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SUMMARY

Prolonged exposure of cultured cortical cells or cultured cere-
bellar granule cells to the residue 25-35 fragment of B-amyloid
peptide (BAP), BAP ,s_s5), induced neuronal apoptosis, as re-
vealed by morphological analysis, fluorescent chromatin stain-
ing, and immunodetection of oligonucleosomes released from
the nucleus into the cytoplasm. BAP ;s s5-induced apoptosis
was insensitive to ionotropic glutamate receptor antagonists
but was substantially attenuated by the metabotropic gluta-
mate receptor (mGIuR) agonist (1S,3R)-1-aminocyclopentane-
1,3-dicarboxylic acid. The neuroprotective action of (15,3R)-1-
aminocyclopentane-1,3-dicarboxylic acid was antagonized by
(RS)-a-methyl-4-carboxyphenylglycine and was mimicked by
(2S,1'R,2'R,3'R)-2-(2,3-dicarboxycyclopropyl)glycine (a selec-

tive agonist of mGIuR2 and -3 subtypes) and by L-2-amino-4-
phosphobutanoate and L-serine-O-phosphate (selective ago-
nists of mGIuR4, -6, and -7 subtypes). However, whereas all of
these drugs behaved as neuroprotectants in cultured cortical
cells, only L-2-amino-4-phosphobutanoate and L-serine-O-
phosphate [and not (2S,1'R,2'R,3'R)-2-(2,3-dicarboxycyclo-
propyl)glycine] reduced BAP s 55 -induced apoptosis in cul-
tured cerebellar granule cells. The neuroprotective activity of
mGIuR agonists may be related to their ability to inhibit mem-
brane Ca®* conductance, because drugs that block voltage-
sensitive Ca* channels, such as nimodipine or Co2*, could
also attenuate BAP,5_35-induced apoptosis.

BAP is a 40—42-amino acid peptide that accumulates as
insoluble extracellular deposits in amyloid plaques of Alz-
heimer’s brain (1, 2). The evidence that BAP aggregates are
toxic to cultured neurons (3—8) supports the hypothesis that
formation of amyloid plaques is causally linked to the cy-
toskeletal destabilization and neuronal degeneration that
occur in Alzheimer’s disease (9, 10). BAP, or its active, resi-
due 25-35 fragment (8) BAP,,5 35, destabilizes intracellular
Ca?* homeostasis (7, 11), thus amplifying the toxicity of
NMDA receptor agonists or other excitotoxins (11, 12). A
possible synergism between BAP and endogenous excitotox-
ins in Alzheimer’s brain helps to explain the early onset of
degeneration in the hippocampus (13, 14), where neurons are
densely innervated by glutamatergic fibers. BAP, however,
can also induce degeneration of cultured neurons through a
different process, which does not incorporate an excitotoxic

component. This process develops within 24—48 hr and ex-
hibits the typical morphological and biochemical features of
apoptosis, including formation of membrane blebs, fragmen-
tation and condensation of chromatin, and DNA cleavage
into oligonucleosomes (15, 16). Although it is uncertain to
what extent BAP-induced apoptosis occurs in vivo, this pro-
cess may be relevant for the degeneration of scattered neu-
rons in Alzheimer’s brain (9, 13, 17). Hence, the identification
of pharmacological agents that oppose BAP-induced apopto-
sis may furnish new tools for the experimental therapy of
Alzheimer’s disease. We have focused on mGluR. agonists,
which are known to protect cultured neurons against excito-
toxic damage (18-21). The activity of mGluR agonists has
been compared with that of the VSCC blockers nimodipine
and Co?* (22-24), which have been reported to attenuate
BAP-induced toxicity in cultured neurons (25).

