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Abreviaciones

1A-siRNA: siRNA contra el receptor 5-HT;,

3’UTR: 3’ untranslated region (region 3’ no traducida)

5-HT: 5-hydroxy tryptamine (5-hidroxi triptamina - serotonina)
5-HT,4: 5-HT 1A receptor (receptor de serotonina 1A)

5-HTqg: 5-HT 1B receptor (receptor de serotonina 1B)

5-HTTLPR: serotonin-transporter-linked polymorphic region (regién polimérfica asociada al
transportador de serotonina)

8-OH-DPAT: 7-(Dipropylamino)-5,6,7,8-tetrahydronaphthalen-1-ol (7-(dipropilamino)-5,6,7,8-
tetrahidronaftalen-1-ol)

AChE: acetylcholinesterase (acetilcolinesterasa)

aCSF: artificial cerebrospinal fluid (liquido cefalorraquideo artificial)

ACTH: adrenocorticotropic hormone (hormona adrenocorticotropa)

AMG: amygdala (amigdala)

AP: anteroposterior

BDNF: brain-derived neurotrophic factor (factor neurotréfico derivado del cerebro)
BrdU: bromodeoxyuridine (bromodesoxiuridina)

C-1A-siRNA: siRNA contra el receptor 5-HT;, conjugado con sertralina
C-SERT-siRNA: siRNA contra el SERT conjugado con sertralina

cAMP: cyclic adenosine monophosphate (adenosina monofosfato ciclico)

CNS: central nervous system (sistema nervioso central)

CREB: cAMP response element-binding protein (proteina de unidn a elemento de respuesta al cAMP)
CRH: corticotropin-releasing hormone (hormona liberadora de hormona adrenocorticotropa)
D3V: dorsal third ventricle (tercer ventriculo dorsal)

DA: dopamine (dopamina)

DAB: 3,3’-diaminobenzidine (3,3’-diaminobencidina)

DAG: diacylglycerol (diacilglicerol)

DBH: dopamine beta-hydroxylase (dopamina beta-hidroxilasa)

DBS: deep brain stimulation (estimulacién cerebral profunda)

DG: dentate gyrus (giro dentado)

DLB: dark-light box (caja luz-oscuridad)

DR: dorsal raphe nucleus (nucleo del rafe dorsal)

dsRNA: double-stranded RNA (RNA de doble hebra)

DV: dorsoventral

ECT: electroconvulsive therapy (terapia electroconvulsiva)

EPM: elevated plus maze (laberinto en cruz elevado)



FST: forced swim test (test de natacion forzada)

GIRK: G protein-coupled inwardly-rectifying potassium channel (canales de potasio rectificadores
internos acoplados a proteina G)

HPA: hypothalamic-pituitary-adrenal axis (eje hipotalamico-hipofisario-adrenal)

HPC: hippocampus (hipocampo)

HPLC: high-performance liquid chromatography (cromatografia liquida de alta resolucidn)
Hyp: hypothalamus (hipotalamo)

i.p.: intraperitoneal

IF: immunofluorescence (inmunofluorescencia)

IFNy: interferon gamma (interferon gamma)

IHC: immunohistochemistry (inmunohistoquimica)

IP3: inositol trisphosphate (inositol trifosfato)

ISH: in situ hybridization (hibridacion in situ)

Kyp: two-pore domain potassium channel (canal de potasio con dos dominios de poro)
KCa: calcium-activated potassium channel (canal de potasio activado por calcio)

Kir: inwardly rectifying potassium channel (canal de potasio rectificador interno)

Kv: voltage-gated potassium channel (canal de potasio activado por voltaje)

LC: locus coeruleus (locus ceruleo)

MAOQ: monoamine oxidase (monoamino oxidasa)

MAOI: monoamine oxidase inhibitor (inhibidor de la monoamino oxidasa)

MBT: marble burying test (test de enterramiento de canicas)

mGlu7: metabotropic glutamate receptor 7 (receptor metabotrépico de glutamato 7)
mGlu2/3: metabotropic glutamate receptor 2/3 (receptor metabotrdpico de glutamato 2/3)
miRNA: micro RNA (micro RNA)

ML: mediolateral

MR: median raphe nucleus (nucleo del rafe medial)

MRNA: messenger RNA (RNA mensajero)

mPFC: medial prefrontal cortex (corteza prefrontal medial)

NAc: nucleus accumbens (nucleo accumbens)

ncRNA: non-coding RNA (RNA pequefio no codificante)

NE: norepinephrine (noradrenalina)

NERI: norepinephrine reuptake inhibitor (inhibidor selectivo de la recaptacién de noradrenalina)
NET: norepinephrine transporter (transportador de noradrenalina)

NMDA: N-methyl-D-aspartate (N-metilo-D-aspartato)

NSFT: novelty suppressed feeding test (test de supresion de la ingesta por novedad)
OF: open field (campo abierto)

PBS: phosphate-buffered saline (tampdn fosfato salino)

PDE4: phosphodiesterase 4 (fosfodiesterasa 4)

PFA: paraformaldehyde (paraformaldehido)



PFC: prefrontal cortex (corteza prefrontal)

PIP,: phosphatidylinositol 4,5-bisphosphate (fosfatidilinositol 4,5-bifosfato)
PKA: protein kinase A (proteina quinasa A)

PKC: protein kinase C (proteina quinasa C)

PKR: protein kinase R (proteina quinasa R)

PLC: fosfolipase C (fosfolipasa C)

pre-miRNA: precursor-miRNA (precursor de miRNA)

pri-miRNA: primary miRNA (miRNA primario)

PSD95: postsynaptic density protein 95 (proteina de densidad postsinaptica 95)
PVN: paraventricular nucleus (nucleo paraventricular)

Reb-TASK3-siRNA: siRNA contra TASK3 conjugado con reboxetina

RISC: RNA-induced silencing complex (complejo silenciador inducido por RNA)
RNAi: RNA interference (RNA interferente)

ROD: relative optical density (densidad dptica relativa)

Ser-TASK3-siRNA: siRNA contra TASK3 conjugado con sertralina

SERT: serotonin transporter (transportador de serotonina)

SERT-siRNA: siRNA contra el SERT

shRNA: short hairpin RNA (RNA corto en horquilla)

siRNA: small interfering RNA (RNA pequefio de interferencia)

SNP: single-nucleotide polymorphism (polimorfismo de nucledtido unico)

SNRI: serotonin-norepinephrine reuptake inhibitor (inhibidor dual de la recaptacion de serotonina y
noradrenalina)

SSRI: selective serotonin reuptake inhibitor (inhibidor selectivo de la recaptacion de serotonina)
ssRNA: single-stranded RNA (RNA de cadena simple)

TALK: TWIK-related alkaline-activated K* channel (canal de potasio activado por alcalinidad semejante
a TWIK)

TASK: TWIK-related acid-sensing K* channel (canal de potasio sensor de acido semejante a TWIK)
TASK3-siRNA: siRNA contra el TASK3

TCA: tricyclic antidepressant (antidepresivo triciclico)

TH: tyrosine hydroxylase (tirosina hidroxilasa)

THIK: TWIK-related halothane-inhibited K* channel (canal de potasio inhibido por halotano semejante a
TWIK)

TLR: toll-like receptor (receptor similar a toll)

TNFa: tumor necrosis factor alpha (factor de necrosis tumoral alfa)

TPH: tryptophan hydroxylase (triptofano hidroxilasa)

TREK: TWIK-related K* channel (canal de potasio semejante a TWIK)

TRESK: TWiK-related spinal cord K* channel (canal de potasio de médula espinal semejante a TWIK)
TrkB: tropomyosin receptor kinase B (receptor tropomiosina quinasa B)

TST: tail suspension test (test de suspension de la cola)



TWIK: tandem pore domain weak inwardly rectifying K* channel (canal de potasio rectificador interno
débil con dominio de poro en tandem)

UCMS: unpredictable chronic mild stress (estrés leve crénico impredecible)
VMAT2: vesicular monoamine transporter 2 (transportador vesicular de monoaminas 2)

B-Gal-128: siRNA contra la B-galactosidasa
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Introduccion

1.1. Depresion

La depresidn mayor es una enfermedad devastadora con una prevalencia a lo largo
de la vida que puede llegar hasta el 10% y 20% para hombres y mujeres,
respectivamente (Berton and Nestler, 2006). Segun la Organizacion Mundial de la
Salud afecta directamente a 350 millones de personas en todo el mundo y su
incidencia va en aumento (Smith, 2014). Asimismo, un estudio global indica un
aumento del 37% de la incapacidad debida a depresién entre 1990 y 2010, siendo la
112 causa de incapacidad a nivel mundial (Murray et al., 2012). No solo afecta al
propio paciente, sino también a los familiares y personas mas cercanas. La depresién
es la patologia psiquiatrica con mayor repercusion socioecondmica. En su ultimo
estudio publicado sobre el impacto de las enfermedades del cerebro, el European
Brain Council estima que éstas cuestan a los europeos un total de 797.000 millones
de €, de los que 113.000 millones corresponden a los trastornos depresivos
(Gustavsson et al., 2011; Smith, 2011). Los elevados costos derivados de la depresion
se deben a su alta incidencia, duracidon de los episodios depresivos, aparicion en
etapas productivas de la vida y a la baja eficacia de los farmacos antidepresivos

(Wittchen et al., 2010).

La sintomatologia clinica central se caracteriza por un bajo estado de &animo,
anhedonia y fatiga. Otros sintomas que suelen presentar los pacientes con depresion
son alteraciones del suefio, alteraciones motoras, pesimismo, sentimiento de culpa,
baja autoestima, dificultad para concentrarse y pensamientos recurrentes de muerte.
Segun la cuarta edicion del manual diagndstico y estadistico de los trastornos
mentales (DSM-IV), el diagndstico requiere la presencia de 5 de los sintomas
mencionados durante 2 semanas, siendo al menos uno de ellos el bajo estado
animico o anhedonia (Wong and Licinio, 2004). En base a la sintomatologia se definen
varios subtipos de depresion: depresion melancdlica, depresidn reactiva, depresién
psicotica, depresion atipica y distimia (Akiskal, 2000; Blazer, 2000; Nestler et al.,
2002).

-27 -



Albert Ferrés Coy

-28-

A pesar de la elevada " 9
prevalencia de la depresion, el S"“S\G M

. . .« o s . ’ Brain systems: Gene polymaorphisms:
ConOCImIentO flSIOpat0|0gICO asli HPA axis and cortisol increased vulnerability
A %
N
como las bases moleculares que \\ /‘4/ gi ‘
!"‘J VY
subyacen a la  patologia Imaemmune ssen: {A\ SR ‘//v Catiowsor:
maonocytes and microglia | "“ %A"‘ < VEGF
continltan  siendo en la %‘, .
actualidad poco conocidas T ) ‘ )
. i1 Brain disorders: o
(Krishnan and Nestler, 2008; e Depression and anviety 6 sysio and adiposs:
SO, grehlin, leptin and microbome
efémg;z{::z Comorbid ilinesses:
Duman, 2014). No obstante, se o Obesily, ciabetes and

cardiovascular disease

han identificado diversos
Figura 1. Factores de susceptibilidad que predisponen a la depresion. La

factores ambientales que heterogeneidad de la depresion resulta de uno o mas determinantes
patolégicos (estrés, sistema inmunitario innato, fluctuaciones de los

aumentan la Susceptibilidad de esteroides ovaricos, el sistema gastrointestinal, el tejido adiposo, el
sistema cardiovascular y polimorfismos génicos) que contribuyen en

padecer dep resion, incIuyendo menor o mayor medida a incrementar la incidencia de la depresion asi
como las enfermedades asociadas o comorbidas. Adaptada de Duman

los traumas emocionales y el etal,2016.

estrés, el funcionamiento inapropiado del sistema inmunitario innato, fluctuaciones

en los niveles de estrégenos y progesterona y alteraciones de los sistemas

gastrointestinal y cardiovascular (ver figura 1) (Kessler, 1997; Duman et al., 2016).

Los estudios familiares y de gemelos han acumulado considerables evidencias de que
mecanismos genéticos complejos estan involucrados en la vulnerabilidad de los
trastornos depresivos (Kendler, 1998; Malhi et al., 2000). El parentesco de primer
grado con un individuo con depresién incrementa alrededor de tres veces el riesgo de
desarrollar la enfermedad. En general, estudios de gemelos adultos depresivos
sugieren que los genes y los factores ambientales especificos son fundamentales y
gue los factores ambientales compartidos, aunque relevantes en ciertos subtipos de
depresion de menor gravedad, son posiblemente de menor importancia (Lyons et al.,
1998; McGuffin et al., 1996; Kendler, 1999; Silberg et al., 1999). La heredabilidad de
la depresidn parece ser notable, con estimaciones de entre el 40% y el 70% (McGuffin
et al., 2003; Lesch, 2004). De este modo, la carga genética contribuye a desencadenar
adaptaciones moleculares y celulares que generaran vulnerabilidad o resiliencia

frente a las perturbaciones ambientales (Russo et al., 2012; Schratt, 2014).



Introduccion

Se han identificado polimorfismos que incrementan el riesgo de padecer depresion
en genes responsables del control de la fraccidon activa de serotonina (5-HT; 5-
hydroxy tryptamine). Por ejemplo, en el gen del transportador de serotonina (SERT;
serotonin transporter) se ha identificado la regién polimédrfica asociada al
transportador de serotonina (5-HTTLPR; serotonin-transporter-linked polymorphic
region), que consiste en una insercién de 44 pares de bases (L) o su eliminacién (S)
(Caspi et al.,, 2003). Los alelos L y S del 5-HTTLPR tienen distintas eficiencias
transcripcionales, produciendo el alelo L mayores niveles de proteina SERT que el S.
Estudios de asociacion han mostrado que la expresion y funcién reducidas del SERT,
resultado del alelo S, estan asociadas con ansiedad y depresidn (Lesch et al., 1996;
Karg et al., 2011; Haenisch et al., 2013). Ademas, se ha observado interaccion del 5-
HTTLPR con los tratamientos antidepresivos, vinculdndose el alelo S con resistencias
(Murphy et al., 2004; Serreti et al.,, 2007; Outhred et al.,, 2014) y el L con mejores

respuestas (Yu et al., 2002; Serretti et al., 2007; Porcelli et al., 2012).

Otro polimorfismo de especial interés en esta Tesis es el polimorfismo de nucledtido
unico (SNP; single-nucleotide polymorphism) G(-1019)C del gen que codifica para el
receptor de serotonina 1A (5-HT1a; 5-HT 1A receptor). La presencia del alelo G en
lugar del C, produce la disrupcidn del sitio de unién del factor de transcripcion NUDR
de represion de la expresidon del receptor 5-HT14 (Lemonde et al., 2003; Le Francois et
al., 2008; Fakra et al., 2009). Aunque observaciones iniciales han sugerido que este
polimorfismo puede controlar la expresion y funcion del autoreceptor 5-HTia sin
afectar los niveles de los receptores postsinapticos 5-HT;x (Lemonde et al., 2003),
estudios de neuroimagen mostraron que ambos receptores estan afectados (Parsey
et al.,, 2006). En cualquier caso, la presencia del alelo G se relaciona con un
incremento de la frecuencia de sintomatologia depresiva y menor respuesta a los

tratamientos antidepresivos (Lemonde et al., 2003, 2004; Serreti et al 2004).

Otros polimorfismos que se han asociado con mayor incidencia de depresion son el
haplotipo GAACC del SNP rs3770018 del gen de la fosfodiesterasa 11A (Wong et al.,
2006), al menos 6 SNPs en el gen del factor neurotréfico derivado del cerebro (BDNF;

brain-derived neurotrophic factor) (Lang et al., 2005; Schumacher et al., 2005; Chen

-29-



Albert Ferrés Coy

-30-

et al., 2006; Frodl et al., 2007; Ribeiro et al., 2007; Licinio et al., 2009; Verhagen et al.,
2010), el SNP A(218)C en el gen de la triptéfano hidroxilasa (TPH; tryptophan
hydroxylase) (Tsai et al., 1999) o el SNP G(861)C del gen del receptor de serotonina
1B (5-HT4g; 5-HT 1B receptor) (Huang et al., 2003).

Por tanto, la depresidn estd asociada con: i) patologias relacionadas con estrés y
sistema inmunitario, ii) polimorfismos en circuitos cerebrales que regulan la emocién
y cognicién v, iii) con alteraciones estructurales y de la plasticidad sinaptica (Nestler
et al.,, 2002, 2014; Russo and Nestler, 2013; Ota and Duman, 2013). La literatura
referida a los estudios de imagen cerebral y asociacion con depresion es extensa y ha
sido revisada en detalle (Savitz and Drevets, 2009). Brevemente, los estudios de
neuroimagen en pacientes con depresion revelaron reducciones regionales en el
volumen de numerosas areas del sistema nervioso central (CNS; central nervous
system) asi como reducciones de la sefial BOLD (blood oxigen level-dependent)
durante la ejecucion de una tarea especifica. Entre las areas cerebrales se incluyen la
corteza prefrontal medial (mPFC; medial prefrontal cortex), hipotdlamo (Hyp;
hypothalamus), hipocampo (HPC; hippocampus), estriado, nucleo accumbens (NAc;
nucleus accumbens), amigdala (AMG; amygdala) y tdlamo, dreas implicadas en el
comportamiento emocional y cognitivo (Drevets, 2001; Liotti and Mayberg, 2001;
Sacher et al., 2012). Ademas, en estudios utilizando cerebros de seres humanos post-
mortem se han descrito: 1) alteraciones de la expresiéon de genes implicados en la
funcién sinaptica y la neuroplasticidad como BDNF y la proteina de unién a elemento
de respuesta al cAMP (CREB; cAMP response element-binding protein), 2) reduccion
de la densidad sinaptica, 3) reduccién de la densidad glial y 4) disminucién de la
arborizacidn dendritica principalmente en las mismas dreas cerebrales mencionadas
(Duman et al., 2000, 2016; Manji et al., 2001; Krishnan and Nestler, 2008). Todas
estas areas cerebrales estan, en mayor o menor grado, altamente interconectadas,
recibiendo todas ellas inervacién de los sistemas monoaminérgicos (sitio principal de
accion los farmacos antidepresivos) formando en conjunto una compleja circuiteria

involucrada en la fisiopatologia y tratamiento de la depresion (Nestler et al., 2002).
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Desde mediados del siglo pasado se han postulado diferentes hipétesis acerca de la
depresidn. Estas incluyen: 1) monoaminérgica, 2) neuroendocrina, 3) neurotréfica y
4) glutamatérgica. Cada una de ellas contempla ciertos aspectos de la fisiopatologia
de la depresidn. Estas no son excluyentes, por el contrario estan relacionadas entre

si y ayudan a entender la vasta complejidad de esta enfermedad.

1.1.1. Hip6tesis Monoaminérgica

Los dos primeros farmacos antidepresivos de la historia fueron la iproniazida (de la
familia de los inhibidores de la monoamino oxidasa, MAOI; monoamine oxidase
inhibitor) y la imipramina (perteneciente a los antidepresivos triciclicos, TCA; tricyclic
antidepressant), y ambos actian como moduladores de los sistemas
monoaminérgicos. Conjuntamente con el descubrimiento de la accion depreségena
de la reserpina (Brodie et al.,, 1957), contribuyeron a postular la hipodtesis
catecolaminérgica de la depresion (Schildkraut, 1965), en la que se describe el déficit
de dopamina (DA; dopamine) y noradrenalina (NE; norepinephrine) como causa
subyacente de la depresion. Posteriormente en 1967, Coppen postulé un enfoque
mucho mas serotoninérgico (Coppen, 1967), basandose en que la administracién del
aminodcido triptéfano (precursor de la sintesis de 5-HT) potenciaba los efectos
terapéuticos de los MAOI (Coppen et al., 1963). La hipdtesis serotoninérgica se ve
reforzada con la aparicién de los inhibidores selectivos de la recaptacion de
serotonina (SSRI; selective serotonin reuptake inhibitor) en los afios 70. Finalmente en
1977, la hipdtesis monoaminérgica de la depresién postula una hipofuncidn
generalizada de los sistemas monoaminérgicos (5-HT, NE y DA) como base etioldgica

de la depresion (de Montigny, 1977).

1.1.2. Hipotesis Neuroendocrina

Uno de los principales factores que aumenta la vulnerabilidad a la depresion es la
exposicion cronica a situaciones de estrés o la incapacidad de afrontarlo
adecuadamente (Kessler, 1997). El estrés es un mecanismo necesario para la
supervivencia del individuo e implica la activacion del sistema nervioso auténomo vy

del eje hipotalamico-hipofisario-adrenal (HPA; hypothalamic-pituitary-adrenal axis).
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Durante el estrés se libera la hormona
liberadora de hormona adrenocorticotropa
(CRH; corticotropin-releasing hormone) desde
el nucleo paraventricular (PVN; paraventricular

nucleus) del Hyp, que a su vez estimula la PVN | == Hippocafpus
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Figura 2. Regulacion del eje HPA. El PVN integra

corticosterona en roedores) en la corteza Ilas entradas excitatorias procedentes de la AMG
e inhibitorias del HPC sobre las neuronas

adrenal. La actividad del eje HPA esta productoras de CRH. Otros inputs importantes
que no se muestran en la figura son los
controlada por la inhibicidn que el propio  procedentes de los sistemas monoaminérgicos.
. . . ., Obtenido de Nestler et al., 2002.
cortisol ejerce sobre la liberacién de CRH (ver
figura 2) (Herman and Cullinan, 1997). El cortisol interviene en diversos procesos
fisioldgicos como la modulacién del metabolismo incrementando la disponibilidad de
carbohidratos en sangre (activa las vias de gluconeogénesis y de glucogendlisis
hepatica) y la supresion de la accion del sistema inmunoldgico (accidn
antiinflamatoria) (Kino and Chrousos, 2005). Ademas, el cortisol también estimula la
funcion hipocampal general facilitando las funciones cognitivas y el aprendizaje. No
obstante, un incremento sostenido de cortisol puede producir atrofia hipocampal

(Sapolsky, 2000).

Alrededor del 40% - 60% de los pacientes con depresion no medicados presentan
niveles elevados de cortisol y CRH en sangre (sobreactivacion del eje HPA) (Gold and
Chrousos, 1985; Murphy, 1991), variables que se normalizan después del tratamiento
antidepresivo (Sachar and Baron, 1979; Arborelius et al., 1999; Holsboer, 2001;
Parker et al., 2003; de Kloet et al., 2005; Vreeburg et al., 2009). El aumento sostenido
de glucocorticoides en sangre se ha vinculado con la disminucion de la proliferacion
celular (Gould et al., 1998), neurogénesis (Fuchs and Gould, 2000; Yu et al., 2010) y

plasticidad sindptica (McEwen, 1999) en el HPC, conduciendo a una disminucion del
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volumen hipocampal y las alteraciones cognitivas asociadas a la depresion (Sheline et

al., 2003). Es mas, la atrofia hipocampal conlleva una reduccién del control inhibitorio

gue esta drea ejerce sobre el eje HPA, retroalimentando positivamente los niveles de

cortisol en sangre (ver figura 2) (Nestler et al., 2002).

1.1.3. Hipotesis Neurotrofica

Esta hipdtesis propone que la alteracion de los mecanismos de neuroplasticidad

subyace la fisiopatologia de la depresion. La misma plantea que la vulnerabilidad al

estrés y la accidn terapéutica de los antidepresivos ocurren a través de mecanismos

intracelulares que disminuyen o incrementan la expresién de factores troéficos,

respectivamente (Duman et al., 1997; Jacobs et al., 2000; Duman, 2004).

Estudios preclinicos en roedores

han demostrado que Ia

exposicidon cronica al estrés
disminuye la expresion de BDNF
y del receptor tropomiosina
quinasa B (TrkB; tropomyosin
receptor kinase B) en areas
cerebrales relacionadas con la
depresiéon tales como la corteza
prefrontal (PFC,  prefrontal
cortex) y el HPC (Smith et al.,

1995; Nibuya et al., 1995, 1999;

Duman, 2004; Holtmaat and
Svoboda, 2009). Esto podria
deberse a que el estrés

incrementa los niveles de

glucocorticoides y de
interleukina 1B, quienes
regularian  negativamente Ia
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Figura 3. El estrés cronico causa atrofia neuronal y disminucion del nimero
de espinas sinapticas. (a) Efecto de la inmovilidad crénica repetida durante
7 dias en la mPFC de raton. El panel de la izquierda muestra reduccién en
longitud de las dendritas apicales (stress) y el panel de la derecha la
disminucion del nimero de espinas sinapticas (stress) en comparacion con
los controles. (b) En condiciones normales la neurotransmision
glutamatérgica activa vias de sefalizacion intracelular (BDNF y mTORC1)
esenciales para la maduraciéon e incremento del numero de sinapsis. El
estrés crénico disminuye esta sefializacion inhibiéndose la sintesis de
proteinas sindpticas, contribuyendo a la pérdida de espinas. Adaptado de

Duman et al., 2016.
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expresion de BDNF (Smith et al., 1995; Duman, 2004). En condiciones normales la
neurotransmision glutamatérgica es imprescindible para la formacion vy
mantenimiento de las conexiones sinapticas, que a través de la sefalizacion por BDNF
activa mTORC1, quien a modo de sensor integra toda la actividad eléctrica
promoviendo la sintesis de proteinas sinapticas como GluAl y la proteina de
densidad postsinaptica 95 (PSD95; postsynaptic density protein 95). La funcién y el
numero de espinas sindpticas se ven reducidas durante situaciones de estrés y en la
depresion (ver figura 3) (Pittenger and Duman, 2008; Duman and Aghajanian, 2012;
Duman et al., 2016). No obstante, la accion del BDNF podria ser diferente e incluso
opuesta en otras areas cerebrales. El mejor ejemplo es el circuito dopaminérgico
mesolimbico comprendido por el area tegmental ventral y el NAc, en el cual el estrés
cronico incrementa la expresion de BDNF. Mientras que la infusion local de BDNF en
este circuito tiene un efecto depresdgeno, el bloqueo de la funcidn del BDNF tiene

efecto antidepresivo (Berton et al., 2006).

Ademads, se ha reportado que la neurogénesis hipocampal, definida como la
progresion de células progenitores a neuronas granulares integradas en el giro
dentado (DG; dentate gyrus), es clave en la fisiopatologia de la depresidn asi como en
los tratamientos antidepresivos (Zhao et al., 2008). Mientras que el ejercicio fisico o
el aprendizaje pueden estimular la generacion de nuevas neuronas en el HPC adulto,
el estrés agudo y crénico actuarian en sentido contrario (van Praag et al., 2000;
Warner-Schmidt and Duman, 2006). En roedores, la exposicion a diferentes tipos de
estrés provoca la reduccién de la expresion de BDNF impactando negativamente
sobre la proliferacion celular y neurogénesis (Gould et al., 1997, McEwen, 1999;
Duman et al., 2001; Malberg and Duman, 2003; Dranovsky and Hen, 2006; Warner-
Schmidt and Duman, 2006). Este efecto puede ser revertido por tratamientos
antidepresivos incluyendo los SSRI, los inhibidores duales de la recaptacidon de
serotonina y noradrenalina (SNRI; serotonin-norepinephrine reuptake inhibitor), los
antagonistas no competitivos del receptor N-metilo-D-aspartato (NMDA; N-methyl-D-
aspartate) como la ketamina, la estimulacion cerebral profunda (DBS; deep brain
stimulation), y la terapia electroconvulsiva (ECT; electroconvulsive therapy), entre

otros. Estos tratamientos incrementan no solo el nimero de células progenitores en



Introduccion

S S —— € oo e cmmmemesnn €1 DG SINO también el ndmero
de nuevas neuronas
potenciando ademas la

| oo
y s s arborizacién dendritica de las

mismas (ver figura 4) (Madsen

et al., 2000; Malberg and

Moncaminagic antidepressant in non-stresssd
CSTBLANTEG mouse sirain

YaNd
Vi Y v
\

Duman, 2003; Toda et al., 2008;

David et al., 2009; Inta et al.,

AN

) X3
MO A0 N
me . i caracteristicas fundamentales

2013). De modo que, una de las
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Figura 4. El tratamiento antidepresivo estimula la neurogénesis y la L,
maduracion dendritica. Anatomia y estadios funcionales durante la Cronico es que sea Capaz de
diferenciacion y maduracion neuronal, incluyendo la glia radial (verde), , i
progenitores neuronales (verde claro), neuronas granulares inmaduras promover la neurogenesis y la
(naranja) y neuronas maduras (azul), en ratones wild-type no . .
estresados no tratados (a) o tratados (b), como también en ratones supervivencia de las nuevas
wild-type estresados no tratados (c) o tratados (d). Notar el efecto de la
administracion de corticosterona (modelo estrés crénico) en la
proliferacion de los progenitores y el efecto del tratamiento
antidepresivo en el niumero y arborizacion de las neuronas granulares
inmaduras y maduras. Adaptado de David et al., 2010.

neuronas asi como generar
contactos sinapticos funcionales
en areas cerebrales que incluyen
el HPC y PFC. Esto, en parte se logra a través de la sefializacién mediada por BDNF y

activacion del receptor TrkB (Santarelli et al., 2003; Li et al., 2008).

Estudios post-mortem en pacientes con depresion victimas de suicidio han mostrado
una reduccion de la expresion de BDNF y TrkB en la PFC e HPC (Dwivedi et al., 2003;
Karege et al., 2005; Pandey et al., 2008). Contrariamente, pacientes que reciben
tratamiento antidepresivo no presentan niveles disminuidos de BDNF en la PFC o HPC
en comparacion a los controles en el momento de morir (Chen et al., 2001, Karege et
al., 2005). Ademas, los niveles plasmaticos de BDNF en pacientes con depresién y que
no reciben tratamiento son inferiores comparados con sujetos controles y pacientes
medicados (Shimizu et al., 2003; Lee et al.,, 2007; Lee et al., 2008). Estudios de
neuroimagen han establecido una correlacion entre la reduccion del volumen
hipocampal con la frecuencia de los episodios depresivos y el tiempo que la
depresiéon permanece sin tratar (Drevets, 2001; Videbech and Ravnkilde, 2004).

Aunque en parte esto podria ser consecuencia de la reduccidon del volumen glial
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(Czéh and Lucassen, 2007), estudios histoldgicos han mostrado que pacientes con
depresion que reciben tratamiento antidepresivo tienen mayor numero de
progenitores neuronales (células positivas por nestina y Ki-67) que los individuos no

tratados o los sujetos controles (Boldrini et al., 2009, 2012).

1.1.4. Hipotesis Glutamatérgica

-36-

Durante los ultimos afios se han ido acumulando evidencias del sistema
glutamatérgico como diana de la fisiopatologia del estrés, depresion y tratamiento
antidepresivo (Paul and Skolnick, 2003; Sanacora et al., 2003; Duman et al., 2016).
Hace ya mas de 20 aiios se observd que el uso crénico de antagonistas del receptor
glutamatérgico NMDA en roedores tiene efectos antidepresivos (Trullas and Skolnick,
1990; Skolnick et al., 1996). Ademas, se ha descrito una reduccién de la densidad glial
en areas cerebrales tales como la PFC o AMG en pacientes con depresion (Ongiir el
al., 1998; Cotter et al., 2002; Hamidi et al., 2004), hecho que altera la homeostasia de
la neurotransmisién glutamatérgica. Aunque se requiere la activacion de los
receptores NMDA para facilitar la plasticidad sindptica, el exceso de glutamato
extracelular produciria efectos neurotdxicos, activando entre otros al receptor
metabotrdpico de glutamato 2/3 (mGIuR2/3; metabotropic glutamate receptor 2/3)
gue inhibe la propia neurona presindptica y activando también los receptores NMDA
extrasinapticos que favorecen la reduccion de la arborizacion (Kugaya and Sanacora,
2005). La atrofia de las neuronas y la pérdida de sinapsis glutamatérgicas

contribuirian a la sintomatologia de la depresién (Duman et al., 2016).

Mas evidencias de la relacidn entre depresion con sistema glutamatérgico y PFC se
han obtenido con el uso de antidepresivos de accion rédpida en seres humanos. Por
ejemplo, se han observado respuestas antidepresivas muy rdpidas con la DBS en el
area de Broodmann 25 de la PFC (Mayberg et al., 2005; Puigdemont et al., 2012),
area con alta conectividad con muchas areas subcorticales incluyendo los nucleos
monoaminérgicos. Estudios preclinicos aplicando DBS en la mPFC han mostrado
también efecto antidepresivo en roedores, hecho que se acompafia con la elevacidn
de la neurotransmisién glutamatérgica y monoaminérgica (Hamani et al., 2010;

Perez-Caballero et al., 2014; Jiménez-Sanchez et al., 2016a, 2016b).



Efectos antidepresivos muy
rapidos se han obtenido
también con la
administracién intravenosa
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pacientes con depresion
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(Berman et al., 2000; Zarate
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Figura 5. Mecanismo de accion de la ketamina a nivel del PFC. La ketamina
causaria un aumento del glutamato sindptico mediante el bloqueo de los
receptores NMDA en neuronas GABAérgica, desinhibiendo las neuronas
glutamatérgicas. El glutamato liberado estimularia los receptores AMPA en
neuronas postsinapticas y activando canales de voltaje dependientes de ca*
(VDCC). Esto induce la liberacion de BDNF y activacion de TrkB y Akt,
activando la sefializacion mTORC1 conduciendo a un incremento de la sintesis
de proteinas necesarias para la formacion y maduracion de las sinapsis, como
PSD95 o GluA1l. La escopolamina, a través del bloqueo del receptor colinérgico
muscarinico M;, también induciria desinhibicion glutamatérgica y efecto
antidepresivo de accién rapida. Adaptado de Duman et al., 2016.

promover la neurotransmisidon glutamatérgica. Esto podria suceder indirectamente

mediante el bloqueo de los receptores NMDA en las interneuronas GABAérgicas,

desinhibiendo asi la actividad de las neuronas piramidales y la transmision

glutamatérgica (ver figura 5) (Homayoun and Moghaddam, 2007; Li et al., 2010). El

aumento de glutamato, activaria entonces los receptores AMPA quienes a través de

la sefializacién con BDNF activarian mTORC1, incrementando la sintesis de proteinas

requeridas para la formacién de nuevas sinapsis. De esta manera, la rapida induccién

de la sinaptogénesis revertiria la pérdida de conexiones y arborizacion sinaptica

descrita en los individuos con depresion, rehabilitando asi la funcidon de la PFC e

incrementando su conectividad con otras estructuras limbicas (Duman and

Aghajanian, 2012; Kang et al., 2012; Murrough et al., 2015).
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1.2. Modelos animales de depresion
asocilados a estrés

El estrés es un factor importante que subyace la sintomatologia depresiva y juega un
papel clave en la manifestacidon de los primeros episodios. Aun asi, es dificil pensar
gue la exposicidn a situaciones de estrés como el dolor o el miedo en roedores pueda
generar la vasta complejidad y variabilidad de la depresion humana. Mas complicado
resulta imitar sintomas como los pensamientos recurrentes de muerte o
sentimientos de culpa. Sin embargo y a pesar de ello, sintomas como la anhedonia o
pérdida de placer e incluso alteracion de la neurogénesis y disminucién de la
expresion de factores neurotrdoficos pueden desarrollarse en animales de

experimentacidon sometidos a factores estresantes.

A grandes rasgos, la sintomatologia de tipo “depresiva” que desarrollan los animales
sometidos a diferentes modelos de depresidn asociados a estrés cronico incluye bajo
estado animico y anhedonia. El bajo estado animico puede ser evaluado mediante el
test de suspension de la cola (TST; tail suspension test) en ratdn o el test de natacion
forzada (FST; forced swim test) en rata y ratén. En ellos, los roedores con sintomas de
tipo depresivo presentan un mayor tiempo de inmovilidad que los “no deprimidos”,
reflejando asi la menor capacidad de lucha frente a situaciones inescapables (Cryan
and Holmes, 2005; Cryan et al., 2005a, 2005b). Ademas, el TST y el FST también son
modelos de estrés agudo ampliamente aceptados como herramientas para evaluar la
eficacia de gran cantidad de tratamientos antidepresivos (Porsolt et al., 1977; Steru
et al., 1985; Cryan and Slattery, 2007; O’Leary and Cryan, 2013). Por otra parte, la
anhedonia en los roedores puede ser evaluada mediante la prueba de la preferencia
por la sacarosa, en el que el animal puede elegir consumir agua normal o agua

azucarada (Eagle et al., 2016).

Experiencias estresantes durante el desarrollo temprano pueden producir efectos de

larga duracion en el cerebro humano y en la capacidad de responder al estrés en la
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vida adulta. De hecho, el maltrato fisico y emocional durante la infancia se ha
vinculado a un mayor riesgo de padecer depresiéon en el adulto (Heim and Nemeroff,
2001; Kaufman and Charney, 2001; Vythilingam et al., 2002). En un intento de
obtener un modelo animal capaz de contemplar estas situaciones, los roedores
pueden ser sometidos a condiciones de estrés prenatal o de separacién materna que
conducen al desarrollo de efectos tipo depresivos cuando alcanzan la madurez
(Kaufman et al., 2000). En el primero de ellos, la hembra gestante es expuesta a un
factor de estrés como la inmovilidad repetida durante varias semanas, mientras que
el segundo caso la progenie se separa intermitentemente de la madre durante las 2 o
3 primeras semanas de vida (Pryce and Feldon, 2003; Maccari and Morley-Fletcher,
2007). Estas intervenciones inducen un comportamiento de tipo depresivo y cambios
fisiopatoldgicos en la camada, como por ejemplo incremento de los niveles de CRH y
ACTH, y disminucién de los niveles del RNA mensajero (mRNA; messenger RNA) de
BDNF en la PFC (Alonso et al., 1991; Ladd et al., 1996; Francis et al., 1999; Maccari et
al., 2003; Roceri et al., 2004; Pollak et al., 2010).

Por otro lado, la exposicion repetida a situaciones de estrés en la edad adulta es uno
de los factores de mayor predisposicidon a la depresién. Los modelos animales de
estrés crénico incluyen: descarga eléctrica en las patas, inmovilizacion crénica, estrés
leve crénico impredecible (UCMS; unpredictable chronic mild stress), indefensién
aprendida, paradigma del residente-intruso y consumo crénico de corticosterona
(Overmier and Seligman, 1967; Willner, 1997; Rasmusson et al., 2002; Cryan and
Slattery, 2007; Veena et al.,, 2009; Gourley and Taylor, 2009; Chaouloff, 2013). Los
modelos de descarga eléctrica en las patas y de inmovilizacién crénica se logran
después de una presentacion repetida del mismo factor estresante a lo largo de
varios dias o semanas. Estos producen, por ejemplo, deplecion de los niveles de
monoaminas, atrofia de las dendritas en la PFC y el HPC asi como disminucion de la
neurogénesis y de la expresién de BDNF en el DG del HPC (Weiss et al., 1981;
Rasmusson et al., 2002; Pham et al., 2003; Cook and Wellman, 2004; Murakami et al.,
2005). De modo similar, en el UCMS, los animales se exponen diariamente a un factor
estresante que cambia cada dia de modo aleatorio. Esto produce efectos de tipo

depresivo como anhedonia, incremento del tiempo de inmovilidad en el TST y el FST,
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incremento de los niveles de glucocorticoides y BDNF en suero o reduccién de la
neurogénesis en el DG del HPC, entre otros (Muscat and Willner, 1992; Alonso et al.,
2004; Mineur et al., 2006; Jindal et al., 2013). Este modelo ha sido originalmente
evaluado en ratas, de modo que la literatura disponible, aunque abundante para rata
es relativamente limitada en ratén. Ademds, los resultados a veces son
contradictorios, complicando establecer un perfil claro de este modelo en raton.
Estas discrepancias se pueden atribuir en parte al hecho que las distintas cepas de
ratdn presentan diferente susceptibilidad al UCMS (Mineur et al., 2006; Nollet et al.,
2013).

En el modelo de indefensidon aprendida, se someten los animales a un estimulo
eléctrico inescapable que, una vez habituados, hace que desarrollen cierta
indefension que se pone de manifiesto cuando fracasan al intentar escapar cuando si
podrian hacerlo. Se trata de un modelo validado especialmente para ratas
produciendo sintomas de tipo depresivo como déficits cognitivos, anhedonia vy
reduccion de la expresiéon de BDNF en el HPC (Willner, 1991; Vollmayr et al., 2001;
Song et al.,, 2006; Enkel et al.,, 2010), siendo menos caracterizado en ratones

(Vollmayr and Henn, 2001; Chourbaji et al., 2005).

El paradigma del residente-intruso se basa en el hecho que un animal establece una
territorialidad en un espacio (residente) y ataca al animal desconocido introducido
(intruso). Los intrusos muestran un comportamiento defensivo en respuesta a los
ataques. La exposicion repetida del mismo intruso a distintos residentes cada dia es
una tipo de estés social que induce efectos de tipo depresivo en rata y ratdn como
incremento del tiempo de inmovilidad en el FST, anhedonia, hiperactividad del eje
HPA y disminucién de la proliferaciéon en el DG del HPC (Kudryavtseva et al., 1991;
Rygula et al., 2006; Yap et al., 2006; Becker et al., 2008).

Sin bien todos estos modelos logran reproducir algunos de los sintomas depresivos
en ratones, todos ellos se basan en el estrés ambiental y requieren de una
manipulacidon del entorno, generando una gran variabilidad de protocolos entre

laboratorios que dificulta su replicacion (David et al., 2010). De este modo, el modelo
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por consumo crénico de corticosterona, es mas facilmente replicable. La
corticosterona es una hormona producida en las glandulas adrenales en respuesta al
estrés y los niveles plasmaticos de la misma se encuentran elevados en varios de los
modelos de roedores de depresién como la inmovilizacidn crdnica, el paradigma del
residente-intruso o el FST. Ademads, estudios en seres humanos ponen de manifiesto
gue la depresién habitualmente estd asociada a la disfuncion del eje HPA con la
consecuente alteracion de los niveles de cortisol (Gold and Chrousos, 1985; Murphy,
1991; Holsboer, 2001; Holsboer and Ising, 2008; Vreeburg et al.,, 2009). La
administracion exdgena de corticosterona ha sido validada y utilizada como modelo
de estrés cronico y depresion (Ardayfio and Kim, 2006; Gourley et al., 2008, 2009;
Murray et al., 2008; David et al., 2009, 2010). El tratamiento crénico con bajas dosis
de corticosterona (35 mg/mL en disolucién con en el agua de bebida) es suficiente
para inducir cambios histoldgicos, morfoldgicos y comportamentales similares a la
depresion clinica, tales como la atrofia de las dendritas de la PFC, la disminucion de
los niveles de factores tréficos y de neuroplasticidad en el HPC, la reduccién de la
proliferaciéon y neurogénesis del DG o los efectos de tipo depresivo en diferentes
paradigmas de comportamiento (Wellman, 2001; Ardayfio and Kim, 2006; Gourley et
al., 2008, 2009; Murray et al., 2008; David et al., 2009, 2010). Ademas, el fenotipo
molecular y comportamental desarrollado por estos animales es sensible a la
reversion con un tratamiento antidepresivo crénico, pero no agudo (David et al,,
2009). En la presente Tesis se ha utilizado el modelo por consumo crénico de
corticosterona en ratén para investigar el efecto antidepresivo de moléculas de RNA

pequefias de interferencia (siRNA; small interfering RNA) conjugadas.
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1.3. Sistema serotoninérgico

La 5-HT juega un papel fundamental en el cerebro humano. Controla funciones
fisioldgicas como el suefio, la alimentacién, la regulaciéon de la temperatura y la
conducta sexual. Asimismo participa en la modulacién del dolor e interviene en un
gran nimero de comportamientos incluyendo agresion, impulsividad, atencion, toma
de decisiones, recompensa y funciones cognitivas. La disfuncion del sistema
serotoninérgico ha sido implicada en esquizofrenia, ansiedad, depresion, adiccidn a
drogas, enfermedad de Parkinson y autismo (Abi-Dargham et al., 1997; Huot et al.,

2011; Nakamura, 2013).

Aunque el sistema serotoninérgico esta formado solamente por aproximadamente
250.000 neuronas concentradas en su mayoria en el nucleo del rafe dorsal (DR;
dorsal raphe nucleus), sus axones inervan extensamente la corteza y el sistema
limbico, liberando 5-HT de modo paracrino y haciendo pocos contactos sindpticos (de
Montigny, 1977; Jacobs and Azmitia, 1992; Blier and de Montigny, 1999; Adell et al.,
2002; Celada et al., 2013). La 5-HT se cree es el mas ancestral de los
neurotransmisores habiéndose identificado en el cnidario Renilla koellikeri (Umbriaco

et al., 1990).

1.3.1. Anatomia y conectividad del sistema serotoninérgico

En los mamiferos, el sistema serotoninérgico
estd formado por nueve nlcleos que se

dividen en dos subsistemas: el rostral que

l proyecta hacia el prosencéfalo y el caudal que

AN proyecta hacia el tronco cerebral y médula
/\T\ espinal (ver figura 6). El subsistema rostral, de

o Spinal cord

Hypothalamus —

Amygdala

Hippocampus

Rostral raphe nuclei

Caudal raphe nuclei

interés en la presente Tesis, esta formado por
Figura 6. Representacion de los subsistemas

serotoninérgicos rostrales (naranja) y caudales 4 nucleos: el nucleo caudal “near’ el DR, el
(naranja claro) y sus respectivas proyecciones

ascendentes y descendentes en el cerebro humano. nucleo del rafe medial (MR median raphe
?
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nucleus) y la region supralemniscal (Jacobs and Azmitia, 1992; Pifieyro and Blier,
1999). Solo el DR contiene mds del 50% de las neuronas serotoninérgicas del cerebro
humano y murino. Las neuronas del nucleo caudal linear asi como las de la regién
supralemniscal pueden considerase una extensién del segundo mayor nucleo
serotoninérgico, el MR, por compartir un origen comun en el neurodesarrollo y
proyectar hacia las mismas dreas cerebrales (Jacobs and Azmitia, 1992; Pifieyro and

Blier, 1999; Baker et al., 1990).

A nivel morfoldgico se pueden distinguir dos poblaciones axonales serotoninérgicas
dependiendo del nucleo de origen. Las que proceden del DR presentan varicosidades
axonales pequefias de menos de 1 um de diametro y las que lo hacen del MR
muestran varicosidades mds grandes del orden de 2 a 5 um de didametro (Kosofsky
and Molliver, 1987; Tork, 1990). Ademas de las diferencias morfoldgicas, las
proyecciones del DR y del MR presentan también distinta sensibilidad a derivados de
anfetaminas (Mamounas et al.,, 1991). Por consiguiente, se distinguen dos
subsistemas serotoninérgicos rostrales con propiedades y distribucion cerebral
diferenciada, segun se originen en el DR o el MR. Cada uno de los dos
nucleos/subsistemas inerva areas cerebrales especificas. A grandes rasgos, las areas
corticales reciben mas inervacién serotoninérgica del DR que del MR (Kosofsky and

Molliver, 1987; Mamounas et al., 1991; McQuade and Sharp, 1997).

La actividad eléctrica de las neuronas

serotoninérgicas se caracteriza por ser de modo

ténico con un patrén de descarga regular de 1-5 GP
espigas/s (Aghajanian and Vandermaelen, 1982).

No obstante, esta actividad no es siempre igual, AMTg

sino que sufre cambios durante el ciclo de suefio- k@k_.i ip

vigilia, siendo mas lenta durante el suefio profundo

y practicamente inexistente durante la fase REM. La
Figura 7. Modelo de las aferencias que
reciben las neuronas serotoninérgicas. Las

fuertemente regulada por las aferencias que recibe  aferencias excitadoras estan representadas
con circulo y las inhibidoras con rectangulos.

(ver figura 7). Una de las principales procede de la  Adaptado de Pollak Dorocic et al., 2014.

actividad de las neuronas serotoninérgicas esta
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PFC. Se cree que las proyecciones glutamatérgicas de la corteza infralimbica en
roedores hacen sinapsis preferentemente con interneuronas GABAérgicas del DR
(Hajos el al., 1999; Celada el al., 2001), de modo que la desinhibicidn glutamatérgica
de la PFC a consecuencia de la hiperpolarizacién de interneuronas GABAérgicas
corticales por las propias fibras serotoninérgicas (Santana et al., 2004) disminuiria la

actividad serotoninérgica.

Otras aferencias que controlan la actividad de las neuronas serotoninérgicas del DR
son las fibras noradrenérgicas procedentes del locus ceruleo (LC; locus coeruleus).
Estudios preclinicos en roedores mostraron que la activacién de los receptores a;
adrenérgicos localizados en los cuerpos neuronales serotoninérgicos incrementa la
funcién de las neuronas serotoninérgicas. Por el contrario, la administracién de
prazosin, antagonista selectivo 0; adrenérgico, inhibe la actividad de las neuronas
serotoninérgicas asi como la liberacion de 5-HT en los nudcleos del rafe
(Vandermaelen and Aghajanian, 1983; Bortolozzi and Artigas, 2003). También son de
destacar las proyecciones de la habénula lateral hacia el DR (Aghajanian and Wang,
1977; Peyron et al.,, 1998a). Aunque los primeros estudios sugirieron que las
proyecciones de la habénula lateral excitaban las neuronas GABAérgicas en el DR
inhibiendo asi las neuronas serotoninérgicas (Park, 1987; Varga et al., 2003), nuevas
técnicas de trazado han identificado aferencias glutamatérgicas de la habénula lateral
contactando directamente con las neuronas serotoninérgicas (PollaK Dorocic et al.,
2014). Otra aferencia importante es la proveniente desde el Hyp (Peyron et al.,,
1998b; Adell et al., 2002; Celada et al., 2002). Se describio que diferentes poblaciones
de neuronas hipotalamicas que contienen DA, hipocretinas o neuropéptidos
(vasopresina, oxitocina o melanina) proyectan hacia el sistema serotoninérgico
(PollaK Dorocic et al., 2014). Ademas, hay que destacar las aferencias originadas en la
sustancia negra y drea tegmental ventral o las procedentes de la AMG (Kalén et al.,,
1988; Kirouac et al., 2004; PollaK Dorocic et al., 2014). En general, todas las
aferencias que reciben las neuronas serotoninérgicas, tienen un papel en la

regulacién del tono serotoninérgico y en ultima instancia sobre la liberacion de 5-HT.
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La sintesis de 5-HT estd regulada por la disponibilidad del aminoacido triptéfano y por
la actividad de la enzima TPH,, isoforma especifica del cerebro (Walther et al., 2003).
Una vez sintetizada, la 5-HT se almacena en vesiculas sinapticas mediante el
transportador vesicular de monoaminas 2 (VMAT2; vesicular monoamine transporter
2). Durante la neurotransmision, la llegada de los potenciales de accion a los
terminales y varicosidades axonales despolariza la membrana celular favoreciendo la
entrada de calcio hacia el interior de la célula. Este activa la fusidn de las vesiculas
con la membrana celular favoreciendo la liberacion de 5-HT al espacio sinaptico y
activacion de los receptores. El cese del estimulo se logra por la degradacién de 5-HT
a través de las enzimas monoamino oxidasas (MAO; monoamine oxidase),
principalmente la isoforma A, o por la recaptacion del neurotransmisor al interior de

la neurona serotoninérgica mediante el SERT.

El hecho de que mas del ascsusgene

90% de los antidepresivos

AT B

disponibles en clinica

SNPs :
rs25531,

tienen el SERT como diana 525532
molecular primaria pone ke SuSe) /A;A PRERERontinpty :“wy“
splicing sites
de manifiesto la
b SLCEA4/SERT variants . Figura 8. Organizacion del gen del transportador de
importancia de este serotonina humano (SLC6A4). (a-b) La actividad
Theoretical maximum transcripcional del gen SLC6A4 esta modulada por la
tr‘anspor‘tador‘ en la y variante polimérfica 5-HTTLPR conjuntamente con
g dos SNPs en esta region (rs25531 y rs25532).
regulacién de la % ; Variantes adicionales raras como el variable number
ﬁ 1 tandem repeat (VNTR) del intrén 2 y otros SNPs
neurotransmision DE—HTI'LPR GisA M1y sTm22 como el G56A y el 1425V podrian potenciar la
wwindl feek e R expresion de SERT. Adaptado de Murphy and Lesch,
serotoninérgica y en Ia Genotype 2008.

fisiopatologia y tratamiento de la depresidn. Prueba de ello es la existencia del
polimorfismo 5-HTTLPR en su zona promotora (ver figura 8), dénde la variante corta
S, a diferencia del alelo L, ha sido asociada a una menor resiliencia al estrés y
depresion (Caspi et al., 2003). Ademas, el alelo S conlleva resistencias al tratamiento
antidepresivo con SSRIs como la paroxetina o el escitalopram (Murphy et al., 2004;

Outhred et al., 2014).
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Se ha descrito en roedores que alrededor del 90% de la expresion del mRNA del SERT
tiene lugar en las neuronas serotoninérgicas mientras que el 10% restante tiene lugar
en neuronas no serotoninérgicas y en células gliales (Pickel and Chan, 1999). La
proteina SERT se localiza tanto en los cuerpos neuronales como en los axones
serotoninérgicos (Blakely et al., 1994; Qian et al., 1995; Murphy et al., 2008). El
tratamiento crénico con SSRIs favorece la internalizacién del transportador SERT
disminuyendo los sitios de unidn en la membrana celular sin alterar los niveles de
expresion de su mRNA (Benmansour et al., 1999, 2002; Samuvel et al., 2005; Lau et
al., 2008). Mientras que los SSRIs modulan la actividad de la proteina quinasa C (PKC;
protein kinase C) fosforilando el SERT e induciendo su internalizacién, la 5-HT protege
de esta fosforilacion (Qian et al., 1997; Ramamoorthy and Blakely, 1999). Ademas, se
ha descrito que el tratamiento crénico con el SSRI fluoxetina aumenta la expresion
del micro RNA (miRNA; micro RNA) 16 (miR-16) en el DR de ratén, que a su vez inhibe
la traduccién del SERT (Baudry et al., 2010). Asi, la disminucién de la fraccidn activa
del SERT reduce la recaptacion de 5-HT que en Uultima instancia incrementara la

sefalizacidn postsindptica mediada por receptores de 5-HT.

Existen al menos 16 genes

de receptores de 5-HT en ) \%ﬁ) :::HEZ}M
mamiferos: 5-HT1a/e/0/e/r, Ll T f,;;';l;
5-HTaam/c,  5-HTsazec,  5- ;‘-/HT Gl ::1‘
HTs, 5-HTsye S5-HTe y 5=/ ssR1, SNRI s
HT; (Hoyer and Martin, ——— F:;hr:i:ﬂ

1997; Barnes and Sharp,

Figura 9. Localizacion de los receptores serotoninérgicos. La 5-HT ejerce su
1999)' Excepto el receptor funcién mediante la estimulacion de sus multiples receptores, presentes todos
en la neurona postsindptica. Ademas, el receptor 5-HT;, y 5-HT;z estan
5-HT3, que es un canal también presentes en la neurona presinaptica, el primero en la zona
somatodendritica y el segundo en los terminales axonales. Adaptado de

ionico, el resto de los  Artigas, 2013.

receptores serotoninérgicos son metabotrépicos y por lo tanto acoplados a proteinas
G de sefializacién intracelular. Uno de los mds abundantes en el cerebro y con un rol
fundamental en la depresidon y la accién antidepresiva es el receptor 5-HT;a. Este
receptor se expresa presinapticamente en las neuronas serotoninérgicas actuando

como autoreceptor manteniendo la homeostasia de la neurotransmision
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serotoninérgica y, postsinapticamente como heteroreceptor en areas de proyeccion
incluyendo PFC, HPC, AMG, septum, entre otras (ver figura 9) (Pazos and Palacios,
1985; Sotelo et al.,, 1990; Pompeiano et al.,, 1992; Amargds-Bosch et al., 2004;
Santana et al., 2004; de Almeida and Mengod, 2008).

Estudios postmortem y de neuroimagen en seres humanos han revelado una mayor
densidad del autoreceptor 5-HT;5 en pacientes con depresién en comparacién con
sujetos control (Stockmeier et al., 1998; Parsey et al.,, 2006). El aumento de la
densidad del autoreceptor 5-HT;5 también se ha descrito en los portadores del alelo
G del SNP G(-1019)C, haciéndolos mas susceptibles a la depresién y peor
respondedores a los antidepresivos de tipo SSRI (Lemonde et al., 2003; Serretti et al.,

2004; Neff et al., 2009).

A nivel molecular, el 5-HT;5 es un receptor de tipo inhibitorio que disminuye la
produccion de adenosina monofosfato ciclico (cAMP; cyclic adenosine
monophosphate) y la actividad de la proteina quinasa A (PKA; protein kinase A). Esta
sefializacion inhibe canales de calcio, disminuyendo su concentracion intracelular, y
promueve la apertura de los canales de potasio rectificadores internos acoplados a
proteina G (GIRK; G protein-coupled inwardly-rectifying potassium channel) y de los
canales de potasio semejantes a TWIK “1” (TREK1; TWiIK-related K* channel 1),
hiperpolarizando la neurona (Araneda and Andrade, 1991; Bayliss et al., 1995; Barnes
and Sharp, 1999; Lanfumey and Hamon, 2000; Gordon and Hen, 2006; Mathie, 2007,
Polter and Li, 2010; Ye et al.,, 2015). Debido a su doble localizacion (pre- y
postsindptica), los agonistas de este receptor tienen un efecto dual sobre la
neurotransmisidn serotoninérgica. Actuando a nivel presinaptico, inhiben la actividad
eléctrica de las neuronas serotoninérgicas y reducen la liberacion de 5-HT, mientras
gue actuando a nivel postsinaptico en las dreas de proyeccion, estos agonistas
mimetizan el efecto de la 5-HT liberada potenciando la neurotransmision

serotoninérgica.
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1.3.2. Regulacién del sistema serotoninérgico

Ademas de las diferentes aferencias que controlan la actividad de los nucleos del
rafe, el propio sistema serotoninérgico controla la actividad del mismo mediante un
sistema de autocontrol de inhibicidon negativo. Para ello, los axones serotoninérgicos
contralaterales hacen sinapsis sobre las propias neuronas serotoninérgicas. El
autoreceptor 5-HT4 tiene un papel primordial en este mecanismo de autoregulacion
gue ayuda a mantener la homeostasia del sistema (Pifieyro and Blier, 1999; Lanfumey
and Hamon, 2000; Altieri et al., 2013; Artigas, 2013). Durante los periodos de vigilia,
las neuronas serotoninérgicas descargan de modo lento y regular. Cuando se produce
una activacion excesiva de estas neuronas, como ocurre por ejemplo durante una
situacion estresante, el aumento de la 5-HT liberada por los axones contralaterales
incrementa la actividad del autoreceptor 5-HTia. Esto hiperpolariza las neuronas

serotoninérgicas normalizando del patron de descarga (Adell et al., 1997; Artigas,

2013).
Synaptic cleft La presencia de este
filled with , o
serotonin mecanimo  fisiolégico de
Presynaptic : : Postsynaptic

autoregulacion  tiene  un

neuron neuron

Serotonin_ Tensporter impacto negativo sobre el

synthesis =2 © === | . .,
. mecanismo de accidon de los

: farmacos antidepresivos de
d
5-HT,,
autoreceptor 5
SSRIs , .
. bloqueo farmacolégico del

tipo  serotoninérgico. El

SERT (tratamientos con SSRIs,

Figura 10. Sinapsis serotoninérgica y control por un mecanismo de
inhibicion negativo. En condiciones normales, la 5-HT empaquetada en SNRIs o TCAS), incrementa la
vesiculas es transportada y liberada al espacio sinaptico, donde difunde
hacia la membrana postsinaptica uniéndose a los receptores de 5-HT. Parte fraccion activa de 5-HT en el
de la 5-HT liberada también se une al autoreceptor 5-HT;, activando el
mecanismo de autoinhibicién que conlleva a una reduccién de la liberacién cerebro, sobre todo en los
de 5-HT. El bloqueo farmacoldgico del SERT incrementa la concentracion
sinaptica de 5-HT aumentando la actividad del autoreceptor, hecho que nucleos del rafe. Esto activa
reduce mas el tono serotoninérgico limitando la accién antidepresiva.
Adaptado de Fulmer, 2010. el autoreceptor 5-HT;xn que

reduce rapidamente la actividad del sistema serotoninérgico, atenuando asi el

incremento de la concentracion de 5-HT en las areas de proyeccién (ver figura 10)
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(Artigas et al., 1996; Pifieyro and Blier, 1999). El control que el receptor 5-HTia
somatodendritico ejerce sobre el tono serotoninérgico, ha llevado a hipotetizar que
su activacion es la responsable del retraso en la accién clinica de los farmacos
antidepresivos (Blier and de Montigny, 1994; Artigas et al., 1996; Gardier et al.,
1996). Solo después del tratamiento prolongado con SSRIs se produciria la
desensibilizacién del autoreceptor 5-HT,, logrando un aumento marcado y sostenido
de la concentracion de 5-HT y, alcanzando ahora si, la respuesta terapéutica (Blier
and de Montigny, 1994; Blier et al., 1998). En este sentido y con el fin de acelerar y
mejorar la eficacia de los tratamientos antidepresivos, se propuso en los afios 90 la
combinacion de éstos con el antagonista del receptor 5-HT1a pindolol, evitando de
este modo el feedback negativo mediado por el autoreceptor (Artigas, 1993; Artigas
et al.,, 1994; Portella et al., 2011). No obstante, para la accién antidepresiva es
necesaria la activacion del receptor 5-HT;5 postsinaptico, hecho que limita la utilidad

de estos antagonistas (Haddjeri et al., 1998).

Otro receptor con un rol destacado en la homeostasis del sistema serotoninérgico es
el receptor 5-HT;s, que como el 5-HT;an se localiza pre- y postsinapticamente
regulando negativamente la formacién de cAMP. A diferencia del autoreceptor 5-
HT1a, el receptor 5-HTg presinaptico se localiza en el axdn, inhibiendo la sintesis y

liberacion de 5-HT de forma local (Artigas, 2013; Sari, 2014).



Introduccion

1.4. Sistema noradrenérgico

Con solo 15.000 neuronas noradrenérgicas en la especie humana, este sistema estd
involucrado en funciones tales como la regulacién de la atencién, la adquisicidn de la
informacidén sensorial, la flexibilidad cognitiva, la plasticidad sinaptica a largo plazo y
la recuperacion de memoria remota, entre otras (Berridge and Waterhouse, 2003;
Sara and Bouret, 2012). Esto hace del sistema noradrenérgico uno de los principales
candidatos responsables de algunos de los sintomas de la depresién como la
dificultad de concentracidn, la fatiga y los trastornos del suefo. Del mismo modo que
el sistema serotoninérgico, la arborizacion de los axones del sistema noradrenérgico

permite inervar practicamente todo el prosencéfalo (Loughlin et al., 1986).

El sistema noradrenérgico de los mamiferos _Gorten
esta formado por siete nucleos. EL LC, que se
extiende a ambos lados de la zona

ventrolateral del cuarto ventriculo, es el

principal nucleo y contiene toda la poblacion X
Thalamus * -.;_“‘

de neuronas noradrenérgicas que proyectan f""
Locus coeruleus D
Cerebellum

hacia el prosencéfalo (ver figura 11) \Spinal cord
(Dahlstroem and FUXG, 1964; Moore and Figura 11. Esquema de las proyecciones de las

neuronas noradrenérgicas del LC en el cerebro de

Bloom, 1979; Foote et al., 1983; Sara, 2015). humanos.

Las neuronas noradrenérgicas del LC descargan de modo ténico con un patréon de
descarga regular y constante de 0.5-5 espigas/s similar a las neuronas
serotoninérgicas (Moore and Bloom, 1979; Foote et al., 1983). Sin embargo, a
diferencia de estas ultimas, las neuronas noradrenérgicas también pueden hacer
descargas fasicas de 2 a 3 potenciales de accién produciendo una mayor liberacion de
NE (Rajkowski et al., 2004). Ademas, la actividad noradrenérgica se ve modificada con
cada fase del suefio. Durante el suefio profundo el patrén de descarga se enlentece,
deteniéndose durante la fase REM. Esta actividad del LC varia en anticipacion a cada

fase del suefio (Aston-Jones and Bloom, 1981).
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Las principales aferencias hacia el LC provienen de dos nucleos reticulares: i)
proyecciones inhibitorias procedentes del hipogloso prepdsito relacionadas con el
estado vegetativo, y ii) proyecciones excitadoras desde el nucleo paragigantocelular
vinculadas a funciones auténomas e integradoras de estimulos (Aston-Jones et al.,
1991). Otras aferencias son: glutamatérgicas de la PFC que participan en los procesos
cognitivos superiores como la memoria de trabajo (Jodo and Aston-Jones, 1997) y las
serotoninérgicas desde el DR y el MR (Cedarbaum and Aghajanian, 1978). El LC
también recibe proyecciones procedentes del PVN y la AMG (Cedarbaum and
Aghajanian, 1978; Wallace et al., 1992; Reyes et al., 2005). Por otro lado, una densa
coleccién de neuronas GABAérgicas en la zona pericoerular inerva el LC (Aston-Jones
et al., 2004). Ademas, se han identificado en el LC neuropéptidos como vasopresina,
somatostatina, neuropéptido Y, encefalina, neurotensina, CRH, galanina y orexinas,
que actuan modulando la actividad de las neuronas noradrenérgicas (Olpe and

Steinmann, 1991; Kiyashchenko et al., 2002).

Como previamente se describid, las conexiones eferentes desde el LC dan lugar a una
extensa arborizacion por todo el CNS. Destacan areas cerebrales como la corteza que
exhiben altas densidades de varicosidades noradrenérgicas (Jones and Moore, 1977,
Moore and Bloom, 1979; Foote et al., 1983; Agster et al., 2013). Asi las cortezas
cingular y frontal, seguidas de la visual, la auditiva y la sensomotriz, contienen las
mayores concentraciones de NE (Levitt and Moore, 1978). No obstante, hay areas
cerebrales que reciben muy escasa inervacién noradrenérgica como los ganglios

basales (cuerpo estriado y globo palido) y el NAc.

