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Erythropoietin (EPO) and insulin-like growth factor | (IGF-I) are
cytokines that inhibit neuronal apoptosis. However, their maximal
antiapoptotic effect, even at high concentrations, is observed only
when neurons are pretreated for several hours before insult. Here
we show that simultaneous administration of EPO and IGF-I
(EPO+IGF-I) eliminates the preincubation period required to pre-
vent N-methyl-p-aspartate (NMDA)-induced apoptosis in cultured
rat cerebrocortical neurons. The synergistic effect of EPO+IGF-I
was mediated, at least in part, by activation of phosphatidylino-
sitol 3-kinase (P13-K). EPO+IGF-I synergistically activated Akt (pro-
tein kinase B), a downstream target of PI3-K, and prevented
dephosphorylation of Akt. Overexpression of a dominant interfer-
ing form of Akt (dnAkt) abrogated EPO+IGF-lI-mediated neuropro-
tection. EPO+IGF-I treatment did not prevent initial NMDA-
induced caspase-3 activation, which was observed within 6 h of
insult; however, EPO+IGF-I-treated neurons survived at least 2
days after NMDA insult. These cytokines prevented neuronal
apoptosis downstream of caspase activation by facilitating asso-
ciation between X-linked inhibitor of apoptosis protein, an inhib-
itor of caspase proteolytic activity, and activated caspase-3. These
results imply that EPO+IGF-I exert cooperative actions that afford
acute neuroprotection via activation of the PI3-K-Akt pathway.

apoptosis | phosphatidylinositol 3-kinase | Akt (protein kinase B) | X-linked
inhibitor of apoptosis protein | caspase-3

poptosis contributes to neuronal destruction in a variety of

neurological disorders. In the search for potential neuro-
protective agents against apoptosis, the cytokines erythropoietin
(EPO) and insulin-like growth factor I (IGF-I) were individually
found to be effective (1, 2). However, despite potential crosstalk
between their signaling pathways, synergistic neuroprotective
effects of EPO and IGF-I have not been previously investigated.

EPO and its receptor (EPO-R) are expressed in the mamma-
lian CNS (3-5). Exogenous or endogenous EPO is neuropro-
tective in animal models of cerebral hypoxia/ischemia (stroke),
spinal cord and retinal injury (6, 7), and neurodegenerative
diseases (8-10). In fact, EPO diminished stroke damage in a
recent well designed human phase 2 clinical trial (11). EPO
activates phosphatidylinositol 3-kinase (PI3-K) (12, 13) and
inhibits apoptosis through an Akt-dependent pathway (14). Akt
is a serine—threonine kinase that, when activated by EPO,
counteracts neuronal apoptosis by up-regulating the X-linked
inhibitor of apoptosis protein (XIAP) and Bcl-2 (15-17), result-
ing in subsequent inhibition of caspase activity (18).

IGF-I and its receptor (IGF-IR) are expressed in the CNS (19,
20) and are essential for neuronal survival, differentiation, and
neurogenesis (21-24). Its biological action can be regulated by
binding proteins (IGF-BP’s), several of which are known to bind
free IGF-I with high affinity and either enhance or inhibit its
activation of IGF-IRs (25). IGF-I induces EPO expression in
astrocytes (26). In neurons, IGF-I/IGF-IR interaction promotes
activation of PI3-K and Akt (27, 28), which in turn ameliorates
effects of brain injury (29) and glutamate-induced oxidative/
nitrosative stress (30). IGF-I inhibits neuronal caspase-3 activity
by phosphorylating Bad via the PI3-K-Akt pathway (28, 29, 31).
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Akt inhibition abrogates neuroprotection by IGF-I, whereas
constitutively active Akt promotes neuronal survival (32). Fur-
thermore, IGF-I cooperates with EPO to promote erythroid cell
maturation and survival (33).

In the present study, we hypothesized that EPO and IGF-I act
together to produce acute and prolonged neuroprotection, and
we investigated the mechanisms underlying these effects. We
exposed cerebrocortical neurons to the glutamate analogue
N-methyl-D-aspartate (NMDA), which activates caspase-9/-3,
resulting in neuronal apoptosis (34). EPO+IGF-I prevented
neurodegeneration in vitro when added concurrently with
NMDA or as long as 5 h after the NMDA insult. EPO+IGF-I
lowered the minimum neuroprotective concentration of each
cytokine by synergistically activating PI3-K-Akt and preventing
the dephosphorylation of Akt for up to 9 h. Our results suggest
that synergistic activation of the PI3-K pathway by EPO+IGF-I
converges on Akt and acts downstream of caspase-3 activation,
extending the window of therapeutic intervention.

