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Abstract We have previously described the marine toxin
okadaic acid (OKA) to be a potent neurotoxin for cultured rat
cerebellar neurons. Here we show that OKA-induced neurode-
generation involves the DNA fragmentation characteristic of
apoptosis and is protein synthesis-dependent. DNA fragmenta-
tion and neurotoxicity correlated with inhibition of protein
phosphatase (PP) 2A rather than PP1 activity. Neurotrophins
NT-3 and BDNF failed to protect from OKA-induced apoptotic
neurotoxicity that was, however, totally prevented by insulin-like
growth factor-1. Neuronal death by OKA was significantly
reduced by protein kinase C inhibitors and by the L-type calcium
channel agonist Bay K8644, while it was potentiated by the
reduction of free extracellular calcium concentrations.
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1. Introduction

Programmed neuronal cell death appears to result from a
cascade of molecular and cellular events that occur at a spe-
cific stage of differentiation and may allow for the removal of
excess neurons and the establishment of correct synaptic con-
nections [1,2]. Despite the rapid progress that has taken place
in the last year or two in the apoptosis field, the biochemical
and molecular mechanisms underlying neuronal apoptosis are
not yet very well defined. Several agents have been demon-
strated to interfere with the apoptotic process in different
neuronal cultures. Thus, cAMP and high KCI block apoptosis
in NGF-deprived sympathetic neurons [3], while brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
neurotrophin-4/5 (NT-4/5) all prevented apoptotic death in
cultured cortical neurons following serum deprivation or ex-
posure to the calcium channel antagonist nimodipine [4]. Cer-
ebellar granule neurons in primary culture have recently been
identified as a very convenient model to study central nervous
system neuronal apoptosis in vitro [5]. Most of these neurons
undergo apoptosis in culture unless they are grown in the
presence of depolarizing conditions [5]. Naturally occurring
DNA fragmentation has also been found in the granular layer
of newborn rat cerebellum [6], suggesting the existence of an
in vivo correlate of the apoptosis observed for neurons in
culture. In cultured cerebellar granule neurons, apoptotic
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death triggered by lowering extracellular KCl concentration
is associated with an immediate and permanent decrease in
the levels of free intracellular calcium, [Ca?*};, and could be
inhibited by insulin-like growth factor 1 (IGF-1), by the
cAMP-clevating agent forskolin and by cAMP analogues
[5,7]. Interestingly, the signalling pathways by which these
agents rescue neurons from apoptosis does not involve long-
term modifications of [Ca’*];, suggesting that the ability of
IGF-1 and forskolin to prevent low K*-induced apoptosis
may come from a common phosphorylation pathway that
does not involve [Ca**]; increase.

Although a possible relationship between apoptosis and
protein phosphorylation has been suggested in some tumour
cell lines [8-10), there is no direct evidence for a role of pro-
tein kinases and/or protein phosphatases in neuronal apopto-
sis. We have previously reported that exposure of cultured
cerebellar granule neurons to very low concentrations (0.5-5
nM) of the protein phosphatase (PP) 1 and 2A inhibitor oka-
daic acid (OKA) [11,12], results in widespread neurotoxicity
[13,14]. Here we have investigated the role of protein phos-
phorylation in apoptotic neurodegeneration of cultured cere-
bellar granule neurons, and found that apoptosis can be trig-
gered by inhibiting protein phosphatases, and in particular
PP2A. Our results also suggest the involvement of protein
kinase C (PKC) in this apoptotic process. The ability of in-
tracellular calcium, IGF-1 and neurotrophins to prevent
OKA-induced apoptosis has also been investigated.

2. Materials and methods

2.1. Cell culture

Primary cultures of rat cerebellar granule neurons were prepared as
described previously [15]. Briefly, cerebella from 8-day-old pups were
dissected, cells were dissociated and suspended in basal Eagle’s medi-
um (BME, Gibco) supplemented with 25 mM KCI, 2 mM glutamine,
100 pg/ml gentamycin and 10% fetal calf serum. Cells were seeded in
poly(L-lysine)-coated (5 pg/ml) dishes (NUNC) at 2.5x10° cells/cm®
and incubated at 37°C in a 5% CO;, 95% humidity, atmosphere.
Cytosine arabinoside (10 uM) was added after 20-24 h of culture to
prevent proliferation of non-neuronal cells. After 8 days in vitro,
morphologically identifiable granule cells accounted for more than
95% of the neuronal population, the remaining 5% being essentially
GABAergic neurons and astrocytes did not exceed 3% of the overall
number of cells in culture [16]. Cerebellar granule neurons were kept
alive for more than 40 days in culture, by replenishing the growth
medium with glucose every 4 days and compensating for lost amounts
of water, due to evaporation.

