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RESUMEN EN CASTELLANO

INTRODUCCION

El sistema nervioso de vertebrados es uno de los mas estudiados, aunque peor
comprendidos, del organismo de mamiferos. Desde que Ramén y Cajal postulé su teoria
celular de este sistema (Ramoén y Cajal, 1909), la neurona se ha postulado como su unidad
funcional. Sin embargo, durante las Gltimas décadas se ha revolucionado la visién que se
tenia de éste. Una de las percepciones mas asentadas era que, tras el desarrollo
embrionario, el sistema nervioso se mantenia inmutable. Sin embargo, ahora sabemos que
diferentes formas de plasticidad gobiernan su adaptacién, que son necesarias para
importantes procesos del dia a dia, tales como el aprendizaje y la memoria (Berlucchi and
Buchtel, 2009; Smythies, 2002) y que se ven afectadas en diferentes trastornos
neuropsiquiatricos (Baroncelli et al, 2011; Duman et al, 2000; Flores et al, 2016; Nacher et
al, 2013; Shin and Liberzon, 2010). Estos cambios plasticos comprenden diferentes
procesos, como alteraciones en la estructura de neuronas (plasticidad estructural), y
pueden estar modulados por diferentes neurotransmisores, neurotrofinas o moléculas
relacionadas con la plasticidad. En la siguiente tesis voy a centrarme en la plasticidad
estructural de la neurona y su modulacién en diferentes areas cerebrales: la amigdala, el

hipocampo, y dos regiones del neocdrtex: las cortezas prefrontal y de barriles.

La corteza prefrontal (CPF) es una corteza de asociacion, situada en la parte anterior
del cerebro de mamiferos. Es responsable de procesos como la motivacion, el
autoconocimiento, el comportamiento social y la memoria de trabajo, entre otros (Fuster,
2015). Sin embargo, su mal funcionamiento esta involucrado en varios trastornos
neuropsiquiétricos, que incluyen la esquizofrenia, la depresion severa y los trastornos del
espectro autista (Bicks et al, 2015). Por otra parte, la corteza de barriles es una subregion
de la corteza somatosensorial primaria, que s6lo estd presente en algunas especies,
principalmente roedores, y que recibe la informacion desde las vibrisas del animal a través
del talamo. El hipocampo ha sido ampliamente estudiado debido a su papel en la memoria

a corto plazo, la consolidacién de la memoria a largo plazo y la memoria espacial. Por
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ultimo, la amigdala, como el hipocampo, forma parte del sistema limbico. Entre sus
funciones principales se encuentran el procesamiento de comportamientos aversivos y la
motivacion y procesamiento de estimulos ambientales gratificantes. Su mal
funcionamiento también esta relacionado con varios trastornos psiquiatricos, como la
esquizofrenia (Aleman and Kahn, 2005) o trastornos relacionados con la ansiedad (Shin

and Liberzon, 2010).

La neurona como objeto de estudio

En la siguiente tesis se han estudiado tanto neuronas piramidales como interneuronas.
Las neuronas piramidales son glutamatérgicas y por lo tanto liberan el aminoacido
glutamato, el neurotransmisor excitador mas comun en el encéfalo. Son principalmente
neuronas de proyeccién y son el tipo celular méas estudiado en el sistema nervioso central

(Kandel et al, 2012).

Una de las principales caracteristicas de las neuronas piramidales es la presencia de
espinas dendriticas que son especializaciones membranosas de sus dendritas, cuya
funcion es agrupar los receptores y compartimentar espacialmente la sefial eléctrica (Lee
et al, 2012). Por otro lado, los axones también muestran varicosidades membranosas,
llamadas botones ax6nicos, que contienen y liberan las vesiculas sinapticas. Debido a sus
funciones como elementos postsinapticos y presinapticos, las espinas y botones son
marcadores apropiados para la inervacién y la enervaciéon neuronal, y aumentos de estas
estructuras se han correlacionado con los aumentos de la actividad neuronal (Becker et al,

2008; Engert and Bonhoeffer, 1999).

Las interneuronas son neuronas inhibidoras en el sistema nervioso central. Su
nombre se debe a su papel intermedio en los circuitos neuronales, ya que proyectan
localmente, y generalmente, son responsables del correcto funcionamiento de estos
circuitos. Al contrario que las neuronas piramidales, las interneuronas forman parte de
una poblacién heterogénea con diversas caracteristicas morfologicas, fisiologicas,

neuroquimicas y sinapticas, lo que complica su estudio y comprension. Como caracteristica



unificadora, todas son GABAérgicas, lo que significa que sintetizan y secretan el acido y-
aminobutirico (GABA), el principal neurotransmisor inhibitorio del encéfalo. También
pueden expresar diferentes receptores excitadores e inhibidores en sus dendritas o somas.
En esta tesis doctoral, utilizaré la clasificacion molecular de la terminologia de Petilla
(Ascoli et al, 2008) que define cinco tipos de interneuronas dependiendo de la expresion
de diferentes proteinas quelantes de Ca®** y neuropéptidos; estas son: parvalbiimina,
somatostatina, neuropéptido Y, péptido intestinal vasoactivo y colecistoquinina. En
adelante me centraré en las poblaciones de interneuronas que expresan parvalbumina y

somatostatina.

En primer lugar, las interneuronas que expresan parvalbamina pueden subdividirse
en 2 subtipos: células en cestos y células en candelabro. En esta tesis se han estudiado
Unicamente las células en cestos, que reciben su nombre de las cestas perisomaticas que
forman alrededor de los somas de las neuronas piramidales. De hecho, esta inhibicion
perisomatica permite que una uUnica célula que expresa parvalbimina inhiba
simultdneamente muchas neuronas piramidales. Este fenémeno produce la sincronizaciéon
de las células piramidales, importante para el correcto funcionamiento del sistema (Singer,
1999). Debido a eso, las células en cestos son uno de los tipos mas estudiados de
interneuronas del encéfalo. La otra poblacién de interneuronas estudiado en esta tesis fue
la que expresa el neuropéptido somatostatina. Estas interneuronas se encuentran en
diferentes zonas del encéfalo, incluyendo el neocértex (Markram et al, 2004), el hipocampo
(Freund and Buzséki, 1996) y la amigdala (Real et al, 2009). Su morfologia es diversa, pero
su funcién es muy especifica: inhiben fuertemente la porciéon distal de dendritas de las
neuronas piramidales y frecuentemente reciben inhibicion reciproca de otras
interneuronas (Urban-Ciecko and Barth, 2016). Son esenciales para la maduracién de los
circuitos corticales profundos (Tuncdemir et al, 2016) y juegan un papel importante en
otras etapas del neurodesarrollo, en diferentes patologias y en la plasticidad neuronal
(Liguz-Lecznar et al, 2016). Ademas, presentan espinas dendriticas, una caracteristica poco

comun en las interneuronas (Gilabert-Juan et al, 2013b, 2017; Guirado et al, 2014).




Plasticidad estructural

Las neuronas piramidales y las interneuronas pueden cambiar su morfologia en
diferentes condiciones, incluyendo cambios en la longitud y complejidad de sus arboles
dendriticos, y en la densidad o morfologia de sus espinas dendriticas (Fu and Zuo, 2011) y
botones axénicos (Colicos et al, 2001; Florence et al, 1998; Nikonenko et al, 2003). Estos
cambios ocurren tanto en condiciones naturales (Afroz et al, 2016; Burke and Barnes,
2006; Woolley and McEwen, 1994) como patoldgicas (Flores et al, 2016; Glausier and
Lewis, 2013; McEwen, 1999; Qiao et al, 2016a). Entre todos los tipos neuronales, las
interneuronas que expresan somatostatina son especialmente interesantes, ya que
presentan espinas dendriticas que cambian su nimero y morfologia en animales sometidos
a estrés cronico (Gilabert-Juan et al, 2011, 2013b, 2017) o tras la deplecion de moléculas

relacionadas con la plasticidad (Castillo-Gomez et al, 2016a; Guirado et al, 2014).

Por otra parte, en los tltimos afios han emergido nuevas técnicas que estudian espinas
dendriticas o botones ax6nicos longitudinalmente in vitro o in vivo. Estos métodos nos
proporcionan informacién sobre las dindmicas estructurales de la neurona de interés, y
ademas son sensibles a cambios transitorios y homeostaticos que de otra manera no
podrian ser detectados. Se han observado cambios en las dinamicas estructurales de
neuronas piramidales durante el envejecimiento cerebral natural (Grillo et al, 2013;
Mostany et al, 2013) y después de paradigmas de privacion sensorial tanto en circuitos
excitadores (Cane et al, 2014; Hofer et al, 2009; Holtmaat and Svoboda, 2009) como
inhibidores (Chen et al, 2011b, 2011c, 2012; Chen and Nedivi, 2013; Keck et al, 2011; van

Versendaal et al, 2012).

Estas formas de plasticidad son moduladas por diferentes sistemas de
neurotransmisores, la expresion de moléculas especificas y neurotrofinas. Respecto al
primer punto, en la presente tesis me centraré en la modulacién por los sistemas de

neurotransmision glutamatérgica, GABAérgica y serotonérgica.



Modulacién de la plasticidad por diferentes sistemas de neurotransmision

Existen tres receptores principales de glutamato, el neurotransmisor excitador mas
comun en el encéfalo. Estos son los receptores del acido a-amino-3-hidroxi-5-metil-4-
isoxazolpropionico (AMPA), kainato y N-metil-D-aspartato (NMDA). Los receptores
NMDA se expresan ampliamente en neuronas piramidales y en interneuronas (Alvarez et
al, 2007; Collingridge et al, 1983; Nyiri et al, 2003; Oren et al, 2009), y juegan un papel
clave en varios eventos de desarrollo del sistema nervioso central, tales como la
neurogénesis y migraciéon neuronal (Komuro and Rakic, 1993). Estructuralmente, son
heterotetrameros compuestos por dos subunidades GluN1 obligatorias junto con dos
subtipos diferentes de las subunidades GluN2 y GluN3. Por lo tanto, la inmunolocalizacién
de la subunidad GluN1 es una herramienta excelente para mostrar la expresion de estos
receptores (Moreau and Kullmann, 2013; Paoletti et al, 2013; Sanz-Clemente et al, 2013;

VanDongen, 2009).

La activacion de los receptores NMDA produce varios cambios estructurales en
neuronas piramidales, y este efecto se puede conseguir administrando agonistas de estos
receptores, siendo uno de los mas conocidos la molécula de NMDA. Por una parte, su
activacion puede producir muerte celular debido a una entrada excesiva de Ca>* en la célula
(Kristensen et al, 2001; Sakaguchi et al, 1997; Shimono et al, 2002). Sin embargo, la
administraciéon sub-letal de esta molécula causa alteraciones en la densidad de espinas
dendriticas de neuronas piramidales en cultivos primarios del hipocampo (Halpain et al,

1998; Tian et al, 2007).

Del mismo modo, los antagonistas de los receptores NMDA también se han utilizado
para mejorar nuestra comprension sobre estos receptores. Uno de los mas estudiados es el
MK-801, cuya administracion afecta a la correcta formacién de axones y a la regulaciéon de
la sinaptogénesis en neuronas piramidales durante el desarrollo (Butler et al, 1998; Cline
and Constantine-Paton, 1990; Shatz, 1990). Por contra, existen muy pocos estudios acerca
de la presencia de receptores NMDA en interneuronas (Nyiri et al, 2003) o de como estas

células inhibidoras alteran su estructura después de su activacién o bloqueo.
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En segundo lugar, como se ha explicado anteriormente, el GABA es el principal
neurotransmisor inhibitorio del encéfalo, y es sintetizado y liberado por interneuronas.
Existen varios receptores de GABA, que se expresan tanto en neuronas piramidales (Alger
and Nicoll, 1982) como en interneuronas (Freund and Buzsaki, 1996). Al igual que ocurria
con la manipulacién de los receptores NMDA, la activacién o inhibicién de los receptores
de GABA puede alterar la estructura de neuronas piramidales (Curto et al, 2016; Romero

et al, 2013; Shimizu et al, 2015).

Por udltimo, la serotonina (5-hidroxitriptamina: 5-HT) es una monoamina sintetizada
y liberada en el sistema nervioso central por neuronas ubicadas en los nucleos de Raphe,
que inervan el neocortex, el hipocampo y la amigdala (Jacobs and Azmitia, 1992). El papel
de la neurotransmisién serotoninérgica esta relacionado con comportamientos de
bienestar, mientras que su mal funcionamiento esta relacionado con varios trastornos
psiquiatricos, incluyendo depresion y ansiedad (Andrews et al, 2015). Existen diferentes
receptores de 5-HT, autoreceptores y transportadores, estos ultimos encargados de la
recaptacion de 5-HT hacia el elemento presinaptico (Fuller and Wong, 1990). Este
transportador es especialmente importante por ser una excelente diana farmacolégica para
los antidepresivos, ya que asi se prolonga el tiempo de activacién de los receptores de 5-
HT (Andrews et al, 2015; Belmaker and Agam, 2008; Fava and Kendler, 2000; Jonnakuty
and Gragnoli, 2008; Nestler et al, 2002). Entre este grupo de antidepresivos, la fluoxetina
(Prozac, Lilly) es uno de los mas utilizados en sociedades occidentales (Byatt et al, 2013;
Ifiguez et al, 2014). Ademas, se piensa que el mecanismo de actuacién de este antidepresivo
puede estar promoviendo un rejuvenecimiento de la plasticidad neuronal, reabriendo
periodos criticos del desarrollo de varias areas cerebrales (Kobayashi et al, 2010;
Vetencourt et al, 2008). Estudios previos de nuestro laboratorio ya han demostrado que el
tratamiento crénico con fluoxetina produce un aumento de la densidad de espinas
dendriticas de neuronas piramidales de la corteza somatosensorial (Guirado et al, 2009).
Sin embargo, todavia no sabemos cémo este antidepresivo afecta la estructura de

interneuronas.



Modulacién de la plasticidad por neurotrofinas

Existen muchas neurotrofinas que influyen sobre el desarrollo del sistema nervioso
central. Una de las mas importantes es el factor neurotréfico derivado del cerebro (BDNF
por sus siglas en inglés), que ejerce un papel central en el neurodesarrollo y la plasticidad
neural (Horch and Katz, 2002; McAllister et al, 1997; Murphy et al, 1998; Tolwani et al,
2002). El BDNF también promueve la potenciacion a largo plazo en los circuitos
excitadores del neocértex, hipocampo y amigdala (Escobar et al, 2003; Kang et al, 1997;
Meis et al, 2012). En cuanto a la plasticidad estructural, esta neurotrofina provoca un
aumento de la densidad de espinas de neuronas piramidales en cultivos organotipicos de
hipocampo (Tyler and Pozzo-Miller, 2003), asi como un aumento de la complejidad de su

arbol dendpritico en la corteza visual en desarrollo (McAllister et al, 1995).

Todos estos efectos son desencadenados por la activaciéon del receptor de BDNF, el
receptor de tropomiosina quinasa B (TrkB). Este receptor esta presente en varias
poblaciones neuronales, incluyendo neuronas piramidales (Kokaia et al, 1993; Merlio et al,
1993) e interneuronas (Gorba and Wahle, 1999), y su mal funcionamiento parece jugar un
papel clave en la etiologia de ciertas enfermedades neuropsiquiatricas como la depresiéon
severa, la esquizofrenia o las enfermedades de Alzheimer y Parkinson (Angelucci et al,
2005; Castrén and Rantamaéki, 2010; Pandya et al, 2013; Yoshii and Constantine-Paton,
2010; Zuccato and Cattaneo, 2009). Un farmaco muy interesante para el estudio de la
activacion de TrkB es la 7,8-dihidroxiflavona (DHF), un compuesto que puede
administrarse de forma oral y que cruza facilmente la barrera hematoencefalica (Du and
Hill, 2015). De hecho, su efectividad ha sido recientemente demostrada en varios modelos
animales de algunas de estas enfermedades (Castello et al, 2014; Jang et al, 2010; Korkmaz
et al, 2014; Zhang et al, 2014, 2015). En algunos casos se ha descrito una mejoria de la
sintomatologia asociada a alteraciones de la estructura de neuronas piramidales (Castello
et al, 2014; Zhang et al, 2015). En modelos animales de envejecimiento, el DHF aumenta la
densidad de espinas dendriticas en neuronas piramidales en la amigdala, hipocampo y CPF,
consiguiéndose niveles equiparables a los de ratas mas jovenes (Zeng et al, 2012a). Sin
embargo, todavia no sabemos como esta flavona puede alterar las dinamicas estructurales

de estas neuronas en animales sanos.
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Moléculas relacionadas con la plasticidad y plasticidad estructural

Existen dos moléculas o compuestos relacionados con la plasticidad de especial interés
en esta tesis doctoral: la forma polisializada de la molécula de adhesién celular neural
(PSA-NCAM), y las redes perineuronales (PNNs). La primera presenta propiedades
antiadhesivas (Rutishauser, 1996), y se expresa ampliamente durante el neurodesarrollo
(Doherty et al, 1990; Miller et al, 1994; Rutishauser, 1996; Zhang et al, 1992). En este
periodo facilita la migracién neuronal, la extension de neuritas y el remodelado dendritico
y sinaptico (Bonfanti 2006; Rutishauser 2008). Su expresion se restringe mucho durante
la vida adulta, pero todavia puede encontrarse en diferentes poblaciones de interneuronas
del neocortex adulto (Varea et al, 2005), hipocampo (Gomez-Climent et al, 2011; Nacher et
al, 2002a) y amigdala (Nacher et al, 2002b). La depleciéon de la PSA unida a la NCAM
utilizando la enzima endoneuraminidasa-N (EndoN) altera la densidad de espinas
dendriticas en neuronas piramidales y en interneuronas que expresan somatostatina
(Castillo-Gémez et al, 2016a, 2016b; Guirado et al, 2014). Ademas, las dindmicas de estas
espinas también se alteran tras la administracién de EndoN en el hipocampo (Guirado et

al, 2014).

Por otro lado, las PNNs son estructuras especializadas de la matriz extracelular que
rodean a las neuronas y restringen su conectividad y plasticidad (Karetko and Skangiel-
Kramska, 2009; De Luca and Papa, 2016; Wang and Fawcett, 2012). Aunque rodean
muchos tipos celulares, preferentemente se encuentran alrededor de las interneuronas que
expresan parvalbimina (Nowicka et al, 2009; Ueno et al, 2016). Las PNNs regulan muchas
formas de plasticidad (McRae and Porter, 2012); de hecho, se piensa que su apariciéon, que
ocurre bien adentrado el desarrollo neural, es lo que pone fin al periodo critico de
plasticidad aumentada (Hensch and Bilimoria, 2012; Wang and Fawcett, 2012). Es
especialmente interesante el descubrimiento de alteraciones en la proporcién de neuronas
que expresan parvalbimina y que son rodeadas por PNNs en diferentes paradigmas.
Concretamente, estas variaciones se han observado en esquizofrenia (Berretta et al, 2015;
Bitanihirwe et al, 2016; Mauney et al, 2013) y tras la administracién crénica con fluoxetina
(Karpova et al, 2011), pero hipétesis recientes apuntan a que podrian subyacer a otras

enfermedades psiquiatricas o trastornos mentales.



OBJETIVOS

El objetivo principal de esta tesis doctoral es el estudio del impacto de las
manipulaciones farmacoldgicas y ambientales sobre la estructura y dindmica de las
neuronas excitadoras e inhibidoras del encéfalo de ratén, en un intento por comprender
mejor la plasticidad del sistema nervioso adulto, y las bases neurobioldgicas de trastornos
psiquiatricos. Para lograr este objetivo principal, derivamos los siguientes objetivos

especificos:

1. Estudiar el papel que desempefian los receptores NMDA en la plasticidad

estructural y dindmica de las interneuronas somatostatina del hipocampo.

2. Desarrollar un nuevo modelo de esquizofrenia de ratén, basado en la
combinacién de estrés por aislamiento social post-destete y del bloqueo
perinatal de los receptores NMDA, y reportar sus efectos sobre la corteza

prefrontal medial y la amigdala.

3. Analizar si el tratamiento crénico con el antidepresivo fluoxetina afecta la

plasticidad del hipocampo y de la corteza prefrontal medial.

4. Estudiar in vivo, utilizando ventanas craneales y microscopia de 2 fotones, los
efectos de un tratamiento crénico con el agonista de TrkB 7,8-dihidroxiflavona

sobre la dindmica de las neuronas piramidales en la corteza de barriles.

METODOLOGIA Y RESULTADOS

Efecto de la modulacion de los receptores NMDA sobre la plasticidad estructural de

interneuronas que expresan somatostatina

Con el fin de entender como el bloqueo de los receptores NMDA afecta la densidad de
espinas dendriticas y botones axdnicos de las interneuronas que expresan somatostatina
en el estrato oriens del hipocampo, hemos inyectado MK-801, un antagonista de estos

receptores, en ratones transgénicos que expresan EGFP constitutivamente en estas células
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(ratones GIN, Oliva et al., 2000). Veinticuatro horas tras la inyeccion, se realiz6 el test de
comportamiento hole-board para obtener una lectura de los comportamientos relacionados

con la ansiedad y memoria de trabajo.

En la presente tesis muestro que el bloqueo agudo de los receptores NMDA con una
inyeccion de MK-801 no provoca variaciones en la densidad de espinas dendriticas en las
interneuronas somatostatina del estrato oriens del hipocampo. Las discrepancias entre
nuestros resultados y los obtenidos con neuronas piramidales en otros experimentos
pueden deberse a las diferencias estructurales y fisiolégicas entre estas células y las
interneuronas (Acsady et al, 1998; Freund and Buzsaki, 1996; Gulyas et al, 1992) o,
también, a las diferencias en dosis y duracién entre tratamientos con MK-801. Sin
embargo, los botones ax6nicos de estas interneuronas si varian tras la inyeccion con este
antagonista. Estos resultados concuerdan con experimentos realizados por otros
laboratorios que muestran sprouting axénico en las colaterales de Schaffer tras un

tratamiento de 3 dias con MK-801 in vitro (McKinney et al, 1999b).

Ademas, hemos encontrado fuertes alteraciones en los comportamientos relacionados
con la ansiedad en ratones tratados con MK-801, incluyendo aumentos en la actividad
locomotora, los cuales concuerdan con estudios previos utilizando este antagonista
(Kalinichev et al, 2008; Zuo et al, 2006). Por el contrario, no hemos encontrado ninguna
alteracién significativa respecto a la memoria de trabajo en animales tratados, también de
acuerdo con resultados previos utilizando el test de hole-board e inyectando MK-801 (Haj-

Mirzaian et al, 2015; Hirose et al, 2016).

Para poder comprender mejor los resultados obtenidos en espinas dendriticas y
botones axonicos, hemos realizado experimentos adicionales con analisis en tiempo real,
que permiten el estudio de las dindmicas estructurales de estas células. Para ello hemos
preparado y analizado cultivos organotipicos entorrino-hipocampales de la misma cepa de
ratones (ratones GIN, Oliva et al., 2000), y a continuacién hemos tomado stacks con un
microscopio confocal de las mismas dendritas en diferentes tiempos, realizando un estudio
en tiempo real de estas estructuras antes y después de la administracién del MK-801 y del

agonista de los receptores NMDA, la molécula de NMDA. Realizando estos estudios hemos



encontrado que 4 horas después de la administracién de MK-801, la tasa de aparicién de
espinas dendriticas disminuye en interneuronas somatostatina del estrato oriens. Estos
resultados de disminucion del area postsinaptica concuerdan con la retraccién del arbol
dendritico de interneuronas que se muestra en tiempo real tras la administracién de otro
antagonista de receptores NMDA, la ketamina (Vutskits et al, 2007). La administracion de
NMDA no produce ninguna alteracién en un periodo tan corto. Sin embargo, 24 horas tras
la administraciéon del MK-801 y el NMDA, los cambios si son complementarios: MK-801
produce una disminucién en la tasa de apariciéon, mientras que el NMDA provoca un
aumento en este parametro. Ademas, la administracién del NMDA también produce un
aumento en la tasa de desaparicioén y una disminucion en la tasa de estabilidad de espinas
dendriticas, mientras que MK-801 no causa ningan efecto. Estas alteraciones causadas por
la infusién de NMDA pueden deberse a la desestabilizacién que produce la activaciéon de los
receptores NMDA en el citoesqueleto de F-actina (Halpain et al, 1998) o la excitotoxicidad
producida por la apertura de receptores de NMDA y la consecuente entrada de calcio en la

célula (Kristensen et al, 2001; Mody and MacDonald, 1995; Shimono et al, 2002).

Ademas, también se ha analizado la densidad relativa de espinas dendriticas en ambos
experimentos. En el experimento realizado con el antagonista MK-801, se observa una
disminucién significativa en este parametro 24 horas después de la infusién del farmaco
cuando se comparan con la linea base del grupo, y una tendencia hacia una disminucién
cuando se compara con el grupo de control. Estos resultados son probablemente
consecuencia de las disminuciones en la tasa de aparicién que ocurren también en este
punto temporal. Sin embargo, cuando los cultivos se tratan con el agonista NMDA, no
encontramos ningin cambio en la densidad relativa de espinas dendriticas a lo largo del

experimento.

Con respecto a las tasas de estabilidad que mostramos en ambos experimentos, existe
una discrepancia aparente cuando se comparan los ensayos in vitro e in vivo. De hecho,
experimentos de otros laboratorios en tiempo real con ventanas craneales han demostrado
que, en condiciones control, las espinas de interneuronas de la corteza visual tienen una
estabilidad cercana al 98% (Keck et al, 2011). Sin embargo, la tasa de estabilidad de las

interneuronas somatostatina del estrato oriens en ambos ensayos presenta un valor
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aproximadamente del 70%. Estas discrepancias pueden ser debidas a la diferencia en la
estabilidad de diferentes subpoblaciones de interneuronas, a la regién y la edad estudiada,
0, mas probablemente, a una mayor estabilidad in vivo que en nuestros cultivos

organotipicos.

Estudio de las alteraciones sobre el comportamiento, los circuitos excitadores e

inhibidores y la plasticidad molecular, en un modelo de esquizofrenia de doble impacto

En la presente tesis, he realizado un estudio multidisciplinar de la esquizofrenia, que
combina el analisis conductual, estructural y molecular utilizando un modelo de esta
enfermedad en ratones. Este combina dos modelos simples de la enfermedad, la inyeccién
postnatal de MK-801 y el aislamiento social tras el destete, que juntos conforman un
“modelo de doble impacto” con el que ademas ya hemos obtenido resultados satisfactorios
en ratas (Gilabert-Juan et al, 2013a). Con este modelo hemos estudiado la plasticidad
estructural de neuronas piramidales (fluorescentes en ratones Thy1-YFP, Feng et al., 2000)
y de interneuronas que expresan somatostatina (fluorescentes en ratones GIN, Oliva et al.,
2000) en la amigdala y la CPF medial (CPFm). Ademas, hemos estudiado los
comportamientos relacionados con la ansiedad y la memoria de trabajo, y hemos
examinado la expresién de moléculas relacionadas con la plasticidad y la neurotransmisiéon

excitadora e inhibidora en estas areas.

En primer lugar, los ratones fueron sometidos al test de hole-board antes de su
sacrificio, con el fin de analizar los comportamientos relacionados con la ansiedad, la
hiperactividad y las alteraciones de la memoria de trabajo. Los cambios en estos
parametros son bastante comunes en pacientes (Pallanti et al, 2013; Pallanti and Salerno,
2015; Van Snellenberg et al, 2016) y en modelos animales de esta enfermedad (Jones et al,
2011; Lett et al, 2014). En nuestro experimento, los ratones Thy1-YFP del grupo de “doble
impacto” y todos los ratones GIN criados en aislamiento (modelo simple de aislamiento y
modelo de doble impacto) muestran un aumento en comportamientos relacionados con la
ansiedad, tales como el tiempo pasado en la periferia del aparato, la velocidad media o el

nimero movimientos estereotipados que realizaron (rotaciones del cuerpo de 360°). Estos



resultados concuerdan con los observados en otros modelos de esquizofrenia basados en la
hipofuncién de los receptores NMDA (Belforte et al, 2010; Bubenikovéa-ValeSova et al,
2008). Sin embargo, no hemos observado cambios significativos en la memoria de trabajo
en ninguno de nuestros modelos. Estos resultados reflejan la controversia que existe hoy
en dia a cerca de este parametro en esquizofrenia, en el que algunos estudios si que han
descrito alteraciones en la memoria de trabajo (Andersen and Pouzet, 2004; Nozari et al,
2015), mientras que otros no lo han conseguido (Bubenikovéa-ValeSova et al, 2008;

Rompala et al, 2013).

En este experimento también se ha estudiado si alguno de los modelos simples de
esquizofrenia o el modelo de doble impacto, presentan alteraciones en la expresion de
moléculas relacionadas con la plasticidad, y de la neurotransmision excitadora e inhibidora.
Hemos encontrado que tanto los ratones aislados, como los pertenecientes al modelo de
doble impacto, presentan una expresion reducida de PSA-NCAM en la amigdala. Este hecho
aparentemente contradice informes anteriores que describen aumentos en la expresion de
PSA-NCAM en el ntcleo basolateral de la amigdala después de experimentar diferentes
factores de estrés durante la adolescencia (Tsoory et al, 2008). Nuestros resultados
también contrastan con los descritos usando este mismo modelo de aislamiento después
del destete en ratas (Gilabert-Juan et al, 2012a). Estas diferencias podrian deberse al uso
de diferentes especies o al hecho de que el presente estudio ha medido la expresion de estas
moléculas en todos los nucleos de la amigdala juntos, y no en sus diferentes subnucleos.
De hecho, disminuciones similares a las que nosotros presentamos se han observado en el
nucleo central de la amigdala de ratones y ratas después de un paradigma de estrés crénico
(Cordero et al, 2005; Gilabert-Juan et al, 2011). Las alteraciones en PSA-NCAM en la
amigdala parecen estar directamente relacionadas con los circuitos inhibidores, ya que esta
molécula se expresa en interneuronas en esta regiéon (Nacher et al, 2002b, 2013), hecho
que hace que nuestros descubrimientos sean especialmente importantes para entender

como la esquizofrenia afecta a esta area.

Por otra parte, también hemos estudiado si los modelos de esquizofrenia producen
algin cambio en la expresién de PNNs que rodean a las interneuronas que expresan

parvalbimina en la amigdala y la CPFm. Hemos encontrado una tendencia hacia la
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disminucién en la regién infralimbica de esta Gltima, que estd de acuerdo con reducciones
similares detectadas en esta area en pacientes esquizofrénicos (Mauney et al, 2013) o en
un modelo de ratén de esta enfermedad (Paylor et al, 2016). Del mismo modo, nuestros
resultados muestran una disminucién en el nimero de interneuronas que expresan
parvalbimina en la CPF y en la amigdala de nuestro modelo doble, y que también
concuerda con las reducciones observadas en pacientes humanos (Enwright et al, 2016), y
que coincide con resultados previamente publicados en la CPF en el mismo modelo en ratas

(Gilabert-Juan et al, 2013a).

También hemos observado un descenso del balance entre excitacion e inhibicion en la
CPFm y en la amigdala de tanto el modelo simple de aislamiento social como el modelo
doble. Este equilibrio también puede verse afectado por la expresion de otras moléculas
relacionadas con la neurotransmision excitadora e inhibidora, y que también se han
relacionado con modelos animales y pacientes de esta enfermedad. Esto mismo ocurre con
la expresion de BDNF, CB1-R, ST8Siall y St8SialV, que se encuentra alterada en seres
humanos y otros modelos animales de esquizofrenia, especificamente: un aumento en la
expresion de BDNF (Sanchez-Huertas and Rico, 2011) y una disminucién en la expresion
de ST8SialV (Nacher et al, 2010) ambos en la CPF; mientras que en la amigdala aumenta

la expresion de CB1-R (den Boon et al, 2014; Volk and Lewis, 2010).

Por ultimo, también hemos estudiado si la estructura de neuronas piramidales e
interneuronas de amigdala y CPFm varia en los modelos simples de esquizofrenia o en el
modelo de doble impacto. En cuanto a las neuronas piramidales, sélo aquellas de la CPFm
pudieron ser estudiadas debido a que en la amigdala de ratones Thy1-YFP, la YFP se expresa
muy abundantemente, haciendo imposible distinguir neuronas individuales. En la CPF, un
estudio anterior utilizando el método de Golgi ha demostrado que las neuronas piramidales
reducen su arborizacion y la densidad de sus espinas dendriticas tras inducir un modelo
simple de esquizofrenia (aislamiento tras el destete, Wang et al., 2012). Sin embargo, en
nuestro experimento, no encontramos diferencias significativas en la densidad de espinas
dendriticas en neuronas piramidales prefrontocorticales, ni en los modelos simples ni en
el modelo doble, aunque en este tltimo se observa una tendencia hacia una disminucién.

Estas discrepancias pueden deberse a diferencias entre especies (rata versus ratones) o a



variaciones metodolégicas, ya que se utilizaron diferentes técnicas para marcar
constitutivamente las neuronas (método de Golgi versus expresiéon constitutiva de
moléculas fluorescentes). Por otro lado, también seria posible que el aumento del nimero

de animales produjera resultados estadisticamente significativos.

Por otra parte, la estructura de las interneuronas que expresan somatostatina también
se estudio tras la induccién de los modelos simples y el modelo doble de esquizofrenia. Las
células Martinotti de la CPFm muestran una mayor densidad de espinas dendriticas en los
modelos simples y en el doble. Ya que la mayoria de las sinapsis establecidas en las espinas
dendriticas de estas interneuronas son excitadoras (Guirado et al, 2014), este aumento
podria representar una ganancia de su superficie sinaptica activa. Esto significaria un
aumento en la excitacion recibida por estas células, lo que finalmente puede conducir a
aumentos en la neurotransmisiéon inhibitoria para compensar la sobreexcitacion del
sistema. Este resultado concuerda con la elevada neurotransmisiéon excitadora que se
encuentra en esta region en pacientes esquizofrénicos (Starc et al, 2017; Sun et al, 2013) y
en modelos animales de este trastorno (Li et al, 2015; Rotaru et al, 2011; Yizhar et al, 2011).
Ademas, también hemos encontrado un aumento en la arborizacién dendritica de

interneuronas que expresan somatostatina en la amigdala.

Estudio de las alteraciones sobre la estructura de interneuronas, la neurotransmision

excitadora e inhibidora, y la plasticidad, tras un tratamiento crénico con fluoxetina

En la presente tesis, he tratado de comprender como un tratamiento crénico con
fluoxetina altera la estructura y conectividad de las interneuronas que expresan
somatostatina y la expresiéon de moléculas relacionadas con la plasticidad, en el hipocampo
y en la CPFm. Para ello, hemos inyectado fluoxetina durante 14 dias en ratones GIN, en los
que una subpoblaciébn de interneuronas que expresan somatostatina expresan
constitutivamente la EGFP (Oliva et al, 2000). En el hipocampo, no hemos encontrado
cambios en la densidad de espinas dendritas de interneuronas somatostatina, mientras que
en la CPFm esta densidad aumenta en interneuronas Martinotti. Debido a que las células

que expresan somatostatina reciben principalmente contactos excitadores en sus espinas
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dendriticas (Guirado et al, 2014), este aumento en la densidad de espinas dendriticas puede
producir un aumento de la excitacién que reciben estas células, y por lo tanto, un aumento
en la inhibicién que estas células ejercen sobre las neuronas piramidales. Este incremento
en la inhibicién coincide con el aumento de la expresion de moléculas relacionadas con la
neurotransmision inhibidora en esta region, que también se ha observado en otros estudios
tras un tratamiento crénico con fluoxetina (Guirado et al, 2012; Tiraboschi et al, 2013;

Varea et al, 2007a).

Por otra parte, la expresion de PSA-NCAM en el hipocampo aumenta en animales
tratados cronicamente con fluoxetina. Estos resultados concuerdan con estudios anteriores
de nuestro laboratorio en ratas que demostraron aumentos similares en varias regiones
cerebrales (Guirado et al, 2012; Varea et al, 2007a, 2007b). Ademas, en cultivos
organotipicos de la CPFm, la deplecién de PSA causa alteraciones en la densidad de espinas
dendriticas en la misma subpoblaciéon de interneuronas (Castillo-Gémez et al, 2016a),
hecho que vincula la expresion de este azicar con la estructura de estas células. Nuestros
resultados también muestran que la proporcion de interneuronas que expresan
parvalbimina rodeadas por PNNs esta disminuida en el hipocampo y en la CPF de animales
tratados con fluoxetina. Estos resultados coinciden con alteraciones similares en otras

areas cerebrales tras tratamientos con este farmaco (Karpova et al, 2011).

También hemos analizado coémo un tratamiento crénico con fluoxetina afecta a la
densidad de puncta que expresa sinaptofisina, GAD6 (un marcador de sinapsis inhibidoras)
y VGlut-1 en el neuropilo de la CPFm y del hipocampo. De esta forma, hemos encontrado
un aumento en la expresion de moléculas relacionadas con la neurotransmision inhibidora
(sinaptofisina y GAD6) en el neuropilo del hipocampo, pero no hemos observado ningin
efecto en la CPFm. Debido a que no hay cambios en la expresién del marcador sinaptico
excitador VGlut-1, estos resultados sugieren la formacién neta de nuevas sinapsis
inhibidoras. En conjunto, estos aumentos estan en consonancia con un fuerte incremento
de la expresion de PSA-NCAM, ya que en el hipocampo la expresion de esta molécula se

asocia principalmente a interneuronas (Guirado et al, 2014; Nacher et al, 2002a).



Por dltimo, hemos estudiado cémo el tratamiento crénico con fluoxetina afecta a la
densidad del puncta perisomético alrededor de neuronas piramidales. Asi, hemos
encontrado una tendencia hacia una disminucion de la densidad de puncta perisomatico
que expresa parvalbimina y sinaptofisina en la CPFm, lo que sugiere una disminucién en
la densidad de estas sinapsis. Estos resultados concuerdan con estudios previos de nuestro
laboratorio en los que la deplecién de la PSA causa un aumento en el niimero de puncta
inhibidor alrededor de neuronas piramidales (Castillo-Gémez et al, 2011, 2016a). También
hemos analizado la inervacién perisomatica sobre la misma poblacion de interneuronas en
las que se ha estudiado la estructura (interneuronas Martinotti en la CPFm e interneuronas
somatostina del estrato oriens en el hipocampo). En estas células, la densidad perisomatica
de puncta que expresa GAD6 se incrementa después del tratamiento crénico con fluoxetina

en el hipocampo, pero no se han encontrado efectos en la CPFm.

Estudio en tiempo real de alteraciones sobre las dinamicas estructurales de neuronas

piramidales neocorticales durante la activacién cronica de TrkB con la 7,8-dihidroxiflavona

En la presente tesis describo diferentes alteraciones en las dindmicas estructurales de
neuronas piramidales del neocortex después de un tratamiento crénico de 12 dias con el
agonista de TrkB, el DHF. Como se ha explicado anteriormente, este tipo de analisis resulta
extremadamente importante, ya que se ha sugerido que los cambios en estas dindmicas
son la fuerza que promueve la adaptacién de los circuitos neuronales a ambientes
cambiantes (Bhatt et al, 2009; Caroni et al, 2012; Chen et al, 2012; Holtmaat and Svoboda,
2009; Keck et al, 2011; Knott and Holtmaat, 2008). Para poder realizar este estudio in vivo,
he implantado ventanas craneales a ratones Thy1-YFP (Feng et al, 2000; Porrero et al,
2010) y he obtenido imégenes en tiempo real, con un microscopio de 2 fotones, de las
mismas dendritas y axones. Ademas, he realizado un andlisis conductual relacionado con
el area cerebral neocortical de interés (corteza de barriles), con el fin de correlacionar las

alteraciones estructurales y las funcionales.

En cuanto a las dindmicas de espinas dendriticas de neuronas piramidales, se

observaron diferentes alteraciones: un aumento en la funcién de ganancia de espinas 4 dias
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después del inicio del tratamiento, y un retorno a los niveles basales al final de éste. Este
aumento puede ser debido a la induccién de LTP que causa la activacion de TrkB
(Minichiello, 2009; Minichiello et al, 2002). Dado que esta forma de plasticidad sinaptica
produce la apariciéon de espinas dendriticas (Engert and Bonhoeffer, 1999), el aumento de
la funcién de ganancia no es sorprendente. Por otra parte, la funcién de estabilidad de
espinas dendriticas se reduce gradualmente durante todo el experimento en ambos grupos
experimentales, aunque mas notablemente en animales control. Esta tendencia parece
obedecer a la pérdida de estabilidad natural publicada en la misma cepa de ratones al

realizar imagenes en tiempo real (Grutzendler et al, 2002).

También he estudiado la dinamica de las espinas dendriticas estables (aquellas
presentes al menos durante 4 dias), parametros que son especialmente relevantes porque
aseguran la presencia de al menos una sinapsis (Holtmaat et al, 2006; Knott et al, 2006) y
, por lo tanto, son los que influyen en la red. Curiosamente, la funcién de pérdida de espinas
estables aumenta significativamente en el grupo control, mientras que el tratamiento de
DHF parece que protege contra estos cambios deletéreos. Ademas, también se observo que
las espinas que son estables a lo largo de todo el experimento aumentan su volumen s6lo
en el grupo de control. Ambos resultados sugieren que el manejo continuo de los animales
tiene un efecto deletéreo en la red neural, lo que provoca una pérdida de conexiones
estables. Sin embargo, las espinas que se mantienen estables aumentarian su volumen vy,
en consecuencia, su potenciacién, con el fin de mantener sinipticamente el circuito
(Matsuzaki et al, 2004). Sugerimos que el DHF, debido a sus propiedades neurotrdficas,
ejerceria un efecto protector rapido contra las repercusiones perjudiciales causadas por la
imagen en tiempo real. Este efecto ya se ha demostrado con el DHF, mostrando que protege
contra la excitotoxicidad causada por glutamato (Chen et al, 2011a), la hipoxia neonatal y
la isquemia (Uluc et al, 2013), o incluso la degeneracion de neuronas dopaminérgicas en
modelos animales de la enfermedad de Parkinson (Luo et al, 2016) o apoptosis inducida

por estaurosporina (Jang et al, 2010).

Las dinamicas de los botones de paso axénicos (EPB), varicosidades membranosas que
forman los elementos presindpticos localizados en el ax6n, también fueron estudiadas.

Nuestro estudio muestra un incremento en la funciéon de ganancia de EPB 8 dias después



del inicio del tratamiento y un aumento en la funcién de ganancia de EPB que se
estabilizaran, es decir, aquellos que estaran presentes durante al menos 4 dias. También
describimos un aumento en la funcién de pérdida de EPB que fueron estables (EPB que
estuvieron presentes durante al menos 4 dias y se perdieron después), y una disminucion

en la funcién de estabilidad, en animales tratados con DHF.