Materials and Methods

Neuronal Cell Cultures. Mixed neuronal and glial cerebrocortical
cultures were prepared as described in detail (35). In brief,
cortical cells from embryonic day 16 Sprague—Dawley rats were
plated on culture dishes in serum-containing medium and incu-
bated at 37°C in a humidified environment of 5% CO,/balance
air for at least 17 days to permit full expression of NMDA
receptors (35). Additionally, relatively pure neuronal cultures
were prepared from rat cortices; to enhance neuronal content,
the culture medium was replaced on the second day after plating
with Neurobasal medium containing B27 supplement (Life
Technologies). These cultures were then maintained for an
additional 15-16 days and were found to contain >95% neurons
by specific Ab staining (36).

NMDA, EPO, and IGF-I Incubations. Cerebrocortical cultures were
exposed to NMDA (200 uM, 20 min) in nominally Mg?*-free
Earle’s balanced salt solution (EBSS) containing 1.8 uM CaCl,
and 5 uM glycine. These conditions are known to induce
predominantly apoptotic-like neuronal cell death (17, 37). After
NMDA exposure, cultures were washed with EBSS, returned to
their original preconditioned tissue culture medium after filter-
ing, and placed back into the incubator. Human recombinant
EPO (Amgen, Epoietin «, 2,000 units/ml) and/or IGF-I (In-
vitrogen) were directly added to the cell culture medium as
indicated.

Abbreviations: EPO, erythropoietin; Jak2, Janus kinase 2; EPO-R, EPO receptor; IGF-I,
insulin-like growth factor I; IGF-IR, IGF-I receptor; PI3-K, phosphatidylinositol 3-kinase;
XIAP, X-linked inhibitor of apoptosis protein; NMDA, N-methyl-p-aspartate; TUNEL, ter-
minal deoxynucleotidyl-transferase-mediated dUTP nick-end labeling; MAP-2, microtu-
bule-associated protein 2; dnAKT, dominant-negative Akt; wtAkt, wild-type Akt; DEVD,
Asp-Glu-Val-Asp.
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Preparation of Total Cell Lysates. Cultured cells were washed
briefly in PBS and lysed in ice-cold cell lysis buffer (Cell
Signaling Technology, Beverly, MA). After vortexing (15 s) and
centrifugation (10,000 X g, 20 min), supernatants were used to
determine protein concentration (BCA-Protein assay Kkit,
Pierce).

Immunoblotting and Immunoprecipitations. Equivalent amounts of
protein (15-30 pg) were resolved on Bis-Tris SDS gels (10%,
Invitrogen) under reducing conditions, and then electroblotted
onto a nitrocellulose membrane (Amersham Pharmacia). After
nonspecific binding was blocked with ChemiBlock (Chemicon)
for 1 h, the blots were subsequently incubated overnight at 4°C
with the following primary antibodies: anti-EPO-R (1:200, R &
D Systems), anti-p85 PI3-K (1:400, Upstate Biotechnology),
anti-phospho-Akt (1:2,000, Cell Signaling Technology), anti-Akt
(1:2,000, Cell Signaling Technology), and anti-XIAP (1:500,
Trevigen, Gaithersburg, MD). After washing, membranes were
incubated with secondary Ab conjugated to horseradish perox-
idase (HRP) (1:20,000, Vector Laboratories) for 1 h and devel-
oped with an enhanced chemiluminescence kit (Amersham
Pharmacia). For evaluation of Western blots with an infrared
fluorescence detection system (Odyssey, Licor Biosciences),
secondary antibodies conjugated with fluorophores were used
following the manufacturer’s protocol. Color images were
converted into grayscale. For immunoprecipitations from whole
cell lysates, a commercial kit (Catch and Release, Upstate
Biotechnology) and the following antibodies were used: anti-
EPO-R Ab (2 pg, R & D Systems), anti-phospho-Akt (2 ug, Cell
Signaling Technology), or anti-caspase-3 (activated form, 2 ug,
Cell Signaling Technology). Immunoprecipitates were separated
on SDS gels, transferred to membranes, and probed with anti-
bodies for the Odyssey system. For loading controls, blots were
stripped and reprobed with appropriate primary and secondary
antibodies.

Immunofluorescence and Detection of Apoptotic Neurons. Sixteen
hours after NMDA exposure, cerebrocortical cells were fixed in
4% paraformaldehyde for 10 min and permeabilized with ace-
tone. Apoptotic neurons were identified by morphological ap-
pearance and terminal-deoxynucleotidyl-transferase-mediated
dUTP nick-end labeling (TUNEL) (Apoptosis Detection Sys-
tem, Promega) of cells colabeled with the neuron-specific
marker microtubule associated protein-2 (MAP-2, Sigma) (17).
When long-term (>1 day) survival was assessed after NMDA
insult, we counted the total number of MAP-2-positive cells
rather than scoring neuronal apoptosis, because at these time
points secondary necrosis can occur after initial apoptosis,
thereby obfuscating the number of apoptotic cells (38).

