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Purkinje Cell Survival Is Differentially Regulated by Metabotropic and 
lonotropic Excitatory Amino Acid Receptors 
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We previously reported that trophic factors and neurotrans- 
mitters in concert regulate survival of cultured cerebellar 
Purkinje cells. In particular, excitatory amino acid (EAA) 
transmitters and NGF increased survival, whereas neither 
alone was effective. In the present studies, we sought to 
identify molecular mechanisms through which EAAs partic- 
ipate in the survival-promoting interaction. 

Initially, we characterized the potential role of ionotropic 
EAA receptors by exposing cultures to the antagonists MK- 
801, D-2-amino-5-phosphonovaleric acid, and 8,7-dinitroqui- 
noxalinedione. Each increased cell number, suggesting that 

endogenous ionotropic activity decreased survival. To de- 
termine whether metabotropic EAA receptor stimulation 

modulates survival, the metabotropic agonist ACPD ([ 1 S,3R]- 
1 -aminocyclopentane-1,3-dicarboxylic acid; 1 PM) was test- 

ed. ACPD alone had no effect on survival. However, simul- 
taneous exposure to ACPD and NGF significantly increased 
Purkinje number. Moreover, this increase in survival was 
blocked by L-AP3 [L( +)-2-amino-3-phosphonopropionic acid; 

1 PM], a putative antagonist of certain metabotropic re- 

sponses. L-AP3 also reduced cell number in the absence of 
exogenous EAA. Thus, endogenous metabotropic stimula- 
tion is normally necessary for survival. In sum, these studies 
reveal a novel mechanism whereby an excitatory neurotrans- 
mitter shapes neural development by simultaneous trophic 
and regressive actions that are, respectively, mediated by 
metabotropic and ionotropic EAA receptors. 

[Key words: cerebellar Purkinje cells, dissociated cell cul- 
ture, NGF, aspartate, metabotropic receptor, NMDA receptor, 
excitatory amino acids] 

The in vivo survival and differentiation of cerebellar Purkinje 
cells are affected by multiple epigenetic factors (see review by 
Ito, 1984). These include the excitatory innervation of climbing 
fibers projecting from the inferior olive and of parallel fibers, 
the axons of cerebellar granule cells. Loss of these inputs, through 
olivary or granule cell ablation (Bradley and Berry, 1976; Sotelo 
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and Arsenio-Nunes, 1976; Crepe1 et al., 1980) pharmacologic 
blockade (Vogel et al., 1990; Rabacchi et al., 1992) or mutation 
(Rakic and Sidman, 1973; Sotelo, 1975; Sadler and Berry, 1989) 
can result in degeneration or aberrant development of Purkinje 
cells. Neurotrophic factors may also play a role in Purkinje 
ontogeny. The transient expression of NGF in cerebellum (Lu 
et al., 1989) and the coincident expression of receptors for NGF 
and related neurotrophins by developing Purkinje cells (Eck- 
enstein, 1988; Schatteman et al., 1988; Yan and Johnson, 1988; 
Cohen-Cory et al., 1989; Klein et al., 1990; Wanaka and John- 
son, 1990) are consistent with such a role. 

In previous work, we examined how simultaneous exposure 
to afferent excitatory transmitter and neurotrophic factor might 
regulate Purkinje development. Fetal rat Purkinje cells were 
grown in dissociated primary culture in the presence of NGF 
and/or excitatory amino acid (EAA) putative transmitters of the 
innervating fibers (Cohen-Cory et al., 1991). We found that 
Purkinje survival and morphologic differentiation were en- 
hanced by the combined administration of EAA and NGF. Nei- 
ther EAA nor NGF was effective alone. 

