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Cerebellar granule neurons depend on insulin-like growth
factor-I (IGF-I) for their survival. However, the mechanism un-
derlying the neuroprotective effects of IGF-I is presently unclear.
Here we show that IGF-I protects granule neurons by suppress-
ing key elements of the intrinsic (mitochondrial) death pathway.
IGF-I blocked activation of the executioner caspase-3 and the
intrinsic initiator caspase-9 in primary cerebellar granule neu-
rons deprived of serum and depolarizing potassium. IGF-I in-
hibited cytochrome c release from mitochondria and prevented
its redistribution to neuronal processes. The effects of IGF-I on
cytochrome c release were not mediated by blockade of the
mitochondrial permeability transition pore, because IGF-I failed
to inhibit mitochondrial swelling or depolarization. In contrast,
IGF-I blocked induction of the BH3-only Bcl-2 family member,

Bim (Bcl-2 interacting mediator of cell death), a mediator of
Bax-dependent cytochrome c release. The suppression of Bim
expression by IGF-I did not involve inhibition of the c-Jun
transcription factor. Instead, IGF-I prevented activation of the
forkhead family member, FKHRL1, another transcriptional reg-
ulator of Bim. Finally, adenoviral-mediated expression of
dominant-negative AKT activated FKHRL1 and induced ex-
pression of Bim. These data suggest that IGF-I signaling via
AKT promotes survival of cerebellar granule neurons by block-
ing the FKHRL1-dependent transcription of Bim, a principal
effector of the intrinsic death-signaling cascade.
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Insulin-like growth factor-I (IGF-I) has significant neurotrophic
and neuroprotective effects. IGF-I expression is regulated differ-
entially in various brain regions and is associated temporally with
critical stages of CNS development (Rotwein et al., 1988; Bach et
al., 1991). Deficits in IGF-I are observed in Alzheimer’s disease
(Mustafa et al., 1999) and degenerative cerebellar ataxias
(Torres-Aleman et al., 1996), and recombinant IGF-I slows dis-
ease progression in sporadic amyotrophic lateral sclerosis (Lai et
al., 1997). IGF-I decreases neuronal apoptosis and enhances
functional recovery in animal models of neurodegeneration in-
cluding toxin exposure (Fernandez et al., 1998), transient isch-
emia (Liu et al., 2001), and neurotransplantation (Clarkson et al.,
2001). Similarly, IGF-I rescues primary neurons from apoptosis
induced by trophic factor withdrawal (Russell et al., 1998), exci-
totoxicity (Tagami et al., 1997), and oxidative stress (Heck et al.,
1999). Thus IGF-I is essential for the survival of CNS neurons in
vivo and in vitro.

Cerebellar granule neurons (CGNs) are critically dependent on
IGF-I for their survival (Lin and Bulleit, 1997). In hereditary
models of cerebellar Purkinje cell degeneration (pcd; lurcher), the
primary death of Purkinje neurons induces the subsequent apo-

ptosis of CGNs because of the loss of Purkinje-derived IGF-I
(Bartlett et al., 1991; Zhang et al., 1997; Selimi et al., 2000a).
Transgenic mice overexpressing IGF-I exhibit a remarkable dou-
bling of CGN number (Ye et al., 1996) and show decreased
expression of caspase-3 in cerebellum (Chrysis et al., 2001).
These observations illustrate that IGF-I protects CGNs from
apoptosis in vivo.

Similarly, IGF-I rescues primary CGNs from apoptosis induced
by removal of depolarizing potassium and serum (trophic factor
withdrawal), an established in vitro model of neuronal apoptosis
(D’Mello et al., 1993; Galli et al., 1995; Miller et al., 1997a). CGN
apoptosis involves activation of the intrinsic (mitochondrial)
death pathway (Green, 1998). For example, trophic factor-
deprived CGNs demonstrate Bax-dependent cytochrome c re-
lease from mitochondria (Desagher et al., 1999), and CGNs
isolated from Bax knock-out mice are less sensitive to trophic
factor withdrawal (Miller et al., 1997b). Moreover, the BH3-only
proapoptotic Bcl-2 family member, Bim (Bcl-2 interacting medi-
ator of cell death), is induced in CGNs undergoing apoptosis
(Harris and Johnson, 2001; Putcha et al., 2001). BH3-only pro-
teins facilitate intrinsic death signaling in a Bax-dependent man-
ner (Desagher et al., 1999; Zong et al., 2001). Although it is
recognized that IGF-I rescues CGNs via phosphatidylinositol 3
kinase (PI3K) and AKT (Dudek et al., 1997; Miller et al., 1997a),
the effects of IGF-I on components of the intrinsic death pathway
have not been examined.

Here we found that IGF-I suppresses induction of Bim, cyto-
chrome c release from mitochondria, and activation of the intrin-
sic initiator caspase-9 and the executioner caspase-3 in trophic
factor-deprived CGNs. Although c-Jun N-terminal protein kinase
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(JNK)/c-Jun signaling has been implicated in the induction of
Bim during neuronal apoptosis (Harris and Johnson, 2001; Whit-
field et al., 2001), our data suggest that IGF-I suppresses Bim
expression via a distinct mechanism involving inhibition of the
forkhead transcription factor FKHRL1. These results indicate
that the intrinsic death pathway is a principal target of IGF-I in
neurons.

MATERIALS AND METHODS
Materials. Recombinant human IGF-I was provided by Margarita Qui-
roga (Chiron, Emeryville, CA). Polyclonal antibodies to Bim, Bcl-XL,
caspase-3, caspase-9, cytochrome c, and c-Jun were from Santa Cruz
Biotechnology (Santa Cruz, CA). Polyclonal antibodies to phospho-c-Jun
(Ser 63), phospho-AKT (Ser 473), and AKT were from Cell Signaling
Technologies (Beverly, MA). Polyclonal antibodies to phospho-
FKHRL1 (Ser 253) and FKHRL1 were from Upstate Biotechnology
(Lake Placid, NY). Cy3-conjugated secondary antibodies for immuno-
cytochemistry were purchased from Jackson ImmunoResearch Labora-
tories (West Grove, PA). Horseradish peroxidase-linked secondary an-
tibodies and reagents for enhanced chemiluminescence detection were
obtained from Amersham Biosciences (Piscataway, NJ). JC1, tetrameth-
ylrhodamine ethyl ester (TMRE), and MitoTracker Green were from
Molecular Probes (Eugene, OR). Wortmannin, Hoechst dye number
33258, and 4�,6-diamidino-2-phenylindole (DAPI) were from Sigma (St.
Louis, MO). Adenoviral cytokine response modifier A (CrmA) was
obtained from Dr. James DeGregori [University of Colorado Health
Sciences Center (UCHSC), Denver, CO]. Adenoviral CMV (negative
control adenovirus) was from Dr. Jerry Schaack (UCHSC). Adenoviral
kinase-dead K179M mutant (dominant-negative) AKT was obtained
from Drs. Prem Sharma and Jerry Olefsky (University of California, San
Diego, CA).