Por otro lado, también hemos tratado de entender si la activacién de TrkB con el DHF
afectaria el comportamiento dependiente de la corteza barriles. La entrada sensorial de las
vibrisas en roedores es recibida por esta regiéon de la corteza somatosensorial. Dado que
estos animales utilizan estos bigotes para discriminar diferentes texturas (Arabzadeh et al,
2005; Brecht, 2007; Gui¢-Robles et al, 1989; von Heimendahl et al, 2007), hemos realizado
un test comportamental de reconocimiento de objetos novedosos modificado (Leger et al,
2013), que sirve como correlato para las alteraciones en esta regiéon. Hemos cambiado el
protocolo acortando el periodo entre objetos familiares y nuevos (Burke et al, 2011, 2012),
para distinguir adecuadamente entre el comportamiento de reconocimiento de objetos
(dependiente de la corteza de barriles, Brecht, 2007; Kleinfeld et al., 2006), y la memoria
a largo plazo (dependiente de otras areas corticales, Simons and Spiers, 2003; Wiltgen et
al., 2004). También hemos adaptado los objetos con diferentes texturas para ser detectados
principalmente por vibrisas, y hemos usado dos conjuntos de objetos con diferente
dificultad para ser reconocidos (facil y dificil), para asi estudiar si el DHF mejora la
percepcidn sensorial depende de la corteza de barriles. Nuestros resultados demuestran
que los ratones tratados con DHF presentan una ratio de discriminaciéon de objetos
novedosos inferior a la de los ratones tratados con solucién salina, lo que significa que son
capaces de discriminar mejor los objetos dificiles (emplean menos tiempo en explorarlos)
después de ser tratados con DHF. Asi, mostramos que esta flavona mejora el
comportamiento de reconocimiento de objetos, probablemente alterando la dinamica
estructural de las neuronas piramidales de la capa V de la corteza de barriles. Nuestros
resultados son una adicién necesaria al conocimiento cada vez mayor de como la activacion

de la sefializacién de TrkB altera la estructura de las neuronas piramidales en el neocortex.
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10.

CONCLUSIONES

Las interneuronas que expresan somatostatina del hipocampo expresan receptores

NMDA en sus somas y en sus espinas dendriticas.

El tratamiento agudo de ratones adultos con el antagonista de receptores NMDA, el

MK-801, aumenta la locomocioén y los comportamientos relacionados con la ansiedad.

El tratamiento agudo de ratones adultos con el MK-801 aumenta la densidad de
botones de paso en interneuronas hipocampales que expresan somatostatina,

mientras que la densidad de sus espinas dendriticas permanece inalterada.

El analisis en tiempo real de las espinas dendriticas de las interneuronas que expresan
somatostatina en cultivos organotipicos del hipocampo revela una disminucion rapida

en su funcioén de ganancia después de la administracién del MK-801.

El andlisis en tiempo real de las espinas dendriticas de interneuronas que expresan
somatostatina en cultivos organotipicos del hipocampo muestra una disminucién en

su densidad relativa después de la administraciéon del MK-801.

El analisis en tiempo real de las espinas dendriticas de interneuronas que expresan
somatostatina en cultivos organotipicos del hipocampo revela aumentos en sus

funciones de ganancia y 24 horas después de la administracién del NMDA.

El modelo de esquizofrenia de doble impacto en ratbn muestra un aumento de la

locomocion y los comportamientos relacionados con la ansiedad.

Las interneuronas de la amigdala en el modelo de esquizofrenia de doble impacto

tienen una mayor arborizacién dendritica en comparacion con los controles.

Los modelos simples de esquizofrenia y el modelo de doble impacto presentan una

mayor densidad de espinas dendriticas en interneuronas de la corteza prefontal.

La expresion de los marcadores de la neurotransmision excitadora se incrementa en

la amigdala lateral y medial en el modelo de esquizofrenia de doble impacto.



11.

12.

13.

14.

15.

16.

17.

18.

19.

La inyeccién perinatal del MK-801, un modelo simple de esquizofrenia, aumenta la
expresion del marcador inhibidor VGAT, y del equilibrio excitacién-inhibicion, en las

regiones infralimbica y prelimbica de la corteza prefrontal.

La inyeccién perinatal de MK-801 aumenta la densidad de interneuronas que expresan
parvalbimina rodeadas por redes perineuronales, en la region infralimbica de la

corteza prefrontal.

El tratamiento crénico con fluoxetina aumenta la densidad de espinas dendriticas en

interneuronas que expresan somatostatina de la corteza prefrontal.

El tratamiento crénico con fluoxetina disminuye la densidad de interneuronas que
expresan parvalbimina rodeadas por redes perineuronales, en la corteza prefrontal y

en el hipocampo.

El tratamiento crénico con fluoxetina aumenta la expresion de PSA-NCAM vy

sinaptofisina en diferentes regiones del hipocampo.

El tratamiento crénico con fluoxetina aumenta la densidad de puncta perisomaticos
inhibidores sobre interneuronas pero no en neuronas piramidales de la corteza

prefrontal.

Las neuronas piramidales de la corteza de barriles expresan TrkB en sus somas,

espinas dendriticas y botones axénicos.

El tratamiento crénico con 7,8-dihidroxiflavona aumenta la funcién de ganancia de los
botones axénicos y de las espinas dendriticas en las neuronas piramidales del

neocortex.

La funcién de pérdida de espinas dendriticas estables, y el volumen de espinas que son
estables a lo largo de todo el proceso experimental, permanecen inalterados durante
un tratamiento crénico con 7,8-dihidroxiflavona, mientras que se incrementan en

animales control.
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20. Fl tratamiento crénico con 7,8-dihidroxiflavona mejora la discriminaciéon de objetos

dificiles en el test comportamental de reconocimiento de objetos novedosos.

21. El tiempo de exploracion de un objeto nuevo dificil est4 positivamente correlacionado
con la tasa de recambio de espinas dendriticas y botones axdnicos en animales tratados

con 7,8-dihidroxiflavona, pero no en controles.
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The nervous system is a set of cells that, altogether, receive information from the body
and generate a response accordingly. Although most of the animal species have one, in
vertebrates its complexity increases to make it one of the most interesting systems in
biology. Anatomically, it is composed by the central nervous system (CNS), which is the
brain and the spinal cord, and the peripheral nervous system (PNS), composed by all
afferent and efferent nerves that reach every part of the body. The cellular basis of these
systems were proficiently exposed by Ramon y Cajal more than 2 centuries ago in his book
“Textura del sistema nervioso del hombre y de los vertebrados” (Ramén y Cajal, 1909).
Indeed, the CNS is composed by several types of specialized cells, being the neuron the one
responsible for the generation and transmission of the action potential. Although the brain,
and consequently the neuron, has been classically viewed as a static element, during the
last century researchers dared to defy this belief. Now it is accepted that, not only the
nervous system remodels under pathological circumstances, but also that this plasticity
occurs under natural ones, including the adaptation to aversive experiences, learning or
memory (Berlucchi and Buchtel, 2009; Smythies, 2002). In the current thesis, I will focus
my studies on this neuronal plasticity, and on how different neuronal populations alter
their structure under diverse pharmacological and environmental manipulations. To
achieve this goal, I will study these phenomena in different areas of the mouse brain: The

amygdala, the hippocampus and the prefrontal (PFC) and barrel cortices.

1. AREAS OF STUDY
1.1. Neocortex

The neocortex is the largest and evolutionarily the most recent part of the mammalian
cerebral cortex, which is involved in higher functions such as sensory perception. It is also
called isocortex because of its uniform cytoarchitectural configuration, consisting of 6
horizontal layers, defined by the presence of pyramidal neurons in some of them, whereas
interneurons are scattered throughout the extension of the region. These layers run
parallel to the cortical surface and are numbered from I -the outermost- to VI -the

innermost (figure 1A):




- Layer I: Contains very few neuronal bodies, most of them from interneurons. It is
mainly composed by horizontal dendrites and axons that emerge from pyramidal
neurons in inner layers of the neocortex. These dendrites receive their input from
thalamic and intracortical afferents (Herkenham, 1980; Shipp, 2007).

- Layer II: It is mainly composed by granular neurons (small excitatory neurons) and it
is generally considered in combination with layer III (layer II/III) (Shipp, 2007;
Spruston, 2008).

- Layer III: Also known as the external pyramidal layer, it is composed by medium-sized
pyramidal neurons, which project mainly within their region or to other cortical areas
(Shipp, 2007; Spruston, 2008).

- Layer IV: It also contains granular neurons. Interestingly, it is the layer where cortical
columns can be observed in the barrel cortex (Woolsey and Van der Loos, 1970), and it
is absent from the PFC (Fuster, 2015).

- Layer V: Also known as the internal pyramidal layer, it is the layer where the large-sized
pyramidal neurons are located. These neurons are specially interesting since they
project mainly outside their local region to other cortical areas or subcortical structures
(Shipp, 2007; Spruston, 2008).

- Layer VI: contains few pyramidal neurons which are interconnected with thalamic

neurons (Herkenham, 1980; Lam and Sherman, 2010; Shipp, 2007).

Although the neocortex is a continuum, it is functionally divided in different regions

and subregions. In the present thesis I will focus in the barrel cortex and the PFC of mice.

A Neocortical layers B Prefrontal Cortex C Barrel Cortex
Bregma 0,98 ,_/’""T " Bregma 1.54 Bregma -1.70 - |
7 |
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Figure 1: Neocortical regions of study. A) Necortical layers. B) Localization of the areas of interest from
the PFC. C) Localization of the barrel cortex. Cg1: cingulate cortex 1. Cg2: cingulate cortex 2. PrL: prelimbic
cortex. IL: infralimbic cortex. S1BF: primary somatosensory cortex, barrel field. S1: primary somatosensory
cortex. S2: secondary somatosensory cortex. A adapted from (Ramoén y Cajal, 1909). B & C modified from
(Paxinos and Franklin, 2013).



1.1.1 Prefrontal cortex

The PFC is an association cortex, located in the anterior part of the mammalian brain.
It is responsible for motivation, self-knowledge, social behaviour and working memory,
among others (Fuster, 2015). Its malfunctioning is involved in several neuropsychiatric
disorders, including schizophrenia, major depression and autism spectrum disorders (see
section 4, Bicks et al, 2015). It comprises the medial (mPFC), the orbitofrontal (OFC) and
the lateral (IPFC) prefrontal cortices, which present different cytoarchitectural and
functional characteristics (Sul et al, 2010; Van De Werd et al, 2010; for reviews see Seamans
et al, 2008; Uylings et al, 2003). In this thesis I will mainly focus on the mPFC, which, in
rodents, can be subdivided into three areas with different anatomical and functional
features: (1) the rostral portion of the anterior cingulate cortex (ACC), which in turn is
divided into a dorsal (ACd or Cg1, in mice from bregma 2.34 to bregma -0.22 ) and a ventral
(ACv or Cg2, in mice from bregma 1.42 to bregma -0.22) area; (2) the infralimbic cortex
(IL, in mice from bregma 1.98 to bregma 1.34) and, (3) the prelimbic cortex (PrL, in mice
from bregma 3.08 to bregma 1.54) (Paxinos and Franklin, 2013, figure 1B). The
architectural order of cells and fibres in the rodent PFC basically conforms to the structural
plan prevailing throughout the neocortical regions in mammals, but lacks the internal

granule cell layer (layer IV; Fuster, 2015; Kandel et al, 2012).

1.1.2. Barrel cortex

The barrel cortex is a subregion of the primary somatosensory cortex (in mice from
bregma 0.38 to bregma -1.94; Paxinos and Franklin 2013) that is only present in a few
species, mostly rodents, and receives input from the animal whiskers via the thalamus
(figure 1C). In this cortex, layer IV is organized into cylindrical columns of neurons
(barrels), whose topographical distribution mirrors that of the whisker follicles (Woolsey
et al, 1975). These features make the barrel cortex a very interesting region for functional
studies: The study of this area has provided important insights into cortical processing and

plasticity (Fox, 2008).




1.2. Hippocampus

The hippocampus is part of the mammalian archicortex, evolutionarily one of the
oldest parts of the cerebral cortex. Being a region of the limbic system, it has been broadly
studied due to its role in short-term memory, long-term memory consolidation and spatial
memory. Its structure is beautifully conserved across the class mammalia (Clark and
Squire, 2013). However, homologous regions, at least of some of its parts, are present in
all vertebrates (Elliott et al, 2017; for a review see Striedter, 2016). Anatomically, it
comprises a large portion of the cerebral cortex of rodents (in mice, from bregma -0.94 to
bregma -4.16; Paxinos and Franklin 2013), and it is composed by the Ammon’s horn (Cornu
Ammonis, CA) and the dentate gyrus (DG). The former has four subdivisions: CA1, CA2,
CA3 and CA4. The latter embraces CA4 and is one of the regions where adult neurogenesis
occurs in the mammalian brain (Gongalves et al, 2016; Gould, 2007). In addition, the
Ammon’s horn is generally divided in 6 strata: Alveus, oriens, pyramidale, lucidum,
radiatum and lacunosum moleculare; whereas the DG comprises 3: The molecular, the
granular, and the polymorphic cell layers (Amaral et al, 2007; Andersen et al, 2007; figure

2).

The basic circuitry of the hippocampus is called the trisynaptic circuit: The projection
from the entorhinal cortex forms the first synapse onto the granular cells of the dentate
gyrus via the perforant path. The second synapse is from the granule cells to the pyramidal
neurons of CA3 via the mossy fiber pathway. Finally, the third synapse is from CA3
pyramidals to the pyramidal neurons of CA1 via the Schaffer collaterals (Ramoén y Cajal,
1909). However, additional connections have been described in the hippocampus, such as
a direct connection between the entorhinal cortex and the CA1 pyramidal neurons

(Desmond et al, 1994; figure 2).

Figure 2: Drawing of the
hippocampus  highlighting the
strata of study in CA1. Arrows
schematically represent the trisynaptic
) circuit. Red arrow: perforant path,
//“‘Entorhinal green arrow: mossy fibers, blue arrow:
cortex Gchaffer collaterals. Scale bar: 1mm.




1.3. Amygdala

The amygdala is located medially in both hemispheres in mammals and, as the
hippocampus, is part of the limbic system. It is not only responsible for fear behaviours,
such as pavlovian fear-conditioning, but also for motivation and the processing of
rewarding environmental stimuli (LaBar and Cabeza, 2006; Murray, 2007; Seymour and
Dolan, 2008). Its malfunction is related to several psychiatric disorders, such as
schizophrenia (see section 4.3; Aleman and Kahn, 2005) or anxiety-related disorders (see
section 4.1; Shin and Liberzon, 2010). Anatomically, it is composed by several nuclei,
generally encompassed in three greater interconnected groups: Basolateral, centromedial

and cortical (Sah et al, 2003; figure 3).

Bregma -1.58

Figure 3: Amygdaloid regions of study. La: lateral nucleus. BLa: basolateral nucleus. BM: basomedial
nucleus. Me: medial nucleus. Ce: central amygdala. Modified from Paxinos and Franklin, 2013.

1.4. Interconnections

Interestingly, some of the areas that have been described above interconnect with each
other, complicating the understanding of their function. The PrL and IL areas of the PFC
receive connections from the ventral hippocampus and the basolateral nucleus of the
amygdala (Jay and Witter, 1991; Krettek and Price, 1977), and both mediate each other’s
input (Ishikawa and Nakamura, 2003). The hippocampal input is thought to mediate

episodic memory processes (Preston and FEichenbaum, 2013) whereas the amygdaloid




input mediates fear conditioning behaviour (Garcia et al, 1999). The disruption of
prefrontal innervation by those two areas is presumed to underlie the etiopathology of
neuropsychiatric disorders such as schizophrenia (Thomases et al, 2014). In addition, the
lateral and basal nuclei of the amygdala also directly innervate the hippocampus, and this
structure back-forward innervate these nuclei; this connection mediates context-fear

memory retrieval (Maren et al, 2013).

2. NEURONS IN THE CENTRAL NERVOUS SYSTEM

There are several neuronal classifications in Neuroscience, such as those based on
neuronal morphology, the type of postsynaptic potentials they elicit in other cells or the
neurotransmitter they release. Firstly, neurons present a huge variety of morphologies that
range from rod-like to stellate shaped. Secondly, they can evoke postsynaptic potentials
that can be either excitatory (EPSP, excitatory neurons) or inhibitory (IPSP, inhibitory
neurons). Finally, the neurotransmitter they release is highly linked with the latter, being
the L-Glutamate (glutamate henceforth, glutamatergic neurons) and the y-Aminobutyric
acid (GABA, GABAergic neurons), the most important excitatory and inhibitory
(respectively) neurotransmitters in the CNS. In the current section I will focus on the

excitatory pyramidal neurons and the inhibitory interneurons (figure 4).

2.1. Pyramidal neurons

Pyramidal neurons are glutamatergic and therefore release the amino-acid glutamate,
the most common excitatory neurotransmitter in the brain, as their primary
neurotransmitter. These cells have a strongly defined and consistent structure: A
pyramidal-shaped soma (from which they receive their name), two separate dendritic trees
(apical and basal) and a single axon (Van Aerde and Feldmeyer, 2015; Spruston, 2008).
They are mainly projection neurons, and are the most studied cell type in the CNS (Kandel

et al, 2012).



There are two types of dendrites in these cells, which branch profusely the further we
are from the soma, and show different physiological proprieties. The apical dendrite is
unique and emerges from the apex of the pyramid, whereas two or more basal dendrites
emerge from the base of the soma. On the other hand, the axon arises from the base
(Kandel et al, 2012). The dendrites, somata and initial segment of the axons contain
different excitatory and inhibitory neurotransmitter receptors, although the latter is only
innervated by a special type of interneuron (Kawaguchi and Kubota, 1997; Woodruff et al,
2010). The different types of inhibitory cells, as well as the neurotransmitter receptors, will

be explained in detail hereafter.

One of the main characteristics of the pyramidal neurons is the presence of
membranous specializations in the dendrites, very numerous in the apical dendrite and
slightly less frequent in the basal dendrites. They are called dendritic spines, and they
cluster the receptors and spatially compartmentalize the electrical signal (Hering and
Sheng, 2001; Lee et al, 2012; Parajuli et al, 2017). On the other hand, the axons also display
membranous thickenings, called axonal boutons, which contain and release the synaptic
vesicles (Kevenaar and Hoogenraad, 2015). Because of their roles as postsynaptic and
presynaptic elements, spines and boutons have been found to be proper markers for
neuronal input and output; therefore,
increases in spine and axonal bouton
density have been correlated to
increases in neuronal activity (Becker et

al, 2008; Engert and Bonhoeffer, 1999;

figure 4).

Figure 4: Scheme depicting the basic circuitry
of the cerebral cortex, showing the pyramidal CCK

neurons and interneurons considered in this Basket cell O PV
thesis. Pyr: pyramidal neuron. PV: Basket cell
parvalbumin-expressing interneurons, which
can be basket or chandelier cells. CCK:
cholecystokinin-expressing interneuron. NPY:
neuropeptide Y-expressing interneuron. VIP:
vasoactive intestinal peptide-expressing
interneuron. SOM: somatostatin-expressing

interneuron. PV
Chandelier cell
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2.2. Interneurons

This type of cells is mainly inhibitory in the CNS. Their name is due to their
intermediate role in the neural circuits, projecting locally, and generally are responsible
for their correct functioning. However, contrary to pyramidal cells, interneurons are a
heterogeneous population of neurons with diverse morphological, physiological,
neurochemical and synaptic characteristics, which complicate their study and
understanding. As a unifying characteristic, they are all GABAergic, which means they
synthetize and secrete GABA, the main inhibitory neurotransmitter of the brain. They can
also express different excitatory and inhibitory receptors in their dendrites or somata (see
section 3.2.1). There are many classifications of interneurons following several criteria,
which try to sort out different populations. In the present thesis, I will use the molecular
classification of the Petilla terminology (Ascoli et al, 2008), which define five different types
of interneurons depending on the expression of different calcium binding proteins and
neuropeptides; these are: Parvalbumin (PV), somatostatin (SOM), neuropeptide Y (NPY),

vasoactive intestinal peptide (VIP), and cholecystokinin (CCK) (figure 4).

2.2.1. Parvalbumin-expressing interneurons

These interneurons strongly express the calcium-binding protein parvalbumin (PV)
throughout the cell. Morphologically, they can be subdivided into basket or chandelier cells.
Basket cells are named after the perisomatic baskets they form around the somata of
pyramidal neurons. In fact, this perisomatic inhibition allows for a single PV-expressing
cell to inhibit simultaneously many pyramidal neurons. This phenomenon produces the
firing synchrony of the pyramidal cells, important for the proper functioning of the system
(Singer, 1999). Because of that, basket cells are one of the most studied types of
interneurons of the brain. On the other hand, less is known about chandelier cells. They
directly inhibit the excitatory output of the pyramidal neurons via axo-axonic synapses (see
section 2.1; they innervate the initial segment of the axon of pyramidal cells), but they still

pose a mystery to researchers in many ways (Woodruff et al, 2010).



2.2.2. Neuropeptide Y-expressing interneurons

Neuropeptide Y (NPY) is widely coexpressed with other proteins and neuropeptides
throughout the cerebral cortex. However, only interneurons which express NPY, but not
the neuropeptide SOM are considered to be in this group. They are present in the
neocortex, hippocampus and amygdala (Real et al, 2009), as well as other brain regions
(Allen et al, 1983; Markram et al, 2004). Their neuronal morphology and functionality is
very diverse, which make this group of cells very heterogeneous. Among their main

functions, they mediate long-range inhibition in the mPFC (Saffari et al, 2016).

2.2.3. Vasoactive intestinal peptide-expressing interneurons

These interneurons express the vasoactive intestinal peptide (VIP), another
neuropeptide, but never PV or SOM. However, they can coexpress other proteins,
constituting different subpopulations. They conform a very interesting interneuronal
population due to their function: They inhibit other interneurons in the neocortex, such as
SOM-expressing cells, producing a disinhibition of pyramidal neurons (Karnani et al, 2016;
Pi et al, 2013). They are present in the neocortex (Markram et al, 2004), hippocampus

(Freund and Buzsaki, 1996) and amygdala (Spampanato et al, 2011).

2.2.4. Cholecystokinin-expressing interneurons

This class of interneurons always expresses the neuropeptide Cholecystokinin (CCK),
but not SOM or VIP. As the PV-expressing basket cells, they also innervate the somata of
pyramidal neurons. However, they form smaller baskets and, therefore, allow a finer
tuning of the network (Freund, 2003). They are also present in the neocortex (Markram et
al, 2004), the hippocampus (Freund and Buzsaki, 1996) and the amygdala (Jasnow et al,

2009; Spampanato et al, 2011).

2.2.5. Somatostatin-expressing interneurons

They express the neuropeptide somatostatin (SOM), although sometimes they can
coexpress other markers. They are widely present in the brain, including the neocortex
(Markram et al, 2004), hippocampus (Freund and Buzsaki, 1996) and the amygdala (Real

et al, 2009). Their morphology is diverse, but their functionality is very specific: They
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strongly inhibit the distal dendrites of pyramidal cells (De Lima and Morrison, 1989; Wang
et al, 2004), and frequently receive reciprocal inhibition from other interneurons,
including SOM-expressing cells (Urban-Ciecko and Barth, 2016; Yavorska and Webhr,
2016). They are essential for the maturation of deep cortical circuits (Tuncdemir et al,
2016) and are important players in other stages of neurodevelopment, brain pathology and
neuronal plasticity (Liguz-Lecznar et al, 2016). In addition, they display dendritic spines,
a rare feature in interneurons (Gilabert-Juan et al, 2011, 2013b, 2017; Guirado et al, 2014).
This thesis will focus specially on some subpopulations of SOM-expressing interneurons:

The Martinotti cells in the neocortex, and the O-LM cells in the hippocampus.

2.2.5.1. Martinotti cells

They are found in layers II-IV of the neocortex, and their axons project to layer I to
inhibit directly the apical dendrites of pyramidal cells. Because they can horizontally inhibit
different neurons, they are also involved in cross-columnar inhibition (Wang et al, 2004).
They also innervate the basal dendrites of pyramidal cells, their somata and even some PV-
expressing interneurons, which produces a disinhibition of pyramidal cells and has

massive functional ramifications (Pfeffer et al, 2013; Scheyltjens et al, 2016).

2.2.5.2. O-LM cells

The O-LM cells of the hippocampus are named after their microcircuitry: Their somata
are located in the stratum oriens, where they branch and receive their inputs from
pyramidal neurons of the stratum pyramidale (Blasco-Ibafiez and Freund, 1995), and
reciprocally inhibit these cells and other interneurons, establishing these synapses in the
stratum lacunosum moleculare (Miiller and Remy, 2014). They are essential for the correct
functioning of the hippocampus. In fact, they appear to mediate theta oscillations (Katona
et al, 2014) and have been postulated to be essential for the establishment of spatial
context-fear conditioning (Lovett-Barron et al, 2014; for a review see Miiller and Remy,

2014).



3. PLASTICITY IN THE NERVOUS SYSTEM
3.1. Structural plasticity

Pyramidal neurons and interneurons can change their morphology under different
conditions, involving changes in the length and complexity of dendritic arbors, and in the
density or morphology of their dendritic spines (Fu and Zuo, 2011; Glausier and Lewis,
2013; Guirado et al, 2014; Lee et al, 2005) and axonal boutons (Colicos et al, 2001; Florence
et al, 1998; Nikonenko et al, 2003). These structural alterations happen constantly in order
to adapt to a changing environment, either in natural conditions, like ageing (Burke and
Barnes, 2006), or disturbed ones. Regarding this, it is known that pyramidal neurons
experience structural remodelling after chronic stress and in animal models of depression

(see sections 4.1 and 4.2; McEwen, 1999; Qiao et al, 2016a), in neurodevelopmental

disorders (see section 4.3; Flores et al, 2016; Glausier and Lewis, 2013), obesity (Dingess

et al, 2017), and after different pharmacological manipulations (see section 3.2; Castillo-
GoOmez et al, 2016b; Guirado et al, 2009; Yang et al, 2015). On the other hand, studies on
the effects on interneuron morphology are more scarce, even though these inhibitory
neurons are at the base of the neural circuits (Kullmann, 2011; Roux and Buzsaki, 2015)

and play an important role in CNS physiology (Nacher et al, 2013).

Dendritic spines were initially thought to be present only in pyramidal neurons, but
different studies have shown that some interneuronal subpopulations also display these

postsynaptic specializations, mainly SOM and NPY-expressing cells (see sections 2.2.2 and

2.2.5; Freund and Buzséki, 1996; Scheuss and Bonhoeffer, 2014). Likewise, dendritic spines
and axonal boutons have been found to be proper proxies for neuronal input and output;
in fact, increases in their density have been correlated to increases in neuronal activity
(Becker et al, 2008; Engert and Bonhoeffer, 1999). Therefore, the study of structural
remodelling in interneurons has been gaining strength in the last decade. However, the
structure of dendritic spines is slightly different than those found in pyramidal cells: They
lack the spine apparatus, several synapses are established per spine (in contrast with the
one or two found in pyramidal neuron spines) and they are usually less numerous (Acsady
et al, 1998; Gulyas et al, 1992; Scheuss and Bonhoeffer, 2014). Among all the interneuronal

types, dendrite-targeting cells, which express SOM, are of great interest because of their
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role in the establishment of cortical circuits (Tuncdemir et al, 2016) and other

neurodevelopmental processes (see section 2.2.5; Liguz-Lecznar et al, 2016). In addition,

recent studies from our laboratory have demonstrated that they undergo dendritic

remodelling after chronic stress (see sections 4.1 and 4.2; Gilabert-Juan et al, 2011, 2013b,

2017) or the depletion of plasticity related molecules (see section 3.2.3.1; Castillo-Gomez et

al, 2016a; Guirado et al, 2014).

In order to study neuronal morphology, classic studies -such as those described in
Cajal’s Textura del Sistema nervioso del hombre y los vertebrados (Ramoén y Cajal, 1909)-
used Golgi’s method (Golgi, 1873). However, in the last decade the emergence of transgenic
mice has allowed the researcher to breed mice strains, in which particular neuronal
populations express constitutively a fluorescent protein. These proteins, such as the
enhanced green fluorescent protein (EGFP) or the yellow fluorescent protein (YFP), allow
the use of fluorescence, confocal or 2-photon microscopy to follow the entire morphology

of a neuron.

Excellent examples of these strains are the thy1-YFP-H, in which layer V cortical
pyramidal neurons are densely labelled with YFP (Feng et al, 2000), and the GIN line (Oliva
et al, 2000), in which a subpopulation of SOM-expressing interneurons of the neocortex,
hippocampus and amygdala, express EGFP. In fact, these strains allow the longitudinal
analysis of these neurons either after the chronic implantation of a cranial window upon
the neocortex (Holtmaat et al, 2009; figure 5A), or in organotypic cultures of a given brain

region (Stoppini et al, 1991; figure 5B).

It should be noted the importance of longitudinal analyses when studying neuronal
morphology. In fact, these methods give us information on their structural dynamics,
which are sensible to transient and homeostatic changes that otherwise would be
undetected. Structurally, these changes in network configuration are represented by the
addition of one spine on one site, compensated by the pruning on another (figure 5C).
Changes in structural dynamics have been shown in pyramidal neurons after normal brain
ageing (Grillo et al, 2013; Mostany et al, 2013) and after sensory deprivation (Cane et al,

2014; Hofer et al, 2009; Holtmaat and Svoboda, 2009). Importantly, similar changes have



been found in inhibitory circuits after sensory deprivation (Chen et al, 2011b, 2011c, 2012;

Chen and Nedivi, 2013; Keck et al, 2011; van Versendaal et al, 2012).

Despite the enormous information that these studies provide, one limitation still
persists: The position of the cranial window, which can only be used chronically, without
brain damage, on studies of the neocortex (Holtmaat et al, 2009; Mostany and Portera-
Cailliau, 2008; Xu et al, 2007). Another important area for this thesis is the hippocampus,
which due to its central location in the brain, does not allow for the chronic implantation
of a cranial window. This setback can be solved with the use of entorhino-hippocampal
organotypic cultures (Stoppini et al, 1991), which allow us to follow elements from a
hippocampal neuron throughout an entire experiment. Although they also present intrinsic
limitations, these cultures have been broadly used as an in vitro model of the rodent
hippocampus (Géhwiler et al, 1997; Humpel, 2015), allowing the study of structural

changes in real-time (figure 5B).
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Figure 5: Methods of study and analysis of the structural dynamics. A) Schematics of a cranial window
and a panoramic view of a Thy1-YFP mouse showing the primary somatosensory cortex. B) Schematics of a
culture dish with an entorhino-hippocampal organotypic culture and a panoramic view of a representative
slice from a GIN mouse. The CA1 region is squared. C) Scheme showing the longitudinal analysis of dendritic
spines and axonal boutons. The scale bar is 60oum in A and 50opum in B.
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3.2. Modulation of structural plasticity
3.2.1. Modulation by neurotransmitters

We can classify the modulation of structural plasticity on basis of the type of
neurotransmitter receptors that are stimulated in our neuron of interest. In this thesis I
will study the modulation by GABAergic, Glutamatergic and Serotonergic systems (figure
6).

GABAergic neuron

Glutamatergic neuron

Presynaptic
element

® L-Glutamate
@ GABA
@ Serotonin

Postsynaptic
element

Figure 6: Scheme showing glutamatergic (green), GABAergic (red) and Serotonergic (orange)
synapses. All the vesicular proteins and enzymes of interest for this thesis are shown in the diagram. GABA:
gamma-aminobutyric acid. SYN: synaptophysin. VGlut: vesicular transporter of glutamate. GAD: glutamic
acid decarboxylase. VGAT: vesicular transporter of GABA. AMPA-Ka Receptors: a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid and kainate receptors. NMDA Receptors: N-methyl-D-aspartate receptors.
GABA Receptors: gamma-aminobutyric acid receptors. 5-HT Receptors: receptors of serotonin. 5-HTT:
serotonin transporter.

3.2.1.1. Glutamatergic neurotransmission

Glutamate is one of the most common amino acids of the organism and also the main
excitatory neurotransmitter in the brain. It is synthetized mainly as a by-product of the
Krebs cycle, fact that makes it easily available, although it can be also transported through
the blood-brain barrier (Smith, 2000). Therefore, glutamatergic neurons account for those

which release this neurotransmitter, being the main group the pyramidal neurons.

Once in the axon, glutamate is enclosed in synaptic vesicles, which are surrounded by

synaptic proteins that will ensure the proper neurotransmitter release to the synaptic cleft.



One of these proteins, which has been studied profusely in this thesis, is synaptophysin
(SYN). This protein is present in virtually all active synapses, including GABAergic and
Serotonergic (Li et al, 2010a; Tarsa and Goda, 2002), trait that makes it an excellent
marker for both excitatory and inhibitory connections. Another important protein
employed in the studies constituting this thesis, is the vesicular glutamate transporter
(VGlut), which is only present in glutamatergic vesicles. This protein specializes in the
transport of the glutamate into the synaptic vesicles and stabilizes them at presynaptic
terminals to ensure the release of the glutamate to the synaptic cleft (Siksou et al, 2013).
In the CNS, we can find three isotypes of this transporter: VGlut-1, present in fibers
projecting from other cortical areas; VGlut-2, present in fibers projecting from
extracortical inputs; and VGlut-3, whose expression is broad but limited to a few
glutamatergic fibers (Takamori, 2006). Because of their non-overlapping expression, these

transporters are commonly used as markers of specific glutamatergic terminals (figure 6).

Once the glutamate is released to the synaptic cleft, it will be available to activate
different glutamate receptors. There are three main glutamate receptors in the CNS: a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate and N-methyl-D-

aspartate (NMDA) receptors.

AMPA and kainate receptors are homologous and exert similar functions. They are
ionotropic, therefore they exert their function by being permeable to Na* and K*, and are
coexpressed with NMDA receptors (NMDARs) in glutamatergic synapses of the CNS (Kew
and Kemp, 2005). In addition, they are present in both pyramidal neurons (Bettler and
Mulle, 1995) and interneurons (Vissavajjhala et al, 1996; Wondolowski and Frerking, 2009)
(figure 6). They are frequently bound by the same agonists and antagonists, fact that
complicates their understanding by means of their modulation (Bettler and Mulle, 1995).

However, in this thesis I will focus on the NMDARs.

3.2.1.1.1. NMDA receptors

N-methyl-D-aspartate receptors (NMDARs) are a subtype of glutamate receptors,

which present ionotropic and metabotropic properties (Dore et al, 2016), and are expressed
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widely in both pyramidal neurons and interneurons (Alvarez et al, 2007; Collingridge et
al, 1983; Nyiri et al, 2003; Oren et al, 2009). They play a key role in several events of CNS
development, such as neuronal birth and migration (Komuro and Rakic, 1993).
Structurally, they are heterotetramers composed by two obligatory GluN1 subunits
together with two different subtypes of GluN2 and GluN3 subunits (Liu et al, 2004;
Paoletti et al, 2013; Sanz-Clemente et al, 2013; figure 7A). Therefore, the
immunolocalization of the GluN1 subunit is an excellent tool to report the expression of
NMDARs. The other subunits, however, vary in their biophysical properties and are
expressed differentially depending on the developmental stage or the neuron expressing
them (Paoletti et al, 2013; Pérez-Otafo et al, 2016; Wyllie et al, 2013). For instance, in the
hippocampus, there is a developmental switch from the subunit GluN2B to the subunit
GluN2A during the second postnatal week (Barria and Malinow, 2002; Dumas, 2005;

Paoletti et al, 2013; figure 7B).
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Figure 7: NMDA receptors and their composition. A) Schematic view of an NMDAR with the 4 GluN
subunits: two obligatory GluN1 and two GluN2 or GluN3 subunits. B) Scheme of the subunit composition of
NMDAR in the mouse hippocampus and its variation (GluN1/GluN2B) through postnatal development.

The use of agonists and antagonists of NMDARs is a common practice in order to
understand how they modulate neural plasticity. In fact, these receptors are named after a
strong agonist, the NMDA molecule. However, its administration also produces an increase
in cell death in the CA1 of hippocampal organotypic cultures due to the Ca** excitotoxicity.
This effect can be seen after an acute (Sakaguchi et al, 1997) or a chronic NMDA
administration (Kristensen et al, 2001; Shimono et al, 2002). On the other hand, sub-lethal
administrations of this molecule produce alterations in the spine density of pyramidal

neurons of hippocampal primary cultures. In fact, short -albeit highly concentrated-



infusions of NMDA cause a marked decrease in this parameter in rats (Halpain et al, 1998),
whereas a long mild infusion causes an increase in both the dendritic spine density, and
the proportion of mushroom-shaped dendritic spines, in mice (Tian et al, 2007). However,
there are no studies trying to understand how NMDAR activation affects the structure of

interneurons, let alone the structural dynamics of these cells.

Likewise, antagonists of the NMDARs have also been used to understand the role of
these receptors in different processes. One of the most studied antagonists is the MK-801,
which has been shown to affect the targeting and pruning of axons and the regulation of
synaptogenesis during development (Butler et al, 1998; Cline and Constantine-Paton, 1990;
Shatz, 1990). Furthermore, MK-801 produces axonal sprouting in unlesioned hippocampal
cultures (McKinney et al, 1999b). Regarding the density of dendritic spines, this antagonist
does not produce effects on the dendritic spine density of pyramidal neurons, neither in
vivo (Woolley and McEwen, 1994) nor in vitro (McKinney et al, 1999a). Nevertheless, this
latter study showed the apparition of filopodia-like processes after chronic treatment with
MK-801, resembling those in the developing hippocampus. In contrast with these studies
about the expression and modulation of NMDARs on excitatory neurons, very few reports
have focused on their presence in interneurons (Nyiri et al, 2003) or how these inhibitory
cells alter their structure after NMDAR blockade. Particularly, in the PFC, treatment with
MK-801 impairs the maturation of perisomatic inhibitory circuits formed by PV-expressing
interneurons (Thomases et al, 2013). Interestingly, this antagonist elicited opposite
changes in the prefrontocortical miniature excitatory postsynaptic currents when studying
pyramidal neurons -an increase- and PV-expressing interneurons -a decrease- (Wang and
Gao, 2012). However, only one study with ketamine, which is another NMDAR antagonist,
has shown a diminution in the dendritic length of interneurons (Vutskits et al, 2007); there
are no reports on how NMDAR blockade affects the structural dynamics of interneurons.
Therefore, one of the aims of this thesis will be to study the effects of NMDAR activation

and blockade in the structural dynamics of hippocampal interneurons.
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3.2.1.2. GABAergic neurotransmission

The y-amynobutyric acid (GABA) is the most common inhibitory neurotransmitter in
the CNS and it is synthetized and released by interneurons. Its anabolism in the cell occurs
through the activity of the glutamic acid decarboxylase (GAD), an enzyme which
decarboxylases the glutamate to GABA releasing CO.. There are two GAD isoforms in the
CNS: GAD67 and GADG65, the former being expressed throughout the cell and the latter
only expressed in axonal terminals (Fish et al, 2011). This neurotransmitter is then
encapsulated in synaptic vesicles, which also express SYN in their membrane (same as the
glutamatergic synaptic vesicles) and the vesicular GABA transporter (VGAT). Like the
VGlut transporters, the main function of VGAT consists in the facilitation of the storage of
the neurotransmitter in the synaptic vesicles (Buddhala et al, 2009). Because all of these
facts, both GAD67/GAD65 and VGAT are excellent markers for interneurons and inhibitory

neurotransmission (figure 6; Erlander and Tobin, 1991; Mclntire et al, 1997).

Once GABA is released to the synaptic cleft, it becomes available to activate the GABA
receptors present in other cells, which can be pyramidal neurons (Alger and Nicoll, 1982)
and interneurons (Freund and Buzsaki, 1996). There are three types of receptors: The
GABA4 and the GABAc, which are ionotropic, and the GABAg, which is metabotropic. Once
activated, they open linked channels and hyperpolarize the neuron through the entry of CI°

and the exit of K* (figure 6).

The activation of these receptors by GABA or other agonists can alter neuronal
structure. In fact, GABA receptors have a binding site for benzodiazepines (Gavish and
Snyder, 1980), and these drugs have been shown to decrease pyramidal spine density in
the prefrontal cortex after a chronic treatment (Curto et al, 2016). These receptors also
have a binding site for ethanol (Hunt, 1983), and its chronic administration alters the
dendritic spine density of pyramidal neurons of the hippocampus (Romero et al, 2013). In
addition, the activation of synaptic GABA4 receptors produces an increase in the dendritic
spine density of cultured neurons (Shimizu et al, 2015), whereas the appearance of
extrasynaptic GABAa receptors during puberty is responsible for synaptic pruning in the
hippocampus (Afroz et al, 2016), and their manipulation in this period results in an altered

spine density of hippocampal pyramidal cells during adulthood (Afroz et al, 2017).



3.2.1.3. Excitatory-Inhibitory balance

In the last decade, the study of this balance (E/I balance) has gained strength with the
increasing knowledge on the cellular basis of neurodevelopmental and neuropsychiatric
disorders. During normal development, prior to the axonal pruning, excitatory contacts
are more abundant in the brain. After a period of time, known as the critical period of
heightened plasticity and, depending on the brain area (Hensch, 2005), this plasticity is
restricted by the increased inhibition on the excitatory networks. Therefore, during normal
development the balance would be displaced towards more excitation, whereas in the adult
brain, this balance shows a stronger inhibitory factor (Baroncelli et al, 2011; Hensch, 2004;
Hensch and Fagiolini, 2005). Moreover, recent studies have shown that some brain areas
have a disrupted balance in neuropsychiatric disorders, including schizophrenia
(Baroncelli et al, 2011; Curley and Lewis, 2012; Lewis et al, 2012; Morishita et al, 2015; Sun
et al, 2013). This imbalance can be the consequence of an altered expression of several
molecules implicated in the establishment and maintenance of inhibitory circuits, such as
GAD65/67 (Akbarian 1995; Akbarian and Huang 2006; Straub et al. 2007; for a review see
Mitchell et al. 2015), cannabinoid receptor 1 (CB1r) (Eggan et al. 2008; for a review see
Volk and Lewis 2015) neuregulin 1 (Nrg1) and its receptor ErbB4 (Fazzari et al, 2010;

Gilabert-Juan et al, 2013a) or brain-derived neurotrophic factor (BDNF, see section 3.2.2.1)

(Weickert et al, 2003, 2005). Furthermore, an excellent method to obtain a readout of the
E/I balance would be to compare the expression of proteins expressed in synaptic vesicles

of excitatory and inhibitory synapses, such as VGlut, and VGAT, respectively (figure 6).

