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Stimulatory and inhibitory actions of excitatory amino
acids on inositol phospholipid metabolism in rat
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1 The effects of excitatory amino acids on [3H]-inositol phosphate levels have been examined in
rat cortical slices under basal conditions or following agonist stimulation.
2 Ibotenate and quisqualate provoked a substantial dose-dependent (EC50, 30M and 20OM
respectively) increase in inositol phosphates; these responses were not additive suggesting a

common site of action for the two amino acids. The responses to maximally effective concentrations
of ibotenate and quisqualate were not blocked by verapamil, tetrodotoxin or Cd2 +, indicating that
these effects are not indirect. Small, but significant, increases in inositol phosphates were also seen

with glutamate and N-methyl-DL-aspartate (NMDLA); kainate and aspartate were ineffective.
3 Each excitatory amino acid tested reduced carbachol (1 mM) stimulated inositol phosphate for-
mation. Kainate (IC50, 20Mm) and NMDLA (IC50, 20upM) were the most effective inhibitors.
Kainate also reduced the responses to noradrenaline, 5-hydroxytryptamine and 20mm K .

4 The inhibitory action of NMDLA, but not kainate, could be reversed with the NMDA antago-
nists, DL-2-amino-5-phosphonovalerate (APV) and MK-801; DL-2-amino-4-phosphonobutyrate
(APB) was without effect. Since MK-801 blocks the ion channels associated with the NMDA recep-
tor, it appears that inhibition requires the entry of ions into the cell.
5 APV and MK-801 potentiated the stimulatory response to ibotenate but had no effect on the
response to quisqualate. Potentiation was presumably the result of blocking the inhibition by ibote-
nate mediated through NMDA receptors.
6 In conclusion, excitatory amino acids appear to reduce agonist-mediated inositol phosphate
formation in rat cerebral cortex by a non-specific action, possibly including the influx of Na+ ions.
In addition ibotenate and quisqualate substantially enhance inositol phosphate production: the
pharmacology of the response suggests that it is mediated by a receptor distinct from previously
defined excitatory amino acid receptor subtypes.

Introduction

It has now become established that breakdown of
inositol phospholipids is a major signal transduction
system in a wide variety of tissues including the
central nervous system (Downes & Michell, 1985;
Nahorski et al., 1986; Fisher & Agranoff, 1987). In
brain, stimulation of muscarinic cholinoceptors
(Jacobson et al., 1985), al-adrenoceptors (Kendall et
al., 1985; Minneman & Johnson, 1984),
histamine-H1-, (Donaldson & Hill, 1986) and 5-
hydroxytryptamine- (Conn & Sanders-Bush, 1985;
Godfrey et al., 1988) receptors have all been shown
to enhance phosphoinositide turnover. It has recent-
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ly become apparent that excitatory amino acid
(EAA) agonists can also enhance the production of
inositol phosphates in rat hippocampus (Nicoletti et
al., 1986ab), and primary cultures of striatal neu-
rones (Sladeczek et al., 1985) or cerebellar granule
cells (Nicoletti et al., 1987). In addition to these
stimulatory effects, an inhibitory action of EAAs
against agonist-stimulated inositol phospholipid
breakdown has been observed in rat hippocampus
(Baudry et al., 1986; Nicoletti et al., 1986a) and
mouse striatal neurones (Schmidt et al., 1987).
On the basis of electrophysiological findings, using

