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Development/Plasticity/Repair

Alix, Making a Link between Apoptosis-Linked Gene-2, the
Endosomal Sorting Complexes Required for Transport, and
Neuronal Death In Vivo

Anne-Laure Mahul-Mellier, Fiona J. Hemming, Béatrice Blot, Sandrine Fraboulet,* and Rémy Sadoul*
Institut National de la Santé et de la Recherche Médicale (INSERM), Laboratoire Neurodégénérescence et Plasticité, Equipe Mixte INSERM 0108, and
Universite Joseph Fourier, Grenoble I, F-38043 Grenoble, France

Alix/apoptosis-linked gene-2 (ALG-2)-interacting protein X is an adaptor protein involved in the regulation of the endolysosomal system
through binding to endophilins and to endosomal sorting complexes required for transport (ESCRT) proteins, TSG101 and CHMP4b. It
was first characterized as an interactor of ALG-2, a calcium-binding protein necessary for cell death, and several observations suggest a
role for Alix in controlling cell death. We used electroporation in the chick embryo to test whether overexpressed wild-type or mutated
Alix proteins influence cell death in vivo. We show that Alix overexpression is sufficient to induce cell death of neuroepithelial cells. This
effect is strictly dependent on its capacity to bind to ALG-2. On the other hand, expression of Alix mutants lacking the ALG-2 or the
CHMP4b binding sites prevents early programmed cell death in cervical motoneurons at day 4.5 of chick embryo development. This
protection afforded by Alix mutants was abolished after deletion of the TSG101, but not of the endophilin, binding sites. Our results
suggest that the interaction of the ALG-2/Alix complex with ESCRT proteins is necessary for naturally occurring death of motoneurons.
Therefore, Alix represents a molecular link between the endolysosomal system and the cell death machinery.
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Introduction
Endocytosis and autophagy can be increased massively during
neuronal death in the embryo and in the adult, suggesting that
activation of the endolysosomal system is instrumental for some
types of cell demise. The endolysosomal system is composed of a
series of intracellular compartments within which endocytosed
molecules and redundant cellular material are hydrolyzed (Pillay
et al., 2002). Endocytosed material tends to flow vectorially
through the system from early endosomes to late endosomes and
into lysosomes, whereas autophagy provides an alternative entry
point. On their way toward degradation, ubiquitinated trans-
membrane proteins trigger the sequential formation of protein
hetero-oligomeric complexes called endosomal sorting com-
plexes required for transport (ESCRT I, II, and III), which allow
their incorporation into vesicles budding inside intermediate en-
dosomes called the multivesicular bodies (MVB) (Katzmann et
al., 2002; Raiborg et al., 2003). Thereafter, the vesicles and their
cargoes will be hydrolyzed after fusion of the MVB with the lyso-

some. Another key regulator of the budding of the MVB limiting
membrane is Alix/apoptosis-linked gene-2 (ALG-2)-interacting
protein X (AIP1) (Matsuo et al., 2004). This function may be
related to the capacity of the protein to bind to lyso-
bisphosphatidic acid and endophilins, both known to regulate
the curvature of lipid bilayers (Ringstad et al., 1997; Schmidt et
al., 1999; Huttner and Schmidt, 2000; Chatellard-Causse et al.,
2002) and to TSG101 and CHMP4b, from ESCRT I and ESCRT
III, respectively (Martin-Serrano et al., 2003; Strack et al., 2003;
von Schwedler et al., 2003).

Alix was first characterized as an interactor of ALG-2 (Vito et
al., 1996, 1999; Missotten et al., 1999), a small Ca 2� binding
protein, the expression of which has been shown to be necessary
for death to occur (Vito et al., 1996). In adult rats, we have dem-
onstrated recently an early increase of Alix expression in regions
of kainate-induced neurodegeneration, as well as in the degener-
ating striatum in a model of Huntington’s disease (Blum et al.,
2004; Hemming et al., 2004). This upregulation of Alix may be
the cause of cell death, because Alix overexpression induces apo-
ptosis of cultured cerebellar granule cells. On the other hand,
expression of the C-terminal half of the protein (Alix-CT),
known to block the ESCRT machinery, ensures survival of the
same neurons (Trioulier et al., 2004).

