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SUMMARY

GSK-3 activity can be regulated by phosphorylation and through interaction
with GSK-3-binding proteins; here we describe N-terminal proteolysis as a novel way
to regulate GSK-3. GSK-3a and GSK-3f were truncated by calpain, generating two
fragments of 40 and 30 kDa, a proteolytic process that was inhibited by specific calpain
inhibitors. The 30 kDa fragment was originated by cleavage of the * Asp - *’Arg peptide
bound. These truncated isoforms were active kinases. We also found that lithium, a
GSK-3 inhibitor, inhibits full-length and cleaved GSK-3 isoforms with the same ICs
value. When cultured cortical neurons were exposed with ionomycin, glutamate, or
NMDA, GSK-3 was truncated. This truncation was blocked by the calpain inhibitor
calpeptin, at the same concentration at which it inhibits calpain-mediated cleavage of
other well-known calpain substrates. Truncated GSK-3 forms did not accumulate,
suggesting that a short-lived product is formed. GSK-3 truncation mediated by calpain
prevents its binding to 14-3-3(. In addition, overexpression of the truncated GSK-3 form
([50—420]-GSK-3p) in COS-7 cells showed that the N-terminal is involved in nuclear
import, since the truncated form is only present in the cytoplasm.

Then, we studied if GSK-3 truncation was involved in different pathological
disorders where calpain is implicated. Thus, we found GSK-3 proteolysis in rat injected
with kainate (10 mg/Kg) intraperitoneally, an epilepsy animal model. The CAl
hippocampal region was the area more susceptible.

Deregulation of GSK-3 activity is involved in the pathogenesis of Alzheimer
disease. The data obtained with human Alzheimer disease samples suggest that
truncated GSK-3 does not accumulate. We previously demonstrated that human samples
with a post-mortem period of 7 h did not show significant GSK-3 proteolysis. However,
memantine, an NMDA receptor antagonist which has been approved for the treatment
of moderate-to-severe Alzheimer disease patients, was able to inhibit GSK-3 truncation
induced by NMDA in primary cultures of cortical neurons in a dose dependent manner.

Together, our data demonstrate that calpain activation produces a truncation of
GSK-3 that removes an N-terminal inhibitory domain. These data provide the first
direct evidence that calpain promotes GSK-3 truncation in a way that has implications
in signal transduction, and probably in pathological disorders such epilepsy as

Alzheimer disease.
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1. INTRODUCCION

1.1 GLUCOGENO SINTASA QUINASA 3 (GSK-3)

La enzima glucégeno sintasa quinasa 3 (GSK-3) es una serina/ treonina quinasa

que fosforila a numerosas proteinas y estd implicada en numerosas rutas de sefalizacion
intracelular. Fue descubierta como una de las proteinas responsables de la fosforilacion
de la glucégeno sintasa (Cohen, 1985), de ahi su nombre. GSK-3 fue aislada por
primera vez de musculo esquelético de conejo (Embi et al., 1980).

Existen varias isoformas de GSK-3, dos son formas altamente homoélogas en
mamiferos, GSK-3a y GSK-3, codificadas por dos genes distintos (Woodgett, 1990).
La isoforma GSK-3p presenta una variante que se genera por Splicing alternativo
llamada GSK-3B2, la cual contiene el exdén 8A, que estd ausente en la forma
mayoritaria. Esta variante se encuentra principalmente en el soma de las neuronas
(Mukai et al., 2002). También existe otra variante de GSK-3 que no contiene el exon
10. Esta forma es muy minoritaria, observandose principalmente en el cerebro (Schaffer
et al., 2003). GSK-3a tiene un peso molecular de 51 kDa, mientras que GSK-33 es mas
pequena con un peso molecular de 47 kDa (Woodgett, 1990). Las isoformas o y 3
presentan una homologia de secuencia del 97% dentro de su dominio catalitico, pero se
diferencian significativamente una de la otra fuera de esta region, presentando la
isoforma o un dominio rico en glicinas en su extremo N-terminal (Esquema 1)
(Woodgett, 1990). Ambas se expresan en todos los tejidos, aunque presentan niveles
particularmente altos en cerebro y en los axones de las neuronas (Woodgett, 1990; Kim
et al., 2006), siendo la isoforma GSK-3f3 la forma mayoritaria en el sistema nervioso
central. La presencia de las dos isoformas no es redundante, ya que la presencia de la
isoforma o no es capaz de suplir la ausencia de la . Este hecho fue constatado al
observar que ratones carentes de GSK-3f eran letales, y GSK-3a no era capaz de
rescatar la funcion de GSK-3p (Hoeflich et al., 2000).

Aunque GSK-3f esta presente en todos los estadios del desarrollo, asi como en
el cerebro adulto, se ha observado en roedores que alcanza un pico de expresion en el

cerebro durante las primeras semanas del desarrollo, disminuyendo considerablemente



sus niveles a partir del dia 20 postnatal, coincidiendo con la terminacion de la extension
dendritica y la formacion de sinapsis (Takahashi et al., 1994; Leroy and Brion, 1999).
Por el contrario, la isoforma GSK-3a se mantiene mas o menos constante a lo largo de

todo el desarrollo (Takahashi et al., 1994)

Glicinas Dominio Quinasa
| 1 | 1
a 51kDa
S21 Y279
[3 47kDa
S9 Y216

Esquema 1. Esquema de las isoformas de GSK-3, a y B. GSK-3a tiene un peso molecular de 51 kDa y
GSK-3B de 47 kDa. Ambas isoformas presentan un dominio quinasa con una homologia de secuencia del
97%. Sin embargo, la isoforma o presenta en su extremo N-terminal un dominio rico en glicinas del que
carece la isoforma f. En el esquema también se indican los lugares de fosforilacion de GSK-3: serina 21 y
tirosina 279 en GSK-3a, y serina 9 y tirosina 216 en GSK-3p.

No existe una secuencia estricta para el reconocimiento de los sustratos, pero
muchos de ellos, aunque no todos, necesitan una fosforilacion previa (priming) por otras
quinasas en una serina o treonina separada cuatro residuos del sitio de fosforilacion de
GSK-3, es decir en el motivo -S/T-X-X-X-S/T(P)-, lo cual posibilita su fosforilacion
por GSK-3 (Esquema 2).

a
XXXSITXXXSITXXXX

N-term

XXXSITXXXS/ITXXXX

N-term C-term

Esquema 2. Fosforilacion de GSK-3 en un sustrato pre-fosforilado previamente por otra quinasa. En
primer lugar, una quinasa fosforila a su sustrato en una serina o treonina (imagen izquierda). A
continuacion, GSK-3 reconoce a dicho sustrato fosforilado, y actlia sobre una serina o treonina localizada
cuatro residuos antes (direccion N-terminal) del sitio de fosforilacion inicial (imagen derecha).



1.1.1 Estructura de GSK-3

La estructura del cristal de GSK-3f presenta una conformacion similar a la
observada en otras quinasas. Sin embargo, el estudio cristalografico de la proteina ha
permitido explicar la preferencia de GSK-3 por los sustratos pre-fosforilados, asi como
su regulacion por fosforilacion en serina 9, que provoca la inhibicion de la enzima, y en
tirosina 216, que provoca su activacion (Ver apartado 1.1.2).

GSK-3p presenta los dos dominios tipicos de las quinasas: un dominio -lamina
en el extremo N-terminal (comprende los residuos 25 al 138) y un dominio a-hélice en
su extremo C-terminal (residuos 139 a 343). Entre ambos, se encuentra el sitio de union
a ATP, bordeado por una zona rica en glicinas. El sitio activo se encuentra entre los
aminodcidos 200 a 226, mientras que los residuos arginina 96, arginina 180 y lisina 205
van a ser los responsables de la union del fosfato primado del sustrato, favoreciendo su

uniodn al sitio activo de la quinasa (Dajani et al., 2001; ter Haar et al., 2001).

1.1.2. Regulacion de GSK-3

GSK-3 se regula por diferentes mecanismos, entre ellos, fosforilacion, tanto de
la propia quinasa como de sus sustratos, formacion de complejos multiproteicos y

localizacion subcelular.

1.1.2.1. Regulacion por fosforilacion

La actividad enzimatica de GSK-3 se reduce significativamente tras la
fosforilacion de la serina 9 en el caso de GSK-3f y serina 21 en el caso de GSK-3a.. La
fosforilacion de esta serina transforma el extremo N-terminal en un pseudosustrato el
cual ocupa el sitio activo de la enzima, que normalmente estd reservado para los
sustratos prefosforilados (Dajani et al., 2001; Frame and Cohen, 2001) (Esquema 3A).
Sin embargo, se ha observado que GSK-3f fosforilada en serina 9 es capaz de fosforilar
a uno de sus sustratos, la proteina Tau (una proteina de unién a microtibulos) en
presencia de zeta-14-3-3 (14-3-3(), una isoforma de las proteinas 14-3-3 con afinidad
por dominios fosforilados (Hashiguchi et al., 2000). Se ha sugerido que esta proteina
secuestra el extremo N-terminal fosforilado en la serina 9 de GSK-33, no pudiendo asi
actuar como pseudosustrato y, por lo tanto, inhibir a GSK-3 (Yuan et al., 2003)

(Esquema 3B).



Esquema 3. Inhibicion de GSK-3 por fosforilacion en la serina 9 de GSK-3B o serina 21 de GSK-3a.
A. Cuando se fosforila la serina del extremo N-terminal de GSK-3, éste va a actuar como pseudosustrato
impidiendo la unién de GSK-3 con su sustrato. Adaptado de (Frame and Cohen, 2001). B. La proteina 14-
3-3 secuestra el extremo N-terminal de GSK-3 fosforilado en serina impidiendo que éste actie como
pseudosustrato, de tal forma que GSK-3 es una quinasa activa aun estando fosforilada en serina.

Existen distintas quinasas capaces de fosforilar GSK-3 en serina 9/21: diferentes
isoformas de la proteina quinasa C (PKC), p70 S6 quinasa, p90 RSK, proteina quinasa
A (PKA) vy proteina quinasa B (PKB o Akt) (Jope and Johnson, 2004). La via de
sefializacion mejor descrita que regula la fosforilacion de GSK-3f3 en serina 9 es la via
mediada por el receptor de insulina (Esquema 4). La insulina se une a su receptor lo que
provoca la activacion de una cascada de sefalizacion que finalmente lleva a la
fosforilacion y consiguiente activacion de PKB. Esta quinasa, por ultimo, fosforila la

serina 9 de GSK-3f o la serina 21 de GSK-3a (Jope and Johnson, 2004).



Esquema 4. Regulacion de GSK-30/p por fosforilacion en la serina 21/9. Inhibicién por la via de
sefalizacion de la insulina. La insulina inicia una cascada de sefalizacion que conlleva la activacion de
varias quinasas, entre ellas PI3K y Akt 6 PKB, y culminara con la fosforilacion de GSK-3 en la serina
21/9 y su consiguiente inactivacion. Adaptado de (Grimes and Jope, 2001).

La reactivacion de GSK-3f podria estar mediada por las fosfatasas PP2A
(Sutherland et al., 1993; Welsh and Proud, 1993) y PP1. En este ultimo caso, la
reactivacion se produce mediante un mecanismo de autorregulacion: GSK-3 provoca un
incremento de la fosforilacion del Inhibidor 2 (I2) de PP1, lo que conlleva un aumento
de la activacion de PP1, que resulta en la desfosforilacion de GSK-3 en la serina 9,
provocando, por ultimo, la activacion de GSK-3. De esta forma, tanto inhibidores
directos de GSK-3 como una bajada de sus niveles de expresion van a provocar un
incremento de la fosforilacion de GSK-3a/B en la serina 21/9 (Zhang et al., 2003).

La fosforilacion de la tirosina 216 de GSK-3f y la tirosina 279 de la GSK-3a es
otra forma de regulacion de la actividad GSK-3. Dichas fosforilaciones son necesarias
para su actividad (Hughes et al., 1993). A partir de las estructuras del cristal de la
isoenzima GSK-3f3, se ha propuesto que las formas desfosforiladas bloqueen el acceso
de los sustratos pre-fosforilados (Dajani et al., 2001). La enzima fosforilada sufre un
cambio conformacional que permite el acceso al centro activo de los sustratos. Sin
embargo, existe cierta controversia sobre el origen de esta fosforilacion. Todavia no esté
claro si este proceso es un fenomeno de autofosforilacion (Cole et al., 2004; Lochhead

et al., 2006) o si estdn implicadas otras quinasas y/ o fosfatasas (Simon et al., 2008).



Algunas quinasas propuestas son Fyn (Lesort et al., 1999), PYK2 (Hartigan et
al., 2001), o MEK1 (Takahashi-Yanaga et al., 2004). También la quinasa ZAKI1 de
Dictyostelium discoideum fosforila a GSK-3 en dicho residuo de tirosina (Kim et al.,
1999). Sin embargo no se ha encontrado el ortdlogo de esta tirosina quinasa en
mamiferos.

Otros autores proponen que el proceso que tiene lugar es una auto-fosforilacion.
Este proceso es intramolecular, es decir, no es una fosforilaciéon entre distintas
moléculas de GSK-3 (Cole et al., 2004; Lochhead et al., 2006). Esta fosforilacion en
tirosina es necesaria para la actividad de GSK-3, produciéndose en un paso previo a la
formacion de la quinasa madura y mediado por la chaperona Hsp90 (Lochhead et al.,
2006).

Recientemente, han sido estudiados otros residuos en los que también podria
estar fosforilada GSK-3. Se ha descrito que la fosforilacion en la serina 389 de GSK-3f
por la proteina p38 MAPK promoveria la inactivacion de la enzima. Esta fosforilacion
no se observa en todos los tejidos, sino que predomina en el cerebro (Thornton et al.,
2008). En otro estudio se propone la fosforilacion en treonina 43 para facilitar la
inactivacion de GSK-3B en serina 9. En este caso, se formaria un complejo
multiproteico (ver apartado 1.1.2.2), en el que la quinasa ERK fosforilaria a GSK-3 en
la treonina 43, favoreciendo la actuacion de la quinasa p90 RSK sobre la serina 9 (Ding
et al., 2005).

Por ultimo, otro mecanismo, en este caso indirecto, de regulacion por
fosforilacion lo constituye la pre-fosforilacion de sus sustratos, comentado
anteriormente (Esquema 2). Algunas de las quinasas implicadas en dicha pre-
fosforilacion son la caseina quinasa-I que fosforila a la [-catenina (Rubinfeld et al.,
1996), la caseina-quinasa Il que fosforila a la glucogeno sintasa (DePaoli-Roach, 1984)
y la CDK-5 que prefosforila la proteina Tau (Sengupta et al., 1997; Noble et al., 2003;
Li et al.,, 2006). Esta pre-fosforilacion no siempre es necesaria asi, por ejemplo, la
proteina Tau puede ser fosforilada por GSK-3 tanto en sitios primados como no
primados. Sin embargo, se ha observado una mayor reduccion de su afinidad por los

microtubulos s6lo cuando es fosforilada en sitios primados (Cho and Johnson, 2003).



1.1.2.2. Regulacion por formacion de complejos proteicos

GSK-3 también puede regularse por la formacion de complejos proteicos. En
esta forma de regulacion estan implicadas una familia de proteinas de union a GSK-3
(GBP), en la que estan incluidas FRAT-1 y 2 (Jonkers et al., 1997; Li et al., 1999;
Thomas et al., 1999), que inhiben la actividad de GSK-3 al unirse a ésta. En el lado
opuesto estaria la axina, que es una proteina que al unirse a GSK-3 aumenta su actividad
facilitando la fosforilacion de su sustrato, en este caso -catenina. Esto es lo que ocurre
en la via de Wnt (Esquema 5), via fundamental en el desarrollo embrionario y una de las
vias mejor caracterizadas que regulan la actividad de GSK-3p a través de complejos
proteicos. En ausencia de Wnt, la proteina adaptadora axina posibilita la unién de GSK-
3, caseina quinasa I (CK-I), B-catenina y otras proteinas permitiendo la fosforilacion de
B-catenina por CK-1 (pre-fosforilacion o priming) y su consiguiente fosforilacion por
GSK-3B. La B-catenina es entonces ubiquitilada y posteriormente degradada por el
proteosoma. Sin embargo, en presencia de Wnt se activa una cascada de senalizacion en
la que se activa dishevelled (dvl), la cual al unirse a FRAT o GBP (proteinas de union a
GSK-3), desestabiliza el complejo, liberandose P-catenina, lo cual contribuye a su
acumulacion citoplasmatica y posterior translocacion al nucleo donde activara factores
de transcripcion de la familia Tcf/ Lef (Jope and Johnson, 2004). Recientemente, se ha
observado otra proteina implicada en esta ruta, DISC-1, que se une a GSK-3§
inhibiéndola, lo que reduce la fosforilacion de [-catenina favoreciendo su
estabilizacion. DISC-1 juega un importante papel en el desarrollo y proliferacion de
progenitores neuronales. Alteraciones en la funcion de esta proteina estan implicadas en
el desarrollo de enfermedades mentales como la esquizofrenia (Mao et al., 2009).

Existen otros complejos proteicos en los que participa GSK-3 como el que forma
con la proteina supresora de tumores (p53) o su interaccion con la presenilina 1 (Jope
and Johnson, 2004). En algunas ocasiones la formacion de complejos proteicos puede
regular la localizacion intracelular de GSK-3 (ver apartado 1.1.2.3); por ejemplo, la

unidon a FRAT-1 posibilita su exportacion del nucleo (Franca-Koh et al., 2002).



- Wnt

+ Wnt

Nucleo

Esquema 5. Regulacion de GSK-3 por formacion de complejos proteicos en la via de sefializacion de
Wnt. En ausencia de Wnt (imagen superior), GSK-3 se encuentra formando un complejo con las proteinas
APC, axina, CK1 y B-catenina, la cual es fosforilada primero por CK1 y posteriormente por GSK-3. Esta
fosforilacion favorece su ubiquitilacion y posterior degradacion por el proteosoma. En presencia de Wnt
(imagen inferior), las proteinas FRAT y dvl se unen al complejo, inactivando a GSK-3 y favoreciendo la
liberacion de B-catenina, la cual se acumula en el citosol y se transloca al niicleo donde participara en la
regulacion de la expresion de determinados genes uniéndose a proteinas de la familia Tcf/ Lef. Adaptado
de (Jope and Johnson, 2004).
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1.1.2.3. Regulacion por localizacion intracelular

La localizacion intracelular de la enzima regula el acceso de GSK-3 a sus
sustratos. GSK-3 se ha considerado tradicionalmente como una proteina citoplasmatica,
donde sus niveles son mas elevados, pero también esta presente en el nucleo y en las
mitocondrias donde se encuentra altamente activada en comparacion con la enzima
citoplasmatica (Bijur and Jope, 2003).

Los niveles de GSK-3 nuclear no son estaticos sino que cambian en respuesta a
determinadas sefiales, tanto intra como extracelulares (Jope and Johnson, 2004) y
durante el ciclo celular. Determinados estimulos proapoptoticos inducen la acumulacion
de GSK-3B en el nucleo, mientras que la estimulacién de factores de crecimiento
disminuyen los niveles de GSK-3f nuclear (Bijur and Jope, 2001, 2003). Muchos de sus
sustratos son factores de transcripcion y su fosforilacion por GSK-3 promueve su
exportacion del nucleo. En la fase S del ciclo celular aumentan los niveles de GSK-3 en
el nucleo donde puede fosforilar a la ciclina D1, importante proteina en la regulacion
del ciclo celular, y favorecer su salida del nucleo (Diehl et al., 1998; Alt et al., 2000).
Otros ejemplos de sustratos de GSK-3 en el nucleo serian NFAT (Beals et al., 1997),
cuya exportacion del ntlicleo tras sefiales proaptoticas también es mediada por GSK-3
(Crabtree and Olson, 2002; Benedito et al., 2005); HSF-1 (He et al., 1998; Bijur and
Jope, 2000; Xavier et al., 2000) y CREB (Bullock and Habener, 1998) entre otras.
Recientemente se ha encontrado la sefial de localizacion nuclear (NLS) de GSK-3. Esta
se encuentra entre los aminoacidos 85-103, aunque también son necesarios los primeros
9 aminoacidos de GSK-3f para que se transloque eficazmente al nicleo. A pesar de la
sefial de localizacion nuclear, la mayoria de la GSK-3 es citosolica, ya que se encuentra
asociada a otras proteinas que podrian estar bloqueando la secuencia de sefalizacion
nuclear (Meares and Jope, 2007). Para su salida del ntcleo se ha sugerido su asociacion
con la proteina FRAT-1/ GBP, la cudl presenta una secuencia de exportacion nuclear
(NES) (Franca-Koh et al., 2002).

La GSK-3p también estd presente en mitocondrias (Hoshi et al., 1996), donde se
puede activar en respuesta a estimulos proapoptoéticos (Bijur and Jope, 2003) y actuar
sobre proteinas implicadas en apoptosis, siendo también capaz de alterar la morfologia
de la mitocondria (King et al., 2008). Sin embargo, también se ha observado que la

GSK-3 mitocondrial puede inhibirse al ser fosforilada por Akt en respuesta a
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determinados estimulos de supervivencia celular, pero sin variar sus niveles de proteina
total (Bijur and Jope, 2003).
También se encuentra en otras estructuras como en las espinas dendriticas,

donde estaria implicada en la consolidacion de la memoria (Peineau et al., 2007).

1.1.2.4. Recambio de GSK-3

Ademads de estos mecanismos de regulacion, los mecanismos implicados en el
recambio de GSK-3 podrian ser criticos no solo para entender la regulacion fisiologica
de la enzima, sino también para comprender aquellas enfermedades en las que esta
alterada su actividad enzimdtica. En cuanto a la regulacion de la sintesis de la GSK-3,
poco se sabe. El promotor de GSK-3f ha sido secuenciado observandose caracteristicas
similares a las de los promotores de otros genes implicados en el metabolismo. Se ha
observado la ausencia de la caja TATA y la presencia de cajas CCAAT, que podrian ser
esenciales para la union de factores de transcripcion que regulan la expresion de genes
de manera especifica del tejido. (Lau et al., 1999a). También se ha descrito una
diferente distribucion del mRNA de GSK-3a y GSK-3p en distintos tejidos, la cual no
siempre coincide con la distribucidon de los niveles de proteina (Lau et al., 1999b). De
hecho se ha observado que el promotor de la GSK-3B es mas activo en células
neuronales que en otros tipos celulares (Lau et al., 1999a).

GSK-3f es una proteina con una vida media larga (Hongisto et al., 2008). Pero si
la regulacion de la sintesis de GSK-3 estd poco analizada, menos se sabe de la
degradacion de la enzima, no existiendo datos bibliograficos relacionados con este

tema.

1.1.3. Funciones de GSK-3

Los sustratos de GSK-3 forman un grupo muy diverso, GSK-3 fosforila a
proteinas implicadas en metabolismo, sefializacion, proteinas estructurales y factores de
transcripcion (Tabla 1), de tal forma que GSK-3 realiza multitud de funciones. Asi,
ademas de participar en distintas rutas de sefializacién, como las vias ya comentadas de
Wnt e insulina, también juega un importante papel en la sintesis de proteinas, en la

proliferaciéon y diferenciacion celular, en el dinamismo de los microtubulos y Ia
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movilidad celular (Frame and Cohen, 2001) y también en ¢l fenémeno de splicing
(Hernandez et al., 2004).

GSK-3 participa en la regulacion de enzimas metabolicas. Es la responsable de
la inhibicién de la glucdgeno sintasa, que fue la primera proteina identificada como
sustrato de GSK-3 (Embi et al., 1980) y cuya funcidn es catalizar el ultimo paso de la
sintesis de glucdgeno. También participa en la regulacion de otras enzimas que
participan en el metabolismo intermediario como, por ejemplo, la piruvato
deshidrogenasa (Hoshi et al., 1996).

También puede inhibir la sintesis de proteinas ya que inactiva por fosforilacion
al factor de iniciacion eucaridtico 2B (elF2B), factor necesario para la iniciacion de la
sintesis de proteinas, promoviendo en este caso la apoptosis (Pap and Cooper, 2002).

Juega también un importante papel en el desarrollo embrionario, puesto que
determina la formacion del eje dorsoventral en Xenopus (Dominguez et al., 1995; He et
al., 1995). La via de Wnt, explicada anteriormente, es una ruta clave en la regulacion del
desarrollo. Otra via de sefializacion implicada en la regulacion del desarrollo es la via de
Hedgehog (Hh). Esta via es muy similar a la de Wnt, inhibiéndose también GSK-3 por

la formacion de complejos multiproteicos (Kim and Kimmel, 2006).

1.1.3.1. GSK-3 en el sistema nervioso central

Como ya se expuso anteriormente, GSK-3 se expresa altamente en el sistema
nervioso. A continuacién se detallan algunas de las funciones de GSK-3 que presentan

mayor relevancia en el sistema nervioso.

e Regulacion de la arquitectura y movilidad celular

En el sistema nervioso, GSK-3 juega un importante papel en la regulacion de la
polaridad neuronal, fundamentalmente al tener como sustratos proteinas asociadas a
microtubulos (MAPs) como Tau, MAPIB o MAP2 que pueden ser fosforiladas por
GSK-3. Estas fosforilaciones regulan su unidon a microtubulos y su dinamismo (Jope
and Johnson, 2004). Sin embargo, hay controversia de opiniones sobre su funcion

exacta.
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Proteinas Metabdlicas y de
Senalizacion

Proteinas Estructurales

Factores de Transcripcion

AcetilCoA carboxilasa

DF3/ MUC1

AP-1 (familia de Jun)

Proteina quinasa dependiente de | Proteina dinamina-like [-catenina
AMPciclico

APC MAPIB C/EBPa

APP MAP2 c-Myb

ATP-citrato liasa NCAM c-Myc

Axina Neurofilamentos CREB

Ciclina D Nineina GATA4

Ciclina E Cadena ligera de las Quinesinas | Receptor de Glucocorticoides
elF2B Tau HIF-1

Glucdgeno Sintasa Teloquina (KRP) HSF-1

hnRNP Mash1

IRS-1 MITF

Proteina basica de Mielina NeuroD

Receptor NGF NFAT
Nucleoporina p62 NF-xB (p65 y p105)
P21 Notch

Piruvato deshidrogenasa p53

Subunidad RII-PKA TCF

PP1

Inhibidor 2 de la proteina
fosfatasa

Presenilina-1

RIGF-1

Tabla 1. Sustratos de GSK-3. Adaptada de (Jope and Johnson, 2004).

Se ha observado que GSK-3f se expresa altamente durante la remodelacion de

las neuritas, ya que es critica para establecer la polaridad neuronal y transformar
neuritas en axones (Jiang et al., 2005; Yoshimura et al., 2005). La inhibicion de GSK-3
promueve la formaciéon de multiples axones y la transformacion de las dendritas
existentes en axones (Jiang et al., 2005), mientras que su activacion causa colapso del
cono de crecimiento y supresion de la formacion del axon (Zhou et al., 2004; Jiang et
al., 2005; Chadborn et al., 2006). Por otro lado, otros trabajos proponen que GSK-3 es
esencial para la formacion del axon (Shi et al., 2004; Garrido et al., 2007).

Un trabajo de Kim y colaboradores propone que podemos observar un efecto u
otro dependiendo del grado de inhibicion de GSK-3. Una inhibicién parcial de GSK-3
provoca la ramificacion del axdn, mientras que una inhibicion total de ambas isoformas
de GSK-3 impide la formacion del axon (Kim et al., 2006).

Una aplicacion de estos estudios podria ser la regeneracion axonal tras dafios en

el sistema nervioso central. Recientemente se ha observado que inhibidores de GSK-3
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son capaces de promover crecimiento axonal in vitro e in vivo tras producir dafios en el
sistema nervioso central (Dill et al., 2008).
También se ha relacionado a GSK-3 con procesos de migracion neuronal (Del

Rio et al., 2004).

e Consolidacion de la memoria

La presencia de GSK-3f en espinas dendriticas, donde se produce la sinapsis
(Peineau et al., 2007; Peineau et al., 2008), asi como en la fraccion sinaptosomal
(Ahmad-Annuar et al., 2006; Hooper et al., 2007) sugieren su participacion en procesos
que tienen lugar en la sinapsis. Todas las formas de plasticidad sindptica pueden
entenderse como alteraciones de la eficiencia de la transmision sinédptica. Existen dos
formas de plasticidad sindptica implicadas en la consolidaciéon de la memoria a largo
plazo: LTP (long-term potentiation) y LTD (long-term depression), que se producen en
respuesta a estimulos glutamatérgicos. GSK-3 participa en la regulacion de ambas
vias. Se ha descrito que GSK-3f es activada durante la LTD y a su vez, es necesaria
para la induccion de LTD, ya que inhibidores de GSK-3 inhiben la LTD sinéaptica. La
activacion de GSK-3 durante la LTD se explica por la activacion de fosfatasas en
respuesta a NMDA que desfosforilan a GSK-3 en la serina 9 (Peineau et al., 2007,
Peineau et al., 2008).

Por otro lado, se ha observado que existe inhibicion de GSK-33 cuando se
induce LTP (Hooper et al., 2007; Peineau et al., 2007). Asi, la sobrexpresion de GSK-
3P conlleva a la inhibicion de LTP (Hooper et al., 2007; Peineau et al., 2007; Zhu et al.,
2007). Este hecho podria relacionarse con el déficit de memoria observado en animales
que sobrexpresan GSK-3f (Hernandez et al., 2002; Engel et al., 2006a) o que presentan
la enzima sobreactivada por inhibicién de PI3K y PKC (Liu et al., 2003).

Se ha propuesto un modelo de plasticidad neuronal en el que LTP inhibe LTD
mediante la inhibicion de GSK-3p por la ruta de PI3K. Puesto que se ha observado que
GSK-3B forma un complejo con los receptores AMPA, un tipo de receptores
ionotrépicos glutamatérgicos y la actividad de este complejo es regulada por LTP, la
importancia de GSK-3B en este proceso podria residir en su implicacion en la
internalizacion de dichos receptores que tiene lugar durante la LTD (Peineau et al.,

2007; Peineau et al., 2008). De hecho, la exposicion cronica a litio, un inhibidor de
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GSK-3, en cultivos de hipocampo disminuye la expresion de los receptores de AMPA
en la superficie celular (Du et al., 2004; Du et al., 2007).

Por otro lado, un incremento de la activacion de GSK-3 produce una inhibicién
de la expresion de la sinapsina, una proteina que forma parte de las vesiculas
presindpticas que liberan glutamato. La disminucion de glutamato en la sinapsis

también podria explicar la inhibicion de LTP (Zhu et al., 2007).

e Regulacion de la supervivencia celular

GSK-3 juega un papel clave en la regulacion de la supervivencia celular, puede
actuar como enzima pro-apoptotica y como enzima anti-apoptética. Existen dos rutas de
sefalizacion de apoptosis: la ruta intrinseca, en la que se produce desorganizacion de la
mitocondria; y la ruta extrinseca, que es iniciada por sefiales extracelulares y estan
involucrados los llamados “receptores de muerte”. En el primer caso, GSK-3 promueve
la apoptosis mientras que por la otra ruta GSK-3 tiene un efecto anti-apoptotico (Beurel
and Jope, 20006).

La ruta intrinseca puede ser inducida por numerosos estimulos que causan dafo
celular. GSK-3 promueve apoptosis en condiciones como la retirada de factores
troficos (Hetman et al., 2000), inhibicion de la ruta de PI3K/ Akt (Crowder and
Freeman, 2000), dafio en el DNA (Watcharasit et al., 2002), estrés del reticulo
endoplasmatico (Song et al., 2002), toxinas de la mitocondria (King et al., 2001),
también en la neurotoxicidad inducida por AP (Takashima et al., 1993), por la proteina
del prién (Perez et al., 2003) o por poliglutaminas en la enfermedad de Huntington
(Carmichael et al., 2002). Aunque también ha sido observado que simplemente la
sobrexpresion de GSK-3 puede inducir apoptosis (Beurel and Jope, 2006). De hecho, el
litio, inhibidor selectivo de GSK-3, actiia como neuroprotector (Alvarez et al., 1999).

GSK-3 regula por fosforilacion proteinas que actian en la desorganizacion de la
mitocondria, por ejemplo activa la proteina pro-apoptdtica Bax (Linseman et al., 2004)
y facilita la degradacion de una proteina anti-apoptdtica de la familia de Bcl-2 (Maurer
et al., 2006). Por otro lado, también puede promover apoptosis regulando factores de
transcripcion y traduccion, de tal forma que facilita la expresion de proteinas pro-
apoptdticas e inhibe la expresion de proteinas que promueven supervivencia celular
(Beurel and Jope, 2006). Por ejemplo, inhibe el factor de transcripcion HSF-1, que

promueve la supervivencia celular (Chu et al., 1996; Khaleque et al., 2005). También se
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ha relacionado a GSK-3 con apoptosis inducida por p53 (Watcharasit et al., 2002).
GSK-3 no s6lo promueve la transcripcion de genes especificos mediante la activacion
del factor de transcripcion p53 (Watcharasit et al., 2003; Beurel et al., 2004), sino que
también puede regular la localizacion intracelular de p53 (Beurel et al., 2004). Se ha
observado que GSK-3 se une a dicha proteina tanto en nucleo como en mitocondria,
donde p53 también es capaz de actuar directamente sobre otras proteinas para promover
apoptosis (Sansome et al., 2001). Por ultimo, GSK-3 también induce apoptosis al inhibir
la sintesis de proteinas por fosforilacion del factor elF2B (Pap and Cooper, 2002).
Ademas, algunos de los cambios morfoldgicos que tienen lugar durante el proceso de
apoptosis también pueden ser explicados por la accion de GSK-3 sobre proteinas
estructurales como Tau o las quinesinas (Beurel and Jope, 2006).

Sin embargo, la inhibicion de GSK-3 también causa apoptosis. Se observo que
ratones carentes de GSK-3f no eran viables porque TNF-a inducia apoptosis masiva en
el higado. Para contrarrestar el efecto de TNF-a es necesario la activacion de NF-«kB, la
cual es fosforilada por GSK-3 (Hoeflich et al., 2000). Ademas, el litio, inhibidor de
GSK-3, potencia el efecto citotoxico de TNF-a en cultivos celulares (Hoeflich et al.,
2000; Schwabe and Brenner, 2002). También se ha observado induccion de apoptosis
en respuesta a otros ligandos, ademas de TNF-a, en presencia de inhibidores de GSK-3,
o usando RNA de interferencia (Song et al., 2004; Rottmann et al., 2005).
Recientemente, también se ha observado apoptosis en un ratdn dominante negativo para
GSK-3B bajo un promotor especifico neuronal (Gomez-Sintes et al., 2007). Estos
efectos anti-apoptoticos de GSK-3 pueden explicarse por la participacion, en este caso,
de GSK-3 en la ruta extrinseca de la apoptosis, en lugar de en la ruta intrinseca donde
realiza acciones pro-apoptoticas (Beurel and Jope, 2006).

La ruta extrinseca se inicia en respuesta a ligandos extracelulares, como TNF-q,
que se unen a unos determinados receptores en la superficie celular. Estos receptores se
denominan receptores de muerte y cuando se activan reclutan proteinas del citoplasma y
se produce la activacion de la caspasa-8, que va a desencadenar el proceso de apoptosis.
GSK-3 va a inhibir este proceso antes de la activacion de caspasa-8 (Beurel and Jope,
2006).

Por tanto, para mantener la supervivencia celular es necesario mantener los
niveles apropiados de GSK-3, ni demasiado altos ni demasiado bajos, dentro de un

rango que no provoque la induccion de las rutas apoptoticas.
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1.1.4. Implicacion de GSK-3 en patologias

GSK-3 es una proteina clave en la regulacion de numerosos procesos. Tanto la
supresion como el exceso de su actividad pueden provocar la desregulacion de estos
procesos. Por tanto, es muy importante que esta enzima esté sometida a una fina
regulacion para mantener unos niveles de actividad adecuados. En la mayoria de los
procesos aqui descritos, ha sido mas estudiada la isoforma [, pero no se excluye que la
isoforma o participe en dichas funciones. Sin embargo, el hecho de que el ratoén
transgénico que no expresa GSK-3f sea letal, aunque exprese la isoforma o (Hoeflich et
al., 2000), hace pensar que ambas isoformas juegan papeles diferentes. Por el contrario,
este raton no presenta alteraciones en el desarrollo del sistema nervioso, lo cual puede
indicar que en este caso, GSK-3a si estd rescatando la funcion de GSK-3f (Kim et al.,
2006).

Asi, una desregulacion de GSK-3 se ha asociado a varias patologias. Entre ellas,
las mejor estudiadas son la enfermedad de Alzheimer (Engel et al., 2008; Hernandez
and Avila, 2008; Hooper et al., 2008) y la diabetes tipo II (Cole et al., 2007), pero
también estd implicada en los transtornos bipolares, la hipertrofia muscular, el cancer, la
esquizofrenia, la enfermedad de Parkinson, la isquemia y la enfermedad de Huntington,

entre otros (Jope and Johnson, 2004).

1.2. CALPAINA

Las calpainas forman parte de una familia de cistein-proteasas independientes de
las caspasas que requieren calcio para su actividad. Aunque tradicionalmente se han
considerado enzimas intracelulares, también se han encontrado algunas en el espacio
extracelular (Nishihara et al., 2001; Xu and Deng, 2004). Ademdas pueden tener una
localizacion subcelular variable (Franco and Huttenlocher, 2005). Son activas a pH
neutro a diferencia de otras proteasas como las catepsinas que se encuentran en
compartimentos acidicos como los lisosomas (Turk and Stoka, 2007; Liu et al., 2008).
Las calpainas cortan proteinas un nimero limitado de veces, produciendo largos
fragmentos peptidicos en lugar de producir pequefios péptidos o aminoacidos (Wu et al.,

2007).
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Existen distintas isoformas de calpaina, algunas de las cuales se expresan de
forma ubicua mientras que otras son especificas de tejido. La mayoria de las calpainas
son proteinas heterodiméricas formadas por una subunidad catalitica de unos 80 kDa y
una subunidad reguladora mas pequefia de 29 kDa. Se han identificado catorce genes
humanos distintos que codifican para la subunidad catalitica y dos para la subunidad
reguladora. Segiin la subunidad catalitica, las calpainas se pueden clasificar en dos
grupos, tipicas y atipicas. Las calpainas tipicas se caracterizan por tener en su extremo
C-terminal un dominio que incluye los denominados motivos EF, que son dominios con
una determinada estructura conformacional que permiten la union de Ca>". Mientras que
las atipicas tienen otros motivos de unién a Ca®" diferentes (Goll et al., 2003; Wu et al.,
2007). Las dos isoformas mas estudiadas pertenecen al grupo de las calpainas tipicas y
son la calpaina I o p-calpaina, descubierta en 1964 (Guroff, 1964) y la calpaina II o m-
calpaina, purificada en 1976 (Dayton et al., 1976b; Dayton et al., 1976a). La micro-
calpaina se encuentra en el citosol y cerca de la membrana, y la mili-calpaina se localiza
en la membrana (Vosler et al., 2008). Ambas isoformas se encuentran en la mayoria de
los 6rganos, pero son especialmente abundantes en el sistema nervioso central (Liu et
al., 2008). En el sistema nervioso, la p-calpaina se encuentra principalmente en
dendritas y en el soma de las neuronas, mientras que la m-calpaina predomina en axones

y glia (Onizuka et al., 1995).

1.2.1 Estructura de la Calpaina

La m-calpaina y la p-calpaina tienen una estructura muy similar. La subunidad
catalitica de la m-calpaina fue la primera en ser cristalizada en 1999 (Hosfield et al.,
1999a; Hosfield et al., 1999b). Sin embargo, se han hallado més dificultades en obtener
el cristal de la p-calpaina. En 2003, se obtuvo el cristal de un péptido que contenia el
85% de la secuencia de la p-calpaina (Pal et al., 2003b; Pal et al., 2003a).

La subunidad catalitica consta de cuatro dominios (I-IV) y la subunidad
reguladora de dos (V y VI). El dominio I es una a-hélice que corresponde al extremo N-
terminal de la subunidad catalitica. Este dominio puede interaccionar con el dominio VI
de la subunidad reguladora, por lo que podria ser importante para la estabilidad. En el
dominio II se encuentra el centro catalitico (donde se encuentra la triada catalitica: los
residuos Cys 105, His 262 y Asn 286) y es similar a los dominios cataliticos de otras

cistein-proteasas. Estd compuesto por dos subdominios, Ila y IIb, y entre ellos el sitio de
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unioén al sustrato (Reverter et al., 2001; Moldoveanu et al., 2004). EI dominio III puede
unir Ca*" y fosfolipidos (Tompa et al., 2001), y es similar a los dominios C2 que se
encuentran en enzimas como la fosfolipasa C o la proteina quinasa C cuya funcién es
unir fosfolipidos de una manera dependiente de Ca*". El dominio IV corresponde al
extremo C-terminal y es la regién de union al Ca®’, presentando cinco motivos EF,
similar a los de la calmodulina. EI dominio V corresponde al extremo N-terminal de la
subunidad reguladora y es una region rica en glicinas, por lo que podria servir de anclaje
a la membrana (Gil-Parrado et al., 2003). Por tltimo, el dominio VI es el extremo C-
terminal y es similar al dominio IV de la subunidad catalitica. También tiene cinco
motivos EF que unen Ca’". Ambas subunidades se unen por estos motivos EF de los

dominios IV y VI (Esquema 6 (Wu et al., 2007)).

SUBUNIDAD
CATALITICA

| ] 1] v

-

20 355 531 700
Dominio proteasa Dominios C2

Dominios con 5 motivos EF

1 101 268

SUBUNIDAD v vi
REGULADORA

Esquema 6: Esquema de la estructura de la calpaina, que consta de dos subunidades: la subunidad
catalitica y la subunidad reguladora. La subunidad catalitica esta formada por los dominios I — VI. El
dominio I abarca desde el residuo 1 hasta el 20. El dominio II es el dominio proteasa (residuos 20-355).
El dominio III (residuos 355-531) presenta dominios C2 de unién a Ca*". El dominio IV (residuos 531-
700) tiene cinco motivos EF de union a Ca**. La subunidad catalitica esta formada por los dominios V' y
VI. El dominio V (residuos 1-101) es un dominio rico en glicinas y el dominio VI (residuos 101-268) es
analogo al dominio IV de la subunidad catalitica, presentando cinco motivos EF de unién a Ca*".
Adaptado de (Wu et al., 2007).
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1.2.2. Regulacion de Calpaina

La calpaina proteoliza de manera irreversible numerosas proteinas por lo que es
necesario que su actividad en la célula esté altamente regulada. Por esta razon, existen

distintos mecanismos implicados en su regulacion.

1.2.2.1. Regulacion por union a calcio

Estas dos isoformas difieren principalmente en su requerimiento de calcio: la p-
calpaina se activa a bajas concentraciones de calcio, de orden micromolar (1 a 20 uM);
por el contrario, la m-calpaina, en su estado purificado, requiere para su completa
activaciéon una concentracion de calcio de orden milimolar (0,250 a 0,750 mM). Esta es
una concentracion de calcio muy alta y s6lo se produce en el interior celular en
condiciones patologicas. Por lo tanto, in vivo deben existir otros mecanismos de
regulacion que incrementen su sensibilidad al calcio, como interacciones con otras
proteinas o con fosfolipidos. Algunos estudios proponen que la calpaina se sitia cerca
de los canales de calcio, donde la concentracién de Ca®" es mayor (Friedrich, 2004).
Ademas, cuando el calcio se une a su sitio de unidn en la calpaina, ésta sufre un cambio
conformacional y se autoproteoliza disminuyendo asi su requerimiento de calcio (Wu et
al., 2007). Atn asi, el denominado problema del calcio no estd resuelto, ya que los
requerimientos de calcio, tanto de m-calpaina como de p-calpaina, siguen siendo muy
elevados.

La unioén del calcio a la calpaina va a provocar un cambio conformacional que
permite que su sitio catalitico sea activo. Hay diversidad de opiniones sobre el
mecanismo de activacion de la calpaina por calcio. Hay estudios que proponen una
activacion en dos pasos (Moldoveanu et al., 2002). Primero, el calcio se une a la region
Il y IV de la subunidad catalitica y provoca la autoproteolisis del dominio I,
liberdndose asi la subunidad reguladora, lo que permite el acercamiento de los
subdominios Ila y IIb que van a formar el sitio activo. Durante este proceso de
autoproteolisis, la subunidad catalitica de la p-calpaina pasa de 80 kDa a 76 kDa y la de
la m-calpaina de 80 kDa a 78 kDa, mientras que la subunidad reguladora pasa de 28
kDa a 18 kDa (Graham-Siegenthaler et al., 1994). En el segundo estado, el calcio se une
directamente a un residuo de cisteina del centro activo permitiendo una disposicion
espacial favorable para la hidrolisis del sustrato. Sin embargo, este mecanismo aunque

podria explicar la activacion de las calpainas en general, no puede explicar la activacion
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ni de aquellas calpainas atipicas que no tienen estos mismos motivos de unidn a calcio,
ni de aquellas proteinas no heterodiméricas. Por tanto, tendrian que activarse por otros
mecanismos, o puede que simplemente con el segundo estado de activacion (Wu et al.,
2007). También hay diversidad de opiniones sobre si la autoproteolisis es necesaria para
la iniciacion o la progresion de la activacion (Hata et al., 2001; Franco and
Huttenlocher, 2005).

Al comparar los cristales de las dos isoformas de la calpaina, se ha observado
que los residuos que forman la triada catalitica se encuentran menos separados en la p-
calpaina que en la m-calpaina, lo que podria explicar el menor requerimiento de calcio

de la p-calpaina (Pal et al., 2003b; Pal et al., 2003a).

