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SUMMARY

The mechanism of delayed neurotoxicity, triggered by glutamate,
was studied in 7-8-day-oid primary cultures of rat cerebellar
granule cells. Treatment of cultures for 15 min with 50 um
glutamate in Mg**-free medium, followed by removal of the
excitotoxin, resulted in neuronal death, which started to appear
2-3 hr after the termination of glutamate treatment. The number
of dead neurons increased gradually in the next few hours and
80-85% of neurons were found dead 24 hr later. Antagonists of
N-methyl-D-aspartate-sensitive glutamate receptors (phencycli-
dine, dibenzocyclohepteneimine, bL-2-amino-5-phosphonovaler-
ate) or 1.2 mm MgCl,, but not the antagonist of N-methyi-o-
aspartate-insensitive glutamate receptors (6-cyano-7-nitroqui-
noxaline-2,3-dione), abolished glutamate neurotoxicity when ap-
plied to cultures together with glutamate. 6-cyano-7-nitroquinox-
aline-2,3-dione abolished the neurotoxic effect of kainate. De-
velopment of glutamate-induced neuronal death depends
strongly on Ca®*. Removal of extracellular Ca?* (with 1 mm
ethyleneglycol-bis-{8-aminoethyl ether)-N,N,N’ ,N’-tetraacetic
acid) immediately after the termination of glutamate exposure
and before the appearance of the early signs of neuronal death
(post-glutamate period) dramatically reduced neuronal degener-

ation. Neurotoxic oonoentrations of glutamate induced sustained
increase of *S ‘p take in the post-giutamate period. The
delayed increase of “°Ca®* uptake, as well as the delayed neu-
rotoxicity, were not affected by post-glutamate treatment with
phencyclidine, dibenzocyciohepteneimine; pL-2-amino-5-phos-
phonovalerate, or MgCl, or with voitage-dependent Ca?* channel
blockers (nitrendipine, verapamil, diltiazem). Neurotoxic concen-
trations of glutamate also induced a delayed sustained increase
of [’H]phorbol—12 13-dibutyrate binding, reflecting an increased
translocation of protein kinase C (PKC) from cytosol to the cell
membrane during the post-glutamate period. Pretreatment of
neurons with the ganglioside GT1b (trisialos!

sylceramide), folowed by removal of free GT1b from the incu-
bation medium, prevented PKC translocation, the sustained in-
crease of “°Ca®* uptake in the post-giutamate period, and the
delayed neuronal death. We suggest that the sustained activa-
tion and translocation of PKC primed by glutamate receptor
stimulation may be the triggering event causing the protracted
increase of neuronal Ca?* influx. This influx is insensitive to

mﬂuxmaybeimportanthcaushgnewonaldem

Evidence is accumulating that brain damage associated with
anoxia, stroke, trauma, and perhaps neurodegenerative illness
(Huntington chorea) may be partially mediated by a sustained
increase of neuronal free cytosolic Ca** caused by unregulated
and paroxysmal activation of glutamate receptors (1-4). At
least two events may play a major role in glutamate-induced
neurotoxicity. The first is an acute neuronal swelling caused by
depolarization-mediated influx of Na*, Cl-, and water, which
is reversible if glutamate is removed. Hence, swelling is not per
se the cause of neuronal death unless it is protracted, when it
culminates in cell lysis (3, 5). The second event (perhaps the
most significant for the extension of neurotoxicity to tissue
perifocal to the anoxic area) is characterized by a slowly occur-
ring neuronal degeneration that, depending on the concentra-

tion and time of exposure to glutamate, can become resistant
to noncompetitive antagonists of excitatory amino acid recep-
tors (6) or glutamate withdrawal (5). This secondary neurotoxic
component is absolutely dependent on levels of free cytosolic
Ca?* and does not need to be preceded by swelling (5, 7-10).

Although high conductance cationic channels regulated by
NMDA -sensitive glutamate recognition sites are the predomi-
nant cause of Ca®* entry and neuronal death, the sequence of
molecular events intervening between glutamate withdrawal
and the time at which a delayed neuronal death is an irrevers-
ible endpoint still remains unknown (1, 2).

We have recently reported that a protracted exposure of
cultured neurons to glutamate increases Ca®* influx and triggers
PKC activation and translocation from the cytosol to the

ABBREVIATIONS: NMDA, N-methyl-p-aspartate; PCP, phencyclidine; MK-801, dibenzocyciohepteneimine; APV, pL-2-amino-5-phosphonovalerate;
CNQX, 6-cyano-7-nitroquinoxaline-2,3 dione; EGTA, ethyleneglycol-bis-(8-aminoethyl ether)-N, NN’ ,N’-tetraacetic acid; P(BtO),, phorbol 12,13-
dibutyrate; PKC, protein kinase C (2.7.1.37); GT1b, trisialosyigangiiotetraglycosyiceramide; EAA, excitatory amino acid; FDA, fluorescein diacetate;
P, propidium iodide; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesutfonic acid.
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neuronal membrane (11, 12). Inhibitors of PKC, such as sphin-
golipids (gangliosides and sphingosine) (13), prevent the glu-
tamate receptor-mediated activation and translocation of PKC
(by a mechanism that does not involve a direct blockade of the
opening of glutamate-regulated Ca** channels) and at the same
time protect neurons in culture from glutamate- and kainate-
induced neuronal death (14). These data support the view that
translocation of PKC elicited by EAA receptor stimulation
participates in the sequence of events leading to delayed neu-
ronal death.

