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OBJETIVO 1.- Caracterización de los efectos neurotróficos del GDNF sobre las 
neuronas estriatales en cultivo. 
1.1.- Análisis de las vías de señalización intracelular activadas por el GDNF. 

1.2.- Estudio del efecto del GDNF sobre la maduración y diferenciación de las neuronas 

GABAérgicas estriatales. 

En el núcleo estriado, las neuronas de proyección representan el 90% de la 

población total. Estas neuronas son GABAérgicas y expresan el marcador 

calbindina en sus últimas etapas de maduración. Se ha descrito como los diferentes 

factores neurotróficos pueden promover la supervivencia y la maduración de las 

neuronas de proyección, aunque se conoce poco acerca de los efectos específicos 

mediados por el GDNF. Así, para cumplir con el primer objetivo, analizamos las 

vías intracelulares implicadas en la señalización del GDNF en las neuronas 

estriatales en cultivo. Nuestro propósito era determinar los efectos que ejerce este 

factor neurotrófico sobre la supervivencia y diferenciación de esta población 

neuronal. Las neuronas GABAérgicas de proyección degeneran de manera 

específica en la enfermedad de Huntington, y con este trabajo se complementan 

estudios previos de nuestro laboratorio con la intención de evaluar el potencial 

neuroprotector de los diferentes factores neurotróficos. 
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SEGUNDO TRABAJO: “Bax Deficiency Promotes a 
Differential Up-regulation of BimEL and Bak During Striatal 
and Cortical Postnatal Development, and After Excitotoxic 
Injury”.

(Enviado para su revisión) 



 

 

OBJETIVO 2.- Estudio de la regulación de las proteínas de la familia de Bcl-2 en los 
procesos de muerte neuronal en el núcleo estriado. 
2.1.- Estudio de una posible compensación por parte de las proteínas de la familia de Bcl-2 

en animales deficientes para Bax durante el desarrollo postnatal del núcleo estriado y la 

corteza cerebral. 

2.2.- Análisis de la regulación de las proteínas de la familia de Bcl-2 en respuesta a una 

lesión excitotóxica en ratones control y KO para Bax. 

Las proteínas de la familia de Bcl-2 tienen un papel esencial en la regulación 

de diferentes procesos de muerte neuronal, además, trabajos previos realizados en 

nuestro laboratorio han demostrado un papel fundamental de estas proteínas en la 

muerte de las neuronas estriatales en un modelo excitotóxico de la enfermedad de 

Huntington. Concretamente se había observado que la proteína Bax tiene un papel 

esencial en la muerte neuronal que se produce en este modelo. Así, para abordar 

los puntos 2.1. y 2.2. del segundo objetivo, decidimos estudiar la regulación de las 

proteínas de esta familia y su participación en el proceso apoptótico en dos 

paradigmas experimentales diferentes: (1) durante el desarrollo postnatal del núcleo 

estriado y de la corteza cerebral; y (2) en una lesión estriatal aguda modelo de 

enfermedad de Huntington, utilizando animales deficientes para Bax. 
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Abstract 

Targeted disruption of the pro-apoptotic protein Bax produces limited phenotypic abnormalities during 

central nervous system development, but prevents excitotoxic-induced cell death in the striatum. Here, we 

examined the compensatory mechanisms activated by the lack of Bax during striatal and cortical postnatal 

development, and after striatal excitotoxic lesion. Compared with wild-type animals, Bax knockout mice 

showed increased levels of the BH3-only protein BimEL in both brain areas but with a distinct temporal 

pattern. Furthermore, Bak was increased but only in the cortex at early stages of development, whereas 

Bad, Bcl-2 and Bcl-xL were not modified. Excitotoxic-induced injury in the adult striatum increased BimEL in 

both wild-type and Bax knockout mice whereas Bak and Bcl-xL were only increased in the latter. However, 

a translocation of BimEL protein from the cytosol fraction to the mitochondrial fraction was only observed in 

wild-type striata. Moreover, excitotoxicity only induced cytochrome c release in wild-type striata, 

presumably related to a decrease in Bax:Bcl-2 heterodimer levels and increased levels of Bax in the 

mitochondrial fraction. In contrast, Bak:Bcl-xL heterodimers were not modified after lesion. In conclusion, 

our results show that in Bax deficient mice, other members of the Bcl-2 family, such as BimEL and Bak, are 

specifically regulated during postnatal development, suggesting that these proteins could compensate for 

the Bax function. In contrast, Bax is required to induce apoptosis after excitotoxicity in the adult striatum.  

 

Introduction 

 Apoptotic cell death is crucial in the normal development of the nervous system. 

However, this process also takes place in adult organisms in response to acute or 

chronic insults underlying several neurodegenerative disorders.1 Apoptosis can be 

activated through the extrinsic and intrinsic cell death pathways. Death signals 

activating the intrinsic pathway affect mitochondrial function, leading to the release of 

apoptosis-regulatory factors from mitochondria, such as cytochrome c (cyt c) or 

Smac/Diablo which participate in the initiation of the caspase cascade in the cytosol. 

One of the major regulators of the mitochondrial integrity is the Bcl-2 family,2 which 

comprises both pro-apoptotic and anti-apoptotic proteins. Pro-apoptotic proteins cause 
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mitochondrial dysfunction leading to the release of apoptogenic factors, while the anti-

apoptotic members of the Bcl-2 family prevent these events. 

Proteins belonging to the Bcl-2 family share, at least, one conserved region 

termed Bcl-2 homology (BH) which mediates protein-protein interactions. Anti-apoptotic 

members, such as Bcl-xL, Bcl-w, Mcl-1 and Bcl-2, contain four BH (BH1-4) domains 

whereas the pro-apoptotic members of this family are divided into two subgroups: 

multidomain proteins that contain BH1-3 domains, such as Bax and Bak, and BH3-only 

members, such as Bad, Bid, Hrk and Bim.3 The intracellular balance between members 

of the Bcl-2 family and their interactions regulates the activation of apoptosis after 

death stimuli. Thus, for example, Bcl-2 and Bcl-xL can inhibit Bax through 

heterodimerization,4,5 while BH3-only proteins can bind to anti-apoptotic proteins 

suppressing their pro-survival function, or can directly activate pro-apoptotic proteins 

Bax and Bak.6,7 The function of Bcl-2 family members can also be modified at the 

transcriptional level.3 In fact, increased expression of Bax8,9,10 or Bim11,12,13 and reduced 

levels of Bcl-2 and/or Bcl-xL
8,9,10 have been detected in response to several injuries to 

the nervous system.  

Consistent with the role of Bax in the execution of apoptosis after insults to the 

nervous system, Bax knockout (KO) mice are less sensitive to various cell death 

stimuli. Bax KO cultured sympathetic neurons and motoneurons show resistance to 

trophic factor withdrawal,14 cerebellar neurons to potassium deprivation15 and cortical 

cells to glutamate-induced excitotoxicity.16 Furthermore, Bax KO mice show less 

dopaminergic cell death after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

administration,17 resistance to ischemia-mediating neuronal loss in the hippocampus18 

and a reduction in striatal cell death induced by excitotoxicity.10 Although all these 

studies show the involvement of Bax in stimulus-induced cell death, its role in naturally 

occurring cell death seems specific to some neuron populations and developmental 

stages14,19,20, suggesting that other Bcl-2 family members may participate in this 

process. Therefore, the aim of the current study was to determine whether differences 
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in expression of other members of the Bcl-2 family (Bak, Bim, Bad, Bcl-2 and Bcl-xL) 

can compensate for Bax deficiency and contribute to the control of postnatal 

development. To assess whether compensatory changes to the absence of Bax in the 

brain are a general mechanism, we focused on the study of two regions, the striatum 

and cortex, which participate in motor control and degenerate in Huntington’s 

disease.21 We also examined the consequences triggered by Bax deficiency in 

members of the Bcl-2 family in response to an excitotoxic lesion in the striatum.  

 

Results 

 

Bax KO mice do not show striatal or cortical abnormalities 

To examine the possible contribution of Bax to the development of the striatum and 

cortex, its protein levels were quantified in wild-type animals at different postnatal ages. 

Bax showed a similar time course in both brain areas, with the highest levels at P3 and 

P7, and then falling from P15 until adulthood (Fig. 1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.- Bax follows a 
similar pattern of expression 
during cortical and striatal 
postnatal development. The 
expression levels of Bax were 
examined by Western blot in 
the cortex (a) and striatum (b) 
at different postnatal ages. -
tubulin was used as loading 
control. Results obtained from 
densitometric measures 
represent the ratio between 
Bax and -tubulin levels, and 
are expressed as percentages 
of P3 values ± SEM for five 
animals per condition. 
Immunoblots were obtained 
from representative 
experiments. 
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 To test whether Bax deficiency could affect the development of the striatum and 

cortex, the number of NeuN-positive cells in these regions was examined in adult 

animals (8 week-old). No significant differences were observed in the density of NeuN-

positive cells (cells/mm2) between wild-type and Bax KO animals in any of the regions 

examined (Striatum: wild-type, 83340 ± 7877; KO, 86280 ± 5240; Cortex: wild-type, 

53902 ± 7177; KO, 48697 ± 1909). Furthermore, striatal volume (wild-type: 10.8 ± 0.2 

mm3; KO: 11.1 ± 0.2 mm3) and the total striatal cell number (wild-type: 896876 ± 81825; 

KO: 961155 ± 75500) were similar in both genotypes.  

