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siempre nos tenemos presente. Porque soy muy afortunada al saber que eres un 
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-A Matilde, por enseñarme grandes valores de la vida. Por haber forjado juntas una 
amistad casi surrealista a través de cartas desde España a Guinea Ecuatorial cuando 
éramos unas niñas. Y por haber continuado en mi vida. Porque conocerla en persona 
fue un sueño, y porque su familia también es la mía. Gracias por seguir ahí. 

-A Luismi, mi gran amigo del instituto. Ese que me hizo pasar tantos buenos y 
preocupados momentos. Porque ha pasado el tiempo y sigues estando ahí. Por saber 
que puedo contar contigo. Perdón, perdón, perdón por los últimos meses…sé que estás 
preocupado por mí, sabes que te tengo presente. Gracias nene! 

-A Mari Ángeles y David. Por ser la pareja que estuvo más presente en mi vida. Por 
nuestras salidas, las barbacoas, los viajes. Porque aunque llevamos tiempo sin vernos 
seguimos estando unidos y eso es lo que más cuenta. Gracias por haberme apoyado en 
los momentos más duros. Porque jamás olvidaré lo que te necesitaba Flor cuando se 
fue mi abuelo y lo bien que nos cuidaste a mí y a toda mi familia. Gracias por 
brindarme tu apoyo y darme ´ese regalo hace unas semanas´, porque aunque nos 
cueste creer sabes que me siento mucho mejor, y que te estoy eternamente agradecida 
por la ayuda. Gracias por estar ahí. 

A médicos, amigos y gente especial que ha compartido este proyecto, y me ha ayudado 
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-a Juan Ballesteros, por haber aguantado mil y una llamada de mi padre. Por 
ayudarme siempre con mis enfermedades varias, y por hacerme más fácil todo. 
Gracias primo! 

-a Ángel José Cervantes Martín y Juan Jiménez del Prado, por ser los mejores abogados 
que puedo tener y por constituir siempre un gran apoyo para mi familia, porque 
siempre nos han ayudado con todo. Porque estos si son amigos de verdad. Gracias de 
corazón. 

-A mis amigas de la carrera, todas las reinonas, por estar ahí, aun en la distancia, con 
el paso del tiempo. En especial, gracias a Yesenia por haber compartido conmigo 
muchísimos momentos a lo largo de estos años. 

-Gracias a Mónica por darme su apoyo y experiencia con mi enfermedad. Porque 
siempre me haces sentir que las cosas saldrán bien y me das ese punto de optimismo 
que a veces se pierde por el camino. Por demostrarme la gran persona que eres. 
Gracias. 

Agradecer por supuesto a todo el ambiente científico que he conocido durante las 
diferentes etapas de mi tesis, porque sin ellos mi trabajo no habría sido posible, y 
porque con ellos he complementado las largas horas de experimentación: 
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*En Madrid 

Gracias a mi jefe, el Dr. José Luis Trejo, por darme la oportunidad de cambiarme a su 
laboratorio en un momento en el que lo necesitaba. Por haber confiado en mí entonces 
y a posteriori. Por haberme enseñado a perfundir animales y por haberme ayudado en 
el quirófano cuando había mucho trabajo. Porque además de atender a sus múltiples 
responsabilidades de jefe, también estuvo compartiendo momentos de 
experimentación conmigo y eso es algo de agradecer y considerar como científico 
ejemplar.  Pero fundamentalmente quiero agradecerle por darme la oportunidad de 
hacer ciencia de una forma más independiente, por haber confiado en mis diseños 
experimentales, y por haberme permitido desarrollar experimentos en otros 
laboratorios de prestigio internacional, cuando en Madrid las cosas eran difíciles, para 
poder obtener más resultados. Por tolerar mis críticas cuando estaba en desacuerdo 
con alguna de las formas de proceder, ya que me demostraba que era realmente un 
ejemplo de científico que busca siempre el mejorar, aunque yo estuviera 
equivocándome en la percepción de las cosas. Por dejarme asistir a congresos que para 
mí eran importantes. Por entender mis problemas de salud, y por ser antes que jefe, 
buena persona. Porque valoro muchísimo su alto grado de implicación. Por las 
lecciones de asertividad, por los consejos que me diste tanto de ciencia como de vida, y 
por preocuparte por mi cuando he estado mal por mi salud o en el laboratorio. Por 
todo, Gracias JL!. 

A las compañeras que tuve en el laboratorio durante mi tiempo en Madrid. A Simona 
Gradari, Paloma Pérez, Paula Martínez y Sandra, porque de una u otra forma me 
ayudaron en mi etapa en Madrid, y pasé con ellas gran parte de mi tiempo allí. En 
especial a Simona, porque fue con quien más congenié durante todo este tiempo y con 
quien pase más buenos momentos juntas. Porque además de buena científica es una 
gran persona, siempre dispuesta a ayudar. Millones de gracias por haberme ayudado 
siempre con experimentos y por haber escuchado mis problemas. Sabes que siempre 
podrás contar conmigo.  

A nuestras compañeras de espacio, la Dra. María de Ceballos y Silvia. En especial 
agradecer a María por haberme ayudado en multitud de ocasiones para desarrollar 
algunos de mis experimentos, prestándome por ejemplo las cubetas de electroforesis y 
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las fuentes de alimentación para hacer los Comet Assay. Por enseñarme y dejarme usar 
su maravilloso microscopio Incucyte para poder hacer algunas de mis pruebas, y no 
menos importante, por su espíritu optimista. Porque sus charlas sobre diferentes 
aspectos de la ciencia o la vida daban un aire más distendido al laboratorio. Por ser el 
ejemplo de científica cooperativa que falta en muchos lugares de trabajo, porque 
siempre ha estado dejándonos material a nuestro grupo y ayudándonos en todo lo que 
necesitábamos, algo muy de agradecer. Por todo, gracias. Con Silvia no he tenido la 
ocasión de pasar demasiado tiempo, pero sin duda la agradezco sus sonrisas en el 
laboratorio, porque la gente positiva siempre te da fuerzas para desarrollar mejor tu 
trabajo. 

A mi mejor apoyo en el Cajal, a mi queridísima amiga Ainhoa Arias, por haberme 
ayudado en tantas y tantas cosas. No solo porque a ella la deba mis experimentos de 
conducta, sino también porque a ella la debo todo lo que hice en Alemania y en 
Oxford. Sin ella no habría podido tener las células para trabajar. Gracias por estar 
siempre dispuesta a ayudarme en todo. Por escuchar algunos de mis problemas y por 
darme apoyo científico y emocional. Sin duda solo puedo decirte que gracias, que sé 
que me llevo ante todo una amiga. Porque cuando supe que te ibas se me cayó el 
mundo a los pies… todos los que te conocemos sabemos de tu alto grado de 
competencia y responsabilidad con las cosas, tú has hecho el trabajo más fácil a 
mucha gente del Cajal. Estoy segura que el camino te brindará nuevas y mejores 
oportunidad, porque te lo mereces guapa! Sabes que siempre tendrás aquí una amiga.  

A mi amiga Silvia Fernández, porque admiro su labor en el servicio de Biología 
Molecular. Por haberme ayudado cuando tenía que hacer un overbooking en el 
vibratomo para sacar el trabajo adelante, por haberme tendido siempre la mano en 
cualquier problema que se me planteara, por las comidas que compartimos juntas, las 
conversaciones sobre ciencia y su visión sobre el trabajo y la importancia del descanso. 
Porque has sido y eres alguien a quien admiraré de allí. Gracias Silvia. 

A mis compañeros y a la vez amigos del servicio de Confocal: a Belén, Carmen, José y 
Concha, porque me han ayudado muchísimo y han permitido que siempre llegara a 
tiempo con mis deadlines. Porque con Belén compartí muchísimo de mi trabajo en 
AGNA durante las mañanas, ella fue quien me ayudo para poner a punto mis inmunos 
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primero triples y luego cuádruples, quien me aconsejaba sobre cómo usar los filtros, y 
con quien pasé la mayor parte del tiempo del Confocal y el time-lapse. Con José 
compartí sobre todo las primeras horas del día cuando no había nadie y podía 
aprovechar al máximo el servicio y fue quien me ayudó con los Softwares de videos y 
reconstrucciones tridimensionales. Con Carmen pasé tardes muy buenas hablando de 
todo un poco mientras acababa el trabajo. Además ella me ayudó diseñándome macros 
para facilitarme la vida, y fue quien me enseñó la mayor parte del curso del Confocal. 
A Concha gracias por haberme permitido hacer el curso para poder usar el servicio de 
forma independiente y haberme dado tantas facilidades a la hora de llegar a tiempo 
con mis objetivos. Todos ellos han compartido la mayoría de mis días en el Cajal, y les 
tengo muchísimo cariño y admiración. Por todo ello, gracias. 

A la gente de cultivos, Concha, Sonia y Fide, porque ellas en un momento u otro me 
ayudaron en ese servicio y me dieron facilidad para hacer uso del irradiador que tanto 
necesitaba. En especial quiero dar las gracias a Fide por tener siempre una sonrisa 
conmigo, por contarme cosas fuera de la ciencia y por dar alegría a las instalaciones. 

A la gente de animalario. A todos ellos les agradezco su tiempo y su cuidado con los 
animales. Dar las gracias a Laude por la gestión que hace de los recursos y por 
haberme ayudado cuando lo he necesitado. En particular, no podría olvidarme de Emy, 
porque ella era quien siempre estaba pendiente de mis camadas y quien me ayudó con 
las inyecciones cuando no podía contar con nadie. Millones de gracias. 

A la gente de administración, porque todos ellos me han echado una mano a lo largo 
de este tiempo. En particular quiero agradecer a Mari José por hacerme la vida más 
fácil en cuanto a la burocracia de mis estancias y congresos, y a Ana por haberme 
facilitado los pagos que tan necesarios me eran cuando todo tenía que ser por 
adelantado de mi bolsillo. Gracias chicas. 

A toda la gente que trabaja en recepción porque todos ellos me han puesto una 
sonrisa. En especial agradecer a Aurelio, porque sin duda es una gran persona. Con el 
tuve muchas conversaciones el último año durante los fines de semana, y siempre me 
regalaba una sonrisa. Porque este tipo de gente es la que con pequeñas cosas hace 
sentirte feliz. 
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A la gente que he ido conociendo en el Instituto, con los que compartí tiempo en 
cultivos, en animalario, en Confocal o en el comedor, porque con ellos tuve buenas 
conversaciones y se fue pasando el tiempo haciendo ciencia. Aquí incluir a mi amiga 
Carmen Ovejero con quien compartí la angustia de mi primera estancia, y los tan 
temidos trámites administrativos, además de horas en el microscopio óptico. También 
a Dolores Guinea por ser de las mejores técnico que conozco y por brindarme siempre 
su ayuda y apoyo con todo. 

 
Al grupo del Dr. Ricardo Martínez Murillo, especialmente a él mismo, a Julia Serrano, 
Ana Patricia Fernández y a Raquel, por haberme ayudado tanto. Por dejarme sus líneas 
celulares para trabajar y por haberme tratado siempre con amabilidad y con una 
sonrisa.  

A los grupos de la Dra. Laura López-Mascaraque y el Dr. Juan A. de Carlos. Gracias a 
Laura por brindarme su apoyo y colaboración y por haber podido realizar mi estancia 
en St. Louis al ponerme en contacto con la Dra. Susana Gonzalo. Además agradecer a 
María Pedraza, Jorge García y María Figueres por ayudarme y dejarme el material 
para tratar de poner a punto la electroporación en postnatales.  

A la gente de pedidos, informática, mantenimiento, limpieza, UATI, biblioteca, porque 
sin ellos el centro sería algo distinto. Porque siempre he sentido el buen trato y el buen 
hacer de todos.  

*En Cádiz 

A la Dra. Carmen Castro, porque fue quien primero apostó por mí como científica. Por 
darme un lugar en su laboratorio durante 2 años y por enseñarme cosas que me 
siguen siendo útiles en la actualidad. Junto con ella debo agradecer al resto de mi 
grupo de entonces, al Dr. Manuel Carrasco Viñuela, por haberme enseñado la cirugía 
en animales y el microscopio Confocal. Porque con él pasé muchos días poniendo 
mini-bombas osmóticas a ratones, de 10 de la mañana a 11 o 12 de la noche, y 
mientras tanto me contaba sus experiencias en ciencia y sus vivencias en multitud de 
sitios. Porque siempre admiraré a los doctores que conservan el ´mono´ de ponerse a 
hacer experimentos. A la Dra. Carmen Estrada Cerquera, por haber tenido la 
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oportunidad de conocerla impartiendo clases, y por ser una persona con una calidad 
humana increíble. Por último y no menos importante, a mi queridísima amiga la Dra. 
María Isabel Murillo Carretero, porque además de una gran científica la tendré 
siempre como una gran amiga, por haber compartido con ella muchas experiencias 
inolvidables en mi querida Cádiz, y por compartir con ella las ganas incansables de 
vivir intensamente.  

Al resto de profesores del Departamento, porque a todos ellos les tengo un gran 
aprecio, porque desde el principio me hicieron sentir una más y me hicieron partícipe 
de todo lo referente al mismo, porque en Cádiz me sentí como en mi casa, y porque el 
buen rollo andaluz es difícil de encontrar en otros laboratorios. Aquí debo incluir a 
gente de tanto calado científico como el Dr. Bernardo Moreno López, del que 
destacaría su alto grado de competencia, persona incansable en su afán investigador y 
con un toque de humor diferente que siempre valoré y admiré de él.  El Dr. Federico 
Portillo Pacheco, por su parte, del que solo tengo palabras de agradecimiento, por su 
alta calidad humana, por desearme siempre lo mejor, por ser un gran científico y 
mejor persona, por apuntarse a nuestras salidas de becarios, porque es bonito ver que 
en algunos sitios los jefes no hacen distinción y tratan a todos como iguales. El Dr. José 
Juan Vallo de Castro, por haberme felicitado en mi decisión en un momento difícil. El 
Dr. David González-Forero, por enseñarme la humildad de la ciencia, porque pasaba 
desapercibido haciendo como nadie su labor investigadora, porque era a quien 
siempre me encontraba los sábados cuando iba a las 8 de la mañana a trabajar. Y por 
supuesto a la Dra. Mónica García Alloza, por haber llevado a Cádiz el espíritu de 
mayor superación. Porque su grado de competencia me dejaba siempre alucinada, 
porque me encanta ver a gente tan entusiasta con su trabajo y me da motivos para 
seguir creyendo en la Ciencia. Además porque jamás olvidaré aquellas chocolatinas en 
aquel día tan duro.   

Allí además forjé grandísimas amistades y conocí a gente increíble que aun forman 
parte de mi vida. Debo empezar por el Dr. Fernando Montero Gutiérrez, porque me 
acompañó desde el principio en todas mis angustias, mis preocupaciones…porque 
jamás olvidaré los cafés en el Ducal, ni las danzas del vientre en la tetería, ni su famosa 
TORTILLA DE PATATAS. Porque es un gran amigo, mejor persona y científico. 
Simplemente porque es una de las joyas que me traje de Cádiz. Porque sé que ante todo 
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es un amigo, y que siempre podré contar con él. Gracias nene, sabes que te quiero 
muchísimo y te aprecio y valoro sobremanera. A mi queridísima la Dra. Laura Gómez 
Pérez, porque todo lo que diga de ella será poco. Porque juntas compartimos muchos 
paseos por la playa, muchas confidencias, y muchos recuerdos inolvidables. Porque 
ella junto con su chico Raúl, fueron otros dos de mis grandes amigos de la tacita, y 
sobretodo porque conservo su amistad en el tiempo. A mi querido Dr. Germán 
Domínguez Vías, porque el primer año de Cádiz fue increíble a su lado. Porque me reí 
muchísimo con su humor diferente, y porque compartimos muchos momentos en la 
pecera que siempre se quedarán en mi memoria. Él junto con la Dra. Carmen Sunico, 
hicieron que mi primer cumpleaños allí fuera una auténtica sorpresa. Y de Carmen, 
solo puedo decir que te admiro y te quiero como el primer día. Gracias por haberme 
dado tantas fuerzas, y por ser un ejemplo de superación constante. A Guillermo, por 
estar tan loco como siempre, por dar tanta alegría desde que llegó, porque con él 
descubrí el flamenco y porque los cafelitos en el 8, cuando ya me quedaba poco de 
estar allí, me daban la seguridad de estar en un ambiente de gente querida. A Noura 
por haberme dado tanto optimismo y por ser una gran amiga a la que conservo en el 
tiempo. A Mar Pacheco, por ser esa niña cordobesa con ganas de comerse el 
mundo…porque cuando llegó el laboratorio se llenó de aire fresco que mucha falta 
nos hacía. A Juan José Ramos porque aunque llegó casi cuando yo me iba desde el 
principio congeniamos muy bien y aún sigo teniendo noticias suyas. Además me 
emocionó muchísimo su llamada para pedirme consejo a mi…A Noelia Geribaldi 
porque aunque pasamos poco tiempo juntas, me mostró su apoyo durante el congreso 
de la SENC. Me sentí muy aliviada al saber que, el tiempo había dejado a cada uno en 
su lugar, y que sin tener mi versión pudo comprobar que si me iba de Cádiz se debía a 
algo. A María de la O Guillen, por haber compartido ese verano junto a nosotros. A 
todas las niñas de Farma, porque eran todas un encanto, y en particular a mi querida 
Sonia, por haberme dado fuerzas y ánimos. A todos los del curso de doctorado, Laura, 
Eloísa, Verónica, David, etc…a todos, porque fuimos un gran grupo. 

I wasn't going to forget my beloved Slovak friends, Veronika Cermakova and 
Miroslava Hurnakova (and also Milan Majernik), because it was one of the best 
summers of my life, and the best one that I spent in Cadiz. Because flamenco classes 
together, and our parties in the salsa bar were incredible. Because we cried as little 



Ph.D. Sylvia Ortega Martínez  2013

 

 

Ac
kn

ow
led

ge
m

en
ts 

 36
 

girls the day we said goodbye and because we still keep in touch despite the distance 
and age. I owe you a trip to Bratislava, promised girls! 

Gracias a los técnicos de laboratorio. A Antonio Torres Valencia, porque desde el 
primer día que le conocí supe que sería un gran apoyo para mí allí. Porque gracias a él 
hoy día soy una fan incondicional de los Carnavales y de Cádiz en general, porque me 
animaba tantísimo que mis visitas a la pecera estuvieran llenas de la música del ´Selu´, 
del ´Canijo´…gracias Antonio, porque no sabes las ganas que tengo de verte y darte un 
abrazo. Porque sin duda tú me animaste más que nadie y me apoyaste en todo, porque 
te quiero y te llevo siempre en el recuerdo. Tampoco puedo olvidarme de José Ramón 
Aracama, porque su cultura sobrepasaba los muros de la facultad de medicina. Me 
resultaba increíble escucharle hablar de cualquier tema, porque es una de esas 
personas eruditas que te dan conocimientos con cada palabra. Eso y su forma de vivir 
la vida suponían una admiración que conservo hoy día.  

Gracias a los chicos de la cafetería, porque con ellos forje una amistad del día a día 
que aún sigo recordando. Porque siempre me acordaré de que yo era para ellos la 
´súper becaria´, y porque esas tostadas llenas de humor las he echado muchísimo de 
menos después durante mi tesis… Porque Cádiz es Cádiz, y ese arte de la gente no se 
puede aguantar! 

Sin lugar a dudas, agradezco a toda otra gente que conocí en Cádiz por hacerme amar 
la vida, porque su forma de ver las cosas dista mucho de la realidad de Madrid, y 
porque me hicieron enamorarme de una tierra y una cultura que siempre estará 
presente en mi vida diaria. Sois un auténtico bastinazo!. Porque siempre que puedo 
tengo un lugar amado que visitar para olvidar cualquier problema.  

*En St.Louis 

Jamás podre tener suficientes palabras de agradecimiento para la Dra. Susana Gonzalo 
Heras, y por haberme conseguido su contacto a la Dra. Laura López Mascaraque. 
Susana fue para mí más que una jefa, una amiga. Ella hizo que mi estancia en St.Louis 
fuera simplemente perfecta. Ella me dio todas las comodidades, me buscó piso, me dejó 
cosas para la vida diaria, me enseñó junto con su marido, Mark, la ciudad, los 
restaurantes…TODO. Además me dio una visión de la ciencia muy apasionada. Me 
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encantaban los lab meetings porque se trasmitía un buen rollo increíble. Me encantó 
la cena que nos brindó en Navidad y todo lo que me enseño de su paso allí. Además 
con tan solo 4 meses de trabajo me dio suficiente carga experimental para poder 
aparecer en mi primer artículo científico, y eso también permanecerá siempre en mi 
memoria. Repito Susana y toda su familia, su marido, sus niñas, su hijo…todos ellos me 
hicieron sentir que estaba en casa, y siempre les estaré tremendamente agradecida por 
ello. Sin duda fue el mejor lugar de elección para hacer mi estancia. Gracias por 
seguirme apoyando científica y personalmente en la distancia. Os quiero. 

A Nacho, por ser el asturiano que más tiempo compartió conmigo durante mi estancia. 
Por haberme enseñado tantas técnicas de laboratorio. Por haberme ayudado con mi 
primera compra, mi primera cena. Porque me encantaba escuchar su acento asturiano 
porque me hacía sentir muy cerca de casa. Porque me enseño todas las técnicas que 
luego pude aplicar en Madrid para mi tesis. Por haber dedicado tanto tiempo en mí. 
Por ser un gran científico, y un amigo. Porque sigo conservando su amistad en la 
distancia. 

My dear buddies Abena, David and Martin, because I have only words of thanks for all 
of them. Thank you for making living there so easy and got me adapt to the group. 
Because they are incredible people and great scientists. 

*En Jena 

PhD. Zhao-Qi Wang, for giving me the opportunity of going to his lab, for being one 
member more, for offering me all its material and facilities, for letting me request for 
animals, reagents, for letting me do the microscope courses so that I could use 
microscopes independently... Definitely for giving me the unique opportunity to feel 
like in my own job Center. They were two very productive months, where I loved the 
lab meetings and the journal clubs the laboratory organized, his desire of 
improvement and his vision of science motivated me a lot as well as his pieces of 
advice to the members of the lab and his questions. Because he advised me in my lab 
meeting on useful experiments to make and gave me the opportunity of carrying them 
out there; for becoming a close boss who I happened to meet eating and had the 
chance to discuss my concerns about the scientific world in Spain. Because in the 
laboratory there was always an excuse to celebrate a birthday or a birth, and the 
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multiple cakes we were eating together at that time which made people be closer; for 
allowing a pleasant and relaxed work environment, where the walls were full of jokes. 
Thank you for everything, ZQ!. 

A mi gran amiga Alicia, porque la considero una científica excepcional y porque me 
ayudó aun cuando tenía millones de cosas que hacer, para poder conseguir el mayor 
número de resultados posibles. Gracias por haberme hecho un hueco tan especial en el 
laboratorio, por darme la posibilidad de aprender cosas nuevas, por haber sacado 
tiempo para nuestras salidas fuera, por seguirme ayudando a posteriori. Por el viaje a 
Frankfurt. En general gracias por todo. Aquí siempre tendrás una amiga y sé que yo 
allí también la tengo. Sin duda una de las grandes científicas que se está perdiendo 
nuestro país. Espero que nos veamos pronto, en tu boda o en mi tesis, o quizás en el 
laboratorio, gracias por todo guapa. 

To all the members of the laboratory... they were so many that I don't know where to 
start. Thanks to the technicians, Anja Krüger and Tjard JorB, for helping me in many 
things from the lab; to Zhongwei Zhou for helping me with doses of injection, and 
protocols; to Haiyan AI because I share with her the need to smile always; to Maik 
Baldauf for his help with the cryostat; to Christopher Bruhn for helping me with the 
FACS and for sharing the outings; to Tangliang Li because of his sense of humor; to 
Xiaoqian Liu for being a charming girl; to Wookee Min for helping me so early some 
mornings; to Laura Perucho, for having also known Cordovan art in Jena; to Mara 
Sannai for teaching me cell electroporation and for being so optimistic; to Harald 
Schuhwerk, to Ruan van Rensburg... to everyone, thank you! I did feel as at home and 
that I will never forget. 

 

*En Oxford 

I don't know where to start, because I have lived there the hardest moments of my life, 
and at the same time the happiest ones because I could count on all of them. I am more 
than grateful to all the people there, and I know that I am bringing some amazing 
friends, so I can only say that without them I would have not been able to gain the 
strength that I got showing. Thank you: 
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-To PhD. Eric O´Neill for trusting me; for giving me the option to stay in his 
laboratory; for being a great example of a motivated scientist, because I really love his 
desire to do good science, publish, read.... Because from the first day he gave me 
options and ways to follow my line of research; for being so involved in my project; for 
giving me the opportunity of attending a seminar of my great admired PhD. Fred Gage. 
And finally and most important of all the above, for understanding all the problems I 
had, both personal and healthwise, for being a good boss scientifically as well as 
personally... Thank you for everything Eric. 

-To Aswin George Abraham, as he is the most unconditional friend I will never forget. 
It was the person who I rely on in one of the hardest moments in my life, and who 
could keep my secret. He worried and still worries over and over again about my 
health to the point of offering me the help of experts in the field. He was the one who 
saw all my reports, and who shared with me the anguish of knowing that the news 
were not good. Thank you for having collected my millions of things, and for making 
thousands of jokes about my makeup and my clothes. Thank you for using up 
goodness and love in this world so absent of these qualities. Thank you for being my 
friend... you know that you can always count on me and I hope to give you the news of 
having overcome positively my first control soon, without any doubt, I know that you 
will be one of the happiest people to know. Thank you, sweetie. Heartfelt thanks. 

-To Angelos Papaspyropoulos (or simply Angel in its Spanish version!). With no doubt 
my other great friend there. From the first day we got on well with each other thanks 
to our Mediterranean sense of humor and multiple conversations. Thank you because 
you always put a smile on my face, always with jokes which could be combined with 
experimental successes... We shared together our passion for chicken, the Café Rouge 
and the sounds of cats that I miss so much. Thank you for offering me your house, for 
always giving me your unconditional support. I will never forget how we cried on 
January 18th when we said goodbye, because the concern you showed made me feel 
that I had a very special friend... even that day we could go out to the stairs and laugh 
together... because laughing in your company was my best therapy there. You know 
that I just love you! I know that our friendship will remain in time and that I can 
count on you. You know that you must come to Spain. 
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-To Dafni Pefani for being the ´Queen´ of the lab; for helping me in my moment of 
crisis; for the coffees, the chats; for being a great scientist and a better person; for 
being a lovely girl. Thank you for everything, baby. 

-To Nikola Vlahov for helping me when I needed it the most, for helping me with the 
experiments when I had to come back to Spain. Thank you for having a support who I 
could speak in Spanish with! 

-To Simon Scrace for being the typical English of the lab. I like his ironic way of 
science, his minutely calculated ability for things. He helped me a lot with 
microscopes, and thanks to him I could radiate my cells. Thank you Simon! 

-To Garth Hamilton, for having proposed the idea of Ascorbic acid... and for being a 
great example of a motivated scientist. Thank you for everything. 

To the rest of the people that I met there who I shared a few dinners and night out 
with. Thanks to all of them. 

 

´Lo que hoy hace que sea un día muy especial para mí, es haber podido 
compartir este camino con vosotros. Gracias a todos por haber estado y 
seguir ahí´. 

 

´What makes today a very special day for me is the fact of having shared 
this journey with you. Thank you all for having been there and still being 
there´.
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ABREVIATIONS 

"La ciencia se compone de errores, que a su vez, son los pasos 
hacia la verdad" Julio Verne. 

"Science consists of mistakes which, in turn, are steps toward the 
truth". 
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 ABREVIATIONS 
 

 53BP1: p53 binding protein 
 8OHdG: 8-hydroxy-2′ -deoxyguanosine 

 A2B5: Anti- Neuron Cell Surface Antigen 

 AchE: Acetylcholinesterase 

 AchRα7: acetylcholine receptor alpha 7 subunit 

 AchRβ2: acetylcholine receptor beta 2 subunit 
 AD: Alzheimer’s Disease 
 AICD: APP intracellular domain 
 ANOVA: analysis of variance 
 AP-1: activator protein 1 
 APCs: astrocyte progenitors 
 APP.PS1 L.1: kind of astrocytoma cell line obtained from APP.PS1 mice 
 APP.PS1 L.3: kind of astrocytoma cell line obtained from APP.PS1 mice 
 APP: amyloid beta (A4) precursor protein 
 Arc: activity-regulated cytoskeleton-associated protein 

 Aß: Amyloid beta 
 Aß42: Amyloid beta 42 
 ATM: ataxia telangiectasia mutated 
 ATR: ATM- and Rad3-related 
 ATRIP: ATR interacting protein 
 BCNU: 1,3-Bis (2-chloroethyl)-1-nitrosourea 
 BDNF: Brain-derived neurotrophic factor 
 BER: Base Excision Repair 
 bFGF: basic fibroblast growth factor 
 bHLH: basic helix-loop-helix 
 BIR: Break Induced Replication 
 BLBP: brain-lipid-binding protein 
 Bmi1: polycomb ring finger oncogene 
 BMP2: bone morphogenetic protein 2 
 B-NHEJ: Backup-NHEJ 
 BRCA1: breast cancer 1 
 BRCA2: breast cancer 2 
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 BRCT: domain is the C-terminal portion of the BRCA-1 gene 
 BrdU: Bromodeoxyuridine 
 BSA: Albumin from bovine serum 

 C57/BL6J: a common inbred strain of laboratory mice 

 CAM: camptothecin 
 CAPK: activating protein kinase 
 CD133: a member of pentaspan transmembrane glycoproteins (also known like 

prominin-1, or AC133) 
 CDC: Cell division cycle 
 CDKs: cyclin dependent kinases 
 Chk1: Checkpoint kinase 1 
 Chk2: Checkpoint kinase 2 
 CldU: 5-Chloro-2′-deoxyuridine 

 CLR: Calretinin 
 CNS: central nervous system 
 CNTF: Ciliary neurotrophic factor 
 CRP: complement-related protein 
 CSC: cancer stem cells 
 CT2A: kind of commercial astrocytoma cell line 
 Cx: connexin 
 Cx43: connexin 43 
 D: dentate 
 DAPI: 4',6-diamidino-2-phenylindole 

 DCX: Doublecortin 
 DDR: DNA Damage Response 
 Dexa: Dexamethasone 
 DFF: DNA fragmentation factor 
 DG: dentate gyrus 
 DGCs: dentate granule cells 
 dHJ: double Holliday junction 
 DISC: death inducing signalling complex 
 D-loop: displacement-loop 
 DMEM: Dulbecco’s Modified Eagle’s Medium 

 DN: dentate notch 
 DNA: Deoxyribonucleic acid 

http://en.wikipedia.org/wiki/Transmembrane


Ph.D. Sylvia Ortega Martínez  2013

 

 

Ab
re

via
tio

ns
 

 44
 

 DNA-PKcs: DNA-dependent protein kinases 
 dpi: days post injection 
 DSBR: double-strand break repair 
 DSBs: Double Strand Breaks 
 dsDNA: double stranded DNA 
 E8: embryonic day 8 
 ECM: extracellular matrix  
 EGF: epithelial growth factor 
 EGFR: epidermal growth factor receptor 
 EPM: Elevated Plus Maze 
 ERM proteins: proteins of the ezrin–radixin–moesin family 
 ES cells: Embryonic Stem Cells 
 Eto: Etoposide 
 EWS: Ewing’s sarcoma 
 F: fimbria 
 FAK: Focal adhesion kinase 
 FBS: Fetal Bovine Serum 

 FDJ: fimbriodentate junction 
 FGF-2: basic fibroblast growth factor 
 Fox3: Forkhead box 3, transcription factor 
 Fu: fused 
 FYN: Proto-oncogene tyrosine-protein kinase 
 GABA: γ-aminobutyric acid 
 Gadd45: Growth Arrest and DNA Damage 
 GCL: granular cell layer 
 GCs: glucocorticoids 
 GCs: glucocorticoids 
 GFAP: glial fibrillar acidic protein 
 GFP: green fluorescent protein 
 GLAST: astrocyte specific glutamate transporter 
 GLIAct: GLI transcriptional activator 
 GLIRep: GLI transcriptional repressor 
 Gln: Glycine 
 gp130: Glycoprotein 130 
 GPCRs: G-protein coupled receptors 
 GR: Glucocorticoid Receptor 
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 Gy: Gray 
 Hem: cortical hem 
 HF: hippocampal fissure 
 Hip: hippocampus 
 HR: Homologous Recombination 
 IAP: inhibitors of apoptosis 
 IdU: 5-Iodo-2′-deoxyuridine 

 IGF1: insulin-like growth factor 1 
 IGF2: insulin-like growth factor 2 
 IGFR1: Insulin-like growth factor 1 receptor 

 IL-6: Interleukin-6 
 IPC: intermediate progenitor 
 IPCs: intermediate progenitors 
 IR: Ionic radiation 
 IRIF: ionizing radiation induced foci 
 Ku70: XRCC6 
 Ku80: XRCC5 
 LEF1: Lymphoid enhancer-binding factor 1 

 LGE: lateral gangliotic eminence 
 LIF: leukemia inhibitory factor 
 LIFR: leukemia inhibitory factor receptor 
 LPP: lateral perforant pathway 
 LPS: lipopolysaccharide 
 LTP: long term potentiation 
 mAB367: Muscarinic Acetylcholine Receptor m2 

 MAM: methylazoxymethanol acetate 
 MAP kinase: Mitogen-activated protein kinase 
 MAPK: mitogen activated protein kinase 
 MCM2: minichromosome maintenance complex component 2 
 MGE: medial ganglionic eminence 
 ML: molecular layer 
 MM: multiple myeloma 
 MMPs: matrix metalloproteases  
 MMR: mismatch repair 
 MPP: medial perforant pathway 
 MR: Mineralocorticoid receptor 
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 MR: Mineralocorticoid Receptors 
 MRN: Mre11/Rad50/NBS1 
 MWM: Morris Water Maze 
 N.D: no difference 
 NCAM: Neural Cell Adhesion Molecule 
 NER: Nucleotide Excision Repair pathway 
 NeuN: neuronal nuclear antigen 
 NEUROD1: Neurogenic differentiation 1 
 NF κB: nuclear factor κB 

 NG2: NG2 chondroitin sulphate proteoglycan 

 NHEJ: Non-Homologous End Joining 
 NMDA: N-Methyl-D-aspartate 
 NPCs: neural progenitor cells 
 NSAIDs: Nonsteroidal Antiinflammatory Drugs 
 NSC: Neural Stem Cell 
 NSCs: Neural Stem Cells 
 OB: olfactory bulb 
 OPCs: oligodendrocyte progenitors 
 P1: first day postnatal 
 p16-ink4a: Cyclin-dependent kinase inhibitor 2A, (CDKN2A, p16Ink4A) also known as 

multiple tumor suppressor 1 (MTS-1) 
 PA: Passive Avoidance 
 PARP-1: poly(ADP-ribose) polymerase 1 
 PB: phosphate buffer 
 PBS: Phosphate buffered saline 
 PCNA: Proliferating Cell Nuclear Antigen 
 PDGF: platelet-derived growth factor 
 PDGFRa: receptor for platelet-derived growth factor 
 PFA: Paraformaldehyde 

 PFGE: Pulsed Field Gel Electrophoresis 
 PH3: phospho-histone 3 
 PIK: phospho-inositide kinase 
 PKA: protein kinase A 
 PKs: protein kinases 
 PP: perforant pathway 
 PP1: Protein phosphatase 1 
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 PP2/PP2A: Protein phosphatase 2 (PP2), also known as PP2A 
 PROX1: prospero homeobox 1 

 PROX1: Prospero homeobox protein 1 
 PSA-NCAM: Poly-Sialated Neural Cell Adhesion Molecule 
 PSD95: post-synaptic density protein 95 
 PTC: PATCHED 
 Ptc: patched receptor 
 PTEN: Phosphatase and tensin homolog 
 QNP: Quiescent Neural Precursor cells 
 RA: retinoic acid 
 Rb: retinoblastoma tumor-suppressor gene 
 RFC: Rad17-Replication Factor C 
 RG: radial glia 
 RGL: radial glia-like cell 
 RGLs: radial glia cells 
 RMS: rostral migratory stream 
 Robo: roundabout, the receptors for Slit 
 ROS: Reactive oxygen species 
 RPA: Replication Protein A 
 RS: radiosensitivity 
 Rs: RNAs 
 RTKs: Receptor tyrosine kinases 
 S100β: S100 calcium binding protein B 
 sAPP: soluble fragment of APP 
 SDSA: synthesis dependent strand-annealing 
 Ser: serine 
 SGLs: sulfoglycolipids 
 SGZ: subgranular zone 
 Shh: sonic hedgehog 
 SMC1: Structural maintenance of chromosomes protein 1 
 SMO: SMOOTHENED 
 Smo: smoothened receptor 
 Sox2: sex determining region Y-box 2 
 Src family kinase: family of non-receptor tyrosine kinases 
 SSA: Single Strand Annealing 
 SSBs: single strand breaks 

http://en.wikipedia.org/wiki/Non-receptor_tyrosine_kinase
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 ssDNA: single stranded DNA 
 Stri: striatum 
 Su(Fu): suppressor of fused 
 SUFU: Suppressor of FUSED 
 SVZ: subventricular zone 
 SVZ-OB: subventricular zone-olfactory bulb 
 TA: temporoammonic pathway 
 TAP: transitory amplifying progenitors 
 TBS: Tris Buffered Saline 

 TBST: Tris buffered saline with Tween 20 

 Thr: Threonine 
 Tip60: Tat interactive protein 60 
 TK: tyrosin kinase 
 TLX: Orphan steroid receptor 
 TopBP1: DNA topoisomerase 2-binding protein 1 
 TRB2 
 Tuc4: TUC (TOAD [Turned On After Division]/ Ulip/CRMP) is a family of proteins that 

have emerged as strong candidates for a role in neuronal growth cone signaling. 
 TUNEL: the terminal deoxytransferase -mediated dUTP-biotin nick end labeling 

method 
 UV: ultraviolet 
 VEGF: Vascular endothelial growth factor  
 VEGF-A: Vascular endothelial growth factor A  
 VTA: ventral tegmental área 
 VZ: ventricular zone 
 WRN: Werner protein 
 γH2AX: histone protein subtype H2A isoform X 
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ABSTRACT 
"Elige un trabajo que te guste y no tendrás que trabajar ni un día 

de tu vida."- Confucio. 

"Choose a job that you like and you won't have to work any day 
of your life". 
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ABSTRACT 
 

This thesis is included in the field of the hippocampal neurogenesis, the 
neurobiology of Neural Stem Cells (NSCs) and neural precursors that exist in the 
hippocampal dentate gyrus, as well as in the field of DNA damage repair mechanisms 
and stem cells under two different points of view: cancer and pathological aging. We 
also wanted to assess the role of glucocorticoids as key molecules in all these processes, 
since nowadays glucocorticoids acquire great relevance according to the role they 
play in stress processes so present today. 

 
The reason of including these areas of work in a thesis is on the one hand the 

relevance of critical periods in the generation of neural stem cells (cells that then 
persist in the adult dentate gyrus and make up the adult hippocampal neurogenesis), 
due to the high susceptibility of these periods to certain types of damage (such as stress 
or DNA damage) that could lead to a deficit of the adult hippocampal neurogenesis. 
On the other hand, due to the relevance that represents the relationship between 
normal and cancerous stem cells, as well as the importance of the role that cellular 
and molecular mechanisms related to DNA damage and their repair pathways (DDR) 
may have in this relationship between normal and cancerous stem cells. In addition, 
there is an active debate pointing the DDR as an important mechanism for regulation, 
not only in cancer but also in pathological aging 273, 370.  We also wanted to analyze all 
this under the point of view of the current relevance of glucocorticoids, due to their 
relationship with stress. 

 
The main contributions of this thesis has been to establish the existence of a 

preferred time period in which active neural precursors during postnatal 
development, cease to divide to generate progenitors and to give rise to post-mitotic 
cells, and remain quiescent until adult life or at least dividing at an extremely low rate, 
becoming the precursors of adult neurogenic pool. In mice, this period corresponds to 
postnatal day 6. We have also proved that damages produced during this period, 
either by an increase in glucocorticoids (stress), or by DNA damage, cause a decrease 
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in the pool of the Neural Stem Cells (NSCs) in the adult dentate gyrus. This decrease in 
the case of stress processes during P6 is also related with a deterioration in some 
functions of adult hippocampal neurogenesis as learning (measured by Passive 
Avoidance test) and anxiety (measured by the Elevated Plus Maze test), and with a 
smaller number of cells with proliferative capacity in the adult dentate gyrus. 

 
In addition, and by using three astrocytoma-type cell lines (one of them being a 

control one, the CT2A, and the other two from APP.Ps1 mice known as APP.Ps1 L.1 and 
APP.Ps1 L.3), we have demonstrated that their DNA repair mechanism through the 
Homologous Recombination (HR) pathway is radically different (by DR-GFP assay), 
being this one a main reparation pathway in APP.Ps1 L.3, an intermediate pathway in 
CT2A cell line, and practically non-existent in APP.PS1 L.1 cell line. These findings 
have a great relevance when it comes to classifying a tumor, and they show that its 
specific characterization is crucial to know its possible therapeutic targets. 

 
We also wanted to assess the glucocorticoid effects in these astrocytoma cell lines. 

Our results show that glucocorticoids generally cause cell death and suggest that they 
could also cause a G2/M cell cycle arrest in all cell lines studied. When we analyzed 
this glucocorticoid effect after irradiation (IR) we obtained that generally it causes an 
increase in the basal levels of gamma-H2AX foci, and keeps them high even 4 hours 
after the IR in all the cases studied. On the other hand, it does not seem to have any 
effect on the formation and disappearance of the 53BP1 foci. Finally, we observed that 
the Dexamethasone administered two hours before the IR led to a radical change in 
the DNA repair kinetics of all cell lines studied by the Neutral Comet Assay technique. 

 
Finally we have analyzed the DNA repair pathways in two models of neural stem 

cells, some are control ones (named wild-type Neural Stem Cells, WT NSCs) and others 
come from mice with pathological aging, specifically a model of Alzheimer's disease, 
APP.Ps1 (named APP.Ps1Neural Stem Cells, APP.PS1 NSCs). We observed that both 
Neural Stem Cells behave differently before IR and glucocorticoids, although both 
have in common that being glucocorticoids administered two hours before the IR they 
produced drastic changes in the kinetics of DNA repair in both cases. 
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In conclusion, this thesis has managed to find out some of the keys in the 
generation of neurogenic niches of the adult dentate gyrus, the DNA repair processes 
in astrocytomas, WT NSCs and NSCs from a model of pathological aging, and the role 
of glucocorticoids in all these processes. However, there is still much research to do on 
this field that we consider to be of great interest for the subsequent clinical 
consequences which may arise from these kinds of works. 
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RESUMEN 
 

Esta Tesis se enmarca en el campo de la neurogenesis hipocampal, la 
neurobiología de las células tronco neural que existen en el giro dentado hipocampal, 
así como en el ámbito de los mecanismos de reparación del daño al ADN y las células 
tronco bajo dos prismas distintos: el cáncer y el envejecimiento patológico. Además 
hemos querido evaluar el papel de los glucocorticoides en todos estos procesos, como 
moléculas clave, ya que hoy día adquieren gran relevancia de acuerdo al papel que 
ejercen en los procesos de estrés tan presentes en la actualidad.  

La razón de englobar estos ámbitos de trabajo en una Tesis se debe por una 
parte a la relevancia de averiguar los periodos críticos en la generación de las células 
tronco neurales que luego persisten en el giro dentado adulto y conforman la 
neurogenesis hipocampal adulta, debido a la gran susceptibilidad de estos periodos en 
ciertos tipos de daño (como estrés o daño al DNA) que podrían desencadenar en una 
neurogenesis hipocampal adulta deficitaria. Además por la relevancia que supone la 
relación entre las células madre normal y cancerosa, así como la importancia del papel 
que los mecanismos celulares y moleculares relacionados con el daño al DNA y sus 
vías de reparación (DDR) pueden tener en dicha relación entre células madre normal 
y cancerosa. Además existe un debate activo apuntando a la DDR como un importante 
mecanismo de regulación, no sólo en el cáncer sino también en el envejecimiento 
patológico273, 370. Todo ello lo hemos querido analizar también bajo el prisma de la 
relevancia actual de los glucocorticoides, por su relación con el estrés. 

Las principales aportaciones de esta tesis han sido el establecer la existencia de 
un periodo temporal preferente en que los precursores neurales activos durante el 
desarrollo postnatal, dejan de dividirse para generar progenitores y/o células post-
mitóticas, y se quedan quiescentes hasta la vida adulta, o al menos se dividen con un 
ratio extremadamente bajo, constituyendo el pool de precursores neurogénicos del 
adulto. Dicho periodo, en ratones, se corresponde con el día postnatal 6. Además 
hemos comprobado que los daños producidos en este periodo, bien por incremento de 
glucocorticoides (estrés), o bien por daño al DNA, provocan una disminución del pool 
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de las células tronco neural en el giro dentado adulto. Esta disminución en el caso de 
procesos de estrés durante P6 se relaciona además con un deterioro en algunas 
funciones de la neurogenesis hipocampal adulta como el aprendizaje (medido por el 
test Passive Avoidance) y la ansiedad (medido por el test Elevated Plus Maze), y con un 
menor número de células con capacidad proliferativa en el giro dentado adulto.  

Además y con tres líneas celulares modelo de astrocitomas (una de ellas 
control, la CT2A, y las otras dos procedentes de ratones APP.PS1, conocidas como 
APP.PS1 L.1 y APP.PS1 L.3), hemos podido comprobar que su mecanismo de reparación 
al DNA mediante la vía de Homologous Recombination (HR) es radicalmente distinto 
(por el ensayo DR-GFP), siendo esta vía mayoritaria en la línea APP.PS1 L.3, intermedia 
en la línea celular CT2A, y prácticamente no existe en la línea APP.PS1 L.1. Estos 
resultados tienen gran relevancia a la hora de clasificar un tumor, e indican que la 
caracterización específica del mismo es crucial para saber sus posibles dianas 
terapéuticas. 

Asimismo quisimos evaluar el efecto de los glucocorticoides en estas líneas de 
astrocitomas, nuestros resultados apuntan que en general provocan muerte celular y 
sugieren que  podrían provocar también una parada en la fase G2/M del ciclo celular, 
en todas las líneas estudiadas. Cuando valoramos el efecto de este glucocorticoide tras 
IR vimos que en general provoca un incremento en los niveles basales de gamma-
H2AX foci, y los mantiene elevados incluso 4 horas después de la IR en todos los casos 
estudiados. Por el contrario no parece ejercer ningún efecto en la formación y 
desaparición de los 53BP1 foci. Para finalizar vimos que la Dexametasona 
administrada dos horas antes de la IR provocó un cambio radical en la cinética de 
reparación del DNA de todas las líneas estudiadas mediante la técnica del Neutral 
Comet Assay. 

Finalmente analizamos las vías de reparación del DNA en dos modelos de 
células tronco neurales, unas controles (nombradas con celulas tronco neurales wild 
type, NSCs WT) y otras procedentes de ratones con envejecimiento patológico, 
concretamente un modelo de Alzheimer APP.PS1 (nombradas como células tronco 
neurales APP.PS1, NSCs APP.PS1). Vimos que ambas células tronco neurales se 
comportan de modo distinto frente a la IR y frente a los glucocorticoides, aunque 
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ambas tienen en común que administrados los glucocorticoides dos horas antes de la 
IR en ambos casos se producen cambios drásticos en las cinéticas de reparación del 
DNA. 

En conclusión, esta tesis ha conseguido por tanto averiguar algunas de las 
claves en la generación de los nichos neurogénicos del giro dentado adulto, los 
procesos de reparación del DNA en astrocitomas y células tronco neural normal y con 
envejecimiento patológico y el papel de los glucocorticoides en todos estos procesos. 
Sin embargo, hoy día permanece siendo desconocido muchos de los mecanismos que 
subyacen en este tipo de procesos, y por ello queda mucha investigación en este campo 
que consideramos de gran interés por las consecuencias clínicas posteriores que 
pueden derivarse de este tipo de trabajos. 
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INTRODUCTION 
 

 

"¡Estudia! No para saber una cosa más, sino para saberla mejor." 
Lucio Anneo Séneca. 

