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OBJETIVO 1.- Caracterizacion de los efectos neurotréficos del GDNF sobre las
neuronas estriatales en cultivo.

1.1.- Analisis de las vias de sefializacién intracelular activadas por el GDNF.

1.2.- Estudio del efecto del GDNF sobre la maduracion y diferenciacion de las neuronas

GABAérgicas estriatales.

En el nucleo estriado, las neuronas de proyeccién representan el 90% de la
poblacion total. Estas neuronas son GABAérgicas y expresan el marcador
calbindina en sus ultimas etapas de maduracion. Se ha descrito como los diferentes
factores neurotroficos pueden promover la supervivencia y la maduraciéon de las
neuronas de proyeccion, aunque se conoce poco acerca de los efectos especificos
mediados por el GDNF. Asi, para cumplir con el primer objetivo, analizamos las
vias intracelulares implicadas en la sefalizacion del GDNF en las neuronas
estriatales en cultivo. Nuestro propésito era determinar los efectos que ejerce este
factor neurotrofico sobre la supervivencia y diferenciacion de esta poblacion
neuronal. Las neuronas GABAérgicas de proyeccion degeneran de manera
especifica en la enfermedad de Huntington, y con este trabajo se complementan
estudios previos de nuestro laboratorio con la intencién de evaluar el potencial

neuroprotector de los diferentes factores neurotréficos.
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Glial cell line-derived neurotrophic factor (GDNF) pro-
motes the survival or differentiation of several types of
neurons. This study examines GDNF-induced signal
transduction and biological effects in cultured striatal
neurons. Results show that GDNF addition to striatal
cultures transiently increased the protein levels of phos-
phorylated p42/p44, but did not change the levels of
phosphorylated Akt. GDNF effects on phosphorylated
p42/p44 levels were blocked by the mitogen-activated
protein kinase (MAPK) pathway specific inhibitors
(PD98059 and U0126). Activation of the p42/p44 MAPK
pathway by GDNF led to an increase in the degree of
dendritic arborization and axon length of both GABA-
and calbindin-positive neurons but had no effect on
their survival and maturation. These GDNF-mediated
effects were suppressed in the presence of the inhibitor
of the MAPK pathway (PD98059). Furthermore, the
addition of the phosphatidylinositol 3-kinase pathway
specific inhibitor (LY294002) blocked GDNF-mediated
striatal cell differentiation suggesting that the basal
activity of this pathway is needed for the effects of
GDNF. Our results indicate that treatment of cultured
striatal cells with GDNF specifically activates the p42/
p44 MAPK pathway, leading to an increase in the arbo-
rization of GABA- and calbindin-positive neurons.

© 2005 Wiley-Liss, Inc.
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Neurotrophic factors are essential proteins for the
regulation of neuronal survival, growth and differentia-
tion during development (Baloh et al., 2000; Huang and
Reichardt, 2001; Davies, 2003). Most of them stimulate
a receptor tyrosine kinase, which activates several well-
defined signaling cascades (Airaksinen and Saarma, 2002;
Huang and Reichardt, 2003; Segal, 2003). The receptor
tyrosine kinase Ret (Jing et al,, 1996; Treanor et al.,
1996; Trupp et al.,, 1996) is an important component in
the signaling cascade activated by members of the glial

© 2005 Wiley-Liss, Inc.

cell line-derived neurotrophic factor (GDNF) family, a
group of structurally and functionally related polypepti-
des. This receptor is activated only if GDNF ligands are
bound to an accessory protein linked to the plasma
membrane by a glycosyl phosphatidylinositol anchor

and Saarma, 2002). Stimulation of Ret initiates several
downstream intracellular pathways, of which the phos-
phatidylinositol 3-kinase (PI3-K) and the p42/p44 mito-
gen-activated protein kinase (MAPK) pathways are the
most extensively studied (Airaksinen and Saarma, 2002).
The activation of these pathways may promote neuronal
survival or differentiation (Pong et al., 1998; Van Weer-
ing and Bos, 1998; Soler et al., 1999; Coulpier et al.,
2002; Pelicci et al., 2002).

GDNF, the first member of the GDNF family to
be discovered, was initially characterized as a neurotro-
phic factor for midbrain dopaminergic neurons (Lin
et al., 1993). In agreement with its role on nigrostriatal
dopaminergic neurons, GDNF is highly expressed in the
striatum during development (Schaar et al., 1993; Choi-
Lundberg and Bohn, 1995; Golden et al.,, 1999). The
GDNF receptors, Ret and GFRal, are also expressed
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by striatal neurons (Golden et al.,, 1999; Pérez-Navarro
et al., 1999; Marco et al., 2002; Cho et al., 2004) sug-
gesting that these neurons can also respond to GDNF
(Alberch et al., 2004). Indeed, GDNF protects striatal
neurons against excitotoxicity (Pérez-Navarro et al,
1996, 1999; Araujo and Hilt, 1997; Gratacos et al.,
2001a; Kells et al., 2004) or 3-nitropropionic acid lesion
(Araujo and Hilt, 1998).

In the striatum, projection neurons account for
90% of the overall population (Smith et al., 1990). They
are GABAergic and they also express calbindin in a late
stage of maturation (Liu and Graybiel, 1992). Several
neurotrophic factors have been shown to promote the
survival or maturation of striatal GABAergic neurons in
vitro (Mizuno et al., 1994; Ventimiglia et al., 1995;
Ivkovic et al., 1997; Gratacos et al., 2001b,c; Gavalda
et al., 2004) but very little is known about the bioclogical
effects of GDNF (Humpel et al., 1996; Farkas et al.,
1997). Furthermore, there are no data about the intracel-
lular signaling pathways activated by this neurotrophic
factor in striatal neurons. We examined whether GDNF
activates the p42/p44 MAPK or PI3-K pathways, and
the functional meaning of this activation in the survival,
maturation or differentiation of striatal GABAergic neu-
rons in vitro.

MATERIALS AND METHODS
Cell Culture

Animal handling procedures were approved by the Local
Comumittee (99/1 University of Barcelona) and the Generalitat
de Catalunya (1094/99), in accordance with the Directive 86/
609/EU of the European Commission. Certified time-preg-
nant Sprague-Dawley dams (Charles River Laboratories,
France) were deeply anesthetized on gestational day (GD) 19,
fetuses were rapidly removed from the uterus and striatal cells
were obtained as described elsewhere (Gratacos et al., 2001b).
Cells were plated at a density of 50,000 cells/cm® onto 24-
well plates or 60-mm culture dishes, which were precoated
with 0.1 mg/ml poly-D lysine (Sigma Chemical Co., St. Louis,
MO) for morphological or Western blot analysis, respcctivcly
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frewshire, Scotland, UK) supplemented with B-27 (Gibco-
BRL) was used to grow the cells in serum-free conditions. To
study the activation of PI3-K and p42/p44 MAPK pathways,
medium was removed at 3 or 7 days in vitro (DIV) and re-
placed by N2-supplemented medium to deprive cells for 3 hr.
GDNF (Peprotech EC Ltd., London, UK) was added to the
cultures and Akt and p42/p44 phosphorylation was examined
at different time points. Protein levels of phosphorylated
CREB were examined 5 min after GDNF addition to the
cultures following the same protocol. In another set of experi-
ments, cultures were treated with various inhibitors, such as
PD980O59 (25 or 50 uM; Calbiochem, San Diego, CA) (Dud-
ley et al.,, 1995), U0126 (5 or 10 pM; Calbiochem) (Favata
et al.,, 1998) or LY294002 (25 or 50 uM; Biomol Research
Laboratories, Plymouth Meeting, PA) (Vlahos et al,, 1994).
They were dissolved in N2-supplemented medium containing
bovine serum albumin (6.6 mg/ml; Sigma), and added to cell
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cultures 1 hr before GDNF treatment. To examine the
involvement of lipid rafts in GDNF signaling, cultures were
treated with 2-hydroxypropyl-f3 cyclodextrin (5 mM; Sigma)
during 10 min before GDNF addition. For morphological
analysis, MEM supplemented with B-27 was used to grow the
cells and at 3DIV GDNF (50 ng/ml) was added alone or m
combination with LY294002 or PD98059. Two days after
treatments the medium was removed and replaced by MEM
supplemented with B-27 until 7DIV, when the cultures were
fixed. Plated cell cultures were maintained in an incubator
with 5% CO; at 37°C.

Western Blot Analysis
After GDNF exposure, cells were

1"’]
cold phosphate- buffered saline (PBS), and lysed Wlth butfer as
described elsewhere (Gavalda et al., 2004). Membranes were
incubated overnight at 4°C with antibodies against phospho-
p42/p44 (1:5,000; Cell Signaling Technology, Beverly, MA),
phospho-Akt (1:2,000; Cell Signaling Technology) or phos-
pho-CREB (1:1,000; Cell Signaling Technology). To stand-
ardize total protein content in each lane, membranes were
incubated for 1 hr at room temperature (r.t.) with antibodies
against panERK (1:5,000; BD Transduction Laboratories), pan-
Akt (1:500; Cell Signaling Technology), or CREB (1:1,000;
Cell Signaling Technology). After addition of the correspond-
ing secondary antibody conjugated to horseradish peroxidase
(1:2,000; Promega, Madison, WI), membranes were developed
using the Western Blotting Luminol Reagent (Santa Cruz Bio-
technology, Santa Cruz, CA). Western blot replicates were
scanned and quantified using the Phoretix 1D Gel Analysis
{Phoretix International Ltd., Newcastle, UK).

lrﬂ in ice—

Immunocytochemistry

Striatal cultures were fixed with 4% paraformaldehyde
for 1 hr at r.t, followed by three rinses in PBS. Cells were
then preincubated for 15-30 min with PBS containing 0.3%
Triton X-100 (Sigma) and 30% normal horse serum (Gibco-
BRL) at r.t. Cultures were then incubated overnight at 4°C
with antibodies directed against calbindinD28K  (1:10,000;
Swant) GABA (1:1000; Sigma), GFR-al (1:100; Serotec,

Oxford. UKY or Ret (C ’)ﬂ 1 ’7':(\ Santa Cruz Riotechnol

Oxford, UK), or Ret (C- Santa Cruz Biotechnol-
ogy) diluted in PBS containing 0.3% Triton X-100 and 5%
normal horse serum. Cells were then incubated in biotinylated
secondary antibodies, then with avidin-biotin complex (Pierce
ABC Kit) and finally developed with 0.05% diaminobenzidine
and 0.02% H,O..

Detection of Cell Death

At 3DIV, cultures were treated with GDNF (50 ng/ml)
and dying neurons were detected 2 days later. Cells were
fixed with 4% paraformaldehyde for 1 hr at r.t., followed by
three rinses in PBS. Neurons were incubated with DAPI
(1:100; Sigma) for 5 min and then rinsed twice with PBS.

Quantitative Analysis of Cell Cultures

Total cell number, GABAergic neurons, calbindin-posi-
tive neurons and pyknotic/fragmented nuclei stained by DAPI
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were counted in 20 fields at 200X, Cell number was analyzed
in four to six wells per condition and in four independent
experiments. Morphological parameters were assessed using a
PC-Image analysis system from Foster Findlay on a computer
attached to an Olympus microscope. GABA- and calbindin-
positive neurons (60/condition) were chosen at random and
traced in a phase-contrast image using the mouse hook up.
Total and soma area, perimeter and degree of arborization
(Perimeter”/4nArea) were determined as described by Fujita
et al. (1996). Axon length was also measured, considering the
axon as the longest emerging neurite from the soma, as previ-
ously described (Gratacos et al., 2001b). Statistical significance
was assessed by ANOVA followed by the L.S.D. post-hoc
test.

RESULTS

GDNF Specifically Activates the p42/p44
MAPK Pathway

To identify which intracellular pathways were acti-
vated by GDNF in striatal neurons, medium was re-
moved on 3DIV and replaced by N2-supplemented
medium 3 hr before GDNF (50 ng/ml) addition. Cells
were deprived during this time period because in basal
conditions PI3-K and p42/p44 MAPK pathways were
highly activated (data not shown). Five minutes after
GDNEF treatment phospho-p42/p44 levels rose sharply
(by 2-fold, Fig. 1A). In contrast, levels of phospho-Akt
were not affected by GDNF at any time (Fig. 1C). After
cell culture deprivation, however, basal phospho-Akt
levels increased in both control and GDNF-treated cul-
tures (Fig. 1C), whereas phospho-p42/p44 levels did not
change (Fig. 1B). The same membranes were reproved
for total Akt and ERK, respectively, showing that total
levels of the protein were not modified (Fig. 1).

We next examined whether activation of the PI3-
K pathway by GDNF was dose dependent. Addition of
100 ng/ml of GDNF did not aftect phospho-Akt levels
(GDNF 50 ng/ml: 106 = 20; GDNF 100 ng/ml: 82 =
10; results obtained 5 min after GDNF addition and
expressed as a percentage of phospho-Akt control val-
ues). In contrast, p42/p44 phosphorylation levels were
higher than after treatment with 50 ng/ml of GDNF
(GDNF 50 ng/ml: phospho-p44, 213 = 58; phospho-
p42, 625 £ 89; GDNF 100 ng/ml: phospho-p44, 389 =
28; phospho-p42, 1035 = 117; results obtained 5 min
after GDNF addition and expressed as a percentage of
phospho-p44 levels in control condition).

Because we did not observe PI3-K pathway activa-
tion after GDNF addition at any of the doses used, we
asked whether this effect was rclated to the levels of
GFRal and Ret receptors expressed by striatal neurons.
Both GFRal (Fig. 2A) and Ret (Fig. 2B) receptors
were detected by immunocytochemistry at 3DIV, al-
though Ret was expressed at very low levels. At 7DIV,
the expression levels of Ret, but not GFRal, were in-
creased (Fig. 2C,D). We analyzed p42/p44 MAPK and
PI3-K pathways activation after GDNF (50 ng/ml) addi-
tion at 7DIV. As shown in Figure 2E, the response of

striatal cells after GDNF treatment at 7DIV was similar
to that observed at 3DIV (Fig. 1A).

The involvement of the lipid rafts in the intracellu-
lar signaling activated by GDNF in striatal cells was also
examined. Striatal cells, on 3DIV, were treated with 2-
hydroxypropyl-p cyclodextrin, a cholesterol-binding agent
that disperses lipid rafts (Pol et al., 2005), 10 min before
stimulation with neurotrophic factors. As shown in
Figure 3, cholesterol-depleted cells displayed attenuated
phosphorylation of p42/p44 in response to GDNF, but
not to BDNF (10 ng/ml), stimulation compared to non
treated cells.

To further characterize the activation of the p42/
p44 MAPK pathway by GDNF in striatal cells, cultures
were treated for 1 hr with specific inhibitors before the
addition of the trophic factor (50 ng/ml). Pretreatment
with PD98059 (25-50 uM) or U0126 (5-10 pM) reduced
GDNF-induced p42/p44 phosphorylation (Fig. 4A).
Furthermore, PD98059 (50 pM) blocked the increase
in phospho-CREB (a downstream target of p42/p44
MAPK) protein levels induced by GDNF (Fig. 4B). We
also analyzed the effect of PI3-K inhibitors in p42/p44
activation by GDNF. In cultures treated with LY294002
(25 M) alone basal levels of phospho-Akt decreased but
phospho-p42/p44 was unatfected (Fig. 4C), showing that
this inhibitor selectively blocks PI3-K activation. Abro-
gation of PI3-K by pretreatment of cells with LY294002
(25 uM) did not modify GDNF-induced phosphoryla-
tion of p42/p44 (Fig. 4B), but addition of a higher dose
of LY294002 (50 uM) slightly inhibited (by 30%) phos-
pho-p42/p44 levels (Fig. 4B).

GDNF Treatment Has No Effect on
Neuronal Survival

The next step was to investigate the biological
effects resulting from GDNF-induced activation of the
p42/p44 MAPK pathway in striatal neurons. The per-
centage of dying cells was similar in control (29 £ 1%)
and in GDNF-treated (23 £ 4%) cultures. Similarly, the
total number of cells at 7DIV was not modified by GDNF
(50 ng/ml) addition at 3DIV (Control: 18,865 * 2,609
cells/cm?; GDNEF: 17,287 * 2273 cells/cmz).