 

Pro-apoptotic, but not pro-survival, protein levels are differentially increased in 

Bax KO mice 

Wild-type and Bax KO adult mice had similar striatal and cortical cell density, 

suggesting that other Bcl-2 family members could compensate for Bax deficiency. We 

therefore examined protein levels of Bak, Bim, Bad, Bcl-2 and Bcl-xL during the 

postnatal development of wild-type and Bax KO mice. 

Bak did not follow the same pattern of expression as Bax in the cortex and 

striatum during postnatal development. In the cortex of wild-type animals the highest 

Bak levels were observed at P7 and P21 (Fig. 2a) while in the striatum Bak levels 

increased from P3 to P7, remained stabled until P21 and then decreased dramatically 

to reach adult levels (Fig 2b). In Bax KO mice, protein levels were modified compared 

to wild-type animals, but only in the cortex of P3 mice, where we observed an increase 

of 67 ± 8% (Fig. 2a).  

 In mice, three major Bim isoforms generated by alternative splicing have been 

identified and designated as BimEL, BimL and Bims.22 Among these isoforms, we only 

detected BimEL in all the regions and at all ages analyzed, in agreement with previous 

data showing that in the central nervous system (CNS) BimEL expression is dominant 

compared to other isoforms in terms of both intensity and distribution.23 In wild-type 

animals BimEL expression showed a  
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different pattern during cortical and striatal postnatal development (Fig. 3a and b). In 

the cortex, its levels of expression increased slightly at P7, were similar to P3 levels 

between P15 and P21 and then fell to adult levels (Fig. 3a). In the striatum, the 

maximum levels were detected at P3, decreasing until P15 when adult levels were 

reached (Fig. 3b). When compared to wild-type animals, Bax KO mice showed 

increased BimEL protein levels in both brain areas but at different postnatal ages (Fig. 

3a and b). In the cortex, up-regulated levels were detected at all the ages examined 

although the increase was higher at P3 and P7 (Fig. 3a). In contrast, striatal BimEL 

protein levels were only modified at later postnatal ages (P21 and adulthood; Fig. 3b).  

Analysis of Bad expression also found differences between cortex and striatum 

(Fig. 3c and d). In wild-type animals, cortical Bad protein levels increased progressively 

Figure 2.- Bak is differentially 
expressed, and regulated in the 
absence of Bax, in cortex and striatum 
during postnatal development. Cortical 
(a) and striatal (b) Bak protein levels 
were analyzed by Western blot in wild-
type (diamond; Wt) and Bax KO (square; 
KO) mice at different postnatal ages. -
tubulin was used as loading control. 
Results obtained from the analysis of 
Western blots were normalized to -
tubulin protein levels and expressed as 
percentages of P3 wild-type values ± 
SEM for five animals per condition. In 
Bax KO animals, increased levels of Bak 
were only observed in the cortex at P3. 
*p < 0.05, compared with P3 values in 
wild-type animals (two-way ANOVA 
followed by Scheffe´s post hoc test). 
Immunoblots show representative 
experiments. 
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over time, reaching a peak in adulthood (Fig. 3c). In contrast, striatal Bad protein 

expression increased slightly at P7 with maximum levels detected at P21 (Fig. 3c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 No differences between wild-type and Bax KO animals were observed in Bad 

expression during postnatal development in any of the brain regions examined (Fig. 3c 

and d).   

 

Figure 3.- Differential expression and regulation of BH3-only proteins, BimEL and Bad, 
in the cortex and striatum during postnatal development of wild-type and Bax KO 
animals. Cortical (a and c) and striatal (b and d) protein levels of BimEL (a and b) and Bad 
(a and d) were analyzed by Western blot at different postnatal ages in wild-type (diamond, 
Wt) and Bax KO (squares, KO) mice. Results were normalized to levels of the loading 
control -tubulin and expressed as percentages of protein levels in P3 wild-type mice ± 
SEM for five animals per condition. Increased levels of BimEL protein were detected in the 
cortex of Bax KO mice at all the postnatal ages analyzed whereas in the striatum the 
increase was restricted to P21 and adult mice. In contrast Bad protein levels were similar in 
striatum and cortex of wild-type and Bax KO mice at all postnatal ages analyzed. **p < 0.01, 
*p < 0.05 compared with corresponding values in wild-type animals (two-way ANOVA 
followed by the Scheffe´s post hoc test). Immunoblots were obtained from representative 
experiments.  
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Finally, pro-survival proteins Bcl-2 and Bcl-xL were examined (Fig. 4). In wild-

type animals, the expression pattern of Bcl-2 was similar in both brain areas, showing 

maximum levels at P3-P7 and a decrease at P15 to levels that were maintained until 

adulthood (Fig. 4a and b). In contrast, Bcl-xL was differentially expressed in the cortex 

and striatum during postnatal development. Cortical Bcl-xL protein levels peaked at P21 

(Fig. 4c) whereas in the striatum maximum levels were reached at P7 (Fig. 4d). In Bax 

KO mice, the pattern of expression of Bcl-2 and Bcl-xL in the cortex and striatum was 

similar to that in wild-type animals (Fig. 4c and 4d).  

Figure 4.- Bax deficiency does not affect the expression of Bcl-2 and Bcl-xL proteins 
during postnatal development. Protein levels of Bcl-2 (a and b) and Bcl-xL (c and d) were 
analyzed by Western blot at different postnatal ages in the cortex (a and c) and striatum (b and 
d) of wild-type (diamonds, Wt) and Bax KO mice (squares, KO). Results obtained from the 
analysis of Western blots were normalized to -tubulin protein levels and expressed as 
percentages of P3 wild-type values ± SEM for five animals per condition. Immunoblots were 
obtained from representative experiments. 
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Excitotoxicity differentially regulates the expression of Bcl-2 family members in 

the striatum of wild-type and Bax KO animals  

In order to examine the regulation of Bcl-2 family members by excitotoxicity, quinolinate 

(QUIN, an NMDA glutamate receptor agonist) was injected in the striatum of wild-type 

and Bax KO mice at 8 weeks of age. First, we analyzed cell death in wild-type animals 

by the TUNEL assay at 24, 48 and 72 h after lesion. Several positive nuclei were 

detected at 24 h (Fig. 5a) which increased at 48 h (Fig. 5b) and 72 h post-lesion (Fig. 

5c). We therefore decided to perform all the analyses at 48 h after QUIN intrastriatal 

injection. 

 

 

 

 

 

 

 

 

 

QUIN injection in wild-type striatum did not modify Bax protein levels (93 ± 16% 

of non-injected striatum). In contrast, although BimEL protein levels were already higher 

in non-injected Bax KO than in wild-type striata, excitotoxicity caused a similar 

regulation of this protein in both genotypes (Fig. 6). An increase was observed 48 h 

after QUIN injection in wild-type (by 80 ± 32%; p < 0.05) and in Bax KO striata (by 47 ± 

11%; p < 0.05). In contrast, protein levels of Bak (by 105 ± 25%; p < 0.01) and Bcl-xL 

(by 36 ± 10%; p < 0.05) were only up-regulated in Bax KO animals (Fig. 6). Moreover, 

neither Bcl-2 (wild-type: 92 ± 4%, Bax KO: 106 ± 9%) nor Bad (wild-type: 86 ± 6%, Bax 

KO: 93 ± 9%) protein levels were modified by intrastriatal QUIN injection. 

Figure 5.- Time-course of QUIN-induced cell 
death in the striatum of wild-type mice. Striata 
from wild-type striata injected with QUIN were 
examined for DNA fragmentation using the TUNEL 
technique. Photomicrographs show TUNEL-labeled 
nuclei in a region close to the injection site at 24 
(a), 48 (b) and 72 h (c) after intrastriatal injection of 
24 nmol of QUIN. Scale bar indicates μm.  
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Bim does not form heterodimers with Bcl-2, Bax or Bak  

The increased levels of BimEL indicated that this BH3-only protein was possibly 

involved in the initiation of the apoptosis after the excitotoxic insult. We therefore 

analyzed whether the BimEL protein was acting by displacing Bcl-2 from Bax or Bak, or  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.- Bcl-2 family members are differentially regulated in wild-type and Bax KO 
animals by intrastriatal QUIN injection. BimEL, Bak and Bcl-xL were analyzed by Western 
blot 48 h after QUIN injection in wild-type (Wt) and Bax KO (KO) striata. BimEL protein levels 
were similarly increased by intrastriatal QUIN injection in wild-type and Bax KO animals 
whereas the levels of Bak and Bcl-xL were only increased in Bax KO mice. Immunoblots 
show results obtained in two different animals. Protein levels were normalized with the 
corresponding signal of -tubulin. c: striatum contralateral to the lesion; i: striatum ipsilateral 
to the lesion.  

Figure 7.- Bcl-2, Bax and Bak 
did not interact with BimEL. (a) 
Bcl-2:BimEL and (b) Bak:BimEL 
heterodimers were analyzed by 
immunoprecipitation in the 
striatum of wild-type (Wt) and 
Bax KO (KO) mice without lesion 
(c: striatum contralateral to the 
lesion) and 48 h after QUIN 
injection (i: striatum ipsilateral to 
the lesion). (c) Bax:Bim 
heterodimerization was also 
examined by immunoprecipitation 
in non-injected (C) and in QUIN-
lesioned (I) wild-type striatum 
(Wt). Immunoblots were obtained 
from representative experiments. 
P, pellet; S, supernatant. 
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interacting directly with the multidomain pro-apoptotic proteins. Immunoprecipitation 

analysis showed that BimEL did not form heterodimers with Bcl-2 in any of the 

conditions examined (wild-type and Bax KO striata non-injected or injected with QUIN; 

Fig. 7a). The study of BimEL association with Bak in the striatum of non-injected and 

QUIN-lesioned wild-type and Bax KO striata showed that this protein did not co-

immunoprecipitate with Bak (Fig. 7b). Furthermore, BimEL also failed to interact with 

Bax in all the conditions examined (Fig. 7c).  