"Study! Not just to know one more thing, but to know it better". 
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CHAPTER 1: Neural Stem Cells 
 

 1.1 DEFINITION AND TYPES 
 
Defined as Neural Stem Cells (NSCs) like primary progenitors this can generate 

the two neural types (neurons and glia). NSCs are not only present in the embryo 
(although the majority were found in this stage) but also in the postnatal and adult 
brain. According with Merkel et al. 2006259, these cells are characterized by the 
following features: 1. They come from glial cells, 2. These cells are related linearly 
between adult and embryonic cells (since they are transformed from neuroepithelial 
cells to radial glia, and then they show astroglial cells characteristics), and 3. These 
cells are divided essentially asymmetrically leading to another intermediate progenitor 
(IPC) as a parent, and sometimes divided symmetrically, to increase the progeny. 
Meanwhile, intermediate progenitors (IPCs) are always divided symmetrically to 
amplify the number of progeny dividing 259. These symmetric divisions are an 
important determinant of the brain size, so those species with larger brains have a 
larger pool of intermediate progenitors251. 

The NSCs don’t only come from the nervous system but can be derived from 
embryonic stem cells (ES cells) or reprogrammed fibroblasts40, 414. Different kinds of 
neural progenitor/stem cells basis have been established on their characteristics. There 
are two different populations known like: neural stem cells which show glial 
characteristics (Radial Glia Cells, RGLs), and intermediate progenitors (IPC). The latter 
are also divided into other types (2a, 2ab, 2b, 3). 

The classification of these cells and the markers used to identify them has 
created much controversy among scientists. However, there is a large consensus that 
the astrocytic NSC have many features, such as the expression of glial fibrilar acidic 
protein (GFAP), which has made us change our perception of glia75, 194, 259. This was 
demonstrated by Garcia et al., in 2004, who obtained a loss of the neurogenesis by 
conditionally ablating GFAP+ cells in adult mice brains. Other studies70, 180 support the 
interpretation that radial astrocytes have a role as primary progenitors. 

 



Ph.D. Sylvia Ortega Martínez  2013

 

 

In
tro

du
cti

on
 

 59
 

The neural stem cells themselves are also called radial glia (having astrocytic 
properties) and cells type me. These cells, in adults, are mainly found at the 
subventricular zone (SVZ), adjacent to the lateral ventricles and at the dentate gyrus 
(DG) of the hippocampus, known like subgranular zone (SGZ) the imaginary line 
below granular zone of DG where these cells are found (see Figure 1). However, there 
are evidences of the existence of these cells elsewhere in the adult brain, including the 
cortex97 (Feliciano DM et al, 2012. described it in his work, 'Cortical neurons 
newborn: only for neonates?) or the hypothalamus200 (one of the last review on the 
subject: ‘Functional Implications of hypothalamic neurogenesis in the adult 
mammalian brain’ by Lee et al, 2012). 

 

 
Fig. 1: Scheme of progenitor types and lineages in the developing and adult brain dentate gyrus in the hippocampus. The SGZ is 
unique among forebrain germinal regions because it is detached from the walls of the ventricles. A) It interprets a possible link 
between Radial Glia (RG) in the VZ facing the lateral ventricle and the developing SGZ. These RG could migrate far away from 
here and some of them would continue to generate IPC and early-born neurons. RG generate radial astrocytes, also known as type 
I progenitors, which have a prominent process (a,b) that traverses the dentate granule cell layer and branches in the deep 
molecular layer. B) Radial astrocytes generate IPC, which in turn generate young neurons. Young neurons can give afterwards 
granule cells by differentiation. Hypothetical symmetric divisions are represented in red dashed arrows and which are 
represented in blue show asymmetric divisions. Black dashed arrows indicate hypothetical transformations. From Kriegstein et al., 
2009194. 

 
These precursor cells are quiescent (usually non-dividing) that can be divided 

into different stimuli. When this happens, there are two possibilities; A) their division 
generates intermediate progenitor cells (IPC), which then gives rise to neurons; B) 
whereas if they come from astroglial progenitors, the result will be the generation of 
glial. The process of formation of neurons through intermediate progenitors is a 
longer process, as there are different types of intermediate progenitors known as 2a, 
2ab, 2b and type 3 according to their stage of development and expressing markers 
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(see figure 2), whereas astroglial progenitors have comparatively a lower proliferative 
capacity. However, intermediate progenitors send numerous processes before being 
symmetrically divided, motivated by local sensing factors284.  

Four cell types are found in adult SVZ: ependymal cells that are located at the 
ventricle wall, slowly proliferating astrocytes that show radial glia-like features (type 
B cells), fast-proliferating intermediate cell type C, and neuroblasts or neural 
progenitors (type A cells)9, 78, 378. In the case of the SVZ, NSCs and intermediate 
progenitors, these are also known as type B and type C, respectively. SVZ astrocytes 
express markers such as GFAP, nestin and vimentin305. Both astrocytes and neural 
progenitors (B and A cells) form neurospheres in vitro9, 78, 378. Since radial glia 
functions as NSC in the developing Central Nervous System (CNS), it has been 
hypothesized that perhaps also SVZ astrocytes could function as stem cells or 
progenitors in adult CNS (for review see Temple, 2001; Sohur et al. 2006)378, 392. 
 

 

 
Fig. 2: Radial Glia-like Cell (RGL) model and neural lineages according to it. Type 1 cells (or RGLs) are quiescent precursors that 
produce new astrocytes and neurons through astroglial progenitor phases and intermediate progenitor cells (IPC), respectively.  
These last ones, IPC, proliferate quickly while differentiating through multiple stages into neurons, while astroglial progenitors 
possess comparatively small proliferative capacity. Stage-specific markers are shown for each cell type. From Bonaguidi et al., 
201234. 
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There is not a large consensus on the best way to mark different types of NSC 
and IPC (see Figure 2 for information related to markers available). However, we can 
say that the radial glial progenitors, also known as type I, express GFAP and Nestin359. 
This conclusion was assumed from studies using 'retroviral lineage-tracing 
experiments using the RCAS-TVA system’143. Moreover, in recent years the labeling of 
these cells with Sox2 has gained great importance, as an essential marker to determine 
the stem nature of these cells385. Due to the difficulty of labeling neural stem cells with 
these three markers, and as in other recent publications, this thesis has assumed 
double labeling Sox2+/GFAP+ as a characteristic of neural stem cells (the same is 
considered for example in a recent paper published by Jasdaz et al, 2012164;  ‘p57KIP2 
Regulates glial fate decision in adult neural stem cells’). 

 

 
Fig 3. Scheme of Neural Stem Cells (NSCs) and their progeny in the developing forebrain. The NSCs (shown in blue) change their 
status to generate different progeny as the brain develops. Here it represents the process of the NSC sited at the lateral ventricular 
wall. A) The CNS is a tubular structure consisting of neuroepithelial cells, which are divided symmetrically at the ventricular 
surface to expand the stem cell pool, at the beginning of the development. B) These Neuroepithelial cells probably differentiate 
into embryonic radial glial cells, which are divided to give striatal neurons and oligodendrocytes in the SVZ (either directly or via 
an intermediate progenitor). The radial processes of radial glial cells support the migration of neuroblasts (shown in red). C) 
Radial glial cells persist in the neonatal brain and can generate oligodendrocytes. Neurogenic astrocytes often retain a radial 
process and contact both the ventricle and the basal lamina of blood vessels. They generate oligodendrocytes and olfactory bulb 
interneurons. Abbreviations: Stri, striatum; VZ, ventricular zone. From Merkle et al 2006259. 
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To identify the remaining progenitors a number of markers that will be 
expressing throughout time have been established through research in recent years, 
(see Figure 2). In the case of SVZ there is a larger heterogeneity as described by Merkle 
et al, 2006. According to them, 'Whereas most, if not all, adult C cells express the 
transcription factor Mash1300 and many C cells produce neuroblasts, some express 
Olig2 and appear to produce oligodendrocytes127, 258(see Figure 3d). It has been shown 
to induce the production of oligodendrocytes127, 250 and perhaps astrocytes250 in the 
postnatal subventricular zone. Olig2 + C may be derived cells from a subset of 
subventricular zone astrocytes express PDGFRα that, receptor for platelet-derived 
growth factor (PDGF)159. ' 
 

 1.2. NEURAL STEM CELLS CULTURE FOR STUDYING 
NEUROGENESIS 

 
For the study of adult neurogenesis not only in vivo models have been used, 

among which those that have been aimed at their removal are, for example X-ray 
(Saxe MD et al, 2006347) or using transgenic models (as used by Jin K et al, 2010171) 
but also the study has also been extended through NSC culture.  

These cells are typically grown as neurospheres (see Figure 4), which constitute 
an undifferentiated and heterogeneous population of NSC, IPC and other cells in 
different stages of differentiation (reviewed in Jensen and Parmar, 2006; Kornblum, 
2007165, 192). Therefore, due to the multipotentiality of neural stem cells, they can be 
isolated from many regions of fetal and adult brains, including spinal cord and white 
matter, as it has been demonstrated in several works105, 374. As usual thinking, 
performance will be greater when the culture comes from embryo versus adult, as it is 
at this stage where there is a greater number of NSC.  

In culture, these cells can be expanded using defined serum-free medium, like 
Neurobasal or DMEM-F12, supplemented with L-glutamine, B27, antibiotics, and of 
course, it is necessary to contain mitogenic growth factors such as basic fibroblast 
growth factor (FGF-2) and epithelial growth factor (EGF) (see materials and methods 
for more information about the medium used in this thesis)393. When NSC are 
cultured, they can spontaneously be classified (see figure 4) into all three major 
lineages of the CNS cells (neurons, astrocytes, and oligodendrocytes); but it is precise 
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in the absence of FGF-2 and EGF. The differentiation of NSCs within each cell lineage 
can also be promoted by specific differentiating factors, such as retinoic acid (RA), 
forskolin, leukemia inhibitory factor (LIF), bone morphogenetic protein 2 (BMP2), and 
insulin-like growth factor 2 (IGF2)261. Therefore, in this case, the cells will not be 
cultured as suspension neurospheres, but under adhesion conditions, pretreating 
culture plates with poly-L-lysine for example. It is curious that adult NSCs could 
differentiate into neurons in an area that supports neurogenesis, but only into glia in 
non-neurogenic regions366, suggesting that these cells have the ability to respond to 
the extracellular signals present within the local brain environments105.  

 
 
 
 
 
 
 

 
 
Fig.4. Different stages in neurospheres culture, obtained from hippocampus of postnatal mice P6 at lab. Figure obtained of 
experiments in our lab. 

 
The NSCs culture system was the first one demonstrating that the adult brain 

contained cells with characteristics of real NSCs322, and is a useful tool for analyzing 
the proliferation, self-renewal or differentiation of these cells, and also to analyze the 
effect of different drugs, avoiding ethical issues involved in the use of in vivo 
experimentation. Definitely, it is a useful tool for studying neurogenesis and neural 
development in vitro. However, like all in vitro tests, these results are very sensitive to 
the method used. Thus obtaining neurospheres from embryo, postnatal or adult, not 
only will depend on the skill acquired by the experimenter, but also on the medium 
employed, trophic factors added, the frequency of passes, etc. Due to this high 
sensitivity, it can be very difficult to compare data between different groups, and to 
interpret the data between different analyses165. Therefore, it is always important to 
bear in mind that, like other in vitro studies, the results and observations obtained 

DAPI/53BP1/DCX/GFAP DAPI/53BP1/GFAP 
Neurosphere Neurosphere in differentiation Differentiated Cells 

DAPI/53BP1/DCX/GFAP 
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from the culture of neurospheres may not involve the same mechanism in vivo192, so it 
is always advisable to do additional studies in vivo in order to elucidate the real effect. 
 

 1.3. INTRINSIC GENETIC AND EPIGENETIC PROGRAM OF 
ADULT NSC 
 

The whole process of adult hippocampal neurogenesis is widely controlled. So 
much so, that it not only regulates the process itself through a complex extrinsic and 
intrinsic mechanism, but also NSCs suffer own genetic modifications among others 
due to the environment. This control, at the end, can regulate the self-renewal and fate 
specification. For example, it was found that mice of different genetic backgrounds 
exhibit distinct levels of adult neurogenesis both in standard housing conditions and 
during voluntary physical exercise179, 181, suggesting that heritable genetic and 
epigenetic programs are modulating adult neurogenesis. 

There are many environmental factors which regulate NSC and IPC entry into 
division in adults. Some of these factors include neurotransmitters94. For example, in 
the case of SVZ, cells C (or IPC) stimulated proliferation by 'synaptically released 
dopamine' through D2 receptor141. Furthermore, B cells (NSC) are inhibited by the γ-
aminobutyric acid (GABA) non-synaptically released from newly born neurons in the 
subventricular zone220. In the case of the dentate gyrus, neurogenesis is regulated by 
numerous physiological and environmental multiple signals, including adrenal 
steroids46, 118, glutamate receptor activation119, seizures298, enriched environmental 
conditions181, exercise178, inflammation and antidepressants344. 

Within the regulatory factors are a multitude of growth and differentiation 
genes, which have been identified to be directly involved in the regulation of NSCs261. 
For example, a null mutation of PTEN (cell growth and tumor suppressor phosphatase) 
leads to an increased NSCs self-renewal211 and is also critical in regulating the 
proliferation of NSCs and cell migration; for this reason, subsequently, PTEN plays a 
role in enlarged brain124. Other examples of changes in certain genes associated with 
the differentiation of the NSCs are the basic helix-loop-helix (bHLH) proteins, such as 
Hes1 (see figure 5) and Hes5, which inhibit neuronal differentiation and promote 
astrocyte differentiation of NSC157. However, Hes6 enhances neuronal fate 
determination and represses astrocyte differentiation169.  
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Other genes relevant by controlled NSCs are genes involved in cell cycle, DNA 
repair, or several receptors. For example p21 and p27 (cell cycle inhibitors), inhibit 
the proliferation of NSCs and are essential for normal CNS development80, 373. On the 
other hand, mutation of Ataxia Telangiectasia Mutated (ATM), a DNA repair protein, 
leads to genomic instability and reduced neuronal differentiation of adult NSC13. 
Orphan steroid receptor, TLX maintains adult NSC in a proliferative and 
undifferentiated state, and TLX-null NSC fail to proliferate426 (see fig. 6).  

 
Fig. 5. Active expression in NSCs and IPCs and its role for their maintenance before the formation of neurons.  Hes1 expression 
fluctuates with an interval ∼2–3 h in neural progenitor cells and exhibits an inverse correlation with Ngn2 protein and Dll1 
mRNA expression, which also oscillates during the time. On the other hand, the expression of Ngn2 and Dll1 is sustained in post-
mitotic neurons, which lose Hes1 expression. It is likely that Dll1 oscillation periodically activates Notch signaling between 
neighboring cells. This reciprocal regulation is especially important for the maintenance of neural stem/progenitor cells before 
the generation of neurons. From Shimojo et al, 2011369. 

Finally it is important to highlight the role of epigenetics as mechanisms 
regulating the neurogenesis acquired in recent years. These mechanisms are referred 
to ‘meiotically and mitotically heritable changes in gene expression that are not coded 
in the DNA sequence itself’207. In mammals, these mechanisms include DNA 
methylation319, histone modification166, and noncoding RNAs-mediated gene 
regulation31. There are several epigenetic factors which have been shown to modulate 
adult neurogenesis, like deficiency in Methyl-CpG binding protein 1213, 429 and 
polycomb protein Bmi-196, 425, as well as inhibitors to histone deacetylases372. All of 
these factors affect adult neurogenesis. Therefore, other epigenetic factors are related 
to chromatin, like HMGA2, a chromatin-associated protein whose expression level 
declines with aging, and potentiate NSC self-renewal through regulating the 
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INK4a/ARF pathway282. In addition, several small noncoding RNAs, including miR-
124, miR-9, let-7, among others, have been found to regulate stem cell differentiation. 
In particular, let-7b has been shown to regulate adult neurogenesis by repressing 
HMGA2214, 282.  

It is known that adult neurogenesis is highly sensitive to environmental stimuli 
and experience (for a review, see Li and Zhao, 2008214). The most important feature of 
epigenetic regulation is its ability to sense the extrinsic environmental changes and 
make inheritable modification in gene expression without modifying DNA 
transcription214. In fact, epigenetic mechanisms could be the missing link that 
connects the genetic and environmental effects on adult neurogenesis. The 
combination of both, genetic and epigenetic regulatory mechanism, will determine the 
stem cell intrinsic properties that define the nature, responsiveness, and potentials of 
NSC. As described later in the next section, this regulation of adult NSC can also be 
controlled by extrinsic signaling from the surrounding environmental niche. 

 

 
Fig 6. miRNAs regulate multiple steps of neurogenesis. miRNAs have been shown to regulate all the stages of neurogenesis (self-
renewal and fate specification of NSC, migration and maturation of young neurons, and functional integration of new neurons 
into the neural circuitry), by base-pairing with target mRNAs to regulate target gene expression. Therefore, some transcription 
factors (such as TLX) and epigenetic factors (such as MeCP2 and MBD1) can also regulate the expression of miRNAs. From Shi et 
al, 2010365.  
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 1.4. THE NEURAL STEM CELL NICHE 
 

Since five decades hematopoietic stem cells have been the only adult stem cells 
known and investigated. However, today it is known that numerous adult tissues 
contain stem cells, which are usually involved in the homeostatic self-renewal and 
regenerative processes, but they are occasionally activated for repair activity320. All 
these systems depend on small local populations of stem cells, which are highly 
regulated for different and heterogeneous factors. If the specific program of 
proliferation, migration and differentiation fails, the respective tissue will either 
become dysfunctional or cancerous (see chapter 3).  

These proliferative systems are surprisingly conservative for the different 
tissues where adult stem cells are found. A population of stem cells is usually harbored 
in a defined niche. For example, with reference to adult neurogenesis, and as 
mentioned above, NSC are mainly located at dentate gyrus (DG) of hippocampus, and 
in the subventricular zone (SVZ) of the telencephalic lateral ventricles next to 
ependymal cells that separate SVZ from lateral ventricles and cerebrospinal fluid 
secreted by endothelial cells in choroid plexus. The stem cells proliferate slowly, 
maintain the size of population and produce another population of transient 
amplifying precursor cells, known as intermediate precursors (previously mentioned). 
These proliferate at a higher rate, and migrate towards the final destination of the 
specific mature cell type. In SVZ case, the cells migrate across the rostral migratory 
stream to the olfactory bulb; on the other hand, in DG of hippocampus, cells have a 
short migration, they just get to final position inside granule cell layer. This results in a 
differentiation gradient from the stem cell along to the migratory precursor cell to the 
fully differentiated cell (Fig 7). 

 
Fig. 7: Scheme of adult stem cell differentiation. The differentiation process starts with the asymmetric division of stem cells in a 
specific niche and continues during the migration towards the target tissue (green). The intensity of orange background means  
the degree of differentiation got by the cells. Figure of concept widely developed in the literature. 
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In SVZ, NSCs are closely associated with microvessels294, 411 and the endothelial 
cells have shown to promote maintenance of NSCs267, 363. Neurons and endothelial 
cells can communicate each other via Vascular Endothelial Growth Factor A (VEGF-A), 
neurotrophins and their cognate receptors63, 186. Therefore, the neurovascular niche 
may play an important role in adult stem cell maintenance (see review of Greenberg et 
al, 2005122 for more information) (see figure 8). 

The extracellular matrix (ECM) and cell-cell contact role are very important in 
NSC final function inside their niche.  

 

 
Fig. 8. Adult neurogenesis. a, Neurons that arise in the rostral SVZ migrate by way of the rostral migratory stream (RMS) to the 
olfactory bulb (OB). b, Neurons arise in the dentate subgranular zone (SGZ) and migrate into the adjacent granule cell layer 
(GCL); AH, Ammon’s horn of hippocampus. c, Concept of the ‘vascular niche’ and VEGF-induced neurogenesis. Neurogenesis is 
normally observed close to vasculature, and certain growth factors, such as VEGF, stimulate both angiogenesis and neurogenesis. 
Possible explanations include parallel, independent effects of VEGF on endothelial and neuronal stem cells, or VEGF-induced 
production by endothelial cells of other growth factors, like BDNF, that act on neuronal stem cells to stimulate neurogenesis. From 
Greenberg et al, 2005122.  

 
 1.4.A. EXTRACELLULAR MATRIX (ECM) 

 
In the nervous system, the ECM has been shown to play an important role in 

neural development, including cell survival, migration, differentiation, axon growth, 
and synapse formation405. The ECM contains a complex set of molecules, tightly 
regulated, whose expression depends on particular times during the development and 
some of them are downregulated during adulthood. The most important molecules of 
the ECM are fibrous matrix proteins (like collagens, fibronectin and vitronectin), 
basement membrane proteins (laminin), tenascins, and proteoglycans (see figure 9). 
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Therefore, these molecules interact with cells through a dynamic process controlled by 
cellular receptors which promote cell adhesion, activate intracellular signaling 
pathway, and modulate the activity of several growth factors405.  

 
 

 
 

Fig. 9. The lecticans anchor the cell surface to the matrix scaffold.  (a) Scheme of the more relevant components of the neural ECM, 
describing their major interactions. (b) All lecticans are composed of two globular domains joined by a stretched domain that  
carries CS and most other carbohydrates in the molecule. This structure is essential for their anchoring function. Abbreviations: 
bFGF, basic fibroblast growth factor; CRP, complement-related protein; ERM proteins, proteins of the ezrin–radixin–moesin 
family; PSD95, post-synaptic density protein 95; SGLs, sulfoglycolipids. From Viapiano et al, 2006406. 

 

These cell surface receptors are mainly the integrins, a large family of α- and 
β- subunits, which can form >20 different receptors389. These receptors interact, 
directly or indirectly, with many ligands and cell surface molecules (such as tyrosine 
kinases, G-protein coupled receptors (GPCRs), growth factor receptors, or members of 
the tetraspanin family of proteins). When the interaction occurs there are transduction 
signals through several pathways that include focal adhesion kinase (FAK), the Src 
family kinase fyn, MAP kinase, protein phosphatases, SH2-SH3 adaptors, Rho-family 
GTPases and phospholipid mediators. Finally it results in a number of changes of 
integrin characteristics, such as plasma membrane localization, internalization, ligand 
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affinity, signaling through intracellular proteins, interaction and the restructuring of 
the cytoskeleton, and transcriptional regulation350. These changes can directly affect 
the dynamics of cell-cell and cell-ECM interactions. For example, after ischemic 
injury, doublecortin (DCX) positive-cells are in close proximity to the endothelial cells 
of vasculature288, suggesting a possible mechanism by which the neuroblasts migrate 
along the endothelial cells trail to reach the lesion area.  

Other relevant proteins are the matrix metalloproteases (MMPs), which are 
secreted by migrating neuroblasts. These proteins are a family of enzymes that 
collectively are able to degrade all the components of the ECM356, 382. MMPs 
participate in important physiological processes, including CNS development, 
embryological remodeling, wound healing, and angiogenesis. Therefore, their role in 
cancer cell metastasis has been studied extensively56, 244.  

 
 1.4.B. CELL-CELL CONTACT AND COMMUNICATION 

 
‘Connexins are essential for the communication of cells among themselves and 

with their environment. Connexin hexamers assemble at the plasma membrane to 
form hemichannels that allow the exchange of cellular contents with the extracellular 
milieu. In addition, hemichannels expressed in neighboring cells align to form gap 
junction channels that mediate the exchange of contents among cells’311 (see figure 
10).  

 
Fig. 10. Hemichannels and gap junction channels formed by connexins. From Plotkin. et al, 2011311. 

 
The Gap junction proteins and cadherins have been shown to play a role in 

NSCs proliferation and differentiation75, 212. In addition, Gap junctions play critical 
roles during embryogenesis. In this context, they provide cell-cell communication for 
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signaling pathways and intracellular transfer of ions, second messengers, and 
morphogens. Another of their roles is the exchange or the decrease of such 
cytoplasmic factors which cause neural stem cells to exit the proliferative state and 
initiate differentiation108. Connexin 43 (Cx43), a Gap junction protein, is expressed by 
embryonic neural stem cells to form contact between the stem cells and astrocytes. 
Also, Cx43 phosphorylation regulates the differentiation of NSC83. In addition, a 
switch of Cx43 to Cx33 or Cx40 has been suggested to regulate hippocampal 
progenitor cells undergoing neuronal differentiation333. Furthermore, Gap junctions 
have been shown to play a role in cell migration during neural crest formation147. The 
findings further suggest that Gap junction communication mediates the expression of 
alpha1 connexins, resulting in the gain or loss of function in embryonic development, 
thereby illustrating their important role in neural crest migration. 

On the other hand, the cadherins form cell-cell interaction through homotypic 
bonds across the extracellular gaps and they contribute to the molecular mechanism 
of cell differentiation through the activation of beta-catenin signaling pathway that is 
mediated by the cleavage of cadherin connecting cells148, 360. Cadherins are expressed 
in adult neurosphere cultures221, and it has been suggested that beta-catenin signaling 
is involved in the adult neural stem cell niche76. Furthermore, experiments suggest 
that the clustering of migrating cells have a systematic cellular arrangement and 
intercellular communication357.  

Taken together Gap junction and cadherins is essential for the effects on adult 
NSC proliferation, migration and differentiation. 

 

 1.5. NEURAL STEM CELLS FROM DEVELOPMENT TO ADULT 
 

The central nervous system (CNS) begins as a sheet of cells made up of primary 
progenitors known as neuroepithelial cells which are radially elongated and contact 
both the apical (ventricular) and basal (pial) surfaces. The neuroepithelial cells express 
markers such as transmembrane protein prominin 1 (CD133)413 and intermediate 
filament protein nestin131. They are around the neural tube, which later becomes the 
ventricular system and spinal canal. Neuroepithelial cells divide at the ventricular 
surface (pull their nucleus toward the pial surface during interphase), forming a 
ventricular zone. At the beginning, they are symmetrically divided from stem cells 
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(they increase the pool) but are later asymmetrically divided, generating a stem cell 
that remains at the ventricular zone and a daughter cell that migrates radially 
outward132. Later, they will be replaced by a different NSC: the radial glial cells, 
RGLs18, which also maintain contact with the pial surface via a radially projecting 
basal process. In mice, the neuroepithelial cells give raise to radial glia that replaces 
most of the neuroepithelial cells by E12131, 195, 283. Since they share many 
characteristics (reviewed in Malatesta, 2003; Gotz, 2005116, 240), it is likely that 
neuroepithelial cells are transformed directly into radial glial cells, although this has 
not been shown experimentally. This is the case of SVZ. However, in the dentate gyrus 
(DG) of hippocampus, the neuroepithelial cells which were around the neural tube 
firstly migrate first just to the hippocampus primordium. This fact was described for 
the first time by Altman and Bayer7, showing that proliferative dentate precursors 
leave the dentate neuroepithelium and form a migratory stream into the forming 
dentate gyrus during late embryonic development. Then, other authors complete the 
studies with better techniques, like Li et al, 2009209. They showed this area as a 
transient subpial neurogenic zone (see figure 11), from which the adult dentate gyrus 
will be formed.  

Radial glial cells can generate neurons and are a population if not the only one, 
of primary progenitor of the embryonic mammalian forebrain18. Radial glia expresses 
markers such as CD133, astrocyte specific glutamate transporter (GLAST), Ca2-
binding protein S100β, glial fibrillar acidic protein (GFAP), vimentin, and brain-lipid-
binding protein (BLBP)195. Most of the radial glial cells form neurons during 
neurogenesis and later either astrocytes or oligodendocytes241, 283, 284.  

In mammals, radial glial cells disappear from the brain soon after birth, but in 
many species they persist into adulthood. A subset of radial glial cells remains 
neurogenic in adult songbirds8, 10, 12, lizards, turtles336 and fish431.  
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Fig. 11. (A-F3) Stages of development of the dentate neurogenic zones, which are revealed by Nestin-GFP transgene and Tbr2. 
(G1-G4) A simplified model of the two stages involved in neurogenic zone relocation during the development of the dentate 
gyrus. Green dots represent the location of stem/progenitor cells as labeled by Nestin-GFP transgene. Abbreviations:  D, dentate; 
DN, dentate notch; F, fimbria; FDJ, fimbriodentate junction; GCL, granule cell layer; Hem, cortical hem; Hip, hippocampus; HF, 
hippocampal fissure; ML, molecular layer; SGZ, subgranular zone; SVZ, subventricular zone; VZ, ventricular zone. From Li G.,et 
al, 2009209. 
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The majority of neurons are derived either directly or indirectly from radial 
glial cells18, 240. In developing CNS, a third cell type appears at the onset of 
neurogenesis and it is called a basal progenitor or neuroblast. Basal progenitors 
originate from the neuroepithelial and radial glial, form SVZ, SGZ and contribute to 
neurogenesis132, 284. Basal progenitors differ from neuroepithelial and radial glial cells 
by the expression of specific transcription factors such as TRB291, Cux1 and Cux2280 
(see figure 12). 

 

 
Fig. 12. Neural stem/progenitor cells and their differentiation. Ab the initio, neuroepithelial cells undergo repeated self-renewal 
by symmetric division (progenitor expansion phase). During development, these cells elongate to become radial glial cells, which 
have cell bodies on the internal side of the neural tube and radial fibers that reach the external surface. Radial glial cells give rise 
to neurons or basal progenitors (neurogenic phase). After neurons generation, some radial glial cells give rise to oligodendrocytes 
and ependymal cells. Radial glial cells finally differentiate into astrocytes (gliogenic phase). From Shimojo et al, 2011369. 
 

In embryos, NSCs are found in several regions such as cerebellum, 
hippocampus, cerebral cortex, basal forebrain and spinal cord (reviewed in Temple, 
2001392). Primary sphere-formation assays indicate that the stem cells are prevalent at 
early developmental stages but the number of CNS NSC declines rapidly during 
embryonic development252, 315. 

Mammalian NSCs produce different cell types at different points in 
development changing their morphology and producing different progeny (see figure 
13), but also NSC change their gene expression profiles2. Some of their genes are 
common to both young and old NSC, but others are only expressed at certain time 
points. The last ones are considered specific temporal genes, which may coordinate an 
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intrinsic developmental program, since progenitors grown in culture produce certain 
progeny at certain times, just like progenitors in vivo362. This program seems to run 
forwards, but not backwards. Mechanisms like DNA and histone modification and/or 
changes in transcription factor expression and chromatin structure (reviewed in 
Molofsky et al, 2004; Guillemot 2005126, 266) have been established like some of the 
possibilities that NSC have to control their gene expression (it has been mentioned 
above).  

 

 
Fig. 13: Neural stem cells throughout development. As mentioned above, the stem cells of the developing brain change their shape 
and produce distinct progeny as the brain develops. At the beginning, the neuroepithelial cells (left) are the principal progenitors 
which are thought to give rise to radial glia (center). Radial glia in turn give rise to the germinal zone astrocytes of the mature 
brain (right), in addition to parenchymal astrocytes, oligodendrocytes, and ependymal cells. Both neuroepithelial cells and radial 
glia maintain contacts with both the ventral surface (solid line) and pial surface (dashed line) of the brain and project a single 
cilium into the developing ventricle. In contrast, SVZ astrocytes (can also project a single cilium) do not contact the pial surface, 
but they contact the basal lamina of blood vessels. From Ihrie et al, 2008154.  

  

On the other hand, in the adult CNS, NSCs are only found at certain locations 
such as SVZ of telencephalic lateral ventricles and subgranular zone (SGZ) of 
hippocampal dentate gyrus50, 78. The main difference between development NSC and 
adult NSC is number, because in mammals only few NSCs persist for the whole life, 
and this number decreases with age89 (see review of Encinas et al, 201290 for more 
information) (see figure 14). The fact that the number of NSCs decreases with age is 
the most important argument for neurogenesis detractors, who think that 
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neurogenesis doesn’t have any important function in adult brain. However, numerous 
evidences suggest important and different roles of adult neurogenesis, among which 
our lab had a relevant contribution, for example in the role of adult neurogenesis 
related to physical exercise, environmental enrichment and memory229, 230. 
 

 
 
Fig. 14. Simplified scheme of model of age-related decline in adult hippocampal neurogenesis named as Neural stem cell 
“deforestation”. This theory proposes that neural stem cells of the dentate gyrus enter the cell cycle, and they are divided several 
times consecutively giving rise to progenitors that will proliferate first and then differentiate into granule cells. After their round 
of division, neural stem cells differentiate into astrocytes, losing their stem cell properties. Consequently, a continuous depletion of 
the neural stem cell population occurs, with fewer and fewer stem cells being activated and entering cell cycle. From Encinas et al, 
201290. 

  
NSCs decrease with age, as previously mentioned. At this point, a recent study 

published by Encinas et al., in 201189, shows that NSCs have a programmed number of 
divisions, specifically three, and then these cells are transformed into astrocytes (see 
figure 15).  This is the explanation, for the author and collaborators, of the low 
number of NSCs in adult compared with embryo; but his theory has aroused much 
controversy in the neurogenesis field. 
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Fig.15. Model through time of the changes that Quiescent Neural Precursor cells (QNP) undergo when becoming an astrocyte, 
with gradual appearance of the apical, basal, and somatic processes. From Encinas et al, 201189. 

 
Furthemore, a regional specification of NSCs exists in embryos and adults, 

which is shown in the following figure (Fig.16). 

 
Fig. 16:  Regional specification of NSC in the embryo and the adult brain. The left panels show cross sections of the mouse 
forebrain from embryonic and adult brain showing four subdivisions of the VZ in different colors. On the right hand side, RG in 
embryonic development (lower four panels) and type B cells in the adult brain (upper four panels) from the major forebrain 
subregions (septum, cortex, LGE, and MGE) are illustrated using the same colors as on the left hand side. NSC in the different 
subregions generates different types of neurons. Combinations of transcription factor expression define the different subdomains 
and the types of neurons produced. NSC in ear in each subregion may give rise to an even wider diversity of cell types. 
Abbreviations:  LGE, lateral gangliotic eminence; MGE, medial ganglionic eminence; NSC, neural stem cells; RG, radial glia; VZ, 
ventricular zone. From Kriegstein et al, 2009194. 

QNP Astrocyte 
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 1.6. MODELS FOR NEURAL STEM CELLS BEHAVIOR IN 
ADULT HIPPOCAMPUS 
 

Basically, there are three different models for neural stem cell (NSC) behavior 
in the adult hippocampus, which are shown in figure 17. In the `Repeated Radial Glia 
(RGL) self-renewal´ model (proposed by Bonaguidi et al, 2011 and Dravnoski et al, 
201135, 81), the cells can cycle between mitotic and quiescent states. When they have 
been activated, Radial Glial Cells (RGLs) can be divided symmetrically to generate 
more RGL, or asymmetrically to produce neuronal and astroglial lineages; in short, the 
cells chose one lineage to differ.  

In contrast, ´Disposable RGL’ (described by Encinas et al, 201189) model 
assume that, once activated, RGLs are repeatedly divided to generate only the neuronal 
lineage without returning to quiescence and after three divisions these cells end to get 
differentiated in astrocytes. Finally, the last model known as ‘Nonradial precursor 
model´ (described by Suh et al, 2007385), proliferative cells lacking a radial process 
generate neurons, astrocytes, and even RGL (to more information see Bonaguidi et al, 
201234). 

. 

 
Fig. 17: Models for neural stem cell (NSC) behavior in the adult hippocampus. From Bonaguidi et al, 201234.   

In the mentioned review34, the authors proposed a unified NSC model in the 
adult hippocampus under basal conditions, which is shown in figure 18. In this model, 
there are multiple precursor subtypes which co-exist in the adult dentate gyrus, and 
coordinate tissue homeostasis under basal conditions. One of them, quiescent RGL, 
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could take three known decisions: (1) Activation; (2) Cell fate choice; and (3) 
Maintenance/self-renewal. Meanwhile, once they get excited from quiescence, RGL 
could generate new RGL, nonradial precursors, IPC and astroglia, but not the 
oligodendrocyte lineage (2). Afterwards, RGL could remain in a proliferative state, or 
return to quiescence (3). They also proposed a way, not yet directly observed, by which 
a RGL may be differentiated into an astrocyte without proliferation (4). Authors show 
other way yet to be demonstrated directly, whose nonradial precursors may generate 
RGL and astroglia in addition to the known neuronal generation, while maintaining 
the precursor state (5).  Finally, this model counts with other kind of precursors like 
Cycling Glial Precursors or ‘NG2 glia’, and their role are still very controversial. These 
precursors are abundant in the developing and mature CNS.  In a recent review, 
Richardson et al, 2011324, authors assume a role of NG2-glia in myelin repair. In 
contrast Bonaguidi et al, in this model assume that these progenitors may choose 
among proliferation, oligodendrocyte generation and precursor maintenance.  

‘Importantly, heterogeneity of decisions exists within a single precursor type 
and ranges from unipotent non-self-renewing progenitors to multipotent self-
renewing stem cells’ 34. 

 

 
Fig. 18. A unified NSC model in the adult hippocampus under basal conditions. Arrows indicate direct cell generation. Dotted 
arrows represent potential choices that need further experimental evidence. Double arrows represent multistep cell generation. 
Arrows with an ‘X’ represent choices not experimentally observed. From Bonaguidi et al., 201234. 
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Chapter 2: ADULT NEUROGENESIS: 
 

 2.1. POINTS OF VIEW OF NEUROGENESIS THROUGH TIME 
 
Until the 1990s the neuroscience field was under the dogma established in the 

late 19th to early 20th centuries by the most famous Spanish scientist, Santiago Ramon 
y Cajal (1852-1934). He can be considered the father of modern Neuroscience, due to 
the fact that he established the individuality of neurons through the ‘neuron theory’, 
which radically opposed to the previous ‘reticular theory’ maintained by Golgi, among 
others.  However, Cajal’s observations made think that the nervous system was a non-
variable system, and he supported this dogma by stating: “Once the development was 
ended, the founts of growth and regeneration of the axons and dendrites dried up 
irrevocably. In the adult centers, the nerve paths are something fixed, ended, and 
immutable. Everything may die, nothing may be regenerated. It is for the science of the 
future to change, if possible, this harsh decree.” (Reviewed by Colucci-D’Amato et al, 
200653) (fig.19). This doctrine was also approved by other scientists such as Giulio 
Bizzozero, who classified the tissues of the human body into “labile, stable and 
perennial”, and other works139, 188 supporting the idea that the architecture of the 
brain appears to be fixed soon after birth53. 

 

 
Fig. 19.  Giulio Bizzozero and Santiago Ramon y Cajal were the most relevant scientists in the establishment of the “central 
dogma” of neurobiology. From L. Colucci-D’Amato et al, 200653. 
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For several years, there were occasional reports showing mitotic cells in the 
brain of adult mammals14, 42, but these investigations did not convince the scientific 
community, probably because the methods used to prove that these new cells, which 
could differentiate into neurons and be functionally integrated, were not good enough.  

The first author that changed this point of view was Joseph Altman, who 
published a series of works in the nineteen sixties/1960s showing evidence for adult 
neurogenesis in adult rats and cats (for review see Gross, C.G., 2000123), using 
autoradiography to track H3 Thymidine, incorporated by proliferating cells during 
mitosis. At the same time, an additional evidence for neurogenesis in songbirds was 
presented175, 285, playing down the importance of adult brain neurogenesis. The 
central dogma, previously mentioned, didn’t disappear until the 1990s, when new 
techniques emerged. It was the use of a tritiated Thymidine analogue, 
Bromodeoxyuridine (BrdU), which was used as a proliferation marker. BrdU can easily 
be labeled with immunohistochemical methods and investigated with a brightfield and 
fluorescence microscopy. In addition, specific antibodies against neuronal or glial 
markers were developed, providing easy methods to distinguish neurons from glia. 
With the help of these methods adult neurogenesis has been demonstrated to exist 
until senescence in numerous mammalian species including humans92. Finally, the 
neuronal behavior of these new cells and their integration into the network was 
confirmed by experiments testing long term potentiation (LTP), synapse formation and 
expression of immediate early genes after stimulation of the hippocampal network168, 

379, 403. 
Probably one of the most exciting scientific findings of the last 50 years is the 

discovery that discrete brain regions make new neurons throughout life. Classically it 
is accepted the presence of two main neurogenic areas in the adult brain of mammals, 
which are the subventricular zone adjacent to lateral ventricles, which provides the 
olfactory bulb (OB) constantly with a stream of progenitor cells through a path called 
the rostral migratory stream, and the subgranular zone of hippocampal dentate gyrus 
(mentioned previously in the first chapter). However, today olfactory bulb is accepted 
like other neurogenic area. For this reason, today three neurogenic areas could be 
taken into account (see figure 20). It has also been reported the presence of newborn 
cells in other brain places, like the hypothalamus or the cortex, but in fact, a consensus 
has not been reached yet. In cerebral cortex, for example, it is known that this 
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neurogenesis may be limited to subtypes of interneurons, and the investigators think 
‘that neurogenesis occurs in the neonatal cortex and that neural stem cells are present 
into adulthood; being possible that these progenitors are dormant, but they may be 
reactivated, for example, following injury’ 97 (See figure 20). 
 

 
Fig. 20. Changes in the point of view of adult neurogenesis over the past 15 years represented in the diagram of an adult rat's 
brain. All regions were considered as 'non-neurogenic' (grey) in the early 1990s. Several decades after, in the late 1990s, only the 
dentate gyrus, the subventricular zone (which gives rise to the rostral migratory stream) and the olfactory bulb were categorized  
as 'neurogenic' (red). Today, these three known neurogenic regions are shown in red, and the areas for which there is 
controversial evidence for low-level adult neurogenesis are shown in pink. It should be noted that not all of these brain regions 
are present on the same sagittal plane, and their location is approximated on this diagram. From Gould, 2007117. 

 

 2.2. ADULT NEUROGENESIS IN MAMMALS 
 

 2.2.A. INTRODUCTION 
 
As mentioned above, in mammals there are two main areas of own 

neurogenesis: The subventricular zone (SVZ), and the subgranular zone (SGZ) in the 
hippocampus. Indeed, the olfactory bulb was assumed like that recently, but we will 
discuss this process in the classical areas described. Neural stem cells from other brain 
areas like the neocortex or the hypothalamus have been isolated in vitro by dissecting 
these areas and growing the precursors in a medium growth factor rich293, but their 
role in vivo is still very controversial, as previously mentioned.  
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 In both cases, the newborn cells are generated from neural stem cells or 
precursor cells (review Chapter 1 to see the differences among them), and after 
maturation these cells will be integrated in the network. There is a big difference 
between the two main neurogenic areas related to the distance in which cells will be 
finally located. In the case of the subventricular zone, these new cells migrate through 
the rostral migratory stream (RMS) to the olfactory bulb (OB). Then, the migratory 
neuroblasts are divided until they are integrated as granular cells in the OB. Only very 
few mature new neurons originating from the SVZ invade the rest of the cortex. This 
was only found after distinct lesions and the cell numbers found were not significantly 
enough to replace the cell loss of the incident236, 277. Meanwhile, in the dentate gyrus 
of the hippocampus, stem cells are located in the subgranular layer producing clusters 
that will form precursors. From there, neuroblasts migrate towards the granule cell 
layer (GCL) where they extend dendrites into the molecular layer (ML) and send 
mossy fibers to the CA3 region (Fig.21). Many more cells are generated than the final 
number of them that ultimately survives. The survival depends on how sufficiently the 
new cells are activated by incoming neural signals (a principle known as ‘use it or lose 
it’). Cells go through defined steps of division, differentiation, migration and 
maturation from the neural stem cell to the mature neuron. There are specific markers 
which are very useful in combination to investigate the different phases of 
development separately. 

 
Fig. 21. Stages of adult hippocampal neurogenesis (A) The subgranular zone (SGZ) is sited at the border of the hippocampal 
dentate gyrus granule cell layer (GCL) and hilus. (B) Stages of differentiation of neurogenic SGZ cells (C) Representation of  
different pharmacological and physiological stimuli which can affect the cells in discrete stages of maturation. From Eisch et al, 
200886. 
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 2.2.B. SUBVENTRICULAR ZONE AND OLFACTORY BULB NEUROGENESIS 
 

From a layer of cells surrounding ventricles (fluid-filled compartments), 
mammalian brains are generated during development. This region is called the 
ventricular zone, which is composed of actively dividing cells that generate neurons 
that migrate to form all structures of the brain. A second germinal zone, the 
subventricular zone (SVZ), is formed later in embryogenesis beneath the ventricular 
zone and generates both neurons and glia. These proliferative zones diminish in size 
during postnatal development, until there is only a thin SVZ left and it is this residual 
SVZ that persists into adulthood. (See figure 22) 

 

 
 
Fig.22. Scheme of SVZ neurogenesis. (a) Head of a mouse showed in red the location of the rostral migratory stream, RMS (b) 
Representation of the migration of newly-generated neuroblasts that begins at the lateral ventricle, continues along the RMS and 
ends in the OB. (c) Cytoarchitecture of the SVZ along the ventricle. Ependymal cells (grey) form a monolayer along the ventricle 
with astrocytes (green), neuroblasts (red) and transitory amplifying progenitors (TAP) (purple) comprising the SVZ. (d) Astrocytes 
(green) ensheath the migrating neuroblasts (red) and are thought to restrict and contain the neuroblasts to their specific pathway. 
(e) Migrating neuroblasts enter the OB, migrate radially and give rise to granule or periglomerular cells. From Lennington et al, 
2003203.  
 

In fact, the subventricular zone is the largest neurogenic niche, and generates 
glial cells, either astrocytes or oligodendrocytes, and olfactory bulb interneurons 
(reviewed in Lois, & Alvarez-Buylla, 1994222). The olfactory bulb fate of the SVZ 
neuroblasts is still maintained, even for grafted cells, as long as they are placed in the 
SVZ or migratory stream extending from the SVZ to the olfactory bulb77. 
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There are three major cell types making up the SVZ, similar to those seen in the 
SGZ. Migrating neuroblasts are known as Type A cells79. The neuronal stem cells here 
are named B cells, which are GFAP-positive cells (GFAP+), and they are divided slowly. 
This kind of cell is subdivided into two subtypes, B1 and B279, which differ in their 
location. Thus while B1 cells (they have apical processes containing immobile cilia) 
are mainly into the lateral ventricle (they can receive signals from the cerebral spinal 
fluid), Type B2 cells are located close to the lower striatal parenchyma262. When B 
cells are divided, they give rise to transient amplifying secondary progenitors, known 
as type C cells, which have a more rapid cell division. Then, C cells are divided and 
give rise to migrating neuroblasts, type A cells79, which migrate from the area below 
the lateral ventricle to the olfactory bulb through what is known as the rostral 
migratory stream (RMS)155 (See figure 23). 

In the RMS, neuroblasts form a chain and migrate towards the olfactory bulb 
through a tube formed by astrocytes222. The RMS begins as chains of positive 
polysialated glycoprotein neuronal cell adhesion molecule (PSA-NCAM) neuroblasts 
located in the SVZ which start to arrange in parallel and converge along the 
longitudinal axis77. PSA-NCAM knockout mice have smaller olfactory bulbs, because 
there was a decrease in efficiency of the migration of neuroblasts to the olfactory bulb 
without the adhesion molecules (although they kept the ability of forming the RMS)58.  

The direction in which neuroblasts used to do this migration is possible by the 
use of chemorepulsion from the ventricular zone and the chemoattraction from the 
olfactory bulb386. Many proteins are involved in this process, being the proteins Slit 
essential and constituting the primary repulsive factor. There are two types of Slit 
proteins expressed in the adult mammalian brain, Slit 1 and Slit 2. The choroid plexus 
will release Slit 2 while the septum, which is caudally located at the SVZ, will secrete 
both Slit 1 and Slit 2146, 420. Mice that lacked the expression of Slit from the septum 
and choroid plexus presented abnormalities in neuroblasts migration279. There are 
more factors involved and necessary for this process to work properly, as it has been 
recently reported by Lindberg et al, 2012218, who proposed epidermal growth factor 
(EGF) as an expansion inductor of migratory neuroblasts through RMS218.  

Once migration is initiated, other signals start to take effect on the migrating 
chain, since a single signal directing the cells away from the SVZ is not specific 
enough to prevent these cells from entering other areas of the cerebral cortex146. 
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Researchers believe that the olfactory bulb is releasing attractant factors, like 
Prokineticin-2 and Netrin-1, which are proposed as molecular attractants being 
released from the olfactory bulb.  