PI3-K and Akt Inhibition. PI3-K activity was inhibited pharmaco-
logically with the antagonist L'Y294002 (Calbiochem), which was
dissolved in DMSO (Sigma) and added 30 min before
EPO+IGF-I. Akt activation was inhibited by adenoviral-
mediated expression of a hemagglutinin (HA)-tagged, nonphos-
phorylatable, dominant-negative mutant of Akt (dnAkt) (39).
HA-tagged wild-type Akt (wtAkt) was used as a control. After
a 4-h exposure to the adenoviral construct, primary neurons
were incubated in filtered, preconditioned medium for 24-36 h
before experimental use. Expression of the viral Akt constructs
was confirmed by immunofluorescence labeling with a mono-
clonal anti-HA Ab (1:100, Roche Diagnostics, data not shown).

Caspase Assays. Caspase-3 (Asp-Glu-Val-Asp, DEVD) cleavage
assays were performed as described (37). Cerebrocortical cul-
tures were lysed in cold buffer [10% sucrose/0.1% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate/100
mM Hepes/10 mM DTT, pH 7.5]. Cytoplasmic protein extracts
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Fig. 1. Simultaneous coadministration of EPO and IGF-l ameliorates NMDA-
induced neuronal apoptosis. (a) Rat cerebrocortical cultures were incubated
with NMDA (200 M) for 20 min. EPO (10 units/ml), IGF-I1 (100 ng/ml), or the
combination was applied before, simultaneously with, or up to 5 h after
NMDA exposure. *, P < 0.05 by ANOVA vs. NMDA alone; t, P < 0.02 vs. EPO or
IGF-I. (b) Rat cerebrocortical cultures were incubated with varying amounts of
EPO (0.5-20 units/ml) and/or IGF-I (1-400 ng/ml). Cytokine incubation began
simultaneously with NMDA exposure. *, P < 0.05 vs. NMDA alone; t, P < 0.05,
or tt, P < 0.01 vs. EPO or IGF-I. Apoptotic neurons are represented by the
percentage of MAP-2-positive pyknotic cells that colabeled with TUNEL 16 h
after NMDA exposure. In this and subsequent figures, results are means + SE
(n = 3-5).

(200 png) were incubated for 30 min at 37°C with the colorimetric
caspase-3 substrate DEVD-7-amino-4-trifluoromethylcoumarin
(DEVD-AFC, 80 uM; Enzyme Systems Products). Free AFC
released by caspase-3 activity was measured on a FluoroMax2
fluorometer at 400-nm excitation and 505-nm emission wave-
lengths and was reported in nanomoles per minute per micro-
gram of protein against standard.

EPO ELISA. An ELISA to monitor EPO levels was performed
following the manufacturer’s guidelines (Quantikine IVD, R &
D Systems).

Statistical Analysis. All data reported were analyzed and plotted
as means = SE and represent a minimum of three separate
experiments for each treatment. An ANOVA and post hoc
comparison was performed for each treatment paradigm, and
P < 0.05 was considered a statistically significant effect.

Results

NMDA-Induced Neurotoxicity Is Ameliorated by Coincubation with
EPO and IGF-I. To first determine whether EPO and IGF-I act
synergistically to prevent neuronal apoptosis after an excitotoxic
insult, rat primary cerebrocortical cultures were exposed to
NMDA for 20 min. Neurons, but not glia, died in response to
NMDA in these mixed neuronal-glial cultures (38). NMDA
produced an apoptotic morphology and TUNEL reactivity in
64 = 3% of MAP-2-labeled neurons. Preincubation for 3 h with
either EPO (10 units/ml) or IGF-I (100 ng/ml) significantly
attenuated neuronal apoptosis (P < 0.05). These represent
maximally effective concentrations of these factors, as deter-
mined previously from dose-response curves (17, 30). When
neurons were simultaneously treated with NMDA and either
EPO or IGF-I, cell death was not significantly reduced. How-
ever, simultaneous treatment of NMDA with EPO+IGF-I was
more effective in preventing apoptosis than a 3-h preincubation
in either factor alone. Moreover, significant neuroprotection was
observed when EPO+IGF-I were added up to 5 h after NMDA
exposure (Fig. 1a). The time course of neuroprotection provided
by EPO+IGF-I suggests that the signal transduction pathways
activated by EPO+IGF-I promote more rapid neuroprotection
than either factor can initiate alone. Control incubations with
EPO and/or IGF-I in the absence of NMDA exposure did not
affect neuronal viability. An ELISA was used to measure the
levels of endogenous EPO and its possible up-regulation after
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Fig.2. EPO and IGF-Isignaling via PI3-K. (a) Inhibition of PI3-K abrogates the