 

QUIN injection induces relocalization of pro-apoptotic proteins and cyt c release 

in wild-type but not in Bax KO striata 

To determine whether changes in BimEL protein levels were accompanied by changes 

in its subcellular localization we examined protein levels in the mitochondrial fraction 

extracted from QUIN-injected wild-type and Bax KO striata. In non-injected Bax KO 

striata, BimEL levels in the mitochondrial fraction were higher than those in wild-type 

animals, and were not modified by excitotoxicity (Fig. 8a). In contrast, QUIN injection in 

wild-type striata induced an increase in the content of BimEL protein in the mitochondrial 

fraction (Fig. 8a). Furthermore, wild-type striata also showed increased levels of Bax 

protein in the mitochondrial fraction 48 h after QUIN injection (Fig. 8b). We next 

analyzed whether changes in the subcellular localization of Bax and BimEL were able to 

induce the release of pro-apoptotic factors from the mitochondria to the cytosol. To this 

end, cyt c and Smac/Diablo protein levels were determined by Western blot in cytosolic 

fractions obtained from QUIN-injected striata. No significant differences in the levels of 

Smac/Diablo were observed in any of the conditions examined (data not shown). In 

contrast, cyt c was highly increased in cytosolic fractions obtained from QUIN-injected 

wild-type (by 346 ± 70%; p < 0.001), but not Bax KO, striata (Fig. 8c). 
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Bax:Bcl-2 but not Bak:Bcl-xL heterodimer levels are modified by QUIN injection 

Although pro-apoptotic proteins Bak and BimEL were enhanced by QUIN injection in 

Bax KO striatum, we did not detect cyt c release. Since the pro-apoptotic properties of 

Bak can be regulated through heterodimerization with pro-survival proteins, we 

assessed the capacity of Bcl-2 and Bcl-xL to heterodimerize with Bak in non-lesioned 

and in QUIN-injected wild-type and Bax KO striata. As shown in Figure 9a, Bak did not 

form heterodimers with Bcl-2 in any of the conditions examined. However, Bak can be 

heterodimerized with Bcl-xL in non-lesioned wild-type and Bax KO striata, and this 

dimerization was not disrupted by the excitotoxic stimulus (Fig. 9a). In contrast, QUIN 

injection in wild-type striata reduced the amount of Bcl-2 that co-immunoprecipitated 

with Bax (Fig. 9b) suggesting that Bax, freed from Bcl-2, may translocate to the 

mitochondria participating in the release of cyt c.  

 

Figure 8.- Cyt c release is 
induced by intrastriatal QUIN 
injection in wild-type but not 
in Bax KO mice. Subcellular 
fractionation analysis of BimEL 
(a), Bax (b) and Cyt c (c) 48 h 
after lesion. Mitochondrial 
fractions obtained from wild-
type striata (Wt) injected with 
QUIN underwent Western blot 
using antibodies to BimEL (a) 
and Bax (b) while those 
obtained from Bax KO (KO) 
injected striata were analyzed 
for BimEL protein levels (b). Cyt 
c levels were analyzed in 
cytoplasmic fractions from 
QUIN-injected wild-type (c, Wt) 
and Bax KO (c, KO) striata. 
Oxidative Complex V (OC V) 
and� -tubulin were used as 
loading controls for 
mitochondrial and cytosolic 
fractions, respectively. 
Immunoblots show results 
obtained in two different 
animals. C: striatum 
contralateral to the lesion; I: 
striatum ipsilateral to the lesion. 
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Discussion 

Our data show that the regulation of Bax protein levels during the postnatal 

development of the cortex and striatum follows a similar pattern of expression. 

However, the lack of Bax does not modify the number of adult neurons in these two 

brain areas, indicating the existence of alternative or redundant pathways that can 

control cell death during this developmental period. Here, we report that among all the 

Bcl-2 family members analyzed, only the pro-apoptotic proteins BimEL and Bak are 

regulated by the absence of Bax in a brain region- and developmental stage- 

dependent manner. Our findings also show that excitotoxicity differentially regulates 

Bcl-2 family proteins in the striatum of wild-type and Bax null mutant mice. Furthermore, 

although in Bax KO mice striatum other pro-apoptotic proteins such as BimEL and Bak 

are up-regulated by excitotoxicity, cell death is reduced,10 suggesting that Bax is 

necessary to execute cell death under these circumstances. 

 In agreement with previous data24 our results show that the death-promoting 

protein Bax was highly expressed in the cortex and striatum between P3 and P7, 

correlating with the cell death that takes place during these developmental stages25,26 

Figure 9.- Bak:Bcl-xL heterodimerization is not 
modified by intrastriatal QUIN injection. Bak and 
Bax proteins were immunoprecipitated with polyclonal 
antibodies and membranes then underwent 
immunoblotting with Bcl-xL, Bcl-2, Bak or Bax 
antibodies. (a) Bak:Bcl-xL and Bak:Bcl-2 heterodimer 
levels. (b) Bax:Bcl-2 heterodimer levels. 
Heterodimerization was examined in non-lesioned (C: 
striatum contralateral to the lesion) and in QUIN-
lesioned (I: striatum ipsilateral to the lesion) wild-type 
(Wt) and Bax KO (KO) striata. Immunoblots were 
obtained from representative experiments. P, pellet; 
S, supernatant. 
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and suggesting that Bax may participate in the regulation of these apoptotic processes. 

However, the stereological analysis of the number of cortical and striatal neurons in 

adult Bax KO mice showed no differences compared with wild-type animals, indicating 

that other alternative pathways may exist. Thus, Bax involvement in developmental cell 

death might depend on the neuronal type considered, since other populations of the 

peripheral and CNS are altered in Bax KO mice.19,20 However, the other three pro-

apoptotic proteins analyzed, Bak, Bim and Bad showed different patterns of expression 

in the cortex and striatum, suggesting that the relative importance of each member of 

the Bcl-2 family may vary in particular brain regions. In agreement with this specificity, 

it has been shown that mitochondria of striatal and cortical neurons show differential 

sensitivity to calcium-induced permeability transition27 and they differentially activate 

Bcl-2 family members in response to metabolic compromise.28 

 The analysis of pro-survival proteins showed that Bcl-2 followed a similar 

expression pattern in cortex and striatum, with a decrease at P15 that was maintained 

until the adulthood. In contrast, the highest levels of Bcl-xL in cortex and striatum were 

detected at different postnatal ages, although in both regions the levels of expression 

of this protein were similar in P3 and adult mice. Our results are in accordance with 

those showing different developmental patterns of expression of Bcl-2 and Bcl-xL in the 

CNS with a reduction of Bcl-2 levels with age29,30 and maintenance of Bcl-xL expression 

through adulthood.31,32 Moreover, the present data suggest that the maintained Bcl-xL 

expression may participate in neuronal survival when Bcl-2 levels decline.  

Our results indicate that there is a fine balance between pro- and anti-apoptotic 

Bcl-2 members, specific for each region and developmental stage, which may 

participate in the regulation of cell death. This balance could be modified in the 

absence of any of the proteins examined. To test this hypothesis we examined Bcl-2 

family members in Bax null mutant mice in the same regions and postnatal ages as in 

the wild-type mice. The results obtained showed no changes in Bcl-2, Bcl-xL and Bad 

protein levels, while pro-apoptotic proteins Bak and BimEL were specifically regulated, 
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suggesting that these proteins could compensate for Bax deficiency. The most striking 

feature observed was that Bax KO mice displayed increased levels of BimEL in both 

brain areas examined, although at different postnatal ages. It has been shown that Bim 

is one of the most potent BH3-only proteins in inducing apoptosis because it 

antagonizes all the pro-survival proteins33 and can also directly activate the Bax pro-

apoptotic function.6,34 Furthermore, it has been suggested that induction of BimEL is 

critical for neuronal apoptosis.35 Therefore, our results suggest that in the absence of 

Bax, cortical and striatal neurons respond by up-regulating BimEL protein levels to 

ensure cell death at specific periods.  

The results obtained during postnatal development showed that striatal neurons 

from both wild-type and Bax KO mice responded similarly to excitotoxicity by up-

regulating BimEL protein levels. Therefore, the excitotoxic stimulus induced this protein 

in a Bax-independent manner, indicating that BimEL acts upstream of Bax as has been 

shown in cerebellar neurons from both wild-type and Bax KO mice after potassium 

deprivation.36 Other in vitro studies also show the involvement of BimEL in neuronal 

death induced by potassium deprivation,35 trophic factor withdrawal35,37 or 

hyperglycemia.38 Furthermore, BimEL is also involved in neuronal apoptosis in vivo as in 

hippocampal cell death induced by seizures,12 in ischemia-induced cortical and striatal 

cell death13,39 and in retinal ganglion cells after optic nerve transection.11 Taken 

together, these results show that the enhancement of BimEL protein levels is a common 

mechanism activated in neurons in response to harmful stimuli, suggesting that levels 

of this BH3-only protein may set the threshold for initiation of neuronal apoptosis.  