the selective agonists N-methyl-D-aspartate
(NMDA), kainate and quisqualate, excitatory amino
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acid receptors have been subdivided into three
classes (Foster & Fagg, 1984; Watkins & Olverman,
1987). The kainate and quisqualate subtypes mediate
fast excitatory ionic reponses carried by Na' ions
whilst activation of NMDA receptors induces ionic
changes that are longer in duration and involve
movement of Ca2+ ions in addition to Na+ (Cotman
& Iversen, 1987). The activation ofNMDA receptors
can be selectively inhibited by the competitive
antagonists DL-2-amino-5-phosphonovalerate (APV)
and 3-(2-carboxypiperazine-4-yl)propyl- phosphonic
acid (CPP) and the non-competitive antagonists
MK-801 and phencyclidine (Foster & Fagg, 1984;
Cotman & Iversen, 1987). Currently there are no
selective antagonists of the kainate or quisqualate
receptor subtypes. The EAA receptor that enhances
inositol phospholipid turnover appears to have a
pharmacological profile distinct from the subtypes
defined above. Both quisqualate and ibotenate (a
NMDA-selective agonist) are potent agonists while
glutamate is less efficacious and kainate and NMDA
are weak or ineffective (Sladeczek et al., 1985; Nicol-
etti et al., 1986b; Sugiyama et al., 1987).
We show here that in slices of rat cerebral cortex,
EAA agonists both enhance inositol phosphate pro-
duction and inhibit the responses produced by other
agonists. Some of this work has been presented to
the British Pharmacological Society (Tyler et al.,
1988; Wilkins et al., 1988).

Methods

Male Sprague-Dawley rats (weight 200-300g) were
used for all experiments. The rats were decapitated
and the brain rapidly removed. The cortex was dis-
sected out and cross-chopped slices (350 x 350pm)
were prepared with a McIlwain tissue chopper. The
slices were then dispersed in 25ml of Krebs Ringer
HEPES buffer (composition mM: NaCl 150, KCI 5,
MgSO4 1.2, CaCl2 1.2, Na2HPO4 1.2, HEPES 20
and glucose 2mgmlP1; pH 7.4) equilibrated with
100% 02 at room temperature, or Krebs-
bicarbonate buffer (composition mM: NaCl 118, KCI
4.7, CaCl2 2.5, MgSO4 1.2, NaHCO3 25, K2HPO4
1.2 and glucose 10) equilibrated with 95% 02 5%
C02; similar results were obtained in either medium.
The slices were washed with 100ml of warmed

buffer and then preincubated for 40min at 37°C in a
shaking waterbath with a change of buffer after
20min. Following preincubation the slices were
labelled with 5.pCi of [3H]-inositol (specific activity
45-60 Cimmol- ) for 45min in 5 ml buffer in a
stoppered 25 ml flask, having been gassed with 02 or
95% 02 5% CO2. The slices were then washed
with 50 ml of buffer containing 10mM LiCI (replacing
NaCI) and allowed to settle under gravity. Fifty

microlitre aliquots of the packed slices were then
transferred into flat-bottomed tubes containing
250p1 of buffer, LiCl (final concentration 10mM) and,
where necessary, EAA antagonists. Agonists (10p1)
were added 10min later, and the tubes were gassed,
capped and transferred to a shaking water bath at
37°C for 30min. In experiments investigating the
inhibitory action of amino acids, the EAA was added
5 min after the tissue and the agonist after a further
10min. For experiments with 5-hydroxytryptamine
or noradrenaline, pargyline (10pM) was also included
in the buffer. When total [3H]-inositol phosphates
were determined the incubations were terminated by
addition of 940 pl of chloroform/methanol/HCI
(100: 200: 2); 310p1 of chloroform and 310y1 of
water were then added to split the sample into two
phases. Following vortexing and centrifugation
(1000g for 5min) 750jp1 of the upper phase was
removed for analysis of inositol phosphates by
Dowex anion exchange chromatography as
described previously (Godfrey et al., 1985). To esti-
mate incorporation of radioactivity into phospho-
lipids, 1OOy1 of the lower phase was removed, dried
and counted after the addition of 5ml of Instagel
scintillation fluid (Packard Corp.).
A maximally effective concentration of carbachol

(1 mM) was included in all experiments and results
have been expressed relative to this. Statistical
analysis of the data was performed using the
unpaired Student's t test or the Wilcoxon rank order
test.