El precursor en la biosintesis de NE es el aminoacido tirosina, que por accién de las
enzimas tirosina hidroxilasa (TH; tyrosine hydroxylase) y DOPA descarboxilasa dan
lugar a DA. Estd es captada por VMAT2 e internalizada dentro de las vesiculas
sinapticas y transformada a NE por accién de la dopamina beta-hidroxilasa (DBH,;
dopamine beta-hydroxylase) (ver figura 12) (Rush and Geffen, 1980). La
despolarizacién del terminal sindptico induce la fusién de las vesiculas con las
membranas celulares y la liberacidén de NE a la hendidura sindptica. La terminacion de

la neurotransmisién sucede por la recaptacién de NE a través del transportador de
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noradrenalina (NET; norepinephrine transporter) y por la degradacion de la NE,

preferentemente por la isoforma A de la MAO.

Del mismo modo que el : Tyr prejuncional
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encuentra anclado en la Figura 12. Representacion esquematica de la sintesis y liberacion de NE. La NE es
sintetizada en una serie de pasos enzimaticos que incluyen la actividad de la TH,
membrana plasmética a DOPA descarboxilasa y DBH, éste ultimo ocurre dentro de las vesiculas
sindpticas. Una vez liberada al espacio sinaptico, la NE se une y activa los
nivel del soma, dendritas y receptores adrenérgicos. La sefal de terminacion de la seiializacion NE sucede
con la recaptacion del neurotransmisor a través del NET y su degradacion por la

terminales axonales de las  isoformaA de la MAO.

neuronas noradrenérgicas. El bloqueo del NET a fin de inhibir la recaptacion de NE es
el objetivo de muchos farmacos antidepresivos. Asi los TCAs y los SNRI (Benmansour
et al., 2004) tienen alta afinidad por SERT y NET, mientras que los antidepresivos
inhibidores selectivos de la recaptacion de noradrenalina (NERI; norepinephrine
reuptake inhibitor), siendo reboxetina su prototipo, inhiben selectivamente el NET

(Gould et al., 2003).

La NE ejerce su efecto por unién y activacién de sus receptores. Los receptores
adrenérgicos son receptores metabotropicos que pertenecen a tres familias segun su
homologia, perfil farmacolégico y mecanismo de sefalizacion intracelular: aia 18 10,
los ap, 28, 2¢ Y 10S By, 2,3 (Lefkowitz and Caron, 1988; Harrison et al., 1991; Bylund et
al., 1994). El agonismo de los receptores a; adrenérgicos induce la activacién de la
fosfolipasa C (PLC; fosfolipase C) produciendo inositol trifosfato (IPs; inositol
trisphosphate) y diacilglicerol (DAG; diacylglycerol) como segundos mensajeros
(Burch et al., 1986). Por otro lado, la activacidon de los receptores a, adrenérgicos
inhibe la formacion cAMP y la actividad de PKA, reduciendo la actividad de los
canales de Ca™ dependientes de voltaje, la apertura de los canales de potasio o la

activacién de la bomba Na’/H" (North and Yoshimura, 1984; Sweatt et al., 1985;
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Lipscombe et al., 1989). Los tres miembros de tipo B estan acoplados a proteina G,
estimulando la produccién de cAMP. Los receptores a; y P se localizan a nivel
postsindptico, mientras que los a, se encuentra en la neurona presinaptica a nivel de
terminales, soma y dendritas y también en la neurona postsinaptica e incluso en glia

(Aoki et al., 1994; Lee et al., 1998).

Estudios postmortem en cerebros humanos han mostrado que pacientes con
depresion victimas de suicido presentan mayor densidad de los receptores
adrenérgicos a1 y a, en la PFC que el grupo control (Meana et al., 1992; Arango et al.,
1993). Ademas, estudios preclinicos de comportamiento (TST y FST) y neuroquimicos
realizados en roedores indican que los receptores a; participan en la respuesta de la
terapia antidepresiva (Cunha et al.,, 2013; Cité et al.,, 2015). No obstante, los
receptores a, han recibido mayor atencidn como dianas antidepresivas potenciales
debido a que son capaces de regular de modo inhibitorio la liberacion de NE (Starke,
1987). Estudios de microdidlisis in vivo en roedores han descrito que la
administracion local de farmacos agonistas del receptor a, adrenérgico (clonidina,
medetomidina, UK 14,304) en la PFC disminuye la liberaciéon de NE. Contrariamente,
la administracion de farmacos antagonistas (atipamezol, idazoxan) produjo un
incremento de la concentracion extracelular de NE (Dennis et al., 1987; Dalley and
Standord, 1995). Esto indicaria que el autoreceptor a, adrenérgico localizado en las
terminales tiene un efecto inhibitorio sobre la concentraciéon de NE. También se ha
mostrado mediante técnicas de microdialisis in vivo que la administracién intra-LC de
farmacos agonistas (clonidina, UK 14,304) o antagonistas (BRL44408) para el receptor
o, adrenérgico disminuye o incrementa, respectivamente, la concentracion de NE en
la corteza cingulada (Mateo and Meana, 1999). En general, lo datos indicarian el
efecto inhibitorio del receptor O, adrenérgico de expresidon presinaptica y su rol
modulador de la actividad eléctrica de las neuronas noradrenérgicas del LC. De
hecho, entre los tratamientos actuales para la depresidon se incluyen dos antagonistas
del receptor 0, como son la mirtazapina y la mianserina (Pinder and Van Delft, 1983;
Anttila and Leinonen, 2001; Langer, 2015). Aun asi, del mismo modo que el receptor

5-HT1a, parece ser necesaria la activacion del receptor a, adrenérgico de expresion
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postsindptica para lograr el efecto antidepresivo (Vega-Rivera et al., 2013; Ishola et

al., 2014).
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1.5. Tratamientos Antidepresivos

Antes del descubrimiento de los primeros psicofarmacos como los TCAs y los MAOIs
no se disponia de herramientas terapéuticas eficaces para el tratamiento de los
trastornos del estado del dnimo. La introduccidn de los mismos en la década de 1950
se considera uno de los grandes avances de la medicina del siglo XX compardndose
incluso con el descubrimiento de los antibidticos. A pesar de la gran incidencia e
impacto socioecondmico de la depresion asi como de la enorme cantidad de recursos
destinados al desarrollo de nuevas terapias, desafortunadamente los farmacos
antidepresivos disponibles presentan una limitada eficacia dejando una elevada

proporcién de pacientes con depresidn resistentes a tratamientos.

1.5.1. FArmacos antidepresivos monoaminérgicos

Los farmacos antidepresivos monoaminérgicos tienen como finalidad incrementar la
neurotransmision monoaminérgica, principalmente 5-HT y NE. Dentro de la primera
generacidon de farmacos antidepresivos, el desarrollo de la iproniazida, generada
originalmente para el tratamiento de la tuberculosis, fue el primer farmaco de la
familia de los MAOISs. Estos actian bloqueando una o ambas isoformas (A y/o B) de la
MAO vy asi incrementan los niveles de 5-HT. Mas tarde, la imipramina, desarrollada
primero como un farmaco antihistaminico y antipsicético, fue el primer compuesto
de la familia de los TCAs que actua blogueando los transportadores SERT y NET

inhibiendo la recaptacion de 5-HT y NE, respectivamente.

Aun hoy estas dos familias de drogas contintan utilizdndose para tratar la depresion.
Sin embargo, han quedado relegadas a segundas o terceras lineas de tratamiento
debido a los efectos secundarios que producen y a la introduccion de los farmacos

antidepresivos de segunda generacién, mucho mas seguros y tolerables.

Los SSRI y los SNRI son los farmacos antidepresivos mas prescritos y de primera
eleccién para el tratamiento de la depresién (Rush et al., 2006). Los primeros actuan

blogueando selectivamente el SERT, aumentando la fraccidn sinaptica de 5-HT activa,
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mientras que los segundos son de accion dual blogueando el SERT y NET,
aumentando los niveles extracelulares de ambos neurotransmisores 5-HT y NE en el
espacio sinaptico (ver figura 13). Aun y siendo estos los farmacos antidepresivos mas
prescritos, sus ratios de respuesta y remision son de aproximadamente del 60% vy
40%, respectivamente (Tollefson and Holman, 1994; Stahl, 2000; Thase et al., 2001).

Ademss, estudios
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naturalisiticos como el
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(deI 47% Yy 28%, Figura 13. Representacion esquematica de los terminales sindpticos de NE y 5-
HT. El NET y el SERT estan localizados en la membrana presinaptica, donde
respectivamente) después recaptan el neurotransmisor liberado. La mayor parte de los farmacos
antidepresivos de uso clinico actian bloqueando estos dos transportadores,
de ocho semanas de incrementando la fraccién activa de los respectivos neurotransmisores en la

. sinapsis. Adaptado de Torres et al., 2003.
tratamiento con el SSRI

citalopram (Trivedi et al., 2006a). Estrategias de complementacién con drogas no
dirigidas al SERT (buspirona, bupropion) en pacientes no respondedores a los SSRI
obtuvieron ratios de remision similares (Rush et al., 2006a; Trivedi et al., 2006b). El
estudio STAR*D también mostré que la tasa de remisién total incrementa hasta el
67% después de un afio con cuatro tratamientos secuenciados con diferentes
farmacos antidepresivos (Rush et al., 2006b). Estas cifras, que reflejan la practica
clinica diaria, indican que casi un tercio de los pacientes con depresién tratados no

responden adecuadamente a los tratamientos habituales.

Una segunda limitacién de los tratamientos antidepresivos actuales es su lentitud de
accién. Ensayos controlados con SSRIs o SNRIs muestran que los farmacos activos se
diferencian significativamente del placebo después de dos o mds semanas de
tratamiento, alcanzando una diferencia maxima entre las seis y las ocho semanas de

tratamiento (Tollefson and Holman, 1994; Stahl, 2000; Thase et al., 2001).
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Otros farmacos monoaminérgicos incluyen los NERI (reboxetina, atomoxetina, etc.),
gue actian como inhibidores de la recaptacién de NE al bloquear selectivamente el
NET y los antidepresivos atipicos mirtazapina y mianserina, antagonistas de los
receptores 5-HT, a, adrenérgico e histaminérgico 1, que incrementan Ia
neurotransmisién serotoninérgica y noradrenérgica (Pinder and Van Delft, 1983;
Anttila and Leinonen, 2001). También los antagonistas del receptor 5-HT1x pueden
mejorar los efectos clinicos de los antidepresivos evitando la activacion del feedback
negativo mediado por el autoreceptor 5-HT;n (Artigas, 1993). Estudios clinicos
observaron que el antagonista doble de los receptores 5-HTia y B adrenérgico
pindolol acelera la respuesta antidepresiva en pacientes con depresion no tratados
(Artigas et al., 1994, 1996; Blier and Bergeron, 1995; Perez et al., 1997). Otros
estudios clinicos han mostrado que los antipsicéticos atipicos (antagonistas de los
receptores de dopamina D2 y 5-HT,,) incrementan la respuesta clinica de los SSRI en
pacientes resistentes a tratamiento (Shelton et al., 2001; Barbee et al., 2004; Berman

et al., 2007; Carvalho et al., 2009).

A nivel preclinico también se ha estudiado la accion de otros compuestos sobre
receptores de 5-HT diferentes a los mencionados hasta ahora. Asi por ejemplo, se ha
observado que el antagonista del receptor 5-HT.z CP94253 y los agonistas del
receptor 5-HT,z (BW723C86) y 5-HT,c (WAY161503, RO60-0175 y RO60-0332)
disminuyen el tiempo de inmovilidad en el FST (Cryan and Lucki, 2000; Tatarczynska
et al., 2004; Diaz et al., 2012). También se ha comprobado que el antagonista del
receptor 5-HT3; ondansetron potencia el incremento de la concentracién extracelular
de 5-HT producida por el SSRI citalopram en el prosencéfalo de rata (Mork et al.,
2012). Otro estudio preclinico en ratas mostré que los agonistas del receptor 5-HT,4
RS67333 y prucalopride disminuyen la inmovilidad en el FST y modifican parametros,
considerados marcadores de la accion antidepresiva, como son la desensibilizacion
del autoreceptor 5-HTi,, el incremento de la fosforilacién de CREB y la neurogénesis
en el HPC (Lucas et al., 2007). También se han observado efectos antidepresivos en
rata y raton de antagonistas del receptor 5-HTg (SB399885) y 5-HT, (SB269970), como
por ejemplo la reduccion de la inmovilidad en el TST y el FST (Wesolowska et al.,

2006; Wesolowska and Nikiforuk, 2007).
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En conjunto, aunque los estudios de agonistas y antagonistas arriba mencionados
sugieren que los receptores de 5-HT pueden ser dianas potenciales de nuevos
farmacos antidepresivos, su modulacidon individual no ofrece los beneficios
farmacoldgicos de los tratamientos con los SSRIs y SNRIs. En este sentido, se estdn
desarrollando farmacos antidepresivos que ademas de bloquear el SERT presentan
multiples afinidades para distintos receptores de 5-HT, como por ejemplo la
vilazodona (inhibidor del SERT y agonista parcial del receptor 5-HT4) vy la vortioxetina
(inhibidor del SERT, agonista parcial del receptor 5-HTis y antagonista de los
receptores 5-HTs, 5-HTg y 5-HT>) (Artigas, 2015).

A pesar de la gran variedad de estrategias monoaminérgicas disponibles para tratar la
depresion, solo una pequefa proporcidon de los pacientes responden a estos
tratamientos, lo que en conjunto, plantea la necesidad de desarrollar nuevas
estrategias terapéuticas que superen las limitaciones de los farmacos de accion

monoaminérgica actuales: baja eficacia y lentitud de accidn.

1.5.2. Otras terapias para el tratamiento de la depresion

-60 -

Los tratamientos para la depresion mas comunes incluyen los farmacos
antidepresivos descritos en el apartado anterior, la psicoterapia y la combinacién de
ambos. Se ha demostrado la utilidad de la psicoterapia para tratar casos de depresion
poco severos evitando asi el uso de farmacos (Weissman et al., 1979; Kovacs et al.,
1981; Rush and Thase, 1998; Hollon et al., 2002). Aunque la combinacion de farmacos
antidepresivos y psicoterapia proporciona solo cierta mejoria, en algunos pacientes la
terapia combinada es mucha mas efectiva que la medicacién o la psicoterapia solas

(Weissman et al., 1979; Thase et al., 1997; Keller et al., 2000; Nemeroff et al., 2003).

Otro tipo de terapia antidepresiva menos frecuente, aunque de rdpido efecto
antidepresivo son las manipulaciones del ciclo suefio-vigilia, incluyendo deprivaciones
del sueno parciales o totales. Se cree que el efecto terapéutico de esta practica
puede ser debido a un reajuste en la homeostasis del ciclo suefio-vigilia (Wirz-Justice

and Van den Hoofdakker, 1999; Wirz-Justice, 2006).
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En depresiones severas resistentes a tratamientos farmacolégicos se puede recurrir a
intervenciones como la ECT (Nobler et al., 2000; Khlid et al., 2008; Dukart, 2014), la
estimulacion magnética transcranial (Levkovitz et al., 2009; Rosenberg et al., 2011;
Gaynes et al., 2014; Janicak and Dokucu, 2015) y la terapia magnética convulsiva, que
combina aspectos terapéuticos de las dos anteriores (Lisanby et al., 2000; Kayser et
al., 2011, 2015), o bien a intervenciones invasivas que requieren cirugia cerebral
como la estimulacion del nervio vagal (Nahas et al., 2005; Dorr and Debonnel, 2006;
Schlaepfer et al., 2008; Shah et al., 2014) y la DBS (Mayberg et al., 2005; McNeely et
al., 2008; Malone et al., 2009; Kennedy et al., 2011; Puigdemont et al., 2012). Aunque
todas estas intervenciones ofrecen una oportunidad de mejora para aquellos
pacientes resistentes a tratamiento, hay que tener presente su limitada
disponibilidad y la falta de datos de eficacia a largo plazo, por lo que el paciente se

enfrenta a una terapia de ensayo-error (Bewernick and Schlaepfer, 2015).

Otros tratamientos antidepresivos experimentales que aparecen en la literatura son:
antagonistas de los receptores K de opioides, agonistas y antagonistas del receptor
CB;, de cannabinoides, inhibidores de las histonas deacetilasas, antagonistas del
receptor de CRH 1, antagonistas de los receptores de glucocorticoides, antagonistas
del receptor V1b de vasopresina y antagonistas del receptor NK; del neuropéptido P,

entre otros (Berton and Nestler, 2006; Artigas, 2015).

1.5.3. FArmacos experimentales de accion rapida

30
Ensayos clinicos han constatado que

la administracion intravenosa o

intranasal de una Unica dosis
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Figura 14. Efectos antidepresivos muy rapidos del tratamiento keta mina’ produce efectos

con ketamina. Puntuacion en la escala de Hamilton 21 a lo
largo de una semana de pacientes con depresion tratados con antidepresivos en pocas horas Yy que
ketamina o placebo. Una sola dosis de ketamina intravenosa
es suficiente para producir efecto antidepresivo en tan solo 2 pueden permanecer por una semana
horas después de su administracion y de hasta 7 dias de
duracién. Adaptado de Zarate et al., 2006. en pacientes con depresién unipolar
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o bipolar resistentes a otros tratamientos (ver figura 14) (Berman et al., 2000; Zarate
et al.,, 2006, 2012; Diazgranados et al., 2010; Lapidus et al., 2014). Se cree que el
mecanismo de accién implica el bloqueo preferencial del receptor NMDA presente en
las interneuronas GABAérgicas, desinhibiendo asi la transmision glutamatérgica
(Homayoun and Moghaddam, 2007) y favoreciendo la plasticidad neuronal y
sinaptogénesis en la PFC y circuitos cerebrales implicados en emocién y cognicion (Li
et al., 2010; Duman and Aghajanian, 2012). Sin embargo, el efecto psicotomimético
de la ketamina precede la accidén antidepresiva, lo que pone en duda la utilidad de la

ketamina en la practica clinica.

Actualmente, existen ensayos clinicos con otros antagonistas del receptor NMDA
como lanicemina (Zarate et al., 2013; Sanacora et al., 2014) o antagonistas selectivos
de la subunidad NR2B del receptor NMDA (CP-101.606 o Ro 25-6981) (Duman et al.,
2012), con el fin de lograr efectos terapéuticos similares a la ketamina evitando los
efectos adversos. Ademas, se esta evaluando también la combinacién de ketamina
con bajas dosis de sales de litio a fin de obtener efectos antidepresivos rdpidos con

menores efectos adversos (Ghasemi et al., 2010; Liu et al., 2013; Duman, 2014).

Recientemente se han reportado también efectos antidepresivos rapidos con una
Unica dosis de escopolamina intravenosa en pacientes con depresidén unipolar o
bipolar (Furey and Drevets, 2006; Drevets and Furey, 2010). Este farmaco es un
antagonista del receptor muscarinico tipo M1 de acetilcolina, y como en el caso de la
ketamina, se propone que las acciones antidepresivas de la escopolamina son
mediadas por las neuronas GABAérgicas en la PFC (Wohleb et al., 2016). El
antagonismo del receptor M1 sobre las neuronas GABAérgicas, permitiria la
deshibicion de las neuronas piramidales glutamatérgicas resultando en un
incremento de la liberacion y sefializacién mediada por glutamato y por consiguiente

la aparicion de la respuesta antidepresiva.

Aunque se requieren muchos mas estudios preclinicos y clinicos asociados a estos
farmacos, las propiedades antidepresivas tan rapidas ponen en relieve la importancia
del sistema glutamatérgico en la busqueda de nuevas dianas para el desarrollo de

farmacos antidepresivos eficaces y de accion rapida.
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La farmacologia antidepresiva tiene gran necesidad de nuevas dianas y estrategias
gue, ademas de ser mas eficaces y de accibn mds rapida que las drogas
monoaminérgicas actuales, deberian también estar libres de los efectos secundarios
adversos como los psicotomiméticos y disociativos de la ketamina. La presente Tesis
aborda el desarrollo de nuevas estrategias terapéuticas en depresidon basadas en el
uso del RNA interferente (RNAi; RNA interference) para regular la expresion de dianas
cldsicas como el receptor 5-HT;n y el SERT o nuevas dianas con potencial
antidepresivo como el canal de potasio sensor de acido semejante a TWIK “3”

(TASK3; TWIK-related acid-sensing K channel 3).
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1.6. Canales de Potasio

La versatilidad de la actividad eléctrica neuronal estd regulada en gran parte por la
expresion de diferentes clases de canales de potasio. Estos, agrupan 79 genes que
codifican para una subunidad transmembrana conductora del ion, o subunidad a

(http://www.genenames.org/cgi-bin/genefamilies/set/183). Acorde con su

homologia y aspectos funcionales, se dividen en cuatro familias: 1) canales de
potasio activados por voltaje (Kv; voltage-gated potassium channels), que se abren
en respuesta a la despolarizacion de la membrana contribuyendo asi a la
repolarizacidon y terminacién del potencial de accién (flujo de corriente desde el
interior hacia el exterior celular), 2) canales de potasio activados por calcio (KCa;
calcium-activated potassium channel), sensibles al incremento del Ca* intracelular,
3) canales de potasio rectificadores internos (Kir; inwardly rectifying potassium
channels) activos a potenciales por debajo del potencial de equilibrio y regulados por

moduladores de la actividad celular tales

como las proteinas G (subfamilia GIRK), T
nucleétidos o poliaminas (flujo de
corriente desde el exterior hacia el
Intracellular
interior) y, 4) la familia de canales de
potasio con dos dominios de poro (Kp;
two—pore domain potassium channel) de Figura 15. Representacion esquematica de la topologia

de una subunidad Kj. Los segmentos transmembrana
interés en la presente Tesis. Esta ultima se indican con cilindros azules (TMS1-4). Adaptado de

Enyedi and Czirjak, 2010.
familia recibe su nombre en base a la
diferente topologia respecto a las otras familias: mientras todos los miembros de las
diferentes familias presentan un Unico dominio de poro (P) en cada subunidad a, los
canales Kyp contienen dos (ver figura 15). Cualquier canal de potasio para ser
funcional ha de contener cuatro dominios P para formar el poro conductor de potasio

(Doyle et al., 1998). Por consiguiente, los canales K,p dimerizan, hecho que los

distingue y caracteriza frente a las otras familias de canales que tetramerizan (Lesage
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and Lazdunski, 2000; Talley and Bayliss, 2002; Berg et al., 2004; Hwang et al, 2014;
Levitz et al., 2016).

Los canales K;p se expresan de modo abundante en el CNS, tanto en células gliales
como en las neuronas (Talley et al., 2001; Trimmer, 2015). Estos generan corrientes
débiles que contribuyen a establecer el potencial de reposo de la membrana
regulando la excitabilidad de las neuronas (Aller et al., 2005). A nivel de la glia
participan, por ejemplo, en la modulacion de la liberacion de glutamato astrocitico
contribuyendo a la homeostasia de la neurotransmisién glutamatérgica (Woo et al.,
2012). A nivel funcional, los canales Kyp responden a una gran variedad de estimulos
fisioldgicos como el pH interno, neurotransmisores, segundos mensajeros acoplados
a receptores de membrana que sefializan a través de proteina G (CAMP, IP3, Ca*, PKA
y PKC), temperatura, lipidos celulares (fosfolipidos, lisofosfolipidos, acidos grasos
insaturados, etc.), asi como otros estimulos no fisioldgicos incluidos los anestésicos
volatiles (cloroformo, halotano, isoflurano) y los agentes farmacoldgicos (riluzol,
fluoxetina) (Patel et al., 1998; Lesage and Lazdunski, 2000; Maingret et al., 2000;
Talley et al., 2000; Bayliss et al., 2001; Talley and Bayliss, 2002; Berg et al., 2004;
Kennard et al., 2005; Mathie, 2007; Cadaveira-Mosquera et al., 2011; Xi et al., 2011).

En mamiferos, la familia K,p esta formada por 15 miembros divididos en 6
subfamilias: 1) canales de potasio rectificadores internos débiles con dominio de poro
en tandem (TWIK; tandem pore domain weak inwardly rectifying K* channel),

incluyen TWIK1, TWIK2 y KCNK7; 2)

Kzp family K.
PITERDRIN - | fﬁm' canales de potasio TASK, incluyen
channels 1 f KENK
“ESH ' TR TASK1, TASK3 y TASKS5; 3) canales de
s potasio TREK, incluyen TREK1, TREK2
“abtgggﬁn‘ggmd o y TRAAK; 4) canales de potasio
KCNK12Z
e activados por alcalinidad semejantes
KCNKE t
TWIK2 ' .
okl el b " a TWIK (TALK; TWIK-related alkaline-
rectifier channels TWIKY ok o N 10 TREK1

activated K channel), incluyen TALK1,

Figura 16. Familia de los canales K. Los 15 miembros estan TALK2 y TASK2: 5) canales de potasio
clasificados en seis subfamilias diferentes simbolizadas con !

ramas de diferente color. Adaptado de Borsotto et al., 2015. in hibidOS por halotano semejantes a
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TWIK (THIK; TWIK-related halothane-inhibited K* channel), incluyen THIK1 y THIK2; y
6) canales de potasio de médula espinal semejantes a TWIK (TRESK; TWIK-related
spinal cord K* channel) formado por un Unico miembro denominado igual que la
subfamilia (ver figura 16) (Enyedi and Czirjak, 2010). En condiciones fisioldgicas todos
ellos funcionan como rectificadores abiertos (flujo de corriente desde el interior hacia
el exterior segln gradiente de concentraciéon) a excepcion de TWIK1 y TWIK2, que lo
hacen como rectificadores internos (Lesage et al., 1996; Honoré, 2007; Chen et al.,
2014). Por otro lado, algunos canales como el TREK1 o TASK3, estan
constitutivamente abiertos en reposo, cerrandose en respuesta a la activacién de
receptores acoplados a proteina G, (Dupart et al., 1997; Talley et al., 2000; Bayliss et
al., 2001; Mathie, 2007). Otros miembros de la familia Kyp, inactivos en reposo,

requieren de un estimulo para abrirse (Patel et al., 1998; Maingret et al., 2000).

En los ultimos anos, estudios realizados
en primates no humanos y en seres -
humanos han sugerido que los canales __"
TASK3 y TREK1 podrian contribuir a Ila m 7
fisiopatologia de la depresidn (ver figura / c
17) (Perlis et al., 2008; Dillon et al., 2010; i )

Bogdan et al.,, 2011; Borsotto et al., .

2015). En modelos animales se ha -
@" nlﬁana .

mostrado que ambos genotipos de

ratones nulos para los canales TREK1 o Figura 17. Esquema representado el rol de los canales
TREK1 y TASK3 en diferentes procesos fisiolégicos y

TASK3 (knockout) muestran patoldgicos. Las flechas verdes y rojas indican la apertura o
cierre del canal, respectivamente, implicado en cada

comportamientos de tipo antidepresivo proceso. Notar que ambos canales TREK1 y TASK3 ejercen
una influencia positiva en depresion cuando permanecen

(Heurteaux et al., 2006; Bayliss and cerrados. Adaptado de Borsotto et al., 2015.

Barrett, 2008; Gotter et al., 2011). Utilizando paradigmas comportamentales, tales

como FST, TST o test de supresion de la ingesta por novedad (NSFT; novelty

suppressed feeding test), se ha observado que los ratones knockout para estos

canales son mas resistentes a mostrar sintomas de tipo depresivo que los controles,

comportandose de modo similar a aquellos ratones tratados con fluoxetina o

paroxetina (Heurteaux et al., 2006; Gotter et al., 2011). Se ha observado también que
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ratones knockout para TREK1 muestran una respuesta de tipo ansiosa en el campo
abierto (OF; open field) (Mirkovic et al., 2012). Asimismo, se ha descrito que ratones
deficientes para el canal TASK3 presentan alteraciones en el ciclo suefno-vigilia,
supresion del suefio REM e incremento de la temperatura corporal (Gotter et al.,
2011), signos caracteristicos del estado de animo elevado y de la accidon antidepresiva

(Wirz-Justice, 2006).

Ambos canales, TREK1 y TASK3, se expresan en la PFC y el HPC (Fink et al., 1996;
Talley et al.,, 2001), 4reas cerebrales implicadas en los aspectos cognitivos de la
depresion como los problemas de memoria, sentimiento de culpa o la desesperacion.
También se encuentran expresados en AMG e Hyp, dreas cerebrales involucradas con
la memoria emocional y la anhedonia descritas en depresién (Maingret et al., 2000;
Talley et al., 2001; Nestler et al., 2002). Ademas, los canales TREK1 y TASK3 se
expresan de modo abundante en los nucleos monoaminérgicos del DR y LC,
precisamente en las neuronas serotoninérgicas y noradrenérgicas (Talley et al., 2001;

Marinc et al., 2011).

En el caso del canal TREK1, mucho mas documentado que el canal TASK3, se ha
observado que la fluoxetina bloquea directamente el canal, sugiriendo que parte del
mecanismo de accidon de este farmaco involucra a TREK1 (Kennard et al., 2005;

Sandoz et al.,, 2011; Xi et al., 2011). 4 Agonist W TREK

. [ ]
En este sentido, se han ﬁLI/O\ ; “
T e O®

desarrollado otros compuestos .

PKC
gue antagonizan selectivamente
TREK1 tales como SID1900 y spadin 3 Agoris ? o
con potencial antidepresivo d_(> SaNi Ieh “
(Mazella et al., 2010; Borsotto et S =

al., 2015; Ye et al., 2015). Se ha aden

Figura 18. Diferentes tipos de proteina G actuan sobre los canales
TREK para regular su actividad. (a) La inhibicion de los canales TREK
por la activacion de la proteina G, esta mediada por PKC o por la
deplecion de PIP,. (b) La actividad de los canales TREK puede ser
antidepresivas en el FST y TST, incrementada o disminuida por G; y G;, respectivamente, por la
modulacion de los niveles intracelulares de cAMP. Adaptado de
Mathie, 2007.

descrito que estos compuestos

producen respuestas de tipo

aumentan la  frecuencia de
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descarga de las neuronas serotoninérgicas en el DR y estimulan la neurogénesis en el
HPC de ratones (Mazella et al., 2010; Ye et al., 2015). Ademas, ambos compuestos
(SID1900 vy spadin) incrementaron la sefializacién PKA-CREB-BDNF en el HPC, PFC y
DR, efecto mayor en presencia del agonista del receptor 5-HT.x 7-(dipropilamino)-
5,6,7,8-tetrahidronaftalen-1-ol (8-OH-DPAT; 7-(Dipropylamino)-5,6,7,8-
tetrahydronaphthalen-1-ol) y revertido por el antagonista WAY100635 (Ye et al.,
2015). En concordancia con esta sinergia con el receptor 5-HT;,, se conoce que TREK1
esta regulado por neurotransmisores que inducen fluctuaciones de cAMP a través de
receptores acoplados a proteina G; o Gs(Fink et al., 1996; Patel et al., 1998; Bang et
al., 2000; Lesage et al., 2000; Bockenhauer et al., 2001; Heurteaux et al., 2006) como
también por aquellos que activan proteina Gq (ver figura 18) (Fink et al., 1996; Lesage
and Lazdunski, 2000; Lesage et al., 2000; Czirjak and Enyedi, 2002; Chemin et al.,
2003; Enyeart et al., 2005; Lopes et al., 2005; Murbartian et al., 2005).

Con respecto al canal TASK3, se han descrito algunos compuestos capaces de inhibir
de modo no selectivo el canal TASK3 como por ejemplo el Zn** y el rojo rutenio asi
como agonistas cannabinoides como la anandamida, la metanandamida y el WIN212-
2 (Maingret et al., 2001; Czirjak and Enyedi, 2002, 2003; Berg et al., 2004; Veale et al.,
2007b; Mathie et al., 2010). Varios estudios han observado que los agonistas
cannabinoides producen efectos de tipo antidepresivo en modelos murinos, como
reduccion de la inmovilidad en el TST y FST, aumento de la neurogénesis en el DG del
HPC, asi como incremento de la frecuencia de descarga de las neuronas
serotoninérgicas del DR y noradrenérgicas del LC (Gobbi et al., 2005; Jiang et al.,
2005; Zhong et al., 2014). No obstante, el bloqueo de TASK3 con estas drogas no
selectivas, puede inducir efectos adversos como ataxia y otras alteraciones del
movimiento. Aunque se ha identificado un antagonista selectivo para TASK3 (con
base 5,6,7,8-tetrahidropirido[4,3-d]pirimidina) capaz de modular los patrones del
suefio en modelos murinos de electroencefalograma (Coburn et al.,, 2012), su

potencial como farmaco antidepresivo aln necesita ser validado.

A nivel de la senalizacion, parece que TASK3 es inhibido por la activaciéon de

receptores acoplados a proteina Gq (Mathie, 2007). Aunque la secuencia de eventos
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subsecuentes a la activacion de la proteina
Gq que lleva a la inhibicién del canal no

esta bien establecida, estudios in vitro han

sugerido que puede ser inhibido por PKC

sk (Vega-Saenz de Miera et al., 2001; Veale et

B
o al., 2006a), directamente por la proteina
W e Gq (Chen et al., 2006) o por la hidrélisis del
c Agonist ¥ _cpeR sk fosfatidilinositol  4,5-bifosfato  (PIPy;
phosphatidylinositol 4,5-bisphosphate) (ver

figura 19) (Lopes et al.,, 2005). No

Figura 19. Hipoétesis que relacionan la inhibicion del

canal TASK3 con la proteina G,. (a) La inhibicién de obstante, otros estudios han encontrado
TASK3 esta mediada por uno o mas productos de la

hidrélisis de PIP,. (b) PIP, mantiene TASK3 abierto. La resultados opuestos, no detectando
llegada de estimulo produce su hidrdlisis e inhibicion.

(c) Gaq actua directamente sobre TASK3 inhibiéndolo. inhibicion de TASK3 mediada por PKC u
Adaptado de Mathie, 2007.

obteniendo su inhibicion independiente de
PIP, (Kim et al., 2000; Meadows and Randall, 2001; Chemin et al., 2003; Chen et al.,
2006). Por otro parte, también se ha observado que TASK3 puede ser inhibido
cuando el pH desciende por debajo de 6.4 y también, aunque mas débilmente, por la

accion de la PKA (Meadows and Randall, 2001; Berg et al., 2004).

El conocimiento acerca de la modulacidn fisiolégica de TASK3 es limitado. Esto es
consecuencia, en parte, de la escasa disponibilidad de compuestos selectivos para
este canal. Ademads, los canales Kyp tienen una distribucion ubica en el cerebro y
TASK3 no es la excepcidon. Los canales K,p de potasio mantienen el potencial de
reposo de membrana, vital para el mantenimiento de la homeostasia celular. Si lo
que se desea es modular la expresién/funcion del canal TASK3 en un area cerebral o
poblacidn neuronal concreta, se debera disefiar y generar nuevas estrategias basadas

por ejemplo en el RNAI, uno de los objetivos principales de la presente Tesis.
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1.7. RNA de interferencia

Como se ha mencionado previamente, la depresién es un trastorno complejo que
resulta de la interaccion de factores neurobioldgicos, genéticos, culturales vy
ambientales. Existen evidencias crecientes que la depresién se asocia con: i)
alteraciones de la plasticidad estructural y sinaptica, ii) patologias relacionada con el
estrés y sistema inmunitario, vy iii) en cierta medida, polimorfismos genéticos (Pefia et
al, 2014; Ota and Duman, 2013; Sequeira and Turecki, 2006). El procesamiento
aberrante de la informacidn a través de redes celulares en los circuitos del estado de
animo y la cognicién puede conducir a alteraciones de la plasticidad sinaptica y
estructural, lo que lleva al final a la aparicion de los sintomas de la depresién. Las
investigaciones realizadas durante la ultima década han permitido identificar
mecanismos epigenéticos como efectores importantes para regular los programas de
la expresidon de genes asociados con depresidn, accion antidepresiva y la resistencia a

la depresién en modelos animales (Sun et al., 2013).

Mds recientemente, los RNAs pequefios no codificantes (ncRNAs; non-coding RNA)
enddgenos, entre ellos los miRNAs, han surgido como reguladores post-
transcripcionales de la expresién génica. Los miRNAs juegan un papel en casi todos
los procesos bioldgicos, tales como la proliferacion celular, el desarrollo, la
diferenciacién, y la muerte celular programada. Mas de 1400 miRNAs han sido ya
identificados, cada uno de los cuales puede regular la expresién de un gran nimero
de moléculas diferentes de mRNA, evidenciando su papel crucial como
determinantes de la homeostasia celular (Lin y Gregory, 2015). Los miRNAs pueden
no solo evitar la traduccion de su mRNA diana o promover su degradacion, sino que
también pueden actuar como activadores de la traducciéon o incluso impedir la
transcripcion mediante la unién a promotores de genes (Krol et al., 2010). Dada la
complejidad celular y transcripcional del sistema nervioso, no es sorprendente que
aproximadamente el 75% de los miRNAs identificados se expresen en el cerebro en

comparacion con otros tejidos (Kosik, 2006).
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Los primeros estudios de localizacién han mostrado que los miRNAs se expresan en
diferentes areas del cerebro. Sin embargo, el uso de las nuevas tecnologias ha
permitido identificar la distribucion cerebral de los miRNAs a nivel celular vy
subcelular. Por ejemplo, utilizando técnicas de inmunoprecipitacion en ratones
transgénicos, a los que mediante el sistema Cre/Lox se ha introducido un epitopo a la
proteina Ago2 en un tipo neuronal concreto, ha sido posible identificar el perfil de
expresion de aproximadamente 480 miRNA en neuronas glutamatérgicas y en
diferentes subtipos de interneuronas GABAérgicas de la PFC (He et al., 2012). Del
mismo modo, los transcritos de miRNAs se procesan no solo dentro del nucleo sino
también en las dendritas, estando altamente enriquecidos en las sinapsis

(Smalheiser, 2014).

Los miRNAs cerebrales contribuyen tanto al desarrollo del cerebro como a la funcién
neuronal, incluyendo procesos como la neurogénesis, diferenciacion neuronal vy
sinaptogénesis, ofreciendo muchas oportunidades para modular “finamente” las
propiedades funcionales de las subpoblaciones neuronales (Mercer et al, 2008; Sun
et al., 2015). Por otra parte, los miRNAs juegan un papel critico en la determinacion
del destino celular de las neuronas y la glia mediante la supresién de genes
especificos. De este modo, ambos miR-124 y miR-29 se encuentran entre los miRNAs
mejor estudiados y se ha demostrado que regulan la diferenciacion de los
progenitores en las vias neuronales o gliales. Mientras el miR-124 y el miR-128 se
expresan principalmente en las neuronas, el miR-23, el miR-26 y el miR-29 se
producen en grandes cantidades en los astrocitos (Krichevsky et al., 2006; Makeyev
et al., 2007; Sun et al, 2015). La desregulacion del miR-124 se ha relacionado con la
neurodegeneracioén, trastornos de la inmunidad del CNS y el estrés entre otros (Sun
et al., 2015). Algunos miRNAs estan implicados en funciones neuroldgicas tales como
el aprendizaje y la memoria. Asi, se ha sugerido que el miR-132, el miR-134 y el miR-
let-7 desempefian un papel crucial en la formacion y la plasticidad de las sinapsis,
mientras que otros como el miR-124a y el miR-125b se han asociado con el
crecimiento de los axones (Vo et al., 2005;. Schratt et al, 2006). Los datos
actualmente disponibles indican que los miRNAs pueden ser importantes reguladores

celulares que contribuyen a la funcién cerebral normal y patoldgica (Alural et al 2016;
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Dwivedi, 2016). Los cambios en la expresiéon y la funcién de los miRNAs estan
implicados en la fisiopatologia del trastorno depresivo asi como en las acciones
antidepresivas. Dada la necesidad critica de descubrir nuevos marcadores
diagndsticos y tratamientos para la depresion, es imprescindible ampliar el foco de
los estudios gendmicos para incluir el papel de los ncRNAs: miRNAs y siRNAs. Estos

ultimos representan el objetivo central de la presente Tesis.

1.7.1. Mecanismo RNAI

El RNAi es un proceso enddgeno implicado en la defensa celular contra las
infecciones virales, en el control de la expresion y la movilidad de los transposones y,
en la regulacion de la expresién génica enddgena (Hannon, 2002). Evolutivamente
conservado desde las plantas hasta los mamiferos, fue originalmente identificado en
C. Elegans por Andrew Fire y Craig Mello, descubrimiento que les valié el Premio

Nobel de Fisiologia o Medicina en el afo 2006 (Fire et al., 1998; Elbashir et al., 2001).

A grandes rasgos, el RNAI se refiere al proceso por el cual moléculas de RNA de doble
hebra (dsRNA; double-stranded RNA), como miRNAs y siRNAs, silencian un gen diana
a través de la degradacién especifica del mRNA o del bloqueo de la traduccidn.
Concretamente, los genes que codifican los miRNAs son transcritos por la RNA
polimerasa Il generando los miRNA primarios (pri-miRNAs; primary miRNA) de entre
50 y 120 nucledtidos de largo (Lee et al., 2004). Entonces, y aun en el nucleo, los pri-
miRNAs son escindidos a precursor de miRNA (pre-miRNA; precursor-miRNA) por un
complejo multiproteico que incluye DGCR8 y la ribonucleasa Drosha (Lee et al.,
2003). Los pre-miRNAs son ahora reconocidos por la exportina 5 y transportados al
citoplasma, donde la endoribonucleasa Dicer y la proteina TRBP generan ya los
miRNAs maduros (Park et al., 2011), en otras palabras, moléculas de RNA de cadena
simple (ssRNA; single-stranded RNA) de aproximadamente 22 bases (Bartel, 2004).
Finalmente, el miRNA maduro es integrado al complejo silenciador inducido por RNA
(RISC; RNA-induced silencing complex) en una serie de pasos en que se incorporan las
proteinas Ago2, GW182 y FMRP (Im and Kenny, 2012), formando un complejo capaz

de reconocer e inhibir el mRNA diana. Segun el grado de complementariedad del
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MRNA diana con la hebra del miRNA, el silenciamiento puede ser por degradacién del

mRNA  (complementariedad

perfecta) o

represion de la  traduccién

(complementariedad imperfecta) (ver figura 20) (Humphreys et al., 2005).
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Figura 20. Representacion esquematica del mecanismo bioquimico
del RNAi. Brevemente, los genes que codifican para miRNAs son
transcritos a pri-miRNAs, escindidos por el complejo Drosha-DGCR8
a pre-miRNA vy traslocados al citosol por la exportina 5. En el
citoplasma celular, Dicer escinde el pre-miRNA formando el miRNA
funcional que es incorporado al RISC en una secuencia de eventos
regulados por Dicer, Ago2 y otras proteinas reguladoras.
Finalmente, el miRNA guia todo el complejo ribonucleoproteico al
mRNA diana por interaccion de complementariedad de bases
conduciendo a la desestabilizacion y represiéon de la traduccién o
provocando la degradacion del mRNA. La inhibicion de la expresion
génica puede ser manipulada externamente cuando una molécula
de siRNA sintético alcanza el compartimiento intracelular después
de su aplicacion. Adaptado de Bortolozzi et al., 2014.

La maquinaria que forma el sistema

RNAi puede ser manipulada
mediante la introduccion de siRNAs
exogenos, o mediante la

transfeccion de vectores que
codifican para RNAs cortos en
(shRNA;

horquilla short hairpin

RNA), asi como otros vectores
basados en miRNAs (ver figura 20)
(Brummelkamp et al., 2002;
Paddison et al., 2002; Silva et al.,
2005; Stegmeier et al., 2005; Gao
and Zhang, 2007; Boudreau et al.,
2011; Boudreau and Davidson,
2012). Por lo tanto, el RNAi puede
ser utilizado en neurociencia con
dos enfoques diferentes. En primer
lugar, el RNAi puede servir como
una herramienta biolégica para
entender el papel de los diferentes
genes candidatos que han sido
implicados en la neurobiologia de

los trastornos neuropsiquidtricos.

En segundo lugar, el RNAi puede ser utilizado como una herramienta terapéutica

para silenciar los genes diana en el proceso de la enfermedad. Sin embargo, a pesar

de su potencial terapéutico prometedor, la utilidad in vivo del RNAi esta limitada

principalmente por nuestra capacidad para introducir los siRNAs en el area de

interés, siendo este uno de los grandes desafios de |la presente Tesis.
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1.7.2. Consideraciones para el uso in vivo de siRNAs

Los siRNAs son moléculas de dsRNA sintéticas de 21-23 pares de bases disefiadas
especificamente para silenciar la expresién de genes diana. Estos dsRNAs son
procesados por la maquinaria RNAi enddogena después de ser introducidos en las
células (ver figura 20). A diferencia de los miRNAs, la hebra antisentido del siRNA
presenta una complementariedad de bases perfecta con el mRNA diana, de modo
gue provoca la degradacion del mRNA. Debido a que pueden silenciar de manera
eficiente y especifica la expresidn de genes, los siRNAs se convierten en herramientas
utiles para estudiar la funcién de genes individuales, tanto in vitro como in vivo, y
representan una nueva clase de terapia atractiva especialmente para pacientes con
trastornos cerebrales y otras enfermedades no tratables con la farmacologia

disponible (Ozcan et al., 2015).

A pesar de las ventajas que ofrecen los siRNAs para el tratamiento potencial de las
enfermedades cerebrales, ain quedan muchos retos por resolver, incluyendo: 1) los
efectos off-target, 2) la degradacion rapida de las moléculas de siRNAs, 3) la
generaciéon de respuesta inmune, 4) la captacidon celular in vivo limitada, y 5) la
selectividad celular. El disefio racional de secuencias de siRNAs, el desarrollo de
modelos predictivos basados en algoritmos de segunda generacién, la presencia de
modificaciones quimicas y la utilizacién de nanoportadores ofrecen oportunidades

significativas para superar algunos de los problemas anteriores.

Aunque los siRNAs estan disenados para reconocer una diana especifica, también
podrian silenciar a un nimero desconocido de genes no deseados. Estos efectos off-
target pueden ocurrir de dos maneras. Por un lado, los siRNAs pueden presentar una
complementariedad imperfecta con un mRNA, diferente a su diana, manteniendo la
capacidad de reprimir su traduccion (Snove et al., 2004). Los miRNAs reconocen sus
dianas principalmente por complementariedad de bases con sus regiones seed
(nucledtidos 2-8). La complementariedad con el resto de nucledtidos es menos
importante para el reconocimiento. Debido a que los siRNAs son practicamente
idénticos a los miRNAs, estos pueden reconocer otros mRNAs con su region seed

produciendo la represion de un nimero impredecible de mRNAs. Por otro lado, los
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siRNAs pueden introducirse en vias de miRNAs enddgenos y reprimir la expresidon de
uno o mas mRNAs por unidn con sus regiones 3’ no traducidas (3’UTR; 3’
untranslated region) (Doench et al., 2003). Se estan invirtiendo muchos esfuerzos,
incluyendo modificaciones quimicas de las secuencias de siRNAs y variaciones en su

disefio, para limitar el riesgo de efectos off-target sin reducir la potencia del siRNA.

En cuanto a la eficacia de los siRNAs, las primeras investigaciones mostraron que no
todos los siRNAs son equipotentes. Se describié que distintos siRNAs dirigidos a
diferentes regiones de la misma secuencia de mRNA tienen diferentes eficacias, y que
solamente una pequefia fraccion de los siRNAs son funcionales en células de
mamifero. Por ejemplo, entre diferentes siRNAs seleccionados aleatoriamente, se
observd que el 58-78% de estos inducen un silenciamiento con una eficacia superior
al 50% y que solo un 11-18% de ellos produce silenciamientos del orden del 90-95%
(Chalk et al., 2004). El disefio de la primera generaciéon de siRNAs validados se
focalizd en caracteristicas especificas del propio siRNA como el contenido en guanina-
citosina y la termolabilidad general, con poca o ninguna consideracidn respecto la
estructura del mRNA diana. Mas recientemente se han desarrollado nuevos
algoritmos de segunda generacién para el disefio de moléculas de siRNA teniendo en
cuenta ademas, la estructura del mRNA diana para maximizar la potencia de
silenciamiento de una region en particular (Rettig and Behlke, 2012; Ozcan et al.,

2015).

Por otra parte, se ha reportado que el mecanismo de RNAi esta implicado en la
respuesta inmune. Varios estudios han revelado que los siRNAs pueden activar la
inmunidad innata mediante la induccién de la expresion del interferdn, incluso a
dosis muy bajas (Judge et al., 2005; Robbins et al., 2008). La proteina quinasa R (PKR;
protein kinase R) y tres vias de sefializacion de receptores semejantes a toll (TLR; toll-
like receptors) pueden estar implicadas en la activacién inmunoldgica de los siRNAs,
independientemente de su secuencia. Ademas, la propia secuencia del siRNA puede
estimular la produccién de citoquinas proinflamatorias a través de la activacién de los
receptores TLR7 y TLR8. Algunas secuencias de oligonucleétidos como 5'-UGUGU-3’

(Judge et al., 2005) o 5'-GUCCUUCAA-3’ (Hornung et al., 2005) asi como el contendido
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en uridina de las secuencias de siRNAs han sido identificadas como inductoras
inmunoldgicas. Ciertas modificaciones quimicas en los siRNAs tales como las 2’-O-

metilaciones se usan para prevenir la activacion del sistema inmune.

Otros factores como la resistencia frente a la actividad enzimatica nucleasa, el tiempo
de vida media, la biodistribucién y la captacion celular son variables necesarias a
tener en cuenta para el disefio adecuado de siRNAs de uso terapéutico (Behlke, 2008;
Gaglioni and Messere, 2010). Concretamente, junto a la cinética de excrecidén rapida,
la susceptibilidad a la degradacién por nucleasas es un problema importante que
limita el tiempo de mida media de las moléculas de siRNA en plasma (Bartlett and
Davis, 2007; Volkov et al., 2009). Se han descrito algunas modificaciones quimicas
como la introduccion de fosfotionatos que protegen a los siRNAs de la degradacion
por nucleasas sin interferir con la eficiencia del siRNA. Ademas otras modificaciones
incluyen la conjugacién con ligandos hidrofébicos (por ej. colesterol) que junto a los
fosfotionatos aumentan la interaccidn de los siRNAs con las proteinas presentes en el
suero favoreciendo el tiempo de vida media (Braasch et al., 2004; Soutschek et al.,

2004; Behlke, 2008; Ozpolat et al., 2010).

Otro aspecto importante consiste en la captacion de los siRNAs por parte de las
células diana asi como la llegada a su lugar de accidn en el citosol o el nucleo (Juliano
et al., 2008). Se han documentado varias estrategias para dirigir los siRNAs hacia el
cerebro utilizando lipidos catidnicos, complejos poliméricos o endocitosis mediada
por anticuerpo (Song et al.,, 2005; Vornlocher, 2006; Ozpolat et al., 2010). Otra
estrategia es utilizar la endocitosis mediada por receptor/transportador para
favorecer la acumulacién selectiva de siRNAs conjugados en las células diana que
expresan el receptor/transportador de manera especifica y abundante en la
superficie celular (Juliano et al., 2008; articulos de la presente Tesis). El desarrollo y
caracterizacion de esta Ultima aproximacién tecnoldgica para dirigir in vivo las
moléculas de siRNAs hacia las neuronas monoaminérgicas, principalmente

serotoninérgicas, ha sido el trabajo central de la presente Tesis.
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1.7.3. Desarrollo preclinico de terapias antidepresivas basadas
en siRNAs
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Varios estudios preclinicos en modelos de roedores han sugerido la posibilidad de
regular la expresién de genes en las neuronas monoaminérgicas implicados en los
trastornos del estado de dnimo y cognitivos utilizando moléculas exdégenas de siRNA
(Shishkina et al., 2004; Thakker et al, 2004, 2005; Salahpour et al., 2007; articulos de
la presente Tesis). Algunos de estos genes, que codifican para los transportadores de
monoaminas (SERT, DAT, NET), son reguladores clave de la neurotransmision
dopaminérgica, noradrenérgica y serotoninérgica ya que controlan la fraccion activa
de estas monoaminas (detallado en los apartados 1.3 y 1.4). Estos transportadores
también estdn implicados en la fisiopatologia y el tratamiento farmacolégico de los
trastornos neuropsiquiatricos como el trastorno por déficit de atencidn con
hiperactividad, la dependencia a las drogas, la enfermedad de Parkinson y los
trastornos del estado de animo, incluyendo la ansiedad y la depresion. Como se ha
descrito anteriormente, los SSRI y los SNRI son tratamientos de primera eleccién para
el trastorno depresivo mayor, pero muestran limitaciones importantes en cuanto a la
eficacia y rapidez de accion (Trivedi et al., 2006a). Dado el papel clave de los
transportadores en el control de la neurotransmision de monoaminas en el cerebro,
los trabajos de Thakker y colaboradores (Takker et al., 2004, 2005) fueron pioneros al
silenciar los transportadores DAT y SERT utilizando RNAI in vivo. En estos estudios, la
administracion intracerebroventricular de siRNAs no modificados quimicamente
dirigidos contra DAT o SERT a 400 pg/dia durante dos semanas redujo
especificamente los niveles de los mMRNAs de DAT y SERT aproximadamente un 30%
en comparacion con el grupo control. Los ratones knockdown para SERT mostraron
respuestas antidepresivas similares al tratamiento con el SSRI citalopram en el FST
(Thakker et al., 2005). Ademas, la reduccion de la expresion de SERT fue similar a la
observada previamente en un estudio inicial usando plasmidos que contienen una
secuencia de oligonucledtido antisentido parcial contra el gen del SERT (reduccién del
28% observada 7 dias después de la infusion intra-DR del plasmido) (Fabre et al.,

2000).
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Otros estudios, han utilizado siRNAs para investigar el papel de genes clave
implicados en la fisiopatologia y tratamiento de la depresién en circuitos que no
estan directamente relacionados con la sefalizacion monoaminérgica. A
continuacion, se resumen algunas de estas dianas, que incluyen neuropéptidos,
receptores de glutamato y factores tréficos entre otros, algunos de los cuales carecen

de farmacologia adecuada.

Las dinorfinas son péptidos opioides endégenos que se sintetizan a partir de la
proteina precursora prodinorfina, la cual se cree participa en la regulacion de los
estados de animo negativos y la neuroplasticidad asociada con la adiccion (Carlezon
and Thomas, 2009). Asi la transfeccidn de un shRNA para silenciar la prodinorfina en
el NAc de rata redujo el comportamiento de tipo depresivo en el FST, aunque el
mismo tratamiento no alterd el comportamiento de tipo ansioso en el laberinto en
cruz elevado (EPM; elevated plus maze) (Cohen et al., 2014). La galanina es otro
neuropéptido implicado en la regulacién del estado de animo (Juhasz et al., 2014). Se
ha observado que ratones con sobreexpresién de galanina muestran un incremento
del tiempo de inmovilidad en el FST (Kuteeva et al., 2005). El silenciamiento mediante
siRNAs de los receptores de galanina 1 o 2 fue suficiente para prevenir el aumento
del tiempo de inmovilidad observado en el FST tras la administracion de galanina.

(Millén et al., 2014).

Dos intervenciones no farmacolodgicas para la depresion, la ECT y la DBS, estan
asociadas con un aumento de la liberacidon de adenosina y la estimulacién de los
receptores purinérgicos Al (Bekar et al., 2008; Sadek et al., 2011). Se ha observado
gue la administracion del agonista del receptor A1 CCPA conlleva efectos de tipo
antidepresivo en el FST. Por el contrario, los ratones knockout para este receptor
presentaron un fenotipo depresivo con incremento de la inmovilidad en el TST,
anhedonia en la prueba de preferencia por la sacarosa y mostraron resistencia al
efecto antidepresivo de la terapia por deprivacién del suefio evaluados en el FST y el
TST (Hines et al., 2013; Serchov et al., 2015). Por otro lado, se conoce que algunos
tratamientos antidepresivos incrementan la expresion de homerla en la mPFC de
ratén (Conti et al., 2007; Sun et al., 2011), proteina implicada en la etiologia de la

depresion (Rietschel et al., 2010). La administracién local de siRNAs para silenciar
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homerla en la mPFC de ratén aumentd el comportamiento de tipo depresivo en el
FST y evitd el efecto antidepresivo de la terapia por deprivaciéon del suefio y los
tratamientos con imipramina y ketamina asociados a la activacion del receptor Al

(Serchov et al., 2015).

Otra diana de interés en cogniciéon y el estado emocional es el receptor
metabotrdpico de glutamato 7 (mGlu7; metabotropic glutamate receptor 7) (Ohishi
et al., 1995; Kinoshita et al., 1998). Se ha sugerido que el receptor mGlu7 podria ser
clave en la modulacion de la respuesta sinaptica glutamatérgica y Ia
neurotransmision GABAérgica (Kinoshita et al., 1998; Kosinski et al., 1999). La
generacién del ratdn knockout o el silenciamiento mediante siRNAs contra el
receptor mGlu7 han indicado que participa en procesos tales como la ansiedad, el
miedo, la memoria espacial y la respuesta hormonal al estrés (Frendt et al., 2008;

O’Connor et al., 2010).

Del mismo modo, algunos sintomas de la depresidn pueden ser inducidos en seres
humanos bloqueando la enzima acetilcolinesterasa (AChE; acetylcholinesterase)
(Risch et al., 1981; Furey and Drevets, 2006; Mineur et al., 2013). Se ha observado
gue la infusion hipocampal de un shRNA contra la AChE utilizando un vector virico
induce comportamientos de tipo ansioso en el OF y en la caja luz-oscuridad (DLB;
dark-light box), como también de tipo depresivo en el TST y el FST, comportamientos

gue fueron revertidos por el SSRI fluoxetina (Mineur et al., 2013).

Se ha descrito disminucién de los niveles de BDNF en el HPC en victimas de suicidio y
pacientes con depresion (Dwivedi et al., 2003). Ademds, investigaciones preclinicas
mostraron una relacion directa entre la reduccion de la neurogénesis en el HPC y
comportamientos de tipo depresivo (Santarelli et al., 2003). Utilizando el mecanismo
de RNAi se confirmd que la reduccion in vivo la expresion de BDNF en regiones
especificas del HPC disminuye la diferenciacion neuronal, induce anhedonia en la
prueba de preferencia por la sacarosa y reduce el tiempo de inmovilidad en el FST
(Taliaz et al., 2010). Estos resultados respaldan la hipdtesis neurotréfica de la

depresion.
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Finalmente, otras dianas implicadas en depresién o en el desarrollo de nuevas
terapias antidepresivas son la fosfodiesterasa 4 (PDE4; phosphodiesterase 4) (Wang
et al., 2013) y la calcineurina (Mineur et al., 2014). Asi, la infusién de vectores virales
empaqguetados con un shRNA contra la PDE4 en la PFC de rata produjo efectos
antidepresivos en el FST y TST, asi como mejoras de la cognicion en laberinto de agua
de Morris similares a los producidos por el inhibidor prototipo de PDE4 rolipram.
También, el silenciamiento de calcineurina en la AMG de ratén mediante un shRNA
produjo incrementos del comportamiento de tipo ansioso en el EPM, DLB y OF, asi

como comportamientos de tipo depresivo en el FST.

En conjunto, todas estas investigaciones pueden facilitar el desarrollo de nuevos
enfoques para el tratamiento del trastorno depresivo y otras enfermedades

relacionadas mediante el silenciamiento génico inducido por RNA.i.
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Hipotesis y Objetivos

La hipdtesis de trabajo de la presente Tesis plantea que los niveles de expresion del
autoreceptor 5-HTis, el SERT y el canal de potasio TASK3 en las neuronas
serotoninérgicas podrian determinar la vulnerabilidad al estrés y por ende, la

susceptibilidad a la depresidn y/o respuesta antidepresiva en modelos murinos.

El objetivo principal es determinar las consecuencias moleculares, histoldgicas,
neuroquimicas y comportamentales asociadas a la modulacion post-transcripcional
de los genes 5-HT;5, SERT y TASK3 en las neuronas serotoninérgicas y, este ultimo,
también en las neuronas noradrenérgicas mediante la estrategia de RNAi. El
silenciamiento especifico de genes individuales en areas cerebrales concretas y/o
poblaciones neuronales selectivas contribuird a entender el rol funcional del gen en
estudio y permitird desarrollar nuevas terapias antidepresivas que superen las

limitaciones actuales.

Los objetivos concretos son:

1- Analizar la capacidad (o viabilidad) de disminuir el nivel de expresion de genes in
vivo localizados en neuronas monoaminérgicas utilizando moléculas de siRNAs
aplicadas localmente en dreas cerebrales, de modo intracerebroventricular, o

administradas por via intranasal.

2- Reducir in vivo la expresion del autoreceptor 5-HT;, localizado en los nucleos del
rafe de ratdn utilizando moléculas de siRNA sin modificar o conjugadas
guimicamente con un ligando que favorece el direccionamiento hacia las neuronas
serotoninérgicas. Examinar les consecuencias funcionales en una situacion de

estrés y analizar la potencialidad como estrategia antidepresiva.

3- Reducir in vivo la expresion del SERT en los nucleos del rafe de ratén utilizando
moléculas de siRNA sin modificar o conjugadas quimicamente para favorecer la
acumulacién en las neuronas serotoninérgicas. Examinar las consecuencias
funcionales sobre diferentes variables antidepresivas en ratones wild-type y en un
modelo murino de depresién asociado a estrés. Comparar los efectos

antidepresivos con aquellos inducidos por el tratamiento con el SSRI fluoxetina.

-85 -



Albert Ferrés Coy

-86 -

4- Reducir selectivamente la expresién del canal de potasio TASK3 en neuronas
serotoninérgicas o en neuronas noradrenérgicas utilizando una secuencia de
siRNA contra TASK3 conjugada quimicamente y administrada por via intranasal.
Estudiar los efectos funcionales sobre el sistema serotoninérgico o noradrenérgico

con el fin de evaluar su relevancia y potencial como diana antidepresiva.
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Materiales y Métodos

En esta seccidon se describen de modo general los materiales y métodos utilizados en
la presente tesis. Informacién mas detallada y especifica de los mismos se encuentra

en la seccion de materiales y métodos en los respectivos articulos de esta Tesis.

3.1. Animales

Se utilizaron ratones macho C57BI/6J entre 10 y 15 semanas de edad suministrados
por la empresa Charles River. En los trabajos 1 y 2 se utilizaron también ratones
knockout para el receptor 5-HT;4 procedentes de la Universidad de Princeton (Parks
et al., 1998) con el mismo fondo genético C57BI/6J. A partir de ellos, generamos una
colonia estable mantenida en el estabulario de la Facultad de Medicina de la

Universidad de Barcelona.

Los animales fueron estabulados en una habitacién con temperatura controlada (22 +
2 2C), con un ciclo de 12 horas de luz/oscuridad y acceso libre a comida y agua. El
cuidado y tratamiento de los animales se realizd segun las directrices éticas
habituales (regulacion europea L35/118/12/1986) y de conformidad con el comité de

ética de la Universidad de Barcelona.

3.2. siRNAs: sintesis y tratamiento

La sintesis y purificacion de los siRNAs (sin modificar o conjugados quimicamente) fue
efectuada por la compaiiia nLife Therapeutics S.L (Granada, Espafia) segln patente
PCT/EP2011/056270. En el caso de los siRNAs conjugados, la hebra sentido fue
modificada introduciendo un grupo amino en la posicién 5’-C6, y posteriormente se
llevé a cabo la condensacién con el grupo éster succinato de la sertralina o
reboxetina (sertralina/reboxetina-NH-CH2C(=0O)NH(CH2)5C0OO0-succinato). Las hebras
de oligonucleétidos conjugadas se purificaron por cromatografia liquida de alta
resolucion (HPLC; high-performance liquid chromatography) en fase reversa. Las
fracciones de oligonucledtidos de longitud correcta fueron desaladas, liofilizadas vy
caracterizadas por espectrometria de masas MALDI-TOF. Las cadenas
complementarias de oligonucledtidos fueron anilladas, purificadas utilizando HPLC y

finalmente, liofilizadas. La tabla 1 resume los siRNAs utilizados en los diferentes
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trabajos de la presente Tesis haciendo referencia al tipo de conjugacidén, secuencias

de las hebras sentido y antisentido, protocolo de administracion y dosis empleadas.

