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Motoneuron Resistance to Apoptotic Cell Death In Vivo
Correlates with the Ratio between X-Linked Inhibitor of
Apoptosis Proteins (XIAPs) and Its Inhibitor,
XIAP-Associated Factor 1
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and Ann C. Kato!
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Hospital of Eastern Ontario, Ottawa, Ontario KIH8L1, Canada, and *Aegera Therapeutics Inc., Ottawa, Ontario K1H8L1, Canada

Apoptotic cell death occurs in motoneurons in the neonate but not in the adult after a lesion of a peripheral nerve. To investigate the
molecular basis for this difference, we have analyzed the expression and localization of inhibitors of apoptosis proteins (IAPs) and their
inhibitors X-linked IAP (XIAP)-associated factor 1 (XAF1), Smac/DIABLO, and Omi/HtrA2 in motoneurons at both ages. Quantitative
immunohistochemical and immunoblotting analysis of these proteins in motoneurons revealed an increase in IAP expression [XIAP,
neuronal apoptosis inhibitory protein, human IAP1 (HIAP1), and HIAP2] during postnatal development as opposed to XAF1, which
decreased during the same period; there was no significant alteration in either Smac/DIABO or Omi/HtrA2. The regulation of IAPs and
XAF1 varied after axotomy of the sciatic nerve; in the neonate, there was a significant loss of IAP in the injured motoneurons as opposed
to the adult, in which there was only a moderate decrease. By overexpressing exogenous IAPs in neonatal axotomized motoneurons, it was
possible to delay motoneuron cell death (Perrelet et al., 2000, 2002). In opposition, the overexpression of exogenous XAF1 in adult
motoneurons totally abrogated the natural resistance of these cells to axotomy. The degradation in the adult, induced by XAF1, could be
overcome by simultaneously expressing high levels of exogenous XIAP in adult motoneurons. These experiments suggest that it may be
the ratio between XAF1 and XIAP that confers the resistance of adult motoneurons to axotomy. In addition, the regulation in the levels of

IAPs and XAF1 may be essential in the cell death mechanism of injured motoneurons.
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Introduction
One of the confounding problems in the field of apoptotic neu-
ronal cell death concerns the ability of adult motoneurons to
survive after a lesion of a peripheral nerve as opposed to neonatal
motoneurons, which undergo a rapid demise (Elliott and Snider,
1996). Because motoneurons degenerate in various human dis-
eases, it is important to understand the molecular mechanisms
that are responsible for the cell death process and also to identify
the genetic influence that confers cellular protection. The exper-
imental paradigm of peripheral nerve axotomy offers an ideal
model for studying motoneuron cell death in the spinal cord.
The differential sensitivity of neonatal and adult motoneu-
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rons to axotomy could result from programmed cell death occur-
ring during development. From embryonic day 13 to postnatal
day 3, ~65% of all motoneurons degenerate by an apoptotic
mechanism (Oppenheim, 1991; Yamamoto and Henderson,
1999). It is believed that these neurons die because of their inabil-
ity to compete for a limiting supply of neurotrophic factor (Op-
penheim, 1991). This predisposition of embryonic and neonatal
motoneurons to die during development suggests that they have
a greater sensitivity to cell death as opposed to adult motoneu-
rons, which are capable of resisting an apoptotic stimulus.

In neonatal animals, transected motoneurons die by an apo-
ptotic mechanism, as evidenced by caspase-3 activation and DNA
fragmentation (de Bilbao and Dubois-Dauphin, 1996; Li et al.,
1998b; de Bilbao et al., 1999; Guarin et al., 1999; Vanderluit et al.,
2000). Motoneuron cell death in the neonate can be prevented by
the overexpression of the antiapoptosis proteins bcl-2 and bcl-x1
(Dubois-Dauphin et al., 1994; Parsadanian et al., 1998) or by the
deletion of the proapoptotic protein Bax (Deckwerth et al., 1996).
In adult animals, the axotomy of a peripheral nerve leads to the
upregulation of a number of genes involved in axonal regenera-
tion such as cytoskeletal elements, growth-associated proteins,
and trophic factor receptors (Elliott and Snider, 1996). However,
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the identification of essential genes involved in adult motoneu-
ron survival after injury has been unsuccessful.

We have previously shown that the family of endogenous hu-
man inhibitors of apoptosis proteins (IAPs) can also protect neo-
natal motoneurons from axotomy (Perrelet et al., 2000, 2002).
Human IAP proteins such as neuronal apoptosis inhibitory pro-
tein (NAIP), X-linked IAP (XIAP), Human IAP1 (HIAP1), and
HIAP2 suppress apoptosis through the inhibition of caspases (for
review, see Martin, 2002; Salveson and Duckett, 2002; Vaux and
Silke, 2003). Their activity can in turn be inhibited by three dif-
ferent proteins, Smac/DIABLO, Omi/HtrA2, and XIAP-
associated factor 1 (XAF1) (Liston et al., 2001; Verhagen and
Vaux, 2002; Srinivasula et al., 2003; Yang et al., 2003). Recent
studies reveal the essential role of IAPs in the intracellular path-
ways for neurotrophic factors in neuronal cells (Wiese et al,,
1999; Perrelet et al., 2002). Glial cell-derived neurotrophic factor
(GDNF) induces an upregulation of two IAPs (XIAP and NAIP)
that are essential for the neuroprotective effect of GDNF on mo-
toneurons after axotomy (Perrelet et al., 2002).

To investigate whether IAPs and their inhibitors XAF1, Smac/
DIABLO, and Omi/HtrA2 may play a role in the resistance of
mature motoneurons to axotomy, we analyzed the expression
and localization of these proteins in neonatal and adult motoneu-
rons. In this study, we demonstrate that differential regulation of
endogenous IAPs and XAF1 in adult motoneurons may be re-
sponsible for their resistance to axotomy. When the ratio of XAF1
was increased with respect to XIAP, the natural resistance of the
adult motoneurons to axotomy was abolished. These results sug-
gest that the regulation of XIAP and XAF1 expression may be
essential for the survival of adult motoneurons after nerve injury.