3.2.1.4. Serotonergic neurotransmission

Serotonin (5-Hydroxytryptamine: 5-HT) is a monoamine neurotransmitter
synthetized and released in the CNS by neurons located in the Raphe nuclei, which
innervate the neocortex, the hippocampus and the amygdala (Asan et al, 2013; Jacobs and
Azmitia, 1992). The role of serotonergic neurotransmission has always been thought to be
related to well-being behaviours, whereas the malfunction of the system relates to several

psychiatric disorders, including depression and anxiety (Andrews et al, 2015). Its synthesis
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consists in a rapid biochemical cascade which starts with L-tryptophan, and this, and the
first by-product of the cascade, can cross easily the blood-brain barrier (Oldendorf, 1971;
Yuwiler et al, 1977). Serotonin can be catabolized by monoamine oxidases (MAO), a classic
target for some antidepressants. In the presynaptic zone, it is encapsulated in synaptic
vesicles and released, where it becomes available to activate the different 5-HT receptors.
Currently we know of 7 types —and 14 subtypes- of 5-HT receptors with plenty of different
functions, which are expressed not only in the CNS but also in the gastrointestinal tract
(Barnes and Sharp, 1999). These receptors are located extrasynaptically and have mainly
modulatory roles. In addition, we find also auto-receptors and serotonin transporters (5-
HTT or SERTS), responsible for the reuptake of serotonin to the presynaptic membrane
(Fuller and Wong, 1990). I will focus on the 5-HTT, which is important for the development

of this thesis (figure 6).

3.2.1.4.1. 5-HT transporter

This serotonin transporter (5-HTT) is located in the presynaptic membrane, and it is
responsible for the reuptake of serotonin from the synaptic cleft. 5-HTTs are the prime
target of the Selective Serotonin Reuptake Inhibitors (SSRIs), which nowadays are the most
commonly prescribed antidepressants (figure 6; Isacsson et al, 2005; Lindsley, 2012).
Particularly, fluoxetine (Prozac, Lilly) has been used in the occidental societies to treat
anxiety and depression in all the stages of life (Byatt et al, 2013; Ifiiguez et al, 2014). Despite
the extensive use of these drugs, very little is known about their long-term effects on the
function and structure of synaptic circuits. There are also studies suggesting that fluoxetine
may act by recapitulating the structural plasticity that is normally seen during
development. Therefore, it is thought that this antidepressant may act by promoting a
“dematuration” in certain regions of the adult brain, such as the hippocampus (Kobayashi
et al, 2010). Research in the visual cortex has, in fact, demonstrated that the plasticity
induced by fluoxetine is similar to that observed during critical periods, when the activity-
dependent neuronal wiring of this cortical region is established (Vetencourt et al, 2008).
In addition, a chronic treatment with fluoxetine produces an increase of the spine density

of pyramidal neurons in the somatosensory cortex (Guirado et al, 2009). However,



although this drug has been shown to alter GABAergic neurotransmission in the
hippocampus (Mendez et al, 2012), there are no studies regarding its effect on the structure
of interneurons. Therefore, one of the aims of this thesis will be to properly characterize
the effect of a chronic treatment with fluoxetine on inhibitory circuits and the structure of

SOM-expressing interneurons.

3.2.2. Plasticity modulation by neurotrophins
3.2.2.1. Brain-derived neurotrophic factor

BDNF was the second neurotrophin ever discovered (Barde et al, 1982), only preceded
by the neural growth factor (Levi-Montalcini and Hamburger, 1951). Since then, multiple
researchers have shown that it has an important role in neurodevelopment and neural
plasticity. As a matter of fact, it promotes the survival and growth of neurons in the
neocortex and the hippocampus (Horch and Katz, 2002; McAllister et al, 1997; Murphy et
al, 1998; Tolwani et al, 2002). It also regulates the correct functional maturation of the
neocortex, where, for example, blockade of BDNF signalling prevents the formation of
ocular dominance columns in the visual cortex (Cabelli et al, 1997). BDNF has also
important roles in the regulation of synaptic transmission: It appears to promote long term
potentiation (LTP) in the excitatory circuits of the neocortex, hippocampus and amygdala
(Escobar et al, 2003; Kang et al, 1997; Meis et al, 2012). Regarding structural plasticity, it
is known that BDNF causes an increase in the spine density of CA1 pyramidal neurons in
organotypic cultures (Tyler and Pozzo-Miller, 2003), as well as an increase in the
complexity of the dendritic arbor of pyramidal neurons in the developing visual cortex

(McAllister et al, 1995).

All these effects are triggered by the activation of the BDNF receptor, the tropomyosin
receptor kinase B (TrkB, figure 8). This receptor is present in several neuronal populations,
including pyramidal neurons and interneurons (Gonzalez et al, 2016; Gorba and Wabhle,
1999). Once activated, TrkB undergoes autophosphorylation and binds to proteins
responsible for the activation of several signalling cascades, including the PI3K-pathway.
This pathway is in charge of activating mTOR-signalling (Gonzalez et al, 2016; Yoshii and

Constantine-Paton, 2010), an integrative pathway for general processes such as protein
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synthesis and cellular proliferation (Morita et al, 2015) or more specific processes in the
CNS, like neural development, circuit formation or synaptic plasticity (Lipton and Sahin,
2014). Regarding the latter process, truncated TrkB has been shown to alter the growth of
the dendritic arbor of pyramidal neurons in visual cortex organotypic cultures of ferrets

(Yacoubian and Lo, 2000).

The activation or inhibition of this receptor has been broadly used to understand its
role in different neural processes. Different antagonists of TrkB impair memory retrieval
or learning in the hippocampus after an inhibitory avoidance paradigm (Blank et al, 2016)
and decrease spine density in hippocampal pyramidal neurons of CA1 in a model of
depression (Zhang et al, 2015). In this regard, cyclotraxin B, a potent inhibitor of TrkB that
has recently been discovered (Cazorla et al, 2010), has already been used to prevent

neuropathic pain (Constandil et al, 2012; Thibault et al, 2014).

Another interesting drug regarding BDNF signalling is 7,8-dihydroxyflavone (DHF),
a potent TrkB agonist. This drug is very promising for clinical applications, since it is orally
active and can bypass the blood-brain barrier, a common problem for most compounds
intended to reach the CNS (figure 8; Du and Hill, 2015). This drug appears to be
therapeutically effective against several neurological diseases, such as Parkinson’s disease
(Jang et al, 2010), amyotrophic lateral sclerosis (Korkmaz et al, 2014) or Alzheimer’s
disease (AD; Castello et al, 2014; Zhang et al, 2014). There are evidences that this drug can
alter the structure of pyramidal neurons in different paradigms. Regarding this, DHF
affects the spine density of hippocampal pyramidal neurons in a rodent model of AD
(Castello et al, 2014). This drug also augments the spine density of pyramidal neurons of
the hippocampal CA3 and dentate gyrus in a model of depression in mice (Zhang et al,
2015). Interestingly, DHF has also been shown to increase the dendritic spine density of
pyramidal neurons in the amygdala, hippocampus and prefrontal cortex of old rats, making
it similar to that present in youngsters (Zeng et al, 2012a). However, to date there is no
information on how DHF may be altering the structural dynamics of healthy animals, i.e.
the study in real time of the addition or elimination of dendritic spines or axonal boutons

in the same segment. Hence, one of the aims of this thesis will be the longitudinal study of



pyramidal neurons during a chronic treatment with DHF to understand how TrkB

regulation through this drug affects structural dynamics.

Blood-brain barrier

Figure 8: Molecular cascades dependent on TrkB activation and crossing of the blood-brain barrier by
DHF. BDNF: brain-derived neurotrophic factor. TrkB: tropomyosin receptor kinase B. DHF: 7,8-
dihydroxyflavone. PLC-y: phospholipase C-y cascade. MAPK: mitogen-activated protein kinase cascade. PI3K:
phosphatidylinositol 3-kinase cascade. mTOR: mammalian target of rapamycin. Inspired by (Du and Hill,
2015).

3.2.3. Involvement of plasticity-related molecules on neuronal structural
remodelling

3.2.3.1. PSA-NCAM

The polysialylated form of the neural cell adhesion molecule (PSA-NCAM) is widely
expressed during neurodevelopment, when, because of its antiadhesive properties
(Rutishauser, 1996), it is thought to facilitate neuronal migration, neurite extension, as
well as dendritic and synaptic remodelling (figure 9A; Bonfanti 2006; Rutishauser 2008).
Its expression becomes much more restricted during adult life, but PSA-NCAM is still
expressed by different populations of interneurons in the adult neocortex (Varea et al,
2005), hippocampus (Gomez-Climent et al, 2011; Nacher et al, 2002a) and amygdala
(Nacher et al, 2002b), including both PV and SOM-expressing interneurons (Gomez-

Climent et al, 2011). Furthermore, different recent studies have shown that PSA-NCAM
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expression is able to modulate the structural plasticity of these inhibitory neurons (Nacher

et al, 2013).

Interestingly, PSA depletion from the NCAM using the enzyme Endoneuraminidase-N
(EndoN) alters the spine density of pyramidal neurons and dendrite-targeting SOM-
expressing interneurons. Specifically, the spine density of prefrontocortical pyramidal
neurons is reduced after the treatment in adult animals (Castillo-Gomez et al, 2016b),
whereas SOM-expressing interneurons from PFC-organotypic cultures only decrease their
spine density in the distal dendritic segment after PSA depletion (Castillo-Gémez et al,
2016a). In the hippocampus, an interesting phenomenon has been described: The dendritic
spine density of dendrite-targeting, SOM-expressing, interneurons increases two days
after the intracranial injection of EndoN, but it is decreased seven days after the injection
(Guirado et al, 2014), suggesting a compensatory response of the hippocampal
microcircuitry. The dynamics of these spines have been also analysed in entorhino-
hippocampal organotypic slices. In these cultures, the appearance rate of these spines is
significantly increased 24 hours after the PSA depletion, as well as their relative density
(Guirado et al, 2014). These effects of PSA on neuronal structure may be due to its
antiadhesive properties, which facilitate neuronal and synaptic remodelling or the partial
isolation of neuronal elements (figure 9A; see Nacher et al, 2012 for review). Furthermore,
PSA depletion also increases the perisomatic GABAergic innervation on prefrontocortical
pyramidal neurons (Castillo-Gomez et al, 2011). On the other hand, a chronic treatment

with fluoxetine (see section 3.2.1.4.1) has been shown to cause an increase in the expression

of PSA-NCAM in the hippocampus and a decrease in the amygdala (Varea et al, 2007b).
Interestingly, this treatment causes an increase in the pyramidal spine density in the
somatosensory cortex (Guirado et al, 2009), suggesting that changes in the inhibitory
circuits expressing PSA-NCAM may underlie the structural changes seen in pyramidal

neurons after fluoxetine treatment.

Furthermore, PSA-NCAM appears to be altered in some neuropsychiatric disorders,
including schizophrenia. Interestingly, the genes of both NCAM and one of the
polysialyltransferases (St8Siall), which add PSA to NCAM (for a review see Hildebrandt et

al, 2008) have been associated with this disease (Arai et al, 2006; Atz et al, 2007; McAuley



et al, 2012; Tao et al, 2007; see section 4.3). Moreover, alterations in the expression of

NCAM and PSA-NCAM have been found in post-mortem studies in patients, including some
on the amygdala (Varea et al, 2012) and the PFC (Gilabert-Juan et al, 2012b), as well as in

the PFC of a double hit model developed in rats (Gilabert-Juan et al, 2013a).
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Figure 9: Plasticity-related molecules. A) Representation of the union of two membranes with homotypic
binding between NCAM molecules and their separation (de-adhesion) with the incorporation of highly
hydrated and negatively charged PSA-NCAM. B) Composition of the PNNs. NCAM: neural cell adhesion
molecule. PSA-NCAM: polysialylated form of the neural cell adhesion molecule. PNNs: perineuronal nets. B
was inspired by (Tsien, 2013).

3.2.3.2. Perineuronal nets

Perineuronal nets (PNNs) are specialized structures of the extracellular matrix that
surround neurons and restrain their connectivity and plasticity. They contain several
molecules, such as chondroitin sulphate proteoglycans, aggrecan or hyalunoran (figure
9B). Although they surround many cell types, they are found preferentially around PV-

expressing interneurons (Nowicka et al, 2009; Ueno et al, 2016; see section 2.2.1). The

apparition of PNNs occurs late in the development and is thought to end critical period
plasticity (Hensch and Bilimoria, 2012; Wang and Fawcett, 2012). Furthermore, PNNs
seem to regulate many forms of plasticity (McRae and Porter, 2012); their specific
degradation in different brain regions induces changes that appear to revert the neuronal
circuitry to an immature stage. For instance, their elimination in the visual cortex restores
the ocular dominance plasticity after a monocular deprivation paradigm (Pizzorusso et al,
2002), whereas in the amygdala, this elimination causes the erasure of previously

conditioned fear memories (Gogolla et al, 2009). In addition, the removal of hyaluronan
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from hippocampal organotypic cultures impairs the establishment of LTP

(Kochlamazashvili et al, 2010).

Interestingly, the ratio of PV-expressing interneurons surrounded by PNNs is altered

in several neuropsychiatric disorders, including schizophrenia (see section 4.3), where

variations in the PFC, amygdala (Berretta et al, 2015; Bitanihirwe et al, 2016; Mauney et al,
2013) and hippocampus (Castillo-Gomez et al, unpublished results) have been found. In
addition, chronic inhibition of the 5-HTT with fluoxetine during fear-conditioning and
extinction paradigms, causes a decrease in the number of PV-expressing interneurons
surrounded by PNNs in the BLA nucleus of the amygdala and the hippocampal CA1, along

with the proper erasure of conditioned fear memories (Karpova et al, 2011).

4. NEUROPSYCHIATRIC DISORDERS
4.1. Anxiety-related disorders

This classification comprises a group of diseases characterized by the common
occurrence of anxiety and fear. Many events in life can have an anxiogenic component due
to their stressful nature. This induces a marked release of corticosteroids that alters neural
processes (Korte, 2001; Ottenweller, 2007; Russo et al, 2013). Although peaks of anxiety
are necessary for the survival of the species, due to the fight-or-flight response, a sustained
anxiety during a long period of time can lead to severe neurologic problems (Arnsten, 2015;
Bauer, 2008; Brady and Sinha, 2005). As a matter of fact, chronic stress is used to model
some neuropsychiatric disorders, such as major depression or some endophenotypes of
schizophrenia (Arnsten, 2015; Bauer, 2008; Fone and Porkess, 2008; Negron-Oyarzo et al,
2016; Pollak et al, 2010; Slattery and Cryan, 2017). Importantly, stress can cause alterations
in the structure of the CNS and, inversely, we can obtain a behavioural readout of this
structural plasticity by studying anxiety-related behaviours. For instance, in rodents,
anxiety can always be detected by hyperlocomotion and thigmotaxis; two parameters that
can be easily assessed in behavioural tests, such as the hole-board or the open field
apparatus. On the contrary, chronic stress produces dendritic atrophy and a decrease in

the spine density of pyramidal neurons of the PFC (Cook and Wellman, 2004; Radley et al,



2004) and the hippocampus (Sousa et al, 2000; Watanabe et al, 1992). However, chronic
exposure to this aversive experience also produces the hypertrophy of pyramidal neurons
in the amygdala (Vyas et al, 2002, 2003). Interestingly, the directions of these changes are
opposite when the arborization of dendrite-targeting, SOM-expressing, interneurons is

studied (see section 2.2.5): An increase can be seen in the PFC (Gilabert-Juan et al, 2013b),

whereas a reduction has been reported in the amygdala (Gilabert-Juan et al, 2011).

4.2. Major depressive disorder

It is the most prevalent psychiatric disorder, characterized by an increased appearance
of sadness, changes in sleep cycles, decrease in appetite or sexual desire, among others
(Belmaker and Agam, 2008; Otte et al, 2016). As some other neuropsychiatric diseases,
depression is accompanied by alterations in the structure of the CNS. In human patients,
there is a decrease in the spine density of pyramidal neurons in the subiculum
(hippocampal formation, Rosoklija et al, 2000), as well as a reduction in the total number
of synapses of the PFC (Zhao et al, 2012). However, human post-mortem studies are highly
hindered by the poor fixation of the brain, as well as the uncontrolled circumstances that
the subjects intrinsically pose. This is why the development of animal models has been
necessary for the study of neural structural plasticity in major depressive disorder. In fact,
as has been previously described, chronic stress is a valid model of major depressive
disorder: It causes several changes in the structure of both pyramidal neurons and
interneurons of the PFC, hippocampus and amygdala (Cook and Wellman, 2004; Gilabert-
Juan et al, 2011, 2013b; Radley et al, 2004; Sousa et al, 2000; Vyas et al, 2002, 2003;

Watanabe et al, 1992; see sections 2 and 4.1).

The etiopathology of this disease can be partially explained by two non-excluding
hypotheses closely linked to neural plasticity: The “monoamine-deficiency” and the
“neurotrophic” hypotheses. The first one postulates that lower levels of monoamines, such
as serotonin, are responsible (Iversen, 2008; Tran et al, 2003). This fact would explain
why the 5-HTT inhibitors (SSRIs), such as fluoxetine, have been such a great success in

treating major depression through increasing the serotonin availability in the synaptic cleft
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(Krishnan and Nestler, 2008). On the other hand, the “neurotrophic” hypothesis suggests
that neurotrophins, specifically BDNF, may play an important role in the development of
this disorder (Brunoni et al, 2008; Duman and Monteggia, 2006). This idea comes from
the fact that depressed patients show lower levels of BDNF (Karege et al, 2002, 2005;
Shimizu et al, 2003), whereas the levels in treated patients are higher (Aydemir et al, 2005;
Gervasoni et al, 2005; Shimizu et al, 2003). Studies of BDNF expression on animal models
have also given support to this theory (Nibuya et al, 1995, 1996). However, both hypotheses
have their limitations and do not explain totally the behavioural onset or why not every

patient is susceptible to improve with SSRIs (Krishnan and Nestler, 2008).

4.3. Schizophrenia

Schizophrenia is a complex neuropsychiatric disease affecting behaviour, perception
and cognition (Brunoni et al, 2008; Tandon et al, 2013), in which the PFC, hippocampus
and amygdala are implicated (Bogerts et al, 1993; Casanova, 1997; Harrison, 2004;
Keshavan et al, 1994; Woodruff et al, 2000). These areas are strongly dependent on one
another, since the PFC is innervated directly by the amygdala and by the hippocampus (Jay

and Witter, 1991; Krettek and Price, 1977; see section 1.4.). In fact, the disruption of this

innervation is presumed to be the cause of several neuropsychiatric disorders, including
schizophrenia (Keshavan et al, 1994; Thomases et al, 2014). Moreover, an important tool
to diagnose properly this disease is the assessment of particular behavioural traits
dependent on these areas: Impairments in working memory (Gonzalez-Burgos et al, 2015),
which can be easily analysed in rodents with the hole-board apparatus (Kuc et al, 2006);
and increases in anxiety (Braga et al, 2005; Malcolm et al, 2015), which can be detected as

explained in section 4.1.

Additionally, different lines of evidence point to alterations in neuronal structural
plasticity, especially of the PFC, as important factors in the etiopathology of this disorder,
which may be caused by the improper closure of its critical period. This has already been
shown in animal models (Bitanihirwe et al, 2016; De Luca and Papa, 2016) and in human

patients (Berretta et al, 2015; Mauney et al, 2013). Regarding neuronal structure, several



changes have been already reported in both pyramidal neurons and interneurons of
patients and animal models of this disorder. In fact, the dendritic spine density of
corticofrontal pyramidal neurons is decreased in schizophrenic patients (Glantz and Lewis,
2000; Kolluri et al, 2005), as well as in animal models (Baharnoori et al, 2009; Flores et
al, 2005). Moreover, the study of a rat model has shown that pyramidal neurons of the
hippocampus also display decreased spine density, whereas in the BLa nucleus of the
amygdala this density is increased (Lazcano et al, 2015). Inhibitory circuits are also altered
in schizophrenic patients and animal models of this disease (Lewis et al, 2008). However,

little is known yet on how the structure of interneurons is altered in schizophrenia.
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The main objective of this doctoral thesis is to study the impact of pharmacological
and environmental manipulations on the structure and dynamics of excitatory and
inhibitory neurons in the mouse brain, in an attempt to gain a better understanding of the
plasticity of the adult nervous system and of the neurobiological bases of psychiatric

disorders. In order to achieve this main target, we derive the following specific objectives:

1. To study the role that NMDA receptors play in the structural plasticity and

dynamics of SOM expressing interneurons of the hippocampus.

1.1. To demonstrate the presence of NMDA receptors in these interneurons.

1.2. To study whether the blockade of these receptors with a specific antagonist alters
the structure and dynamics of these interneurons, and whether it influences

anxiety-related behaviours and working memory.

1.3. To study whether the activation of NMDA receptors alters the structural dynamics

of these interneurons.

2. To develop a new mouse model of schizophrenia, which comprises social isolation
stress and perinatal NMDA receptor blockade, and report its effects on the medial

prefrontal cortex and amygdala.

2.1. To study in this model the structural plasticity of pyramidal neurons and

interneurons.

2.2. To study in this model the excitatory and inhibitory neurotransmission.

2.3. To study in this model the expression of plasticity-related molecules.

3. To analyse whether the chronic treatment with the antidepressant fluoxetine

affects the plasticity of the hippocampus and the medial prefrontal cortex.

3.1. To study whether this treatment alters the structure of interneurons.
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3.2. To study whether this treatment alters the expression of plasticity-related

molecules.

3.3. To study whether this treatment alters the excitatory and inhibitory

neurotransmission.

To study in vivo, using cranial windows and 2-photon microscopy, the effects of
a chronic treatment with the TrkB agonist 7,8-dihydroxyflavone on the dynamics

of pyramidal neurons in the barrel cortex.

4.1. To study the dynamics and volume of pyramidal dendritic spines prior and during

this treatment.

4.2. To study the dynamics of axonal boutons prior and during this treatment.

4.3. To study how this treatment influences object-recognition behaviour and how this

behaviour is correlated to the structural dynamics of pyramidal neurons.
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N-methyl-D-aspartate receptors (NMDARs) are present in both pyramidal neurons
and interneurons of the hippocampus. These receptors play an important role in the
adult structural plasticity of excitatory neurons, but their impact on the remodeling of
interneurons is unknown. Among hippocampal interneurons, somatostatin-expressing
cells located in the stratum oriens are of special interest because of their functional
importance and structural characteristics: they display dendritic spines, which change
density in response to different stimuli. In order to understand the role of NMDARs on the
structural plasticity of these interneurons, we have injected acutely MK-801, an NMDAR
antagonist, to adult mice which constitutively express enhanced green fluorescent
protein (EGFP) in these cells. We have behaviorally tested the animals, confirming effects
of the drug on locomotion and anxiety-related behaviors. NMDARs were expressed in
the somata and dendritic spines of somatostatin-expressing interneurons. Twenty-four
hours after the injection, the density of spines did not vary, but we found a significant
increase in the density of their en passant boutons (EPB). We have also used entorhino-
hippocampal organotypic cultures to study these interneurons in real-time. There
was a rapid decrease in the apparition rate of spines after MK-801 administration,
which persisted for 24 h and returned to basal levels afterwards. A similar reversible
decrease was detected in spine density. Our results show that both spines and axons
of interneurons can undergo remodeling and highlight NMDARs as regulators of this
plasticity. These results are specially relevant given the importance of all these players
on hippocampal physiology and the etiopathology of certain psychiatric disorders.

Keywords: NMDAR, spine dynamics, interneurons, organotypic cultures, MK-801, axonal boutons

INTRODUCTION

The study of changes in the morphology of neurons is important for understanding
neural activity. In fact, changes in the dendritic arbor or the number of dendritic spines
and axonal boutons, allow neurons to modify the strength of their synaptic input and
output and to adapt to changing environments (for a review see Whitt et al, 2014).
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Dendritic spines are membranous protrusions, which can
establish excitatory or inhibitory synapses through different
neurotransmitter receptors. Although they were thought to be
a distinctive feature of principal neurons, different studies have
shown that some interneuronal subpopulations also display
these postsynaptic specializations (Freund and Buzsaki, 1996).
In interneurons, however, the structure of the spines is slightly
different: they lack the spine apparatus found in pyramidal
neurons, several synapses are established per spine (in contrast
with the one or two found in pyramidal neuron spines) and
they are usually less numerous (Gulyas et al,, 1992; Acsady
et al,, 1998). On the other hand, boutons are axonal thickenings,
which contain and release the synaptic vesicles. Because of
their roles as postsynaptic and presynaptic elements, spines
and boutons have been found to be proper markers for
neuronal input and output; therefore, increases in spine and
axonal bouton density have been correlated to increases in
neuronal activity (Engert and Bonhoeffer, 1999; Becker et al.,
2008).

Excitatory neurons experience structural remodeling under
different conditions, involving changes in the length and
complexity of dendritic arbors, and in the density or morphology
of their spines (Fu and Zuo, 2011) and axonal boutons (Florence
et al., 1998; Colicos et al., 2001; Nikonenko et al., 2003).
This has been shown in different conditions and disorders,
including chronic stress and depression (McEwen, 1999; Qiao
et al., 2016), obesity (Dingess et al., 2016), neurodevelopmental
disorders (Glausier and Lewis, 2013; Flores et al., 2016) and
after different pharmacological manipulations (Guirado et al.,
2009; Yang et al, 2015; Castillo-Gémez et al., 2016b). By
contrast, studies on the effects on interneuron morphology
are scarcer, despite the important role of inhibitory networks
in central nervous system physiology (Nacher et al, 2013).
Most of these studies on interneuron plasticity are focused
on basket interneurons and few have explored structural
changes on dendrite-targeting interneurons, such as those
expressing somatostatin. These interneurons are essential for the
maturation of deep cortical circuits (Tuncdemir et al., 2016)
and are important players in other stages of neurodevelopment,
brain pathology and neuronal plasticity (for a review see
Liguz-Lecznar et al, 2016). Only some recent studies have
shown that these interneurons are able to undergo dendritic
remodeling after chronic stress (Gilabert-Juan et al., 2011),
antidepressant treatment (Guirado et al., 2014b), streptozotocin-
diabetic challenge (Castillo-Gémez et al., 2015) or the depletion
of plasticity related molecules (Guirado et al., 2014a; Castillo-
Gomez et al., 2016a).

However, most of these structural analyses, as the majority
of those in other interneuronal subtypes, have been performed
on fixed tissue. Data acquired with this experimental approach
is based on population analysis and does not allow for the
longitudinal study of individual spines or boutons. Using such
methods, neither transient nor homeostatic changes can be
detected, i.e., changes that only alter the composition of synapses
and leave the total number of spines or dendritic length
intact. Structurally, these changes in network configurations
are represented by the addition of one spine on one site,

compensated by the pruning on another. The emergence of
2-photon microscopy and the chronic implantation of cranial
windows have allowed for longitudinal analysis of individual
elements of the neocortex after sensory deprivation, which have
shown structural remodeling of excitatory (Hofer et al., 2009;
Holtmaat and Svoboda, 2009; Cane et al., 2014), and inhibitory
microcircuits (Chen et al., 2011a,b, 2012; Keck et al., 2011; van
Versendaal et al., 2012; Chen and Nedivi, 2013). However, this
technique is limited by the position of the cranial window and
can only be used chronically, without brain damage, on studies of
the neocortex. This inconvenience hinders the longitudinal study
of the hippocampus, an important structure interconnected
with the neocortex and responsible for spatial memory. The
use of entorhino-hippocampal organotypic cultures, with their
intrinsic limitations, helps to solve this problem and allows
us to follow elements from a hippocampal neuron throughout
an entire experiment. These cultures have been broadly used
as an in vitro model of the rodent hippocampus (Stoppini
et al, 1991), allowing the study of structural changes in real-
time.

N-methyl-D-aspartate receptors (NMDARs) are a subtype
of ionotropic glutamate receptors, expressed widely in both
pyramidal neurons and interneurons (Collingridge et al., 1983;
Nyiri et al., 2003; Alvarez et al., 2007; Oren et al., 2009).
They play a key role in several events of central nervous
system development, such as neuronal birth and migration
(Komuro and Rakic, 1993). Antagonists to these glutamate
receptors, such as MK-801, are known to interfere with
the targeting and pruning of axons and the regulation of
synaptogenesis during development (Cline and Constantine-
Paton, 1990; Shatz, 1990; Butler et al, 1998). NMDAR
antagonists also induce axonal sprouting during adulthood
(Sutula et al., 1996; McKinney et al., 1999b) and are able to
modulate some processes related to learning, such as LTP (Bailey
et al.,, 1996). The blockade of these receptors does not appear
to produce effects on the dendritic spine density of pyramidal
neurons, neither in vivo (Woolley and McEwen, 1994) nor
in vitro (McKinney et al,, 1999b). However, this latter study
showed the apparition of filopodia-like processes after chronic
treatment with MK-801, resembling those in the developing
hippocampus. Interestingly, NMDAR blockade with MK-801
increases the motility of dendritic spines of pyramidal neurons
in hippocampal organotypic cultures (Alvarez et al, 2007).
Regarding interneurons, little is known about the expression of
NMDARs in these cells or about how the hypofunction of these
receptors may affect their structure or physiology. Some studies
in the prefrontal cortex have shown that MK-801 administration
impairs the functional maturation of perisomatic inhibitory
circuits expressing parvalbumin (Thomases et al, 2013) and
affects differentially the physiology of these interneurons and
pyramidal neurons (Wang and Gao, 2012). However, it is
still unknown how this blockade may affect dendrite-targeting
interneurons, such as those expressing somatostatin in the
hippocampus. There are certain cell populations located in the
stratum oriens sharing these characteristics, which are essential
for the physiology of this region (Freund and Gulyas, 1997;
Miiller and Remy, 2014) and are known to present dynamic
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dendritic spines (Guirado et al., 2014a). Two of the most studied
of these populations are the oriens-lacunosum moleculare
(O-LM), and the hippocampo-septal (HS), interneurons (Jinno
and Kosaka, 2002; Gulyas et al., 2003). The former are named
after their microcircuitry: they receive their inputs in the stratum
oriens from pyramidal neurons of the stratum pyramidale
and reciprocally inhibit these cells and other interneurons,
establishing these synapses in the stratum lacunosum moleculare
(Miller and Remy, 2014). These cells are essential for the
correct functioning of the hippocampus. In fact, they appear
to mediate theta oscillations (Katona et al., 2014) and have
been postulated to be essential for the establishment of spatial
context-fear conditioning (Lovett-Barron et al., 2014; Miiller and
Remy, 2014).

In the present study, we aim to understand the impact
of NMDAR manipulation on the structure and dynamics of
somatostatin-expressing interneurons in the CA1 stratum oriens.
In order to achieve our goal, we have used a transgenic mice
strain in which these interneurons are constitutively labeled
with enhanced green fluorescent protein (EGFP), which allows
us to study their entire morphology (Oliva et al., 2000). After
demonstrating the presence of NMDARs on these interneurons
and their dendritic spines, we have acutely treated adult mice
with the NMDAR antagonist MK-801 and have studied its
effects on the structural remodeling of their dendritic spines and
axonal en passant boutons (EPB). To have a behavioral readout
of the efficacy of the treatment, we have measured locomotor
activity, anxiety-related behavior and working memory. Finally,
in order to study whether NMDAR manipulation modified
spine dynamics in these cells, we have acutely blocked these
receptors with MK-801 in entorhino-hippocampal organotypic
cultures and have observed morphological changes in real-
time.

MATERIALS AND METHODS

Animals and Treatment

For both in wvivo and in vitro experiments we used
the EGFP-expressing  inhibitory =~ neurons (GIN),
Tg(GadGFP)45704Swn  mice (Jackson laboratories, Bar

Harbor, ME, USA). They constitutively express the EGFP
in a subpopulation of somatostatin expressing interneurons
(Oliva et al., 2000).

For the experiment analyzing in vivo fixed tissue, we used
3-month-old male mice (n = 18). The MK-801 treatment
(1 mg/kg) consisted of a single intraperitoneal injection and the
perfusion was performed 24 h afterwards (Figure 1A1).

For the real-time analysis in vitro, 14 GIN pups (P7) were used
to prepare the hippocampal-entorhinal organotypic cultures
(Stoppini et al., 1991). MK-801 (10 pM in culture media)
was administered after the second imaging session during 1 h
(Figure 1A2).

All the animals were maintained in standard conditions
of light (12 h cycles) and temperature, without restrictions
of food and water. All animal experimentation was
conducted in accordance with the Directive 2010/63/EU

of the European Parliament and of the Council of
22 September 2010 on the protection of animals used for
scientific purposes and was approved by the Committee on
Bioethics of the Universitat de Valéncia. Every effort was
made to minimize the number of animals used and their
suffering.

Behavioral Analysis

Prior to their sacrifice, every adult GIN mouse was tested in the
hole-board apparatus (ANY-maze video tracking system v4.98;
Stoelting Europe, Ireland) to automatically analyze locomotor
activity and anxiety-related behavior (Castilla-Ortega et al.,
2010; Torres-Garcia et al., 2012).The hole-board test measures
exploration and can also be used as an initial basic screen for
working memory (Karl et al., 2008). The open-field chamber
(40 x 40 cm) was fitted with a hole-board floor insert for
mice (16 holes, diameter = 2.8 cm). Testing of the mice
took place between 1 h and 2 h after the onset of the dark
phase (illumination at floor level <2 Ix). Each mouse was
placed in the center of the arena and was left to explore
the environment for 7 min (test session). The video tracking
system and the infrared photobeams provided automated
measures of the: (a) total distance traveled, mean speed and
immobility episodes (to study locomotor activity); (b) head
dips, for the study of working memory (working memory
ratio = number of head dips into novel holes/total number
of head dips; Karl et al, 2008); and (c) number of entries,
latency for the first entry, distance traveled and mean speed
in the periphery of the arena, for the measure of anxiety and
thigmotaxis (a valid index of anxiety in mice; Simon et al,
1994). The periphery zone of the area was defined as the
area located between 0 cm and 10 cm from the walls of the
apparatus.

Histological Procedures

For the fixed tissue experiment, adult mice were perfused
transcardially under deep pentobarbital anesthesia, with NaCl
0.9% and then 4% paraformaldehyde in phosphate buffer 0.1 M,
pH 7.4 (PB). Brains were then cut with a vibratome (Leica VT
1000E, Germany) in 100 pm-thick coronal sections for the study
of interneuron morphology.

Nine additional adult GIN mice were transcardially perfused
for the analyses of protein expression in EGFP+ interneurons
(GluN1 subunit of NMDAR), or the identification of HS cells
(retrograde tracing from the medial septal nucleus). The brains
were then extracted and cut in 50 wm thick coronal sections to
perform immunohistochemical analyses.

Analysis of Hippocampo-Septal

Interneurons

In order to know whether some of the EGFP+ interneurons
of the stratum oriens were projecting HS cells, we performed
intracranial injections of a retrograde tracer in the medial
septal nucleus of three GIN mice. Mice were anesthetized
with a mixture of ketamine (50 mg/kg; Imalgene, Merial)
and medetomidine (1 mg/kg; Sedator, Dechra). Carprofen
(5 mg/kg; Rimadyl, Pfizer) was also injected intraperitoneally to
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avoid inflammation and a subcutaneous injection of butorfanol
(5 mg/kg; Torbugesic, Pfizer) was administered to avoid any
suffering during and after the surgery. The animals were
then injected with 2% Fluorogold (Molecular Probes, Thermo
Fisher Scientific, Inc., Waltham, MA, USA) in the right medial
septal nucleus using a stereotaxic apparatus and borosilicate
glass capillaries (World Precision Instruments, Sarasota, FL,
USA; tip length >10 mm, tip thickness <50 pm). The
coordinates for the injection were 0.86 mm anterior from
Bregma, 0.05 mm lateral from the midline, and a 3.0, 3.5 and
4.1 mm below the pial surface, according to the adult mouse
atlas (Paxinos and Franklin, 2013). After 3 days, all the animals
were transcardially perfused and the brains processed for
histology.

In order to image the EGFP + HS interneurons in the stratum
oriens of CAl, we used a laser scanning confocal microscope
(Olympus FV10, Japan) with a 10x objective and a 2x digital
zoom. We counted 100 EGFP+ interneurons and calculated the
ratio of colocalization with fluorogold.

Analysis of GIuN1 Expression
Sections from three non-treated animals were processed
free-floating for fluorescence immunohistochemistry against
the GluN1 subunit of the NMDA receptor. The fluorescence
immunohistochemistry protocol was slightly modified in order
to unmask the epitope. First, the sections were incubated at 70°C
for 1 hin 0.1 M PBS and then incubated in 2 M HCI for 30 min
at room temperature, as described previously by our laboratory
(Néacher et al, 2007). The protocol followed as previously
explained. Sections were incubated for 48 h at 4°C with rabbit
anti-GluN1 (1:100, Millipore, USA). After rinsing with PBS,
sections were incubated for 2 h at room temperature with
donkey anti-rabbit A647 (1:400, Abcam, UK). Finally, sections
were rinsed in PB 0.1 M, mounted on slides and coverslipped
using fluorescence mounting medium (Dako, Germany). NDS,
primary and secondary antibodies were diluted in PBS—0.2%
Triton-X100.

Images were taken with a laser scanning confocal microscope
using a 63x oil immersion objective with an additional
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5x digital zoom for the analysis of GluNI1 expression in
somata and dendritic spines. Controls were performed
omitting the anti-GluN1 antibody or incubating with this
antibody pre-absorbed overnight with an excess of its immuno-
genic peptide (LQNQKDTVLPRRAIEREEGQLQLCSRHRES,
Chemicon). No immunolabeling was observed in either
control.

Analysis of the Density of Dendritic Spines

and Axonal En Passant Boutons

The structural parameters of the GAD-EGFP+ interneurons
were studied using a laser scanning confocal microscope (Leica
TCS SPE, Germany), as described before (Gomez-Climent et al.,
2011). Since our targets were the spiny interneurons located
in the stratum oriens, we analyzed the dendrites arising from
somata located in this stratum and the plexus of EGFP+
axons present in the stratum lacunosum-moleculare of the
CAl region.

For the spine density analysis, a 63x oil immersion
objective and 3.5x digital zoom was used to image the different
dendritic sections. Dendrites from EGFP interneurons were
chosen at random, but they had to meet different criteria to
be included in the study: (1) they should measure at least
150 or 200 wm from the soma; and (2) no other dendrites should
be found crossing their trajectory. The data were expressed as
the total number of spines in the proximal (0-50 pwm), medial
(50-100 pm) and distal (100-150 pum) segments from the soma.
A total of six neurons were analyzed per animal.

For the density of EPB, we used a 63x oil immersion objective
with a 2.5x digital zoom. Six axonal segments, measuring at
least 10 pm, were chosen randomly per animal. In order to
rigorously score the EPB and to avoid an overestimation, the
axonal varicosities were only considered when they fulfilled three
criteria: (1) they should be at least two times brighter than the
axonal backbone; (2) they should be two times wider than the
axonal backbone; and (3) they should not have any crossings
from other axons nearby.

In order to analyze the functionality of EGFP + EPB,
we studied the presence of gephyrin-expressing puncta
(GEPH) in juxtaposition with these presynaptic structures.
We performed a double fluorescence immunohistochemistry
against gephyrin and EGFP in all the experimental animals. The
immunohistochemical protocol is similar to those described
above. In order to label gephyrin and to enhance the EGFP signal,
we incubated all the sections with chicken anti-GFP (1:2000,
Abcam, UK) and mouse anti-gephyrin (1:700, Synaptic Systems,
Germany) primary antibodies for 48 h at 4°C. After rinsing
with PBS, the sections were incubated with donkey anti-chicken
CF488 (1:1000, Sigma, Germany) and donkey anti-mouse IgG
A555 (1:400, Thermo Fisher Scientific, UK) for 2 h at room
temperature. Sections were then rinsed with PB 0.1 M, mounted
on slides and coverslipped using fluorescence mounting medium
(Dako, Germany). Sera, primary and secondary antibodies
were diluted in PBS—0.2% Triton-X100. All the images were
taken with a laser scanning confocal microscope (Leica TCS
SPE, Germany), with a 63x oil immersion objective and a 2x
additional digital zoom. Six axons in the stratum lacunosum

moleculare were analyzed per animal, following the same
criteria described above for axon selection and EPB scoring.
Only GEPH in juxtaposition with the EPB were counted, in
order to calculate the ratio of EPB containing this synaptic
marker.

Organotypic Cultures and Real-Time

Analysis

Hippocampal slices (400 pum-thick) were obtained with a tissue
chopper, following the protocol described by Stoppini et al.
(1991). The brain was freshly extracted from P7 mice and
the hippocampus dissected along with the entorhinal cortex in
order to preserve the perforant pathway. Media was changed
three times per week and the cultures remained 13 days in vitro
(13DIV) until the confocal imaging started.

For the real-time analysis of organotypic cultures, short
imaging sessions (10-15 min) were carried out with a 40x water
immersion objective. An additional 10x digital zoom was used
to analyze dendritic segments of about 35 pm in length, located
between 100 pm and 150 pwm from the soma (Z step size of
0.8 wm). Laser intensity was kept at the minimum allowing
observation, and acquisition conditions maintained unchanged
over the different days of observation. Control experiments
showed that this procedure did not produce any deleterious
effect on cell viability, such as cell death or dendritic beadings.
One dendrite was analyzed per organotypic culture slice, and 16
slices from six different animals were analyzed. All the somata
of the interneurons analyzed were located in the stratum oriens
of CAl region. The imaging took place at five different time
points referenced to the beginning of the treatment: —24 h, 0 h,
5 h, 24 h and 48 h, starting on DIV 13. MK-801 was added
to the media after the second imaging session (0 h) for 1 h,
and then again substituted by normal culture media. The rapid
effect was registered after 4 h (5 h), 24 h (24 h) and 48 h
(48 h).

Statistics

After checking the normality and homoscedasticity of
the data, we used a t-test to compare control and experimental
groups. When comparing the morphological analysis in
adult animals, we used an unpaired t-test. In the real-time
longitudinal analysis, when comparing the same neuron at
different time points, we used a paired t-test, whereas when
comparing the external control (cultures receiving vehicle) to
the experimental slices we used an unpaired t-test. In every case
a was set to 0.05 and the animal or the slice was considered as

« »

the “n”.

RESULTS

Increased Locomotion and
Anxiety-Related Behavior on MK-801
Treated Animals

Twenty-four hours after MK-801 treatment (1 mg/kg, one i.p
injection), mice showed significant alterations in locomotor
activity and anxiety-related behavior when tested in the
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hole-board apparatus (Figures 1B,C): increased distance traveled

(unpaired t-test; t(12y = —2.515, p = 0.040), increased mean
speed (unpaired t-tests; f(12y = —2.600, p = 0.035), increased
number of line crossings (unpaired t-test; f(;2) = —3.624,

p = 0.003), and a decreased latency to the first exit from the
center zone to the periphery (unpaired t-test; f(;2) = 2.321,
p = 0.043). A trend towards an increase in the mean speed
in the periphery (unpaired t-test; t(12) = —2.027, p = 0.079)
and a trend towards a decrease in the number of immobility
episodes (unpaired t-test; f(;5) = 2.129, p = 0.061) could
also be observed. However, working memory was not affected
by the treatment (unpaired t-test; t2) = 1.739, p = 0.118;
Figure 1C).

