C5b-9 Terminal Complement Complex Protects
Oligodendrocytes from Death by Regulating Bad Through
Phosphatidylinositol 3-Kinase/Akt Pathway*
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Apoptosis of oligodendrocytes is induced by serum growth factor deprivation. We showed that oligodendrocytes and progenitor
cells respond to serum withdrawal by a rapid decline of Bcl-2 mRNA expression and caspase-3-dependent apoptotic death.
Sublytic assembly of membrane-inserted terminal complement complexes consisting of C5b, C6, C7, C8, and C9 proteins (C5b-9)
inhibits caspase-3 activation and apoptotic death of oligodendrocytes. In this study, we examined an involvement of the mito-
chondria in oligodendrocyte apoptosis and the role of C5b-9 on this process. Decreased phosphatidylinositol 3-kinase and Akt
activities occurred in association with cytochromec release and caspase-9 activation when cells were placed in defined medium.
C5b-9 inhibited the mitochondrial pathway of apoptosis in oligodendrocytes, as shown by decreased cytochromeelease and
inhibition of caspase-9 activation. Phosphatidylinositol 3-phosphate kinase and Akt activities were also induced by C5b-9, and the
phosphatidylinositol 3-phosphate kinase inhibitor LY294002 reversed the protective effect of C5b-9. Phosphatidylinositol 3-phos-
phate kinase activity was also responsible for the phosphorylation of Bad at SE? and Ser**®. This phosphorylation resulted in
dissociation of Bad from the Bad/Bcl-x complex in a Gie-dependent manner. The mitochondrial pathway of oligodendrocyte
apoptosis is, therefore, inhibited by C5b-9 through post-translational regulation of Bad. This mechanism may be involved in the
promotion of oligodendrocyte survival in inflammatory demyelinating disorders affecting the CNS. The Journal of Immunology,
2001, 167: 2305-2311.

and undergo apoptosis during development (1-3). In de-CNS diseases, including MS, Guillain-Barsgndrome, Alzhei-
veloping CNS, OLG are selectively rescued from apo- mer’s disease, Parkinson’s disease, and stroke (14-20). By form-

ptosis by survival signals provided by axonal contact and growthing pores in the cell membrane, C5b-9 causes cell death in part
factors (3-5). Apoptotic death of OLG, in contrast, plays a patho-through unregulated €& influx (21, 22). However, OLG, like
genic role in myelin loss and failure of axonal conduction in in- other nucleated cells, survive limited complement attack through
flammatory and degenerative disorders affecting CNS (6—8). Approtection by complement-inhibitory proteins and by elimination
optotic OLG death is induced by a variety of factors, including of membranes carrying C5b-9 complexes (23-28). We recently
TNF-a, nerve growth factor, and the interaction of CD95 and demonstrated that sublytic doses of C5b-9 inhibit the caspase-3-
CD95 ligand in vivo and in vitro (8—11). Some OLG in multiple dependent OLG apoptosis induced in vitro by serum deprivation or
sclerosis (MS) lesions express Bcl-2, and the level of expressioMNF-« (29). The mechanisms and signaling pathways involved in
correlates with the extent of remyelination (12, 13). This finding this protective activity of C5b-9 are currently unknown. Sublytic
suggests that OLG are capable of antiapoptotic response in viva@e5b-9 induces Gi-dependent ang{mediated activation of Ras,
Therefore, factors that rescue OLG from apoptosis may increasproto oncogene serine/threonine-protein kinase (Raf)-1, mitogen-
the survival and remyelinating potential of OLG. activated protein kinase-1/extracellular signal-regulated kinase-1

Complement activation with assembly of the terminal comple-(MEK1), and extracellular signal-regulated kinase-1 (ERK1) in a
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that bind to Bax or Bak, thus inhibiting the antiapoptotic activity
of Bcl-2 and Bcl-x, (42, 43). Phosphorylation of Bad enhances cell
survival by inducing cytoplasmic sequestration of Bad through for-
mation of the Bad/14-3-3 protein complex (42, 43).

In this report, we demonstrate that the decrease in PI-3K and
Akt activities of OLG and OPC in response to serum growth factor
withdrawal is associated with an induction of apoptosis through
the mitochondrial pathway. Sublytic C5b-9 assembly protected
OLG from apoptosis, and this rescue was mediated by Gi-depen-
dent activation of PI-3K/Akt. This signaling pathway appears re-
sponsible for phosphorylation of Bad at Ser**? and Ser**® and the
dissociation of Bad from Bcl-x, . These findings suggest that sub-
lytic C5b-9, a ubiquitously activated inflammatory mediator, may
play a significant role in OLG surviva in inflammatory CNS
disorders.

Materials and Methods
Primary cultures of OLG progenitor cells and OLG

Primary OPC were prepared according to the method of Saneto and De-
Vellis (44). Briefly, glia cells isolated from neonatal Sprague Dawley rat
brains were grown for 10 days as stratified mixed cultures. OPC, obtained
by shaking, were differentiated in defined medium containing serum-free
DMEM-Ham'’s F-12, transferrin (500 ng/ml; Sigma, St. Louis, MO), in-
sulin (75 ng/ml; Sigma), basic fibroblast growth factor (75 wg/ml; Collab-
orative Research, Lexington, MA), and 1 mM sodium pyruvate. We have
previously shown that after 56 h in defined medium, >85% of cells are
mature OLG expressing myelin basic protein, proteolipid protein, and ga-
lactocerebroside (31). Less than 3% of cells negative for myelin basic
protein are astrocytes, whereas the remaining cells stain with A2B5 Ab and
are therefore progenitors in varying stages of differentiation (31). Thus,
OPC cultured in defined medium for 56—72 h are designated as OLG.

