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Cerebellar granule neurons cultured in medium containing a
physiological concentration of KCl (5 mM) undergo apoptosis.
The cells can be rescued by the in vitro addition of NMDA. The
protective effect of NMDA is thought to reflect the in vivo
innervation of developing cerebellar granule neurons by gluta-
matergic afferents. In the current work, we investigated the
mechanism of the anti-apoptotic (protective) effect of NMDA.
NMDA treatment reduced caspase-3-like activity in cerebellar
granule neurons, and the time course and concentration de-
pendence of the protective effect of NMDA mirrored the ability
of NMDA to induce brain-derived neurotrophic factor (BDNF)
expression. Furthermore, a Trk receptor antagonist, K252a, as
well as a blocking antibody to BDNF, attenuated the protective
effects of both NMDA and BDNF. These results suggest that
NMDA-induced BDNF expression mediates the anti-apoptotic
effect of NMDA. The protective effects of NMDA and BDNF
were reduced by inhibitors of the phosphatidylinositol 39-OH

kinase (PI 3-kinase) signal transduction cascade (wortmannin
and LY29004) but not by a MAP kinase kinase (MEK) inhibitor
(PD98059) or a protein kinase A inhibitor (Rp-cAMPS). BDNF
increased phosphorylation of Akt, a target of PI 3-kinase, and
NMDA also induced Akt phosphorylation, but only after an
exposure that was long enough to induce BDNF expression.
Furthermore, ethanol, which interferes with NMDA receptor
function, inhibited the NMDA-induced increase in BDNF levels
but did not block the protective effect of BDNF. These findings
further support the role of BDNF in the anti-apoptotic effect of
NMDA in cerebellar granule neurons and suggest that the
NMDA–BDNF interaction may play a key role in in vivo cerebel-
lar granule neuron development, as well as in the deleterious
effects of ethanol on the developing cerebellum.
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Cerebellar granule neurons obtained from neonatal rats and
maintained in culture medium containing a physiological concen-
tration of KCl (e.g., 5 mM) undergo apoptotic death (Balázs et al.,
1988; D’Mello et al., 1993; Yan et al., 1994). This death can be
prevented or reduced if the cells are grown in the presence of a
depolarizing concentration of KCl (e.g., 25 mM) or if the gluta-
mate receptor agonist NMDA is included in the culture medium
(Balázs et al., 1988; Hack et al., 1993; Yan et al., 1994). The
protective, anti-apoptotic effect of NMDA in vitro has been pos-
tulated to mimic the in vivo innervation of the cerebellar granule
neurons by glutamatergic mossy fiber afferents during develop-
ment (Altman, 1982) [i.e., the innervated neurons are protected
against apoptosis (Balázs et al., 1988)].

We have shown recently that ethanol can attenuate the protec-
tive effect of NMDA and thereby promote apoptosis of cultured
cerebellar granule neurons (Bhave and Hoffman, 1997). Our
results suggested that this action of ethanol was mediated by
inhibition of NMDA receptor function (i.e., inhibition of the
initial response to NMDA) measured as an increase in intracel-
lular Ca21 (Bhave and Hoffman, 1997). However, although
the NMDA-induced Ca21 influx and activation of a calcium/

calmodulin-dependent protein kinase have been implicated in the
protective effect of NMDA (Balázs et al., 1992; Hack et al., 1993),
little is known regarding the subsequent signal transduction path-
ways that mediate this action of NMDA.

Neurotrophins, including brain-derived neurotrophic factor
(BDNF) as well as insulin-like growth factor-1 (IGF-1), have also
been found to protect cultured cerebellar granule neurons against
apoptosis (D’Mello et al., 1993; Lindholm et al., 1993; Harper
et al., 1996; Nonomura et al., 1996; Courtney et al., 1997; Dudek et
al., 1997; Miller et al., 1997; Suzuki and Koike, 1997; Ichikawa et
al., 1998; Zhang et al., 1998), and the signal transduction cascades
mediating the actions of these agents, including the phosphatidyl-
inositol 39-OH kinase (PI 3-kinase) and mitogen-activated protein
kinase (MAPK) pathways, have been investigated (Nonomura et
al., 1996; Dudek et al., 1997; Gunn-Moore et al., 1997; Miller et al.,
1997). Activation of PI 3-kinase seems to be necessary for the
protective effect of IGF-1 (Dudek et al., 1997; Miller et al., 1997),
but the pathway(s) mediating the protective effect of BDNF is less
clear (Courtney et al., 1997; Shimoke et al., 1997).

It is of particular interest that treatment of cerebellar granule
neurons with NMDA has been reported to increase the level of
mRNA for BDNF (Favaron et al., 1993). This finding suggests
the possibility that BDNF could be involved in the protective
effect of NMDA. In the present work, we compared the role of
the various signal transduction cascades in the protective effects
of NMDA and BDNF and evaluated the interactions between the
anti-apoptotic effects of these agents. We also investigated further
the mechanism of ethanol-induced inhibition of the protective
effect of NMDA.
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MATERIALS AND METHODS
Materials. NMDA, dizocilpine, and Rp-cAMPS were obtained from
Research Biochemicals (Natick, MA). K252a was obtained from LC
Laboratories (Woburn, MA). LY294002, PD98059, and wortmannin
were obtained from Calbiochem (La Jolla, CA). Basal essential medium
and fetal bovine serum were obtained from Life Technologies (Gaith-
ersburg, MD). The ApopTag kit was obtained from Oncor (Gaithers-
burg, MD). The BDNF Emax immunoassay kit and anti-active
(phosphorylated)-MAP kinase antibody were obtained from Promega
(Madison, WI). The anti-BDNF blocking antibody was obtained from
Research Diagnostics (Flanders, NJ), and the anti-IGF-1 blocking anti-
body was obtained from Upstate Biotechnology (Lake Placid, NY). The
anti-Akt antibody was obtained from Stressgen Biotechnologies (Victo-
ria, Canada), and the anti-phosphorylated Akt antibody was obtained
from New England Biolabs (Beverly, MA). The ApoAlter CPP32 assay
kit and DEVD–fmk were obtained from Clontech (Cambridge, UK).
Enhanced chemiluminescence reagents were obtained from DuPont-
NEN (Boston, MA). BDNF was a gift from Amgen (Thousand Oaks,
CA). IGF-1 was a gift from Dr. Kim Heidenreich (Department of
Pharmacology, University of Colorado Health Sciences Center, Denver,
CO). All other products were obtained from Sigma (St. Louis, MO).