Here, we used electroporation in the chick embryo to test
whether the expression of wild-type or mutated forms of Alix
modulates cell death in vivo. We observed that Alix overexpres-
sion killed neuroepithelial cells, whereas Alix-CT expression
blocked naturally occurring cell death (NOCD) in motoneurons.
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Deletion of the ALG-2 binding site abrogated Alix-CT protection
and switched full-length Alix from being a death inducer to be-
come an inhibitor of NOCD. We also found that Alix-CT and
Alix�ALG-2 death-blocking activities were abolished by removal
of the four amino acids necessary for TSG101/ESCRT-I binding,
thereby strongly suggesting that the proteins need to bind the
ESCRT proteins to inhibit cell death. Therefore, our results show
that proteins controlling the endolysosomal system are central in
NOCD and suggest that the Alix/ALG-2 complex mediates cell
death by recruiting this system.

Materials and Methods
In ovo electroporation. Fertilized Isa Brown eggs (obtained from Société
Française de Production avicole, St. Marcellin, France) were incubated at
38°C in a humidified atmosphere for 2.5 d until reaching Hamburger
Hamilton (HH) stage 16. Solutions of plasmid DNA were resuspended in
0.05% fast green, 0.33% carboxymethylcellulose in HBSS at a final con-
centration of 2 �g/�l. After injection into the lumen of the closed neural
tube, plasmid DNA was electroporated into cells on one side of the neural
tube by electrodes flanking the embryo. Square-wave currents (six 50 ms
pulses of 30 –50 V) were generated using an Intracept TSS10 (Intracell,
Shepreth, UK) electroporator connected to platinum electrodes.

DNA constructs. Alix mouse cDNAs, wild type or mutants (Fig. 1), and
enhanced green fluorescent protein (EGFP) cDNA were inserted blunt
into the blunted EcoRI site of the pCAGGS expression vector, a kind gift
from Tsuyoshi Momose (Nara Institute of Science and Technology, Ja-
pan). The vector uses a chick �-actin promoter and a Rous sarcoma virus
enhancer. Alix-CT mutants, Alix�ALG-2, and Alix�ALG-2�TSG101
were all cloned in fusion with EGFP protein.

Western blotting. To compare chicken and rodent ALG-2, chicken ex-
tracts were prepared from whole HH stage 24 embryos by homogeniza-
tion in 100 �l of 2� loading buffer. Baby hamster kidney (BHK) cells
were transfected to overexpress mouse ALG-2 by JetPEI (Polyplus;
Ozyme, St. Quentin-en-Yvelines, France) according to the manufactur-
er’s instructions. Lysates were prepared in the following buffer [150 mM

NaCl, 50 mM Tris, pH 8.0, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, and 2� proteases inhibitor mixture (Roche, Meylan, France)] and
loaded onto a 12% SDS-polyacrylamide gel before transfer to a nylon
membrane (Immobilon P; Millipore, Bedford, MA). ALG-2 was detected
with a polyclonal antibody (Swant, Bellinzona, Switzerland) followed by

incubation with goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody and
revealed by chemoluminescence.

Histological analysis. Chick embryos were
collected 24, 48, or 72 h after electroporation
and fixed in 4% paraformaldehyde, 0.12 M

phosphate buffer, 0.12 mM CaCl2, and 4% su-
crose. EGFP expression was visualized by UV
illumination using FITC filters. For cryosec-
tioning, samples were incubated in 0.12 M phos-
phate buffer, containing 15% sucrose for at
least 24 h at 4°C. They were embedded in 7.5%
gelatin and frozen in nitrogen-chilled isopen-
tane for 1 min at �65°C. Serial sections (8 or 12
�m) were cut with a cryostat and stored at
�20°C before use.

Immunofluorescence or immunoperoxidase.
Frozen sections were brought to room temper-
ature and saturated in 3% goat serum (GS) in 50
mM Tris, 155 mM NaCl, pH 7.6 (TBS), for 30
min at 37°C. Sections were incubated with the
primary antibody for 12–24 h at 4°C. Polyclonal
anti-Alix antibody (Chatellard-Causse et al.,
2002) was used 1:200 in 1% GS/0.02% saponine
in TBS (TBSS). Polyclonal anti-ALG-2 anti-
body (Swant) was used 1:100 in 1% GS in
TBSS. Sections were rinsed five times in TBSS
and then treated with the secondary anti-
rabbit Alexa594 antibody (The Jackson Lab-

oratory, Bar Harbor, ME) or a biotinylated goat anti-rabbit secondary anti-
body (Vector Laboratories, Burlingame, CA), amplified using the ABC kit
(Vector Laboratories), and revealed with 3, 3�-diaminobenzidine and nickel
intensification. Sections were rinsed in TBS, incubated 30 min at 37°C in
Hoechst 33342, 2 �g/ml (Sigma, St. Louis, MO), before being mounted in
Mowiol (Calbiochem, La Jolla, CA).

