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Abstract

We found that primary cultures of rat cerebellar granule cells, although definitely postmitotic and terminally
differentiated, express the tumour-suppressor phosphoprotein p53. In particular, granule cells both expressed
significant levels of p53 mRNA and positively reacted to an anti-p53 antibody, from the first day of culturing.
During neurone differentiation, p53 mRNA content did not significantly change, at least up to 12 days in vitro,
while p53 immunoreactivity increased gradually. p53 expression appeared to be further modulable being
upregulated after stimulation of glutamate ionotropic receptors by glutamate or kainate. Although qualitatively
similar, p53 induction by glutamate and kainate differed in terms of intensity and time-course. The glutamate
increase of p53 immunoreactivity appeared within 30 min after the treatment and lasted for at least 2 h. Kainate-
induced increase of p53 immunoreactivity was delayed, becoming apparent within 2 h and lasting for at least
8 h. Both kainate- and glutamate-induced increases of p53 immunoreactivity were prevented by the non-
competitive NMDA receptor antagonist MK 801. As shown by the electrophoretic mobility shift analysis, both
glutamate and kainate induced increases of p53 DNA binding activity. Blockade of p53 induction by a specific
p53 antisense oligonucleotide resulted in a partial reduction of excitotoxicity with a complete inhibition of the
excitatory amino acids induced apoptosis.

Our data suggest that stimulation of ionotropic glutamate receptors in neurones results in a p53-dependent
apoptosis.

Introduction

The tumour-suppressor protein p53 is a cell-cycle checkpoint protein991), K562 cells, an acute-phase myelogenous leukaemia cell line
that contributes to the preservation of genetic stability. Particularly(Feinsteinet al, 1992), oligodendrocytes and neurones (Eizenberg
p53 protein originates from a single-copy gene localized on the shogt al., 1996).

arm of chromosome 17 (Isobet al, 1986). Structurally, it can be ~ The mechanism(s) by which p53 can induce cell cycle arrest and/
divided in three segments: the N-terminal portion, involved inOr apoptosis is still largely unknown. Development of transgenic mice
transcriptional activation (Liet al., 1994); the central domain which deficient for p53 has recently gained further insight on the functional
confers sequence-specific DNA binding (Watgl,, 1993; Plavletich ~ role of p53 (Donehoveet al., 1992). Interestingly, mice homozygous

et al, 1993; Bargonetiét al., 1993) and the C-terminal domain which for p53 null allele appear normal. However, female-associated defects

contains residues that confer on p53 the ability to oligomerize and” neural closure were found at high frequency in p5S3 null mice
bind both single-stranded DNA and RNA (Clog# al, 1994; Wu embryos (Armstron@t al., 1995). Thus, at least from these data and

; . . . ) . with the awareness of the intrinsic limitation of the experimental
et al, 1995). Upon certain conditions, including physical or chemical - : . .
model, p53 function appears to be dispensable in many apoptotic

DNA damage, p53 gene expression can be activated 1o either arre& ocesses that occur physiologically during the entire life-span in a

cell cycle progression in the late G1 phase, thus allowing the DNA, g6 yariety of organs and systems. However, p53-deficient mice are
to be repaired before its replication, or induce apoptosis (Laneprgne 1o the spontaneous development of a variety of neoplasms by
1992). Due to its role, pS3 has been defined as ‘safeguard againgtmonths of age, suggesting that lack of p53 gene predisposes
tumourigenesis’. Indeed, in tumour cells lacking functional p53, thethe animal to neoplastic diseases, although is not obligatory for
above described pathways are not functional, resulting in inefficienfumourigenesis. Interestingly, normal development and high risk of
DNA repair and the emergence of genetically unstable cellgsumour are found in family members with dominantly inherited Li—
(Vogelstain & Kinzier, 1992). More recently, it was found that p53 Fraumeni syndrome and this syndrome has been associated with germ
may also play a role in differentiation of pre-B-cells (Shaulskl., line p53 mutation (Srivastavet al., 1990).
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Nevertheless, p53 appears to play an important role in promotinggmes with Locke’s solution containing 1NMgS0O, and returned to
apoptosis and this function could have relevant implications for brairthe original culture-conditioned media. KA was added to the media
function. Indeed, apoptosis of neurones is observed physiologicalljor different periods of time, as indicated. At 0.5, 1, 2, 4, and 8 h
during development and ageing. Furthermore, apoptosis has beafier the glutamate pulse and at 2, 4, 8, 24 or 30 h following the
associated, at least in part, with neurodegeneration detectable addition of KA, the culture-conditioned media were collected to
various neurological diseases, including Huntington’s (Porterameasure lactate dehydrogenase (LDH) activity. The results were
Cailliau et al., 1995) and Alzheimer’s diseases (Dugetdal., 1989).  expressed as percentage of total LDH activity according to Pauwels

