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Abstract

Mechanisms controlling the survival of neural precursor cells (NPCs) are critical during brain
development, in adults for neuron replenishment, and after transplantation for neuron replacement.
This investigation found that glycogen synthase kinase 3 (GSK3) promotes apoptotic signaling in
cultured NPCs derived from embryonic mouse brain subjected to two common apoptotic conditions,
trophic factor withdrawal and genotoxic stress. Trophic factor withdrawal activated GSK3 and the
key apoptosis mediators Bax and caspase-3. Pharmacological inhibition of GSK3 activity produced
dramatic reductions in the activation of Bax and caspase-3 and NPC death after trophic factor
withdrawal. Trophic factor withdrawal-induced apoptosis was delayed in Bax knock-out NPCs, but
GSKa3inhibitors provided additional protection. Genotoxic stress induced by camptothecin treatment
of NPCs stabilized p53, which formed a complex with GSK3pand activated Bax and caspase-3.
Camptothecin-induced activation of caspase-3 was reduced by GSK3 inhibitors in both bax*/*and
bax '~ NPCs. Thus, NPCs are sensitive to loss of trophic factors and genotoxic stress, and inhibitors
of GSK3 are capable of enhancing NPC survival.

Neural precursor cells (NPCs),2 which through the process of neurogenesis give rise to
daughter cells that develop into mature neurons, are vital for brain development and also for
the maintenance of normal brain function during the lifespan of mammals (1,2). Consequently,
an increasing number of studies find that impaired neurogenesis is associated with several
neurological (3-5) and psychiatric diseases (6,7), and therapeutic interventions for these
diseases can increase neurogenesis in rodents (8-11). These findings indicate that bolstering
neurogenesis has significant therapeutic potential. Increased neurogenesis can theoretically be
accomplished by increasing NPC proliferation, differentiation, or survival. The latter is a
particularly attractive site for intervention because before maturing to functional neurons a
significant portion of NPCs is lost due to death by apoptosis, although the precise percentage
that dies remains uncertain (12-14), and after transplantation most NPCs die by apoptosis
(15). Additionally, many apoptosis signaling pathways are now well characterized (16,17),
providing information about potential targets for reducing loss of NPCs by apoptosis.
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An important regulator of apoptosis is glycogen synthase kinase 3 (GSK3) (18,19), which
promotes mitochondria-mediated apoptotic signaling induced by a broad range of insults
(20), including conditions modeling a variety of neurodegenerative diseases (21). In addition
to facilitating apoptosis induced by many insults, GSK3 is further an attractive potential target
for reducing apoptosis because it is inhibited by lithium (22,23), a drug with a long history of
therapeutic use in humans for bipolar disorder (24). Lithium directly inhibits GSK3 (22) and
also promotes inhibitory phosphorylation on serine-9 and serine-21 of the two isoforms of
GSK3, GSK3p and GSK3aq, respectively (25), a modulation that is often catalyzed by Akt
(26). In addition, several structurally diverse inhibitors of GSK3 have recently been developed
(27), providing an armory of tools available to inhibit GSK3.

Because many NPCs may be lost to apoptosis, GSK3 promotes apoptosis, and GSK3 inhibitors
are available to block GSK3-facilitated apoptosis, GSK3 may be a favorable target for
bolstering neurogenesis. To investigate this possibility with apoptotic conditions that NPCs
may encounter either during development or with cytotoxic stresses, we exposed NPCs to
trophic factor withdrawal or to the DNA damaging agent camptothecin. The results
demonstrate that NPCs die by apoptosis involving Bax and caspase-3 activation after trophic
factor withdrawal or DNA damage, and GSK3 inhibitors attenuate apoptotic signaling in NPCs
exposed to each of these conditions.