In the experiments described in this article, our objective was 
to identify EAA receptors involved in the regulation of Purkinje 
survival to begin characterizing the molecular triggers that con- 
fer responsiveness to the survival-promoting action of NGF. 
EAAs activate multiple ionotropic receptors as well as a G-pro- 
tein-linked metabotropic receptor. The ionotropic category in- 
cludes three major subtypes, each named for its preferred agonist 
(the NMDA, quisqualate/AMPA, and kainate receptors). Ion- 
otropic and metabotropic receptors have been identified on Pur- 
kinje cells ex vivo (DuPont et al., 1987; Garthwaite et al., 1987; 
Sekiguchi et al., 1987; Huang et al., 1990; Llano et al., 199 1; 
Masu et al., 1991) and in dissociated cell culture (Krupa and 
Crepel, 1990; Linden et al., 199 1; Yuzaki and Mikoshiba, 1992). 
To assess how stimulation of these receptors might modulate 
Purkinje survival, cells were maintained in the presence of NGF 
and EAA receptor subtypes were selectively stimulated or an- 
tagonized. Our data indicate that low concentrations of EAA 
may simultaneously exert survival-promoting and survival-lim- 
iting effects through stimulation of metabotropic and ionotropic 
receptors, respectively. 

Materials and Methods 

Cell culture. Dissociated Purkinje cell cultures were prepared from em- 
bryonic day 18 Sprague-Dawley rats, as previously described (Cohen- 
Gory et al., 199 1). Cerebella were collected in 2 ml of culture medium 
and-mechanically dissociated by gentle tituration in a flame-polished 
Pasteur pipette. The medium consisted of Minimum Essential Medium 
containing Earle’s salts and 2 mM glutamine (MEM; GIBCO, Grand 
Island, NY) and was supplemented with heat-inactivated horse serum 
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Figure 1. Visualization of a Purkinje cell in culture by immunocyto- 
chemical staining with CaBP antibody. El8 rat cerebellar cells were 
grown for 6 d, under control conditions. Scale bar, 100 pm. 

(1 O”/o v/v; GIBCO), glucose (6 mg/ml), penicillin (0.5 U/ml), and strep- 
tomycin (0.5 &ml). Cell suspensions were diluted with additional me- 
dium to 1 x 106 cells/ml and grown in poly-o-lysine-coated multiwell 
culture plates (12 x 23 mm wells/plate) at a density of 6 x 10s cells/ 
well. Cultures were maintained for 6 d without media change, at 37°C 
in a 95% air, 5% CO, (v/v) humidified atmosphere. NGF and all EAA 
agonists and antagonists were added at the time of plating. 

Immunocytochemisty. Purkinje survival was determined by counting 
cells immunocytochemically stained with antisera to vitamin D-de- 
pendent calcium-binding protein (CaBP; calbindin). Cells were rinsed 
once with 0.1 M phosphate-buffered saline and fixed at 4°C for 2 hr in 
4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.6). A polyclonal 
antibody to CaBP, generously provided by Dr. S. Christakos (New Jersey 
Medical School, UMDMJ, Newark, NJ), was used at a dilution of 1:2000 
(Christakos’et al., 1987). Staining was visualized by the avidin-biotin 
complex (ABC) technique, using biotinylated secondary antibodies and 
reagents (Vectastain ABC kit) from Vector Labs (Burlingame, CA) (see 
Fig. 1). 
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Figure 2. Effects of aspartate (Asp; 1 PM) and NGF (1.5 &ml) on 
Purkinje survival in the presence or absence of the noncompetitive 
NMDA receptor antagonist MK-801 (10 NM). Embryonic day 18 rat 
cerebellar cells were grown in the presence of test compounds for 6 d, 
and the Purkinje subpopulation was identified by immunohistochemical 
staining for CaBP. The number of CaBP+ cells in each culture was 
expressed as a percentage ofthe number ofcells under control conditions 
in the absence of MK-80 1. Reported observations are means of three 
independent experiments, each performed in triplicate (n = 9). The 
overall number of cells in control cultures from the three experiments 
was 188 ? 11 (mean -t SEM). An asterisk denotes a difference from 
control in the absence of MK-80 1 (p < 0.05); a double asterisk denotes 
a difference from control in the presence or absence of MK-801 (p < 
0.05). 
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Figure 3. Effects ofthe competitive NMDA receptor antagonist D-APV 
(100 PM) on Purkinje cell survival in the presence of aspartate (Asp; 1 
PM) and/or NGF (1.5 &ml). Cultures were grown for 6 d, and the 
Purkinje subpopulation was identified and counted as described in Fig- 
ure 2. Reported observations are means of two independent experi- 
ments, each performed in triplicate (n = 6). Data from each experiment 
were normalized to percentages of cell number in respective control 
cultures, grown in the absence of D-APV. The overall number of cells 
in control cultures from the two experiments was 259 + 78 (mean ? 
SEM). An asterisk denotes a difference from control in the absence of 
D-APV (p < 0.05); a double asterisk denotes a difference from control 
in the presence or absence of D-APV (p < 0.05). 