A series of recent papers has contributed to the unravelling of thet al. (1989). Total LDH activity was defined as the sum of intracellular
role of p53 during a neurodegenerative process (Cledpg., 1992;  and extracellular LDH activity. Extracellular and intracellular LDH
Li et al, 1994; Sakhkt al, 1994; Xianget al, 1996). In particular, activity was measured spectrophotometrically following NADH-
systemic injection of kainic acid (KA), a potent excitotoxin that oxidation at 340 nm.
produces seizures associated with a defined pattern of neuronal cellCell viability was also established by a fluorescence method,
loss, induced p53 expression in neurones exhibiting morphologicahccording to Jones & Senft (1985). Briefly, cells were washed with
evidence of damage (Sakbt al, 1994). More recently, Morrison Locke’s solution, stained for 3 min with a mixture of fluorescein
et al (1996) found that systemic injection of KA to p53-gene- diacetate (15g/mL) and propidium iodite (8Qxg/mL), and examined
deficient mice did not induce neuronal cell death. A further indirect,immediately with a standard epi-illumination fluorescence microscope
although intriguing, link between excitotoxicity and p53 has been(450 nm excitation, 520 nm barrier). Fluorescein diacetate crosses the
provided by Didieret al. (1996) who show accumulation of single- cell membranes and is hydrolysed by intracellular esterases to produce
strand DNA damage as an early event in excitotoxicity. This particulagreen—yellow staining. This process is reduced by neuronal injury, a
DNA damage is indeed capable of inducing p53 expression (Jayaramawndition facilitating propidium iodite penetration and interaction
& Prives, 1995; Leeet al., 1995). with DNA to yield a red fluorescence. The percentage of cell death

We studied the role of p53 in cultured, genetically unmodifiedin the monolayer was computed by calculating the ratio between the
neurones, namely rat cerebellar granule cells, during developmemtropidium iodite and the fluorescein diacetate plus propidium iodite
in vitro and in response to neurotoxicity induced by excitatory aminostainings in photomicrographs of at least three representative fields
acid (EAA). Primary cultures of cerebellar granule cells offer notfrom each monolayer.
only a morphologically defined system for studying transsynaptic For evaluation of apoptosis, cells were plated on to Ag§@nL
regulation of neuronal gene expression, but also provide the opportuipoly-L-lysine coated glass coverslips and cultured as described above.
ity to analyse the precise temporal sequence of molecular eventspoptotic cells were identified by May—Grunwald—Giemsa’s stain.
following stimulation of specific glutamate receptor subtypes. Advant-Briefly, cells were washed in phosphate-buffered saline (PBS) solution,
ages of this experimental model also include the possibility to studyixed with May—Grunwald’s staining containing methanol for 3 min,
the function of a given gene product using the oligonucleotidethen washed with a buffer containing 20nNaH,POy/Na,HPO,
antisense technology, thus avoiding redundancy on compensation thgtH 7.4) for additional 3 min. Cells were then incubated with Giemsa’s
may occur in transgenic animal models. staining for 3 min, rapidly washed with three or four changes of water

and air dried. The apoptotic cells were evaluated morphologically by

. the rapid onset of cytoplasmatic blebbing. The percentage of apoptotic

Materials and methods neurones was computed by calculating the ratio between blebbing

Cell culture cells and normal cells staining in photomicrographs of at least three
representative fields from each dish. Data were presented as the mean

Primary cultures of cerebellar granule cells were prepared from 8-_ SEM of at least three separate culture preparations

day-old Sprague-Dawley rat pups as previously described (Pizzi 1. ciovictical significance of differences between the values was

et al, 1991). Briefly, cells were plated on to palytysine-coated ) . .
dishes and cultured in basal Eagle’s medium containing 10% heamade by one-way analysis of variance followed by Studerest.

inactivated foetal bovine serum, 2nglutamine, 5qug/mL gentamy-
cin and 25 rm KCl, at the density of 1.5< 1CP cells/cn?. Cytosine  Immunocytochemistry
arabinoside (10fw) was added to the cultures 18 h after seeding t0g, neriments were done in cerebellar granule cells at different DIV,
prevent non-neu_ronal cell proliferation. Us_uall_y, experiments Were,q indicated. Cultures were fixed for 30 min in 561 RBS containing
done a_fter_ cu_Iturlng the neurones for 12 dagsitro (DIV) unless 4% paraformaldehyde. Following several rinses in PBS, cells were
otherwise indicated. incubated for 20 min in Tris-buffered (pH 7.4) saline containing