MATERIALS AND METHODS

Cell Culture and Treatments

NPCs were prepared at gestational day 12—13 from the telencephalons of C57BL/6 mice
(National Cancer Institute, Frederick, MD) or knock-out bax™/~ mice and matched controls
(28). Cells were dissociated for 18 min at 37 °C in Hanks’ balanced salt solution (Invitrogen)
containing 0.05% trypsin, 0.02% EDTA, 0.001% DNase I, and 0.2% BSA (Sigma). After
treatment with trypsin, an equal volume of Hanks’ balanced salt solution with 10% fetal bovine
serum was added, and cells were further dissociated by trituration four times. Cells were washed
and resuspended in Dulbec-co’s modified Eagle’s medium containing 20 ng/ml fibroblast
growth factor 2 (FGF2; Research Diagnostics, Flanders, NJ), 8 «g/ml heparin, 5 ug/ml insulin,
100 ug/ml apotransferrin, 30 nM sodium selenite, 20 nM progesterone, 100 uM putrescine, 6
g/liter glucose, 2 mM glutamine, 94.4 M 2-mercaptoethanol, 100 units/ml penicillin, and 100
1g/ml streptomycin (Sigma), pH 7.4. NPCs were expanded as neurospheres, and experimental
procedures were carried out with monolayers of NPCs. To prepare monolayers, the
neurospheres were resuspended and incubated for 2 min at 37 °C in Hanks’ balanced salt
solution with 0.05% trypsin, 0.02% EDTA, 0.2% BSA, diluted with 2 volumes of Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum, and plated on poly-L-lysine/laminin-
coated culture plates and grown as monolayers for ~24 h. Trophic factor withdrawal was
established by placing NPCs in Dulbecco’s modified Eagle’s medium/F-12 media without any
additions. DNA damage was induced by treating cells with 10 M camptothecin (Sigma) in
NPC growth factor-containing media with FGF2. Where indicated, cells were treated with the
selective GSK3 inhibitors 20 mM lithium, 5 uM kenpaullone (Sigma), 5 uM 2-thio(3-
iodobenzyl)-5-(1-pyridyl)-[1,3,4]-oxadiazole (marketed as GSK3 Inhibitor 11; Calbiochem),
20 uM indirubin-3'-monoxime (Alexis Biochemicals, San Diego, CA), or 5 uM SB216763
(Tocris Cookson Inc., Ballwin, MO).

Immunoblot Analysis and Immunoprecipitation

For immunoblotting, cells were washed twice with PBS and lysed with 100 ul of lysis buffer
(10 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 mM sodium orthovanadate, 50 mM
sodium fluoride, 100 uM phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin, 10 ug/ml
aprotinin, 5 ug/ml pepstatin A, 1 nM okadaic acid, and 1% Triton-X-100). The lysates were
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centrifuged at 14,000 rpm for 20 min at 4 °C. Protein concentrations were determined using
the Bradford method (29). Immunoprecipitations were performed using sheep anti-mouse 1gG
Dynabeads (Dynal Biotech, Oslo, Norway). The Dynabeads, 10 ul of slurry per sample, were
washed twice in PBS, 0.1% BSA using a magnetic particle separator. The beads were incubated
with 1 ug of anti-GSK3p antibody overnight at 4 °C with gentle agitation followed by
incubation with protein samples for 1 h at 4 °C, and the immune complexes were washed 3
times. Samples were mixed with Laemmli sample buffer (2% SDS) and placed in a boiling
water bath for 5 min. Proteins were resolved in SDS-polyacrylamide gels, transferred to
nitrocellulose, and incubated with primary antibodies to poly(ADP-ribose) polymerase
(PARP), proteolyzed PARP 85-kDa fragment (1:1000; dilution; Pharmingen/Transduction
Laboratories), total GSK3a/f (1:2000), phospho-Ser-9-GSK34 (1:1000), phospho-Ser21-
GSK3a (1:1000), GSK34 (1:2000), total Akt (1:1000), phospho-Thr-308-Akt (1:1000),
phospho-Ser-473-Akt (1:1000), Bak (1:1000), Bcl-XL (1:1000), BAX (1:1000), or cleaved,
active casapse-3 (1:500; Cell Signaling, Beverly, MA). Immunoblots were developed using
horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit 1gG followed by
detection with enhanced chemiluminescence, and the protein bands were quantitated with a
densitometer. Quantitative measurements from at least three independent experiments were
tested for statistical significance using analysis of variance.

Immunocytochemistry

Cell Viability

NPCs cultured on poly-L-lysine/laminin-coated glass coverslips were treated as described
under “Results.” Cells were fixed in 4% paraformaldehyde and then permeabilized and blocked
in PBS, pH 7.4, containing 0.2% Triton X-100 and 3% BSA. Cells were incubated overnight
at 4 °C with primary antibodies diluted in PBS containing 3% BSA, including mouse anti-
nestin (1:40,000; Developmental Studies Hybridoma Bank, lowa City, lowa), mouse anti-glial
fibrillary acidic protein (1:10,000; Chemicon), mouse anti-g-tubulin iso-type 111 (1:10,000;
Sigma), rabbit anti-activate caspase-3 (1:50; Cell Signaling), or mouse anti-active Bax (1:1000;
Pharmingen/Transduction Laboratories), a conformational-specific Bax antibody that
recognizes an epitope on Bax that is internalized in non-activated Bax but is externalized after
apoptosis signaling-induced activation of Bax (30). The primary antibody was removed, the
cells were washed three times with PBS and then incubated with either tyramide signal
amplification (PerkinElmer Life Sciences) with cyanine 3-tyramide-conjugated or with
fluorescein isothiocyanate-conjugated secondary antibodies for 1 h at room temperature.
Nuclei were labeled with 1 xg/ml bisbenzimide (Sigma) for 10 min at room temperature. NPCs
were then washed three times with PBS, and coverslips were adhered to glass slides in mounting
medium (0.1% p-phenylenediamine in 75% glycerol in PBS). Cells were viewed and
photographed with an inverted Nikon fluorescence microscope. Positively stained cells were
counted in at least 12 fields from a minimum of 3 different NPC preparations, and the total
number of cells counted was always greater than 5000. Quantitative measurements from at
least three independent experiments were tested for statistical significance using analysis of
variance.