GDNF-Mediated Stimulation of the p42/p44
MAPK Pathway Promotes the Arborization, But
Not the Maturation, of GABA- and Calbindin-
Positive Striatal Neurons

We studied whether GDNF induces GABA and
calbindin phenotypes, and the differentiation of these neu-
ronal populations. The number of GABA-positive ncurons
was not modified by GDNF (Control: 13,659 = 3,558
cells/cm?; GDNF-treated: 13,248 = 3,291 cells/cm?).
Similarly, no difterences were detected between the
number of calbindin-positive neurons in control (684 =
108 cells/em?®) and in GDNF-treated cultures (694 +
119 cells/cm?).

Morphological analysis was carried out to investi-
gate the involvement of GDNF in the differentiation of
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were higher in the calbindin-positive population (com-
pare Figs. 5 and 6). These morphological parameters
were also analyzed in the presence of the inhibitor
PD98059 (50 uM). The addition of PD98059 alone did
not affect the differendation of GABA- (axon length, in
pm: 40 = 1; degree of arborization: 14 % 1) or calbin-
din-positive neurons (axon length, in pm: 53 *= 1;
degree of arborization: 20 * 1). In contrast, addition of
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fects of the neurotrophic factor on the differentiation of
both GABA- and calbindin-positive neurons (Figs. 5,6,
respectively). In this condition, all the parameters ana-
lyzed were the same as control. The differentiation of
GABA- and calbindin-positive neurons after treatment
with LY294002 alone was Similar to that observed in
control (axon length in pm: 45 * 2 and 58 * 4; degree
of arborization: 16 £ 2 and 22 * 1, for GABA- and
calbindin-positive neurons, respectively). Unexpectedly,
GDNF-mediated effects on the differentiation of GABA-
and calbindin-positive neurons were inhibited in the
presence of LY294002 (Figs. 5,6).
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Fig. 2. Ret expression increases with time in culture bur GDNF fails
to activate the PI3-K pathway. GFRal (A,C) and Ret (B,D)
expression was examined by immunocytochemistry at 3 (A3) and 7
(C,13) DIV. Scale bar = 50 um. Ret, but not GFRal, expression
was increased at 7DIV. E: Immunoblot obtained from a representa-

tive experiment showing phospho-Akr and phospho-pd2/p4d levels
at different time points after GDNF addition (50 ng/ml) to striatal
cultured cells at 7DIV. Phospho-p42/p44, but not phospho-Akt,
protein levels increased 5 min after GIDNF treatment, similarly to
that observed at 3DIV.
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Fig. 3. Disruption of lipid raft integrity attenuates GIDNF-induced
swnalmg Cultured striatal cells (3DIV) were treated with 2-hydroxy-
propyl-p cyclodextrin to remove cholesterol from the plasma mem-
brane and disperse lipid rafts. GDNF-, but not BDNF-induced in-
crease in phospho-p42/p44 protein levels was attenuated in cultured
striatal cells treated with 2-hydroxypropyl-B cyclodextrin. Immuno-
blot show a representative experiment. Similar results were obtained
in three independent experiments. C, control non-treated cells; CD,
cells treated with 2-hydroxypropyl-B cyclodextrin (2 mM) during
15 min; G, cells treated with GDNF (50 ng/ml) during 5 min; G/
CD, cells treated with 2-hydroxypropyl-B cyclodextrin plus GIDNF;
B, cells treated with BDNF (10 ng/ml) during 5 min; B/CD, cells
treated with 2-hydroxypropyl-p cyclodextrin plus BIDNF.

DISCUSSION

This study shows that GDINF specificaily activates
the p42/p44 MAPK pathway in cultured striatal cells.
This activation leads to biological effects as GDNF treat-
ment increases the degree of arborization and axon
length in both GABA- and calbindin-positive striatal
neurons. Although GDNF only activates the p42/p44
MAPK pathway, its biological effects are blocked in the
presence of p42/p44 MAPK (PD98059) or PI3-K
(LY294002) pathway specific inhibitors.

GDNF  promotes neuronal survival (Henderson
et al.,, 1994; Oppenheim et al., 1995; Ha et al., 1996;
Price et al., 1996; Burke et al.,, 1998) and morphological
differentiation (Mount et al., 1995; Price et al., 1996;
Widmer et al., 2000; Holm et al., 2002) depending on
the neuronal type examined. In our culture conditions,
GDNF increased the degree of arborization of both
GABA- and calbindin-positive neurons without affecting
either neuronal survival or maturation. We also show
that GDNF only activated the p42/p44 MAPK pathway.
Consistent with our results, the activation of the p42/
p44 MAPK pathway induced by GDNF has been impli-
cated mainly in neuronal differentiation (Chen et al.,
2001; Park et al., 2005) whereas the activation of the
PI3K pathway has been related to survival (Miller et al.,
1997; Soler et al., 1999; Encinas et al., 2001) and differ-
entiation (van Weering and Bos, 1997; Pong et al.,
1998). We suggest that GDNF-induced neuronal differ-
amtintinn ~F ckriatal anirane g meadiated kv thae activation
CLILLdllUll Ul dilldlidl LICULIULIS 1Y Lilvuldieyg L}y Lice dacvuuvauull
of the p42/p44 MAPK pathway.

In our culture conditions, we did not observe PI3-
K pathway activation after GDNF addition. It has been
shown previously that GFRal, in the absence of Ret,
triggers the phosphorylation of p42/p44 MAPK and
phospholipase Cy (Poteryaev et al., 1999). We examined
the presence of both receptors in cultured striatal neu-
rons. Our results showed that both Ret and GFRal
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were expressed in smiatal cultured neurons with higher
levels of Ret at 7DIV than at 3DIV. When GIDNF sig-
naling was examined at TDIV, however, we obtained
sumilar response to that observed at 3DV sugpesung that
other mechanisms, different to the relative abundance of
the receptors, could account for the absence of PI3-K
pathway activation. One important aspect for GDNF
signal transduction s the recrurtment of Ret o lipid rafts
(Paratcha and Ibanez, 2002). These are regions within
plasma membranes rich in sphingolipids and cholesterol
that are important for cellular signaling (Simons and
Toomre, 2000). We have observed that disruption of
lipid rafts by using 2-hydroxypropyl-B-cyclodextrin,
which depletes cholesterol from plasma membranes (Pol
et al, 2005), blocked the p42/p44 phosphorylation
induced by GDNEF, suggesting an important role for
lipid rafts in Ret-induced signaling on striatal neurons.
However, activated Ret can also be detected outside the
lipid rafts (Paratcha and Ibanez, 2002). Interestingly, acti-
vated Ret inside the lipid rafts triggers the signal through
binding to FRS2 whereas outside the rafts the signal is
triggered through binding to SHC (Paratcha et al., 2001).
Furthermore, it has been shown previously that FRS2 is
involved mainly in the activation of the p42/p44 MAPK
but not the PI3-K pathway (Kurckawa et al., 2001).
Therefore, it is tempting to speculate that in our system,
Ret signals inside the rafts through binding to FRS2
triggering the activation only of the p42/p44 MAPK
pathway, although more experiments are needed to con-
firm this hypothesis.

Our results show that GDNF did not affect the
number of calbindin-positive neurons. Previous studies
have reported that treatment of striatal neurons with
another trophic factor, BDNF, increases the number of
calbindin-positive neurons (Gavalda et al., 2004). This
BDNF-mediated effect depends on the activation of
PI3-K and p42/p44 MAPK pathways (Gavalda et al,
2004). We can suggest that GDNF did not induce the
calbindin phenotype, as it did not activate the PI3-K
pathway in striatal neurons. Furthermore, both GDNF
(present result%) and BDNF (Gavalda et al 2004) treat-
ment increased the uchcc of dLUUliZ&UO‘ﬂ of GABA-
and calbindin-positive neurons, but the effects of BDNF
were higher. Because BDNF-induced neuronal differen-
tiation was abolished in the presence of p42/p44 MAPK
or PI3-K inhibitors, taken together our results could
implicate PI3-K in neuronal differentiation. However,
levels of phospho-p42/p44 after BDNF addition are
higher and more sustained (even 7 days after treatment)
(Gavalda et al., 2004) than after GDNF treatment (only
at 5 min, present results). The strength and duration of
the MAPK pathway activation may also be critical for
these biological effects as has been previously described
in other models (Mariathasan et al., 2001; Chang et al.,
2003; Rossler et al., 2004; Whitehurst et al., 2004).

GDNF-induced p42/p44 MAPK pathway activa-
tion was blocked in the presence of the specific inhibi-
tors PD98059 and U0126. As expected, treatment with
PD98059 also prevented GDNF-mediated biological
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eftects. However, our findings also showed that treat-
ment with LY294002, a specific inhibitor of the PI3-K
pathway, blocked the biological effects mediated by
GDNEF. This result could not be attributed to the type
of cross-talk between p42/p44 MAPK and PI3-K path-
ways previously described in striatal cultures (Stropollo
et al.,, 2001; Fuller et al., 2001; Perkinton , 2002)
because GDNF failed to produce a direct activation of
the PI3-K pathway, and the dose of LY294002 (25 uM)
used to analyze the biological effects did not inhibit
GDNF-induced p42/p44 MAPK pathway activation.
Furthermore, treatment with LY294002 blocked basal
levels of phospho-Akt, underscoring that it is the basal
activity of the PI3K pathway that is required for GDNF
to exert its trophic effects on striatal neurons. Consistent

ot al
et ail.

with 25 uM LY 24002 (G/LY25) and 50 pM
Ly 294002 (G/LYS0). C, contral; G, GDMNF
(30 ng/ml)

LY25 G G
LY25 LY50

with our data, it has been previously shown that weak
stimulation, but not strong stimulation, of p42/p44
MAPK pathway could be dependent on the basal PI3-K
pathway activity (Duckworth and Cantley, 1997; Wenn-
strom and Downward, 1999). In the present culture
conditions, phospho-Akt, but not phospho-p42/p44

levele oradually increased after chancine
©Ves, gradiauy NCreased arter nanging

dium indicating that this pathway is important for neu-
ronal survival, as previously described (Dudek et al,
1997; Miller et al., 1997; Soler et al., 1999; Kuruvilla
et al., 2000; Gavalda et al., 2004).

Striatal neuron development, maturation and estab-
lishment of synaptic connections are regulated by difter-
ent neurotrophic factors (Maisonpierre et al., 1990;
Checa et al., 2000; Ciccolini and Svendsen, 2001).
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E Quantitative analysis of the differentiation Induced by GDNF on
GABA-positive striatal neurons.
Total area | Perimeter Soma Axon Degree of
{amd) {pm) area length | arborization
(m?) | (pm)
CONTROL 157 £ 4 177 ¢5 Td 4 44 + 2 16x2
GDNF 201z6" 2468 " 795 B1£4° 251"
GODNF+PD | 158 + 11 165+ 16 T9+£3 44 +3 14+2
GDNF+LY 1535 17221 T1+2 44 + 2 1620
Fig. 5. GDNF promotes GABA-positive neurons differentiation  E: Quantitative analysis of the effects of GIDNF and the specific

through the activation of the p42/p44 MAPK pathway. GABA
immunocytochemistry was carried out at 7IDIV. Photomicrographs
show GABA-positive neurons from striatal cultures treated with
either (A) vehicle, (B) GDNF (50 ng/ml), (C) GDNF plus P1D98059
(50 uM) or (D) GDNEF plus LY294002 (25 pM). Scale bar = 40 pm.
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inhibitors on the morphology of striatal GABA-positive neurons. For
each parameter and condition examined, 60 neurons were analyzed
in three different experiments. Results are expressed as the mean *

SEM. *P < 0.01 compared to control values. ANOVA followed by
the L.S.1D. post-hoc test.
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Quantitative analysis of the differentiation induced by GDNF on

calbindin-positive striatal neurons.

Total area | Perimeter Soma Axon Degree of
(m?) {1am} anea length arborization
{um?) {pm)
CONTROL 183+ 6 213+7 B9 +3 5143 1821
GDNF 266+13* | 328¢+16* o x2 7Ta+5" 3342
GDNF+PD 194 £ 11 218+ 14 Ba+3 5314 2142
GDNF+LY 196 + 15 204 +16 92 +6 55+T 189+£1

Fig. 6. GIDNF promotes the arborization of striatal calbindin-positive
neurons through the activation of the p42/p44 MAPK pathway. Cal-
bindin immunocytochemistry was carried out at 71DIV. Photomicro-
graphs show calbindin-positive neurons from striatal cultures treated
with either (A) vehicle, (B) GIDNF (50 ng/ml), (C) GDNF plus
PDY805Y (50 uM) or (D) GDNF plus LY294002 (25 pM). Scale

bar = 40 pm. E: Quantitative analysis of the effects of GIDNF and
the specific inhibitors on the morphology of striatal calbindin-positive
neurons. For each parameter and condition examined, 60 neurons
were analyzed in three different experiments. Results are expressed as
the mean £ SEM. *P < 0.001 compared to control values. ANOVA
followed by the L.S.D. post-hoc test.

Journal of Neuroscience Research 1DOI 10.1002/jnr

63



GDNEF expression in the striatum varies during postnatal
development with two peaks of expression on postnatal
days (PND) 2 and 14 (Oo et al., 2005). This striatal
GDNF has been mainly related with the survival of
nigrostriatal dopaminergic neurons through a target-
derived neurotrophic mechanism (Oo et al., 2003; Kho-
lodilov et al., 2004). We show, however, that GDNF
also regulates one aspect of striatal neuron development,
the extension of neurites which occurs late in postnatal
development. Accordingly, GFRal is expressed by stria-
tal projection neurons which maximal levels between
PND 10 and 14 (Cho et al, 2004). Furthermore, our
results show that GDNF-mediated effects were higher
on mature striatal neurons, the calbindin-positive popu-
lation, and that these effects were mediated by the acti-
vation of the p42/p44 MAPK pathway. Similarly, pre-
vious studies have related the activation of this pathway
in the striatum with the regulation of mature neuronal
functions such behavioral plasticity and drug addiction
(Mazzucchelli et al., 2002).

In conclusion, our data demonstrate that GDNF,
through the activation of the p42/p44 MAPK pathway,
specifically promotes striatal neuron differentiation more
strongly in the calbindin-positive population. This indi-
cates that GDNF plays a main role in inducing late

mediated effects require a basal 'activity of the PI3-K
pathway.

ACKNOWLEDGMENTS

We thank M.T. Mufioz and A. Lépez for technical
assistance. We are also very grateful to Dr. A. Jiménez
and the staff of the animal facility (Facultat de Medicina,
Universitat de Barcelona) for their help. JM.G.-M. is a
fellow of the Ministerio de Educacion y Ciencia.

REFERENCES

Airaksinen MS, Saarma M. 2002. The GDNF family: signalling, biologi-
cal functions and therapeutic value. Nat Rev Neurosci 3:383-394.

Alberch J, Pérez-Navarro E, Canals JM. 2004. Neurotrophic factors in
Huntington’s disease. Prog Brain Res 146:195-229.

Araujo DM, Hile DC. 1997, Glial cell line-derived neurotrophic factor
attenuates the excitotoxin-induced behavioral and neurochemical deficits
in a rodent model of Huntington’s disease. Neuroscience $1:1099-1110.

Araujo DM, Hile DC. 1998. Glial cell line-derived neurotrophic factor
attenuates the locomotor hypofunction and striatonigral neurochemical
deficits induced by chronic systemic administration of the mitochon-
drial toxin 3-nitropropionic acid. Neuroscience §2:117-127.

Baloh RH, Enomoto H, Johnson EM Jr, Milbrandt J. 2000. The GDNF
family ligands and receptors—implications for neural development.
Curr Opin Neurobiol 10:103-110.

Burke RE, Antonelli M, Sulzer 1>. 1998. Glial cell line-derived neuro-
trophic growth factor inhibits apoptotic death of postnatal substantia
nigra dopamine neurons in primary culture. ] Neurochem 71:517-525.

Chang J, Mellon E, Schanen NC, Twiss JL. 2003. Persistent TrkA activ-
ity is necessary to maintain transcription in neuronally differentiated
PC12 cells. ] Biol Chem 278:42877-42885.

Checa N, Canals JM, Alberch J. 2000.
BIDNF and NT-3 expression by quinolinic acid in the striatum and its
nuain connections. Exp Neurol 165:118-124.

Developmental regulation of

Journal of Neuroscience Research DOI 10.1002/jur

64

p42/p44 MAPK Pathway Mediates GDNF Effects 77

Chen Z, Chai Y, Cao L, Huang A, Cui R, Lu C, He C. 2001. Glial cell
line-derived neurotrophic factor promotes survival and induces differen-
tation through the phosphatidylinositol 3-kinase and mitogen-activated
protein kinase pathway respectively in PC12 cells. Neuroscience
104:593-598.

