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We have investigated the role of the mitochondrial
pathway during cell death following serum and nerve
growth factor (NGF)/dibutyryl cyclic AMP (Bi,cAMP)
withdrawal in undifferentiated or NGF/Bt,cAMP-differ-
entiated PC12 cells, respectively. Holocytochrome c,
Smac/DIABLO, and Omi/HtrA2 are released rapidly fol-
lowing trophic factor deprivation in PC12 cells. Bel-2
and Akt inhibited this release. The protection, however,
persisted longer in differentiated PC12 cells. In differ-
entiated, but not undifferentiated cells, Bel-2 and Akt
also inhibited apoptosis downstream of holocytochrome
¢ release. Thus, undifferentiated PC12 cells showed
marked sensitivity to induction of apoptosis by micro-
injected cytochrome ¢ even in the presence of NGF,
Bel-2, or Akt. In confrast, in differentiated cells these
factors suppressed cell death. Consistent with these ob-
servations, in vitro processing of procaspase 9 in re-
sponse to cytochrome ¢ was ohserved in extracts from
undifferentiated but not differentiated cells expressing
Akt or Bel-2. Endogenous caspase 9 was cleaved during
cell death, whereas dominant negative caspase 9 inhib-
ited cell death. The results from determining the role of
inhibitors of apoptosis (IAPs) suggest that acquisition of
inhibition by IAPs is part of the differentiation program.
Ubiquitin-AN-AVPI Smac/DIABLO induced cell death in
differentiated cells only. ¢-IAP-2 is unregulated in dif-
ferentiated cells, whereas X-linked IAP levels decreased
in these cells coincident with cell death. Moreover, ex-
pressing X-linked IAP rendered undifferentiated cells
resistant to micreinjected cytochrome c. Overall, the
inhibitory regulation, of cell death at the level of velease
of mitochondrial apoptogenic factors and at post-mito-
chondrial activation of caspase 9 observed in differenti-
ated PC12 cells, is reduced or absent in the undifferen-
tiated counterpaxts.

Cell death is essential for the development of the nervous
system, where neurogenic precursor cells are produced in ex-
cess and then eliminated at specified times during the migra-
tion and differentiation of distinct populations of neurons (1-3).
Conversely, suppression of the cell death is vital for the main-

* This work was supported by ar INSERM/Medical Research Council
travel fellowship (to 8. V.) and by the Association Francaise contre les
Myopathics and Institut pour la Recherche sur la Moclle Epinigre. The
costs of publication of this article were defrayved in part by the payment
of page charges. This article must therefore be hereby marked “adver-
tisement” in accordance with 18 1].8.C. Section 1734 solely to indicate
this fact.

§ To whom correspoidence should be addressed, Tel.: 33-1-44-32-35.
33; Fax: 33-1-44-32-36-54; E-mail: vyas@wotan.ens.fr.

This paper is available on line at http://www.jbc.org

tenance of non-dividing neurons after terminal differentiation.

Compeling experimental evidence that apoptosis is critical
for nervous system development has emerged from in vivo
studies in mice carrying null mutations for various components
of the apoptotic machinery such as Bel-xy, caspases 3 and 9,
and Apaf-1 genes (4--7). In all such cases, gross organizational
anomalies in developing CNS contribute to the observed pre-
natal lethality. Thus, in the absence of Bel-X;, excessive death
of differentiating neuronal ceils oceurs in brainstem and spinal
cord. Embryonic inice with null mutations in Apaf-1, caspase 3,
or caspase 9 display morphological CNS abnormalities, as a
result of supermumerary cells expanded ventricular zone and
forebrain protrusions occur. The general inference from de-
tailed analyses in such mice, as well as in the double knock-out
mutant mice such as Bel-x; “fcaspase 37/~ and Bel-xy; =7/
caspase 9 ', is that cell death in CNS development not only
serves to match the size of a neurenal population to its target
field but is also vital for global morphogenesis of the nervous
system. Additionally, such ohservations suggest that the mech-
anisms responsible for early cell death in neural progenitor
cells may differ from those in post-mitotic neurons. In neural
progenitor cells, caspase 3 or 9 function is independent of
Bel-xp, regulation, whereas in post-mitotic neurons, Bel-x;, acts
upstream of caspases 9 and 3 in an epistatic manner (8-10),
Apoptotic pathways are also activated during inappropriate
neurcnal death that occurs in actite and chronic neurodegen-
erative diseases. For example, activated forms of caspases are
observed in degenerating neurons following stroke and in Par-
kinson or Alzheimer diseases (11, 12).

Because caspases are the final implementers of apeptosis,
tight control of caspase activation is erucial for long term sur-
vival of post-mitetic neurons. Caspases are synthesized as in-
active zymogens that are catalytically activated by specific
proteolytic cleavage, either by the action of upstream caspases
or, in the case of the apical caspases, through auteactivation
following their assembly inte multimeric protein complexes
{18-15). Mitechondria play a key role in orchestrating activa-
tion of one key apical caspase, caspase 9. [n response to many
mechanistically diverse pro-apoptotic triggers, mitechondria
release multiple pro-apoptotic effectors from their inter-mem-
brane space. One of these is holocytochrome ¢ (he(),* which,
once in the cytosol, forms a complex with and activates the
Apaf-1-caspase-9 holoenzyme to generate an active “apopto-

i The abbreviations used are: heC, holocytochrome ¢; NGF, nerve
growth factor; Bt,cAMP, dibutyryl cyclic AMP; PBS, phosphate-buff-
cred saline; GFD, green fluorescent protein; Ub, ubiquiting TAD, inhib-
itor of apoptosis; XIAP, X.linked IAP; Smac, second mitochondrial de-
rived activator of caspases.
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some” (18). Upon receipt of an apoptotic signal, mitochondria
synchronously releaze all of their cytochrome ¢ (17}, although
the exact molecular mechanism of its translocation remains
unresolved (18—20). Several other apoptogenic factors are also
released from mitochondria during cell death, among them
Smaco/DIABLO and Omi/HtrA2, which both act by binding to
and inhibiting IAP function, releasing the activities of caspases
9, 3, and 7 (21-23). Substantial experimental evidence indi-
cates that pro-apoptotic Bel-2 family members such as Bax,
Bak, and Bad promote heC release and, therefore, trigger cell
death, whereas the anti-apoptotic members Bel-2 and Bel-xg,
prevent cell death by inhibiting heC release. In addition, exog-
enous survival factors such as NGF and insulin-like growth
factor-1 inhibit cytochrome ¢ release, in part through an Akt-
dependent phosphorylation and deactivation of Bad (24, 25).

Non-differentiated, proliferating PC12 {pheochromocytoma)
cells undergo cell death upon withdrawal of serum. However,
they can be rescued by acute treatment with various survival
factors such as insulin-like growth factor-1 or NGF or by ad-
ministration of Bt,cAMP (26, 27). In addition to signaling sur-
vival, some of these factors alse induce differentiation of PC12
cells, although any mechanistic relationship between survival
and differentiation is unclear. Although caspase-mediated cell
death following withdrawal of seyum or NGF in PC12 cells and
in primary sympathetic neurons has been well studied (28—30),
whether differentiation has a role in regulation of caspases has
not been analyzed.

We have previously shown that NGF/Bt,cAMP-induced dif-
ferentiation leads to these cells becoming terminally and irre-
versibly differentiated, and, upon withdrawal of NGF and
Bt,cAMP, they die asynchronocusly by apoptosis (26). In this
study, we have investigated the role of cytochrome c¢/caspase 9
activation during cell death induced by trophic facter with-
drawal in undifferentiated and NGI/Bt,cAMP-differentiated
PC12 cells, In addition, the regulation of this cell death path-
way by the pro-survival effectors Akt and Bel-2 was examined.

EXPERIMENTAL PROCEDURES

Cell Culture und Preparation of Stably Expressing Cell Lines—Un-
differentiated PC12 cells were cultivated in RPMI 1640 medium con-
taining 10% fetal ealf serum and 5% horse serum. They were induced to
differentiate in modified L15 medium containing 5% fetal calf serum,
10% horse serum, and 50 ng/ml NGF (78 form, Roche Applied Science)
as previously described (26). After 3 days, 200 pM Bt,cAMP (Sigma) was
added, and the cells were differentiated for a further 4-5 days. Cell
death was induced in nndifferentiated cells (50-60% confluent) by
serum withdrawal for 24—48 h. In differentiated cells, apoptosis was
triggered by removal of NGF/Bt,cAMP from the medium.

Hbcl-2 (human bel-2) cDNA inserted in pRe/CMV expression vector
was electroporated into PC12 cells, G418-resistant hBel-2 clones were
selected, and expression of hBel-2 protein was verified by Western blot.
analysis. DNA comprising v-4ki-gag inserted into the pLXSN vector
was transfected into the GP+E packaging cell line, and ecotropic virus-
containing supernatant was harvested and filtered. PC12 cells were
treated for § h with this virus supernatant containing 8 ug/ml Poly-
brene. The virns supernatant was then replaced with RPMI/serum
medinm, and 24 h later the cells were selected in G418 (250 pg/inl) for
a further 8 weeks, after which individual colonies were used for further
analyses. ¢cDNA encoding the dominant negative caspase 9 C2873 point
mutant fused to the FLAG epitope (C9DN) (81) was inserted into
pelINAS.1 vector and transfected into PCI12 cells by LipofectAMINE
treatment, and the G418-resistant pools of clones were selected. Ex-
pression of C9DN was verified by immunoblot analysis. G418-resistant
PC12 cells in the presenee of doxycydine (Sigma, 0.5 ug/ml) transfected
with eDNA encoding for mounse XIAP in pN-21 tetracycline-repressible
vector, were selected for XTAP function in undifferentiated cells. Par-
allel cultures of cells were transfected with empty plasmid vector and
used as controls (PC12/C).

Microtnjection—Unditferentiated and differentiated PC12 cells were
cultivated on glass-bottomed coverslip dishes (MatTek Corp.). Cyto-
chrome ¢ (Sigma) solution waa freshly prepared at desired concentra-
tions and then mixed thoroughly with 0.4% (final concentration) rho-
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damine-dextran (Sigma), a fluorescent marker. In differentiated cells,
where appropriate NGF/Bt,cAMP was withdrawn just prior to micro-
injections. Doxyeyeline was withdrawn ~16 h prior to microinjections of
XIAP/PC12 cells. After microinjections, the medium wag replaced and
cell death monitored at timed intervals. Microinjection parameters
were kept constant: an automated Eppendorf microinjection system
was used in which the pressure was held at 120 heptopascals and time
at 0.2 s. Approximately 200-350 cells were microinjected for each
study, and culture medium was replaced immediately after microinjee-
tions. Viability of miercinjected cells was monitored by direct flnores-
cent. microscopy at various time points. At high (<63 or X100} magni-
fication, rhodamine fluorescence was easily detectable in the cytoplasm
and neurites of differentinted cells but excluded from the nuclei. The
characteristic morphology of apoptosig, rounding up of cells accompa-
nied by homogenous distribution of the rhodamine marker and frag-
mentation of nuclei andfor eytoplasm into apoptotic bodies, allowed us
to quantify the apoptotic versus viable cells.