Chromatin condensation was determined by fluorescence microscopy after nuclear staining
with Hoechst dye. Dead cells were quantified by propidium iodide staining and fluorescence-
activated cell sorter analysis. For this, after treatments NPCs were trypsinized, fixed in ethanol
at —20 °C for 10 min, and rehydrated by adding PBS at room temperature for 15 min. Cells
were stained with 3 M propidium iodide in staining buffer (100 mM Tris, pH 7.4, 150 mM
NaCl, 1 mM CacCls,, 0.5 mM MgCl,, 0.1% Nonidet P-40) for 15 min at room temperature and
analyzed on a single-laser flow cytometer (BD Biosciences). Quantitative measurements from
at least three independent experiments were tested for statistical significance using analysis of
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variance except for the data in supplemental Fig. 2b where Student’s t test was used to determine
statistical significance.

RESULTS

Characterization of NPCs and Trophic Factor Withdrawal-induced Apoptosis

Isolated NPCs were expanded as neurospheres and then plated as monolayers (supplemental
Fig. 1) for experimental manipulations, as previously described (31). Monolayers of NPCs
were predominantly nestin-positive (>99%; a marker of NPCs) and less than 1% of cells were
glial fibrillary acidic protein-positive (a marker of astrocytes), and no cells stained with the
neuronal marker g-tubulin 111 (supplemental Fig. 1).

Trophic factor withdrawal caused NPCs to undergo time-dependent activation of caspase-3
and cleavage of the caspase-3 substrate PARP beginning ~3 h after trophic factor withdrawal
(Fig. 1a). Immunocytochemistry verified the widespread activation of caspase-3 in NPCs 6 h
after trophic factor withdrawal (Fig. 1b). Furthermore, morphological changes characteristic
of apoptotic cells also were observed, such as chromatin condensation evident in Hoechst-
stained NPCs 6 h after trophic factor withdrawal (Fig. 1c).

Trophic Factor Withdrawal Induces Dephosphorylation of Akt and GSK3

Growth factors often maintain cell viability in part by activating the phosphatidylinositol 3-
kinase/Akt signaling pathway (26). When activated, Akt is phosphorylated on Ser-473 and
Thr-308, and Akt catalyzes phosphorylation of GSK3 on a regulatory serine which inhibits its
activity (26,32). Therefore, we examined if this pathway was inactivated after trophic factor
withdrawal by using phospho-dependent antibodies to detect phosphorylation of the regulatory
sites on Akt and GSK3 in immunoblot analyses. Trophic factor withdrawal caused a rapid
dephosphorylation of Akt on both Ser-473 and Thr-308, whereas the total level of Akt remained
unchanged (Fig. 2a). Concomitant with the dephosphorylation of Akt, there was loss of serine
phosphorylation of the two isoforms of GSK3, phospho-Ser-21-GSK3a and phospho-Ser-9-
GSK3p, whereas the total protein levels of GSK3a/ were unchanged after trophic factor
withdrawal (Fig. 2b). Quantitative analyses of these changes suggests that Akt is likely an
important kinase for phosphorylating these serines in GSK3 in NPCs since there was
concomitant dephosphorylation of Akt and GSK3 but also that other kinases contribute to
serine phosphorylation of GSK3 since the dephosphorylation of serine-phosphorylated GSK3
was not as complete as was the dephosphorylation of Akt. These results demonstrate that
trophic factor withdrawal led to a rapid inactivation of Akt and decrease of inhibitory serine
phosphorylation of GSK3 before activation of caspase-3.