Recently, it has been shown that, in CA, hippocampal neu-
rons dissociated in vitro, a brief (1-3 sec) application of gluta-
mate not only produces an acute transient peak of free cytosolic
Ca?* but also induces a delayed free Ca?* transient that persists
after glutamate removal (15). Because this prolongation of the
free cytosolic Ca** transient is blocked by pretreatment of the
neurons with sphingosine (a PKC inhibitor), it is suggested
that a priming or conditioning stimulus elicited by EAA recep-
tor agonists contributes to a PKC-mediated prolongation in the
cytosolic free Ca®* transients. This could be due either to a
PKC-mediated protracted opening of preexisting Ca®>* channels
or to a PKC-mediated phosphorylation of calciosome mem-
brane receptors (16) leading to a decrease in the efficiency of
the Ca®*-buffering capacity.

In this study we report that, in primary culture of neonatal
rat cerebellar granule cells, the development of glutamate-
induced delayed neuronal death is associated with prolonged
activation and translocation of PKC, which is associated with
delayed sustained elevation of Ca®** influx.

Materials and Methods

Primary culture of cerebellar granule cells. Primary cultures
of cerebellar granule cells were prepared from 8-day-old Sprague Daw-
ley rats (Zivic Miller, Pittsburgh, PA) (17). Neurons were grown on 35-
mm culture dishes for 7-8 days in vitro, at a density of 2 X 10° cells/
dish. Glial proliferation was prevented by adding cytosine-arabinofu-
ranoside (10 uM final concentration) 24 hr after plating (17). Immu-
nocytochemical studies of these primary cultures of cerebellar granule
cells show that they contain >95% neurons and <6% glia or other
contaminating cells (17).

Culture treatment with glutamate and other drugs. The initial
culture medium (culture-conditioned medium) was collected before the
addition of glutamate or kainate, and the cells were washed once with
Locke’s solution (154 mM NaCl, 5.6 mMm KCl, 3.6 mM NaHCO;, 2.3 mM
CaCl,, 1.2 mM MgCl,, 5.6 mM glucose, 5 mM HEPES, pH 7.4). MgCl.
was routinely omitted from Locke’s solution during the exposure to
glutamate (15 min, 22°) in order to potentiate the contribution of
NMDA receptors to the observed neurotoxicity (14). MgCl; was present
when the cells were exposed to kainate (30 min, 22°) (14). Drugs of
interest were added when indicated. For ganglioside treatment, the
monolayers were preincubated with GT1b (FIDIA SpA, Abano Terme,
Italy) for 2 hr at 37°. Thereafter, the cultures were washed three times
with Locke’s solution (to remove free GT'1b) and then challenged with
glutamate.

Termination of glutamate treatment, removal of extracellu-
lar Ca**, and drug treatment. The incubation with glutamate was
terminated by washing the monolayer with Locke’s solution three
times. Thereafter, the neurons were incubated in Locke’s solution, with
or without drugs of interest, at 37° for various time intervals; after
three additional washes with Locke’s solution, they were returned to
the culture-conditioned medium and incubated at 37° in 956% air/5%
CO, for 24 hr. The extracellular Ca?>* was removed from control or
glutamate-treated cultures by one wash with Locke’s solution followed
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by incubation for various times at 37° (95% air/56% CO,) in Ca**-free
(no Ca** plus 1 mM EGTA) Locke’s solution.

Intravital staining of the culture. Monolayers were washed with
Locke’s solution and stained for 3 min at 22° with a solution containing
36 uM FDA and 7 uM PI (14, 18). The stained cells were examined
immediately with a standard epiillumination fluorescence microscope
(Vanox, Olympus; 450 nm excitation, 520 nm barrier). FDA, a nonpolar
ester, crosses the cell membranes and is hydrolyzed by intracellular
esterases to produce a green-yellow fluorescence. Neuronal injury cur-
tails FDA staining (19) and facilitates PI (a polar compound) penetra-
tion and interaction with DNA to yield a bright red fluorescent complex
(20). After treatment with glutamate, some neurons may degenerate
and detach from the dish. Therefore, we estimated the loss of cells by
comparing the number of intact or degenerated neurons in one identi-
fied field photographed before and 24 hr after application of glutamate.
The percentage of surviving neurons in the monolayer was computed
by assessing the FDA/PI staining ratio in photomicrographs of four
representative fields from each monolayer (14).

Determination of *H-phorbol ester binding to intact cells.
Granule cells grown on 35-mm diameter culture dishes were washed
once with Locke’s solution and incubated in 1 ml of Locke’s solution
that contained [48-*H]phorbol-12,13-dibutryate (12.6 Ci/mmol; New
England Nuclear, Boston, MA), in 0.1% fatty acid-free bovine serum
albumin; MgCl; was omitted when indicated. The monolayers were
incubated with [*H)P(BtO), (2 nM) for 15 min at 22° (12). After
incubation, the cells were washed three times with ice-cold Locke’s
solution and were suspended in 0.1 M NaOH. An aliquot of the suspen-
sion was used for protein determination according to the method of
Lowry et al. (21) and another aliquot was used for radioactivity meas-
urements. Nonspecific binding was determined in the presence of 2 uM
phorbol 12-tetradecanoate 13-acetate.