Cho ], Yarygina O, Oo TF, Kholodilov NG, Burke RE. 2004, Glial cell
line-derived neurotrophic factor receptor GFRalphal is expressed in
the rat stristum during postnatal development. Brain Res Mol Brain
Res 127:96-104.

Choi-Lundberg DL, Bohn MC. 1995. Ontogeny and distribution of glial
cell line-derived neurotrophic factor (GDNF) mRNA in rat. Brain Res
Dev Brain Res 85:80-88.

Ciceolini F, Svendsen CN. 2001. Neurotrophin responsiveness is differ-
entially regulated in neurons and precursors isolated from the develop-
ing striatum. J Mol Neurosci 17:25-33.

Coulaier M And

. o dere T OThoo CE 2007 Coordi
LOWpIeT Vi, And .

s J, Ibanez CF.

phosphorylation sites in the RET receptor tyrosine kinase: importance
of tyrosine 1062 for GIDNF mediated neuronal differentiation and sur-
vival. J Biol Chem 277:1991-1999.

Davies AM. 2003. Regulation of neuronal survival and death by extracel-
lular signals during development. EMBO J 22:2537-2545.

Duckworth BC, Cantley LC. 1997. Conditional inhibition of the mito-
gen-activated protein kinase cascade by Wortmannin. Dependence on
signal strength. J Biol Chem 272:27665-27670.

Dudek H, Datta SR, Franke TF, Birnbaum M]J, Yao R, Cooper GM, Segal
RA, Kapplan DR, Geenberg ME. 1997. Regulation of neuronal survival

by the serine-threonine protein kinase Akt. Science 275:628-630.

- 5 1 995

thetic inhibitor of the mitogen-activated protein kinase cascade. Proc
Natl Acad Sci USA 92:7686—7689.

Encinas M, Tansey MG, Tsui-Pierchala BA, Comella JX, Milbrandt J,
Johnson EM, Jr. 2001. ¢-Src is required for glial cell line-derived neu-
rotrophic factor (GDNF) family ligand-mediated neuronal survival via a
phosphatidylinositol-3 kinase (PI-3K)-dependent pathway. ] Neurosci
21:1464-1472.

Farkas LM, Suter-Crazzolara C, Unsicker K. 1997, GDNF induces the
calretinin phenotype in cultures of embryonic striatal neurons. J Neuro-
sci Res 50:361-372.

Favata MF, Horiuchi KY, Manos EJ, Daulerio AJ, Stradley DA, Feeser WS,
Van Dyk DE, Pitts W], Earl RA, Hobbs F, Copeland RA, Magolda RL,
Scherle PA, Trzaskos JM. 1998. Identification of a novel inhibitor of
mitogen-activated protein kinase. ] Biol Chem 273:18623-18632.

Fujita H, Tanaka J, Toku K, Tateishi N, Suzuki Y, Matsuda S, Sakanaka
M, Maeda N. 1996. Effects of GM-CSF and ordinary supplements on
the ramification of microglia in culture: a morphometrical study. Glia
18:269-281.

Fuller G, Veitch K, Ho LK, Cruise L, Morris BJ. 2001. Activation of
p44/p42 MAP Kkinase in striatal neurons via kainate receptors and PI3
kinase. Mol Brain Res 89:126-132.

Gavalda N, Pérez-Navarro E, Gratacos E, Comella JX, Alberch J. 2004.
Differential involvement of phosphatidylinositol 3-kinase and p42/p44
mitogen activated protein kinase pathways in brain-derived neurotro-
phic factor-induced trophic effects on cultured striatal neurons. Mol
Cell Neurosci 25:460—468.

Golden JP, DeMaro JA, Osborne PA, Milbrandt ], Johnson EM Jr. 1999.
Expression of Neurturin, GDNF, and GDNF family-receptor mRNA
in the developing and mature mouse. Exp Neurol 158:504-528.

Gratacos E, Pérez-Navarro E, Tolosa E, Arenas E, Alberch J. 2001a. Neuro-
protection of striatal neurons against kainate excitotoxicity by neurotro-
phins and GDINF family members. ] Neurochem 78:1287-1296.

Gratacos E, Checa N, Alberch J. 2001b. Bone morphogenetic protein-2,
but not bone morphogenetic protein-7, promotes dendritic growth and

calbindin phenotype in cultured striatal neurons. Neuroscience 104:

783-790).



78 Garcia-Martinez et al.

Gratacos E, Checa N, Pérez-Navarro E, Alberch J. 2001¢. Brain-derived
neurotrophic factor (BDNF) mediates bone morphogenetic protein-2
(BMP-2) effects on cultured striatal neurones. ] Neurochem 79:747—

A, Orban PC, Maldonado R, Ehrengruber MU, Cestari V, Lipp HP,
Chapman PF, Pouyssegur J, Brambilla R. 2002. Knockout of ERKI
MAP kinase enhances synaptic plasticity in the striatum and facilitates

jolo ¥

Ha DH, Robertson RT, Ribak CE, Weiss JH. 1996. Cultured basal
forebrain cholinergic neurons in contact with cortical cells display
synapses, enhanced morphological features, and decreased dependence
on nerve growth factor. ] Comp Neurol 373:451-465.

Henderson CE, Phillips HS, Pollock RA, Davies AM, Lemeulle C,
Armanini M, Simmons L, Moftet B, Vandlen RA, Simpson LC. 1994,
GIDNF: a potent survival factor for motoneurons present in peripheral
nerve and muscle. Science 266:1062-1064.

Holm PC, Akerud P, Wagner J, Arenas E. 2002. Neurturin is a neuroto-

striatal-mediated learming and memory. Neuron 34:807-820.

Miller TM, Tansey MG, Johnson EM Jr, Creedon 13]. 1997. Inhibition
of phosphatidylinositol 3-kinase activity blocks depolarization- and
insulin-like growth factor I-mediated survival of cerebellar granule cells.
J Biol Chem 272:9847-9853.

Mizuno K, Carmahan J, Nawa H. 1994. Brain-derived neurotrophic fac-
tor promotes differentiation of striatal GABAergic neurons. Dev Biol
165:243-256.

Mount HT, Dean 1DO, Alberch J, Dreyfus CF, Black IB. 1995. Glial cell
line-derived neurotrophic factor promotes the survival and morphologic

genic but not a survival factor for developing and adult central noradre-
nergic neurons. ] Neurochem 81:1318-1327.

Huang EJ, Reichardt LF. 2001. Neurotrophins: roles in neuronal devel-
opment and function. Annu Rev Neurosci 24:677-736.

Huang EJ, Reichardt LF. 2003. TrK receptors: roles in neuronal signal
transduction. Annu Rev Biochem 72:609-642.

Humpel C, Marksteiner J, Saria A. 1996. Glial-cell-line-derived neuro-
trophic factor enhances biosynthesis of substance P in striacal neurons in
vitro. Cell Tissue Res 286:249-255.

Ivkovic S, Polonskaia O, Farinas [, Ehrlich ME. 1997. Brain-derived
neurotrophic factor regulates maturation of the DARPP-32 phenotype
in striatal medium spiny neurons: studies in vivo and in vitro. Neuro-
science 79:509-516.

Jing S, Wen D, Yu Y, Holst PL, Luo Y, Fang M, Tamir R, Antonio L,
Hu Z, Cupples R, Louis JC, Hu S, Altrock BW, Fox GM. 1996.
GDNF-induced activation of the ret protein tyrosine kinase is mediated
by GDNFR-alpha, a novel receptor for GIDNF. Cell 85:1113-1124.

Kells AP, Fong DM, Dragunow M, During M], Young D, Connor B.
2004. AAV-mediated gene delivery of BDNF or GDNF is neuropro-
tective in a model of Huntington disease. Mol Ther 9:682—688.

Kholodilov N, Yarygina O, Oo TF, Zhang H, Sulzer D, Dauer W,
Burke RE. 2004. Regulation of the development of mesencephalic
dopaminergic systems by the selective expression of glial cell line-
derived neurotrophic factor in their targets. J Neurosci 24:3136-3146.

Kurokawa K, Iwashita T, Murakami H, Hayashi H, Kawai K, Takahashi
M. 2001. Identification of SNT/FRS2 docking site on RET receptor
tyrosine kinase and its role for signal transduction. Oncogene 20:1929—
1938.

Kuruvilla R, Ye H, Ginty DI, 2000. Spatially and functionally distinct
roles of the PI3-K cffector pathway during NGF signalling in sympa-
thetic neurons. Neuron 27:499-512.

Lin LF, Doherty DH, Lile JID, Bektesh S, Collins F. 1993. GDNF: a glial
cell line-derived neurotrophic factor for midbrain dopaminergic neu-
rons. Science 260:1130-1132.

Liu FC, Graybiel AM. 1992. Transient calbindin-D28k-positive systems
in the telencephalon: ganglionic eminence, developing striatum and
cerebral cortex. | Neurosci 12:674-690.

Maisonpierre PC, Belluscio L, Friedman B, Alderson RF, Wiegand §J,
Furth ME, Lindsay RM, Yancopoulos GID. 1990. NT-3, BDNF, and
NGF in the developing rat nervous systent: parallel as well as reciprocal
patterns of expression. Neuron 5:301-509.

Marco S, Canudas AM, Canals JM, Gavalda N, Pérez-Navarro E,
Alberch J. 2002. Excitatory amino acids differentially regulate the
expression of GIDNF, Neurturin, and their receptors in the adult rat
striatum. Exp Neurol 174:243-252.

Mariathasan S, Zakarian A, Bouchard 1D, Michie AM, Zuniga-Pflucker
JC, Ohashi PS. 2001

Duration and strength of extracellular signal-
regulated kinase signals are altered during positive versus negative thy-
mocyte selection. J Immunol 167:4966-4973.

Mazzucchelli C, Vantaggiato C, Ciamei A, Fasano S, Pakhotin P, Krezel
W, Welzl H, Wolfer DP, Pages G, Valverde O, Marowsky A, Porrazzo

differentiation of Purkinje cells. Proc Natl Acad Sci USA 92:9092—
9096.

Oo TF, Kholodilov N, Burke RE. 2003. Regulation of natural cell death
in dopaminergic neurons of the substantia nigra by striatal glial cell
line-derived neurotrophic factor in vivo. J Neurosci 23:5141-5148.

Oo TF, Ries V, Cho ], Kholodilov N, Burke RE. 2005. Anatomical
basis of glial cell line-derived neurotrophic factor expression in the
striaturn and related basal ganglia during postnatal development of the
rat. ] Comp Neurol 484:57-67.

Oppenheim RW, Houenou LJ, Johnson JE, Lin LF, Li L, Lo AC,
Newsome AL, Prevette DM, Wang S. 1995. Developing motor neu-
rons rescued from programmed and axotomy-induced cell death by
GIDNF. Nature 373:344-346.

Paratcha G, Ledda F, Baars L, Coulpier M, Besset V, Anders ], Scott R,
Ibanez CF. 2001. Released GFRal potentiates downstream signalling,
neuronal survival, and differentiation via novel mechanism of recruit-
ment of c-Ret to lipid rafts. Neuron 29:171-184.

Paratcha G, Ibanez CF. 2002. Lipid rafts and the control of neurotrophic
factor signalling in the nervous system: variations on a theme. Curr
Opin Neurobiol 12:542-549.

Park JI, Powers JF, Tischler AS, Strock CJ, Ball DW, Nelkin BI>. 2005.
GIDNF-induced leukemia inhibitory factor can mediate differentiation
via the MEK/ERK pathway in pheochromocytoma cells derived from
nfl-heterozygous knockout mice. Exp Cell Res 303:79-88.

Pelicci G, Troglio F, Bodini A, Melillo RM, Pettirossi V, Coda L, De
Giuseppe A, Santoro M, Pelicei PG. 2002. The neuron-specific Rai
(ShcC) adaptor protein inhibits apoptosis by coupling Ret to the phos-
phatidylinositol 3-kinase/Ake signaling pathway. Mol Cell Biol 22:
7351-7363.

Pérez-Navarro E, Arcnas E, Reiriz ], Calvo N, Albereh J. 1996, Glial ecll
line-derived neurotrophic factor protects striatal calbindin-immunoreac-
tive neurons from excitotoxic damage. Neuroscience 75:345-352.

Pérez-Navarro E, Arenas E, Marco S, Alberch J. 1999. Intrastriatal grafi-
ing of a GDNF-producing cell line protects striatonigral neurons from
quinolinic acid excitotoxicity in vivo. Eur J Neurosci 11:241-249.

Perkinton MS, Ip JK, Wood GL, Crossthwaite AJ, Williams RJ. 2002.
Phosphatidylinositol 3-kinase is a central mediator of NMDA receptor
signalling to MAP kinase (Erk1/2), Akt/PKB and CREB in striata]
neurones. ] Neurochem 80:239-254.

Pol A, Martin S, Fernandez MA, Ingelmo-Torres M, Ferguson C, Enrich
C, Parton RG. 2005. Cholesterol and fatty acids regulate dynamic cav-
eolin trafficking through the Golgi complex and between the cell sur-
face and lipid bodies. Mol Biol Cell 16:2091-2105.

Pong K, Xu RY, Baron WF, Louis JC, Beck KI>. 1998. Inhibition of
phosphatdylinositol  3-kinase activity blocks cellular differentiation
mediated by glial cell line-derived neurotrophic factor in dopaminergic
neurons, J Neurochem 71:1912-1919,

Poteryaev 1, Tievsky A, Sun YF, Thomas-Crusells J, Lindahl M, Billaud
M, Arumae U, Saarma M. 1999. GDNEF triggers a novel Ret-inde-
pendent Src kinase family-coupled signalling via a GPI-linked GDINF
receptor al. FEBS Lett 463:63-66.

Journal of Neuroscience Research 1DOI 10.1002/jnr

65



Price ML, Hoffer B], Granholm AC. 1996. Effects of GDNF on fetal
septal forebrain transplants in oculo. Exp Neurol 141:181-189.

Rossler OG, Giehl KM, Thiel G. 2004. Neuroprotection of immortal-
ized hippocampal neurons by brain-derived neurotrophic factor Raf-1
protein kinase: role of extracellular signal-regulated protein kinase and
phosphatidylinositol 3-kinase. J Neurochem 88:1240-1252.

Schaar DG, Sieber BA, Dreyfus CF, Black IB. 1993. Regional and cell-
specific expression of GDNF in rat brain. Exp Neurol 124:368-371.

Segal RA. 2003. Selectivity in neurotrophin signaling: theme and varia-
tions. Annu Rev Neurosci 26:299-330.

Simons K, Toomre 1. 2000. Lipid rafts and signal transduction. Nat Rev
Mol Cell Biol 1:31-39.

Smith Y, Bolam JP, Von Krosigk M. 1990. Topographical and Synaptic
Organization of the GABA-Containing Pallidosubthalamic Projection
in the Rat. Eur J Neurosci 2:500-511.

Soler RM, Dolcet X, Encinas M, Egea ], Bayascas JR, Comella JX.
1999. Receptors of the glial cell line-derived neurotrophic factor family
of neurotrophic factors signal cell survival through the phosphatidylino-
sitol  3-kinase pathway in spinal cord motoneurons. J Neurosci
19:9160-9169.

Stroppolo A, Guinea B, Tian C, Sommer J, Ehrlich ME. 2001. Role of
phosphatidylinositide 3-kinase in brain-derived neurotrophic factor-
induced DARPP-32 expression in mediunt size spiny neurons in vitro.
J Neurochem 79:1027-1032.

Treanor JJ, Goodman L, de Sauvage F, Stone DM, Poulsen KT, Beck
CD, Gray C, Armanini MP, Pollock RA, Hefti F, Phillips HS, God-
dard A, Moore MW, Buj-Bello A, Davies AM, Asai N, Takahashi M,

Journal of Neuroscience Research DOI 10.1002/jur

66

p42/p44 MAPK Pathway Mediates GDNF Effects 79

Vandlen R, Henderson CE, Rosenthal A. 1996. Characterization of a
multicomponent receptor for GIDNF. Nature 382:80-83.

Trupp M, Arenas E, Fainzilber M, Nilsson AS, Sieber BA, Grigoriou M,
receptor for GDINF encoded by the c-ret proto-oncogene. Nature
381:785-789.

van Weering DH, Bos JL. 1997. Glial cell line-derived neurotrophic factor
induces Ret-mediated lamellipodia formation. J Biol Chem 272:249-254.

van Weering DH, Bos JL. 1998, Signal transduction by the receptor
tyrosine kinase Ret. Recent Results Cancer Res 154:271-281.