Transient Transfections—Undifferentiated and differentiated PC12
cells, cultured in 4-well multidishes, were transfected with 0.2 pg of
pEGEP plus 0.8 pg of Ub-AN-AVPI-Myc or Ub-AN-MVPI Smac/DIA-
BLO-Myec cloned in peDNAS, using LipofectAMINE 2000 {Invitrogen)
aceording to the manufacturer’s instructions. Mediwn containing Lipo-
fect AMINE 2000 was removed after 6 h and replaced with appropriate
normal medium. 24 h post-transfection, the cells were deprived of
trophic support for 8 or 24 h and after PBS wash, were fixed with 4%
paraformaldehyde. The cells were treated with 1 pg/ml Hoescht, and
cell death was guantified by counting apoptotic nuclei of GFP-positive
cells. It was verified that GFP-positive cells also express Ub-AN-AVPI-
Mye or Ub-AN-MVPI Smac/DIABLO-mye by immunofluorescence using
9E10 anti-myc antibody.

Biochemical Methods—Soluble cytoplasmic and membrane frac-
tions were prepared as described previously (32). Briefly, both undif-
ferentiated and differentiated PC12 cells were cultured in 15-cm
culture dishes. Cells in culture dishes were rinsed twice using ice-cold
phosphate-buffered saline (PBS). They were harvested by adding a
small volume (100 ) of cold sucrose-supplemented cell extract buffer
(300 mM sucrose, 10 mm HEPES (pH 7.4), 5 mm MgCl,, 5 mM EGTA,
1 mM dithiothreitol, 10 mM cytochalasin B, and 1 mM phenylinethyl-
sulfonyl finoride) to culture dishes, scraped, and pelleted. The pellets
were resuspended in the above buffer, incubated on ice for 30 min,
homogenized, and centrifuged at 14,000 X g for 15 min. The super-
natants comprising the cytoplasmic/soluble fraction and pellets
(heavy membrane fraction} were separated and stored at —80°C.
Total cell lysates were prepared, after PBS wash, by directly adding
Laemmli buffer containing protease inhibitors to eells; the samples
were boiled and centrifuged. Total protein was quantified by the
method of Bradford. The antibodies used were eytochrome ¢ (antibody
at 1:1000 dilution; BD Pharmingen, clone 7TH8.2C12), cytochrome
oxidase IV (antibody at 1:1000 dilution, Molecular Probes), Smae/
DIABLO (produced at ICR, antibody at 1:1500 dilution), Omi/HtrA2
(antibody at 1:1000 dilution (22)), caspase 9 (antibody at 1:1000
dilution, Stressgen), c-IAP-2 (antibody at 1:1000 dilution, Santa Cruz
Biotechnology), and XIAP (antibody at 1:1000 dilution (22)). The
Smacw/DIABLO antibody was made against mature N-terminal ragion
{Cancer Research, UK), and the epecificity was verified by peptide
block. For immunoblot assays, 14, 12, or 10% SDS-PAGE gels were
loaded with lysates containing appropriate concentrations of total
protein, After transfer to Immobilon P membrane and incubation
with primary and secondary antibodies, the signals were developed
using enhanced chemiluminescence kit (Amersham Biosciences).

In Vitro Procaspase § Processing—Procaspase 9 ¢cDNA in pBluescript
was in vitro transcribed with T3 RNA polymerase, translated, and
radiolabeled with 258-labeled methionine/cysteine (Amersham Bio-
sciences) using the TNT-coupled transeription/translation rabbit reticu-
locyte lysate systemn (Promega). Processing of in vitro-translated pro-
caspase 9 product by the eytoplasmic extracts prepared from PC12 cells
was asgayed essentially as described previously (31). Briefly, 1.5 1 of
(*S]lprocaspase 9 product was ineubated at 30 °C for 30 min with
eytoplasmic extracts containing 20 pg of protein (prepared as described
above for heC analysis) in the presence or absence of cytochrome ¢ (10
mM) and dATP (1 mM): all in 10-mi total volume. Laemmli buffer was
added, and the samples wers boiled and fractionated by SDS-PAGE
analysis followed by autoradiography.

RESULTS

Cytochrome ¢ Release in Undifferentiated PCI2 Cells follow-
ing Withdrawal of Serum—The kinetics of subcellular redistri-
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F1g. 1. Kinetics of holoeytochrome ¢ (heC) release and cell death in undifferentiated (£/D) PCI12 eontrol (PCIZ/C), PC12/Bel-2, and
PC12/Akt cells. A, soluble eytesolic fraction (SCF) and membrane fractions (MF) were prepared from serum containing 0, 4, 8, 18, 24, 36, and 48-h
serum-deprived cells. An aliquot (whole cell lysate, wel) was taken from sernm-containing cells before fractionation and solubilized by adding 0.1%
Triton X-100. 20 pg of total protein of SF and whole cell lysate (wel) and 10 pg of MF was used for analysis of cytochrome ¢ content. The
auteradiograms of a vepresentative experiment are shown, i, heC in SCF and MF of PC12/C cells; &, heC immunoblot was stripped and reprobed
with anti-cytochrome oxidase IV antibody: the protein is present only in MF; #i. heC in SCF and wel of PC12/B¢l-2 and PC12/Akt cells deprived
of seram up to 48 h. The SCF blots were reprobed with actin as control for protein loading. The antoradiogram signals of SCF blots were
densitometrically quantitied (botfom left panel) using Gel Analyst software program. These results, which represent data from 8-5 experiments for
each cell type: PC12/C (solid square), PC12/Bcl-2 (solid diamond), and PC12/Akt (solid circle), ave expressed as % inerease in heC, mean = S.B.
using the 0 h value as control. %, p value < 0.05, PC12/Bel-2 or Akt versus PC12/C (Student’s ¢ test, two-tailed). B, undifferentiated PC12/C (solid
square), PC12/Bel-2 (solid diamond), and PC12/Akt (solid circle) cells were deprived of serum for 18, 24, 48, and 72 b, fixed with 4% paraform-
aldehyde, and nuclei were stained with 1 pg/ml Hoechst 33258, Apoptotic nuclei were quantified by analyzing five random fields. each fisld
comprising ~150 nuclei. Each time point was assayed in quadruplicate; the results are expressed as % mean + S.E. of at least three experiments.

p values: 8, <0.05 and **, 0.01: PC12/Bcl-2 and Akt versus PCN2 cells (Students ¢ test, two-tailed).

bution of heC from mitochondria to eytosel in PC12 cells foi-
lowing withdrawal of trophic support was first analyzed. The
amount of heC in the membrane fraction containing intact
mitochondria {verified by electron microscopy) versus the solu-
ble cytoplasmic fraction was determined by immunoblotting.
Proliferating undifferentiated PC12 cells maintained in high
serum exhibited negligible eytoplasmic heC. However, with-
drawal of serun resulted in a rapid increase in cytosclic heC,
evident by 4 h and persisting at all the time points tested (Fig.
14, panel i). In contrast to heC, the integral mitochondrial
protein, cytochrome oxidase IV was retained within the mem-
brane fraction (Fig. 14, panel ti). The cytosolic accumulation of
hcC precedes cell death that begins around 18 h after serum
deprivation (Fig. 1B).

Because Akt and Bel-2 can suppress the release of heC from
mitochondria and inhibit apoptosis in several cell types (25,
33}, we next assayed cytochrome ¢ translocation following se-
Tam deprivation in PC12 cells constitutively expressing either
active v-Akt-gag (PC12/Akt) or hBei-2 (PC12/Bel-2). Each study
was conducted in two independent clones in which expression
of either v-Akt-.gag or hBcl-2 had been previously verified by

immunoblotting (data not shown). In addition, the activated
status of v-Akt-gag was confirmed with an antibody specific for
phosphorylated Akt at Ser-473 (data not shown). The PC12/Akt
and PC12/Bcl-2 clones used each expressed comparable levels
of v-Akt-gag or hBel-2, respectively. During the 24- to 48-h time
period of serum deprivation, expression of either v-Akt-gag or
hBel-2 significantly inhibited cell death in undifferentiated
PC12 cells (Fig. 1B). For example, upon withdrawal of serum
for 24 h, we observed 40 * 5.5% cell death in control cells
compared with <5% in either Akt- or Bel-2-expressing clones.
However, such protection was not absolute, because more ex-
tended 72-h serum deprivation elicited some 30% death in both
PC12/Bcl-2 and PC12/Akt cells (compared with 80% in PC12
control eells} (Fig. 1B). Immunoblot analysis of heC levels in
serum-deprived PC12/Akt and PC12/Bcl-2 cells showed that,
cytoplasmic heC levels only rise ~18 h after withdrawal of
serum (Fig. 1A, panel iii). The quantification of signals re-
vealed that the accumnlation of heC in cytoplasm of these cells
was less than in control PC12 cells. Analysis of heC in whole
cell lysates showed comparable levels of heC in PC12/control,
PC12/Bcl-2, and PC12/Akt cells, Thus both Bel-2 and Akt act to
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Fic. 2. Holocytochrome ¢ (heC) re-
lease and cell death after withdrawal

of NGF/Bt,cAMP from NGF/Bt,cAMP A

differentiated (D) PC12/C, PC12Ecl-2, heC —
and PC12/Akt cells. PC12 cells were dif i is
ferentiated with NGF/Bt,cAMP followed actin —

by withdrawal of the latter at different
times (h) as indicated. A, heC content was
analyzed in soluble cytosolie fraction (SCF)
and membrane fraction (MF) at different
times following NGF/Bt,cAMP  with-
drawal. 20 g of total protein of SCF and
whole cell lysate (wel) and 10 pg of MF
were used for immunoblot assays. Results
of a representative experiment of heC con-
tent are shown in the left panel: i, heC
protein content in SCF, wel, and MF of
differentiated PC12/C cells (0) deprived of
NGF/Bt,cAMP for up to 38 h; i, heC im-
munoblot was stripped and reprobed for
eytochrome ¢ oxidase IV, which was pres-
ent only in the MF; ifi, heC content in SCF
of differentiated PC12/Bel)-2 and PC12/Akt
cells (0 1) deprived of NGF/BtcAMP for up
10 48 h. Results of actin as control for pro-
tein loading are shown at the bottom, heC
in SCF was quantified (bottom left panel),
the results are expressed as % increase in
heC, mean = 8.E. nsing 0 h value as control
(n = 4). p values: ¥, <0.05; **, 0.01; PC12/
Bel-2 or Akt versus PCIZ/C cells (Student’s
t test, two-tailed). B, the kineties of cell
death was analyzed in differentiated
PC12/C (solid sguare), PC12/Bel-2 (solid
diamond), and PC12/Akt (solid circle) cells
following deprivation of NGF/Bt,cAMP for
up to 48 h. The cells were stained with 1
umg/ml Hoechst 33258, and the apoptotic
nuclei were quantified. The results are ex-
pressed as % mean * S.B, of three inde-
pendent experiments. **, p < 0.01; PC12/
Bel-2 or Akt versus PC12/C cells (Student’s
& test, two-tailed).

i cyto axidase —
D cells

heCo—
D cells
actin —

% increasa in heC (D cails)

inhibit and delay the otherwise rapid translocation of heC
observed in control PC12 cells.