Determination of >H-phorbol ester binding to cell mem-
branes. Granular neuron monolayers, washed three times with Ca?*-
free Locke’s solution, were homogenized in buffer that contained 26
mM Tris- HC], 0.2 mM EGTA, 1 mM dithiothretiol, 3 mM MgCl,, 3 ug/
ml bovine serum albumin, and 0.2 mM phenylmethysulfonyl fluoride,
pH 7.5 (12). The homogenate was then centrifuged at 4° (48,000 X g
for 1 hr). The pellet was resuspended in Tris.- HCI buffer (pH 7.4) to
reach a protein concentration of 250-300 ug/ml. Aliquots (200 ul) were
used to determine [*H]P(BtO), binding by the addition of 200 ul of
assay buffer (50 mM Tris-HCI, 0.1% fatty acid-free bovine serum
albumin, 1 mM CaCl;, 10 mM MgCl,, 2 mM dithiothretiol, pH 7.4) and
50 ul of ["H]P(BtO), in 0.1% fatty acid-free bovine serum albumin.
After a 30-min incubation at 22°, the bound ligand was separated from
the free ligand by filtration on CF/C glass fiber filters.

“5Ca uptake by neurons in monolayer. Thirty minutes before
“5Ca’* uptake was measured, cultures were incubated in Locke’s solu-
tion at 37°. To each dish, 1 xCi of *°CaCl; was added (11). The reaction
was stopped 30 or 60 sec after the application of “*Ca’* solution by
rapidly (5-8 sec) washing the cells three times with nonradioactive
solution. Cultures were dissolved in 0.1 M NaOH and the radioactivity
and protein content were determined.

Results

Delayed neuronal death induced by short-lasting glu-
tamate exposure. As reported in previous experiments (14),
the vulnerability of cerebellar granule cells to EAA receptor
agonists depends on dose, temperature, pH changes, density,
and age of the culture. The conditions adopted in these exper-
iments (7-8 days in vitro, 2 X 10° cells, 22°) were such that 15-
min exposure to 50 uM glutamate in Mg**-free Locke’s solution
(pH 7.4) consistently induced the death of 80-85% of neurons,
when measured 24 hr later. During the period of glutamate
exposure, neuronal swelling and the appearance of dark gran-
ules in neuronal somata was observed. However, at this time
intravital FDA-PI staining (which shows a bright green color
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in vital neurons and a red color in dead neurons) revealed only
a slight weakening of the green color brightness (Fig. 1B) and
no red staining, an index of neuronal death.

If, at the end of the 15-min incubation, glutamate was re-
moved (by washing three times with Locke’s solution) and the
cells were returned to culture-conditioned medium, within the
next 15-30 min the swelling was considerably reduced and the
majority of neurons recovered their original FDA staining
brightness (Fig. 1C). However, 2 hr after glutamate removal,
despite the initial morphological recovery and the disappear-
ance of swelling, the red staining, indicating neuronal death,
began to appear (Fig. 1D). In the next few hours, the number

of dead neurons increased gradually and, 24 hr after glutamate
withdrawal, most of the neurons evinced the bright red staining,
index of neuronal death (Fig. 1E).

Both the immediate and delayed effects induced by glutamate
were prevented if glutamate was added in the presence of either
noncompetitive (PCP, MK-801) or competitive (APV) antag-
onists of NMDA -sensitive glutamate receptors (Table 1). More-
over, the addition of 1.2 mM MgCl, to the incubation medium
also reduced the neurotoxocity (Fig. 1F). On the other hand,
CNQX, a NMDA-insensitive glutamate receptor antagonist
(22), failed to prevent glutamate neurotoxicity, although it
prevented the neuronal death induced by kainate (Table 2).

Flg 1. Eight-day-oid cerebellar granule cells were incubated at 22° for 15 min in Locke’s solution containing 50 um glutamate, in the absence (B-E)
presence (F) of 1.2 mm Mg?*. Control was not exposed to giutamate (A). FDA-PI staining was performed immediatety (B), 30 min (C), 2 hr (D),
culture-conditioned medium and

and24hr(EandF)after15—mmexposureto

. In the post-giutamate period, the celis were retumed to

were incubated at 37° in 95% air/5% CO.. Greenoolor(FDA)showsaliveoels red color (Pl) shows dead cells. Data are representative of a typical
experiment. Similar results were obtained in four experiments performed in different cell preparations.
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TABLE 1

Effect of giutamate receptor antagonists, Ca** channel blockers,
and removal of extraceliular Ca** on giutamate-induced neuronal
death

Ceiis were treated for 15 min with 50 um giutamate (no Mg**) in the absence or
presence of different agents. Post-glutamate treatment was conducted for 30 min

starting immediately after removal of giutamate. Viability was estimated 24 hr later
(mean + standard error of four to six different monolayers).
Viabiity
Treatment Post-gltamate
with gutamate treatment
% colis alive
None 19+ 6.2 17 £ 8.0
APV (1 mm) 86 + 2.0° 20+1.0
MK-801 (1 um) 85 + 3.5° 19+ 3.1
PCP (5 um) 90 + 2.0* 21+78
CNQX (1 um) 21+70 23+24
PCP (5 um) + CNQX (1 um) ND® 28+ 3.1
No Ca?* + EGTA (1 mwm) 95 + 2.0° 55 + 5.0*
CoCl, (1 mm) 94 +14° 27 £ 6.1
Nitrendipine (1 um) 20 + 3.1 25+4.0
Verapamil (1 um) 19+23 21+241
Diltiazem (1 um) 15+ 48 18+47

*p < 0.01 when compared with

. Viability of untreated control was 91 + 3.4%.