Ventimiglia R, Mather PE, Jones BE, Lindsay RM. 1995. The neurotro-
phins BDNF, NT-3 and NT-4/5 promote survival and morphological
and biochemical differentiation of striatal neurons in vitro. Eur J Neu-
rosci 7:213-222.

Vlahos CJ, Matter WF, Hui KY, Brown RF. 1994. A specific inhibitor
of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one (LY294002). J Biol Chem 269:5241-5242.

Wennstrdm S, Downward J. 1999. Role of phosphoinositide 3-kinase in
activation of ras and mitogen-activated protein kinase by epidermal
growth factor. Mol Cell Biol 19:4279—4288.

‘Whitehurst A, Cobb MH, White MA. 2004. Stimulus-coupled spatial
restriction of extracellular signal-regulated kinase %2 activity contribute
to the specificity of signal-response pathways. 24:10145-10150.

Widmer HR, Schaller B, Meyer M, Seiler RW. 2000. Glial cell line-
derived neurotrophic factor stimulates the morphological differentiation
of cultured ventral mesencephalic calbindin- and calretinin-expressing
neurons. Exp Neurol 164:71-81.



SEGUNDO TRABAJO: “Bax Deficiency Promotes a
Differential Up-requlation of Bimg, and Bak During Striatal
and Cortical Postnatal Development, and After Excitotoxic

Injury”.

(Enviado para su revision)



OBJETIVO 2.- Estudio de la regulacién de las proteinas de la familia de Bcl-2 en los
procesos de muerte neuronal en el ntcleo estriado.

2.1.- Estudio de una posible compensacion por parte de las proteinas de la familia de Bcl-2
en animales deficientes para Bax durante el desarrollo postnatal del nucleo estriado y la
corteza cerebral.

2.2.- Analisis de la regulaciéon de las proteinas de la familia de Bcl-2 en respuesta a una

lesién excitotoxica en ratones control y KO para Bax.

Las proteinas de la familia de Bcl-2 tienen un papel esencial en la regulacion
de diferentes procesos de muerte neuronal, ademas, trabajos previos realizados en
nuestro laboratorio han demostrado un papel fundamental de estas proteinas en la
muerte de las neuronas estriatales en un modelo excitotoxico de la enfermedad de
Huntington. Concretamente se habia observado que la proteina Bax tiene un papel
esencial en la muerte neuronal que se produce en este modelo. Asi, para abordar
los puntos 2.1. y 2.2. del segundo objetivo, decidimos estudiar la regulacién de las
proteinas de esta familia y su participaciéon en el proceso apoptético en dos
paradigmas experimentales diferentes: (1) durante el desarrollo postnatal del nucleo
estriado y de la corteza cerebral; y (2) en una lesion 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 Bimg_ 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-x,. were not modified. Excitotoxic-induced injury in the adult striatum increased Bimegy in
both wild-type and Bax knockout mice whereas Bak and Bcl-x. were only increased in the latter. However,
a translocation of Bimg, 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-x_ 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 Bimg 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.” 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 ¢) 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,?> 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-x_, 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.2 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-x. can inhibit Bax through

heterodimerization,*®

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.®’ The function of Bcl-2 family members can also be modified at the

8,9,10 11,12,13

transcriptional level.® In fact, increased expression of Bax or Bim and reduced
levels of Bcl-2 and/or Bel-x.*%'° 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,' cerebellar neurons to potassium deprivation' and cortical
cells to glutamate-induced excitotoxicity.® Furthermore, Bax KO mice show less
dopaminergic cell death after  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
administration," resistance to ischemia-mediating neuronal loss in the hippocampus'®
and a reduction in striatal cell death induced by excitotoxicity.'® 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

14,19,20

stages , 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-x,)
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

21

disease.” 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).
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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/mm?) 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
mm?; KO: 11.1 + 0.2 mm?®) 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-x. 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 Bimg., Bim, and Bims.?? Among these isoforms, we only
detected Bimg_ in all the regions and at all ages analyzed, in agreement with previous
data showing that in the central nervous system (CNS) Bimg_ expression is dominant
compared to other isoforms in terms of both intensity and distribution.?® In wild-type

animals Bimg_ expression showed a
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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.

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 Bimg_ 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 Bimg_

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
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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).
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Figure 3.- Differential expression and regulation of BH3-only proteins, Bimg_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 Bimg_ (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 Bimg_ 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.

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).
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Figure 4.- Bax deficiency does not affect the expression of Bcl-2 and Bcl-x, proteins
during postnatal development. Protein levels of Bcl-2 (a and b) and Bcl-x_ (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.

Finally, pro-survival proteins Bcl-2 and Bcl-x, 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-x. was differentially expressed in the cortex
and striatum during postnatal development. Cortical Bcl-x, 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-x,_ in the cortex and striatum was

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

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 pm.

QUIN injection in wild-type striatum did not modify Bax protein levels (93 + 16%
of non-injected striatum). In contrast, although Bimg_ 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-x.
(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.
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Figure 6.- Bcl-2 family members are differentially regulated in wild-type and Bax KO
animals by intrastriatal QUIN injection. BimEL, Bak and Bcl-x, were analyzed by Western
blot 48 h after QUIN injection in wild-type (Wt) and Bax KO (KO) striata. Bimg_ protein levels
were similarly increased by intrastriatal QUIN injection in wild-type and Bax KO animals
whereas the levels of Bak and Bcl-x. 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.

Bim does not form heterodimers with Bcl-2, Bax or Bak
The increased levels of Bimg indicated that this BH3-only protein was possibly
involved in the initiation of the apoptosis after the excitotoxic insult. We therefore

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

a
Wit KO

oim | | | |

Bel-2 | | [ | Figure 7.- Bcl-2, Bax and Bak
P S P S P S P s did not interact with Bimg,. (a)
c ] C | Bcl-2:Bimg. and (b) Bak:Bimg_
heterodimers were analyzed by
immunoprecipitation in the
b striatum of wild-type (Wt) and
Bax KO (KO) mice without lesion
Bim - & 8 (c: striatum contralateral to the
| | = lesion) and 48 h after QUIN
injection (i: striatum ipsilateral to
p s P S P S P S the lesion). (c) Bax:Bim
< ! < ' heterodimerization ~was also
examined by immunoprecipitation
in non-injected (C) and in QUIN-
¢ lesioned (1) 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 Bimg. 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 Bimg_ 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, Bimg_ 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 Bimg_ 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, Bimg_ 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 Bimg_ 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 Bimg_ were able to
induce the release of pro-apoptotic factors from the mitochondria to the cytosol. To this
end, cyt ¢ 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 ¢ 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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Figure 8.- Cyt c release is
induced by intrastriatal QUIN
injection in wild-type but not
in Bax KO mice. Subcellular
fractionation analysis of Bimg_
(a), Bax (b) and Cyt ¢ (c) 48 h
after lesion.  Mitochondrial
fractions obtained from wild-
type striata (Wt) injected with
QUIN underwent Western blot
using antibodies to Bimg_ (a)
and Bax (b) while those
obtained from Bax KO (KO)
injected striata were analyzed
for Bimg_ 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.

Bax:Bcl-2 but not Bak:Bcl-x, heterodimer levels are modified by QUIN injection

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

Bax KO striatum, we did not detect cyt ¢ 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-x, 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-x_ 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.

80



Figure 9.- Bak:Bcl-x, heterodimerization is not
Bol-2 ‘ - - o | modified by intrastriatal QUIN injection. Bak and
Bax proteins were immunoprecipitated with polyclonal
Bax ‘ ‘ antibodies and membranes then underwent
P § P S immunoblotting with Bcl-x_ Bcl-2, Bak or Bax
c i antibodies. (a) Bak:Bcl-x, 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.

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 Bimg. 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 Bimg_and Bak
are up-regulated by excitotoxicity, cell death is reduced,® suggesting that Bax is
necessary to execute cell death under these circumstances.

In agreement with previous data®* 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 stages®?°
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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.'®?° 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 transition?” and they differentially activate
Bcl-2 family members in response to metabolic compromise.?®

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-x, 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-x, in the

CNS with a reduction of Bcl-2 levels with age®®*

and maintenance of Bcl-x, expression
through adulthood.®"*? Moreover, the present data suggest that the maintained Bcl-x_
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-x, and Bad

protein levels, while pro-apoptotic proteins Bak and Bimg_ 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 Bimg_ 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 proteins®® and can also directly activate the Bax pro-
apoptotic function.®** Furthermore, it has been suggested that induction of Bimg, is
critical for neuronal apoptosis.®® Therefore, our results suggest that in the absence of
Bax, cortical and striatal neurons respond by up-regulating Bimg_ 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 Bimg_ protein levels. Therefore, the excitotoxic stimulus induced this protein
in a Bax-independent manner, indicating that Bimg_ 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 Bimg_ in neuronal

death induced by potassium deprivation,®® trophic factor withdrawal*>*

or
hyperglycemia.*® Furthermore, Bimg, is also involved in neuronal apoptosis in vivo as in
hippocampal cell death induced by seizures,? in ischemia-induced cortical and striatal

h'** and in retinal ganglion cells after optic nerve transection."" Taken

cell deat
together, these results show that the enhancement of Bimg,_ 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-x, allowing the release of previously inhibited
proteins Bax and Bak, or can directly activate multidomain pro-apoptotic proteins.” Our

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

proteins from Bax or Bak, since we did not detect Bcl-2:Bimg_ heterodimerization after
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excitotoxicity, and Bak was still sequestered by Bcl-x.. Furthermore, after QUIN
intrastriatal injection in wild-type, but not in Bax KO mice, we observed increased Bimg_
protein levels in the mitochondrial fraction. According to our results, induced Bimg_
localized in the mitochondrial membrane where it can contribute to the multimerization
and integration of Bax into the mitochondrial outer membrane, facilitating cyt ¢

release.3%4

In fact, we also detected increased levels of Bax protein in the
mitochondrial fraction and cyt ¢ release after QUIN injection. Our results therefore
suggest that Bimg, could be activating Bax by a mechanism that is independent of their
direct interaction, as we did not observe Bax:Bimg_ 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 Bimg_ were present in the
mitochondrial fraction in adult non-lesioned Bax KO striatum, and Bak protein levels
were increased by QUIN injection, cyt ¢ 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 apoptosis*'*%*

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-x. were also observed after intrastriatal QUIN injection in Bax
deficient mice. Although Bcl-x, can bind to Bax, its preferred heterodimerization partner
appears to be Bak.** Moreover, it has been shown that Bak is sequestered by Bcl-x,
and Mcl-1, but not Bcl-2, and efficient killing occurs only if both Bcl-x. and Mcl-1 are
neutralized.*® 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-x,, but not with Bcl-2, and that this interaction occurs in the presence
or absence of Bax. Furthermore, excitotoxicity did not disturb Bak:Bcl-x_
heterodimerization, which may explain the absence of cyt ¢ in the striatum of Bax KO
mice.

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

and Bimg_ 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 Bimg, 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.'0 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 um) 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 H,0, (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 °C. 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%
NiCl, and 0.02% H20,. 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 um? 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 um 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 (19-22°C) 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 -80°C.
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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 um) 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.*” Briefly, striatal tissue was gently homogenized in buffer A (250 mM sucrose, 10
mM KCl, 1.5 mM MgCl;, 2 mM EDTA and 20 mM HEPES) plus protease inhibitors (2 mM
phenylmethylsulphonyl fluoride (PMSF), 1 mg/ul aprotinin, 1 mg/pl 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 4°C.
Supernatants (S1) were collected and centrifuged at 13000 g for 20 min at 4°C. The resulting pellets (P2)
were washed once in buffer A and centrifuged at 13000 g for 20 min at 4°C to obtain the mitochondrial
fraction (P3). The resulting supernatants (S2) were further centrifuged at 100000 g for 60 min at 4°C. 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.0

Membranes were blotted with the following antibodies: Bax (1:1000) and Bad (1:1000) (Cell Signaling,
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Beverly, MA, USA), Bel-x, (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 ¢ (1:2000; BD PharMingen, San Diego, CA, USA) and Smac/Diablo (1:1000; Chemicon,
Temecula, CA, USA). Mouse monoclonal antibody to a-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 a (1:5000; anti-ATP synthase subunit a; 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 ug) obtained from frozen striata (n = 5 for each condition) was incubated overnight at 4°C 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.'0 Blots were immunostained
with either an antibody against Bim (1:2000), Bcl-2 (1:500; monoclonal antibody; Transduction
Laboratories) or Bcl-x. (1:500). To ensure that Bcl-2, Bax and Bak were correctly immunoprecipitated,
membranes were incubated overnight at 4°C 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 { test for independent samples. Data were expressed as a percentage of control

(non-injected contralateral striata) values.
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OBJETIVO 2.- Estudio de la regulacion de las proteinas de la familia de Bcl-2 en los
procesos de muerte neuronal en el ntcleo estriado.

2.3.- Analisis de la regulacion de las proteinas de la familia de Bcl-2 en un modelo
transgénico de la enfermedad de Huntington y su posible modulacién mediante los niveles

endogenos de BDNF.

Dado que observamos que las proteinas de la familia de Bcl-2 regulan la
muerte estriatal en un modelo agudo de de la enfermedad de Huntington, nos
planteamos estudiar su participacién en un modelo crénico de esta enfermedad, el
ratdbn transgénico R6/1, el cual presenta una degeneracion estriatal paulatina.
Ademas, dado que el BDNF es el que presenta un mayor efecto neuroprotector en
las neuronas estriatales in vitro e in vivo, el estudio se realizé en paralelo con el
modelo desarrollado previamente en nuestro laboratorio, el raton R6/1:BDNF+/-, lo
que nos permitié evaluar la implicacion de los niveles de BDNF en esta regulacion.
Asi, se cumplia con los objetivos especificos del punto 2.3. El estudio de los
cambios en las proteinas de esta familia constituye una herramienta
extremadamente atil para la identificacibn de nuevas dianas que detengan la
muerte neuronal, asi como para la evaluacién de los efectos terapéuticos de

diferentes tratamientos en los modelos de enfermedad de Huntington.
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Apoptosis, a cell death mechanism regulated by Bcl-2
family members, has been proposed as one of the
mechanisms leading to neuronal loss in Huntington's
disease (HD). Here we examined the regulation of Bel-2
family proteins in three differant mouse models of HD
with exon 1 mutant huntingtin: the RE6/1, the Re/
1:BDMNF+/—, and the Tet/'HD94 in which the huntingtin
transgene is controlled by the tetracycline-inducible
gystem. Our results disclosed an increase in the levels
of the BH3-only proteins Bid and Bimg,_ in the striatum
of HD mouse models that was different depending on
the stage of the disease. At 16 weeks of age, Bid was
similarly enhanced in the stratum of R&M and R&/
1:BDNF+/— mice, whereas Bimg protein lavels were
enhanced only in RE/1:BDNF+/— mice. In contrast, at
later stages of the disease, both genotypes displayed
increased levels of Bid and Bimg, proteins. Further-
more, Bax, Bak, Bad, Bcl-2, and Bcl-x, proteins were
not modified in any of the points analyzed. We next
explored the potential reversibility of this phenomenon
by analyzing conditional Tet/HD94 mice. Constitutive
expression of the transgene resulted in increased levels
of Bid and Bimg_ proteins, and only the Bid protein
returned to wild-type levels 5 months after mutant hun-
tingtin shutdown. In conclusion, our results show that
enhanced Bid protein levels represent an early mecha-
nism linked to the continuous expression of mutant
huntingtin that, together with enhanced Bimg, may be
a reporter of the progress and severity of neuronal dys-
function. © 2007 wiley-Liss, Inc.