Cell culture. Rat CGNs were isolated from 7-d-old Sprague Dawley rat
pups (15–19 gm) as described previously (Li et al., 2000). Briefly, neurons
were plated on 35-mm-diameter plastic dishes coated with poly-L-lysine
at a density of 2.0 � 10 6 cells/ml in basal modified Eagle’s medium
containing 10% fetal bovine serum, 25 mM KCl, 2 mM L-glutamine, and
100 U/ml penicillin /100 �g/ml streptomycin (Invitrogen, Grand Island,
NY). Cytosine arabinoside (10 �M) was added to the culture medium 24
hr after plating to limit the growth of non-neuronal cells. With the use of
this protocol the cultures were �95–99% pure for granule neurons. In
general, experiments were performed after 7 d in culture.

Quantification of apoptosis. Apoptosis was induced by removing serum
and decreasing the extracellular potassium concentration from 25 to 5
mM. After 24 hr the CGNs were fixed with 4% paraformaldehyde, and
the nuclei were stained with either Hoechst dye or DAPI. Cells were
considered apoptotic if their nuclei either were condensed or were
fragmented. In general, �500 cells from at least two fields of a 35 mm
well were counted. Data are presented as the percentage of cells in a
given treatment group that were scored as apoptotic. Experiments were
performed at least in triplicate.

Preparation of CGN cell extracts. After incubation for the indicated times
and with the reagents specified in Results, the culture medium was aspi-
rated; the cells were washed once with 2 ml of ice-cold PBS, pH 7.4, placed
on ice, and scraped into lysis buffer (200 �l /35 mm well) containing (in
mM): 20 HEPES, pH 7.4, 50 NaCl, 1 EGTA, 5 �-glycerophosphate, 30
sodium pyrophosphate, and 1 phenylmethylsulfonyl fluoride plus 1% Triton
X-100, 100 �M sodium orthovanadate, 10 �g/ml leupeptin, and 10 �g/ml
aprotinin. Cell debris was removed by centrifugation at 6000 � g for 3 min,
and the protein concentration of the supernatant was determined by a
commercially available protein assay kit (Pierce, Rockford, IL). Aliquots
(�150 �g) of supernatant protein were diluted to a final concentration of
1� SDS-PAGE sample buffer, boiled for 5 min, and electrophoresed
through 10–15% polyacrylamide gels. Proteins were transferred to polyvi-
nylidene difluoride (PVDF) membranes (Millipore, Bedford, MA) and
processed for immunoblot analysis.

Immunoblot analysis. Nonspecific binding sites were blocked in PBS,
pH 7.4, containing 0.1% Tween 20 (PBS-T) and 1% BSA for 1 hr at room
temperature. Primary antibodies were diluted in blocking solution and
incubated with the membranes for 1 hr. Excess primary antibody was
removed by washing the membranes three times in PBS-T. Then the blots
were incubated with the appropriate horseradish peroxidase-conjugated
secondary antibody diluted in PBS-T for 1 hr and subsequently were
washed three times in PBS-T. Immunoreactive proteins were detected by

enhanced chemiluminescence. In some experiments the membranes were
reprobed after stripping in 0.1 M Tris-HCl, pH 8.0, 2% SDS, and 100 mM
�-mercaptoethanol for 30 min at 52°C. The blots were rinsed twice in
PBS-T and processed as above with a different primary antibody. Auto-
luminograms shown are representative of at least three independent
experiments.

Immunocytochemistry. CGNs were cultured on polyethyleneimine-
coated glass coverslips at a density of �2.5 � 10 5 cells per coverslip.
After incubation as described in Results, the cells were fixed in 4%
paraformaldehyde and were permeabilized and blocked in PBS, pH 7.4,
containing 0.2% Triton X-100 and 5% BSA. Cells then were incubated
for �16 hr at 4°C with primary antibody diluted in PBS containing 0.2%
Triton X-100 and 2% BSA. The primary antibody was aspirated, and the
cells were washed five times with PBS. Then the cells were incubated
with a Cy3-conjugated secondary antibody and DAPI for 1 hr at room
temperature. CGNs were washed five more times with PBS, and cover-
slips were adhered to glass slides in mounting medium (0.1%
p-phenylenediamine in 75% glycerol in PBS). Fluorescent images were
captured by using either 63� or 100� oil immersion objectives on a Zeiss
Axioplan 2 microscope equipped with a Cooke Sensicam deep-cooled
CCD camera and a Slidebook software analysis program for digital
deconvolution (Intelligent Imaging Innovations, Denver, CO).

Measurement of mitochondrial swelling. CGNs were incubated as de-
scribed in Results, and JC1 (final concentration, 2 �g/ml) was added to
the cultures 30 min before fixation to stain mitochondria. JC1 fluores-
cence was captured in paraformaldehyde-fixed cells by using a Cy3 filter
under a 100� oil objective. Then the diameters of �150 mitochondria
per treatment condition were measured from digitally deconvolved im-
ages obtained from a total of 15–20 CGNs (randomly pooled from four
independent experiments).

Assessment of mitochondrial membrane potential. CGNs grown on glass
coverslips were incubated as described in Results, and TMRE (500 nM)
was added directly to the cells 30 min before the end of the incubation
period. After incubation the coverslips were inverted onto slides into a
small volume of phenol red-free medium containing TMRE (500 nM).
Living cells then were imaged with a Cy3 filter to detect TMRE fluo-
rescence under a 100� oil objective. All images were acquired at equal
exposure times for TMRE fluorescence to assess the relative mitochon-
drial membrane potentials.

Adenoviral infection. Recombinant adenoviruses were purified by ce-
sium chloride gradient ultracentrifugation. The viral titer (multiplicity of
infection) was determined by measuring the absorbance at 260 nm
(where 1.0 absorbance unit � 1 � 10 12 particles/ml), and infectious
particles were verified by plaque assay. Adenoviral (Ad)-CMV, Ad-
CrmA, or Ad-dominant-negative (DN)-AKT was added to CGN cultures
on day 5 at a multiplicity of infection of 50. At 48 hr after infection either
CGN apoptosis was induced by removal of serum and depolarizing
potassium for 24 hr (for Ad-CMV and Ad-CrmA) or cell lysates were
prepared directly for Western blotting for phospho-FKHRL1 and Bim
(for Ad-CMV and Ad-DN-AKT).

Data analysis. The results that are shown represent the means � SEM
for the number (n) of independent experiments that were performed.
Statistical differences between the means of unpaired sets of data were
evaluated by one-way ANOVA, followed by a post hoc Dunnett’s test. A
p value of �0.01 was considered statistically significant.