Immunocytochemical staining for heC corroborated the
above immunoblot analysis. PC12 control (PC12/C), PC12/
Bel-2, and PC12/Akt cells in the presence of serum showed
punctate mitochondrial heC staining evident as a rim around
the mucleus. In contrast, seriin deprivation of PC12/C for as
little as 8 h resulted in many cells showing diffuse cytosolicheC
labeling that persisted throughout the period of serum depri-
vation. PC12/Bci-2 and PC12/Akt cells deprived of serum for
% h retained a punctate mitochondrial heC distribution, which
nonetheless became diffuse and eytosolic after 24-h deprivation
{data not shown).

Cytochrome ¢ Release in Differentiated PC12 Celis following
Withdrawal of NGF/Bt,eAMP —Like their undifferentiated
counterparts, differentiated PC12 cells deprived of NGF and
Bt,cAMP also showed cytoselic heC, which was evidentby 4 h
of deprivation, and persisted to 48 h (Fig. 24, panel i), in
contrast cytochrome cxidase IV was observed only within the
membrane fraction (Fig. 24, panel ii). Again, the release of heC
precedes cell death (Fig. 2B). Release of heC from mitochondria
was confirmed by immunocytochemical staining of equivalent
cells, which showed that control differentiated PC12 cells re-
tained punctate somatic and neuritic staining, whereas diffuse
heC staining was already evident in some ceils by 4-6 h fol-
lowing deprivation of NGF/Bt,cAMP. By 24 b of factor depri-
vation, many cells displayed both diffuse heC cytoplasmic pat-
tern and nuclear morphology characteristic of apoptosis (data
not shown).

In undifferentiated PC12 cells, as described above, both
Bel-2 and Akt delayed heC translocation to cytoplasm for ~18
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h. No significant increase in cytosolic heC was observed until
48 h in either differentiated PC12/Bcl-2 or PC12/Akt cells
deprived of NGF/Bt,cAMP (Fig. 24, panel iii). 48 h after
withdrawal of NGF/Bt,cAMP, about 20% of cell death was
observed in these cells (Fig. 2B). Immunocytochemical anal-
ysis revealed a punctate mitochondrial distribution of heC in
cell soma and neurites in 24 h factor-deprived cells that was
similar to that in undeprived control cells (data not shown).
Overall these results indicate that expression of either Bel-2
or Akt in factor-deprived differentiated PC12 cells suppresses
heC release and this for a longer period than in factor-de-
prived undifferentiated cells.

Undifferentiuted and Differentiated PC12 Cells Display Dif-
ferent Sensitivities to Microinjected Cytochrome c—Release of
heC implies a role of caspase 9 (and caspase 3) pathway during
trophic factor deprivation. To clarify any role increased cytose-
lic heC might have in PC12 cell death, undifferentiated (prolif-
erating) and differentiated PC12 cells were each microinjected
with holocytochrome ¢ together with dextran-conjugated rho-
damine as a fluorescent marker. In parallel experiments, the
same number of cells was microinjected with dextran-rhodam-
ine marker alone as a contro} for trauma from microinjections.
Subsequent cell fate was then followed after various times by
fluorescence microscopy. In both undifferentiated and differen-
tiated PC12 cells, apoptosis was induced, and its extent, de-
pendent on the dose of cytochrome ¢. However, undifferentiated
cells were far more sensitive to induction of apoptosis by a
given dose of microinjected cytochrome c. Thus, at 2 h, 40% of
the injected undifferentiated cells (10 pa cytochrome ¢} had
died, whereas there was no significant increase in the percent-
age of cell death in the differentiated population. However, by
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F1G. 3. Cell death in undifferentiated and differentiated PC12

cells following eytochrome ¢ microinjection, A, differentiation-de-

pendent sensitivity to microinjected eytochrome e (10 M) in undifferentiated, serum-containing PC12 cells (solid square} and in NGF/Bt,cAMP-
differentiated PC12 cells (solid diamond). Cell death was quantified by comnting rhodamine-positive viable and apoptotic cells at the times
indicated. The results are presented as mean * 8.F. {r = 3 for undifferentiated cells and 6 for differentiated cells). *, p < 0.05; differentiated versus
undifferentiated cells. B, different concentrations of cytochrome ¢ (indicated at the bottorn) were microinjected in undifferentiated PC12/C (open
square), PC12/Bcl-2 (solid square), PCO12/Akt (square with bar), or PC12/C cells treated for 24 h with NGF (100 ng/ml) (square with dots). Cell death
was quantified 2 and 8 h after microinjections. The results represent mean = S.8. of three experiments done in duplicates. C, the consequences
of 10 uM cytochrome ¢ microinjection on cell death were assessed in differentiated (£) PC12/C cells, either in the presence of NGF/Bt,cAMP (solid
square) or in the absence of NGF/Bt,cAMP (solid circle). In parallel, differentiated PC12 cells deprived of NGF/Bt,cAMP were also microinjected
with rhedamine only, as control for microinjection-induced cell death (solid diamond), NGF/Bt,cAMP-differentiated PC12 cells were pre-treated
with benzyloxyearbenyl-VAD-fluoromethyl ketone (10 ) for 4 h prier to cytochrome ¢ microinjections (solid friangle). After microinjections, eell
death was quantified at the times indicated by fluorescence microscopy. The results are presented as mean = $.E. of four to six experiments. ¥,
P < 0.005; cytochrome c-mieroinjected death in NGF/Bt,cAMP-deprived cells at 4 and 8 h in cells in benzyloxyearbonyl-VAD-treated versus
NGF/BtycAMP-deprived non-treated cells. **, p < 0.05; eytochrome e-microinjected death in NGF/Bt,cAMP-containing cells at 4, 6, and 21 h versus
cell death in NGF/Bt,cAMP-deprived cells (Student’s ¢ test, two-tailed). 1), protection by Bel-2 and Akt in differentiated (1) PC12/Bcl-2 (solid cirele)
and PC12/Akt cells (solid diamond) deprived of NGF/Bt,cAMP and microinjected with 10 uM cytochrome ¢. Results of PC12/C (solid square) are
also shown, Cell death was analyzed at different time points after microinjections, up to 48 b, The results ave presented as mesn + 8.X. of three
to five experiments. *, p < 0.05, in cytochrome c-microinjected PC12/Bcl-2 cells versus PC12/C cells at 4, 6,21, and 48 h. *, p < 0.05; in eytochrome

c-microinjected PC12/Akt versus PC12/C cells at 21 h (Student's ¢ test, two-tailed).

21 h, some 42% of microinjected differentiated PC12 cells had
died, indicating that cytochrome ¢ was eventually pro-apo-
ptotic, albeit with greatly delayed kinetics (Fig. 34). This dif-
ferential sensitivity to microinjected heC was also observed in
cells microinjected with the higher concentration (25 p) of
cytochrome ¢, although with more rapid cell death kinetics in
both undifferentiated and differentiated cells (data not shown),
confirming that cytochrome c-induced cell death is dose-de-
pendent. These data are consistent with the notion that differ-
entiated PC12 cells, unlike their undifferentiated counterparts,
can to some extent be protected by intracellular signals capable
of ameliorating cell survival even in the presence of exogenous
eytochrome c.

We next analyzed whether NGF, Bcl-2, or Akt inhibit cell
death induced by microinjected holocytochrome ¢ in either un-
differentiated or differentiated PC12 cells. Interestingly, in
undifferentiated PC12 cells, none of these factors exerted any
measurable inhibitory effect on cell death kinetics analyzed 2
and 6 b following microinjections of 2, 10, and 25 uM concen-

trations of cytochrome ¢ (Fig. 3B). In contrast, in differentiated
PC12 cells, celt death induced by microinjection of 10 um cyto-
chrome ¢ was significantly ameliorated by NGF/Bt,cAMP: for
example, 42 * 10% NGF/Bt,cAMP-treated cells died compared
with 91 * 4% dead cells in similarly microinjected cells de-
prived of NGP/BicAMP (Fig. 3C). Although withdrawal of
NGF/Bt,cAMP from differentiated PC12 cells alone leads to
gome cell death, this is significantly less than that observed
following micreinjection of cytochrome ¢ (23 = 2% control cells
dead at 4 hversus 54 = 8% cells microinjected with eytochrome
¢). These data indicate that increasing cytosolic eytochrome ¢ in
the absence of survival factors accelerates cell death in differ-
entiated cells (Fig. 3C). Pre-treatment of trophic-deprived cells
with the broad-specificity caspase inhibitor, benzyloxyear-
benyl-VAD-fluoromethyl ketone (10 pa) inhibited, altheugh
not completely, apoptosis induced by cytochrome ¢ microinjec-
tions (Fig. 3C), in accordance with previous reports that
caspases act downstream in cytochrome c-mediated cell death.
In sharp contrast to undifferentiated cells, we observed that
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Bel-2 and Akt suppressed cell death in differentiated PC12
cells that were deprived of NGF/Bt,cAMP and immediately
micromnjected with 10 pM eytochrome ¢ (Fig. 3D). Taken to-
gether, our results show first that sensitivity to cytosolic cyto-
chrome ¢ decreases during PC12 cell differentiation and second
that in differentiated but not undifferentiated PC12 cells, Akt
and Bel-2 can suppress apoptosis downstream of cytosolic heC.

Caspuse 9 Activation Is Also Differentially Reguluted betiween
Undifferentiated and Differentiated PC12 Celis—One potential
implication of our findings is that NGF/Bt,cAMP signaling
regulates cell death downstream of cytochrome ¢ release, pos-
sibly at the level of activation of caspase 9. To investigate this,
we next examined the abilities of extracts derived from factor-
deprived PC12 cells to induce cleavage and activation of in vitro
translated procaspase 9. Procaspase 9 is cleaved into a detect-
able large subunit of either 35 or 37 kDa depending on the
cleavage site Asp-315 or Asp-330. Processing at Asp-330 result-
ing in the p37 fragment is also triggered by activated caspase
3 (31} :

Incubation of cytoplasmic extracts without eytochrome ¢ and
dATP does not result in the antocatalytic activity of procaspase
9 (Fig. 4A, compare panels a and ). Only cytoplasmic extracts
{soluble fraction) and not microsomal fractions prepared from
trophic factor-deprived PC12 cells triggered cleavage of pro-
caspase 9 with concomitant appearance of the signature 37-
and 35kDa large caspase 9 fragrents (Fig. 44, panel ¢).