We tested if inclusion of a single growth factor was sufficient to block the trophic factor
withdrawal-induced dephosphorylations of Akt and GSK3 and if this attenuated apoptotic
signaling. For this, NPCs were incubated for 4 h in complete trophic factor withdrawal media
or with the addition of 50 ng/ml FGF2 or 50 ng/ml insulin-like growth factor-1 (IGF-1).
Stimulation with IGF-1, but not FGF2, was sufficient to maintain phosphorylation of Akt on
both Ser-473 and Thr-308 (Fig. 2c) and inhibition-associated phosphorylation of GSK3a on
Ser-21 and GSK3p on Ser-9 (Fig. 2d). Stimulation with IGF-1 also abrogated the activation of
caspase-3 and cleavage of PARP, whereas FGF2 was without effect (Fig. 2e).

Inhibition of GSK3 Protects NPCs from Trophic Factor Withdrawal-induced Caspase-3
Activation

Because GSK3 is known to be an important contributor of apoptotic signaling in many types
of cells (20), we tested if inhibition of GSK3 protected NPCs from trophic factor withdrawal-
induced caspase-3 activation. Treatment with the selective GSK3 inhibitor lithium (22) reduced
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trophic factor withdrawal-induced decreases of the inhibitory serine phosphorylation of both
isoforms of GSK3 (Fig. 3a) and strongly inhibited trophic factor withdrawal-induced caspase-3
activation and PARP proteolysis between 4 and 8 h after withdrawal (Fig. 3b). To verify that
this protective effect of lithium was due to inhibition of GSK3, four other selective inhibitors
of GSK3 were tested along with lithium. These experiments demonstrated that NPCs were
protected from trophic factor withdrawal-induced caspase-3 activation by 5 uM kenpaullone,
5 uM GSK3 inhibitor I, 20 xM indirubin-3’-monoxime, and 5 uM SB216763 (33-35), similar
to the protection provided by 20 mM lithium (Fig. 3c). Quantitation showed these five selective
GSKa inhibitors provided 80-95% protection from caspase-3 activation after 4 h of trophic
factor withdrawal (Fig. 3d), verifying that inhibition of GSK3 provides NPCs protection from
trophic factor withdrawal.

NPC viability was measured after 4, 8, and 12 h of trophic factor withdrawal by fluorescence-
activated cell sorter analysis with propidium iodide staining to test if GSK3 inhibition
maintained NPC viability (supplemental Fig. 2a). Lithium treatment reduced cell death by 50%
after trophic factor withdrawal (supplemental Fig. 2b), and comparison of three GSK3
inhibitors showed that all provided at least 50% protection from cell death 12 h after trophic
factor withdrawal (Fig. 3e). Taken together, these results demonstrate that in NPCs trophic
factor withdrawal causes rapid dephosphorylation of Akt and GSK3 and caspase-3 activation,
and GSKa3 inhibitors substantially reduce caspase-3 activation and enhance the viability of
NPCs, supporting the conclusion that GSK3 facilitates apoptotic signaling in NPCs.

The activation of Bax is a key step in the apoptotic signaling cascade (17,36). When Bax is
activated in the cytosol it translocates to the mitochondria where it promotes the disruption of
mitochondria and the ensuing activation of caspases. Apoptosis-associated activated Bax can
be detected with a conformational-specific Bax antibody (30). Immunocytochemistry
demonstrated a large increase of activated Bax in NPCs after trophic factor withdrawal (Fig.
4a). Trophic factor withdrawal-induced Bax activation was significantly attenuated by
treatment with three different GSK3 inhibitors, 20 mM lithium, 5 M kenpaul-lone, or 5 uM
SB216763 (Fig. 4b). Trophic factor withdrawal did not alter the cellular level of Bax or two
other bcl-2 family members, Bak and Bcl-XL (Fig. 4c). These results demonstrate that GSK3
promotes the apoptotic signaling cascade at least in part by promoting apoptotic signaling
upstream of Bax activation in NPCs subjected to trophic factor withdrawal.

Because trophic factor withdrawal-induced apoptosis activated Bax, GSK3 has been reported
to contribute to Bax activation (37) and GSK3 inhibitors attenuated Bax activation, we tested
if Bax was required for trophic factor withdrawal-induced caspase-3 activation or protection
by GSK3 inhibitors. These questions were examined by using NPCs isolated from bax /-
mouse embryos. Caspase-3 activation and the associated proteolysis of PARP caused by
trophic factor withdrawal were substantially delayed in Bax-null NPCs compared with matched
wild-type control NPCs (Fig. 5a). However, caspase-3 activation was still attenuated by
inhibition of GSK3 in Bax-null NPCs (Fig. 5, b and c). This indicates that although GSK3
promotes Bax activation, GSK3 also promotes apoptotic signaling by additional mechanisms
independent of Bax that are upstream of caspase-3 activation in the trophic factor withdrawal-
induced apoptotic signaling pathway.