Membrane assembly of sublytic C5b-9 using terminal
complement proteins

In this study, sublytic C5b-9 was assembled using purified human com-
plement proteins C5-C9 obtained from Quidel (San Diego, CA). The C5b6
complex was prepared from C5 and C6 as described (45) or purchased
(Advanced Research Technologies, San Diego, CA). Cell monolayers at
10%/24-cm? flask were treated with 30 g C5b-6 or 18 U C5b-6 (Advanced
Research Technologies) for 15 min, then with C7 (10 wg) for 5 min at room
temperature. C8 (10 ng) and C9 (15 ng) were added in a final volume of
1 ml, as described (21, 29, 32). Cells were incubated at 37°C for the in-
dicated periods. The concentrations of complement proteins used in this
study are sublytic for OLG, as determined by staining cells with vital dye
trypan blue.

Cell death by MTS assay

Live cells were quantitated using CellTiter96Aqueous cell proliferation
assay (Promega, Madison, WI), as previously described (29). In brief, OPC
plated in 96-well plates at 10° cells'well in 200 ul defined medium were
cultured for 56 h. After exposure of cells to C5b-9, methyltetrazolium salt
(40 wl) was added at the indicated time points. The plates were incubated
2 h at 37°C, and OD was measured at 540 nm. Results are expressed as
mean percent surviving cells = SE using the initial cell number at the
beginning of the experiment as 100%. Each sample was assayed in tripli-
cate. The Student t test was used to determine the statistical significance of
the results.

PI-3K and Akt kinase activity assays

PI-3K assay was performed as previously described (33). In brief, cells
were lysed in 30 mM Tris-HCI (pH 7.4), 0.15 M NaCl, 1% Nonidet P-40,
0.1% SDS, 0.5% sodium deoxycholate, 1 mM EDTA, 1 mM DTT, 2 mM
MgCl,, 1 mM NavO,, 0.5 mM PMSF, 100 wg/ml aprotinin, and leupeptin
(RIPA buffer). Equal amounts of cell lysates (150 wg protein) were im-
munoprecipitated overnight with anti-p85 PI-3K polyclona 1gG (Santa
Cruz Biotechnology, Santa Cruz, CA) in the presence of protein A/G aga-
rose (Cabiochem, La Jolla, CA). The beads were washed in RIPA buffer
and then with kinase buffer (20 mM Tris-HCI (pH 7.5), 100 mM EDTA,
0.5mM EGTA, 1 uM ATP, 10 mM MgCl,). The immunoprecipitates were
incubated with phosphatidylinositol and 10 uCi [y->2P]ATP (NEN, Bos-
ton, MA) for 30 min at 37°C in kinase buffer. The reaction was terminated
by adding 4 M HCI and chloroform-methanol (1:1), and samples were
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analyzed on TLC by alowing migration of the phosphorylated substrates.
The spots were excised, and the radioactivity was counted. For Akt assay,
equal amounts of lysates (150 ng) were subjected to immunoprecipitation
with rabhit 1gG to human Akt (Santa Cruz Biotechnology) and protein A-
and G-agarose, as described for PI-3K. Agarose beads were washed with
RIPA buffer as above, and beads carrying the immunoprecipitates were
incubated for 10 min at 37°C in kinase buffer containing 40 uM protein
kinase A inhibitor peptide (Upstate Biotechnology, Lake Placid, NY) and
10 pl Akt substrate peptide RPRAATF (Upstate Biotechnology; Ref. 46).
Peptide phosphorylation was assessed by loading samples on P81 phos-
phocellulose paper and counting the radioactivity.

Determination of cytochrome ¢ (cyto-c) release

Cytoplasmic translocation of cyto-c from the mitochondrial intermembrane
space was determined by digitonin permeabilization (47—49). Briefly, cells
were lifted from plates by trypsinization and washed with ice-cold PBS and
then with 0.25 mM EGTA. Cells were resuspended in a 20 mM HEPES
buffer, pH 7.0, containing 125 mM KCI, 2 mM K,HPO,, 5 mM malate, 5
mM glutamate, and protease inhibitors. Cells were treated with 0.01% dig-
itonin for 10 min on ice, a condition that permeabilizes >95% of cells.
Permeabilized cells were centrifuged at 10,000 X g for 30 min at 4°C, and
the supernatant containing cytoplasmic proteins was recovered and stored
a —70°C. The pellets containing mitochondria were lysed in RIPA buffer.
The protein concentration was measured by the bicinchoninic acid method
(Pierce, Rockford, IL). The presence of cyto-c in the supernatant is not due
to mitochondria damage by digitonin, as shown by the release of cyto-
plasmic lactate dehydrogenase but not mitochondrial succinyl dehydroge-
nase (47). The supernatant and pellet fractions were analyzed for cyto-c by
SDS-PAGE and immunobl otting with a mouse monoclonal anti-cyto-c 1gG
(PharMingen, San Diego, CA). Blots were aso probed for actin and a
mitochondrial membrane protein cyto-c oxidase subunit IV (cox 1V) using
antiactin 1gG (Santa Cruz Biotechnology) and anti-cox 1V 1gG (Molecular
Probes, Eugene, OR), respectively. Actin served as control for supernatant,
and cox |V was used as a pellet control. The immunoreactive bands were
detected using peroxidase-conjugated secondary Ab and then enhanced
chemiluminescence (Pierce). The radiographic band density was measured
using UN-SCAN-IT software (Silk Scientific, Orem, UT), and results are
shown as density ratios to actin or cox 1V.