No procaspase 9 cleavage was induced, in the presence of
exogenous cytochrome e/dATP, by cytosolic extracts from NGF/
BtycAMP-.differentiated cells maintained in NGF/Bt,cAMP: in
contrast, analogous extracts derived from differentiated PC12
cells deprived of NGF/Bt,cAMP for 24 h triggered cleavage of
the majority of procaspase 9 (Fig. 4B). Pre-treatment of apo-
ptotic lysates of cells with caspase 3 inhibitor Acetyl-Asp-Glu-
Val-Asp-aldehyde (Ac-DEVD-CHO) completely blocked in vitro
processing of procaspase 9 (Fig. 4, B and C). Thus, processing of
procaspase 9 is specific for cytosolic extracts from factor-de-
prived cells and requires DEVD-specific caspase activity. Be-
cause expression of either Bel-2 or activated Akt suppresses
apoptosis in cytochrome c-microinjected differentiated PC12
cells, we asked whether extracts from such cells are able to
induce procaspase 9 cleavage, Indeed, as shown in Fig. 48, cell
extracts from factor-deprived PC1Z2 cells expressing either
Bel-2 or activated Akt, with added cytochrome ¢/dATP exhib-
ited no procaspase 9 cleaving activity, suggesting that Bcl-2
and Akt expression also causes modification of caspase 9 activ-
ity of these extracts.

Procaspase 9 was also not processed in the presence of cyto-
plasmic extracts prepared from proliferating undifferentiated
PC12 cells, following addition of cytochrome ¢/dATP, but was
rapidly processed by extracts from serum-deprived cells (Fig.
4C). Furthermore, extracts from serum-deprived PC12 cells
expressing either Bcl-2 or activated-Akt were equally effective
at triggering procaspase 9 processing, indicating that these
factors are not exercising controls on procaspase 9 cleavage to
inhibit cell death. _

To confirm the critical role for caspase 9 in determining death
of PC12 cells, first the processing of endogencus procaspase 9,
during the withdrawal of trophic support, was verified both in
undifferentiated and differentiated cells. The 37-kDa cleavage
product of procaspase 9 was seen only in trophic-deprived lysates
strongly indicating its potential role in ¢ell death (Fig. 4, D and
k). Becanse processing of caspase 9 may not necessarily signify
that it is catalytically active (34), we transfected PC12 cells with
a ¢cDNA encoding a dominant negative procaspase 9 (C9DN) that
has a mutation in its active site {C287S) and has been shown to
block cell death (35). PC12 cells stably expressing CO9DN were
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prepared, and the kinetics of apoptosis in both undifferentiated
and NGF/Bt,cAMP-differentiated cells was examined. Cell death
induced by serum deprivation for 24 h was significantly inhibited
in undifferentiated PC12/C9DN cells compared with eontrols
(Fig. 4F). In addition, apoptosis of differentiated PC12 cells ex-
pressing C9DN and deprived of NGF/Bt,cAMP for 24 h was
significantly retarded (Fig. 4G) indicating the importance of
caspase 9 for this process.

Smac/DIABLO and OmilHirA2 Are Also Released from Mi-
tochondria of PC12 Cells Deprived of Trophic Support—Recent
biochemical and structural studies have revealed not only how
some IAP family members inhibit proteolytic activities of ini-
tiator (caspase 9) and effector caspases (caspase 3 and 7) but
also the mechanism by which this inhibition is effectively elim-
inated during cell death by mitochondrial proteins such as
Smac/DIABLO and Omi/HtrA2 (34, 36). Through their BIR
{baculoviral IAP repeat) demains, IAPs bind and inhibit the
catalytic activity of processed forms caspases 9, 3, and 7. The
mature forms of Smac/DIABLO and Omi/HtrA2, containing an
exposed IAP binding motif (IBM), once released from mitochon-
dria promote apoptosis by binding to IAPs and relieving
caspase inhibition. To determine whether the differential sen-
sitivity to cytochrome ¢ that we observe between undifferenti-
ated and differentiated cells could be related to the mechanism
of IAP regulation of caspases, we first examined the release of
Smac/DIABLO and Owmi/HtrA2 from mitochondria. With-
drawal of serum or NGF/Bt,cAMP from control undifferenti-
ated or differentiated PC12 cells, respectively, resulted in in-
creaged cytosolic levels of Smac/DIABLO and Omi/HtrA2, with
kinetics similar to heC release (Fig. 5, 4, panel i, B, panel {, and
C, panels i and ii). The effect of Bcl-2 and Akt on translocation
of Smac/DIABLO in factor-deprived cells was also analyzed.
Deprivation of serum in undifferentiated PC12/Bcl-2 and PC12/
Akt cells resulted in delayed cytoplasmic accumulation of
Smac/DIABLO (at around 18 h) (Fig. 54, panels ii and iii),
although the results of quantification showed that, like heC,
the amount released at 18 h was less than that seen in control
cells. In contrast, in NGF/Bt,cAMP-deprived PC12/Bcl-2 or
PC12/Akt-differentiated cells, cytoplasmic accumulation of
these proteins was not observed even at 24 h (Fig. 6B, panels ii
and fif}. These results suggest that Bel-2 and Akt co-regulate
the release of he(C together with other pro-apoptotic factors
from mitochondria during withdrawal of trophic support.

Differentiated but Not Undifferentinted PC12 Cells Are Sen-
sitive to Active Smac/DIABLO—Proteolytic processing of Smac/
DIABLO or Omi/HtrA2 results in the removal of mitochondrial
signal peptide sequence and exposure of a novel N termini or
IBM containing the tetrapeptide sequence AVPI, which has
been shown to bind to IAPs (37, 38). To elucidate whether
cytochrome ¢ sensitivity of caspase 9 pathway is dependent on
AVPI proteins, undifferentiated and differentiated PC12 cells
were transiently co-transfected with plasmids encoding ¢cDNAs
for GFP and ubiquitin (Ub) fiused to AN-AVPI Smac/DIABLO or
the inactive Ub-AN-MVPI Smac/DIABLO. Intracellular proc-
essing of ubiquitin has been shown to yield mature Smacd/
DIABLO protein with exposed tetrapeptide sequence (39). Cell
death was monitored and quantified by counting Hoescht
stained apoptotic nuclei of GFP-positive cells, at 8 and 24 h
following withdrawal of trophic support. In undifferentiated
PC12/C cells, following withdrawal of serum, increased cell
death was observed at 8 and 24 h; however, there was no
difference in cultures transfected with Ub-AN-AVPI or MVPI-
smac/DIABLO. There was some ceil death at 8 h in control
cells, which may be due to other regions than N-terminal of
Smac/DIABLO-sensitizing seruam-deprived cells to apoptosis
{(40) (Fig. 84). Transfection of Ub-AN-AVPI-sma¢/DIABLO in
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FI6. 4. Regulation and role of caspase 9 in cell death of trophic support deprived PC12 cells. A, %S labeled procaspase 9 processing
by eytosolic extracts prepared from differentiated PC12 cells deprived of NGF/Bt,cAMP for 16 and 24 h in the absence {a) and presence (b) of 10
mM cytochrome ¢ and 1 mM dATP. Processing of in vitro labeled procaspase @ was analyzed in membrane (3/F) and in soluble eytosolic fractions
{(SCF)in the presence of cytochrome c/dATP {c). An aliquot (1.5 ul) of in vitro translated procaspase 9 product is ghown in the last lane (C9). Shown
also are the results of actin and cytochrome oxidase as protein controls of the SCF and MF lysates, respectively, used in the reaction. These controls
were done separately using the same lysates and the same amount of total protein (20 ug). B, kineties of procaspase 9 processing in differentiated
PC12/C cells deprived of NGF/Bt,cAMP. Cytoplasmic lysates were prepared at times indicated after withdrawal of NGE/Bt,cAMP. Addition of
caspase inhibitor A¢c-DEVD-CHO inhibits procaspase 9 processing in extracts from differentiated PC12/C cells deprived of NGF/Bt,cAMP for 24 hh.
Procaspase 9 is not processed in lysates prepared from differentiated PC12/Bcl-2 cells or PC12/Akt cells. NGF/Bt,cAMP was withdrawn from these
cells at times indicated. Results of actin as control for lysates used are shown below. C, procaspase 9 processing in undifferentiated PC12 celis
containing serum (0) and following sernm deprivation for 24 h that stimulates the processing, which was not prevented in PC12/Bel-2 or PC12/Akt
cells, However, prior Ac-DEVD-CHO ireatment inhibited caspase 9 processing. Actin control is shown below, 1) and £, endogenons cleavage of
caspase 9 following withdrawal of trophic support from differentiated (2} and undifferentiated (&) cells, The anti-caspase 9 antibody recognized
procaspase 9 and the p37 large subunit, which is evident in trophic factor-deprived lysates. The bots were probed with anti-actin antibody as control
for protein loading. F and G, inhibition of cell death in PC12 cells expressing dominant negative caspase 9 (PCI2/CSDN), Cell death, in the presence
of trophic support, time 0 h, in undifferentiated and differentiated cells in PC12/C and PC12/caspase 9 DN is 4-5 + 2% (mean = S.B). &,
differentiated (D) PC12/C and PC12/CIDN were deprived of NGF/BtocAMP for 16 and 21 h ( = 4). Apoptotic cells were quantified after staining
with 1 jg/ml Hoechst 33258. ¥, p < 0.05; cell death in control versus in C9 dominant negative cells. G, undifferentiated (UD) cells were deprived
of serwm for 24 h. The results are presented as mean + 8.D. (n = 3).

factor-deprived undifferentiated PC12/Bcl-2 or PC12/Akt cells
did not result in significantly more cell death compared with
cells transfected with Ub-AN-MVP] Smac/DIABLO (Fig. 64).
In contrast, NGF/Bt cAMP-deprived control, Bel-2-expressing,
or Akt-expressing differentiated PC12 cells were susceptible to
cell death by Ub-AN-AVPI Smac/DIABLO but not Ub-AN-
MVPI Smac</DIABLQ (Fig. 68). Increased cell death in PC12/
C-differentiated cells was seen even in the presence of NGF/
Bt,cAMP. These results suggest that, although IBM of Smac/
DIABLO is not required for cell death by trophic factor

deprivation in undifferentiated cells, it plays an important role
in regulating caspase activation in differentiated cells. Fur-
ther, the anti-apoptotic function of Bel-2 and Akt is antago-
nized by Ub-AN-AVPI Smac/DIABLCO in differentiated cells
indicating that inhibition of Smac¢/DIABLO release by Bel-2 or
Akt is crucial to suppressing cell death.