DNA Damage-induced Apoptosis in NPCs

Apoptotic signaling in NPCs also was induced by the DNA-damaging agent camptothecin, a
topoisomerase | inhibitor that induces apoptosis through a p53-dependent mechanism (38,
39). Camptothecin (10 uM) treatment of NPCs maintained in trophic factor-containing media
caused a time-dependent increase in the level of p53 between 2 and 8 h after treatment,
indicative of DNA damage (Fig. 6a). Active, cleaved caspase-3 and cleaved PARP were
increased with an ~2 h delay after p53 accumulation (Fig. 6a). Immunocytochemistry
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confirmed the increased caspase-3 activation after camptothecin treatment (supplemental Fig.
3a). Furthermore, camptothecin-induced accumulated nuclear p53 co-immunoprecipitated
with GSK3p (Fig. 6b). These results are in agreement with previous reports that after DNA
damage NPCs undergo apoptosis by a mechanism dependent on p53 and caspase-3 (28,31,
40) and that in other cell types GSK3p binds p53 in the nucleus after DNA damage to promote
subsequent apoptotic signaling (42,43).

Inhibition of GSK3 Protects NPCs from DNA Damage-induced Apoptosis

Inhibition of GSK3 with lithium modestly reduced the accumulation of p53, whereas it greatly
attenuated camptothecin-induced activation of caspase-3 and cleavage of PARP (Fig. 6¢). The
effects of lithium were compared with three other inhibitors of GSK3, kenpaullone, GSK3
inhibitor I1, and indirubin-3-monoxime, 4 h after camptothecin treatment (Fig. 6d).
Quantitation of the results from three independent experiments showed that each of the GSK3
inhibitors greatly reduced caspase-3 activation induced by treatment with camptothecin (Fig.
6e). Thus, GSK3 promotes apoptotic signaling in NPCs after DNA damage as well as after
trophic factor withdrawal.

To examine the role of Bax in DNA damage-induced apoptotic signaling in NPCs and its
facilitation by GSK3, NPCs were prepared from wild-type and Bax-null embryos.
Camptothecin treatment caused a large increase in active Bax immunoreactivity in NPCs from
wild-type mice (supplemental Fig. 3b). This is in accordance with previous reports that Bax is
an important intermediate in genotoxic stress-induced apoptosis in NPCs (28,31,40). Bax
activation in response to camptothecin administration was attenuated by treatment with four
different GSK3 inhibitors (Fig. 7a). In Bax-null NPCs, the camptothecin-induced increase of
caspase-3 activation was retarded compared with wild-type NPCs (Fig. 7b). To examine if
caspase-3 activation induced by DNA damage in bax/~ NPCs is also promoted by GSK3, we
tested the effects of several GSK3 inhibitors. Pretreatment with lithium inhibited DNA
damage-induced activation of caspase-3 and PARP cleavage between 4 and 8 h after treatment
of Bax-null NPCs with camptothecin (Fig. 7¢). Protection by GSK3 inhibition was confirmed
by treatment with two other selective GSK3 inhibitors, indirubin-3’-monoxime and SB216763,
which attenuated caspase-3 activation (Fig. 7d). These results indicate that GSK3 promotes
DNA damage-induced apoptosis in NPCs, promoting both Bax activation and a Bax-
independent mechanism leading to caspase-3 activation.

DISCUSSION

This investigation sought to identify signaling mechanisms regulating the balance between the
survival and death of NPCs. NPCs were found to be vulnerable to trophic factor withdrawal
and to genotoxic stress, each causing activation of apoptotic signaling involving Bax and
caspase-3. Inhibition of GSK3 greatly diminished activation of apoptotic signaling caused by
each of these conditions. Thus, GSK3 activity makes an important contribution to shifting the
balance from survival to apoptosis in NPCs, and this facilitation of apoptotic signaling by
GSK3 is amenable to pharmacological modulation to diminish apoptosis in NPCs.