antiapoptotic effect of EPO+IGF-I. Cerebrocortical cultures were exposed to
10 wM LY294002 (gray bars) for 30 min before incubation with EPO, IGF-I,
and/or NMDA. Neuronal apoptosis was assessed 16 h later by determining the
percentage of MAP-2-positive pyknotic cells that were TUNEL stained.
LY294002 decreased the neuroprotective effect of EPO, IGF-I, and EPO+IGF-I.
*, P <0.050r1t, P<0.01vs. same treatment plus LY294002. (b) EPO signaling
through PI3-K. EPO treatment induced association of the p85 subunit of PI3-K
with the EPO-R. Cerebrocortical cells were stimulated with 5 or 10 units/ml
EPO for 30 min. EPO-R protein was immunoprecipitated from total cell lysates
and separated on an SDS/polyacrylamide gel. The blot was then probed with
anti-p85 Ab, stripped, and reblotted with anti-Jak2 Ab and subsequently
anti-EPO-R Ab. This experiment was replicated three times.

cytokine incubation. Baseline levels of EPO were undetectable
in these cultures. Incubation with IGF-I did not produce a
detectable up-regulation of endogenous levels of EPO (see Fig.
6, which is published as supporting information on the PNAS
web site). Next, we investigated the dose-response of
EPO+IGF-I-mediated neuroprotection. To achieve synergistic
protection from an NMDA insult, the minimum required effec-
tive concentration was 2 units/ml EPO and 20 ng/ml IGF-I;
maximal protective effects were observed at 10 units/ml EPO
and 100 ng/ml IGF-I (Fig. 1b). When compared to the minimal
effective concentration of each cytokine alone, coapplication of
EPO+IGF1 reduces the minimum concentration of each cyto-
kine required for protection from NMDA-induced apoptosis.

PI3-K Is Required for Neuroprotection by EPO and IGF-l. Previous
studies have shown that PI3-K is involved in EPO and IGF-I
signaling in both neural and nonneural tissues (12, 28). To begin
to elucidate the possible role of PI3-K in the neuroprotective
effects of EPO and IGF-I, rat cerebrocortical neurons were
preincubated for 3 h with EPO, IGF-I, or EPO+IGF-I in the
presence or absence of the PI3-K inhibitor LY294002 (10 uM).
We found that preincubation in EPO, IGF-I, or EPO+IGF-I
decreased NMDA-induced neuronal apoptosis, and LY294002
largely abrogated this neuroprotective effect (Fig. 2a). These
findings suggested that PI3-K activity is required for maximal
EPO- and IGF-I-mediated neuroprotection. As a control,
LY294002 alone did not increase neuronal apoptosis in cere-
brocortical cultures or affect the degree of NMDA-induced cell
death. Note that when EPO was present, some degree of
increased survival persisted even after LY294002 incubation
compared to control, consistent with our previous report that
EPO also offers neuroprotection via a separate, NF-«B-
mediated pathway (17).

In DA-3 cells, a murine interleukin-3-dependent cell line,
EPO binding to its receptor results in direct association of PI3-K
with the EPO-R (40, 41). Previously, we had shown that, in our
mixed neuronal/glial cerebrocortical cultures, EPO-Rs are lo-
cated exclusively on neurons (17). Therefore, to determine
whether EPO+EPO-R binding promotes PI3-K/EPO-R inter-
action in primary neurons, the EPO-R complex was immuno-
precipitated from lysates of cerebrocortical cultures that had

Digicaylioglu et al.

EPO IGF-I EPOMGF, s ¥
C1 4156010 1 4 15 60180 1 4 15 60 180ma 5,1
10
pAkt,, o —— I
-6
Akt,, - g
2
o
60 180
1 Iltéubatl?n time [min]
b o, . w6 251
cY368 “T3e8%s6eh 84 _, s
pAKt £3{ ——iGFl
—, - e s iy ey D ‘2_%
Akl - - - - — —— El_
=¥ - ——— Q..l:$=l_|

1 3 6 9
Incubation time [h]

Fig.3. EPO-+IGF-Itreatmentinduces prolonged Akt phosphorylation. (a) Rat
cerebrocortical cultures were treated for 1-180 min with EPO (10 units/ml),
IGF-1 (100 ng/ml), or both EPO+IGF-I. (Left) Whole-cell lysates were subjected
to immunoblot analysis with anti-phospho-Akt Ab (pAkt, each lane loaded
with 15 ug of total protein). The blots were then stripped and reprobed with
an anti-total Akt Ab. (Right) Densitometry revealed a significant increase in
phospho-Akt after incubation with EPO+IGF-I (*, P < 0.05 EPO+IGF-I vs. IGF-I
alone, or IGF-I vs. EPO). (b) Cerebrocortical cultures were incubated with EPO
(10 units/ml), IGF-1 (100 ng/ml), or both for 1-6 h. (Left) Whole-cell lysates
were subjected to immunoblot analysis as described above (except each lane
was loaded with 30 pg of total protein). (Right) Densitometry of blots. The
level of phospho-Akt was corrected for total Akt in each lane (control lane
served as the baseline). Because more protein was loaded in b than in a, the
baseline was higherin b, creating somewhat different apparent fold-increases
at the same time point between the two blots (e.g., at 1 h). Each experiment
was repeated at least three times with similar results.