The rates at which type A cells travel through the RMS depend on maturation, 
with older neuroblast moving significantly faster than younger ones. Most of these 
thousands of cells making the trip (more than 30.000 type A cells leave the rodent 
RMS every day, see review by Lledo et al, 2006228) will not reach maturity, and only 
half out of those adult generated mature neurons will survive for more than a month 
(reviewed by Lledo et al, 2006228). Survival rates can be increased, however, with the 
enhanced odor enrichment325.  

 
Fig 23:  Scheme that represents the five developmental stages during Adult SVZ neurogenesis of the lateral ventricle and the 
olfactory bulb. The expression of stage-specific markers is also represented as well as the sequential process of synaptic 
integration, and critical periods regulating survival and plasticity of newborn neurons (1) activation of radial glia-like cells in the 
subventricular zone in the lateral ventricle (LV); (2) proliferation of transient amplifying cells; (3) generation of neuroblasts; (4) 
chain migration of neuroblasts within the rostral migratory stream (RMS) and radial migration of immature neurons in the 
olfactory bulb (OB); (5) Synaptic integration and maturation of granule cells (GC) and periglomerular neurons (PG) in the 
olfactory bulb. Abbreviations:  GFAP: glial fibrillar acidic protein; DCX: doublecortin; NeuN: neuronal nuclei; LTP: long-term 
potentiation. From Ming & Song, 2011261. 
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Upon reaching the olfactory bulb neuroblasts must be separated from their 
chain mates and radially migrate toward their target areas.  Saghatelyn et al. (2004)340 
determined that the Tenascin-R molecule was required to direct the detached 
neuroblasts to their correct positions on the outer layer of the olfactory bulb. 
Tenascin-R is generated by granule cells in the deeper layers of the bulb, and their 
deficiency did affect the local migration of cells released from the RMS340.  

Once the neuroblasts reach their target they will then be classified in two types 
of interneurons: ‘the majority become GABAergic granule neurons, which lack axons 
and form dendro-dendritic synapses with mitral and tufted cells, while a minority 
become GABAergic periglomerular neurons, a small percentage of which are also 
dopaminergic’ (reviewed at Ming&Song, 2011260). Both develop receptors for 
inhibitory neurotransmitter GABA and function as local inhibitors due to this 
property. These new cells enter into the current circuitry to replace old cells that 
underwent apoptosis (reviewed in Kohwi et al, 2007189).  

It is thought that the turnover of new cells in the olfactory bulb may be to 
enhance odor differentiation through pattern separation from the inhibitory 
interneurons (reviewed in Sahay et al, 2011341). An experiment done by Gheusi et al. 
2000107 showed reduction in adult born olfactory interneurons is associated with a 
decrease in the ability to discriminate odors107. The ability to change olfactory bulb 
interneurons provides extra plasticity. 

 

 2.3 ADULT HIPPOCAMPAL NEUROGENESIS  
 

 2.3.A. THE HIPPOCAMPAL FORMATION: ANATOMY AND CONNECTIVITY 
 
The hippocampus, or hippocampal formation, is an archicortical region located in 

humans inside the medial temporal lobe, beneath the cortical surface. This structure is 
long known, and it was studied by Cajal (see figure 24). Basically it includes the 
Ammon’s horn (or cornu ammonis, CA), which is formed by CA1, CA2, CA3 and CA4, 
the dentate gyrus which contains the dentata fascia and the hilus, and the subiculum. 
However, the region known as CA4 is in fact the 'deep, polymorphic layer of the 
dentate gyrus’ (as clarified by Theodor Blackstad 195633 and by David Amaral 
197815). 
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Fig. 24. Picture of hippocampus by Santiago Ramón y Cajal (1911). 

 
The hippocampal formation has been largely suggested to encode and consolidate 

memory348, 380. Therefore it is known that these structure plays a role in memory 
retrieval237, 302, and code information about space88, 237, 269, 270. To more information 
about the neurogenesis function see section 2.4.  

Pyramidal cells in the hippocampal formation are majorly glutamic cells, 
containing AMPA and NMDA receptors which control sodium and calcium ion 
gradients. In relation to their connectivity, this complex structure receives the majority 
of its inputs from the superficial layers II and III of the entorhinal cortex, and connects 
with granule cells of dentate gyrus through the perforant pathway (reviewed by 
Witter et al, 1993417). On the other hand, granule cells are connected with CA3 
excitatory pyramidal cells via mossy fibers16, provide a powerful input into CA3173, 329, 
and they are also interconnected through hilar excitatory interneurons and receive 
recurrent inhibition through hilar inhibitory interneurons. The projections from the 
DG to CA3, CA3 to CA1, and CA1 to deep layers V and VI of the entorhinal cortex 
through the subiculum (for review see Rolls et al, 2006329) are known like the major 
trysinaptic loop (see figure 25). 

The trysinaptic loop is the most important connection of hippocampus, but not the 
unique one. In fact, the hippocampal formation is connected to locus coeruleus 
through noradrenergic input from this nucleus. Also, it receives dopaminergic 
stimulation from the ventral tegmental area (VTA), acetycholinergic stimuli from the 
medial septum and serotonergic input from the raphe nucleus. The connections which 
seem to be ‘information’ related are from the mammilary bodies, through the fornix. 

http://www.macalester.edu/academics/psychology/whathap/ubnrp/ltp04/glossary.htm#glutamate
http://www.macalester.edu/academics/psychology/whathap/ubnrp/ltp04/glossary.htm#VTA
http://www.macalester.edu/academics/psychology/whathap/ubnrp/ltp04/glossary.htm#medial septum
http://www.macalester.edu/academics/psychology/whathap/ubnrp/ltp04/glossary.htm#raphe nucleus
http://www.macalester.edu/academics/psychology/whathap/ubnrp/ltp04/glossary.htm#mammilary bodies
http://www.macalester.edu/academics/psychology/whathap/ubnrp/ltp04/glossary.htm#fornix
http://upload.wikimedia.org/wikipedia/commons/2/25/CajalHippocampus_(modified).png
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The structure also receives information from the amygdala regarding odors and 
emotions.  
 

 
 
Fig. 25. The neural circuitry in the rodent hippocampus a) An illustration of the hippocampal circuitry. b) Diagram of the 
hippocampal neural network. The traditional excitatory trisynaptic pathway (entorhinal cortex (EC)–dentate gyrus–CA3–CA1–
EC) is depicted by solid arrows. The axons of layer II neurons in the entorhinal cortex project to the dentate gyrus through the 
perforant pathway (PP), including the lateral perforant pathway (LPP) and medial perforant pathway (MPP). The dentate gyrus 
sends projections to the pyramidal cells in CA3 through mossy fibres. CA3 pyramidal neurons relay the information to CA1 
pyramidal neurons through Schaffer collaterals. CA1 pyramidal neurons send backprojections into deep-layer neurons of the EC. 
CA3 also receives direct projections from EC layer II neurons through the PP. CA1 receives a direct input from EC layer III 
neurons through the temporoammonic pathway (TA). The dentate granule cells (DGCs) (DGC) also project to the mossy cells in 
the hilus and hilar interneurons, which send excitatory and inhibitory projections, respectively, back to the granule cells. From 
Deng et al, 201072. 

 

http://www.macalester.edu/academics/psychology/whathap/ubnrp/ltp04/glossary.htm#amygdala
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 2.3.B. HIPPOCAMPAL DENTATE GYRUS: THE SUBGRANULAR ZONE 
 

The subgranular zone (SGZ) is located within the dentate gyrus, which is part 
of the hippocampus in the mammalian brain. It is a place not-structurally bounded, 
but defined by the presence of the neural stem cells, under the granule cell layer, 
where the presence of these kinds of cells, NSCs, as well as their divisions has been 
reported. This new generation of cells can lead to neurons aimed at becoming 
hippocampal granular cells222 (see figure 26). 

 

 
Fig. 26: Architecture of the subgranular zone (SGZ) in mouse brain. Adapted from Ihrie et al, 2008 and Seri et al 2004154, 359 

 
The stem cells of this zone have been named as type 1 cells. They have many 

similarities to adult astrocytes like the marking with glial fibrillar acidic protein 
(GFAP), but they are different because they are not positive to S100β, which is often 
used as a marker for astrocytes100. These cells have a triangular shape, with their soma 
located below the granular layer, and which possess an apical process that reaches 
into the molecular layer of the dentate gyrus (reviewed in Ming, & Song, 2011260). 
They are identified by their expression of nestin, an intermediate filament found in 
progenitors in association with astrocytic features.  

When type 1 cells have an asymmetric division, they give rise to type 2 cells, 
which are considered the highly proliferative intermediate precursor cells. These 
intermediate precursors allow a sufficient number of new cells to be formed with the 
minimum necessary divisions from the original stem cells84. Morphologically, type 1 
and type 2 cells are different. In this case, type 2 cells lack long processes, have a 
smaller soma, and possess oval nuclei100. Therefore, these cells can be arranged into 
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two sub-categories based upon molecules expressed, type 2a and 2b. While the first 
ones (type 2a) still maintain glial markers (however they no longer have the 
morphology of a glial cell), type 2b cells begin to express some specific transcription 
factors, and they will be marked using NeuroD1 (neuronal differentiation 1) and 
Prox1(prospero homeobox 1). Type 3 cells are derived from type 2 cells, which are 
neuroblasts and immature neurons259. 

Zhao et al. used retrovirus mediated gene transduction in the hippocampus of 
adult mice to track the developing neurons. They described in their work427 four 
different morphological stages: Stage A that occurs during migration. In this stage 
developing neurons begin to polarize and grow axons and dendrites. Then in stage B, 
considered as the stage of development, dendrites grow to reach into the molecular 
layer, and the axon of each immature neuron reaches into the CA3 area of the 
hippocampus. Stage C is where the spines are initially developed, which will only 
begin after the axon is integrated into the CA3. Finally, stage D is the longest one, as it 
occurs in several months, where spines are continually modified427 (See figure 27). 

During these stages, most of new neurons will be eliminated before they form 
connections with their targets in the CA3. This is the reason by which it is usually 
accompanied by an increase in apoptosis when there is a neurogenic increase, because 
not all cells can survive. The neurons that survive are integrated into the current 
circuitry, and share many of the same properties as the preexisting neurons. For 
example, they have similar threshold and resting potentials, and input resistances404. 
Beyond the similar functional properties, newly generated cells are morphologically 
indistinguishable from the older cells surrounding them, and in order to label them it 
is necessary the use of mitotic markers248.  
  Researchers have inferred that these granule cells are not created to replace old 
cells and, in addition, the current circuitry is indicative of a specific functional role for 
adult neurogenesis (reviewed in Appleby et al, 201119). There are several theories 
about the function of these new granular cells, which will be discussed later (see 
section 2.4). 
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Fig.27: Summary of five developmental stages during Adult neurogenesis in the dentate gyrus of the hippocampus. The expression 
of stage-specific markers is also represented as well as the sequential process of synaptic integration, and critical periods 
regulating survival and plasticity 1) activation of quiescent radial glia-like cell in the subgranular zone (SGZ); 2) proliferation of 
non-radial precursor and intermediate progenitors; 3) generation of neuroblast; 4) Integration of immature neurons; 5) 
maturation of adult-born dentate granule cells (DGCs) (DGC). Abbreviations: ML: molecular layer; GCL: granule cell layer; SGZ: 
subgranular zone; GFAP: glial fibrillar acidic protein; BLBP: brain lipid-binding protein; DCX: doublecortin; NeuN: neuronal 
nuclei; LTP: long-term potentiation. From Ming & Song, 2011260. 

 
. 
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 2.3.C. DEVELOPMENT OF NEWBORN NEURONS IN THE ADULT HIPPOCAMPUS 
(Adapted from Deng et al, 201072) 
 
The neurons formed during the adult neurogenesis process, come from neural stem 

cells or progenitor stem cells in the SGZ (See figure 28). When the new cells are 
generated they are classified in new dentate granule cells (DGCs), whereas a small 
population of them becomes glia. Once new cells are formed they must change their 
morphology and physiology. It is a long process that is species-dependent, but we 
analyses the process in mice (Reviewed by Deng et al, 201072). 

 
Fig.28: Maturation of new-born dentate granule cells (DGCs) (DGC) (DGC) in mice. From Deng et al, 201072. 
 

For their first week after birth, these cells undergo their initial differentiation and 
migrate a short distance into the granule cell layer of the dentate gyrus, where they 
extend limited cellular processes. There are not synaptically integrated yet into the 
network. Now, these cells respond to γ-aminobutyric acid (GABA). The GABA-
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mediated activity seems to be important for the survival and maturation of adult-born 
DGCs72. 

Later, in the second week, they acquire neuron-like characteristics. For example, 
they grow polarized processes, with dendrites extending towards the molecular layer 
and axons (mossy fibres) growing through the hilus towards CA3 (See figure 28). 
Nevertheless, these immature DGCs are still considerably different from mature DGCs. 
In fact, they have a higher membrane resistance and different firing properties. 
Moreover, at this stage, the adult-born DGCs lack glutamatergic input, but they 
receive synaptic GABAergic input (from local interneurons), and the resulting 
responses have slow rising and decay kinetics72. 

Adult-born DGCs start to form afferent and efferent connections with the local 
neuronal network (see figure 28) in the third week after birth. By approximately day 
16, spines begin to appear on the dendrites of adult-born DGCs, forming synapses 
with the afferent axon fibres in the perforant pathway that comes from the entorhinal 
cortex. This network integration of the adult-born DGCs is influenced by a local 
synaptic activity. Therefore, efferent synapse formation of adult-born DGCs can also 
be affected by existing synapses. Thus, the development of both afferent and efferent 
synapses from newly generated DGCs seem to involve targeting to pre-existing 
synaptic partners, which suggests a role for circuit activity in the integration of adult-
born DGCs72. 

The timing of synaptic integration coincides with the transition of GABAergic input 
from being excitatory to being inhibitory and with the onset of glutamatergic synaptic 
inputs. Between the second and the third week of age, the survival of adult born DGCs 
depend on N-methyl-D-aspartate (NMDA)-receptor mediated cell-autonomous 
activity. In fact, this kind of glutamate receptor has been implicated in neuronal 
development and plasticity72. 

With the gradual maturation of their physiology and connectivity, the adult-born 
DGC exhibits stronger synaptic plasticity than mature DGC, around the forth and the 
sixth week of age, as indicated by their lower threshold for the induction of long-term 
potentiation (LTP) and their higher LTP amplitude. Although the structural 
modification of dendritic spines and axonal buttons continues to occur as the adult-
born DGC become older, the basic physiological properties and synaptic plasticity at 
the eighth week of age are indistinguishable from those of mature DGCs72. 
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Several works showed that newborn neurons in adult hippocampus are 
functional168, 404, 427 and are integrated into hippocampal circuitry168. CA3 pyramidal 
neurons do respond differently to the granule cell activity136, given the different 
electrophysiological properties of immature neurons. On the other hand newborn 
neurons may have the ability of contributing only to the encoding within the 
hippocampus.  
 

 2.4. FUNCTION OF ADULT HIPPOCAMPAL NEUROGENESIS 
 

 2.4.A. LEARNING AND MEMORY, ‘COGNITIVE FUNCTIONS’ 
 
In recent years there are so many groups interested in the function of adult 

hippocampal neurogenesis. Thanks to their efforts today we can understand a little bit 
more about the process and we are sure of some of these functions.  

To study this complex process they had used different in vivo and in vitro 
approaches. Most of them had been focused on the ablation of adult neurogenesis 
through X-ray irradiation (several low-dose, typically 5Gy , treatments spaced several 
days apart), drugs administration (the most common is the systemic antimitotic agent 
methylazoxymethanol acetate (MAM) or transgenic mice. The following has been a 
common design used to evaluate the functionality of adult hippocampal neurogenesis: 
knock-down adult born neurons in the intact adult hippocampus in animals and then 
behaviorally challenge the animals in paradigms designed to test learning and 
memory.  

The results obtained from neurogenesis ablation reports are contradictory, probably 
due to two main explanations: the first one, adult hippocampal neurogenesis 
contribution may be specific and thus commonly used behavioral paradigms do not 
adequately test functional deficits. A second explanation is that a compensate process 
could exist in animals which had lost mature granule cells within the DG or other 
hippocampal subregions. For that, the demand of techniques that selectively ablate 
adult neurogenesis within the DG without impacting the integrity of the mature DGC, 
the hippocampus, and surrounding cortex (and can be demonstrated to do so 
unequivocally) is high. At present, different experiments using non-overlapping 
techniques, and presumably non-overlapping patterns of off-target effects, provide 
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the best support for the functional contribution of the adult hippocampus 
neurogenesis. 

Currently, the idea of a different function of dorsal and ventral hippocampus, 
referred to dentate gyrus, gains importance. Fanselow et al, says ‘The dorsal 
hippocampus, which corresponds to the posterior hippocampus in primates, performs 
primarily cognitive functions. The ventral (anterior in primates) relates to stress 
emotion and affect. Strikingly, gene expression in the dorsal hippocampus correlates 
with cortical regions involved in information processing, while genes expressed in the 
ventral hippocampus correlate with regions involved in emotion and stress (amygdala 
and hypothalamus)95.’ In fact, we will analyze the dorsal or cognitive functions, and in 
next section the ventral or emotional functions. 

Referred to well-known functions, the adult hippocampal neurogenesis has been 
implicated in learning and memory403, 404, and it plays an important role in the normal 
function of the DG in spatial learning172, 426, 428. It may be also necessary for the 
functional integrity of the circuits in which new cells are born. In fact, hippocampal 
lesions or disruptions of the function of the hippocampus impair spatial working 
memory49, 201. Therefore, it is known that newborn neurons contribute to synaptic 
plasticity (LTP) in the DG347, 377, 428.  

Today, it is known that different subregions of the hippocampus contribute 
differentially to learning and memory. In fact, CA1 subregions participate in temporal 
processing110. On the other hand, CA3 appears to process spatiotemporal memory; 
and lesions or inactivation of CA3 lead to deficits in spatial working memory110, 130, 185. 
Therefore, CA3 and the trisynaptic pathway (DG-CA3-CA1) are thought to be 
important for rapid and one-trial spatial and contextual learning (novelty detection) 
and to tune CA1 place fields. CA3 is also thought to mediate the pattern completion 
and learning of associations where space or sequence is a component110, 184, 329. In 
contrast, CA1 participates in consolidating memory through establishing associations 
between the hippocampus and neocortex as well as processing temporal 
information68, 69, 329. Lesion and inactivation studies of the DG subregion result in 
impaired spatial working memory256, 409. Therefore, a recent work demonstrates that 
adult neurogenesis contributes to cognitive flexibility when it requires changing a 
learned response to a stimulus-evoked memory43. Several studies in rodents and 
humans have shown that the DG has specific functions in the formation of different 
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similar representations or interfering inputs (be it spatial, object-related, or episodic), 
a process known as pattern separation149, 151, 184, 202, 206, 257, 329. 

The recurrent connectivity (mainly of CA3), has been hypothesized to participate in 
episodic and working memory121, 185, 415. CA3 and CA1 pyramidal neurons and DG 
granule cells are suggested to participate in formation of a cognitive map, remapping 
to novel stimuli/environments, and memory consolidation3, 88, 104, 281. It appears that 
with repeated trials and additional training, mice with lesions to or inactivation of the 
DG and/or CA3 can still learn spatial information incrementally, presumably mediated 
by CA1202, 276. 

 
 2.4.B. STRESS, DEPRESSION AND ANXIETY, ‘EMOTIONAL FUNCTIONS’ 

 
‘Basic and clinical studies demonstrate that depression is associated with reduced 

size of brain regions that regulate mood and cognition, including the prefrontal cortex 
and the hippocampus, and decreased neuronal synapses in these areas82´. 

In 1990’s it was discovered that stress and stress hormones robustly decrease the 
generation of hippocampal neurons and increase cell death118. Therefore, it was 
established that the depletion of serotonin inhibited adult neurogenesis38, and that 
chronic but not acute antidepressant treatment increased SGZ proliferation and 
neurogenesis242. This was the point of view that modified the neurogenesis field, and 
then, it was established ‘The neurogenesis hypothesis of depression’. During the last 
decade there were a lot of works on this subject. In fact, today there is almost a century 
of work on the hippocampus, stress, monoamines, major depressive disorder 
(MDD)138, 223, 254, 345. 

In this investigations, it is usually possible to found different types of 
antidepressants like pharmacotherapeutics (such as tricyclic and selective serotonin 
reuptake inhibitors), as well as electroconvulsive shock therapy (ECS) and 
environment interventions that are antidepressant, like running242, 344, 403. 

Concerning all these discoveries, it was postulated that adult neurogenesis affect 
emotional processes like stress, depression and anxiety. However, conflicting findings 
from preclinical research—involving stress, depression, and neurogenesis—highlight 
the complex role of neurogenesis in these process  (more information at Eisch et al, 
201287). 
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Basically there are two postulates related to the neurogenesis hypothesis of 
depression: 1) Decreased adult neurogenesis results in depressive or anxious 
phenotypes (Fig. 29); 2) Effective treatments for these disorders require intact 
hippocampal neurogenesis (Fig. 30)307.  

 

 
Fig. 29. Adult hippocampal neurogenesis and the neurogenesis hypothesis of depression. (A) Scheme of the rodent telecephalon 
reveals a cross-section through the hippocampus (colored lines) with the dentate gyrus in red. (B) Representation of the dentate 
gyrus shows the superior and inferior blades of the granule cell layer (GCL, brown) and the subgranular zone (SGZ, red) where 
the hippocampal neurogenesis occurs. (C) Higher magnification of the boxed region from (B) displays the phases of adult 
hippocampal neurogenesis as a function of time. The neural stem cells (NSCs, green) putatively give rise to the transiently-
amplifying progenitors (blue and violet), whose progeny differentiate into immature neurons (dark violet) and finally into fully 
mature dentate gyrus GC neurons (red). (D) Under normal, physiological conditions, the process from NSCs to mature GC takes 
approximately 4-6 weeks. (E) The first postulate of the neurogenesis hypothesis of depression states that reduced neurogenesis 
should result in a depressive phenotype. (F) The second postulate of the neurogenesis hypothesis of depression states that 
antidepressants require adult neurogenesis for effects in improving mood. From Petrik et al, 2012307. 

 

 
Fig. 30. Is the efficacy of antidepressants reliant on intact adult hippocampal neurogenesis?  (A) Some studies show that after 
disruption of neurogenesis, antidepressants still produce antidepressant or antianxiety effects in behavioral tests, here 
summarized as “improved mood”. However, other studies show that after disruption of neurogenesis, antidepressants fail to result 
in antidepressant or antianxiety effects in behavioral tests, here summarized as “impaired mood”. (B) The conflicting results  
summarized in (A) may in part be explained by the many factors that influence whether adult-generated neurons are required for 
antidepressant efficacy or not. Stress or anxiety levels of the experimental animals, difference in animal strain that may influence 
the basal level of adult neurogenesis, and the type of ablation strategy utilized are just some of the factors that appear to influence 
whether antidepressants influence mood regulation via adult-generated neurons or not. From Petrik et al, 2012307. 
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 2. 4. C. PATTERN SEPARATION 
 

The DG has been accepted to be responsible for pattern separation through 
sparse coding173, 184, 185, 286, 329. Strictly, pattern separation is a process of encoding249. 
The process happens by the fact that granule cells have small place fields263, exhibit 
low, but highly reliable firing rates173, and must overcome inhibitory interneuron 
input. For that reason, there is a low probability that a similar subset of DG cells will 
send input to the same CA3 neurons286, 329. 

The DG’s role in pattern separation is certainly required for initial memory 
formation, but their role in reconsolidation memory is unclear. It has been suggested 
that memory retrieval may bypass the DG altogether184, 206. Once a spatial pattern 
separation has led to the encoding of distinct spatial representations, presumably CA3 
place cells are able to maintain (for at least brief periods of time) these ‘memories’ and 
selectively reactive them depending on experience206, 286 (see figure 31). 

While pattern separation refers to a process of encoding, pattern completion is 
the process of retrieval of a whole representation/memory from an incomplete part. 

‘Functionally, it has been proposed the hippocampus serves two primary 
functions to subserve memory: (1) To serve as a competitive learning network that 
reduces the degree of overlap among activity patterns to facilitate storage with 
minimal interference with other activity patterns, and (2) to serve as an auto 
association network that is capable of recalling stored activity patterns from partial 
cues185, 249, 329… To perform this function efficiently and to prevent false, noisy, or 
erroneous recall; representations in the hippocampus must be kept distinct, since very 
similar activity patterns need to be distinguished during retrieval. Importantly, by 
definition, pattern separation and pattern completion are separate processes that are 
dynamically at odds with each other. To the extent that the system takes similar input 
patterns and separates them into orthogonal representations, unique memories will be 
formed that do not overlap with previous or subsequent memories. However, this 
orthogonalization interferes with the pattern completion process which requires that a 
partial or overlapping input pattern trigger the recall of an existing memory instead of 
the creation of a distinct, new one. Because there is such a fine balance between 
pattern separation and pattern completion processes in the hippocampus, it has been 
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proposed that any unbalance to these processes may underlie a wide array of diseased 
states (e.g., autism and schizophrenia), as well as neurocognitive aging.’ 150 

Pattern separation is typically tested by comparing behavioral or physiologic 
response to conditions in which inputs are more similar to those in which inputs are 
dissimilar. In behavioral studies, a goal-related object/space serves as the input that 
must be separated from a familiar object/space202. Similarly, pattern separation is often 
tested by comparing cellular response to similarities/dissimilarities between 
environments in which an exploration task is performed202, 206. Lesions of the DG, and 
non-lesions of CA3 or CA1, produce deficits when the similarities between spaces or 
objects to be discerned are maximal or testing environments are very similar, but DG 
lesioned rodents are not impaired when (spatial) interference is low149, 151, 202. 

 

 
Fig. 31. Neurogenesis and pattern separation in the dentate gyrus and the olfactory bulb. The dentate gyrus and the olfactory bulb 
(blue boxes) are required for discrimination between similar contexts and similar odors (A and B), respectively. This process  is 
termed pattern separation and is modulated by adult neurogenesis which is the generation of new neurons throughout life 
(yellow box). When adult neurogenesis is blocked either by irradiation (X-ray) or by genetic ablation, discrimination is impaired 
leading to generalization and an inability to distinguish A from B. In contrast, when neurogenesis is stimulated by genetic 
manipulations (iBax) or exercise, discrimination is enhanced. From Sahay et al, 2011341.  

 

 2.6. REGULATION OF NEUROGENESIS 
 

‘Since the general recognition and acceptance of adult neurogenesis a large 
amount of studies have been conducted to investigate how neurogenesis is regulated’ 
174. Between these factors it is possible to found: 
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1. Adrenal steroids, which are one of the most important neurochemical 
regulators of neurogenesis. It is known that increased corticosterone 
plasma levels (which can appear as a reaction to applied stress) have 
negative effects on hippocampal neurogenesis118, 390. This effect is reversed 
by adenalectomy (depleting the system from corticosterone). On the other 
hand, ovariectomy decreases GCL precursor proliferation and if plasma 
levels are reconstituted, hippocampal neurogenesis is increased in the first 
hours. But if plasma levels stay high over prolonged time, an overall 
suppression of proliferation is observed291, 390. Estrogen induced positive 
stimulation of proliferation is mediated by serotonin, downregulation of 
proliferation is mediated by adrenal steroids22, 291. Estrogen as a positive 
regulator of neurogenesis is further modulated by interaction with IGF-
1306. 
 

2.  Insulin-like Growth Factor 1 (IGF-1) itself is an important growth factor 
neurogenesis highly depends on. Plasma levels of IGF-1 are increased by 
exercise and this promotes major increases in GCL precursor 
proliferation397. This systemic IGF-1 is mostly synthesized in the liver and 
enters the brain through endothelial cells. It can be blocked by 
subcutaneous injection of an antibody against IGF-1, which blocks exercise 
induced increases of proliferation397, or it can be simulated by peripheral 
injection of IGF-1.  

 
3. Other periphery growth factors, like Fibroblastic Growth Factor 2 (FGF-2) 

and Vascular Endothelial Growth Factor (VEGF), which produce and 
increase in neurogenesis408. If these growth factors from the periphery are 
blocked, a low level ‘basal neurogenesis’ is observed in the GCL, due to the 
local expression of these growth factors by astrocytes and neurons114. 

 
4. Epidermal Growth Factor (EGF) or Brain-Derived Neurotrophic Factor 

(BDNF) and is further modulated by co-factors, such as Cystatin C and 
heparin, which facilitate growth factor binding to their receptors170, 391. 
BDNF is a growth factor expressed in the hippocampus without further 



Ph.D. Sylvia Ortega Martínez  2013

 

 

In
tro

du
cti

on
 

 102
 

supply from the periphery. The up-regulation of BDNF expression is 
mediated through serotonin and noradrenalin, which also explains the 
high levels of BDNF and neurogenesis after antidepressant treatment106, 335. 

 
5. Cytokines (expressed as part of an inflammatory response) produce a down 

regulation of neurogenesis. This negative response to inflammation can be 
prevented with Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) or with a 
blocking antibody against the cytokine Interleukin 6 (IL-6)268. The 
suppressive effect of IL-6 on neurogenesis was also confirmed in a 
transgenic mouse engineered to over express IL-6 in the brain402. Another 
cytokine, Ciliary Neurotrophic Factor (CNTF) promotes self-renewal of stem 
cells and prevents the progeny from differentiating368. CNTF transmits its 
signal through gp130 and Leukemia Inhibitory Factor Receptor (LIFR) and 
promotes the expression of NOTCH, an inhibitor of neuronal 
differentiation62.  

 
6. Neurotransmitters like serotonine, dopamine and acetylcholine were found 

to directly stimulate neurogenesis141, 264. It is therefore not surprising that 
psychoactive drugs such as lithium and selective serotonin reuptake 
inhibitors as well as haloperidol (a dopamine antagonist) increase 
neurogenesis38, 59, 162.  

 
7. Deleterious drugs to neurogenesis are morphine, metamphetamine and 

alcohol85, 137. 
 
8. The entorhinal input connection has a direct influence on neurogenesis. It 

has been shown that excitatory input from the entorhinal cortex through 
the N-Methyl-D-Aspartate (NMDA) receptor suppresses neurogenesis, 
while inhibition of this pathway through the blockage of NMDA receptors 
or the removal of input enhances it45. 

 
9. CNS insults, so brain injury through cerebral ischemia, seizure or 

neurotoxic lesion all lead to an increase of neurogenesis28, 120, 219. However, 
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in all these experiments the damage was far greater than the response and 
the ability of neurogenesis to repair the damaged tissue seems very limited. 

 
Considering all these evidences, a new concept named ‘Neurogenic 

Interactome’ has been recently published. It was proposed by Eisch et al, 201287 like a 
consequence of the differences observed in antidepressant treatments. In this way they 
proposed, that ‘these differences in literature can be accounted for by considering the 
diverse and dynamic factors regulating neurogenesis, using a model we refer to as 
“neurogenic interactome” (see figure 32). The neurogenic interactome consists of key 
endocrine and neurochemical signaling cascades, reciprocal connections among brain 
regions that control adult neurogenesis, and their major downstream influences on 
behavior’87.  

 

 
Fig. 32. The neurogenic interactome. Both direct and indirect anatomical connections (solid and dashed white lines, respectively) 
influence adult neurogenesis in a dynamic manner (double-headed green line). Alterations in neurogenesis reciprocally influence 
the connecting regions (dashed white line). For example, intact neurogenesis inhibits the hypothalamus (dashed yellow line) and 
the “stress axis,” including the HPA axis, thus contributing to mood control. In contrast, during stress, the HPA axis and limbic 
system are activated (solid yellow lines). This influences both levels of neurogenesis and the reliance of key brain functions, like 
cognition and mood, on adult-generated hippocampal neurons. Thus, the stress experience (length, duration, type) influences the 
importance of adult-generated neurons in buffering the stress response. Moreover, involvement of adult-generated neurons in 
pattern separation and thus cognition can protect against depression by improving recognition and coping with stressors. The two 
major functions of adult-generated hippocampal neurons, mood/stress control and learning/cognition, help explain the 
involvement of adult neurogenesis in etiology of depression-like phenotype and guide design of novel antidepressants. From Eisch 
et al, 201287. 
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 2.7. NEUROGENESIS IN THE AGING HIPPOCAMPUS 
 

As previously mentioned in Chapter 1, there is a loss of neural stem cells with 
age. In fact, at aging brain neurogenesis remains functional, but the number of newly 
generated neurons declines gradually36. It is known that adult stem cells, in a variety 
of tissues, proliferate more slowly and become less productive with age. This fact may 
occur because adult stem cells do have limits in their replication capabilities. In DNA 
replication field it is also known that 20-50 base pairs at the end of the chromosomes 
remain un-copied, named telomere, whose cells are used to prevent damage to the 
genetic information. In embryonic stem (ES) cells the telomere is kept at a constant size 
by telomerase activity, but in adult stem cells telomerase activity is limited and they 
eventually reach senescence by telomere shortening318. A slower rate of proliferation 
might simply prevent these cells from becoming dysfunctional or cancerous. 
Therefore, a study found that adult stem cells with reduced telomere length and 
decreased telomerase activity display a suppressed level of mitotic and migratory 
activity103. 

This lower level of neurogenesis starts in middle aged animals and it is 
controlled by a reduced expression of the growth factors neurogenesis depends on, 
like Insulin Growth Factor (IGF), Fibroblastic Growth Factor (FGF), or Epidermic 
Growth Factor (EGF). In fact, when these growth factors are administered to animals, it 
is possible to see an increase in neurogenesis170, 215. On the other hand, the down 
regulation of these growth factors follows the same pattern as the down regulation of 
neurogenesis36, 364. 
 

 2.8. ALZHEIMER’S DISEASE (AD) AND NEUROGENESIS. 
(Adapted from Mu et al, 2011271)  
 

In 1906, the German psychiatrist Alois Alzheimer (1864-1915) presented the 
case of a 54 year old woman who suffered from progressive dementia. He described 
the clinical and pathological symptoms for the first time, as Dementia Praecox, now 
known as Alzheimer’s disease, AD (Alzheimer, 1906). This disease is an age-related 
neurodegenerative disorder characterized by a progressive loss of memory and 
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deterioration of cognitive functions. Individuals with this disorder usually experience 
difficulties in learning, performance speed, recall accuracy and/or problem solving113. 

It is possible to assume that in this disease an altered behavior of neural stem and 
progenitor cells occurs due to the profound changes that are found in the AD brain. 
Therefore, it is tempting to hypothesize that the memory loss of AD patients is related 
to a disturbed neurogenesis in the hippocampus, and it would constitute a potential 
target for therapy. The compensation for neuron loss in the hippocampus by 
controlled stimulation of endogenous neurogenesis might restore some of the lost 
hippocampal function271.  

Quite a few central molecules to AD have been found to play a regulatory role in 
aspects of adult neurogenesis. Yang et al. demonstrated that lack of ApoE increased the 
proliferation of early NPCs within the DG, which resulted in depletion of the overall 
pool of Type 1 NSCs over time271. Therefore, it is known that APP intracellular domain 
(AICD) expression decreased hippocampal progenitor cell proliferation and survival. 
In contrast to the negative effect of AICD on neurogenesis, the soluble fragment of 
amyloid beta (A4) precursor protein (sAPP) was shown to protect neurons and 
promote neurogenesis, possibly mediated by its ability to prevent overactivation of 
CDK5 and tau hyperphosphorylation. In fact, sAPP regulated proliferation of EGF-
responsive NSC in both the subventricular zone (SVZ) and in the SVZ (most commonly 
accepted) of the DG, most likely as a consequence of an enhancement of local sAPP 
production. Information from studies using gene-modified mouse models of AD seems 
to be more complex (Table 1). 

In a recent review, Mu et al presented evidence that multiple molecular players 
could contribute to AD pathogenesis, mainly ApoE, PS1, APP and its metabolites, which 
can modulate adult hippocampal neurogenesis271 (see figure 33). 

Neurogenesis has been investigated in AD mouse models, but these models and 
methods differ and the results obtained are controversial. Most of these mouse models 
overexpress APP, and it has been shown that sAPP can act as a growth factor by 
binding to neural precursor cells, and the lock of sAPP can decrease neurogenesis in 
vivo44. In addition, APP seems to have an anti-apoptotic effect on stressed neurons. In 
vitro experiments which used precursor cultures with Aß are equally controversial: 
One study found Amyloid beta 42 (Aβ42) to be toxic to human neural precursor cells 
and inhibit migration133, another study found that Aß42 provokes increased 
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differentiation towards the neuronal cell fate, but had no effect on proliferation or 
apoptosis225. 

 

 
Fig.33. Role of several pathways of Alzheimer's disease (AD) when interacting with neurogenesis in the adult hippocampus. In the 
non-amyloidogenic pathway, APP is processed by a-secretase that cleaves within the Ab domain. sAPP and a membrane-bound 
carboxyl-terminal fragment are generated. In the amyloidogenic pathway, APP is sequentially cleaved by b- and g-secretases to 
release the neurotoxic Ab peptide. b-secretase cleavage of APP forms a secreted ectodomain sAPPb and a membrane-bound 
fragment. Cleavage of the latter product generates AICD and Ab. Suggested functions of relevant signal molecules in adult 
hippocampal neurogenesis are summarized. From Mu et al, 2011271. 
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In addition, neurogenesis depends on an angiogenic niche and it is located in 
close proximity to the vasculature294. Disturbance of the niche may interfere with 
stem cell behavior, and it may occur by Aß deposition in the vasculature25, 416. Deficits 
in the brain vasculature of an AD mouse model increase with progressive age and Aß 
deposition25. A similar disturbance of the neurogenic/angiogenic niche by microglia 
activation and/or spatial disruption has been observed in irradiated mice268.  

‘Notably, alterations in neurogenesis occur at the very early stage of AD 
progression, prior to processes that may secondarily affect neurogenesis, such as 
neuronal loss, amyloid deposition and inflammation. These findings suggest that 
neurogenesis represents an integral part of AD pathology. Otherwise, expression of 
AD-causing molecules impinges upon neurogenesis and dysregulated neurogenesis 
might in turn facilitate the disease progression. On the other hand, conditions that 
stimulate endogenous neurogenesis (e.g., environmental stimuli, physical activity, 
trophic factors, cytokines, and drugs) may help to promote the regenerative and 
recovery process. The development of non-invasive detection of adult neurogenesis 
and specific biomarkers might provide new means of early diagnosis of AD´271. 
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Chapter 3: NEURAL STEM CELLS AND 
CANCER STEM CELLS 

 
 3.1. THE CANCER STEM CELL THEORY 

 
During the last decade, the ‘cancer stem cell theory’ has been proposed321, 

according to which there are several cells within a tumor, named cancer stem cells 
(CSC). These cells possess the ability to self-renew and to cause the heterogeneous 
lineages of cancer cells that comprise the tumor. Cancer stem cells can thus only be 
defined experimentally by their ability to recapitulate the generation of a continuously 
growing tumor51. 

The self-renewal and multipotency of some cancer cells raise the possibility 
that cancer might arise from the transformation of normal somatic stem or progenitor 
cells. For this reason, there is a big interest focused on the striking similarities between 
several kinds of stem cells (like neural stem cells, hematopoietic stem cells, etc.) and 
cancer cells158, 321. Both cells share the fundamental properties of self-renewal and the 
ability to differentiate into multiple different cell types37, 358, 412. Obviously while the 
self-renewal in normal stem cells is tightly regulated204, 265, 321, in cancer cells it will 
be, by definition, aberrant. 

The existence of cancer stem cells was first proved in acute myeloid 
leukemia37. They showed that a rare subset of cells from this cancer was able to 
proliferate extensively in contrast to most of cells which have limited proliferative 
ability37. Therefore, several experiments in breast cancer have demonstrated the 
existence of breast cancer stem cells4. Al-Hajj et al.4, used cell surface markers on 
uncultured breast cancer cells to fractionate them, and transplanted the cells into 
immunodeficient mice4. They found out that only cells that phenotypically usually 
resembled mammary epithelial progenitor cells were able to give rise to tumors in 
mice4, and their experiments suggest also that breast cancer stem cells can self-renew 
in vivo4. 
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Today, there are a lot of works which have identified and characterized cancer 
stem cells in leukemia, breast cancer, and brain tumors. These experiments showed 
that these cells are multipotents, and they can self-renew and recapitulate the 
characteristics of the original tumor in vitro and in vivo4, 37, 135, 153, 190, 376. 

There were also several laboratories focused on the search for cancer stem cells 
in the central nervous system135, 153, 190, 376. One theory accepted from some time ago, 
is that brain tumors arise from the transformation of self-renewing neural stem or 
progenitor cells41, 142. Probably this theory has been relevant because many brain 
tumors (particularly those occurring in children) arise from the ventricular zone, 
where most of neural stem cells are found61, 191, 342, 387. Neural stem cells and cancer 
cells of some brain tumors express nestin (intermediate filament), as well as other 
genes that regulate the proliferation of normal neural progenitor cells, such as 
epidermal growth factor receptor (EGFR)6, 111, 331, 388, 395, 412. Otherwise, the oncogenes 
expression in neural progenitor or stem cells in mice results in the formation of 
tumors that resemble primary human brain tumors142. 

Ignatova et al.153 were the first in showing that the primary human 
glioblastoma multiform and the cortical anaplastic astrocytoma contain cells which 
produce cells expressing neuronal and/or glial markers in clonal cultures153. The 
tumor-derived progenitors proliferated aberrantly and differentiated into unusual 
cells that co-expressed both neuronal and glial markers contrary to neural stem 
cells135. The authors considered the possibility brain tumors derived from progenitors 
might be cancer stem cells135. 

On the other hand, there are several studies which have demonstrated that 
some cells from pediatric brain tumors, as well as normal neural stem cells, can be 
directly cultured in specific medium as neurospheres. They are multipotents floating 
aggregates which can self-renew for long periods of time135, 376. These neurospheres 
express CD133 (cell-surface antigen), a marker of human neural stem cells376, 400. An 
interesting fact is that the proportions of neurons, glia, and nestin-expressing cells 
produced from differentiated brain tumor-derived progenitor cells in vitro are 
strongly correlated with their proportions in the primary tumor of origin135.  

Several studies have demonstrated that brain tumor-derived progenitors can 
migrate, proliferate, and differentiate after transplantation into rat brains135. It has 
been suggested the possibility that neural crest stem cells persist into adulthood, which 
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are capable of acquiring transformation throughout life32. It is thought that some 
cancers, like neuroblastomas, arise from the transformation of neural crest stem cells 
or neural crest-derived sympathetic precursor cells39, 275. Trentin et. al.398 suggest that 
progenitor cells might be targets for transformation in the development of certain 
neural crest-derived malignancies due to the multipotents of neural crest cells which 
contains precursor cells that retain self-renewal ability398. Specifically, transformation 
of glial melanocyte progenitor cells might lead to human tumors, such as 
neurofibromas and melanotic Schwannomas99, 323.  

By all evidence shown previously, it seems that cancer stem cells in tumors, and 
in this particular case, focused on central nervous system tumors, can be arisen from 
progenitors or stem cells which could have problems in this own regulation. One 
possibility is that failure of stem cells to regulate their endogenous self-renewal 
pathways causes their neoplastic transformation. One candidate molecule is bmi-1, a 
polycomb family transcriptional repressor that promotes proliferation partly by 
repressing the expression of two cyclin-dependent kinase inhibitors163. In the nervous 
system, bmi-1 is required for the self-renewal of both neurospheres and neural crest 
stem cells265. For this reason, it is possible that bmi-1 and other regulators of 
proliferation play a role in the pathogenesis of tumors of the central and peripheral 
nervous system. In fact, their expression is elevated in cerebellar precursor cells, whole 
human medulloblastomas, and in tumor-derived progenitor cells from 
medulloblastomas and other pediatric brain tumors135, 205. 

However, the cancer stem cell theory has also had some detractors who think 
that the ‘studies supporting this theory were based in large part on 
xenotransplantation experiments wherein human cancer cells are grown in 
immunocompromised mice and only Cancer Stem Cells (CSC), often constituting less 
than 1% of the malignancy, generate tumors. In this way, they works shown that all 
colonies derived from randomly chosen single cells in mouse lung and breast cancer 
cell lines form tumors following allografting histocompatible mice. For that they 
suggest that the majority of malignant cells rather than CSC can sustain tumors and 
that the cancer stem cell theory must be reevaluated’ 424. 

Therefore, in the case of the central nervous system it is necessary to carry 
‘more studies to elucidate the role of chemotherapy on cell-intrinsic processes and 
cellular microenvironments. In fact, understanding the mechanisms behind cancer 
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therapy-induced damage to neural stem and precursor cell populations will elucidate 
neuroprotective and cell replacement strategies aimed at preserving cognition after 
cancer therapy’ 109.  

 

 3.2. PROPERTIES OF NEURAL STEM CELLS AND 
NEURAL CANCER CELLS 

  
As it has been previously mentioned, neural cancer stem cells can arise from 

neural stem cells. In this way, all forms of cancer present failures in some of critical 
cellular functions, such as proliferation, apoptosis, and tissue invasion129.  

In the brain, neural stem cells and progenitor cells (described earlier in chapter 
1) possess certain features as a robust proliferative potential and a diversity of 
progeny, which are associated with cancer. Therefore, these cells are regulated by the 
same cellular pathways that are active in many brain tumors321. In fact, they exhibit 
some features that are characteristic of gliomas, as a high motility, as well as the 
association with blood vessels and white matter tracts, the possession of immature 
antigenic phenotypes, and the activation of “developmental” signaling pathways74, 294, 

371. 
 

 3.2.1. TRANSFORMATION OF NEURAL STEM CELLS 
 

It has been usually proposed that germinal regions such as the subventricular zone 
are a source of gliomas112.  It is known that neural stem cells are more susceptible to 
transformations, compared with cells which are not proliferating, as different studies 
have shown using chemical or other kind of techniques144, 198, 407. This migration of 
transformed germinal-zone cells may be a mechanism by which human gliomas arise 
from neural stem cells but then go on to lose any evidence of continuity with these 
regions. 

Neural stem cells share with neural CSC the ability to self-renew and classify into 
neural and glial phenotypes. These populations of cells share the expression of specific 
genes like CD133, musashi-1, Sox2, melk, PSP, bmi-1, and nestin. Nevertheless, there 
are several differences between cancer and normal stem cells. For example, normal 
neural stem cells are more sensitive to radiation than their malignant counterparts (by 
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the inactivation of important checkpoints and the MRN-ATM DNA damage response 
network in CSCs), and the areas of hypoxia are crucial for the maintenance of glioma 
CSC.  

CSC gain aberrant activation of several pathways that control proliferation, self-
renewal, and differentiation, by their oncogenic transformation. This constitutive 
activation of oncogenes may make CSC more susceptible to certain targeted therapies. 
For example, 35% of medulloblastomas express Sonic Hedgehog (Shh) oncogenic 
pathways, and for this reason, these tumors are highly sensitive to Shh inhibitors. 
Other difference between normal and malignant stem cells is the observation by 
which the telomerase activation is specific and critical for neuroblastoma and 
glioblastoma CSC but is not required by normal neural stem cells. As a whole, these 
differences could be used as a good base to treat CSC while preserving the normal 
brain. 

 
      Fig. 34: Maturation-Arrest Theory. From Sanai et al, 2005342. 

 
There are several theories to explain the transformation of these cells from normal 

to cancer stem cells. One of them, very accepted, is the maturation arrest theory (see 
figure 34). ‘This hypothesis predicts the transformation of progenitor cells and an 
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ensuing accrual of immature, self-renewing progenitors cells in which cellular 
proliferation and maturation are uncoupled. Panel A shows the normal neural stem-
cell production of progenitor cells, which subsequently generates the three 
differentiated cell types of the central nervous system. The formation of an 
astrocytoma (Panel B) may follow the neoplastic transformation of a glial progenitor 
cell, whose abnormal progeny then phenotypically resemble an astrocyte. Subsequent 
malignant degeneration of the astrocytoma may generate a glioblastoma (Panel C) 
after a subpopulation of the transformed glial progenitor cells accumulate additional 
mutations, leading to accelerated growth of the glioblastoma and complete arrest of 
maturation’ 342. 

 

 3.3. DEVELOPMENTAL PATTERNS 
 

 3.3.1. SONIC HEDGEHOG PATHWAY AND TRANSCRIPTION FACTORS INVOLVED 
 

It could be considered that the transformation of neural stem cells (if they are the 
source of initiation for brain cancer) and their progression towards tumorigenic 
properties could be produced by abnormal “developmental” programs. It is thought 
that there are multiple developmental signaling pathways which act as critical 
regulators of tumorigenesis.  