RESULTS
IGF-I suppresses CGN apoptosis and activation of
caspase-3 and caspase-9
Primary CGNs are dependent on depolarization-mediated cal-
cium influx and serum-derived growth factors for their survival in
vitro (D’Mello et al., 1993; Galli et al., 1995). The removal of
serum and depolarizing potassium induced marked apoptosis of
CGNs, characterized morphologically by chromatin condensation
and fragmentation (Fig. 1A). Quantification of CGN apoptosis
was performed by counting the number of cells with condensed
and/or fragmented nuclei from several representative fields for
each incubation condition. Basal CGN apoptosis was �10% and
increased to �60% after 24 hr of trophic factor withdrawal (Fig.
1B). We used this cell system to investigate the mechanism of
IGF-I neuroprotection. As described previously (D’Mello et al.,
1993; Galli et al., 1995; Miller et al., 1997a), the addition of IGF-I
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to cerebellar cultures immediately after trophic factor withdrawal
resulted in an �80% reduction in CGN apoptosis (Fig. 1A,B).
The ability of IGF-I to rescue CGNs from apoptosis required the
activation of PI3K, as demonstrated by the loss of protection
observed in the presence of wortmannin (Fig. 1A,B). Activation
of the executioner caspase-3 has been implicated in the apoptotic
death of CGNs (Eldadah et al., 2000). Consistent with this, we
observed cleavage of caspase-3 from the proform to an active
fragment within 6 hr of serum and potassium deprivation (Fig.
1C). Like the results obtained for nuclear condensation and
fragmentation, IGF-I inhibited caspase-3 activation in a PI3K-
dependent manner (Fig. 1C). This latter result suggested that
IGF-I blocks proapoptotic signaling events early in the apoptotic
cascade, because caspase-3 cleavage commonly is thought to
signify commitment to apoptosis.

To identify potential targets of IGF-I action upstream of the
executioner caspase-3 in the apoptotic cascade, we focused on
components of the intrinsic (mitochondrial) death pathway
(Green, 1998). Recent data indicate that the intrinsic death
pathway plays a significant role in CGN apoptosis evoked by
trophic factor withdrawal (Miller et al., 1997b; Desagher et al.,
1999). Immediately upstream of caspase-3 cleavage, activation of
the initiator caspase-9 is the most distal event in the intrinsic
pathway (Kuida et al., 1998). Recently, caspase-9 activation was
shown to be required for caspase-3 cleavage in CGNs deprived of
serum and depolarizing potassium (Gerhardt et al., 2001). Con-
sistent with the involvement of caspase-9 in CGN apoptosis, we
found that infection of CGNs with adenoviral CrmA, an inhibitor
of Group III caspases (including caspase-9), but not Group II
caspases (such as caspase-3) (Garcia-Calvo et al., 1998), signifi-
cantly decreased apoptosis from 72 � 8% (n � 3) to 29 � 3%
(n � 3; p � 0.01). In contrast, a negative control adenovirus
(Ad-CMV) had no effect on CGN apoptosis (70 � 8%; n � 3).
After acute serum and potassium deprivation, we observed
marked cleavage of caspase-9 consistent with its activation (Fig.
1D). As was observed for caspase-3 cleavage, activation of
caspase-9 was inhibited significantly by IGF-I in a PI3K-
dependent manner (Fig. 1D), demonstrating that IGF-I sup-
presses a key component of the intrinsic death pathway in CGNs.

IGF-I inhibits release of cytochrome c from
mitochondria and its redistribution to neuronal
processes
Caspase-9 is activated after its association with Apaf-1 and cyto-
chrome c, which assemble into a large oligomeric complex known
as the apoptosome (Zou et al., 1999). Formation of the apopto-
some occurs after release of the mitochondrial protein, cyto-
chrome c, into the cytoplasm. In CGNs maintained in the pres-

Figure 1. IGF-I inhibits apoptosis and activation of the executioner
caspase-3 and the intrinsic initiator caspase-9 in CGNs subjected to
trophic factor withdrawal. A, CGNs were incubated for 24 hr in either
control (25K�Ser) or apoptotic (5K-Ser) medium containing either PBS
vehicle (VEH ) or IGF-I (200 ng/ml) in the absence or presence of
wortmannin (WORT; 100 nM). After incubation the CGNs were fixed, and
the nuclei were stained with DAPI. Scale bar, 10 �m. B, The percentages
of apoptotic CGNs observed under the conditions described in A were
quantified by counting �500 CGNs per field in two fields per condition.

4

Values represent the means � SEM for three independent experiments,
each performed in triplicate. *Significantly different from the 25K�Ser
control ( p � 0.01). C, CGNs were incubated as described in A, but for
only 6 hr. Detergent-soluble cell lysates were subjected to SDS-PAGE on
15% polyacrylamide gels, and the proteins were transferred to PVDF
membranes. Activation of caspase-3 was assessed by immunoblotting (IB)
with a polyclonal antibody that recognizes both the proform (�32 kDa)
and the cleaved form (�19 kDa active fragment) of the enzyme. The blot
shown is representative of results obtained in three separate experiments.
D, CGNs were incubated exactly as described in C, and the cell lysates
were electrophoresed as described in C. Activation of caspase-9 was
assessed by Western blotting with a polyclonal antibody that specifically
recognizes the cleaved form (active fragment) of the caspase. The blot
shown is representative of three independent experiments.
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ence of serum and depolarizing potassium, cytochrome c was
localized predominantly in mitochondria (Fig. 2A), with only
diffuse staining observed in neuronal processes (Fig. 2C,E). Re-
moval of serum and depolarizing potassium for 4 hr resulted in a
rapid redistribution of cytochrome c from mitochondria to a
diffuse staining throughout the cytoplasm. This redistribution
was accompanied by the formation of many pronounced punctate
areas of cytochrome c staining (Fig. 2B). The latter were ob-
served primarily, although not exclusively, in distinct focal com-
plexes localized to neuronal processes (Fig. 2D,F). In contrast to
cytochrome c staining, no detectable redistribution of the mito-
chondrial marker MitoTracker Green was observed in neuronal
processes under apoptotic conditions, indicating that the punctate
areas of cytochrome c staining were not associated with intact
mitochondria (data not shown). Inclusion of IGF-I during trophic
factor withdrawal prevented the release and redistribution of
cytochrome c from mitochondria (Fig. 2G). However, the addi-
tion of wortmannin in combination with IGF-I restored the re-
lease of cytochrome c from mitochondria and its redistribution to
focal complexes in neuronal processes (Fig. 2H), indicating that
the effects of IGF-I on cytochrome c release were PI3K-
dependent. Thus, IGF-I inhibits the release of cytochrome c from
mitochondria and, in this manner, blocks the subsequent activa-
tion of the intrinsic initiator caspase-9.