Materials and Methods

Adenoviral vector production. The preparation of the adenoviral vectors
for adv-XAF1, adv-XIAP, adv-HIAP2, and adv-NAIP has been described
previously (Senba et al., 1991; Liston et al., 1996, 2001).

Sciatic nerve axotomy, motoneuron labeling with fluorogold, and adeno-
viral vector administration. Three-, 10-, and 14-d-old and adult (<1 year)
rats (Sprague Dawley) were anesthetized with pentobarbital (50 mg/ml;
Nembutal; Narconen), and the left sciatic nerve was transected. The ex-
perimental procedures were approved by the Ethical Committee for An-
imal Experimentation of the Geneva Veterinary Office. To specifically
label the sciatic motoneuron pool, the proximal stump was capped with
a small cupule containing 2.5 ul of a fluorescent retrograde tracer, flu-
orogold (Fluorochrome, Englewood, CO) at a final concentration of
2.5% (Perrelet et al., 2002). Recombinant adenoviral vectors [adv-XAF]I,
adv-LacZ, adv-XIAP, and adv-green fluorescent protein (GFP)] were
added at the indicated titer into the cupule. The incision was sutured, and
the rats were placed on a warming plate to recover from the anesthesia.

Motoneuron labeling by intramuscular injection of fluorogold into the
gastrocnemius muscle. For the injection of fluorogold and the viral vectors
into the gastrocnemius muscle, a small incision was made in the skin of
the left calf muscle. A total volume of 3 ul of fluorogold at 2.5% (Perrelet
et al., 2002), with or without the viral vector at the indicated viral titer,
was injected into the gastrocnemius muscle in three different regions
(median, proximal and distal) using a Hamilton (Reno, NV) syringe. The
skin was then sutured, and the rats were kept on a warming plate to
recover from the narcosis.

Histological analysis and motoneuron counting. The animals were decapi-
tated at the indicated times after axotomy with an overdose of pentobarbital
(Nembutal; Narconen) and perfused transcardially with 4% paraformalde-
hyde in PBS. The spinal cords were removed, postfixed, cryoprotected in
20% sucrose, and sectioned at 30 wm on a cryostat. To determine the num-
ber of surviving motoneurons, serial sections were viewed under a Reichert-
Jung fluorescent microscope with a UV filter. On each section, fluorogold-
labeled sciatic motoneurons were counted in the ventral horn of the spinal
cord in segments L3-L6 as described previously (Perrelet et al., 2000, 2002).
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Antibodies. The immunostaining for XIAP, XAF1, HIAP2, and NAIP was
assessed with specific rabbit polyclonal antibodies to the respective proteins
as described previously (Xu etal., 1997a,b, 1999; Li et al., 1998a; Liston et al.,
2001; Perrelet et al., 2002). The polyclonal antibodies were raised against the
full proteins (expressed in Escherichia coli as fusion proteins) with the excep-
tion of NAIP, in which case a 1.0 kb fragment of the open reading frame
corresponding to the BIR domain was used as the immunogen.

The immunostaining for XIAP was done using a rabbit polyclonal
antibody (pAb) that recognizes all of the individual BIR and RING finger
fragments that were expressed in vitro and characterized by Li et al.
(1998a) and Xu et al. (1999); this same Ab was used to label motoneurons
in the rat spinal cord (Perrelet et al., 2002). The XAF1 pAb was generated
by immunizing rabbits with a glutathione S-transferase-XAF1 fusion
protein (Liston et al., 2001); this Ab is primarily directed against the C
terminus because it does not recognize an XAF1 isoform that lacks the
two C-terminal zinc fingers. We have compared the immunostaining of
rat motoneurons using this Ab and a monoclonal antibody (mAb) pre-
pared by P. Liston, W. G. Fong, and R. G. Korneluk (unpublished re-
sults); we found identical staining of the motoneurons in the spinal cord.
The immunostaining for HIAP2 was done using a rabbit pAb prepared
and characterized by Li et al. (1998a). This Ab effectively labeled mo-
toneurons in the rat spinal cord (Perrelet et al., 2002). The immunostain-
ing for NAIP was done using a rabbit pAb prepared and characterized by
Xu etal. (1997a,b). Using the method described by Perrelet et al. (2002),
this Ab labeled motoneurons in the rat spinal cord.

In Western blotting, the XIAP and XAF1 antibodies bound to proteins
with relative molecular weights of ~55-57 kDa (XIAP) and ~35 kDa
(XAF1; Fig. 1 A), which were in good agreement with previous findings in
different tissues and cell lines (Fong et al., 2000; Liston et al., 2001;
Leaman et al.,, 2002). Smac/DIABLO was immunostained with an
affinity-purified polyclonal anti-human Smac/DIABLO that also de-
tected mouse and rat Smac/DIABLO (R & D Systems, Minneapolis,
MN). An affinity-purified rabbit anti-human/rat/mouse Omi/HtrA2
Ab was used for immunostaining of the Omi/HtrA2 protein. The Ab
detected endogenous human, rat, and mouse full-length and mitochon-
dria-processed Omi/HtrA2 (R & D Systems).