1.2.2.2. Regulacion por union a su inhibidor fisiologico

La calpastatina es el tnico inhibidor fisioldgico y especifico tanto de la m-
calpaina como de la p-calpaina. Fue descubierta en 1976 en el mismo trabajo en que se
purific6 la m-calpaina por primera vez (Dayton et al., 1976b; Dayton et al., 1976a). La
calpastatina estd formada por cuatro dominios inhibitorios idénticos y un dominio
correspondiente al extremo N- terminal que no tiene actividad inhibitoria. Tedricamente
esta estructura permite que cada molécula de calpastatina pueda unirse a cuatro
moléculas de calpaina (Maki et al., 1987). La calpastatina se une a la calpaina de
manera reversible en un proceso dependiente de calcio (Imajoh and Suzuki, 1985;
Otsuka and Goll, 1987), siendo incapaz de unirse al calcio en ausencia de calpaina
(Takano and Maki, 1999; Bevers and Neumar, 2008). Hay estudios que sugieren que la
unidn de la calpastatina a la calpaina es anterior a su activacion, ya que de esta forma la
cantidad de calcio requerida es menor (Otsuka and Goll, 1987; Kapprell and Goll,
1989). Aunque la calpaina es capaz de proteolizar a la calpastatina, los fragmentos
originados siguen conservando su funcion inhibitoria (DeMartino et al., 1988). Por otro
lado, se ha propuesto que el estado de fosforilacion de la calpastatina altera su afinidad a
la p-calpaina o a la m-calpaina de diferente forma (Pontremoli et al., 1992; Salamino et

al., 1994), aunque es un tema sujeto a controversia (Goll et al., 2003).
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2.2.3. Regulacion por fosforilacion

La actividad de la calpaina también se puede regular por fosforilacion. La
calpaina tiene muchos sitios de fosforilacion. Por ejemplo, se inhibe al ser fosforilada
por la proteina quinasa A (Shiraha et al., 2002), mientras que si es fosforilada por la via
de las MAP quinasas puede activarse (Cuevas et al., 2003; Franco and Huttenlocher,

2005).

1.2.3. Funciones de la Calpaina

Aunque la calpaina puede degradar completamente a su proteina sustrato,
generalmente la corta de forma limitada, obteniéndose una proteina estable que puede
tener funciones independientes de las que tenia la forma intacta. Existen numerosas
proteinas identificadas como sustrato de la calpaina (Tabla 2), pero no existe una
secuencia consenso de corte, sino que lo que reconoce es una determinada
conformacién. Suele favorecer el corte que la estructura sea abierta y facilmente
accesible. La calpaina necesita zonas largas ya que no corta pequefios péptidos. La
accion de la calpaina también puede verse afectada por el estado de fosforilacion de su
sustrato. De esta forma, la actividad de la calpaina no s6lo se va a modular por
modificaciones de la calpaina, sino también por modificaciones en sus sustratos (Goll et
al., 2003).

Los sustratos pueden ser factores de transcripcion, receptores transmembrana,
enzimas implicadas en transduccion de sefales y proteinas del citoesqueleto, entre otras
(Tabla 2). En muchos casos, el fragmento obtenido tras la truncacion por calpaina va a
seguir siendo activo. Por ejemplo, la calpaina corta la proteina quinasa C, obteniendo
una forma constitutivamente activa (Kishimoto et al., 1989; Shea et al., 1996). También
regula la actividad de CDK-5, ya que la accion de la calpaina genera la formacion de
dos activadores de CDK-5, p25 y p29 a partir de sus precursores p35 y p39 (Kusakawa
et al., 2000; Nath et al., 2000a; Patzke and Tsai, 2002). La CaM quinasa II también es
degradada por calpaina a un fragmento activo e independiente de la regulaciéon por
calmodulina (Hajimohammadreza et al., 1997).

Esta variedad de sustratos provoca la implicacion de la calpaina en multitud de
funciones (Goll et al., 2003; Bevers and Neumar, 2008). Asi, participa en el ciclo
celular; en la regulacion de la expresion génica, actuando sobre factores de transcripcion

como c-jun, c-fos o p53; en la apoptosis de ciertos tipos celulares y en respuesta a
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determinadas sefales especificas; en la transduccion de sefiales, activando distintas vias
como la de PKC o la de las integrinas; en el crecimiento y movilidad celular; y también
en la memoria y aprendizaje, contribuyendo a la formacion de LTP.

Merece la pena senalar que la activacion de la calpaina en condiciones
fisiologicas dura poco tiempo, ya que los niveles de calcio intracelular son rapidamente
vueltos a la normalidad, por lo que la calpaina vuelve a su estado inactivo (Liu et al.,
2008).

Aunque ambas isoformas pueden proteolizar practicamente los mismos sustratos
in vitro, el estudio de ratones transgénicos que carecen de una u otra isoforma hace
pensar que podrian tener distintas funciones fisiologicas. El raton transgénico que no
expresa la subunidad catalitica de la p-calpaina es un raton viable que, aunque tiene
problemas en el funcionamiento de las plaquetas (Azam et al., 2001), no tiene
problemas en otras funciones en las que estdn implicadas las calpainas, como por
ejemplo, la LTP (Grammer et al., 2005). Sin embargo, la falta de la subunidad catalitica
de la m-calpaina (Dutt et al., 2006) resulta letal, al igual que el ratén sin la subunidad
reguladora, donde los embriones mueren alrededor del dia once de gestacion (Arthur et
al., 2000; Zimmerman et al., 2000). Otros estudios usando RNA de interferencia de una
u otra isoforma han mostrado las diferencias en las funciones fisiologicas de cada una

de las isoformas (Bevers and Neumar, 2008).

1.2.3.1. La Calpaina en el sistema nervioso central

En el sistema nervioso central, la activacion de la calpaina que se encuentra
proxima a la membrana plasmadtica, podria ser critica en la sinapsis y en la formacion de
la memoria. Se ha aislado p-calpaina en membranas plasmaticas del sinaptosoma
(Siman et al., 1983), y ademads se ha visto inhibiciéon de LTP por administracion de un
inhibidor de cistein-proteasas (leupeptina) (Staubli et al., 1988). Como se ha comentado
anteriormente, la LTP es una forma de plasticidad sindptica en la cudl reside la
consolidacién de la memoria a largo plazo. La calpaina es necesaria para la formacion
de la LTP (Oliver et al., 1989; Denny et al., 1990; del Cerro et al., 1994; Vanderklish et
al., 2000). En la LTP se producen cambios morfologicos en la sinapsis y en las
densidades postsinapticas (PSDs). Estos cambios morfologicos podrian estar producidos
por la proteolisis de sustratos de la calpaina como la espectrina. En respuesta a un

aumento de glutamato en la sinapsis se produce un incremento de calcio intracelular en
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la neurona postsinaptica, lo cual produce una activacion de la calpaina, que va a actuar
sobre proteinas del citoesqueleto y otras proteinas adaptadoras, produciéndose una
reorganizacion de la PSD y de la sinapsis. La calpaina va a proteolizar proteinas como
GRIP (Lu et al., 2001) y PSD95 (Vinade et al., 2001) que intervienen en el anclaje a la
membrana de los receptores de AMPA y NMDA respectivamente, lo que va a favorecer
la funcidn sinéptica.

Ademéds, la calpaina también puede activar la ruta de las MAP quinasas,
provocando la activacion de factores de transcripcion implicados en plasticidad y en la
consolidaciéon de la memoria (Liu et al., 2008).

Por otro lado, B-catenina es un elemento esencial para mantener las uniones
sinapticas por ser parte del complejo catenina-cadherina (Takeichi and Abe, 2005). La
calpaina corta el extremo N-terminal de B-catenina, desestabilizando este complejo;
ademads también va a impedir su fosforilacion por GSK-3 en el extremo N-terminal y su
consiguiente degradacion permitiendo su translocacion al nicleo donde activara factores
de transcripcion (Abe and Takeichi, 2007). De esta forma, B-catenina truncada es capaz
de estimular la transcripcion de genes y de modular la estructura de la sinapsis.

Otro sustrato de la calpaina es la proteina quinasa C, generando como fragmento
la proteina quinasa M (PKM), constitutivamente activa y de corta vida media (Liu et al.,
2007). La PKM esta implicada, entre otras funciones, en el aprendizaje y la memoria, lo

que sugiere que la calpaina contribuye a estos procesos (Osten et al., 1996).
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Categoria

Sustrato

Localizacion

Proteina del Citoesqueleto

o-sinucleina

Citosol

Proteina del Citoesqueleto Cadherina Extracelular/ Citosol
Proteina del Citoesqueleto Catenina (p120) Citosol/ Membrana
Proteina del Citoesqueleto GFAP Citosol

Proteina del Citoesqueleto MAP-1 Citosol

Proteina del Citoesqueleto MAP-2 Citosol

Proteina del Citoesqueleto NF200, NF160 y NF68 Citosol

Proteina del Citoesqueleto Tau Citosol

Proteina del Citoesqueleto Tubulina (o, B) Citosol

Proteina Estructural Espectrina Membrana
Proteina Estructural PSD-95 Citosol (Sinapsis)
Proteina Estructural SAP-97, proteina activadora | Citosol (Sinapsis)

del receptor de glutamato

Proteina de Membrana

APP

Membrana/ Citosol

Proteina de Membrana NCX Membrana

Proteina de Membrana PMCA Membrana

Proteina de Membrana PrP¢ Membrana

Receptor GluR1 Membrana

Receptor mGluR1a Membrana

Receptor Subunidad NR2A del Membrana
receptor de NMDA

Receptor Subunidad NR2B del Membrana
receptor de NMDA

Receptor Receptor de Rianodina Reticulo Endoplasmico

Proteina Sinaptica Dinamina 1 Citosol

Proteina Sinaptica GAP-43 Citosol

Neuropéptido Quiotorfina Citosol

Proteina de la Mielina Glicoproteina asociada a Extracelular
Mielina

Proteina de la Mielina Proteina basica de Mielina Extracelular

Proteina de la Mielina NFP Extracelular

Proteina Citosdlica CRMP 1-5 Citosol/ Nucleo

Proteina Citosoélica htt, mhtt Citosol

Enzima Citosdlica IP; quinasa B Membrana/ Citosol

Enzima Citosolica mNOS Citosol

Enzima Citosolica p35/p39 Citosol/ Nucleo

Enzima Citosoélica PLC B Citosol

Enzima Citoso6lica PKA Citosol

Enzima Citoso6lica Tirosina Hidroxilasa Citosol

Factor de Transcripcion B-catenina Citosol/ Nucleo

Factor de Transcripcion c-Fos Nucleo

Factor de Transcripcion c-Jun Nucleo

Factor de Transcripcion p53 Citosol/ Nucleo

Factor de Transcripcion Sp3 y Sp4 Nucleo

Sefializacion de Calcio Cain/ cabinl Citosol

Senalizacion de Calcio Calpastatina Citosol

Senializacion de Calcio CaMKllo Citosol (Sinapsis)

Senializacion de Calcio CaMKIV Nucleo

Senializacion de Calcio Calcineurina A Citosol

Senalizacion de Calcio IP;R Reticulo Endoplasmico
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Categoria Sustrato Localizacion
Sefializacion de Calcio Canales de Calcio tipo L Membrana
Senializacion de Calcio PKC Citosol
Senalizacion de Calcio SERCA Reticulo Endoplasmico
Muerte Celular AIF Mitocondria/ Nucleo
Muerte Celular Apaf-1 Citosol
Muerte Celular Bax Citosol/ Mitocondria
Muerte Celular Bcel-xL Citosol
Muerte Celular Bid Citosol/ Mitocondria
Muerte Celular Caspasa-3 Citosol
Muerte Celular Caspasa-7 Citosol
Muerte Celular Caspasa-9 Citosol
Muerte Celular Caspasa-12 Citosol
Muerte celular Caspasa-14 Citosol
Reparacion de DNA PARP Nucleo
Traduccion elF4G Citosol
Degradacion de Proteinas Lisosomas Citosol
Proteina Prion PrP*° Citosol

Tabla 2. Sustratos de la calpaina. Adaptada de (Vosler et al., 2008).

1.2.4. Implicacion de la Calpaina en patologias

Puesto que la calpaina tiene tantas funciones es logico que esté implicada en
numerosas patologias. Sin embargo, existen muy pocas enfermedades genéticas
relacionadas con la calpaina, siendo la mayoria de las enfermedades en las que esta
implicada originadas por una desregulaciéon de la homeostasis del calcio, ya que
cualquier efecto de desregulacion del calcio va a implicar un cambio en la activacion de
la calpaina.

En condiciones fisioldgicas, la entrada de calcio en el interior celular provoca la
activacion de algunas moléculas de calpaina, mientras que en condiciones patoldgicas,
la entrada masiva de calcio provoca la hiperactivacion de calpaina, activandose todas las
moléculas de calpaina disponibles de la célula, lo que va a provocar la proteolisis
descontrolada de sus sustratos y llevar a la muerte celular (Liu et al., 2008).

La activacion de la calpaina ha sido implicada en multiples enfermedades, como
por ejemplo la distrofia muscular, la formacion de cataratas, la isquemia, Yy
enfermedades neurodegenerativas como la enfermedad de Alzheimer, la enfermedad de
Parkinson y la enfermedad de Huntington, entre otras (Goll et al., 2003; Wu et al., 2007;
Bevers and Neumar, 2008; Liu et al., 2008; Vosler et al., 2008).
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2. OBJETIVOS

En esta tesis, nos hemos propuesto estudiar la presencia de isoformas de bajo
peso molecular de la quinasa glucdgeno sintasa quinasa 3 (GSK-3), presentes tanto en
muestras obtenidas a partir de tejidos animales como de cultivos celulares, que sugieren
la actuacion de alguna proteasa sobre dichas quinasas. Para ello nos planteamos los

siguientes objetivos parciales:

1. Identificacion de la proteasa responsable de la truncacion de la quinasa

GSK-3.

2. Identificacion del punto de corte y generacion de un plasmido de

expresion con dicha forma truncada.

3. Implicaciones fisiologicas de dicha truncacion en cultivos primarios

neuronales.

4. Estudio de dicho proceso en procesos neurodegenerativos en los que esté

implicada la enzima GSK-3.
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3. MATERIALES Y METODOS

3.1. MATERIALES

3.1.1. Reactivos

Los reactivos y productos quimicos de uso general empleados en el desarrollo de
este trabajo fueron de MERCK, SIGMA y GIBCO. A continuacion se indican las casas
comerciales de otros reactivos mas especificos.

Glutamato, NMDA y 4cido kainico son de SIGMA, glicina de MERCK,
ionomicina y BAPTA-AM de Calbiochem. El inhibidor de los receptores de glutamato
MK-801 es de Calbiochem, el inhibidor de los receptores de NMDA memantina y el
inhibidor de proteosoma MG-132 es de SIGMA, y los inhibidores de calpaina
calpeptina, ALLN y MDL 28170 son de Calbiochem. Leupeptina, pepstatina y
aprotinina son de SIGMA. La enzima recombinante GSK-3f es de SIGMA y GSK-3a
de Upstate Cell Signaling. La calpaina de Calbiochem (calpaina II). La proteina 14-3-
3(-GST es de Calbiochem y glutation-agarosa de SIGMA. La fosfatasa A es de Biolabs.
Para los ensayos de actividad de GSK-3 se emple6 como sustrato un péptido sintético
de la glucdgeno sintasa (YRRAAVPPSPSLSRHSSPHQS*EDEE) con la serina 21

fosforilada de Neosystem.

3.1.2. Anticuerpos

Los anticuerpos primarios empleados en la inmunodetecciéon, en
inmunofluorescencia (IF) y en inmunohistoquimica (IHQ) se describen en la Tabla 3.
En los ensayos de Western blot (WB) se utilizé como anticuerpo secundario anticuerpo
de conejo anti-ratéon a una dilucion 1/1000 (DAKO) y un anticuerpo secundario cabra
anti-conejo a una dilucién 1/1000 (DAKO). En los estudios de inmunofluorescencia,
los anticuerpos secundarios que se emplearon fueron cabra anti-ratén y cabra anti-
conejo Oregon Green 488 (Molecular Probes, Invitrogen) a una dilucién 1/200 y cabra

anti-raton y cabra anti-conejo Texas Red (Molecular Probes/ Invitrogen) a una dilucién

1/400.
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Anticuerpo Proteina Especie | Casa Dilucion | Dilucion
primario comercial WB IHQ/ IF
Anti-a-tubulina a-tubulina Raton Sigma 1:5000 -
Anti-B-actina B-actina Raton Sigma 1:2000 -
Anti-GSK-3a/ GSK-3a/p Raton Cell Signaling | 1:1000 1:100
(Biosource)
Anti-p-ser-21/9- GSK-3a/B-p- Conejo | Cell Signaling | 1:500 -
GSK-30/p ser21/9
Anti-MYC Epitopo MYC Raton Developmental | 1:150 -
Studies
Hybridoma
Bank
Anti-His Poli-histidinas Ratén Sigma 1:500 -
Anti-HA Epitopo HA Raton Developmental | 1:1000 -
Studies
Hybridoma
Bank
Anti-Tau-1 Tau desfosforilado | Raton Chemicon 1:1000 -
Anti-PHF-1 Tau-P-Ser396/404 | Raton Dr. Davies 1:100 -
(Albert
Einstein
College, NY,
E.E.U.U)
(Greenberg et
al., 1992)
Anti-7.51 Tau murino y Raton Dr. Wishik 1:100 -
humano en la (Cambridge,
region de union a Reino Unido)
microtibulos (Novak et al.,
1991)
Anti-NR2C La subunidad Conejo | Molecular 1:200 -
NR2C del receptor Probes
de NMDA (25-
130)*
Anti-espectrina espectrina Raton Chemicon 1:1000 1:100
International
Anti-calpastatina calpastatina Conejo | Santa Cruz 1:200 -
Anti-p35/p25 p35 y p25 Raton Santa Cruz 1:500 -

Tabla 3. Relacion de anticuerpos primarios y las diluciones a las que se emplearon en Western blot
(WB), Inmunofluorescencia (IF) e Inmunohistoquimica (IHQ). * El anticuerpo anti-NR2C también es
capaz de reconocer las subunidades NR2A y NR2B (Simpkins et al., 2003)
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3.1.3. Plasmidos

El plasmido pcDNA3.1 es de Invitrogen. El plasmido pcDNA3/GSK-3f expresa
GSK-3p y esta unido al epitopo myc en el extremo N-terminal (Sanchez et al., 2001). El
plasmido pCGN/GSK-3B-A9 expresa GSK-3B al que le faltan los nueve primeros
aminoacidos y estd unido al epitopo HA en el extremo N-terminal fue cedido por Dr. A
Kikuchi (Departamento de Bioquimica, Facultad de Medicina, Universidad de
Hiroshima, Japén). El plasmido pcDNA3/GSK-3B-Fragmentoll que expresa GSK-3f
truncada fue obtenido en el laboratorio como se detalla en el apartado 3.2.7 de esta

memoria.

3.1.4. Animales utilizados

Se utilizaron ratones de la cepa C57/ BL6 y ratas Wistar que fueron criados en el
Animalario del Centro de Biologia Molecular “Severo Ochoa”. Se mantuvieron entre
cuatro y cinco animales por jaula, con comida y agua disponibles y en un ambiente con
temperatura controlada y en un ciclo de luz/ oscuridad de 12/ 12 horas.

El uso de animales para experimentacion (ratas y ratones) cumplia estrictamente

las normas implantadas por la Uniéon Europea (86/609/EEC).

3.1.5. Muestras humanas

Las muestras humanas de cerebro (corteza temporal) se extrajeron de la autopsia
de ocho controles (Tabla 4) o de cinco controles y cinco enfermos de Alzheimer (Tabla
5) siguiendo el protocolo para donacion de tejido nervioso aprobado por los Comités de
Etica de los bancos de cerebros de Barcelona y Bellvitge. El tiempo post-mortem del
procesamiento del tejido fue entre 2,25 y 7 horas. Las muestras de cerebro congeladas
se homogeneizaron y procesaron como se describe en la seccion 3.2.11. En la Tabla 4 se
muestran los cerebros empleados en el ensayo del tiempo post-mortem y la truncacion
de GSK-3 en muestras humanas, y en la Tabla 5, los cerebros empleados en el estudio

de la truncacion de GSK-3 en la enfermedad de Alzheimer.
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Sexo Edad | Diagnostico | Intervalo de tiempo
Post-Mortem

MUIJER 49 SLS 7h

HOMBRE 79 SLS 7h

MUIJER 75 SLS 3h

MUIJER 65 SLS 4h

HOMBRE 53 SLS 3h

HOMBRE 78 SLS 2 h 15 min

HOMBRE 59 SLS 7 h 5 min

HOMBRE 59 SLS 6 h 25 min

Tabla 4. Sexo, edad e intervalo del tiempo post-mortem de los cerebros usados en los experimentos de
analisis de la truncacion de GSK-3 en muestras humanas (apartado 10.2.2 de los Resultados). SLS: sin
lesiones

Sexo Edad | Diagnéstico | Intervalo de tiempo
Post-Mortem

MUJER 49 SLS 7h
HOMBRE 79 SLS 7h

MUJER 75 SLS 3h

MUJER 65 SLS 4h
HOMBRE 53 SLS 3h
HOMBRE 69 EAV 6 h

MUJER 83 EAV 5h
HOMBRE 79 EAV+AA |5h25min
HOMBRE 86 EAV+AA |4h15min
MUJER 82 EAV 1h 45 min

Tabla 5. Sexo, edad e intervalo del tiempo post-mortem de cerebros control y de enfermos de Alzheimer
usados en los experimentos de analisis de la truncaciéon de GSK-3 en la enfermedad de Alzheimer
(apartado 10.3.1 de los Resultados). SLS: sin lesiones; EA V: estadio V de la enfermedad de Alzheimer;
AA: angiopatia amiloide.

3.2. METODOS

3.2.1. Ensayo in vitro de la calpaina

Incubamos 0,5 pug de GSK-3f 0 0,5 ng de GSK-3a con calpaina (0,2 U/ml) en el
siguiente tampodn: TrisHCI 50 mM pH 7.5, NaCl 50 mM, EDTA 1 mM, EGTA 1 mM,
B-mercaptoetanol 5 mM. Las muestras fueron incubadas a 30°C en agitacion durante los
tiempos correspondientes en presencia o ausencia de CaCl, 5 mM y calpeptina 10 uM.

La reaccion se inici6 afiadiendo calcio 5 mM y se par6 afiadiendo el tampon de carga de
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electroforesis cuya composicion se detalla en el apartado 3.2.11 (extractos proteicos),

suplementado con el inhibidor de calpaina calpeptina (20 uM).

3.2.2. Tratamiento de muestras de cerebro de raton o humanas

con calcio e inhibidores de proteasas

Los extractos corticales de cerebro de raton fueron homogeneizados en 50 mM
Tris-HCI, pH 7,4 y en presencia de EDTA 1 mM. Las muestras fueron incubadas a 30°C
durante los tiempos indicados en el texto con o sin CaCl, 5 mM, y en ausencia o
presencia de los siguientes inhibidores de proteasas: aprotinina, pepstatina, calpeptina y
ALLN. A continuacion las muestras fueron mezcladas con el tampon de carga de
electroforesis (ver apartado 3.2.11). En el caso de los extractos para medir actividad
enzimadtica, la reaccidon se par6 con una mezcla de inhibidores de proteasas (Roche
Applied Science) suplementado con el inhibidor de calpaina calpeptina (20 uM).

El mismo protocolo se siguid con las muestras humanas que presentaban un

tiempo post-mortem de 3 horas (ver Tabla 4).

3.2.3. Ensayo de actividad enzimatica de GSK-3

La actividad quinasa de GSK-3 procedente del ensayo in vitro de calpaina
utilizando GSK-3 recombinante, procedente de extracto de cerebro de raton incubado
con CaCl, o procedente de extracto de cultivos primarios de neuronas corticales
estimuladas por NMDA fue ensayada como se indica a continuacién y como ha sido
previamente descrito (Hernandez et al., 2002). Como sustrato fue usado el péptido GS-
1, (YRRAAVPPSPSLSRHSSPHQS*EDEE), que es un péptido sintético de la
glucdgeno sintasa con la serina 21 en forma fosforilada (Stambolic and Woodgett,
1994). Las muestras fueron incubadas a 30°C con 30 pM del péptido GS-1 en presencia
de ATP 50 uM (1.000 cpm/pmol de [y->*P] ATP, PerkinElmer Life Sciences) en 25 mM
TrisHCl pH 7.5, 1| mM DTT, 10 mM MgCl, y, o bien 10 mM NacCl o bien 10 mM LiCl.
Los ensayos fueron parados alicuoteando las muestras sobre papel de fosfocelulosa P81,
y los filtros fueron procesados como se ha descrito previamente (Moreno et al., 1996).
La actividad de GSK-3 fue calculada como la diferencia entre la actividad en presencia
de NaCl 10 mM vy la actividad en presencia de LiCl 10mM. Los resultados fueron

expresados como el porcentaje de la actividad con respecto a las muestras control.
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Para medir la ICsy del litio, la actividad enzimatica de GSK-3 se midié como se
ha descrito en presencia o ausencia de distintas concentraciones de LiCl (0,01 — 20
mM).

La actividad de GSK-3 fue normalizada midiendo los niveles de proteina total de

GSK-3 mediante Western blot (ver apartado 3.2.12).

3.2.4. Pull-down

Se hizo un ensayo in vitro de GSK-3f y calpaina, en presencia y ausencia de
CaCl, como se ha descrito previamente (apartado 3.2.1). La reaccion se pard en hielo
afnadiendo el coctel de inhibidores de proteasas (Roche Applied Science), calpeptina 20
puM y EGTA 2 mM. A continuacién se incub6 en presencia o ausencia de GST-14-3-3(
(Calbiochem) durante 2 h en agitacion suave a 4°C. La proporcion estequiométrica entre
ambas proteinas fue de cuatro moléculas de 14-3-3C por cada molécula de GSK-3p. A
continuacion se afiadié 50 pl de glutation-agarosa (38,45 mg/ml) (SIGMA) por cada
tubo, al que previamente se habia afiadido BSA 1%, NaCl 100 mM, el coctel de
inhibidores de proteasas (Roche Applied Science), calpeptina 20 uM y EGTA 2 mM y
se incubd durante 2 h en agitacion suave a 4°C. Para recoger las bolas de glutation-
agarosa unidas a GST se centrifugd durante 1 minuto a 800 x g. Se recogio el
sobrenadante y el precipitado se lavdo 5 veces con 1 ml del tampon de lavado que
contiene: PBS Triton X-100 1 %, DTT 1 mM, EDTA 1 mM, céctel de inhibidores de
proteasas (Roche Applied Science), calpeptina 20 uM y EGTA 2 mM. Se centrifugd
tras cada lavado 30 seg a 800 x g. Finalmente, el precipitado se resuspendi6 en tampén
de carga de electroforesis (apartado 3.2.11), se hirvi6é durante 5 minutos y se centrifugd
para no cargar la agarosa cuando se realice la electroforesis (apartado 3.2.12).

El mismo protocolo se siguidé con GSK-3f fosforilada y sin fosforilar, tras ser

tratada con fosfatasa-A como se describe a continuacion.
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3.2.5. Desfosforilacion de proteinas con la fosfatasa-A

Las isoformas GSK-3a y GSK-3f comerciales fueron desfosforiladas con
fosfatasa-A (BioLabs) durante 30 minutos a 30°C en agitacion en 50 mM Tris-HCI, pH
7,8, 300 mM NaCl, 10% glicerol, 0,5 mM MnCl,, 5 mM DTT vy el coctel de inhibidores
de proteasas (Roche Applied Science). La desfosforilacion de la proteina fue
confirmada por Western blot (apartado 3.2.12) con el anticuerpo anti-p-Ser-21/9-GSK-
30/B y el anticuerpo anti-GSK-30/p.

3.2.6. Secuenciacion de GSK-3p truncada por calpaina

Para determinar la secuencia N-terminal del fragmento de GSK-3f3 generado por
la proteolisis de calpaina, la muestra obtenida tras incubar 7,5 pg de GSK-3f3 con 52 U
de calpaina durante 2,5 minutos fue separada en un gel de acrilamida del 10% y
posteriormente transferida a una membrana de PVDF (Immobilon-P; MILLIPORE), la
cual se tid con Azul de Coomassie como se indica a continuacion. Las bandas
correspondientes a GSK-3p intacta y truncada por calpaina fueron recortadas y enviadas
a secuenciar por el método de EDMAN en el Departamento de Quimica de proteinas del
Centro de Investigaciones Biologicas (CIB), Madrid, Espafia.

La correcta truncacion de GSK-3 por calpaina fue comprobada realizando

Western blot con una alicuota de la muestra.

Transferencia a membrana de PVDF y Tincion de Coomassie

Antes de la transferencia se incub6 la membrana de PVDF en Metanol 100%
durante 3 minutos, hasta que la membrana fuese translucida. A continuacién se
sumergi6 completamente en H,O durante 5 minutos y, por Ultimo, se lavd 3 — 4 veces
en tampon de transferencia durante 10 — 20 minutos. Cuando terminé la electroforesis
(apartado 3.2.12), el gel se lavé en H,O durante 1 minuto y se incubd en tampén de
transferencia durante 20 minutos. La transferencia se realizd igual que con las
membranas de nitrocelulosa (apartado 3.2.12). Después de la transferencia, la
membrana se lavo en H,O durante 2 minutos en agitacion y se incubd 10 segundos en
Metanol 100%. A continuacion se tifid con Coomassie durante 5 minutos y se destifio en
50% Metanol y 10% acido acético, la solucion se cambid varias veces. Finalmente, se

aclar6 con H,O y se dejo secar.
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3.2.7. Construccion del plasmido de GSK-3 B truncada

Para la construccion del plasmido de expresion pcDNA3/GSK-3B-Fragmentoll
amplificamos por la reacciéon en cadena de la polimerasa (PCR) la secuencia del
fragmento II de GSK-3p truncada por calpaina, utilizando los cebadores que disefiamos,
a los que habiamos anadido las dianas de las enzimas de restriccion Hind 11T y BamH I
para su posterior clonacion en el vector pcDNA3.1 (INVITROGEN).

Los cebadores utilizados (ISOGEN) fueron: 5" — CCC AAG CTT ATG CGA
CAG CAA GAA GTC AGC TAT AC - 3"y 5" — CGC GGA TCC TCA GGA GGA
GTT GGA GGC AGA TGC AG — 3'. La PCR se realiz6 con la polimerasa PFU
(Promega) y la concentracion de MgCl, fue 2 mM. El programa de la PCR fue el
siguiente: la desnaturalizacion inicial se realizé a 94°C durante 45 seg, seguido de 25
ciclos de 94°C 45 seg / 65°C 45 seg / 72°C 3 minutos y la extension final se realiz6 a
72°C durante 10 minutos.

Tras comprobar con un gel de agarosa del 0,8% que se amplificod el fragmento
con un tamafio adecuado (1,1 kb), éste fue digerido con las enzimas de restriccion Hind
IIT y BamH I (Roche Applied Biosystems) durante 30 minutos a 37°C.

Posteriormente, purificamos el resultado de la digestion de una banda de un gel
de agarosa (Gel extraction kit, Qiagen) y se ligd al pldsmido pcDNA3, usando la DNA
ligasa del bacteriofago T4 (BioLabs). El plasmido pcDNA3 habia sido previamente
digerido también con las enzimas Hind III y BamH I, purificado y desfosforilado con la
fosfatasa alcalina (Roche Applied Biosystems).

Con el producto de ligacion se transformaron bacterias competentes de la cepa
E. coli DH5a (Servicio de Fermentacion, Centro Biologia Molecular “Severo Ochoa”,
Madrid, Espafia), se plaquearon en placas LB-agar con el antibidtico de seleccion
ampicilina (0,1 pg/ml) y a las 24 horas se aislaron los clones potencialmente positivos
de bacterias. Para ello, se pusieron a crecer en el medio liquido LB, a 37°C y en
agitacion. Tras 24 horas, se pard el cultivo, y una alicuota de éste se utilizd para
purificar el DNA plasmidico (Miniprep Kit, Promega) para determinar por digestion
con las enzimas de restriccion Hind III y BamH I los clones positivos que contenian el
fragmento II de GSK-3f. Se seleccionaron cinco clones positivos para ser analizados
por secuenciacion (Unidad de Genomica, Parque cientifico de Madrid, Espafia). Una
vez comprobada que la secuencia era correcta, se purifico el DNA plasmidico

(Maxiprep Kit, Qiagen).
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3.2.8. Mantenimiento de lineas celulares

En este trabajo se utilizaron las siguientes lineas celulares: las células COS-7 de
fibroblastos de rifion de mono verde africano (Gluzman, 1981) y las células HEK-293
de rifion de embridn humano, las cuales se encontraban establemente transfectadas con
la proteina Tau 3R (cedida por el Dr. Miguel Medina, actualmente en NOSCIRA,
Madrid, Espana).

Las células fueron crecidas en medio DMEM (Dulbecco’s Modified Eagle
Medium) suplementado con 10% (v/v) de suero bovino fetal (FBS) (Invitrogen Life
Technologies-Gibco) inactivado por calor, 2 mM de glutamina y 100 U/ml de penicilina
y 100 mg/ml de estreptomicina en un incubador humidificado a 37°C y con 5% de CO..
Las células HEK-293 Tau 3R fueron crecidas en presencia del antibidtico de seleccion
Zeocina (200 pg/ml; Invivo Gen)

Los pases para mantenerlas se hicieron con tripsina/ EDTA, durante 5 minutos a
37°C, para ser disgregadas antes de volver a ser plaqueadas. Antes de plaquearlas, las

células se centrifugaron y se contaron.

3.2.9. Transfeccion de lineas celulares

Se transfectdo 0,5 pg de plasmido myc-GSK-3p por 50.000 células COS-7 o
HEK-293 plaqueadas en un pocillo de M24 y como control se us6 el plasmido
pcDNA3.1 (Invitrogen) vacio con Lipofectamina TM 2000 (Invitrogen) en el medio de
transfeccion Optimem (GIBCO). Para cada transfeccion, fueron preparados 0,5 pg de
DNA en 50 pl de Optimem y 1 pl de Lipofectamina TM 2000 en otros 50 pl de
Optimem, dejandolo incubando 5 minutos a temperatura ambiente. Posteriormente,
ambas diluciones fueron mezcladas e incubadas durante 20 minutos. La mezcla fue
afiadida gota a gota a las células, a las cuales se les habia cambiado a un medio
Optimem y sin antibidticos. A las 4 horas se retiré el medio de transfeccion y se
sustituyo por DMEM 10% FBS con el tratamiento correspondiente si es necesario.

Se siguid el mismo protocolo para transfectar con el plasmido HA-GSK-3B-A9 y

para transfectar con el plasmido GSK-33-Fragmentoll.

Las células COS-7 transfectadas con GSK-3p-Fragmentoll fueron incubadas con

LiCl 10 mM, en presencia de Inositol 100 uM disuelto en medio de cultivo.
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Los extractos celulares se realizaron lavando dos veces con PBS y se hizo el
extracto con 100 pl de tampon de carga de electroforesis por pocillo de M24.

La fijacion de las células para observarlas por inmunofluorescencia se realizo
incubando las células con 4% paraformaldehido (PFA) / 10 mM MgCl, en PBS durante
10 minutos en un incubador humedecido a 37°C y, a continuacion, se lavd tres veces

con PBS.

En el caso de las células COS-7 transfectadas con MYC-GSK-33 o HA-GSK-
3B-A9 que se van a utilizar para realizar el ensayo de la calpaina se recogieron a las 48
horas, se lavaron dos veces con PBS y se recogieron en 200 pl de tampon Tris-HCI 50
mM y EGTA 2 mM pH 7,4 en hielo y se homogeneizaron posteriormente con 20 pases

en un homogeneizador vidrio-vidrio con el émbolo B.

3.2.10. Cultivos primarios de neuronas corticales

Las neuronas de corteza fueron obtenidas de ratones postnatales de la cepa swiss
de 1 dia de edad basicamente siguiendo el método descrito previamente (Banker and
Cowan, 1977). Las células disociadas con papaina siguiendo las instrucciones del
fabricante (Worthigton) fueron sembradas en placas M24 cubiertas con polilisina
(SIGMA) (100 pg/ml) més laminina (SIGMA) (10 pg/ml) y cultivadas en medio
NeuroBasal (NB-GIBCO) suplementado con 10% (v/v) de suero de caballo, 2 mM de
glutamina, 2 mM de piruvato, 100 U/mL de penicilina y 100 mg/mL de estreptomicina.
Tres horas después, el medio anterior se sustituye por otro que contiene NB
suplementado con 2% (v/v) B27 (GIBCO) suplementado con 2 mM de glutamina, 2
mM de piruvato, 100 U/mL de penicilina y 100 mg/mL de estreptomicina.

El crecimiento de otras células no neuronales fue inhibido con AraC (1-B-D-
arabinfuranosilcitosina; Calbiochem) 5 uM desde el tercer dia de cultivo. Las células se
mantuvieron en una atmoésfera humedecida con 5% de CO, a 37°C y la mitad del medio
de cultivo se reemplazd cada 2-3 dias. A los 12 dias de cultivo, fueron afiadidos al
medio de cultivo las diferentes drogas a las concentraciones y los tiempos indicados

para cada tratamiento.

Los extractos celulares se realizaron lavando dos veces con PBS y se hizo el

extracto con 100 ul de tampon de carga de electroforesis por pocillo de M24.
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Los tratamientos de los cultivos primarios se realizaron el DIV 12. Calpeptina,
ALLN, MK-801 y BAPTA-AM (100 pM) fueron disueltos en DMSO, siendo la
concentracion final de DMSO en el medio 0,2 - 0,4%. EGTA (5 mM) y memantina
fueron disueltos en medio de cultivo. La concentracion de las drogas excepto BAPTA-
AM y EGTA se indica en la seccion 4.9. NMDA 100 uM y glutamato 1 mM también
fueron disueltos en medio de cultivo Las drogas fueron afiadidas 30 minutos antes de la
estimulacién con NMDA o glutamato. Los experimentos fueron realizados en presencia
de glicina 100 uM que fue afiadida 15 minutos antes de la estimulacion con NMDA o
glutamato. Los tiempos de incubacion para cada tratamiento son indicados en cada caso

en el texto.

3.2.11. Extractos proteicos

Los extractos totales de proteinas procedentes de tejido cerebral de rata, raton y
muestras humanas se obtuvieron mediante la homogeneizacion en 20 mM HEPES pH
7.4, 100 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1% Triton X-100, inhibidores de
proteasas (coctel de Roche: 1mM PMSF, 10 pg/ml aprotinina, 10 pg/ml pepstatina, 10
ug/ml leupeptina) e inhibidores de fosfatasas (50 mM NaF, 1 uM NA,VO; (dcido
okadaico), 30 mM glicerofosfato y 5 mM pirofosfato), utilizando un homogeneizador
vidrio-vidrio, con el émbolo B. Posteriormente, se determind la concentracion proteica
de las muestras mediante el método de Bradford (Bradford, 1976).

En el caso de los ensayos in vitro de calpaina el tampon utilizado fue Tris-HCI
50 mM y EGTA 2 mM pH 7.4.

Los extractos totales de proteinas de cultivos neuronales se obtuvieron
afadiendo directamente a la placa de cultivo el tampén de carga de electroforesis (Tris
50 mM pH 6.8, 2% SDS, 10% glicerol, 100 mM B-mercaptoetanol, y 0,1% azul de
bromofenol), con inhibidores de fosfatasas (10 mM glicerofosfato y 2,5 mM

pirofosfato). Posteriormente se hirvieron las muestras durante 5 minutos.
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3.2.12.Electroforesis, electrotransferencia e inmunodeteccion

(Western blot)

Los extractos proteicos se hirvieron durante 5 minutos en tampén de carga de
electroforesis. Las proteinas (15 ug de proteina total por pocillo) fueron separadas en
presencia de SDS en geles de poliacrilamida SDS-PAGE (Laemmli, 1970) al 10% (p/v)
excepto en el caso de espectrina, NR2B, y calpastatina (8% (p/v)) y en el caso de
p35/p25 (12% (p/v)). Posteriormente, las proteinas fueron electrotransferidas a
membranas de nitrocelulosa (Schleicher & Schuell) segin el método de Towbin
(Towbin et al., 1979). Para comprobar la eficiencia de la transferencia, las membranas
se tifleron con Rojo Ponceau. Las membranas se bloquearon con leche en polvo
desnatada al 5% (p/v) en PBS-0.1% Tween-20 (v/v), durante 30 minutos. Se procedi6 a
la incubacion con el anticuerpo primario diluido en medio de bloqueo (Tabla 3) toda la
noche a 4°C. Las membranas fueron lavadas durante cinco minutos dos veces
consecutivas con PBS-0.1% Tween-20. Los anticuerpos secundarios de conejo anti-
raton o cabra anti-conejo acoplados a peroxidasa (DAKO) fueron diluidos en medio de
bloqueo (1/1000). Las membranas fueron incubadas durante 60 minutos con los
anticuerpos secundarios para posteriormente ser lavadas (7 veces, 5 minutos) con PBS-
0.1% Tween-20. Las proteinas inmunoreactivas fueron visualizadas utilizando el
sistema ECL de Amersham. La cuantificacion de las proteinas fue realizada utilizando
el programa Quantity One y el densitometro GS-800 de Bio-Rad. Los valores de
densitometria obtenidos con estos anticuerpos en el rango linear de deteccion se
normalizaron con respecto a los valores obtenidos con el anticuerpo anti-f-tubulina o

anti-B-actina para corregir cualquier desviacion en las cantidades de proteinas cargadas.

3.2.13.Inmunofluorescencia de cultivos celulares

La células fueron crecidas sobre cubres (Menzel-Glaser) y se fijaron con 4%
paraformaldehido durante 10 minutos a 37°C como se ha indicado anteriormente.

Las células fijadas se permeabilizaron durante 15 minutos con 0.1% Triton X-
100/ PBS, y se bloquearon con 1% albiimina de suero bovino (BSA) en PBS. Para evitar
la autofluorescencia, antes del bloqueo fueron incubados durante 30 minutos con glicina
1 mM. Los anticuerpos primarios se afiadieron en 1% BSA/ PBS y se incubaron durante
1 hora a temperatura ambiente o toda la noche a 4°C. Tras 2 lavados con PBS, se

afiadieron los anticuerpos secundarios en 1% BSA/ PBS. Ademas, para marcar las

46



células utilizamos faloidina, que se une a actina polimerizada. La faloidina se presenta
acoplada al fluor6foro Alexa 488 (Invitrogen) y se pusé en la solucion de bloqueo a
dilucion 1:800 junto con el anticuerpo secundario. Después, se hicieron 2 lavados con
PBS y un lavado de H,0, y se montaron con FluorSave Reagent (Calbiochem), para su
observacion al microscopico.

Las iméagenes se tomaron en un microscopio vertical AxiosKop 2 (Zeiss)
acoplado a laser confocal MicroRadiance (BioRad) o en un microscopio vertical

Axioskop 2 plus (Zeiss) acoplado a una camara CCD color.

3.2.14.Inmunohistoquimica

Los cerebros se extrajeron y uno de los dos hemisferios se fijo en PFA 4%
durante una noche a 4°C y después se crioprotegid en una solucion de sacarosa 30 % en
PBS durante 2 dias, tras 3 lavados de 30 minutos en PBS. Dicho hemisferio se incluyo
en un bloque de Tissue-Tek OCT (Sakura). Se cortaron secciones sagitales de 30 um en
un microtomo de congelacion o criostato (Leica) y se recogieron en una solucion
crioprotectora compuesta por etilenglicol 30%, glicerol 26% y tampon fosfato pH 7.2.

Las secciones se pretrataron durante 45 minutos con H,O, al 1% en PBS para
inactivar la peroxidasa enddgena. A continuacion se incubaron durante 1 h en una
solucion de bloqueo compuesta por BSA 1%, FBS 5% y Triton X-100 0.2% en PBS.
Posteriormente, las secciones se incubaron con el anticuerpo primario preparado en la
solucion de bloqueo durante toda la noche. A continuacién, se incubaron las secciones
con el anticuerpo secundario biotinilado caballo-anti-ratébn o cabra-anti-conejo (ABC
Vectastain kit) durante 1 h. Por ultimo, se incubaron con un complejo avidina-
peroxidasa (ABC Vectastain kit) durante 1 h. La reaccion cromogena se llevo a cabo
con diaminobenzidina (DAB) (SIGMA) y 0.003% H,O; durante un tiempo de 10 a 30
minutos, dependiendo del anticuerpo. Las muestras se lavaron con agua destilada y se
montaron con FluorSave Reagent (Calbiochem).

Las imagenes se tomaron en un microscopio Olympus acoplado a una camara

CCD color (Color View) y se utiliz6 el programa Cell A de Olympus.
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3.2.15.Tincion con Fluoro-Jade

La tincion de Fluoro Jade, que tifie neuronas degeneradas, se realizé de acuerdo
a lo previamente descrito (Schmued et al., 1997). Las secciones se montaron en portas
gelatinizados y se dejaron secar en una estufa a 60°C durante 2 h. Los portas se
sumergieron sucesivamente 3 minutos en etanol 100%, 1 minuto en etanol 70% y 1
minuto en H,O destilada. A continuacién se incubaron 20 minutos con permanganato de
potasio 0.06%. Después se realizaron 2 lavados de 1 minuto con H,O destilada, y se
incubaron 30 minutos con 0,01 mg/ml Fluoro Jade B en 0,1% 4acido acético que fue
preparado en el momento a partir de la solucion stock de Fluoro Jade B que se encuentra
a 10 mg/ml. Después se realizaron 12 lavados de 2 minutos con H,O destilada y se
secaron en la estufa a 60°C durante 2 h. Por ultimo, se deshidrataron lavando 3 veces
durante 2 minutos con la solucion HistoClear II (Nacional Diagnostics), y se montaron
los cubres con DPX (Serva).

Las imégenes se tomaron en un microscopio vertical Axioskop 2 plus (Zeiss)

acoplado a una camara CCD color.

3.2.16. Tratamiento de los animales:

3.2.16.1. Tratamiento de ratas con kainato

Ratas Wistar de cuatro meses de edad cuyo peso oscilaba entre 270 — 330 g
fueron inyectadas intraperitonealmente (i.p.) con kainato en una dosis de 10 mg/kg. El
kainato fue disuelto en solucién salina (0,9% NaCl) (Braun). Se inyectaron ocho ratas,
de las cuales sobrevivieron siete. Los animales se sacrificaron a 3, 7, 24 y 48 h del
pinchazo mediante CO,. La mitad del cerebro fue fijada en PFA 4% a 4°C para
inmunohistoquimica y de la otra mitad, fue extraida la corteza y el hipocampo
congelandose en nitrogeno liquido, para ser guardado a -80°C, y posteriormente

homogeneizarse y ser analizazadas por Western blot.