Materials

[3H]-myo-inositol was obtained from Amersham
International (Amersham, U.K.), MK-801 (± )-5-
methyl- 10,11 -dihydro-5H-dibenzo(a,d)cyclohepten-
5,10-imine maleate) and N-methyl-DL-aspartate
(NMDLA) were kindly supplied by Merck Sharp
and Dohme, all other drugs and fine chemicals were
from Sigma (Poole, Dorset).

All the EAA were dissolved in buffer and the pH
of the resultant solution were checked. Concentra-
tions of glutamate above 1 mm significantly reduced
the pH below 7.4 and this was corrected before use.

Results

Action ofexcitatory amino acids on resting and
carbachol-stimulated inositol phosphates

All of the excitatory amino acids used in this study,
including kainate, NMDLA and quisqualate, inhib-
ited carbachol-induced formation of inositol phos-
phates (Table 1). The maximal extent of inhibition



EXCITATORY AMINO ACIDS AND INOSITOL PHOSPHATES 133

Table 1 Action of excitatory amino acids on ences between the maximal responses to ibotenate
resting and carbachol-stimulated levels of inositol and quisqualate may be due to ibotenate having a
phosphates more powerful inhibitory action (Table 1).

[ ] Resting IPs Carbachol IPs Glutamate and NMDLA also caused a significant,
EAA (mM) (% Carb max) (% Carb max) although much smaller increase in inositol phos-

phate formation, while kainate and aspartate were
0 + 1.8 100+ 10 inactive (Table 1). In fact, if anything, kainate

Aspartate 1 3.9 + 2.4 decreased the resting level of inositol phosphates
Glutamate 1 12.0 + 2.4* 46.3 + 4.2*** although this did not reach statistical significance.
Kainate 1 -2.3 + 1.1 17.8 + 4.0*** Full dose-response curves for the production of ino-
NMDLA 1 6.4 + 1.0* 16.8 + 3.4*** sitol phosphates by ibotenate, quisqualate and gluta-
ibotenate 0.5 34.4 +413** 33.6 + 4.0*** mate are shown in Figure lb; the EC50 for each
Quisqualate 0.3 41.9 + 1.7** 51.5 +5.-*** agonist was approximately 30pM, 20pM and

1 mM
Rat cortical slices were labelled with [3H]-inositol
as described in the methods. Results are expressed
as % increase in [3H]-inositol phosphates relative
to a maximally effective concentration of car-
bachol (1 mM; Carb max); the results are shown as
means + s.e.mean from 3-8 experiments performed
in triplicate. The resting levels of inositol phos-
phates (IP) was 3453 + 131 d.p.m. and carbachol
(1 mM) increased their levels by 331 + 31% during
a 30 min incubation. The excitatory amino acids
(EAA) were given either for a period of 30min
(column 1) or 10min before the addition of car-
bachol (column 2). *P <0.05; **P < 0.01, EAA
compared with basal; ***P < 0.01, carbachol plus
EAA compared with carbachol alone; statistical
indications estimated by Wilcoxon rank test.

was amino acid- and concentration-dependent; max-
imally effective concentrations of kainate, glutamate
and NMDLA inhibited the response to carbachol by
more than 80%; quisqualate and ibotenate were less
effective (Table 1; Figure la). Full dose-response
curves for the inhibitory actions of glutamate,
NMDLA and kainate are shown in Figure la; the
IC50 for each agonist was approximately 1 mm,
20pM and 20ym respectively. Responses to NMDLA
were not altered by the omission of Mg2+ from the
Krebs buffer (not shown).

In the absence of carbachol a number of the excit-
atory amino acids caused a significant increase in
inositol phosphate production (Table 1). The two
most effective amino acids were ibotenate (0.5mM)
and quisqualate (0.3mM) producing 33 and 41%
respectively of the response to carbachol during a
30min incubation (Table 1). The responses to maxi-
mally effective concentrations of ibotenate and quis-
qualate were not additive. Ibotenate (0.5 mM)
increased the levels of inositol phosphates by
79 + 5.2% above basal during a 30min incubation
and quisqualate (0.3 mM) increased them by
127 + 9.6%; when given together, the response to
ibotenate (0.5 mM) and quisqualate (0.3 mM) was
81 + 6.7%. The results suggest that these agonists
are acting at the same recognition site. The differ-

respectively.