Western blot analysis, quantification, and statistical analysis. The ani-
mals were decapitated at the indicated times, and the entire lumbar spinal
cord was removed and homogenized in an extraction buffer (PBS, pH
7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 5 um DTT).
The tissue was then boiled for 3 min, sonicated, and incubated for 20 min
at 4°C with the addition of PMSF (1 mm). Cell debris were removed by
high-speed centrifugation for 20 min at 4°C. An equal volume of sample
containing 15 ug of protein was mixed with an SDS reducing buffer,
separated on a 10% SDS-polyacrylamide gel, and electroblotted onto a
nylon membrane (Macherey-Negel, Diiren, Germany). After 1 hr of
“blocking” at room temperature (PBS, 0.1% Tween 20, and 5% nonfat
dry milk), the membrane was incubated with the primary Ab (1:500
rabbit polyclonal anti-XIAP; R & D Systems) overnight at 4°C, followed
by incubation with anti-rabbit IgG horseradish peroxidase (HRP)-linked
Ab (1:3000, 1 hr at room temperature; Amersham Biosciences, Bucking-
hamshire, UK), and reblotted with mouse monoclonal anti-XAF1 (1:50;
Liston et al., unpublished observations) followed by incubation with
anti-mouse IgG-HRP (1:3000). Staining of the protein was done by
chemiluminescence (ECL; Amersham Biosciences). For each experi-
ment, the membrane was stripped in 62.5 mm Tris-HCI, pH 6.5, 100 mm
2-B mercaptoethanol, and 2% SDS at 50°C for 30 min, and an Ab to
GFAP (1:250, 1 hr at room temperature; Sigma, Stans, Switzerland) was
applied; the blots were revealed by ECL with an HRP-linked goat Ab
(1:3000). In other experiments, the membranes were incubated with
anti-Smac/DIABLO (1:1000) or anti-Omi/HtrA2 (1:1000) followed by
incubation with anti-rabbit IgG horseradish peroxidase (HRP-linked
Ab, 1:3000). All of these experiments were done in at least three different
animals for each condition. The optical density of the different bands was
measured by scanning the gels and determining the number of pixels per
surface area (Scion Corp., Frederick, MD).

Immunohistochemistry, quantification, and statistical analysis. Twelve
micrometer sections of the lumbar spinal cord were mounted on slides,
washed three times in PBS, and blocked for 20 min with PBS containing
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BSA (1%) and Triton X-100 (0.3%). The anti-GFP primary Ab (rabbit
polyclonal, 1:500; Molecular Probes, Eugene, OR) and the anti-XIAP,
-NAIP, -HIAP2, and -XAF1 primary antibodies (rabbit polyclonals,
1:300; described by Xu et al., 1997, 1999; Li et al., 1998a; Liston et al.,
2001) were diluted in the blocking solution, and sections were incubated
overnight at 4°C. After three washes with PBS, sections were incubated
with a secondary anti-rabbit rhodamine-conjugated Ab (1:200; Jackson
ImmuneResearch, West Grove, PA) that was applied for 45 min at room
temperature. The sections were coverslipped using Fluorosave (Calbio-
chem, La Jolla, CA) and analyzed with a Zeiss (Oberkochen, Germany)
microscope equipped with a digital camera (Axiocam; Zeiss). The con-
trols were done in the absence of the primary Ab, and in all cases, they
were negative. The IAP expression level in motoneurons was measured
using the NIH Image 1.6 program. All of the motoneurons (~10-15 per
section) on five sections were measured for each animal. Each group
represents at least three or more animals.

Double-labeling immunofluorescence. Rabbit polyclonal anti-XIAP and
mouse monoclonal anti-XAF1 (Liston et al., unpublished observations)
primary antibodies were used in combination at 1:300 and 1:20, respec-
tively; the secondary antibodies were anti-rabbit FITC-conjugated Ab
(1:200; Jackson ImmunoResearch) and Alexa 568 goat anti-mouse IgG
(1:500; Molecular Probes). Immunohistochemistry was performed as
described above.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling. The ApoTag peroxidase in situ apoptosis detection kit
(Chemicon, Temecula, CA) was used according to the manufacturer’s
protocol. Briefly, 12 um paraffin sections of the spinal cord from post-
natal rats (3, 10, and 14 d) were deparaffinized in xylene and decreasing
concentrations of ethanol followed by incubation in proteinase K (10
pg/ml) for 15 min at room temperature. After quenching of the endog-
enous peroxidase (3% hydrogen peroxidase for 5 min at room tempera-
ture), digoxigenin-labeled nucleotides were enzymatically added by ter-
minal deoxynucleotidyl transferase (TdT) at the 3’-hydroxyl ends of
double-stranded or single-stranded DNA termini by incubation with the
working strength TdT for 1 hr at 37°C in a humidified atmosphere. The
anti-digoxigenin Ab that is conjugated to peroxidase was applied for 30
min at room temperature and then developed with 0.05% diaminoben-
zidine for 5 min. Samples were counterstained with 0.1% methyl green
and coverslipped with a mounting medium. Both the rodent mammary
gland (4 d after weaning of rat pups) and the large intestine were used as
positive controls because they undergo extensive apoptosis.

Results
Expression levels of XIAP increase during development as
opposed to those of the inhibitor XAF1, which decrease
over time
Our initial goal was to determine whether there was a difference
in the expression level of IAPs and the three known inhibitors
XAF1, Smac/DIABLO, and Omi/HtrA2 during the course of de-
velopment in the spinal cord. By immunoblotting, we examined
the expression of XIAP and the three inhibitors at postnatal day 3
(P3), P10, and P14 and in the adult lumbar spinal cord (Fig. 1A).
There was, in general, no overall variation in the level of Smac/
DIABLO and Omi/HtrA2 during development, except for Omi/
HtrA2, in which there was an unexplained decrease at P14 (Fig.
1A). In contrast, XAF1 expression decreased between neonatal
day 3 (P3) and the adult, whereas the endogenous level of XIAP
increased over the same period (Fig. 1A). Quantification of the
immunoblots showed that the level of XIAP increased up to P14
and then stabilized (Fig. 1A,B). In contrast, there was a steady
decrease in the level of XAF1 during development, and in the
adult, there was ~10% of the initial level found at P3 (Fig. 1 A,C).
Using immunohistochemical analysis, we studied the localiza-
tion of XIAP on sections of neonatal and mature rat spinal cord
(P14). At both ages, XIAP expression was observed in motoneu-
rons and less intensely in other cells in the gray matter of the
spinal cord (Figs. 2A,B, 3B,E). By measuring quantitatively the
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Figure 1.  Expression levels of XIAP, Smac/DIABLO, Omi/HtrA2, and XAF1 during postnatal
development in the spinal cord. A, Immunoblot analysis of endogenous expression of XIAP,
Smac/DIABLO, Omi/HtrA2, and XAF1. The gels are representative results of three or more dif-
ferent animals for each condition. B, (, Quantification of the immunoblot analysis of endoge-
nous expression of XIAP and XAF1, respectively, in the lumbar spinal cord of P3, P10, P14, and
adultrats. Values in brackets indicate the number of animals. Theimmunoblots were quantified
by densitometry analysis of the bands = SEM. GFAP was used as a loading control; 100%
corresponds to the value at P3. D, Comparison of the expression level of IAPs and XAF1 in
individual motoneurons from the 3- and 14-d-old rats in Figure 2. Values were normalized to
the level in 3-d-old rats (100%). No quantification of HIAP2 staining was performed because of
the absence of this protein in 3-d-old motoneurons; 100% corresponds to the value at P3
(Dunnet's multiple-comparison test: *p << 0.05; **p << 0.01; ***p << 0.0005).