ABBREVIATIONS: BAP, B-amyloid peptide; VSCC, voltage-sensitive Ca?* channel(s); L-SOP, L-serine-O-phosphate; ACPD, 1-aminocyclopen-
tane-1,3-dicarboxylic acid; AP4, L-2-amino-4-phosphonobutanoate; MCPG, (RS)-a-methyl-4-carboxyphenylglycine; DNQX, 6,7-dinitroquinoxa-
line-2,3-dione; MK-801, 10,11-dihydro-5-methyl-5H-dibenzola,c]cyclohepten-5,10-imine; DCG-1V, (2S,1'R,2'R,3’'R)-2-(2,3-dicarboxycyclopropyl)-
glycine; L-CCG-I, L-2-carboxycyclopropylglycine; NMDA, N-methyl-p-aspartate; mGluR, metabotropic glutamate receptor; MS, medium stock;
LDH, lactate dehydrogenase; ELISA, enzyme-linked immunosorbent assay; GABA, y-aminabutyric acid; DIV, days in vitro; ANOVA, analysis of
variance; PLSD, protected least significant difference; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis-

(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid.
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Experimental Procedures

Materials. BAP was purchased from Bachem Feinchemikalien
AG (Bubendorf, Switzerland). NMDA, CoCl,, cycloheximide, and
L-SOP were obtained from Sigma Chemical Co. (St. Louis, MO).
(1S,3R)-ACPD, quisqualate, L.-AP4, MCPG, and DNQX were pur-
chased from Tocris Neuramin (Essex, UK). MK-801 was obtained
from Research Biochemicals (Natick, MA). DCG-IV and L-CCG-I
were synthesized and kindly provided by Dr. H. Shinozaki (Tokyo
Metropolitan Institute for Medical Sciences, Tokyo, Japan) and Dr.
R. Pellicciari (Institute of Pharmaceutical Chemistry, University of
Perugia, Perugia, Italy), respectively. Nimodipine was a generous
gift from Bayer S.p.A. (Wuppertal, Germany).

Cell culture. Mixed cortical cell cultures containing both neurons
and astrocytes were prepared from fetal mice at 14-17 days of
gestation, as described previously (26, 27). In brief, dissociated cor-
tical cells were plated in 15-mm multiwell vessels (Falcon Primaria)
on a layer of confluent glial cells (7-14 DIV), using, as a plating
medium, Eagle’s minimal essential medium (with Earle’s salt, sup-
plied glutamine-free; GIBCO) supplemented with 5% heat-inacti-
vated horse serum, 5% fetal calf serum, 2 mM glutamine, and 21 mM
glucose. After 3-5 DIV, proliferation of glial cells was halted by
addition of 10 uM cytosine arabinoside. After an additional 3 days,
cultures were shifted to a maintenance medium identical to the
plating medium but lacking fetal calf serum (MS). Subsequent par-
tial medium replacement was carried out twice each week. Cultures
at 13-16 DIV were used.

Primary cultures of cerebellar granule cells were prepared from
8-day old rats, as described previously (28). In brief, dissociated
cerebellar cells were suspended in basal Eagle’s medium (GIBCO)
containing 10% fetal calf serum, 2 mM glutamine, 0.05 mg/ml gen-
tamicin, and 25 mM K* and were plated onto 35-mm Nunc Petri
dishes that had been precoated with poly-L-lysine (10 pg/ml). Cy-
tosine arabinoside (10 uM) was added to the cultures after 18 hr to
inhibit proliferation of non-neuronal cells. Cultures at 7-9 DIV con-
tained >90% granule cells, with about 3-5% GABAergic neurons and
few glial and endothelial cells as contaminants (28, 29).

Experimental procedure and assessment of neuronal de-
generation. BAP 5 35, Was solubilized in sterile, doubly distilled
water at an initial concentration of 2.5 mM and was stored frozen at
—20°. Cortical cultures, shifted into MS, were exposed to BAP for
different times (up to 48 hr) before the assessment of neuronal
degeneration. mGluR agonists, VSCC blockers, or ionotropic gluta-
mate receptor antagonists were all coapplied with BAP and main-
tained for the entire exposure time. To test the combined effect of
BAP and an excitotoxic insult, we exposed cortical cultures to a
submaximal concentration of BAP 55 35, (12.5 uM) for 24 hr. Cultures
were then shifted into a HEPES-buffered salt solution containing
120 mM NaCl, 5.4 mM KCl, 0.8 mm MgCl,, 1.8 mMm CaCl,, 20 mMm
HEPES, and 15 mM glucose, and NMDA (60 uM) was added for 10
min at room temperature. At the end of this incubation, cultures
were returned to the MS and incubated for 20 hr before the assess-
ment of neuronal degeneration. mGluR agonists were applied in
combination with NMDA.