Role of IAPs in Regulating Cell Death in Undifferentiated
and Differentiated PCI2 Cells—The above results strongly in-
dicate that the release of mitochondrial proteins Smae/DIA-
BLO and Omi/HtrA2 that act to relieve IAP inhibition of
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Fi¢. 5. Immunoblot analysis of
Smac/DIABLO and omi/HtrA2 levels
in undifferentiated and NGF/
Bt,cAMP-differentiated PC12 cells
following trophic factor depriva-
tion. A, for immunoblot analysis of
Smac/DIABLO in undifferentiated (UD)
cells, 20 ug of total protein of SCF was
used, and the blots were probed with
anti-smac antibody. Shown are repre-
sentative results of Smae in; i, PC12/C
cells containing serum (0} deprived of
serum for times indicated (hy; ii, undif-
ferentiated PC12/Bel-2; and jii, PC12/
Akt cells deprived of serum. Results of
actin are shown as control for loading.
The autoradiograms were quantified
and % increase in cytosolic Smac was
caleulated using the intensity value at
0 h as control. The results are expressed
as mean = S.E. (n = 3-4) * p < 0.05
PC12/Bcl-2 and Akt versus PC12/C cells.
B, Smac levels in differentiated PCI12
cells (0) deprived of NGE/Bt,cAMP at
times indicated (h). Shown are repre-
sentative results of Smac in SCF in: i,
PC12/C cells; if, PC12/Bel-2 cells; and iii,
PC12/Akt cells, Quantification of auto-
radiograms are represented as % in-
crease {(mean = S.E., n = 3-4) in Smac 04
in eytosolic fraction. C, 30 pg of total
protein of SCF was used for HtrA2/Omi
analysis in trophic-deprived undifferen-
tiated (i) and differentiated (i) PCI12/C
for the times indicated.
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caspase 9 cascade, is an important determinant of cytochrome
¢ sensitivity in undifferentiated and differentiated cells. To
ascertain the role of differentiation, we first examined for
changes in levels of c-IAP-2 and XIAP as well as Smae/DIABLO
andOmi/HtrA2 in undifferentiated wersus differentiated cells
(Fig. 7A). Quantification of the results using actin as control in
each case showed that the levels of XIAP, Sma</DIABLO, and
Omi/HtrA2 remain the same, however there is 41 = 8% (n = 3)
increase in ¢-JAP-2 levels in differentiated cells. Next we ana-
lyzed the levels of XIAP and ¢IAP-2 during deprivation of
trophic support. Inundifferentiated PC12/C, Bel-2, or Akt cells,
XIAP protein levels were unaltered following withdrawal of
serum (Fig. 7B). In contrast, in PC12/C-differentiated cells,
withdrawal of NGF/Bt,cAMP resulted in decreased level of
XIAP at 24 h (25-35%) (I'ig. 7C). This change in XIAP protein
level was not seen in differentiated PC12/Akt or PC12/Bcl-2
cells following deprivation of NGF/Bt,cAMP (Fig. 7C). In con-
trast to XIAP, there were no changes in ¢~-[AP-2 levels (data not
ghown). Taken together with the ahove AVPI data, these re-
sults suggest that ¥TAP and ¢ IAP-2 play a role in regulating
caspase 9 cascade in differentiated but not undifferentiated
cells. To further examine this possibility, we constructed an
inducible XIAP-tetracycline-repressible PC12 cell line to exam-
ine whether sensitivity to microinjected cytochrome ¢ decreases
in mndifferentiated cells, Undifferentiated PC12 cells in the
presence or absence of doxycycline were microinjected with 2,
10, and 25 i cytochrome ¢, and cell death was quantified after
6 h (Fig. 7). In sharp contrast to results obtained with
PC12/C, PC12/Bcl-2, and PC12/Akt cells (of. Fig. 3, A and B),
these cells were resistant to microinjected eytochrome ¢. How-
ever, in the presence of doxycycline these cells were not as
sensitive to microinjected cytochrome ¢ as PC12/C cells (cf. Fig.
3, A and B). The highest concentration of doxycycline that these
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cells could tolerate was 0.5 pg/ml, which may not completely
repress tetracycline. The results of immunoblot analysis of
XIAP in the absence and presence indicate that XIAP levels are
higher in doxyeycline-treated cells (Fig. 7D). Nevertheless, in-
hibition of cell death was greater in cells in which doxycyeline
was withdrawn. Quantification of cell death upon deprivation
of trophic support for 24 h in both undifferentiated and differ-
entiated cells showed cell death that is less efficient in the
absence than in presence of doxycycline (Fig. T¥). In PC12/
XIAP cells, cell death in the presence of doxycycline was less
compared with PC12/C cells (¢f. Figs. 1B and 2B). Overall the
results indicate that both XIAP and ¢-IAP-2 regulate caspase
and possibly caspases 7 and 3 activation in differentiated cells.

DISCUSSION

The characteristics of PC12 cells make them a useful and
tractable in vitro model with which to examine the parameters
regulating cell survival in hoth proliferating neuroectoderm-
derived neoplastic cells and in differentiated neurcenal cells. In
this study, we have shown that heC, Smac/DIABLO, and Omi/
HirA2 are released from the mitochendrial compartment of
factor-deprived PC12 cells undergoing apoptosis, Moreover, ec-
topic expression of a dominant interfering mutant of caspase 9
inhibits such cell death. Thus, the mitochondrial heC-caspase
9-cell death pathway is both activated and important in deter-
mining cell death of factor-deprived PC12 cells. We also inves-
tigated the regulation exerted by Bcl-2 and activated-Akt on
heC and Smad/DIABLO release from mitochondria and the
induction of cell death by cytosolic heC and caspase 9 activa-
tion. We find that in both undifferentiated and differentiated
{post-mitotic) PC12 cells, Bel-2 and Akt exert a suppressive
effect on release of heC and Smac/DIABLO, the effect persist-
ing longer in differentiated cells. Moreover, in contrast to un-
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Fic. 6. Trapsient co-tramsfection of PCI2 cells with GFP plus Ub-AN-AVPI or MVPI Smac/DIABLO. A, undifferentiated PC12/C,

PC12/Bel-2, and PC12/Akt cells were co-transfected with pEGFP and
DIABLO. Cell death was quantified in the presence of serum (0 h) and

either Ub-AN-AVPI (solid square) or Ub-AN-MVPI {open square) Smac/
after 8 and 24 h of serum deprivation. The results are mean = S.E.(n =

3). B, results of eell death following co-transfection with Ub-AN-AVPI () or Ub-AN-MVPT (L) Smac/DIABLO in differentiated PC19/C, PC12/Bcdl-2,
and PC12/Akt containing NGF/Bt,cAMP (0 h) and after withdrawal of NGF/Bt,c AMP for 8 and 24 h. The results are mean = S.E. (» = 3). %, p <

0.05; **, < 0.01: in Ub-AN-AVP! versus Ub-AN-MVPI transfected cells

differentiated cells, in differentiated PC12 cells, Bel-2 and ac-
tivated Akt also inhibit the subsegquent activation of caspase 9.
Further analysis concerning regulation of the caspase 9 path-
way by Smac/DIABLO and XIAP indicate that in differentiated
but not undifferentiated ecells, the JAP binding motif of Smac/
DIABLO plays an important role in activating caspase 9 path-
way, most likely, by alleviating IAP inhibition. These results
strongly suggest that the PC12 differentiation program alters
regulation of events downstream of mitochondrial release of
apoptogenic factors.

Release of heC, Stnae/DIABLO, and OmilHtrA2 from Mito-
chondria in Factor-deprived PC12 Cells—In cell death induced
by frophic factor deprivation, we observed high eytosolic heC
levels in both undifferentiated and NGE/Bt,cAMP-differenti-
ated PC12 cells. In addition to heC, the processed forms of both
Smac/DIABLO and Omi/HtrA2 were also released from mito-
chondria during facter-deprivation in PC12 cells. The kinetic
analysis revealed an early cytosolic accumulation of these pro-
teins, already evident by 4 h of factor deprivation. However, the
peak DEVD cleaving activity occurred at around 16 h (data not
shown) just preceding cell death. Becanse we observed a sig-
nificant delay before caspases were activated, even though
these proteins are released rapidly from mitochondria, this
indieates mitochondrial release of these factors is not the rate-
limiting event for apoptosis. This result is in avcordance with
previous findings that, although release of heC from mitochon-
dria is a critical early event in caspase activation, it does not
coincide with the commitment point to cell death (32, 41).
Moreover, in response to apoptotic signals such as factor with-
drawal, cells can withstand high cytosolic heC levels and sur-
vive as long as caspase activation is inhibited and wmitochon-
drial function maintained (30, 42). Other factors, for example,
attainment of optimal cytoplasmic levels of these released pro-
teins, may also play a role in determining the activation of the
caspase 9 cagcade. In this respect, the kinetic data show that in

(Student’s ¢ test, two-tailed).

undifferentiated PC12/Rcl-2 and PC12/Akt cells, the release of
heC is less than in PC12/C cells.

The mature Smac/DIABLO and Omi/HtrA2 proteins have
an exposed tetrapeptide TAP-binding motif (IBM) at the N
terminus, which by binding to XIAP, ¢IAP-1, or c-lAP-2
abrogates JAP inhibition of caspase 9 and the effectors
caspases 3 and 7, resulting in positive amplification of
caspase loop (84). Co-release of these proteins with hceC in
factor-deprived PC12 cells suggests that the inhibitors such
as IAPs are removed from caspases zllowing them to function
in cellular demise, The removal may involve degradaticn of
TAPs as shown in the case of XIAP by Omi/HtrA2 (43). In this
regard, we find that XIAP levels decrease in differentiated
PC12/C cells deprived of trophic support. Omi/HtrA2 may
have other targets. For example, the serine protease inhibitor
4-(2-amincethyl)benzenesulfonyl fluoride hydrochloride was
shown to inhibit cleavage of ¢-IAP-1 by Omi/HtrA2 (44).
4-(2-Aminocethyl}benzenesulfony! fluoride hydrochloride has
also been reported to inhibit caspase 2 processing and cell
death in trophic-deprived PC12 cells (45). It is probable that
the released Omi/HtrA2 that we observe activates caspase 2,
because caspase 2 is cleaved after serum or NGF/Bt,cAMP
withdrawal in undifferentiated and differentiated cells, re-
spectively (data not shown). In differentiated and undiffer-
entiated PC12 cells, the release of mitochondrial heC, as well
as of Smac/DIABLO was suppressed by Bel-2 or constitu-
tively active Akt. Suppression of Smac/DIABLO release by
Bel-2 and Akt presumably damps down a feed-forward mito-
chondrial amplification loop ensuring that caspases are not
activated. Reinforcing this proposition are the results show-
ing that differentiated PC12/Bcl-2 and PC12/Akt cells are
sensitive to Ub-AN-AVPI-Smac/DIABLO, We observed that
the inhibitory effect of Bel-2 or Akt on mitochondrial release
extended for a longer period in differentiated cells compared
with undifferentiated PC12 cells. This ochservation suggests
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F16. 7. Acquisition of IAP regula-
tion of cell death in differentiated
cells, A, XIAP, c-IAP-2, Smac, and htrA2
levels were analyzed in undifferentiated
(L)) and differentiated (&) cells using 10
and 20 pg of total protein for XIAP, ¢-
JAP-2, and Smac; and 20 ug for HtrA2.
The blots were also analyzed for actin lev-
¢ls. Results were quantified and corrected
for protein levels. There is an increase in
e-IAP-2 level in differentiated cells. B,
XIAP levels in undifferentiated PC12/C,
PC12/B¢l-2, and PC12/Akt cells following
withdrawal of serum. 50 ug of total pro-
tein was used, and the same blots were
analyzed for actin levels as control for
protein loading. C, XIAP levels in differ-
entiated PC12/C, PC1%/Bcl-2, and PC1Y
Akt cells containing NGF/Bt,cAMP (0 h)
and following withdrawal of NGF/
Bt,cAMP at times indicated. D), microin-
jection of cytochrome ¢ in XIAP-tetracy-
cline-repressible undifferentiated PC12/C
eells, The cells were co-microinjected with
rhodamine and concentrations of eyto-
chrome ¢ as shown, in the presence {open
sguare) and in the absence (solid square)
of doxyeyeline. Cell death was analyzed
& h later and guantified. Each experiment
was done in duplieate, and the results are
expressed as mean * 8.D., n = 2-3. Right
panels: analysis of XIAP protein in
PC12/C (1) and in PC12/XIAP cells, in the
absence (&) and presence (3) of doxycy-
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0.05; **, p < 0.001; in the presence of
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that differentiation has possibly modulated processes, which
are involved in translocating these proteins from mitochon-
dria to cytoplasm, and that control at this level is more
stringent in differentiated cells.

