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Abstract

Quisqualic acid induces sensitisation of neurones to depolarisation by analogues of 2-amino-4-phosphonobutyric acid (AP4),

phenylglycine, and homoibotenic acid (HIBO). Thus, after administration of quisqualate these analogues become active at concentrations at

which they are otherwise inactive. The mechanisms behind quisqualate-induced sensitisation are poorly understood and have not previously

been quantified properly. In this study, we have tested the activity of a number of 4-alkyl- and 4-aryl-substituted analogues of HIBO as

regards quisqualate-sensitisation, and present a method for quantifying the sensitisation induced by quisqualate at cortical neurones. These

analogues are generally more potent and selective than (S)-AP4 or its homologue (S)-AP5 following quisqualate-sensitisation. Furthermore,

we found a statistically significant correlation between the ligands’ ability to inhibit CaCl2-dependent (S)-[
3H]glutamate uptake into rat

cortical synaptosomes, and their potency following quisqualate-induced depolarisation. This demonstrates the involvement of a transport

system in the mechanism underlying the quisqualate-effect.
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1. Introduction

(S)-Glutamic acid (Fig. 1) is the major excitatory

neurotransmitter in the central nervous system. Glutamate

operates via activation of two distinct receptor classes:

ionotropic glutamate iGlu receptors, which mediate fast

neuronal transmission, and metabotropic glutamate mGlu

receptors, which are G-protein coupled to second-messen-

ger systems (Bräuner-Osborne et al., 2000). The ionotropic

glutamate receptors are subdivided into N-methyl-D-

aspartic acid (NMDA) receptors and non-NMDA recep-

tors. The glutamate non-NMDA receptors are further

divided, according to selective agonists, into 2-amino-3-

(3-hydroxy-5-methylisoxazol-4-yl)propionic acid (AMPA)

and kainic acid receptors. It is generally agreed that the

glutamatergic system is vital to brain function and the
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glutamatergic system is a potential target for therapeutic

intervention in a number of neurological disorders (Bleak-

man and Lodge, 1998; Bräuner-Osborne et al., 2000;

Parsons et al., 1998).

Quisqualic acid is a naturally occurring compound

activating glutamate non-NMDA receptors and glutamate

mGlu receptors (Bräuner-Osborne et al., 2000). Further-

more, quisqualate has an unresolved effect on synaptic

transmission. Hence, quisqualate is able to induce an

enhanced sensitivity of neurones to depolarisation by

analogues of 2-amino-4-phosphonobutyric acid (AP4) as

first described by Robinson et al. (1986). The effect has

subsequently been variously termed quisqualate-sensitisa-

tion, quisqualate-effect and quisqualate-priming. Several

hypotheses regarding the mechanism of the quisqualate-

effect have been proposed in the literature (Charpak et al.,

1992; Harris et al., 1987; Price et al., 1994; Schulte et al.,

1993). A central question is whether a receptor or an

uptake site is the primary site of action. If the site of action

is a receptor, quisqualate either directly or indirectly

sensitises a receptor to subsequent activation by AP4.



Fig. 1. Structures of quisqualate, a-aminoadipic acid, glutamate, AP4, AP5 and the HIBO analogues (1–12).
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The involvement of glutamate mGlu receptors has been

proposed (Whittemore and Cotman, 1991). However, sub-

stantial evidence supports a hypothesis based on a hetero-

exchange mechanism (Chase et al., 2001; Harris et al.,

1987; Harris, 1989; Madsen et al., 1993; Roon and

Koerner, 1996; Sheardown and Thomsen, 1996). Quisqua-

late is transported into a subset of interneurones during

sensitising exposure of brain slices to this ligand (Chase et

al., 2001; Price et al., 1994; Schulte et al., 1993). A

subsequent exposure to extracellular AP4 causes a release

of quisqualate into the synaptic cleft in exchange for AP4.