The exact mechanism by which the BH3-only proteins activate apoptosis is not 

clearly defined. It has been proposed that BH3-only proteins can sequester anti-

apoptotic proteins such as Bcl-2 and Bcl-xL allowing the release of previously inhibited 

proteins Bax and Bak, or can directly activate multidomain pro-apoptotic proteins.7 Our 

data indicate that BimEL acts via a mechanism other than displacement of pro-survival 

proteins from Bax or Bak, since we did not detect Bcl-2:BimEL heterodimerization after 
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excitotoxicity, and Bak was still sequestered by Bcl-xL. Furthermore, after QUIN 

intrastriatal injection in wild-type, but not in Bax KO mice, we observed increased BimEL 

protein levels in the mitochondrial fraction. According to our results, induced BimEL 

localized in the mitochondrial membrane where it can contribute to the multimerization 

and integration of Bax into the mitochondrial outer membrane, facilitating cyt c 

release.35,40 In fact, we also detected increased levels of Bax protein in the 

mitochondrial fraction and cyt c release after QUIN injection. Our results therefore 

suggest that BimEL could be activating Bax by a mechanism that is independent of their 

direct interaction, as we did not observe Bax:BimEL heterodimers after excitotoxicity.  

Our data also indicate that the presence of Bax was necessary to execute cell 

death induced by excitotoxicity. Although high levels of BimEL were present in the 

mitochondrial fraction in adult non-lesioned Bax KO striatum, and Bak protein levels 

were increased by QUIN injection, cyt c release was not detected. Studies in Bax/Bak 

double mutant mice found that these two pro-apoptotic proteins have overlapping roles 

in the regulation of apoptosis41,42,43 which may explain the increase in Bak protein 

levels in the Bax null mutant striatum in response to excitotoxicity. Interestingly, up-

regulated levels of Bcl-xL were also observed after intrastriatal QUIN injection in Bax 

deficient mice. Although Bcl-xL can bind to Bax, its preferred heterodimerization partner 

appears to be Bak.44 Moreover, it has been shown that Bak is sequestered by Bcl-xL 

and Mcl-1, but not Bcl-2, and efficient killing occurs only if both Bcl-xL and Mcl-1 are 

neutralized.45 However, little is known about whether these interactions actually take 

place in neurons and in vivo. In this in vivo model we show that, like in vitro, Bak can 

interact with Bcl-xL, but not with Bcl-2, and that this interaction occurs in the presence 

or absence of Bax. Furthermore, excitotoxicity did not disturb Bak:Bcl-xL 

heterodimerization, which may explain the absence of cyt c in the striatum of Bax KO 

mice.    

In summary, our results show that Bax deficiency induces a specific regulation of Bak 

and BimEL pro-apoptotic proteins during cortical and striatal postnatal development in a 
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regional and temporal manner, indicating that these proteins participate in the control of 

cell death pathways that are active during these postnatal periods. In response to 

excitotoxicity, wild-type and Bax KO striatal cells up-regulate BimEL, suggesting that this 

BH3-protein may act as a control point for striatal cell death. Furthermore, although 

Bax KO striatal cells respond to excitotoxicity by up-regulating Bak pro-apoptotic 

protein as well, cell death does not occur, which identifies Bax as a necessary protein 

for execution of cell death in response to excitotoxicity in striatal cells. Therefore, taken 

together, our results suggest that during cortical and striatal development Bax and Bak 

could have overlapping functions, whereas they play specific roles in injury-dependent 

striatal cell death. 

 

Materials and Methods 

Animal subjects 

Heterozygous Bax (C57BL/6J; Jackson Laboratories, Bar Harbor ME, USA) mice were bred to maintain 

the colony and to obtain Bax -/-, +/-, and wild-type genotypes. Genotyping was performed as described 

elsewhere.10 Male wild-type and Bax KO mice were sacrificed at different postnatal days (P; 3, 7, 15 and 

21) and in adulthood (8 week-old) to perform Western blot analysis (n = 5 for each genotype and time 

point analyzed). Animal treatments and handling procedures were approved by the Local Committee (99/1 

University of Barcelona) and the Generalitat de Catalunya (1094/99), in accordance with the European 

Communities Council Directive (86/609/EU). 

 

Immunohistochemistry 

For immunohistochemical analysis adult wild-type and Bax KO animals (n = 5 for each condition) were 

deeply anesthetized and immediately perfused through the heart with PBS followed by 4% 

paraformaldehyde/phosphate buffer. Brains were removed and postfixed for 1-2 h in the same solution, 

cryoprotected by immersion in 30% sucrose/PBS and then frozen in dry ice-cooled isopentane. Cryostat 

serial horizontal sections (40 μm) through the whole striatum were serially collected in PBS as free-
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floating sections and stained with the NeuN (1:100; Chemicon, Temecula, CA, USA) antibody. After 

treatment with H2O2 (0.3% in PBS, 10% methanol) for 15 min and blocking with 5% normal horse serum 

and 0.2% BSA for 2 h, sections were incubated with primary antibody for 16 h at 4 oC. After washing, they 

were incubated with biotinylated secondary antibodies (1:200) and then with the avidin-biotin complex 

(ABC kit, Pierce, Tattenhall, UK). Finally, sections were developed with 0.05% diaminobenzidine, 0.01% 

NiCl2 and 0.02% H2O2. As negative immunohistochemical controls, some sections were processed as 

described above in the absence of primary antibody.  

 

Cell counting  

Stereological quantification was carried out using an optical dissector/Cavalieri combination. All cell counts 

were performed blind with respect to genotype in 8-week-old mice (n = 5 per each group). Unbiased 

stereological counts of striatal cells were obtained from the entire neostriatum and from 300 �m2 of layer V 

of motor cortex using the Computer-Assisted Stereology Toolbox (CAST) software (Olympus). The 

dissector counting method was used to analyze coronal sections spaced 300 μm apart. The counting 

frames were randomly sampled.  

 

Excitotoxic lesion  

Wild-type and Bax KO mice (8 week-old) were anesthetized with pentobarbital and QUIN (24 nmol; Sigma 

Chemical Co., St Louis, MO, USA) was intrastriatally injected at the following coordinates relative to 

bregma: AP +0.6 mm, ML +2 mm and 2.7 mm below the dural surface with the incisor bar at 3 mm above 

the interaural line. After surgery, animals were housed separately with food and water ad libitum in a 

colony room maintained at a constant temperature (19-22oC) and humidity (40-50%) on a 12:12 hr 

light/dark cycle. For Western blot and Immunoprecipitation analysis, animals were killed by decapitation (n 

= 5 for each genotype) at 48 h post-lesion. Brains were rapidly removed and striata ipsilateral as well as 

contralateral to the lesion were dissected and frozen at -80ºC.  
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In situ detection of DNA fragmentation 

Mice were deeply anaesthetized and immediately perfused transcardially with phosphate buffered saline 

(PBS) followed by 4% paraformaldehyde/phosphate buffer (0.1 M, pH 7.4) at 24, 48 and 72 h after 

intrastriatal QUIN injection (n = 4 for each genotype and time point). Brains were rapidly removed and 

post-fixed for 1-2 h in the same solution and cryoprotected by immersion in 15% sucrose/PBS. Brains 

were then frozen in dry ice-cooled isopentane and cryostat horizontal sections (14 μm) through the whole 

striatum were serially collected on silane-coated slides. DNA fragmentation was histologically examined 

using the in situ Apoptosis detection system, Fluorescein (Promega, Madison, WI, USA) and performed as 

described elsewhere.46 

 

Subcellular fractionation  

Mice were killed by decapitation (n = 7 for each genotype) at 48 h after QUIN injection. Brains were rapidly 

removed and striata ipsilateral as well as contralateral to the lesion were dissected and kept on ice until 

processed. Both cytosolic and mitochondrial fractions were extracted from fresh striatal samples as 

previously described.47 Briefly, striatal tissue was gently homogenized in buffer A (250 mM sucrose, 10 

mM KCl, 1.5 mM MgCl2, 2 mM EDTA and 20 mM HEPES) plus protease inhibitors (2 mM 

phenylmethylsulphonyl fluoride (PMSF), 1 mg/μl aprotinin, 1 mg/μl leupeptin and 1 mM sodium 

orthovanadate) by passages through a 21Gx1 9/16” 0.8- by 40 mm and a 25Gx5/8” 0.5- by 16 mm needle 

fitted on a 2 ml syringe. The resulting homogenates were centrifuged at 500 g for 5 min at 4ºC. 

Supernatants (S1) were collected and centrifuged at 13000 g for 20 min at 4ºC. The resulting pellets (P2) 

were washed once in buffer A and centrifuged at 13000 g for 20 min at 4ºC to obtain the mitochondrial 

fraction (P3). The resulting supernatants (S2) were further centrifuged at 100000 g for 60 min at 4ºC. The 

supernatants (S3) were designated cytosolic fractions.   

 

Western blot analysis. 

Striatum and cortex were dissected out and homogenized in lysis buffer to obtain total protein extracts. 

Protein levels of Bcl-2 family members were analyzed by Western blot as described elsewhere.10 

Membranes were blotted with the following antibodies: Bax (1:1000) and Bad (1:1000) (Cell Signaling, 
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Beverly, MA, USA), Bcl-xL (1:500) and Bcl-2 (1:2000) (Transduction Laboratories, Lexington, KY, USA), 

Bim (1:1000; Stressgen, San Diego, CA, USA) and Bak (1:2000; Upstate, Charlottesville, VA, USA). 