Cultured cerebellar granule cells at 5-6 DIV were shifted into a
medium identical to the plating medium but lacking fetal calf serum.
Three hours later, cultures were exposed to BAP ;5 35, in the absence
or presence of mGluR agonists and/or ionotropic glutamate receptor
antagonists, for 48-72 hr. Neuronal degeneration was assessed by
combining phase-contrast microscopy, fluorescent chromatin stain-
ing, photometric enzyme immunoassays for the determination of
cytoplasmic histone-associated DNA fragments (mono- and oligonu-
cleosomes), and determination of the activity of LDH released from
damaged neurons into the medium.

Fluorescent staining of nuclear chromatin. Cultured cells
were fixed with methanol/acetic acid (3:1) for 30 min, washed three
times in phosphate-buffered saline, and then incubated for 15 min at
37° with 0.4-0.8 ug/ml levels of the fluorescent nuclear dye Hoechst

mGIuRs and BAP-Induced Apoptosis in Neurons 891

33258. After a two-step wash with water, cells were viewed for
nuclear chromatin morphology with a fluorescence microscope, using
an oil-immersion objective. Apoptotic neurons were recognized by
nuclear condensation and/or fragmented chromatin. In the phase-
contrast analysis, apoptotic neurons were irregularly shaped, with
shrunken cell bodies and/or distrophic neurites. The number of via-
ble and apoptotic neurons was counted in three fixed fields/culture
dish.

Immunodetection of oligonucleosomes. Mono- and oligonu-
cleosomes released from the nucleus into the cytoplasm of apoptotic

Fig. 1. Fluorescent chromatin staining of cultured cortical cells ex-
posed for 48 hr to BAPs 55 (25 um). A, Control cells with regularly
dispersed chromatin; B, examples of fragmentation (arrows) or conden-
sation (arrowheads) of nuclear chromatin in neurons surrounded by
aggregates of BAP 5 3 (*). Note that the larger nuclei of astrocytes do
not show any morphological alteration of chromatin in cultures treated

with BAP,s 55 In both A and B the incubation medium contained
MK-801 (10 um) and DNQX (30 pum).
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neurons were detected by using a sandwich ELISA (Cell Death
Detection ELISA; Boehringer Mannheim, Germany). The assay is
based on the quantitative sandwich ELISA principle, using mouse
monoclonal antibodies directed against DNA and histones, respec-
tively. For sample preparation, cortical cultures were washed in
phosphate-buffered saline and then scraped into 400 pl of cold buffer
containing 10 mM HEPES, 10 mM KCl, 0.1 mm EDTA, 0.1 mm EGTA,
and 1 mM dithiothreitol, pH 7.9. Cells were placed on ice for 10 min,
added to Nonidet P-40 (0.1% final concentration), and vortex-mixed
for 10 sec. Individual homogenates were centrifuged for 10 min with
an Eppendorf microfuge at maximal speed. The supernatant was
diluted to yield 13 X 102 cell equivalents/ml and used for immuno-
detection. The assay was performed as follows: (i) an antibody that
reacts with the histones H1, H2A, H2B, H3, and H4 was fixed on the
wall of a microtiter plate module provided with the kit; (ii) samples
prepared as described above were added to the plate containing the
immobilized anti-histone antibody; (iii) anti-DNA monoclonal anti-
bodies conjugated to peroxidase were added, to allow their binding to
the DNA part of nucleosomes; and (iv) after removal of unbound
peroxidase conjugate, the amount of peroxidase retained in the im-

A

Enrichment of oligonucleosomes

I"f. ACPD G-I CHX
1 mM 100 uM SOuM lpg/ml

—ACPD—
30 uM

—BAPpg5.35) 25 M

LDH release

B RAP(s5.35:25 1M

AP g5 35+ MCPG 1 mM
BE $5APyg 35, + ACPD 100 uM
BN $5AP; 35+ ACPD + MCPG
$5APg5.35) + L-CCG-1 30 pM
AP g5 35, + CHX 1 pg/ml

munocomplex was determined photometrically with 2,2'-azino-di(3-
ethylbenzthiazoline sulfonate) as a substrate.

