics (Stanton A. Glantz, McGraw-Hill Inc., versio6 3.01) per a
I"analisi de x> (treball 1).

En general, per mesurar els efectes del tractament s’han utilitzat analisis de la varianca
(ANOVA) d’unavia o t-Student de dades aparellades. Per mesurar efectes entre grups tractats
diferents, s’han utilitzat analisis de la varianca maltiples (MANOVA). En tots els casos,

s’establi un grau de significacié de o.o5 (limit de confianca major del 95%).
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TREBALL 1

L'agonista 5-HT14 8-OH-DPAT provoca excitacions de les neurones
piramidals d’'EPFm a través de I'accié preferent sobre les interneurones
GABAeérgiques

Resum

Antecedents i objectiu: Els receptors inhibitoris 5-HTa son expressats en moltes regions
cerebrals, incloent I'EPF, area clau en la fisiopatologia i el tractament de I’esquizofrénia.
L’activacié d’aquests receptors pels antipsicotics atipics sembla ser crucial pels avantatges
d’aquests farmacs en el tractament dels simptomes negatius i els déficits cognitius. La
serotonina endogena inhibeix les neurones piramidals d’EPF mentre que els agonistes 5-HT:a
paradoxalment activen aquestes neurones. En aquest treball examinem les diferents
possibilitats per explicar I'efecte diferencial de la serotonina i els agonistes 5-HTa sobre les

neurones piramidals de I'EPF.

Aproximaci6 experimental: Registres extracel-lulars unitaris, experiments de microdialisi

intracerebral i1 estudis d’expressio de ¢-fos, tots ells in vivo en rata anestesiada amb hidrat de

cloral.

Resultats clau: La (+)8-OH-DPAT (0.75-60 pg/kgi.v.) produi patrons de resposta bifasics en
les neurones piramidals d’EPFm en la situacié control, majoritariament amb excitacions a
dosis baixes i inhibicions a dosis més altes. L’administracio de I'isomer (+)R-8-OH-DPAT va
provocar patrons similars. L’efecte excitador de la (+)8-OH-DPAT (7.5 pg/kg i.v.) va anar en
paral-lel a un augment en I'expressi6 de ¢-fos a les neurones piramidals d’EPF, pero no a les
interneurones GABAergiques. Els receptors 5-HT:a de 'hipocamp o els autoreceptors del
rafe semblen no participar en I'efecte excitador de la (+)8-OH-DPAT. El bloqueig local de les
entrades GABA, a les neurones piramidals registrades altera els patrons de resposta, reduint
el percentatge d’activacions a dosis baixes i fent les neurones més insensibles a (+)8-OH-
DPAT. La (£)8-OH-DPAT provoca una inhibicié significativa de les interneurones
GABAc¢rgiques fast-spiking I’EPFm a les dosis que les neurones piramidals d’EPFm

s .
S excitaren.

Conclusions i1 implicacions: Aquests resultats recolzen la idea que les interneurones
GABAergiques estan implicades en els efectes de 'administracié sist¢mica de 8-OH-DPAT
sobre les neurones piramidals d’EPFm. Farmacs amb acci6 preferent sobre aquestes
interneurones GABAergiques podrien ser una diana interessant per al tractament dels deéficits
cognitius i els simptomes negatius de I’esquizofrénia gracies a 'activacié del bucle EPF-ATV-
EPF.
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Abstract

Serotonin (5-HT) plays a maijor role in the pathophysiology and treatment of
several psychiatric disorders. 5-HT1a receptors (5-HT1AR) are the main
inhibitory 5-HT receptors and are expressed in many brain regions, including
the prefrontal cortex (PFC), a key area in schizophrenia. Activation of 5-
HT1AR by atypical antipsychotics like clozapine appears to be critical for the
superior effects of these agents on negative symptoms and cognitive deficits
compared with classical antipsychotics. 5-HT1AR are expressed by pyramidal
neurons and GABAergic interneurons in PFC. Endogenous 5-HT inhibits PFC
pyramidal neurons via 5-HT1AR whilst systemic administration of 5-HT1A
agonists paradoxically increases their activity, an effect that appears to be
critical for the enhancement of cortical dopaminergic transmission induced by
atypical antipsychotics. Here we examined potential reasons accounting for
the differential effect of 5-HT and 5-HT1AR agonists on pyramidal neuron
activity by examining the effect the prototypical 5-HT1AR agonist 8-OH-DPAT
on PFC pyramidal neurons projecting to the ventral tegmental area (VTA) and
fast-spiking GABAergic interneurons using single unit extracellular recordings.
GABAergic neurons were identified by their firing characteristics, in some
experiments they were also identified and by juxtacellular labeling with

neurobiotin and further in situ hybridization of GADss MRNA.

(x)8-OH-DPAT (0.75-60 pg/kg i.v.) evoked a bell-shaped dose-response
curve in the control situation (n = 32), mainly with excitations at low doses and
inhibitions at higher doses. The main excitatory effect of 8-OH-DPAT (7.5 ug/
kg i.v.) on PFC pyramidal neurons was accompanied by an increase in c-fos
expression in the same neuronal type, but not in GABA interneurons, as
assessed by double in situ hybridization. Activation of 5-HT1a autoreceptors or
postsynaptic hippocampal 5-HT1AR do not appear to contribute to the
excitatory action of 8-OH-DPAT. The more active enantiomer (+)8-OH-DPAT
also exerted a bell-shaped dose response. However, the local blockade of
GABAA inputs onto recorded pyramidal neurons with gabazine (SR-95531)
markedly altered response patterns, reducing the percentage of excitations at
low doses and making neurons less responsive to (+)8-OH-DPAT (control n =
15, gabazine n = 14; X? p<0.01). Moreover, (+)8-OH-DPAT administration
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significantly inhibited the cell firing of fast-spiking GABA interneurons (n =20)
at the doses exciting pyramidal neurons (p<0.02). Overall, these results
indicate that GABAergic interneurons are involved in the effects of systemically
administered 8-OH-DPAT in PFC pyramidal neurons and subsequent
downstream changes in subcortical structures receiving excitatory inputs from

PFC, such as the VTA dopaminergic neurons.

Abbreviations: 5-HT, 5-hydroxytryptamine or serotonin; DA, dopamine,

dopaminergic; mPFC, medial prefrontal cortex; VTA, ventral tegmental area

92



Introduction

Schizophrenia is a devastating illness that affects about 1% of the population
worldwide. Classical antipsychotic drugs are dopamine (DA) D2 receptor
blockers which display severe motor side effects and lack efficacy for
negative / cognitive symptoms. Second generation (atypical) antipsychotic
drugs (APD) show less or no motor side effects due to lower blockade of DA
D2 receptors and are superior to classical drugs for treating non-psychotic
symptoms, particularly clozapine, the prototypical APD (Woodward et al.,
2005, Kern et al., 2006, Sumiyoshi et al., 2006; Leucht et al., 2009). This
superiority may derive from the preferential targeting of several 5-HT receptors
by APDs, including 5-HT2a2c receptors (Bymaster et al.,, 1996; Arnt and
Skarsfeldt; 1998). In particular, the activation of 5-HT1a receptors (5-HT1AR) in
prefrontal cortex (PFC) appears critical for the rise in cortical DA induced by
APDs (Rollema et al., 1997; Ichikawa et al., 2001; Diaz-Mataix et al., 2005;
Bortolozzi et al., 2010), an effect likely involved in their therapeutic superiority
on negative symptoms and cognitive deficits (Sumiyoshi et al, 2001a, 2001b;
see Meltzer and Sumiyoshi, 2008 for review). Moreover, the chronic
administration of tandopsirone or buspirone (5HT1a agonists) enhanced verbal
memory, executive function and augmented antipsychotic action in patients
with schizophrenia (Sovner et al., 1989; Goff et al.,, 1991; Sumiyoshi et al.,
2000; Sumiyoshi et al., 2001a; Sumiyoshi et al., 2001b, Sirota et al., 2001;
Sumiyoshi et al., 2007). As a result, some last generation antipsychotic drugs,
such as aripiprazole, SLV313 or bifeprunox incorporate, among other

properties, partial agonism for 5-HT1AR.

5-HT1ARs are widely expressed in mammalian brain. They are located
presynaptically on the soma and dendrites of serotonergic neurons, where
they play an autoreceptor role, and are also located in pyramidal and
GABAergic neurons of the neocortex and limbic system (Cruz et al, 2004; Kia
et al, 1996; Martinez et al, 2001; Pazos and Palacios, 1985; Pompeiano et al,
1992; Riad et al, 2000; Santana et al, 2004), where they mediate inhibitory
actions of 5-HT (Andrade and Nicoll, 1987; Innis and Aghajanian, 1987;
Araneda and Andrade, 1991; Blier and de Montigny, 1987b; Puig et al, 2005).
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Preclinical data show that administration of the selective 5HT1a agonist 8-
OH-DPAT is involved in working memory (Meneses, 2007), a PFC-based
process (Fuster, 2008). This agent also improves visuospatial attention and
decreases impulsivity on the 5 choice serial reaction time task in rats
(Winstanley et al., 2003). Likewise, low 8-OH-DPAT doses reverse the deficit
in pre-pulse inhibition evoked by the NMDA antagonist MK801, used as a

pharmacological model of schizophrenia (Bubenikova-Valesova et al., 2007).

Consistent with the inhibitory nature of 5-HT1AR (Andrade and Nicoll, 1986;
Innis and Aghajanian 1987), endogenous 5-HT hyperpolarizes and inhibits
PFC pyramidal neurons through the activation of 5-HT1AR both in vitro and in
vivo (Araneda and Andrade, 1991; Amargds-Bosch et al., 2004, Puig et al.,
2005). However, the systemic administration of 5HT1a agonists paradoxically
increases the activity of mPFC pyramidal neurons (Borsini et al., 1995; Hajés
et al., 1999; Diaz-Mataix et al., 2006) and VTA dopaminergic neurons (Diaz-
Mataix et al., 2005). This paradoxical effect suggests the involvement of brain

networks in which 5-HT1AR are present.

Given the potential therapeutic usefulness of 5-HT1AR activation in
PFC, we undertook the present study to understand the mechanism(s) and
neuronal elements by which 5-HT1AR agonists can increase pyramidal neuron
activity in mPFC balancing monoamine neurotransmission in this area and
facilitating the activity of mPFC in tasks such as working memory (Fuster,
2008).

Materials and Methods
Animals and treatments.

Male albino Wistar rats (230-320 g; Iffa Credo, Lyon, France) were kept in a
controlled environment (12 h light-dark cycle and 22+2°C room temperature)
with food and water provided ad libitum. Animal care followed the European
Union regulations (O.J. of E.C. L358/1 18/12/1986) and was approved by the
Institutional Animal Care and Use Committee. All experiments were done in

chloral hydrate anesthetized animals, initial dose 400 mg/kg i.p. and
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maintenance dose ~1 mg/kg/min i.p. with a perfusion pump. Stereotaxic
coordinates (in mm) were taken from bregma according to the atlas of Paxinos
and Watson (1998). Body temperature was maintained at 37°C throughout the

experiment with a heating pad.

WAY-100635 (5-HT1a antagonist), (£) 8-OH-DPAT (5-HT1a agonist, referred
onwards as 8-OH-DPAT), R(+)-8-OH-DPAT (active enantiomer, 5-HT1a
agonist), gabazine (SR95531, GABAa antagonist), bicuculline (GABAa
antagonist), nomifensine (norepinephrine-dopamine uptake inhibitor) and 4-
chloro-DL-phenylalanine methyl ester hydrochloride (pCPA, tryptophan
hydroxylase inhibitor) were from Sigma-Aldrich (St. Louis, MO). Neurobiotin
(intracellular label) was from Vector Labs (Burlingame, CA) and citalopram
(serotonin reuptake inhibitor) from H. Lundbeck A/S (Copenhagen-Valby,
Denmark). Concentrated stock solutions of WAY100635, 8-OH-DPAT and
R(+)8-OH-DPAT were prepared and aliquots were stored at -20°C. Working
solutions were prepared daily by dilution in saline and were injected i.v. (up to
1 ml/kg) through the femoral vein. Gabazine (20 mM dissolved in 0.2 M NacCl),
bicuculline (20mM dissolved in 1M NaCl) and neurobiotin (20% dissolved in
0.5 M NaCl) were prepared and stored at -20°C until the day of the
experiment. They were used to fill the recording micropipette in specific
experimental groups. Nomifensine was prepared at 2 mg/ml in saline, stored
at -20°C and injected i.p. at 10 mg/kg. pCPA was prepared daily at 150 mg/m|
and injected at 300 mg/kg i.p. Citalopram was prepared at 10 yM in artificial
CSF (aCSF) and was used as the perfusion media in the microdialysis

experiments.
Electrophysiological recordings

We performed single unit extracellular recordings in anesthetized animals
(chloral hydrate 400 mg/kg i.p. followed by 50-70 mg/kg/h using a perfusion
pump) to analyze the responses of mPFC neurons elicited by the systemic
administration of 8-OH-DPAT. The specificity of the responses was evaluated
by the subsequent administration of the selective 5-HT4a antagonist
WAY 100635 at 50-100 pg/kg i.v. Recordings were essentially performed as
previously described (Kargieman et al., 2007; Llad6-Pelfort et al., 2010) in the

following experimental groups:
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Control and R(+)-8-OH-DPAT experimental groups. Recording electrodes were
filled with saline 2M or Pontamine Sky Blue in saline 2M for the identification of
the recording site (resistances between 6 and 12 MQ). We recorded the single
unit activity of mPFC pyramidal neurons (AP +3.2to +3.4, L -0.5t0 -1, DV -1 to
-4 mm) projecting to the VTA, identified by antidromic stimulation (0.4-1.5 mA,
0.2 ms, 0.9 Hz) from the VTA (AP -5.8, L -0.4, DV -8 mm), collision test (Fuller
and Schlag, 1976) and verification of the stimulation sites. 8-OH-DPAT was
administered i.v. at 0.75-60 pg/kg (free base) in the control group and R(+)8-
OH-DPAT at the dose of 0.375-30 pg/kg.

Gabazine and bicuculline experimental groups. Recording electrodes were
filled with either gabazine (20 mM) in 0.2 M NaCl or bicuculline methiodide (20
mM) in 1M NaCl, (Tepper et al., 1997). The tips of the electrodes were broken
to a final resistance of 9-15MQ, (electrode tip 5-7um diameter). Both drugs
were administered locally to recorded neurons by passive diffusion through the
recording micropipette as described (Steward et al. 1990). The correct leaking
of gabazine and bicuculline was verified by the higher discharge rate of the
recorded pyramidal neurons. mPFC pyramidal neurons were identified as
above (e.g., antidromic stimulation from VTA and collision test). 8-OH-DPAT

was administered i.v. at 0.75-60 pg/kg (free base).

GABAergic interneurons. Recording electrodes were filled with Neurobiotin
2% in 0.5M NaCl (resistances 15-22MQ). We recorded the activity of mPFC
single unit, fast-spiking GABAergic interneurons (AP +3.2 to +3.4, L -0.5 to -1,
DV -1 to -4 mm) identified by a) electrophysiologic characteristics as described
by Tierney et al., 2004 -average depolarization duration (10 spikes) of the
action potential and basal firing rate- and b) subsequent staining with
Neurobiotin and in situ hybridization for GADes (see below). 8-OH-DPAT was
administered i.v. at 0.75-60 pg/kg (free base).

After the experiment, neurons were juxtacellularly labeled with Neurobiotin
as described (Pinault 1996; Mallet 2005). Briefly, positive current pulses
(200ms on 200 ms off) of 1-6 nA were applied. The current was increased until
it drove cell firing for 5-20 min. Pontamine Sky Blue was injected 200 ym
anterior and posterior to the recording site to optimize the identification of the

recorded cell placement.
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Histochemical detection of neurobiotin and GAD67 mRNA. GAD67 mRNA was
detected by in situ hybridization using an oligonucleotide probe (Access
number: NM_017007, Base pairs: 1600-1653). The probe (2 pmol) was
labeled at its 3’-end with [33P]a-dATP (>2500 Ci/mmol; Perkin-Elmer, Boston,

MA, USA) using terminal deoxynucleotidyltransferase (Roche Diagnostics

GmbH, Mannheim, Germany) and then purified by centrifugation using
QIAquick Nucleotide Removal Kit (Qiagen GmbH, Hilden, Germany).
Neurobiotin was visualized using an amplification system (Vectastain Elite
ABC Kit, Vector Laboratories).

Brains were cut using a microtome-cryostat (Microm HM 560 OM, Walldorf,
Germany) into 14 um thick sections that were thaw-mounted onto microscope
glass slides pretreated with Histogrip (Zymed Laboratories Inc., San
Francisco, CA, USA). The protocol for in situ hybridation was based on
previously described procedures (Tomiyama 1997) and already published
(Abellan et al., 2000). Briefly, frozen tissue sections were first brought to room
temperature, washed in 3x Dulbecco’s phosphate buffered saline (3x PBS; 1x
PBS: 8 mM NazHPO4, 1.4 mM KH2PO4, 136 mM NacCl, 2.6 mM KCI), 2 times
in 1x PBS, incubated at 20 °C in a solution of predigested pronase
(Calbiochem, San Diego, CA) at a final concentration of 24 U/mL in 50 mM
TrisHCI pH 7.5, 5 mM EDTA. The enzymatic activity was stopped by
immersion for 30 s in 2 mg/mL glycine in 1x PBS. Tissues were finally rinsed in
1x PBS and dehydrated through a graded series of ethanols. For hybridization,
the labeled probes were diluted in a solution containing 50% formamide, 4x
SSC (1x SSC: 150 mM NaCl, 15 mM sodium citrate), 1x Denhardt’s solution
(0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin), 10%
dextran sulfate, 1% sarkosyl, 20 mM phosphate buffer pH 7.0, 250 pg/mL
yeast tRNA and 500 pg/mL salmon sperm DNA. Tissue sections were covered
with hybridization solution containing the labeled probe, overlaid with
Nescofilm coverslips (Bando Chemical Ind., Kobe, Japan) and incubated
overnight at 42°C in humid boxes. Sections were then washed 4 times (45 min
each) in washing buffer (0.6 M NaCl,10 mM Tris-HCI pH 7.5) at 60°C and once
in the same buffer at rt for 15 min. After the in situ hybridization protocol, tissue
sections were kept for 15 min in buffer B (0.1 M Tris-HCI, pH 7.5 containing 1
M NaCl, 2 mM MgCl..6H20). The sections were incubated for 30 min in
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Vectastain Elite ABC solution (Vector Laboratories) in the same buffer B at
37°C, then washed 3 times, and finally immersed in a solution of 0.5 mg/mL
3,3’-diaminobenzidine (DAB, Sigma-Aldrich) in Tris-HCI 0.05 M, pH 7.5,
containing 1 pL/mL H202 during 10 min. The sections were then washed three
times in buffer B, briefly dipped in 70 and 100% ethanol, air-dried and dipped
into lIford K5 nuclear emulsion (liford, Mobberly, Cheshire, UK) diluted 1:1 with
distilled water. They were exposed in the dark at 4°C for 2 weeks and were
finally developed in Kodak D19 (Kodak, Rochester, NY) for 5 min, fixed in
lIford Hypam fixer (lIford) for 5 min, washed, and coverslipped using Mowiol
(Merck).

Hippocampus experimental group. The recording electrodes were filled with
2% Pontamine Sky Blue in saline 2M for the identification of the recording site.
We recorded the single unit activity of hippocampal CA1-Subiculum pyramidal
neurons (AP -6.3 to -7, L -4, DV 15° -4 to -7 mm) projecting to the mPFC
identified by antidromic stimulation (1mA, 0.5Hz, 300ms) from the mPFC (AP
+3, L-0.8, DV -3.5 mm). 8-OH-DPAT was administered i.v. at 0.75-60 ug/kg

(free base).

pCPA group. To examine whether pyramidal neuron excitation in mPFC was
due to the removal of an inhibitory tone secondary to the activation of raphe 5-
HT+a autoreceptors, a group of rats was subjected to 5-HT depletion with the
tryptophan hydroxylase inhibitor pCPA. Rats were treated at day 0 with
nomifensine one hour before the injection of pCPA to protect catecholamine
neurons. Recordings of single mPFC pyramidal neurons projecting to the VTA
were performed at days 2, 3 or 4 as in the control group (maximal inhibition of
5-HT synthesis occurs at day 2 post-administration, followed by a slow
recovery; Cortés et al., 1993). 5-HT depletion was assessed by HPLC of PFC
homogenates, as described (Adell et al., 1989). 8-OH-DPAT was administered
i.v. at 0.75-60 ug/kg (free base).
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In vivo microdialysis

Microdialysis procedures in rats were conducted essentially as previously
described in Amargdés-Boch et al., (2004). Anesthetized rats (sodium
pentobarbital, 60 mg/kg i.p.) were stereotaxically implanted with concentric
microdialysis probes equipped with a Cuprophan membrane (4 mm long) at the
following coordinates (in mm) mPFC: AP +3.2, L -0.8, DV —6.0. Animals were left
to recover from anesthesia in their home cages. On the following day (e.g., ~20 h
after probe implant) they were anesthetized with chloral hydrate to mimic exactly
the conditions of electrophysiological recordings. Probes were perfused at 3 pl/
min with aCSF containing 10uM of citalopram. After a 100-min stabilization
period, dialysate samples were collected every 4 min. 8-OH-DPAT and
WAY 100635 were injected i.v. at the same doses than in control
electrophysiological experiments. The concentration of 5HT in dialysate samples
was determined by HPLC with amperometric detection (Hewlett-Packard 1049
detector, set at +0.7 V) as described previously (Amargos-Bosch et al., 2004;

Lopez-Gil et al., 2007) with a detection limit of 2 fmol/sample.
Histology

After experimental procedures were completed, animals were killed by an
anaesthetic overdose. The brains were quickly removed, frozen in dry ice and

kept at -80°C before being sectioned (50 um) with a cryostat in coronal planes.

Brain sections were then stained with neutral red, according to standard
procedures to verify the recording (if recording electrode was filled with
Pontamine Sky blue) and stimulation sites. In microdialysis experiments,
sections were examined to verify the correct placement of probes in the
mPFC.

The analysis of neuronal activity in PFC evoked by 8-OH-DPAT was also
assessed by the expression of c-fos mMRNA using double in situ hybridization,
as described previously (Kargieman et al., 2007). Two groups of anesthetized
rats were administered i.v. with saline or 8-OH-DPAT (7.5 ug/kg) and killed
after 30 min by anaesthetic overdose and decapitatation. The brains were
rapidly removed, frozen on dry ice, and stored at -20°C. Brain tissue sections,

14-uym thick, were cut using a microtome-cryostat (Microm HM500 OM,
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Walldorf, Germany), thaw-mounted onto APTS (3-aminopropyltriethoxysilane,
Sigma,St Louis, MO, USA)-coated slides and kept at —20°C until use. The
oligodeoxyribonucleotide probes used were complementary to the following
bases: c-fos, 131-178 (GenBank accession no. NM 022197); vesicular
glutamate transporter vGluT1 (a glutamatergic cell marker), 127-172 and
1756-1800 (GenBank accession no. U07609); GADG65 isoform of the enzyme
glutamate decarboxylase (GAD, to label GABAergic cells), 514-558 (GenBank
Accession No. NM_012563); GADG67 isoform, 191-235 (GenBank Accession
No. NM_017007). Probes were synthesized on a 380 Applied Biosystems
DNA synthesizer (Applied Biosystems, Foster City, CA).

c-fos oligonucleotide was always labeled at its 3’-end with [33P]-dATP
(>3000 Ci/mmol; DuPont-NEN, Boston, MA, USA) with terminal
deoxynucleotidyltransferase (TdT, Calbiochem, La Jolla, CA, USA) and
purified with ProbeQuant™ G-50 Micro Columns (GE Healthcare UK Limited,
Buckinghamshire, UK). VGIuT1 and GAD oligonucleotides were individually
labeled with Dig-11-dUTP (Boehringer Mannheim) using TdT (Roche

Diagnostics GmbH, Mannheim, Germany), and purified as above.

The protocols for double-label in situ hybridization were based on previously

described procedures (Amargds-Bosch et al., 2004; Santana et al., 2004).

Micrography and cellular counting were performed in an Olympus BX51
Stereo Microscope equipped with an Olympus Microscope Digital Camera
DP71, with the aid of Visiopharm Integrator System software (Olympus). Cells
were counted in three adjacent sections of each rat and averaged to obtain
individual values. Results are given as mean * SEM of 3 rats. The figures
were prepared for publication using Adobe Photoshop software (Adobe
Software, Mountain View, CA, USA).

Data and statistical analysis

Changes in firing rate were quantified by averaging the values in the third
minute after each drug injection. Excitations were defined as increases 230%
of basal firing rate and inhibitions as decreases of 230% of basal firing rate.
The effects of 8-OH-DPAT and WAY100635 were assessed by one-way

repeated measures ANOVA.
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Cell counting was performed manually at the microscope with the help
of analysis Software. Only cellular profiles showing great abundance of both
transcripts were considered to co-express both mRNAs. A semiquantitative
measure of the optical densities was conducted for in situ hybridization studies
with the AISR computerized image analysis system (Imaging Research Inc, St
Catharines, Ontario, Canada). For each rat, individual values of optical
densities in prelimbic area of PFC were calculated as the mean of 3 adjacent
sections of 3 rats per treatment group. Statistical analysis was performed
using a statistical software package (GraphPad Prism 4, GraphPad Software

Inc, San Diego, CA, USA). p < 0.05 was considered statistically significant.

Comparisons between groups were assessed by two way ANOVA or x2.
Data are expressed as the mean + SEM. Statistical significance has been set

at the 95% confidence level (two tailed).

Results

Effects of 8-OH-DPAT on pyramidal neuron firing: biphasic dose-

response curve

8-OH-DPAT administration evoked an overall biphasic dose-response curve on
the firing rate of mPFC pyramidal neurons (n=30; Fig. 1A), with excitations at
low doses (0-7.5 pg/kg i.v.; F(2,36)=5.47, p<0.01, n=19) and inhibitions at
higher doses of 8-OH-DPAT (7.5-60 ug/kg i.v.; F(2,28)=3.91, p<0.04, n=15). A
detailed analysis of the response patterns evoked by 8-OH-DPAT indicated the
existence of distinct response patterns (Fig. 1B): a) activations, b) inhibitions,
c) inhibitions at low doses followed by excitations at higher doses, and d)
excitations at low doses followed by inhibitions at higher doses. The most
common pattern was an excitation at low doses of 8-OH-DPAT followed by
inhibition at higher doses (Fig. 1B and 1C), with significant increases in the
firing rate at 0.75 and 7.5 ug / kg i.v. and decreases at 60 ug / kg i.v.
(F(4,36)=5.32, p<0.002, n=10) (Fig. 1D). Very few pyramidal neurons
responded with inhibitions to 8-OH-DPAT administration (Fig. 1E).
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Excitations and inhibitions evoked by 8-OH-DPAT (mean cumulative doses
43.4 + 15.3 and 75.8 + 15.1 ug/kg i.v., respectively; n = 7 each), were reversed
by the subsequent administration of the SHT1A antagonist WAY 100635 (mean
doses 92.9 + 13.7 pyg/kg i.v., n = 14) (Fig. 1F).
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Figure 1 (previous page). Effect of the administration of 8-OH-DPAT (0.75-60 pg/kg, i.v.) on
the firing rate of mPFC pyramidal neurons. A) Bar graph showing the overall dose-response
relationship of the firing rate of mPFC pyramidal neurons recorded in control conditions after
the administration of increasing doses of 8-OH-DPAT. Numbers within bars are the number of
neurons recorded in each group. B) Proportion of response patterns of mPFC pyramidal
neurons after the administration of increasing doses of 8-OH-DPAT (n=15). INH, inhibitions;
INH+EXC, inhibitions followed by excitations; EXC+INH, excitations followed by inhibitions;
EXC, excitations. C) Representative example of the most common pattern of response shown
by mPFC pyramidal neurons after the systemic administration of 8-OH-DPAT (0.75-60 pg/kg
i.v.; injections shown by vertical arrows) and its reversal by WAY 100635 (50 and 50 ug/kg i.v.).
D) Bar graph showing the dose-response relationship for the most common response pattern
(excitations at low doses of 8-OH-DPAT and inhibitions at higher doses) * p< 0.02 vs basal; #
p<0.02 vs 8-OH-DPAT at 7.5 ug/kg i.v . As observed, the maximal excitatory effect was
produced by 7.5 pug/kg i.v. E) Representative example of a pure inhibitory response of a
mPFC pyramidal neuron after the systemic administration of 8-OH-DPAT. The 8-OH-DPAT-
induce inhibition is maintained at all doses and is reversed by the administration of WAY
100635. F) Bar graph showing the reversal by WAY-100635 of the excitations and inhibitions
produced by 8-OH-DPAT. *p < 0.05 vs 8-OH-DPAT.

Given the inhibitory nature of 5-HT+ia receptors (see Introduction), we
focused our attention on the excitatory responses evoked by low 8-OH-DPAT
doses (e.g., 0.75-7.5 pg/kg i.v.) in pyramidal neurons. The drug produced a
significant increase in the firing rate of mMPFC pyramidal neurons at the dose of
7.5 ug/kg i.v.: from 2.0+0.3 spikes/s to 3.4+0.5 spikes/s (239154 % basal firing,
n=19; F(2,36)=5.47, p<0.01) (Fig. 2A). This excitatory response was observed
in 84% of the recorded neurons (Fig. 2B and C).
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Figure 2. A) Excitation of mPFC pyramidal neurons produced by low doses of 8-OH-DPAT. B)
Proportion of neurons excited by low doses of 8-OH-DPAT. (N=19). C) Representative
example of a neuron excited by low doses of 8-OH-DPAT and the reversal of the effect by
WAY 100635.

The more active (+)R-8-OH-DPAT enantiomer also produced significant
excitations of mPFC pyramidal neurons at the dose of 7.5ug/kg i.v. (n=10,
F(2,18)=5.46 p<0.02) (Fig. 3A). Biphasic dose-response curves (e.g.,
excitations at low doses and inhibitions at higher doses) were also present in

this experimental group (Fig. 3B).
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Figure 3. The active (+)-R-8-OH-DPAT enantiomer induced similar responses on mPFC
pyramidal neuron firing activity than the racemic compound. A) Excitation of mPFC pyramidal
neurons produced by low doses of the R(+)-8-OH-DPAT enantiomer. B) Integrated firing rate
histogram showing a neuron with a biphasic dose-response relationship to the administration
of R(+)-8-OH-DPAT.

Role of 5HT1a autoreceptors on the 8-OH-DPAT induced excitation of

mPFC pyramidal neurons

Previous observations using microiontophoretic application of 5-HT1a receptor
agonists indicated a preferential sensitivity of 5-HT1a located on DR
serotonergic neurons compared with those in the hippocampal formation
(Sprouse and Aghajanian, 1988). We therefore tested whether the excitatory
effect of low 8-OH-DPAT doses on mPFC pyramidal neurons could be due to a
secondary excitation after the removal of the serotonergic tone. To this end,
we performed two different sets of experiments. In one of them, we examined
the effect of increasing doses of 8-OH-DPAT on 5-HT release in mPFC using

exactly the same experimental conditions than in electrophysiological
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recordings, (i.e., i.v. drug administration, chloral hydrate anesthetized rats)
together with a high flow rate and short collection time to quickly estimate drug
effects on 5-HT output. In the second set of experiments, we examined the
effect of 8-OH-DPAT in rats depleted of 5-HT with the 5-HT synthesis inhibitor
pCPA, under the working hypothesis that, should 8-OH-DPAT-mediated
excitations be due to a removal of a serotonergic inhibitory tone on other 5-HT

receptors, this effect would disappear in animals depleted of 5-HT.

Baseline 5-HT values in dialysate samples of anaesthetised rats were
20.5+6.7 fmol/4-min fraction. 8-OH-DPAT administration induced a dose-
dependent reduction of 5-HT output in mPFC (F(21,42) = 31.4; p<0.0001, n =
4; Fig. 4A). The 5HT output fell to 47+6 % of baseline at the dose of 7.5ug/kg.
Higher doses of 8-OH-DPAT further reduced 5-HT release to 327 % (30 pg/kg
i.v.) and 27+4 % of baseline (60 pg/kg i.v.). WAY100635 (50 pg/kg, i.v.)
significantly reversed the 8-OH-DPAT-induced decrease of the extracellular 5-
HT concentration in the mPFC (Fig. 4A; n = 4, F(24,48) = 10.52; p<0.00001).

In 5-HT-depleted rats (pCPA; 300 mg/ kg i.p. 2-4 days before recordings)
the tissue concentration of 5-HT in mPFC was ~5 % of control rats (134 £ 14
pmol/g vs. 2512 + 115 pmol/g; n=10 and 9, respectively; p<0.00001; Student’s
t test). SHT depletion by pCPA did not avoid neither the excitations of
pyramidal neurons induced by low doses (up to 7.5 ug/kg i.v.) of 8-OH-DPAT
(F(2,18)=4.09 p<0.04; n=10,) (Fig. 4B) nor the biphasic dose-response curve
(Fig. 4C).
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Figure 4. A) Effect of the intravenous administration of 0.75, 7.5, 30 and 60 ug / kg of 8-OH-
DPAT on extracellular 5-HT in the mPFC of anesthetized rats. 8-OH-DPAT significantly
decreased 5-HT, with a maximal effect at 30-60 pg/kg, an effect reversed by the subsequent
administration of WAY-100635 (50 ug / kg i.v.) (*p < 0.001 vs baseline). Pannels B) and C)
show the effect of the intravenous administration of 8-OH-DPAT on the firing rate of mPFC
pyramidal neurons in pCPA-treated rats. B) Bar graph showing the mean + SEM values of
firing rate in basal conditions and after the administration of increasing doses of 8-OH-DPAT.
Note the similar excitation of mPFC pyramidal neurons produced in control conditions (Fig.
2A) and in pCPA-treated rats. C) Integrated firing rate histogram showing a biphasic dose-
response curve of a mPFC pyramidal neuron after 8-OH-DPAT administration in a pCPA
treated rat.
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Role of hippocampal pyramidal neurons

Given the presence of 5-HT1a receptors in hippocampal pyramidal neurons
(Pompeiano et al., 1992) and the existence of a projection from the
hippocampal formation to the prelimbic subdivision of the mPFC (Jay et al.,
1989) we examined whether activation of hippocampal 5-HT1a receptors could

contribute to the observed effects in mPFC.

Hippocampal pyramidal neurons projecting to the mPFC, identified by
antidromic activation from the mPFC, are silent in chloral hydrate anesthetized
rats. The administration of 8-OH-DPAT does not evoke any increase in the
discharge rate (n=7). A representative example of an antidromically identified
hippocampal neuron projecting to mPFC is shown in figure 5A as well as some

examples of recording and stimulation sites in CA1/S (Fig. 5B).
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Figure 5 (previous page). A) Effect of the systemic administration of 8-OH-DPAT on the firing
rate of a CA1/Sub hippocampal neuron projecting to mPFC. Note the absence of spontaneous
discharges in chloral hydrate anesthetized rats. The administration of 8-OH-DPAT or WAY
100635 did not change the firing rate of the neuron. The neuron was identified by antidromic
stimulation (stim) before recording basal condition and after the administration of the drugs as
shown in the traces above the integrated firing rate histogram. AP, antidromic potentials after
stimulation from mPFC. B) (a-c) Examples of recording sites (black arrowheads) of
hippocampal pyramidal neurons projecting to the mPFC. (d) Stimulation site (white

arrowhead) in the mPFC.