Data analysis. CaBP+ cells were counted in 30 fields, covering ap- 
proximately 24% of culture well surface area. Raw data were trans- 
formed to percentages of cell number in sister control wells (no exog- 
enous EAA agonists, antagonists, or NGF). Figures present mean data 
from two or more independent experiments, each performed at least in 
triplicate. Statistical analysis consisted of single-factor ANOVA and post 
hoc Fisher’s protected least significant difference comparisons. 

Chemicals. NGF was purified from mouse salivary gland, as previ- 
ously described (Mobley et al., 1976) and bioactivity of the purified 
peptide was confirmed in assays of basal forebrain choline acetyltrans- 
ferase activity and of neurite outgrowth from cultured dorsal root 
ganglia. (5R, lOS)-( +)-5-methyl- 10,ll -dihydro-SH-dibenzo[a,d]- 
cyclohepten-5,10-imine (MK-801) and 6,7-dinitroquinoxalinedione 
(DNQX) were obtained from Research Biochemicals (Natick, MA). 
L( +)-2-Amino-3-phosphonopropionic acid (L-AP3) and ( 1 S, 3R)- l- 
aminocyclopentane- 1,3-dicarboxylic acid (ACPD) were purchased from 
Tocris Neuramin (Bristol, England). o-2-Amino-5-phosphonovaleric acid 
(D-APV) and L-aspartate came from Sigma Chemical Co. (St. Louis, 
MO). Other chemicals were reagent grade and came from regular com- 
mercial sources. 

Results 

The putative excitatory transmitters of climbing and parallel 
fibers that innervate the Purkinje cells are, respectively, aspar- 
tate (Wikliind et al., 1982; Kimura et al., 1985; see also review 
in Cutnod et al., 1989) and glutamate (Hirano and Hagiwara, 
1988). At low concentrations (110 PM), these EAAs activate 
ionotropic receptors of the NMDA subtype in dissociated cell 
culture (Mount et al., 1990a). Thus, we began by investigating 
the importance of NMDA receptor mechanisms to Purkinje 
survival. 

Efects of N&IDA receptor antagonists on Purkinje survival 

In initial experiments, cells were grown in the presence of MK- 
80 1 (10 PM), a potent, noncompetitive NMDA receptor antag- 
onist (Wong et al., 1986). MK-80 1 increased CaBP+ cell number 
(Fig. 2), suggesting that tonic NMDA receptor activation cur- 
tailed in vitro Purkinje survival. When NGF (1.5 &ml) and 
aspartate (1 PM) were combined in the presence of MK-80 1, an 
additional significant increase in cell number was obtained. This 
increase did not involve NMDA receptor activation, since it 
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Figure 4. Effects of the non-NMDA receptor antagonist DNQX (10 
PM) on Purkinje cell survival in the presence of aspartate (Asp; 1 PM) 

and/or NGF (1.5 r.@ml). Cultures were grown for 6 d, and the Purkinje 
subpopulation was identified and counted as described in Figure 2. 
Reported values are the means of three independent experiments, per- 
formed at least in triplicate (n = 9-15). Data from each experiment 
were normalized to percentages of cell number in respective control 
cultures, grown in the absence of DNQX. The overall number of cells 
in control cultures from the three experiments was 154 + 17 (mean f 
SEM). An asterisk denotes a difference from control in the absence of 
DNQX (p < 0.05); a double asterisk denotes a difference from control 
in the presence or absence of DNQX (p < 0.05). 

was obtained in the presence of the NMDA receptor antagonist. 
It could also not be explained by differences in plating efficiency. 
In a representative experiment, CaBP+ cell numbers in cultures 
treated with MK-801, NGF and aspartate were equivalent to 
those in controls at 24 hr after plating (15563 f 364 and 15704 
f 302, respectively). 