Mitochondrial swelling and mitochondrial membrane
depolarization are not prevented by IGF-I
There are two potential mechanisms underlying cytochrome c
release from mitochondria that have received considerable atten-
tion. The first involves opening of the permeability transition pore
(PTP). The PTP is a heteromeric protein complex that includes
the voltage-dependent anion channel, the adenine nucleotide
translocator, and cyclophilin D as well as several other proteins
(for review, see Martinou and Green, 2001). The PTP is localized
at contact sites between the inner and outer mitochondrial mem-
branes. Some apoptotic stimuli are capable of opening the PTP,
resulting in disruption of the mitochondrial membrane potential
(depolarization), a decline in ATP production, and entry of
solutes and water into the mitochondrial matrix. Ultimately,
mitochondrial swelling and rupture of the outer mitochondrial
membrane occur, allowing the leakage of proteins (e.g., cyto-
chrome c) from the intermembrane space into the cytoplasm. We
used the mitochondrial dye JC1 to visualize mitochondria in
CGNs undergoing apoptosis. Although the absolute amount of
JC1 accumulated in mitochondria varies with membrane poten-
tial, JC1 is extremely photostable and labels all mitochondria to
some extent (White and Reynolds, 1996). After incubation with
JC1 the CGNs were fixed, and the diameters of labeled mitochon-
dria were measured after digital deconvolution imaging. As
shown in Figure 3, serum and potassium deprivation for 4 hr
resulted in dramatic swelling of mitochondria in CGNs (Fig. 3A,
top panels). This effect was reversible if serum and depolarizing
potassium were restored within the first 2 hr after trophic factor
withdrawal (Fig. 3A, bottom right panel). Inclusion of IGF-I dur-
ing the apoptotic stimulus did not prevent the swelling of CGN

Figure 2. IGF-I blocks cytochrome c release from mitochondria and
prevents its redistribution to focal complexes localized in neuronal pro-
cesses. CGNs were incubated for 4 hr in control (25K�Ser) or apoptotic
(5K-Ser) medium containing either PBS vehicle or IGF-I (200 ng/ml) in
the absence or presence of wortmannin (WORT; 100 nM). After incuba-
tion the CGNs were fixed in 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, and blocked with 5% BSA. Cytochrome c was
localized by incubating the cells with a polyclonal antibody to cytochrome
c and a Cy3-conjugated secondary antibody. Digitally deconvolved images
were captured by using a 63� oil objective. The images shown are
representative of results obtained in three separate experiments. Scale
bar, 10 �m. A, CGNs incubated in control medium demonstrated intense
cytochrome c staining in the perinuclear region consistent with localiza-
tion to mitochondria. Very diffuse staining was observed in neuronal
processes. B, CGNs incubated in apoptotic medium for 4 hr showed a
marked redistribution of cytochrome c. Note the overall diffuse staining
throughout the cytoplasm accompanied by the formation of distinct,
brightly fluorescent focal complexes on the cell bodies and processes. C,
The area demarcated by the box in A is enlarged to show the diffuse
cytochrome c staining in a control neuronal process. D, The area demar-
cated by the box in B is enlarged to show the intense cytochrome c staining
localized to discrete focal complexes (indicated by the arrowheads) in
neuronal processes of CGNs deprived of serum and depolarizing potas-
sium. E, A region containing multiple processes ( proc) from control
CGNs is shown. Note the overall diffuse cytochrome c staining. F, A
region containing multiple processes from CGNs incubated in apoptotic
medium for 4 hr is shown. Note the presence of many distinct focal areas
of intense cytochrome c staining (indicated by the arrowheads). G, CGNs
incubated in apoptotic medium containing exogenous IGF-I displayed

4

cytochrome c localization to mitochondria similar to control CGNs (see A
for comparison). H, CGNs incubated in apoptotic medium containing
both IGF-I and wortmannin showed cytochrome c staining similar to
CGNs incubated in apoptotic medium alone (see B for comparison).
Focal complexes of cytochrome c staining are indicated by the arrowheads.
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mitochondria (Fig. 3A, bottom lef t panel). The distribution of
mitochondrial diameters under control, apoptotic, and apoptotic
plus IGF-I conditions is shown in Figure 3B, and the mean
diameters are shown in Figure 3C. Serum and potassium depri-
vation resulted in a significant 50% increase in the mean mito-
chondrial diameter in CGNs (0.69 � 0.03 �m in control vs 1.05 �
0.11 �m in apoptotic; p � 0.01), an effect that was unaltered by
IGF-I (0.96 � 0.12 �m) (Fig. 3C). Interestingly, inclusion of
IGF-I in trophic factor-deprived CGNs failed to reverse the
mitochondrial swelling even after 48 hr of incubation, although
apoptosis was still blocked at this time point. However, the
readdition of depolarizing potassium for the latter 24 hr of the
incubation period did reverse the mitochondrial swelling, indicat-
ing that it is a depolarization-sensitive event that is unaffected by
IGF-I (data not shown).

Next we analyzed the mitochondrial membrane potential by
incubating living CGNs with the membrane potential-sensitive

dye TMRE. TMRE is accumulated actively in mitochondria
possessing an intact membrane potential but is excluded or lost
from mitochondria that are depolarized (Krohn et al., 1999).
CGNs maintained in the presence of serum and depolarizing
potassium displayed mitochondria that were stained brightly with
TMRE, indicative of an intact membrane potential (Fig. 4, top lef t
panel). Because these experiments were conducted in living
CGNs, we showed that the mitochondrial membrane potential of
control CGNs was maintained throughout the duration required
to capture all of the images described below (Fig. 4, bottom right
panel). Serum and potassium deprivation for 4 hr resulted in a
marked loss of mitochondrial TMRE staining, consistent with
mitochondrial membrane depolarization (Fig. 4, top right panel).
As was observed for mitochondrial swelling, the addition of IGF-I
to trophic factor-deprived CGNs did not prevent the loss of
mitochondrial membrane potential (Fig. 4, bottom lef t panel). The
above results demonstrate that IGF-I does not block cytochrome