Role of GABAergic interneurons

5-HT+a receptors are located in a substantial proportion of PFC GABAergic
neurons (Santana et al., 2004) and these make extensive cortical networks via
electrical synapses (Hestrin and Galarreta, 2005). We therefore tested the
hypothesis that the excitatory phase of 8-OH-DPAT action could in fact be a
disinhibition produced by the activation of 5-HT1a receptors on GABA neurons.
To this end, we performed two sets of experiments. Thus, we examined the
effect of systemic 8-OH-DPAT administration on pyramidal neurons whose
GABAA\ inputs were blocked by a local leak of a selective GABAAa antagonist
(gabazine). In the second set of experiments, we directly examined the effect
of systemic 8-OH-DPAT administration on the firing rate of fast-spiking GABA

interneurons.

Effects of local blockade of GABAA inputs on responses of pyramidal
neuron to 8-OH-DPAT administration. The local blockade of GABAa inputs
onto the recorded pyramidal neurons produced three main effects: a) an
increase of the basal firing rate of mPFC pyramidal neurons (control n=30,
mean firing rate 2.0+0.3 spikes/s; gabazine n=16, mean firing rate 4.4+0.7
spikes/s; p<0.001; Student’s t-test); b) it changed response patterns of mPFC
pyramidal neurons to 8-OH-DPAT administration, being pyramidal neurons
less sensitive to the drug (control n=15, gabazine n=14; x? p<0.01; Fig. 6A-C)
and c) prevented the excitatory effect of 8-OH-DPAT (control n=19, gabazine
n=14; gabazine effect F(1,31)=5.66 p<0.03; 8-OH-DPAT effect F(2,62)=2.98
p=0.06 n.s; 8-OH-DPAT / gabazine interaction F(2,62)=3.29 p<0.05) (Fig. 6D-
F). The local blockade of the GABAa inputs with bicuculline produced similar

results than those obtained with gabazine (results not shown).
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Figure 6. Effects of the local application of gabazine (GABAa antagonist) through the
recording electrode on the responses of mPFC pyramidal neurons to 8-OH-DPAT
administration. A) and B) show examples of the two most common patterns of response
produced by 8-OH-DPAT on mPFC pyramidal neurons after the local blockade of GABAAa
inputs: lack of response and inhibition. The inhibition is reversed by the subsequent
administration of WAY 100635. C) Bar diagram showing the change in the firing rate of
pyramidal neuron produced by 8-OH-DPAT in control conditions and during blockade of
GABAa inputs with gabazine .*p < 0.01 vs basal ; #p < 0.03 vs control. D) Proportions of
response patterns produced by 8-OH-DPAT on mPFC pyramidal neurons after the local
blockade of GABAA inputs by gabazine (n = 14). NR, no-response; INH, inhibitions; EXC+INH,
excitations followed by inhibitions; EXC, excitations *compare with Fig. 1B). E and F) Plots of
the change in firing rate (percentage of baseline) induced by 8-OH-DPAT vs. the pre-drug
firing rate (E, control conditions; F in presence of gabazine)
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Effects of 8-OH-DPAT on fast-spiking GABAergic interneurons. Fast-spiking
mPFC GABAergic interneurons were identified by their electrophysiological
features (see Methods; Fig. 7A) and subsequent histological characterization
using immunohistochemistry for neurobiotin and in situ hybridization for GAD
(Fig. 7B). GABAergic interneurons showed a mean higher basal firing rates
than pyramidal neurons (GABA neurons n=21, 10.4+1.6 spikes/s; pyramidal
neurons —control group- n=30, 2.0+0.3 spikes/s Student’s t-test p<0.0000001;
Fig. 7C) and shorter action potentials (GABA neurons n=21 duration 0.39+0.03
ms, pyramidal controls n=27, duration 0.75+0.05 ms Student’s t-test
p<0.0000001; Fig. 7D). This permitted to group pyramidal and GABAergic
neurons in two clusters (Fig. 7A). Moreover, some recorded GABAergic
interneurons were identified by yuxtacellular labeling with neurobiotin and
further characterization of the presence of GAD mRNA by in situ hybridization
(Fig. 7B).
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Figure 7. Characterization of fast spiking GABAergic interneurons in mPFC. A) Plotting the
action potential duration vs. the basal firing rate creates two separate clusters grouping
pyramidal neurons on one side and fast-spiking GABAergic interneurons on the other. B)
GABAergic interneuron labeled with juxtacellular injection of neurobiotin (brown) and positive
for the in situ hybridization for GAD. (horizontal line: 100um). C) Putative fast spiking
interneurons show shorter action potential duration compared to mPFC pyramidal neurons
*p<0.0000. D) Putative fast spiking interneurons show significantly higher firing rates than

mPFC pyramidal neurons *p<0.0000.
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8-OH-DPAT reduced the firing rate of fast-spiking mPFC GABAergic
interneurons, from 10.0£1.9 (baseline) to 9.5£1.8 (0.75 pg/kg i.v.), 7.3£1.5 (7.5
Ma/kg iv), 6.9+1.3 (30 ug/kg i.v) and 6.7t1.5  spikes/s (60 ug/kg i.v)
(F(4,60)=5.00 p<0.002; n = 16; significant differences of doses of 7.5, 30 and
60 pg/kg i.v vs baseline; post hoc Newman-Keuls test). These inhibitions were
reversed by the subsequent administration of the 5HTia antagonist
WAY 100635 (F(2,22)=12.07 p<0.001, n=12; Fig. 8A-C).

The decrease in firing rate of fast-spiking interneurons induced by 8-OH-
DPAT occurred at doses that excited pyramidal neurons (Fig. 8D). Two-way
ANOVA revealed a significant effect of cell type factor (F(1,37)=18.86
p<0.0001) as well as a significant interaction between both 8-OH-DPAT and
cell type (F(2,74)=8.44 p<0.0005; pyramidal neurons, n=19; GABAergic
neurons, n=20). In some instances, a pyramidal and a GABAergic neuron
were simultaneously recorded, as in the example shown in Fig. 8E, which
shows a decrease of the discharge rate of the GABAergic neuron together
with an increase of the activity of the pyramidal neurons following he
administration of 8-OH-DPAT.
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Figure 8. A, B) Representative examples of the effect of the 5-HT1a agonist 8-OH-DPAT
(0.75-60 ug/kg i.v.; injections shown by vertical arrows) on the activity of fast spiking mPFC
GABAergic interneurons and its reversal by the subsequent administration of WAY 100635.
C) Bar graph showing the inhibitory effect of 8-OH-DPAT on mPFC fast spiking GABAergic
interneurons and the reversal by WAY100635 of these inhibitions. *p<0.001 vs baseline; #
p<0.001 vs 8-OH-DPAT. D) Bar graph showing the opposite and simultaneous effect of 8-OH-
DPAT on the activity of mPFC pyramidal neurons (control group) and fast spiking GABAergic
interneurons. E) Dual recording of a pyramidal neuron and a putative GABAergic interneuron
showing the temporal coincidence of the inhibition of mMPFC GABAergic interneuron and the
excitation of the pyramidal neuron.
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Induction of c-fos in mPFC by 8-OH-DPAT

The i.v. administration of 7.5 ug/kg 8-OH-DPAT to chloral hydrate anesthetized
rats (as in electrophysiological experiments) induced a marked increase in the
expression of the immediate early gene c-fos (Fig. 9). The expression of c-fos
was notably more marked in all subdivisions of the mPFC where extracellular
recordings were made. Double in situ hybridization experiments revealed that
the increase in c-fos expression occurred in glutamatergic (vGIluT1-positive)
but not GABAergic (GAD-positive) neurons (Figs. 9B-9D). Cell counting
indicated that 8-OH-DPAT induced the expression of c-fos in ~20% of all
pyramidal cells in the mPFC without any significant effect on the expression in

GABAergic (GAD-positive) neurons.

Figure 9 (next page). Effects of the i.v. administration of 7.5 ug/kg of 8-OH-DPAT on c-fos
expression in PFC. (A) Macroscopic dark-field images from emulsion-dipped coronal sections
at the level of PFC (AP +3.2 mm) from control (A1) and treated (A2) rats showing the
localization of cells expressing c-fos mMRNA. Note the 8-OH-DPAT-induced expression of c-fos
in various areas of the PFC, notably in its medial part, where the extracellular recordings were
made. (B) High magnification photomicrographs showing the detection in mPFC (prelimbic
area) of c-fos mMRNA by using 33P-labeled oligonucleotides (silver grains) in pyramidal cells,
visualized by hybridization with digoxigenin-labeled oligonucleotides complementary to vGIuT1
mRNA (dark precipitates). Note the increase in the number of c-fos positive cells induced by 8-
OH-DPAT treatment. (B1: saline; B2: 8-OH-DPAT). Blue arrowheads mark some cells positive
for vGIuT1 mRNA, black arrowheads mark some cells positive for c-fos mMRNA. Double labeled
cells are marked by both arrowheads. (C) High magnification photomicrographs showing the
expression of c-fos mRNA (silver grains) in GABAergic cells of the prelimbic PFC, visualized
by GAD mRNA (dark precipitate). Note the increase in the number of c-fos positive cells not
expressing GAD mRNA in the 8-OH-DPAT group (C2) (black arrowheads). (D) Bar graphs
showing drug effects on the percentage of pyramidal [vGluT1-positive (left)] and GABAergic
neurons [GAD-positive (right)] expressing c-fos mRNA after treatment. Bars show mean +
SEM of 3 rats/group. *P < 0.01 vs. saline. (Scale bar: 10 ym.).
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Discussion

The present study shows that the 5-HT1a agonist 8-OH-DPAT produces a
biphasic dose-response curve on the activity of mPFC pyramidal neurons
projecting to the VTA, with excitations at low doses and inhibitions at higher
doses. Our results suggest that the excitation on mPFC pyramidal neurons
produced by low doses of 8-OH-DPAT is secondary to the action of this drug
on mPFC fast-spiking GABAergic interneurons. The involvement of 5-HT1a
receptors in the hippocampus or raphe 5-HTia autoreceptors as well as
unspecific actions of 8-OH-DPAT on other receptors or differential actions of
the (+)enantiomer vs. the racemic compound seem to be discarded to explain
the 8-OH-DPAT-induced excitations of mPFC pyramidal neurons. The present
observations may be relevant for the treatment of negative symptoms and
cognitive deficits in schizophrenia which are poorly treated by current
antipsychotic drugs, as an increase of pyramidal neuron activity in mPFC may
balance monoamine neurotransmission in this area and facilitate the activity of
mPFC in tasks such as working memory (see Fuster, 2008 for review).
Moreover, although 8-OH-DPAT is not available for human use, recent 5-HT1a
agonists in development with a preferential action on postsynaptic 5-HT1a
receptors, like F15599, also increase pyramidal neuron activity at low doses
(Llado-Pelfort et al.,, 2010). This excitatory effect was previously seen with
other compounds displaying 5-HT1a receptor affinity (Borsini et al., 1995; Diaz-

Mataix et al., 2006), which suggests a similar mechanism of action.

8-OH-DPAT exerted a biphasic dose-response curve on mPFC pyramidal
cell firing activity. The inhibitions produced by 8-OH-DPAT can be accounted
for by a direct action through 5-HT1a receptors located on mPFC pyramidal
neurons (Kia et al., 1996; Czyrak et al., 2003), as 50-60 % pyramidal neurons
in mPFC express this receptor (Santana et al., 2004). These results are also in
agreement with previous studies showing that local application of 5-HT1a
agonists inhibits putative cortical pyramidal neurons (Araneda and Andrade,
1991; Ashby et al, 1994; Rueter and Blier, 1999). They are also consistent with
the inhibitory effect of endogenous serotonin on mPFC pyramidal neurons
through 5-HT1a receptors (Amargds-Bosch et al., 2004; Puig et al., 2005).
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Since 8-OH-DPAT is a racemic mixture, the biphasic dose-response curve
could theoretically be due to differential actions of the two enantiomers. Some
studies have shown the possibility of agonist-directed trafficking at 5-HT1a
receptors (Newman-Tancredi et al., 2009; Valdizan et al., 2009). Hence, a
differential action of the two enantiomers on different signalling pathways
(being the (+)enantiomer the full agonist) could elicit such a biphasic dose-
response. Our results do not support this hypothesis as the administration of
the (+)enantiomer also evoked the same type of biphasic dose-response, with
excitations at low doses of (+)8-OH-DPAT. Moreover, despite 8-OH-DPAT
shows also affinity for 5-HT7 receptors (Ruat et al. 1993) both the inhibitory
and excitatory actions were reversed by the selective 5-HT1a antagonist
WAY-100635, which rules out the involvement of 5-HT7 receptors. On the other
hand, 8-OH-DPAT shows more than one order of magnitude of selectivity for
5-HT1a than for 5-HT7 receptors (http://pdsp.med.unc.edu/pdsp.php),
suggesting that any effect mediated through 5-HT7 receptors should occur at

high doses of the agent.

The lack of an appropriate pharmacological reason to account for the
biphasic effect of 8-OH-DPAT suggests that it may be due to network
properties, inasmuch as 5-HT1a receptors are expressed at medium-high
density in other cell types and brain areas projecting to the mPFC, such as the
raphe nuclei —where cell bodies of serotonergic neurons are located- and the

hippocampal formation, which projects to mPFC (Jay et al., 1989).

8-OH-DPAT inhibits the activity of dorsal raphe serotonergic neurons with
an ED50 of 0.8ug/kg i.v. using the same experimental conditions than in the
present study (Romero et al.,, 2003; Llad6-Pelfort et al.,, unpublished
observations). Similar ED50 values have been reported by other groups (Blier
et al., 1987a; Hajos et al.,, 1999). Thus, the excitatory effect of 8-OH-DPAT
could potentially be due to a loss of serotonergic tone on other 5-HT receptors
in mPFC, thus resulting in an increase of pyramidal discharge. The present
results do not support this hypothesis, as a) maximal inhibition of 5-HT release
induced by 8-OH-DPAT occurred at doses higher than those evoking
pyramidal excitations using the same experimental conditions, and b)

pyramidal excitations occurred as well in rats with a dramatic depletion of 5-
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HT. Both observations indicate that pyramidal excitations induced by 8-OH-
DPAT cannot be due to a fall of 5-HT release secondary to 5-HTia

autoreceptor activation at low 8-OH-DPAT doses.

The hippocampal formation is the brain area with the highest density of 5-
HT1a receptors (Pazos and Palacios, 1985; Pompeiano et al., 1992).
Moreover, excitatory projections from the hippocampus reach the mPFC and
exert a phasic control on mPFC pyramidal and GABAergic neurons
(Dégenétais et al., 2003; Tierney et al., 2004). Both observations raise the
possibility that an 8-OH-DPAT action on hippocampal 5-HT1a receptors may
translate into a parallel change on mPFC neurons. However, in the present
experimental conditions, pyramidal hippocampal neurons projecting to mPFC
are silent and the i.v. administration of 8-OH-DPAT did not elicit any increase in
discharge rate, thus suggesting that hippocampal 5-HT1a receptors do not play

a role in the effects of 8-OH-DPAT on mPFC pyramidal neurons.

In addition to the hippocampus and raphe nuclei, the mPFC contains a high
density of 5-HT1a receptors, which are located in pyramidal and GABAergic
neurons (Santana et al., 2004), thus raising the possibility that local network
properties can account for the excitatory effect of 8-OH-DPAT. This hypothesis
was also driven by the observation that the local effect of the 5-HT1a agonist
BAYx3702 on mPFC dopamine release was also biphasic (e.g., increase at
low concentrations, decrease at high concentrations; Diaz-Mataix et al., 2005)
and the excitatory effect was abolished by the concurrent perfusion of the
GABAAa antagonist bicuculline (Diaz-Mataix et al., 2005). The dopamine
increase in mPFC depends on the activation of 5-HT+a receptors on mPFC
neurons projecting to the VTA, which activates mesocortical dopamine
neurons (Carr and Sesack, 2000; Diaz-Mataix et al., 2005). Moreover,
GABAergic inputs onto GABAA receptors have been shown to have a major
impact on the function of brain networks (Steward et al., 1990; Tepper et al.,
1995).

The present results give full support to the involvement of local GABAergic
interneurons in the excitatory effect of 8-OH-DPAT on pyramidal neurons. First,
the local blockade of GABAa inputs with a leak of gabazine markedly altered
the response of mPFC pyramidal neurons to 8-OH-DPAT, mainly avoiding its
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excitatory effect. This was accompanied by an increase of the basal firing rate
of pyramidal neurons, indicating an alteration of the balance between
excitatory and inhibitory inputs onto the recorded neurons. The inability of 8-
OH-DPAT to further increase pyramidal discharge rate is not due to an upper
threshold since mPFC pyramidal neurons projecting to VTA can discharge at

much higher rates (Puig et al., 2003; Kargieman et al., 2007).

A second evidence supporting the involvement of GABAergic interneurons
in the excitatory effect of 8-OH-DPAT on pyramidal neurons is the reduction of
cell firing of fast-spiking interneurons induced by the doses of the drug that
excite pyramidal neurons. Fast spiking interneurons have been described as
parvalbumin-expressing cells making synapses with the body, basal dendrites
and axon hillock of the pyramidal neurons (De Felipe et al., 2001). The special
location and synaptic connectivity of these neurons allows them to exert a tight
control of pyramidal neuron activity. Therefore, the observed inhibition of fast-
spiking GABAergic interneurons by low doses of 8-OH-DPAT could
immediately translate into a disinhibition of pyramidal neurons in mPFC.
Indeed, 5-HT1a receptors are expressed by only 20% of GABAergic neurons in
mPFC (Santana et al., 2004). However, cortical GABAergic interneurons (but
not pyramidal neurons) are connected via electrical synapses (Galarreta and
Hestrin, 1999; Galarreta and Hestrin, 2001; Hestrin and Galarreta, 2005;
Fukuda, 2007). These GABAergic networks occur between different classes of
interneurons (Simon et al., 2005), one of which are parvalbumin-positive, fast-
spiking interneurons (Galarreta and Hestrin, 2002; Hestrin and Galarreta,
2005) and can extend for hundreds of microns in the neocortex (Fukuda,
2007). Thus, the activation of 5-HT1a receptors in a single cell of a given
GABAergic network can immediately result in an overall hyperpolarization of
the whole network with the subsequent disinhibition of pyramidal neurons

controlled by the network.

The mechanism by which 5-HT1a agonists exert their preferential action on
GABAergic interneurons remains to be elucidated. The recent demonstration
that 5-HT1a receptors can be coupled to different G proteins in different brain
areas (Valdizan et al., 2009) opens the possibility that agonist-directed

trafficking occurs also in different cell types. Moreover, since 5-HT1a receptors
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are coupled to GiRK channels (Andrade and Nicoll, 1987) among other
signalling pathways, their activation may have a greater impact on fast-spiking
interneurons, firing at greater rates than pyramidal neurons. This functional
distinction may add to the potential existence of different transduction

mechanisms for 5-HT1a receptors in GABAergic and pyramidal neurons.

The selectivity of the excitatory action of 8-OH-DPAT on pyramidal neurons
is also supported by histological experiments showing a very large increase in
the number of vGluT1-positive (e.g., pyramidal) cells) in mPFC without any
significant effect on GABAergic cells. Since the expression of c-fos reflects
increases in neuronal activity (Dragunow and Faull 1989; Konkle and Bielajew
2004), the inhibition of GABAergic activity induced by 8-OH-DPAT was not
paralleled by a change in c-fos expression in this cell type. However, the
absence of a c-fos increase in GABAergic cells permits to give further strength
to the lack of involvement of hippocampal inputs as a source of the change
observed in mPFC. Indeed, hippocampal axons synapse simultaneously on
pyramidal and GABAergic cells in PFC (Tierney et al., 2004). Thus, in case of
a hippocampal origin of the 8-OH-DPAT-induced excitation, a simultaneous
activity increase should have been observed in pyramidal and GABAergic
cells, both in electrophysiological recordings and in histological experiments

measuring c-fos expression.

In summary, the present results support the view that 5-HT1a receptor
agonists exert their activation of mPFC pyramidal neurons by reducing
GABAa-mediated inputs. This action possibly involves local GABAergic
networks, given the relatively low percentage of GABAergic neurons
expressing 5-HT1a receptors, in contrast with the predominant excitatory action
of 8-OH-DPAT and other 5-HT1a receptor agonists on mPFC pyramidal
neurons. Given the role of mPFC 5-HT1a receptors in the control of —among
others- the ascending dopamine pathways, the present results may help to
identify new targets for the development of drugs acting on negative

symptoms and cognitive deficits in schizophrenia and related disorders.
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TREBALL 2

L'F15599, un nou agonista del receptor 5-HTia, amb accié preferencial
sobre els heteroreceptors postsinaptics in vivo

Resum

Antecedents i objectiu: L'F15599 és un novedos agonista del receptor 5-HTa 1000 vegades
més selectiu per aquest receptor que per altres receptors monoaminergics. Mostra activitat
antidepressiva i procognitiva a dosis molt baixes en models animals. L’objecitu d’aquest
treball és examinar I"activitat 2z vivo de I'Fi5599 als autoreceptors 5-HTa somatodendritics i

als heteroreceptors 5-HT:a postsinaptics.

Aproximaci6 experimental: Registres unitaris extracel-lulars, registres de potencial de camp i

microdialisi intracerebral en rata iz vevo.

Resultats clau: L’F15599 va augmentar la freqiiéncia de descarrega de les neurones piramidals
d’EPFm a partir de 0.2 pg-kg™ i.v. i va reduir la de les neurones serotoninergiques del rafe
dorsal a dosis deu vegades més altes (dosi minima efectiva 8.2 pg-kg™ i.v.). Ambdos efectes
foren revertits per I'antagonista (+)WAY100635. En els experiments de microdialisi,
I'’F15599 va augmentar I’alliberament de dopamina a EPF-un efecte depenent de I'activacio
d’heteroreceptors postsinaptics 5-HT:a- amb una EDs de 30 pg-kg-1 i.p., mentre que va
reduir I"alliberament de serotonina hipocampal -un efecte depenent principalment dels
autoreceptors presinaptics- amb una ED5, de 240 pg-kg-1 i.p.. Aixi mateix, I"aplicacio local
per dialisi inversa d’F15599 a I'EPFm va augmentar I"alliberament de dopamina d’'una manera
concentracido-depenent. Totes les respostes neuroquimiques foren evitades per

I"administracié de (£)WAY100635.

Conclusions i implicacions: Aquests resultats indiquen que I’'Fr5599 activa preferentment
heteroreceptors 5-HTa postsinaptics abans que els autoreceptors 5-HT;a somatodendritics.
Aquesta selectivitat regional diferencia 1'Fi5599 dels agonistes 5-HT.a desenvolupats
anteriorment, els quals activen preferentment els autoreceptors somatodendritics. Aixo
suggereix que I'F15599 podria ser particularment ttil en el tractament de la depressio i dels

deficits cognitius en esquizofrenia.
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Preferential in vivo action of F15599, a novel 5-HTa
receptor agonist, at postsynaptic 5-HT;. receptors

L Lladé-Pelfort"?, M-B Assié®, A Newman-Tancredi®, F Artigas'? and P Celada'**

'Department of Neurochemistry and Neuropharmacology, Institut d’Investigacions Biomediques de Barcelona, Consejo Superior

de Investigaciones Cientificas (CSIC), IDIBAPS, Barcelona, Spain, *Centro de Investigacion Biomédica en Red de Salud Mental
(CIBERSAM), e, 3Neurobiology Division 2, Centre de Recherches Pierre Fabre, Castres, France, and *Institut d’Investigacions
Biomediques August Pi i Sunyer (IDIBAPS), Barcelona, Spain m

Background and purpose: F15599, a novel 5-hydroxytryptamine (5-HT);a receptor agonist with 1000-fold selectivity for 5-HT
compared with other monoamine receptors, shows antidepressant and procognitive activity at very low doses in animal
models. We examined the in vivo activity of F15599 at somatodendritic autoreceptors and postsynaptic 5-HT;4 heteroreceptors.
Experimental approach: In vivo single unit and local field potential recordings and microdialysis in the rat.

Key results: F15599 increased the discharge rate of pyramidal neurones in medial prefrontal cortex (mPFC) from 0.2 ug-kg™
i.v and reduced that of dorsal raphe 5-hydroxytryptaminergic neurones at doses >10-fold higher (minimal effective dose
8.2 ug-kg™ i.v.). Both effects were reversed by the 5-HT;, antagonist (=)WAY100635. F15599 did not alter low frequency
oscillations (~1 Hz) in mPFC. In microdialysis studies, F15599 increased dopamine output in mPFC (an effect dependent on the
activation of postsynaptic 5-HT;a receptors) with an EDso of 30 ug-kg™ i.p., whereas it reduced hippocampal 5-HT release (an
effect dependent exclusively on 5-HT; 4 autoreceptor activation) with an EDso of 240 ug-kg™ i.p. Likewise, application of F15599
by reverse dialysis in mPFC increased dopamine output in a concentration-dependent manner. All neurochemical responses to
F15599 were prevented by administration of (+)WAY100635.

Conclusions and implications: These results indicate that systemic administration of F15599 preferentially activates postsyn-
aptic 5-HT;4 receptors in PFC rather than somatodendritic 5-HT;4 autoreceptors. This regional selectivity distinguishes F15599
from previously developed 5-HT;a receptor agonists, which preferentially activate somatodendritic 5-HT;x autoreceptors,
suggesting that F15599 may be particularly useful in the treatment of depression and of cognitive deficits in schizophrenia.
British Journal of Pharmacology (2010) 1, ee—ee; d0i:10.1111/j.1476-5381.2010.00738.x

Keywords: 5-HT,4 receptors; dopamine; pyramidal neurones; depression; prefrontal cortex; schizophrenia; microdialysis, local
field potential

Abbreviations: DR, dorsal raphe nucleus; F15599, 3-chloro-4-fluorophenyl-(4-fluoro-4-{[(5-methyl-pyrimidin-2-ylmethyl)-

amino]-methyl}-piperidin-1-yl)-methanone; LFP, local field potential; mPFC, medial prefrontal cortex

Introduction

S-hydroxytryptamine (5-HT);, receptors are widely expressed
in mammalian brain. They are located on the soma and
dendrites of 5-hydroxytryptaminergic neurones, where they
have an autoreceptor role, and are also located in pyramidal
and GABAergic neurones of the neocortex and limbic system
(Pazos and Palacios, 1985; Pompeiano et al., 1992; Kia et al.,
1996; Riad et al., 2000; Martinez et al., 2001; Cruz et al., 2004;
Santana et al., 2004), where they mediate inhibitory actions

Correspondence: Francesc Artigas, Department of Neurochemistry and Neu-
ropharmacology, 11BB-CSIC (IDIBAPS), Rossellé6 161, 6th Floor, 08036 Barce-
lona, Spain. E-mail: fapnqi@iibb.csic.es

Received 6 November 2009; revised 28 January 2010; accepted 5 February
2010

of 5-HT (Andrade and Nicoll, 1987; Blier and de Montigny,
1987; Innis and Aghajanian, 1987; Araneda and Andrade,
1991; Puig et al., 2005).

5-HT,. receptors play a major role in the antidepressant
action of selective 5-HT re-uptake inhibitors and other 5-HT-
enhancing drugs. 5-HTi, autoreceptor activation by the
increased extracellular 5-HT induced by re-uptake or MAO
inhibition in the median and dorsal raphe nuclei (DR) limits
the neurochemical and clinical actions of these antidepres-
sant drugs (Artigas et al., 1996; 2001). On the other hand, the
activation of postsynaptic 5-HT1, receptors is a characteristic
of several types of antidepressant drugs (Haddjeri et al., 1998;
Blier and Ward, 2003).

Although no. 5-HT,, receptor subtypes have been identi-
fied, 5-HT;y receptor subpopulations exhibit contrasting
properties. Thus, 5-HTix agonists such as 8-OH-DPAT and
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azapirones, preferentially activate raphe somatodendritic
5-HT, autoreceptors (Sprouse and Aghajanian, 1987; see Blier
and Ward, 2003 for review). This regional selectivity has been
interpreted as resulting from the existence of a receptor
reserve in the raphe (Meller etal., 1990; Cox etal., 1993),
which limits the potential antidepressant usefulness of exist-
ing 5-HT, agonists. Indeed, their administration first elicits a
loss of 5-hydroxytryptaminergic tone on all other postsynap-
tic receptors, due to activation of somatodendritic 5-HT;s
autoreceptors, which also results in insufficient activation of
postsynaptic 5-HT;, receptors. However, 5-HT;, agonists may
be useful as adjuvant therapies for the treatment of negative
symptoms and cognitive deficits in schizophrenia as they
increase dopamine (DA) release in prefrontal cortex (PFC) as a
result of the activation of postsynaptic 5-HT;, receptors
(Millan, 2000; Rollema et al., 1997; 2000; Ichikawa et al.,
2001; Diaz-Mataix et al., 2005). Clinical support for this asser-
tion has been generated using the partial agonist tan-
dospirone to improve cognitive function in schizophrenia
patients treated with antipsychotics (Sumiyoshi et al., 2001a,
b; see Meltzer and Sumiyoshi, 2008 for review).

F15599  (3-chloro-4-fluorophenyl-(4-fluoro-4-{[(5-methyl-
pyrimidin-2-ylmethyl)-amino]-methyl}-piperidin-1-yl)-meth
anone) is a novel 5-HT;, receptor agonist with >1000-fold
selectivity for this receptor compared with other known
monoamine receptors, transporters and enzymes (Newman-
Tancredi efal.,, 2009). F15599 is highly effective in the
forced swim test, a measure of antidepressant-like properties
(EDso-100 pg-kg™ p.o.) (Bardin etal., 2007) suggesting a
strong postsynaptic action. Moreover, it shows procognitive
activity [attenuation of phencyclidine (PCP)-induced deficits
in working memory] at 160 pg-kg™ i.p. (Auclair et al., 2007;
Pierre Fabre, unpublished observations). However, while the
in vitro and ex vivo actions of F15599 reveal an agonist
profile at 5-HT,, receptors located in different brain regions
that distinguish it from other agonists and chemical conge-
ners (Buritova et al., 2009; Newman-Tancredi et al., 2009),
nothing is known about its auto/heteroreceptor selectivity in
vivo. Hence, in the present study the in vivo effect of F15599
on pre- and postsynaptic 5-HT;, receptors was examined
using single unit extracellular recordings and microdialysis
in rat brain.

Methods

Electrophysiological studies

Animals. Male albino Wistar rats (230-300 g; Iffa Credo,
Lyon, France) were kept in a controlled environment (12 h
light-dark cycle and 22 *= 2°C room temperature) with food
and water provided ad libitum. Animal care followed the Euro-
pean Union regulations (O.J. of E.C. L358/1 18/12/1986) and
was approved by the Institutional Animal Care and Use Com-
mittee. Stereotaxic co-ordinates (in mm) were taken from
bregma and duramater according to the atlas of Paxinos and
Watson (1998). The total number of rats used in the electro-
physiological experiments was 50.

Single unit recordings. We examined the responses elicited by
F15599 on 5-hydroxytryptaminergic neurones of the DR and
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on pyramidal neurones of the medial PFC (mPFC). For
S-hydroxytryptaminergic neurones, recordings were made as
described in Celada et al. (2001) and Romero et al. (2003).
Pyramidal neurones were recorded as described in Puig et al.
(2003) and Kargieman et al. (2007). Rats were administered
chloral hydrate (400 mg-kg™ i.p.) and positioned in a David
Kopf stereotaxic frame. Thereafter, chloral hydrate was con-
tinuously administered i.p. at 50-70 mg-kg™"-h™ using a per-
fusion pump.

Neurones were recorded extracellularly with glass micropi-
pettes filled with 2 M NaCl. Impedance was between 6 and
12 MQ. Single unit recordings were amplified with a Neuro-
data IR283 (Cygnus Technology Inc., Delaware Water Gap,
PA), postamplified and filtered with a Cibertec amplifier and
computed on-line using a DAT 1401plus interface system
Spike2 software (Cambridge Electronic Design, Cambridge,
UK). Local field potentials (LFP) were obtained by on-line
band-pass filtering the signal from the recording electrode, as
described (Kargieman et al., 2007).

For recordings in the DR, a burr hole was drilled over
lambda and the sagittal sinus was ligated, cut and deflected.
Descents were carried out along the midline. 5-HT neurones
were typically recorded 4.7-6.6 mm below the brain surface
and were identified according to previously described electro-
physiological criteria (Wang and Aghajanian, 1977).

Pyramidal neurones in the mPFC were recorded as follows.
Bipolar stimulating electrodes were implanted in the VTA (AP
-5.8, L -0.4, DV -8.2) for the antidromic stimulation of pyra-
midal neurones projecting to midbrain. All recorded units
were identified as pyramidal neurones by antidromic activa-
tion from VTA and collision extinction with spontaneously
occurring spikes as described previously (Puig et al., 2003).
Descents in mPFC were carried out at AP +3.2-3.4, L 0.5 to
—-1.0, DV -1.0 to —4.0 below the brain surface. Basal firing
activity was recorded for at least 5 min and then, one or
increasing drug doses were administered i.v. every 3 min,
followed by the 5-HTi, receptor antagonist (+)WAY100635
when appropriate.

At the end of the experiments, rats were killed by an anaes-
thetic overdose. The placement of the stimulating electrodes
was verified histologically. After being perfused with 10%
formalin solution (Sigma), the brains were post-fixed, coro-
nally sectioned (80 um) and stained with Neutral Red. The
data from rats with stimulating electrodes outside VTA were
not included in the analysis.

Data analysis. Changes in discharge rate were quantified by
averaging the values in the third minute after each drug
injection. Neurones were considered to respond to drugs if
firing rate was altered +30% from baseline. Burst analysis was
carried out using the method of Laviolette et al. (2005).

Power spectra were constructed using Fast Fourier Transfor-
mations (FFT) of 1 min signal intervals (same as discharge
rate) with a resolution of 0.3 Hz (FFT size of 8192). Data are
given as AUC of the power spectrum between 0.3 and 4 Hz,
expressed as percentage of pre-drug values.

Drug effects were assessed using Student’s t-test or one-way
ANOVA for independent or repeated measures, as appropriate.
Data are expressed as the mean = SEM. Statistical significance
has been set at the 95% confidence level.



Microdialysis studies

Animals. Male Sprague-Dawley rats (OFA, Charles River,
France), weighing 240-260 g upon arrival were group housed
(three rats per cage), under controlled conditions (12/12 light/
dark cycle: lights on 07hOOmin; ambient temperature 21 *
1°C; humidity 55 = 5%), with rat food (AO4, SAFE, Augy,
France) and filtered (0.2 pm pore diameter) tap water freely
available. Animals were housed and tested in an Association
for the Assessment and Accreditation of Laboratory Animal
Care International (AAALAC Itl.)-accredited facility in strict
compliance with all applicable regulations and the protocols
were carried out in compliance with French regulations and
with local Ethical Committee guidelines for animal research.
The total number of rats used in the microdialysis experi-
ments was 145.

