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SUMMARY

Addition of quisqualate to mouse hippocampal neurons in vitro
elicited two types of changes in [Ca®*], as assessed by fura-2-
based microfiuorimetry. The first was a transient spike or group
of oscillations and the second was a long lasting “plateau”
response. The long-lasting response was abolished on removal
of either Ca®* or Na* from the external medium or by blocking
voltage-sensitive Ca®* channels. Furthermore, the novel gluta-
mate antagonist 6-nitro-7-cyano-quinoxaline-2,3-dione was a
competitive inhibitor of this response. In contrast, none of these
manipulations abolished the transient [Ca®*], spike. Transient

[Ca®*]; spikes or oscillations could also be produced by the a;-
adrenergic agonist phenylephrine. Production of such an a,-
response reduced the size of a subsequently elicited quisqualate
response. However production of transient [Ca®*}, spikes with
caffeine did not alter the size of the quisqualate-induced spike.
We conclude that hippocampal neurons possess two different
types of quisqualate receptors. The first mediates quisqualate-
induced depolarization and the second mediates Ca** mobiliza-
tion from intracellular stores.

Many neurotransmitters are able to activate more than a
single type of receptor and, therefore, produce a variety of
synaptic responses that occur over a wide range of time courses.
Rapid synaptic responses tend to be produced by receptors that
directly gate ion channels. On the other hand, slow synaptic
responses often require the participation of intracellular second
messenger systems. For example, the actions of GABA and
acetylcholine at GABA-A (1) and nicotinic receptors (2), re-
spectively, produce rapid responses, whereas their actions at
GABA-B (1) and muscarinic receptors (3-5) frequently produce
slower responses that are mediated by G proteins and diffusible
second messengers (6-11). This categorization is not absolute,
however, because we are now aware of situations in which
receptors gate ion channels without requiring a traditional
second messenger but still requiring a G protein (12, 13). Thus,
another possible way of categorizing receptors would be into
two classes. The first of these would consist of multisubunit
ionophores (14) and the second of single protein subunits that
are linked to G proteins (15, 16).

Because glutamate is probably the most widely used excita-
tory neurotransmitter in the central nervous system, a detailed
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knowledge of the glutamate receptor system is essential for our
understanding of neuronal communication in the brain. Data
accumulated over the past few years have clearly shown that
glutamate can activate a variety of receptors for which NMDA,
kainic acid, and quisqualic acid are archetypal agonists (17, 18).
Activation of these receptors directly activates a group of
closely related ionophores that are relatively specific for mon-
ovalent cations (19, 20) and, in the case of NMDA, for Ca** as
well (21, 22). However, other studies in the literature have also
revealed that excitatory amino acids can provoke the synthesis
of IP; in preparations of central neurons (23-26) or in cell free
systems derived from them (27). The major function of IP; is
thought to be the mobilization of Ca®* from specific intracel-
lular storage sites (28), although other actions may also occur
(8, 29). Thus, it has been proposed that at least one type of
glutamate receptor is linked to this second messenger system
rather than to an ion channel (30, 31). Because receptors that
stimulate IP; production are known to be linked to phospholi-
pase C by means of G proteins (28), these observations would
indicate that, as with other neurotransmitters, glutamate re-
ceptors may fall into the two genral categories discussed above.
However the phospholipase C enzymes that produce IP; from
phosphatidylinositol bisphosphate can be activated by high
[Ca?*])i (32, 33). Because activation of glutamate-linked ion
channels can produce considerable Ca®* influx by a variety of

ABBREVIATIONS: GABA, y-aminobutyric acid; IPs, inositol trisphosphate; NMDA, N-methyl-p-aspartate; HEPES, N-2-hydroxyethylipiperazine-N'-2-
ethanesulfonic acid; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; EGTA, ethylenegtycol-bis-(5-aminoethyl ether)-N,N,N’ ,N’-tetraacetic acid; AMPA,
a-amino-3-hydroxy-5-methyiisoxazole proponate; G protein, guanine nucleotide-binding protein; CMF-EMEM, Ca?*/Mg**-free Earle’s minimum

essential medium buffered with HEPES.
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mechanisms (21, 22, 34) it is not completely clear which in-
stances of glutamate-induced IP; synthesis are due to the direct
activation of phospholipase C and which are due to the second-
ary activation of the enzyme subsequent to glutamate-induced
Ca?* influx. Furthermore, even if some glutamate-induced IP;
synthesis is produced directly, it is not clear whether this
actually leads to Ca?* mobilization in central neurons and, if
80, under what conditions. Indeed, although a variety of agents
have been shown to stimulate IP; synthesis in neuronal tissue
(35, 36), there are very few studies actually demonstrating that
these agonists mobilize Ca** from intracellular stores in neu-
rons (36-39).