Some Somatostatin Expressing
Interneurons in the Stratum Oriens Project
to the Medial Septal Nucleus

In order to know the proportion of HS cells in the stratum oriens
of GIN mice, a retrograde tracer was injected in the medial septal
nucleus. This assay revealed that at least a 6.5% of EGFP+ cells
were projecting to this region (Figure 2). These results indicate
that, although the majority of EGFP+ interneurons in the stratum
oriens of the CA1 region of GIN mice can be considered O-LM
cells, some HS have also their somata among these fluorescent
interneurons.

Somatostatin Interneurons Coexpress
NMDA Receptors on their Somata and on
the Head of their Dendritic Spines

Immunohistochemistry against GluN1, the obligatory subunit
of the NMDAR, showed wide expression in somatostatin-
expressing interneurons throughout the hippocampus, as
previously described (Nyiri et al., 2003). Specifically, in the
somatostatin-expressing interneurons of the stratum oriens it
was expressed on the surface of their somata (Figure 3A).
Immunoreactive puncta were also found associated to the head
of their dendritic spines (Figure 3B). Only one punctum, when
present, appeared per spine.

MK-801 Treatment Increases the Density
of En Passant Boutons from Hippocampal
Somatostatin-Expressing Interneurons,
whereas the Density of their Dendritic

Spines Remains Unaltered

We studied the densities of dendritic spines and EPB of
somatostatin-expressing interneurons in the stratum oriens
of CAl (Figure 4A), 1 day after an intraperitoneal injection
of the MK-801. When analyzing the different segments of
the dendrite (proximal, medial and distal from the soma),
we did not observe any significant difference in dendritic
spine density between control and MK-801-treated animals
(unpaired t-tests; proximal: fg) = —0.338, p = 0.744; medial:
te) = —0.736, p = 0.483; distal: tg = —0.015, p = 0.988;
Figures 4B1,B2,El). Likewise, there were no differences
between groups when comparing the total density of

dendritic spines throughout the dendrite (unpaired t-test;
tg) = —0.531, p = 0.610; Figure 3E2). However, in the stratum
lacunosum moleculare, the axonal projection field of O-LM
interneurons, the linear density of EPB was significantly
increased in MK-801-treated animals (unpaired t-test;
t@ = —2.220, p = 0.046; Figures 4C1,C2,F). Interestingly,
the ratio of GEPH in juxtaposition with EPB did not vary
between groups. Every EPB analyzed had an associated GEPH
(Figure 4D).

Real-Time Analysis of the Dendritic Spines
of EGFP-Expressing Interneurons Reveals
a Rapid Decrease on the Appearance Rate
and the Dynamic Events after MK-801

Administration

Real-time analysis was performed in control conditions and after
the acute addition of MK-801 (1 h in the culture medium;
Figures 5A,A"). In control conditions, we found no alterations
in the appearance, the disappearance and the stability rates, or
in the rate of dynamic events. However, 24 h after the infusion
of MK-801 (0-24 h), the appearance rate of new spines was
significantly reduced from 46% under control conditions to a
14% of the total of pre-existing spines in treated cultures. This
decrease in the appearance rate was significant when compared
to both the baseline (—24 h to 0 h, paired t-test, t5) = 3.492,
p =0.017) and the external control (unpaired ¢-test, ¢, = 3.338,
p = 0.010, Figures 5B,C). The stability and disappearance rates
did not change (unpaired t-tests; stability rate: unpaired t-test
tg = 0.119, p = 0.908; disappearance rate: unpaired t-test,
tg = —0.119; Figures 5B,C). In addition, there was a trend
towards a decrease in the rate of dynamic events 24 h after
the administration of MK-801 (unpaired ¢-test, tg, = 2.189,
p = 0.060; Figures 5B,C).

We also imaged the dendrites 4 h after MK-801
administration (0-5 h), in order to register putative rapid effects
of this compound. In the MK-801 group, we recorded an acute
decrease in the spine apparition rate (unpaired t-test, t(g) = 2.713,
p = 0.027, Figures 5D1,D2,E). Neither the disappearance nor
the stability rates varied 4 h after the treatment (unpaired
t-tests; stability rate: ) = —0.273, p = 0.792; disappearance
rate: tg) = 0.273, p = 0.792; Figures 5D1,D2,E). However, there
was a trend towards a decrease in the rate of dynamic events
in the MK-801 group (unpaired t-test, t(g) = 1.894, p = 0.095,
Figures 5D1,D2,E).

Real-Time Analysis of the Dendritic Spines
of EGFP-Expressing Interneurons Shows a
Decrease on the Relative Spine Density
after MK-801 Administration

When analyzing the relative variation of the spine density
in organotypic cultures, we observed a marked decrease
24 h after the administration of MK-801 when compared
to its group baseline. Just before MK-801 administration,
the dendrites showed 119% of the original density of spines
and statistically did not differ from the control group,
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FIGURE 2 | Characterization of enhanced green fluorescent protein (EGFP)-expressing interneurons in the stratum oriens of CA1. EGFP+ cells (left), fluorogold
retrograde tracing from the medial septal nucleus (middle) and the composite image. Scale bar: 15 pm.
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FIGURE 3 | Immunohistochemistry against the N-methyl-D-aspartate receptor (NMDAR) obligatory subunit GIuN1 in GIN mice. (A) Puncta expressing NMDARs
(arrowheads) in an EGFP labeled soma. (B) Dendritic spine of an EFGP-labeled interneuron. Note the expression of NMDAR on the spine head. Panels on the right

and bottom are orthogonal projections of the middle panel. Scale bar: 2 wm in (A), 0.50 pm in (B).

which showed a 101% (unpaired t-test, tg = —1.202,
p = 0.264, Figures 6A1,A2,B). Nevertheless, 24 h after the
treatment, the relative spine density was decreased to 86%
in the MK-801-treated group (paired t-test, ti) = 4.827,
p = 0.005, Figures 6A1,A2,B), and there was a trend towards
a decrease when compared to the control group in the
same time point (unpaired t-test, tg) = 2.035, p = 0.076;
Figures 6A1,A2,B).

In order to analyze the acute effect of MK-801, we also studied
the relative spine density 4 h after the MK-801 administration.
There were no significant differences when compared to

Frontiers in Cellular Neuroscience | www.frontiersin.org

the control group (unpaired t-test, fsy = 0.150, p = 0.884;
Figure 6C).

DISCUSSION

The NMDARs are among the most studied receptors in the
nervous system, because of their involvement in LTP and several
developmental processes (Butler et al., 1998; McKinney et al.,
1999b; Nacher and McEwen, 2006; Kehoe et al., 2014). These
receptors also play an important role in the activity-dependent
regulation of the morphology of the dendritic spines of excitatory

June 2017 | Volume 11 | Article 166

49



Perez-Rando et al. NMDA Receptors Regulate Interneuronal Structure

-
E1 £ 0 Control
3 -e- MK-801
2
a 02
a
z
2
5 01
°
@
£
o
L X
Proximal Medial Distal
E2 go=
F
H 0.20 _
& o015
2
(]
£
s
°
°
<
a
2]
>
& +,§‘
< «
F *
03
z ——
3
@
a
L]
z
3
4
°
-
@
o
w
o 0.0
& S
& N
o A

Composite

FIGURE 4 | Structural modifications in EGFP-expressing interneurons in the stratum oriens after MK-801 injection. (A) Hippocampus of a GIN mouse. The strata
oriens (O) and lacunosum moleculare (LM) are indicated with dotted lines. (B) Segments of dendrites bearing spines (arrowheads) from a control animal (B1) and a
MK-801-treated mouse (B2). (C) Segments of axons of somatostatin-expressing interneurons in the stratum lacunosum moleculare showing en passant boutons
(EPBs, arrowheads) in control (C1) and MK-801-treated (C2) animals. (D) Axonal segment with three EPB in juxtaposition to gephyrin-expressing puncta (GEPH).
(E1) Graph representing the spine density in the proximal, medial and distal dendritic segment relative to the soma. (E2) Graph representing the spine density in the
total length of the dendrite. (F) Graph showing the density of EPBs in stratum lacunosum moleculare, where a significant increase can be observed in the MK-801

group (all graphs represent mean + SEM., *p < 0.05). Scale bar: 180 pm in (A), 7 um in (B), 5 pmin (C) and 7 pm in (D).

neurons (Nikonenko et al., 2002; Ultanir et al., 2007). However,
despite the abundant presence of NMDARs in interneurons
(Nyiri et al, 2003), little is known about their role on the
structural plasticity of these cells. Interneurons also change their
axonal and dendritic morphology in response to different stimuli
(Chen et al., 2011b; Gilabert-Juan et al.,, 2011; Nacher et al.,
2013). Furthermore, some interneuron populations have spines
in their dendrites and they are dynamic, as the ones present on
pyramidal neurons (Keck et al., 2011; Guirado et al., 2014a).
Only some studies have focused on the structural plasticity of
interneurons. Dr. Nedivi’s laboratory, using cranial windows
in transgenic mice with fluorescent interneurons, has shown
the elongation/retraction of dendritic branch tips in vivo in
different neocortical regions (for a review see Chen and Nedivi,
2013). There are scarce published studies on the turnover of
interneuronal dendritic spines. In mice, these spines have a
stability rate close to 98% in a 24 h time-lapse experiment (Keck
et al,, 2011). These results are considerable higher than the ones
we describe in hippocampal interneurons in the control group,
where the stability rate is around 70%. These differences may
be due to a difference in the stability of different interneuronal
subpopulations, the region and age studied, or, more likely, to a
higher stability in vivo than in our organotypic cultures.

The use of NMDAR antagonists, such as MK-801 or ketamine,
has increased exponentially our knowledge on the physiology
of these receptors and their involvement in neurological and
psychiatric disorders. They have been broadly used to model
certain symptoms of schizophrenia (Gilmour et al, 2012),
to produce neurotoxic insults (Beninger et al, 2002) or as
a novel treatment for depression (Browne and Lucki, 2013;
Yang et al, 2015). In order to obtain a behavioral readout
of the effectiveness of NMDAR blockade induced by in vivo
MK-801 administration, we used the hole-board apparatus and
automatically tracked the mice to test for hyperlocomotion,
anxiety-related behaviors, and effects on working memory.
Our study agrees with the previously reported increase in
locomotor activity in MK-801 treated mice (Zuo et al.,, 2006;
Kalinichev et al., 2008). The working memory ratio showed a
non-significant decrease in the MK-801-treated animals, which
is similar to the absence of differences in head-dip counts
reported by other labs (Haj-Mirzaian et al,, 2015; Hirose et al.,
2016).

There is some evidence of the impact of NMDAR antagonists
on interneurons, particularly on those targeting the soma of
pyramidal neurons (Romén et al, 2011; Rotaru et al, 2011).
However, little is known about the effects that NMDAR blockade
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FIGURE 5 | Structural dynamics of EGFP-expressing interneurons after MK-801 administration. (A) Panoramic view of an organotypic entorhino-hippocampal
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culture, with the stratum oriens of CA1 delineated by dotted lines. (A’) Enlarged view of the squared region with an interneuron in the stratum oriens. (B) Enlarged
view of the squared region in (A,A’). The figure shows a dendritic segment 24 h prior (left panel), right before (middle panel) and 24 h after (right panel) the MK-801
administration. Arrowheads point to stable (white), gained (blue) and lost (red) spines. (C) Graphs showing different dynamic rates in control and MK-801 treated

between a control slice (D1) and the MK-801 treated slice (D2) 5 h after the starting of the MK-801 administration. (E) Graphs showing the different rates 5 h after

slices (appearance, disappearance, stability rate and rate of total dynamic events). (D1,D2) Microphotographs showing the differences in the spine appearance rate

in (B,D).

the beginning of the treatment (all graphs represent mean + SEM., *p < 0.05, ¥0.05 < p < 0.1). Scale bar: 1500 wm in (A), 150 pmin (A’), 1.5 pm

can exert on other types of interneurons, like those targeting
the distal segments of the dendrites of pyramidal neurons.
One of the best studied populations of these dendrite-targeting
interneurons are the O-LM cells in the hippocampus. These
interneurons are a specially interesting cell type to study
structural plasticity, because they have dendritic spines (Sik
et al.,, 1995; Katona et al., 1999; Guirado et al., 2014a), which
mainly receive excitatory synapses from recurrent collaterals
of local pyramidal cells (Blasco-Ibanez and Freund, 1995).
They are essential to the proper functioning of this region of
the limbic system, since they appear to modulate CA3 and

entorhinal inputs (Ledo et al., 2012), mediate theta rhythm
(Katona et al., 2014) and have been associated with spatial
context-fear conditioning behavior (for a review see Miiller and
Remy, 2014). In addition to these O-LM cells, our study, using
retrograde tracing has shown that a minority of the EGFP+
interneurons in the stratum oriens are HS cells, suggesting that
NMDA receptors may also modulate the structure of these
projection interneurons.

Interestingly, different studies have found that the dendritic
complexity of somatostatin-expressing interneurons can change
after a chronic stress paradigm (Gilabert-Juan et al, 2017)
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graphs represent mean + SEM., **p < 0.01, #0.05 < p < 0.1).

FIGURE 6 | Relative spine density after MK-801 administration. (A) Representative images of dendritic segments in control (A1) and MK-801-treated (A2) groups.
Note the decreased relative spine density 24 h after the MK-801 treatment (A2, right panel). Triangles mark the dendritic spines. (B) Graph showing the relative spine
densities in the different time points. (C) Graph representing the relative spine density 5 h after the beginning of the MK-801 administration. Scale bar: 6 wm (All
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and that they particularly change their dendritic spine density
after the chronic administration of fluoxetine (Guirado et al.,
2014b).

Somatostatin-expressing interneurons in the stratum oriens
express NMDARs in their somata and dendrites (Nyiri et al.,
2003). In the present study, we increase this knowledge by
showing NMDAR expression specifically in the dendritic spines
of these interneurons. In hippocampal pyramidal neurons,
in vitro studies have shown that NMDARs mediate spinogenesis
during neurodevelopment (Kwon and Sabatini, 2011) and are
responsible for spine structural remodeling (Matsuzaki et al.,
2004; Lai and Ip, 2013). Therefore, it is not unreasonable to think
that NMDARs could have a similar role in interneuronal spines
and mediate these types of plasticity.

To know whether NMDARs could modulate interneuronal
spine density in somatostatin-expressing interneurons of the
hippocampus, we have acutely injected MK-801 to adult animals.
Pyramidal neurons in the mPFC modify the density of their
dendritic spines after NMDAR blockade with several drugs.
Previous studies have shown that after NMDAR blockade with
MK-801 in vivo, pyramidal spine density in the hippocampus
remained unaltered (Woolley and McEwen, 1994; Han et al.,
2013). In accordance with these results in excitatory neurons,
we have found that the acute administration of MK-801 does
not affect the density of dendritic spines of somatostatin-
expressing interneurons in adult mice. However, other studies
with NMDAR antagonists in pyramidal neurons have rendered
positive results: studies using chronic treatments have described

increases (Flores et al., 2007) or decreases (Veldzquez-Zamora
et al, 2011) in this parameter, and those using acute
administration reported a rapid increase in spine density (Li
et al,, 2010; Liu et al, 2013; Phoumthipphavong et al., 2016).
Discrepancies in the doses and duration of the treatment may
account for these differential effects, as well as differences in
the structure and physiology between the spines of pyramidal
neurons and interneurons (Gulyas et al., 1992; Freund and
Buzsaki, 1996; Acsady et al., 1998).

There is an apparent discrepancy between the results we
obtained in vivo and those we found in organotypic cultures. This
could be due to a higher spine stability in adult animals than
in organotypic cultures (Guirado et al., 2014a). Moreover, the
different results may be the consequence of a different subunit
composition of their NMDARs. These receptors vary their
composition during the second postnatal week, when there is a
developmental switch from the subunit GIuN2B to the subunit
GIuN2A, which have different kinetic traits (Erreger et al., 2005).
Our hippocampal slices have been generated and studied during
this time period, when their NMDAR still have the GluN2B
subunit. The treatment of organotypic cultures with MK-801
induced significant changes in the dynamics and density of
dendritic spines of somatostatin-expressing interneurons. Most
of these cells are probably O-LM interneurons, since the type
of organotypic culture used in our study (Stoppini et al., 1991)
only preserves the perforant path and the local connections.
Previous reports using this type of cultures have also shown
effects of NMDAR antagonists on the structure of hippocampal
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pyramidal neurons: treatment with MK-801 for 7 days did not
alter pyramidal spine density on CA1, but produced an increase
in the number of filopodia-like processes, which resemble
the immature spines observed during synaptogenesis in the
developing hippocampus (McKinney et al., 1999a). Only a piece
of previous work in primary cultures has shown that the chronic
exposure to ketamine produces a retraction of the dendritic arbor
of interneurons in cell cultures (Vutskits et al., 2007). Although
the phenotype of these interneurons was not analyzed, these
results are similar to those in the present study, which show a
reduction in the density of dendritic spines and thus in the area
susceptible for stablishing synaptic contacts.

Even though axonal remodeling has not been as broadly
studied as that involving dendrites, some studies have also
highlighted the effects of NMDAR antagonists on axonal
structure. Only 3 days of MK-801 treatment are enough
to produce axonal sprouting in the hippocampal Schaffer
collaterals in vitro (McKinney et al., 1999b). We have observed
a similar effect in adult animals on the axonal boutons of
somatostatin-expressing interneurons. These collaterals in the
stratum lacunosum moleculare are most likely emerging from
O-LM cells, since they are the only somatostatin-expressing
interneurons innervating this area (Freund and Buzsaki, 1996).
Whether a similar effect on Schaffer collaterals occurs in vivo,
still remains to be explored. However, it is interesting to
note that a recent study has found that O-LM cells facilitate
the transmission of intrahippocampal information through this
input from CA3 and reduce the influence of the entorhinal
afferents (Ledo et al., 2012); the axonal terminal field of O-LM
interneurons is located precisely in the same location of the
entorhinal afferents to CA1 pyramidal neurons (Freund and
Buzséki, 1996).

Treatments with MK-801 have been extensively used to
model the etiopathology of schizophrenia in rodents, because
NMDAR antagonists can reproduce some symptoms of
schizophrenia in normal individuals. In fact, there is a NMDA
hypothesis of schizophrenia, which poses that alterations in
the NMDARs, particularly during development, are involved
in the etiopathology of this disorder (Adell et al, 2012; Lim
et al, 2012). Since these receptors are expressed in certain
interneuron populations, including somatostatin-expressing
cells (Nyiri et al., 2003), it has already been speculated
that a NMDAR hypofunction during development would
inhibit interneurons, thus producing an overexcitation of
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Abstract

The exposure to aversive experiences during early life influences brain development and leads to altered behavior.
Moreover, the combination of these experiences with subtle alterations in neurodevelopment may contribute to
the emergence of psychiatric disorders, such as schizophrenia. Recent hypotheses suggest that imbalances
between excitatory and inhibitory (E/lI) neurotransmission, especially in the prefrontal cortex and the amygdala,
may underlie their etiopathology. In order to understand better the neurobiological bases of these alterations, we
studied the impact of altered neurodevelopment and chronic early-life stress on these two brain regions.
Transgenic mice displaying fluorescent excitatory and inhibitory neurons, received a single injection of MK801
(NMDAR antagonist) or vehicle solution at postnatal day 7 and/or were socially isolated from the age of weaning
until adulthood (3 months old). We found that anxiety-related behavior, brain volume, neuronal structure, and the
expression of molecules related to plasticity and E/I neurotransmission in adult mice were importantly affected by
early-life stress. Interestingly, many of these effects were potentiated when the stress paradigm was applied to
mice perinatally injected with MK801 ("double-hit” model). These results clearly show the impact of early-life
stress on the adult brain, especially on the structure and plasticity of inhibitory networks, and highlight the
double-hit model as a valuable tool to study the contribution of early-life stress in the emergence of neurode-
velopmental psychiatric disorders, such as schizophrenia.

Key words: interneuron; neuronal plasticity; PSA-NCAM; schizophrenia; social isolation; stress

/

Significance Statement

\

The double-hit model constitutes a valuable tool for future experiments exploring the effects of aversive
experiences during early life and the biological basis of mental disorders, such as schizophrenia. It also
supports the emerging hypothesis of altered E/I balance in key brain regions as one of the underlying causes
of the disease. Our study also supports the idea that such imbalances may arise from problems in initial
neural circuit formation or its maintenance, because we found alterations in the structure of inhibitory
\circuits and also in the expression of molecules related to their plasticity and maturation. /
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Introduction

Aversive experiences, such as chronic stress, remodel
the structure and connectivity of excitatory and inhibitory
excitatory and inhibitory (E/I) neurons. These effects of
stress are particularly relevant during early life and may
constitute a predisposing factor for the development of
psychiatric disorders, such as schizophrenia. In fact, pa-
tients show important alterations in different brain regions,
including the prefrontal cortex (PFC) and the amygdala
(Goghari et al. 2010). Interestingly, the structure of E/I
neurons in these two regions is dramatically affected by
stress (Gilabert-Juan et al. 2011, 2013b; Duman and Du-
man, 2015).

Different animal models have been generated to under-
stand the impact of early-life stress on the structure of the
adult brain and its influence on schizophrenia and other
psychiatric disorders. The post-weaning social isolation
paradigm is one of these models and reproduces some of
the behavioral, structural, and neurochemical alterations
found in schizophrenic patients (Geyer et al. 1993; Ferd-
man et al. 2007; Gilabert-Juan et al. 2012; Wang et al.
2012; Glausier and Lewis, 2013). Given the importance of
altered neurodevelopment on the etiology of schizophre-
nia and other mental disorders, this paradigm has been
lately combined with experimental interventions during
early postnatal life, such as the administration of NMDA
receptor (NMDAR) antagonists (i.e., MK801), which alters
the latest stages of neocortical development (Hickey et al.
2012; Lim et al. 2012; Gilabert-Juan et al. 2013a). Numerous
studies in humans and animal models of schizophrenia,
have documented the presence of structural alterations in
the basolateral amygdala (BLA) and PFC, including vol-
ume loss in both regions (Jaaro-Peled et al. 2010; Levitt
et al. 2010; Gilabert-Juan et al. 2013a). These volumetric
alterations may probabily reflect structural changes in PFC
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and BLA neurons, including alterations in spine density
and dendritic arborization.

The polysialylated form of the neural cell adhesion mol-
ecule (PSA-NCAM) plays a key role in structural remod-
eling and the connectivity of neurons in the adult brain,
especially of interneurons (for review, see Bonfanti, 2006;
Rutishauser, 2008; Nacher et al. 2013), which is particu-
larly evident after chronic stress (Sandi, 2004; Nacher
et al. 2013). Perineuronal nets (PNNs) also play a funda-
mental role in the plasticity and maturation of interneu-
rons, particularly on those expressing parvalbumin (PV;
Kinden Lensjo et al. 2017). In fact, this plasticity of inhib-
itory networks is crucial for brain physiology and devel-
opment, which largely depend on the precise balance
between E/I neurotransmission (E/I balance). The E/I bal-
ance is compromised by stress, both in adulthood and in
early life (Saaltink and Vreugdenhil, 2014; Tzanoulinou
et al. 2014; van der Kooij et al. 2014) and its disbalance
may be one of the underlying causes of different neuro-
developmental psychiatric disorders, including schizo-
phrenia (Curley and Lewis, 2012; Lewis et al. 2012; Inan
et al. 2013; Lin et al. 2013; Sun et al. 2013; Morishita et al.
2015). Importantly, E/I balance can also be affected by
changes in the expression of other molecules that influ-
ence the physiology and development of inhibitory cir-
cuits. This is the case of glutamic acid decarboxylase
(GAD; Akbarian, 1995; Akbarian and Huang, 2006; Straub
et al. 2007; Mitchell et al. 2015); brain-derived neu-
rotrophic factor (BDNF), which promotes the maturation
of inhibitory synapses (Weickert et al. 2003, 2005; Tao
et al. 2014); the cannabinoid receptor 1 (CB1-R), which
affects their development (Volk and Lewis, 2010; den Boon
et al. 2015); and neuregulin 1 (Nrg1) and its receptor ErbB4,
which play prominent roles in the synaptogenesis and plas-
ticity of inhibitory networks (Rico and Marin, 2011).

The main objective of this work is to study the impact of
early-life stress on E/I circuits in the adult amygdala and
PFC, especially on neuronal structure. To combine this
aversive experience with a neurodevelopmental altera-
tion, which mimic those found in schizophrenia, we have
developed a "double-hit” model in transgenic mice by
combining a perinatal MK801 injection and post-weaning
social isolation. We have used two transgenic strains
expressing fluorescent proteins in E/I neurons and stud-
ied in detail the structural features of these neurons, the
expression of molecules related to plasticity and E/I neu-
rotransmission and the behavior of the animals.

Materials and Methods

Animals and Experimental Treatment

Two different transgenic mice strains, purchased from
The Jackson Laboratory were used in our experiments:
the GIN mice [EGFP-expressing inhibitory neurons,
Tg(GadGFP)45704Swn], which express the enhanced
green fluorescent protein (EGFP) in a subpopulation of
interneurons of interest (Oliva et al. 2000); and the THY1
mice (Thy1-YFP line H), which express the yellow fluores-
cent protein (YFP) in a subset of pyramidal neurons (Feng
et al. 2000). The experimental procedure was performed
twice for the GIN mice and once for the THY1 mice (Fig.
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Figure 1. Experimental procedure. Seven days after birth (P7), male pups from two different transgenic strains: the GIN mice (Oliva
et al. 2000), which express EGFP in intemeurons, and the THY1 mice (Feng et al. 2000), which express the YFP in pyramidal neurons)
were intraperitoneally injected with MK801 or NaCl (vehicle solution). After weaning (P21), mice were randomly selected and housed
alone (isolation) or in groups of four mice (social rearing) for 10 weeks. At P90, all mice were tested in the hole-board apparatus. Brains
from GIN molecular mice were destined to protein and gene expression studies, whereas brains from GIN structure mice were used
for the structural and neurochemical analysis of interneurons. The THY structure set of mice was used to study structural alterations
of pyramidal neurons. For further details, see Material and Methods.

1). One set of the GIN mice (n = 32) was used for the
structural and neurochemical analysis of interneurons
(“GIN structure”), and the other set (n = 32) was used for
molecular analyses (“GIN molecular”). All THY mice (|
32) were used for the structural analysis of pyramidal
neurons (“THY structure”). The following procedure refers
to any of the three sets. Breeding cages containing one
male and two female mice (3 months old) were maintained
in our animal facility under standard conditions of temper-
ature and light (12 h light/dark cycle) and ad libitum
access to food and water. Once the females were preg-
nant, they were housed individually to avoid any distur-
bances among mice. Seven days after birth (P7), male
pups received randomly a single intraperitoneal injection
of MK801 (1 mg/kg solved in NaCl 0.9%, Abcam) or the
vehicle solution (NaCl 0.9%). This dose and age of admin-
istration produced alterations in PFC-dependent behavior
and changes in the structure and inhibitory networks of this
region (Lyall et al. 2009; Gilabert-Juan et al. 2013a). MK801,
also known as dizocilpine, is a noncompetitive antagonist of

March/April 2017, 4(2) e0034-17.2017

NMDA receptors. After the injection, pups were returned to
their cages and remained with their mother until the age of
weaning (P21). At this age, eight mice from each of the
former groups (NaCl or MK801) were randomly selected and
housed alone (social isolation) in small polycarbonate cages
(24 x 14 X 13 cm; Zoonlab-Bioscapey) or in groups of three
to four mice (social housing) in standard-size cages (38 X
16 X 13 cm; Zoonlab-Bioscape) for 10 weeks (P90). Thus, at
this point, the four final experimental groups (n = 8 mice/
group) were determined: NaCl-Social (injected with vehicle
at P7, and socially housed after weaning), NaCl-Isolation
(injected with vehicle but isolated after weaning), MK801-
Social (injected with MK-801 at P7 and reared in group), and
MK801-Isolation or double-hit model (injected with MK801
at P7 and isolated after weaning). All mice were housed in
the same room, sharing the same controlled-environment.
Isolated mice were able to hear and smell other mice but
physical or visual contact with them was not allowed (Fig. 1).

All animal experimentation was conducted in accor-
dance with the Directive 2010/63/EU of the European
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Parliament and of the Council of 22 September 2010 on
the protection of animals used for scientific purposes and
was approved by the Committee on Bioethics of the
Universitat de Valéncia. Every effort was made to mini-
mize the number of animals used and their suffering.

Behavioral Analyses

Before their sacrifice (P90), all mice were tested in the
hole-board apparatus (ANY-maze video tracking system
v4.98; Stoelting Europe). The hole-board test measures
directed exploration but can also be used as an initial
basic screen for working memory (Karl et al. 2008), loco-
motor activity, and anxiety-related behavior (Castilla-
Ortega et al. 2010; Torres-Garcia et al. 2012; Fig. 1). The
open-field chamber (40 X 40 cm) was fitted with a hole-
board floor insert for mice (16 holes, diameter = 2.8 cm,
non-baited). Testing of male mice took place between 1
and 2 h after the onset of the dark phase (illumination at
floor level <2 Ix). Each mouse was placed in the center of
the arena and was left to explore the environment for 7
min (test session). The video tracking system and the
infrared photobeams provided automated measures of
the following: (1) total distance traveled and mean speed
(to study locomotor activity); (2) head dips, for the study of
exploratory behavior (number of head dips into novel
holes/total number of head dips; Karl et al. 2008); and (3)
body rotations (360°) and number of entries and time
spent in the periphery of the arena, for the measure of
anxiety and thigmotaxis (a valid index of anxiety in mice;
Simon et al. 1994). The periphery zone of the area was
defined as the area located between 0 and 6 cm away the
walls of the apparatus (Figs. 1,2A,3A).

Perfusion, Microtomy, and Immunohistochemistry

At P90, GIN structure and THY structure mice were
deeply anesthetized with sodium pentobarbital and tran-
scardially perfused with 4% paraformaldehyde solution
for 20 min. Thirty minutes after perfusion, brains were
extracted from the skull and their hemispheres were sep-
arated. One hemisphere was cryoprotected [30% sucrose
in phosphate buffer (PB) 0.1m, 48 h] and afterward cut in
50-um-thick coronal sections using a freezing-sliding mi-
crotome (LEICA SM2000R, Leica) for immunohistochemical
analysis. The other hemisphere, destined to the study of the
neuronal structure, was cut in 100-um-thick coronal sec-
tions with a vibratome (Leica VT 1000E, Leica; Fig. 1).

After cutting, tissue was counterstained with DAPI (50-
pm-thick sections for volumetric studies; see below) or
processed free-floating for fluorescence immunohisto-
chemistry as follows (Fig. 1). Briefly, sections were washed
in PBS and then incubated for 1 h in 10% normal donkey
serum (NDS; Abcys) in PBS with 0.2% Triton X-100
(PBST; Sigma-Aldrich). Afterward, they were incubated
for 48 h at 4°C with the appropriate primary antibody or
antibody cocktail diluted in PBST and 5% NDS: (a) poly-
clonal chicken IgY anti-GFP (1:1000, Abcam) in 100-um-
thick sections from GIN mice to enhance EGFP signal for
the structural study of interneurons; (b) polyclonal guinea
pig anti-vesicular glutamate transporter 1 (VGLUT1; 1:2000,
Merck-Millipore) and monoclonal IgG mouse anti-vesicular
GABA transporter (VGAT; 1:1000, Synaptic Systems) in
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50-um-thick sections to study excitatory and inhibitory
neurotransmission in the neuropil; (c) polyclonal rabbit
IgG anti-PV (1:2000, Swant) and biotin-conjugated Wiste-
ria floribunda agglutinin (1:200, Sigma-Aldrich) in 50-um-
thick sections to study the coexpression of PV and PNNs
in the amygdala and PFC. After washing, sections were
incubated for 2 h at room temperature with matching sec-
ondary antibodies (1:400, Jackson ImmunoResearch) di-
luted in PBST and 5% NDS: (a) donkey anti-chicken
DyLight-488-conjugated, (b) goat anti-guinea Pig DyLight-
649-conjugated and goat anti-mouse IgG AlexaFluor-555-
conjugated, and (c) donkey anti-rabbit IgG AlexaFluor-555-
conjugated and Avidin AlexaFluor-647-conjugated. Finally,
sections were washed in PB 0.1 m, mounted on slides, and
coverslipped using fluorescence mounting medium (Dako
Diagnosticos).

Volumetry

A volumetric analysis of the different nuclei of the
amygdala (central, lateral, medial, basolateral, and baso-
medial) and regions of the PFC (infralimbic, prelimbic,
dorsal cingulate, and ventral cingulate cortices) were per-
formed by processing confocal images using the Vol-
umest plugin of FlJI/imaged Software (NIH; Schindelin
et al. 2012). To be able to differentiate the different re-
gions of interest in the subsets of slices, 50-um-thick
sections from the GIN structure set of mice (n = 32) were
counterstained with DAPI (1:10,000 in H,O, Sigma-
Aldrich). Images of the regions-of-interest were acquired
using a confocal microscope (Olympus FV-10). Volumes
were estimated using Cavalieri’s principle (Gundersen
and Jensen, 1987).

Analysis of Dendritic Arborization and Dendritic
Spine Density

All the structural parameters of the GAD-EGFP in-
terneurons and THY1-YFP pyramidal neurons were stud-
ied using a laser scanning confocal microscope (Leica
TCS SPE). In the case of pyramidal neurons, we focused
our studies on the PFC, in particular, on the cingulated
cortices because, due to the straight projection of the
principal dendrite of pyramidal neurons to layer 1, it is only
visible coronally in these two subregions of the PFC. To
be consistent, interneurons were studied in the same
subregions of the PFC. In addition, we studied the ar-
borization and dendritic spine density of interneurons in
the basolateral nucleus of the amygdala, which is known
to project directly to the PFC and has an abundant pop-
ulation of fluorescent interneurons in GIN mice. Unfortu-
nately, due to the overwhelming expression of the YFP in
the amygdala, we could not to perform these structural
analyses for pyramidal neurons.

For the study of the dendritic arborization, six GAD-GFP
expressing interneurons per animal and region were ran-
domly selected (Fig. 1). Z-series of optical sections (0.8
nm step size; 40X objective) covering the dendritic tree of
selected interneurons were obtained using the sequential
scanning mode. To be suitable for analysis, these in-
terneurons had to fulfill the following features: (1) the cell
must not show any truncated dendrites, (2) the dendritic
arbor of the cell must show at least a process with a

eNeuro.org



eNeU ro New Research 5 of 23
A GAD-EGFP mice

HELSCTIXE L S 14

K801-Social

MK801-Isolation

B Locomotor activity c E)I;Prra_tory
ehavior

*kk
E R

Distance travelled (m)
Mean speed (m/s)

D Anxiety-related behavior

Border distance (m)
Border entries
Rotations

= NaCl-Social B NaCl-lsolation = MK801-Social = MK801-Isolation

Figure 2. Behavioral analysis of GAD-EGFP expressing mice. A, Representative track-plot reports recorded during the
hole-board test session (ANY-maze). Observe the increased distance traveled (purple line) in the two groups subjected to
post-weaning isolation, especially in the border of the apparatus. Social isolation rearing increased locomotor activity (B) and
anxiety-related behavior (D) but did not change exploratory behavior (number of head dips into novel holes/total number of head
dips; C). Gray lines in graphs (B-D) represent statistically significant effects of rearing in a two-way ANOVA. #p << 0.05, *#p <
0.01, ==xp < 0.001.
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Figure 3. Behavioral analysis of Thy1-YFP expressing mice. A, Representative track-plot reports showing the increased distance traveled
(purple line) of double-hit mice (MK801-Isolation group) in the hole-board test compared with the other groups. Double-hit mice showed
increased locomotor activity (B) and anxiety-related behavior (D) but no changes in exploratory behavior (number of head dips into novel
holes/total number of head dips; C). B-D, Horizontal lines in graphs represent statistically significant effects of MK801 treatment (black),
rearing (gray), or interaction (gray, dashed) in a two-way ANOVA. #p < 0.05, ##p < 0.01, #++p < 0.001. Colored symbols in bars represent
trends and statistically significant differences among groups after post hoc analysis: # 0.1 > p = 0.05, #p < 0.05, *#p < 0.01, =+#p < 0.001.
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length >150 pum, and (3) the soma must be located at
least 30 um deep from the surface of the tissue. The
stacks obtained were then processed using FlJI (Imaged,
NIH) software to render 3D reconstructions. Neurons were
traced using the “Simple neurite tracer” plugin, which also
allowed us to analyze their Sholl profile in 3D (Longair
et al. 2011; Fig. 1). The Sholl analysis consists on the
measure of the number of intersections of the dendrites
with spheres of increasing radius centered in the soma.
The separation among the spheres of the analysis was set
at 20 um. For each animal, mean = SEM was calculated
and statistics were performed using the number of ani-
mals and the sample number (n; see below).

For the analysis of dendritic spines, six GAD-GFP ex-
pressing interneurons and six THY1-YFP expressing py-
ramidal neurons per animal and region were randomly
selected (Fig. 1). A 63X oil immersion objective and a
3.5X additional digital zoom were used to observe the
first 150 um of the dendrite in the case of interneurons
and the first 200 um of the dendrite in the case of pyra-
midal neurons in segments of 50 um (Z-step size of 0.38
pm). Dendrites within EGFP- and YFP-positive interneu-
rons were randomly selected, but they had to meet the
following criteria to be included in the study: (1) their
length should be at least 150 um (for interneurons) or 200
pm (for pyramidal neurons), and (2) no other dendrites
should be found crossing their trajectory. For interneu-
rons, data were expressed as the total number of spines
in the proximal (0-50 pm), medial (50-100 pm), and distal
(100-150 um) segments of the dendrite, depending on its
distance from the soma. For pyramidal neurons, four
segments were established: proximal (0-50 pm), medial
(60-100 wm), medial-distal (100-150 um), and distal
(150-200 pm). The total number of spines in every den-
drite (sum of the spines in the entire segment) was also
analyzed. For each animal, mean = SEM was calculated
and statistics were performed using the number of ani-
mals and the sample number (n; see below).

Analysis of VGLUT1 and VGAT Puncta Density in the
Neuropil and Calculation of the E/I Ratio

The images used for the analysis of neuropil puncta
expressing inhibitory (VGAT) or excitatory (VGLUT1)
markers were obtained with a confocal microscope
(Olympus FV-10). We analyzed layer 5 of the different
regions of the PFC (infralimbic, prelimbic, dorsal cingu-
late, and ventral cingulate cortices). In the amygdala, the
five nuclei were analyzed (central, lateral, medial, basolat-
eral, and basomedial). Confocal z-stacks covering the
whole depth of the sections were taken with 1 um step
size and only subsets of confocal planes with the optimal
penetration level for each antibody were selected. On
these planes, small regions of the neuropil (505 m?) were
selected for analysis to avoid blood vessels and cell
somata. Images were processed using FlJl/Imaged soft-
ware as described (Guirado et al. 2012): the background
was subtracted with rolling value of 50, converted to 8-bit
deep images and binarized using a determined threshold
value. This value depended on the marker and the area
analyzed and was kept the same for all images with the
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same marker and area. Then, the images were processed
with a blur filter to reduce noise and to separate closely
apposed puncta. Finally, the number of the resulting dots
per region was counted. The E/I ratio was calculated as
the density of VGLUT1 expressing puncta divided by the
density of inhibitory VGAT expressing puncta. For each
animal, mean = SEM was calculated and statistics were
performed using the number of animals and the sample
number (n; see below).

Estimation of the Total Number of PV-Expressing
Neurons, PNN, and PV-PNN Colocalization

The total number of PV-expressing (PV+) neurons,
PNNs, and PV+ neurons surrounded by PNNs from the
different nuclei/regions of the amygdala and PFC were
estimated using a modified version of the fractionator
method (West, 1993; Nacher et al. 2002). That is, within
each 50-pm-thick section of one from the six systematic-
random series of sections, all labeled cells covering the
100% of the sample area were counted. The images used
for the analysis were obtained with a confocal microscope
(Olympus FV-10) and processed afterward using FIJI/
Imaged software. For each animal, mean = SEM was
calculated and statistics were performed using the num-
ber of animals as the sample number (n; see below).

Sample Preparation for Molecular Studies

A total of 32 mice encompassing the four experimental
groups (GIN molecular set of mice) were used for protein
and gene expression analyses. Mice were sacrificed by
decapitation at P90 under deep anesthesia with sodium
pentobarbital. Their brains were quickly removed from the
skull and the amygdala and PFC from both hemispheres
were microdissected and immediately frozen in liquid ni-
trogen. The samples from one of the hemispheres of every
animal were processed for protein extraction and the
samples from the other hemisphere for mMRNA extraction
(Fig- 1).

For protein extraction, tissue was homogenized in 50 pul
of lysis buffer using a TissueLyser (Qiagen) and Tungsten
carbide beads for 5 min at 50 Hz/s and 4°C. Lysis buffer
was made solving one pill of protease inhibitor cocktail
(Ref. 04693124001, Roche Applied Science) in 1 ml of
PBS-1% Triton X-100. Samples were afterward centri-
fuged at 16000 X g and 4°C for 4 min and supernatant
was assessed for the total amount of protein using Brad-
ford reagent at 595 nm with bovine serum albumin as the
standard (Sigma-Aldrich).

Total mMRNA was extracted from the tissue using Tri-
Pure reagent (Roche Applied Science) and following the
manufacturer’s instructions. The concentration and purity
of total RNA was determined with an Eppendorf BioPho-
tometer Plus (Eppendorf AG). cDNA synthesis was per-
formed using the Expand Reverse Transcriptase (Roche
Applied Science) and oligo-dT primers.

Protein Expression

Quantitative immunoblotting of synaptophysin and GAD67
Twenty micrograms of total protein from each sample

was separated on 10% SDS-PAGE and transferred to

Hybond enhanced chemiluminescence (ECL) nitrocellu-
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Table 1. Sequences of gene specific primers and associated amplicon lengths for qRT-PCR

Target gene Primers Sequence (5' — 3’) Amplicon size”

GAD67 Forward CTGGAGCTGGCTGAATACCT 120
Reverse TCGGAGGCTTTGTGGTATGT

BDNF Forward GGTTCGAGAGGTCTGACGAC 159
Reverse CAAAGGCACTTGACTGCTGA

ErbB4 Forward CAGTCGCCCAGGGTGCAACG 133
Reverse GCGAACACTGTGGGGTCGGC

CB1-R Forward TGTCCCTCACCCTGGGCACC 134
Reverse TCCCAGGAGATCGGCCACCG

ST8Siall Forward GGCAACTCAGGAGTCTTGCT 123
Reverse GTCAGTCTTGAGGCCCACAT

ST8Sialv Forward CCTTCATGGTCAAAGGAGGA 125
Reverse CCTTCATGGTCAAAGGAGGA

Ywhaz Forward TTGAGCAGAAGACGGAAGGT 136
Reverse GAAGCATTGGGGATCAAGAA

“Amplicon length in base pairs.

lose membranes (GE Healthcare). After saturation of non-
specific sites with blocking buffer (5% nonfat dry milk in
PBS-0.025%Tween 20, overnight, 4°C), membranes were
probed for 2 h at room temperature with primary antibodies
against synaptophysin (1:5000, Sigma-Aldrich), GAD67 (1:
1000, Merck-Millipore) or the control protein a-tubulin (1:
5000, Sigma-Aldrich), all of them diluted in blocking buffer.
After washing with PBS-0.025%Tween 20, membranes
were incubated for 2 h with the appropriate secondary
horseradish peroxidase-linked antibodies (1:2500, Sigma-
Aldrich), and finally developed using ECL detection reagents
(Thermo Scientific). Bands were detected using ImageQuant
LAS4000 system (GE Health care) and densitometry analysis
on every band was calculated using FlJI/ImageJ software
(NIH). Synaptophysin and GAD67 densitometry values were
normalized to within-lane a-tubulin. Every sample was im-
munoblotted in duplicate and mean = SEM was then cal-
culated. Statistics were performed using the number of
animals as the sample number (n).