For Islet-1 staining, 8 �m sections were incubated with anti-Islet-1
monoclonal antibody (Developmental Studies Hybridoma Bank, Iowa
City, IA) in 1% GS in TBSS and revealed by anti-mouse Alexa594 sec-
ondary antibody (The Jackson Laboratory). Islet-1-positive cells were
counted on every third section from five embryos (12 sections per
embryo).

Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling method. To visualize DNA fragmentation, the terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) method described by Gavrieli et al. (1992) was used. Sections
were permeabilized in a solution composed of 0.1% Triton X-100 in
0.1% citrate buffer, pH 6.0, and then washed in Tris-base saline buffer
before incubation with terminal deoxynucleotide transferase (In Situ
Cell Death Detection kit; Roche) for 1 h at 37°C in a solution containing
TMR red dUTP. Sections were observed using a fluorescence micro-
scope, and positive cells were counted in every third section. Twelve
sections per embryo were counted. n � total number of sections ana-
lyzed. The average numbers of TUNEL-positive cells in each half of the
neural tube were compared statistically with Student’s t test as specified
in the figure legends.

5-Bromo-2� deoxyuridine administration and immunohistochemistry.
Two hundred microliters of the S-phase marker 5-bromo-2� deoxyuri-
dine (BrdU; 5 mg/ml) in PBS were dropped onto the vitelline membrane
24 h after electroporation. Embryos were killed 2 h after BrdU adminis-
tration and then fixed and embedded for cryosectioning.

Immunodetection was performed as described above after pretreat-
ment with 2N HCl for 30 min at 37°C, to denature double-stranded
DNA, followed by five rinses in 0.1 M borate buffer, pH 8.5. The sections
were saturated and treated with 6 mg/ml of mouse monoclonal anti-
BrdU antibody (Roche) in 1% GS in TBS for 24 h, 4°C. An anti-mouse
Alexa594 antibody (The Jackson Laboratory) was used as secondary an-
tibody. To estimate the number of BrdU-labeled cells, the total fluores-
cence intensity per unit area was measured in each half of the neural tube
in every third section by MetaMorph software (Universal Imaging Cor-

Figure 1. Schematic representation of Alix and its interactors. The mutant proteins used and the effects on cell death are
described. Amino acid positions or deletions are indicated. Vertical stripes, Bro1 domain; oblique stripes, proline-rich domain.
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poration, West Chester, PA). The average intensity (arbitrary units) was
then calculated for the nonelectroporated or electroporated half of the
neural tube of 6 –10 embryos, with 12 sections per embryo. The means
were statistically compared between control (GFP-transfected) or Alix-
transfected embryos using Student’s t test.

Results
Alix overexpression in the developing chick spinal cord
Expression plasmids coding for Alix and/or GFP were electropo-
rated into the chick developing neural tube at HH stage 16. Alix
was detected with a polyclonal anti-Alix antibody specifically rec-
ognizing both chick and mouse Alix (Chatellard-Causse et al.,
2002; Fraboulet et al., 2003). In HH stage 21 embryos, 24 h after
electroporation of GFP alone, endogenous Alix is mainly de-
tected in distal parts of commissural and motoneuron axons (Fig.
2A,B). After electroporation of the two plasmids, 80% of the cells
on the transfected side of the neural tube express both Alix and
GFP (Fig. 2C,D). Overexpressed Alix is also detectable in the
processes of motoneurons extending out of the ventral neural

tube (Fig. 2D,F) and in neural crest derivatives such as the dorsal
root ganglia and melanocytes (Fig. 2D).

In sections of HH stage 24 embryos transfected 48 h earlier, we
observed that overexpression of Alix reduced the width of the
neuroepithelium by �25% compared with the untransfected side
(Fig. 2F). We could not detect any effect of GFP overexpression
under the same conditions (Fig. 2E).

