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Cerebellar granule neurons cultured with serum develop a ma-
ture neuronal phenotype, including stimulus-coupled release of
glutamate, and depend on elevated potassium for survival. We
find that cells cultured with serum undergo two phases of cell
death. By 6 d in vitro, 30–50% of the cells present are dead;
after this time the remaining cells die. Elevated potassium
prevents only this later phase of death, whereas neurotrophins
protect these cells against the early phase of death. Factors
that bind p75NTR or TNF-R, members of the same receptor
family, exhibit voltage-sensitive calcium channel-dependent
protection, whereas ligands of expressed Trk receptors show
additional calcium channel-independent protection. The cells
express TrkB protein and show elevated c-Fos and c-Jun levels

in response to BDNF. No TrkA is detected, although p75NTR

protein is expressed and NGF induces depolarization-
dependent elevation of c-Jun levels. In the presence of the
protein kinase C inhibitor bisindolylmaleimide, BDNF-induced
survival promotion is reduced partially, whereas NGF-induced
death is unmasked. Basal survival mechanisms are insensitive
to inhibition of PK-C or PI-3 kinase. We conclude that BDNF
promotes survival in part via its TrkB receptor, whereas there is
an additional pathway promoting survival and elevating c-Jun
evoked by both NGF and BDNF via a non-Trk receptor.
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Cultured cerebellar granule neurons, a popular model CNS cul-
ture for the study of neuronal signaling and development, express
a wide range of receptor subtypes and develop stimulus-coupled
glutamate release when cultured in serum-based medium. Under
these culture conditions the cells depend on chronic depolariza-
tion or other calcium-elevating stimuli for continued survival
(Thangnipon et al., 1983; Gallo et al., 1987; Balazs et al., 1988b,c,
1990). Without such stimuli a delayed apoptotic death occurs
(Copani et al., 1995). This dependence has been proposed to
mimic a trophic requirement of cells in the cerebellar granule
layer for innervation by the mossy fibers (Balazs et al., 1990).
During the first 3–5 weeks of postnatal life, there is a well
characterized major loss of granule neurons in the cerebellum
(Landis and Sidman, 1978). However, considerable cell loss oc-
curs at postnatal day 5–6 because of an early phase of apoptosis
(Wood et al., 1993; Krueger et al., 1995).

The neurotrophins NGF, BDNF, and neurotrophin-3 (NT-3)
are survival-promoting factors reported to act via their specific
tyrosine kinase receptors TrkA, TrkB, and TrkC, respectively (for
review, see Glass and Yancopoulos, 1993), and via p75NTR, the
nonselective neurotrophin receptor of the tumor necrosis factor

(TNF)/Fas /CD40 family (Mahadeo et al., 1994). Activation of
Trks initiates a number of signaling cascades, including Ras-
dependent activation of the extracellular signal-regulated kinase/
microtubule-associated protein (ERK/MAP) kinase cascade
(Ohmichi et al., 1992), which induces c-fos transcription (Karin
and Hunter, 1995). The signaling events subsequent to ligand
binding to p75NTR, initially characterized as altering the specificity
and binding of coexpressed Trks (for review, see Chao and Hemp-
stead, 1995), include the activation of sphingomyelinase (Do-
browsky et al., 1994), NF-kB (Carter et al., 1996a), and Jun kinase
(JNK; Casaccia-Bonnefil et al., 1996).

BDNF has been reported to reduce the death of cerebellar gran-
ule neurons in serum-free culture as early as 2 d in vitro (Gao et al.,
1995) (see also Segal et al., 1992; Lindholm et al., 1993). However, in
the absence of serum, delayed death does not occur (Kingsbury et al.,
1985). Because cerebellar granule neurons in culture require serum-
containing medium to acquire depolarization-dependent survival and
a mature physiology, such as expression of amino acid carriers and
stimulus-coupled neurotransmitter release (Balazs et al., 1988a),
serum-based cultures may mimic more closely the cells in vivo. Thus
we have investigated the requirements for survival promotion by
neurotrophins under these more physiological conditions.

In this study we show that there is considerable death of
cerebellar granule neurons developing in serum-based culture
before depolarization-dependent survival. We find that NGF,
BDNF, NT-3, and TNF all protect against basal cell death. Two
components of protection by neurotrophins are resolved: (1)
factors that bind p75NTR or TNF-R, members of the same recep-
tor family, provide protection dependent on calcium channel
activity; (2) those factors that are able to bind the Trk receptors
present provide an additional calcium channel-independent com-
ponent of protection. In addition, basal survival mechanisms exist
that allow partial survival in the absence of neurotrophins.
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MATERIALS AND METHODS
Cell culture. Cerebellar granule neurons were prepared from 7-d-old rats
as previously described (Courtney and Nicholls, 1992), except that cells
were plated at 250,000/cm2. Dissociated cells were plated onto either
poly-L-lysine-coated coverslips (10.5 mm 3 10.5 mm) and cultured in
24-well plates for cell death studies or plated on poly-L-lysine-coated
6-well plates for immunoblot analysis. Cells were cultured in Minimum
Essential Media (MEM; Life Technologies, Paisley, Scotland) supple-
mented with 10% (v/v) fetal calf serum (Life Technologies), 33 mM
glucose, 2 mM glutamine, 50 U/ml penicillin, 50 mM streptomycin, and 20
mM supplementary KCl, as indicated (i.e., low KCl 5 5.4 mM KCl;
elevated KCl 5 25.4 mM KCl). Culture medium was replaced at 1 d in
vitro (DIV). When experiments were performed on cells older than
6 DIV, medium also was replaced at 7 DIV. However, the depolarization
dependence of survival observed also was observed in preliminary exper-
iments without this medium change and thus cannot be attributed to this
medium change. Cytosine arabinofuranoside (10 mM; Sigma, St. Louis,
MO) was included in the culture medium change at 1 d to inhibit
non-neuronal cell proliferation. At this time 1 mM nifedipine (Sigma), 10
ng/ml of NGF (.98%; Alomone, Jerusalem, Israel), BDNF (.96%;
Peprotech, Princeton, NJ), NT-3 (.98%; Peprotech), TNF-a (.97%;
Peprotech), and 10 nM 12-O-tetradecanoyl phorbol-13-acetate (TPA;
Sigma) plus the inhibitors wortmannin (100 nM; Calbiochem, La Jolla,
CA), bisindolylmaleimide GF 109203X (1 mM; Calbiochem), curcumin
(10 mM; Sigma), or C2 ceramide (Sigma) were added, as indicated.