3.2.16.2. Analisis post-mortem de la truncacion de GSK-3 v tratamiento de
ratones con MDL 28170

Ratones de dos meses de edad fueron sacrificados mediante CO, y se
conservaron a temperatura ambiente (22°C) antes de sacarles el cerebro. Los cerebros

fueron extraidos a 0, 1, 3, 6, 12 y 24 horas tras la muerte y se procesaron como se ha
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indicado anteriormente para ser analizados por Western blot. La inhibicion de la
calpaina fue llevada a cabo con el inhibidor de la calpaina permeable a la barrera
hematoencefalica MDL 28170 (Calbiochem) (Li et al., 1998). El inhibidor fue
administrado introperitonealmente como ha sido descrito previamente (Araujo et al.,
2008). El tratamiento se inicid con el vehiculo (DMSO), 20, 40 o 60 mg/kg, i.p.,
seguido de dos inyecciones adicionales similares cada 3 h. Los animales fueron
sacrificados a las 9 h del pinchazo, y las muestras del cerebro fueron obtenidas como se

ha descrito anteriormente a las 12 h de la muerte del animal.

3.2.17.Analisis estadistico

El analisis estadistico de los datos se realizé usando el analisis de varianza (one-

way ANOVA).
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4. RESULTADOS

4.1. GSK-3 es cortada por calpaina en extractos cerebrales

Al sobrexponer Western blot realizados con un anticuerpo anti-GSK-3a/p tanto
en muestras obtenidas a partir de tejidos animales como de cultivos celulares, suelen
aparecer unas bandas de peso molecular ligeramente inferior al de GSK-3f lo cual
sugiere la actuacion de alguna proteasa sobre dichas quinasas. Para confirmar esta
sospecha, realizamos homogeneizados de cerebros de raton en un medio que solo
contenia Tris/ EGTA y observamos mediante Western blot si GSK-3 era proteolizada.
En ausencia de calcio no se observo degradacion alguna, mientras que si afadiamos
calcio a los homogeneizados si se producia degradacion de GSK-3 de una manera
dependiente del tiempo (Fig. 1A). Se observaron dos productos de degradacién de
GSK-3, el primero de ellos con un peso molecular aparente de 40 kDa (fragmento 1) y el
segundo con un peso de 30 kDa (fragmento II). Esta degradacion inducida por calcio era
inhibida por calpeptina y por ALLN, dos inhibidores especificos de calpaina, de una
manera dependiente de la dosis (ICsp = 11 y 60 nM respectivamente, Fig. 1B-C). Para
confirmar que GSK-3 es proteolizada por calpaina utilizamos otros inhibidores
selectivos de proteasas en las mismas condiciones. Sin embargo, el inhibidor de serin-
proteasas aprotinina y el de aspartil-proteasas pepstatina no fueron capaces de inhibir
significativamente la degradacion de GSK-3 inducida por calcio (Fig. 1B-C), lo que
excluye este tipo de proteasas en la proteolisis de GSK-3. Todos estos resultados

sugieren la implicacion de la proteasa calpaina en la truncacion de GSK-3.
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Fig. 1. Proteolisis de GSK-3 en extractos de cerebro de raton. A. Acumulacion de GSK-3 truncada en
funcion del tiempo en presencia de CaCl, 5 mM. Extractos corticales de cerebro de raton fueron
incubados a 30° C en presencia o ausencia de CaCl,, y posteriormente analizados por Western blot con el
anticuerpo anti-GSK-3a/B. También se probo el efecto sobre estos extractos de ALLN 10 uM y calpeptina
10 uM. B. Inhibicién de la proteolisis de GSK-3 inducida por la incubacién con CaCl, durante 30 minutos
por distintas concentraciones de varios inhibidores de proteasas. C. Cuantificaciéon de la inhibicion de la
proteolisis de GSK-3 en funcion de la dosis de inhibidor. ALLN (m), calpeptina (e®), aprotinina (), y
pepstatina (A)

4.2. La forma truncada de GSK-3 tiene mayor actividad enzimatica
que la forma intacta

Para saber si la truncacion de GSK-3 afectaba a su actividad quinasa medimos la
actividad enzimatica de los extractos de cerebro de raton previamente analizados (Fig.
1). Se observd un incremento significativo de la actividad enzimatica (51.8 £ 6%,
p<0.02) en los extractos tratados con calcio respecto al extracto control. Este

incremento en la actividad fue inhibido por el inhibidor de calpaina calpeptina (Fig. 2).
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Fig. 2. Actividad especifica de GSK-3 medida en extractos de cerebro de raton en Tris/ EGTA incubados
a 30°C durante 30 minutos con CaCl, 5 mM, o con calpeptina 1 uM, o con ambos. La actividad quinasa
fue medida como se indica en Materiales y Métodos durante 10 minutos. El histograma muestra la
comparacion de la actividad GSK-3 de los extractos de cerebro tras los distintos tratamientos. La
actividad de GSK-3 corresponde a la diferencia de la actividad obtenida en presencia de NaCl 10 mM y la
actividad en presencia de LiCl 10 mM.

4.3. La calpaina corta a GSK-3a y GSK-3p en el extremo N-terminal

Para estudiar si ambas isoenzimas de GSK-3 eran sustrato de la calpaina
incubamos GSK-3a y GSK-3f recombinante con m-calpaina purificada. Observamos
que ambas isoenzimas son cortadas por calpaina produciéndose dos fragmentos (Fig.
3A). Cuando analizamos ambos fragmentos en el mismo gel (Fig. 3C), observamos que
ambas isoenzimas producen un fragmento de 30 kDa (fragmento II), mientras que el
fragmento I de GSK-3a tiene un peso molecular aparente (42 kDa) mayor que el de la
isoforma B (40 kDa). La cuantificacion de estos productos proteoliticos (Fig. 3B)
muestra que la forma intacta de ambas isoformas es rapidamente digerida por la
calpaina. Sin embargo, el fragmento I de la isoforma 3 es mejor sustrato para la calpaina
que el generado a partir de la isoforma a. Tras cinco minutos de digestion con calpaina,
el fragmento I generado a partir de GSK-3f representa el 25% de la GSK-3f3 total,
mientras que, en las mismas condiciones experimentales, el fragmento I de la isoforma

a representa el 60% de la proteina GSK-3a.
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La GSK-3 recombinante utilizada lleva en el extremo N-terminal una cola de
histidinas. Usando un anticuerpo que reconoce este epitopo, observamos que la calpaina
corta en el extremo N-terminal de GSK-3 ya que las formas truncadas no son
reconocidas por dicho anticuerpo (Fig. 3D). Ademas, este hecho también confirma que
la calpaina digiere rapidamente la proteina generando el fragmento I. De hecho, dicho
anticuerpo es incapaz de detectar las formas intactas de GSK-3 tras dos minutos de

incubacién con calpaina.
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Fig. 3. Proteolisis por calpaina de GSK-3a y GSK-3p in vitro. A. Incubacién de GSK-3a y GSK-3f
recombinante con calpaina (0,2 unidades/ml) a 30° C durante 0.5, 2, 5, 15 y 30 minutos. No se observd
degradacion en ausencia de calcio o en presencia de calcio y calpeptina. Todas las muestras fueron
incubadas con calpaina (* indica el fragmento I y ** indica el fragmento II). B. Cuantificacion de las
isoformas de GSK-3 expresados como el porcentaje de la enzima total presente en cada tratamiento
respecto al tiempo (o, forma intacta; o, fragmento I; A, fragmento II). C. Analizamos los fragmentos de
ambas isoformas en un mismo gel, y observamos que ambas isoformas producen un fragmento con un
peso molecular aparente de 30 kDa (fragmento II, dos asteriscos), mientras que el fragmento I (un
asterisco) tiene un peso molecular aparente ligeramente mayor en el caso de la isoforma o (42 kDa) que la
isoforma B (40 kDa). D. Western blot con el anticuerpo anti-histidinas que reconoce la cola de histidinas
del extremo amino terminal de GSK-3a y GSK-3f3 recombinantes.
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Para confirmar estos resultados, transfectamos células COS-7 con un vector de
expresion que lleva el epitopo MYC unido al extremo amino terminal de GSK-3f. A las
48 horas de transfeccion se recogieron las células en presencia de Tris/ EGTA. A
continuacion los extractos fueron incubados con m-calpaina. La proteolisis por calpaina
de GSK-3p transfectada fue confirmada mediante Western blot en ausencia o presencia
de calcio (Fig. 4A). Esta degradacion inducida por calpaina fue inhibida por calpeptina.
Estos mismos extractos fueron ensayados con un anticuerpo que reconoce el epitopo
MYC del extremo N-terminal y observamos que solo detecta la proteina intacta, pero es

incapaz de detectar las formas truncadas (Fig. 4B).
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Fig. 4. Transfeccion de células COS-7 con myc-GSK-3fB. A las 48 horas se recogieron las células y se
lisaron en el tampdn Tris/ EGTA. Posteriormente se incubaron a 30°C en presencia o ausencia de m-
calpaina y CaCl, 5 mM. El efecto del inhibidor calpeptina 10 pM también se ensayo. A. WB con un
anticuerpo que reconoce GSK-30/B. B. WB con un anticuerpo que reconoce el epitopo MYC. El asterisco
(*) indica MYC-GSK-3p.

4.4 Las formas truncadas de GSK-3a y GSK-3f son quinasas activas

Para determinar si la proteolisis de GSK-3 mediada por calpaina altera su
actividad quinasa, estudiamos los efectos de la calpaina sobre la GSK-3 recombinante.
Tratamos ambas isoformas de GSK-3 con calpaina durante 0,5, 2 y 5 minutos. La Fig.
SA muestra que la actividad de GSK-3B incrementa al aumentar el tiempo de
incubacién con calpaina. Este incremento de su actividad (330,1 + 7,3% a los cinco
minutos de incubacion con calpaina) es estadisticamente significativo (p < 0,01)

comparandolo con la actividad de la enzima sin tratar. Cuando realizamos este mismo
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experimento con la isoforma GSK-3a, no se observa un incremento similar al observado
con la isoforma [. Estos datos demuestran que los fragmentos de GSK-3 son
cataliticamente activos y sugieren que la proteolisis mediada por calpaina aumenta
selectivamente la actividad quinasa de GSK-3.

Es bien conocido que un mecanismo para incrementar la actividad de GSK-3 es
la desfosforilacion de la serina 21/9 en el extremo N-terminal de GSK-3o/p. Para
conocer el estado de fosforilacion de las enzimas GSK-3a y B recombinantes, hicimos
un Western blot con el anticuerpo anti-P-Ser21/9-GSK-3a/p y demostramos que la
isoforma 3 estaba fosforilada mientras que la GSK-3a no lo estaba (Fig. 5B). Estos
datos los confirmamos tratando ambas isoformas de GSK-3 con fosfatasa A, de tal forma
que defosforilamos las serinas 9 y 21 de GSK-3p/a, sin alterar la cantidad total de
proteina GSK-3 (Fig. 5B). A la luz de estos resultados, el incremento en la actividad de
la GSK-3B puede explicarse del siguiente modo: la calpaina, al eliminar el extremo N-
terminal inhibitorio de la GSK-3f provoca su activacion; por el contrario, la proteolisis
del mismo dominio de la GSK-3a no afecta a su actividad quinasa al no estar
fosforilada.

El litio (Li") es un inhibidor selectivo de GSK-3 (Klein et al. 1996). No se ha
identificado su sitio de unidn, pero se sabe que es un inhibidor competitivo del
magnesio (Ryves et al. 2001). Cuando estudiamos los efectos del litio sobre GSK-3
recombinante (Fig. 5C) vimos que el litio inhibe GSK-3f3 con un valor de ICspde 3,91 +
1,25 mM y GSK-3a con un valor de 1Csy de 2,63 £+ 1,13 mM, reduciendo la actividad
quinasa un 90% (en presencia de LiCl 20 mM). El litio fue capaz de inhibir, con unos
valores de ICs similares, las formas truncadas de ambas isoformas de GSK-3 generadas
a 0,5 y 5 minutos de incubacién con calpaina. De estos experimentos podemos concluir
que el litio es capaz de inhibir tanto la forma intacta como la forma truncada de GSK-3a
y de GSK-3, lo cual sugiere que la proteolisis de GSK-3 por calpaina no afecta al sitio

de uniodn al litio y que éste no se encuentra en el extremo N-terminal.
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Fig. 5. Efecto de la truncacion de GSK-3 sobre su actividad enzimatica. A. Se incubdé GSK-3a 0 GSK-3f3
con calpaina recombinante en presencia de CaCl, 5 mM durante 0,5, 2 y 5 minutos. La actividad
enzimatica fue medida como se describe en Materiales y Métodos. Las barras sombreadas representan la
actividad de GSK-3 obtenida antes del tratamiento con calpaina (*, p < 0,01). B. Niveles de fosforilacion
en la ser-9/21 de ambas isoformas comerciales. Las dos isoformas fueron tratadas con fosfatasa-A durante
30 min. Las muestras fueron inmunodetectadas con el anticuerpo p-Ser-9/21-GSK-30/f o el anticuerpo
GSK-30/B como control de carga. C. Inhibiciéon por litio de la forma intacta de GSK-3a o GSK-38
(CONTROL) y sus formas truncadas tras 0,5 o 5 minutos de tratamiento con calpaina. La tabla muestra
los valores de ICs, de la inhibicion por litio. Este valor se calcul6 a partir de la curva dosis-respuesta de la
actividad de GSK-3 a concentraciones crecientes de litio (0,01 — 20 mM).

4.5. La truncacion de GSK-3p es independiente del dominio Ser-9

La fosforilacién en la serina 9 del N-terminal es el principal mecanismo de
inhibicién de GSK-3[. Para determinar si este dominio de la serina 9 es necesario para
la truncacion de GSK-3 por calpaina, transfectamos células COS-7 con un vector de
expresion que lleva GSK-3f sin los primeros nueve aminoacidos (GSK-33-A9) unido al
epitopo HA en el extremo N-terminal. A las 48 horas, los extractos celulares

homogeneizados en Tris/ EGTA fueron incubados con m-calpaina y, a continuacion, se
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realizo un Western blot con el anticuerpo anti-HA o con el anticuerpo anti-GSK-3a/p.
Como muestra la Figura 6, ambos anticuerpos detectaron la proteina transfectada intacta
mientras que el anticuerpo anti-HA fue incapaz de reconocer las formas truncadas de
GSK-3. Estos resultados muestran que la proteolisis de GSK-3 puede tener lugar atin
cuando falten los primeros nueve aminoacidos y confirman, de nuevo, que la truncacion
tiene lugar en el extremo N-terminal. Sin embargo, GSK-3p-A9 parece ser peor sustrato
que la enzima completa, puesto que aln a los diez minutos de tratamiento con calpaina

se detecta la forma no truncada.

Calpeptina - - Calpeptina - -
Calpaina+Caz - + + Calpaina+Caz - + +

-
. 10 min

10 min _
IB: GSK-3a/f IB: HA

Fig. 6. Transfeccion de células COS-7 con HA-GSK-3B-A9. A las 48 horas se recogieron y lisaron con
Tris/ EGTA, posteriormente se incubaron a 30°C en presencia o ausencia de m-calpaina, CaCl, y
calpeptina 10 pM durante 1, 5 y 10 minutos. La figura s6lo muestra los resultados obtenidos a 10
minutos. A. WB con un anticuerpo que reconoce GSK-30/p. B. WB con un anticuerpo que reconoce el
epitopo HA.

4.6. La truncacion de GSK-3p impide su union a 14-3-3(

Otro mecanismo de regulacion de GSK-3 es la formacion de complejos
proteicos. Una de estas proteinas a la que se une GSK-3f3 es 14-3-3(. Esta proteina se
une al extremo N-terminal de GSK-3f, permitiendo que GSK-3p actue sobre sus
sustratos aunque esté fosforilada en la serina 9 (Agarwal-Mawal et al., 2003; Yuan et
al., 2004; Li and Paudel, 2007). Para determinar si la truncacion del extremo N-terminal
de GSK-3 afecta a su union a 14-3-3 realizamos un pull-down con la proteina 14-3-3Cy
GSK-3p digerida y sin digerir por calpaina. La proteina 14-3-3( comercial estd unida a
GST, asi que hicimos un pull-down utilizando una matriz de glutation-agarosa que une

GST. Incubamos GSK-3B con calpaina durante dos minutos y, a continuacion, lo
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incubamos con 14-3-3(-GST. Observamos, mediante Western blot con el anticuerpo
anti-GSK-3a/B, que la GSK-3f se une a 14-3-3(, sin embargo 14-3-3C no es capaz de

unirse a la GSK-3f digerida por calpaina a la que le falta el extremo N-terminal (Fig. 7).

14-3-3 - - + 4+ + o+

Calpaina + Ca%* - o+ -+ -+

Total Pellet SB
IB: GSK3 a/

Fig.7. Pull-down de 14-3-3(-GST y GSK-3p digerida y sin digerir con calpaina. WB con el anticuerpo

anti-GSK-3a/B. En la fraccion del pellet, que muestra las proteinas que se han unido a 14-3-3(,
observamos solamente GSK-3f no digerida (panel central). La fraccion del sobrenadante (SB) representa
aquellas formas de GSK-3f que no se han unido a 14-3-3{; se puede observar como las formas truncadas
se encuentran en esta fraccion (panel derecho). El panel izquierdo muestra la fracciéon total, donde
observamos tanto GSK-3f digerida como sin digerir por calpaina.

Aunque 14-3-3( se une principalmente a proteinas fosforiladas (Hashiguchi et
al., 2000) también se une a proteinas no fosforiladas como p53 (Waterman et al., 1998)
o Tau no fosforilado (Hashiguchi et al., 2000). Puesto que la enzima GSK-3f
recombinante esta fosforilada en ser-9, estudiamos si 14-3-3( es capaz de unirse a GSK-
3P sin fosforilar. Para ello hicimos el pull-down de 14-3-3( con GSK-3f tratada y sin
tratar con fosfatasa A tal y como se indica en los Materiales y Métodos. Observamos que
14-3-3( se une preferiblemente a GSK-3f sin fosforilar, aunque también es capaz de

unirse a GSK-3p fosforilada en serina 9 (Fig. 8).
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Fig.8. Pull-down de 14-3-3( y GSK-3p tratada y sin tratar con fosfatasa-A. A. WB con el anticuerpo anti-

GSK-30/B. En la fraccion del pellet, que muestra las proteinas que se han unido a 14-3-3(, observamos
mayor cantidad de GSK-3f desfosforilada que fosforilada. En el panel derecho observamos con el
anticuerpo anti-p-ser-21/9-GSK-3a/p que GSK-3p fue totalmente desfosforilada tras su tratamiento con

fosfatasa-A. B. Cuantificacién de la unién de 14-3-3C a GSK-3p fosforilada y desfosforilada.

4.7. Identificacion del sitio de corte de la calpaina en GSK-3p

La calpaina es una proteasa que reconoce la estructura secundaria de sus
proteinas sustrato, en lugar de una secuencia de aminoacidos determinada, por lo que no
existe una secuencia consenso de corte (Goll et al., 2003). Para determinar el sitio de
corte de la calpaina en nuestra proteina, secuenciamos GSK-3f truncada por el método
de EDMAN. Para ello, incubamos 7,5 pg de GSK-3B recombinante con 52 U de
calpaina purificada durante 2,5 minutos en presencia de calcio (5 mM). Tras la digestion
obtuvimos los dos fragmentos de degradaciéon de GSK-3f, siendo el fragmento II el
fragmento mayoritario (Fig. 9A y 9B). El resultado de la secuenciaciéon de dicho

fragmento por el método de EDMAN fue el péptido RPQEV. Esta secuencia se

62



encuentra en el extremo N-terminal de GSK-3f (entre el aminoacido 49 y 50), y esté

muy conservada en distintas especies como humano y raton (Fig. 9C).

a b
Ca + . Ca* + -
* g LT
’
IB: GSK-3a/$3 Tincién de Coomassie
c

GSK3B_human
sp|QOWV60 | GSK3B_MOUSE

GSK3B_human
sp | QOWV60 | GSK3B_MOUSE

GSK3B_human
sp|QOWV60] GSK3B_MOUSE

GSK3B_human
sp | QOWV60 ] GSK3B_MOUSE

GSK3B_human
sp | QOWV6E0 | GSK3B_MOUSE

GSK3B_human
sp | QOWV60 | GSK3B_MOUSE

GSK3B_human
sp | QOWV60 | GSK3B_MOUSE
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EKKDEVYLNLVLDYVPETVYRVARHYSRAKQTLPVIYVKLYMYQLFRSLAY IHSFGICHR

DIKPQNLLLDPDTAVLKLCDFGSAKQLVRGEPNVSY ICSRYYRAPEL IFGATDYTSSIDV
DIKPQNLLLDPDTAVLKLCDFGSAKQLVRGEPNVSY ICSRYYRAPEL IFGATDYTSSIDV

WSAGCVLAELLLGQPIFPGDSGVDQLVE I IKVLGTPTREQIREMNPNYTEFKFPQIKAHP
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WTKVFRPRTPPEAIALCSRLLEYTPTARLTPLEACAHSFFDELRDPNVKLPNGRDTPALF
WTKVFRPRTPPEAIALCSRLLEYTPTARLTPLEACAHSFFDELRDPNVKLPNGRDTPALF
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NFTTQELSSNPPLAT IL IPPHAR IQAAASPPANATAASDTNAGDRGQTNNAASASASNST
*-

-k -

Fig.9. Identificacion del sitio de corte de GSK-3B. A. WB con el anticuerpo anti-GSK-30/f tras digestion
de GSK-3f por calpaina en presencia de CaCl, 5 mM. Observamos los dos fragmentos generados (I y II),
siendo el mayoritario el fragmento II. El asterisco indica GSK-3p sin digerir. B. Tinciéon de Coomassie de
una membrana de PVDF con esas mismas muestras. En este caso solo observamos el fragmento II. El
asterisco indica GSK-3 sin digerir. C. Secuencia comparada de GSK-38 humana y murina (Woodgett,
1990). La secuencia de inicio del fragmento II se indica subrayada en amarillo.
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4.8. Transfeccion de células COS-7 con el plasmido GSK-3p-Fragmento 11

El siguiente punto que nos planteamos fue qué efecto observariamos en células
que sobrexpresasen GSK-3f truncada. Para ello, creamos un plasmido que expresaba el
fragmento II de la GSK-3p (GSK-3B-Fragmento II). El plasmido fue obtenido a partir
del sitio de corte de la GSK-3f por la calpaina identificado en el apartado anterior, tal y
como se describe en los Materiales y Métodos. Tras transfectar células COS-7 con
distintas cantidades del vector durante varios intervalos de tiempo, observamos
mediante Western blot con el anticuerpo anti-GSK-3a/f que nuestro plasmido se
expresa en estas células (Fig. 11A). Se empieza a expresar a 4 h y presenta su pico de
maxima expresion entre 12 h y 24 h. Sin embargo, parece que no es estable y este
fragmento se degrada, obteniéndose otro menor. Este efecto podria explicarse por la
arginina que presenta en el extremo N-terminal (Fig. 9C), propio de proteinas con una
corta vida media (Varshavsky, 1996). También es interesante destacar que cuando
sobrexpresamos GSK-3B también aparece esta banda (Fig. 11A). Realizamos la
transfeccion en ausencia y presencia de Litio (inhibidor de GSK-3) para analizar si un
exceso de la actividad de GSK-3 producia muerte celular. Sin embargo, no observamos

diferencias en presencia o ausencia de litio (Fig. 11A).

Para estudiar la distribucion intracelular de GSK-3f truncada realizamos una
inmunofluorescencia de células COS-7 transfectadas con GSK-3p-Fragmento II con el
anticuerpo anti-GSK-3a/B. Observamos que se distribuye principalmente alrededor del
nucleo, pero no en el interior de éste (Fig. 10B, D y F). Sin embargo, cuando
transfectamos estas células con GSK-3p intacta, si observamos una localizacién
citoplasmatica y nuclear (Fig. 10A, C y E). Estos datos se corresponden con lo descrito
recientemente en un trabajo de Meares y colaboradores donde demuestran que la sefial
de localizacion nuclear (NLS) se encuentra entre los aminoacidos 85-103 de la
secuencia de GSK-3B. Sin embargo, también observan que los primeros nueve
aminoacidos de GSK-3 son necesarios para que se transloque eficazmente al ntcleo
(Meares and Jope, 2007). Este trabajo explicaria por qué no observamos en el nucleo
nuestra construccion, la cual expresa GSK-3p truncada a la que le faltan los primeros 49

aminoacidos.
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Fig. 10. Inmunofluorescencia de COS-7 transfectadas con GSK-3p (A, C) o con GSK-3B-Fragmento II
(B, D) con el anticuerpo anti-GSK-30/B. En A y C se observa que GSK-3f se distribuye por toda la
célula, localizandose especialmente en el nucleo. Sin embargo, en B y D GSK-3f truncada no se observa
en el nicleo. E. Representa la imagen tridimensional de la distribucion de la intensidad de GSK-3 en una
célula transfectada con GSK-3B (la célula mostrada en la figura C). F. Representa la imagen
tridimensional de la distribucion de la intensidad de GSK-3 en una célula transfectada con GSK-3f
truncada (la célula mostrada en la figura D). Imagenes tomadas con un microscopio vertical AxiosKop 2
(Zeiss) acoplado a laser confocal MicroRadiance (BioRad) y procesadas con el programa Image J.
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Para estudiar si nuestra construccion GSK-3p-Fragmento II es activa, utilizamos
una linea celular HEK 293 establemente transfectada con la proteina Tau (Santa-Maria
et al., 2007). Tau es un conocido sustrato de GSK-3, por lo tanto medimos la
fosforilacion de Tau mediante el anticuerpo PHF-1 para analizar si el fragmento de
GSK-3p es activo. El anticuerpo PHF-1 reconoce la proteina Tau fosforilada en Ser-
396/404, donde es fosforilada por GSK-3 (Lovestone et al., 1994). Observamos un
incremento en la fosforilacion de Tau en las células transfectadas con GSK-3f truncada,

lo que demuestra que el fragmento generado por la calpaina es activo (Fig. 11B).

a b Actividad de GSK-3 truncada
250 -
pcDNA3 MYC-GSK3p GSK3truncada 295 | 7
— _ 20
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pcDNA3 GSK3 pcDNA3 GSK3
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IB: GSK-3a/B

Fig. 11. Transfeccion de células COS-7 con GSK-3fB-Fragmento II y MYC-GSK-33. A. WB con el
anticuerpo anti-GSK-3a/p que muestra la expresion a 12 h de MYC-GSK-3f (indicado con una flecha) y
GSK-3f truncada (un asterisco), esta ultima se degrada dando lugar a otro fragmento de peso molecular
inferior (dos asteriscos). B. Cuantificacion de la actividad quinasa medida por la fosforilacion de Tau en

células transfectadas con GSK-3B truncada respecto a células transfectadas con el plasmido vacio
(pcDNA3).
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4.9. IMPLICACIONES FISIOLOGICAS

4.9.1. Un incremento en la concentracion de calcio intracelular induce proteolisis

de GSK-3 mediante activacion de calpaina en cultivos primarios de corteza

Para estudiar si la truncacion de GSK-3 por calpaina también era un proceso
fisioloégico, analizamos si dicho proceso tenia lugar cuando incrementadbamos la
concentracion de calcio intracelular en un cultivo celular, lo que produciria activacion
de la calpaina y la consiguiente truncacion de GSK-3. El tratamiento de cultivos
primarios de neuronas corticales con el ion6foro de calcio ionomicina indujo la
truncacion de GSK-3 de forma dependiente del tiempo de tratamiento (Fig. 12). Este

efecto fue prevenido por la adicion de calpeptina al cultivo.

4.9.2. Estimulacion glutamatérgica

A continuacién estudiamos si la truncacion de GSK-3 por calpaina también se
producia tras la estimulacion de los receptores de NMDA, cuya activacion incrementa la
concentracion intracelular de calcio. Para ello, lo primero que analizamos fue si las
subunidades del receptor de NMDA eran cortadas por la calpaina, ya que éste es un
fenomeno mediado por calpaina bien caracterizado (Guttmann et al., 2001; Simpkins et
al., 2003). Como se puede observar en la figura 13A la activacion del receptor de
NMDA por NMDA y/o glutamato provoca la proteolisis de la subunidad NR2B del
receptor de NMDA. La activacion de los receptores de NMDA produjo el incremento de
la banda de 115 kDa correspondiente al fragmento producido por la proteolisis de
NR2B (Simpkins et al., 2003). A su vez se produjo la disminuciéon de la banda de 170
kDa correspondiente a la forma intacta de la proteina. Este efecto fue mediado por
calpaina ya que la formacion del fragmento de 115 kDa fue bloqueado al pretratar los
cultivos con calpeptina o ALLN, ambos inhibidores de calpaina (Fig. 13B). MK-801,
inhibidor del receptor de NMDA, también bloque6 la formacion de la banda de 115 kDa
y la disminucion de la banda de 170 kDa (Fig. 13A). Posteriormente, en estas mismas
muestras, estudiamos el estado de GSK-3 realizando un Western blot con un anticuerpo

anti-GSK-3a/B y observamos la aparicion de las formas truncadas de GSK-3 (Fig. 13A).
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Este efecto fue dependiente del tiempo y mediado por receptores de NMDA, ya que fue
suprimido por el inhibidor MK-801 (Fig. 13A). El glutamato, que es el ligando
fisiologico de los receptores de NMDA, produjo la misma respuesta sobre GSK-3 y
NR2B siendo dicha respuesta bloqueada por MK-801 (Fig. 13A). La truncacion de
GSK-3 inducida por NMDA fue inhibida de manera dependiente de la dosis tanto por
calpeptina como por ALLN (Fig. 13C) y se produjo de una manera dependiente del
tiempo de tratamiento (Fig. 13B). Todos estos datos indican que el glutamato, a través
de los receptores de NMDA induce la truncacion de GSK-3 mediante activacion de la
proteasa calpaina. Es decir, el glutamato induce la truncacion de GSK-3 mediada por
calpaina a través de los receptores de NMDA y puede ser inhibida por calpeptina o
ALLN de una manera dependiente de la dosis (Fig. 13B), lo que confirma la
implicacion de la calpaina. En estos experimentos se observa sobre todo el fragmento I,

el fragmento II se observa solo en peliculas sobrexpuestas.

lonomicina - + +

Calpeptina - =~ +

30min

1h

3h

6h

IB: GSK3a/B

Fig. 12. El calcio induce la proteolisis de GSK-3 en cultivo primario de neuronas de corteza. Las
neuronas fueron tratadas con el ionéforo ionomicina 5 uM durante 0.5, 1, 3 y 6 horas. Este efecto no tenia
lugar en presencia de calpeptina 10 uM. La proteolisis de GSK-3 inducida por calcio se observa por la
aparicion de una banda de 40 kDa, reconocida por el anticuerpo anti GSK-30/B. La flecha indica la forma
proteolizada de GSK-3.
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Fig. 13. La formacion de GSK-3 truncada via NMDA/ glutamato es mediada por calpaina. A. Neuronas
procedentes de un cultivo primario de corteza (DIV 12) fueron tratadas con NMDA 100 uM o glutamato
1 mM durante 3 horas. También se trataron con el inhibidor de receptores de glutamato, MK801 10 uM.
El panel superior muestra Western blot con el anticuerpo anti-GSK-30/B. La flecha indica la forma
truncada de GSK-3. En el panel inferior se observa Western blot con el anticuerpo que reconoce la forma
intacta (170 kDa) y truncada (115 kDa) de los receptores d¢ NMDA (NR2B). En este caso la flecha indica
la banda de 115 kDa procedente de la truncacion de NMDAR. En ambos casos esta truncacion se inhibio
al tratar las células con MK-801. B. La truncaciéon de GSK-3 mediada por NMDA es un proceso
dependiente del tiempo y se inhibe por calpeptina 10 uM y ALLN 10 uM. Estas mismas muestras fueron
ensayadas con el anticuerpo anti-p35/p25 (la flecha superior indica p35 y la inferior p25) y con el
anticuerpo anti-NMDAR. La flecha indica la forma truncada de 115 kDa. C. La respuesta a la
estimulacion por NMDA 100 uM (truncacion de GSK-3 y p35) fue inhibida por calpeptina de una manera
dependiente de la dosis. D. Neuronas procedentes de un cultivo primario de corteza (DIV 12) fueron
tratadas con NMDA 100 uM durante 3 horas en presencia o ausencia de calpeptina 10 uM. Entonces, la
actividad enzimatica fue medida como se describe en Materiales y Métodos. La barra sombreada
representa la actividad de GSK-3 obtenida tras 3 horas de tratamiento con NMDA (*, p < 0,01, n=9).
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4.9.3. Truncacion de otros sustratos de la calpaina en cultivos
primarios corticales tratados con NMDA

La proteina CDK-5 es otra serin treonin quinasa que se expresa en neuronas
junto con su subunidad reguladora p35. La calpaina trunca el extremo amino terminal de
p35 para obtener p25, lo que conlleva a una desregulacion de CDK-5 que contribuye a
muerte neuronal asociada con muchas enfermedades neurodegenerativas. Nosotros
probamos si también tenia lugar la truncacion de p35 a p25 en nuestras condiciones
experimentales. Utilizamos un anticuerpo que reconoce p35/p25 en los cultivos
primarios realizados y observamos que p25 se genera en paralelo con las isoformas
truncadas de GSK-3 (Fig. 13C) y también se inhibe su formacion, de una manera
similar a la de los fragmentos de GSK-3, al incrementar la concentracion de calpeptina,

el inhibidor de calpaina.

4.9.4. Aumento de la actividad quinasa GSK-3 en cultivos primarios
corticales tratados con NMDA

Lo siguiente que estudiamos fue si la proteolisis de GSK-3 mediada por NMDA
altera su actividad quinasa. Observamos que los cultivos estimulados por NMDA
presentan un incremento en la actividad quinasa de GSK-3 respecto a los cultivos
control (43,5 + 17,8 % sobre los niveles basales, p < 0,01). Ademads este incremento de

actividad fue inhibido al pretratar los cultivos con calpeptina 10 uM (Fig. 13D).

4.9.5. Fosforilacion de Tau mediada por NMDA. Implicacion de la
calpaina

Aunque ya hemos observado un incremento de la actividad GSK-3 mediante un
ensayo de actividad enzimatica, analizamos también si este incremento se ve reflejado
en un aumento de la fosforilacion del sustrato de GSK-3 Tau. Para ello, estudiamos los
efectos de NMDA sobre la fosforilacion de Tau utilizando el anticuerpo anti-PHF-1.
Como ya vimos anteriormente, este anticuerpo reconoce la proteina Tau fosforilada en
Ser-396/404, epitopo fosforilado por GSK-3 (Lovestone et al., 1994). Se observo un

incremento de la fosforilacién de este epitopo en un 41,5% en neuronas tratadas con
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NMDA durante 30 minutos, lo que sugiere la activacion de GSK-3 (Fig. 14A y B). Este
aumento en la fosforilacion es inhibido por calpeptina y ALLN, lo que demuestra que el
proceso estd mediado por calpaina. Sin embargo, a tiempos mas largos desaparece este
efecto (datos no mostrados), lo cudl se corresponde con lo descrito en trabajos previos
donde se demuestra la activacion de fosfatasas que desfosforilan Tau tras la
estimulacion prolongada con NMDA (Fleming and Johnson, 1995; Adamec et al.,
1997). Asi, cuando analizamos el estado de fosforilacion de Tau con el anticuerpo anti-
Tau-1, que reconoce Tau desfosforilado, observamos un incremento de la
desfosforilacion de Tau a las tres horas de estimulacion por NMDA (Fig. 14C). De
hecho, con este mismo anticuerpo podemos observar la truncacion de Tau por calpaina,
truncacion que genera un fragmento de 17 kDa, cuya presencia demuestra la accion de

la proteasa sobre Tau (Fig. 14D) (Nicholson and Ferreira, 2009).

a (o3
NMDA - + + +
CALPEPTINA - - + - Cont NMDA
e - - ; -
IB: PHF-1 IB: Tau-1
b d

160 -

Cont NMDA

140 - ]
120 -
100 -

LT

Cont NMDA  NMDA + NMDA +
Calpep ALLN

%PHF-1
(unidades arbitrarias)

IB: Tau-1

Fig. 14. Incremento de la fosforilacion de Tau en el epitopo PHF-1 en neuronas de corteza tras 30
minutos de incubacion con NMDA 100 puM. Este efecto fue bloqueado por la preincubacion con
calpeptina 10 uM o ALLN 10 uM. A. WB con el anticuerpo PHF-1. B. Cuantificacion de la fosforilacion
de Tau en el epitopo PHF-1 en neuronas corticales estimuladas por NMDA. C. Incremento en los niveles
de Tau no fosforilado en neuronas corticales tras 3 horas de incubacion con NMDA 100 puM. D.
Truncacioén de Tau por calpaina en neuronas corticales tras 3 horas de incubacion con NMDA 100 pM.
La flecha indica el fragmento de 17 kDa generado por la calpaina.
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4.9.6. Disminucion de los niveles de GSK-3 producida por una
estimulacion prolongada de los receptores de NMDA

Analizamos la truncacién de GSK-3 inducida por NMDA durante tiempos largos
de incubacion para estudiar si el fragmento originado era estable. Aunque se observa
degradacion de GSK-3 en funcion del tiempo de incubacion con NMDA, el fragmento
de 40 kDa generado no se acumula. De hecho, los niveles de proteina GSK-3 (de ambas
isoformas) disminuyen un 75,9 + 15,2% tras 48 horas de tratamiento, sin verse
afectados los niveles de proteina totales (Fig. 15). Una posible explicacion para este
hecho es que el producto originado tras la truncacion de GSK-3 por calpaina tiene una

corta vida media, siendo rapidamente degradado.

NMDA 0,5h 1h 3h 6h 10h 24h 32h 48h
(100|.|M)'+'+'+'+ - + - 4+ - 4+ - +
IB: anti-GSK-3a/B IB: anti-GSK-3a/
IB: anti-tubulina IB: anti-tubulina

Fig. 15. Proteolisis de GSK-3 inducida por la activacion de los receptores de NMDA. Neuronas corticales
de raton fueron tratados con NMDA 100 uM desde 30 minutos hasta 48 horas. Las muestras fueron
inmunodetectadas con el anticuerpo anti-GSK-30/B. Los paneles superiores muestran la degradacion de
GSK-3 en funcion del tiempo de incubacion con NMDA, y la generacion de la forma truncada, mostrada
por la flecha. El panel inferior muestra un Western blot con el anticuerpo anti-tubulina, indicando que la
cantidad de proteina total no varia con el tratamiento.

4.9.7. La truncacion de GSK-3 por calpaina via receptores de NMDA
se produce por calcio extracelular

Por ultimo, nos planteamos si el calcio que estaba activando la proteolisis de

GSK-3 mediada por calpaina provenia del interior celular o del medio extracelular. Para
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ello, preincubamos los cultivos neuronales con el quelante de calcio intracelular
BAPTA-AM, o el quelante de calcio extracelular EGTA. Observamos que el EGTA
inhibia la truncacion de GSK-3 (Fig. 16), presentando el mismo efecto que el inhibidor
de la calpaina, calpeptina. Sin embargo el BAPTA-AM no producia ningtin efecto. Esto
nos indica que el calcio que esta activando la calpaina que actiia sobre GSK-3 via

receptores de NMDA proviene del medio extracelular.

NMDA - - + + + +
EGTA - + - - + -
BAPTA - - - - - +
Calpeptina -

- - +

IB: GSK-3a/B

Fig. 16. Inhibicion de la proteolisis de GSK-3 por el quelante de Ca*" extracelular EGTA. WB con el
anticuerpo anti-GSK-30/B que muestra la truncacion de GSK-3 via receptores de NMDA. Este efecto es
inhibido por calpeptina, lo que demuestra la implicacion de la calpaina en el proceso y por EGTA, que
muestra que dicho efecto es dependiente del calcio extracelular. Sin embargo, el quelante de calcio
intracelular BAPTA no inhibid la proteolisis de GSK-3.

4.10. IMPLICACIONES PATOLOGICAS

Como ya se vio en la Introduccidn, la actividad de la calpaina se encuentra
incrementada en multitud de enfermedades neurodegenerativas (Wu et al., 2007; Bevers
and Neumar, 2008; Liu et al., 2008; Vosler et al., 2008). Entre ellas se encuentran la
enfermedad de Alzheimer, la enfermedad de Huntington, la enfermedad de Parkinson, la
epilepsia. En la mayoria de estas enfermedades los niveles homeostaticos de calcio se
encuentran alterados, lo que conlleva a una sobreactivacion de la calpaina. Por ello, nos
propusimos estudiar el estado proteolitico de la GSK-3 en algunas de estas patologias en

las que esté descrito que la actividad de la calpaina o de la GSK-3 estan alteradas.
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4.10.1. Truncacion de GSK-3 mediada por calpaina en un modelo

animal de epilepsia por induccion con kainato

Un modelo muy usado para estudiar neurodegeneracion in vivo es un modelo de
epilepsia en ratas. La epilepsia se define como una sobreactivacion de los receptores
ionotrépicos de glutamato, lo que provoca un incremento en las concentraciones
intracelulares de calcio, lo que lleva en tltimo término a la muerte celular (Choi, 1992).
Tanto en los modelos animales como en los pacientes con epilepsia se observa
neurodegeneracion en el hipocampo relacionada con deterioro de la memoria (Letty et
al.,, 1995; Sutula et al., 1995; Hermann et al., 1997; Mikati et al., 2001). El dafo
observado en los modelos de rata se puede mimetizar por inyeccién de kainato, un
agonista de los receptores de AMPA (Goodman, 1998). Esta descrito que en estos
modelos se encuentra incrementada la actividad de la calpaina (Araujo et al., 2005;
Araujo et al., 2008). Por esta razén indujimos epilepsia a ratas por inyeccion con

kainato y analizamos el estado de GSK-3.

4.10.1.1. Neurodegeneracion en el hipocampo tras la induccion de epilepsia

En los modelos de epilepsia, la inyeccion de kainato a ratas causa muerte
neuronal en muchas 4areas del cerebro. Una de las dreas mas afectadas es el hipocampo,
asi que evaluamos principalmente esta area 24 horas después de haber inyectado kainato
10 mg/kg a ratas Wistar de cuatro meses de edad. Para estudiar la degeneracion
neuronal, utilizamos la tincion con Fluoro Jade (FJ). Se observo neurodegeneracion en
corteza (Fig. 17E y 17F) y en la region de CA1 del hipocampo (Fig. 17B y 17C). Sin
embargo en otras areas del hipocampo, como en el giro dentado, no se aprecian células
positivas en la tincion con Fluoro Jade, salvo en la zona del hilus (datos no mostrados).
En los animales control no se observaron células tefiidas con Fluoro Jade en ningun area

cerebral (Fig. 17A y 17D).
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Control

Kainato 24h

Fig. 17. Neurodegeneracion en hipocampo y corteza de ratas tratadas con kainato. La neurodegeneracion
fue observada mediante la tincion con Fluoro Jade. A. Tincién de Fluoro Jade de la region CAl del
hipocampo de animales control. No se observan células positivas. B y C. Tincién de Fluoro Jade de la
region CA1 del hipocampo de animales tratados con kainato durante 24 h. En este caso si se observan
células tefiidas con Fluoro Jade, lo que indica neurodegeneracion. C. Detalle de la region CAl. D.
Tincion de Fluoro Jade de la corteza de animales control. No se observan células positivas. E y F. Tincion
de Fluoro Jade de la corteza de animales tratados con kainato durante 24 h. En este caso si se observan
células tefiidas con Fluoro Jade, lo que indica neurodegeneracion. F. Detalle de la corteza. Imagenes
tomadas en un microscopio vertical Axioskop 2 plus (Zeiss) acoplado a una camara CCD color.
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4.10.1.2. Activacion de calpaina en hipocampo tras la induccion de epilepsia

Estudiamos la activacion de la calpaina para determinar si estaba implicada en la
muerte neuronal observada en la corteza y en el hipocampo tras la induccion de
epilepsia. Para ello, analizamos la truncacion de la espectrina, sustrato de la calpaina
(Czogalla and Sikorski, 2005), mediante inmunohistoquimica (Fig.18) y Western blot
tanto en muestras de hipocampo como de corteza (Fig. 20 y 21 respectivamente).
Transcurridas 24 horas después de la inyeccion con kainato, observamos una marcada
tincion de espectrina en la zona de CA1 del hipocampo (Fig. 18C, D y E), mientras que
en otras areas del hipocampo, como en el giro dentado, no se observo tal tincion. En los
controles no se observa tincion de espectrina en ninguna zona del hipocampo (fig. 18A
y B). Tampoco observamos tincion en la corteza.

Para corroborar estos datos, realizamos Western blot con el anticuerpo anti-
espectrina que reconoce tanto la forma intacta de la proteina como sus formas truncadas.
Observamos truncacion de espectrina en hipocampo y en corteza (Fig. 20 y 21
respectivamente), la cual se producia de una manera dependiente del tiempo, teniendo
su maximo a las 24 horas. Esta truncacion es debida a la calpaina, ya que observamos
dos bandas de 145 y 150 kDa caracteristicas de la accién de esta proteasa sobre la
espectrina (Siman et al., 1984; Nixon, 1986), y no observamos la banda de 120 kDa que
indicaria la accion de caspasas (Nath et al., 1996; Pike et al., 1998; Nath et al., 2000b).

También analizamos por Western blot la truncacion de otro sustrato de la
calpaina, la subunidad NR2B del receptor de NMDA, cuya proteolisis se produce
cuando hay estimulacidon glutamatérgica. En este caso la truncacién que observamos es
menos evidente, tanto en hipocampo, como en corteza (Fig. 20 y 21, panel superior). En
este modelo de induccion de epilepsia por kainato la calpaina se activa via receptores
AMPA/ KA y no via receptores NMDA, lo que explicaria que solo observemos una

truncacion parcial del receptor de NMDA (Araujo et al., 2008)
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Control

Kainato 24h

Fig.18. Inmunohistoquimica con el anticuerpo anti-espectrina en hipocampo de ratas tratadas con kainato.
A. Hipocampo de un animal control. No se observa tincion con el anticuerpo anti-espectrina. B. Detalle
de la region CA1 del hipocampo de un animal control. C. Hipocampo de un animal tratado i.p. 24 h con
kainato 10 mg/kg. Observamos que so6lo aparecen células positivas en la region de CAl, y no en otras
regiones como el giro dentado. D. y E. Detalle de la region CA1 del hipocampo, donde podemos observar
neuronas tefiidas con el anticuerpo anti-espectrina. Imagenes tomadas con un microscopio Olympus
acoplado a una camara CCD Color View.
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4.10.1.3. Proteolisis de GSK-3 tras la induccion de epilepsia

Los resultados previos demuestran una activacion de calpaina en ratas tratadas
intraperitonealmente con kainato, siendo el efecto mas evidente en hipocampo. Con
estos antecedentes analizamos el estado de GSK-3 en dicho modelo. Para ello,
realizamos una inmunohistoquimica con el anticuerpo anti-GSK-30/B en los animales
que se sacrificaron a las 24 horas de la induccidon de epilepsia. Asi, mientras en los
animales control GSK-3 se distribuye en todo el hipocampo (Fig. 19A, B y C), en las
ratas inyectadas con kainato se observa que desaparece la tinciéon con GSK-3a/p en la
zona de CALl (Fig. 19D y E), pero no en otras zonas como en el giro dentado (Fig. 19F).
Esta distribucion se corresponde con lo observado en el caso de la espectrina y de la
muerte neuronal marcada por Fluoro Jade, lo que indicaria que la activacion de calpaina
inducida por kainato, se estd produciendo principalmente en la region CAl del
hipocampo, lo que corresponde con lo descrito previamente (Araujo et al., 2008).