Cell culture. Primary cultures of cerebellar granule cells were prepared
from 7-d-old Sprague Dawley rats as described previously (Iorio et al.,
1992; Bhave and Hoffman, 1997), except that cells were maintained in
medium containing 5 mM KCl unless otherwise noted. The percent of
glial cells present in this preparation, as estimated visually, was 4.5 6
0.4% (n 5 3). For assessing apoptosis, cells were plated on glass cover-
slips (2 3 10 6 cells/well) or on eight-chambered microscope slides (Fal-
con culture slide; 0.5 3 10 6 cells/well) coated with polyethyleneimine
(100 mg/ml). Cerebellar granule cells (2 3 10 7 cells/100 mm dish) plated
in tissue culture dishes coated with poly-L-lysine (10 mg/ml) were used
for the extraction of total protein for analyzing BDNF levels. For
assessing the levels of caspase-3 activity, phosphorylated Akt, total Akt,
and active (phosphorylated) MAP kinase, cells (5 3 10 6 cells/well) were
plated in poly-L-lysine-coated six-well dishes.

Measurement of apoptosis. In the experiments designed to assess the
protective effect of NMDA and other agents against cerebellar granule
neuron apoptosis, these agents were dissolved in conditioned medium
containing 5 mM KCl, and 5–10 ml was added per milliliter of culture
medium on day 4 in vitro to give final concentrations of 100 mM NMDA,
100 ng/ml BDNF, or 50 ng/ml IGF-1. Apoptosis was determined 12 or 24
hr later (day 5 in vitro). Inhibitors of signal transduction pathways
(PD98059, wortmannin, and LY294002 dissolved in DMSO and Rp-
cAMPS dissolved in distilled water; 1–3 ml added per milliliter of culture
medium), receptor antagonists (K252a dissolved in DMSO and dizo-
cilpine dissolved in distilled water; 1–3 ml added per milliliter of culture
medium), and ethanol were added 5 min before the protective agents, at
concentrations noted in the Results and/or in the figure legends. Vehicle
was added to control cultures as appropriate. Because of its reported
lability (Kimura et al., 1994; Miller et al., 1997), wortmannin was replen-
ished every 6 hr. Blocking antibodies to BDNF or IGF-1 were added to
the cells 3 hr before the protective agents.

For the time course studies, NMDA (100 mM) was added to the culture
medium on day 4 in vitro for different time periods. After these time
periods, cells were washed with conditioned medium containing 5 mM
KCl to remove NMDA, and cells were maintained in this conditioned
medium until day 5 in vitro, when apoptosis was determined.

To assess apoptosis, we fixed the neurons and determined apoptotic
cell death with the ApopTag kit, according to the manufacturer’s instruc-
tions (Bhave and Hoffman, 1997). This method provides for in situ
fluorescent labeling of the 39-OH ends of fragmented DNA. Total cell
number is assessed by staining the fixed cells with propidium iodide.
Fluorescence was detected with an epifluorescence microscope (Nikon;
1003 objective). The total (propidium iodide-labeled) and apoptotic
(fluorescein-labeled) cells were counted manually in three randomly
chosen fields on each coverslip by an investigator who was unaware of the
treatments.

Analysis of caspase-3-like activity. The activity of a caspase that cleaves
the substrate DEVD–7-amino-4-trifluoromethyl coumarin (DEVD–
AFC; “caspase-3-like activity”) in the cerebellar granule cells was deter-
mined using the ApoAlter CPP32 fluorescent assay kit, following the
manufacturer’s instructions. In brief, cerebellar granule cells, maintained
in medium containing 5 mM KCl, were treated with 100 mM NMDA on
day 4 in vitro. On day 5 in vitro these neurons, as well as cells that had
been maintained for 4 or 5 d in 5 mM KCl or for 5 d in 25 mM KCl in the

absence of added NMDA, were extracted with the supplied cell lysis
buffer, and caspase-3-like activity in the cell lysate was determined with
DEVD–AFC. Proteolytic cleavage of this substrate releases free AFC
that can be detected fluorimetrically (excitation, 400 nm; emission, 505
nm). The specificity of the enzyme activity measured was assessed using
a selective inhibitor of caspase-3-like activity, DEVD–fmk (10 mM). The
ability of DEVD–fmk to protect neurons against apoptosis was deter-
mined by treating the cells with 10 mM DEVD–fmk (dissolved in DMSO;
10 ml per milliliter of culture medium) on day 4 in vitro and measuring
apoptosis, as described above, on day 5 in vitro.

Analysis of BDNF levels. The level of BDNF protein in the cerebellar
granule cells after various treatments was determined using the BDNF
Emax immunoassay kit in an antibody sandwich format as described by
the manufacturer. Cerebellar granule cells were extracted in a lysis buffer
(20 mM Tris, 137 mM NaCl, 1% NP-40, 10% glycerol, 1 mM PMSF, 10
mg/ml aprotinin, 1 mg/ml leupeptin, and 0.5 mM sodium vanadate), and
determination of BDNF levels was performed after acid treatment ac-
cording to the manufacturer’s instructions.