2.2. Neuronal treatment and survival

Neurons were used between 10 and 25 days in culture. Drugs were
added in the growth medium for the indicated times. Then, growth
medium was removed and cultures were incubated for S min with 1 ml
incubation buffer containing 154 mM NaCl, 5.6 mM glucose, 8.6 mM
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HEPES, 1 mM MgCl,, 2.3 mM CaCl,, pH 7.4, to which the vital
stain fluorescein diacetate (5 pug/ml) was added. The staining mixture
was then aspirated, replaced with incubation buffer, and cultures were
examined for neurotoxicity. Under fluorescent light, live neurons
showed a bright green colour in the cell body and neurites, while
dead neurons did not retain any fluorescein diacetate, and their nuclei
could be stained red by 1 min exposure to 50 pg/ml ethidium bromide.
Photographs of three randomly selected culture fields were taken, and
live and dead neurons were counted. Total number of neurons per
dis’1 was calculated considering the ratio between the area of the dish
an. the area of the picture (~ 2000).

2.2 Data presentation and analysis

'he mean+ S.D. of the data is reported. For statistical analysis
oni-way or two-way analysis of variance (ANOVA) was used to
idetify overall treatment effects. The unpaired two-tailed Student’s
r-t.st was used for selective comparison of individual data groups.
Orly significances relevant for the discussion of the data are indicated
in :ach figure.

2.4 DNA fragmentation analysis

soluble DNA was extracted as described [17] and subjected to elec-
trc-phoresis in a 1.5% agarose gel. After treatment with RNAse A (20
pg ml for 3 h at 37°C), the gel was visualized by ethidium bromide
staining. DNA molecular size (b) markers were included for compar-
isc a.

2... Materials

Recombinant human IGF-1 was from Boehringer Mannheim. Ca-
lyculin A was from Moana Bioproducts Inc. (Honolulu, Hawai). Tau-
tonycin was a generous gift from Dr. K. Isono (Riken, Wako, Sai-
taraa, Japan). Okadaic acid and okadaic acid methyl ester tetramethyl
ether were kindly provided by Dr. H. Fujiki (Saitama Cancer Center,
In., Saitama, Japan). MK801 and nifedipine were a generous gift
fro m Dr. G.J. Kaczarowski (Merck Sharp and Dohme Laboratories,
N, USA). NT-3 and BDNF were from Alomone Labs (Jerusalem,
Isiael). ( +)Bay K8644 was from Research Biochemicals International
(Matick, MA, USA. GF 109203X was from Boehringer Mannheim.
A other chemicals were from Sigma.

3. Results

3.1, Okadaic acid induces neuronal gene expression-dependent
apopiosis

Consistent with previous data [13,14], exposure of cultured
cerebellar granule neurons to S nM OKA resulted in wide-
spread neurotoxicity over 24 h, decreasing the number of live
neurons from 850 100X 103 (n=6) to 200+ 60X 103 (n=5)
(1ig. 1C,F). Under fluorescent light, neurons treated with 5
n'M OKA for 24 h and then stained with fluorescein diacetate
(s2e Section 2) showed considerable disintegration of neurites
and swelling of cell bodies as compared to OKA-untreated
cultures (Fig. 1A,C). The presence of vacuoles and cellular
fragmentation was also evident. Neurotoxicity by OKA was
a long-term process since neither cell death nor morphological
sizns of toxicity were observed in neurons which had been
e posed to 5 nM OKA for 18 h (Fig. 1B,E) (86087 x 103
niurons (1 =5)).

The morphological changes accompanying OKA-induced
n:;urotoxicity resembled those reported for cells undergoing
apoptosis [1,18]. To verify that death induced by OKA in
cerebellar neurons was due to apoptosis, we examined the
C:NA of these cells. As shown in Fig. 1E, agarose gel electro-
poresis of soluble DNA extracted from neurons treated with
5 nM OKA for 18 h revealed considerable DNA fragmenta-
tion characteristic of apoptotic cells, resulting from cleavage
o "nuclear DNA in internucleosomal regions [19]. Fragmenta-
tion of DNA was a very early event in the death process for it
was already evident in DNA extracted from neurons which
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had been exposed to 5 nM OKA for only 9 h, while at least 24
h were necessary to observe clear morphological signs of toxi-
city and a significant decrease in neuronal survival (Fig.
1C,E). Based on the intensity of ethidium bromide staining,
DNA from 9-h-treated neurons showed quantitatively lower
fragmentation than DNA from 18-h-treated neurons, whereas
no soluble fragmented DNA was obtained from control neu-
rons (Fig. 1F).