been treated with EPO (5 or 10 units/ml) for 30 min and
subjected to Western blotting. Western blot for the p85 subunit
of PI3-K (Fig. 2b) demonstrated that EPO induces association
between the EPO-R and p85 subunit of PI-3-K. To confirm the
previously reported association of Janus kinase 2 (Jak2) with the
EPO-R complex in cortical neurons (17), the same blot was
reprobed with anti-Jak2 antibodies. Equal protein loading was
confirmed by probing blots with anti-EPO-R Ab. These findings
indicate that ligand binding to the neuronal EPO-R promotes the
association of p85 and Jak2 with the EPO-R. Association of Jak2
and the EPO-R may lead to phosphorylation and activation of
PI3-K (42, 43). Neither EPO, IGF-I, nor EPO+IGF-I induced
signal transducer and activator of transcription 5 phosphoryla-
tion on this time scale (data not shown).

EPO and IGF-l Cooperate Synergistically to Activate Akt. Akt kinase
is activated downstream of PI3-K-mediated production of 3’
phospholipids (44). The production of phosphotidylinositol-
3,4,5-trisphosphate promotes phosphorylation of Akt at two
critical sites: serine-473 and threonine-308 (27). Results pre-
sented here thus far identify PI3-K as a key player in the
EPO+IGF-I-signaling pathway. Therefore, we next investigated
the activation of Akt by EPO (10 units/ml) and IGF-I (100
ng/ml). Exposing cerebrocortical cultures to EPO or IGF-I for
1 to 180 min resulted in modest activation of Akt, as detected
with a specific Ab against phosphoserine-473 Akt. EPO+IGF-I
incubation resulted in a much larger increase in phosphoserine-
473 Akt than either EPO or IGF-1 alone (Fig. 3a). The total
amount of Akt protein, however, was unchanged. Next, we
studied whether the EPO+IGF-I combination prevented de-
phosphorylation and inactivation of Akt. To magnify the minor
degree of Akt phosphorylation produced by EPO alone, we
doubled the amount of protein loaded onto our blots (Fig. 3b).
Under these conditions, we found that EPO induced modest
phosphorylation of Akt at 1-3 h, but within 6 h of incubation, Akt
was dephosphorylated. In neuronal cultures incubated with
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Fig. 4. Akt contributes to EPO+IGF-I-mediated neuroprotection. Cerebro-
cortical cultures were infected with an adenoviral vector encoding wild-type
(wt) or dominant negative (dn) forms of Akt. Sibling cultures were coinfected
with wt and dn constructsin a molar ratio of 1:1 or 2:1 (wt/dn). After 36 h, cells
were incubated with EPO (10 units/ml), IGF-I (100 ng/ml), or EPO-+IGF-I with
or without simultaneous exposure to NMDA (200 wM). After an additional
16 h, pyknotic cells that stained positive for TUNEL and MAP-2 were scored as
apoptotic neurons. In the presence of NMDA, exposure to EPO or IGF-I
produced significantly less neuroprotection than the combination of
EPO-+IGF-I (*, P < 0.05). Addition of dnAkt decreased the neuroprotective
effect of EPO+IGF-I from NMDA, and this inhibition was abrogated by excess
wtAkt (t, P < 0.01).

IGF-I alone, dephosphorylation of Akt was less prominent but
began to occur within 6-9 h. In contrast, coincubation with
EPO+IGF-I largely prevented reduction in phospho-Akt even
9 h after cytokine exposure. Control incubations revealed that
total Akt levels were not significantly altered by either or both
cytokines. Taken together, these results show that treatment
with EPO+IGF-I synergistically induced Akt phosphorylation at
serine-473. Moreover, EPO+IGF-I prolonged the duration of
Akt phosphorylation, thereby possibly contributing to the ob-
served extended window of neuroprotection.