In the case of glutamate receptors the action of quisqualate
has most consistently been shown to stimulate IP; synthesis
(23, 24, 27). Furthermore, in oocytes injected with mRNA
prepared from brain, quisqualate often activates a Cl~ current
that can be shown to be Ca®>* dependent and the source of the
Ca®* seems to be intracellular (40, 41). Similar quisqualate-
activated Ca’*-dependent currents may also exist in inverte-
brate preparations (42, 43). We have previously been able to
demonstrate that quisqualate was indeed able to mobilize Ca**
from intracellular stores in hippocampal neurons in vitro (37).
In the present report we further characterize this system and
also demonstrate that hippocampal neurons possess two differ-
ent types of quisqualate receptors, which have different phar-
macological profiles and which mediate different cellular ef-
fects. However, activation of either receptor can lead to char-
acteristic changes in hippocampal neuron Ca** homeostasis.

Methods

Embryonic hippocampal cells were cultured as described below.
Pregnant mice (C57BL/6, Harlan Sprague-Dawley) were sacrificed by
cervical dislocation on the 17th day of gestation. The dissection fol-
lowed that described by Hemmendinger et al. (44). The dissection and
dissociation were carried out entirely in CMF-EMEM. Pieces (1-2 mm)
of tissue were washed three times to remove meningial fibroblasts and
other small debris. The tissues were incubated in 0.1% trypsin (porcine;
GIBCO, Grand Island, NY) for 25 min, which was then inactivated
with 20% horse serum. The inactivated trypsin solution was removed
and the tissue (still in pieces) was washed three times with the CMF-
EMEM. The tissue was dissociated by gentle flushing through fine-
bore Pasteur pipettes. Dissociated cells were counted to accommodate
a density of 1200 cells/mm? and were plated on coverglasses (No. 1, 25
mm round) that had been coated overnight with polylysine (2 ug/ml,
Sigma Chemical Co., St. Louis, MO) washed, and coated with laminin
(6 ug/ml dissolved in CMF-EMEM,; Collaborative Research, Waltham,
MA) for 6 hr. Cultures were grown in Dulbecco’s modified Eagle
medium supplemented with 10% horse serum (heat inactivated;
GIBCO), penicillin (5 ug/ml; GIBCO), and streptomycin (5 pug/ml;
GIBCO). The medium was changed after 12 hr and once a week
thereafter using Dulbecco’s modified Eagle medium with horse serum.
In cultures =12 days in vitro glial growth was controlled by treatment
from days 6 to 9 with 10 uM cytosine arabinoside (Upjohn, Kalamazoo,
MI). Experiments were performed on cells from 3-17 days in culture,
unless otherwise noted.

All measurements were made on single cells. A total of 161 cells were
used in these experiments. Glial cells were distinguishable as large flat
cells that formed a thin layer over the coverslip and neurons could be
distinguished on morphological grounds (45). Cytosolic free Ca®*,
[Ca**);, was determined by using a microspectrofluorimeter, which has
been previously described (46), to monitor the Ca**-sensitive, fluores-
cent chelator fura-2. Neurons were loaded with the dye by incubation
in 5 uM fura-2 acetoxymethyl ester for 1 hr at 37° in HEPES-buffered
Hanks’ balanced salt solution. After the incubation, the cells were

washed twice in HEPES-Hanks’ solution and incubated for an addi-
tional 30 min. Complete hydrolysis of the fura-2 ester to fura-2 was
confirmed by comparing excitation spectra run on individual dye-
loaded cells (22).

The coverslips containing the loaded and washed cells were mounted
in an inverted flow-through chamber maintained at 25°. Solutions in
the chamber were completely exchanged every 7 sec. This prevented
significant accumulation of endogenous glutamate in the bath. The
cells were usually maintained in a bath of HEPES-buffered Hanks’
balanced salt solution (pH 7.45), which contains, in mM: NaCl, 137;
KCl, 5.4; MgSO,, 0.41; MgCl,, 0.49; CaCl;, 1.26; KH,PO,, 0.44;
Na,HPO,-7H;0, 0.64; NaHCO;, 3; glucose 5.5; HEPES, 20. Exceptions
were Na'-free experiments, in which equisomolar amounts of N-
methyl-D-glucamine were substituted for Na*, and Ca®*-free experi-
ments, in which Ca?* was removed and 20uM EGTA was added to the
medium. Washing the cells with our Ca?*-free solutions for >1.5 min
completely inhibited depolarization or agonist-induced Ca** influx as
shown (37), supporting the existence of <50 nM Ca** in these solutions.

Fura-2 fluorescence from individual cells was monitored with a
microspectrofluorimeter operating in the epi-illumination mode (46).
Cells were alternately excited with 340 and 380 nm light at 60 Hz.
Emissions from each wavelength were averaged and stored every sec-
ond. Each wavelength was inspected for drug autofluorescence and
changes in dye fluorescence. Fura-2 fluorescence typically decayed 10—
20% in 1 hr, which represented mostly dye leakage from cells when
compared with nonirradiated controls.