Characterization of the inhibitory action ofthe amino
acids

The specificity of the inhibitory action was investi-
gated by studying the action of kainate on the for-
mation of inositol phosphates induced by
noradrenaline, 5-hydroxytryptamine and 20mM K+.
Kainate was chosen for this study since it did not
affect basal inositol phosphate levels. As shown in
Table 2, kainate partially inhibited the formation of
inositol phosphates by all three stimuli although the
magnitude of this effect varied with the stimulus. For
example kainate completely inhibited the formation
of inositol phosphates induced by K' but only
decreased the noradrenaline response by less than
50%. Similar results were observed with 100 pM
NMDLA (not shown). This inhibitory action of
kainate was not accompanied by any significant
change in the amount of [3H]-inositol radioactivity
present in any of the individual inositol phospho-
lipids, either in the absence or presence of carbachol
(1 mM).

In order to examine the pharmacology of this
inhibitory action the effect of several antagonists on
the reponses to NMDLA and kainate were investi-
gated. The NMDA receptor antagonists, APV and
MK-801, partially reversed (P < 0.01) the inhibitory
action of NMDLA but had no effect on the response
to kainic acid (Table 3); 2-amino-4-phosphobutyrate
(APB) did not antagonise either response (Table 3).

Characterization ofthe stimulatory actions of the
amino acids

In order to rule out that the increase in inositol
phosphates induced by ibotenate or quisqualate was
not an indirect effect mediated, for example, through
the release of neurotransmitters or the activation of
phospholipase C by Ca2", the action of Cd2", vera-
pamil and tetrodotoxin on the formation of inositol
phosphates by these two agonists was investigated.
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Table 2 Kainate inhibits agonist-induced forma-
tion of inositol phosphates

Agonist

Carbachol
Noradrenaline
5-HT
K+

Inositol phosphates
I ] (% basal)
(mM) No addition Kainate

1 512+46
0.3 268 + 22
0.1 231 + 13
20 164 ± 8.0

201 + 26**
195 ± 11*
121 ± 7.8**
82 ± 8.9**

0 1 Rat cortical slices were prelabelled with [3H]-ino-
100 01' 112 103 1o4 sitol as described in the methods. Results are

[EAAI (>M) shown as % increase in inositol phosphates above
basal during a 30 min incubation and represent the

b means + s.e.mean from three experiments per-0 formed in triplicate. Kainic acid (100pM) was given
10min before the addition of agonist. *P < 0.05;
**P < 0.01, kainic acid plus agonist compared

to-/ ' . > ,with agonist alone; statistical indications estimated.0 / > / 8using Student's t test. 5-HT = 5-hydroxytrypta-
mine.

10° lo, 102 103 104

[EAA] (>LM)
Figure 1 Dose-response curves showing excitatory
and inhibitory actions of excitatory amino acids (EAAs)
in rat cortical slices. Slices, labelled with [3H]-inositol,
were stimulated with the EAA in the presence (a) or

absence (b) of 1 mM carbachol. Results are expressed as

a % increase in inositol phosphates relative to that pro-
duced by 1 mM carbachol. The data are means from 3-5
experiments performed in triplicate with s.e.mean

shown by vertical bars. Basal inositol phosphate levels
were 3453 ± 131 d.p.m. and carbachol increased this by
331 + 31% during a 30min incubation. In (a): (l) glu-
tamate; (U) kainate; (A) NMDLA; in (b): (El) gluta-
mate; (A) ibotenate; (U) quisqualate.