Key words: BDNF; HD94 mice; R6/1 mice; striatum

Huntington’s disease (HD) is a neurodegenerative
disorder caused by a dominantly heritable expansion of a
trinucleotide CAG repeat in the coding region of the
HD gene, which results in long stretches of polyglut-

© 2007 Wiley-Liss, Inc.
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aming (polyQ)) in the N-terminal portion of the protein
huntingtin _ (ht; Huntington's  Disease  Collaboratve
Rescarch Group, 1993). Although hit is ubiquitously
expressed throughout the central nervous system (Strong
et al., 1993; Bhude et al., 1996), its mutation affects most
prominently the stnatum, with corical arophy as the
disease progreses (de la Monte et al., 1988; Mann et al,,
1993}, leading to motor dysfunctons, cognitive impair-
ments, and emotional disturbances (Martin and Gusella,
1986; Bates et al., 2002). To date, the intrinsic neuronal
mechanisms that could account for this specific neurode-
generanon are not known,

A pathological cross-talk berween the nucleus and
the mitochondria has been proposed as a mechanism
involved in peuronal death and dysfunction in HD
(Sawa, 2001). Furthermore, mutochondra have a pivotal
role in the regulation of apoptosis that has been sug-
gested as a mechanism of neuronal death in HD (Dra-
gunow et al., 1995; Thomas et al., 1995; Petersen et al,,
1999; Portera-Cailliau et al., 1995). Apoptosis involves
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changes in mitochondrial membrane permeabilization
leading to the release of proapoptotic molecules such as
cytochrome ¢ (Cyt ¢) or Smac/Diablo, resulting in the
activation of caspases, such as caspase-3 (Liu et al., 1996;
Zou et al., 1997; Li et al., 1998). Apoptosis-inducing fac-
tor (AIF) can also be released, leading to a caspase-inde-

1000 BA1_D Griianiley savnias
17757 ). Bll-4 &y incin-

o dant amatacic ot Al

Pcll\,lclll, clyUPLU)lb \\)Ll)ill CL dl,
bers are among the proteins that can regulate mitochon-
drial membrane permeabilization (Polster and Fiskum,
2004; Ward et al., 2004) These proteins are classified into
three subfamilies: antiapoptotic members such as Bel-2
and Bcl-x; proapoptotic proteins of the Bax subfamily
such as Bax and Bak, which act as apoptosis executers; and
the BH3-only family such as Bim, Bid, and Bad, which
have been proposed as initiators of apoptosis (Cory and
nddlllb LUUL) L IUrJ.IJUlJLULIL PLULCIIID cause llllLULhUlldlldl
dysfunctlon leading to the release of apoptogenic factors,
whereas antiapoptotic proteins those events.
Therefore, the ‘balance between the anti- and proapoptotic
mechanisms seems to set tissue homeostasis (Cory and
Adams, 2002; Benn and Woolf, 2004)

The development of mwansgenic mice has allowed
the study of how the expression of disunct forms of mu-
tant het induces HD-like ph:‘nnn'pc [U:a" mice, whirh
EXJITESS EXGT 115 CAG tepeais, show decreased
stmatal  volume  and  develop  motor  dysfunctions,
although no changes in striatal cell number have been
abserved (Mangiarini et al., 1996). We have recently
developed a mouse that expresses the same mutant het as
R6/1 but with low levels of the newrotrophin brair
derived neurotrophic fictor (BDNF) (R6/1:BDNF+/—)
showing that the reducton in the wophic suppont advan-
ces the onset of motor dysfunctions, with more severe
motor abnormalitnes and loss of stratal neurons (Canals
et al., 2004). Similarly, R6/2 mice expressing exon |
with 150 CAG repeats show reduced levels of endoge-
nous BDMNF (Zhang et al,, 2003a) and an carlier onset
and more severe symptoms than R6/1 mice (Mangiarini
et al., 1996), In these animals, a sequential alteranon in
Bel-2 family proteins has been suggested to play a role
in neuronal cell death (Zhang et al., 2003b). Further-
more, we have shown that BDNF prevents the death of
striatal neurons by regulating Bel-2 family members in
an excitotoxic model of HD (Perez-Navarro et al,
,)nnq\ T]’\P"PFI’\“P "K7P ’IQI(PA \m]’\PfI’\Pr AIFFPrPhh'ﬂ {‘]’V!nr‘rpc m

2 ACICIore, we asked wiClindr GIIcrential ¢hanges 1in

proteln levels of Bcl-2 family members could account for
the more severe symptoms and rapid progression observed
in R6/1:BDNF+/— compared with R6/1 mice. More-
over, to study a possible direct regulation of Bcl-2 family
members by mutant htt expression, we examined the levels
of these proteins in a conditional mouse model of HD

ITITNO AN

(Tet/HDD94) in which the expression of mutant htt can be
turned off (Yamamoto et al., 2000).

prevent
r

T
W

MATERIALS AND METHODS
Mouse HD Models

R6/1 heterozygous transgenic mice expressing exon-1
mutant huntingtin with 115 CAG repeats were obtained from
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Jackson Laboratory (Bar Harbor, ME). These animals were
cross-mated with BDNF heterozygous mice (Ernfors et al.,
1994) to obtain R6/1:BDNF+/— mice, as described previ-
ously (Canals et al., 2004). Conditional Tet/HD9%4 mice
express a chimeric mouse/human exon 1 with a polyQ
expansion of 94 repeats under the control of the bidirectional
MWW T trirn offF

rar(D) recnongive nromoter (Vamamors ef al tur
ZUVU). 10 tarn o1

tetQ responsive promoter (Yamamoto et al,,
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 followed without intervention (gene ON group).
All mice used in the present study were housed together in nu-
merical birth order in groups of mixed genotypes, and data
were recorded for analysis by microchip mouse number.

at Fo

Experimems WETE LUAlduLLCd LLAAUA)/ WJLh respect to BCAlULyPC
Animals were killed by decapitation under deep CO; anesthesia
at 8, 12, 16, or 30 weeks (R6/1 and R6/1:BDNF+/— mice)
or at 22 months (Tet/HI)94 mice) of age.

Mice were genotyped by polymerase chain reaction as
deseribed previowsly (Yamamoto et al,, 20005 Canals et al.,
2004}, The ammals were housed with access to food and
water ad hbatum m a colony reom kept at a constant tempera-
ture (19-22°C) and humadicy (40-5004) on a 12:12-hr Lght/
Al animal-related ‘|"Ti.'lLr:L|lmrE
with the Matonal Instioutes of Health Gudde fir the care and use
of laboratory amimals and were approved by the local animal
care committee of the Umversitar de Barcelona (99/01) and

ratalumyva (9910094

WETE il AlOOTUance

Lo b i
iR Cyoe

the Generalitat de €

Subeellular Fractionation

Both coytosobie and mutochondmal  fractions  were
extracted from fresh stratal samples & previously  described
(Zhang et al, 2003b), Tissoe was gentdy homogenized in
buffer A (250 mM sucrose, 10 mM KCL 1.5 mM MgCls,
2 mM EDTA, and 20 mM HEPES) plus prorease inhibitors
[2 mM phenylmethybalphonyl Auoride (PMSF), 1 mg/l apro-
arin, | mg/pl leopeptin, and 1 mM sodinm orthovanadage] by
passages through a 216G 1 9/16-in, 0.8 by 40-mm and 2
35G X 5/8«in. 0.5- by 16-mm needle fitted on a 2-m] sy-
ringe. 1) The resulting homogenates were centrifuged at 500¢
for 5 min at 4°C. 2) Supernatants were collected and centri-
fuged at 13,000g¢ for 20 min at 4°C. 3) The resulting pellets
were washed once in buffer A and centrifuged at 13,000¢ for
20 min at 4°C to obtain the mitochondrial fraction. 4) The
resulting supernatants from 2 were further centrifuged at
100,000¢ for 60 min at 4°C. The supernatants from 4 were
designated cytosolic fractions.

Western Blot Analysis

Striatum and cortex were dissected out and homoge-

nized in lysis buffer containing 50 mM Tris-HCl (pH 7.5),

1094 n]‘n‘Avn] 1%, Triton X.o 1(\(\ 150 mM Nall 100 mM

NqF,bS WM ZnClz, and 10 mM EGTA plus protease inhibi-
tors (2 mM PMSF, 1 mg/ul aprotinin, 1 mg/ul leupeptin,
and 1 mM sodium orthovanadate) to obtain total protein
extracts. To analyze the protein levels of Bcl-2 family mem-
bers, Western blotting was performed as described clsewhere

Journal of Neuroscience Research DOI 10.1002/jur
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(Perez-Navarro et al., 2005). Total protein extracts and cyto-
solic or mitochondrial fractions were resolved in denaturing
polyacrylamide gel using the Mini-protean system II (Bio-
Rad, Hercules, CA). Proteins were transterred to a polyvinyli-
dene difluoride membrane (Immobilon-P; Millipore, Bedford,
MA) and washed twice in Tris-buffered saline containing
0.1% Tween-20 (TBS-T). After blocking at room temperature
for 1 hr, membranes were blotted with the following antibod-
ies: Bax and Bad (Cell Signaling, Beverly, MA), Bcl-x;, and
Bel-2  (Transduction Laboratories, Lexington, KY), Bim
(Stressgen, San Diego, CA), Bak (Upstate, Charlottesville,
VA), Bid (R&D Systems, Minneapolis, MN) and antibody
generously provided by Dr. Krajewski; Krajewska et al,
2002), Cyt ¢ (BD PharMingen, San Diego, CA), Smac/Diablo
(Chemicon, Temecula, CA), AIF (Chemicon), fodrin (noner-
ythroid a-spectrin; Chemicon), LAMP1 (Sigma, St. Louis,
MO), or Beclin 1 (Transduction Laboratories). Mouse mono-
clonal antibody to a-tubulin (Sigma) was used as a loading
control for total protein extracts and cytosolic fractions. A
mouse monoclonal antibody to OxPhos Complex V subunit
a (ann-ATP synthase subunit «; Molecular Probes, Eugene,
OR) was wsed a5 a loading control and marker for the mito-
chondnal fracton. After pomary anobody mcoubanon, mem-
branes were washed twice with THB3-T and incubated for 1 hr
at room temperature with horseradish peroxidase-conjugated
antibody  (Promega, Madison, WI), and the reaction was
finally visualized with the Western Blorung Luminal Reagent
{Santa Cruz Biotechnology, Santa Croz, CA). Western blot
replicates were scanned and gquantified wsing Phoretix 11 Gel
.'°||:|.||j.-.n {(Phoretix International Led., Newcastle, United King
dom].

Caspase=3 Activity Assay

Protems from fresh stmata were prepared by homogeni-
zatton in lysis buffer as descobed ebewhere (Perez-MNavarmo
et al., 2005). Proteins (20 pg) were incubsbted in a 96-well
plate with an equal volume of 2 protease assiy buffer (20
mM PIPES, 100 mM NaCl T'mM EDTA, 0.1% CHAPS,
1% sucrowe, and 10 mM DTT) plus 50 pM of the fluoro-
genic substrate Ac-DEVD-acf (BD PharMingen). Plates were
incubated at 37°C for 75 min, and the increase in fluorescence
was monitored (excitation at 400 nm and emission at 505 nm)
using a Spectra Max Gemini XS Fluorometer (Molecular
Devices, Union City, CA). The data were presented as the ra-
tio of the fluorescence units in BDNF+/—, R6/1, and R6/
I:BDNF+/— to those in wild-type mice = SEM.

Immunohistochemistry

Immunohistochemical  analysis  was  performed as
described elsewhere (Perez-Navarro et al., 2005). Briefly, se-
rial coronal cryostat sections (30 pm) through the whole stria-
tum were collected in phosphate-buffered saline as free-float-
ing sections and incubated with antiactive caspase-3 antibody
(Cell Signaling) for 16 hr at 4°C. After washing, sections were
incubated with biotinylated secondary antibodies (ABC kit;
Pierce, Tattenhall, United Kingdom) and then with avidin-bi-
otin complex. Finally, they were developed with 0.05% dia-
minobenzidine and 0.02% H»O,. As negative controls, some
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sections were processed as described above in the absence of
primary antibody. Stereological quantification of caspase-3-
positive cells was carried out by using an optical dissector/
Cavalieri combination as described elsewhere (Torres-Peraza
et al,, 2007). All cell counts were performed blind with
respect to genotype (n = 4 per each group). Unbiased stereo-
logical counts were obtained from the entire neostriatum in
the Computer-Assisted Stereology Toolbox (CAST) software
(Olympus, Tokyo, Japan). The dissector counting method was
employed to analyze coronal sections spaced by 300 um. The
counting frames were randomly sampled.

Quantitative-Polymerase Chain Reaction Assay

Total RNA was extracted from fresh striata using the
Total RNA Isolation Nucleospin RNA II Kit (Macherey-Nagel,
Duren, Germany). Total RNA (500 ng) was used to synthesize
¢DNA with random primers with the StrataScript First Strand
c¢DNA Synthesis System (Stratagene, La Jolla, CA), according to
the manufacturer’s instructions. The ¢DINA was then analyzed by
guaniitaive (C)-polymerase chain reacton (PCR) wing ihe fol-
lowing TagMan Gene Expresson Asiays (Applied Biosystems,
Fester City, CA): 18s (Hs99999%01 _s1), Bid (MmOM26981_ml),
and Bamyy (Bel2111; Mimd437795_m1). Q-PCR. was performed
in reaction butfer ¢ ontaimng 12,5 pl Balliane OQ-PCR Master Mix
[Stratagene), 1.25 pl TagMan Gene Expression Assays, and 10-20
ng cDMNA. Reactions were a8 follow: 40 cyeles of a tWi-step
PCOR: 95°C for 30 see and 60°C for 1 min, after initial denatura
non at 95°C for 10 min, All Q-PCH asays were performed in
duplicate and repeated in at least three independent expenments,
To prowvide negative controb and  exclude  conaminaton by
genomic DMNA, the reveme manscnptise wis omitted in the
cDMNA symthesss step, and samples were subjected to the PCR in
the same way for each TagMan Gene Expresion Assay. The Q-
PCR. data were analyzed and quantfied by the Comparative
Cuantitation Analvsis program of the MxProTM Q-PCR anabysis
software vemion 3.0 (Smatagene) with the 185 gene expresion as
internal loading control. Flesults svere normalized to ¢cDOMNAs of
wild-type monse @riats and expresed @ a percentage of these
data,

Striatal Knockin wt and Mutant htt Cell Culture
and Transfection

Conditionally immortalized wild-type STHdh?/?” and
mutant STHdh?'" Q""" striatal neuronal progenitor cell lines
expressing endogenous levels of normal and mutant htt with
seven and 111 glutamines, respectively, have been described
previously (Trettel et al., 2002). Cells were grown at 33°C in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 1% mnonessential amino acids, 2 mM L-
glutamine, and 400 pg/ml G418 (Geneticin; Invitrogen,
Carlsbad, CA).

Both wild-type and mutant striatal cell lines were trans-
fected using Lipofectamine 2000 as instructed by the manufac-
turer. The Mouse Bid subcloned into pCIDNA3 expression
vector (Invitrogen) was supplied by ADDGENE (Waltham,
MA; Addgene plasmid 8774; Zha et al, 2000), and the
Human Bimg subcloned into pCDNA3 expression vector
(Invitrogence) was gencrously provided by Dr. Wang (Yama-
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guchi and Wang, 2002). Bid and Bimg, protein levels were
examined by Western blot 24 hr after transfection. Cell lysis
and protein extraction were performed as described elsewhere
(Gines et al., 2006). Membranes were incubated with anti-
Bid, anti-Bim, and antiactin antibodies (as loading control;
MP Biomedicals, Inc., Solon, OH) and developed as described
above.

Cell Viability

Cell viability was assessed 24 hr after transfection by
using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazo-
lium bromide (MTT) assay as described elsewhere (Xifro
et al.,, 2005). Briefly, cells were incubated with MTT (0.2
mg/ml) for 1 hr at 33°C. The blue formazan derivative was
solubilized in 500 ul dimethyl sulfoxide, and the dual wave-
length was measured at 560 nm and 620 nm in a pQuant
Microplate  Spectrophotometer (BioTek Instruments, Inc.
Winooski, VT). Data were quantified in KCjunior analysis
software (BioTek) and presented as percentages of lipofect-
amine-treated wild-type or mutant cells. All values were
obtained from three independent experiments repeated four
LITes,

Statistical Analysis

T'o analyze chanpes in tested proteins together between
genotypes a8 well as ages and between genotypes and different
brun regons, two-way analysis of vanance (ANOVA) fol-
lvwed by Bonferroni’s post hoe test was performed. The other
data were analvzed by one-way ANOVA followed by Bonfer-
roni’s post hoc test.