] 0.5% hydrogen peroxide to block endogenous peroxidase staining.
Evaluation of neuronal death Immunostaining was performed as follows: cells were permeabilized
Usually, neurotoxicity was evaluated in cerebellar granule cells aby a 5 min exposure to 0.2% Triton X-100 in PBS and incubated for
DIV 12 following the exposure of the cells to KA (M) or 24 h at 4 °C with the primary antibody. The antibodies used were: a
glutamate (10Qum). The concentration of both glutamate and KA polyclonal antip53 antibody, R19, from Santa Cruz Biotechnology,
used in the present study were maximally effective in terms of cellused at 1 : 500 dilution, and the monoclonal antibody ALZ90, from
death (see below) and were chosen on the bases of the results frddoehringer Mannheim, used at 1:10 dilution. R19 recognizes the
a series of previous experiments using different concentrations ofpitope corresponding to amino acid 373—-391 mapping at the carboxy
both EAA, ranging from fum to 100um (data not shown). In terminus of rat p53, and ALZ90 recognizes the sequence correspond-
particular, the culture-conditioned media of cerebellar granule cellsng to amino acids 511-689 of Amyloid Precursor Protein (APP).
were collected and the cells were washed once with Locke’s solutioffter several rinses, cells were processed using the avidin-biotin
(154 mm NaCl, 5.6 nu KCl, 3.6 mv NaHCG;, 2.3 mm CaCb, 5.6 nm complex Kit (ABC Elite Kit, Vector Laboratories). Enzymatic reaction
glucose, 5 mn Hepes, pH 7.4) and exposed to different concentrationsvas developed as described by Mattson (1990). In order to verify the
of glutamate for 15 min. After this period, cells were washed threespecificity of the chromogen reaction, some dishes were processed
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Fic. 1. p53 immunoreactivity in cerebellar granule cells at different stages of
neurone maturation. Cells were immunostained with antip53 polyclonal Time (h)
antibody R-19. Upper panel, representative pictures of cultured cells processed
for immunocytochemistry after 0, 2, 8, and 12 dagsvitro. Lower panel, Fic. 2. Time-dependent effects of glutamate (A) and kainic acid (KA) (B) on
semiquantitative analysis of p53 immunoreactivity expressed as integratep53 immunoreactivity and lactate dehydrogenase (LDH) activity in culture
optical density/area. Data represent meanSEM of three different medium. Cerebellar granule cells were treated with @0glutamate or
preparations and are from three separate cell preparations. 60 pum KA and, at different period of times, as indicated, p53 immunoreactivity,
expressed as integrated optical density/area, and cell viability, evaluated as
LDH release in the media, were analysed. Data represent me3BM of
three separate preparations.

identically except that cells were incubated with the primary antibody
solvent. In these conditions, no immunostaining was generated.

A blind analysis of immunoreactive cells was performed in all
dishes. A minimum of 100 neurones were counted in at least threﬁ'anscriptase in the presence 8fH]dCTP, as recommended by the
fields from three different culture dishes. A semiquantitative studymanufacturer. The resulting cDNA was quantified by determining
of immunoreactivity was carried out using the Magiscan Imageihe amount of radioactivity incorporated into trichloroacetic acid-
Analysis System, designed and made by Joyce-Loebl Ltd (Londonyrecipitable nucleic acids. Polymerase chain reaction (PCR) was
UK). The General Image Analysis Software (Genias) provided bycarried out withTaq polymerase (Perkin Elmer Cetus) in 100 of
Joyce-Loebl as standard with Magiscan gave us access to the imaggyndard buffer containing 0.5 ng cDNA, angu specific primers.
processing and analysis function of Magiscan. The microdensitometriq:—wenty_eight cycles of amplification were performed with a DNA
analysis was performed as previously described (Mizel, 1988)  Thermal Cycler (Perkin Eimer Cetus) and a step programme (94 °C,
by measuring the following parameters in each cell body: () integrated min:- 60 °c, 1 min: 72 °C, 2 min), followed by a final 10 min
optical density (ID), i.e. the sum of optical density for each pixel in extensjon at 72 °C. PCR products were separated by electrophoresis
the cell area considered; and (i) area, i.e. the sum of pixels over thgnq visualized by ethidium bromide staining. In some experiments,
image of the cell pointset. This evaluation allows subtraction ofyangs were cut out and radioactivity incorporated into the bands
background to normalize values from different samples. The ratiq.qunted by scintillation spectrometry.
ID/area from each cell was processed for the statistical analysis. The T4 zllow the relative quantification of different mRNA levels by
statistical significance of differences between the values was madscR, a series of preliminary experiments was carried out to correlate
by one-way analysis of variance followed by Studettitest. Data  the effects of different concentrations of cDNA from granule cells

are presented as the meanSEM of at least three experiments. with the yield of PCR products. The amount of radioactivity incorpor-
] ] ated into the DNA-amplified bands was proportional to the amount
Polymerase chain reaction of reverse-transcribed mRNA in a range between 0.1 and 2 ng. Thus,

Messenger RNA was isolated from the cultures using RNAzolfor the most accurate quantification, 0.5 ng of cDNA was used for
(Biotecx Laboratories) procedure, extracted by chloroform—ethanotomparing the p53 cDNA amplified products from different cell
and reverse-transcribed with Moloney murine leukaemia virus reverseulture samples.
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TasLE 1. Effects of 5um MK 801 on glutamate- and kainic acid (KA)- Kainate Glutamate
induced increase of p53 immunoreactivity. p53 immunocytochemistry was — —
carried out with the antip53 polyclonal antibody R-19 30 min after glutamate

pulse or 4 h after KA exposure. Values are expressed as integrated optical

density (ID)/area and represent the mearSEM of the results from three Time (h) 2 4 8 05 1 2
independent experiments using three different cell preparations

Vehicle MK 801
- 126+ 14 11.0+ 1.0
Glutamate 10Qum 225+ 1.7* 109+ 1.0
KA 60 pm 19.3+1.0* 11.5+ 0.7

*P < 0.01 vs. basal values of vehicle treated cells.