Tabla 1: secuencias de siRNAs

. . .. Hebra sentido SS Via de . .
siRNA Conjugacion . . / . .. Tratamientos Trabajo
antisentido AS administracion
1A-siRNA1 SS: CGAUACUGGCCUCUCCAACTT
AS: GGUGCUCAACAAGUGGACUTT Local/ 3 dosis: 0.18 0 0.7 -dia 12
0ca osis: 0. 0 U./ nmol-dia 0
: $5: GGUGCUCAACAAGUGGACUTT o -1
1A-siRNA2 . AS: AGUCCACUUGUUGAGCACCTT DR (25010 pg-dia’)
1A-siRNA3 Zi‘éﬁﬁ‘éﬁ‘éﬁﬁﬁﬁfc‘f,‘ii”uuc@‘;” i.cv./ 1 dosis: 2.1 nmol-dia™ 1
D3V (30 ug-dia™)
1A-sIRNA4 SS: CGAUGGAAGUUUAAACCUCTT
-si AS: GAGGUUUAAACUUCCAUCGTT
. 2 dosis: 0.7 nmol-dia™
C-1A-siRNA1 SS: CGAUACUGGCCUCUCCAACTT Local/ -l
AS: GGUGCUCAACAAGUGGACUTT DR (10 ug-dia™)
C-1A-siRNA2 $S: GGUGCUCAACAAGUGGACUTT . .
" ) AS: AGUCCACUUGUUGAGCACCTT ) 1 dosis: 2.1 nmol-dia
Sertralina i.cv./ (30 ug d|’a'1) 1
. SS: GGAAGAGUGUAGGGCUUACTT :
C-1A-siRNA3 AS: GUAAGCCCUACACUCUUCCTT D3V
. SS: CGAUGGAAGUUUAAACCUCTT 1 is: 2.1 .dia?
C-1A-siRNA4 AS: GAGGUUUAAACUUCCAUCGTT i.n. (33005';00 pgo-d7|'an'?)’10| dia
. $S: GCUAGCUACAACAAGUUCATT Local/ 2,407 dosis: 0.7 nmol-dia™
SERT-siRNA - AS: UGAACUUGUUGUAGCUAGCTT DR (10 |.lg-d|'arl) 3
. . $S: GCUAGCUACAACAAGUUCATT . 1,4 0 7 dosis: 2.1 nmol-dia™
C-SERT-siRNA Sertralina A% UGAACUUGUUGUAGCUAGCTT i.n. (30 pg-dia’) 4
. $S: CCGGGCUACCGUCCACACCTT Local/ 2 dosis: 0.7 nmol-dia™
TASK3-siRNA - AS: GGUGUGGACGGUAGCCCGGTT DRo LC (10 pg-dl’a'l) 5
. . $5: CCGGGCUACCGUCCACACCTT . 7 dosis: 2.1 0 5.3 nmol-dia™
Ser-TASK3-siRNA Sertralina AS: GEUGUGGACGGUAGCCCGGTT i.n. (30 0 75 pg-dia”) 5
q ’ $5: CCGGGCUACCGUCCACACCTT . 7 dosis: 5.3 nmol-dia™
Reb-TASK3-siRNA Reboxetina S GRS SR aaE T i.n. (75 pg-dia™) 5
2 is: 0.1 .
Local/ n’r:ocl’_;g?s 15:0.1800.7 1,2,3,
PRolLC (2.5 0 10 pg-dia™) 3
: $5: AGUACUGCUUACGAUACGGTT . :
NS-siRNA - AS: CCGUAUCGUAAGCAGUACUTT )
|.I§.3v\.// 1 dosis: 2.1 nmol-dia™ 1
(30 pg-dia™)
. qial
Local/ (th(j)ossla?a;?l)nmol dia 1
DR ug
. . $5: AGUACUGCUUACGAUACGGTT . 1 dosis: 2.1 nmol-dia™
C-NS-siRNA** Sertralina o N Y G i.cv./ (30 ug-dia’) 1
D3V
1 dosis: 2.1 nmol-dia™
i.n. g 1,4,5
tn (30 ug-dia™) '
. . $5: AGUACUGCUUACGAUACGGTT . 7 dosis: 5.3 nmol-dia™
Reb-NS-siRNA Reboxetina Ao CCOUAUCGUAAGCAGUACUTT i.n. (75 ug-dia’) 5
SS: CUACACAAAUCAGCGAUUU LOCHV 2 dosis: 0.7 nmoI-dl’a'l
B-Gal-128 - AS: GAUGUGUUUAGUCGCUAAA DR (10 pg-dl’a'l) 1
. Sertralina $5: AGUACUGCUUACGAUACGGTT i.C.V./ 1 dosis: 2.1 nmol-dl’a'l
Cy3-C-NS-siRNA o3 AS: CCGUAUCGUAAGCAGUACUTT D3V (30 ug-dl’arl)* 1
a Sertralina SS: AGUACUGCUUACGAUACGGTT . 4 dosis: 2.1 I'\I’\'10|'d|’a-1
A488-C-NS-siRNA** Alexa 488 AS: CCGUAUCGUAAGCAGUACUTT 1.n. (30 |.lg-d|'arl) 4,5
. Reboxetina SS: AGUACUGCUUACGAUACGGTT . 4 dosis: 2.1 nmol-dl’arl
A488-Reb-NS-siRNA Alexa 488 AS: CCGUAUCGUAAGCAGUACUTT L.n. (30 pg-dl’arl) 5
A488-NS-siRNA Alexa 488 SS: AGUACUGCUUACGAUACGGTT A 4 dosis: 2.1 nmol-dia™ -

AS: CCGUAUCGUAAGCAGUACUTT

(30 pg-dl’a'l)

1A-siRNA: siRNA contra el receptor 5-HT;s; SERT-siRNA: siRNA contra el SERT; TASK3-siRNA: siRNA contra el TASK3; NS-siRNA:
SiRNA sin homologia por ningiin mRNA; B-Gal-128: siRNA contra la B-galactosidasa; DR: nucleo del rafe dorsal; D3V: tercer
ventriculo dorsal; LC: locus ceruleo; i.c.v.: intracerebroventricular; i.n.: intranasal; *1A-siRNA(1-4) y C-1A-siRNA(1-4) fueron
administrados en combinaciéon a concentraciones equimolares y a la dosis total indicada en la tabla; **En el trabajo 5 la
conjugacion con sertralina esta descrita como Ser-NS-siRNA o A488-Ser-NS-siRNA
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Los siRNAs fueron administrados por infusidn intracerebral o por via intranasal. Para
la infusidn intracerebral, los ratones fueron anestesiados con pentobarbital (40
mg-kg?, intraperitoneal - i.p.) y sometidos a cirugia estereotaxica con el fin de
implantarles una microcanula capilar de silica con un didametro externo e interno de
110 y 40 um, respectivamente. Acorde con cada experimento, la microcanula fue
implantada en el DR (coordenadas en mm: anteroposterior-AP, -4.5; mediolateral-
ML, -1.0; dorsoventral-DV, -4.4 con un angulo lateral de 20 2C), en el LC (AP, -5.2; ML,
-0.9; DV, -3.5) o en el tercer ventriculo dorsal (D3V; dorsal third ventricle: AP, -2.0;
ML, O; DV, -2.1). Los siRNAs fueron disueltos en 1 o0 2.5 ul de liquido cefalorraquideo
artificial (aCSF; artificial cerebrospinal fluid: 125 mM NaCl, 2.5 mM KCI, 1.26 mM
CaCl,:2H,0 and 1.18 mM MgCl,-6H,0) segun fueron administrados intra-DR/LC o en
el D3V, respectivamente. La microinfusion se llevd a cabo 24 horas después de la
cirugia mediante una bomba de infusién (modelo WPI, SP220i) a 0.5 pl-min'1 en
animal despierto. En el caso de la administracién intranasal, los ratones fueron
anestesiados con isoflurano al 2% por inhalacién y colocados en posicion supina. Una
gota de 5 ul de siRNA disuelto en tampdn fosfato salino (PBS; phosphate-buffered
saline) fue aplicada alternativamente en cada narina. El volumen total administrado
fue de 10 pl para cada dosis. Para los diferentes tratamientos (intracerebral o
intranasal), los ratones recibieron una uUnica dosis de siRNA por dia. Un resumen de
los diferentes protocolos de administracion y dosis de siRNAs utilizados se detallan en

la tabla 1.

3.3. Tratamientos farmacologicos

Fluoxetina fue preparada en solucidn salina y administrada a 10 o 20 mg/kg/dia i.p.
una vez al dia. Los protocolos de administraciéon se resumen en la tabla 2. En el
trabajo 1, fluoxetina fue utilizada como control positivo de efecto antidepresivo en
los paradigmas comportamentales FST y TST. En los trabajos 3 y 4, fluoxetina fue
utilizada para comparar la eficacia de los tratamientos antidepresivos: silenciamiento

del mRNA de SERT con siRNAs en comparacion al bloqueo farmacoldégico del SERT.
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La funcién del autoreceptor 5-HT;a en ratones puede examinarse mediante la
evaluacién de la respuesta de hipotermia inducida por el agonista del receptor 5-HT 4
8-OH-DPAT (Martin et al., 1992). Para ello, los ratones fueron individualizados 20
minutos antes de la prueba. La temperatura rectal se midié usando una sonda y un
termometro digital. En primer lugar se tomaron dos medidas correspondientes a la
temperatura basal. A continuacién, los animales fueron tratados con 8-OH-DPAT (1
mg-kg™, i.p.) (ver tabla 2), momento a partir del cual se midié la temperatura rectal

cada 15 minutos durante 2 h.

Tabla 2: Tratamientos

Farmaco Tratamiento Trabajo
Fluoxetina Dosis Unica de 10 mg-kg"1 i.p. 1
Fluoxetina 4,7 0 15 dosis a 20 mg-kg ' i.p. durante 4, 7 0 15 dias 3
Fluoxetina 7 0 28 dosis a 10 mg-kg"1 i.p. durante 7 o 28 dias 4
8-OH-DPAT Dosis Unica de 1 mg-kg'1 i.p. 1,2

15 dias a 6.6 mg-kg'1 +3diasa 2.7 mg-kg’1+ 10031ldiasail.l

1, 4
mg-kg ~ via oral

Corticosterona

BrdU 4 dosis a 75 mg-kg ' i.p. cada 2 horas en un Unico dia 3,4

BrdU: bromodesoxiuridina; 8-OH-DPAT: 7-(dipropilamino)-5,6,7,8-tetrahidronaftalen-1-ol; i.p.: intraperitoneal

Los tratamientos agudos con farmacos en experimentos de microdialisis se describen

en apartado 3.7.

3.4. Modelos animales experimentales
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Modelo de depresion: en el trabajo 4 se utilizd el modelo de estrés asociado al
consumo crénico de corticosterona (Gourley et al., 2009). La corticosterona fue
disuelta en agua mineral comercial. La solucion de corticosterona (pH 7.0-7.4) fue
presentada a los animales en substitucidén al agua de bebida durante los dias y a las
concentraciones indicados en la tabla 2. Brevemente, los animales recibieron
corticosterona equivalente a una dosis diaria de 6.6 mg-kg™ durante 15 dias, seguido
de 2.7 mg-kg’ durante 3 dias y luego 1.1 mg/kg™ durante 10 o 31 dias hasta la

finalizacion del experimento. El tratamiento antidepresivo con fluoxetina o siRNAs se
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inicio el dia 22 post-exposicidn de corticosterona y se mantuvo durante 7 o 28 dias

hasta la finalizacidon del tratamiento.

Modelo de proliferacion celular: para la determinacion del nimero de células en fase
de mitosis se utilizé bromodesoxiuridina (BrdU; bromodeoxyuridine) como marcador
exogeno (Nowakowski et al., 1989). La BrdU es un nucledtido sintético andlogo a la
timidina que se incorpora al DNA durante el proceso de replicacion celular. En los
trabajos 3 y 4, BrdU fue disuelta en solucion salina y los ratones recibieron 4
inyecciones de BrdU a 75 mg-kg?, i.p. cada 2 h el dltimo dia de tratamiento con
fluoxetina o siRNA (ver tabla 2) (Santarelli et al., 2003). Los ratones fueron
sacrificados y su cerebro extraido y procesado para inmunohistoquimica (IHC;

immunohistochemistry) utilizando un anticuerpo contra la BrdU (ver apartado 3.6).

3.5. Métodos bioquimicos y moleculares

Determinacion de los niveles de corticosterona en plasma: éstos fueron analizados
al finalizar los diferentes tratamientos en el modelo de estrés crénico por consumo
de corticosterona. Las extracciones de sangre se efectuaron a la misma hora por
puncién cardiaca y usando citrato trisédico como anticoagulante. A continuacidn, se
obtuvo el plasma mediante centrifugacion (1000 g, 15 minutos) y se congeld a -802C.
La deteccién de los niveles de corticosterona se realizd por radioinmunoensayo
utilizando un kit comercial y un contador de particulas gamma para medir la

radioactividad en las muestras.

PCR cuantitativa: con el objetivo de cuantificar los niveles de mRNAs especificos en
diferentes areas cerebrales (trabajos 1 y 2), los ratones se sacrificaron y el cerebro
fue extraido y colocado sobre una placa metdlica enfriada con hielo. Secciones del
cerebro medio de 1 mm de espesor conteniendo el DR fueron diseccionadas usando
una matriz de cerebro de ratén. Inmediatamente, los tejidos fueron congelados en
hielo seco y almacenados a -802C. El RNA total se extrajo utilizando una solucién de
Trizol. Luego, se disolvié a una concentracién de 0.5 ug/ul en agua libre de RNasas.
Previo tratamiento con DNasas para eliminar los restos de DNA gendmico, se

procedid a la transcripcidn inversa para generar DNA a partir de los mRNAs. La PCR
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cuantitativa se realizo utilizando la tecnologia SYBR Green para medir la cantidad de
DNA inicial en tiempo real. Los cebadores utilizados se detallan en la tabla 3. La
cuantificacion se realizdo mediante el programa AbiPrism SDS 2.1 y los datos de cada
muestra se normalizaron con la cantidad del gen de referencia interna ciclofilina A.
Los resultados se expresan como el promedio + s.e.m. de la relaciéon unitaria en

comparacion al tratamiento control.

Tabla 3: cebadores

Gen o mRNA Cebador anverso Cebador reverso Trabajo
Ciclofilina A GATGAGAACTTCATCCTAAAGCATACA TCAGTCTTGGCAGTGCAGATAAA 1,2
5-HT;a CCGTGAGAGGAAGACAGTGAAGAC GTGAGAGGAAGACAGTGAAGAC 1,2
5-HTyg TCTCACCAACCTCTCCCACAAC GTCCGATACACCGTAGCGATTAC 1,2
SERT CTCATCTTCACCATTATCTACTTCAG CTCACCAGCAGGACAGAAAG 1,2
TNFa GCAGTCTGTGTCTGCTGGGAT CGCAGAACGGGATGAAGC 1,2
IFNy CCCACAGGTCCAGCGCCAAG CCCACCCCGAATCAGCAGCG 1,2
BAX AGCGAGTGTCTCCGGCGAATTG TCTGATCAGCTCGGGCACTTTAG 1

5-HT;a: receptor de serotonina 1A; 5-HTis: receptor de serotonina 1B; SERT: transportador de serotonina; TNFa: factor de
necrosis tumoral alfa; IFNy: interferén gamma; BAX: proteina X asociada a Bcl-2

Western blot: esta técnica se utilizd con el objetivo de cuantificar la proteina TASK3
en el trabajo 5. Los ratones fueron sacrificados y el cerebro extraido y colocado sobre
una placa metalica enfriada con hielo. Diferentes areas cerebrales incluyendo mPFC,
HPC, DR y LC fueron diseccionadas utilizando una matriz de ratén e inmediatamente
congeladas en hielo seco y almacenadas a -802C. Las diferentes areas fueron
homogenizadas y sonicadas para la extraccién de las proteinas totales utilizando un
tampodn de lisis (50 mM Tris-Base, 150 mM NaCl, 0.5% deoxicolato de sodio, 0.1%
SDS, 1% Tritdn X-100). Seguidamente, se cuantificaron las proteinas totales utilizando
el kit BCA y se anadidé el tampdn de carga Laemmli y el agente desnaturalizante B-
mercaptoetanol para la electroforesis. Se procedié a cargar 5 ug de cada extracto
proteico en un gel comercial de tris/glicina en gradiente de concentracion 4-20%.
Finalizada la electroforesis, las proteinas fueron transferidas a una membrana de
PVDF. Después, la membrana fue lavada, bloqueada con leche durante 2 h e

incubada con el anticuerpo primario durante 24 h a 42C (ver tabla 4).
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Tabla 4: Anticuerpos primarios utilizados en la Tesis

Anticuerpo Fabricante Referencia Dilucién Técnica Trabajo
anti-TASK3 Fabricaciéon propia - 1:500 WB 5
anti-p-actina Sigma-Aldrich A1978-200UL  1:4000 WB 5
1:100 IF 1
anti-TPH, Millipore AB1541 1:2500 IF 4,5
1:2000 IHC +ISH 5
anti-SERT ImmunoStar 24330 1:2500 IHC 3,4
anti-BrdU Roche 11170376001 1:600 IHC 3,4
anti-Ki-67 Abcam ab16667 1:5000 IHC 3,4,5
anti-NeuroD Santa Cruz sc-1084 1:200 IHC 3,4
anti-DCX Santa Cruz sc-8066 1:200 IHC 3,4,5
anti-NeuN Millipore MAB377 1:1000 IHC 3,4
anti-GFAP Dako 720334 1:1000 IHC 3,4,5
anti-IBA-1 Wako 019-197741 1:1000 IHC 3,4,5
anti-Rab5 Abcam ab18211 1:500 IF 4,5
anti-Rab7 Sigma-Aldrich R8779-200UL  1:2000 IF 4,5
1:12
anti-TH Abcam ab112 Lsogg :LC-HSH :

TASK3: canal de potasio sensor de acido semejante a TWIK “3”; TPH,: triptéfano hidroxilasa 2; SERT: transportador de
serotonina; BrdU: bromodesoxiuridina; DCX: doblecortina; GFAP: proteina 4acida fibrilar glial; Rab5; proteina semejante a Ras
“5”, Rab7; proteina semejante a Ras “7”; TH: tirosina hidroxilasa; IF: inmunofluorescencia; IHC (dip): inmunohistoquimica sobre
porta dipeado en emulsion fotografica; IHC: inmunohistoquimica; WB: western blot

A continuacién, la membrana fue incubada 1 h con el anticuerpo secundario
conjugado con la enzima peroxidasa a fin de detectar las proteinas mediante un
sistema de quimioluminiscencia basado en el luminol. Las bandas inmunoreactivas
detectadas fueron digitalizadas, analizadas y cuantificadas mediante densitometria
con el programa ImagelJ (1.49g) como soporte. La cantidad de proteina de interés en
cada una de las muestras fue normalizada en relacion a la cantidad del control
interno B-actina. Los resultados se expresan como el promedio t s.e.m. de la relacién

porcentual en comparacion al tratamiento control.
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3.6. Métodos histologicos

-98 -

Hibridacién in situ (ISH; in situ hybridization): en todos los trabajos se utilizé esta
técnica para determinar la eficacia y selectividad de los siRNAs para silenciar el mRNA
diana. Para ello, los ratones fueron sacrificados con una sobredosis de pentobarbital.
Inmediatamente después el cerebro fue extraido, congelado en hielo seco vy
almacenado a -802C. Secciones coronales de tejido cerebral de 14 um de espesor
fueron cortadas mediante un micrétomo de congelacién (Microm HM500 OM),
colocadas en portaobjetos tratados con 3-aminopropil-trietoxisilano y preservadas a -
209C. Las sondas de oligonucledtidos contra los mRNAs de interés fueron marcadas
en el extremo 3’ con **P-dATP mediante una enzima deoxinucleotidil transferasa
terminal. En la tabla 5 se indican las secuencias de las sondas de oligonucledtido

utilizadas en la presente Tesis.

Para el procedimiento de la ISH, los tejidos fueron fijados con paraformaldehido (PFA;
paraformaldehyde) al 4% vy tratados con la proteasa pronasa para facilitar la
accesibilidad de la sonda al mRNA de interés. A continuacién, los tejidos fueron
cubiertos con el tampodn de hibridacidon que contiene aproximadamente 1.5 nM de la
sonda de oligonucleétido radioactiva y fueron incubados en cajas humedecidas a
42°C durante 24 h. Después, las secciones hibridadas fueron lavadas y expuestas a

una pelicula fotografica durante 1-4 semanas.

A continuacioén, los autoradiogramas fueron analizados y la densidad dptica relativa
(ROD; relative optical density) en el area cerebral de interés fue obtenida utilizando
un analizador de imagenes asistido por ordenador (MCID). El fondo vy las
inespecificidades fueron sustraidas. Las RODs se evaluaron en dos o tres secciones
adyacentes por duplicado para cada ratdn y se promediaron para obtener los valores
individuales. El analizador se usé también para la obtencion de las imagenes en un
pseudocolor proporcional a las RODs. Las imagenes en blanco y negro fueron
tomadas en un microscopio Leica Wild 420 equipado con una camara Nikon
DXM1200F conectada al programa ACT-1. Los datos se expresan como el promedio +
s.e.m. de los porcentajes de las RODs en comparacién al grupo tratado con el

vehiculo.
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Geno . Bases mRNA .
enban ecuencia de las sondas , rabajo
mRNA GenBank S del d homologas Trab
CTGGGACGCTGTGGTGTTGTTGCCCTGGCCAAAACTGAACACATCCAT 1-48 1,2
5-HT;a NM 012585.1 CCTGTTCTCAGCACAGCGCCTCCAGTCCCCACTACCTGGCTGTCCGTT 763-810 1,2
a TCGGCGGCAGAACTTGCACTTGATTATCTTCTTAAAAGCGTTTTGAAA 1219-1266 1.2
’
5-HT;, NM 008308 TCAGCGGCAGAACTTGCACTTGATGATCTTCTTAAAAGCGTTTTGAAA 1780-1827 3.4,5
SERT NM 010484.1 GGGGGACGTGGAATGCAGCGTCCAGGTGATGTTGTCCTGGGCGAAGTA 820-863 3,4,5
TPH, NM 173391 GATATGAAGCATGTTGACATGTTTTTCCTGGAATAGTCTAAGTGCTTTCA 360-410 3,4
Ki-67 NM 001081117 GACCTTCCCCATCAGGGTCAGCACAGAAGCTATCTCTTGAGGCTCGCCTT 603-653 3
BDNF NM 007540 ACCCATGGGATTACACTTGGTCTCGTAGAAATACTGCTTCAGTTGGCCTT 1188-1238 3.4,5
VEGF NM 001025250 GTGCCCCCGTGCCCTGGCCTTGCTTGCTCCCCGGCAGGCAAAAGGACTTC 2217-2267 3' 4' 5
ARC NM 018790 AGCTCTGCTCTTCTTCACTGGTATGAATCACTGCTGGGGGCCAGGAGG 1990-2040 3,4,5
CREB NM 009952 ATTCAAAATTTTCCTGTAGGAAGGCCTCCTTGAAAGGATTTCCCTTCGTT 593-643 3
TrkB NM 001025074 CGTGCAGATGGCAGACCACAATTGGGTATCTGCAGGTTCGCCAGGGGCAT 1075-1124 4
PSD95 D50621 GGCCTGCACCAGGTAAGCTATTTGCACCGCGAGGATCAGT 76-120 4
Neuritina NM 153529 CACATATCTTTCGCCCCTTCCTGGCAATCCGTAAGAGCTG 408-448 4
TASK3 NM 001033876 GCACAGGGTTCTGCCGTATTTCCTGAGGAAGTACATGGCGTGGTGCCTCT 839-888 5
TASK1 NM 010608 CATCGTCCCTCCCGGGTCCTCGCCGGCCCTCCGGCGTCTCCGGCCGCGGE 101-150 5
TTATTGCTGCCACTATTTGCTGGATGAGTTCGTCCAGCTCGGTGGAGTTG 592-641 5
TCCACCTTCAGTTCGTGGGGAGATGTTTCCAAATCCTATGGTTGTGATAA 726-775 5
TREK1 NM_001159850 AGATGATACGAATCTTCGTCTGACTAACATTCCACTTAATAAATGTGTCT 889-938 5
ACCACAGGCTTGTAGAAGTCCAGATATTCAATGTCTGATCCACCTGCCAC 1082-1131 5
NET NM 009209 GTAACACAGTTGATGGAGCTGGTCAGTAGAGCATCCCTGTAACAGTTGTT 1210-1259 5
a, NM NC 000085 TCTCCCGGTTTTGCCTCCCGCGCCAGCGCGACGCTTTGGCGCCCCCGCCG 2137-2186 5

5-HT,a: receptor de serotonina 1A; SERT: transportador de serotonina; TPH,: triptéfano hidroxilasa 2; BDNF: factor neurotréfico
derivado del cerebro; VEGF: factor de crecimiento endotelial vascular; ARC: proteina asociada al citoesqueleto regulada por
actividad; CREB: proteina de unién a elemento de respuesta al cAMP; TrkB: receptor tropomiosina quinasa B; PSD95: proteina
de densidad postsinaptica 95; TASK3: canal de potasio sensor de dcido semejante a TWIK “3”; TASK1: canal de potasio sensor de
4cido semejante a TWIK “1”; TREK1: canal de potasio semejante a TWIK “1”; NET: transportador de noradrenalina; a,: receptor

o, adrenérgico

Autoradiografia de receptores y transportadores: esta técnica fue utilizada en los

trabajos 1, 2, 3 y 4 para evaluar los sitios de unién a los receptores 5-HT;a y 5-HTy5,

los transportadores SERT y NET asi como para examinar el acople funcional del

receptor 5-HTy, a la proteina G. En la tabla 6 se indican los radioligandos utilizados en

cada caso y las condiciones experimentales.
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Tabla 6: Experimentos de autoradiografia

Lavados en
Auto- Pre- 5 Ti
ut.o ; Radioligando . re .. Incubacion tar_npon |emp_o_(E|e Blanco Trabajo
radiografia incubacion enfriadoen  exposicion
hielo
3
H-8-OH- . ,
Tampodn A Tampén A . " 5-HT
5-HT;a DPAT T R 2 x5 min 60 dias S 1,2,3,4
(1 nM)
lZSI_
. ) Tampén B Tampdn B . , 5-HT
5-HT13 qanopmdolol 10 min 120 min 2 x 15 min 1 dia (10 HM) 1, 2
(0.1 nMm)
3 . 2 4 a
SERT H-citalopram ~ Tampon € TamponC ., 5 4 A5dias  fluoxetina -, 5 4
(1.5 nM) 15 min 60 min (1 um)
3 . . 7 , )
NET H-nisoxetina Tampo.n D Tampor.l D 3 %5 min 90 dias mazindol 3,4
(3 nM) 15 min 240 min (10 pm)
>-HTaa *S-GTPYS Tampén E Tampén E . , GTPYS
acoplado a . . 2 x 15 min 2 dias 3,4
) (0.04 nM) 30 min 120 min (10 uM)
proteina G

5-HT;a: receptor de serotonina 1A; 5-HTys: receptor de serotonina 1B; SERT: transportador de serotonina; NET: transportador de
noradrenalina; Tampdn A: Tris-HCl 170 mM, CaCl,4 mM, &cido ascérbico 0.01%, pargilina 10 pM, pH=7.6; Tampon B: Tris-HCl
170 mM, NaCl 150 mM, 8-OH-DPAT 100 nM, isoproterenol 30 nM, pH=7.4; Tampén C: Tris-HCl 50 mM, NaCl 120 mM, KCI 5 mM,
pH=7.6; Tampdn D: Tris-HCI 50 mM, NaCl 300 mM, KCI 5 mM, pH 7.4; Tampodn E: Tris-HCI 50 mM, EGTA 0.2 mM, MgCl,3mM,
NaCl 100 mM, DTT 1 mM, GDP 2 mM, adenosina desaminase 10 mU/ml, 8-OH-DPAT 10 uM, (WAY100635 10 uM)*, pH 7.7;
*afiadido al buffer solo en los tejidos para evaluar el blanco de actividad

Brevemente, los tejidos fueron preincubados e incubados a temperatura ambiente
con los tampones correspondientes y durante los tiempos indicados en la tabla 6.
Una vez lavados, para eliminar el exceso de radioligando no unido, los tejidos se
sumergieron en agua destilada helada y se secaron rapidamente bajo una corriente
de aire fria. Finalmente, los tejidos se expusieron a una pelicula fotografica junto con
microescalas estandares de *H o C. Los autoradiogramas obtenidos fueron
analizados del mismo modo descrito para la técnica de ISH, con la diferencia que el
equipo de analisis fue calibrado con los estandares de ’H o *c para obtener la

concentracién de proteina (fmol-mg™) a partir de las RODs.

Inmunohistoquimica: esta técnica fue utilizada en los trabajos 1, 3, 4 y 5 para
determinar la densidad de fibras inmunoreactivas al SERT o el recuento de células
positivas a ciertos marcadores. Los ratones fueron anestesiados con pentobarbital y
perfundidos durante 20 minutos con PFA 4% disuelto en PBS. Transcurrida la
perfusion, los cerebros fueron extraidos y post-fijados 24 h en PFA 4% a 49C. A
continuacion fueron sometidos a un gradiente de sacarosa 10-30% durante 3 dias a
49C. Finalmente los cerebros fueron congelados por inmersién en isopentano a -359C

y almacenados a -80°C. Se obtuvieron cortes coronales de tejido cerebral
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conteniendo bulbos olfatorios, HPC, AMG, DR/MR y LC de 30 um de espesor
utilizando un microtomo de congelacion. Las diferentes secciones fueron sumergidas
en una solucién de criopreservacion y almacenadas a -202C hasta su posterior uso. La
IHC se realizé con la técnica de flotacién libre (free-floating) colocando un solo tejido
por pocillo en placas de 48 pocillos. En primer lugar, se elimind la solucidon de
criopreservacién con sucesivos lavados de PBS y se inactivaron las peroxidasas
enddgenas con una solucién de H,0, al 1.5%. A continuacién, se realizaron lavados
con el detergente Tritdn al 0.2% disuelto en PBS para mantener las membranas
permeabilizadas y, se procedié a aplicar la solucion de bloqueo con suero de la
especie animal en que se sintetizé el anticuerpo secundario. Tras 2 h con la solucién
de bloqueo, se lavd y se afiadid el anticuerpo primario dejandolo durante 24 h
incubando a 429C. La tabla 4 muestra una relacién de los anticuerpos utilizados en la

presente Tesis asi como informacion relevante de los mismos.

Finalizados los lavados posteriores a la incubacién con el anticuerpo primario, los
tejidos se incubaron durante 1 h con el anticuerpo secundario conjugado con biotina,
seguido de otra incubacion de 1 h con una solucion de biotina y estreptavidina para
generar una amplificaciéon de la sefial permitiendo de este modo la deteccion de
proteinas con bajos niveles de expresion. Finalmente, después de varios lavados, el
revelado se realizd por incubacidén con una solucién de 3,3’-diaminobencidina (DAB;
3,3’-diaminobenzidine). A continuacién, los tejidos fueron montados sobre
portaobjetos tratados con gelatina utilizando el medio de montaje Entellan. Los
tejidos fueron visualizados y fotografiados con un microscopio Nikon Eclipse E1000
equipado con una camara Nikon DXM1200F conectada al el programa ACT-1. Las
imagenes fueron procesadas con Photoshop utilizando los mismos valores de
contraste y brillo. Los datos se expresan como el promedio + s.e.m. de la densidad de
fibras o niumero células inmunoreactivas en relacién absoluta o relativa porcentual al

tratamiento control.

Inmunofluorescencia (IF; immunofluorescence): esta técnica fue utilizada en los
trabajos 1, 4 y 5 para el estudio de la localizaciéon y distribucién cerebral de las

moléculas de siRNAs conjugadas. El procedimiento de obtencion de los cortes de
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tejido fue similar al detallado en el método de IHC. La IF se realizd en free-floating
colocando un solo tejido por pocillo en placas de 48 pocillos. Brevemente, tras
eliminar la solucién de criopreservacion con Tritén al 0.2% disuelto en PBS se aplico la
solucion de bloqueo con suero de la especie animal en que se sintetizo el anticuerpo
secundario. Tras 2 h de incubacién, se lavé y se afiadid el anticuerpo primario
dejandolo durante 24 h incubando a 429C (ver tabla 4). Una vez lavado el anticuerpo
primario, los tejidos se incubaron 1 h con el anticuerpo secundario conjugado al
fluorocromo Alexa555 (rojo) o Alexa 647 (lila). Los nucleos fueron visualizados con el
colorante DAPI o YOYO. Tras ser lavados, los tejidos fueron montados sobre
portaobjetos tratados con gelatina, secados y deshidratados. Los tejidos fueron
visualizados y fotografiados con un microscopio confocal Leica TCS SP5. Las imdagenes
fueron procesadas con Photoshop utilizando los mismos valores de contraste y brillo.
En el andlisis cuantitativo del trabajo 4 los datos se expresan como el promedio *
s.e.m. del nimero de células dobles positivas (TPH, y siRNA) segun la densidad

intracelular de siRNA.

Hibridacion in situ + inmunohistoquimica: en el trabajo 5, se utilizdo una combinacién
de técnicas de ISH y IHC para colocalizar el mRNA del canal de potasio TASK3 en tipos
celulares serotoninérgicos identificados con el marcador TPH, o noradrenérgicos
utilizando el marcador TH. Para ello, acabada la ISH contra el mMRNA de TASK3, las
secciones (14 um) hibridadas y montadas sobre portaobjetos fueron dipeadas en
emulsion fotografica y expuestas durante 2 semanas a 4°C. Tras el revelado, los
tejidos fueron sometidos a un protocolo de IHC como el descrito anteriormente
adaptando la dilucion del anticuerpo primario a la nueva condicién (ver tabla 4). Los
tejidos fueron visualizados y fotografiados con un microscopio Nikon Eclipse E1000
equipado con una camara Nikon DXM1200F conectada al el programa ACT-1. Las
imagenes fueron procesadas con Photoshop utilizando los mismos valores de
contraste y brillo. Los resultados se expresan como el promedio + s.e.m. del numero
de células dobles positivas (TASK3 y TPH, o TH) o de la densidad intracelular del
MRNA de TASK3 en células positivas para TPH, o TH expresado como porcentajes en

relacidn al grupo control.
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3.7. Métodos neuroquimicos

Microdialisis intracerebral: este procedimiento fue utilizado en los trabajos de la
presente Tesis para determinar las concentraciones extracelulares de los
neurotransmisores 5-HT, NE y DA en diferentes areas cerebrales. Para ello los ratones
fueron anestesiados con pentobarbital (40 mg-kg’, i.p.) y sometidos a cirugia
estereotaxica con el fin de implantarles una sonda de dialisis en las siguientes areas
cerebrales: mPFC (AP, 2.2; ML, -0.2; DV, -3.4), cuerpo estriado (AP, 0.5; ML, -1.7; DV, -
4.5) o HPC (AP,-3.0; ML, -3.0; DV, -4.0). Los experimentos se llevaron a cabo entre las
24 y 72 h posteriores a la cirugia en animal despierto y en libre movimiento. Durante
el experimento se perfundid aCSF a través de la sonda de dialisis mediante una
bomba de infusion de precision (modelo WPI, SP220i). Para la evaluacién de 5-HT, el
aCSF fue perfundido a 2 ul-min™ obteniendo muestras de dializado cada 30 minutos.
Cuando el experimento de microdialisis de 5-HT se llevd a cabo simultaneamente con
el paradigma comportamental TST, el aCSF fue perfundido a 5 pl-min'1 obteniendo
muestras cada 6 minutos. Para la determinacion de NE y DA, el aCSF fue perfundido a
1o01.64 pl-min’1 obteniendo muestras cada 35 o 20 minutos, respectivamente. La
concentracion de 5-HT, NE o DA fue determinada mediante HPLC (Hewlett Packard

1049) con deteccidn electroquimica a +0.6, +0.3 0 +0.75 V, respectivamente.

Con el fin de estudiar el efecto del silenciamiento de genes sobre la concentracion
extracelular de 5-HT, NE o DA en diferentes areas cerebrales, los farmacos fueron
administrados i.p. o bien de modo local por didlisis reversa a través de la sonda. La
tabla 7 muestra los farmacos utilizados en la presente Tesis detallando la via de
administracion y la concentracién. Los niveles basales de monoaminas fueron
calculados como el promedio de las cuatro muestras iniciales libres de farmacos, a
excepcion del experimento simultaneo de microdidlisis y TST en que se utilizaron de
siete a diez muestras basales. La verificacién de la correcta posicién de la sonda de
dialisis en el area cerebral de interés fue llevada a cabo mediante Ila tincidn de cresil
de violeta. Los resultados se expresan como el promedio * s.e.m de los niveles del
neurotransmisor en el dializado expresado como porcentaje respecto a los niveles

basales.
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Tabla 7: Farmacos utilizados en los experimentos de microdialisis

Concentracion

Dialisis Farmaco Mecanismo de accion Administracion /dosis Trabajo
Fluoxetina SSRI i.p. 20 mg-kg'1 1,2,3,5
Citalopram SSRI d.r. 1um 1,2,3,4,5
Citalopram SSRI d.r. 1-10-50 M 3,4

5-HT Sertralina SSRI i.p. 20 mg-kg™ 1
8-OH-DPAT Agonista 5-HT, i.p. 0.5 mg-kg'1 1,23,4
8-OH-DPAT Agonista 5-HT; i.p. 1 mg-kg'1 5
Veratridina Agente despolarizante d.r. 50 UM 3,5
Reboxetina NERI i.p 20 mg-kg™ 5

NE Clonidina Agonista a, i.p. 0.3 mg-kg'1 5
Desipramina TCA d.r. 1uM 5

DA BAYx3702 Agonista 5-HTq d.r. 3 uM 2

5-HT: serotonina; NE: noradrenalina; DA: dopamina; 8-OH-DPAT: 7-(dipropilamino)-5,6,7,8-tetrahidronaftalen-1-ol; SSRI:
inhibidor selectivo de la recaptaciéon de serotonina; NERI: inhibidor selectivo de la recaptacién de noradrenalina; TCA:
antidepresivo triciclico; i.p.: intraperitoneal; d.r.: didlisis reversa a través de la sonda

3.8. Métodos comportamentales
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Los ratones fueron evaluados entre las 10:00 a.m. y 15:00 p.m. y al menos 24 h
después de los tratamientos con fluoxetina o moléculas de siRNA. Aquellos animales
sometidos a mas de una prueba comportamental, se dejaron descansar entre 1y 2
dias entre las diferentes pruebas. El dia de la evaluacidon los animales fueron
transportados a la sala de comportamiento donde permanecieron 1 h antes de iniciar
la prueba. El experimentador que realizd las pruebas ignora el tratamiento que ha

recibido cada animal.

Campo abierto: esta prueba permite la evaluacién de la actividad motora del animal
en respuesta a un ambiente nuevo. Esta se realiz6 en una caja cuadrada abierta por
la parte superior de 35 x 35 x 40 cm iluminada indirectamente para evitar reflejos y
sombras. El suelo fue cubierto con una base de plastico, opaca e intercambiable,
reemplazada para cada animal. El tiempo de actividad y la distancia total recorrida
incluyendo movimientos rapidos (velocidad > 10.5 cm-s™*) y lentos (velocidad entre 3-
10.5 cm-s) fueron registrados de modo automatico durante 15 minutos utilizando
una camera conectada a un ordenador (Videotrack). Los resultados se expresan como
el promedio + s.e.m del tiempo de actividad en segundos vy la distancia recorrida en

cm.
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Prueba de preferencia por la sacarosa: este paradigma examina el consumo de
soluciones palatables, como por ejemplo, agua enriquecida con sacarosa. La
disminucion del consumo y la indiferencia o menor preferencia por el agua con
sacarosa es indicativa de anhedonia (pérdida de interés o satisfaccion) en roedores.
Durante la prueba, los ratones tuvieron libre acceso a dos botellas durante 8 horas,
una con solucién con sacarosa al 1% y otra con agua normal. La posicion de las
botellas en la jaula se cambid a las 4 h. El consumo de agua normal y de agua con
sacarosa fue registrado al final del experimento. El consumo de sacarosa fue
calculado como la cantidad de sacarosa consumida (mg) por gramo de peso corporal.
La preferencia para la sacarosa se calculdé como el porcentaje de solucidon con
sacarosa consumida respecto la cantidad total de liquido ingerido. El criterio de
anhedonia se considera cuando los valores de preferencia para la sacarosa bajan del

55%. Los resultados se expresan como el promedio + s.e.m.

Laberinto en cruz elevado: se trata de un laberinto con cuatro brazos de 16 x5 cm en
cruz que permite evaluar el comportamiento de tipo ansioso en los roedores. Dos de
los brazos estan cerrados y los otros dos permanecen abiertos. La prueba expone al
animal a un conflicto entre el miedo innato de los roedores a las areas abiertas
contra el deseo de explorar nuevos ambientes. Los ratones fueron colocados en la
zona central del laberinto enfrente de uno de los brazos abiertos. La prueba tuvo una
duracién de 5 minutos durante los cuales se registraron el numero de entradas en los
brazos abiertos y el tiempo de permanencia en ellos. Los resultados se expresan
como el promedio * s.e.m del porcentaje del tiempo de permanencia y del nimero

de entradas a los brazos abiertos en relacién al grupo control.

Test de enterramiento de canicas (MBT; marble burying test): esta prueba puede ser
usada como un indicador del comportamiento de tipo ansioso. Los ratones presentan
ciertos comportamientos caracteristicos de especie como es el hecho de excavar,
actividad muy sensible a lesiones hipocampales y farmacos que actian sobre el
sistema serotoninérgico (Deacon, 2006). Los ratones se colocaron individualmente en
cajas cuadradas de 25 x 25 cm iluminadas indirectamente para evitar reflejos y

sombras con 25 esferas de vidrio equidistantes sobre 5 cm de viruta fina de madera
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estéril. Transcurridos 30 minutos, el raton se devuelve a su jaula hogar y se
contabilizan aquellas esferas enterradas al menos en sus dos terceras partes con
viruta de madera. Los resultados se expresan como el promedio + s.e.m del valor

absoluto del numero de canicas enterradas.

Test de supresion de la ingesta por novedad: se trata de una prueba que permite
valorar el comportamiento de tipo ansioso en los ratones asi como evaluar la eficacia
de los tratamientos antidepresivos cronicos (Samuels and Hen, 2011). Este paradigma
comportamental se basa en un conflicto en el que compiten el impulso de comer y el
miedo a aventurarse hacia el centro de una caja iluminada. El aparato de NSFT
consiste en una caja de 35 x 35 cm fuertemente iluminada con el suelo cubierto por 2
cm de viruta de madera. 24 h antes de la prueba se retird toda la comida de la jaula
hogar. El dia de la prueba, un trozo de comida fue colocado sobre una plataforma de
papel blanco en el centro de la caja e iluminado con 1100 luxes. Durante la
realizacion de la prueba, el ratdon fue colocado en una esquina de la caja momento a
partir del cual se empezd a contar el tiempo. La variable principal que se registro es la
latencia a comer definida como el tiempo en segundos que el animal necesita para
morder un trozo de comida con la ayuda de las patas delanteras mientras esta
sentado sobre las traseras. Inmediatamente después, el animal fue trasladado a su
jaula y entorno habitual registrandose el tiempo de latencia a comer en su jaula asi
como la cantidad de alimento consumido durante 5 minutos. Ademas, cada raton fue
pesado al inicio de la deprivacion y antes de la prueba a fin de evaluar el porcentaje
de pérdida de peso. Todas estas variables secundarias (latencia a comer en su jaula,
alimento consumido y porcentaje de pérdida de peso) se evaluaron como control
interno del experimento. Los resultados se expresan como el promedio + s.e.m de la

variable principal de latencia en segundos y en un analisis de supervivencia.

Test de natacion forzada: descrito originalmente por Porsolt y colaboradores (Porsolt
et al., 1977), es un paradigma comportamental ampliamente utilizado para evaluar la
vulnerabilidad al estrés asi como para llevar a cabo un screening de farmacos
antidepresivos. En él, los roedores son forzados a nadar en un entorno confinado del

qgue instintivamente intentan escapar. Después de intentos fallidos, los animales



Materiales y Métodos

adoptan una postura flotante de inmovilidad, una actitud de desesperacién o de tipo
depresivo. Durante su realizacion, los ratones fueron introducidos en un cilindro
transparente de 15 cm de diametro, 30 cm de alto y 3.5 litros de agua a 252C un total
de 6 minutos, tiempo durante el cual se registré el tiempo de inmovilidad en
fracciones de 2 minutos. Los resultados se expresan como el promedio + s.e.m del
tiempo de inmovilidad en segundos de cada uno de los tres bloques de 2 minutos y

como el tiempo de inmovilidad total en segundos.

Test de suspension de la cola: del mismo modo que el FST, el TST se utiliza para
evaluar la vulnerabilidad al estrés asi como para llevar a cabo el screening de los
farmacos antidepresivos. Durante la prueba los animales inutilmente intentan
escapar de una situacion adversa hasta que experimentan desesperacién y se
inmovilizan. Durante la prueba, los ratones fueron suspendidos a 30 cm de una
superficie lisa no reflectante mediante wuna cinta adhesiva colocada
aproximadamente a 1 cm de la punta de la cola. La prueba tiene una duracion total
de 6 minutos durante los cuales se contabiliza el tiempo de inmovilidad. En los
trabajos 2 y 5, se registr6 de modo simultaneo la liberacién de 5-HT en la mPFC
durante la ejecucion del TST (ver apartado 3.7). Los resultados de TST se expresan

como el promedio * s.e.m del tiempo de inmovilidad en segundos.

3.9. Analisis estadistico

Los datos fueron analizados utilizando los programas estadisticos de GraphPad Prism
6.0 o STATISTICS. Los analisis estadisticos realizados incluyeron la prueba T de
Student y ANOVAs de una, dos vy tres vias seguidas por los post-hoc Newman-Keuls o
Tukey, segun fuera apropiado. En el NSFT se utilizd el andlisis de supervivencia de
Kaplan-Meier y el logrank (Mantel-Cox) para evaluar las diferencias entre los grupos
experimentales, debido a que los resultados no cumplian los criterios de una
distribucién normal (Samuels and Hen, 2011). El nivel de significacion se fijé en p <

0.05 (dos colas).
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4.1. Trabajo 1

Selective siRNA-mediated suppression of 5-HT,, autoreceptors evokes

strong anti-depressant-like effects

A Bortolozzi, A Castané, J Semakova, N Santana, G Alvarado, R Cortés, A Ferrés-Coy,

G Fernandez, MC Carmona, M Toth, JC Perales, A Montefeltro and F Artigas
Molecular Psychiatry. 2012 Jun; 17(6):612-623

La mayor parte de los farmacos antidepresivos prescritos, los SSRI, actian inhibiendo
el SERT. Esto conduce a incrementos de la concentracién extracelular del
neurotransmisor 5-HT que lleva a la activacién de los receptores serotoninérgicos
postsindpticos, entre ellos el receptor 5-HT,,, necesarios para la manifestacion de la
mejora clinica. Sin embargo, la activacion simultanea del autoreceptor 5-HTia
disminuye la actividad de las neuronas serotoninérgicas y la liberacion de 5-HT,
efecto contrario al deseado de un farmaco SSRI. Solo después de tratamientos
prolongados con SSRI en los que se desensibiliza este mecanismo de autoregulacién
inhibitorio junto a cambios neuroplasticos se obtiene la respuesta terapéutica. En
este trabajo presentamos una nueva estrategia antidepresiva basada en la
administracion aguda de siRNAs para suprimir el mecanismo de retroalimentacion
negativo mediado por el autoreceptor 5-HTia. En este trabajo se desarrollé una
molécula de siRNA contra el receptor 5-HT;5 (1A-siRNA) conjugada con sertralina (C-
1A-siRNA) para direccionar y concentrar las moléculas de siRNA en las neuronas
serotoninérgicas que expresan de modo abundante el SERT, por el que sertralina
tiene una elevada afinidad. Nuestras hipdtesis de trabajo fueron: 1) la conjugacién
con sertralina permitiria la acumulacién selectiva del siRNA en neuronas
serotoninérgicas y 2) el silenciamiento selectivo del autoreceptor 5-HTia
desencadenaria efectos antidepresivos debido al incremento del tono

serotoninérgico, preservando la actividad del receptor 5-HT14 postsindptico.
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Los resultados confirmaron que la administracion intracerebroventricular del C-1A-
siRNA en ratones no solo permitié la acumulacién selectiva de esta molécula en las
neuronas serotoninérgicas del DR, sino que ademas redujo la expresion y funcién del
autoreceptor 5-HT;a sin alterar la expresién/funcién del mismo receptor a nivel
postsindptico. Los ratones presentaron respuestas de tipo antidepresivo en el TST y el
FST, sin desencadenar comportamientos de ansiedad en el EPM. Ademas, la
administracion de C-1A-siRNA incrementé los niveles extracelulares de 5-HT
inducidos por el SSRI fluoxetina. Interesantemente, resultados similares se

obtuvieron después de la administracién intranasal del C-1A-siRNA.

Estos resultados constatan que el C-1A-siRNA tiene la capacidad de silenciar
selectivamente el autoreceptor 5-HTia in vivo, abriendo un extenso abanico de
posibilidades terapéuticas silenciando variantes alélicas de este receptor u otros
genes asociadas a resistencias farmacoldgicas y aproximando, por vez primera, la

tecnologia basada en RNAI a la terapia de las enfermedades neuropsiquiatricas.
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Selective siRNA-mediated suppression of 5-HTa
autoreceptors evokes strong anti-depressant-like effects

A Bortolozzi'##, A Castané'*#, J Semakova*®, N Santana'?® G Alvarado®, R Cortés'*®, A Ferrés-Coy'-®,
G Fernandez®, MC Carmona®, M Toth?, JC Perales*, A Montefeltro® and F Artigas'®

'Department of Neurochemistry and Neuropharmacology, BB - CSIC - IDIBAPS, Barcelona, Spain; ?Institut d'Investigacions
Biomediques August Fi i Sunyer (IDIBAPS), Barcelona, Spain; *Centro de Investigacion Biomédica en Red de Salud
Mental (CIBERSAM), Madrid, Spain; *Department of Physiological Sciences II, School of Medicine, Bellvitge, University

of Barcelona, Barcelona, Spain; Sn-Life Therapeutics, S.L., La Corufia, Spain; ®Centro de Investigacion Biomédica en Red de
Enfermedades Neurodegenerativas (CIBERNED), Madrid, Spain and 7 Department of Pharmacology, Weill Medical College,
Cornell University, New York, NY, USA

Depression is a major health problem worldwide. Most prescribed anti-depressants, the
selective serotonin reuptake inhibitors (SSRI) show limited efficacy and delayed onset of
action, partly due to the activation of somatodendritic 5-HT,s-autoreceptors by the excess
extracellular serotonin (5-HT) produced by SSRI in the raphe nuclei. Likewise, 5-HT, 4 receptor
(5-HT,.R) gene polymorphisms leading to high 5-HT,.-autoreceptor expression increase
depression susceptibility and decrease treatment response. In this study, we report on a new
treatment strategy based on the administration of small-interfering RNA (siRNA) to acutely
suppress 5-HT,,-autoreceptor-mediated negative feedback mechanisms. We developed a
conjugated siRNA {C-1A-siRNA) by covalently binding siRNA targeting 5-HT.. receptor mRNA
with the SSRI sertraline in order to concentrate it in serotonin axons, rich in serotonin
transporter (SERT) sites. The intracerebroventricular (i.c.v.) infusion of C-1A-siRNA to
mice resulted in its selective accumulation in serotonin neurons. This evoked marked
anti-depressant-like effects in the forced swim and tail suspension tests, but did not affect
anxiety-like behaviors in the elevated plus-maze. In parallel, C-1A-siRNA administration
markedly decreased 5-HT,,-autoreceptor expression and suppressed 8-OH-DPAT-induced
hypothermia (a pre-synaptic 5-HT..R effect in mice) without affecting post-synaptic 5-HT,.R
expression in hippocampus and prefrontal cortex. Moreover, i.c.v. C-1A-siRNA infusion
augmented the increase in extracellular serotonin evoked by fluoxetine in prefrontal cortex to
the level seen in 5-HT,.R knockout mice. Interestingly, intranasal C-1A-siRNA administration
produced the same effects, thus opening the way to the therapeutic use of C-1A-siRNA. Hence,
C-1A-siRNA represents a new approach to treat mood disorders as monotherapy or in
combination with SSRI.

Molecular Psychiatry (2012} 17, 612-623; deci:10.1038/mp.2011.92; published online 2 August 2011

Keywords: anti-depressant drug design; serotonin  neurons;

small-interfering RNA; 5-HT, 5 receptors

anxiety; major depression;

Introduction mechanisms in serotonergic axons, and thereby
increase extracellular 5-HT concentration to activate
post-synaptic 5-HT receptors (5-HT,,R) required for
clinical effects. However, this process is severely
compromised by the simultaneous activation
of somatodendritic 5-HT.s-autoreceptors in the mid-

brain raphe nuclei. 5-HT..-autoreceptor activation

Major depression is a severe and heterogeneous
psychiatric disease with high, increasing prevalence
and socio-economic impact.’® The serotonergic
system is implicated in the etiology and treatment of
mood disorders.* Most prescribed anti-depressants,

the selective serotonin (5-HT) reuptake inhibitors
(SSRI) and the dual 5-HT and norepinephrine
reuptake inhibitors block physiological reuptake

Correspondence: Professor F Artigas or Dr A Bortolozzi, Depart-
ment of Neurochemistry and Neuropharmacology, IBB-CSIC-
IDIBAPS, 08036 Barcelona, Spain.

E-mails: fapnqi@iibb.csic.es or abbngi@iibb.csic.es

*These authors contributed equally to this work.

Received 19 January 2011; revised 20 June 2011; accepted 21 June
2011; published online 2 August 2011

reduces serotonergic activity and forebrain 5-HT
release, an effect contrary to that required for
therapeutic response.**®

Hence, the limited clinical efficacy of 5-HT-enhan-
cing drugs and their delayed action are partly due to
this negative feedback mechanism. Upon chronic
treatment, 5-HT,,-autoreceptors desensitize, leading
to the recovery of serotonergic activity and 5-HT
release.®® Individuals with elevated density or
activity of 5-HT,s-autoreceptors are more susceptible
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to mood disorders and respond poorly to anti-
depressants.”®

5-HT,aR antagonists might thus be useful to
improve anti-depressant therapy by preventing the
5-HT,s-autoreceptor-mediated negative feedback.
However, the activation of post-synaptic 5-HT 4R is
a necessary step for anti-depressant effects,’ which
limits the usefulness of this strategy. Thus, unlike
the non-selective 5-HT,,R/B-adrenoceptor antagonist
pindolol**** [with a preferential action at 5-HT.a-
autoreceptors),’*** the selective 5-HT,,R antagonist
DU-125530 does not enhance clinical fluoxetine
effects (Scorza et al., in preparation).

In this study, we report on a new anti-depressant
strategy, based on the use of small-interfering RNA
(siRNA) targeted to serotonin neurons, to selectively
reduce the expression and function of pre-synaptic
(but not post-synaptic) 5-HT, s R. We have developed a
conjugated 5-HT; 4R siRNA (C-1A-siRNA) directed to
serotonin neurons, by covalently binding 5-HT,.R
siRNA molecules te the SSRI sertraline. Our working
hypotheses were: a)] the presence of sertraline would
allow the selective accumulation of C-1A-siRNA in
serotonin neurons and b) the selective 5-HT, s-auto-
receptor silencing would have anti-depressant effects
due to the increased signaling and preservation
of post-synaptic 5-HT, 4R activity.

Materials and methods

Animals

Male C57BL/6] mice (Charles River) and male homo-
zygous 5-HT, 4R knockout (1A-KO) mice on the same
background™ were used. Mice (10—15-week old) were
housed under controlled conditions (22+1°C; 12h
light/dark cycle) with food and water available
ad libitum. Animal procedures were conducted
in accordance with standard ethical guidelines
(European Union regulations 1L35/118/12/1986) and
approved by the local ethical committee.

siRNAs

Four unmodified siRNAs (nt: 633-651, 852-870,
1889-1907 and 2167-2185, GenBank accession
#NM_008308) targeting the 5-HT;,R (1A-siRNA1
to 1A-siRNA4) were chosen for in vive studies
and administered as a mixture, containing an equal
amount of each siRNA duplex. In addition, an
unrelated siRNA duplex with no homology to mouse
genome was used as negative control (nonsense
siRNA — ns-siRNA). All siRNAs, consisted of two
complementary 21-nucleotide RNA strand with
3'dTdT overhangs and were prepared according to
the manufacturer’s protocol (Ambion, Madrid, Spain).
Conjugated siRNA against 5-HT, 4R (C-1A-siRNA) and
conjugated nonsense siRNA (C-ns-siRNA) were
synthesized by nLife Therapeutics, S.L. (La Coruiia,
Spain) as described (International patent application
PCT/EP2011/056270). Each specific siRNA sequence
against 5-HT,,R (1A-siRNA1 to 1A-siRNA4) and
ns-siRNA was designed to carry a substitution in
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each 5-end strand (Figure 1a). Conjugated single-
strand oligonucleotides were purified by reverse-
phase high-performance liquid chromatography.
Fractions containing full-length oligonucleotides
were pooled, desalted, lyophilized and character-
ized by MALDI-TOF. Complementary strands were
annealed in an isotonic RNA-annealing buffer
(100mM potassium acetate, 30mm HEPES-KOH
pH=7.4, 2mM magnesium acetate), pre-incubated by
1min at 90°C, centrifuged for 15s and incubated 1h
at 37°C. Annealed products were high-performance
liquid chromatography purified and siRNA-contain-
ing fractions were lyophilized. Purity was > 92%.
Similarly to unmodified siRNAs, conjugated siRNAs
were used in vivo as a mixture consisting of an equal
amount of each G-1A-siRNA.

For experiments invelving localization of C-1A-
siRNA after intracerebroventricular (i.c.v.) infusion,
each C-1A-siRNA molecule was additionally bound
to biotin in the anti-sense strand. This was performed
by a biotinylation reaction of the conjugate’s OH-free
end in its terminal C18 spacer.

We used a second strategy to generate a construct
with a stronger stability against ribonucleases by the
standard phosporamidite chemistry™®*” as described
(International patent application PGT/EP2011/
056270). A sertraline-conjugated ns-oligonucleotide
(single-strand 18-mer oligonucleotide nonsense
sequence, with 2-O-methyl ribonucleotides at posi-
tions 1-3 and 16-18, and a DNA gap of 12
nuclecbases) was synthesized with a Gy3 label at 3/
attached by a phosphodiester linkage. This was
coupled to sertraline to examine the penetration into
serotonin neurons after i.c.v. infusion.

A siRNA targeting -galactosidase (B-Gal-128) bear-
ing a motif eliciting interferon production was also
used.?® Stock solutions of all siRNAs were prepared by
re-suspension of the lyophilized product in RNAse-
free water and stored at —20°C until use. siRNA
sequences are shown in Supplementary Table S1.

Treatments

Intracerebral siRNA infusion. Mice were anesthetized
(pentobarbital, 40mgkg *, i.p.) and silica capillary
microcannulae  (110pm-OD, 40pm-ID; Polymicro
Technologies, Madrid, Spain) were stereotaxically
implanted into dorsal raphe nucleus (DR; coordinates
in mm: anteroposterior-AP, -4.5; mediolateral-ML, -1.0;
dorsoventral-DV, -4.4; with a lateral angle of 20°) or in
dorsal third wventricle (D3V: AP, -2.0; ML, 0; DV,
-2.1).*" Some animals were also implanted with a
microdialysis probe in medial prefrontal cortex (mPFC)
(see below). siRNA microinfusion was performed
with a perfusion pump at 0.5plmin * 20-24h after
surgery in awake mice. siRNAs targeting 5-HT..R,
B-galactosidase or nonsense were prepared in artificial
cerebrospinal fluid (125mM NaCl, 2.5mMm KCl,
1.26 mM CaCl, and 1.18 mM MgCL, with 5% glucose)
and infused at doses of 10 or 30 pg of siRNA per mouse.
Intra-DR  siRNA infusion was repeated 24h later
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Figure 1 (a) Chemical structure of conjugated 5-HT,_.R-small-interfering RNA (siRNA) {C-1A-siRNA), C-1A-siRNA
construct comprising specific siRNA sequences directed against 5-HT, R with chemical conjugation in each 5-end strand.
The sense strand was amino-modified by performing a 5'-C6 amino modification end condensation with a succinimide active
ester of sertraline (sertraline-NH-CH2C(= O)NH{CH2)5C00-succinimide) making up the peptide linker of the conjugate
{(sertraline-NH-CH2C( = O)NH{CH2)5C00-sense strand-3'0H). A phosphoramidite derivative of 17,2'-didsoxyribose molecule
{dSpacer CE Phosphoramidite: &-0-Dimesthoxyirityl-1',2"-Dideoxyribose-3'-{{2-cyanocethyl)-(N.N-diisopropyl))phosphorami-
dite} and two phosphoramidite C18 spacer arms (Spacer Phosphoramidite 18: 18-O-Dimethoxytritylhexasthyleneglycol,
1-{{2-cyanoethyl)-(N.N-diisopropyl)) phosphoramidite) were covalently coupled to the complementary antisense strand by
phosphodiester linkages. {b) Selective accurnulation of C-1A-siRNA in raphe serotonin neurons. Mice received a single
intracerebroventricular infusion of vehicle or biotin-labeled C-1A-siRNA (30 pg) into the dorsal third ventricle, and were
killed 48h post-administration (n=23 mice per group). Laser confocal images of TPH-immunoreactive serctonin neurons
{blue) showing the immumne-localized biotin-labeled C-1A-siRNA (red). Right-hand panels are high-magnification
photomicrographs of the frames in the leff. Scale bars: white =60 pm., yellow =25 pm.

C-1A-siRNA

(1-pl aliquots; two administrations in total), while i.c.v. Intranasal siIRNA  administration. Pentobarbital-
infusion was performed only once into the D3V (2.5-ul  anesthetized mice were positioned lying on their
aliquots). Controls and 1A-KO mice received aCSF. backs. Phosphate buffered saline (PBS) or conjugated
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siRNAs (C-ns-siRNA and C-1A-siRNA prepared in
PBS) were slowly dropped alternatively into each
nostril with a micropipette tip in 5-ul aliquots. Total
administered doses were 30 or 100 pg of conjugated
siRNAs.

RNA isolation and quantitative RT-PCR analysis
After 24—48h the last administration of vehicle or
siRNA, mice were killed and brains were removed.
Midbrain sections containing the raphe nuclei (1-mm
thick) were dissected out using a Meouse Brain Matrix
(Ted Pella, Madrid, Spain), quickly frozen on dry
ice and stored at —80°C. Total RNA was isolated
with Trizol solution (Invitrogen, Barcelona, Spain).
Complementary DNA synthesis was performed using
Retro-tools two step kits (Biotools B & M labs SA,
Madrid, Spain). Quantitative RT-PCR (7900HT Fast
Real-Time PCR System, Applied Biosystems, Madrid,
Spain) was performed using Power SYBR Green PCR
Master Mix (Applied Biosystems) in 20l of reaction
mix. Gycle threshold values were calculated using
AbiPrism SDS 2.1 software (Applied Biosystems).
Data were normalized to the amount of cyclophilinA
cDNA. Results were expressed as the unitary ratio
versus vehicle controls. Primer sequences are given in
Supplementary Table 51.

Tissue preparation for in situ hybridization and
receptor autoradiography

Mice were killed by pentobarbital overdose and the
brains rapidly removed, frozen on dry ice and stored
at —20°C. Tissue sections, 14-pm thick, were cut
using a microtome-cryostat (HM500 OM, Microm,
Walldorf, Germany), thaw-mounted onto 3-amino-
propyliriethoxysilane-coated slides (Sigma-Aldrich,
Madrid, Spain) and kept at —20°C until use.

In situ hybridization

For 5-HT,;,R mRNA, three oligonucleotides were
used simultaneously, complementary to bases: 1-48,
763-810 and 1219-1266 (GenBank accession
#NM_012585). These probes were synthesized with
a 380 Applied Biosystem DNA synthesizer. Labeling
of the probes and in situ hybridization procedures
were carried out as described previously.?*** Hybri-
dized sections were exposed to Biomax MR film
(Kodak, Sigma-Aldrich, Madrid, Spain) for 2—3 weeks
with intensifying screens.

Receptor autoradiography

The autoradiographic binding assays for 5-HT,,
and 5-HT.z receptors and serotonin transporter
(SERT)****** were performed using the following
radioligands: (a) [*H]-8-OH-DPAT (233 Cimmol ),
(b) [***I]-cyanopindolol (2200 Cimmol ') and (c) [*H]-
citalopram (70 Cimmel '), respectively (Amersham-
GE Healthcare, Barcelona, Spain and Perkin-Elmer,
Madrid, Spain). 8-OH-DPAT, isoproterenol, pargyline
and 5-HT were from Sigma-Aldrich, and fluoxetine
was from Tocris. Experimental conditions are sum-
marized in Supplementary Table 52. Tissues were
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exposed to Biomax MR film (Kodak) together with
*H-Microscales standards (Amersham-GE Health-
care). All experimental and control brains within a
group were processed in duplicate and exposed to
films as a batch.

Films were analyzed by microdensitometry using a
computer-assisted image analyzer (AIS, Imaging
Research, St Catherines, Ontario, Canada). 5-HT.,R
mRNA and 5-HT.z binding sites in selected brain
regions were measured in the respective autoradio-
grams to obtain relative optical densities. For 5-HT, 4R
and SERT binding, the system was calibrated with
*H-Microscales standards to obtain fmol mg * protein
equivalents from relative optical densities data. AIS
system was also used to acquire pseudocolor images.
Black and white photographs were taken from
autoradiograms using a Wild 420 microscope
(Leica, Heerbrugg, Germany) equipped with a Nikon
DXM1200 F digital camera and ACT-1 Nikon soft-
ware, Soft Imaging System Gmbh, Miinster, Germany.
Images were processed with Photoshop (Adobe
Systems, Mountain View) by using identical values
for contrast and brightness.

Immunohistochemistry

Animals were killed by a pentobarbital overdose and
perfused with 4% paraformaldehyde in sodium-
phosphate buffer (pH=7.4). Brains were dissected,
post-fixed 24 h at 4°C in the same solution and then
placed in 30% sucrose in PBS for 3 days at 4°C. After
cryopreservation, brains were embedded with gelatin,
frozen and sectioned in a cryostat (30 um coronal).
Free-floating sections were washed and permeabi-
lized with PBS-Triton 0.3%, blocked with BlockAid
(Invitrogen) plus 0.3% Triton for 2h at 23°C and
then incubated with NeutrAvidin (Invitrogen)
0.0125mgml * in blocking solution (1h, 23°C).
Sections were than washed and incubated overnight
(4°C) with biotinylated rabbit anti-donkey antibody
(Abcam, Madrid, Spain) diluted 1:200, washed and
incubated (2h, 23°C) with Cy3-conjugated donkey
anti-rabbit antibody (Rockland, Barcelona, Spain)
diluted 1:200 in blocking solution. This was followed
by additional blocking with 10% donkey serum
(Sigma-Aldrich) in PBS-Triton 0.3%, 1h, 23°C and
overnight incubation with anti-tryptophan hydroxy-
lase antibody (1:100; Chemicon-Millipore, Billerica,
MA, USA) diluted in 3% of donkey serum in PBS-
Triton 0.3%. Excess of primary antibody was washed
and sections were incubated 2h, 23°C with Alexa-
Fluor 647-conjugated donkey anti-sheep antibody
(Invitrogen) diluted 1:200 and YOYO-1 (Invitrogen)
diluted 1:5000 in 3% of donkey serum in PBS-Triton
0.3%. Finally, sections were mounted with Mowiol
(Calbiochem, San Diego, CA, USA). Samples were
analyzed using a Leica spectral confocal microscope;
(Wetzlar, Germany) data were sequentially collected
from each channel, merged by Leica Confocal Soft-
ware (Wetzlar, Germany] and 3D projections (max-
imal, average and transparent] were made from
z-series. Pictures were generated using Photoshop.
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Intracerebral microdialysis

Extracellular 5-HT concentration was measured by in
viva microdialysis as previously described.” Briefly,
one concentric dialysis probe (cuprophan; 1 mm-long)
was implanted in mPFC (AP, 2.2; ML, -0.2; DV, -3.4)*°
of pentobarbital-anaesthetized mice. Experiments
were performed 48-72h after surgery. To assess 8-
OH-DPAT effects on extracellular 5-HT, 1 uM citalo-
pram (SSRIL; Lundbeck A/S, Valby, Copenhagen) was
added to artificial cerebrospinal fluid.*® The artificial
cerebrospinal fluid was pumped at 2.0 ulmin * (WPI
model sp220i) and 30-min samples were collected.
5-HT concentrations were analyzed by high-perfor-
mance liquid chromatography-amperometric detec-
tion (Hewlett-Packard 1049; + 0.8V, Palo Alto, CA,
USA) with detection limits of 1.5fmolsample ™.
Baseline 5-HT levels were calculated as the average
of the four pre-drug samples. Correct probe placement
was verified using cresyl-violet staining.