Figure 2 shows that neither Cd2", verapamil or tet-
rodotoxin had any significant effect on the pro-
duction of inositol phosphates induced by ibotenate.
Similar results were observed for quisqualate (not
shown). The small response to glutamate (1 mM) was,
however, blocked by 300nm tetrodotoxin (not
shown).
The pharmacology of this excitatory action was

further examined by studying the effect of several
EAA receptor antagonists on the response to ibote-
nate and quisqualate. Neither APV or MK-801 had
any significant affect on quisqualate-induced forma-
tion of inositol phosphates (Figure 3). In contrast,
MK-801 and APV caused a significant (P < 0.01)
potentiation of the formation of inositol phosphates

induced by ibotenate (Figure 3). Neither 1 mm APB
nor 100 M kynurenic acid (a non-selective antago-
nist, Watkins & Olverman, 1987) had a significant
effect on the ibotenate or quisqualate responses (data
not shown).
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Figure 2 The actions of ion channel blockers on

ibotenate-mediated production of inositol phosphates.
Cortical slices prelabelled with [3H]-inositol were

stimulated with ibotenate (200.uM) for 30min in the
absence (C) or presence of verapamil (Vp 1OpM),
cadmium ions (Cd 300pM) or tetrodotoxin (TTX,
300nM). The data are means from 3 experiments per-
formed in triplicate (s.e. mean shown by vertical bars)
and are expressed as a % of the response to 1 mm car-

bachol which increased inositol phosphate levels by
325 + 37% over basal.
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Table 3 Effects of amino acid antagonists on the inhibitory actions of kainic acid or N-methyl-D,L-aspartate
(NMDLA)

Agonist

Carbachol
Carbachol
+ kainate

Carbachol
+ NMDLA

APB
Control (1 mM)

100 + 5.8
431 + 33
221 + 17

102 + 5.0
352 + 23
158 + 11

APV
(1mM)

87.5 + 6.5
326 + 20
183 ± 11

MK-801
(100pFM)

132 ± 6.0
360±21
209 ± 25

181 + 15 165 + 6.5 314 + 27** 314 ± 33**

Rat cortical slices were prelabelled with [3H]-inositol as described in the methods. Results are shown as % increase
in inositol phosphates above basal during a 30min incubation and represent the means ± s.e.mean from three
experiments. D,L-2-Amino-5-phosphonovalerate (APV), D,L-2-amino-4butyrate (APB) and MK-801 were given
5min before kainate (100pM) or N-methyl-D,L-aspartate (NMDLA; 100 M); carbachol (1 mM) was added 10min
after the excitatory amino acid (EAA). **P < 0.01, carbachol and EAA compared with carbachol, EAA and EAA
antagonist; statistical comparisons were made by Student's t test.

Discussion

Inhibitory action

The present study has demonstrated that EAAs are
able to inhibit agonist-stimulated formation of inosi-
tol phosphates in rat cortex. The pharmacology of
this inhibitory action suggests that it is unlikely to
be linked to the activation of a single, established
sub-type of EAA receptor i.e. the kainate, NMDA or
quisqualate receptor sub-types. It would therefore
seem that this response is mediated either through a
novel sub-type of receptor or that it is a general
response brought about by the activation of all excit-
atory amino acid receptors. The weaker inhibitory
effects of ibotenate and quisqualate relative to the
other amino acids e.g. kainate, glutamate, NMDA
can be explained by their ability to induce the forma-
tion of inositol phosphates on their own (see below).
The blockade of carbachol-stimulated inositol

phosphate formation in rat cerebral cortex by
NMDLA, kainate and glutamate is in good agree-
ment with previous observations in rat hippocampus
(Baudry et al., 1986). The IC50 values for NMDLA
(20 pM), kainate (20upM) and glutamate (1-2 mM) are
very similar in both preparations. The inhibition
curve to glutamate is relatively shallow compared to
those obtained with kainate or NMDLA. This could
be due either to glutamate acting on more than one
receptor or to an active reuptake of glutamate into
the slices. A similar shallow curve for glutamate was
also observed by Baudry et al. (1986). The relative
resistance of the noradrenaline response to inhibition
by EAAs has also been seen in striatal neurones
(Schmidt et al., 1987) and hippocampus (Baudry et
al., 1986; but see Nicoletti et al., 1986a). The reasons
for the differential sensitivity of the noradrenaline
response is unknown but could be brought about if