Alix overexpression does not affect cell proliferation in the
neural tube
To determine whether the distortion of the epithelium was
caused by reduced neuroblast proliferation, we performed BrdU
incorporation in HH stage 21 embryos, 24 h after electropora-
tion. Numerous BrdU-positive cells were observed on both sides
of the neural tube after transfection with GFP alone (Fig. 3B) or
with GFP and Alix (Fig. 3D). There was no significant difference
in fluorescence intensity caused by BrdU incorporation between
the control and the electroporated half of the neural tube in Alix-
or in GFP-electroporated embryos (Fig. 3E).

These results demonstrate that the reduced width of the neu-
roepithelium observed at HH stage 24 is not caused by an effect of
Alix on the proliferation of the progenitors.

Alix overexpression leads to a specific increase in the number
of apoptotic cells in the transfected neuroepithelium
To determine whether Alix overexpression leads to increased cell
death, we looked for changes in nuclear morphology using
Hoechst fluorescent staining of chromatin. We clearly observed
many nuclei showing marginalization and condensation of chro-
matin in the Alix-overexpressing neuroepithelia that were almost
completely absent in GFP-only transfected embryos (data not
shown). The TUNEL method was used to quantify the presence
of apoptotic cells in Alix-overexpressing neuroepithelia. Figure 4
shows that the number of TUNEL-positive cells observed in neu-
ral tubes 24 h after electroporation was at least three times higher
in Alix-overexpressing tissues (Fig. 4C–E,I) than in control tis-
sues at HH stage 21 (Fig. 4A,B,I). Therefore, overexpression of
Alix is sufficient to induce cell death in the neuroepithelium.

The ability of Alix to induce apoptosis is dependent on its
interaction with ALG-2
Alix is known to interact with the calcium-binding protein
ALG-2. Using an anti-ALG-2 polyclonal antibody that recognizes
the chick protein (Fig. 5C), we have revealed the endogenous
ALG-2 pattern of expression in HH stage 21 and 24 embryos (Fig.
5A,B). Like Alix, the ALG-2 protein is detected in the nerve fibers
of motoneurons and in commissural axons of the ventral part of
the neural tube (compare Figs. 5A, 2E). Therefore, the expression
profile of each protein is consistent with their possible interaction
during embryonic development.

We have demonstrated previously that the calcium-
dependent ALG-2 binding to Alix requires a 12 amino-acid-long
stretch of the Alix C-terminal proline-rich domain (PRD) (Trio-
ulier et al., 2004). Alix�ALG-2, which lacks this region, did not
increase the number of TUNEL-positive cells (Fig. 4F–I), thereby
showing that apoptosis induced in the chick embryo by Alix is
strictly dependent on its ability to bind to ALG-2.

Alix-CT expression protects cervical motoneurons from early
cell death
We next asked whether the mechanisms regulated by Alix play a
role in NOCD. We tested this in the early phase of cervical mo-
toneuron death, which occurs between HH stage 23 and 25. As

Figure 2. Cross sections of electroporated neural tubes from chick embryos. A–D, HH stage
21 embryos electroporated with the following pCAGGS expression vectors: GFP (A, B) and GFP
plus Alix (C, D). A, C, GFP 24 h after electroporation in the neural tissue; GFP is also visible in
dorsal root ganglia (drg) and in the axons from motoneurons (mn). Vlb, Ventrolateral border; c,
cord. B, D, Immunofluorescence revealing endogenous and overexpressed Alix, respectively, by
using polyclonal anti-Alix antibody recognizing endogenous chick and overexpressed mouse
Alix. Scale bars, 50 �m. E, F, HH stage 24 embryos, 48 h after electroporation, immunostained
with polyclonal anti-Alix revealed by peroxidase. E, Control embryo transfected with GFP
pCAGGS plasmid alone. Endogenous Alix is strongly expressed ventrally and laterally along the
border of the neural tube (nt). Alix is also expressed in the nerve fibers (nf) and in the dermo-
myotome (dm). F, Alix-transfected embryo. The neuroepithelium of the electroporated side is
clearly reduced in size. Revelation was shorter in F compared with E to avoid saturation of the
overexpressed protein and reducing background. Scale bars, 50 �m.
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seen in Figure 6B, TUNEL staining reveals numerous dying cells
in the ventral horn of the cervical segments from HH stage 24
embryos. We tested the effect of the expression of Alix-CT, which
lacks the CHMP4b binding region but contains the PRD includ-
ing the sites of interaction with ALG-2, TSG101, and endophilins
(Fig. 1). For this, a construct encoding Alix-CT in fusion with
GFP (Fig. 1) was transfected at HH stage 16, and the death pro-
files were analyzed on cervical sections at HH stage 24. The GFP–
Alix-CT protein displayed a vesicular distribution (Fig. 6C), as
described previously in cultured cells (Chatellard-Causse et al.,
2002; Trioulier et al., 2004). We found that the number of
TUNEL-positive motoneurons in the ventral horn was reduced