Estimations of [Ca?*]; were made following background correction
using the equation K(R — Ruin)/Ruma — R) in which K is a constant, R
is the 340/380 nm fluorescence ratio, and R, and R, are the ratios
in the absence of Ca’* and presence of saturating concentrations of
Ca?*, respectively. The constants for calibration were obtained using
calibration solutions or whole cell calibration as described in Ref. 34.
Briefly, using calibration solutions a calibration curve was determined
from the fura-2 pentapotassium salt in calibration buffer (pH = 7.05,
37°, containing, in mM: KCl, 120; NaCl, 5; KH,CO,, 1; NaHCO,, 5;
HEPES, 20; EGTA, 20) that contained CaEGTA and K,EGTA in
ratios that were calculated, using the stability constant 4.22 x 10° M™*
(47), to give Ca’" concentrations ranging from 0 to 2000 nM. The
standard curve was fit to the above equation.

Whole-cell calibration constants were determined by measuring fura-
2 fluorescence from cells with =30 uM [Ca®*]; and cells with [Ca®*];
approaching 0 nM (34). K was calculated as described using the K, for
fura-2 of 224 nM (48). The constants R, Rnin, and K obtained using
the two calibration methods differed in two ways. First, the R,,, was
about twice as large when the calibration solutions were used, compared
with the cell calibration. Second, it was difficult to obtain a consistent
K using the cell calibration. The latter consideration favored using the
calibration solution constants to quantify and display the data.

Dose-response relationships were fit with the equation [Ca**); =
(MCE X% A)/(ECs + A) where A is the concentration of agonist and
MCE (maximum calculated effect) and ECy, are varied to provide the
best fit. On all graphs, illustrated error bars represent standard errors.

Fura-2 was purchased from Molecular Probes, Inc. (Eugene, OR).
Quisqualate, AMPA, and ibotenate were purchased from Cambridge
Research Biochemicals and found to be <1% glutamate using thin
layer chromatography. CNQX was purchased from Tocris Neuramin,
Essex, U.K. All other drugs were purchased from Sigma or Cambridge
Research Biochemicals Ltd. Valley Stream, N.Y.

Results

Characteristics of the quisqualate response. Fig. 1A
demonstrates that quisqualate produced two very different but
characteristic effects on [Ca®*); in hippocampal neurons. In this
experiment, the cell was first depolarized with 50 mMm K*,
leading to a large rise in [Ca®*];. This response is due to the
influx of Ca®* through voltage-sensitive Ca?* channels. In the
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Fig. 1. Quisqualate (QUIS) produced two types of changes in [Ca®*} in
hippocampal neurons. A, In normal medium, quisqualate (1 um) produced
a response consisting of a transient spike superimposed on top of a
more maintained plateau response. On removal of extenal Ca®*, only
the transient spike was observed. The sustained plateau was produced
once again when external Ca®* was readmitted. B, In Ca®*-free medium,
quisqualate sometimes produced a series of oscillations rather than a
single transient spike. When Ca?* was present these could be observed
on top of the more sustained plateau response, as in A. Also shown are
oscillatory responses obtained with phenylephrine (PhE) and carbachol
(CCh) in a hippocampal and striatal neuron, respectively.

absence of external Ca®*, these K* depolarizations do not result
in increases in [Ca®*]; (37). We next added quisqualate (1 uM)
and obtained a response that was clearly biphasic, consisting
of a rapid spike followed by a maintained plateau. Following
the production of another response to 50 mM K*, we removed
all external Ca’?* and added quisqualate once more. This time,
only the rapid spike response was observed. When Ca** was
added back to the external medium and quisqualate was added
again, only the plateau response was now observed. These
results suggest that quisqualate can provoke two types of re-
sponses. The first is a transient response that is independent
of Ca®*, and the second is a more sustained response that
requires Ca®*,. It should also be noted that, although quisqual-
ate normally produced a single transient in Ca**-free medium,
it sometimes produced a more complex response consisting of
a series of oscillations of [Ca’*].. Such a response can be
observed in Fig. 1B. Furthermore, in Ca’*-containing medium,
quisqualate still produced the same pattern of oscillations but
these were now superimposed on top of the plateau response
(Fig. 1B).

This pattern of response suggests that quisqualate-induced
Ca?* transients observed in the absence of Ca®*, may be the

Glutamate and Hippocampal Ca®* Regulation 673

result of quisqualate-induced IP; synthesis. It is interesting to
note that, in nonneuronal cells, agonists that stimulate IP,
synthesis also often produce oscillations in [Ca**];. For exam-
ple, in a variety of tissues including brain, a,-adrenergic ago-
nists such as phenylephrine have frequently been shown to
stimulate IP; synthesis and to cause Ca?* mobilization (28, 35).
We, therefore, compared the effects of phenylephrine with
those of quisqualate. Phenylephrine also produced [Ca®*]; tran-
sients in Ca®*-free medium. As with quisqualate, these consisted
either of single spikes or a series of oscillations (Fig. 1B).
Indeed, similar responses could be produced with IP;-stimulat-
ing agents in neurons from various parts of the brain. A
response to carbachol in a striatal neuron is also illustrated
(Fig. 1B).