intensity of the fluorescent labeling specifically in the motoneu-
rons, it was possible to show that the expression of XIAP had
increased by 50% between postnatal days 3 and 14 (Fig. 1D).
Moreover, the level of XIAP expression in adult motoneurons
(<1 year) was comparable with that observed in 14-d-old ani-
mals (data not shown).
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Figure 2.  Immunostaining of XIAP, NAIP, HIAP2, and XAF1 in lumbar spinal cord sections

from 3- and 14-d-old rats. A, G, £, G, Photographs of the lumbar ventral horn of the spinal cord
from 3-d-old rats at low magnification. B, D, f, H, Photographs of the lumbar ventral horn of the
spinal cord from 14-d-old rats at low magnification. The results are representative of four or
more different animals for each condition. Antibodies used: 4, B, anti-XIAP; G, D, anti-NAIP; £, F,
anti-HIAP2; G, H, anti-XAF1. Scale bar, 200 pum.

An obvious extension of these immunohistochemical studies
was to examine the expression level of two other IAP proteins
(NAIP and HIAP2) and the inhibitor XAF1 specifically in the
spinal cord motoneurons. NAIP was expressed in motoneurons,
and its level was significantly increased between postnatal days 3
and 14 (Fig. 2C,D; for quantification, see Fig. 1D). However,
HIAP2 was not expressed in developing motoneurons (P3; Fig.
2 E) but was expressed in mature motoneurons (P14) as well as in
other cells of the spinal cord (Fig. 2 F). Whereas XIAP and NAIP
were expressed in the cytoplasm in motoneurons, HIAP2 was
expressed in the nucleus only at later ages (P14; Fig. 2 F).

Because there was no alteration in the levels of Smac/DIABLO
and Omi/HtrA2 during spinal cord development, we concen-
trated on examining the expression of XAF1 in the motoneurons.
Immunohistochemical studies showed that XAF1 is expressed
mainly in motoneurons in neonatal animals (P3; Figs. 2G, 3A)
and is nearly undetectable at later developmental stages (P14 and
adult; Figs. 2 H, 3D; for quantification, see Fig. 1 D). Furthermore,
using double-label immunohistochemical staining, it was possi-
ble to show that XAF1 and XIAP were localized in the same mo-
toneurons at both P3 and P14 (Fig. 3).
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Figure 3.  Immunostaining of XIAP polyclonal and XAF1 monoclonal antibodies in lumbar
spinal cord sections from 3- and 14-d-old rats. Photographs of the lumbar spinal cord from
3-d-old (A—C) and 14-d-old ( D—F) rats show the labeled motoneurons with an mAb to XAF1 (4,
D),apAbtoXIAP (B, £), and merged images of XAF1 and XIAP (G, F). Note that XAF1and XIAP are
located in the same motoneurons. Also note that the secondary Ab for the polyclonal XIAP Ab
appears in green because of the FITC conjugate. Scale bar, 200 um.

Level of expression of XIAP and XAF1 in the spinal cord
correlates with the age-related resistance of motoneurons to
axotomy-induced cell death

Motoneuron cell death resulting from an apoptotic mechanism
at P3 was confirmed by terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end-labeling (TUNEL) staining
to detect DNA fragmentation. We detected TUNEL-positive mo-
toneurons in 3-d-old rats at 1 week after axotomy of the sciatic
nerve (Fig. 4B) as opposed to controls in which no labeling oc-
curs (Fig. 4 A). In contrast, no TUNEL-positive stained motoneu-
rons were found in a P14 axotomized rat (data not shown). As
suggested in the ApoTag manual, we used methyl green counter-
staining to visualize the morphological characteristics of the mo-
toneurons after axotomy (Fig. 4C,D). Motoneurons appeared
similar to those described by Li et al. (1998b) after sciatic nerve
axotomy in the mouse. Indeed, many motoneurons had degen-
erated, and others were atrophic (Fig. 4B, arrows); there was
visible cell shrinkage and a hyperchromatic cytoplasm that are
both characteristic features of apoptosis.

To determine whether the antiapoptosis protein XIAP could
be involved in the resistance of mature motoneurons to injury,
we first correlated the degree of survival of sciatic motoneurons
after axotomy with the level of XIAP and XAF1 expression deter-
mined by immunoblotting. The motoneurons in the sciatic pool
were quantified by applying a fluorescent retrograde tracer (flu-
orogold) onto the end of the transected sciatic nerve at different
ages of development (Vejsada et al., 1995). The fluorescent tracer
was retrogradely transported by the lesioned nerves into the mo-
toneuron cell bodies of the spinal cord. In the adult rat, the sciatic
motor pool contains ~1900 motoneurons (Vejsada et al., 1995;
Perrelet et al., 2000).