Thelevel of cyto-c released from the permeabilized cell cytosol was also
determined by ELISA using the cyto-c immunoassay kit (R&D Systems,
Minneapolis, MN). Equal amounts of protein were assayed for cyto-c, as
described in the manufacturer’s instructions. Results are expressed as pi-
cograms cyto-c per microgram total supernatant protein.

Analysis of caspase-9 activation by Western blot

After exposure to C5b-9 or C5b6, cells were cultured for 18 h in defined
medium and then lysed in RIPA buffer. Lysates were examined for
caspase-9 cleavage products by immunoblotting using an Ab specific for
the 37- and 17-kDa caspase-9 fragments (NEB, Beverly, MA).

Analysis of Akt and Bad phosphorylation

Phosphorylation of Akt and Bad was examined using NEB assay. After
exposure to C5b-9 or C5b6 for the indicated time periods, cell lysates were
immunoprecipitated with goat anti-Aktl 1gG (Santa Cruz Biotechnology),
rabbit anti-Bad 1gG, rabbit 1gG to Ser™*? phosphorylated Bad (NEB), and
goat anti-actin 1gG together with protein A/G agarose. The beads were
washed with lysis buffer and then boiled in Laemmli sample buffer. Eluted
protein was then examined by SDS-PAGE (7.5% for Akt and 12% for Bad)
and immunoblotted using Ab to phosphorylated Aktl at Ser*”® (NEB) and
Bad at Ser''? or Ser'®® (NEB). Results are expressed as density ratios to
actin. In some experiments, cells were pretreated with pertussis toxin
(PTX; List Biological, Campbell, CA) for 4 h to inhibit Gia or with
LY 294002 (Biomol, Plymouth, PA) for 1 h to inhibit PI-3K.

Determination of Bad complexed with Bcl-x_

Cell lysates (100 g protein) were immunoprecipitated with rabbit anti-
Bcl-x, 1gG (Santa Cruz Biotechnology) before immunoblotting. The pres-
ence of Bad in anti-Bcl-x, immunoprecipitates was evauated by 10%
SDS-PAGE and immunoblotting using anti-Bad 1gG (Santa Cruz Biotech-
nology). The same blot was then examined for Bcl-x, , and the results are
shown as Bad:Bcl-x, density ratios.
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Results
Apoptosis of OLG is associated with a decrease in PI-3K and
Aktl activities

In defined medium, OPC cease to proliferate and begin to differ-
entiate into OLG. The lack of serum growth factors also initiates
the process of apoptosisin these cells (1-5). After 56 h in defined
medium, ~40% of cells survive as differentiated OLG (29). We
examined the PI-3K and Akt1 activitiesin OPC in defined medium
for up to 72 h (Fig. 1). The rate of decline in PI-3K and Akt
activities, determined in separate experiments, are presented to-
gether in Fig. 1. PI-3K and Akt1l activities declined rapidly within
3-6 hin viable cells. The rate of their decline was similar to the
loss of Bcl-2 mRNA expression under identical conditions (29).
These findings suggested that serum deprivation results in rapid
loss of signal kinases required for survival, and also Bcl-2 gene
expression.

Apoptosis of OLG is associated with an increase in cyto-c
release and caspase-9 activation

We have measured the release of cyto-c and the activation of
caspase-9 in OPC in defined medium. We have detected cytoplas-
mic cyto-c after 24 h, and the released cyto-c level was increased
significantly at 72 h. Increased cyto-c in supernatants was associ-
ated with decreased cyto-c in pellet fractions (Fig. 2A). The su-
pernatant was free of mitochondrial contamination, as shown by
the absence of cox 1V in digitonin-treated samples. The absence of
cyto-c in digitonin-permeabilized supernatant of the control cells
(Fig. 2A, t = 0 point) also indicated that the cyto-c was released
from the mitochondria aff ected by apoptosis, not mitochondria per-
meabilized by digitonin. The mitochondrial involvement was fur-
ther supported by the activation of caspase-9, as shown by the
generation of a 37-kDa caspase-9 cleavage fragment (Fig. 2B), a
process requiring cyto-c release (50).

Sublytic C5b-9 inhibits cyto-c release and caspase-9 activation

Mitochondria play a central role in apoptosis induced by growth
factor deprivation and stress injuries, such as those following UV
irradiation and protein synthesis inhibition (41, 50). Mitochondria
arealsoinvolved in apoptosisinduced by cytokines such as TNF-«
(51). We previously showed that sublytic C5b-9 rescued OLG
from apoptosis induced in vitro by serum deprivation and by
TNF-«, and this rescue was associated with inhibition of caspase-3
activation (29). Because the mitochondrial pathway of apoptosis
was clearly implicated in death of OLG cultured in defined me-
dium (Figs. 1 and 2), the effects of C5b-9 on cyto-c and caspase-9
were investigated. OLG differentiated from OPC for 56 h were
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FIGURE 1. Down-regulation of PI-3K and Akt activities during OLG
differentiation. OPC were cultured in defined medium and lysed at varying
time points. Anti-Pl-3K immunoprecipitates were examined for PI-3K ac-
tivity by assessing phosphorylated phosphatidylinositol by TLC. Radioac-
tive spots corresponding to PI-3K activity were excised and counted. In
separate experiments, anti-Aktl immunoprecipitates were examined by in
vitro kinase assay using an Akt-specific peptide substrate. Data from two
separate experiments are shown.
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FIGURE 2. Release of cyto-c and activation of caspase 9 in apoptotic
OLG. A, OPC cultured in defined medium for the indicated time points
were collected by trypsinization. After permesabilization of cells with dig-
itonin, the supernatants and pellet fractions were separated, and each sam-
ple (25 ng protein) was examined for cyto-c by immunoblotting using
monoclonal anti-cyto-c 1gG. Antiactin and anti-cox |V 1gG were used as
controls. Results are shown as density ratios of cyto-c (15 kDa) to cox 1V
for pellets and to actin for supernatants. Actin is released by digitonin
treatment. A representative result of three experiments is shown. B, OPC
cultured in defined medium for 0 and 24 h were lysed and examined by
immunoblot using a rabbit IgG to the 37-kDa cleavage product of
caspase-9. The same blot was probed for actin. Results are shown as den-
Sity ratios to actin.