To confirm the survival-promoting effect of NMDA receptor 
blockade and the additional NMDA receptor-independent ef- 
fect of aspartate/NGF, we tested D-APV (100 FM), a selective 
competitive antagonist of the receptor (Davies and Watkins, 
1982; Evans et al., 1982). This concentration of D-APV has 
been shown to block actions of NMDA, without affecting quis- 
qualate or kainate responses in mesencephalic cell cultures 
(Mount et al., 1990b). Moreover, even 1 mM D-APV has been 
found to have no effect on metabotropic receptor-stimulated 
phosphoinositide hydrolysis in the developing cerebellum 
(Gombos et al., 1992). In our experiments, D-APV alone pro- 
duced a significant increase in Purkinje survival that was similar 
to the effect of MK-80 1 (Fig. 3). Exposure to aspartate and NGF, 
in the presence of D-APV, produced a twofold increase in cell 
survival. These data confirm results obtained with MK-801, 
indicating that NMDA receptor activation decreases Purkinje 
survival, and does not mediate the aspartate/NGF interaction. 

Efects of a non-NMDA receptor antagonist on Purkinje 
survival 

Although the increase in cell number produced by simultaneous 
exposure to aspartate and NGF was not mediated by the NMDA 
receptor, it remained possible that non-NMDA ionotropic re- 
ceptors were involved. To test this possibility, cells were grown 
in the presence of the potent non-NMDA antagonist DNQX 
(10 WM; Honor6 et al., 1988). DNQX alone produced a marginal, 
but significant, increase in Purkinje survival. When tested in the 
presence of DNQX, aspartate and NGF produced an additional 
increase in cell number (Fig. 4). The latter observations indicate 
that the survival-promoting interaction between aspartate and 
NGF does not involve non-NMDA ionotropic receptor mech- 
anisms. 
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Figure 5. Effects of L-AP3 (I-100 PM) on Purkinje cell survival. Cul- 
tures were grown in the presence of L-AP3 for 6 d, and the Purkinje 
subpopulation was identified and counted as described in Figure 2. 
Reported observations are the means of two independent experiments, 
each performed at least in triplicate (n = 6-8). Data from each exper- 
iment were normalized to percentages of cell number in respective con- 
trol cultures. The overall number of cells in control cultures from the 
three experiments was 202 f 22 (mean f SEM). An asterisk denotes 
a difference from control (absence of L-AP3; p < 0.05). 

Efects of metabotropic receptor ligands on Purkinje survival 

The increase in cell survival produced by exposure to MK-80 1, 
DNQX, or D-APV suggests that EAAs endogenous to the culture 
system activate ionotropic receptors, thereby decreasing sur- 
vival. To assess whether tonic metabotropic receptor activation 
might influence Purkinje survival, cultures were exposed to 
L-AP3, a putative antagonist of some, but not all, metabotropic 
responses (Irving et al., 1990; Schoepp et al., 1990; but see 
Glaum et al., 1992; Yuzaki and Mikoshiba, 1992) (Fig. 5). At 
concentrations as low as 10 PM, L-AP3 markedly decreased Pur- 
kinje survival. These findings suggest that endogenous metabo- 
tropic stimulation is required for in vitro survival. 

