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The regulation of programmed cell death in the developing
nervous system involves target-derived survival factors, affer-
ent synaptic activity, and hormone- and cytokine-dependent
signaling. Cultured immature cerebellar granule neurons die by
apoptosis within several days in vitro unless maintained in
depolarizing (high) concentrations of potassium (25 mM K1).
Here we report that transforming growth factors (TGF)-b1, -b2,
and -b3 accelerate apoptosis of these neurons when main-
tained in physiological (low) K1 medium (5 mM K1) as assessed
by measures of viability, quantitative DNA fragmentation, and
nuclear morphology. TGF-b-induced apoptosis of these neu-
rons is not blocked by CNTF and LIF, cytokines that enhance
neuronal survival when applied alone, or by IGF-I, which pre-
vents apoptosis upon potassium withdrawal. In contrast, neu-
rons that differentiate in high K1 medium for several days in

vitro acquire resistance to TGF-b-mediated cell death. Granule
neurons maintained in either low or high K1 medium produce
latent, but not bioactive, TGF-b1 and -b2. Because neutralizing
TGF-b antibodies fail to augment survival of low K1 neurons,
the cerebellar neurons are apparently unable to activate latent
TGF-b. Thus, apoptosis of low K1 neurons is not attributable to
endogenous production of TGF-b. Taken together, our data
suggest that TGF-b may limit the expansion of postmitotic
neuronal precursor populations by promoting their apop-
tosis but may support survival of those neurons that have
maturated, differentiated, and established supportive synaptic
connectivity.
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Cytokines produced in the CNS regulate immune effector mech-
anisms at a site that is shielded from the blood by the blood–brain
barrier. However, local production of cytokines by brain paren-
chymal cells also may be essential for the development of both the
nervous system and the maintenance of the state of differentiation
and activation of neurons and glial cells. An example of such a
dual system function is provided by transforming growth factor-b
(TGF-b), a member of a multigene cytokine family (Massagué,
1990). TGF-b mediates immune regulatory functions in inflam-
matory processes (Fontana et al., 1984; Wrann et al., 1987) while
functioning as a survival factor for embryonic motoneurons and
dopaminergic and neonatal sensory neurons in vitro (Martinou et
al., 1990; Chalazonitis et al., 1992; Poulsen et al., 1994; Krieglstein
et al., 1995). TGF-b also promotes neurogenesis in cultures of
hippocampal and olfactory neurons (Mahanthappa and Schwart-
ing, 1993; Ishihara et al., 1994). In vivo, TGF-b exerts neurotro-
phic effects on lesioned neurons (Prehn et al., 1993a), rescues
sympathetic neurons from death after destruction of the target
cells (Blottner et al., 1996), and protects dopaminergic neurons
from N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity and
cortical neurons from sodium cyanide or glutamate (Prehn et al.,
1993b; Krieglstein et al., 1995).

Three different isoforms of TGF-b with similar biological activities
have been described in mammalian cells. As shown for TGF-b1, a
biologically inactive form termed latent TGF-b complex is composed
of three components, namely the mature TGF-b, the TGF-b latency-
associated peptide, and the latent TGF-b binding protein (Kanzaki
et al., 1990). In vitro activation of TGF-b1 occurs by dissociation of
the mature TGF-b1 from the complex. The in vivo mechanisms of
activation are not yet elucidated.
In light of their effects on cultured neurons, it is of relevance

that TGF-b is produced in the CNS. Mouse embryos and adult
rats express TGF-b1 mRNA in the meninges and the choroid
plexus. Both postnatally and in the adults, TGF-b2 and -b3 mRNA
are present in various regions, including choroid plexus, hip-
pocampus, dentate gyrus, cerebellar granule neurons, and Pur-
kinje cells (Heine et al., 1987; Unsicker et al., 1991; Constam et
al., 1992). TGF-b receptor type I is expressed in the sensory retina
and in the marginal zone of the brain (Iseki et al., 1995).
Cerebellar granule neurons are a well targeted model system

for the study of neuronal apoptosis because these neurons survive
for weeks when maintained in depolarizing concentrations of K1,
but undergo apoptosis when cultured in physiological (low K1)
conditions. Low K1 neurons express only low levels of glutamin-
ase activity, few functional NMDA receptors, and few synapses,
and thus are thought to reflect immature cells. In the present
study, we report the following: (1) that cerebellar granule neurons
maintained in low K1 medium undergo premature apoptosis
when exposed to TGF-b; (2) that TGF-b-induced neuronal apop-
tosis is blocked by depolarization but not by cytokines such as
ciliary neurotrophic factor (CNTF), human leukemia inhibitory
factor (LIF), and recombinant human insulin-like growth factor I
(IGF-I); and (3) that neurons maintained in low or high K1

Received Dec. 28, 1995; revised March 20, 1996; accepted April 5, 1996.
This work was supported by the Swiss National Science Foundation (Project No.