Figure 5. ALG-2 expression during chick neural tube development. Cross sections of HH
stage 21 (A) or 24 (B) chick embryo neural tubes immunostained with polyclonal anti-ALG-2.
Endogenous ALG-2 is strongly expressed ventrally in a domain overlapping Alix expression
(compare with Fig. 2 B). Scale bars, 50 �m. Polyclonal anti-ALG-2 recognizes a single 19.5 kDa
product in chick embryo extracts (chicken), as predicted by the sequence data (GenBank acces-
sion number NM_001030993). Endogenous hamster protein is detected as a single band of 20.5
kDa (BHK � mALG-2). Overexpressed mouse Flag-tagged cDNA is detected as a predominant
single band of 23 kDa, as predicted by the amino acid sequence.

Figure 3. Cross sections of HH stage 21 embryo neural tubes 24 h after electroporation with
pCAGGS GFP (A, B) or pCAGGS GFP and pCAGGS Alix (C, D). BrdU was applied to the vitelline
membrane for 2 h. A, C, GFP expression 24 h after electroporation. B, D, BrdU immunofluores-
cence. Scale bars, 50 �m. E, Quantitative analysis of fluorescence intensity per neural tube
surface. There was no significant difference between the control and the electroporated half of
the neural tube in Alix and GFP or in GFP-only overexpressing embryos. n � number of sections
analyzed. Error bars represent SD.

Figure 4. Cross sections of HH stage 21 chick embryo neural tubes electroporated with the
following pCAAGS expression vectors: GFP (A, B), GFP plus Alix (C–E), and GFP plus Alix�ALG-2
(F–H ). C, F, Immunofluorescence using anti-Alix antibody (A, D, G) expression of GFP 24 h after
electroporation. B, E, H, TUNEL labeling. Scale bars, 50 �m. I, Mean numbers � SD of TUNEL-
positive cells in the neural tube of electroporated embryos; n � number of sections analyzed;
12 sections per embryo were counted. **p 	 0.001, t test. The number of TUNEL-positive cells
is significantly increased in Alix-overexpressing tissues. This effect is abolished when using the
Alix�ALG-2 mutant.
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by half by GFP–Alix-CT expression (Figs.
6D, 7A) but not by GFP expression alone
(Figs. 6B, 7A). Hoechst staining of the
chromatin on the same sections revealed
fewer condensed nuclei (data not shown).
Therefore, at this developmental step, Alix
lacking the CHMP4b binding region is
able to block DNA fragmentation and nu-
clear condensation, which characterize pro-
grammed cell death. In contrast, expression
of the N-terminal half of Alix, containing the
CHMP4b binding region, had no effect on
cell survival (data not shown).

To test whether the reduction in
TUNEL-positive cells seen with Alix-CT
really turns into a protective effect, we
quantified the number of motoneurons at
HH stage 27, using an immunostaining for
Islet-1, a transcription factor specific for
motoneurons (Tsuchida et al. 1994). At this stage, we could not
detect any TUNEL-positive cells (data not shown), in good agree-
ment with the previous demonstration that NOCD of motoneu-
rons ends 24 h earlier. In HH stage 27 embryos, transfected at HH
stage 16, we found that the side expressing Alix-CT contained on
average per section, 10 more Islet-1-positive nuclei than the non-
electroporated side (Fig. 7C). In contrast, no difference could be
found in embryos transfected with GFP (Fig. 7C). It is remarkable
that the number of 10 supernumerary motoneurons fits almost
exactly with the decrease in TUNEL-positive dying cells counted
at stage 24 (Fig. 7D). This demonstrates that the reduction in
TUNEL positivity at HH stage 24 is a fair estimate of cell survival
afforded by Alix-CT.