Cytosolic and mitochondrial fractions were also processed by Western blot and membranes blotted with 

Bax, Bim, Cyt c (1:2000; BD PharMingen, San Diego, CA, USA) and Smac/Diablo (1:1000; Chemicon, 

Temecula, CA, USA). Mouse monoclonal antibody to �-Tubulin (1:50000; Sigma, St. Louis, MO, USA) was 

used as a loading control for total protein extracts and cytosolic fractions. A mouse monoclonal antibody to 

OxPhos Complex V subunit � (1:5000; anti-ATP synthase subunit �; Molecular Probes, Eugene, OR, 

USA) was used as a loading control and marker for the mitochondrial fraction. After primary antibody 

incubation, membranes were washed twice with TBS-T and incubated for 1 h at room temperature with 

horseradish peroxidase-conjugated antibody (Promega, Madison, WI, USA), and the reaction was finally 

visualized with the Western Blotting Luminol Reagent (Santa Cruz Biotechnology, CA, USA). Western blot 

replicates were scanned and quantified using the Phoretix 1D Gel Analysis (Phoretix International Ltd., 

Newcastle, UK). 

 

Immunoprecipitation 

Protein (200 μg) obtained from frozen striata (n = 5 for each condition) was incubated overnight at 4ºC on 

a rotary mixer with anti-Bcl2 (1:50), anti-Bax (1:100) or anti-Bak (1:100) polyclonal antibodies diluted in 

lysis buffer and immunoprecipitation was performed as described previously.10 Blots were immunostained 

with either an antibody against Bim (1:2000), Bcl-2 (1:500; monoclonal antibody; Transduction 

Laboratories) or Bcl-xL (1:500). To ensure that Bcl-2, Bax and Bak were correctly immunoprecipitated, 

membranes were incubated overnight at 4ºC with anti-Bcl-2 (1:2000), anti-Bax (1:1000) or anti-Bak 

(1:2000) antibodies.  

 

Statistical analysis 

Developmental profiles of Bcl-2 family proteins in the striatum and cortex of wild-type and Bax KO mice 

were compared using two-way analysis of variance (ANOVA) followed by Scheffe´s post hoc test. Results 

were normalized to the mean of values obtained in wild-type mice at P3 (100%). Levels of Bcl-2 family 

proteins in the QUIN-injected striata were compared to those in the striata contralateral (non-injected) to 
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the lesion using Student’s t test for independent samples. Data were expressed as a percentage of control 

(non-injected contralateral striata) values.  
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TERCER TRABAJO: “BH3-only Proteins Bid and BimEL 
are Differentially Involved in Neuronal Dysfunction in 
Mouse Models of Huntington's Disease”. 

(Aceptado para su publicación en Journal of Neuroscience Research) 



 
 

 

 

OBJETIVO 2.- Estudio de la regulación de las proteínas de la familia de Bcl-2 en los 
procesos de muerte neuronal en el núcleo estriado. 
2.3.- Análisis de la regulación de las proteínas de la familia de Bcl-2 en un modelo 

transgénico de la enfermedad de Huntington y su posible modulación mediante los niveles 

endógenos de BDNF. 

Dado que observamos que las proteínas de la familia de Bcl-2 regulan la 

muerte estriatal en un modelo agudo de de la enfermedad de Huntington, nos 

planteamos estudiar su participación en un modelo crónico de esta enfermedad, el 

ratón transgénico R6/1, el cual presenta una degeneración estriatal paulatina. 

Además, dado que el BDNF es el que presenta un mayor efecto neuroprotector en 

las neuronas estriatales in vitro e in vivo, el estudio se realizó en paralelo con el 

modelo desarrollado previamente en nuestro laboratorio, el ratón R6/1:BDNF+/-, lo 

que nos permitió evaluar la implicación de los niveles de BDNF en esta regulación. 

Así, se cumplía con los objetivos específicos del punto 2.3. El estudio de los 

cambios en las proteínas de esta familia constituye una herramienta 

extremadamente útil para la identificación de nuevas dianas que detengan la 

muerte neuronal, así como para la evaluación de los efectos terapéuticos de 

diferentes tratamientos en los modelos de enfermedad de Huntington.  
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CUARTO TRABAJO: “Prosurvival Phospho-AKT/PKB 
Levels are Increased during the Neurodegenerative 
Process in the Striatum of Mouse Expressing the N-
terminal Exon-1 of Mutant Huntingtin”. 
 

(En preparación) 



 OBJETIVO 3.- Estudio de los mecanismos de supervivencia activados en respuesta a 
la toxicidad inducida por la expresión de la huntingtina mutada en modelos 
transgénicos de la enfermedad de Huntington. 
3.1.- Estudio del posible papel neuroprotector de la quinasa AKT frente a los mecanismos 

apoptóticos inducidos por la expresión de huntingtina mutada. 

Como objetivo 3 estudiamos la activación de AKT en los ratones R6/1 y 

R6/1:BDNF+/-. Comenzamos este trabajo de acuerdo con la hipótesis de que algún 

tipo de mecanismo anti-apoptótico pudiera estar activado en respuesta a la 

toxicidad inducida por la htt mutada, bloqueando, o al menos retrasando, las 

consecuencias de los cambios apoptóticos observados en el trabajo anterior. En el 

presente trabajo también analizamos si la reducción del factor trófico BDNF era 

capaz de modular la activación de AKT en el núcleo estriado, y si esta activación 

permitiría recuperar la viabilidad neuronal tras el silenciamiento de la huntingtina 

mutada. Nuestro objetivo era evaluar la relevancia de esta vía anti-apoptótica en el 

contexto de la enfermedad de Huntington, así como analizar su papel como medio 

efectivo de retrasar la muerte de las neuronas estriatales. 
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Abstract 

In mouse models expressing exon 1 of mutant huntingtin (mhtt) the reduction in the 

striatal volume is the result of a massive decreased neuropil because neuronal death is 

minimal. Survival mechanisms to prevent cell death may be therefore activated. In this 

study we analyzed the levels of the phospho-Akt protein, which is involved in promoting 

cell survival, in four different exon 1 mutant huntingtin mouse models: the R6/1, the 

R6/1:BDNF +/-, the R6/2 and the Tet/HD94 in which the mutant transgene is controlled 

by the tetracycline inducible system. Our results show that in the R6/1 and R6/1: BDNF 

+/- mice, phospho-Akt levels were specifically increased in the striatum during different 

stages of the disease progression. These enhanced levels of phospho-Akt were still 

detected at the latest stages of the neurodegenerative process (30 weeks) and were 

related to the inactivation of the pro-apoptotic proteins GSK3� and FoxO1. In addition, 

the R6/2 and the Tet/HD94 mouse models also displayed enhanced levels of phospho-

Akt in the striatum at late stages of the disease progression. Interestingly, in the 

Tet/HD94 mouse, phospho-Akt levels almost returned to wild-type levels after mhtt 

shut-down. In conclusion, our results show that activation of the Akt/PKB pathway is a 

common mechanism taking place in neurons expressing exon 1 mhtt. Furthermore, we 

suggest that high levels of phospho-Akt may prevent cell death and allow the recovery 

of neuronal viability after mhtt silencing.  

 

Introduction 

Huntington’s disease (HD) is a neurodegenerative disorder characterized by motor 

dysfunction, cognitive impairments and emotional disturbances (Martin and Gusella, 

1986). The causative mutation of HD is a dominantly heritable expansion of a 

trinucleotide CAG repeat in the coding region of the HD gene, which results in long 

stretches of polyglutamine (polyQ) in the N-terminal portion of the huntingtin protein 

(htt; HDCRG, 1993). Htt is ubiquitously expressed throughout the central nervous 
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system (Strong et al., 1993; Bhide et al., 1996), but its mutation involves a selective 

death of medium spiny neurons of the striatum and cortical atrophy at later stages of 

disease progression (DeLa Monte et al., 1988; Mann et al., 1993). The intrinsic neuronal 

mechanisms that account for this specific neurodegeneration are still not known, and 

different mechanisms such as excitotoxicity, mitochondrial dysfunction and lack of 

trophic support have been related to the development of the neurodegenerative process 

(reviewed in: Perez-Navarro et al., 2006).  

One pathological hallmark of HD is the presence of htt inclusion bodies in neurons. 

However, the exact role of these aggregates in HD pathogenesis is still under discussion 

(Davies y col., 1997; DiFiglia y col., 1997; Kim y col., 1999; Leavitt y col., 1999; 

Saudou y col., 1998). It has been shown that aggregation, for any given polyQ, is 

greater for the N-terminal truncated protein than for the full-length protein (Cooper et 

al., 1998; Hackam et al., 1998; Martindale et al., 1998). Interestingly, htt can be cleaved 

by different proteases (Wellington et al., 2000a; Kim et al., 2001; Lunkes et al., 2002; 

Gafni et al., 2004) and several lines of evidence indicate that htt cleavage and nuclear 

localization are necessary to induce degeneration (Sadou et al., 1998; Kim et al., 1999; 

Peters et al., 1999; Wellington et al., 2000b). In addition, htt phosphorylation can also 

participate in the pathological process. In particular, phosphorylation of mhtt at serine 

421 (S421) and serine 434 (S434) blocks its toxic effects on striatal neurons (Humbert 

et al., 2002; Luo et al., 2005).  