3100-042900.95/1). We thank Dr. M. Hoechli at the Laboratory for Electron Micros-
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CH-8044 Zürich, Switzerland.
Copyright q 1996 Society for Neuroscience 0270-6474/96/164174-12$05.00/0

The Journal of Neuroscience, July 1, 1996, 16(13):4174–4185



medium produce TGF-b in latent bioinactive form, which appar-
ently has no effect on neuronal survival.

MATERIALS AND METHODS
Materials. Recombinant rat CNTF and human LIF were purchased from
Pepro Tech (Rocky Hill, NJ); DNase I, IGF-I, insulin, RNase A, terminal
transferase, transferrin, biotinylated deoxyuridine triphosphate (dUTP),
streptavidin-alkaline phosphatase conjugate, nitroblue tetrazolium chlo-
ride, 5-bromo-4-chloro-3-indolyl phosphate, and the cytotoxicity detec-
tion kit (for the measurement of lactate dehydrogenase) were from
Boehringer Mannheim (Rotkreuz, Switzerland); recombinant human
TGF-b1, human TGF-b2, human TGF-b3, polyclonal rabbit anti-TGF-b2,
polyclonal rabbit pan-specific anti-TGF-b antibody, as well as both hu-
man TGF-b1 and TGF-b2 immunoassay kits, were from R&D Systems
(Abingdon, UK); the dishes, micro-well plates, and chamber slides were
from Nunc (Roskilde, Denmark), and the medium and medium supple-
ments from Gibco (Life Technologies, Basel, Switzerland); cytosine-1-
b-arabinofuranoside came from Fluka, bovine serum albumin from Serva
(Buchs, Switzerland), and all other chemicals, including aprotinin, fluo-
rescein diacetate, Hoechst 33258, rabbit IgG isotype control, poly-L-lysine
sodium selenite, L-thyroxin, trypsin, and trypsin inhibitor were from
Sigma (Buchs, Switzerland).
Cell culture. Cultures of rat cerebellar granule neurons were prepared

from 7-d-old rat pups as described previously (Novelli et al., 1988; Marini
and Paul, 1992; Weller et al., 1992). The cells were seeded at a density of
2.75 3 105 cells/cm2 on poly-L-lysine (10 mg/ml)-coated plastic surfaces
(either 35 mm dishes or 96-well plates) for survival, TGF-b assays, and
fluorometric quantification of DNA fragmentation. Multichamber glass
slides were used for staining of fixed-cell preparations. The serum-
containing culture medium consisted of basal medium Eagle (BME)
supplemented with 10% fetal calf serum, 2 mM L-glutamine, and genta-
mycin (50 mg/ml). Cells maintained in depolarizing conditions were
supplemented with 20 mM K1 at the time of seeding to achieve a final
concentration of 25 mM. All serum-containing cultures were supplied with
10 mM cytosine arabinofuranoside (Ara-C) on day 1 in vitro (DIV1) to
arrest the growth of non-neuronal cells. Ara-C was readded every tenth
day in vitro for long-term experiments. As shown by immunofluorescence
analysis, .90% of the cells are neurons because they stain positive with
the specific anti-neuronal filament antibody NF160, and ;8% of the cells
express glial fibrillary acidic protein, a marker for astrocytes (U. Malipi-
ero and A. Fontana, personal communication). This is in accordance with
previous reports (Kingsbury et al., 1985; Nicoletti et al., 1986). The
serum-free culture medium (X1) consisted of BME supplemented with
bovine serum albumin (1 mg/ml), aprotinin (1 mg/ml), glucose (2.5
mg/ml), 2 mM L-glutamine, insulin (10 mg/ml), penicillin (50 IU/ml),
streptomycin (50 mg/ml), 30 nM sodium selenite, transferrin (100 mg/ml),
and 4 nM L-thyroxin (Fischer, 1982; Piani et al., 1991). The cultures were
maintained in the same medium throughout the experiment and were fed
with 5 mM glucose on DIV7 and every third day thereafter.
Assessment of viability and apoptosis. The cultures were monitored daily

by phase-contrast microscopy. Neuronal viability was assessed by: (1) the
ability of the cells to cleave and retain fluorescein diacetate (FDA)
staining in their cytoplasm; and (2) the release of lactate dehydrogenase
(LDH) into the culture medium, which indicates loss of membrane
integrity and is an indicator of cell death. Briefly, the cells were labeled
with FDA in Locke’s buffer [containing (in mM): 154 NaCl, 5.6 KCl, 2.3
CaCl2, 1 MgCl2, 3.6 NaHCO3, 5 HEPES, 20 glucose] for 10 min at 378C
and subsequently lysed in ice-cold 0.2% Triton X-100/10 mM EDTA/10
mM Tris-HCl. Fluorescence was measured with a Cytofluor 2350 spec-
trofluorometer (Millipore, Bedford, MA) at an excitation wavelength of
485 nm and an emission wavelength of 530 nm (Didier et al., 1990). LDH
activity was measured as optical density at 492 nm and expressed accord-
ing to the manufacturer’s directions: specific LDH release (%) 5 [exper-
imental value 2 spontaneous release/maximum release 2 spontaneous
release] 3 100. Spontaneous release is defined as the amount of LDH
released from untreated 25 mM K1 cultures and the maximum release
obtained after exposure of high K1-grown neurons to Triton X-100, 0.1%
for 10 min at 378C. Percentages of specific LDH release were converted
into percentages of rescue [100 2 specific release (%)], and the values
obtained for the 5 mM K1 controls were set to 0% rescue and the 25 mM
K1 control values to 100%.
Apoptotic cell death was assessed by Hoechst 33258 nuclear staining to