Nuclear extracts and electrophoretic mobility shift assay
(EMSA)

Nuclear extracts from neuronal primary cultures were prepared
according to a small scale protocol as in Andrews & Faller (1991).
Protein concentration was assessed by BioRad Bradford assay accord-
ing to the manufacturer instructions. DNA binding reactions were
initiated by combining 2—41g of nuclear extracts from cerebellar
granule cells with 20 000 c.p.m. (0.1 ng)yot2P-labelled oligonucleo-
tides in lipage buffer (10 m Tris Cl pH 7.5, 50 rm NaCl, 1 nm

DTT, 1 mm EDTA, 10% glycerol) containing 0.fg of poly(didC)

in a total volume of 12uL. In competition experiments, 2 ng (20-
fold molar excess) of unlabelled competitor oligonucleotides were
added together witi2P-labelled probes. Reactions were carried out
for 20 min at room temperature, and protein-DNA complexes were
resolved on non-denaturing 4% polyacrylamide gels in Tris-Glycine-
EDTA buffer. Gels were then dried and subjected to autoradiography
at room temperature.

Synthesis of oligonucleotides

12 3 4 56 7 8

The oligonucleotide sequence containing the p53 DNA binding site
(5/_TACAGAACATGTCTAAQCATGCTGGGG_S) (Kastan et a,l" . _Fie. 3. Time-dependent effects of glutamate and kainic acid (KA) on p53
1992) together with a mutant isoform with a CATG/TCGC substitutionpna pinding activity in cerebellar granule cells. Gel shift analysis was
in the p53 binding motif were synthesized using an Applied Biosysternperformed by incubating gg nuclear extracts from either untreated (lanes 1—
391 DNA synthesizer, purified by denaturing gel electrophoresis, and) or treated with 6Qm KA (lanes 2, 3, 4) and 100m glutamate (lanes 6,
annealed to give double-stranded probe. For gel shift analysis the 8 cells with y-*%P-labelled p53 oligonucleotide probe. Figure shows a
double-stranded oligonucleotide was end-labelled with?P ATP representative experiment. Similar results were obtained in two additional
- - . . B experiments using two different cell preparations.

(ICN, specific activity> 7000 Ci/mmol) and T4 polynucleotide kinase
(Boehringer Mannheim) to obtain a specific activity of more than
108 c.p.m.fug.

Both sense and antisense p53 oligonucleotides were synthesizgghglts
using phosphoramidite chemistry. Oligonucleotides were purified o )
by reverse-phase chromatography using Oligo-Pak oligonudeotide53 expression in cerebellar granule cells during development
purification columns following the recommendation of the manufac- 1N Vitro’
turer. p53 antisense oligonucleotide sequence was the following: 5p53 expression was investigated in primary cultures of rat cerebellar
TAA CTG TCA TGG AGG ATT-3 corresponding to nucleotide —7 granule cells at different DIV. Cells were prepared from 8-day-old
to nucleotidet11 in rat p53 gene sequence. The sense oligonucleotideat and cultured for as long as DIV 12. During this period neuronal
is the exact inverse complement of the antisense oligonucleotide. Theells undergo maturation with biochemical and morphological changes
selected target sequence has relatively low homology with any of theeading to neurite growth, synaptic formation and expression of
other known cDNA sequences found in the GenBank database, agveral neuronal markers of differentiation (Gatoal., 1987; Peng
determined by using the GenePro program (Brainbridge Islandet al, 1991; Pizziet al, 1995a). At DIV 0, 2, 5, 8, and 12, cells
WA, USA). were fixed and stained with the antip53 polyclonal antibody R-19.

The primers used for PCR analysis were the followingG&G This antibody recognizes the epitope corresponding to amino acid
AAT TCC ATC TAC AAG AAG TCA CAA-3’ corresponding to  373—-391 mapping at the carboxy terminus of rat p53. p53 immuno-
nucleotides 473-493 and-8&CG GAT CCT GAT GAT GGT AAG  staining was found mainly in the nucleus and it gradually increased
GAT GGG CCG-5, corresponding to nucleotides 736—757 of the ratduring thein vitro maturation (Fig. 1, upper panel). In particular, as
p53 cDNA (Soussi, 1988). shown in Figure 1, lower panel, semiquantitative analysis of p53
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immunoreactivity gave values of 74 0.3 ID/area at DIV 0 and it « A B c
rose very slowly until DIV 5 (ID/area= 7.8 = 0.4). Then, p53 .
immunoreactivity increased rapidly and time-dependently, reaching ‘ * ’ ..
the maximum level at DIV 12 (ID/area 13 = 0.3). . . kY .

p53 mRNA levels were measured duriig vitro maturation of .
cerebellar granule cells using a semiquantitative PCR-derived methoc . ‘
PCR performed in the presence of specific p53 primers and cDNA: ‘
extracted from granule cells at DIV 0, 2, 5, 8 and 12, revealed a single ‘ ™Y _
band of expected size (284 bp) at all stages analysed. Measurement - e o
32p incorporation into the amplified bands did not show differences
between the various experimental samples (data not shown).