2 ND, not determined.

°p < 0.01 in comparison with group treated with glutamate in the presence of
Ca**. In this experiment, in order to prevent excessive neuronal swelling due to
the simuitaneous removal of Ca®* and Mg?*, the sodium chioride was replaced
with equimolar concentration of choline chloride.

TABLE 2

Effect of PCP and CNOX on glutamate- and kainate-induced
neuronal death

Cerebellar granule celis were incubated with giutamate (50 um, 15 min, no Mg**)
or kainate (100 um, 30 min, 1.2 mm Mg?*) in the presence or absence of 1 um PCP
or 1 um CNQX. Viability was estimated 24 hr later (mean + standard error of six
different monolayers). Treatment with 1 um PCP or CNQX alone fails to change
cell viability.

group treated with giutamate,

Glutamate-induced Kainate-induced
Treatment Viabiity Treatment Viabiity
% colis alive % colls alive
Control 95+1.1  Control 93+ 20
Glutamate 18 +£2.2* Kainate 20+ 1.4°
Glutamate + PCP 91+ 3.1  Kainate + PCP 54 +4.2°
Glutamate + CNQX 11 £3.5° Kainate + CNOX 81 +85

*p < 0.01 when compared with the respective controis.

Role of delayed increase of Ca?* influx on glutamate-
induced neuronal death. Glutamate neurotoxicity can be
prevented by the omission of extracellular Ca** during the
exposure of neurons to this EAA (5, 23). Table 1 shows that
removal of Ca** from the cerebellar granule cell culture medium
(Locke’s solution in which Na* was substituted by choline)
during glutamate exposure prevented the delayed neuronal
degeneration. Fig. 2 shows that, in cells incubated with gluta-
mate (in the presence of Ca?*), exposure to Ca®*-free Locke’s
solution (no Ca?* plus 1 mM EGTA) during the period between
the end of glutamate exposure and the appearance of red
staining indicating neuronal death (post-glutamate period) also
reduced the neurodegenerative effects of glutamate. Approxi-
mately 70% of the neurons survived if Ca>* was omitted for 60
min immediately following glutamate exposure and approxi-
mately 50% of the neurons survived if Ca’* was omitted for
only 15 min (Fig. 2).

Fig. 3 shows the importance of the time interval between the
termination of glutamate exposure and the beginning of expo-
sure to Ca?*-free Locke’s solution. The omission of Ca?* had a
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Fig. 2. Ca**-free Locke's solution (0 Ca®* plus 1 mm EGTA), but not
nitrendipine treatment, in the post-glutamate period counteract glutamate
neurotoxicity; effect of the duration of Ca®*-free Locke’s exposure or
nitrendipine (1 M) treatment. Cerebellar granule cells were treated for
15 min with 50 um giutamate in Mg®*-free Locke's solution containing
2.3 mm CaCl,. Viability was estimated 24 hr later, after retuming the
cells to culture-conditioned medium at 37° in 95% air/5% CO,. Resuits
(mean + standard error of at least three experiments) are expressed as
percentage of neurons surviving. *p < 0.01 when compared with celis
incubated in Locke’s solution ( . Post-glutamate treatment was
initiated immediately (time 0) after removal of glutamate (for further details
see Materials and Methods).
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Fig. 3. Influence of the time interval between the end of glutamate
treatment and the beginning of 60-min exposure to Ca®*-free Locke's
solution on viability of cerebellar granule cells. Cultures were treated for
15 min with 50 um glutamate in Mg?*-free Locke's solution containing
2.3 mm CaCl,. Control, at the end of glutamate exposure, the cells were
incubated for 60 min in Locke’s solution containing 2.3 mm CaCl,. Viability
was estimated 24 hr later, after returning the celis to culture-conditioned
medium. Results (mean + standard error of at least three experiments)
are expressed as percentage of neurons surviving. ‘p < 0.01 when
compared with control.

maximal protective effect (approximately 70%) when initiated
immediately after glutamate withdrawal. Only marginal or no
protection was observed when Ca’* omission was initiated 30
or 60 min after glutamate removal (Fig. 3).

In the post-glutamate period, treatment with the NMDA-
sensitive glutamate receptor antagonists APV, MK-801, and
PCP, as well as treatment with the non-NMDA glutamate
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receptor antagonist CNQX, failed to prevent neuronal death
(Table 1). Even the combination of PCP and CNQX was
ineffective (Table 1). Table 1 also shows that, in the post-
glutamate period, treatment with voltage-dependent Ca** chan-
nel-blockers (nitrendipine, verapamil, and diltiazem) failed to
prevent the development of glutamate-induced neurotoxicity.
Also, the combination of glutamate antagonists and the voltage-
dependent Ca** channel-blocker nitrendipine in the post-glu-
tamate period was ineffective (data not shown). However, treat-
ment with 10 uM verapamil and diltiazem partially (~30%)
attenuated neuronal degeneration when they were applied to-
gether with glutamate, but not in the post-glutamate period
(data not shown).