Figure 3. Mitochondrial swelling induced by trophic factor withdrawal is not inhibited by IGF-I. CGNs were incubated for 4 hr in either control
(25K�Ser) or apoptotic (5K-Ser) medium containing either PBS vehicle (VEH ) or IGF-I (200 ng/ml). To test for reversibility of mitochondrial swelling,
we first incubated CGNs for 2 hr in apoptotic medium and then returned them to control medium for an additional 2 hr before staining (REV ). In
preliminary time course experiments a 2 hr incubation in apoptotic medium was found to be sufficient to induce marked mitochondrial swelling (data
not shown). At 30 min before fixation, JC1 (final concentration, 2 �g/ml) and Hoechst dye were added to the cultures to stain mitochondria and nuclei,
respectively. JC1 fluorescence was captured by using a Cy3 filter under a 100� oil objective. A, Representative images of CGNs incubated as described
above and stained with Hoechst and JC1. Mitochondria are indicated by the arrowheads. Note the dramatic swelling of mitochondria in CGNs incubated
in apoptotic medium in either the absence or presence of IGF-I. Mitochondrial swelling was completely reversible if control medium was replaced within
2 hr (REV ). The images shown are representative of CGNs from four separate experiments. Scale bar, 10 �m. B, Distribution of mitochondrial diameters
from CGNs observed under the conditions described in A. The diameters of �150 mitochondria per treatment condition were measured from digitally
deconvolved images obtained from a total of 15–20 CGNs (randomly pooled from 4 independent experiments). The mitochondrial diameters were
categorized into the indicated size groups and graphed as a percentage of the total mitochondria with a given diameter C, Quantification of the mean
mitochondrial diameters for CGNs observed under the conditions described in A. Values represent the means � SEM mitochondrial diameters obtained
from the mitochondria measured in B. *Significantly different from the 25K�Ser control; p � 0.01.
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c release from CGN mitochondria by the inhibition of mitochon-
drial swelling or depolarization, suggesting that opening of the
PTP does not play a significant role in cytochrome c release
during apoptosis of CGNs.

IGF-I blocks induction of the BH3-only Bcl-2 family
member Bim
The second potential mechanism by which cytochrome c release
is regulated involves the formation of a Bax- or Bak-containing

“pore” in the outer mitochondrial membrane that permits the
passage of proteins (Korsmeyer et al., 2000). Bax and Bak are
proapoptotic members of the Bcl-2 family that appear to serve a
redundant function in making the mitochondrial membrane per-
meable to cytochrome c (Wei et al., 2001). The BH3-only Bcl-2
family members, including Bad, Bid, Dp5/Hrk, and Bim, have
been shown to promote the proapoptotic effects of Bax and Bak
while concomitantly suppressing the prosurvival function of Bcl-2
(Desagher et al., 1999; Zong et al., 2001). Recently, Bim was
shown to be upregulated after either nerve growth factor (NGF)
withdrawal from primary sympathetic neurons or serum and
potassium withdrawal from CGNs (Putcha et al., 2001; Whitfield
et al., 2001). Moreover, overexpression of Bim or related BH3-
only family members promotes apoptosis of CGNs in a Bax-
dependent manner (Harris and Johnson, 2001). Immunoblotting
for Bim after acute trophic factor withdrawal in CGNs demon-
strated a marked increase in the expression of Bim short (Bims,
�15 kDa) (Fig. 5A), the most proapoptotic splice variant of this
protein family (O’Connor et al., 1998). Quantification of the
change in protein expression by densitometry revealed that serum

Figure 4. Mitochondrial membrane depolarization elicited by trophic
factor withdrawal is not prevented by IGF-I. CGNs grown on glass
coverslips were incubated for 4 hr in either control (25K�Ser) or apopto-
tic (5K-Ser) medium alone or containing IGF-I (200 ng/ml). At 30 min
before the end of the incubation period TMRE and Hoechst were added
directly to the cells. After incubation the coverslips were inverted onto
slides into a small volume of phenol red-free medium lacking serum or
depolarizing potassium but containing TMRE (500 nM). Living cells then
were imaged under a 100� oil objective. Nuclear staining with Hoechst is
shown in blue; TMRE is shown in red. Scale bar, 10 �m. CGNs main-
tained in control medium during the 4 hr incubation period displayed
many mitochondria that were stained intensely with TMRE, indicative of
an intact membrane potential (top lef t panel ). In contrast, CGNs incu-
bated in apoptotic medium in either the absence (top right panel ) or
presence (bottom lef t panel ) of IGF-I expressed very little detectable
mitochondrial TMRE staining, characteristic of a loss of mitochondrial
membrane potential or depolarization. Approximately 5–10 min was
required to capture the images described above. Therefore, at the end of
the capture duration a final image was acquired of another control CGN
to show that the mitochondrial membrane potential was not compromised
during the time required to capture the images (25K�Ser POST ). All of
the images shown were acquired at equal exposure times for TMRE
fluorescence and are representative of results obtained from three inde-
pendent experiments, each performed in duplicate.

Figure 5. IGF-I inhibits induction of the BH3-only Bcl-2 family member
Bim in a PI3K-dependent manner. A, CGNs were incubated for 6 hr in
either control (25K�Ser) or apoptotic (5K-Ser) medium containing either
PBS vehicle (VEH ) or IGF-I (200 ng/ml) � wortmannin (WORT; 100
nM). After incubation the cell lysates were subjected to SDS-PAGE on
15% polyacrylamide gels, and the proteins were transferred to PVDF
membranes. Bim expression was assessed by immunoblotting with a
polyclonal antibody to Bim that specifically recognized an �15 kDa
protein, consistent with the apparent molecular weight of Bim short
(Bims). To affirm equal protein loading, we then stripped the blot and
reprobed it for the anti-apoptotic Bcl-2 family member Bcl-XL , which did
not demonstrate any significant change in expression under the conditions
of this experiment. The blots shown are representative of three separate
experiments. B, Quantification of Bims expression observed under the
conditions described in A was performed by computer-assisted imaging
densitometry. Values represent the means � SEM for three independent
experiments and are expressed relative to the densitometry of Bims
observed in control CGNs (set to 1.0). *Significantly different from the
25K�Ser control ( p � 0.01).
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and potassium deprivation for 6 hr induced a significant 3.4 �
0.4-fold increase (n � 3; p � 0.01) in Bims (Fig. 5B). Inclusion of
IGF-I completely blunted the induction of Bims (1.5 � 0.5-fold
increase; n � 3) in a PI3K-dependent manner (Fig. 5A,B). In
contrast, the expression of the prosurvival Bcl-2 family member
Bcl-XL was unaffected by either trophic factor withdrawal or
IGF-I (Fig. 5A). These data indicate that the suppression of Bim
is one mechanism by which IGF-I inhibits cytochrome c release in
CGNs deprived of serum and depolarizing potassium.