detect typical chromatin changes, quantitative determination of DNA
fragmentation by fluorometry, and in situ DNA end labeling for the
detection of DNA breaks in single cells (Gavrieli et al., 1992; Weller et

al., 1994a,b; Yan et al., 1994; Weller et al., 1995a,b). Briefly, nuclear
morphology and quantitative estimates of DNA fragmentation were
investigated by Hoechst 33258 fluorescence at 460 nm in 5 mM HEPES/
100 mM NaCl, pH 7.0, at a dye concentration of (5 mg/ml) for chromatin
staining and (0.5 mg/ml) for quantification of DNA fragmentation. To
ensure proper evaluation of the total amount of fragmented DNA,
detached cells were harvested and centrifuged at 4000 rpm for 10 min.
The recovered pellet was lysed, pooled with the lysate of adherents cells,
and further processed. For in situ labeling of DNA breaks, the reaction
mixture consisted of 0.25 units/ml terminal transferase and 20 mM biotin-
16-dUTP in terminal deoxytransferase buffer (30 mM Tris-HCl, pH 7.2,
140 mM sodium cacodylate, 1 mM cobalt chloride). Streptavidin-alkaline
phosphatase conjugate (1:500) in 100 mM Tris-HCl/50 mM NaCl, pH 7.5,
was chosen as a detection system, and as a substrate, 0.41 mM nitroblue
tetrazolium chloride and 0.38 mM 5-bromo-4-chloro-3-indolyl phosphate
in 200 mM Tris-HCl/10 mM MgCl2, pH 9.5, were chosen. As a negative
control, cobalt chloride was omitted.
TGF-b assays. To assess the effects of TGF-b1, -b2, and -b3 on survival

of granule neurons cultured in either high or low K1 medium, in serum-
free as well as in serum-containing medium, the cytokines were added to
the cultures on DIV1, readded on DIV4 at the beginning of the critical
stimulus-dependent survival time for cerebellar granule neurons in vitro
(Gallo et al., 1987), and again on DIV7 at the time of feeding, and let
throughout time in culture. When challenging the proapoptotic effect of
TGF-b against either CNTF, LIF, or IGF-I, these cytokines were added
simultaneously with TGF-b on DIV4 and a second time on DIV7.
Commercial human TGF-b1 and TGF-b2 immunoassays (ELISA) were
used to test the production of TGF-b by cerebellar granule neurons. As
described previously (Constam et al., 1992), latent TGF-b in the cell-free
conditioned medium was activated by acid treatment in 0.12 M HCl for 1
hr at room temperature, followed by neutralization in 0.025 M Na-
HEPES/0.12 M NaOH, pH 7.0. The background level of TGF-b was
determined in parallel in the culture medium and subtracted from sam-
ples of conditioned medium. In experiments investigating the effects of
anti-TGF-b neutralizing antibodies on cell survival, the anti-TGF-b2
antibody, the pan-specific anti-TGF-b antibody, or the isotype control
was administered at the time of seeding and readded every third day in
culture, on DIV3, DIV6, and DIV9, until death of the untreated controls
had occurred.
Statistics. EC50 values for TGF-b-mediated induction of apoptosis were

determined by linear regression analysis. Individual data were compared by
Scheffe’s F-test; multiple drug treatments were analyzed by two-way
ANOVA and are presented as mean 6 SEM. Unless indicated otherwise,
data are representative of experiments run on triplicate culture dishes and
repeated with at least two different batches of cells with similar results.

RESULTS
TGF-b1, -b2, and -b3 impair the survival of immature
cerebellar granule neurons grown in low K1 medium
Morphological differentiation began with neurite sprouting in
either 5 or 25 mM K1 medium during the first day in culture.
Neurons that had differentiated in high K1 survived for more than
4 weeks in culture, provided they were regularly supplied with 5
mM glucose. In contrast, cerebellar granule neurons grown for 5–6
d in low K1 medium displayed morphological and biochemical
signs of apoptotic cell death, including reduction in FDA esterase
activity, enhanced LDH release, and DNA fragmentation (Fig.
1A–C).
To analyze the effect of TGF-b on survival of cerebellar granule