Western blot analysis. For analysis of the levels of phosphorylated Akt,
total Akt, and active (phosphorylated) MAP kinase [extracellular-
regulated kinase 1 and 2 (ERK1 and ERK2)], cerebellar granule cells on
day 4 in vitro were treated with NMDA (100 mM), BDNF (100 ng/ml), or
IGF-1 (50 ng/ml) for 5 min at 37°C. After this treatment, the neurons
were washed twice with ice-cold PBS and harvested in a buffer containing
20 mM Tris, pH 7.4, 140 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM
sodium vanadate, 20 mM NaF, 2 mM sodium pyrophosphate, 1 mM PMSF,
10 mg/ml leupeptin, and 10 mg/ml aprotinin. The amount of protein in
each sample was estimated by the bicinchoninic acid method (Pierce,
Rockford, IL), the membranes were solubilized, and 5 mg aliquots were
subjected to SDS-PAGE on 10% polyacrylamide gels, according to the
procedures described in Snell et al. (1996). After electrophoretic sepa-
ration, the proteins were transferred to nitrocellulose membranes (0.22
mm; Schleicher & Schuell, Keene, NH). After blocking with 5% nonfat
dry milk (for the anti-Akt antibody) or with 1% BSA (for the anti-
phosphorylated Akt and anti-phosphorylated MAPK antibodies) in Tris-
buffered saline containing 0.05% Tween-20, blots were probed with
specific antibodies (anti-Akt, 1:5000; anti-phosphorylated Akt, 1:1000;
and anti-phosphorylated MAPK, 1:20,000) for 1 hr and then incubated
with horseradish peroxidase-conjugated goat IgG (1:20,000). Immunore-
active bands were visualized using a chemiluminescence method and
were quantitated by image analysis using a Bio-Rad (Hercules, CA)
GS-250 Molecular Imager and PhosphorAnalyst image analysis software.
When more than one band was detected by the antibodies (phosphory-
lated ERK1 and ERK2; total Akt), the overall density of the two bands
was quantitated to obtain a single value. The results are calculated as the
volume (area 3 Phosphor counts) of the appropriate band(s) and are
generally expressed as percent of control.

Statistical analysis. All values are presented as mean 6 SEM. When
data were expressed as ratios or percents, statistical significance was
determined by the Kruskal–Wallis nonparametric ANOVA, followed by
post hoc multiple comparisons; otherwise, ANOVA with post hoc com-
parisons was used. All analyses were performed using the SigmaStat 2.01
program (Jandel Scientific Software, San Rafael, CA); p , 0.05 was
considered significant.

RESULTS
Characterization of the protective effect of NMDA
In our previous work, we found that treatment of cerebellar
granule neurons with 100 mM NMDA for 24 hr, from day 4 to 5 in
vitro, resulted in protection of ;50% of the cells from apoptosis
(Bhave and Hoffman, 1997). The amount of apoptosis observed at
this time and the degree of protection afforded by NMDA were
similar to that reported by others (Yan et al., 1994; Kharlamov et
al., 1995). The effect of NMDA is receptor-mediated because it
can be blocked by specific NMDA receptor antagonists (Yan et
al., 1994). To characterize the anti-apoptotic effect of NMDA
further, we evaluated the concentration–response relationship
and the time course of the protective effect. As shown in Figure
1A, NMDA, added to the cells for 24 hr, decreased apoptosis in
a concentration-dependent manner, with 100 mM NMDA again
producing ;50% protection. The effect of NMDA was also
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dependent on the time that the cells were exposed to NMDA,
with a maximum effect seen after 12 and 24 hr of exposure (Fig.
1B). It has been reported that caspase-3 or a caspase-3-like
(DEVD-sensitive) enzyme mediates apoptosis in cultured cere-
bellar granule neurons (Armstrong et al., 1997; Ni et al., 1997;
Marks et al., 1998). We found that caspase-3-like activity in-
creased between day 4 and 5 in vitro, as apoptosis increased
(Bhave and Hoffman, 1997), and was elevated in cells grown in
medium containing 5 mM KCl compared with those grown in 25
mM KCl. Furthermore, 24 hr of exposure of the cells to 100 mM

NMDA significantly reduced caspase-3-like activity (Fig. 2). The

role of the caspase-3-like, DEVD-sensitive activity in cerebellar
granule neuron apoptosis was also supported by the finding of a
significant 41% reduction of apoptosis after treatment of the cells
with the caspase inhibitor DEVD–fmk, similar to that in a pre-
vious report (D’Mello et al., 1998) (data not shown).

Characterization of signal transduction cascades
involved in the protective effects of NMDA, BDNF,
and IGF-1
To evaluate the importance of various signal transduction path-
ways in the protective effects of NMDA and the other trophic
factors, we used specific inhibitors of steps in each pathway.
Figure 3A shows that pretreatment of the cells with Rp-cAMPS,
a protein kinase A (PKA) inhibitor, at a concentration shown
previously to inhibit PKA activity (Colwell and Levine, 1995) did
not alter the protective effect of NMDA. Similarly, treatment of
the cells with the MEK inhibitor PD98059 did not interfere with
the protective effect of NMDA or with that of BDNF or IGF-1
(Fig. 3B). The concentration of PD98059 used (Miller et al., 1997)
was sufficient to block the activation of MAP kinase (phosphor-
ylation of ERK1 and ERK2) by BDNF (Fig. 3C).

In contrast to these results, treatment of cells with two different
inhibitors of PI 3-kinase, wortmannin and LY294002, at concen-
trations shown previously to inhibit the activation of PI 3-kinase
effectively (Dudek et al., 1997; Miller et al., 1997) did antagonize
the protective effects of NMDA and BDNF, as shown in Figure
4. These inhibitors also attenuated the protective effect of IGF-1,
as expected (Dudek et al., 1997; Miller et al., 1997) (Fig. 4).