further cultured in defined medium for 18 h, as previously de-
scribed (29, 31). OLG death occurring during this 18 h was ~45%
(see Fig. 6). Using this system, the effect of sublytic C5b-9 on
cyto-c release was measured. The sublytic dose of C5b-9 was de-
termined by trypan blue stain after treating OLG with limiting
C5hb6 and excess C7, C8, and C9 (Fig. 3). As shown in Fig. 4A,
C5b-9, but not C5b6 (30 wg or 18 U), caused >60% inhibition of
cyto-c release. Anincrease in cyto-c was seen in the corresponding
pellets. Similar results were obtained (63% inhibition) when cyto-c
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FIGURE 3. Determination of C5b-9 sublytic dose on OLG. OLG in
24-well plates were treated with limiting C5b6 and an excess of C7 (10
ng), C8 (10 ug), and C9 (15 ng), as described in Materials and Methods.
After 60 min at 37°C, cell death was determined by staining with trypan
blue and counting >600 cells/sample. Results are shown as percent cell
death = SE of two separate experiments performed in duplicate. By protein
analysis and hemolytic assay, 30 ng C5b6 prepared by us (30) and used as
a sublytic dose are equivalent to 18 U C5b-6 obtained from Advanced
Research Technologies.
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FIGURE 4. Effect of C5b-9 on cyto-c release in OLG. A, OLG differ-
entiated from OPC for 56 h were exposed to a sublytic dose of C5b-9, as
described in Materials and Methods. After 18 h, cells were permeabilized
with digitonin, and cyto-c release was assessed by immunoblotting. Con-
trols (CTR) included cells treated with C5b6 or medium. Results are also
shown as density ratios to actin and to cox IV, for supernatants and pellets,
respectively. B, Experiments identical with those in A were conducted.
Cyto-c in the supernatants, released from permeabilized cells, was assayed
by ELISA, as described in Materials and Methods. Results are expressed
as picograms cyto-c per microgram total protein.

release was measured by ELISA (Fig. 4B). To evauate the
caspase-9 activation, the presence of the 17-kDa caspase-9 frag-
ment was examined in C5b-9-treated cells (Fig. 5). C5b-9, but not
C5h6, totally abrogated the increase in the 17-kDa fragment during
the 18-h period. These findings indicated that C5b-9 inhibits the
mitochondrial pathway of apoptosis, in which caspase-9 activated
by cytosolic cyto-c/Apaf complex plays an essential role in
caspase-3-dependent cell death (41, 50).

The PI-3 kinase inhibitor LY294002 reverses the C5b-9 rescue
of OLG apoptosis

Both PI-3K and mitogen-activated protein kinase pathways pro-
mote cell survival through regulation of the Bcl-2 family of pro-
teins (36—40). We examined the role of PI-3K and ERK pathways
in OLG survival induced by C5b-9. OLG derived from OPC in
defined medium for 56 h were treated with PI-3K inhibitor (10 uM
LY?294002) or MEK1 inhibitors (25 uM PD98059 or 10 uM
uU0126) for 18 h. Cell survival, determined by the MTS assay,
showed 46% reduction in control cells in defined medium after
18 h. As shown by Fig. 6, 75% of cell death was reversed by
C5b-9. This reversal is statistically significant (p < 0.05). The
protective effect of C5b-9 was totally abrogated by LY 294002
(Fig. 6) and partially abrogated by inhibiting MEK 1 activity (data
not shown). These data suggested that PI-3K, but not the ERK
pathway, is the primary signal pathway to rescue OLG from apo-
ptosis. Alternatively, both the PI-3K and ERK1 pathways may be
required, because ERK1 activity can be inhibited by PI-3K inhib-
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FIGURE 5. Effect of C5b-9 on caspase-9 activation in OLG. OLG were
exposed to C5b-9 or C5b6 for 6 and 18 h. Cells were lysed and examined
for the 17-kDa caspase-9 fragment by immunoblotting. Results are aso
shown as density ratios to actin. CTR, control.
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6 18

itors (33, 52). The cell surviva reduced below the control level
(Fig. 6, CTR, 18 h) by LY 294002 may be due to PI-3K activation
by the low level of fibroblast growth factor in defined medium.