The released quisqualate activates postsynaptic glutamate

non-NMDA receptors, producing what appears to be an

enhanced response to AP4. Depending on the specific

interaction with this transport system, any compound with

affinity for this heteroexchange mechanism could either

induce sensitisation (like quisqualate), inhibit/prevent the

quisqualate-effect, or produce release by heteroexchange

(like AP4). Only a few compounds are known to induce a

‘‘quisqualate-like’’ sensitisation; quisqualate to date being

the most potent of them (Madsen et al., 1993; Saitoh et al.,

1998; Venkatraman et al., 1994). A group of compounds

named ‘‘pre-blockers’’ or ‘‘reversers’’ are known to pre-

vent the induction of the quisqualate-effect or reverse it

(Charpak et al., 1992; Schulte et al., 1993; Whittemore and

Koerner, 1991). The most studied compound in this group

is a-aminoadipic acid. This amino acid is not only able to

pre-block and reverse the quisqualate-effect (Harris, 1989;

Roon and Koerner, 1996; Schulte et al., 1993; Whittemore

and Koerner, 1989, 1991), but its depolarising effect is
also potentiated upon pre-exposure of brain slices to

quisqualate (Saitoh et al., 1998; Turner, 1993). The group

of compounds for which quisqualate induces enhanced

sensitivity comprise analogues of AP4 and phenylglycine

(Johansen et al., 1998; Madsen et al., 1993; Roon and

Koerner, 1996; Saitoh et al., 1998; Schulte et al., 1992,

1994; Sheardown and Thomsen, 1996; Subasinghe et al.,

1992; Turner, 1993). Investigation of the quisqualate-effect

has partly been hindered by the non-selective activity of

these analogues, as they show additional glutamatergic

effects at primarily glutamate mGlu receptors. The synthe-

ses of several analogues of homoibotenic acid (HIBO, Fig.

1) have previously been published by our group (Bischoff

et al., 1995; Christensen et al., 1992; Hansen et al., 1989;

Johansen et al., 1998; Kromann et al., 2002; Madsen et al.,

2001). In this context, we have reported that quisqualate is

able to sensitise neurones to Br-HIBO (1, Fig. 1) (Madsen

et al., 1993) and butyl-HIBO (2, Fig. 1) (Johansen et al.,

1998). We now extend these two studies to include a

number of 4-alkyl- and 4-aryl-substituted analogues of

HIBO (3–12, Fig. 1). Furthermore, we report a method

for quantifying the quisqualate-effect.
2. Materials and methods

2.1. Compounds

Analogues of HIBO were synthesised in our laboratory

according to previously published methods (Bischoff et al.,
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1995; Christensen et al., 1992; Hansen et al., 1989; Johan-

sen et al., 1998; Kromann et al., 2002; Madsen et al., 2001).

a-Aminoadipic acid, AP4, 2-amino-5-phosphonopentanoic

acid (AP5), 2-amino-3-(3-hydroxy-5-methylisoxazol-4-

yl)propionic acid, kainic acid, NMDA and quisqualic acid

were purchased from Tocris Cookson (Bristol, UK). (S)-

[3H]Glutamate was purchased from Amersham Pharmacia

Biotech UK (Buckinghamshire, UK). Stock solutions were

either prepared in Tris-buffer (uptake assay) or Krebs buffer

(cortical wedge preparation) depending on the respective

assay and usually in a concentration of 1 mM. Compounds

with low solubilities were sonicated until dissolution, but for

no longer than 1 hour (h). Due to low solubility, compound

6 was initially dissolved in 100% dimethyl sulfoxide

(DMSO) before dilution in buffer to a final concentration

of DMSO < 0.5%.

2.2. CaCl2-dependent (S)-[
3H]glutamate uptake assay

A modified version of the CaCl2-dependent (S)-

[3H]glutamate uptake assay described by Honoré et al.

(1986) was used to determine the transport of glutamate

into cell membrane vesicles. Frozen whole rat cerebral

cortex from male Sprague–Dawley rats (150–300 g) was

thawed and homogenised by an Ultra-Turrax homogeniser

for 5–10 s in 40 ml Tris-buffer (in mM): Tris–HCl 30,

CaCl2 2.5; pH = 7.4 (adjusted with NaOH). The homoge-

niser was rinsed with 10 ml of Tris-buffer and the

combined suspension was centrifuged for 10 min at

13,000 rpm. The pellet was washed twice with 2� 10

ml Tris-buffer followed by centrifugations at 13,000 rpm

for 10 min. After homogenisation of the resulting pellet in

10 ml Tris-buffer, the suspension was incubated at 37 jC
for 30 min followed by centrifugation at 25 jC for 10 min

at 13,000 rpm. The pellet was washed once in 10 ml Tris-

buffer, and centrifuged at 13,000 rpm for 10 min. The

final pellet was resuspended in 10 ml cold Tris-buffer (5

jC) and tissue concentration was adjusted to 0.75 mg

original tissue per ml in Tris-buffer (5 jC). The cold

membrane preparation was heated (37 jC) for 6 min prior

to use.