A downstream target of PI 3-kinase that has been suggested to
be a mediator of cerebellar granule neuron survival is the kinase
Akt (protein kinase B) (Dudek et al., 1997). When we compared
the ability of NMDA, BDNF, and IGF-1 to phosphorylate (acti-
vate) Akt after a 5 min exposure, only BDNF and IGF-1 pro-

Figure 1. Concentration and time dependence of the anti-apoptotic
effect of NMDA. A, Cerebellar granule neurons were maintained in
medium containing 5 mM KCl for 4 d in vitro and were then treated with
the indicated concentrations of NMDA for 24 hr, as described in Mate-
rials and Methods. Apoptosis was assessed with the ApopTag kit on day
5 in vitro. Results are expressed as the percent decrease in apoptosis
produced by NMDA. In the absence of NMDA, apoptosis was detected
in 41% of the cells. Values represent the mean 6 SEM of 11–33 obser-
vations in four separate experiments. Kruskal–Wallis ANOVA was per-
formed on the raw data (percent apoptotic cell death) and revealed a
significant effect of NMDA (H 5 46.9; df 5 3; p , 0.001). Post hoc
comparisons showed significant effects with 10, 30, and 100 mM NMDA
compared with that with no NMDA (control). B, NMDA (100 mM) was
added to the culture medium of the cerebellar granule neurons on day 4
in vitro, and at the indicated times after addition, cells were washed to
remove NMDA. The cells were maintained until day 5 in vitro in condi-
tioned medium containing 5 mM KCl. Cells were then fixed for determi-
nation of apoptosis using the ApopTag kit. Results are expressed as the
number (percent) of apoptotic (fluorescein-positive) cells per total cell
number (propidium iodide-labeled cells). Values represent the mean 6
SEM of 12–33 observations in four separate experiments. Kruskal–Wallis
ANOVA revealed a significant effect of time of exposure to NMDA (H 5
74.9; df 5 4; p , 0.001); *p , 0.001 compared with all other groups ( post
hoc comparisons).

Figure 2. Effect of NMDA on caspase-3-like activity in cerebellar gran-
ule neurons. Cerebellar granule neurons were prepared as described in
Materials and Methods and maintained in medium containing either 5 or
25 mM KCl. On day 4 in vitro, NMDA (100 mM) was added to cells grown
in 5 mM KCl. Caspase-3-like activity was also measured in neurons
maintained in 5 mM KCl and treated on day 4 in vitro with the specific
caspase-3-like inhibitor DEVD–fmk (10 mM). Caspase-3-like activity was
measured fluorimetrically on the day in vitro (DIV ) indicated, as de-
scribed in Materials and Methods (i.e., cells were treated with NMDA or
inhibitor for 24 hr). Values are expressed as the percent of caspase activity
in cells grown in 5 mM KCl for 5 d in vitro in the absence of NMDA
(control cells) and represent the mean 6 SEM of three observations.
Kruskal–Wallis ANOVA revealed a significant effect of treatment (H 5
13.5; df 5 4; p 5 0.009); *p , 0.05 compared with all other groups ( post
hoc comparisons).
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duced measurable phosphorylation of the kinase (Fig. 5A). Four
hours of exposure of the neurons to NMDA, which was necessary
to observe a protective effect of NMDA (Fig. 1B), also resulted in
increased Akt phosphorylation (Fig. 5B). The Akt phosphoryla-
tion induced by BDNF or by the 4 hr exposure to NMDA was
prevented by LY294002 at the concentration that blocked the
protective effects of NMDA, BDNF, and IGF-1 and by the Trk
antagonist K252a at a concentration that blocked the protective
effect of BDNF and NMDA (see below) (Fig. 5).

Interaction of the protective effects of NMDA
and BDNF
The above results, indicating a delayed effect of NMDA to
phosphorylate Akt, suggested that the ability of NMDA to acti-
vate the PI 3-kinase pathway might require an intermediate step.
The previous finding that NMDA increases the expression of
BDNF mRNA in cerebellar granule neurons (Favaron et al.,
1993) suggested that BDNF synthesis might be necessary to
observe the response to NMDA. Figure 6, A and B, shows that
NMDA increased the level of BDNF protein in cerebellar gran-
ule neurons in a concentration- and time-dependent manner that
was reminiscent of the protective effect of NMDA, as character-
ized in Figure 1, and was also compatible with the time course for
NMDA-induced activation of Akt. The ability of NMDA to
increase BDNF expression was receptor-mediated because it was
blocked by the NMDA receptor antagonist dizocilpine (Fig. 6C).

To investigate the possibility that the NMDA-induced increase
in BDNF levels played a role in the protective effect of NMDA,
we first determined whether a BDNF receptor antagonist could
block the effect of NMDA. As shown in Figure 7, the nonselec-
tive Trk antagonist K252a effectively blocked the protective effect
of both BDNF and NMDA but had no effect on the response to
IGF-1. K252a did not affect the ability of NMDA to increase
intracellular Ca21 in the cerebellar granule neurons (i.e., did not
interfere directly with NMDA receptor function) (data not
shown). Blockade of the Trk receptor could also reduce the
effects of both BDNF and NMDA if endogenous or exogenous
BDNF increased the release of glutamate (i.e., if glutamate
mediated the protective effect of BDNF). However, the NMDA
receptor antagonist dizocilpine blocked only the effect of NMDA
but not that of BDNF (data not shown).