C5b-9 induces activation of PI-3K and Akt

Because OLG survival induced by C5b-9 was inhibited by PI-3K
inhibitor, the ability of C5b-9 to activate PI-3K in OLG was as-
sessed. C5b-9 increased PI-3K activity to a maximum of 5-fold
(Fig. 7A), similar to the effect of C5b-9 in aortic smooth muscle
cells (33). PI-3K and Akt activities decreased with an induction of
OPC/OLG apoptosis (Fig. 1). Because Akt is considered to be the
critical kinase in PI-3K-dependent survival, Akt activation by
C5b-9 was determined by in vitro kinase assay and by assessing
the phosphorylated Akt at Ser”3. Akt activity reached a maximum
of 3.4-fold at 10 min and remained elevated at 40 min (Fig. 7B).
Akt phosphorylation at Ser*”® increased 2.5-fold over the untreated
or C5b6 controls at 30 min (data now shown).
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FIGURE 6. Effect of PI-3K inhibition on C5b-9 rescue of OLG apo-
ptosis. OPC plated in 96-well plates at 10° cells/well were cultured in
defined medium for 56 h. Cells were treated with LY 294002 (10 uM) for
1 h and then exposed to C5b-9. After 18 h, cell survival was assessed by
MTS assay. The number of live cells at the beginning of the experiment
(CTR, 0 h) was considered to be 100% viable. Results of four separate
experiments performed in triplicate are expressed as percent surviving cells
+ SE, relative to CTR value at 0 h.
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FIGURE 7. Activation of PI-3K and Akt by C5b-9. A, OLG were
treated with C5b-9 or C5b6 for the indicated time periods. PI-3K activity
was determined as described in Fig. 1. Results from triplicate samples are
shown as cpm = SE. B, OLG, treated with C5b-9 or C5b-6 for the indi-
cated time period, were examined for Akt activity as described in Fig. 1.

C5b-9 induces Bad phosphorylation at Ser**? and Ser**®

Phosphorylation of Bad at Ser'®® by Akt is a critical step in PI-
3K-dependent cell survival (39). Phosphorylation of other sites,
such as Ser'? and Ser™®®, by other kinases is also important in
down-regulating Bad activity (38, 53-57). Phosphorylation of
these sites neutralizes Bad by promoting the dissociation of Bad/
Bcl-x, complex and by inducing the cytoplasmic sequestration of
Bad by binding the 14-3-3 family of proteins (40). In our system,
phosphorylation at Ser'?, undetected in control cells, was in-
creased 4-fold by C5b-9 (Fig. 8A). Phosphorylation of Bad at
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FIGURE 8. C5b-9induces Bad phosphorylation at Ser*'? and Ser®¢. A,
OLG treated with C5b-9 or C5b6 for 5 and 30 min were lysed. Lysates (100
g protein) were immunoprecipitated with rabbit 1gG to Bad phosphory-
lated at Ser*'? and goat 1gG to actin. Samples were analyzed by immuno-
blotting using the same phospho-specific anti-Bad. The blot was probed
again for actin. Results are also shown as density ratios to actin. B, Effects
of LY294002 (LY; 10 uM) and PTX (100 ng/ml) were tested on C5b-9-
induced phosphorylation of Bad at Ser**2 and Ser**®, by preincubating cells
with each of these inhibitors. After exposure to C5b-9 or C5b-6 for the
indicated period, cell lysates were immunoprecipitated as in A and then
blotted with Abs to Bad phosphorylated at Ser'? or Ser™*, and to actin, as
above. Representative results of two experiments are shown as density
ratios to actin. CTR, control.
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Ser™®® was increased 3-fold at 20 min over the untreated or C5b6
control levels (Fig. 8B). LY294002 and PTX were effective in
inhibiting phosphorylation of Ser*3® and Ser'*?. Therefore, phos-
phorylation of Bad at Ser**? and Ser*3® by C5b-9 was induced by
a Gi/PI-3K-dependent pathway.

Bad/Bcl-x_ association is decreased in OLG exposed to C5b-9

Phosphorylation of Bad is associated with loss of proapoptotic
activity upon its release from the Bad/Bcl-x, complex (40, 54—
57). To evauate the functional significance of Bad phosphoryla-
tion in OLG, we examined the effect of C5b-9 on the binding of
Bad to Bcl-x,_. C5b-9 reduced the level of the Bad/Bcl-x, complex
by 60% at 18 h, and this was reversed by PTX (Fig. 9).

Discussion
Growth factors such as PDGF, basic fibroblast growth factor, and
IL-3 inhibit apoptosis by inducing survival kinase activity (36, 41).
The PI-3K/Akt and MEK/ERK pathways activated by these
growth factors play asignificant rolein posttranslational regulation
of pro- and antiapoptotic proteins that regulate the functional in-
tegrity of the mitochondria. Because sublytic C5b-9 reverses the
caspase-3-dependent apoptotic death of OLG (29), we investigated
the possible involvement of the mitochondrial pathway of apopto-
sis and the mechanisms by which C5b-9 rescue OLG apoptosis.
We showed for the first time that apoptosis of OLG and their
progenitor cells is associated with cyto-c release and caspase-9
activation. These events were inversely correlated with PI-3K and
Akt activities, suggesting a role of these kinases in OLG survival.
Therefore, we evaluated the effect of C5b-9 on the mitochondrial
pathway in OLG and the role of PI-3K/Akt pathway in rescuing
OLG from apoptosis. At a sublytic dose, C5b-9 was able to inhibit
the cyto-c release and caspase-9 activation in OLG. C5b-9 also
increased PI-3K and Aktl activities, and the PI-3K inhibitor
LY 294002 completely abrogated the C5b-9 rescue of OLG apo-
ptosis. These findings indicate that the mitochondrial pathway of
apoptosis is abrogated by C5b-9 through activation of PI-3K.
Bad protein, which belongs to the BH3-only proteins, is essen-
tia in initiating the mitochondria apoptosis (58). We examined
Bad as a substrate for the PI-3K/Akt pathway in C5b-9-mediated
OLG survival. C5b-9 induced Bad phosphorylation at Ser'*? and
enhanced Ser'*® phosphorylation in a PI-3K- and Gi-dependent
manner. The fact that the same dose of LY 294002 reversed the
C5b-9 rescue of OLG death and effectively blocked the phosphor-
ylation of Bad at both serine residues strongly suggests that Bad is
coordinately regulated by C5b-9 through activation of PI-3K. Sim-
ilarly, growth factors can induce concomitant phosphorylation of
Bad at multiple Serine residues, including Ser**?, Ser™®®, and
Ser’®® (55). Whereas Akt phosphorylates Bad primarily at Ser™3¢,