A 100 Al (S)-[3H]glutamate was mixed with 100 Al test
compound, 100 Al Tris-buffer (total uptake) or 100 Al 1.2
mM (S)-glutamate (non-specific uptake). Test compounds

were determined in triplicate, generally of 13 different

concentrations distributed equally among 4–6 decades on

a logarithm axis. The samples were thoroughly mixed and

incubated at 37 jC for 20 min. Samples were immediately

filtered through polyethylamine-coated glass microfibre

filters GF/B (WhatmanR Paper, Gaithersburg, MD,

USA) using a Cell Harvester M-48 (Brandel, MD, USA)

and washed three times with 3 ml Tris-buffer (5 jC).
Membrane bound tritium was determined by conventional

liquid scintillation spectrometry using a Liquid Scintilla-

tion Analyser 2000CA (Packard Instrument, Groningen,

The Netherlands).
2.3. Rat cortical wedge preparation

The rat cortical wedge preparation was used according to

previously published methods (Harrison and Simmonds,

1985) with slight modifications (Ebert et al., 2002). Briefly:

An adult male Sprague–Dawley rat (150–300 g) was

decapitated and the brain rapidly removed. Wedges (500

Am thick) of rat brain containing cerebral cortex and corpus

callosum were placed with the corpus callosum part be-

tween two layers of nappy liner and constantly superfused

with Mg2 +- and Ca2 +-free oxygenated Krebs buffer (in

mM): NaCl 118, KCl 2.1, KH2PO4 1.2, D-glucose 11,

NaHCO3 25. The cortex part was likewise placed between

layers of absorbent fiber and superfused with Mg2 +-free

oxygenated Krebs buffer (in mM): NaCl 118, KCl 2.1,

KH2PO4 1.2, D-glucose 11, NaHCO3 25, CaCl2 2.5. The

two parts were electrically insulated with a grease gap. Ag/

AgCl electrodes (Dri-Refk, World Precision Instruments,

Sarasota, FL, USA) were placed in contact with the nappy

liner on each side of the grease gap and the potential

difference between electrodes recorded on a Yokogawa

LR 4220E chart recorder (Yokogawa Electric, Tokyo, Ja-

pan). Test compounds were dissolved in Mg2 +-free oxy-

genated Krebs buffer and applied to the cortex part of the

wedges. All compounds were applied for 90 s with a

minimum interval of 15 min between each application.

Before each experiment, 10 AM NMDA (fEC50, (Ebert

et al., 1996)) was applied until 3 subsequent applications

gave identical amplitudes. Compounds were tested (6–7

points) over a concentration range of 1–1000 AM.

2.4. Data analyses

Inhibition of the CaCl2-dependent (S)-[
3H]glutamate up-

take was analysed using the non-linear curve fitting program

GraFit 4.0 (Erithacus Software) and the logistic equation:

%Binding ¼ Total � NS

1þ ½Inhibitor�
IC50

� �nH þ NS

Total and NS are the total and non-specific uptake, respec-

tively, and nH is the Hill coefficient.

When experiments in the cortical wedge preparation

exceed the duration of 4 h, responses generally diminish over

time, and it was therefore necessary to correct for rundown.

Glutamate NMDA receptors are not involved in the quisqua-

late-effect (Harris et al., 1987; Roon and Koerner, 1996;

Sheardown and Thomsen, 1996) and NMDA was therefore

used for correction of rundown. NMDA (10 AM) was applied

every 0.5–1.5 h during the application protocol and used to

measure loss of response. This loss could usually be de-

scribed by a 3rd order polynomial function, but in a very few

cases a 5th or 7th order polynomial function was used. 2-

Amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propionic acid

(3.5 AMfEC50, (Johansen et al., 1998)) was used instead

f Pharmacology 488 (2004) 101–109 103



H.T. Vestergaard et al. / European Journal of Pharmacology 488 (2004) 101–109104
of NMDA for the compounds (R)- and (S)-AP5, since both

these compounds are competitive glutamate NMDA receptor

antagonists (Davies and Watkins, 1982). The data obtained

were analysed using the non-linear curve fitting program

GraFit 4.0 (Erithacus Software) and the logistic equation:

E ¼ Emax � ½Agonist�nH
ECnH

50 þ ½Agonist�nH

where E is the observed drug response at a specific agonist

concentration, Emax is the maximal drug response, EC50 is the

concentration, which produces the half maximum response,

and nH is the Hill coefficient. Non-linear curve fits were

determined on individual slices. It was not always possible to

obtain full concentration– response curves (concentra-

tions>1000 AM) due to low solubility of some of the com-

pounds. In these cases, the concentration–response curve

was determined by visual approximation of a sigmoidal curve

to the data points using GraFit. The visual approximation

gave a Hill coefficient within the interval 1.2 to 1.8, and the

maximal response (Emax) was estimated from the response

amplitude of 80 AM NMDA (>EC95). Since high concen-

trations of NMDA can cause loss of response due to neuro-

toxicity, no slice was used after application of 80 AMNMDA.

2.5. Statistical analyses

Data were analysed using SigmaStat (version 2.03,

SPSS). EC50- and IC50-values were assumed to follow a

log Gaussian distribution and are presented as mean

[pMeanF S.E.M.]. One-way analysis of variance (ANOVA)

was used for comparisons. Significance was assumed at

PV 0.05. Correlation was evaluated by Pearson product

moment correlation analysis.
3. Results

3.1. Inhibition of CaCl2-dependent (S)-[3H]glutamate

uptake

The CaCl2-dependent uptake assay is believed to cover a

heterogeneous population of uptake systems and is associ-

ated with a high non-specific uptake; reported as high as

70% (Butcher et al., 1983; Fagg and Lanthorn, 1985;

Monaghan et al., 1983; Sheardown and Thomsen, 1996).

The levels of non-specific uptake were in our case 5–45%

of the total bound (S)-[3H]glutamate. The absence of CaCl2
in the Tris-buffer during the washing procedure did not

significantly affect the levels of non-specific (PNS = 0.178,

n = 24) or total uptake (PTotal = 0.401, n = 24) indicating that

the presence of CaCl2 during the washing procedure did not

reverse the transport of (S)-[3H]glutamate.

Neither NMDA (100 AM), 2-amino-3-(3-hydroxy-5-

methylisoxazol-4-yl)propionic acid (100 AM), kainic acid
(100 AM) nor a mixture of these (100 AM of each) showed

any affinity for the CaCl2-dependent uptake site (n = 3, data

not shown). Neither the addition of, NMDA (100 AM,

n = 12), nor 2-amino-3-(3-hydroxy-5-methylisoxazol-4-

yl)propionic acid (100 AM, n = 13) nor kainic acid (100

AM, n = 13) affected the inhibition of (S)-[3H]glutamate

uptake by (RS)-2 within the tested concentration range

(0.001–100 AM; data not shown).

In agreement with previously published results (Butcher

et al., 1983; Fagg et al., 1983a; Honoré et al., 1986;

Monaghan et al., 1983; Robinson et al., 1985) a-amino-

adipic acid, (S)-glutamate and quisqualate were potent

inhibitors. The majority of the HIBO analogues had similar

affinities (Table 1); the exceptions were compounds (RS)-

6, (RS)-10, and (RS)-12. The affinity of (RS)-10 and (S)-

AP4 were of the same magnitude, whereas compounds

(RS)-6 and (RS)-12 were poor inhibitors of (S)-[3H]gluta-

mate in the presence of CaCl2. In agreement with previ-

ously published results (Butcher et al., 1983; Honoré et al.,

1986; Monaghan et al., 1983; Robinson et al., 1985) the S-

enantiomers of a-aminoadipic acid, AP4, AP5 and gluta-

mate were more potent than the respective R-enantiomers.

Surprisingly, the analogues of HIBO (compounds 2 and 5)

did not show this stereochemical preference, since the S-

and R-enantiomers inhibited (S)-[3H]glutamate to the same

extent.