Microdialysis procedure. Rats were anaesthetized with chloral
hydrate (400-500 mg-kg™, i.p.) or isoflurane. A guide cannula
with a dummy probe was stereotaxically implanted into the
mPFC, stereotaxic coordinates: AP +3.0 mm, L +0.8 mm, DV
—1.7 mm or the hippocampus: AP —4.8 mm, L +4.6 mm, DV
—4.6 mm, from bregma and skull surface. Following surgery
and recovery from anaesthesia, animals were returned to their
home cages. At the end of the day, each rat was placed in a
microdialysis cage. On the following day, the dummy probe
was replaced by a microdialysis probe (3 mm length, 0.5 mm
diameter, CMA, Microdialysis AB). The probe was continu-
ously perfused (1.1 pL-min™') with artificial CSF (aCSF) con-
taining 1 pM citalopram for the measurement of S5-HT.
Samples were collected every 20 min with the first four
samples used for baseline. For the experiments involving sys-
temic administration of the compounds, saline or
(x)WAY100635 was injected s.c., followed by i.p. administra-
tion of saline or F15599 40 min later. For the experiments
involving local perfusion, saline was injected s.c and 40 min
later, F15599 was added to the perfusion medium for the
concentration-response experiment. For the antagonism
(£)WAY100635 (or aCSF) was delivered through the dialysis
probe and 40 min later, F15599 was added to the perfusion
medium. Samples were collected for 140 min after adminis-
tration or beginning of the perfusion of the agonist. At the
end of the experiment, rats were killed by anaesthetic over-
dose (pentobarbital 160 mg-kg™', i.p.) and the brain was
removed, frozen and cut in a cryomicrotome (Jung Frigocut
2800) to verify the placement of the probe.

Analytical procedure. Analysis of 5-HT and DA was performed
by HPLC, as described by Assié etal. (2005). The HPLC
column was a reverse phase (Merck, Lichrocart 125-2, Super-
spher 100 RP-18). The mobile phase was pumped at
0.2 mL-min! (HPLC-118 solvent module, Beckman Coulter
Inc., Fullerton, CA, USA). DA or 5-HT was electrochemically
detected with a glassy carbon working electrode kept at
+0.64 V versus Ag/AgCl reference electrode (DECADE detec-
tor, ANTEC Leyden BV, Leiden, the Netherlands). Data were
acquired using a Beckman 32 Karats system. Concentrations
of DA or 5-HT in the brain dialysates were estimated by
comparing peak areas with those of external standards of
known concentration of each neurotransmitter. The limit of
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detection (three times baseline noise) was approximately
1 fmol-20 uL™" sample.

Data analysis. Dialysate 5-HT or DA concentrations are given
as fmol-20 min™' fraction and expressed in the figures as per-
centages of baseline. Statistical analysis was carried out using
repeated-measures ANOVA using treatment and time as vari-
ables. The mean % AUC values for the 140 min period after
administration of F15599 were analysed by one-way ANOVA
followed by Dunnett’s test (GraphPad Prism, San Diego, CA,
USA). Mean % AUC values were used to estimate the EDs,
value of F15599 by linear interpolation between the two doses
that increased DA or decreased 5-HT levels with amounts
bordering 50% (vehicle control as 0% and maximal effect of
the compound as 100%). The antagonist effect was analysed
by comparing the overall effect of the agonist with its effect at
the same dose in the presence of (*)WAY100635 using
Student’s t-test.

Drugs. F15599 (3-chloro-4-fluorophenyl-(4-fluoro-4-{[(5-
methyl-pyrimidin-2-ylmethyl) -amino]-methyl}-piperidin-1-
yl)-methanone) tosylate salt was from Pierre Fabre
Medicament. (*)WAY100635 (N-[2-[4-(2-methoxyphenyl)-1-
piperazinyl] ethyl] -N- (2-pyridinyl)cyclohexanecarboxamide)
hydrochloride was from RBI (Natick, MA). Stock solutions
were prepared and aliquots were stored at —20°C. Working
solutions were prepared daily by dilution in saline at the
appropriate concentrations and injected i.v. (up to 1 mL-kg™)
through the femoral vein. Doses are expressed as weight of
free bases.

Chloral hydrate was purchased from Acros (Geel, Belgium),
pentobarbital sodium from Ceva Santé Animale (Libourne,
France), isoflurane from Baxter SA (Paurenas, France). Citalo-
pram hydrobromide was kindly donated by Lundbeck
(Copenhagen, Denmark). (+)WAY100635 and F15599 (fuma-
rate salt) were synthesized at the Centre de Recherche Pierre
Fabre. The doses of compounds are expressed as the weight of
the free base. (x)WAY100635 and F15599 were dissolved in
distilled water; the injection volume was 0.1 mL-kg™.

All drug and molecular target nomenclature conforms to
The British Journal of Pharmacology’s ‘Guide to Receptors and
Channels’ (Alexander et al., 2008).

Results

Effect of F15599 on the activity of DR

5-hydroxytryptaminergic neurones

We examined the effect of F15599 on S5-hydroxytryp
taminergic neurones (n = 11; one per rat) of the DR in the
range 0.2-20 ug-kg"' iv. At the higher doses, F15599
decreased the activity of all 5-HT neurones. Most neurones
were fully inhibited after the administration of 5-10 pg-kg™*
i.v. (corresponding to 8.2-18.2 ug-kg™ i.v. cumulative dose).
Figure 1 shows examples of the suppressant effect of F15599
on DR 5-HT neurones. Figure 2A shows the dose-response
relationship for all neurones examined. One-way ANOVA indi-
cated a significant effect of F15599 (Fs4 = 13.5; P < 0.00001)
with significant post-hoc differences (Newman-Keuls test) at
the doses of 8.2 and 18.2 ug-kg™” vs. baseline. One-way
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Figures 1 (A, B) Integrated firing rate histogram showing the effect

of the i.v. administration of F15599 on the activity of DR 5-HT
neurones recorded extracellularly in chloral hydrate anaesthetized
rats. The activity of these neurones was completely suppressed at 8.2
and 38 ug-kg™ i.v. (cumulative doses) respectively. (A) Shows the
reversal of the inhibition induced by F15599 by the subsequent
administration of the 5-HT;4 receptor antagonist (=)WAY100635. (C)
Histogram showing the reversal by (=)WAY100635 (5-50 ug-kg™' i.v)
of the maximal effect on DR 5-HT cell firing induced by F15599. Data
are means = SEM of five neurones. *P < 0.05 vs. baseline; #P < 0.05
vs.maximal inhibition; Newman-Keuls test post-ANOVA.

repeated measures ANOVA of the subset of neurones that
received all F15599 doses (n = 7) also revealed a significant
effect of treatment (Fs3 = 19.1; P < 0.00001) with significant
post-hoc differences (Newman-Keuls test) at the doses of 8.2
and 18.2 ug-kg™' vs. baseline. The minimal effective dose for
the inhibition of DR 5-HT neurones was 8.2 ug-kg' i.v.
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Figure 2 (A) Dose-response relationship of the effect of F15599
(0.2-38.2 ug-kg™ i.v., cumulative doses) on the discharge rate of
5-HT neurones in the DR. Data (means + SEM) are expressed as
percentages of baseline. The number of neurones in each group is
shown in the columns. The complete suppression of firing at the
higher dose (38.2 ug-kg™) is not shown. (B) Semi-log plot between
cumulative F15599 dose (0.2-38.2 pug-kg™' i.v.) and the suppressant
effect on DR 5-HT neurones receiving all F15599 doses (n = 7). The
EDso was 7.3 ug-kg™' i.v. *P < 0.05 vs. baseline, Newman-Keuls test
POst-ANOVA.

EDs, values for the suppression of 5-HT cell firing have been
calculated for the neurones of rats receiving all F15599 doses
(n=7) and for all rats receiving one or more doses of F15599
(n=11). The corresponding values (given as cumulative doses)
are 7.3 ug-kg? iv. (all doses) and 7.4 ug-kg* i.v. (all rats)
(Figure 2B).

The inhibition produced by F15599 was reversed in all
cases examined (n = 5) by the subsequent administration
of the selective 5-HT,, receptor antagonist (+)WAY100635
(5-50 pg-kg' i.v) (Fos = 24.1; P < 0.0005) (Figure 1A and C).

Effect of F15599 on the activity of pyramidal neurones of

the mPFC

After pilot experiments had revealed a marked enhancement
of the firing rate of pyramidal neurones in the mPFC at the
lowest does used for DR recordings (0.2 ug-kg™), two sets of
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Figures 3 (A, B) Examples of the increase in discharge rate pro-
duced in mPFC pyramidal neurones by the i.v. administration of
0.2 ug-kg™ F15599. Note the reversal of F15599 effect by the sub-
sequent administration of (=)WAY100635 (50-200 ug-kg™) in (B).
(C) Shows the average effect produced by 0.2 ug-kg™' F15599 and its
reversal by the subsequent administration of (+)WAY100635 (n = 5).
*P < 0.01 vs. basal; #P < 0.01 vs. F15599.

experiments were carried out. In the first experiment we
examined the effect of this dose of F15599 and its reversal by
(£)WAY-100635. A total of 15 neurones were recorded (1
neurone per rat) of which 11 were excited, two were inhibited
and two remained unaltered by F15599 (Figure 3). The overall
effect of this dose was a significant increase in the discharge
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Figure 4 Examples of the effect of cumulative doses of F15599 on
the discharge rate of pyramidal neurones of the mPFC. (A) This
neurone was excited by F15599 at all doses examined. The maximal
effect was attained after the administration of 10 ug-kg™
(18.2 ug-kg™ i.v., cumulative dose) and was antagonized by the
subsequent administration of ()WAY100635 (50-100 ug-kg™' i.v.).
(B) A pyramidal neurone inhibited by low doses (0.2-1 ug-kg™" i.v.) of
F15599 with an apparent maximal inhibition at 8.2 ug-kg™ i.v.; this
inhibition was also reversed by (+)WAY100635.

rate to 210 = 33% of baseline (P < 0.005, Student’s paired
t-test; n = 15). We attempted to reverse the action of
0.2 ug-kg! F15599 in a subset of five neurones. One-way
ANOVA indicated a significant effect of the treatment (F,s =
11.45; P < 0.005) with significant post-hoc differences
(Newman-Keuls) between F15599 and baseline and between
F15599 and F15599+(+)WAY100635 (Figure 3C).

In a second set of experiments we examined the response of
pyramidal neurones to increasing doses of F15599 (0.2-
18.2 pg-kg™ i.v., cumulative doses). From the pyramidal neu-
rones examined (n = 16), 11 were excited and five were
inhibited by F15599, with an overall excitatory effect of
F15599. Figure 4 shows representative examples of neurones
excited and inhibited by increasing doses of F15599. The
minimal effective dose for the activation of mPFC pyramidal
neurones was 0.2 ug-kg™ i.v.

Data from the neurones used in both experiments were
pooled and analysed together. For neurones excited by
F15599, ANovA indicated a significant effect of the treatment
(Fs63=9,79, P <0.00001) with significant post-hoc (Newman-
Keuls) differences between the doses (i.v.) of 0.2 pg-kg’,
2 ug-kg, 8.2 ug-kg! and 18.2 pg-kg! vs. baseline (Figure 5A).
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Figure 5 (A) Histogram showing the excitatory effect produced by
F15599 on the firing rate of mPFC pyramidal neurones. Data corre-
spond to neurones in the two experiments conducted (see text)
which are 22, 20, 10, 7, 6 and 5 neurones for baseline, 0.2, 1.2, 3.2,
8.2 and 18.2 pug-kg™ i.v. F15599 (cumulative doses) respectively. (B)
Histogram showing the reversal by the 5-HT;a receptor antagonist
WAY-100635 of the maximal excitatory effect of F15599 on mPFC
pyramidal neurones (n = 4). *P < 0.05 vs. baseline; **P < 0.001 vs.
baseline; #P < 0.02 vs. maximal effect of F15599; Newman-Keuls test
POSt-ANOVA.

As observed for the 0.2 ug-kg™ dose, F15599-induced exci-
tations at higher doses (average 15.7 ug-kg™ i.v.) were also
reversed by the subsequent administration of (+)WAY100635
(50-100 pg-kg™! i.v) in all cases examined (F,s = 12.14, P <
0.01, n = 4) (Figure 5B).

The maximal inhibitory effect of F15599 was noted at a
dose of 18.2 pug-kg™! (50 = 26% of baseline). ANOVA revealed a
non-significant effect of the treatment (Fs o = 1.55; P = 0.23),
possibly due to the lower number of neurones inhibited com-
pared with those excited by F15599.

F15599 had a minor impact on the burst firing of activated
mPFC pyramidal neurones. From all the variables examined,
only the number of spikes per burst was significantly affected,
but only with a small effect size (c. 10%).

Effect of F15599 on slow cortical oscillations
The non-competitive NMDA receptor antagonist PCP and the
preferential 5-HT,, receptor agonist DOI increase PFC pyra-
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midal cell discharge and reduce low frequency (delta) cortical
oscillations (0.3-4 Hz) (Kargieman et al., 2007; Celada et al.,
2008). Given the increase in pyramidal discharge induced by
F15599, we examined whether this effect was accompanied by
an alteration of low frequency oscillations.

Spikes were discharged in synchrony with active phases of
LFP under baseline conditions and after F15599 administra-
tion. This occurred when spikes were fired as single events or
as spike trains (not shown). However, the administration of
F15599 did not alter the power of low frequency cortical
oscillations (0.3-4 Hz) in the whole dose range examined
(n.s., one-way ANOVA).

Extracellular concentrations of 5-HT in the ventral hippocampus
The mean basal extracellular level of 5-HT in ventral hippoc-
ampus was 41.6 = 2.7 fmol-20 uL™' (n = 36). None of the
treatment groups differed from controls (34.5 * 5.9
fmol-20 uL™") although the F15599 160 ug-kg™" group (57.6 =
9.2 fmol-20 uL™') was significantly greater than the
WAY+F15599 630 ug-kg™" group (27.7 + 6.6 fmol-20 uL.
fmol-20 uL'; P < 0.05) (post-hoc analysis).

Administration of F15599  (40-2500 pg-kg") dose-
dependently decreased extracellular 5-HT during the 140 min
period after injection (Figure 6, top left panel). Two-way
ANOVA for repeated measures indicated a significant effect of
treatment (Fgp = 23.3, P < 0.0001), time (Fe165 = 6.24, P <
0.0001) and treatment-time interaction (Fisi165 = 2.02, P =
0.02). Post-hoc analysis by the contrasts method indicated a
significant global effect at 160 (P = 0.0016), 630 and
2500 pg-kg! (P <0.0001). (x)WAY100635 (160 ug-kg™'), when
given alone, did not significantly alter extracellular 5-HT
(Figure 6 left middle panel). The effects of 630 pg-kg" F15599
were significantly reversed by (=)WAY100635 (P < 0.0001).

The effect of F15599, analysed by the mean AUC data for
the 140 min period after administration, was significant at
the doses of 160, 630, 2500 ug-kg™, compared with controls (P
< 0.05, Fs,»5 = 24.48, one-way ANOVA followed by Dunnett’s
test; Figure 6, bottom panel). The EDs, value of F15599,
calculated by linear interpolation, was 240 ug-kg".
(x)WAY100635 significantly reversed the effects of F15599
630 pg-kg™ (Student’s t-test).

Extracellular concentration of DA in the mPFC

Systemic administration of F15599. The mean basal extracel-
lular level of DA in mPFC was 6.00 = 0.36 fmol-20 uL™! (n =
45). One-way ANOVA indicated no significant difference
between groups Fss = 1.15, P = 0.36.

Systemic administration of F15599 (10-2500 pg-kg™, i.p.)
dose-dependently increased extracellular DA during the
140 min period after injection with a maximal increase of
approximately 200% of basal level at the dose of 40 ug-kg™!
(Figure 6 top right panel). Two-way ANOVA for repeated mea-
sures indicated a significant effect of treatment (Fs3, = 13.2, P
<0.0001), time (Fg216 = 2.97, P =0.0084) and treatment x time
interaction (Fss216 = 1.70, P = 0.006). The method of contrasts
indicated a significant global effect at doses 40-2500 pg-kg™
(P < 0.0001). (+)WAY100635, when given alone, did not sig-
nificantly alter extracellular DA (Figure 6 right middle panel).
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Figure 6 Effects of i.p. administration of F15599 on extracellular 5-HT in the ventral hippocampus (left panels) and on dopamine levels in the
medial prefrontal cortex (right panels) of freely moving rats. Data are expressed as a percentage of the mean absolute amount of
neurotransmitter in the four samples collected before treatment. The first arrow indicates injection of saline or (=)WAY100635 (160 ug-kg™'
s.c., middle panels), the second arrow indicates administration of saline or F15599. The bottom panel represents mean AUC for 140 min after
administration of the compound. Results are mean = SEM of five to seven animals per group. Note: to avoid overloading the top-right panel,
the dose of 2500 ug-kg™ is not shown. AUC dose-response data were analysed using one-way ANOVA followed by Dunnett’s test (*P < 0.05

compared with corresponding control animals).

The effects of F15599 (160 pg-kg™') were significantly reversed
by (£)WAY100635 (160 pg-kg™") (P < 0.0001).

The overall increase in DA, analysed by the AUC data for
the 140 min period after drug injection, was significant from
40-2500 pug-kg™ F15599 (P < 0.05, F73; = 10.35, one-way
ANOVA followed by Dunnett’s test; Figure 6 bottom panel).
The EDs value of F15599, calculated by linear interpolation
was 30 ug-kg™?. (£)WAY100635 significantly reversed the
effects of F15599 160 pg-kg™ (Student’s t-test).

Local perfusion of F15599 through the dialysis probe. The mean
basal extracellular level of DA was 7.19 *+ 0.35 fmol-20 uL™" (n
= 57). One-way ANOVA indicated no significant differences
between groups for the concentration-response data (Fsz, =
1.29, P = 0.32) nor for the antagonism experiments (Fs3z; =
0.89, P = 0.50).

Local perfusion of F15599 through the dialysis probe in the
mPFC (1-1000 uM) increased extracellular DA in a
concentration-dependent manner during the 140 min period
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Figure 7 Effects of local perfusion of F15599 in the medial prefron-
tal cortex on extracellular dopamine levels and antagonism by
(*£)WAY100635. Data are expressed as a percentage of the mean
absolute amount of dopamine in the four samples collected before
treatment. Top panel: the effects of different concentrations of
F15599 administered through the dialysis probe from time 0 (bar),
the arrow indicates saline administration (s.c.). Middle and bottom
panels: the antagonist effects of (£)WAY100635 100 and 300 pM,
administered through the dialysis probe, on the increase in extracel-
lular dopamine induced by 300 uM F15599. The bar indicates the
presence of compounds in the perfusion medium, the arrow indicates
the addition of F15599 to the perfusion medium. Results are mean *=
SEM of three to eight animals per group.

examined. The maximal increase was approximately 470%
of basal level at 1000 uM (Figure 7, top panel). The two-way
ANOVA for repeated measures indicated a significant effect of
treatment (Fs;; = 6.02, P = 0.0022) but no significant effect
of time (Fs102 = 0.87, P = 0.52) nor treatment-time interac-
tion (F30,102 = 1.10, P = 0.36). Post-hoc analysis by the con-
trasts method indicated a significant global effect at the
concentrations 300 uM (P = 0.048) and 1000 uM (P =
0.0001).
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(=)WAY100635 (100 and 300 uM), perfused through the
dialysis probe 40 min before and together with F15599
300 uM prevented the increase in extracellular DA induced by
F15599 (Figure 7, middle and bottom panels). The two-way
ANOVA for repeated measures indicated a significant effect of
treatment (Fsps = 5.64, P = 0.001) and time (Fs 165 = 3.48, P =
0.0029) but not a significant interaction (Fiis = 1.34, P =
0.12). Post-hoc analysis by the contrasts method indicated a
significant global effect at 300 uM F15599 (P = 0.0036) and a
significant antagonist effect of (£)WAY100635 100 uM (P =
0.018) and 300 uM (P = 0.0003).

Discussion

The results from the present study indicate that the selective
5-HT1a receptor agonist F15599 has a preferential action on
cortical pyramidal compared with 5-hydroxytryptaminergic
neurones in the rat brain. This regional selectivity is also
supported by microdialysis experiments showing a greater
sensitivity of cortical DA vs. hippocampal 5-HT output to the
effects of F15599. Based on current knowledge on 5-HTis
receptor function, this regional selectivity may be attributed
to the preferential activation by F15599 of postsynaptic
5-HT,, receptors. Overall, F15599 appears to be almost one
order of magnitude more active at postsynaptic than at soma-
todendritic 5-HT,, autoreceptors.

To the best of our knowledge, F15599 is the first selective
5-HT;s agonist shown to have a preferential postsynaptic
action. F15599 increased pyramidal discharge in mPFC to
~200% of baseline at the lowest dose assayed, 0.2 pug-kg' i.v.,
whereas most 5-hydroxytryptaminergic neurones were only
inhibited by the administration of 8.2-18.2 ug-kg™ i.v. (cumu-
lative doses). Both F15599-induced responses were due to the
exclusive activation of 5-HT1, receptors, as suggested by the in
vitro selectivity of the compound and by the reversal of its
actions by (=)WAY100635.

Because mPFC 5-HT}, receptors control of DA neurones in
the VTA and are involved in the mechanism of action of
atypical antipsychotic drugs (Rollema etal., 1997; Millan,
2000; Bantick et al., 2001; Diaz-Mataix et al., 2005), we exam-
ined the actions of F15599 on the activity of pyramidal neu-
rones in the mPFC projecting to VTA

Given the inhibitory nature of 5-HT;, receptors on neu-
ronal activity (Andrade and Nicoll, 1987; Innis and Aghajan-
ian, 1987; Araneda and Andrade, 1991; Puig et al., 2005), the
increase in mPFC pyramidal discharge elicited by the systemic
administration of 5-HT;s receptor agonists (Borsini etal.,
1995; Hajos et al., 1999; Diaz-Mataix et al., 2006; this work)
may seem paradoxical, as (i) microiontophoretic application
of these compounds at large concentrations in mPFC inhibits
the discharge of putative pyramidal neurones (Ashby et al.,
1994; Rueter and Blier, 1999); (ii) high doses of 8-OH-DPAT
inhibit mPFC pyramidal neurones (Hajos et al., 1999); (iii)
physiological release of 5-HT inhibits the activity of mPFC
pyramidal neurones through 5-HT;, receptors (Hajos et al.,
2003; Amargos-Bosch et al., 2004; Puig et al., 2005); and (iv)
there is in vitro evidence of inhibition of mPFC pyramidal cells
by 5-HT,s agonists (Tanaka and North, 1993). Conceivably,
this excitatory effect may result from an action on cortical
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networks involving the activation of 5-HT, receptors in local
GABAergic interneurones (Santana et al., 2004) and the sub-
sequent disinhibition of pyramidal neurones. Although this
possibility requires further testing, it is supported by the exist-
ence of molecular and functional differences between neu-
rotransmitter receptors expressed by GABAergic and
glutamatergic cells (Jonas et al., 1994). Likewise, differences in
the composition and response of NMDA receptor subtypes
have been shown (Hollmann and Heinemann, 1994; Plant
etal., 1997) and a differential response of pyramidal and
GABAergic neurones in mPFC to MK-801 have been reported
(Homayoun and Moghaddam, 2007). Although there are no
molecular differences in the structure of 5-HT;, autoreceptors
and postsynaptic 5-HT1, receptors, functional differences may
exist in the coupling to different transduction mechanisms, to
the cellular receptor reserve or in cellular sensitivity to the
opening of K* channels, among others. Hence, the response of
pyramidal neurones to 8-OH-DPAT in rat mPFC is changed by
local blockade of GABA, receptors (Llado-Pelfort et al., 2009).
Further work is required to determine whether this also occurs
for F15599.

Electrophysiological studies comparing the sensitivity of
auto- (raphe) and postsynaptic (hippocampus) 5-HT1, recep-
tors have previously indicated a greater sensitivity of the
former receptors to the inhibitory actions of 5-HT and exog-
enous agonists (Sprouse and Aghajanian, 1987, 1988; Dong
et al., 1997; Blier and Ward, 2003). Using similar experimental
approaches, the selective 5-HT, agonists 8-OH-DPAT and BAY
x 3702 (repinotan), were found to have EDs, values around
1 ug-kg™ i.v. for suppression of 5-HT cell firing (Blier and de
Montigny, 1987; Dong et al., 1998; Hajos et al., 1999; Casano-
vas et al., 2000; Romero et al., 2003). However, similar or
higher doses are required to increase the discharge of cortical
neurones (Borsini et al., 1995; Hajos et al., 1999; Diaz-Mataix
et al., 2006).

This preferential selectivity for 5-HT;, autoreceptors was
attributed to a receptor reserve in the raphe (Meller et al., 1990;
Cox et al., 1993). This concept was partly supported by in vitro
observations indicating that the agonist/antagonist profile of
5-HT,s receptor agents varied depending on the cellular
density of 5-HT, receptors (Hoyer and Boddeke, 1993).

Delta (0.3—4 Hz) oscillations recorded extracellularly in
anaesthetized animals are similar to the physiological
changes in cortical activity during slow-wave sleep (Steriade
et al., 1993). These oscillations play an important role in the
disconnection of the brain from external afferent sources,
information processing and memory consolidation during
sleep (Marshall et al., 2006). Particular attention has been paid
in recent years to slow oscillations (=1 Hz), which appear to
reflect “up” and “down” states of cortical networks (Sanchez-
Vives and McCormick, 2000). This slow oscillation is a major
component of delta waves. Unlike the NMDA receptor
antagonist, PCP and the 5-HT,, receptor agonist, DOI, which
markedly suppress slow oscillatory activity in the mPFC (Kar-
gieman et al., 2007; Celada et al., 2008), F15599, did not alter
slow cortical oscillations despite inducing similar changes in
pyramidal discharge. Thus, F15599 does not disrupt the strict
temporal pattern of slow oscillatory activity seen in basal
conditions. Although we did not determine whether F15599
could normalize the loss of slow oscillatory activity induced
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by PCP, F15599 has been shown to antagonize the deficits in
working memory induced by this drug (Auclair et al. 2007 and
unpublished observations), a property that may be related to
the divergent influence of F15599 and PCP on PFC networks.
This property suggests that F15599 might be also useful as
add-on therapy in the treatment of cognitive deficits in
schizophrenia.

Microdialysis data also support a preferential postsynaptic
action of F15599. The 5-HT and DA output in hippocampus
and mPFC are used as neurochemical indicators of the acti-
vation of somatodendritic autoreceptors and postsynaptic
5-HT, receptors respectively. Some studies support the view
that 5-HT release in ventral hippocampus depends on the
activation of somatodendritic 5-HT, autoreceptors (Hutson
etal., 1989; Adell etal., 1993; McQuade and Sharp, 1997).
However, as the activity of DR 5-HT neurones is also depen-
dent on mPFC 5-HT;, receptor activation (Ceci et al., 1994;
Hajos et al., 1999; Celada et al., 2001), it is uncertain whether
hippocampal 5-HT release may be influenced to some extent
by postsynaptic 5-HT,, receptor activation, as happens with
that in mPFC (Casanovas et al., 1999; Celada et al., 2001).

On the other hand, DA output in mPFC is dependent on
the activation of cortical postsynaptic 5-HTi, receptors, pos-
sibly located on or close to pyramidal neurones projecting to
the ventral tegmental area (Diaz-Mataix et al., 2005; Bor-
tolozzi et al., 2007). This assertion is further supported by the
increase in DA output produced by the local application of
F15599 in mPFC.

F15599 was more potent at promoting DA release in mPFC
(postsynaptic 5-HT,, receptor-mediated effect) than at sup-
pressing hippocampal 5-HT release (5-HT,s autoreceptor
effect), with calculated EDs, values of 30 and 240 pg-kg™' i.p.
respectively. Interestingly, despite the different strain of rats
and the routes of administration, the ratio between the sup-
pression of 5-HT release and cell firing (autoreceptor effect)
was similar to that between activation of pyramidal cell firing
and DA release (postsynaptic 5-HT4 receptor effect).

The cellular bases responsible for this regional in vivo selec-
tivity of F15599 are not fully understood. In cell lines stably
expressing 5-HTi, receptors, this agent preferentially stimu-
lated the phosphorylation of extracellular signal-regulated
kinase (ERK1/2) compared with other signalling pathways
linked to 5-HTi receptors, such as G-protein activation,
receptor internalization or inhibition of cAMP accumulation.
5-HT and (+)8-OH-DPAT displayed a different rank order of
potency for these responses (Newman-Tancredi et al., 2009).
In addition, F15599 stimulated [**S]-GTPyS binding, ERK1/2
phosphorylation and c-fos expression more potently in
frontal cortex than in the midbrain raphe, compared with
other agonists (Buritova et al., 2009; Newman-Tancredi et al.,
2009). Thus, a distinctive ‘signalling signature’ for specific
intracellular transduction responses may underlie the brain
region specificity of F15599. Furthermore, in microPET
experiments, ["*F]-F15599 preferentially labelled frontal
cortex 5-HT,, receptors in rat and cat (Lemoine et al., 2008,
2009), which may add to the preferential postsynaptic action
of F15599.

Thus, F15599 shows a preferential postsynaptic activity in
cortical vs. raphe 5-HT), receptors, a property that may under-
lie the effects of very low doses of this drug in animal models
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of depression and cognitive function, suggesting that F15599
may overcome the existing limitations of 5-HT;, receptor
agonists in the treatment of psychiatric disorders.
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TREBALL 3

Efectes in vivo del nou agonista 5-HT14 F13640 sobre autoreceptors i
heteroreceptors 5-HT1a de rata

Resum

Antecedents i objectiu: L’F13640 és un nou agonista del receptor 5-HTix amb gran
selectivitat per aquest receptor comparat amb altres receptors monoaminergics. En models
animals ha mostrat activitat analgesica. Donat el possible paper de la serotonina tant en el
processament d’estimuls dolorosos ascendents com en la percepcio del dolor en arees
corticolimbiques, en aquest treball hem examinat I'activitat 7 wviwo de I'Fr3640 als

autoreceptors 5-HT:a somatodendritics i als heteroreceptors 5-HTa d’EPF.

Aproximaci6 experimental: Registres electrofisiologics unitaris en animal anestesiat i

experiments de microdialisi intracerebral iz vivo.

Resultats clau: L’F136 40 produeix una inhibicio de les neurones serotoninergiques del rafe i
una excitacio de les neurones piramidals d’EPFm a partir de 0.2 pg-kg™ i.v.. Ambdos efectes
foren revertits per I'antagonista (+)WAY100635. En els experiments de microdialisi,
I'F13640 va augmentar I"alliberament de dopamina a EPF -un efecte depenent de I’activacio
d’heteroreceptors postsinaptics 5-HTa- a partir de 40 pg-kg-1 i.p., i va reduir I'alliberament
de serotonina hipocampal -un efecte depenent principalment dels autoreceptors presinaptics-
i prefrontal a partir de 160 i 40 pg-kg-1 i.p., respectivament. Aixi mateix, I’aplicacio local per
dialisi inversa d’F13640 a ’EPFm va augmentar ’alliberament de dopamina d’una manera
concentracio-depenent. Totes les respostes neuroquimiques van ser evitades amb

"administracio de (+)WAY100635.

Conclusions 1 implicacions: Aquests resultats indiquen que [I'administracié sistemica
d’F13640 activa els autoreceptors i els receptors 5-HT.a postsinaptics de 'EPF amb una

potencia similar. Ambdues activitats poden estar involucrades en les propietats analgesiques

del compost.
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Abstract

Background and purpose: F13640 is a novel 5-HT1a receptor agonist with a
marked selectivity vs. other monoaminergic receptors. It shows analgesic
activity in animal models. Given the potential role of serotonin in pain, both at
the level of the processing of ascending pain signals and their perception by
corticolimbic areas, we have examined the in vivo activity of F13640 at
somatodendritic autoreceptors and postsynaptic 5-HT1a heteroreceptors in

medial prefrontal cortex (mPFC).

Experimental approach: In vivo single unit recordings and microdialysis in

the rat.

Key results: F13640 reduced the activity of dorsal raphe serotonergic
neurons in the dose range 0.2-10 ug/kg i.v. (ED50=0.8 pg/kg i.v.) and
increased the discharge rate of 80% of the pyramidal neurons in medial
prefrontal cortex (MPFC) in a dose-dependent manner, from 0.2 to 10 ug-kg™"
i.v.. Both effects were reversed by the subsequent administration of the 5-HT1a
receptor antagonist (£)WAY100635. In microdialysis studies, F13640
(0.04-0.63 mg/kg i.p.) dose-dependently decreased extracellular 5-HT in the
hippocampus and mPFC. Likewise, F13640 (0.01-2.5 mg/kg i.p.) dose-
dependently increased extracellular DA in mPFC, an effect dependent on the
activation of postsynaptic 5-HT1a receptors in mPFC. Local perfusion of
F13640 in the mPFC (1-1000 pM) also increased extracellular DA in a
concentration-dependent manner. Both the systemic and local effects of
F13640 were prevented by the prior administration of (£)WAY100635.

Conclusions and implications: These results indicate that F13640 activates
5-HT1a autoreceptors and postsynaptic 5-HT1a receptors in prefrontal cortex
after systemic administration with a similar potency. Both activities can be

involved in the analgesic properties of the compound.

Key words: 5-HT1a receptors; dopamine; pyramidal neurons; analgesia;

prefrontal cortex; microdialysis.
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Abbreviations: DA, dopamine; DR, dorsal raphe nucleus; F13640, [(3-
Chloro-4-fluoro-phenyl)-[4-fluoro-4-{[(5-methyl-pyridin-2-ylImethyl)-amino]-

methyl}piperidin-1-yllmethanone, Fumaric Acid Salt; mPFC, medial prefrontal
cortex.
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Introduction

Monoaminergic neurotransmission is profoundly implicated in the control of
pain. Thus, inhibition of descending serotonergic (and adrenergic) pathways
exerts analgesic effects in multiple models of nociception in rodents and mixed
serotonin and noradrenaline reuptake inhibitors (SNRIs) are used clinically in
the treatment of chronic pain disorders (Briley, 2004).
5-HT1a receptors are widely expressed in mammalian brain. They are located
on the soma and dendrites of serotonergic neurons, where they play an
autoreceptor role, and are also located in pyramidal and GABAergic neurons
of the neocortex and limbic system (Pazos and Palacios, 1985; Pompeiano et
al, 1992; Kia et al, 1996; Riad et al, 2000; Martinez et al, 2001; Cruz et al,
2004; Santana et al, 2004), where they mediate inhibitory actions of 5-HT
(Andrade and Nicoll, 1987; Blier and de Montigny, 1987; Innis and Aghajanian,
1987; Araneda and Andrade, 1991; Puig et al, 2005).