cells, the cytokine (1 ng/ml) was added 24 hr after seeding to
cultures maintained in low K1. As shown in Figure 2, TGF-b2
interferes with neuronal survival. The proapoptotic effect became
apparent on microscopic examination on DIV7, when isolated
patches of dead cells emerged throughout the culture dish (Fig.
3D), and was completed by DIV8 (Fig. 3F) as attested by FDA
staining and LDH release (Fig. 2 A,B). That is 24–48 hr before
the time at which granule neurons undergo spontaneous apoptotic
cell death when cultured at low potassium concentrations in the
absence of TGF-b (Figs. 2 and 3G). The TGF-b2-induced impair-
ment of survival of cerebellar granule cells was concentration-
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dependent and was also seen when TGF-b1 and -b3 were added to
the cultures. There was no significant difference between the EC50
values for the three TGF-b isoforms, which were 2.24 6 0.17
ng/ml (n 5 6), 2.14 6 0.09 ng/ml (n 5 6), and 1.87 6 0.05 ng/ml
(n 5 6) for TGF-b1, -b2, and -b3, respectively (F-test; p 5 0.03).
The lower the concentrations of TGF-b added, the longer the
time required for the induction of neuronal death. At concentra-
tions of TGF-b exceeding 1 ng/ml, cell death occurred 48 hr
before the death of untreated low K1 neurons. Even the lowest
concentration tested (0.1 pg/ml) failed to improve survival. In
addition, it was observed that a single application of TGF-b at the
time of seeding or later, up to DIV4, accelerated apoptosis with
the same kinetics. Furthermore, when treating the granule neu-
rons with TGF-b2 (10 ng/ml) at only one time point, on DIV7, a
shift of cell death to a few hours (8 hr) before death of the
untreated controls was noted.

Survival impairment of immature cerebellar granule
neurons exposed to TGF-b is attributable to
accelerated apoptosis
To characterize the type of cell death induced by TGF-b, we daily
monitored cellular morphology of cultures exposed to TGF-b2
under phase-contrast microscopy and quantified DNA fragmen-

tation by Hoechst 33258 fluorometry. Nuclear morphology was
investigated on DIV1, DIV3, DIV5, DIV7, and DIV9 by Hoechst
staining. In parallel, DNA breaks were detected by in situ DNA
end labeling. Increase of DNA fragmentation with time in culture
is a characteristic feature of cerebellar granule neurons main-
tained in low K1 (Fig. 1C) compared with neurons grown in high
K1. Phase-contrast optics revealed that the TGF-b-treated low
K1 cerebellar neurons displayed morphological features of apop-
totic cell death, namely, cell shrinkage and a concomitant appear-
ance of highly refringent apoptotic bodies (Fig. 3D). Progressive
accumulation of DNA breaks, chromatin condensation, and nu-
clear fragmentation were detected in low K1 cultures (Fig. 4A,C)
compared with high K1-grown cultures (Fig. 4E,G). At the latest
time point investigated, on DIV9, an increased number of single
neurons staining for DNA breaks could be observed in TGF-b-
treated cultures compared with control cultures (Fig. 4A,B). Sim-
ilarly, an increase of condensed nuclei in the TGF-b-treated
neurons was clearly visualized after staining with Hoechst 33258
on DIV9, compared with untreated low K1 controls (Fig. 4C,D).
In contrast to low K1 conditions, in situ end DNA labeling of
neurons maintained in high K1 showed no significant increase,
and chromatin condensation as revealed by Hoechst staining was

Figure 1. Depolarizing concentrations of
K1 promote survival of cerebellar granule
neurons by preventing apoptosis. Granule
neurons were cultured as described in
serum-containing medium either in 5 or 25
mM K1. A, Viability kinetics over time in
culture, measured by FDA staining. B, Ki-
netics of LDH activity released in the cul-
ture medium, normalized to the value ob-
tained on DIV3 for the 25 mM K1 control
culture. C, Quantitative DNA fragmenta-
tion (% fragmented vs total DNA) mea-
sured by Hoechst 33258 (0.5 mg/ml) fluor-
ometry is not normalized to control. Bars
represent mean 6 SEM of three indepen-
dent determinations at *p , 0.05 versus
respective high K1 controls by ANOVA
and Scheffe’s F-test.
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scarcely detected (Fig. 4E,G). No quantitative difference could be
seen between TGF-b-treated high K1 neurons and untreated
controls (Fig. 4F,H). Thus, based on cellular morphology, chro-
matin condensation, and detection of DNA breaks in single cells,
the survival impairment observed after exposure of the granule
neurons to TGF-b can be attributed to an acceleration of the
apoptotic process.

Depolarized cerebellar granule neurons are resistant
to the proapoptotic effects of TGF-b

As outlined above, the survival of cerebellar granule cells is
greatly prolonged in the presence of depolarizing concentrations
of potassium (25 mM). In these conditions, none of the three
isoforms of TGF-b negatively modulated neuronal survival (Fig.