We examined whether OKA-induced apoptotic pathways
required RNA synthesis by using the transcriptional inhibitor
actinomycin D. We found that the presence of actinomycin D
(1 pug/ml) totally abrogated the neurotoxic effects of OKA
(Fig. 1D,E) (770£93 % 10% neurons (n=4)), suggesting that
newly synthesized protein(s) are necessary for OKA-mediated
neurotoxicity.

3.2. Role of PPI and PP2A inhibition on apoptotic
neurotoxicity by OKA.

The low concentration of OKA (5 nM) we used here as well
as in previous work {13,14] suggested that PP2A rather than
PP! inhibition was responsible for the apoptotic degeneration
induced by OKA. To determine further the specific role of
PPl and PP2A in inducing neuronal apoptotic death we
used calyculin A and tautomycin, two potent PPs inhibitors
with higher affinity for PP1 as compared to OKA. Thus, ca-
lyculin A inhibits both enzymes with similar 1Cy, [20], whereas
tautomycin inhibits PP1 with approx. 10-fold greater affinity
than PP2A [21]. As shown in Fig. 2A, concentrations above
1 nM OKA and 5 nM calyculin A caused a concentration-
dependent reduction in neuronal survival after 24 h. In con-
trast, as much as 1 uM tautomycin was necessary to induce
significant neurotoxicity. The concentrations producing half-
maximal reduction in neuronal survival were 3.5 and 10 nM
for OKA and calyculin A, respectively. When OKA was re-
placed by okadaic acid methyl ester tetramethyl ether (OKA-
TME), a derivative lacking PP inhibitory activity [22], no re-
duction in neuronal survival was observed up to | uM OKA-
TME (Fig. 2A).

In agreement with these observations, exposure of neurons
to calyculin A (25 nM, 19 h) but not to tautomycin or OKA-
TME (both at 100 nM for 48 h), induced fragmentation of
soluble DNA characteristic of apoptotic cells (Fig. 2B),
further suggesting a role for protein phosphorylation due to
PP2A inhibition in the apoptotic death induced by OKA and
calyculin A.

3.3. OKA-induced apoptotic neurotoxicity is prevented by
IGF-1 but not by neurotrophins

Neurotrophins have been documented to attenuate neuro-
nal apoptotic death induced by different stimuli including dep-
rivation of serum or lowering of [Ca®*}; [4,23]. We checked
the ability of cerebellar granule neurons to respond to NT-3
and BDNF by testing whether these neurotrophins could pre-
vent toxicity induced by exposure of neurons to dihydropyr-
idine calcium channel antagonists. This treatment has been
demonstrated to induce neurodegeneration in cultured cere-
bellar granule neurons [24] possibly via apoptosis [7] as it has
been reported for other neuronal cultures [4]. Addition of
1 pM nifedipine (NIF) to the culture medium resulted in neu-
ronal degeneration evolving slowly over 72 h, and reduced the
number of surviving cells from 800 + 62 x 103 to 251 £ 71 x 10°
neurons (n = 3). Pretreatment of neurons for 24 h with NT-3
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Fig. 1. Okadaic acid induces neuronal gene expression-dependent apoptosis. Fluorescence photomicrographs of neuronal cerebellar cultures be-
fore (A) and after 18 h (B) or 24 h (C) exposure to 5 nM okadaic acid (OKA). Live neurons showed a bright green color in the cell body and
the neurites (large arrows), while nuclei of dead neurcons appeared stained in red (small arrows). Addition of the transcriptional inhibitor acti-
nomycin D (1 pg/ml) prevented neuronal degeneration and death (D). (E) Number of live neurons per dish (mean* S.D., n=4-6), before (con-
trol) or after exposure to OKA for the indicated times. Neuronal survival after 24 h treatment with OKA (5 nM) in the presence of actinomy-
cin D (1 pg/ml) is also represented (OKA+AcD). *P<0.01 vs control, and *P<0.01 vs OKA (24 h). (F) Agarose gel electrophoresis of
cerebellar neurons soluble DNA reveals a ladder pattern after 18 h exposure to 5 nM OKA (lane 1). Slight DNA fragmentation is also evident
in neurons treated with S nM OKA for 9 h (lane 2), but not in control neurons (lane 3).

or BDNF (both at 20 ng/ml) reduced the incidence of this cell
death by 50% (NIF +NT-3=540%65x10° neurons; NIF +
BDNF=514+37x10% neurons (n=3); P<0.01 vs NIF
alone).