Regulation of Cell Death Post-heC Release from Mitochon-
drie—Directly introducing cytochrome ¢ into PC12 cells by
micreinjection triggers apoptosis. Such apoptosis must involve
activation of caspase 9 for the following reasons: First, the
ability of cytoplasmic extracts to induce in vitro processing of
procaspase 9 mirrored cell death that was observed with mi-
croinjected cytochrome ¢, Second, endogenous procagpase 9 was
cleaved in trophic factor-deprived cells. Third, cell death was
suppressed by expression of a dominant negative caspase 9
mutant. Caspase 9 is activated when holocytochrome ¢, trans-
located from mitochondria, induces oligomerization of Apaf-1, a
process dependent on ATP (16, 46, 47). Procaspase 9, which is
either already associated with Apaf-1 as a holoenzyme (16} or
recruited following heC release, is then cleaved and activated
within this “apoptosome complex.”

Undifferentiated PC12 cells exhibited markedly greater sen-
sitivity to induction of apoptosis by microinjected eytochrome ¢

than differentiated cells. Additionally, NGF, Bcl-2, or constitn-
tively active Akt were ineffective in protecting undifferentiated
PC12 cells against microinjected cytochrome ¢. The greater
sensitivity cannot simply be explained by differences in surface
area {differentiated cells have approximately 1.5X greater sur-
face ares) as microinjections of even low concentrations of
cytochrome ¢ induced cell death that was not inhibited by
anti-apoptotic factors. In sharp contrast, resistance to microin-
jected cytochrome ¢ was found in differentiated PC12 cells;
there are a delay period before cell death occurred indicating
that the differentiation process enables the cells to withstand,
for longer perieds, the lethal effects of high cytoselic cyto-
chrome ¢. In addition, Bel-2 and Akt strongly suppressed mi-
croinjected cytochrome ¢-induced cell death in differentiated
PC12 cells. Bcl-2 was more effective in this regard than Akt;
however, their effects may simply be a reflection of levels of
expresgion. The inhibitory effect that we observed in cytosolic
extracts from PC12/Bel2 and PC12/Akt cells correlates with a
lack of procaspase 9 processing in response to cytochrome ¢
addition. The specific pest-mitochondrial action of AVPL-Smac/
DIABLO in differentiated cells as well as up-regulation of
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c-TAP-2 suggests that the caspase 9 cascade is inhibited by
1APs in differentiated cells but not in undifferentiated cells. In
this regard, the induction of chicken IAP protein, ITA, by NGF
in sympathetic neurons has been shown to suppress cell death
in the absence of NGF (48). The AVP] motif binds to the BIR3
domain of XIAP relieving inhibition of caspase 9, which sug-
gests that XIAP inhibition of caspase 9 is eritical for cell death
regulation in differentiated PC12 cells. This may explain the
greater sensitivity to cytochrome ¢ seen in undifferentiated
cells. The observation that undifferentiated XIAP-tetracycline-
repressible PC12 cells were not very sensitive to microinjected
cytochrome ¢ strongly indicates that XIAP-mediated inhibition
of caspase 9 is acquired during a differentiation program of
PC12 cells. A significant resistance to cell death induced by
cytochrome ¢ microinjection (greater than NGF/Bt,cAMP-dif-
ferentiated PC12 cells) has been reported in NGF-differenti-
ated and -dependent sympathetic neurons (49). Moreover, it
was shown recently that exogenous Smac/DIABLO could re-
lieve this resistance to cytochrome ¢ (50) and that deprivation
of NGF results in down-regulation of XIAP (51). We have pre-
viously shown that cell death induced by deprivation of NGF/
BtycAMP in differentiated PC12 cells is not dependent on pro-
tein synthesis (26, 52), thus it is alse likely that there are
differences in the regulatory mechanisms of cell death
trophic factor-deprived differentiated PC12 cells and sympa-
thetic neurons.

In conclusion, our PC12 data raise the possibility that
during neuronal differentiation additional anti-apoptotic
controls are acquired, particularly at the level of procaspase
9 processing and activation. These controls are likely to be
important determinants in the long term survival of differ-
entiated post-mitotic neurons.
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Mutant Cu/Zn-superoxide dismutase (SOD1) protein aggregation has been suggested as responsible for
amyotrephic lateral sclerosis (ALS), although the operative mediating factors are as yet unestablished. To
evaluate the contribution of motoneuronal Ca®*-permeable (GIuR2 subunit-lacking) a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA)-type glutamate receptors to SOD1-related motoneuronal death,
we generated chat-GIuR2 transgenic mice with significantly reduced Ca®*-permeability of these receptors
in spinal motoneurons. Crossbreeding of the hSOD1%%** transgenic mouse model of ALS with chat-GluR2
mice led to marked delay of disease onset (19.5%), mortality {14.3%) and the pathological halimarks such
as release of cytochrome ¢ from mitochondria, induction of cox2 and astrogliosis. Subcellular fractionation
analysis revealed that unusual SOD1 species first accumulated in two fractions dense with neurofilaments/
giial fibriltary acidic protein/nuclei and mitochondria long time before disease onset, and then concentrated
into the former fraction by disease onset. All these processes for unusual SOD1 accumulation were consider-
ably delayed by GIuR2 overexpression. Ca**-influx through atypical motoneuronal AMPA receptors thus pro-
motes a misfolding of mutant SOD1 protein and eventual death of these neurons.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal, adult-onset
neurodegenerative disease characterized by a selective loss
of motoneurons in the spinal cord and brainstem (1),
Mutation of CwZn-superoxide dismutase (SOD1) is the
most frequent cause of familial ALS (2). Introduction of
such mutated SODT genes into mice causes ALS-like symp-
toms characterized by the selective death of spinal motoneur-
ons, despite a2 ubiquitous expression of mutant proteins (3).
Several lines of evidence have demonstrated that mutant
SODI toxicity is not essentially due to decreased dismutase
activity, but rather to a ‘gain of toxic function’ (4). This

so-called ‘oligomerization hypothesis’ has recently attracted
attention from ALS researchers. The hypothesis maintains
that mutant SOD1 proteins are misfolded, and consequently
oligomerized and aggregated, gaining toxic properties at
some stage in their formation (5). The hypothesis is based on
the numerous observations that SOD1-containing inclusions/
high-molecular-weight-shifted protein complexes are speci-
fically found in spinal motoneurons and their surrounding
astrocytes from autopsied patients and transgenic mice
carrying mutant SOD1 genes {6-8), in spinal cord extracts
from mutant SODI transgenic mice (9-12) and in cultured
motoneurons into which mutant SODI has been micro-
injected (13).
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However, in addition to this line of evidence, glutamate-
induced excitotoxicity has also been implicated in the patho-
physiology of ALS patients and mutant SOD1 transgenic mice
(14—17). Pharmacological experimenis have strongly sug-
gested that the excitotoxicity of spinal motoneurons largely
depends on Ca®*-permeable a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptors specifically
expressed in a subset of neurons, including spinal motoneur-
ons (18,19). AMPA receptors, major mediators for fast excita-
tory neurotransmission in the mammalian central nervous
system, are composed of a heteromeric complex of four sub-
units GluR1-GluR4, and the absence of GluR2 renders the
receptor Ca’*-permeable (20). As this unique property of
GluR2 is generated posttranscriptionallg by RNA editing, an
editing . failare can also produce Ca’'-permeable AMPA
receptors (21). Reduced editing efficiency of GIluR2 mRNA
has been specifically reported in spinal motoneurons from
human sporadic ALS patients (22), further suggesting that
Ca’*-permeable AMPA receptor-mediated excitotoxicity is
closely linked to the vulnerability of spinal motoneurons in
ALS. However, whether and in what manner this atypical
type of AMPA receptor affects mutant SOD1-induced moto-
neuronal degeneration remains to be elucidated.

The purpose of the present study was to explore 2 mechan-
istic link between glutamate toxicity and the conversion of
mutant SOD1 into aberrant forms by meodification of the
electrophysiological properties of motoneuronal AMPA recep-
tors in an ALS mouse model. The chat-GluR2 transgenic
mouse line was generated to overexpress GiuR2 in a cholin-
ergic neuron-specific manner, resulting in a large reduction
in Ca®"-permeability of motoneuronal AMPA receptors. We
detected various types of abnormally folded SOD} proteins
in fractions derived from different cellular compartments
from hSODI1%3* mice spinal cords. Double transgenic mice
carrying both chat-GluR2 and hSOD19%*# displayed a marked
delay of disease onset, followed by delayed formation of all
the abnormal SOD! species. These results indicate that
Ca’*-permeable AMPA receptors in motoneurens contribute
to the conformational changes of mutant SOD1 and the sub-
sequent neurodegeneration associated with these changes.

RESULTS

Generation and characterization of chat-GiuR2
transgenic mice: cholinergic neuron-specific
GIuR2 overexpression results in substantial
reduction of Ca®>*-permeable AMPA receptors in
spinal motoneurons

A mouse line with reduced numbers of Ca’*-permeable
AMPA receptors in spinal motoneurons was generated.
Spinal motoneurons are typical cholinergic neurons, constitut-
ing a minor population among total spinal neurons. Thus, a
cholinergic neuron-specific promoter, i.e. the choline acetyl-
transferase (ChAT) gene promoter (23) (Fig. 1A} was used
to preferentially increase G/uR2 expression in spinal moto-
neurons, Three independent chat-GiuR2 transgenic lines,
Tg3, Tg7 and Tgil, were established. To examine the copy
number of the chat-GIuR2 transgene, Tagman quantitative
DNA PCR and genomic Southern blotting were performed.