The AKT has been proposed as an important neuroprotective pathway in HD. This 

protein is one of the serine/threonine kinase that phosphorylates the S421 of mutant htt 

inhibiting its toxicity (Humbert et al., 2002). AKT is ubiquitously expressed in 

mammals, and although it is initially present at low levels in the adult brain (Owada et 

al., 1997) its expression increases dramatically in neurons during cellular stress or 
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injury (Owada et al., 1997; Kang et al., 2004; Chong et al., 2005). In accordance with 

this, enhanced AKT signaling appears as an early prosurvival response in the striatum 

of the knock-in mouse model HdhQ111/Q111 and in the striatal cell line STHdhQ111/Q111 

model of HD (Gines et al., 2003). However, in an acute HD rat model, with the 

intrastriatal injection of lentiviral vectors expressing N-terminal fragments of htt with a 

pathological stretch of 82Q, both AKT and phospho-AKT levels are down-regulated 

during neuronal dysfunction (Colin et al., 2005). Moreover, AKT has been found 

cleaved and presumably permanently deactivated by caspase-3 in HD postmortem 

human brains (Colin et al., 2005).  

Interestingly, a recent report demonstrates that AKT, apart from phosphorylation of 

the S421 of mutant htt, elicits neuroprotection by a different mechanism through 

arfaptin phosphorylation (Rangone et al., 2005). In addition, once activated, AKT 

provides cells with multiple survival signals that can also act increasing neuronal 

survival, for example targeting the proapoptotic Bcl-2 related protein, BAD (Del Peso et 

al., 1997; Datta et al., 1997), affecting Forkhead (FoxO) factors (Brunet et al., 1999; 

Kops and Burgering 1999; Biggs et al., 1999; Rena et al., 1999) and p53 family (Mayo 

et al., 2001; Gottlieb et al., 2002), and acting through glycogen synthase kinase 3 

inactivation (GSK3; Pap and Cooper., 1998).  

In this work we analyzed AKT expression and activity in four different models 

which specifically express the exon 1 of mhtt with different CAG repeats: The well-

studied model of HD, R6/1 mice, expressing exon 1 with 115 CAG repeats; the 

R6/1:BDNF+/- mouse, that expresses the same mhtt as R6/1 but with low levels of the 

neurotrophin BDNF (Canals et al., 2004); the R6/2 mouse, expressing exon 1 with 150 

CAG repeats and reduced levels of endogenous BDNF (Zhang et al., 2003a); and a 

conditional mouse model of HD, Tet/HD94, in which the expression of mhtt can be 
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turned off (Yamamoto et al., 2000). Both R6/2 and R6/1:BDNF+/- mice show more 

severe symptoms than R6/1 and Tet/HD94 mice (Mangiarini et al., 1996; Canals et al., 

2004; Diaz-Hernandez et al., 2005). However, all the models used in the present work 

display increased levels of the pro-apoptotic proteins of Bcl-2 family members (Zhang 

et al., 2003b; Garcia-Martinez et al., 2007), although weak or no apoptotic cell death 

have been observed (Mangiarini et al., 1996; Canals et al., 2004; Diaz-Hernandez et al., 

2005; Garcia-Martinez et al., 2007). Therefore, we asked whether the reduction in 

trophic support could intensify the activation of the AKT pathway in response to mhtt, 

and if this activation could account for avoiding massive cell death within the striatum 

allowing the recovery of neuronal viability and function after mhtt turn off. 

 

Materials and methods 

 

Mouse HD models 

R6/1 and R6/2 heterozygous transgenic mice expressing exon-1 mutant huntingtin with 

115 and 150 CAG repeats, respectively, were obtained from Jackson Laboratory (Bar 

Harbor, ME, USA). R6/1 mice were cross-mated with BDNF heterozygous mice 

(Ernfors et al., 1994) to obtain R6/1:BDNF+/- mice, as previously described (Canals et 

al., 2004). Conditional Tet/HD94 mice express a chimeric mouse/human exon 1 with a 

polyQ expansion of 94 repeats under the control of the bidirectional tetO responsive 

promoter (Yamamoto et al., 2000). To turn off mutant huntingtin expression, 17 month-

old wild-type and Tet/HD94 mice were treated with doxycycline in drinking water 

during 5 months (2 mg/ml for 4 months followed by 0.5 mg/ml for 1 month; Diaz-

Hernandez et al., 2005). Some animals were allowed without intervention (gene-on 

group). All mice used in the present study were housed together in numerical birth order 
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in groups of mixed genotypes and data were recorded for analysis by microchip mouse 

number. Experiments were conducted in a blind-coded respect to genotype. Mice were 

genotyped by polymerase chain reaction as described previously (Yamamoto et al., 

2000; Canals et al., 2004). The animals were housed with access to food and water ad 

libitum in a colony room kept at a constant temperature (19-22°C) and humidity (40-

50%) on a 12:12 h light/dark cycle. All animal-related procedures were in accordance 

with the National Institute of Health Guide for the care and use of laboratory animals 

and approved by the local animal care committee of the Universitat de Barcelona 

(99/01) and the Generalitat de Catalunya (99/1094). 

 

Total protein extraction 

Animals were deeply anesthetized and killed by decapitation at 12, 16 or 30 weeks 

(R6/1 and R6/1:BDNF+/- mice), 12 weeks (R6/2 mice) or at 22 months (Tet/HD94 

mice) of age. Striatum, cortex and hippocampus were quickly removed and 

homogenized in lysis buffer [50mM Tris–HCl (pH 7.5), 10% glycerol, 1% Triton X-

100, 150 mM NaCl, 100 mM NaF, 5μM ZnCl2 and 10mM EGTA] plus protease 

inhibitors [phenylmethylsulphonyl fluoride (2mM), aprotinin (1mg/μl), leupeptin 

(1mg/μl) and sodium orthovanadate (1mM)]. 

 

Western blot analysis  

To examine striatal, cortical and hippocampal protein levels, Western blot was 

performed as described elsewhere (Perez-Navarro et al., 2005). Cell lysates were 

resolved in denaturing polyacrylamide gel using the Mini-protean system II (BioRad). 

Proteins were transferred to a polyvinylidene difluoride membrane (Immobilon-P, 

Millipore) and washed twice in Tris-Buffered saline containing 0.1% Tween-20 (TBS-
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T). After blocking at room temperature for 1h, membranes were blotted with the 

primary antibodies anti-: Phospho-AKT (Ser473), phospho-FoxO (Ser256), phospho-

GSK3� (Ser9), FoxO1 and GSK3� (Cell Signaling, Beverly, MA, USA); PKB�/AKT, 

(BD Transduction Laboratories, Lexington, KY, USA). Mouse monoclonal antibody to 

�-Tubulin, (Sigma, St. Louis, MO, USA), was used as a loading control. After primary 

antibody incubation, membranes were washed twice with TBS-T and incubated for 1 h 

at room temperature (r.t.) with horseradish peroxidase-conjugated antibody (1:2000; 

Promega), and the reaction was finally visualized with the Western Blotting Luminol 

Reagent (Santa Cruz Biotechnology, California, USA). Western blot replicates were 

scanned and quantified using the Phoretix 1D Gel Analysis (Phoretix International Ltd., 

Newcastle, UK). 

 

Statistical analysis 

To analyze changes of tested proteins together between genotypes as well as 

ages, two-way analysis of variance (ANOVA) followed by Bonferroni’s post-hoc test 

was performed. The other data were analyzed using one-way ANOVA followed by 

Bonferroni’s post-hoc test. 
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Results 

 

The striatum of R6/1 and R6/1:BDNF+/- mice exhibit enhanced AKT activation 

during the neuropathological process 

To analyze the in vivo regulation of AKT in the pathological progression observed in 

two exon 1 mhtt mouse models with different BDNF endogenous levels, we analyzed 

AKT and phospho(S473)-AKT levels by western blot in the striatum of R6/1 and 

R6/1:BDNF+/- mice at 12, 16 and 30 weeks.  

At 12 weeks, the onset of motor abnormalities in the R6/1:BDNF+/- mouse (Canals 

et al., 2004), we detected an increase of phospho(S473)-AKT levels in both R6/1 and 

R6/1:BDNF+/- mice while no changes in the total levels of AKT were detected in any 

of the genotypes analyzed (Fig. 1A), pointing to an early response of the AKT kinase in 

response to mhtt expression. Similarly, at 16 weeks, when only the R6/1:BDNF+/- 

mouse displays motor abnormalities (Canals et al., 2004), we observed an increase of 

phospho(S473)-AKT levels in both R6/1 and R6/1:BDNF+/- mice (Fig. 1B). This 

increase was accompanied by a significant enhancement of the phospho(S473)-

AKT/AKT ratio (Fig. 1D), since no changes in the total levels of AKT were detected in 

any of the genotypes analyzed (Fig. 1B). 