También estudiamos la truncacion de GSK-3 mediante Western blot con el
anticuerpo anti-GSK-3o/f (Fig. 20 y 21, paneles inferiores). Observamos que se
produce una proteolisis de GSK-3 en corteza e hipocampo. Esta truncacion se produce
en paralelo a la truncacion de espectrina (Fig. 20 y 21, paneles superiores), aumentando
con el tiempo y observandose el méaximo a las 24 horas de la induccion con kainato. En
el panel inferior se observa GSK-3 en una pelicula menos expuesta donde se puede

observar que la cantidad de GSK-3 es constante en todos los animales.
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Control Kainato 24h

Fig.19. Inmunohistoquimica con el anticuerpo anti-GSK-3a/B en hipocampo de ratas tratadas con kainato.
A. Hipocampo de un animal control. Observamos células positivas en toda la region del hipocampo, tanto
en la region de CA1 (B) como en el giro dentado (C). D. Hipocampo de un animal tratado con kainato
durante 24 h. En este caso observamos que el anticuerpo anti-GSK-3a/B no reconoce las células de la
region de CA1 (E), pero si de otras areas del hipocampo como el giro dentado (F). Imagenes tomadas con
un microscopio Olympus acoplado a una camara CCD Color View.
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Fig.20. Proteolisis de GSK-3 en extractos de hipocampo de rata inyectadas con kainato durante distintos
intervalos de tiempo. A. WB con los anticuerpos anti-NR2B, anti-espectrina y anti-GSK-30/B. Las flechas
indican las formas truncadas del receptor de NMDA, espectrina y GSK-3. El panel inferior muestra que la
carga de GSK-3 es constante en todos los animales. Obsérvese que las formas truncadas de la espectrina
corresponden a las bandas de 145 y 150 kDa, originadas por la calpaina y no la banda de 120 kDa
originado por caspasas. B. Cuantificacion de la truncacion de los sustratos de la calpaina, el receptor de
NMDA y espectrina. Se observd un pico maximo a 24 h. C. Cuantificacion de la truncacion de GSK-3 en
funcioén del tiempo de tratamiento con kainato. De nuevo, el maximo se encuentra a 24 h.
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Fig.21. Proteolisis de GSK-3 en extractos de corteza de rata inyectadas con kainato durante distintos
intervalos de tiempo. A. WB con los anticuerpos anti-NR2B, anti-espectrina y anti-GSK-30/B. Las flechas
indican las formas truncadas del receptor de NMDA, espectrina y GSK-3. El panel inferior muestra que la
carga de GSK-3 es constante en todos los animales. Obsérvese que las formas truncadas de la espectrina
corresponden a las bandas de 145 y 150 kDa, originadas por la calpaina y no la banda de 120 kDa
originado por caspasas. B. Cuantificacion de la truncacion de los sustratos de la calpaina, el receptor de
NMDA y espectrina. Se observo un pico maximo a 24 h. C. Cuantificacion de la truncacion de GSK-3 en
funcioén del tiempo de tratamiento con kainato. De nuevo, el maximo se encuentra a 24 h.
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4.10.2. Truncacion de GSK-3 por calpaina en muestras de cerebro

post-mortem

Tras haber observado truncacion de GSK-3 en un modelo animal de
neurodegeneracion en el cual la calpaina se encuentra activa, el siguiente punto que nos
planteamos estudiar fue si también existia truncacion de GSK-3 en muestras humanas
de alguna enfermedad neurodegenerativa en la que estén implicadas ambas proteinas.
Sin embargo, antes de comprobar si la truncacion de GSK-3 también se produce en
muestras humanas de enfermos debemos analizar si el tiempo post-mortem de las
muestras va a estar relacionado con la truncacion de GSK-3, y si dicha truncacion se
produce también en muestras humanas. De hecho, esta descrito que la actividad de la
calpaina se incrementa con el tiempo post-mortem de la muestra (Taniguchi et al.,
2001). Por ello, analizamos si existe truncacion de GSK-3 en muestras de cerebro de
raton a distintos tiempos post-mortem y, posteriormente, estudiamos si la truncacion de

GSK-3 también se produce en muestras humanas.

4.10.2.1. Degradacion post-mortem de GSK-3 en muestras de raton

Para estudiar el efecto del tiempo post-mortem en la degradacion de proteinas,
examinamos los niveles de GSK-3, p35 y espectrina en muestras de cerebros de raton a
distintos tiempos post-mortem, 1, 3, 6, 12 y 24 h. Observamos por Western blot que
GSK-3 no se degrada durante las tres primeras horas. El fragmento I se detectaba a
partir de las 6 h y el fragmento II a partir de las 12 h (Fig. 22). Después de 24 h, ya no
se detectaba la forma intacta de la proteina y s6lo se observaban las formas truncadas.
Observamos un patron de degradacion similar para la p35, que es la subunidad
reguladora de CDK-5 y un conocido sustrato de la calpaina (Kusakawa et al., 2000; Lee
et al., 2000). Como se muestra en la Fig. 22, p35 se degrada en funcion del tiempo post-
mortem. Cuando se homogeneiza el cerebro inmediatamente después de la muerte del
animal, se aprecia claramente la banda correspondiente a p35 y una banda muy débil
que corresponde a p25 (la forma truncada de p35). Segiin aumenta el tiempo poSt-
mortem, los niveles de p35 van decreciendo y aumentando los de p25 (Fig. 22B). Sin

embargo, existen diferencias entre la degradacion de GSK-3 y p35: p25 se genera mas
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rapidamente que los fragmentos de GSK-3. La espectrina, otro conocido sustrato de la
calpaina (Czogalla and Sikorski, 2005), también se degradd. Asi, se observd un
incremento de las formas truncadas de espectrina de 145 y 150 kDa seglin aumentaba el
tiempo post-mortem. Ademas también encontramos degradacion de calpastatina, el
inhibidor fisioldgico de la calpaina, de manera dependiente del tiempo post-mortem, lo
cual sugiere una relacion entre degradacion de la calpastatina, activacion de la calpaina
y truncacion de proteinas sustrato de la calpaina.

Como ya fue expuesto en apartados anteriores, la truncacion de GSK-3 por
calpaina tiene lugar en el extremo N-terminal, donde se encuentra su dominio de
inhibicién por fosforilacion. De acuerdo con esto, el anticuerpo anti-p-Ser-9/21-GSK-3
no reconoce ninguno de los fragmentos de degradacion de GSK-3 (Fig. 22A). Tampoco
observamos desfosforilacion antes de las tres horas de tiempo post-mortem, lo que
sugiere que como las proteasas, las fosfatasas no actian durante las primeras tres horas.

Para confirmar que la proteolisis de GSK-3 era producida por la calpaina, los
ratones fueron tratados con cantidades crecientes de MDL 28179, un inhibidor de la
calpaina que atraviesa la barrera hematoencefalica (Li et al., 1998). Se inyecto
intraperitonealmente MDL 28179 a los ratones y se analizo6 la truncacion de GSK-3 a
las 12 h post-mortem. Los animales tratados con MDL 28179 presentaron unos niveles
mas altos de la forma intacta de GSK-3 comparados con los animales controles, asi
como una disminucion de las formas truncadas de GSK-3 (Fig. 23A). Se observo hasta
una disminucion del 70% en el caso del fragmento II en los ratones inyectados con 240
mg/Kg. (Fig. 23B). Ademas, en los ratones tratados con el vehiculo apenas se observa la
banda p35 a las 12 h post-mortem, mientras que en los pretratados con MDL 28179 se
observa la inhibicién de su degradacion. Por lo tanto, observamos que el inhibidor MDL
28179 previene parcialmente la truncacion post-mortem de GSK-3, lo que sefiala a la

calpaina como responsable de la truncaciéon de GSK-3 en el periodo post-mortem.
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Fig. 22. Proteolisis de GSK-3 en extractos de cerebros de raton a distintos tiempos post-mortem. A.
Western blot con los anticuerpos anti-GSK-3a/p, anti-p-Ser-21/9-GSK-3a/p, anti-p35/p25, anti-
espectrina, anti-calpastatina y anti-actina. Las flechas muestran las formas truncadas de las distintas
proteinas ensayadas: el fragmento [ y II de GSK-3, la forma p25 de p35, y los fragmentos de la espectrina
de 145 y 150 kDa. B. Cuantificacion de los datos mostrados en A. Los datos son expresados como el
porcentaje de proteina truncada en cada tiempo post-mortem respecto a sus controles. (En la grafica

superior: m, fragmento I de GSK-3; o, fragmento II de GSK-3).
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Fig. 23. Proteolisis de GSK-3 en extractos de cerebro de raton tratados con el inhibidor de calpaina MDL
28170 tras 12 h de tiempo post-mortem. A. Western blot con los anticuerpos anti-GSK-30/B, anti-
p35/p25, anti-espectrina y anti-actina. Las flechas muestran el fragmento [ y II de GSK-3. Los paneles de
la izquierda representan los niveles de proteina durante un intervalo de tiempo post-mortem de 0 h. B.
Cuantificacion de la truncacion de GSK-3 durante 12 h post-mortem en ratones tratados con distintas
concentraciones de MDL 28170. Las barras negras representan el fragmento I y las barras blancas el
fragmento II (* p< 0,05 (n=2) respecto a ratones sin tratar con el inhibidor).

4.10.2.2. Truncacion de GSK-3 por calpaina en muestras humanas

El siguiente punto que nos planteamos fue si GSK-3 también era proteolizada en
muestras humanas. Para ello analizamos por Western blot muestras de cerebro humano
homogeneizadas en Tris/ EGTA. En ausencia de calcio no observamos truncaciéon de
GSK-3 (Fig. 24A), mientras que cuando anadiamos calcio se producia una degradacion
de GSK-3 dependiente del tiempo de incubacidon con calcio. Observamos una banda de
40 kDa (fragmento I) y otra banda de 30 kDa que corresponde al fragmento II, aunque
¢ésta se observa mas débilmente y se genera mas lentamente (Fig. 24B). Este efecto era
inhibido por calpeptina, lo que indica que la calpaina esta involucrada en el proceso.

Sabiendo que se produce truncacion de GSK-3 en muestras humanas,
analizamos el estado de GSK-3 en muestras humanas a distintos tiempos post-mortem

de cinco adultos que no presentan ninguna enfermedad neurologica como se puede ver
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en la tabla mostrada en los Materiales y Métodos (Tabla 4). Examinamos muestras de
un intervalo de tiempo post-mortem de 3 a 7h. La Figura 24C muestra la cuantificacion
de las intensidades de las bandas correspondientes a las formas truncadas de GSK-3 y
p25 en un Western blot. Estos datos muestran una pequefia variacion, aunque no
estadisticamente significativa, en los niveles de las formas truncadas de GSK-3 y p25 en
funcién del tiempo post-mortem, lo cudl sugiere que los datos de muestras humanas con
un tiempo post-mortem mayor de siete horas hay que utilizarlos con precaucion, ya que

puede haber degradacion producida por el tiempo post-mortem.
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Fig.24. Proteolisis de GSK-3 en extractos de cerebro humano. A. Acumulacion de GSK-3 truncada en
presencia de CaCl, en funcién del tiempo. Western blot con el anticuerpo anti-GSK-3a/p de extractos de
cerebro humano que fueron incubados a 30°C en presencia de CaCl, 5 mM o EGTA 1 mM. También fue
ensayado el efecto de calpeptina 10 pM. B. Cuantificacion de las formas truncadas de GSK-3. La grafica
de la izquierda muestra el fragmento I y la de la derecha el fragmento II. Las barras blancas representan
las muestras en ausencia de calcio; las barras negras, el tratamiento con calcio; y las barras sombreadas, el
tratamiento con calpeptina (*p< 0,05 respecto a las muestras en EGTA). C. Muestras de extractos de
cerebro humano de distintos intervalos de tiempo post-mortem (ver Tabla 4 de Materiales y Métodos)
fueron ensayadas con los anticuerpos anti-GSK-30/B y anti-p35/p25. Agrupamos las muestras humanas
en intervalos de tiempos de 3, 4 y 7 h para comparar la truncacion de proteinas.
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4.10.3.Analisis de la truncacion de GSK-3 en la enfermedad de

Alzheimer

La enfermedad de Alzheimer (EA) es una enfermedad neurodegenerativa en la
que se encuentra alterada la actividad de GSK-3. De hecho, GSK-3 contribuye a la
formacion de las dos marcas histopatologicas que caracterizan la enfermedad de
Alzheimer: los ovillos neurofibrilares y las placas f-amiloides (Lucas et al., 2001; Engel
et al., 2006b; Engel et al., 2006c; Hooper et al., 2008). También se han observado altos
niveles de calpaina activa en la enfermedad de Alzheimer, cuya actuacion sobre
determinados sustratos se sugiere que puede contribuir a la progresion de la enfermedad
(Goll et al., 2003; Chong et al., 2005). Puesto que ambas proteinas estan implicadas en
la enfermedad de Alzheimer, nos propusimos analizar si se producia truncacion de

GSK-3 por calpaina en la enfermedad de Alzheimer.

4.10.3.1. Truncacion de GSK-3 en muestras humanas de Alzheimer

Tras observar que no hay truncacion estadisticamente significativa durante las
primeras siete horas de tiempo post-mortem, nos propusimos comparar el estado de
GSK-3 en cinco muestras de cerebros humanos controles, sin ninguna alteracién
neurologica evidente y cinco muestras de cerebros humanos con la enfermedad de
Alzheimer (EA) dentro de este margen de tiempo (Tabla 5, Materiales y Métodos).

Analizamos por Western blot la truncacion de GSK-3 y observamos un ligero
incremento de la forma truncada de 40 kDa en las muestras de Alzheimer respecto a sus
controles. Sin embargo, esta variacion no es estadisticamente significativa (Fig. 25).
También analizamos dichas muestras con el anticuerpo PHF-1 que reconoce Tau
hiperfosforilado para dilucidar si hay correlacion entre truncacion de GSK-3 e
intensidad de PHF-1 en las muestras de Alzheimer (Fig. 25). De nuevo, observamos una
ligera correlacion entre ambos estados, aunque no estadisticamente significativa

(R*=0,523; Fig. 25)
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Fig. 25. Proteolisis de GSK-3 en muestras humanas de cerebro de enfermos de Alzheimer. A. Western
blot con el anticuerpo anti-GSK-3a/B (panel superior) y anti-PHF-1 (panel inferior) de extractos de
cerebros humanos controles (1-5) y enfermos de Alzheimer (6-10). B. Cuantificacion de la cantidad de
fragmento de GSK-3 frente a cantidad total de GSK-3 de cada muestra. C. Media de los datos mostrados
en el panel B. Las barras blancas representan las muestras control, mientras que las negras representan las
muestras de Alzheimer. D. Correlacion de la truncacion de GSK-3 (eje Y) frente a intensidad de PHF-1
(eje X) en las muestras de Alzheimer. No se encontrd una correlacion positiva (R?=0,523).

4.10.3.2. Inhibicion por memantina de la truncacion de GSK-3 mediada por

calpaina

La memantina es un inhibidor de los receptores de NMDA y un medicamento
usado en el tratamiento de la enfermedad de Alzheimer, ya que la activacion de dichos
receptores se ha propuesto que podrian contribuir a la enfermedad de Alzheimer
(Reisberg et al., 2003). Hemos visto previamente que GSK-3 se corta por calpaina via
receptores de NMDA en cultivos primarios de raton. Por ello estudiamos si la
memantina era capaz de inhibir la truncacién de GSK-3, pudiéndose relacionar la accion

de la memantina en Alzheimer con GSK-3 y la calpaina.
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Analizamos en cultivos primarios de corteza de raton si la memantina era capaz
de inhibir la proteolisis de GSK-3 producida por la estimulacion con NMDA (100 uM).
Observamos por Western blot que la memantina inhibia la truncaciéon de GSK-3 de una
manera dependiente de la dosis con una ICsp = 1,81 £ 0,95 uM (Fig. 26B). Ademas la
truncacion de GSK-3 era causada por la calpaina, ya que el inhibidor de ésta, calpeptina,
producia el mismo efecto que la memantina (Fig. 26A). Probamos también si la
memantina inhibia la truncacion de p35 a p25 en nuestras condiciones experimentales.
Utilizamos el anticuerpo que reconoce p35/p25 y observamos que la memantina inhibe
la formacion de p25 por la proteolisis de p35 de una manera paralela a lo observado en
el caso de GSK-3, presentando una ICso = 6,33 + 3,41 uM (Fig. 26B). Otro sustrato de
la calpaina, la espectrina, presentd un patron similar (ICso= 1,14 + 0,87 uM) (Fig. 26B).
El mismo resultado observamos cuando analizamos la truncacién del receptor de
NMDA (Fig. 26B). De esta forma, la memantina previene la truncacion del receptor de

NMDA, espectrina, p35 y GSK-3 inducida por NMDA.

NMDA (uM) 0 100 100 100 100 100 100

Memantina (uM) 0 0 100 10 1 0.1 0.01

NMDA - + + +
Calpeptina - -+ - g bl
Memantina - - - + IB: anti-GSK3a/

a
B

IB: anti$35/p25
R T

IB: anti-espectrina

IB: anti-GSK3a/B

IB: anti-NMDAR

Fig. 26. La truncacion de GSK-3 via NMDA es inhibida por memantina. A. Neuronas de corteza de raton
(DIV 12) fueron tratadas con NMDA 100 uM durante 3 horas en ausencia o presencia del inhibidor de
calpaina, calpeptina (10 pM) o del inhibidor de NMDA, memantina (100 uM). La proteolisis de GSK-3
inducida por NMDA fue inhibida por ambos inhibidores. B. Neuronas de corteza de raton (DIV 12)
fueron tratadas con NMDA 100 uM durante 3 horas y con concentraciones crecientes de memantina. En
el panel superior se muestra Western blot con el anticuerpo anti-GSK-3a/B. El fragmento de 40 kDa se
indica con una flecha. En el siguiente panel fue usado el anticuerpo anti-p35/p25, y la flecha indica p25,
la forma truncada. El panel siguiente muestra la truncacion de la espectrina, y el panel inferior la del
receptor de NMDA. Las flechas indican las formas truncadas de estas proteinas.
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5. DISCUSION

5.1. El extremo N-terminal de GSK-3 es proteolizado por
calpaina

GSK-3 es una quinasa constitutivamente activa que se inactiva por fosforilacion
en el extremo N-terminal. En este trabajo hemos demostrado que la actividad de GSK-3
también puede ser regulada por la calpaina al proteolizar el extremo N-terminal de la
quinasa. Estas conclusiones se basan en los siguientes datos: (1) La calpaina corta a
GSK-3 in vitro; (2) esta truncacion elimina el extremo N-terminal; (3) las formas
truncadas de GSK-3 son quinasas activas que pueden ser inhibidas por litio con una ICsg
similar a la de GSK-3 intacta; y (4) la estimulacion de neuronas con ionomicina,
glutamato y NMDA produce la truncacion de GSK-3 a través de la activacion de
calpaina. Ademas, nuestros datos también muestran que las isoformas o y f presentan
una diferente susceptibilidad a ser truncadas por calpaina, lo cudl sugiere una diferente
manera de regular ambas isoenzimas. Todos estos datos proporcionan un nuevo papel
para la calpaina en la regulacion de la actividad de GSK-3 y describen una nueva forma
de regulacion de GSK-3.

El incremento de la concentracion de calcio intracelular en cultivos primarios de
neuronas corticales producido por la incubacion con el ionéforo de calcio, ionomicina,
produjo la aparicion del fragmento de GSK-3 de manera dependiente del tiempo de
incubacién. Este efecto fue bloqueado por inhibidores especificos de calpaina, lo que
sugiere la implicaciéon de la enzima en la truncacion de GSK-3 producida por un
incremento de calcio en el interior celular.

Para confirmar que este proceso tenia implicaciones fisioldgicas estudiamos en
cultivos primarios neuronales el sistema glutamatérgico. La estimulacién de neuronas
corticales con glutamato o NMDA también produjo la truncacién de GSK-3 de manera
dependiente de la activacion de calpaina. Ademas, este proceso proteolitico correlaciona
con un incremento de la actividad de GSK-3. Para comprobar la activaciéon de la
calpaina estudiamos la degradacion de la subunidad NR2B del receptor de NMDA,

sustrato de la calpaina y que juega un importante papel en su activacion (Simpkins et
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al., 2003; Wu et al., 2005), asi como la truncacién de la subunidad reguladora de CDK-
5, p35, en su forma truncada denominada p25.

La continua activacion del receptor de NMDA (en presencia de glicina) provoca
la truncacion de GSK-3, siendo el calcio extracelular responsable de este proceso, ya
que el quelante de calcio extracelular, EGTA, fue capaz de bloquear totalmente los
efectos de la estimulacion por NMDA, mientras que el quelante de calcio intracelular,
BAPTA, no fue capaz.

El incremento de la actividad de GSK-3 producido por la estimulacién de
neuronas mediante el receptor de NMDA también se refleja en un incremento en la
fosforilacion de sus sustratos en dicho sistema. Este efecto fue observado por el
incremento de la fosforilaciéon de Tau en el epitopo PHF-1 (sitio de fosforilacion de
GSK-3). Esta descrito que la activacion de los receptores de NMDA provocan un
incremento de la actividad de GSK-3 producido por la desfosforilacion de GSK-3f3 en la
serina 9 por la accion de la fosfatasa PP1 (De Sarno et al., 2006); (Szatmari et al., 2005).
En este trabajo observamos que este efecto fue inhibido tanto por inhibidores del
receptor de NMDA como por inhibidores de la calpaina, indicando que el aumento en la
actividad de GSK-3 tras la estimulacion por NMDA esta también mediado por calpaina.
Son necesarios mas estudios para comprender el mecanismo exacto de la activacion de
GSK-3 mediante la estimulacioén de los receptores de NMDA asi como para conocer la
contribucion relativa tanto de la calpaina como de la PP1 en la fosforilacion de Tau
mediada por receptores de NMDA.

La generacion de un fragmento similar de GSK-3 con mayor actividad que la
forma intacta ha sido descrito previamente (Wang et al., 1994). Sin embargo, estos
autores consideraban dicho fragmento como resultado de un proceso proteolitico
aberrante en el proceso de purificacion de la enzima. En este trabajo, demostramos que
esta proteolisis es un mecanismo de regulaciéon con implicaciones fisioldgicas. La
calpaina corta el extremo N-terminal de GSK-3, evitando que pueda inhibirse por
fosforilacion. De esta forma, provoca que la regulacion de GSK-3 sea independiente del
balance de quinasas y fosfatasas celulares. De hecho, esta proteolisis de GSK-3f es
independiente de la fosforilacién en serina 9, ya que la calpaina es capaz de cortar una
isoforma de GSK-3f sin los nueve primeros aminoacidos (GSK-33-A9). Sin embargo,
esta forma a la que le faltan los primeros nueve aminoacidos, parece peor sustrato que

GSK-3p intacta. Esto podria ser explicado porque la calpaina no tuviese suficiente
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superficie de union para unirse a la GSK-3, o bien porque esta forma estad unida al
epitopo HA, que también podria estar interfiriendo en el reconocimiento de la calpaina
por su sustrato. De hecho, GSK-3f unida al epitopo MYC es mejor sustrato que HA-
GSK-33-A9, pero peor que GSK-3f nativa.

En la célula, GSK-3 puede encontrarse formando complejos multiproteicos,
como ya fue expuesto en la Introduccion. Una de las proteinas a las que puede asociarse
es 14-3-3. Ademas esta proteina se une al extremo N-terminal de GSK-3, por lo que la
truncacion de GSK-3 en el extremo N-terminal podria evitar su unioén a esta proteina.
De hecho, hemos observado que asi ocurre, 14-3-3 no es capaz de unirse a GSK-3
truncada. El posible papel de la union de 14-3-3 a GSK-3 es el secuestro del dominio
inhibitorio del extremo N-terminal de la quinasa, de tal forma que aunque esté
fosforilada en serina 9, GSK-3 pueda ser una quinasa activa.

La truncacion de GSK-3 por calpaina también posibilita la activacion de GSK-3
independientemente de su estado de fosforilacion, por lo que la existencia de ambos
mecanismos de regulacion a la vez seria redundante. Por ultimo, también seria
interesante estudiar si este proceso ocurre al revés, es decir, si la union de GSK-3 a la
proteina 14-3-3 impide su truncacion por calpaina.

Lo que si hemos observado es que parece que 14-3-3 tiene mds afinidad por
GSK-3 desfosforilada que fosforilada. Esta descrito que 14-3-3 se une a GSK-3 cuando
¢ésta se encuentra fosforilada en la serina 9 (Agarwal-Mawal et al., 2003), sin embargo
hemos observado que no sélo es capaz también de unirse a GSK-3 sin fosforilar, sino
que incluso presenta mas afinidad por esta forma de GSK-3. Este hecho no es
incompatible con lo anterior, ya ha sido descrito anteriormente que 14-3-3 es capaz de
unirse a una misma proteina tanto fosforilada como no fosforilada, por ejemplo en el
caso de la proteina Tau (Hashiguchi et al., 2000). De hecho, al unirse 14-3-3 a GSK-3,
tanto fosforilada como no, va a proteger de la inhibicion por fosforilacion en el extremo
N-terminal.

Aunque la calpaina puede degradar completamente a su proteina sustrato,
generalmente la corta, como ocurre en el caso de GSK-3, de forma limitada, obteniendo
una proteina estable que puede tener funciones independientes de las que tenia la forma
intacta. Existen numerosas proteinas identificadas como sustrato de la calpaina, pero no
existe una secuencia consenso de corte. Nosotros secuenciamos el extremo N-terminal
del fragmento II, fragmento (con idéntico peso molecular para GSK-3a y GSK-3p)

obtenido de la truncacion de GSK-3p por calpaina, y obtuvimos, por el método de
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EDMAN, el péptido RPQEV. Esta es una secuencia que se encuentra en el extremo N-
terminal de GSK-3p y se encuentra muy conservada en distintas especies como humano
y raton (Fig. 9). Observando dicha secuencia en el cristal de GSK-3f (Dajani et al.,
2001; ter Haar et al., 2001) se puede observar que se encuentra en una posicion

accesible (Fig. 27), que posibilitaria la interaccion entre ambas proteinas.

Fig. 27. Esquema del cristal de GSK-3f. Se ha utilizado el fichero 1Q5K (Bhat et al., 2003). En rojo se
muestra el inhibidor competitivo de ATP AR-A014418 en el centro activo de la enzima. En verde, los
aminoacidos identificados por el método de EDMAN (RPQEV). En azul, el punto de corte de la calpaina
en el fragmento II. La estructura secundaria en beta lamina se muestra en amarillo, mientras que la alfa
hélice se muestra en rosa

Existe una relacion entre la estabilidad metabdlica de una proteina y la identidad
del residuo que se encuentra en la posicion N-terminal denominada con el nombre de N-

end rule (Bachmair et al., 1986; Ciechanover and Schwartz, 1989; Varshavsky, 1996).
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La existencia de una arginina en el extremo N-terminal de una proteina confiere a dicha
proteina una gran inestabilidad, ya que dicha arginina va a favorecer su ubiquitilacion y
posterior degradacion por el proteosoma. Sin embargo, todas las proteinas recién
sintetizadas presentan una metionina inicial, la cual confiere a la proteina una gran
estabilidad y una larga vida media. Para desestabilizar estas proteinas, o bien pueden
actuar unas enzimas llamadas Met-aminopeptidasas que retiran la metionina inicial,
quedando expuesto el segundo aminoacido del extremo N-terminal, o bien pueden
actuar endopeptidasas, entre las que se encuentran las calpainas, cortando el extremo N-
terminal de la proteina y dejando expuesto un aminoacido que confiera mayor
inestabilidad a la proteina. Este ultimo proceso puede tener una importancia fisiologica
al crear proteinas con una corta vida media cuyas concentraciones deben variar segun el
estado de la célula (Varshavsky, 1992, 1996; Tasaki and Kwon, 2007).

Tras la secuenciacion del fragmento IT de GSK-3[3, hemos encontrado que dicho
fragmento comienza por una arginina, lo cual, de acuerdo con lo anteriormente
expuesto, podria explicar por qué dicho fragmento no parece que sea estable y por qué
no es observado en cultivos primarios ni en extractos de tejido.

En los ensayos in vitro hemos observado que la calpaina corta a ambas
1soenzimas, GSK-3a y GSK-3, si bien es cierto, que parece presentar distinta dindmica
en una y otra isoforma. La forma intacta de ambas isoenzimas es rapidamente digerida
en ambos casos, sin embargo, el fragmento I de GSK-3f parece ser mejor sustrato para
la calpaina que el fragmento I de GSK-3a. Asi, en el primer caso, tras cinco minutos de
digestion solo queda el 25% del fragmento I porque ya ha sido degradado originando el
fragmento II, mientras que en el caso de la isoforma GSK-3a todavia queda el 60%.

Cuando analizamos los productos de ambas isoformas en un mismo gel,
observamos que ambas presentan un fragmento II con el mismo peso molecular (30
kDa). Sin embargo, el fragmento I difiere ligeramente en una y otra isoforma,
presentando un peso molecular de 42 kDa en el caso de GSK-3f y 40 kDa en el caso de
GSK-3a. Esta diferencia podria explicarse por un diferente sitio de corte de la calpaina
en cada una de las isoformas o, porque aunque corte en el mismo punto, se genere un
fragmento mayor por la diferencia de secuencia que hay entre ambas isoenzimas en su
extremo N-terminal. De hecho, el fragmento I de GSK-3a va a presentar el dominio
rico en glicinas que no presenta el de la otra isoenzima, pudiendo asi explicar la

diferente cinética de la calpaina en uno y otro fragmento (Fig. 28).
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De esta forma, la region de poli-glicinas de GSK-3a podria promover una
diferente manera de regular ambas isoenzimas. Estos residuos de glicina generalmente
confieren a la proteina libertad conformacional, ya que tienen un efecto negativo en la
formacion de estructuras secundarias como las a-hélices o las B-laminas (Tzul et al.,
2007). Repeticiones de este aminoacido se encuentran no solo en GSK-3a sino también
en la subunidad pequena de la calpaina y son frecuentes en los factores de transcripcion
(Hernandez et al., 2008). Como ya se expuso en la Introduccion, GSK-3f se inhibe
cuando se fosforila en la serina 9 de su extremo N-terminal, y GSK-3a cuando se
fosforila en la serina 21, la cual se encuentra flanqueada por poli-glicinas. Aunque
ambas isoformas responden de manera similar a la regulacion por insulina, no se sabe si
las poli-glicinas podrian estar influyendo en que la regulacion por fosforilacion de
ambas isoenzimas fuese diferente. En este trabajo hemos observado que la calpaina
promueve la activacion de GSK-3 eliminando su extremo N-terminal, donde se
encuentra la serina 9 de la isoforma . En el caso de la isoforma a, esta zona es rica en
glicinas. Asi, estas repeticiones de glicina podrian provocar que la fosforilacion en
serina y/o la proteolisis por calpaina afectase de diferente manera a ambas isoenzimas
de GSK-3 (Hernandez et al., 2008). De hecho, ha sido previamente descrito que la
proteolisis de otras proteinas como NF-kB se ve modulada por una regioén rica en
glicinas (Cohen and Goedert, 2004).

Por otro lado, el fragmento II presenta el mismo peso molecular en ambas
isoenzimas, lo que podria hacer pensar, que en este caso si que la calpaina corta en el
mismo punto. Tras secuenciar el fragmento II de la isoenzima B obtuvimos el péptido
RPQEYV, sin embargo, la secuencia de ambas isoformas se diferencia justo en este punto
en un aminodcido, siendo la secuencia de GSK-3a, RSQEV (Fig. 28). Por tanto, seria
interesante hallar el punto de corte de GSK-3a para dilucidar todas estas cuestiones, asi
como el punto de corte del fragmento I en ambas isoformas.

También es interesante sefalar que el litio, inhibidor de GSK-3, es capaz de
inhibir la actividad de las formas truncadas de ambas isoformas de GSK-3 con una ICs
similar a la de las formas no proteolizadas, lo cual sugiere que los inhibidores de GSK-3

también podrian ser Utiles para la inhibicion de las formas truncadas.
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Fig. 28. Secuencia comparada de GSK-3a y GSK-3B (Woodgett, 1990), indicindose en amarillo el
péptido obtenido tras la secuenciacion de EDMAN del fragmento I de GSK-3f. En la imagen inferior se
pueden observar los fragmentos de ambas isoformas. Mientras que el fragmento II (dos asteriscos)
presenta el mismo peso molecular en ambas isoformas, el fragmento I (un asterisco) presenta un peso
ligeramente mayor en el caso de la isoforma a.

Analizando la truncacion de GSK-3 en neuronas, observamos que los
fragmentos generados por la estimulacion glutamatérgica no se acumulan. De hecho,
tras largos tiempos de estimulacion con NMDA (48 horas), observamos una bajada en
los niveles de GSK-3, pero no se corresponde con un incremento de los fragmentos de
degradacion. Estos datos sugieren que la calpaina corta el dominio regulador del
extremo N-terminal, obteniéndose una forma constitutivamente activa de la enzima,
pero de corta vida media. Es interesante sefalar que en los ensayos in Vitro realizados
con GSK-3a y B recombinantes, tampoco se observa acumulacion del fragmento I, sino

que el que parece acumularse es el fragmento II de 30 kDa. Cuando analizamos la
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truncacion de GSK-3 en cultivos primarios neuronales o en extractos de tejido de
cerebro, solo observamos el fragmento de 40 kDa. Una posible explicacion para este
hecho, podria ser que GSK-3 es truncada por la calpaina generando primero el
fragmento I, y a continuacion el fragmento II, siendo este Ultimo répidamente
degradado, y por lo tanto dificilmente detectable.

Cuando transfectamos células COS-7 con un plasmido que expresa el fragmento
II de GSK-38, obtenido a partir de la secuenciacion del sitio de corte de la calpaina
sobre GSK-3f, observamos que rapidamente se degrada y se forma otra banda de menor
peso molecular. Cuando sobrexpresamos GSK-3p intacta, también observamos una
banda del mismo peso molecular. Sin embargo, esta banda no es observada en cultivos
de neuronas, por lo que su aparicion podria deberse a la accién de alguna proteasa de
este tipo celular pero que no exista en las neuronas, o bien, que en las neuronas este
fragmento de degradacion mas pequeno tenga una vida media todavia menor, por accion
de otras proteasas o por accion del proteosoma. La rapida degradacion de este
fragmento en células transfectadas corrobora lo ya expuesto anteriormente, a saber, que
la calpaina trunca primero a GSK-3 obteniéndose el fragmento I, y a partir de éste
genera el fragmento II que tiene una vida media muy corta.

A pesar de ello, cuando analizamos en células transfectadas con el fragmento II
la actividad quinasa de GSK-3 mediante la fosforilacion de su sustrato Tau, utilizando
el anticuerpo PHF-1, observamos que su actividad quinasa esta intacta, y es capaz de
fosforilar a Tau.

Una mayor actividad de GSK-3 en la célula podria provocar muerte celular por
apoptosis (Beurel and Jope, 2006). Por ello cuando transfectamos células con el
fragmento II de GSK-3, el cual presenta una mayor actividad que GSK-3 intacta,
tratamos a las células con litio, para inhibir GSK-3 truncada. No obtuvimos diferencias
entre las células tratadas y sin tratar con litio. Esto podria indicar que la sobrexpresion
del fragmento no estd provocando muerte celular masiva. Este es un punto que se
deberia analizar en mas detalle en estudios posteriores.

También analizamos la localizacion intracelular del fragmento. Observamos que
GSK-3f truncada se distribuye principalmente alrededor del nucleo, pero no en el
interior nuclear, mientras que la GSK-3f intacta si se localiza en el ntcleo. Estos datos
se corresponden con lo descrito por Meares y colaboradores (Meares and Jope, 2007)
donde demuestran que aunque la sefial de localizacién nuclear se encuentra entre los

aminoacidos 85-103 de la secuencia de GSK-3p, los primeros nueve aminoacidos de
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GSK-3f son necesarios para que se transloque eficazmente al nucleo. El fragmento II al
carecer de este extremo N-terminal, presenta una menor eficiencia para translocarse al
nucleo.

Resumiendo, la truncacion de GSK-3 promovida por calpaina genera una enzima
con actividad quinasa, pero sin el dominio inhibitorio. Por otra parte, estas formas

carentes del extremo N-terminal no interaccionan con 14-3-3( ni se translocan al nticleo.

5.2. Implicaciones fisiopatologicas de la truncacion de GSK-3

Como ya fue comentado en la Introduccidn, las calpainas pueden regular la
actividad de proteinas quinasas implicadas en diversas vias de transduccion de sefiales
(Goll et al., 2003). Asi, la calpaina corta el dominio regulador de la PKC, obteniendo
una forma constitutivamente activa, aunque de corta vida media (Kishimoto et al., 1989;
Shea et al., 1996). También regula la actividad de CDK-5, ya que la accion de la
calpaina genera la formacion de dos activadores de CDK-5, p25 y p29 a partir de sus
precursores p35 y p39 (Kusakawa et al., 2000; Nath et al., 2000a; Patzke and Tsai,
2002). La CaM quinasa II también es degradada por calpaina a un fragmento activo
independiente de la regulacion por calmodulina (Hajimohammadreza et al., 1997). En
este trabajo proponemos a GSK-3 como una nueva quinasa cuya actividad es regulada
por proteolisis. Estos datos podrian sugerir un patrén comun que conecta la calpaina con
la regulacion de diferentes proteinas quinasas. De esta forma, las calpainas liberan a las
quinasas de los mecanismos de inhibicidon que inactivan sus dominios cataliticos.

Estos resultados pueden tener claras implicaciones en todas las cascadas de
sefializacion en las que estd implicada GSK-3, asi como en procesos neurodegenerativos
como la epilepsia o la enfermedad de Alzheimer, procesos donde también esta alterada
la actividad de la calpaina.

Un modelo muy usado para estudiar neurodegeneracion es un modelo de
epilepsia inducida por inyeccion de kainato intraperitonealmente en ratas. En este
modelo se observa una activacion de la calpaina en el hipocampo (Araujo et al., 2005;
Araujo et al., 2008). Nosotros observamos que también se produce truncacion de GSK-3
en este modelo de neurodegeneracion animal. La truncacion de GSK-3 la observamos
por Western blot tanto en hipocampo como en corteza, acompafiada de la truncacion de

la espectrina, un conocido sustrato de la calpaina. Esta truncacion se produce de una
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manera dependiente del tiempo de inyeccion con kainato, si bien es cierto que se
observa gran variabilidad entre los distintos animales. También se ensay6 la proteolisis
de los receptores de NMDA, otro sustrato de la calpaina. Se produjo truncacion, pero no
fue tan dramatica como en el caso de los cultivos primarios. Este hecho es esperable,
primero, porque se trata de extractos de tejido, mientras que en el otro caso era un
cultivo neuronal donde todas las células eran estimuladas por NMDA; y segundo,
porque no es un proceso tan directo, ya que el kainato esta actuando sobre los receptores
AMPA/ KA y no sobre los receptores de NMDA (Araujo et al., 2008).

Por otro lado, cuando la truncacion de GSK-3 es analizada por
inmunohistoquimica, observamos disminucion de los niveles de GSK-3 en la zona CA1
del hipocampo en los animales tratados con kainato. Justamente en esta zona es donde
observamos que se produce la truncacion de la espectrina. Estos datos también
correlacionan con lo observado con la tincion con Fluoro Jade, que tifie
neurodegeneracion, la cual se observa principalmente en CA1 y mas débilmente en CA3
del hipocampo.

Sin embargo, en este modelo también observamos neurodegeneracion mediante
la tincion con Fluoro Jade en corteza, pero no observamos degradacion de GSK-3 ni
truncacion de espectrina por técnicas inmunohistoquimicas en esta estructura, aunque si
la detectamos por Western blot. La activacion de la calpaina tiene lugar en el hipocampo
y la activacion de caspasas, en la corteza (Araujo et al., 2008). La accion de las caspasas
en la corteza también podria explicar la neurodegeneracion observada por la tincion con
Fluoro Jade. Sin embargo observamos, mediante Western blot, que la calpaina también
estd activa en la corteza, ya que trunca a su sustrato espectrina generando dos bandas de
145 y 150 kDa, caracteristicas de la accion de la calpaina sobre la espectrina (Siman et
al., 1984; Nixon, 1986). Mientras que si fuesen las caspasas las que actuan sobre la
espectrina deberia obtenerse una banda de 120 kDa (Nath et al., 1996; Pike et al., 1998;
Nath et al., 2000b).

Tras observar que la truncacion de GSK-3 se produce en un modelo animal de
neurodegeneracion, nos propusimos estudiar si también existia truncaciéon de GSK-3 en
muestras humanas y especialmente en la enfermedad de Alzheimer.

Un primer paso ha consistido en analizar in vitro y con extractos humanos si se
produce dicha truncacion y, en segundo lugar, analizar el efecto que el tiempo post-

mortem tiene sobre la misma.
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Asi, hemos observado, al igual que en muestras murinas, la truncacion de GSK-3
dependiente de calcio en muestras humanas. GSK-3 fue truncada en muestras humanas
expuestas a calcio, generando los dos fragmentos observados previamente, de 40 y 30
kDa respectivamente. Este proceso fue inhibido por calpeptina, inhibidor de la calpaina.
También estudiamos si GSK-3 era truncada en muestras post-mortem, y el efecto del
tiempo post-mortem en esta proteolisis. La calpaina parece estar involucrada en la
generacion post-mortem de los fragmentos proteoliticos de GSK-3, aunque este proceso
no tiene lugar durante las primeras horas de tiempo post-mortem.

En estudios previos (Li et al., 2005) en los que analizaron la degradacion post-
mortem de GSK-3, no observaron variacion en los niveles de ésta en los primeros 30
minutos, aunque si que observaron una rapida desfosforilacion de GSK-3. Nosotros
también demostramos que la truncaciéon de GSK-3 no es un proceso que se produzca
rapidamente, aunque observamos que la desfosforilacion es un proceso mas lento de lo
descrito previamente. En nuestro caso no se obseva desfosforilacion hasta las tres horas.
Estas diferencias se pueden explicar por el protocolo post-mortem seguido.

También analizamos el estado de otros sustratos de la calpaina. Comprobamos
que p35 es mas rapidamente truncada que GSK-3 en muestras de raton post-mortem.
Este suceso podria ser explicado por varias hipotesis. Por un lado, como ya ha sido
expuesto anteriormente, GSK-3 puede encontrarse formando complejos multiproteicos,
por ejemplo unido a la axina y a APC, unido a las proteinas 14-3-3 o a otras proteinas.
En este caso, la calpaina no podria acceder a GSK-3, y ésta se encontraria protegida de
ser degradada por la proteasa. Por otro lado, las calpainas se encuentran en el citosol,
pero se translocan a las membranas en respuesta a calcio (Sheppard et al., 1991), de tal
forma que las proteinas asociadas a la membrana son madas susceptibles que las
citosolicas a la proteolisis por la calpaina (Jiang et al., 2007). Asi, teniendo en cuenta
que p35-CDK-5 es un complejo asociado a la membrana (Kusakawa et al., 2000), y
GSK-3 es principalmente una enzima citosolica, podria ser que p35 fuese mas accesible
a la calpaina que GSK-3. Finalmente, podria ser que p35 fuese mejor sustrato que GSK-
3, sin excluir la posible contribucion de alguna proteasa mas.

La razon por la cudl la calpaina es activada en muestras post-mortem no ha sido
estudiada en este trabajo. Sin embargo, debido a la liberacion de calcio de las reservas
celulares que tiene lugar durante el periodo post-mortem y su consiguiente activacion de

calpaina, también observamos degradacion de calpastatina, el inhibidor endégeno de la
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calpaina, lo que podria explicar la activacion de la calpaina en esta situacion (Sorimachi
et al., 1996).

De nuevo observamos que ambos fragmentos de GSK-3 se generan de forma
diferente, lo que podria confirmar que primero se genera el fragmento I, y a partir de
éste el fragmento II.

La truncacion de GSK-3 no parece ser un proceso que tenga lugar
inmediatamente tras la muerte. De hecho, muestras de cerebro humano no muestran
truncacion significativa de GSK-3 en el intervalo analizado, de tres a siete horas. Estos
datos son interesantes para estudiar la implicacion de calpaina y GSK-3 en muestras
humanas de distintas patologias como en el caso de la enfermedad de Alzheimer y otras
enfermedades neurodegenerativas relacionadas.

En resumen, hemos observado que la truncacion de GSK-3 por calpaina también
tiene lugar en muestras humanas y que la calpaina no promueve la truncacion de GSK-3
en muestras con un largo intervalo de tiempo post-mortem (hasta las siete horas). Este
ultimo dato nos permite estudiar la implicacion de la truncacion de GSK-3 de muestras
humanas de enfermedades neurodegenerativas, como por ejemplo, la enfermedad de
Alzheimer, muestras que suelen tener tiempos post-mortem de entre una a siete horas.

Se sabe que la fosforilacion aberrante de Tau en Alzheimer es debida a la
activacion de GSK-3 y/o CDK-5, aunque la conexion y relativa contribucion de ambas
no esta clara. La calpaina induce la truncacion y activacion de ambas (como hemos
demostrado). Por tanto, una desregulacion en la homeostasis de calcio, podria llevar a
una alteracion en la fosforilacion de Tau a través del sistema calpaina/GSK-3/CDK-5.
De esta forma la calpaina seria el nexo de union entre ambas quinasas y una alteracion
de la regulacion de la calpaina podria conducir a la fosforilacion aberrante de Tau (Fig.
29). Ademas esto explicaria los altos niveles de calpaina activa encontrados en la

enfermedad de Alzheimer (Chong et al., 2005).
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Fig. 29. Diagrama que indica como una alteracion en la homeostasis del calcio tras la activacion del
receptor de NMDA podria contribuir en la activacion de sistema calpaina/GSK-3/CDK-5 que podria
conducir a la fosforilacion aberrante de Tau. La memantina, medicamento utilizado en la enfermedad de
Alzheimer, es un antagonista de los receptores de NMDA por lo que inhibe esta via.