Deficient trophic factor supply rapidly activated the apoptotic signaling cascade in NPCs,
similarly to apoptosis in mature neurons after trophic factor withdrawal (43). Trophic factors
support cell viability by activating a variety of signaling pathways, one of which is the
phosphatidylinositol 3-kinase/Akt pathway (26,32). This signaling activity was quickly
arrested after trophic factor withdrawal from NPCs, as indicated by the rapid
dephosphorylation of Akt that signifies its inactivation. GSK3 is one of the important targets
of Akt (20), and trophic factor withdrawal reduced the inhibitory serine phosphorylation of
GSKain parallel with the inactivation of Akt. Conversely, stimulating NPCs with IGF-1 (which
activates the phosphatidylinositol 3-kinase/Akt pathway) reactivated Akt and inhibited GSK3,
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and IGF-1 treatment was sufficient to block activation of caspase-3. After the
dephosphorylation of Akt and of GSK3 induced by trophic factor withdrawal, Bax was
activated, and this was followed by activation of caspase-3, an executioner caspase. The finding
that trophic factor withdrawal induced apoptosis in NPCs is in accordance with previous
evidence that lack of trophic factor support impairs neurogenesis in vivo, although in vivo
measurements of neurogenesis often entail the summation of proliferation and survival. For
example, supplying exogenous growth factors increased neurogenesis in developing and adult
rodent brain (44-50), and administration or overexpression of growth factors decreased NPC
apoptosis in vivo (51-53).

In addition to finding that trophic factor withdrawal induced apoptotic signaling in NPCs, we
identified GSK3 as an important modulator of this signaling, as a panel of GSK3 inhibitors
effectively attenuated the activation of both Bax and caspase-3. Although each of these
inhibitors is not entirely specific for GSK3, the only common target among them all is GSK3
(27). Furthermore, whereas lithium inhibits GSK3 by competing with magnesium, the others
are structurally diverse inhibitors competitive with ATP. These inhibitors showed that the pro-
apoptotic action of GSK3 was targeted partially upstream of Bax activation but was not entirely
dependent on Bax since inhibition of GSK3 still provided protection from trophic factor
withdrawal in Bax-null NPCs.

Genotoxic stress also activated apoptosis in NPCs, and this was attenuated by inhibitors of
GSKa3. A key protein activated by genotoxic stress is the tumor suppressor p53. Although
normally a short-lived protein, DNA damage activates signaling pathways leading to the
stabilization of p53, a transcription factor capable of inducing the expression of pro-apoptotic
proteins (56). In accordance with these characteristics of p53 in other types of cells, DNA
damage induced in NPCs by camptothecin caused a rapid increase in the level of p53 that
preceded the activation of caspase-3. Stabilized p53 formed a complex with GSK3 in NPCs,
and although inhibition of GSK3 had little effect on the accumulation of p53, it attenuated the
progression of apoptotic signaling to caspase-3 activation, similar to reports in other cell types
that GSK3 promotes p53-mediated apoptosis (41,42,57). Attenuation of the DNA damage-
induced apoptotic signaling cascade by GSK3 inhibitors included suppression of the activation
of Bax. That blocking Bax activation reduces apoptosis corroborates previous findings, also
shown here, that Bax deficiency partially protects NPCs from genotoxic stress-induced
apoptosis (28,31,40). However, additional actions of GSK3 were evident because caspase-3
activation was attenuated by GSK3 inhibitors in Bax-deficient NPCs.

The sites at which GSK3 acts to promote apoptosis still remain uncertain. Previous studies
have indicated that GSK3 promotes apoptotic signaling both by enhancing signals that lead to
the disruption of mitochondrial integrity and by regulating the expression of proteins that
modulate apoptotic signaling (20). Bax activation is a key step in many apoptotic conditions,
including apoptosis in cortical neurons after DNA damage (38,58) and trophic factor
deprivation (59) as well as in NPCs (60). Furthermore, GSK3 has been reported to activate
Bax by direct phosphorylation (37). In NPCs, Bax was activated after both trophic factor
withdrawal and camptothecin-induced DNA damage, and a portion of the pro-apoptotic signal
of GSK3 was upstream of Bax activation and a portion downstream of Bax activation, as several
selective GSK3 inhibitors reduced the activating conformational change of Bax by 50%,
whereas they reduced caspase-3 activation by ~85%. We evaluated the significance of Bax for
GSK3 to promote apoptosis induced by trophic factor withdrawal and DNA damage by using
NPCs derived from Bax knock-out mice. Bax deficiency delayed caspase-3 activation in both
conditions, but Bax activation was not absolutely required for NPC apoptosis after both types
of insults as Bax deficiency did not fully block caspase-3 activation. Furthermore, inhibition
of GSKa3 still blocked Bax-independent caspase-3 activation, which indicates that promotion
of apoptosis by GSK3 is not mediated exclusively by Bax. In summary, evidence obtained
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from the present investigation indicates that 1) Bax regulates NPC sensitivity to trophic factor
withdrawal and genotoxic injury, 2) GSK3 is an upstream modulator of Bax activation, and 3)
Bax is not absolutely essential for the promotion of apoptotic signaling by GSKS3.