To further study the role of the AKT pathway during neuronal degeneration, we 

analyzed phosphorylated and total protein levels at 30 weeks when both genotypes 

exhibit severe motor abnormalities and a significant loss of striatal neurons is detected 

only in R6/1:BDNF+/- mice (Canals et al., 2004). Interestingly, the significant increase 

of phospho(S473)-AKT levels observed in younger animals was still detectable at late 

stages of the disease (Fig. 1C). Moreover, although a slight rise was detected in the total 

AKT levels in both HD mice (Fig. 1C), the large increase of phospho(S473)-AKT levels 
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was also accompanied by a higher enhancement of the phospho(S473)-AKT/AKT ratio 

than that observed at 12 and 16 weeks (Fig. 1D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 AKT phosphorylation status is increased in the striatum early during the disease 
progression and maintained until late stages of neurodegeneration. Phospho(S473)-AKT 
levels were analyzed by Western blot in the striatum of R6/1 and R6/1:BDNF+/- mice at 12, 
16 and 30 weeks of age. (A, B and C) Representative immunoblots showing protein levels of 
phospho(S473)-AKT, AKT and tubulin in wild-type (WT), R6/1, BDNF+/- and 
R6/1:BDNF+/- mice. (D) Figure showing the increase in phospho(S473)-AKT/AKT ratio in 
all the genotypes at different ages. Values are expressed as percentages of WT mice ± SEM 
for five animals per genotype. Data were analyzed by two-way ANOVA followed by 
Bonferroni’s post-hoc test. *P < 0.05; **P < 0.01 compared with WT mice; ##P < 0.01; ###P < 
0.001 compared with BDNF +/- mice.; + P < 0.05; + +P < 0.01 compared with 30 week-old 
animals. 
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Phospho(S473)-AKT levels are specifically increased in the striatum of R6/1 and 

R6/1:BDNF+/- mice 

In order to confirm that the increase of phospho(S473)-AKT levels was not due to a 

general mechanism in all the regions of the HD mouse brain, we analyzed 

phosphorylated and total protein levels at 30 weeks in the cortex and hippocampus. In 

contrast to that observed in the striatum, no differences in phospho(S473)-AKT or total 

AKT levels were observed between R6/1 or R6/1:BDNF+/- and their littermate controls 

in either of the two areas (Fig. 2). These data show that in these HD mouse models the 

AKT pathway is specifically regulated in the striatum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 No changes in AKT phosphorylation status in the cortex and hippocampus of HD 
mouse models. Western blot analysis of phospho(S473)-AKT in cortex and hippocampus of 
R6/1 and R6/1:BDNF+/- at 30 weeks of age. Immunoblots showing a representative 
experiment of phospho(S473)-AKT, AKT and tubulin protein levels in the cortex (A) and 
hippocampus (C) of wild-type (WT), R6/1, BDNF +/- and R6/1:BDNF+/- mice. Figures 
showing similar phospho(S473)-AKT/AKT ratio in the cortex (B) and hippocampus (D) of 
all the genotypes analyzed. Results are expressed as percentages of WT ± SEM for five 
animals per genotype. Data were analyzed by one-way ANOVA. 
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Increased AKT activation is associated with different prosurvival targets during 

disease progression 

To test whether increased AKT activation was associated with altered AKT signaling in 

R6/1 and R6/1:BDNF+/- mouse striatum, we assessed phospho(S256)-FoxO1 and 

phospho(S9)-GSK3�, two different well-known downstream targets of the AKT 

pathway that are involved in neuronal survival. 

At 16 weeks, the increase in AKT activity differentially affects the downstream 

targets. Consistent with AKT activation, the phospho(S9)-GSK3�/GSK3� ratio was 

significantly increased in both R6/1 and R6/1:BDNF+/- mice due to a large 

enhancement of phospho(S9)-GSK3� levels (Fig. 3A and 3B). However, at this age, no 

changes in phospho(S256)-FoxO1 or FoxO1 were detected in any of the genotypes 

analyzed (Fig. 3C and 3D).  

We next analyzed protein levels at 30 weeks and, in contrast to 16-week 

observations, the increased AKT activation was accompanied by the enhancement of 

phosphorylation in both GSK3� and FoxO1 proteins. In 30 week-old striata we detected 

a large enhancement of phospho(S9)-GSK3� levels (Fig. 3E), which induces an increase 

in the phospho(S9)-GSK3�/GSK3� ratio in both R6/1 and R6/1:BDNF+/- mice (Fig. 

3F). In addition, we also detected a significant increase of phospho(S256)-FoxO1 in HD 

mice (Fig. 3G) that resulted in the significant enhancement of the phospho(S256)-

FoxO1/FoxO1 ratio (Fig. 3H), suggesting a more potent prosurvival activity of the 

kinase throughout disease progression. Interestingly, at this age we also observed a 

significant increase of FoxO1 total levels in both R6/1 and R6/1:BDNF+/- mice (Fig. 

3G; wild-type: 100±6; BDNF+/-: 116±19; R6/1: 154±4**#; R6/1:BDNF+/-: 147±17*#; 

**P <0.01 and *P <0.05 compared with wild-type animals, #P <0.05 compared with 
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BDNF+/- animals), but this rise was not enough to modify the increase in the 

phosphorylated/total ratio.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Striatal levels of phospho-GSK3� and phospho-FoxO1 are differentially modified 
during disease progression. Levels of phospho(S9)-GSK3� and phospho(S256)-FoxO1 were 
analyzed by Western blot in the striatum of 16 and 30 week-old mice (n = 5 for each 
genotype). (A and C) Representative immunoblots showing phospho(S9)-GSK3�, GSK3�, 
phospho(S256)-FoxO1, FoxO1 and tubulin protein levels in striatal samples of wild-type 
(WT), R6/1, BDNF+/- and R6/1:BDNF+/- mice at 16 weeks. (E and G) Representative 
immunoblots showing phospho(S9)-GSK3�, GSK3�, phospho(S256)-FoxO1, FoxO1 and 
tubulin protein levels in striatal samples of wild-type (WT), R6/1, BDNF+/- and 
R6/1:BDNF+/- mice at 30 weeks. Figures showing phospho(S9)-GSK3�/ GSK3� (B and F) 
and phospho(S256)-FoxO1/FoxO1 (D and H) ratios in the striatum of 16 (B and D) and 30 
week-old (F and H) animals. Immunoblots are representative of three different experiments. 
Values are expressed as percentages of WT mice ± SEM for five animals per genotype. Data 
were analyzed by one-way ANOVA followed by Bonferroni’s post-hoc test. *P < 0.05; **P 
< 0.01; ***P < 0.001 compared with WT mice; #P < 0.05; ##P < 0.01; ###P < 0.001 compared 
with BDNF +/- mice.  
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The R6/2 mouse model also displays striatal AKT activation at late stages of the 

neurodegenerative process  

In order to find out if long-term AKT activation is a common feature of exon 1 mhtt 

mouse models, we next analyzed phosphorylated and total AKT levels in R6/2 mouse 

striatum. We assessed striatal AKT and phospho(S473)-AKT levels by western blot at 

12 weeks, when R6/2 mouse is severely impaired. In accordance with the previous 

results observed at 30 weeks in R6/1 and R6/1:BDNF+/- mouse striatum, we observed a 

large increase of phospho(S473)-AKT levels in R6/2 striatum compared to littermate 

controls (Fig. 4A). This increase was accompanied by a significant enhancement of the 

phospho(S473)-AKT/AKT ratio (Fig. 4B). Interestingly, in spite of this increase in 

AKT activation status, total AKT levels were also increased within R6/2 striatum (Fig. 

4A and 4C), pointing to more severe alterations of the pro-survival pathway in the R6/2 

mouse.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Both phospho-AKT 
and AKT protein levels are 
increased in the striatum of 
R6/2 mouse. Phospho-
AKT and AKT protein 
levels were analyzed by 
Western blot in 12 week-
old R6/2 mice. (A) 
Representative 
immunoblots showing 
protein levels of 
phospho(S473)-AKT, 
AKT and tubulin of WT 
and R6/2 mice striatum. 
Figures showing 
phospho(S473)/AKT (B) 
and AKT/tubulin (C) ratio 
in the striatum of WT and 
R6/2 mice. Values are 
expressed as percentages 
of WT mice ± SEM for 
four animals per genotype. 
Data were analyzed by 
one-way ANOVA 
followed by Bonferroni’s 
post-hoc test. *P < 0.05; 
**P < 0.01 compared with 
WT mice. 
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Striatal AKT activation is partially reverted by suppressing transgene expression 

in Tet /HD94 mice striatum 

To determine whether AKT activation depends on the stress induced by continuous 

mhtt expression, we analyzed its activation status in the Tet/HD94 mouse. Striatal AKT 

and phospho(S473)-AKT protein levels were examined at 22 months in three different 

groups: wild-type, Tet/HD94 with no pharmacological intervention (Gene-ON) and 

Tet/HD94 after 5 months of doxycycline administration that turns off transgene 

expression (Gene-OFF). In these conditions, the Gene-ON mice displayed severe 

striatal neuron loss compared to their control littermates (Diaz-Hernandez et al., 2005).  

Consistent with the results obtained in R6 models, we observed an increase in 

phospho(S473)-AKT levels in Tet/HD94 mouse striatum with respect to wild-type 

animals accompanied by the consequent enhancement of the phospho(S473)-AKT/AKT 

ratio (Fig. 5A and 5B).  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5 Increased levels of phospho(S473)-AKT are partially reverted by suppressing 
transgene expression in the striatum of Tet/HD94 mice. Phospho-AKT and AKT protein 
levels were analyzed by Western blot in the striatum of wild-type (WT) and Tet/HD94 mice 
either with no pharmacological intervention (Gene-ON) or after 5 months of transgene shut-
down by doxycycline administration (Gene-OFF). (A) Representative immunoblots showing 
protein levels of phospho(S473)-AKT, AKT and tubulin in the striatum of 22 month-old WT, 
Gene-ON and Gene-OFF mice. (B) Figures showing the densitometric measures of 
phospho(S473)-AKT normalized to AKT protein levels, and expressed as percentages of WT 
± SEM for 4 animals per condition. Data were analyzed by one-way ANOVA followed by 
Bonferroni’s post-hoc test. **P < 0.01 and ***P < 0.001 compared with WT mice. ##P < 0.01 
compared with Tet/HD94 (Gene- OFF) mice. 
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Interestingly, by suppressing transgene expression the phospho(S473)-AKT/AKT ratio 

enlargement was partially reverted with a significant reduction of the phosphorylated 

levels (Fig. 5A and 5B), suggesting AKT activation as a prosurvival mechanism in 

response to the toxicity of mhtt expression. 