5-HT1a receptor agonists have been the focus of interest as targets in the
treatment of pain and efficacious agonists such as 8-OH-DPAT have shown
activity in various models of pain (e.g. Bardin et al, 2001). Interestingly, 8-OH-
DPAT, administered acutely, opposed the antinociceptive action of morphine
(Millan and Colpaert,1990) demonstrating that an interaction exists between 5-
HT+a receptor activation and mu-opioid activation in the control of nociception.
This led to the concept whereby whereas repeated morphine administration
leads to a loss of analgesic activity (tolerance) and even to hyperalgesia,
repeated administration of a 5-HT1a agonist could produce the opposite effect,
i.e. a progressive loss of acute hyperalgesia and an increase in analgesia
(Colpaert, 2006). These considerations stimulated pharmaceutical drug
discovery to identify 5-HT1a agonists that would have higher selectivity than 8-
OH-DPAT (which also has 5-HT7 affinity) and would be suitable for therapeutic
purposes (8-OH-DPAT is poorly bioavailable) (Vacher et al, 1999).

F 13640 is a novel 5-HT1a agonist that stimulates Gqo protein coupling to
5-HT+a receptors. Shortly after administration, it decreases the vocalization
threshold to paw pressure in normal rats whereas in rats exposed to formalin-
induced tonic nociception it inhibits pain behaviour. Repeated F13640
administration produces an inverse tolerance (Colpaert et al, 2002; Bruins Slot

et al, 2003; Xu et al, 2003; Bardin et al, 2005). These properties differ from
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previously known 5-HT+a receptor agonists, maybe due to differences in the
efficacy at postsynaptic receptors and/or activation of different signaling
mechanisms.

In order to shed new light to the mechanism of action of these agents,
the present study examines the in vivo effects of F13640 on pre- and
postsynaptic 5-HT+1a receptors using single unit extracellular recordings and

microdialysis in rat brain.

Materials and Methods
Electrophysiological studies
Animals

Male albino Wistar rats (230-300 g; Iffa Credo, Lyon, France) were kept in a
controlled environment (12 h light-dark cycle and 22+2 °C room temperature)
with food and water provided ad libitum. Animal care followed the European
Union regulations (O.J. of E.C. L358/1 18/12/1986) and was approved by the
Institutional Animal Care and Use Committee. Stereotaxic coordinates (in mm)
were taken from bregma and duramater according to the atlas of Paxinos and
Watson (1998). The total number of rats used in the electrophysiological

experiments was 30.
Single unit recordings

We examined the responses elicited by F13640 on serotonergic neurons of
the DR and on pyramidal neurons of the mPFC. For serotonergic neurons,
recordings were made essentially as described in Celada et al (2001) and
Romero et al (2003). Pyramidal neurons were recorded as described in Puig
et al (2003) and Kargieman et al (2007). Rats were administered chloral
hydrate (400 mgkg" i.p.) and positioned in a David Kopf stereotaxic frame.
Thereafter, chloral hydrate was continuously administered i.p. at 50-70

mgkg'h-! using a perfusion pump.

Neurons were recorded extracellularly with glass micropipettes.

Microelectrodes were filled with 2M NaCl. Typically, impedance was between
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6-12 MQ. Single unit recordings were amplified with a Neurodata IR283
(Cygnus Technology Inc., Delaware Water Gap, PA), postamplified and filtered

with a Cibertec amplifier and computed on-line using a DAT 1401plus interface

system Spike2 software (Cambridge Electronic Design, Cambridge, UK).

For recordings in the DR, a burr hole was drilled over lambda and the
sagital sinus was ligated, cut and deflected. Descents were carried out along
the midline. 5-HT neurons were typically recorded 4.7-6.6 mm below the brain
surface and were identified according to previously described

electrophysiological criteria (Wang and Aghajanian, 1977).

Pyramidal neurons in the mPFC were recorded as follows. Bipolar
stimulating electrodes were implanted in the VTA (AP -5.8, L -0.4, DV -8.2) for
the antidromic stimulation of pyramidal neurons projecting to midbrain. All
recorded units were identified as pyramidal neurons by antidromic activation
from VTA and collision extinction with spontaneously occurring spikes as
described (Puig et al, 2003). Descents in mPFC were carried out at AP
+3.2-3.4, L -0.5 to -1.0, DV —-1.0 to -4.0 below the brain surface. After the
identification of a pyramidal neuron antidromically activated from midbrain,
basal firing activity was recorded for at least 5 min and then, one or increasing
drug doses were administered i.v. every 3 min, followed by the 5HT1a receptor

antagonist (£)WAY 100635 when appropriate.

At the end of the experiments, rats were killed by an anesthetic
overdose. The placement of the stimulating electrodes was verified
histologically. Rats were perfused with saline followed by 10% formalin
solution (Sigma). Brains were post-fixed, coronally sectioned (80 um) and
stained with Neutral Red. The data from rats with stimulating electrodes outside

VTA were not included in the analysis.
Data analysis

Changes in discharge rate were quantified by averaging the values in the third
minute after each drug injection. Neurons were considered to respond to drugs
if firing rate was altered +30% from baseline. Burst analysis was carried out

using the method of Laviolette et al (2005). Briefly, a burst episode was
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defined as the occurrence of two or more spikes with an interspike interval <45

ms.

Drug effects were assessed using Student’s t-test or one-way ANOVA
for independent or repeated measures, as appropriate. Data are expressed as

the mean+SEM. Statistical significance has been set at the 95% confidence

level.
Microdialysis studies
Animals

Male Sprague-Dawley rats (OFA; Charles River France), weighing 240-260 g
upon arrival were group housed (three rats per cage), under controlled
conditions (12/12 light/dark cycle: lights on 07.00 a.m.; ambient temperature
21 £ 1°C; humidity 55 £+ 5%), with rat food (AO4, SAFE, Augy, France) and
filtered (0.2 pm pore diameter) tap water freely available. Animals were
housed and tested in an Association for the Assessment and Accreditation of
Laboratory Animal Care International (AAALAC Itl.)-accredited facility in strict
compliance with all applicable regulations and the protocols were carried out in
compliance with French regulations and with local Ethical Committee
guidelines for animal research. The total number of rats used in the

microdialysis experiments was 144.
Microdialysis procedure

Rats were anaesthetized with chloral hydrate (400-500 mg/kg, i.p.) or
isoflurane. A guide cannula with a dummy probe was stereotaxically implanted
into the mPFC, stereotaxic coordinates: AP +3.0 mm, L +0.8 mm, DV -1.7
mm, or the hippocampus: AP —4.8 mm, L +4.6 mm, DV —4.6 mm, from bregma
and skull surface. Following surgery and recovery from anesthesia, animals
were returned to their home cages. At the end of the day, each rat was placed
in a microdialysis cage. On the following day, the dummy probe was replaced
by a microdialysis probe (3 mm length, 0.5 mm diameter, CMA, Microdialysis
AB). The probe was continuously perfused (1.1 ul/min) with artificial CSF
(aCSF) containing 1 yM citalopram for the measure of 5-HT. Samples were

collected every 20 min with the first four samples used for baseline. For the
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experiment with systemic administration of the compounds, saline or
(£)WAY 100635 were injected s.c., followed, 40 min later, by i.p. administration
of saline or F13640. For the experiments with local perfusion, saline was
injected s.c. and 40 min later, F13640 was added to the perfusion medium for
the concentration-response experiment. For the antagonism, (x)WAY 100635
(or aCSF) was delivered through the dialysis probe and 40 min later, F13640
was added to the perfusion medium. Samples were collected for 140 min after
administration or beginning of the perfusion of the agonist. At the end of the
experiment, rats were killed by anesthetic overdose (pentobarbital 160 mg/kg,
i.p.) and the brain was removed, frozen and cut in a cryomicrotome (Jung

Frigocut 2800) to verify the placement of the probe.
Analytical procedure

Analysis of 5-HT and DA was performed by an HPLC, as described Assié et al,
2005. HPLC column was a reverse phase (Merck, Lichrocart 125-2,
Superspher 100 RP-18). Mobile phase was pumped at 0.2 ml/min (HPLC-118
solvent module, Beckman Coulter Inc., Fullerton CA, USA). DA or 5-HT were
electrochemically detected with a glassy carbon working electrode kept at
+0.64 V versus Ag/AgCl reference electrode (DECADE detector, ANTEC
Leyden BV, Leiden, The Netherlands). Data were acquired using a Beckman
32 Karats system. Concentrations of DA or 5-HT in brain dialysates were
estimated by comparing peak areas with those of external standards of known
concentration of each neurotransmitter. The limit of detection (three times

baseline noise) was approximately 1 fmol/20 ul sample.
Data analysis

Dialysate 5-HT or DA concentrations are given as fmol/20 pl fraction and
expressed in the figures as the percentage of baseline values. Statistical
analysis was carried out using repeated measures ANOVA using treatment
and time as variables, post hoc differences between groups were analyses by
contrasts method. Mean percent AUC values for the 140 min period after
administration of F13640 were used to estimate the EDso value of F13640 by

linear interpolation between the two doses that increased DA or decreased 5-
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HT levels with amounts bordering 50 % (vehicle control as 0 % and maximal

effect of the compound as 100 %).
Drugs

F13640 (3-Chloro-4-fluoro-phenyl)-[4-fluoro-4-[[(5-methyl-pyridin-2-yImethyl) -
amino]-methyl]piperidin-1-yl]-methadone) was synthesized at the Centre de
Recherche Pierre Fabre. The doses of compounds were expressed as the
weight of the free base. All drug and molecular target nomenclature conforms
to The British Journal of Pharmacology’s ‘Guide to Receptors and
Channels’ (Alexander et al, 2008)

For electrophysiological studies chloral hydrate was from Merck (NJ, USA) and
(£)WAY 100635 (N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-pyridinyl)
cyclohexanecarboxamide) hydrochloride was from RBI (Natick, MA). Stock
solutions were prepared and aliquots were stored at —20 °C. Working solutions
were prepared daily by dilution in saline at the appropriate concentrations and
injected i.v. (up to 1 mlkg") through the femoral vein. Doses are expressed as

weight of free bases.

For microdialysis experiments, chloral hydrate was purchased from Acros
(Geel, Belgium), pentobarbital sodium from Ceva Santé Animale (Libourne,
France), isoflurane from Baxter SA (Paurenas, France). Citalopram
hydrobromide was kindly donated by Lundbeck (Copenhagen, Denmark).
(£)WAY 100635 was synthesized at the Centre de Recherche Pierre Fabre.
(£)WAY 100635 and F13640 were dissolved in distilled water; the injection

volume was 0.1 ml/kg.
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Results
Effect of F13640 on the activity of DR serotonergic neurons

We examined the effect of F13640 on serotonergic neurons of the DR in the
range 0.2 —10 pg / kg i.v.. F13640 suppressed the activity of all 5-HT neurons

recorded (baseline firing rate 1.52 £ 0.3 Hz; n = 6).

Repeated measures ANOVA showed a significant effect of F13640 on the
firing rate of 5-HT neurons (Fs20 = 25.7, p < 0.00001). The dose of 5 pg / kg
i.v. produced a full suppression of firing in all units tested. Figure 1A shows the
suppressing effect of F13640 on a DR 5-HT neuron. Figure 1B shows the
dose-effect relationship for the F13640-induced inhibition of serotonergic cell

firing for the 5 neurons exposed to all doses.

The calculated ED50 values for the inhibition of 5-HT cell firing were 0.89 (all
neurons; R2 = 0.74; n = 6) and 0.64 (neurons with all doses; R?2 = 0.78; n = 5).

The inhibitory effect of F13640 on serotonergic cell firing was reversed by the
subsequent administration of (£)WAY 100635 (13.34 + 3.34 ug / kg i.v.) (F2s =
25.2; p <0.0005; n = 5) (Figure 1C).
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Figure 1. (A) Integrated firing rate histogram showing the suppressant effect of F13640 on the
firing rate of a 5-HT neuron. This unit ceased to fire at a cumulative dose of 3.2 ug / kg i.v. The
injection of (+)WAY100635 (10 ug / kg i.v.) completely reversed the inhibition elicited by
F13640. Arrows mark the time of drug administration. (B) Bar graph showing the inhibition of
serotonergic cell firing induced by the i.v. administration of F13640 (0.2 -10 pg / kg. iv.). *p <
0.05 vs. baseline Newman-Keuls post ANOVA. Data are means + SEM of five neurons. (C)
Bar graph showing the inhibitory effect on 5-HT cell firing produced by F13640 and the
reversal of this effect by the selective 5-HT1a receptor antagonist WAY-16635 (n = 5). *p < 0.05
vs. baseline; #p < 0.05 vs. maximal effect of F13640; Newman-Keuls post-ANOVA.
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Effect of F13640 on the activity of pyramidal neurons of the mPFC

The effect of F13640 (0.2-10 ug / kg i.v.) on mPFC neurons was examined in
16 rats (one neuron per rat). Baseline firing rate of recorded pyramidal
neurons was 1.60 = 0.26 Hz (n = 16). Of the 16 neurons recorded, F13640
had an excitatory effect on 13 of them, inhibited two other neurons and did not
affect one neuron. Therefore, the analysis of the excitatory effect of the drug
has been carried out on 13 neurons (baseline firing rate 1.74 + 0.30). Figure
2A and 2B shows examples of two pyramidal neurons in the mPFC excited by
F13640 administration.

As F13640 was able to reduce the firing rate of serotonergic neurons at the
lower dose used (0.2 ug/kg i.v.), we specifically tested whether this dose was
also able to increase pyramidal cell firing. A paired t-test revealed significant
differences (p <0.003) between baseline and this dose (159 + 56% of baseline;
n=13).

We also injected higher doses of F13640 to evaluate the dose-response profile
of the drug. F13640 produced a dose-related, statistically significant increase
of the firing rate of mPFC pyramidal neurons in the range 0.2-5 ug / kg i.v.
(Fa24 = 3.18, p < 0.04, n = 7) showing post-hoc differences between baseline
and 5 ug / kg i.v. Four neurons received an additional 10 pug/kg dose which did
not seem to increase pyramidal cell firing further (Fig. 2C). A similar analysis of
the data up to the 2 ug / kg dose with a total of 10 neurons also revealed a
significant effect of treatment (Fs27 = 6.76, p < 0.002) showing post-hoc

differences between the doses of 1 and 2 pg / kg i.v. vs. baseline.

The excitatory effect of F13640 was significantly antagonized by the
subsequent administration of the selective 5-HT1a antagonist (x)WAY 100635
(75 £ 11 ug / kg i.v.). One-way repeated-measures ANOVA showed a
significant effect of the treatment (F2, 10 = 8.0; p < 0.01; n = 6) with significant
post hoc differences between F13640 and baseline and between F13640 +
(£)WAY 100635 and F13640 (Fig. 2D).
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Figure 2. (A, B) Integrated firing rate histograms showing the increase in pyramidal cell firing
induced by F13640. The effect of F13640 in the unit in the right panel was completely
reversed by the administration of the 5-HT1a antagonist WAY-16635. Arrows mark the time of
drug administration. (C) Descriptive bar graph showing the excitatory effect of F13640 on
mPFC pyramidal neurons. Data are expressed as percentage of baseline. The number of
neurons in each group is 13, 13, 11, 10, 7 and 4 for baseline, 0.2, 1, 2, 5 and 10 ug/kg i.v.
F13640, respectively. (D) Bar graph showing the maximal increase in the firing rate induced
by F13640 in pyramidal neurons of the mPFC and its reversal by the subsequent
administration of WAY-100635 (n = 6). *p < 0.05 vs. baseline; #p < 0.05 vs. maximal effect of
F13640; Newman-Keuls test post-ANOVA.

F13640 caused a parallel increase on the burst firing of activated mPFC
pyramidal neurons showing significant effects on most of the parameters
tested (Table 1).
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Table 1. Effect of F13640 on the burst activity of mPFC pyramidal neurons. Data are means %
SEM. * p<0.05, ** p<0.01 vs. baseline Newman-Keuls test post-ANOVA.

Basal F13640 F13640 F13640
_ _ (0.2 ug/kg) (1 pg/kg) (2 pg/kg)
% of spikes fired 53+7 59+5 60+6 65+5
in burst B B B B
Spikes in burst 6217 93+23 146456 222+80*
in 1 min
Spikes per burst 2(.’333;).06 2.25+0.08 2.46+0.14 2.41+0.10
Burst episodes 28+7.6 41+11 59+24 90+33*
(1 min)
Burst duration 15.5542.22 17.41+3.35 18.65+3.00 |  22.86+3.66*
(ms) (N=9)
Interspike
interval within 1(2N6=79J—;1 53| 1327:1.98 | 14312167 |  15.20:1.57
bursts (ms)
N 10 10 10 10

Regional comparisons

The excitatory effect on the firing of mPFC pyramidal neurons after the
administration of F13640 occurred at doses similar to those inhibiting the
activity of DR 5-HT neurons. In both regions, doses of 0.2-1 ug/kg were able to
reduce (DR) or increase (mPFC) neuronal activity through the activation of 5-
HT1a receptors. The ED50 for the inhibition of DR 5-HT neurons was 0.6-0.8
Ma/kg, a dose at which clear excitatory responses were observed in the mPFC
(Fig. 3).

DR
I mPFC

4001

% BASELINE

100

0
BASAL 0.2 1 2 5 10

F13640 (ug/kg i.v.)

Figure 3. Bar graphs showing the comparative effects of F13640 on the firing activity of
pyramidal neurons in the mPFC (excitations) and 5-HT neurons in the DR. Note that the dose

of 0.2 ug/kg i.v. induced changes in the activity of both areas.
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Effect of F13640 on the extracellular 5-HT concentration in the ventral

hippocampus

The mean basal extracellular level of 5-HT in ventral hippocampus was 45.4 +
2.5 fmol / 20 ul (n = 30). Administration of F13640 (0.04-0.63 mg / kg) dose-
dependently decreased extracellular 5-HT during the 140 min period after
injection (Fig 4, top left panel). (x)WAY100635 (0.16 mg / kg), when given
alone, did not significantly alter extracellular 5-HT and antagonized the
decrease induced by F13640 0.63 mg / kg (Fig 4 top right panel). Two-way
ANOVA for repeated measures indicated a significant effect of treatment (Fs 24
= 33.1, p < 0.0001) and time (Fe,137 = 5.12, p <.0001) and a tendency to
treatment x time interaction (Fso,137 = 1.54, p = 0.051). Post-hoc analysis by
the contrasts method indicated a significant global effect at 0.16 (p < 0.0001)
and 0.63 mg / kg (p < 0.0001), compared to controls. The effects of 0.63 mg /
kg F13640 were significantly reversed by (x)WAY100635 (p < 0.0001). The
EDso value of F13640 for the inhibition of extracellular concentration of 5-HT in

the ventral hippocampus was 0.09 mg/kg.

Effect of F13640 on the extracellular 5-HT concentrations in the medial

prefrontal cortex

The mean basal extracellular level of 5-HT in mPFC was 42.7 £ 2.2 fmol/20 pl
(n = 35). Administration of F13640 (0.04-0.63 mg/kg) dose-dependently
decreased extracellular 5-HT during the 140 min period after injection (Fig 4,
middle left panel). (x)WAY100635 (0.16 mg/kg), when given alone, did not
significantly alter extracellular 5-HT and antagonized the decrease induced by
F13640 0.16 mg/kg (Fig 4 middle right panel). Two-way ANOVA for repeated
measures indicated a significant effect of treatment (Fs29 = 32.9, p < 0.0001)
and time (Fs160 = 8.82, p <.0001) and no significant treatment x time
interaction (Fzo,169 = 0.95, p = 0.54). Post-hoc analysis by the contrasts method
indicated a significant global effect at 0.04 (p = 0.045), 0.16 (p < 0.0001) and
0.63 mg/kg (p < 0.0001), compared to controls. The effects of 0.16 mg/kg
F13640 were significantly reversed by (£)WAY 100635 (p < 0.0001). The EDso
value of F13640 for the inhibition of extracellular concentration of 5-HT in the
mPFC was 0.06 mg/kg.
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Figure 4. Effects of i.p. administration F13640 on extracellular serotonin in the ventral
hippocampus or the medial prefrontal cortex and on dopamine levels in the medial prefrontal
cortex of freely moving rats (left panels) and antagonism by (+)WAY100635 (right panels).
Data are expressed as a percentage of the mean absolute amount of neurotransmitter in the
four samples collected before treatment. The first arrow indicates injection of saline or

(£)WAY100635 (0.16 mg/kg, s.c.), the second arrow indicates administration of saline or
F13640. Results are mean = S.E.M. for 5-8 animals per group.
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Effect of F13640 on the extracellular DA concentrations in the medial

prefrontal cortex
Systemic administration of F13640

The mean basal extracellular level of DA in mPFC was 6.38 + 0.40 fmol/20 pl
(n = 40). Systemic administration of F13640 (0.01-2.5 mg/kg i.p.) dose-
dependently increased extracellular DA level during the 140 min period after
injection (Fig 8 bottom left panel). (£)WAY100635 (0.16 mg/kg), when given
alone, did not significantly alter extracellular DA and antagonized the decrease
induced by F13640 0.63 mg/kg (Fig 4 bottom right panel). Two-way ANOVA for
repeated measures indicated a significant effect of treatment (F732 = 19.5, p <
0.0001), time (Fs191 = 7.47, p < 0.0001) and treatment x time interaction
(Fa2,191 = 2.89, p < 0.0001). The method of contrasts indicated a significant
global effect at doses 0.04 (p = 0.0044), 0.16 (p = 0.0001) 0.63 and 2.5 mg/kg
(p < 0.0001), compared to controls. The effects of F13640 0.63 mg/kg were
significantly reversed by (x)WAY100635 (p = 0.0002). The EDso value of
F13640 for the increase in extracellular DA concentration in mPFC was 0.1

mg/kg.
Local perfusion of F13640 through the dialysis probe

The mean basal extracellular level of DA was 7.65 + 0.51 fmol/20 pl (n = 39).
Local perfusion of F13640 through the dialysis probe in the mPFC (1-1000
MM) increased extracellular DA in a concentration-dependent manner during
the 140 min period examined. The maximal increase (20 min after the
beginning of the perfusion) was 465 % of basal level at 1000 pM (Fig 9 top
panel). The two-way ANOVA for repeated measures indicated a significant
effect of treatment (F4,14 = 9.55, p = 0.0006) and treatment x time interaction
(F24,84 = 5.00, p < 0.0001), but no significant effect of time (Fsgs = 2.03, p =
0.07). Post-hoc analysis by the contrasts method indicated a significant global
effect at the concentrations 1000 yM (p < 0.0001).

(£)WAY 100635 (100 uM), perfused through the dialysis probe 40 min
before and together with F13640 300 uM prevented the increase in
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extracellular DA induced by F13640 (Fig 5 bottom panel). The two-way
ANOVA for repeated measures indicated a significant effect of treatment (F3, 16
= 13.4, p = 0.0001) and time (Fegs = 4.63, p = 0.0004) and a significant
interaction (Fig9s = 3.27, p < 0.0001). Post-hoc analysis by the contrasts
method indicated a significant global effect of 300 yM F13640 compared to
controls (p < 0.0001) and a significant antagonist effect of (£)WAY100635 100
MM (p = 0.0006).
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Figure 5. Effects of local perfusion of F13640 in the medial prefrontal cortex on extracellular
dopamine levels and antagonism by (+)WAY100635. Data are expressed as a percentage of
the mean absolute amount of dopamine in the four samples collected before treatment. Top
panel: effects different concentrations of F13640 administered through the dialysis probe from
time 0 (bar), the arrow indicates saline administration (s.c.). Bottom panel: antagonist effects
of (x)WAY100635 100 uM administered through the dialysis probe on the increase in
extracellular dopamine induced by 300 uM F13640. The bar indicates the presence of
compounds in the perfusion medium, the arrow indicates the addition of F13640 to the

perfusion medium. Results are mean + S.E.M. for 3 to 5 animals per group.

165



Discussion

The present study indicates that the selective 5-HT1a agonist F13640
(befiradol) shows a comparable activity on cortical pyramidal vs. serotonergic
neurons in the rat brain. This comparable sensitivity of pre- and postsynaptic
5-HT1a receptors is supported by microdialysis studies, in which similar doses
of F13640 reduced hippocampal 5-HT release and increase DA release in
mPFC, which result from the activation of presynaptic 5-HT1a autoreceptors
and of postsynaptic 5-HT+a receptors in mPFC, respectively (see below).
Likewise, electrophysiological data support a comparable and high sensitivity
of both receptor subsets to F13640, given the observation that the lower dose
used (0.2 pg/kg i.v.) had a significant effect on the firing rate of DR
serotonergic neurons and pyramidal neurons in the mPFC. The cellular and
neurochemical responses evoked by F13640 were prevented or reversed in all
instances by the selective 5-HT1a antagonist WAY-100635, indicating the

exclusive involvement of 5-HT1a receptors.

This adds to previous observations indicating that F13640 is a very high
efficacy and highly selective agonist at 5-HT1a receptors. Indeed, in a stringent
in vitro test of agonist efficacy (stimulation of receptor-coupled G-protein
activation as determined by binding of the radiotracer, [3*S]GTPyS, in C6-glial
cells), F13640 showed very high efficacy (75%) relative to serotonin (100%)
whereas other agonists were substantially less active (Colpaert et al, 2002).
F13640 also showed impressive selectivity or 5-HT1a receptors. It shows sub-
nanomolar affinity at these sites, with no detectable interaction up to
micromolar concentrations at other serotonin receptor subtypes or at a large

variety of other receptors, transporters and enzymes (Colpaert et al, 2002).

Although no subtypes of 5-HT1a  receptors have been reported,
previous electrophysiological studies comparing the sensitivity of auto- (raphe)
and postsynaptic (hippocampus) 5-HT1a receptors indicated a greater
sensitivity of the former receptors to the inhibitory actions of 5-HT and
exogenous agonists (Sprouse and Aghajanian, 1987, 1988; Dong et al, 1997,

Blier and Ward, 2003). Using similar experimental approaches, the selective
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5-HT1a agonists 8-OH-DPAT and BAY x 3702 (repinotan), show EDso values
around 1 pug-kg' i.v. to suppress serotonergic cell firing (Blier and de Montigny,
1987; Dong et al, 1998; Hajés et al, 1999; Casanovas et al, 2000; Romero et
al, 2003). However, similar or higher doses are required to increase the
discharge of cortical neurons (Borsini et al, 1995; Hajos et al, 1999; Diaz-
Mataix et al, 2006). This preferential selectivity for 5-HT1a autoreceptors was
attributed to a receptor reserve in the raphe (Meller et al, 1990; Cox et al,
1993). This concept was partly supported by in vitro observations indicating
that the agonist/antagonist profile of 5-HT1a receptor agents varied depending

on the cellular density of 5-HT1a receptors (Hoyer and Boddeke, 1993).

The EDS0 of F13640 to suppress serotonergic activity (0.8 ug/kg i.v.) is
equal to that of the prototypical 5-HT1a agonist 8-OH-DPAT under the same
experimental conditions (Romero et al, 2003). In contrast, F13640 enhances
mPFC pyramidal discharge to 159 + 56% of baseline at 0.2 ug/kg i.v., whereas
doses higher than 0.5-1 ug/kg i.v. 8-OH-DPAT are typically required to elicit a
significant increase of pyramidal discharge in mPFC (Hajos et al, 1999; Lladé-
Pelfort et al, 2009). This indicates that, unlike 8-OH-DPAT and azapirones,
F13640 shows a comparable potency at pre- and postsynaptic 5-HT1a

receptors.

The selective 5-HT+1a agonist, F15599 shows a preferential activation of
5-HT1a receptors enhancing pyramidal cell activity in mPFC (Llad6-Pelfort et
al, 2010), an observation that raises questions about previous concepts on the
presynaptic selectivity of 5-HT1a agonists. The ranking order of post- vs.
presynaptic 5-HT+a receptor selectivity of these compounds, using the same
experimental conditions is F15599 > F13640 > 8-OH-DPAT. The different
selectivity of these agents for pre- and postsynaptic 5-HT+a receptors may be
related to the activation of different intracellular signaling mechanisms due to
the coupling to one or more G proteins, as recently demonstrated for 8-OH-
DPAT and buspirone in the raphe nuclei (Valdizan et al, 2009).

Given the inhibitory nature of 5-HT1a receptors on neuronal activity
(Andrade and Nicoll, 1987, Innis and Aghajanian, 1987; Araneda and Andrade,
1991; Puig et al, 2005) the increase of mPFC pyramidal discharge elicited by
the systemic administration of 5-HT1a receptor agonists (Borsini et al, 1995;
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Hajos et al, 1999; Diaz-Mataix et al, 2006; Lladé-Pelfort et al, 2009, 2010; this
work) may seem paradoxical, since 1) microiontophoretic application of these
compounds at large concentrations in mPFC inhibits the discharge of putative
pyramidal neurons (Ashby et al, 1994; Rueter and Blier, 1999), 2) high doses
of 8-OH-DPAT inhibit mPFC pyramidal neurons (Hajés et al, 1999; Lladé-
Pelfort et al, 2009), 3) physiological release of 5-HT inhibits the activity of
mPFC pyramidal neurons through 5-HT1a receptors (Amargds-Bosch et al,
2004; Puig et al, 2005) and 4) there is in vitro evidence of inhibition of mPFC
pyramidal cells by 5-HT1a agonists (Tanaka and North 1993). Conceivably, this
excitatory effect may result from an action on cortical networks involving the
activation of 5-HT+4a receptors in local GABA interneurons (Santana et al,
2004), perhaps in local networks connected through gap junctions (Hestrin
and Galareta, 2005), and the subsequent disinhibition of pyramidal neurons.
This hypothesis appears to be supported by recent data indicating that a) the
excitatory effect of low 8-OH-DPAT doses is prevented by the local application
of the GABAAa antagonist gabazine, and b) 8-OH-DPAT inhibits the activity of
fast-spiking GABA interneurons at doses that increase pyramidal cell
discharge (Llado6-Pelfort et al, 2009). Although this mechanism has not been
demonstrated for F13640, it seems likely given the similar excitatory effect of
low doses of 8-OH-DPAT and F13640.

Microdialysis data also support a potent postsynaptic action of F13640.
F13640 had a similar potency to promote DA release in mPFC and to suppress
hippocampal 5-HT release. The 5-HT and DA output in hippocampus and
mPFC are used as neurochemical indicators of the activation of
somatodendritic autoreceptors and postsynaptic 5-HT1a receptors,
respectively. Some studies support the view that 5-HT release in ventral
hippocampus depends on the activation of somatodendritic 5-HT1a autoreceptors
(Adell et al, 1993; Hutson et al, 1989; McQuade and Sharp, 1997). However,
since the activity of DR 5-HT neurons is also dependent on mPFC 5-HT1a
receptor activation (Ceci et al, 1994; Hajos et al, 1999; Celada et al 2001) it is
uncertain whether hippocampal 5-HT release may be influenced to some
extent by postsynaptic 5-HT1a receptor activation, as it happens with that in
mPFC (Casanovas et al, 1999; Celada et al, 2001).
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On the other hand, DA output in mPFC is dependent on the activation
of cortical postsynaptic 5-HT1a receptors, possibly located on or close to
pyramidal neurons projecting to the ventral tegmental area (Diaz-Mataix et al,
2005; Bortolozzi et al, 2007). This assertion is further supported by the
increase in DA output produced by the local application of F13640 in mPFC.

F13640 has shown remarkable efficacy in a variety of models of pain. Thus,
in agreement with the concept outlined above, F13640 produced a
hyperalgesic response in normal rats. However, in animals under nociceptive
challenge, in the formalin model of tonic nociceptive pain, F13640 was
potently analgesic (Colpaert et al, 2002). Both the hyperalgesic and the
analgesic effects of F13640 were mediated by 5-HT1a receptor activation, as
demonstrated by their reversal with WAY100635, a selective 5-HT1a
antagonist. It is important to note that the capacity to induce these responses
is related to the agonist efficacy of the ligand. Indeed, other agonists, including
8-OH-DPAT and buspirone, were incapable of opposing formalin-induced
nociception (Bardin et al, 2003). The action of F13640 extends to various other
models of pain, including spinal cord injury-induced central neuropathy and

sciatic nerve ligation-induced peripheral neuropathy (Colpaert et al, 2002).

The remarkable activity of F13640 raises the issue of its mechanism of
action at a molecular level. Clearly, as mentioned above, the agonist efficacy
of the compound is fundamental to its physiological activity — less efficacious
agonists fail to demonstrate similar antinociceptive action. Moreover,
differential actions of F13640 in intracellular signaling mechanisms at pre- or
postsynaptic receptors may also contribute. Thus, in ex vivo measures of
extracellular-regulated kinase (ERK) phosphorylation, F13640 exhibited potent
(MED 0.04 mg/kg i.p.) inhibition of response in hippocampus, an effect
controlled by presynaptic 5-HT1a receptor activation (Buritova et al 2009). In
contrast, stimulation of ERK phosphorylation in brain regions expressing post-
synaptic 5-HT1a receptors such as prefrontal cortex and hypothalamus
required higher doses of F13640 (0.63 and 0.16 mg/kg i.p., respectively)
(Buritova et al 2009). These observations suggest that, whereas F13640
appears equally potent to modulate neuronal activity, it possesses a different

balance of pre- and postsynaptic 5-HT1a receptor activation compared with
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other agonists, such as the close analogue F15599, which exhibits preferential
activity at post-synaptic 5-HT1a receptors, particularly in the prefrontal cortex
(Newman-Tancredi et al, 2009).

Moreover, other populations of 5-HT+a receptors likely intervene in the
activity of F13640. Indeed, activation of spinal cord-located 5-HT1a receptors
produces analgesia in the formalin test (Bardin and Colpaert, 2004)
suggesting that peripheral 5-HT1a receptors contribute to the analgesic action
of F13640. However, it seems likely that raphe 5-HT+a receptors act as “signal-
integration” sites by virtue of their control of both descending serotonergic
transmission to the spinal cord and ascending transmission to higher brain
regions. Various brain regions expressing post-synaptic 5-HT1a receptors,
including prefrontal and cingulate cortices and amygdala, appear to be
involved in pain perception in human volunteers (Martikainen et al, 2007),
reinforcing the notion that analgesia by F13640 involves multiple brain regions.
In other studies, it has been suggested that antagonism of 5-HT1a
autoreceptors is necessary to achieve analgesic activity (Mico et al, 2006).
This apparently discrepant hypothesis may, in fact, be reconciled with the
observed activity of F13640 to downregulate / desensitize 5-HT1a
autoreceptors (Assié et al, 2006 and unpublished observations). Thus, F13640
may initially act by potently activating both pre- and postsynaptic 5-HT1a
receptors. However, following repeated administration, F13640 may
essentially activate postsynaptic receptors because the autoreceptors will

have been desensitized.