Purity of the preparation. The preparation used in this study is a well
characterized one, the purity of which has been the subject of several
studies. The cultures have been reported to contain ;95% small inter-
neurons, predominantly granule neurons (Thangnipon et al., 1983), and
4–6% GABAergic neurons (Resink et al., 1994). This is achieved in part
by the huge abundance of granule neurons in the cerebellum and in part
by the isolation procedure that does not allow the survival of larger,
earlier differentiating neurons such as Purkinje cells (Weber and
Schachner, 1984). Culturing in serum-containing medium supplemented
with the antimitotic agent arabinosyl cytosine is more effective than
culturing without serum at reducing the proportion of contaminating
cells. Under the former conditions the major contaminants are GFAP1

astrocytes, accounting for 1–3% of cells (Kingsbury et al., 1985). Anti-
GFAP staining of parallel cultures to those used in this study reveals
GFAP1 contamination within this range. These GFAP1 cells are mor-
phologically distinguishable, having either very large nuclei or a large
number of thick processes. At the wavelengths used, propidium iodide
stains protein to a minor extent, and the Hoechst stain gives the back-
ground a slight green fluorescence, allowing morphological identification
of both characteristics of contaminating cells during the counting of
nuclei. Thus these contaminants are excluded readily from the statistics.
This leaves the possibility that some of the dead cells counted might be
non-neuronal cells and that this might interfere with the measurements.
However, a minor contaminant of 3% of living cells in control cultures
would have to become over fourfold more prevalent in treated cultures to
account for a 10% measured reduction in cell death. No such increases of
these morphologically distinguishable cells were detected. Contaminating
neurons from the cerebellum are also distinguishable by their large
nuclei; the same argument is valid for these.

Cell death measurements. At the times indicated in the figures, Hoechst
33342/propidium iodide in MEM was added to a final concentration of 5
mg /ml Hoechst 33342 (Molecular Probes, Eugene, OR) and 20 mg /ml
propidium iodide (Sigma). After 25 min, cells were washed in PBS, fixed
for 30 min in 4% paraformaldehyde, washed again, and mounted in
Mowiol 4-88 (Hoechst AG, Frankfurt am Main, Germany) mounting
medium (Harlow and Lane, 1988) containing 2.5% (w/ v) 1,4-
diazabicyclo[2.2.2]octane (DABCO). Slides were examined with a fluo-
rescence microscope (Leica, Heerbrugg, Switzerland) equipped with a
1000U CCD Camera (Electrim, Princeton, NJ) under control of software
developed by the authors. An image at 7-amino-4-methylcoumarin-3-
acetic acid-N9-hydroxysuccinimide ester wavelengths (excitation band-
pass 340–380 nm, dichroic 400 nm, emission long-pass 425 nm) and an
image at rhodamine B wavelengths (excitation bandpass 515–560 nm,
dichroic 580 nm, emission long-pass 590 nm) were captured on cyan blue
and red channels, respectively, of a true color image for each of nine
evenly spaced fields per coverslip, and the proportion of total stained
nuclei that did not stain with cell-impermeant propidium iodide was
taken as the proportion of cells surviving. The method has the advantage
(over the propidium iodide/fluorescein diacetate method) that relatively
dense cells may be counted. At the excitation wavelengths used, pro-

pidium iodide also stains protein to a small extent. This results in an
occasional red rim around the blue nuclei of living cells and is resolved
easily from double-stained magenta nuclei scored as dead. Data shown
were obtained from between three and nine coverslips per condition.
These coverslips were obtained, in each case, from two to three separate
cell preparations.

In the graphs the term “% dead cells” is the percentage of cells present
scored as dead under basal conditions. “% Protection” is defined as the
increase in survival above control (i.e., 0% protection 5 control survival),
where 100% protection 5 100% survival. This allows direct comparison
of survival effects of compounds under different conditions for which the
control survival is not constant.

Calcium measurements. Cells were loaded for 409 in Modified Elliot’s
Medium (Courtney et al., 1990) containing 5 mM Fluo-3/AM (Molecular
Probes), 33 mg /ml BSA (Sigma), and 0.02% pluronic acid (Molecular
Probes), washed five times in Mg21-free Elliot’s, and placed in a chamber
heated to 37°C on the stage of a Nikon Diaphot microscope. Cells were
excited at 480 nm through a 403/1.3 N.A. objective, and emission light
was passed through a DM 510 dichroic mirror and 520 nm barrier filter
onto a 1000TE cooled CCD (Electrim). Images were collected once per
second under the control of software developed by the authors. Data
were analyzed with analysis software described previously (Lindqvist et
al., 1995). Spontaneous calcium channel activity was recorded and then
terminated by addition of 1 mM nifedipine to the incubating medium
where indicated in the figure. Single wavelength fluorescence values (F )
were converted to cytoplasmic-free [Ca21], as previously reported, with
the formula [Ca21] 5 KD 3 (F 2 Fmin)/(Fmax 2 F ), using published KD
values (385 nM; Kao et al., 1989). Calibration values were obtained by
using ionomycin in parallel experiments. The data shown were obtained
from 7 DIV cells cultured in low KCl; nifedipine-blocked spontaneous
activity also was observed at earlier stages in development, although this
activity developed from smaller, more sustained elevations to larger,
transient elevations with increasing age in culture. Cells cultured in
elevated KCl exhibited no detectable nifedipine-sensitive spontaneous
calcium elevations.