We therefore investigated the effect of NT-3 and BDNF on
OKA-induced apoptotic neurotoxicity. We also examined
IGF-1, which has been previously reported to prevent apop-
tosis by low K* in cultured granule neurons [7]. As shown in
Fig. 3A, pretreatment of neurons with 2.5 nM IGF-1 for 24 h

prior to OKA addition, significantly increased the number of
surviving neurons from 145+110x10® (n=6) to 750+
150X 10° (n=6). In contrast, neither NT-3 nor BDNF (both
at 20 ng/ml, up to 72 h) showed any protective effect, and
typical neurite disintegration (not shown) and cell death (Fig.
3A) were observed after 24 h exposure to OKA in neurons
pretreated with each neurotrophin [NT-3 =200+ 50 x 10% neu-
rons (n=6); BDNF =60+ 22X 10% neurons (n=06)].
Consistent with these observations, preincubation of neu-
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Fig. 2. Induction of apoptotic neurotoxicity by protein phosphatase inhibitors with high affinity for PP2A. (A) Number of live neurons per
disih (mean + S.D., n=4) after treatment of cultures for 24 h with OKA (<) or calyculin A (O), or for 48 h with tautomycin () or okadaic
acid methyl ester tetramethyl ether (OKA-TME) (m), at the indicated concentrations. (B) Soluble DNA agarose gel electrophoresis reveals con-
siderable DNA fragmentation in neurons exposed for 18 h to 25 nM calyculin A (lane 1) but not in neurons treated with 100 nM tautomycin

(lane 2), 100 nM OKA-TME (lane 3), or in control neurons (lane 4).

rons with 2.5 nM IGF-1 for 24 h totally prevented DNA
fragmentation induced by OKA, while similar treatments
wi'h 20 ng/ml NT-3 and BDNF had no effect (Fig. 3B).

3.-. Neurotoxicity by OKA is attenuated by calcium channel

agonists
To investigate the involvement of Ca’?" in the apoptosis
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induced by OKA, we examined the dependence of OKA neu-
rotoxicity upon [Ca’*];. We found that by adding the L-type
Ca®* channel agonist Bay K8644 (1 uM) to the culture me-
dium 24 h prior to OKA, neuronal survival following 24 h
exposure to 5 nM OKA significantly increased from
300+ 47%10% to 743+ 56X 10 neurons (= 10) (Fig. 4). The
non-competitive NMDA -receptor antagonist MK801 (1 uM)
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Fiz. 3. Inhibition of OKA-induced apoptotic neurotoxicity by IGF-1 but not by neurotrophins. (A) Number of surviving neurons (mean+S.D.,
n= 6) before or after exposure of cerebellar neurons to 5 nM OKA without or with 24 h pretreatment with IGF-1 (2.5 nM), NT3 or BDNF
(both at 20 ng/ml), respectively. *P < 0.01 vs control, and ¥ P <0.01 vs. OKA. (B) Agarose gel electrophoresis of soluble DNA shows extensive
DNA fragmentation in neurons pretreated for 24 h with 20 ng/ml NT3 (lane 1) or BDNF (lane 2) and then 5 nM OKA for 18 h. No DNA
fragmentation is observed in neurons pretreated for 24 h with 2.5 nM IGF-1 prior to 18 h exposure to 5 nM OKA (lane 3) or in control neu-

rons (lane 4).
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was also added in these experiments in order to prevent tox-
icity by excitatory amino acids endogenously released into the
culture medium from Bay K8644-treated neurons [25]. Ca?*-
mediated protection was not permanent and no significant
differences in neuronal survival were found between Bay
K8644-treated and untreated neurons after 48 h exposure to
5 nM OKA (data not shown). The role of extracellular Ca’*
influx in attenuating the neurotoxic effects of OKA was
further confirmed by using the membrane-impermeable Ca’*
chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N, N-tetraacetic
acid (BAPTA). Reduction of free extracellular Ca?" concen-
trations due to preincubation of neurons with 1 mM BAPTA
for 24 h reduced the number of surviving neurons after 24 h
exposure to OKA by 50% (Fig. 4), and the time of exposure
to OKA required to induce neuronal death, which was at least
6 h shorter in BAPTA-pretreated neurons compared to OKA
alone. No significant differences in neuronal survival were
observed in cultures treated with Bay K8644+MKS801
950+ 75x10° neurons (n=10)) or BAPTA (780t85x10°
neurons (n=10)) in the absence of OKA, compared to un-
treated cultures (860 % 60X 10% neurons (n=10)).