Whereas 1900 motoneurons were observed in mature (P14)
and adult (>1 year) animals, only 50% of these cells survived at 1
week after axotomy in neonatal animals (P3; Fig. 5A). At 3 weeks
after axotomy, the number of surviving motoneurons continued
to decrease in young animals (P3, ~400 cells), whereas in P14 and
adult rats, no degeneration was observed (data not shown).
Therefore, the increased resistance of motoneurons to axotomy
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Contra

psi

Figure 4. Labeling of the lumbar spinal cord using TUNEL and methyl green from 3-d-old
postnatal rats at 1 week after unilateral transection of the left sciatic nerve. Many normal
motoneurons are seen in the contralateral (Contra; control) side of the anterior horn of the
spinal cord (A). In contrast, on the ipsilateral (Ipsi) side (transected side), few motoneurons
appear normal (arrowhead) as opposed to many motoneurons that appear to be undergoing an
apoptotic process (B, arrows). At a higher magnification, no TUNEL-positive nuclei are seen in
the contralateral side ( (). Typical apoptotic-appearing nuclei can be seen in the ipsilateral side
(D). Scale bar: 4, B, 200 um; G, D, 65 um.

(Fig. 5A) correlated with the increased expression of XIAP (Fig.
1A,B) and the decreased expression of XAF1 (Fig. 1A,C) with
increasing age of the animals.

Differential expression of IAPs and their inhibitor XAF1 after
axotomy could be responsible for the resistance of adult mo-
toneurons to cell death. We therefore compared the level of these
proteins in control and axotomized animals after 1 week survival
in neonatal (P3) and mature (P14) rats. An analysis of XIAP levels
by Western blotting did not reveal any difference between con-
trols and injured animals either in neonates or in mature rats
(data not shown). This method is probably not sensitive enough
to detect a small change in XIAP level in the sciatic motoneuron
pool because the entire lumbar spinal cord was analyzed and not
exclusively the motoneurons that represent only a small fraction
of the total cells (Perrelet et al., 2002). Therefore, we undertook a
quantitative immunohistochemical analysis of IAP in individual
motoneurons to increase the sensitivity of the determination.

In neonatal rats, the sciatic nerve lesion resulted in a highly
significant decrease in the immunohistochemical staining of
XIAP, NAIP, and XAF1 in the injured motoneurons as compared
with the contralateral side or with unoperated animals (Fig.
6A,B,D,E,J,K; for quantification, see Fig. 5B). Retrograde labeling
with fluorogold provided a means for localizing the surviving
axotomized motoneurons in the sciatic motor pool (Vejsada et
al., 1995; data not shown). In this way, it was possible to show that
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there was a co-localization of fluorogold along with XIAP, NAIP,
and XAF1 in some of the surviving motoneurons (Fig.
6 B,C,E,F,K,L). However, other motoneurons outside the sciatic
pool also expressed the IAPs and the inhibitor XAF1 (Figs. 6B,
Fig. 7B, arrows). In contrast to XIAP and NAIP, HIAP2 was ab-
sent in both ipsilateral and contralateral motoneurons (Figs. 2 E,
6G-I).

As opposed to neonatal animals, the peripheral nerve lesion in
older rats (P14) did not induce a decrease in XIAP expression in
injured motoneurons compared with the contralateral side or
with unoperated animals (Fig. 7A—-C; for quantification, see Fig.
5C). HIAP2 expression, which is present only in the nucleus, was
unaffected by the nerve lesion (Fig. 7G—I; for quantification, see
Fig. 5C). In contrast to XIAP and HIAP2, the expression of NAIP
was decreased by 25% in adult injured motoneurons (Fig. 5C).
However this decrease was not as important as that observed in
the neonatal animals after axotomy (60%; Fig. 7D-F; for quanti-
fication, see Fig. 5B). Finally, XAF1 expression, which was already
low in mature animals (Fig. 1 D), was significantly reduced in the
ipsilateral motoneurons compared with their contralateral coun-
terparts (Fig. 7J-L; for quantification, see Fig. 5C).

XAF1 administration decreases survival of injured

mature motoneurons

In previous studies, we demonstrated that XIAP, NAIP, HIAP1,
and HIAP2 could prevent motoneuron degeneration after sciatic
nerve axotomy in 3-d-old rats (Perrelet et al., 2000, 2002). In
addition, we showed that co-infection with adv-XAF1 inhibited
the survival-promoting effects of both XIAP and NAIP (Perrelet
et al., 2002). The goal of the present studies was to determine
whether there was a correlation between the endogenous levels of
IAP in mature motoneurons and their increased resistance to
axotomy. Therefore we inhibited the effects of IAP in mature
motoneurons (P14) and determined whether these cells were still
capable of surviving.

To address this question, we used two different methods of
labeling the motoneurons in the spinal cord after axotomy. In
one case, we applied the retrograde tracer fluorogold onto the cut
end of the sciatic nerve; this tracer labels all of the motoneurons
in the sciatic pool in the spinal cord (~1900 cells; Fig. 8 A, filled
bars). However, when we infect this same motoneuron pool with
an adenoviral vector that contains a reporter gene such as lac Z,
then only 14% of the motoneurons express lac Z (i.e., 300 mo-
toneurons; Perrelet et al., 2000). These results suggest that only a
subpopulation of motoneurons can be infected by the adenoviral
vector; similar results have been reported by other workers
(Baumgartner and Shine, 1997, 1998; Gimenez y Ribotta et al.,
1997; Gravel et al., 1997).

Under these conditions, in which all 1900 motoneurons are
labeled by fluorogold, we would predict that only 300 of these
cells would be affected by the administration of adv-XAF1 and
would die. Indeed, after sciatic nerve axotomy in the mature rat
(P14), the application of adv-XAF1 caused a loss of ~300 mo-
toneurons (Fig. 8A). Similar results were observed when adv-
XAF1 was applied in adult animals (<1 year old) using the same
technique (data not shown). In control experiments using adv-
lac Z alone, there was no loss of motoneurons.