PKC translocation and Ca** uptake. Exposure of cere-
bellar granule cells to 50 uM glutamate for 15 min in the absence
of Mg** killed approximately 80% of neurons 24 hr later (Fig.
4B). In contrast, no neuronal death was induced by the appli-
cation of 1 uM glutamate. Exposure of cerebellar granule cells
to 50 and 1 uM glutamate was equally efficacious in increasing
(up to 2 times control value) the [*'H]P(BtO), binding to neu-
rons (Fig. 4A). However, when the cells were washed thoroughly
at the end of 15 min of glutamate application and [*H]P(BtO),
binding was measured during the post-glutamate period, only
the membranes of neurons treated with neurotoxic doses of
glutamate showed a protracted elevation of [*H]P(BtO), bind-
ing (Fig. 4). This delayed and protracted increase of P(BtO),
binding in the post-glutamate period was not associated with
neuronal swelling (see Fig. 1) and could not be reversed by PCP
treatment [glutamate alone increases [*H]P(BtO), binding to
250 + 10% and glutamate plus 5 uM PCP for 60 min to 240 +
18% (three experiments); [PH]P(BtO), binding in untreated
neurons is 330 + 31 fmol/mg of protein (10 experiments)] but
was reversed to control levels by a 30-min exposure to Ca®*-
free Locke’s solution [glutamate without Ca®* is 130 + 10%
(three experiments)].

The binding of [*H]P(BtO), was also determined in mem-
branes prepared from neurons harvested 15 min after termi-
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Fig. 4. Relation between glutamate-induced neurotoxicity and protracted
translocation of PKC. Protracted (in the post-glutamate period) enhance-
ment of [*H]JP(BtO). binding in cerebellar cells in culture is
observed after exposure to neurotoxic doses of glutamate (50 um) but
not after exposure to nonneurotoxic doses (1 um) of glutamate. Cells
were exposed to glutamate for 15 min (2.3 mm Ca®*, no Mg?*). [°H]
P(BtO). binding was established by incubating the monolayer with 2 nm
[*H]P(BtO). for 15 min during the exposure to te or at various
times thereafter (A). Viability was estimated 24 hr later (B). Resuits are
mean + standard error of at least three experiments. *p < 0.05 when
compared with the respective control cells.

nation of 50 uM glutamate exposure. The B,,., value for [*H]
P(BtO). binding was 1.5 + 0.4 pmol/mg of protein in mem-
branes prepared from control neurons (three experiments) and
increased to 2.6 + 0.11 pmol/mg of protein (p < 0.05) in
membranes of glutamate-treated cells (three experiments). The
corresponding K, values were 4.7 and 4.2 nM, respectively.

Thirty minutes after the termination of the treatment with
50 uM glutamate, the uptake of *Ca’* measured for 30 and 60
sec was elevated, whereas, after the same time interval following
1 uM glutamate, the *°Ca’* uptake was comparable to that of
untreated cells (Table 3). The increase of Ca** uptake following
the termination of 50 uM glutamate treatment was insensitive
to PCP, nitrendipine, and verapamil (Table 3).

In order to establish the importance of the delayed protracted
PKC translocation in the development of Ca’**-dependent neu-
rotoxicity, we experimented with the ganglioside GT1b, which
blocks PKC translocation (12). As previously reported (14),
pretreatment for 2 hr with GT'1b, followed by complete removal
of the sphingoglycolipid from the culture medium, resulted in
complete protection against glutamate-induced neurotoxicity.
Fig. 5 shows that such a pretreatment with GT1b resulted in a
blockade of the sustained PKC translocation and of the increase
in “*Ca** uptake during the post-glutamate period.

Discussion

Depending on the experimental conditions, stimulation of
NMDA-sensitive glutamate receptors may determine almost
instantaneous neuronal death or may cause death after various
time periods (1-3, 5). The latter event is referred to as delayed
neurodegeneration. Here we have used the delayed neuronal
death induced by glutamate in primary culture of cerebellar
granule cells as an in vitro model (14) of the slowly evolving
neuronal damage observed in perifocal tissues of hypoxic/
ischemic brain regions (24). Using this model, we have at-
tempted to elucidate the cascade of biochemical events involved
in glutamate neurotoxicity. We demonstrate that the develop-
ment of glutamate-induced neuronal death depends on the
presence of extracellular Ca?*, not only during the exposure of
neurons to glutamate (as has been reported previously) (5-7)
but also during a time window of 30 to 90 min immediately
following termination of glutamate treatment (post-glutamate

TABLE 3

Neuronal “*Ca®* uptake in the post-glutamate period

Cerebellar granule neurons were incubated for 15 min at room temperature with
glutamate (in absence of Mg?*). After giutamate was removed by washing, cultures
were incubated for the next 30 min at 37° with or without PCP, nitrendipine, or
verapamil. At the end of this period, cultures were incubated with Locke solution
containing “°Ca, with or without PCP, nitrendipine, or verapamil, and neuronal
“Ca** content was measured 30 or 60 sec later. This time (30 or 60 sec) was
selected because in preliminary experiments we observed that the difference
between control and treated cultures was maximal at these intervals. Results are
mean + standard error of five or six experiments.

“4Ca®* Uptake 30 min after Giutamate
Treatment Schedule R "
Ghtamate Post-giutamate treatment 30 sec 60 sec
uM nmol/mg of protein
0 None 8.8 +0.22 11 £ 0.56
1 None 10+ 0.24 12+ 16
50 None 2+117* 22+ 1.6*
50 PCP (5 um) 22 +1.71" 2+13"
50 Nitrendipine (10 um) 21+ 1.4
50 Verapamil (10 um) 22 + 0.4

*p < 0.01 in comparison with untreated control.
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Fig. 5. Ganglioside GT1b prevents the delayed giutamate-induced in-
crease of °Ca** uptake, [°H]P(BtO), binding, and neuronal death. Neu-
rons were pretreated with 60 um GT1b for 2 hr. Thereafter, cultures
were washed three times with Locke’s solution and exposed to 50 um
glutamate for 15 min (when indicated). After , cells were incu-
bated in complete Locke’s solution at 37° for 30 min. At the end of this

period “*Ca?* uptake and [*H]P(BtO). binding were measured. Results

(mean + standard error of at least three experiments) are expressed as

paemmgeofmmeomml *p < 0.001 when compared with
control. Viability was estimated 24 hr after glutamate

exposure in the post-glutamate period, celis were returmed to culture-
conditioned medium.

period). It is well established that stimulation of NMDA-
sensitive glutamate receptors gates high conductance cationic
channels, allowing an influx of extracellular Ca®** into the
neurons (25, 26). Depending on the extent of glutamate receptor
stimulation and the abundance of glutamate receptors, the Ca**
influx rates may exceed the buffering capacity of the intracel-
lular mechanisms and an increase in free cytosolic Ca?* ensues
(15, 27).