Behavioral and physiological assessments

Mice were tested at 24-72 h after treatments. Elevated
plus-maze (EPM) and tail suspension tests (TST) were
always conducted in this order, with 1 day between
tests. All tests were performed between 1000 and
1500 hours. On test days, animals were transported to
the dimly illuminated behavioral laboratory and were
left undisturbed for at least 1h before testing.

8-OH-DPAT-induced hypothermiu. Body temperature
was measured intrarectally using a lubricated probe
inserted ~2cm and a digital thermometer (AZ9882,
Panlab, Barcelona, Spain). Mice were singly housed
in clean cages for 20min before measurements, and
then two baseline temperature measurements were
taken. After 10min, animals received 8-OH-DPAT
1mgkg ' i.p., and body temperature was recorded
every 15 min for a total of 120 min. Data are presented
as a change from the final baseline measurement.

Elevated plus maze. The EPM was performed using a
cross maze with 16 x 5cm arms illuminated from the
top (100lux). Mice were placed in the central area,
facing one of the open arms and the time and number of
entries into open and closed arms in 5min were
recorded (video camera systemn, Smart, Panlab).

Resultados

Results were expressed as the percentage of time and
number of entries into the open arms.

Tail suspension test. Mice were suspended 30cm
above the bench by adhesive tape placed approxi-
mately 1em from the tip of the tail. Mice were
monitored and recorded using a video camera system
(Smart, Panlab), and the time spent immobile was
recorded for 6 min.

Forced swim test (FST). Mice were individually
placed into a clear cylinder (15cm diameter, 30 cm
height) containing 20cm of water maintained at
24-25°C, essentially as described by Porsolt et al®®
In this test, time of immobility was scored in
2-mm bins for a total of 6 min using a video camera
systern (Smart, Panlab).

Statistical analysis

Data are expressed as meansts.e.m. Data were
analyzed with Student’s t-test, one- or two-way
analysis of variance, as appropriate, followed by
post-hoc test (Newman—Keuls). The level of signifi-
cance was set at P < 0.05 (two tailed).

Results

Selective silencing of 3-HT,,-autoreceptor expression
The potential of siRNA-based gene silencing in vivo has
been limited by the lack of safe delivery to specific
target cells.?” Previously,®® we established that local
infusion of four siRNA sequences directed toward 5-
HT.sR (1A-siRNA) into the mice DR reduced 5-HT. .-
autoreceptor expression and function without affecting
post-synaptic 5-HT,,R, evoking a robust and rapid anti-
depressant-like effect. We therefore used the same 1A-
siRNA sequences to construct C-1A-siRNA. Sense and
antisense strands were chemically conjugated in each
5-end strand, whereas the sense strand was covalently
bound to the SSRI-sertraline (Figure 1a). This mod-
ification was intended to direct C-1A-siRNA molecules
to 5-HT axons, extremely rich in axonal varicosities
(>10° per mm?®),”* expressing SERT, for which
sertraline shows very high affinity (Ki=0.29nM,
http://kidb.case.edu/pdsp.php).

4

Figure 2 Selective 5-HT,,-autoreceptor silencing by intracerebroventricular infusion of C-1A-small-interfering RNA
(siRNA). (a) Representative coronal brain sections showing the C-1A-siRNA-induced reduction of 5-HT,.R expression in
raphe nuclei assessed by in sifu hybridization and [PH]-8-OH-DPAT binding. (b) Representative coronal brain sections
showing [*H]-8-OH-DPAT binding to 5-HT,,R in medial prefrontal cortex (mPFC) and hippocampus (HPC). Scale bars:
white = 2 mm, black=500 pm. (¢) Effect of C-1A-siRNA (30 pg) on 5-HT, 4R mRNA and binding in dorsal raphe nucleus (DR)
(n=3-5). One-way analysis of variance revealed a group effect on 5-HT, ,R mRNA (F,,s=7.15, P<0.01) and 5-HT,, R binding
(Fy12=5.04, P<0.05). *P<0.05, **P<0.01 versus the rest of experimental groups. (d) Post-synaptic 5-HT,,R binding in
mPFC and HPC was not affected by any treatment (n=3-4). (e] The 5-HT14R agonist, 8-OH-DPAT (1 mgkg™, i.p.) reduced
body temperature in vehicle and conjugated nonsense siRNA (C-ns-siRNA), but not in C-1A-siRNA and 1A-KO mice.
Pretreatment (3h) with sertraline (20mgkg™", i.p.) blocked C-1A-siRNA (30pg) effect on 5-HT,.-autoreceptor silencing
(n=5-8). One-way analysis of variance, Fsz1=25.35, P<0.001. (f) 8-OH-DPAT (0.5mgkg™", i.p.) decreased extracellular
serotonin in controls, but not in C-1A-siRNA and 1A-KO groups. Pretreatment (3h) with sertraline (20mgkg™, i.p.)
prevented the effect of C-1A-siRNA (n=5-8, F,::=15.74, P<0.001), ***P<0.001 versus control groups, **P<0.001 versus
C-1A- siRNA. Values are mean + s.e.m.
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After 48 h stereotaxic infusion in the D3V (30 pg per
mouse, as in receptor expression and functional
experiments; see below), the C-1A-siRNA construct
was detected in midbrain serctonergic neuropil, rich
in dendrites and initial axonal segments (Figure 1b,
Supplementary Figure 51). In contrast, G-1A-siRNA
was undetectable in dorsal hippocampal neurons,
located much closer to the infusion site (Supple-
mentary Figure 52). Additional experiments using a
Cy3-coupled, sertraline-conjugated -18-mer oligonu-
cleotide (see Material and methods) showed that 24 h
after its infusion into the D3 V (30 pg), the Cy3-labeled
oligonucleotide was found in the cytoplasm of TPH-
positive midbrain serotonin neurons (Supplementary
Figure 53).

Next, we evaluated whether the i.c.v. infusion of
C-1A-siRNA could selectively silence the 5-HT,.R
gene in 5-HT neurons, as observed after local infusion
of unmodified 1A-siRNA.*® Mice were stereotaxically
injected into D3V with: (a) vehicle, (b) unmodified
nonsense siRNA (ns-siRNA), (c¢) unmodified 1A-
siRNA, (d) C-ns-siRNA or (e) C-1A-siRNA (30 pg of
each siRNA). Histological examination at 1-3 days
post-administration revealed that 5-HT; R mRNA and
binding densities were significantly decreased in the
dorsal (40% versus control) and median raphe (30%)
nuclei of C-1A-siRNA-treated mice (Figure 2a, ¢ and
Supplementary Figure 54).

A similar decrease was produced by intra-DR infu-
sion of the same unmodified 1A-siRNA sequences
(Supplementary Figure S5). Likewise, local 1A-siRNA
and C-1A-siRNA infusion reduced comparably 5-HT. 4R
binding density in the DR (Supplementary Figure S8),
indicating that serfraline conjugation did not alter
1A-siRNA capacity to knockdown 5-HT, 5R.

In contrast, C-1A-siRNA infusion into D3V did
not affect post-synaptic 5-HT,,R density in forebrain
(Figure 2b, d and Supplementary Figure S7a), nor that
of other genes expressed by 5-HT neurons (SERT and
5-HT,gR) of the same mice (Figure 3a—c). Likewise,
C-1A-siRNA sequences did not upregulate inflamma-
tory cytokines (tumor necrosis factor o and interferon-
v) or apoptotic genes (BAX), while the immunosti-
mulatory activity of B-galactosidase-siRNA sequence
(used as positive control) dramatically increased
tumor necrosis factor « and interferon-y expression
(Figure 3d-f), indicating that 5-HT,s-autoreceptor
silencing was specifically mediated by an RNA
interference (RNAi) mechanism.

Effects of C-1A-siRNA on serotonergic function

The physiological consequences of 5-HT. s-autorecep-
tor silencing were examined using the hypothermia
response induced by the selective 5-HT.4R agonist,
8-OH-DPAT, an effect mediated exclusively by pre-
synaptic 5-HT,,R in mice.*® C-1A-siRNA-treated
mice did not shew hypothermia, nor did constitutive
5-HT. R knockout mice (1A-KO), while control
groups displayed the expected hypothermic response
(Figure 2e, Supplementary Figure S8a). We next
investigated the consequences of 5-HT. s-autoreceptor
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knockdown on serotonergic function. Baseline
extracellular 5-HT concentration in mPFC did not
differ among experimental groups (Supplementary
Table S3). However, 8-OH-DPAT administration
(0.5 mgkg *, i.p.) reduced extracellular 5-HT concen-
tration in mPFC of vehicle (56% of baseline) and
C-ns-siRNA-treated mice (60%), but not in C-1A-
siRNA-treated (88%) and 1A-KO mice (99%) (Figure
2f, Supplementary Figure 58b).

To assess the involvement of SERT as a gate for the
accumulation of C-1A-siRNA in 5-HT neurons, mice
were pretreated with sertraline (20mgkg *, i.p.; 3h
before the i.c.v. C-1A-siRNA infusion). These mice
displayed the fall in 5-HT release and body tempera-
ture as did controls, whereas those treated with G-1A-
siRNA alone did not respond to 8-CH-DPAT in both
experimental approaches (Figure 2e-f, Supplementary
Figure 58). This indicates that C-1A-siRNA requires
functional SERT sites to silence 5-HT,s-autoreceptor
expression.

C-1A-siRNA evokes anti-depressant-like responses

To explore the behavioral effects of 5-HT,s-auto-
receptor knockdown, we examined the anti-
depressant- and anxiety-like responses using the
FST, tail suspension test (TST) and EPM paradigm.
Mice infused with C-1A-siRNA (30 pg) into the D3V
displayed a marked reduction of immobility time in
FST compared with controls (Figure 4a). Moreover,
C-1A-siRNA-treated mice showed a significantly
lower immobility than contrels in the TST, as did
1A-KO mice (Figure 4b). A quantitative difference
between both groups was noted, likely due to the
partial knockdown of 5-HT, 4-autoreceptors in G-1A-
siRNA-treated mice and total absence in 1A-KQO mice.
Fluoxetine administration (10mgkg *, i.p.), used as a
positive control, also reduced immobility in the FST
and TST (Figure 4a and b). In contrast, control and
C-1A-siRNA-treated mice behaved comparably in the
EPM, with equal number of entries and time spent in
the open arms. 1A-KO mice showed a clear anxio-
genic prefile, as previcusly described'®** (Figure 4c).
At the neurochemical level, fluoxetine (20mgkg *,
i.p.) increased extracellular 5-HT concentration in
mPFC significantly more in C-1A-siRNA (272% of
baseline) and 1A-KC mice (230%) than in controls
(vehicle: 138%; C-ns-siRNA: 150%), indicating that
C-1A-siRNA-induced reduction in 5-HT, s-autorecep-
tors augments SSRI effects (Figure 4d).

Intranasal C-1A-siRNA administration reduces
5-HT . s-autoreceptor expression and induces
anti-depressant effects

The above findings support the potential of C-1A-
siRNA as a new anti-depressant strategy, either as
monotherapy or in combination with 5-HT-enhancing
drugs. However, its therapeutic use is limited by the
lack of a suitable route to brain. We therefore
examined the potential of the non-invasive intranasal
route, as described before.??2* Intranasal C-1A-siRNA
administration (30pg per mouse, as in i.c.v. studies)
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Figure 3 (a-c) Unchanged serotonin transporter (SERT) and 5-HT =R expression after 5-HT 4 -autoreceptors silencing. Mice
received: (a) vehicle. (b} C-ns-small-interfering RNA (siRNA) or (¢) C-1A-siRNA (30 pg) inte D3 Vand were killed 24 h after
administration (;1=5-7). {a) The levels of the mRNAs encoding 5-HT,,, SERT and 5-HT,; (serotonin pathway) were
evaluated in midbrain raphe nuclei by RT-qgPCR. One-way analysis of variance showed a group sffect on 5-HT..R mRNA
levels (F:,:=6.06, P<0.05). *P<0.05 versus wvehicle and conjugated monsense siRNA (C-ns-siRNA). (b) Quantitative
autoradiography of [*H]-citalopram binding showed no differences on SERT density in the different brain areas for each
treatment. {¢) Bar graph showing no differences in 5-HT,zR density evaluated by [***I]-cyanopindolol binding in the different
brain areas. mPFC-medial prefrontal cortex; HPC-hippocampus; DR-dorsal raphe nucleus; GP-globus pallidus; SN-substantia
nigra. (d-f) Unmodified 1A-siRNA and C-1A-siRNA sequences did not induce inflaromatery and apoptotic responses.
{d) Mice received intra-DR: (i) vehicle, (ii) unmodified ns-siRNA or (iif) wnmodified 1A-siRNA (10 pg by 2 consecutive days,
20 pg in total) and were killed 24 h after administration. mRNA levels of tumor necrosis factor o (TNFa) and interferon-y
(IFNy) (pro-inflarnmatory cytokines) and BAX (apoptosis pathway) were evaluated in midbrain raphe nuclei by RT-gPCR
{r1=4-6). {e) Immunostimulatory B-Gal-siRINA was used as a positive control. Mice received intra-DR: (i) vehicle, or (ii) B-Gal-
siRNA (10 pg by 2 consecutive days, 20 g in total) and were killed 24 h after administration. TNFx and IFNy mRNA levels
were significantly upregulated in midbrain after p-Gal-siRNA infusion (n=3-6, Student’s t-test, ***P<0.001). (f) Bar graphs
showing no differences in TNFo, IFNy and BAX mRINA levels of mice infused with: (i) wehicle, {ii) C-ns-siRNA or
(iii) C-1A-siRNA {30 pg) into D3V and killed 24 h after administration (n=5-7). Values are mean +s.e.m.

reduced 5-HT,,R mRNA and binding density (27%)
in the DR, but not in post-synaptic sites in the same
mice (Figure 5a—d, Supplementary Figure 57b). Un-
like in controls (vehicle and C-ns-siRNA), 8-OH-DPAT
administration did not reduce body temperature
and 5-HT release in mice treated intranasally with
C-1A-siRNA (Figure 5e and f).

Given the smaller effect size of 30pg intransasal
C-1A-siRNA on 5-HT,.-autoreceptor expression—
compared with i.c.v. infusion—we conducted beha-
vioral experiments using 30 and 100 pg of intranasal
C-1A-siRNA. Both doses significantly reduced im-
mobility in the TST, with a greater effect of the 100 pg
dose (Figure 5g). Similarly, intranasal C-1A-siRNA
(100 pg) evoked a reduction of immobility time in the
FST, which was significantly lower than that seen in
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controls (Figure 5h). Neither dose affected anxiety-
like behavior as assessed with EPM test (data not
showmn).

Discussion

The present findings show that C-1A-siRNA can
be used to efficiently and selectively silence 5-HT,,-
autoreceptor expression and function in vive. This
represents a new therapeutic approach in neuropsy-
chopharmacology, based on the use of RNAI. Hence,
i.cv. and intranasal C-1A-siRNA infusion (i) reduced
5-HT,,-autoreceptor expression, without affecting
that of post-synaptic 5-HT,,R, (ii) suppressed the
hypothermia and fall in 5-HT release induced by
8-OH-DPAT; (iii) evoked a marked anti-depressant-
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tail suspension test {TST), as did constitutive 1A-KO mice
{(n=12-18). One-way analysis of variance showed a sig-
nificant effect of group (F..,=1864, P<0.001). Acute
flucxetine administration (10mgkg ", i.p. 1h before TST)
produced a similar anti-depressant response {(n=7).
#Peo0.01, ***P<0,001 versus vehicle mice, "*P<0.01
versus C-1A-siRNA mice. {¢) Unlike 1A-KO mice, vehicle
and C-1A-siRNA mice behaved similarly in the elevated
plus-maze (n=12-18). One-way ansalysis of variance in-
dicated a group effect on entries (F,,,=24.18, P<0.001) and
time in open arms (F,.;=4.56, P<0.05). *P<0.05,
#P0.01, ***P<0.001 versus vehicle and C-1A-siRNA
groups. (d) Acufe fluoxetine (20mgkg=, i.p.) increased
extracellular serctonin in mPFC of C-1A-siRNA and 1A-KO
mice significantly more than in vehicle and conjugated
nonsense siRNA (C-ns-siRNA) groups (r1=4-6). Effect of
group (Fs1,=4.78, P<0.05), time (F), ;2 =19.40, P<0.001)

and interaction (F,,...=2.57, P<0.001). *P<0.05 versus
contrel groups. Values are mean+s.em.

Dialysate serotonin
(% of baseline)
]

(=1

A @ 2 B 4 5 8
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I
Figure 5 Intravasal C-1A-small-interfering RNA (siRNA) silences 5-HT,4-autoreceptors and evokes anti-depressant-like
responses. (a) Representative coronal brain sections showing the C-1A-siRNA-induced reduction of 5-HT R expression in
raphe muclei by in sifa hybridization and [*H]-8-OH-DPAT binding. (b) Representative coronal brain sections showing [*H]-8-
OH-DPAT binding te 5-HT,R in medial prefrontal cortex (mPFC) and hippecampus (HPC). Scale bars: white =2mm,
black = 500 pm. () Bar graphs showing the effects of infranasal C-1A-siRNA (30 pg) administration on 5-HT, R mRNA and
binding in dorsal raphe nucleus (DR) (1= 3-6). One-way analysis of variance showed a significant effect of group on 5-HT LR
mRNA (F,5=12.41, P<0.01) and 5-HT,xR binding (F,.=37.98, P<0.001). *P<0.05, **P<0.01 versus confrol groups.
{(d) Unchanged demsities of post-synaptic 5-HT, 4R binding in all experimental groups (11=3-6). {(e) Systemic 8-OH-DPAT
administration (1mgkg™?, i.p.) did not evoke hypothermis in C-1A-siRNA-treated (30 pg) mice (ri=5-7). Two-way analysis of
variance showed a significant effect of group (F.,.=34.21, P<0.001), time (F,;,=59.30, P<0.001) and inferaction
(Fs5:=10.89, P<0.001). ***P<0.001 versus control groups. (f) Reduced extracellular serctonin in mPFC of controls, but not
in C-1A-siRNA mice after 8-OH-DPAT administration (0.6 mgkg™, i.p.) (n=4-6). Significant effect of group (F..,=8.22,
P<0.01), time (Fla,,="7.56, P<0.001) and interacticn (F,,,,;=2.28, P<0.001). **P<0.01 versus controls. (g) Single
intranasal C-1A-siRNA administration (30 or 100 pg) evoked a dose-dependent decreased immoebility in the tail suspension
test (ri=10-15). Ome-way analysis of variance showed a significant effect of group (F.:.=8.70, P<0.001). *P<0.05,
###P 20,001 versus vehicle (h) Mice treated intranasally with C-1A-siRNA (100 pg) displayed a reduced immebility time in
the forced swim test compared with vehicle-treated conftrols (r=13-16). Two-way analysis of variance showed a significant
effect of group (F,,,=9.27, P<0.01) and time (F,,=102.95, P<0.0001). Student’s {-test was used fo assess the action of
C-1A-siRNA for the total cbservation period (0—6min). **P<0.01 versus vehicle. Values are meantsem.
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like response in the FST and TST, and (iv] augmented
the SSRI-induced elevation of extracellular 5-HT.
siRNAs are effective, safe and well tolerated in mice
and non-human primates. Although they are used
therapeutically in other medical areas, their applic-
ability to brain diseases has been hampered by the

a 5-HT,,R mRNA

vehicle

5-HT, 4R binding
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difficulty to target selected neuronal populations and
by the lack of adequate delivery methods.®” The
present results represent a major advance in this field
given the selective targeting of 5-HT. 4R expressed in
5-HT neurons after i.cv. and intranasal administra-
tion. Although further investigations are required to

=3

5-HT, R binding

mPFC HPC
e X

vehicle

s ~
z -y
9
0n
[~
A ROD
2.41

& I 092
g 061
- b W 0.43
T 0.30
- 021
3 0.8
© — LAY

d mPFC HPC

704

2E ™ 2E

=g | =

- 3 T8

o o 40 oo

% £ 0 %E

= 3 204 ==

T o 20 X ]

L] E. 104 w0 é

04

[vehicle C-ns-siRNA B8 C-1A-siRNA

<

=z

xN

A

w

F

o

<

z

&

[

<

Y

o
[+ DR

150 1 70
3| = pge] e

— | Te— o
ZE ™ Ee®
E 3 o & 40
%S % g -
EE 501 E S 20-
%5 i€
o w £ 10-
0 0
e

¥ 6-0H.DPAT
‘ -0- vehicle

Changes in body
temperature (°C)

‘3 T T T T
0 30 60 980 120
Time (min)
g Tail suspension test
200 1 Kk :
— [ vehicle
Z 10 ' B C-1A-SIRNA 30
@
E 12 B C-1A-siRNA 100
£
o 804
[-]
E
E 401
0

-122 -

—— C-ns-siRNA

0 ﬂm —i— C-1A-SIRNA
-1
R

f
mPFC
1509 g.0H-DPAT
£
:o'-l-
o ®
"6_'§100-
g8
g.ﬂ
®'G 55
Le ¥
T
[=]
0 T L T T T T T 1
4 0 1 2 3 4 5 &
Time (h)
h Forced swim test
200 1 ,‘—"l
Z 160 4
£
S 120 A
£
3
o
£
E

0-2 24 46 06
Time blocks (min)

621

Molecular Psychiatry



Anti-depressant effects and 5-HT,, receptor siRNA
A Bortolozzi et af

622

examine the exact mechanism(s) used by C-1A-siRNA
to accumulate into 5-HT neurons, available evidence
suggests that C-1A-siRNA can be internalized via
SERT, similarly to SSRI®*® to reach the somatodendri-
tic region of serotonergic neurons via retrograde
axonal transport. This view is supported by (i) the
selective presence of serfraline-cenjugated G-1A-siNA
and the C-ns-oligonucleotide in midbrain serotoner-
gic neuropil and cell bodies, respectively, (ii) its
selective action on 5-HT, s-autoreceptors (far from the
infusion site), (iii) the lack of effect on hippocampal
5-HT.sR, much closer to the D3V, and (iv) the
prevention of C-1A-siRNA effects by prior SERT
blockade. The present procedure offers unprece-
dented efficacy and cellular selectivity, compared
with previous siRNA conjugation methods used
in vivo.?™*%% Hence, the 40% knockdown of
5-HT, s-autoreceptors produced by single-point
administration of 30ug C-1A-siRNA is comparable
to previous results using prolonged infusion of
unmodified siRNA to silence monoamine transporters
(400 pgday * for 1-2 weeks; 2.8-5.6 mg in total, that is
90-180-fold the dose used herein).?**®

Cur results agree with previous observations on the
detrimental role of 5-HT,, autorerceptors in depres-
sion. Human neuroimaging studies have associ-
ated high 5-HT,s-autoreceptor levels with a poor
amygdale reactivity.** Likewise, genetic studies
link 5-HT,4R mutations leading to high levels of
5-HT.s-autoreceptors with higher incidence of mood
disorders and poorer response te anti-depressants.”
In rodents, disruption of the 5-HT,s-autorece-
ptor-mediated negative feedback with 5-HT4R
antagonists enhances SSRI effects.®® Clinically, the
non-selective 5-HT, 4R antagonist pindolol augments
and accelerates SSRI effects, likely by a preferential
interaction with 5-HT,-autoreceptors.”'*** The
present data support that C-1A-siRNA could be
used to acutely suppress 5-HT.s-autoreceptor
function, without the need to wait for anti-depre-
ssant-induced desensitization, thus optimizing anti-
depressant action.

Cur results also agree with those found recently
using conditional knockout mice for pre-synaptic
5-HT,AR.*®* Both studies indicate that the selective,
vet partial, reduction of 5-HT,s-autoreceptor expres-
sion with unchanged post-synaptic 5-HT, 4R expres-
sion evokes anti-depressant-like behavior and
augments SSRI effects. Interestingly, the RNA{ strat-
egy can be applied in adult mice, without the
unwanted neurodevelopmental effects associated to
5-HT,4R suppression.** Although further improve-
ments arve required, the intranasal route offers a first
potential way for C-1A-siRNA delivery to brain. This
route allowed the same effects than the i.c.v. infusion,
vet with a slightly smaller effect size, likely due to the
dilution of C-1A-siRNA during brain entry. Once
crossed the semi-permeable nasal blood-brain barrier,
G-1A-siRNA molecules may reach the dense plexus of
serotonergic axons in outer layers of the olfactory bulb,
anatomically connected with olfactory regions.*®

Molecular Psychiatry

Resultados

In summary, our results show for the first time
the feasibility of using RNAi strategies for the
treatment of mood disorders. The excellent cellular
selectivity and efficacy obtained with acute C-1A-
siRNA treatment indicate that this may be a new
approach to treat mood disorders and open the way to
develop RNAi-based therapeutic classes to silence
genes, or variant alleles refractory to classical pharma-
cological treatments.
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vehicle C-1A-siRNA
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Figure 31. Enrichment of C-1A-siRNA molecules in the midbrain raphe nuclei.
Mice were infused with vehicle or biotin-labeled C-1A-siRNA (30ug) into the
dorsal third ventricle and were killed 48h post-administration (n=3 mice/group).
Laser confocal images show TPH-immunoreactive serotonin neurons (blue),
immune-localized biotin-labeled C-1A-siRNA (red, marked by arrows) and
merged of biotin-labeled C-1A-siRNA and TPH-immunoreactive cells in coronal
sections containing raphe nuclei. Upper right insets are enlargements of the
small frames close to the center of each image. Scale bars: white=40ym and

yellow=20pm.
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vehicle C-1A-siRNA
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Biotin

Figure S2. Absence of C-1A-siRNA molecules in the dorsal hippocampus.
Laser confocal images show immune-localized nuclei in hippocampus {green)
of mice received vehicle or biotin-labeled C-1A-siRNA (30ug) into dorsal third
ventricle 48h before (=3 micefgroup, the same mice than in Figure 1b and
Supplementary Figure S1). Higher magnification views of the boxed areas are
shown in the middle panels. Images revealed the lack of biotin-labeled C-1A-
siRNA (red) in hippocampus near to the application site. Scale bars:

white=200um and yellow=40um.



vehicle C-ns-oligonucleotide

TPH-ir
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Figure $3. Presence of a sertraline-conjugated nonsense oligonuclectide (C-
ns-oligonucleotide) in dorsal raphe serotonin neurons. Vehicle or Cy3-labeled
C-ns-oligonucleotide (30ug) were applied i.cv. into the dorsal third ventricle
(D3V) and mice were killed 24h post-administration (n=2ftreatment). Laser
confocal images show TPH-immunoreactive serotonin neurons (blug), Cy3
fluorescence (red) and merged of Cy3-labeled C-ns-oligonucleotide and TPH-
immunoreactive cells in coronal sections containing the dorsal raphe nucleus.
Cy3 fluorescence appears in the neuronal cytoplasm as distinct bodies (red-

pink color). Scale bars: 16 pm.
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Figure S4. Selective 5-HT ,-autoreceptor silencing by intracerebroventricular
infusion of C-1A-siRNA. Mice were infused into the dorsal third ventricle with: a)
vehicle, f) unmodified ns-siRNA, ¢) unmodified 1A-siRNA, d) C-ns-siRNA, or &)
C-1A-siRNA (30ug of each siRNA). [a) Representative images of in situ
hybridization and [*H]-8-OH-DPAT binding by 5-HT:sR in coronal section of
mouse raphe nuclei at different anteroposterior coordinates (AP: -4.84 to -4.36



mm, taken from bregma). Note the reduction of 5-HT1aR expression for each
raphe nuclei section in C-1A-siRNA-treated mice. (b) Bar graph showing the
effects of C-1A-siRNA infusion on 5-HT1AR mRNA and binding in MnR (n=3-4
mice/group). One-way ANOVA showed a main effect of group for 5-HTaR
MRNA (F4.10=6.86, P<0.01) and 5-HT;4R binding (Fs14=3.59, P<0.05). *P<0.05
versus vehicle, C-ns-siRNA and unmodified 1A-siRNA. Values are mean #*
s.e.m. DR, dorsal raphe nucleus; MnR, median raphe nucleus. Scale bars: 2mm
(white and black).
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Figure 85. Selective 5-HTjs-autoreceptor silencing by intra-DR infusion of
unmodified 1A-siEMNA. Mice were locally infused with: &) vehicle, &) ns-siRMNA,
or o) 1A-siRNA (10ug by 2 consecutive days, 20pg in total) into DR (n=4-6
micefgroup). (a) Representative coronal brain sections showing S-HTaR
expression in the raphe nuclel assessed by in situ hybridization and [3H }F&-0OH-
DPAT binding. Mote the reduction of DR 2-HT14R density by intra-DF 1A-siRM A,
infusion. {b) Brain sections showing unaltered [*H}8-0OH-DPAT binding to 5-
HT.F inthe mPFC and HPC of the same mice. (¢) Effects of local 1TA-SIRMA
infusion on 2-HT 4R mEMNA and binding in the DR, One-way ANOWVA showed
effect of group for 5-HTaR mREMNA (F240=1048, P<0.01) and 5-HT4.R binding
(F242=34 10, P<0.001). *™P<0.01, *™*P<0.001 versus vehicle and ns-siRNA. (d)



Resultados

No group differences were detected on the postsynaptic 5-HT14R binding in the
mPFC and HPC of the same mice. Values are mean = s.e.m. DR, dorsal raphe
nucleus; mPFC, medial prefrontal cortex; HPC, hippocampus. Scale bars:

white=2mm, black=500pm.
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Figure S6. Chemical conjugation of C-1A-siRNA did not change the capability
of the siRNA component to knockdown 5-HT i4-autoreceptors. Mice received: a)
vehicle, b) unmodified ns-siRNA, ¢) unmodified 1A-siRNA, d) C-ns-siRNA or e)
C-1A-siRNA locally into the dorsal raphe nucleus (DR; 10ug by 2 consecutive
days, 20ug in total). Quantitative autoradiography of [*H]-8-OH-DPAT binding in
the DR showed that both unmodified 1A-siRNA and sertraline-conjugated C-1A-
siRNA induced a comparable decrease of 5-HTa-autoreceptor density in this
brain area (n=4 mice/group). One-way ANOVA showed an effect of group on 5-
HT1aR binding (F411=5.00, P<0.05). *P<0.05 versus vehicle, ns-siRNA and C-

ns-siRNA. Values are mean £ s.e.m.
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Figure S7. Postsynaptic 5-HT 4R expression in entorhinal cortex (Ent Cx) was
not affected by any C-1A-siRNA treatment. (a) Mice were infused into the
dorsal third ventricle (D3V) with: a) vehicle, b) unmodified ns-siRNA, ¢)
unmodified 1A-siRNA, d) C-ns-siRNA, or e) C-1A-siRNA (30ug of each siRNA).
Bar graphs showing the effects of C-1A-siRNAi.c.v. infusion on 5-HT1aR mMRNA
and binding in Ent Cx (n=4-5 mice/group). (b) Bar graphs showing the effects of
intranasal C-1A-siRNA (30ug) administration on 5-HT14sR mRNA and binding in

Ent Cx (n=4 mice/group). Values are mean = s.e.m.
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Figure $8. C-1A-siRNA requires a functional serotonin transporter to silence 5-
HT ,s-autoreceptors. Mice received: a) vehicle, b) C-ns-siRNA, or ¢) C-1A-
siRNA (30ug) into the dorsal third ventricle. Two additional groups of mice were
injected  with SSRI  sertraline  (20mgkg”, ip) 3h before the
intracerebroventricular infusion of C-ns-siRNA or C-1A-siRNA. 1A-KO mice was
used as positive control (n=6-8 mice/group). {(a) The systemic administration of
selective 5-HT xR agonist, 8-OH-DPAT (1 mgkg™, i.p.) induced the expected
hypothermia response in vehicle and C-ns-siRNA, but not in C-1A-siRNA and
1A-KO mice. Sertraline pre-treatment prevented the effect of C-1A-siRNA and
8-OH-DPAT-evoked hypothermic response was shown as did controls. Two-
way ANOVA showed effect of group (F521=33.40), time (F;124=71.78) and
interaction (Fzp124=11.79). ***P<0.01 versus vehicle, C-ns-sikRNA and sertraline
+ C-siRNA (ns and 1A). {b) 8-OH-DPAT administration (0.5 mgkg™, i.p.)
reduced extracellular serotonin concentration in the medial prefrontal cortex
(MmPFC) of vehicle and ns-C-siRNA, but not in C-1A-siRNA and 1A-KO mice.
Sertraline pre-treatment prevented the effect of C-1A-siRNA. Two-way ANOVA
showed effect of group (Fs53,=14.85), time (F4445=16.55) and interaction
(F70445=3.35). ***P=<0.01 versus vehicle, C-ns-siRNA and sertraline + C-siRNA

(ns and 1A). Values are mean + s.e.m.



Supplementary Tables

Table S1. Sequences of siRNAs and primers used

Resultados

siRNAs forward reverse
1A-siRNA1 CCGAUACUGGCCUCUCCAACTT GGUGCUCAACAAGUGGACUTT
1A-siRNA2 GGUGCUCAACAAGUGGACUTT AGUCCACUUGUUGAGCACCTT
1A-siRNA3 GGAAGAGUGUAGGGCUUACTT GUAAGCCCUACACUCUUCCTT
1A-siRNA4 CGAUGGAAGUUUAAACCUCTT GAGGUUUAAACUUCCAUCGTT
ns-siRNA AGUACUGCUUACGAUACGGTT CCGUAUCGUAAGCAGUACUTT
B-Gal-siRNA CUACACAAAUCAGCGAUUU GAUGUGUUUAGUCGCUAAA
Primers
Cyclophilin A | GATGAGAACTTCATCCTAAAGCATACA | TCAGTCTTGGCAGTGCAGATAAA
5-HT 44 CCGTGAGAGGAAGACAGTGAAGAC GTGAGAGGAAGACAGTGAAGAC
5-HTg TCTCACCAACCTCTCCCACAAC GTCCGATACACCGTAGCGATTAC
SERT CTCATCTTCACCATTATCTACTTCAG | CTCACCAGCAGGACAGAAAG
TNFa GCAGTCTGTGTCTGCTGGGAT CGCAGAACGGGATGAAGC
IFNy CCCACAGGTCCAGCGCCAAG CCCACCCCGAATCAGCAGCG
BAX AGCGAGTGTCTCCGGCGAATTG TCTGATCAGCTCGGGCACTTTAG
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Table $2. Summary of the conditions for labeling serotonin receptors and transporter in the present

work
Protein Ligand [Ligand] Buffer Pre- Incubation Incubation Washing Exposure Blank
(nh) incubation buffer protocol protocol time
(RT, min) (RT, min) (i.c.b., min)

5HT.:R [’H}-8-0OH- 1.0 A 30 A+ 10uM 60 2x5 60 days 10pM
DPAT pargyline serotonin

5-HTeR "1 0.1 B 10 B+ 100nM 120 2x15 1 day 10uM
cyanopindolol 8-OH-DPAT serotonin

+ 30nM
isoproterenol

SERT [*H}-citalopram 1.5 C 15 C 60 2x10 45 days TuM

fluoxetine

RT, room temperature; i.c.b., ice-cold buffer; Buffer A: 170mM Tris-HCI, 4mM CaCly, 0.01%
ascorbic acid, pH=7.6; Buffer B: 170mM Tris-HCI, 150mM NaCl, pH=7.4; Buffer C: 50mM Tris-
HCI, 120mM NaCl, SmM KCI, pH=7.6.
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Table S3. Basal serotonin dialysate values in medial prefrontal cortex of mice

Group aCSF aCSF + citalopram
Serotonin Serotonin
vehicle 76x£05 20029
C-ns-siRNA 62+04 228+36
C-1A-siRNA 64+09 211+27
1A-KO 69+£10 18112

Data are means + s.e.m expressed as fmol per 30ul dialysate. n=5-11 mice per

groups.

aCSF, artificial cerebrospinal fluid

aCSF + citalopram, artificial cerebrospinal fluid containing 1pM citalopram

Resultados

-139 -



Albert Ferrés Coy

- 140 -



Resultados

4.2. Trabajo 2

Acute 5-HT;, autoreceptor knockdown increases antidepressant

responses and serotonin release in stressful conditions

A Ferrés-Coy, N Santana, A Castaié, R Cortés, MC Carmona, M Toth, A Montefeltro, F

Artigas and A Bortolozzi
Psychopharmacology (Berl). 2013 Jan; 225(1):61-74

El estrés es un factor ambiental ampliamente asociado con los trastornos del estado
del animo. La exposicion a situaciones estresantes durante el desarrollo, la nifiez o
incluso en la edad adulta puede predisponer a la depresién y la ansiedad. Estudios de
neuroimagen han mostrado que individuos con una expresion elevada del
autoreceptor 5-HTia podrian presentar una menor resiliencia frente a situaciones
estresantes asi como una menor respuesta a los farmacos antidepresivos SSRI. En el
trabajo anterior desarrollamos un siRNA contra el receptor 5-HT;p conjugado con
sertralina y mostramos que la administracion intracerebroventricular o intranasal del
mismo en ratones: 1) favorece su acumulacion selectiva en neuronas
serotoninérgicas, 2) reduce la expresiéon y funcién del autoreceptor 5-HTis y 3)
produce respuestas de tipo antidepresivo. Continuando con estos hallazgos, en este
trabajo utilizamos moléculas de siRNA contra el receptor 5-HTia sin conjugar
aplicadas localmente en el DR bajo la hipdtesis de trabajo que la reduccion selectiva
del autoreceptor 5-HTis podria incrementar la resiliencia durante situaciones de

estrés mediante la facilitacion del tono serotoninérgico.

Los resultados mostraron que la infusion local y aguda del 1A-siRNA en el DR de ratén
reduce selectivamente la expresion y funcion del receptor 5-HT, efecto restringido a
la zona de aplicacion. Estos efectos persistieron hasta el dia 6 post-administracién,
recuperandose a continuacidon hasta alcanzar el nivel de expresidn basal del receptor

5-HT;a. Ademas, la concentracion basal extracelular de 5-HT en la mPFC no se

-141 -



Albert Ferrés Coy

- 142 -

modificd entre los diferentes tratamientos. Sin embargo, los ratones tratados con las
moléculas de 1A-siRNA mostraron respuestas de tipo antidepresivo en el TST y FST.
Basicamente, estos efectos fueron acompafiados por un incremento significativo de

la liberacidén de 5-HT en la mPFC durante la ejecucidn de la prueba de TST.

Estos datos, junto con el primer trabajo, indican que la supresién aguda del
autoreceptor 5-HTi4 produce respuestas de tipo antidepresivo, seguramente
mediadas por la mayor capacidad de las neuronas serotoninérgicas de liberar 5-HT en

situaciones de estrés.
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Abstract

Rationale Identifying the etiological factors in anxiety and
depression is critical to develop more efficacious therapies.
The inhibitory serotonin; 4 receptors (5-HT;4R) located on
5-HT neurons (autoreceptors) limit antidepressant responses
and their expression may be increased in treatment-resistant
depressed patients.

Objectives Recently, we reported that intranasal administra-
tion of modified small inferference RNA (siRNA) molecules
targeting 5-HT;,R in serotonergic neurons evoked
antidepressant-like effects. Here we extended this finding
using marketed siRNAs against 5-HT;,R (1A-siRNA) to
reduce directly the 5-HT,, autoreceptor expression and
evaluate its biological consequences under basal conditions
and in response to stressful situations.

Methods Adult mice were locally infused with vehicle, non-
sense siRNA, and 1A-siRNA into dorsal raphe nucleus

Electronic supplementary material The online version of this article
(doi:10.1007/300213-012-2795-9) contains supplementary material,
which is available to authorized users.
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(DR). 5-HT AR knockout mice (1A-KO) were also used.
Histological approaches, in vivo microdialysis, and stress-
related behaviors were performed to assess the effects of 5-
HT, 5 autoteceptor knockdown.

Results Intra-DR 1A-siRNA infusion selectively reduced 5-
HT, AR mRNA and binding levels and canceled 8-OH-
DPAT-induced hypothermia. Basal extracellular 3-HT in
medial prefrontal cortex (mPFC) did not differ among treat-
ments. However, 1A-siRNA-treated mice displayed less
immobility in the tail suspension and forced swim tests, as
did 1A-KO mice. This was accompanied by a greater in-
crease in prefrontal 5-HT release during tail suspension test.
Moreover, intra-DR 1A-siRNA infusion augmented the in-
crease of extracellular 5-HT in mPFC evoked by fluoxetine,
up to the level in 1A-KO mice.

Conclusion Together with our previous report, the present
results indicate that acute suppression of 5-HT, , autoreceptor

R. Cortes

Centro de Investigacion Biomédica en Red de Enfermedades
Neurodegenerativas (CIBERNED),

Madrid, Spain

M. C. Carmona + A. Montefeltro
n-Life Therapeutics, S.L.,
A Coruia, Spain

M. Toth

Department of Pharmacelogy, Weill Medical College,
Cornell University,

New York, NY, USA

@ Springer

- 143 -



Albert Ferrés Coy

62

Psychopharmacology (2013) 225:61-74

expression evokes robust antidepressant-like effects, likely
mediated by an increased capacity of serotonergic neurons to
release 5-HT in stressful conditions.

Keywords 5-HT, 5 receptor - Antidepressant effects -
Depression - RNA inferference - Serotonin - Stress

Abbreviations
1A-KO 5-HT; sR knockout mice

5-HT Serotonin

5-HT, s,R  Serotonin; 5 receptors

aCSF Aurtificial cerebrospinal fluid
DA Dopamine

DR Dorsal raphe nucleus

EPM Elevated plus maze

FST Forced swim test

mPFC Medial prefrontal cortex
ns-siRNA  Nonsense siRNA

SERT Serotonin transporter
SsIRNA Small interference RNA
SSRIs Selective serotonin reuptake inhibitors
TST Tail suspension test
Introduction

Major depression is a severe and heterogeneous psychi-
atric syndrome with high prevalence and socio-
economic impact (Andlin-Sobocki et al. 2005; Murray
and Lopez 1997). The serotonetgic system has been
implicated in the etiology and treatment of depression
and other mood disorders (Krishnan and Nestler 2008).
Serotonin; » teceptor (5-HT;4R) plays a key inhibitory
role in brain function due to its coupling to inward-
rectifying K™ channels (Andrade et al. 1986; Innis and
Aghajanian 1987). It is located presynaptically (as
autoreceptor) on serotonergic neurons in the raphe nu-
clei and postsynaptically on glutamatergic and GABAer-
gic neurons in corticolimbic areas (Pompeiano et al.
1992; Riad et al. 2000; Santana et al. 2004). Negative
feedback inhibition of serotonergic activity is mediated
by activation of 5-HT,, autoreceptors (Innis and
Aghajanian 1987; Pifieyro and Blier 1999), which
reduces the discharge rate of serotonergic neurons and
terminal serotonin (3-HT) release (Artigas et al. 1996;
Blier and deMontigny 1994).

Antidepressant drugs, including the selective 5-HT reup-
take inhibitors (SSRIs), markedly increase extracellular 5-
HT in the raphe nuclei, thus acutely activating this negative
feedback (Adell and Artigas 1991; Romero and Artigas
1997). Upon chronic treatment, 5-HT, 5 autoreceptors de-
sensitize, leading to the recovery of serotonergic activity and
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increased 5-HT release (Artigas et al. 1996; Blier and
deMontigny 1994). Likewise, 5-HT; 4R knockout mice dis-
play enhanced neurochemical responses to SSRIs (Bortolozzi
et al. 2004; Knobelman et al. 2001). Prevention of this nega-
tive feedback with the non-selective 5-HT; 4R antagonist pin-
dolol augments antidepressant effects (Artigas et al. 1994;
Portella et al. 2011). However, the clinical applicability of
selective 5-HT, 4R antagonists is limited by their comparable
action at pre- and postsynaptic 5-HT, 4R and the need to
preserve postsynaptic 5-HT 4R activation for clinical effects
(Haddjeri et al. 1998).

Furthermore, differences in 5-HT 4R expression are as-
sociated with affective disorders and antidepressant re-
sponse. Hence, individuals with high 5-HT,, autoreceptor
expression, including those with a functional polymotphism
in the promoter region of Hirla gene, are mote susceptible
to depression and suicide and respond pootly to antidepres-
sant therapy (Fakra et al. 2009; Lemonde et al. 2003; Neff et
al. 2009; Stockmeier et al. 1998; Sullivan et al. 2009).

The study of the relative role of the different 5-HT, 4R
populations in the pathophysiology and treatment of psychi-
atric disorders has been limited by the lack of pharmacolog-
ical and genetic tools selective for pre- and postsynaptic 5-
HT; sR (Gleason et al. 2010). Richardson-Jones et al. (2010}
reported antidepressant-like responses in transgenic mice
with a moderate reduction of 3-HT, 4 autoreceptors.

Small interference RNA (siRNA) is effective, safe, and
well tolerated in mice and non-human primates (Heidel et al.
2004; Kumar et al. 2007; Li et al. 2005; Thakker et al. 2004,
2005). We recently reported that sertraline-conjugated
siRNA molecules (Patent PCT/EP2011/056270) designed
to silence the 5-HT; sR mRNA only in 5-HT neurons evoke
antidepressant-like effects in mice (Bortolozzi et al. 2012).
Here, we extend these findings using unmodified siRNA
molecules against 5-HT; 4R under the working hypothesis
that selective siRNA-induced 3-HT,, autoreceptor reduc-
tion would increase resilience to stressful situations through
an increase of the serotonetgic tone.

Material and methods
Animals

Male homozygous 5-HT, 4R knockout (1A-KO) (Parks et
al. 1998) and wild-type mice on the same background
(C57BL/6J) were used. Mice (9—12 weeks old) were housed
under controlled conditions (22+1 °C; 12 h light/dark cy-
cle). Food and water were provided ad libitum. All animal
procedures wete conducted in accordance with the standard
ethical guidelines (European Union regulations [.35/118/12/
1986) and approved by the local ethical commitiee of the
School of Medicine, University of Barcelona.
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siRINAs and treatments

Four siRNAs targeting the 5-HT; R (1A-siRNA1 to 1A-
siRNA4) (nt 633-651, 852-870, 1,889-1,907, and 2,167—
2,183, GenBank accession #NM_008308) were chosen and
infused as a mixture, containing an equal amount of each
siRNA duplex. Additionally, an unrelated siRNA duplex
with no homology to mouse genome was used as negative
control (nonsense siRNA—ns-siRNA). The siRNA sequen-
ces are shown in Table 1. All siRNAs were dissolved
following the manufacturer’s protocol (Ambion, Madrid,
Spain) and stored at —30 °C until use.

Mice were anesthetized (pentobarbital, 40 mg/kg, i.p.) and
silica capillary microcannulae (110 wm OD and 40 pm ID;
Polymicro Technologies, Madrid, Spain) were stereotaxically
implanted into the dorsal raphe nucleus (DR; coordinates in
mm: AP -4.5; ML -1.0; DV -4.4; with a lateral angle of 20°)
(Franklin and Paxinos 2008). Some animals wete also
implanted with a microdialysis probe in medial prefrontal
cortex (mPFC) (see below). Microinfusion experiments were
conducted 24 h after surgery in awake mice using a precision
pump at a rate of 0.5 pl/min (WPI model sp220i, Aston,
Stevenage, UK). A mixture of the four 1A-siRNAs were
prepated in artificial cerebrospinal fluid (aCSF) (125 mM
NaCl, 2.5 mM KCl, 1.26 mM CaCl,, and 1.18 mM MgCly
with 5 % glucose) and administered at the doses of 2.5 or
10 ug of 1A-siRNA per mouse into DR (1 ul aliquots).
Nonsense siRNA was infused at the same doses. Intra-DR
siRNA infusion was repeated 24 h later (two administrations
in total). Controls and 1A-KO mice were subjected to the
same experimental procedure and received aCSF.

RNA isolation and quantitative RT-PCR analysis

Mice wete killed 24 h after treatments. The brain was
removed and placed on an ice-cold plate. Midbrain sections

(1 mm thick) containing the raphe nuclei were dissected out
using a Mouse Brain Matrix (Ted Pella, Madtid, Spain),
quickly frozen on dry ice, and stored at —80 °C. Total
RNA was isolated with Trizol solution and rehydrated in
10 wl RNAse-free water to a final RNA concentration of
0.5 pg/ul. Quantitative RT-PCR was made as previously
desctibed (Bortolozzi et al. 2012). The primets used are
summarized in Table 1.

In situ hybridization and receptor autoradiography

Mice were killed by pentobarbital overdose, and the brains
rapidly removed, frozen on dry ice, and stored at —20 °C.
Tissue sections, 14 pm thick, were cut using a microtome
cryostat (HM 500 OM, Microm, Walldorf, Germany), thaw-
mounted onto 3-aminopropyltriethoxysilane-coated slides
(Sigma-Aldrich, Madrid, Spain), and kept at —20 °C until
use.

For 5-HT sR mRNA, three oligonucleotides were used
simultaneously, complementary to bases 148, 763-810,
and 1,219-1,266 (GenBank accession #NM 012583).
Probes labeling and in situ hybridization procedures were
carried out as described previously (Bortolozzi et al. 2012;
Santana et al. 2004).

The autoradiographic binding assays for 5-HT,, and 5-
HT;p receptors and serotonin transporter (SERT) (Amargos-
Bosch et al. 2004; Bottolozzi et al. 2012; D'Amato et al.
1987; Pazos and Palacios 1983) were performed using the
following radioligands: [3H]-8-OH-DPAT (233 Ci/mmol),
[“**I]-eyanopindolol (2,200 Ci/mmol), and [*H]-citalopram
(70 Cifmmol), respectively (Perkin-Elmer, Madrid, Spain).
8-OH-DPAT, isoproterenol, pargyline, and serotonin were
obtained from Sigma-Aldrich and fluoxetine was from Tocris
(Avonmouth, UK). Experimental conditions are summarized
in Table 2. The films wete ahalyzed by microdensitometry
using a previously desctibed method (Bottolozzi et al. 2012).

Table 1 Sequences of siRNAs

and primers used for RT-PCR. Forward Reverse

siRNAs
1A-siRNA1 CGAUACUGGCCUCUCCAACTT GGUGCUCAACAAGUGGACUTT
1A-siRNAZ2 GGUGCUCAACAAGUGGACUTT AGUCCACUUGUUGAGCACCTT
1A-siRNA3 GGAAGAGUGUAGGGCUUACTT GUAAGCCCUACACUCUUCCTT
1A-siRNA4 CGAUGGAAGUUUAAACCUCTT GAGGUUUAAACUUCCAUCGTT
ns-siRNA AGUACUGCUUACGAUACGGTT CCGUAUCGUAAGCAGUACUTT
Primers
Cyclophilin A GATGAGAACTTCATCCTAAAGCATACA TCAGTCTTGGCAGTGCAGATAAA
5-HT ;4 CCOTGAGAGGAAGACAGTGAAGAC GTGAGAGGAAGACAGTGAAGAC
3-HT TCTCACCAACCTCTCCCACAAC GTCCGATACACCGTAGCGATTAC
SERT CTCATCTTCACCATTATCTACTTCAG CTCACCAGCAGGACAGAAAG
TNFa GCAGTCTGTGTCTGCTGGGAT CGCAGAACGGGATGAAGC
IF N~ CCCACAGGTCCAGCGCCAAG CCCACCCCGAATCAGCAGCG

4} Springer
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Table 2 Experimental procedures for labeling serotonin receptors and transporter

Protein Ligand [Ligand] Buffer Pre- Incubation buffer Incubation ~ Washing Exposure  Blank
(nM) incubation protocol protocol time
(RT, min) (RT, min) (Lc.b.,
min}
5HT 4R [‘H]-8-OH-DPAT 1.0 A 30 A+10uM 60 2x35 60 days 10 uM
pargyline gerotonin
5HTsR  [*°1)- 0.1 B 10 B + 100 nM 8- 120 2x15 1 day 10 uM
cyanopindelol OH-DPAT + 30 serotonin
nM isoprotete-
SERT [PH]-citalopram L5 (&) 15 C 60 2x10 45 days 1 uM
fluoxetine

Buffer A: 170 mM Tris—HCI, 4 mM CaCl,, 0.01 % ascorbic acid, pH 7.6; buffer B: 170 mM Tris—HCI, 150 mM NaCl, pH 7.4; buffer C: 50 mM

Tris—HCI, 120 mM NaCl, 5 mM KCI, pH 7.6

RTroom temperature, i.c.b. ice-cold buffer

Intracerebral microdialysis

Extracellular 5-HT and dopamine (DA) concentrations
were measured by in vivo microdialysis as previously
described (Amargds-Bosch et al. 2004; Diaz-Mataix et
al. 2005). Briefly, one concentric dialysis probe
equipped with a Cuprophan membrane (2 mm long)
was implanted in mPFC (AP +2.2; ML —0.2; DV —3.4)
(Franklin and Paxinos 2008) of anesthetized mice.
Microdialysis experiments were performed 24 h after
treatments. [n experiments examining the change in 5-
HT release to 8-OH-DPAT administration or to stress
(tail suspension test, TST), 1 uM citalopram (SERT
inhibitor; Lundbeck, Valby, Copenhagen) was added to
aCSF (Adell et al. 2002). The probes were continuously
perfused (WPI model sp220i) with aCSF, and the dial-
ysate was collected every 20 min for DA and every 6
or 30 min for 5-HT. Monoamine concentrations were
analyzed by HPLC-amperometric detection (Hewlett
Packard-1049, Palo Alto, CA, USA) at +0.75 and +0.60 V
for DA and 5-HT, respectively, with detection limits of
2 fmol/sample. Baseline monoamine levels were calcu-
lated as the average of four pre-drug samples or ten pre-
TST samples, respectively. Following sample collection,
brains were removed and sectioned to ensure proper
probe placement after cresyl-violet staining.

Behavioral and physiological testing

Mice were tested at 24 h after treatments. All tests were
performed between 10:00 a.m. and 14:00 p.m. On test days,
animals were transported to the dimly illuminated behavior-
al laboratory and were left undisturbed for at least 1 h before
testing. Animals did not undergo more than one behavioral
assay.
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Elevated plus-maze test (EPM)

EPM was performed using a cross maze with 16 x5 cm arms
illuminated from the top (100 1x). Mice were placed in the
central area, facing one of the open arms, and the time and
number of entries into open and closed arms in 5 min were
recorded (video camera system, Smart, Panlab, Barcelona,
Spain). Results were expressed as the percentage of time
and number of enfries into the open arms.

Tuil suspension test

Mice were suspended 30 cm above the bench by adhesive
tape placed approximately 1 cm from the tip of the tail. Mice
were monitored and recorded using a video camera system
(Smatt, Panlab), and the time spent immobile was recorded
for 6 min. In an additional group, the mPFC 5-HT concen-
tration was simultaneously measured during TST paradigm
by in vivo microdialysis (see above).

Forced swim test (FST)

Mice were individually placed into a clear cylinder (15 cm
diameter, 30 cm height) containing 20 cm of water main-
tained at 24-25 °C, essentially as described by Porsolt et al.
(1978). In this test, immobility of the mouse was scored in
2 min bins for a total of 6 min using a video camera system
(Smart, Panlab).

8-OH-DPAT-induced hypothermia

Body temperature was measured infrarectally using a lubri-
cated probe inserted ~2 cm and a digital thermometer
(AZ9882, Panlab) as previously described (Bortolozzi et
al. 2012). Mice received 8-OH-DPAT 1 mg/kg i.p. and body



Psychopharmacology (2013) 225:61-74

Resultados

65

temperature was recorded evety 15 min for a total of
120 min.

Statistical analysis

Data are expressed as means £ SEM. One- ot two-way
ANOVA was used to compare data from mRNA expression,
autoradiography, and neurochemical and behavioral analy-
ses in the experimental groups, as appropriate, followed by
post hoc test (Newman—Keuls). Student’s ¢ test was used to
identify significant difference in the FST. The level of
significance was set at p<0.05 (two-tailed).

Results

Selective silencing of presynaptic 5-HT; 4R expression by
local 1A-siRNA infusion into mice DR

We first examined the feasibility of reducing directly 5-
HT, , autoreceptor expression in the DR of adult mice by
local infusion of 1A-siRNA molecules. The 1A-siRNA
mixture was applied in a volume of 1 pl at two concen-
trations (2.5 or 10 mg/ml solution) on two consecutive days,
giving a total amount of 1A-siRNA of 5 and 20 pg (0.3 and
1.4 nmol, respectively).

In situ hybridization experiments revealed that the local
infusion of 5 and 20 pg 1A-siRNA evoked a dose-dependent
decrease of 5-HT; ;)R mRNA levels in the DR at 1 day post-
administration (to 82+6 and 44=5 % of the vehicle-treated
group). Mice treated with 20 g 1A-siRNA had a significant
reduction of 5-HT;4R mRNA compared to vehicle or ns-
siRNA-freated mice (Fig. la, b). Two-way ANOVA showed
significant effects of group [F(2, 13)=16.08, p<0.001] and
group-by-dose interaction [F(2, 13)=6.41, p<0.05]. Further,
quantitative densitometric analysis of ["H]-8-OH-DPAT bind-
ing also revealed a reduction of DR 5-HT; 4R density in mice
treated with 5 or 20 g 1A-SIRNA (to 70+5 and 50+5 % of
vehicle-treated mice) compared with that in control groups
(vehicle and ns-siRNA) (Fig. 1a, b). Two-way ANOVA
showed a significant effect of group [F(2, 45)=16.95, p<
0.001], but no effect of dose nor interaction group-by-dose.
The suppression of presynaptic 5-HT; 4R in the DR was
observed at the three anteropostetior coordinates examined.

Intra-DR 1A-siRNA administration did not alter 5-HT; 4R
expression in the median raphe nucleus (MnR), indicating a
restricted siRNA diffusion after local application with capil-
lary microcannula (Fig. 1c¢, Supplementary Fig. §1). Like-
wise, 5-HT AR density in forebrain areas rich in 5-HTjaR,
such as the prefrontal cortex, hippocampal formation, and
entorhinal cortex, remained also unaffected (Fig. 14, e).

Furthermore, we examined the expression of potentially
unintended targets by measuring mRNA and binding

densities of two related genes that are localized in seroto-
nergic neutons: SERT and 5-HT;gR. Neither SERT and 5-
HT gR mRNAs nor their respective binding sites were
affected by intra-DR 1 A-siRNA infusion (Fig. 2a—e). More-
over, 1A-siRNA application did not change the mRNA
expression of pro-inflammatory cytokines such as TNF-a
(relative gene expression: control, 1.0+0.2; ns-siRNA 0.7+
0.2; 1A-siRNA, 0.8+0.2; n=5-6) and INF-v (relative gene
expression: control, 1.0+0.1; ns-siRNA 0.9+0.2; 1A-
siRNA, 0.7+0.2; n=5-6) in the raphe nuclei.

‘We next evaluated the time course of 1A-siRNA effects
in vivo. We infused the highest dose (20 pg/mice) of 1A-
siRNA into the DR, and groups of mice were killed at
different times after the last siRNA injection. Autoradio-
graphic binding experiments revealed that the DR 5-
HT, 4R density was significantly lower in 1A-siRNA-
treated mice than in the respective control groups 1 and
3 days post-administration, with a recovery of 5-HT 4R
density to control values at 6 and 12 days post-
administration (Fig. 3a, b). One-way ANOVA showed a
significant effect of group at day 1 [F(2, 10)=15.62, p<
0.001] and day 3 [F(2, 13)=10.32, p<<0.01] after infusion.

Altered agonist response in 5-HT) 4 autoreceptor
knockdown mice

To directly confirm the in vivo functional impact of DR 5-
HT, 4R suppression indicated by autoradiography (Fig. 3a,
b), we assessed the hypothermic response mediated by the
activation of presynaptic 5-HT 4R in mice (Martin et al
1992). We administered the 5-HT, 4R agonist, 8-OH-DPAT
(1 mg/kg, i.p.), to control (vehicle and ns-siRNA), 1A-
siRNA-treated mice, and constitutive 1A-KO mice. Vehicle
and ns-siRNA-treated mice displayed the expected hypo-
thermic response to 8-OH-DPAT, which was absent in 1A-
siRNA-treated mice at days 1-3 and was recovered at days
6-12 post-administration, in agreement with the change in
5-HT, 5 autoteceptors levels. 1A-KO mice showed no hy-
pothermic response at any time (Fig. 3¢). Significant differ-
ences were observed at day 1: effect of group [F(3, 24)=
28.78, p<0.001], time [F{4, 96=13.53), p<0.001], and in-
teraction [F(12, 96)=10.15, p<0.001]; day 3: effect of group
[F(3, 28=3.56), p<0.05], time [F(4, 112)=34.13, p<0.001],
and interaction [F(12, 112)=2.05, p<0.05]; day 6: effect of
time [F(4, 108)=61.17, p<0.001] and interaction [F(12,
108)=2.19, p<c0.05]; and day 12: effect of time [F(4, 136)=
75.72, p<0.001].

We next examined how decreased 5-HT,, autoreceptor
expression induced by intra-DR 1A-siRNA infusion trans-
lated into a distal regulation of 3-HT and DA release in the
forebrain. We performed pharmacological studies in the
mPFC of freely moving mice using microdialysis. No dif-
ference was observed in baseline 5-HT and DA
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Fig. 1 Selective 5-HT, autoreceptor silencing by 1A-siRNA infused
into the dorsal raphe nucleus (DR). Mice received (1) vehicle, {2) ns-
siRNA, or(3) 1A-siIRNA (5 or 20 pg; 2>2.5 or 2= 10 pg, respectively)
into DR and were killed 24 h after administration. a Representative
coronal brain sections showing the 1A-siRNA (20 pg)-induced reduc-
tion of 5-HT;,R expression in DR at different anteroposterior coor-
dinates (AP 4.84 to  4.36 mm, taken from bregma) assessed by in
situ hybridization and [*H]-8-OH-DPAT binding. The boxes delimit
areas of DR shown at higher magnification. Seale bars: low magnifi-
cation=2 mm, high magnification=3500 pm. b Densitometric quantifi-
cation of 3-HT 4R mRNA and binding in DR (p=5-8 micefgroup,
relative optical density was evaluated in two adjacent DR sections at

concentration between the various groups of mice (Table 3).
The 5-HT 4R agoniet 8-OH-DPAT (0.5 mg/kg, i.p.) reduced
extracellular 5-HT concentration to ~40 % of baseling in
mPFC of contrel groups, but not in LA siRNA -treated or
1A-KO mice [effect of group, F(3, 21)=11.29, p<0.01;
time, F(14, 294)=4.40, p<0.001; and time-by-group inter-
action, F(42, 294)=3.57, p<0.001] (Fig. 4a).

Postsynaptic 5-HT14aR in mPFC is invelved in the
contrel of mesocortical depamine (DA) activity and
local DA release (Diaz-Mataix et al. 2005). To confirm
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the three AP levels (see above) of each mouse and averaged to obtain
individual values). Note the decreased 5-HT;, autoreceptor expression
in mice treated with the higher dose of 1A-siRNA *¥p<0.01, ¥¥*p<
0.001 wersus vehicle and ns-siRNA-treated mice. ¢ No group differ-
ences were detected for presynaptic 5-HT 4 R expression in the median
raphe nucleus (MnR) {#=5-8§ mice/group). d Representative coronal
brain sections showing [SH]-S-OH-DPAT binding to 5-HT, 4R in me-
dial prefrontal cortex (mPFC) and dorsal hippocampus (HPC). Seale
bar=2 mm. e Postsynaptic 5-HT ;R binding in mPFC, HPC, and
entorhinal cortex (EC) was not affected by any treatment (#=3-6).
Values are mean + SEM

the absence of functional changes on mPFC 5-HT1.R
by intra-DR 1A-siRNA infusion, we assessed the effect
of the selective 5-HT14R agonist, BAYx3702 on extra-
cellular DA in mPFC of these mice. Local BAYx3702
infusion at 3 uM by reverse dialysiz increased DA
concentration in mPFC of wehicle, ns-siRNA, and 1A-
siRNA-reated mice to a similar extent, with no effect
on 1A-KO mice [effect of group, F(3, 12)=10.02, p=<
0.01; time, F(14, 168)=17.80, p<0.001; and time-by-
group interaction, F(42, 168)=2.74, p<0.001, without
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Fig. 2 Unchanged expression of the serotonin transporter {SERT) and
5-HTgR after 5-HT; 5 autoreceptor silencing. Mice received (1) vehi-
cle, 2) ns-siBNA, or (3) 1A-siRNA (20 pg, 2210 pg) into dorsal
raphe nucleus (DR) and were killed 24 h after treatments (7=>5-8 mice/
group). a Representative images showing [3]-]]-citalopram binding to
SERT in coronal section of medial prefrontal cortex (mPFC), dorsal
hippocampus (HPC), and DRE. b Brain sections containing the globus
pallidus (GP), substantia nigra (SN, and DR showing [2°1]-cyanopin-
dolol binding to 5-HTgR. Scale bar=2 mm. ¢ The levels of the

post hoc differences between 1A -giIRNA-treated mice
and controls] (Fig. 4b). These results are consistent with
the above 5-HT 4R binding data and indicate that intra-
DR 1A-siRNA infusion did not alter cortical 5-HT ;. R
expression and function.