In the Bcl-2 family, it has been shown that it is the ratio of
proapoptotic and antiapoptotic molecules that is responsible for
the sensitivity to cell death. For this reason, we investigated
whether an alteration in the ratio of XIAP and XAF1 in the mo-
toneurons would affect the ability of the mature motoneurons to
degenerate. We co-applied adv-XIAP and adv-XAF1 at the same
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viral titer, but this particular combination
did not prevent the loss in motoneurons
observed with adv-XAF1 application alone
(Fig. 8A). However, when the adv-XIAP
titer was 10-fold higher than the adv-XAF1
titer used in the previous experiment,
there was no loss of motoneurons com-
pared with a single application of the same
quantity of adv-XAF1 or adv-LacZ (Fig.
8A). We observed comparable effects with
combinations of adv-NAIP and adv-XAF1
and with adv-HIAP2 and adv-XAF1 (data
not shown). Therefore, by artificially alter-
ing the ratio of AP and its inhibitor, it was
possible to differentially affect the survival
of the adult motoneurons.

To determine whether XAF1 was by itself
a proapoptotic stimulus, we co-injected the
viral vector along with fluorogold directly
into the gastrocnemius muscle and allowed
the vector and the tracer to be retrogradely
transported to the motoneuron cell bodies in
the spinal cord. We had previously shown
that this technique permits the infection of
~200 sciatic motoneurons (as opposed to
300 when applied onto the nerve stump)
without performing a nerve lesion (Perrelet
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Figure 5.  Effect of sciatic nerve axotomy on motoneuron degeneration and quantification of IAP and XAF1 expression in

individual motoneurons from immunostained sections of Figures 6 and 7. A, Quantification of fluorogold-labeled motoneurons at
1week survival after axotomy in 3-d-old (P3), 10-d-old (P10), 14-d-old (P14), and adult (> 1 year) rats. The numbers of surviving
motoneuronsin P3 (+7 d after axotomy) and P10 (+7 d after axotomy) are statistically different from those observedin P14 (+7
d afteraxotomy) and in adult rats. B, Comparison of IAP and XAF1 expression levels inindividual motoneurons at 7 d after axotomy
in 3-d-old rats (P3); immunostaining is shown in Figure 4. Values were normalized to the protein level in the contralateral side,
which corresponds to unoperated animals of the same age (10-d-old rats). No quantification of HIAP2 staining was performed
because of the absence of this protein in P3 (+7 d after axotomy) motoneurons; 100% corresponds to the value at P3. C,
Comparison of IAP and XAF1 expression level in individual motoneurons at 7 d after axotomy in 14-d-old rats (P14); immuno-
staining is shown in Figure 7; 100% corresponds to the value at P3. Values were normalized to the protein level on the contralateral
side, which corresponds to unoperated animals of the same age (21-d-old rats). The results are representative of 4 or more
different animals for each condition (Dunnet’s multiple comparison test: *p << 0.05; **p << 0.005; ***p << 0.0005).

et al., 2000). Under these conditions of ad-
ministration, no loss of motoneurons was observed (Fig. 8 B), sug-
gesting that XAF1 was not acting as an apoptotic enhancer.

The second means of labeling the motoneurons to study the ef-
fects of adv-XAF1 application involves prelabeling the motoneurons
in the sciatic pool by means of an adenoviral vector expressing the
reporter gene GFP. Under these conditions, only those motoneu-
rons transfected with the adenoviral vector are labeled (Fig. 9). Like-
wise, in animals in which adv-GFP was co-applied with adv-lac Z
onto the nerve stump at the time of axotomy, all of the adenoviral-
infected motoneurons (~300 cells) exhibited GFP-positive staining
at 1 week after axotomy (Fig. 9A).

In this way, we could visualize the selective loss of adenoviral-
infected motoneurons after administration of adv-XAF1 in adult
axotomized animals. As seen in Figure 9B, no GFP-positive mo-
toneurons were observed in animals treated with adv-XAF1,
along with adv-GFP, using a cupule applied to the end of the cut
nerve at the time of axotomy. However, when adv-GFP plus adv-
XAF1 were injected into the gastrocnemius muscle, all of the
adenoviral-infected motoneurons (~200 cells in the case of mus-
cle injection) exhibited GFP-positive staining using an Ab to GFP
(Fig. 9C). These results suggest that all of the adenoviral-infected
motoneurons degenerated because of the expression of XAF1
after the sciatic nerve lesion but not in the absence of an injury to
the nerve (i.e., muscle injection).

Discussion
Apoptotic signals and their inhibitors for controlling
neuronal cell death
It is generally accepted that there is a complex balance between cell
death and survival-inducing signals that can determine the destiny of
neurons. Pathogenesis of many human diseases is associated with
the deregulation in the equilibrium between cell death and survival.
Thus, disruption in this balance can have important consequences in
both the immature and adult nervous systems.

Two classes of cellular apoptotic inhibitors have been identi-

P3 + 7 days post-axotomy
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HIAP2

XAF1

Figure 6.  Immunostaining of IAP and XAF1 in lumbar spinal cord sections 7 d after sciatic
nerve transection in 3-d-old rats. A, D, G, J, Contralateral (Contra) region of the ventral spinal
cord in 3-d-old rats (47 d survival) showing uninjured motoneurons. The pattern of immuno-
staining on the contralateral side was the same as in lumbar spinal cord in unoperated animals
of the same age (10-d-old rats). B, £, H, K, Ipsilateral (Ipsi) region of the ventral spinal cord in
3-d-old rats (+7 d after axotomy) showing injured motoneurons. G, £, /, L, Fluorogold (Fg)
labeling of injured motoneurons present in B, £, H, and K. Antibodies used: A—C, XIAP; D-F,
NAIP; G-/, HIAP2; J-L, XAF. The results are representative of four or more different animals for
each condition. P3 refers to 3-d-old rats. The arrow in B shows a motoneuron that expresses
XIAP and does not belong to the sciatic motor pool. Scale bar, 200 pm.
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P14 + 7 days post-axotomy
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Figure 7. Immunostaining of IAP and XAF1 in lumbar spinal cord sections 7 d after sciatic
nerve transection in 14-d-old rats. 4, D, G, J, Contralateral (Contra) region of the ventral spinal
cord in 14-d-old rats (+7 d survival) showing uninjured motoneurons. The pattern of immu-
nostaining on the contralateral side was the same as in lumbar spinal cord in unoperated
animals of the same age (21-d-old rats). B, £, H, K, Ipsilateral (Ipsi) region of the ventral spinal
cord in 14-d-old rats (+7 d after axotomy) showing injured motoneurons. G, £, /, L, Fluorogold
(Fg) labeling of injured motoneurons presentin 8, £, H, and K. Antibodies used: A—C, XIAP; D-F,
NAIP; G-/, HIAP2; J—L, XAF. The results are representative of four or more different animals for
each condition. P14 refers to 14-d-old rats. The arrow in B shows a motoneuron pool that
expresses XIAP and does not belong to the sciatic nerve pool. Scale bar, 200 wm.