3.5. Role of protein kinase A and protein kinase C activity in
OKA-induced neurotoxicity

To investigate whether OKA affected the function of pro-
teins phosphorylated by protein kinase A or protein kinase C
(PKC), we first examined the effects of forskolin and phorbol
esters on neuronal survival. Neither addition of 10 pM for-
skolin, capable of increasing intracellular cAMP concentra-
tion from 26+ 2 to 2760 %275 pmol/mg protein, nor activa-
tion of PKC by PMA (10-100 nM), resulted in significant
reduction of neuronal survival after 24 h, compared to un-
treated neurons (Table 1). No differences in the final number
of surviving neurons or in the time of exposure to OKA
needed to induce toxicity were observed when forskolin was
added to the neurons simultaneously with OKA. However,
when 10-100 nM PMA was co-added with OKA, neurotox-
icity was totally prevented (Table 1). Given the prolonged
treatments (24 h) needed in these experiments, we considered
the possibility that down-regulation rather than activation of
PKC activity could be responsible for the protection observed.
For this purpose we used S-isoquinolinylsulphonyl-2-methyl-
piperazine (H7), an inhibitor of PKC and several other pro-
tein kinases, and bisindolylmaleimide (GF 109203X), a potent

Table 1
Role of protein kinase A and protein kinase C activity in OKA-in-
duced neurotoxicity

Treatment Live neurons (X 1073)

None OKA
None 950+ 100 279+ 65*
Forskolin 870+ 120 350+ 39
PMA 800 =200 850+ 70°
H7 980+ 90 880 +150P
GF108203X 900 90 894+ 60

The number of live cells was determined as described in Section 2.
Results are the mean * S.D. for triplicate cultures. Neurons were ex-
posed to 5 nM okadaic acid (OKA) for 24 h. Forskolin (10 pM) was
added 10 min before OKA. H7 (50-100 uM) and GF108203X were
added 1 h prior to OKA. PMA (10-100 nM) was added simulta-
neously with OKA.

2P < 0.0l vs None in the same line.

bp<0.01 vs OKA in the same column.
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Fig. 4. Involvement of calcium in OKA-induced neurotoxicity. Neu-
rons were exposed to 5 nM OKA for 15-18 or 24 h as indicated, in
the absence or presence of Bay K8644 (1 uM) or BAPTA (1 mM).
Control represents untreated cultures. Results represent the number
of surviving neurons (mean+S.D., n=10). *P<0.01 vs OKA in
the same group.

and selective inhibitor of PKC activity [26]. As shown in Ta-
ble 1, preincubation of neurons for 1 h with 50 pM H7 or 9
UM GF 109203X prevented neurotoxicity by 24 h exposure to
5 nM OKA, suggesting the involvement of PKC in the phos-
phorylation of substrates affected by OKA and leading to
apoptotic death.

4. Discussion

Cultures exposed for at least 24 h to low concentrations of
the PP1 and PP2A inhibitor OKA presented swollen cell
bodies and extensive disintegration of the neurites, as well
as a large number of vacuoles as a result of cellular fragmen-
tation (Fig. 1C). Most of these features have been previously
reported in neurons undergoing apoptosis [5]. Indeed, when
DNA extracted from neurons exposed to OKA for at least 9 h
was run on an agarose gel, it appeared as a ladder-like series
of bands (Fig. 1F), a hallmark of apoptosis [18]. It is worth
noting that DNA fragmentation was detectable long before
neuronal degeneration and death could be observed, support-
ing the idea that it is an early event in the death process. Our
observation that OK A-induced apoptosis can be inhibited by
inhibitors of RNA and protein synthesis indicates that apop-
tosis by OKA is a genetically controlled process. Interestingly,
the later two characteristics have also been described for low
K*-induced apoptosis in cerebellar granule neurons [5], sug-
gesting possible common targets in the pathway triggered by
membrane hyperpolarization or by OKA.

The fact that both OKA and calyculin A were effective in
inducing neuronal apoptosis strengthens the evidence that it is
a cellular process controlled by phosphorylation. Moreover, a
closely related structural analog of OKA that is inactive to-
ward phosphatases failed to induce apoptosis (Fig. 2).
Although the specificities of the three PP inhibitors may be
different in vivo, our results very much suggest that inhibition
of PP2A rather than PPl activity has a major contribution in
the induction of apoptosis by OKA and calyculin A. Thus, at
the concentration we used (5 nM), OKA is likely to affect
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mainly PP2A and not PPI, since OKA at concentrations as
low as | nM has been shown to inhibit totally PP2A activity
in vitro, whereas complete inhibition of PP1 activity needs at
least 500 nM OKA [12,20]. Moreover, no DNA fragmentation
or vell death (Fig. 2) was observed in cells treated with 100
nM tautomycin, conditions under which the activity of native
PP! but not of PP2A should be completely inhibited [21].
Corncentrations of inhibitors producing neurotoxicity were
usually 5-10-times higher than those reported for the inhibi-
tior of catalytic activity in in vitro assays. In this respect, it
shouald be considered that the catalytic subunits of PP1 and
PP. A are complexed to regulatory and/or targetting subunits
in “ivo [27], and therefore inhibition of native PPs may re-
qui-e higher concentrations of inhibitors than the free catalyt-
ic subunits [21,28]. Although a relative cell impermeability to
any of the PP inhibitors we used cannot be ruled out com-
pletely, their lipophilic structures renders this possibility un-
likely.