Protein detection and quantitation. Levels of c-Fos and c-Jun were
assessed by exposing cells for 2 hr to 10 ng /ml NGF, BDNF, NT-3, or
TNF or 10 nM TPA and blotting the cell lysates with polyclonal anti-Fos
antibody (Oncogene Science, Uniondale, NY) or monoclonal anti-c-Jun
antibody (Transduction Labs, Lexington, KY), and film was exposed over
the linear range by the ECL method, according to the manufacturer’s
instructions (Amersham International, Amersham, UK). Exposed films
were digitized by flatbed scanning and quantitated by imaging software
developed by the authors (Lindqvist et al., 1995). Changes in c-Fos
immunoreactivity in elevated KCl were detected in a band ;62 kDa; this
band was quantitated. In low KCl, changes were detected in a band ;55
kDa, and a 62 kDa band could not be detected. Therefore, under these
conditions the 55 kDa band was quantitated. Rabbit polyclonal subtype-
specific Trk 763, TrkB 794, and TrkC 798 from Santa Cruz Biotech (Santa
Cruz, CA) were used for immunodetection of TrkA, TrkB, and TrkC,
respectively. A TrkA-specific antiserum generously provided by Dr. Louis
Reichardt (University of California, San Francisco) also was used. Rabbit
antiserum 9651 raised to the ligand-binding sequences of p75 sequences,
generously provided by Dr. Moses Chao (Cornell University Medical
College, New York), was used for immunodetection of p75NTR and
for blocking NGF action via p75NTR.

Immunocytochemistry. Immunocytochemical staining for NF-kB p65
subunit was performed as described in Menon et al. (1993) by using 1:500
biotin anti-rabbit (Sigma) and 1:50 ExtrAvidin fluorescein (Sigma). Slides
were examined under a Leica confocal microscope with a 1003 objective.

RESULTS
Cell death occurs in two phases
We first determined the time course of cell death of cerebellar
granule neurons in serum-containing culture. Hoechst 33342 is
membrane-permeant and stains all nuclei, whereas propidium
iodide is membrane-impermeant. Cell death is calculated as the
proportion of nuclei present that stains with propidium iodide.
This technique avoids many artifacts to which other methods are
susceptible (Juurlink and Hertz, 1993). It detects damage to the
plasma membrane and thus measures both necrotic and late
apoptotic cells. Almost all of the cells scored as dead in the results
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that follow had pyknotic nuclei; the predominant mode of death
described here, therefore, may be of an apoptotic nature. Figure
1 shows the percentage of dead cells present over the first 12 DIV.
Cells were cultured in the absence or presence of 20 mM supple-
mentary KCl and 1 mM of the L-type voltage-sensitive calcium
channel (VSCC) inhibitor nifedipine, as indicated. In agreement
with previous results (Gallo et al., 1987), there is a requirement
for depolarization for prolonged survival involving L-type VSCCs.
However, a significant proportion of cells present even during the
first 6 DIV are dead, and depolarization does not prevent this
death.

Protection from basal cell death by neurotrophins,
TNF, and TPA
BDNF enhances survival of cerebellar granule neurons in serum-
free culture (Segal et al., 1992; Lindholm et al., 1993; Gao et al.,
1995). However, depolarization has been reported not to enhance
survival under these conditions (Kingsbury et al., 1985), and
maturation is abrogated to the extent that amino acid carriers are
not expressed and stimulus-coupled transmitter release does not
occur or is delayed (Balazs et al., 1988a). As depolarization
dependence begins after 6 DIV, we asked whether activation of
neurotrophin receptors regulates the early phase of cell survival.

Figure 2 shows the percentage of cells present scored as dead at
6 DIV in cultures incubated with the dimeric neurotrophins NGF
or BDNF from 1 DIV. In cultures incubated with neurotrophin-
supplemented elevated KCl medium alone (left set of columns),
;38% of the cells are dead in controls. NGF moderately but
significantly reduces this proportion, and BDNF more strongly
reduces cell death. In parallel experiments increasing amounts of
9651 rabbit anti-p75, an antiserum that binds the ligand-binding
site of p75NTR (Huber and Chao, 1995), were included. At 1:200
dilution (right set of columns), NGF no longer reduces cell death,
whereas BDNF is still protective. This suggests that binding of
NGF to p75NTR is essential for NGF-evoked reduction of cell
death, whereas BDNF is able to reduce death independent of
binding to p75NTR. The p75NTR antiserum alone reduces cell
death. This would be consistent with the divalent p75NTR anti-
bodies mimicking the NGF-evoked reduction in death and a
component of the BDNF-evoked reduction in death. Thus NGF

has no further effect above that of the antiserum, and BDNF has
a smaller effect than in the absence of antiserum.