In summary, the present study shows that F13640 is a potent and
efficacious 5-HT1a agonist acting on pre- and postsynaptic 5-HT1a receptors
controlling, respectively, the activity of serotonergic neurons and of pyramidal
neurons in prefrontal cortex. Given its selectivity for 5-HT1a receptors, these
activities are likely related to its analgesic properties. Further work is
necessary to establish the role of pre- and postsynaptic 5-HT1a receptors in
the therapeutic action of F13640.
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TREBALL 4

Efecte de diferents agonistes 5-HT;a sobre les oscil-lacions de baixa
freqiéncia de I'EPFm de rata

Resum

Antecedents i objectiu: L’activitat oscil-latoria és un tret fonamental de la dinamica cortical i
ha mostrat estar alterada en pacients esquizofrénics. Entre les diferents oscil-lacions corticals,
prenen especial importancia les ones de baixa freqii¢ncia per ser el mecanisme que coordina
tant les ones d’altres freqiiencies com lactivitat entre diferents arees cerebrals. Farmacs
emprats com a models farmacologics d’esquizofrenia suprimeixen les oscil-lacions de baixa
freqiiencia en animals d’experimentaci6. L’agonisme pel receptor 5-HTa és un mecanisme
comu en els farmacs antipsicotics atipics i els farmacs d’dltima generacié pero poc se sap dels
efectes de I'agonisme 5-HTa sobre la dinamica cortical. En aquest treball hem examinat els
efectes de diferents agonistes 5-HTa (8-OH-DPAT, F13640 i F15599) sobre les oscil-lacions
de baixa freqiiencia i hem caracteritzat els mecanismes pels quals "agonista 5-HT 8-OH-

DPAT produeix els seus efectes.

Aproximacio experimental: Registres electrofisiologics de potencial de camp 2 vivo en rata

anestesiada amb hidrat de cloral. Analisi de I'oscil-lacio de 0.3 a 4 Hz.

Resultats clau: Els diferents agonistes 5-HTia testats produeixen efectes diferents en
'oscil-lacio cortical de baixa freqiiencia. La (£)8-OH-DPAT i la R(+)8-OH-DPAT causen
disminucions de la poténcia d’aquesta ona a dosis baixes i dosis més altes d’aquests farmacs
recuperen ['oscil-lacié. L’F13640 produeix una disminucié dosi-depenent de la potencia de
'ona de 0.3 a 4 Hz. L’F15599 no té efectes sobre I'oscil-lacié de baixa freqiiencia a EPFm. La
inhibicié de la sintesi de serotonina no t¢ efectes sobre el patré bifasic produit per la 8-OH-
DPAT. El bloqueig local del receptor GABAA amb bicuculina pero no amb gabazina evita els
efectes de la 8-OH-DPAT sobre les ones de baixa freqiiencia d’EPF.

Conclusions i implicacions: Els diferents efectes dels agonistes 5-HTa sobre I'activitat
oscil-latoria cortical podrien estar relacionats amb les diferencies en els patrons de resposta
que aquests farmacs produeixen sobre I'activitat unitaria de les neurones piramidals d’EPF.
Aixi mateix el trafic de receptor dirigit per agonista junt amb la diferent selectivitat regional
podrien ser els responsables dels diferents dels diferents efectes. La prevencio dels efectes de
la 8-OH-DPAT amb bicuculina implica les interneurones GABA¢rgiques en els efectes de la
8-OH-DPAT sobre I'oscil-lacié de baixa freqiiencia. El fet que I'F15599 no produeixi efectes

sobre 'ona de 0.3 a 4 Hz pero sigui capa¢ de modular I"activitat de les neurones piramidals
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d’EPF és un tret diferencial que podria ser interessant per a les possibles aplicacions

terapeutiques d’aquest farmac.
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Abstract

Oscillatory activity is a fundamental trait of cortical dynamics and is altered in
schizophrenic patients. Among the different cortical oscillations, low frequency
oscillations have special importance because they are the mechanism that
coordinates oscillations of other frequencies and activity between different
brain areas. 5-HTia agonism is a common mechanism in atypical
antipsychotics and last generation drugs, but little is known about the effects of
the 5-HT1a agonism on cortical dynamics. Here we examine the effects of
different 5-HT1a agonists (8-OH-DPAT, F13640, F15599) on low frequency
oscillations and we have characterized the mechanisms by which the
prototypical 5-HT1a agonist 8-OH-DPAT exerts its effects by recording local
field potential in mPFC of anaesthetized rats and analyzing the 0.3-4 Hz

oscillation.

Different 5-HT1a agonists elicit differential effects on low frequency oscillatory
activity. (x)8-OH-DPAT and (+)R-8-OH-DPAT decrease the power of 0.3-4 Hz

oscillation at low doses, while higher doses recover this oscillation. F13640
induces a dose-dependant decrease and F15599 has no effects on the power
of the low frequency oscillations. Inhibition of serotonin synthesis has no
effects on 8-OH-DPAT-elicited effects. Local blockade of GABAA receptors by
bicuculline, but not by gabazine, prevents 8-OH-DPAT effects on low

frequency oscillation.

The different effects of 5-HT1a agonists on low frequency oscillations could be
related to the different patterns of response that these drugs produce on single
unit mPFC neuronal activity. Agonist directed trafficking and differential
regional selectivity could be responsible of the different effects elicited by each
drug. Prevention of 8-OH-DPAT-induced effects by bicuculline involves
GABAergic interneurons on 8-OH-DPAT —elicited effects on low frequency
oscillations. The fact that F15599 does not produce effects on 0.3-4 Hz wave
but is able to modulate mPFC pyramidal neuron activity is a differential trait

that might be interesting in future therapeutic applications of this drug.
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Introduction

The prefrontal cortex (PFC) is involved in a large number of higher brain
functions (cognition, behavioural control or attention, among others) (Fuster
1997; Miller and Cohen 2001) that are altered in diseases such as depression
or schizophrenia (Elvevag et al. 2000). The presence of an oscillatory activity
is a characteristic feature of cortical dynamics and its integrity appears to be
necessary for the normal functioning of the brain (Buzsaki and Draguhn 2004,
Buzsaki; 2006). Indeed, neural oscillations are associated with higher brain
functions and they are altered in psychiatric diseases (Uhlhaas and Singer
2010).

Schizophrenia is a psychiatric disorder involving different brain areas
and altered connectivity between them. This altered connectivity can be due to
neurodevelopmental damage and can result in anatomical alterations
(Harrison, 1999) that can translate into an altered coordinated activity in
schizophrenic patients (Friston 1999; Stephan et al. 2009). The coordinated
activity of neuronal ensembles is necessary in many brain processes. Brain
oscillations and specially low frequency oscillations are a fundamental
mechanism to allow the coordinated activity between different brain areas
(Uhlhaas, et al. 2009). Indeed, boosting low frequency oscillations during

sleep has proven beneficial for memory (Marshall et al., 2006).

Oscillatory activity is dependant on the integrity of neural circuits (Engel
et al. 1991; Loéwel and Singer 1992; Uhlhaas, et al. 2009). In schizophrenia
there are reductions in grey matter (Shenton, et al. 2001) and white matter
(Lim et al. 1999; Kubicki et al. 2007; Rotarska-Jagiela et al. 2008) as well as
reduced neuropil (see Harrison, 1999 for review). These alterations may
underlie the deficits coordination and poor performance of schizophrenic

patients in tasks demanding a correct function of brain networks.

Several studies report abnormal low frequency oscillations in
schizophrenic patients during sleep and rest (Hoffmann et al. 2000; for a
review: Boutros et al. 2008). Alterations in low frequency oscillations could
cause, among other effects, alterations in memory (Diekelman and Born 2010)

and could be responsible of the aberrant perception in schizophrenia and the
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inability to receive the internal feedback to distinguish self-generated and
external facts (Feinberg 1978; Ford and Mathalon 2005).

Atypical antipsychotics have affinity for multiple neurotransmitter
receptors, among them the D2, 5-HT2a and 5-HT+a (Bishara and Taylor 2008).
Modulatory systems such as serotonin (5-HT) influence neuronal activity in
many brain areas and are therefore capable of regulate cortical oscillations
(Puig et al., 2010). Several lines of evidence suggest that 5-HT1a agonist
activity could be beneficial for the treatment of negative and cognitive
symptomatology in schizophrenic patients by normalizing cortical dopamine
levels (Rollema et al. 2000; Ichikawa et al. 2001; Diaz-Mataix et al. 2005;
Bortolozzi et al. 2010). 5-HT+a receptors are located a) at the soma and
dendrites of serotonergic neurons, acting as autoreceptor, and b) in other brain
areas such as the hippocampus or the mPFC, acting as heteroreceptors
(Pompeiano et al. 1992). In the latter area, 5-HT+1a receptors are localized in
50-60% of all pyramidal neurons and ~20% of GABAergic interneurons
(Santana et al., 2004), which places them in a key situation to control the

connectivity between PFC and other cortical and subcortical structures.

Several previous studies have examined the cellular actions resulting
from 5-HT1a receptor stimulation by 5-HT or selective agonists (Andrade and
Nicoll, 1987; Innis and Aghajanian, 1987; Araneda and Andrade, 1991; Hajos
et al., 1999; Puig et al., 2005; Diaz-Mataix et al., 2006; Llad6-Pelfort et al.,
2010). However, to our knowledge, the effect of 5-HT1a receptor activation on
cortical oscillations has not been studies so far. Here we examine the effects
of different 5-HT1a receptor agonists on the population activity in mPFC, using
local field potential (LFP) recordings and we try to characterize the mechanism
by which the prototypical 5-HT1a agonist (8-OH-DPAT) exerts its effects.

Materials and methods
Animals

Male albino Wistar rats (250-320 g, Iffa Credo, Lyon, France) were kept in a

controlled environment (12-hour light-dark cycle and 22 + 2°C room
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temperature) with food and water provided ad libitum. Animal care followed the
European Union regulations (O.J. of E.C. L358/118/12/1986) and was

approved by the Institutional Animal Care and Use Committee.
Drugs and Reagents

8-OH-DPAT (5-HT1a agonist), R(+)-8-OH-DPAT (active isomer, 5-HTia
agonist), WAY-100635 (5-HT1a antagonist), gabazine (SR95531, GABAa
antagonist), bicuculline (GABAa antagonist), nomifensine (norepinephrine-
dopamine reuptake inhibitor) and 4-chloro-DL-phenylalanine methyl ester
hydrochloride (PCPA, tryptophan hydroxylase inhibitor) were from Sigma-
Aldrich (St. Louis, MO). F15599 (3-chloro-4-fluorophenyl-(4-fluoro-4-{[(5-
methyl-pyrimidin-2-ylmethyl)-amino]- methyl}-piperidin-1-yl)-methanone)
tosylate salt and F13640 (3-Chloro-4-fluoro-phenyl)-[4-fluoro-4-[[(5-methyl-
pyridin-2-ylmethyl) -amino]-methyl]piperidin-1-yl]-methadone) were from Pierre
Fabre Medicament. Concentrated stock solutions of WAY 100635, 8-OH-DPAT,
R(+)8-OH-DPAT, F15599 and F13640 were prepared and aliquots were stored
at -20°C. Working solutions were prepared daily by dilution with saline to inject
i.v. (up to 1 ml/kg) through the femoral vein. Gabazine (20 mM in 0.2 M NaCl)
and bicuculline (20mM in 1M NaCl) were prepared and stored at -20°C until
the day of the experiment. They were used to fill the recording micropipette in
specific experiments. Nomifensine was prepared at 2 mg/ml in saline and
stored at -20°C. PCPA was prepared daily at 150 mg/ml. Doses are expressed

as weight of free bases.
Electrophysiological recordings

We performed LFP recordings and single unit recordings of mPFC neurons
projecting to the ventral tegmental area (VTA) in anesthetized animals (chloral
hydrate 400 mg/kg i.p. followed by 50-70 mg/kg/h using a perfusion pump) to
analyze the responses elicited by the systemic administration of 8-OH-DPAT
(0.75-98 ug / kg i.v. cumulative doses), R(+)-8-OH-DPAT (0.37-49 ug / kg i.v.
cumulative doses), F13640 (0.2-8.2 ug / kg i.v. cumulative doses) or F15599
(0.2- 18.2 ug / kg i.v. cumulative doses). The specificity of the responses was

evaluated by the administration of WAY100635 at the dose of 50-100 pg/kg i.v.

to reverse the effects.
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Descents were carried out at anteroposterior +3.2 to +3.4 mm, lateral -0.5 to
-1 mm, dorsoventral -1 to -4 mm below the brain surface. Only one recording
per rat was performed. Recording electrodes were filled with 2M NaCl and, in
some cases, with Pontamine sky blue in 2M NaCl to verify the recording site.
Brain sections were stained with neutral red, according to standard

procedures.

The involvement of 5-HT1a autoreceptors was tested in serotonin depleted
rats. In order to protect catecholamine neurons nomifensine was injected i.p.
at 10 mg/kg one hour before the treatment with 300 mg/kg i.p. PCPA. LPF
recordings were carried out 48-96 hours after the treatment as in the control
groups. As described by Adell et al., 1989, homogenizing the mPFC and
analyzing the samples in HPLC for the detection of neurotransmitters and

metabolites assessed depletion verification.

The involvement of GABAa inputs was tested by locally applying GABAAa
antagonists (gabazine or bicuculline) passively through the recording
micropipette as described by Steward et al. (1990) and Tepper et al. (1997).
Recordings and systemic drug administration were carried out as in the control
group. Recordings were essentially performed as described in Kargieman et
al. 2007. Beriefly, the signal was amplified with a Neurodata IR283 (Cygnus
Technology, Delaware Water Gap, Pennsylvania), postamplified (X 100) and
filtered (30 Hz-1 kHz or 0.3-100 Hz for single unit or LFP, respectively) with a
Cibertec amplifier (Madrid, Spain) and computed online (ADC rate 100 kHz)
using a DAT 1401plus interface system Spike2 software (CED, Cambridge,
United Kingdom). mPFC pyramidal neurons were identified by antidromic
stimulation from the VTA (AP -5.8, L -0.4, DV -8.2) and collision test.

In vivo microdialysis

Microdialysis procedures in rats were conducted essentially as previously
described in Amargos-Bosch et al., (2004). Anesthetized rats (sodium
pentobarbital, 60 mg/kg i.p.) were stereotaxically implanted with concentric
microdialysis probes equipped with a Cuprophan membrane (4 mm long) at
the following coordinates (in mm) mPFC: AP +3.2, L -0.8, DV -6.0.

Experiments were performed in chloral hydrate anesthetized rats, to mimic
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exactly the conditions of electrophysiological recordings, at least 20h after the
surgery. Probes were perfused at 3 pl/min with aCSF containing 10uM of
citalopram. After 100-min stabilization period, dialyzed samples were collected
every 4 min. 8-OH-DPAT and WAY 100635 were injected i.v. at the same doses
than the control electrophysiological experiments. The concentration of 5HT in
dialyzed samples was determined by HPLC with amperometric detection as
described by Lopez-Gil et al., 2007.

Data and statistical analysis

Values were quantified over 1 min in the baseline condition and after drug
administration. Power spectra were constructed using Fast Fourier Transforms
(FFT) of 1-min signal intervals (artefact-free epochs) corresponding to
baseline and drug administration time periods with a resolution of 0.3 Hz (FFT
size of 8192). The effects of 8-OH-DPAT, R(+)8-OH-DPAT, F13640 and
F15599 were assessed by one-way repeated measures ANOVA. Comparisons
between groups were assessed by two-way ANOVA. Data are expressed as %
of baseline £+ SEM. Statistical significance has been set at the 95% confidence

level (two tailed).

Results
Effects of 8-OH-DPAT on low frequency oscillations

8-OH-DPAT produced a biphasic dose-response curve on the power of the
0.3-4 Hz wave on mPFC LFP, with the higher loss in synchrony at the dose of
7.5 ug / kg i.v. and a complete recovering at the dose of 60 ug / kg i.v. (n = 23;
ANOVA F(4,88) = 13.21, p < 0.0001) (Fig1). The more active enantiomer (+)8-
OH-DPAT had a similar biphasic dose-response in the 0.3-4 Hz oscillation (n =
8; ANOVA F(4,44) = 12.90, p < 0.00001).
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Figure 1. Effects on mPFC 0.3-4 Hz oscillation after the systemic administration of the 5-HT1a
agonist 8-OH-DPAT. A) Spectrogram showing the effects of the administration of 8-OH-DPAT
on low frequency oscillations recorded in mPFC (red = high intensity; blue = low intensity). B)
The power spectra of the above recordings (1 min periods are shown in the abscissa) during
basal conditions and after 8-OH-DPAT administration. Note the marked reduction in the power
spectrum induced by 7.5 ug / kg 8-OH-DPAT (second arrow) and the reversal produced by
higher doses of 8-OH-DPAT. C) Bar histogram showing the effect of 8-OH-DPAT on 0.3-4 Hz
local field potentials power. * p < 0.02 vs. basal ; Newman-Keuls test post-ANOVA.
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Effect of F13640 on low frequency oscillations

F13640 produced a dose-dependant decrease on the power of the mPFC
LFP 0.3-4 Hz band (F4,20 = 5.56; p < 0.004; n = 6) (Fig. 2). The administration
of the 5-HT1a antagonist WAY 100635 reversed this effect (F2s = 14.58; p <
0.003; n = 5) (Fig. 3).

F 13640 (ug / kg i.v.) WAY 100635 (ug / kg i.v.)

A 02 1 2 5 10 50 50

0.12 0.12 0.12

0 5 0Hz 0 5 T0Hz 0 10 Hz

% BASAL PW

BASAL 0.2 1 2 5
F13640 (ug / kg i.v.)

Figure 2. Effects on mPFC 0.3-4 Hz oscillation after the systemic administration of the 5-HT1a
agonist F13640. A) Spectrogram showing the effects of the administration of F13640 on low
frequency oscillations recorded in mPFC (red = high intensity; blue = low intensity). B) The
power spectra of the above recordings (1 min periods are shown in the abscissa) during basal
192



conditions and after F13640 and F13640 plus WAY100635 administration. Note the reduction
in the power spectrum induced by F13640 (middle power spectrum) and the reversal produced
by the 5-HT1a receptor antagonist WAY 100635 (right power spectrum). C) Bar graph showing
the dose-dependent decrease in the 0.3-4 Hz power of the mPFC LFP (n = 6) after the
systemic administration of the 5-HT+a agonist F13640. * p < 0.02 vs. baseline; Newman-Keuls
test post-ANOVA.
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Figure 3. Bar graph showing the reversal of the F13640-induced decrease in the power of the
0.3-4 Hz band of the mPFC LFP by the subsequent administration of WAY 100635 (n = 5). * p
< 0.004 vs. baseline; # p < 0.003 vs. maximal effect of F13640; Newman-Keuls test post-
ANOVA.

Effect of F15599 on slow cortical oscillations

The administration of F15599 did not alter the power of low frequency cortical
oscillations (0.3-4 Hz) in the whole dose range examined (0.2-18.2 pg/kg i.v.)
(n.s., one-way ANOVA) (Fig. 4). Spikes were discharged in synchrony with
active phases of local field potential under baseline conditions and after
F15599 administration. This occurred when spikes were fired as single events

or as spike trains (not shown) (Fig. 5).
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Figure 4. Effects on mPFC 0.3-4 Hz oscillation after the systemic administration of the 5-HT1a
agonist F15599. A) Spectrogram showing the effects of the administration of F15599 on low
frequency oscillations recorded in mPFC (red =high intensity; blue = low intensity). B) The
power spectra of the above recordings (1 min periods are shown in the abscissa) during basal
conditions and after F15599 and F15599 plus WAY100635 administration. Note the lack of
significant effect on the low-frequency oscillations by F15599. C) Bar graph showing the power
of the 0.3-4 Hz oscillation recorded in basal conditions and after all doses of F15599. Numbers
in the bars correspond to the number of recordings (one per rat) at each F15599 dose.
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Figure 5. Synchronization of the pyramidal discharge (spikes are vertical lines below slow
oscillation recordings) with active phases of the local field potentials in basal conditions and
after the administration of F15599. Note the temporal coincidence (time in abscissa) between
the active phase of LFP and discharged spikes. Discharge rate was 1.9 spikes/s in basal
conditions and 7.2 spikes/s after the administration of F15599 (18.2 ug/kg i.v.). The
percentage of spikes discharged in bursts was 53% in basal conditions and 57% after F15599

administration. Scale bar: abscissa 1 s, ordinate 1 mV.

Characterization of the effects produced by 8-OH-DPAT

To better understand the mechanisms by which 5-HT1a agonists can modify
slow oscillations in mPFC, we carried out further studies with the prototypical
5-HT1areceptor agonist 8-OH-DPAT.

Previous observations using microiontophoretic application of 5-HT1a receptor
agonists indicated a preferential sensitivity of 5-HT1a located on DR
serotonergic neurons compared with those in the hippocampal formation
(Sprouse and Aghajanian, 1988). We therefore tested whether the effect of 8-

OH-DPAT on mPFC slow oscillations could be due to the loss of the
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serotonergic tone on other 5-HT receptors. To this end, we performed two
different sets of experiments. In one of them, we examined the effect of
increasing doses of 8-OH-DPAT on 5-HT release in mPFC using exactly the
same experimental conditions than in electrophysiological recordings, (i.e., i.v.
drug administration, chloral hydrate anesthetized rats) together with a high
flow rate and short collection time to quickly estimate drug effects on 5-HT
output. In the second set of experiments, we examined the effect of 8-OH-
DPAT in rats depleted of 5-HT with the 5-HT synthesis inhibitor pCPA, under
the working hypothesis that, should 8-OH-DPAT-mediated effect on slow
oscillations be due to a removal of the 5-HT tone on other 5-HT receptors, this

effect would disappear in animals depleted of 5-HT.

Microdialysis experiments showed that the decrease in power of the
0.3-4 Hz wave of mPFC LFP was parallel to a reduction of 5-HT release in the
dose range 0-7.5 pg/kg i.v. (Fig. 6A). However, higher 8-OH-DPAT doses (up
to 60 pg/kg i.v.) further reduced 5-HT release while recovering the power of

slow oscillations (Fig. 6A).

In rats depleted of 5-HT with pCPA, 8-OH-DPAT exerted a similar
biphasic effect than in control rats (Fig. 6B). Two-way ANOVA revealed a non-

significant effect of PCPA pretreatment on slow oscillations in mPFC (control n
=23, PCPA N = 8; F(4,116)=1.88, n.s.).
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Figure 6 A) Effect of 8-OH-DPAT on the 5-HT release in mPFC and on slow oscillation (0.3-4
Hz) in the same area. There was a parallel reduction of both variables at low 8-OH-DPAT
doses (up to 7.5 ug/kg i.v.) yet higher doses exerted opposite effects, with additional
reductions in 5-HT release and recovery of the slow oscillation up to pretreatment levels. B)
The pretreatment of the rats with the tryptophan hydroxylase inhibitor pCPA did not prevent
the effects on the mPFC 0.3-4Hz oscillations, indicating that the effect of 8-OH-DAPT is not
due to the removal of a 5-HT tone on non-5-HT1a serotonergic receptors.

Since 5-HTia receptors are expressed by both pyramidal and
GABAergic neurons in mPFC (Santana et al., 2004), we next explored the
effect of 8-OH-DPAT after blocking the GABAAa inputs onto pyramidal neurons.
The local blockade of the GABAA receptors with gabazine did not affect the
changes in the mPFC low frequency oscillations produced by 8-OH-DPAT
(control n = 23, gabazine n = 12; Two-way ANOVA, F(4,132)=2.3, n.s.) (Fig.
7A), whereas the local blockade of GABAA inputs with bicuculline prevented
the disynchronization seen in the control group (control n = 23, bicuculline n =
16; Two-way ANOVA, F(4,148) = 5.37, p < 0.001) (Fig. 7B).
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Figure 7. A) Local blockade of GABAa inputs with gabazine did not have any effect on the
biphasic dose-response curve elicited by 8-OH-DPAT on mPFC low frequency oscillations. B)
Local application of bicuculline completely prevented the biphasic dose-response induced by
8-OH-DPAT administration on the 0.3-4 Hz oscillation. * p < 0.01 vs. basal; # p < 0.01 vs.
control.

Discussion

The present results show that 5-HT+a receptor agonists can produce dissimilar
effects on mPFC low frequency oscillations (0.3-4Hz), i.e., a) biphasic dose-
response relationship after the administration of 8-OH-DPAT, b) dose-
dependant decrease with F13640, and c) no alteration with F15599. The
decrease in the power of low frequency oscillations induced by low doses of 8-
OH-DPAT was only prevented by the local infusion of bicuculline but not by
local infusion of gabazine or depletion of 5-HT, indicating that the effect was

mediated exclusively by postsynaptic 5-HT1a receptors.

Slow oscillations, which are the predominant wave in chloral hydrate
anaesthetized animals, are experimental correlates of slow waves during
sleep in humans (Steriade et al. 1993). Some studies have shown that slow

wave oscillations are generated, at least in part (Sanchez-Vives and
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McCormick 2000; Crunelli and Hughes 2010), by an intrinsic cortical
mechanisms dependant on the activity of cortical neurons. These slow
oscillations are the population correlate of the cellular changes between
depolarized (UP) and hyperpolarized states (DOWN) (Steriade et al. 1993).
Thus, the up-down changes of neuronal ensembles occur with a temporal
coincidence which is reflected by the slow oscillation. A loss of synchrony in
this temporal association is reflected by a loss of the power of the 0.3-4 Hz

wave in the power spectrum.

Therefore, alterations of slow oscillations induced by 5-HT1a agonists
may reflect the changes in the activity of pyramidal and GABAergic neurons in
mPFC. Indeed, the effects of the different 5-HT1a agonists at network level
parallel those at the cellular level. Thus, 8-OH-DPAT altered the firing rate of
pyramidal neurons with a maximal increase at 7.5 upg/kg i.v. and further
decrease at higher doses (Llado-Pelfort et al.,, 2009 and unpublished
observations). This is exactly a mirror image of the effect of the same doses of
8-OH-DPAT on slow oscillations.

On the other hand, F13640 induced dose-dependant increases in mPFC
firing rate (Lladd-Pelfort, unpublished observations) which are paralleled by

the reduction in the power of slow oscillations.

Unlike the two previous agents, F15599 did not affect slow oscillations in
the whole dose range examined despite having marked actions on the

discharge of pyramidal neurons at very low doses (Llado-Pelfort et al. 2010).

The differences in the effects elicited by the three 5-HT1a agonists may
be perhaps accounted for by a different selectivity for auto- and
heteroreceptors as well as differences in the signalling mechanisms activated.
Thus, whereas 8-OH-DPAT and F13640 seem to be equally efficacious on
somatodendritic autoreceptors and postsynaptic heteroreceptors or show a
preferential autoreceptor action in the case of 8-OH-DPAT (Sprouse and
Aghajanian, 1988), F15599 appears to exert a preferentially heteroreceptor
action (Llado-Pelfort et al., 2010). However, a preferential autoreceptor
selectivity does not seem to account in the effect of 8-OH-DPAT and F13640

on slow oscillations, since i) the pretreatment of the animals with the 5-HT
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synthesis inhibitor pCPA does not prevent the effects on 0.3-4 Hz wave; and ii)

F13640 has a similar activity at auto- and heteroreceptors.

Another possible explanation would be the presence of agonist-directed
trafficking for 5-HT1a receptors, as it has been shown for different 5-HT1a
receptor agonists in the raphe (Valdizan et al., 2009). Hence, F15599 is
coupled to a variety of signalling mechanisms (Newman-Tancredi et al., 2009),
whereas such information is lacking for F13640. These issues remain to be

further clarified.

The bicuculline prevention of the 8-OH-DPAT-induced decrease in slow
oscillations is a striking result considering the local character of the drug
application. However, the existence of large networks of GABAergic neurons
connected via electrical synapses (Hestrin and Galarreta, 2005) may amplify
and spread the effect of GABAa blockade in the vicinity of the recording
electrode. Alternatively biccuculline prevention of the 8-OH-DPAT-induced
decrease on slow oscillations could be exclusively due to a local effect around

the recording electrode, where biccucilline is leaking (Okun et al. 2010).

The prevention of the 8-OH-DPAT-elicited effects on mPFC slow
oscillations by bicuculline but not by gabazine may be related to the different
mechanisms of action of both groups. Although they are both generally
considered to be GABAa competitive antagonists (Hamann et al. 1997; Ueno
et al. 1997) they differ in their pharmacological profiles. Hence, bicuculline
inhibits currents induced by both GABA and pentobarbital whereas gabazine
does not block the latter currents (Uchida et al. 1996). Moreover, both drugs
differ for their preferential binding sites: gabazine selectively binds to low
affinity GABAAa receptors, coincident with the benzodiazepine: site, whereas
bicuculline preferentially binds to high affinity sites, coincident with muscimol
site (Olsen et al. 1990). Furthermore, a tonic and persistent GABA-induced
current, independent from conventional synaptic transmission and sensitive to
bicuculline but not to gabazine has been reported (Salin et al. 1996; Bai et al.
2001). These differences could account for the differential effects of the local
application of the drugs on mPFC low frequency oscillations. Finally, a higher
diffusion of bicuculline to the surrounding tissue, thus affecting a higher
neuronal population cannot be discarded.
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The physiological effects of the changes in slow oscillations induced by
these 5-HT1a agonists are unclear. Thus, agents with marked psychotomimetic
activity such as the non-competitive NMDA receptor antagonist phencyclidine
(used as pharmacological model of schizophrenia) and the 5-HT2a2c receptor
agonist DOI induce a marked suppression of slow oscillations in mPFC
(Kargieman et al., 2007; Celada et al., 2008) while markedly increasing the
firing of pyramidal neurons, an effect that may be related to their hallucinatory
properties. Interestingly, both effects are reversed by classical (haloperidol)
and atypical (clozapine) antipsychotic drugs, which suggests a potential link
with an abnormal mPFC function in schizophrenia. EEG studies in
schizophrenic patients have reported both increases (Boutros et al. 2008) and
decreases (Rutter et al. 2009) in the power of slow oscillations in
schizophrenic patients, a difference that may be accounted for by many factors
including the medications taken by schizophrenic patients and the
predominance of positive or negative symptoms. It is also interesting to note
that the two compounds (F15599 and F13640) that can be administered to
humans (unlike 8-OH-DPAT) are those with no activity on slow oscillations
(F15599) or activity at high doses (F13640), perhaps reflecting the absence of
cortically-dependent side effects (e.g., somnolence, disturbed memory, etc.)
unrelated to their mechanism of action. Given the modulation of the activity of
mPFC neurons by F15599 (Lladé-Pelfort et al. 2010) and its lack of effect on
slow oscillations makes it an interesting agent to facilitate the activity of mPFC

neurons without disrupting the cortical coordination.

Acknowledgements

Work supported by grants SAF 2007-62378, FIS PI060264, FIS P109/1245 and
Pierre Fabre Médicament. L.L-P is supported by a JAE fellowship from CSIC.
P.C. is supported by the Researcher Stabilization Program of the Health
Department of the Generalitat de Catalunya. We thank Ménica Gutiérrez,

Noemi Jurado and Veroénica Paz for skilful technical assistance.

201



References

Adell A, Sarna GS, Hutson PH, Curzon G. (1989) An in vivo dialysis and
behavioural study of the release of 5-HT by p-chloroamphetamine in

reserpine-treated rats. Br J Pharmacol. 97:206-212.

Amargés-Bosch M, Bortolozzi A, Puig MV, Serrats J, Adell A, Celada P, Toth M,
Mengod G, Artigas F (2004) Co-expression and in vivo interaction of
serotoninia and serotonin2a receptors in pyramidal neurons of prefrontal
cortex. Cereb Cortex 14: 281-299.

Andrade, R. and Nicoll, R.A. (1987) Pharmacologically distinct actions of
serotonin on single pyramidal neurons of the rat hippocampus recorded in
vitro. J. Physiol. 394, 99-124.

Araneda, R. and Andrade, R. (1991) 5-Hydroxytryptamine-2 and 5-
hydroxytryptamine-1A receptors mediate opposing responses on membrane

excitability in rat association cortex. Neuroscience 40, 399-412.

Bai D, Zhu G, Pennefather P, Jackson MF, MacDonald JF, Orser BA. (2001)
Distinct functional and pharmacological properties of tonic and quantal
inhibitory postsynaptic currents mediated by gamma-aminobutyric acid(A)

receptors in hippocampal neurons. Mol Pharmacol.59:814-824.

Bishara D, Taylor D. (2008) Upcoming agents for the treatment of
schizophrenia: mechanism of action, efficacy and tolerability. Drugs
68:2269-292.

Bortolozzi A, Masana M, Diaz-Mataix L, Cortés R, Scorza MC, Gingrich JA,
Toth M, Artigas F. (2010) Dopamine release induced by atypical antipsychotics
in prefrontal cortex requires 5-HT1A receptors but not 5-HT2A receptors. Int J

Neuropsychopharmacol. 17:1-16.

Boutros NN, Arfken C, Galderisi S, Warrick J, Pratt G, lacono W. (2008) The
status of spectral EEG abnormality as a diagnostic test for schizophrenia.
Schizophr Res. 99:225-237. Review.

202



Buzsaki G, Draguhn A. (2004) Neuronal oscillations in cortical networks.
Science. 304:1926-1929.

Buzsaki G. (2006) Rhythms of the brain. Oxford University Press, New York.

Celada P, Puig MV, Diaz-Mataix L, Artigas F. (2008) The hallucinogen DOI
reduces low-frequency oscillations in rat prefrontal cortex: reversal by

antipsychotic drugs. Biol Psychiatry. 64:392-400.

Crunelli V, Hughes SW. (2010) The slow (<1 Hz) rhythm of non-REM sleep: a

dialogue between three cardinal oscillators. Nat Neurosci. 13:9-17. Review.

Diaz-Mataix L, Scorza MC, Bortolozzi A, Toth M, Celada P, Artigas F. (2005)
Involvement of 5-HT1A receptors in prefrontal cortex in the modulation of
dopaminergic activity: role in atypical antipsychotic action. J Neurosci.
25:10831-10843.

Diaz-Mataix L, Artigas F, Celada P (2006) Activation of pyramidal cells in rat
medial prefrontal cortex projecting to ventral tegmental area by a 5-HT1A

receptor agonist. Eur Neuropsychopharmacol. 16:288-296.

Diekelmann S, Born J. (2010) The memory function of sleep. Nat Rev
Neurosci 11:114-126.

Elvevag B, Goldberg TE (2000) Cognitive impairment in schizophrenia is the
core of the disorder. Crit Rev Neurobiol 14:1-21.

Engel A, Konig P, Kreiter A, Singer W. (1991) Interhemispheric synchronization

of oscillatory neuronal responses in cat visual cortex. Science 252:1177-1179.

Feinberg |. (1978) Efference copy and corollary discharge: implications for
thinking and its disorders. Schizophr Bull. 4:636-640.

Ford JM, Mathalon DH. (2005) Corollary discharge dysfunction in
schizophrenia: can it explain auditory hallucinations? Int J Psychophysiol.
58:179-189. Review.

Friston KJ. (1999) Schizophrenia and the disconnection hypothesis. Acta
Psychiatr Scand Suppl. 395:68-79. Review.

203



Fuster JM (1997) The Prefrontal Cortex. Anatomy, Physiology and
Neuropsychology of the Frontal Lobe. New York: Lippincott-Raven.

Hajos M, Hajos-Korcsok E, Sharp T (1999) Role of the medial prefrontal cortex
in 5-HT1a receptor- induced inhibition of 5-HT neuronal activity in the rat. Br J
Pharmacol 126:1741-1750.

Hamann M, Desarmenien M, Desaulles E, Bader MF, Feltz P. (1997)
Quantitative evaluation of the properties of a pyridazinyl GABA derivative (SR
95531) as a GABAA competitive antagonist. An electrophysiological approach.
J Neurosci. 17(2):625-34.

Harrison PJ (1999): The neuropathology of schizophrenia. A critical review of
the data and their interpretation. Brain 122:593—- 624.