Aspartate may activate metabotropic EAA receptors (Doble 
and Perrier, 1989; Masu et al., 1991; but see Sugiyama et al., 
1989). Thus, the increase in cell number elicited by aspartate 
and NGF in the presence of an ionotropic receptor antagonist 
might involve metabotropic receptor stimulation. Consequent- 
ly, we reexamined this response in the presence of L-AP3 (1 
PM). L-AP3 inhibited both the survival-promoting effect of as- 
partate/NGF in the presence of MK-801 and the increase in 
survival produced by NMDA receptor blockade alone (Fig. 6). 

We also tested ACPD, a selective metabotropic agonist (Palm- 
er et al., 1989; Manzoni et al., 1990). By itself, ACPD had no 
effect on survival (Fig. 7). However, the combination of ACPD 
(1 PM) and NGF increased Purkinje cell number. The increase 
in CaBP+ cell number was blocked by 1 PM L-AP3. Together, 
these data provide strong evidence that metabotropic receptor 
activation triggers Purkinje responsiveness to NGF. The in- 
crease could not be explained by differences in plating efficiency, 
since CaBP+ cell numbers in cultures treated with ACPD and 
NGF were equivalent to those in controls, at 24 hr after plating 
(6629 -t 168 and 6683 f 284, in a representative experiment). 

Discussion 

There is emerging evidence that EAAs play important roles in 
neuronal development in diverse brain areas. Effects of EAAs 
range from synaptic strengthening and stimulation of neurite 
extension at low concentrations, to pruning of redundant con- 
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Figure 6. Effects of combining ionotropic (MK-801; 10 PM) and me- 
tabotropic (L-AP3; 1 PM) EAA receptor antagonists on Purkinje cell 
survival in the presence of aspartate (Asp, 1 PM) and/or NGF (1.5 rpl 
ml). Cultures were grown for 6 d, and the Purkinje subpopulation was 
identified and counted as described in Figure 2. Reported values are 
the means of two independent experiments, each performed in triplicate 
(n = 6). Data from each experiment were normalized to percentages of 
cell number in respective control cultures. The overall number of cells 
in control cultures from the two experiments was 105 ? 16 (mean f 
SEM). No significant differences from control in the absence of EAA 
receptor antagdnists were detected. 

nections and cell death at progressively higher concentrations 
(see reviews by Balizs and Hack, 1990; Mattson, 1990; Mc- 
Donald and Johnston, 1990). In the present study, survival of 
Purkinje neurons was found to be dependent upon tonic me- 
tabotropic receptor activity in the cultures. In contrast, iono- 
tropic receptor activation only decreased Purkinje survival. These 
data suggest that the balance between opposing effects of EAAs 
on the developing Purkinje cell is mediated by activation of 
distinct receptor subtypes. The experiments further reveal that 
metabotropic receptor activation serves to trigger responsive- 
ness of Purkinje cells to the survival-promoting action of NGF. 

Ionotropic receptor activation reduces Purkinje survival 

Purkinje cells express multiple ionotropic EAA receptors (Krupa 
and Crepel, 1990; see also review by Crepe1 and Audinat, 199 1). 
Receptors with high affinities for quisqualate and kainate have 
been identified on Purkinje cells of both the adult and neonate 
(Garthwaite et al., 1986). In contrast, NMDA receptors may be 
only transiently expressed during development. Responsiveness 
to NMDA is minimal at birth, increases during the first and 
second postnatal weeks, and then declines to an undetectable 
level in the adult (DuPont et al., 1987; Garthwaite et al., 1987; 
Audinat et al., 1990; Krupa and Crepel, 1990; but see Llano et 
al., 1990). The transient expression of NMDA receptors during 
development suggests that they may play a role in Purkinje 
ontogeny. Indeed, chronic neonatal exposure to the NMDA 
receptor antagonist APV disrupts both granule cell migration 
and the elaboration of Purkinje cell dendrites (Vogel et al., 1990). 
APV administration has also been shown to inhibit the normal 
regression of supernumerary climbing fiber-Purkinje cell syn- 
apses that occurs during cerebellar development (Rabacchi et 
al., 1992). 