One preliminary indication that the two types of quisqualate
responses observed were mediated by different receptors was
that they were not invariably found in the same cell. Thus, as
we shall further demonstrate, we did observe neurons in which
we were able to obtain only the transient or plateau response
but not both.

Quisqualate-induced Ca?* influx. It is well established
that quisqualate can activate an ion channel that is selective
for monovalent cations and consequently produces cell depo-
larization (49, 50). This depolarization could lead to the opening
of voltage-sensitive Ca®* channels and Ca®* entry via this route.
Indeed, kainate has been shown to raise neuronal [Ca®*]; in
this way (21, 34). That this is also true for quisqualate can be
seen in the following series of experiments. We examined the
effect of substituting Na*, by the organic cation N-methyl-D-
glucamine. This substitution completely blocked the ability of
quisqualate to produce the sustained plateau response that was
dependent on the presence of Ca**, but had no effect on the
ability of quisqualate or glutamate to produce the [CaZ?*); tran-
sient that was independent of Ca?*, (Fig. 2, A and B). These
results suggest that the plateau but not the transient responses
are the result of quisqualate-induced, Na*-dependent depolar-
ization.

~ We next examined the effects of blocking voltage-sensitive
Ca®" channels. We have previously demonstrated that Ca?*
channels in neurons can be completely blocked by a combina-
tion of depolarization of the cell in Ca®*-free medium (voltage
dependent inactivation) and the drug nitrendipine (34, 51). Fig.
3A illustrates results from a cell that only produced a plateau
response to quisqualate in Ca?*-containing medium. It can be
observed that multiple responses to quisqualate addition could
be obtained. Fig. 3B also shows responses to quisqualate in
another cell, followed by a second challenge obtained after
blocking voltage sensitive Ca?* channels. In this case, the
response to quisqualate was virtually completely blocked. Re-
sults summarizing several such experiments are shown in the
accompanying histogram (Fig. 3C). Thus, the plateau response
to quisqualate presumably results from quisqualate-dependent
Na*-mediated depolarization and subsequent Ca?* entry
through voltage-sensitive Ca®>* channels.

Pharmacology of the quisqualate response. We have
previously demonstrated that the quisqualate analogue AMPA,
which produces neuronal depolarization, does not produce Ca**
mobilization (37). We attempted to identify additional phar-
macological tools that would clearly distinguish between the
two types of quisqualate responses. Fig. 4A illustrates the
concentration-dependent effects of quisqualate in a cell that
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Fig. 2. Quisqualate (QUIS)-dependent Ca®* mobilization is independent
of extracellular sodium. A, Ca** mobilization in Ca®*-free medium in the
absence and presence of external Na*. Glutamate (GLU) also caused
Ca®* mobilization in Na*-free medium. In the cell illustrated in B, using
Ca?*-containing medium, the addition of quisqualate resulted predomi-
nantly in Ca®* influx rather than mobilization. The removal of external
Na* nearly totally abolished the response to quisqualate.

predominantly produced plateau responses in Ca?*-containing
medium. The dose-response relationship is summarized in Fig.
4B. Recently, a new group of excitatory amino acid receptor
antagonists have been developed that are reportedly specific
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for quisqualate and kainate receptors in comparison with those
for NMDA (52, 53). Fig. 4C illustrates the effects of one of
these antagonists, known as CNQX, on quisqualate-induced
Ca?* influx. Quisqualate at 10 uM produced a response that was
considerably smaller in the presence of 10 uM CNQX and then
recovered following washout of the antagonist. Using the same
cell, it is clear that the response to 1 uM quisqualate was even
further reduced. On the other hand, 10 uM CNQX had no effect
on Ca?* influx induced by 50 mM K*. Fig. 4D shows that 10 uM
CNQX shifted the quisqualate dose-response curve to the right,
suggesting that it acted as a competitive inhibitor of this type
of quisqualate response Fig. 4D inset shows that CNQX pro-
duced a dose-dependent inhibition of quisqualate-induced Ca®*
influx. We calculated a K, value of 250 nM. In contrast to these
results, Fig. 4F demonstrates that 10 uM CNQX did not alter
the dose-response curve for quisqualate-induced intracellular
Ca?* mobilization. However, at 100 uM, CNQX was frequently
observed to produce a small increase in [Ca®*]; in Ca**-free
medium, indicating that it may have weak agonist effects at a
Ca?* mobilizing receptor. An experiment distinguishing the two
quisqualate responses with CNQX can be seen in Fig. 4E using
a cell that had both transient and plateau responses to quis-
qualate. In this case, a response to quisqualate was first pro-
duced in Ca’*-free medium. Ca®* was then replaced and 10 uM
CNQX also added. On addition of quisqualate again, only a
transient response was produced. However, if Ca?* was retained
in the medium and the CNQX was washed out, a challenge
with quisqualate now produced both the transient and sus-
tained plateau responses superimposed upon one another.
Thus, CNQX in addition to AMPA completely distinguishes
between the transient and sustained quisqualate responses.
These observations prove that the two responses are unques-
tionably mediated by the activation of two different receptor
types. We have not yet found an antagonist that selectively
blocks the receptor-mediated quisqualate-dependent Ca®** mo-
bilization. This includes 2-amino-4-phosphonobutanate, which
has been reported to block quisqualate-induced IP; synthesis
in some cases (e.g., Ref. 23).