Para dilucidar si realmente la proteolisis de GSK-3 estd implicada en la
enfermedad de Alzheimer, es importante tener en cuenta el estudio realizado sobre la
truncacion de GSK-3 durante el periodo post-mortem. Como ya observamos
previamente, no se produce truncacion de GSK-3 en las primeras siete horas de tiempo
post-mortem. Asi que analizamos las muestras humanas de enfermos de Alzheimer en
este intervalo de tiempo. No observamos una diferencia significativa entre las muestras
de Alzheimer y las muestras controles, aunque si detectamos una importante
variabilidad entre las distintas muestras. Por otro lado, podria sugerirse una correlacion
positiva, aunque no significativa, entre la truncaciéon de GSK-3 y la fosforilacién de Tau
(medida por el anticuerpo PHF-1).

Estos resultados muestran que la truncaciéon de GSK-3 no tiene lugar de una
manera clara en los ultimos estadios de la enfermedad de Alzheimer (estadio V, ver

Tabla 5 de los Materiales y Métodos). Sin embargo, teniendo en cuenta que una
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continuada exposicion a NMDA en cultivos primarios de neuronas no produce
acumulacién del fragmento de truncacion de GSK-3 (Fig. 15), podria pensarse que la
truncacion de GSK-3 podria tener lugar en los primeros estadios de la enfermedad, no
siendo sorprendente no encontrar la forma truncada en muestras de las ltimas etapas de
la enfermedad de Alzheimer.

En cultivos primarios de neuronas hemos observado que los niveles de GSK-3
pueden ser regulados por memantina. La memantina es un inhibidor de los receptores de
NMDA y un medicamento usado en la enfermedad de Alzheimer. La memantina fue
capaz de inhibir la truncacion de GSK-3 inducida por la estimulacion de los receptores
de NMDA en cultivos primarios de neuronas. Merece la pena sefialar que los valores de
ICsyp obtenidos para la inhibicion por memantina de la truncacion de GSK-3, son
similares a los obtenidos en el caso de p35 y espectrina, ambas proteinas bien conocidos
sustratos de la calpaina. Estos datos sugieren que los efectos observados de la
memantina pueden ser explicados por la inhibicién de la activacion de la calpaina.

Por tanto, los fragmentos de GSK-3 no se acumulan significativamente en
muestras post-mortem de la enfermedad de Alzheimer, aunque la memantina, un
antagonista de los receptores de NMDA, el cual ha sido aprobado para el tratamiento de
pacientes en estadios intermedios de la enfermedad, es capaz de inhibir la truncacién de
GSK-3 inducida por NMDA en cultivos primarios de neuronas de una manera
dependiente de la dosis (Fig. 29). Asi, teniendo en cuenta nuestros resultados podria
sugerirse que la truncacion de GSK-3 qizas tenga lugar en los primeros estadios de la
enfermedad y no en los ultimos.

En resumen, en este trabajo demostramos por primera vez, que la calpaina
origina la truncacion del extremo amino terminal de GSK-3 dando lugar a un fragmento
cataliticamente activo. Este proceso puede tener implicaciones en cascadas de
sefalizacion, asi como ser activado por estimulacion glutamatérgica a través de los
receptores de NMDA. Ademas, nuestros datos sugieren que la truncacion de GSK-3
podria tener importancia en enfermedades neurodegenerativas como la epilepsia y el

Alzheimer.
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6. CONCLUSIONES

10.

La calpaina corta a las quinasas GSK-3a y GSK-3f en el extremo N-terminal.

La truncacion de GSK-3 por calpaina genera dos fragmentos. El fragmento I
presenta diferente peso molecular para cada isoforma, mientras que el fragmento

IT tiene idéntico tamafio (30 kDa).

Las formas truncadas de GSK-3 son formas cataliticamente activas e inhibibles

por litio.

Cuando se sobrexpresa el framento II de la GSK-3p en cultivos celulares

presenta una localizacion preferentemente citoplasmatica.
La union de la proteina 14-3-3C a GSK-3 no tiene lugar en las formas truncadas.

La estimulacion de neuronas corticales con ionomicina, glutamato y NMDA

produce truncacion de GSK-3 a través de la activacion de calpaina.

Se observa activacion de la calpaina y consiguiente truncacion de GSK-3 en un

modelo de rata de epilepsia.

Aunque se observa un ligero incremento en la truncacion de GSK-3 en muestras
humanas de pacientes de Alzheimer, dicho incremento no es estadisticamente

significativo.

La memantina, medicamento utilizado en el tratamiento de enfermos de
Alzheimer, es capaz de inhibir la truncacién de GSK-3 por calpaina en neuronas

tratadas con NMDA.

CONCLUSION FINAL: Todos estos datos proporcionan un nuevo papel a la
calpaina en la regulacion de la GSK-3 y describen una nueva forma de

regulacion de esta quinasa.
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Although GSK-3 activity can be regulated by phosphorylation
and through interaction with GSK-3-binding proteins, here we
describe N-terminal proteolysis as a novel way to regulate
GSK-3. When brain extracts were exposed to calcium, GSK-3
was truncated, generating two fragments of ~40 and 30 kDa, a
proteolytic process that was inhibited by specific calpain inhib-
itors. Interestingly, instead of inhibiting this enzyme, GSK-3
truncation augmented its kinase activity. When we digested
recombinant GSK-3« and GSK-3f protein with calpain, each
isoform was cleaved differently, yet the truncated GSK-3 iso-
forms were still active kinases. We also found that lithium, a
GSK-3 inhibitor, inhibits full-length and cleaved GSK-3
isoforms with the same IC;, value. Calpain removed the N-ter-
minal ends of His-tagged GSK-3 isoenzymes, and exposing cul-
tured cortical neurons with ionomycin, glutamate, or N-methyl-
p-aspartate led to the truncation of GSK-3. This truncation was
blocked by the calpain inhibitor calpeptin, at the same concen-
tration at which it inhibits calpain-mediated cleavage of
NMDAR-2B and of p35 (the regulatory subunit of CDKS5).
Together, our data demonstrate that calpain activation pro-
duces a truncation of GSK-3 that removes an N-terminal inhib-
itory domain. Furthermore, we show that GSK-3«a and GSK-33
isoenzymes have a different susceptibility to this cleavage, sug-
gesting a means to specifically regulate these isoenzymes. These
data provide the first direct evidence that calpain promotes
GSK-3 truncation in a way that has implications in signal trans-
duction, and probably in pathological disorders such as Alzhei-
mer disease.

The GSK-3 protein (EC 2.7.11.26) is a proline-directed ser-
ine/threonine protein kinase that was originally identified and
named for its ability to phosphorylate the enzyme glycogen syn-
thase (1). Since its discovery, GSK-3 has been postulated to be
involved in many physiological processes, and it plays impor-
tant roles in embryonic development, cell differentiation,
microtubule dynamics, cell cycle division, cell adhesion, glu-
cose metabolism, and apoptosis (2, 3). Deregulation of GSK-3
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activity is believed to play a key role in the pathogenesis of
chronic central nervous system disorders such as Alzheimer
disease (AD),? bipolar disorder, and Huntington disease (3, 4),
as well as of metabolic disorders such as type II diabetes (5). In
AD, GSK-3 has been shown to phosphorylate Tau at most of the
hyperphosphorylated serine and threonine residues in paired
helical filament Tau, both in cells (6) and in vivo (7-10). Fur-
thermore, GSK-3 modulates B-amyloid production from its
precursor amyloid precursor protein (11) and its accumulation
in the cytoplasm of pretangle neurons (12, 13).

In mammals, two GSK-3 isoenzymes (« and B) that share
95% amino acid identity have been described (14), although
there is weaker homology at the N- and C-terminal ends than
the central portions. Both isoenzymes are the products of two
independent genes (mapped to chromosome 19q12.3 and
3q13.3, respectively (15, 160), and whereas the GSK-3a gene
encodes a 51-kDa protein, the GSK-33 gene encodes a 47-kDa
protein. Recently, a new alternative splice isoform of GSK-33
with an additional 13-amino-acid insert in the catalytic domain
has also been described (17). Furthermore, the GSK-33 gene
has been analyzed (18) and its promoter studied to identify
variations that could be associated with abnormal function (19).

GSK-3 can phosphorylate a variety of cytoplasmic and
nuclear proteins, and its substrates include cytoskeletal pro-
teins, transcription factors, and metabolic regulators. Thus,
GSK-3 plays a prominent role in establishing and maintaining
cell architecture, gene expression, and apoptosis (3). Many
GSK-3 substrates require prior phosphorylation by a priming
kinase on a Ser or Thr residue four amino acids C-terminal to
the GSK-3 target residue. Indeed, the crystal structure of
human GSK-38 has provided a model for the binding of pre-
phosphorylated substrates to the kinase (Protein Data Bank ID
are 1109 (20) and 1H8F (21)). Thus, the primed Ser/Thr is rec-
ognized by a positively charged “binding pocket” that facilitates
the binding of primed substrates. Identifying the priming
kinase is clearly of interest, and kinases such as cdk-5 (22-24),
PAR-1 (25), casein kinase I (26), or protein kinase A (27) could
act as priming kinases for GSK-3 phosphorylation.

GSK-3 is regulated at the post-translational level by phos-
phorylation, and autophosphorylation at Tyr-216 of GSK-33 or
Tyr-276 of GSK-3a is necessary for its activation (28, 29). From
the crystal structure, it has been proposed that unphosphory-
lated Tyr-216/276 blocks the access of primed substrates.
Indeed, the published structure of phosphorylated GSK-33 (30)

2The abbreviations used are: AD, Alzheimer disease; NMDA, N-methyl-p-
aspartate; ALLN, acetylleucine, leucine, norleucinal; DIV, days in vitro.

VOLUME 282-NUMBER 31+AUGUST 3, 2007

6002 ‘7T Hdy U0 Y¥INDITON VIDOT0Ig OYLD e 610°0g[ mmm woly papeojumoq


http://www.jbc.org

ASBMB

The Journal of Biological Chemistry

shows that phosphorylated Tyr-216 suffers a conformational
change that allows the primed substrate to bind the enzyme. In
Dictyostelium, the Zaphod kinase activates GSK-3 by Tyr-
phosphorylation (31), whereas in mammals, Fyn tyrosine
kinase (32) or some related tyrosine kinase may be involved in
this process. However, it seems that phosphorylation of these
residues may also be the result of autophosphorylation (29, 33).

Inhibition of the enzyme can be achieved by two different
mechanisms (2). The first mechanism is triggered by insulin
and growth factors, and it is mainly mediated by protein kinase
B, which phosphorylates Ser-9 in GSK-38 and Ser-21 in GSK-
3a. A model for this inhibition has been generated through
structural studies (20, 21), and accordingly, the phosphorylated
Ser-9/21 binds as a competitive pseudosubstrate to the primed-
binding site, inhibiting the binding of the protein and its ensu-
ing phosphorylation. The second mechanism of GSK-3 inhibi-
tion involves the wingless (Wnt) signaling pathway. GSK-3
contributes to a multiprotein complex formed by axin and ade-
nomatous polyposis coli, in which it is able to phosphorylate
B-catenin, targeting it for proteasome degradation (34). Wnt
proteins bind to the Frizzled receptor, activating the Dishevelled
protein, which in turn inhibits GSK-3 activity by disrupting this
multiprotein complex. As a consequence, 3-catenin accumulates
and translocates into the nucleus, where it activates transcription
by interacting with certain transcription factors.

In addition to these regulatory mechanisms, the mechanisms
governing the turnover of GSK-3 may be critical in diseases in
which GSK-3 activity is altered. The GSK-3 promoter is a
TATA-less promoter with the characteristics of housekeeping
genes, and with regard to Alzheimer disease, there are no
reports of alterations in GSK-3f3 transcription (18, 19). On the
other hand, the degradation of GSK-3 is poorly understood. In
this context, we have consistently observed additional lower
apparent molecular weight bands in overexposed immunoblots
probed with some anti-GSK-3 antibodies, suggesting the pres-
ence of specific proteolytic fragments. Here, we have examined
the effects of calpain on the cleavage of GSK-3. First we dem-
onstrate that GSK-3p is truncated by calpain in vitro, whereas
GSK-3a is not such a good substrate. We then identified the
kinase region that is cleaved by calpain and demonstrated that
this cleavage of GSK-3 takes place in cortical neurons after glu-
tamatergic stimulation. Together, these data demonstrate a
new means of regulating GSK-3 with important implications
for all its physiological and pathological roles.

EXPERIMENTAL PROCEDURES

Antibodies, Enzymes, and Reactives—The commercial anti-
bodies used were: anti-GSK-3/a (pS9/21) and anti-GSK-38/a
obtained from BioSource (Camarillo, CA); anti-p35/25
obtained from Santa Cruz (Santa Cruz, CA); anti-His and
anti-a-tubulin obtained from Sigma; and anti-NR2C (35)
obtained from Molecular Probes (Eugene, OR). Calpain was
purchased from Calbiochem (catalogue number 208718),
GSK-3a was from Upstate-Millipore (Chicago, IL; catalogue
number 14-492), and GSK-33 was from Sigma (catalogue num-
ber G1663). Ionomycin, aprotinin, and pepstatin were all
obtained from Sigma, whereas MK801, ALLN, and calpeptin
were from Calbiochem.
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Calpain Cleavage of GSK-3—Cortical mouse brain extracts
were homogenized in 50 mm Tris-HCl, pH 7.4, containing 1.0
mMm EDTA. Samples were then incubated at 30 °C for several
minutes with or without 5.0 mm CaCl, and in the presence or
absence of protease inhibitors. The samples were then mixed
with Laemmli sample buffer, electrophoresed, and Western
blotted to identify the products of proteolysis by probing
with antibodies against GSK-3. Commercial GSK-3 isoforms
(0.5 pg) were incubated in 50 mm Tris-HCI, pH 7.4, 50 mm
NaCl, 1 mMEDTA, 1 mM EGTA, and 5 mm B-mercaptoethanol
and 0.2 units calpain/ml. Samples were then incubated at 30 °C
for several minutes in the presence or absence of 5.0 mm CacCl,
and 10 uM calpeptin. Samples were then mixed with Laemmli
sample buffer supplemented with 10 um calpeptin and sepa-
rated by electrophoresis.

GSK-3 Activity Assay—Cortical mouse brain extracts were
homogenized in 50 mm Tris-HCI, pH 7.4, containing 1.0 mm
EDTA. Samples were then incubated at 30 °C for several min-
utes in the presence or absence of 5.0 mm CaCl, and 10 um
calpeptin. Reactions were terminated by adding a mixture of
peptidase inhibitors (Roche Applied Science, Basel, Switzer-
land) supplemented with 20 um calpeptin. Extracts were
centrifuged at 14,000 X g for 15 min, and the supernatants
were collected to assay GSK-3 activity. The GS1 peptide
(YRRAAVPPSPSLSRHSSPHQS*EDEE) in which Ser-21 is
phosphorylated was used as a substrate as described previously
(36). Samples were incubated at 30 °C with 30 um GS1 peptide
in the presence of 50 um ATP (1,000 cpm/pmol of [y->*P]ATP,
PerkinElmer Life Sciences) in 25 mm Tris, pH 7.5, 1 mwm dithi-
othreitol, 10 mm MgCl,, and either 10 mm NaCl or 10 mm LiCl.
The assays were stopped by spotting aliquots onto P81 phos-
phocellulose paper, and the filters were processed as described
previously (36). GSK-3 activity was calculated as the difference
between the activity in the presence of 10 mm NaCl and the
activity in the presence of 10 mm LiCl. The results were
expressed as the percentage of activity with respect to the wild-
type extracts. Commercial GSK-3 isoforms (0.5 ug) were incu-
bated in 50 mm Tris-HCI, pH 7.4, 50 mMm NaCl, 1 mm EDTA,
1 mm EGTA, 5 mm B-mercaptoethanol, and 0.2 units calpain/
ml. Samples were then incubated at 30 °C for several minutes in
the presence or absence of 5.0 mm CaCl,. The reactions were
stopped with calpeptin 20 um and a mixture of peptidase inhib-
itors (Roche Applied Science). GSK-3 activity was then meas-
ured as described above in the presence or absence of LiCl at
different concentrations (0.01-20 mwm). GSK-3 activity was
normalized to the total GSK-3 protein levels measured after
SDS-PAGE and immunoblotting.

Dephosphorylation Experiments—Commercial GSK-3 isoen-
zymes were dephosphorylated with A-phosphatase (BioLabs,
IZASA SA, Barcelona, Spain) in 50 mm Tris, pH 7.8, 300 mm
NaCl, 10% glycerol, 0.5 mm MnCl,, 5 mm dithiothreitol, and a
mixture of peptidase inhibitors (Roche Applied Science) for
0.5 h at 30 °C to remove the adventitious phosphorylation that
occurs during expression. The dephosphorylation of the pro-
tein was confirmed by Western blotting using the antibody
anti-GSK-3B/a (pS9/21) and the anti-GSK-3B/a antibody as
loading control.
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FIGURE 1. Proteolysis of GSK-3 in mouse brain extracts. A, time course of truncated GSK-3 accumulation in
the presence of 5 mm CaCl,. Equal amounts of brain extracts (20 ng) were incubated at 30 °Cin the presence of
CaCl, or EGTA (1 mm), and the Western blots were probed with anti-GSK-3«/B. The effect of 10 um ALLN and 10
M calpeptin was also tested. Band C, inhibition of CaCl, induced (30 min) GSK-3 truncation in brain extracts in
the presence of increasing concentrations of protease inhibitors. D, dose-response profiles for CaCl,-stimu-
lated GSK-3 truncation in brain extracts in the presence of ALLN (H), calpeptin (@), aprotinin (4 ), and pepstatin
(A). The truncated fragment | (one asterisk) of GSK-3 was quantified by densitometry of the Western blots
shown in B and C. Data are presented as the percentage of the brain extract treated with calcium alone, and
they are the means of triplicate determinations. Arrows indicate the truncated GSK-3 isoforms, and the asterisk
shows the 40-kDa fragment |, whereas two asterisks represent the 30-kDa fragment Il. £, brain extracts in
Tris/EDTA buffer were preincubated for 30 min as shown in A with 5 mm CaCl, or 10 um calpeptin or both. GSK-3
activity was then assayed by analyzing peptide phosphorylation after 10 min as described under “Experimental
Procedures.” Histograms show the comparison of GSK-3 activity (the difference between the activity in the
presence of 10 mm NaCl and the activity in the presence of 10 mm LiCl) in brain extracts from different treatment
(*, p < 0.02). CON, control.

Primary Cultures—Primary cultures of cortical neurons were
prepared according to modified versions of established proce-
dures (37). Briefly, pups were sacrificed at postnatal day 1, and

RESULTS

glutamate. Experiments were per-
formed in the presence of glycine
100 um.

SDS-PAGE and Immunoblotting—
Samples were resolved on 10% SDS-
polyacrylamide gel and transferred
to a nitrocellulose membrane
(Schleicher & Schuell). The mem-
branes were probed with the
following primary monoclonal anti-
bodies: anti-GSK-383/a (1/1,000),
anti-a-tubulin (1/5,000), anti-His
(1/1,000), anti-NR2C (1/100), anti-
p35/25 (1/200), and anti-GSK-33/«
(pS9/21) (1/200). The filters were
incubated with the antibody at 4 °C
overnight in 5% nonfat dried milk.
The immunoreactive bands were
detected with a secondary goat anti-
mouse antibody (1/5,000; Invitro-
gen) and visualized by ECL (Amer-
sham Biosciences). Quantification
of GSK-3 was performed by densi-
tometric scanning, and the densi-
tometry values were obtained in the
linear range of detection with these
antibodies. These values were nor-
malized with respect to the values
obtained with an anti-a-tubulin
antibody to correct for any devia-
tion in protein loading or with
respect to the values obtained with
anti-tubulin antibody to correct for
total protein content.

Statistical ~Analysis—Statistical
analysis of the data were performed
using one-way analysis of variance.

GSK-3 Is Cleaved by Calpain in Brain Extracts—We have

the cortical tissue was dissected and dissociated individually
from each pup with the papain dissociation system (Worthing-
ton Biochemical Corp.; Lakewood, NJ). Cortical neurons were
maintained in Neurobasal medium (Invitrogen) supplemented
with 1% B-27, 5% fetal calf serum, 0.5 mm glutamine, 100
units/ml penicillin, and 100 mg/ml streptomycin, and they were
grown on 3 ug/ml laminin (Sigma) and 10 ug/ml poly-L-lysine-
coated plates. The cells were incubated in 95% air, 5% CO, in a
humidified incubator at 37 °C. Cytosine arabinoside (2.5 um)
was added to the cultures on the third day after seeding (DIV3)
to inhibit the proliferation of non-neuronal cells, and the cells
were used for experiments at DIV12.

Drug Treatment—Dizocilpine maleate (MK-801) was dis-
solved in Me,SO, and the final concentration of Me,SO in the
medium was 0.2—0.4%. NMDA and glutamate were dissolved
in culture medium, and the drugs were added 30 min before the
stimulation of NMDA receptors with 100 um NMDA or 1 mm

22408 JOURNAL OF BIOLOGICAL CHEMISTRY

previously observed that when immunoblots probed with some
anti-GSK-3 antibodies are overexposed, additional bands
smaller than the full-length GSK-3 isoenzymes (about 40-30
kDa) can be detected, suggesting the presence of proteolytic
fragments. To test this possibility, we analyzed by Western
blotting the pattern of GSK-3 bands and fragments in mouse
brain tissue homogenized in the presence of Tris/EGTA.
Although in the absence of Ca®", no degradation of GSK-3 was
observed (Fig. 1A4), the addition of CaCl, to these homogenates
induced the time-dependent degradation of GSK-3 (Fig. 14).
Two breakdown products with apparent molecular masses of
~40 (fragment I) and 30 (fragment II) kDa were observed,
although the 30-kDa band was fainter. The Ca®" -induced deg-
radation was inhibited in a dose-dependent manner by ALLN
and calpeptin, two calpain inhibitors, with an IC,, of 11 and 60
nM, respectively (Fig. 1, B and D). To confirm that GSK-3 is
proteolyzed by calpain, we studied the inhibition of the Ca**-
stimulated proteolysis of GSK-3 with selective inhibitors of dif-
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& incubated with the protease. Both
B isoenzymes were cleaved by calpain,
producing two calpain-derived frag-
ments (Fig. 24). When these frag-
ments were analyzed in the same gel
(Fig. 2C), we observed that both
isoenzymes produce a fragment of
apparent molecular mass of 30 kDa
(fragment II), whereas fragment I of
GSK-3a had a slightly higher appar-
ent molecular mass (42 kDa) than
that from the B-isoform (40 kDa).
Quantification of these proteolytic
products (Fig. 2B) showed that both
full-length isoforms were rapidly
digested by calpain (Fig. 2B, open
circles). However, fragment I gener-
ated from the B-isoform is a better
- substrate for calpain than the one
generated from the a-isoform since
after 5 min of calpain digestion,
fragment I generated from GSK-3f3
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FIGURE 2. In vitro proteolysis of GSK-38 and GSK-3« by calpain. A, representative immunoblots of GSK-33
and GSK-3a digested with calpain (0.2 units/ml) for up to 30 min are shown. No degradation was observed in
the absence of calcium or in the presence of calcium and calpeptin. All samples were incubated with calpain.
Arrows and asterisks represent fragment | (one asterisk) and fragment Il (two asterisks). B, quantified data of
GSK-3 isoform are expressed in terms of the percentage of the total enzyme present in each treatment versus
time (O, full-length isoforms; [], fragment |; A, fragment ). C, the fragments were analyzed in the same gel, and
it can be seen that both isoenzymes produced a fragment with an apparent molecular mass of 30 kDa (frag-
ment |I, two asterisks), whereas the fragment | (40 kDa, one asterisk) has a slightly higher apparent molecular
mass (42 kDa) in the case of the GSK-3« than in the case of the B-isoform. D, calpain and His-GSK-33 or
His-GSK-3a were incubated in the presence or absence of 5 mm CaCl, with or without 10 um calpeptin for 0.5
min. N-terminal His-labeled proteins were analyzed in Western blots probed with the anti-His antibody.

ferent proteases. Neither aprotinin nor pepstatin, serine, and
aspartic protease inhibitors, respectively, significantly inhibited
the Ca®"-induced degradation of GSK-3 (Fig. 1, C and D),
excluding the involvement of these types of proteases in the
GSK-3 proteolysis. Taken together, these results indicated that
elevated Ca®>" most probably activates calpain, which in turn
cleaves GSK-3 (38).

We then investigated whether the truncation of GSK-3
affects its kinase activity. GSK-3 activity was assessed in the
same manner as analyzed previously in brain extracts (Fig. 1A4).
Interestingly, the Ca®"-treated extracts showed a significant
increase (p < 0.02, 51.8 * 6%) in GSK-3 activity (Fig. 1E) when
compared with control extracts. Furthermore, the Ca*"-in-
duced increase in GSK-3 activity was inhibited by calpeptin.

Calpain Cleaves GSK-3a and GSK-3B at Their N-terminal
End—To assess whether both GSK-3 isoenzymes were sub-
strates for calpain, recombinant GSK-3a and GSK-33 were

AUGUST 3, 2007 - VOLUME 282 +NUMBER 31

represented about 25% of the total

Time, min

GSK-3B, whereas in the same
+ + & S experimental conditions, the equiv-
& A - - alent fragment represented the 60%

of the GSK-3« protein.

The recombinant GSK-3 isoen-
zymes used were His-tagged at their
N-terminal ends, and when assayed
as above and probed with an anti-
body against the His tag, the break-
down products generated from both
GSK-3 isoforms were not detected,
indicating that the N-terminal end
was that removed by calpain (Fig.
2D). Furthermore, this confirms
that calpain digests both full-length
isoforms rapidly to generate frag-
ment I. Indeed, the antibody that
recognizes the His-tagged epitope is
unable to detect the full-length GSK-3 isoforms 2 min after
exposure to calpain.

Truncated GSK-3 Isoenzymes Are Active Kinases—To deter-
mine whether calpain-mediated GSK-3 proteolysis alters its
kinase activity, the effects of calpain on recombinant GSK-3
isoenzymes were studied. The study was performed with
GSK-3 isoforms treated with calpain for 0.5-5 min. Fig. 34
shows that the GSK-38 kinase activity increased over incuba-
tion time. Thus, calpain-mediated proteolysis of recombinant
GSK-38 showed a significant (p < 0.01) increase in GSK-3
activity (330.1 * 7.3% at 5 min) when compared with the
untreated enzyme. When the same experiment was carried
out with the GSK-3« isoform, a similar increase in kinase
activity was not observed. These data demonstrate that the
GSK-3 fragments are catalytic and suggest that calpain-me-
diated proteolysis selectively augments the kinase activity of
the B isoform.

GSK-3a

GSK-3p
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A B A well established mechanism
S * GEKQB G_I_SK& that increases GSK-3 activity
3.0 ] Ehospletase involves dephosphorylating the Ser-

21/9 present in the N-terminal end
of GSK-3. To validate the differen-
tial effect of calpain on each iso-
form, it was important to investigate
whether the recombinant enzymes
were similarly phosphorylated at
Ser-21/9. We found that although
recombinant GSK-33 was phospho-

n
u

na
(=]

]

IB: Anti-P-Ser21/9-GSK-3a/p

(Arbitrary units)
w

(=]

GSK-3B activity/GSK-3B levels

TIME(min) O 0.5 2 5 .
CALPAIN rylated at Ser-9, there was very little
TREATMENT IB: Anti-GSK-3a/p phosphorylation of Ser-21 in the
m 4 1sr a-isoform (Fig. 3B). These results
E @ were confirmed by treating GSK-3
(% ge isoforms  with  phosphatase-A,
I E 1 _O - . . . .
< %5 C IC,, (mM) values for Li* Inhibition wh{ch abolished the binding of th.e
32 anti-P-Ser 21/9-GSK-3a/B anti-
35 . GSK-3p GSK-3a body without altering the total
PR CONTROL 391£125 | 263113 amount of protein (Fig. 3B). Thus,
™ 0.5 min CALPAIN i i _iso-
] phaippadpain 3.01+0.38 453+ 188 the differential effect .on the B-iso
¥ oo S min CALPAIN AT —— form can be explained by the
T‘JIME mn) 0 0.5 2 5 TREATMENT . : . . removal of its inhibitory domain,
CALPAIN ’ leading to increased kinase activity.
TREATMENT On the contrary, the a-isoform was

FIGURE 3. Effect of GSK-3 truncation on enzymatic activity. A, recombinant calpain and GSK-3p or GSK-3a  pot phosphorylated at Ser-21, and
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were incubated in the presence of 5 mm CaCl, for 0.5, 2, and 5 min. Then, the enzymatic activity was measured
as described under “Experimental Procedures.” Shaded bars represent the GSK-3 activity obtained before
calpain treatment (¥, p < 0.01). B, levels of Ser-9/21 phosphorylation present in commercial isoforms. GSK-3
isoforms were treated with phosphatase-A for 30 min, and then the samples were immunoblotted (/B) and
probed with the anti-P-Ser-9/21-GSK-3 B/« antibody (upper panel) or the anti-GSK-3 8/« antibody as a loading
control. C, inhibition of full-length GSK-3 isoenzymes (CONTROL) and truncated GSK-33 and GSK-3a forms after
0.5 or 5 min of calpain treatment. The table shows the ICs, values for Li" inhibition. Dose-response profiles for
GSK-3 activity in the presence of increasing concentrations of lithium (0.01-20 mm) were fitted to sigmoidal

therefore, its cleavage did not affect
the kinase activity.

Li* selectively inhibits GSK-3,
which may explain some of its phar-
macological effects (39). Although
its binding site has not been identi-

curves, and the IC,, were values calculated.

IONOMYCIN - + +
CALPEPTIN - - +

0.5h

1h

3h

IB: Anti-GSK-3p

FIGURE 4. Calcium influx induces GSK-3 proteolysis. Cortical neurons were
treated with ionomycin (5 um) in the presence or absence of the calpain inhib-
itor calpeptin (10 um) for 0.5-3 h. Calcium influx induced GSK-3 proteolysis as
seen by the appearance of a 40-kDa immunoreactive peptide recognized by
the antibody anti-GSK-3a/B. IB indicates immunoblot.
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fied, Li* is a competitive inhibitor of
magnesium with respect to GSK-3 (40). We investigated the
effects of Li™ on truncated GSK-3 activity using commercial
GSK-3 isoenzymes (Fig. 3C). Li" inhibited GSK-38 and
GSK-3a with IC,, values of 3.91 = 1.25 and 2.63 * 1.13 mM,
respectively, reducing kinase activity by 90% at 20 mm LiCL
Interestingly, lithium inhibited the truncated GSK-3 iso-
forms generated after 0.5 and 5 min of calpain treatment
with a similar IC,,. Therefore, full-length and truncated
GSK-3a and GSK-3f are inhibited by Li* in the same way,
suggesting that GSK-3 cleavage does not affect the Li " -bind-
ing site.

Calcium Influx in Cultured Cortical Neurons Induces GSK-3
Proteolysis through Calpain Activation—Treatment of cultured
cortical neurons with the calcium ionophore ionomycin in the
presence of extracellular calcium induced GSK-3 truncation in
a time-dependent manner (Fig. 4). This GSK-3 truncation was
prevented by the addition of the calpain inhibitor calpeptin to
the culture. Thus, we addressed whether the GSK-3 truncation
by calpain could also be observed after stimulation of iono-
tropic NMDA receptors, which upon activation, increase intra-
cellular Ca®" concentrations. We first analyzed the cleavage of
NMDA subunits by calpain in primary neuronal cultures, a well
characterized system where calpain activation occurs (35, 41).
Activation of the NMDA receptor by NMDA or glutamate led
to calpain-specific proteolysis of the NR2B subunit (Fig. 54).
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glutamate was mediated by NMDA
receptors. Thus, glutamate induces
calpain-mediated truncation of
GSK-3 by acting on NMDA recep-
tors, which can be inhibited by cal-
peptin in a dose-dependent manner
(Fig. 5C), confirming the involve-
ment of calpains. Although frag-
ment I was prominent in these
experiments (Fig. 5), fragment II
was only detected in overexposed
- immunoblots.

< We then investigated whether
NMDA-mediated GSK-3 proteoly-
sis alters its kinase activity (Fig. 5, A
and B). Interestingly, the NMDA-
treated cultures showed a signifi-
cant increase in GSK-3 activity
when compared with control cul-
tures (43.5 * 17.8% over basal lev-
els, p < 0.01). Furthermore, the
NMDA-induced increase in GSK-3

- - .
IB: Anti-p35/p25

-‘-

(Arbitrary units)

O © O O Q© = = = = =

GSK-3 activity/GSK-3 levels

ON A O ®ON &G ®
T

- activity was inhibited by 10 um cal-

- peptin (Fig. 5D).
Cdks5 is another proline-directed
Ser/Thr protein kinase that is
expressed in neurons together with

IB: Anti-GSK-3a/B CoN

FIGURE 5. Glutamate/NMDA-triggered generation of truncated GSK-3 is mediated by calpain. A, cortical
neurons (DIV12) were treated with 100 um NMDA or 1 mm glutamate for 30 min. In addition, cells were treated
with either vehicle or 10 um MK801. The samples were immunoblotted (/B) with the anti-GSK-3a/ antibody
(upper panel). The generation of a 40-kDa GSK-3 truncated form is shown by the arrow. MK-801, the specific
NMDAR antagonist, inhibited the truncation of GSK-3 and NR2B induced by NMDA and glutamate (lower panel,
the arrow shows the generated 115-kDa truncated fragment). B, the NMDA-mediated GSK-3 truncation is a
time-dependent process, and it is inhibited by calpeptin (10 um) and ALLN (10 um). The same samples were
immunoblotted with the anti-p35/p25 antibody and the antibody that recognizes the 170-kDa full-length
NR2B subunit as well as the 115-kDa product. Arrows show the full-length p35 protein (upper arrow) and the
truncated p25 fragment (lower arrow) as well as the 115-kDa truncated fragment generated (lower arrow).
C, NMDA (100 um) responses (GSK-3 and p35 truncation) were inhibited by calpeptin in a dose-dependent
manner. Similar results were obtained in three independent experiments. D, cortical neurons (DIV12) were
treated with 100 um NMDA for 30 min in the presence or absence of calpeptin (10 um), and then, enzymatic
activity was measured as described under “Experimental Procedures.” The shaded bar represents the GSK-3

activity obtained after a 30 min incubation with NMDA (¥, p < 0.01,n = 9).

This activation of NMDA receptors increased the levels of a
115-kDa product recognized by a specific antibody (35),
whereas a parallel decrease of the 170-kDa full-length NR2B
subunit was observed. The effect of NMDA was mediated by
calpain as calpeptin and ALLN prevented the formation of the
115-kDa product (Fig. 5B). MK-801 preincubation blocked
both the decrease of the full-length NR2B subunit and the
increase of the low molecular weight form. We then analyzed
the status of GSK-3 in Western blots of the same samples, and
we detected the additional low molecular weight isoforms of
GSK-3 (Fig. 5A). This effect was time-dependent (Fig. 5B) and
mediated by NMDA receptors as MK-801 abolished GSK-3
truncation (Fig. 5A4). Glutamate, the physiological ligand of
NMDA receptors, induced the same response in cultured cor-
tical neurons. Moreover, since MK-801 prevented both effects
(GSK-3 and NR2B subunit truncation, Fig. 54), the effect of

AUGUST 3, 2007 «VOLUME 282+NUMBER 31

its regulatory subunit p35. The
N-terminal truncation of p35 to p25
by calpain results in deregulation of
Cdk5 and contributes to the neuro-
nal cell death associated with sev-
eral neurodegenerative diseases
(42—-44). We tested whether the
breakdown of p35 to p25 also occurs
in our experimental conditions.
When primary cultures were
probed with an antibody that recog-
nizes the p35/p25 protein, the p25
fragment was generated in parallel
with the truncated GSK-3 isoforms
(Fig. 5B) and with a similar sensitiv-
ity to the increase in the concentration of the calpain inhibitor
calpeptin (Fig. 5C).

NMDA  CALPEPTIN M?ﬂ
CALPEPTIN

DISCUSSION

GSK-3 is a constitutively active kinase that is inactivated by
phosphorylation at its N-terminal end. In this study, we show
that GSK-3 activity can be also regulated by calpain-induced
proteolysis of the N terminus, based on the fact that: (i) GSK-3
is truncated by calpain in vitro; (i) this truncation eliminates
the regulatory N-terminal domain; (iii) truncated GSK-3 forms
are active kinases that are inhibited by Li* with an IC;, value
similar to that of the full-length isoforms; and (iv) ionomycin-,
glutamate-, and NMDA-stimulated neurons induce GSK-3
truncation by activating calpain. Furthermore, our data show a
different susceptibility of GSK-3a and GSK-38 isoenzymes,
suggesting that this may be a means to differentially regulate
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both isoenzymes. Collectively, these data identify a novel role
for calpain in the regulation of GSK-3 activity and describe a
new way of regulating GSK-3.

Calcium influx into cortical neurons caused by an ionophore
increased GSK-3 truncation in a time-dependent manner. This
increase was prevented by calpain inhibitors, indicating that
calpains were required to mediate the effect of intracellular cal-
cium on GSK-3 truncation. Incubation of cortical neurons with
glutamate or NMDA caused the same calpain-dependent
GSK-3 truncation. Interestingly, this proteolytic event corre-
lates with an increase in GSK-3 activity (Fig. 5D). As an indica-
tor of calpain activation, we measured the degradation of the
NMDA subunit NR2B, a well characterized calpain-dependent
process (45), as well as the truncation of the p35 regulatory
subunit of CDK-5 into the p25 truncated form. Our data show
that the proteolytic fragment generated by NMDA/glutamate
stimulation is not accumulated. This suggests that calpain
cleaves the regulatory N-terminal end, yielding a short-lived,
constitutively active form of the enzyme. It is interesting to note
that in in vitro assays with recombinant GSK-3 isoenzymes, the
truncated fragment I does not accumulate, and it is the 30-kDa
fragment that accumulates. When similar studies were per-
formed on primary neuronal cultures and on brain tissue, only
the 40-kDa form accumulates. A possible explanation for this is
that when GSK-3 is sequentially truncated by calpain first into
the fragment I and then into fragment II, this latter product is
rapidly degraded, and it is, therefore, not easily detected.

Calpains can regulate protein kinases involved in several sig-
nal transduction pathways (38). Thus, calpains cleave the regu-
latory domain of protein kinase C, yielding a short-lived, con-
stitutively active form of the enzyme (46, 47). Cdk5 is also
altered by the calpain-mediated generation of two cdk5 activa-
tors, p25 and p29, from their respective p35/p39 precursors
(42—44). Calmodulin kinase II is degraded by calpain to an
active fragment, which is not regulated by calmodulin (48). We
add here GSK-3 as a new protein kinase whose activity is up-
regulated by proteolysis. Together, these data suggest a com-
mon pattern that connects calpain and different protein
kinases. Thus, calpains release kinase from the inhibitory
mechanisms that ensure the normal repression of catalytic
domains.

The generation of a similar GSK-3 fragment with a higher
specific activity than the intact form has been reported previ-
ously (49). The generation of such a proteolytic fragment was
described as an aberrant process thought to take place during
the purification procedure. Our data demonstrate that this
fragment is not merely due to aberrant proteolysis but that it
reflects a regulated mechanism with physiological implications.
More precisely, N-terminal truncation eliminates the regula-
tory domain that inhibits the catalytic activity and offers a new
way to regulate GSK-3 that is independent of the protein
kinase/protein phosphatase equilibrium.

The present results have clear implications in all the trans-
duction pathways in which GSK-3 is involved and especially in
neurodegenerative processes such as AD. Thus, it is well estab-
lished that aberrant Tau phosphorylation in AD is due to
GSK-3 and/or CDK5 activation, although the connection and
the relative contribution of each protein remains unclear. Tak-

22412 JOURNAL OF BIOLOGICAL CHEMISTRY
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Calpain
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Basal activity GSK3 P35-CDK5

Altered activity AGSK3 P25-CDK5

FIGURE 6. Diagram showing how altered calcium homeostasis following
NMDA receptor activation may contribute to the physiology and even-
tually to neuropathological activation of the calpain/GSK-3/CDK5
pathway.

ing into account that calpains induce p35 truncation (42, 43)
and that calpain also induces GSK-3 activation through N-ter-
minal truncation (present data), it is possible that the deregu-
lation of calcium homeostasis may contribute to AD neuropa-
thology through the calpain/GSK-3/CDK5 system. Thus, our
data support the view that calpains may provide a link between
both kinases (Fig. 6).

In summary, the present study has demonstrated for the first
time that calpain promotes N-terminal GSK-3 truncation. This
has implications in signal transduction pathways such as those
activated through glutamatergic stimulation of NMDA recep-
tors. Furthermore, GSK-3 truncation may have important con-
sequences in pathological disorders such as AD, in which this
kinase has been implicated. Further studies will be required to
fully elucidate the role of calpain-mediated GSK-3 truncation
and to evaluate how this process affects transduction pathways
in which GSK-3 is involved.
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Role of Polyglycine Repeats in the Regulation of Glycogen Synthase Kinase

Activity
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Abstract: Glycogen synthase kinase (GSK3) activity present in one cell is the consequence of the sum of the activities of
two different proteins called GSK3a and GSK3p. These isoenzymes are coded by two different genes and share an almost
identical sequence at their catalytic domain, but differ in the sequence of putative regulatory regions. In this review, we
propose that glycine repeats present only in GSK3a may result in the different cleavage of both isoenzymes by the prote-

ase calpain, a cleavage that modifies GSK3 activity.

Keywords: GSK3 activity, polyglycine repeats, calpain.

INTRODUCTION

It is well known that the different twenty aminoacids,
that can build a protein, appear with a different frequency in
human proteins. In Table 1 is shown the frequency of those
twenty aminoacids in an average human protein [1].

This different presence of an aminoacid in one protein
could be the consequence of different factors like: A) The
difference in the proportion of nucleotides, G + C or A + T,
present in the gene that codifies for the protein. In the whole
human genome, the G + C content is about 40%. B) The fre-
quency of the presence of an aminoacid in a protein could be
a consequence of the different number of codons used by a
single aminoacid [2]. For example, leucine, the most abun-
dant residue in human proteins, could be codified by six dif-
ferent codons, whereas tryptophan, the least abundant ami-
noacid, is only codified by one codon. C) In addition, other
factors could be involved in that different frequency of ap-
pearance of single aminoacids in proteins. For example, it
has been suggested that during evolution specific sequences
of aminoacids have been selected to perform equivalent
functions in different proteins [3,4], and, therefore, the
prevalent aminoacids found in these sequences may account
for their frequency in a proteome.

One of the specific sequences found in homologous and
in analogous proteins [5] are single aminoacid repeats
(longer than 10 residues). About 2,5% of the approximately
30.000 human gene products (Swis Protein database) [6,7]
contain some of these repeats (Table 2). Curiously, the ami-
noacid frequency in proteins, shown in Table 1, does not
correspond to the frequency of single aminoacid repeats in-
dicated in Table 2. The mechanism underlying the frequency
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of single aminoacids repeats in proteins is, in germinal cells,
the consequence of the selection through the evolution of
those sequences whereas in somatic cells it is known that, in
some neurodegenerative disorders, it could be the conse-
quence of a deficient (repetitive) replicative lecture of the
nucleotide triplet that codifies the repeated aminoacid [8].

The possible function for these single aminoacid repeats
is not known. It has been suggested that depending on the
nature of the repeated residue, the repeat could be involved
in the stabilization of a specific protein conformation or, on
the other hand, it may be related with the flexibility of the
protein [9]. Also, a role for the repeats in the interaction with
other proteins has been suggested [10]. In addition, as previ-
ously indicated, in some neurodegenerative disorders, the
presence of some of these repeats could result in a toxic ef-
fect for the cells [11]. Some general functions for the single
aminoacid repeats have been proposed (Table 3) based in the
type and nature of proteins where they are present. Mainly,
these repeats are present in transcription factors, or in pro-
teins related with phosphorylation or dephosphorylation ac-
tivities. Also, these repeats could be involved, as previously
indicated, in an aberrant protein aggregation when the length
of the repeat increases on a threshold [11].

Now, in this review, we propose that, for glycine repeats,
the repeats could have a regulatory function in the enzymatic
activity of a kinase. Mainly, in this minireview we will focus
on the possible role of polyglycine when it is present in pro-
tein kinase, GSK3.

GLYCINE POLYMERS

Glycine residues confer conformational freedom to a
protein by having a negative effect on the formation of sec-
ondary structures like B-sheet or a-helix [9]. Polyglycine can
appear as two different structures, polyglycine I and II [12]
that could be involved in different protein functions or dys-
functions [13-16]. Also, glycine could be post-translationally

© 2008 Bentham Science Publishers Ltd.
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Table 1.

Human Proteome

Percentage (Frequency) of Single Amino Acids in

Herndndez et al.

Aminoacids % Human in Proteoma
Alanine 8,0
Arginine 5,8

Asparagine 32

Aspartic Acid 4,5
Cysteine 2,1
Glutamatic Acid 6,2
Glutamine 5,0
Glycine 7,3
Histidine 22
Isoleucine 3,8
Leucine 10,0
Lysine 5,0
Methionine 2,0
Phenilalanine 32
Proline 7,1
Serine 9,0
Threonine 6,0

Tryptophan 1,2
Tyrosine 2,2

Valine 6,2
100,0

The frequency of the twenty aminoacids in human proteins is indicated (see reference

1.

Table 2.

Number of Human Proteins

Aminoacids with an Aminoacid Repeat
Length >=10
Poly-Alanine (A) 87
Poly-Arginine (R) 5
Poly-Asparagine (N) 50
Poly-Aspartic Acid (D) 26
Poly-Cysteine (C) 1
Poly-Glutamatic Acid (E) 74
Poly-Glutamine (Q) 173
Poly-Glycine (G) 76
Poly-Histidine (H) 40

Poly-Isoleucine (I) 0
Poly-Leucine (L) 10
Poly-Lysine (K) 2

Poly-Methionine (M) 0
Poly-Phenilalanine (F) 2
Poly-Proline (P) 39
Poly-Serine (S) 70
Poly-Threonine (T) 25
Poly-Tryptophane (W) 0

Poly-Tyrosine (Y) 1
Poly-Valine (V) 0

The data were from Unit Prot Knowledgebase, Swiss protein data base (see text).