Unchanged anxiety-like behavior and altered respense
to depression/stress-related paradigms in 5-HT
autoreceptor knockdown mice

To evaluate the role of presynaptic 5-HT; 4R in anxiety-
like behavier in adulthoed, we used the EPM paradigm.
Vehicle and 1A-siRNA-treated mice showed similar be-
havioral responses during exposure to the EPM, whereas
1A-KO mice exhibited an anxiety-like behavior
(Fig. 5a). One-way ANOVA indicated a significant ef-
fect of group for entries [F(2, 35)=25.77, p<0.001] and
for time in open arms [F(2, 35)=3.83, p<0.05], without
post hoc differences between 1A-siRNA and wvehicle-
treated mice. The number of entries in closed arms
wag gimilar between vehicle and 1A-giRNA groups,
indicating a lack of effects of 1A-siIRNA on lecomotor
activity. Thus, acute changes of 5-HT,. autoreceptor
expression in adulthood do not evoke anxiety-like

mRENAs enceding 5-HT;,, SERT, and 5-HT;p were assessed in mid-
brain raphe nuclei by RT-PCR. Unlike 5-HT;,R expression, 1A-
siRNA infusion did not change the mRNA levels of SERT and 3-
HTgR. ¥*p<0.01 versus vehicle and ns-siRNA-treated mice. d Quan-
titative auteradiography of [3H]-citalopram binding showed no differ-
ences on SERT density in the different brain areas for each treatment. e
Ear graph showing no differences in 5-HTgR expression evaluated by
[1%*1]-cyancpmdolol binding in the different brain areas. Vahues are
mean + SEM

regponses, consistent with findings showing a develop-
mental role of 5-HT 4R in the establishment of anxiety-
related circuitry (Gleason et al. 2010; Gross et al. 2002;
see, however, Richardson-Jones et al. 2011).

Additional to its role in anxiety, several studies sug-
gest that 5-HT, \R levels influence behavioral resilience
to stressful situations, i.e., individuals with higher 5-
HT, R expression are more susceptible to depression
and suicide (Lemonde et al. 2003; Neff et al. 2009).
We therefore examined the potential antidepressant-like
responses evoked by intra-DR 1A-siRNA application in
adult mice using two depression-related stress para-
digms: TST and FST. In both tests, immobility is scorad
ag a measure of behavieral despair (Lucki 1997). In
TST, 1A-siRNA-treated and 1A-KO mice showed a
greater propensity to escape and a shorter immobility
time than vehicle controls [effect of group, F(2, 36)=
25.25, p=<0.001] (Fig. 5b). The intrinsic decreased im-
mobility shown by 5-HT;. autorsceptor knockdown
mice in the TST was comparable to that exhibited by
control mice after antidepressant teatments (Bortolozzi
et al. 2012; Cryan et al. 2005).

Likewise, mice treated with intra-DR infusion of 1A-
#iRNA were more active and displayed a reduced
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Fig. 3 Time course of 3-HT;, autoreceptor suppression in the DR
after local 1A-siRNA infusion a Brain sections containing the raphs
nuclei showing [*H]-8-OH-DPAT binding to 5-HT ) 4R from mice that
received vehicle, ns-siRNA, or 1A-siRNA (20 pg) into the dorsal
raphe nucleus (DR} and were killed at 1, 3, 6, and 12 days post-
administration. The arrows indicate the decreased 5-HT;,R density
in DR of mice treated with 1A-siRNA and sacrificed at days 1 and 3
post-infusion. Scale bar=2 mm. b Bar graphs showing a significant
reduction of [*H]-8-0H-DPAT binding to 5-HT;,R in DR of 1A-
siRNA-treated mice compared with their respective controls at days 1
and 3 poest-administration. Conversely, no difference was detected at

immebility than vehicle mice in the FST (Fig. 5¢). A com-
parable antidepressant respense was observed after acute
S8RI fluoxeting administration (Bortolozzi et al. 2012;
Cryan et al. 2005). Two-way ANOVA showed a significant
sffect of group [F(1, 18)=16.88, p<0.001] and time [F(2,
36)=81.73, p<0.001]. Thus, while low 5-HT) 4 autoreceptor
expression in adulthood does net alter anxiety-like behavior,
it elicits a more active response in depression-related tagks
such as the TST and the FST.
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days 6 and 12 post-administration {(p=4-7 mice/group, relative optical
density was evaluated in two adjacent DR sections at three anteropos-
terior levels of each mouse and averaged to obtain individual values).
FEp<0.01, ¥*¥p<0.001 versus vehicle and ns-siRNA-treated mice. ¢
Time course of the hypothermic response to the 3-HT, R agonist §-
OH-DPAT (1 mgke, ip.). Hypothermia was abolished in 5-HT, .
autoreceptor Imockdown mice at days 1 and 3. Constitutive 14-KO
mice, also lacking 8-OH-DPAT-induced hypothemmia, were used as
positive controls (#=6-10 mice/group). *p=0.05, ¥**p<0.001 versus
vehicle and ns-siRNA-treated miice. Values are mean + SEM

Increased serotonin levels in 5-HT, 4 autoreceptor
knockdown mice under a depression/stress-related paradigm
and in response to fluoxetine

Given the increased resilience to stressful facters in 1A-
siRNA-treated mice and the inhibitory contrel of 5-HT 4
autoreceptors on serotonergic function, we next examined
whether this effect was agsociated to an increased forebrain
5-HT release. We performed in vive microdialysis in mPFC
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Table 3 Basal serotonin and dopamine dialysate values in the medial prefrontal cortex of mice

Groups aCSF aCSF+citalopram
Serotonin (fmol/30 min) Dopamine (fmol/20 min) Serotonin (fmol/30 min) Serotonin (fmol/6 min)
Vehicle 7.6£0.5 (5) 53+0.9 (5) 20.0£2.9 (5) 6.3+£0.6 (6)
ns-siRNA 6.1£0.7 (7) 5.5+£0.9 (5) 15.6+£3.7 (7) 7.6+1.3 (5)
1A-siRNA 5.2+0.9 (6) 54<1.1(5) 15.2+3.7 (7) 9.2+1.4(7)
1A-KO 6.9+1.0 (4) 6.0+1.3 (5) 18.1+1.2 (6) n.e

Data are mean + SEM of the number of animals shown in parentheses. For DA assessing, the aCSF was pumped at 1.5 pl/min and dialysate was
collected every 20 min. For 5-HT assessing, the microdialysis probes were perfused with appropriate aCSF at 1.5 or 5.0 ul/min and dialysates were

collected every 30 or 6 min, respectively

aCSF artificial cerebrospinal fluid, aCSF + citalopram artificial cerebrospinal fluid containing 1 puM citalopram, n.e. not examined

simultaneously during the performance of the TST. Despite
no significant difference was detected in prefrontal 5-HT
concentration at baseline between groups (Table 3), the
dialysate 5-HT increased twofold in 5-HT,, autoreceptor
knockdown mice under TST-induced behavioral despair
(Fig. 6a). Two-way ANOVA showed significant effect of
time [F(18, 270)=5.35, p<0.001] and time-by-group
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Fig. 4 Neurochemical consequences of 1A-siRNA-induced 5-HT 5
autoreceptor knockdown. a Acute 8-OH-DPAT administration (0.5 mg/
kg, i.p.) did not reduce extracellular serotonin concentration in medial
prefrontal cortex (mPFC) of 1A-siRNA-treated mice and 1A-KO mice
(n=>5-7 mice/group). **p<0.01 versus vehicle and ns-siRNA-treated
mice. b Local activation of postsynaptic 5-HT|,R in mPFC by the
mfusion of 3 uM BAYx3702 by reverse dialysis increased extracellular
dopamine concentration in vehicle, ns-siRNA, and 1A-siRNA-treated
mice, but not in 1A-KO mice (n=4 mice/group). **p<0.01 versus
vehicle, ns-siRNA, and 1A-siRNA groups. Values are mean + SEM

interaction [F(36, 270)=1.91, p<0.01]. In parallel, 1A-
siRNA-treated mice showed a shorter immobility time than
vehicle and ns-siRNA-treated mice [effect of group, F(2,
15)=4.99, p<0.05] (Fig. 6b).

Finally, we examined whether the 1A-siRNA-induced
changes in 5-HT, 4 autoreceptor expression translated into
an enhancement of the neurochemical response to an SSRI,
as previously observed with the pharmacological blockade
of 5-HT; 4R (Artigas et al. 1996; Romero and Artigas 1997).
Mice received a single fluoxetine injection (20 mg/kg, i.p.),
which increased extracellular 5-HT concentration in mPFC
of all groups, but significantly more in 1A-siRNA-treated
and 1A-KO mice [effect of group, F(3, 17)=6.45, p<0.01;
time, F(14, 238)=17.62, p<0.001; and time-by-group inter-
action, F(42, 238)=3.44, p<0.001] (Fig. 7).

Discussion

In agreement with our recent observations (Bortolozzi et al.
2012), the present study shows that direct suppression of
presynaptic 5-HT AR expression in the DR in adulthood is
sufficient to impact on reactivity to stress/depression-related
behavior without affecting anxiety-like response. Both sets
of'independent results are entirely comparable and show that
1A-siRNA is a powerful tool for the efficient and selective
silencing of the 5-HT, 4 autoreceptor expression in vivo in
rodent brain. This procedure provides a number of advances
over more classical transgenic mice approaches. First, it
allows for spatial and temporal specificity, neither of which
is possible using constitutive KO mice. Indeed, we evaluat-
ed the effect of 5-HT,, autoreceptor changes on anxiety-
and depression-like behaviors in adulthood leaving aside
neurodevelopment problems due to the lack of 5-HT|5R
(Gleason et al. 2010; Gross et al. 2002; Heisler et al. 1998;
Parks et al. 1998; Ramboz ct al. 1998). Second, the siRNA
strategy allows for the examination of the physiological role
of receptors/transporters and the subsequent adaptive
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Fig. 5 Behavioral consequences of 1 A-siRNA-induced 5-HT) 4 autor-
eceptor knockdown. Mice were infused with 20 pg (2% 10 ug) 1A-
siRNA into dorsal raphe nucleus (DR) and behavioral tests were
conducted 24 h after administration. Control and 1A-KO mice received
vehicle into DR and were subjected to the same experimental proce-
dure. a Anxiety-like behavior. Unlike 1A-KO mice, vehicle and 1A-
siRNA-treated mice showed a similar anxiety-like behavior in the
elevated plus maze (EPM), with no differences in the percentage of
entries and time spent in open arms (n=12-13 mice/group). *p<0.05,
*p<0.01, ***p<0.001 versus vehicle and 1A-siRNA-treated mice. b,
¢ Antidepressant-like behaviors. b 1 A-siRNA-treated mice displayed a
reduced immobility in the tail suspension test (TST), as did constitutive
1A-KO mice (n=12-13 mice/group). **p<0.01, ***p<0.001 versus
vehicle-treated mice. ¢ 1A-siRNA-treated mice also showed a de-
creased immobility in the forced swim test (FST) (n=10 mice/group).
*p<0.01, ***p<0.001 versus vehicle-treated mice. Values are mean +
SEM

temporal changes induced on other genes in response to the
reduced expression of the target gene (Bortolozzi et al.
2011).
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Fig. 6 Increased extracellular serotonin (5-HT) concentration in 5-
HT, 5 autoreceptor knockdown mice under a depression-related stress
paradigm. a Extracellular 5-HT levels were measured by in vivo
microdialysis in medial prefrontal cortex (mPFC) of mice treated with
vehicle, ns-siRNA, or 1A-siRNA (20 ug; 2x10 pg, respectively)
during acute stress induced by tail suspension test (TST). Note that
5-HT, 4 autoreceptor knockdown mice showed a larger increase of 5-
HT release in mPFC than control groups (n=5-7 mice/group). **p<
0.01 versus vehicle and ns-siRNA-treated mice. b In parallel, 1A-
siRNA-treated mice displayed a reduced immobility in the TST (n=
5-7 mice/group). *p<0.05 versus vehicle and ns-siRNA-treated mice.
Values are mean + SEM

Pharmacological or molecular approaches—and siRNAs
are no exception (Moss and Taylor 2003; Sledz et al.
2003)—have unintended off-target effects. Some genes con-
taining sequences with incomplete complementarity may be
unintentionally silenced by mRNA cleavage (Dykxhoorn
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Fig. 7 Enhance neurochemical response to a SSRI fluoxetine in 5-
HT, 4 autoreceptor knockdown mice. Acute fluoxetine administration
(20 mg/kg, i.p.) increased the extracellular serotonin (5-HT) concen-
tration in mPFC of 1A-siRNA-treated mice and 1A-KO mice at the

same level (n=4-7 mice/group). *p<0.05 versus vehicle and ns-
siRNA-treated mice, Values are mean + SEM
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and Licberman 2006). Although the rules for predicting in
vivo off-target gene regulation are still poorly known, the
present results support a specific effect of LA-siRNA on 5-
HT, 4 autoreceptor expression restricted to the application
site (DR) (Supplementary Fig. S1). Hence, presynaptic 5-
HT;.R in the MnR and forebrain postsynaptic 5-HT R
were unaffected by intra-DR 1A-=iRNA application. More-
over, the same amount of nonsense siRNA infused inte the
DR did not eveke any change in the 5-HT, 4 autoreceptor
density. Additionally, other genes expressed by serotonergic
neurcns, such as SERT or 5-HTgR, were unmedified by
this approach. It is possible that siRNAs could alter the
cellular homeostagis by triggering immune and inflammato-
ry pathways (Judge et al. 2005; Moss and Taylor 2003;
Sledz et al. 2003). However, the LA-<iRNA sequences used
herein did not induce pro-inflammatory genes (fNFa,
INF~) ag previously described by (-palactosidase-giRNA
(Bortolozzi et al. 2012). The absence of non-specific effects
ig likely due to the use of low siRNA concentrations, com-
pared with other in vivo brain studies (Thakker et al. 2004,
2005).

A lower density of 5-HT, , autoreceptor was observed at
1 and 3 days post-administration of LA-siRNA and it was
recovered at 6 days. This is consistent with the turnover of
5-HT 4R obtained affer its chemical inactivation by N-
sthoxycarbonyl-2-ethoxy-1,2-dihydroquineline (EEDQ)
(Gozlan et al. 1994). Interestingly, there wag a close tempo-
ral parallelism between the changes in receptor expression
and the functional status of 5-HT 4 autoreceptor in response
te the 5-HT 4R agonist 8-OH-DPAT. However, the magni-
tude of the effects was markedly different. Thus, a decrease
of 5-HT 4 autorsceptor density (44 %) wag sufficient to
prevent 8-OH-DPAT-mediated responses (fall in extracellu-
lar 5-HT and hypothermia), making 1A-siRNA-treated mice
te partially behave as constitutive 1A-KO mice. However,
the last showed a hyperthermia response following 8-OH-
DPAT injection, likely due to the anxious-like response in
1A-KO mice (Heisler et al. 1998; Parks et al. 1598; Pattij et
al. 2002; Ramboz et al. 1998). The “reserve” pool presence
of presynaptic 5-HT;,R was suggested after irreversible
EEDQ effect on GPCRs (Bohmaker et al. 1992 Cox et al
1993). Qur results, using an entirely different stratepy, sup-
port the existence of different functional 5-HT, 4 autorecep-
tor pools and suggest that newly synthesized 5-HT;,
autoreceptors are functionally active receptors that mediate
the 8-OH-DPAT agcenist respeonse.

In coincidence with previous findings (Amargés-Bosch
et al. 2004; Bortolozzi et al. 2004, 2012; He et al. 2001;
Knobelman et al. 2001; Ramboz et al. 1998; Richardson-
Jones et al. 2010), the bagal extracellular 5-HT concentration
wag similar in controls and 1 A-siRNA-treated and 1A-KO
mice. Thig alse agrees with the absence of major alterations
in the firing rate of DR serotonergic neurons in 1A-KO mice

{Amargés-Bosch et al. 2004; Richer et al. 2002) and pro-
vides further support to the view that 5-HT, 4 autoreceptors
are net tonically activated under physiclogical conditions
{Johngon et al. 2002; Mannoury la Cour et al. 2001). Actu-
ally, 5-HT, 4 autoreceptors play the role of “safety valves” to
maintain the slow and regular discharge of serotonergic
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W
c STRESS; REDUCED 5-HT,, AUTORECEPTORS
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Wi |
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RAPHE NUCLEI

Fig. 8 Schematic representation of the balance between presynaptic 5-
HT 4R activation in the raphe nuclei and 5-HT release by nerve
tenninals in cortical and linbic areas. a Inbasal conditions, the balance
between excitatory and inhibitory inputs onto DR serotonergic neurons
(Celada et al. 2001) keeps the extracellular 5-HT concentration in the
vichity of serotonergic cell bodies and dendrites below the concentra-
tion required to activate 5-HT;, autoreceptors. b In conditions of
increased excitatory inputs, such as during stress, 5-HT release
increases in the DR {gither sematodendritic or from the dense network
of 5-HT axons within the raphe nuclei; Adell et al. 1997, 2002). The
subsequent 5-HT,;, autoreceptor activation and neurenal hyperpolar-
ization keeps serotonergic cell firing low (typically ~1 Hz) and regular,
with no effect on firing-dependent terminal 5-HT release. ¢ In a
situation of low density or sensitivity of 5-HT, » autoreceptors {illus-
trated by a small size of the 5-HT;,, autoreceptors symbol), the above
negative feedback does not occur and increased excitatory inputs onto
serotonergic neurons translate into a greater terminal 5-HT release in
corticolimbic areas that helps to increase resilience to stress (e.g., lower
immebility in TST and FST). Similarly, the excess of extracellular 5-
HT evoked by SERT blockade with flucxetine cannot activate the 3-
HT,, autcreceptor-mediated negative feedback (Artigas et al. 1996),
resulting in a greater extracellular 5-HT concentration in forebrain, as
shown in the preceding figure
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neurons in conditions of high excitatory input (Celada et al.
2001) such as during stressful conditions (Adell et al. 1997).
In non-stressful conditions, 5-HT release remains at concen-
trations below those required to activate 5-HT, 4 autorecep-
tors. This may explain the apparent contradiction between
decreased presynaptic 5-HT, 4R expression and unchanged
5-HT levels in mPFC. Only when 5-HT) 4 autoreceptors atre
markedly activated by the excess 5-HT induced by SSRIs,
the difference in terminal 5-HT levels is evident. Thus, the
increase of mPFC 53-HT evoked by fluoxetine was augment-
ed in mice treated with 1A-siRNA to reach the values seen
in 1A-KO mice, as previously observed using SSRI + 5-
HT, R antagonists (Attigas et al. 1996; Romero and Artigas
1997; Scorza et al. 2012).

Moreover, 1 A-siRNA-freated mice showed a marked re-
duction in immobility versus confrol mice in standard
depression-related stress tests, indicating that the suppres-
sion of 5-HT;, autoreceptors evoked antidepressant-like
effects, which were similar to those exhibited by constitutive
1A-KO mice when examined (TST). Hence, the increased
5-HT release in mPFC (and likely other forebrain areas)
obtained by down-regulated 5-HT,, autoreceptor expres-
sion would enhance resilience to stressful conditions, as
seen here with 1A-siRNA-treated mice in the TST (see
scheme in Fig. 8). This view is also consistent with the
increased raphe firing rate in a model of 5-HT, 4 autorecep-
tor transgenic mice under chronic stress (Richardson-Jones
et al. 2010).

The ~44 % knockdown of 5-HT,, autoreceptor found
herein after acute 1A-siRNA infusion was comparable to
that reported after prolonged administration of high
siRNA concentrations in the brain (Thakker et al.
2004, 2005). Likewise, the functional consequences of
1A-siRNA-induced 3-HT, 4 autoreceptor knockdown are
comparable with previous pharmacological and clinical obser-
vations using 5-HT; 4R antagonists which attributed a key role
to presynaptic 5-HT; 4R in antidepressant therapy (Artigas et
al. 1994; Ballesteros and Callado 2004; Pottella et al. 2011;
Scorza et al. 2012). However, unlike pindolol, selective 5-
HT, AR antagonists do not discriminate between pre- and
postsynaptic 3-HT | 4R, a lack of regional selectivity that can
limit their therapeutic use in SSRI combination studies due to
the need to enhance presynaptic serotonergic function without
blocking postsynaptic 5-HT; 4R (Ballesteros and Callado
2004; Haddjeri et al. 1998; Scorza et al. 2012). In view of
these limitations, a siRNA-based approach may uncover valid
therapeutic strategies, provided that appropriate cellular tar-
geting can be achieved. Indeed, there is a considerable effort
in developing improved siRNA delivery and gene silencing in
vive (Baker 2010; Kumar et al. 2007; Song et al. 2003;
Soutschek et al. 2004). Thus, our efforts are directed to
achieving a selective targeting of genes expressed in seroto-
nergic neurons (Bottolozzi et al. 2012).

@ Springer

- 154 -

Neuroimaging studies have associated high 3-HT,
autoreceptor density in humans with a poor reactivity of
the amygdala, a brain region impottant for responses to
stress and threatening stimuli (Fakra et al. 2009). Further,
genetic studies link 5-HT; 4R mutations leading to high
levels of 5-HT,, autoreceptor with higher incidence to
mood disorders and poorer response to antidepressants
(Lemonde et al. 2003; Neff et al. 2009; Stockmeier et al.
1998). Our resulfs agree with the hypothesis that 5-HT
autoreceptotrs have a critical tole in the treatment of major
depression (Bortolozzi et al. 2012; Richardson-Jones et al.
2010), and they provide support for optimizing therapeutic
interventions on the basis of the heterogeneity of patients
with regard to function of the 5-HT system.

In summary, together with our recently reported work
(Bortolozzi et al. 2012), the present study indicates that
selective 5-HT;. autoreceptor suppression prevents the
self-inhibitory effects of DR 3-HT; R activation. The pre-
vention of this physiological negative feedback evokes
antidepressant-like tesponses, likely mediated by an in-
creased capacity of serotonergic neurons to release 5-HT
in stresstul conditions and also augments the neurochemical
effects of fluoxetine. Overall, these observations hold prom-
ise for the development of a new class of therapeutics that
harnesses the RNAI1 mechanism to regulate gene expression
in serotonergic neuron and help to unveil the complex
relationship between stress and the 5-HT system.
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5-HT,,R mRNA
vehicle 1A-siRNA

Supplementary Figure $1. Representative coronal brain sections showing 1A-
siRNA-induced reduction of 5-HT1aR expression in dorsal raphe nucleus (DR)
assessed by in situ hybridization. The arrows indicate the track left by the
microinfusion capillary microcannula. Note that the lack of effect on 5-HTiaR
expression in medial raphe nucleus (MnR) indicating that 1A-siRNA effect is
restricted to the site of application site. Note also the minimal tissue damage

produced by the microcannula. Scale bar: 1 mm
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4.3. Trabajo 3

RNAi-mediated serotonin transporter suppression rapidly increases

serotonergic neurotransmission and hippocampal neurogenesis

A Ferrés-Coy, F Pilar-Cuéllar, R Vidal, V Paz, M Masana, R Cortés, MC Carmona, L

Campa, A Pazos, A Montefeltro, EM Valdizan, F Artigas and A Bortolozzi
Translational Psychiatry. 2013 Jan; 15;3e211

El SERT tiene un papel fundamental en la neurotransmisidon serotoninérgica, pues
controla la fraccidn activa de 5-HT en la sinapsis. Ademas, el SERT es la diana principal
de los farmacos antidepresivos SSRI, de primera eleccidén en la practica clinica. Los
tratamientos con SSRI promueven la internalizacion del SERT de la membrana
plasmatica al citosol, sin alterar la expresion del mRNA del SERT. Este hecho junto con
la pérdida de la funcion del autoreceptor 5-HT;n favorece la neurotransmisidon
serotoninérgica en el cerebro contribuyendo a la accién terapéutica de los SSRI. Sin
embargo, estos efectos suceden después de tratamientos prolongados con SSRI. En el
presente trabajo nos preguntamos si el silenciamiento de la expresién del SERT
mediante siRNAs podria ser una estrategia terapéutica mas rapida y efectiva que el

clasico bloqueo farmacolégico con SSRI.

Los resultados indicaron que la infusién local de una secuencia no conjugada de
siRNA contra el SERT (SERT-siRNA) en el DR de ratdon reduce selectivamente los
niveles de mRNA vy proteina del SERT. Este efecto no fue observado después del
tratamiento con el SSRI fluoxetina indicando diferencias en el mecanismo de
regulacién del SERT entre ambos tratamientos. Ademas, el tratamiento con el SERT-
SiRNA durante 4 dias modificd variables consideradas marcadores de accién
antidepresiva en ratones que incluyeron: 1) incremento de la concentraciéon de 5-HT
en dareas cerebrales de proyeccién, 2) reduccion de la expresién y funcién del

autoreceptor 5-HTqa, 3) incremento de la neurogénesis y 4) la expresion de genes
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relacionados con la neuroplasticidad en el HPC. Efectos similares fueron observados

después de 15 dias de tratamiento con fluoxetina.

Conjuntamente con los trabajos previos, este estudio ilustra el potencial terapéutico
de las estrategias basadas en RNAI para el tratamiento de la depresion. En particular,
nuestros datos indican la relevancia de la modulacion post-transcripcional del SERT
Como una nueva aproximacion terapéutica para desarrollar antidepresivos de accidn

rapida.
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RNAi-mediated serotonin transporter suppression
rapidly increases serotonergic neurotransmission and
hippocampal neurogenesis

A Ferrés-Coy ", F Pilar-Cuellar®®, R Vidal>®, V Paz'?, M Masana'?”7, R Cortés™*, MC Carmona®, L Campa'?, A Pazos®®,
A MontefeltroS, EM Valdizan®?, F Artigas’? and A Bortolozzi'®

Current antidepressants, which inhibit the serotonin transporter (SERT), display limited efficacy and slow onset of action. Here,
we show that partial reduction of SERT expression by small interference RNA (SERT-sIRNA) decreased immobility in the fail
suspension test, displaying an antidepressant potential. Moreover, short-term SERT-siRNA treatment modified mouse brain
variables considered to be key markers of antidepressant action: reduced expression and function of 5-HT,s-autoreceptors,
elevated extracellular serotonin in forebrain and increased neurogenesis and expression of plasticity-related genes (BDNF,
VEGF, Arc) in hippocampus. Remarkably, these effects occurred much earlier and were of greater magnitude than those evoked
by long-term fluoxetine treatment. These findings highlight the critical role of SERT in serotonergic function and show that the
reduction of SERT expression regulates serotonergic neurotransmission more potently than pharmacological blockade of SERT.
The use of siRNA-targeting genes in serotonin neurons (SERT, 5-HT;x-autoreceptor) may be a novel therapeutic strategy to

develop fast-acting antidepressants.

Translational Psychiatry (2013) 3, e211; doi:10.1038/p.2012.135; published online 15 January 2013

Introduction

Despite the high prevalence of depressicn and its consider-
able socioeconomic impact, its pathophysiclogical mechan-
isms remain poorly understood.'™ Serctonin (5-HT)
participates in the etiology and treatment of major depression,
being the selective serotenin reuptake inhibitors (SSRlIs), the
most commen antidepressant therapy. However, SSRIs need
to be administered for long time pericds before clinical
improvement emerges, and fully remit depressive symptoms
in only one third of patients.*®

The serctonin transporter (SERT} is a key regulator of
serotonergic neurotransmission, as it controls the active
fraction of 5-HT. In the brain, SERT is localized to raphe 5-
HT neurons at somatodendritic and terminal levels.”~® SERT
blockade by SSRlis (showing nM affinity for SERT}' initiates
the chain of events leading eventually to clinical improvement.
Long-term SSRI treatment promotes an internalization of
SERT from the cell surface in 5-HT neurons without affecting
SERT mRNA expression.” ' In addition to loss of 5-HTa-
autoreceptor function,’®'® SERT down-regulation may
enhance forebrain 5-HT neurctransmission contributing to
the therapeutic action of SSRIs.1®2°

Polymerphic variations in SERT transcriptional region—
leading to reduced SERT expression and function—are
invelved in multiple neuropsychiatric disorders, including

major depression,?'™® and in the clinical response to

SSRI.2%%" SERT-knockout mice were generated to gain
further insight into the role of SERT in the pathophysiclogy
and treatment of depression.?®2® However, these mice
showed depression-related behaviors attributable to the
developmental changes that result from SERT early-life
absence and the perturbed 5-HT function.3°2 Thus, while
SERT-knockout mice represent a useful model to investigate
discrders involving genetic alterations in SERT during early
life, they are less appropriate te study downstream changes of
5-HT transmission secondary to SERT bleckade in adulthood.

RNA interference (RNAIi} has a critical role in regulating
gene expression.®®®! |t also provides new alternatives to
pharmacolegical treatments to modulate brain neurotrans-
mission through the use of exogenous small interference RNA
(siRNA}. Recent studies have shown the feasibility to silence
the expression of critical genes in 5-HT neurcns, such as
SERT and the 5-HT,a-autoreceptor.'®® Given the above
limitations of SERT-knockout mice, here we evaluated the
specificity and selectivity of partial SERT suppressicn in adult
mice, following short-term SERT-siRNA treatment. We
examined downstream changes on brain variables linked to
antidepressant efficacy and compared SERT-siRNA effects
with those of a standard SSRI (fluoxetine) treatment. The
results indicate that the post-transcriptional regulation of
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SERT may constitute a target for fast-acting antidepressants, stored at —8C°C. Tissue sections (14um thick-coronal}
thus bringing RNAi closer to the clinic as a potential therapy for were cut using a microtome-cryostat (HM5CC-OM, Microm,
major depression. Walldorf, Germany), thaw-mounted onto 3-aminopropyl-

triethoxysilane (Sigma-Aldrich, Madrid, Spain)-coated slides
T —— and kept at —20°C until use.
Animals. Male C57BL/6J mice (10-14 weeks; Charles i1 sifu hybridization. Antisense cligoprobes [**P]-labeling
River, Lyon, France) were housed under controlled conditions ~ and /n sifu hybridization procedures were carried out as
(22+1°C; 12h light/dark cycle) with food and water available ~ described previously.'® Mouse SERT, 5-HT44R, tryptophan
ad libitum. Animal procedures were conducted in accordance ~ hydroxylase 2, Ki-67, brain-derived neurotrophic factor
with standard ethical guidelines (EU regulations L35/118/12/  (BDNF}, vascular endothelial growth factor (VEGF), activ-
1986) and approved by the local ethical committee. ity-regulated cytoskeletal protein (Arc), and cAMP response

element binding protein (CREB} probes were synthesized by
Drug/siRNA treatments. SERT-targeting sRNA (nt:1230—  |BA-GmbH (Gottingen, Germany). Details can be found in
1250, GenBank accession NM_010484) and an unrelated the Supplementary Information.
siBRNA with no homology to mouse genocme (nonsense siRNA,
ns-siRNA} were used (Life Technology, Madrid, Spain). The  feceptor autoradiography. The autoradiographic binding
siRNA sequences are shown in Supplementary Table S1. assays for 5-HT14R, SERT and norepinephrine transporter

Mice were anesthetized (pentobarbital, 46mgkg ', intra- ~ were perfoermed using the following radioligands: (a)
peritoneally, i.p.) and silica capillary microcannula (110um-  [°HI-8-OH-DPAT  (233Cimmol '), (b) [°H]-citalopram
outer diameter (OD), 40 um-inner diameter (ID); Polymicro ~ (70Cimmol ') and (c) [*H]-nisoxetine (85Cimmol ),
Technologies, Madrid, Spain) were stereotaxically implanted ~ respectively (Perkin-Elmer, Madrid, Spain}."" Experimen-
into the dorsal raphe nucleus (DR; coordinates in mm: anter-  tal conditions are summarized in Supplementary Table S2.
oposterior, —4.5; mediclateral, —1.0; dorsoventral, — 4.4,
with a lateral angle of 20°).%° Local siRNA micreinfusion was ~ 5-HT; aR-stimulated [**S]JGTPvS autoradiography. Label-
performed with a perfusion pump at 0.5ulmin ' 24 h after ing of DR sections with [**S]GTPyS was performed as
surgery in awake mice as described previously.'® siRNAs were described previously.®® Autoradiograms were analyzed and
prepared in artificial cerebrospinal fluid (125 mm NaCl, 2.5 mm the relative optical densities (ROD} were obtained using a
KClI, 1.26mm CaCly and 1.18 mm MgCl, with 5% glucose) and computer-assisted image analyzer (AlS, Imaging Research,
infused intra-DR once daily at the dose of 10 g pl (0.7 nmol St Catherines, Ontario, Canada). Details are shown in
per dose). Mice received two dose in 2 consecutive days, or Supplementary information.
fourdose in 5days (days 1,2, 4 and 5}, and were killed on 3rd or
6th day, respectively. An additional group of mice received 5-Bromo-2'-deoxyuridine administration. 5-Bromo-2'-
sevendose in @ days (days 1,2, 3, 5,6,8 and 9)andwas kiled  deoxyuridine was purchased from Sigma-Aldrich {Madrid,
on 1Cth-day. In the last group, only in situ hybridization and Spain) and dissolved in saline solution. Mice were injected
autoradiography studies were performed (see below}. Control with 4 x 75 mgkg ' 5-Bromo-2'-deoxyuridine every 2h, i.p.,
mice received artificial cerebrospinal fluid. the last day of antidepressant treatments. Mice were killed
Fluoxetine (Tocris, Madrid, Spain} was prepared in saline 24 h later.

and was administered once daily at 20mgkg ' dose, i.p. for
4, 7 or 15 days. Mice were killed on 5th, 8th or 16th day,  |mmunohistochemistry. Animals were deeply anesthe-
respectively. Control mice received saline. tized with pentobarbital and transcardially perfused with 4%

paraformaldehyde in sodium-phosphate buffer (pH=7.4).
In situ hybridization and autoradiographic studies Brains were collected, post-fixed 24h at 4°C in the same
Tissue preparation. Mice were killed by pentobarbital cver- solution, and then placed in gradient sucrose or phosphate-
dose and brains rapidly removed, frozen on dry ice and buffered saline 10-30% for 2 days at 4°C. After
<
Figure 1 Serotonin transporter-small interference RNA (SERT-siRNA) treatment, but not fluoxetine (FLX), downregulates SERT mRNA and protein levels. Mice were
infused with two-, four- or seven-dese SERT- or nonsense siRNA (ns-siRNA) (10 ng-0.7 nmol per day) or vehicle into the dersal raphe nucleus (DR}, Other groups of mice
were treated with 4, 7 or 15-day FLX (20mgkg ~ " per day, intraperitoneally) or saline. (a) Representative coronal brain sections showing reduced SERT expression inthe DR
cf mice freated with SERT-siRNA (feur dose), but not with FLX, as assessed by in situ hybridization. Scale bar = 500 pm. (b) Bar graphs shewing ne differences in SERT
mRNA levelin DR and median raphe nucleus (MnR) of FLX-treated mice. However, SERT-siRNA at different deses significantly reduced SERT mRNA level exclusively in DR
(n=5-10 mice per group). Two-way analysis of variance revealed a significant effect of group (F33=259.32, P<<0.001). (¢) Representative images of SERT-
immunoreactive (SERT-ir) axons in the hippecampal CA1 region. Short-term SERT-siRNA treatment (four dose) significantly decreased the target SERT protein density as
compared with vehicle and ns-siRNA-treated mice. In contrast, FLX treatment did not alter SERT-ir axen density. Box insets represent regions of high-magnification
phetomicrographs. Scale bars: lower magnification = 100 pm and high magnification =20 pum, {d) SERT-ir fiber density in different hippocampal subfields including CA1,
CA2, CA3 and dentate gyrus (DG) was measured and expressed as the percentage of the density in the respective vehicle-treated mice (n = 4-8 mice per group). Two-way
ANOVA showed an effect of group (F; 1y =1116, P<0.01}. (e} Lecal citalopram (3SR} infusion by reverse dialysis induced a concentration-dependent increase of
extracellular 5-HT in caudate putamen (CPu) of vehicle-treated mice (n= 7). However, this effect was lesser marked in SERT-siRNA-treated mice (n=9). Two-way ANOVA
showed an effect of group (F1,14=17.17, P« 0.0001), concentration (Fa4,=27.08, P~c0.0001) and group-by-concentration interaction (Fs4,=7.72, P« 0.0001).
*P0.05, *P<001, **P<0.001 compared with vehicle and ns-siRNA-treated mice. Values are mean £ s.e.m.
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cryopreservation, 30-um-thick free-floating coronal brain
sections were processed for immunohistechemical visualiza-
tion of SERT, BdrU, Ki-67, NeuroD, NeuN, Doublecortin
(DCX}, GFAP and IBA-1 by using the bictin-labeled antibody
procedure. Details are shown in Supplementary Information.

Intracerebral microdialysis. Extracellular serotonin con-
centration was measured by in vivo microdialysis.'®*® Details
are shown in the Supplementary Information.

Tail suspension test. Mice were moved from the housing
room to the testing area in their home cages and allowed to
adapt to the new environment for at least 1 h before testing.
Mice were suspended 30cm above the bench by adhesive
tape placed ~1cm from the tip of the tail. The total duration
of immobility during a 8 min test was measured.

Statistical analysis. Data are expressed as means +s.e.m.
Data were analyzed with Student’s fest, one- two- or three-
way analysis of variance as appropriate followed by post-hoc
test (Newman-Keuls). The level of significance was set at
P<0.05.

Results

In vivo characterization of SERT knockdown in mice.
We first examined the feasibility to acutely suppress in vivo
SERT expressicn in raphe 5-HT neurons using a
SERT-siRNA. Mice were locally infused with: (a) vehicle,
(b) ns-siBNA or (c} SERT-siRNA (10ug per dose} inte
DR for 2 consecutive days using a protocol similar to that
inducing 5-HT4a-autoreceptor knockdown.'®° Histological
analysis revealed a significant decrease of SERT expression
in DR—but not in median raphe nucleus (MnR)}—of
SERT-siRNA-treated mice (SERT mRNA and binding
levels were 83 + 4% and 70 + 8%, respectively versus vehicle
and ns-siRNA-treated mice}. Neither treatment altered
the raphe expression of norepinephrine transporter,
5-HT 4R and tryptophan hydroxylase 2 (Supplementary
Figure S1a—d}.

Next, we evaluated the potential neurctoxic effects of
SERT-siRNA infusion by immunohistochemical staining for
NeuN, GFAP and IBA-1 (neurcnal, astrocyte and micreglial
markers, respectively). Compared with control groups
(ns-siRNA and vehicle}, SERT-siRNA-treated mice showed
no loss of NeuN-positive neurcns in DR. In addition, a mild
increase in DR GFAP was noted in all experimental groups,
likely due to the reactive astroglicsis secondary to the
microcannula implant. Likewise, IBA-1-stained sections in
each group showed no increase in activated microglia, except
for within the injection tracts (Supplementary Figure S2a—c).

The functional impact of siRNA-induced acute SERT
reduction was assessed by in vivoe microdialysis in caudate
putamen (CPu}, a forebrain area exclusively innervated by DR
5-HT fibers.*' Local 50 um veratridine application produced a
similar increase of extracellular 5-HT in CPu of all groups,
indicating that SERT knockdown did not alter the impulse-
dependent 5-HT release. However, 1 um citalopram (SSRI)
infusion by reverse dialysis increased 5-HT concentration in
CPu of vehicle (170 + 27% of baseline) and ns-siRNA-treated
mice (180 +£15%}, but not of SERT-siRNA-treated mice
(83 + 8%}, reflecting a decreased SERT expression/function
in the latter group (Supplementary Figure S3a). In addition,
fluoxetine administration (SSRI; 20mgkg ', i.p.) enhanced
extracellular 5-HT in CPu of vehicle-treated mice
(8.0 1.0fmol per fraction), reaching the basal values in
SERT-siRNA-treated mice (10.0+0.6fmol per fraction)
(Supplementary Figure S3b}. Next, the efficacy of SERT-
siBNA infusion was tested in the tail suspension test, a highly
reliable predictor of clinical antidepressant potential.*?® Mice
treated with SERT-siRNA showed a significant reduction of
the immobility time compared with contrel groups
(Supplementary Figure S3c).

Different regulation of SERT mRNA and protein levels
after SERT-siRNA or fluoxetine treatment. Following
verification the effectiveness of SERT suppression by acute
SERT-siRNA, we evaluated the effect on SERT regulation
after short-term SERT-siRNA administration and its time
course. Mice were infused intra-DR with four- or seven-dose

L 4

Figure 2 (a-f) Shert-term serctenin transporter-small interference RNA (SERT-siRNA) treatment, but not fluexetine (FLX), reduces 5-HT, s-autoreceptor expression and

function. Mice were infused with four or seven dose SERT- or nonsense siBNA (ns-siRNA, 10 pg per day) or vehicle into dersal raphe nucleus {DR). Other greups of mice were treated with
4,7 or 15-day FLX (20mg kg~ " per day, intraperitoneally (ip.) or saline. (a) Representative coronal midbrain secions showing [°HJ-8-OH-DPAT binding to 5-HT-4R in DR. The arrow
indicates the decreased DR 5-HT 4R density in SERT-siRNA-treated mice (four dose). Scale bar = 2 mm. (b) Bar graphs showing ne differences in DR 5-HT 4R mRNA levels of vehicle-
and FLX-treated mice, However, SERT-siRNA significantly reduced 5-HT,4R mRNA level in DR cempared with vehicle and ns-siRNA groups (n= 3-5 mice per group). Two-way analysis
of variance (ANOVA) revealed an effect of group (Fqs = 2259, P<<0.001). {¢) Guantitative [H-8-OH-DPAT binding showed a decreased DR 5-HT;4R densty after SERT-siRNA
Treatment, but notwith FLX {n= 4-7). Two-way ANOVA showed a significant effect of group (Fp s = 20,88, P<<0.001). (d) Autcradiograme of corenal midbrain sections of mice showing
5-HT, 4R 8-OH-DPAT ageniststmulated [S]GTPyS binding. Scale bar = 500 um. (e} FLX induced a decreased DR 8-CH-DPAT-stimulated [**S]GTPyS binding frem days 7 to 15 of
Treatment (0= 5-8). Two-way ANOVA showed an effect of group (Fs2s = 11.40, P<0.001). However, SERT-siRNA produced a fast 5-HT+ a-autoreceptor desensitization detected after
four dose treatment (n = 4-8), Two-way ANOVA revealed an effect of group (F; ¢ = 1047, P<0.001). () The 5-HT, 4R agonist 8-OH-DPAT (0.5mg kg~ ", i p) decreased extracellular 5-
HT concentration in ventral hippocampus (HPC) of saline- and FLX-freated mice 4-day), but nct after 15-day FLX teatment (n= 5-9). Two-way ANCVA showed an effect of greup
(Fo15=41.32, P<<0.0001), time (Fig150= 1396, P<<0.001) and interaction (Fag1s0= 441, P<0.001). Similarly, 8-CH-DPAT had ne eflect on ventral HPC 5-HT release in SERT-
siRNA-treated mice {four-dese), unlike to control groups (n =4). Two-way ANCVA showed an effect of group (Fop = 23.13, P<<0.0001), ime (Fyope =638, P<<0.001) and interaction
{Faos0=441, P<<0.001). (g-h) Time course of the increase in extracellular 5-HT levels in forebrain. Mice received an intra-DR infusien of two or four dose siBNA or vehicle. Microdialysis
experiments were petformed on the 3rd or 6th day, respectively. In addition, groups of mice were treated with FLX (20mgkg =" per day, ip.) ersaline and microdialysis experiments were
perfermed 24 h after the last administration on 2nd, 3rd, 4th, Sth, 7th, 8th and 16th day. (@) FLX treatment significantly increased extracellular 5-HT levels in caudate putamen (CPu) from six
dose enwards, cempared with saline-reated mice (Fy550= 7.43, P<<0.0001; n=7-10 mice per group). In contrast, SERT-siRNA-reated mice displayed a larger and faster increase in
CPu 5-HT levels, which was significantly different from control already after two-dose treatment (Fsgo= 32.52, P<<0.0001; h=7-12 mice per gtoup). (h) Long-term FLX treatment (15
dese) also increased 5-HT levels in ventral HPC compared with saline-reated mice (Fa o= 39.93, P<0.0001; n=4-9). SERT-siRNA-treated mice (four dose) also showed a rapid and
significant increase of HRC 5-HT levels relative to vehicle and ns-siRNA-treated mice (55 = 1451, P<0.001; n=4-9 mice). ~*P<0.01, ~*4P<0.031 versus saline-Feated mice;
*P=<0.05 P <001 *P<0.001 versus vehicle and ns-siRNA-treated mice. Values are mean £s.em.

Translational Psychiatry

- 166 -



SERT- or ns-siRNA (10 pg per dose) or vehicle during 5 and
9 days, respectively. The effects on SERT expression were
compared with those in mice treated with fluoxetine
(20mgkg ' per day, i.p.) or saline for 4, 7 or 15 days.
Short-term SERT-siRNA infusion evoked a regionally
selective (only in DR) and dose-dependent reduction of
SERT mRNA expression. This reduction was not observed
in control mice (vehicle and ns-siRNA) nor in any of the
fluoxetine-treated groups (Figures 1a and b). As SERT is
localized in the somatodendritic and terminal regions of raphe
5-HT neurons,” [*H]-citalopram autoradicgraphy was per-
fermed to quantify SERT-binding sites in different brain
regions along the rostro-caudal axis. Repeated SERT-siRNA
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infusion, but not ns-siBNA, significantly reduced SERT
binding by ~30%—40% in most brain regions analyzed.
Differences in the extent of the reduction likely reflect the DR/
MnR origin of serotonergic fibers in each region
(Supplementary Figure S4).

In contrast, a specific [*H]-citalopram signal was undetect-
able in fluoxetine-treated mice (4, 7 or 15 days), likely owing to
the long half-life of fluoxetine. Additional SERT autoradio-
graphy binding was performed in fluoxetine-treated mice (4 or
7-day) and subjected to a 48-96 h washout before killed to
reduce fluoxetine serum concentrations.'®* Even in these
conditions, a specific [*H]-citalopram binding was not
observed (data not shown).
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Next, we examined the density of SERT-containing fibers in
several brain areas, including different hippocampus (HPC)
subfields (Figure 1c and Supplementary Figure 85} where
neurogenesis was evaluated (see below). Short-term SERT-
siRNA treatment (four dose) caused a rapid and significant
decrease of SERT-immunolabeling in different HPC areas
relative to vehicle- and ns-siRNA-treated mice. However,
SERT-immunolabeling was equal in flucxetine-treated mice
and their respective controls (Figures 1c and d}. The presence
of an immunohistochemical SERT signal in fluoxetine-treated
mice indicates that the lack of specific [*H]-citalopram binding
was due to competence with fluoxetine present in the tissue
sections. Likewise, these data highlight the different mechan-
ism of regulation of SERT expression. Thus, whereas SERT-
siRNA-induced post-transcriptional changes lead to SERT
mBNA knockdown and a subsequent fall in protein density,
we did net find an effect of fluoxetine on SERT expression, as
previously reported, 1€

In agreement with this partial SERT suppression, a
decreased SERT function was observed in SERT-siRNA-
treated mice (four dose). Hence, local application of citalo-
pram (1-10-50um} produced much smaller increases of
extracellular 5-HT in the CPu relative to vehicle controls
(Figure 1e}.

Shortterm SERT-siRNA treatment, but not fluoxetine,
reduces 5-HT,,-autoreceptor expression and function.
The functional down-regulation of presynaptic 5-HT 4R (5-
HT,a-autoreceptors} is required for the clinical antidepres-
sant action.’®®47*® |ndeed, the degree of 5-HT;aR-
mediated inhibition of 5-HT by SSRIs has been used as a
reliable index of their sensitivity.*®°® As expected, 5-HT;a-
autoreceptor expression was unchanged in any of the
fluoxetine-treated groups (Figures 2a—c}. However, 7 and
15-day flucxetine administration (but nct 4-day) attenuated 8-
OH-DPAT-stimulated [*®S]GTPyS binding in the DR, indicat-
ing a decrease in G-protein coupling efficiency of 5-HT 4R
(Figures 2d and e}. In contrast, a short-term SERT-siRNA
treatment significantly reduced 5-HT 4-autoreceptor expres-
sion and preduced a concomitant loss of function as
assessed by [**S]GTPyS binding (Figures 2a—e).

Likewise, the 5-HT,4R agonist 8-OH-DPAT (0.5 mg kg 1,
i.p.} significantly decreased 5-HT release in the HPC of
vehicle (62 + 4% of baseline} and mice treated with fluoxetine
for 4 days (681 +4%}), but not in those treated for 15 days
(99 +2%) (Figure 2f). Interestingly, 8-OH-DPAT did not
reduce hippocampal 5-HT release in four-dose SERT-

siRNA-treated mice (103 + 5% of baseline}, unlike in control
groups (vehicle: 70 + 3% and ns-siRNA: 65 + 2%} (Figure 2f}.
This indicates a very fast attenuation of 5-HT4-autoreceptor
sensitivity in SERT-siRNA-treated mice, as observed after
long-term pharmacological blockade of SERT.*"5!

Time course of forebrain extracellular 5-HT concentra-
tion after SERT-siRNA or fluoxetine treatment. We next
assessed the kinetics of extracellular 5-HT levels after
SERT-siRNA or fluoxetine treatment using in vive micro-
dialysis. Basal extracellular 5-HT levels in CPu and HPC of
control mice were: 3.4+ 0.3 fmol per fraction (n=49) and
1.7+041 fmol (n=9) per fraction, respectively. Further,
baseline 5-HT levels of mice implanted with a silica
microcannula into DR were: 3.9+0.4 fmol per fraction
(CPu, n=25)and 2.4+ 0.5 fmol per fraction (HPC, n=10}.
Ne significant differences were detected between groups.

Repeated fluoxetine administration induced a progressive
and significant increase of 5-HT levels in CPu from days 8 to
15 of treatment compared to their respective saline-treated
controls (Figure 2g}. SERT-siRNA-treated mice displayed a
larger and faster increase in CPu 5-HT levels, which was not
seen in control groups. Extracellular 5-HT in CPu of mice
treated with four doses of SERT-siRNA was greater than after
15-day fluoxetine administration (Figure 2g}. Similar results
were seen in HPC, where SERT-siRNA (four doses)
increased extracellular 5-HT to the same extent than a 15-
day treatment with flucxetine (Figure 2h}. Regional differ-
ences are likely owing to the greater contribution of DR axons
in CPu versus HPC.5

SERT-siRNA treatment induces faster adult neurogen-
esis than fluoxetine. We then addressed whether the
above temporal differences between SERT-siRNA and
flucxetine translated into the proliferative activity in dentate
gyrus (DG}, a key feature of antidepressant treatments. To
this end, mice were injected with the proliferation marker
BdrU con the last day of the antidepressant treatments.
Twenty-four hours later, BdrU incorporation was quantified in
DG. Remarkably, SERT-siRNA (four dose} significantly
enhanced the number of BdrU-labeled cells tc 144 + 8% of
vehicle-treated mice. No effect was observed in ns-siRNA-
treated mice (Figures 3a and b). Detailed morphological
analysis revealed that these cells were grouped in clusters,
suggesting an acute induction of mitotic activity. Such
clusters of BdrU-positive cells were detectable after 15-day
(but not 4-day} fluoxetine treatment (BdrU-positive cells:

>

Figure 3 Serctenin fransperter (SERT) silencing accelerates neural preliferation in the adult hippocampus eompared with fluexetine (FLX). Mice were infused with feur
dose SERT- or nonsense siRNA (ns-siRNA: 10 ug per day) or vehicle into dorsal raphe nucleus (DR}. Gther groups of mice were treated with 4 or 15-day FLX (20mg kg ~ " per
day, intraperitoneally) or saline. (2) Representative images showing an increased number of 5-Bromo-2'-deoxyuridine (BdrlJ)-positive cells in the dentate gyrus (DG) of FLX-
treated mice (15-day) er serotonin fransporter-small interference RNA (SERT-siRNA)-treated mice (four dose) compared with their respective control mice. Box insets frame
regions of high-magnification photomicrographs shown below. Scale bars: lower magnification = 100 pm and high magnification =20 um. (b) Cell proliferation was assessed
by the number of BdrU-positive cells {n = 5-8 mice) and Ki-67-positive cells (n=5-9 mice) in the granule cell layer. Quantitative analysis indicated a significant increase in
both BdrU- and Ki-67-positive cell number for longer treatment with FLX (BdrlU: Fp 20 =53.18; Ki-67; Fz17 = 20.72) or SERT-siRNA (BdU: Fp13= 14.10; Ki-67: .15 = 6.28).
{¢) Representative coronal brain sections showing Ki-67 expression in DG assessed by in sifu hybridization. Scale bar = 100 pm. (d) Bar graph showing increased Ki-67
mRNA levels in DG follewing FLX (15-day) and SERT-siRNA (four dose) treatment as compared with respective control groups (n = 3-4 mice). Cne-way analysis of variance
revealed a significant effect of group (Fa 11 =9.73, P<<0,01), AP <0.05, AP < 0.001 versus saline-treated mice, *P< 0.05, P« 0,01 versus vehicle and ns-siRNA-treated

mice. Values are meants.em.
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91+5 and 229+ 16% following 4- and 15-day fluoxetine
relative to saline group) (Figures 3a and b). Moreover, we
confirmed the effects on neural progenitor cell proliferation,
assessing the intrinsic Ki-67 expression in DG.>** Both Ki-
67 mRNA level and Ki-67-positive cells were significantly

a
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increased in the DG of SERT-siRNA- and fluoxetine-treated
mice following 4 and 15-day of administration, respectively,
compared with their control groups (Figures 3b—d).

In addition, an increase in NeuroD-positive cells was seen
in the subgranular cell layer of DG after four-dose SERT-
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siRNA treatment (129 + 5% of vehicle), whereas fluoxetine
administration (15-day)} led to a slight, but non-significant
increase inthe number of immature neurons (NeuroD-positive
cells: 115+ 10% of vehicle)} (Figures 4a and b}. To assess
whether SERT-siRNA regulates neurcnal cell migration,
DCX-immunostaining was performed. SERT-siRNA treat-
ment (four-dose} significantly enhanced the number of DCX-
positive cells in the DG (137 9% of vehicle) compared with
control groups. Similar data were obtained after 15-day
fluoxetine administration (DCX-positive cells: 121+4% of
vehicle) (Figures 4c and d}.

Shortterm SERT-siRNA treatment, but not fluoxetine,
enhances hippocampal plasticity-associated gene
expression. As the final step of the present study, we
assessed whether SERT-siRNA (four dose} was able to
increase the hippecampal expression of trophic factors such
as BDNF and VEGF, which are known to be enhanced only
after prolonged (2-3 weeks) antidepressant treatments.>>="
We alsc examined the effects on the expression of the
immediate early gene Arc and the transcription factor CREB,
which are also regulated by chronic antidepressant treat-
ments and contribute to the antidepressant efficacy.”® % We
found that SERT-siRNA infusion (four dose} robustly and
significantly increase BDNF mRNA levels in the different
hippccampal areas (CA1: 134 + 9%, CA3: 144 + 9% and DG:
122+ 2% of vehicle} (Figure 5a}. A 15-day fluoxetine
treatment (but not 4-day) increased BDNF mRBNA expression
only in DG (151 +£25%). Likewise, SERT-siRNA (four dose)
significantly enhanced VEGF expression in all HPC subfields
(~125%}, as produced by 15-day fluoxetine treatment
(Figure 5b}.

Furthermore, SERT-siRNA (four dose} significantly upre-
gulated the Arc mMRNA expression in CA1 and DG ( ~ 135%),
an effect that was observed in DG only after 15-day fluoxetine
treatment (190+27%) (Figure 5¢}. In contrast to these
changes, neither SERT-siRNA nor flucxetine altered hippo-
campal CREB mRNA expression (Figure 5d).

Discussion

The present study shows that partial RNAi-based reduction of
SERT expression in mouse DR has dramatic effects on
serotonergic neurctransmission. Short-term SERT-siRNA
treatment evoked a number of changes in behavioral,
neurochemical and cellular variables predictive of therapeutic
antidepressant activity, such as (i} reduced immobility time in
the tail suspension test, (ii} increased extracellular 5-HT
concentration, (i} downregulated 5-HTs-autoreceptor
expression/function, (iv) enhanced hippocampal

neurogenesis and (v} increased hippocampal expression of
plasticity-associated genes. Remarkably, these changes
occurred much earlier and were in general of greater
magnitude than those evoked by long-term SSRI-fluoxetine
administration. Together with earlier reports, 8254 this study
illustrates the therapeutic potential of siRNA-based strategies
in the treatment of major depression. In particular, cur data
highlight the relevance of post-transcriptional SERT regula-
tion as a new therapeutic approach to develop fast-acting
antidepressants.

We previcusly showed that unmodified siRNA infusion into
the mouse DR and also, intracerebroventricular or intranasal
administration of a conjugated siRNA can efficiently and
selectively reduce 5-HT,s-autoreceptor expression in 5-HT
neurons, thus evoking antidepressant responses.'®#® Here,
we suppressed SERT expressicn, another key mechanism
controlling brain serotonergic transmission. RNAi-induced
reduction of SERT level triggers remarkable effects on
serotonergic function, faster and more efficient than those
produced by the pharmacological SERT blockade. Thus,
forebrain 5-HT concentration was increased three- and four-
fold by two and four doses of SERT-siRNA, respectively, an
effect similar to that found after 2-week flucxetine treatment at
a daily dose showing ~90% SERT occupancy.®® The robust
effect on extracellular 5-HT, compared with the relatively
modest change in SERT expressicn (consistent with its half-
life, ~3 days),®" suggests that functicnal SERT derives from
newly synthesized pools.

As expected from the increased serotonergic function,
resulting from the decreased SERT level, mice treated with
very small SERT-siBNA (1.4 nmol} showed a marked reduc-
tion of immobility in the tail suspension test, a behavioral
response evoked by antidepressant drugs.'®*? An earlier
study also found antidepressant-like effects in the forced swim
test but after a prolonged intracerebroventricular SERT-
siBNA infusicn during 2-week at a higher dose (31 nmol per
day).®® Overall, this indicates that SERT knockdown in
adulthood significantly improves the resilience to stress, thus
contributing to the antidepressant action.

The fast increase of extracellular 5-HT observed in SERT
knockdown mice likely accounts for the rapid desensitization
of 5-HT,a-autoreceptors, a key characteristic of antidepres-
sant drugs. Indeed, 5-HT4-autereceptor stimulation by the
excess 5-HT produced by SSRIls reduces raphe 5-HT
neuronal firing and, consequently, 5-HT neurotransmission
in forebrain.’® Only after successful 5-HTya-autoreceptor
desensitization, 5-HT neuron activity and terminal 5-HT
release are recovered.'*” In agreement with these previous
studies, fluoxetine desensitized 5-HT,-autoreceptors after
2-week treatment. Interestingly, shor-term SERT-siRNA

Figure 4 Serotonin fransporter (SERT) silencing rapidly increases the number of NeuroD- and DCX-positive cells in hippocampus, Mice were infused with four dose
SERT- or nonsense siRNA (ns-siRNA; 10 ng per day) or vehicle inte dorsal raphe nucleus (DR). Gther groups of mice were treated with 4 or 15-day fluoxetine (FLX;
20mgkg ™" per day, intraperitoneally) or saline. (a) Immunchistochemical images shewing NeuroD-positive pregenitors in the dentate gyrus (DG) of mice. Box insets
represent regions of high-magnification photomicrographs. Scale bars: lewer magnification = 100 pm and high magnification = 20 pm. (b) Quantitative analysis indicated a
significant increase in the number of NeuroD-positive cells in serotonin fransporter-small interference RNA (SERT-siRNA)-treated mice (feur dose) compared with vehicle and
ns-siRNA-treated mice (n=>5-9 mice). One-way analysis of variance (ANOVA) showed an effect of greup {Fz,11 =587, P<<0.05). (c) Representative photomicrographs
showing DCX-positive cells, bearing a complex dendritic morphology in the DG of mice. Scale bar=20 um. {d) Quantitative analysis revealed a significant increase in the
number of DCX-positive cells in both 15-day FLX (F,25=771, P<0.01) and four dose SERT-siRNA-treated mice (F, 15 =594, P<<0.05) (n=6-10), 24P 0.01 versus
saline-treated mice; *P<0.05, ™P< 0.01 versus vehicle and ns-siBNA-treated mice. Values are meant sem.

Translational Psychiatry

-170 -



Resultados

SERT-siRNA hastens antidepressant effects

A Ferrés-Coy et af @

w

NeuroD-ir
FLX 4-d

vehicle

b d
2= =
3 23
4 5
e % 2
° 5] 50
2= ag
4d 4d 15d 4d
[Clsaline MMFLX [Jvehicle @@ns-siRNA Hlll SERT-siRNA
DCX-ir

FLX 4-d

Translational Psychiatry

-171-



Albert Ferrés Coy

SERT-siRNA hastens antidepressant effects
A Ferrés-Coy et al

10

a
BDNF mRNA BDNF mRNA
@ @ . : :
= 2
© =
@ 200 $
<
2 85 1m0 £
2y L5 G
e 2 E @
E 8 100 g
k-] ws -
8 82 5 il
-y @ x
w 3 0
. §
CA1 CA2 CA3 DG CA1 CA2 CA3 DG
b VEGF mRNA [ saline Jvehicle VEGF mRNA
I ] B FLX 4-d [ ns-siRNA 4-d - 2
2 2 BN FLX 15-d BEMSERT-sRNA4-d 3
b 200 s
3 8 = 150 3
X < £ %
= zs g8
£° 100 cfl
_v | g ‘6 —
B gﬁ 50 2
5 [
fr o
5 1]
CA1 CA2 CA3 DG  CA1 CA2 CA3 DG
c ARC mRNA
o &
£ £E
™ -£=
a 250 H
AMA 4
a — 200 -
< E 150 & ?
™ fE: 8 2
3 ‘5 100 -
il 2 3
50 &
2 @ |
©“CA1 CA2 CA3 DG CA1 CAZ CA3 DG
d CREB mRNA
2
o 200 28
[=]
=150
3 T £
X 2 :
e £ 8 100 g
b4 @5 3
2 5% & E
5 w
[T @ e

0
CA1 CA2 CA3 DG  CA1 CA2 CA3 DG

Figure 5 Serotonin transporter (SERT) silencing enhances hippocampal plasticity-associated gene expression. Mice were infused with four dose SERT- or nonsense siRNA (ns-
sIRNA; 10 g per day) or vehicle into dorsal raphe nucleus (DR). Other groups of mice were treated with 4 or 15-day flucxetine (FLX; 20 mg kg ~ ! per day, intraperitoneally) or saline.
{a—d) Representative autoradiograms of hippocampal sections of mice are shown for (a) brain-derived neurctrophic factor (BDNF), (b) vascular endothelial growth factor (VEGF), (c)
activity-regulated cytoskeletal protein (Arc) and (d) cAMP response element binding protein (CREB) mRNA expression. Scale bar = 100 um. Densitometric analyses were performed
in different hippocampal regions: CA1, CA2, CA3 and dentate gyrus (DG), shown in the cresyl violet-stained section (top). Levels of mRNA for each gene are shown in the bar graphs
next to the representative autoradiograms (n= 4-5 mice). (a) BDNF mRNA levels in DG were significantly increased after 15-day FLX treatment compared with saline-treated mice
{two-way analysis of variance (ANOVAY): effect of region £ 33 =5.76 and interaction group-by-region Fg 53 = 7.86). However, serctonin transporter-small interference RNA (SERT-
SIRNA) treatment (four dose) increased BDNF expression in CA1, CA3 and DG compared with respective control groups (significant effect of group Fo5=18.03 and region
F304=4.33). (b) VEGF mRNA levels were augmented in all hippocampal subfields after FLX (15-ay) or SERT-siRNA (four dose} treatments compared with respective control
groups (two-way ANQVA; FLX: effect of group F, 10=10.11, region F; 3= 12.80 and interaction Fs 39 = 4.54; SERT-siRNA: effect of group Fpg = 17.32, region F354 = 5.00 and
interaction Fgpq —5.42). (c) Arc mRNA levels in DG were significantly increased following FLX (15-day) compared with saline-treated mice (two-way ANOVA: effect of group
Faq1=9.30, region Fa33=4.93 and interaction group-by-region Fsas =7.75). SERT-siRNA treatment (four dose) increased Arc expression in CA1 and DG compared with
respective control groups (significant effect of group F, 15 = 11.53, region F3 55 = 6.77 and interaction £ 2 —4.05). (d) CREB mRNA levels were unchanged following any treatment.
MAP< 0,001 versus saline-treated mice; *P<0.05, ™P<0.01, "™P<0.001 versus vehicle and ns-siRNA-treated mice. Values are mean £s.em.
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treatment fully disrupts the 5-HTs-autoreceptor function
and—unlike fluoxetine—decreases their expression in DR,
thus hastening the adaptive presynaptic mechanisms in
serotenergic neurctransmission.

The fast-acting antidepressant potential of SERT-siRNA
was further confirmed by its ability to increase neurogenesis
and to activate the expressicn of plasticity gene in the adult
mouse HPC. It is well accepted that antidepressants share the
commoen property to positively modulate cellular growth and
plasticity in moeod-related brain areas. Indeed, plasticity-
associated gene expression and neurogenesis are consid-
ered to be specific markers of antidepressant action.®®~*°
However, these effects require prolonged (for example, >2
weeks) administration of antidepressants drugs.®*=®* One of
the more relevant findings of the present study is the
observation that short-term SERT-siRNA treatment increased
hippocampal progenitor proliferation using two different
markers (5-Bromo-2'-deoxyuridine and Ki-67), an effect
produced only after 15-day pharmacological SERT blockade.
This was accompanied by an increase in the number of
NeuroD- and DCX-positive cells, whose morphoelogical com-
plexity suggests that the integration of immature neurcns into
hippocampal networks may be accelerated by SERT-siRNA.
In parallel, SERT-siBRNA ( four dose}—but not fluoxetine—,
also enhanced the expression of trophic facters such as
BDNF and VEGF, as well as that of the activity-dependent Arc
gene in several HPC subfields. Neuronal activity recruits
latent stem/progenitor cells in the adult HPC, increasing the
expression of trophic factors.®® Therefore, these could serve
to link neuronal activity to structural plasticity in the
hippocampal neurogenic niche. Future experiments will
examine whether this neurcgenic effect is required for the
antidepressant-like responses elicited by SERT-siRNA
treatment.