RESULTS

Bid and Bimyg; Protein Levels Are Increased in the
Striatum of R6/1 and R6/1:BDNF+/— Mice

To idennfy the role of Bcl-2 family proteins in the
neuronal dysfunction observed i HIDD mouse models,
we analyzed their levels by Western blot in the striatum
of 16-week-old R6/1 and R6/T:BDNE+/— muce: At
this age, the R6/1:BDNF+/= but not the R6/1 mice
show significant motor abnormalities (Canals et al.,
2004). No differences were observed in Bcl-2 family
protein levels between wild-type and BDNF+/— ani-
mals (Fig. 1A). The levels of antiapoptotic proteins Bel-
2 and Bcl-x; as well as proapoptotic proteins Bax, Bak,
and Bad were not modified in R6/1 or R6/1:BDNF+/
— mice compared with their littermate controls
(Fig. 1A). In contrast, BH3-only proteins Bid and Bimgp
were enhanced but with differences between genotypes.
Bid protein levels were highly increased in both R6/1
and R6/1:BDNF+/— mice (Fig. 1B,D) and were not
accompanied by an increase of the truncated form, tBid,
which was not detected in any of the genotypes analyzed
(Fig. 1B). In contrast, Bimg; protein levels were modi-
fied only in R6/1:BDNF+/— mice (Fig. 1C.E). Among
the three Bim isoforms described (Bimgy, Bim; and
Bimg), we detected only Bimg, (Fig. 1C), according to
previous data showing that Bimg_ is the dominant iso-
form in the central nervous system (O’Reilly et al,
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2000). Furthermore, Bimg can be phosphorylated by
various kinases, resulting in ditferent physiological
responses (Ley et al., 2005; Q1 et al.,, 2006). However,
we did not detect any modification in the migration pat-
tern of Bimg; that indicates changes in its phosphoryla-
tion status (Harada et al., 2004; Q1 et al., 2006).

To study the role of Bcl-2 family proteins in neu-
ronal degeneration further, we analyzed protein levels at
30 weeks of age when motor abnormalities are present
in both genotypes but significant loss of striatal neurons
is detected only in R6/1:BDNF+/— mice (Canals et al.,
2004). As observed in 16-week-old animals, striatal levels
of prosurvival proteins Bcl-2 and Bcl-x; and proapop-
totic proteins Bax, Bak, and Bad were not modified
(Fig. 2A) in any of the HD models analyzed. In contrast,
Bid (Fig. 2A,B) and Bimg; (Fig. 2A,C) protein levels
were increased significantly in both genotypes.

To analyze whether changes in Bid and Bimgg
began earlier during the progression of the disease, pro-
tein levels of both proteins were determined in the stria-
tum of B- and 12-week-old animals. Protein levels of
both Bid and Bimg were not altered in any of the ge
notypes examined (8 weeks; Bid levels: wald-type: 100

= 20: R6/1: 113 = 22: BDMNF+/—: 86 = 9 RbL/
LBDNF+/=: 104 = 20; Bimgy levels: wild-type: 100
* 3 RoS: 118 = 23 BDNF+/—: 93 = 19, R/
LBDNF+/—: 103 £ 20; 12 weeks: Bid levels: wild-
type: 100 £ 17; R6/1: 98 = 19; BDNF+/—: 94 * &;

R6/1:BDNF+/—: 110 * 17; Bimg levels: wild-type:
100 £ 3 BR6S1: 103 = 13 BDNF+/—: 76 = 3: R6/
1:BONF+/—: 118 = 20).

Bid and Bimyg; Protein Levels Are Not Modified
in the Cortex of HD Mouse Models

To determine whether increased levels of Bid and
Bimgy proteins were specific to the striatum, the main
brain area that degenertes in HIY, we examined the lev-
els of these proteins in the cortex, a brain area that can
be affected in the late stages of the disease. Thus, protein
levels were examined in the comex of wild-rype,
BDNF+/—, R6/1, and R6/1:BDNF+/— mice at
30 weeks of age. In contrast to that observed in the
striatum, no differences in Bid and Bimg; protein levels
were observed between R6/1 or R6/1:BDNF+/— and
their littermate controls (Fig. 2D-F), indicating that in
HD mouse models these proteins are specifically regu-

lated.

Bid, Bimg;, and Bax Protein Levels Are Increased
in the Mitochondrial Fraction of R6/1 and R6/
1:BDNF+/— Striatum

To study the possible role of changes in the subcecl-
lular localization of Bcl-2 family members, the levels of
prosurvival proteins Bcl-2 and Bel-x; and proapoptotic
proteins Bid, Bimg, and Bax were analyzed in the mito-
chondrial fraction extracted from the fresh striatum of
30-week-old animals. Although Bax total protein levels
were not modified in the striatum of R6/1 or R6/

Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 1. Bid protein levels are increased m both R/ and Ko/ TBDNE+/
— mice at 16 weeks of age, whereas Bimy,; is increased only in the latter.
A-C: Representative immunoblots showing protein levels of Bcl-2 family
members in wild-type (WT), R6/1, BDNF+/—, and R6/1:BDNF+/—
mice. Dz Increase in Bid protein levels in both HD mouse models with
respect to their littermate controls. E: Specific increase of Bimg in the
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6/ 1 BIDNF+/— mouse at 16 weeks. Values represent the ratio between
Bid or Bimy,, and a-tubulin levels and 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 < 0.01, ¥**P <
0.001 compared with WT mice; “P < 0.05, %P < 0,001 compared with
BDNF+/— mice; *P < 0.01 compared with R6/1 mice.
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1:BDNF+/— mice, mitochondrial Bax levels were signifi-
cantly increased (Fig. 3A; wild-type: 100 = 15; R6/1: 147
* 3% BDNF+/—: 85 = 3; R6/1:BDNF+/—: 167 =
20%; *P < (.05 compared with wild-type animals). Simi-
larly, Bid (Fig. 3A; wild-type: 100 = 14; R6/1: 174 =
30*; BDNF+/—: 117 = 17; R6/1:BDNF+/—: 187 *
25%; *P < 0.05 compared with wild-type animals) and
Bimg; protein levels (Fig. 3A; wild-type: 102 = 7; R6/1:
142 = 11%; BDNF+/—: 92 = 11; R6/1:BDNF+/—: 144
* 5% *P < 0.05 compared with wild-type animals) were
increased in the mitochondrial fraction, although high lev-
els of both proteins remained in the cytoplasm (Fig. 3A).
In contrast, no changes were detected in the mitochon-
drial protein levels of the prosurvival members Bcl-2 and
Bel-x; (Fig. 3A).

No Release of Apoptogenic Factors From
Mitochondria Was Detected in the Striatum
of HD Mouse Models

We next analyzed whether changes in the localiza-
non of the proapoprotc proteins Bid, Bimyg, and Bax
were able to |mi::r.1: the release of proapoptotic factors
from the mitochondria to the cytosol. To this end, Cyt
¢, Smac/THablo, and AIF protein levels were determined
by Western blot in both mitechandrial and eytoplasmic
fractions obtained from the stratum of 30-week-old
mice. Mo sgnificant differences in the levels of these
proteins were detected berween HD) mouse models and
their littermate controls in any of the fractions analyzed
(Fig. 3B). Accordingly, caspase-3 activity was not modi-
fied in the stiatum of R67 (104% = 9% of wild-type
levels) and R6/1L:BDMNF+/— (114% £ 8% of wild-type
levels) compared with wild-type or BDNF+/— (96% *
1% of wild-type levels) striatum, We abo examined by
Western  blot  the breakdown  products, cleavage of
fodrin, a caspase substrate. As expected, a dramatic acti-
vation of proteases was not observed, because break-
down products of fodnn were not detected in any of the
genorypes analyzed (data not shown). Although changes
in the localization of apoptogenic factors and caspase-3
activity were not detected by biochemistry, an immuno-
histochemical approach allowed the detection of a few
positive neurons for active caspase-3 in the striatum of
R6/1 (Fig. 4C; 4.6 £ 1 cells/mm”) and R6/1:BDNF+/
— mice (Fig. 4D; 11 = 25 cells/mm?). In contrast, no
labeled neurons for active caspase-3 were observed in
the striatum of wild-type (Fig. 4A) and BDNF+/— mice

(Fig. 4B). Furthermore, we examined the possible in-
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volvement of an autophagic cell death by the analysis of
protein levels of LAMP1 and Beclin 1 in the striatum of
HD mouse models at 30 weeks of age. No variations

were observed in any of the genotypes analyzed
(LAMP1: wild-type: 100 £ 21; R6/1: 90 £ 18;
BDNF+/—: 97 * 12; R6/1:BDNF+/—: 103 *+ 13;

Beclin 1: wild-type:100 = 12; R6/1:94 = 1; BDNF+/
—: 86 = 10; R6/1:BDNF+/—: 113 £ 3).

Bid, but Not Bimg;, mRNA Levels Are
Up-Regulated in All HD Models

To examine whether increased levels of Bid and
Bimg; proteins were directly related to an enhancement
in their mRNA expression, Q-PCR was performed in
samples obtained from the striatum of 30-week-old ani-
mals. Increased levels of Bid mRNA levels were
observed in both R6/1 and R6/1:BDNEF+/— striatum
compared with wild-type and BDNF+/— striatum
(Fig. 5A). In contrast, Bimy; mRNA levels were regu-
lated by endogenous BDNF levels. The R6/1 mouse
stratim lli(l not hij(]'\\.' 1:'].'”]!;‘_"\ L'I:I-F]EE1JTL‘EI- \\.'“I'I L\.‘lltl-[}'pu
animals, whereas enhanced Bimg, mBEMNA levels were
abserved in the striatum of both animals expressing low
levels of BDNF, the BDNF heterozygous and the Ré/
1:BDNF+/— mice (Fig. 58).

Differential Regulation of Bid and Bimg; Protein
Levels in Tet/HD94 Mouse Striatum

To know whether changes in BH3-only proteins
depend on the continuous expression of mutant htt, we
analyzed these protein levels in the Tet/HI)Y4 mouse, a
condinonal model of HD (Yamamoto et al., 2000).
Stnatal Bid and Bimg protein levels were examined at
22 months in the three different groups, wild-type, Tet/
HID94 with no pharmacological intervention (gene-ON)
and Tet/HD94 after 5 months of doxyeycline admins-
tration that tms off the mnsgene expression (gene-
OFF). As observed in R6S1 and Ro/1BDNF+/—
striatd, both Bid (Fig. 6A) and Bimg (Fig. 6B) protwein
levels were increased in the striatum of Tet/HD%4 mice
with respect to wild-type animals. However, by sup-
pressing transgene expression, only the Bid protein was
completely reverted to wild-type levels (Fig. 6).

High Bid or Bimg; Protein Levels Affect the
Viability of Striatal Cells Expressing Mutant htt

To ascertain the role of increased levels of Bid and
Bimg; on cellular viability, wild-type (STHth7/Q7) and

Fig. 2. BH3-only proteins Bid and Bimg, arc increased in the stria-
tum, but not in the cortex, of R6/1 and R6/1:BDNF+/— mice at
30 weeks of age. A: Immunoblots showing a representative experi-
ment of protein levels of Bcl-2 family members in the striatum of
wild-type (WT), R6/1, BDNF+/—, and R6/1:BDNF+/— mice.
Increase in Bid (B) and Bimg; (C) protein levels in the striatum of
both mouse models of HD with respect to their littermate controls.
Reesults represent the ratio between Bid or Bimy, and a-tubulin lev-
els and are expressed as percentages of WT £ SEM for five animals
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per genotype. Data were analyzed by two-way ANOVA followed by
Bonferroni’s post hoc test. ***¥P < 0.001 compared with WT mice;
#Hp < 0.001 compared with BDNF+/— mice. D: Immunoblots,
representative of three different experiments, show Bid and Bimg
protein levels in the cortex of wild-type (WT), R6/1, BDNF+/—,
and R6/1:BDNF+/— mice are. Bid (E) and Bimp,; (F) protein levels
in the cortex of each genotype. Results represent the ratio between
Bid or Bimyg, and a-tubulin levels and are expressed as percentages
of WT £ SEM for five animals per genotype.
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MITOCHONDRIA

CYTOSOL

OXIDATIVE
COMPLEX V

WT R&/1

MITOCHONDRIA

Smac-
Diablo

AlF

OXIDATIVE
COMPLEX V

WT ReNM

Fig. 3. HD mouwe model display an increase in Bax, Bid, and
Bimy, protein levels in the mitochondrial fraction that 1s not accom-
panied by changes in the localization of mitochondrial apoptogenic
factors. A: Bel-2 family proteins were analyzed by Western blot in
striatal samiples obtained from the striatum of 30-week-old animals
(n = 5 for cach genotype). Representative immunoblots showing
protein levels in mitochondrial and cytosolic fractions of wild-type
(WT), R6/1, BDNF+/—, and R6/1:BDNF+/— mice. B: Cyt c,
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BDNF+/- R6M:
BDNF+/-

BDNF+/- R6/1:
BDNF+/-

T e

WT  R6/1 BDNF+/- R6/1:
BDNF+/-

CYTOSOL

Cytc

BDNF+/- R6/M1:
BDNF+/-

WT ReNM

Smac/Diablo, and AIF were examined in mitochondnal and cyveo-
plasmic fractions obtained from the striatum of 30-week-old WT,
R6/1, BDNI+/—, and R6/1:BDNI+/— mice (n — 5 for each
genotype).  Immunoblots are representative of three different
experiments. The density of each lane was normalized with the
corresponding signal of loading controls (oxidative complex V and
a-tubulin  for mitochondrial and cytoplasmic fractions, respec-
tively).
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A B

Fig. 4. W61 and RADLHDNE+/— mice show

active caspase--positive cells in the stmamme. Immu-
nahistochemistry was performed m wild-type (W),
/], BDNF+/—, and OGS 1:BIDNF+/— mice (n =
3 for cach enotype) at M0 weeks of age. Fhotoaicro-
grapln showang the stramom of wild-type (A, é
BONF+/— (B}, R6/1 (C), and R HBONF+/—
(D_} muice. Insets show J!Ie‘ﬂl.-Pl.l'“.‘n.‘:l’ L af celk la-
beled with the antiactive caspase-3 antbody in the
striatum of moue HD models. Scale bar = 30 pun for
A=13 10 pm for insets.,

g

mutant (STHdR?'! "””_:. striatal cells were manstected
with plasmids expressing Bid or Bimyg, proteins. As
shown in Figure 7A, Bid and Bimg protein levels were
increased o a sinalar extent in wild-type and mutant
striatal cells 24 hr after transfection. Bid overexpression
reduced the viabiliey of both wild-type (by 31% £ 2%)
and mutant cells (by 51% * 5.5%) 24 hr after transfec-
tion, with a higher effect on mutant cells (Fig. 7B). In
contrast, overexpression of Bimg protein did not exert
any effect on the viability of wild-type cells, whereas
mutant striatal cells were moderately attected (by 14% =

0.3%; Fig. 7B).

DISCUSSION

In the present work, we examined the possible
contnbution of Bel-2 family proteins to stratal neuron
degeneration in three different mouse models of HID.
Our results show that increased levels of Bid and Bimg,
together with no modifications in other Bcl-2 family
proteins, is a common feature in the striatum of the
mouse models analyzed. However, Bid and Bimy, pro-
teins showed a different regulation, insofar as increased
Bid protein levels were observed in the early stages of
the disease, whereas changes in Bimg protein appeared
later. Nevertheless, the analysis of these proteins in the
conditional Tet/HD94 mice disclosed that only changes
in Bid protein levels returned to wild-type levels by
shutting down mutant htt expression in aged animals.
Furthermore, we show that overexpression of full-length
Bid or Bimg; was cnough to compromisc the viability
of striatal cells expressing mutant htt.