Figure 2. TGF-b induces premature cell death in
granule neurons grown in 5 mM K1. Cells were
cultured as described in Materials and Methods.
TGF-b2 (1 ng/ml) additions were made on DIV1,
DIV4, and again on DIV7. A, Viability as assessed
by FDA staining. B, Specific LDH release normal-
ized to the value obtained for the 25 mM K1

control cultures at DIV1. C, DNA fragmentation
as described. Bars represent mean 6 SEM of
three independent determinations.
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Figure 3. Acceleration of apoptosis by TGF-b2 becomes apparent 24 hr before death of the untreated control cultures maintained in low K
1.

Phase-contrast microscopy shows that untreated low K1 controls (A) and TGF-b2 (1 ng/ml)-treated cultures (B) are indistinguishable in the first 6 d in
vitro. By DIV7, the TGF-b2-treated neurons (D) show patches of dead cells throughout the culture, whereas untreated controls (C) display the
macroscopic features of homogeneous and progressive apoptotic degeneration: appearance of apoptotic cell bodies, reduced cell density, and a thinning
of the neurite network. On DIV8, TGF-b2-treated neurons (F) are dead compared with untreated low K

1 controls (E). On DIV10, apoptotic cell death
is completed in low K1 controls (G) compared with neurons maintained in high K1 (H). Magnification, 5803; scale bar (shown in H), 20 mm.

4178 J. Neurosci., July 1, 1996, 16(13):4174–4185 de Luca et al. • TGF-b Accelerates Apoptosis of Cerebellar Granule Neurons



Figure 4. TGF-b accelerates 5 mM K1-mediated apoptotic cell death of cerebellar granule neurons in vitro. Granule neurons were cultured and treated as
described in Materials and Methods. All neuron preparations presented here were fixed and processed on DIV9. Nomarsky optics of cultures stained for in situ
DNA end breaks shows that there is substantially more DNA fragmentation in low K1 than in high K1-grown neurons. The percentages of stained cells increase
in low K1-grown neurons exposed to TGF-b2, whereas there is no difference between treated and untreated high K

1 cultures. A, Low K1 control; B, low K1

exposed to TGF-b2 (1 ng/ml); E, high K
1 control; F, high K1 exposed to TGF-b2 (1 ng/ml). For A and B, magnification is 4803; scale bar (shown in H), 13 mm.

ForE and F, magnification is 3203; scale bar (shown inH), 20mm. Visualization under UV illumination of nuclei stained with the fluorescent dye Hoechst 33258
(5 mg/ml) reveals more condensed chromatin in low K1 than in high K1 culture conditions. TGF-b2 accelerates the rate of chromatin condensation in low
K1-grown neurons, but it does not affect neurons maintained in high K1 culture conditions. C, Low K1 control; D, low K1 exposed to TGF-b2 (1 ng/ml); G,
high K1 control; H, high K1 exposed to TGF-b2 (1 ng/ml). Magnification, 11003; scale bar (shown in H), 6 mm.
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5A,B) at any concentration tested and all time points assessed
over 4 weeks in culture. The protection afforded by high K1-
induced depolarization was not dependent on the presence of
serum. Twenty-five millimolar K1 serum-free (X1) and serum-
containing cultures were set in parallel and exposed to TGF-b2
(10 ng/ml) on DIV1, DIV4, and again on DIV7. At early time
points such as DIV7 and DIV10, TGF-b2-treated and untreated
cultures in both culture conditions did not display any difference
in regard to survival (data not shown). When maintaining high
K1-grown neurons in a serum-containing medium over 4 weeks in
vitro, no significant difference could be observed either between
TGF-b2-treated and untreated cultures (data not shown).

CNTF, LIF, and IGF-I do not antagonize the
proapoptotic effect of TGF-b on the survival of
immature low K1 cerebellar granule neurons
IGF-I has recently been claimed to block apoptosis after potas-
sium withdrawal of cerebellar granule neurons that have differ-
entiated in high K1 (D’Mello et al., 1993). We found that the
neuropoietic cytokines CNTF and LIF delay apoptotic cell death
of the granule neurons when maintained in culture in low K1

concentrations (Fig. 6). However, when CNTF (10 ng/ml), LIF (10
ng/ml), and IGF-I (25 ng/ml) were administered to low K1-grown
neurons together with TGF-b2 (1 ng/ml) on DIV4 and DIV7, the
cultures exposed to TGF-b2 underwent premature cell death
regardless of cotreatment with CNTF, LIF, or IGF-I (Fig. 7A,B).
Thus, TGF-b-induced apoptosis is dominant to the survival-
promoting properties of CNTF and LIF.