Table3. Major Functions of Proteins Containing Contiguous
Repeats (More than Two Proteins)

Poly-Alanine (A)

Transcription factors

Poly-Arginine (R)

Spermatic protein, protamine

Poly-Asparagine (N)

Transcription factors, PI3-kinases

Poly-Aspartic Acid
(D)

PP2A regulatory subunit B, nuclear proteins

Poly-Cysteine (C)

Only one protein contain this repeat

Poly-Glutamatic Acid
(E)

Transcription factors, actin binding proteins,
channel proteins, centromere B protein

Poly-Glutamine (Q)

Transcription factors, ataxins, huntingtin

Poly-Glycine (G)

Transcription factors, calpain small subunit,
GSK3a

Poly-Histidine (H)

Transcription factors

Poly-Isoleucine (I)

None

Poly-Leucine (L)

Membrane proteins

Poly-Lysine (K)

Only two proteins contain this repeat

Poly-Methionine (M)

None

Poly-Phenilalanine (F)

Only two proteins contain this repeat

Poly-Proline (P)

Transcription factors, actin binding proteins,
PP2B- catalytic subunit

Poly-Serine (S)

Transcription factors, ataxin 7, glycogen
synthase-homolog

Poly-Threonine (T)

None

Poly-Tryptophane (W)

None

Poly-Tyrosine (Y)

Only one protein contain this repeat

Poly-Valine (V)

None

Data were from Hnit Prot Knowledge (Swiss Protein) and TrTEMBL.
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incorporated in proteins like tubulin, from the flagellum of
spermatozoa [17], or as polyglycine stretches in delta 2-
tubulin [18]. Also, in axonemal tubulin of Tetrahymena [19],
a tubulin polyglycynation that favours the stability of micro-
tubule organelles [19], has been reported. In other proteins,
as 14-3-3 from Giardia duodenalis, posttranslational modifi-
cation by polyglycination has been also observed [20].

By looking at proteins containing ten or more glycine
repeats, these repeats are found in transcription factors (Ta-
ble 3), in the small subunit of the calcium dependent protease
calpain and in glycogen synthase-kinase 3 alpha isoenzyme
(GSK3a). Briefly, we will comment on calpain and GSK3a.

CALPAIN

The first member of calpain family proteins was de-
scribed long time ago [21]. Today, a whole calpain protein
family has been identified [22]. Calpain proteins exist as
heterodimers composed of a major catalytic subunit and a
small regulatory subunit. This small subunit contains a poly-
glycine stretch [22] of unknown function. Calpains are cal-
cium-dependent proteases that carry our limited proteolytic
cleavage of cellular substrates including key signaling pro-
teins as protein kinases. Thus, calpains cleave the regulatory
domain of protein kinase C, the regulatory subunit of Cdk5
and also that of calmodulin kinase II (for a review see [22]).
In addition, we have recently described that GSK3 is also a
substrate for calpains [23]. All these data suggest a common
pattern that connects calpain and different protein kinases.
Thus, calpains may release kinases from their inhibitory
mechanisms.

GSK3A

Glycogen synthase kinase 3 (GSK3) is a serine/threonine
kinase that was first identified as one of the several kinases
that could modify glycogen synthase (GS). In mammals,
there are two GSK-3 isoenzymes (a and ) that are the prod-
ucts of two independent genes. GSK-3a gene encodes a 51-
kDa protein while the GSK-38 gene encodes a 47-kDa pro-
tein. GSK3a and GSK3p share 95% amino acid identity but
they mainly differ in the presence, in GSK3a but not in
GSK3p, of polyglycine stretches [24,25]. Apart from being
an enzyme capable of phosphorylating glycogen synthase to
inhibit glycogen synthesis [26], GSK3 may play a role in
gene expression, cell dysfunction and apoptosis [27]. Also, it
has been suggested that GSK3 activity can play a role in
some viral infections since some residues of viral proteins,
with the motif for GSK3 phosphorylation, are modified dur-
ing the infection process [28]. In addition, a role for this
kinase in neurodegenerative disorders, like Alzheimer dis-
ease, has been proposed [29].

GSK3 can be negatively regulated by the addition of in-
sulin. This peptide initiates a cascade of events that results in
the activation of protein kinase B, also known as Akt. The
activated Akt phosphorylates a serine residue of GSK3
isoenzymes, Ser 21 in GSK3a and Ser 9 in GSK3p. These
modifications result in GSK3 inactivation [30]. In the case of
Ser 21 of GSK3uo, this residue is located in a region sur-
rounded by polyglycine stretches. Despite a similar catalytic
activity of both GSK3 isoforms, little is known about differ-

Protein & Peptide Letters, 2008, Vol. 15, No. 6 3

ences in their regulation. A similar response to insulin regu-
lation has been indicated [30].

Wnt signalling could be another mechanism to regulate
GSK3 activity [30]. It has been suggested, that in certain
conditions, for example when GSK3 is bound to other pro-
teins like the Wnt signalling complex, GSK3 can not be to-
tally phosphorylated in response to insulin [31] but it is not
known if GSK3a and GSK3 could behave in a similar way
in these conditions.

However, different regulatory mechanisms for GSK3a
and GSK3p must exist. Thus, it has been suggested a differ-
ent functionality for GSK3a and GSK3 for the regulation of
the production of Alzheimer disease amyloid 3 peptides [32]
or in the regulation of hepatic glycogen metabolism [33], but
little is known about the nature of these differences.

Also, it has been indicated that there is a different behav-
iour for GSK3a and GSK3f deficient mice. Mouse lacking
GSK3p die before birth, but GSK3a knockout animals are
viable [33]. Thus, those disorders that could be promoted by
an increase in GSK3 activity could be treated by decreasing
GSK3 activity, by trying a specific inhibition of GSK3a,
since the presence of that GSK3 isoform is not essential for
the development of the animal. If a different type of regula-
tion for GSK3a and GSK3p is found, it will be easier to look
for specific inhibitors of GSK3a that will not affect GSK3f’s
essential functions.

IS THERE A DIFFERENT MECHANISM FOR GSK3A
AND GSK3B REGULATION?

Recently, it was indicated that calpain increases GSK3a
and B activity, although with different kinetics, suggesting a
form to specifically regulate these isoenzymes [23]. Prelimi-
nary studies suggest that GSK3 activation, by calpain, is the
consequence of the removal by the protease of the N-
terminal region of the kinase molecule, where Ser 9 is pre-
sent in GSK3B. Around this region there are the glycine
stretches in GSK3a. Thus, our hypothesis is that those gly-
cine stretches could modulate serine phosphorylation and/or
calpain cleavage that could affect, in a different way, to both
GSK3 isoenzymes. Indeed, for other proteolytic events a
similar effect has been described, since in the ubiquitin-
dependent proteolysis of NF-KB p105, a glycine region ap-
pears to be “a processing stop signal for the proteolysis of
the protein” [34].

Interestingly, lithium, a GSK-3 inhibitor, inhibits full-
length and calpain-cleaved GSK-3 isoforms with the same
IC(50) value [23] suggesting that GSK3 inhibitors could be
also useful to inhibit that truncated forms. In addition, it
should be tested if the presence of glycine stretches in cal-
pain small subunit could also affect, in any way, that possi-
ble regulation of the cleavage of GSK3 isoenzymes by the
protease. If it is the case, a possible role for polyglycine in
calpain small subunit will be suggested.

In summary, little is known about the role of single ami-
noacid repeats in proteins and a new type of analyses are
needed to identify that role. However, we here propose that,
at least in GSK3, polyglycine repeats could be able to modu-
late the amino terminal truncation induced by calpain in
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those isoforms. It will suggest a different way to specifically
regulate both GSK3 isoenzymes.
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Calpain-Mediated Truncation of GSK-3
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GSK-3 activity can be regulated by phosphorylation and
through interaction with GSK-3-binding proteins. In addi-
tion, we have recently demonstrated that calpain activa-
tion produces a truncation of GSK-3 that removes the N-
terminal inhibitory domain (Gofi-Oliver et al. [2007] J.
Biol. Chem. 282:22406). Given that calpain is involved in
post-mortem proteolysis in brain samples, the objective
of this investigation was to test whether GSK-3 is trun-
cated in post-mortem samples. To achieve this objective,
we first investigated the degradation of GSK-3 during dif-
ferent post-mortem intervals in mouse brains and found
that the conversion of GSK-3 to proteolytic fragments of
40 and 30 kDa takes place in a way similar that of to p35-
CDK-5 subunit and spectrin, two well-known calpain sub-
strates. In addition, we demonstrated that this truncation
is mediated by calpain, insofar as pretreatment with MDL
28170, a permeable blood-brain barrier calpain inhibitor,
partially inhibited that degradation. When human brain
extracts were exposed to calcium, GSK-3 was truncated,
generating two fragments of approximately 40 and 30
kDa, a proteolytic process that was inhibited by calpep-
tin, a specific calpain inhibitor. Thus, this is the first report
of calcium-dependent truncation of human GSK-3. These
data demonstrate that control samples with similar
post-mortem delay are essential to interpret correctly
the changes observed in GSK-3 levels in human post-
mortem brain, especially when studying human neurode-
generative diseases. © 2008 Wiley-Liss, Inc.

Key words: calpain; post-mortem; GSK-3

GSK-3 is a serine/threonine protein kinase origi-
nally identified and named for its ability to phosphoryl-
ate the enzyme glycogen synthase (Cohen and Frame,
2001). GSK-3 exists as two isoenzymes (Woodgett,
1990), and it is now known to phosphorylate a variety
of cytoplasmic and nuclear proteins, and their substrates
include cytoskeletal proteins, transcription factors, and
metabolic regulators. Accordingly, GSK-3 is involved in
many physiological processes, and it plays important roles
in embryonic development, cell differentiation, microtu-
bule dynamics, cell cycle division, cell adhesion, glucose
metabolism, and apoptosis (Frame and Cohen, 2001;
Jope and Johnson, 2004). Deregulation of GSK-3 activ-
ity is believed to play a key role in the pathogenesis of

© 2008 Wiley-Liss, Inc.

chronic central nervous system disorders such as Alzhei-
mer’s disease (AD), bipolar disorder, and Huntington’s
disease (Jope and Johnson, 2004; Avila and Hernindez,
2007) as well as of metabolic disorders such as type II di-
abetes (Eldar-Finkelman, 2002). GSK-3 is regulated at
the posttranslational level by phosphorylation at Ser-9 in
GSK-3f and at Ser-21 in GSK-3a, and autophosphoryl-
ation at Tyr-216 of GSK-3p or Tyr-276 of GSK-3a
seems necessary for its activation (Hughes et al., 1993;
Lochhead et al., 2006). The first mechanism is triggered
by insulin and growth factors, and it is mediated mainly
by protein kinase B. A model for this inhibition has
been generated through structural studies (Dajani et al.,
2001; ter Haar et al., 2001) in which the phosphorylated
Ser-9/21 binds as a competitive pseudosubstrate. The
second mechanism of GSK-3 inhibition involves the
wingless signaling pathway. GSK-3 contributes to a mul-
tiprotein complex formed by axin and adenomatous pol-
yposis coli, in which it is able to phosphorylate B-cate-
nin, targeting it for proteasome degradation (Aberle
et al.,, 1997). Wnt proteins bind to the Frizzled receptor,
activating the Dishevelled protein, which in turn inhibits
GSK-3 activity by disrupting this multiprotein complex.
As a consequence, [-catenin accumulates and translo-
cates into the nucleus, where it activates transcription by
interacting with certain transcription factors. Finally, an
additional way of regulating GSK-3 has been recently
proposed (Gofi-Oliver et al., 2007). This regulation
involves the removal by calpain of a fragment from the
N-terminal region of GSK-3, encompassing serines
9/21; after removal of that fragment, GSK-3 becomes
activated. In primary cultures N-methyl-D-aspatate
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TABLE I. Sex, Age at Death, and Post-Mortem Interval of
Control Brains Used in This Study*

Age Post-mortem
Sex (years) interval
F 49 7 Hr
M 79 7 Hr
F 75 3 Hr
F 65 4 Hr
M 53 3 Hr
M 78 2 Hr 15 min
M 59 7 Hr 5 min
M 59 6 Hr 25 min

*Samples were from temporal cortex.

(NMDA)-activation induces calpain-mediated truncation
of GSK-3 (Goni-Oliver et al., 2007). Thus calpain has
emerged as a new player in GSK-3 regulation.

Calpain 1s a family of calcium-activated intracellular
cysteine proteases that catalyze limited proteolytic cleav-
age of a variety of cellular proteins in all eukaryotes
(Goll et al., 2003). Calpain I and II, the two main com-
ponents of the family, are present mainly as inactive pre-
cursors in the cell and bound to their endogenous inhib-
itor, called calpastatin. They are activated by autoproteo-
lytic cleavage of the N-terminal sequence in response to
calcium influx. Altered calcium homeostasis as well as
truncation and activation of calpain I have been reported
for AD brain (Saito et al., 1993; Taniguchi et al., 2001;
LaFerla, 2002) and in different neurodegenerative proc-
esses (Patrick et al,, 1999; Huang and Wang, 2001;
Camins et al., 2006). Thus, calpains carry out limited
proteolytic cleavage of cellular substrates, including such
key signaling proteins as protein kinases (Goll et al.,
2003).

GSK-3 is cleaved by calpain generating two break-
down products with apparent molecular masses of 40
(fragment I) and 30 (fragment II) kDa (Gofi-Oliver
et al., 2007). A practical implication of that earlier study
is in determining whether GSK-3 truncation is involved
in chronic central nervous system disorders. However,
taking into account that calpain is involved in post-mor-
tem proteolysis in brain samples (Sorimachi et al., 1996),
it is necessary to study whether GSK-3 is truncated in
post-mortem samples and the effect of post-mortem
delay in order to interpret correctly the changes
observed in GSK-3 levels in human post-mortem brain
samples, especially in human neurodegenerative disease.
Thus, we have studied that process in post-mortem mice
samples and then studied GSK-3 truncation in human
samples.

MATERIALS AND METHODS
Human Samples

The brain samples were removed at autopsy from eight
controls (Table I), following the protocol for donation of
nervous tissue approved by the local Ethical Committees of
the Barcelona and Bellvitge brain banks. The post-mortem
delay in tissue processing was between 2.25 and 7 hr. Frozen
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human brain tissues were homogenized in ice-cold extraction

buffer as described below.

Animal Treatment

Animals (C57BL/6) were bred at the Centro de Biolo-
gia Molecular “Severo Ochoa” (Madrid, Spain). Four or five
mice were housed per cage with food and water available ad
libitum. Mice were maintained in a temperature-controlled
environment on a 12/12-hr light-dark cycle with light onset
at 07:00 hr. Two-month-old mice were killed with CO, and
kept at room temperature (22°C) prior to brain excision.
Then, the brains were removed at 0, 1, 3, 6, 12, and 24 hr.
Inhibition of calpains was carried out with the blood-brain
barrier-permeable calpain inhibitor MDL 28170 (Calbiochem,
La Jolla, CA; Li et al., 1998). The inhibitor was administered
1.p. The administration of MDL 28170 was carried out basi-
cally as described previously (Araujo et al.,, 2008). The treat-
ment started with vehicle (DMSO), 20, 40, or 60 mg/kg, i.p.,
followed by two similar additional injections every 3 hr. The
mice were then killed, and the brain samples were obtained as
described previously 12 hr after death.

Calpain Cleavage of GSK-3

Human samples with a post-mortem period of 3 hr (see
Table I) were homogenized in 50 mM Tris-HCI, pH 7.4,
containing 1.0 mM EDTA. Samples were then incubated at
30°C for several minutes with or without 5.0 mM CaCl, and
in the presence or absence of 10 M calpeptin. Samples were
then mixed with Laemmli sample bufter, electrophoresed, and
processed for identification of the products of proteolysis by
immunoblotting developed with antibodies to GSK-3 as
described below.

SDS-PAGE and Immunoblotting

Extracts for Western blot analysis were prepared by ho-
mogenizing the tissues in ice-cold extraction buffer consisting
of 20 mM HEPES (pH 7.4), 100 mM NaCl, 10 mM NaF,
5 mM sodium pyrophosphate, 30 mM glycerol phosphate,
10 uM okadaic acid, 1% Triton X-100, 1 mM sodium ortho-
vanadate, 5 mM EDTA, 5 mM EGTA, and protease inhibi-
tors (Roche cocktail). The samples were homogenized at 4°C,
and protein content was determined by the Bradford method
(Bio-Rad, Hercules, CA). Total protein (15 pg) was electro-
phoresed on 10% SDS-PAGE gel and transferred to a nitro-
cellulose membrane (Schleicher and Schuell, Keene, NH).
The experiments were performed with the following primary
antibodies: anti-GSK-3a/3 (1/1,000; from BioSource, Cama-
rillo, CA), anti-pSer9/21-GSK-3a/p (1/500; from Cell Sig-
naling Technology, Beverly, MA), anti-p25/35 (1/200) and
anticalpastatin (1/200; from Santa Cruz Biotechnology, Santa
Cruz, CA), antispectrin (1/1,000; from Chemicon Interna-
tional, Temecula, CA), and anti-B-actin (1/2,500; from
Sigma, St. Louis, MO). The filters were incubated with the
antibody at 4°C overnight in 5% nonfat dried milk. A second-
ary goat anti-mouse (1/1,000; Gibco, Grand Island, NY) fol-
lowed by ECL detection reagents (Amersham, Arlington
Heights, IL) was used for immunodetection.
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Statistical Analysis

Statistical analysis of the data was performed uby one-
way analysis of variance.

RESULTS

Post-Mortem GSK-3 Degradation in
Mouse Samples

To investigate the effect of post-mortem delay on
protein degradation, we examined the levels of GSK-3,
p35, and spectrin in mouse brains with post-mortem
intervals of 1, 3, 6, 12, and 24 hr. Western blotting anal-
ysis showed that GSK-3 was not degraded during the
first 3 hr. However, fragment I was generated after 6 hr
of post-mortem, and fragment II was evident after 12 hr
(Fig. 1). After 24 hr, no full-lengh isoforms were
detected, and only the truncated forms were evident. A
similar pattern was observed with p35, the CDK-5 regu-
latory subunit and a well-known calpain substrate (Kusa-
kawa et al., 2000; Lee et al., 2000). As shown in Figure
1, p35 was degraded during the post-mortem period.
When the brain was immediately homogenized after
death, a strong p35 band and a weak p25 band were
detected. After death, the p35 levels decreased, and p25,
its cleaved product, increased (Fig. 1B). However, some
differences seem to exist between GSK-3 and p35.
Thus, the p35 post-mortem degradation showed a differ-
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present in each post-mortem time with
respect to control levels (squares, frag-
ment I; circles, fragment II).

ent time course; p25 is generated more rapidly than
GSK-3 fragments. Interestingly, the 150 kDa and 145
kDa fragments generated from spectrin, a well-known
substrate for calpain (Czogalla and Sikorski, 2005),
showed a different pattern. Thus the levels of truncated
spectrin increased over post-mortem time. Interestingly,
time course degradation of calpastatin follows a similar
pattern, suggesting a relationship among calpain activa-
tion, calpastatin degradation, and protein truncation.

Calpain-mediated GSK-3 truncation takes place in
the N-terminal end (Goii-Oliver et al., 2007), where
the phosphorytable inhibitory domain exists. Thus, in
good agreement, pSer9/21-GSK-3 antibody does not
recognize fragments I and II (Fig. 1A). Again, no de-
phosphorylation process is evident at 3 hr, suggesting
that, as proteases, phosphatases do not act on GSK-3
during the first 3 hr.

To confirm further that GSK-3 is cleaved by cal-
pain, mice were treated with increasing amounts of the
blood—brain barrier calpain inhibitor MDL 28170 (Li
et al.,, 1998). MDL 28170 was given 1.p. to mice, and
then GSK-3 truncation was analyzed after a 12-hr post-
mortem period. Compared with the control group, the
MDL 28170-treated group showed better preserved
GSK-3 levels (Fig. 2A) as well as a reduction of trun-
cated forms (up to a 70% in the case of GSK-3 fragment
II with 240 mg/kg; Fig. 2B). In addition, mice injected
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Fig. 2. Proteolysis of GSK-3 in mouse brain extracts of mice treated i.p. with MDL 28170. A: Equal
amounts of brain extracts (15 pg) with 12 hr post-mortem interval were tested with anti-GSK-3a/f3,
anti-p35/25, antispectrin, and antiactin. Left panels show protein levels with a post-mortem period of
0 hr. B: Quantization of GSK-3 truncated forms is shown. Solid bars, fragment I; open bars, fragment II.
*P < 0.05 (n = 2) vs. samples of mice untreated with MDL 28170.

with vehicle showed almost no p35 while MDL 28179
pretreatment markedly inhibited its  degradation
(Fig. 2A). Thus MDL 28179 partially prevents post-mor-
tem GSK-3 truncation, further supporting the idea that
calpain is responsible for the cleavage of GSK-3 in post-
mortem samples.

Post-Mortem GSK-3 Degradation in
Human Samples

We then tested whether GSK-3 was cleaved in
human samples. We analyzed by Western blotting the
pattern of GSK-3 bands and fragments in human brain
tissue homogenized in the presence of Tris/EGTA.
Although in the absence of calcium no degradation of
GSK-3 was observed (Fig. 3A), the addition of CaCl, to
these homogenates induced the time-dependent degrada-
tion of GSK-3 (Fig. 3A). Two breakdown products with
apparent molecular masses of 40 (fragment I) and
30 (fragment II) kDa were observed, although the 30-
kDa band was fainter, and its generation time course was
slower (Fig. 3B). The involvement of calpain in the
process was demonstrated insofar as the calcium-induced
degradation was inhibited by calpeptin, a calpain inhibi-
tor.

Next, we studied the status of GSK-3 in post-mor-
tem samples from eight adult human brains without evi-
dent neurological diseases (Table I). To investigate the
effect of post-mortem delay on GSK-3 degradation, we
examined human samples with a post-mortem interval of
3—7 hr. Figure 3C shows quantification of the band
intensities from the Western blot analysis. These data
revealed a slight variation (although not statistically sig-
nificant) in the levels of GSK-3 and p25 truncation with
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respect to post-mortem delay, strongly suggesting that
the data obtained with higher post-mortem delays should
be interpreted with caution.

DISCUSSION

Here, we report for the first time calcium-depend-
ent truncation of GSK-3 in human samples. Thus, GSK-
3 was truncated in human brain extracts exposed to cal-
cium, generating two fragments of approximately 40 and
30 kDa, a proteolytic process that was inhibited by cal-
peptin, a specific calpain inhibitor. In addition, we stud-
ied whether GSK-3 is truncated in post-mortem samples
and the effect of post-mortem delay on that proteolysis.
The main conclusion is that calpain seems to be
involved in post-mortem generation of GSK-3 proteo-
lytic fragments, although that process does not take place
during the first post-mortem hours.

Previous post-mortem studies carried out in mice
did not find any variation in the first 30 min in GSK-3
levels, although a rapid post-mortem dephosphorylation
of GSK-3 was reported (Li et al., 2005). We also dem-
onstrate here that GSK-3 truncation is not a process that
happens rapidly, although dephosphorylation was slower
than previously reported, probably because of difterences
in the post-mortem protocol. When we analyzed what
happens with other related substrates, we observed that
p35 is more rapidly truncated than GSK-3 in mouse
samples. Several hypotheses can be suggested to explain
that observation. First, GSK-3 is able to form multipro-
tein complexes, such as with axin and adenomatous pol-
yposis coli (Aberle et al., 1997) or with 14-3-3 proteins
(Agarwal-Mawal et al.,, 2003). GSK-3 in those com-
plexes is likely protected against calpain degradation.
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Fig. 3. Proteolysis of GSK-3 in human
brain extracts. A: Time course of
GSK-3 truncated accumulation in the

presence of CaCl,. Equal amounts of
human brain extracts (15 pg) were
incubated at 30°C in the presence of
5 mM CaCl, or 1 mM EGTA, fol-
lowed by Western blots probed with
anti-GSK3a/B. The effect of 10 pM
calpeptin was also tested. B: Quantita-
tion of GSK-3 truncated forms is
shown. Open bars, without calcium;
solid bars, with calcium; shaded bars,
calcium plus calpeptin (*P < 0.05 vs.
EGTA samples). C: Equal amounts of
human brain extracts (15 pg) with dif-
ferent post-mortem intervals (see Table
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Second, calpains exist in the cytosol in a latent form and
translocate to membranes in response to calcium (Shep-
pard et al., 1991), being membrane proteins more acces-
sible to calpain degradation than the cytosolic ones (Jiang
et al., 2007). Thus, taking into account that p35-CDK-5
is a membrane complex (Kusakawa et al., 2000), whereas
GSK-3 1s mainly a cytoplasmatic enzyme, it could be
speculated that p35 is more accessible than GSK-3.
Finally, although the contribution of other proteinases
cannot be excluded, it is also possible that p35 would be
a better calpain substrate than GSK-3.

The reason why calpain is activated in post-mor-
tem samples has not been studied here. However, in
addition to the dissipation of calcium stores taking place
during the post-mortem period and the subsequent acti-
vation of calpain, degradation of calpastatin, the endoge-
nous calpain inhibitor, seems to be the main reason,
because calpain is activated (Fig. 1; see also Sorimachi
et al., 1996).

As described previously (Goni-Oliver et al., 2007),
we have observed here a different time-course genera-
tion among GSK-3 fragments. A possible explanation for
this is that GSK-3 is sequentially truncated by calpain
first into the fragment I and then into fragment II. The
physiological and pathological significance of GSK-3
cleavage by calpain is unclear. However, calpains cleave
the regulatory domain of protein kinase C, the regula-
tory subunit of Cdk5, as well as calmodulin kinase II
(for review see Goll et al., 2003). Given that GSK3 is
also a substrate for calpains (present data; Gofi-Oliver

o |
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I) were tested with anti-GSK-3a/3
and anti-p35/25. To compare protein
truncation in human samples, they
were grouped into 3-, 4-, and 7-hr
times. Quantizations of the reactions
are shown.

et al,, 2007), a common pattern that connects calpain
and different protein kinases seems to exist.

Our study has one main practical implication.
GSK-3 truncation seems to be a process that does not
take place immediately after death. In fact, human brain
samples dos not show a statistically significant increase in
GSK-3 truncation during the interval analyzed, 3—7 hr.
These data will help in studying the involvement of the
calpain/GSK-3 pathway in human samples from different
nervous system disorders such as AD and related diseases.

In summary, the present study is the first showing
calpain-dependent truncation of human GSK-3 and that
calpain promotes GSK-3 truncation in samples with a
long post-mortem interval. Further studies will be
required to elucidate fully the role of calpain-mediated
GSK-3 truncation and to evaluate how this process
affects transduction pathways in which GSK-3 is
involved.
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ABSTRACT

Deregulation of GSK-3 activity is believed to play a key role in the pathogenesis of
Alzheimer disease. GSK-3 activity is regulated by phosphorylation and through interaction
with GSK-3-binding proteins. Besides, we have recently demonstrated that calpain activation
produces a truncation of GSK-3 (J Biol. Chem 282:22406, 2007). We here first demonstrate
that calpain-mediated GSK-3 truncation induced by NMDA depend on extracellular calcium.
Primary cultures of cortical neurons treated with NMDA reduce GSK-3 levels up to a 75%,
although truncated GSK-3 form does not accumulate, suggesting that a short-lived product is
formed. The data obtained with human Alzheimer disease samples suggest that, although a
great variability exists, at least in post-mortem samples, truncated GSK-3 does not
accumulate. However, memantine, an un-competitive NMDA receptor which has been
approved for the treatment of moderate-to-severe Alzheimer Disease patients, is able to
inhibit GSK-3 truncation induced by NMDA in primary cultures of cortical neurons in a dose
dependent manner. Thus, memantine modulates GSK-3 signalling and can explain its
protective role in Alzheimer disease. The data here provided reinforce the important
relationship between the NMDA receptors and GSK-3 suggesting its involvement in the first

steps of neurodegenerative diseases as Alzheimer Disease.

195 words

Keywords: Alzheimer disease; calpain; GSK-3; NMDA; proteolysis.



INTRODUCTION

Deregulation of GSK-3 activity is believed to play a key role in the pathogenesis of
chronic central nervous system disorders such as Alzheimer disease (AD), bipolar disorder,
and Huntington disease [1, 2], as well as of metabolic disorders such as type II diabetes [3]. In
addition, altered calcium homeostasis as well as truncation and activation of calpain, have
been reported in AD brain [4-8] and in different neurodegenerative process [9-11]. Thus,
calpains carry out limited proteolytic cleavage of cellular substrates including key signaling

proteins as protein kinases [12].

We have recently described a link between both processes. Thus, GSK-3 is cleaved by
calpain generating breakdown products [13]. Accordingly, GSK-3 activity can be regulated
by phosphorylation, interaction with GSK-3-binding proteins and through truncation
promoted by calpain. Moreover, we have previously demonstrated that in the same
experimental conditions used in this study, NMDA-mediated GSK-3 proteolysis alters its
kinase activity. Thus, primary cultures treated with NMDA showed a significant increase in
GSK-3 activity when compared with cultures treated with vehicle and NMDA-induced
increase in GSK-3 activity was inhibited by calpeptin [13]. The more likely hyphothesis is
that calpain activation produces a truncation of GSK-3 that removes the N-terminal inhibitory
domain. Interestingly, activation of NMDA receptors has been proposed to contribute to AD.
In fact, treatment of AD patients with memantine, an inhibitor of NMDA receptor channels,
results in functional improvement and reduction of care dependence [14]. Memantine exerts
its therapeutic effect through its action as an uncompetitive NMDA receptor antagonist.
Memantine prevents the overactivation of NMDA-type glutamate receptors, which results in

excessive Ca2+ influx through the ion channel.

An important implication of those studies is to know if GSK-3 truncation is involved

in chronic central nervous system disorders as AD. To further deep in that hypothesis we have



first analysed GSK-3 truncation in post-mortem AD samples and, in second place, studied the

effect of memantine on NMDA-induced GSK-3 truncation in primary neuronal cultures.

MATERIALS AND METHODS

Primary Cultures. Primary cultures of cortical neurons were prepared according to
modifications of established procedures [15]. Briefly, pups were sacrificed at postnatal day 1.
Cortical tissue was then dissected and dissociated individually from each pup with the papain
dissociation system (Worthington Biochemical Corp.). Cortical neurons were maintained in
neurobasal medium (Invitrogen) supplemented with 1% B-27, 5% fetal calf serum, 0.5 mM
glutamine, 100 units/ml penicillin, and 100 mg/ml streptomycin and grown on 3 pg/ml
laminin (Sigma) and 10 pg/ml poly-L-lysine-coated cover plates. The cells were incubated in
95% air, 5% CO2 in a humidified incubator at 37 °C. Cytosine arabinoside (2.5 uM) was
added to cultures on the second day after seeding (DIV3) to inhibit the proliferation of non-

neuronal cells. Cells were used for experiments at DIV12.

Drug Treatment. Memantine was dissolved in water. ICsy values were calculated between
100-0.1 uM concentration of memantine (n=3). NMDA was dissolved in culture medium.
Drugs were added 30 min before the stimulation of NMDA receptors with 100 pM NMDA.

Experiments were performed in the presence of glycine 100 uM.

Human samples. The brain samples (temporal cortex) were removed at autopsy from five
controls and five Alzheimer disease (Table I) following the protocol for donation of nervous
tissue approved by the local Ethical Committees of the Barcelona and Bellvitge brain banks.
The post-mortem delay in tissue processing was between 1.45 and 7 h. Frozen human brain

tissues were homogenized in ice-cold extraction buffer consisting of 20 mM HEPES (pH 7.4),



100 mM NaCl, 50 mM NaF, 5 mM sodium pyrophosphate, 30 mM glycerol phosphate, 10
uM okadaic acid, 1% Triton X-100, ImM sodium orthovanadate, 5 mM EDTA, 5 mM EGTA
and protease inhibitors (Roche cocktail). The samples were homogenized at 4°C and protein

content determined by Bradford method (BioRad).

SDS-PAGE and immunoblotting. Samples were electrophoresed on 10% SDS-polyacrylamide
gel and transferred to a nitrocellulose membrane (Schleicher & Schuell, Keene, NH). The
experiments were performed using the following primary antibodies: anti-GSK-3a/p (1/1000;
from BioSource, Camarillo, CA ), anti-p25/35 (1/200; from Santa Cruz Biotechnology, Santa
Cruz, CA), anti-spectrin (1/1000, from Chemicon International, Temecula, CA), anti-a-
tubulin (1/2500, from Sigma), PHF-1(1/100, which recognize tau protein when serines 396
and 404 are phosphorylated was a kind gift of Dr. Davies). The filters were incubated with the
antibody at 4°C overnight in 5% nonfat dried milk. A secondary goat anti-mouse antibody
(1/1000; Invitrogen, San Diego, CA) and ECL detection reagents (Amersham Biosciences,
Arlington Heights, IL) were used for immunodetection. Quantification was performed by
densitometric scanning. The densitometry values were obtained in the linear range of
detection with these antibodies. These values were normalized with respect to the values
obtained with an anti-a-tubulin antibody to correct for any deviation in loaded amounts of
protein or respect to the values obtained with anti-tubulin antibody to correct for total protein

content.

Statistical Analysis. Statistical analysis of the data was performed using one-way analysis of

variance (ANOVA).

RESULTS

Truncation of GSK-3 is mediated by NMDA



Treatment of cultured cortical neurons with NMDA(100 uM) induced GSK-3
truncation in a time-dependent manner ([13] and (Fig. 1A)). It is interesting to note that the
truncated GSK-3 fragment does not accumulate. In fact, after 48 h of treatment GSK-3 protein
(isoforms o and P) decreased a 75.9+15.2%. A possible explanation for this is that when
GSK-3 is truncated by calpain a short-lived product is formed which is rapidly degraded.

The NMDA effect was mediated by calpain as evidenced by the fact that calpeptin
(10uM) prevented the formation of the 40 kDa truncated form (Fig. 1B). We next addressed
whether the GSK-3 truncation by calpain after stimulation of ionotropic NMDA receptors
could be observed in the presence of an extracellular calcium chelator as EGTA or after
treatment with BAPTA-AM, an intracellular calcium chelator. BAPTA-AM (25 and 100 pM,
Fig. 1B) had any effect on GSK-3 truncation. In contrast, activation of the NMDA receptors
in the presence of extracellular EGTA (5 mM) led to inhibition of GSK-3 proteolysis. These
data suggest that extracellular calcium influx into cortical neurons caused by NMDA

receptors increase GSK3 truncation through calpain activation.

Post-mortem GSK-3 degradation in human Alzheimer disease samples

Human control brain samples do not show a statistically significant increase in GSK-3
truncation during the 3-7 first post-mortem hours [16]. Accordingly, we studied the status of
GSK-3 in post-mortem samples from five adult human brains without evident neurological
diseases and from five adult human brains with Alzheimer disease with 3-7 h post-mortem
delay (Table I). Fig. 2 shows western-blot and quantification of the 40 kDa-truncated form.
These data revealed a slight variation (although no statistically significant) in the levels of
GSK-3 truncation. We also analyzed by western blotting the human samples with the
antibody PHF-1 which recognize hyperphosphorylated tau (Fig. 2) in order to find a
correlation among GSK-3 truncation and PHF-1 intensity. However, when we performed that

analysis only a slight positive correlation but not significant between both signals was found



in AD samples (R2=523; Fig. 1C). Nevertheless, it should be indicated that PHF-1 epitope is
phosphorylated by GSK-3 and other kinases as for example CDK-5 and CK-1 (for a review

see [17]).

NMDA-triggered generation of truncated GSK-3 is inhibited by memantine.

As we have seen before incubation of mouse cortical neurons with  NMDA causes
calpain dependent GSK3 truncation[13]. Taking into account that memantine, a non-
competitive NMDA antagonist, is clinically used in the treatment of Alzheimer disease, we
studied the effect of that compound in primary cultures of cortical neurons. Memantine
preincubation blocked in a dose-dependent manner (ICsy=1.81+0.95 uM) NMDA(100 uM) -
mediated GSK-3 proteolysis (Fig. 3). We then investigated whether p35, the regulator
subunit of Cdk-5 which is truncated to p25 by calpain [18, 19] takes place in our experimental
conditions. When we blotted the primary culture samples with an antibody which recognizes
the p35/p25 protein we observed a similar pattern with an ICso= 6.33+ 3.41 puM. Thus,
memantine prevents the overactivation of NMDA-type glutamate receptors resulting in
inhibition of NMDA-triggered generation of truncated GSK-3 and p35. Interestingly, spectrin,

a well-known substrate for calpain [20], showed a similar pattern (ICso= 1.14+ 0,87 uM).

DISCUSSION

The present investigation examined, in first place, NMDA-induced truncation of GSK-
3 in cortical primary cultures. These studies extend previous one demonstrating that calpain
promotes GSK-3 truncation and increases GSK-3 activity [13]. We here demonstrate that
continuous NMDA receptor activation (in the presence of glycine) provokes GSK-3
truncation, being that process dependent of extracellular calcium since extracellular EGTA 1is

able to totally block NMDA effects. Interestingly, 40 kDa-truncated form does not



accumulate, suggesting that when GSK-3 is truncated by calpain a short-lived product is
formed which is rapidly degraded.

We also show that GSK-3 levels can be regulated by memantine. The present
investigation examined NMDA-induced truncation of GSK-3f in cortical primary cultures
demonstrating that memantine is able to inhibit that truncation. Interestingly the ICsy values
obtained for NMDA-induced truncation of GSK-3f are similar to spectrin and p35, two
proteins that has been previously demonstrated to be good calpain substrates. These data
suggest that memantine effects can be explained as down-stream inhibition of the activation
of calpain.

A related question is whether GSK-3 truncation is linked to mechanisms of AD. To
carry out that study, a first concern is involved with the post-mortem interval. Thus, calpain is
involved in post-mortem proteolysis in brain samples [21], being necessary to study the
effect of post-mortem delay in order to interpret correctly the changes observed in proteins.
However, GSK-3 truncation seems to be a process that does not take place immediately after
death. In fact, human brain samples do not show a statistically significant increase in GSK-3
truncation during the interval analyzed, 3-7 h [16]. When we analyzed GSK-3 truncation in
AD human samples we did not find accumulation of 40 kDa-truncated forms. In addition, we
did not find a significant difference with the control samples, although a great variability
could be observed. On the other hand, a positive correlation between tau phosphorylation
(measured with the antibody PHF-1) and GSK-3 truncation could be suggested although is
not significant (Fig. 2C). These results show that GSK-3 truncation does not take place clearly
at least in the final stage of AD (stage V, see Table I). However, taking into account that
continuous NMDA activation does not induce an accumulation of the truncated form (Fig.

1A), it can be speculated that GSK-3 truncation could takes place in the first stages of AD.



Moreover, calpain activation at very early stages of NFT formation has been previously

described [22].

In summary, GSK-3 fragments do not significantly accumulate in postmortem AD
samples although memantine, a NMDA receptor antagonist which has been approved for the
treatment of moderate-to-severe Alzheimer Disease patients, is able to inhibit GSK-3
truncation induced by NMDA in primary cultures of cortical neurons in a dose dependent

manner.
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Table 1. Sex, age at death and post-mortem interval of control and Alzheimer disease
brains used in this study. Samples were from temporal cortex.

SEX AGE DIAGNOSTIC POST-MORTEM
INTERVAL
1 WOMAN 49 WL 7h
2 MAN 79 WL 7h
3 WOMAN 75 WL 3h
4 WOMAN 65 WL 4 h
5 MAN 53 WL 3h
6 MAN 69 ADV 6h
7 WOMAN 83 ADV 5h
8 MAN 79 ADV + AA 5h 25 min
9 MAN 86 ADV + AA 4 h 15 min
10 WOMAN 82 ADV 1 h 45 min

WL: without lesions; AD V: stage V of Alzheimer disease; AA: amyloid angiopathy.
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FIGURE LEGENDS

Figure 1. Calcium influx through NMDA receptors induces GSK-3 proteolysis. A,
cortical neurons (DIV12) were treated with 100 uM NMDA for 0.5 to 48 h. The samples were
immunoblotted (IB) with the anti-GSK-3a/pB antibody. The generation of a 40-kDa GSK-3
truncated form is shown by the arrow. B, Cortical neurons were treated with 100 uM
NMDA in the presence or absence of the calpain inhibitor calpeptin (10 uM) for 3 h. NMDA
induces GSK-3 proteolysis as seen by the appearance of a 40-kDa immunoreactive peptide
recognized by the antibody anti-GSK-3a/B (arrow). Extracellular EGTA (5 mM) inhibits that
truncation, while BAPTA-AM (25 uM) does not inhibit GSK-3 truncation (BAPTA-AM 100
uM shows the same effect, data not shown). Tubulin is shown as loading control.

Figure 2. Proteolysis of GSK-3 in human Alzheimer disease brain extracts. A, equal
amounts of human brain extracts (15 pg) were probed with anti-GSK-3a/pB antibody. The
same samples were immunoblotted with the PHF-1 antibody. Numbers correspond to human
samples described in Table 1. B, quantization of 40-kDa GSK-3 truncated form of human
samples shown in A. Open bars, media + SD of control samples; dark bars, media + SD of
Alzheimer disease samples. C, correlation of GSK-3 truncation (Y axis) with PHF-1 intensity
(X axis). A positive correlation was not found between both signals in AD samples(r’=0.523).

Figure 3. NMDA-triggered generation of truncated GSK-3 is inhibited by memantine. A,
Cortical neurons were treated with 100 uM NMDA in the presence or absence of the calpain
inhibitor calpeptin (10 pM) or Memantine (100 pM) for 3 h. GSK-3 proteolysis induced by
NMDA is inhibited by both inhibitors. B, cortical neurons (DIV12) were treated with 100
uM NMDA for 3 h. In addition, cells were treated with either vehicle or growing
concentrations of memantine. The samples were immunoblotted (IB) with the anti-GSK-3a/
antibody (upper panel). The generation of a 40-kDa GSK-3 truncated form is shown by the
arrow. The same samples were immunoblotted with the anti-p35/p25 antibody and the
antibody that recognizes spectrin, a well known calpeptin substrate. Arrows show the full-
length p35 protein (upper arrow in middle panel) and the truncated p25 fragment (lower
arrow in middle panel) as well as the 150/145-kDa truncated spectrin fragments (lower
panel). Tubulin is shown as loading control.
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Chronic lithium administration to FTDP-17 tau and GSK-3f3
overexpressing mice prevents tau hyperphosphorylation
and neurofibrillary tangle formation, but pre-formed neurofibrillary

tangles do not revert
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Abstract

Glycogen synthase kinase-3 (GSK-3) has been proposed as
the main kinase able to aberrantly phosphorylate tau in Alz-
heimer’s disease (AD) and related tauopathies, raising the
possibility of designing novel therapeutic interventions for AD
based on GSK-3 inhibition. Lithium, a widely used drug for
affective disorders, inhibits GSK-3 at therapeutically relevant
concentrations. Therefore, it was of great interest to test the
possible protective effects of lithium in an AD animal model
based on GSK-3 overexpression. We had previously gener-
ated a double transgenic model, overexpressing GSK-3p in a
conditional manner, using the Tet-off system and tau protein
carrying a triple FTDP-17 (frontotemporal dementia and par-
kinsonism linked to chromosome 17) mutation. This trans-
genic line shows tau hyperphosphorylation in hippocampal
neurones accompanied by neurofibrillary tangles (NFTs). We
used this transgenic model to address two issues: first, whe-

ther chronic lithium treatment is able to prevent the formation
of aberrant tau aggregates that result from the overexpression
of FTDP-17 tau and GSK-3p; second, whether lithium is able
to change back already formed NFTs in aged animals. Our
data suggest that progression of the tauopathy can be pre-
vented by administration of lithium when the first signs of
neuropathology appear. Furthermore, it is still possible to
partially reverse tau pathology in advanced stages of the
disease, although NFT-like structures cannot be changed.
The same results were obtained after shut-down of GSK-3p
overexpression, supporting the possibility that GSK-3 inhibi-
tion is not sufficient to reverse NFT-like aggregates.
Keywords: Alzheimer's disease, frontotemporal dementia
and parkinsonim linked to chromosome 17, glycogen syn-
thase kinase-3, lithium, neurofibrillary tangles.

J. Neurochem. (2006) 99, 1445-1455.

Abnormal aggregation of tau protein into filamentous
structures and extensive neuronal loss are found in several
neurological disorders, known as tauopathies, that are
frequently associated with different forms of dementia
(Goedert and Spillantini 2001). Genetic analyses have linked
over 30 distinct mutations in the human fau gene on
chromosome 17 to a disease referred to as ‘frontotemporal
dementia and parkinsonism linked to chromosome 17’
(FTDP-17) (Goedert 2005). FTDP-17 is characterized by
the accumulation of neurofibrillary tangles (NFT) composed
of tau protein filaments within affected neurones. Similar
NFTs are also histopathological hallmarks of the other
tauopathies (Avila et al. 2004). In Alzheimer’s disease (AD)
and in the other tauopathies, independently of whether these
fau gene mutations occur or not, tau protein becomes
hyperphosphorylated (Grundke-Igbal ef al. 1986; Kosik
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1992), and it has been hypothesized that hyperphosphoryl-
ated tau misfolds, disassembles from microtubules and forms
aberrant filamentous aggregates that give rise to NFTs (Kosik
1992; Alonso et al. 2001).

Glycogen synthase kinase-3 (GSK-3B) has been pro-
posed as the main kinase able to aberrantly phosphorylate tau
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in AD. GSK-3p has been shown to phosphorylate tau in most
sites hyperphosphorylated in NFTs, both in transfected cells
(Lovestone et al. 1996) and in vivo (Hong et al. 1997,
MunozMontano et al. 1997). Increased levels of GSK-3f3
have been found in AD brains. It also accumulates in the
cytoplasm of pre-tangle neurones and can be found associ-
ated with NFTs (Yamaguchi et al. 1996; Imahori and Uchida
1997; Pei et al. 1999). Exposure of cortical and hippocampal
primary neuronal cultures to f-amyloid induces activation of
GSK-3f (Takashima et al. 1996), tau hyperphosphorylation
(Busciglio et al. 1995; Ferreira et al. 1997) and cell death
(Takashima et al. 1993; Busciglio et al. 1995). Blockade of
GSK-3f expression by antisense oligonucleotides (Takashi-
ma et al. 1993) or by pharmacological inhibition (Alvarez
et al. 1999) inhibits f-amyloid-induced neurodegeneration of
cortical and hippocampal primary cultures. Furthermore,
interaction between GSK-3f and many of the cellular
components related to the neuropathology of AD, such as
the B-amyloid peptide and its precursor protein, the meta-
bolic pathway leading to acetylcholine synthesis and the
presenilins, which are mutated in many cases of familial AD
(for review see Grimes and Jope 2001), have also been
described.