IGF-I does not suppress Bim expression by
inhibiting c-Jun
Activation of the transcription factor c-Jun is required for apo-
ptosis of primary sympathetic neurons subjected to NGF with-
drawal (Eilers et al., 1998) and CGNs undergoing serum and
potassium deprivation (Watson et al., 1998). The ability of a
dominant-negative mutant of c-Jun to rescue sympathetic neu-
rons from apoptosis recently has been attributed, in part, to its
ability to block the induction of Bim (Whitfield et al., 2001). The
transcriptional activity of c-Jun is stimulated after its phosphor-
ylation on multiple serine residues (including Ser63 and Ser73) by
upstream kinases of the JNK family (Minden et al., 1994). Chem-
ical inhibitors of JNK have been shown to inhibit apoptosis of
CGNs (Harada and Sugimoto, 1999; Coffey et al., 2002) and to
attenuate Bim mRNA expression in CGNs subjected to trophic
factor withdrawal (Harris and Johnson, 2001). In the present
study we observed that incubation of trophic factor-deprived
CGNs with the pyridinyl imidazole JNK/p38 inhibitor SB203580
(Harada and Sugimoto, 1999; Coffey et al., 2002) blunted the
phosphorylation of c-Jun on Ser63 (Fig. 6A) and prevented the
increased expression of c-Jun detected by immunoblotting (Fig.
6B). Moreover, SB203580 significantly attenuated the induction
of Bims, consistent with a role for c-Jun in the regulation of Bim
expression in CGNs (Fig. 6C,D). To determine whether IGF-I
blocks Bim induction via an inhibition of c-Jun, we analyzed the
effects of IGF-I on c-Jun phosphorylation and expression. The
addition of IGF-I to CGNs deprived of serum and depolarizing
potassium failed to attenuate either the phosphorylation of c-Jun
on Ser63 (Fig. 6E) or the increased expression of c-Jun observed
by Western blot (Fig. 6F). Thus IGF-I suppresses the induction of
Bim in apoptotic CGNs via a mechanism that is independent of
the transcription factor c-Jun.

IGF-I prevents dephosphorylation and nuclear
translocation of the forkhead transcription
factor FKHRL1
Recently, a member of the forkhead family of transcription fac-
tors, FKHRL1, was shown to regulate the induction of Bim in
lymphocytes undergoing apoptosis in response to cytokine with-
drawal (Dijkers et al., 2000). Furthermore, overexpression of a
constitutively active mutant of FKHRL1 was sufficient to in-
crease Bim expression in B-cells (Dijkers et al., 2000). The actions
of forkhead family members are regulated by phosphorylation on
serine and threonine residues. The prosurvival kinase AKT is the
main effector of IGF-I that is activated downstream of PI3K, and
FKHRL1 has been identified as a principal substrate of AKT in
neuronal cells (Brunet et al., 1999; Zheng et al., 2000). Therefore,
we first assessed the phosphorylation status of AKT and
FKHRL1 in CGNs by immunoblotting with phospho-site-specific
antibodies. CGNs cultured in the presence of serum and depo-
larizing potassium showed marked phosphorylation of AKT on
Ser473, indicative of high AKT activity (Fig. 7A, first lane). In
parallel, control CGNs also exhibited high phosphorylation of

FKHRL1 on Ser253, one of the sites targeted by AKT (Fig. 7B,
first lane). Removal of serum and depolarizing potassium resulted
in a pronounced dephosphorylation (inactivation) of AKT (Fig.
7A, second lane) and a corresponding loss of FKHRL1 phosphor-
ylation (Fig. 7B, second lane). The addition of IGF-I to CGNs
deprived of serum and depolarizing potassium maintained the
phosphorylation of both AKT (Fig. 7A) and FKHRL1 (Fig. 7B),
effects that were blocked by the PI3K inhibitor wortmannin.

Phosphorylation of FKHRL1 on Thr32 and Ser253 by AKT
results in the translocation of FKHRL1 from the nucleus to the
cytoplasm where it subsequently is sequestered by 14-3-3 proteins
(Brunet et al., 1999). Thus IGF-I signaling via AKT has the
potential to regulate negatively the transcriptional activity of
FKHRL1 by excluding it from the nucleus. We next examined the
cellular localization of FKHRL1 in CGNs. FKHRL1 was local-
ized predominantly to the cytoplasm in CGNs maintained in the
presence of trophic factors (Fig. 7C, top lef t panel). After acute
trophic factor withdrawal FKHRL1 underwent a dramatic trans-
location to the nucleus (Fig. 7C, top right panel). The nuclear
translocation of FKHRL1 was prevented completely by IGF-I
(Fig. 7C, bottom lef t panel) in a PI3K-dependent manner (Fig. 7C,
bottom right panel). Collectively, these results demonstrate that,
under conditions in which IGF-I blocks Bim induction (Fig. 5), it
concurrently sustains high AKT activity, robust FKHRL1 phos-
phorylation, and the exclusion of FKHRL1 from the nucleus.
These findings are consistent with a role for FKHRL1 in the
regulation of Bim expression in CGNs. Moreover, these data
suggest a novel mechanism by which IGF-I suppresses Bim in-
duction in trophic factor-deprived CGNs by blocking the actions
of FKHRL1.

Adenoviral-mediated expression of dominant-negative
AKT results in dephosphorylation of FKHRL1 and
induction of Bim
To assess more directly the role of AKT in the regulation of
FKHRL1 activity and Bim expression, we infected CGNs with an
adenovirus expressing a kinase-dead dominant-negative mutant
of AKT (Ad-DN-AKT). As described above, CGNs cultured in
the presence of serum and depolarizing potassium showed
marked phosphorylation of AKT on Ser473, indicative of high
endogenous AKT activity (Fig. 7A, first lane). Under these con-
ditions the adenoviral-mediated expression of DN-AKT resulted
in a marked dephosphorylation of FKHRL1 on the AKT target
site Ser253 (Fig. 8A) when compared with CGNs infected with a
negative control adenovirus (Ad-CMV). Moreover, the dephos-
phorylation of FKHRL1 induced by DN-AKT was associated
with a coordinated increase in the expression of Bims (Fig. 8B).
These data further support a mechanism by which IGF-I/AKT
signaling blocks Bim induction at the level of the FKHRL1
transcription factor.

DISCUSSION
IGF-I promotes the survival of CGNs both in vitro and in vivo (Ye
et al., 1996; Lin and Bulleit, 1997). In the current study we have
investigated the neuroprotective mechanism of IGF-I in CGNs by
systematically analyzing its effects on components of the intrinsic
death-signaling cascade. First we found that IGF-I suppressed
activation of the executioner caspase-3 in CGNs subjected to
trophic factor withdrawal. This effect was blocked by the PI3K
inhibitor wortmannin, consistent with a role for PI3K/AKT sig-
naling in the IGF-I-mediated survival of CGNs. Previously,
ribozyme-mediated downregulation of caspase-3 was shown to
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inhibit CGN apoptosis (Eldadah et al., 2000), supporting involve-
ment of this executioner caspase in the mechanism of cell death.
Comparable with our results, IGF-I has been shown to attenuate
caspase-3 activation in other models of neuronal apoptosis via a
PI3K/AKT-dependent mechanism (Van Golen and Feldman,
2000; Barber et al., 2001). We also found that IGF-I blocked
activation of the intrinsic initiator caspase-9 in a PI3K-dependent
manner. Recently, selective peptide inhibitors of caspase-9 were
shown to prevent caspase-3 activation in CGNs, demonstrating
that caspase-9 activation occurs upstream of the executioner
during CGN apoptosis (Gerhardt et al., 2001). Moreover, we
found that adenoviral CrmA, an inhibitor of caspase-9, protected
CGNs from apoptosis. Similar to our data, IGF-I has been shown
to prevent caspase-9 activation in rat retinal ganglion cells after
optic nerve transection (Kermer et al., 2000). Collectively, these
data suggest a common mechanism by which IGF-I blocks acti-
vation of the executioner caspase-3 in neurons via inhibition of
the upstream intrinsic initiator caspase-9.