Here we show that levels of the BH-3-only pro-
teins, Bid and Bimg, were similarly increased in the
striatum of R6/1 and R6/1:BDNF+/— mice in the late
stages of the disease (30 weeks), although loss of striatal
neurons is observed only in the latter (Canals et al,
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20044). Tn conerast, protemn levels of other members of
the Bcl-2 family, such as Bax, Bak. Bel-2, Bel-x;, and
Bad, were not modified. The specific changes in Bid
and Bimg proapoptotic proteins could be related o
their proposed role as cell stress sensors and to the idea
that BH-3-nly proteins signal cellular damage (Huang
and Strasser, 2000; Fletcher and Huang, 2006). Interest-
ingly, we have also abserved that, at earlier stages of the
disease (16 weeks), Bid protein levels were similarly
enhanced in both genotypes, whereas Bimyg, protein lev-
els were increased only in the striatum of R6/
LBDNF+/— mice correlating with the presence of
moter dysfuncion (Canals er al,, 2004). In agreement
with. our results, it has been previously shown that, in
R6/2 mice; changes in the Bid protein occur earlier
than the increases of the Bim protein that are observed
at a 'late stage of the disease progression (Zhang et al.,
2003b). A deficit in the neurotrophic factor BIDNF has
been proposed as one of the mechanisms that can partic-
ipate in the striatal neuron dysfunction induced by mu-
tant htt. BDNF expression (Zuccato et al., 2001, 2003)
and its vesicular transport along the microtubules
(Gauthier et al., 2004) is reduced in the presence of mu-
tant htt. Furthermore, decreased levels of endogenous
BDNF advance the onset of the disease and produce
more severe motor impairments (Canals et al., 2004).
Here, we present evidence that reduced levels of endog-
enous BDNF favor the increase of Bimg protein levels
in the striatum at early stages of the disease progression
(16 weeks). Therefore, our results point to the idea that
increased levels of Bimgp in the R6/1:BDNF+/— stria-
tum may contribute to the acceleration of neuronal dys-
function and degeneration. In support of this suggestion,
we show that striatal progenitors expressing full-length
htt with 111 CAG repeats are more sensitive than wild-
type cells to the presence of high levels of Bimg pro-
tein.
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Fig. 5. Enhanced level of Bid, but not Bimg, miAMNA in the stria-
tum of both R6/1 and R6/1:BDNF+/— mice. Bid and Bimg,
mRNA levels were analyzed by Q-PCR in the striatum of 30-week-

old animals (n = 5 for each genotype). Bid (A) and Bimg, (B)
mRNA levels in the striatum of wild-type (WT), R6/1, BDNF+/—,
and R6/1:BDNF+/— mice. Results were normalized the 18S gene
expression and expressed as a percentage of WT £ SEM. Data were
analyzed by one-way ANOVA followed by Bonferroni’s post hoc

coct kD o (1NE kD o~ 001 e d ol WO L #p 005
test. *P < 0.05, ¥*P < 0.01 compared with WT mice; "P < 0.05,

Ep < 0.0 compared with BDNF+/— mice; 3p < 0.05 compared
with R6/1 mice.

The striatum is the main area that degenerates in
HD, but cortical atrophy has also been reported in

human natients as the disease nrogoresses {Vnnmrrp] and
human patients as the qisease progresses (Vonsattel ana

DiFiglia, 1998; MacDonald and Halliday, 2002). Simi-
larly, R6/1 and R6/1:BDNF+/— mice display reduced
cortical volume at 30 weeks of age compared with their
wild-type littermates (Canals et al., 2004). However, we
did not detect changes in Bid and Bimg; protein levels
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in this bran region, suggesting that these proteins play a
specific role in the susceptibility of striatal neurons to
mutant htt-induced degeneration. In accordance with
our results, proapoptotic members of the Bel-2 family
are utllﬁ:rcr]tm”:{ rl.'l.‘:l.[lilll’.'ﬂ.l 1 :il:n..]t.1| J'III.{ L'{th'll.'ii] NELUrons
in response to 3-nitropropionic acid-induced neurode-
ion, a model of HD {Galas et al., 2004),

In the present study we also show a high increase
in the levels of full- Il'l't!.'[h Bid protein withour the
appearance of truncated Bid (tBid). In agreement, other
stuchies show that, in response to '|r_\'|:'r.l|. cell death sig-
nals, full-length Bid can be localized in mutochondna
contributing to the induction of apoprosis (Sang et al.,
2003; Ward et al., 2006). In fact, the present resules
show that overexpression of full-length Bid pmtﬂn

I.I.'!.IHLI:I.} I.IIE 'lul.l.{lll.llu} |:|= '-'hll.le I.:,jil.' -ll.]l.! imore W\EII.'I.". \ﬂl
mutant striatal cells, lnsofar as we observed an increase
in full- ly]l.l-lh Bid protein levels in the mitochondr
fraction obtained from R6/1 and R6/1:BDNF+/—
mice striatum, our results suggest that sustained high lev-
els of the full-length Bid during disease progression may
contribute  to the mitochondrial damage (Beal, 2000;
Rego and Oliverra, 2003} and neuronal dvstuncoon that
prﬁ'.u'lc cell death. A previous study pr.'rlhrmn‘l wirh
ix |-:'F_i_||I ExiTacis I||-|i|| }{{"'I:'- IIIIU.' '\””'-'ilﬂ.l- UtL‘Tf‘l'“f“
levels of full-length Bid, accompanied by an increase in
the tBid protein (Zhang et al, 2003b). In R6/2 mice
the disease progresses more rapidly and with more sever-
ity than in R6/1 mice (Mangiarni et al.. 1996), so the
presence of tBid seems to be related to a greater neuro-
nal dysfunction. In addivon to increased Bid levels in
the mitochondnal fraction, we also observed a slight
relocalizaton of Bimygg and Bax proapoptotic proteins to
the mitochonds owever, these changes were not fol-
lowed by a general apoptotic response downstream of
mitochondria in the HD mouwse striatum, in that no
changes in the localization of Cyt ¢, Smac/Diablo, or
AIF were detected. HDD is a slowly progressive disorder,
so only a few celld would be expected to undergo cell
death in a given penod of tme, making it difficule to
detect these changes. In agreement, we observed only a
few neurons showing active caspase-3 labeling in the
striatum of R6/1 and R6/1:BDNF+/— mice. Similarly,
weak or no immunoreactivity for active caspase-3 has

heen l‘Ph(\l‘"P{“ in human brain sambles from different

HD grades (Vis et al., 2005). Moregver, autophagy,
caspase-independent mechanism of cell death, contrib-
utes to striatal degeneration (Kegel et al.,, 2000). How-
ever, we did not detect changes in the autophagic
markers LAMP1 (Eskelinen et al., 2003) and Beclin 1
(Gozuacik and Kimchi, 2004) in the striatum of the HD
models analyzed.

To study whether increased levels of Bid and

Bim=: broteins in the striatum were directly related to
Dimgp protemns in the striatum were airectly reiated to

mutant htt expression, these proteins were analyzed in
a conditional mouse model of HD, the Tet/HID94
mouse (Yamamoto et al., 2000). At 17 months of age
Tet/HD94 mice show deficits in motor coordination,
a decrease in striatal volume, and a significant decrease
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in the number of striatal neurons that progress with
age (Diaz-Hernandez et al., 2005). Here we show that,
as observed in R6/1 and R6/1:BDNF+/— mice, Tet/
HD94 mice displayed increased levels of Bid and
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Fig. 7. High expressson of Bid, but not Bing,, reduces the viabality
of both wild-type and mutant cells, Az lmmunoblos showing Bid
and Bimgy protein level in wild-type (WT) and mwgant cells (Hrr)
24 hr after treacment with lipofectamine (CT; control) ar 24 hr after
transfection with  either peldNAJ-Bid (DI or peldNA-Bimg
[Bimgy ). Membranes were reprobed with antiacein as losding contral,
B: Cell viability assessed by the MTT assay 24 hr after transfection of
wild-type (WT) and mutant (Het) cells with peDNA3-Bid (BID) or
peDMNA-Bimg (Bimg). Resubs are expresed o percentages of lipo-
fecmine-treated WT or mutant cells = 5EM for three independent
experiments. Statistical analysis was performed by ovo-way AMOVA,
fallowed ]'\-}' Honferroni’s post hoc test, * P < 0L fn|11p.:|:r¢d with
WT mreated with lipofectamine,; e oo 0.0M compared with WT
transfected with Bimg,; “P < 001, *¥F < 0,001 compared with He
treated with lipofectamine; " P < 0001 compared with Hit-transfected
with By ; ipeom compared with W transfected with Bad.

Bimygy proteins in the stmatum ar 22 months of age,
when striatal neuron loss is about 44% with respect to
their control litermates (Daz-Hemandez et al., 2005).
Interestingly, we observed thar transgene shutdown

Fig. . Differential regubtion of Bid and Bimg protein levels in the
striatum of Tet/HIS4 mice, Bid and Bimg protein levels were examimied
in the grianum of 22-month-okd wiki-nype (W) and Tet/HD?4 mice ei-
ther with no p|ur!|un||.s'qpr,1] mitervention (gene-0N) ar after 5 months
of transgene shutdown by doxyeychine admindseration {gene-OFF). A and
B show the densitometric measures of Bid (A) and Bimg (B) nommaled
to o-tubulin protem levels and expressed & percentages of W £ SEM
fior four amimab per condition. Dt were analyzed by one-way ANOVA
Followed !:5 Hll-l:lh.l'rl'“l:l:ilirﬂﬂl boc tosr. *P < 005, ***P < 0,000 com-
pared with WT mice; ""F < 001 compared with Ter/HD94 (gene-
OFF) mice. Inmusoblots show represenmutive experiments.
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during 5 months completely reverted Bid, but not
Bimg;, up-regulation. Under the same conditions,
Tet/HD94 mice show a reduction in cell loss and full
recovery from their motor deficit (Diaz-Hernandez
et al., 2005). Taken together, our results suggest that
the reduction in cell loss after turning off the transgene
expression could be related, at least in part, to the
reduction of Bid protein levels and that increased levels
of both Bid and Bimg; proteins are necessary to induce
neuronal dysfunction. Furthermore, our results also
suggest that two different mechanisms regulate Bid and
Bimg proteins in the presence of mutant htt expres-
sion. One of the mechanisms by which mutant htt has
been suggested to induce neurodegeneration is by
impairing gene transcription (Li and Li, 2004). In this
context, mutant htt has been shown to bind to p53.
up-regulating its levels in the nucleus as well as its
transcriptional activity (Bae et al., 2005). p53 Has been
shown to up-regulate the transcription of several pro-
teins related to apoptosis, such as Bid (Sax and El
Deiry, 2003). Our resuls showing thar Bid mRMNA
levels are similarly increased in the R6/1 and R/
:BDNF+/— mouse stnatum suggest that mutant hie
may regulate Bid at the transcriptional level, thus
explaining why, in the absence of mutant htt expres-
sion, Bid protein retums to wild-type levels. However,
we cannot rule out that other BH3-only proteins regu-
lated by p53, not examined in the present work, such
as Puma and Noxa (Sax and El Deiry, 2003), could
also contribute to striatal neuron degeneration. In con-
trast, the accumulation of high amounts of Bimg pro-
tein seems to be regulated by a slower mechanism. In
fact, Bimg; protein can be regulated by different post-
translational mechanisms in addition to the regulation
at the manscriptional level (Huang and Strasser, 2000).
Our results showing that Bimg;  protein, but not
miMA, levels are enhanced in the striatum of R6/1
mice sugpest that the presence of mutant hie could
interfere with pathways invelved in Bimg, deprada-
tion. Furthermore, we observed enhanced levels of
Bimg; mRNA only in mice with low levels of endog-
enous BDNF (BDNF+/— and R6/1:BDNF+/—) in
support to data showing that BDNF down-regulates
Bimyp; mRNA levels (Li et al., 2006). Reinforcing our
hypothesis, only the R6/1:BDNF+/— mice showed
enhanced levels of Bimg, protein.

In summary, the data presented here suggest an im-
portant role of the BH3-only proteins, Bid and Bimgy,
as sensors of striatal neuron stress resulting from the mu-
tant htt expression. In the presence of mutant htt expres-
sion, these two proteins seem to be controlled by differ-
ent mechanisms but possibly with the same consequence,
the scnsitization of striatal ncurons to makce them recac-
tive to apoptotic stimulus. In addition, Bimg; and Bid
proteins can also act directly by disrupting mitochondrial
integrity contributing to the mitochondrial defects
described in HD pathogenesis (Beal, 2000; Rego and
Oliveira, 2003). Furthermore, these proapoptotic
changes can be partially reversed by the suppression of
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mutant htt expression. Therefore, our results suggest that
the study of specific changes in Bcl-2 family protein lev-
els could be a reporter of the progress and severity of
neuronal dystunction and can help to identify new tar-
gets to stop neuronal death and to evaluate therapeutic
eftects of drugs in HD models.

ACKNOWLEDGMENTS

We thank Maria Teresa Mufioz and Anna Lopez
for technical assistance; Dr. Ernfors (Karolinska Institute,
Stockholm, Sweden) for providing the BDNF heterozy-
gous mice; Dr. Wang (University of South Florida Col-
lege of Medicine, Tampa, FL) and Dr. Krajewski (The
Burham Institute, La Jolla, CA) for the generous gift of
Bimg; plasmid and Bid antibody, respectively; and Dr.
Korsmeyer (Howard Hughes Medical Institute, Harvard
Medical School, Boston, MA) for supplying the Bid
plasmid. We are also very grateful to Katie S. Boyle for
English language revision and Dr. America Jiménez and
the staff of the amimal facility (Facultat de Medicina,
Universitat de Barcelona) for their help,

REFERENCES

Bae Bl, Xu H, lgarashi 5, Fujimuro M, Agrawal M, Taa Y., Hayward
S, Marmn TH. Maontell C, Ros CA, Snyder SH, Sawa A, 3005, p53

Medotes cellubir dysfuncuon sl behavioral abnormalies in Huncing-
pon"s discsse, Mewrop 47:20-41

Bates GP, Harper PS5, Jones AL, 2002, Hunongmon's dbsease, Cnicford;
Orclord Ulniveraty Prew

Bieal MF. 20000, Energetics in the pathopeneiin of neurodegenerative dis-
cascs. Tremwhs Mewrosen 230308304

Benn SC, Wooll' C). 2004, Adult neuron sereival serategiey—slamming

on the brakes. Mat Riev Neurosa 5066700,

PG Doy M, Sapp E, Schwarg O, Sheth A, Kim |, Young AB,

ev |, Galden |, Aromn N, DiFiglia M. 1996, Expresiton of normal

ami marage '!|1u-.||:'|;_._-r||| in the \.I'al"“-lni'“'!: beain _| Meurosch 16:5525
5533

Samals M, Pimeda R, Tormes-Peraza JF, Bosch M, Mamin=Ibanez R,
Munoz MT, Mengod G, Erntors I, Alberch J. 2004. Bramn-derived
neurotrophic factor regulates the onset and severity of motor dysfunc
tion associated with enkephalinergic neuronal degeneration in Hunting-
ton’s discasc. J Neurosci 24:7727-7739.

Cory S, Adams JM. 2002. The B¢l2 family: regulators of the cellular life-
or-death switch. Nat Rev Cancer 2:647—-656.

de la Monte SM, Vonsattel JP°, Richardson EI Jr. 1988. Morphometric
demonstration of atrophic changes in the cerebral cortex, white matter,
and neostriatum in Huntington’s disease. J Neuropathol Exp Neurol
47:516-525.

Diaz-Hernandez M, Torres-Peraza J, Salvatori-Abarca A, Moran MA,
Gomez-Ramos P, Alberch J, Lucas JJ. 2005. Full motor recovery de-
spite striatal neuron loss and formation of irreversible amyloid-like
inclusions in a conditional mouse model of Huntington’s disease.
J Neurosci 25:9773-9781.

Dragunow M, Faull RL, Lawlor P, Beilharz EJ, Singleton K, Walker EB,
Mee E. 1995, In situ evidence for DNA fragmentation in Huntington's
disease striatum and Alzheimer's disease temporal lobes. Neuroreport
6:1053-1057.

Ernfors P, Lee KF, Jaenisch R. 1994. Mice lacking brain-derived neuro-
trophic factor develop with sensory deficits. Nature 368:147—150.

Journal of Neuroscience Research DOI 10.1002/jnr

Path: J:/Production/JNR#/Vol00000/070065/3B2/C2JNR#070065




RESULTADOS

J_ID: Z3P  Customer A_ID: 21258 Cadmus Art: JNR21258 Date: 1-MARCH-07

Stage: | Page: 13

Eskelinen EL, Tanaka Y, Saftig P. 2003. At the acidic edge: emerging
functions for lysosomal membrane proteins. Trends Cell Biol 13:137—
145.

Fletcher JI, Huang DC. 2006. BH3-only proteins: orchestrating cell
death. Cell Death Differ 13:1268-1271.

Galas MC, Bizat N, Cuvelier L, Bantubungi K, Brouillet E, Schiffinann
SN, Blum I>. 2004. Death of cortical and striatal ncurons induced by
mitochondrial defect involves differential molecular mechanisms. Neu-
robiol Dis 15:152~159.

Gauthier LR, Charrin BC, Borrell-Pages M, Dompierre JP, Rangone H,
Cordelieres FP, DDe M]J, MacDonald ME, Lessmann V, Humbert §,
Saudou F. 2004. Huntingtin controls neurotrophic support and survival
of neurons by enhancing BDNF vesicular transport along microtubules.
Cell 118:127-138.

Gines S, Bosch M, Marco S, Gavalda N, Diaz-Hernandez M, Lucas JJ,
Cunals JM, Alberch J. 2006. Reduced expression of the TikB receptor
in Huntington's disease mouse models and in human brain. Eur ] Neu-
rosci 23:649-658.