The identification of GSK3 as a promoter of apoptotic signaling induced in NPCs by either
trophic factor withdrawal or genotoxic stress raises the possibility that inhibitors of GSK3 may
provide support for shifting the balance toward survival for endogenous NPCs or for
transplanted NPCs. The consistent results obtained with several GSK3 inhibitors and their
equivalent effects in two apoptotic conditions verifies that GSK3 promotes apoptotic signaling
in NPCs. The pro-survival effects of GSK3 inhibitors may underlie previous reports that
neurogenesis is enhanced by lithium in vivo (61) and in cultured cells (62,63). However, those
studies did not identify the mechanism by which lithium enhanced neurogenesis, so other
actions cannot be excluded, but the pro-apoptotic actions of GSK3 make it a prime target of
lithium. Endogenous NPCs die by apoptosis, but the estimated death rates vary tremendously
(12-14,55). Apoptosis also underlies the elimination of most NPCs after transplantation (15).
However, complete elimination of apoptosis of NPCs is detrimental, as indicated by studies
of neurogenesis in transgenic mice in which apoptosis is greatly impaired, such as in caspase-3
(54) or Bax (59) knock-out mice. Caspase-3-deficient mice displayed embryonic or early
postnatal lethality associated with a decrease in cell death, and Bax deficiency reduced naturally
occurring developmental neuronal and progenitor cell death (28,59). Therefore, agents that
only shift the balance from death toward survival may provide a nondeleterious intervention
for improving the survival rate of NPCs without overburdening the brain with excessive cells.
The current results showing that GSK3 promotes apoptotic signaling and that inhibitors of
GSK3 provide protection raises the possibility that inhibitors of GSK3 may be useful agents
to promote the survival of NPCs.
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d Trophic factor withdrawal (hr)
0 1 3 6 12

Active, cleaved SIS

caspase-3 -
Cleaved PARP — —
B-actin —--.-.{
b Active, cleaved caspase-3
Control TFW 6 hr
C Hoechst-stained NSCs

Control

FIGURE 1. Trophic factor withdrawal causes apoptosis of NPCs

Trophic factors were withdrawn from the culture media, and NPCs were harvested after 0, 1,
3, 6, 0r 12 h. a, extracts were immunoblotted for active, cleaved caspase-3, cleaved PARP, or
S-actin. b, active caspase-3 was detected by immunocytochemistry in control NPCs or 6 h after
trophic factor withdrawal (TFW). Scale bar, 50 zm. ¢, morphological features of apoptosis,
including condensed nuclei (arrows), were prominent in NPCs 6 h after trophic factor
withdrawal. Scale bar, 20 gm.
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FIGURE 2. Trophic factor withdrawal causes dephosphorylation of Akt and GSK3 in NPCs
Trophic factors were withdrawn and NPCs were harvested after 0, 1, 3, 6, or 12 h. Extracts
were immunoblotted for phospho-Ser-473-Akt, phospho-Thr-308-Akt, and total Akt (a) or
phospho-Ser-21-GSK3a, phospho-Ser-9-GSK3p, and total GSK3a/f (b). Quantitative values
were obtained by densitometric measurements of immunoblots and are the means £ S.E.; n =
3;*,p<0.05. c, NPCs were cultured in trophic factor-containing media (Ctl) or trophic factors
were withdrawn (TFW) from the culture media, and NPCs were incubated for 4 h with no
addition or with 50 ng/ml FGF2 or 50 ng/ml IGF-1. Cell extracts were immunoblotted for
phospho (p)-Ser-473-Akt, phospho-Thr-308-Akt, and total Akt (c), phospho-Ser21-GSK3a,
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phospho-Ser9-GSK3g, and total GSK3a/f (d), or active cleaved caspase-3, cleaved PARP, and
pS-actin (e).
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FIGURE 3. GSK3 inhibitors reduce caspase-3 activation in NPCs after trophic factor withdrawal
a, treatment of NPCs with 20 mM lithium (Li) attenuated trophic factor withdrawal-induced
dephosphorylation of phospho (p)-Ser-21-GSK3a and phospho-Ser-9-GSK34 but did not
change the total levels of GSK3a/f b, active caspase-3, cleaved PARP, and g-actin were
measured by immunoblot analysis in NPCs after 0, 2, 4, 6, or 8 h of trophic factor withdrawal
with and without treatment with 20 mM lithium. c, active caspase-3, cleaved PARP, and f-
actin were measured in NPCs after 4 h of trophic factor withdrawal (TFW) with no treatment
(Ctl) or with 20 mM lithium, 5 uM kenpaullone (Kp), 5 «M GSK3 inhibitor 11 (11), 20 uM
indirubin-3’-monoxime (Ind), or 5 M SB216763 (SB). d, quantitative values were obtained
by densitometric measurements of immunoblots of active caspase-3 and are the means = S.E.;
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n=3;* p<0.001. C, control. e, fluorescence-activated cell sorter analysis of cell death
indicated treatment with the GSK3 inhibitors 20 mM lithium, 5 M kenpaullone, or 5 uM
SB216763 reduced cell death 12 h after trophic factor withdrawal. Means + S.E.; n=3; *,p <
0.001.
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FIGURE 4. GSK3 inhibitors reduce trophic factor withdrawal-induced Bax activation