the ax-adrenoceptor and EAA receptors are situated
on separate neurones.
There appear to be two possible explanations for

this inhibitory action. Firstly, by analogy with the
mechanism of agonist-induced inhibition of adeny-
late cyclase activity, it is possible that this effect is
mediated through a novel inhibitory G-protein
which blocks the activation of phospholipase C. As
yet, such a protein has not been identified. Alterna-
tively, the reduction of inositol phosphate formation
may be related to the neurotoxic action of the EAAs
(Schmidt et al., 1987). It is well known that prol-
onged stimulation of EAA receptors results in the
death of a large number of central neurones caused
by the influx of Na+ and Ca2+ ions leading to
neuronal swelling and cell death (Rothman & Olney,
1987). The results obtained in the present study
argue in favour of the latter hypothesis for the fol-
lowing reasons:
(i) This inhibitory action could also be observed

against high K+-induced inositol phosphate for-
mation. The mechanism whereby the elevation of
the K+ concentration induces the hydrolysis of
inositol phospholipids is through the entrance of
extracellular Ca2+ via voltage-operated channels
(Kendall & Nahorski, 1985). Ca2 + is then
thought to activate phospholipase C directly
without the need for a G-protein (Cockcroft,
1987).

(ii) MK-801 and APV partially reverse the inhibi-
tory effect ofNMDLA on carbachol-induced for-
mation of inositol phosphates. Although it is
likely that APV is acting as a competitive
antagonist at the NMDA receptor (Cotman &
Iversen, 1987), MK-801 is thought to act by
blocking the NMDA-associated ion channel
whilst in its open state, rather than affecting the
binding of NMDA to its receptor (Kemp et al.,
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Figure 3 Effects of the excitatory amino acid antago-
nists 2-amino-5-phosphonovalerate (APV) and MK-801
on ibotenate-(a) and quisqualate (b)-stimulated pro-
duction of inositol phosphates. Cortical slices pre-
labelled with [3H]-inositol were stimulated with
ibotenate (500pM) or quisqualate (200pM) for 30min;
APV or MK-801 were added 10min before the agonist.
Results are means of 3-4 experiments performed in trip-
licate with s.e.mean shown by vertical bars. B = basal;
A = agonist alone; A + APV = agonist plus APV;
A + MK-801 = agonist plus MK-801.

1987). Thus, the inhibitory action of NMDLA
must, at least in part, be secondary to the
opening of this channel rather than to a direct
receptor-linked event. The partial reversal of the
inhibitory action of NMDLA by MK-801 may
be explained by the slow onset of action; binding
of MK-801 requires prior opening of the channel
(Foster & Wong, 1987; Kemp et al., 1987).

The latter hypothesis is consistent with the sugges-
tion of Baudry et al. (1986) that a build-up of intra-

cellular Na' ions may be the cause of the inhibitory
actions of the amino acids. They observed a good
correspondence between the concentrations of amino
acid needed for suppression of the PI responses and
those required to promote Na+ fluxes, and that
removal of Na+ ions prevented the inhibitory
actions of the EAAs. Whether the inhibition of phos-
pholipase C is a direct result of an elevation in intra-
cellular sodium or is due to the onset of toxicity
caused by Na+ and Ca2+ influx requires further
experiments.

Stimulatory actions

The ability of a number of the EAAs, particularly
ibotenate and quisqualate, to stimulate the forma-
tion of inositol phosphates in rat cerebral cortex
resembles previous observations made in rat hippo-
campus (Nicoletti et al., 1986ab), primary cultures
from rat striatum (Sladeczek et al., 1985; Schmidt et
al., 1987) and Xenopus oocytes injected with rat
brain messenger RNA (Sugiyama et al., 1987). It
seems likely that the formation of inositol phos-
phates is mediated through a site which is distinct
from previously defined sub-classes of EAA recep-
tors. The evidence for this conclusion is as follows:
(i) The pharmacology of this response does not