ELISA for PSA-NCAM assessment

PSA-NCAM protein levels were quantified in the same
samples that were used for synaptophysin and GAD67
quantification, by performing commercially available
ELISA kits (Eurobio/AbCys). A total volume of 100 ul of
each sample was loaded at a concentration of 4 ug/ml per
well in duplicates. PSA-NCAM levels (ng PSA/ug of total
protein) were calculated according to the manufacturer’s
protocol. Statistics were performed using the number of
animals and the sample number (n).

Gene Expression

gRT-PCR analyses were performed in triplicate. Spe-
cific primers for all genes (Table 1) at a concentration of
240 nm, and 4 pl of cDNA (50 ng) were used. Primers were
designed between exons to avoid genomic DNA contam-
ination when possible. Ywhaz was used as a reference
gene based on the study of Bonefeld et al. (2008). Primers
were tested for nonspecific amplification and for the cor-
rect amplicon size by electrophoresis in 1.5% agarose
gel. gPCR was conducted with the ABI PRISM 7700
Sequence Detector (Applied Biosystems) using SYBR
Green PCR master mix (Applied Biosystems), following a
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95°C denaturation for 10 min. The reactions were cycled
40 times with a 95°C denaturation for 15 s, and a 60°C
annealing step for 1 min. After this, a melt curve was
performed to assess the specificity of primers.

Relative quantification was performed using the com-
parative threshold (C,) method according to the 2724¢t
method (Pfaffl, 2001). Changes in gene expression were
reported as fold-change relative to controls and the sta-
tistics were performed as described below.

Statistics

Group differences in all our studies were assessed using
two-way ANOVA with the number of animals as the sample
number (n). When interaction between treatment (MK801 vs
vehicle) and rearing (social vs isolation) was statistically sig-
nificant (p < 0.05), multiple pairwise comparisons between
groups (Tukey HSD or Games-Howell post hoc analyses)
were performed. Analysis were performed using the statis-
tical package SPSS v22.0 (IBM) and graphs were created
using GraphPad Prism 6. Data in the figures are expressed
as mean *= SEM and p < 0.05 are indicated.

Results

Increased Locomotion and Anxiety-Related Behavior

Early-life stress induced hyperlocomotion and in-
creased anxiety-related behavior in GIN mice, whereas
exploratory behavior was not affected (Fig. 2; Table 2).
Specifically, double-hit animals (MK801-Isolation) and
isolated animals showed increased distance traveled,
speed, number of body rotations, and thigmotaxis (in-
creased distance traveled in the periphery zone of the
apparatus and increased number of entries to this zone;
Fig. 2B-D). Similar results were found when analyzing the
behavior of THY1 mice, but in this case, specific signifi-
cant increases were found in most of the parameters
measured for locomotor activity (Fig. 3A,8) and anxiety-
related behavior (Fig. 3D) when comparing double-hit to
control mice. Exploratory behavior was also not affected
in this strain (Fig. 3C). Detailed information on statistical
tests can be found in Table 2.
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Main effects (two-way ANOVA)

Group differences (from NaCl-Social)

Parameter Treatment Rearing Interaction NaCl-Isolation MK801-Social MK801-Isolation

Behavior (Figs. 2, 3)
Locomotor activity
Total distance travelled
Gad-EGFP mice — v —
Thy1-YFP mice /2 /@ /9
Mean speed
Gad-EGFP mice — v® —
Thy1-YFP mice /1 v /®
Anxiety-related behavior
Border distance
Gad-EGFP mice — v/ —
Thy1-YFP mice /19 v/ —
Border entries
Gad-EGFP mice — vi12 —
Thy1-YFP mice /13 v9 749
Body rotations
Gad-EGFP mice — v/19 —
Thy1-YFP mice AL /19 V19
Exploratory behavior
Gad-EGFP mice — — —
Thy1-YFP mice —_ — —_
Brain volume (Fig. 4)
Amygdala
Total volume — — #20
Central — — /e
Lateral — — —
Basolateral —
Basomedial /2 — —
Medial —
PFC
Total volume — #@49 —
IL s #@5 i
PrL —_
Cg1 /(26) — /(27)
Cg2 =

n/a n/a n/a
— e T * %
n/a n/a n/a
i i T * %
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
e —
n/a n/a n/a
T k% T * T * ok
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
1 — —
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
- s L#
n/a n/a n/a

Symbols: () statistically significant effect (two-way ANOVA); (—) no statistically significant effect (two-way ANOVA) or difference from NaCl-Social group
(post hoc); (1) increase; (n/a) not applicable; (| ) decrease; #p < 0.05; #+p < 0.01; #++p < 0.001; #0.10 = p = 0.05.
F and p values: (1) Fiy 55 = 31.11, p < 10 (2) F(3 44y = 8.05, p = 0.016; (3) F(y 44y = 9.99, p = 0.009; (4) F(4 44y = 6.74, p = 0.025; (5) F(y 509y = 19.38, p =

4.6 X 10 % (6) Fy44y = 780, p = 0.018; (7) Fyy 44y = 9.90, p = 0.009; (8) Fy 44y = 6.61, p = 0.026; (9) Fyy 50) = 36.48, p < 10 7; (10) Fyy 44y = 822, p =
0.015; (11) Fpy.1) = 20.68, p = 0.001; (12) Fy 0 = 6.20, p = 0.016; (13) Fy.1y, = 748, p = 0.019; (18) Fs 4, = 611, p = 0.081: (15) Fy 41y = 827, p =
0.015; (16) Fiy 0 = 5.14,p = 0.027; (17) Fy 11y = 93.50, p = 105 (18) Fy11) = 119.86, p < 10 — 6: (19) Fy 1) = 42.94, p = 4.1 X 10°5; (20) Fy 5 — 3.34,

p = 0.082; 21) Fy 21y = 4.73, p = 0.041; (22) F(y ) = 944, p = 0.0058; (33) F(y 21 = 5.82, p = 0.025; (24) Fy s = 3.39, p = 0.079; (25) Fyy 25 = 3.61,p =

0.07; (26) Fy 22) = 5.062, p = 0.035; (27) F(; 22 = 6.62, p = 0.017.

Alterations in the Volume of Amygdala and PFC

We have performed volumetric analyses to test whether
the different interventions resultin changes in the volumes of
the amygdala and the PFC, as some studies have described
in schizophrenic patients (Jaaro-Peled et al. 2010; Levitt
et al. 2010; Fig. 4). Rearing in social isolation increased the
volume of the BLA (Fig. 4B,C) and induced a trend toward an
increase in the volume of the infralimbic (IL) cortex (Fig.
4D,E). By contrast, MK-801 treatment decreased the volume
of the basomedial amygdala (BMA) (Fig. 48,C) and the cin-
gulate 1 (Cg1) cortex (Fig. 4D.E). A significant effect of the
interaction of both interventions could also be observed in
the central (Ce) nuclei of the amygdala (Fig. 48,C) and the
Cg1 cortex (Fig. 4D,E). When performing post hoc analyses,
the isolated group of animals showed a significant increase
in the volume of the Ce amygdala compared with the control
group and double-hit mice showed a significant decrease in
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the volume of the Cgl cortex compared with isolated or
MK-801-treated animals (Fig. 4C,E; Table 2).

Structural Alterations of E/I Neurons

Because these changes in the volume of the different
regions studied could be due to changes in the structure
of neurons, particularly of dendritic remodeling, we first
analyzed spine density in PFC pyramidal neurons. Unfor-
tunately, the characteristics of the strain (Porrero et al.
2010) do not allow for the analysis of dendritic arboriza-
tion in these PFC neurons or any type of structural anal-
ysis in amygdaloid excitatory neurons. Treatment, rearing
and their interaction affected the density of spines in
different dendritic segments of pyramidal neurons in the
PFC (Table 3). There was a decrease in the density of
spines in the whole length of the dendrite, in double-hit
mice compared with controls, but it was considered
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Figure 4. Volumetric analysis. Treatment, rearing, and the interaction of both treatments influenced the volume of the amygdala and
the PFC. Although the total volume of both regions was not significantly affected (A), the volume of some nuclei of the amygdala (B, C)
and some regions of the PFC (D, E) was affected by treatment (BMA, Cg1), rearing (BLA, IL), or their interaction (Ce, Cg1). Horizontal
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continued

lines in graphs represent trends and statistically significant effects of MK801 treatment (black), rearing (gray), or interaction (gray,
dashed) in a two-way ANOVA. # 0.1 = p = 0.05, #p < 0.05, =#p << 0.01, *#+p < 0.001. Colored symbols in bars represent trends and
statistically significant differences among groups after post hoc analysis: # 0.1 = p > 0.05, #p < 0.05, #*p < 0.01, *=+#p < 0.001. B,
D, Schematic representations of the regions that were measured in our volumetric study (amygdala: all brain slices from bregma
—0.58 to —2.30 mm; PFC: all brain slices from bregma +2.96 to —0.22 mm).

Table 3. Summary of results (part 1l)

Main effects (two-way ANOVA) Group differences (from NaCl-Social)
Parameter Treatment Rearing Interaction NaCl-Isolation MK801-Social MK801-Isolation
Structure of pyramidal neurons (Fig. 5)
Dendritic spines
PFC
50 — — /28 — — —
100 — — — n/a n/a n/a
150 — /29 — n/a n/a n/a
200 /80 — — n/a n/a n/a
Total — — — n/a n/a n/a
Structure of interneurons (Fig. 6)
Dendritic arborization
Amygdala
20 — #G1 /82 — — —
40 — 783 Watall — — g
60 /(35) /(36) ‘/(37) — — T ko
80 /88 /89 /40 — s T *
100 v/é /42 #43 n/a n/a n/a
120 749 749 s 48) s — e
140 #67 — — n/a n/a n/a
160 — — — n/a n/a n/a
Total /(48) /(49) ‘/(50) — — T ek
PFC
20 — — — n/a n/a n/a
40 — — — n/a n/a n/a
60 — — — n/a n/a n/a
80 — — — n/a n/a n/a
100 — — — n/a n/a n/a
120 — — — n/a n/a n/a
140 — — — n/a n/a n/a
160 — — — n/a n/a n/a
Total — —_ — n/a n/a n/a
Dendritic spines
Amygdala
50 — — — n/a n/a n/a
100 — — — n/a n/a n/a
150 — #51 #52 n/a n/a n/a
Total — — — n/a n/a n/a
PFC
50 #59 /59 #69 n/a n/a n/a
100 /&8 /&N /58) s e P
150 /69 /€0 — n/a n/a n/a
TOtal /(61) /(62) /(63) T * T et T * R

Symbols: (v) statistically significant effect {two-way ANOVA); (—) no statistically significant effect (two-way ANOVA) or difference from NaCl-Social group
(post hoc); (1) increase; (n/a) not applicable; (| ) decrease; #p < 0.05; ##p < 0.01; #++p < 0.001; #0.10 = p = 0.05.

F and p values: (28) F(y 15y = 6.29, p = 0.024; (29) F; 15 = 4.88, p = 0.043; (30) Fy 44 = 4.90, p = 0.043 (31) Fyy 1) = 3.81, p = 0.066; (32) F(1 1, = 4.72, p
= 0.043; (33) Fy,19) = 9.02, p = 0.007; (34) Fy 10 = 12,58, p = 0.002; (35) Fyy 48 = 7.53, p = 0.013; (36) Fy 15 = 23.53, p = 12.8 X 10 % (37) F4 1g) =
12.62, p = 0.002; (38) Fy 10) = 4.64, p = 0.044; (39) F; 45, = 6.55, p = 0.019; (40) F(y 45, = 1023, p = 0.005; (41) F(4 oy = 4.43, p = 0.048; (42) Fy o0y = 8.79, p =
0.008; (43) F(y 20) = 327, p = 0.086; (44) Fyy o0, = 5.73, p = 0.027; (45) Fy 0 = 5.32, p = 0.032; (46) Fyy o) = 14.63, p = 0.0011; (47) F(4 20) = 4.34, p =
0.050; (48) Fyy o0y = 8.31, p = 0.009; (49) F(y o0y = 14.29, p = 0.001; (50) Fy o) = 18.23, p = 37.5 X 10 %; (61) F(y 25, = 3.79, p = 0.064; (52) F(y 5, = 3.34, p
= 0.081; (53) F(4.20) = 3.74, p = 0.066; (54) F(y 25) = 4.53, p = 0.045; (55) F; 25) = 3.31, p = 0.083; (66) F(4 o) = 11.72, p = 0.002; (57) F4 o5 = 550, p =
0.029; (68) F(4 22 = 5.18, p = 0.033; (59) Fy 22) = 5.50, p = 0.028; (60) F(y 20 = 7.43, p = 0.012; (61) Fyy 5 = 21.08, p = 14.2 X 10 %; (62) F(4 20y = 6.27, p
= 0.020; (63) F(4 22y = 10.18, p = 0.004.
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Figure 5. Structural analysis of pyramidal neurons. A, Panoramic view of the PFC of THY1-YFP expressing mice. Arrowheads point
to fluorescent pyramidal neurons. B, Representative confocal image of a pyramidal neuron from these animals. C1 (NaCl-Group) and
C2 (MK801-Isolation) represent sections of the spiny apical dendrites of these pyramidal neurons. D, E, Graphs showing the results
of the analysis of dendritic spine density. D, The segmented analysis of the spine densities only showed a significant interaction effect
in the first segment (0-50 um of distance from the soma; Table 3) but no statistically significant differences among groups where
observed after post hoc comparison. Despite the significant effects of treatment or rearing in some of the other segments (Table 3),
the interaction (two-way ANOVA) was not significant in any of them and, therefore, post hoc comparisons were not applicable (n/a).
E, No statistical significant effects of treatment, rearing, or their interaction (two-way ANOVA) were observed when analyzing the

spines density of the total length of the dendrite (200 um). Scale bars: A, 100 um; B, 20 um; C1, C2, 2.5 pm.

nonsignificant because of the lack of interaction between
factors (Fig. 5E).

Previous work from different laboratories has shown
that the structure of interneurons is also susceptible to
change in different paradigms, including chronic stress
(Gilabert-Juan et al. 2011, 2013b). For this reason, we
have also evaluated the structure of a subpopulation of
these inhibitory neurons (Oliva et al. 2000). Treatment,
rearing, and their interaction affected the total number of
dendritic intersections in interneurons of the amygdala
and the density of dendritic spines in interneurons of the
PFC (Fig.6; Table 3). In particular, interneurons from
double-hit mice showed significantly increased arboriza-
tion in the amygdala (Fig.687,B82,D,E) and significantly
increased density of dendritic spines in the PFC (Fig.
6J17,J2,M,N) compared with the control group.

Decreased E/I Ratio in the Amygdala but Increased
in the PFC

To have another readout of the putative alterations in
inhibitory networks and the balance of excitatory versus

March/April 2017, 4(2) e0034-17.2017
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inhibitory neurotransmission, we have studied with immu-
nohistochemistry the expression of the GABA and gluta-
mate vesicular transporters (VGAT and VGLUT1). Aimost
all nuclei/regions of the amygdala and PFC showed sig-
nificant effects of treatment, rearing, or their interaction
when analyzing the density of VGLUT1 and VGAT ex-
pressing puncta and E/I ratio (Table 4). Regarding excit-
atory puncta (VGLUT1), double-hit animals showed increased
density in the La and Me nuclei of the amygdala (Fig.
7A1,A2) but no changes in any of the regions of the PFC
(Fig. 7B1,B2). These animals also showed decreased den-
sity of VGAT puncta in the Cg1-Cg2 region of the PFC
(Fig. 7B1,B3). The E/I ratio was significantly increased in
the PFC of double-hit animals (IL + PrL; (Fig. 7B4).

Expression of GAD67, SYN, and PSA-NCAM

The differences that we have found in the structure of
interneurons and in the E/I ratio prompted us to study the
expression of molecules related to inhibitory neurotrans-
mission and to the plasticity of interneuronal networks,
such as the polysialylated form of the neural cell adhesion

eNeuro.org



New Research 13 of 23

NaCl-Social MK801-Isolation NaCl-Social

MK801-Isolation

Amygdala Prefrontal Cortex
D E % K L
—'—_\—‘
g 801 ‘ 2 s
v 604 == == 60 _—1T— St
8 = £ Te o° é V/\' Nz é
£ A5 4 5 ol —— £ 5
g 5 2 N -E g 5 / ; g
nia J
E N 3™ € b z @
S = - S ) -
z £ = 2 3
"0 20 40 60 80 100 120 140 160 180  © "0 20 40 60 0 100 120 140 160 180 T
Radii Radii -
G i
w 50 100 » 30 0, = w1
.g_ nia g —_ g na %
£ 404 = 80 € - —
if it = H A §t . —
Eg 301 =g 60 53 // gg “
SE o i 29 3E 5
g Eg Bg 10 E2 204
~ B & - sl o
E; 10 z @ 20 2c E . —a
1 ¢ . ! 5 P
50 pm 100 pm 150 pm 50 pm 100 pm 150 pm
Distance from the soma (um) Distance from the soma (1m)
NaCl-Social -~ NaCl-Isolation MK301-Social MHK801- 'sdation

Figure 6. Structural analysis of interneurons. Panoramic view of the amygdala (A) and PFC (H) of GIN mice. B1, B2, I1, I2,
Representative 3D reconstructions of the dendritic arbor of GAD-EGFP expressing intemeurons. Double-hit mice showed increased
dendritic arborization (number of intersections in the Sholl analysis) in interneurons form the amygdala (D, E) but not from the PFC
(K, L).C1, C2, J1,J2, Representative images of spiny dendrites from GAD-EGFP expressing intemeurons. Insets are magnified views
of the squared sections of their respective images. Arrowheads point to dendritic spines. Analysis of the dendritic spines showed
increased density in the PFC (M, N) but not in the amygdala (F, G) of double-hit mice. Horizontal lines in graphs (E, N) represent
statistically significant effects of MK801 treatment (black), rearing (gray), or interaction (gray, dashed) in a two-way ANOVA. #p < 0.05,

w#p < 0.01, #wkp <
analysis: #p < 0.05, *xp < 0.01,

0.001. Colored symboils (D, E, M, N) represent statistically significant differences among groups after post hoc
=#¢p < 0.001. If the interaction (two-way ANOVA) was not significant, post hoc comparisons were

not applicable (n/a). Scale bars: A, H, 800 um; B, I, 40 um; C, J, 14 um; C, J (insets), 2 pum.

molecule (PSA-NCAM; Nacher et al. 2013). GAD67 pro-
tein expression in the amygdala was significantly influ-
enced by rearing (increased as a consequence of social
isolation) but double-hit animals failed to show significant
differences compared with the control group (Table 5; Fig.
8A). Synaptophysin (SYN) protein expression in both re-
gions and GADG67 expression in the PFC were not affected
by any experimental condition (Table 5; Fig. 8A,8). PSA-
NCAM expression was influenced by rearing (decreased
expression in the amygdala after social isolation) and
treatment (after MK-801, increased expression in the
amygdala and decreased expression in the PFC) but not
by their interaction (Table 5; Fig. 88.,D).

Rearing Influences BDNF, CB1-R, and St8SialV Gene
Expression

We have also studied the expression of different genes
involved in the development and regulation of inhibitory
networks, including the enzymes responsible for PSA

March/April 2017, 4(2) e0034-17.2017

synthesis. Among all the studied genes, a significant ef-
fect of rearing was found when studying BDNF (increased
after social isolation) and ST8SialV mRNA expression
(decreased after social isolation) in the PFC and CB1-R
mRNA expression (increased after social isolation) in the
amygdala (Table 5; Fig. 8D-/).

Number of PNNs and PV-Expressing Neurons
Surrounded by PNNs

Different components of the extracellular matrix can
play a role in the E/I imbalance and the remodeling of
inhibitory networks observed in our study. Of particular
interest are PNNs, which are abundant around PV-
expressing interneurons (Hartig et al. 1992). The compo-
sition of these PNN is regulated dynamically in response
to aversive experiences, such as fear or stress, and alter-
ations in the expression of PNNs have been observed in
the PFC of schizophrenic patients (Berretta et al. 2015). In
our study, effects of treatment, isolation, and their inter-
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Table 4. Summary of results (part ll)
Main effects (two-way ANOVA)

Group differences (from NaCl-Social)

Parameter Treatment  Rearing Interaction ~ NaCl-Isolation = MK801-Social MK801-Isolation
Density of neuropil puncta (Fig. 7)
VGLUT1 (Amygdala)
Central — — — n/a n/a n/a
Lateral Valal /) V69 — — o
Basolateral — — - n/a n/a n/a
Basomedial V67 V68 #69 n/a n/a n/a
Medial #70 S /72 — — s
VGLUT1 (PFC)
IL+PrL — — — n/a n/a n/a
Cgl1+Cg2 7 /4 #79 n/a n/a n/a
VGAT (Amygdala)
Central — #076) — n/a n/a n/a
Lateral — S — n/a n/a n/a
Basolateral #78) #79 #60) n/a n/a n/a
Basomedial #61 /&) — n/a n/a n/a
Medial #89 V849 #89 n/a n/a n/a
VGAT (PFC)
IL+PrL #69) #©7 /89 — ¥ —
Cgl1+Cg2 — /59 — n/a n/a n/a
E/I Balance (Fig. 7)
Amygdala
Central — — — n/a n/a n/a
Lateral #°0 ven —_ n/a n/a n/a
Basolateral — v — n/a n/a n/a
Basomedial — — — n/a n/a n/a
Medial — — — n/a n/a n/a
PFC
IL+PrL #°9 /&9 /199 — — T
Cgl+Cg2 V%9 /N — n/a n/a n/a

Symbols: (v') statistically significant effect (two-way ANOVA); (-) no statistically significant effect (two-way ANOVA) or difference from NaCl-Social group (post
hoc); (1) increase; (n/a) not applicable; ( | ) decrease; #p < 0.05; ##p < 0.01; #++p < 0.001; #0.10 = p = 0.05.

F and p values: (64) Fy 2o, = 4.58, p = 0.041; (65) F(3 20, = 7.12, p = 0.012; (66) F(4 o) = 4.20, p = 0.049; (67) F(; 25 = 4.89, p = 0.036; (68) F(y . = 6.08, p
= 0.020; (69) F(4 2 = 3.17, p = 0.086; (70) F4 29y = 3.74, p = 0.063; (71) F(4 29 = 4.32, p = 0.047; (72) F(3 29, = 5.01, p = 0.033; (73) Fy 10y = 6.31, p =
0.021; (74) F(y 10 = 8.44, p = 0.009; (75) F(4 10y = 3.54, p = 0.075; (76) F4 20 = 345, p = 0.074; (77) F; 25y = 5.28, p = 0.029; (78) F; »o) = 3.09, p = 0.089;
(79) Fiy 20 = 3.88, p = 0.058; (80) Fy 29) = 2.91, p = 0.097; (81) F(4 20, = 3.16, p = 0.086; (82) F(; 20y = 429, p = 0.047; (83) Fy o) = 3.47, p = 0.073; (84)
Fl120) = 588, p = 0.022; (85) Fy 20, = 3.05, p = 0.091; (86) Fyy 14y = 3.75, p = 0.069; (87) Fy 14 = 3.88, p = 0.065; (88) Fyy 14 = 6.53, p = 0.020; (89) F(y 1) =
21.12,p =2 X 10 % (90) Fyy 29y = 3565, p = 0.070; (91) F(4 29y = 9.01, p = 0.005; (92) F(; 24 = 6.75, p = 0.015; (93) F4 1) = 3.93, p = 0.063; (94) Fy 14 =
6.18, p = 0.023; (95) F(3,15 = 6.39, p = 0.021; (96) F(; 15 = 10.72, p = 0.004; (97) F; 45 = 8.33, p = 0.0098.

action were found in different regions of the mPFC and
the amygdala. Specifically, in the infralimbic cortex, both
isolated, and especially MK-801-treated animals, showed
a significant increase in the number of PV-expressing
neurons, PNNs, and PV-expressing neurons surrounded
by PNNs (only MK-801; Table 6; Fig. 9). By contrast, in
this region there was a tendency for a decrease in these
parameters in the double-hit mice.

Discussion

In the present study, we report alterations in behavior,
neuronal structural plasticity, and E/I neurotransmission in
mice subjected to chronic early-life stress, consisting in a
social isolation rearing from the age of weaning until
adulthood. A group of animals (double-hit) was also sub-
jected to a perinatal injection of the NMDAR antagonist
MK801 to interfere with the last stages of neocortical
development: the activation of the NMDA receptor is
essential for neuronal differentiation, migration, and survival
(Jansson and Akerman, 2014) and perinatal treatments with
NMDAR antagonists trigger apoptosis, specially in the fron-
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tal neocortex (Ikonomidou et al. 1999; Wang and Johnson,
2005).

Both interventions, isolation and MK801 treatment,
have been considered animal models for schizophrenia.
We have found that, especially, the isolation rearing in-
duces a wide spectrum of alterations, including changes
in neurochemical, behavioral, and structural parameters.
These changes affect particularly interneurons and some
of them are significant when this aversive experience
is combined with the neurodevelopmental intervention.
These effects are the consequence of prolonged isolation
stress during a period in which the circuits are already
stablished, although they still display a high degree of
plasticity. Alterations on the structure and neurotransmis-
sion of interneurons can be induced even in young-adult
animals when they are subjected to chronic stress
(Gilabert-Juan et al. 2011). By contrast, the single injec-
tion of MK801 in P7 is a procedure that disturbs acutely
ongoing neurodevelopmental processes, particularly in
the frontal cortex, such as neuronal migration, neurite
extension, or synaptogenesis. This is an important time
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Figure 7. Excitatory and inhibitory neurotransmission. Schematic view of all the analyzed regions (A1, amygdala; B7, PFC). Right,
Representative confocal images of excitatory (blue, VGLUT1) and inhibitory (red, VGAT) puncta in the neuropil of NaCl-Social and
MK801-Isolated animals. Scale bars: images, 16 um; insets, 6 um. Significant differences in VGLUT1 puncta density (A2, B2), VGAT
puncta density (A3, B3), and E/| ratio (A4, B4) among groups were observed. Horizontal lines in graphs represent trends and
statistically significant effects of MK801 treatment (black), rearing (gray), or interaction (gray, dashed) in a two-way ANOVA. # 0.1 >
p = 0.05, #p < 0.05, =#p < 0.01, #+#p < 0.001. Colored symbols in bars represent trends and statistically significant differences
among groups after post hoc analysis: # 0.1 = p = 0.05, #p < 0.05, #xp < 0.01, #+xp < 0.001.
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Table 5. Summary of results (part IV)

New Research 16 of 23

Main effects (two-way ANOVA)

Group differences (from NaCl-Social)

Parameter Treatment Rearing Interaction NaCl-Isolation MK801-Social MK801-Isolation
Protein expression (Fig.7)
GAD67
Amygdala — v/ — n/a n/a n/a
PFC —_ —_ —_ n/a n/a n/a
SYN
Amygdala — — — n/a n/a n/a
PFC — — — n/a n/a n/a
PSA-NCAM
Amygdala V9 o #0101 n/a n/a n/a
PFC /192 — — n/a n/a n/a
Gene expression (Fig.7)
GAD67
Amygdala — — — n/a n/a n/a
PFC #1039 — — n/a n/a n/a
BDNF
Amygdala — — — n/a n/a n/a
PFC — v(104) — n/a n/a n/a
ErbB4
Amygdala — — #1109 n/a n/a n/a
PFC — — — n/a n/a n/a
CB1-R
Amygdala — v199) — n/a n/a n/a
PFC — — — n/a n/a n/a
ST8Siall
Amygdala #1107 — — n/a n/a n/a
PFC — — — n/a n/a n/a
ST8SialV
Amygdala — — — n/a n/a n/a
PFC #108) s — n/a n/a n/a
Symbols: () statistically significant effect (two-way ANOVA); (—) no statistically significant effect (two-way ANOVA) or difference from NaCl-Social group

(post hoc); (1) increase; (n/a) not applicable; ( | ) decrease; () p < 0.05; (#+) p < 0.01; (++#) p < 0.001; (#) 0.10 = p = 0.05.

F and p values: (98) F, 4o, = 11.74, p = 0.003; (99) F4 25 = 11.58, p = 0.002; (100) Fyy o) = 107.23, p < 10 '%; (101) Fy o5 = 4.02, p = 0.056; (102) Fy 3, =
9.863, p = 0.004; (103) Fy o5 = 3.94, p = 0.058; (104) Fy; .5 = 13.51, p = 0.001; (105) F; 25y = 4.10, p = 0.054; (106) F(y . = 5.52, p = 0.027; (107)
Fi120) = 3.07, p = 0.095; (108) F(4 25y = 4.12, p = 0.053; (109) F4 -5, = 5.06, p = 0.033.

point for the maturation of inhibitory circuits. When ani-
mals are subjected to both alterations (MK801 injection
and social isolation), we observe a cumulative effect,
especially on the structure of interneurons. Probably the
early effect of MK801 disturbs the construction of in-
terneuronal morphology and connectivity. In animals
reared in group, these alterations are probably compen-
sated during infancy and puberty: for instance, in the
proportion of PV-expressing neurons surrounded by
PNNs in the infralimbic cortex, the significant effects of
the MK801 injection appear to be reverted by the social
isolation. However, if the animals are subjected to the
prolonged isolation stress, the impact of this aversive
experience may prevent this compensation. The social
isolation stress by itself seems to be enough to produce
significant changes in many parameters, but in others, like
some anxiety-like and locomotor behaviors, this aversive
experience is not enough to render significant alterations.
Apparently, these changes only appear when the stressful
event operates on a previously altered substrate, such as
the subtly modified circuitry of MK801-injected animals.

Behavioral Alterations
Anxiety, hyperactivity, and working memory deficits are
frequently reported in patients suffering from schizophre-
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nia (Pallanti et al. 2013; Pallanti and Salerno, 2015; Van
Snellenberg et al. 2016) and in several animal models of
this disease (Jones et al. 2011; Lett et al. 2014). In our
study, we used the hole-board apparatus to analyze these
behaviors (Karl et al. 2008; Castilla-Ortega et al. 2010;
Torres-Garcia et al. 2012). Our results on GIN mice show
that rearing in isolation induced anxiety-like behavior and
locomotor hyperactivity. Therefore, the functional conse-
qguences of the molecular and structural changes affecting
only the double-hit GIN mice are not yet clear. The anal-
ysis of Thyl mice also showed these effects of rearing,
but in this strain also revealed significant differences in
double-hit animals compared with controls. These behav-
ioral abnormalities may be a long-term consequence of
the impairments in brain development that are induced by
post-weaning social deprivation, as other authors re-
ported before (Koike et al. 2009; Jones et al. 2011; Hickey
et al. 2012; Jiang et al. 2013). No changes in exploratory
behavior were observed in any of the strains when mea-
sured in the hole-board; this test can be considered as an
initial basic screen for working memory (Karl et al. 2008).

Studies on schizophrenia models based on NMDAR
hypofunction during early postnatal development have
yielded contradictory results; whereas some authors de-
scribed hyperlocomotion, anxiety-related behaviors, and
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Figure 8. Protein and gene expression studies. Bar graphs showing the presence or lack of effect of the treatment, rearing, or their
interaction in GAD67, SYN, and PSA-NCAM protein expression (A-C) and in GAD67, BDNF, ErbB4, CB1-R, ST8Siall, and ST8SialV
mRNA levels (D-f). Horizontal lines in graphs represent trends and statistically significant effects of MK801 treatment (black), rearing
(gray) orinteraction (gray, dashed) in a two-way ANOVA. # 0.1 = p = 0.05, #p < 0.05, =xp < 0.01, #+#p < 0.001. J & K: Representative

bands from immunoblots for GAD67 (J) and SYN (K) in the amygdala and the PFC.
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Table 6. Summary of results (part V)
Main effects (two-way ANOVA)

Group differences (from NaCl-Social)

Parameter Treatment Rearing Interaction NaCl-Isolation =~ MK801-Social =~ MK801-Isolation
PV+ neurons (Fig. 9)
Amygdala
Total — — #0110 n/a n/a n/a
Central — — — n/a n/a n/a
Lateral — — — n/a n/a n/a
Basolateral — — v/am —_ —
Basomedial — — Ji19 — — 1>
PFC
Total —_ — /113 —_ — —_
IL s /(114) /(115) T * T o i
PrL — — v/16 — — —
PNNs (Fig. 9)
Amygdala
Total v — /118 — — —
Central s/119 — — n/a n/a n/a
Lateral — — — n/a n/a n/a
Basolateral v/120 — v21) — — —
Basomedial #122) /123 — n/a n/a n/a
PFC
Total — — V124 — * —
IL /(125) /(126) ‘/(127) T * T ok s
PrL — — — n/a n/a n/a
PV-PNN colocalization (Fig. 9)
Amygdala
Total — s128) v129 — 1# —
Central — — — n/a n/a n/a
Lateral — — — n/a n/a n/a
Basolateral — — (130 — — —
Basomedial #1319 s/132) — n/a n/a n/a
PFC
Total — #1339 g4 — 1 L #
IL /(135) /(136) ‘/(137) . T FHE —
PrL — — — n/a n/a n/a

Symbols: (v) statistically significant effect (two-way ANOVA); (—) no statistically significant effect (two-way ANOVA) or difference from NaCl-Social group
(post hoc); (1) increase; (n/a) not applicable; ( | ) decrease; #p < 0.05; ##p < 0.01; #++p < 0.001; #0.10 = p = 0.05.

F values and p values: (110) F4 o4y = 3.99, p = 0.059; (111) F; 44 = 7.06, p = 0.016; (112) F4 o) = 4.80, p = 0.041; (113) Fy 44 = 12.82, p = 0.003; (114)
Fuas =722, p = 0.017; (115) Fy 45 = 52.97,p = 3 X 10 & (116) F4 45, = 7.03, p = 0.018; (117) F; »o) = 5.648, p = 0.028; (118) Fyy o) = 6.70, p = 0.016;
(119) Fq .48 = 10.19, p = 0.005; (120) Fy »4y = 4.91, p = 0038 (121) Fyy 21y = 12.96, p = 0.002; (122) F(; 20 = 3.39, p = 0.08; (123) Fy o) = 6.4, p = 0.02;
(124) F(4 14y = 10.55, p = 0.006; (125) Fy, 45, = 12.93, p = 0.003; (126) F(; 45y = 17.92, p = 0.001; (127) F(4 45y = 88.68, p < 10 — 7; (128) F(4 40y = 10.95, p =

0.004; (129) Fyy 40 =

p = 0.08; (134) (3 15 = 15.49, p = 0.002; (135) F( 15) = 19.87, p = 4.61 X 10

working memory abnormalities after these treatments
(Andersen and Pouzet, 2004; Bubenikova-Valesova et al.
2008; Belforte et al. 2010; Nozari et al. 2015), others failed
to find them (Bubenikova-Valesova et al. 2008; Rompala
et al. 2013).

Changes in Brain Volume and Neuronal Structure
Numerous studies in humans and animal models of
schizophrenia have documented the presence of struc-
tural alterations in the BLA and PFC, including volume
impairments (Jaaro-Peled et al. 2010; Levitt et al. 2010).
Early-life stress also has dramatic effects on brain struc-
ture, especially on the amygdala (hypertrophy, increased
activity, and dendritic arborization of excitatory neurons;
for review, see Coplan et al. 2014). In our study, early-life
stress, but not specifically the double-hit model, has a
negative effect in the volume of the PFC (as described
previously in rats, Gilabert-Juan et al. 2013a), but in-
creases the volume of CeA. To our knowledge, there are
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13.36, p = 0.002; (130) Fjy 10y = 6.53, p = 0.019; (131) F(4 24y = 2.99, p = 0.098; (132) Fy »yy = 4.97, p = 0.037; (133) F; 45 = 3.61,
4 (136) Faas =47.52,p =5x 10 8 (137) Faig=

87.65,p <10 7.

no previous studies on the effects of social isolation rear-
ing on these nuclei, although reductions in the volume of
the MeA have been described (Cooke et al. 2000).

As these volumetric alterations may probably reflect
structural changes in PFC and BLA neurons, we decided
to analyze their structure. In fact, a previous Golgi study in
rats found that social isolation rearing reduces the length
of dendritic segments of pyramidal neurons in the BLA
while increasing their complexity (Wang et al. 2012). This
study also found reduced dendritic arborization and spine
density in mPFC pyramidal neurons, similar to what has
been found after chronic stress in adult rats (Radley et al.
2004, 2006). By contrast, also with data from schizo-
phrenic patients and rat models (Jones et al. 2011; Flores
et al. 2016), we have not observed a significant reduction
in spine density of the PFC pyramidal neurons in isolated
or double-hit mice. This controversy could be due to
species differences. However, because there is a clear
trend toward a decrease in the double-hit animals, it is
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Figure 9. Expression of PNNs in PV-immunoreactive neurons. A, Representative confocal images showing the distribution of PV (red)
and PNNs (blue) in the different nuclei of the amygdala (left) and regions of the PFC (right) of GIN mice (GAD-GFP, green). The squared
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continued

section in the panoramic images was 2 X magnified to show the different nuclei and areas that were analyzed. In a detailed view
(below), two PV-immunoreactive neurons expressing PNN can be observed. GAD-GFP expressing interneurons do not express PNN.
Scale bars: panoramic views, 875 um; detailed view, 25 um. B, C, Treatment, rearing, or their interaction affected the total number
of PV neurons (B1, C1), PNNs (B2, C2), or their colocalization (B3, C3) in some nuclei of the amygdala and regions of the PFC.
Horizontal lines in graphs represent trends and statistically significant effects of MK801 treatment (black), rearing (gray), or interaction
(gray, dashed) in a two-way ANOVA. # 0.1 = p = 0.05, *p < 0.05, *=#p < 0.01, #+#p < 0.001. Colored symbols in bars represent trends
and statistically significant differences among groups after post hoc analysis: # 0.1 = p = 0.05, #p < 0.05, ##p < 0.01, ##xp < 0.001.

possible that studies with higher number of animals would
render significant results on this parameter.

An increase in dendritic spine density was found in PFC
interneurons of isolated and double-hit mice, which may
lead to an increased number of synaptic contacts on
these interneurons. Future experiments should explore
whether these new spines are active and receive excit-
atory and/or inhibitory contacts. We have also detected a
significant increase in dendritic arborization in amygdaloid
interneurons of the double-hit mice, also suggesting an
increased surface for the reception of new synaptic con-
tacts. Interestingly, the subpopulation of interneurons
studied in the present paper, which mainly express so-
matostatin (Oliva et al. 2000), also exhibits hypertrophic
changes when young adult mice are subjected to chronic
stress (Gilabert-Juan et al. 2011, 2013b). These findings
are especially relevant because, despite the abundant
number of studies that point to interneurons as key play-
ers in neurodevelopmental mental disorders, no studies
looking for dendritic abnormalities in interneurons, neither
of the PFC nor the amygdala, have been conducted be-
fore.

Alterations in Structural Plasticity and E/I
Neurotransmission

The impairments in the morphology and connectivity of
neurons may be mediated by changes in the expression
of the plasticity-related molecule PSA-NCAM (Bonfanti,
2006; Rutishauser, 2008; Nacher et al. 2013). Post-
weaning social isolation rearing in rats leads to increases
in the expression of PSA-NCAM during adulthood, spe-
cially in the basolateral amygdaloid nucleus (Gilabert-
Juan et al. 2012). Adult rats exposed to different physical
stressors during adolescence show a similar increase in
this nucleus (Tsoory et al. 2008). However, in the present
experiment, both the isolated and the double-hit mice
showed decreased expression of PSA-NCAM in the
amygdala in adult life. These apparently contradictory
results could be due to species differences and/or to a
different impact of stress in different amygdaloid regions,
because the expression of PSA-NCAM in the present
study has been studied in the whole amygdala. In fact,
similar reductions in the expression of this molecule have
been found after chronic stress in the central amygdala of
adult mice (Gilabert-Juan et al. 2011) and rats (Cordero
et al. 2005). These findings are specially relevant for in-
hibitory circuits, because in the amygdala and PFC, PSA-
NCAM is exclusively expressed by interneurons, and
therefore is able to regulate directly its structure and
connectivity (Nacher et al. 2013).
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PNNs were reduced in the lateral nucleus of the
amygdala (Pantazopoulos et al. 2010) and the PFC in
schizophrenic patients (Mauney et al. 2013). Reduced
labeling of PV neurons was also observed in these pa-
tients (Enwright et al. 2016). Moreover, a recent report has
described a disruption of PNNs in the mPFC after in an
animal model of this disorder (maternal immune activation;
Paylor et al. 2016). Our study also reveals a similar, although
nonsignificant, decrease in these parameters in the infralim-
bic cortex of the double-hit mice. This is in accordance with
previous results on PV-expressing neurons in this prefron-
tocortical region using the same double-hit model in rats
(Gilabert-Juan et al. 2013a). However, it has to be noted that
opposite effects were observed in the MK-801 group of
animals. We do not have an explanation yet for these effects
and there are no previous studies looking at the effects of
NMDAR antagonists on PNNs.

The precise balance between excitatory and inhibitory
neurotransmission is crucial for the proper maturation of
the neural circuitry during development. In fact, E/I imbal-
ances in key brain regions have been proposed as under-
lying causes of some neurodevelopmental psychiatric
disorders, including schizophrenia (Curley and Lewis, 2012;
Lewis et al. 2012; Inan et al. 2013; Lin et al. 2013; Sun et al.
2013; Morishita et al. 2015). Our data support this hypothe-
sis, demonstrating that early-life stress strongly influences
E/I balance and that alterations in this balance are particu-
larly evident in the PFC and the amygdala of double-hit
mice. E/I balance can also be affected by changes in the
expression of other molecules that influence the maturation
of inhibitory circuits and that have also been related to
schizophrenia. This is the case of BDNF (Sanchez-Huertas
and Rico, 2011), ST8SialV (Nacher et al. 2010), and CB1-R
(Volk and Lewis, 2010; den Boon et al. 2015). BDNF and
ST8SialV mRNA levels in the PFC are increased and de-
creased, respectively, by early-life stress, whereas CB1-R
mRNA levels in the amygdala are increased.