Deletion of the ALG-2 binding site abrogates the ability of
Alix-CT to protect motoneurons from early cell death
Embryos were transfected with an expression vector encoding
GFP in fusion with Alix-CT lacking the ALG-2 binding domain
(GFP–Alix-CT�ALG-2) (Fig. 1). As illustrated in Figures 6F and
7, TUNEL positivity was significantly higher compared with
Alix-CT (Fig. 6D) and was not significantly different from that
observed with GFP alone (Fig. 6B). In contrast, deletion of the 14
amino-acid-long stretch of the PRD that is responsible for en-
dophilin binding (Alix-CT�endophilin) had no effect on
Alix-CT activity (Chatellard-Causse et al., 2002) (Figs. 6H, 7).
Therefore, the neuroprotective effect of Alix-CT on early death of
cervical motoneurons requires the ALG-2 interaction domain.

Full-length Alix deleted of the ALG-2 binding site protects
neurons from early cell death
As stated above, Alix�ALG-2 had no proapoptotic activity in the
neuroepithelium. We next tested the effect of the mutant on
death of motoneurons by using a GFP–Alix�ALG-2, which al-
lowed comparison with GFP–Alix-CT fusion protein. As shown
in Figure 8, B and E, Alix�ALG-2 had a similar protecting effect
to that of Alix-CT, halving the number of dying motoneurons.
Therefore, Alix deleted of its sites of interaction with either
ALG-2 or CHMP4b is capable of blocking NOCD.

Deletion of the TSG101 binding site abrogates the ability of
Alix-CT and of Alix�ALG-2 to protect motoneurons from
early cell death
Besides binding ALG-2, the proline-rich region of Alix-CT also
interacts with TSG101 of ESCRT-I and seems thereby to block the

ESCRT machinery. We found that a deletion of four amino acids
necessary for Alix binding to TSG101 (von Schwedler et al., 2003)
completely prevented Alix-CT from protecting against cell death
(Figs. 6 J, 7). Similarly, the deletion of the TSG101 binding site
from Alix�ALG-2 totally abrogated its rescuing effect (Fig.
8D,E).

Discussion
Here, we show using electroporation of the chick neural tube that
overexpression of Alix induces apoptosis. Furthermore, expres-
sion of truncated Alix proteins lacking the binding region to
CHMP4b of ESCRT-III (Alix-CT) or to ALG-2 (Alix�ALG-2)
can block the NOCD of cervical motoneurons. Finally, deletion
of four amino acids necessary for these proteins to bind TSG101
of ESCRT-I abolishes their anti-cell-death activity, thereby dem-
onstrating that an intact Alix/ALG-2/ESCRT complex is neces-
sary for neuronal death in vivo.

Electroporation of the neural tube of HH stage 16 embryos
allowed us to overexpress Alix in mitotic and postmitotic neuro-
epithelial cells. Unlike the effect of the Alix human homolog, Hp
95, which has been shown to promote G1 phase arrest in conflu-
ent monolayer HeLa cells (Wu et al., 2001), we did not detect any
influence of this overexpression on the number of BrdU-
incorporating nuclei, thus indicating that Alix does not affect the
cell cycle in our model. However, we found that Alix transfection
was sufficient to induce apoptosis of the neuroepithelial cells, a
result in accordance with our previous observation that enforced
Alix expression is sufficient to induce caspase activation and
death of cultured cerebellar granule neurons (Trioulier et al.,
2004). Alix proapoptotic activity in the neural tube required
binding to ALG-2 as a mutant deleted of 12 amino acids within
the PRD responsible for ALG-2 binding (Trioulier et al., 2004)
was no longer deleterious. Even more interestingly, we found that
enforced expression of Alix deleted of its ALG-2 binding site
(Alix-�ALG-2) or of its NH2 terminal half (Alix-CT) protected
neurons of the cervical ventral horn from NOCD.