Inhibition of Akt Phosphorylation Abrogates the Neuroprotective
Effects of EPO+IGF-l. To characterize the role of Akt in the
EPO+IGF-I signaling pathway, Akt activation was prevented by
infection with an adenoviral vector coding for dnAkt (39). This
dnAkt cannot be activated because the critical phosphorylation
site has been mutated. We infected cerebrocortical cultures with

a EPO IGF-I
----.---

EPO+IGF-I

dnAkt and assayed the effects of NMDA and/or EPO+IGF-I on
neurons expressing the dominant negative construct. As a con-
trol, sibling cultures were infected with an adenoviral vector
encoding wtAkt. Within 36 h of infection, neither dnAkt nor
wtAkt manifested a statistically significant effect on neuronal
viability. Overexpression of wtAkt did not significantly inhibit
NMDA-induced apoptosis and did not alter EPO+IGF-I-
mediated neuroprotection from NMDA (Fig. 4). Additionally,
dnAkt expression did not increase neuronal apoptosis in the
presence of NMDA. However, dnAkt abrogated the neuropro-
tective action of EPO+IGF-1. Overexpression of wtAkt pre-
vented the effect of dnAkt expression when coinfected at a molar
excess of 2:1 (wtAkt/dnAkt) but not at a 1:1 ratio. These findings
suggest that the increased neuronal apoptosis was caused by the
specific expression of dnAkt rather than a nonspecific effect of
protein overexpression. In conjunction with the findings pre-
sented above, these results are consistent with the notion that
Akt phosphorylation/activation plays a key role in EPO+I1GF-
I-mediated neuroprotection.

EPO+IGF-1 Protect Neurons Downstream of Caspase-3 Cleavage.
Caspases, a family of cysteine-aspartyl proteases, play an impor-
tant role in the signal transduction and execution of neuronal
apoptosis through activation of proteolytic cascades (45). We
have previously shown that, after brief NMDA insult, mitochon-
dria in our cultured neurons release cytochrome c, contributing
to activation of the intrinsic caspase pathway (caspase-9, -3) (37).
Akt is an important regulatory factor in the activation of the
intrinsic caspase cascade (28). Because constitutively active Akt
prevents the activation of caspases-9 and -3 downstream of
cytochrome c¢ release (46), we asked whether EPO+IGF-I
incubation could affect caspase activation in cerebrocortical cells
after NMDA insult.

If EPO+IGF-I act downstream of caspase-3 activation to
prolong neuronal survival, one possibility is that these cytokines
prevent the proteolytic activity of active caspase-3 by promoting
its interaction with endogenous caspase inhibitors, such as
XIAP. To test this hypothesis, the active form of caspase-3 was
immunoprecipitated from cultures previously incubated with
EPO+IGF-1 and NMDA. The immunoprecipitate was probed
for XIAP on immunoblots (Fig. Sa Upper). In reverse order,
immunoprecipitations with the XIAP Ab confirmed the associ-
ation with active caspase-3 (Fig. 5a Lower). We demonstrated

IP: a-casp.3, WB: XIAP
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EPO+IGF-I treatment promotes association of XIAP with activated caspase-3 and decreases NMDA-induced caspase activity in cerebrocortical neurons.

(a) Treatment with EPO somewhat increased the degree of association of XIAP and cleaved caspase-3 in cells exposed to NMDA. IGF-| treatment alone did not
alter XIAP expression, but also resulted in an increase in cleaved capsase-3 coimmunoprecipitated with XIAP. However, EPO+IGF-I exposure led to a large,
significant increase in the amount of XIAP associated with active caspase-3. (Upper) Blots representing immunoprecipitates with anti-active caspase-3 Ab that
were probed with XIAP Ab. (Lower) Blots from immunoprecipitates of the same lysates made with XIAP Ab and probed with anti-active caspase-3 Ab (a-casp.
3), which recognizes both the p17 and p20 subunits. The blots in a and b were repeated in three separate experiments with similar results. (b) EPO+IGF-I, but
neither cytokine alone, reduced caspase-3 activity for at least 9 h after NMDA insult (*, P < 0.05). Caspase activity in cell lysates was assessed 0, 1, 3, 6, and 9 h
after drug exposure and is shown as relative DEVDase activity, expressed as nanomoles of free 7-amino-4-trifluoromethylcoumarin (AFC) per microgram of
protein. NMDA, EPO, and IGF-l were all added concurrently. (c) Transduction with dnAkt largely prevented the inhibitory effect of EPO+IGF-I on NMDA-induced
caspase-3 activity. Caspase activity was assessed 6 h after drug exposure in this experiment (*, P < 0.05; **, P < 0.01). (d) NMDA exposure resulted in cleavage
of caspase-3 in the absence of significant changes in XIAP at 6 h. Controls manifest no significant increase in caspase-3 cleavage or XIAP expression.
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that active caspase-3 was bound to XIAP and that EPO+IGF-I
treatment increased the relative amount of XIAP associated
with active caspase-3 (Fig. 5a). Interestingly, NMDA exposure
alone also appeared to produce a modest increase in the amount
of XIAP associated with active caspase-3 (Fig. 5d).