Concluding remarks and future perspectives

The present results suggest an important impact of
stressful events in early life on inhibitory networks, both at
the structural and the neurochemical level. We still do not
know whether the changes in the structure (and probably
in the connectivity) of interneurons precede or are the
response to alterations in the excitatory neurotransmis-
sion. Future experiments evaluating different time points
should clarify this matter. The present model may consti-
tute a powerful resource for the study of the influence of
early-life aversive experiences on the adult brain and to
deepen further in the understanding of the neurobiological
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basis of mental disorders in which these experiences
seem to play a critical role, such as schizophrenia. The
model may constitute an interesting tool for testing new
antipsychotic drugs or to understand how other genetic or
environmental factors, particularly during the early-life
stages, can impact on the development of this symptom-
atology. Future studies will have to expand the battery of
behavioral tests, particularly those measuring prefrontal-
and amygdaloid-related behaviors. Given the alterations
found in the structure of intemeurons and in some molecules
related to inhibitory neurotransmission, it would also be
interesting to analyze them in more detail.
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Abstract

Novel hypotheses suggest that antidepressants, such as the selective serotonin reuptake inhibitor fluoxetine,
induce neuronal structural plasticity, resembling that of the juvenile brain, although the underlying mechanisms
of this reopening of the critical periods still remain unclear. However, recent studies suggest that inhibitory
networks play an important role in this structural plasticity induced by fluoxetine. For this reason we have
analysed the effects of a chronic fluoxetine treatment in the hippocampus and medial prefrontal cortex
(mPFC) of transgenic mice displaying eGFP labelled interneurons. We have found an increase in the expression
of molecules related to critical period plasticity, such as the polysialylated form of the neural cell adhesion
molecule (PSA-NCAM), GAD67/65 and synaptophysin, as well as a reduction in the number of parvalbumin
expressing interneurons surrounded by perineuronal nets. We have also described a trend towards decrease
in the perisomatic inhibitory puncta on pyramidal neurons in the mPFC and an increase in the density of inhibi-
tory puncta on eGFP interneurons. Finally, we have found that chronic fluoxetine treatment affects the structure
of interneurons in the mPFC, increasing their dendritic spine density. The present study provides evidence
indicating that fluoxetine promotes structural changes in the inhibitory neurons of the adult cerebral cortex,
probably through alterations in plasticity-related molecules of neurons or the extracellular matrix surrounding
them, which are present in interneurons and are known to be crucial for the development of the critical periods
of plasticity in the juvenile brain.
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Introduction research on the effects of antidepressants has been fo-
cused on excitatory neural networks, leaving their
action on inhibitory neurons almost unexplored (Chen
et al., 2011).

Recent research has promoted the development of a
new perspective on our understanding of the mode of ac-
tion of antidepressants: The structural plasticity induced
by antidepressants and particularly fluoxetine, resembles
that naturally occurring during the critical periods of de-
velopment. Therefore, fluoxetine may act by promoting a
‘dematuration’ in certain regions of the adult brain, such
as the limbic system (Kobayashi et al.,, 2010). Moreover,
research on the visual cortex has, in fact, demonstrated
that the plasticity induced by fluoxetine is similar to
that observed during critical periods, when the neuronal

Neuronal plasticity is required for the adaptation of the
brain to face a changing external environment. Several
lines of evidence during the last decade have suggested
that antidepressants may act by promoting this plasticity
(Duman et al., 2000; Castrén, 2005). The antidepressant
fluoxetine, a selective serotonin reuptake inhibitor, pro-
motes different kinds of plasticity in the adult CNS, in-
cluding increased hippocampal neurogenesis (Malberg
et al.,, 2000), LTP induction (Rubio et al., 2013) or remodel-
ling in the structure of pyramidal neurons (Hajszan et al.,
2005; Guirado et al., 2009). However, to date most of the
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adhesion molecule (PSA-NCAM) and the perineuronal
nets (PNNs) are interesting candidates to mediate these
changes. These molecules have been both demonstrated
to play a key role in synaptogenesis and neurite remodel-
ling (Rutishauser, 2008; Howell and Gottschall, 2012).
While PSA-NCAM is widely considered a marker of
developing neurons, which expression decreases as devel-
opment progresses (Probstmeier et al., 1994; Kurosawa
et al, 1997; Oltmann-Norden et al.,, 2008), PNNs are
considered indicators of neuronal maturation and, con-
sequently, the number of neurons expressing these
specialized regions of the extracellular matrix increases
with age (McRae et al.,, 2007; Nowicka et al., 2009).

Fluoxetine treatment induces a similar type of juvenile
plasticity in the adult amygdala, allowing the erasure
of fear memories. This reopening of the critical period
was correlated with an increase in the expression of
PSA-NCAM and with a reduction of the ratio of PNNs ex-
pressing parvalbumin (Karpova et al, 2011). In agree-
ment with this plasticity-promoting role, the enzymatic
removal of these molecules has an impact on the critical
period plasticity. Removal of PSA-NCAM accelerates
the maturation of the visual cortex and the closure of
the critical period (Di Cristo et al., 2007), while removal
of PNNs delays this maturation and maintains open the
critical period for a longer time (Pizzorusso et al., 2002).
However, little is known of the effect of this antide-
pressant in the hippocampus or the mPFC, two regions
critically involved in the aetiopathology of major
depression.

It is interesting to note that both PSA-NCAM and
PNNs are found in subsets of interneurons in the
adult cerebral cortex. PNNs mainly appear surrounding
parvalbumin expressing interneurons (Briickner et al.,
1994), and PSA-NCAM is expressed mainly by calbin-
din expressing interneurons, although it is also found
in a lower proportion in the somata of other inter-
neuronal populations and in parvalbumin expressing
perisomatic puncta surrounding pyramidal neurons
(Gomez-Climent et al, 2010; Castillo-Gomez et al,
2011). This suggests that interneurons may play a key
role in the structural plasticity induced by the antide-
pressant fluoxetine. In fact, a recent report has demon-
strated that chronic treatment with fluoxetine alters
GABA release from synapses formed by fast-spiking cells,
resulting in the disruption of y oscillations (Méndez
et al., 2012).

Thus, in order to better understand how fluoxetine
influences the structural plasticity and the connectivity
of interneurons in the mPFC and the hippocampus, we
have analysed the effects of fluoxetine on: (i) the ratio of
PNNs surrounding PV interneurons, (ii) the expression
of PSA-NCAM and synaptic molecules related to inhibi-
tory neurotransmission in the neuropil, (iii) the periso-
matic innervation of pyramidal and inhibitory neurons,
and (iv) the structure of interneurons in these two cortical
regions.

Method
Animal treatments

Twelve male GIN (GFP-expressing inhibitory neurons,
Tg(GadCFP)45704Swn) (Oliva et al., 2000), three-month-
old mice were used in this study. They were maintained
in standard conditions of light (12h cycles) and temp-
erature, with no limit in the access to food or water. All
animal experimentation was conducted in accordance
with the Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on
the protection of animals used for scientific purposes and
was approved by the Committee on Bioethics of the
Universitat de Valéncia. Every effort was made to mini-
mize the number of animals used and their suffering.
Mice received daily i.p. injections either with the antide-
pressant fluoxetine (=6, 20 mg/kg), or with saline solution
(n=6), over 14 days (once daily at 10.00 am). Previous
studies have shown that this dose and length of treatment
produces increases in the expression of plasticity-related
molecules in the regions analysed (Umathe et al., 2011;
Yu et al,, 2011; Méndez et al., 2012). The day after these
treatments, mice were perfused transcardially under
deep chloral hydrate anaesthesia (4%, 0.01 ml/g), first
with saline and then with 4% paraformaldehyde in sodium
phosphate buffer (PB 0.1m, pH 7.4). After perfusion, the
brains were extracted and stored in PB 0.1 v and sodium
azide 0.05%. The two hemispheres were separated, then
one hemisphere was cut into 50 um thick sections, while
the other was cut into 100 gm thick sections, both with
a vibratome (Leica VT 1000E, Leica). The sections were
collected in six and three subseries, respectively, and stored
at4°Cin PB 0.1 m and sodium azide 0.05% until used.

Immunohistochemistry

Tissue was processed free-floating for fluorescence
immunohistochemistry. Sections were washed in phos-
phate buffered saline (PBS), then slices were incubated
in 10% normal donkey serum (NDS) (Abcys SA), 0.2%
Triton-X100 (Sigma) in PBS for 1h. Sections were then
incubated for 48 h at 4 °C with different primary antibody
cocktails diluted in PBS — 0.2% Triton-X100 (see Table 1).
After washing, sections were incubated for 2h at room
temperature with different secondary antibody cocktails
also diluted in PBS - 0.2% Triton-X100 (see Table 1).
Finally, sections were washed in PB 0.1 M, mounted on
slides and coverslipped using fluorescence mounting
medium (Dako).

In the present study we used only commercial anti-
bodies whose specificity was proved by the provider.
Additionally, when the antigen used for generating the
primary antibody was available, we first co-incubated
them in accordance with the immunohistochemical pro-
tocol in order to block the binding of these antibodies
to the tissue antigens. In the cases of anti-CAD6 and
anti-CAMKII antibodies no access was available to the



Table 1. List of primary and secondary antibodies used in the
study

Dilution Company

Primary antibodies

Monoclonal mouse anti-PSA-NCAM  1:2000 Millipore

Polyclonal guinea pig antivesicular 1:2000  Millipore
glutamate transporter 1

Polyclonal rabbit anti-synaptophysin  1:1000 Millipore

Monoclonal mouse anti-glutamic acid ~ 1:500 DSHB
decarboxylase 65/67

Polyclonal guinea pig 1:2000  Synaptic
anti-parvalbumin Systems

Polyclonal chicken anti-GFP 1:1000 Millipore

WEA lectin biotin-conjugated 1:200 Sigma

Monocolonal mouse anti-CaMKII 1:500 Abcam

Secondary antibodies

Goat anti-mouse A555-conjugated 1:400 Invitrogen

Donkey anti-rabbit A555-conjugated ~ 1:400 Invitrogen

Goat anti-guinea pig A647-conjugated  1:400 Invitrogen

Donkey anti-chicken A488-conjugated  1:400 Invitrogen

Streptavidin A647-conjugated 1:400 Invitrogen

Donkey anti-mouse 1:400 Jackson
DL649-conjugated

Donkey anti-mouse A488-conjugated ~ 1:400 Invitrogen

antigens used for their generation. However, these
antibodies are included in the JCN AntibodyDatabase:
http://onlinelibrary.wiley.com/journal/10.1002/%28ISSN%
2910969861/homepage/jen_antibody_database.htm. The
antibodies on this list have been described and character-
ized adequately according to the strict guidelines of the
journal, including appropriate controls. The primary anti-
bodies against VGLUT1 and PV were pre-adsorbed with
the peptides used for their generation by their commercial
source: AG208 (Millipore) and SySy 195-0P (synaptic
systems), respectively. The primary antibody against
SYN was pre-adsorbed with a synaptophysin recombi-
nant protein (H00006855-P01, Novus). The antibody
against PSA-NCAM was co-incubated with alpha-2,8-
sialic acid (Colominic acid, Sigma). The performance of
the immunohistochemical procedure using these blocked
antibodies resulted in a total absence of immunostaining.
The Wisteria floribunda lectin was pre-adbsorbed with
N-Acetyl-D-galactosamine (Sigma, A2795). The perform-
ance of the histochemical procedure using this blocked
lectin also resulted in a total absence of staining.

Analysis of immunoreactive puncta in single
confocal planes

We analysed the density of puncta expressing different
markers in single confocal planes (Olympus FV10i) of dif-
ferent regions of the mouse brain, as previously described
(Guirado et al., 2012). We imaged an area located within
layer V of the medial prefrontal cortex (mPFC). In this

Chronic fluoxetine alters interneuronal structure 1637

layer reside the pyramidal neurons that provide the
main output projection of this region, which project ex-
tensively to the striatum (Lévesque and Parent, 1998).
We analysed the different regions of the mPFC in two dif-
ferent sections: the prelimbic (PrL) and the infralimbic
cortices (IL; in sections corresponding to Bregma +1.78 mm)
and the ventral and dorsal cingulate cortices (Cgl and
Cg2 respectively; Bregma +1.1 mm). Different regions
and strata of the hippocampus were also analysed
(Bregma —2.18 mm): the hilus and the molecular layer
of the dentate gyrus, the stratum lacunosum-moleculare,
radiatum and oriens of CA1 and the stratum lucidum
of CA3. Confocal z-stacks of the superficial layers of
the slices, for optimal penetration levels for antibody
recognition were selected.

On these planes, three small areas of the neuropil
(505 um?) were selected for analysis, in order to avoid
blood vessels and cell somata. Images were processed
using Image] software. The background was subtracted
with a rolling value of 50, converted to 8-bit deep images
and binarized using a determined threshold value. This
value depended on the marker and the area analysed
and was kept the same for all images with the same mar-
ker and area. The images were then processed with a blur
filter to reduce noise and separate closely apposed
puncta. Finally, the number of the resulting dots per
region was counted (Fig. S1).

Analysis of the density of perisomatic puncta

We analysed the density of puncta surrounding the cell
somata of pyramidal neurons and interneurons using
a similar methodology to that described above. In the
mPFC, between 20 and 30 pyramidal neurons were
imaged per animal in three different sections and similar
numbers where analysed in the CA1 region of the hippo-
campus. However, only between 10 and 15 interneurons
were counted per region (also both in the mPFC and
the hippocampus), since their density was more limited.
Images were processed using Image]. The profile of the
plasmatic membrane of every soma was delimited manu-
ally, and then the selection was enlarged 1um in order to
cover the area surrounding the somata. The selected area
was processed for binarization as described above.

Analysis of spine density

To study the spine density of interneurons we selected
individual dendrites from eGFP-expressing neurons in
deep layers of the mPFC and in the CA1 region of the hip-
pocampus. Stacks of confocal images were obtained with
a 63 xobjective and an additional 3.5 digital zoom. The
spines were counted in three dendritic fragments (around
60 um each) expanding until 180 zm from the soma. The
length of every dendritic fragment was measured and
the data was expressed in density of spines per 10 zm.
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Fig. 1. Expression of PV and PNNs, after chronic fluoxetine treatment, in the hippocampus. (a & d): Single confocal planes showing
the expression of PV and the presence of PNNs in the CA1 region of the hippocampus of mice treated either with saline (a) or
fluoxetine (d). (b & ¢): Higher magnification microphotographs showing differences in the number of neurons co-expressing both

markers. (c & f): Graphs showing the changes in cells expressing each of the markers, expressing both markers and the ratio of total

PNNs surrounding PV-expressing neurons (Unpaired T-test, p-values: #<0.1, *<0.05). Scale bar 377 yum in A and D, 41 zm in (b) and

(e). PNNs: perineuronal nets; PV: parvalbumin.

Estimation of number of cells

We also estimated the number of cells expressing par-
valbumin (PV) or surrounded by perineuronal nets
(PNN) as previously described (Nacher et al., 2002b). In
brief, we analysed sections selected by a 1:6 fractionator
sampling covering the whole rostral to caudal extension
of the mPFC and the hippocampus CAT.

Statistics

We have used two-way ANOVAs to analyse the data
whenever we had to consider more than one factor, as
in the analysis of the density of immunoreactive puncta
in different subregions or the density of spines at different
distances from the soma. For comparing two means with
only one factor, we used unpaired f-tests, as in the study
of the perisomatic innervation and the total number
of cells expressing PV, surrounded by PNNs, PV/PNNs
positive cells, or the ratio of PNNs surrounding PV
immunoreactive neurons. For all statistics the number
of animals in each group was considered as the ‘r’.

Results

Chronic fluoxetine treatment alters the expression
of plasticity-related molecules in interneurons of the
mPFC and the hippocampus

We found that animals treated with fluoxetine displayed
a non-significant trend towards a decreased number of
PV-expressing interneurons in the CAl region of the
hippocampus (p=0.098; Fig. 1). In addition, the number

of PV interneurons expressing PNNs was significantly
reduced (p=0.014). Moreover, another parameter typi-
cally measured to evaluate the maturation degree of a cere-
bral region (Karpova et al., 2011) was also affected—the
ratio of neurons surrounded by PNNs that co-expressed
PV —was significantly reduced (p=0.016). In the mPFC
of mice treated with fluoxetine we found a non-significant
trend towards a decrease in the number of neurons
surrounded by PNNs (p=0.094; Fig. 2) and a significant
reduction in the number of PV interneurons expressing
PNN (p=0.042). However, the ratio mentioned above
was not affected in this region.

We found that after chronic fluoxetine treatment
there are significant increases in the density of PSA-
NCAM-expressing puncta in the strata lacunosum-
moleculare (p=0.040; Fig. 3), radiatum (p=0.048) and
oriens (p=0.002). Similar increases were found in the den-
sity of synaptophysin (SYN)-expressing puncta in the
strata lucidum (p=0.045), moleculare (p=0.008), oriens
(p=0.027) and radiatum (p=0.016). We also found a sign-
ificant increase (p=0.016) in the density of glutamic acid
decarboxylase 67/65 (GAD6)-expressing puncta in the
hilus. However, we did not find any change in the den-
sity of the vesicular glutamate transporter 1 (VGluT1)-
expressing puncta in any of the areas analysed. In the
mPFC we only found a non-significant trend towards
an increase in the density of neuropil-expressing
PSA-NCAM (p=0.060; Fig. 3) and SYN (p=0.073) in the
Cg2 region, in animals chronically treated with fluoxe-
tine. Furthermore, we did not find any changes in the
expression of GAD6 or of VGIuT1 in any region of the
mPFC.



Total number of cells

(f)

% PV+PNN/PNN

Chronic fluoxetine alters interneuronal structure 1639

8000 =

M Saline
I Fluoxetine

100 =

80

60 -

40 4

20

Fig. 2. Expression of PV and PNN after chronic fluoxetine treatment in the mPFC. (a & d): Single confocal planes showing the
expression of PV and the presence of PNNs in the mPFC of mice treated either with saline (a) or fluoxetine (d). (b & e): Higher

magnification microphotographs showing differences in the number of neurons co-expressing both markers. (¢ & f): Graphs
showing the changes in cells expressing each of the markers, both markers and the ratio of total PNNs surrounding PV-expressing
neurons (Unpaired T-test, p-values: #<0.1, *<0.05). Scale bar 286 um in (2) and (d), 41 um in (b) and (¢). PNNs: perineuronal nets;

PV: parvalbumin.

Chronic fluoxetine treatment increases the number of
inhibitory perisomatic puncta on interneurons but not
on pyramidal neurons

We analysed the density of PV positive puncta sur-
rounding the somata of pyramidal neurons and its
co-localization with SYN (Fig. 4). In the hippocampus
we did not observe any change in the density of PV- or
SYN- expressing puncta or in the density of PV puncta
expressing SYN after fluoxetine treatment. However, in
the mPFC we found a non-significant trend towards a de-
crease in the density of perisomatic-PV-puncta-expressing
SYN (p=0.080; Fig. 4).

We observed an increase in the density of GAD6-
expressing puncta surrounding the somata of inter-
neurons expressing eGFP in the CAl region of the
hippocampus of animals treated with fluoxetine (p=0.015;
Fig. 4). Although there were no changes in the density
of puncta expressing SYN surrounding the somata of
these interneurons, we also found an increase in the

density of perisomatic-CAD6-puncta-expressing SYN
(p=0.028; Fig. 4). However, in the mPFC we found
no changes in the density of perisomatic puncta on
interneurons.

Chronic fluoxetine treatment increases the dendritic
spine density in interneurons of the mPFC

We described recently that this subpopulation of
eGFP interneurons display spines on their dendrites
(Gomez-Climent et al., 2010), whose dynamics are
influenced by PSA-NCAM expression (Guirado et al.,
2013). As some of these interneurons co-express
PSA-NCAM, we studied both subpopulations: eGFP inter-
neurons expressing PSA-NCAM and those lacking this
molecule. We compared the dendritic spine density of
interneurons expressing PSA-NCAM in animals treated
with fluoxetine and those injected with saline and we
found that, in our paradigm, fluoxetine does not affect
the dendritic spine density of these interneurons in the
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Fig. 3. Expression of molecules related to neuronal plasticity in the different strata of the hippocampus (a-d) and the mPFC (e-h).
(a): Graphs showing the density of puncta-expressing PSA-NCAM. (b): Graphs showing the density of puncta-expressing SYN.

(c): Graphs showing the density of puncta-expressing GAD6. (d): Graphs showing the density of puncta-expressing VGluT1
(One-way ANOVA, p-values: *<0.05, **<0.01). (¢): Graphs showing the density of puncta-expressing PSA-NCAM. (f): Graphs
showing the density of puncta-expressing SYN. (g): Graphs showing the density of puncta-expressing GAD6. (h): Graphs showing
the density of puncta-expressing VGIuT1. (One-way ANOVA, p-values: #<0.1). GAD6: Glutamic acid decarboxylase 65/67; SYN:
synaptophysin; VGluT1: vesicular glutamate transporter 1.
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Fig. 4. (2 & b): Effects of chronic fluoxetine treatment on the perisomatic innervation of pyramidal neurons. Single confocal

planes of the CA1 stratum pyramidale of the hippocampus showing CAMKIIa-expressing pyramidal neuron somata (green) and
perisomatic-puncta-expressing PV (blue) or SYN (red) in saline (2) and fluoxetine treated (b) mice. (a1-42 & b1-b2): Single confocal
planes showing PV- (a1, b1), and SYN- (a2, b2) expressing puncta surrounding the somata of a pyramidal neuron of saline (a series)
and fluoxetine treated (b series) mice. (¢ & d): Histograms showing the perisomatic density of the puncta-expressing the different
markers surrounding pyramidal neurons in the hippocampus and the mPFC. (Unpaired T-test, p-values: #<0.1). (¢ & f): Effects of
chronic fluoxetine treatment on the perisomatic innervation of interneurons. Single confocal planes of eGFP-expressing interneurons
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hippocampus. Similarly, we did not find changes when
comparing eGFP-expressing interneurons lacking PSA-
NCAM, after fluoxetine treatment. However, we repli-
cated our previous results, confirming that interneurons
expressing PSA-NCAM have a reduced dendritic spine
density compared with interneurons lacking this molecule
(Fig. S2).

However, in the mPFC, where eGFP-expressing inter-
neurons always lack PSA-NCAM expression, we found
that animals treated with fluoxetine had a significant
increase in dendritic spine density in these interneurons
(p=0.005). When analysing the different segments, we
found that these changes were especially more intense
in the distal segment of the dendrites (p=0.008; Fig. 5).

Discussion

In the current study, we described the effects of chronic
treatment with fluoxetine on different parameters affect-
ing inhibitory networks in the hippocampus and the
mPFC. This antidepressant increases the number of in-
hibitory perisomatic puncta on interneurons, but not on
pyramidal neurons, and increases the density of dendritic
spines in interneurons of the mPFC. Fluoxetine induces
these changes in inhibitory networks and through puta-
tive mechanisms alters the expression of the polysialylated
form of the neural cell adhesion molecule (PSA-NCAM)
and the number of perineuronal nets (PNNs). Both mole-
cules (PSA-NCAM and PNNs) play an important role in
the plasticity associated with the development and closure
of critical period plasticity, are mainly associated with
interneurons in the adult cerebral cortex and are con-
sidered markers of neuronal development and of neuronal
maturation, respectively.

We have found that the chronic fluoxetine treatment
used in our study does not induce significant alterations
in the density of perisomatic puncta on the mPFC pyrami-
dal neurons, although there was a trend for a decrease in
the number of puncta co-expressing PV and SYN. These
results are in contrast to those of a recent report, which
has found that chronic treatment with fluoxetine alters
GABA release from synapses formed by hippocampal
fast-spiking cells, resulting in the disruption of y oscilla-
tions (Méndez et al., 2012). It is possible that the lack of
significant differences in the density of perisomatic
puncta found in our study may be due to the fact that, de-
spite the fact that the doses used were the same, our mice

were treated with fluoxetine for two weeks only while the
rats in Méndez et al. (2012) study received the treatment
for three weeks.

We found that, similar to pyramidal neurons, the
somata of interneurons expressing eGFP are also sur-
rounded by puncta expressing the inhibitory marker
GADG6 and that chronic fluoxetine treatment induces a
dramatic increase in the density of these perisomatic
puncta in the hippocampus, but not in the mPFC.
Although the co-localization with synaptophysin indi-
cates that these perisomatic inhibitory puncta may corre-
spond to active synapses, it is still complicated to discuss
the functional implications of their increase via fluoxetine.
It would be necessary to perform new experiments
including electron microscopy to clarify which sub-
population/s are affected by this putative increase in
perisomatic inhibition.

Our study shows for the first time that chronic treat-
ment with fluoxetine alters the structure of interneurons.
Previous studies have demonstrated that fluoxetine treat-
ment increases the dendritic spine density in pyramidal
neurons of the hippocampus (Hajszan et al., 2005) and
the somatosensory cortex (Guirado et al., 2009), but
there is no information on its effect on the mPFC. We
found that fluoxetine induces an increase in the density
of dendritic spines in eGFP-labelled interneurons in the
mPFC, but not in those of the hippocampal CA1 region.
A recent report by our laboratory has revealed that
these spines receive mainly excitatory synapses
(Guirado et al., 2013). In the mPFC of the strain of mice
used in the present study, eGFP-labelled interneurons
correspond to Martinotti cells (Gilabert-Juan et al,
2013), which innervate the distal portion of the dendritic
arbour of pyramidal neurons (Markram et al., 2004). If the
new synapses that these interneurons receive on their
spines are functional, then they may enhance the excit-
atory input that these interneurons receive and, in turn,
enhance the inhibition produced on mPFC pyramidal
neurons. This would be in accordance with previous
reports describing increased expression of molecules
involved in inhibitory neurotransmission in rats chroni-
cally treated with fluoxetine (Varea et al, 2007a;
Guirado et al., 2012; Tiraboschi et al., 2013). Since a pre-
vious report has described decreased cortical inhibition
in the visual cortex of rats chronically treated with fluox-
etine (Maya-Vetencourt et al., 2008), it is possible that
the changes in the structure of interneurons and the

located in the CAl region of the hippocampus showing eGFP in their somata (green) and perisomatic-puncta-expressing GAD6
(blue) or SYN (red) in saline (¢) and fluoxetine treated (f) mice. (eI-¢2 & fI-f2): Single confocal planes showing SYN- (el, f1) and
GAD6- (e2, f2) expressing puncta surrounding the somata of an eGFP-expressing interneuron of saline (¢ series) and fluoxetine
treated (f series) mice. (g & /): Histograms showing the perisomatic density of the puncta-expressing the different markers
surrounding eGFP-expressing interneurons in the hippocampus and the mPFC. (Unpaired T-test, p-values: *<0.05). Scale bar 5um
in (2) and (b), 2.5m in (a1-a2 and b1-b2), 20 um in (¢) and (f), 6.4 um in (eI-e2 and f1-f2). CAMKIla: anti-a subunit of the

Ca2 +/calmodulin dependent protein kinase II; GAD6: glutamic acid decarboxylase 65/67; PV: parvalbumin; SYN: synaptophysin.
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Fig. 5. Effects of fluoxetine on the spine density of interneurons in the mPFC. (a & b): Reconstruction of focal planes showing

a dendrite carrying spines of an eGFP-expressing interneuron of animals treated with saline () or fluoxetine (b). (a1 & b1): Higher
magnification images showing the difference in dendritic spine density observed between both groups. (c): Histograms showing
the dendritic spine density per 10 zm at three different segments of 60 um each, considering their distance to the cell soma. (d):
Graph showing the total spine density after fluoxetine treatment. (Two-way ANOVA; p-values *<0.05). Scale bar 8 um in (a) and (b),

2.1um in (a1 and b1).

expression of molecules related to inhibitory neuro-
transmission correspond to a compensatory mechanism.

We also confirm that this increase in the expression
of molecules related to cortical inhibition in the hippo-
campus and mPFC is correlated with significant increases
in SYN and PSA-NCAM (Varea et al., 2007a, b; Guirado
et al., 2012) suggesting the formation of new inhibitory
synapses after fluoxetine treatment. In fact, previous
studies from our laboratory have demonstrated that
PSA-NCAM is exclusively expressed by a subpopulation
of interneurons in the mPFC of both humans and mice
(Varea et 2005, 2007a). In the hippocampus
PSA-NCAM is found in a subpopulation of interneurons
(Nacher et al.,, 2002a; Gémez-Climent et al., 2010) but is
also intensely expressed in the axons of a subset of gran-
ule neurons (Seki and Arai, 1999). In the rest of hippo-

al.,

campal structures, PSA-NCAM expression is mainly

restricced to inhibitory elements (Gomez-Climent

et al, 2010). Interestingly, interneurons expressing
PSA-NCAM showed more reduced density of synaptic
inputs, dendritic arborisation and dendritic spine density
(corroborated in the present study, Fig. S2) compared
to interneurons lacking this molecule (Goémez-Climent
et al., 2010). However, its long-term specific ablation
decreases the spine density of interneurons (Guirado
et al, 2013). Indicating that an altered expression of
PSA-NCAM, as that found after fluoxetine treatments
(Varea et al., 2007a; Karpova et al., 2011; Guirado et al.,
2012), might influence the structure of interneurons.
However, the present results suggest that PSA-NCAM
may not be directly implicated in the structural changes
we have described in the mPFC interneurons. The
GADG67- EGFP expressing interneurons in which the
structural features have been analysed normally do not
show PSA-NCAM expression in their somata, neurites
or in the puncta located in their projection fields in layers
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I and II (Gilabert-Juan et al., 2013). Moreover, we did not
find an increase in the expression of PSA-NCAM in the
mPFC as we expected (only a non-significant trend).
This contrast in the ability to up-regulate PSA-NCAM ex-
pression after fluoxetine treatment between hippocampal
and mPFC interneurons may be due to differences in the
phenotype (differential expression of calcium binding
proteins and neuropeptides) of these subsets of inhibitory
neurons. In fact, in control animals the interneurons that
express PSA-NCAM in basal conditions belong to differ-
ent phenotypic subpopulations in these two regions
(Goémez-Climent et al., 2010).

Finally, we found significant reductions in the number
of PV-expressing interneurons surrounded by PNN, both
in the mPFC and the CA1 region of the hippocampus.
This is in accordance with a previous report, which
found similar reductions in the CA1 region and the baso-
lateral amygdala (Karpova et al., 2011). The presence of
PNNs is considered a marker of the maturation degree
of PV-expressing interneurons and, in fact, the appear-
ance of PNNs during late development has been used
as an indication of critical period closure (Hensch, 2005;
Bavelier et al., 2010; Yamada and Jinno, 2013), in which
PV-expressing interneurons and their afferent connec-
tions play a critical role. In fact, removal of PNNs pro-
duces a dematuration of the axonal boutons innervating
the pyramidal neurons, which results in a reopening of
the critical periods (McRae et al., 2007; Nowicka et al.,
2009). These results suggest that this same type of plas-
ticity might be occurring in the mPFC and hippocampus
after fluoxetine treatment. However, as mentioned above,
we only found a non-significant trend for a decrease in
the density of perisomatic puncta expressing PV and
SYN in the mPFC and no changes in the hippocampus,
suggesting that, despite its effects on PNNs, the duration
of this chronic fluoxetine treatment (two weeks) is not
sufficient to induce changes in the perisomatic inner-
vation of pyramidal neurons.

Summarizing, the effects of antidepressants, affecting
the structure and connectivity of certain interneuronal
subpopulations, probably through the alteration in the
specific expression of PSA-NCAM in interneurons and
the relationship of these inhibitory cells with PNNs,
may induce a window of plasticity resembling that of
the critical periods. These changes may contribute in
reverting the alterations of GABAergic neurotransmission
in major depression patients (Sanacora et al., 2002, 2004)
and, consequently, new therapeutic approaches directed
to the modulation of PNNs or PSA-NCAM may consti-
tute promising strategies to the development of innova-
tive antidepressant drugs.
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ABSTRACT

N-Methyl-D-Aspartate receptors (NMDARSs) are present in both pyramidal neurons and interneurons of the
hippocampus. These receptors play a key role in the structural plasticity of excitatory neurons in the adult brain,
but to date little is known about their influence on the remodelling of interneurons. Among hippocampal
interneurons, the somatostatin expressing cells in the CAl stratum oriens are of special interest because of their
functional importance and structural characteristics: they display dendritic spines, which change their density in
response to different stimuli. In order to understand the role of NMDAR activation on the structural dynamics of
these interneurons, we have studied entorhino-hippocampal cultures of mice in which this subpopulation express
constitutively EGFP, and have imaged the same neurons in real-time. We have acutely infused the culture with
NMDA, a strong NMDAR agonist, and have analysed the structural dynamics of somatostatin expressing
interneurons, prior and after its administration. There were several alterations of their dynamic parameters: the
appearance and disappearance rates of their dendritic spines increased 24 hours after the NMDA infusion and
returned to baseline levels 48 hours afterwards, whereas their stability rate decreased in this same time point and
also returned to control levels after 48 hours. The relative density of dendritic spines remained unaltered throughout
the assay. Altogether, our results help to shed light on how NMDARs modulate the structural dynamics of
interneurons. This is especially important because of the involvement of these receptors in neuronal
potentiation/depression, and their putative role in the etiopathology of certain neuropsychiatric disorders, such as
schizophrenia.

INTRODUCTION by altering the complexity of their dendritic arbor and
the density of their dendritic spines. These postsynaptic
structures have been mainly studied in pyramidal
neurons, although they are also present in some
interneuronal populations (Freund and Buzsdki 1996).
Furthermore, they have been found to be proper
markers for neural activity as they increase their

density when the neuron is potentiated (Engert and

NMDA  receptors (NMDARs) have been
extensively studied regarding neural potentiation and
synaptic plasticity (Volianskis et al. 2015). These
receptors also play crucial roles
neurodevelopmental events, such as neurogenesis,
neuronal migration and synaptogenesis (Contestabile

in different

2000). In recent years, we have learnt that some of
these plastic events persist during adulthood and that
they are important contributors to cognition and to the
response of the brain to aversive experiences. Neurons
in the adult brain can modify their morphology and
connectivity in response to different stimuli, especially

Bonhoeffer 1999).

However, the study of changes in spine density does
not always provide all the information on the structural
plasticity of these elements. In fact, events that result in
null alterations in this density can also affect the
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network by changing the synaptic configuration: the
appearance of one spine in one site —and its new
synapse- can structurally shadow the disappearance of
another spine elsewhere, but the new connection still
represents novel information. This has been commonly
known as structural dynamics, and it appears to be the
force underlying adaptation in the nervous system
(Holtmaat et al. 2006; Chen et al. 2012). Structural
remodelling of excitatory (Holtmaat and Svoboda
2009) and inhibitory (Chen and Nedivi 2013)
microcircuits can be observed in real-time after
sensory deprivation. However, studies directed to
observe this plasticity in vivo can only be performed in
the neocortex, due to the limitations of the method:
imaging through a cranial window. This restriction
limits the study of other important areas, such as the
hippocampus. Entorhino-hippocampal
cultures, with their intrinsic limitations, are an
alternative to solve this issue. They allow us to follow
the same neuron and report changes in real-time.
Furthermore, they have been broadly used as an in vitro
model of the rodent hippocampus (Stoppini et al.
1991).

organotypic

Most structural studies focus on the morphology of
excitatory neurons and leave aside inhibitory circuits
and interneurons, important players on the central
nervous system physiology. Reports on dendrite-
targeting particularly  scarce,
specifically on somatostatin (SOM) expressing cells.
These interneurons are critical for the maturation of
deep cortical circuits (Tuncdemir et al. 2016) and are
important players in other stages of neurodevelopment,
brain pathology and neuronal plasticity (for a review
see Liguz-Lecznar et al., 2016). In addition, their
structure is altered after different manipulations, such
as chronic (Gilabert-Juan et al. 2011),
antidepressant treatment (Guirado et al. 2014a),

interneurons  are

stress

streptozotocin-diabetic challenge (Castillo-Gémez et
al. 2015) or the depletion of plasticity related molecules
(Guirado et al. 2014b). In the hippocampus,
specifically in the stratum oriens, two subpopulations
of SOM expressing interneurons can be found: those
projecting to extrahippocampal areas, such as the HS
cells (Gulyas et al. 2003) and those projecting locally
to the These
hippocampal interneurons are essential for the proper
functioning of the hippocampus (Miiller and Remy
2014) and their dendrites present dynamic dendritic
spines (Guirado et al. 2014b).

stratum lacunosum moleculare.
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Glutamate NMDARs are widely expressed in both
pyramidal neurons and interneurons, including the
SOM expressing cells of the stratum oriens (Nyiri et
al. 2003). The pyramidal neurons of knock-out mice
lacking these receptors show altered
neuromorphological  characteristics,  such  as
modifications in the size and density of their dendritic
spines and axonal boutons (Ultanir et al. 2007).
However, little is known about the role of these
receptors in interneuronal structure and dynamics.

In the present study, we aim to understand the
impact of NMDAR manipulation on the structural
dynamics of SOM expressing interneurons in the
stratum oriens of the hippocampal CAl region. In
order to achieve our goal, we have used a transgenic
mice strain with these interneurons constitutively
labelled with EGFP, which allows us to study their
entire morphology (Oliva et al. 2000). Using
organotypic cultures, we have studied their structure
under the confocal microscope in real-time and have
determined how acute NMDA administration alters the
dynamic parameters of these cells.

MATERIAL AND METHODS
Animals and treatment

For the real-time in vitro analyses we have used the
EGFP-expressing  inhibitory =~ neurons (GIN)
Tg(GadGFP)45704Swn mice (Jackson laboratories,
Bar Harbor, Maine, USA) (Oliva et al. 2000). Six GIN
pups (P7) were used to prepare hippocampal-entorhinal
organotypic cultures (Stoppini et al. 1991). NMDA (10
UM in culture media) was added to the media after the
second imaging session and remained there for 1 hour
(figure 1A).

All the animals were maintained in standard
conditions of light (12h cycles) and temperature,
without restrictions in food and water. All animal
experimentation was conducted in accordance with the
Directive 2010/63/EU of the European Parliament and
of the Council of 22 September 2010 on the protection
of animals used for scientific purposes and was
approved by the Committee on Bioethics of the
Universitat de Valéncia. Every effort was made to
minimize the number of animals used and their
suffering.
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Fig. 1 Experimental design and fast effects of the NMDA administration on the structural dynamics. (A) Scheme of the
real-time design. (B) A panoramic view of the entorhino-hippocampal culture with the CAl region squared. (C) Low
magnification images of the interneurons of interest in control (C1) and NMDA-infused (C2) conditions. (D) Representative
dendrites analysed in real-time from the squared areas from (C) in control (D1) and NMDA-infused (D2) conditions. The
dendritic spines are pointed by arrows with a colour legend: white arrows: dendritic spines that were present in the previous
imaging session; blue arrows: dendritic spines that appear in that very imaging session; red arrows: dendritic spines that were
present in the previous imaging session but are lost in the current one. (E) Graphs representing the different dynamic traits.

Scale bar: 500 pm in (A), 60 pm in (B) and 8 pm in (C).

Organotypic culture preparation

The brain was freshly extracted from P7 mice and
the hippocampus dissected along with the entorhinal
cortex in order to preserve the perforant path.
Hippocampal slices (400 um-thick) were obtained with
a tissue chopper following a previously described
protocol (Stoppini et al. 1991; Guirado et al. 2014b).
Media was changed 3 times per week and the cultures
remained 13 days in vitro (DIV) until the confocal
imaging started.

Real-time imaging

For the real-time imaging of organotypic cultures,
short imaging sessions (10-15 minutes) were carried
out with a 40X water immersion objective in a laser
scanning confocal microscope (Leica TCS SPE,
Germany). An additional 10X digital zoom was used to
analyse dendritic segments of about 35 pm in length,
located between 100 and 150 pm from the soma (Z step
size of 0.8 pm). Laser intensity was kept at the
minimum allowing observation, and acquisition
conditions maintained unchanged over the different
days of observation. Control experiments showed that
this procedure did not produce any deleterious effect on
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cell viability, such as cell death or dendritic beadings.
One dendrite was analysed per organotypic culture
slice, and 14 slices from 6 different animals were
analysed. All the somata of the interneurons analysed
were located in the stratum oriens of CAl region. The
imaging took place at five different time points
referenced to the beginning of the treatment: -24h, Oh,
5h, 24h and 48h, starting on DIV 13. The treatment was
administered after the second imaging session (Oh) for
one hour, and then it was again substituted by normal
culture media. The rapid effect of the compound was
registered after 4 hours (5h), 24 hours (24h) and 48
hours (48h).

Real-time analysis

The same dendrite was studied linearly to calculate
the 4 dynamic parameters: appearance, disappearance
and stability rates, and the rate of dynamic events.
These parameters were calculated relative to the prior
number of spines. Appearance rate: number of gained
spines/total number of previous spines; disappearance
rate: number of disappear spines/total number of
previous spines; stability rate: number of stable
spine/total number of previous spines. Therefore, both
disappearance and stability rates are linked. The rate of
dynamic events is the sum of gained and lost spines
relative to the previous number of spines.

Statistics

After checking the normality and homoscedasticity
of the data, we used repeated measures ANOVA to
compare control and experimental groups in the 24
hour-sparse experiment. In order to compare both the
linear effects within and between groups, we performed
post hoc analyses (LSD). To compare the 5-hour time
point between NMDA and control groups, we used an
unpaired t-test. In every case a was set to 0.05 and the
slice was considered the “n”.

RESULTS

No effect in spine turnover 4 hours after NMDA
administration

Real-time analysis was performed in control
conditions and after the acute administration of NMDA
(1 hour in the culture medium). In order to register fast
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effects of the NMDAR activation, we imaged the
dendrites 4 hours after the lh-treatment (Oh to 5h).
There were no significant changes in the NMDA group
in the appearance (p=0.568), disappearance and
stability rates (both p=0.763), or the rate of dynamic
events (p=0.797, figure 1C1, 1D1, 1C2, 1D2 and 1E).

Increased appearance and disappearance rates of
dendritic spines 24 hours after NMDA administration

In control conditions, we found no alterations in the
appearance, the disappearance, the stability rates, or in
the rate of dynamic events. However, 24 hours after
NMDA administration (Oh to 24h), the appearance rate
of new spines was significantly increased from 40%
under control conditions to a 100% of the total of pre-
existing spines in treated cultures. This increase in the
appearance rate was significant when compared to both
its baseline (-24h to Oh, p=0.036) and the control group
(p= 0.018, figure 2A1, 2B1, 2A2, 2B2 and 2C). In
addition, this increase was reverted to its baseline
levels 48 hours after the treatment (24h to 48h,
p=0.039, figure 2A1, 2B1, 2A2, 2B2 and 2C). The
disappearance and stability rates were also altered
significantly 24 hours after the treatment. In this time
point the disappearance rate was higher in the NMDA
group than in the control group (p= 0.045, figure 2Al,
2B1, 2A2, 2B2 and 2C). Therefore, the stability rate
was decreased in the treated group (p=0.045, figure
2A1, 2B1, 2A2, 2B2 and 2C). Furthermore, there was
a trend towards an increase in the rate of dynamic
events 24 hours after the administration of NMDA,
both when compared to its baseline (-24h to Oh,
p=0.063) and to the control group (p=0.061, figure
2A1, 2B1, 2A2, 2B2 and 2C). As reported in the
appearance rate, this increase in the NMDA group was
reverted to baseline levels 48 hours after the treatment
(24h to 48h, p=0.016, figure 2Al, 2B1, 2A2, 2B2 and
2C).