Correlation between p53 expression and neurotoxicity

We tested the possibility that p53 could be activated in the cascad
of events triggered by EAA leading to neuronal death. In particular,
neurotoxicity was induced by exposing the cells to glutamate or KA.
Glutamate, in M§"-free condition, induces a rapid receptor-mediated
neurotoxicity through the activation of thdl-methylp-aspartate
(NMDA)-sensitive glutamate receptor subtypes (Choi, 1988). On the
contrary, KA, by binding specifically to the non NMDAy-amino-
3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)/KA subtypes of
glutamate ionotropic receptors (London & Coyle, 1979), is responsible
for a delayed glutamate receptor-mediated cell death (Watisd.,
1990).

Figure 2 shows the time-dependent effects of the exposure of thi
cerebellar granule cells to glutamate and KA. At each tested time: "=
point, cells were evaluated for pS3 immunoreactivity, while the g 4 Effects of saline (open bar) glutamate (hatched bar) or kainic acid
corresponding conditioned media were collected and tested for LDHKA) (filled bar) on apoptosis detected by May—Grunwald—Giemsa’s staining.
activity. As shown in Figure 2(A), exposure of granule cells to a 15-Upper panels, representative pictures of May—Grunwald—-Giemsa'’s staining of
min pulse of 10Qum glutamate induced a transient increase of p53Saine (A), glutamate- (B) and KA- treated cells (C). Lower panel, percentage
. _ . . of apoptosis computed by calculating the ratio between blebbling and total
immunoreactivity that reached the maximum after 30 min96% May—-Grunwald-Giemsa’s staining positive cells. Data represent me3BM
over basal). Two hours after the glutamate pulse, p53 levels returnest three separate preparation®*< 0.01 vs. control.
to the basal values. In line with previous results, glutamate pulse
resulted in atime-dependent loss of cell viability. This effect, measured

as LDH release in the medium, in our experimental conditionsGjutamate- and KA-induced p53 DNA binding activity

reached its maximum 8 h after the pulse (180% over basal). ParallQ,ciear protein extracts from granule cells at different times after

experiments were performed on cerebellar granule cells treated Witglutamate or KA exposure were prepared and incubated witPa
KA. p53 immunoreactivity and LDH activity were evaluated at 0, 2, |apejled oligonucleotide containing a p53 binding site (Kasital.,
4, 8, 24 and 30 h after exposing the cells toBOKA. As shown in  1992) Specific DNA protein interaction was then evaluated by gel
Figure 2(B), KA treatment induced a transient increase of pS3ghift analysis. As shown in Figure 3, very little DNA binding activity
immunoreactivity, associated with a time dependent cell loss. Ifyas present in control cells. When cells were exposed tov6BA,
particular, p53 immunoreactivity values reached the peak after 4B getectable DNA binding complex was seen only 8h after. In
(+ 48% over basal), then began to decline, returning to basal aftegontrast, when cells were exposed to 180glutamate, p53 nuclear
8h. On the contrary, LDH release increased in a time-dependenictivity was present already after 30 min and was still detectable at 2 h.
manner and at 30 h it was calculated as 100% over the basal.  gpecificity of DNA—protein interaction was assessed by competition
In a separate set of experiments, granule cells were pretreated fghalysis with the cold oligonucleotide sequence and with a mutant
5min with 5uv MK 801, a non-competitive NMDA receptor p53 oligonucleotide, and by comparison with a previously character-

antagonist (Watkinst al., 1990), before being challenged with either ized p53 nuclear complex in the human glioblastoma cell line US7MG
100pm glutamate or 6Qum KA. Immunocytochemical analysis for (data not shown).

p53 was performed 30 min after glutamate pulse and 4 h after KA
treatment. As reported in Table 1, MK 801 pretreatment completelyGlutamate and ka-induced apoptosis

prevented both the glutamate- and KA-induced increase of p53p obtain further information on the role of p53 on EAA-induced
immunoreactivity. neuronal death, we first analysed the contribution of apoptosis to
Measurement of p53 mRNA levels using a reverse transcriptasgtal neuronal death. Apoptosis was detected morphologically by
(RT)-PCR method and cDNA extracts from cells exposed to glutamat@lay—Grunwald—Giemsa’s staining. This staining allows detection
for 30 min, and 2 h, and to kainate for 4 h and 8 h, revealed that p53f intact and apoptotic cells. Indeed, apoptotic cells are easily
mRNA levels were present at low levels in untreated cells, thewistinguishable from the living cells by the rapid onset of cytoplasmatic
increased 30 min after glutamate exposure, and were still present amdebbling. Cerebellar granule cells were treated with 1QQlutamate
high 2 h after the glutamate pulse. Moreover, p53 mRNA levels wereor 60pm KA, and stained 8 and 30 h after glutamate and KA
present and high at 4 h and 8 h after kainate (data not shown). exposure, respectively. As shown in Figure 4, both glutamate and KA
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Fic. 5. Effects of glutamate on cerebellar granule cells treated with vehicle (open bars), p53 antisense (filled bars), and p53 sense (hatched bars) oligonucleot
(A) p53 immunoreactivity, (B) cell viability, (C) apoptosis. p53 immunocytochemistry was carried out with the antip53 polyclonal antibody (R-19) 30 min after
glutamate pulse. Cell viability was detected with a fluorescence method 8 h after glutamate exposure. The percentage of cell death was computed by calculat
the ratio between propidium iodite stained cells and fluorescein diacetate plus propidium iodite stained cells of at least three representative fields from ea
monolayer. Apoptosis was evaluated morphologically by a rapid onset of cytoplasmatic blebbing 8 h after glutamate pulse. The percentage of apoptosis w
computed by calculating the ratio between blebbling and total May—Grunwald—-Giemsa’s positive cells. Data represenSEidasf three separate preparations.