Latent TGF-b produced by cerebellar granule neurons
lacks autocrine effects

Previous work from our laboratory has shown that latent TGF-b2
is produced by cerebellar granule neurons maintained in low K1

serum-free culture conditions (Constam et al., 1994). In the
present serum-containing experimental setting, we found produc-
tion of latent TGF-b1 and TGF-b2 by either low or high K

1-grown
neurons (Fig. 8). There was significant production of TGF-b1
regardless of the potassium concentration, and the maximum of
secretion occurred during the first day in vitro. In contrast, secre-
tion of TGF-b2 maintains over time in vitro, and high K

1 neurons
produce slightly more TGF-b2 than low K

1 neurons. Neither
TGF-b1 nor TGF-b2 could be detected before transient acidifi-
cation of the cell supernatants, which indicates presence only of
the latent, but not of the mature, biologically active TGF-b.
Because a biological effect of the TGF-b precursor has been
reported (Oberhammer et al., 1991), it has been assumed that the
physiological mechanisms that activate TGF-b might function
both in vivo and in vitro (Lucas et al., 1990). We examined then
whether the induction of apoptosis in low K1 could relate to
neuron-derived TGF-b acting in an autocrine or paracrine way.
Neutralizing antibodies to TGF-b2 (10 mg/ml) and to TGF-b1, -b2,
and -b3 (pan-specific) (10 mg/ml) were administered to low K1-
grown neurons. Survey of neuronal viability, using FDA staining
and measurement of LDH release, failed to reveal any specific
promotion of survival of either antibody (Fig. 9A,B).

Figure 5. Granule neurons grown in 25 mM
K1 are resistant to the proapoptotic effects of
all three TGF-b isoforms. The neurons grown
in either 5 or 25 mM K1 conditions were
exposed on DIV1, DIV4, and again on DIV7
to 10 ng/ml of either TGF-b1, TGF-b2, or
TGF-b3. Neuronal survival as assessed by
FDA staining (A) and LDH release (B) was
measured upon death of the TGF-b3-treated
low K1 cultures 36 hr before death of the
untreated low K1 controls, whereas degener-
ation in either the TGF-b1- or TGF-b2-
treated neurons was not yet completed. As
determined by linear regression from the con-
centration–dependence curves, TGF-b3
scores the highest biological activity of the
three isoforms with an EC50 5 1.87 ng/ml.
Bars represent mean6 SEM of quadruplicate
at *p , 0.05 versus respective 25 mM K1

controls by ANOVA and Scheffe’s F-test.

4180 J. Neurosci., July 1, 1996, 16(13):4174–4185 de Luca et al. • TGF-b Accelerates Apoptosis of Cerebellar Granule Neurons



DISCUSSION
Approximately half of all neuronal cells are eliminated during the
normal development and maturation of the mammalian CNS
(Johnson and Deckwerth, 1993; Raff et al., 1993). The key regu-
latory mechanisms that control programmed neuronal death ap-
pear to involve target-derived growth factors. Deprivation of
those factors leads to apoptosis. Another pathway of induction of
apoptosis may involve direct actions of cytokines on neurons.
Both CNTF and LIF promote apoptosis of sympathetic neurons in
vitro (Kessler et al., 1993).
In the present study, we found that TGF-b1, TGF-b2, and TGF-b3

precipitate apoptosis of cerebellar granule neurons maintained low
K1 culture conditions. The first detectable signs of apoptosis were
observed with a significant delay after TGF-b exposure, that is, 24 hr
before death. The observation that TGF-b applied, on the latest, on
DIV4 accelerates apoptosis with the same kinetics as when the
exposure starts at the time of seeding, indicates that TGF-b exerts its
effect from DIV5 onward, at a time when the apoptotic process is
already at work. The mechanisms underlying the proapoptotic effects
of TGF-b on immature low K1 granule neurons are not yet under-
stood. It is of note that the proapoptotic effects of TGF-b on
immature low K1 granule neurons strikingly contrast with its effects
on mature high K1 neurons. TGF-b fails to induce apoptosis of high
K1 cultured neurons.
Depolarizing concentrations of potassium are thought to mimic

in vitro the first synaptic afferences received in vivo by the cere-
bellar granule neurons from the mossy fibers. In vitro high K1 is
known to promote differentiation in cerebellar granule neurons,
measured in terms of K1-evoked glutamate release (Gallo et al.,
1982; Didier et al., 1989), elevated glutaminase activity (Moran
and Patel, 1989), establishment of mature synapses (Didier et al.,
1992), and regulation of the functional expression of glutamate
receptors (Balàsz et al., 1992; Resink et al., 1994) and of glucose

transporters (Maher and Simpson, 1994). In cortical neurons, the
survival-promoting effect induced by K1 depolarization is attrib-
utable to the enhanced expression of brain-derived neurotrophic
factor mRNA (Ghosh et al., 1994). The K1 effects are mediated
through influx of Ca21 into the cytosol, and depolarization results
in a fundamental alteration in Ca21 homeostatic mechanisms
(Tymianski et al., 1994). But bioelectric activity per se is not the
critical factor; the effect is not even specific for K1 (Gallo et al.,
1987). It appears that a rise in [Ca21]i up to a critical level is
necessary and sufficient to maintain neuronal survival (Pearson et
al., 1992). Moreover, high K1 specifically stimulates the oxidative
metabolism (Erecinska et al., 1991; Peng et al., 1994).
TGF-b2 and TGF-b3 suppress the ability of an embryonic chick