Because caspase-9 is activated after its recruitment into the
apoptosome, we analyzed the effects of IGF-I on cytochrome c
release from mitochondria. Acute trophic factor withdrawal from
CGNs induced a rapid redistribution of cytochrome c from mi-
tochondria to focal complexes localized in neuronal processes.
The precise nature of these complexes is currently under inves-
tigation, but it is possible that these cytochrome c-rich structures
represent large aggregates of apoptosomes. This would allow for
a localized activation of caspases in neuronal processes where
many structural targets of these proteases exist (e.g., cytoskeletal
proteins). We currently are attempting to colocalize Apaf-1 and
caspase-9 by immunocytochemical methods to these cytochrome
c-containing complexes. Regardless of their exact content, IGF-I
essentially abolished the formation of these complexes and main-
tained cytochrome c in mitochondria. The effects of IGF-I on
cytochrome c redistribution were prevented by wortmannin, con-
sistent with a previously recognized role for PI3K/AKT in the
inhibition of cytochrome c release (Kennedy et al., 1999). The
above results suggest that IGF-I inhibits the activation of
caspase-9 by preventing the release of cytochrome c and the
subsequent formation of apoptosomes.

We next examined the role of the mitochondrial PTP in me-
diating the release of cytochrome c during CGN apoptosis. In
trophic factor-deprived CGNs marked mitochondrial swelling
and depolarization were observed, indicative of PTP opening.
Although IGF-I has been shown to prevent mitochondrial depo-
larization in neuroblastoma cells exposed to hyperosmotic con-
ditions (Van Golen and Feldman, 2000), we did not observe any

Figure 6. Inhibition of c-Jun signaling attenuates the induction of Bim.
IGF-I does not block c-Jun activation in trophic factor-deprived CGNs. A,
CGNs were incubated for 4 hr in either control (25K�Ser) or apoptotic
(5K-Ser) medium in the absence or presence of the JNK/p38 inhibitor
SB203580 (SB; 20 �M). After incubation the cells were fixed, and c-Jun
phosphorylated on Ser 63 was detected exclusively in the nuclear compart-
ment by using a phospho-specific polyclonal antibody. The images shown
are representative of results obtained in three independent experiments.
Scale bar, 10 �m. B, CGNs were incubated for 4 hr in either control
(25K�Ser) or apoptotic (5K-Ser) medium in the presence of either DMSO
vehicle (VEH; 0.2%) or SB (20 �M), and cell lysates were subjected to
SDS-PAGE on 10% polyacrylamide gels. Proteins were transferred to

4

PVDF membranes and immunoblotted (IB) with a polyclonal antibody to
c-Jun. The blot shown is representative of three separate experiments. C,
CGNs were incubated as described in B, but for 6 hr, and the cell lysates
were electrophoresed on 15% polyacrylamide gels and probed for Bims.
D, Densitometric analysis of Bims from three independent experiments
performed as described in C. The densitometry of Bims detected in
control (25K�Ser) CGNs was set at 1.0, and all other values were calcu-
lated relative to the control. *Significantly different from the 25K�Ser
control ( p � 0.01). E, CGNs were incubated for 4 hr in either control
(25K�Ser) or apoptotic (5K-Ser) medium in the presence of either PBS
vehicle (VEH ) or IGF-I (200 ng/ml). After incubation the nuclear c-Jun
phosphorylated on Ser 63 was detected by using a phospho-specific poly-
clonal antibody. The images shown are representative of three experi-
ments. Scale bar, 10 �m. F, CGNs incubated as described in E were lysed,
and extracted proteins were immunoblotted for c-Jun. The blot shown is
illustrative of results obtained from three separate experiments.
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effect of IGF-I on either mitochondrial swelling or depolarization
in CGNs. Although IGF-I clearly blocked apoptosis in trophic
factor-deprived CGNs, the observation that it failed to prevent
mitochondrial swelling indicates that the neurons still have dam-
aged mitochondria in the presence of IGF-I. This finding suggests
that a slower nonapoptotic death process was unmasked in CGNs
by blocking the more rapid apoptotic death with IGF-I. The

characterization of a nonapoptotic death pathway in CGNs will
require further investigation. Nonetheless, because IGF-I
blocked cytochrome c release under conditions in which it failed
to affect mitochondrial swelling or depolarization, we conclude
that opening of the PTP is insufficient to promote cytochrome c
release in trophic factor-deprived CGNs. These results are in
agreement with those previously reported for hippocampal neu-
rons exposed to staurosporine in which cytochrome c release and
caspase-3 activation preceded mitochondrial depolarization
(Krohn et al., 1999). Collectively, these results indicate that
opening of the PTP may not be a principal mechanism for
cytochrome c release in neurons.

The proapoptotic Bcl-2 family member Bax has been impli-
cated in cytochrome c release and the apoptosis of CGNs in vitro
and in vivo (Miller et al., 1997b; Desagher et al., 1999; Selimi et
al., 2000b). The proapoptotic function of Bax is attenuated by
anti-apoptotic members of the Bcl-2 family (Bcl-2, Bcl-XL) that
heterodimerize with Bax and sequester it away from mitochon-
dria (Otter et al., 1998). Conversely, BH3-only Bcl-2 family mem-
bers promote the proapoptotic effects of Bax by binding to Bcl-2,
thus freeing Bax to incorporate into the mitochondrial membrane
(Zong et al., 2001). In addition, BH3-only proteins also have been
shown to interact with Bax and induce a conformational change
that facilitates its incorporation into mitochondria (Desagher et
al., 1999). These findings illustrate that BH3-only proteins serve
several key functions in the Bax-dependent release of cytochrome
c and initiation of the intrinsic death pathway.