Two recent studies, in which measurements of intracellular
free Ca’* were conducted in isolated neurons with microscopic
fluorimetric techniques, have indicated that short-lasting ap-
plication of relatively small, nontoxic, doses of glutamate pro-
duces a transient increase in the free cytosolic Ca?* concentra-
tion, with a rapid return to prestimulation concentrations upon
glutamate removal (15, 17). However, protracted or repeated
application of large neurotoxic doses of glutamate resulted in a
sustained increase in free cytosolic Ca’* content that extended
far beyond the termination of glutamate receptor stimulation.
The time required for the recovery of free cytosolic Ca** to
prestimulus levels closely parallels the extent of neuronal death
in the cultures (27). In line with these observations, we report
that, in the cerebellar granule cell culture model, the sustained
increase of “°Ca’** uptake during the post-glutamate period
occurs only when neurotoxic doses of glutamate are applied.
This and the observation that the removal of Ca** from the
extracellular medium during the post-glutamate period protects
neurons from death in the following 24 hr suggest that pro-
tracted activation of Ca?* uptake is the primary event that is
operative in glutamate-induced neurotoxicity. There are several
possible mechanisms by which, during the post-glutamate
period, a sustained uptake of Ca’* through the cell membrane
might occur. This could happen directly through sustained
stimulation of NMDA- or non-NMDA -gated cationic channels
(due to the persistent presence of excitotoxins after glutamate
removal from the medium) or, alternatively, it could occur
through indirect activation (phosphorylation by PKC translo-
cation?) of voltage-sensitive or voltage-insensitive Ca?*-carry-
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ing channels. To decide which mechanism is operative in in-
ducing the increase in Ca®* uptake in the post-glutamate period,
we treated the cultures with different drugs and conditions
known to block selectively the different subtypes of glutamate-
activated cationic channels or voltage-dependent Ca** chan-
nels. However, Mg?* ions (which negatively modulate NMDA-
sensitive glutamate receptors), APV (an isosteric antagonist of
glutamate), PCP or MK-801 (two allosteric noncompetitive
blockers of NMDA-sensitive glutamate receptor) (for reviews
see Refs. 28 and 29), and CNQX (an isosteric antagonist for
the NMDA-insensitive glutamate receptor subtypes) (22), while
being potent blockers of Ca®** influx in these cells (30) and
delaying the appearance of neuronal degeneration when applied
together with glutamate or kainate, fail to prevent neuronal
death or the sustained increase of Ca?* uptake when applied in
the post-glutamate period. Furthermore, nitrendipine and ver-
apamil, in doses known to block the voltage-dependent Ca®*
channels in granule cells (31), failed to inhibit the sustained
Ca®* uptake and to protect neurons from glutamate-induced
neurotoxicity, when administered in the post-glutamate period
for a time interval equal to that of extracellular Ca?** removal
that protects neurons from glutamate-induced neurotoxicity.

Other possible routes that could be responsible for the in-
crease in ‘*Ca’®* uptake in the post-glutamate period are 1) the
impairment of Ca®* transporters capable of pumping out cyto-
solic Ca** across the cell membranes, 2) Ca?* entry via the
membrane Na*/Ca®* exchange system, and 3) Ca** entry via
nonspecific leakage across the cell membrane. The possible
contribution of these mechanisms to the increase in Ca®* up-
take during the post-glutamate period remains to be elucidated.

Connor et al. (15) have proposed that the long-lasting acti-
vation of the normally transient increase in free cytosolic Ca**
due to the priming or conditioning stimulus with EAA agonists,
in hippocampal cells, is expressed through a glutamate-induced
PKC-dependent phosphorylation of Ca?*-carrying channels.
Enhancement of voltage-gated Ca** channels or recruitment of
dormant, “covert,” Ca** channels by cAMP-dependent protein
kinases or PKC-dependent phosphorylation processes has been
demonstrated in neurons and in a vascular smooth muscle cell
line (32-34).

We have previously reported that one of the consequences of
glutamate application to the cerebellar granule cells is the Ca**-
mediated translocation of PKC from the cytosol to the neuronal
membrane (12). The membrane-translocated enzyme is fully
activated by the membrane content of 1,2-diacylglycerol, which
increases as a consequence of glutamate receptor stimulation
(28). In the present report, we have demonstrated that a differ-
ence between neurotoxic and nonneurotoxic concentrations of
glutamate is the duration of PKC translocation following re-
moval of glutamate, which is longer lasting with neurotoxic
concentrations of glutamate. Such a sustained translocation of
PKC is abolished by removal of Ca?** from the extracellular
medium, a condition that reduces dramatically glutamate neu-
rotoxicity. If the glutamate-primed activation of PKC translo-
cation were to be responsible for the sustained Ca®* transient
and the consequent Ca’*-mediated neurotoxicity, then both
effects should be attenuated by inhibition of PKC. Having this
in mind, we used as a PKC inhibitor the ganglioside GT1b (12,
35, 36). We have already reported that GT1b, as well as other
gangliosides (GM1, GD1b, and GD1a), incorporates into the
neuronal membranes and inhibits both PKC translocation (12)
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and neuronal death induced by glutamate (14). Although GT1b
fails to affect the opening of glutamate-operated high conduct-
ance cationic channels (14), it potently inhibits the glutamate-
induced sustained increase of [*H]P(BtO), binding, the delayed
increase of ‘*Ca’* uptake, and the subsequent appearance of
neuronal death.