In addition to quisqualate, other agonists that activated the
Ca®* mobilization response included glutamate and ibotenate,
as we have reported elsewhere (37). However, several other
excitatory amino acids including homocysteic acid and quino-
linic acid had no effect. Of particular interest, we also observed

Fig. 3. Role of voitage-sensitive Ca®*
channels (VSCC) in mediating quisqual-
0or ate-induced Ca?* influx. A, Multiple addi-
T tions of quisqualate (QUIS) to a cell dem-
onstrate that multiple responses of com-
80 parable size can be obtained in
succession. Note that this cell showed
ol very little quisqualate-induced Ca®* mo-
bilization. B, Effect of quisqualate on a
cell before and after blocking of voltage-
wt sensitive Ca®* channels by predepolari-
zation in Ca®*-free medium in the pres-
ence of nitrendipine (N/T). This procedure
greatly reduced the effect of quisqualate.
i C, Summary of the results of several ex-
periments of the type described in B. The
size of second quisqualate-induced re-
sponses under normal conditions (2nd
peak) are compared with those obtained
after voitage-sensitive Ca?* channels
were blocked (n = 4).

(2]

[Ca®*); (% of 1st peak)

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


http://molpharm.aspetjournals.org/

PHARM

aspet.’

Glutamate and Hippocampal Ca** Regulation 675

Fig. 4. A, Dose-dependent effects of quis-
qualate (QUIS) on [Ca?*]. This is an ex-
ample of a cell that showed little quis-
qualate-induced Ca** mobilization and,
{ therefore, effects predominantly repre-
sent Ca®* influx. The small contribution of
Ca?* mobilization can be observed during
the initial addition of quisqualate (10 um)
in Ca**-free medium. B, Dose-response
relationship for quisqualate-induced Ca**
influx. ECso = 263 nM. Maximum caicu-
lated effect = 153 nm (6 = n = 3). C,
Effect of CNQX on quisqualate-induced
Ca?* influx. Trace shows the effect of 10
1M CNQX on Ca?* influx induced by var-
ious concentrations of quisqualate. In this

cell there was little contribution from quis-
qualate-induced Ca** mobiiization. D,
Dose-response curve for quisqualate-in-
duced Ca?* influx in the presence of 10

um CNQX. Dose-response curve is
shifted to the right in a paraliel manner
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that aspartate was completely ineffective even at concentra-
tions as high as 3 mM (Table 1).

Quisqualate-induced Ca?* mobilization. It can be seen
that, in several of the experiments presented here, we always
elicited a 50 mM K*-induced Ca** influx, producing a large rise
in [Ca**];, before releasing intracellular Ca** stores with quis-
qualate. The reason for this is as follows. Fig. 5A demonstrates
that a quisqualate-induced Ca®* transient in Ca?*-free medium
could be obtained after elevating [Ca®*]; by a previous 50 mM
K* depolarization. However, a second quisqualate application
without a previous 50 mM K* depolarization was ineffective.
The Ca** transient returned when quisqualate was again pre-
ceded by elevated [Ca*'),. Thus, it seems that loading the
cytoplasm with Ca®* by depolarization in Ca®*-containing me-
dium allows the quisqualate-sensitive intracellular stores to be
rapidly refilled. However, these stores are not always refilled
by a 2-min exposure to normal Ca?*, without elevating [Ca®*]..
This refilling of stores can also be achieved through quisqual-
ate-induced Ca?* influx, as can be seen in Fig. 5B. Ca®* influx

o0

Quisqualic acid] (puM)

(ECso = 9.77 um), assuming no change in
maximal effect. Comparison of curves in
B and D enabled us to calculated a K,
value of 250 nm for CNQX action at the
quisqualate receptor responsible for acti-
vating Ca** influx. Inset in D illustrates the
dose-dependent inhibition of Ca?* influx
induced by 10 um quisqualate produced
by CNQX (ICso = 10.3 uM) (n = 3). E, In
this cell, which exhibited both quisqual-
ate-induced Ca?* influx and Ca®* mobili-
zation, CNQX clearty blocked influx but
not mobilization. F,

curves for Ca** mo-
bilization in the absence (OJ) and the pres-
ence (M) of 10 um CNQX. Theoretical
curves constructed described as in Meth-
ods in the absence of CNQX (O) and the
presence (—) of 10 um CNQX show
that there was no effect of this concentra-
tion of CNQX. In the absence of CNQX
the ECs for quisqualate-induced Ca?*
mobilization was 277 nm, maximum cal-
culated effect = 146 nm, and in the pres-
ence of CNQX the ECy, was 239 nm,
assuming no change in maximal effect
23=n=3).