Alix is a main regulator of the endolysosomal system, in par-
ticular through binding to a complex called ESCRT, which is
necessary for the formation of MVB. MVBs are intermediate en-
dosomes in which membrane proteins en route to the lysosome
are sorted into vesicles budding from the endosome-limiting
membrane. The vesicles and their cargoes are degraded once the
MVB has fused with the lysosome. Several studies in yeast suggest
that the sorting of proteins requires the sequential association of

Figure 6. Cross sections of HH stage 24 chick embryo neural tubes electroporated with the following pCAGGS expression
vectors: GFP (A, B), GFP–Alix-CT (C, D), GFP–Alix-CT�ALG-2 (E, F ), GFP–Alix-CT�endophilin (G, H ), and GFP–Alix-CT�TSG101
(I, J ). A, C, E, G, I, GFP expression 48 h after electroporation. B, D, F, H, J, Corresponding TUNEL labeling. Scale bars, 40 �m.
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three hetero-oligomeric complexes (ESCRT-I, ESCRT-II, and
ESCRT-III) on the surface of endosomes (Jiang et al., 2002; Katz-
mann et al., 2002; Raiborg et al., 2003). TSG101, which is part of
ESCRT-I, associates with the four amino acid PSAP (proline,
serine, alanine, proline) motif of the Alix PRD domain, whereas
CHMP4b, which belongs to ESCRT-III, binds to the first 370
amino acids, the Bro-1 domain, conserved throughout species

4

Scale bars, 40 �m. C, Mean numbers � SD of Islet-1-positive motoneurons supernumerary on
HH stage 27 cross sections (B). n � number of sections analyzed; 12 sections were counted per
embryo. **p 	 0.001, t test. D, Mean numbers � SD counted after TUNEL staining on HH stage
24 cross sections (see Fig. 6 D).

Figure 7. Alix mutants rescue motoneurons from NOCD. A, Ratio of TUNEL-positive cells in
the electroporated versus nonelectroporated side of the neural tube. Mean � SD; n � number
of sections analyzed; 12 sections per embryo were counted. **p 	 0.001, t test. The number of
TUNEL-positive cells was significantly reduced in GFP–Alix-CT- and GFP–Alix-CT�endophilin-
overexpressing embryos. B–D, Evaluation of supernumerary motoneurons on the electropo-
rated side. B, Immunofluorescence staining using an anti-Islet-1 antibody (Bb) on cross section
of HH stage 27 chick cervical neural tube electroporated with GFP-Alix-CT (Ba; same section).

Figure 8. Cross sections of HH stage 21 chick embryo neural tubes electroporated with
GFP–Alix�ALG-2 (A, B) and GFP–Alix�ALG-2�TSG101 (C, D). A, C, GFP expression 24 h after
electroporation. B, D, TUNEL labeling. Scale bars, 45 �m. E, Mean numbers � SD of TUNEL-
positive cells in the neural tube of electroporated embryos, n � number of sections analyzed;
12 sections per embryo were counted. **p 	 0.001, t test. The number of TUNEL-positive cells
is significantly reduced in GFP–Alix�ALG-2-expressing ventral neural tube. This protection is
abolished when using the GFP–Alix�ALG-2�TSG101.
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(Fig. 1) (Martin-Serrano et al., 2003; Strack et al., 2003; von
Schwedler et al., 2003; Kim et al., 2005).

Recruitment of Alix to endosomes is known to occur through
binding to CHMP4b (Katoh et al., 2003). Several laboratories
have shown recently that expression of Alix truncated of its
CHMP4b binding site disrupts the ESCRT function in a similar
way to Alix downregulation by small interfering RNA (Martin-
Serrano et al., 2003). Our finding that Alix mutants lacking either
the CHMP4b/ESCRT-III interacting region or the ALG-2 bind-
ing site inhibit NOCD suggests that they behave as dominant-
negative mutants blocking the formation of an ALG-2/Alix/
CHMP4b complex necessary for cell death. This is reinforced by
the finding that removal of the ALG-2 binding site on Alix-CT
abolished its anti-cell-death activity. A third necessary interactor
seems to be TSG101 of ESCRT-I, because deletion of PSAP nec-
essary for its interaction abolished the anti-cell-death activities of
both Alix-CT and Alix�ALG-2.