Hestrin S, Galarreta M (2005) Electrical synapses define networks of

neocortical GABAergic neurons. Trends Neurosci. 28:304-9. Review.

Hoffmann R, Hendrickse W, Rush AJ, Armitage R. (2000) Slow-wave activity
during non-REM sleep in men with schizophrenia and major depressive
disorders. Psychiatry Res. 95:215-225.

Ichikawa J, Ishii H, Bonaccorso S, Fowler WL, O'Laughlin |IA, Meltzer HY.
(2001) 5-HT(2A) and D(2) receptor blockade increases cortical DA release via
5-HT(1A) receptor activation: a possible mechanism of atypical antipsychotic-

induced cortical dopamine release. J Neurochem. 76:1521-31.

Innis, R.B. and Aghajanian, G.K. (1987) Pertussis toxin blocks 5-HT1A and
GABAB receptor-mediated inhibition of serotonergic neurons. Eur. J.
Pharmacol. 143, 195-204.

Kargieman L, Santana N, Mengod G, Celada P, Artigas F (2007) Antipsychotic
drugs reverse the disruption in prefrontal cortex function produced by NMDA
receptor blockade with phencyclidine. Proc Natl Acad Sci USA
104:14843-14848.

204



Kubicki M, McCarley R, Westin CF, Park HJ, Maier S, Kikinis R, Jolesz FA,
Shenton ME. (2007) A review of diffusion tensor imaging studies in

schizophrenia. J Psychiatr Res. 41:15-30. Review

Lim KO, Hedehus M, Moseley M, de Crespigny A, Sullivan EV, Pfefferbaum A.
(1999) Compromised white matter tract integrity in schizophrenia inferred from

diffusion tensor imaging. Arch Gen Psychiatry. 56:367-374.

Lladé-Pelfort L, Assié MB, Newman-Tancredi A, Artigas F, Celada P (2010)
Preferential in vivo action of F15599, a novel 5-HT1a receptor agonist, at

postsynaptic 5-HT1a receptors. In press

Llado-Pelfort L., Santana N, Artigas F, Celada P (2009) GABAergic
interneurons are involved in the excitatory action of 8-OH-DPAT on prefrontal
cortex pyramidal neurons. Society for Neuroscience Meeting Planner 748.2/
V10

Lopez-Gil X, Babot Z, Amargés-Bosch M, Sufiol C, Adell A (2007) Clozapine
and haloperidol differently suppress the MK-801-increased glutamatergic and
serotonergic transmission in the medial prefrontal cortex of the rat.

Neuropsychopharmacology 32: 2087-97.

Léwel S, Singer W. (1992) Selection of intrinsic horizontal connections in the

visual cortex by correlated neuronal activity. Science 255(5041):209-12.

Marshall L, Helgadottir H, Molle M, Born J (2006): Boosting slow oscillations
during sleep potentiates memory. Nature 444:610—613.

Miller EK, Cohen JD (2001) An integrative theory of prefrontal cortex function.
Annu Rev Neurosci 24:167-202.

Newman-Tancredi A, Martel JC, Assié MB, Buritova J, Lauressergues E, Cosi
C, Heusler P, Bruins Slot L, Colpaert FC, Vacher B, Cussac D.(2009) Signal
transduction and functional selectivity of F15599, a preferential post-synaptic
5-HT1A receptor agonist. Br J Pharmacol.156:338-353.

205



Olsen RW, McCabe RT, Wamsley JK. (1990) GABAA receptor subtypes:
autoradiographic comparison of GABA, benzodiazepine, and convulsant

binding sites in the rat central nervous system. J Chem Neuroanat. 3:59-76.

Okun M, Naim A, Lampl |. (2010) The subthreshold relation between cortical
local field potential and neuronal firing unveiled by intracellular recordings in
awake rats. J Neurosci. 30:4440-4448.

Pompeiano M, Palacios JM, Mengod G. (1992) Distribution and cellular
localization of mMRNA coding for 5-HT1A receptor in the rat brain: correlation
with receptor binding. J Neurosci. 12:440-453.

Puig MV, Artigas F, Celada P (2005) Modulation of the activity of pyramidal
neurons in rat prefrontal cortex by raphe stimulation in vivo: Involvement of
serotonin and GABA. Cereb Cortex 15: 1-14.

Puig MV, Watakabe A, Ushimaru M, Yamamori T, Kawaguchi Y. (2010)
Serotonin modulates fast-spiking interneuron and synchronous activity in the
rat prefrontal cortex through 5-HT1A and 5-HT2A receptors. J Neurosci.
30:2211-2222.

Rollema H, Lu Y, Schmidt AW, Sprouse JS, Zorn SH. (2000) 5-HT(1A) receptor
activation contributes to ziprasidone-induced dopamine release in the rat

prefrontal cortex. Biol Psychiatry. 48:229-37.

Rotarska-Jagiela A, Schénmeyer R, Oertel V, Haenschel C, Vogeley K, Linden
DE. (2008) The corpus callosum in schizophrenia-volume and connectivity

changes affect specific regions. Neuroimage. 39:1522-32.

Rutter L, Carver FW, Holroyd T, Nadar SR, Mitchell-Francis J, Apud J,
Weinberger DR, Coppola R. (2009) Magnetoencephalographic gamma power
reduction in patients with schizophrenia during resting condition. Hum Brain
Mapp. 30:3254-64.

Salin PA, Prince DA. (1996) Spontaneous GABAA receptor-mediated inhibitory

currents in adult rat somatosensory cortex. J Neurophysiol. 75(4):1573-88.

206



Sanchez-Vives MV, McCormick DA. (2000) Cellular and network mechanisms

of rhythmic recurrent activity in neocortex. Nat Neurosci. 3(10):1027-34.

Santana N, Bortolozzi A, Serrats J, Mengod G, Artigas F (2004) Expression of
5-HT+4a and 5-HT2a receptors in pyramidal and GABAergic neurons of the rat
prefrontal cortex. Cereb Cortex 14: 1100-1109.

Sprouse JS, Aghajanian GK (1988) Responses of hippocampal pyramidal cells
to putative serotonin 5-HT1A and 5-HT1B agonists: a comparative study with

dorsal raphe neurons. Neuropharmacology. 27:707-715.

Shenton ME, Dickey CC, Frumin M, McCarley RW.(2001) A review of MRI
findings in schizophrenia. Schizophr Res. 49(1-2):1-52. Review.

Stephan KE, Friston KJ, Frith CD. (2009) Dysconnection in schizophrenia:
from abnormal synaptic plasticity to failures of self-monitoring. Schizophr Bull.
35(3):509-27.

Steriade M, McCormick DA, Sejnowski TJ. (1993) Thalamocortical oscillations
in the sleeping and aroused brain. Science. 262(5134):679-85.

Steriade M, Nufiez A, Amzica F. (1993) A novel slow (< 1 Hz) oscillation of
neocortical neurons in vivo: depolarizing and hyperpolarizing components. J
Neurosci. 13(8):3252-65.

Steward 0, Tomasulo R, Levy WB (1990) Blockade of inhibition in a pathway
with dual excitatory and inhibitory action unmasked a capability for LTP that is

otherwise not expressed. Brain Res 516:292-300.

Tepper JM, Martin LP, Anderson DR (1995) GABAa receptor-mediated
inhibition of rat substantia nigra dopaminergic neurons by pars reticulata

projection neurons. J. Neurosci 15: 3092-3103.

Uchida I, Cestari IN, Yang J. (1996) The differential antagonism by bicuculline
and SR95531 of pentobarbitone-induced currents in cultured hippocampal
neurons. Eur J Pharmacol. 307(1):89-96.

207



Ueno S, Bracamontes J, Zorumski C, Weiss DS, Steinbach JH. (1997)
Bicuculline and gabazine are allosteric inhibitors of channel opening of the
GABAA receptor. J Neurosci. 17(2):625-34.

Uhlhaas PJ, Pipa G, Lima B, Melloni L, Neuenschwander S, Nikoli¢ D, Singer
W. (2009) Neural synchrony in cortical networks: history, concept and current

status. Front Integr Neurosci. 3:17.

Uhlhaas PJ, Singer W. (2010) Abnormal neural oscillations and synchrony in

schizophrenia. Nat Rev Neurosci. 11(2):100-13. Review.

Valdizan EM, Castro E, Pazos A. (2009) Agonist-dependent modulation of G-
protein coupling and transduction of 5-HT1A receptors in rat dorsal raphe

nucleus. Int J Neuropsychopharmacol. 9:1-9.

208



TREBALL 5

Caracteritzacié del DU 125530, un antagonista 5-HT1a amb possible
aplicacié en la potenciacié de tractaments antidepressius

Resum

Antecedents 1 objectiu: L'efectivitat dels antidepressius utilitzats habitualment no és
immediata després de I'inici del tractament. Es creu que aquest retard és degut a la dualitat
funcional del receptor 5-HTa com a autoreceptor i heteroreceptor. Diferents aproximacions
de combinaci6 de tractament antidepressiu amb antagonistes del receptor 5-HT,a han mostrat
resultats esperancadors per tal de reduir el retard entre I'inici del tractament i I'efectivitat
terapeutica, pero els farmacs utilitzats son poc especifics. En aquest treball caracteritzem un
nou antagonista molt selectiu per al receptor 5-HTa i testem I'efecte de la combinacio

d’aquest farmac amb un tractament antidepressiu classic.

Aproximacio experimental: Estudis autoradiografics de desplacament de lligand, microdialisi
intracerebral in vivo, registres electrofisiologics extracel-lulars unitaris, estudi clinic doble

cec i controlat amb placebo en humans.

Resultats clau: El DU 125530 ha mostrat ser un antagonista molt potent del receptor 5-HT:a
en models animals, capac de desplacar dels receptors 5-HT:a tant I'agonista 8-OH-DPAT com
I'antagonista WAY 100635. A més, estudis electrofisiologics en neurones de rafe mostren
que el DU 125530 pot antagonitzar els efectes produits per 8-OH-DPAT o fluoxetina. El DU
125530 €s capac de potenciar I'augment en "alliberament de serotonina induit per fluoxetina
tant en rata com en ratoli, pero no en ratolins KO pel receptor 5-HTa. L’estudi clinic en
pacients depressius no ha mostrat diferéncies significatives entre el grup tractat amb

fluoxetina + placebo i el grup tractat amb fluoxetina + DU 125530.

Conclusions i implicacions: Tot i 'efectivitat del DU 125530 com a antagonista del receptor
5-HT:a en models animals de desplagament, electrofisiologia i microdialisi, el DU 125530 no
¢és capa¢ d’augmentar la terapia antidepressiva quan es combina amb fluoxetina. Aquest
resultat pot ser explicat per varies raons: a) la dosi administrada en I’estudi pilot fou massa
elevada; b) I"acci6 a nivell d’autoreceptor pero també a nivell d’heteroreceptor pot no ser la
més adequada per tal d’augmentar la terapia antidepressiva. El fet que el bloqueig tant de
I"autoreceptor com de I’heteroreceptor 5-HTwx no empitjori el tractament antidepressiu,
suggereix que almenys un temps després d’iniciada la terapia antidepressiva, el receptor 5-

HT:a no és necessari per continuar tenint efecte antidepressiu.
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Abstract

Context: Antidepressant drugs exert their pharmacological effects in hours yet
their clinical effect requires prolonged treatments. This therapeutic delay is
due, among other reasons to the activation by antidepressants of a negative
feedback operating on serotonergic neurons and involving the activation of 5-
HT1a autoreceptors by the excess of extracellular 5-HT induced by
antidepressants. The prevention of this negative feedback by 5-HT1a receptor
antagonists enhances the antidepressant-like effects in experimental animals.
Moreover, the non-selective 5-HT1a receptor antagonist pindolol accelerates
the clinical effect of SSRIs.

Objectives: To characterize the pharmacological properties of a new 5-HT1a
receptor antagonist available for human use (DU-125530) and to examine its
capacity to accelerate and/or enhance the antidepressant effects of the SSRI

fluoxetine in depressive patients.

Methods: Autoradiography, intracerebral microdialysis and extracellular
recordings in preclinical studies. Double-blind, placebo-controlled trial in

patients with major depression.

Results: DU-125530 shows nM affinity to displace the binding of agonists and
antagonists to rat and human 5-HT1a receptors, with a comparable potency at
pre- and postsynaptic receptors. It also antagonizes the actions of the 5-HT1a
agonist 8-OH-DPAT and of the SSRIs fluoxetine and paroxetine in both
electrophysiological and microdialysis experimental paradigms. It potentiates
the increase in forebrain extracellular 5-HT induced by SSRIs. The
extracellular 5-HT increase produced by fluoxetine+DU-125530 in wild-type
mice is equal to that produced by fluoxetine alone in 5-HT1a receptor KO mice.
Overall, this indicates an excellent and silent occupancy of presynaptic 5-HT1a
receptors. Despite these properties, DU-125530 addition to fluoxetine
treatment did not accelerate nor enhance the antidepressant effect of

fluoxetine within the 6 weeks of the clinical trial.

Conclusions: The present study shows that DU-125530 is an excellent
antagonist of pre- and postsynaptic 5-HT1a receptors. Yet, its addition to

fluoxetine did not improve the antidepressant properties of fluoxetine. These
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results indicate that blockade of postsynaptic 5-HT1a receptors partly cancels
the potential benefits obtained by enhancing presynaptic serotonergic function,
indicating that postsynaptic 5-HT1a receptors are key players in the therapeutic
effect of SSRIs. These results may have an impact on antidepressant drug

development.

Keywords: antidepressant drugs, 5-HTia receptors, serotonin transporter,

major depression
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Introduction

It is accepted that about 1/3 of patients treated with antidepressant drugs do not
improve or have an incomplete improvement, delivering a major medical and
social problem (Stoudemire et al., 1986; Murray and Lopez, 1997; Andlin-
Sobocki et al., 2005). Thus, the increasing incidence of depression is not
paralleled by improvements in its treatment. Selective serotonin (5-HT) reuptake
inhibitor antidepressants (SSRIs) are the most commonly used drugs for
depressive disorder treatment, representing up to 80% of the world market,
although they display lower efficacy than some first-generation antidepressant
drugs for severe depression (DUAG, 1986; 1990). The success of SSRIs is
mainly due to the lack of severe side effects, which facilitates treatment

compliance.

The pharmacological effect of SSRIs is observed immediately after their
administration, yet their clinical effects are evident only several weeks after
several weeks of sustained treatment. This delayed onset of antidepressant
effects is due to presynaptic changes in monoaminergic neurons (Artigas et al.,
1996), such as autoreceptor activation of serotonergic neurons by the excess of
extracellular 5-HT produced by reuptake blockade, which activates a negative
feedback to decrease 5-HT release. Postsynaptic changes in cortical and limbic
structures (Blier and de Montigny, 1994), as well as changes in gene expression
(Duman et al., 1997), are also implicated in the latency of response to SSRI. The
slowness of action of standard antidepressant drugs is a current important
problem because a delayed onset can produce direct clinical implications, such a
more prolonged patient’s suffering, an increased risk of suicide and greater
illness burden (Stahl et al., 2001).

SSRIs act by blocking the 5-HT transporter (SERT), therefore increasing
5-HT availability at CNS synapses. The increase in extracellular 5-HT activates
5-HT1a presynaptic autoreceptors, reducing the activity of serotonergic neurons
and the terminal release of 5-HT. The sustained activation of 5-HTia
autoreceptors evoked by prolonged treatment periods results in a
desensitization, thus reducing the efficacy of the negative feed-back and
permitting a normal function of serotonergic neurons. Hence, the increase in
extracellular 5-HT produced by two-week treatments with SSRIs is, by and large,
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much greater than that produced by single treatments (Bel and Artigas, 1992;
1993; Hervas et al., 2001).

As a result of preclinical studies, the use of 5-HT1a receptor antagonists
was proposed to block the autoreceptor-mediated negative feed-back, thus
potentially accelerating and/or enhancing the clinical effects of SSRIs (Artigas,
1993; Artigas et al., 1996). Preclinical data obtained with non-selective 5-HT1a
antagonists, such as pindolol, selective 5-HTsa antagonists, such as
WAY-100635 and with mice lacking 5-HT1a receptors indicates that the
concurrent blockade of 5-HTia autoreceptors enhances the neurochemical
actions of SSRI (see Artigas et al., 2001 for review). At the clinical level, only the
R-adrenoceptor antagonist, non-selective 5-HT1a antagonist pindolol has been
used due to its availability for human use. Both pilot (Artigas et al., 1994; Blier et
al., 1995) as well as placebo-controlled studies (Pérez et al., 1997; Zanardi et al.,
1997; Portella et al., 2010; see meta-analysis in Ballesteros and Callado, 2004)
indicate a beneficial effect of pindolol addition to SSRIs, both in terms of speed of
onset and improved efficacy (Pérez et al., 1997; Zanardi et al., 1998), yet it does
not result in an improved response in treatment-resistant depressive patients
(Pérez et al., 1999).

DU-125530 is a drug with high affinity for 5-HT1a receptors that occupies
pre- and postsynaptic receptors in human brain, as demonstrated by PET scan
studies (Rabiner et al. 2002). Given its selectivity and high affinity for 5-HTa
receptors it offers the advantage over pindolol of exerting a clear
pharmacological action.  Therefore, we have carried out 1) a preclinical
characterization of the actions of DU-125530 on pre- and postsynaptic 5-HT1a
receptors in the rodent brain, and 2) a double blind, placebo controlled clinical
trial examining the ability of DU-125530 to accelerate or enhance the clinical

response induced by the SSRI fluoxetine.
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Materials and Methods
Preclinical studies
Animals

Male albino Wistar rats (230-300 g; Iffa Credo, Lyon, France) were kept in a
controlled environment (12 h light-dark cycle and 22+2 °C room temperature)
with food and water provided ad libitum. Animal care followed the European
Union regulations (O.J. of E.C. L358/1 18/12/1986) and was approved by the
Institutional Animal Care and Use Committee. Stereotaxic coordinates (in mm)
were taken from bregma and duramater according to the atlas of Paxinos and
Watson (1998).

Drugs

8-OH-DPAT was from Sigma-Aldrich (St. Louis, MO), fluoxetine was from Tocris
(Bristol, UK), paroxetine was generously provided by Smith Kline Beecham
(London, UK), DU125530 was from Solvay Pharma (Brussels, Belgium), and
WAY 100635 was from RBI (Natick, MA). Stock solutions were prepared and
aliquots were stored at —20 °C. Working solutions were prepared daily by dilution
in saline at the appropriate concentrations. Doses are expressed as weight of

free bases.
Receptor Autoradiography (rat)

Male albino Wistar rats (230-300 g; Iffa Credo, Lyon, France) were killed by
decapitation and the brains frozen on dry ice. Human brain tissue obtained at
autopsy from 2 neuropathologicaly control patients (1 male and 1 female, aged
73 and 70, post-mortem delay 3.5 and 5 h, respectively) was provided by the
Neurologic Tissue Bank of the University of Barcelona-Hospital Clinic. Frozen
tissue blocks from the hippocampus were used. Rat and human tissue sections,
14 um thick, were obtained in a microtome-cryostat (HM500, Microm, Walldorf,
Germany), thaw-mounted onto APTS (3-aminopropyltriethoxysilane; Sigma-
Aldrich)-coated slides and kept at —20°C. The incubation conditions for [3H]8-
OH-DPAT and [3H]WAY 100635 were taken from Pazos and Palacios (1985)
and Mengod et al. (1996), respectively. Briefly, the sections were preincubated

for 30 min at rt in 170 mM Tris-HCI buffer, pH 7.6, containing 4 mM CaCl2 and
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0.01% ascorbic acid, and then incubated in the same buffer in the presence of
0.5 nM [3H]8-OH-DPAT (230 Ci/mmol; Amersham, GE Healthcare, UK) or 0.5
nM [3H]WAY 100635 (74 Ci/mmol; Amersham, GE Healthcare, UK) for 1 or 2
hours, respectively. To generate displacement curves, serial sections were
incubated in the same conditions but in the presence of increasing
concentrations of DU-125 530 (from 10-10 to 10-5 M). The non-specific binding
was determined in the presence of 10 yM 5-HT. Afterwards, the sections were
washed twice 5 min in ice-cold buffer, dipped in distilled water and dried under a
stream of cold air. To generate autoradiograms the incubated slides were
exposed to tritium-sensitive film (Kodak Biomax MS; Kodak, Rochester, NY)
together with tritiated plastic standards ([3H]Microscales; Amersham, UK). An
AIS computerized image analysis system (Imaging Research Inc., St Catharines,
Ontario, Canada) was used to measure binding densities on the autoradiograms
and to obtain pseudo-color images shown in Figs. 2 and 4. Data were analyzed

using the GraphPad Prism software.
Receptor autoradiography (human)

Brain tissue obtained at autopsy from 6 control patients (4 male, 2 female,
mean age+SEM: 65.5+3.58; mean post-mortem delay+SEM: 7.88+2.22) was
provided by the Neurologic Tissue Bank of the University of Barcelona-
Hospital Clinic. The brains immediately dissected and one hemisphere was
fixed in formaline for neuropathological examination and the other hemisphere
was sliced, cut into blocks and frozen at 70°C. Blocks from the hippocampus
and the low midbrain-upper pons containing the dorsal raphe were cut in a
microtome-cryostat (HM500, Microm, Walldorf, Germany) to obtain 14 um-thick
sections that were processed for receptor autoradiography as described

above.
Single unit recordings

We examined the reversal by DU-125530 of the responses elicited by 8-OH-
DPAT or fluoxetine on serotonergic neurons of the DR and on pyramidal neurons
of the mPFC in anaesthetized rats. The prototypical 5-HT1a receptor antagonist

WAY 100635 was used to examine the completeness of DU-125530 actions.
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Drugs were injected through the femoral vein every 2-3 minutes after the

recording of the basal condition.

Rats were administered chloral hydrate (400 mg-kg™" i.p.) and positioned
in a David Kopf stereotaxic frame. Thereafter, chloral hydrate was continuously
administered i.p. at 50-70 mg-kg'h' using a perfusion pump. Neurons were

recorded extracellularly with glass micropipettes.

For serotonergic neurons in the DR, recordings were made essentially as
described in Celada et al. (2001) and Romero et al. (2003). A burr hole was
drilled over lambda and the sagital sinus was ligated, cut and deflected.
Descents were carried out along the midline. 5-HT neurons were typically
recorded 4.7-6.6 mm below the brain surface and were identified according to

previously described electrophysiological criteria (Wang and Aghajanian, 1977).

mPFC pyramidal neurons (AP +3.2-3.4, L -0.5 to —1.0, DV —-1.0 to -4.0)
were recorded as described in Puig et al. (2003) and Kargieman et al. (2007).
Bipolar stimulating electrodes were implanted in the DR (AP -7.3, L -3.1, DV -6.2
angle 30°) for the identification of the mPFC pyramidal neurons by antidromic
activation and collision extinction test as described (Puig et al., 2003). At the end
of the experiments, rats were killed by an anesthetic overdose and the
placement of the electrodes was verified histologically following standard

procedures (Puig et al., 2003).

Changes in discharge rate were quantified by averaging the values in the
minute before each drug injection. Drug effects were assessed using one-way

ANOVA for repeated measures. Data are expressed as the meantSEM.

Statistical significance has been set at the 95% confidence level.
Microdialysis procedures

Microdialysis experiments in rats were conducted in rats and mice, as
described in Amargds-Bosch et al., 2004 and Bortolozzi et al., 2005. Briefly,
rats were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and
stereotaxically implanted in mPFC with concentric dialysis probes equipped
with a Cuprophan membrane (4-mm long) at the following coordinates (in

mm): AP +3.2, L -0.8, DV -6.0. Microdialysis experiments were performed in

219



freely moving rats the day after surgery. For mice, the manufacture of the
probes was adapted from that previously described for rats. Surgical and
microdialysis procedures were identical to those for rats except for the dose of
anesthesia (sodium pentobarbital, 40 mg/kg, i.p.), the length of dialysis
membrane (2 mm) and the brain coordinates (in mm) of the mPFC: AP + 2.2,
L-0.2, DV -3.4.

5-HT concentration in dialysate samples was determined by HPLC with
electrochemical detection (Hewlett Packard 1049; +0.6 V) as described
(Amargbs-Bosch et al., 2004). Detection limit was 2 fmol for 5-HT. At the end
of experiments, animals were killed by an anesthetic overdose and the brains
quickly removed and frozen for histological verification of the placement of

dialysis probes.
Data treatment

In autoradiographic studies, Inhibition curves were statistically analysed using
GraphPad Prism software (GraphPad Software Inc., San Diego,CA, USA).

Changes in discharge rate were quantified by averaging the values in
the third minute after each drug injection. Neurons were considered to respond
to drugs if firing rate was altered £30% from baseline. Drug effects were
assessed using Student’s t-test or one-way ANOVA for independent or

repeated measures, as appropriate. Data are expressed as the mean+=SEM.

Statistical significance has been set at the 95% confidence level.

Dialysate 5-HT concentrations are given as fmol/fraction and expressed
in the figures as percentages of baseline. Statistical analysis was carried out
using repeated-measures ANOVA using treatment and time as variables. AUC
values for selected time periods were also calculated and analyzed by one-
way ANOVA.

Clinical studies
Patients

Consecutive eligible patients aged 18 to 70 referred by General Practicioners of
Primary Care Centers or from de Psychiatric Emergency Services (Catalonian
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Public Health Service) were recruited. Inclusion criteria were: Diagnosis of
unipolar major depression using DSM-IV criteria with moderate to severe
symptoms (score above 18 on the Hamilton Depression Rating Scale,
HDRS-17). There was a wash-out of 1 week of any antidepressant drug (except
for fluoxetine, 28 days) prior entering the study. Written informed consent was
obtained from all participants. Exclusion criteria were: concurrent psychiatric
disorders (DSM IV axis |, Il cluster A or B); failure to respond to drug treatment in
current depressive episode; previous resistance to SSRIs or other
antidepressant drug; suicide risk score; participation in other drug trials within the
previous month; presence of delusions or hallucinations; history of substance
abuse (including alcohol) in the past three months; pregnancy or lactation;
organic brain disease or history of seizures; serious organic illnesses in the past
6 months; frequent or severe allergic reactions; concomitant use of other
psychotropic drugs (benzodiazepines were allowed) and blockers or

catecholamine-depleting agents; current structured psychotherapy.
Study variables

Demographic, clinical and concomitant treatment data were collected, including
age, gender, personal and familial history of psychiatric disorders. Other relevant
clinical information to the study was recorded: number of previous episodes, age

at first depressive episode, melancholic features and medical history.

Primary variable of the clinical trial was the score on the HDRS. Sustained
response was defined as a 50% or greater decrease in the admission HDRS
score maintained until day 42, allowing a 5% variation during intermediate visits.
Sustained remission was defined as a HDRS score of 8 or less and, likewise,

this cut off had to be maintained until endpoint.

As secondary variables, the Montgomery- Asberg Depression Rating Scale
(MADRS) and the Clinical Global Impression (CGl) were also included. Safety
was assessed by means of UKU (Udvalg for Klinske Undersogelser Side Effect
Rating Scale), biochemical variables and vital signs. ECG was performed at
admission, two weeks after beginning active treatment and at the end of the
study. Plasma concentration of fluoxetine was obtained at three weeks of

treatment and at the end of the trial.
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Study design (see figure 1)

Placebo phase: After obtaining informed consent, patients entered a single-blind
placebo run-in period of 3-7 days to exclude responders to placebo. Patients
received the same number of tabs than during the trial, yet these were placebo.
Those patients who showed a reduction of 25% or greater of their admission
HDRS score or a HDRS score lower than 18 during this period were excluded

from the study.

Active phase: Patients entering the study were randomized and assigned on day
1 to one of two treatment arms: fluoxetine 20 mg/day plus placebo or fluoxetine
20 mg/day plus DU-125530 (20mg/day). Patients, investigators and all personal
who participated in the study were blind to treatment. The active phase lasted 6
weeks. Clinical assessments were carried out on day 1 and every 7 days (+3
days) until day 42. Compliance was assessed by direct questioning patients and

by counting returned pills and capsules at the follow-up visits.

The study was approved by the Ethics Committee of the Hospital de Sant Pau
and was registered with the US National Institutes of Health Protocol
Registration System. An independent researcher (Ignasi Gich, MD, Department
of Clinical Pharmacology, Hospital de Sant Pau) not involved in the clinical trial,
carried out the randomization by means of computer-generated random
numbers. Investigators, patients and staff involved in the study did not have
access to the randomization list until the end of the study.

Trial period

Active Phase

A
v

Fluoxetine + DU125530

Fluoxetine + Placebo

Day -7 Day0  Day7 Day14  Day21  Day28 Day35  Day42
«—>

Placebo
Phase
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Figure 1 (previous page). Clinical study design. Patients entered in a single-blind placebo phase
of 3-7 days. Patients showing a reduction of 25% or greater of their Hamilton Depression Rating
Scale score or lower than 18 at day 0 were excluded. Patients entering the study were
randomized on day O to one of two treatment arms: fluoxetine + placebo or fluoxetine +
DU125530.

Data treatment and statistical analyses

The planned sample size for this study was 100 randomly assigned patients (50
in each treatment group), chosen to provide approximately 75% power to detect
a difference in the percentage of responders at endpoint of 60% for fluoxetine
plus placebo an 80% for fluoxetine plus DU using a one-sided 0.05 level test.
Given the absence of previous trials using DU, the use of one-sided test was
considered to be more appropriate than increasing the sample size. Thus, one-
sided p values were used in safety and efficacy analyses. Data are given as
means (Standard Deviation, SD). All scores were computed using a LOCF
approach. All analyses were done by intention-to-treat. An interim analysis was
performed at n=50 (half of the planned sample) which met the criteria to stop the

trial.

Analysis of demographic and clinical data was carried out by Student’s t
or non-parametric tests when appropriate. Main analysis was performed using
repeated-measures ANOVA, with time (8-time points) as the within-subjects
factor and group (fluoxetine + placebo vs. fluoxetine + DU) as the between-
subjects factor. A Huynh-Feldt correction was used where the assumption of
sphericity was violated (uncorrected df reported). Further differences were
assessed by means of post-hoc analyses. All randomized patients who had a
baseline and at least one post-baseline score were included in the analyses.
One-way ANOVA (treatment group as the between-subjects factor) was used to
examine group differences between other clinical variables. Additionally, a
survival analysis was done to establish the velocity of each treatment arm. All
statistics were performed by means of statistical package for Windows SPSS
17.0.
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Results

Characterization of DU-1255530 as a 5-HTia receptor antagonist:

preclinical studies
uantitative receptor autoradiograph

The binding of both the 5-HT1a agonist [3H]8-OH-DPAT and the 5-HTia
antagonist [H]JWAY-100635 to rat brain structures was inhibited by
DU-1255530 at nanomolar concentrations, as illustrated in Fig. 2.
Displacement curves of DU-1255530 against the two radioligands, as
generated from microdensitometric data, fitted to the one site binding
competition model (Fig.3). The calculated pIC50 values of DU-1255530 for
both for [*H]8OH-DPAT and [(H]WAY-100635 did not differ among the regions

examined and are reported in Table 1.

[°H]8-OH-DPAT total binding [’H]8-OH-DPAT + 3 nM DU-1253530 [ °H]WAY-100635 total binding [*H]WAY-100635 + 3 nM DU-1253530

Figure 2. Pseudocolor images from autoradiograms obtained from sections at different brain
levels (prefrontal cortex, hippocampus and midbrain-upper pons) incubated with 0.5 nM [3H]8-
OH-DPAT alone (A1-A3) and in the presence of 3*10° M DU1255530 (B1-B3), or incubated
with 0.5 nM [3H]WAY-100635 alone (C1-C3) and in the presence of 3*10° M DU1255530 (D1-
D3). Note that DU1255530 inhibits [®H]8-OH-DPAT and [®H]WAY-100635 binding in all
structures, including CA1, DG (dentate gyrus), DR (dorsal raphe), Ent (entorhinal cortex),
mFPC (medial prefrontal cortex) and SC (superior colliculus). Bar= 2 mm.
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Figure 3. Displacement of [*H]8-OH-DPAT (A1, A2) and [*H]WAY-100635 (B1 and B2) binding
by DU1255530 in the hippocampus (CA1), dentate gyrus (DG), dorsal raphe (DR), (entorhinal
cortex Ent), medial prefrontal cortex (mFPC) and superior colliculus (SC). Data points are
means of three animals and were obtained by microdensitometric analysis of autoradiograms.

Table 1. Relative binding affinities (pIC50, M) of DU1255530 for [®H]8-OH-DPAT and
[BH]WAY-100635 binding sites in various regions of the rat brain.
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Autoradiographic studies in human brain (FHJWAY-100635 )

In the human hippocampus (Fig. 4), DU-1255530 also displaced
[BH]WAY-100635 binding with high affinity and produced monophasic
displacement curves. The pIC50 values calculated for the CA1 hippocampal

field and the perirhinal cortex are reported in Table 2.

[ °H]WAY-100635 total binding [PH]WAY-100635 + 1 nM DU-1253530

Figure 4. Pseudocolor images from autoradiograms obtained from human hippocampal
sections incubated with 0.5 nM [3H]WAY-100635 alone (A) or in the presence of 10° M

DU1255530 (B). Abbreviations: CA: CA1 hippocampal field; DG: dentate gyrus; PRC:
perirhinal cortex. Bar= 2 mm.

Table 2. Relative binding affinities (pIC50, M) of DU-1255530 for [3H]WAY-100635 binding
sites the CA1 hippocampal field and the perirhinal cortex of two human control cases.

[BH]WAY-100635
area
plC50+SD
CA1 case A 8.62+0.08
CA1 caseB 8.72+0.22
PRC case A 8.85+0.08
PRC case B 8.39+0.07
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Electrophysiological experiments

We examined the ability of DU-125530 to reverse the inhibition of the cell firing of
DR serotonergic neurons induced by either the 5-HT1a agonist 8-OH-DPAT or
the SSRI fluoxetine.

The administration of DU-125530 (67-134 ug-kg™ i.v.) fully reversed the
reduction in the firing rate of DR serotonergic neurons induced by the 5-HT1a
receptor agonist 8-OH-DPAT (dose range 1.2-4.8 ug-kg'i.v.) in all neurons
examined (F(3,12)=3.86; p<0.04; n=5). Subsequent administration of
increasing doses of WAY 100635 (5-60 ug-kg'i.v.) did not modify the reversal
elicited by DU-125530 (Fig. 5 A, C).

Similarly, the systemic administration of DU-125530 (67-134 ug-kg"i.v.)
was also able to reverse the reduction in firing rate of DR serotonergic
neurons after the administration of the SSRI fluoxetine (0.8-4 mg-kg'i.v.)
(F(3,15)=3.97; p<0.03; n=6). Subsequent administration of WAY 100635 (5-20
ug-kgi.v.) was not able to augment the reversal elicited by DU-122530 (Fig. 5
B, D).