As previously mentioned, one of the most important regulators is Sonic Hedgehog 
(Shh), and the dysregulation of its developmental signaling pathway could lead to the 
aberrant activation of Shh signaling. For example, it occurs in precursors of cerebellar 
granule cells where Shh usually regulates the self-renewal and the development of 
their neuronal progeny. In fact, the activation of this pathway predisposes to a 
medulloblastoma formation through neural progenitor cells, mediating regulators of 
the cell cycle such as the proto-oncogene Nmyc and the inactivation of the 
retinoblastoma tumor-suppressor gene (Rb)182. Nmyc mediates the proliferation of 
neuronal progenitor cells182 and this transcription factor is overexpressed in 
medulloblastomas312. Therefore, it has been suggested that Shh pathway has a role in 
the tumor maintenance as well as in the initiation, because when medulloblastoma 
cells are treated with antagonist of the hedgehog family of regulatory pathways, like 
cyclopamine, they die30.  
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Something interesting about this pathway is that Sonic Hedgehog signaling can 
activate also three transcription factors —Gli1, Gli2, and Gli3— which regulate 
progenitor cells by promoting cell-cycle entry and DNA replication20, 346 (see figure 
35). ‘This family of transcription factors have a highly conserved DNA-binding 
domain comprising C 2 -H 2 zinc finger motifs that bind to the consensus sequence 
GACCACCCA, as well as nuclear localization and export signals that regulate GLI 
subcellular location. GLI proteins also contain a C terminal activation domain, but 
only GLI2 and GLI3 are known to have an N-terminal repression domain. Analysis of 
the mechanisms revealed that the C-terminal activation domain modulates 
transcription through the interaction with specific coactivator molecules such as the 
acetyltransferase p300’ 98. Gli1 is expressed by neuronal progenitors in germinal 
regions such as the subventricular zone and the dentate gyrus292, 396

. In these regions, 
the Shh–Gli pathways also play an integral role supporting germinal niches by 
maintaining the stem-cell population235 or by facilitating the survival and 
proliferation of stem-cell progeny11. Gli is expressed in both low-grade and high-
grade gliomas66 and the Shh–Gli pathway may mediate the initiation and maintenance 
of these tumors as it does for neural stem cells66, 334. Thus, the hedgehog family of 
signaling pathways is abnormally activated during gliomagenesis. 

 
Fig. 35. Representation of GLI transcription factors. a Scheme of functional domains of GLI proteins. b Model of Hedgehog-
dependent activation of the GLI transcription factors. c Hedgehog-independent regulation of GLI proteins. Abbreviations: GLIRep 
= GLI transcriptional repressor; GLIAct = GLI transcriptional activator; SUFU = Suppressor of FUSED; SMO = SMOOTHENED; PTC 
= PATCHED. From Fernández-Zapico, 200898. 
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 3.3.2. OTHER ONCOGENIC MUTATIONS 
 

There are a lot of factors, including the trophic factor, the transcription factor or 
the enzymes, that play a role in normal cells and, together with the malignance, they 
could be important in the development of the pathogenicity. For example, the EGF 
signaling pathway plays an important role in gliomagenesis and neural stem-cell 
regulation. In fact, the amplification of the epidermal growth factor receptor, EGFR, is 
associated with the formation of glioblastomas, and its activation promotes the growth 
of neural stem cells193 and astrocyte precursors27, 355. At least the fifty percent of high-
grade astrocytomas have been demonstrated to have EGFR amplification, and EGFR 
activation which could be important in the development of glioblastomas 239, 412. 
Therefore, in rodents, EGF induces the proliferation of ‘C’ cells (rapidly dividing 
progenitor cells of SVZ) in vivo, prevents their differentiation, and is associated with 
tissue infiltration that is analogous to infiltration by high-grade gliomas74.  

There are other genetic pathways that could act in the neural stem cell regulation 
and tumorigenesis. One of the most known pathways is PTEN, which encodes a 
phosphatase that regulates the proliferation of neural stem cells265, and plays a role in 
neural stem cell motility210. Therefore, PTEN is a tumor-suppressor gene usually 
affected in high-grade gliomas and is commonly mutated in glioblastomas125, and its 
expression could lead to the extensive infiltration seen in gliomas (see figure 36).  

 
Fig.36: Glioma behavior determined by origin cell and oncogenic mutations. Activation of growth factor (EGF, PDGF) or Ras-MAP 
kinase (H-Ras, B-Raf, NF-1) signaling pathways in NSC or progenitors usually results in hyperplasia or low-grade gliomas; 
mutations in tumor suppressors (p53, PTEN, Ink4a/Arf) convert these to high-grade tumors. When genetic lesions are targeted to 
NSC or astrocyte progenitors (APCs), the resulting tumors (astrocytomas) retain stem cell characteristics: multipotency, 
neurosphere formation, and resistance to therapy. When mutations are initiated in oligodendrocyte progenitors (OPCs), the 
resulting tumors (oligodendrogliomas) have characteristics of OPCs, including restricted differentiation, poor neurosphere 
formation and sensitivity to therapy. From Pei et al, 2010304. 
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Other important factor is bmi-1, which is expressed in neurospheres cultured from 
gliomas and normal neural stem cells, as previously mentioned, which they need for  
the neural stem-cell proliferation135, 265. Therefore, the telomerase enzyme (prevents 
chromosomal shortening and apoptosis after cell division) is also expressed in the 
majority of high-grade gliomas as well as in progenitor cells found in the 
subventricular zone48. Finally, the Wnt signaling pathway, which controls the size of 
the neural stem cell60 is mutated in a subgroup of medulloblastomas423. 
 

 3.4. OTHER PATHWAYS INVOLVED IN CANCER STEM CELLS 
 

 3.4.1. ROLE OF CREB TRANSCRIPTION FACTOR FAMILY (adapted from 
Mantamadiotis et al, 2012245). 

 
CREB is a nuclear-localized basic leucine zipper superfamily transcription factor 

that acts as a conduit between upstream signalling kinases and downstream target-
gene transcription. CREB is a much conserved transcription factor. It is known that 
CREB’s role in the embryonic brain development and neurogenesis is conserved across 
at least two species separated by over 300 million years of evolution. Therefore, this 
family is a convergence point of many signalling pathways, which function as effector 
molecules to activate several target genes. Later these genes will have a function 
regulating NSPC proliferation, cell-cycle exit, induction of differentiation and 
survival245 (see figure 37). 

CREB is not only present in adult but also in embryo. In fact, in the developing 
mouse brain, the active phosphorylated form of CREB is seen in cells clustered in the 
neurogenic regions at E14.5245.  

Phospho-CREB (pCREB) plays an important role in the neurogenesis. Regulated 
transient CREB phosphorylation and de-phosphorylation is a well-described 
mechanism by which neuronal activity is regulated in many regions of the adult 
mouse brain. Therefore, CREB is required for the survival of post-mitotic neurons in 
mouse brains245. 

It is known the correlation between the level of CREB expression and activation of 
malignancy. In fact it has been reported in a lot of works in cells, animals and human 
tissue. A role for CREB-mediated transcription in cancer was first reported through the 
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identification of a chromosomal translocation (12;22)(q13;q12) in clear cell sarcomas 
of soft tissue, giving a fusion protein Ewing’s sarcoma (EWS)-ATF1245.  

CREB is an important factor in brain tumor signalling pathways. However, today 
there has been no direct evidence linking CREB to brain cancer development or 
progression in vivo, otherwise a number of recent findings linking CREB activity to 
PTEN and growth factors, together with the knowledge of CREB’s role in NSC biology, 
lend support to see its importance245. 

Recent data showing that CREB is a protein target of PTEN phosphatase activity and 
that PTEN loss induces to CREB-dependent gene expression and cell growth. 
Furthermore, there is evidence that CREB is activated in human glioma cell lines and 
that inhibition of CREB leads to reduce the survival of glioma cells245.  

In summary, CREB sits at a signalling junction where pathways important to glioma 
development and growth converge and cell-based experiments show that CREB has a 
role in glioma stem cells and cancer cell properties, including survival, growth and 
perhaps metastasis245. 

 
Fig. 37. Several pathways lead to CREB phosphorylation/activation to promote cell survival, proliferation and differentiation.  
There are several pathways involved, the most known are Receptor tyrosine kinases (RTKs) which are important (in NSC and 
cancer), just as growth factors such as EGF and PDGF are necessary for cell survival and proliferation. However, the roles of the 
other pathways shown remain to be investigated in this context. The dephosphorylation of CREB via phosphatases occurs via the  
activity of PTEN and PP1. PTEN may be critical in the context of brain tumors and CREB signalling, as it is often mutated in 
gliomas. From Mantamadiotis et al, 2012245. 
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 3.4.2. MICROENVIRONMENT (Adapted from Lathia et al, 2011199). 
 

Usually, NSCs reside in perivascular regions, which exhibit restricted oxygen 
availability and distinct extracellular matrix profiles. On the other hand, neural 
cancer stem cells are enriched in perivascular niches, and possibly also within regions 
of hypoxia and at the invasive edge of the tumor199. 

 In a variety of brain cancers, cancer stem cells are located within close proximity 
to blood vessels, which facilitate the transfer of the signals which are necessary for 
their maintenance. It is also known, that glioblastoma cancer stem cells secrete 
vascular endothelial growth factor (VEGF) that stimulates endothelial cell growth to 
support a local vascular environment. Therefore, endothelial cells express several 
factors that cancer stem cells need, like Notch ligands (stimulate Notch receptors 
essential for cancer stem cells maintenance) or nitric oxide to activate the Notch 
pathway. Cancer stem cells are also regulated through extracellular matrix receptors, 
such as integrin α6, that promote their maintenance199 (see figure 38). 

Continuing studies elucidating the potential signaling crosstalk at the cell surface 
between key proteins such as integrins, Notch, and growth factor receptors may clarify 
our understanding of CSC maintenance. Thus, the perivascular niche may offer an 
indirect CSC therapeutic target199. 

The metabolic demands of rapidly proliferating tumors often exceed local supply, 
and necessitate neovasculature, but newly formed vessels are often inefficient. Given 
the plasticity of cancer, there are some works that suggest that cancer stem cells can 
directly participate in vasculogenic processes199. 

CSCs may be opportunistic, as when key microenvironment components are not 
readily available, they can exhibit lineage plasticity and give rise to progeny that 
supply the deficient cell type. However, these ideas remain attractive hypotheses that 
will require experimental confirmation199. 
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Fig. 38. Microenvironmental factors modulate intrinsic cancer stem cell pathways. Cancer stem cells (CSC) in neural tumors  (A) 
are enriched in niches including the perivascular compartment (C), hypoxic regions (B) and possibly the invasive edge (D). 
(B)Regions of hypoxia in neural tumors have been well-characterized near the areas of necrosis. Low oxygen helps to maintain 
the CSC population, therefore supporting hypoxic regions as a niche for CSCs. Hypoxia modulates cell phenotypes via HIF 
signaling, which drives the expression of stem cell related genes. (C) The perivascular niche is the most well-defined CSC niche in 
neural tumors. Cells expressing integrin alpha 6 are localized in the perivascular region denoted by CD31-positive endothelial 
cells of the blood vessel. Interaction of the integrin cell surface proteins with the extracellular matrix (ECM) within the 
perivascular space supports CSC maintenance in gliomas. Notch-ligand interaction between endothelial cells of the blood vessels 
and the cancer cell is also crucial for CSC maintenance but the cross-talk between key signaling receptors such as integrins and 
Notch are yet to be fully elucidated. Inhibition of the Notch pathway has been shown to have detrimental effects on the CSC 
phenotype as well as survival following irradiation in gliomas. (D) The invasive front of neural tumors is thought to contain CSCs 
and to provide an interface of interactions with immune cells and normal brain stroma. It is hypothesized that the 
microenvironment of these invasive regions supports CSC maintenance. However, the invasive niche has not been well 
characterized. From Lathia et al, 2011199. 

 

 3.4.3. MICRORNAS (Adapted from Gonzalez-Gomez et al, 2011115). 
 
The similarities between brain cancer stem cells and neural stem cells support the 

hypothesis that they may share common regulatory networks. These networks could 
be modulated by micro-RNAs (Rs). It has been reported that normal NSCs and other 
stem cell types as well, express certain miR genes involved in the maintenance of self-
renewing and the undifferentiated state of the cells. In this way, it is thought that 
several of these microRNAs might be also expressed in glioblastoma cancer stem cells, 
perhaps playing a similar role in the regulation of the stem-like properties of these 
tumor initiating cells. Thus, NSC and CSC possibly display partially overlapping 
miRNA profiles, with high levels of oncomiRs regulating self-renewal/proliferation of 
the cells115.  
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As shown in Fig. 39, this model would predict a decrease in oncomiR expression 
and an increase in the expression of tumor suppressor microRNAs upon 
differentiation115. 

 

 
 
Fig. 39.  Regulation of GBM cancer stem cells and normal neural stem cells by miRNAs. Gonzalez-Gomez et al, 2011 hypothesized 
that NSCs and CSCs share common regulatory networks, specifically they must be a set of common miRs expressed by both cell 
types. Differentiation would be characterised by a particular miRNA signature that would reflect the down-regulation of Stem-
miRs and Onco-miRs and the up-regulation of Pro-differentiation miRs and Tumour suppressor miRs. From Gonzalez-Gomez et 
al, 2011115. 

 

It is known that stem cells have a less complex miRNA profile than mature somatic 
tissues and the degree of cellular differentiation can be characterized by a particular 
miRNA. In mammals, several miRNAs such as miR-124, miR-125 and miR-137 are 
specifically enriched in the central nervous system (CNS), and changes in the pattern 
of miR expression during CNS development suggest that these microRNAs play a role 
in neural differentiation. There are a lot of significant changes in miRNA expression in 
the transition from neural stem/precursors to differentiated neurons115. 

Some microRNA such as miR-124, miR-9, miR-125b and miR-22 are not present 
in undifferentiated cells but they are highly expressed as differentiation proceeds. The 
role of these microRNAs has been partially elucidated in normal NSC115. 

 Recently results from a microarray assay comparing neural precursor cells with 
glioma samples, showing that 71 microRNAs in glioma had a distinct expression 
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pattern related to a normal brain, and that those miRs were remarkably reminiscent of 
the expression pattern observed in embryonic stem cells and neural progenitor cells. 
Although the role of these miR clusters in NSC/CSC remains to be explored, it is 
interesting to note that members of these clusters are enriched in the oligoneural 
precursor multiform glioblastoma subclass115. 

 miR-124 is one of the most abundant miRs in the adult brain, accounting for more 
than 25% of the total miR content of the brain. In high-grade gliomas it is down-
regulation, and it has been also frequently downregulated in medulloblastoma 
suggesting that overexpression of miR-124 could potentially cause the inhibition of 
cancer stem cells proliferation by promoting differentiation. In this regard, it is known 
that miR-124 promote G0/G1 cell cycle arrest and induce neuronal-like 
differentiation of glioblastoma stem cells in the absence of growth factor signalling115. 

MiR-125b is other microRNA that promotes neuronal differentiation and as many 
other miRs its expression levels are altered in gliomas but its function still remains 
unknown115.  

miR-128 is other interesting microRNA that regulates CSC because it represses the 
oncogene bmi-1 (previously mentioned), an important self-renewal factor for several 
types of stem cells. Indeed, it has been demonstrated that miR-128 inhibits glioma 
proliferation by targeting bmi-1, providing the first link between a microRNA that acts 
specifically on a self-renewal factor and the regulation of glioma CSCs. The over-
expression of miR-128 leads to reduced levels of bmi-1, and a significant decrease in 
the volume and number of glioma spheres observed115.  

Two microRNAs have been recently found to regulate the NOTCH pathway, which 
plays critical roles in glioma cancer cells and stem cells survival and proliferation. One 
of them is miR-34a which has been described as tumor suppressor in glioma cells, and 
it was found to be a direct target of p53. This miR is down-regulated in human glioma 
samples and its overexpression leads to the inhibition of cell proliferation, cell 
migration and cell invasion and also induces glioma stem cell differentiation. 
Therefore, miR-326 is also down-regulated in glioma samples. This miR inhibited the 
activity of NOTCH proteins, establishing a novel regulatory feedback loop in this 
important pathway in glioma115. 

Taken together, increasing data suggest that down- or upregulation of certain 
miRNA species has a great potential in the modulation of CSC. Of course, these studies 
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have several limitations, but in any case, the development of miRNA-based therapies 
that promote glioma CSC differentiation and/or limit glioma CSC self-renewal may be 
of great interest for diagnosis, prognosis and therapeutic purposes115. 
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Chapter 4: THE DNA DAMAGE 
RESPONSE (DDR) 

 
 4.1. INTRODUCTION 

 
Deoxyribunucleic Acid (DNA) is the informational molecule encoding the 

genome in the majority of living organisms and some viruses. This molecule is 
essential to preserve the integrity of the genome, but it is very sensible to different 
processes not only endogenous, but also exogenous ones. In this context, DNA 
molecule can change their structure and could carry out other kind of changes, like 
apoptosis or cell cycle arrest. Among the exogenous aggressors we can find UV light, 
irradiation (IR) and genotoxic agents like chemical products. On the other hand, 
endogenous agents result from the normal cellular metabolism (e.g. Reactive Oxygen 
Species, ROS) and from random disintegration of some chemical bonds in DNA, which 
occurs spontaneously under physiological conditions140, 297. Indeed, ROS can induce to 
a base loss, a strand cleavage, a modification of bases and sugar and DNA protein cross 
links, among others314. 

DNA integrity is crucial for the mitotic and meiotic process, because this 
structure guarantees the correct information transfer in the segregation of the 
chromosomes. For this reason, cells need to maintain the DNA structure after DNA 
damage, and they have developed different surveillance processes to stabilize 
chromosome structure and coordinate repair and cell cycle progression. All these 
processes as a whole are known as DNA damage response (DDR), represented in 
figure 40. This model is an oversimplified representation and it really consists of a 
group of highly intertwined signalling pathways highly complicating the damage 
response54, 128, 172, 430. When cells accumulate a large amount of DNA damage that 
they cannot repair, they could enter into different stages: senescence, apoptosis or 
tumor formation.  

One of the mechanisms most used by scientists to analyze the DNA damage is 
irradiation, IR. In this way, IR is able to cause direct (damaging the DNA structure) or 
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indirect damage (from the formation of free radicals). In fact, the principal target of IR 
is the DNA, and it can cause several damages which lead to cell killing. Double Strand 
Breaks (DSBs) are considered to be the principal damage resulting from radiation 
exposure. The reactive species are not homogeneously produced and can result in the 
formation of clustered lesions172, 314. On the other hand, IR-induced damage initiates 
multiple signalling cascades resulting in a variety of possible cellular responses: cell 
cycle arrest, induction of stress response genes, DNA repair and cell death. This 
complex system of the DNA damage response (DDR) is presented in Figure 18, as a 
general model.  

This DDR system could be considered as the combination of three types of 
processes: receiving the DNA damage by sensors, amplifying the signal and producing 
a cellular response through different effectors. These sensors initiate the biochemical 
cascade and transmit the signal to several transducers. Transducers are typically 
protein kinases that amplify the damage signal.  

The effectors that are involved in specific pathways then execute the functions 
of the DDR430. Therefore, it is important to pay attention to the contribution of 
mediators which do not possess catalytic activity, but facilitate the signaling by 
promoting physical interaction between other proteins384. 

In summary, there are a lot of sources and types of damages, and of course a lot 
of repair mechanisms of this damage. The most important points of all the process will 
be analyzed next.   

 
Fig.40: General stages of DNA damage response signaling. From Jackson et al. 2002160. 
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 4.2. DNA DAMAGE SENSORS 
 

The most important complex in the activation of the DDR is in human 9-1-1 
(Rad9-Rad1-Hus1), which is crucial to arrest replication forks, as repair intermediates 
of IR induced DNA DSBs and has the potential to interact with nucleic acids. All three 
proteins are Proliferating Cell Nuclear Antigen (PCNA), and these proteins can receive 
the DNA damage. Other protein, the Rad17-Replication Factor C (RFC) mediates the 
interactions with the 9-1-1 complex, binding the damaged DNA and functioning as a 
clamp loader for the 9-1-1 complex. Both the 9-1-1 complex and Rad17 function as 
activators of ATR36. The Replication Protein A (RPA) has shown to have a high affinity 
for single stranded DNA (ssDNA), and acts as the signal of DNA damage because RPA 
mediates the recruitment of ATR/ATRIP37 and Rad17/9-1-1 complexes to ssDNA. It is 
an important sensor of damage repaired by the Nucleotide Excision Repair (NER) 
pathway and ATR induce damage to the checkpoints384, 430.  

An important sensor after DNA DSB induction is the Mre11/Rad50/NBS1 
(MRN) complex. It is the main factor to control the early steps in damage signal 
transduction367. BRCA1 has also been suggested as a possible sensor protein, as part of 
the BASC complex38430. 
 

 4.3. DNA DAMAGE MEDIATORS 
 

53BP1, TopBP1, Mdc1 are the proteins that exert this function in human cells, 
and basically their role lies in the increase of the interactions between activated 
sensors like ATM or ATR with its substrates. These proteins not only interact with 
sensors, but also with repaired proteins such as BRCA1, components of MRN complex, 
and several effectors as p53. Furthermore, BRCA1, MRN and SMC1 proteins have a 
role in activating checkpoint kinases, but also have a role in DNA-repair, sister 
chromatid pairing and segregation26, 343. 
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 4.4. DNA DAMAGE TRANSDUCERS (ATM, ATR, DNA-PKS AND 
CHECKPOINTS) 

 
There are basically four protein complexes which function as signal 

transducers:  
1) phospho-inositide kinase (PIK) related proteins, such as ATM and ATR  
2) Checkpoint kinase 1 (Chk1)  
3) Checkpoint kinase 2 (Chk2), and kinase homologues 
4) BRCT-repeat containing proteins (e.g. BRCA1 and 53BP1) (Zhou et al, 

2000).  
We are going to analyze the basic function in each case.  
1.-The ATM and ATR kinases are considered the main kinases for the initiation 

of the signalling pathways leading to DNA repair, cell cycle inhibition and/or 
apoptosis in mammalian cells after exposure to DNA damage. There is PI3K-like 
family, and their function as protein kinases that phosphorylate substrates with Ser or 
Thr residues is followed by Gln21, 55. They show different substrate specificities in the 
response to different genotoxic stresses and DNA DSB inducers367. Indeed, ATM is the 
main damage transducer for IR or radiomimetic drug while ATR plays a role in the 
transduction of UV induced replication stress (See figure 41). 

ATM is usually present in the cell as an inactive dimer and after induction of 
DNA DSB damage, ATM results in dissociation of the inactive forms in active 
monomers by the MRN complex, due to the intermolecular autophosphorylation on 
several serine residues367. 

 
Fig.41: ATM/ATR and its role as damage transducers in the DDR. From Christmann et al. 200364 
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This recruitment of ATM to the DNA DSB site requires the MRN complex, 
suggesting the MRN complex as the primary sensor of DNA DSB damage55, 172. The 
activated ATM kinase phosphorylates the subtype H2A isoform X histone protein, then 
termed γH2AX, in the flanking chromatin383. 

The phosphorylated C-tail of γH2AX is then bound by the Mdc1 protein which 
performs a key role in the organization of the chromosomal micro-environment 
surrounding the DNA DSB.  There are other proteins which can recruit active ATM 
like MRN, 53BP1, and BRCA1384.  

ATM phosphorylates additional H2AX histone proteins, which again leads to 
Mdc1-MRN-ATM complexes and to the expansion of H2AX phosphorylation over 
megabases of DNA flanking the DSB. As a result, these γH2AX molecules start to form 
foci in the nucleus, which can be visualized by means of immunofluorescence 
staining26, 367, 383, 394. 

The ATR is the main kinase in the response to UV exposure damage and from 
stalled or broken replication forks. Therefore, ATR has an essential role in the response 
to damage occurring during normal DNA replication and damage signalling during 
the S-phase of the cell cycle, and can also respond to IR induced DNA DSBs in the S 
and G2 phase of the cell cycle. ATR protein could be activated, in some occasions, 
downstream during the processing of a DNA DSB by the ATM-MRN complex. ATM 
and Mre11 act in the formation of ssDNA (single DNA), and it is necessary for the 
binding of RPA, which promotes the recruitment and direct binding of ATRIP (ATRIP is 
required for stable recruitment of the ATR/ATRIP complex to the site of the DNA 
damage). ATRIP, the 9-1-1 checkpoint clamp and TopBP1 are recruited to the site of 
damage ssDNA. TopBP1 is a big and efficient ATR activator. TopBP1 increases the 
activity of ATR towards Chk1. Both ATM and ATR protein kinases are highly related, 
but ATR is able to target a different set of proteins that participate in the DDR160, 172, 

226, 274, 367. 
2 and 3.-Other important consideration is related to cell-cycle checkpoints, 

which consist basically in two Ser/Thr kinases, named checkpoint 1 and 2 (Chk1, 
Chk2 respectively). Therefore, these control points are not only transducers, but 
mainly effectors in DNA damage response (analyzed in section 4.5.1). Its damage 
could result in a delay/arrest of the cell cycle program in response to DNA damage343. 
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These enzymes are phosphorylated and are transducers for respectively ATR and ATM 
related DNA DSB repair152, 343, 367. 

4.-The 53BP1 damage mediator is a binding partner and transcriptional co-
activator of p53353. The interaction of 53BP1 with the chromatin is very transient. 
Generation of a DNA DSB leads to the accumulation of Mdc1 in the nearness of the 
DNA lesion, and finally there is an accumulation of DNA repair proteins at the site of 
the break, and there are also several chromatin modifications which can be Mdc1 
dependents or independents383. There is a molecular switch changing the transient 
association of 53BP1 into a sustained engagement when Mdc1 has accumulated at the 
DNA DSB26, 152, 383. After that, Mdc1 is required for several binding of MRN and 53BP1 
to the damaged chromatin and leads to the stabilization and increase of proteins 
through repeated protein-protein interactions and recruitment of additional 
molecules of ATM, MRN, Mdc1, 53BP1 and BRCA1367 (see figure 42). 

 
Fig.42. Schematic representation of ATM, ATR and DNA-PK signaling pathways. ATM in respond to DNA double-strand breaks 
phosphorylate H2AX and MDC1, whereupon the MRN complex and ATM are recruited and ATM is activated. Therefore ATM 
activation promotes the recruitment of repair proteins to the site of damage and regulates cell-cycle checkpoints through the 
activation of CHK2 and p53. On the other hand, ATR is activated in response to ssDNA recruited to RPA-coated ssDNA by its 
cognate binding partner ATRIP and the 9-1-1 complex. ATR is activated by a number of proteins such as TOPBP1, Claspin, Tipin 
and Timeless and promotes cell-cycle regulation through activation of CHK1. Finally, DNA-PK regulates NHEJ. Ku regulatory 
proteins recruit DNA-PK to double-strand breaks; two DNA-PKs molecules in concert tether DNA ends together in a synaptic 
complex, and recruit the DNA ligase IV-XRCC4 complex to rejoin broken DNA ends. Arrows indicate the flow of the respective 
DDR pathways. From Turnell and Grand, 2012399. 
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DNA-PKs are composed of Ku70, Ku80 and DNA-PKcs, and they are a central 
component of the Non-Homologous End Joining (NHEJ) pathway. The Ku complex is 
recruited to the site of DNA damage, when it occurs and after that, DNA-PKcs are the 
other protein recruit and they allow the phosphorylation of its downstream substrates. 
ATM is the main kinase to target H2AX, after IR damage or other kind of damages, but 
several mechanisms are supported by the DNA-PKcs55, 172, 383. 
 

 4.5. DAMAGE EFFECTORS 
 

 4.5.1 DNA DAMAGE CHECKPOINT CONTROL 
 

The eukaryotic cell cycle consists of four phases which are highly regulated, 
not only in each phase, but also in the transition between phases. Indeed, this 
important step of transition from one phase of the cell cycle to another is regulated by 
multiple processes which act independently, like proteolytic pathways, cyclin 
dependent kinases (CDKs) and changes in the chromatin structure156. Basically, the 
transition between two phases of the cell cycle is regulated by Cyclins and Cyclin-
dependent kinases. Cyclins are small proteins expressed and degraded throughout the 
cell cycle in a periodical way. They gain their regulatory power by binding and 
activating CDKs, which phosphorylate many downstream substrates that regulate the 
cell cycle progression. CDKs are essential in the cell cycle machinery and they have a 
lot of regulators, like Cell Division Cycle (CDC), which are phosphatases. CDC 25A, -B 
and –C can dephosphorylate the CDKs and this influences proteins directly involved in 
the cell cycle transition.  

There are different cell cycle checkpoints. Indeed, cell cycle checkpoints exist 
at the G1/S and G2/M boundary and are thought to prevent cells from replication or 
undergoing mitosis, respectively, in the presence of DNA damage. 

The first one is related to G1 and S checkpoint. The G1 checkpoint is crucial to 
initiate the cell division (S-phase). When IR-induced DNA damage occurs in the G1 
phase of the cell cycle, a checkpoint response could act. This response consists of an 
initial and fast phase and a second phase with a more sustained arrest. Then, ATM by 
damage induces Chk2 activation, and its consequence is the phosphorylation of 



Ph.D. Sylvia Ortega Martínez  2013

 

 

In
tro

du
cti

on
 

 130
 

CDC25A phosphatase which leads to a proteasome degradation. As a result, CDK2 
remains phosphorylated, that is, in an inactive state, which prevents the 
phosphorylation of necessary targets for the entry and progression into the S-phase 
(see figure 43). 
 

 
Fig.43: Cell Cycle Control by different processes: G1/S Checkpoint. From Deckbar et al, 201171. 

 

In cells without damage, mitogens usually stimulate the expression of CyclinD 
which is associated with Cdk4 or 6, depending on the cell type. The resulting active 
CyclinD/Cdk4/6 complex has different targets, one of which is the retinoblastoma 
protein, pRb. The phosphorylation of Rb protein gets released from the E2F 
transcription factor. E2F further promotes the transcription of S-phase genes. ATR 
kinase serves as a backup for the ATM Chk2 signalling by phosphorylating p53 
through Chk1 activation47, 71, 156, 343, 401 (see figure 43). 
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CDK2/cyclinE kinase is kept inactive through phosphorylation of p53 directly 
by ATM or ATR and indirectly by Chk2. This phosphorylation interrupts the 
association between p53 and Mdm2 (it is a negative regulator). An elevation in p53 
levels leads to an activation of this Transcription Factor, which results in transcription 
of p21WAF/Cip1, the critical G1-S regulator. The binding of p21WAF/Cip1 to 
CDK2/cyclinE leads to a more sustained G1 arrest156, 343. Cells can go out of the 
checkpoints and continue the cell cycle progression as well as their cell function when 
the repair is completed. When cells are unable to repair the damage, p53 induces 
apoptosis in addition to senescence47, 128. 

Other important checkpoint is G2/M, which doesn’t allow the entry into 
mitosis in the presence of DNA damage (see figure 44). When the damage occurs, 
ATM-Chk2 initiates the cell cycle arrest. Briefly, it activates ATM phosphorylates Chk2 
which, in turn, activates phosphorylates Cdc25, leading to cytoplasmic translocation 
of Cdc25 and maintains inhibition/inactivation of CyclinB1/Cdk1. After DNA damage, 
Cdc25 gets targeted by the ATM activated Chk2 kinase. Thus, this pathway consists of 
posttranslational modifications resulting in rapid G2 arrest. At the same time, the 
cellular Wee1 level gets upregulated to block the CDK1/cyclinB association. P53 also 
contributes to this checkpoint by the transactivation of the 14-3-3 protein. Therefore, 
p53 can act in the G2 arrest by the activation of Gadd45 transcription factor and 
repression of CDC2 and cyclinB transcription. In the same way, BRCA1 is also 
hypothesized to play a role in this G2 arrest156, 343. As the homologous recombination 
(HR) repair process is much slower compared to the NHEJ, it is assumed that this 
pathway is checkpoint linked, because of the presence of similar proteins in both 
processes156.  

‘In summary, the G2/M checkpoint transiently arrests heavily damaged cells in 
G2 to provide time for repair but does not completely prevent cell division in the 
presence of unrepaired DSBs, allowing cells to enter mitosis with a significant number 
of DSBs. Thus, although being rapidly activated (in contrast to the G1/S checkpoint), 
the G2/M checkpoint also has inherent insensitivity’ 71. 
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Fig.44: Representation of the molecular components of the G2 cell cycle arrest. Modify from ILiakis et al, 2003156. 

 
DNA damage occurring during S-phase can lead to genomic abnormalities. For 

that reason there is an S/G2 checkpoint which is activated by the damage occurring 
during this phase or by the unrepaired damage that escapes the G1/S checkpoint 
leading to a replication block. In this case, ATM kinase is activated by the damage and 
this kinase could be phosphorylating Chk2. The ATM-Chk2-Cdc25A-CDC45 pathway 
reaches its maximum about 30 minutes after the damage induction and represents the 
rapid response system for S-phase inhibition. Therefore, ATR and ATRIP can act after 
damage, leading to the phosphorylation of the Chk1 kinase. This other pathway 
composed by ATR-Chk1-Cdc25A reaches its maximum only after 2-4 hours, and it 
represents the slow component of the S-phase arrest156, 343 (See figure 45). 

 
Fig. 45: Schematic model of the molecular components of the S/G2 cell cycle arrest. Modify from ILiakis et al, 2003156. 
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 4.5.2.DNA DAMAGE REPAIR 
 

Due to the big variety of DNA damage, eukaryotic cells have developed 
numerous DNA repair pathways according to specific types of damage. Nevertheless, 
several types of damages can be repaired by different kinds of pathways. The main 
DNA repair pathways are the Mismatch Repair (MMR), Nucleotide Excision Repair 
(NER), Base Excision Repair (BER), Homologous Recombination (HR) and Non-
Homologous End Joining (NHEJ) repair102, 140. All these pathways are summarized in 
figure 46. Despite the complexity of these kinds of damages and the kinds of repair 
pathways, the main function of their existence is the preservation of genome 
organization through the restoration of the structural integrity of the DNA187. I will 
focus on double-strand break repair pathways, which are basically HR and NEHJ, and 
it is possible to go into detail in section 6.  
 

 
Fig.46:  Schematic model of the multiple repair pathways. From http://www.genego.com/map_427.php 

 

 4.6. DNA DOUBLE STRAND BREAK (DSBs) REPAIR 
PATHWAYS 

 
DNA DSBs are the most lethal form of DNA damage and eukaryotic cells have 

developed two major pathways for the repair of these lesions: HR and NHEJ.  

http://www.genego.com/map_427.php
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The process consists basically in a damage of opposite strands of the DNA helix 
which leads to a break (the strands will be physically dissociated). In fact, these lesions 
are formed when both strands of the DNA duplex are broken. DSBs are highly toxic 
and can result in cell death, mutagenesis or chromosomal translocations160, 238, 383. It 
could accidentally occur by exogenous (such as ionizing radiation, IR) and 
endogenous source (it occurs when DNA replication forks encounter unrepaired DNA 
lesions, triggering fork collapse), but also in some cases, it is generated by specific 
nucleases160, 176. ‘Indeed, defective DSB repair is associated with various 
developmental, immunological, and neurological disorders, and is a major driver in 
cancer161, 255. To prevent this, organisms have evolved a range of DSB repair 
mechanisms’57.  

IR-induced DNA DSBs are heterogeneous and lead to multiple damaged sites. 
This heterogeneity can explain the biphasic kinetics of DNA DSB rejoining. While the 
rapid phase shows a time average of 10 minutes and corresponds to NHEJ repair, the 
time average of the slow phase is approximately 2 hours216 and corresponds to HR 
repair.  
 

 4.6.1 HOMOLOGOUS RECOMBINATION 
 

Homologous recombination (HR) is a pathway that ensures maintenance of 
genomic integrity. This pathway is highly conserved. In fact, during meiosis, HR results 
in DNA crossover events between homologous chromosomes implicit in this kind of 
cells guaranteeing the genetic diversity. The correct chromosome segregation 
necessary to this process require the physical connection established between 
homologs during the crossover. HR is also concerned in the maintenance of somatic 
cell genomic stability by reestablishing replication after a stalled replication fork has 
encountered a DNA damage, as well as following exogenous stresses such as ionizing 
radiation that induces DNA double-strand breaks17. 

The HR pathway relies on extensive sequence homology for copying the 
genetic information for the damaged DNA strand from the undamaged homologous 
sister chromatid. This DNA DSB repair pathway is restricted to the late S and G2 phase 
of the cell cycle, when the sister chromatid is optimally positioned21, 176, 216, for this 
reason, this process doesn’t occur in non-dividing cells.  
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At the beginning, a nucleolytic resection of the DNA DSB in the 5’3’direction 
on each side of the break occurs, which involves the MRN complex. MRN possesses an 
endonuclease and 3’5’ exonuclease activity. When the resection occurs, it is generated 
a 3’ single strand DNA (ssDNA) which is then covered with Replication protein A 
(RPA). Then, this RPA enzyme is supplanted by the Rad52 complex that protects the 
DNA ends to prevent the nucleolytic digestion. Rad51 is bound by Rad52.  

The recombinase Rad51 enzyme is bound by Rad52, where the latter helps in 
the recombination process and stimulates the Rad51 activity. The activity of Rad51 can 
positively or negatively be regulated by the c-Abl TK, where the latter is a target of 
ATM47, 55, 140, 160, 176, 401. Rad51 allows the exchange of single strand DNA with an 
identical sequence from a dsDNA molecule160. Rad54 functions in the stabilization and 
stimulation of the catalytic activity of the Rad51/Rad52 complex, and Rad54 would be 
responsible for the chromatin transactions to make this branch invasion possible 140. 
The right positioning of the sister chromatids is supported by cohesins140. 

 
Fig.47. Homologous Recombination (HR) pathway in DNA double-strand break repair (DSBR). HR is initiated by D-loop formation 
(strand invasion) by the 3′ ssDNA overhang that results from strand resection. The invading DNA strand primes DNA synthesis. 
During double Holliday junction (dHJ) formation, the second-end is captured and the strands are ligated after DNA synthesis. 
Branch migration can either dissolve dHJs that turn out in non-crossover products or stabilize dHJs to undergo resolution. dHJ 
resolution can result in either crossover or non-crossover products. From Amunugama, et al, 201217. 

http://www.sciencedirect.com/science/article/pii/B9780123876652000079
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It is known that BRCA1/BRCA2 have a function in the HR pathway55. The first 
function of BRCA1 in HR pathway is Rad51 phosphorylate on various places and may 
also induce changes in chromatin structure at the site of DNA DSB and consequently 
this protein participates in transcriptional response to DNA damage. ‘How BRCA1 is 
able to counteract 53BP1 activity in S/G2 to suppress NHEJ and promote HR remains 
unclear. It is possible that BRCA1 directly inhibits 53BP1 activity at DSBs formed in S-
G2 and/or acts indirectly to nullify the influence of 53BP1 on NHEJ by actively 
promoting HR’ 57. 

On the other hand, BRCA2 interacts directly with the Rad51 and RPA leading to 
its nuclear translocation and DNA binding activities160, 176, 401. The displacement-loop 
(D-loop) is formed by the invasion of the homologous DNA duplex which involves 
displacement of one strand of the duplex by the invasive strand and pairing with the 
other.  
 

 4.6.2. NON-HOMOLOGOUS END JOINING 
 

The NHEJ pathway is the predominant pathway to repair DSBs in many stages 
of the cell cycle, especially in the G0 and G1 phase160, and for this reason it is not 
associated with the replication state. In this case it is not necessary the existence of 
sequence homology between the DNA ends to be repaired and in this pathway a 
modification of the broken end takes place to make them compatible for ligation, 
which can result in small insertions and deletions. Indeed, the NHEJ is termed error-
prone.  

There are several current models for the NHEJ processes which involve 
sequential recruitment of factors to the DSB and have been generated based on both in 
vivo and in vitro studies243.  

Ku heterodimer complex is the first protein that binds the broken DNA end, 
and this complex is composed of the Ku70 (XRCC6) and the Ku80 (XRCC5) subunits. 
When the binding to DNA end occurs, Ku facilitates the accessibility of extreme end 
and helps in holding the broken ends together. Therefore, it is proposed that the 
Ku70/86 heterodimer not only binds to DNA ends, but also it recruits DNA-PKcs. In 
fact, the binding of Ku serves as a signal for recruitment and binding of DNA-PKcs 
(XRCC7). This Ser/Thr kinase requires the presence of DNA ends to be active and 
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forms, together with Ku, the DNA-PK holoenzym160, 216. Two molecules of DNA-PKcs, 
one on each side of the DSB, hold the DNA ends together prior to ligation in a process 
known as synapsis243. DNA-PKcs blocks further end processing and promotes 
juxtaposition of the two ends. While the interaction between Ku and DNA-PKcs only 
occurs in the presence of a DNA terminus, DNA-PKcs can also bind to the DNA end 
and is active in the absence of Ku with a lower affinity176, 216, 401. DNA-PKcs associates 
with XRCC4 that acts in a tight complex with LigIV. This complex only forms a stable 
complex with the DNA in the presence of Ku, which may indicate that Ku recruits and 
loads the XRCC4/LigIV complex at the DNA DSB site176, 216. 

Since most of the DSBs generated cannot undergo direct ligation, they need to 
be processed first by endonucleases, because the DNA DSBs usually show non-ligitable 
3’ phosphates and 5’ hydroxyls require this procedure.  It is mainly carried out by the 
MRN complex (exonuclease, endonuclease and helicase activity) to remove the 3’ 
flaps. A portion of the total DNA-PKcs forms a physical complex with Artemis. 
Artemis/DNA-PKcs complex behaves like an endonuclease and is required for 
rejoining. Artemis is, however, only required for a subset (10%) of DNA-damage 
events in vivo. Artemis can also remove 3’ phosphoglycolate groups from DNA ends in 
vitro. Sometimes, Artemis functions in an ATM dependent way176, 216. In addition, 
other nucleases are suggested to be recruited to the site of damage, like PNK, 
Aprataxin, polynucleotide kinase-like factor or APLF (both endo- and exonuclease 
activities) and WRN (3’5’ exonuclease activities). Thus, these factors can contribute to 
DNA end processing during NHEJ. Polymerases of the PolX family have also been 
implicated in NHEJ, especially those with alignment-based gap filling activity such as 
pol l and pol k, which can minimize the loss of genetic information during NHEJ 243. 
The Ligase IV–XRCC4– XLF complex subsequently carries out the final step of DNA 
ligation. Other factors such as the Mre11–Rad50–Nbs1 (MRN) complex, 53BP1, TdT, 
and Werner protein (WRN) have also been shown to play a role in DNA end 
processing before the re-ligation of DNA breaks243. 

‘There are new studies which have suggested a new model for protein assembly 
that involves accumulation of NHEJ core factors independently and simultaneously to 
the DSBs followed by formation of a large complex on the DSBs. Specifically, a direct 
recruitment of Ligase IV–XRCC4 complex by Ku was shown in a manner that would 
be independent of DNA-PKcs. This new model provides insights into a dynamic 
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assembly of the NHEJ factors on the DSBs and a requirement of interactions between 
different NHEJ proteins for stabilization on the DSBs rather than active recruitment in 
a sequential manner’ 243. 

Although NHEJ is active throughout the cell cycle and is favored in G1 cells, HR 
is more prevalent after DNA replication, since an identical sister chromatid is available 
as a template for repair. However, HR and NHEJ do not work completely independent 
despite the apparently specific roles in different subtypes of DNA DSB and the specific 
parts of the cell cycle. Indeed, it has been demonstrated that sufficient flexibility is 
present to allow redundancy and backups if one factor or type of repair fails. Studies 
on hamster cells have shown that when NHEJ is impaired, HR seems to increase and 
viceversa401. Today it has been accepted the existence of a competition between DSB 
repair pathways (reviewed in Chapman et al, 201257) (see figure 48). 

 
Fig.48: The two major mammalian pathways for double-strand break repair: Homologous Recombination (HR) and Non-
Homologous End Joining (NHEJ). From Jeppesen et al, 2011167.  
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 4.7. CELL DEATH 
 

The death of a cell is one of the possible results as a consequence of unrepaired 
DNA damage. This consequence can occur by two main genetically controlled 
processes termed apoptosis and necrosis, which, in spite of having the same outcome, 
are carried out by different mechanisms. Indeed, necrosis represents the passive form 
of the cell death and usually follows after high doses of damage (radiation or other 
kind of damage). During necrosis there is an early increase in membrane permeability, 
random DNA fragmentation, dilatation of the cytoplasmic vesicles and cell swelling. 
Therefore, it is usually associated to inflammatory processes. On the other hand, 
apoptosis is a programmed form of the cell death which occurs after low doses of 
damage (like irradiation). In this case, the process is characterized as cell shrinkage, 
chromatin condensation, nuclear and cytoplasmic membrane blebbing and formation 
of new membrane. The DNA helix is broken at regular intervals and after that 
endonuclease digestion occurs, which leads to the formation of nucleosomal 
fragments. It is possible to see bound apoptotic bodies in cells which have suffered 
apoptosis. When DNA degradation is finished, it is possible to see a loss of membrane 
integrity. In response to irradiation, it can happen in two different stages of apoptosis. 
In fact, there is an early apoptosis or interphase death which takes place a few hours 
after damage, before cell division, and in this case it is followed by p53-dependent 
pathway. On the other hand, a late apoptosis can also occur after G2 arrest of several 
days after damage and it follows p53-independent pathway52, 314. 

p53 is one of the most important proteins involved in DDR, since this protein 
acts not only in DNA repair but also in apoptosis314. In the presence of severe DNA 
damage there is an activation of p53 (directly by the DDR) which leads to apoptosis 
via transcription-dependent or -independent mechanisms. Following IR exposure, 
both ATM (directly or indirectly through Chk2 phosporylation) and DNA-PKcs usually 
activate p53. The pathway is in this way: ATM phosphorylates Mdm2 (a negative 
regulator of p53), and then p53 induces apoptosis by modulating the activities of 
many of the proteins that control the integrity of the mitochondrial pore complex 
(intrinsic apoptotic pathway). p53 is a transcriptional activator of a number of pro-
apoptotic factors, such as Bax53, Puma54, Noxa and Bid55 genes. Then, they inhibit 
the anti-apoptotic Bcl-256 and Bcl-XL 57 proteins and when they start to 
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predominate, the mitochondrial membrane undergoes some structural changes47, 301. 
However, other kind of p53-dependent apoptosis is possible, named extrinsic 
apoptotic pathway, which takes place by the activation of the death receptors (e.g. Fas 
and TRAIL58) in the cell membrane. In this case there is an activation of different 
molecules, among which we can highlight the formation of the death inducing 
signaling complex (DISC) and several procaspases and caspases which cleave the pro-
apoptotic Bid (induction of the intrinsic apoptotic pathway). In addition the activation 
of caspases 1, 3 and 6 leads to degradation of cell death substrates (e.g. PARP and Rb) 
and the DNA fragmentation factor (DFF). Therefore, and as a result of these processes, 
the mitochondrial pathway is activated and the release of mitochondrial pro-apoptotic 
factors occurs, such as cytochrome c, Smac/DIABLO and the p53 transcription 
dependent part73, 187, 351. 

However, apoptosis processes are not only dependent of p53, and p53-
independent pathways also exist. One of them involves the c-abl TK, which regulates 
the function of the Rad51 protein through the activation of DNA-PK or ATM and this 
pathway uses p38 MAPK (mitogen activated protein kinase) pathway to generate 
signals. A second pathway involves Apaf-1, whose transcription is stimulated by 
E2F301. 

Radiation can cause the release of ceramide, which activates the ceramide 
activating protein kinase (CAPK) and the consequence is the activation of these targets, 
Ras and Raf1. Therefore, ceramide act as an activator of the JNK61 pathway. Ceramide 
production can due also as an activation of oncoproteins (e.g. Bcl-2) located at the cell 
membrane351, 401. 