No alteration in the dendritic spine density after
NMDA administration

When analysing the relative variation of the spine
density, there was no effect 24h after the NMDAR
activation (p=0.352) and both control and treated
groups showed similar distributions prior to and after
the treatment (24h: p=0.524; 48h: p=0.846; figure 3A1,
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Fig. 2 Real-time analysis of the structural dynamics of SOM-expressing interneurons. (A) Low magnification images of
the interneurons of interest in control (A1) and NMDA-infused (A2) conditions. (B) Representative dendrites analysed in
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white arrows. (B) Graphs representing the linear (B1) and fast (B2) effects of the NMDA infusion on the dendritic spine

density. Scale bar: 7 um.

the treatment (24h: p=0.524; 48h: p=0.846; figure 3A1,
3A2 and 3B1). In order to analyse the acute effect of
NMDAR activation, we also studied the relative spine
density 4 hours after the NMDA administration, and
there were no significant differences when it was
compared to that of the control group (p=0.559; figure
3B2).

DISCUSSION

In the present study, we have shown that NMDAR
activation causes an increase in the spine dynamics of
SOM expressing interneurons. These changes are
observable 24 hours after the NMDA administration,
but the effect is rapidly reverted to baseline levels
afterwards. Despite these alterations in dynamic
parameters, the spine density of these interneurons
remained unaffected throughout the entire experiment.

The present results, focused on the dendrite-
targeting SOM expressing interneurons, are based on
experiments performed on hippocampal-entorhinal
organotypic cultures. We have previous evidence that
in these cultures the SOM expressing cells have a
similar distribution and morphology to those observed
in the adult hippocampus and they constitute a valid
model to study their structural dynamics (Guirado et al.
2014b). In fact, we have observed that the enzymatic
removal of polysialic acid (PSA), a plasticity-related
molecule expressed in cortical interneurons (Gomez-
Climent et al. 2011), in these cultures also increases the
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density and apparition rate of spines (Guirado et al.
2014b). Furthermore, we have also observed similar
effects after PSA depletion from the hippocampus in
vivo (Guirado et al. 2014b). The manipulation of
through  the
antidepressant fluoxetine also induces changes in the

serotoninergic  neurotransmission
density of spines of a similar interneuronal population
of dendrite-targeting SOM expressing cells in the
medial prefrontal cortex (Guirado et al. 2014a).
Moreover, a recent study has described a significant
effect of chronic stress on the structure of SOM
expressing interneurons in the CAl stratum oriens,
reducing their dendritic arborization, but not affecting
their spine density (Gilabert-Juan et al. 2017). These
effects of stress are interesting because it is known that
this aversive experience increases glutamate release in
the hippocampus (Popoli et al. 2012), which could
exert an effect through NMDARs.

There is abundant data on the involvement of
NMDARSs in the structural plasticity of dendritic spines
in pyramidal neurons. Most of this evidence comes
from the observation that LTP is associated with
increased production of dendritic spines through an
NMDAR-dependent mechanism (Hering and Sheng
2001).
describing an increase in the appearance rate of spines

In concordance with the present results

in interneurons, previous reports on pyramidal neurons
have shown that activation of NMDARSs induces spine
lengthening (Maletic-Savatic et al. 1999). Recent
results from our laboratory have shown that an
NMDAR antagonist produces opposite results on the



dynamics of SOM expressing interneurons in the
stratum oriens of CAl, decreasing the apparition rate
and the density of their dendritic spines (Perez-Rando
et al. unpublished results).

Our study shows that the application of 10 pM
NMDA induces structural alterations in the SOM
expressing interneurons of the stratum oriens, without
causing dendrite beadings or cell death. However, we
have also found an increase in the disappearance rate
and a concomitant decrease in the stability rate, 24
hours after the NMDA infusion. Several reports have
described excitotoxic properties for this agonist
(Kristensen et al. 2001). Consequently, although the
selected neurons did not appear blobbed or damaged in
any way, it is still possible that Ca*>* influx may cause
a mild localized excitotoxicity, resulting in the loss of
dendritic spines and therefore, the decrease in the spine
stability rate. Another reason for this loss in the
stability rate may be the NMDA-induced
destabilization of the spine F-actin cytoskeleton, as it
has been shown in other reports (Halpain et al. 1998).
We have also reported an increase in the appearance
and disappearance rates 24 hours —although not 4
hours- after the NMDA administration. This delay in
the effect might be due to a putative compensatory
mechanism exerted by the interneurons to maintain the
homeostasis of the system, which may buffer
alterations elicited initially in pyramidal neurons. It is
reasonable that these excitatory neurons would show
earlier effects after the activation of the receptor
because they present a higher proportion of NMDARSs
in their plasmatic membranes (Nyiri et al. 2003). In
accordance with this hypothesis, it is known that
NMDA administration increases rapidly the density of
dendritic spines, and the proportion of mushroom-
shaped spines (which are synaptically more active), in
primary cultures of hippocampal pyramidal neurons
(Tian et al. 2007).

Considering both dynamic parameters altogether,
our results showed a trend towards an increase in the
rate of dynamic events 24 hours after the NMDA
infusion. This is a more direct measure of dynamism,
which would indicate a neuronal structural availability
for a putative increase in synaptogenesis (Trachtenberg
et al. 2002; Knott and Holtmaat 2008). All the dynamic
parameters, including the rate of dynamic events,
returned to basal levels 48 hours after the treatment.
This finding agrees with previously reported recovery
times for NMDA administration in hippocampal

organotypic cultures, where the dendritic swelling and
the decreased EPSC of pyramidal cells were recovered
48 hours after NMDA administration (lkegaya et al.
2001). Altogether, our results help to shed light on how
NMDARs modulate the structural dynamics of the
SOM expressing interneurons in the hippocampus. The
study of these receptors is important, since their
activation can lead to neuronal potentiation or
depression, and alterations in their physiology may
underlie major neuropsychiatric disorders, such as
schizophrenia.

CONCLUSIONS

NMDA administration alters the spine dynamics of
hippocampal SOM interneurons  in
organotypic cultures.

expressing

The apparition rate of dendritic spines in these
interneurons is increased 24 hours after the NMDA
infusion.

NMDA administration increases the disappearance

rate and decreases the stability rate 24 hours after the
NMDA infusion.
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ABSTRACT

BDNF and its receptor TrkB have important roles in neurodevelopment, neural plasticity and learning and
memory. Alterations in TrkB expression have been described in different neurological and psychiatric disorders,
including major depression and Alzheimer’s disease. Therefore, drugs interacting with TrkB, specially agonists,
are promising therapeutic tools. Among them, the recently described 7,8-dihydroxyflavone (DHF), an orally
bioactive compound, is one of the best candidates, which has already been successfully tested in some animal
models of diseases. Recent studies have also shown the influence of this drug on the structure of pyramidal
neurons, specifically on dendritic spine density. However, to date, there is no information on how DHF may
alter the structural dynamics of these neurons (i.e. real time study of the addition/elimination of dendritic spines
and axonal boutons). The correlation between these structural parameters and memory improvements related to
this drug has also not been studied yet. In order to understand these under-researched aspects of DHF, we
performed a longitudinal analysis of spine and axonal dynamics of neocortical pyramidal neurons during a
chronic oral treatment with this drug. Simultaneously, these results were correlated with changes in recognition
memory. A cranial window surgery was performed in transgenic mice with fluorescently labelled pyramidal
neurons. The expression of TrkB was confirmed in these excitatory neurons. The same dendrites and axons
were imaged every four days before and during the treatment, using a 2-photon microscope. Recognition
memory was assessed before and after treatment. The gain functions of spines and axonal boutons were
increased at the beginning of the treatment but returned to baseline levels at the end. These changes were
positively correlated with increased recognition memory in treated animals. These results help to understand
how the activation of the BDNF-TrkB system can enhance basic behavioural tasks through changes in the
dynamics of pyramidal neurons. Moreover, they highlight DHF as a promising therapeutic vector for treating
certain brain disorders in which this system is altered.

INTRODUCTION (TrkB), appear to be expressed in all the pyramidal
neurons of the central nervous system (Yan et al.
1997). The interaction of this neurotrophin and its
receptor is not only essential for neural growth and

The brain-derived neurotrophic factor (BDNF)
and its receptor, the tropomyosin receptor kinase B

115



116

survival, but also for neural plasticity (Yoshii and
Constantine-Paton 2010), where, among other
functions, it promotes synaptic potentiation through
the establishment of LTP in the cerebral cortex (Kang
et al. 1997, Escobar et al. 2003). However, its
malfunction underlies the etiopathology of different
neuropsychiatric  disorders, including  major
depression (Castrén and Rantamiki 2010) or
schizophrenia (Pandya et al. 2013). Therefore, it is
important to develop strategies to activate TrkB that
could be clinically implemented. In this regard, the
7,8-dihydroxyflavone (DHF), a potent and specific
TrkB agonist, has recently emerged as a promising
therapeutic treatment (Jang et al. 2010). This drug is
especially interesting because it is orally bioactive
and can easily cross the blood-brain barrier (Du and
Hill 2015). In fact, recent research has already proven
its effectiveness in animal models of Parkinson’s
disease (Jang et al. 2010), Alzheimer’s disease
(Zhang et al. 2014; Castello et al. 2014), major
depression (Zhang et al. 2015; Zhang et al. 2016) or
schizophrenia (Yang et al. 2014). Given the
involvement of BDNF/TrkB in neuronal plasticity it
is thought that DHF would increase this parameter.
However, the neurobiological bases of these positive
effects are still not fully understood.

Although neural plasticity can be studied from
different points of view, changes in neuronal
structure should represent the rearrangement of
synapses and, therefore, in the neural circuitry
(Caroni et al. 2012). Regarding this, DHF reverts the
structural alterations that some disorders produce on
pyramidal neurons: It returns to control levels the
decreased spine density in mouse models of
Alzheimer’s disease (Castello et al. 2014) and major
depression (Zhang et al. 2015). In healthy rats, DHF
reverts the functional decline produced by ageing,
probably by increasing the spine density in the
amygdala, hippocampus and prefrontal cortex (Zeng
et al. 2012a). However, the study of structural
plasticity goes beyond these analyses of dendritic
spine density. With the emergence of structural
dynamics we have increased our knowledge on how
neuronal networks are finely modulated by different
treatments. In order to perform such experiments, it
is necessary to chronically implant cranial windows
in mice that express a fluorescent protein in their
pyramidal neurons and to image these cells in real-
time with a 2-photon microscope (Holtmaat et al.
2009). These studies give us information in real-time

of the addition, elimination or stability of dendritic
spines and axonal boutons in the same structure
throughout an entire experiment (Holtmaat and
Svoboda 2009; Chen and Nedivi 2013). They also
allow us to differentiate transient alterations from
persistent ones. This represents valuable information
for understanding long lasting changes in the network
(Holtmaat et al. 2006; Holtmaat and Svoboda 2009;
Chen and Nedivi 2013), since the spines that remain
stable for at least 4 days are the ones that always bear
a synapse (Knott et al. 2006). In addition, these
analyses are linear and consequently may allow us to
establish the proper treatment course for further
clinical research on the drug tested. Alterations in
structural dynamics have been proposed to be
underlying adaptation to changing environments, as
has been shown after sensorial deprivation in both
excitatory (Hofer et al. 2009; Holtmaat and Svoboda
2009; Cane et al. 2014) and inhibitory (Chen et al.
2011c; Chen et al. 2011b; Keck et al. 2011; Chen et
al. 2012; van Versendaal et al. 2012) circuits.

We have developed an experiment to understand
how BDNF/TrkB regulates in real time the neuronal
structural plasticity of pyramidal neurons in the barrel
cortex and to correlate these changes with
behavioural responses. Thy1-YFP transgenic mice, in
which a subset of layer V pyramidal neurons
constitutively express YFP (Feng et al. 2000; Porrero
et al. 2010) were used in this study. We have imaged
in real-time the same dendrites and axons before and
during a 14-day treatment with the DHF and have
tested behaviours related to anxiety and dependent on
the barrel cortex.

MATERIAL AND METHODS
Animals and 7,8-Dihydroxyflavone treatment

Twenty-six adult transgenic mice Thyl-YFP,
line H (Jackson Laboratories; Bar Harbor, Maine,
USA) were used for all the experiments. In this strain,
layer V cortical pyramidal neurons are densely
labelled with EYFP (Feng et al. 2000) (Fig. 1). Two
of these mice were destined to the analysis of TrkB
expression in Thy1-YFP expressing neurons (see. All
24 mice were implanted with a cranial window and
subjected to 3 consecutive 2-photon imaging sessions
before starting the DHF treatment and 3 sessions
during the treatment (see below and Fig. 1). The oral
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Figure 1. Experimental design. (A) Timeline of the experimental procedure (B) To allow long-term and high-
resolution imaging of in vivo neuronal morphology of pyramidal neurons, a cranial window was unilaterally implanted
over the primary somatosensory cortex (S1; Bregma -1.5 mm, Lateral 3.5 mm) of Thyl-YFP mice (2-month-old). (C)
Twenty days after surgery, 2-photon imaging sessions started. (D) The same dendrites and axons of every animal were
imaged every 4 days to study spine and en passant bouton (EPB) dynamics. Every animal was recorded 3 sessions
before and 3 sessions after DHF or vehicle treatment. (E) To test locomotion and anxiety related behaviour, all animals
were evaluated in the OF test, 24 hours before starting the treatment and on the 12" day of treatment. A modified
version of the novel object recognition test was used to evaluate recognition memory in mice before (day 0) and after
treatment (day 13). Novel objects are indicated in the scheme with an asterisk (see material and methods” section for

further details).

treatment with DHF or with vehicle solution started
right after the end of the 3™ imaging session. Eighty
microliters of a DHF solution (100 mg/ml in DMSO;
Abcam) or vehicle solution (DMSO; Sigma-Aldrich,
San Luis, MO, USA) were added to 100 ml of
drinking water containing 1% of sucrose (pH=7.4).
These solutions were replaced every 3-4 days during
the 14 days of duration of the treatment and bottle
content was measured to monitor liquid intake.
Animals were also weighted every 3-4 days. The
average liquid intake was 2 ml/day/mouse and the
average weight of mice was 32 g. Therefore, DHF
dose was approximately Smg/kg/day.

Animals were reared in groups of 3-4, in
standard-size polycarbonate cages, in a temperature-
and humidity-controlled environment and maintained
on a 12 h light/dark cycle with food and water
available ad libitum.

All animal experimentation was conducted in
accordance with the Directive 2010/63/EU of the
European Parliament and of the Council of 22
September 2010 on the protection of animals used for
scientific purposes and was approved by the
Committee on Bioethics of the Universitat de
Valéncia. Every effort was made to minimize the
number of animals used and their suffering.
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Focal plane

Figure 2. TrkB receptor expression in Thyl-YFP expressing neurons. (A) Confocal panoramic view of a Thy1-
YFP brain slice (Bregma -1.22 mm) immunostained for TrkB receptor (red). Our region of interest, the primary
somatosensory cortex (S1) is delimited by the 2 dotted lines. Scale bar: 800 pm. (B) Magnified view (12x) of the
squared section in A, showing TrkB expressing puncta (arrowheads in B17) co-localizing or in close apposition to YFP
expressing axonal boutons (green). (C) 4.5x magnification of the squared area in A, showing layer V YFP-expressing
pyramidal neurons. TrkB receptors were found surrounding and in close apposition to the somata of these neurons

(arrowheads in C1°) as well as to the spine head (C2°).

TrkB immunohistochemistry

The 2 Thy1-YFP mice destined to the analysis
of TrkB expression in Thy1-YFP expressing neurons
were transcardially perfused with 4%
paraformaldehyde solution and their brains were cut
in 50 pm-thick coronal sections using a vibratome
(Leica VT1000E, Leica, Wetzlar, Germany). Free-
floating sections were first blocked with 10% normal
donkey serum solution and then incubated overnight
at room temperature with goat anti-TrkB receptor
primary  antibody  (1:400; R&D  systems,
Minneapolis, MN, USA). The day after, sections
were incubated with donkey anti-goat secondary
antibody conjugated with AlexaFluor®647 (1:400,

LifeTechnologies, Carlsbad, CA, USA) for 2 hours
and then mounted on slides and covered with
mounting media (Dako, Glostrup, Denmark). Images
were acquired with a Leica TCS SPE confocal
microscope using a 63X oil objective and 2X digital
zoom magnification.

Cranial window implantation

To allow long-term high-resolution imaging
of in vivo neuronal morphology, a cranial window
unilaterally implanted over the primary
somatosensory cortex (barrel field; Bregma -1.5 mm,
Lateral 3.5 mm) of 24 Thyl-YFP mice (2-month-

was



old).
intraperitoneal injection of a mixture of ketamine (50
mg/kg; Imalgene, Merial, Lyon, France) and
medetomidine (1 mg/kg; Sedator, Dechra, Barcelona,
Spain); carprofen (5 mg/kg; Rimadyl, Pfizer, New

Animals were first anesthetized with an

York, NY, USA) was also injected intraperitoneally
to avoid inflammation, and a subcutaneous injection
of butorfanol (5 mg/kg; Torbugesic, Pfizer) was
administered to avoid any suffering during and after
the surgery. Animals were placed afterwards in a
stereotaxic device. After cutting a flap of skin
(approx. 1 cm?), the periosteum was gently removed
from the skull using fine tweezers and the temporalis
muscle was separated with a blunt spatula. A thin
layer of cyanoacrylate was applied to the temporalis
muscle, wound margins and skull, with the exception
of the region of interest in the skull. Once it dried, a
thin layer of dental acrylic was applied on top of the
glue. A circular groove around the area of interest
was pierced using a biopsy punch with a diameter of
3 mm (Aesthetic Group, Puiseux-le-Hauberger,
France) leaving an island of skull in the centre that
was removed afterwards using the tip of sharp
forceps. To clean the area, drops of cortex buffer
(Holtmaat et al. 2009) were applied regularly after the
island of skull was removed. Finally, the
unblemished dura was covered with a circular cover
glass (3 mm diameter, 1 mm thick; Harvard
Apparatus, Holliston, MA, USA) and the borders
were sealed with cyanoacrylate and dental acrylic.
Finally, animals were intraperitoneally injected with
atipamezole (0.5 mg/kg; Antisedan, Esteve,
Barcelona, Spain) to revert the anaesthesia and
returned to individual cages for recovery. The day
after surgery, mice were returned to their home cages
(social rearing) and left undisturbed for 2 weeks to
allow complete recovery before imaging.

In vivo 2-photon imaging

In vivo 2-photon imaging was achieved using an
Olympus FV1000MPE microscope and its
acquisition software (Olympus fluoview FV1000
v4.0.1.10, Olympus, Tokyo, Japan). The light source
for 2-photon excitation was a commercial
Ti:Sapphire laser (Mai-Tai HP DeepSee, Spectra
Physics, Santa Clara, CA, USA). The excitation
wavelength was set to 930 nm, with the excitation
signal passing through an XLPLN25XWMP
25%/1.05 NA water-immersion objective (Olympus)

and collected after a barrier filter by a photomultiplier
tube. The same cells could be identified and re-
imaged for up to 20 days using local fiduciary
landmarks of the brain's surface vasculature.

Image acquisition and analysis

Adult mice (3-month-old) previously implanted
with cranial windows were anesthetized with a
mixture of ketamine (50 mg/kg; Imalgene, Merial)
and medetomidine (1 mg/kg; Sedator, Dechra).
Anaesthesia was monitored by breathing rate and
foot-pinch reflex. The head was positioned in a
custom-made stereotaxic restraint. In the first
imaging session, a panoramic z-stack was obtained in
order to identify all the landmarks and regions of
interest (512x512, z step-size 3 pum). Afterwards, 4
regions of interest were imaged per animal, each of
them containing several dendrites and axons. These
images were obtained with a digital zoom of 8X and
comprised only layer I of the neocortex (512x512, z
step-size 1 pum). Raw scanner data were processed in
ImagelJ (National Institutes of Health, Bethesda, MD,
USA) and the 6 four-dimensional (X, y, z, t) stacks of
each animal were analysed blind to the experimenter
using this software.

The real-time analysis included 6 dendrites and
6 axons of pyramidal cells per mouse, so that each
animal would present uniform data regarding their
dynamics, resulting in a total of 344 axonal boutons
and 1699 dendritic spines in 90 axons and 90
dendrites (approximately 23 axonal boutons and 113
spines per animal). The regions of interest were
arbitrarily named with a two-letter code to avoid any
bias from the experimenter. Dendritic and axonal
branches were distinguished by their morphology.
Axons were typified as thin tubular processes, often
scattered with varicosities (EBP) whose fluorescence
were at least 2 times higher than that of the axonal
backbone. Dendrites were distinguished by thicker
diameters (generally >2 pm), smooth, gradually
tapering processes, and characteristic branching
patterns.

In order to study the structural dynamics, several
parameters were analysed. Gain, loss and stability
functions were respectively the new, lost and stable
spines/EPB in a given time point related to the
previous number of spines/EPB. The turnover rate
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Figure 3. Structural dynamics of EPB prior and during the chronic DHF treatment. (A) Real-time 2-photon
images of a representative axon from a DHF-treated mouse. Arrows point to EPB with a colour legend to clarify the
effect on the dynamic parameters. White arrows point to EPB that are present from the beginning of the experiment.
Yellow arrows point to EPB that are gained in that imaging session. Blue arrows point to those EPB gained in the
previous imaging session that have become stable. Red arrows point to EPB that were present in the previous imaging
session but have disappeared in the current one. Scale bar: 5 um (B) Graphs representing the different dynamic
parameters (gain, loss and stability functions; and turnover rate). (C) Graphs representing the different dynamic
parameters studied only on stable EPB (gain and loss functions of stable EPB, and turnover rate of stable EPB). (¥)

p<0.05; (**) p<0.01.

was the sum of the gain and loss function divided by
2, which provided us with a more accurate idea about
the dynamism. The stable functions were also studied
because of their importance for the network, since
structures lasting longer than 4 days have been shown
to always bear at least one synapse (Knott et al. 2006;
De Paola et al. 2006; Grillo et al. 2013). The stable
gain function represented the number of structures
(spines and EPBs) added in a time point and lasting
for at least 4 days (2 consecutive imaging sessions),
related to their previous number. Likewise, the stable
loss function of spines/EPB represented the structures
that have lasted longer than 4 days (2 consecutive
imaging sessions) and were then lost, related to their
previous number. The turnover rate of stable
spines/EPB was the sum of the stable gain and stable
loss functions divided by 2 and, again, provides us
with a more accurate idea about the dynamism.

120

Volume analysis

It has already been shown that the fluorescent
brightness of a spine is positively correlated to its
volume (Holtmaat et al. 2005). In fact, increases in
spine volume are related to potentiation via LTP,
whereas the dendritic shaft remains unaffected
(Matsuzaki et al. 2004). Therefore, we analysed
whether the dendritic spines that were stable
throughout the experiment would alter their volume
during the DHF treatment. 6 stable spines were
studied per animal (a total of 90 spines). This
procedure  diminished intra-group variability.
Additionally, all the images had to contain no
saturated pixels in order allow for the detection of
variations in brightness intensity (pixel value).
Because the brightness intensity of the overall image
could be altered due to changes in the conditions of

2-photon imaging or the cranial window, the



brightness intensity of the dendritic shaft, whose
volume remains unaffected, was also taken into
account. We chose the best focal plane for a given
dendritic spine and calculated the ratio between its
mean pixel value and the mean pixel value of a
similar portion of the adjacent dendritic shaft.

Behavioural tests

Twenty-four hours before starting the Novel
Object Recognition (NOR) test, all animals were
exposed for 10 minutes to the empty apparatus (Open
Field chamber, OF, 40x40cm) (Fig. 1). This
habituation procedure was also used to evaluate the
locomotor activity and the anxiety levels of the
animals (ANY-maze video tracking system v4.98;
Stoelting Europe, Dublin, Ireland), in order to remove
from the experiment those mice showing abnormal
behaviours. The video tracking system provided
automated measures of the total distance travelled
and mean speed, to study locomotor activity, and
number of entries and time spent in the periphery of
the arena, for the measurement of anxiety and
thigmotaxis (a valid index of anxiety in mice; (Simon
et al. 1994)). The periphery zone of the arena was
defined as the area located between 0 and 6 cm from
the walls of the apparatus. All animals were subjected
to the OF and NOR tests before and after the
treatment with DHF or vehicle solution (Fig. 1).

Every NOR test was divided in 2 sessions or
phases: “familiarization” and “test” (Fig. 1). During
the familiarization phase, two identical objects were
placed in 2 opposite corners of the open field (5 cm
away from the walls) and the animal was allowed to
explore the arena for 4 minutes. During the fest phase
(30 seconds after the familiarization phase), a novel
object replaced one of the familiar objects and mice
were allowed to explore again the open field arena for
4 minutes. Between sessions, the apparatus and all
objects were cleaned with 70% ethanol solution. In
this experiment, all mice participated in 2
familiarization phases and 2 test phases, one for every
level of perceptual difficulty (“Easy” and “Difficult™;
Fig. 1). In the “Easy task™ the novel and familiar
object did not share any common features, that is,
they were different in shape, texture and size (Figs.
2A&B). For the “Difficult task”, the objects were
identical in shape and colour and only 1 of the sides
of the objects had a different texture (Figs. 2A&B).

Object exploration was scored whenever the mouse
sniffed the object or touched the object while looking
at it (when the distance between the nose and the
object was less than 2 cm). Climbing onto the object
or chewing the object did not quantify as exploration
(Leger et al. 2013). The time spent exploring each
object was recorded and the difference in time spent
exploring the novel object compared with the familiar
object divided by the time spent exploring both
objects was calculated to obtain the “discrimination
ratio” (Burke et al. 2011; Burke et al. 2012).

Statistics

All the dynamic parameters were normalized to
time -8d prior to the statistical analysis. For all the
linear studies, a repeated-measures ANOVA was
performed with treatment (DHF vs control) as
between-subjects factor and time (imaging sessions)
as within-subjects factor, followed by post hoc tests
(Fisher’s least significant difference) for pairwise
comparisons. The unit of observation was always the
animal, and each data in the linear analysis of
structural dynamics was the mean of the dynamics of
6 different structures (dendrites, axons or dendritic
spines), which diminished the intra-group variability.
Only mice that finished all the imaging sessions were
taken into account (6 control and 9 DHF).

Behavioural data were analysed using repeated
measures ANOVA followed by post-hoc test. When
analysing the OF data, treatment (DHF vs control)
and time (before treatment vs after treatment) were
considered as a between-subjects and within-subjects
factors respectively. In the NOR test, an extra within-
sub jects factor (Difficulty: easy vs difficult task) was
added to the analysis.

The the
dynamics and the behavioural traits were also
analysed by using the Pearson’s correlation
coefficient (r).

correlations between structural

All the statistical analyses were performed using
the statistical package SPSS v22.0 (IBM) and graphs
were created using GraphPad Prism 6. Data in the
figures were expressed as mean + SEM and p<0.05
were indicated.
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Figure 4. Structural dynamics of dendritic spines prior and during the chronic DHF treatment. (A) Real-time 2-
photon images of a representative dendrite from a DHF-treated mouse. Arrows point to dendritic spines with a colour
legend to clarify the effect on the dynamic parameters. White arrows point to spines that are present from the beginning
of the experiment. Yellow arrows point to spines that are gained in that imaging session. Blue arrows point to those
spines gained in the previous imaging session that have become stable. Red arrows point to spines that were present in
the previous imaging session but have disappeared in the current one. Scale bar: 8 pm. (B) Graphs representing the
different dynamic parameters (gain, loss and stability functions; and turnover rate). (C) Graphs representing the
different dynamic parameters performed only on stable spines (gain and loss functions of stable spines, and turnover

rate of stable spines). (*) p<0.05; (*¥) p<0.01.
RESULTS

Pyramidal neurons of the barrel cortex express
TrkB in their somata, dendritic spines and axonal
boutons

We performed immunohistochemistry to prove
that TrkB was expressed by pyramidal neurons of the
barrel cortex in the Thyl-YFP mice (Fig. 2). We
found that, indeed, TrkB expressing puncta were
abundant in the axonal boutons (Fig. 2B), around the
cell somata (Fig. 2C1), as well as in the spine head
(Fig. 2C2).

Chronic DHF treatment alters the dynamics of
axonal boutons in pyramidal neurons of the barrel
cortex

Different dynamic and stability parameters were
analysed and found altered during the DHF treatment

(Fig. 3). The gain function of EPB was altered during
the experiment in both experimental and control
conditions, although in a different direction (Fig. 3B).
In control conditions the gain function diminished
gradually throughout the experiment (Control -8d/-4d
vs 4d/8d: p=0.009; -4d/0d vs 4d/8d: p=0.09), whereas
in DHF-treated mice it was firstly increased (DHF -
8d/-4d vs 4d/8d: p=0.033; 0d/4d vs 4d/8d: p=0.047)
and finally decreased to baseline levels (DHF 4d/8d
to 8d/12d: p=0.019). The difference between groups
reached its peak in the middle of the DHF treatment
(4d/8d Control vs DHF: p=0.005). Neither the loss
function nor the turnover rate were altered during the
experiment. However, in the DHF group the stability
function of their EPB decreased gradually through
the treatment (DHF -4d/0d vs 8d/12d: p=0.018; 0d/4d
vs 8d/12d: p=0.028).

We next asked whether the stable EPB (those
that last longer than 4 days) presented altered
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Figure 5. Real-time analysis of the dendritic spine volume prior and during the DHF treatment. (A) & (B) Low
magnification images of representative dendrites in Control (A) and DHF-treated (B) animals. Scale bar: 6 pm. (A")
& (B’) High magnification images from the squared spines from Control (A”) and DHF-treated (B’) animals. Scale
bar: 3 um. (C) Graph representing the variation (%) in dendritic spine volume. (*) p<0.05; (**) p<0.01.

dynamics due to the DHF treatment, and found
several interesting variations (Fig. 3C). First, the gain
function of stable EPB increased rapidly only in the
beginning of the DHF treatment (DHF -8d/-4d-0d vs
-4d/0d-4d: p=0.037), whereas it remained unchanged
in control conditions. Second, the loss function
increased gradually throughout the experiment in
both conditions, although in the DHF-treated mice
this increase was more consistent [Control -8d-(-
4d)/0d vs 4d-8d/12d: p=0.038; DHF -8d-(-4d)/0d vs
0d-4d/8d: p=0.016, -8d-(-4d)/0d vs 4d-8d/12d:
p=0.015, -4d-0d/4d vs 4d-8d/12d: p=0.015], and
there was a trend towards an increase in the DHF
group in the middle of the treatment (0d-4d/8d
Control vs DHF: p=0.071). Finally, the turnover rate
of stable EPB was increased in the beginning of the
experiment in control conditions [Control -8d-(-
4d)/(-4d)-0d vs (-4d)-0d/0d-4d p=0.018], whilst in
the DHF group this augment was significant from its
baseline to the end of the DHF treatment [DHF -8d-
(-4d)/(-4d)-0d vs 4d-8d/8d-12d p=0.021].

Chronic DHF treatment alters the dynamics of
dendritic spines in pyramidal neurons of the barrel
cortex

In order to further understand the dynamics of
pyramidal neurons under the influence of DHF, we
analysed the dendritic spine dynamics throughout the

treatment (Fig. 4B). We found that the gain function
rapidly increased in the beginning of the DHF
treatment [DHF -8d/-4d vs 0d-4d p=0.032, -8d/-4d vs
4d/8d p=0.037], but later decreased to baseline and
control levels [DHF -4d/0d vs 8d/12d p=0.018, 0d/4d
vs 8d/12d p=0.018, 4d/8d vs 8d/12d p=0.016]. There
was also a trend towards an increase in the control
group in the middle of the treatment (4d/8d Control
vs DHF p=0.095). The loss function remained
unchanged in both control and experimental
conditions, whereas the turnover rate was first
increased (DHF -8d/-4d vs -4d/0d p=0.050, -8d/-4d
vs 0d/4d p=0.027), to return finally to control and
baseline levels (DHF —4d/0d vs 8d/12d p=0.036,
0d/4d vs 8d/12d p=0.027). Furthermore, the stability
function was also reduced in both Control and DHF
groups, although more prominently in the former
(Control -8d/-4d vs 0d/4d: p=0.009; -8d/-4d vs 4d/8d:
p=0.007; -4d/0d vs 0d/4d: p=0.005; -4d/0d vs 4d/8d:
p=0.042; DHF -8d/-4d vs 0d/4d: p=0.014).

Chronic DHF treatment protects stable

pyramidal spines from dynamic changes

We next asked whether the stable spines (those
that last longer than 4d) had their dynamics altered
under the DHF treatment (Fig. 4C). The gain function
remained unaltered. However, the loss function and
the turnover rate of stable spines varied in control
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OPEN FIELD TEST

AFTER TREATMENT (day 12)

Figure 6. Open field test (OF).
(A) Representative track-plot
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reports recorded during the 10
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conditions: The loss function of stable spines
increased throughout the experiment [Control -8d-(-
4d)/0d vs (-4d)-0d/4d p=0.010, -8d-(-4d)/0d vs Od-
4d/8d p=0.004, -8d-(-4d)/0d vs 4d-8d/12d p=0.006].
These increases were also significant when
comparing DHF and Control groups (0d-4d/8d
Control vs DHF p=0.022, 4d-8d/12d p=0.010], and
there was also a trend towards an increase at the
beginning of the treatment (-4d-0d/4d Control vs
DHF p=0.078). Similarly, the turnover rate of stable
spines was altered only in control conditions, first
increasing [Control -8d-(-4d)/(-4d)/0d vs (-4d)-
0d/0d-4d p=0.013, -8d-(-4d)/(-4d)/0d vs 0d-4d/4d-8d
p=0.019] and later returning to baseline levels
[Control (-4d)-0d/0d-4d vs 4d-8d/8d-12d p=0.012,
0d-4d/4d-8d vs 4d-8d/8d-12d p=0.016]. Similarly,
there were trends towards an increase when
comparing both groups in the middle of the treatment
[(-4d)-0d/0d-4d Control vs DHF p=0.090, 0d-4d/4d-
8d Control vs DHF p=0.091].

-

-

-

distance travelled (purple line)
by both groups (DHF and
control) after the treatment.
Locomotor activity (B) and
anxiety-related behaviour (C)

were decreased in both groups
after the treatment, but no
significant ~ differences were
found between them. (*%%)

p<0.001; (#) 0.1>p>0.05.

Before After

The volume of pyramidal spines remains
unaltered throughout the DHF treatment

In order to better u nderstand the changes
experimented by stable spines under DHF and control
conditions, we estimated the volume of the spines
that were present throughout the entire experiment
(Fig. 5). Surprisingly, we found that the stable spines
of the control group increased their volume whereas
in DHF-treated mice this parameter remained stable.
These increases were significant within the control
group (Control -8d vs 0d p=0.007, -8d vs 4d p=0.008,
-4d vs 0d p=0.023, -4d vs 4d p=0.037) and when
comparing both groups (4d Control vs DHF
p=0.014).

DHF treatment does not affect locomotion or
anxiety-related behaviour

We analysed the distance travelled, mean speed
and immobility time during the OF test, before and



NOVEL OBJECT RECOGNITION TEST
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Figure 7. Novel object recognition test (NOR). (A) Schematic drawings of the 2 types of NOR tests performed in
our experiment and their phases (familiarization: 2 identical objects; test: 1 familiar and 1 novel object). (B)
Photographs of the pairs of objects that were randomly used during the NOR test. The asterisk marks the novel object.
(C) Bar graphs representing an increased percentage of time exploring the novel object in the difficult task (easy vs
difficult) but no difference due to the treatment (DHF vs. control) or time (before vs. after). (D) No statistically
significant differences were observed in the exploration of the familiar object. (E) The total time exploring both objects
(novel + familiar) was significantly increased after the treatment in the easy task, but no differences were observed
among groups. (F) When analysing the discrimination ratio [(time spent exploring the novel object) - (time exploring
the familiar object)/ time spent exploring both objects] only DHF treated mice showed decreased object discrimination
ratio in the difficult task. Black Horizontal lines in graphs represent statistically significant effects of time (black),
difficulty (grey), or interaction (grey, dashed) in a repeated-measures ANOVA (¥p<0.05, **p<0.01, **#*p<0.001, #
0.1<p<0.05).

after treatment, as an index of locomotor activity differences were found between DHF and vehicle-
(Figs. 6A&B). Although decreased locomotion was treated mice [distance travelled (before: p=0.994;
found to occur after the treatment (distance travelled: after: p=0.234; Figs. 6A&B), mean speed (before:
p= 1.2#107; mean speed: p=1.3*107; immobility p=0.990; after: p=0.240; Fig. 6B) and immobility
time, p= 1.0*10°%; Fig. 6B), no statistically significant time (before: p=0.673; after: p=0.472; Fig. 6B)].
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Figure 8. Correlation analysis between behavioural and dynamic parameters. Pearson’s coefficient (r) for the
“time exploring the difficult novel object™ and the last turnover rate of dendritic spines and EPB in Control and DHF-

treated animals.

A similar situation occurred when we analysed
anxiety-related behaviour (Fig. 6C), with an apparent
decrease of anxiety after treatment (border distance:
p=0.051, border time: p=0.095, line crossings:
p=0.008), but no statistically significant differences
among DHF and control groups [border distance
(before: p=0.324; after: p=0.966), border time
(before: p=0.112; after: p=0.060) and line crossings
(before: p=0.068; after: p=0.427)].

DFH treatment improves object recognition
memory

As expected, the percentage of time exploring
the novel object was significantly increased when
performing the difficult task (easy vs difficult:
p=0.008; Figs. 7A-C), with independence of the
treatment (DHF vs. Control) or time (before vs.
after). But interestingly, when we analysed the
discrimination ratio [(time spent exploring the novel
object) - (time exploring the familiar object)/ time
spent exploring both objects] only DHF treated mice

showed a decreased object discrimination ratio in this
task (p=0.028). This can be interpreted as an
increased recognition memory to difficult objects (the
novel and familiar objects were identical in shape and
colour and only 1 of the sides of the objects had a
different texture; Fig 7B).

The time exploring the difficult novel object is
correlated with the turnover rate of en passant
boutons and dendritic spines only in animals treated
with DHF

Finally, in order to comprehend the relationship
between the behavioural performance and the
structural dynamics of pyramidal neurons, we
executed a correlation analysis. We found that the
turnover rate of both EPB and dendritic spines was
positively correlated with the time exploring the
difficult novel object, only in DHF-treated mice (Fig.
8). Regarding the EPB, this correlation was
significant only with the last normal turnover rate
(8d/12d, DHF r=0.95 p=0.004). However, when



studying dendritic spines, we found that the time
exploring the difficult novel object was only
correlated with the last turnover rate of stable spines
(4d-8d/8d-12d, DHF r=0.84 p=0.035).

DISCUSSION

In the current study, we show, in real-time, how
the structure of neocortical pyramidal neurons is
altered during a chronic treatment with DHF, a TrkB
agonist that has an important clinical potential.
Furthermore, we show that this treatment also
enhances object recognition memory of complex
items and that these improvements are correlated
with the structural dynamics of dendritic spines and
axonal boutons.

Our findings are in agreement with previous
reports that showed the expression of TrkB in layer V
pyramidal neurons of the rat somatosensory cortex
(Miller and Pitts 2000). Moreover, we expand this
knowledge by describing the presence of the receptor
in the somata, dendritic spines and axonal boutons of
these neurons in mice. We next asked whether a
chronic activation of TrkB would alter the dynamics
of these neuronal structures (gain, loss, stability
functions of dendritic spines and axonal boutons in a
longitudinal, chronic real-time study). We also
wondered whether it would impact behaviours related
to this brain area, uncovering some important
alterations. The gain function of dendritic spines was
increased 4 days after the beginning of the treatment,
persisted after 8 days and returned to baseline levels
12 days afterwards. Our findings are not surprising,
since LTP can be induced by TrkB activation
(Minichiello et al. 2002; Minichiello 2009) and this
form of synaptic plasticity promotes the apparition of
dendritic spines in pyramidal neurons (Engert and
Bonhoeffer 1999). In addition, pyramidal spine
density increases in the rat hippocampus after BDNF
administration (Tyler and Pozzo-Miller 2003), and
even after a chronic treatment with DHF (Zeng et al.
2012b). However, although our results might seem
similar, these previous findings were performed in
post-mortem tissue and thus alterations in spine
dynamics cannot be inferred.

We have also studied the dynamics of stable
spines, which are those present at least for 4 days (two
consecutive imaging sessions). These spines are

particularly important because they have been shown
to always bear a synapse (Knott et al. 2006) and,
therefore, are the ones modifying the network. The
loss function of stable spines was incremented during
the experiment only in the control group, whereas the
DHF protected against these changes. Surprisingly,
only in the control group, we have also shown that the
spines that remained stable during the whole
experiment increased their volume. Increases in
volume have been previously correlated to spine
potentiation (Matsuzaki et al. 2004). This spine
enlargement may be the consequence of the synaptic
loss caused by the elimination of stable spines.
Therefore, in order to compensate and maintain
synaptically the circuit, the remaining stable spines
increase their volumes. We have also shown that the
stability function of dendritic spines was gradually
reduced throughout the experiment, more remarkably
in control animals. This appears to be a consequence
of real-time imaging: similar reductions have already
been shown in the same mice strain that we used
(Grutzendler et al. 2002). All these facts suggest that
the DHF protects against the intrinsic damage that
real-time imaging produces, which is in agreement
with the known neuroprotective properties of this
drug against glutamate excitotoxicity (Chen et al.
2011a), neonatal hypoxia, ischemia (Uluc et al.
2013), degeneration of dopaminergic neurons in
animal models of Parkinson’s disease (Luo et al.
2016) or staurosporine-induced apoptosis (Jang et al.
2010).

The dynamics of axonal boutons were also
analysed before and during the DHF treatment,
showing increases in their gain function 8 days after
its onset. The dynamics of stable EPB were also
analysed and we found that their gain function
increases. Both results agree with the increases in
axonal arborization, and consequently in the
presynaptic surface, that BDNF infusion produces in
other species (Cohen-Cory and Fraser 1995; Lom and
Cohen-Cory 1999; Bing et al. 2005; Granseth et al.
2013).

We have also wondered whether a chronic
with DHF might improve sensory
perception dependent on the barrel cortex, the region
of our structural analysis. In order to achieve so, we
have performed a modified NOR test with easy and
difficult novel objects that varied in their texture, so
that they may be mostly recognizable by their

treatment
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whiskers (Gui¢-Robles et al. 1989; Arabzadeh et al.
2005; Brecht 2007; von Heimendahl et al. 2007).
Consequently, this test would allow us to link
behavioural and structural alterations. We have found
that, indeed, animals treated with this drug displayed
a lower discrimination ratio, which means that they
discriminated better the difficult novel object. These
results agree with multiple studies correlating BDNF
or TrkB manipulation with object recognition
memory: BDNF expression has been positively
linked to object recognition memory (Hopkins and
Bucci 2010), whereas a lesser activation of TrkB with
anti-BDNF causes opposite results (Callaghan and
Kelly 2013). In addition, DHF has already been
shown to improve memory consolidation in both rats
and mice also in a NOR test (Bollen et al. 2013). Our
results go further and show that DHF also enhances
object recognition behaviour and  sensory
discrimination. Moreover, these behavioural effects
are correlated with the turnover of dendritic spines
and axonal boutons of layer V pyramidal neurons of
the barrel cortex.