The presence of a caspase-3/XIAP complex in neurons sug-
gests that caspase-3 may be activated by proteolytic cleavage but
remains functionally inactive because of bound XIAP. To study
the effect of the combination of EPO+IGF-I on the proteolytic
activity of caspase-3, protein lysates were obtained from cere-
brocortical cultures after NMDA exposure. Then, caspase-3
activity was assessed by cleavage of the fluorescent substrate
DEVD-7-amino-4-trifluoromethyl-coumarin (Fig. 5b) (37).
NMDA exposure increased DEVDase activity, whereas simul-
taneous application of EPO+IGF-I decreased NMDA-induced
caspase-3-like activity for at least 9 h after insult. This finding is
consistent with the notion that the caspase-3/XIAP complex
formed in response to EPO+IGF-I prevented DEVDase
activity.

Next, we determined whether activation of Akt signaling was
responsible for the decrease in caspase-3 activity observed after
treatment with EPO+IGF-I in the face of an NMDA insult (Fig.
5c¢). We found that transduction with dnAkt largely abrogated
the inhibitory effect of EPO+IGF-I on caspase-3 activity, sug-
gesting that Akt was indeed involved in this pathway. Taken
together, these findings suggest that EPO+IGF-I can promote
neuronal survival downstream of caspase activation via a neu-
ronal signal transduction pathway involving XIAP binding to
active caspase-3 to prevent its proteolytic, proapoptotic function.

In summary, the experiments presented here identify a syn-
ergistic effect of EPO and IGF-I in preventing NMDA-induced
neuronal apoptosis. Because of this synergy, lower concentra-
tions of each cytokine can be used to effect neuroprotection.
Additionally, the synergy between these two factors also allows
neuroprotection to be initiated later than treatment with either
factor alone. Furthermore, we demonstrate that PI3-K and Akt
kinase are signaling components of the EPO+IGF-I-induced
neuroprotective pathway. EPO+IGF-I treatment prevents
NMDA-induced neuronal apoptosis despite the finding that the
active form of caspase-3 is present, possibly through facilitation
of an inhibitory interaction between XIAP and caspase-3. It
remains possible that additional effects of XIAP or other factors,
including up-regulation of NF-«B activity, also contribute to
neuroprotection as we have reported (17, 47).

Discussion

Currently, the mechanisms underlying EPO- and IGF-I-
mediated neuroprotection are under intense investigation. When
added before an oxidative insult, IGF-I has been reported to
protect neurons from apoptosis (30, 48). This neuroprotective
effect of IGF-I was predominantly mediated by activation of
PI3-K and Akt. However, IGF-I has also been reported to
increase the sensitivity of cerebellar granule cells to NMDA-
induced excitotoxicity (49). In contrast to granule cells, we
demonstrate here that preincubation with IGF-I provides mod-
est neuroprotection from NMDA-induced neuronal apoptosis in
cerebrocortical cultures. We found that the neuroprotective
effect of IGF-I was abrogated by the PI3-K inhibitor LY294002
and diminished by expression of dnAkt. Endogenous levels of
EPO were unaffected by IGF-I incubation. Consequently, we can
exclude the contribution of endogenous EPO to the neuropro-
tective effect of IGF-I described here.

As with IGF-I, we found that EPO also led to activation of
PI3-K, and that LY294002 or dnAkt inhibited EPO-mediated
protection from NMDA-induced neuronal apoptosis. In agree-
ment with our prior study (17), we observed that neuroprotec-
tion by EPO alone required preincubation before the neurotoxic
insult. We previously reported that EPO stimulated Jak2 activity
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in neurons, resulting in NF-«B activation, and thereby promoting
synthesis of antiapoptotic proteins such as bcl-Xy, c-IAP2, and
XIAP (17). These findings suggested that preincubation with
EPO may prevent neuronal apoptosis via NF-kB-mediated gene
transcription as well as by Akt activation.

Here we report that the neuroprotective effects of EPO and
IGF-I are synergistic. EPO+IGF-I provided neuroprotection at
lower concentrations than either cytokine alone. In fact, concen-
trations of EPO or IGF-I that were totally ineffective when admin-
istered individually afforded significant neuroprotection when com-
bined. Furthermore, the combination of EPO and IGF-I prevented
neuronal apoptosis when added up to 5 h after NMDA insult,
whereas either cytokine alone required preincubation to be effec-
tive. These results support the hypothesis that this combination of
factors may activate a previously undescribed form of cooperation
in the neuroprotective signal transduction pathway. Along these
lines, we show here that both factors synergistically activate the
PI3-K/Akt pathway in neurons.