Resuits from Tagman PCR indicated that the Tg3, Tg7 and
Tgl0 lines contained ~2, [0 and 16 copies of the char-
GIuR2 transgene, respectively, a finding which was also sup-
ported by genomic Southern biotting (Fig. 1B). Expression
patterns of the transgenes in the spinal cord were examined
using in situ hybridization (Fig. 1C), revealing a preferential
transcription of transgenes in cholinergic neurons in chat-
GluR2 mice. To quantify the GluR2 mRNA level in spinal
motoneurons, motoneurons were carefully purified from frozen
slices of spinal cord using laser microdissection, because other
neuronal populations such as dorsal hom neurons express high
level of GIuR2. Quantitative PCR analysis revealed that spinal
miotoneurotis in Tg7 expressed levels of GluR2 mRNA. nearly
5-fold higher than those of non-transgenic control mice
(Table 1). Tgl0 included numerous copies of the transgene,
but displayed lower levels of GiuR2 expression than Tg7,
probably owing to DNA methylation of transgenes (data not
shown). No significant changes in mRNA levels of ChAT,
endogenous SODI, GluR3 or GluR4 were observed in chat-
GluR2 transgenic mice compared with non-transgenic mice.
Western blotting of the extracts prepared from the spinal
cord ventral region also revealed a significant increase of
the GIuR2 protein level in Tg7 compared with that in non-
transgenic littermates (Fig. 1D). GIuR2 expression was thus
significantly increased in spinal motoneurons in chat-GluR2
mice without affecting the expression of other AMPA receptor
subunits. Next, the Ca**-permeability of AMPA receptors in
spinal motoneurons was examined. Whole-cell patch-clamp
recordings were performed on motoneurons in spinal cord
slices. The first two graphs in Figure 1E represent typical I-V
relationships, showing distinct inward rectification in wild-
type (wt), whereas a linear relationship is seen in Tg7. Nor-
malized 1-V relationships reveal a clear difference between
wt and Tg7 (P < 0.001). The rectification index, an index of
Ca’*-permeability calculated as the ratio of chord conduc-
tance at +40 and --70 mV, was estimated as 0.262 + 4.024
for wt and 0.436 + 0.038 for Tg7 (mean + SEM, P <
0.001). Thus, the majority of AMPA receptors in spinal
motoneurons were Ca’*-impermeable in Tg7 mice, but were
Ca?*-permeable in non-transgenic controls.

Crossbreeding £SODI®?** transgenic mice with
chat-GluR2 transgenic mice markedly delays disease
onset and mortality

The c¢hat-GluR2 transgenic mouse was mated with a
1SODI%%4 transgenic ALS mouse to generate double trans-
genic (GS) mice. Most of the spinal motoneuronal AMPA
receptors were actually Ca**-impermeable in GS mice, but
Ca**-permeable in littermates carrying only the ASODI %4
transgene (S mice, Fig. 2A). The GIL line of hSODJ9%4
mice develops overt symptoms defined as disease onset at
around 7 months, a classification based on a sudden decrease
in motor performance in behavioral tests such as the rotarod
test {25,26). Death occurs at around 8.5—-9 months. To evalu-
ate the effects of reduced Ca®"-permeability in AMPA recep-
tors on the clinical course of ALS, motor performance was
assessed by the rotarod test. Figure 2B depicts the rotarod
score of each mouse measured every week, clearly showing
that mice carrying the SODJ9* gene are rapidly declining
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mice. The excitatory postsynaptic potential (EPSC) of AMPA components was measured from 23 motoneurons of chat-GluR?2 transgenic mice (Tg7, #n = 11) and
22 motoneurons of non-transgenic CS7BL/6] mice (wt, n = 9), using the whole-cell patch-clamp method. Insets represent synaptic currents at holding potentiais
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Table 1. GIuRZ mRNA level is to increased in motoneurons of chat-GIuR2 transgenic mice

Mouse GluR2 GluR3 GluR4 ChAT SOD1
CS7BL/6) (n = 3) 1.00 1.00 1.00 1.00 100
GluR2-Tg3 (n = 3) 0.96 + 0.27 091 + 0.13 1.23 + 0.27 1.01 £+ 0.16 0.74 + 0.20
GluR2-Tg7 (r = 3) 4,78 £+ 0.85* 1.02 £ 0.54 121 + 0.26 1.17 £ 0.38 1.09 + 0.41
GluR2-Tgl) (n = 6) 1.58 £ 0.38*" 0.92 £+ 0.92 122 + 0.48 1.15+ 0.58 1.02 + 0.15

Motoneurons in spinal cord were collected using laser microdissection. Transcription levels of several genes were examined by Tagman real-time
quantitative PCR. Data were normalized with G4PDH expression and then represent relative expression levels compared with levels in C57BL/6J
non-transgenic control mice (mean + SD). Not significantly different (P > 0.05) except for *(P = 0.0015) and **(P = 0.0184), compared with

non-transgenic¢ controls.

in performance score after a certain period. The day just
before the decline in score was defined as the day of disease
onset, and the mean time of disecase onset was compared
between S and GS littermates. Disease onset in GS mice
was delayed, by 42.9 days (19.5%) in Tg7 and 18.7 days
(8.5%) in Tgl0, as compared with S mice. Lifespan was
also prolonged in GS mice, by 37.5 days (14.3%) in Tg7
and 15.2 days (5.7%) in Tg10 (Fig. 2C, Table 2). No signifi-
cant difference in rotarod score or lifespan was observed
between the char-GIuR2 and wt mice (data not shown), Fur-
thermore, no prolongation of lifespan was observed in the
GS mice generated from Tg3 (data not shown), which animals
displayed no additional GIuR2 expression in spinal moto-
neurons (Table 1). The number of motoneurons in the spinal
cord was counted, revealing that degeneration of motoneurons
was also delayed in GS mice from the T§7 line (Fig. 2D).
All these results indicate that reducing Ca®*-permeability in
AMPA receptors delays disease onset and motoneuron death
caused by mutant SODI, presumably in a dose-dependent
manner.

cytochrome c-release from mitochondria, cox2-induction
and gliosis are delayed by GluR2 overexpression

We next investigated whether pathological changes related to
disease onset are verifiably affected by overexpression of
GluR2. Of the numerous events accompanying disease onset
in hSODI®®"* mice, we focused on cytochrome c-release
from mitochondria and induction of cyclooxygenase-2 (cox-
2), as a treatment of ASOD/ G93A mice with agents inhibiting
these events delays disease onset (26,27). Cytochrome c,
which is normally localized to the intermembrane space of
mitochondria, activates caspases and subsequent apoptosis
after release into the cytosol (28). Cox-2 catalyzes the syn-
thesis of prostaglandin E2, which stimulates glutamate
release from astrocytes and plays a key role in the inflamma-
tory process (29). Cytosolic extracts (26) and RNA were pre-
pared from the spinal cord lumbar region, as this is the most
severely affected region in ALS. Cytochrome ¢ became
clearly detectable in the cytosolic fraction around 7 months
in S, but was only faintly detectable even at 8 months in GS
littermates, indicating that the release of cytochrome c is con-
siderably delayed in GS mice (Fig. 3A). Induction of cox-2
transcription was also significantly delayed in GS in compari-
son to S littermates (Fig. 3B). After disease onset, ASOD! 93A
mice exhibit severe gliosis in the spinal cord owing to

exacerbated inflammation (30). We also found that astrogliosis
was remarkably delayed in GS mice (Fig. 3C). Reducing
Ca*'-permeability of AMPA receptors is thus likely to
affect the upstream events of cytochrome c-release and cox-
2 induction among the processes triggered by mutant SOD1
proteins.

Mutant SOD1 protein is converted into various unusual
forms in different cellular compartments, but the conver-
sion is markedly delayed by GluR2 overexpression

The misfolding and subsequent conformational changes in
mutant SODI proteins are hypothesized to be responsible for
the death of motoneurons in SODl-related ALS (5,9,10).
Most SOD1 proteins are located in the cytosol, but very
small populations are found in organelles such as mitochon-
dria (31) and nuclei (32). Therefore, we roughly divided a
homogenate from the lumbar spinal cord into a crude mito-
chondrial fraction and a post-mitochondrial fraction by
simple centrifugation (31), and analyzed in which fraction
the misfolded and hence high-molecular-weight-shifted SOD1
proteins were detectable. Most organelles and cytoskeletons
were found to be containgd in the crnde mitochondrial
fraction, whereas cytosolic proteins were in the post-
mitochondrial fraction (data not shown).

As the post-mitochondrial fraction contained an extremely
large amount of SOD1 proteins, it was a formidable task to
detect high-molecular-weight-shifted SOD1 species in this
fraction by conventional western blotting (data not shown).
To enhance the sensitivity of detection, the post-mitochondrial
fraction was size-fractionated using size-exclusive chromato-
graphy with high-performance liquid chromatography (HPLC),
and the HPLC fractions were immunoblotted. The results as
shown in Figure 4A indicated that, in addition to the very
large amount of SOD1 monomers, high-molecular-weight-
shifted SOD1-immunopositive species corresponding to dimer
(*2); trimer (*3) and tetramer (*4) sizes of mutant SOD] were
detectable in 2-, 6- and 8-month-old S mice, respectively
{Fig. 4A). These oligomer-sized species were not observably
detected in the lumbar spinal cord from wt or the cerebrum
from § littermates even at 8 months, suggesting that the con-
version of the SOD1 protein into oligomer-sized forms prefer-
entially occurs in the spinal cord. The molecular shifts of those
species were not due to ubiquitination, as they were not
detected by anti-ubiquitin antibody (Supplementary Material,
Fig. S1). Formation of oligomer-sized SOD1 aberrant forms
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Figure 2. GluR2 overexpression markedly delays discase onset and prolongs survival in ASOD! G934 transgenic mice. (A) The majority of AMPA receptors in
spinal motoneurons were Ca'-impermeable in GS (chat-GluR2/~+:hS0DI%*A/4.) littermates, but Ca**-permeable in S (ASODIA4) littermates. EPSCs of
AMPA components were measured from 19 (S, # = 5) and 21 (GS, » = 4) spinal motoneurons in the same way as in Figure LE. Rectification index was esti-
mated as 0321 + 0.036 for § and 0.535 + 0.018 for GS (mean + SEM, £ < 0.01). (B) GluR2 overexpression delayed the decline of motor performance
assessed by the rotarod test. Each point represents the mean of four measurements per day every week on each mouse. Significance of difference in comparison
of GS versus S littermates was analyzed by repeated measured ANOVA followed by Fisher's PLSD post hoc test (Tg7: P < 00001 and Tgl0: P = 0.0005). In
both lines, £ < 0.00] after 32 weeks of age. (C) Cumulative probability of disease onset and survival was compared between S and GS littermates, Data were
analyzed by Kaplan-Meier life test and log-rank test, and the result is surnmarized in Table 2. (D) Degeneration of spinal motoneurons was significantly delayed
by GluR2 overexpressjon. The 30 pm thick frozen sections were prepared from T10-L5 segments of spinal cords and stained with 0.01% toluidire blue. Large
neurons with diameter >25 pum in the ventral horn, which are most severely depleted in ASOD1%%** mice, were counted serially in all sections. Data represent
the means + SEM from 4-6 mice in each stage. § P < 0.05, { P < 0.01 and # P < 0.001.
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Table 2. Prolonging effects of GIuR2 overexpression on the disease onset and survival

chat-GluR2-Tg ASODIS®4 chat-GluR2/+, hSOD15%4/ 4 P

Tg? Onset 219.7 + 3.0 262.6 £ 2.6 <0.0001
Suryival 262.5 + 4.5 3000 & 3.5 <0.0001
Length 428+22 379 +2.4 0.1563
n 12 10