a1 1 10 100 1000

was first produced using 10 uM quisqualate. Ca®*, was next
removed. Now quisqualate produced a single transient response,
a second challenge being ineffective. However, following Ca®*
influx induced by a second addition of quisqualate in Ca**-
containing medium, another quisqualate-induced transient
could be produced upon Ca?*, removal. The lack of the second
quisqualate-induced response is probably due to the depletion
of quisqualate-sensitive intracellular stores. We wondered
whether the use of such a cytoplasmic Ca**-loading procedure
was always necessary for the loading of intracellular stores or
whether the quisqualate-sensitive stores would reload under
nondepolarizing conditions if sufficient time elapsed in Ca**
containing medium. Clearly, in Fig. 5, A and B, this was not
the case, at least over the time course employed. Sometimes,
however, refilling was observed even in the absence of a depo-
larization-induced Ca®* influx. Such an example can be seen in
Fig. 5C. Here, a second quisqualate-induced Ca?* transient was
produced after waiting for a time in 5 mm K*/Ca**-containing
medium, without depolarization-induced cytoplasmic Ca?*
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TABLE 1
Pharmacology of quisqualate-induced Ca** mobilization in
hippocampal neurons
ICso I8 versus 1 um quisqualic acid.
Agonists ECso Antagonists ICso
uM uM
Glutamic acid 30 L-glutamic >5000
acid die—
ester
Aspartic acid >3000 y-D-glutamy- >1000
laminome-
thyisulfon-
ate
Homocysteic acid >1000 DL-2-amino- >1000
4-phos-
phonobu-
tanate
Quisqualic acid 0.225 CNQX >100*
AMPA >300 Pentobarbital  >1000
NMDA® >300 NMDA® >300
Ibotenic acid 100 Kainic acid >300
Quinotinic acid >3000
Kainic acid >300

* Possible partial agonist effects =100 um.
® Includes 10 um glycine.
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Fig. 5. Reloading of quisqualate (QUIS)-sensitive Ca®* stores. A, A cell
in which a response to quisqualate could be obtained only when preceded
with depolarization-induced Ca?* influx. Inset, experiment full scale. B,
Reloading of quisqualate-sensitive stores using quisqualate-induced Ca®*
influx rather than 50 mm K*. C, An example of a cell in which a second
quisqualate response could be obtained after a sufficient waiting period
even without reloading stores with depolarization as in A or B.

loading. Thus, quisqualate-sensitive intracellular stores can
apparently reload in this way if the time elapsed is long enough
for a particular cell. However, stores always reloaded quickly
following a 2-min-depolarization-induced increase in [Ca®*];
and so this procedure was used routinely so that experimental
conditions could be standardized.

We investigated the nature of the intracellular stores mobi-
lized by quisqualate. Fig. 6A illustrates the production of a
transient response to quisqualate. After refilling, we next pro-
duced a response with the a,-adrenergic agonist phenylephrine.
A subsequent addition of quisqualate now produced a response
only 36% as large as would be anticipated by taking the mean
of the bordering quisqualate responses. When three sequential
challenges with quisqualate were given to control cells, the
responses to the second challenge were normally 93.8 + 5.3%
(mean = SE; n = 8) of the mean of the first and third responses.
Such results imply that phenylephrine and quisqualate share a
common intracellular pool of Ca?*. Looked at in another way,
it is likely that all IP;-generating systems interact at the level
of Ca®* mobilization.

We have previously demonstrated that neurons seem to
possess two distinct types of intracellular Ca?* stores (54). One

A 400
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o
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-
_ — o mMK*
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Fig. 6. Interactions between different types of Ca®* stores. A, This
experiment illustrates that the size of a quisqualate-induced Ca®* mobi-
lization response was reduced by prior application of the a,-adrenergic
agonist phenylephrine (PhE), which also produced Ca®* mobilization.
Following washout of the phenylephrine, the magnitude of the quisqual-
ate response recovered. B, This experiment illustrates the lack of inter-
action between intracellular Ca®* stores mobilized by quisqualate and
those mobilized by caffeine (CAF). Prior application of quisqualate had
no effect on the size of responses to caffeine.
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of these is mobilized by IP;-generating agents and the other
can be released by high concentrations of methylxanthines
such as caffeine. In sensory neurons, in any case, these two
stores are clearly separated anatomically. In contrast to the
interaction observed between quisqualate and phenylephrine,
no interaction was observed between quisqualate and caffeine.
Fig. 6B shows that caffeine-induced Ca?* transients elicited in
the absence of Ca®*, are of approximately the same magnitude
whether or not a quisqualate response has been produced before
caffeine addition. Similar results were obtained if the two
agents were added the other way round. Thus, the two types of
stores seem to be separate in hippocampal neurons, as we have
previously reported for sensory neurons.