fied; these include members of the Bcl-2 and IAP families. Bcl-2
family members can block the mitochondrial branch of apoptosis
by preventing the release of cytochrome ¢, whereas members of
the IAP family can inhibit both mitochondrial and death
receptor-mediating pathways of apoptosis by directly binding to
and inhibiting both initiator and effector caspases (Salveson and
Duckett, 2002). In the bcl-2 family, the antiapoptotic activity can
be counterbalanced by the action of the proapoptotic family
members such as Bax and Bid (for review, see Cory and Adams,
2002). Furthermore, it appears that the ratio of the preapoptotic
and antiapoptotic family members can alter the susceptibility of
cells to various apoptotic stimuli by means of the proteosome and
the ubiquitination systems (Yang and Yu, 2003).

The antiapoptotic activity of IAPs is regulated by three cellular
proteins identified so far in mammals, Smac/DIABLO (Verhagen
and Vaux, 2002), XAF1 (Liston et al., 2001), and Omi/HtrA2
(Srinivasula et al., 2003; Yang et al., 2003); these proteins appear
to interact directly with the IAP molecules to modulate their
antiapoptotic activity. XAF1 is a mammalian XIAP-binding pro-
tein that was identified by a yeast two-hybrid screen (Liston et al.,
2001), and in our experiments, XAF1 can inhibit the effects not
only of XIAP but also of NAIP (Perrelet et al., 2002). XAF1,
Smac/DIABLO, and Omi/HtrA2 are similar in that all three
inhibitors are considered negative regulators of IAPs (for re-
view, see Salveson and Duckett, 2002). Both Smac/DIABLO
and Omi/HtrA2 are released from the mitochondria, and
Omi/HtrA2 appears to have a second mechanism that is re-
lated to its function as a serine protease (Srinivasula et al.,
2003; Yang et al., 2003).
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Figure 8.  Motoneuron survival in 14-d-old rats after inhibition of AP by XAF1 overexpres-
sion. A, The vectors and tracer [fluorogold (FG)] were co-administered by direct application onto
the transected sciatic nerve stump in 14-d-old rats (P14). The surviving motoneurons were
counted 1 week after -axotomy. The results observed in fluorogold-treated animals (i.e., 1900
motoneurons) were the same as those obtained with adv-lacZ plus fluorogold and adv-XIAP
plus fluorogold. The adv-XAF1 titer was 10° pfu, whereas adv-XIAP was at 10° pfu for the
experiments at 1:1and at 10 ™ pfu for the experiments at 10:1. The results of adv-XAF1 alone
were the same as with a co-application of adv-XAF1 (10° pfu) plus adv-LacZ (10 "° pfu). In the
experiments with adv-XAF1, there was a loss of ~300 fluorogold-labeled motoneurons. B,
Effect of XAF1 (10 pfu) on motoneuron survivalin uninjured motoneurons. The vectors and the
tracer were co-administered by injection into the gastrocnemius muscle. The surviving mo-
toneurons were counted at T week after injection. The results observed in fluorogold-treated
animals were the same as those obtained with adv-lacZ plus fluorogold. Values in brackets
indicate the number of animals. P14 i.m., Injection of the adenoviral vectors into the gastroc-
nemius muscle of 14-d-old-rats; P14 Cupule, application of the viral vectors onto the transected
sciatic nerve of 14-d-old rats (Dunnet’s multiple comparison test: **p < 0.005).

B P14 cupule + adv-XAF1

A P14 cupule + adv-LacZ

C P14 im. + adv-XAF1

Anti GFP

Figure 9. Effect of adv-XAF1 on adenoviral-infected motoneurons expressing GFP in 14-d-
old rats. A—C, The adenoviral-infected motoneurons were visualized by immunohistochemical
analysis after infection with adv-GFP (10 pfu) into the gastrocnemius muscle. After 1 week of
survival, the entire lumbar spinal cord was serially sectioned and stained with an Ab to GFP
(red). A, Infected motoneurons of 14-d-old rats after application of adv-GFP plus adv-LacZ onto
the sciatic nerve stump. B, Infected motoneurons of 14-d-old rats after application of adv-GFP
plus adv-XAF1 onto the sciatic nerve stump. G, Infected motoneurons after injection of adv-GFP
plus adv-XAF1 (10°) into the gastrocnemius muscle of 14-d-old rats. Scale bar, 100 um.

The ratio between IAPs and their inhibitor XAF1 has been
demonstrated to be important in the development of cancer. For
example, in most cancer cell lines, XAF1 is not expressed or is
present at a very low level compared with control tissues, whereas
XIAP is expressed at a high level (Fong et al., 2000; Liston et al.,
2001). For this reason, it has been hypothesized that it is the
elevated ratio of XIAP to XAF1 that contributes to tumorigenesis
by suppressing apoptotic cell death.

In the present study, we investigated the role of IAPs and their
inhibitor XAF1 on the differential resistance of neonatal and
adult motoneurons to axotomy; adult motoneurons can survive
after a lesion of a peripheral nerve, but neonatal motoneurons
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rapidly degenerate. Quantitative immunohistochemical analysis
and immunoblotting of these proteins in motoneurons and spi-
nal cord revealed an increase in IAP expression during postnatal
development as opposed to XAF1, which decreased during the
same period. Therefore, the ratio between the endogenous levels
of IAPs and XAF1 is in strict opposition at the two developmental
stages. Whereas XAF1 showed this negative correlation with IAP
family members, the other two inhibitors, Smac/DIABLO and
Omi/HtrA2, were unaltered during the course of development.
These results suggest that XAF1 may play a more important role
in cell death in the nervous system.