*P < 0.01 vs. the corresponding control value®, € 0.05 vs. values obtained in either vehicle or p53 sense oligonucleotide, glutamate-treated, cells.

induced apoptosis, which was estimated, respectively, as 22% anfffects of p53 antisense oligonucleotide treatment on KA-
14% of total May—Grunwald—Giemsa’s positive cells. Figure 4(A—induced p53 expression and cell death

C), show representative piciures ofMay—GrunwaId—Glemsas§t.a|n|nqhe effects of p53 sense or antisense oligonucleotide pretreatment
of untreated (A), glutamate- (B) and KA-treated cells (C). Additional was evaluated also in G KA treated cells. One hour before the

experiments using TUNEL staining method confirmed both qualitat-KA treatment, 25 p53 sense or antisense oligonucleotide was
ively and quantitatively the induction of apoptosis triggered by '

added to the cerebellar neurones. Immunocytochemistry analysis was

glutamate and KA (data not shown). performed 4 h after exposure of the cells to KA. As shown in
) ) ) Figure 6(A), basal p53 immunoreactivity was not modified by treat-
Effects of p53 antisense oligonucleotide treatment on ment of the cells with p53 sense or antisense oligonucleotide. On the
glutamate-induced p53 expression and cell death contrary, the KA-elicited p53 induction was virtually abolished by
A specific p53 antisense oligonucleotide, or the corresponding seng#3 antisense oligonucleotide treatment (ID/axeé.7 = 0.3 and ID/
sequence, were synthesized and added to the culture media at theea= 0.7 = 0.1 for vehicle and p53 antisense oligonucleotide-treated
concentration of 2%wm, 2 h before the glutamate addition. p53 cells, respectively).
immunoreactivity, cell survival, and percentage of apoptotic cells As shown in Figure 6(B), The degree of cell death induced by KA
were evaluated in vehicle, p53 antisense and p53 sense oligonucleotid@s similar in vehicle (62%) and p53 sense oligonucleotide-treated
pretreated cells. As shown in Figure 5(A), basal p53 immunoreactivitycells (60%), and significantly lower in cells treated with the p53
expressed as ID/area, was unchanged in the cells pretreated eittatisense oligonucleotide (44%). Finally, as depicted in Figure 6(C),
with p53 antisense or sense oligonucleotide in comparison with th@anel C, apoptosis induced by Aff KA was completely prevented
control. On the contrary, the glutamate-elicited p53 induction wasby p53 antisense treatment, while p53 sense treatment did not induce
virtually abolished by p53 antisense oligonucleotide treatment (ID/any change.
area= 13.0* 0.5in vehicle and ID/area 0.6 = 0.2 in p53 antisense
oligonucleotide treated cells). The concentration of p53 antisens
oligonucleotide used in the present study, .85 was maximally
effective in terms of prevention of glutamate-induced increase of p53he specificity of p53 antisense oligonucleotide was assessed by the
immunoreactivity and was chosen on the bases of the results frombservation that p53 sense oligonucleotide treatment did not modify
a series of previous experiments using different oligonucleotidg?53 immunoreactivity increase induced by both glutamate and KA.
concentrations, ranging from 5 to 5@ (data not shown). Moreover, p53 sense oligonucleotide treatment did not prevent both

Pretreatment of granule cells with p53 antisense oligonucleotidéotal cell death and apoptosis induced by the two neurotoxins (see
for 2 h did not affect the cell viability, however, the response toabove). A further proof of p53 antisense oligonucleotide specificity
neurotoxic concentrations of glutamate was significantly changed. Awas confirmed by measuring the levels of amyloid protein precursor
depicted in Figure 5(B), incubation of the cells with 1j0@ glutamate ~ (APP) immunoreactivity. It has been previously shown that the
resulted in 72% neuronal loss in untreated cells, 70% ine25H53  exposure of cerebellar granule cells to glutamate results in APP
sense oligonucleotide-treated cells and 47% inu@5p53 antisense  overexpression (Valeriet al, 1995; Grilli et al, 1996). In our
oligonucleotide-treated cells. Indeed, the p53 antisense oligonucle@xperimental settings, cells were pretreated witlu2553 antisense
tide pretreatment prevented by about 30% the glutamate-inducealigonucleotide for 2 h before the exposure to 100 glutamate.
neuronal loss, while sense oligonucleotide treatment did not modifyCultures were fixed 30 min after the glutamate pulse and immunocyto-
cell death induced by glutamate. Finally, apoptosis, evaluated ashemistry for APP was carried out with ALZ90 antibody. In line
percentage of apoptotic cells 8 h after glutamate injury was virtuallywith our previous observations, APP immunoreactivity rose by
absent in p53 antisense oligonucleotide-treated cells (24% and 2% about 40% after glutamate exposure. p53 antisense oligonucleotide
total May—Grunwald—-Giemsa’s positive cells for vehicle and p53pretreatment did not modify the ability of glutamate to increase APP
antisense oligonucleotide-treated cells, respectively). immunoreactivity (Fig. 7).