Fig. 5 E, F illustrates examples of the reversal by DU-12530 of the
excitations produced by the selective 5-HT1a receptor agonist 8-OH-DPAT on

at mPFC pyramidal neurons.
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Figure 5. A -B. Integrated firing rate histograms of two serotonergic neurons showing the
reversal of the 8-OH-DPAT-induced and fluoxetine —induced inhibition of cell firing by the
subsequent injection of DU-125530, respectively. The additional administration of WAY
100635 (5 pg/kg) (A) did not modify the activity of this neuron, indicating a complete reversal
by DU-125530. C-D. Bar graphs showing the inhibitory effect on 5-HT cell firing produced by
8-OH-DPAT (C) or fluoxetine (D) and the reversal of these effects by DU-125530. E-F.
Integrated firing rate histograms of two mPFC pyramidal cells projecting to the DR. The
administration of the 5-HT+1a agonist 8-OH-DPAT evokes excitations (E) or excitations at low
doses followed by inhibitions at higher doses (F). Both effects are reversed by the systemic
administration of DU-125530, showing its antagonist properties at postsynaptic 5-HT1a
heteroreceptors. Arrows mark the time of drug administration.
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Microdialysis experiments

We performed microdialysis studies to assess the putative antagonist action of
DU-125530 at 5-HT1a receptors in vivo. Experiments were conducted in rats
and mice (WT and 5-HT1a KO) using four experimental models to assess the
effect of DU-125530 on pre- and postsynaptic 5-HT1a receptors : a)
antagonism of 8-OH-DPAT-induced reduction of 5-HT release, b) reversal of
paroxetine-induced reduction of 5-HT release (with local 5HT reuptake
inhibition in mPFC; see below), c) reversal of the effects produced by the local
application of the 5-HT1a agonist 8-OH-DPAT in mPFC, and d) augmentation
of the effect of SSRIs on extracellular 5-HT in mPFC.

Rat experiments

The systemic administration of DU-125530 alone had no effect on 5-HT
release in mPFC, with non-significant effect of treatment, time or treatment x
time interaction (Fig. 6 A; Two-way ANOVA F(15,165)=0.87; p=0.598, n.s;
fractions 11-16 Two-way ANOVA F(6,66)= 1.47; p = 0.2012 n.s.; vehicle +
vehicle, n = 6; vehicle + DU-125530, n = 7).

DU-125530 was able to prevent (Newman-Keuls post-ANOVA; p<0.03
vs vehicle) the reduction of 5-HT release (Newman-Keuls post-ANOVA;
p<0.02 vs baseline) induced by systemic administration of 8-OH-DPAT in rats,
with significant effects of treatment (F(1,7) = 7.809; p < 0.03), time (F(15,105)
= 2.4052; P<0.01) and treatment x time interaction (Fig. 6B; F(15,105) = 5.33;
p<0.0001; vehicle + 8-OH-DPAT, n = 4; DU-125530 + 8-OH-DPAT, n=5).

To test the capacity of DU-125530 to antagonize the actions of 5-HT at
somatodendritic 5-HT1a autoreceptors, we used an experimental paradigm
developed earlier, in which an SSRI (e.g., paroxetine) is administered
systemically while locally blocking SERT in the sampling area (mPFC in this
case) with the SSRI citalopram. In these experimental conditions, the
systemically administered SSRI cannot further block SERT in the sampling
area but instead, it blocks SERT in the raphe area, increasing extracellular 5-
HT and activating the negative feedback mediated by 5-HT1a autoreceptors,
thus reducing terminal 5-HT release (see Romero and Artigas, 1997). In these

conditions, the systemic injection of paroxetine produced a significant
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decrease of 5-HT release in mPFC (Newman-Keuls post-ANOVA, fractions
6-16, p < 0.03 vs baseline) which was blocked by systemic administration of
DU-125530 with significant effects of treatment (fractions 11-16;
F(1,8)=9.2563; p<0.02), time (F(15,120)=38.738; p<0.0001) and treatment x
time interaction (F(15,120)=3.45; p<0.0001; paroxetine + vehicle, n=5;
paroxetine + DU-125530, n=5; Fig. 6C).

To examine whether DU-125530 was also able to block postsynaptic 5-
HT4a receptors we performed additional experiments in which we applied
locally 8-OH-DPAT in the mPFC by inverse microdialysis. This induces a
reduction of the local 5-HT release due to the inhibition of excitatory inputs to
DR ascending 5-HT neurons following the local action of 8-OH-DPAT in mPFC
(Celada et al., 2001). The local application of 8-OH-DPAT in mPFC reduced
extracellular 5-HT levels in this area (Newman-Keuls post-ANOVA; p < 0.05
fractions 6-16 vs. baseline). Systemic administration of DU-125530 (fractions
11-16) was able to reverse this decrease with significant effect of treatment
(F(1,9)=6.5088; P<0.04; 8-OH-DPAT + vehicle, n = 5; 8-OH-DPAT +
DU-125530, n=6; Fig. 6D).

Regarding the augmentation of SSRIs-induced increase of extracellular
5-HT concentration, DU-125530 was able to potentiate the increase of
extracellular 5-HT produced by fluoxetine in mPFC (F(15,180) = 20.58; p <
0.001; fractions 6-16 p < 0.002 vs baseline and fractions 11-16 p<0.05 vs
fluoxetine effect; n=13; Fig. 6E) as well as the increase of mPFC 5-HT levels
induced by paroxetine with significant effects of treatment (fractions 11-16;
F(1,8)= 5,7599; p<0.05), time (F(15,300)=41.899; P<0.04) and treatment x
time interaction (F(15,300)=1.83; P<0.04; fluoxetine + vehicle, n = 9; fluoxetine
+ DU-125530, n=13; Fig. 6F).
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Figure 6. /n vivo microdialysis experiments showing the antagonism/reversal exerted by of

DU-125530 in the different experimental models used in rats (the extracellular 5-HT
concentration in mPFC was used in all instances): A) systemic administration of DU-125530;
B) prevention by DU-125530 of the 8-OH-DPAT-induced reduction of 5-HT release; C) reversal
by systemic administration of DU-125530 of the parotexine-induced decrease in 5-HT release

in mPFC during the local perfusion of citalopram by reverse dialysis. Arrows mark systemic

injections. Horizontal bars indicate local perfusion by inverse microdialysis. D) reversal by

systemic DU-125530 administration of the effects produced by local application of 8-OH-
DPAT on mPFC; E) potentiation by DU-125530 of the fluoxetine-induced increase of the
extracellular 5-HT levels in mPFC and F) augmentation by DU-125530 of the paroxetine
induced increase in mPFC extracellular 5-HT levels.

Mice experiments

Systemic administration of DU-125530 alone had no effect on the extracellular
5-HT concentration in mPFC in wild type mice (WT) (F(15,120)=0.55;
p=0.9057 n.s.; fractions 11-16 F(5,40) = 0.09; p=0.9926 n.s.; vehicle + vehicle,

231



n = 5; vehicle + DU-125530, n=5; Fig. 7A) nor in 5-HT1a knock out mice (KO)
(F(15,105) = 0.73; p = 0.7502 n.s.; fractions 11-16 F(5,35)=0.75; p=0.5885
n.s.; vehicle + vehicle, n=5; vehicle + DU-125530, n=4; Fig. 7B), with no
significant effect of treatment, time or treatment x time interaction in either

group.

DU-125530 was able to prevent (Newman-Keuls post-ANOVA; p<0.03
vs vehicle) the reduction of 5-HT release (Newman-Keuls post-ANOVA;
p<0.04 vs baseline) induced by systemic administration of 8-OH-DPAT in WT
mice, with significant effects of treatment (F(1,10)=16.379; P<0.003), time
(F(15,150)=4.102; p<0.0000) and treatment x time interaction
(F(15,150)=2.71; P<0.002; vehicle + 8-OH-DPAT, n=4; DU-125530 + 8-OH-
DPAT, n=5; Fig. 7C). As expected, 8-OH-DPAT did not reduce the 5-HT
release in the mPFC of 5-HT1a KO mice and changes in 5-HT concentration
produced by the systemic injections of vehicle + 8-OH-DPAT were identical to
those produced by systemic administration of DU-125530 + 8-OH-DPAT
(F(15,90)=0.93; p=0.5387 n.s.; vehicle + 8-OH-DPAT, n = 4; DU-125530 + 8-
OH-DPAT, n=4; Fig. 7D) (a moderate increase in extracellular 5-HT was noted
soon after the injection, as a result of handling and injection stress; Adell et al.,
1997).

The systemic administration of the SSRI fluoxetine produced higher
increases of mMPFC 5-HT concentration in KO mice compared to WT mice
(genotype, F(1,8)=5.971; P<0.05; time, F(15,120)=14.713; p<0.0001; time x
genotype interaction, F(15,120)=2.45; p<0.004; WT, n=5; KO, n=5; Fig. 7E),
consistent with the hypothesis that activation of 5-HT1a autoreceptors by SSRI
offsets the increase in 5-HT concentration induced by SERT blockade. The
systemic blockade of 5-HT1ia receptors by DU-125530 after fluoxetine
administration significantly enhanced extracellular 5-HT levels in WT mice to a
level similar to that achieved in 5-HT1a KO mice. Two-way ANOVA revealed a
significant time x genotype interaction (F(15,135)=2.60; p<0.002; WT, n=5;
KO, n=6; Fig. 7F).
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Figure 7. In vivo microdialysis experiments in wild type (WT) and 5-HT1a knock out (KO) mice

showing drug effects on mPFC 5-HT concentration. A-B) Systemic administration of
DU-125530 on WT (left) and KO (right) mice had no effect on mPFC 5-HT concentration. C)
Prevention by DU-125530 of the reduction in 5-HT output induced by systemic 8-OH-DPAT
administration in WT mice. D) Lack of effects of systemic administration of 8-OH-DPAT and

DU-125530 in KO mice. E) Comparison of the effects of systemic injections of fluoxetine in
WT vs. KO mice. F) Augmentation of the effects of fluoxetine by DU-125530 in WT mice but
not in KO mice. Note that the treatment of WT with fluoxetine + DU-125530 increases 5-HT
concentration to tat elicited by fluoxetine alone in the KO mice.

Clinial trial

Fifty-seven patients were screened and entered the study between May 2004

and November 2007. From those, seven had to be excluded due to placebo

response, before randomization. Therefore, fifty patients with major depression

diagnosis finally entered into the active phase. Twenty-five were randomly
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assigned to fluoxetine plus DU125530 arm and twenty-five to fluoxetine plus
placebo arm (see Figure 1 with the trial profile). No differences were found in

any demographic or clinical variables between the two groups (see table 3).

Table 3. Demographic and clinical variables of the two groups of treatment (DU125530 =
patients trreated with fluoxetine + DU125530, Placebo = pacients treated with fluoxetine +

placebo).
. DU125530 (N PLACEBO (N
Variables =25 ) =25 ) X2 It P
Gender (% females) 83.33 84 0.004 N.S.
Age 42.13 (11.48) 42.48(13.93) 0.936 N.S.
. o 0
Familiar psychiatric history (% 64 36 374 NS
present)
No previous depressive episode (%) 41,7 54,2 0.129 N.S.
Age at first depressive episode 34.04 (14.3) 38.22 (15.47) 0.931 N.S.
Number of depressive episodes (including 259 (277) 174 (114) 1.360 NS,
current episode)
Concomitant treatment (% patients taking)
No treatment 25 35.71
Benzodiazepines 56.25 28.57 2.445 N.S.
Hypnotic 12.5 21.42
Benzodiazepines plus hypnotic 6.25 14.28
HDRS 24,75 (3.66) 25.6 (4.36) 0.737 N.S.
MADRS 31.29 (4.51) 32.64 (5.14) 0.973 N.S.
Ccal 4.73 (0.63) 4.67 (0.658) 0.308 N.S.

Neither the percentage of first depressive episode patients (51%
receiving DU125530, 48% receiving placebo) nor the percentage of
melancholic features (23% and 14% respectively) differed between groups.
The episode length ranged from one to 6 months for a 63,6% of patients
receiving DU125530 and a 54,5% of patients treated with placebo. Treatment
was generally well tolerated with no differences in the presence of adverse
events between the two groups (32% DU125530, 16% placebo, x? =1,75;
p=0.16). Finally, five patients were withdrawn from the clinical trial because of
the side effects, and two due to patient’s decision. Biochemical parameters
and vital signs were stable during the study and with no differences throughout
the trial between groups (p>0.1). Plasma concentration of fluoxetine at day 14

and day 42 did not differ between groups. At day 14, fluoxetine mean values
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were 57,52 ng/l (SD=31,73) in the fluoxetine + DU125530 group, and 66,4 ng/|
(SD= 31,86 ) in the fluoxetine + placebo group (t=-0.933, p=0.356). At day 42,
these mean values were 86,1 ng/l (SD=46,27) in the fluoxetine+ DU125530
group, and 119 ng/l (SD= 76,27) in the fluoxetine + placebo group (t= -1,690,
p=0,099). Neither there were differences within groups when plasma
concentration were compared longitudinally (p>0.1), obtaining thus steady

concentration from the beginning.

Regarding the main analysis with HDRS scores, the repeated measures
ANOVA did not show any significant effect or time x group interaction (F=0.3,
df=1,47, p=0.9 and F=0.6, df=7,329, p=0.6, respectively). Figure 8 displays the
cumulative percentages of sustained response at every time-point for both
groups. The response rate of patients receiving DU125530 + fluoxetine
overlapped with patients receiving placebo + fluoxetine. The survival analysis
confirmed the absence of differences between the two treatment arms, being
mean survival times until first response 44 days for DU125530 and 37 days for

placebo (Log rank, x2=0.3, p=0.6).
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Figure 8. Cumulative percentages of sustained response at every time-point assessed by the
Hamilton Depression Rating Scale (HDRS) for both groups (DU = Fluoxetine + DU 125530;
Placebo = Fluoxetine + Placebo). The repeated measures ANOVA did not show any significant

effect or time x group interaction. See text for statistical result.
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Discussion

The present study shows that DU-125530 is a high-affinity and silent 5-HT1a
antagonist in rodent brain that prevents and reverses the actions of 5-HT and
5-HT1a agonists (8-OH-DPAT) at pre- and postsynaptic 5-HT1a receptors. It
binds to rat and human 5-HT1a receptors with low nM affinity and it
antagonizes a) the suppression of 5-HT neuron activity evoked by 8-OH-DPAT
and SSRI and b) the reduction in 5-HT release evoked by 8-OH-DPAT and
SSRI. As a consequence, it augments the increase in 5-HT levels produced by
SSRI in rats and mice by preventing the 5-HT1a-mediated negative feed-back
that limits the increase in forebrain extracellular 5-HT induced by the SSRI
(Artigas et al., 1996). Despite these excellent pharmacological properties as 5-
HT1a receptor antagonist, DU-125530 does not accelerate nor enhance the

antidepressant action of fluoxetine.
Preclinical studies

Overall, the preclinical data supports that DU-125530 interacts with 5-
HT1a autoreceptors and postsynaptic 5-HT1a receptors in a manner similar to
that of the prototypical antagonist WAY-100635 (Fletcher et al., 1996; Forster
et al., 1995), which unlike DU-125530 is not available for human use. Indeed,
DU-125530 blocked the direct (8-OH-DPAT) and 5-HT-mediated (paroxetine or
fluoxetine) suppressing actions on a) 5-HT neuron activity, b) 5-HT release in
rats and mice, as previously observed with WAY-100635 using the same
experimental conditions (Romero and Artigas, 1997; Casanovas et al., 1999;
Celada et al., 2001; Romero et al., 2003; Lladé-Pelfort et al., 2009). Moreover,
DU-125530 augmented the increase in extracellular 5-HT induced by SSRI to
an extent comparable to that produced by WAY-100635 (Romero and Artigas,
1997; Hervas et al.,, 1998). Interestingly, the dose used in the present
preclinical experiments appears to fully occupy 5-HT1a autoreceptors, as 1) no
further antagonism was produced by WAY-100635 administration, and 2) the
5-HT increase induced by fluoxetine + DU-125530 on extracellular 5-HT was

identical to that produced by fluoxetine alone in 5-HT1a KO mice.

The ability of DU-125530 to antagonize postsynaptic 5-HT1a receptors

is shown by: a) pilot electrophysiological experiments (reversal of 8-OH-DPAT-
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induced effects on mPFC pyramidal neurons; an effect depending on
postsynaptic 5-HT+1a receptor activation; Lladé-Pelfort et al., 2009), and b)
microdialysis experiments in which the systemic administration of DU-125530
significantly reversed the reduction in 5-HT release evoked by the activation of
mPFC 5-HT1a receptors by local 8-OH-DPAT administration (Celada et al.,

2001). Thus, the present preclinical data indicates that:

1. DU-125530 displays nM affinity for pre- and postsynatptic 5-HT1a

receptors

2. DU-125530 is a full pre- and postsynaptic 5-HT1a receptor antagonist in

rodent brain

3. DU-125530 cancels the 5-HTia-mediated negative feedback,

augmenting the effect of SSRIs on extracellular 5-HT concentration.

Clinical trial

To our knowledge, this is the first clinical trial assessing the effects of
the addition of a selective and silent 5-HT1a receptor antagonist to a SSRI
antidepressant. Previous clinical trials based on the 5-HT1a receptor
augmentation strategy (Artigas, 1993; Artigas et al., 1996) have used the non-
selective R-adrenoceptor/5-HT1a partial agonist pindolol. These studies have
revealed a beneficial effect of pindolol on the acceleration of antidepressant
response (Pérez et al., 1997; Bordet et al., 1998; Zanardi et al., 1998; Portella
et al., 2010; see review in Artigas et al., 2001 and meta-analysis in Ballesteros
and Callado, 2004). However, several remarkable differences exist between
pindolol and DU-125530. PET scan studies have revealed a preferential
occupancy of presynaptic receptors vs. postsynaptic 5-HT1a receptors by
pindolol using ""C-WAY-100635 as a ligand (Martinez et al., 2001; Artigas et
al., 2001). However, DU-125530 shows a comparable occupancy of pre- and
postsynaptic 5-HT+a receptors using the same ligand (Rabiner et al., 2002).
Hence, whereas pindolol occupies ca. 40% of presynaptic and 18% of
postsynaptic 5-HT1a receptors at the dose used in clinical studies (Martinez et

al., 2001), the occupancy of pre- and postsynaptic 5-HT1a receptors by the
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dose of DU-125530 used herein (20 mg/day) is much higher (e.g., 50-60% in
most individuals tested) (Rabiner et al., 2002). These studies are paralleled by
electrophysiological (Romero et al., 1996) and histological (Serrats et al.,
2004) studies showing a preferential occupancy of pre- vs. postsynaptic 5-
HT1a receptors by pindolol. Hence, [3°S]GTPyS studies indicated a
significantly higher potency of pindolol for 5-HT1a autoreceptors than for
postsynaptic 5-HT+a receptors in the hippocampus and entorhinal cortex in rat,

guinea pig and human brain (Serrats et al., 2004).

The failure of DU-125530 to accelerate or augment the antidepressant
action of fluoxetine may be attributed to, among other reasons, the
simultaneous blockade of pre- and postsynaptic 5-HT1a receptors. Hence, 5-
HT1a autoreceptor blockade would enhance extracellular 5-HT, thus enhancing
the antidepressant effect of fluoxetine whereas postsynaptic 5-HT+1a receptor
blockade may cancel the benefits of presynaptically enhancing serotonergic
function. Indeed, antidepressant drugs of different classes evoke a tonic
activation of hippocampal postsynaptic 5-HT+a receptors (Haddjeri et al., 1998;
see Blier and Ward, 2003 for review). Additionally, pharmacokinetic factors
may also be involved in the different effect of both drugs, since DU-125530
was administered once daily whereas pindolol was administered three times a
day, due to its short half-life, thus producing a more persistent occupancy of 5-
HT1a receptors. Moreover, pindolol is a partial 5-HT1a receptor agonist, which
increases the extracellular concentration of catecholamines when given alone
(see Artigas et al., 2001 for review), an effect not produced by silent 5-HT1a
antagonists, such as WAY-100635.

In summary, the present study shows that DU-125530 is an excellent
antagonist of pre- and postsynaptic 5-HT1a receptors. Despite this, its addition
to fluoxetine did not accelerate nor enhance its efficacy in depressive patients.
These results show that simultaneous blockade of pre- and postsynaptic 5-
HT1a receptors does not improve the antidepressant actions of SSRI,
indicating that postsynaptic 5-HT1a receptor activation is a required step to

increase the antidepressant effects of SSRIs.
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Discussié general

Els resultats presentats en aquesta tesi mostren com farmacs agonistes del receptor 5-HTa
poden excitar les neurones piramidals d’EPF (treballs 1-3) a través d’un mecanisme que
segurament implica les interneurones GABAergiques de la mateixa regio cerebral (treball 1).
A més, existeixen diferéncies regionals importants entre els farmacs emprats (treballs 1-4):
I'F15599 és Iinic agonista del receptor 5-HTa amb activitat preferent sobre els
heteroreceptors postsinaptics i no sobre els autoreceptors dels nuclis del rafe. Aquests
resultats plantegen I'existencia -a banda de les diferéncies regionals ja conegudes- de

diferencies en el receptor 5-HTa segons el tipus cel-lular.

Per altra banda, el treball 5 mostra com un antagonista del receptor 5-HTa que en estudis
preclinics és capac d’antagonitzar respostes degudes a I’activacio dels receptors presinaptics i
postsinaptics aixi com de potenciar I’efecte de la fluoxetina sobre Ialliberament de serotonina
cortical, és per altra banda incapag de potenciar I'efecte antidepressiu de la fluoxetina en un

estudi clinic en pacients depressius.

SELECTIVITAT REGIONAL

Diferents treballs d’aquesta tesi (1-3) mostren que els agonistes 5-HTa utilitzats difereixen

en les arees per les quals mostren accions preferents.

Tradicionalment s’havia suggerit que els agonistes 5-HTia com les azapirones activaven
preferentment els autoreceptors de rafe [201, 376] degut a I'existencia d’una reserva de
receptors '3 en aquesta area [717, 718]. Aquests farmacs es comportaven com a agonistes totals
a rafe i com a agonistes parcials a zones com I’hipocamp i es creia que la major eficacia dels
agonistes en una zona comparada amb altres era purament produida per difereéncies
quantitatives en el receptor. Posteriorment s’ha observat que, en comptes de ser una propietat
que depen del receptor, depen de I'agonista que s’utilitza ja que existeixen, per exemple,

agonistes parcials per totes dues estructures com I’asenapina [719] o agonistes totals a rafe i

13 El concepte de reserva de receptors fou proposat per 856. Stephenson, R.P., 4 modification of receptor
theory. Br ] Pharmacol Chemother, 1956. 11(4): p. 379-93. Estudiant les accions dels analegs de I"acetilcolina,
troba que aquests eren capacos de provocar responses maximes a molt baixa ocupacio dels receptors, suggerint
que aquest sistema tenia reserva de receptors. L’existencia de reserva de receptors no implicava que hi hagués
una subdivisio funcional entre grups de receptors, sind que la quantitat de receptors disponibles era més gran

que el que es necessitava per provocar la resposta maxima.
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hipocamp com el BAY x 3702 [720]. A més, el treball 2 mostra com un nou agonista 5-HTa,
I'’F15599, pot provocar efectes deguts a I’activacio d’heteroreceptors postsinaptics
(excitacions de les neurones piramidals d’EPF) a dosis a les que encara no s’observen efectes
degut a I'activacio dels autoreceptors presinaptics dels nuclis del rafe (inhibici6 de les

neurones serotoninergiques de NRD).

Com s’ha presentat en la introduccié d’aquesta tesi, el receptor 5-HT:a mostra importants
diferencies regionals sobretot pel que fa a les subunitats Ga. a les que es troba acoblat. Aixi,
en escorca i hipocamp el receptor 5-HT'a es pot acoblar a Ga, i Gau, tot i que en hipocamp
sembla que el receptor mostra preferencia per Go, [337]. En canvi en el rafe, 'estudi de
Mannoury la Cour [337] només detecta acoblament del receptor 5-HT:a amb la subunitat

Fins fa uns quinze anys s’assumia que diferents agonistes podien tenir perfils farmacologics
diferents en termes de afinitat (I'atraccié entre lligand i el seu receptor) i eficacia (la
producci6 d’una resposta), pero que tots activaven les mateixes vies de transduccio de senyal,
que eren dependents del receptor. A més, es considerava que els receptors només existien en
un estat inactiu (R) i un estat actiu (R*). Els agonistes canviarien I’equilibri cap a I'estat actiu,

mentre que els agonistes inversos farien el contrari.

Actualment, resultats de diversos estudis de diferents receptors de neurotransmissors com
els cannabinoids [721], els serotoninergics 2A i 2C [722] i els beta-adrenérgics [723] han
mostrat que diferents agonistes actuant sobre el mateix receptor poden activar de manera
selectiva/preferent diferents vies de transduccié de senyal [724, per revisio: 725]. Aquest
fenomen s’ha anomenat senyalitczacio dirigida per agonista (agonist directed trafficking) 1726]
o selectivitat funcional i ha estat demostrat tant en sistemes heterolegs com en sistemes no
manipulats [721]. Diferents lligands produirien diferents conformacions del receptor
[727-730]. La unio6 del receptor a les proteines G depen de les afinitats mutues i de les
proporcions de les molecules que hi participen. Per tant, diferents conformacions del
receptor podrien afavorir diferents proteines G, el que es traduiria en "activaci6 preferent de
determinades vies de transducci6 de senyal. Per altra banda, diferents conformacions del
receptor també es poden veure reflexades en diferents conformacions de la proteina G
acoblada a ell, i per tant, dels mecanismes de transduccié que s’acoblen a aquestes proteines

G.

Un exemple de la importancia funcional d’aquest concepte el trobem en el cas dels agonistes
5-HTsa al-lucinogens i no al-lucinogens [731]: mentre els agonistes no al-lucinogens regulen
la via acoblada a fosfolipasa C (PLC), les drogues al-lucinogenes també actuen en les

proteines G sensibles a toxina pertussis G(i/0) i Src.
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Una de les premisses per a la senyalitzacio dirigida per agonista és que el receptor es pugui
acoblar a diferents mecanismes de transducci6 de senyal, com és el cas del receptor 5-HTa. A
més, I'activacié de les diferents vies també dependra de si els mecanismes de transduccio
s’expressen en una determinada area o tipus cel-lular, aixi com de les proporcions dels
diferents mecanismes de transduccio6 i efectors. La complexitat en ’acoblament del receptor
5-HT:a, evidenciada en sistemes recombinants i en sistemes no manipulats [per revisio: 338],

encaixa amb la teoria de senyalitzaci6 de receptors de trafic dirigit per agonista.

La combinaci6 de les diferencies regionals de "acoblament del receptor 5-HT:s amb la
senyalitzacio dirigida per agonista (que dependra dels mecanismes de transduccio disponibles
en cada area), permet un ampli ventall de possibilitats de senyalitzacié diferent en cada area

cerebral segons 1" agonista utilitzat.

Dels treballs d’aquesta tesi que mostren agonistes del receptor 5-HT,a amb perfils d’acci6
preferent diferents pel que fa a les arees cerebrals on actuen, cal destacar el cas de I'F15599, el
qual, a diferéncia dels altres farmacs estudiats, ¢s el primer agonista 5-HTa descrit que a
dosis baixes actua preferentment sobre I’heteroreceptor postsinaptic i no sobre

I"autoreceptor dels nuclis del rafe.

Estudis de biologia molecular han mostrat que I’'Fi5599 estimula Iexpressio de ¢-fos a
I’escorca frontal, el septum i 'hipotalem pero molt poc al NRD, el NRM, I’escor¢a entorinal,
I’hipocamp o el globus pal-lid [732]. En canvi, soén necessaries dosis molt més altes d” F13640
per regular pERK1/2 en I’EPF i I’hipotalem comparat amb els efectes depenents del receptor
dels nuclis del rafe. En el cas de la 8-OH-DPAT, aquesta és activa sobre la formaci6 de
pERK1/2 en dosis similars a les diferents regions [733]. Aixi, 'F15599 difereix de la 8-OH-
DPAT i I’F13640, mostrant preferéncia per actuar sobre el receptor 5-HT:a postsinaptic

d’escorca també a nivell molecular [732] .

Aixi, els diferents agonistes podrien activar preferentment vies de transduccié de senyals
disponibles en regions cerebrals determinades. Aixo podria ser la base de les diferencies en la

selectivitat regional dels farmacs emprats en aquesta tesi (treballs 1-4).

SENYALITZACIO DIRIGIDA PER AGONISTA

L’estimulacié dels nuclis del rafe i, per tant, I'alliberament de serotonina endogena, produeix
majoritariament inhibicions de les neurones piramidals d’EPF a través de I'accio de la
serotonina sobre el receptor 5-HTa [221, 734, 735]. Tres dels treballs (1, 2, 3) presentats en

aquesta tesi mostren que les respostes majoritaries de les neurones piramidals d’EPF després
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Fig 21. Estructura molecular de la serotonina
i els agonistes 5-HT:a utilitzats en aquesta

tesi.

de I’'administracio sistemica de diferents agonistes 5-
HT:a (Fig. 21) son, paradoxalment, excitacions. Tant
les inhibicions produides per I'agonista endogen
(serotonina) com les respostes produides per
’administracié sistemica d’agonistes exogens son
revertides per I"antagonista especific del receptor 5-
HT:a WAY100635, sent, per tant, mediades per
I"acci6 sobre el mateix receptor 5-HTa. Aquest fet fa
excloure que els diferents perfils d’afinitat que
mostren els agonistes estudiats (Taula o) siguin la
causa dels diferents patrons de resposta. Llavors, la
pregunta que sorgeix ¢s com diferents agonistes 5-
HT:a poden produir diferents patrons de resposta
en les neurones piramidals d’EPF actuant sobre el

mateix receplor.

Taula ro. Comparacio d’afinitats dels agonistes 5-HT:a emprats en la present tesi. Afinitats determinades iz

vitro i expressades com pK; + SEM. Modificat de Newman-Tancredi [732] i Colpaert [855].

h5-HTa Cel-lules CHO
r5-HTa Hipocamp rata
r5-HTs Escorca rata
r5-HTsa Escorca rata
p5-HTsc Escorca porc
I ox Escorca rata
r o2 Escorca rata
r D1 Estriat rata
rDa Estriat rata

8.57+0.08 9.49 = 0.18 9.50 £ 0.03
8.47+0.08 9.07 £ 0.05 9.15 + O.1I
<5 <5 5.28 + 0.18
<5 <5 <5
<5 <5 5.12 + 0.05
<5 <5 5.82+ 0.12
<5 <5 6.52 + 0.04
<5 <s5 <5
<5 <5 6.08 £ 0.03

Seguint la idea de la selectivitat funcional o senyalitzacié dirigida per agonista, dades recents

[341] mostren I'existencia de senyalitzacié dirigida per lligand en I'acoblament de les

proteines G amb el receptor 5-HT 4 de rafe en teixit cerebral no manipulat. Mentre la 8-OH-

DPAT fa que el receptor 5-HTa s’acobli preferentment a proteina G amb subunitat Gois, la

buspirona produeix que el receptor s’acobli a proteines amb subunitats Gz, G, 1 GOlis.
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Altres grups tamb¢ han suggerit I'existencia de senyalitzacié dirigida per lligand pel receptor

5-HT:a en sistemes heterolegs [736].

En el cas d’alguns dels agonistes utilitzats en els treballs d’aquesta tesi, Newman-Tancredi
[732] ha mostrat diferéncies en els mecanismes de transduccié de senyal entre I'F15599, la
(+)-8-OH-DPAT i la serotonina (Fig. 22). Les diferencies en segons missatgers entre els
diferents agonistes son mediades per proteines G, suggerint aixi que diferents subtipus de
proteines G podrien ser les responsables dels diferents efectes per cada farmac. Aquesta
observacio és recolzada pel fet que cadascun dels agonistes mostra un perfil d’activacio de
proteines G especific. Mentre I'F15599 mostra preferéncia per activar Ga; (gairebé un ordre
de magnitud major que per Go,), la serotonina mostra poténcies similars per les dues

subunitats de proteines G ila 8-OH-DPAT mostra perfils intermitjos.
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Fig 22. Influéncia de la serotonina, la (+)-8-OH-DPAT i I'F15599 en: I’estimulacié de I’activaci6 de proteina G
utilitzant [3S]-GTP yS en receptors h5-HT:a en membranes de ceél-lules HeLa; la inhibicié de ’acumulacié
d’AMPc en cel-lules HeLa-h5-HTia; I'estimulacio de les fosforilacio d’ERK1/2 en receptors hs-HT.a expressats
en c¢l-lules CHO; la inducci6 de la internalitzacio en cel-lules HEK-293. Dades expressades com a % de I’efecte

induit per la maxima concentracié de serotonina (ropM). Modificat de Newman-Tancredi [732].

Aquestes diferéncies en la selectivitat funcional entre els agonistes 5-HT' 4 podrien ser la base

dels diferents perfils d’accié de cadascun d’ells.

EXCITACIONS PRODUIDES PER AGONISTES D’UN RECEPTOR
INHIBITORI

Un dels resultats que criden I'atencié en aquests treballs és que I’agonisme d’un receptor
inhibitori produeixi majoritariament excitacions de les neurones piramidals d’EPF de
projeccio a ATV, especialment tenint en compte que: i) quan s’estimulen els nuclis del rafe i
es produeix per tant un alliberament de serotonina endogena, aquesta produeix
majoritariament inhibicions de les neurones piramidals d’EPF a través del receptor 5-HT:a
[221, 734, 735]; ii) estudis &n vitro han mostrat accions inhibitories dels agonistes 5-HT:a
sobre I'activitat de les neurones piramidals d’EPF [250]; iii) laplicacié iontoforetica

d’agonistes 5-HT:a a ’EPF inhibeix les neurones piramidals d’aquesta regio6 [220, 737] .
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Si lagonista estigués actuant sobre els receptors 5-HTia de les neurones piramidals
registrades hauriem de veure directament inhibicions almenys en un 50-60% de les neurones,
ja que segons estudis d’histologia és aquest el percentatge de neurones piramidals d’EPF
[223] o neurones piramidals d’EPF que projecten a I'ATV [738] que expressen aquest
receptor. De fet, en els treballs 1,2 1 3 veiem també inhibicions de les neurones piramidals
d’EPF després de I'administraci6 d’agonistes del receptor 5-HTwa , pero o no son I'efecte
majoritari (20% en el cas de I'Fi5599, 12% en el cas de I'Fi3640) o es produeixen

preferentment de manera secundaria a I"activacié d’aquestes neurones (8-OH-DPAT).

Aquesta activacio de les neurones piramidals d’EPF després de I"administraci6 d’agonistes 5-
HT:a ja havia estat descrita en altres treballs on s’utilitzaven altres agonistes [739] o on no
s’identificaven les neurones piramidals [740, 741]. Cal destacar la importancia de la
identificaci6 de les neurones com a neurones de projeccié a I’ATV en els presents treballs, ja
que d’aquesta manera I’EPF podria estar controlant I'activitat de les neurones
dopaminergiques i de retruc I'alliberament de dopamina a la mateixa EPF i a altres zones

(veure Control de la via dopaminergica cortical i esquizofrénia d’aquest mateix capitol).