The ratio between IAPs and XAF1 may contribute to the
resistance or demise of motoneurons after axotomy

Not only are the endogenous protein levels of IAP and XAF1
different in neonatal and adult motoneurons, but the regulation
of these proteins after axotomy also varies. In neonatal animals,
the sciatic nerve lesion induces an important decrease of IAP in
injured motoneurons. Surprisingly, XAF1, which is highly ex-
pressed in these cells before the lesion, is also downregulated. The
small amount of remaining IAP in injured motoneurons appears
to be insufficient for preventing motoneuron cell death. How-
ever, when exogenous IAPs such as XIAP, NAIP, HIAPI, and
HIAP2 are overexpressed in neonatal motoneurons (P3) by
means of adenoviral vectors, axotomy-induced cell death can be
prevented (Perrelet et al., 2000, 2002).

In adult animals as opposed to neonates, the level of IAPs was
moderately decreased after axotomy, whereas the small amount
of XAF1 almost completely disappears. These experiments sug-
gest that the remaining IAP protein may be sufficient to prevent
the activation of apoptosis. When the ratio between IAP and
XAF1 is deregulated by overexpressing exogenous XAF1, it is
possible to induce a total abrogation of the natural resistance of
the mature motoneurons to axotomy. The degeneration induced
by exogenous XAF1 can be overcome by expressing high levels
of exogenous IAPs simultaneously with XAF1. Therefore,
these experiments suggest that it may be the ratio between
XAF1 and IAPs that confers the resistance of adult moto-
neurons to axotomy.

Decrease in the levels of IAP and XAF1 level after axotomy
The decrease in the immunostaining of IAP and XAF1 in neo-
nates and adult motoneurons after axotomy indicates that the
injury induces a modification in the steady-state level of these
proteins. Such a modification could result from a decrease in
protein synthesis, from protein degradation, or from both.

IAPs have been shown to cause their autodegradation and also
the degradation of targeted proteins attributable to the presence
of a RING domain in the structure (Yang and Li, 2000; Yang et al.,
2000), but the regulation of this phenomenon has not been elu-
cidated. In Drosophila, it has been recently shown that inhibitors
of IAP can promote cell death by stimulating IAP self-ubiquitination
and its subsequent degradation (for review, see Palaga and Osborne,
2002). Therefore, the experiments presented in this report demon-
strate that IAPs and their inhibitor may also be important regulators
of cell death in mammalian systems.

The mechanism of IAP inhibition by XAF1 has not been eluci-
dated. Using in vitro techniques, Liston et al. (2001) have shown that
XAF1 is present in the nucleus, and it can initiate a redistribution of
XIAP from the cytosol to the nucleus. In contrast, our studies show
that XAF1 is expressed in the cytoplasm in vivo in both neonatal and
adult tissues; the localization was completely independent of the
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presence or absence of an apoptotic signal. In a study by Leaman et
al. (2002), they observed XAF1 to be located both in the cytoplasm
and in the nucleus, but they did not detect a redistribution of XIAP in
cells overexpressing XAF1 in response to interferon . Therefore,
there appears to be another mechanism of IAP inhibition by XAF1
other than sequestration of XIAP into the nucleus.

Our experiments suggest that XAF1 is not in itself a proapop-
totic protein because its expression in adult motoneurons in the
absence of nerve injury did not induce cell death. However, under
conditions of injury such as those induced by axotomy, XAF1 can
enhance motoneuron susceptibility to degeneration probably by
preventing the antiapoptotic activity of IAP family members.
This same phenomenon has been reported in other cell types in
which it has been shown that the overexpression of either XAF1
or Smac/DIABLO does not induce apoptosis but can sensitize
cultured cells to apoptotic stimuli (Du et al., 2000; Verhagen et
al., 2000; Liston et al., 2001).

Possible mechanisms of cell death in neonatal and adult
motoneurons attributable to axonal injury

Whereas the identification of genes involved in neonatal motoneu-
ron death after injury has been well described, those genes implicated
in the survival of adult cells have received less attention. Overexpres-
sion of Akt, an essential component in the neurotrophin survival
pathway, can prevent motoneuron cell death in the neonate after
axotomy (Namikawa et al., 2000). Apparently, Akt does not play an
essential role in adult motoneuron survival because the dominant
negative form of Akt did not induce motoneuron cell death after
axotomy (Namikawa et al., 2000).

Several studies have reported differential regulation of the
proapoptotic protein Bax and the antiapoptotic proteins bcl-2
and bcl-xl in neonatal and adult motoneurons after axotomy
(Gillardon et al., 1996; Baba et al., 1999; Schweizer et al., 2002).
Because deletion of the bcl-2 gene in mice did not modify the
sensitivity of adult motoneurons to axotomy (Michaelidis et al.,
1996), we can assume that this protein does not play an essential
role in the resistance of adult motoneurons to injury.

In conclusion, our results suggest that it may be the balance be-
tween the antiapoptotic protein XIAP and the inhibitor XAF1 that
play a major role in adult motoneuron protection and neonatal sen-
sitivity to axonal injury. This is the first demonstration that such a
ratio could play an essential role in the neuron cell death process, as
has been proposed for the development of carcinogenesis (Liston et
al.,, 2001). We have only investigated one aspect of the cellular apo-
ptotic machinery, and it is possible that various other apoptotic
pathways may be affected, including death ligand receptors, death
ligands themselves, FAS-associated death-domain-like interleukin-
1 B-converting enzyme-inhibitory protein and apoptotic protease-
activating factor 1. Furthermore, it will be interesting to determine
whether the cell death associated with neurodegenerative diseases
such as amyotrophic lateral sclerosis, Parkinson’s disease, and
Alzheimer’s disease could result from an imbalance in the
levels of IAPs and XAF1.
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