Gozuacik 13, Kimchi A. 2004. Autophagy as a cell death and tumor sup-
pressor mechanism. Oncogene 23:2891-2906.

Harada H, Quearry B, Ruiz-Vela A, Korsmeyer SJ. 2004. Survival fac-
tor-induced extracelbular signal-regulated kinase phosphorylaves Bim, im-
hibiting it assoctation with Bax and proapoprotc sctivity. Proc Mad
Acad Sei UV S A 100:15313-15317

Huang D, Stramer A, 2000, BH3-only protesm—esental mitiaton of
apoptotic cell death, Cell 103:830-842,

Huntington's Discase Collaborative Rescarch Group. 1993, A novel gene
COTININE & trinic leomnde repeat that i a.-a.p“u!rnl wid westable on Him-
tington's disease chromomomes. Cell T2971-983

Kegel KB, Kun M, Sapp E. Melntyre C, Castano |G, Aronin N, DNFi-
glia M. 2000, Huntingtin expression stimulates endosommal-brsosomal
activity, emdosome mwbalation, and autophagy. | Newrosch 257268
T2TA.

Krajewska M, Zapata JM, Meinhold-Heerlen 1, Hedayar H, Maonks A,
Betengdord H, Shabak A, Bubepdord L, Eallioniemi OF, EKimn H,
Reifenberger G, Reed JC, Krajewski 5. 2002, Exprewion of Bel2
Earmdly member Bid in normal and malignant taoes. Meoplaia 4:129
1443,

Ley R, Ewangs KE. Hadficld K. Cook 5). 2005. Regulatory phosphoryl-
ationy of Bim: soning out the ERK from the JNK Cell Death Differ
P2 1008-1014

Li L, Preveste 12, Oppenheim IWW, Milligan CE. 1998, Invalvement of
specific cavpases b imetencuron cell death in vive and m vitro follow-
ing trophic factor deprivation. Mol Cell Neurosci 12:157-167.

Li SH, Li XJ. 2004. Huntingtin and its role in neuronal degeneration.
Neuroscientist 10:467-475.

Li Z, Zhang J, Liu Z, Woo C-W, Thiele CJ. 2006. Down-regulation of’
Bim by brain-derived neurotrophic factor activation of TrkB protects
neuroblastoma cells from paclitaxel but not ectoposide or cisplatin-
induced cell death. Cell Death Differ [E-pub ahead of print].

Liu X, Kim CN, Yang J, Jemmerson R, Wang X. 1996. Induction of
apoptotic program in cell-free extracts: requirement for dATP and
cytochrome c. Cell 86:147—-157.

MacDonald V, Halliday G. 2002. Pyramidal cell loss in motor cortices in
Huntington's disease. Neurobiol Dis 10:378-386.

Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hethering-
ton C, Lawton M, Trotticr Y, Lechrach H, Davies SW, Bates GP.
1996. Exon 1 of the HD gene with an expanded CAG repeat is suffi-
clent to cause a progressive neurological phenotype in transgenic mice.
Cell 87:493-5006.

Mann DM, Oliver R, Snowden JS. 1993. The topographic distribution
of brain atrophy in Huntington's disease and progressive supranuclear
palsy. Acta Neuropathol 85:553-559.

Journal of Neuroscience Research 1DOI 10.1002/jnr

ID: viiavk Date: 1/3/07 Time: 14:09

Increased Bid and Bimgy, Levels in HD Models 13

Martin JB, Gusclla JF. 1986. Huntington’s discase. Pathogenesis and man-
agement. N Engl ] Med 315:1267-1276.

O’Reilly LA, Cullen L, Visvader ], Lindeman GJ, Print C, Bath ML,
FHuang DC, Strasser A. 2000. The proapoptotic Bl 13-only protein bim
is expressed in hematopoietic, epithelial, neuronal, and germ cells. Am J
Pathol 157:449-461.

Perez-Navarro E, Gavalda N, Gratacos E, Alberch J. 2005. Brain-derived
neurotrophic factor prevents changes in Bcl-2 family members and cas-
pase-3 activation induced by excitotoxicity in the striatum. J Neuro-
chem 92:678-691.

Petersen A, Mani K, Brundin P. 1999. Recent advances on the pathoge-
nesis of Huntington’s disease. Exp Neurol 157:1-18.

Polster BM, Fiskum G. 2004. Mitochondrial mechanisms of neural cell
apoptosis. ] Neurochem 90:1281-1289.

Portera-Cailliau C, Hedreen JC, Price DL, Koliatsos VE. 1995. Evidence
for apoptotic cell death in Huntington disease and excitotoxic animal
models. ] Neurosci 15:3775-3787.

Qi X-J, Wildey GM, Howe PH. 2006. Evidence that Ser87 of Bimy, is
phosphorylated by Akt and regulates Bimy, apoptotic function. J Biol
Chem 281:813-823.

Rego AC, Oliveira CR.. 2003. Mitochondrial dysfunction and reactive oxy-
gen species in excitotoxicity and apaptosis: implications far the pathogene-
sis of nevrodegenerative dineases. Meurochem Hes 2H:1563-1574

Sartg R, Zaltiman ¥, Marcellun RC, Flavell B, Mak TW, Gros A,
X3, BID-1359A 1 a potent mducer of apoptoans m primary embryome
fibeoblasts, | Biol Chem 278: 1070710715

Sawa AL N1
F'||=|1l|1l_¢!ll1|'~ disexse ]‘J'IIi\Ill!:h il erosi-talk berween the nuclens and
the mitochomdnag® | Mol Med 793753411

Sax JK. El-Deiry W5, 2003, p53 downstream tangets and chemosermieie-
iry, Cefl Dieath Differ 10:413=-417

Stmong TV, Tagle DA, Valdes JM, Elmer LW, Hoehm K, Swaroop M,
Kaaz KW, Colliws FS, Albin RL. 1993, Widapread expresson of the

humisn awd I||.||1|:|.|:-g:u|r'< e e gene in brain and nonnewrsl os-

Mechanioms for mevronal cell death and dysfunction in

waes. Mat Genet 3:239-265

Samin 5A, Lorenco HE, Zamzam N, Marzo 1, Snow BE, Brothess GM,
Mangion _f [acotne E, Couantini ¥, 1 oetfler M, Larochette ™, Goodlen
P, Aebersold B, Siderossld P, Pensinger [M, Kroemer G 1999
Maolecular characterization of mitochondrial apoptosis-inducing factor.
Mature 37441 =446

Theoiiay LB, Ganes 13, Richiteld EK, ©O'Brien TF, Schweitzer JB, Stcin-
dler 12A. 1995, DMA end bbeling (TUNEL) in Huntington's discase
and other :'mun'rr-.'.l:h-.\lnm.':.l comditions I-\p Mewrol 133265272

Torres-Peraza |, Pezzi 5, Canals JM, Gavalds N, Garcia-Martinez JM,
Perez-Navarro E, Alberch J. 2007. Mice heterozygous for neurotro-
phin-3 display enhanced vulnerability to excitotoxicity in the striatum
through increased expression of N-methyl-D-aspartate receptors. Neu-
roscience 144:462—-471.

Trettel F, Rigamonti 1D, Hilditch-Maguire P, Wheeler VC, Sharp AH,
Persichetti F, Cattaneo E, MacDonald ME. 2000. Dominant pheno-
types produced by the HID mutation in STHdh(Q111) striatal cells.
Hun Mol Genet 9:2799-2809.

Vis JC, Schipper E, de Boer-van Huizen RT, Verbeek MM, de Waal
RM, Wesseling P, ten Donkelaar HJ, Kremer B. 2005. Expression pat-
tern of apoptosis-related markers in Huntington's disease. Acta Neuro-
pathol 109:321-328.

Vonsateel JP, DiFiglia M. 1998. Huntington disease. ] Neuropathol Exp
Neurol 57:369-384,

Ward MW, Kogel 1D, Prehn JH. 2004. Neuronal apoptosis: BH3-only
proteins the real killers? | Bioenerg Biomembr 36:295-298.

Ward MW, Rehm M, Duessmann H, Kacmar S, Concannon CG, Prehn
JH. 2006. Real time single cell analysis of Bid cleavage and Bid translo-
cation during caspase-dependent and neuronal caspase-independent ap-
optosis. ] Biol Chem 281:5837-5844.

Path: J:/Production/JNR#/Vol00000/070065/3B2/C2JNR#070065

107




J_ID: Z3P  Customer A_ID: 21258 Cadmus Art: JNR21258 Date: 1-MARCH-07

Stage: | Page: 14

14 Garcia-Martinez et al.

Xifro X, Malagelada C, Minano A, Rodrigucz-Alvarez J. 2005. Brief ex-
posure to NMDA produces long-term protection of cerebellar granule
cells from apoptosis. Eur ] Neurosci 21:827-840.

Yamaguchi H, Wang HG. 2002, Bel-XL protects Bimy -induced Bax
conformational change and cytochrome C release independent of inter-
acting with Bax or Bimy, . ] Biol Chem 277:41604-41612.

Yamamoto A, Lucas JJ, Hen R. 2000. Reversal of neuropathology and
motor dysfunction in a conditional model of Huntington’s disease. Cell
101:57-66.

Zha J, Weiler S, Oh KJ, Wei MC, Korsmeyer SJ. 2000. Posttranslational
N-myristoylation of BID as a molecular switch for targeting mitochon-
dria and apoptosis. Science 290:1761-1765.

Zhang Y, Li M, Drozda M, Chen M, Ren S, Mejia Sanchez RO, Leav-
itt BR, Carmaneo E, Ferrante RJ, Hayden MR, Friedlander RM.
2003a. Depletion of wild-type huntingtin in mouse models of neuro-
logic diseases. ] Neurochem 87:101-106.

ID: viiavk Date: 1/3/07 Time: 14:09

108

Zhang Y, Ona VO, Li M, Drozda M, Dubois-Dauphin M, Przedborski
S, Ferrante RJ, Friedlander RM. 2003b. Sequential activation of indi-
vidual caspases, and of alterations in Bcl-2 proapoptotic signals in a
mouse model of Huntington’s discase. ] Neurochem 87:1184-1192.

Zou H, Henzel W], Liu X, Lutschg A, Wang X. 1997. Apaf-1, a human
protein homologous to C. elegans CEI>-4, participates in cytochrome
c—dependent activation of caspase-3. Cell 90:405-413.

Zuccato C, Ciammola A, Rigamont D, Leavitt BR, Goffredo D, Cont
L, MacDonald ME, Triedlander RM, Silani V, Hayden MR, Timmusk
T, Sipione S, Cattaneo E. 2001. Loss of huntingtin-mediated BIDNF
gene transcription in Huntington’s disease. Science 293:493-498.

Zuccato C, Tartari M, Crotti A, Goffredo 12, Valenza M, Conti L, Cat-
audella T, Leavitt BR, Hayden MR, Timmusk T, Rigamonti 1D, Cat-
raneo E. 2003. Huntingtin interacts with REST/NRSF to modulate
the transcription of NRSE-controlled neuronal genes. Nat Genet 35:
76-83.

Journal of Neuroscience Research DOI 10.1002/jnr

Path: J:/Production/JNR#/Vol00000/070065/3B2/C2JNR#070065




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 preparacion)



OBJETIVO 3.- Estudio de los mecanismos de supervivencia activados en respuesta a
la toxicidad inducida por la expresion 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

apoptoéticos inducidos por la expresion de huntingtina mutada.

Como objetivo 3 estudiamos la activacion de AKT en los ratones R6/1 vy
R6/1:BDNF+/-. Comenzamos este trabajo de acuerdo con la hip6tesis de que algun
tipo de mecanismo anti-apoptético pudiera estar activado en respuesta a la
toxicidad inducida por la htt mutada, bloqueando, o al menos retrasando, las
consecuencias de los cambios apoptoticos observados en el trabajo anterior. En el
presente trabajo también analizamos si la reduccién del factor tréfico BDNF era
capaz de modular la activacion de AKT en el nucleo estriado, y si esta activacion
permitiria recuperar la viabilidad neuronal tras el silenciamiento de la huntingtina
mutada. Nuestro objetivo era evaluar la relevancia de esta via anti-apoptética en el
contexto de la enfermedad de Huntington, asi como analizar su papel como medio

efectivo de retrasar la muerte de las neuronas estriatales.




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

Juan M. Garcia-Martinezl, Xavier Xifr()l, Josep M. Canalsl, Miguel Diaz-

Hernandez’, José J. Lucas®, Jordi Alberch' and Esther Pérez-Navarro'

'Departament de Biologia Cel-lular i Anatomia Patoldgica, Facultat de Medicina,
Universitat de Barcelona, IDIBAPS, Casanova 143, E-08036 Barcelona, Spain. ’Centro
de Biologia Molecular Severo Ochoa, CSIC/UAM, Fac. Ciencias, Universidad
Autonoma de Madrid, Cantoblanco, E-28049 Madrid, Spain.

*Correspondence to: Esther Pérez-Navarro

Departament de Biologia Cel-lular i Anatomia Patologica, Facultat de Medicina, Universitat de
Barcelona, IDIBAPS, Casanova 143, E-08036 Barcelona, Spain.

Phone number: 34-93-4035284
FAX number: 34-93-4021907

E-mail: estherperez@ub.edu

Running title: Increased phospho AKT/PKB levels in HD models.

Keywords: Huntington’s disease, neuronal death, BDNF, PI3-K, GSK33, FoxO.
Abbreviations: BDNF, Brain derived neurotrophic factor; FoxO, Forkhead factors; GSK3,
glycogen synthase kinase 3; htt, huntingtin; HD, Huntington’s disease; mhtt, mutant huntingtin;

polyQ, polyglutamine.

111



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 GSK3p 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 mhtit
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 (DelLa 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 Hdh?''"?"!! and in the striatal cell line STHdRC' P!
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 mhitt,
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 [SOmM Tris—HCI (pH 7.5), 10% glycerol, 1% Triton X-
100, 150 mM NaCl, 100 mM NaF, 5uM ZnCl, and 10mM EGTA] plus protease
inhibitors [phenylmethylsulphonyl fluoride (2mM), aprotinin (1mg/ul), leupeptin

(1mg/pul) and sodium orthovanadate (ImM)].

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-
GSK3p (Ser9), FoxO1 and GSK3p (Cell Signaling, Beverly, MA, USA); PKBo/AKT,
(BD Transduction Laboratories, Lexington, KY, USA). Mouse monoclonal antibody to
a-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.,

Newecastle, 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).

FAKT“H”_“ o - —

AKT — 12 s
WT RE1 BODNF+- REM:

B BONF+I-

PAKT rirs — e —

AKT — O — — 16 WEEKS

TUBULIN e s — —
WT REM BDHF+- RE&M:

BONF#/.
C
P-ﬂ'-KTnmm . — — —
AKT e — —— 30 WEEKS

TUBLLIN S S — —

WT R84 BONF+- REM:
BDNF#/-

¥

D 350 e
o
c 300 - # 12 weexs
< 250 " B 16 WEEKS
= ey B 20 WEEKS
i oo i ®
uﬂl E 200 1 U sen i
=
< £ 150
2
o 100
50 H I
0
WT RBM BONF+/- RE/M1:
BDNF+/-

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.
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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)-GSK3p, 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)-GSK34/GSK3/ ratio was
significantly increased in both R6/1 and R6/1:BDNF+/- mice due to a large
enhancement of phospho(S9)-GSK3p 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 GSK34 and FoxOl1 proteins. In 30 week-old striata we detected
a large enhancement of phospho(S9)-GSK3p levels (Fig. 3E), which induces an increase
in the phospho(S9)-GSK34/GSK3p 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 FoxOl1 total levels in both R6/1 and R6/1:BDNF+/- mice (Fig.
3G; wild-type: 100£6; BDNF+/-: 116+19; R6/1: 1544, 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.
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Fig. 3 Striatal levels of phospho-GSK3p and phospho-FoxOl1 are differentially modified
during disease progression. Levels of phospho(S9)-GSK3p 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)-GSK3p, GSK3p,
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)-GSK3p, GSK3B, phospho(S256)-FoxO1, FoxO1l 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)-GSK3p/ GSK3p (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
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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).
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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.

124



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(Ser*”

)-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 GSK3p and FoxOl
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(Ser*”®)-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(Ser*’’)-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(Ser*”?)-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
STHdh?' 2" 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 GSK3p
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
GSK3p and FoxOl. 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(Ser*’®)-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 mbhtt
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 irn 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(Ser*”

)-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(Ser*”?)-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 (Ca”") 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 Ca** 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 GSK3f 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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