All these data raise the possibility of designing novel
therapeutic interventions for AD based on the inhibition of
GSK-3 (Bhat et al. 2004). Lithium, a widely used drug for
affective disorders, inhibits GSK-3 at therapeutically relevant
concentrations (Klein and Melton 1996). Previous studies
have suggested that lithium may be a useful drug for
modulating tau hyperphosphorylation and neurodegeneration
in AD (Alvarez et al. 1999). First, lithium treatment has
been shown to inhibit tau phosphorylation both in cultured
neuronal cells and in vivo in rat brain (MunozMontano et al.
1997, 1999). Second, lithium also blocks cell death in
cultured neurones treated with B-amyloid peptide (Alvarez
et al. 1999). Third, lithium seems to provide neuroprotection
against a variety of toxic insults both in cultured neurones and
in vivo in several animal models (Chen and Chuang 1999;
King et al. 2001). Finally, some evidence from brain imaging
studies is consistent with a neurotrophic/neuroprotective
effect of chronic lithium treatment in patients with bipolar
mood disorder (Moore et al. 2000). In addition, lithium has
been demonstrated to have a beneficial effect in two FTDP-17
mouse models (Perez et al. 2003; Noble et al. 2005), as well
as in a mouse model that expresses the shortest human tau
isoform (Nakashima et al. 2005). Therefore, it was of great
interest to test the possible protective effects of lithium in a
tauopathy animal model based on GSK-3 overexpression.

We have previously generated a transgenic mouse that
overexpresses GSK-3 and FTDP-17 tau in certain brain
regions (Engel et al. 2006b). These mice, termed GSK-3/
VLW, show tau hyperphosphorylation in CA1 hippocampal
neurones, the region where the pattern of expression of both
transgenes overlaps. Tau filaments with a paired helical

© 2006 The Authors

filaments (PHF)-like structure were found in GSK-3/VLW
mice but not in single transgenic mice expressing only GSK-
3B or FTDP-17 tau. PHF-like filament formation in GSK-3/
VLW mice was accompanied by thioflavin-S staining. All
these data suggest that there is a synergistic contribution of
both types of tau modification, hyperphosphorylation and
missense mutations to induce aberrant tau aggregation. Here,
we have used this animal model to address the following two
questions: first, whether chronic lithium treatment is able to
prevent the formation of aberrant tau aggregates (formed by
overexpression of FTDP-17 tau and of GSK-3f3); and second,
whether lithium is able to return already formed tau
aggregates and NFTs to their former state in aged animals.
Our results indicate that lithium is able to prevent the devel-
opment of tau pathology when administered early in disease
progression. On the other hand, if lithium is administered at
late stages of the disease, it is still able to reduce tau
hyperphosphorylation but cannot reverse tau aggregation.

Materials and methods

Animals

GSK-3 mice were generated as previously described (Lucas et al.
2001). Briefly, GSK-3 mice result from the breeding of TetO mice
(carrying the bi-directional tet responsive promoter followed by
GSK-3pB and B-galactosidase cDNAs, one in each direction) with
CamKIIB-tTA mice. The double transgenic mice are designated
GSK-3B and overexpress GSK-3B in cortical and hippocampal
neurones. Generation of the mouse line, VLW, which is transgenic
for a human 4-repeat tau isoform with two N-terminal exons
carrying the FTDP-17 mutations G272V, P301L and R406W
(humanTau"™), has been described previously (Lim et al. 2001).
Neurone-specific expression of mutant tau protein was achieved by
using the neurone-specific mouse Thy1.2 promoter. Mice homozy-
gous for hTauVLW were crossed with doubly-transgenic GSK-3f3
mice to generate GSK-3/VLW triple transgenic mice (Engel et al.
2006b). Transgenic mice were genotyped by PCR (Lim ef al. 2001;
Lucas et al. 2001). Transgenic and wild-type mice (C57BL/6) were
bred at the Centro de Biologia Molecular ‘Severo Ochoa’ (Madrid,
Spain). Four to five mice were housed per cage with food and water
available ad [libitum. Mice were maintained in a temperature-
controlled environment on a 12/12 h light-dark cycle with light
onset at 07:00 hours.

Lithium administration

Two protocols were used to analyse the effects of lithium (Perez
et al. 2003). To study the preventative effects of lithium, 12-month-
old mice were fed chow containing 1.7 g LiCl/kg chow for
7.5 months. In order to analyse the reversion effects of lithium,
18-month-old mice were fed chow containing 1.7 g LiCl/kg chow
for 4 weeks, followed by a diet containing 2.55 g LiCl/kg chow for
2 weeks. To prevent hyponatremia, water and NaCl solution
(450 mm) were available to all animals. Control mice were fed
lithium-free chow under parallel conditions. Blood lithium levels
were analysed by inductively coupled plasma mass spectrometry
(ICP-MS).
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Doxycycline treatment

VLW and GSK-3/VLW mice were given doxycycline (2 mg/mL;
Sigma, St Louis, MO, USA) in drinking water, ad libitum, for
12 weeks, starting at 18 months-of-age, as described previously
(Engel et al. 2006a). We have previously demonstrated that 6 weeks
of doxycycline treatment restores normal GSK-3 levels in GSK-38
mice.

Antibodies

The following anti-tau antibodies were used: PHF-1 was a kind gift of
Dr Davies; AT8 was from Innogenetics (Gent, Belgium); 7.51 is a pan-
tau antibody that recognizes human and mouse tau (a kind gift of Dr
Wischik); T14 was from Zymed Laboratories, Inc. (South San
Francisco, CA, USA). According to the residue numbering of the
longest human tau isoform of 441 amino acids, antibody PHF-1
recognizes serines 396 and 404 when they are phosphorylated, AT8
recognizes tau when Ser199/202 are phosphorylated (Biernat et al.
1992), and T14 recognizes amino acids 141-178 of human tau but
fails to recognize murine tau (Merrick et al. 1996). Sources of other
commercial antibodies were: anti-pSer9/21-GSK-30/f (BioSource
(Nivelles, Belgium)), anti-GSK-30/p (BioSource), anti-p-galactosi-
dase (Promega, Madison, WI, USA), anti-myc (Developmental Stud-
ies Hybridoma Bank, Iowa City, IA, USA), anti-o -tubulin (Sigma).

Western blot analysis

Extracts for western blot analysis were prepared by homogenizing
the tissues in ice-cold extraction buffer consisting of 20 mm HEPES
(pH 7.4), 100 mm NaCl, 10 mm NaF, 1% Triton X-100, 1 mm
sodium orthovanadate, 10 mm EDTA and protease inhibitors [2 mm
phenylmethylsulfonyl fluoride (PMSF), 10 pg/mL aprotinin, 10 pg/
mL leupeptin and 10 pg/mL pepstatin]. The samples were homo-
genized at 4°C and the protein content was determined by the
Bradford method (Bio-Rad, Hercules, CA, USA). Total protein
(10 pg) was electrophoresed on 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) gel and transferred
to a nitrocellulose membrane (Schleicher and Schuell, Dassel,
Germany). The experiments were performed using the following
primary antibodies: T14 (1/1000), AT8 (1/100), PHF-1 (1/1000),
anti-a-tubulin (1/10 000), anti-B-galactosidase (1/5000) and anti-
GSK-3a/B (1/1000). The filters were incubated with the antibody at
4°C overnight in 5% non-fat dried milk. A secondary goat anti-
mouse (1/5000; Dako Cytomation (Glostrup, Denmark)) followed
by enhanced chemiluminescence (ECL) detection reagents (Amer-
sham, Uppsala, Sweden) were used for immunodetection.

Isolation of sarkosil-insoluble filaments and immunoelectron
microscopy

Preparation of sarkosyl-insoluble extracts from mouse brain and
electron microscopy of filaments were carried out as described
previously (Perez et al. 1998), following the procedure described by
Greenberg and Davies (1990). Filaments were visualized by electron
microscopy. Immunoelectron microscopy was performed after
adsorption of the samples to electron microscopy carbon-coated
grids and incubation with the first antibody (1/100) for 1 h at 22°C.
After extensive washing, the grids were incubated with the
secondary antibody (1/40) conjugated with 10 nm diameter gold
particles. Finally, the samples were stained with 2% uranyl acetate
for 1 min. Transmission electron microscopy was performed in a
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JEOL model 1200EX electron microscope (Akishima, Tokyo,
Japan) operated at 100 kV.

Volumetric measurement of dentate gyrus atrophy

To quantify dentate gyrus atrophy mice were anaesthetized and
killed by transcardiac perfusion fixation with 4% paraformaldehyde.
The brains were removed from the skull and post-fixed in 4%
paraformaldehyde. Serial sections (30 pm) were cut as described
previously and thionine stained (Engel et al. 2006b). For volumetric
measurement, areas of dentate gyrus were delineated and measured
by means of the Methamorph image-analysis system (Universal
Imaging, West Chester, PA, USA). The total volume (mm?) of each
dentate gyrus was calculated by integration of areas (mm?) with the
distance between each sagittal plane (mm). The points for
integration were 0.12 mm (see Fig. 12 in Paxinos and Franklin
2001) and 3.00 mm (Fig. 126, Paxinos and Franklin 2001) with
respect to the midline.

Immunohistochemistry, immunofluorescence and Thiazin Red
staining
Mice were anaesthetized with a xylazine/ketamine solution and
transcardially perfused with 4% paraformaldehyde (PFA) in Soren-
sen’s buffer for 10 min. Brains were post-fixed in 4% PFA for 2 h at
4°C and cryoprotected in 30% sucrose solution. Sagital sections
(30 pm) were cut on a freezing microtome (Leica, Wetzlar,
Germany) and collected in 0.1% azide-phosphate-buffered saline
(PBS) solution. Next, brain sections were pre-treated for 1 h with
1% bovine serum albumin (BSA), 5% fetal bovine serum (FBS) and
0.2% Triton X-100, then incubated with primary antibodies at the
following dilutions: T14 (1/100), AT8 (1/250) and PHF-1 (1/200).
Finally, brain sections were incubated in avidin—biotin complex
using the Elite Vectastain kit (Vector Laboratories, Burlingame, CA,
USA). Chromogen reactions were performed with diaminobenzidine
(DAB; Sigma) and 0.003% H,O, for 10 min. Sections were
coverslipped with Fluorosave (Calbiochem; La Jolla, CA, USA).
We also performed immunofluorescence and Thiazin Red
staining in the same sections, as described previously (Mena et al.
1995). Sections were rinsed in PBS-0.1% Triton-X100 and
incubated in 1% glycine-PBS-Triton X-100 buffer. Then, slices
were treated with PBS containing 0.1% Triton X-100 and 1% fetal
calf serum for 30 min. After a brief wash with PBS, the slices were
incubated for 1 h with the primary antibodies AT8 (1/100). They
were then extensively washed and incubated with the appropriate
secondary antibody, conjugated with fluorescein isothiocyanate
(Jackson Laboratories, West Grove, PA, USA) for 45 min. Thiazin
Red (0.01% in PBS) incubation (10 min) was conducted at the end
of the protocol and after washing, the sections were immediately
mounted with Fluoromount. Immunofluorescence was performed
using confocal scanning microscopy (Bio-Rad) coupled to a vertical
microscopy Axioskop2 (Zeiss, Oberkochem, Germany).

Results

Lithium treatments; effects on blood levels
An age-dependent tau pathology occurs in GSK-3/VLW
mice overexpressing GSK-3 and FTDP-17-tau proteins
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Fig. 1 Tau neuropathology in GSK-3/VLW mice and lithium treatment
paradigms to study either prevention or reversion of tau neuropa-
thology. (a) An age-dependent tau pathology occurs in mice overex-
pressing GSK-3 and FTDP-17 tau. Thus, some phospho-tau-positive
pyramidal neurones can be found in the hippocampal CA1 sector at
the age of 12 months. In 18-month-old GSK-3/VLW mice, the number
of phospho-tau-positive neurones increases and tau filaments 20 nm
wide are formed that give raise to NFTs. Immunohistochemistry car-
ried out with T14 (upper panels) and AT8 (lower panels) antibodies is
shown for GSK-3/VLW mice at 6, 12 and 18 months. The inset shows
a Thiazin Red-positive neurone that was found in pyramidal neurones
only at the age of 18 months. Calibration bar corresponds to 100 pm.

(Engel et al. 2006b). In this animal model, tau pathology
starts at 12 months and reaches a maximum at 18 months,
when NFT-like pathology can be observed (Fig. 1a). In order
to analyse the effects of lithium on tau pathology, two
protocols were used. To study the preventive potential of
lithium, 12-month-old mice were fed with a low lithium dose
for 7.5 months. At the beginning of treatment (12 months),
these animals showed some diffuse phospho-tau-positive
staining in pyramidal neurones of the CAl hippocampal
region (see Engel et al. 2006b and Fig. 1a). In this first
paradigm (Prevention), lithium levels in the blood were
0.62 £ 0.04 mm at the end of the treatment (Fig. 1b). In
order to analyse the reversal potential of lithium, 18 month-
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(b) Taking into account this pattern of tau pathology in our transgenic
model, we carried out two kinds of experiments. The first type (‘pre-
vention) consisted of giving a low dose of lithium (1.7 g LiCl/kg chow)
to 12-month-old animals for 7.5 months. The second type (reversion)
consisted of giving 18-month-old animals a low dose of lithium for
4 weeks and then a high lithium dose (2.55 g LiCl’/kg chow) for 2
additional weeks. Plasma lithium concentration measured by ICP-MS
is shown. Error bars indicate SE. (c) Western blot analysis of recom-
binant proteins from hippocampal extracts. Protein extracts from GSK-
3/VLW mice treated with vehicle or both lithium concentrations were
probed with anti-tau antibodies, T14, and anti-GSK-3a/pB. Arrows show
transgenic proteins.

old-mice were fed with a high lithium dose for 6 weeks. As
mentioned above, 18-month-old mice showed a strong tau
pathology with detectable NFT pathology and tau filaments
(Engel et al. 2006b), Fig. 1(a). Blood lithium levels in this
second paradigm (reversion) were 0.84 + 0.15 mm at the end
of the treatment (Fig. 1b).

Hippocampal extracts from control and lithium-treated
GSK-3/VLW mice were probed with the human-specific T14
antibody that does not recognize murine tau. This antibody
revealed that levels of FTDP-17 tau protein were similar in
all animals tested (Fig. 1c). In the same way, western blot
analysis was used to monitor the levels of GSK-3. By
probing extracts from control and treated mice with an
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antibody that recognizes both GSK-3a and 3, we observed a
similar increase in GSK-3 levels in the hippocampus of
GSK-3/VLW mice, regardless of treatment (Fig. 1¢). GSK-3
is inhibited by a direct action of lithium as a competitive
inhibitor of magnesium, and indirectly by increased phos-
phorylation of Ser9/21 (Zhang et al. 2003). Quantification of
western blots (Ser9 phosphorylated GSK-3p vs. unphos-
phorylated GSK-3 form) in both paradigms showed a slight
increase in Ser9 phosphorylation (data not shown), although
no statistical differences among untreated and lithium-treated
mice were observed. Thus, our results confirm a previous
report that Ser9 phosphorylation is evident only after short
lithium treatments and not after chronic treatments (Noble
et al. 2005). From these experiments we therefore conclude
that none of the lithium treatments altered FTDP-17 tau or
GSK-38 levels.

Prevention of tau pathology in GSK-3/VLW mice by
lithium administration

To determine whether tau hyperphosphorylation was de-
creased in GSK-3/VLW mice treated with lithium for
7.5 months, we compared tau phosphorylation in GSK-3/
VLW mice treated with vehicle or lithium (Fig. 2a). We used
antibodies that can recognize tau protein in epitopes phos-
phorylated in AD by GSK-3. Thus, we used two antibodies

(a) - Lithium

Fig. 2 Phosphorylation state of tau in GSK-3/VLW mice treated with a
low dose of LiCl for 7.5 months. (a) Phospho-tau immunoreactivity
from the hippocampal CA1 region of 19.5-month-old transgenic mice.
Immunohistochemistry was carried out with T14, AT8 and PHF-1
antibodies in hippocampal sagittal sections from GSK-3/VLW mice
treated with vehicle or LiCl for 7.5 months. Scale bar = 100 um. (b)
Immunoblot analysis of sarkosyl-insoluble tau in VLW (1 and 3) and
GSK-3/VLW mice (2 and 4) from 19.5-month-old mice using PHF-1
antibody. Mice were treated with vehicle or a low LiCl dose for
7.5 months. A 64 kDa band is indicated by the arrow. (c) Immunogold
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that are able to recognize phospho-tau in epitopes flanking
the microtubule binding domain (MBD): AT8 (N-terminal to
MBD) and PHF-1 (C-terminal to MBD). An increase in AT8
and PHF-1 immunostaining was evident in the CA1 region of
the hippocampus from control GSK-3/VLW mice, while in
mice treated with lithium, immunodetection of tau phos-
phorylation was absent (Fig. 2a). With both antibodies,
patches of dark reaction product were observed in the
perikaryon of CA1 neurones of GSK-3/VLW untreated mice.
High levels of hyperphosphorylated somatodendendritic tau
in CAl of GSK-3/VLW control mice is expected to favour
the formation of fibrillary deposits. To analyse tau pathology
further, we next prepared sarkosyl-insoluble protein from the
hippocampus of control and lithium-treated mice. An
additional band with a 64 kDa apparent molecular weight
was detected by immunoblotting with antibody PHF-1
(Fig. 2b) in vehicle-treated mice, together with lower
molecular weight sarkosyl-insoluble material (Engel et al.
2006b), Fig. 2(b). In sarkosyl-insoluble samples from lith-
ium-treated GSK-3/VLW mice, the 64 kDa band was absent
(Fig. 2b). Interestingly, tau filaments were observed by
electron microscopy only in untreated mice (Fig. 2c¢).

In this animal model overexpressing GSK-3p and human-
Tau"™, we previously found, by volumetric analysis, a
severe atrophy in the dentate gyrus, suggesting that marked

+ lithium

(b) _-lithium

(d

~

Dentate Gyrus volume
(mm>)

electron microscopy of sarkosyl-insoluble fractions from untreated
GSK-3/VLW mice with antibody T14. A secondary antibody conju-
gated with a 10 nm diameter gold particle was used. The calibration
bar = 100 nm. (d) Atrophy in the dentate gyrus of the hippocampus in
VLW and GSK-3/VLW control mice (open bars) or in mice treated with
lithium (shaded bars). Volumetric quantification of the progressive
atrophy (six animals/genotype) was determined as described in
Materials and methods. *p < 0.02 vs. untreated animals. Error bars
indicate SE.
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neurodegeneration has taken place (Engel ef al. 2006b).
Accordingly, we performed a volumetric analysis of the
dentate gyrus in order to determine whether that neurodegen-
erative process is susceptible to reversion in lithium-treated
mice (Fig. 2d). Quantification of thionine-stained brain sec-
tions revealed that, as compared with VLW, GSK-3/VLW
mice exhibited a 40.2 + 3.3% (p < 0.02, n = 6) decrease in
dentate gyrus volume. However, as shown in Fig. 2(d), that
atrophy could not be reversed with lithium treatment.

Dramatic but incomplete reversal of tau pathology after
lithium administration in 18-month-old animals.
Irreversible amyloid-like inclusions in the brains of
GSK-3/VLW mice

We used the same protocol to analyse reversion of already-
formed tau filaments and NFTs in our tauopathy animal
model. In this second paradigm (reversion), lithium treatment
did not completely reverse tau pathology. A decrease in the
number of AT8 and PHF-1 immunopositive pyramidal
neurones was evident in the CA1 region of the hippocampus
from GSK-3/VLW mice treated with lithium (75.9 and
75.5%, respectively, compared with untreated mice, Figs 3a
and b). However, when the same study was performed using
western blot, lithium-treated mice no longer showed
increased tau phosphorylation at the PHF-1 epitope (Fig. 3c).

(@) - Lithium

This is probably a result of the limited number of
hippocampal neurones showing transgenic expression of
GSK-3f (Engel et al. 2006b), detected using immunohisto-
chemistry techniques more sensitive than the biochemical
methods. In order to determine whether hyperphosphorylated
tau adopts a pathogenic structure similar to that found in
NFTs, we performed Thiazin Red staining of the samples.
Thiazin red can be used to differentiate between fibrillar and
non-fibrillar states of aggregation of tau protein (Mena et al.
1995). Thiazin Red-positive neurones were found only in the
CA1 region of GSK-3/VLW untreated mice (2-5 per slice).
Hence, immunoreactive neurones were observed in the CAl
region by double-labelling with AT8 and Thiazin Red
(Figs 4a and b). Most of the neurones labelled with the
antibody AT8 were not labelled with Thiazin Red, although
all the Thiazin Red-positive neurones were also immunola-
belled with the phospho-tau antibody, ATS. Interestingly, the
number of Thiazin Red-positive neurones did not decrease in
lithium-treated mice (Fig. 4c). These data suggest that
reversion of hyperphosphorylated tau is possible when it is
in a pre-fibrillar form, whereas when tau is aggregated in a
fibrillar structure (with affinity by Thiazin Red), reversion no
longer takes place. To analyse tau pathology further, we next
prepared sarkosyl-insoluble protein from the hippocampus of
control and lithium-treated mice. In this case, the 64 kDa tau

T14

AT8

Fig. 3 Phosphorylation state of tau in old GSK-3/VLW mice treated
with a high dosis of LiCl for 1.5 months. (a) Phospho-tau immunore-
activity from the hippocampal CA1 region of 19.5-month-old transgenic
mice. Immunohistochemistry was carried out with T14, AT8 and PHF-
1 antibodies in hippocampal sagittal sections from GSK-3/VLW mice
treated with LiCl for 1.5 months. The scale bar = 100 um. (b) Histo-
gram showing quantification of AT8- and PHF-1-positive pyramidal
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CAT1 neurones in hippocampus of control (open bar) or LiCl-treated
(filled bar) 19.5-month-old GSK-3/VLW mice. Statistical significance
was determined by anova; *p < 0.01 (n = 6). Error bars indicate SE.
(c) Western blot analysis of hippocampal protein extracts from
19.5-month-old transgenic mice in VLW (1 and 3) and GSK-3/VLW
(2 and 4) mice, either untreated or lithium-treated, probed with the
phospho-tau antibody, PHF-1.
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Fig. 4 Tau pathology: reversion. Double-labelling of tau pathology in
the hippocampus from control GSK-3/VLW mice (a) and LiCl-treated
mice (b) with AT8 antibody (left panels) and Thiazin Red (TR, central
panels). Right panel show a merged image of both signals. Calibration
bar = 100 um. (c) Histogram showing quantification of AT8- and
Thiazin Red-positive pyramidal CA1 neurones in hippocampus of
control or LiCl-treated 19.5-month-old GSK-3/VLW mice. Statistical

band was detected by immunoblotting with antibodies 7.51,
PHF-1 and 12e8 (Fig. 4d) in control GSK-3/VLW mice, as
well as in lithium-treated mice. The 64 kDa band is also
recognized by TI14 antibody (Fig. 4d and Engel et al.
2006b), showing that humanTau"™" is present in that band.

Amyloid-like inclusions in the brain of GSK-3/VLW mice
do not change back in Gene-OFF 18-month-old animals
Transgene expression in GSK-3/VLW mice is conditional by
using the Tet-off system. By making use of the conditional
system used to generate GSK-3f mice, we previously
reported that pre-aggregated tau pathology reverts after
restoration of normal GSK-3 levels (Engel et al. 2006a).
Therefore, we tested whether the biochemical and histo-
pathological consequences of pharmacological inhibition of
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significance was determined by anova; * p < 0.02 (n = 4). Error bars
indicate SE. (d) Immunoblot analysis of sarkosyl-insoluble tau in VLW
(1 and 3) and GSK-3/VLW (2 and 4) 19.5-month-old mice using PHF-
1, 12e8, T14 and 7.51 antibodies. The 64 kDa band is indicated by an
arrow. Mice were treated with vehicle or a high LiCl dose for
1.5 months, as described in Materials and methods.

GSK-3 by lithium in old animals could be confirm after
restoration of normal GSK-3 levels achieved by giving the
tetracycline analogue, doxycycline, to 18-month-old mice.
Twelve weeks of doxycycline treatment restored normal
GSK-3 levels without affecting levels of FTDP-17 tau
protein (Fig. 5c). We then analysed the effect of full shut-
down of transgene expression on tau phosphorylation.
Western blotting with PHF-1 and 12E8 demonstrated that
humanTau"™ from GSK-3/VLW mice was hyperphosphor-
ylated, with respect to humanTau"™V protein from VLW
mice, in aged animals. An extra heavily-labelled band of
64 kDa appeared in these aged animals (Engel et al. 2006b),
Fig. 5(d). This hyperphosphorylation changed back to basal
levels in Gene-OFF GSK-3/VLW mice, as demonstrated by
western blotting of hippocampal samples (Fig. 5d). In order
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Fig. 5 Transgene shut-down by doxycycline administration to GSK-3/
VLW mice. Double-labelling of tau pathology in the hippocampus from
control GSK-3/VLW mice (a) and doxycycline-treated mice (b) with
AT8 antibody (left panels) and Thiazin Red (TR, central panels). Right
panel show a merged image of both signals. Calibration bar =
100 um. (c) Western blot analysis with an antibody against human-
Tau¥"" (T14) and with an antibody against GSK-3, that recognizes the
o and the B endogenous isoforms as well as the Myc-tagged trans-

to determine whether the Thiazin Red-positive neurones
present in old GSK-3/VLW mice (Figs 4a and 5a) were also
present in doxycycline-treated mice, we performed double
labelling with AT8 and Thiazin Red. As observed previously
with lithium, the number of Thiazin Red-positive neurones
did not decrease in doxycycline-treated mice (Fig. 5b).

Discussion

The two main goals of this work were to explore, in a
tauopathy mouse model based on overexpression of FTDP-
17 mutant tau and GSK-3f, whether the reversal of tau
pathology is still possible in advanced stages of disease once
NFTs and tau filaments are formed, and whether chronic
lithium treatment is able to prevent that tau pathology. Our
study demonstrates that lithium treatment can inhibit the
progression of tau pathology is able to partially reverse that
pathology in aged mice.

Previous reports have indicated that lithium blocks tau
protein hyperphosphorylation in transgenic mice overex-
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genic GSK-3B, in VLW mice GSK-3/VLW mice either untreated
(-Doxy) or that had received doxycycline. Arrows show transgenic
proteins. (d) Western blot analysis of hippocampal protein extracts in
VLW (1 and 3) and GSK-3/VLW (2 and 4) mice with the anti-phospho-
tau antibodies, PHF-1 and 12e8. Arrows show the 64 kDa band. Mice
were treated with water or doxycycline for 12 weeks as described in
Materials and methods.

pressing FTDP-17 tau (Perez et al. 2003; Noble et al. 2005),
as well as in a mouse model overexpressing the shorter
human tau isoform (Nakashima et al. 2005), presumably
through the inhibition of GSK-3. However, these studies
were based on tau overexpression without GSK-3 overex-
pression. Our animal model is unique because it demon-
strates the following tau pathology (Engel et al. 2006b): (i)
an increase in tau phosphorylation in the hippocampus, an
AD relevant brain region; (ii) hyperphosphorylated tau with
an aberrant high molecular weight (64 kDa); (iii) Thiazin
Red-positive neurones (NFTs) in the hippocampus; and (iv)
the presence of tau filaments wider than 10 nm. All these
markers can be found only in GSK-3/VLW mice, and not in
mice expressing only FTDP-17 tau or GSK-3p.

Our first aim was to determine whether chronic lithium
treatment is able to prevent tau pathology in the hippocampal
CAl region of GSK-3/VLW mice. The treatment was
initiated at the age of 12 months, when the first signs of
tau pathology are observed, and finished 7.5 months later
when full tau pathology is found. After 7.5 months of lithium
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treatment, it was possible to observe evidence of the
prevention of these markers of neuropathology. Compared
with control mice, CAl-pyramidal neurones from lithium-
treated mice showed no signs of phospho-tau accumulation
or aggregation, despite a high level of FTDP-17 tau
expression. Furthermore, biochemical studies demonstrated
the absence of the extra 64 kDa band in sarkosyl-insoluble
extracts prepared from lithium-treated mice. This band
correlates with the presence of NFTs and is recognized by
phospho-tau antibodies (Engel et al. 2006b). Interestingly, all
these effects were obtained with plasma lithium levels of
0.62 £+ 0.04 mmMm, a lithium concentration that is in the low
range of therapeutic clinical use for bipolar disorder.

Our prevention experiments are consistent with the
hypothesis that tau hyperphosphorylation alters the confor-
mation of tau to a state that is more prone to aggregation
(Alonso et al. 2001). Hence, aggregated tau could not be
found in lithium-treated GSK-3/VLW mice, although FTDP-
17 tau levels remained unchanged. This fits well with the
correlation found between tau hyperphosphorylation and
aggregation both in patients and animal models of tauopa-
thies (for a review see Avila et al. 2004).

We have previously reported that GSK-3/VLW mice
present a severe atrophy of the dentate gyrus, indicating an
important neurodegeneration. The hippocampus is one of the
few areas of the adult brain that continues to produce
neurones post-natally, and contradictory data with respect to
the role of lithium in that process have been reported (Chen
et al. 2000; Yu et al. 2003). Here, we show that in our
animal model, this process cannot be reversed by lithium
treatment. Taking into account that neurogenesis decreases
with age (Kempermann et al. 1998; Bizon and Gallagher
2003), a likely explanation is that the dentate gyrus is unable
to revert to its previous state because neurogenesis and
maturation might be substantially diminished in 12-month-
old GSK-3/VLW mice.

Our second aim was to investigate whether lithium
treatment is able to reverse tau pathology once it is present
(at 18 months old) in our animal model. Our data demon-
strate that lithium was able to partially reverse pre-existing
tau pathology. Thus, in lithium-treated mice, a decrease in the
number of AT8 immunoreactive neurones was observed
(about 75%). Here, we demonstrate that the remaining ATS8-
positive neurones are also stained with Thiazin Red, a
compound that is able to label fibrillar tau protein and
therefore, NFTs. In relation to these immunohistochemistry
results, it was possible to detect the 64 kDa band in sarkosyl-
insoluble extracts prepared from lithium-treated mice, show-
ing that aggregated tau was present in these mice. We were
only able to see the 64 kDa band after lithium treatment in
sarkosyl-insoluble samples (Fig. 4d) and not in total hippo-
campal extracts (Fig. 3c). This is probably a result of the
limited number of CA1 pyramidal neurones showing Thiazin
Red staining compared with neurones immunostained with
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phospho-tau antibodies (Fig. 4c). Thus, the 64 kDa tau
isoform is enriched in sarkosyl-insoluble fraction. To deter-
mine the selectivity of lithium as a GSK-3 inhibitor, we
silenced transgene expression in 18-month-old VLW/GSK-3
mice by giving the tetracycline analogue, doxycycline, to the
mice. After restoration of GSK-3 to basal levels, we obtained
the same results with doxycycline as with lithium (reversion
of phopho-tau but not NFT-like aggregates), supporting the
notion that GSK-3 inhibition is not sufficient to reverse NFT-
like aggregates. A similar result was obtained by the
overexpression of P301L tau in a conditional manner
(Santacruz et al. 2005), where NFTs did not disappear after
suppression of transgenic tau expression.

A first conclusion could be that lithium is able to
prevent tau pathology, but that this is not the case when
NFTs are already formed. However, there is no direct
evidence showing that PHFs are toxic for neurones. In
fact, it has been proposed for other neurodegenerative
diseases (i.e. Huntington’s disease) that the formation of
aggregates is a defence mechanism (Arrasate e al. 2004).

Hyper-P-Tau NFT
Prevention Yes Yes
Reversion Yes No

Fig. 6 Lithium effects on tau pathology. 18-mounth-old GSK-3/VLW
mice develop a tau pathology characterized by the presence of
hyperphosphorylated tau (stained with AT8 antibody) and NFT-like
structures (stained with Thiazin Red). Our data demonstrate that the
progression of the tauopathy can be prevented by administration of
lithium when the first signs of the process are found. Furthermore, it is
still possible to partially reverse tau pathology in advanced stages of
the disease. Thus, when lithium is administered to old mice, phos-
phorylated tau decreases although tau aggregated in NFT-like struc-
tures does not revert to its previous state.
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Growing evidence suggests that the formation of the
aberrant aggregates present in several neurodegenerative
diseases may be a way to neutralize aberrant/toxic proteins
generated during the process of neurodegeneration. More-
over, learning deficits were present in a GSK-3f mouse
model characterized by the presence of hyperphosphory-
lated tau in the absence of tau filaments (Hernandez et al.
2002). In good agreement with this, a learning deficit in a
mouse model of FTDP-17 correlated with hyperphos-
phorylated tau, but not with the presence of NFTs
(Santacruz et al. 2005). Thus, it can be proposed that
lithium could also be effective even when the disease is in
an advanced phase.

In summary, lithium, a drug used for treating affective
disorders and with well documented effects in humans, could
have a therapeutic benefit in neurodegenerative tauopathies
by, in first place, preventing tau hyperphosphorylation and
in second place, reversing hyperphosphorylated somato-
dendritic tau. However, lithium is not able to change back tau
filaments already aggregated associated into NFTs (Fig. 6).
Our data also support studies based on novel GSK-3
inhibitors as new pharmacological treatments of these kind
of neurodegenerative disorders.

Acknowledgements

We thank Dr Francisco Garcia-Sierra for his help with Thiazin Red
staining. We thank Drs Maria A. Moran and Pilar Gomez-Ramos for
helpful discussion and comments. We are also grateful to Elena
Langa and Raquel Cuadros for technical assistance. This work was
supported by grants from Fundacion La Caixa, Comunidad de
Madrid, Neuropharma, Spanish CICYT, and by institutional grants
from Fundacion Ramon Areces and from Fondo de Investigaciones
Sanitarias.

References

Alonso A., Zaidi T., Novak M., Grundke-Igbal I. and Igbal K. (2001)
Hyperphosphorylation induces self-assembly of tau into tangles of
paired helical filaments/straight filaments. Proc. Natl Acad. Sci.
US4 98, 6923-6928.

Alvarez G., MunozMontano J. R., Satrustegui J., Avila J., Bogonez
E. and DiazNido J. (1999) Lithium protects cultured neurons
against beta-amyloid-induced neurodegeneration. FEBS Lett. 453,
260-264.

Arrasate M., Mitra S., Schweitzer E. S., Segal M. R. and Finkbeiner S.
(2004) Inclusion body formation reduces levels of mutant hunt-
ingtin and the risk of neuronal death. Nature 431, 805-810.

Avila J., Lucas J. J., Perez M. and Hernandez F. (2004) Role of tau
protein in both physiological and pathological conditions. Physiol.
Rev. 84, 361-384.

Bhat R. V., Budd Haeberlein S. L. and Avila J. (2004) Glycogen syn-
thase kinase 3: a drug target for CNS therapies. J. Neurochem. 89,
1313-1317.

Biernat J., Mandelkow E. M., Schroter C. et al. (1992) The switch of tau
protein to an Alzheimer-like state includes the phosphorylation of
two serine-proline motifs upstream of the microtubule binding
region. EMBO J. 11, 1593-1597.

© 2006 The Authors

Bizon J. L. and Gallagher M. (2003) Production of new cells in the rat
dentate gyrus over the lifespan: relation to cognitive decline. Eur: J.
Neurosci. 18, 215-219.

Busciglio J., Lorenzo A., Yeh J. and Yankner B. A. (1995) beta-Amyloid
fibrils induce tau phosphorylation and loss of microtubule binding.
Neuron 14, 879-888.

Chen G., Du Rajkowska G. F., Seraji-Bozorgzad N. and Manji H. K.
(2000) Enhancement of hippocampal neurogenesis by lithium.
J. Neurochem. 75, 1729-1734.

Chen R. W. and Chuang D. M. (1999) Long term lithium treatment
suppresses p53 and Bax expression but increases Bcl-2 expression.
A prominent role in neuroprotection against excitotoxicity. J. Biol.
Chem. 274, 6039-6042.

Engel T., Hernandez F., Avila J. and Lucas J. J. (2006a) Full reversal of
Alzheimer’s disease-like phenotype in a mouse model with con-
ditional overexpression of glycogen synthase kinase-3. J. Neurosci.
26, 5083-5090.

Engel T., Lucas J. J., Gomez-Ramos P., Moran M. A., Avila J. and
Hernandez F. (2006b) Coexpression of FTDP-17 tau and GSK-3f3
in transgenic mice induce tau polymerization and neurodegenera-
tion. Neurobiol. Aging 27, 1258—1268.

Ferreira A., Lu Q., Orecchio L. and Kosik K. S. (1997) Selective
phosphorylation of adult tau isoforms in mature hippocampal
neurons exposed to fibrillar A beta. Mol. Cell Neurosci. 9, 220—
234.

Goedert M. (2005) Tau gene mutations and their effects. Mov. Disord.
20, S45-S52.

Goedert M. and Spillantini M. G. (2001) Tau gene mutations and neu-
rodegeneration. Biochem. Soc. Symp. 67, 59-71.

Greenberg S. G. and Davies P. (1990) A preparation of Alzheimer paired
helical filaments that displays distinct tau proteins by polyacryla-
mide gel electrophoresis. Proc. Natl Acad. Sci. US4 87, 5827—
5831.

Grimes C. A. and Jope R. S. (2001) The multifaceted roles of glycogen
synthase kinase 3beta in cellular signaling. Prog. Neurobiol. 65,
391-426.

Grundke-Igbal 1., Igbal K., Quinlan M., Tung Y. C., Zaidi M. S. and
Wisniewski H. M. (1986) Microtubule-associated protein tau.
A component of Alzheimer paired helical filaments. J. Biol. Chem.
261, 6084-6089.

Hernandez F., Borrell J., Guaza C., Avila J. and Lucas J. J. (2002) Spatial
learning deficit in transgenic mice that conditionally over-express
GSK-3beta in the brain but do not form tau filaments. J. Neuro-
chem. 83, 1529-1533.

Hong M., Chen D. C. R., Klein P. S. and Lee V. M. Y. (1997) Lithium
reduces tau phosphorylation by inhibition of glycogen synthase
kinase-3. J. Biol. Chem. 272, 25 326-25 332.

Imahori K. and Uchida T. (1997) Physiology and pathology of tau
protein kinases in relation to Alzheimer’s disease. J. Biochem.
(Tokyo) 121, 179-188.

Kempermann G., Kuhn H. G. and Gage F. H. (1998) Experience-induced
neurogenesis in the senescent dentate gyrus. J. Neurosci. 18,
3206-3212.

King T. D., Bijur G. N. and Jope R. S. (2001) Caspase-3 activation
induced by inhibition of mitochondrial complex I is facilitated by
glycogen synthase kinase-3beta and attenuated by lithium. Brain
Res. 919, 106-114.

Klein P. S. and Melton D. A. (1996) A molecular mechanism for the
effect of lithium on development. Proc. Natl Acad. Sci. USA 93,
8455-8459.

Kosik K. S. (1992) Alzheimer’s disease: a cell biological perspective.
Science 256, 780-783.

Lim F., Hernandez F., Lucas J. J., Gomez-Ramos P., Moran M. A. and
Avila J. (2001) FTDP-17 mutations in tau transgenic mice provoke

Journal Compilation © 2006 International Society for Neurochemistry, J. Neurochem. (2006) 99, 1445-1455



lysosomal abnormalities and Tau filaments in forebrain. Mol. Cell
Neurosci. 18, 702-714.

Lovestone S., Hartley C. L., Pearce J. and Anderton B. H. (1996)
Phosphorylation of tau by glycogen synthase kinase-3 beta in intact
mammalian cells: the effects on the organization and stability of
microtubules. Neuroscience 73, 1145-1157.

Lucas J. J., Hernandez F., Gomez-Ramos P., Moran M. A., Hen R. and
Avila J. (2001) Decreased nuclear beta-catenin, tau hyperphosph-
orylation and neurodegeneration in GSK-3beta conditional trans-
genic mice. EMBO J. 20, 27-39.

Mena R., Edwards P., Perez-Olvera O. and Wischik C. M. (1995)
Monitoring pathological assembly of tau and beta-amyloid proteins
in Alzheimer’s disease. Acta Neuropathol. 89, 50-56.

Merrick S. E., Demoise D. C. and Lee V. M. Y. (1996) Site-specific
dephosphorylation of tau protein at Ser(202)/Thr(205) in
response to microtubule depolymerization in cultured human
neurons involves protein phosphatase 2A. J. Biol. Chem. 271,
5589-5594.

Moore G. J., Bebchuk J. M., Wilds 1. B., Chen G. and Manji H. K.
(2000) Lithium-induced increase in human brain grey matter.
Lancet 356, 1241-1242.

MunozMontano J. R., Moreno F. J., Avila J. and DiazNido J. (1997)
Lithium inhibits Alzheimer’s disease-like tau protein phosphory-
lation in neurons. FEBS Lett. 411, 183—188.

MunozMontano J. R., Moreno F. J., Avila J. and DiazNido J. (1999)
Downregulation of glycogen synthase kinase-3 beta (GSK-3 beta)
protein expression during neuroblastoma IMR-32 cell differenti-
ation. J. Neurosci. Res. 55, 278-285.

Nakashima H., Ishihara T., Suguimoto P. et al. (2005) Chronic lithium
treatment decreases tau lesions by promoting ubiquitination in a
mouse model of tauopathies. Acta Neuropathol. (Berl.) 110,
547-556.

Noble W., Planel E., Zehr C. et al. (2005) Inhibition of glycogen syn-
thase kinase-3 by lithium correlates with reduced tauopathy and
degeneration in vivo. Proc. Natl Acad. Sci. USA 102, 6990-6995.

Paxinos G. and Franklin K. B. J. (2001) The Mouse Brain, 2nd edn.
Academic Press, San Diego.

© 2006 The Authors

Lithium treatment and Alzheimer’s disease 1455

Pei J. J., Braak E., Braak H., Grundke-Igbal I., Igbal K., Winblad B.
and Cowburm R. F. (1999) Distribution of active glycogen
synthase kinase 3beta (GSK-3beta) in brains staged for Alzheimer
disease neurofibrillary changes. J. Neuropathol. Exp. Neurol. 58,
1010-1019.

Perez M., Valpuesta J. M., Montejo de Garcini E., Quintana C., Arrasate
M., LopezCarrascosa J. L., Rabano A., deYebenes J. G. and Avila
J. (1998) Ferritin is associated with the aberrant tau filaments
present in progressive supranuclear palsy. Am. J. Pathol. 152,
1531-1539.

Perez M., Hernandez F., Lim F., Diaz-Nido J. and Avila J. (2003)
Chronic lithium treatment decreases mutant tau protein aggregation
in a transgenic mouse model. J. Alzheimers Dis. 5, 301-308.

Santacruz K., Lewis J., Spires T. ef al. (2005) Tau suppression in
a neurodegenerative mouse model improves memory function.
Science 309, 476-481.

Takashima A., Noguchi K., Sato K., Hoshino T. and Imahori K. (1993)
Tau protein kinase I is essential for amyloid beta-protein-induced
neurotoxicity. Proc. Natl Acad. Sci. USA 90, 7789-7793.

Takashima A., Noguchi K., Michel G., Mercken M., Hoshi M., Ishiguro
K. and Imahori K. (1996) Exposure of rat hippocampal neurons to
amyloid beta peptide (25-35) induces the inactivation of phos-
phatidyl inositol-3 kinase and the activation of tau protein kinase I
glycogen synthase kinase-3 beta. Neurosci. Lett. 203, 33-36.

Yamaguchi H., Ishiguro K., Uchida T., Takashima A., Lemere C. A. and
Imahori K. (1996) Preferential labeling of Alzheimer neurofibril-
lary tangles with antisera for tau protein kinase (TPK) I/glycogen
synthase kinase-3 beta and cyclin-dependent kinase 5, a component
of TPK II. Acta Neuropathol. (Berl.) 92, 232-241.

Yu I. T, Kim J. S., Lee S. H., Lee Y. S. and Son H. (2003) Chronic
lithium enhances hippocampal long-term potentiation, but not
neurogenesis, in the aged rat dentate gyrus. Biochem. Biophys. Res.
Commun. 303, 1193-1198.

Zhang F., Phiel C. J., Spece L., Gurvich N. and Klein P. S. (2003)
Inhibitory phosphorylation of glycogen synthase kinase-3 (GSK-3)
in response to lithium. Evidence for autoregulation of GSK-3.
J. Biol. Chem. 278, 33 067-33 077.

Journal Compilation © 2006 International Society for Neurochemistry, J. Neurochem. (2006) 99, 1445-1455






56 Current Aging Science, 2008, 1, 56-61

Tau as a Molecular Marker of Development, Aging and Neurodegenera-

tive Disorders

Félix Hernandez, Mar Pérez, Elena Gémez de Barreda, Paloma Goii-Oliver and Jesus Avila*

Centro de Biologia Molecular “Severo Ochoa”, CSIC-UAM, Fac. Ciencias, Universidad Auténoma de Madrid,

Cantoblanco, 28049 Madrid, Spain

Abstract: The purpose of this work is to review the changes that take place in the microtubule associated protein tau dur-
ing neuronal development, aging and neurodegeneration. Human tau protein is expressed from a single gene located on
chromosome 17. The DNA is transcribed into nuclear RNA and this RNA, by alternative splicing, yields different mMRNA
species which are developmentally regulated. In aging, or in neurodegenerative disorders, post translational modifications
of tau, such as phosphorylation, could take place, and new tau isoforms may appear. Thus, tau isoforms can be used as
markers to follow neuronal development, aging or neurodegeneration.

INTRODUCTION

It has been widely commented the relatively small num-
ber of genes that are present in the human genome and how
such few genes can regulate all cellular functions taking
place in the human being. However, this is an incomplete
view because a single nuclear RNA can yield, by alternative
splicing, different mRNA species. The translation of these
distinct spliced mRNASs results in the production of different
isoforms. In addition to these isoforms, different post transla-
tional modifications can also yield additional protein iso-
forms. Thus, during the life of an organism, including aging,
the product of a single gene could result in the expression of
different protein isoforms. In this review we discuss the
changes in tau protein during the life of an organism as well
as how different tau protein isoforms could be used as mark-
ers for different developmental stages. In addition, the pres-
ence of specific tau isoforms in some pathological processes
will be discussed.