The BH3-only protein Bim was shown recently to be induced
both in sympathetic neurons subjected to NGF withdrawal and in
trophic factor-deprived CGNs (Putcha et al., 2001; Whitfield et
al., 2001). Sympathetic neuron apoptosis was attenuated by injec-
tion of Bim antisense oligonucleotides (Whitfield et al., 2001),
and neurons from Bim knock-out mice were less sensitive to
apoptosis than neurons from wild-type mice (Putcha et al., 2001).
In addition, overexpression of Bim induced apoptosis in sympa-
thetic neurons (Whitfield et al., 2001) and in CGNs in a Bax-
dependent manner (Harris and Johnson, 2001). Multiple iso-
forms of Bim have been identified that apparently arise by
alternative splicing (O’Connor et al., 1998). In the works cited
above (Putcha et al., 2001; Whitfield et al., 2001), BimEL was
induced during neuronal apoptosis, whereas we observed the
induction of Bims in CGNs subjected to trophic factor withdrawal.
These isoform-specific differences may be a result of the specific
antibodies used to detect Bim. The polyclonal antibody used in

Figure 7. IGF-I sustains the phosphorylation of AKT and FKHRL1 and
prevents the nuclear localization of FKHRL1 in CGNs deprived of
trophic support. A, CGNs were incubated for 4 hr in either control
(25K�Ser) or apoptotic (5K-Ser) medium containing either PBS vehicle
(VEH ) or IGF-I (200 ng/ml) � wortmannin (WORT; 100 nM). After
incubation the cell lysates were subjected to SDS-PAGE on 10% poly-
acrylamide gels, and the proteins were transferred to PVDF membranes.
Membranes were probed with a phospho-specific antibody that detects
active AKT that was phosphorylated on Ser 473 ( p-AKT ). Then the blots
were stripped and reprobed for total AKT to demonstrate equal loading.
The blots shown are typical of results obtained in three separate exper-
iments. B, CGNs were treated exactly as described in A, and the cell
lysates were immunoblotted for inactive FKHRL1 that was phosphory-
lated on Ser 253 (p-FKHRL1) by using a phospho-specific antibody. Then
the membranes were stripped and reprobed for total FKHRL1 to verify
equal loading. The blots shown are illustrative of three independent
experiments. C, CGNs incubated as described in A were fixed and then
incubated with a polyclonal antibody to FKHRL1, followed by a Cy3-
conjugated secondary antibody. Fluorescent digitally deconvolved images
were acquired by using a 63� oil objective. The arrowheads indicate
nuclei that are relatively devoid of FKHRL1 immunoreactivity. The
images shown are representative of three separate experiments. Scale bar,
10 �m.

Figure 8. Adenoviral dominant-negative AKT induces dephosphoryla-
tion of FKHRL1 and increases Bim expression. On day 5 in culture the
CGNs were infected with either a negative control adenovirus (Ad-CMV )
or adenovirus expressing kinase-dead (dominant-negative) AKT (Ad-
DN-AKT ), each at a multiplicity of infection of 50. At 48 hr after infection
the cell lysates were subjected to SDS-PAGE on either 7.5% ( p-
FKHRL1) or 15% (Bims) polyacrylamide gels, and the proteins were
transferred to PVDF membranes. A, The membrane was probed with a
phospho-specific antibody to inactive FKHRL1 phosphorylated on Ser 253

( p-FKHRL1). B, The blot was probed with a polyclonal antibody that
detects the short isoform of Bim (Bims).
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the current study detected primarily a single �15 kDa protein in
CGN lysates and in human embryonic kidney 293 cell lysates
(data not shown), consistent with the apparent molecular weight
of Bims. We observed an approximately threefold induction of
Bims protein after acute trophic factor withdrawal that was pre-
vented completely by inclusion of IGF-I in a PI3K-dependent
manner. These results suggest that IGF-I suppresses the intrinsic
death pathway upstream of Bim synthesis. Consistent with this
conclusion, Harris and Johnson (2001) have shown recently that
IGF-I was unable to rescue CGNs from apoptosis induced by
overexpression of the BH3-only protein Dp5/Hrk. Thus our data
are the first to identify the upregulation of Bim as a major target
of IGF-I action in neurons undergoing apoptosis.

Bim expression is regulated by multiple transcription factors. In
NGF-deprived sympathetic neurons dominant-negative c-Jun
partially attenuated the induction of Bim mRNA and BimEL

protein, inhibited cytochrome c release, and rescued sympathetic
neurons from apoptosis (Whitfield et al., 2001). c-Jun also has
been implicated in the apoptosis of CGNs (Watson et al., 1998),
and an inhibitor of the JNK signaling pathway (CEP-1347) was
shown recently to blunt partially the induction of Bim mRNA in
CGNs subjected to trophic factor withdrawal (Harris and John-
son, 2001). In agreement with JNK/c-Jun involvement in the
induction of Bims in CGNs undergoing apoptosis, the p38/JNK
inhibitor SB203580 significantly attenuated both the activation of
c-Jun and the increase in Bims expression. However, IGF-I failed
to inhibit c-Jun activation under conditions in which it signifi-
cantly blocked the induction of Bims. These results indicate that
c-Jun plays a role in the regulation of Bim expression during CGN
apoptosis, but IGF-I suppresses the induction of Bim via a mech-
anism that does not involve modulation of JNK/c-Jun signaling.
This conclusion is in agreement with the work of Whitfield et al.
(2001), who proposed that JNK/c-Jun signaling cooperates with a
distinct JNK/c-Jun-independent pathway to stimulate the expres-
sion of Bim in sympathetic neurons deprived of NGF.

In this context the forkhead transcription factor FKHRL1 has
been shown recently to regulate Bim expression in hematopoietic
cells (Dijkers et al., 2000). Cytokine withdrawal from a pro-B cell
line induced activation (dephosphorylation) of FKHRL1, induc-
tion of Bim, and apoptosis (Dijkers et al., 2000). Moreover, expres-
sion of a constitutively active mutant of FKHRL1, in which three
putative AKT phosphorylation sites are mutated to alanine, in-
duced Bim expression, cytochrome c release, and apoptosis in
hematopoietic cells (Dijkers et al., 2002). Given that FKHRL1 has
been shown to be a substrate for AKT in neurons (Zheng et al.,
2000), the AKT-mediated inactivation of FKHRL1 may be one
mechanism by which IGF-I inhibits apoptosis. Indeed, overexpres-
sion of a constitutively active FKHRL1 triple phosphorylation site
mutant is sufficient to induce the apoptosis of CGNs (Brunet et al.,
1999). In the present study we showed that trophic factor with-
drawal from CGNs led to an inactivation of AKT, a corresponding
activation of FKHRL1, and translocation of FKHRL1 to the
nucleus. All of these effects, along with the induction of Bim, were
prevented by IGF-I in a PI3K-dependent manner. In addition,
adenoviral expression of a dominant-negative mutant of AKT was
sufficient to activate FKHRL1 and induce Bim expression in
CGNs maintained in the presence of serum and depolarizing
potassium. Taken together, our data suggest that IGF-I attenuates
the induction of Bim in trophic factor-deprived CGNs via a PI3K/
AKT-mediated inactivation of the FKHRL1 transcription factor.

In summary, our results demonstrate that suppression of the
intrinsic death signaling cascade is a principal mechanism under-

lying the neuroprotective effects of IGF-I. IGF-I blocks Bim
induction, cytochrome c release, and activation of the intrinsic
initiator caspase-9 and the executioner caspase-3 in CGNs de-
prived of trophic support. Moreover, IGF-I inhibits the actions of
FKHRL1, a transcriptional regulator of Bim, suggesting a novel
c-Jun-independent mechanism for the modulation of Bim in
neurons.
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