3.2. Quantification of the quisqualate-effect in the cortical

wedge preparation

Agonist-induced depolarisation of native cortical neuro-

nes was measured in the rat cortical wedge preparation. A

method quantifying the sensitisation induced by quisqua-

late was developed in order to compare the induced

potencies of the investigated analogues of HIBO. Com-

pounds (RS)-5 and (RS)-11 were used to evaluate the

application protocol, since they did not by themselves

produce responses in the cortical wedge preparation

( < 1000 AM). The quisqualate-effect is known to persist

for several hours after a single application of quisqualate

(Robinson et al., 1986). Repeated application of 30 or 100

AM (RS)-5 gave diminishing responses after pre-exposure

of the slices to a single application of quisqualate (100

AM). Over 6 applications the quisqualate-induced response

to 30 and 100 AM (RS)-5 faded to 48% [30;66% (95%

confidence interval)] (n = 6) and 54% [19;88%] (n = 6),

respectively, relative to the initial response, although the

quisqualate-effect persisted over a time period of >4 h. If

the slices were pre-exposed to quisqualate (100 AM) once

again, the quisqualate-effect was partially restored for both

concentrations of (RS)-5 (84% [77;100%], n = 5 and 75%

[55;95%], n = 6, respectively). The maximal effect of (S)-

AP4 can be obtained by pre-exposure of slices to a

concentration of 30 AM quisqualate (Sheardown and

Thomsen, 1996). It was possible to reproduce the response

during repeated applications of 500 AM (RS)-11, if quis-



Table 1

Inhibition of (S)-[3H]glutamate transport into cell membrane vesicles (IC50), the concentration giving half maximal response and 20% of maximal response

after pre-exposure of brain slices to quisqualate (QC50 and QC20, respectively), and the concentration giving half maximal response (EC50) without prior

exposure to quisqualate

Compound IC50 (AM)a [pIC50F S.E.M.] QC50 (AM)b [pQC50F S.E.M.] QC20 (AM)b,c [pQC20F S.E.M.] EC50 (AM)

(S)-Glutamate 0.23 [6.66F 0.08] >1000 >1000

(R)-Glutamate 6.2 [5.22F 0.07] >1000

(RS)-Glutamate 0.35 [6.47F 0.09]

Quisqualate 0.27 [6.62F 0.12] 7.3d

(S)-AP4 1.3 [5.89F 0.06] 340 [3.48F 0.05] 168 [3.78F 0.03] >1000

(R)-AP4 24 [4.72F 0.20] >1000 >1000

(S)-AP5 8.8 [5.07F 0.08] >1000 800 [3.11F 0.08] >1000

(R)-AP5 20 [4.83F 0.22] >1000 >1000

(RS)-AP5 5.3 [5.29F 0.07]

(S)-a-AA 0.29 [6.54F 0.02]

(R)-a-AA 0.87 [6.08F 0.08]

(RS)-a-AA 0.35 [6.50F 0.14]

(R)-1 0.40 [6.44F 0.14] 63 [4.21F 0.04] 26 [4.63F 0.04] >1000e

(RS)-1 0.24 [6.17F 0.05] 95 [4.04F 0.07] 374e

(S)-2 0.37 [6.43F 0.12] 35 [4.47F 0.05] 21d

(R)-2 0.22 [6.71F 0.13] 70 [4.16F 0.05] 18 [4.81F 0.04] >1000d

(RS)-2 0.36 [6.48F 0.12] 46 [4.36F 0.09] 23d

(R)-3 0.37 [6.43F 0.12] 61 [4.23F 0.07] 22 [4.59F 0.05] >1000d

(RS)-3 0.30 [6.54F 0.05] 50 [4.31F 0.06] 37d

(RS)-4 0.17 [6.77F 0.06] 68 [4.17F 0.04] 22 [4.66F 0.02] 630f

(S)-5 0.18 [6.77F 0.12] 53 [4.31F 0.12] 20 [4.69F 0.07] >1000f

(R)-5 0.13 [6.90F 0.06] 29 [4.54F 0.06] 14 [4.87F 0.06] >1000f

(RS)-5 0.20 [6.78F 0.21] 38 [4.46F 0.14] 18 [4.81F 0.11] >1000f

(RS)-6 24 [4.63F 0.04] >1000 >500f,g

(RS)-7 0.34 [6.52F 0.10] 69 [4.20F 0.12] 23 [4.55F 0.02] >1000f

(RS)-8 0.39 [6.41F 0.03] 64 [4.22F 0.10] 26 [4.54F 0.01] 990h

(RS)-9 0.41 [6.43F 0.08] 84 [4.09F 0.06] 33 [4.46F 0.06] f 1000 (IC50)
h,i

(RS)-10 3.4 [5.50F 0.12] 63 [4.22F 0.08] 23g,h

(RS)-11 0.30 [6.57F 0.13] 60 [4.22F 0.01] 20 [4.70F 0.01] 715 (IC50)
h,i

(RS)-12 13 [4.90F 0.07] >1000 550 [3.26F 0.03]