resemble that of previously described sub-types
of EAA receptors. The two most efficacious
agonists on inositol phosphate formation, quis-
qualate and ibotenate, are thought to act on dis-
tinct receptor subtypes (Foster & Fagg, 1984).
Ibotenate has been reported to act as a potent
NMDA agonist (Cotman & Iversen, 1987),
though the lack of response to NMDA itself and
inability of APV (see also Nicoletti et al., 1986b)
and MK-801 to antagonize the stimulatory
action of ibotenate would strongly suggest that
ibotenate is not generating the formation of ino-
sitol phosphates via this recognition site. In fact
MK-801 and APV potentiated the response to
ibotenate, presumably by preventing the neuro-
toxic action of this agonist, which is mediated
through the NMDA receptor. Nicoletti et al.
(1986b) reported that the stimulation of inositol
phosphate production by both ibotenate and
quisqualate could be antagonized by APB, and
suggested that these agonists may be acting at
the 'APB-sensitive' site previously characterized
in electrophysiological studies (Foster & Fagg,
1984). However, our responses in cortex were
resistant to APB, as was the response to quis-
qualate in Xenopus oocytes described recently
by Sugiyama et al. (1987).

(ii) The stimulation of inositol phosphate formation
by ibotenate or quisqualate does not appear to
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be an indirect effect mediated through the
release of other neurotransmitters since the
addition of tetrodotoxin or Cd2 + had no signifi-
cant effect on the responses to these agonists.
Cd2+ blocks Ca2+ entry at the nerve terminal
and thus prevents the secretion of neurotrans-
mitters, while tetrodotoxin inhibits the conduc-
tion of the action potential down the nerve axon
and therefore prevents the secretion of neuro-
transmitters induced by depolarization of the
cell body. In contrast, the weak response to glu-
tamate does appear to be indirect since it is sen-
sitive to tetrodotoxin. This effect is probably due
to release of transmitters which act on PI-
coupled receptors.

(iii) This does not appear to be an indirect effect
mediated through an increase in the levels of
intracellular Ca2+ since verapamil and Cd2", at
concentrations that prevent the entrance of
extracellular Ca2 + through voltage-operated
channels, and thereby inhibit K+-induced for-
mation of inositol phosphates (Kendall &
Nahorski, 1985), have no significant effect on the
response to ibotenate and quisqualate.

An increase in intracellular Ca2+ could also be
brought about by the opening of a non-specific
cation channel associated with the three recognised
sub-types of excitatory amino acid receptors.
However, this cannot explain the marked formation
of inositol phosphates induced by ibotenate since
blockade of the NMDA receptor by use of MK-801
or APV resulted in an increased formation of inosi-
tol phosphates. Further, the lack of response to
kainate and aspartate would argue against a non-
specific action of EAAs on inositide turnover.

Although our data are consistent with an action of
quisqualate and ibotenate at a novel EAA receptor,
this conclusion should only be considered as tenta-
tive at present. Since relatively high concentrations
of ibotenate and quisqualate are required to produce
these responses it is possible that their action may
not be receptor-linked, though the lack of additivity
would suggest that both are acting at the same site.
The development of specific antagonists is required
for the existence of this novel receptor to be fully
substantiated.
Our observations that the response to glutamate is

TTX sensitive and that aspartate failed to enhance
inositol phosphate production would strongly
suggest that these agents are not the endogenous
mediators of the effects we see with ibotenate and
quisqualate; the nature of this mediator remains to
be elucidated.

Concluding remarks

This study has described two novel actions of exci-
tory amino acids on the metabolism of inositol phos-
pholipids in rat cerebral cortex. It appears that there
is a new sub-type of EAA receptor in cortex which is
coupled to inositol phospholipid metabolism; ibote-
nate and quisqualate are potent agonists at this
receptor. Secondly, it appears that the activation of
all EAA receptor sub-types markedly inhibits
agonist or K+-induced hydrolysis of inositol phos-
pholipids; this may be due to influx of Na' ions
with a consequent excitotoxic effect.
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