Dissociated Purkinje cell cultures provide an advantageous 
system to examine the role of NMDA receptors in development 
since agonist responses exhibit characteristic NMDA receptor 
pharmacology (Hockberger et al., 1989; Linden et al., 1991) 
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Figure 7. Effects of the metabotropic receptor agonist ACPD (1 PM) 

and NGF (1.5 &ml) on Purkinie cell survival in the oresence and 
absence of ‘the &tabotropic EA.& receptor antagonist L:AP~ (1 PM). 

Cultures were grown for 6 d, and the Purkinje subpopulation was iden- 
tified and counted as described in Figure 2. Reported values are the 
means of two independent experiments, each performed in triplicate (n 
= 6). Data from each experiment were normalized to percentages of cell 
number in respective control cultures, grown in the absence of L-AP3. 
The overall number of cells in control cultures from the three experi- 
ments was 164 f 22 (mean * SEM). An asterisk denotes a difference 
from control in the absence of L-AP3 (p < 0.05). 

including blockade by MK-80 1 and APV (Linden et al., 199 1). 
In our experiments, both MK-801 and D-APV promoted Pur- 
kinje survival. The inferred reduction in Purkinje cell number 
induced by tonic NMDA receptor activation contrasts with 
NMDA receptor-mediated increases in cerebellar granule cell 
survival (see review by Balazs and Hack, 1990). Thus, NMDA 
receptor-mediated responses to endogenous EAAs during cer- 
ebellar development are cell type specific. 

The role of non-NMDA ionotropic receptors in regulating 
Purkinje survival is less clear. DNQX, a potent non-NMDA 
receptor antagonist, marginally increased Purkinje survival. 
However, all or part of this effect may be explained by allosteric 
antagonism of NMDA responses by DNQX, at a glycine coago- 
nist site on the NMDA receptor complex (Birch et al., 1988; 
Foster, 1988). In support of the view that non-NMDA as well 
as NMDA receptors mediate EAA-induced cell loss, we have 
found that even low concentrations (0.1-l PM) of quisqualate 
or kainate reduced Purkinje cell number (H. T. J. Mount, C. F. 
Dreyfus, and I. B. Black, unpublished observations). These ag- 
onists are ineffective at the NMDA receptor (see reviews by 
Mayer and Westbrook, 1987; Collingridge and Lester, 1989). 

In an earlier study (Cohen-Gory et al., 1991) we reported 
enhanced Purkinje survival in the presence of aspartate and 
NGF. We have subsequently found that an increase in cell num- 
ber elicited by coadministered aspartate and NGF is more con- 
sistently reproduced in the presence of an ionotropic receptor 
antagonist. These data suggest that distinct mechanisms under- 
lie simultaneous opposing effects of EAAs on the developing 
Purkinje cell. The outcome of these opposing influences may 
be sensitive to manipulation of ionotropic receptor activity. 

Metabotropic receptor activation triggers responsiveness of 
Purkinje cells to NGF 

The survival effect of aspartate/NGF under conditions of ion- 
otropic receptor blockade could be reproduced by NGF and 
ACPD, a selective metabotropic agonist, in the absence of ion- 
otropic receptor antagonists. Both aspartate/NGF and ACPD/ 
NGF responses were blocked by L-AP3 (1 WM). These data sug- 
gest that metabotropic receptors confer responsiveness to NGF. 
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Metabotropic receptors are abundant in cerebellum; in situ 
hybridization has revealed prominent expression of metabo- 
tropic receptor mRNA by Purkinje cells (Masu et al., 1991). 
Receptor activation induces phosphoinositide hydrolysis (Sla- 
deczek et al., 1985; Nicoletti et al., 1986; Weiss et al., 1988), 
and initiates a cascade of processes that result in mobilization 
ofCa2+ from intracellular stores (Murphy and Miller, 1988) and 
alteration of cellular K+ conductances (Stratton et al., 1989; 
Charpak et al., 1990; Fagni et al., 199 1; Vecil et al., 199 1). Since 
metabotropic activation of certain K+ currents should tend to 
reduce the efficacy of ionotropic receptor-induced excitation 
(Fagni et al., 1991), it is possible that metabotropic and iono- 
tropic receptors might mediate opposing influences on neuronal 
survival, independent of NGF. For example, it has been re- 
ported that NMDA-induced neurotoxicity in cortical cell cul- 
tures is noncompetitively inhibited by ACPD (Koh et al., 199 1). 
However, a similar mechanism cannot explain the present find- 
ings, since ACPD by itself did not enhance Purkinje cell number. 