TAU PROTEIN

A single human tau gene can be transcribed into nuclear
RNA. This nuclear RNA yields different mRNA species by
alternative splicing. The translation of these distinct spliced
mRNAs results in the production of the different tau iso-
forms with different numbers of exons [1].

Goedert et al described the presence of six different tau
isoforms in the human central nervous system (CNS) [2]
(Fig. (1)). However, the pioneer work in this field was car-
ried out on bovine tau where at least 14 tau exons are ex-
pressed [1]. We now know that the human tau gene contains
16 exons [3] and is present on chromosome 17. However,
not all of these exons are commonly expressed in the human
tau protein.

Tau protein is enriched in four amino acids: proline, gly-
cine, lysine and serine, which account for 40% of the total
residues of the protein (in the largest CNS tau isoform). The
high proline and glycine content suggests the existence of a
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random-coil conformation and, indeed, tau adopts this con-
formation allowing it to be a very soluble protein in different
buffer conditions. The abundance of lysine residues indicates
the presence of basic regions and, indeed, there is a basic
region in the tau molecule which contains some repeated
sequences that are involved in the binding of tau to microtu-
bules via the acidic C-terminus of tubulin [4]. Finally, the
presence of many serine residues suggests that the protein
can be extensively modified by phosphorylation, at these
residues [5].

Tau protein can be divided into four regions: 1) residues
1-103, the acidic amino terminal region with a variable num-
ber of exons. There are three types of isoforms, those con-
taining only exon 1 (first type), those with exon 1 and 2
(second type), and those with exon 1, 2 and 3(third type); 2)
residues 104-239, the second region, rich in proline; 3)
amino acids 240-370, the third region, is a basic region, rich
in lysine residues (and arginine residues too) that contains
the repeated sequences involved in microtubule binding.
Some of the tau isoforms lack exon 10, corresponding to the
second repeated sequence; 4) residues 371-441, the last re-
gion, is the acidic carboxy terminal region rich in serines.

The expression of some of these tau isoforms is devel-
opmentally regulated. Thus, isoforms lacking exon 10 (Tau
3R) are found at early developmental stages whereas tau
isoforms containing exon 10 (Tau 4R) are mainly found in
neurons at mature developmental stages. However, in human
adult brain Tau 3R can be also found [2] in new-born neu-
rons such as those in the hippocampal dentate gyrus.

Alternative splicing of nuclear tau RNA, occurs during
brain development but this point will be only briefly com-
mented, since an excellent review on tau RNA splicing has
been already published [6]. The expression of tau isoforms
derived from different numbers of exons is characteristic
during brain development: those isoforms lacking exon 10
being expressed at early developmental stages [5, 6]. Human
tau isoforms contain some exons present in every tau iso-
form. These exons (with reference to those first described in
bovine tau) are exons 1, 4,5, 7, 9, 11, 12 and 13. In human
tau, there is a little (if any) expression of exons 6 and 8. On
the other hand exons 2, 3 and 10 are present in some iso-
forms and absent in others. In the peripheral nervous system
(PNS), there is a high molecular weight tau isoform derived

© 2008 Bentham Science Publishers Ltd.
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proline-rich

basic-region (MTB) serine-rich

a) Average in human proteins, see reference [69]

proline 7%
lysine 5%
glycine 7%
serine 9%

A) N . L . i C
1-103 104-239 240-370 371-441
proline 8.7 16.9 6.1 42
lysine 29 10.2 7.1
serine 48 1.7 9.2
glycine 11.6 1.7 13.0° 57

B) Exons present in human CNS tau isoforms:

N [[2[3[a[37] 9 Ndifizf13] ¢

Isoform 1) 1,4,5,7,9, 11, 12, 13
Isoform2) 1,2,4,5,7,9,11,12,13
Isoform3) 1,2,3,4,5,7,9, 11,12, 13
Isoform4) 1,4,5,7,9,10, 11, 12, 13
Isoform 5) 1,2,4,5,7,9,10,11, 12,13
Isoform 6) 1,2,3,4,5,7,9, 10, 11,12, 13

These exons are combined in a different way in the six different tau isoforms

Fig. (1). A. Percentage of proline, lysine, serine and glycine residues respect to the total residues present in different tau regions (N-terminal,
proline rich, basic and serine-rich regions). As a comparison (a), the average proportion of these aminoacids present in human proteins is also

shown [69].

B. Exon number present in each of the six tau isoforms found in human brain.

from the expression of exon 4A. This exon is not expressed
in CNS tau isoforms [7].

On the other hand, the inclusion of exons 2/3, in the tau
molecule, is higher in those individuals showing the tau H1
haplotype [8] and it is not related to brain development.
Splicing factors like CELF and MBNL appear to regulate the
inclusion of exons 2/3 in tau protein [9]. The lack of exon 6
in human tau protein is probably due to the difficult and in-
tricate interplay of trans factors and cis elements required for
its expression [10]. The absence of exon 8 in human tau has
also been reported [11, 12].

Since, the presence or absence of exon 10, in tau protein,
could be used as a developmental marker (and also as a
marker for some neurodegenerative disorders [5, 12-14]), the
determinants of exon 10 splicing have been studied in detail
[13, 15, 16].

Some splicing regulators like TRA2-BETA 1 and CLK2
[17], RBM4 [18] or SFRS11 [19] have been involved in tau
exon 10 alternative splicing. Other serine-arginine rich pro-

teins [20, 21] have also been implicated. In addition, muta-
tions in the tau gene could interfere with the presence of tau
exon 10 [20, 22, 23].

Little is known about the relation between the previously
indicated factors and the developmental regulation of tau
isoforms containing or lacking exon 10. It has been shown
that the phosphorylation of splicing factors like SC35-like
protein [21] can be implicated and it has been suggested that
such phosphorylation could be developmentally regulated by
kinases such as GSK3p [24]. However, more work is needed
to analyze this possible connection. Finally, a specific post-
translational modification -phosphorylation- has been de-
scribed in fetal tau [25]. Phosphorylation decreases with
progressive developmental stages (Fig. (2)).

In summary, the presence of tau protein, lacking exon 10,
could be suggested as a marker of young neurons. The pres-
ence of tau having exon 10 results in a possible increase in
the binding of tau protein to microtubules, since exon 10
contains one of the repeated sequences involved in the bind-
ing of tau protein to microtubules. Thus, tau isoforms, pre-
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Fig. (2). Phosphorylated residues (circles) present in fetal tau and tau protein from Alzheimer disease patients (AD). Although both tau iso-
forms are highly phosphorylated, there are some modified residues in AD that are not present in fetal tau. The repeated sequences containing

the microtubule binding motifs (MTB) in tau molecule are shown.

sent in mature neurons, are probably bound with a higher
affinity to microtubules than in fetal neurons and this
stronger binding may facilitate the stabilization of these cy-
toskeletal polymers.

AGING AND TAU ISOFORMS

Aging, and longevity, have been studied at genetic and
epigenetic levels. At the genetic level the study has been
performed in simple models such as yeast or worms [26]. It
has been found that when yeast is grown in low glucose me-
dium, an increase in life-span is observed [27]. Analysis car-
ried out in Caenorhabditis elegans has shown that the defi-
cient functioning of the insulin-like pathway results in an
extremely long life of the worm [28].

Activation of the insulin transduction pathway results in
the inhibition of GSK3 and reduction in the phosphorylation
of its substrates, like tau protein. Additionally, activation of
the pathway results in a decrease of the activity of the tran-
scription factor FoxO which regulates cellular oxidative
stress resistance [29], since it up-regulates several antioxi-
dant enzymes like catalase [30] or manganese superoxide
dismutase. It has been suggested that the sporadic activation
of FoxO could favor longevity [31]. However, prolonged
activation results in apoptosis in cultured neuronal cells [32].

It has been proposed that cell vulnerability to different
forms of chronic stress increases with age. This has been part
of the study at the epigenetic level. In this way, an increased
vulnerability of aged neurons to oxidative damage has been
proposed [33], suggesting that dysfunction in aged neurons
is a result of deregulation of the removal of the toxic prod-
ucts arising from oxygen metabolism.

Oxygen is needed for cell viability, and, significantly,
oxygen consumption is much higher in brain than in other
tissues. Some of the metabolic products are toxic com-
pounds, like the reactive species (ROS). If these toxic com-
pounds are not removed, there is a lack of balance between

the generation and removal of ROS (oxidative stress) that
may promote neuronal degeneration, and this degeneration
will increase with aging.

Oxidative damage could also result in the appearance of
lipid peroxidation products like 4-hydroxy-2-nonenal [34],
acrolein or malondialdehyde [35]. On the other hand, oxida-
tion of sugars could yield the formation of compounds like
methylglioxal. These products could react with proteins, like
tau protein, [35, 36] to form advanced glycation-end prod-
ucts. Thus, proteins could be modified by these products, by
ROS, (free radicals like the anion superoxide, the hydroxyl
radical or nitric oxide), or by oxidative products like hydro-
gen peroxide. Modifications present in tau protein could also
appear as a consequence of oxidative damage. In this way,
mitochondrial oxidative stress may cause tau hyperphos-
phorylation [37].

Other consequences, at the protein level, promoted by
oxidative damage are the formation of disulfide bridges, that
favour tau aggregation [38], and tau glycation [35, 36], that
also may result in the formation of large tau aggregates [39].
The reaction of tau with acrolein may favor tau phosphoryla-
tion [24]. Also, the reaction with acrolein, or other carbonyl
compounds, could facilitate tau aggregation [40]. 4-hydroxy
2 nonenal facilitates tau assembly into fibrillar polymers [41]
and it has been reported that peroxynitrite-mediated tau
modifications facilitate tau assembly and destabilize micro-
tubules [42]. In addition, the site for tau nitration, has al-
ready been identified [43].

One compound that could facilitate tau assembly in a
more efficient way is the oxidized form of coenzyme Qg
(CoQO0). Coenzyme Q, could bind to tau protein in a non-
covalent or covalent form and favor the assembly of unmodi-
fied tau as well as the phosphorylated form [44]. It should be
indicated that quinones represent a class of toxicological
intermediates which can create a variety of hazardous effects
in vivo. Indeed, quinones are highly redox active molecules
which can redox cycle with their semiquinone radicals, lead-
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ing to formation of reactive ROS, including superoxide, hy-
drogen peroxide and the hydroxyl radical.

In addition to oxidative damage, other types of stress
could also result in modifications of tau protein. These take
place mainly by activation of stress kinases or by inhibition
of specific phosphatases, which results in hyperphosphoryla-
tion of tau protein. Thus, exposure to a range of environ-
mental insults, or stress, may result in induction of tau phos-
phorylation. Among these environmental changes are hiber-
nation, cold water stress, anesthesia, alterations in glucose
metabolism or electric-shock [45-52].

Nevertheless, oxidative damage appears to be one of the
main causes related to neuron aging. This damage could be
originated from a situation like activation of growth factor
receptors which result in the appearance of toxic compounds
like H,0,. If there is a deregulation in the pathways used to
remove those toxic products, oxidative damage could take
place. Also, the period of calcium entry in neurons, upon
activation of some receptors, is generally brief, but unrelent-
ing calcium entry constitutes a stress that makes neurons
particularly susceptible to oxidative damage [53]. An excess
of calcium can be absorbed by mitochondria, but a continu-
ous calcium entry would produce mitochondrial stress. In
fact, mitochondria house the oxidative phosphorylation ma-
chine and many metabolic pathways. Essentially, all the pro-
duction of cellular energy takes place in mitochondria, where
most of the reactive oxygen species (ROS) are generated.
Thus, chronic mitochondria stress results in increased ROS
production and oxidative damage. Also, calcium entry could
active proteases like calpain that could activate GSK3 [54]
and this, in turn, may increase tau phosphorylation. Finally,
it should be also noted that an increase in ROS levels could
take place during hypoxia [55].

To generalize, cell vulnerability to different forms of
chronic stress could increase with age and the aging process
could be associated with major stress response systems. It
has been suggested that the ability to cope with stress in
adulthood is an predictive indicator of life expectancy and
quality of life at senescence [56], since higher vulnerability
to stress is associated with accelerated senescence.
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As indicated, stress conditions could result in tau modifi-
cations like glycation, nitration, oxidation or phosphorylation
by stress kinases [35, 36, 40, 42, 57, 58].

TAU ISOFORMS AND SENILE NEURODEGENERA-
TIVE DISORDERS

There are some neurodegenerative disorders which in-
volve changes in tau phosphorylation or aggregation. These
disorders are known as tauopathies [23], Alzheimer’s disease
being the most prevalent. Alzheimer’s disease is a senile
dementia characterized by the presence of two histopa-
thological hallmarks: senile plaques composed of a peptide
called beta amyloid (a fragment of the amyloid precursor
protein [59]), and neurofibrillary tangles composed essen-
tially of the microtubule associated protein tau in a
hyperphosphorylated form [60]. This tau phosphorylation
takes place mainly by tau kinase | (GSK3) and tau kinase 11
(cdkb) [61, 62]. Beta-amyloid peptide (the main component
of senile plaques) has been implicated in the activation of
GSK3 [63, 64] which facilitates tau phosphorylation [65].
The localization of phosphorylation sites on tau protein from
Alzheimer’s disease patients has been analyzed [25] and is
shown in Fig. (2).

As indicated above, another feature of tau protein in neu-
rodegenerative disorders is its aberrant aggregation into dif-
ferent types of polymers; paired helical and straight fila-
ments in Alzheimer’s disease, globular aggregates like Hi-
rano bodies (also present in Alzheimer’s disease cases) or in
the formation of Pick bodies in Pick Disease. Other types of
fibrillar tau polymers are present in other tauopathies like
Corticobasal Degeneration or Progressive Supranuclear
Palsy [5]. Thus, highly soluble tau protein becomes insolu-
ble, forming tau aggregates in these neurodegenerative dis-
orders. Truncation is another tau posttranslational modifica-
tion that has been suggested to take place during tau aggre-
gation [66]. The analysis of all these modified tau isoforms
could yield markers of the indicated tauopathies. In addition,
the presence of a higher proportion of modified tau 3R re-
spect to tau 4R, or viceversa, in different tauopathies has
been used to classify different tauopathies such as Corticoba-

tau 3R — tau4R —— modified tau — aggregated tau

fetal adult

aging and neurodegenerative disorders

Development

Pathology

Fig. (3). Tau isoforms present in Central Nervous System during brain development and in neurodegenerative disorders with tau pathology.
At fetal stage, tau 3R, with three microtubule binding motifs, is expressed. In the adult organism tau 4R, with four microtubule binding mo-
tifs, is present. This tau 4R can be modified by phosphorylation in neurodegenerative disorders like AD.



60 Current Aging Science, 2008, Vol. 1, No. 1

sal degeneration, Progressive Supranuclear Palsy or Pick
disease [67]. The proportion of different tau isoforms in
these tauopathies could be due to the fact that the affected
neurons mainly express tau 4R or tau 3R isoforms in these
different proportions [67, 68].

In summary, tau protein could be used as a marker to in-
dicate the different brain stages during the life of a human
being (Fig. (3)). In fetal stage, it is mainly composed of a
short isoform which shows lower affinity for microtubules
compared to mature brain tau isoforms. This decrease in mi-
crotubule binding capacity could be due to the absence of
one of the sequences involved in microtubule binding as well
as to the higher phosphorylation found in fetal tau compared
with that present in mature brain tau isoforms. In mature
brain, new tau isoforms are expressed and the whole tau pro-
tein shows a higher microtubule binding capacity than of that
of fetal stages. However, in neurodegenerative processes,
like AD, in which the main risk factor is aging, there is a
dramatic decrease in the capacity of tau protein to bind to
microtubules, mainly due to its hyperphosphorylated status,
although other modifications could be also important. In
consequence, tau protein changes its solubility characteris-
tics and forms different types of aggregates in these neu-
rodegenerative disorders.
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Abstract

Alzheimer's disease is characterized by the presence of two
histopathological aberrant structures, the senile plaques
and the neurofibrillary tangles. The main component of
these tangles is the cytoskeletal protein tau in hyperphos-
phorylated form. Since a main tau kinase is glycogen syn-
thase kinase 3 (GSK-3), the use of specific GSK-3 inhibitors,
like lithium, could be a potential therapy in Alzheimer's dis-
ease. Inthis short article, we have done a review on tau phos-
phorylation in Alzheimer’s disease and other tauopathies,
and on the inhibition of kinases like GSK-3, involved in tau

modification. Copyright © 2008 S. Karger AG, Basel

Alzheimer’s disease is the most prevalent cause of de-
mentia in old age. This disease is characterized by the
presence of two types of abnormal protein deposits: amy-
loid - or senile - plaques and neurofibrillary tangles. Se-
nile plaques are extracellular deposits containing B-amy-
loid peptides as the major components [1], whereas neu-
rofibrillary tangles are intracellular aggregates of fibrils,

constituted by the microtubule-associated protein tau, in
hyperphosphorylated form [2].

The presence of large numbers of neurofibrillary tan-
gles in the cerebral cortex has been correlated with the
severity of dementia in Alzheimer’s disease [3]. It has be-
come apparent that the morphological lesions used by pa-
thologists to confirm a clinical diagnosis after death
might provide an experimentally tractable means to un-
derstand causative pathways. Related to tau pathology,
those lesions involve tau phosphorylation and aggrega-
tion. Thus, it has been suggested that the study of phos-
phorylation and aggregation of tau protein could facili-
tate the analysis of the mechanism of tau pathology in
Alzheimer’s disease. In addition, aberrant phospho-tau
polymers have also been found in other dementias and
neurological disorders (tauopathies) like Pick’s disease,
frontotemporal dementia and parkinsonism linked to
chromosome 17 (FTDP-17), corticobasal degeneration
and progressive supranuclear palsy [4].

It has been suggested that in a pathological situation
hyperphosphorylated tau misfolds, disassembles from
microtubules and forms aberrant filamentous polymers
that, in aggregated form, give rise to the neurofibrillary
tangles. The toxicity of phosphorylated tau is well docu-
mented. Thus, phosphorylated tau has a reduced affinity
for microtubules [5], and affects the axonal transport [6].
In addition, in tauopathies, tau-induced neurotoxicity
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Fig. 1. The development of tau pathology is characterized by an
increase in phospho-tau. Here tau pathology is shown in a trans-
genic mouse overexpressing GSK-3p and FTDP-17 tau [16). Trans-
genic tau accumulates in the somatodendritic compartment but
only in old mice does the number of phospho-tau-positive neu-
rons increase (control panel, immunofluorescence was carried
out with the phospho-tau antibody AT8). The right panel shows

has been related to the association of tau protein, mainly
in its phosphorylated form, with actin, resulting in the
onset of alterations in the actin cytoskeleton. By using
Drosophila and mice as models, a direct interaction was
found between phospho-tau, modified at some sites that
could be phosphorylated by glycogen synthase kinase 3
(GSK-3), and actin, an interaction that might be related
to tau-induced neurotoxicity observed in Alzheimer’s
disease [7]. Thus, it seems important to know how tau
hyperphosphorylation occurs.

Although several protein kinases could modify tau
protein, GSK-3 has been proposed as a main kinase able
to aberrantly phosphorylate tau in Alzheimer’s disease
and, probably, in other tauopathies (for a review see Avi-
la et al. [8]). Two GSK-3 isoforms (e and B) are present in
vertebrates [9] that show similar functional characteris-
tics.

Thus, if GSK-3 is involved in tau pathology, it could be
a good target for possible therapeutic interventions for
Alzheimer’s disease. Different GSK-3 inhibitors have al-
ready been described [10], such as lithium, one of the first
indicated [11] specific inhibitors of GSK-3, that has previ-
ously been used as a drug for affective disorders [12].
Lithium inhibits both GSK-3 isoforms (o and B).

In addition, lithium has been demonstrated to have a
beneficial effect in two FTDP-17 mouse models [13, 14].
Therefore, it was of great interest to test the possible pro-
tective effects of lithium in a tauopathy animal model
based on GSK-3 overexpression. We have previously gen-
erated a transgenic mouse that overexpresses GSK-33

248 Neurodegenerative Dis 2008;5:247-249

hippocampal pyramidal neurons found in this animal mode]
when lithium (a GSK-3 inhibitor) is administered to these Mmice.,
Phosphorylated tau decreases although tau aggregated in neuro-
fibrillary tangle-like structures does not revert to its previous
state [18] showing that neurofibrillary tangles are very stable
structures. Thus, lithium reverts soluble hyperphosphorylated
tau, but does not change back already formed tau aggregates.

and FTDP-17 tau in certain brain regions [15]. These
mice, termed GSK-3/VLW, show tau hyperphosphoryla-
tion in CAl hippocampal neurons, the region where the
pattern of expression of both transgenes overlaps. Tau fil-
aments with a paired helical filament-like structure were
found in GSK-3/VLW mice but not in single transgenic
mice expressing only GSK-3 or FTDP-17 tau. Paired he-
lical filament-like filament formation in GSK-3/VLW
mice was accompanied by thioflavin-S staining. All these
data suggest that there is a synergistic contribution from
both types of tau modification, hyperphosphorylation
and missense mutations to induce aberrant tau aggrega-
tion. We have used this animal model to address the fol-
lowing two questions: first, whether chronic lithium
treatment is able to prevent the formation of aberrant tau
aggregates (formed by overexpression of FTDP-17 tau
and GSK-3B), and second, whether lithium is able to re-
vert already formed tau aggregates and neurofibrillary
tangles to their former state in aged animals [16).

In previous studies based on animal models overex-
pressing mutated tau polymers [13, 14, 17], it was found
that upon inhibition of GSK-3, both tau phosphorylation
and tau aggregation were prevented. In our model using
the double-transgenic mouse that overexpresses GSK-3f
and FTDP-17 human tau, we have also found that lithium
is able to prevent the development of tau phosphorylation
and aggregation when the inhibitor is administered early
in disease progression, but if lithium is administered at
late stages of the disease (trying to mimic the human dis-
ease), it only reduces tau hyperphosphorylation and is

Engel/Goiii-Oliver/Gémez de Barreda/
Lucas/Herndndez/Avila



unable to reverse tau aggregation. These results suggest a
link, in different animal models, between tau phosphory-
lation (the first event that takes place), which is mainly
detected using the antibody AT8 that recognizes a site in
tau protein modified by GSK-3 (fig. 1), and the posterior
tau aggregation. In this way, it has been described that
cognitive impairment found in transgenic animals over-
expressing tau protein correlates with the onset of tau
phosphorylation, but not with the onset of tau aggrega-
tion [18], a result that is consistent with previous results
of other groups [19].

All the previously reviewed data, together with other
studies, suggest the importance of GSK-3 inhibition to
correct tau pathology.

In summary, we may propose that GSK-3 could be a
good therapeutic target in the tau pathology taking place
in Alzheimer’s disease and other tauopathies. Lithium is
an example of the GSK-3 inhibitors that could be tested,
although its toxicity at concentrations close to the thera-
peutically relevant concentrations suggests that alterna-
tive, less toxic, GSK-3 inhibitors might be more suitable
for potential therapeutic use in tauopathies.
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Abstract—Glycogen synthase kinase-3 (GSK-3p3) has been
proposed as the main kinase able to phosphorylate tau ab-
errantly in Alzheimer’s disease and in related tauopathies.
We have previously generated a double transgenic mouse
line overexpressing the enzyme GSK-3 and tau protein car-
rying a triple frontotemporal dementia and parkinsonism
linked to chromosome 17 mutation whose expression pat-
terns overlap in CA1 (pyramidal neurons) and dentate gyrus
(granular neurons). Here, we have used this transgenic model
to analyze how axonal and somatodendritic neuronal compart-
ments are affected in the hippocampus. Our data demonstrate
that neuronal subpopulations respond differentially to increased
GSK-3 activity. Thus, dentate gyrus granular neurons undergo
apoptotic death with subsequent degeneration of the mossy
fibers, while CA1 pyramidal neurons accumulate hyperphos-
phorylated tau both in the axonal and in the somatodendritic
compartments. These studies also allow us to propose a model
of spreading of pathology through the hippocampus as a con-
sequence of GSK-3 and tau dysregulation. © 2008 IBRO. Pub-
lished by Elsevier Ltd. All rights reserved.

Key words: Alzheimer’s disease, FTDP-17, GSK-3, tau, trans-
genic mice.

Abnormal tau protein aggregation into filamentous struc-
tures and extensive neuronal loss are found in several
neurological disorders known as tauopathies which are
frequently associated with different forms of dementia
(Goedert and Spillantini, 2001). Genetic analyses have
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linked over 30 distinct mutations in the human tau gene on
chromosome 17 to a disease referred to as “frontotemporal
dementia and parkinsonism linked to chromosome 17”
(FTDP-17) (Goedert, 2005). FTDP-17 is characterized by
the accumulation of neurofibrillary tangles (NFT) com-
posed of tau protein filaments within affected neurons.
Similar NFT are also histopathological hallmarks of other
tauopathies (for a review see (Avila et al., 2004)). In Alz-
heimer’s disease (AD) and in other tauopathies, indepen-
dently of whether these tau gene mutations occur or not,
tau protein becomes hyperphosphorylated (Grundke-Igbal
et al., 1986; Kosik, 1992) and it has been hypothesized
that hyperphosphorylated tau misfolds, disassembles mi-
crotubules and forms aberrant filamentous aggregates that
give rise to NFT (Kosik, 1992; Alonso et al., 2001).

Glycogen synthase kinase-33 (GSK-38) has been pro-
posed as the main kinase able to phosphorylate tau aber-
rantly in AD. GSK-33 has been shown to phosphorylate
tau in most sites hyperphosphorylated in NFT both in
transfected cells (Lovestone et al., 1996) and in vivo (Hong
et al., 1997; MunozMontano et al., 1997). Increased levels
of GSK-38 have been found in AD brains and GSK-33
accumulates in the cytoplasm of pre-tangle neurons and
can be also found associated to NFT (Yamaguchi et al.,
1996; Imahori and Uchida, 1997; Pei et al., 1999). Expo-
sure of cortical and hippocampal primary neuronal cultures
to B-amyloid induces activation of GSK-33 (Takashima
et al., 1996), tau hyperphosphorylation (Busciglio et al.,
1995; Ferreira et al., 1997), and cell death (Takashima et
al., 1993; Busciglio et al., 1995). Blockade of GSK-33
expression by antisense oligonucleotides (Takashima
et al., 1993) or its activity by lithium addition (Alvarez et al.,
1999) inhibits B-amyloid-induced neurodegeneration of
cortical and hippocampal primary cultures. Furthermore,
an interaction of GSK-38 isoform with many of the cellular
components related to the neuropathology of AD, such as
the amyloid precursor protein, the B-amyloid peptide, the
metabolic pathway leading to acetylcholine synthesis, the
presenilins, which are mutated in many cases of familial
AD, and tau protein (see (Grimes and Jope, 2001) for a
review) has been described.

We have previously generated a transgenic mouse
which overexpresses GSK-38 and FTDP-17 tau in the
same brain area (Engel et al., 2006b). Analysis of gener-
ated transgenic mice revealed that tau hyperphosphoryla-
tion was mainly present in hippocampal CA1 neurons, the
region where both transgenic proteins are overexpressed.
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Tau filaments with a paired helical filament (PHF)—like
structure were only found in mice expressing both trans-
genic proteins which was accompanied by Thioflavine-S
staining. Now, we have used this animal model to answer
two questions. First, how tau and GSK-3 dysregulation
affect different hippocampal neurons and, secondly how
the axonal compartments are affected. Our studies dem-
onstrate that granular neurons in response to increased
GSK-38 levels degenerate while pyramidal neurons sur-
vive and accumulate hyperphosphorylated tau both in the
somatodendritic and axonal compartment.

EXPERIMENTAL PROCEDURES
Animals

GSK-38 mice were generated as previously described (Lucas et
al., 2001). Briefly, GSK-38 mice result from the breeding of TetO
mice (carrying the bi-directional tet responsive promoter followed
by GSK-38 and B-galactosidase cDNAs, one in each direction)
with CamKIIB-tTA mice. The double transgenic mice are desig-
nated GSK-3. Generation of the mouse line VLW which is trans-
genic for a human 4-repeat tau isoform with two N-terminal exons
carrying the FTDP-17 mutations G272V, P301L and R406W
(hTauVLW) has been previously described (Lim et al., 2001).
Neuron specific expression of mutant tau protein was achieved by
using the neuron-specific mouse Thy1.2 promoter. Mice homozy-
gous for hTauVLW were crossed with doubly transgenic mice
GSK-38 to generate GSK-38/VLW triple transgenic mice. Trans-
genic mice were genotyped by PCR (Lim et al., 2001; Lucas et al.,
2001). Transgenic animals as well as wild-type (wt) mice
(C57BL/6) were bred at the Centro de Biologia Molecular “Severo
Ochoa” (Madrid, Spain). Four to five mice were housed per cage
with food and water available ad libitum. Mice were maintained in a
temperature-controlled environment on a 12-h light/dark cycle with
light onset at 07:00 h. All experiments conformed to local and inter-
national guidelines on the ethical use of animals. All efforts were
made to minimize the number of animals used and their suffering.

Antibodies

The following anti-tau antibodies were used: PHF-1 (a kind gift of
Dr. Davies), AT-8 was from Innogenetics (Gent, Belgium), T14
was from Zymed Laboratories, Inc., 12E8 was a kind gift of Dr. P.
Seubert (Athena, San Francisco, CA, USA). According to the residue
numbering of the longest human tau isoform of 441 amino acids,
antibody PHF-1 recognize serines 396 and 404 when they are phos-
phorylated. AT-8 recognizes tau when Ser-199/202 are phosphory-
lated (Biernat et al., 1992). 12E8 recognizes tau when Ser-262 is
phosphorylated (Seubert et al., 1995). T14 recognizes amino acids
141-178 of human tau but fails to recognize murine tau (Merrick et
al., 1996). Anti—glial fibrillary acidic protein (GFAP) was from PharM-
ingen (San Diego, CA, USA). Cleaved caspase-3 antibody was from
(Cell Signaling Technology, Beverly, MA, USA).

Immunohistochemistry and DAPI staining

Mice were anesthetized with a xylazine/ketamine solution, and
transcardially perfused with 4% paraformaldehyde (PFA) in So-
rensen’s buffer for 10 min. Brains were postfixed in 4% PFA for 2 h
at 4 °C and cryoprotected in 30% sucrose solution. Thirty micro-
meter saggital sections were cut on a freezing microtome (Leica)
and collected in 0.1% azide—PBS solution. Next, brain sections
were pretreated for 1 h with 1% BSA, 5% FBS and 0.2% Triton
X-100 and then incubated with primary antibodies at the following
dilutions: T14 (1/100), AT8 (1/250), PHF-1 (1/200), 12E8 (1/500),
GFAP (1/1000), caspase-3 (1/50). Finally, brain sections were

incubated in avidin—biotin complex using the Elite Vectastain kit
(Vector Laboratories). Chromogen reactions were performed with
diaminobenzidine (DAB, Sigma) and 0.003% H,O, for 10 min.
Sections were coverslipped with Fluorosave. Results correspond
to three mice per group except for caspase-3 (n=6) and were
expressed as mean=S.E. of the number of immunopositive neu-
rons in dentate gyrus of 30 um hippocampal saggital sections
[matching Fig. 114 of Paxinos and Franklin (2001)] at 1.56 mm
with respect to the midline. Statistical analysis was determined by
ANOVA followed by a post hoc test.

To visualize nuclei, saggital sections were incubated with
DAPI (DAKO) and observed in a confocal scanning microscopy
(Bio-Rad) coupled to a vertical microscopy Axioskop2 (Zeiss).

Timm staining

Samples were processed for Timm staining as previously de-
scribed (Wenzel et al., 1997). Sections were placed in a desicca-
tion chamber with a beaker with 100 ml of a 0.1% Na,S (pH 7.3).
After 24 h sections were rinsed in 95% ethanol (EtOH), then in
70% EtOH, 50% EtOH, and water. Sections were placed in the
developer solution for 3 h and then rinsed in running tap water for
10 min. Sections were placed in a 5% sodium thiosulfate solution
and rinsed with water.

Tissue processing for electron microscopy

Immunostained vibratome sections were processed for electron
microscopy as previously described (Lucas et al., 2001). Briefly,
the sections were postfixed in 2% OsO, for 1 h, dehydrated,
embedded in Araldite, and flat-mounted in Formvar-coated slides,
using plastic coverslips. After polymerization, selected areas were
photographed, trimmed, reembedded in Araldite, and resectioned
at 1 um. These semithin sections were rephotographed and re-
sectioned in ultrathin sections. The ultrathin sections were ob-
served in a JEOL electron microscope, without heavy metal stain-
ing to avoid artifactual precipitates.

RESULTS

A double transgenic mouse (called GSK-3/VLW) overex-
pressing GSK-3p, the main tau kinase (Lucas et al., 2001),
and human tau with FTDP-17 mutations (hTauVLW) which
facilitates its assembly into polymers (Lim et al., 2001),
was used to study the different susceptibilities of different
hippocampal neurons to the overexpression of both pro-
teins. Immunohistochemistry with T14 and anti-myc anti-
bodies (human transgenic tau is recognized by T14 and
transgenic GSK-383 has a myc epitope at its N-terminal
end) of saggital brain sections from GSK-3p/VLW mice
revealed that pyramidal neurons in CA1 (Fig. 1A, C), but
not CA2, contained the highest amounts of hTauVLW. In
granule cells of the dentate gyrus, hTauVLW expression
was revealed by T14 antibody staining in mossy fibers
projecting to CA3 (see arrow in Fig. 1A). Overexpression of
myc-GSK-33 was most evident in CA2 neurons (Fig. 1B),
although CA1 (Fig. 1D) and dentate gyrus were also
stained (Engel et al., 2006b). These data show that the
expression patterns of both transgenes overlap in CA1
(pyramidal neurons) and dentate gyrus (granular neurons).

We have previously reported that GSK-38 overex-
pressing mice showed tau hyperphosphorylation at
GSK-3B phosphoepitopes in the dentate gyrus (Lucas
et al., 2001). GSK-38/VLW mice show a similar increase in
tau phosphorylation. Tau was hyperphosphorylated in
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Fig. 1. Pattern of transgene expression in GSK-3B/VLW mice and phospho-tau immunoreactivity from hippocampal dentate gyrus of 3-month-old
GSK-3B/VLW mice. Immunohistochemistry in hippocampal sections of GSK-3B/VLW mice performed with an antibody against hTauVLW (T14, A, C)
or myc epitope (B, D). High power magnification of the CA1 (C, D) of the hippocampus. Arrow in A shows mossy fibers stained with T14 antibody. The
scale bars=200 um (A, B); 100 um (C, D). Immunohistochemistry performed with AT-8 (E), PHF-1 (F) and 12E8 (G) antibodies in hippocampal

saggital sections of GSK-3B/VLW animals. The scale bar=60 um.

AT-8 and PHF-1 epitopes (epitopes located N-terminal and
C-terminal to microtubule binding domains respectively;
Fig. 1E-F) in the dentate gyrus. Interestingly, no 12E8
immunostaining was observed (Fig. 1G). However, AT-8
and PHF-1 immunostaining was only observed in young
animals (3 months). On the contrary, degeneration of the
dentate gyrus is observed in old animal without phospho-
tau accumulation. Thus, a substantial decrease of the
dentate gyrus of aged (18 months) GSK-33 and GSK-38/
VLW mice is observed (reference (Engel et al., 2006a) and
Fig. 2). Both GSK-3p-overexpressing animal models
showed a similar level of dentate gyrus atrophy while no
decrease in pyramidal Iayers was observed.

Reactive astrogliosis often accompanies neuronal loss
and serves as a hallmark lesion for neurodegeneration.
Accordingly, the reactive astrocytosis observed in GSK-33
and GSK-3B/VLW mice, as shown by immunohistochem-
istry performed with an antibody raised against GFAP (Fig.
3), showed a remarkable increase in GFAP-immunoreac-
tivity which is quite evident throughout the hippocampal
dentate gyrus (P<0.005; GSK-3B overexpressing lines
versus wt mice) at all the ages analyzed. On the other
hand, it was not possible to observe differences between
both GSK-3 transgenic lines (Fig. 3). The wt animals as
well as mice overexpressing hTauVLW (VLW mice)
showed a similar number of GFAP positive cells at 2, 5 and
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Fig. 2. Atrophy in the dentate gyrus of the hippocampus in GSK-38 and GSK-3B/VLW mice. Representative saggital sections from 5- ) and

18-month-old (e—h) wt (a, e), VLW (b, f), GSK-38 (c, g) and GSK-3p/VLW (d, h) mice DAPI stained are shown. The scale bar=200 p,m
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Fig. 3. Reactive astrocytosis in GSK-33 overexpressing mice. (A) Immunohistochemistry analysis of hippocampal brain sections from different mice
lines was performed with the GFAP antibody. Scale bar=50 um. (B) Quantification of the number of reactive astrocytes in 2, 5 and 18-month-old wt,
VLW, GSK-3B and GSK-3p/VLW mice. Data are presented as number of immunopositive cells per 30 um section as described in Experimental
Procedures. Error bars indicate S.E. * P<0.005 versus wt mice. Mo: months.

18 months suggesting that the neurodegenerative process
is mainly due to GSK-3p3 overexpression (Fig. 3B).

The initial characterization of GSK-38 mice (Lucas
et al., 2001) showed that the overexpression of GSK-33
results in apoptotic neuronal death in the dentate gyrus.

Interestingly, the same neuronal apoptotic phenotype was
observed in GSK-3B/VLW mice as evidenced by immuno-
histochemical detection of cleaved caspase-3 (Fig. 4). In
consequence, dentate gyrus granule cells of GSK-33 and
GSK-3B/VLW mice presented a marked and significant
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Fig. 4. Apoptosis in transgenic mice. (A) Immunohistochemistry analysis of hippocampal brain sections from the four genotypes analyzed was
performed with the caspase-3 antibody. Scale bar=50 um. (B) Quantification of the number of cleaved caspase-3-positive neurons in 10-week-old wt,
VLW, GSK-3B and GSK-3p/VLW mice. Data are presented as number of immunopositive cells per 30 um section as described in Experimental

Procedures. Error bars indicate S.E. * P<<0.005 versus wt mice.
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Fig. 5. Timm'’s staining in the dentate gyrus. Cryostat section (30 um) of 18-month-old wt, VLW, GSK-38 and GSK-3/VLW mice were processed for
Timm'’s staining. The reaction takes place in mossy fibers through the polymorphic layer of the dentate gyrus and in the stratum lucidum of CA3. No

reaction was observed in GSK-38 and GSK-38/VLW mice.

(P<0.005) increase in cleaved caspase-3 staining as
shown in Fig. 4. Again, no differences among both GSK-33
transgenic lines could be observed. As a consequence of
neurodegeneration Timm'’s staining, which detects mossy
fibers, is absent in 18 months GSK-38 as well as GSK-3p/
VLW mice (Fig. 5). These data suggest that granule neu-
rons in the dentate gyrus in response to an increase in
GSK-3 activity do not accumulate hyperphosphorylated
tau but induce apoptosis. Interestingly, although GSK-33
overexpression is also found in CA1 and CA2 areas,
caspase-3 staining is not detected neither in pyramidal
neurons from GSK-3B/VLW mice (data not shown) nor
single GSK-3p transgenic mice (Lucas et al., 2001).

The other hippocampal area affected in GSK-38/VLW
mice is the CA1 region (see (Engel et al., 2006b) and Figs.
1 and 6A—F). An age-dependent pathology occurs in GSK-
3B/VLW mice overexpressing GSK-33 and hTauVLW pro-
teins. Here, CA1 tau pathology starts at 12 months and
reaches a maximum at 18 months, when NFT-like pathol-
ogy can be observed. Interestingly, this pathology is only
observed in mice overexpressing both transgenes. As pre-
viously reported tau proteins aggregated into filaments
with a PHF-like morphology can only be purified from
GSK-3B/VLW mice, and not from control mice (Engel et al.,
2006b). In good agreement with these previous biochem-
ical studies, ultrastructural analysis of GSK-3B/VLW brain
sections immunostained with T14 revealed dark reaction

product labeling fibrillar structures present in the somato-
dendritic compartment of most CA1 pyramidal neurons
(Fig. 6G-H).

During the study of hippocampal tau pathology we
observed tau immunostaining with different antibodies in
the subiculum, an area which communicates the hip-
pocampus with the entorhinal cortex. Here we observed
axonal spheroids which were stained with T14 (Fig. 7A).
These spheroids were present in GSK-38/VLW and absent
in single transgenic lines (Fig. 7B). When we analyzed the
phosphorylation status of that human tau protein we ob-
served a hyperphosphorylation in the AT-8 and PHF-1
epitopes. Interestingly no 12E8 immunostaining was ob-
served (Fig. 7C). In order to know if tau protein was ag-
gregated into filamentous structures, electron microscopy
studies were performed (Fig. 7D). Under this magnification
no filaments were seen, suggesting that these spheroids
are not formed by aberrant tau aggregated into filaments
as it was previously seen in the somatodendritic compart-
ment (Fig. 6G—-H).

DISCUSSION

The main goal of the present work was to explore in a
tauopathy mouse model based on overexpression of hu-
man FTDP-17 tau and of GSK-38, how axonal and soma-
todendritic neuronal compartments are affected in the hip-
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Fig. 6. Tau pathology presents in the hippocampal CA1 region of GSK-33/VLW mice. An age-dependent tau pathology occurs in mice overexpressing
GSK-3 and FTDP-17 tau. Thus, some phospho-tau-positive pyramidal neurons can be found in the hippocampal CA1 sector at the age of 12 months.
In 18-month-old GSK-3/VLW mice, the number of phospho-tau-positive neurons increases. Immunohistochemistry carried out with T14 (upper panels,
A-C) and AT8 (lower panels, D—F) antibodies is shown for GSK-3/VLW mice at 6- (A, D), 12 (B, E) and 18-month-old (C, F) animals. Scale
bar=100 pum. (G, H) Immuno-electron microscopy analysis of GSK-3/VLW brain tissue (CA1 hippocampal region) showing the filamentous
ultrastructure of a pyramidal neuron stained with the T14 antibody. N, unlabeled nucleus. (H) High magnification of the framed portion in (G), showing
filaments (arrows) stained with the T14 antibody. Scale bars=2 um (G); 0.5 um (H).

pocampus. Our data demonstrate that neuronal subpopu-
lations respond differentially to increased GSK-3 activity.
Thus, dentate gyrus granular neurons undergo apoptotic
death with subsequent degeneration of the mossy fibers,
while CA1 pyramidal neurons do not suffer such neurode-
generative process. This is demonstrated by the presence
of cleaved caspase-3 only in the dentate gyrus and not in
CA1 region. The second main conclusion is that granular
neurons are not able to induce tau aggregation, although
tau phosphorylated in PHF-1 and AT-8 epitopes is found,
while CA1 pyramidal neurons accumulate aggregates of
abnormally hyperphosphorylated tau in the somatoden-
dritic compartments, suggesting that those neurons that
are able to induce tau aggregation are less vulnerable to
neuronal death as has been previously shown (Morsch
et al., 1999; Santacruz et al., 2005).

Axonopathy present in the subiculum of GSK-3/VLW
mice has been also observed in other transgenic mice
overexpressing human tau (Spittaels et al., 1999; Leroy et
al.,, 2007). However, we found that somatodendritic tau
present in pyramidal neurons is forming tau filaments,
which is not the case for the one found in the axonal
dilations from the subiculum. Interestingly no 12E8 immu-
nostaining is found in the subiculum, suggesting that this
epitope is important to tau aggregation into filaments. This
is in good agreement with the fact that 12E8 labeling of AD
brains is sparse in pre-tangles, while it predominates in
tangles when compared with other phosphoepitopes
(Lauckner et al., 2003). Phosphorylation in this site by
GSK-3 has been reported (Hanger et al., 2007). Thus, it
can be speculated that hTauVLW when phosphorylated by
GSK-3 at AT-8 and PHF-1 epitopes, has less affinity for
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Fig. 7. Tau pathology presents in the subiculum of GSK-3p/VLW mice. (A) Immunohistochemistry carried out with the antibody T14 showing the
presence of tau reaction in CA1 region (arrow) of the hippocampus as well as in the subiculum of GSK-3/VLW mice. (B) The reaction present in the
subiculum is only observed in the transgenic line that overexpresses both transgenes while GSK-33 mice and VLW mice do not show that reaction.
(C) AT-8 and PHF-1 antibodies stain the spheroids present in the subiculum of GSK-3/VLW mice while 12E8 does not give a positive reaction. (B, C)
Pictures have been taken in an area equivalent to the one shown by the box in (A). (D) Immuno-electron microscopy analysis of GSK-38/VLW brain
tissue (subiculum region) with the antibody T14 shows the absence of any filamentous ultrastructure in spheroids present in the subiculum. Two

spheroids are shown. The scale bar=60 um (A); 1 um (D).

microtubules and therefore accumulates in axonal dilations
as well as in the neuronal soma. Only in that neuronal
compartment it is phosphorylated by GSK-38 or other
Ser-262 kinases, thus generating filaments and Thiofla-
vine-S positive aggregates.

Taking into account data previously published as well
as data shown here we propose a model of spreading of
tau pathology throughout the hippocampus as a conse-
quence of GSK-3 and FTDP-17 tau overexpression. Thus,
our experiments indicate that at an early age in the dentate
gyrus tau phosphorylation takes place and induces an
apoptosis process with a reduction of its volume. On the
contrary, CA1 pyramidal neurons are resistant to tau hy-
perphosphorylation up to the age of 12 months when tau
begins to be hyperphosphorylated and accumulates in the
somatodendritic compartment as well as in axons reaching
the subiculum. At a later age (18 months), tau assembles into
fibrillary polymers in the somatodendritic compartment.

The GSK-3 animal model exhibits severe spatial learn-
ing deficits in the Morris water maze (Hernandez et al.,
2002) as well as impaired LTP (Hooper et al., 2007).
Taking into account Timm’s staining (Fig. 5), it can be
suggested that the anatomical basis of these learning def-
icits is the absence of mossy fibers in GSK-33 overex-
pressing mice.

CONCLUSION

In summary, our results show that increased GSK-3 activ-
ity induces a severe pathology in the hippocampus thus
strengthening the hypothesis that GSK-3 dysregulation
may contribute to AD. However, and taking into account
our data, important differences seem to exist among neu-
rons. More precisely, some neurons induce an apoptotic
program while others seem to survive by inducing a tau
aggregation strategy. In good agreement, it has been re-



T. Engel et al. / Neuroscience 157 (2008) 772—-780 779

cently published (Gomez-Sintes et al., 2007) that not all
neurons respond in a similar way to decreased GSK-3
activity.
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