It is tempting to conclude that translocation and activation
of PKC, triggered by the persistent stimulation of glutamate
receptors, to phosphorylate membrane proteins, is directly or
indirectly operative in controling Ca?* influx. An increase in
free cytosolic Ca’* may act as a priming event in causing
neuronal death. However, the successive activation of enzymes
such as calpains, phospholipases, and various other Ca’*-de-
pendent enzymes may ultimately be the immediate cause of
neuronal death. A study of these enzymatic activities may
uncover additional biochemical mechanisms that can be used
as a site of action for new drugs for the treatment of brain
ischemia. Within the limits of our experimental conditions, we
exclude the possibility that PCP analogues or voltage-depend-
ent Ca?* channel blockers can be used to control the chain of
biochemical events, leading to neuronal death, that is triggered
by excitotoxins. Moreover, we suggest that gangliosides may
prevent post-glutamate and perhaps post-ischemic (37) neu-
ronal death by inhibiting the PKC translocation and the de-
layed increase of Ca** influx during the post-glutamate period.

References

1. Choi, D. W. Calcium-mediated neurotoxicity: relationship to specific channel
types and role in ischemic damage. Trends Neurosci. 11:465-469 (1988).

2. Choi, D. W. Glutamate icity and di of the nervous system.
Neuron 1:623-634 (1988).

3. Rothman, S. M., and J. W. Olney. Excitotoxicity and the NMDA receptor.
Trends Neurosci. 10:299-302 (1987).

4. Engelsen, B. Neurotransmitter glutamate: its clinical importance. Acta Neu-
rol. Scand. 74:337-355 (1986).

5. Choi, D. W. Ionic dependence of glutamate neurotoxicity. J. Neurosci. 7:369-
379 (1987).

6. Kemp, J. A,, A. C. Foster, and E. H. F. Wong. N itive ant ists
of exci 'y amino acid p Trends Neurosci. 10.294—298 (1987)

7. Garthwaite, G., and J. Garthwaite. Neurotoxicity of excitatory amino acid
receptor agonists in rat cerebellar slices: depend on calcium concentra-
tion. Neurosci. Lett. 6:193-198 (1986).

phosphate-sensitive Ca** store of nonmuscle cells? Proc. Natl Acad. Sci.
USA 85:1091-1095 (1988).

17. Vaccarino, F. M., H. Alho, M. R. Santi, and A. Guidotti. Coexistence of
GABA receptors and GABA modulin in primary cultures of rat cerebellar
granule cells. J. Neurosci. 7:656-76 (1987).

18. Jones, K. H., and J. A. Senft. An improved method to determine cell viability
by simultaneous staining with fluorescein diacetate-propidium iodide. J.
Histochem. Cytochem. 383:77-79 (1985).

19. Rotman, B., and B. W. Papermaster. Membrane properties of living mam-
malian cells as studied by enzymatic hydrolysis of fluorogenic esters. Proc.
Natl. Acad. Sci. USA 55:134-141 (1966).

20. Krishan, A. Rapid flow cytofluorometric analysis of mammalian cell cycle by
propidium iodide staining. Cell Biol. 66:188-193 (1975).

21. Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R. J. Randall. Protein
measurement with the Folin phenol reagent. J. Biol Chem. 198:256-275
(1951).

22. Honore, T., S. N. Davies, J. Drejer, E. J. Fletcher, P. Jacobeen, D. Lodge,
and F. E. Nielsen. Quinoxalinediones: potent competitive non-NMDA glu-
tamate receptor antagonists. Science (Wash. D. C.) 241:701-703 (1988).

23. Choi, D. W. Glutamate neurotoxicity in cortical cell cultures is calcium
dependent. Neurosci. Lett. 58:293-297 (1985).

24. Pulsinelli, W. A., J. B. Brierley, and F. Plum Temporal profile of neuronal
damafe ina model of transient fc ain ischemia. Ann. Neurol. 11:499-509
(1982

25. Nowak, L. M., P. Bregestovski, P. Ascher, A. Herbert, and A. Prochiantz.
Magnesium gates glutamate-activated channels in mouse central neurones.
Nature (Lond.) 307:462-465 (1984).

26. Vicini, S., M. Bertolino, and E. Costa. Modulation of glutamate-activated
cationic channels: a patch-clamp study, in Allosteric Modulation of Amino
Acid Receptors: Therapeutic Implications (E. A. Barnard and E. Costa, eds.).
Raven Press, New York, 249-257 (1988).

27. Ogura, A., M. Miyamoto, and Y. Kudo. Neuronal death in vitro: parallelism
between survivability of hippocampal neurones and sustained elevation of
cytosolic Ca?* after exposure to glutamate receptor agonist. Exp. Brain Res.
73:447-458 (1988).