[« general protective effect of neurotrophins against neuro-
nal apoptosis has been previously suggested by Koh and co-
wo kers who found NT-3, BDNF and NT-4/5 to be effective
in protecting murine cortical neurons against apoptotic degen-
era ion induced by Ca®* channel antagonists and serum dep-
riv.tion [4]. In cerebellar granule neurons, however, only a
smadl but statistically significant effect has been found for
N71-3 in promoting survival of neurons maintained in low
K*. while the protecting role of BDNF remained controver-
siat {5,23]. The inability exhibited by NT-3 and BDNF to
pretect neurons against apoptosis induced by OKA suggests
that the protective effect of neurotrophins may be restricted to
apuptosis elicited by stimuli inducing a decrease in [Ca**};. In
fac , no differences in [Ca®*]; were observed using confocal
lascr microscopy in neurons exposed to OKA for 24 h (data
no: shown). Alternatively, neurotrophins may be interfering
up-tream with the signalling events triggered by OKA.

IGF-1 prevention of granule cell death by OKA further
sup-ports a role for IGF-1 as a crucial physiological neuro-
trenhic factor for cerebellar granule neuron survival and de-
velopment. Several lines of evidence have contributed to this
cor-cept. Thus, IGF-1 induces the expression of functionally
act ve glutamate receptors in these neurons, and neutraliza-
tio1 of serum IGF-1 by a specific antibody reduces neuronal
survival by 30-40% [29]. Although cerebellar granule neurons
do not produce IGF-1 at any stage of development, they do
ex; ress the IGF-1 receptor both in vivo [30] and in vitro (data
no shown). Moreover, IGF-1 inhibits low K*-induced gran-
ule neuron apoptosis [3]. The role of IGF-1 in supporting
gri nule cell survival and development could be particularly
sig iificant in vivo. Apoptosis has been shown to be a mecha-
nism of physiological cell death of cerebellar granule neurons
duing the first 2 weeks of postnatal development [6], when
gr: nule cells migrate from the external to the internal granule
lay 2r, crossing a monolayer of postmitotic Purkinje neurons
wi h which the granule neurons make synapses. Since IGF-1 is
sy1.thesized and secreted by cerebellar Purkinje cells, especially
du-ing early postnatal life [31,32], taking up the IGF-1 se-
creted by Purkinje cells may be a crucial step for selecting
cercbellar granule neurons that will successfully differentiate
frcm those that will undergo apoptotic degeneration. It is
terpting to speculate that this effect of IGF-1 in vivo may
im olve modulation of protein phosphatases, and in particular
of PP2A activity or substrates.

m

The observation that neuronal pretreatment with the cal-
cium agonist Bay K8644 attenuates apoptosis by OKA was
not surprising in that [Ca?*}; has previously been associated
with neuronal survival in several neuronal models including
cerebellar granule cells [24,33-35]. Moreover, convincing data
have been reported in the last few years suggesting that neu-
rons may die by apoptosis when their [Ca']; levels decrease
below a certain threshold in the absence of survival factors
[7,36]. Ca®*-mediated protection from neuronal apoptosis
probably results from a combination of modulatory effects
of this ion on several intracellular targets, including protein
kinases and phosphatases. PPl as well as PP2A and most
PP2A-type activities are independent of Ca”*. However, ele-
vated [Ca®"]; levels are known to stimulate the activity of the
Ca®*-dependent calmodulin-stimulated PP2B calcineurin {37],
which in turn activates PP1 via the dephosphorylation of
¢AMP- and ¢cGMP-regulated PP1 inhibitors (see [38] for a
review). Mammalian PPl and PP2A show 43% overall se-
quence identity and have overlapping specificities in vitro
[39]. It may therefore be possible that a larger fraction of
PPl molecules in the active form in Bay K8644-pretreated
neurons could partially compensate the imbalance of the ki-
nase/phosphatase system induced by OKA. The observation
that Bay K8644 delayed rather than prevented neuronal death
would be consistent with this possibility. Alternatively, calci-
neurin may dephosphorylate substrates such as the microtu-
bule-associated proteins MAP-2 and tau [38], of which the
phosphorylation level may be particularly relevant for neuro-
nal survival and function [40]. Indeed, severe disturbances in
the phosphorylation of microtubule associated proteins are
known to accompany the neuronal cytoskeletal pathology
characteristic of Alzheimer’s disease brains [41-43]. Although
more studies are needed to establish the nature of protein
kinases responsible for the phosphorylation of substrates af-
fected by OKA and leading to apoptotic death, the protecting
effect observed for H7 and GF 109203X indicates that PKC
may be involved. Interestingly, PKC activity has been re-
ported to be altered in Alzheimer’s disease brain [44,45] and
both OKA and PKC activity-stimulating agents led to an
abnormal processing of Alzheimer /A4 amyloid precursor
protein [46], further suggesting a key role for PP2A and
PKC activities in maintaining the physiological phosphoryla-
tion/dephosphorylation balance.