C5b-9
T ;2&5'
=R E S E 0
o o - gz.o.s-
- - 4 @ IB: BAD Ego.z-
= 0.1

SRS 1B: BCLXL ]
o ——— e ———— CTR C5b6 — PTX
IP: BCL-XL “Tabo

FIGURE 9. C5b-9 decreases Bad/Bcl-x, complex formation in OLG.
OLG, with or without pretreatment with PTX, were exposed to C5b-9.
After 18 h, cells were lysed and immunoprecipitated with rabbit 1gG to
Bcl-x, . The presence of Bad in the anti-Bcl-x, immunoprecipitate was
evaluated by immunoblotting with rabbit 1gG to Bad. Blots were aso
probed for Bcl-x, . Results are also shown as Bad to Bcl-x, density ratios.
CTR, control.
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but not Ser™*? (39), Ser**? is phosphorylated by other kinases, such
as mitochondrial protein kinase A, p65 p21-activated kinase 1, and
RSK1 (38, 53-58). RSK1 is activated by C5b-9 through ERK1
(data not shown), and ERK 1 can be inhibited by PI-3K inhibitors
(33). Therefore, regulation of Bad by C5b-9 may also involve an
activation of kinases, other than Aktl, downstream of PI-3K. Pro-
tection of OLG from apoptosis through regulation of Bad may be
mediated by inhibition of Bad/Bcl-x, complex assembly, thus in-
creasing the Bcl-x,_ activity.

We previously showed that C5b-9 increases Bcl-2 synthesis in
OLG (29), a process that may also be regulated by PI-3K through
p70 S6 kinase which is required for protein translation. Therefore,
an increase in Bcl-2 protein in OLG may increase the Bcl-2/Bax
complex formation. This mechanism is thought to neutralize the
proapoptotic Bax, as proposed by the rheostat model (41). Thus,
full protection of OLG from apoptotic death may require both the
neutralization of proapoptotic activities and enhanced activities of
Bcl-2 and Bcl-x, .

In situ activation and assembly of C5b-9 occur in MS and other
inflammatory and degenerative CNS disorders, as demonstrated by
the presence of C5b-9 in spinal fluids and affected tissues (1420,
59). We propose that C5b-9 may have a beneficia role by rescuing
OLG from apoptotic death, thus promoting their survival and
remyelination.

Acknowledgments
We thank Dr. M. Chi for excellent technical help in preparing primary glial
cell cultures and J. Macke for editing of the manuscript.

References

1. Barres, B. A, I. K. Hat, H. S. Coles, J. F. Burne, J. T. Voyvodic,
W. D. Richardson, and M. C. Raff. 1992. Cell death and control of cell survival
in the oligodendrocyte lineage. Cell 70:31.

2. Raff, M. C., B. A. Barres, J. F. Burne, H. S. Coles, Y. Ishizaki, and
M. D. Jacobson. 1993. Programmed cell death and the control of cell survival:
lessons from the nervous system. Science 262:695.

3. Trapp, B. D., A. Nishiyama, D. Cheng, and W. Macklin. 1997. Differentiation
and death of premyelinating oligodendrocytes in developing rodent brain. J. Cell
Biol. 137:459.

4. Tang, D. G., Y. M. Tokumoto, J. A. Apperly, A. C. Lloyd, and M. C. Raff. 2001.
Lack of replicating senescence in cultured rat oligodendrocyte precursor cells.
Science 291:868.

5. Barres, B. A., and M. C. Raff. 1993. Proliferation of oligodendrocyte precursor
cells depends on electrical activity in axons. Nature 361:258.

6. Dowling, P., W. Husar, J. Menonna, H. Donnenfeld, S. Cook, and M. Sidhu.
1997. Cell death and birth in multiple sclerosis brain. J. Neurol. ci. 149:1.

7. Lucchinetti, C. F., W. Bruck, M. Rodriguez, and H. Lassmann. 1996. Distinct
patterns of multiple sclerosis pathology indicates heterogeneity on pathogenesis.
Brain Pathol. 6:259.

8. Merrill, J. E., and N. J. Scolding. 1999. Mechanisms of damage to myelin and
oligodendrocytes and their relevance to disease. Neuropathol. Appl. Neurobiol.
25:435.

9. Martin, R., H. F. McFarland, and D. E. McFarlin. 1992. Immunologic aspects of
demyelinating diseases. Annu. Rev. Immunol. 10:153.

10. Raine, C. S. 1997. The Norton lecture: a review of the oligodendrocyte in the
multiple sclerosis lesion. J. Neuroimmunol. 77:135.

11. Casaccia-Bonnefil, P., B. D. Carter, R. T. Dobrowsky, and M. V. Chao. 1996.
Death of oligodendrocytes mediated by the interaction of nerve growth factor
with its receptor p75. Nature 383:716.

12. Kuhlmann, T., C. Lucchinetti, U. K. Zettl, A. Bitsch, H. Lassmann, and
W. Bruck. 1999. Bcl-2-expressing oligodendrocytes in multiple sclerosis lesions.
Glia 28:34.

13. Bonetti, B., and C. S. Raine. 1997. Multiple sclerosis: oligodendrocytes display
cell death-related molecules in situ but do not undergo apoptosis. Ann. Neurol.
42:74.