28. Costa, E., E. Fadda, A. P. Kozikowski, F. Nicoletti, and J. T. Wroblewski.
Classification and allosteric modulation of excitatory amino acid signal
transduction in brain slices and primary cultures of cerebellar neurons, in
Neurobiology of Amino Acids, Peptides and Trophic Factors (J. A. Ferrendelli,
R. C. Collins, and E. M. Johnson, eds.). Kluwer Academic Publishers, New
York, 35-50 (1988).

29. Costa, E., H. Alho, M. Favaron, and H. Manev. Pharmacological implications
of the allosteric modulation of neurotransmitter amino acid receptors, in
Allosteric Modulation of Amino Acid Receptors: Therapeutic Implications (E.
A. Barnard and E. Costa, eds.). Raven Press, New York, 3-18 (1988).

30. Wroblewski, J. T, F. Nicoletti, E. Fadda, A. P. Kozikowski, J. W. Lazarewncz,
and E. Costa. Modulat.lon of glutamate signal t duction, in Alosteric
Modulation of Amino Acid Receptors: Therapeutic Implications (E A.Rarnard
and E. Costa, eds.). Raven Press, New York, 287-300 (1988).

31. Carboni, E., and W. Wojcik. Dnhydmpmdme bmdmg sites regulated calcium
mﬂuxthmghspeclﬁcvolmge itive calcium Is in cerebellar gran-
ule cells. J. Neurochem. 50:1279-1286 (1988).

32. Strong, J. A, A. P. Fox, R. W. Tsien, and L. K. Kaczmarek. Stimulation of

8. Rothman, S. M,, J. H. Thurston, and R. E. Hauhart. Delayed icity
of excitatory amino acids in vitro. Neuroscience 22:471-480 (1987).

9. Benveniste, H., and N. H. Diemer. Early postischemic “*Ca accumulation in
rat dentate hilus. J. Cereb. Blood Flow Metab. 8:713-719 (1988).

10. Benveniste, H., M. B. Jargensen, N. H. Diemer, and A. J. Hansen. Calcium
accumulation by glutamate receptor activation is involved in hippocampal
cell damage after ischemia. Acta Neurol. Scand. 78:629-536 (1988).

11. Wroblewski, J. T., F. Nicoletti, E. Fadda, and E. Costa. Phencyclidine is a

negative allosteric modulator of signal ti duction at two subcl of
excitatory amino acid receptors. Proc. Natl. Acad. Sci. USA 84:5068-5072
(1987).

12. Vaccarino, F., A. Guidotti, and E. Costa. Ganglioside inhibition of glutamate-
mediated protein kinase C translocation in primary cultures of cerebellar
neurons. Proc. Natl. Acad. Sci. USA 84:8707-8711 (1987).

13. Hannun Y. A, and R. M. Bell. Lysosphingolipids inhibit protein kinase C:

lication for sphingolipid Sci (Wash. D. C.) 235:670-674 (1987).

14. Favaron. M., H. Manev H. Alho, M. Bertolino, B. Ferret, A. Guidotti, and
E. Costa. Gangliosides prevent glutamate and kainate neurotoxicity in pri-
mary neuronal cultures of neonatal rat cerebellum and cortex. Proc. Natl
Acad. Sci. USA 85:7351-7355 (1988).

protei kmase C recruits covert calcium channels in Aplysia bag cell neurons.
Nature (Lond.) 325:714-717 (1987).

33. Fish, R. D., G. Sperti, W. S. Colucci, and D. E. Clapham. Phorbol ester
increases the dihydropyridine-sensitive calcium ctance in a )|
smooth muscle cell line. Circ. Res. 62:1049-1054 (1988).

34. Kaczmarek, L. K. The regulauon of neuronal ealcium and potassium channels
by protein phosphorylation, in Adv in S d M and Phospho-
protein Research (P. Greengard and G. A. Robison, eds. ), Vol. 22. Raven
Press, New York, 113-138 (1988).

35. Kreutter, D., J. Y. Kim, J. R. Goldenring, H. Rasmussen, C. Ukomadu, R. J.
DeLorenzo, and R. K. Yu. Regulation of protein kinase C activity by ganglio-
sides. J. Biol. Chem. 262:1633-1637 (1987).

36. Yates, A. J., C. L. Wood, R. K. Halterman, S. M. Stock, J. D. Walters, and
J. D. Johnson. Effects of gangliosides, calmodulin, protein kinase C and
copper on phosphorilation of proteins in membranes of normal and transected
sciatic nerve, in New Trends in Ganglioside Research, (R. W. Ledeen, E. L.
Hogan, G. Tettamanti, A. J. Yates, and R. K. Yu eds.), Vol. 14. Springer
Verlag, New York, 495-511 (1988).

37. Mahadik, S. B, and S. E. Karpiak. Gangliosides in treatment of neural injury
and disease. Drug Dev. Res. 158:337-360 (1988).

15. Connor, J. A., W. J. Wadman, P. E. Hockberger, and R. K. Wong. S ined
dendritic gradients of Ca®* induced by excitatory amino acids in Cal hippo-
campal neurons. Science (Wash. D. C.) 240:649-656 (1988).

16. Volpe, P., K. H. Krausen, S. Hashimoto, F Zomto, T. Pozzan, J. Meldoesi,
andDPbew("‘ a cytopl org: the inositol 1,4,5-tris-

Send reprint requests to: Erminio Coseta, Fidia-Georgetown Institute for the
Neurosciences, Georgetown University, 3900 Reservoir Rd., N.W., Washington,
DC 20007.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