Measurement of LDH activity released from damaged cells
into the medium. LDH activity was measured spectrophotometri-
cally, as described previously (30).

Results

Toxicity of BAP 5 g5, in cultured cortical neurons.
The occurrence of apoptotic degeneration in cultured cortical
neurons exposed to BAP ,5 35, has been recently shown by
DNA laddering and electron microscopic analysis (15, 16). To
demonstrate the same phenomenon in mixed cortical cul-
tures, we combined phase-contrast microscopy, nuclear chro-
matin staining with the fluorescent dye Hoechst 33258, and
an ELISA that allows the detection of oligonucleosomes re-
leased from the nucleus into the cytoplasm. The latter
method has been used for the assessment of the neuropro-
tective activity of mGluR agonists. Phase-contrast analysis of

Fig. 2 A, Immunodetection of oligonucieo-
somes in cultures exposed for 48 hr to BAP 5 35
(25 uMm), in the absence or presence of mGIuR
agonists or antagonists or cycloheximide (CHX).
B, Measurement of LDH release under the same
conditions as in A. In A, values (means * stan-
dard errors) are expressed as percentages of the
BAP s 35, effect and were calculated from six to
28 determinations in two to four individual exper-
iments. In a typical experiment, absolute values
were 734 + 58 and 1326 + 84 miilliunits of ab-
sorbance (A ,osnrAseoV 1300 cell equivalents (six
determinations) in control cultures and in cultures
treated with BAP(25-35), respectively. Cyclohex-
imide appilied for 48 hr in control cultures induced
a nonsignificant increase in oligonucieosome re-
lease, which was 32 * 12% of the value ob-
served with BAP 5 a5 (12 determinations). In B,
values (means + standard errors) are expressed
as percentages of the BAP, 35 effect and were
determined in medium collected from paraliel cul-
tures treated as in A. The medium was collected
48 hr after the addition of BAP 5 35 All experi-
ments were performed in the presence of 10 um
MK-801 and 30 um DNQX. Basal LDH values
ranged from 20 to 75 milliunits of absorbance/
min/well in most experiments. In two experi-
ments, however, basal LDH values were <10 mil-
liunits of absorbance/min/well. Stimulation of
LDH release by BAP s 35, ranged from about 90
to 180% above basal levels in different experi-
ments. (1S,3R)-ACPD, L-CCG-l, and cyclohexi-
mide (all applied for 48 hr) did not affect the basal
LDH activity in cultures that were not treated with
BAP 5 35 Values of LDH activity were 88 + 7, 85
+ 3, and 104 = 11% of control in response to
(1S,3R)-ACPD (100 um), L-CCG-l (100 um), and
cycloheximide (1 pg/mi), respectively (six to 18
determinations). * and #, p < 0.05 (one-way
ANOVA plus Fisher PLSD test), compared with
BAP alone (*) or BAP plus 30 um (1S,3R)-ACPD
#).
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120 5 B AP, 55 25 UM

© ¥Z1 + DCG-IV 10 pM

g 100 | + L-AP4 100 uM

o B3 + L-SOP 100 uM

8 + QUIS 10 uM

T:‘s' _ 804 G2 +NIMODIFINE 10uM  Fig. 3. Attenuation of BAP s osy-induced apoptosis in cul-
e 8 B + Co™ 30 uM tured cortical cells by agonists of class Il or lll mGluRs or
!?oté inhibitors of VSCC. All drugs were coincubated with
= o5 60 BAP s 55 and 10 um MK-801 plus 30 um DNQX. Values
: are expressed as in Fig. 2 and were calculated from six to
o 12 individual determinations (two independent experi-
‘g’ ® 40 ments). », p < 0.05 (one-way ANOVA plus Fisher PLSD
E test), compared with BAP 5 35 alone. QUIS, quisqualate.
3]

0 -

TABLE 1 duced toxicity, we coapplied BAP ;5 35, With mGluR agonists

Necrotic degeneration induced by the combination of BAP 5 55
and NMDA, in the absence or presence of mGIuR agonists

For estimation of LDH activity, the incubation medium was collected 20 hr after
the NMDA puise. BAPs 55 Was applied to the cultures 24 hr before NMDA.
Values are means *+ standard erors of six determinations.