In conclusicn, our results show that siBNA-induced
selective SERT knockdown evokes a number of behavioral,
neurcchemical and cellular responses predictive of clinical
antidepressant activity. Notably, these effects occur after
short-term SERT-siRNA treatment and are remarkably faster
and—in most instances—more effective than those elicited by
persistent SERT blockade with the SSRI fluoxetine. Together
with previous observations,'®% the present data support
the usefulness of RNAI strategies, stimulating serctonergic
transmission as a new therapeutic class overcoming the two
main limitations of current pharmacolegical treatments, that
is, limited efficacy and slowness of action.
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Supplementary figure legends

Figure S1 Selective mouse SERT silencing by SERT-siRNA. Mice received an intra-
dorsal raphe (DR) infusion of 2 doses of SERT- or ns-siRNA (10ug - 0.7nmol per
day) or vehicle and were killed 24h post-infusion. (a) Representative coronal brain
sections showing SERT-siRNA-induced reduction of SERT expression in DR as
assessed by in situ hybridization and [*H]-citalopram binding. Scale bar= 500um. (b)
Effect of SERT-siRNA (2-dose) on SERT mRNA and binding in DR and median
raphe nucelus (MnR) (n=4-6 mice). One-way ANOVA revealed an effect of group on
SERT mRNA (F27=22.71, P<0.01) and SERT binding (F210=4.69, P<0.05). (c)
Representative coronal midbrain sections showing: (i) [*H]-nisoxetine binding to the
horepinephrine transporter (NET), (i) [*H]-8-OH-DPAT binding to 5-HT1aR and, (iii)
tryptophan hydroxylase-2 (TPHZ2; the synthesizing enzyme of 5-HT) mRNA density in
DR assessed by in situ hybridization. Scale bars= 2mm and 500um. (d) Bar graphs
showing no differences in NET and 5-HT4R binding sites and TPH2 mRNA levels in
DR (n=3-5). *P<0.05, **P<0.01 compared to vehicle and ns-siRNA-treated mice.

Values are mean * s.e.m.

Figure 52 Immunohistochemical assessment of cellular viability in the midbrain
region after SERT-siRNA infusion. Mice were infused with 2-dose SERT- or ns-
siRNA (10ug per day) or vehicle into dorsal raphe nucleus (DR) and were killed 24h
post-infusion (n=4 mice). {a-c) Adjacent, 30-pym-thick sections through the midbrain
raphe nuclei were stained with neuronal (NeuN, a), astrocytic (GFAP, b), or
microglial (IBA-1, ¢) markers. Frame with continuous lines in the low magnification

photomicrographs shows DR area used for high magnification photomicrographs in
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panels a, b and c (top). The rectangle with dashed lines in the low magnification
photomicrographs shows the corresponding paralemniscial nucleus (PN) region used
for high magnification photomicrographs in panel ¢ (below). (a) Coronal DR sections
stained for NeuN show no signs of neuron loss in the different mouse groups, except
near the cannula tract. (b) Tissue DR sections from mice in all treatment groups
labeled with GFAP exhibit a slight reactive astrogliosis. (c) Tissue sections stained
with the microglial marker IBA-1 exhibits no intensity differences in PN between all
groups. However, an increased immunoreactivity was observed along the cannula
tract. Note also the large tissue damage outside DR produced by the cannula,
together with the minimal lesion in the DR provoked by the silica capillary. Scale bars

in (@) and (c)= 200pum, and in (b)= 50um.

Figure S3 Neurochemical and antidepressant-like effects after SERT-siRNA-induced
SERT suppression. Mice were infused with 2-dose SERT- or ns-siRNA (10ug per
day) or vehicle into dorsal raphe nucleus (DR). Microdialysis experiments were
performed 24h after the last infusion. (a) Local application of veratridine (50pM)
increased the extracellular 5-HT levels in the caudate putamen (CPu) to the same
extent in all groups (n=4-6). Two-way ANOVA showed an effect of time (Fs555=60.85,
P<0.001). However, infusion of citalopram (SSRI; 1uM) by reverse-dialysis increased
CPu 5-HT concentration in vehicle and ns-siRNA-treated mice, but not in SERT-
siRNA-treated mice, revealing the loss of SERT function. Two-way ANOVA showed
an effect of group (F211=12.52, P<0.01), time (Fsge=13.23, P<0.001) and interaction
group-by-time (F1s8:=3.58; P<0.001). (b) Acute fluoxetine administration (20 mgkg™”,
i.p.) increased extracellular 5-HT concentration in CPu of vehicle-infused mice,

reaching those of basal extracellular levels in SERT-siRNA-treated mice (n=4-6
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mice). Two-way ANOVA of fraction 1 to fraction 15 showed an effect of time
(F14112=2.16, P<0.05) and group-by-time interaction (Fi4112=5.13, P<0.0001). (c)
Mice infused with SERT-siRNA into DR displayed a decreased immobility in the tail
suspension test (TST) as compared to control groups (n=14 mice/group). One-way
ANOVA showed a significant effect of group (F2,39=4.05, P<0.05). *P<0.05 versus

vehicle and ns-siRNA-treated mice. Values are mean + s.e.m.

Figure S4 Short-term SERT-siRNA treatment evoked a widespread reduction of
SERT-binding sites in mouse brain. Mice were infused with 2, 4 or 7-dose SERT- or
ns-siRNA (10ug by day) or vehicle into DR and were killed 24h post-infusion. (a)
Representative autoradiograms of [°H]-citalopram binding showing the SERT-siRNA-
induced down-regulation of SERT binding sites in different brain regions following a
4-dose treatment. Open boxes in the cresyl violet-stained sections (top) mark the
approximate areas where densitometric analyses were performed. Medial prefrontal
cortex (mPFC), caudate putamen (CPu), septum (Sep), hippocampus (HPC),
hypothalamus (HYP), amygdala (Amyg), dorsal raphe nucleus (DR) and median
raphe nucleus (MnR). Scale bar= 2mm. (b) Densitometric analyses of specific SERT
binding is shown as percentage of binding in the corresponding region of vehicle-
infused mice (7=5-10). Three-way ANOVA (group, region and time) showed an effect
of group (F2,35=71.37, P<0.001), region (F7273=4.82, P<0.001) and group-by-region
interaction (Fi4273=4.04, P<0.001). *P<0.05, **P<0.01 versus vehicle and ns-siRNA-

treated mice. Values are mean * s.e.m.
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Figure 85 GSERT-siRNA treatment, but not fluoxetine, reduces SERT-
immunoreactivity in forebrain. Mice were infused with 4-dose SERT- or ns-siRNA
(10ug by day) or vehicle into dorsal raphe nucleus (DR). Other groups of mice were
treated with 4 or 15-day fluoxetine (FLX; 20 mg-kg'day™, i.p.) or saline. All mice
were killed 24h post-infusion. (a) Representative brain sections showing SERT-
immmunoreativity (SERT-ir) axons in the piriform cortex (Pir) and amygdala (Amyg)
of mice. Note that short-duration SERT-siRNA treatment (4-dose) decreased the
density of SERT-ir fibers as compared to vehicle and ns-siRNA-treated mice (n=4-6
mice). However, neither fluoxetine treatment altered SERT-ir density (n=4-6). Boxes
represent regions of high-magnification photomicrographs. Scale bars: lower
maghnification= 100um and high magnification= 20pm. (b) SERT-ir fiber density in Pir
and Amyg was measured and expressed as the percentage of the density in the
respective vehicle-treated mice (n=4-6 mice/group). *P<0.05 versus vehicle and ns-

siRNA-treated mice. Values are mean = s.e.m.

Figure S6 Secondary antibody (AB) controls. Immunostaining was conducted without
the primary antibody. With no primary antibody to bind the secondary antibody, no
labeling should be seen. The secondary antibody control was run in parallel with

each experiment. Scale bars= 100um.
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Supplementary Figures

Figure S1

O

vehicle ns-siRNA SERT-siRNA i
LT SERT

g

SERT mRNA
g

SERT mRNA OD
(% of vehicle)
*

150+ DR MnR

3

SERT binding
(% of vehicle)
g

SERT binding

DR MnR

(2}

vehicle ns-siRNA SERT-siRNA

TPH2 mRNA 5-HT;4R binding NET binding

Qo

150+ 1504 150+
NET - 5-HT,R =
o £ oOw
£ 5 100 B B 100 < © 100
£S 3§ %S
a > x > E >
55 s S"o' 504 NG gl
zsE £ ze
wn =
0- o 04
DR MnR DR MnR DR MnR

-180 -



Revised Manuscript 2012TP000122-T

Figure S$2
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Figure S3
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Figure 85
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Figure S6
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Supplementary Tables

Table S1. Sequences of siRNA molecules used

siRNA forward reverse
SERT-siRNA GCUAGCUACAACAAGUUCATT  UGAACUUGUUGUAGCUAGCTT
ns-siRNA AGUACUGCUUACGAUACGGTT CCGUAUCGUAAGCAGUACUTT

-186 -
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Table §2. Summary of the conditions for labeling 5-HT1aR, SERT and NET in the present

work
Protein Ligand [nM] Buffer Preincubation Incubation Incubation Washing Exposure Blank
{RT, min) Buffer Protocol Protocol (days)
(RT, min}  (IC, min)
5-HTa [H]-8-OH- 1.0 A 30 A+ 10puM 60 2x5 60 10uM
DPAT pargyline serotonin
SERT ["HI- 15 B 15 B 60 2x10 45 1M
citalopram fluoxetine
NET [H)- 3.0 G 15 (6 240 3x5 90 10pM
nisoxetine mazindol

RT, room temperature; IC, ice-cold buffer; Buffer A: 170mM Tris-HCI, 4mM CaCl2, 0.01%
ascorbic acid, pH 7.6; Buffer B: 50mM Tris-HCI, 120mM NaCl, 5mM KCI, pH 7.6; Buffer C:

50mM Tris-HCI, 300mM NaCl, SmM KCI, pH 7.4.

13
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Supplementary experimental procedures

In situ hybridization
Oligodeoxyribonucleotide probes for mouse SERT, 5-HT1aR, tryptophan hydroxylase
2 (TPH2), Ki-67, brain derived neurotrophic factor (BDNF), vascular endothelial
growth factor (VEGF), activity regulated cytoskeletal protein (Arc), and cAMP
response element binding protein (CREB) mRNAs were synthesized by IBA-GmbH
(Gottingen, Germany). Antisense oligoprobes were complementary to bases:
SERT/820-863 (GenBank accession NM_010484.1), 5-HT44R/1780-1827
(NM_008308), TPH2/360-410 (NM_173391), Ki-67/603-653 (NM_001081117),
BDNF/1188-1238 (NM_007540), VEGF/2217-2267 (NM_001025250), Arc/1990-2040
(NM_018720) and, CREB/593-643 (NM_009952), respectively. The oligonucleotides
were individually labeled (2 pmol) at the 3-end with [**P]-dATP (>2500 Cimmol™;
DuPont-NEN, Boston, MA) using terminal deoxynucleotidyltransferase (TdT,
Calbiochem, La Jolla, CA). The labeled oligoprobes were purified using QlAquick
Nucleotide Removal Kit (QIAGEN GmbH, Hilden, Germany).

Sections were hybridized as described previously.'®®® Briefly, frozen tissue
sections were first brought to room temperature, fixed for 20min at 4°C in 4%
paraformaldehyde in phosphate-buffered saline (1xPBS: 8mM Na;HPO,, 1.4mM
KH;PO4, 136mM NaCl, and 2.6mM KCI), washed for 5 min in 3xPBS at room
temperature, twice for Smin each in 1x PBS, and incubated for 2min at 21°C in a
solution of predigested pronase (Calbiochem, San Diego, CA) at a final concentration
of 24 UmL™" in 50mM Tris-HCI, pH 7.5, and 5mM EDTA. The enzymatic activity was
N

stopped by immersion for 30s in 2mgml™ glycine in 1xPBS. Tissues were finally

rinsed in 1xPBS and dehydrated through a graded series of ethanol. For

14
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hybridization, the radioactively labeled probes were diluted in a solution containing
50% formamide, 4x standard saline citrate, 1x Denhardt's solution, 10% dextran
sulfate, 1% sarkosyl, 20mM phosphate buffer, pH 7.0, 250 ugml™ yeast tRNA, and
500 pgml™” salmon sperm DNA. The final concentrations of radioactive probes in the
hybridization buffer were in the same range (~1.5 nM). Tissue sections were covered
with hybridization solution containing the labeled probes, 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 a buffer
containing 0.6M NaCl and 10mM Tris-HCI (pH 7.5) at 60°C. Hybridized sections
were exposed to Biomax-MR film (Kodak, Sigma-Aldrich, Madrid, Spain) for 1-4
weeks with intensifying screens. For specificity control, adjacent sections were
incubated with an excess (50x) of unlabelled probes. The cytoarchitecture of different
mouse brain areas were analyzed in an adjacent series of cresyl-violet stained frozen

sections.

Receptor autoradiography

The autoradiographic binding assays for 5-HT:4R, SERT and norepinephrine
transporter (NET) were performed using the following radioligands: (a) [*H]-8-OH-
DPAT (233 Cimmol™), (b) [*H]-citalopram (70 Cimmol™") and, (c) [°H]-nisoxetine (85
Cimmol™), respectively (Perkin-Eimer, Madrid, Spain) as described previously. >
8-OH-DPAT, isoproterenol, mazindol, pargyline and serotonin were from Sigma-
Aldrich (Madrid, Spain). The experimental conditions for incubation with each
radioligand are summarized in Table S2. After incubation and washing, tissues were

dipped in distilled ice-cold water and dried rapidly under a cold air stream. Tissues

were exposed to Biomax-MR fim together with *H-Microscales standards

15
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(Amersham-GE Healthcare, Barcelona, Spain) at 4°C for 1-3 month. All experimental
and control brains within a group were processed in duplicate and exposed to films

as a batch.

5-HT,aR-stimulated [*>S]GTPyYS autoradiography

Coronal dorsal raphe (DR) sections were pre-incubated for 30min at 25°C in a buffer
containing 50mM Tris—HCI, 0.2mM EGTA, 3mM MgCl;, 100mM NaCl, 1mM DTT and
2mM GDP (pH 7.7). Slides were subsequently incubated for 2h in the same buffer
containing adenosine deaminase (10mU/ml) with [*S]GTPyS (0.04nM) and
consecutive sections were incubated with (+)-8-OHDPAT (10°M) alone or in the
presence of WAY100635 (10°M). Nonspecific binding was determined in the
presence of 10uM GTPyS. Sections were exposed to autoradiographic film (Biomax-

MR) together with "*C-polymer standards at 4°C for two days.

Quantitative image analysis of film autoradiograms

Autoradiograms were analysed and the relative optical densities (ROD) were
obtained using a computer assisted image analyser (AlS, Imaging Research, St
Catherines, Ontario, Canada). For 5-HTi4R, SERT and NET binding sites, the
system was calibrated with *H-Microscales standards to obtain fmolmg' protein
equivalents from ROD data. For [*°S]GTPYS experiments, a standard curve was
prepared using '“C-standars. The data were corrected for the specific activity of
[**S]GTPYS at the calibration date and the decay factor of **S. ROD were evaluated
in two or three adjacent sections by duplicate of each mouse and averaged to obtain

individual values. For assess the SERT, 5-HTaR and TPH2 expression in the DR,

16
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ROD were analysed at three antero-posterior levels of DR by duplicate (AP: -4.24 to -
4.72)*® for each mouse.

AlS system was also used to acquire pseudocolor images. Black and white
photographs were taken from autoradiograms using a Wild 420 macroscope (Leica,
Heerbrugg, Germany) equipped with Nikon DXM1200F digital camera and ACT-1
Nikon software (Soft Imaging System Gmbh, Minster, Germany). Images were
processed with Photoshop (Adobe Systems, Mountain View) by using identical

values for contrast and brightness.

Immunochistochemistry (IHC)

To confirm siRNA silencing of targeted SERT expression, the SERT protein was
detected using immunohistochemistry (IHC). The SERT is a large transmembrane
protein localized to serotonergic axon terminals in the forebrain, and has been shown
to be an excellent presynaptic, structural marker of 5-HT axons.?*’° [HC staining was
performed using standard avidin-biotin-peroxidase techniques. Briefly, brain sections
were treated with 1x PBS, 100% methanol and 30% H,O; for 30 min. After incubation
in 3% normal goat serum (Vector Laboratories, Burlingame, CA) in PBS/Triton 0.2%
for 120 min, the sections were incubated for 4 days in rabbit anti-SERT (1:2500;
ImmunoStar, Inc, Hudson, WI) at 4°C. After washing with PBS, sections were
incubated in biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories) made in
1% PBS for 1h. After incubation with 1% avidin biotin complex (Vectastain Elite ABC
Kit, Vector laboratories) for 1h, sections were washed and reacted for visualization
using diaminobenzidine tetrahydrochloride (DAB) solution in a peroxidase reaction to
produce a brown reaction product. Sections were mounted in Entellan (Electron

Microscopy Sciences). Images were captured by using a Nikon Eclipse E1000

17
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microscope (Nikon, Tokyo, Japan) equipped with bright- and dark-field condensers
for transmitted light and a digital camera (DXM1200 3.0, ACT-1 software, Nikon).
Axons were visualized at a magnification of 20x objective, yielding excellent
resolution of bright and well-delineated axons. The images were contrast by
histogram stretching followed by thresholding to convert to a binary image using
Imaged Software. For each mouse, measurements were taken from three coronal
brain sections and, six different microscope fields were analyzed in each section.

For BdrU IHC was performed as previously described.”™" Briefly, 30-ym-thick,
free floating coronal hippocampus sections were incubated for 2h in 50%
formamide/2x SSC at 65°C, followed by incubation in 2N HCI for 30 min. Then
sections were incubated for 10 min in 0.1M borate buffer. After washing in PBS,
sections were incubated in 1% H202 in PBS for 30 min to inactive endogenous
peroxidase activity. After several rinses in PBS, sections were incubated in
PBS/0.2% Triton X-100/5% goat serum (PBS-TS) for 30 min and then incubated with
monoclonal mouse anti-BrdU (1:600; Roche Diagnostics, Barcelona, Spain)
overnight at 4°C. After several rinses in PBS-TS, sections were incubated for 2h with
biotinylated goat anti-mouse Fab Fragment IgG secondary antibody (1:200; Jackson
ImmunoResearch Laboratories, Inc., US-PA), followed by amplification with avidin—
biotin complex (Vector Laboratories). For quantification of BrdU+ cells, one every
sixth section throughout the hippocampus was processed and counted under a light
microscope (Carl Zeiss Axioskop 2 Plus) at 40x and 100x magnification. The total
number of BrdU+ cells per section were determined and multiplied by 6 to obtain the
total number of BrdU+ cells per hippocampus.

Ki-67 IHC was carried out in adjacent sections to those used in the BdrU

labeling studies. IHC visualization of cell proliferation by Ki-67 has been validated
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against the BdrU labeling technique elsewhere,® showing high correlations between
the two methods. After several rinses in PBS, endogenous peroxidase activity was
inactivated and the sections were rinsed in PBS and the antigen was retrieved by
heating at 80°C in 10 mM citric acid, pH 9.0 for 30 min. After several washes in PBS,
block for 30 min in blocking solution (50mM Tris—HCI, 150mM NacCl, 0.1% Triton X-
100, pH 7.4), containing 1% donkey serum and 1% BSA). Incubate with rabbit anti-
Ki-67 (1:5000, Abcam plc, Cambridge, UK) overnight at 4°C. Sections were washed
with PBS, incubated with biotinylated donkey anti-rabbit secondary antibody (1:200;
Jackcon ImmunoResearch Laboratories, Inc., US) for 2h, and the signal was
amplified with avidin-biotin complex (Vector Laboratories). Ki-67+ cells were labeled
using DAB as chromogen (Vectar Laboratories). The quantification of Ki67+ cells was
performed as described for BrdU+ cells.

To evaluate adult neurogenesis, we also used a primary goat polyclonal anti-
NeuroD-antibody (1:200, sc-1084, Santa Cruz Biotechnology, Santa Cruz, CA) and a
primary goat polyclonal anti-DCX-antibody (Doublecortin; 1:200; sc-8066, Santa Cruz
Biotechnology). After endogenous peroxidase inhibition and washes, pre-incubation
and incubation were carried out in @ 1x PBS/Triton 0.2% solution containing 10% and
3% normal donkey serum (Millipore), respectively. Both primary antibodies, anti-
NeuroD and anti-DCX, were incubated overnight a 4°C, followed by incubation with
biotinylated donkey anti-goat (1:200, sc-2042, Santa Cruz Biotechnology), and
subsequent incubation in ABC solution (Vector Laboratories) according to the
manufacturer's instructions. The color reaction was performed by incubation with
DAB solution. The sections were mounted onto gelatin-coated slides, embedded and
investigated on a Nikon Eclipse E1000 microscope (Nikon, Tokyo, Japan) using 20x

and 40x objectives. For each marker and mouse, between three consecutive
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sections containing the hippocampal structures and six different microscope fields
were analyzed in each section.

For IHC visualization of neurons (NeuN, 1:1000, Millipore, Madrid, Spain),
reactive astrocytes (GFAP, 1:1000, DAKQ, Barcelona, Spain), or microglia (IBA-1,
1:1,000; WAKO, Irvine, CA), we used a biotin-labeled antibody procedure. Following
endogenous peroxidase inhibition and washes, tissues were blocked for 2h in 3%
normal goat serum, and primary antibody incubations were carried out overnight at
4°C. Sections were incubated in goat anti-rabbit or anti-mouse biotinylated IgG
secondary antibodies (1:200; Vector Laboratories, Burlingame, CA) for 1h at room
temperature and subsequent incubation in ABC solution. Sections were mounted
onto gelatin-coated slides with Entellan. Images were captured by using a Nikon
Eclipse E1000 microscope (Nikon, Tokyo, Japan) equipped with a digital camera
(DXM1200 3.0, Nikon) and ACT-1 software (Nikon). Figures were assembled in
Adobe Photoshop (Adobe Systems, San Jose, CA); only contrast and brightness
were adjusted to optimize the images. The secondary antibody controls were run in

parallel with each experiment (Figure 36).

Intracerebral microdialysis

Extracellular serotonin (5-HT) concentration was measured by in vivo microdialysis
as previously described.'®* Briefly, one concentric dialysis probe (Cuprophan: 1.5
mme-long) was implanted in caudate putamen (CPu; AP, 0.5; ML, -1.7; DV, -4.5) or
ventral hippocampus (vHPC; AP, -3.0; ML, -3.0; DV, -4.0)*° of pentobarbital-
anaesthetized mice. Experiments were performed 24-48h after surgery. Veratridine,
a voltage-dependent Na+ channel opening agent, was from Tocris Bioscience

(Bristol, UK). To assess 8-OH-DPAT effects on extracellular 5-HT, 1yM SSRI-
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citalopram (Lundbeck A/S, Valby, Copenhagen) was added to artificial cerebrospinal
fluid (CSF).”* The aCSF was pumped (WPI model, SP220i) at 2.0 pimin™ and 30-min
samples were collected. 5-HT concentrations were analyzed by high-performance
liquid chromatography-amperometric detection (+0.6V; Hewlett Packard 1049, Palo
Alto, CA, USA) with detection limits of 1.5 fmolsample'1. Baseline 5-HT levels were
calculated as the average of the four pre-drug samples. Correct probe placement

was verified using cresyl-violet staining.
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Therapeutic antidepressant potential of a conjugated siRNA silencing

the serotonin transporter after intranasal administration

A Ferrés-Coy, M Galofré, F Pilar-Cuéllar, R Vidal, V Paz, E Ruiz-Bronchal, L Campa, A
Pazos, JR Caso, JC Leza, G Alvarado, A Montefeltro, EM Valdizan, F Artigas and A

Bortolozzi
Molecular Psychiatry. 2016 Mar; 21(3):328-338

Estrategias de RNAIi han sido previamente utilizadas para evocar respuestas de tipo
antidepresivo en animales de experimentacion. Sin embargo, una de las principales
limitaciones de su uso in vivo se relaciona con la limitada capacidad que disponemos
para dirigir los oligonucledtidos hacia sistemas o poblaciones neuronales especificas.
En el presente trabajo, integramos la tecnologia desarrollada en los estudios 1y 3 vy,
generamos un siRNA contra el SERT conjugado con sertralina (C-SERT-siRNA) para
facilitar su acumulacién en neuronas serotoninérgicas después de la administracion
intranasal. Ademas nos preguntamos si la molécula de C-SERT-siRNA seria capaz de
revertir el comportamiento de tipo depresivo del modelo murino asociado al

consumo crénico de corticosterona.

Los resultados mostraron que la administracion intranasal del C-SERT-siRNA
disminuye la expresion y funcidon del SERT, produciendo respuestas de tipo
antidepresivo en ratén mas rapido que aquellas inducidas por fluoxetina. Estas
respuestas incluyeron: 1) incremento de la concentracion de 5-HT en areas de
proyeccion como el cuerpo estriado y el HPC, 2) desensibilizaciéon del autoreceptor 5-
HT1a, 3) aceleracién de la proliferacidon de precursores neuronales, 4) incremento de
la expresion de factores troficos y, 5) incremento de la complejidad dendritica en el
HPC. Ademas, mientras que la fluoxetina requiere un tratamiento de 28 dias, solo

siete dias de tratamiento con el C-SERT-siRNA fueron suficientes para revertir el
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comportamiento de tipo depresivo exhibido por los ratones expuestos al consumo

cronico de corticosterona.

Los presentes resultados demuestran la factibilidad de evocar respuestas de tipo
antidepresivo utilizando estrategias de RNAi apropiadas para dirigir las moléculas de
oligonucledtidos hacia poblaciones neuronales especificas, abriendo asi nuevas

vias/horizontes para futuros estudios traslacionales.
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ORIGINAL ARTICLE

Therapeutic antidepressant potential of a conjugated siRNA
silencing the serotonin transporter after intranasal
administration

A Ferrés-Coy1’2'3, M Galofré"?2, F Pilar-Cuéllar®®, R Vidal®>*, V Paz"?3, E Ruiz-Bronchal 23, L Campa1'2’3, A Pazos®?, JR Caso™®, JC Leza™®,
G Alvarado®, A Montefeltro®, EM Valdizan®, F l’-’\rtigasw'z’3 and A Bortolozzi'??

Major depression brings about a heavy socio-economic burden worldwide due to its high prevalence and the low efficacy of
antidepressant drugs, mostly inhibiting the serotonin transporter {SERT). As a result, ~80% of patients show recurrent or chronic
depression, resulting in a poor quality of life and increased suicide risk. RNA interference {RNAI) strategies have been preliminarily
used to evoke antidepressant-like responses in experimental animals. However, the main limitation for the medical use of RNAI is
the extreme difficulty to deliver oligonucleotides to selected neurons/systems in the mammalian brain. Here we show that the
intranasal administration of a sertraline-conjugated small interfering RNA (C-SERT-siRNA] silenced SERT expression/function and
evoked fast antidepressant-like responses in mice. After crossing the permeable olfactory epithelium, the sertraline-conjugated-
siRNA was internalized and transported to serotonin cell bodies by deep Rab-7-associated endemembrane vesicles. Seven-day
C-SERT-siRNA evoked similar or more marked responses than 28-day fluoxetine treatment. Hence, C-SERT-siRNA (i) downregulated
5-HT,; a-autoreceptors and facilitated forebrain serotonin neurotransmission, (i) accelerated the proliferation of neuronal precursors
and (iii) increased hippocampal complexity and plasticity. Further, short-termn C-SERT-siRMA reversed depressive-like behaviors in

corticosterone-treated mice. The present results show the feasibility of evoking antidepressant-like respenses by selectively
targeting neuronal populations with appropriate siRNA strategies, opening a way for further translational studies.

Molecular Psychiatry (2016) 21, 328-338; doi:10.1038/mp.2015.80; published online 23 June 2015

INTRODUCTION

Major depressive disorder (MDD} is a severe, chronic and life-
threatening disease with a high incidence; affecting ca. 120 million
people wotldwide."? The midbrain serotonin (5-hydroxytrypta-
mine {5-HT}) system has a critical role in many brain functions,
including mood control. Derangements of serotonin pathway are
involved in MDD, and most antidepressant drugs aim to increase
serotonergic function.* Serotonin transporter (SERT) is a key player
in MDD, by controlling the active 5-HT fraction and, being the
target of most prescribed antidepressant drugs, the selective
serotonin reuptake inhibitors {(SSRI) and the selective serotonin and
norepinephrine reuptake inhibitors (SNRI).*® These drugs need to
be administered for long time before clinical improvement
emerges, and they fully remit depressive symptoms in only one-
third of patients leaving a large proportion of people with partial or
incomplete clinical responses.”® For these reasons, there is an
urgent need to improve antidepressant treatments.

Chronic—but not acute—SSRI treatments elicit a series of
neurobiclogical changes relevant for antidepressant activity. Hence,
chronic SSRI treatments downregulates SERT, increasing forebrain
serotonergic  neurotransmission and neuronal plasticity in the
hippocampus,”'? although the precise mechanisms involved
remain uncertain. Likewise, chronic SSRI treatments internalize
SERT and reduce SERT-binding sites without affecting SERT mRNA

levels. %3 |n particular, fluoxetine (FLX) promotes the biogenesis
of microRNA-16, resulting in a downstream repression of SERT
levels in mouse 5-HT neurons, accompanied by antidepressant-like
effects in the chronic mild stress and forced-swim animal models.”

Altogether, these data uncover the functional significance
of SERT downregulation in mediating antidepressant responses.
The identification of intracellular networks underlying SERT
downregulation may be a new target for the development of
fast-acting antidepressants. Hence, exogenous small interfering
RNAs (siRNAs) have been preliminarily investigated as potential
therapeutic tools to silence the expression of critical genes in 5-HT
neurons.'®™'® Intracerebral treatments with siRNA against SERT—or
their related antisense oligonucleotides—significantly decreased
SERT expression and function in the rodent brain and evoked
cellular and behavioral responses predictive of clinical antidepres-
sant activity."®'"'® Despite these exciting prospects, the utility
of RNA interference (RNAi)-based silencing strategies for MDD
treatment is severely compromised by the extreme difficulty to
deliver oligonucleotide sequences to their neurcnal functional
sites, due to the need to cross several biclogical barriers after
administration and the evident complexity of the mammalian
brain.2**!

Here we have used targeted delivery of a sertraline
ligand-conjugated siRNA directed against SERT {C-SERT-siRNA) to

'Institut dinvestigacions Biomadiques August Pi i Sunyer (IDIBAPS), Barcelona, Spain; “Department of Neurochemistry and Neuropharmacology, IBB-CSIC (Consejo Superior de
Investigaciones Cientificas), Barcelona, Spain; *Cantro de Investigacion Biomédica en Red de Salud Mental (CIBERSAM), ISCII, Madrid, Spain; Anstituté of Biomedicine and
Biotechnology of Cantabria (IBBTEC UC-CISC-SODERCAN), Santander, Spain; sDepartme-mi of Pharmacology, School of Medicine, Universidad Complutense and 1S Hospital 12 de
Octubre, Madrid, Spain and ®n-Life Therapeutics, S.L, Granada, Spain. Correspondence: Dr A Bortolozzi, Department of Neurochemistry and Neuropharmacology, IIBB-CSIC-
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downregulate SERT expression selectively in raphe 5-HT neurons. increased 5-HT signaling and synaptic plasticity. These results
We show that C-SERT-siRNA silenced SERT expressicn/function highlight the potential of RNAi-based antidepressant therapies
and eveoked fast and robust antidepressant-like responses after targeting genes linked to antidepressant responses, such as SERT
intranasal {i.n.) administration in mice. Marsover, it reversed the or the 5-HT;s-autoreceptor'® through a clinically feasible (in.)
depressive-like behavior in corticosterane-treated mice due to the administration route.
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Figure 1. Selective accumulation of sertraline-conjugated nonsense-siRNA {(C-NS-siRNA) in tryptophan hydroxylase?-positive (TPH,-positive)
5-hydroxytryptamine (5-HT} neurons after infranasal administration. Mice were intranasally admlnlsfered with alexa488 phosphate-buffered
saline (PBS) (A488-PBS) or alexa488-labeled C-NS-siRNA (A488-C-NS-siRNA) at 30pgday™' during 4 days and were killed 6h
postadministration {n=2 mice/group). (&} Confocal images showing co-localization of A488-C-NS-siRNA (yellow) in dorsal raphe nucleus
{DR} 5-HT neurcns (TPHz-positive, red) identified with white arrowheads. Cell nuclei were stained with DAPI {4,6-diamidinc-2-phenylindole;
blue). Bottom row are high-magnification photomicrographs of the frames in top row. Scale bars: low =200 pm, high=10pm. {b and <
Histograms show the distribution profile of the abundance of A488-C-NS-siRNA {expressed as fluorescence units, ranges shown below the
abrscissa axis) in TPH,-positive neurons. Note the greater number of TPH,-positive cells co-localized with A488-C-NS-siRNA in the DR compared
with median raphe nucleus (MnR}. Range: =3, 3-1 and = 1 represent relative unit of intracellular A488 density. (d) Number of TPH,-positive
cells in the DR and MnR of mice. AP coordinates (in mm): —424/-436 and —4.48/—472 from bregma {n=2 mice/group). *P < 0.05,
FEE o .01, FFEP < 0.001 versus A488-PES-freated mice. Data are mean £ s.em.
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MATERIALS AND METHODS

Animnals

Wale C57BL/6J mice {10-14 weeks; Charles River, Lyon, France) were
housed under controlled conditions {22+ 1 °C; 12-h light/dark cycle} with
food and water available ad fibitum. Animal procedures were conducted in
accordance with standard ethical guidelines (FU regulations 135/118/
12/1986} and approved by the local ethical committee.

Conjugated siRNA synthesis

The synthesis and purification of sertraline-conjugated siRNA directed
against SERT {C-SERT-siRMA, nt: 1230-1250, GenBank accession Mi_010484)
and sertraline-conjugated nonsense siRMA {C-MS<iRMA} molecules were
performed by nlLife Therapeutics S.L. {Granada, Spain}.'® Details are shown in
Supplementary Information.

To study in vivo intracellular distribution and incorporation of
conjugated siRMA into 5-HT neurons, C-MS-siRMA was additionally labeled
with alexa488 in the antisense strand {A488-C-NS-siRMA}. We used C-MNS-
siBNA instead of C-SERT-siRMA to examine the brain distribution after in.
administration because C-SERT-siRMA reduces SERT expression {see Results
section}, this compromising the penetration of new doses into 5-HT
neurons through SERT. Along these lines, we assumed that the main factor
conferring the neuronal target selectivity was the presence of covalently

C-NS-siRNA  C-SERT-siRNA

SERT mRNA
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£ B
=
=
o
=
o
i
w

Figure 2.
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bound sertraline rather than the oligonucleotide sequence. Stock solutions
of all siRMAs were prepared in RMAse-free water and stored at — 20°C until
use. Sequences are shown in Supplementary Table S1.

Treatments

For in. administration, mice were slightly anesthetized by 2% isoflurane
inhalation and placed in a supine position.'® A 5-pl drop of phosphate-
buffered saline {(PBS} or conjugated siRMA {C-MNS-siRMA and C-SERT-siRMA}
was applied alternatively to each nostil once daily. A total of 10pl of
solution containing 30 ug (2.1 nmolday ") of conjugated siRMA was
delivered for 1, 4 or 7 days, and mice were killed at 1, 3, 7 or 15 days after
last administration. To evaluate the C-SERT-siRMA efficacy on SERT
knockdown, mice were in. treated with the C-SERT-siRMA at 10, 30 or
100 ugday ' (0.7, 2.1 or 7nmolday , respectively) during 7 days and
were killed 24 b after last administration.

FLX {Tocris, Madrid, Spain} was acministeret once daily at 10 mg kg 1
intraperitoneally {ip.), for 7 or 28 days. Mice weve killed at 24 h after last
administration. Control mice received saline.

Corticosterone {Cortico, Sigma-Aldrich, Madrid, Spain} was dissolved in
commercial mineral water and brought to a pH 7.0-7.4 with HCL Group-
housed mice were presented with Cortico solution for 28 or 49 days at:
30pgml ' during 15 days {resulting in a dose of approximately 6.6-
mg kg 1day 1 p.oy, followed by 15 pg mi T (27 mgkg 1da\),-' " during
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Intranasal sertraline-conjugated serotonin transporter small interfering RNA {SERT-siRMNA) {C-SERT-siRNA} treatment downregulates

SERT exprassion. Mice received intranasally: phosphate-buffered saline {PBS}), sertraline-conjugated nonsense-siRNA {C-NS-siRNA) or C-SERT-
siRNA at 30 pg day ™' (2.1 nmol day ™"y during 1, 4 or 7 days. (&) Coronal brain sections showing reduced SERT mRNA and binding site levels in
the dorsal raphe nucleus (DR} (AP coordinates: — 4.48 to — 4.72 in mm) of mice freated with C-SERT-siRNA (7-day). Scale bar: 500 pm. {b) Effects
of C-SERT-siRNA on SERT mRNA and binding site densities in the DR and median raphe nucleus (MnR} (n=3-8 mice/group; *P < 0.05,
#E 2 0.01, ¥ < 0.001 versus PBS- and C-NS-siRMA-treated mice). (¢} Immunchistochemistry images showing the expression of SERT protein
(SERT-ir) in mouse DR. Bottom row are high-magnification photomicrographs of the frames in top row. Scale bars: low = 100 pm, high=20pm.
{d C-SERT-siRMA treatment (7-day} decreased DR SERT protein density versus PBS- and C-NS-siRNA-freated mice {(n=3-5 mice/group;
P 0.01). (@) Local selective serotonin reuptake inhibitor citalopram infusion by reverse-dialysis induced concentration-dependent increases
of extracellular 5-hydroxytryptamineg (5-HT) in the caudate putamen (CPu) of PBS-treated mice more than in C-SERT-sIRNA-freated mice (n=7-
8 mice/group; *¥F < 0.01 versus PBS). Data are mean £ s.am.
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Figure 3. RNA interference-induced serctonin fransporter (SERT) suppression reduces 5-hydroxytryptamine 1A (5-HT,a)-autoreceptor
expression/function and rapidly enhances the forebrain 5-HT transmission. Mice were infranasally administered with: phosphate-buffered
saline (PBS), sertraline-conjugated nonsense-small interfering RNA (SIRNA} (C-NS-siRNA) or sertraline-conjugated SERT-siIRNA (C-SERT-siRNA} at
30pgday ™ during 7-day treatment. Other groups of mice were treated with saline or fluoxetine (FLX) at 10 mgkg ™" day ™", intraperitoneally
during 7- or 28-day treatment. {a) Representative corenal brain sections showing reduced 5-HT 4 receptor mRNA and binding site levels in the
dorsal raphe nucleus (DR} of C-SERT-siRNA-treated mice. Scale bar: 2 mm. (b} Effacts of C-SERT-siRNA on 5-HT; 4 receptor mRNA and binding site
densities in the DR and median raphe nucleus {(MnR} of mice (= 3-4 mice/group; *F < 0.05, *F < 001 compared with PBS- and C-NS-siRNA-
treated mice). (€} Effects of C-SERT-siRNA and FLX on 5-HT, 4 -autoreceptor function. C-SERT-siRNA (7-day) decreased 5-HT, 4 receptor-mediated
8 OH-DPAT-stimul ated [SSS]GTP\(S hinding in the DR, whereas FLX (7-day} was without effect {n =3-4 mice/group; **F < 0.01 versus PBS- and
C-NS-siRMA -treated mice). FLX reduced 5-HT, s-autoreceptor function after 28-day treatment {n = 3-4 mice/group; ™ £ < 0.001 versus saline and
FLX 7-day). {el) 8-OH-DPAT did not reduce 5-HT release in the ventral hippocampus (HPCv) of C-SERT-siRMNA-freated mice (7-day), unlike control
groups (7 = 3-4 mice/group; **P < 0.01 versus PBS and C-NS-siRNA). However, 8-OH-DPAT decreased hippocampal 5-HT concentration in saline-
and FLX-freated 7-day mice but not in 28-day FLX-freated mice {n=5-8 mice/group; P = 0.01 versus saline and FLX 7-day). (e} Intranasal
C-SERT-siRNA freatment increased extracellular 5-HT levels in CPu more rapidly than FLX (7 =4-10 mice/group; **f < 0.01, ¥¥*P = 0.001 versus
PBS and C-NS-siRNA; *P < 0,05, ™F = 0.01, TP = 0.001 versus saline). Significant differences versus their respective control mice occurred after
2-day C-SERT-siRMA and after 7-day FLX treatment. Similar temporal differences were observed in HPCy (n = 3-56 mice/groupy,; #¥#P < 0.001 versus
PBS and C-NS-siBNA; °F = .05, ™™ F < 0.001 versus saline). Data are mean £ s.em.
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3 days and 75 ug ml~' (1.1 mgkg ™' day ") during 16 or 31 days to allow
a gradual recovery of endogenous corticosterone plasma level>>** Cortico
solutions were no more than 3 days old and mantained in opaque bottles
to protect it from light. From day 21, one group of animals treated with
Cortico received daily i.n. PBS, C-N5-siRNA or C-SERT-siRNA for 7 days.
Another group of mice treated with Cortico received i.p. injections of saline
or FLX for 7 or 28 days {Supplementary Figure 51).

Plasma corticosterone levels

Posttreatment corticosterone was measured in plasma obtained from
klood samples after cardiac puncture at 1500-1660 hours using trisodium
citrate as anticoagulant. After blood centrifugation at 1060 g for 15 min, all
plasma samples were stored at —8G°C before assay by using a
commercially available kit by radicimmunoassay of 'Zl-labeled rat
corticosterone {Coat-A-Count, Siemens, Healthcare Diagnostics, Berkeley,
CA, USA). A gamma counter (Perkin Elmer Wallac Wizard 1470, Turku,
Finland) was used to measure radioactivity of the samples.24

In situ hybridization

Mice were killed by pentobarbital overdose, and the brains were rapidly
removed, frozen on dry ice and stored at — 80 °C. Coronal tissue sections (14
um thick) were cut using a microtome-cryostat {(HM500-OM, Microm,
Walldorf, Germany), thaw-mounted onto 3-aminopropyltriethoxysilane
{Sigma-Aldrich)-coated slides and kept at —20°C until use. Antisense
oligoprobes were complementary to bases: SERT/820-863 {GenBank
accession NM_010484.1), serotoninlA receptor-5-HT, 5R/1780-1827
{NM_0068308), tryptophan hydroxylase-2  (TPH,)/36G-410  {(NM_1733%1),
brain-derived neurotrophic factor (BDNF)/1188-1238 (NM_007540), vascular
endothelial growth factor (VEGF)/2217-2267 (NM_001025250), activity-
regulated cytoskeletal protein (ARC)/1996-204C {(NM_018790), TRKB recep-
tor/1075-1124 {NM_001025074), PSD-85/76-120 (D50621), and neuritin/4a0s-
448 (NM_153528), respectively {Gottingen, Germany). Oligonucleotides were
individually labeled (2 pmol) at the 3-end with [ *PI-dATP {2500
Cimmol ~'; DuPont-NEN, Boston, MA, USA) using terminal deoxynucleotidyl
transferase {TdT, Calbiochem, La Jolla, CA, USA). Sections were hybridized as
previously described.'”"% Details are shown in Supplementary Infarmation.

Autoradiographic studies

The autoradiographic binding assays for 5-HT, 4R, SERT and norepinephrine
transporter were performed using the following radioligands: (a) HI-8-
OH-DPAT (233 Cimmol ~"), {b) *Hl-citalopram {7¢ Ci mmol~") and (c) [*Hl-
nisoxetine {85 Ci mmol™ "), respectively (Perkin-Elmer, Madrid, Spain) as
described previously.'"” The experimental conditions are summarized in
Supplementary Table 52. For 5-HT; AR-stimulated [*°SIGTPYS autoradiogra-
phy, coronal dorsal raphe nucleus (DR) sections were labeled with 0.04 nm
[**SIGTPYS.” Details are shown in Supplementary Information.

Quantitative image analysis of film autoradiograms

Autoradiograms were analyzed and relative optical densities {ROD) were
obtained using a computer-assisted image analyzer (MCID, Mering,
Germany). The system was calibrated with *H- ar ™C-microscales standards
to obtain fmolmg~™' protein equivalents from ROD data. The slide
background and non-specific densities were subtracted. ROD were

<
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evaluated in two or three adjacent sections by duplicate of each mouse
and averaged to obtain individual values. MCID system was also used to
acquire pseudocolor images. Black and white photographs were taken
from autoradiograms using a Wild 426 microscope {Leica, Heerbrugg,
Germany) equipped with Nikon DXM120CF digital camera and ACT-1
Nikon software (Soft Imaging System Gmbh, Minster, Germany). Images
were processed with Photoshop (Adobe Systems, Mountain View, CA, USA)
by using identical values for contrast and brightness.

5-Bromo-2"-deoxyuridine {BrdU) administration

BrdU was purchased from Sigma-Aldrich and dissolved in saline solution.
The last day of antidepressant treatment, mice were injected with 4x75-
mg kg~" BrdU, i.p., every 2h and were killed 24h later in according to
Santarelli et al.”’

Immunchistochemistry

Mice were anesthetized with pentobarbital and transcardially perfused
with 4% paraformaldehyde in sodium-phosphate buffer {pH 7.4). Brains
were collected, postfixed 24 h at 4 °C in the same solution and then placed
in gradient sucrose 10-30% for 3 days at 4 °C. After cryopreservation, serial
30-um thick sections were cut through the olfactory bulbs, the
hippocampal formation, amygdala and the midbrain raphe nuclei
Immunochistochemical procedure was performed for SERT, BrdU, Ki-67,
NeuroD, NeuN, Doublecortin (DCX), glial fibrillary acidic protein {GFAP) and
lba-1 using biotin-labeled antibody procedure.’” Details are shown in
supplementary Information.

Confocal fluorescence microscopy

Intracellular C-NS-siRNA distribution in 5-HT neurons was examined by
confocal microscopy using a Leica TCS SP5 laser scanning confocal
microscope (Leica Microsystems Heidelberg GmbH, Manheim, Germany)
equipped with a DMI6COG inverted microscope, blue diode {465 nm), Argon
(458/476/488/496/514), diode-pumped solid state (561 nm) and HeNe
(594/633nm) lasers. After i.n. administration with Alexa488 labeled C-NS-
SIRNA at 30 pgday " during 4 days, mice were killed and their brain were
extracted and processed for immunofluorescence. Details are shown in
Supplementary Information.

Intracerebral microdialysis

Extracellular 5-HT concentration was measured by in vive microdialysis as
previously described.'”'®?5 Briefly, one concentric dialysis probe (Cupro-
phan; 1.5-mm long) was implanted in caudate putamen (CPu; coordinates
in mm: AP, 0.5; ML, — 1.7; DV, — 45) or ventral hippacampus {vHPC; AP, - 3.0;
ML, -3.0; DV, —4.0% of pentobarbital-anaesthetized mice. Experiments
were performed 24-48h after surgery. To assess 8-OH-DPAT effects on
extracellular 5-HT, 1 um SSRI citalopram {Lundbeck A/S, Valby, Copenhagen,
Denmark) was added to artificial cerebrospinal fluid. Artificial cerebrospinal
fluid was pumped (WPl model, SP2201) at 2.6 ulmin~' and 30-min samples
were collected. 5-HT concentrations were analyzed by high-performance
liguid chromatography amperometric detection (+0.6V; Hewlett Packard
1049, Palo Alto, CA, USA) with 3-fmol detection limits. Baseline 5-HT levels
were calculated as the average of four predrug samples.

Figure 4.

Intranasal administration of sertraline-conjugated serotonin transporter small interfering RNA (SERT-siRNA) (C-SERT-siRNA)

accelerates the proliferation of cellular precursors and dendrite complexity in the hippocampus. {(a) Representative images showing an
increased number of Ki67-positive cells in the dentate gyrus (DG) of C-SERT-siIRNA (7-day) or fluoxetine-treated mice (FLX, 28-day) versus their
respective control mice. Bottom row shows high-magnification photomicrographs of the top row frames. Scale bars: low =100 pm and
high =20 pm. (b and ¢) Short-term C-SERT-siRNA {7-day) or long-term FLX (28-day) treatments increased similarly the number of DG Ki-67-
positive cells (n=5-10 mice/group) and 5-bromo-2’-deoxyuridine (BrdU)-positive cells (n=6-10 mice/group). *P < 0.05, **P < 001 versus
phosphate-buffered saline {PBS) and sertaline-conjugated nonsense-siRNA {C-NS-siRNA); P < 0.05 versus saline and FLX 7-day treatment. (d
and &) Short-term C-SERT-siRNA treatment or chronic FLX administration increased similarly the number of immature neurons identified with
NeuroD {1 =4-10 mice/group) or doublecortin {DCX; n = 5-11 mice/group) markers (*P < 0.05 versus PBS and C-NS-siRNA; “P < 0.05, “*P < 0.01
versus saline and FLX 7-day treatment). {f) Representative images and traces from Sholl analyses of DCX-positive cells bearing a complex
dendritic morphology in the DG of mice in the different treatment group. Scale bar: 20 pm. (g) Effects of C-SERT-siRNA (7-day) or FLX {28-day)
treatments on dendritic intersection numbers and dendritic length of DCX-positive neurons {1 =4 mice/group, 5 cells/mouse; ***P < 0.001
versus PBS and C-NS-siRNA; *P < 0.001 versus saline and FLX 7-day). (h) Levels of mRNA for the following genes: BDNF, VEGF, TRKB, ARC,
Neuritin, and PSD95 in the DG were analyzed by densitometry and are shown in the bar graphs (n =3-10 mice/group; *P < 0.05, ***P < 0.001
versus PBS and C-NS-siRNA; °P < 0.05, TP < 0.017, *°P <« 0.001 versus saline and FLX 7-day treatment). Values are mean +s.e.m.
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Behavicral studies

All mice were tested at 24h after treatments. All tests were perdformed
between 1000 and 1500 hours. Behavioral assessments were examined
with at least an interval of 1-2 days between tests. They were conducted in
the following order: {1} open field test, (2} sucrose preference test, (3}

Resultados

novelty suppressed-feeding test, and {4} tail suspension test. On test days,
animals were transported to a dimly illuminated behavioral room and were
left undisturbed for at least 1h before testing. Behavioral tests were
conducted by an experimenter blind to mouse treatments. Details are
shown in Supplementary Information.
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Statistical analyses

All results are given as mean+ s.e.m. Data were analyzed using GraphPad
Prism 6.0 (GraphPad, San Diego, CA, USA). Statistical analyses were
performed by two-tailed Student's t-test and one-way or two-way analysis
of variance followed by Tukey's post-hoc test as appropriate. In novelty
suppressed-feeding test, we used the Kaplan-Meier survival analysis due to
the lack of normal distribution of the data. Animals that did not eat during
the 10-min testing period were discarded. Mantel-Cox log-rank test was
used to evaluate differences between experimental groups, as described by
Samuels and Hen.”” Differences were considered significant when P < 6.05.
Completed statistical analyses are summarized in Supplementary Table 53.

RESULTS

Sertraline-conjugated siRNA is internalized into 5-HT neurons by
endocytosis after i.n. administration
We used a previously developed strategy of transporter-mediated
neuronal delivery of siRNA, in which the SSRI sertraline—
which selectively binds to SERT—was chemically conjugated to the
oligonucleotide.'® The working hypothesis was that the presence of
sertraline would allow the selective enrichment of this conjugated
siRNA in 5-HT neurons, where the targeted transporter (SERT) is
differentially expressed.”® As first evidence in support of this
mechanism, we previously showed that sertraline pretreatment
2o0mgkg™", ip) prevented the effects of sertraline-conjugated
siRNA, indicating that conjugated siBNA molecules enter 5-HT
neurons via SERT.'®

For localization purposes, we synthesized an alexa488-labeled
sertraline-conjugated nonsense-siRNA {A488-C-NS-siRNA). Confocal
fluorescence microscopy revealed that A488-C-NS-siRMA was
intracellularly detected in TPH,-positive midbrain 5-HT neurons
after i.n. administration (Figure 1a}. Confocal analysis showed that
A488-C-NS-siRNA molecules were more efficiently uptaken by TPH,-
positive neurons in the DR than in median raphe nucleus (MnR)
{Figures 1b and d and Supplementary Figure 52). In addition, A488-
C-NS-siRMA was absent in cells of brain areas close to the
application site {olfactory bulbs) or to brain ventricles {hippocam-
pus) (Supplementary Figure S3), supporting that surface SERT
expression is a reguirement for oligonucleotide uptake and
internalization. Sertraline-conjugated siRNA was possibly accumu-
lated in 5-HT cells perhaps by endocytosis and entered in a complex
network of trafficking pathways as vesicles containing A488-C-NS-
siRNA co-localized with Rab5 (early endosome marker) and Rab7
{late endosome marker) (Supplementary Figure 54). Further studies
are needed to fully characterize the route used by sertraline-
conjugated siRNA molecules to reach raphe 5-HT neurons.

Sertraline-conjugated SERT-siRNA induces selective and safe
suppression of SERT expression

We first examined the effect of i.n. C-SERT-siRNA administration
(30 ugday ') on SERT expression. SERT mRNA and binding site

Intranasal delivery of conjugated SERT-siRNA
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levels were significantly lower in the raphe nuclei of C-SERT-siRNA-
treated mice compared with control groups (PBS- and C-NS-siRNA-
treated mice), with a maximal reduction after 7-day treatment.
Immunohistochemistry analysis confirmed these results at the
protein level (Figures 2a and d and Supplementary Figure S5).
C-SERT-siRMA suppressed SERT expression more markedly in the
DR than in MnR, as supported by the higher intracellular density of
oligonucleotide in DR 5-HT neurons (Figure 1). We then evaluated
the dose-related effects of C-SERT-IRNA (10-30-100 g day '
during 7 days, i.n) on SERT expression in the DR. All doses
significantly decreased SERT mRNA expression 24 h after last
administration, with no significant differences between doses,
despite a slightly greater reduction at 30 and 100 ugday ™'
{(Supplementary Figure 56). Next we assessed the temporal pattern
of SERT decrease. For this purpose, mice were i.n. administered
with C-SERT-siRNA at 30 pgday ' during 7 days and killed at
different times after last administration. SERT mRNA level in the
DR was significantly lower in C-SERT-siRNA-treated mice that in
the control group at 1 and 3 days postadministration, with a
recovery of SERT expression to control values at 7 and 15 days
postadministration (Supplementary Figure 5§7). These values agree
with data in the literature indicating a short half-life of SERT.”®

The reduced SERT expression was accompanied by a decreased
function, as assessed by intracerebral microdialysis in the CPuy,
a DR-innervated area. Hence, in. C-SERT-siRNA treatment
(30 ug day ', 7-day) doubled basal extracellular 5-HT levels in the
CPu versus PBS-treated mice (9.9 +1.6 and 4.7 + 0.7 fmol fraction ~',
respectively; n=7-8; P<0.01) and provoked a lesser response of
the SSRI citalopram to increase extracellular 5-HT (Figure 2e).

C-SERT-siRNA (30 ug day ', 7-day, i.n.) did not induce neuronal
degeneration (NeuN-positive), astrogliosis (GFAP-positive] nor
immune responses (lba-1-positive) {Supplementary Figure S8).
Similarly, 7-day C-SERT-siRNA did not alter TPH, mRNA levels in
5-HT neurons nor the binding density of [*H]-nisoxetine, which
recognizes norepinephrine transporter (Supplementary Figure 59).
Altogether, these data support the specificity and safety of
C-SERT-siRNA effects.

RMAi-based SERT suppression rapidly attenuates
5-HTy a-autoreceptor expression/function and enhances
farebrain 5-HT transmission

Concurrently, 7-day C-SERT-siRNA treatment reduced 5-HTya-
autoreceptor expression and function in mouse (Figures 3a
and d), as also described after DR infusion of a unmodified
SERT-siRNA in mouse or SERT antisense-plasmid in rat.'”'® C-SERT-
siRNA diminished 5-HT;s-autoreceptor mRNA level in the DR at
both doses tested (30 and 100 pgday "), but not 10 ugday ',
24 h after last siRNA administration {Supplementary Figures S10a
and b). Decreased 5-HT,-autoreceptor response is necessary for
the clinical antidepressant action, as 5-HT;s-autoreceptor activa-
tion by the excess 5-HT produced by SSRI/SNRI in the DR reduces

|

Figure 5.

Short-term intranasal (i.n.) treatment with sertraline-conjugated serotonin transporter small interfering RNA (SERT-siRNA) (C-SERT-

siRNA) efficiently attenuates the behavioral deficits in a stress-induced depression model. Grouped-housed male C57BL/6) mice were
presented during 28 or 49 days with vehicle {non-stressed mice) or corticosterone (stressed mice) in the presence or absence of an
antidepressant treatment {C-SERT-siRNA 30 g day ™', i.n. or fluoxetine (FLX) 10 mg kg ™" day ™", intraperitoneally) during the last 7 or 28 days
of the corticosterone regimen. (@ and b) Short-term C-SERT-IRNA reversed the reduction of sucrose intake and preference in the
corticosterone-induced anhedonia {n=10-16 mice/group; ***P < 0.001 versus non-stressed mice; AAAP < 0.001 versus corticosterone-
stressed mice treated with phosphate-buffered saline {PBS) or sertraline-conjugated nonsense-siRNA (C-NS-siRNA)). FLX induced a similar
recovery after 28-day, but not after 7-day, treatment (n=7-12 mice/group; “P < 0.0071 versus non-stressed mice; AAAP < 0.001 versus
corticosterone-stressed mice treated with saline. (¢) Effect on novelty suppressed feeding test (NSFT). Seven-day C-SERT-siRNA, but not 7-day
FLX, reversed the increased latency to feed in corticosterone-treated mice {(n=8-12 mice/group; **P < 0.01 versus non-stressed mice;
AP < 0.05 versus corticosterone-stressed mice treated with PBS or C-NS-siRNA). Similar effects were elicited by 28-day FLX administration
{n=7-12 mice/group; TP < 0.01 versus non-stressed mice; AP < 0.05 versus corticosterone-stressed mice treated with saline). (d) Survival
analysis of NSFT data. (e) C-SERT-siRNA (7-day) or FLX (28-day), but not FLX 7-day, decreased the immobility time in the tail suspension test
(TST) in cortico-stressed mice {n =8-15 mice/group). **P < 0.01, *#*P < 0.001, *P < 0.05, TP < 0.01 versus their non-stressed mice, respectively;
AP < 005, ANP < 0.0 versus cortico-stressed mice treated with saline, PBS or C-NS-siRNA, respectively. Values are mean +s.eun.
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5-HT neuronal activity and 5-HT release, thus counteracting the
facilitation of 5-HT transmission induced by SERT blockade,*™"
This inhibitory feedback is an essential component of the
delayed therapeutic action of antidepressant drugs. Long-term
FLX treatment (10 mg kg ™', 28-day, but not 7-day, i.p.) attenuated
5-HTa-autoreceptor-mediated  activation of G-proteins as
expected® and prevented the effect of 8-OH-DPAT (selective
5-HTqa receptor agonist) to reduce hippocampal 5-HT release. In
contrast, 7-day C-SERT-siRNA administration (30 pgday™ ") was
sufficient to downregulate 5-HT, y-autoreceptors and to avoid the
8-OH-DPAT effect on 5-HT release (Figures 3¢ and d). Neither
treatment modified the hippocampal [°SIGTP-y-S binding in the
presence of 8-OH-DPAT (Supplementary Figure S$10c). The
reduction in SERT expression/function, together with the 5-HT; -
autoreceptor downregulation, increased extracellular 5-HT con-
centration in the CPu and hippecampus more rapidly and
markedly than after FLX (Figure 3e). The present results indicate
that cellular changes—classically associated to long-term SSRI
treatment—can be achieved after only 1 week of i.n. C-SERT-siRNA
administration. These observations suggest that SSRI and C-SERT-
siRMA distinctly regulate the molecular mechanisms controlling
SERT function, resulting in a more rapid and efficient increase of
presynaptic 5-Ht function with the RNAI strategy.

Sertraline-conjugated SERT-siRNA rapidly increases and facilitates
maturation of newborn cells

The clinical antidepressant action is also associated with neural
stem cell proliferation, neurogenesis and the establishment of
new synaptic contacts in brain circuits controlling motivation,
emotion and cogni1:ic.)n.33'34 Treatments with C-SERT-siRNA (30 -
pgday ™', 7-day} or FLX (10mgkg ™', 28-day, but not 7-day)
markedly increased the number of Kié7- and BrdU-labeled
progenitoer cells in the dentate gyrus of hippocampus (Figures
4a-¢, Supplementary Figure S11a, Supplementary Table 54). In
addition, 7-day C-SERT-siRMA promoted significantly the genera-
tion of NeuroD- and DCX-expressing neurons faster than FLX {(28-
day} (Figures 4d and e, Supplementary Figure S11b,
Supplementary Table S4). Dendritic morphelogy of newborn cells
was comparable after 7-day C-SERT-siRNA and 28-day FLX
treatments, as indicated by Sholl analysis on DCX-positive neurons
with tertiary dendrites, the number of intersections and dendrite
length (Figures 4f and g). These data support that RNAi-induced
SERT knockdown rapidly enhances neuronal plasticity in hippo-
campus as a result of the increased 5-HT signaling.

These cellular changes were accompanied by a higher
activation of neuroplasticity-associated genes in the hippocam-
pus. Seven-day C-SERT-siRNA or 28-day FLX treatments increased
comparably the expression of BDNF and its TRKE receptor as well
as VEGF and ARC essentially in the dentate gyrus {Figure 4h and
Supplementary Figure §12). Likewise, mRNA neuritin and PSD95
levels, two critical downstream mediators of antidepressant/BDMNF-
induced plasticity®™ " were selectively increased in the dentate
gyrus of both the mice groups. However, a 7-day FLX regime was
without effect on these variables (Figure 4).

Short-term sertraline-conjugated SERT-siRNA efficiently attenuates
the behavioral alterations in the corticosterone depression model
Finally, we confirmed the potential therapeutic benefit of the
RMAi-induced downregulation of SERT expression in a stress-
related model of depression: the corticosterone model—a well-
established stress inducer.'**? Despite displaying plasma corti-
costerone levels and open field behavior similar to controls, mice
exposed to a low oral dosage of corticosterone for 28 or 49 days
showed a persistent depressive-like behavior, characterized by
reduced sucrose preference, increased latency in the novelty
suppressed feeding paradigm and increased immobility time in
the tail suspension test (Supplementary Figure S13). These

Molecular Psychiatry {2016), 328-338
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depressive-like behaviors were reversed to the same extent
by 7-day in. C-SERT-siRNA (30 pgday™'} and by 28-day FLX
(10mg kg™ ") treatments (Figure 5). In contrast, 7-day FLX did not
evoke any antidepressant-like effects.

DISCUSSION

Here we show that C-SERT-siRNA evokes very fast (7-day) and robust
antidepressant-like responses in control and corticosterone-treated
mice, comparable than those evoked by a 28-day FLX treatment.
Prior studies using RMNAI strategies to elicit antidepressant-like
responses in rodents used unmodified siRNA sequences directed
against SERT or 5-HT,, receptors.'®’* The study confirms and
extends our previous observations on the use of sertraline-
conjugated siRNA sequences to silence genes in 5-HT neurons.'®
The design of the conjugated siRNA allows its selective enrichment
in 5-HT neurons after i.n. administration, opening new ways for the
therapeutic use of RNAI strategies to treat mood disorders, which
may overcome the limitations of standard antidepressant treat-
ments, that is, slow clinical action and low efficacy.

As a consequence of the fast and effective SERT down-
regulation, 7-day C-SERT-siRMA treatment (i) reduced 5-HT,s-
autoreceptor  expression/function, (i) facilitated forebrain
serotonin neurotransmission, (i} accelerated the proliferation of
neuronal precursors, (iv) increased the expression of growth
factors (for example, BDNF, VEGF) and genes promoting neurite
outgrowth (for example, neuritin, PSD95) and (v) increased
hippocampal dendritic complexity and synaptic plasticity. All
these variables are predictive of clinical antidepressant action.
In addition, short-term C-SERT-siRNA treatment normalized
stress-induced depressive-like behaviors, which were only sensi-
tive to 28-day FLX treatment. Interestingly, the above actions
were produced by the i.n. administration of very small doses
(2.1 nmol day ™"} of C-SERT-siRNA illustrating the effectiveness of
the present RNAJ strategy.

The precise mechanism(s) used by C-SERT-siRNA reach 5-HT
neurons are not fully understood. Unlike other strategies used for
oligonucleotide delivery to target neuronal populations,*®**® here
we used a transporter (SERT}-mediated process to target a
selective gene (SERT) expressed in 5-HT neurons, as previously
used to silence 5-HT;s-autoreceptors.'® Paradoxically, this
approach could limit the extent of the intracellular C-SERT-siRNA
accumulation, as the conjugated siRMA enters 5-HT neurons via
SERT.'® However, the present results indicate that the remaining
expression of SERT—even after 7-day C-SERT-siRNA treatment—is
sufficient to evoke a very large increase of presynaptic serotoner-
gic function.

Moreover, as trans-nasal oligonucleotide delivery to brain is
mediated by extracellular mechanisms,*®** it is also possible that
C-SERT-siRNA can use this extracellular pathway before being
taken up by serotonergic terminals and transported back to cell
bodies in the midbrain. This view is showed by the association of
the conjugated siBNA to Rab7, supporting traffic via late
endomembrane compartments.

The present results indicate that C-SERT-siRNA is preferentially
accumulated into DR {versus MnR} 5-HT neurons. Anatomical and
functional differences between the two 5-HT subsystems have been
reported.”*™* In particular, SERT expression is greater in DR than in
MnR and DR-innervated areas are more sensitive to the action of
SSRL*® which suggests a preferential uptake of C-SERT-siRNA by
DR axons.