We thus demonstrate for the first time the requirement of an
intact ALG-2/Alix/ESCRT complex for neuronal death. One may
hypothesize that this complex acts at the level either of the signal-
ing or of the execution of cell death. Alix could regulate signaling
endosomes, which are thought to mediate the retrograde com-
munication of neurotrophic factors from axon terminals con-
tacting the target to cell bodies (Howe and Mobley, 2005). How-
ever, this is an unlikely scenario, because the cell-death-blocking
effect of Alix mutants was observed during the early, short, and
synchronized period of NOCD of cervical neurons between HH
stages 23 and 26 (Levi-Montalcini, 1950). This NOCD, which
affects somatic motoneurons sending axons to the cervical
somitic region, is not reduced by neuromuscular blocking or
neurotrophic agents (Levi-Montalcini, 1950; Yaginuma et al.,
1996). Furthermore, Alix-CT�endophilin still affords protec-
tion, thereby showing that Alix-CT does not need the interaction
with endophilins, which are main regulators of tyrosine kinase
receptor endocytosis. Another hypothesis is that Alix/ALG-2 may
influence cell death by acting on endocytosed death receptors.
Indeed, Schneider-Brachert et al. (2004) have demonstrated re-
cently, in lymphoid cell lines, that the initiating caspase 8, which
is recruited by the DISC (death-inducing signaling complex)
forming around the activated death receptor tumor necrosis fac-
tor (TNF) receptor 1 (TNFR1), is only activated after the receptor
has been endocytosed, thereby introducing the notion of death
inducing signaling endosomes. Interestingly TNFR1 is tran-
siently detected in early developing mouse motoneurons, and
TNF� has been shown to commit motoneurons to die later dur-
ing development (Sedel et al., 2004).

We now need to study whether Alix interacts, directly or in-
directly, with caspases for the execution of the death program. A
link between ALG-2/Alix and caspases has been suggested in
mouse embryonic fibroblasts by the finding that ALG-2 immu-
noprecipitates with caspase-12 and caspase-9 after stress to the
endoplasmic reticulum. In the same report, Rao et al. (2004)
showed that Apaf 1 �/� cells depleted of ALG-2 were protected
against thapsigargin, which induces a rise in cytosolic calcium but
not against other endoplasmic reticulum stressors such as tuni-
camycin or brefeldin. Given the tight calcium-dependent inter-
action of Alix with ALG-2, our results beg the question of the
presence of Alix within caspase-containing complexes and
thereby of its direct role in activation of the caspase cascade. If this
is the case, Alix/ALG2 would be ideally suited to act as a caspase
activation platform regulated by endocytosed receptors.

However, the sole inhibition of caspase activation cannot ex-
plain the protective role of Alix mutants on neuronal death. In-

deed, in most cells, caspase inhibition only allows maintenance of
an intact nucleus without impairing the dismantling of the cyto-
plasm, suggesting that caspase-independent pathways are re-
sponsible for cytoplasmic destruction. This is the case for cul-
tured cerebellar neurons deprived of potassium, which are not
rescued by caspase inhibition but which survive when expressing
Alix-CT (Trioulier et al., 2004). This is also true during the first
wave of NOCD studied here, because Oppenheim et al. observed
that caspase inhibition does not block motoneuron death (Milli-
gan et al., 1995; Yaginuma et al., 1996, 2001; Oppenheim et al.,
2001). The Alix-CT cell-death-blocking effect was sustained up
to 3 d after transfection and 24 h beyond the expected time of
programmed cell death, suggesting that the truncated protein not
only blocks caspase-dependent, but also caspase-independent,
pathways underlying cell death. These latter remain ill defined,
although autophagy has often been designated as a possible way
for cytoplasmic destruction (Clarke, 1990). Indeed, numerous
autophagic vacuoles accumulate in the cytoplasm of dying cells in
which caspases are inhibited, as in the case of cervical neurons
treated in situ with caspase inhibitors (Yaginuma et al., 2001).
Noteworthy is that Nara et al. (2002) have shown that ESCRT
proteins also regulate autophagy, suggesting a close link between
MVBs and autophagosomes. Therefore, Alix, as a main regulator
of the endolysosomal system and of neuronal death, may repre-
sent a good lead to follow to better understand the molecular
pathways allowing the caspase-independent destruction of the
cytoplasm.

The clear link between the molecular machinery controlling
the endolysosomal system and cell death in vivo, which we dem-
onstrate here using Alix, could explain numerous observations of
endosomal alterations in a wide range of neurodegenerative dis-
eases, including Alzheimer’s disease and several genetic mo-
toneuron diseases, in which mutations occur in genes that regu-
late endosome function (Nixon, 2005; Reid et al., 2005; Skibinski
et al., 2005).
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