LDH release
milliunits of
absorbance/min/well

Control 45 *+ 3.7
BAPs a5, (12.5 um) 21 +2
NMI?A (60 um) 37 + 6.8
BAPs o5 + NMDA 66 + 2
BAP5 35 + NMDA + DCG-IV (5 um) 72 + 15
ﬁAPgm) + NMDA + L-SOP (100 pm) 87 + 22

cortical cultures exposed to BAP o5 35, (25 uM) showed neu-
rons with shrunken and irregularly shaped cell bodies and
degenerating neurites. No neuronal swelling was observed
throughout the incubation with BAP 5 35, (data not shown).
Astrocytes did not show any morphological sign of toxicity
(see also Ref. 16). Staining with Hoechst 33258 showed frag-
mentation and condensation of chromatin in neurons of cul-
tures treated with BAP .5 55, Chromatin staining of astro-
cytes did not differ between control and BAP ., 55-treated
cultures (Fig. 1). All of these morphological features typical of
apoptotic degeneration developed within 24—48 hr of incuba-
tion with BAP ;5 55, and were not influenced by the presence
of the ionotropic glutamate receptor antagonists MK-801 (10
M) and DNQX (30 uM) (data not shown). The amount of
oligonucleosomes released from the nucleus into the cyto-
plasm was almost doubled in cultures exposed to BAP 55 35,
(see the legend to Fig. 2A), and substantial increases in LDH
release were observed only with incubation times of >24 hr,
when cell lysis was completed (Fig. 2B; see also Ref. 16). In
agreement with previous results (16), the protein synthesis
inhibitor cycloheximide (1 pg/ml) delayed the lysis of cells
exposed to BAP s a5), as reflected by a reduced release of
LDH at 48 hr after addition of the peptide (Fig. 2B). However,
cycloheximide did not reduce the amount of oligonucleosomes
detected by the ELISA in cultures exposed to BAP5 g5,
(Fig. 2A).

To study the influence of mGluR activation on BAP-in-

in the presence of 10 uM MK-801 and 30 um DNQX (added to
avoid any secondary activation of ionotropic glutamate recep-
tors). The mixed mGluR agonist (1S,3R)-ACPD attenuated
BAP 55 g5,-induced apoptosis without preventing the forma-
tion of BAP aggregates in cultures (data not shown). The
neuroprotective action of (1S,3R)-ACPD was antagonized by
MCPG [coapplied with (1S,3R)-ACPD and BAP ;5 45,] and
mimicked by L-CCG-I (Fig. 2), which also behaves as a mixed
mGluR agonist (31). Neither (1S,3R)-ACPD nor L-CCG-],
when applied for 48 hr, attenuated spontaneous neuronal
degeneration in control cultures (see the legend to Fig. 2).

DCG-IV (10 um), L-AP4 (100 pMm), and L-SOP (100 um),
which selectively activate mGluR subtypes negatively linked
to adenylyl cyclase (32-38), protected cortical neurons
against BAP ¢ g5,-induced apoptosis, whereas quisqualate
(10 uM) was inactive (Fig. 3). The protective action of mGluR
agonists against apoptosis was mimicked by drugs that in-
hibit VSCC, such as Co®* (30 uM) or nimodipine (10 um)
(Fig. 3).

We also studied the influence of mGluR agonists on toxicity
induced by a 10-min pulse with NMDA in cultures exposed
for 24 hr to 12.5 puM BAP 55 35, This combination resulted in
extensive necrotic degeneration, characterized by initial neu-
ronal swelling and LDH release, which was substantial at
2-5 hr after the NMDA pulse. Neither DCG-IV nor L-SOP
protected cortical neurons against toxicity induced by the
combination of BAP ;5 35, and NMDA (Table 1).