 

Discussion 

Our results show that phospho(Ser473)-AKT levels are specifically increased in the 

striatum of R6/1 and R6/1:BDNF+/- mice early during disease progression. 

Interestingly, we also show that this increase is stronger in late stages of the 

neurodegeneration, inducing a differential inactivation of the GSK3� and FoxO1 

proteins throughout the neurodegenerative process. In addition, we studied AKT 

activation status in R6/2 and Tet/HD94 mice. According to our results in R6/1 and 

R6/1:BDNF+/- mice, the constitutive expression of the N-terminal exon 1 mhtt resulted 

in an increase of phospho(Ser473)-AKT levels within both R6/2 and Tet/HD94 striatum. 

Moreover, we show that this increase was partially reverted in the latter after transgene 

shut-down, pointing to a pro-survival mechanism activated in response to N-terminal 

exon 1 mhtt-induced toxicity. 

In this study, we demonstrated that phospho(S473)-AKT levels are significantly 

increased in the striatum of both R6/1 and R6/1:BDNF+/- mice and that this increase 

can be detected early during disease progression (12 and 16 weeks). Interestingly, we 

show that this pro-survival activity can still be detected at late stages of the 

neurodegenerative process (30 weeks), and furthermore, this AKT phosphorylation is 

higher than at earlier stages. This increase of phospho(Ser473)-AKT in the striatum 

seems to be a common feature for mutant htt exon-1 mouse models, as it can also be 

detected in 12 week-old R6/2 mouse striatum. We also show that increased levels of 
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phosphorylated AKT were not due to a general mechanism within the brain, since no 

changes in the activation status of AKT in the cortex and hippocampus were detected. 

This would explain why other studies have failed to find changes in phospho-AKT 

levels in R6/2 mice using whole brain lysates (Warby et al., 2005). Conversely, recent 

data obtained from an acute in vivo rat model consisting on intra-striatal lentiviral 

injections of N-terminal fragments of htt with a poly-Q stretch of 19 or 82 residues, 

demonstrate that both AKT and phospho-AKT levels are progressively down-regulated 

during neuronal dysfunction (Colin et al., 2005). These authors have also shown that 

AKT is proteolytically processed in the brain tissues of grade 3 and 4 HD patients, 

leading to its irreversible deactivation. Altogether, with the early increase of 

phospho(Ser473)-AKT in R6/1 and R6/1:BDNF+/- mice, our data support the hypothesis 

of a sequential process affecting the AKT pathway in HD (Colin et al., 2005). 

Interestingly, we showed that these mouse models, which display weak or no loss of 

striatal cells, maintain a large increase in the AKT phosphorylation status, in contrast to 

the lentiviral model that displays reduced levels of both AKT and phospho-AKT levels. 

Thus, pointing to the loss of AKT activity as a crucial event that induces massive 

striatal cell death in HD. 

At earlier stages (16 weeks), AKT activation is coupled to prosurvival signaling via 

phospho(S9)-GSK3� enhancement. In accordance with our results, previous studies 

have shown increased levels of phospho-AKT as an early prosurvival response in 

STHdhQ111/Q111 striatal cell line in vitro, and this prosurvival signaling is mediated, at 

least in part, via GSK3� inactivation (Gines et al., 2003). At late stages (30 weeks), we 

observed that AKT activation was still associated with prosurvival signaling via GSK3� 

inactivation and, furthermore, the protein kinase exerts a more extensive effect by 

blocking the pro-apoptotic protein FoxO1. Thus, the effect of the AKT activation in 
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these HD mouse models is associated with the prosurvival signaling via GSK3� 

inactivation during the evolution of the neuropathological process, while the effect on 

the pro-apoptotic target FoxO1 seems to be specific to the late stages of pathology. 

Different lines of studies also support the neuroprotective role of AKT pathway in HD 

(Humbert et al., 2002). These authors demonstrated htt phosphorylation at S421 by 

AKT and suggested that this direct action on mhtt, together with phosphorylation of 

other substrates, increases neuronal survival. We have to consider that all HD models 

expressing the N-terminal exon 1 fragment, lack the S421 AKT phosphorylation site 

and, therefore, this fragment cannot be phosphorylated. Therefore, the prosurvival effect 

exerted by AKT over R6 striatal neurons must be mediated through the inhibition of 

apoptotic pathways activated in response to N-terminal exon 1 mhtt toxicity, such as 

GSK3� and FoxO1. In addition, we have recently described that, instead of displaying a 

mild apoptotic response, R6/1 and R6/1:BDNF+/- mice exhibit a high increase of the 

pro-apoptotic proteins Bid and Bim in the mitochondrial fraction together with a slight 

accumulation of the pro-apoptotic effector Bax (Garcia-Martinez et al., 2007). 

Therefore, an alternative mechanism of AKT activity could be the inhibition of a 

massive Bax recruitment to the mitochondria, blocking the evolution of the apoptotic 

progress as previously described (Yamaguchi and Wang, 2001). 

We also analyzed AKT activation status in a conditional mouse model of HD, the 

Tet/HD94 mouse. At 17 months of age, Tet/HD94 mice show deficits in motor 

coordination, a decrease in striatal volume and a significant decrease in the number of 

striatal neurons that progress with age (Diaz-Hernandez et al., 2005). Here we show 

that, similar to that observed in R6/1 and R6/1:BDNF+/- mice, Tet/HD94 mice 

displayed increased levels of phospho(Ser473)-AKT protein in the striatum at 22 months 

of age. Interestingly, we observed that transgene shut-down during 5 months partially 
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reverted phosphorylated AKT up-regulation. Thus, supporting the hypothesis that the 

phospho-AKT increase is directly related with the toxic effect mediated by mhtt 

expression. Despite 19% of striatal cell loss, after 5 months of doxycycline treatment 

Tet/HD94 mice display full recovery from their motor deficit (Diaz-Hernandez et al., 

2005), and the authors proposed that the remaining 80% of striatal neurons are able to 

recover their function to a level that allows them to compensate for missing neurons. 

These data further support the importance of maintaining increased phospho-AKT 

levels, which can act against N-terminal exon 1 mhtt toxicity, delaying irreversible cell 

loss and allowing the recovery of neuronal functionality after transgene shut-down. 

One of the most important mechanisms of AKT activation is the intracellular 

signaling mediated by trophic factors (Burgering and Coffer 1995; Franke et al., 1995). 

Among these, the neurotrophic factor BDNF displays a predominant role in promoting 

striatal neuron survival both in vitro (Ventimiglia et al., 1995; Gavalda et al., 2004) and 

in vivo (Perez-Navarro et al 1999, 2000, 2005; Gratacos et al., 2001). Furthermore, a 

deficit in this neurotrophin has been proposed as one of the mechanisms that can 

participate in the striatal neuron dysfunction induced by mutant htt (Zuccato et al., 

2001; 2003; Gauthier et al., 2004; Canals et al., 2004). However, the activation of AKT 

in R6 models seems to be independent of endogenous BDNF levels, since 

R6/1:BDNF+/- and R6/2 mice with lower BDNF expression display higher levels of 

phospho(Ser473)-AKT compared to their littermate controls. Similarly, no differences 

were detected between R6/1 and R6/1:BDNF+/- mice at any of the time points 

analyzed. Therefore, a different mechanism must be involved in the specific increase of 

phospho(Ser473)-AKT in mouse striatum. Previous work with Q111/Q111 striatal cell 

line in vitro have shown that AKT activation in mutant striatal cells can be blocked by 

the addition of the N-methyl-D-Aspartate (NMDA) receptor antagonist MK-801 and, 
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moreover, this activation is calcium (Ca2+) dependent (Gines et al., 2003). Interestingly, 

different HD mouse models display an enhancement of currents induced by selective 

activation of NMDA receptors, as well as an enhancement of intracellular Ca2+ flux in 

both pre-symptomatic and symptomatic stages (Cepeda et al., 2001). Another possibility 

is that AKT remains activated in response to other stress stimulus.  Different chaperones 

induced by cellular stress, such as Hsp27 and Hsp90, could specifically bind phospho–

AKT blocking its degradation (Konishi et al., 1997; Rane et al., 2003). Moreover, the 

activation of AKT in response to oxidative stress, a well-known feature of HD (Rego 

and Olivera, 2003), has also been described in cardiomyocytes (Tu et al., 2002). 

Altogether, although AKT prosurvival activation could reflect an enhancement of 

NMDA receptor signaling, similar to the knockin model, the possible participation of 

different mechanisms in response to intracellular stress in maintaining the anti-apoptotic 

signaling must also be considered. 

In summary, in this work, we show that phospho-AKT levels are up-regulated in 

four different HD mouse models that express N-terminal exon 1 of mhtt and, moreover, 

that this AKT activation is directly associated with the inhibition of GSK3� and FOXO 

pro-apoptotic pathways. We also show that this increase can still be detected at late 

stages of the neurodegenerative process and can contribute to the modest neuronal death 

described in these mice. These data further support the crucial relevance of this 

prosurvival pathway and its use in combined therapeutic approaches as an effective 

means of delaying striatal cell death in HD. 
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