a, immunocytochemical comparison of Bax activation (red) in control NPCs and after 4 h of
trophic factor withdrawal. Nuclei were labeled with bisbenzimide (blue). Scale bar, 40 um.
b, treatment with 20 mM lithium (Li), 5 uM kenpaullone (Kp), or 5 uM SB216763 (SB)
attenuated trophic factor withdrawal-induced Bax activation (means = S.E.; n=3; *, p < 0.001).
¢, cellular protein levels of Bax, Bak, and Bcl-XL were not changed during trophic factor
withdrawal.
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FIGURE 5. GSK3 inhibitors protect from apoptosis even in the absence of Bax

a, comparison of the time courses 0

f caspase-3 activation and PARP cleavage in NPCs from

wild-type and Bax knock-out embryos during trophic factor withdrawal (TFW). b, lithium
treatment reduced caspase-3 activation and PARP proteolysis in NPCs from Bax knock-out
embryos. -Actin was used as loading control. ¢, caspase-3 activation caused by trophic factor
withdrawal (6 h) in NPCs from Bax knock-out embryos was reduced by treatment with the

GSKa3 inhibitors 20 mM lithium (Li

), 5 uM kenpaullone (Kp), 20 uM indirubin-3’-monoxime

(Ind), or 5 uM SB216763 (SB) (means = S.E.; n = 3; *, p < 0.001). Ctl, control.
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FIGURE 6. Caspase-3 is activated in NPCs by camptothecin treatment and is blocked by GSK3

inhibitors

a, NPCs in trophic factor-containing media were treated with 10 M camptothecin for 0, 2, 4,
6, or 8 h, and extracts were immunoblotted for p53, active cleaved caspase-3, cleaved PARP,
and total GSK3a/p as a loading control. b, p53 co-immunoprecipitated (IP) with GSK3p after
camptothecin (CA) treatment. C, control. ¢, p53, active caspase-3, cleaved PARP, and total
GSK3a/p were measured in NPCs 4 h after 10 xM camptothecin treatment with no pretreatment
(Ctl) or with a 30-min pretreatment with 20 mM lithium. d, active caspase-3, cleaved PARP,
and p-actin were immunoblotted in NPCs 4 h after 10 uM camptothecin treatment with no
pretreatment (Ctl) or with a 30-min pretreatment with 20 mM lithium (Li), 5 uM kenpaullone
(Kp), 5 M GSK3 inhibitor 1 (11), or 20 M indirubin-3’-monoxime (Ind). e, quantitative values
of the effects of GSK3 inhibitors on camptothecin-induced caspase-3 activation were obtained
by densitometric measurements of immunoblots of active caspase-3 (means £ S.E.; n = 3; *,

p <0.05).
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FIGURE 7. GSK3 inhibitors reduce camptothecin-induced apoptosis

a, treatment with 20 mM lithium (Li), 5 uM kenpaullone (Kp), 5 «M GSK3 inhibitor 11 (I1), or
20 M indirubin-3'-monoxime (Ind) attenuated camptothecin (CA)-induced Bax activation
(means = S.E.; n = 3; *, p <0.05). Ctl, control. b, comparison of the time courses of caspase-3
activation and PARP proteolysis in NPCs from wild-type (WT) and Bax knock-out embryos
after 10 M camptothecin treatment. c, lithium treatment reduced camptothecin-induced
caspase-3 activation and PARP proteolysis in NPCs from Bax knock-out embryos. g-Actin
was used as loading control. d, caspase-3 activation in NPCs from Bax knock-out embryos
was reduced by treatment with the GSK3 inhibitors 20 mM lithium (Li), 20 «M indirubin-3'-
monoxime (Ind), or 5 uM SB216763 (SB) (means = S.E.; n = 3; *, p <0.05).
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