The neurotrophic factors NGF, BDNF, and NT-3 would be
expected to activate their respective Trk receptors, if present, and
the nonselective p75NTR. p75NTR is a member of the TNF recep-
tor family (Mahadeo et al., 1994) that exhibits common structural
and signaling features. Trks activate a number of signaling cas-
cades, including protein kinase C (PK-C) via PL-Cg (Vetter et al.,
1991) and the MAP kinase cascade via Ras (Ohmichi et al., 1992).
TPA also activates PK-C, which has been reported to activate the
MAP kinase cascade via Raf (Kolch et al., 1993). Therefore, we
tested NGF, BDNF, and NT-3 while attempting to mimic the
actions of p75NTR activation with TNF and to activate specific
components of Trk signaling with TPA.

Cells were cultured in the absence or presence of 20 mM

supplementary KCl. Then neurotrophins, TNF-a, TPA, and 1 mM

nifedipine were introduced during the medium change at 1 DIV.
Because the basal level of death in the absence of neurotrophins
was not identical in the different conditions of depolarization and
nifedipine (see Fig. 1), protection from death by neurotrophins
was normalized to the maximum possible reduction in death in
each condition of depolarization and nifedipine (see Materials
and Methods).

NGF, BDNF, NT-3, and TNF protected against cell death (Fig.
3A). The modest protective effects of NGF and TNF were elim-
inated by culturing the cells in low KCl in the presence of nifed-
ipine, conditions expected to reduce VSCC activity to a minimum.
The greater protection evoked by BDNF and NT-3 was reduced
only partially under such conditions. Ceramide is a putative me-
diator of p75NTR and TNF-R signaling (Yanaga and Watson,
1992; Dobrowsky et al., 1995). Thus we investigated the protective
effects of the water-soluble analog C2 ceramide on cells cultured
in elevated KCl, which are sensitive to protection by NGF and
TNF. Low concentrations of C2 ceramide protected cells against
death to a similar extent to NGF and TNF (Fig. 3B). At 10 mM,
ceramide had no effect, whereas 100 mM caused the death of all
the cells in the culture (data not shown).

Figure 1. Cell death occurs in two phases: L-type voltage-sensitive cal-
cium channels prevent only the late phase. Of the cells present at 3–6 d in
vitro (DIV), 30–50% were dead; the remaining cells died between 6 and 9
DIV. The early phase was not prevented by elevated KCl (1K ). Elevated
KCl in the absence of nifedipine prevented only the late phase of cell
death.

Figure 2. Neurotrophic factors protect from cell death at 6 DIV. Anti-
serum to p75NTR ligand-binding domain prevents NGF-evoked protection.
Shown is quantitation of the protective effects of the neurotrophins NGF
and BDNF on cerebellar granule neuron cultures. NGF and BDNF both
reduce cell death. Increasing amounts of antiserum raised against the
ligand-binding domain of p75NTR prevent NGF-evoked survival promo-
tion and reduce basal death without effect on survival in the presence of
BDNF.
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Although nifedipine might be expected to be effective only
when elevated KCl is present to depolarize the neurons, cerebel-
lar granule neurons cultured in low KCl can be observed to
undergo spontaneous VSCC activity that is blocked by nifedipine
(Fig. 3C); such activity is not observed in cells cultured in elevated
KCl (Courtney et al., 1990). Furthermore, these neurons undergo
spontaneous L-type and N-type VSCC activity in culture medium
(Doherty et al., 1991). Thus it is likely that nifedipine modulates
the actions of neurotrophins via L-type VSCCs, even in low KCl
conditions. These results suggest that NGF and TNF act by
mechanisms dependent on L-type VSCC activity, whereas BDNF
and NT-3 act via an additional mechanism that is independent of
VSCC activity. TPA was protective to cells cultured in the pres-
ence of elevated KCl, but, unlike the other factors tested, it was
toxic to cells cultured in low KCl.

Figure 4 shows representative fields of cells used in these
studies. Figure 4A shows phase-contrast images of cells in the
absence or presence of elevated KCl at 6 DIV. In Figure 4B, cells
stained by the cell death quantitation technique that was used are
shown. The proportion of dead cells (with double-stained nuclei)
at 6 DIV was not altered significantly by the presence of elevated
KCl; however, at 9 DIV virtually all cells were dead unless the
culture medium was supplemented with elevated KCl. It should be
noted that the proportion of dead cells at any time point is an
underestimation of the total death of cells up to that time, because
cells that had died at earlier time points continue to degenerate
and are lost from the culture surface (Xia et al., 1995). Repre-
sentative fields of cells at 6 DIV cultured with BDNF or TPA in
low KCl are shown in Figure 4C. Under these conditions BDNF
reduced cell death, whereas TPA notably increased it.

Cerebellar granule neurons express TrkB and p75NTR,
but not TrkA, receptors
To understand the mechanism of action of the neurotrophins, we
determined which neurotrophin receptor subtypes were expressed
in cerebellar granule neurons under the conditions in which
neurotrophins had been added. Lysates of cells cultured in low or
elevated KCl were probed with specific polyclonal antibodies (Fig.
5A). Intense staining at ;145 kDa was obtained with the anti-

TrkB antibody. A faint band could be detected with prolonged
exposure to the anti-TrkC immunoblot. However, no band was
detectable with the anti-TrkA. A polyclonal antiserum raised to
the extracellular domain of TrkA (Clary et al., 1994) also was
tested. This antiserum detected TrkA (140 kDa) in PC12 extracts,
but no comigrating band was detected in granule neuron extracts
(data not shown). Slight cross-reactivity was observed with a more
slowly migrating band, probably 145 kDa TrkB. We also detected
p75NTR protein in cerebellar granule lysates (Fig. 5B) with the
polyclonal antibody [9651] used in Figure 2, consistent with pre-
vious reports of mRNA for p75NTR in these neurons in culture
(Lindholm et al., 1993; Segal et al., 1995) and early during devel-
opment in vivo (Huber and Chao, 1995).