Tgl0 Onset 219.8 + 2.6 238.5 + 2.7 <0.0001
Survival 2645 +22 2797 £ 3.1 0.0005
Length 44.8 + 2.0 40.8 + 2.0 0.2189
n 15 15

Data are expressed as means +SEM. Statistical significance in comparison of ASOD1/4 (8) and chat-GluR2/+
hSODI/+ (GS) littermates was assessed by ANOVA followed by post hoc Fisher’s PLSD test.

was significantly delayed in GS compared with S littermates.
On the other hand, western blotting of the crude mitochondrial
fractions revealed that a significant population of SODI1 pro-
teins in this fraction was converted into species distinct from
those found in the post-mitochondrial fractions (Fig. 4B). In
addition to dimer-sized SODI1, two major species between
the monomer and dimer sizes (~25 and 35 kDa) were detected
in symptomatic mice. Formation of all the unusual species in
crude mitochondrial fractions was also delayed by more than 1
month in GS compared with S littermates.

Certain populations of SOD1 proteins, probably growing
aggregates, can be efficiently trapped onto membranes com-
posed of cellulose acetate, and these filter-trapped SOD!
species extensively increased in tandem with discase pro-
gression in mutant SODI transgenic mice (10). Figure 4C
indicates that the filter-trapped SOD1 aggregates were con-
siderably increased during disease onset in S mice, but
increased more slowly in GS compared with S littermates.

Unusual SOD1 species first accumulate in the

fractions dense with neurofilaments, GFAP, nuclei and
mitochondria, which accumulation is markedly delayed
by GluR2 overxpression

The finding of unusual SOD1 species depicted in Figure 4 led
us to do further subcellular fractionation analysis in order to
define in which celiular component such unusual species are
localized. We thus divided the lumbar spinal cord into four
different organelle-enriched fractions (P1-P4) and a super-
natant fraction (S) consisting of cytosolic proteins (Fig. 5A).
Immunoblots of these fractions revealed that unusual SODI
species (*) first appeared in the P1 and P2 fractions long
time before disease onset, and then, intensively accumulated
into the P1 fraction by the disease onset (Fig. 5B). Nuclei
and certain kinds of cytoskeletons such as neurofilaments
and glial fibrillary acidic protein (GFAP) were effectively con-
centrated into the P1 fraction, whereas mitochondria are con-
centrated into the P2 fraction. In S mice, the dimer-sized
species were first detected in the P1 and P2 fractions at 4
months. At 7 months, the stage of disease onset, the P1 frac-
tion contained a considerable amount of unusual SODI]
species of approximately the size of a dimer, 25 and 35 kDa,
which were very similar to those detected in the crude mito-
chondrial fractions as depicted in Figure 4B. These species

were only weakly detected in P2, P3 and P4 fractions at the
stage of disease onset, but then accumulated with disease pro-
gression, All these unusual SOD1 species were hardly detect-
able in the cerebrum, cerebellum, testis and muscle from S
mice even at end stage {data not shown for cerebellum and
muscle), and were hardly detectable in the spinal cord from
9-month-old wt littermates. In GS littermates, dimer-sized
species were faintly detected in the P1 and P2 fractions at 6
months of age. Other species accumulated to an enormous
extent in the Pl fraction at 8 months of age, the stage of
disease onset in GS mice, indicating that the formation of
these unusual SODI1 species was delayed concomitantly with
the delay of disease onset in GS compared with S littermates.
These observations strongly suggest that the misfolding and
subsequent conformational changes of mutant SODI1 proteins
are delayed when the Ca”*-permeability of AMPA receptors is
significantly reduced.

The increase of oxidatively modified proteins is attenuated
by GluR2 overexpression

Although the mechanism underlying the marked effects of
reduced AMPA receptor Ca’T-permeability on the confor-
mational changes of mutant SOD1 is currently unclear, the
attenuation of cellular oxidative stress may be involved. Oxi-
dation of human SODI proteins in vitro causes cleavage
and/or conjugation (33), resulting in the formation of various
types of unusual SOD1 species (34,35). Moreover, elevated
cellular oxidative stress and resulting oxidative modification
of proteins and lipids such as carbonylation are reported in
spinal cords from ASODI%%# mice (36-38). Thus, we com-
pared the level of carbonylated proteins in spinal cord extracts
between S and GS litiermates, taking it as a marker of cellular
oxidative stress. The results in Figure 6 reveal that carbony-
lated proteins in spinal cords increased only gradually before
discase onset, then, increased substantially at disease onset
in both S and GS mice. Such drastic increase was not observed
in the extracts from cer¢brum even in 9-month-old S mice.
Statistical analysis revealed that the increase of carbonylation
was significantly delayed, by at least 2 months, in GS com-
pared with S littermates. This delay of protein oxidative modi-
fication might help explain why conformational changes of
SOD1 proteins are delayed in GS mice.
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Figure 3. GluR2 overexpression delays cytochrome c-release from mitochendria, cox-2 induction and subsequent astrogliosis. (A) Cytochrome ¢ release from
mitochondria into the cytosol was markedly delayed by GIuR2 overexpression. Cytosolic (15 pg) and crude mitochondtial (2 pg) fractions from the lumbar
spinal cords were immunoblotted. Hsp60 was used as a marker protein for mitochondria. The anti-SOD!? antibody used in this paper recognizes both human
{upper band, 22 kDa) and mouse (lower band, 16 kDa) SOD1. f P < 0.05, in comparison of S and GS littermates. (B) Induction of cox-2 transcription was
significantly delayed by GluR2 overexpression, RT—-PCR analysis was performed using total RNA extracted from lumbar spinal cords. To confirm exponential
amplification in each PCR condition, results using two dilution series of template, which differed in concentration by an order of magnitude, are shown. Sig-
nificance of difference was assessed from the results using larger amounts of templates. T P << 0.05 and 1 P < 0.01 (S versus GS). (C) Astrogliosis was pro-
mineat in 8-month-old S, but was barely detected in GS littermates at the same age. The lumbar regions of mouse spinal cords were immunostained with anti-

GFAP antibody.

DISCUSSION

Motoneuronal Ca“-permeable AMPA receptors
contribute to selective cell death in SOD1-related ALS

The present study demonstrates that motoneuronal Ca’*-
permeable AMPA receptors contribute to the development of
SOD1-related ALS. Reducing permeability by motoneuron-
preferential GIuR2 overexpression significantly prolongs the
lifespan of ALS mice by delaying disease onset (Fig. 2B and
C). The mutant SOD! protein Jevel in the ventral spinal cord
was not significantly different between S and GS littermates
(Supplementary Material, Fig. S2), and GluR2 mRNA level in
spinal motoneurons did not significantly change during the
course of disease in ASODI 4 mice (data not shown). Thus,
the beneficial effects of GluR2 overexpression do not result
from either a reduction of mutant SOD1 expression or a simple

compensation of decreased GluR2 expression, but from reduced
Ca**-influx through motoneuronal AMPA receptors.

A recent study on chimeric mice between wild-type and
mutant SOD] transgenic mice revealed that the death of moto-
neurons expressing mutant SOD1 can be delayed when the
surrounding non-neuronal cells do not express mutant SOD1
(39). This finding indicates that motoneuronal death triggered
by mutant SOD1 is not cell-autonomous, but also depends on
the interactions with surrounding glial cells expressing mutant
SOD1. However, there must be a reason why only moto-
neurons die among the neurons surrounded by non-neuronal
cells expressing mutant SOD1. The present study provides
evidence that the expression of Ca**-permeable AMPA recep-
tors confers a critical feature on motoneurons such that they
undergo death in response to mutant SODI1 effects within
themselves and surrounding cells.
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Figure 4. Distinctive patterns of unusual SOD1 species are found in the fractions derived from the cytosol and organelle/cytoskeleton, the formation of which is
markedly delayed by GluR2 overexpression. (A) A very small population of SOD1 proteins is converted into oligomer-sized species in the cytosol long before
disease onset, which was effectively delayed by GIuR2 overexpression. HPLC fiactions derived from ~100 pg of post-mitochondrial (cytosolic protein-
enriched) fractions were immunoblotted. Formation of unusual SOD1 species corresponding to a dimer (*2), a trimer ("3} and a tetramer ("4} in size was sig-
nificantly delayed in GS compared with S littermates. + £ < 0.05, { P < 0.01 and # P < 0.001. Non-specific bands appear in the void fraction. (B) Unusual
SOD1 species differing from those in post-mitochondrial fractions were detected in crude mitochondrial (organelle/cytoskeleton-enriched) fractions at
disease onset, which was effectively delayed by GluR2 overexpression. The crude mitochondrial fractions (5 wg) were immunoblotted, Asterisks indicate
usual SODI species corresponding to a dimer, ~25 and 35 kDa sizes. T P < 0.05 (8 versus GS littermates). (C) Filter-trapped SOD!, which might represent
misfolded or aggregated forms, increased markedly before disease onset in S, but very slowly in GS littermates. Aliquots 12.5 pg of the post-mitochondtial

fractions were solubilized with TBST (0.025% Tween-20) and filtered using cellulose acetate membrane (0.2 jum diameter) followed by immunostaining
(10). T P < 0.05 (S versus GS littermates).
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Figure 5. Unusual SODI1 species first appear in the fraction enriched in neurofilaments, GFAP, nuclei and mitochondria, which is markedly delayed by GluR2
overexpression, (A) The procedure for subcellular fractionation. The representative organelles and cytoskeletons enriched in each fraction are indicated. (B)
Unusual SOD1 species (asterisks) were first detected in P1 and P2 before disease onset, and then accumulated in other orpanelle fractions with disease
progression. Aliquots of 5 g of each fraction was immunoblotted. The distribution of each organelle and cytoskeletons was evaluated using antibodies
for each marker protein. Accumulation of unusual SOD1 species in spinal cords was significantly delayed in GS compared with S littermates. T P <008,
1 P <001 and # P < 0.001 (S versus GS littermates),