Toxicity of BAP 45 35, in cultured cerebellar granule
cells. BAP ;5 35, also induced apoptosis when added to pri-
mary cultures of cerebellar granule cells, although the num-
ber of apoptotic neurons after 48 hr of exposure was smaller
than that in cultures of cortical neurons. The high level
of homogeneity of cultured cerebellar granule cells and
the large cell nuclei allowed a reliable microscopic count of
neurons bearing chromatin fragmentation or condensation
(Fig. 4). BAP 5 55-induced apoptosis in cerebellar granule
cells was insensitive to MK-801 (10 uM) and DNQX (30 um)
(data not shown), which were therefore routinely included in
the incubation medium.

Addition of (1S,3R)-ACPD {200 uM, coapplied with BAP ;5 45,1
attenuated BAP 5 55-induced apoptosis in cultured cerebellar
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Fig. 4. Nuclear chromatin staining of cultured cerebellar granule cells
exposed for 48 hr to 25 uM BAPs 55. A, Control granule cells with
regularly dispersed nuclear chromatin; B, examples of chromatin frag-
mentation (arrow) or condensation (arrowheads) in granule cells sur-
rounded by aggregates of BAP »s_s5) (*). In both A and B, the incubation
medium contained MK-801 (10 um) and DNQX (30 um).

granule cells. The action of (1S,3R)-ACPD was mimicked by
L-AP4 or L-SOP (both at 100 um), whereas DCG-IV (10 um)
was inactive (Fig. 5).

Discussion

The evidence that aggregates of BAP or its active fragment,
BAP o5 35, are toxic to cultured neurons has encouraged
the search for drugs that act as specific neuroprotective
agents in Alzheimer’s disease. When BAP is applied to cul-

tures in combination with an excitotoxin, neuronal toxicity
progresses rapidly, with the typical features of necrotic de-
generation (neuronal swelling and lysis of cell membranes,
accompanied by an early leakage of LDH into the medium).
This process is sensitive to ionotropic glutamate receptor
antagonists (11, 12). When BAP is applied to cultures in the
absence of an excitotoxic insult, toxicity has a slow progres-
sion and neuronal degeneration follows an apoptotic pathway
(15, 16). Electron microscopic analysis of cultured cortical
neurons exposed to BAP or to BAP 5 g5, shows spheriform
protrusion (or “blebs”) of the plasma membrane, as well as
fragmentation and condensation of nuclear chromatin (16),
all features that are typical of apoptotic degeneration (39).
DNA analysis by agarose gel electrophoresis reveals the pres-
ence of oligonucleosome-size fragments (16), which are a
hallmark of apoptosis (39). BAP-induced apoptosis is pre-
ceded by a substantial increase in c-jun mRNA (40) and is
reported to be attenuated by inhibition of protein synthesis
with cycloheximide (16). This suggests that some of the in-
tracellular events that are involved in BAP-induced apoptosis
require the synthesis of specific proteins. BAP-induced apop-
tosis is resistant to ionotropic glutamate receptor antagonists
(Ref. 16 and present data) and, in Alzheimer’s brain, may
provide an insidious mechanism whereby BAP present in
amyloid plaques promotes the degeneration of scattered neu-
rons regardless of their innervation. The identification of
pharmacological agents that attenuate BAP-induced apopto-
sis may therefore have important implications for the exper-
imental therapy of Alzheimer’s disease. Knowing that
mGluR agonists protect cultured neurons against excitotoxic
degeneration (18—-21), we tested their efficacy in mixed cor-
tical cultures exposed to BAP 45 35, This model was selected
because it has been widely used for the evaluation of neuro-
nal toxicity and maintains the physiological interplay be-
tween neurons and astrocytes. The occurrence of neuronal
apoptosis in mixed cortical cultures exposed to BAP 55 55, Was
indicated by the following observations: (i) the absolute lack
of neuronal swelling at any stage of the degenerative process;
(ii) the presence of chromatin fragmentation and condensa-
tion, revealed by the fluorescent dye Hoechst 33258; (iii) the
lack of temporal correlation between morphological abnor-
malities and LDH release, which suggests that membrane
integrity is preserved until the late stages of neuronal degen-
eration; and (iv) the immunodetection of an increased
amount of oligonucleosomes released from the nucleus into
the cytoplasm. We also studied the toxic effects of BAP ;5 g5,
in the presence of cycloheximide, because new protein syn-
thesis is generally required for the induction of apoptosis,
although there are numerous cases in which protein synthe-
sis inhibitors do not protect against apoptotic death (41).
Addition of cycloheximide reduced the extent of cell lysis
after 48-hr exposure to BAP o5 55, However, cycloheximide
did not reduce the formation of oligonucleosomes, a process
that is generally considered as an early marker of apoptotic
death. One possible explanation is that protein synthesis is
not required for chromatin fragmentation but is involved in
one of the processes that lead to cell shrinkage and eventu-
ally lysis in response to BAP.