Ontogeny of the quisqualate response. The data pre-
sented so far clearly demonstrate that two separate types of
quisqualate receptors exist in hippocampal neurons. This con-
clusion was further strengthened by studying the ontogeny of
the two responses. Fig. 7A shows that, over an extended period
of time in vitro, the Ca®*-mobilizing response to quisqualate
increased in frequency up until 13-17 days in culture. Following
that time, the response frequency began to decline. Phenyleph-
rine-induced responses also increased in frequency until 13-17
days in vitro but then remained constant. Because the frequen-
cies did not change in parallel, they probably reflect changes in
the number of receptors rather than the Ca®* stores per se.
However, the magnitude of both quisqualate and phenyleph-
rine-induced Ca** mobilization responses did change in parallel,
being greatest at the earliest times in culture and subsequently
declining. Quisqualate-induced Ca** influx responses also
seemed to increase in frequency during the first few days in
culture. However, in contrast to quisqualate-induced Ca** mo-
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bilization, the responses remained stable at these high levels
throughout the remainder of the culture period. Ca®* influx
elicited by depolarization with 50 mM K* was observed in
virtually all neurons even at the earliest times in vitro. The
magnitude of the depolarization- or quisqualate-induced Ca?*
influx was fairly constant over the entire culture period.

Discussion

The results presented in this study clearly demonstrate that
two types of quisqualate-specific glutamate receptors exist on
hippocampal neurons. Activation of both types of receptors
leads to characteristic changes in [Ca®*];. These changes may
be important in mediating both the normal and pathophysio-
logical effects of glutamate.

The first type of quisqualate receptor described produces a
Na*-dependent depolarization resulting in the opening of volt-
age-sensitive Ca’* channels. This receptor can also be activated
by the quisqualate analogue AMPA (50) and, as we demonstrate
here, it can be blocked by the novel glutamate antagonist
CNQX. This type of receptor probably mediates many of the
fast synaptic currents activated by glutamate released during
excitatory synaptic transmission in the brain (50, 56). Indeed,
in normal physiological medium, CNQX blocks fast synaptic
transmission at the Schaeffer collateral/CA, synapse in the
hippocampus (56). CNQX apparently blocks both kainate and
quisqualate receptors but is considerably more potent at the
latter (52). Thus, it may be that quisqualate/AMPA/CNQX-
specific receptors mediate fast synaptic transmission at this
and a number of other central synapses. The changes in
[Ca?*]; produced on stimulation of glutamate receptors of this

Fig. 7. Ontogeny of quisqualate-induced Ca?* mobilization

v and Ca?* influx. A, Left, the tim® course of development in
18-22 vitro of the fraction of neurons exhibiting Ca?* mobilization
in response to quisqualate (CJ) and phenylephrine (). Right,
the magnitude of the response to the two agents. B, Left,

the time course of development in vitro of the fraction of
neurons exhibiting quisqualate-induced Ca?* influx (OJ) and

Ca?* influx induced by 50 mm K* (). Right, The

of the response. Only responses =5 nm A[Ca**} were
included. A population of 139 cells were analyzed. Each
point represents n = 10.
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type may have a number of important consequences. Under
normal conditions, the rise in [Ca®*]; produced may activate or
inhibit a number of Ca’*-dependent ion channels that will alter
the excitability of the receptive neuron. Furthermore, [Ca**]; is
thought to be an important mediator of long term plastic
changes that occur at many glutaminergic synapses (57-59). In
some cases, such as the Schaeffer collateral/CA, synapse, the
source of this Ca?* appears to be influx via the NMDA-gated
ionophore (59). However, in other instances the source of Ca®*
is unknown and could be supplied by quisqualate-induced Ca**
influx or even quisqualate-induced Ca®** mobilization (see be-
low) (67, 60). In addition to mediating the normal physiological
effects of glutamate, quisqualate receptor-activated Ca®* influx
may also play a role in glutamate-induced neurotoxicity (61).
During periods of cerebral ischemia, abnormally large amounts
of glutamate are released in the brain (62). Persistent activation
of a combination of all the different types of glutamate recep-
tors would produce long lasting increases in neuronal [Ca®*};
and these have been shown to be profoundly toxic (63). Here
again, NMDA -induced Ca?* influx is thought to play the major
role in this process in many cases (63). Moreover, it should be
pointed out that quisqualate does have appreciable affinity for
NMDA receptors (17, 18). Nevertheless, quisqualate-mediated
neurotoxicity might be at least partially due to the mechanisms
described in the present study and glutamate-induced neuro-
toxicity in situ may also be partially mediated in this way. One
clear way to test this possibility would be to examine potential
antineurotoxic effects of CNQX-like compounds in models of
cerebral ischemia.

The second type of response we have described here and in
another recent report (37) concerns the ability of quisqualate
and glutamate to mobilize Ca?* from intracellular stores. In-
deed, in addition to the hippocampus, we have also observed
this response in several other parts of the brain including the
striatum, cortex, and cerebellum. This second type of quisqual-
ate response is completely resistant to the blocking effects of
CNQX and is clearly mediated by a different receptor from the
one mediating depolarization and Ca®* influx. One observation
of particular interest is the complete inability of aspartate to
activate this type of response. Thus, if both glutamate and
aspartate are indeed endogenous neurotransmitters, this is
probably the clearest difference in the pharmacology of these
two compounds. In support of this notion, Verdoorn and Din-
gledine (55) have recently observed that, in frog oocytes injected
with rat brain mRNA, aspartate was unable to produce the
oscillating currents produced by quisqualate, which are thought
to be dependent on the mobilization of intracellular Ca**.