Consistent with previous findings using intra-raphe SERT-siRNA
infusion,'” i.n. C-SERT-siRNA treatment triggered a complex
cascade of signaling events that ultimately results in down-
regulation of SERT and also 5-HTs-autoreceptors on midbrain
serotonin neurons. As both mechanisms tightly control the active
5-HT fraction, their downregulation by C-SERT-siRNA dramatically
increased the extracellular 5-HT levels in the forebrain in a faster
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way than that produced by the pharmacological SERT blockade
with FLX. The intracellular mechanisms by which short-term
C-SERT-siRMNA or chronic SSRI treatments downregulate SERT and
5-HT, 5 receptor levels to increase the serotonergic neurotransmis-
sion are still poorly known. Recent reports suggest a role for
altered patterns of gene expression in mediating the long-term
therapeutic effects of SSRls, focusing on the potential involvement
of microRNAs as finetuners and on-off switches of gene
expression.'”*® Hence, miR-135 levels were upregulated after
single and chronic FLX administrations,*” suggesting that this
microRNA may act as an endogenous homeostatic mechanism to
maintain the physiological balance between SERT and 5-HT;a-
autoreceptors.

Similarly to intra-raphe SERT-siRNA application,'” the short-term
i.n. administration of C-SERT-siRNA—but not FLX—evoked hippo-
campal postsynaptic responses to the enhanced serotonergic
signaling, which are predictive of clinical antidepressant effects.
These responses included the proliferation of progenitor cells,
stimulation of dendritic branching, acceleration of the maturation
of immature DCX neurons and increased expression of spine/
synapse markers. Moreover, these postsynaptic changes were
accompanied by the reversal of the behavioral deficits caused by
prolonged corticosterone exposure. The C-SERT-siRNA ability to
increase synaptic plasticity may be mediated by an enhancement
of BDNF/TRKB signaling, among others that were upregulated
after 7-day C-SERT-siRNA treatment. Activation of their down-
stream signaling pathwags was shown to enhance maturation and
dendritic development.”® Induction of neuritin and PSD95 are also
indicative of an increased synapse formation and function®
However, additional antidepressant mechanisms may be involved,
resulting from the enhanced 5-HT neurotransmission in other
brain areas implicated in MDD, such as the ventromedial
prefrontal cortex.

In conclusion, our findings indicate that RNAi-based SERT
repression elicits faster and more effective antidepressant-like
actions than persistent SERT blockade with FLX. Enhancing
serotonin signaling through downregulation of SERT expression
evokes standard antidepressant responses, promotes the genera-
tion of new hippocampal neurons, increases synaptic plasticity
and counteracts behavioral deficits in a stress-induced depression
model. Furthermore, the study has a high translational value due
to the use of a clinically feasible (i.n.) administration route 042
This opens new therapeutic perspectives for the treatment of
mood disorders, including MDD.
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Materials and Methods

Conjugated siRNA synthesis

The synthesis and purification of sertraline-conjugated siRNA directed against serotonin
transporter-[SERT] (C-SERT-siRNA, nt: 1230-1250, GenBank accession NM_010484) and
sertraline-conjugated nonsense-siRNA (C-NS-siRNA) molecules were performed by nlLife
Therapeutics S.L. (Granada, Spain) as previously reported.m In brief, siRNA (sense and
antisense strands) synthesis was performed using ultra mild-protected phosphoramidites
(Glen Research, Sterling, VA, USA) and H-8 DNA/RNA Automatic synthesizer (K&A
Laborgeraete GbR, Schaaftheim, Germany). Sense strand was amino-modified by performing
a 5-C6 amino modification and condensation with a succinimide active ester of sertraline
(sertraline-NH-CH2C (=O)NH(CH2)SCOO-succinimide) making up the peptide linker of the
conjugate (sertraline-NH-CH2C(=O)NH(CH2)5COO-sense strand-3'OH). Conjugated single
strand oligonucleotides were purified by high performance liquid chromatography using a
RP-C18 column (4.6x150 mm, 5 um) under a linear gradient condition of acetonitrile shifting
the concentration from 5% to 35% for 30min in 100mM TEAA (pH 7.0). The molecular
weights of the siRNA strands and the conjugate were confirmed by MALDI-TOF mass
spectrometry (Ultraflex, Bruker Daltonics). The vield of the conjugates was
spectrophotometrically calculated on the basis of absorbance at 260nm wavelength.
Complementary strands were annealed in an isotonic RNA-annealing buffer (100mM
potassium acetate, 30mM HEPES pH 7.4, 2mM magnesium acetate), pre-incubated by 1min
at 90°C, centrifuged for 15s and incubated 1h at 37°C. Duplex RNA formation was confirmed
using 20% polyacrylamide gel electrophoresis (PAGE, 30mA, 60min) and visualized by silver
staining (DNA Silver stain kit, GE Healthcare, Piscataway, NJ). Sequences are shown in

Supplementary Table S1.
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In situ hybridization

Frozen tissue sections were first brought to room temperature, fixed for 20min at 4°C in 4%
paraformaldehyde in phosphate-buffered saline (1xPBS: 8mM Na;HPO4, 1.4mM KHPO,,
136mM NaCl, and 2.6mM KCI), washed for Smin in 3xPBS at room temperature, twice for
Smin each in 1xPBS, and incubated for 2min at 21°C in a solution of predigested pronase
(Calbiochem, San Diego, CA) at a final concentration of 24 U/mL in 50mM Tris-HCI, pH 7.5,
and SmM EDTA. The enzymatic activity was stopped by immersion for 30s in 2 mg/ml
glycine in 1xPBS. Tissues were finally rinsed in 1XxPBS and dehydrated through a graded
series of ethanol. For hybridization, the radioactively labeled probes were diluted in a solution
containing 50% formamide, 4x standard saline citrate, 1x Denhardt's solution, 10% dextran
sulfate, 1% sarkosyl, 20mM phosphate buffer, pH 7.0, 250 pg-ml'1 yeast tRNA, and 500
pg'mi’ salmon sperm DNA. The fihal concentrations of radioactive probes in the
hybridization buffer were in the same range (~1.5 nM). Tissue sections were covered with
hybridization solution containing the labeled probes, overlaid with Nescofilm coverslips
(Bando Chemical Ind., Kobe, Japan), and incubated overnight at 42°C in humid boxes.
Sections were then washed 4 times (45min each) in a buffer containing 0.6M NaCl and
10mM Tris-HCI (pH 7.5) at 60°C. Hybridized sections were exposed to Biomax-MR film
(Kodak, Sigma-Aldrich, Madrid, Spain) for 1-4 weeks with intensifying screens. For specificity
control, adjacent sections were incubated with an excess (50x) of unlabelled probes. The
cytoarchitecture of different mouse brain areas were analyzed in an adjacent series of cresyl-

violet stained frozen sections.

Autoradiographic studies

The autoradiographic binding assays for 5-HTiaR, SERT and norepinephrine transporter
(NET) were performed using the following radioligands: (a) [*H]-8-OH-DPAT (233 Ci-mmol™),
(b) [PH]-citalopram (70 Ci-mmol™") and, (¢) [H]-nisoxetine (85 Ci-mmol™), respectively
(Perkin-Elmer, Madrid, Spain) as described previously.'” 8-OH-DPAT, isoproterenol,
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mazindol, pargyline and serotonin were from Sigma-Aldrich. The experimental conditions for
incubation with each radioligand are summarized in Supplementary Table S2. After
incubation and washes, tissues were dipped in distilled ice-cold water and dried rapidly under
a cold air stream. Tissues were exposed to Biomax-MR film together with *H-Microscales
standards (Amersham-GE Healthcare, Barcelona, Spain) at 4°C for 1-3 month. All
experimental and control brains within a group were processed in duplicate and exposed to
films as a batch.

For 5-HTaR-stimulated [*°S]GTPyS autoradiography, coronal dorsal raphe nucleus
(DR) sections were pre-incubated for 30min at 25°C in a buffer containing 50mM Tris—HCI,
0.2mM EGTA, 3mM MgCl;, 100mM NaCl, 1mM DTT and 2mM GDP (pH 7.7). Slides were
subsequently incubated for 2h in the same buffer containing 10mU-mlI”" adenosine
deaminase with 0.04nM [358]GTP\{S and consecutive sections were incubated with 10°M 8-
OHDPAT alone or in the presence of 10°M WAY-100,635. Nonspecific binding was
determined in the presence of 10pM GTPyS. Sections were exposed to autoradiographic film

(Biomax-MR) together with 1"'(3-1:)(:1Iyrner standards at 4°C for two days.”

Immunochistochemistry

For SERT staining, brain sections were treated with 1x PBS, 100% methanol and 30% H>O»
for 30min. After incubation in 3% normal goat serum (Vector Laboratories, Burlingame, CA)
in 0.2% PBS/Triton for 120min, the sections were incubated for 4 days in rabbit anti-SERT
(1:2500; ref.: 24330 ImmunoStar, In¢c, Hudson, W) at 4°C. After washing with PBS, sections
were incubated in biotinylated goat anti-rabbit IgG (1:200; ref.: BA-1000 Vector Laboratories)
for 1h. After incubation with 1% avidin biotin complex (Vectastain Elite ABC Kit, Vector
laboratories) for 1h, sections were washed and reacted for visualization using
diaminobenzidine tetrahydrochloride (DAB) solution in a peroxidase reaction to produce a
brown reaction product. Sections were mounted in Entellan (Electron Microscopy Sciences).
Images were captured at a magnification of 20x by using a Nikon Eclipse E1000 microscope

(Nikon, Tokyo, Japan) equipped with bright- and dark-field condensers for transmitted light
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and a digital camera (DXM1200 3.0, ACT-1 software, Nikon). For each mouse,
measurements were taken from five consecutive coronal brain sections and, two areas per
section were delineated using ImagedJ Software. Optical density was obtained as the
logarithmic ratio between SERT-ir intensity in dorsal raphe nucleus, hippocampus or
amygdala and an adjacent area as background.

BrdU staining was performed as previously described." Free floating coronal
hippocampus sections were incubated for 2h in 50% formamide/2x SSC at 65°C, followed by
incubation in 2N HCI for 30min. Then sections were incubated for 10min in 0.1M borate
buffer. After washing in PBS, sections were incubated in 1% H>O; in PBS for 30min to
inactive endogenous peroxidase activity. After several rinses in PBS, sections were
incubated in PBS/0.2% Triton X-100/5% goat serum (PBS—TS) for 30min and then incubated
with monoclonal mouse anti-BrdU (1:600; ref.; 11170376001 Roche Diagnostics, Barcelona,
Spain) overnight at 4°C. After several rinses in PBS—TS, sections were incubated for 2h with
biotinylated goat anti-mouse Fab Fragment IgG secondary antibody (1:200; ref.: 115-066-
006 Jackson ImmunoResearch Laboratories, Inc., US-PA), followed by amplification with
avidin—biotin complex (Vector Laboratories). For quantification of BrdU* cells, one every sixth
section throughout the hippocampus was processed and counted under a light microscope
(Carl Zeiss Axioskop 2 Plus) at 40x and 100x magnification. The total number of BrdU™" cells
per section were determined and multiplied by 6 to obtain the total number of BrdU* cells per
hippocampus.

Ki-67 staining was carried out in sections adjacent to those used in the BrdU labeling
studies. Sections were prepared as above including the inactivation of endogenous
peroxidase activity, washing in PBS and retrieving of the antigen by heating at 80°C in 10
mM citric acid, pH 9.0 for 30min. The sample were then incubated with rabbit anti-Ki-87
(1:5000, ref.: ah16667 Abcam, Cambridge, UK) overnight at 4°C, washed with PBS,
incubated with biotinylated donkey anti-rabbit secondary antibody (1:200; ref.: 711-065-152
Jackecon ImmunoResearch Laboratories, Inc., US) for 2h, and the signal was amplified with
avidin—biotin complex (Vector Laboratories). Ki-67% cells were labeled using DAB as
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chromogen (Vector Laboratories). The quantification of Ki67" cells was performed as
described for BrdU™ cells.

Goat anti-NeuroD (1:200; sc-1084, Santa Cruz Biotechnology, Santa Cruz, CA) and
goat anti-Doublecortin (DCX; 1:200; ref.: s¢c-8066, Santa Cruz Biotechnology) were used as
neurogenesis markers. After endogenous peroxidase inhibition and washes, pre-incubation
and incubation were carried out in a 1x PBS/Triton 0.2% solution containing 10% and 3%
normal donkey serum (Millipore), respectively. Primary antibodies were incubated overnight
at 4°C, followed by incubation with biotinylated donkey anti-goat (1:200; ref.: sc-2042, Santa
Cruz Biotechnology), and subsequent incubation in ABC solution (Vector Laboratories)
according to the manufacturer's instructions. The color reaction was performed by incubation
with DAB solution. The sections were mounted onto gelatin-coated slides, embedded and
investigated on a Nikon Eclipse E1000 microscope (Nikon, Tokyo, Japan) using 20x and 40x
objectives. Labeled cells (NeuroD™ or DCX" neurons) were counting in three consecutive
sections containing the hippocampal structures and six different microscope fields were
analyzed in each section. In addition, DCX" cells were subcategorized according to their
dendritic morphology. Four randomly selected DCX" cells per mouse (a total of 120 neurons)
with tertiary relatively un-truncated dendritic branches were traced using Neurond plugin
v1.4.2. Dendritic length and number of intersections (branch point) were evaluated using
Imaged (v1.47n) Software and Sholl Analysis plugin (v1.0).

For immunohistochemical identification of neurons (NeuN; 1:1000; ref.: MAB377,
Merck Millipore, Madrid, Spain), reactive astrocytes (GFAP; 1:1000; ref.. Z0334, DAKO,
Barcelona, Spain), or microglia (Iba-1; 1:1,000; ref.. 019-197741, WAKO, Irvine, CA), we
used a biotin-labeled antibody procedure. Following endogenous peroxidase inhibition and
washes, tissues were blocked for 2h in 3% normal goat serum, and primary antibody
incubations were carried out overnight at 4°C. Sections were incubated in goat anti-rabbit
(1:200; ref.: BA-1000, Vector Laboratories, Burlingame, CA) or goat anti-mouse (1:200; ref.:
sc-2039, Santa Cruz Biotechnology) biotinylated 1gG secondary antibodies for 1h at room
temperature and subsequent incubation in ABC solution. Sections were mounted onto

6
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gelatin-coated slides with Entelan. Images were captured by using a Nikon Eclipse E1000
microscope (Nikon, Tokyo, Japan) equipped with a digital camera (DXM1200 3.0, Nikon) and
ACT-1 software (Nikon). Figures were assembled in Adobe Photoshop (Adobe Systems, San

Jose, CA); only contrast and brightness were adjusted to optimize the images.

Confocal fluorescence microscopy

Brain sections were rinsed with PBS/Triton 0.2%, incubated with 10% normal serum from
secondary antibody host and treated with primary antibodies: sheep anti-TPH2 (1:2500; ref.:
AB1541, Merck Millipore), rabbit anti-RabS (1:500; ref.. ab18211, Abcam) or mouse anti-
Rab7 (1:2000; ref.: R8779-200UL, Sigma-Aldrich). Sections were then incubated at 4°C
overnight, rinsed and treated with respectively secondary Alexa555-conjugated antibodies
(1:500, A-20000, Life Technologies) for 120min. After subsequent washes, the section were
dehydrated and mounted in the anti-fading agent Prolong Gold with DAPI (Life
Technologies). DAPI, Alexad488 and Alexa555 images were acquired sequentially using
405, 488 and 561 laser lines, AOBS (Acoustic Optical Beam Splitter) as beam splitter and
emission detection ranges 415- 480, 500-550 and 571-625 nm, respectively and, the
confocal pinhole set at 1 Airy units. Images were acquired at 400Hz in a 1024 x 1024 pixels
format. Images  were composed using NIH Imaged 1.49g software

((http://rsbweb.nih.gov/ii/). Images were acquired from two sections containing both DR

and MnR at AP coordinates (in mm) of -4.24/-4.36 and -4.48/-4.72 from bregma for each
mouse. For co-localization analysis, the confocal images were processed with the co-
localization highlighter plugin, and only TPH2-positive cells with a threshold of more than 10

pixels co-localizing with A488-C-NS-siRNA or A488-PBS were taken into account.

Behavioral studies
Open field. This test was performed as described previously.'ig Briefly, motor activity was
measured in four Plexiglas open field boxes 35x35x40 ¢m indirectly illuminated (25-40 luxes)

to avoid reflection and shadows. The floor of the open field was covered with an
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interchangeable opaque plastic base that was replaced for each animal. Motor activity was
recorded during 15min by a camera connected to a computer (Videotrack, View Point, Lyon
France). We automatically measured the following variables: horizontal locomotor and
exploratory activity, defined as the total distance moved in cm including fast/large (speed >
10.5 cm-s™) and slow/short movements (speed 3-10.5 cm's™), and the activation time, i.e.,
the time (sec) spent in movement.

Sucrose preference test, During this test, mice were given a free choice between two bottles,
one with 1% sucrose solution and another with regular water, for 8h between 09:00-17:00h.
To prevent the possible effects of a side-preference in drinking behavior, the position of the
bottles in the cage was switched after 4h during the test. No previous food or water
deprivation was applied before the test. The consumption of water and sucrose solution was
assessed simultaneously in control and experimental groups by weighing the bottles. The
sucrose intake was calculated as an amount of consumed sucrose ih mg per gram body
weight. The preference for sucrose was calculated as a percentage of consumed sucrose
solution of the total amount of liquid drunk. A decrease of sucrose preference below 55%,
measured at 28 days of chronic CORT exposure, was taken as the criterion for anhedonia.®®
Novelty suppressed feeding. NSF is a conflict test that elicits competing motivations: the
drive to eat and the fear of venturing into the center of the brightly lit arena. The NSF test
was carried out during a 10 min period as previously described.”® The testing apparatus
consisted of a plastic box (35x35x20 cm), the floor of which was covered with approximately
2 cm of wooden bedding for each animal. 24h prior to behavioral testing, all food was
removed from the home cage. At the time of testing, a single pellet of food was placed on a
white paper platform in the center of the box directly illuminated with 1100 luxes. An animal
was placed in a corner of the box, and a stopwatch was immediately started. The latency to
eat (defined as the mouse sitting on its haunches and biting the pellet with the use of
forepaws) was timed. Immediately afterwards, the animal was transferred to its home cage

and, the latency to feed and the amount of food consumed by the mouse in the subsequent 5
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min was measured. Each mouse was weighed before food deprivation and before testing to
assess the percentage of body weight loss.

Tail suspension test. Mice were suspended 30 cm above the bench by adhesive tape placed
approximately 1 cm from the tip of the tail. The total duration of immobility during a 6min test

was measured,'’18
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Figure 81 Experimental timeline of corticosterone exposure and antidepressant treatments. Group-
housed male C57BL/6J mice were presented during 28 or 49 days with vehicle or corticosterone at: 30
pg-ml’1 for 15 days, followed by 15 pg-mi” for 3 days and 7.5 pg:mi™ for 10 or 31 days in the presence
or absence of an antidepressant treatment (sertraline-conjugated SERT-siRNA -C-SERT-siRNA- 30
ug-day™, in. or fluoxetine -FLX- 10 mgkg'day”, ip) during the last 7 or 28 days of the
corticosterone regimen. We investigated whether the behavioral changes resulting from chronic
corticosterone exposure were reversed by treatment with C-SERT-siRNA or FLX. The same animal
was successively tested in the sucrose preference, novelty suppressed feeding and tail suspension
tests and then, sacrificed to obtain blood samples by cardiac puncture and the brain for neuroplasticity

analysis.
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A488-PBS A488-C-NS-siRNA

TPH,-positive neurons
A488-PBS/C-NS-siRNA

Figure S2 Preferential accumulation of sertraline-canjugated nonsense-siRNA (C-NS-siRNA)
molecules in serotonin neurons of mouse DR. Mice were intranasally administered with alexa488 PBS
(A488-PBS) or alexa488-labeled C-NS-siRNA (A488-C-NS-siRNA) at 30 pg-day'1 during 4-day, and
were Killed 6h post-administration (n=2 mice/group). Confocal images showing co-localization of A488-
PBS or A488-C-NS-siRNA (yellow) in DR and MnR 5-HT neurons (TPHpositive, red) identified with
double white arrowheads. Scale bars: 10 pym.
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OB : :

: | !

Figure S3 Absence of sertraline-conjugated nonsense-siRNA (C-NS-siRNA) molecules in: (a)
clfactory bulbs - OB and, (b) dorsal hippocampus - HPC of treated mice. Laser confocal images show
cell nuclei stained with Dapi (blue) in OB and HPC of mice treated intranasally with vehicle or
Alexa488-labeled C-NS-siRNA (A488-C-NS-siRNA) at 30 |.Jg-da3,f1 during 4 days (=3 micefgroup, the
same mice than in Figure 1). Scale bars: 50 um.
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A488-C-NS-SiRN£\

&

A488-C-NS-siRNA

Figure S4 Co-localization of alexa488-labeled sertraline-conjugated nonsense-siRNA (A488-C-NS-
siRNA) with markers of endomembrane compartments. {a) Selected vesicles showing co-localization
(yellow) between Rab5 (early endosome marker, red) with A488-C-NS-siRNA (green) in DR neurons.
Scale bar: 10 um. (b) Selected vesicles showing co-localization (yellow) between Rab7 (late
endosome marker, red) with A488-C-NS-siRNA (green) in DR neurons. Vesicles are marked with
white arrowheads. Scale bar: 10 pm.
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Figure S5 Down-regulation of SERT binding sites and protein levels in mouse brain following
sertraline-conjugated SERT-siRNA (C-SERT-siRNA). (a) Representative coronal brain sections
showing reduced SERT binding levels in forebrain regions of mice treated with C-SERT-siRNA for 7-
day. Soclid line contours mark the approximate areas where densitometric analyses were performed.
Medial prefrontal cortex (mPFC), caudate putamen (CPu), lateral and medial septal nuclei (LS/MS),
hippocampus (HPC), hypothalamus (HYP) and, amygdala (Amyg). Scale bar: 2 mm. (b) Densitometric
analysis of specific SERT binding is presented as % binding in the corresponding region of PBS-
treated mice (n=4-10 mice/group; *P<0.05, **P<0.01 compared to PBS and C-NS-siRNA). (c)
Representative images of SERT-immunoreative (SERT-ir) fibers in forebrain regions such as HPC and
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Amyg. Images in the right hand are high-magnification photomicrographs of the frames in left hand
row. Scale bars: low=100 pm, high=20 um. (d) C-SERT-siRNA treatment (7-day) decreased the target
SERT protein density as compared to PBS- and C-NS-siRMNA-treated mice (=6 mice/group, **F<0.01,
***F<0.001 versus PBS and C-NS-siRNA). Bars represent mean £ s.e.m.
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Figure S6 Dose-related effects of sertraline-conjugated SERT-siRNA (C-SERT-siRNA) on SERT
mRNA level in mouse DR. Mice received intranasally: PBS or C-SERT-siRNA at 10-30-100 pg-day‘1
(0.7, 21 or 7 nmol-day'1, respectively) during 7 days and were killed 24h after last administration. (a)
Coronal brain sections showing reduced SERT mRNA [evels in the DR (AP coordinates from bregma:
-4.24/-4.36 to -4.48/-4.72 in mm) of mice treated with C-SERT-siRNA (7-day) indicated with white
arrowheads. Scale bar: 500 pm. (b) Effects of different doses of C-SERT-siRNA on SERT mRNA
densities in the DR of mice (n=3-5 micelgroup; *P<0.01, **P<0.001 versus PBS-treated mice). Bars

represent mean £ s.e.m.

16

-227 -



Albert Ferrés Coy

-228 -

Ferrés-Coy ef af., Supplementary Information — Revision
M2014MPO00S36 - Revision

4,24 to -4,36 mm

SERT mRNA OD o -4,48 to -4,72 mm

SERT mRNA
C-SERT-siRNA 30 pg/day, 7 days, i.n. Treatment

1-day 3-day 7-day 15-day  Days post-administration

v .

o -~
= o
1 I

(% of vehicle)

Lol
o
1

1 PBS
Bl C-SERT-siRNA

1 3 7 15
Days post-administration

Figure S7 Time course of SERT suppression in the DR after intranasal sertraline-conjugated SERT-
siRNA (C-SERT-siRNA) administration. Mice received intranasally: PBS or C-SERT-siRNA at 30
pg-day‘1 (2.1 nmol-day-1) during 7 days and were killed at 1, 3, 7 and 15 days post-administration. {(a)
Brain sections containing the raphe nuclei showing SERT mRNA density at two AP coordinates from
bregma: -4.24/-4.36 to -4.48/-4.72 in mm. The arrows indicate the decreased SERT expression in the
DR of mice treated with C-SERT-siRNA and sacrificed at days 1 and 3 post-treatment. Scale bar: 500
pum. (b) Bar graphs showing a significant reduction of SERT mRNA density in the DR of C-SERT-
siRNA-treated mice compared with PBS-treated mice. Conversely, no difference was detected at days
7 and 15 post-administration (n=35 mice/group; *P<0.01, **P<0.001 versus PBS). Bars represent
mean + s.em.
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Figure §8 Immunohistochemical assessment of cellular viability in the raphe nuclei after intranasal
administration of sertraline-conjugated SERT-siRNA (C-SERT-siRNA). Mice received intranasally
PBS, C-NS-siRNA or C-SERT-siRNA at 30 pg-day™ during 7 days (n=4 mice/group). Adjacent 30-pm-
thick sections through the midbrain raphe nuclei were stained with neuronal NeuN, astrocytic GFAP
or, microglial Iba1 markers. No differences were found between all experimental groups for any of the
markers. Scale bar: 100 pm.
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Figure S9 Selectively of SERT expression silencing after intranasal administration of sertraline-
conjugated SERT-siRNA (C-SERT-siRNA). Mice received intranasally PBS, sertraline-conjugated
nonsense-siRNA (C-NS-siRNA) or C-SERT-siRNA at 30 ug-day” during 7-day. (a) Representative
coronal midbrain sections showing tryptophan hydroxylase-2 (TPH2, rate-limiting enzyme for 3-HT
synthesis) mRNA density and [3H]-nisoxetine binding to the norepinephrine transporter (NET) in the
dorsal raphe nuclei (DR). Scale bar: 2 mm. (b) Bar graphs showing no differences in TPH2 mRNA
levels and NET binding sites in the DR (n=3-4 mice/group). VValues are mean +s.e.m.
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Figure 810 (a) Bar graphics showing effects of different doses of sertraline-conjugated SERT-siRNA
(C-SERT-siRNA) on 5HT . mRNA densities in the mouse DR and MnR (n=3-5 micefgroup; *P<0.05
versus PBS-treated mice). Mice received intranasally PBS or C-SERT-siRNA at 10-30-100 ug-da\y’1
during 7-day and were killed a 24h after last administration. (b) Bar graphs showing a significant
reduction of 5HT., mRNA density in the DR of C-SERT-siRNA-treated mice (30 pg-day’w, 7-day)
versus PBS-treated mice at 1 day post-administration. Conversely, no difference was detected at days
3, 7 and 15 post-administration (7=3-12 micelqroup; *P<0.05 versus PBS). (c) Effects of C-SERT-
siRNA (30 pg-day’1, 7-day) and FLX (10 mg-Kg , 28-day) on post-synaptic 5-HT 4 receptor function in
the hippocampus (n=5-10 micefgroup). Values are mean + s.em.
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Figure 3511 Short-term sertraline-conjugated SERT-siRNA (C-SERT-siRNA) stimulates the
proliferation of cell precursors and immature neurons. Mice were intranasally administered with: PBS,
sertraline-conjugated nonsense-siRNA (C-NS-siRNA) or C-SERT-siRNA at 30 pg-day during 7-day.
Other groups of mice were treated with saline or fluoxetine (FLX) at 10 mg-kg-day, i.p. during 7- or 28-
day. (a) Representative images showing an increased number of BrdU-positive cells in the dentate
gyrus (DG) of C-SERT-siRNA (7-day) or FLX-treated mice (28-day), but nat FLX 7-day, compared to
their respective control mice. White arrowheads mark some BrdU-positive cells. Scale bar: 100 pm.
(b) Immunohistochemical images showing NeuroD-positive progenitors in the DG of mice. Bottom row
are high-magnification photomicrographs of the frames in top row. Scale bars: low=100 ym and
high=20 pim.
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Figure S12 Expression of neuroplasticity genes in the different mouse hippocampal subfields
including CA1, CA2 and CA3. Mice were intranasally administered with: PBS, sertraline-conjugated
nonsense-siRNA (C-NS-siRNA) or C-SERT-siRNA at 30 |Jg-daty'1 during 7-day. Other groups of mice
were treated with saline or fluoxetine (FLX) at 10 mg-kg'w-day'w, i.p. during 7- or 28-day.
Representative autoradiograms of hippocampal sections of mice are shown BDNF, VEGF, TRKB,
ARC, Neuritin and PSD95 mRNA expression. Scale bar. 100 pm. Densitometric analyses were
performed in different hippocampal regions: CA1, CA2 and CA3 shown in the cresyl violet-stained
section (top). Levels of mRNA. for each gene are shown in the bar graphs next to the representative
autoradiograms (n=38 micefgroup; *P<0.05, *P<0.01 versus PBS and C-NS-siRNA; *P<0.05,
wP<0.01, wP<0.001 versus saline FLX 7-day). Values are mean * s.e.m.
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Figure §13 Effects of chronic corticosterone exposure on body weight, drinking of the corticosterone
solution, plasma corticosterone levels and behavioral assessments. (a) Corticosterone-exposed mice
showed an increase of body weight from day 36 onwards (n=2-6 groups of § mice/each; **P<0.01
versus vehicle-exposed mice). (b) Fifteen-day corticosterone treatment (30 pg/ml) increased the
consumption of the corticosterone solution, yet drinking returned to control values after reducing
corticosterone dosage (15 and 7.5 pg-mi™) (n=2-16 groups of 5 mice/each; **P<0.01 versus vehicle-
exposed mice). (¢) Plasma corticosterone levels did not differ between groups (r=12-24 mice/group).
(d) Effects of the two corticosterone regimes (28- or 49-day) on locomotor activity in the open field
test. No differences were observed in the activation time, distance moved, slow/short and fast/large
movement between vehicle and corticosterone-exposed mice (h=8-11 mice/group). However, a
significant effect of corticosterone regimen was detected in the corticosterone group for activation
time, distance moved and fast/large movements (*F<0.05). (e) Effects of the two corticosterone
regimes (28- or 49-day) on tail suspension test (n=8-15 mice/group; *FP<0.05, ***P<0.001 versus
vehicle-exposed mice). (f) Effects of the two corticosterone regimes (28- or 49-day) on anhedonia.
Results are expressed as mean of % preference by sucrose or mean of sucrose intake (n=10-12
mice/group; **F<0.001 versus vehicle-exposed mice). No difference in sucrose preference before
corticosterone pre-treatment (at baseline measurement) was observed. (g) Effects of the two
corticosterone regimes (28- or 49-day) on the novelty suppressed feeding test. Results are expressed
as mean of latency to feed (in seconds) or cumulative survival (n=9-15 mice/group; **P<0.001 versus
vehicle-exposed mice). No differences were detected in the feeding drive of each mouse after
returning the animal to the familiar environment in the home cage, immediately after the test. Values
are meants.em.
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Supplementary Tables

Table S1. Sequences of siRNA molecules used

siRNA forward Reverse
SERT-siRNA GCUAGCUACAACAAGUUCATT | UGAACUUGUUGUAGCUAGCTT
NS-siRNA AGUACUGCUUACGAUACGGTT | CCGUAUCGUAAGCAGUACUTT
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Table S2. Summary of the conditions for labeling 5-HT,R, SERT and NET in the present work

Protein Ligand [nM] Buffer Pre-Inc Inc Inc Washing| Exposure | Blank
(RT, min) | Buffer (RT, min| (min} (days)

5-HT14 [*H]-8- 1.0 A 30 A +10uM 60 2x5 60 10uM
OH-DPAT pargyline serotonin

SERT H)- 15 B 15 B 60 2x10 45 1pM
citalopram fluoxetine

NET FH)- 3.0 c 15 Cc 240 55 00 80 10uM
nisoxetine mazindol

RT, room temperature; IC, ice-cold buffer; Buffer A: 170mM Tris-HCI, 4mM CaCl,, 0.01% ascorbic acid,
pH 7.6, Buffer B: 50mM Tris-HCI, 120mM NaCl, 5SmM KCI, pH 7.6; Buffer C: 50mM Tris-HCI, 300mM
NaCl, 5mM KCI, pH 7.4.
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Table $3. Summary of complete statistical analyses

Excel file
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Table S4. Number of immunoreactive-positive cells in the different treatments

Revision

Resultados

Treatments Total Kig7- Total BrdU- NeuroD- DCX-
positive cells positive cells positive cellsimm? positive cellsimm?
Saline 7d 2196 + 283 3882 + 385 12212 99+3
FLX 7d 2264 £122 3599 + 162 130+ 15 1005
Saline 28d 1195 £ 83 3242+78 91+9 85+2
FLX 28d 1719 +138* 4368 + 433* 131 £12* 100 + 4*
PBS 7d 2639 + 229 3826 + 106 13415 145+ 6
C-NS-siRNA 7d 2077 £ 333 3755 + 200 128 £17 141+ 4
C-SER_;';‘SiRNA 3830 + 347*rr 5481 + 292** 11 1894 £ 12*c 171 £ 7*rx

Mice were intranasally administered with: PBS, sertraline-conjugated nonsense-siRNA (C-NS-siRNA)
or sertraline-conjugated SERT-siRNA (C-SERT-siRNA) at 30 {ug-da1y'1 during 7-day. Other groups of
mice were treated with saline or fluoxetine (FLX) at 10 mg-kg '-day™, i.p. during 7- or 28-day (n=5-11
mice/group; *F<0.05, *P<0.01 versus saline or PBS, respectively; P<0.05, P<0.01 versus C-NS-

siRNA). Values are mean £ s.e.m.

28
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4.5. Trabajo 5

Selective knockdown of TASK3 potassium channel in monoamine

neurons evoke robust antidepressant-like effects

A Ferrés-Coy, N Fullana, JE Ortega, E Ruiz-Bronchal, V Paz, A Montefeltro, JJ Meana, F

Artigas and A Bortolozzi
Articulo manuscrito

La farmacologia actual para el tratamiento de la depresion resulta inadecuada, por lo
que existe una necesidad urgente de descubrir nuevas dianas terapéuticas y
desarrollar tratamientos mas efectivos y de accion rapida. Recientemente, el canal de
potasio TASK3, miembro de la familia Kyp, ha sido identificado como posible nueva
diana en depresion. Se ha observado que ratones knockout para TASK3 presentan
cambios asociados con los trastornos del estado del animo y la accién antidepresiva
como son la reduccion del suefio REM y comportamientos de tipo antidepresivo en el
FST y el TST. En este ultimo trabajo nos preguntamos si el silenciamiento del TASK3
en el DR o el LC de ratdn podria incrementar la neurotransmision monoaminérgica y
lograr efectos de tipo antidepresivo. Para ello, se empled una secuencia de siRNA
contra el TASK3 (TASK3-siRNA) conjugada con sertralina (Ser-TASK3-siRNA) o
reboxetina (Reb-TASK3-siRNA) para silenciar especificamente el canal TASK3 en

neuronas serotoninérgicas o noradrenérgicas, respectivamente.

Los resultados confirmaron que el tratamiento intranasal con el Ser-TASK3-siRNA o el
Reb-TASK3-siRNA disminuye la expresion del canal TASK3 selectivamente en las
neuronas serotoninérgicas del DR o noradrenérgicas del LC. Ademas, el
silenciamiento de TASK3 evocd respuestas antidepresivas que incluyeron: 1)
facilitacion de la liberacion de 5-HT o NE en la corteza prefrontal de ratones, 2)
incremento de la proliferacion y neuroplasticidad hipocampal y, 3) disminucién de la

inmovilidad y tiempo de latencia en el TST y NSFT, respectivamente. Estos efectos
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fueron mas marcados después de la reduccion de la expresion de TASK3 inducida por
siRNAs en neuronas serotoninérgicas que en noradrenérgicas. Finalmente, el
tratamiento con el Ser-TASK3-siRNA produjo mayor resiliencia a una situacion de
estrés, permitiendo una mayor liberacién de 5-HT cuando el animal fue sometido a

un modelo de estrés agudo como el TST.

En conjunto, los datos sugieren que la pérdida de la funcion de TASK3 en las
neuronas monoaminérgicas facilita su actividad, incrementa la neurotransmision vy
evoca respuestas antidepresivas en ratones confirmando TASK3 como una nueva

diana para el desarrollo de estrategias terapéuticas antidepresivas.
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ABSTRACT

Major depressive disorder (MDD) is a chronic, recurring and potentially life-threatening
mental illness. Its high socio-economic impact is partly due to the slowness of action and
limited efficacy of current antidepressant treatments, based on monoamine reuptake
inhibition. Therefore, there is an urgent need to develop faster-acting and more effective
treatments. Recently, TWIK-related acid-sensing K+ channel 3 (TASK3) protein (KCNK9),
member of two-pore domain (Kgp) potassium channel family, has been identified as a
potential target in depression. Here, we examined the effects of the selective reduction of
TASK3 expression in serotonin (5-HT) and norepinephrine (NE) neurons in dorsal raphe
(DR) and locus coeruleus (LC), respectively. We assessed the ability of a small interfering
RNA (siRNA) sequence directed against TASK3 (TASK3-siRNA) to down-regulate TASK3
expression by local stereotaxic infusion into DR or LC (10 upg/day for 2-day) of C57BI/6J
mice. TASK3 mRNA levels were reduced to 69+4% (DR) and 84%4% (LC) of control groups.
Further, TASK3-siRNA was conjugated to cell-specific ligands, sertraline (serotonin
transporter -SERT- inhibitor) or reboxetine (nhorepinephrine transporter -NET- inhibitor) to
promote their selective delivery to monoaminergic neurons. Sertraline- and reboxetine-
conjugated, fluorescence-labeled siRNAs (30 pg/day for 4-day) were found in TPH>" (DR)
and TH* (LC) cells but not in other brain regions. Moreover, a 7-day intranasal treatment with
Ser-TASK3-siRNA or Reb-TASK3-siRNA selectively reduced TASK3 mRNA density in 5-HT
or NE neurons, respectively. Specifically, TASK3 knockdown in DR i) evoked antidepressant-
like effects in the tail suspension (TST) and novelty suppressed feeding (NSFT) tests, ii)
desensitized 5-HT;, autoreceptors, iii) augmented the effect of fluoxetine on forebrain
extracellular 5-HT, and iiii) increased plasticity-associated gene expression. Similar effects,
yet of lower effect size were found in NE neurons. Overall, these results support that loss of
function of TASK3 channels in monoamine neurons markedly enhances their activity and
evokes antidepressant-like effects in mice, supporting the validity of TASK3 as a new target

in antidepressant drug development.



Resultados

Keywords: RNAI; depression; new antidepressant target; K,p channel; intranasal delivery

Running title: Intranasal delivery of conjugated TASK3-siRNA
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INTRODUCTION

Major depressive disorder (MDD) is a severe and highly prevalent psychiatric disease with a
very high socioeconomic impact.“2 Its treatment is mainly based on monoamine (serotonin,
5-HT and norepinephrine, NE) reuptake inhibitors. These drugs show a slow onset of clinical
action and limited efficacy, which results in a high percentage of MDD patients with poor or
no responses, thus reducing quality of life and increasing suicide risk.>® The reasons for the
limited efficacy of SSRI (selective serotonin reuptake inhibitors) and SNRI (serotonin and
norepinephrine reuptake inhibitors) are manifold, including presynaptic and postsynaptic
adaptive mechanisms of monoamine neurotransmission, as well as genetic factors resulting

in a large interindividual \.reariability.E

RNAI strategies have been successfully used to evoke antidepressant-like effects in
rodents.” Hence, the intracerebroventricular (i.c.v.) or intranasal (i.n.) administration of SSRI-
conjugated siRNA (small interfering RNA) directed against the serotonin transporter (SERT)
or 5-HT,4 autoreceptors induced robust antidepressant-like effects in mice,®® mimicking the
effects of the local siRNA application in the midbrain raphe nuclei.'®"! The presence of the
SSRI sertraline in the conjugated siRNA molecule allows its accumulation by serotonergic
neurons and the selective targeting of genes expressed by these neurons. Interestingly, 1-
week intranasal administration of small amounts (2.1 nmol-day‘1) of a sertraline-conjugated
siRNA directed against SERT evoked antidepressant-like responses and changed pre- and
postsynaptic variables predictive of clinical antidepressant activity (autoreceptor sensitivity,
extracellular 5-HT, hippocampal neurogenesis, trophic factor expression, etc.) to the same
extent than 1-month of treatment with 10 mg-kg'1 -day‘1 fluoxetine.® On the other hand, the
knockdown of 5-HT;, autoreceptors also evoked rapid antidepressant-like effects in mice,3°

an action likely due to the ability of serotonergic neurons to increase their activity and release

5-HT in forebrain during stressful situations, thus increasing resilience to stress.



Recently, the TWIK-related acid-sensing K+ channel 3 (TASKS3) protein (KCNK9), member of
two-pore domain (Ksp) potassium channel family,12 has been identified as a new potential
target in dt=.tpressil:>n.13’14 Deletion of TASK3 in mice markedly reduced REM sleep and
evoked antidepressant-like effects, suggesting that TASK3 channel blockers may have
clinical antidepressant actions. TASK3 mRNA shows a widespread distribution in rodent
brain, being abundantly expressed in the cerebral cortex, the hippocampus, thalamic and
hypothalamic nuclei and the cerebellum as well as in 5-HT and NE neurons of the dorsal
raphe (DR) and locus coeruleus (LC), respectively.ﬁ'm TASK3 channels subserve a variety
of physiological functions and largely contribute to the background K currents, acting also as
extracellular pH sensors.'” Here we examined the effects of the selective reduction of the
expression of TASK3 channels in these neuronal groups, under the working hypothesis that
the reduced expression/function of constitutively active TASK3 channels would enhance
monoamine cell function. This effect would result from an increased excitation/inhibition
balance on monoamine neurons following the reduced outflow of K™ ions, in a manner similar
to that produced by 5-HTia autoreceptor knockdown in the case of 5-HT neurons. On the
other hand, the selective reduction of TASKS function in 5-HT or NE neurens would avoid
potential side effects of TASK3 channel blockers (e.g., memory and/or motor problems)
resulting from their interaction with TASK3 channels in forebrain areas, as well as in

cerebellum.

Resultados
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MATERIALS AND METHODS

Animals

Male CS7BL/6J mice (10-14 weeks; Charles River, Lyon, France) were housed under
controlled conditions (22+1°C; 12h light/dark cycle) with food and water available ad-fibitum.
Animal procedures were conducted in accordance with standard ethical guidelines (EU

regulations L35/118/12/1986) and approved by the local ethical committee.

Drugs

All reagents used were of analytical grade and were obtained from Merck (Germany). 5-HT
oxalate, NE, bitartrate, (%)-8-hydroxi-2(dipropylamino)tetralin hydrobromide (8-OH-DPAT),
and clonidine were from Sigma-Aldrich-RBl (Madrid, Spain). Moreover, fluoxetine,
reboxetine, desipramine and citalopram hydrobromide were purchased from Tocris (Madrid,
Spain). To assess local effects in the microdialysis experiments, drugs were dissolved in
artificial cerebrospinal fluid (aCSF, in mM: NaCl, 125; KCI, 2.5; CaCl,, 1.26 and MgCl., 1.18)
and, administered by reverse dialysis at the stated concentrations (uncorrected for
membrane recovery). All other drugs were dissolved in saline or aCSF, as required.
Concentrated solutions (1mM; pH adjusted to 6.5-7 with NaHCO3 when necessary) were

stored at -80°C and working solutions were prepared daily by dilution in aCSF.

siRNA synthesis

The synthesis and purification of naked and conjugated siRNA targeting TASK3 potassium
channel (TASK3-siRNA, nt: 1056—1075, GenBank accession NM_001033876) and nohsense
siRNA (NS-siRNA) were performed by nLife therapeutics S.L. (Granada, Spain). Both
TASK3-siRNA and scrambled (non-sense) siRNA (NS-siRNA) sequences were conjugated
with the SSRI sertraline (Ser-TASK3-siRNA and Ser-NS-siRNA) as described for the

selective targeting of 5-HT neurons.®® The TASK3 siRNA was also conjugated with the

6



selective NE reuptake inhibitor reboxetine (Reb-TASK3-siRNA and Reb-NS-siRNA) to target
NE neurons. Details are shown in the Supplementary Information.

To study in vivo intracellular distribution and incorporation of conjugated siRNA into 5-HT or
NE neurons, Ser-NS-siRNA and Reb-NS-siRNA were additionally labeled with Alexa488 in
the antisense strand (A488-Ser-NS-siRNA and A488-Reb-NS-siRNA). Control groups were
administered with Alexa488-PBS (A488-PBS) and non-conjugated (naked) NS-siRNA (A488-
NS-siRNA).lg Stock solutions of all siRNAs were prepared in RNAse-free water and stored at

-20°C until use. Sequences are shown in Supplementary Table S1.

Treatments

In order to compare the efficiency of the intranasal administration of the sertraline-conjugated
siRNA with that of an unmodified siRNA locally applied in the monoamine nuclei, different
groups of mice were administered intracerebrally or intranasally.

For intracerebral naked siRNA infusion (TASK3-siRNA and NS-siRNA), mice were
anesthetized (pentobarbital, 40 mg-kg', intra-peritoneally, ip.) and silica capillary
microcannula (110 pm-outer diameter (OD), 40 pm-inner diameter (ID); Polymicro
Technologies, Madrid, Spain) were stereotaxically implanted into the DR (coordinates in mm:
AP, -4.5; ML, -1.0; DV, -4.1) or LC (coordinates in mm: AP, -5.20; ML, -0.9; DV, -3.5).18 Local
siRNA microinfusion was performed 24 h after surgery in awake mice using a precision

minipump at a 0.5 ul-min™ as previously described.®'"

siRNAs were prepared in a RNase-
free aCSF with 5 % glucose and infused intra-DR or intra-LC once daily at the dose of 10
ng (0.7 nmol per dose). Mice received two doses in 2 consecutive days. Control mice
received aCSF. Mice were sacrificed 24 h after last infusion.

For i.n. administration, mice were slightly anesthetized by 2% isoflurane inhalation and
placed in a supine positic‘n.‘a‘g A 5 pl-drop of phosphate buffered saline (PBS) or conjugated

siRNAs (Ser- or Reb-NS-siRNA or Ser- or Reb-TASK3-siRNA) was applied alternatively to

each nostril once daily. A total of 10 pl of solution containing 30 or 75 ug (2.1 or 5.3
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nmol-day™) of conjugated siRNA was delivered for 7 days and mice were sacrificed between

3-4 days after last administration.

In situ hybridization and quantitative image analysis of film autoradiograms

Mice were killed by pentobarbital overdose and brains were rapidly removed, frozen on dry
ice and stored at -80°C. Coronal tissue sections (14 um-thick) were cut using a microtome-
cryostat (HM500-OM, Microm, Walldorf, Germany), thaw-mounted onto 3-
aminopropyltriethoxysilane (Sigma-Aldrich, St. Louis, MO, USA)-coated slides and kept at -
20°C until use. Antisense oligoprobes were complementary to bases: TASK3/839-888
(GenBank accession NM_001033876), TWIK-related acid-sensitive K+ channel 1-
TASK1/101-150 (NM_010608), TWIK-related potassium channel 1-TREK1/592-641, 726-
775, 889-938, 1082-1131 (NM_001159850/NM_010607), SERT/820-863 (NM_010484.1),
serotonin-1A receptor-5-HT4R/1780-1827 (NM_008308), NET/1210-1259 (NM_009209), o2-
adrenoreceptor-Adra2/2137-2186 (NM_NC_000085), brain derived neurotrophic factor-
BDNF/1188-1238 (NM_007540), vascular endothelial growth factor-VEGF/2217-2267
(NM_001025250), activity regulated cytoskeletal protein-ARC/1990-2040 (NM_018790),
respectively (Gottingen, Germany). Oligonucleotides were individually labeled (2 pmol) at the
3-end with [P°P]-dATP (2500 Cimmol’; DuPont-NEN, Boston, MA) using terminal
deoxynucleotidyltransferase (TdT, Calbiochem, La Jolla, CA). Sections were hybridized as
previously described.®*'" Films were analyzed and relative optical densities (ROD) were
obtained using a computer assisted image analyzer (MCID, Mering, Germany). The slide
background and non-specific densities were subtracted. ROD were evaluated in two or three
adjacent sections by duplicate of each mouse and averaged to obtain individual values.
MCID system was also used to acquire pseudocolor images. Black and white photographs
were taken from autoradiograms using a Wild 420 microscope (Leica, Heerbrugg, Germany)
equipped with Nikon DXM1200F digital camera and ACT-1 Nikon software (Soft Imaging
System Gmbh, Minster, Germany). Images were processed with Photoshop (Adobe

Systems, Mountain View) by using identical values for contrast and brightness. Additionally,
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TASKS hybridized slides were then dipped into lliford K5 nuclear emulsion (liford, Mobberly,
Chesire, UK) diluted 1:1 with distilled water. They were exposed in the dark at 4°C for 2
weeks, and finally developed in Kodak D19 (Kodak, Rochester, NY, USA) for 5 min, and
fixed in liford Hypam fixer (llford). Details of image acquisition and quantification analysis of

dipped TASK3 slides are shown in the Supplementary Information.

Immunohistochemistry

Mice were anesthetized with pentobarbital and transcardially perfused with 4%
paraformaldehyde in sodium-phosphate buffer (pH 7.4). Brains were collected, post-fixed
24h at 4°C in the same solution, and then placed in gradient sucrose 10-30% for 3 days at
4°C. After cryopreservation, serial 30 um-thick sections were cut of the hippocampal
formation, the midbrain raphe nuclei and LC. Immunohistochemical procedure was
performed for doublecortin (DCX), glial fibrillary acidic protein (GFAP), |ba-1, Ki-67, tyrosine
hydroxylase (TH) and tryptophan hydroxylase 2 (TPH:) using biotin-labeled antibody

procedure.®!" Details are shown in the Supplementary Information.

Confocal fluorescence microscopy

Intracellular Ser- and Reb-NS-siRNA distribution in 5-HT and NE neurons was examined by
confocal microscopy using a Leica TCS SP5 laser scanning confocal microscope (Leica
Microsystems Heidelberg GmbH, Manheim, Germany) equipped with a DMIB000 inverted
microscope, blue diode (405nm), Argon (458/476/488/496/514), diode pumped solid state
(561nm) and HeNe (524/633nm) lasers. After i.n. administration with Alexa488 labeled Ser-
or Reb-NS-siRNA at 30 pg-day”' during 4 days, mice were sacrificed and their brain were
extracted and processed for immunofluorescence. Details are shown in the Supplementary

Information.

TASK3 antibody production and purification
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The anti-TASKS antibody was raised against a synthetic peptide corresponding to amino acid
CGDHRLHLRRKSI of the C terminus from the protein KCNK9. The peptide synthesis and
production of antibodies has been performed by the platform of Production of Biomolecules
of the ICTS “NANBIOSIS", more specifically by the Unit U2: Custom Antibody Service at the
Institut de Quimica Avancada de Catalunya (IQAC-CSIC) and Unit U3: Synthesis of peptide
Unit (Parc Cientific de Barcelona & Universidad de Barcelona (UB)) from of the CIBER in
Bioengineering, Biomaterials & Nanomedicne (CIBER-BBN). The BSA and HCH were
conjugated to CGDHRLHLRRKSI peptide using a heterobifunctional crosslinker N-
hydroxysuccinimide maleimidopropionate (N-SMP)."® The conjugation was carried out firstly
by the addition of N-SMP (0.41 mg) in DMF (50 uL) to a solution of BSA or HCH (10 mg)
dissolved in PBS (950 pL). The reaction was stirred for two hours at room temperature. The
activated protein was purified by size exclusion chromatography. The eluted fractions were
collected and was reacted by the addition of the BF1 peptide (5 mg) dissolved ina H2O:ACN
mixture (1:1, 200 pL). The mixture was kept under stirring overnight at 4°C. The final
cohjugates were purified by dialysis, lyophilized and stored freeze-dried at -20°C. In order to
evaluate the degree of conjugation for SMP and CGDHRLHLRRKSI conjugation the mass
spectra was acquired using a MALD-TOF MS technique. The hapten density was 9 and 3 for
BSA-SMP and BSA-SMP- CGDHRLHLRRKSI conjugate, respectively.

The antisera obtained by immunizing female white New Zealand rabbits with
CGDHRLHLRRKSI -HCH. Evolution of the antibody titer was assessed oh a hon-competitive
indirect ELISA, by measuring the binding of serial dilutions of the different antisera to
microtiter plates coated with a fixed concentration of CGDHRLHLRRKSI -BSA (1 mg mL-1).
After 6 immunizations, the animals were exsanguinated, and the blood was collected in
vacutainer tubes provided with a serum separation gel. Antisera were obtained by
centrifugation at 4 °C for 10 min at 4000 rpm, and stored at —80 °C in the presence of 0.02%
NaNs;. Unless otherwise indicated, working aliquots were stored at 4 °C. The antiserum
obtained was affinity-purified by a HiTrap NHS-activated column. The purified antibody was
characterized by Western blot analysis (Supplementary Figure $1).
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Western Blot

Mice were killed by pentobarbital overdose and brains were rapidly removed. The medial
prefrontal cortex (mPFC), hippocampus (HPC), DR and LC were dissected out using a
Mouse Brain Matrix (Ted Pella, Madrid, Spain), quickly frozen on dry ice and stored at -80°C.
Each sample was homogenized (Miccra D-1 homogenizer, Miccra GmbH, Miillheim,
Deutschland) and sonicated (Labsonic M ultrasonic homogenizer, Sartorius, Géttingen,
Germany) with RIPA buffer (50 mM Tris-Base, 150 mM NaCl, 0.5 % sodium deoxycholate,
0.1 % SDS and 1 % Triton X-100) containing a protease inhibitor cocktail (cOmplete
Protease; Roche, Indianapolis, IN, USA). Protein extracts were quantified following the BCA
method (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific Inc., Rockford, IL, USA).
Then, 5 ug of each protein extract were mixed with loading buffer (Laemmli Sample Buffer,
Bio-Rad, Hercules, CA, USA) plus -mercaptoethanol, heated at 95°C for 5 min, loaded onto
a 4-20 % precast gel (Mini-Protean TGX, Bio-Rad) and electrophoresed. Next, proteins were
transferred onto a 0.2 um PVDF membrane (Trans-Blot Turbo Mini PVDF Transfer Pack,
Bio-Rad), which was subsequently rinsed, blocked with milk and incubated overnight at 4°C
with a rabbit anti-TASK3 antibody (1:500). Finally, the membrane was incubated with a
horseradish peroxidase-conjugated donkey anti-rabbit secondary antibody (1:2500, Sigma
Aldrich) and proteins were detected with a chemiluminiscence detection system based on the
luminol reaction (SuperSignal West Pico, Thermo Fisher Scientific Inc.). The immunoreactive
bands were digitalized (Molecular Imager VersaDoc MP 5000, Bio-Rad) and a densitometry
analysis was performed using ImageJ (1.49g) software. TASK3 protein levels were

normalized to that of -actine.

Intracerebral microdialysis
Extracellular 5-HT and NE concentrations were measured by in vivo microdialysis as

previously described.®"?%2 Briefly, one concentric dialysis probe (Cuprophan; 1.5 mm-long)
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was implanted mPFC (coordinates in mm: AP, 2.2; ML, -0.2; DV, -3./-1)18 of anaesthetized
mice. Experiments were performed 24-72 h after surgery.

In experiments involving 5-HT, aCSF was pumped (WPl model, SP220i) at 2.0 or 5.0 pl-min™
and 30-min or 6-min samples were collected, respectively. 1 uM citalopram was added to
aCSF of experiments examining the change in 5-HT release after 8-OH-DPAT administration
or during stressful procedures (tail suspension test, TST). 5-HT concentrations were
analyzed by high performance liquid chromatography (HPLC) with electrochemical
amperometric detection (+0.6V; Hewlett Packard 1049, Palo Alto, CA, USA) with 3-fmol
detection limits.

For the analysis of NE in dialysate samples, mice were connected to a fraction collection
system for freely moving animals (Raturn; BASi, Indianapolis, USA).23 The input tube of the
dialysis probe was connected to a syringe pump (BeeHive and BabyBee; BASi, Indianapolis,
USA), which delivered artificial cerebrospinal fluid 2(aCSF,: 148 mM NaCl, 2.7 mM KCI, 1.2
mM CaCl2, and 0.85 mM MgCI2; pH 7.4) pumped at a flow rate of 1 uL min~". Samples were
collected every 35 min. In experiments evaluating NE release in response to clonidine
administration, 1 uM desipramine was added to aCSF,. NE concentrations were analyzed by
HPLC with amperometric detection (VT-03 cell, Decade Il, Antec Leyden, Holland) at an
oxidizing potential of 0.300 mV. The mobile phase (50 mM fosforic acid, 0.1 mM EDTA, 8
mM sodium chloride, 500 mg L-1 sodium octyl sulfate, pH 6, and 16% methanol) was
fitered, degassed (Hewlett-Packard model 1100 degasser), and delivered at a flow rate of
0.2 mL/min by a Hewlett- Packard model 1100 pump.

Baseline 5-HT or NE levels were calculated as the average of the four pre-drug samples or

seven pre-TST samples.

Behavioral studies

All tests were performed between 10:00 and 15:00h. Behavioral assessments were
performed 24h after last dose with a minimal interval of one day between tests. All mice were
evaluated in two behavioral paradigms including novelty suppressed-feeding test (NSFT) and

12



TST or NSFT and marble burying test (MBT). On test days, animals were transported to a
dimly illuminated behavioral room and were left undisturbed for at least 1 h before testing. In
an additional group, the mPFC 5-HT concentration was simultaneously measured during
TST paradigm by in vivo microdialysis (see above). Behavioral tests were conducted by an
experimenter blind to mouse treatments. Details are shown in the Supplementary

Information.

Statistical analyses

All results are given as mean % s.e.m. Data were analyzed using GraphPad Prism 6.0 (San
Diego, CA). Statistical analyses were performed by two-tailed Student's f-test and one-way or
two-way ANOVA followed by Tukey's post-hoc test as appropriate. In NSF test, we used the
Kaplan-Meier survival analysis due to the lack of normal distribution of the data. Animals that
did not eat during the 10min testing period were discarded. Mantel-Cox log-rank test was
used to evaluate differences between experimental groups, as described by Samuels and

Hen (2011).% Differences were considered significant when P<0.05.
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RESULTS

Localization of sertraline- and reboxetine-conjugated siRNA in DR and LC after i.n.
administration

In order to target 5-HT neurons of he DR we used a previously developed strategy, in which
the SSRI sertraline was chemically conjugated to the oligonucleotide molecule.®® This
strategy allowed the selective enrichment of this sertraline-conjugated siRNA in raphe 5-HT
neurons, which selectively express SERT.® We then hypothesized that the presence of the
selective NE reuptake inhibitor (NERI) reboxetine would allow the selective delivery of
conjugated siRNA molecules to NE neurons of the LC, where the norepinephrine transporter
(NET) is selectively e)v:pressed_26

To assess the presence of the conjugated siRNA molecules in DR and LC neurons, after i.n.
administration, four groups of mice were treated once daily with: (a) A488-PBS, (b) A488-NS-
siRNA, (c) A488-Ser-NS-siRNA or (d) A488-Reb-NS-siRNA (2.1 nmol per dose) during 4
consecutive days. Mice were Killed 6 h after last dose. Confocal fluorescence procedures
revealed the presence of double-conjugated molecules in DR and LC. Hence, A488-Ser-NS-
siRNA was detected in TPH>" neurons of DR and A488-Reb-NS-siRNA was present in TH*
neurons of LC. Both molecules were absent in the HPC region, which is closer the
application site and to the 3" ventricle (Figures 1a and b).

Although the transport mechanisms employed by 5-HT and NE neurons to transport the
conjugated siRNA molecules to the cell bodies are not fully known, it is likely that endosomal
networks are involved, since conjugated A488-siRNAs colocalized with the late endosomal

marker Rab7 (Figures 1¢ and d).

Sertraline- and reboxetine-conjugated TASK3-siRNA selectively suppress TASK3
expression into 5-HT and NE neurons, respectively
We previously examined whether a naked TASK3-siRNA sequence was able to decrease in

vivo TASK3 expression in DR and LC. To this end, mice were daily treated intra-DR or intra-
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LC with 1 ul of: (a) vehicle, (b) NS-siRNA or (¢) TASK3-siRNA (10 ng -0.7 nmol- per dose) for
2 consecutive days. siRNAs were applied through out a stereotaxically implanted silica
capillary microcannula, as described in Methods. /n situ hybridization experiments revealed a
reduction of TASK3 mRNA to 69.4 £ 3.8 % of control values in DR and to 82.3 £ 2.1 % of
control values in LC versus vehicle and NS-siRNA (Supplementary Figure S2).

We then examined the effect of i.n. Ser-TASK3-siRNA on DR TASKS3 expression. Ser-
TASK3-siRNA (2.1 nmol-day™") was administered i.n. during 7 days. Two control groups were
used, administered respectively with PBS or Ser-NS-siRNA. /n situ hybridization experiments
revealed a reduction of TASK3 mRNA to 89.2 + 2.2 % of control groups without affecting
TASK3 expression in other brain regions, such as LC, or the expression of other genes
expressed by 5-HT neurons, including TASK3-family related genes (Supplementary Figure
S§3). A small, but not significant reduction of the expression of 5-HT1a receptors was noted.
Given the small reduction of TASK3 expression, further experiments were performed with a
higher daily dose (75 ug-day'1; 5.25 nmol-day‘1) also administered during 7 days. New
histological experiments showed that TASK3 mRNA was reduced to 83.3 £ 2.5 % of control
(PBS) levels in the DR by this dose, without altering TASK3 expression in the hippocampal
formation (CA1 and DG) or mPFC (Figures 2b and c). A more detailed analysis, in which
dipped TASK3 hybridized sections were immunostained using a specific 5-HT neuron marker
(TPH;), showed a specific and greater reduction of TASK3 expression in 5-HT neurons along
DR antero-posterior axis (Figures 2a and b). Western blot analysis confirmed these
silencing at the protein level (Figures 2d and e).

Similarly, we studied the effect of i.n. Reb-TASK3-siRNA administration on LC TASK3
expression, using the same administration protocol (5.25 nmol-day™ for 7 days). This evoked
a selective reduction of TASK3 mRNA in the LC, without affecting TASK3 mRNA in other
areas such as DR, CA1, DG and mPFC nor the expression of NET, a2-adrenoreceptor and,
TASK1 and TREK1 potassium channels in LC (Figures 2g and h, Supplementary Figure

84). The co-localization analysis showed that Reb-TASK3-siRNA significantly reduced the
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intracellular density of TASK3 mRNA in NE TH* neurons of LC (Figures 2f and g). |dentical
data were obtained in Western blot analysis (Figures 2i and j).

Neither treatment with Ser-TAK3-siRNA nor Reb-TASK3-siRNA induced neuronal
degeneration, as evidenced by the same number of TPH;" or TH* neurons in all experimental
groups (Supplementary Table $2). In addition, we did not observe astrogliosis (GFAP) nor

immune responses (lba-1) (Supplementary Figure S4).

Seven-day treatment with Ser-TASK3-siRNA evoked neurochemical, behavioral and
cellular changes predictive of antidepressant activity

First of all, for the purpose of evaluate the neurochemical impact of seven-day treatment with
Ser-TASK3-siRNA (75 ng-day™"), we performed 5-HT microdialysis experiment in mPFC.
Although there were no differences in baseline levels of 5-HT (Supplementary Table $3)
nor veratridine-stimulated 5-HT values (data not shown), the reduction of TASK3 channel in
S5-HT neurons diminished 5-HT;, autoreceptor response as assessed by the dampened
effect of 8-OH-DPAT 1 mg/kg i.p. administration on 5-HT release (Figure 3a). Moreover,
Ser-TASK3-siRNA treatment enhanced the increase of extracellular 5-HT levels produced by
acute administration of fluoxetine 20 mg/kg i.p. in the mPFC (Figure 3b).

Secondly, we used different rodent paradigms to assess the antidepressant-like behavior.
The daily treatment with Ser-TASK3-siRNA (7 days, 75 pg-day“) decreased the latency to
feed in the NSFT and the immobility time in the TST compared to the control groups
(Figures 3¢ and d), but there were no differences in the forced swimming test (data not
shown), all paradigms predictive of the antidepressant effect in mice. In addition, TASK3
silencing in DR did not evoke significant changes in anxiety behavior versus PBS-treated
mice using the MBT (Figure 3e).

Finally, mobilization of neural stem cells to create new granule neurons in the DG with novel
functional synaptic contacts has been associated with antidepressant action.?’ Here,

intranasal treatment with Ser-TASK3-siRNA (7 days, 75 ,ug-day“) increased Ki-67" and DCX"
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cells in de DG of HPC in comparison with the control group (Figures 3f and g). Enlarge
proliferative and neurogenic activity described co-occurred with a higher expression of
neuroplasticity-associated genes, such as BDNF, ARC, and VEGF, in different subregions of

the HPC (Figures 3h and i).

Seven-day treatment with Reb-TASK3-siRNA evoked a slight antidepressant-like effect
Next, with Reb-TASK3-siRNA molecule, we evaluated all the same key markers of
antidepressant activity that we studied before with sertraline-conjugated siRNA. Here, we
use an identical i.n. administration protocol of 75 .ug-da\y'1 for one week. Reduction of TASK3
channel expression in the TH* neurons of LC did not modify the baseline of NE concentration
nor enhanced the reboxetine effect in the mPFC (Figure 4b, Supplementary Table $3).
Nevertheless, we observed a significant clonidine effect on cortical NE suggesting a lower
functional a2-adrenoreceptor activity of TASK3 knockdown mice (Figure 4a).

Regarding to behavior paradigms, the selective reduction of TASK3 in NE neurons triggered
a reduced immobility time in the TST, but did not produce significant differences in the NSFT
and MBT compared with PBS-treated mice (Figures 4c-e).

Although any significant increase was observed neither in Ki-67" nor DCX' cells of TASK3
knockdown animals compared with PBS-treated mice, it could be appreciated a strong
tendency with Ki-67 immunoreactivity (Figures 4f and g). Concerning neuroplasticity-
associated genes, we stated an increase in BDNF, ARC and VEGF expression produced by
Reb-TASK3-siRNA treatment versus control group (Figures 4h and i).