%peciﬁcity of p53 antisense oligonucleotide treatment
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Fic. 6. Effects of kainic acid (KA) on cerebellar granule cells treated with vehicle (open bars), p53 antisense (filled bars), and p53 sense (hatched bar
oligonucleotide. (A) p53 immunoreactivity, (B) cell viability, (C) apoptosis. p53 immunocytochemistry was carried out with the antip53 polyclonal antibody R-
19 4 h after KA exposure. Cell viability was detected with a fluorescence method 30 h after KA exposure. The percentage of cell death was computed k
calculating the ratio between propidium iodite stained cells and fluorescein diacetate plus propidium iodite stained cells of at least three representative fiel
from each monolayer. Apoptosis was evaluated morphologically by a rapid onset of cytoplasmic blebbing 30 h after KA treatment. The percentage of apoptos
was computed by calculating the ratio between blebbling and total May—Grunwald—Giemsa’s positive cells. Data represenSEMaaf three separate
preparations. P < 0.01 vs. the corresponding control value®,§ 0.05 vs. values obtained in either vehicle or p53 sense oligonucleotide, KA-treated, cells.

) to anti-p53 antibody, from the first day of culturing. However, while
20 ﬂ * p53 mRNA content did not significantly change during the time of
culturing, at least up to DIV 12, p53 immunoreactivity increased
gradually during neurone differentiation reaching its maximum level
at DIV 12. The role of p53 in postmitotic neurones in still unclear.
Certainly, these findings further support the view that the function of
p53 is not restricted to cell-cycle control and may be related with
neurone differentiation. The immunocytochemical studies show that
p53 is mainly localized in the nucleus, at least up to DIV 12. However,
we cannot exclude the possibility that at longer periods of culturing
the subcellular localization of p53 may change, as recently shown in
primary cultures of hippocampal neurones (Eizenkedrgl.,, 1996).

The expression of p53 in cerebellar granule cells at DIV 12 appears
to be further modulable and specifically activated by stimulation of
ionotropic glutamate receptor subtypes. In fact, stimulation of gluta-
mate receptors in an experimental paradigm that involves almost
exclusively the activation of the ionotropic NMDA-sensitive glutamate
receptor subtype (Choi, 1988), or by KA, which involved the AMPA/
Gl KA glutamate receptor subtypes (Weisk al,, 1990), resulted in a

utamate significant, short-lasting increase of p53 immunoreactivity. Previous
Fic. 7. Effect of p53 antisense oligonucleotide on glutamate-induced increasgtudies performed in primary neurones have demonstrated that p53
of APP immunoreactivity. Immunocytochemistry was carried out with the can be induced by DNA damage (Enokidbal., 1996) and that its
anti-APP monoclonal antibody Alz90. Cells were pretreated with p53 antisens?resence is essential for excitotoxicity (Xiaagal., 1996), however,

oligonucleotide (hatched bar) or vehicle (open bar) for 2 h before the glutamat; . ) : . .
pulse. Thirty minutes after, cells were fixed and tested for APP immunostaining.o our knowledge, this is the first report showing a direct link between

Data represent mean SEM of three separate preparatios= 0.01 vs. the ~ heurotransmitter receptor stimulation and p53 induction. Although
corresponding control values. qualitatively similar, p53 induction by glutamate and KA differed in

terms of intensity and time-course. Direct stimulation of NMDA
receptors by glutamate in a Mg-free condition resulted in a
significant increase of p53 immunoreactivity within 30 min after the
treatment and lasted for at least 2 h. KA-induced increase of p53
Although definitely postmitotic and terminally differentiated cells, immunoreactivity was delayed, reaching its maximum within 2 h and
primary culture of rat cerebellar granule cells express at least one désting for at least 8 h. Both KA- and glutamate-induced increases of
the crucial proteins controlling cell cycle progression, namely thep53 immunoreactivity were prevented by the non-competitive NMDA
tumour suppressor phosphoprotein p53. Here we report that p53 receptor antagonist MK 801, suggesting that EAA-induced enhance-
constitutively expressed in the nucleus of cerebellar granule cells, iment of p53 immunoreactivity results mainly from stimulation of the
is upregulated by stimulation of EAA ionotropic receptors and isNMDA glutamate receptor subtype. These data suggest that the KA
actively involved in promoting the EAA-induced apoptosis. effects may be mediated by endogenous release of glutamate which
Comparing mRNA and protein levels for p53 as a function of in turn activate NMDA receptor subtype. Measurement of p53 mRNA
in vitro cell maturation, our results suggest that p53 expression is &evels by a RT-PCR suggested that treatment with either glutamate
developmentally regulated process that involves post-transcriptionar KA results in an increase p53 gene transcription. In this regard, it
modifications. In fact, primary cultures of cerebellar granule cellsshould be noted that p53 gene in transcriptionally regulated by