We also evaluated the ability of a blocking antibody against
BDNF to reduce the protective effects of NMDA and BDNF. As
shown in Figure 8A, pretreatment of cerebellar granule neurons
with this antibody reduced the protective effects of both NMDA
and BDNF. In contrast, treatment of the cells with a blocking

Figure 3. Effect of inhibitors of PKA or MAP kinase on the anti-
apoptotic actions of NMDA, BDNF, or IGF-1. A, Cerebellar granule
neurons were prepared and cultured in medium containing 5 mM KCl, as
described in Materials and Methods. On day 4 in vitro, cells were pre-
treated with vehicle or Rp-cAMPS (100 mM), a PKA inhibitor, 5 min
before treatment with NMDA (100 mM). Twelve hours later, apoptosis
was determined using the ApopTag kit, as described in Materials and
Methods. Data are presented as the percent of cells showing apoptosis.
Values represent the mean 6 SEM of 9–12 observations in three separate
experiments. Kruskal–Wallis ANOVA revealed a significant effect of
treatment (H 5 28.7; df 5 3; p , 0.001); *p , 0.001 compared with the
5 mM KCl alone group ( post hoc comparisons). B, Cerebellar granule
neurons were prepared and cultured in medium containing 5 mM KCl, as
described in Materials and Methods. On day 4 in vitro, cells were pre-
treated with vehicle or PD98059 (50 mM) 5 min before treatment with

4

NMDA (100 mM), BDNF (100 ng/ml), or IGF-1 (50 ng/ml). Twelve hours
later, apoptosis was determined using the ApopTag kit, as described in
Materials and Methods. Data are presented as the percent of cells show-
ing apoptosis. Values represent the mean 6 SEM of three to six obser-
vations in two separate experiments. Kruskal–Wallis ANOVA revealed a
significant effect of treatment (H 5 33.5; df 5 7; p , 0.001); *p , 0.001
compared with the 5 mM KCl alone group ( post hoc comparisons). C, On
day 4 in vitro, cells were treated with 100 mM NMDA, 100 ng/ml BDNF
in the absence or presence of 50 mM PD98059, or 50 ng/ml IGF-1 for 5
min. Cells were extracted, and immunoblotting was performed as de-
scribed in Materials and Methods. Inset, A representative blot of phos-
phorylated ERK1 and ERK2 is shown. Data are presented as the mean 6
SEM percent of control values (level of phosphorylated ERK1 and ERK2
in vehicle-treated cells) obtained from six to eight observations in three
separate experiments. Kruskal–Wallis ANOVA revealed a significant
effect of treatment (H 5 24.9; df 5 4; p , 0.001); *p , 0.05 compared with
control ( post hoc comparisons).
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antibody to IGF-1 reduced only the effect of IGF-1 and not that
of NMDA (Fig. 8B). Both of these antibodies alone increased
apoptosis, suggesting a role for endogenous IGF-1 and BDNF in
cell survival, although only the effect of the anti-IGF-1 antibody
was statistically significant.

Effect of ethanol treatment on the responses to NMDA
and BDNF
We showed previously that ethanol, added to cerebellar granule
cells in the presence of NMDA, attenuated the protective effect
of NMDA in a concentration-dependent manner (Bhave and
Hoffman, 1997). In the present study, as in the previous work, we

Figure 4. Effect of PI 3-kinase inhibitors on the anti-apoptotic action of
NMDA, BDNF, or IGF-1. Cerebellar granule neurons were prepared
and grown in medium containing 5 mM KCl, as described in Materials and
Methods. On day 4 in vitro, cells were pretreated with vehicle or one of the
PI 3-kinase inhibitors, wortmannin (100 nM; A) or LY294002 (10 mM; B),
5 min before treatment with NMDA (100 mM), BDNF (100 ng/ml), or
IGF-1 (50 ng/ml). Wortmannin was replenished after 6 hr. Twelve hours
after addition of the protective agents, apoptosis was assessed using the
ApopTag kit, as described in Materials and Methods. The number of
apoptotic cells is expressed as a percent of total cells. Values represent the
mean of four to six observations in two separate experiments. A, Kruskal–
Wallis ANOVA revealed a significant effect of treatment (H 5 39.1; df 5
7; p , 0.001). Post hoc comparisons showed that NMDA, BDNF, and
IGF-1 significantly inhibited apoptotic cell death (*p , 0.001 compared
with the 5 mM KCl group in the absence of wortmannin), wortmannin
significantly decreased these effects (**p , 0.001 compared with the
appropriate treatment in the absence of wortmannin), and wortmannin
alone increased apoptosis (*p , 0.001 compared with the 5 mM KCl
group in the absence of wortmannin). B, Kruskal–Wallis ANOVA re-
vealed a significant effect of treatment (H 5 34.9; df 5 7; p , 0.001). Post
hoc comparisons showed that NMDA, BDNF, and IGF-1 significantly
inhibited apoptotic cell death (*p , 0.001 compared with the 5 mM KCl
group in the absence of LY294002) and that LY294002 significantly
reversed these effects (**p , 0.001 compared with the appropriate treat-
ment in the absence of LY294002).