To study the influence of mGluR activation on BAP 45 g)-
induced apoptosis, we initially used the selective mGluR
agonist (1S,3R)-ACPD, the active isomer of trans-ACPD.
ACPD is known to protect cultured neurons against excito-
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toxic degeneration (20, 21), although it can also induce neu-
ronal toxicity when locally infused into the rat hippocampus
or corpus striatum (42-44). (1S,3R)-ACPD applied in combi-
nation with BAP .5 35, attenuated neuronal apoptosis, and its
action was prevented by the mGluR antagonist MCPG (45).
mGluRs form a family of at least seven subtypes, which, in
transfected cells, are either coupled to polyphosphoinositide
hydrolysis (mGluR1 and -5, class I) (31, 46, 47) or negatively
linked to adenylyl cyclase (mGluR2 and -3, class II, and
mGluR4, -6, and -7, class III) (31, 35-38). All of these sub-
types are activated by (1S,3R)-ACPD (31). We therefore won-
dered which subtype or class of subtypes mediates the neu-
roprotective action of (1S,3R)-ACPD against BAP-induced
apoptosis. The drugs we used to address this question were
the following: (i) DCG-IV, which is highly selective for
mGluR2 and -3 subtypes (32-34) and at high concentrations
can also activate NMDA receptors (33), an action that was
prevented by the inclusion of MK-801 in the incubation me-
dium; (ii) L-CCG-I, which behaves as a mixed mGluR agonist
but with preferential activity at mGluR2 and -3 subtypes
(31); (iii) L.-AP4 and L-SOP, which selectively activate mGlu4,
-6, and -7 subtypes (36-38); and (iv) quisqualate, which, at
the concentration we used (10 uM), activates mGluR1 and -5,
with little or no activity at the other subtypes (35, 37).

In mixed cultures of cortical cells, quisqualate, L-CCG-I, or
(1S,3R)-ACPD, but not DCG-IV, L-AP4, or L-SOP, stimulates

B BAP 35.35) 25 KM

El BAP g 35 + ACPD 200 pM

B AP o5 + L-AP4 100 M

Hl BAP 4 g5 + L-SOP 100 uM
U BAPgq 35 + DCG-IV 10 UM
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] BAPz5 55 + QUIS 10 uM
Bl APz o)+ ACPD 200 uM
B AP o5 + L-AP4 100 pM
[ZA APz g5+ DCG-IV 10 uM

Fig. 5. BAP 5 55 -induced apoptosis in cultured cere-
bellar granule cells treated with mGIuR agonists. All
drugs were coapplied with BAP .5 55 in the presence of
MK-801 (10 um) and DNQX (30 um). The extent of
apoptotic degeneration was quantitated either by de-
tecting, by ELISA, the amount of oligonucleosomes
released into the cytoplasm (A) or by counting the
number of granule cells bearing chromatin abnormali-
ties (B). Values are means * standard errors of three to
six individual determinations. *, p < 0.05 (one-way
ANOVA plus Fisher PLSD test), compared with BAP
alone. Basal and BAP 5 3s-induced values in A were
75 + 6 and 138 * 16 milliunits of absorbance (A ,osnm/
Asonm/1300 cell equivalents, respectively. QUIS,
quisqualate.

polyphosphoinositide hydrolysis (21).! DCG-IV, L-CCG-I, L-
AP4, L-SOP, and (1S,3R)-ACPD inhibit forskolin-stimulated
cAMP formation in pure cortical neuronal cultures,! whereas
in mixed cultures their effects are masked by the large re-
sponse of astrocytes to forskolin (21).!