14. Sanders, M. E., C. L. Koski, D. Robbins, M. L. Shin, M. M. Frank, and
K. A. J. Joiner. 1986. Activated terminal complement in cerebrospinal fluid in
Guillain-Barré syndrome and multiple sclerosis. J. Immunol. 136:4456.

15. Moallnes, T. E., B. Vandvik, T. Lea, and F. Vartdal. 1987. Intrathecal complement
activation in neurological diseases evaluated by analysis of the terminal comple-
ment complex. J. Neurol. ci. 78:17.

16. Compston, D. A., B. P. Morgan, A. K. Campbell, P. Wilkins, G. Cole,
N. D. Thomas, and B. Jasani. 1989. Immunocytochemical localization of terminal
complement complex in multiple sclerosis. Neuropathol. Appl. Neurobiol. 15:
307.

17. Rogers, J., N. R. Cooper, S. Webster, J. Schultz, P. L. McGeer, S. D. Styren,
W. H. Civin, L. Brachova, B. Bradt, and |. Lieberburg. 1992. Complement ac-

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

INHIBITION OF OLG APOPTOSIS BY C5b-9

tivation by B-amyloid in Alzheimer disease. Proc. Natl. Acad. Sci. USA 89:
10016.

McGeer. P. L., H. Akiyama, S. Itagaki, and E. G. McGeer. 1989. Activation of
the classical complement pathway in brain tissue of Alzheimer patients. Neurosci.
Lett. 107:341.

Lindsberg, P. J., J. Ohman, T. Lehto, M. L. Karjalainen-Lindsberg, A. Paetau,
T. Wuorimaa, O. Carpen, M. Kaste, and S. Meri. 1996. Complement activation
in the central nervous system following blood-brain barrier damage in man. Ann.
Neurol. 40:587.

Yamada, T., P. L. McGeer, and E. G. McGeer. 1992. Lewy bodies in Parkinson’s
disease are recongni zed by antibodies to complement proteins. Acta Neuropathol.
84:100.

Shin, M. L., H. G. Rus, and F. I. Niculescu. 1996. Membrane attack by comple-
ment: assembly and biology of terminal complement complexes. In Biomem-
branes, Vol. 4. A. G. Lee, ed. JAl Press, Greenwich, p. 123.

Papadimitriou, J. C., L. E. Ramm, C. B. Drachenberg, B. F. Trump, and
M. L. Shin.1991. Quantitative analysis of adenine nucleotides during the prelytic
phase of cell death mediated by C5b-9. J. Immunol. 147:212.

Byrne, G. W., K. R. McCurry, M. J. Martin, S. M. McCléellan, J. L. Platt, and
J. S. Logan. 1997. Transgenic pigs expressing human CD59 and decay acceler-
ating factor produce an intrinsic barrier to complement-mediated damage. Trans-
plantation 63:149.

Koski, C. L., A. E. Estep, S. Sawant-Mane, M. L. Shin, L. Highbarger, and,
G. M. Hansch.1996. Complement regulatory molecules on human myelin and
glia cells: differentia expression affects the deposition of activated complement
proteins. J. Neurochem. 66:303.

Yang, C., J. L. Jones, and S. R. Barnum.1993. Expression of decay-accelerating
factor (CD55), membrane cofactor protein (CD46) and CD59 in human astro-
gliomacell line, D54-MG, and primary rat astrocytes. J. Neuroimmunol. 47:123.
Campbell, A. K., and B. P. Morgan. 1985. Monoclonal antibodies demonstrate
protection of polymorphonuclear leukocytes against complement attack. Nature
317:164.

Carney, D., C. L. Koski, and M. L. Shin. 1985. Elimination of terminal comple-
ment intermediates from the plasma membrane of nucleated cells: the rate of
disappearance differs for cells carrying C5b-7 or C5b-8, or a mixture of C5b-8
with a limited number of C5b-9. J. Immunol. 134:1804.

Scolding, N. J,, B. P. Morgan, W. A. Houston, C. Linington, A. K. Campbell, and
D. A. Compston. 1989. Vesicular removal by oligodendrocytes of membrane
attack complexes formed by activated complement. Nature 339:620.

Soane, L., H. Rus, F. Niculescu, and M. L. Shin. 1999. Inhibition of oligoden-
drocyte apoptosis by sublytic C5b-9 is associated with enhanced synthesis of
Bcl-2 and mediated by inhibition of caspase-3 activation. J. Immunol. 163:6132.
Niculescu, F., H. Rus, T. vanBiesen, and M. L. Shin. 1997. Activation of Ras and
mitogen-activated protein kinase pathway by terminal complement complexes is
G protein dependent. J. Immunol. 158:4405.

Rus, H., F. Niculescu, and M. L. Shin. 1996. Sublytic complement attack induces
cell cycle in oligodendrocytes. J. Immunol. 156:4892.

Rus, H., F. Niculescu, T. Badea, and M. L. Shin. 1997. Terminal complement
complexes induce cell cycle entry in oligodendrocytes through mitogen activated
protein kinase pathway. Immunopharmacology 38:117.

Niculescu, F., T. Badea, and H. Rus. 1999. Sublytic C5b-9 induces proliferation
of aortic smooth muscle cells: role of mitogen activated protein kinase and phos-
phatidylinositol 3-kinase. Atherosclerosis 142:47.

. Franke, T. F., D. R. Kaplan, and L. C. Cantley. 1997. Pi3k: downstream AKTion

blocks apoptosis. Cell 88:435.