L’augment d’activitat de les neurones piramidals d’EPF es podria explicar per diferents
hipotesis. Ja que la serotonina té una influ¢ncia inhibitoria a 'EPF, la disminuci6 del to
serotoninergic degut a I’accié dels agonistes 5-HT;a sobre els autoreceptors de rafe, podria
provocar la desinhibicié de I'EPF per la retirada de la influencia inhibitoria. En el cas de la 8-
OH-DPAT aquesta no en sembla ser la causa, ja que en rates depletades de serotonina seguim
observant I'excitaci6 de les neurones piramidals d’EPF. El cas de I'Fi5599 tampoc recolza
aquesta hipotesi, ja que I’activacio de les neurones piramidals d’EPF es produeix a dosis en les
quals I"agonista encara no ha fet efecte en la descarrega de les neurones serotoninérgiques del

rafe. El cas de I'F13640 és I'inic en el qual aquest mecanisme hi podria estar implicat.

Una altra possibilitat seria que els farmacs estiguessin fent efecte en arees aferents a 'EPF
com podria ser ¢l cas de I’hipocamp. Pero en el nostre model de registre en animal anestesiat
amb hidrat de cloral, I’hipocamp és inactiu i no sembla canviar el seu estat després de
I"administracié d’agonistes 5-HT:a, almenys en el cas de la 8-OH-DPAT. Tot i aixo, no es

podrien descartar altres arees aferents a ’EPF.

Finalment, una possibilitat discutida en el segiient apartat seria que les interneurones
GABAcrgiques participessin en I'excitacié de les neurones piramidals d’EPF després de

I’administracié d’agonistes del receptor 5-HT'a.
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LES INTERNEURONES G/\B/\ﬁR(HQU ES PODRIEN TENIR UN PAPER

CLAU EN LA DESINHIBICIO DE LES NEURONES PIRAMIDALS D’EPF

Un cop descartades les projeccions serotoninergiques i hipocampals com a possible
explicacié per a I'excitacié de les neurones piramidals d’EPF després de I’administracio
d’agonistes 5-HTa, la hipotesi més plausible és que I'activacié de les neurones piramidals
d’EPF sigui conseqiiéncia de la inhibici6 de les neurones GABAérgiques que les controlen.
Aquestes interneurones GABAergiques podrien ser inhibides directament per "acci6 de
I"agonista sobre els seus receptors 5-HT:a de membrana o indirectament per la supressio de
projeccions excitatories procedents d’arees aferents a I'EPF. Aquest podria ser el cas de
I’hipocamp, el qual expressa una gran quantitat d’aquest receptor, controla les neurones
piramidals i GABA¢rgiques d’EPF [708] i s’inhibeix després de I"administraci6 d’agonistes 5-
HT:a en animal despert [742]. Pero com ja hem descrit, ’hipocamp ¢s inactiu i no sembla
canviar el seu estat després de "administracio d’agonistes 5-HT:a en el nostre model
experimental. Aixi, semblaria que la desinhibicio de les neurones piramidals d’EPF seria

deguda a T'acci6 dels agonistes 5-HTa sobre els receptors 5-HTa de les interneurones

GABAcrgiques.

Tot i que només un 20% d’interneurones GABAergiques expressa el receptor 5-HTa [223],
en el treball 1 hem vist que la majoria d’interneurones GABAergiques FS responen amb
inhibicions després de I’administracié sistemica d’agonista 5-HT;a. Com ha estat descrit en la
introduccio, aquestes neurones formen xarxes molt interconnectades (entre interneurones
del mateix tipus i de tipus diferents) mitjancant unions gap [743]. Per tant, I'efecte de
’agonista sobre una interneurona que expressi el receptor 5-HTa pot ser transmes a

multiples neurones en un radi que pot arribar a ser de centenars de micrometres [96].

Cal recordar que les neurones registrades en el treball 1 corresponen a interneurones
GABAergiques FS i diferents estudis han descrit que aquestes neurones corresponen al
fenotip PV+, i per tant, formen part del grup de neurones perisomatiques que exerceixen un
fort control sobre la descarrega de les neurones piramidals que regulen (Taula 11). Segons
estudis immunohistoquimics, les entrades GABAeérgiques de neurones PV+ sobre les
neurones piramidals aixi com els receptors 5-HTa gaudeixen d’una posicio privilegiada en el
con axonic de les neurones piramidals (Fig. 23) [216]. A més, aquestes neurones tenen arbres
dendritics molt ramificats, estimant-se que una sola neurona podria fer sinapsi en més de 200
neurones piramidals [744]. Aixi, la inhibici6 de les interneurones GABA¢rgiques FS es podria
veure reflexada en una desinhibicié de les nombroses neurones piramidals que poden arribar
a innervar i es podria magnificar per la preséncia d’unions gap entre diferents tipus

d’interneurones GABAergiques.
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Taula1x. Resum de les caracteristiques morfologiques, neuroquimiques i electrofisiologiques dels principals

tipus d’interneurones corticals.

Proteines d’unié
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Fig 23. Esquerra: Imatges pseudoacolorides de microscopia confocal, cadascuna de la mateixa seccid i camp del
gir inferior temporal de mono, mostrant axons de neurones piramidals immunoreactius per 5-HT:a en verd i
terminals de neurones en canelobre PV+, en vermell. Dreta: Esquema il-lustratiu de la relacié entre les fibres
serotoninergiques, les connexions sinaptiques de les cel-lules en canelobre (Ca) i la porcié proximal de I’ax6 de

les neurones piramidals amb marcatge immunohistoquimic pel receptor 5-HT . Modificat de DeFelipe [216].

L’estimulacié dels nuclis del rafe i, per tant, I"alliberament de serotonina endogena, produeix
majoritariament inhibicions, tant de les neurones piramidals d’EPF [221, 734, 735], com de les
interneurones FS de 'EPF [265]. A més, altres estudis han mostrat que la serotonina redueix
I’alliberament de GABA de les neurones FS corticals [745]. Tant les inhibicions de les
neurones piramidals com les inhibicions de les interneurones GABA¢rgiques FS induides per
serotonina son mediades per un mecanisme depenent de I’activacio del receptor 5-HT'a [265,
735]. Per altra banda, I'administracié sistemica de 8-OH-DPAT excita les neurones
piramidals d’EPF mentre que inhibeix les interneurones GABA¢rgiques FS, tal com mostrem
en el treball 1. La pregunta que sorgeix d’aquests resultats és per que, si tant la serotonina
com la 8-OH-DPAT produeixen inhibicions de les neurones GABAérgiques FS d’EPF,

només els agonistes exogens son capacos de desinhibir les neurones piramidals d’EPF.
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Es plantegen dues possibles explicacions: a) I'estimulacié dels nuclis del rafe provoca un
alliberament de serotonina massiu o més dirigit als llocs d’expressi6 de receptors
serotoninergics de manera que la inhibicié produida pel receptor 5-HTa de les neurones
piramidals superi la desinhibicié que hauria de produir la inhibicié de les interncurones
GABAcrgiques, o b) els agonistes 5-HTa exogens mostren diferent sensibilitat en les
neurones piramidals i en les interneurones GABA¢rgiques mentre que la serotonina afecta

per igual els dos tipus neuronals per un mecanisme de selectivitat funcional.

La qiiesti6 que quedaria per resoldre és per qué aquestes interneurones podrien ser més
sensibles a I'accio de I'agonista 5-HT:a exogen que les neurones piramidals. La majoria
d’estudis d’acoblament a proteines G, mecanismes de transduccio de senyals etc. estan fets
considerant 'EPF una area homogenia, sense tenir en compte els diferents tipus cel-lulars
que la formen. De la mateixa manera que diferents arees poden tenir una sensibilitat diferent
als mateixos farmacs, diferents tipus cel-lulars també podrien estar acoblats a mecanismes de
transduccié més sensibles, podrien tenir més expressio del receptor [746] o dels mecanismes
de transduccio6 o es podria afavorir la formaci6 d’oligomers etc. que fes que els agonistes 5-

HT:a fossin més efectius sobre el receptor de les interneurones GABAérgiques.

Una altra possibilitat és que al ser neurones tan actives, les interneurones GABAérgiques
siguin més sensibles a I’accié d’un receptor inhibitori, com es dona en el cas dels antagonistes
NMDA [747]. Aixo podria anar lligat amb la possibilitat que neurones piramidals i
interneurones GABAergiques fossin igual de sensibles enfront d’agonistes del receptor 5-
HT:a pero que en la piramidal es veiés més reflexat I'efecte de la retirada de to GABAergic per
la inhibici6 de la GABAergica que no pas I'efecte sobre el receptor 5-HT:a. Sha de tenir
present que el GABA és el principal neurotransmissor inhibitori, mentre que la serotonina
actua principalment com a neuromodulador. En en aquest cas pero, la serotonina endogena

tamb¢ hauria de desinhibir les neurones piramidals.

CONTROL I)Jﬂ LA VIA DOPAMINERGICA MESOCORTICAL I
ESQUIZOFRENIA

Com hem vist en la introducci6 d’aquesta tesi, una de les hipotesis monoaminergiques de
I’esquizofrenia suggereix que hi podria haver una disfunci6 del sistema dopaminergic en la
malaltia [440, 441]. Aquesta disfunci6 afectaria de manera diferent les vies mesocortical i
mesolimbica, de manera que la primera patiria una hipofunci6 i la segona una hiperfuncié
[443]. La hipoactivitat de la via mesocortical podria ser la responsable de la simptomatologia

negativa i cognitiva en pacients esquizofrenics.
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En els treballs 1, 2 1 3 veiem que després de ’administracio sistemica d’agonistes 5-HT:a es
produeix un augment d’activitat de les neurones piramidals d’EPF identificades
antidromicament com a neurones de projeccié a ’ATV. Estudis neuroanatomics han mostrat
que aquestes neurones podrien controlar directament ['activitat de les neurones
dopamineérgiques d’ATV que formen la via mesocortical i indirectament, a través de neurones
GABAérgiques d’ATV, Pactivitat de les neurones dopaminérgiques de la via meslolimbica
(Fig. 24) [232]. Per tant, un augment de I"activitat de les neurones piramidals d’EPF es podria
veure traduit en un augment de "activitat de la via mesocortical i una disminuci6 de "activitat

de la via mesolimbica.

Estudis previs del grup han mostrat que
I’activacio de les neurones piramidals d’EPF
per I'administracié sistemica d’agonistes del
receptor 5-HTa [739] ocorre a les mateixes
dosis en les quals aquests farmacs produeixen
un augment de [activitat de les neurones
dopaminérgiques de PATV, tant pel que faa la

freqiiencia de descarrega com al percentatge de

descarrega en forma de trens de potencials
Fig 24. Projeccions de les neurones piramidals  {’q¢cid [501]. Aquest augment de Tactivitat
d’EPF a ’ATV. Modificat de Carr i Sesack [232]. dopaminérgica és depenent de acci6 de 'EPF,
ja que la transeccio cortical evita Iefecte

excitador de I’agonista BAY x 3702 sobre les neurones dopaminérgiques ’ATV.

Aquest augment d’activitat de les neurones dopaminergiques després de I’administracio
d’agonistes 5-HTa s’associa a un major alliberament de dopamina a terminals [748]. De fet,
estudis de microdialisi intracerebral han mostrat que I’administracio sist¢mica d’agonistes 5-
HT:a produeix un augment de Ialliberacié de dopamina a I'EPF que sembla ser degut a
I"activacio del receptors 5-HTa postsinaptics [501, 749]. En el treball 2 hem vist com
I"administracio sistemica de "agonista 5-HT:a F15599 produeix un augment de I'activitat de
les neurones piramidals de projeccié a PATV aixi com un augment dels nivells extracel-lulars
de DA cortical tant si s’administra sisttmicament com localment a la mateixa EPF. Podriem
relacionar doncs "augment d’activitat de les neurones piramidals d’EPF que projecten a
ATV amb I'augment dels nivells extracel-lulars de DA cortical per un mecanisme que

depenent de "acci6 del farmac en els receptors 5-HT1a postsinaptics.

Per altra banda, estudis anteriors del grup han mostrat que I"aplicacio6 local de ’agonista 5-

HTa BAY x 3702 a I'EPF produeix un augment de [lalliberament de dopamina a
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concentracions baixes del farmac i una disminucié de Ialliberament de dopamina a
concentracions més altes en la mateixa EPF. A més, I'augment dels nivells extracel-lulars de
dopamina cortical produit per I'aplicacio local de concentracions baixes de ’agonista a EPF
no es produeix si s’aplica alhora I"antagonista GABA4 bicuculina, mentre que es manté la
disminucio de I"alliberament de dopamina a concentracions més altes [501]. Aquest perfil de
resposta concorda amb el perfil de dosi-resposta de les neurones piramidals d’EPF després de
I’administracié de de 8-OH-DPAT (treball 1) tant en la situacié control (activacions de les
neurones piramidals d’EPF que projecten a ATV a dosis baixes i inhibicions a dosis més altes)
com amb el bloqueig local de les entrades GABAx amb bicuculina (es conserven

majoritariament les inhibicions a dosis altes).

Estudis en els quals s’administren sistemicament diferents antipsicotics atipics (amb
agonisme pel receptor 5-HT'a) també han mostrat tant augments de I"activitat de les neurones
dopaminergiques de projeccio a EPF [750], com augments de I"alliberament de dopamina a
EPF per un mecanisme depenent dels receptors 5-HT.a segurament situats a la mateixa EPF
(452, 500, 501, 751-753]. Es creu que aquest augment dels nivells de dopamina cortical és el
que atorga als antipsicotics atipics la capacitat de revertir alguns dels deficits cognitius en

pacients esquizofrenics, a diferencia dels farmacs classics [754].

Com s’ha descrit en la introduccio, les projeccions de 'EPF a ATV sén unes de les
principals entrades glutamatérgiques a I'ATV. Si les alteracions en diferents nivells de ’EPF
observades en I’esquizofrénia disminueixen la sortida excitatoria de les neurones piramidals
d’EPF cap a I'ATV, aixd es podria traduir en una excitacié reduida de les neurones
dopaminergiques d’aquesta area i podria portar a alteracions en el sistema dopaminergic, la
innervacié dopaminergica de I'EPF [755], Ialliberacié de dopamina a 'EPF i canvis en
expressio de receptors. El receptor D1 de dopamina ha estat bastament relacionat amb la WM
[per revisio: 756]. Una estimulacié deficient d’aquest receptor podria portar a la
sobreregulacié compensatoria del receptor D1 descrita en estudis de PET en pacients
esquizofrénics i correlacionada inversament amb el rendiment en tasques de WM [757]. En un
estudi recent, Elsworth [758] mostra com la clozapina és capac de revertir la disminuci6 de la
transmissio dopaminergica a EPF provocat per 'administraci6 cronica d’antagonistes NMDA
(model animal d’esquizofrénia) a dosis que son també efectives revertint els deficits cognitius

d’aquest model.

Totes aquestes evidencies junt amb els resultats dels treballs d’aquesta tesi suggereixen que
"activaci6 dels receptors 5-HTia postsinaptics, segurament situats en les interneurones
GABAc¢rgiques d’EPF, produeix una desinhibicié de les neurones piramidals d’EPF que

projecten a I’ATV. Aquesta desinhibicié provocaria I’activacié de les neurones
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dopaminergiques de la via mesocortical, augmentat aixi I’alliberament de dopamina a 'EPF i
normalitzant la neurotransmissié dopaminérgica en aquesta area, important en la modulaci6

de funcions cognitives com la memoria de treball.

Per altra banda, la interaccio preferent de I'F15599 amb receptors 5-HT'a corticals es tradueix
en un perfil d’accié favorable en tests de memoria o cognicio [759], on atenua la disrupcio de
la memoria de treball i la inflexibilitat cognitiva produides en models animals d’esquizofrénia
(antagonistes NMDA) amb més eficacia que la 8-OH-DPAT. El disseny de farmacs com
I'F15599, que és capac d’activar aquest mecanisme a dosis en les quals no provoca efectes
adversos deguts a "autoreceptor presinaptic, podrien ser de gran ajuda per augmentar

Iespecificitat del tractament aixi com per minimitzar els efectes secundaris.

INTERNEURONES GABAERGIQUES I ESQUIZOFRENIA

Actualment s’han proposat diferents hipotesis per explicar les multiples alteracions descrites
en ’EPF de pacients esquizofrenics [747, 760, 761] (Fig. 25). Una d’elles proposa que una
deficiencia en les neurones piramidals (per exemple en receptors NMDA) o una deficiencia
en les entrades excitatories a I'EPF podria ser el punt de partida de les alteracions de la

malaltia [760]. Aquesta deficiencia tindria dos efectes principals:

i) Per una banda, com hem mencionat, podria portar a una sortida excitatoria reduida de
I’escor¢a. Un deficit en les entrades excitadores a les neurones DA que projecten a 'EPF
causaria una hipoactivitat sostinguda i conseqiientment, canvis morfologics i bioquimics en
aquestes neurones DA. Aixo, al seu torn portaria a una disminuci6 de la innervacio DA del
EPF i una sobreregulacio compensatoria pero no suficient dels receptors Dr a les neurones

piramidals, a les interneurones o a ambdues.

it) Per altra banda, podria reduir la neurotransmissio GABAergica ja que I'expressio de la
GAD 67, un enzim que regula la sintesi de GABA, depén de la quantitat d’activitat
excitatoria rebuda per les neurones GABAergiques [762]. En relaci6 amb aquesta
suposicio, una de les observacions més replicades en estudis post-mortem de pacients
esquizofrenics €s la presencia de nivells disminuits de ’ARNm de I’enzim GAD67 [763]. Per
altra banda, 'expressio de la subunitat a. del receptor GABA4 (present en el segment
inicial de I’ax6 de les neurones piramidals de capes 2-3) es troba augmentat en pacients
d’esquizofrenia [764, 765]. Les interneurones GABAergiques PV+ mostren disminucions
en 'expressio de gens que controlen tant la sintesi com en la recaptacié de GABA aixi com
I'expressio de proteines d’uni6 a calci en 'EPF de pacients esquizofrenics [765, 766]. La

disminucio de PIexpressio de PV podria significar una facilitacié (compensatoria o
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Fig 25. ll-lustracio esquematica de les possibles alteracions en la

circuiteria de ’EPF-DL en l'esquizofrénia. Modificat de Lewis i estar relacionats entre ells ja
Sweet [760]. que si l'activacio del Dt
augmenta [’activitat de les

interneurones PV+, una reduccio de la senyalitzacié mediada pel D1 podria reduir 'activitat
d’aquestes neurones i contribuir a la disminucié de la sintesi de GABA depenent d’activitat.
Per altra banda, si la disminuci6 de PV fos primaria i provoqués un facilitacié de la
senyalitzacié GABAgrgica, aquesta podria disminuir les sortides excitatories d’EPF a ATV,
reduint aixi la senyalitzaci6 dopaminergica a EPF. Per tant, 'augment d’activitat de les
neurones piramidals d’EPF després de ’administracié sistemica d’agonistes del receptor 5-
HT:a podria tenir efectes beneficiosos en ambdos casos. Per una banda, podria produir un
augment de la transmissi6 dopaminergica a EPF, que contribuiria a 'augment de la
transmissio a través del receptor Dr tant en neurones piramidals com en neurones
GABAergiques. Aixo podria afavorir la sintesi de GABA depenent d’activitat i per tant,
regular la disfuncio de les interneurones GABAergiques d'una manera indirecta si hi hagués
una hipofunci6 GABA¢rgica. Per altra banda, si la disminuci6 de expressio de PV no fos
compensatoria sind que fos primaria en la malaltia, causaria un augment de la
neurotransmissio GABAergica. Per tant, la inhibici6 de les neurones FS/PV+ per agonistes
5-HT:a també podria tenir efectes beneficiosos en aquest cas, equilibrant altra vegada el

balan¢ excitacio/ inhibici6. Semblaria més provable que la disminuci6 de PV en les

259



interneurones GABAergiques fos compensatoria, ja que en ratolins KO per la PV hi ha un
augment significatiu de I’'ona gamma almenys a hipocamp [767], just al contrari del que

s’observa en pacients esquizofrénics.

MILLORA DEL TRACTAMENT ANTIDEPRESSIU

En la introduccié d’aquesta tesi ja hem vist la importancia que pot tenir el receptor 5-HT'a
postsinaptic en el tractament de la depressio. Entre altres evidencies, en la introduccié hem
descrit com P'al-lel G de I’'SNP rs6295 (HTR1A: -1019C/G) situat en la regi6 promotora del
gen del receptor 5-HTwa és més freqiient en pacients depressius que en individus controls
[573] i provoca un augment de Iexpressio de I"autoreceptor [573-576] i una disminucid
I’expressio del receptor postsinaptic [574, 577, 578]. Un estudi recent [768] ha proporcionat
un model animal equivalent a aquest polimorfisme d’humans: ratolins manipulats
gencticament de manera que poden tenir sobreexpressi6 o expressio reduida de
"autoreceptor 5-HTa dels nuclis del rafe. En aquest model, els ratolins amb sobreexpressio
de I"autoreceptor equivaldrien a I’al-lel G huma, ja que mostren menor resposta a I’estres agut
i no responen al tractament antidepressiu. A més, tan sols la reduccio dels nivells de
"autoreceptor abans d’iniciar la terapia antidepressiva és suficient per fer que responguin al
tractament antidepressiu. Altres estudis en els quals s’administra localment a rafe siRNA del
receptor 5-HT1a per tal de disminuir els nivells de receptor traduit han mostrat també efectes

antidepressius [769].

Per altra banda, estudis farmacologics han mostrat que el principal problema dels tractaments
antidepressius existents és que hi ha un retard en efectivitat terapeutica d’aquests tractaments
provocat per I'activacié dual de receptors 5-HTia situats als nuclis del rafe i de receptors
situats a zones postsinaptiques. L’activacio de "autoreceptor provocaria primerament una
disminucié de la neurotransmissié serotoninérgica i no seria fins després de la
desensibilitzacié dels autoreceptors que els farmacs antidepressius podrien augmentar la

transmissio serotoninergica a arees de projeccio i, per tant, exercir efectes terapeutics.

Tenint en compte que el receptor 5-HTa postsinaptic sembla ser el responsable de I'efecte
antidepressiu i que I'activacié de 'autoreceptor dels nuclis del rafe sembla ser contraproduent
per a la terapia antidepressiva, farmacologicament es poden dur a terme dues estrategies per

tal d’evitar aquest retard:

i) La utlitzacio d’antagonistes 5-HTa per evitar 'efecte primari sobre els autoreceptors de

rafe. Aquesta estrategia havia donat resultats esperancadors combinant I’antagonista no
selectiu del receptor 5-HTa pindolol amb SSRIs o agonistes parcials del receptor 5-HT:a

[562, 632-638, 770]. El problema de la utilitzaci6 del pindolol és que el seu s primari és
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com a antagonista beta-adrenergic no selectiu amb activitat simpatomimetica intrinseca i
indicat en el tractament de la hipertensié. Per altra banda poseeix caracter d’agonista parcial
pels receptors 5-HTia que fa que augmenti també [lalliberament de dopamina i
noradrenalina a EPF, fet que qiiestiona si els seus efectes clinics siguin deguts solament a

una facilitacio de la transmissio serotoninérgica.

En el treball 5 proposavem la utilitzacié de I'antagonista 5-HT:a DU 125530 per a la
potenciaci6 de la terapia antidepressiva amb fluoxetina, pero I’estudi pilot ha donat resultats
negatius. Tot 1 que els estudis de microdialisi mostren que I'addicié de DU 125530 a un
tractament previ (agut) amb fluoxetina és capa¢ d’augmentar I'alliberament de serotonina a
zones postsinaptiques, els resultats dels estudis preclinics en animals de laboratori
confirmen que aquest farmac és capag¢ de bloquejar els efectes deguts a I'activacié dels
autoreceptors 5-HT:a dels nuclis del rafe aixi com els efectes deguts a I'activacio dels
heteroreceptors postsinaptics. El fet que I'addicié de DU 125530 al tractament no millori

pero tampoc empitjori els simptomes depressius fa pensar que:

a) L’addicié a la terapia antidepressiva d’un antagonista del receptor 5-HTa que
bloqueja tant I"autoreceptor com I'heteroreceptor no semblaria ser beneficids per a la
potenciacio del tractament antidepressiu, ja que I'addicié de DU 125530 no millora els
simptomes comparat amb I’addicié de placebo. L’efectivitat del pindolol comparada
amb la del DU 125530 podria ser deguda a la preferéncia per bloquejar I’autoreceptor
que mostra el pindolol. Es cert perd que les dificultats per a realitzar estudis clinics
només han permes testar una sola dosi, de manera que amb la dosi escollida, el farmac
bloquejava aproximadament el 50% dels autoreceptors de rafe i el 50% dels
heteroreceptors postsinaptics [771], per tant potser dosis diferents del farmac podrien

tenir efectes potenciadors del tractament antidepressiu

b) En aquestes condicions, I’heteroreceptor 5-HT'a postsinaptic no sembla ser necessari
per al manteniment de Ieficacia antidepressiva per SSRIs, ja que els pacients no
empitjoren després de 'addicié de DU 125530 al seu tractament. Seria interessant
poder fer el mateix estudi en pacients no medicats previament per entendre si
I'activacié de I'heteroreceptor 5-HT:a postsinaptic €s necessaria per a la terapia

antidepressiva .

ii) L’acci6 selectiva sobre el receptor 5-HT4 postsinaptic. Estudis en models animals han

mostrat que ['activacié del receptor 5-HT.a postsinaptic t¢ efectes semblants als
antidepressius comuns [627]. Fins al moment, I’acci6 selectiva sobre aquest subgrup de
receptors no era possible en humans, ja que tots els agonistes descrits fins al moment

tenien efectes o bé més selectius en 'autoreceptor o bé actuaven d’igual manera en les
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dues subpoblacions de receptors 5-HTa. En el treball 2 caracteritzem én vivo , tant per

electrofisiologia com per microdialisi intracerebral, un agonista 5-HT:s amb accié

preferent en els receptors 5-HT'a postsinaptics comparat amb els autoreceptors de rafe.

En estudis iz vitro de tests d’activacié de proteines G, expressio de ¢-fos i fosforilacio
d’ERK1/2, I'F15599 produeix preferentment respostes mediades pel receptor 5-HTia
d’EPF [732, 733]. A més, en estudis de PET en gat, [®F]F15599 marca preferentment
regions corticals i molt menys hipocampals, tot i el fet que aquesta tiltima regi6 expressa

nivells molt més alts de receptors 5-HT:a [772].

Aquest farmac mostra activitat antidepressiva en models animals (redueix la immobilitat
en el test de natacio forcada) a dosis baixes i els efectes es mantenen després de
’administracié repetida del farmac. A més, aquests efectes es donen a dosis molt més
baixes que les que produeixen simptomes somatics (sindrome serotoninergic,

hipotermia, etc.) [629].

Aixi doncs, I'activacio preferent del receptor 5-HT s postsinaptic d’EPF 2 vivo mostra
ser efectiva en models animals de depressio i obre les portes a un tractament

antidepressiu més dirigit i especific.

US D’AGONISTES 5-HT1a PEL TRACTAMENT DEL DOLOR
L’F13640 (befiradol) és un agonista 5-HT:a que es troba en fase Il per al tractament del dolor.
Mostra una gran afinitat per als receptors 5-HTa 1, com es pot observar en el treball 3, és

altament efectiu a dosis baixes tant en els heteroreceptors postsinaptics d’'EPF com en els

autoreceptors de rafe.

Com s’ha descrit en la introduccié, diferents estudis han mostrat que mentre els estimuls
dolorosos provoquen una activaciéo de 'EPF en subjectes normals [654, 655, 773], els
pacients amb diferents desordres del dolor mostren hipoactivitat [652, 653] i una disminuci6
de la materia grisa en aquesta area [657]. L'F13640 provoca basicament activacions de les
neurones piramidals d’EPF i podria contribuir aixi en la facilitacio de I'activitat cortical en

pacients amb trastorns del dolor.

Per altra banda, el fet que sigui igualment efectiu en els autoreceptors dels nuclis del rafe
significa que tamb¢ estd modulant la neurotransmissié serotoninergica. La serotonina
provoca majoritariament inhibicions de les neurones que responen a estimuls nocius a I’asta
dorsal de la medul-la espinal [685-688]. La inhibicié d’aquestes neurones podria portar a
I"atenuacio de I'estimul nociceptiu i, per tant, a analgesia. El fet que I'F13640, a diferencia
dels analgesics opioides, causi primerament una hiperalgesia, coincidira amb I’activaci6 de
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"autoreceptor dels nuclis del rafe que, com es mostra en el treball 3, inhibeix les neurones
serotoninergiques dels nuclis del rafe a dosis baixes i podria disminuir la neurotransmissio
serotoninergica a arees postsinaptiques com la medulla espinal. Posteriorment, la
desensibilitzacio dels receptors 5-HTa de rafe podria portar a la facilitacié de la transmissio

serotoninergica i a l’analgesia secundaria descrita per aquest farmac [692].

La gran interrelacié que existeix entre dolor i depressio [666-670], junt amb el fet que una de
les principals hipotesis de la depressio aixi com gran part del seu tractament estiguin basats en
la modulacié del sistema serotoninergic, suggereix que les alteracions en aquest sistema
descrites en la depressio podrien estar implicades també en la fisiopatologia del dolor. En
estudis independents s’ha descrit que pacients depressius tenen un BP pel receptor 5-HT:a
disminuit en diferents arees cerebrals i s’ha correlacionat inversament el BP pel receptor 5-
HT:a amb la intensitat de dolor reportada en tests de pressio de fred en individus controls
[696]. Aix0 suggeriria que alteracions en l'expressio del receptor 5-HTia en pacients
depressius podrien afectar també la percepcid del dolor. Per tant, farmacs com I'F13640 que
augmentin la transmissié sobre aquest receptor poden ser de gran interes pel tractament del

dolor.

ACTIVITAT OSCIL-LATORIA

L’activitat oscil-latoria cortical és una part fonamental del funcionament cerebral [103] i
alteracions d’aquesta activitat oscil-latoria s’han associat amb trastorns neuropsiquiatrics

greus com I’esquizofrénia [104-106] o la depressio [108][112, 113].

Els registres del potencial de camp (local field potenual, LFP) reflexen la sumacié de
potencials postsinaptics a les dendrites i son independents de la generacié de potencials

d’accid, mentre que I'activitat de descarrega resulta del processament local [774, 775].

En el treball 4, on s’analitza "activitat cortical a través dels registres del potencial de camp,
veiem com els farmacs administrats tenen diferents efectes sobre la sincronia cortical. Mentre
la 8-OH-DPAT produeix un patré bifasic de disminucio de la potencia de les oscil-lacions de
baixa freqiiéncia a dosis baixes i recuperacié a dosis més altes, I'F15599 no produeix cap
efecte sobre aquesta activitat oscil-latoria i I'F13640 produeix disminuciosn en la potencia
d’aquesta ona de manera dosi-depenent. Aquesta diferéncia entre tres farmacs que actuen
sobre el mateix receptor 5-HTa podria ser deguda als diferents perfils d’accié que mostren,
tant pel que fa a mecanismes de transducci6 de senyal (trafic dirigit per agonista) com a la

diferent efectivitat en arees cerebrals determinades.
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Cal recordar que en el cas dels agonistes 5-HT.a les diferencies en selectivitat funcional son
capaces de diferenciar entre grups de drogues al-lucinogenes i no-al-lucinogenes. A més, els

al-lucinogens com el DOI provoquen una desincronitzacié de les ones de baixa freqii¢ncia

[265. 776].

L’oscil-lacié analitzada en aquesta tesi correspon a les ones de baixa freqiiéncia predominants
en I’animal anestesiat, incloent ones lentes (<1 Hz) i ones delta (1-4 Hz). Com s’ha descrit en
la introduccid, aquestes ones tenen una gran importancia en la coordinacié de diferents
d’arees cerebrals i la sincronitzaci6 dels ritmes de més altes freqiiencies [115][114, 117].
Aquestes ones participarien en fenomens de facilitacio sinaptica, contribuint en processos de
memoria i aprenentatge [112, 122-127, 430]. En pacients d’esquizofrenia i depressio s’han
descrit alteracions en el son d’ones lentes (SWS) i disminucions de I'amplitud de les ones
lentes durant el son [108]. En esquizofrénia fins i tot ha aparegut la hipotesi de la desconnexi6
per intentar explicar la malaltia [777]. Sila funci6 depen de la interacci6 entre diferents ritmes
corticals [114], una desincronitzaci6 de I'ona que orquestra la resta de ritmes cerebrals podria
significar la descoordinacié de la I'activitat entre diferents arees i processos i tenir efectes

importants sobre el funcionament cerebral.

El fet que I'F15599 pugui canviar la descarrega de les neurones piramidals d’EPF sense
afectar el patr6 de generacié d’aquestes ones en models animals (treball 2 i 4), podria
representar un avantatge important per al tractament d’aquestes dues malalties respecte els
altres agonistes 5-HTwa 1 fa interessant analitzar I'accié d’aquest farmac sobre [activitat

oscil-latoria en models animals d’esquizofrénia i depressio.

La mesura del potencial de camp o 'EEG podria arribar a ser una eina de gran importancia pel
possible caracter translacional que permet entre models animals i malalties humanes aixi com

entre individus sans i pacients.
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Conclusions

1. Agonistes del receptor 5-HT;a amb diferent estructura quimica provoquen majoritariament,
perd amb patrons de resposta distintius, excitacions de les neurones piramidals d’EPFm
mitjangant un mecanisme depenent de circuit que implica les interneurones GABA¢rgiques
de la mateixa EPFm. Aquesta excitacié podria facilitar la neurotransmissio dels nuclis
aminergics mesencefalics a aquesta area i afavorir 'activitat de 'EPFm en tasques com la

memoria de treball.

2. Els diferents agonistes 5-HT:a emprats en la present tesi inhibeixen les neurones
serotoninergiques del NRD pero actuen amb diferent potencia relativa sobre els
heteroreceptors 5-HTa postsinaptics vs. els autoreceptors presinaptics. Aixi, dels tres
farmacs testats, 'Fi5599 mostra un perfil novedds amb una accié preferent sobre els
heteroreceptors corticals comparat amb I'F13640 i la 8-OH-DPAT. L’eficacia de I'F15599
en models animals de depressio i deficits cognitius el fa interessant per al tractament de
malalties psiquiatriques, evitant els efectes secundaris produits per activacio de

"autoreceptor.

3. E1 DU 125530 és un antagonista del receptor 5-HT:a molt potent en models animals, capac
d’antagonitzar tant respostes a nivell d’autoreceptor com a nivell d’heteroreceptor
postsinaptic. Aquest farmac permet potenciar 'augment de serotonina produit per
antagonistes selectius de la recaptacio de serotonina pero també bloqueja els
heteroreceptors 5-HT:a postsinaptics. Aixi, 'augment de funcié serotoninergica produit
pel bloqueig dels autoreceptors sembla que no es tradueix en una major efecte

antidepressiu possiblement degut al bloqueig dels receptors 5-HT;a postsinaptics.

4. A part de les diferencies regionals en la funcionalitat del receptor 5-HTa ja conegudes, la
present tesi planteja possibles diferéncies a nivell cel-lular entre subpoblacions de receptors
5-HTa situats en tipus neuronals diferents (piramidals vs. GABAergiques i ws.
serotoninergiques). El disseny de farmacs amb capacitat d’actuar preferentment sobre els
receptors situats en tipus cel-lulars determinats podria ser una estratégia interessant pel

tractament de malalties psiquiatriques.
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