30 1 both expressed significant levels of p53 mRNA and positively reacted
-
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1

Alz90 immunoreactivity

Dzt
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Discussion
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NF-kB transcription factors (Wu & Lozano, 1994) and that administra-activated by p53is the so-called MSH2 whichisinvolved in recognizing
tion of glutamate to primary cerebellar neurone also results in upand repairing mismatch DNA lesions (Palomébal., 1994;Scherer
regulation of NFKB nuclear activity (Grilliet al., 1996). et al, 1996). In this regard, we found that cerebellar granule cells
We were then interested in evaluating the possible relationshigontain MSH2 protein and its expression is up-regulated by glutamate
between EAA-induced p53 expression and cell death. Among théjury (unpublished data).
available molecular biological techniques, antisense strategy, particu- In summary, we found that stimulation of ionotropic glutamate recep-
larly oligonucleotides designed to hybridize with specific sequencesorsincerebellarneuronesinduces p53-dependentapoptosis. The induc-
of the transcripts encoding the protein of interest, are enjoyingion of p53 in neurones, similarly to what may happen in other cell
increasingly wide use. Indeed, use of antisense strategy to interfegghenotypes, may orchestrate the activation of certain genes controlling
with the expression of gene products related with excitotoxicty hagrowth arrest and/or apoptosis. These functions can be applied only
been used in a variety of experimental conditions (Caceres & Kosikpartially to neurones. In fact, terminally differentiated neurones do not
1990; Pizziet al, 1995b; Binsaclet al, 1996). An oligonucleotide re-enter the cell cycle, and they cannot be transformed. Incidentally, in
sequence complementary to 18 bases flanking the initiation codon @fo case has there been described a tumour originating from differenti-
the p53 gene was synthesized and added to the culture media befated neurones. Our data may allow different interpretations. One might
treating the cells with glutamate or KA. Blockade of p53 induction, suggest that EAA-induced apoptosis is a normal physiological response
as shown by the prevention of EAA-induced increase of p53 immunoto aberrant signal transduction events occurring in not proliferating
reactivity, resulted in a partial reduction of EAA-induced cell deathcells. Thus, excitotoxicity may be associated with the expression, at
with a complete inhibition of EAA-induced apoptosis. The specificity least some, cell cycle-related proteins which activate entry into an
of the effects was proven by the lack of efficacy of the senseaberrant mitotic state and lead irreversibly to cellular dissolution.
oligonucleotide and by the observation that the antisense oligonucleo-
tide treatment did not alter the capability of glutamate of increasing
APP immunoreactivity. These data suggest that exposure of granuécknowledgements
cells to stimulants of ionotropic glutamate receptors triggers differentve thank M. Vitale for helpful suggestions in May—-Grunwald—Giemsa’s
intracellular death pathways, including necrosis and apoptosis. Thgtaining procedure and data interpretation. We are also grateful to M. Pizzi
two fates may not be necessarily distinct. As recently pointed out b)fé%r Cgtr't‘;ag"é re‘:;:’;’;”fgotmheth??gs;”ﬁg Jg'zsio‘r']";;k d";’ﬁ‘; Flzrzcgfcrrt]eﬂnancually
Ankarcronaet al. (1995), only selective subpopulations of granule PP e 9 '
cells are prone to apoptosis, possibly depending on their own state
of mitochondrial activation. However, it cannot be excluded theAbbreviation
possibility that a threshold of glutamate stimulation exists to differenti-A

. MPA a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate
ate the type of cell death. Nevertheless, the apoptosis induced bypp amyloid precursor protein
EAA appeared to be strictly p53-dependent. DIV daysin vitro
As shown by the gel shift analysis, the EAA treatment induced arPTT dithiothreitol _
increase of p53 DNA binding activity. A time course study of the EAA excitatory amino acid
. . . . ethylenediaminetetraacetic acid
glutamate- and KA-induced effects further evidenced differences in thg s electrophoretic mobility shift assay
kinetics. Indeed, the appearance of p53 DNA binding activity aftenp integrated optical density
exposure to glutamate was very rapid, being significant already 30 miKA kainic acid
after the treatment while the effects of KA were detectable at least GJl\-ADH Iactfstehdehyldrogenase
L . . u omologue
8h aftgr the tregtment. Intriguingly, p53 immunoreactivity and p53NNIDA N-Methyl-o-Aspartate
DNA binding activity were not temporally correlated. Western blot pgg phosphate-buffered saline
analysis with protein extracts from cells exposed to glutamate for 30 miPCR polymerase chain reaction

and 2 h, using the same antibody as in the immunocytochemical studies,

revealed that p53 protein is present at low level in untreated cells, it

increases 30 min after glutamate, and it is still present and high at 2 References
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