Figure 5. Effect of NMDA, BDNF, and IGF-1 on phosphorylation of
Akt. Cerebellar granule neurons were prepared and grown in medium
containing 5 mM KCl, as described in Materials and Methods. On day 4
in vitro, cells were treated with 100 ng/ml BDNF for 5 min in the presence
or absence of LY294002 (10 mM) or K252a (300 nM), with 50 ng/ml IGF-1
for 5 min, or with 100 mM NMDA for 5 min or for 4 hr in the presence or
absence of LY294002 (10 mM) or K252a (300 nM). Cells were extracted,
and immunobloting was performed as described in Materials and Meth-
ods. A, Effects of BDNF and IGF-1 on Akt phosphorylation. Inset, A
representative immunoblot of phosphorylated ( phos-AKT ) and total Akt.
Quantitation of phosphorylated Akt was performed as described in Ma-
terials and Methods. Data are presented as the mean 6 SEM percent of
the control value (level of phosphorylated Akt in vehicle-treated cells)
obtained from 6–10 observations in three separate experiments. Kruskal–
Wallis ANOVA revealed a significant effect of treatment (H 5 39.6; df 5
4; p , 0.001); *p , 0.05 compared with control ( post hoc comparisons).
B, Effect of NMDA on Akt phosphorylation. Inset, A representative
immunoblot of phosphorylated and total Akt. Data are presented as the
mean 6 SEM percent of the control value (level of phosphorylated Akt in
vehicle-treated cells) obtained from 6–10 observations in three separate
experiments. Kruskal–Wallis ANOVA revealed a significant effect of
treatment (H 5 19.8; df 5 2; p , 0.001); *p , 0.05 compared with control
( post hoc comparison).
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found that ethanol alone increased apoptosis of cerebellar gran-
ule neurons (Fig. 9). This effect is probably caused by inhibition
of the protective effect of endogenous glutamate (Bhave and
Hoffman, 1997). Ethanol also reduced the protective effect of
IGF-1, as reported previously (Zhang et al., 1998) (Fig. 9). In
contrast, ethanol did not attenuate the protective effect of BDNF
(Fig. 9). However, treatment of the cells with ethanol did reduce
NMDA-induced BDNF expression (Fig. 10).

DISCUSSION
The current studies have characterized in detail the protective
effect of NMDA against cerebellar granule neuron apoptosis,
including inhibition of caspase-3-like activity and involvement of
the PI 3-kinase signal transduction cascade. The results presented
are compatible with the hypothesis that NMDA protects cerebel-
lar granule neurons against apoptosis by increasing the expression
of BDNF, which then acts as an autocrine agent to reduce
apoptosis.

Treatment of cerebellar granule neurons with NMDA had
been reported previously to increase mRNA levels for BDNF
(Favaron et al., 1993) and has been shown very recently to
increase BDNF protein levels (Marini et al., 1998). In all of those
studies, the neurons were grown in a depolarizing concentration
of KCl, under conditions in which glutamate and NMDA are
toxic to the cells (e.g., Manev et al., 1989; Iorio et al., 1993). It was

Figure 6. NMDA-induced BDNF expression in cerebellar granule cells.
Cerebellar granule cells were prepared and maintained in medium con-
taining 5 mM KCl, as described in Materials and Methods. A, On day 4 in
vitro, cells were treated with buffer or the indicated concentration of
NMDA. Twenty-four hours later, on day 5 in vitro, cells were extracted
for analysis of BDNF levels as described in Materials and Methods.
Values represent the mean 6 SEM of 4–19 observations in three separate
experiments. ANOVA revealed a significant effect of NMDA (F 5 139.1;
df 5 3,38; p , 0.001); *p , 0.001 compared with the group with no
NMDA ( post hoc comparisons). B, NMDA (100 mM) was added to the
culture medium of the cerebellar granule neurons on day 4 in vitro, and at
the indicated times after addition, cells were washed to remove NMDA.
Cells were maintained until day 5 in vitro in conditioned medium con-
taining 5 mM KCl and were then extracted for the determination of
BDNF levels as described in Materials and Methods. Values represent the
mean 6 SEM of 4–19 observations in three separate experiments.

4

ANOVA revealed a significant effect of time of exposure to NMDA (F 5
118.9; df 5 4,49; p , 0.001); *p , 0.001 compared with the 0 time group
( post hoc comparisons). C, On day 4 in vitro, vehicle or dizocilpine (1 mM)
was added to the culture medium of the cerebellar granule neurons 5 min
before addition of 100 mM NMDA. Cells were extracted 24 hr later for
analysis of BDNF levels as described in Materials and Methods. Values
represent the mean 6 SEM of 3–19 observations in three separate
experiments. ANOVA revealed a significant effect of treatment (F 5
140.5; df 5 3,36; p , 0.001); *p , 0.001 compared with all other groups
( post hoc comparisons).

Figure 7. Effect of K252a on the anti-apoptotic action of NMDA,
BDNF, or IGF-1. Cerebellar granule neurons were prepared and grown
in medium containing 5 mM KCl, as described in Materials and Methods.
On day 4 in vitro, the Trk antagonist K252a (300 nM) was added to the
culture medium 5 min before the addition of NMDA (100 mM), BDNF
(100 ng/ml), or IGF-1 (50 ng/ml). The number of apoptotic cells was
determined 24 hr later using the ApopTag kit, as described in Materials
and Methods. Data are expressed as the percent of cells showing apopto-
sis. Values represent the mean 6 SEM of 6–12 observations in two
separate experiments. Kruskal–Wallis ANOVA revealed a main effect of
treatment (H 5 36.4; df 5 7; p , 0.001); *p , 0.001 compared with the
5 mM KCl group in the absence of K252a, and **p , 0.001 compared with
the appropriate treatment in the absence of K252a ( post hoc
comparisons).
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suggested that the NMDA-induced increase in BDNF under
these conditions may mediate the protective effect provided by
NMDA pretreatment against glutamate-induced toxicity (Marini
et al., 1998). However, in this study, it was not determined
whether glutamate toxicity was caused by necrosis, apoptosis, or
both (e.g., Ankarcrona et al., 1995). We have now shown that
NMDA treatment increases the levels of BDNF protein in cere-
bellar granule cells grown in the presence of a physiological KCl
concentration, under conditions in which NMDA protects the
cells from apoptosis. However, induction of BDNF expression by
NMDA does not necessarily indicate that BDNF is responsible
for the protective effect of NMDA. Although BDNF mRNA
levels (and protein levels; S. V. Bhave and P. L. Hoffman, unpub-
lished observations) are higher in cerebellar granule cells grown