DCG-1IV, L-CCG-I, L-AP4, or L-SOP, but not quisqualate,
mimicked the protective action of (1S,3R)-ACPD against
BAP ;5_35,-induced neuronal apoptosis in mixed cortical cul-
tures. These results confirm the recent view that activation
of class II or III mGluR subtypes protects cortical neurons
against excitotoxic death (21, 48)! and that DCG-IV attenu-
ates neuronal apoptosis induced by staurosporine or glucose
deprivation (48). Neuroprotection, however, is limited by the
strength of the toxic insult, because neither DCG-IV nor
L-SOP attenuated neuronal toxicity induced by a combina-
tion of BAP,5.35) and NMDA, a condition that resulted in
rapid and intense necrotic degeneration of cultured cortical
neurons.

To establish whether the neuroprotective influence of
mGluRs against BAP-induced apoptosis could be extended to
other neuronal populations, we used cultured cerebellar
granule cells, a model that is often utilized for the screening

1V. Bruno, G. Battaglia, A. Copani, R. G. Giffard, G. Raciti, G. Raffaele, H.
Shinozaki, and F. Nicoletti. Activation of class II or III metabotropic glutamate
receptors protects cultured cortical neurons against excitotoxic degeneration.
Submitted for publication.
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of neuroprotective agents (19, 49, 50) and has been shown to
be sensitive to the toxic effects of BAP o5 35, (51). Cultured
cerebellar granule cells represent a homogeneous population
of glutamatergic neurons, which express at least five mGluR
subtypes (mGluR1-5), although mGluR1 and -4 predominate
over the others (52). Under our experimental conditions (cul-
tures grown in the presence of 25 mm K* and shifted into
serum-free medium at 5 DIV), BAP, 5 35, induced apoptosis
when applied to cultured cerebellar granule cells in the pres-
ence of ionotropic glutamate receptor antagonists. However,
only 30% of the total cell population underwent apoptosis in
response to BAP 55 g5,- This reflects an intrinsic resistance of
cultured cerebellar granule cells, which is also reflected by
the lower spontaneous apoptosis, compared with cortical cul-
tures (compare the control values for oligonucleosomes given
in the legends to Figs. 2A and 5A). BAP ,5_35,-induced apop-
tosis in cultured cerebellar granule cells was attenuated by
(1S,3R)-ACPD or by the mGluR4/6/7 agonists L-AP4 and
L-SOP but not by quisqualate or by the mGluR2/3 agonist
DCG-IV. This is consistent with the evidence that cerebellar
granule cells express large amounts of mGluR4 mRNA both
in culture (52) and in the intact cerebellum (35), whereas
mGIluR2 and -3 mRNAs are expressed to a much lower ex-
tent.

Although class II or III mGluR subtypes are negatively
linked to adenylyl cyclase (31, 35-38), this mechanism is
difficult to reconcile with the evidence that cAMP itself is
neuroprotective (53). Both L-AP4 and mGluR2 agonists in-
hibit Ca2* influx through VSCC in cultured neurons (23, 24).
Inhibition of VSCC may contribute to the neuroprotective
effect of mGluR agonists, because BAP is known to increase
intracellular free Ca2* concentrations in cultured neurons (7,
11). It is consistent with this hypothesis that drugs that
inhibit VSCC, such as Co?* or nimodipine, attenuate the
toxic action of BAP (25) and here reduced the extent of
BAP 5 35-induced apoptosis. In conclusion, the present re-
sults provide additional evidence for the existence of “neuro-
protective” mGluR subtypes, which may therefore be poten-
tial targets for specific drugs in the experimental therapy of
acute or chronic neurodegenerative disorders.
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