Acknowledgements: We thank Dr. R. Schwarcz (Maryland Psychiatric
Research Center, Baltimore) for his critical reading of the manuscript,
Dr. V. Zitko (Marine Biological Station of St. Andrews, N.B., Cana-
da) for his help and suggestions and Ms. A. Torreblanca for her help.
We also thank Dr. K. Isono and H. Fujiki for the invaluable gift of
tautomycin and okadaic acid methyl ester tetramethyl ether, respec-
tively. This work was supported by CICYT, Grant SAF94-0394.

References

[1] Ellis, R.E., Yuan, J. and Horvitz, H.R. (1991) Annu. Rev. Cell
Biol. 7, 663-698.

[2] Oppenheim, R. (1991) Annu. Rev. Neurosci. 14, 453-501.

[3] Edwards, S.N., Buckmaster, A.E. and Tolkovsky, A.M. (1991)
J. Neurochem. 57, 2140-2143.

[4] Koh, J.-Y., Gwag, B.J., Lobner, D. and Choi, D.W. (1995)
Science 268, 573-575.

[5] D’Mello, S.R., Galli, C., Ciotti, T. and Calissano, P. (1993) Proc.
Natl. Acad. Sci. USA 90, 10989-10993.

[6] Wood, K.A., Dipasquale, B. and Youle, R.J. (1993) Neuron 11,
621-632.



112

[7] Galli, C., Meucci, O., Scorziello, A., Werge, T.M., Calissano, P.
and Schettini, G. (1995) J. Neurosci. 15, 1172-1179.

[8] Kiguchi, K., Glesne, D., Chubb, C.H., Fujiki, H. and Huberman,
E. (1994) Cell Growth Differ. 5, 995-1004.

[9] Kawamura, K.I., Grabowski, D., Weizer, K., Bukowski, R. and
Ganapathi, R. (1996) Br. J. Cancer 73, 183-188.

[10] Wolff, R.A., Dobrowsky, R.T., Bielawska, A., Obeid, L.M. and
Hannun, Y.A. (1994) J. Biol. Chem. 269, 19605-19609.

[11] Bialojan, C. and Takai, A. (1988) Biochem. J. 256, 283-290.

[12] Cohen, P., Holmes, F.B. and Tsukitani, Y. (1990) Trends Bio-
chem. Sci. 15, 98-102.

[13] Fernandez, M.T., Zitko, V., Gascédn, S. and Novelli, A. (1991)
Life Sci. 49, PL157-PL162.

[14] Fernandez, M.T., Zitko, V., Gascén, S., Torreblanca, A. and
Novelli, A. (1993) Ann. N.Y. Acad. Sci. 679, 260-269.

{15] Novelli, A., Reilly, J.A., Lysko, P.G. and Henneberry, R.C.
(1987) Brain Res. 451, 205-212.

[16] Nicoletti, F., Wroblewski, J.T., Novelli, A., Alho, H., Guidotti,
A. and Costa, E. (1986) J. Neurosci. 6, 1905-1911.

[17] Hockenbery, D., Nufiez, G., Milliman, C., Schreiber, R.D. and
Korsmeyer, S.J. (1990) Nature 348, 334-336.

[18] Raff, M.C. (1992) Nature 356, 397-400.

[19] Wyllie, A.H. (1980) Nature 284, 555-556.

[20] Ishihara, H., Martin, B.L., Brautigan, D.L., Karaki, H., Ozaki,
H., Kato, Y., Fusetani, N., Watabe, S., Hashimoto, K., Uemura,
D. and Hartshorne, D.J. (1989) Biochem. Biophys. Res. Com-
mun. 159, 871-877.

[21] MacKintosh, C. and Klumpp, S. (1990) FEBS Lett. 277, 137-
140.