eye tissue extract to promote survival but do not interfere with the
neurotrophic effect of several purified survival factors such as
CNTF, basic fibroblast growth factor, and nerve growth factor
(Flanders et al., 1991). In our paradigm, however, it is unlikely
that TGF-b interferes with production or effect of neurotrophic
factors, because TGF-b does not impair viability of the low K1

granule neurons during the first 6 d in culture, and the proapop-
totic effect in low K1 conditions cannot be overcome by the
neurotrophins CNTF and LIF, which enhance neuronal survival
when applied alone (Fig. 6).
Induction of an apoptotic type of cell death by TGF-b has been

documented for other cell types (Weller and Fontana, 1996),
including different types of transformed cell lines (Lin and Chou,
1992; Lotem and Sachs, 1992; Yanagihara and Tsumuraya, 1992),
T and B lymphocytes (Weller et al., 1994a; Lømo et al., 1995), and
hepatocytes in vitro and in vivo (Oberhammer et al., 1992). This
appears to be the first instance of TGF-b-mediated apoptosis in
postmitotic cells.
Both TGF-b1 and -b2 are produced by cerebellar granule neu-

rons in vitro in their latent form. However, no correlation can be

Figure 6. CNTF and LIF, but not IGF-I, delay cell death in low K1medium. Cultures were treated with the factors on DIV1, DIV4, and DIV7. Neuronal
viability was assessed by LDH release on DIV3, DIV6, DIV8, and every day thereafter until death of the CNTF- and LIF-treated cultures occurred.
IGF-I-treated cultures died at the same time as the untreated low K1 controls on DIV10. CNTF and LIF were found to prolong survival over 2 d in vitro.
Neuronal survival is expressed as 1002 LDH release [%]. LDH values were calculated as described in Materials and Methods and normalized to the value
obtained for the 25 mM K1 control on DIV3, set as 0% release. Bars represent mean 6 SEM of two independent determinations.
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drawn between the secretion kinetics of TGF-b and the viability of
the neurons. The amounts of endogenous latent TGF-b accumu-
lating over time in culture yields on DIV9 concentrations of#500
pg/ml that match those of exogenous active TGF-b required for
the induction of apoptosis. Although some target cells of TGF-b
appear to be able to activate latent TGF-b in vitro (Lucas et al.,
1990), this is not the case in cerebellar granule cell cultures
because neutralizing antibodies to mature bioactive TGF-b fail to
delay apoptosis of neurons maintained in low K1. In vivo, how-
ever, other cerebellar cell types may provide the proteases re-
quired for the activation of TGF-b.
Franklin and Johnson (1992) postulated in their “Ca21 set-

point” hypothesis the in vivo existence of four steady-state levels
of [Ca21]i that affect neuronal survival and neurotrophic factor
dependence. In the first set-point, levels of [Ca21]i are too low to
support essential Ca21-dependent pathways and cause neuronal
death. Such a mechanism may lie behind the proapoptotic effect
of TGF-b observed in low K1 neurons. The binding protein that
is associated with latent TGF-b displays several binding sites for
Ca21 (Kanzaki et al., 1990). TGF-b is able to regulate the func-
tional expression of intracellular ryanodine-sensitive Ca21 chan-
nels (Giannini et al., 1992) and thereby to control Ca21 release
mechanisms (Neylon et al., 1994). TGF-b prevents Ca21 over-
loading in rat hippocampal neurons in response to NMDA and
Ca21 ionophores (Prehn et al., 1994). Recent work by Baffy et al.
(1995) established that modulation of the mitogenic effect of

PDGF by TGF-b involves the inhibition of the intracellular Ca21

mobilization induced by PDGF. Therefore, it is tempting to spec-
ulate that TGF-b may act by sequestering Ca21 into a subset of
internal Ca21 stores and accelerate apoptotic death of granule
neurons maintained in low K1 by lowering the [Ca21]i.
The development of the cerebellum has been characterized

extensively in vivo. There is a well documented cell loss within the
maturing granule cell layer during the first weeks of postnatal life.
Large numbers of granule neurons in both the mitotic and post-
mitotic regions of the external granule layer (EGL) undergo DNA
fragmentation, with a maximum at postnatal day 7 (Wood et al.,
1993). Apoptosis is hypothesized to match the population of
granule neurons to the number of Purkinje cells, their target-cells.
To comply with the hypothesis that TGF-b may play a role in the
regulation of apoptosis of cerebellar neurons during development,
these cytokines have to be produced in a time- and location-
dependent way. Immature postnatal cerebellar granule neurons
express TGF-b2 mRNA between postnatal days P3 and P13, with
a peak of expression around P10, mostly in the EGL, where both
proliferating and postmitotic granule neurons stain positive for
TGF-b2 mRNA (Constam et al., 1994). The TGF-b2 and TGF-b3
protein expression pattern localizes mostly in zones composed of
differentiating neurons, radial glial cells, and their processes,
whereas no staining is found in areas where cell proliferation
occurs (Flanders et al., 1991). Temporal and spatial regulation of