in the presence of a depolarizing concentration of KCl, which
protects the neurons from apoptosis (Condorelli et al., 1998), an
antibody to BDNF did not affect the survival of cerebellar gran-
ule neurons grown under depolarizing conditions (Miller et al.,
1997; Shimoke et al., 1997). In addition, the survival-promoting
effect of exogenous BDNF on cells grown in low KCl was less
than the effect of growth in the presence of a high KCl concen-
tration (Condorelli et al., 1998; Ichikawa et al., 1998). Ghosh et al.
(1994), using cultured cerebral cortical neurons, found that both
a depolarizing concentration of KCl and NMDA induced expres-
sion of BDNF mRNA but that BDNF only mediated the protec-
tive effect of depolarization. In spite of the BDNF induction,
NMDA did not protect the cortical cells against apoptosis.

Figure 9. Effect of ethanol on the anti-apoptotic action of BDNF and
IGF-1. Cerebellar granule neurons were prepared and grown in medium
containing 5 mM KCl, as described in Materials and Methods. On day 4
in vitro, cells were treated with 100 mM ethanol (6.2 ml of 95% ethanol/ml)
5 min before the addition of BDNF (100 ng/ml) or IGF-1 (50 ng/ml).
Twenty-four hours later, apoptosis was assessed with the ApopTag kit, as
described in Materials and Methods. The number of apoptotic cells is
expressed as a percent of total cells. Values represent the mean 6 SEM
of eight observations in three separate experiments. Kruskal–Wallis
ANOVA revealed a significant effect of treatment (H 5 39.5; df 5 5; p ,
0.001); *p , 0.001 compared with the 5 mM KCl group in the absence of
ethanol, and **p , 0.05 compared with the IGF-1 group in the absence of
ethanol ( post hoc comparisons).

Figure 10. Effect of ethanol on the NMDA-induced expression of
BDNF. Cerebellar granule neurons were prepared and grown in medium
containing 5 mM KCl, as described in Materials and Methods. On day 4
in vitro, cells were treated with 100 mM ethanol (as described in the legend
to Fig. 9) 5 min before the addition of 100 mM NMDA. Twenty-four hours
later, cells were extracted for determination of BDNF levels as described
in Materials and Methods. Values represent the mean 6 SEM of 4–19
observations in two separate experiments. ANOVA revealed a significant
effect of treatment (F 5 120.4; df 5 3,41; p , 0.001); *p , 0.001 compared
with the 5 mM KCl group, and **p , 0.001 compared with the NMDA
group in the absence of ethanol ( post hoc comparisons).

Figure 8. Effect of anti-BDNF and anti-IGF-1 blocking antibodies on the
protective effects of NMDA, BDNF, or IGF-1. Cerebellar granule neu-
rons were prepared and grown in medium containing 5 mM KCl, as
described in Materials and Methods. A, On day 4 in vitro, the anti-BDNF
blocking antibody (1 mg/ml) was added 3 hr before the addition of NMDA
(100 mM) or BDNF (100 ng/ml). The number of apoptotic cells was
determined 24 hr after NMDA or BDNF addition using the ApopTag kit,
as described in Materials and Methods. The number of apoptotic cells is
reported as the percent of total cells. Values represent the mean 6 SEM
of 6–12 observations in three separate experiments. Kruskal–Wallis
ANOVA revealed a significant effect of treatment (H 5 57.8; df 5 5; p ,
0.001); *p , 0.001 compared with the 5 mM KCl group in the absence of
antibody, and **p , 0.001 compared with the appropriate treatment in
the absence of antibody ( post hoc comparisons). B, The protective effect
of NMDA (100 mM) and IGF-1 (50 ng/ml) was assessed in the absence
and presence of an anti-IGF-1 blocking antibody (20 mg/ml), exactly as
described above for the anti-BDNF antibody. Values represent the
mean 6 SEM of 6–12 observations in three separate experiments.
Kruskal–Wallis ANOVA revealed a significant effect of treatment (H 5
55.4; df 5 5; p , 0.001); *p , 0.001 compared with the 5 mM KCl group
in the absence of antibody, and **p , 0.001 compared with the IGF-1
group in the absence of antibody ( post hoc comparisons).
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Our conclusion that BDNF mediates the protective effect of
NMDA in cerebellar granule neurons is based on our findings of
a parallel concentration dependence and time course for the
protective effect of NMDA and for NMDA induction of BDNF
expression, as well as on studies showing that the nonselective Trk
antagonist K252a, as well as a specific blocking antibody to
BDNF, attenuates the protective effects and effects on signal
transduction cascades not only of BDNF but also of NMDA. The
results of studies using specific inhibitors of various signal trans-
duction cascades also support the proposed interaction (i.e., the
PI 3-kinase pathway, but not the MAP kinase pathway, is in-
volved in the protective effects of both BDNF and NMDA). On
the other hand, although IGF-1 also protects cerebellar granule
neurons against apoptosis, our findings do not support a role for
IGF-1 in the protective effect of NMDA.

As mentioned above, several studies have shown that BDNF
can protect cerebellar granule neurons from apoptosis. Conflict-
ing results have been reported regarding the effect of wortmannin,
a PI 3-kinase inhibitor, on neuroprotection by BDNF (Nonomura
et al., 1996; Courtney et al., 1997; Shimoke et al., 1997). Our
finding that both wortmannin and the structurally unrelated in-
hibitor of PI 3-kinase LY294002 reduced the protective effects of
NMDA and BDNF provides confidence that these protective
effects involve activation of PI 3-kinase. Further support for this
hypothesis is provided by the data showing that treatment of the
cells with NMDA (after a delay), BDNF, or IGF-1 results in the
phosphorylation of Akt, one of the downstream targets of PI
3-kinase (Duronio et al., 1998). One other target of PI 3-kinase
that may mediate anti-apoptotic effects is p70S6 kinase. However,
we found that rapamycin did not alter the ability of BDNF to
prevent apoptosis in the cerebellar granule neurons (data not
shown), in agreement with previous work (Dudek et al., 1997;
Gunn-Moore et al., 1997).