a-AA: a-aminoadipic acid.
a Data from 3–6 membrane preparations.
b Data from 3–5 slices.
c QC20-values (the concentrations which produce 20% of maximal response after exposure to quisqualate) were calculated in the cases where this

concentration of compound by itself (i.e. without prior exposure to quisqualate) evoked a response < 10% of the response evoked after pre-exposure to

quisqualate.
d Johansen et al. (1998).
e Bischoff et al. (1995).
f Madsen et al. (2001).
g Estimated value due to low solubility of the compound.
h Kromann et al. (2002).
i NMDA receptor antagonists.
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qualate (30 AM) was applied before each application of

(RS)-11 (P= 0.964, n = 4; data not shown). Hence, to

assure reproducible responses, the concentration–response

relationships of the test compounds were determined by

pre-exposure of the slices to a single application of

quisqualate (30 AM) before each application of test com-

pound (Fig. 2). The concentration of the half maximal

response of the test compounds after pre-exposure of the

slices to quisqualate is termed QC50 in order to distinguish

the value from the traditional EC50-value of the test

compounds. The QC50-values obtained are listed in Table

1. The application protocol is illustrated by a representative

electrophysiological recording from the rat cortical wedge

preparation (Fig. 2), and the concentration–response rela-
tionships of a few compounds are shown in Fig. 3.

According to the concentration–response curves in Fig. 3

and the QC50-values in Table 1, HIBO analogues are

sensitised by quisqualate to a greater extent than (S)-AP4

and (S)-AP5; the only exception being compounds (RS)-6

and (RS)-12 (Table 1).

3.3. Correlation between (S)-[3H]glutamate uptake inhibi-

tion and the quisqualate-effect

A number of the compounds tested produce responses in

the cortical wedge preparation without prior exposure to

quisqualate, due to their inherent glutamate AMPA receptor

agonist activity. It is of course necessary to differentiate



Fig. 2. An example of an electrophysiological recording (approximately 5.5 h) from the rat cortical wedge preparation, displaying the application protocol for

(RS)-8. Note that only the concentration of (RS)-8 is varied during the application protocol. Quisqualate (30 AM) is pre-applied before application of (RS)-8 at

each concentration. NMDA (10 AM) is used as a measurement of loss of response due to the prolonged application protocol. The baseline noise is due to

spontaneous neuronal excitatory activity.
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between the response evoked by the test compounds them-

selves and the sensitised responses induced by quisqualate,

in order to make a quantitative comparison of the potentia-

tions induced by quisqualate. It was not possible to use the

QC50 value, since most test compounds evoked a response

at this concentration without prior exposure to quisqualate.

Therefore, we decided to use the concentration that pro-

duced 20% of maximal response after exposure to quisqua-

late (QC20) but only in those cases where this concentration
Fig. 3. The normalised average concentration– response relationships of the

quisqualate-induced response to (R)-2 (.), (RS)-5 (n), (RS)-8 (D), (S)-AP4

(x) and (S)-AP5 (q). The responses were normalised to the maximal

response of NMDA (80 AM). Continuous lines are non-linear curve fits to

the average data points. The dashed line is a sigmoidal curve approximated

visually to the average data points. In both cases, the equation described in

Materials and Methods was used. Note that non-linear curve fits were

determined on individual slices (Table 1) instead of on the average data

shown in this figure. Data from 3–5 slices.
of compound by itself (i.e., without prior exposure to

quisqualate) evoked a response of < 10% of the response

evoked after pre-exposure to quisqualate (Table 1). This

resulted in exclusion of compounds (RS)-1, (S)-2, (RS)-2,

(RS)-3, and (RS)-10 from the correlation. For the remaining

compounds, we found a correlation (r = 0.980, P < 0.001,

n = 14) between the IC50-values determined in the CaCl2-

dependent (S)-[3H]glutamate uptake assay, and the QC20-

values determined in the cortical wedge preparation (Fig. 4).