In conclusion, we provide real-time in vivo
evidence of how the chronic activation of TrkB has
beneficial behavioural effects in healthy animals and
alters the structural plasticity and dynamics of
neocortical pyramidal neurons, mainly by protecting
them from deleterious alterations. Our results also
highlight the timeline of these structural changes, so
that further research can pinpoint the optimal
duration of the treatment. This is not unimportant
since the malfunction of the BDNF-TrkB system has
been suggested to underlie several neuropsychiatric
disorders, including Alzheimer’s disease or
schizophrenia (Angelucci et al. 2005; Zuccato and
Cattaneo 2009), and currently its manipulation is
being tested to provide new therapeutic vectors for
these diseases (Nagahara and Tuszynski 2011; Lu et
al. 2013).
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1. NMDA RECEPTORS REGULATE THE STRUCTURAL DYNAMICS OF
SOMATOSTATIN EXPRESSING INTERNEURONS OF THE HIPPOCAMPUS

The NMDA type of glutamate receptors has been extensively studied regarding neural
potentiation and depression (Bear and Malenka, 1994; Bliss and Collingridge, 1993). These
receptors have also a well-described role in spinogenesis during development (Kwon and
Sabatini, 2011) and in the remodelling of dendritic spines during adulthood (Lai and Ip,
2013; Matsuzaki et al, 2004). All these data come from studies focused on pyramidal
neurons. However, these receptors are expressed also in other neurons, including
interneurons such as the SOM expressing cells in the stratum oriens of the hippocampus,
a very well characterized interneuronal subpopulation (Freund and Buzsaki, 1996; Nyiri et
al, 2003). Very little is known about the effects of the activation of these receptors on the
structure of interneurons, particularly of these hippocampal cells. In the present thesis, I
have aimed to understand the effects that the acute NMDAR blockade produce in the
density of dendritic spines and axonal boutons of hippocampal SOM expressing
interneurons of the stratum oriens. Although structural dynamics appear to be the force
underlying adaptation to changing environments (Bhatt et al, 2009; Holtmaat and
Svoboda, 2009), to date few experiments focusing on inhibitory circuits have been
published (Chen et al, 2012; Hofer et al, 2011; Keck et al, 2011; van Versendaal et al, 2012),
but none of them on SOM expressing interneurons. Therefore, I next asked how NMDAR
activation and inhibition might alter the spine dynamics of these cells. Altogether, these
experiments have provided several interesting results, which have helped to shed light into
understanding the role of these receptors on the structural plasticity of SOM expressing

interneurons.

1.1. Acute MK-801 treatment does not change spine density but increases the
density of axonal boutons of somatostatin expressing interneurons and alters

anxiety-related behaviours

In order to understand how NMDAR blockade affects the density of dendritic spines

and axonal boutons of the hippocampal SOM expressing interneurons in the stratum
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oriens, we have acutely injected mice, which express constitutively EGFP in these cells (GIN
mice, Oliva et al., 2000), with the NMDAR antagonist MK-801. Twenty-four hours after the
injection, a hole-board test was performed to obtain a readout of anxiety-related

behaviours and working memory alterations.

The use of agonists, antagonists and genetic deletions are frequently employed
experimental approaches when studying the role of NMDARs in different neuronal
processes. They have been particularly important to unravel the impact of these receptors
on neuronal morphology and connectivity. The knock-out of the obligatory GluN1 subunit
causes an increase in the volumes of axonal boutons and dendritic spines of neocortical
pyramidal neurons in young mice, whereas their dendritic spine density is decreased
(Ultanir et al, 2007). However, the blockade of these receptors with several antagonists
has rendered a wider spectrum of results: While some reports describe that MK-801 has
no effect in the spine density of pyramidal neurons in vivo (Han et al, 2013; Woolley and
McEwen, 1994), other studies have revealed that the acute administration of ketamine -
another NMDAR antagonist- produces a rapid increase in spine density (Li et al, 2010b; Liu
et al, 2013; Phoumthipphavong et al, 2016). Conversely, chronic exposures to other
antagonists have yielded contradictory results regarding this parameter: An increase in the
case of phencyclidine (PCP, Flores et al., 2007), or a decrease when treated with 3-(2-
carboxypiperazin-4-yl) propyl-1-phosphonic acid (CPP, Velazquez-Zamora et al., 2011).
The activation of the receptor with a sustained low concentration of NMDA causes an
increase in the density of mushroom spines and even in the total spine density (Tian et al,

2007).

In the present thesis I show that the acute blockade of NMDARs with an MK-801
injection causes no variations in the spine density of SOM expressing interneurons of the
stratum oriens. The discrepancies between our results and the ones obtained in pyramidal
neurons from other experiments may be explained by the structural and physiological
differences between these cells and interneurons (Acsady et al, 1998; Freund and Buzsaki,
1996; Gulyas et al, 1992), and probably by the differences in doses and duration of the
treatment. However, we have found interesting alterations induced by the MK-801 in the

axonal bouton density of these interneurons. Even though axonal remodelling has not been



as broadly studied as that involving dendrites, some studies have also highlighted the
effects of NMDAR antagonists on axonal structure. Only 3 days of MK-801 treatment are
enough to produce axonal sprouting in the hippocampal Schaffer collaterals in vitro
(McKinney et al, 1999b). We have observed a similar effect in adult animals on the axonal
boutons of SOM expressing interneurons of the stratum oriens. Whether a similar effect

on Schaffer collaterals occurs in vivo, still remains to be explored.

Moreover, we have found strong alterations in anxiety-related behaviours in MK-801-
treated mice, including increased locomotor activity, which is in accordance with previous
studies (Kalinichev et al, 2008; Zuo et al, 2006). By contrast, we have failed to find
significant differences in the working memory ratio (number of head dips into non-
previously explored holes divided by the total number of head dips) of treated animals,
which is also in agreement with previous studies that were unable to find alterations in the
head-dip count after MK-801 administration using the same apparatus (Haj-Mirzaian et al,
2015; Hirose et al, 2016). Interestingly, the increases that we show in anxiety-related
behaviours but not in the density of dendritic spines agree with a previous study from our
laboratory analysing the structural remodelling of SOM expressing interneurons in CA1
under a chronic stress paradigm (Gilabert-Juan et al, 2017); however, this report did not

explore how their axons were remodelled.

1.2.  MK-801 and NMDA alter the structural dynamics of somatostatin expressing

interneurons

As it has previously been discussed, SOM expressing interneurons do not change their
spine density after the acute NMDAR blockade with MK-801. However, we have performed
additional assays that show alterations in their structural dynamics after the
administration of this antagonist, or after the infusion of a NMDAR agonist, namely the
NMDA molecule. These results have been obtained by using entorhino-hippocampal
organotypic cultures from the same mice strain (GIN mice, Oliva et al., 2000), followed by
real-time imaging. Only few studies have focused on neuronal structural dynamics after

the treatment with an NMDAR antagonist, and most of them have been performed on
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pyramidal neurons. For instance, in the hippocampal CA1, although pyramidal spine
density is not altered after a 7-day treatment with MK-801, there is an increase in the
number of filopodia-like processes, structures that resemble the immature spines of the
developing hippocampus (McKinney et al, 1999a). Concerning interneuronal structure,
only a study in primary cultures has revealed that a chronic treatment with the NMDAR
antagonist ketamine causes a retraction of the dendritic arbour of interneurons (Vutskits
et al, 2007). Although in this study the authors did not characterize the subpopulation of
interneurons that was analysed, their results agree with the ones presented in this thesis:
A decrease in the density of dendritic spines and, therefore, in the area available for
establishing synapses. As a matter of fact, 4 hours after the MK-801 administration, the
appearance rate of dendritic spines is decreased in SOM expressing interneurons.
However, NMDA administration does not produce any alteration in such a short period.
Nevertheless, we report concordant alterations 24 hours after the MK-801 and NMDA
administration: MK-801 produces a decrease in the appearance rate, whilst NMDA causes
an increase in this parameter. Furthermore, NMDA administration leads also to an increase
in the disappearance rate and a decrease in the stability rate, whereas MK-801 shows no
effect. These alterations caused by the NMDA infusion may be due to the destabilization
that the NMDAR activation produces on the F-actin cytoskeleton (Halpain et al, 1998) or
the glutamate excitotoxicity caused by the opening of NMDARs (Kristensen et al, 2001;

Mody and MacDonald, 1995; Shimono et al, 2002).

In addition, the relative spine density has also been analysed in both experiments.
When studying the NMDAR antagonism, there is a significant decrease in this parameter
24 hours after the MK-801 infusion when comparing to the group baseline, and a trend
towards a decrease when comparing to the control group; probably a consequence of the
reduced appearance rate reported also in this time point. However, when the cultures are
treated with NMDA, the relative spine density remains unchanged throughout the

experiment.

Regarding the stability rates reported in both experiments, there is an apparent
discrepancy when comparing the in vitro and in vivo assays. In fact, previous real-time

reports with cranial windows on mice have shown that, in control conditions,



interneuronal spines in the visual cortex have a stability rate close to 98% (Keck et al,
2011). However, the stability rate of the SOM expressing interneurons in both our assays
had a value around 70%. These discrepancies may be caused by a difference in the stability
of different interneuronal subpopulations, the region and age studied, or, more likely, to a

higher stability in vivo than in our organotypic cultures.

Even though antagonists of the NMDARs are a great tool to understand how these
receptors work and how they can modulate neuronal structure, not only basic science
profits from them. In fact, neurodevelopmental diseases, including schizophrenia, are
believed to be caused by the improper function of NMDARs during neural development
(Cohen et al, 2015; Gonzalez-Burgos and Lewis, 2012; Inan et al, 2013; Paoletti et al, 2013).
Therefore, disruption of these receptors in specific periods provides excellent animal
models of some endophenotypes of this important disease, such as the perinatal injection
with MK-801 (Adell et al, 2012; Li et al, 2015; Rompala et al, 2013; Rung et al, 2005;
Thomases et al, 2013, 2014). For this reason, my next goal has been to understand how
NMDAR disruption during postnatal development, together with aversive experiences,
affects the structure of SOM-expressing interneurons, as well as other plasticity-related

parameters, in adult mice.

2. THE STRUCTURE OF INTERNEURONS AND THE EXPRESSION OF
PLASTICITY-RELATED MOLECULES IS ALTERED IN A MOUSE MODEL OF
SCHIZOPHRENIA

Schizophrenia is a neuropsychiatric multifactorial disease that affects several brain
areas and their interconnections. Despite that it is only found and diagnosed in human
beings, there are several animal models that can emulate some endophenotypes of this
disease, including early-life stress and, as commented before, MK-801 perinatal treatment.
Among these endophenotypes, different structural alterations have been reported in
pyramidal neurons of the amygdala and the mPFC. However, few studies have focused on
how this disease affects the structure of interneurons and inhibitory circuits, and they have

been always performed on PV-expressing cells (Beneyto and Lewis, 2011; Lewis et al, 2012;
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Rotaru et al, 2012). In the current thesis, I have aimed for an integrative approach
performing behavioural, structural and molecular analysis using a double-hit mouse model
of the disorder that combines a postnatal MK-801 injection with post-weaning isolation,
which has already rendered satisfactory results when performed in rats (Gilabert-Juan et
al, 2013a). We have studied how the structure of both pyramidal neurons (fluorescent in
Thy1-YFP mice, Feng et al., 2000)) and dendrite-targeting, SOM-expressing, interneurons
(fluorescent in GIN mice, Oliva et al., 2000), alter their structure in the amygdala and the
mPFC. In addition, we have tested anxiety-related behaviours and working memory and
have examined the expression of molecules related to plasticity and the
excitatory/inhibitory neurotransmission in these areas. Interestingly, we have found that
this mouse model of schizophrenia positively emulates some endophenotypes of this
disease and alters most of the analysed parameters. This knowledge is not unimportant,
since we still do not know the neurodevelopmental causes of this disorder and the neural
changes that it produces in adults. Understanding the cellular and molecular alterations
associated to the disease is one of the first steps to properly treat its symptoms and, in

time, even avoid their onset.

2.1.  Anxiety-related behaviours were increased in schizophrenic mice

In the schizophrenia model developed in this thesis, mice were also subjected to the
hole-board apparatus prior to their sacrifice, in order to analyse anxiety-related
behaviours, hyperactivity and working memory alterations. Changes in these parameters
are fairly common in human patients (Pallanti et al, 2013; Pallanti and Salerno, 2015; Van
Snellenberg et al, 2016) and in animal models of this disease (Jones et al, 2011; Lett et al,
2014). In our experiment, Thy1-YFP mice from the double-hit group and all GIN mice
reared in isolation (single and double-hit model) show increased anxiety-related
behaviours, such as the time spent in the periphery of the apparatus, the mean speed or
the number of body rotations. These results are in agreement with similar increases
reported in other models of schizophrenia based on the hypofunction of the NMDARs

(Belforte et al, 2010; Bubenikova-Valesova et al, 2008). However, we report no changes in



working memory in any of our models and strains analysed. This controversy regarding
changes in working memory is a reflection of the field, in which some researchers have
found alterations in this parameter (Andersen and Pouzet, 2004; Nozari et al, 2015) whilst

others have reported none (Bubenikova-Valesova et al, 2008; Rompala et al, 2013).

2.2.  The expression of molecules related to plasticity and the excitatory and

inhibitory neurotransmission is altered in a mouse model of schizophrenia

In the present thesis I show that both the isolated and the double-hit mice have a
reduced expression of PSA-NCAM in the amygdala. This is in apparent contradiction with
previous reports describing increases in PSA-NCAM expression in the amygdaloid
basolateral nucleus after the exposure to different stressors during adolescence (Tsoory et
al, 2008). It is also in contrast to the results described using this same model of post-
weaning isolation in rats (Gilabert-Juan et al, 2012a). These differences could be due to the
use of different species or to the fact that the present experiment has measured the
expression in all the amygdaloid nuclei together and not their different subnuclei. In fact,
similar decreases have been shown in the central nucleus of the amygdala of mice and rats
after a chronic stress paradigm (Cordero et al, 2005; Gilabert-Juan et al, 2011). The
alterations of PSA-NCAM in the amygdala appear to relate directly to inhibitory circuits
since this molecule is expressed by interneurons in this region (Nacher et al, 2002b, 2013),
fact that makes our discoveries especially important in order to understand how

schizophrenia alters this area.

Complementarily, in this experiment no significant alterations have been observed in
the expression of PNNs surrounding PV-expressing interneurons in the amygdala, and only
a trend towards a decrease has been found in the IL area of the mPFC. This latter result is
in accordance with similar reductions detected in this area in schizophrenic patients
(Mauney et al, 2013) or in a mouse model of this disease (Paylor et al, 2016). Likewise, the
reduced number of PV-expressing interneurons in the PFC and the amygdala of our double-

hit mice, which has also been observed in human patients (Enwright et al, 2016), agrees
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with our previously published results in the PFC using the same model in rats (Gilabert-

Juan et al, 2013a).

In the current thesis, I report a decreased E/I balance in the mPFC and the amygdala
in our models of schizophrenia: In the post-weaning isolation and in the double-hit
paradigm (postnatal MK-801 injection and post-weaning social isolation). This balance can
also be affected by the expression of other molecules related to the excitatory-inhibitory
neurotransmission, which have been also related to this disease. This is the case of BDNF,
CB1-R, ST8Siall and St8SialV. We find, in accordance with previous reports from humans
and other mouse models of schizophrenia, an increase in the expression of BDNF (Sanchez-
Huertas and Rico, 2011) and a decrease in the expression of ST8SialV (Nacher et al, 2010),
both in the PFC; whereas the CB1-R increases its expression in the amygdala (den Boon et

al, 2014; Volk and Lewis, 2010).

2.3.  The structure of interneurons in the amygdala and the mPFC is altered in a

mouse model of schizophrenia

In the current thesis, the structure of pyramidal neurons and SOM-expressing
interneurons has been analysed in the reported mouse model of schizophrenia. Regarding
pyramidal neurons, only those of the mPFC could be studied because of the dense labelling
that Thy1-YFP mice presented in the amygdala. A previous Golgi study in a rat model of
this disease (post-weaning isolation) has shown that pyramidal neurons have reduced
arborisation and spine density in the mPFC (Wang et al, 2012). However, in the current
experiment, there are no statistically significant differences in the dendritic spine density
of prefrontocortical pyramidal neurons, neither in the single nor in the double-hit model,
although a trend towards a decrease is reported in the latter. These discrepancies could be
due to differences between species (rat versus mice) or to methodological variations, since
different techniques were used to label constitutively the neurons (Golgi’s method versus
constitutive expression of fluorescent molecules). On the other hand, it may be also

possible that augmenting the number of animals could yield statistically significant results.



The structure of dendrite-targeting, SOM-expressing, interneurons, has been analysed
in the mPFC (Martinotti cells) and the amygdala. Prefrontocortical Martinotti cells show
increased dendritic spine density in the single and in the double-hit models of
schizophrenia. Most of the synapses established on the dendritic spines of SOM-expressing
interneurons are excitatory ones (Guirado et al, 2014). Therefore, this increase may
represent a gain of their active synaptic surface and, consequently, an augment in the
excitatory input received by these cells, which may finally lead to increases in the inhibitory
neurotransmission in order to compensate the overexcitation of the system. This result
agrees with the increased excitation reported in this cortical region in schizophrenic
patients (Starc et al, 2017; Sun et al, 2013) and animal models of this disorder (Li et al,
2015; Rotaru et al, 2011; Yizhar et al, 2011). In addition, we have also found an increase in
the dendritic arborisation of dendrite-targeting interneurons expressing SOM in the
amygdala. Interestingly, these changes are similar to those found after chronic stress in

mice of the same strain (Gilabert-Juan et al, 2011, 2013b).

In fact, chronic stress is also an extensively validated model for major depression, that
has been shown to alter the structure, plasticity and connectivity of excitatory (McEwen et
al, 2016; McEwen and Morrison, 2013; Popoli et al, 2012; Sandi, 2004) and inhibitory
(Ehrlich et al, 2009; Herman and Cullinan, 1997) circuits, with relevant contributions from
our laboratory regarding the SOM-expressing interneurons (Gilabert-Juan et al, 2011,
2013b, 2017). Some cognitive symptoms of this disorder can be fought with the use of
antidepressants; however, even though they are widely used in western society, little is
known of their effects on the structure of interneurons and how they might revert the
alterations that major depression causes on inhibitory circuits. Among these drugs, the
extensively prescribed fluoxetine (Prozac, Lily), not only has been extremely useful to treat
the symptomology, but also appears, as other antidepressants, to have a role in the
reopening of critical period plasticity (Karpova et al, 2011; Vetencourt et al, 2008). Because
of these reasons, I next asked how a chronic fluoxetine treatment could alter the structure

of SOM-expressing interneurons and the expression of plasticity-related molecules.
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3. CHRONIC FLUOXETINE ALTERS THE STRUCTURE OF INTERNEURONS AND
THE EXPRESSION OF PLASTICITY-RELATED MOLECULES OF THE
HIPPOCAMPUS AND THE PREFRONTAL CORTEX

In the last decades, fluoxetine has been one of the most prescribed antidepressants in
the western society. Due to its effect as an inhibitor of the 5-HTT, it acts directly on the
serotonergic system, increasing the extracellular presence of this neurotransmitter
available to activate 5-HT receptors. Although it has been primarily used as an
antidepressant, recent research points to the chronic use of fluoxetine as a valid
mechanism to enhance neural plasticity and even reopen critical period plasticity (Karpova
et al, 2011; Vetencourt et al, 2008). However, little is known about the effect that fluoxetine
has on neuronal structure, specifically on that of interneurons and inhibitory circuits. In
the current thesis, I have aimed to understand how a chronic treatment with fluoxetine
alters the structure and connectivity of SOM-expressing interneurons, and the expression
of plasticity-related molecules, in the hippocampus and the mPFC. In doing so, I have
uncovered several interesting alterations. These effects of fluoxetine are especially
important because of the wide range of use that this drug and other similar antidepressants

have in our society.

3.1.  Fluoxetine increases the dendritic spine density of prefrontocortical Martinotti

interneurons

Few studies have shown the effects of fluoxetine on the structure of pyramidal
neurons: It increases their dendritic spine density in the hippocampus (Hajszan et al, 2005)
and in the somatosensory cortex (Guirado et al, 2009), but we still do not know how it
affects pyramidal neurons in other cerebral regions, such as the mPFC, or its effect on the
structure of interneurons. In order to achieve this knowledge, we have injected for 14 days
fluoxetine in the GIN mice, in which a subpopulation of SOM-expressing interneurons
express constitutively EGFP (Oliva et al, 2000). In the hippocampus, we have found that
the dendritic spine density of SOM expressing interneurons in the stratum oriens remains

unaltered, whereas in the mPFC this density increases in Martinotti interneurons. Because



SOM-expressing cells receive mostly excitatory inputs on their dendritic spines (Guirado
et al, 2014), and they innervate the distal dendritic portion of pyramidal neurons (Markram
et al, 2004), this increase in dendritic spine density may produce a gain of the excitatory
input that Martinotti interneurons receive and, therefore, an increase in the inhibition that
these cells exert on pyramidal neurons. This increment in inhibition agrees with the known
augment in the expression of molecules related to inhibitory neurotransmission in this
cortical region after a chronic fluoxetine treatment (Guirado et al, 2012; Tiraboschi et al,

2013; Varea et al, 2007a).

3.2.  Fluoxetine alters the expression molecules related to plasticity and inhibitory

neurotransmission

In the current thesis, I report an increase in the expression of PSA-NCAM in the
hippocampus of animals treated chronically with fluoxetine. Previous studies from our
laboratory using rats have already shown that a chronic treatment with this drug causes
an increase in PSA-NCAM expression in several brain regions (Guirado et al, 2012; Varea
et al, 2007a, 2007b), similar to the one described in this thesis. In addition, our laboratory
has found that interneurons expressing PSA-NCAM have reduced dendritic arborisation
and spine density when compared with those lacking this molecule (Gomez-Climent et al,
2011). Moreover, in organotypic cultures of the PFC, PSA depletion causes alterations in
the spine density of the same subpopulation of interneurons: An increase in the proximal
dendritic segment and a decrease in the distal dendritic segment (Castillo-Gémez et al,
2016a), strongly linking the expression of this sugar with the structure of these
interneurons. Therefore, the alteration of PSA-NCAM expression found after chronic
fluoxetine treatment (Guirado et al, 2012; Karpova et al, 2011; Varea et al, 2007c)
influences directly the structure of these cells. The variations in the expression of PSA-
NCAM may be also influencing the perisomatic innervation that basket cells exert on
pyramidal neurons, since some of these baskets also express PSA-NCAM (Castillo-Gémez
et al, 2011). In fact, after the chronic administration of fluoxetine, we have found an

increase in the expression of PSA-NCAM, together with a trend towards a decrease of the
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density of perisomatic puncta expressing PV and SYN in the mPFC, which suggests a
decrease in the density of these synapses. These results agree with previous ones from our
laboratory, which have already shown that PSA depletion in the mPFC causes an increase
in the number of inhibitory puncta around the somata of pyramidal cells (Castillo-Gémez

et al, 2011, 2016a).

Our results also show that the ratio of PV-expressing cells surrounded by PNNs is
decreased in the hippocampal CA1 and in the mPFC of fluoxetine treated animals. These
results agree with the reported alterations in this parameter in other cerebral areas, such
as the basolateral amygdala after a chronic treatment with this drug (Karpova et al, 2011).
The appearance of PNNs coincides with the closure of the critical period plasticity (Hensch,
2005; Wang and Fawecett, 2012; Yamada and Jinno, 2013), and their depletion causes a
dematuration of the axonal boutons that innervate pyramidal neurons and, therefore, the
reopening of critical periods (McRae et al, 2007; Nowicka et al, 2009). We hypothesized
that our chronic fluoxetine treatment might be producing this same type of plasticity in
both the mPFC and the hippocampus. However, we have not found significant effects in
the density of perisomatic puncta expressing PV and SYN around pyramidal neurons in the
hippocampus, and only a trend towards a decrease in the case of the mPFC. The reduced
density of PV-expressing puncta, which correspond to the inhibitory innervation from
basket cells (Freund and Katona, 2007), may indicate a partial disinhibition of the mPFC
excitatory neurons. This inhibition may eventually lead to alterations in their
synchronization. In fact, a recent report has found that a chronic treatment with fluoxetine
alters GABA release from synapses formed by hippocampal fast-spiking cells, resulting in
the disruption of y oscillations (Mendez et al, 2012). This treatment also reduces
intracortical inhibition in the visual cortex, an effect blocked by the administration of the
GABAA4 receptor agonist diazepam (Vetencourt et al, 2008). These results appear to be in
consonance with the data obtained in this thesis. However, experiments with a higher
number of animals per group are necessary to confirm whether the tendencies obtained
would become significant. It is also possible that the lack of significant differences in the
density of perisomatic puncta found in our study may be due to the fact that, despite the

use of identical doses, our mice were treated with fluoxetine only for 2 weeks, whilst the



rats in the Mendez et al. (2012) study received the treatment for 3 weeks. We have also
analysed the perisomatic innervation of EGFP-expressing interneurons, which mainly co-
express SOM (Martinotti cells in the mPFC and SOM expressing interneurons of the
stratum oriens in the hippocampus). In these cells, the density of perisomatic GAD6
expressing puncta (an inhibitory synapse marker) is increased after the chronic treatment
with fluoxetine in the hippocampus, but no effects have been found in the mPFC. However,
despite the fact that these puncta are co-expressing SYN, which is a marker for active
synapses, further studies should address the functional implications these alterations can
cause. In this regard, electron microscopy could shed light into understanding which
interneuronal subpopulations are being influenced by this increase in perisomatic

innervation.

Finally, we have also analysed how a chronic fluoxetine treatment affects the
expression density of SYN, GAD6 and VGlut-1 in the neuropil by measuring the density of
puncta expressing these synaptic molecules. We have found that chronic fluoxetine
increases the expression of molecules related to inhibitory neurotransmission (SYN,
GADSG) in the neuropil of the hippocampus, but no effect can be seen in the mPFC. Because
there are no changes in the expression of the excitatory synaptic marker VGlut-1, these
results suggest the net formation of new inhibitory synapses. Altogether, these increases
are in consonance with a strong augment of the PSA-NCAM expression discussed earlier,
since in the hippocampus the expression of this plasticity-related molecule is mostly

associated to interneurons (Guirado et al, 2014; Nacher et al, 2002a).

Despite the great importance of the serotonergic system in neural development and
plasticity (Andrews et al, 2015; Kepser and Homberg, 2014; Miceli et al, 2013; Rubio et al,
2013), this monoamine is not a sole participant in such crucial processes. In fact, the
neurotrophin BDNF, and its receptor TrkB, appear also to be critical (Bekinschtein et al,
2014; Gonzalez et al, 2016; Horch and Katz, 2002; Huang and Reichardt, 2001; Rocamora
et al, 1996; Shen and Cowan, 2010; Yoshii and Constantine-Paton, 2010), and their
malfunction is suggested to be underlying some neuropsychiatric diseases, including
schizophrenia and major depression (Cannon et al., 2008; Chen et al., 2006; Guilloux et

al., 2012; Pandya et al., 2013; Torrey et al., 2005, for reviews see Angelucci et al., 2005;
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Binder and Scharfman, 2004; Castrén and Rantamaki, 2010; Duman and Monteggia, 2006;
Green et al., 2011; Yoshii and Constantine-Paton, 2010; Zuccato and Cattaneo, 2009). For
these reasons, the use of agonists to increase the activation of TrkB is an excellent strategy
to understand the role of this neurotrophin in these disorders and to enhance the activation
of the related molecular cascades (Lu et al, 2013; Nagahara and Tuszynski, 2011). In
consequence, my next goal has been to learn how a TrkB agonist, the 7,8-dihydroxyflavone
(DHF), alters the dynamics of dendritic spines and axonal boutons of neocortical pyramidal
neurons. In parallel T also have explored how this TrkB agonist influences object

recognition behaviour.

4. CHRONIC ACTIVATION OF TRKB ALTERS THE STRUCTURAL DYNAMICS OF
CORTICAL PYRAMIDAL NEURONS AND IMPROVES OBJECT RECOGNITION
IN MICE

BDNF and its receptor TrkB have been extensively studied regarding neuronal growth
and survival (Horch and Katz, 2002; McAllister et al, 1997; Murphy et al, 1998; Tolwani et
al, 2002), LTP establishment (Escobar et al, 2003; Kang et al, 1997; Meis et al, 2012) or
neural plasticity (Gonzalez et al, 2016; Lai and Ip, 2013; Mariga et al, 2015; Tolwani et al,
2002; Yoshii and Constantine-Paton, 2010). Alterations in TrkB and TrkB signalling have
been described in different neurological and psychiatric disorders, including schizophrenia
and major depression (Cannon et al., 2008; Chen et al., 2006; Guilloux et al., 2012; Pandya
et al.,, 2013; Torrey et al.,, 2005, for reviews see Angelucci et al., 2005; Binder and
Scharfman, 2004; Castrén and Rantaméki, 2010; Duman and Monteggia, 2006; Green et
al., 2011; Yoshii and Constantine-Paton, 2010; Zuccato and Cattaneo, 2009). Therefore,
drugs interacting with TrkB, specially agonists, are promising therapeutic tools (Lu et al,
2013; Nagahara and Tuszynski, 2011). Among them, the recently described 7,8-
dihydroxyflavone (DHF) is one of the best candidates since it is orally bioactive and can
cross freely the blood-brain barrier, a common problem for those drugs intended to reach
the CNS. This flavone has been shown to induce TrkB dimerization and its

phosphorylation, as well as the activation of the related downstream cascades, similarly to



the BDNF itself (Jang et al, 2010). In addition, it has already rendered successful results
when tested in animal models of different diseases (Liu et al, 2016). Alterations of the
BDNF-TrkB system produce structural changes in pyramidal neurons. In fact, BDNF
infusion to organotypic cultures increases the spine density of CA1 pyramidal neurons in
the hippocampus (Tyler and Pozzo-Miller, 2003) and the dendritic arborisation of
pyramidal neurons in the visual cortex (McAllister et al, 1995). This treatment also causes
an increase in the spine density of Purkinje cells in primary cultures (Shimada et al, 1998).
Interestingly, DHF also appears to increase pyramidal spine density in the amygdala,
hippocampus and PFC (Zeng et al, 2012b). However, to date, there is no information on
how DHF may alter the structural dynamics of neocortical pyramidal neurons (i.e. real-
time study of the addition/elimination of dendritic spines and axonal boutons). The
correlation between these structural parameters and memory improvements related to
this drug has also not been studied yet. In the current thesis I describe different alterations
in the structural dynamics of these neurons after a chronic treatment of 12 days with DHF.
As it has been stated before, this type of analysis has become extremely important, since
changes in these dynamics have been suggested to be the force underlying adaptation of
neural circuits to changing environments (Bhatt et al, 2009; Caroni et al, 2012; Chen et al,
2012; Holtmaat and Svoboda, 2009; Keck et al, 2011; Knott and Holtmaat, 2008). Although
these studies can be performed with organotypic cultures (in vitro, as discussed before)
and surgically with the implantation of chronic cranial windows (in living animals: in vivo,
Holtmaat et al., 2009), the latter provides the greater valuable clinical information, since
physiologically the animal remains undisturbed and the brain maintains all its connections.
For these reasons, I have tried to understand how a chronic treatment with DHF alters the
structural dynamics in vivo by implanting cranial windows to Thy1-YFP mice (Feng et al,
2000; Porrero et al, 2010) and imaging in real-time, with a 2-photon microscope, the same
dendrites and axons. In addition, we have performed a behavioural analysis related to the
neocortical brain area of interest (barrel cortex), in order to correlate structural alterations

with functional ones.
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4.1.  Alterations of the structural dynamics

We report different structural alterations in the dendritic spine dynamics of
neocortical pyramidal neurons: An increase in the gain function of spines 4 days after the
beginning of the treatment, which persists after 8 days, and a return to baseline levels by
the end of the treatment. The increase may be explained by the induction of LTP by the
DHF treatment, a consequence that has been demonstrated with other flavones (Maher et
al, 2006; Vauzour et al, 2007). In fact, the activation of TrkB by itself also induces LTP
(Minichiello, 2009; Minichiello et al, 2002). Since this form of synaptic plasticity causes
the apparition of dendritic spines (Engert and Bonhoeffer, 1999), the reported increase of
the gain function is not surprising. In fact, several reports relate BDNF infusions to
increases in dendritic spine density, when administered either acutely to pyramidal
neurons of the hippocampus (Tyler and Pozzo-Miller, 2003) or chronically to Purkinje cells
(Shimada et al, 1998). Although these results from other laboratories may seem similar to
ours, we cannot infer how the spine dynamics might be altered in their experiments
(performed on post-mortem tissue), because they do not provide linear information of the
same structure and only present results at the end of the treatment. In the same line,
another study has also reported an increase in the dendritic spine density of hippocampal
pyramidal neurons after a 34 day-long treatment with DHF in rats (Zeng et al, 2012b),
using the same dose that has been used in this thesis. However, these increases -as those
discussed earlier- cannot be related directly to the altered dynamics that we report during
our DHF treatment. We can only speculate that they may be also the consequence of the

enhanced gain function of the pyramidal dendritic spines in the hippocampus.

On the other hand, the stability function of dendritic spines is gradually reduced
through the whole experiment in both groups, although more remarkably in the control
animals. This tendency appears to obey to the natural stability loss reported in the same
strain of mice when performing real-time imaging (Grutzendler et al, 2002). However, the
decreases shown in Grutzendler et al. (2002) were not as prominent as the ones we report,
probably because they chose to perform thinned skull surgery (instead of the open skull
surgery we executed), a technique that generally provides higher dendritic stability

functions (Xu et al, 2007).



We have also studied the dynamics of stable (present at least for 4 days) dendritic
spines, parameters that are specially relevant because they ensure the presence of at least
one synapse (Holtmaat et al, 2006; Knott et al, 2006) and, therefore, are the ones
influencing the network. Interestingly, the loss function of stable spines increases
significantly in the control group, whereas the DHF treatment appears to protect from
these deleterious changes. In addition, we have shown that the spines that are stable
throughout the whole experiment increase their volume only in the control group. Both
results suggest that the continuous handling and imaging of the animal has a deleterious
effect on the network, leading to a loss of stable connections. However, the spines that
remained stable would increase their volume, and consequently their potentiation, in order
to synaptically maintain the circuit (Matsuzaki et al, 2004). We suggest that DHF, due to
its neurotrophic properties, may exert a fast protective effect against the deleterious
repercussions conveyed by the real-time imaging. This agrees with the fact that DHF has
already been shown to protect against glutamate excitotoxicity (Chen et al, 2011a), neonatal
hypoxia and ischemia (Uluc et al, 2013), or even degeneration of dopaminergic neurons in
animal models of Parkinson’s disease (Luo et al, 2016) or staurosporine-induced apoptosis

(Jang et al, 2010).

The changes in structural dynamics are not only restricted to alterations of the
dendritic spines; the ‘en passant boutons’ (EPB), membranous varicosities that form the
presynaptic elements located in the axon, also show alterations in their dynamics during
the DHF treatment. Other studies have already pointed out the important role of TrkB in
proper axonal bouton formation (Martinez et al, 1998). Here, we report an increased gain
function of EPB 8 days after the beginning of the treatment. We also show an increase in
the gain function of EPB that will become stable -this is, those that will be present for at
least 4 days (two consecutive imaging sessions). Because the EPB that were scored showed
a fluorescence at least 2 times higher than the one of the axonal backbone, all the boutons
studied are presumed to bear a synapse (Grillo et al, 2013; Qiao et al, 2016b). However, the
EPB that remain stable probably are more likely to reflect the synaptic remodelling of the
network. In accordance with these results, BDNF has already been shown to increase

axonal arborization in other species (Bing et al, 2005; Cohen-Cory and Fraser, 1995; Lom
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and Cohen-Cory, 1999). We also describe an increase in the loss function of EPB that were
stable (EPB that were present for at least 4 days and were lost afterwards), and a decrease
in the stability function, in animals treated with DHF. The time frame of these alterations

overlaps with the increase in the gain function of dendritic spines.

4.2.  DHF improves object recognition

In the current study we have also aimed to understand whether the activation of TrkB
with DHF affects behaviour dependent on the barrel cortex. The sensory input from
vibrissae in rodents is received by the barrel field of the somatosensory cortex (also known
as barrel cortex). Since these animals rely on their tactile structures in order to
discriminate different textures (Arabzadeh et al, 2005; Brecht, 2007; Gui¢-Robles et al,
1989; von Heimendahl et al, 2007), we have performed a modified novel object recognition
task (NOR, Leger et al., 2013) which could serve as a correlate for alterations in this region.
We have changed the protocol by shortening the period between familiar and novel objects
(Burke et al, 2011, 2012), to properly distinguish between object recognition behaviour
(dependent on the barrel cortex, Brecht, 2007; Kleinfeld et al., 2006), and long-term
memory (dependent on other cortical areas, Simons and Spiers, 2003; Wiltgen et al.,
2004). We have also adapted the objects with different textures to be mainly detected by
the mice wishers, which allow us to link the structural changes reported in the barrel cortex
with the behavioural ones. Furthermore, mice have been presented with an easy and a
difficult novel object, so that we could test whether the DHF enhanced sensorial perception

dependent on the barrel cortex.

Our results have shown that, indeed, mice treated with DHF display a lower
discrimination ratio of the difficult novel object than the control group, meaning that they
are able to discriminate better between difficult objects after being treated with DHF.
Previous studies in other cortical areas have already linked the expression of BNDF and its
receptor, TrkB, with learning (Kesslak et al, 1998; Klintsova et al, 2004). Moreover, they
have positively correlated BDNF expression with novel object recognition memory

(Hopkins and Bucci, 2010). In the barrel cortex, whisker stimulation produces an



upregulation of the BDNF expression (Rocamora et al, 1996) and tactile experience causes
increases in neuronal activity, probably mediated by this neurotrophin (Filipkowski et al,
2000). However, fewer studies have focused on the direct action of TrkB manipulation in
these behaviours. In concordance with the present results, the inhibition of TrkB receptors
with anti-BDNF causes an increase in the discrimination ratio in the NOR in rats (Callaghan
and Kelly, 2013), which means that these animals with a decreased function of TrkB have
more difficulties in recognizing the novel object than control animals. Furthermore, a
previous study, using also a NOR test, has demonstrated that the activation of TrkB with
DHF improves memory consolidation in both rats and mice (Bollen et al, 2013). In this
thesis, I show that, not only DHF boosts memory consolidation, but it also improves the
object recognition behaviour through an enhanced sensory discrimination in this task,
probably by altering the structural dynamics of layer V pyramidal neurons of the barrel
cortex. Our results are a necessary addition to the growing knowledge of how the activation
of the TrkB signalling alters the structure of neocortical pyramidal neurons. This has
become increasingly important in the last decade, not only for improving the knowledge
of cortical physiology, but also due to the thriving evidence linking the malfunction of the
BDNF-TrkB system with the onset of several neurodegenerative and psychiatric disorders
(Angelucci et al, 2005; Binder and Scharfman, 2004; Castrén and Rantaméki, 2010; Duman
and Monteggia, 2006; Green et al, 2011; Yoshii and Constantine-Paton, 2010; Zuccato and
Cattaneo, 2009). With our current findings, we expect to promote further research on DHF
and how a treatment with this drug can ameliorate such impeding diseases (Lu et al, 2013;

Nagahara and Tuszynski, 2011).
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10.

Hippocampal somatostatin expressing interneurons of the stratum oriens express

NMDA receptors on their somata and on the head of their dendritic spines.

The acute treatment of adult mice with the NMDA receptor antagonist MK-801

increases locomotion and anxiety-related behaviours.

The acute treatment of adult mice with MK-801 increases the density of en passant
boutons from hippocampal somatostatin expressing interneurons of the stratum

oriens, whereas the density of their dendritic spines remains unaltered.

The real-time analysis of the dendritic spines of somatostatin expressing interneurons
of the stratum oriens in hippocampal organotypic cultures reveals a fast decrease on

their gain function after the MK-801 administration.

The real-time analysis of the dendritic spines of somatostatin expressing interneurons
of the stratum oriens in hippocampal organotypic cultures shows a decrease on their

relative density after MK-801 administration.

The real-time analysis of the dendritic spines of somatostatin expressing interneurons
of the stratum oriens in hippocampal organotypic cultures reveals increases in their

gain and loss functions 24 hours after NMDA administration.

The double-hit model of schizophrenia shows increased locomotion and anxiety-

related behaviours.

Interneurons in the amygdala of the double-hit model of schizophrenia have an

increased dendritic arborization when compared to controls.

The double-hit and each of the simple models of schizophrenia present increased

dendritic spine density in prefrontocortical interneurons.

The expression of excitatory neurotransmission markers in the lateral and medial

amygdala is increased in the double-hit model of schizophrenia.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

The perinatal injection of MK-801, a simple model of schizophrenia, increases the
expression of the inhibitory marker VGAT and the excitatory-inhibitory balance in the

infralimbic and prelimbic regions of the prefrontal cortex.

The perinatal injection of MK-801 increases the density of parvalbumin expressing
interneurons surrounded by perineuronal nets in the infralimbic region of the

prefrontal cortex.

A chronic fluoxetine treatment increases the dendritic spine density in interneurons

of the medial prefrontal cortex.

A chronic fluoxetine treatment decreases the density of parvalbumin expressing
interneurons surrounded by perineuronal nets in the medial prefrontal cortex and the

hippocampus.

A chronic fluoxetine treatment increases the expression of PSA-NCAM and

synaptophysin in different regions of the hippocampus.

A chronic fluoxetine treatment increases the density of inhibitory perisomatic puncta

on interneurons but not on pyramidal neurons of the medial prefrontal cortex.

Pyramidal neurons in the barrel cortex express TrkB in their somata, dendritic spines

and axonal boutons.

A chronic 7,8-dihydroxyflavone treatment increases the gain function of axonal
boutons and dendritic spines in neocortical pyramidal neurons, as observed in vivo

with cranial windows and multiphoton microscopy.

The loss function and the volume of stable pyramidal spines remains unaltered during

a chronic 7,8-dihydroxyflavone treatment, whereas it is increased in control animals.

A chronic treatment with 7,8-dihydroxyflavone improves the discrimination ratio of

difficult objects.

The time exploring a difficult novel object is positively correlated with the spine

turnover rate in animals treated with the 7,8-dihydroxyflavone, but not in controls.
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