Autophagy and senescence are other genetically-controlled pathways, which 
can contribute to the loss of the cellular reproductive capacity. In the autophagy 
process, cells digest parts of their own cytoplasm by means of autophagic 
vacuolisation. mTOR62 kinase functions as the key regulator of this process. After 
exposure to IR, a pro-survival role can take place, when this process occurs in order to 
generate energy, but of course, autophagy, can lead to (programmed) cell death172, 196, 

208. Other times the stressors produce a permanent loss of cellular proliferative 
capacity, termed ‘premature’ senescence. There are several cell cycle regulating genes 
involved in this process as p53, p21WAF1, Rb and p16INK4a. The senescence 
constitutes a barrier to the cancer development172, 313. 
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Finally, other kind of genetically uncontrolled cell death induced by IR is 
mitotic catastrophe, which occurs during or shortly after dysregulated or failed 
mitosis. The result is the presence of unrepaired or misrepaired DNA damage and it 
leads to the formation of multinucleated cells in addition to polyploidy. Mitotic 
catastrophe may subsequently trigger cell death programs as apoptosis, necrosis, 
senescence or autophagy172, 196, 313. 
 

 4.8.THE FOCI ASSAYS (γH2AX, 53BP1, etc) 
 

´Since 1998 with the discovery of γH2AX, the first histone modification 
induced by DNA damage there were a lot of studies focused in the changes to 
chromatin induced by DNA damage and a big amount of information has been 
generated. All these investigations suggest that chromatin responses induced by DNA 
damage are not simply the accumulation of ´nuclear foci´ but are mechanisms 
required to guard genome integrity.  DNA lesions can trigger histone alterations, 
nucleosome repositioning and changes in higher-order folding of the chromatine 
fibre. These modifications cause massive accumulation of proteins in large segments of 
lesion-flanking chromatin that are visible by light microscopy as nuclear foci, the 
study of which has led to the unraveling of molecular pathways that reshape the 
chromatin around DNA lesions´ 227.  

The phosphorylation of the H2AX histone (termed γH2AX), localized near the 
induced DNA DSBs, is one of the first events after IR exposure. The transformation to 
γH2AX, which starts in the region around the damaged chromosome and expands 
over a region of about 2 megabases, forms a nuclear micro-domain, named IR-
induced foci or IRIF. Not all the H2AX gets phosphorylated in the foci, and it could be 
due to the orientation and accessibility of the C-terminal tail domain within the 
higher-order structure of the chromatin. The process of focus formation is fast and it 
occurs with half-maximal amounts obtained by 1-3 minute post-irradiation and 
maximal amounts are founded by 10-30 min dependent on the cell type. During the 
period of phosphorylation, the maximal number of foci counted represents the initial 
number of IR induced DNA DSBs187, 303, 327, 328. 

H2AX is phosphorylated at the beginning of DNA damage by the ATM enzyme 
in normal conditions. When the ATM kinase is non-functional, it is possible to observe 
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a severe decrease in the γH2AX foci levels, this happens because DNA-PKcs assume 
this function only in the complete absence of ATM. Indeed, this is because the presence 
of the NBS1 subunit impedes DNA-PKcs from efficiently targeting H2AX383. This 
phosphorylation gives an epigenetic signal, which is recognized by NBS1, 53BP1 and 
Mdc1 in mammalian cells. The MRN complex cannot bind phosphorylated H2AX 
without the concomitant presence of Mdc1226. Mdc1 may be the key contributor of 
γH2AX to IRIF formation (see figure 49). 

The studies of foci formation and disappearance not only are focused at the 
γH2AX level, although this is one of the most important ones. Hence, it can also 
analyze the formation of foci produced by other proteins involved in DDR pathway as 
53BP1, BRCA1 or RAD51. The γH2AX foci can be co-localized with 53PB1 foci, which 
usually follow similar kinetics, or with BRCA1 and MRN foci, which are formed 
several hours after irradiation. In the case of 53BP1, it is involved in the NHEJ pathway 
while BRCA1 is more related to the HR pathway. 
 

 
Fig.49:  A schematic representation of the γH2AX foci formation. From Su et al. 2006 (main figure) and Stucki et al. 2006 
(insert)383, 384. 
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Persistence of γH2AX foci after the initial induction of DNA damage may 
indicate that some of the initiated damage continues unrepaired. For that reason, the 
γH2AX foci assay constitutes a target for the measure of DNA damage unrepaired in 
individuals and cell lines, and can also be used for the identification of cell lines and 
human subjects with defective DNA repair24. 

The γH2AX foci assay represents a high sensitivity, and it is efficient and 
reproducible for the measurement of the amount of DNA damage. Some groups 
consider this assay better compared to the other available DNA damage assays like 
pulsed field gel electrophoresis (PFGE) and the comet assay354, and other advantage is 
that this assay does not require proliferation-competent cells349. Therefore, it has been 
demonstrated that other lesions apart from DNA DSBs do not show the formation of 
foci. As a result, the γH2AX foci assay is considered to be the golden standard to 
visualize DSBs in eukaryotic cells197. One of the limitations of these assays is that, 
although a decrease in foci is seen with time, the kinetics does not follow the actual 
fate of a physical DNA DSB based on the PFGE assay and they show a 5-time slower 
kinetics. Moreover, studies in yeast revealed that it is due to the completion of other 
steps preceding the final ligation of the break. However, this is only relevant for the 
applications that require fine resolution in the repair kinetics187. 

The γH2AX foci, as well as previously mentioned foci assays, can be measured 
by immunofluorescence, flow cytometry or Western blotting183, being the 
immunofluorescence the most important technique used for this purpose.  In this case, 
cells are irradiated in vitro and after various time periods in which the cells are 
allowed to repair the induced DNA DSBs, cells are fixed. By means of a correct specific 
antibody visualization and quantification of the γH2AX, 53BP1, RAD51, etc. foci are 
possible187. 

Finally, it is important to highlight that the formation of foci depends on the 
grade of DNA damage caused. Obviously, it is not the same to produce DNA damage 
with low or high doses of irradiation (see figure 50). For that reason, it is very 
important to determine the levels of irradiation required before analyzing the effects 
of damage, and of course to compare different effects is essential to use the same doses. 
In the case of this thesis, all experiments performed have been used with 5Gy  of 
irradiation. 
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Fig.50:  H2AX release from IR-irradiated cells. A) Effect of relatively high IR doses (higher than 10mGy). B) Effect if low IR doses 
(less than 10mGy). From Firsanov et al. 2011101. 

 

 4.9. GLUCOCORTICOIDS AND CANCER 
 
Glucocorticoids (GCs), as dexamethasone, are widely known for their anti-

inflammatory role, and are used, in that sense, in the treatment of inflammatory 
disorders such as asthma, rheumatoid arthritis, dermatitis, autoimmune diseases and 
tissue edema. Moreover, GCs are commonly used as co-medication in cancer 
therapy338. 

Indeed, the ability of GCs to kill lymphoid cells has led to their inclusion in all 
chemotherapy protocols for lymphoid malignancies352, and its use began in the early 
1960’s, when GCs were introduced for remission of induction of childhood 
leukemia338.   

´In addition, GCs are used as comedication in cancer therapy for solid 
malignant tumors for their effectiveness in treating the malignant tumor or treatment-
related edema, inflammation, pain, electrolyte imbalance, and to stimulate appetite, to 
prevent nausea and emesis, or toxic reactions caused by cytotoxic treatment´ 337, 338. 
These GCs may be given not only during chemotherapy treatment but also before and 
after this treatment, depending on the procedure as well as the dose used which may 
vary among the different kind of tumors. Regardless of the procedure used, the 
ultimate goal is to reduce acute toxicity in cancer patients, thus offering protection 
against the long-term effects of genotoxic drugs337. 
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Despite the extended use of the GCs its pro- and anti-apoptotic effects 
depending on the cell type have been unknown until recently. ´Today it is known that 
GCs induce apoptosis in cells of the hematological lineage, but also in some 
nonhematologic cells such as osteoblasts. In contrast, GCs support survival in several 
nonhematologic tissues, such as mammary glands, ovaries, livers, fibroblasts, and 
glioma´316. In addition it is known that GCs not only can exert an anti- or pro- 
apoptotic potential depending on the cell type, but within the same cell type, and 
under different circumstances, the GCs may exercise one or another effect. The GCs-
induced survival effects are always clinically relevant when they interfere with the 
effect of chemotherapeutics287, 309.  

The most common glucocorticoid prescribed for brain tumors is 
dexamethasone67, 361, a synthetic steroidal glucocorticoid, that is also widely used in 
the treatment of multiple myeloma (MM) in single5 and combination chemotherapy 
regimens317. Regarding the use of dexamethasone in brain tumors, this drug acts by 
decreasing the blood-brain barrier permeability and the regional cerebral blood 
volume, with the subsequent improvement in the symptoms of these patients316. In 
addition, dexamethasone may counteract the action of vascular endothelial growth 
factor (VEGF) through the decrease of the edema in the brain tumor234. However, not 
all data obtained from the use of dexamethasone in patients with brain tumors have 
been positive. In fact, today must weigh the beneficial effect of this treatment, in 
patients with brain tumors, against the possibility that it may reduce the efficacy of 
chemotherapy drugs which act by inducing apoptosis. So, it has been reported that 
dexamethasone pre-treatment may interfere with apoptotic death in brain tumor cells 
by the transcriptional activation of a Bcl-xL gene316. Indeed, patients treated with the 
combination of 1,3-Bis (2-chloroethyl)-1-nitrosourea (BCNU) and a high-dose of 
methylprednisolone have less effect than those treated with BCNU alone316. In 
addition, it has been reported that dexamethasone induces apoptosis resistance in most 
solid malignant tumors during cotreatment with chemotherapy agents, such as 
camptothecin (CAM). In this sense, a study of Yi-Hua Quian et al, 2009316, showed 
that dexamethasone inhibits camptothecin-induced apoptosis in C6-glioma via 
activation of Stat5/Bcl-xL pathway.  

In other kind of tumors, the dexamethasone effects have also been studied, 
mainly in MM. In this sense, an antimyeloma effect of dexamethasone has been partly 
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elucidated29. However, the use of dexamethasone in MM disease is not at all effective 
already that dexamethasone is unable to cure the disease due to the extended use 
during the chronic disease that confers resistance to it and causes some toxicity in 
combination with several chemotherapeutic agents without having an improvement 
in survival29. 

´Dexamethasone is also an anti-inflammatory drug that inhibits the activation 
of the redox-regulated prosurvival transcription factors, nuclear factor κB (NF κB) and 
activator protein 1 (AP-1) that govern cellular radiosensitivity. Dexamethasone has 
been shown to inhibit IL-6 expression, and an NF-κB– and c-Jun–mediated 
Interleukin-6 (IL-6) expression has been reported in myeloma cells. IL-6 has been 
established as a prosurvival and proproliferative cytokine in MM that may be 
regulated by the redox status of the tumor cells´29. The study of Bera et al, 201029, 
shows that dexamethasone can be effectively combined with radiation to improve 
therapeutic efficacy in MM. Mechanistically, dexamethasone selectively induces 
oxidative stress–induced cell killing in myeloma cells compared with stromal cells and 
hematopoietic stem/progenitor cells. This study provides a new paradigm for 
dexamethasone usage in MM that can potentially be incorporated in designing more 
effective combined modality therapies´29. 

However, other studies showed that dexamethasone could confer 
radioresistance for different types of carcinoma. In fact, Ruth et al, 1998339, showed 
that treatment with dexamethasone induces radioresistance in two cervical carcinoma 
lines (C4-1 and SW 756 cells), which has been previously observed in HeLa cells, 
another human cervical carcinoma cell line. One year later, Mariotta et al, 1999246, 
found that dexamethasone may induce radioresistance in human carcinoma cells. This 
work was also based on previous data from literature, and they concluded that 
´dexamethasone induced enhancement in radioresistance in 4 of 12 carcinoma cell 
lines (33%), but not in 3 glioblastoma cell lines, nor in 3 fibroblast strains. 
Dexamethasone also induced enhanced resistance to carboplatin with a similar 
probability in fresh samples of ovarian cancer evaluated prospectively (in 4 of 13 
samples; 31%)246. 

Despite the clinical relevance of glucocorticoids in the treatment of cancer, the 
truth is that their role combined with chemotherapeutic or radiation agents today are 
still unknown. In addition there are multiple disputes, because they do not act in the 
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same way depending on the type of cancer and other treatments combined (as 
different chemotherapeutic or radiation agents). For this reason a part of the thesis 
focuses on clarifying the role of dexamethasone in the specific case of astrocytomas 
cell lines focusing in DNA damage Response. 
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MATERIALS AND 
METHODS 

"El éxito no se logra sólo con cualidades especiales. Es sobre todo 
un trabajo de constancia, de método y de organización." J.P. 

Sergent 

"Success is not achieved only with special qualities. It is mostly a 
work of constancy, methodology and organization". 
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Materials and Methods 
 

 CHAPTER 1:  GENERATION OF NEURAL STEM CELLS DURING 
POSTNATAL DEVELOPMENT AND SURVIVAL IN ADULT BRAINS 
 

 EXPERIMENTS  

 
In this case we divided the analysis in two experiments named A and B 

experiments. The first one, experiment A, was performed to analyze the generation 
and survival of the NSCs in the dentate gyrus of postnatal mice. On the other hand, the 
experiment B was designed to assess the differential effect of certain drugs 
administered during the day of the majority generation of NSCs of the adult. Animals 
used, drugs and the rest of description are performed later. 
 

 ANIMALS  
 

We used different litters of C57/BL6J mice obtained from the Cajal Institute Animal 
House. A total of fifty-nine C57/BL6J mice (males and females) were used in 
experiment A. Animals were divided into eight litters (according on dates of CldU and 
IdU injections), and each litter was composed of: 

 Litter 1: 6 animals; 4 males and 2 females 
 Litter 2: 8 animals; 5 males and 3 females 
 Litter 3: 5 animals; 2 males and 3 females 
 Litter 4: 8 animals; 2 males and 6 females 
 Litter 5: 9 animals; 5 males and 4 females 
 Litter 6: 7 animals; 3 males and 4 females 
 Litter 7: 10 animals; 6 males and 4 females 
 Litter 8: 6 animals; all males. 
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We evaluated the gender effect in all experiments but we did not find any 
significant differences (see results). 

 In addition, a total of twenty-seven C57/BL6 mice (males and females) were used 
in experiment B. In this case, the animals were divided into four litters (depending on 
the kind of drug injection), and each litter was composed of: 

 Control litter: 8 animals; 3 males and 5 females 
 Dexamethasone litter: 8 animals; 6 males and 2 females 
 Etoposide litter: 6 animals; 5 males and 1 female 
 Double litter: 5 animals; 2 males and 3 females. 

 These animals were housed at 22±1°C on a 12/12 h light/dark cycle, with ad 
libitum access to food and water. Mice were kept under standard laboratory 
conditions in accordance with the European Community Guidelines (Directive 
86/609/EEC). Moreover, all the animals were handled in strict accordance with good 
animal practice as defined by the national animal welfare bodies (at the Cajal Institute 
and the CSIC, the Spanish Higher Research Council), and all the animal work was 
approved by the appropriate committees (the Bioethics Committee of the Cajal 
Institute and the CSIC, approval certificate number BFU2007-60195, issued June 7, 
2007). 

 
 EXPERIMENTAL DESIGNS AND INJECTION OF THYMIDINE ANALOGUES 

 

In experiment A, mice were distributed into eight litters (1-8) as summarized in 
figure 51. This figure also summarizes the injection regimes used for 5-Chloro-2′-
deoxy-Uridine [CldU, 57.65 mg/Kg body weight intraperitoneal injection, i.p. 
(dissolved in saline buffer 0.9%), Ref. C6891  Sigma-Aldrich, St. Louis, USA] and 5-
Iodo-2′-deoxy-Uridine [IdU, 42.75 mg/Kg body weight i.p. (dissolved in phosphate 
buffer saline), Ref. I7125 Sigma-Aldrich, St. Louis, USA). These doses were based on 
equimolar doses of 50 mg/Kg body weight BrdU230. CldU injection is used to label new 
cell division at the 3rd, 6th or 9th postnatal day (P3, P6 or P9) (day after birth); and 
IdU injection is used to label new cell division at the 24th, 32nd, 49th or 56th 
postnatal day (P24, P32, P49, P56). One week after IdU injection animals were 
sacrificed by intracardiac perfusion.  

http://www.sigmaaldrich.com/catalog/product/sigma/c6891?lang=de&region=DE
http://www.sigmaaldrich.com/catalog/product/sigma/i7125?lang=de&region=DE
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Fig.51. Experimental Design A. CldU injection appears in green and IdU injection appears in blue. Arrows show the 
day of sacrifice of different litters (one week after IdU injection). 

 

In experiment B, mice were distributed into four groups (Control, Dexamethasone, 
Etoposide, Double) depending on drug injection at P6 (i.p.); these drugs were: 
dexamethasone [0.001 mg/kg body weight (dissolved in a mix 1:9 of ethanol and 
saline buffer 0.9%), Ref.D4902, Sigma-Aldrich, St.Louis, USA] and etoposide [3mg/kg 
body weight (dissolved in a mix 1:99 of dimethyl sulfoxide (Ref. 472301, Sigma-
Aldrich, St. Louis, USA) and saline buffer 0.9%), Ref. E1383, ,Sigma-Aldrich, St.louis, 
USA). Control litter was injected with vehicle drug (mix 1:9 of ethanol and saline 
buffer 0.9%), and double litter was injected with both drugs at the same time, in 
different intraperitoneal side. Three hours later drug injection animals were injected 
with CldU (CldU, 57.65 mg/Kg i.p., Sigma-Aldrich, St. Louis, USA). At P56 animals 
were injected with IdU (IdU, 42.75 mg/Kg i.p., Sigma-Aldrich). Between P60-P63 
animals did behavioral task (Elevated Plus Maze and Passive Avoidance, explained 
later). One week after IdU injection (P63) animals were sacrificed by intracardiac 
perfusion. Experimental design is summarized in figure 52. 

In addition, we did weight control in experiment B. So, animals were weighted to 
know the drug influence in this weight, at postnatal days: six, twelve, fifteen, twenty, 
twenty-five and fifty. No significant difference was found (see results).   

 

http://www.sigmaaldrich.com/catalog/product/sial/472301?lang=de&region=DE
http://www.sigmaaldrich.com/catalog/product/sigma/e1383?lang=de&region=DE


Ph.D. Sylvia Ortega Martínez  2013

 

 

M
at

er
ial

s a
nd

 M
eth

od
s 

 153
 

 
Fig.52. Experimental Design B.  

 
 SACRIFICE BY INTRACARDIAC PERFUSION 

 

One week after IdU injection, mice were completely anaesthetized with 
pentobarbital (EutaLender, 60 mg/kg body weight).  Animals were immobile in a few 
minutes, after which it was possible to start the surgical procedure.  It is important to 
evaluate the animals carefully during this time considering that the dose can be lethal 
and some mice respond more quickly than others.  Breathing is a good indicator of 
anesthesia, and it is usually possible to see a change from fast and shallow to slow and 
deep.  Therefore, it is important to evaluate the loss of different reflexes such as the toe 
pinch response before starting surgery. Then, animals were perfused with saline 
buffer 0,9% followed by 4% paraformaldehyde (Ref. 158127, Sigma-Aldrich, St.Louis, 
USA) in phosphate buffer (PB), following the next procedure (see figure 53). 

 
Fig. 53. Tissue fixation by perfusion. (A) The opened thoracic cage of a deeply anesthetized mouse is shown with the heart 
exposed. (B) The correct insertion site of the perfusion needle into the left ventricle. (C) Diagram of a good insertion of needle 
during perfusion.  Modified from Mark et al, 2007247.  
fig.C. http://neuro.bcm.edu/_web/jankowskylab/protocols/Transcardial%20perfusion%20508.doc 
 

http://www.google.es/url?q=http://neuro.bcm.edu/_web/jankowskylab/protocols/Transcardial%2520perfusion%2520508.doc&ei=9dhjUdeUK-qP0AWT9IDwBQ&sa=X&oi=unauthorizedredirect&ct=targetlink&ust=1365499901710044&usg=AFQjCNHMZgQ-rwrvG-ZCG_w2WD3M5LLbOA
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Animals were placed on their back, the head away from us, and they were 
immobilized by their limbs. The skin and body was lifted wall up and the blunt-end 
scissors were used to cut through the tent which was formed and enter the body 
cavity. This opening was extended laterally and then straight up by each side with two 
long cuts.  It is very important to be careful with the scissors when cutting to avoid 
damaging the circulation more than necessary.  The incisions were continued through 
the rib cage to just aside the lungs, then it was necessary to cut through the diaphragm 
by lifting the sternum and placing one blade of the scissors on either side of the 
membrane.  Any connective tissue of the heart was removed with the forceps.   

After that the needle was placed into the left ventricle (see figure 53).  The needle 
had to be inserted no more than necessary because it could come out the other side. 
While supporting the heart with the needle, the right atrium and snip were placed 
through it with the irridectomy scissors.  If the cut is big enough a flush of blood 
should be seen in the body cavity during surgery as the pressure from the saline buffer 
flowing into the mouse is relieved.   

It continues running saline buffer just 40ml with a syringe, longer if there is still 
blood visible in the liver.  Then, the syringe with saline buffer was removed and 
replaced by a syringe with PFA, and it runs 40 ml of PFA 4%.  

When animals were fixed they were decapitated at the level of the shoulders, in 
order to do the brain dissection. It is important to begin by the posterior side of head. 
At the beginning it was necessary to cut through the skin to expose the skull using a 
small sharp-ended scissors.  The circumference of the skull was cut by using the 
attachment of a muscle to the skull as a guide. This process had to be fast to preserve 
the integrity of the brain but mainly secure, because we needed to remove the brain in 
the best possible conditions.  

Once the skull was free on the back and along the sides, it was necessary to cut 
through the skull suture protecting the olfactory bulbs on either side using the forceps 
to pry off the resulting skull flap. Using the same forceps, the remaining skull was 
crushed away from the sides, leaving the brain exposed as though on a platform.  Now 
it was possible to lift the brain out from the base through the lab scraper. We needed 
to be especially careful around the olfactory bulbs, because they are easy to damage 
and hard to remove intact.  Both hemispheres were separated with a scalpel. 
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The brains of the mice were post-fixed overnight in the same fixative (PFA 4%). 
The following day, brains were washed with phosphate buffer on three occasions. 

 
 HISTOLOGY 

 

Coronal sections (50 µm thick) from left hemisphere were obtained on a Leica 
VT1000S vibratome (see figure 54) and a series of sections were generated comprised 
of every 8th section. These serial vibratome sections of the hippocampal formation 
were collected individually in 96-multiwell culture plates. A series of brain slices were 
made up randomly of one section from every 8th for the immunohistochemical 
analysis.  

 

 
Fig 54. Vibratome LeicaVT100S used. From http://www.bioimaging.ubc.ca/equipment/light-microscopes/lm-

preparation-equipment/ 

 

Double, triple or quadruple immunohistochemistry was performed as previously 
described231, incubating the sections with the following primary antibodies for 24 to 
48 hours: rat anti-CldU (1:100, Accurate Chemicals, New York, USA); mouse anti-IdU 
(1:100, BD Biosciences, New Jersey, USA); rabbit anti-phospho-histone 3 (pH3,1:500, 
Upstate-Cell Signaling, Boston, MA, USA); goat anti-doublecortin (DCX, 1:500, Santa 
Cruz, CA, USA); rabbit anti-calretinin (1:3000, Swant, Switzerland);   rabbit anti-
MCM2 (1:500, Abcam, Cambridge, UK); mouse anti-glial fibrillary acidic protein, 
GFAP, clone G-A-5 (1:1000, Sigma-Aldrich, St.Louis, USA); mouse anti-phospho-
histone H2A.X (Ser 139) clone JBW301 (1:500, Merck Millipore, Billerica, MA), rabbit 

http://www.bioimaging.ubc.ca/equipment/light-microscopes/lm-preparation-equipment/
http://www.bioimaging.ubc.ca/equipment/light-microscopes/lm-preparation-equipment/


Ph.D. Sylvia Ortega Martínez  2013

 

 

M
at

er
ial

s a
nd

 M
eth

od
s 

 156
 

anti-nestin (1:500, Lifespan Biosciences, Seattle, WA, USA); goat anti-Sox2 (1:50; R&D 
Systems, Minneapolis, MN, USA).  The binding of these antibodies was then detected 
over 24 hours at 4°C with the following donkey Alexa-conjugated secondary 
antibodies as appropriate (1:1000, Molecular Probes, Eugene, OR, USA): Anti-rabbit 
alexa 594-conjugated, anti-rabbit Alexa 555-conjugated (Nestin, MCM2 detection); 
anti-rat alexa 488-conjugated (CldU, γ-H2AX detection), anti-goat alexa 594-
conjugated (DCX, Sox2 detection), anti-mouse alexa 647-conjugated (IdU, GFAP, pH3 
detection). To quadruple immunohistochemistry we used anti-rabbit alexa-405 
conjugated (IdU, Calretinin detection).  

 
 CONFOCAL MICROSCOPY AND CELL COUNTING 

 

Series composed of every 8th section were used to analyze each of these markers. 
We analyzed five pictures per animal with a confocal microscope (Leica TCS SP5, oil 
immersion 40x objective, see figure 55).  

We used a Z stack of 17 µM (pictures were done each 3 µM). Then we obtained 
the projection picture. The dentate gyrus area was measured in projection picture 
using Image J software. Cells labeled for each marker were counted in these pictures, 
and the total number of cells was given by the dentate gyrus area and multiplied by 
106. We assumed that CldU+/IdU+ double labeled cells corresponding to neural stem 
cells as demonstrated by the characterization of the cells, because we waited enough 
time between the first and the second thymidine analogue to suppose that only neural 
stem cells can be labeled with both analogues (In the case of labeled precursors, these 
precursors will have many divisions and we suppose that they will lost the first label of 
CldU). 

In addition, it did a Rostro/Caudal and Supra/Infrapyramidal analysis to know if 
the NSCs had a differential position inside DG. The criteria used to determine this, 
Rostro/Caudal and Supra/Infrapyramidal situation inside DG, is described in the 
following figure 55: 
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Fig 55: Diagram used to determine dentate gyrus position. Blue: Infrapyramidal layer; Red: Suprapyramidal 
layer. From Olariu, A. et al 2007289. 

 
 PERFORMED ANALYSES 

 

We evaluated different aspects of the neural stem cell postnatal generation and 
adult survival measured as double-labeled CldU+/IdU+ cells (it was evaluated in 
experiment A). Moreover, we evaluated them by measuring their sex and dentate 
gyrus position (Rostro/Caudal and Supra/Infrapyramidal position). We also analyzed 
the CldU positive cells by CldU administration day and IdU positive cells by IdU 
administration day. 

In experiment B we evaluated the changes in this cell population when we injected 
different drugs at P6, as well as the analysis of this population by CldU injection day 
and by IdU injection day. Therefore, we correlated this population with results 
obtained through different behavioral tasks (Elevated Plus Maze, EPM; and passive 
avoidance, PA). In addition, we characterized the double- labeled cells with other 
different markers such as Sox2, GFAP, Nestin, DCX, Calretinin, MCM2 and PH3. We 
evaluated the DNA damage which persisted two months later with γ-H2AX, and cell 
apoptosis by TUNEL assay. 

 
 

DG ROSTRAL DG CAUDAL 
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 BEHAVIORAL TASK 
 
Step-through Passive Avoidance Test   

One of the classical tests used to evaluate learning is based on the memories of 
single experiences which constitute a quick form of learning that provides a group of 
events or places that can be adaptive to the organism. This test is named Passive 
Avoidance and it examines the rapid one-trial learning, where an animal is 
conditioned by a single aversive event and is later tested for the memory of that 
experience. Therefore, the memory is based on the mice ability to avoid a test 
environment where it previously received a noxious stimulus. The conditioning can be 
examined from very short periods (e.g., 5 min) to much longer time points (e.g., days 
to months). It is also possible to evaluate certain aspects of the memory as well as 
acquisition, consolidation, retention, recall or extinction, using different mice at 
various time points326.  

A white compartment (14×25×20 cm) illuminated with light room was used. This 
compartment was separated by another black space by a guillotine-type door (5×3.5 
cm) (see figure 56). In the acquisition trial, a mouse was placed in the illuminated 
compartment for habituation and the door was opened 20 s after. When the mouse 
entered the non-illuminated compartment, the door was immediately closed and an 
electrical foot shock (AC, 25 V) of 3 s duration was delivered. It is important to observe 
that all the animals experienced a momentary pain by the electrical shock considered 
by the vocalization of sounds. Twenty-four hours later, the mouse was placed in the 
illuminated compartment again for the retention trial.  

The latency to enter the dark compartment was measured by a maximum cutoff 
time of 180s. An entry was defined as entering of the abdomen of the mouse into the 
non-illuminated compartment. 

 
Fig. 56. Escheme of passive avoidance test. From Rodriguiz et al, 2006326. 
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Elevated plus-maze test 

The "golden standard" test for assessing anxiety in rodents is the test known as 
Elevated Plus Maze, which has also been shown to be sensitive to both traditional and 
novel anxiolytic effects. This test uses an approach-avoidance conflict between the 
natural tendency of rodents to explore and its aversion for open spaces (which helps 
them prevent detection from predators). For this reason, the test combines an elevated 
cross-shaped space, with open places known as open arms, and closed places, known 
as closed arms. Obviously, animals prefer to explore closed arms compared to open 
arms, and the time that animals spent in open arms is considered as an anxiolytic 
status for them.  

Indeed, anxiety-like behavior was examined by the elevated plus-maze (EPM) test, 
as it was widely and previously described. As mentioned above, this consisted of a 
central platform (5 cm×5 cm) with two open arms (50 cm long, 10 cm wide and 0.5 
cm high borders) and two closed arms (same dimensions as the open arms only with 
40 cm high walls) that were elevated 50 cm above the ground (see figure 57).  

Animals adapted themselves to the experimental room for ~1 day after which each 
animal was placed in the center square of the platform facing the open arms, and 
allowed to move freely there for 5 min. All this time the test was recorded with a video 
camera. The time spent in the open arms was recorded and used for statistical analysis 
with specific software. Anxiety is typically measured by the amount of time the animal 
explores the open arms. The more anxious the animal is, the less it will explore the 
open arms. 
 

 
Fig. 57. Elevated Plus Maze. From http://www.douglas.qc.ca/page/neurophenotyping-anxiety 
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 DETECTION OF APOPTOSIS  BY TUNEL ASSAY 
 

Apoptotic cells were also visualised by the terminal deoxytransferase -mediated 
dUTP-biotin nick end labeling (TUNEL) method. This assay was performed using the In 
Situ Cell Death Detection kit (Boehringer Mannheim) according to the manufacturer’s 
recommendations. Briefly, slides of the series of the brain slices were fixed with 4% 
paraformaldehyde for 24 hours at room temperature. After that, tissue was treated 
with 0,1M Sodium Citrate (Ref. W302600, Sigma-Aldrich, St. Louis, USA) pH 6 for 1 
hour at 65ºC. Then sections were cool down in the buffer for 20 minutes at room 
temperature, and washed three times with PBS for 5 min each.  DNA fragments were 
labeled with TUNEL-Enzyme (Boehringer Mannheim). The slides were incubated in 
TdT Reaction Mixture for 1 hour at 37ºC in a humidified chamber, and washed three 
times with PBS for 5 min each. The reaction was detected by incubating slides with 
Streptavidin-Cy3 (Ref. S6402, Sigma-Aldrich, St. Louis, USA) in PBS (1:200) for 2 
hours at room temperature (see figure 58). Cell images were acquired by fluorescence 
microscopy (Axio-skop, Zeiss). The number of TUNEL-positive cells was counted, and 
the percentage of apoptotic cells was calculated. 
 

 
Fig 58. Principles of TUNEL assay 
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 STATISTICAL ANALYSIS 
 

Data were analyzed by multifactorial analysis univariate, with ‘sex’, ‘sacrifice 
day’, ‘CldU’, ‘IdU’, ‘Rostro/Caudal’ position and ‘Supra/Infrapyramidal position’ as 
fixed factors and ‘number of double cells’, ‘number of double cells rostro/caudal’ and 
‘number of double cells supra/infrapyramidal’ as dependent variables. For the second 
experiment the data were analyzed with ANOVA to compare the four experimental 
groups (Control litter; Dexamethasone litter; Etoposide litter and Double litter). We 
performed the one-way ANOVA, and in addition, as post-hoc tests, the Dunnett´s 
multiple comparison test (to compare all treatments with control litter, without drug 
injection) and the Tukey´s multiple comparison test (to compare all treatments 
between them). SPSS 17.0.1 software (SPSS, 1989; Apache Software Foundation) or 
GraphPad Prism software were used for all the statistical analyses. GraphPad Prism 6 
statistical software was used to obtain the results during my internships at FLI Institute 
and Oxford University due to SPSS software was not available there.  

 
Microsoft Excel v.2010 was used for the calculations. In all cases, differences 

were considered statistically significant when p<0.05. However, a p value between 
0.05 to 0.10 was considered as a trend toward significance.  
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 CHAPTER 2: EFFECTS OF GLUCOCORTICOIDS ON ASTROCYTOMAS 
CONTROL AND FROM APP-PS1 MODEL: ROLE OF DNA DAMAGE 
RESPONSE 

 

 ASTROCYTOMAS CELL CULTURE 
 

We used the following cell lines: CT2A, APP-PS1 L.1 and APP-PS1 L.3 (see figure 
59), which were a gift from Ricardo Martínez (Cajal Institute, Madrid, Spain). CT2A is 
an astrocytoma cell line that we used as a control. Moreover, APP-PS1 L.1 and APP.PS1 
L.3 are two different astrocytoma cell lines obtained from a mice APP.PS1 which 
previously were injected with 20-methylcholantrene (a carcinogen) and which 
developed different kinds of astrocytoma tumors from which Ricardo's lab established 
different astrocytoma cell lines that were different between them regarding beta-
amyloid expression and other analyzed parameters. These cells were maintained in 
RPMI medium (12633-012, Gibco) supplemented with 10% fetal bovine serum 
(10106-151, Gibco) and 5mg/ml penicillin/streptomycin (15070-063, Gibco). All the 
cells were cultured in a humidified incubator at 37ºC in a 5% CO2 atmosphere. 

 

 
Fig 59. Astrocytoma cell lines used. 

  

 DEXAMETHASONE TREATMENT: 
 

All the treatments with dexamethasone were performed by incubating cells with 
50µM 50µM (11β,16α)-9-Fluoro-11,17,21-trihydroxy-16-methylpregna-1,4-diene-
3,20-dione 9α-Fluoro-16α-methyl-11β,17α,21-trihydroxy-1,4-pregnadiene-3,20-
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dione 9α-Fluoro-16α-methylprednisolone Prednisolone F (Dexamethasone, D4902, 
Sigma-Aldrich, St. Louis, MO, USA). Aliquots of 1 µg dexamethasone were 
resuspended in 1 mL of ethanol and diluted in 49 mL culture medium [RPMI media 
(1640, Gibco) + 10% Fetal Bovine Serum (10106-151, Gibco)] to a final concentration 
of 50µM. We used 3mL of this medium in dexamethasone conditions, and 3mL of 
culture medium as the vehicle in control conditions. Treatment was carried out for 
different times indicated in each experiment. 

 
 IONIZING RADIATION: 

 

The cells were irradiated with 5Gy  (100Kv, 250mA, 1 minute) for all the 
experiments which used irradiation. The model of the irradiator used was the ´Smart 
200 E" 85034’, and was proportioned by Cajal Institute. In the internships done in 
other Institutes or Universities, it used the irradiators proportioned by them, but the 
amount of irradiation was always the same, 5Gy . 

 
 KINETIC EXPERIMENT: 

 

The cells were plated in p60 overnight. They were irradiated with 5Gy, and fixed 
for different periods of time (30, 60, 210, 360 minutes). The control conditions were 
not irradiated, only fixed at the beginning of the experiment. We evaluated 53BP1 foci 
as indicator of Non Homologous End-Joining (NHEJ) pathway and γH2AX as indicator 
of double strand breaks (DSBs) and DNA damage. To determine whether a cell is 
positive or not in the presence of foci, it has been taken into account that cells must 
present at least five foci. When the cells showed a smaller number of foci they have 
been considered negative. Examples of positive and negative cells are represented in 
figure R26 in Results section. These experiments were evaluated per triplicate. 
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 CELL CHARACTERIZATION: 
 

To characterize the cells, we used the following 25 antibodies NG2 chondroitin 
sulphate proteoglycan (NG2, 1:500, 24 hours incubation, Millipore), Anti- Neuron 
Cell Surface Antigen (A2B5, 1:500, 24 hours incubation, Millipore), β-III Tubuline 
(1:1000, 24 hours incubation, Abcam), minichromosome maintenance complex 
component 2 (MCM2, 1:500, 24 hours incubation, Abcam), 8-hydroxy-2′ -
deoxyguanosine (8OHdG, 1:250, 24 hours incubation, Abcam), Neurogenic 
differentiation 1 (NeuroD1, 1:100, 24 hours incubation, Abcam), Nestin (1:500, 24 
hours incubation, Millipore), Sex determining Region Y-box 2 (Sox2, 1:100, 24 hours 
incubation, R&D Systems), Sex determining Region Y-box 9 (Sox9, 1:100, 24 hours 
incubation, Abcam), Glial fibrillary acidic protein (GFAP, 1:1000, 24 hours incubation, 
Sigma Aldrich), Doublecortin (DCX, 1:1000, 24 hours incubation, Santa Cruz), 
Insulin-like growth factor 1 receptor (IGFR1, 1:500, 24 hours incubation, Cell 
Signaling), Prominin-1 (1:100, 24 hours incubation, Abcam), Calretinin (1:3000, 24 
hours incubation, Swant), Calbindine (1:500, 24 hours incubation, Millipore), 
Mineralocorticoid receptor (MCR, 1:500, 24 hours incubation, Santa Cruz), activity-
regulated cytoskeleton-associated protein (Arc, 1:500, 24 hours incubation, Santa 
Cruz), Caspase 9 (p35, 1:500, 24 hours incubation, Cell Signaling), Lymphoid 
enhancer-binding factor 1 (LEF1, 1:500, 24 hours incubation, Abcam), Glucocorticoid 
Receptor (GR, 1:500, 24 hours incubation, Abcam), Muscarinic Acetylcholine Receptor 
m2 (mAB367, 1:500, 24 hours incubation, Millipore), acetylcholinesterase (AchE, 
1:500, 24 hours incubation, Santa Cruz), acetylcholine receptor alpha 7 subunit 
(AchRα7, 1:500, 24 hours incubation, Santa Cruz), acetylcholine receptor beta 2 
subunit (AchRβ2, 1:500, 24 hours incubation, Santa Cruz), Glutamate R1 AMPA 
(1:500, 24 hours incubation, Sigma Aldrich), prospero homeobox 1 (PROX-1, 1:500, 
24 hours incubation, Abcam).  
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 IRRADIATION+DEXAMETHASONE EXPERIMENTS: 

 

The cells were plated in p60 overnight. They were irradiated with 5Gy . We added 
dexamethasone medium (50µM) in dexamethasone conditions, and we only changed 
medium in vehicle conditions. We fixed the cells 30 or 240 minutes after irradiation. 
In control conditions, we added culture medium or dexamethasone medium (50µM) 
without irradiation. The control cells were fixed after 240 minutes. We evaluated 
53BP1 foci as an indicator of Non-Homologous-End-Joining (NHEJ) pathway and 
γH2AX as an indicator of double strand breaks (DSBs) and DNA damage. These 
experiments were evaluated per triplicate. 

 
 IRRADIATION+DEXAMETHASONE+ASCORBIC ACID EXPERIMENTS: 

 

The cells were plated in p60 overnight. They were irradiated with 5Gy . We added 
dexamethasone medium (50µM) in dexamethasone conditions, and the combination 
of both Dexamethasone (50µM), and Ascorbic Acid (Ref. A4403, Sigma-Aldrich, St. 
Louis, MO, USA) in concentration 0.05mM, and we only changed medium in vehicle 
conditions. We fixed the cells 30 or 240 minutes after irradiation. In control 
conditions, we added culture medium, dexamethasone medium (50µM), or 
combination of Dexamethasone (50µM) and Ascorbic Acid (0.05mM), without 
irradiation. The control cells were fixed after 240 minutes. We evaluated γH2AX as 
indicator of double strand breaks (DSBs) and DNA damage. These experiments were 
evaluated per triplicate. 

 
 DEXAMETHASONE+IRRADIATION EXPERIMENTS: 

 

The cells were plated in p60 overnight. Dexamethasone medium (50µM) was 
added to the cells and we waited for different times (1, 2, 4, 6, 7, 8 and 24 hours) to 
irradiate the cells with 5Gy . At these points we irradiated the cells and we fixed them 
5 minutes after. In control conditions, dexamethasone was not added. The cells were 
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only irradiated with 5Gy  and got fixed 5 minutes later. We evaluated 53BP1 foci as 
indicator of Non Homologous End-Joining (NHEJ) pathway and γH2AX as indicator of 
double strand breaks (DSBs) and DNA damage.  

 
 IMMUNOFLUORESCENCE 

 

The cells were plated on coverslips, irradiated with 5Gy if indicated, and collected 
at the varying time intervals. The cells were fixed with 4% paraformaldehyde and 
0.2% Triton X-100 in PBS for 20 minutes at RT, followed by 3 washes in PBS. After 
blocking in 1% BSA and 0.1% Triton X-100 in PBS for 1 hour at 37ºC, the cells were 
incubated with 53BP1 (NB100-304, Novus Biologicals), or Anti-phospho-Histone 
H2AX (Ser139) clone JBW301(05-636, Millipore) antibodies (1:3000 dilution), 
overnight at 37ºC. To characterize the cells, we used the 25 different antibodies listed 
above. Three washes in PBS were carried out followed by incubation for 1 hour at 
37ºC with the appropriate secondary antibodies. The final washed in PBS were carried 
out and the cells were counterstained with DAPI and coverslips were mounted on 
slides using Gervatol mounting medium. Fluorescent micrographs were taken using a 
Nikon 90i upright microscope. These experiments were evaluated per triplicate. 

 
 COMET ASSAY 

 

Neutral comet assays were performed using CometSlide assay kits (Trevigen). Cells 
were treated with vehicle or dexamethasone for 2 h. Then, the cells were irradiated 
with 5Gy and incubated at 37ºC for different periods of time (0, 30, 60, 90 and 120 
minutes) to allow DNA damage repair. The cells were embedded in agarose, lysed, and 
subjected to neutral single cell gel electrophoresis. The agarose was dehydrated and 
the cells were stained with 4',6-diamidino-2-phenylindole (DAPI) to visualize under a 
fluorescence microscope. We determined the olive comet moment by using the 
program CometScore Version 1.5 (TriTek). The olive moment was calculated by 
multiplying the percentage of DNA in the tail and the displacement between the 
means of the head and tail distributions as described290. A total of 30 comets were 
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analyzed per sample in each experiment. These experiments were evaluated per 
triplicate. 

 

 TIME-LAPSE EXPERIMENTS: 
 

300.000 cells per condition (CT2A control, CT2A dexamethasone, APP-PS1 
control, APP-PS1 dexamethasone, APP-PS1 L.3 control and APP-PS1 dexamethasone) 
were plated in p6 and cultured with RPMI+10%FBS. One day after the dexamethasone 
was added in all dexamethasone conditions, and we began to register the behavior of 
the cell in a Time Lapse microscopy for 24 hours in a humidified incubator at 37ºC 
under a 5% CO2 atmosphere.  

    
 SURVIVAL EXPERIMENTS: 

 

350.000 cells per condition (CT2A control, CT2A dexamethasone, APP-PS1 
control, APP-PS1 dexamethasone, APP-PS1 L.3 control and APP-PS1 dexamethasone) 
were plated in 6 well plates and cultured in an IncuCyte microscopy (in a humidified 
incubator at 37ºC in a 5% CO2 atmosphere) with or without dexamethasone 
treatment for 3 days. Subsequently we evaluated the final confluence in these wells 
with the IncuCyte software. The experiment was evaluated per triplicate. 

 

 CELL CYCLE EXPERIMENTS 
 

1.106 cells were plated in 1cm2 plate with RPM1+10%FBS. The following day we 
added dexamethasone in these conditions, and the cells were treated for 6 hours. 
Subsequently the cells were washed with PBS and centrifuged, and the pellet was fixed 
in 70% ethanol in PBS and conserved one day at -20ºC. The next day the cells pellets 
were resuspended in 0.5ml PBS containing DAPI (1mg/ml). The cell cycle analysis was 
performed by using a FACStar Plus (Becton Dickinson). 30.000 cells per condition 
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(CT2A control, CT2A dexamethasone, APP-PS1 control, APP-PS1 dexamethasone, APP-
PS1 L.3 control and APP-PS1 dexamethasone) were evaluated in total. 

 

 WESTERN BLOT EXPERIMENTS 
 

350.000 cells per condition (CT2A control, CT2A dexamethasone, APP-PS1 
control, APP-PS1 dexamethasone, APP-PS1 L.3 control and APP-PS1 dexamethasone) 
were plated in 6 well plate and cultured in RPM1+10%FBS. The next day the 
dexamethasone treatment was added in these conditions for 6 hours, and then we 
isolated the extracts of proteins using RIPA buffer (which contained phosphatases and 
proteases inhibitors). Protein concentrations were determined by using Bradford 
reagent (Coomassie (Bradford) Protein Assay Kit, Pierce), and equal amounts of protein 
(50µg) were run on a 10% SDS/PAGE gel under reducing conditions. After 
electrophoresis, proteins were transferred to a nitrocellulose membrane where 
efficiency and equal loading of proteins were evaluated by Ponceau S staining. The 
membrane was blocked for 90 minutes with Tris-buffered saline (pH, 7.4) containing 
150mM NaCl and 5% (wt/vol) low-fat milk (TBS), and subsequently was incubated 
overnight with the different primary antibodies used.  We used the following 
antibodies: ATR (goat sc-1887, Santa Cruz), pChk1 (rabbit, s317 cat A300-163A; 
Bethyl Laboratories), Chk1 (goat, A300-162A; Bethyl Laboratories) Chk2 (Clone 7) 
(mouse #05-649 Upstate), Cdc2 (mouse, Oncogene) at a 1:1000 dilution in TBS 
containing 0.2% (vol/vol) Tween 20 (TBST). β-actin (mouse, A5441, Sigma-Aldrich, 
St.Louis, USA) was used as load control at 1:3000 dilution. Blots then were washed 
three times in TBST, incubated with an appropriated secondary antibodies (Goat anti-
mouse HRP, DAKO; Goat anti-rabbit HRP, DAKO; Rabbit anti-goat HRP, DAKO) 
(1:3000 dilution in TBST) and then visualized by enhanced chemiluminescence. We 
measured the level of proteins with ImageJ software and normalized the result 
referred to β-actin expression (when protein levels between study protein and β-actin 
are equal the result is 1). We evaluated three different experiments.  
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 HOMOLOGY-DIRECTED DNA REPAIR AND DR-GFP SYSTEM 
 

The three cell lines were used containing a single intact copy of the HDR reporter 
DRGFP substrate in the hprt locus were generated as described previously 421. In brief, 
these cells were transfected, using 1mg/ml (the best concentration of transfection was 
previously determined) of Lipofectamine (Invitrogen) according to the manufacturer’s 
recommendations,  with 20 µg linearized plasmid containing the DR-GFP cassette 308 
(see figure 60), previously generated in Wang’s lab (FLI institute, Jena), and plated in 
10 cm cultural dishes. This plasmid confers a resistance to puromycin to the 
transfected cells. Later, we did a selection with 6 µg/ml puromycin (this concentration 
was previously determined to our cell lines), during three weeks, assuming that the 
cells that survived correspond to the transfected ones with the plasmid, and they are 
the positive resistant clones. 

To analyze the HR repair, I-SceI-expressing plasmid was transfected into cells 
using Lipofectamine (Invitrogen), according to the manufacturer’s recommendations. 
Flow cytometric analysis of GFP expression was performed on cells carrying a single 
intact copy of the DRGFP reporter 2 days after transfection with I-SceI-expressing 
plasmid421. 