Figure 7. CNTF, LIF, and IGF-I do not
reverse the proapoptotic effect of TGF-b.
Low K1-grown neurons were treated on
DIV4 and DIV7 simultaneously with
TGF-b2 (1 ng/ml) and one of the following
cytokines: CNTF (10 ng/ml), LIF (10 ng/
ml), or IGF-I (25 ng/ml). Assessment of
neuronal survival by FDA staining (A) and
measurement of LDH release (B) were per-
formed upon death of the cultures exposed
to TGF-b2, which occurred, regardless of
the factor added, on DIV9, i.e., 24 hr be-
fore death of the untreated low K1 con-
trols. At that time point (DIV9), the
survival-promoting effect exerted by CNTF
and LIF in the absence of TGF-b2 and
measured in terms of LDH release repre-
sents an increase of viability of 13.7 and
7.9% for CNTF and LIF, respectively, over
untreated control. LDH values were nor-
malized to the value obtained for the un-
treated 25 mM K1 control, set as 0% re-
lease. Bars represent mean of triplicate 6
SEM of a representative experiment.
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TGF-b receptors type I expression coincides also with tissue
differentiation (Iseki et al., 1995).
Transgenic mice overexpressing TGF-b1 in astrocytes have pro-

vided clues about the in vivo effects of overexpression of TGF-b1
on the function and structure of the CNS. These mice develop
hydrocephalus and die before 3 weeks of age (Galbreath et al.,
1995). Their cerebellum is considerably smaller than that of con-

trol mice. These transgenic mice express TGF-b1 at an embryonic
time point (E12.5) that coincides with the early stages of neural
stem cell proliferation and differentiation in the CNS. It has
therefore been postulated that elevated TGF-b1 at this stage will
result in a generalized arrest of cell proliferation.
Aberrant expression of TGF-b has been associated with neuro-

pathological conditions of the adult CNS as well. TGF-b is detected

Figure 9. Antibodies to TGF-b do not prevent apoptotic cell death
of cerebellar granule neurons. The neurons were set in culture in
either 5 or 25 mM K1, as described. Upon seeding on DIV0 and
every third day thereafter, on DIV3, DIV6, and DIV9, the 5 mM
K1-grown neurons were exposed to either an anti-TGF-b2 (10 mg/
ml) antibody (a-b2), a pan-specific anti-TGF-b (10 mg/ml) antibody
(a-pb), or an isotype IgG control (10 mg/ml). Viability checkings by
FDA staining (A) and measurement of LDH release (B) were
performed every third day. Bars represent mean of six different wells
6 SEM of a representative experiment.

Figure 8. Cerebellar granule neurons maintained in either high or
low K1 medium secrete latent TGF-b1 and TGF-b2. Cell-free con-
ditioned media were transiently acidified as described in Materials
and Methods, and both activated and nonactivated media were tested
in triplicate for TGF-b1 and TGF-b2 in a quantitative sandwich
enzyme immunoassay at the respective dilutions of 1:7 and 1:4. The
detection limit of both immunoassays does not allow quantification of
concentrations ,60 pg/ml. A, Neurons grown in either low or high
K1 concentrations produce equal amounts of latent TGF-b1, mostly
in the first 24 hr of culture, with a slight increase over time in vitro.
Naturally active TGF-b1 was not detected by the present technique.
B, Neurons grown in either low or high K1 culture conditions release
latent TGF-b2 with a continuous production over time in culture and
a major contribution by high K1 neurons. Naturally active TGF-b2
also was not detected.
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in the supernatant of glioblastoma cells (Wrann et al., 1987) and
observed in neuritic plaques in Alzheimer‘s disease (van der Wal et
al., 1993). Nevertheless, TGF-b is thought to play a vital role in the
response of the CNS to trauma. The upregulation of TGF-b1 mRNA
observed in activated astrocytes at a site of injury and in reactive
microglia cells in the zones of neural degeneration is suggestive of a
role of TGF-b in tissue repair processes (Logan et al., 1992; Morgan
et al., 1993; Pasinetti et al., 1993). Neurons may benefit from the
ability of TGF-b to stimulate growth factor production, e.g., NGF in
astrocytes, in vitro and in vivo (Lindholm et al., 1990; Saad et al.,
1991), to upregulate growth factor receptors (Lefebvre et al., 1992),
and to interfere with pathological changes in cerebral bood flow
(Pfister et al., 1992).
Taken together, these data suggest that TGF-b may limit the

expansion of neuronal precursor populations by promoting their
apoptosis, but may support survival of those neurons that have
maturated, differentiated, and established supportive synaptic
connectivity.
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