All data points are within the 95% confidence interval for

the population.
Fig. 4. The correlation between affinity for CaCl2-dependent (S)-

[3H]glutamate uptake sites and functional potency determined in the

cortical wedge preparation. Affinities are displayed as pIC50 with horizontal

error bars displaying F S.E.M. Functional potencies are displayed as

pQC20 with vertical error bars displaying F S.E.M. The solid line displays

the correlation. The long and short dashed lines show the respective 95%

confidence intervals for the regression and the population.
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4. Discussion

There has been some debate in the literature as to

whether the CaCl2-dependent glutamate uptake site is in-

volved in the quisqualate-effect (Harris et al., 1987; Schulte

et al., 1992, 1993; Sheardown and Thomsen, 1996; Whitte-

more and Koerner, 1989, 1991). Substantial evidence seems

to indicate that the CaCl2-dependent uptake site does not

correspond to an excitatory amino acid receptor but rather

represents transport into synaptic vesicles (Bridges et al.,

1986; Fagg and Lanthorn, 1985; Pin et al., 1984; Recasens

et al., 1987; Zaczek et al., 1987). Our data seem to support

this theory. NMDA, 2-amino-3-(3-hydroxy-5-methylisoxa-

zol-4-yl)propionic acid and kainic acid did not cause dis-

placement of (S)-[3H]glutamate, indicating that binding to

the ionotropic glutamate receptors was not measured in this

assay.

Evidence supports the involvement of a transport system

in the quisqualate-effect (Chase et al., 2001; Harris et al.,

1987; Harris, 1989; Madsen et al., 1993; Roon and

Koerner, 1996; Sheardown and Thomsen, 1996). Recently,

Chase et al. (2001) have proposed that a transporter with

the properties of the cystine/glutamate exchange carrier,

System xc
�, is responsible for inducing of the quisqualate-

effect. The involvement of an (S)-AP4-sensitive glutamate

transporter was ruled out, because (S)-AP4 is a poor

inhibitor of the quisqualate-effect. We report here a number

of compounds with higher affinity for this transporter

compared to (S)-AP4. Thus, these analogues of HIBO have

made it possible to induce more specific inhibition of the

transporter involved.

A heterogeneous population of uptake sites appear to

be involved in CaCl2-dependent glutamate uptake

(Bridges et al., 1986). Previously as many as 3 distinct

populations of sites have been proposed (Fagg et al.,

1983b; Nadler et al., 1985; Werling and Nadler, 1982).

We propose that the CaCl2-dependent (S)-[3H]glutamate

uptake assay is an unspecific measurement of glutamate

uptake comprising several different glutamatergic transport

systems, possibly including System xc
�, rather than a

specific measurement of glutamate uptake by a single

transporter, i.e., an AP4-sensitive transporter. All com-

pounds with affinity for CaCl2-dependent uptake sites

seem to be involved in the quisqualate-effect, thus indi-

cating a connection between the two. The only exception

is glutamate, which has a very low excitatory effect in the

cortical wedge preparation due to the high capacity of

multiple glutamate transport systems (Harrison and Sim-

monds, 1985). Moreover, Sheardown and Thomsen (1996)

found a correlation between the potencies of a series of

phenylglycine analogues following pre-exposure to quis-

qualate, and their affinity for the CaCl2-dependent (RS)-

[3H]AP4 transporter. We report here a correlation between

affinity for CaCl2-dependent (S)-[3H]glutamate uptake

sites, and the quisqualate-effect, for the series of HIBO

analogues tested.
The involvement of glutamate mGlu receptors in the

quisqualate-effect seems unlikely. Even though several of

the compounds tested have shown affinity for glutamate

mGlu receptors, there is no consistency between a ligand’s

subtype selectivity and its propensity for the quisqualate-

sensitisation (Bräuner-Osborne et al., 1998; Bräuner-

Osborne and Krogsgaard-Larsen, 1998; Thomsen et al.,

1994). Furthermore, several selective glutamate mGlu re-

ceptor agonists and antagonists are not potentiated by

quisqualate (Chase et al., 2001; Johansen and Robinson,

1995; Littman et al., 1995).

The method described here for quantifying the quisqua-

late-effect may prove useful in future studies. Furthermore,

the potency and selectivity of some HIBO analogues holds

promise for the future elucidation of the mechanisms

underlying the quisqualate-effect and may help to further

clarify the physiological and pharmacological significance

of this effect. Our results support the hypothesis that a

transport system is integral to the quisqualate-effect.
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