 
Fig 60. Plasmid containing the DR-GFP cassette used. 
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 STATISTICAL ANALYSIS: 
 

For all the experiments “two-tailed” student’s t-test or ANOVA test were used to 
calculate statistical significance of the observed differences using SPSS 17.0.1 software 
(SPSS, 1989; Apache Software Foundation) or GraphPad Prism software (at FLI 
Institute and Oxford University due to SPSS software was not available there). 
Furthermore, in the Neutral Comet Assay we performed a Repeated Measures ANOVA 
to evaluate the Dexamethasone effect as a whole. In addition, as post-hoc tests we used 
the Dunnett´s multiple comparison test (to compare all treatments with control litter, 
without drug injection) and the Tukey´s multiple comparison test (to compare all 
treatments between them). Microsoft Excel v.2010 was used for the calculations. In all 
the cases, differences were considered statistically significant when p<0.05, however a 
p value between 0.05 to 0.10 was considered as a trend toward significance. 
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 CHAPTER 3: EFFECTS OF GLUCOCORTICOIDS ON NEURAL STEM 
CELLS CONTROL AND FROM APP-PS1 MODEL: ROLE OF DNA 
DAMAGE RESPONSE 
 

 ISOLATION OF NEURAL STEM CELLS FROM HIPPOCAMPUS OF MICE P3, P6 OR 
P9 

 

The protocol used was the following: 
Head and neck of the mouse was disinfected with 70% vol/vol ethanol. The mouse 

was decapitated with surgical scissors. Skin was sectioned sagittally along the midline 
up to an arbitrary point between the eyes. The skull was exposed free of overlying skin 
and subcutaneous tissue. (2) After that, the skull was cut mid-sagittally into two halves 
using fine scissors. This is done by incising the skull starting occipitally at the vertebral 
canal and then going forward up to the olfactory bulbs. The tip of the scissors should 
be kept close to the skull and away from the brain tissue to avoid damage. Further 
cross sections are made on either side from the vertebral canal laterally to the external 
auditory meatus. Finally the skull was removed. The brain was placed in a 6-cm petri 
dish with cold Leibovitz's L-15 (11415-049, Gibco) and we were continued removing 
the brains from remaining mice. We were changed to a clean 6 cm petri dish with 
fresh cold medium if the dish becomes bloody. (3) It is very important to maintain 
sterile working conditions, separating the cerebrum from the cerebellum, removing 
the meninges from the brain tissue and continuing with the hippocampus dissection. 
(4) The brain was cut along the longitudinal fissure in order to divide both 
hemispheres. The next steps were continued under a dissection microscope.  We were 
removed the diencephalon, placing the medial side of the hemisphere up, and 
resecting the exposed hippocampus away from the neocortex. With the hippocampus 
isolated from the rest of the brain, we were placed it in a new 1.5 cm petri dish with 
cold L-15. We were avoided contact of the dissected tissue with blood-containing 
medium to prevent contamination with hematopoietic cells. (5) When all 
hippocampus were extracted from mice (at least 6) we placed the tissue in a 15-ml 
tube with cold L-15 and we chopped the obtained tissue with a scalpel into small 
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fragments. (7) We were centrifuged for 1 minute at 900 rpm. (8) After that we were 
put the pellet into a Cerebrospinal Fluid (CSF) Mg/ Ca, to that previously added 
Trypsine 10x (15090-046, Gibco) and 100µL of kynurenic acid (K3375 Sigma 
Aldrich, St. Louis, MO,USA) and incubating at 37ºC for 15 minutes. (9) We were 
centrifuged for 5 minutes at 900 rpm. (10) We were discarded the supernatant and 
we were put the pellet into a normal CSF and we were incubated at 37ºC for 5 
minutes. (11) We were centrifuged for 5 minutes at 900 rpm. (12) We were 
resuspended the pellet with 950 µL DMEM-F12 (12634028, Gibco) + 50 µL 
ovomucoid (Inhibitor of Trypsine from chicken, T9253, Sigma-Aldrich, St. Louis, USA) 
using a sterile Pasteur pipette whose end was previously flamed with the lighter. After 
resuspending, we were continued adding another 5 ml of DMEM-F12. (13) We were 
centrifuged for 5 minutes at 900 rpm. (14) We were added the pellet to neurosphere 
growth media supplemented with Recombinant human Fibroblast growth factor 2 
(FGF2; Peprotech, cat. no. 100-18B-B) at a final concentration of 20ng/ml; 
Recombinating human Epidermal growth factor (EGF; Peprotech, cat. no. 100-15) at a 
final concentration of 20ng/ml, amphotericin B (A9528, Sigma Aldrich, St. Louis, MO, 
USA), and we were platted it in T25. (15) 24 hours after extraction changing media 
with fresh growth media and growth factors (without amphotericin B). 

 

STOCK SOLUTIONS 10X TO PREPARE CSF (IN 20 ML MILIQ WATER), see table 1. 

 KCl + NaCl 10x:  
o 0,074 g KCl + 1,45 g NaCl  

 NaHCO3 10x: 
o 0,436 g NaHCO3 

 Normal MgCl 2 10x: 
o 0,052 g MgCl2 

  MgCl2 10x: 
o 0,13 g MgCl2 

 Normal CaCl2 10x: 
o 0,058 g CaCl2 

  CaCl2  10x: 
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o 0.0029 g CaCl2 

 
 

 

Table 1. Preparation of the two types of CerebroSpinal Fluids used for the isolation of neural stem cell. 

 

 NEUROSPHERES CELL CULTURE: 
 

Once the extraction of the neural stem cells is made, the neurospheres left grow in 
specific medium detailed in table 2, during 3-4 days to allow the formation of 
neurospheres. When neurospheres were formed, these cells were split to allow the 
maximum possible growth in a proportion 1 in 2. Trophic factors were always added 
to this specific media to prevent the differentiation of these cells. A determined 
number of neurospheres were used in each experiment. All the cells were cultured in 
a humidified incubator at 37ºC in 5% CO2 atmosphere. 

 

Table 2. Composition of Neurosphere Growth medium 
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 DEXAMETHASONE TREATMENT: 
 

All the treatments with dexamethasone were performed by incubating cells with 
50µM (11β,16α)-9-Fluoro-11,17,21-trihydroxy-16-methylpregna-1,4-diene-3,20-
dione 9α-Fluoro-16α-methyl-11β,17α,21-trihydroxy-1,4-pregnadiene-3,20-dione 
9α-Fluoro-16α-methylprednisolone Prednisolone F (Dexamethasone, D4902, Sigma-
Aldrich, St. Louis, MO, USA). Aliquots of 1 µg dexamethasone were resuspended in 1 
mL of ethanol and diluted in 49 mL culture medium [RPMI media (1640, Gibco) + 
10% Fetal Bovine Serum (10106-151, Gibco)] to a final concentration of 50µM. We 
used 3mL of this medium in dexamethasone conditions, and 3mL of culture medium 
as the vehicle in control conditions. Treatment was carried out for different times 
indicated in each experiment. 

 
 IONIZING RADIATION: 

 

The neurospheres were irradiated with 5Gy (100Kv, 250mA, 1 minute) for all the 
experiments which used irradiation. The model of the irradiator used was the ´Smart 
200 E" 85034’, and was proportioned by Cajal Institute.  

 
 KINETIC EXPERIMENT: 

 

The cells were plated in p60 overnight. They were irradiated with 5Gy, and fixed 
for different periods of time (30, 60, 210, 360 minutes). The control conditions were 
not irradiated, only fixed at the beginning of the experiment. We evaluated 53BP1 foci 
as indicator of Non Homologous End-Joining (NHEJ) pathway and γH2AX as indicator 
of double strand breaks (DSBs) and DNA damage. In order to determine whether a cell 
is positive or not in the presence of foci, it has been taken into account that cells must 
present at least five foci. When the cells showed a smaller number of foci they have 
been considered negative. Examples of positive and negative cells are represented in 
figure R26 in Results section. These experiments were evaluated per triplicate. 
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 NEUROSPHERES CHARACTERIZATION: 
 

In order to characterize the neurospheres, we used the following 10 antibodies  
NG2 chondroitin sulphate proteoglycan (NG2, 1:500, 24 hours incubation, Millipore), 
Anti- Neuron Cell Surface Antigen (A2B5, 1:500, 24 hours incubation, Millipore), β-
III Tubuline (1:1000, 24 hours incubation, Abcam), Neurogenic differentiation 1 
(NeuroD1, 1:100, 24 hours incubation, Abcam), Nestin (1:500, 24 hours incubation, 
Millipore), Sex determining Region Y-box 2 (Sox2, 1:100, 24 hours incubation, R&D 
Systems), Sex determining Region Y-box 9 (Sox9, 1:100, 24 hours incubation, Abcam), 
Glial fibrillary acidic protein (GFAP, 1:1000, 24 hours incubation, Sigma Aldrich), 
Doublecortin (DCX, 1:1000, 24 hours incubation, Santa Cruz), Prominin-1 (1:100, 24 
hours incubation, Abcam). 

 
 IRRADIATION+DEXAMETHASONE EXPERIMENTS: 

 

The neurospheres were plated in µ-slide 8 well (reference 80826, Ibidi) overnight. 
They were irradiated with 5Gy. We added dexamethasone medium (50µM) in 
dexamethasone conditions, and we only changed medium in vehicle conditions. We 
fixed the cells 30 or 240 minutes after irradiation. In control conditions, we added 
culture medium or dexamethasone medium (50µM) without irradiation. The control 
cells were fixed after 240 minutes. We evaluated 53BP1 foci as an indicator of Non-
Homologous-End-Joining (NHEJ) pathway and γH2AX as an indicator of double 
strand breaks (DSBs) and DNA damage. These experiments were evaluated per 
triplicate. 

 
 IMMUNOFLUORESCENCE 

 

The neurospheres were plated in in µ-slide 8 well (reference 80826, Ibidi), 
irradiated with 5Gy if indicated, and collected at the varying time intervals. The cells 
were fixed with 4% paraformaldehyde and 0.2% Triton X-100 in PBS for 20 minutes 
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at RT, followed by 3 washes in PBS. After blocking in 1% BSA and 0.1% Triton X-100 
in PBS for 1 hour at 37ºC, the cells were incubated with 53BP1 (NB100-304, Novus 
Biologicals), or Anti-phospho-Histone H2AX (Ser139) clone JBW301(05-636, 
Millipore) antibodies (1:3000 dilution), overnight at 37ºC. To characterize the cells, 
we used the 10 different antibodies listed above. Three washes in PBS were carried out 
followed by incubation for 1 hour at 37ºC with the appropriate secondary antibodies. 
The final washed in PBS were carried out and the cells were counterstained with DAPI. 
Fluorescent micrographs were taken using the confocal microscope. These 
experiments were evaluated per triplicate. 

 

 COMET ASSAY 
 

Neutral comet assays were performed using CometSlide assay kits (Trevigen). 
Neurospheres were treated with vehicle or dexamethasone for 2 h. Then, the cells 
were irradiated with 5Gy and incubated at 37ºC for different periods of time (0, 30, 
60, 90 and 120 minutes) to allow DNA damage repair. The cells were separated 
mechanically to obtain single cells, embedded in agarose, lysed, and subjected to 
neutral single cell gel electrophoresis. The agarose was dehydrated and the cells were 
stained with 4',6-diamidino-2-phenylindole (DAPI) to visualize under a fluorescence 
microscope. We determined the olive comet moment by using the program 
CometScore Version 1.5 (TriTek). The olive moment was calculated by multiplying the 
percentage of DNA in the tail and the displacement between the means of the head 
and tail distributions as described290. A total of 30 comets were analyzed per sample in 
each experiment. These experiments were evaluated per triplicate. 

 
 

 STATISTICAL ANALYSIS: 
 

For all the experiments ANOVA tests were used to calculate statistical significance 
of the differences observed using SPSS 17.0.1 software (SPSS, 1989; Apache Software 
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Foundation). In addition, in the Neutral Comet Assay we performed a Repeated 
Measures ANOVA to evaluate the Dexamethasone effect as a whole. Microsoft Excel 
v.2010 was used for the calculations. In all the cases, differences were considered 
statistically significant when p<0.05. However, a p value between 0.05 to 0.10 was 
considered as a trend toward significance. 
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OBJECTIVES 
"Uno de los principales objetivos de la educación debe ser 

ampliar las ventanas por las cuales vemos al mundo." Arnold H 
Glasow. 

"One of the main goals of education must be to enlarge the 
windows through which we see the world". 
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THESIS OBJECTIVES: 
 

 CHAPTER 1:  GENERATION OF NEURAL STEM CELLS DURING 
POSTNATAL DEVELOPMENT AND SURVIVAL IN ADULT BRAINS 
 

The main goal of this chapter is to find out the hypothesized existence of a 
preference time target during postnatal development, in which the generated NSCs 
will be which persist later during the adult hippocampal neurogenesis. It also 
intends to analyze if different damage in the target day would cause further 
irreversible damage in adults. This overall goal was carried out based on the 
following partial objectives:  

 
 1.1. To analyze the generation period of the Neural Stem Cells (NSC) in the  

postnatal hippocampus and to evaluate whether these cells persist in the 
same proportion in adults or, on the contrary, there is some target day in the 
development where the NSC are mostly generated that then they will be 
present in adult hippocampal neurogenesis. It has been established as 
analysis period days P3, P6, and P9. 
 

  1.2. To characterize cells labeled with different markers, such as GFAP, 
Nestin, Sox2, DCX, CLR, MCM2, PH3, among others. 
 

 1.3. To evaluate the survival of the NSC generated at these stages (P3, P6 or 
P9) after different times, explaining at material and methods. These 
objectives at determining the existence of a target day in the generation and 
survival of NSC conforming adult hippocampal neurogenesis. 
 

 1.4. Once established the existence of a target period of generation of NSC in 
the postnatal hippocampus, it causes a different kind of damage (by a drug 
that causes DNA damage inhibiting topoisomerase II, etoposide; and a 
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glucocorticoid to simulate and ‘stress damage’, dexamethasone; and the 
combination of both drugs) in this day to evaluate the effects on the adult. 

 
 1.5. To analyze if this damage causes a problem in the processes of learning 

and memory (through passive avoidance test), and anxiety (through 
elevated plus maze test). 

 
 1.6. To evaluate if this damage affects to adult hippocampal neurogenesis.  

 
 1.7. To evaluate if the damage produced by glucocorticoids (by 

dexamethasone administration), produces the same effect that damage 
caused by etoposide (that produces a damage in the DNA Damage Response, 
DDR). 

 
 1.8. To measure the proliferative capacity, apoptosis and the formation of 

gamma-H2AX foci two months after the damage generation. 
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 CHAPTER 2: EFFECTS OF GLUCOCORTICOIDS ON ASTROCYTOMA 
CONTROL AND FROM APP-PS1 MODEL: ROLE OF DNA DAMAGE 
RESPONSE 

 
All the objectives of this chapter are intended to evaluate the DNA damage 

response in three astrocytoma cell lines which are different among them. Hence, two 
of them were obtained from APP-PS1 mice (therefore they have high levels of b-
amyloid) and a control astrocytoma cell line. We wanted to analyze whether these 
differences can give cells a difference in DNA damage response or not. In fact it has 
also been evaluated the role of glucocorticoids in this response. This overall goal was 
carried out based on the following partial objectives: 
 

 2.1. To characterize cells labeled with different markers, such as GFAP, 
Nestin, Sox2, DCX, Prominin, among others. 
 

 2.2. To evaluate the kinetics of the formation and disappearance of foci, 
gamma-H2AX and 53BP1, in different lines after irradiation (IR). 

 
 2.3. To evaluate the kinetics of the formation and disappearance of foci, 

gamma-H2AX and 53BP1, in different lines after IR and subsequent 
addition or not of a glucocorticoid (dexamethasone). 

 
 2.4. To analyze if the effect produced by dexamethasone after IR, measured 

as the formation of gamma-H2AX foci, can be reversed with Ascorbic Acid, 
used as a recruitment agent of free radicals. 

 2.5. To analyze the DNA damage repair kinetic in control conditions and 
with addition of dexamethasone, in these 3 cell lines using Neutral Comet 
Assay technique. 

 
 2.6. To analyze cell survival in control and dexamethasone conditions by 

Incucyte microscope. 
 



Ph.D. Sylvia Ortega Martínez  2013

 

 

Ob
jec

tiv
es

 

 183
 

 2.7. To determine the existence of cell death with the addition of 
dexamethasone compared to control conditions, in the different cell lines by 
Time-Lapse Microscopy. 

 
 2.8. To analyze dexamethasone effects in cell cycle profile of these three cell 

lines.  
 

 2.9. To analyze dexamethasone effects on the different proteins involved in 
DDR, in these three cell lines. 
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 CHAPTER 3: EFFECTS  OF GLUCOCORTICOIDS ON NEURAL STEM CELL 
CONTROL AND FROM APP-PS1 MODEL: ROLE OF DNA DAMAGE 
RESPONSE 
 

All the objectives of this chapter are intended to evaluate the DNA damage 
response in NSC control compared to NSC obtained from APP-PS1 mice (therefore 
they have high levels of b-amyloid) . We wanted to analyze whether these differences 
can give cells a difference in DNA damage response or not. In fact it has also been 
evaluated the role of glucocorticoids in this response. This overall goal was carried out 
based on the following partial objectives: 
 

 3.1. To characterize neurospheres labeled with different markers, such as 
GFAP, Nestin, Sox2, DCX, Prominin, among others. 

 
 3.2. To evaluate the kinetics of the formation and disappearance of foci, 

gamma-H2AX and 53BP1, in NSC control and NSC APP-PS1 after IR and 
subsequent addition or not of a glucocorticoid (dexamethasone). 

 
 3.3. To analyze the DNA damage repair kinetic in control conditions and 

with addition of dexamethasone, in NSC control and NSC APP-PS1 using 
Neutral Comet Assay technique. 
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RESULTS 
"Si buscas resultados distintos, no hagas siempre lo 

mismo." Albert Einstein. 
"If you are looking for different results, do not always do 

the same". 
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THESIS RESULTS: 
 

 CHAPTER 1:  GENERATION OF NEURAL STEM CELLS DURING 
POSTNATAL DEVELOPMENT AND SURVIVAL IN ADULT BRAINS 
 
C) TO EVALUATE A POSSIBLE TARGET TIME WINDOW IN THE GENERATION 

AND SURVIVAL OF NEURAL STEM CELLS DURING POSTNATAL 
DEVELOPMENT OF THE DENTATE GYRUS. 
 

 1.1. Analysis of the CldU population depending on CldU Administration 
Day.  

 
As it was explained in the Material and Methods section, CldU was injected at 

different postnatal ages: P3, P6 and P9. Subsequently several times were allowed (see 
figure 51 Material and Methods section) after which the animals were perfused. The 
CldU population is therefore comprised of cells that were labeled at the 
aforementioned postnatal stages and survive till the time of sacrifice. In this sense, we 
analyzed the density of the CldU population at the different survival times to analyze 
any significant difference between them. We have found a significant difference in the 
CldU population, observing higher levels in litters which were injected with CldU at 
P6 (see figure R1). The results obtained are represented in the graph R1. This result 
may indicate that there are more cellular divisions at P6, and for this reason more 
marked cells were found. Another hypothesis to be considered could be that these cells 
marked at P6 have increased their survival from postnatal stages to the adult dentate 
gyrus.  
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Fig. R1. Example of the immunohistochemistry obtained from the density of the CldU cell population depending on 

CldU administration day. 

 

 
Graph R1. Density of the CldU cell population depending on CldU administration day. 

 
 

ANOVA df F Sig. 

Between Groups 2 15,853 ,000 
Within Groups 56   
Total 58   

 
Statistical results R1. ANOVA test results of the density of the CldU cell population depending on CldU administration 

day. 
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 1.2. Analysis of the IdU population depending on IdU Administration Day.  
 
IdU was injected at different postnatal ages: P32, P24, P49 and P56. After 

several survival times were allowed before the animals were perfused (see figure 51, 
Material and Methods section). Therefore, IdU population is comprised of cell labeled 
the day of IdU administration when survive till the sacrifice of the animals. We 
analyzed the density of the IdU population in different litters as a parameter to see any 
significant differences between them. In this case, there were no significant differences 
in the IdU population compared to the IdU Administration Day, as it is shown in graph 
R2 (see figure R2 as an example of the immunohistochemistry obtained). It means that 
the proliferation plus survival of the IdU population does not depend on the IdU 
Administration Day.  
 

 
Fig. R2.Example of immunohistochemistry obtained from the density of the IdU cell population depending on IdU administration 

day 

 

 
Graph R2. Density of the IdU cell population depending on IdU administration day. 
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ANOVA df F Sig. 

Between Groups 3 1,352 ,267 
Within Groups 55   
Total 58   

 
Statistical results R2. ANOVA test results of the density of IdU cell population depending on IdU administration day. 

 
 1.3. Analysis of the (CldU+/IdU+) cell population by day of administration of 

the thymidine analog. 
 

In this case we have focused on the analysis of the cells that were marked with 
CldU (at P3, P6 or P9 depending on the litter, see figure 51 of the Material and 
Methods section), and subsequently incorporated IdU (in P24, P32 or P56 depending 
on the litter, see figure 51 of the Material and Methods section) and which persisted 
with the double labeling when the animals were sacrificed. Therefore these cells have 
been named CldU+/IdU+ cell population. The density of CldU+/IdU+ cell population in 
different litters could mean the persistence of Neural Stem Cells, generated during 
postnatal development, in the adult brain. Our results show significant differences 
between different litters. Indeed, higher levels of the CldU+/IdU+ cell population were 
observed in all litters that were injected with CldU at P6, as graph R3 shows. An 
example of immunohistochemistry obtained in the different litters is represented in 
figure R3. It shows that Neural Stem Cells which were generated at P6 had increased 
their survival in adult brains.  

 
ANOVA df F Sig. 

Between Groups 7 3,891 ,002 
Within Groups 50   
Total 57   

 
Statistical results R3. ANOVA test results of the density of (CldU+/IdU+) cell population by day of administration of thymidine 
analog. 
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Graph R3. Density of (CldU+/IdU+) cell population by day of administration of thymidine analog. 
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Fig. R3. A) Immunohistochemistry CldU/IdU/DCX that shows CldU in green, IdU in blue and DCX in red. B) Representation in 

white of the double cells CldU+/IdU+, CldU in green and IdU in red. C) Representation of CldU+/IdU+ in white. 
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 1.4. Analysis of the (CldU+/IdU+) cell population by CldU Administration 
Day. 
 

In this case, we have analyzed the CldU+/IdU+ cell population depending on the 
CldU Administration Day. For this purpose, we had taking together all the data of the 
different litters, and we had represented the CldU+/IdU+ cell population depending on 
the CldU Administration Day. We have found higher levels in litters which were 
injected with CldU at P6 compared to litter injected with CldU at P3 or P9 (as 
represented in graph R4). These differences are statistically significant (see statistical 
results R4). This result suggests that Neural Stem Cells which were dividing at P6 have 
had more survival in adult dentate gyrus. An example of the immunohistochemistry 
obtained is shown in figure R4. 

 

 
Fig. R4. Immunohistochemistry  CldU/IdU depending on the CldU Administration Day that shows CldU+ in green, IdU+ 

in red and CldU+/IdU+ in white. 

 

ANOVA df F Sig. 

Between Groups 2 14,206 ,000 
Within Groups 55   
Total 57   

 
Statistical results R4. ANOVA test results of the density of (CldU+/IdU+) cell population depending on CldU 

Administration Day. 
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Graph R4. Density of (CldU+/IdU+) cell population depending on CldU Administration Day. 

 
 1.5. Analysis of the (CldU+/IdU+) cell population depending on IdU 

Administration Day. 
 

We performed a similar analysis to that explained in the previous section 1.4, 
but in this case the CldU+/IdU+ cell population was analyzed depending on the IdU 
Administration Day. In this analysis we have only considered the IdU administration 
in P32 and P56, because the IdU administrations in P24 and P49 correspond to a 
single litter each, which were injected with CldU in P6. No significant differences 
were observed between the different groups, as graph R5 and statistical results R5 
shown. This result means that Neural Stem Cells that persist in adult brains do not 
depend on the IdU Administration Day.  

 
 
 
 
 
 

 
Statistical results R5. ANOVA test results of the density of (CldU+/IdU+) cell population depending on IdU Administration 

Day. 

 

ANOVA gl F Sig. 

Inter-groups 3 1,473 ,234 
Intra-groups 48   
Total 51   
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Graph R5. Density of (CldU+/IdU+) cell population depending on IdU Administration Day. 

 
 1.6. Analysis of the (CldU+/IdU+) cell population depending on Rostro-

Caudal position in Dentate Gyrus of the Hippocampus. 
 

The density of (CldU+/IdU+) cell population by Rostro-Caudal position in DG has 
been analyzed here. No significant differences have been found, as it can be seen in 
the graph R6. This result shows that the CldU+/IdU+ cell population does not depend on 
the Rostro-Caudal position in the dentate gyrus of the adult hippocampus. An example 
of the immunohistochemistry obtained is represented in the following figure. 

 

 
Fig. R5. Immunohistochemistry of CldU/IdU/DCX/CLR in Rostro or Caudal position within Dentate Gyrus. 
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Graph R6. Density of (CldU+/IdU+) cell population depending on Rostro-Caudal position within Dentate Gyrus. 

 

 

ANOVA df F Sig. 

Between Groups 1 ,520 ,473 
Within Groups 97   
Total 98   

Statistical results R6. ANOVA test results of the density of (CldU+/IdU+) cell population depending on Rostro-Caudal 
position within Dentate Gyrus. 

 
 1.7. Analysis of the (CldU+/IdU+) cell population depending on Infra-

Suprapyramidal position in DG of the Hippocampus. 
 

In this case, the density of (CldU+/IdU+) cell population was analyzed depending 
on the Infra-Suprapyramidal position in DG. No significant differences have been 
found, as it is shown in graph R7.  

 

 
Fig. R6. Immunohistochemistry of CldU/IdU/DCX/CLR depending on Infra-Suprapyramidal position within Dentate Gyrus. 
Graph R7. Density of (CldU+/IdU+) cells by Infra-Suprapyramidal position within Dentate Gyrus. 
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ANOVA df F Sig. 

Between Groups 1 ,692 ,407 
Within Groups 110   
Total 111   

 
Statistical results R7. ANOVA test results of the density of (CldU+/IdU+) cells depending on Infra-Suprapyramidal 

position within Dentate Gyrus. 

 
 1.8. Analysis of the (CldU+/IdU+) cell population depending on animal 

gender. 
 

Finally, considering all litters, the density of (CldU+/IdU+) cell population 
depending on animal gender has been analyzed. No significant differences have been 
found, as graph R8 shows.  

 

 

Fig. R7. Immunohistochemistry of CldU/IdU depending on animal gender. 



Ph.D. Sylvia Ortega Martínez  2013

 

 

Re
su

lts
 

 197
 

 
Graph R8. Density of (CldU+/IdU+) cell population depending on animal gender. 

 

ANOVA df F Sig. 

Between Groups 1 2,399 ,135 
Within Groups 24   
Total 25   

 
Statistical results R8. ANOVA test results of the density of (CldU+/IdU+) cell population depending on animal gender. 
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D) TO GENERATE A DAMAGE IN THE TARGET DAY AND EVALUATE ITS 
CONSEQUENCES IN ADULT BRAIN. 
 
We designed the following experiment to investigate the consequences in the 

adult hippocampus of a specific lesion or damage in the selected target day (P6). 
 

EXPERIMENTAL DESIGN 

 
Table R1. Experimental Design to analyze the consequences in the adult hippocampus of a specific lesion in the target 

day. 

 
 1.9.  Weight control: 

 
The weight of the animals was evaluated at different times to know if drugs 

caused some damage in animals' development and survival. There were no significant 
differences between the weights of the animals of the different groups. Only as a 
relevant data, it was noteworthy that animals of the ETOPOSIDE and DOUBLE-
treatment groups lost their fur and revered it at around p25. The table and the graph 
with data are shown below. 
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 CONTROL ETOPOSIDE DEXAMETHASONE DOUBLE 

P6 4,2 g 4,3 g 4,4 g 4,1 g 
P12 6,9 g 7 g 6,8 g 6,9 g 
P15 7,1 g 7,5 g 8,5 g 8 g 
P20 8,8 g 8,9 g 9 g 8,5 g 
P25 13,2 g 13 g 14 g 12,5 g 
P50 23 g  22 g 24 g 23 g 

Table R2: Weight mean of different litters. 

 

 
Graph R9. Evolution of the weight of the animals through time. 

 

 
Fig. R8. A) Control and Etoposide animals at P12. B) Etoposide animal at P25. 

 

 1.10. Analysis of the (CldU+/IdU+) cell population by Treatment. 
 

With this experiment, explained in the experimental design shown above (table 
R1), we wanted to analyze the drug effects used (Dexamethasone and Etoposide) in the 
survival of Neural Stem Cells from the postnatal to adult hippocampus, using P6 as a 
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target day, as it was explained in the section about Materials and Methods. In this 
experiment, litter and treatment refer to the same concept, since each litter was treated 
with a different treatment. The result obtained showed significant differences between 
control litters in comparison to others litters (as graph R10 shown), which were 
treated with different drugs at P6. It means that treatments led to a significant 
decrease of the NSCs dividing at P6 and surviving in the adult at the time of sacrifice. 
 

 
Fig. R9. Immunohistochemistry CldU/IdU/Sox2/GFAP depending on treatment. 

 

 
Graph R10. Density of (CldU+/IdU+) cell population by treatment. 

 
 
 
 

*** 
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Statistical results R9. ANOVA test results of the density of (CldU+/IdU+) cells by treatment. 

 
 1.11. Analysis of the each cell population CldU+ and IdU+ depending on 

treatment. 
 

In order to evaluate if the effect seen in the decrease of (CldU+/IdU+)  cell 
population is due to an arrest in the cell cycle after the drug injection, the density of 
CldU and IdU depending on treatment has been analyzed. It is possible to see 
significant differences between treatments in CldU as well as in IdU. If the differences 
were due only to an arrest in the cell cycle after the drug injection, we would only see 
differences in the CldU population, but not in the IdU population. This result suggests 
that drugs caused a damage not accountable for an effect on the cell cycle arrest, 
lasting for long times, because there were also differences in the IdU cell population 
50-60 days after the drug injection.  

In order to analyze the effect, we performed a one way ANOVA and a Dunnett's 
multiple comparison tests. The last test allows evaluating the differences compared to 
control condition. In this case GraphPad Prism 6 statistical software was used to obtain 
the results, as SPSS software was not available at FLI Institute where this experiment 
was analyzed.  

 
1.11.A. CldU density depending on treatment. 

 
To compose whether a decreased number of (CldU+/IdU+)  cells at the time of 

sacrifice might be a consequence of either a decreased number of NSCs or 
alternatively due to a drug-induced cell cycle arrest leading to the cells failing to 
incorporate CldU, as a consequence of the treatment with the drug we evaluated the 
CldU density depending on treatment. 

 

ANOVA df F Sig. 

Between Groups 3 14,296 ,000 

Within Groups 22   

Total 25   
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The ANOVA test shows that there are significant differences between the 
different treatments used. It is possible to see this result in the graph R11. In the 
Dunnett's multiple comparisons test performed was possible to observe that 
differences corresponds to control litter compared to Etoposide and Double treatment 
litter, but no significant differences among Control and Dexamethasone litter were 
found. These results mean that a part of the differences found in the (CldU+/IdU+) cell 
population in Etoposide and Double litters, could be due to the injections with drugs at 
P6 which caused a cell cycle arrest, so there were fewer cells marked with CldU in P6 
in these litters (Etoposide and Double treatment) compared to control litter. This 
means that the result obtained from the density of  (CldU+/IdU+)  of these litters 
depends not only on a drug-induced decrease of the number of NSCs. However, in the 
case of the Dexamethasone litter, we can assume that the decrease obtained in the 
population (CldU+/IdU+) was due to the drug, because this litter had no significant 
differences in the CldU population with respect to the control litter. Graph R12 
concerning confidence intervals (Dunnet test) shows significant differences between 
litters compared to the control litter. So, the dotted line in the 0 represents that there 
are no significant differences between litters. The farther interval is related to the line, 
the more significant differences are between the control and the compared litter. An 
example of the CldU immunohistochemistry obtained in the different litters is shown 
in the figure below. 
 

 
 

 
 
 

Statistical results R10. ANOVA test results of the density of CldU cells by treatment. 
 

 
Fig. R10. CldU density by treatment. 

 

ANOVA   
F 13,91 

P value             < 0,0001 

P value summary **** 
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                                                                 Graph R11. Density of CldU cells by treatment. 

 

  
Statistical results R11. Dunnett´s multiple comparison test of the density of CldU cells by treatment. 

 

9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s

-1 0 0 1 0 2 0 3 0

C o n tr o l -  D e x a m e th a s o n e

C o n tr o l -  E to p o s id e

C o n tr o l -  D o u b le

 

Graph R12. Graph showing the Confidence Intervals. 

 
1.11.B. IdU density depending on treatment 
 
Similar to previous analysis, in this case the IdU density by treatment was 

evaluated to detect a possible decrease in the IdU cell population labeling. The possible 
differences in the IdU cell population between the different treatments could be either 
that the injection with the drug in P6 had caused a cell cycle arrest that has continued 

Dunnett's multiple comparisons test Mean Diff, 95% CI of diff, Significant? Summary 
Control vs. Dexamethasone 4,021 -2,265 to 10,31 No ns 
Control vs. Etoposide 16,10 9,314 to 22,89 Yes **** 
Control vs. Double 11,10 3,930 to 18,27 Yes ** 
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over time, that the drug has caused a lower survival of the NSCs during development 
or a decrease in proliferative capacity of those cells. 

The results show that there are significant differences between different litters, 
that is, between different treatments. These differences are shown in Graph R13. With 
Dunnett's multiple comparison test it was possible to detect that differences 
correspond to control litter in comparison to Dexamethasone and Etoposide litter, but 
not to Double treatment litter.  
 

 
Fig. R11. IdU density depending on treatment. 

 

ANOVA   
F 5,591 

P value 0,0050 
P value summary ** 

 
Statistical results R12. ANOVA test results of the density of IdU cell population depending on treatment. 

 

 
Statistical results R13. Dunnett´s multiple comparison test of the density of IdU cell population depending on treatment. 

 

Dunnett's multiple comparisons test Mean Diff, 95% CI of diff, Significant? Summary 
Control vs. Dexamethasone 10,15 0,9784 to 19,32 Yes * 
Control vs. Etoposide 15,49 5,580 to 25,39 Yes ** 
Control vs. Double 9,295 -1,162 to 19,75 No ns 
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Graph R13. Density of IdU cell population depending on treatment. 

9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s

-1 0 0 1 0 2 0 3 0

C o n tr o l -  D e x a m e th a s o n e

C o n tr o l -  E to p o s id e

C o n tr o l -  D o u b le

 

Graph R14. Graph showing the Confidence Intervals. 

 
 1.12. Characterization of (CldU+/IdU+) cell population depending on 

treatment. 
 

CldU+/IdU+ cells were characterized with different markers in order to know the 
phenotype of this population of cells. The markers analyzed were: Nestin, DNA 
replication licensing factor MCM2, Doublecortin (DCX), Calretinin (CLR), Sox2 (sex 
determining region Y)-box 2, and Glial fibrillary acidic protein (GFAP). The results 
obtained were very similar among the different litters, without significant differences 
between them, which indicates that the drug used did not affect to the cellular fate. 
The following table shows the percentages obtained for each marker and treatment. In 
addition these percentages have been represented in the Graph R15.  Examples of each 
immunohistochemistry are shown below. 
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Table R3: Characterization of double cells by litter. 

 

 

 

Graph R15. Characterization of CldU+/IdU+ cell population with different markers such as Nestin, MCM2, DCX, CLR, 
Sox2 and GFAP.  

 

 

LITTER %CldU+/IdU+/Nestin+ %CldU+/IdU+/MCM2+ %CldU+/IdU+/DCX+ %CldU+/IdU+/DCX+/CLR+ %CldU+/IdU+/Sox2+ %CldU+/IdU+/Sox2+/GFAP+ Unknown 

CONTROL 1.94% 1.01% 4.49% 0.40% 14.87% 39.97% 37.32% 

DEXAMETHASONE 3.42% 1.79% 1.85% 1.78% 16.44% 39.05% 35.64% 

ETOPOSIDE 3.25% 1.97% 3.43% 0.51% 21.05% 46.41% 23.38% 

DOUBLE 4.31% 2.05% 2.87% 1.41% 14.21% 41.79% 33.36% 
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Fig. R12. Immunohistochemistry IdU/CldU/MCM2 depending on treatment. Arrows show CldU+/IdU+/MCM2+ cells. 

 

Fig. R13. Immunohistochemistry IdU/CldU/Nestin depending on treatment. Arrows show CldU+/IdU+/Nestin+ cells. A zoom of this 
cellular type is also shown. 

 

 
Fig. R14. Immunohistochemistry IdU/CldU/DCX/CLR depending on treatment. Zoom of the cells obtained with these 

markers. 



Ph.D. Sylvia Ortega Martínez  2013

 

 

Re
su

lts
 

 208
 

 
Fig. R15. Immunohistochemistry IdU/CldU/Sox2/GFAP depending on treatment. 

 

 1.13. Density of total Sox2+/GFAP+ cell population by treatment. 
 

As already mentioned in the Introduction section, there is not a general 
consensus about the best characterization of Neural Stem Cells. However, there are 
many publications that take the double-labeled Sox2+/GFAP+ cells as Neural Stem Cells. 
For that reason, these double-labeled cells have been analyzed here. The results show 
that there are significant differences among all litters compared to control litter, as 
Graph R15 shows. This is reflected very clearly in graph R16 showing the confidence 
intervals (Dunnet test). We performed the one-way ANOVA, and in addition, as a 
post-hoc tests the Dunnett´s test (to compare all treatments with control litter, without 
drug injection) and the Tukey´s multiple comparisons test (to compare all treatments 
between them).  
 

 

 

Statistical results R14. ANOVA test results for the Sox2+/GFAP+ cell density 

 

ANOVA   
P value 0,0001 

P value summary *** 
F 12,24 
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Fig. R16. Density of Sox2+/GFAP+ by treatment. Arrows show some of these Sox2+/GFAP+ cells  

 
Graph R16. Percentage of Sox2+/GFAP+ total within dentate gyrus by treatment. 

 
 
 
 



Ph.D. Sylvia Ortega Martínez  2013

 

 

Re
su

lts
 

 210
 

 

Statistical results R15. Tukey´s Multiple Comparisons test of Sox2+/GFAP+ cells by treatment. 

 

Statistical results R16. Dunnett´s Multiple Comparisons test of Sox2+/GFAP+ cells by treatment. 

 

9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s

0 5 1 0 1 5 2 0

C O N T R O L  -  D E X A M E T H A S O N E

C O N T R O L  -  E T O P O S I D E

C O N T R O L  -  D O U B L E

 

Graph R17. Graph showing the Confidence Intervals. 

 

 1.14. Density of [CldU+/IdU+/Sox2+/GFAP+] cell population by treatment.  
 
In this case we analyze the density of quadruple-labeled CldU/IdU/Sox2/GFAP 

cells by Dentate Gyrus of different treatments in order to know how many Neural 
Stem Cells were labeled by each litter and to evaluate their possible drug effects. The 
difference with the previous analysis is that we have considered here which of those 
cells, Sox2+/GFAP+, have incorporated our tymidine analogues into the established 
times. This means that we have limited this long cell population of NSCs (Sox2+/GFAP+) 
to the specific cell population that we were interested in (CldU+/IdU+). The statistical 
results, obtained with GraphPad Prism 6 software, showed significant differences in all 

Tukey's Multiple Comparison Test Mean Diff, Significant? P < 0,05? overview 
CONTROL vs.  DEXAMETHASONE 12,84 Yes *** 
CONTROL vs. ETOPOSIDE 10,58 Yes ** 
CONTROL vs. DOUBLE 11,18 Yes ** 
DEXAMETHASONE vs. ETOPOSIDE -2,258 No ns 
 DEXAMETHASONE vs. DOUBLE -1,660 No ns 

ETOPOSIDE vs. DOUBLE 0,5980 No ns 

Dunnett's multiple comparison test Mean Diff, 95% CI of diff, Significant? Summary 
CONTROL vs. DEXAMETHASONE 12,84 6,784 to 18,90 Yes *** 

CONTROL vs. ETOPOSIDE 10,58 4,208 to 16,96 Yes ** 
CONTROL vs. DOUBLE 11,18 4,357 to 18,00 Yes ** 
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treatments compared to control litter when we did Dunnett´s multiple comparison test 
(see graphs R17 and R18). It means control litter had more Neural Stem Cells 
compared to others.  

 
 
 
 

 
R17. ANOVA test results of the density of [CldU+/IdU+/Sox2+/GFAP+] cells by treatment. 

 
 

 
 

Fig. R17. Density of CldU+/IdU+/Sox2+/GFAP+ by treatment. Arrows show some of these quadruple-labeled cells 

 
 

 

 

 
 

 

ANOVA   
F 12,24 

P value 0,0001 
P value summary *** 
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Graph R18. Density of [CldU+/IdU+/Sox2+/GFAP+] cells by treatment. 

 

 
Statistical results R18. Dunnett´s Multiple Comparison test of [CldU+/IdU+/Sox2+/GFAP+] cells by treatment. 

 

9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s
0 1 2 3 4

C o n t r o l   -  D e x a m e t h a s o n e

C o n t r o l   -  E t o p o s i d e

C o n t r o l   -  D o u b l e

 
 

Graph R19. Graph showing the Confidence Intervals. 

 

 

 

Dunnett's multiple comparison test Mean Diff, 95% CI of diff, Significant? Summary 
CONTROL vs. DEXAMETHASONE 12,84 6,784 to 18,90 Yes *** 

CONTROL vs. ETOPOSIDE 10,58 4,208 to 16,96 Yes ** 
CONTROL vs. DOUBLE 11,18 4,357 to 18,00 Yes ** 
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 1.15. Density of [CldU+/IdU+/Sox2+/GFAP+] / (Sox2+/GFAP+) by treatment.  
 

In this case we wanted to assess the percentage of Neural Stem Cells that were 
labeled with CldU+ and IdU+, named as CldU+/IdU+/Sox2+/GFAP+, concerning to the 
total Neural Stem Cells in the Dentate Gyrus, which we assumed were labeled with 
Sox2+/GFAP+. In fact, the ratio analyzed here, would express the total percentage of 
NSCs that we have considered in our study, taking into account that not all the 
existing NSCs in the Dentate Gyrus (Sox2+/GFAP+) are marked with CldU and IdU in 
our target days. The labeling efficacy of our NSCs birthdating analysis (represented as 
the percentage of NSCs (Sox2+/GFAP+) labeled with CldU+/IdU+) is not influenced by 
possible differences between the litters being analyzed, and represents around the 13% 
of the total number of Sox2+/GFAP+ cells. Indeed there are no significant differences 
between treatments as Graph R19 shown and R20.  

 

 

 
Statistical results R19. ANOVA test results of the density of [CldU+/IdU+/Sox2+/GFAP+] / (Sox2+/GFAP+) cells by treatment. 

 

 

Graph R20. Density of [CldU+/IdU+/Sox2+/GFAP+] / (Sox2+/GFAP+) cells by treatment. 
 
 
 
 

ANOVA   
F 0,06397 

P value 0,9784 
P value summary ns 
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Statistical results R20. Dunnett´s Multiple Comparison test of  [CldU+/IdU+/Sox2+/GFAP+] / (Sox2+/GFAP+) cells by 
treatment. 

 

9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s
- 5 0 5 1 0

C o n t r o l   -  D e x a m e t h a s o n e

C o n t r o l   -  E t o p o s i d e

C o n t r o l   -  D o u b l e

 
Graph R21. Graph showing the Confidence Intervals. 

 
 1.16. Learning and Memory Behavior at the Passive Avoidance test 

analyzed by treatment 
 

We used the Passive Avoidance as a test to measure the gross learning processes 
of animals, as it is explained in Materials and Methods section. The statistical results 
were obtained using GraphPad Prism 6 software. We found significant differences in 
ANOVA. Therefore, with a post-hoc test it is possible to analyze that the differences 
found correspond to comparison to Control and Dexamethasone treatment, and 
Control versus Double treatment. In this case, we performed two different post-hoc 
tests (Tukey, which compare all pairs of treatments; and Dunnet which compare all 
treatment with control treatment), to evaluate the effect.  We found Dexamethasone 
treatment at P6 produces a lost in NSCs in adult brains, and in parallel a decrease in 
the learning ability. On the other hand, animals which were injected with Etoposide 
did not show significant differences in Passive Avoidance test compared to Control 
litter, despite of the decrease in the number of NSCs. Finally, animals which were 

Dunnett's multiple comparison test Mean Diff, 95% CI of diff, Significant? Summary 
Control vs. Dexamethasone 0,7375 -3,696 to 5,171 No ns 

Control vs. Etoposide 0,5717 -4,217 to 5,360 No ns 
Control vs. Double 0,3360 -4,719 to 5,391 No ns 
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injected with Double treatment at P6 also showed a decrease in the number of NSCs, 
and again, in parallel to a low ability in learning in the Passive Avoidance Test. These 
results are represented in graph R21.  

ANOVA  
P value 0.0064 

P value summary ** 
F 6.079 

Statistical results R21. ANOVA test of Passive Avoidance. 

 
Graph R22. Passive avoidance depending on treatment. 

 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
Graph R23. Graph showing the Confidence Intervals. 

9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s

- 5 0 0 5 0 1 0 0 1 5 0 2 0 0 2 5 0

C O N T R O L  -  D E X A

C O N T R O L  -  E T O

C O N T R O L  -  D O U B L E
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 1.17. Learning and Memory Behavior at the Passive Avoidance test by 
gender. 
 

We evaluated the learning performance depending on animal gender, using 
GraphPad Prism 6 software. There are no significant differences comparing males 
versus females (see graph R23). Indeed, the effect did not depend on gender. 
 

 
 

Graph R24. Passive Avoidance by animal sex. 

 
 
 
 

 
Statistical results R24. T-test results of Passive Avoidance depending on animal gender. 

 
 1.18. Learning and Memory Behavior at the Passive Avoidance test. 

Interaction between gender and treatment. 
 

In this case we assessed Passive Avoidance test as the joint effect of different 
animals by sex and treatment using GraphPad Prism 6 .The analysis carried out shows 
that there are no significant differences between males and females depending on the 
different treatments as graph R24 shown.  

                          T-TEST  
 

 

P value 0.9665 
P value summary ns 

One- or two-tailed P value? Two-tailed 
t, df t=0.04307 df=10 
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Graph R25. Passive Avoidance results depending on animal gender and treatment. 

 
 
 

 
Statistical results R25. ANOVA test results of Passive Avoidance depending on animal gender and treatment. 

 
 1.19. Anxiety Behavior at the Elevated Plus Maze analyzed by treatment 

 
We used the Elevated Plus Maze as a test to measure the anxiety of animals, as 

it is explained in Materials and Methods section. The statistical results were obtained 
using GraphPad Prism 6 software. The results show significant differences among 
Control and Dexamethasone treatment, and among Control and Double treatment (see 
graph R25). As well as Passive Avoidance, it seems that the Dexamethasone injection at 
P6 causes more deleterious effects in the hippocampus compared to the Etoposide 
injection. In both cases, the Dexamethasone injection alone is more prejudicial 
compared to the administration of a Double drug treatment.  

                     ANOVA  

 

 

P value 0.1936 
P value summary ns 

F 1.597 
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Graph R26. Elevated Plus Maze depending on treatment. 

 
 

9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s

- 5 0 0 5 0 1 0 0 1 5 0

C O N T R O L  -  D E X A

C O N T R O L  -  E T O

C O N T R O L  -  D O U B L E

 

Graph R27. Graph showing the Confidence Intervals. 
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 1.20. Anxiety Behavior at the Elevated Plus Maze analyzed by gender 
 
We evaluated the anxiety depending on animal gender, using GraphPad Prism 

6 software. There are no significant differences between males and females in the 
realization of Elevated Plus Maze test (see graph R27). Indeed, in this case this test is 
independent of animal sex.  

 

 
 

Graph R28. Elevated Plus Maze test results depending on animal gender. 

 
T-TEST  
P value 0.9855 

P value summary ns 
One- or two-tailed P value? Two-tailed 

t, df t=0.01860 df=10 
 

Statistical results R29. T-test results of Elevated Plus Maze depending on animal gender. 
 

 1.21. Anxiety Behavior at the Elevated Plus Maze. Interaction between 
gender and treatment. 

 
In this case, we assessed the Elevated Plus Maze test as the joint effect of 

different animal gender and treatment using GraphPad Prism 6 software. The analysis 
carried out comparing males and females of different treatments shows that there are 
no significant differences between them (see graph R28).  
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                             Graph R29. Elevated Plus Maze Test results depending on animal gender and treatment. 
 

 
 
 
 
Statistical results R30. ANOVA test of Elevated Plus Maze by animal sex and litter. 