PI 3-kinase enzymes are involved in many different cell regu-
latory pathways, including mitogenesis and protection against
apoptosis (Duronio et al., 1998). Isozymes of this enzyme can
bind directly to the platelet-derived growth factor (PDGF) re-
ceptor (Yao and Cooper, 1995) and mediate the anti-apoptotic
effect of PDGF, e.g., in pheochromocytoma (PC12) cells. How-
ever, although PI 3-kinase also seems to be necessary for the
anti-apoptotic effect of NGF in PC12 cells, PI 3-kinase does not
bind directly to the TrkA (NGF) receptor (Ohmichi et al., 1992).
Recent work suggests that the Grb2-associated binder-1 protein
serves as a docking protein that mediates the association of PI
3-kinase with TrkA (Holgado-Madruga et al., 1997). This inter-
action is similar to the situation with the IGF-1 receptor, which
requires phosphorylation of intermediate docking proteins that
can bind and activate PI 3-kinase isozymes [i.e., insulin receptor
substrates 1 and 2 (LeRoith et al., 1995)]. Little is known regard-
ing the BDNF-associated signal transduction pathways, but it
seems likely that intermediate proteins [possibly insulin receptor
substrates 1 and 2 (Yamada et al., 1997)] will also be involved in
the association of TrkB and PI 3-kinase.

Activation of the ERK subgroup of MAP kinases is associated
with cell survival and/or growth (Xia et al., 1995). NMDA
appeared to activate ERK1 and ERK2 directly (i.e., after a 5 min
treatment), consistent with a previous report (Xia et al., 1996).
NGF activates the MAP kinase pathway via activation of the
small GTP-binding protein Ras and the subsequent phosphory-
lation and activation of the kinases Raf, MEK, ERK1, and ERK2
(D’Arcangelo and Halegoua, 1993), and BDNF activation of
ERK1 and ERK2 presumably involves a similar pathway. Al-

though experiments with PD98059 indicate that ERK activation
does not play a role in the protective effect of either BDNF or
NMDA in cerebellar granule cells (also see Gunn-Moore et al.,
1997), Ras can be an upstream activator of PI 3-kinase (Kodaki et
al., 1994), and activation of Ras by BDNF (or NMDA) could thus
play a role in the protective effects of these agents.

It has been reported that treatment of cerebellar granule neu-
rons with pituitary adenylyl cyclase-activating peptide or increas-
ing cAMP levels via other means can prevent apoptosis, either via
activation of protein kinase A or MAP kinase (D’Mello et al.,
1993; Cavallaro et al., 1996; Chang et al., 1996; Villalba et al.,
1997; Vaudry et al., 1998). However, a protective effect of cAMP
or PKA activation has not been universally reported (Balázs et
al., 1992; Yan et al., 1995). We also found that inhibition of
protein kinase A did not alter the protective effect of NMDA on
cerebellar granule neurons.

We had shown previously that ethanol treatment can promote
cerebellar granule neuron apoptosis, apparently by inhibiting the
function of the NMDA receptor (Bhave and Hoffman, 1997). In
the current work, we wanted to determine whether ethanol also
acted downstream of the receptor to promote apoptosis. The
mechanism by which NMDA receptor activation results in in-
creased BDNF expression in cerebellar granule neurons is likely
to involve NMDA-induced increases in intracellular Ca21 con-
centration. It has been demonstrated that Ca21 influx through
NMDA receptors can increase mRNA levels for BDNF and
release of BDNF protein from hippocampal and cortical neurons
(Zafra et al., 1990, 1991; Ghosh et al., 1994). Our findings that
ethanol inhibits NMDA-induced expression of BDNF but does
not inhibit the protective effect of BDNF are therefore consistent
with the hypotheses that (1) ethanol promotes apoptosis by acting
at the NMDA receptor [i.e., inhibiting NMDA-induced increases
in intracellular Ca21 (Hoffman et al., 1989; Bhave and Hoffman,
1997)] and (2) ethanol is not acting downstream of the NMDA
receptor, with regard to the pathways activated by BDNF. By
inhibiting the response to NMDA, ethanol is, in essence, produc-
ing a state of growth factor (BDNF) withdrawal. We also found
that ethanol reduces the protective effect of IGF-1, as reported
recently by Zhang et al. (1998), who concluded that ethanol
inhibited the catalytic activity of the IGF-1 receptor and did not
act at a site downstream of the receptor, similar to our findings.
These results reinforce the hypothesis that ethanol does not act
nonspecifically on all systems but that instead there are “receptive
elements” for ethanol in the brain, such as the NMDA receptor,
that are particularly sensitive to pharmacologically relevant con-
centrations of ethanol (Tabakoff and Hoffman, 1987).

There is considerable evidence that NMDA and BDNF play
key roles in cerebellar development in vivo (Komuro and Rakic,
1993; Schwartz et al., 1997), and our results suggest that it may be
NMDA-induced BDNF expression that contributes, at least in
part, to this development. Our results also indicate that the
presence of ethanol in the CNS at a critical period of develop-
ment would interfere with the effect of NMDA on BDNF expres-
sion, leading to inappropriate apoptosis of cerebellar granule
neurons and granule cell loss that is associated with the fetal
alcohol syndrome (Pierce et al., 1989; Miller, 1992).
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