Various pieces of evidence make it highly likely that this type
of quisqualate response is mediated by quisqualate-stimulated
IP; production. For example, the pharmacology of the response
observed is in almost all respects identical to that of quisqual-
ate-stimulated IP; production. However, there are a few excep-
tions. In particular 2-amino-4-phosphonobutanate has been
reported to block quisqualate-stimulated IP, production, but
not in all cases (23, 25, 27). A second noteworthy point is the
apparent interaction between quisqualate-induced Ca** mobil-
ization and that activated by phenylephrine. «;-Adrenergic
effects have been studied in many tissues including the nervous
system and are almost invariably associated with the activation
of phospholipase C and synthesis of IP; (28, 35). Thus, the
ability of phenylephrine to reduce a subsequent response is

consistent with the idea that both receptors lead to the mobi-
lization of Ca’* from some IP;-sensitive pool and that this
becomes substantially depleted following the addition of phen-
ylephrine. A similar scenario presumably explains the inability
to produce two quisqualate responses in a row unless refilling
intervenes. However, other explanations for the phenylephrine/
quisqualate interaction are possible, including protein kinase
C-mediated effects at the receptor/G protein level (64, 65). In
contrast to the interaction observed between quisqualate and
phenylephrine, none was observed between quisqualate and
caffeine. This is consistent with our previous proposal based
on studies in sensory neurons that IP;- and methylxanthine-
sensitive Ca’* stores in neurons were functionally and anatom-
ically separate (54), a conclusion also recently suggested by
Pfaffinger et al. (38), using bullfrog sympathetic neurons. The
caffeine-sensitive intracellular Ca** store may participate in
the phenomenon of Ca?*-induced Ca®* release (66, 67), a
method of amplifying the size of incoming Ca®* signals, whereas
the IP;-sensitive pool may be primarily concerned with me-
diating the effects of neurotransmitters. Naturally, these pools
may interact in some circumstances. Indeed, a model has been
proposed suggesting that such an interaction produces the
oscillations in [Ca®*]; reported here and elsewhere (68). It is
interesting to note that quisqualate-activated Cl~ currents in
oocytes are often seen to oscillate, presumably reflecting un-
derlying oscillatory changes in [Ca®**]; (41). Thus, it is possible
that quisqualate-induced oscillations in neuronal [Ca?*}; may
produce similar oscillatory changes in neuronal excitability.

There are a considerable number of observations in the
literature attesting to the ability of excitatory amino acids to
stimulate or inhibit the synthesis of IP; in neuronal tissue (23-
27, 30, 69). However, it has not been clear how many of these
responses actually lead to increases in [Ca®*); and how many
are the result of the secondary activation of phospholipase C
subsequent to glutamate-induced increases in [Ca®*}; produced
by other means. Thus, phospholipase C can be activated by
Ca®* (32, 33) and [Ca®*]; can be greatly increased as the result
of glutamate-induced Ca?* influx through the NMDA-linked
ionophore or through voltage-sensitive Ca?>* channels (21, 22).
In hippocampal neurons in vitro, it is clear that only quisqual-
ate, glutamate, and ibotenate mobilize Ca?* from intracellular
stores, although all excitatory amino acids can increase [Ca®*);
by other methods. Thus, it may be that in many cases NMDA-
or kainate-stimulated IP; synthesis is the result rather than
the cause of increases in [Ca®*];.

Perhaps the most pressing question at this time is what the
precise function of quisqualate-induced IP; synthesis in neu-
rons might be. Under what physiological conditions does this
system operate? There is virtually no evidence for the partici-
pation of the IP;/Ca** system in a synaptic response, although
there are several suggestions as to the participation of the
diacylglycerol/protein kinase C arm of the same pathway (7,
61). Agonist-induced IP; synthesis is a G protein-mediated
event (28), and in some cases quisqualate-induced IP; synthesis
has been shown to be blocked by treatment of cells with
pertussis toxin (69). Thus, it is extremely interesting to note
that pertussis toxin blocks the induction of long term potentia-
tion at the mossy fiber/CA; synapse in the hippocampus, al-
though the toxin has no effect on long term potentiation at the
Schaeffer collateral/CA, synapse (60). Because excitatory
amino acids have been suggested as mediating long term poten-
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tiation at the mossy fiber/CA, synapse, it may be that the IP,/
Ca®* system plays a role in the production of this response (59).
An observation that has been consistently made concerns the
ontology of the quisqualate/IP; system studied biochemically
or as in the present series of experiments. It is clear that,
although the response does occur in mature animals, it occurs
to a greater extent in young and embryonic animals at times
when the greatest synaptogenesis seems to occur (25). This
might also indicate a role for the quisqualate/IP;/Ca** system
not just in the regulation of synaptic transmission but also in
the establishment and stabilization of synaptic contacts.
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