 
 1.22. Evaluation of Apoptosis by TUNEL assay 

 
In this case, we wanted to evaluate the population of TUNEL+ cells by 

treatment, as a measure that indicates cell apoptosis. For this purpose, we used the 
GraphPad Prism 6 software. No significant differences were found among the different 
treatments (see graph R29). This result could be because we evaluated the effect two 
months after the drug injection, and apoptosis is usually a quick answer within of the 
DNA Damage Response.  This experiment was carried out at the Leibniz Institute for 
Age Research during my internship at Zhao-Qi Wang Laboratory. An example of the 
immunohistochemistry obtained is represented in the following figure. 

ANOVA  
F 0,3590 

P value 0,9485 
P value summary ns 

http://www.fli-leibniz.de/groups/wang_en.php
http://www.fli-leibniz.de/groups/wang_en.php
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Fig. R18. Immunohistochemistry DAPI/TUNEL. Arrows show TUNEL+ cells 

 
 

 
 

Statistical results R31. ANOVA test results of TUNEL+ cells depending on treatment. 

 

 
Graph R30. TUNEL+ cells depending on treatment. 

 

ANOVA   
F 0,2789 

P value 0,8400 
P value summary ns 
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9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s

-4 -2 0 2 4

C o n t r o l  -  D e x a m e t h a s o n e

C o n t r o l  -  E t o p o s i d e

C o n t r o l  -  D o u b l e

 

Graph R31. Graph showing the Confidence Intervals. 

 
 

 1.23. Evaluation of Proliferation by phospho-histone 3 (PH3) 
 

We used immunohistochemistry against phospho-histone 3 protein (PH3) to 
measure cell proliferation, depending on treatment. Significant differences between 
Control and Dexamethasone treatment were found (see graph R31 and statistical 
results R34, R35 and R36). It means that Dexamethasone treatment caused a 
significant reduction in the proliferative ability two months after the treatment. This 
experiment was carried out at the Leibniz Institute for Age Research during my 
internship at Zhao-Qi Wang Laboratory. An example of the immunohistochemistry 
obtained is represented in the following figure. 

 

http://www.fli-leibniz.de/groups/wang_en.php
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Fig. R19. Immunohistochemistry PH3 depending on treatment. Arrows show these PH3+ cells 

 

 
 
 

 
Statistical results R34. ANOVA test results of PH3+ cells depending on treatment. 
 
 

 

Graph R32. PH3+ cells by litter. 
 

 
 

 

 
 

ANOVA  
F 5,759 

P value 0,0052 
P value summary ** 
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9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s
- 1 0 0 1 0 2 0 3 0 4 0

C o n t r o l  -  D e x a m e t h a s o n e

C o n t r o l  -  E t o p o s i d e

C o n t r o l  -  D o u b l e

 

Graph R33. Graph showing the Confidence Intervals. 
 

 

 1.24. Evaluation of DNA damage by γ-H2AX foci 
 
We evaluated the presence of γ-H2AX foci as an indicator of DNA damage, 

depending on treatment. No significant differences among the different treatments 
were found (see graph R33), probably because we analyzed the effect two months 
after the drug injection, and the changes of phosphorylation of this protein to see foci 
formation are very quick after the DNA damage. This experiment was carried out at 
the Leibniz Institute for Age Research during my internship at Zhao-Qi Wang 
Laboratory. An example of the immunohistochemistry obtained is shown below. 

http://www.fli-leibniz.de/groups/wang_en.php


Ph.D. Sylvia Ortega Martínez  2013

 

 

Re
su

lts
 

 225
 

 
Fig. R20. Immunohistochemistry of DAPI/γH2AX in the Dexamethasone treatment. Inserts showing the staining at 

greater detail. 

 
ANOVA summary  

F 0,4715 
P value 0,7055 

P value summary ns 
Statistical results R37. ANOVA test results of γH2AX foci+ cells depending on treatment. 
 

 

 
Fig. R21. Immunohistochemistry DAPI/γH2AX depending on treatment. Arrow shows γH2AX positive cells. 

 
Graph R34. γH2AX+ cells depending on treatment. 
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9 5 %  C o n f i d e n c e  I n t e r v a l s  ( D u n n e t )

D i f f e r e n c e  b e t w e e n  g r o u p  m e a n s
- 6 - 4 - 2 0 2 4

C o n t r o l   -  D e x a m e t h a s o n e

C o n t r o l   -  E t o p o s i d e

C o n t r o l   -  D o u b l e

 

 

Graph R35. Graph showing the Confidence Intervals. 
 

 1.25. Evaluation of DNA damage by 53BP1 foci 
 

We wanted to analyze possible foci in the 53BP1 protein related to a pathway 
of DNA repair known as Non-Homologous End Joining, as it has been previously 
mentioned in the Introduction section. Unfortunately we cannot observe any foci in 
the cells, and all animals of the different treatments and litters show the same aspect. 
In fact, in the bibliography, we have not found appropriate examples of the presence 
of 53BP1 foci in tissue, probably because it is difficult to detect with available 
commercial antibodies. The only relevant data retrieved is that some cells presented a 
more intense label against others, but we have not managed to develop an appropriate 
method for the analysis of this cell population. An example of the 
immunohistochemistry obtained is shown below. 
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Fig. R22. Immunohistochemistry DAPI/53BP1/DCX in control treatment. Zoom detail of cells. 
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 CHAPTER 2: EFFECTS OF GLUCOCORTICOIDS ON ASTROCYTOMAS 
CONTROL AND FROM APP-PS1 MODEL: ROLE OF DNA DAMAGE 
RESPONSE 

 
 2.1. Characterizing the different cell lines using a battery of twenty-six 

different markers 
 

As explained in the Material and Methods section, we have used three different 
cell lines. The first one, named as CT2A, is our control line established and used in the 
literature as a line of commercial Astrocytoma. The other two, named as APP.PS1 L.1 
and APP.PS1 L.3, are two different cell lines, type Astrocytoma obtained through APP-
PS1, and generated in the laboratory of Ph.D. Ricardo Martinez.  

We performed an analysis to characterize these cell lines with employing 
twenty-six different markers. The results obtained are described in the table R3. These 
results show that most of the markers analyzed were present in the three cell lines. 
However, some differences among these cell lines were found. The main differences 
found are shown in the following figure, and correspond to Acetylcholine Receptor 
Alpha 7 (AchRα7), Glial Fibrillary Acidic Protein (GFAP) and 8-
hydroxydeoxyguanosine (8-ohdg). In the case of AchRα7, the differences found are 
that this receptor was present in CT2A and APP.PS1 L.1 but it was not present in 
APP.PS1 L.3. This receptor has been implicated in a lot of process as an essential 
regulator of inflammation410, and currently has been described its role in 
neuroprotection296. Besides CT2A and APP.PS1 L.1 also shared the expression of GFAP, 
which is not found in the APP.PS1 L.3 cell line. This marker is present in NSCs and 
glial cells, but not in neurons. Finally 8-hydroxy-2'-deoxyguanosine (8-OHdG) is a 
biomarker of oxidative stress to DNA and a risk factor for cancer, atherosclerosis and 
diabetics419. Very relevant it was to find this marker in astrocytomas cell lines which 
were obtained from mice APP.PS1, (L.1 and L.3) but not in the CT2A cell line. 
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Fig R23. Immunocitochemistry of AchRα7, GFAP and 8OHdG in the cell lines. Arrows show positive cells by each marker. 

 

 
Figure R24. Scheme of different Immunofluorescences obtained using different markers. 
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Table R4. Summary of antibodies used for the characterization of cell lines.¿? Represents immunostaining didn´t reveal a good 
enough labeling to conclude reliably any finding. 

 

ANTIBODY DESCRIPTION CT
2A 

L.1 L.3 

NG2 NG2 Chondroitin Sulfate Proteoglycan + + + 

A2B5 Anti- Neuron Cell Surface Antigen  + + + 

β-III 
TUBULIN 

Anti-Neuron specific beta III Tubulin + + + 

CALRETININ Calretinin is an intracellular calcium-binding protein belonging to the troponin C superfamily 
characterized by a structural motif described as the EF-hand domain 

+ + + 

CALBINDIN A calcium-binding protein involved in facilitating the absorption of calcium from the intestine and its 
reabsorption from the glomerular filtrate in the renal tubules and the deposition of calcium in 

mineralized tissues 

+ + + 

MCR Mineralocorticoid Receptor + + + 

ARC Activity-regulated cytoskeleton-associated protein + + + 

p35 Neuronal-specific activator of cyclin-dependent kinase 5 (Cdk5) + + + 

AchE 1. Acetylcholinesterase  + + + 

AchRα7 Acetylcholine receptor alpha 7 subunit + + ¿? 

LEF-1 Lymphoid enhancer-binding factor 1. + + + 

GR Glucocorticoid Receptor + + + 

mAB367 Muscarinic Acetylcholine Receptor m2, clone M2-2-B3 + + + 

AchRβ2 G protein-linked acetylcholine receptor + + + 

Glut.R1 
AMPA 

This Anti-Glutamate receptor 1, GluR1 subunit + + + 

PROX1 Prospero homeobox 1. The homeobox gene Prox1 is expressed in several brain regions (i.e., cortex, DG, 
thalamus, hypothalamus, cerebellum) during prenatal and postnatal stages of development 

+ + + 

SOX2 (Sex determining region Y)-box 2, also known as SOX2, is a transcription factor that is essential for 
maintaining self-renewal, or pluripotency,  of undifferentiated embryonic stem cells 

¿? ¿? + 

GFAP Glial fibrillary acidic protein (GFAP)  is an intermediate filament (IF) protein that is expressed by 
numerous cell types of the central nervous system (CNS) including astrocytes,[2] and ependymal cells 

+ + - 

DCX Neuronal migration protein Doublecortin.  Microtubule-associated protein required for initial steps of 
neuronal dispersion and cortex lamination during cerebral cortex development 

¿? - - 

MCM2 DNA replication licensing factor MCM2 is a protein.  The protein encoded by this gene is one of the 
highly conserved mini-chromosome maintenance proteins (MCM) that are involved in the initiation of 

eukaryotic genome replication 

+ + + 

8OHdG 8-hydroxydeoxyguanosine, an oxidized nucleoside of DNA, is the most frequently detected and studied 
DNA lesion. Is a biomarker of generalized, cellular oxidative stress and might also be a risk factor for 

cancer, atherosclerosis and diabetes 

- + + 

NEUROD1 Neurogenic differentiation 1 (NeuroD1), also called β2 is a transcription factor member of the NeuroD 
family of basic helix-loop-helix (bHLH) transcription factors. It is expressed during development in 

various neurons of the central and peripheral nervous systems 

+ + ¿? 

NESTIN A class VI intermediate filament protein that is expressed in stem cells of the central nervous system (CNS) 
but not in mature CNS cells. Nestin expression is used extensively as a marker for CNS stem cells in the 
developing nervous system and in in vitro cultured cells. Its transient expression is a critical step in the 

neural differentiation pathway. 

+ + + 

IGFR1 The Insulin-like Growth Factor 1 (IGF-1) Receptor is a protein found on the surface of human cells. It is a 
transmembrane receptor that is activated by a hormone called Insulin-like growth factor 1 (IGF-1) and by 

a related hormone called IGF-2. It belongs to the large class of tyrosine kinase receptors. 

  + 

SOX9 Transcription factor SOX-9 is a protein that in humans is encoded by the SOX9 gene. The SOX9 gene 
provides instructions for making a protein that plays a critical role during embryonic development 

+ + + 

PROMININ-
1 

Prominin-1/CD133 is a plasma membrane marker found in several types of somatic stem cells, including 
hematopoietic and neural stem cells 

+ + + 

http://www.biocompare.com/pfu/110447/soids/19832/Antibodies/Neuron_Cell_Surface_Antigen_A2b5
http://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=3&ved=0CFYQFjAC&url=http%3A%2F%2Fwww.sinobiological.com%2FAcetylcholinesterase-ACHE-Antibody-g-7819.html&ei=BEn1UJLFAuTB0gXj9YHYDA&usg=AFQjCNGJCCV0ihEAoCdZBS0BnWcc34H0tw&sig2=ZBAehoJ9rJ0h-gMRYKdBxw&bvm=bv.41018144,d.d2k
http://en.wikipedia.org/wiki/Stem_cell
http://en.wikipedia.org/wiki/Intermediate_filament
http://en.wikipedia.org/wiki/Central_nervous_system
http://en.wikipedia.org/wiki/Astrocyte
http://en.wikipedia.org/wiki/Glial_fibrillary_acidic_protein#cite_note-pmid624958-2
http://en.wikipedia.org/wiki/Ependymal_cell
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Basic_helix-loop-helix
http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/Transmembrane_receptor
http://en.wikipedia.org/wiki/Receptor_(proteomics)
http://en.wikipedia.org/wiki/IGF-1
http://en.wikipedia.org/wiki/IGF-2
http://en.wikipedia.org/wiki/Tyrosine_kinase
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 2.2. Evaluating the kinetics of the formation and disappearance of γ-H2AX 
and 53BP1 foci, in the different cell lines after irradiation (IR). 
 

It is known that after irradiation the cells fire their processes to repair the 
damage, and at that time it is possible to observe the presence of different types of foci 
as analyzed here. After a variable time these cells recover its normal state and their 
appearance is without foci. This time, as I said before, is variable in function of each 
cell line. For that reason in this experiment we wanted to evaluate the process of 
formation and disappearance of γ-H2AX and 53BP1 foci, to compare it later with the 
different designed experiments. We evaluated in all cases the percentage of γ-H2AX, 
as a measure of DNA damage, and 53BP1 foci, as a measure of DNA repair by Non-
Homologous End-Joining Pathway. To determine whether a cell is positive or not in 
the presence of foci, has been taken into account that cell must present at least five 
foci. When the cells showed a smaller number of foci have been considered negative. 
Examples of positive and negative cells are represented in figure R26.  

In this experiment, statistical analysis comparing the different cell lines have 
not been performed since the main goal of the experiment was to evaluate how each 
cell line responds to the IR, and how the kinetics of the formation and disappearance 
of the foci is. This kinetics of different cell lines is represented in the graph R35. The 
results showed, in general, that without IR all cell lines had a background of foci+ cells 
in the ratio 10-15%. 30 to 60 minutes after IR all cell lines increased its percentage of 
foci+ cells, which decrease when it was evaluated 210 minutes after IR. Then, after 6 
hours of IR all cell lines presented the initial background of foci+ cells. 

 
Graph R36. Formation and disappearance of γH2AX foci and 53BP1 foci in the different cell lines. 
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Figure R25. Immunofluorescence of kinetic experiment to evaluate formation and disappearance of γ-H2AX and 53BP1 foci. Red 

arrows show some of the positive cells and white arrows show some of the negative cells. 

 
 2.3. Evaluating the kinetics of the formation and disappearance of γ-H2AX 

and 53BP1 foci, in different cell lines after IR and subsequent addition or 
not of a glucocorticoid (Dexamethasone, 50µM). 

 
With this experiment we wanted to evaluate the effect of glucocorticoids, 

specifically of Dexamethasone 50µM administered immediately after of the 
irradiation, which cause DNA damage in the cells. For this purpose we also analyzed 
the effect in control conditions without irradiation. We evaluated in all cases the 
percentage of γ-H2AX, as a measure of DNA damage, and 53BP1 foci, as a measure of 
DNA repair by Non-Homologous End-Joining Pathway.  

The results showed that dexamethasone did not produce any consequence in 
53BP1 foci, and there are no significant differences between Control and 
Dexamethasone conditions when we evaluated this kind of foci in any cell line (see 
graph R36)..  

On the other hand, when we evaluated the γ-H2AX foci there were significant 
differences between Control and Dexamethasone conditions in all cell lines when cells 
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were irradiated and the γ-H2AX foci were evaluated 4 hours after the IR. In addition, 
there were significant differences in the evaluation of γ-H2AX foci between Control 
and Dexamethasone conditions in CT2A and APP.PS1 L.1 cell lines in conditions 
without irradiation (see graph R36).  

For this purpose we used the statistical software SPSS, and we performed T-
student test to evaluate the existence or not of significant differences. An example of 
immunocitochemistry obtained with CT2A cell line is represented in figure R27. 

 
Graph R37. Evaluation of γH2AX foci and 53BP1 foci by cell lines in the experiment Irradiation + Dexamethasone. 

 
Statistical results R40. T-student tests by condition and cell line. 
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Figure R26. Immunofluorescence of ´Irradiation + Dexamethasone Experiment´ analyzing the formation and disappearance of γ-

H2AX and 53BP1 foci. Arrows show foci+ cells. 
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 2.4. Potential of Ascorbic Acid (by remitting free radicals) to reverse the 
Dexamethasone/IR-induced γ-H2AX foci. 
 

 In this case, we wanted to analyze if the effect observed with Dexamethasone 
could be reversed using an agent which can recruit free radicals. For this purpose, we 
used Ascorbic Acid in a concentration of 5mM. As it is explained in the Material and 
Methods section in this case was analyze the formation of γH2AX foci without IR and 
4 hours after the IR. We used the software GraphPad Prism 6 to compare different 
conditions used (ANOVA test) and Tukey´s multiple comparison test to analyze the 
significant differences among conditions. The results analyzed by cell lines show the 
following:  

-CT2A: as in the experiment R36, the Dexamethasone alone produced an 
increase of the number of γH2AX foci+ cells in the condition without IR and 4 hours 
after the IR. On the other hand, when we have added Ascorbic Acid to the 
Dexamethasone condition it was recovered the levels of foci+ cells (see graph R38). 
This result suggests that Dexamethasone could increase γH2AX foci levels by 
increasing free radicals. 

 

 
Statistical results R41. ANOVA tests results in CT2A cell line. 

 
Statistical results R42. Tukey´s multiple comparison tests in CT2A cell line. 

 
 
 
 

ANOVA  without  irradia t ion with  irradia t ion

F 5,373 7,215

P va lue 0,046 0,0253

P va lue summary * *

Tukey's multiple comparison test  Mean Diff, 95% CI of diff, Significant? Summary 

CONTROL IR vs. DEXA IR -19,55 -37,77 to -1,325 Yes * 

CONTROL IR vs. DEXA+ ASCORBIC ACID IR -0,02000 -18,24 to 18,20 No ns 

DEXA IR vs. DEXA+ ASCORBIC ACID IR 19,53 1,305 to 37,75 Yes * 
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9 5 %  C o n f i d e n c e  I n t e r v a l s  ( T u k e y )

D i f f e r e n c e  b e t w e e n  g r o u p s

-4 0 -2 0 0 2 0 4 0

C O N T R O L  I R   -  D E X A  I R

C O N T R O L  I R   -  D E X A +  A S C O R B I C  A C I D  I R

D E X A  I R  -  D E X A +  A S C O R B I C  A C I D  I R

 

Graph R38. Graph showing the Confidence Intervals. 

 

 

Graph R39. Ascorbic Acid Experiment in CT2A cell line. 

 
-APP.PS1 L.1: as in the experiment R36, the Dexamethasone increased levels of 

γH2AX foci in the condition 4 hours after IR. On the other hand, while 
Dexamethasone also increased these levels in the condition without IR, no significant 
differences were found, but these differences were present in the experiment R36, 
probably due to a higher variability between the three experiments performed (see 
graph R40). In any case, the increase levels of γH2AX foci that occur in the 
Dexamethasone condition was reversed by adding Ascorbic Acid, suggesting again 
that Dexamethasone could exert their action through the increase of free radical. 

 
ANOVA   without irradiation with irradiation 

F 0,4209 9,35 
P value 0,6745 0,0143 

P value summary ns * 
             Statistical results R43. ANOVA tests results in APP.PS1 L.1 cell line. 
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Tukey's multiple comparison test  Mean Diff, 95% CI of diff, Significant? Summary 
CONTROL IR vs. DEXA IR -27,46 -50,17 to -4,742 Yes * 
CONTROL IR vs. DEXA+ASCORBIC ACID IR 0,5300 -22,18 to 23,24 No ns 
DEXA IR vs. DEXA+ASCORBIC ACID IR 27,99 5,272 to 50,70 Yes * 

Statistical results R44.  Tukey´s multiple comparison tests in APP.PS1 L.1 cell line. 
9 5 %  C o n f i d e n c e  I n t e r v a l s  ( T u k e y )

D i f f e r e n c e  b e t w e e n  g r o u p s

-1 0 0 -5 0 0 5 0 1 0 0

C O N T R O L  I R   -  D E X A  I R

C O N T R O L  I R   -  D E X A + A S C O R B I C  A C I D  I R

D E X A  I R  -  D E X A + A S C O R B I C  A C I D  I R

  
Graph R40. Graph showing the Confidence Intervals. 

 

 

Graph R41. Ascorbic Acid Experiment in APP.PS1 L.1 cell line. 
 

-APP.PS1 L.3: as in the experiment R36, in this case Dexamenthasone only 
produced an increase in γH2AX foci levels in the 4 hours after IR condition. Similar to 
the results obtained in other cell lines, said increase was reversed by adding Ascorbic 
Acid (see graph R42), suggesting that Dexamethasone exerts its action by increasing 
levels of free radicals. 

 
ANOVA   without irradiation with irradiation 

F 0,7394 23,9 
P value 0,5164 0,0014 

P value summary ns ** 
                      Statistical results R45. ANOVA tests results in APP.PS1 L.3 cell line. 
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Tukey's multiple comparison test  Mean Diff, 95% CI of diff, Significant? Summary 
CONTROL IR vs. DEXA IR -17,57 -29,88 to -5,261 Yes * 
CONTROL IR vs. DEXA+ASCORBIC ACID IR 9,803 -2,505 to 22,11 No ns 
DEXA IR vs. DEXA+ASCORBIC ACID IR 27,37 15,06 to 39,68 Yes ** 

Statistical results R46.  Tukey´s multiple comparison tests in APP.PS1 L.3 cell line. 
 

9 5 %  C o n f i d e n c e  I n t e r v a l s  ( T u k e y )

D iffe re n c e  b e tw e e n  g ro u p  m e a n s

- 4 0 - 2 0 0 2 0 4 0 6 0

C O N T R O L  I R   -  D E X A  I R

C O N T R O L  I R   -  D E X A + A S C O R B I C  A C I D  I R

D E X A  I R  -  D E X A + A S C O R B I C  A C I D  I R

 

Graph R42. Graph showing the Confidence Intervals. 
 
 

 

Graph R43. Ascorbic Acid Experiment in APP.PS1 L.3 cell line 
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Figure R27. Immunofluorescence of ´Acid Ascorbic Experiment´ analyzing the formation and disappearance of γ-H2AX and 

53BP1 foci. 

 
 2.5. Analyzing the DNA damage repair kinetic in control conditions and 

with addition of dexamethasone, in these 3 cell lines using the Neutral 
Comet Assay technique. 
 

The purpose of this experiment is to evaluate the kinetics of DNA repair 
through the Neutral Comet Assay, a technique that analyzes the unrepaired DNA over 
time as a measure of the Olive moment, calculated using CometScore software, as it is 
explained in Material and Methods section. In order of evaluate the possible 
significant differences, we used the statistical software SPSS, and we have used T-
student tests between Control and Dexamethasone conditions to each time evaluated. 
In addition we performed a Repeated Measures ANOVA to evaluate the 
Dexamethasone effect as a whole.  

The results obtained in the kinetics curves by comparing Control and 
Dexamethasone treatment, show that there were significant differences in the three 
cell lines, as shown in the analysis of the Repeated Measures ANOVA tests (see figure 
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R29). On the other hand, evaluating the differences between the treatments in each 
particular time, shown that the three cell lines had significant differences in the 
situation Control vs Dexamethasone treatment in 30 minutes, which corresponds to 
the phase in which the DNA is repaired more effective and faster trough NHEJ 
pathway. In the other times (60, 90 and 120 minutes) were not found any significant 
differences between treatments (Control and Dexamethasone) in APP.PS1 L.1 and 
APP.PS1 L.3 cell lines, although the Dexamethasone condition presents always higher 
levels of DNA unrepaired compared to Control condition. On the other hand, CT2A 
cell line presented significant differences in all times analyzed. 

 

 
      Statistical results R47. T-student tests by condition of the Neutral Comet Assay in the different cell lines. 
 

 
Figure R28. A, B, C. Neutral Comet Assay Graph obtained of each cell line (A: CT2A, B: APP.PS1 L.1, C: APP.PS1 L.3). D. Example of 

cell obtained with this assay in CT2A cell line over time. 
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 2.6. Analyzing cell survival in control and dexamethasone conditions by an 
Incucyte microscope. 
 

We used this Incucyte microscope because with it is possible to evaluate the 
confluence of the cells over time. In addition, we evaluated the Dexamethasone effect 
in CT2A, APP.PS1 L.1 and APP.PS1 L.3 cell culture. In all cases Dexamethasone was 
added at the beginning of the experiments. The results obtained were similar in the 
three cell lines used. Thus in the Control condition, the cells grew until the confluence 
over time. On the other hand, in the Dexamethasone condition was able to detect cell 
death over time (see graph R43). An example of the graphics obtained with cell line 
APP.PS1 L.1 is shown below. 

 

 
Graph R44. Graph showing the confluence of cells over time with the Incucyte microscope. 
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Figure R29. Evolution of APP.PS1 cell line in Control and Dexamethasone condition over time analyzed by an Incucyte 

microscope. 
 

 2.7. Determining the existence or not of cell death with the addition of 
dexamethasone compared to control conditions, in the different cell lines by 
a Time-Lapse Microscopy. 
 

In this case, an experiment similar to the one explained above has been 
designed but a Time Lapse microscope was used instead of the Incucyte microscope. 
The goal of this experiment was to determine cell death or cell proliferation in the 
three cell lines over time. Here we left cells monitoring each thirty minutes in Control 
or Dexamethasone conditions for 24 hours. Dexamethasone was added at the 
beginning of the experiment. The results showed that the Dexamethasone condition 
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mainly produced cell death, while the Control condition had cell proliferation. It is 
possible to observe this effect in the figure shown below. 

 

 
Figure R30. Time lapse of the different cell lines at time 0 and after 24 hours.  

 
 2.8. Analyzing Dexamethasone effects in Cell Cycle profile of these three 

cell lines.  
 

We performed a Cell Cycle experiment to evaluate if Dexamethasone causes or 
not a problem in the progression of the cells through Cell Cycle. This experiment was 
carried out at the Leibniz Institute for Age Research during my internship at Zhao-Qi 
Wang Laboratory. The results obtained in this lab suggested an arrest in the phase 
G2/M in the three cell lines (see table R4 and graph R32). However, we only 
performed one experiment by issues of time. For that reason, during my internship at 
Oxford University at Eric O´Neill lab, this experiment was repeated, but results were 
inconclusive, and we didn´t find any significant differences between Control and 
Dexamethasone conditions. A possible reason for these differences might be that cells 
could not synchronize in a phase of the cell cycle by a matter of time, and because of 
this may have differences with respect to the first experiment carried out in Germany. 

 

http://www.fli-leibniz.de/groups/wang_en.php
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Table R5. Percentage of cells in each phase of cell cycle. 

 

 
Figure R31. Cell Cycle profile of the different cell lines in Control and Dexamethasone conditions. Arrows show the possible arrest 

in G2/M phase.  

 
 2.9. Analyzing Dexamethasone effects on different proteins involved in 

DDR, in these three cell lines. 
 

We wanted analyze the levels of several proteins involved in the DNA Damage 
Response pathway (DDR). The results are presented in the form of figures and 
graphics below. Therefore, the results are represented with significant differences 
obtained using the software GraphPad Prism 6 by performing T-student tests. This 
experiment was carried out at the Leibniz Institute for Age Research during my 
internship at Zhao-Qi Wang Laboratory. 

A main problem in the western blot of the proteins involved in these pathways 
(DDR) is that they are not clean and there are a lot of proteins that need to be 
evaluated phosphorylated, which is very complicated to detect. In addition there are 
doubts about how to interpret the results obtained. For that reason, to evaluate in 
better sense the Dexamethasone effect on one of the DNA-repair pathways, in 
particular the HR, we have performed the experiment described in section 2.11. 

 

  CT2A CONTROL CT2A DEXA L1 CONTROL L1 DEXA L3 CONTROL L3 DEXA 

G1 42,20 39,22 46,90 41,02 70,18 48,28 

S 12,32 13,21 14,08 13,73 9,14 10,84 

G2/M 44,61 46,12 36,37 42,49 21,37 40,32 

http://www.fli-leibniz.de/groups/wang_en.php
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Figure R32. Western blots of different proteins involved at DNA Damage Response. 

 

 
Graph R45. Proteins levels in each cell line and condition. 

 
Statistical results R48. T-student tests results in the three cell lines by several proteins levels. 
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 2.10. Analyzing the effect of Dexamethasone added to the cell culture 
different times before irradiation. 
 

We performed a time course to assess the effect of Dexamethasone prior to 
irradiation, in different cell lines, by evaluating the 53BP1 and γH2AX foci levels. The 
results are shown below. These experiments are not conclusive since it require repeat 
them twice more, because have been performed once, due to time problems.  

 
Conditions CT2A % 53BP1 % H2AX % 53BP1 controls w/o 

dexa 
%H2AX controls w/o dexa 

W/O CONTROL IR 10,80% 50,69% 3,95% 18,54% 
1H DEXA+IR 5,24% 80,65% 5,02% 50,68% 
2H DEXA+IR 5,21% 66,60% 3,00% 48,64% 
4H DEXA+IR 1,92% 63,14% 3,32% 41,86% 
6H DEXA+IR 3,37% 53,65% 3,58% 56,19% 
7H DEXA+IR 3,79% 50,63% 0,60% 30,88% 
8H DEXA+IR 3,04% 54,26% 1,69% 46,77% 

24H DEXA+IR 12,04% 45,37% 1,06% 40,90% 
Table R6. Percentage of 53BP1 and γH2AX cells in each experimental condition in CT2A cell line. 

 
Graph R46. Dexamethasone + Irradiation experiment in CT2A cell line. 
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Conditions APP.PS1 
L.1 

% 53BP1 % H2AX % 53BP1 controls w/o 
dexa 

%H2AX controls w/o 
dexa 

W/O CONTROL IR 24,73% 22,07% 1,80% 11,32% 
1H DEXA+IR 22,03% 48,76% 1,60% 13,52% 
2H DEXA+IR 32,01% 51,82% 2,41% 16,86% 
4H DEXA+IR 17,11% 45,63% 0,75% 15,57% 
6H DEXA+IR 19,41% 33,65% 1,50% 16,51% 
7H DEXA+IR 16,09% 33,04% 1,77% 12,42% 
8H DEXA+IR 10,15% 27,93% 2,36% 13,01% 

24H DEXA+IR 18,01% 38,60% 1,57% 9,44% 
Table R7. Percentage of 53BP1 and γH2AX cells in each experimental condition in APP.PS1 L.1 cell line. 

 

 
Graph R47. Dexamethasone + Irradiation experiment in APP.PS1 L.1 cell line. 
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Conditions 
APP.PS1 L.3 

% 53BP1 % H2AX % 53BP1 controls w/o 
dexa 

%H2AX controls w/o 
dexa 

W/O CONTROL IR 20,28% 32,85% 2,63% 12,40% 
1H DEXA+IR 41,99% 49,16% 4,81% 20,27% 
2H DEXA+IR 34,37% 52,77% 6,60% 15,56% 
4H DEXA+IR 11,47% 45,54% 7,07% 11,69% 
6H DEXA+IR 10,50% 39,67% 13,77% 16,92% 
7H DEXA+IR 5,99% 40,04% 7,77% 10,60% 
8H DEXA+IR 10,51% 44,55% 2,46% 8,30% 

24H DEXA+IR 7,02% 29,83% 3,72% 14,57% 
Table R8. Percentage of 53BP1 and γH2AX cells in each experimental condition in APP.PS1 L.3 cell line. 

 
Graph R48. Dexamethasone + Irradiation experiment in APP.PS1 L.3 cell line. 
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 2.11. Analyzing the Homologous Recombination Pathway in the three 
different cell lines through DR-GFP assay. 
 

We performed the DR-GFP assay to assess the HR repair pathway. For this 
purpose, we used two controls, one in which cells were transfected with no plasmid, 
and therefore were expected not to get GFP+ cells, and another in which we 
transfected cells with a plasmid GFP to evaluate their normal transfection. At the same 
time, the cells were transfected with the enzyme I-SceI, and assessed by FACS the GFP+ 
cells. The results obtained were relativized according to the GFP plasmid transfection, 
to avoid errors by a different transfection of the different cell lines. The results show 
that there are differences in the HR pathway in the different cell lines. As well as this 
pathway is very relevant in APP.PS1 L3 (77,78%), while is less representative in CT2A 
(46.50%) and is almost non-existent in APP.PS1 L.1 (3.40%) cell line (see graph R47). 

Table R9. Percentage of GFP cells in each experimental condition in the three cell lines. 
 

 

Graph R49. Results of DR-GFP experiment. 

%GFP CELLS APP.PS1 L.1 APP.PS1 L.3 CT2A 

%CONTROL WITHOUT TRANSFECTION 0,07% 0,03% 0,01% 

%CONTROL TRANSFECTION WITH GFP PLASMID 26,11% 26,87% 5,01% 

%TRANSFECTION WITH I-SceI PLASMID 0,89% 20,90% 2,33% 

%TRANSFECTION WITH I-SceI PLASMID RELATIVIZED WITH GFP 
CONTROL 

3,40% 77,78% 46,50% 
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Figure R33. FACS results of DR-GFP experiment. 
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 CHAPTER 3: EFFECTS OF GLUCOCORTICOIDS ON NEURAL STEM 
CELLS CONTROL AND FROM APP-PS1 MODEL: ROLE OF DNA 
DAMAGE RESPONSE 
 

 3.1. Characterizing neurospheres labeled with a battery of different 
markers, such as GFAP, Nestin, Sox2, DCX, Prominin, between others. 
 

We have characterized the Neural Stem Cells with different markers such as 
Sox2, GFAP or Prominin-1, among others. In order to evaluate whether we could also 
detect the formation of foci of several proteins such as 53BP1 and H2AX or not, we 
had irradiated the cells, and indeed it could evaluate the formation of foci of both 
proteins. It is important to note that the main problem of the experiments with NSCs 
lies in the degree of differentiation of, which may behave differently depending on this 
differentiation status. Thus, we have seen that the NSCs are positive or negative for 
certain markers depending on the degree of differentiation. The figure R34 shows 
examples of different stages of neurospheres differentiation, and the figure R35 shows 
examples of the characterizations made with different markers.  

 

 
Figure R34. Different stages of neurospheres differentiation. 
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Figure R35. Neurospheres characterization with different markers. 

 
 3.2. Evaluating the kinetics of the formation and disappearance of foci, 

gamma-H2AX and 53BP1, in NSCs control and NSC APP-PS1 after IR and 
subsequent addition or not of a glucocorticoid (Dexamethasone). 
 

We evaluated the percentage of 53BP1 foci and the percentage of γH2AX foci in 
the two types of neurospheres used, which were Neural Stem Cell Wild Type (NSC 
WT), and Neural Stem Cell APP.PS1 (NSC APP.PS1). With this experiment we wanted to 
evaluate the effect of glucocorticoids, specifically of Dexamethasone 50µM 
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administered immediately after of the irradiation, which cause DNA damage in the 
cells. For this purpose we also analyzed the effect in control conditions without 
irradiation. We evaluated in all cases the percentage of γ-H2AX, as a measure of DNA 
damage, and 53BP1 foci, as a measure of DNA repair by Non-Homologous End-
Joining Pathway.  

To evaluate the possible significant differences between Control and 
Dexamethasone conditions, we used the statistical software SPSS, and we carried out a 
one-way ANOVA test.  

-NSCs WT: In the case of the NSCs WT evaluating the levels of H2AX foci, the 
results suggest that there were significant differences between Control and 
Dexamethasone condition with IR and when Dexamethasone acted 30 or 240 
minutes. In addition, there were significant differences between Control and 
Dexamethasone condition without IR when the Dexamethasone acted 240 minutes. In 
the case of 53bp1 foci levels the results show significant differences between Control 
and Dexamethasone condition with and when the Dexamethasone acted 30 minutes 
and without IR when Dexamethasone acted 240 minutes (see graph R47). 

-NSCs APP-PS1: In the case of the NSCs APP.PS1 evaluating the levels of H2AX 
foci, the results suggest that there were significant differences between Control and 
Dexamethasone condition with IR and when Dexamethasone acted 240 minutes. In 
the case of 53bp1 foci levels the results show significant differences between Control 
and Dexamethasone condition without IR (see graph R48). 
 

 
Graph R50. Evaluation of 53BP1 foci and γH2AX foci in the NSC WT in the experiment Irradiation + Dexamethasone. 



Ph.D. Sylvia Ortega Martínez  2013

 

 

Re
su

lts
 

 254
 

 

 

Graph R51. Evaluation of 53BP1 foci and γH2AX foci in the NSC APP.PS1 in the experiment Irradiation + Dexamethasone 
 

 
Statistical results R49. ANOVA tests where it is possible to observe significant differences in 53BP1 foci or γH2AX foci in the NSC 
WT. 
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Statistical results R50. ANOVA tests where it is possible to observe significant differences in 53BP1 foci or γH2AX foci in the NSC 
APP.PS1. 
 

Then, we evaluated the joint effect comparing the results obtained in each type 
of neurospheres and comparing them. We evaluated the effects by each kind of foci. 

To make the comparison between the two types of NSCs, the results showed the 
following. In the case of the 53BP1 foci, there were no significant differences between 
the NSCs WT and NSCs APP.PS1 in the condition without IR, presenting higher levels 
in the NSCs WT.  There were also differences in assessing this type of foci after IR. In 
the case of 30 minutes after IR there were significant differences, presenting higher 
levels the NSCs WT. In the case of 240 minutes after IR there was a significant trend, 
and there were also higher in the NSCs WT. Overall the results suggest that the NSCs 
WT present higher levels in 53BP1 foci formation, both basal as well as the levels 
produced by damage (see graph R49).  

In the case of γH2AX levels we only found significant differences in the case of 
the NSCs WT vs NSCs APP.Ps1 in conditions without IR. The levels of γH2AX foci were 
higher in the case of the NSCs APP.PS1 (see graph R50). 

 
Figure R36. The major differences founded in the emergence of foci between the two types of neurospheres studied.  
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Graph R52. Evaluation of 53BP1 foci in the NSC WT versus NSC APP.PS1 in the experiment Irradiation + Dexamethasone 
 

 
Statistical results R51. ANOVA tests to evaluate possible significant differences in NSC WT compared to NSC APP.PS1 in 53BP1 
foci. 
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Graph R53. Evaluation of γH2AX foci in the NSC WT versus NSC APP.PS1 in the experiment Irradiation + Dexamethasone 

 

 
Statistical results R52. ANOVA tests to evaluate possible significant differences in NSC WT compared to NSC APP.PS1 in γH2AX 
foci. 
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 3.3. Analyzing the DNA damage repair kinetic in control conditions and 
with addition of dexamethasone, in NSC control and NSC APP-PS1 using 
Neutral Comet Assay technique. 
 

The purpose of this experiment is to evaluate the kinetics of DNA repair 
through the Neutral Comet Assay, a technique that analyzes the unrepaired DNA over 
time as a measure of the Olive moment, calculated using CometScore software, as it is 
explained in Material and Methods section. In order of evaluate the possible 
significant differences, we used the statistical software SPSS, and we have used T-
student tests between Control and Dexamethasone conditions to each time evaluated. 
In addition we performed a Repeated Measures ANOVA to evaluate the 
Dexamethasone effect as a whole.  

The results obtained in the kinetics curves by comparing Control and 
Dexamethasone treatment, show that there were significant differences in the two 
kinds of NSCs, as shown in the analysis of the Repeated Measures ANOVA tests (see 
figure R37). On the other hand, evaluating the differences between the treatments in 
each particular time, shown that the two kinds of NSCs had significant differences in 
the situation Control vs Dexamethasone treatment in 30, 60 and 90 minutes, and 
there were higher levels of DNA unrepaired in Dexamethasone treatment. In the 
specific time 120 minutes were not found any significant differences between 
treatments (Control and Dexamethasone) in NSCs WT, although the Dexamethasone 
condition presents always higher levels of DNA unrepaired compared to Control 
condition. On the other hand, NSCs APP.PS1 presented significant differences in all 
times analyzed, also in 120 minutes (see figure R37). 
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Figure R37. Neutral Comet Assay in NSC WT and NSC APP.PS1  
 

 

Statistical results R53. ANOVA tests in different conditions of Neutral Comet Assay of NSC WT and NSC APP.PS1. 
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DISCUSSION 
"Ciencia es aquello sobre lo cual cabe siempre discusión" José 

Ortega y Gasset. 

"Science is the one thing on which there should always be a 
discussion" 
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DISCUSSION 
 
This thesis is included in the field of the hippocampal neurogenesis, the 

neurobiology of both neural stem cells and neural precursors that exist in the 
hippocampal dentate gyrus, as well as in the field of mechanisms field of the repair 
mechanisms of DNA damage and stem cells under two different prisms: cancer and 
pathological aging. 

 
The reason to include these areas in a single work is due to the relevance of the 

relationship between normal and cancerous stem cells, on the one hand, and on the 
other to the relevance that the role of the cellular and molecular mechanisms related 
to DNA damage and their repair DNA pathways (DDR) may have on the relationship 
between normal and cancerous stem cells. According to this line, in recent 
literature273, 370, there is an active debate and many papers and evidences, sometimes 
contradictory, pointing to the DDR as an important mechanism for regulation, not 
only in cancer but also in pathological aging. 

 
We know today in the respect that there are similarities between several kinds of 

stem cells (like neural stem cells, hematopoietic stem cells, etc.) and cancer cells158, 321. 
Both cells share the fundamental properties of self-renewal and the ability to 
differentiate into multiple different cell types37, 358, 412. Obviously while the self-
renewal in normal stem cells is tightly regulated204, 265, 321, in cancer cells it will be, by 
definition, aberrant. In fact, the self-renewal and multipotency of some cancer cells 
raise the possibility that cancer might arise from the transformation of normal somatic 
stem or progenitor cells.  

 
From all evidence shown previously, it seems that cancer stem cells in tumors, 

and in this particular case, focused on central nervous system tumors, can be arisen 
from progenitors or stem cells which could have problems in this own regulation (see 
Introduction section). 
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Neural stem cells share with neural CSC the ability to self-renew and classify into 
neural and glial phenotypes. These populations of cells share the expression of specific 
genes like CD133, musashi-1, Sox2, melk, PSP, BMI1, and Nestin. Nevertheless, there 
are several differences between cancer and normal stem cells. For example, normal 
neural stem cells are more sensitive to radiation than their malignant counterparts. 

 
CSC gain aberrant activation of several pathways that control proliferation, self-

renewal, and differentiation, by their oncogenic transformation. This constitutive 
activation of oncogenes may make CSC more susceptible to certain targeted therapies. 
For example, 35% of medulloblastomas express Sonic Hedgehog (SHH) oncogenic 
pathways, and for this reason, these tumors are highly sensitive to SHH inhibitors. 
Other difference between normal and malignant stem cells is the observation by 
which the telomerase activation is specific and critical for neuroblastoma and 
glioblastoma CSC but is not required by normal neural stem cells. As a whole, these 
differences could be used as a good base to treat CSC while preserving the normal 
brain. 

 
There are several theories to explain the transformation of these cells from normal 

to cancer stem cells. One of them, very accepted, is the maturation arrest theory (see 
figure 34, Introduction section). ‘This hypothesis predicts the transformation of 
progenitor cells and an ensuing accrual of immature, self-renewing progenitors cells 
in which cellular proliferation and maturation are uncoupled.´ From Sanai et al, 
2005342. 

 
We have also tried to track the putative relationship between NSCs and CSCs back 

to development, to find that we do not know much about the existence or not of a 
target time window in the generation of the neurogenic niches that persist later in the 
adult hippocampus. In addition, the importance of the DDR in Neural Stem Cells 
(NSCs) compared to Cancer Stem Cells (CSCs) and the relevance of glucocorticoids and 
their role in the repair DDR pathway is unknown, despite glucocorticoids have been 
used as a treatment in a different cancers, including tumors of the central nervous 
system, as it was previously explained in the Introduction section. 
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We believe that this is important to know because the existence of a target window 
time in the generation of neurogenic niches (niches that then persist in the adult) 
could influence an increase of susceptibility in these days for the subsequent 
development of the hippocampus, with all the physiological implications that this 
entails. In addition, a better basic understanding of the mechanisms that underlie the 
mechanisms of DNA repair in the Neural Stem Cells and certain types of Cancer Stem 
Cells (in this particular case, astrocytomas), and in the pathological ageing as 
Alzheimer's-related process, constitutes a cornerstone for the further development of 
translational medicine, using key data from this type of research for the future 
implementation of putative therapies. In this context, glucocorticoids also play a 
relevant role, as fundamental molecules that are widely used in the treatment of 
tumors, as method that complements other types of therapies focused on the reduction 
of inflammation; our contribution yields data about other possible therapeutic uses. 

 
With all this, we have formulated the following general questions: 
 

 To investigate the possible existence of a target time window in the generation 
of the neurogenic niche. 
 
 To investigate the relationship of this target time window with a higher 
susceptibility to the subsequent consolidation of adult hippocampal neurogenesis, 
by a loss of the NSCs. Such susceptibility for example could be due to stress or 
DNA damage processes. 

 
 To determine if there are differences in DNA repair general mechanisms in 
astrocytoma cell lines compared to cancerous cells coming from pathological 
aging mice. 
 
 To examine whether there are differences in DNA repair general mechanisms 
in the normal NSCs compared to those from pathological aging mice. 
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OUR WORKING HYPOTHESES ARE: 
 

 There is a target time window in the developmental generation of neurogenic 
niches which constitute later the adult hippocampal neurogenesis niches. 
 
 That target time window corresponds to a higher susceptibility period of the 
NSCs and it is a critical period for the subsequent development of the adult 
hippocampal neurogenesis, with all the functionalities involved such as learning 
and memory, which could be affected by processes such as stress. 

 
 The molecules involved in stress processes, the glucocorticoids, (in the present 
work we have used dexamethasone to induce a glucocorticoid effect), affect a 
critical loss of NSCs during that period and confer a deficient neurogenesis in the 
adult. 

 
 The processes of DNA damage during that target time window, also contribute 
to deficient adult hippocampal neurogenesis. These processes have been 
performed by the use of Etoposide. 

 
 There are differences in DNA repair processes (DDR) between a control 
astrocytoma cell line and an astrocytoma from an Alzheimer’s disease model 
mouse. 

 
 Despite the differences between astrocytoma cell lines and astrocytoma cell 
lines related to pathological ageing processes, these cell populations could behave 
similarly in certain aspects of the DDR and differ in others, giving a wide range of 
possibilities that determine its future evolution. 

 
 There are differences in the DNA damage response in the normal compared to 
those from model mice of Alzheimer's disease. 
 
 Glucocorticoids such as Dexamethasone, affect DNA repair processes, in all the 
repair pathways studied. 
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 One of the mechanisms of action of glucocorticoids is through the generation 
of DNA damage by oxidative stress. 
 

In order to address these hypotheses, we have used the following models: 
 

 To analyze the generation of neurogenic niches 
 A model of double labeling with thymidine analogues, CldU at a concentration 

of 57.65 mg/Kg (injected in P3 and P6, P9) and IdU at a concentration of 42.75 
mg/Kg (injected into P24, P32, P49 or P56). The advantages of this model are: 

o It allows us to mark cells with one of the analogues in a given postnatal 
period, and then use another analog, so that at the time of analyzing cell 
populations, those that correspond to the NSCs will be which are 
marked with both thymidine analogues. 

o They are distinguishable and no cross interaction of antibodies occur. 
o It is a method widely used and tested previously in the literature. 

 
 To analyze the effect of stress and the DNA damage in the consolidation of the 

neurogenic niches: 
 A model of Dexamethasone administration on postnatal day 6, at a 

concentration of 0.001 mg/Kg. The main advantage of this model is: 
o The analysis of the effects of a high glucocorticoid levels without 

inducing real physical stress to the animals. Besides, this contributes to 
reduce the inter-subject variability due to the individual glucocorticoid 
levels. 

 A model of Etoposide administration on postnatal day 6, at a concentration of 3 
mg/Kg. The main advantage of this model is:  

o As in the previous case, with this model we can evaluate the effect 
produced by DNA damage in a more reproducible way since all the 
animals will be subject to the same kind of damage, and thus the 
consequences of such damage can be evaluated in a more efficient way 
the consequences of such damage. 
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 A model of administration of both drugs, on postnatal day 6, at the 
concentrations listed above, with the advantages of both models also developed 
previously. 
 