Regulation of immediate early gene product levels and
NF-kB localization by neurotrophins, TNF, and TPA
Trks induce Ras-mediated activation of the MAP kinase cascade
(Ohmichi et al., 1992), increasing transcription of the immediate
early gene (IEG) c-fos (Cordon-Cardo et al., 1991). On the other
hand, in some cells p75NTR and TNF receptors activate JNK
(Kyriakis et al., 1994; Casaccia-Bonnefil et al., 1996), a kinase that
leads to increased c-jun transcription and c-Jun stability (for
review, see Kyriakis et al., 1995; Musti et al., 1997).

To investigate whether these cascades might be activated as a
result of exposure to neurotrophins at 1 DIV, we measured the
levels of c-Fos and c-Jun in cells stimulated with NGF, BDNF,
NT-3, TNF, or TPA by immunoblot densitometry. A 2 hr expo-
sure was chosen because the levels of these proteins clearly are
elevated after this time (our unpublished observations). In ele-
vated KCl, BDNF, NT-3, and TPA elevated c-Fos levels, whereas
neither NGF nor TNF increased c-Fos (Fig. 6A). In low KCl,
BDNF still detectably increased c-Fos levels, but the other treat-
ments did not. Given the presence of TrkB protein and the
absence of TrkA, these results are consistent with BDNF elevat-
ing c-Fos levels via TrkB and presumably the MAP kinase cas-
cade. TPA also may be acting via this pathway (Kolch et al., 1993).

In elevated KCl, NGF, BDNF, and TPA also increased c-Jun
levels; neither NT-3 nor TNF detectably changed c-Jun levels
(Fig. 6B). The absence of elevated KCl eliminated the response to

Figure 3. Neurotrophic factors, TNF, TPA, and ceramide protect from cell death at 6 DIV. A, Quantitation of the protective effects of neurotrophins,
TNF, and TPA on cerebellar granule neuron cultures. NGF, BDNF, NT-3, and TNF all evoke protection against cell death. In elevated KCl (1K ), 1 mM
nifedipine (1Nif ) reduces the protective effects, and 10 nM TPA behaves like a neurotrophin. In low KCl (2K ), nifedipine eliminates protection by NGF
and TNF, but not BDNF or NT-3. Under these conditions 10 nM TPA is toxic. All other conditions significantly ( p , 0.05) protect against cell death.
B, C2 ceramide at 0.1–3.0 mM protects cells cultured in elevated KCl against cell death to a similar extent to NGF and TNF. Higher concentrations do
not protect against cell death. C, Spontaneous cytoplasmic-free calcium elevations exist in cells cultured in low KCl. These elevations are blocked by
addition of 1 mM nifedipine.
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Figure 4. Representative fields of cerebellar granule neuron cultures in phase-contrast mode and in fluorescence mode after exposure to Hoechst 33342
and propidium iodide. A, Phase-contrast images of cerebellar granule neuron cultures at low magnification are shown. Left, Cells cultured in low KCl
(2K ) are shown. Right, Cells are cultured in elevated KCl (1K ). B, The presence of elevated KCl (1K ) in the culture medium does not alter significantly
the proportion of cells with double-stained nuclei at 6 DIV (upper pair). However, by 9 DIV virtually all nuclei double stain, i.e., are dead, unless
supplementary KCl is present (lower pair). C, Representative fields of cells cultured in low KCl (2K ) stained at 6 DIV. Under these conditions 10 ng /ml
BDNF protects from cell death, whereas 10 nM TPA is toxic.
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NGF and partially reduced the response to BDNF, whereas the
response to TPA was unchanged. Although TNF did not alter
IEG levels detectably at 1 DIV, we have observed c-Jun elevations
in response to TNF in 3 DIV cells (data not shown). These results
are consistent with NGF acting via a non-Trk receptor, presum-
ably p75NTR, whereas BDNF acts at least in part via a separate,
presumably TrkB-mediated, pathway.

p75NTR and TNF-R activation have been reported to evoke
nuclear translocation of NF-kB (Yang et al., 1993; Carter et al.,
1996a), which recently has been shown to have an antiapoptotic
role (Liu et al., 1996). Therefore, we investigated whether the
survival-promoting factors that were used evoked translocation of
the p65 subunit of NF-kB. Confocal microscopy of immuno-
stained cerebellar granule neurons revealed no bulk translocation
of the NF-kB p65 subunit into the nucleus on stimulation with the
survival-promoting factors tested (Fig. 6C). However, some con-
stitutive nuclear staining, consistent with a previous report (Guer-
rini et al., 1995), could be detected under all conditions.

Inhibitor studies
These data suggest that two different mechanisms may mediate
the signaling and survival-promoting effects of NGF and BDNF.
Because distinct protein kinases may be involved, the effects of
kinase inhibitors on the actions of these two factors on cells
cultured in elevated KCl were compared.

Wortmannin does not affect basal survival or BDNF-evoked
survival promotion
Phosphatidylinositol-3 kinase (PI-3K) is a prominent kinase acti-
vated by tyrosine kinase receptors, including Trks, and has been
proposed to mediate NGF-evoked survival of neuronally differ-
entiated PC12 cells (Yao and Cooper, 1995). Therefore, we in-
vestigated whether inhibition of PI-3K with the specific inhibitor
wortmannin (Okada et al., 1994) altered basal or neurotrophin-
promoted survival. Wortmannin (100 nM) at 1 DIV had no sig-
nificant effect on basal cell death at 6 DIV, nor did it prevent
survival promotion by BDNF (Fig. 7). However, NGF did not
improve survival significantly in the presence of this inhibitor.