Previous reports had demonstrated that phosphorylation/
activation of Akt is crucial for EPO- or IGF-I-mediated signaling
in a variety of cell types (9, 28). In the present study, we show that
incubation with EPO+IGF-I resulted in phosphorylation of Akt
in neurons. Intriguingly, we observed much more robust activa-
tion of Akt after costimulation with EPO+IGF-I compared to
preincubation with EPO or IGF-I alone. Moreover, the com-
bined application of EPO and IGF-I also appeared to delay
dephosphorylation of Akt, thus keeping it active for a longer
period. Expression of dnAkt prevented EPO+IGF-I-mediated
protection from NMDA-induced neuronal apoptosis. However,
transduction with excess wtAkt partially reversed the proapo-
ptotic effect of dnAkt. These findings are consistent with the
notion that the synergism between the EPO and IGF-I neuro-
protective pathways converge at the point of Akt activation.

One possible mechanism for EPO and IGF-I interaction in the
Akt pathway involves PI3-K activity. The inactive form of PI3-K
is a complex between the catalytic portion of the enzyme and the
p85 regulatory subunit (43, 50). The catalytic portion of PI3-K
is liberated when the p85 subunit is phosphorylated, and then the
catalytic portion associates with a variety of growth factor
receptors or receptor-associated kinases (33, 40). Previous stud-
ies have shown that IGF-I leads to p85 phosphorylation in
neurons (51), which is likely mediated by the IGF-I receptor (52).
Similarly, we show here in neurons that EPO/EPO-R binding
promotes association of the EPO-R with p85 and Jak2. We had
previously shown that EPO activates Jak2 in neurons (17), and
it was previously known in nonneuronal cells that active Jak2 can
interact with the p85 subunit of PI3-K, leading to Akt phos-
phorylation/activation (53, 54). Thus, our results suggest that
simultaneous exposure to EPO+IGF-I promotes increased
PI3-K activity in neurons by stimulating multiple pathways for
p85 phosphorylation. Our finding of synergistic activation of Akt
by EPO+IGF-I may therefore be mediated by their cooperative
activation of PI3-K. The fact that we also observed neuropro-
tective synergy between EPO and IGF-I in pure neuronal
cultures suggests that signal transduction mechanisms intrinsic to
neurons are sufficient to mediate cooperative neuroprotection
by these two factors. It may be of interest to investigate the role
of IGF binding proteins (BPs) in this model of neuronal death
and in the therapeutic approach proposed herein, because
IGF-BP dysregulation has been noted in pathophysiological
conditions such as amyotrophic lateral sclerosis (55) and fetal
hypoxia. Specifically, excess IGF-BP5 has been shown to de-
crease the survival of certain populations of neurons by inhib-
iting IGF-I receptor activation and the Akt caspase-3 signaling
pathway downstream of it (23, 56).

Caspase activation plays an important role in neuronal apo-
ptosis (45). We previously reported that the NMDA insult used
in these experiments leads to activation of the intrinsic (mito-
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chondrial) caspase pathway via release of mitochondrial cyto-
chrome ¢ and subsequent activation of the downstream execu-
tioner caspase-3 (37). We show here that EPO+IGF-I treatment
can prevent NMDA-induced neuronal apoptosis downstream of
caspase-3 processing, promoting long-term neuronal survival.
Previously, we demonstrated that EPO leads to increased ex-
pression of antiapoptotic proteins, including endogenous
caspase inhibitors such as XIAP (17). Using coimmunoprecipi-
tation, we demonstrate here that EPO-+IGF-I increase the
amount of XIAP associated with the active form of caspase-3.
Because the binding of XIAP can inhibit caspase proteolytic
activity, this mechanism may represent a primary neuroprotec-
tive action of EPO+I1GF-I downstream of caspase activation. We
also found that a dominant interfering form of Akt largely
prevented the inhibition of caspase-3 activity by EPO+IGF-I.
This finding suggests that the Akt pathway may, at least in part,
mediate this neuroprotective effect of EPO-IGF-1. Additionally,
there is precedent for other neuroprotective actions of Akt that
may be important in this paradigm, including phosphorylation of
GSK-3B, BAD, JNK, and forkhead transcription factor (57).
In summary, we describe a cooperative neuroprotective effect
of EPO and IGF-I that is mediated by a signal transduction
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pathway involving PI3-K and Akt. Our previous studies had
revealed that EPO-mediated neuroprotection also involved NF-
kB-activated transcriptional events. Our current findings suggest
that, in addition, EPO can exert a more immediate neuropro-
tective action when administered in concert with a second
neurotrophic factor, such as IGF-I, capable of synergistic acti-
vation of the PI3-K-Akt pathway. Additionally, our results
suggest that the coadministration of synergistic neuroprotective
agents rather than a single agent might provide greater benefit
to patients suffering from acute NMDA receptor-mediated
insults such as cerebral ischemia (stroke), head or spinal cord
trauma, and epilepsy. EPO is already a clinically useful agent for
the treatment of anemia and exhibits few side effects. IGF-I has
a proven safety record in phase 1 and 2 clinical trials. Thus,
treatment with EPO+IGF-I could be a future therapeutic
strategy for a variety of acute neurological events.
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