 To analyze animals’ behavior: 
 A model of Elevated Plus Maze, to evaluate the animal anxiety 
 A model of Passive Avoidance to evaluate the animal learning 

o Both models are widely used in the previous literature. 
 

 To evaluate Neural Stem Cells: 
 A model of neurospheres culture derived from hippocampus of 6-day-old 

mouse. The advantages of this model are: 
o In vitro model that allows the use of fewer animals and a greater 

reproducibility of data 
o In this case we are only using NSC, thus avoiding the possible 

influences of other cell types as in the in vivo models.  
o This model has been widely used in the literature. 

 
 To study  a control  astrocytoma cell line: 

 The CT2A commercial cell line which has been widely used in literature to 
study several features of astrocytomas 
 

 To study the effect of DNA damage in different types of astrocytomas: 
 The model of 3 cell lines of astrocytomas, one corresponding to a control 

astrocytoma type and the other two for astrocytomas arising from pathological 
aging mice. The advantages of this model are: 

o The fact of being an in vitro study allows us to make an increased 
number of experiments, without prejudice of sacrificing animals. It also 
ensures a greater reproducibility of data and greater control over the 
other variables that could influence the study (e.g. epigenetic type 
variables) 

 The model of irradiation with 5Gy, to generate DNA damage, whose main 
advantage is: 
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o It allows us to always generate the same type of damage to the cells to 
be able to better assess the effect. 
 

 To study the Glucocorticoids effects in the DNA damage response 
 The model of the addition of Dexamethasone 50µM, with different times of 

administration and in different stages of the process of DNA damage or repair. 
o To evaluate the glucocorticoids effects exerted in the DNA damage 

response at different times of their evaluation. 
 

 To study if the glucocorticoids effects in the DNA damage response in astrocytoma 
cell lines could be mediated by the generation of oxidative stress 
 The addition of Ascorbic Acid model, as agent that captures free radicals. 

o The main advantage is that it is a quick method of screening for a later 
analysis in greater depth. 
 

 To study the role of these mechanisms in pathological aging: 
 The model of Alzheimer's aging, there is abundant consensus in the literature 

(see review Mu et al, 2011271) about the close relationship between Alzheimer's 
disease, and particularly the murine models of disease such as those used in 
this thesis, with disorders in adult hippocampal neurogenesis. In our case we 
have used a model of neurospheres obtained from murine models of 
Alzheimer's disease (APP.Ps1), in order to analyze the possible differences in 
DNA repair pathways between normal NSCs and those coming from this type 
of animal. This model has the advantages of: 

o To make an analysis of the NSCs in vitro without having to use a large 
number of animals. 

o To increases reproducibility of experiments and minimized the possible 
side effects of other variables that can mask the data in the case of an in 
vivo analysis. 
 

  To study the DNA Damage Response, we have used the following approaches: 
 As a method of DSBs induction, we radiate with 5Gy. The advantages of this 

method are: 
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o This method generates DNA damage reliably similar between 
experiments  

o It is a fast and reproducible method, compared to the use of drugs, for 
example. 
 

 As methods to analyze the alteration of the DDR: 
o Immunohistochemistry of 53BP1 (as a measure of the NHEJ DNA repair 

pathway) and gamma-H2AX (as a measure of this DNA damage). 
 

o Kinetics of the foci mentioned, to assess the response of the cells against 
DNA damage induced by IR. The reasons for using this approach is to 
know how each cell line responds to the DNA damage produced by 5Gy 
over time and use it later as a reference when we want to assess the 
effects of glucocorticoids in the process. 
 

o Comet assay. We have chosen this technique because it allows to assess 
the DNA which is unrepaired over time through a process of DNA 
damage with 5Gy, and thus to assess the differences between the 
processes in the cells in control conditions and following the addition of 
a glucocorticoid, the Dexamethasone. 
 

o Western Blot of different proteins involved in the DNA repair pathway 
to evaluate how these processes are in control situations and with the 
Dexamethasone addition. 
 

o Cell cycle assay. To investigate whether the cells suffer or not some kind 
of problem in their cell cycle after DNA damage with glucocorticoids. 

 
o Time-lapse and Incucyte microscopy to analyze the effect of 

glucocorticoids in the process of cell death, which are recorded and can 
be evaluated by videos recording. 
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o DR- GFP assay: to evaluate the overall process of DNA repair by the HR 
pathway in the different cell types and evaluate if there are notable 
differences in this process. 
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 CHAPTER 1:  GENERATION OF NEURAL STEM CELLS DURING POSTNATAL 
DEVELOPMENT AND SURVIVAL IN ADULT BRAINS 
 
To evaluate a possible target time window in the generation and survival of Neural 

Stem Cells during postnatal development of the dentate gyrus, we have used postnatal 
mice of P3, P6 and P9. The reasons are: 

 
 The development of granular cell layer of the dentate gyrus of the 

hippocampus of mice occurs mainly during the postnatal period, taking 
place mainly during the first 3 weeks of life of the animal, after delivery 72. 
As a result, we have considered plausible to think that the generation of 
neural precursors in the adult dentate gyrus, could well happen at some 
point in this process of development, since it is here where the precursors 
are divided during postnatal development, but they never cease to exist 
during the adult life as precursor cells with capacity of division117, 209, 233 
(see later discussion about some of caveats to this hypothesis). 

 Both the neurogenesis and cell death peaks during postnatal development 
take place, according to the literature, around the P6209. For this reason, 
and in order to increase our chances of labeling cycling precursors that can 
be related to the precursors in the adult dentate gyrus, we have distributed 
our experiments of pulses of thymidine analogues pulses around this day, 
this is P3, P6 and P9. 

Naturally, this approach model essentially rests on the presumption that the 
dual birthdating analysis in the postnatal animal model is capable of detecting neural 
precursors. This model is, briefly, we have done the injection with an analogue of 
thymidine, specifically with CldU, in a postnatal period (P3, P6 and P9) and we have 
waited a time until the injection with the second analog of thymidine, in this case the 
IdU (in P24, P32, P49 or P56). This model assures us that at the time of sacrifice, the 
cell populations that display both analogues are precursor cells, as there is no 
problems of cross-reaction between antibodies and therefore we marked cells on two 
different and distinguishable moments (more information about this model see article 
Lloren-Martin et al, 2010230). The tacit assumption is that the dual birthdating 
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analysis, provided that the time delay between the injection of the first and the second 
analog are long enough, will generate cells double labelled only in the case that the 
cell is a precursor, or as was named throughout the thesis, it is a NSCs. The reason is 
two-fold: 

 If it was a cell exiting at the cell cycle at the time of being labelled by one of 
the two thymidine analogues, the cell would become labelled only by one of 
them and would not be double labeled. 

 If it was a progenitor and not a precursor or stem cell, these cells were 
actively dividing. Therefore, after having captured the first thymidine 
analog, it will be diluted throughout divisions, becoming undetectable after 
a long time. It means that this cell would not be doubly labeled, as 
explained in the recent literature230, 232. 
 

It is absolutely essential to show that this is not the only possibility. Some 
authors have postulated that the mechanism whereby the neurogenic niches behave is 
radically different. In particular, Encinas and collaborators89 have shown an 
alternative hypothesis known as "disposable stem cell" model that says that ´that 
hippocampal adult stem cells, upon exiting their quiescent state, rapidly undergo a 
series of asymmetric divisions to produce dividing progeny destined to become 
neurons and subsequently convert into mature astrocytes. Thus, the decrease in the 
number of neural stem cells is a division-coupled process and is directly related to 
their production of new neurons89. If this hypothesis is valid, an alternative 
explanation to the present results might be considered, interpretation discussed in 
more detail later. 

 

Our first working hypothesis has been that there is a specific timing during or shortly 
after development, after which a neural precursor can be considered as quiescent or 
resting, this precursor being active again only in the adult neurogenic niche. Or, 
expressed in another way, "the precursors of the adult niche are not dividing evenly 
throughout the time course of development, and that there is therefore a target time 
window". 
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We believe that this assumption is useful and necessary because there appears 
to be a period during development when neural precursors are mostly generated, and 
for that reason any disturbance or injury during such period would be critical and 
would have relevant consequences for the hippocampal neurogenesis in the adult and, 
therefore, for those hippocampus-dependent behaviors closely related to neurogenesis 
(as for example learning and spatial memory, depression, or anxiety43, 87, 426). 

 

We have obtained the following results: 

 The majority of surviving and cycling cells we found in the adult 
hippocampus were also cycling (for that reason they appeared double 
labeled) mainly at P6, compared to which were cycling at P3 or P9 (Graph 
R3). The conclusion, in accordance with our conceptual precedents, 
explained before, is that a time point exists during postnatal development 
when active neural precursors exit from cell cycle to generate either 
progenitors, or post-mitotic cells, or to remain quiescent until adult life, 
thereby constituting the precursors of the adult neurogenic pool. As it has 
been previously stated, there is the possibility that the number of cell 
divisions of a neuroblast, precursor or progenitor, is limited and very low, in 
accordance with the findings of Encinas et al, 201189. According to this 
model, after a few divisions, the precursor/progenitor would lose its 
neurogenic ability, acquiring astrocytic characteristics and, in practical 
terms, stopping being strictly a precursor/progenitor. In this case, there can 
be two possible explanations: on one hand, and as mentioned before, it could 
be that the generation of NSCs that then persist to adulthood takes places 
primarily during P6, and subsequently these cells remain quiescent until 
adulthood, time in which they will be divided only a few times and 
subsequently they will become astrocytes. The other possibility defended by a 
great part of neuroscientists for years, as Kempermann or Gould, would be 
that these cells, in spite of remaining quiescent and reaching adulthood to a 
greater extent than those generated at other postnatal times, then in 
adulthood they do not have a limited number of divisions, but they are 
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divided symmetrically or asymmetrically to give rise to new cells that will 
constitute the adult hippocampal neurogenesis as it has been classically 
understood. 
For us, what it is important here is the fact that both points of view on adult 
neurogenesis are compatible with our results, because they do describe the 
way of division of precursors in adulthood, and not on the way in which 
precursors stop dividing in the development to become a viable precursor in 
the adult hippocampus, which is our goal. 
 

 In addition, an assessment of these cells that we double-labeled was made by 
gender of the animal and position within the dentate gyrus (both rostro-
caudal as infa-suprapyramidal) noting that there were no differences in any 
case. This makes us think that the generation of NSCs is therefore 
independent of the gender of the animal and the position then within the 
hippocampus DG (see graph of R6, R7 and R8). 

 
 

The biological significance of this result is transcendent, by how much is the niche 
of adult hippocampal neurogenesis is not constituted to cease the development, after 
the third week postnatal, that complies a significantly in the early stages of training, 
around P6, even though there are still many neurons granular post-mitotic cells will 
be generated within 2 weeks. Additionally, this means that we can look at the cellular 
and molecular changes that take place in the precursors in division during this time 
window in which occurs the entry into quiescence of the precursors to the adult stage, 
in order to find out what changes determine the formation of the adult neurogenic 
niche. 

 

 In this sense our second main working hypothesis was that this target time 
window corresponds to a period of higher susceptibility of the NSCs and it is a 
critical period for the subsequent development of the adult hippocampal 
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neurogenesis, involving functionalities such as learning and memory, which could 
be affected by processes such as stress.  
 

In this regard we consider relevant to clarify if the moment that we have 
determined as target time window is crucial for the adult and whether stress or DNA 
damage may lead to a deficient adult hippocampal neurogenesis. In this sense, there 
are numerous studies that have linked the postnatal stress with a deficient 
neurogenesis in the adult134, 253, 307. 

 

To analyze this, we performed the injection with different drugs, using 
Dexamethasone as a model stress, and/or Etoposide as a model of DNA damage, in the 
concentrations described above. These drugs were injected in the postnatal day 6, and 
after 3 hours we has injected the first analog of thymidine used, the CldU. Two months 
later, IdU was injected. At the same time, behavioral tests were performed to assess 
learning and anxiety. The animals were sacrificed a week later. After sacrifice we have 
evaluated the double labeled cells, CldU+/IdU+, as a measure of NSCs, but also the cell 
proliferation, apoptosis or some markers of DNA damage (as gamma-H2AX). For more 
information about the protocols used see Materials and Methods section. 

 

 The main result of the analysis is that indeed, those animals that were 
injected with any drug in P6 (Dexamethasone, Etoposide as well as both 
drugs), presented a smaller number of NSCs in the adult, considered as 
CldU+/IdU+ (see graph R10). 
 

 To analyze if this effect could be due to a drug-induced cell cycle arrest, 
preventing the cells from be labeled with the second thymidine analogue, we 
evaluated the analysis of the percentage of cells CldU+ according to the 
treatment. The results indicated that there may be an overestimation of the 
data in the case of Etoposide and Double treatments, since these treatments 
do have a lower percentage of CldU+ cells. However, this percentage is not 



Ph.D. Sylvia Ortega Martínez  2013

 

 

Di
sc

us
sio

n 

 276
 

significantly different in the Dexamethasone group compared to Control (see 
graph R11). Likewise, we evaluated the percentage of IdU cells according to 
the treatment and there were differences between Control group and the 
Dexamethasone and Etoposide treatment groups, but in this case these 
differences are caused by the late effect of the drug in the animals, since IdU 
analogue was administered 2 months after the injection of the drug. 

 
 In addition some cell populations of high importance were analyzed. So was 

analyzed the apoptosis using TUNEL assay (see graph R29), and the 
formation of several foci, gamma-H2AX (see graph R33) and 53BP1 (see 
figure R23). In all these cases, the results were not conclusive since the study 
was conduced a long time period after the generation of the damage (at the 
time of sacrificing the animals), so probably the damage generated at P6 
might have been either reverted by DNA repair mechanisms or disappeared 
at all due to cell death. To solve the problems encountered when analyzing 
stocks both of apoptotic cells as the levels of foci of gamma-H2AX and 
53BP1, we will perform in the future an experiment thought to address how 
these drugs affect these cell populations, which consists on CldU injection at 
given times, P3, P6 and P9; after 2-3 hours inject the drug in question to 
analyze (Dexamethasone, Etoposide or both), and spent a short period of time 
(which could range between 3 and 24 hours) and then evaluate all these 
parameters. With this experiment may, on the one hand to know how does 
the drug affect this cell population immediately after the drug 
administration, and on the other hand, to evaluate if such effect is different 
depending on the postnatal day used to cause this damage (P3, P6 and P9) as 
we assume by previous data. 
 

 Another parameter analyzed was the pH3 population corresponding to cell 

proliferation (see graph R31). In this case, the results showed a decrease in 

the number of PH3+ cells in the Dexamethasone treatment group compared 

to the Control group. These data means that the effects are still notable two 

months after the injection of the drug, the effects are still notable and remain 
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in the adult brain. Therefore, our results suggest that stress in P6 might 

reduce the proliferative capacity of cells even two months later, when 

animals become young adults. 

 In addition we wanted to assess whether any of the functions of adult 
hippocampal neurogenesis had been altered with the drug at P6, and 
therefore analyze the anxiety (using EPM) and learning (using PA) processes. 
The results obtained (see graph R21 and R25) showed that, despite the 
decrease in the number of NSCs in all litters that were injected with a drug, 
only those animals administered with Dexamethasone (both in the treatment 
only injected with such drug, as in the Group injected with Dexamethasone 
and Etoposide) displayed problems in anxiety and learning processes, and the 
effect was more evident in animals only receiving Dexamethasone. This 
result indicates that stress during the peak time of the generation of NSCs is a 
crucial process for the normal function of adult hippocampal neurogenesis 
that the DNA damage processes, because while the latter could be recovered 
by compensatory mechanisms, the former doesn't seem to be recovered 
spontaneously through homeostasis (it means by endogenous processes).  

 

It is known that the Dexamethasone administered early during development 
causes damage to the adult behavior. For example, in the work by Pivina et al, 2010, 
their data suggest that changes of glucocorticoid receptors in the brain during the 
neonatal development can lead to different hormonal and behavioral impairments in 
adult rats 310. Hossain et al, 2008145, showed that prenatal Dexamethasone treatment 
elicits long-term behavioral alterations related to anxiety and auditory processing. In 
fact, Dexamethasone is used by some groups as anxiety model299. On the other hand in 
the work of Neal et al, 2004278, they observed that the effect of dexamethasone is not 
equal in function when it was administered. Thus they observed that´Dexamethasone-
treated animals demonstrated slight delays in indexes of neurodevelopment and 
physical maturation at P7 and P14, but not P20. In adolescence (P45), there was no 
difference between groups in an open field test. However, as adult dexamethasone-
treated animals were less active in the open field and spent more time in closed arms 
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of the elevated plus maze. The serum corticosterone response to crowding stress in 
dexamethasone-treated animals was no different from controls, but they demonstrate 
a delay in return of corticosterone levels to baseline. These differences in behavior and 
hormonal stress responsiveness suggest that neonatal dexamethasone exposure may 
permanently alter function of the neuroendocrine stress axis278.´ However, there are 
also studies, although not much, giving a protective role to glucocorticoids, 
considering them as potential candidate drugs to prevent brain damage in premature 
infants 295.  

Other studies assessing both anxiety and learning after a prolonged 
administration of Dexamethasone revealed that ´deficiency of nitric oxide in the early 
neonatal period caused by administration of dexamethasone led to statistically 
significant increase of anxiety level, but statisticaly significant changes in their 
behavior in a passive avoidance chamber was not observed 375´.  

Accordingly, our data support the idea that the postnatal exposition to 
dexamethasone induces damage in adults, referred to a greater sensitivity to anxiety 
and poor learning. We must always remind that in this case, we are evaluating this 
glucocorticoid effect over a period of time that we have already classified as critical 
and crucial for the later adult brain, therefore we consider acceptable that the 
administration of this drug in another stage of development or in adulthood, might 
have a lower impact.  Thus for example the work by Yao et al, 2007422, shows that 
Dexamethasone causes memory and learning impairments in senescent but not in 
young mice. Therefore, our critical period of drug administration is crucial since in 
this particular case the NSCs are being affected, which then take place at the adult 
hippocampal neurogenesis. For this reason, it is essential to carry out more 
experiments about this issue, focused on investigating the effect of these drugs in other 
postnatal stages. 

Altogether, our results are in accordance with widely described in the literature 
about the relationship between stress in the early stages of development and problems 
in adult hippocampal neurogenesis134, 253, 307. In addition these results go further to 
establish a developmental critical period when the adult NSCs are mainly generated. 
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For our laboratory, these data have a great biological interest. In addition, we think 
it will be important to know whether these processes have less significance in other 
stages of postnatal development, such as P3 and P9, where we have demonstrated 
previously that there is a lower number of active NSCs that remain active in the adult 
neurogenic niche. We may conclude that the critical period of formation of NSCs in 
mice is around the postnatal day 6, and that this time period can be considered an 
especially relevant stage to be preserved from stress, in order to be able to develop a 
functional adult hippocampal neurogenesis. 
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 CHAPTER 2: EFFECTS OF GLUCOCORTICOIDS ON ASTROCYTOMAS 
CONTROL AND FROM APP-PS1 MODEL: ROLE OF DNA DAMAGE 
RESPONSE 

 

The main goal of these experiments was to evaluate the possible differences in the 
field of DNA-repair pathways between models of astrocytoma control compared with 
two other models of astrocytomas from mice with pathological aging, specifically a 
mouse model APP.PS1. 

 

 The importance of these questions is that there is a great lack of knowledge on this 
subject of research. This importance lies in the laboratory suggesting that all kinds of 
DNA damage and repair pathways as a whole could be crucial in processes as diverse 
as the progression of cells with the ability to cause cancer as well as pathological 
ageing processes. It is logical to consider that in these two major kinds of processes, the 
mechanisms underlying the DNA damage and repair may be altered, conferring these 
cells the difference between normal and pathological.  Despite this, there are many 
investigations in the literature that are aimed at studying the role of the DDR, or 
different molecules involved in them, in astrocytomas or glioblastomas cell lines, 
designed for example to evaluate the effect of irradiation on these cell lines65, 418 and 
having as ultimate goal find out the keys for this type of tumor therapy23. However, 
our laboratory has focused on the analysis through a better basic understanding of the 
key processes that govern the DDR, comparing the different astrocytomas cell lines, 
because we speculate that one of the main problems in treatment and worse prognosis 
of brain tumors lies in their extreme diversification, their characterization is key for 
further treatment. Likewise, we wanted to examine the glucocorticoid effect, such as 
molecules that could play a key role in these processes of DNA damage and repair. 

 

In particular we have used the commercial cell line CT2A as astrocytoma control 
line and the cell lines APP.Ps1 L.1 and APP.Ps1 L.3 as cell lines of astrocytomas from a 
model of Alzheimer's disease. We have considered that these models were the most 
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feasible when interpreting the data analysis because in vitro investigations allow both 
results ensuring a greater reproducibility and also enables us to control other features 
that could exert its action and masking the effect if the analysis carried out in vivo 
(with the subsequent use of animals which would in order to have reliable results). 
However, we must always bear in mind that the models in vitro have a risk to infra- or 
supra- estimate the observed effect, since in the animal there are compensatory 
mechanisms of these effects which in these cases cannot be assessed. 

 

To generate DNA damage of cells, we have used the standard and supported 
protocol widely used in literature, the irradiation (see one of the last review Kavanagh 
et al, 2013177) in our case with an intensity of 5Gy. IR used was always the same for 
comparison the effects between the different experiments as discussed previously in 
the Material and Methods section. 

 

In addition and as mentioned previously, not only been interested in knowing 
the DNA repair mechanisms in these cell types, we also wanted to find out something 
more about the glucocorticoid mechanism of action, particularly Dexamethasone, in 
these processes, since as discussed in the Introduction section, the glucocorticoid use is 
widespread as treatment with chemotherapy and radiotherapy for many tumors 
including those of the central nervous system67, 361, but how glucocorticoids act in 
DDR processes is still unknown. Different experimental approaches, described in the 
Material and Methods section, have been used to assess this glucocorticoid effect. 

 

Our first working hypothesis is that these cell lines of astrocytomas differed in 
the processes of DNA damage, since the cell lines obtained from pathological aging 
mice would have further DNA damage by oxidative stress. 

 

To test this hypothesis we performed an analysis to characterize these cell lines 
with employing twenty-six different markers. The results obtained are described in the 
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table R3. These results show that most of the markers analyzed were present in the 
three cell lines. However, some differences among these cell lines were found. 

 

 The main result was that the two cell lines obtained from APP.Ps1 mice 
model showed the marker 8-hydroxy-2-deoxyguanosine (8-OHdG) while 
CT2A cell line did not. This marker is essential (biomarker of oxidative stress 
to DNA and a risk factor for cancer, atherosclerosis and diabetics395), 
because that indicates that there is DNA damage background by oxidative 
stress that does not have a normal astrocytoma cell line. 
 

 The other differences found correspond to Acetylcholine Receptor Alpha 7 
(AchRα7) and Glial Fibrillary Acidic Protein (GFAP). In the case of AchRα7, 
the differences found are that this receptor was present in CT2A and APP.PS1 
L.1 but it was not present in APP.PS1 L.3. This receptor has been implicated 
in a lot of process as an essential regulator of inflammation410, and currently 
has been described its role in neuroprotection296. Besides CT2A and APP.PS1 
L.1 also shared the expression of GFAP, which is not found in the APP.PS1 L.3 
cell line. This marker is present in NSCs and glial cells, but not in neurons.  
We consider in this sense that CT2A and APP.Ps1 L.1 cell lines are more 
similar in terms of their intrinsic phenotypic characteristics, which leads us 
to suggest that this cell line (APP.PS1 L.1) owns some characteristics that are 
closer to an astrocytoma control cell line if it is compared to the APP.Ps1 L.3 
cell line. We can speculate that APP.PS1 L.3 owns some more differential 
features than the previous ones because it is closer to the model of 
pathological aging where it comes from. Thus, the laboratory believes that 
there are probably different beta-amyloid levels between these two cell lines 
coming from an APP.PS1 mice model, which in turn could give it deeper 
phenotypic differences when being compared to an astrocytoma control cell 
line (CT2A cell line). 
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These results are relevant, because they show some differences in genetic 
background that we speculate might then be involved in how these cells behave in 
differential mode against the IR, drugs or the DNA-repair pathways. 

 

The biological significance of these data is the importance of the 
characterization of tumors, since it might depend on the developments in the behavior 
of the same face therapy. 

 

The second working hypothesis is that these cell lines, for being different, should 
differ in the key processes of DNA repair. 

 

So, we performed both western blot of different proteins involved in DNA repair 
pathways (ATM, Chk1, pChk1, etc) as well as the DR-GFP assay. In this particular case 
and despite the western blot data, we want to focus on the results obtained by the DR-
GFP is an assay much more solid and widely used in the literature to assess the 
Homologous Recombination repair pathway421. 

 

We have obtained the following results: 

 The main result was that these three cell lines behave very differently respect 
of HR pathway. Thus, in the CT2A cell line case it seems to be using this 
repair pathway in approximately 50% of the cases, but the APP.Ps1 L.3 cell 
lines uses it as a majority way in a nearly 78% of the repair DNA damage, 
while the APP.Ps1 L.1 cell line this pathway is not very relevant and it 
constitute only the 4%. In this case, and unlike evaluating phenotypic 
parameters (see first working hypothesis), these three cell lines behave very 
differently in terms of their HR repair pathway. We believe that it is 
therefore the characteristics of each cell line, which make them have more or 
less repair by HR. We believe that it is essential to do more research about the 
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characteristics of the each cell line (genetic, protein analysis, among others) 
to determine more accurately how their DNA is repaired. 
With this experiment, we can deduce that these three cell lines whose 
genetic background is to be astrocytomas behave radically differently in the 
repair of the DSBs by HR, and these differences must be given by the intrinsic 
characteristics of these cell lines. We speculates that these differences can be 
from the loss of certain molecules from the HR pathway (for example could 
be the specific case of  APP.Ps1 L.1 cell line), as the little use of other 
alternatives pathways of DNA repair, as we can assume that it might happen 
in the APP.PS1 L.3 cell line.  

 

The biological importance of this result lies in the demonstration that a process 
like the DNA damage repair has so many factors under which it is subject, that to 
better determine its regulation should be analyzed all different DNA repair pathways 
under different prisms to be able to characterize a tumor, well in this case concrete, an 
astrocytoma, and be able to develop so future therapeutic tools. 

 

Our third working hypothesis is that glucocorticoids, specifically 
Dexamethasone, could influence the processes of DNA damage and repair in all these 
cell lines. 

In this sense, this field of research has major challenges to solve, since almost 
unknown how these molecules act in DNA damage and repair processes. Therefore we 
have evaluated different aspects in the DNA repair pathways, and our final aiming 
was to find out more about the glucocorticoids mechanism of action. 

 

One of the key experiment consisted on to made a pulse of irradiation and 
administer Dexamethasone (or not in control condition) just after to evaluate the 
evolution of the two types of foci levels (gamma-H2AX and 53BP1) with and without 
glucocorticoids (see graph R36). 
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The results obtained were the following: 

 On the one hand proved to them showed that glucocorticoids do not 
seem to have influence when we evaluate the formation and 
persistence of 53BP1 foci (see graph R36), so in principle, could not 
influence the NHEJ repair pathway. However, this result has many 
nuances, since in the future lab is intended to analyze the formation 
and disappearance of other types of foci in this way of repair, such as 
RAD51 or BRCA1, and which for technical reasons has not been able 
to be evaluated yet. 
 

 On the other hand, to assess the formation and disappearance of 
gamma-H2AX foci, we observe that in all cell lines treated with 
Dexamethasone, produced an increase in the basal levels of these foci, 
in the conditions without IR. Moreover the Dexamethasone produced 
that all cells lines to present high levels of this type of foci during a 
longer time of period, in particular 4 hours after the IR, when in 
control conditions had already presented nearly basal levels. 

 

This last result has a great relevance, since it shows us that the Dexamethasone 
could increase the DNA damage in the cells to be combined with IR for longer time, 
speculating that this could be due to glucocorticoids act to damaging some of the 
DNA-repair pathways. These data have a great biological significance that they would 
show us that these compounds are not only necessary in the treatment of tumors such 
as anti-inflammatory molecules, but that they could also influence in the mechanisms 
underlying DNA damage and repair processes. 

In this sense, another of our experiments consisted in carrying out the Neutral 
Comet Assay technique, to analyze if indeed, Dexamethasone caused changes in the 
kinetics of DNA repair. 
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 The results obtained show that in all the cell lines employees, the 
Dexamethasone use  two hours before the IR, led to a radical change in the 
kinetics of DNA repair curves (see graph R29). So in all cases, the first phase 
of the Comet Assay corresponding to the fast track of DNA repair by NHEJ 
was much less pronounced, and the slow HR repair phase was also modified 
in all cases. The overall result is that the Dexamethasone was indeed exerting 
action in both DNA repair pathways. 

 

In view of the results obtained, we propose as fourth working hypothesis, that 
the Dexamethasone alone was causing cell death in the astrocytomas cell lines 

 To analyze this, we conducted experiments with the Time-Lapse and 
Incucyte microscope obtaining as overall result that in effect, the use of the 
Dexamethasone was provoking a cell death in all cases and over time (see 
graph R31). 

 

This result have great importance and is in accordance with other previous 
works in literature that have shown that Glucocorticoids cause apoptosis224, 272, since 
it would be interesting to analyze and enhance this apoptotic effect of the 
Dexamethasone in astrocytomas cell lines as possible adjuvant treatment and 
progression of tumors. 

As fifth working hypothesis we assumed that the Dexamethasone affecting the 
progression of the cell cycle. So we did a FACS analysis. 

 

 The results showed that in all cell lines the Dexamethasone was leading to an 
arrest in the G2/M phase of the cell cycle (see figure R32). Unfortunately 
these data do not have been able to be replicated, so will need more 
experiments to ensure the reliability of these results. 

To analyze the possible mechanisms of action through which the Dexamethasone 
could be exerting their function as sixth working hypothesis we assume that this drug 
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might be causing an increase in free radicals which in turn cause increased the DNA 
damage. 

To test this hypothesis we used Ascorbic Acid as a model tested in the literature by 
reduce the production of reactive oxygen species (ROS) production381, see figure D1. 
To see more about the model used go to the Material and Methods section. 

 
Fig D1. The diagram represents the proposed mechanism of ascorbic acid (AA) in attenuating reactive oxygen species (ROS) 
production when DAHP inhibited BH4 and caused eNOS uncoupling. Similar to diabetic-induced endothelial cells dysfunction in 
associated with BH4 deficiency. From Sridulyakul et al, 2012381 . 

 

 The results showed that in fact, when we radiated, added Dexamethasone 
and Ascorbic Acid, the cells recovering the basal levels of gamma-H2AX foci, 
suggesting that one of the mechanisms of action of Dexamethasone on the 
DNA damage would be the increase of reactive oxygen species, which in turn 
would lead to an increase in the levels of gamma-H2AX foci. 

 

This result is relevant since it makes us have a way to be able to better investigate 
how the glucocorticoids acting in the specific case of astrocytomas cell lines. Thus the 
laboratory arises as future experiments assessing the levels of reactive oxygen species 
(ROS) produced by the Dexamethasone through commercial kit that allow detection of 
the levels of oxidative stress through the analysis of Fluorescein, and detect superoxide 
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through rhodamine. These experiments were begun during my internship at Oxford 
University, but since they have not been completed have not shown the results in this 
thesis. 

 

Together we can establish that the importance of our results in this field of 
research lies in that have been able to demonstrate that different cell lines of the same 
type of tumor may have different answers in DNA repair pathways, and therefore 
highlight the crucial importance which has to know and characterize different types 
of tumors to perform experimental approaches in their treatment. 

 

Furthermore this thesis constitutes a turning point in the role of glucocorticoids 
in adjuvant of tumors, in particular of the astrocytomas, since we have been able to 
demonstrate that they have a key role, increasing the DNA damage (by higher 
persistence of the levels of gamma-H2AX foci) produced by other therapies such as 
irradiation, which play a fundamental role in apoptosis of cells and its mechanism of 
action, among others, would be due to the increase of free radicals in cells. It is also 
interesting to assess whether they are exerting their action also in the progression of 
the cell cycle as they support our previous data. 
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 CHAPTER 3: EFFECTS OF GLUCOCORTICOIDS ON NEURAL STEM 
CELLS CONTROL AND FROM APP-PS1 MODEL: ROLE OF DNA 
DAMAGE RESPONSE 

 

The main objective of this chapter was that we wanted to analyze the possible 
differences in the DNA repair pathways in NSCs from mice control compared to those 
from mice with pathological aging, specifically APP.PS1 mice. 

 

We have used two models of NSCs, one of them from control mice, named as NSCs 
WT (NSCs wild type) and others from APP.Ps1 mice, named as NSCs APP.PS1. The last 
NSCs were a gift from the Group of Dr. Ricardo Martínez. We believe that this model 
is suitable for the analysis since it allows us to be an in vitro assay with the advantages 
previously discussed (reproducibility of data, use of fewer animals, and to control 
other features extrinsic to these processes, among others). However the use of this type 
of models involves a series of drawbacks (highlighting the differences that might exist 
in the behavior of the NSCs according to their status of differentiation) which will be 
explained in greater depth at the end of the chapter. 

 

In this field of research, there are several recent studies which have investigated the 
DNA damage response related to the different degree of radioresistance of the NSCs 
through the development of the adult brain93, others that analyze the HR repair 
pathway and its importance in the NSCs and progenitors cells332, and some discussed 
the Lack of to p21waf1cip - dependent G1S checkpoint after DNA damage in vivo in 
NSCs and progenitors cells330, among other related works. However there are no 
works that compare the NSCs controls with NSCs coming from pathological processes 
such as Alzheimer's, where we also know that there is a large neuronal loss.  
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In addition, and as that in the previous chapter, we wanted to examine the 
glucocorticoids effect in these cells populations. 

Our major working hypothesis in this chapter is that there are differences in the 
processes of DNA damage and repair in the normal NSCs (NSCs WT) and in NSCs from 
APP.Ps1 mice (NSCs APP.Ps1), and glucocorticoids also exerted its action in them. 

 

To evaluate this, the first experiment that we have developed was similar to that 
used with cell lines. In this case, we radiated cells and after that Dexamethasone 50µM 
was added or not, and we have analyzed the percentages of gamma-H2AX foci and 
53BP1 foci. 

 

The results of the glucocorticoids effect for each kind of neurospheres used were 
the following:  

 In the case of the WT NSCs (see graph R47), the basal levels of 53BP1 were 

lower when it was added the Dexamethasone 4 hours compared with the 

control. In addition these levels were also significant different and lower 

after the IR, comparing Control and Dexamethasone conditions. In the case 

of gamma-H2AX foci, these levels were higher in all Dexamethasone 

conditions compared with the Control situation. 

 

 In the case of the NSCs APP.Ps1 (see graph R48) 53BP1 levels were lower in 

the situation control without IR compared to the Dexamethasone situations 

where NSCs were not radiated but Dexamethasone was added. In the case of 

gamma-H2AX, we find only significant differences in these levels when we 

radiated, Dexamethasone was added and it waited for 4 hours, being lower 

in the Dexamethasone condition.  
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If we consider both neurospheres kind altogether, the results were that (see graph 
R49 and graph R50): 

 In the case of the 53BP1 foci both cell populations differed in: 

o The basal levels in the NSCs WT were higher than in the NSCs 

APP.PS1. 

o Levels after 30´of IR in the NSCs WT were higher than in the 

NSCs APP.PS1 

o Levels after 4 hours of IR in the NSCs WT were higher than in 

the NSCs APP.PS1 

 In the case of gamma-H2AX foci: 

o The basal levels in the NSCs APP.Ps1 were higher than in the 

NSCs WT. 

 

From this we can deduce that both types of NSCs are radically different. We can 
speculate that the NSCs APP.Ps1 have problems in DNA repair through NHEJ, because 
53BP1 levels are always low in comparison with the NSCs control. However 
complementary experiments that examined other kind of foci involved in this 
pathway, as RAD51 or BRCA1, are required to be able to obtain better explanations of 
the pathway functionality. 

 

Also seems that the NSCs APP.Ps1 present more basal DNA damage compared with 
the NSCs WT, since they have higher levels of gamma-H2AX.  

 

The biological significance of these data is the importance of knowing how are 
these processes both normal NSCs as those that come from pathological processes, 
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because as explained in the Introduction section, of these cells depend on all processes 
of adult hippocampal neurogenesis, and faults in the mechanisms of DNA damage and 
repair may be a possible therapeutic target in the future. 

In this sense, it is widely known that a declining neurogenesis related to age 
changes occur during normal aging of the brain. It is exacerbated by age-related 
neurodegenerative diseases such as Alzheimer's and Parkinson's diseases217. In 
addition, ´it is known that the proliferation and survival of NSCs in the dentate gyrus 
of the hippocampus was reduced in mice transgenic for a mutated form of amyloid 
precursor protein that causes early onset familial Alzheimer Disease (AD). Abeta 
impaired the proliferation and neuronal differentiation of cultured human and rodent 
NSCs, and promoted apoptosis of neuron-restricted NSCs by a mechanism involving 
dysregulation of cellular calcium homeostasis and the activation of calpains and 
caspases. Adverse effects of Abeta on NSCs may contribute to the depletion of neurons 
and cognitive impairment in AD´ 133. Stem cell-based therapy to replace lost and/or 
damaged cells in the aging brain is currently the focus of intense research217. In this 
sense, ´Neural precursor cells can be intravenously administered and yet migrate into 
brain damaged areas and induce functional recovery. Observations in animal models 
of AD have provided evidence that transplanted stem cells or neural precursor cells 
(NPCs) survive, migrate, and differentiate into cholinergic neurons, astrocytes, and 
oligodendrocytes with amelioration of the learning/memory deficits. Besides 
replacement of lost or damaged cells, stem cells stimulate endogenous neural 
precursors, enhance structural neuroplasticity, and down regulate proinflammatory 
cytokines and neuronal apoptotic death. In the last years, evidence indicated that the 
adult brain of mammals preserves the capacity to generate new neurons from neural 
stem/progenitor cells. Inefficient adult neurogenesis may contribute to the 
pathogenesis of AD and other neurodegenerative disorders. An attempt at mobilizing 
this endogenous pool of resident stem-like cells provides another attractive approach 
for the treatment of AD 1´. 
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The second experiment was designed to show what happened in the DNA repair 
kinetics in these cells after the Dexamethasone addition using the Neutral Comet 
Assay. 

 

The results show that as in other cell lines, in the case of the NSCs WT and the NSCs 
APP.Ps1 were sensitive to the glucocorticoid addition. This addition caused radical 
changes in the DNA repair kinetics, being much slower and remaining more DNA 
unrepaired at the end of the assay.  

 

As discussed previously these results would have a great relevance since in this 
sense is should investigate the possible glucocorticoids clinical relevance in the 
treatment of pathological processes, not only in the case of cancer, but also in the 
pathological processes which involved  the adults NSCs, such neurodegenerative 
diseases. 

 

Obviously the use of this type of models implies some disadvantages, being the most 
significant, which we consider that the NSCs functions could differ depending on their 
status of differentiation. In fact, when we have made the characterization of the 
neurospheres (see figure R35) we have obtained that these cells could present or not 
certain markers, such as GFP or DCX, depending on their status of differentiation. We 
think that this is a big problem when it comes to get conclusive results, since when 
considering levels of formation and disappearance of foci, we are considering a 
heterogeneous set of NSCs from which we obtain a series of results. Therefore, we 
consider our results as preliminary data for an in-depth analysis of the issue, and 
believe that the laboratory should be complementary experiments in vivo pointing in 
the same direction to make us better in the experimental results obtained in vitro.
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CONCLUSIONS 
"La vida es el arte de sacar conclusiones suficientes a partir de 

datos insuficientes."  Samuel Butler 

"Life is the art of drawing sufficient conclusions based on 
insufficient data." 
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CONCLUSIONS 
 

 There is a preferred time period, mainly occurs during postnatal day 6, in 

which active neural precursors during postnatal development, cease to 

divide to generate progenitors and to give rise to post-mitotic cells, and 

remain quiescent until adult life or at least dividing at an extremely low rate, 

becoming the precursors of adult neurogenic pool. This process is 

independent of the animal gender and their last position within the DG 

(rostro/caudal or infra/suprapyramidal). In addition this is a critical period 

for the subsequent development of the adult hippocampal neurogenesis, with 

all its functionalities involved such as learning and memory, which could be 

affected by processes such as stress.   

 

 Both the stress (related to an increase of glucocorticoid) and the DNA 

damage in the postnatal day 6 cause a decrease of the NSCs that persist in the 

DG of adult hippocampus. This decrease of NSCs induced by high 

glucocorticoid levels in P6 corresponds with a lower learning ability 

(measured through the PA test) and with processes of greater anxiety 

(measured through the EPM test).  

 

 The decrease of NSCs induced by DNA damage in the postnatal day 6 does 

not seem to be related to a worse learning ability or to a greater anxiety, 

probably because these processes are compensated by other mechanisms. 
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 High levels of glucocorticoids in P6 cause a lower cell proliferation in the 

adult DG.  

 

 Cell lines that come from APP.Ps1 mice have high levels of 8-hydroxy-2-

deoxyguanosine (8-OHdG) indicating that there is damage at the basal DNA 

damage due to oxidative stress. 

 

 The astrocytomas cell lines studied that come from different origins (one 

control and two others from APP.Ps1 mice); behave very differently from the 

DNA repair mechanisms through Homologous Recombination, being a 

majority pathway in APP.Ps1 L.3, intermediate in CT2A, and practically non-

existent in APP.PS1 L.1. The intrinsic characteristics of each astrocytomas cell 

line studied are conferred to be specific and different in key mechanisms 

such as DNA repair.  

 

 Dexamethasone causes cell death, seems to lead an arrest in the G2/M cell 

cycle phase,  does not exert any effect in the formation and disappearance of 

the 53BP1 foci and causes an increase in the basal levels of gamma-H2AX 

foci in astrocytomas cell lines studied. In addition, the Dexamethasone after 

IR increases the levels of gamma-H2AX foci and make them remain high for 

longer, even 4 hours after the IR, in all cell lines studied. 

 

 One of the mechanisms of action that Dexamethasone is acting on the 

astrocytomas cell lines analyzed is through the increase of reactive oxygen 



Ph.D. Sylvia Ortega Martínez  2013

 

 

Co
nc

lu
sio

ns
 

 298
 

species (ROS), which are the ones that could be generating at the same time 

the increase in gamma-H2AX foci levels. 

 

 The Dexamethasone administered two hours before the IR, leads to radical 

changes in the kinetics of DNA repair of the astrocytomas cell lines studied, 

measured by Comet Assay.  

 

 The basal levels of 53BP1 foci in the NSCs WT were lower when 

Dexamethasone was added 4 hours compared with the control. In addition, 

this NSCs WT presented a decrease in 53BP1 foci levels when 

Dexamethasone was added after the IR, and an increase in gamma-H2AX 

foci levels in all studied cases in which Dexamethasone was added.  

 

 The NSCs APP.Ps1 increased the basal levels of 53BP1 foci when 

Dexamethasone was added. In addition, the NSCs APP.Ps1 presented a 

decrease in levels of gamma-H2AX foci when it was radiated cells, 

Dexamethasone was added after that and we waited for 4 hours, compared 

with the Control conditions.  

 

 The levels of 53BP1 foci in NSCs WT were highest than in the NSCs APP.PS1 

(basal levels, after 30´of IR and after 4 hours of IR). However, the basal levels 

of gamma-H2AX foci in the NSCs APP.Ps1 were higher than in the NSCs WT. 

In both cases, Dexamethasone administered two hours before the IR, leads to 

radical changes in the repair kinetics of DNA, measured by Comet Assay.  
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CONCLUSIONES 
 

 Existe un periodo temporal preferente, que mayoritariamente ocurre durante 

el día postnatal 6, en que los precursores neurales activos durante el 

desarrollo postnatal, dejan de dividirse para generar progenitores y/o células 

post-mitóticas, y se quedan quiescentes hasta la vida adulta o al menos se 

dividen con un ratio extremadamente bajo, constituyendo el pool de 

precursores neurogénicos del adulto. Este proceso es independiente del 

género del animal y de la posición que luego ocupe dentro del DG 

(rostro/caudal o infra/suprapiramidal). Además, este periodo es crítico para 

el subsecuente desarrollo de la neurogenesis hipocampal adulta, con todas 

las funcionalidades envueltas en la misma como el aprendizaje y la memoria, 

que podrían ser afectadas por procesos tales como el estrés. 

 

 Tanto el estrés (relacionado con aumento de glucocorticoides) como el daño 

al DNA en el día postnatal 6 provocan una disminución de las NSCs que 

persisten en el DG del hipocampo adulto. Dicha disminución de NSCs 

producida por altos niveles de glucocorticoides en P6 se corresponde con 

una menor capacidad de aprendizaje (medida a través del PA test) y con 

procesos de mayor ansiedad (medido a través del EPM test). 

 

 La disminución de NSCs producida por daño al DNA en el día postnatal 6 no 

parece relacionarse con una peor capacidad de aprendizaje o mayor 
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ansiedad, probablemente porque estos procesos se compensan con otros 

mecanismos. 

 

 Los altos niveles de glucocorticoides en P6 provocan una menor 

proliferación celular en el DG adulto. 

 

 Las líneas celulares que proceden de ratones APP.PS1 presentan altos niveles 

de 8-hydroxy-2'-deoxyguanosine (8-OHdG) indicando que existe un daño 

al DNA basal por estrés oxidativo. 

 

 Las líneas de astrocitomas estudiadas, que proceden de diferentes orígenes 

(una control y las otras dos desde ratones APP.PS1), se comportan de un 

modo muy diferente en los mecanismos de reparación del DNA a través de la 

vía de Homologous Recombination, siendo la vía mayoritaria en APP.PS1 L.3, 

intermedia en CT2A, y prácticamente inexistente en APP.PS1 L.1. Las 

características intrínsecas de cada línea celular de astrocitoma estudiada la 

confieren ser específica y diferente en mecanismos clave como la reparación 

del DNA. 

 

 La Dexametasona causa muerte celular,  parece provocar una parada en la 

fase G2/M del ciclo celular, no ejerce ningún efecto en la formación y 

desaparición de los foci 53BP1 y  provoca un incremento en los niveles 

basales de foci gamma-H2AX en las líneas de astrocitomas estudiadas. 

Además, la Dexametasona incorporada tras IR incrementa los niveles de foci 
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gamma-H2AX y hace que estos permanezcan altos durante más tiempo, 

incluso 4 horas después de la IR, en todas las líneas celulares estudiadas. 

 

 Uno de los mecanismos de acción por los que la Dexametasona está actuando 

en las líneas de astrocitomas estudiadas es mediante el incremento de 

especies reactivas de oxígeno (ROS), que a su vez son los que podrían estar 

generando el incremento en los niveles de gamma-H2AX. 

 

 La Dexametasona administrada dos horas antes de la IR, provoca cambios 

radicales en las cinéticas de reparación del DNA de las líneas de astrocitomas 

estudiadas, medidas por Comet Assay. 

 

 Los niveles basales de 53BP1 foci en las NSCs WT fueron más bajos cuando la 

Dexametasona fue añadida 4 horas comparada con el control. Además, esas 

NSCs WT presentaron un decremento en los niveles de 53BP1 foci cuando la 

Dexametasona fue añadida tras la IR, y un incremento en los niveles de 

gamma-H2AX foci en todos los casos estudiados en los que la Dexametasona 

fue añadida. 

 

 Las NSCs APP.PS1 incrementaron los niveles basales de 53BP1 foci cuando la 

Dexametasona fue añadida. Además, las NSCs APP.PS1 presentaron un 

decremento en los niveles de gamma-H2AX foci cuando las células fueron 

irradiadas, la Dexametasona fue añadida y se esperaron 4 horas, comparados 

con las condiciones control. 
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 Los niveles de 53BP1 foci en las NSCs WT fueron más elevados que en las 

NSCs APP.PS1 (niveles basales, tras 30´de IR y tras 4 horas de IR). Sin 

embargo, los niveles basales de gamma-H2AX foci en las NSCs APP.PS1 

fueron más elevados que en las NSCs WT. En ambos casos, la Dexametasona 

administrada dos horas antes de la IR, llevó a cambios radicales en la cinética 

de reparación del DNA, medida por Comet Assay.    
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