Vemuri, G. S, and F. A. McMorris. 1996. Oligodendrocytes and their precursors
require phosphatidyl-inositol-3-kinase signaling for survival. Development 122:
2529.

Nunez, G., and L. del Peso. 1998. Linking extracellular survival signals and the
apoptotic machinery. Curr. Opin. Neurobiol. 8:613.

Deng, X., P. Ruvolo, B. Carr, and S. W. May. 2000. Survival function of ERK1/2
as IL-3 activated, staurosporine-resistant Bcl-2 kinases. Proc. Natl. Acad. Sci.
USA 97:1578.

Bonni, A., A. Brunet, A. E. West, S. R. Datta, M. A. Takasu, and M. E. Green-
berg. 1999. Cell survival promoted by the RasMAPK signaling pathway by
transcription-dependent and independent mechanisms. Science 286:1358.

Datta, S. R, H. Dudek, X. Tao, S. Masters, H. Fu, Y. Gotoh, and M. E. Green-
berg. 1997. Akt phosphorylation of Bad couples survival signals to the cell-
intrinsic death machinery. Cell 91:231.

Datta, S. R., A. Brunet, and M. E. Greenberg. 1999. Cellular surviva: aplay in
three Akts. Genes Dev. 13:2905.

Gross, A., M. McDonnell, and S. J. Korsmeyer. 1999. Bcl-2 family members and
the mitochondria in apoptosis. Genes Dev. 13:1899.

Zha, J., H. Harada, K. Osipov, J. Jockel, G. Waksman, and S. J. Korsmeyer. 1997.
BH3 domain of Bad is required for heterodimerization with Bcl-x,_ and pro-
apoptotic activity. J. Biol. Chem. 272:24101.

Zha, J.,, H. Harada, E. Yang, J. Jockel, and S. J. Korsmeyer. 1996. Serine phos-
phorylation of death agonist Bad in response to survival factor results in binding
to 14-3-3 not Bcl-X(L). Cell 87:619.

. Saneto, R. P, and J. DeVellis. 1985. Characterization of cultured rat oligoden-

drocytes proliferating in a serum-free chemically defined medium. Proc. Natl.
Acad. Sci. USA 82:3509.

Di Scipio, R. G., C. A. Smith, H. J. Muller-Eberhard, and T. E. Hugli. 1985. The



The Journal of Immunology

46.
. Fiskum, G., S. W. Craig, L. G. Decker, and A. Lehninger. 1980. The cytoskeleton
48.
49,
50.

51.

52.

activation of human complement component C5 by a fluid phase C5 convertase.
J. Biol. Chem. 258:10629.
Franke, T. F. 2000. Assays for Akt. Methods Enzymol. 322:411.

of digitonin-treated rat hepatocytes. Proc. Natl. Acad. Sci. USA 77:3430.
Heibein, J. A., M. Barry, B. Motyka, and R. C. Bleackley. 1999. Granzyme
B-induced loss of mitochondrial inner membrane potential (AW, and cyto-
chrome c release are caspase independent. J. Immunol. 163:4683.

Von Ahsen, O, C. Renken, G. Perkins, R. M. Kluck, E. Bossy-Wetzel, and
D. D. Newmeyer. 2000. Preservation of mitochondria structure and function
after Bid- or Bax-mediated cytochrome c release. J. Cell Biol. 150:1027.
Green, D. R,, and J. C. Reed. 1998. Mitochondria and apoptosis. Science 281:
1309.

Takano, R., S. Hisahara, K. Namikawa, H. Kiyama, H. Okano, and M. Miura.
2000. Nerve growth factor protects oligodendrocytes from tumor necrosis factor-
a-induced injury through Akt-mediated signaling mechanisms. J. Biol. Chem.
275:16360.

Duckworth, B. C., and L. C. Cantley. 1997. Conditional inhibition of the mito-
gen-activated protein kinase by wortmannin: dependence on signal strength.
J. Biol. Chem. 44:27665.

53.

55.

56.

57.

58.

59.

2311

Fang, X., S. Yu, A. Eder, M. Mao, R. C. Bast, Jr., D. Boyd, and G. B. Mills, 1999.
Regulation of Bad phosphorylation at serine 112 by the Ras-mitogen-activated
protein kinase pathway. Oncogene 18:6635.

. Lizcano, J. M., N. Morrice, and P. Cohen. 2000. Regulation of Bad by cAMP-

dependent protein kinase is mediated via phosphorylation of anovel site, Ser®s,
Biochem. J. 349:547.

Zhou, X. M., Y. Liu, G. Payne, R. J. Lutz, and T. Chittenden. 2000. Growth
factors inactivate the cell death promoter BAD by phosphorylation of its BH3
domain on Ser'®S, J. Biol. Chem. 275:25046.

Tan, Y., M. R. Demeter, H. Ruan, M. J. Comb. 2000. BAD Ser-155 phosphor-
ylation regulates BAD/Bcl-XL interaction and cell survival. J. Biol. Chem. 275:
25865.

Harada, H., B. Becknell, M. Wilm, M. Mann, L. J Huang, S. S. Taylor,
J. D. Scott, and S. J. Korsmeyer. 1999. Phosphorylation and inactivation of Bad
by mitochondria-anchored protein kinase A. Mol. Cells 3:413.

Huang, D. C. S, and A. Strasser. 2000. BH3-only proteins essential initiators of
apoptotic cell death. Cell 103:839.

Storch, M. K., S. Piddlesden, M. Haltia, M. livanainen., P. Morgan., and
H. Lassmann. 1998. Multiple sclerosis: in situ evidence for antibody and com-
plement mediated demyelination. Ann. Neurol. 43:465.