Thus it is unlikely that wortmannin does not inhibit BDNF-
evoked survival as a result of low stability. Furthermore, BDNF
has a clear survival-promoting effect within 24 hr of addition (data
not shown), and TrkB may, in fact, desensitize within this time
period (Carter et al., 1995). Thus BDNF-induced survival does
not depend on wortmannin-sensitive PI-3Ks.

PK-C activity is absolutely required for NGF-evoked survival
promotion and partly required for full BDNF-evoked survival
promotion
PK-C previously has been attributed a mediator role in BDNF-
evoked survival in cerebellar granule neurons cultured in serum-free
medium (Zirrgiebel et al., 1995). Using the specific PK-C inhibitor
bisindolylmaleimide GF 109203X (Toullec et al., 1991), we investi-
gated the role of PK-C in basal survival and neurotrophin-evoked
survival promotion in neurons cultured with serum (Fig. 7). Survival
under basal conditions was not altered by PK-C inhibition. This
suggests that the responses observed to 10 nM TPA were attributable
to activation and not to downregulation of PK-C. In further support
of this, survival promotion in elevated KCl also was observed with 1
nM TPA (data not shown). In the presence of the PK-C inhibitor,
NGF significantly reduces survival, suggesting, first, that the protec-
tive effect of NGF is dependent on PK-C and, second, that NGF
induces some event that is toxic to the cells, at least in the absence of
PK-C activity. The protective effect of BDNF is reduced only par-
tially by the PK-C inhibitor.

The nonselective kinase inhibitor K252a is used frequently to
suggest that neurotrophin responses are Trk-mediated. However,
this inhibitor is known to have nanomolar IC50 values against
PK-A, PK-G, and PK-C (Kase et al., 1987) and is even more
potent against phosphorylase kinase and CaM kinase II than it is
against Trks (Elliott et al., 1990; Hashimoto et al., 1991; Tapley et
al., 1992). Another inhibitor of CaM kinase II potently reduces
basal survival in these cells (our unpublished observations); con-
sistent with this, K252a compromised basal survival at concentra-
tions as low as 10 nM, under which conditions BDNF still clearly
promoted survival (data not shown). This inhibitor thus is not
useful in dissecting the survival responses reported here.

The survival promotion evoked by NGF as a proportion of the
cell population is rather modest. Thus we sought conditions under
which the signaling evoked by NGF might be more limiting under
basal conditions to potentiate survival promotion by NGF. The
tumor suppressor curcumin antagonizes the DNA-binding activity
of c-Jun (IC50 ;20 mM; Huang et al., 1991) and inhibits NF-kB
translocation (IC50 ,40 mM; Singh and Aggarwal, 1995). Both
NGF and BDNF increased the levels of c-Jun, and p75NTR acti-
vation by NGF has been reported to translocate NF-kB (Carter et
al., 1996a), which has been attributed with an antiapoptotic func-
tion. Because we detected constitutive levels of c-Jun and of
nuclear NF-kB immunoreactivity (Fig. 6B,C), we investigated
whether partial AP-1/NF-kB antagonism with curcumin might
cause the basal levels of c-Jun and translocated NF-kB to be more
limiting, thus potentiating survival–promotion via these pathways.
The addition of 100 mM curcumin completely eliminated survival
of cerebellar granule neurons in the presence or absence of NGF
or BDNF (data not shown). However, 10 mM curcumin increased
basal death to only 50% (Fig. 7). Under these conditions both
NGF and BDNF evoked clear reductions in death, amounting to
.20 and 35% of the cells present, respectively.

Figure 5. Neurotrophin receptors in cerebellar granule neuron cultures.
A, Cerebellar granule neurons at 1 DIV express TrkB, the selective
receptor for BDNF, but not TrkA. Slight immunoreactivity to anti-TrkC at
the appropriate molecular weight is detectable after prolonged exposure
of film. B, Cerebellar granule neurons at 1 DIV express p75NTR, the
nonselective neurotrophin receptor.
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Figure 6. Intracellular signaling in response to neurotrophins, TNF, and TPA in cerebellar granule neuron cultures. A, Addition of BDNF, NT-3 (10
ng /ml), or TPA (10 nM) for 2 hr to cells 1 DIV elevates c-Fos levels (*p , 0.05); NGF or TNF (10 ng /ml) does not elevate c-Fos levels. In low KCl (2K )
the BDNF-evoked elevation is reduced, and the NT-3-evoked and TPA-evoked elevations are undetectable. B, Addition of NGF, BDNF (10 ng /ml), or
TPA (10 nM) for 2 hr elevates c-Jun levels (*p , 0.05, **p , 0.025); NT-3 or TNF (10 ng /ml) does not elevate c-Jun levels. In low KCl (2K ) the
BDNF-evoked elevation is reduced, and the NGF-evoked elevation is eliminated; the TPA response is maintained under these conditions. C,
Immunofluorescently stained 1 DIV cells stimulated for 2 hr with neurotrophins or TNF (100 ng /ml), TPA (100 nM), or C2 ceramide (10 mM), as indicated,
were scanned with a confocal microscope. No induction of translocation of cytosolic NF-kB was detected in any condition. 21° denotes control staining
omitting 1° antibody.
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DISCUSSION
Our study investigates specific signaling mechanisms in
neurotrophin-evoked survival–promotion in cerebellar granule
neurons during the first week in culture. Considerable cell death
occurs during this period. Unlike the delayed phase of cell death,
this death is not reduced by inhibition of VSCC activity (Fig. 1).
This allowed us to investigate alternative signaling mechanisms,
such as those evoked by the neurotrophins, in the survival of these
CNS neurons.