The decrease in Purkinje survival produced by higher con- 
centrations of L-AP3 (5 10 FM) suggests that tonic metabotropic 
receptor activation is required for in vitro Purkinje development. 
Metabotropic agonism may also be required for normal in vivo 
development, as receptor blockade caused cerebellar degener- 
ation in mice treated with intraperitoneal AP3 on postnatal days 
4-8 (Tizzano et al., 199 1). 

There is emerging evidence that very low concentrations of 
EAAs may exert pharmacologic effects that are distinct from 
those elicited by higher doses. For example, 1 PM glutamate has 
been shown to induce transcription of the immediate-early gene 
C-$X in cerebellar granule cells, while 50 PM glutamate did not 
(Manev et al., 1990). We have found that chronic exposure to 
very low concentrations (1 FM) of aspartate and ACPD enhanced 
Purkinje survival (when tested in the presence of NGF), while 
concentrations above 10 FM were less effective, or neurotoxic 
(data not shown). Moreover, these low dose effects were blocked 
by chronic exposure to a very low dose of L-AP3 (1 PM). In 
contrast, a recent study of metabotropic receptor function in 
cultured Purkinje cells reported that acute exposure to 2 mM 
L-AP3 did not block Ca2+ mobilization induced by 100 FM 

ACPD and that 1 mM aspartate was inactive as a metabotropic 
agonist (Yuzaki and Mikoshiba, 1992). These findings suggest 
that metabotropic receptors mediate chronic low concentration 
EAA-induced actions that have a pharmacologic profile distinct 
from the higher-dose acute effect of intracellular Ca*+ mobili- 
zation. Precise distinction between these profiles will be facili- 
tated by the development of more selective metabotropic re- 
ceptor ligands. 

Metabotropiclionotropic balance in the regulation of 
Purkinje survival 

Naturally occurring EAAs are active at both metabotropic and 
ionotropic receptors. Thus, the ultimate effect of an endogenous 
EAA agonist on Purkinje survival may be determined by the 
balance between opposing actions at distinct EAA receptor sub- 
types. Differences between cells in the relative expression of 
receptors could result in Purkinje subpopulations that are dif- 
ferentially affected by EAA activity. Specificity of neuromodula- 
tory influences might also contribute to the heterogeneity in 
susceptibility to tonic EAA activity. For example, cells that 
survived tonic EAA receptor activation may have been pro- 
tected from ionotropic neurodegeneration by coincident inhib- 

Although cultured Purkinje cells have been shown to express 
multiple EAA receptors as well as receptors for NGF, it remains 
possible that effects on the Purkinje population were mediated 
indirectly. Since the dissociated cell cultures contained a variety 
of neuronal and glial elements in addition to Purkinje cells, it 
is possible that effects of EAAs upon the Purkinje population 
were mediated through molecules elaborated by other EAA- 
responsive cells in the culture. Future experiments with more 
purified Purkinje cell populations should facilitate the separa- 
tion of indirect from direct actions of EAAs. 

In summary, the present data indicate that aspartate, the pu- 
tative EAA transmitter of innervating climbing fibers, regulates 
Purkinje survival through trophic and regressive influences that 
are, respectively, mediated by metabotropic and ionotropic EAA 
receptors. The metabotropic influence is mediated through an 
induction of responsiveness to neurotrophic factor. This raises 
the possibility that metabotropic stimulation regulates expres- 
sion or function of a neurotrophic factor receptor(s) during Pur- 
kinje development. We are now actively investigating this hy- 
pothesis. 
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