To sum up, reduction of TASK3 channel expression in the TH* neurons of LC did not
produce antidepressant-like effects to the same extent as those observed when TASK3

expression is disrupted in 5-HT neurons.

Disturbed TASK3 expression in DR 5-HT neurons increase 5-HT release in response to

a depression/stress-related paradigm
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Considering the increased resilience of Ser-TASK3-siRNA-treated mice in the NSFT and
TST and the putative connection between TASK3 channel and 5-HT14 autoreceptor, as was
evidenced by 8-OH-DPAT dampened effect, we next examined whether this effect was
associated with a facilitated forebrain 5-HT release. We performed 5-HT in vivo microdialysis
in mPFC simultaneously during the performance of the TST, as previously reported.'® Even
though no differences were observed in baseline levels of 5-HT between Ser-TASK3-siRNA
and PBS treatment, TASK3 knockdown mice developed a twofold increase of 5-HT release
when exposed to the TST stress (Figure 5a, Supplementary Table S3). Moreover, this
facilitation of 5-HT neurotransmission was accompanied by a significance decreased

immobility time in the TST versus PBS-treated mice (Figure 5b).
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DISCUSSION

The present study shows that a siRNA-induced knockdown of TASK3 expression, a member
of the two-pore potassium channels, in 5-HT or NE neurons, induces immediate and robust
antidepressant-like responses in mice. We used a conjugated siRNA, in which naked siRNA
molecules were covalently bound to the SSRI sertraline in order to selectively target 5-HT
neurons after i.n. administration. As observed in previous studies,®® this procedure resulted
in the selective accumulation of sertraline-conjugated TASK3 siRNA molecules (Ser-TASK3-
siRNA) in raphe 5-HT neurons. Here we extend this methodology to LC NE neurons by
covalently binding siRNA molecules to the selective NET inhibitor reboxetine. As observed
for the Ser-TASK3-siRNA, Reb-TASK3-siRNA molecules were identified in LC NE neurons
after i.n. administration. Although the precise transport mechanism of the conjugated siRNA
molecules to the cell bodies of 5-HT and NE neurons are still poorly known, it is possible that
they undergo retrograde axonal transport via endosomes after their selective accumulation
by the dense network of forebrain 5-HT or NE axons, as suggested by their association with

the late endosomal marker Rab?.

The administration of the conjugated TASK3-siRNA resulted in a significant reduction of
TASK3 mRNA in 5-HT and NE neurons, as evidenced by Western blots and in situ
hybridization experiments, without altering TASK3 expression in other areas rich in TASK3,
such as mPFC and HPC, much closer to the application site. The extent of the reduction in 5-
HT neurons was slightly lower than that of other genes expressed by this neuronal group,
such as the 5-HTa autoreceptor or SERT.2? This difference is unlikely to be accounted for by
the conjugated siRNA dose, since similar daily doses of all siRNAs were used, and may be
related to the different turnover rates of the different mMRNAs and proteins (e.g., a higher

turnover rate would render TASK3 mRNA less sensitive to siRNA application).
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Ser-TASK3-siRNA administration evoked significant changes in pre- and postsynaptic
markers predictive of clinical antidepressant activity and reduced immobility in the TST and
the latency to feed in the NSFT, used to assess antidepressant-like efficacy in rodents.
Interestingly, the NSFT is sensitive to the sustained -but not acute- administration of
monoamine reuptake inhibitors and to the acute effects of fast-acting antidepressant
treatments, such as ketamine.?®% In contrast, Ser-TASK3-siRNA was ineffective in the MBT,
which does not assess antidepressant-like activity, supporting the specificity of the observed

effects in the TST and NSFT.

The antidepressant-like effects of Ser-TASK3-siRNA are likely mediated by an enhancement
of forebrain serotonergic neurotransmission associated to a loss of function of 5-HT4
autoreceptors, as indicated by the lesser ability of the selective 5-HT,, receptor agonist 8-
OH-DPAT to reduce 5-HT release in mPFC. This view is also supported by the greater
increase of forebrain 5-HT release evoked by the SSRI fluoxetine in Ser-TASK3-siRNA-
treated mice, after the attenuation of the 5-HT,, autoreceptor-mediated negative feedback
mechanism.3%%! Similarly, the efficacy of the a2-adrenoceptor agonist clonidine to reduce NE
release was lower in Reb-TASK3-siRNA-treated mice, suggesting a reduction of the
sensitivity of a2-adrenoceptors. However, this was not accompanied by a greater effect of
the selective NET inhibitor to augment extracellular NE in forebrain, as observed with

combinations of NET inhibitors and a2-adrenoceptor antagonists >

The reasons for the reduced sensitivity of 5-HT1a autoreceptors and a2-adrenoceptors in
mice treated with Ser-TASK3-siRNA or Reb-TASK3-siRNA are not fully understood but may
be related to the likely increased membrane potential of 5-HT and NE neurons after partial
TASKS3 inactivation. Indeed, a lower number of constitutively-active TASK3 channels would
increase membrane potential,s"’ rendering 5-HT and NE neurons less sensitive to the
hyperpolarizing actions of 5-HT;, autoreceptors and o2-adrenoceptors. Alternatively, a
membrane interaction between G protein-coupled inwardly-rectifying potassium (GIRK)
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channels associated to monoamine autoreceptors and TASK3 channels may also be

involved.

As observed after the selective local knockdown of 5-HTa autoreceptors,m mice treated with
Ser-TASK3-siRNA exhibited a reduced immobility time in the TST. This behavioral effect was
associated to an enhancement of 5-HT release only in mice treated with Ser-TASK3-siRNA.
The similarity of the effects produced by 5-HT14 and TASK3 knockdown in 5-HT neurons
suggest a similar mechanism, reducing self-inhibitory inputs on 5-HT neurons, an effect
resulting in an increased serotonergic activity in forebrain leading to increased stress
resilience. This view is supported by reduced ability of 8-OH-DPAT to reduce 5-HT release
and by the augmentation of fluoxetine effects in Ser-TASK3-siRNA-treated mice, as
discussed above. Indeed, an increased expression/ffunction of 5-HT, autoreceptors is
associated with poor efficacy of antidepressant treatments and increased suicidal behavior,**
¥ and mice with a high expression of 5-HT;a autoreceptor show a depressive-like
phenotype.* It is likely that the reduction of TASK3 expression/function in 5-HT neurons can

evoke opposite effects, as observed with 5-HT;, autoreceptors.?1%3°

In parallel with the above presynaptic changes, Ser-TASK3-siRNA and Reb-TASK3-siRNA
increased neurogenesis, as indicated by the increased number of Ki-67" and DCX" newborn
cells in the hippocampal formation, as well as the increased expression of plasticity genes
such as BDNF, ARC and VEGF. Interestingly these effects, which are produced by
prolonged (e.g., 3-4 weeks) treatment with standard an’cideprr—.\ssan’c,‘m‘41 required only 7-day
treatments with Ser-TASK3-siRNA. The shorter time required for Ser-TASK3-siRNA -as
compared to SSRI- to induce the above pre- and postsynaptic changes has been previously
observed with a sertraline-conjugated siRNA directed against SERT.? These temporal
differences likely reflect the greater efficacy of RNAi strategies to modulate neuronal

function, as compared to standard pharmacological treatments.
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The behavioral and neurochemical effects evoked by Reb-TASK3-siRNA were smaller than
those evoked by Ser-TASK3-siRNA, and in some instances, they did not reach statistical
significance (see Figs. 3 and 4 for comparison). This difference may be explained by at least
two different factors. On the one hand, a lesser ability of Reb-TASK3-siRNA to reduce the
expression of TASK3 in NE neurons of LC, hence, despite a similar overall reduction of
TASK3 mRNA in LC and DR, the reduction of double-labeled cells (TH and TASK3) in LC
was lower than that in the DR. On the other hand, 5-HT and NE play differential roles in the
treatment of MDD, with 5-HT having a crucial role in resilience to stress, a key factor in the
behavioral test used in he present study (TST and NSFT). Indeed, behavioral tests

assessing antidepressant-like efficacy.

In summary, the present study shows that the selective reduction of TASK3 expression in 5-
HT or NE neurons evokes antidepressant-like effects, which are more marked when
targeting raphe 5-HT neurons. One-week treatments with Ser-TASK3-siRNA evoked
behavioral and neurobiological changes predictive of clinical antidepressant activity similar to
those produced by more prolonged SSRI treatments (e.g. 3-4 weeks). These effects are
possibly mediated by an enhancement of the membrane potential of monoamine neurons
due to the reduced expression of constitutively active TASK3 channels, which would lead to
an increased excitation/inhibition ratio and an enhanced response to excitatory inputs evoked
by stress, thus producing an overall increase of monoamine neurotransmission. Further, the
extension of neuronal targeting by conjugated siRNA molecules to 5-HT and NE nheurons
after intranasal administration supports the validity of the present approach as a potential

hew strategy for a faster and more effective treatment of MDD.
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Figure legends

Figure 1 Selective accumulation of sertraline- or reboxetine conjugated nonsense siRNA
(Ser-NS-siRNA or Reb-NS-siRNA, respectively) in late endosomal vesicles of TPH2-positive
serotonin or TH-positive norepinephrine neurons after intranasal administration. Mice were
intfranasally administered with alexa488-PBS (A488-PBS), alexa488-labeled nonsense
siRNA (A488-NS-siRNA) or alexad488-labeled Ser- or Reb-NS-siRNA (A488-Ser-NS-siRNA
or A488-Reb-NS-siRNA) at 30 ug-daly'1 during 4 days, and were killed 6 h post-administration
{(n=2 mice/group). (a-b) Confocal images showing co-localization (yellow) of A488-Ser-NS-
siRNA or A488-Reb-NS-siRNA in dorsal raphe (DR) 5-HT neurons (TPH;-positive, red) or
locus coeruleus (LC) NA neurons (TH-positive, red), respectively, identified with white
arrowheads. Cell nuclei were stained with Dapi (blue) (c-d) Confocal images showing co-
localization (yellow) between Rab7 (late endosome marker, red) with A488-Ser-NS-siRNA or
A488-Reb-NS-siRNA (green) in DR or LC neurons, respectively. Vesicles co-localizing are

marked with white arrowheads. Cell nuclei were stained with Dapi (blue). Scale bar = 10 um.

Figure 2 Intranasal sertraline- or reboxetine-conjugated TASK3-siRNA (Ser-TASK3-siRNA
or Reb-TASK3-siRNA) treatment reduced TASK3 expression in serotonin neurons of the
dorsal raphe (DR) or norepinephrine neurons of the locus coeruleus (LC), respectively. One
group of mice received intranasally PBS or Ser-TASK3-siRNA at 75 ng-day”' during 7 days.
Another group received intranasally PBS or Reb-TASK3-siRNA at 75 nug-day ' during 7 days.
(a) Photomicrographs showing TPH," neurons expressing TASK3 mRNA (**P-
oligonucleotide silver grains) in DR at two AP coordinates: -4.24 to -4.48 mm and -4.48 to -
4.72 mm of PBS- and Ser-TASK3-siRNA-treated mice. Scale bar = 10 um. (b) /n situ

hybridization showed that Ser-TASK3-siRNA produce a TASK3 mRNA silencing in the DR (n
= 4-8 mice/group). Student's t-test showed an effect of group (P<0.05). (c) Dipping analysis

revealed a significant effect on the percentage of TPH," neurons expressing TASK3 mRNA
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at -4.48 to -4.72 mm coordinates (n = 4-6 mice/group). Two-way ANOVA showed an effect of
treatment (F114 = 14.72, P<0.01). (d) Dipping analysis showed a reduction of intracellular
TASK3 mRNA density in TPH>" neurons at -4.24 to -4.48 mm coordinates (n = 4-6
mice/group). Two-way ANOVA showed an effect of treatment (Fq14 = 17.86, P<0.001). (e)
Effect of Ser-TASK3-siRNA on TASK3 mRNA in different forebrain areas (n = 6 mice/group).
(f) Western blot analysis of mPFC, HPC and DR extracts showing TASK3 and actin protein
levels. Actin is used as loading control. (g) Relative guantification of TASK3 protein
expression obtained by normalizing TASK3 by actin protein amount (h = 5-7 mice/group).
Student's t-test showed an effect of group (P<0.05) in DR. (h) Photomicrographs showing
TH* neurons expressing TASK3 mRNA (33P-oligonucleotide silver grains) in LC at two AP
coordinates: -5.52 to -5.68 mm and -5.68 to -5.80 mm of PBS- and Reb-TASK3-siRNA-
treated mice. Scale bar = 10 um. (i} Intranasal Reb-TASK3-siRNA treatment decreased
TASK3 mRNA levels in LC (n = 8 mice/group). Student’s t-test showed an effect of group
(P<0.05). (j) Dipping analysis revealed significant reduction on percentage of TH* neurons
expressing TASK3 mRNA (n = 4-6 mice/group). Two-way ANOVA showed an effect of
treatment (F; 17 = 17.98, P<0.001). (k) Dipping analysis showed a reduction of intracellular
TASK3 mRNA density in TH* neurons at two AP coordinates studied (n = 4-6 mice/group).
Two-way ANOVA showed an effect of treatment (F1 15 = 30.44, P<0.0001). () Effect of Reb-
TASK3-siRNA on TASK3 mRNA in different forebrain areas (n = 4-6 mice/group). (m)
Western blot analysis of mPFC, HPC and LC extracts showing TASK3 and actin protein
levels. Actin is used as loading control. (n) Relative quantification of TASK3 protein
expression obtained by normalizing TASK3 by actin protein amount (n = & mice/group).
Student's t-test showed an effect of group (P<0.05) in LC. *P<0.05, versus PBS-treated

mice; *P<0.05, *P<0.01, "*P<0.001 versus PBS-treated mice. Data are mean % s.e.m.

Figure 3 Sertraline-conjugated TASK3-siRNA (Ser-TASK3-siRNA) induced neurochemical,

behavioral and cellular variables predictive of clinical antidepressant activity. Mice received
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intranasally PBS or Ser-TASK3-siRNA at 75 ug-day™ during 7 days. (a) Ser-TASK3-siRNA
treatment reduced the effect of serotonin-1A (5-HTqa) receptor 8-OH-DPAT agonist (1 mg-kg
' i.p.) on extracellular serotonin (5-HT) levels in mPFC (n = 9-10 mice/group). Two-way
ANOVA showed an effect of treatment (Fy 7= 13.4, P<0.01), time (F111s7= 7.692, P<0.0001)
and interaction (Fy1187 = 3.44, P<0.001). (b) Fluoxetine (20 mg-kg'1 i.p.) increased the
extracellular 5-HT concentration significantly more in Ser-TASK3-siRNA than in PBS-treated
mice (n = 6 mice/group). Two-way ANOVA showed an effect of treatment (F110 = 10.90,
P<0.01), time (Fis5,150 = 6.965, P<0.0001) and interaction (Fi5150 = 2.104, P<0.05). (c) Ser-
TASK3-siRNA treated mice displayed a reduced immobility in the tail suspension test (TST)
(n = 11 mice/group). Student's t-test showed an effect of group (P<0.05). (d) Effect on
novelty suppressed feeding test (NSFT) and survival analysis of NSFT data (n = 19-25
mice/group). Student’s t-test showed an effect of group (P<0.01) and log-rank (Mantel-Cox)
test showed significant differences between both survival curves (P<0.01). (e) PBS and Ser-
TASK3-siRNA mice behaved similarly in the marble burying test (MBT) (h= 13-14
mice/group). (f) Representative images of Ki-67- and DCX-positive cells in the dentate gyrus
(DG) of Ser-TASK3-siRNA or PBS-treated mice. Scale bar = 100 um. (g) Ser-TASK3-siRNA
significantly increased Ki-87° and DCX' cells compared to the PBS group (n = 5-7
mice/group). Student's t-test showed an effect of group (P<0.05). (h) Representative
autoradiograms showing BDNF, ARC and VEGF mRNA expression in the hippocampus of
control and TASK3 knockdown mice. Scale bar = 100 um. (i) Bar graphs showing BDNF,
ARC and VEGF mRNA expression in different hippocampal subfields including CA1, CAZ2,
CA3 and DG (n = 5-6 mice/group). Two-way ANOVA showed an effect of treatment (Fj40=
55.48, P<0.0001), area (Fs4 = 4.019, P<0.05) and interaction (Fs4 = 4.022, P<0.05) for
BDNF mRNA, an effect of treatment (F; ;2 = 44.15, P<0.0001) for ARC mRNA and an effect
of treatment (Fi3s = 30.35, P<0.0001) for VEGF mRNA. *P<0.05, **P<0.01, ****P<0.0001

versus PBS-treated mice. Data are mean = s.e.m.
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Figure 4 Mild antidepressant-like effects produced by reboxetine-conjugated TASK3-siRNA
(Reb-TASK3-siRNA). Mice were treated intranasally with a daily dose of PBS or Reb-TASK3-
siRNA at 75 ug-day' during an entire week. (a) Reb-TASK3-siRNA treatment reduced the
effect of a2-adrenoreceptor clonidine agonist (0.3 mg-kg'1 i.p.) on extracellular noradrenalin
(NA) levels in mPFC (n = 9-10 mice/group). Two-way ANOVA showed an effect of treatment
(F1a7 = 10.12, P<0.01), time (Fi14g7 = 4.466, P<0.0001) and interaction (Fyj1g7 = 2.471,
P<0.01). (b) Reboxetine (20 mg-kg™ i.p.) increased the extracellular NA similarly in both
experimental groups (PBS and Reb-TASK3-siRNA) (n = 8 mice/group). {(¢) Reb-TASK3-
siRNA treated mice displayed a reduced immobility in the tail suspension test (TST) versus
PBS-treated mice (n = 9-11 mice/group). Student's t-test showed an effect of group (P<0.01).
{(d) Both PBS and Reb-TASK3-siRNA mice behaved similarly in the novelty suppressed
feeding test (NSFT) (n = 18 mice/group). (e) No anxiety-related effects were observer on the
marble burying test (MBT) (nh= 19 mice/group). (f) Representative images of Ki-67- and DCX-
positive cells in the dentate gyrus (DG) of Reb-TASK3-siRNA or PBS-treated mice. Scale bar
=100 um. (g) Reb-TASK3-siRNA did not induce any increase in proliferation (Ki-67" cells) or
neurogenesis (DCX" cells) in DG compared to the PBS group (n = 6 mice/group). (h)
Representative autoradiograms showing BDNF, ARC and VEGF mRNA expression in the
hippocampus of control and TASK3 knockdown mice. Scale bar = 100 um. (i) Bar graphs
showing BDNF, ARC and VEGF mRNA expression in different hippocampal subfields
including CA1, CA2, CA3 and DG (n = 4-5 mice/group). Two-way ANOVA showed an effect
of treatment (F125 = 15.1, P<0.001) for BDNF mRNA an effect of treatment (Fy2.s = 27.99,

P<0.0001) for ARC mRNA. *"P<0.03, **P<0.01 versus PBS-treated mice. Data are mean

s.e.m.

Figure 5 Sertraline-conjugated TASK3-siRNA (Ser-TASK3-siRNA) treatment in mice
facilitated serotonin (5-HT) release in mPFC under a depression-related stress paradigm.

Mice received intranasally PBS or Ser-TASK3-siRNA at 75 ug-day'1 during 7 days. (a) During
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a stressful situation induced by the tail suspension test (TST), TASK3 knockdown mice
allowed a larger increase of extracellular 5-HT in mPFC than PBS-treated mice (n =8-9
mice/group). Two-way ANOVA showed an effect of time (Fi3195 = 2.928, P<0.001). (b)
Simultaneously, Ser-TASK3-siRNA-treated mice displayed a reduced immobility in the TST
(n =8-9 mice/group). Student’s t-test showed an effect of group (P<0.01). *P<0.05, **P<0.01

versus PBS-treated mice. Data are mean = s.e.m.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Materials and Methods

Conjugated siRNA synthesis

The synthesis and purification of sertraline- and reboxetine-siRNA targeting TASK3
potassium channel (Ser-TASK3-siRNA or Reb-TASK3-siRNA, respectively) and sertraline- or
reboxetine-conjugated nonsense siRNA (Ser-NS-siRNA or Reb-NS-siRNA, respectively)
molecules were performed by nLife Therapeutics S.L. (Granada, Spain) as previously
rr—;por‘tr—;d_E"g In brief, siRNA (sense and antisense strands) synthesis was performed using
ultra mild-protected phosphoramidites (Glen Research, Sterling, VA, USA) and H-8
DNA/RNA Automatic synthesizer (K&A Laborgeraete GbR, Schaafheim, Germany). Sense
strand was amino-modified by performing a 5'-C6 amino modification and condensation with
a succinimide active ester of sertraline (sertraline-NH-CH2C(=0O)NH(CH2)5COOQO-
succinimide) making up the peptide linker of the conjugate (sertraline-NH-
CH2C(=0O)NH(CH2)5COO-sense strand-3'OH). Conjugated single strand oligonucleotides
were purified by high performance liquid chromatography using a RP-C18 column (4.6x150
mm, 5 um) under a linear gradient condition of acetonitrile shifting the concentration from 5%
to 35% for 30min in 100mM TEAA (pH 7.0). The molecular weights of the siRNA strands and
the conjugate were confirmed by MALDI-TOF mass spectrometry (Ultraflex, Bruker
Daltonics). The vield of the conjugates was spectrophotometrically calculated on the basis of
absorbance at 260nm wavelength. Complementary strands were annealed in an isotonic
RNA-annealing buffer (100mM potassium acetate, 30mM HEPES pH 7.4, 2mM magnesium
acetate), pre-incubated by 1min at 90°C, centrifuged for 15s and incubated 1h at 37°C.
Duplex RNA formation was confirmed using 20% polyacrylamide gel electrophoresis (PAGE,
30mA, 60min) and visualized by silver staining (DNA Silver stain kit, GE Healthcare,

Piscataway, NJ). Sequences are shown in Supplementary Table S$1.

In situ hybridization



Frozen tissue sections were first brought to room temperature, fixed for 20min at 4°C in 4%
paraformaldehyde in phosphate-buffered saline (1xPBS: 8mM Na;HPO4, 1.4mM KHoPOq4,
136mM NaCl, and 2.6mM KCI), washed for 5min in 3xPBS at room temperature, twice for
5min each in 1xPBS, and incubated for 2min at 21°C in a solution of predigested pronase
(Calbiochem, San Diego, CA) at a final concentration of 24 U/mL in SOmM Tris-HCI, pH 7.5,
and SmM EDTA. The enzymatic activity was stopped by immersion for 30s in 2 mg/ml
glycine in 1xPBS. Tissues were finally rinsed in 1xPBS and dehydrated through a graded
series of ethanol. For hybridization, the radioactively labeled probes were diluted in a solution
containing 50% formamide, 4x standard saline citrate, 1x Denhardt’s solution, 10% dextran
sulfate, 1% sarkosyl, 20mM phosphate buffer, pH 7.0, 250 pg'ml™" yeast tRNA, and 500
pug'ml’ salmon sperm DNA. The final concentrations of radioactive probes in the
hybridization buffer were in the same range (~1.5 nM). Tissue sections were covered with
hybridization solution containing the labeled probes, overlaid with Nescofilim coverslips
(Bando Chemical Ind., Kobe, Japan), and incubated overnight at 42°C in humid boxes.
Sections were then washed 4 times (45min each) in a buffer containing 0.6M NaCl and
10mM Tris-HCI (pH 7.5) at 60°C. Hybridized sections were exposed to Biomax-MR film
(Kodak, Sigma-Aldrich, Madrid, Spain) for 1-4 weeks with intensifying screens. For specificity
control, adjacent sections were incubated with an excess (50x) of unlabelled probes. The
cytoarchitecture of different mouse brain areas were analyzed in an adjacent series of cresyl-

violet stained frozen sections.

Immunohistochemistry

Ki-67 (rabbit anti-Ki-67; 1:5000; ab16667, Abcam, Cambridge, UK) and DCX (goat anti-DCX;
1:200; ref.. s¢-8066, Santa Cruz Biotechnology, Santa Cruz, CA) staining were carried out in
adjacent free-floating hippocampal sections. After endogenous peroxidase inhibition and
washes, pre-incubation and incubation were carried out in a 1x PBS/Triton 0.2% solution
containing normal serum from secondary antibody host. Additionally, Ki-87 procedure entails
an unmasking 30-min-step at 80°C in 10mM citrate buffer before pre-incubation. Primary

3
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antibodies were incubated overnight at 4°C, followed by incubation with the corresponding
biotinylated goat anti-rabbit (1:200; ref.. BA-1000, Vector Laboratories, Burlingame, CA) or
biotinylated donkey anti-goat (1:200; ref.: sc-2042, Santa Cruz Biotechnology), and
subsequent incubation in ABC solution (Vector Laboratories) according to the manufacturer's
instructions. The color reaction was performed by incubation with diaminobenzidine
tetrahydrochloride (DAB) solution. The sections were mounted onto gelatin-coated slides,
embedded and investigated on a Nikon Eclipse E1000 microscope (Nikon, Tokyo, Japan)
using 20x and 40x objectives. The whole dentate gyrus labeled cells (Ki-67" or DCX"
neurons) were counted using Imaged (v1.49g) software in three equidistantly sections
between -1.34 and -2.18 mm from bregma for each mouse.

For immunohistochemical identification of reactive astrocytes (rabbit anti-GFAP; 1:1000; ref.:
Z0334, DAKO, Barcelona, Spain) or microglia (rabbit anti-lba-1; 1:1,000; ref.: 019-197741,
WAKQ, Irvine, CA), we used the same biotin-labeled antibody procedure as before. Briefly,
following endogenous peroxidase inhibition and washes, tissues were blocked with normal
goat serum, and incubated with the primary antibody overnight at 4°C. Then, sections were
incubated in biotinylated goat anti-rabbit (1:200) for 1h at room temperature. After the
subsequent incubation in ABC solution, the color reaction was performed by incubation with
DAB. The sections were mounted onto gelatin-coated slides, embedded and investigated on
a Nikon Eclipse E1000 microscope (Nikon) using the 40x objective.

TH (rabbit anti-TH; 1:5000; ref.: ab112, Abcam) and TPH; (sheep anti-TPHz; 1:2000; ref.:
AB1541, Merck Millipore, Madrid, Spain) staining were performed in dipped TASK3
hybridized slides. Concisely, following endogenous peroxidase inhibition and rinses, pre-
incubation and incubation were carried out ih a 1x PBS/Triton 0.2% solution containing
normal serum from secondary antibody host. Primary antibodies were incubated 2 days at
4°C, followed by incubation with the corresponding biotinylated goat anti-rabbit (1:500) or
biotinylated rabbit anti-sheep (1:500; ref.: BA-6000, Vector Laboratories). Once incubated
with ABC solution, the color reaction was conducted with DAB. VWhen embedded,
microphotographs of two sections containing either dorsal raphe (DR) at anteroposterior (AP)

4



coordinates (in mm) of -4.24/-4.48 and -4.48/-4.72 from bregma or locus coeruleus (LC) at
AP coordinates (in mm) -5.52/-5.68 and -5.68/-5.80 from bregma were acquired in duplicate
for each mouse with the Nikon Eclipse E1000 microscope (Nikon) using the 60x objective.
The whele DR- and LC-labeled neurons (TPH:" or TH* neurons, respectively) and TASK3
MRNA-containing TPH," or TH* neurons were counted using ImageJ (v1.49q) Software. In
addition, intracellular TASK3-mRNA optical density was obtained as the logarithmic ratio
between TASK3 dipping-containing TPH;* or TH* neurons and the entire photomicrograph

non-neuronal area as a background.

Confocal fluorescence microscopy

Brain sections were rinsed with PBS/Triton 0.2%, incubated with normal serum from
secondary antibody host and treated with primary antibodies: TH (rabbit anti-TH; 1:1250; ref :
ab112, Abcam), TPH; (sheep anti-TPH;; 1:2500; ref.: AB1541, Merck Millipore), Rab5 (rabbit
anti-Rab5; 1:500; ref.: ab18211, Abcam) or Rab7 (mouse anti-Rab7; 1:2000; ref.. R8779-
200UL, Sigma-Aldrich). Sections were then incubated overnight at 4°C, rinsed and treated
with their respective secondary Alexa555-conjugated antibody (donkey anti-rabbit, donkey
anti-sheep or rabbit anti-mouse; 1:500; ref.: A-31572/A-21436/A-21427, Life Technologies,
Carlsbad, CA, USA) for 120min. After subsequent washes, the section were dehydrated and
mounted in the anti-fading agent Prolong Gold with DAPI (Life Technologies). DAPI,
Alexa488 and Alexa555 images were acquired sequentially using 405, 488 and 561 laser
lines, AOBS (Acoustic Optical Beam Splitter) as beam splitter and emission detection ranges
415- 480, 500-550 and 571-625 nm, respectively and, the confocal pinhole set at 1 Airy units.
Images were obtained at 400Hz in a 1024 x 1024 pixels format and were composed using

Imaged (1.499) software.

Behavioral studies
Novelty suppressed feeding. NSF is a conflict test that elicits competing motivations: the

drive to eat and the fear of venturing into the center of the brightly lit arena. The NSF test
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was carried out during a 10 min period as previously described.® The testing apparatus
consisted of a plastic box (35x35x20 cm), the floor of which was covered with approximately
2 cm of wooden bedding for each animal. 24h prior to behavioral testing, all food was
removed from the home cage. At the time of testing, a single pellet of food was placed on a
white paper platform in the center of the box directly illuminated with 1100 luxes. An animal
was placed in a corner of the box, and a stopwatch was immediately started. The latency to
eat (defined as the mouse sitting on its haunches and biting the pellet with the use of
forepaws) was timed. Immediately afterwards, the animal was transferred to its home cage
and, the latency to feed and the amount of food consumed by the mouse in the subsequent 5
min was measured. Each mouse was weighed before food deprivation and before testing to
assess the percentage of body weight loss.

Tail suspension test. Mice were suspended 30 cm above the bench by adhesive tape placed
approximately 1 cm from the tip of the tail. The total duration of immobility during a 6min test
was measured.®"°

Marble burying test. The MBT task can be used as an indicator of anxiety-like behavior.
When exposed to novel bedding/environment mice exhibit digging behavior, which can be
quantified using marbles. Concisely, mice were individually placed in a 25 x 25 cm cage
containing 25 equidistantly positioned marbles on top of 5 cm of fresh bedding. After 30-min
test, each mouse is returned to its home cage and all marbles at least 2/3 buried are

counted.*?

6
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Supplementary Figures
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Figure S1 Anti-TASK3 antibody characterization by measuring the differences between
western blot bands obtained from TASK3-expressing tissues and TASK3-free tissues, such
as liver and kidney.'* Here, two wild-type mice were killed and their liver, kidney and brain
dorsal raphe (DR) and hippocampus (HPC) tissues were dissected and pooled. Then, 10 ug
of each liver, kidney, DR and HPC protein extract were loaded onto a 4-20 % precast gel and
electrophoresed. Once transferred, PVDF membrane was incubated with anti-TASK3
antibody (1:500) overnight. Finally, after horseradish peroxidase-conjugated secondary
antibody (1:2500) incubation, proteins were detected by chemiluminiscence. Note that
TASK3 band (arrow) was only detected in brain tissues within its predicted 42-47 kDa

molecular weight rang.

-292 -



d TASK3 mRNA
Vehicle NS-siRNA TASK3-siRNA

ipsilateral

b C
S

T =
g S 100 B § g 1004 e . —— J\AA
€z ox €=
g2 g £
23 235
= B " 1 Vehicle =~ ..:_: 01 3 Vehicle

= NS-siRNA f. 3 NS-siRMA
- B TASK3-SRNA - m TASK3SRNA

Figure S2 Selective TASK3 mRNA silencing in dorsal raphe (DR) and locus coeruleus (LC)
by locally infusion of unmodified TASK3-siRNA. Mice were infused directly into DR or LC with
vehicle, nonsense siRNA (NS-siRNA) or TASK3-siRNA at 10 ug-day' during 2 days. (a)
Representative autoradiograms showing TASK3 mRNA expression in DR an LC. Scale bars:
low =2 mm and high = 500 um. (b) Intra-DR TASK3-siRNA infusion reduced TASK3 mRNA
levels in DR (n = 4-5 mice/group). One-way ANOVA showed an effect of group (Fz11=19.69,
P<0.001). (c) Intra-LC TASK3-siRNA infusion reduced TASK3 mRNA levels in LC (n = 4-5
mice/group). One-way ANOVA showed an effect of group (F41 = 22.7, P<0.001). **P<0.01
versus vehicle-treated mice; ""P<0.001 versus vehicle-treated mice. Data are mean %

s.e.m.
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Figure S3 Selective silencing of TASK3 mRNA level in the mouse dorsal raphe (DR) after
intranasal administration of sertraline-conjugated TASK3 siRNA (Ser-TASK3-siRNA). Mice
received intranasally PBS, sertraline-conjugated nonsense siRNA (Ser-NS-siRNA) or Ser-
TASK3-siRNA at 30 ng-day’ during 7 days. (a) Representative coronal midbrain sections
showing TASK3 mRNA density in DR. Scale bars: low = 2 mm and high = 500 um. (b) Effect
of Ser-TASK3-siRNA on TASK3 mRNA level in DR and locus coeruleus (LC) (n = 4-5
mice/group). One-way ANOVA showed an effect of group (F.1 = 13.85, P<0.01). (c)

Quantitative analysis of 5-HT14R, SERT, TASK1 and TREK1 mRNA densities showed non-

10
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significant effects (h = 4-5 mice/group). **P<0.01 versus PBS-treated mice. Data are mean %

s.e.m.
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Figure S4 Selective silencing of TASK3 mRNA level in the mouse locus coeruleus (LC) after
intranasal administration of reboxetine-conjugated TASK3 siRNA (Reb-TASK3-siRNA). Mice
received intranasally PBS, reboxetine-conjugated nonsense siRNA (Reb-NS-siRNA) or Reb-
TASK3-siRNA at 75 ng-day during 7 days. (a) Representative coronal midbrain sections
showing TASK3 mRNA density in LC. Scale bars: low = 2 mm and high = 500 um. (b) Effect
of Reb-TASK3-siRNA on TASK3 mRNA level in LC and dorsal raphe (DR) (n = 4-5
mice/group). One-way ANOVA showed an effect of group (F.10 = 6.151, P<0.05). (c)

Quantitative analysis of Adra2, NET, TASK1 and TREK1 mRNA densities showed non-

12
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significant effects (n = 4-5 mice/group). *P<0.05 versus PBS-treated mice. Data are mean *

s.e.m.
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Figure S5 Immunohistochemical assessment of atrogliosis and microglia activation in dorsal
raphe (DR) or locus coeruleus (LC) after intranasal administration of sertraline- or
reboxetine-conjugated TASK3-siRNA (Ser- Reb-TASK3-siRNA), respectively. One cohort of
mice received intranasally PBS or Ser-TASK3-siRNA at 75 ug-day’ during 7 days. Another
cohort of mice received intranasally PBS or Reb-TASK3-siRNA at 75 ug-day™ during 7 days
(n = 8 mice/group). (a-b) Representative photomicrographs showing adjacent sections
throughout the DR and the LC stained with astrocytic GFAP or microglial Iba-1 markers. No
differences were found between all experimental groups for any of the markers. Scale bars =

100 pm.
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Supplementary Tables

Table S1 Sequences of siRNA molecules used

siRNA Forward Reverse

TASK3-siRNA | CCGGGCUACCGUCCACACCTT | GGUGUGGACGGUAGCCCGGTT

NS-siRNA AGUACUGCUUACGAUACGGTT | CCGUAUCGUAAGCAGUACUTT

15
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Table S2 TPH," and TH* neurons in DR and LC, respectively

PBS Ser-TASK3-siRNA PBS

Reb-TASK3-siRNA

DR TPH;' cells
(AP: -4.24 to -4.48 mm)

DR TPH;  cells
(AP: -4.48 to -4.72 mm)

227.2+251 203.0£21.1 -
182.0+11.5 170.4 £47.0 -

LC TH’' cells
(AP: -5.52 to -5.68 mm)
LC TH' cells
(AP -5.68 to -5.80 mm)

. 7 62.3+16.1
- - 21.0+£106

75.1+£228
33.3+17.0

One cohort of mice received intranasally PBS or sertraline- conjugated TASK3-siRNA (Ser-

TASK3-siRNA) at 75 ng-day' during 7 days. Another cohort of mice received intranasally

PBS or reboxetine-conjugated TASK3-siRNA (Reb-TASK3-siRNA) at 75 ug-day' during 7

days. Two-way ANOVA (factors: AP coordinates and treatment) analysis of dorsal raphe

(DR) TPH2+ neurons or locus coeruleus (LC) TH+ neurons showed non-significant

differences (n = 4-6 mice/group). Data are mean £ s.e.m.

16



Table S3 Basal 5-HT and NA dialysate values in the mPFC of mice

Resultados

Treatment aCSF aCSF +Cit1uM aCSF + Cit 1uM maCSF + Des 1uM
(30 min/fraction) (30 min/fraction) (6 min/fraction) (30 min/fraction)
PBS 3.67+0.44 15.84 £2.29 1.75+0.18 -
(fmol of 5-HT) (fmol of 5-HT) (fmol of 5-HT)
Ser-TASK3-siRNA 3.70+1.04 16.54£5.15 2.28+0.27 -
(fmol of 5-HT) {fmol of 5-HT) (fmol of 5-HT)
PBS 18T £ 07T - - 21.93 £3.81
(fmol of NA) (fmol of NA)
Reb-TASK3-siRNA 7.11+£0.62 - 2246 +3.35
(fmol of NA) (fmol of NA)

One cohort of mice received intranasally PBS or sertraline- conjugated TASK3-siRNA (Ser-

TASK3-siRNA) at 75 ug-day” during 7 days. Another cohort of mice received intranasally

PBS or reboxetine-conjugated TASK3-siRNA (Reb-TASK3-siRNA) at 75 ug-day ' during 7

days. Student's t-test did not show 5-HT or NA baseline differences between PBS- and

siRNA-treated mice in any of the microdialysis conditions used (n = 6-10 mice/group). Data

are mean* s.e.m.

17
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5.1. Consideraciones generales

En el presente trabajo de Tesis se han utilizado moléculas de siRNAs para regular de
modo eficiente y selectivo la expresiéon de genes implicados en la depresidén y su
tratamiento. Se ha silenciado selectivamente in vivo la expresion del receptor 5-HT1a,
el transportador SERT y el canal de potasio TASK3 en las neuronas monoaminérgicas,
concretamente serotoninérgicas y noradrenérgicas, de ratdn sin alterar la expresion y
funcién de los mismos en otras areas cerebrales. Aunque esta tecnologia esta siendo
utilizada en varios estudios clinicos para tratar patologias como la retinopatia
diabética o la degeneracion macular asociada a la edad, entre otros (Vicentini et al.,
2013), su aplicabilidad a patologias del cerebro continda siendo limitada. Esto es
debido, entre otros aspectos, a la dificultad de poder acceder al CNS y a la propia
complejidad de este 6rgano constituido por una gran diversidad de tipos celulares
responsables de multiples funciones (Kumar et al., 2007; Roy et al., 2008; Boudreau
and Davidson, 2010). Por todo ello, la caracterizacion in vivo de siRNAs contra el
receptor 5-HTa, el transportador SERT y el canal de potasio TASK3 representd un
desafio en el desarrollo de la presente Tesis y un nuevo enfoque de la
neuropsicofarmacologia basada en RNAi. Ademas, la estrategia de conjugacion de los
oligonucledtidos con ligandos especificos como sertralina o reboxetina permitié su
acumulacién en un tipo neuronal concreto utilizando una via de administracion

clinica como es la intranasal, proveyendo de caracter translacional a esta tecnologia.

La eleccion de los genes diana se ha realizado en base a la funcién fisioldgica de los
mismos y/o a la expresion y funcidn alterada de las variantes alélicas asociadas con
una mayor vulnerabilidad a la depresion (Caspi et al., 2003; Lemonde et al., 2003;
Rush et al., 2006; Licinio et al., 2009; Gotter et al., 2011). Se ha trabajado con la
hipdtesis que la modulacion post-transcripcional dependiente de siRNAs de los
mMRNAs de estudio conlleva a una reduccién de la expresidon de las proteinas diana,
incrementando mas eficazmente y rapidamente la neurotransmision serotoninérgica

o noradrenérgica frente al bloqueo farmacolégico de las mismas.

En primer lugar, se observd que el silenciamiento selectivo del autoreceptor 5-HTia

en el DR inducido por siRNAs aplicados por via local, intracerebroventricular o
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intranasal evoca efectos de tipo antidepresivo en ratones, facilita la neurotransmisién
serotoninérgica, incrementa la resiliencia al estrés y potencia el efecto del SSRI
fluoxetina. En segundo lugar, se comprobd que la modulacidon post-transcripcional
del SERT mediante siRNAs aplicados localmente en el DR o por via intranasal tiene un
efecto antidepresivo de accién mas rapida que el SSRI fluoxetina en ratones “wild-
type” o en un modelo de depresidn asociado al consumo crénico de corticosterona.
En tercer lugar, se mostré que la reduccién selectiva de la expresion del canal de
potasio TASK3 en neuronas serotoninérgicas o noradrenérgicas inducida por el
tratamiento intranasal con siRNAs representa una nueva diana potencial de accién

antidepresiva en modelos murinos.

En general, los resultados obtenidos indican que el mecanismo de RNAi constituye
una herramienta util para silenciar in vivo y de modo selectivo, eficiente y seguro, la
expresion de genes en el CNS. Ademds, se aporta informacién relevante acerca de
una nueva estrategia de disefio de siRNAs basada en la conjugacién quimica para
facilitar su acumulacion en neuronas especificas, permitiendo examinar el rol

funcional de genes implicados en depresion y/o efecto antidepresivo.

5.2. Especificidad, seguridad y eficacia de los siRNAs

empleados

- 306 -

Las secuencias de siRNAs utilizadas (1A-siRNA, SERT-siRNA y TASK3-siRNA,
conjugadas o sin conjugar) resultaron seguras, bien toleradas y no mostraron efectos
off-target de complementariedad incompleta con otros mRNAs, consiguiendo una
reduccidn parcial de la expresion/funcion de sus respectivas dianas. Ademas, tanto la
administracion intracerebral o intranasal de las diferentes secuencias de siRNAs no

indujeron toxicidad neuronal, gliosis ni inflamacién.

En general, los agentes quimicos y también los siRNAs u otras herramientas
moleculares pueden producir efectos off-target no intencionados (Moss and Taylor,
2003; Sledz et al., 2003). Concretamente para los siRNAs, puede detectarse la
represion de la traduccion de mRNAs que presenten una secuencia con

complementariedad incompleta con el siRNA utilizado (Dykxhoorn and Lieberman,
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2006; Jackson et al., 2006). Los resultados de la presente Tesis mostraron que el
disefio de los siRNAs fue adecuado para silenciar selectivamente su diana. Asi, la
reduccion de la expresidon del autoreceptor 5-HT;4, el SERT o el TASK3 inducida por
siRNAs no alterd los niveles de expresion de otros mRNAs evaluados que presentan
una alta homologia con el mMRNA de estudio (por ejemplo: mRNA del receptor 5-HTg
respecto al mRNA del receptor 5-HT;a mRNA del NET respecto al mRNA del SERT vy,
mMRNAs del TREK1 y TASK1 respecto al mRNA del TASK3).

Ademas, se ha documentado que los siRNAs, dependiendo o no de la secuencia de
bases, pueden activar el sistema inmunitario y las vias de sefalizacién de PKR y TLR,
alterando la homeostasis celular (Moss and Taylor, 2003; Sledz et al., 2003; Judge et
al., 2005). Los resultados obtenidos aqui mostraron que las secuencias de siRNAs
utilizadas y/o las bajas dosis empleadas de los mismos en comparacion con otros
estudios (Thakker et al., 2004, 2005) son seguras y no activan la inmunidad innata. La
infusion intracerebral o administracion intranasal de los siRNAs estudiados no indujo
la expresion de genes pro-inflamatorios como el factor de necrosis tumoral alfa
(TNFo; tumor necrosis factor alpha) e interferon gamma (INFy; interferon gamma) a
diferencia de la secuencia del siRNA contra la B-galactosidasa (B-Gal-128) utilizada
como control positivo de las vias de sefializacion de TLRs. Ademads, tampoco se
observaron indicios de alteraciéon de la homeostasis celular en ninguno de los
tratamientos, como por ejemplo neurodegeneracion o alteracion de la expresion de
genes especificos de neuronas serotoninérgicas (TPH,, SERT y receptores 5-HTa y 5-
HT.g) o noradrenérgicas (receptor a, y NET). Asimismo, no se detectaron diferencias
significativas asociadas a la activacién de astrocitos o de la microglia después del uso

de siRNAs en comparacioén con los grupos control.

Respecto a la eficacia in vivo del silenciamiento de los mRNAs diana, esta fue entre el
25% y 50% de los niveles del grupo control. Los resultados coinciden con el descrito
en la literatura de siRNAs in vivo indicando que la magnitud del silenciamiento
depende, entre otros aspectos, del mMRNA que se pretende silenciar asi como del tipo
celular donde es expresado (Shishkina et al., 2004; Thakker et al., 2004, 2005;

Salahpor et al., 2007). A efectos estratégicos, esto fue de relevante importancia en el
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trabajo 4, donde se pretendia silenciar el transportar SERT mediante un siRNA
conjugado con sertralina que facilita la internalizacion del oligonucledtido en las
neuronas serotoninérgicas a través del propio SERT. Los resultados obtenidos
confirmaron que los niveles de la proteina SERT “remanente” fueron suficientes y
funcionalmente activos para mediar la acumulacion de siRNA. Existe un consenso de
obtener reducciones parciales y no totales de la expresiéon de los mRNA. Esto en
parte se debe a que muchas de las patologias neuropsiquiatricas estan relacionadas
con incrementos o disminuciones de los niveles de proteinas y no con una ausencia
total de las mismas en determinadas areas cerebrales (Dykxhoorn and Lieberman,
2006; Xie et al., 2006; Cryan et al., 2007). Como ejemplo, una diferencia del 30% de
los niveles del autoreceptor 5-HT;n fue reportada en pacientes con depresién
(Drevets et al., 2007), diferencia que coincide con la reduccion de la expresién del
autoreceptor 5-HT;n observada utilizando modelos animales transgénicos

(Richardson-Jones et al., 2010) y el modelo de siRNAs (trabajo 1 de la presente Tesis).

Pr consiguiente, los datos presentes ponen de manifiesto la eficiencia y caracter bien

tolerado de las secuencias de siRNAs utilizadas.

5.3. La conjugacion de los siRNAs permite su acumulacion in

vivo en las neuronas monoaminérgicas
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La utilizacién de siRNAs en enfermedades del CNS esta siendo retrasada por la
dificultad de poder direccionar y acumular los siRNAs hacia areas cerebrales
concretas y/o poblaciones neuronales especificas, asi como por la ausencia de un
método de administracion adecuado (Baker, 2010). En este sentido, la presente Tesis
representd un avance considerable en el uso de siRNAs in vivo al conjugar
guimicamente los oligonucledtidos con ligandos selectivos para los transportadores
de monoaminas y utilizar una ruta de administracién clinica como lo es la via

intranasal.

Otros métodos de conjugacion de siRNAs incluyen la unién con péptidos pequefios,
con anticuerpos o con ligandos que activan la internalizacion mediada por proteina G

(Soutschek et al., 2004; Song et al., 2005; Kumar et al., 2007; Baker, 2010; Ming et al.,
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2010; Juliano et al., 2013, 2015). En nuestro caso, la conjugacion con sertralina o
reboxetina permitid direccionar selectivamente los siRNAs a las poblaciones
neuronales monoaminérgicas de interés. Aunque queda mucho trabajo para poder
entender el mecanismo exacto de la acumulacién celular selectiva, los resultados
obtenidos en los trabajos 1, 4 y 5 sugieren que, los siRNAs son internalizados a través
de un mecanismo de endocitosis mediada por transportador e incorporados a la red
de transporte endosomal desde donde presumiblemente accederian al citosol

(Juliano and Carver, 2015).

Concretamente, el trabajo 1 mostré que el C-1A-siRNA se acumula especificamente
en las neuronas serotoninérgicas y es necesario que el transportador SERT sea
funcional para la internalizacién de la molécula. Este punto de vista fue respaldado
por: 1) un enriguecimiento selectivo de las moléculas de siRNAs en las la neuronas
serotoninérgicas del mesencéfalo, 2) por la reduccién de la expresién y funcién del
autoreceptor 5-HTy,, 3) por la ausencia de efectos sobre el receptor 5-HT;, localizado
en el HPC, regidon mas cercana al sitio de administracién intracerebral en el D3V, y 4)
por la falta del efectos del C-1A-siRNA sobre la neurotransmisidén serotoninérgica

cuando previamente se bloquea el SERT con sertralina.

Posteriormente, en los trabajos 4 y 5, se profundizé acerca del mecanismo de
internalizacion de los siRNAs conjugados. En estos estudios se utilizaron secuencias
de siRNAs nonsense doblemente conjugadas con alexa488 y sertralina o reboxetina,
confirmando la acumulacion selectiva de las mismas en neuronas serotoninérgicas o
noradrenérgicas, respectivamente, después de la administracion intranasal. Si bien
no hemos caracterizado el mecanismo de transporte de los siRNAs desde la cavidad
nasal hacia las neuronas monoaminérgicas, estudios previos empleando
neuropéptidos o moléculas de dextranos con pesos moleculares de 3 y 10 kDa
(similar al peso molecular de los siRNAs utilizados que oscilan entre 12 y 14 kDa)
indicarian que el pasaje de los mismos hacia el cerebro estaria mediado a través de
espacios perivasculares (Thorne et al., 2004; Graff and Pollack, 2005; Hashizume et
al., 2008; Lochhead et al., 2015). Del mismo modo, debido a que el bulbo olfatorio

recibe proyecciones serotoninérgicas, no puede descartarse un posible transporte
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axonal retrégrado de las moléculas de siRNAs hacia la regién somatodendritica de las
neuronas serotoninérgicas (Araneda et al., 1999). No obstante, los datos obtenidos
en los trabajos 1, 4 y 5 indicarian que la conjugacién con el ligando (sertralina o
reboxetina), y no la secuencia del siRNA, es la responsable del direccionamiento de

las moléculas de oligonucledtidos hacia las neuronas monoaminérgicas.

Ademas, en el trabajo 4, el andlisis de los datos de microscopia confocal indicé que
esta acumulacion ocurre preferentemente en el DR en comparacién al MR. Esto
podria deberse a una mayor expresidon del SERT en esta area cerebral y a una mayor
sensibilidad de las neuronas 5-HT del DR respecto al MR a la accion de los SSRI como
previamente se ha reportado (Mamounas et al., 1991; Brown and Molliver, 2000;

Hervas et al., 2000).

En conjunto los datos indican que la conjugacidon de los siRNAs con sertralina o
reboxetina permitiria la acumulacion selectiva de los mismos en las neuronas
serotoninérgicas o noradrenérgicas, respectivamente, después de la administracion
intracerebroventricular o intranasal. Esto plantea una nueva estrategia terapéutica

en neuropsicofarmacologia basada en el uso de la tecnologia de RNA..

5.4. La reduccion de la expresion del autoreceptor 5-HTa es

suficiente para alterar la wvulnerabilidad al estrés y la

respuesta a los antidepresivos
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Los resultados de la presente Tesis mostraron que la reduccién de la expresion del
autoreceptor 5-HT;4 en ratdon inducida por siRNAs evita el mecanismo de
autoinhibicién de las neuronas serotoninérgicas. Aunque esta situacion no modifico
la liberacidén basal de 5-HT, respaldando la idea de que el autoreceptor no es activo
en condiciones fisioldgicas (Mannoury la Cour et al.,, 2001; Johnson et al., 2002), si
produjo respuestas de tipo antidepresivo en el TST y FST debido, probablemente, a la
mayor liberacién de 5-HT en condiciones de estrés. Del mismo modo, el menor nivel
de expresion/funcién del autoreceptor 5-HTia incrementd la respuesta de los

farmacos antidepresivos del tipo SSRls.
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Los datos obtenidos de los trabajos 1 y 2 permitieron confirmar la disociacidn
funcional del receptor 5-HT14 segun su localizacidon pre- o postsinaptica. Se conoce
que los agonistas del receptor 5-HT;5 tienen propiedades ansioliticas (Menard and
Treit, 1999), y que los ratones knockout para este receptor muestran
comportamiento de tipo ansioso (Parks et al., 1998; Ramboz et al., 1998). Ademas, se
ha descrito que el rescate del receptor 5-HT1a en hipocampo y corteza, pero no en
rafe, durante el desarrollo evita el comportamiento de tipo ansioso observado en los
ratones adultos knockout para el receptor 5-HT1 (Gross et al., 2002), confirmando el
rol preferencial del receptor 5-HT;s postsinaptico en las respuestas de ansiedad. En
este sentido y en concordancia con estudios previos utilizando ratones transgénicos
con una reduccion de la expresion del receptor 5-HTi4 en los nucleos del rafe
(Richardson-Jones et al., 2010), los datos obtenidos en el trabajo 1 y 2 mostraron que
la reduccién del nivel de expresién del autoreceptor 5-HTia en el estado adulto es
suficiente para afectar al comportamiento de tipo depresivo sin inducir respuestas

relacionadas con la ansiedad.

Las diferentes formas de administracidon del siRNA contra el receptor 5-HT;, (infusién
local en el DR, administracion intracerebroventricular o intranasal) en ratones
produjo: 1) reduccion selectiva de los niveles de expresion del autoreceptor 5-HTy,,
2) supresidon de la hipotermia y reduccion la liberacién de 5-HT inducida por el
agonista 5-HT;, 8-OH-DPAT, y 3) respuestas de tipo antidepresivo en el FST y TST.
Ademas, el silenciamiento del autoreceptor 5-HT:a acelerd los efectos del SSRI
fluoxetina, tal y como se observd en estudios clinicos con el bloqueo farmacoldgico
con pindolol, antagonista del receptor 5-HT;n de accién preferente sobre el
autoreceptor (Artigas et al.,, 1994). Ambos mecanismos, siRNAs y pindolal,
confirmaron el rol del autoreceptor en el mecanismo de autoinhibicion del sistema
serotoninérgico. Sin embargo, mientras la regulacion post-transcripcional del nivel
del autoreceptor 5-HT;4 dependiente de siRNA desencadend respuestas
antidepresivas por si solo, el blogueo farmacoldgico utilizando pindolol no es
suficiente para evocar respuestas de tipo antidepresivas, confirmando la eficacia de

la modulacion post-transcripcional como estrategia terapéutica.
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En conjunto, los resultados de los trabajos 1y 2 argumentan la idea que la reduccién
del nivel de expresion del autoreceptor 5-HT;5 podria convertirse en una nueva
estrategia de tratamiento antidepresivo, en especial en aquellos pacientes con sobre-
expresion del mismo en los nucleos del rafe. Ademas, el silenciamiento del 5-HT 4
presinaptico reduciria el tiempo de aparicion de las respuestas clinicas de los SSRls,
retraso en parte asociado con el tiempo requerido para producir la desensibilizacién

del autoreceptor 5-HTa.

5.5. La reduccion de la expresion del SERT mediante RNAI

produce efectos antidepresivos muy rapidos
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Los datos obtenidos en los trabajos 3 y 4 mostraron que la regulacion post-
transcripcional de la expresion del SERT en el DR de ratdn tiene un gran impacto
sobre la neurotransmisién serotoninérgica ya que: 1) facilita la neurotransmision
serotoninérgica, 2) reduce la expresion y funcion del autoreceptor 5-HTjs, 3)
incrementa la proliferacion celular y neurogénesis en el DG, y 4) aumenta la
expresion de genes asociados a neuroplasticidad en el HPC, todos ellos marcadores
predictivos de la accidn antidepresiva en ratdn. Estos efectos aparecieron mas
rapidamente después del tratamiento con siRNAs contra SERT que el bloqueo

farmacoldgico con el SSRI fluoxetina.

Concretamente en el trabajo 3, la infusién local durante cuatro dias de SERT-siRNA en
el DR de ratdn redujo la expresion/funcion del SERT, dejando aumentos cuatro veces
superiores de la concentracion de 5-HT en el estriado e HPC, en comparacion con
fluoxetina que requirié 2 semanas de tratamiento. Posiblemente, el aumento de los
niveles de 5-HT indujo la rdpida desensibilizacion del autoreceptor 5-HT1,, tal y como
se observd después del tratamiento con SERT-siRNA en comparacién con el
tratamiento con fluoxetina. Estos efectos favorecieron el incremento de la
neurogénesis y la neuroplasticidad en el HPC en sélo 4 dias de tratamiento con SERT-
siRNA, mientras que se necesitaron 15 dias de tratamiento con fluoxetina. A nivel
comportamental, la modulacién post-transcripcional del SERT redujo el tiempo de

inmovilidad en el TST. Este efecto fue comparable al obtenido por Thakker y
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colaboradores en un estudio anterior, donde encontraron repuestas antidepresivas
en el FST utilizando un tratamiento con altas dosis (28 nmol-dia™ frente a 0.7
nmol-dia™ en la presente Tesis) con la misma secuencia de SERT-siRNA (Thakker et al.,

2005).

Del mismo modo, la aplicacidon intranasal del C-SERT-siRNA en ratones, también
desencadend las respuestas predictivas de la accién antidepresiva descritas
anteriormente para SERT-siRNA. Ademads, se comprobd que el tratamiento con C-
SERT-siRNA revierte el modelo murino de depresion asociado al consumo crénico de
corticosterona antes que el tratamiento con fluoxetina. Esta rapidez podria ser
consecuencia del incremento de la concentracidon de 5-HT extracelular, observandose
con solo 7 dias de tratamiento con C-SERT-siRNA valores comparables a los obtenidos
tras 28 dias de tratamiento con fluoxetina. El rapido incremento de los niveles de 5-
HT observados con C-SERT-siRNA posibilita la desensibilizacién del autoreceptor 5-
HT.a antes que el tratamiento con fluoxetina, observdndose en solo 7 dias los

cambios adaptativos necesarios para la accion antidepresiva.

La modulacién post-transcripcional del SERT mediante siRNAs, junto con las
observaciones descritas en los trabajos 1 y 2 acerca de los efectos de los siRNAs
conjugados o sin conjugar contra el receptor 5-HT14, ponen en relieve la utilidad de
las estrategias basadas en el RNAI para facilitar la neurotransmisién serotoninérgica.
Ademas, el uso de una ruta de administracién clinica como es la intranasal, aporta un
gran valor translacional planteando nuevas perspectivas terapéuticas para el

tratamiento de los trastornos del estado de animo como la depresion.

5.6. Potencial antidepresivo de la modulacion post-

transcripcional del TASK3 en neuronas monoaminérgicas

Los datos obtenidos en el trabajo 5 mostraron que la reduccién de la expresion del
canal de potasio TASK3 en neuronas serotoninérgicas o noradrenérgicas de ratdn
mediante siRNAs conjugados con sertralina o reboxetina, respectivamente, produce
efectos de tipo antidepresivo como: 1) reduccion de la funcién del autoreceptor 5-

HTian o del receptor a, de las neuronas serotoninérgicas o noradrenérgicas,
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respectivamente, 2) incremento de la proliferacion y neurogénesis en el DG, 3)
aumento de la expresidn de genes asociados a neuroplasticidad en diferentes
subregiones del HPC, y 4) respuestas de tipo antidepresivo en el TST y NSFT. Ademas,
como se observé anteriormente con el silenciamiento del autoreceptor 5-HTq,, el
tratamiento con Ser-TASK3-siRNA no modifico la liberacion basal de 5-HT, soportando
la idea que las respuestas de tipo antidepresivo ocurren, probablemente, por la

mayor liberacion de 5-HT en condiciones de estrés.

Los efectos de tipo antidepresivo del Ser-TASK3-siRNA probablemente estan
mediados por la facilitacion de la neurotransmisién serotoninérgica asociada a la
pérdida de la funcién del autoreceptor 5-HT;5, como sugiere la menor capacidad del
agonista 5-HT1x 8-OH-DPAT para reducir la liberacion de 5-HT en la mPFC. Esta idea
también es compatible con el mayor aumento de la concentracion de 5-HT producido
por el SSRI fluoxetina en los ratones tratados con Ser-TASK3-siRNA, a los que se
habria atenuado el mecanismo de retroalimentaciéon negativo mediado por el
autoreceptor 5-HTia (Artigas et al., 1996; Hervas and Artigas, 1998). Del mismo
modo, la eficacia del agonista a, clonidina en reducir la liberacion de NE fue menor
en los ratones tratados con Reb-TASK3-siRNA, sugiriendo una reduccion de la
sensibilidad del receptor a, adrenérgico. La razdn de la menor sensibilidad de los
autoreceptores 5-HT15 y a, adrenérgico en los ratones tratados con Ser-TASK3-siRNA
y Reb-TASK3-siRNA, respectivamente, podria estar relacionada, probablemente, al
incremento del potencial de membrana de las neuronas serotoninérgicas y
noradrenérgicas después de la inactivacion parcial del TASK3. De hecho, se ha
reportado que la disminucion del canal de potasio TASK3, constitutivamente abierto,
aumenta el potencial de membrana (Washburn et al., 2002), haciendo a las neuronas
serotoninérgicas y noradrenérgicas menos sensibles a las acciones hiperpolarizantes

de los autoreceptores 5-HT4 y a, adrenérgico.

Los efectos de tipo antidepresivo producidos por Reb-TASK3-siRNA fueron de menor
magnitud que los producidos por el Ser-TASK3-siRNA. La menor reduccion de células
dobles positivas (TH y TASK3) observadas en el LC, en comparacién a las dobles

positivas (TPH, y TASK3) en el DR, apoya que esta diferencia pudiera deberse a la
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menor capacidad de Reb-TASK3-siRNA para acumularse selectivamente en las
neuronas noradrenérgicas del LC y/o a la menor capacidad del siRNA para reducir la
expresion de TASK3 en este tipo celular. Por otro lado, la 5-HT y la NE estan
implicadas en distintos aspectos del tratamiento antidepresivo, siendo la 5-HT Ia
principal implicada en la resiliencia al estrés, factor clave en los paradigmas

comportamentales utilizados (TST y NSFT).

En conjunto, la reduccion selectiva de la expresion de TASK3 en neuronas
serotoninérgicas o noradrenérgicas produce efectos de tipo antidepresivo
destacando su potencial como diana terapéutica. Una semana de tratamiento con
Ser-TASK3-siRNA, y en menor medida con Reb-TASK3-siRNA, produce cambios
histoldgicos, neuroquimicos y comportamentales similares a los producidos por un
tratamiento de 4 semanas con un farmaco SSRI. Probablemente, estos efectos son
debidos al incremento del potencial de membrana de las neuronas monoaminérgicas
como resultado de la reduccion selectiva del canal TASK3. Ademas, la selectividad de
los siRNAs conjugados para acumularse en neuronas serotoninérgicas o
noradrenérgicas después de la administracion intranasal, reafirma, junto a los
trabajos anteriores, la estrategia del RNAi como una nueva herramienta potencial

para un tratamiento mas rapido y eficaz de la depresion.
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Los siRNAs pueden ser utilizados in vivo para silenciar de modo selectivo,
eficiente y seguro la expresion de genes en neuronas monoaminérgicas
implicados en el trastorno depresivo y su tratamiento. Esto plantea una nueva

estrategia terapéutica en neuropsicofarmacologia basada en el RNAI.

La conjugacién de siRNAs con sertralina o reboxetina permite su acumulacién
selectiva en la poblacidn neuronal de interés (serotoninérgica o noradrenérgica,
respectivamente) a través de una via de administracidon clinica como es la
administracion intranasal. Los siRNAs son internalizados en las neuronas,
posiblemente por un mecanismo de endocitosis mediado por transportador, y

transportados a compartimentos endosomales profundos.

La disminucion de la expresiéon del receptor 5-HT;n en las neuronas
serotoninérgicas mediante siRNAs sin modificar o conjugados con sertralina evoca
efectos antidepresivos en ratones, probablemente debido a la mayor capacidad

de las neuronas serotoninérgicas para liberar 5-HT en condiciones de estrés.

La modulacion post-transcripcional del SERT en ratones mediante siRNAs sin
modificar o conjugados con sertralina, produce un efecto antidepresivo mas
rapido y potente que el que se obtiene con el bloqueo farmacolégico del SERT
mediante el SSRI fluoxetina. Ademas, el knockdown del SERT consigue revertir de
modo mas rapido el comportamiento de tipo depresivo asociado al consumo

crénico de corticosterona en comparacion al tratamiento con fluoxetina.

La reduccién de la expresion del canal de potasio TASK3 en neuronas
serotoninérgicas mediante la administraciéon intranasal de siRNAs conjugados con
sertralina evoca respuestas de tipo antidepresivo en raton, demostrando el
potencial de TASK3 como una nueva diana para el tratamiento de la depresién.
Ademas, el knockdown de TASK3 en neuronas noradrenérgicas utilizando siRNAs
conjugados con reboxetina, también produce efectos antidepresivos en ratones,

aunque de menor magnitud que el observado en neuronas serotoninérgicas.
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6. La ruta de administracion intranasal de los siRNAs utilizada para silenciar el
receptor 5-HTya, el SERT o el canal de potasio TASK3 proporciona a los estudios
gran valor translacional, representando nuevas posibilidades terapéuticas que
mejoran las principales limitaciones de los antidepresivos actuales, baja eficacia y

accion retardada.
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Durante el periodo de ejecucion de la presente Tesis se ha colaborado en otros

estudios, lo que ha posibilitado la participacion en los siguientes articulos:

Schneeberger M, Gomez-Valadés AG, Altirriba J, Sebastian D, Ramirez S, Garcia A,
Esteban Y, Drougard A, Ferrés-Coy A, Bortolozzi A, Garcia-Roves PM, Jones JG,
Manadas B, Zorzano A, Gomis R, Claret M (2015). Reduced alpha-MSH Underlies
Hypothalamic  ER-Stress-Induced Hepatic Gluconeogenesis. Cell Rep,
21;12(3):361-70

Pegueroles C, Ferrés-Coy A, Marti-Solano M, Aquadro CF, Pascual M, Mestres F.
(2016). Inversions and adaptation to the plant toxin ouabain shape DNA
sequence variation within and between chromosomal inversions of Drosophila
subobscura. Sci Rep, 31;6:23754
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