NGF and BDNF promote survival of cerebellar granule
neurons via two distinct signaling mechanisms
The NGF-evoked and TNF-evoked protection against basal death
can be eliminated by VSCC inhibition. In contrast, part of the
protection evoked by BDNF and NT-3 persists during VSCC
inhibition (Fig. 3A). The simplest explanation is that NGF and
TNF act via the same pathway, whereas BDNF and NT-3 act in
part via this mechanism and in part by an independent pathway.
Neurotrophins act via specific Trk receptors and the nonselective
p75NTR. The model proposed corresponds to NGF acting exclu-
sively via p75NTR, whereas BDNF and NT-3 act both via this
receptor and via a Trk receptor; hence, there are two components
of protection resolved by VSCC modulation. TNF would act via
its own receptor, known to be structurally and functionally ho-
mologous to p75NTR. The finding that anti-p75NTR antiserum,
which blocks NGF binding, prevents and even mimics NGF-
evoked survival promotion (Fig. 2) supports this interpretation.

The presence of an antimitotic ensured that cell counts re-
flected changes in survival and not proliferation. The cultures
used consist of .90% granule neurons, and no increases in
contaminating cell types were detected that could account for the

modest protection evoked by NGF and TNF (see Materials and
Methods). Furthermore, the increased effectiveness of NGF in the
presence of curcumin (Fig. 7) strongly suggests that the major cell
type, i.e., the cerebellar granule neuron, is responsible for the
survival promotion that was observed.

Testing the two-component model
TrkB protein and p75NTR are present, but TrkA is undetectable
We detected TrkB, the specific receptor for BDNF, in cerebellar
granule neuron lysates, whereas TrkA, the specific receptor for
NGF, was undetectable (Fig. 5). This is consistent with the detec-
tion of trkB, but not trkA, mRNA reported previously (Segal et al.,
1992; Lindholm et al., 1993). The faint TrkC immunoreactivity
detected may represent cross-reactivity with TrkB; however, TrkC
protein probably is present because NT-3 induces tyrosine phos-
phorylation in these cells of a pan-Trk-immunoprecipitable band
migrating more slowly than TrkB (Segal et al., 1995). NT-3 binds
to and activates TrkB at the concentrations used here (Soppet et
al., 1991) and thus may be expected to mimic BDNF even in the
absence of TrkC. Because p75NTR was detected, consistent with
the reported detection of mRNA for p75NTR (Segal et al., 1995),
NGF presumably is acting via this receptor. This suggests that the
actions of NGF are mediated entirely by p75NTR, hence the
similarity in survival promotion to that evoked by TNF. BDNF
would be expected to act via both TrkB and p75NTR.

Regulation of c-Fos and c-Jun
Trks, unlike p75NTR, increase the expression of c-fos mRNA via
the MAP kinase cascade (Cordon-Cardo et al., 1991; Ohmichi et
al., 1992). Consistent with the presence of TrkB, but not TrkA,
BDNF elevates c-Fos levels, whereas NGF does not (Fig. 6A).
p75NTR has been reported to activate JNK (Casaccia-Bonnefil et
al., 1996), which increases c-jun transcription and c-Jun stability
(for review, see Kyriakis et al., 1994; Musti et al., 1997). The role
of Ras activators such as Trks in JNK activation is controversial
(Minden et al., 1994; Xia et al., 1995) (see also Masuelli and
Cutler, 1996). Thus both NGF and BDNF might be expected to
activate JNK via p75NTR, whereas BDNF might induce additional
activation via TrkB/Ras. Our results are consistent with these
predictions, increases in c-Jun being induced by NGF and BDNF.
NGF does not elevate c-Jun levels in low KCl, whereas BDNF
again is only partially sensitive to this condition that eliminates the
NGF response, supporting our interpretation that BDNF acts via
two independent pathways.

Mediators of p75NTR/TNF-R regulation of survival
Ligand binding to p75NTR may promote cell death (Casaccia-
Bonnefil et al., 1996; Frade et al., 1996) or survival (Rabizadeh et
al., 1993; Cortazzo et al., 1996). This is also the case for TNF-R.
Both receptors evoke similar signaling events, including JNK
activation (Kyriakis et al., 1994; Casaccia-Bonnefil et al., 1996)
and the NF-kB pathway (Yang et al., 1993; Carter et al., 1996a).
TNF-evoked death occurs via a TRAF2-independent TRADD–
FADD pathway (Hsu et al., 1996). Similar zinc finger proteins
may associate with p75NTR (Carter et al., 1996b). The potentiation
of NGF survival promotion by curcumin is consistent with an
essential requirement for some c-Jun and/or NF-kB for survival,
although curcumin also may be acting on other targets, especially
when present at 100 mM. TNF-R and p75NTR also activate sphin-
gomyelinase/ceramide signaling (Yanaga and Watson, 1992; Do-
browsky et al., 1995), which may activate JNK (Westwick et al.,
1995). Ceramide may be responsible for the NGF-evoked and

Figure 7. Effects of specific inhibitors on basal and neurotrophin-
enhanced survival. Cells were cultured in the presence of elevated potas-
sium and either no neurotrophin, NGF, or BDNF (10 ng /ml) and no
inhibitor (Control ), wortmannin (100 nM), bisindolylmaleimide (1 mM), or
curcumin (10 mM). Neither wortmannin nor bisindolylmaleimide altered
basal cell death, but in the presence of bisindolylmaleimide NGF became
toxic and BDNF-evoked protection was reduced. Curcumin increased
basal cell death, revealing enhanced protection by the neurotrophins. *p ,
0.02 and ***p , 0.001 indicate significant difference, as compared with
death with the same inhibitor and no neurotrophin; **p , 0.01 indicates
significant difference, as compared with the corresponding inhibitor-free
control.
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TNF-evoked survival promotion, because exogenous C2 ceramide
also promotes survival of cerebellar granule neurons (Fig. 3B), as
it does in sympathetic neurons (Ito and Horigome, 1995).