[22] Nishiwaki, S., Fujiki, H., Suganuma, M., Furuya-Suguri, H.,
Matsushima, R., Iida, Y., Ojik, M., Yamada, K., Uemura, D.,
Yasumoto, T., Schmitz, F.J. and Sugimura, T. (1990) Carcino-
genesis 11, 1837-1841.

[23] Kubo, T., Nonomura, T., Enokido, Y. and Hatanaka, H. (1995)
Dev. Brain Res. 85, 249-258.

[24] Gallo, V., Kingsbury, A., Balazs, R. and Jorgensen, O.S. (1987)
J. Neurosci. 7, 2203-2213.

[25] Novelli, A., Torreblanca, A., Losa-Uria, P. and Fernandez-San-
chez, M.T. (1995) Soc. Neurosci. Abstr. 21, 530.13.

[26] Toullec, D., Pianetti, P., Coste, H., Bellevergue, P., Grand-Per-
ret, T., Ajakane, M., Baudet, V., Boissin, P., Boursier, E., Lo-
riolle, F., Duhamel, L., Charon, D., Kirilovsky, J. (1991) J. Biol.
Chem. 266, 15771-15781.

M.-T. Ferndndez-Sanchez et al./IFEBS Letters 398 (1996) 106-112

[27] Cohen, P. (1989) Annu. Rev. Biochem. 58, 453-508.

[28] MacKintosh, C., Beattie, K.A., Klumpp, S., Cohen, P. and
Codd, G.A. (1990) FEBS Lett. 264, 187-192.

[29] Calissano, P., Ciotti, M.P., Battistini, L., Zona, C., Angelini, A.,
Merlo, D. and Mercanti, D. (1993) Proc. Natl. Acad. Sci. USA
90, 8752-8756.

(30] Marks, J., Stahl, W. and Baskin, D. (1990) Endocr. Soc. 72, 178.

[31] Andersson, 1.K., Edwall, E., Norstedt, G., Rozell, B., Skottner,
A. and Hansson, H.A. (1988) Acta Physiol. Scand. 132, 167-173.

[32] Bartlett, W.P., Li, X.S., Williams, M. and Benkovic, S. (1991)
Dev. Biol. 147, 239-250.

[33] Collins, F., Schmidt, M.F., Guthrie, P.B. and Kater, S.B. (1991)
J. Neurosci. 11, 2582-2587.

[34] Eichler, M.E., Dubinsky, I.M. and Rich, K.M. (1992) J. Neuro-
chem. 58, 263-269.

[35] Pearson, H., Graham, M.E. and Burgoyne, R.D. (1992) Eur. J.
Neurosci. 4, 1369-1375.

[36] Franklin, J.L. and Johnson, E.M. Jr. (1992) Trends Neurosci. 15,
501-508.

[37] Stewart, A.A., Ingebritsen, T.S., Manalan, A., Klee, C.B. and
Cohen, P. (1982) FEBS Lett. 137, 80-84.

[38] Klee, C.B., Draetta, G.F. and Hubbard, M.J. (1988) Adv. En-
zymol. 61, 149-200.

[39] Berndt, N., Campbell, D.G., Caudwell, F.B., Cohen, P., Da Cruz
e Silva, EF., Da Cruz e Silva, O.B. and Cohen, P.T.W. (1987)
FEBS Lett. 223, 340-346.

[40] Arias, C., Sharma, N., Davies, P. and Shafit-Zagardo, B. (1993)
J. Neurochem. 61, 673-682.

[41] Sternberg, N.H., Sternberg, L.A. and Ulrich, J. (1985) Proc.
Natl. Acad. Sci. USA 82, 4274-4276.

[42] Kosik, K.S. (1989) Science 256, 780-783.

[43] Hanger, D.P., Brion, J.-P., Gallo, J.-M., Cairns, N.J., Luthert,
P.J. and Anderton, B.H. (1991) Biochem. J. 275, 99-104.

[44] Cole, G., Dobkins, K.R., Hausen, L.A., Terry, R.D. and Saitoh,
T. (1988) Brain Res. 452, 165-174.

[45] Van Huynh, T., Cole, G., Katzman, R., Huang, K-P. and Saitoh,
T. (1989) Arch. Neurol. 46, 1195-1199.

[46] Buxbaum, J.D., Gandy, S.E., Cicchetti, P., Ehrlich, M.E., Czer-
nik, AJ., Fracasso, R.P., Ramabhradan, T.V., Unterbeck, A.J.
and Greengard, P. (1990) Proc. Natl. Acad. Sci. USA 87, 6003—
6006.