JNK and c-Jun activation have been proposed to mediate
apoptosis (Ham et al., 1995; Xia et al., 1995; Cuvillier et al., 1996;
Verheij et al., 1996). However, a noncytotoxic TRAF2-mediated
pathway activates JNK and NF-kB in response to TNF (Natoli et
al., 1997). In many cases, activation of c-Jun and the JNK pathway
correlates with cell maturation (Pulverer et al., 1993; Su et al.,
1994; Berberich et al., 1996; Heasley et al., 1996) and protection
from apoptosis (Hallahan et al., 1995; Sakata et al., 1995; Johnson
et al., 1996) Indeed, the JNK activator SEK1 mediates survival in
T-cell development (Nishina et al., 1997). The elevation of c-Jun
levels correlates with protection against early cell death in cere-
bellar granule neurons.

NF-kB may be antiapoptotic (Beg and Baltimore, 1996; Liu et
al., 1996; Van Antwerp et al., 1996; Wang et al., 1996), although
it has been proposed to mediate glutamate-evoked death of ma-
ture cerebellar granule neurons (Grilli et al., 1996). We did not
observe translocation of the p65 subunit of NF-kB on activation of
survival-promoting pathways in cerebellar granule neurons (Fig.
6C). However, we cannot exclude NF-kB as a mediator of neu-
roprotection in cerebellar granule neurons, because multiple
NF-kB isoforms exist. Furthermore, it may be that only a small
proportion, below our detection limit, of cellular NF-kB need
translocate to the nucleus (Gilmore, 1996) for protection to occur.

Measurements of IEG regulation indicate which signaling
events can be evoked by the factors and their dependence on
depolarization. However the rapid responses at 1 DIV should not
be expected to explain all the survival-promoting effects observed
5 d later. For example, not NGF nor TNF nor NT-3 has any
detectable effect at 2 hr in low KCl, although each still evokes
survival–promotion by 6 DIV. It may be possible that gradual
changes not detectable within 2 hr at 1 DIV are evoked, perhaps
as a result of developmental changes in receptor expression or
spontaneous calcium channel activity. Thus some of the survival
promotion does not seem to require increases in c-Fos or c-Jun at
such early time points. Although c-Fos is reported to have a short
half-life and rapidly downregulate its own expression (Sassone-
Corsi et al., 1988) (see also Thompson et al., 1995), we have
observed that BDNF addition to cerebellar granule neuron cul-
tures at 1 DIV causes a prolonged elevation of c-Fos protein levels
(Coffey et al., 1995).

The role of PK-C in survival
PK-C activity is required for both NGF-evoked survival and a
component of BDNF-evoked survival (Fig. 7). This is again con-
sistent with BDNF acting in part via a pathway that also is
activated by NGF and in part by an independent pathway. Basal
survival is unaffected, suggesting that basal and neurotrophin-
evoked survival mechanisms are distinct, and furthermore that
any endogenous neurotrophins present do not enhance basal
survival. However, this requirement for PK-C activity does not
indicate necessarily that NGF activates PK-C in these cells or that
this is the mechanism of survival promotion; this is unlikely, given
the toxicity of TPA in low KCl. In the presence of the PK-C
inhibitor the addition of NGF increases cell death (Fig. 7). PK-C
prevents apoptosis-associated DNA fragmentation evoked by ce-
ramide (Obeid et al., 1993), which may accumulate on activation
of p75NTR (Dobrowsky et al., 1994, 1995). Thus basal PK-C
activity protects against such an NGF/p75NTR-evoked signal that
is otherwise toxic, as proposed for TNF receptors (Cuvillier et al.,

1996). Because BDNF also seems to act via p75NTR, this would
explain the sensitivity of BDNF-evoked survival promotion to
PK-C inhibitors we and others (Zirrgiebel et al., 1995) observed.
Components of the serum-based medium might be responsible for
elevating basal PK-C activity sufficiently to allow NGF to be
survival-promoting, explaining why NGF-promoted survival has
not been detected in this cell type in serum-free conditions (Segal
et al., 1992; Lindholm et al., 1993; Gao et al., 1995).

In summary, NGF activates signal cascades in cerebellar gran-
ule neuronal cultures, leading to the elevation of c-Jun levels, and
enhances survival in the absence of TrkA protein in a manner
blocked by anti-p75NTR antiserum, suggesting a trophic role for
p75NTR. BDNF is also protective, acting via an additional inde-
pendent pathway likely to be via TrkB, which is expressed by the
cells. PK-C inhibition reduces BDNF-evoked survival promotion
and unmasks NGF/p75NTR-evoked cell death without affecting
basal survival in the absence of neurotrophins. Thus three distinct
survival mechanisms in these cells are resolved: a basal
neurotrophin-independent mechanism, an NGF/BDNF-evoked
calcium-sensitive mechanism, and a further mechanism evoked by
BDNF, but not NGF.
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