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Pharmacological characterization of non-NMDA subtypes of
glutamate receptor in the neonatal rat hemisected spinal cord in
vitro

Sophie Zeman & 'David Lodge

Department of Veterinary Basic Sciences, Royal Veterinary College, Royal College Street, London NWl OTU

1 A grease-gap technique was used to record depolarizing responses to a-amino-3-hydroxy-5-methyl-
isoxazole-4-propionate (AMPA), kainate and N-methyl-D-aspartate (NMDA) in the hemisected spinal
cord of the neonatal rat. The pharmacology of non-NMDA subtypes of glutamate receptor was

investigated with the novel quinoxalinedione, 2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo (F)-quinoxaline
(NBQX) and with a series of barbiturates.
2 NBQX antagonized AMPA- and kainate-, but not NMDA- induced depolarizations. The near

parallel shifts of the major part of the dose-response curves for AMPA and kainate by NBQX gave pA2
values (± s.e.) of 6.7 ± 0.2 and 6.8 ± 0.2 respectively, consistent with a common site of action for these
two agonists.
3 Below the 50% level at which these pA2 values were calculated, however, an NBQX-resistant plateau
was seen within the kainate, but not the AMPA, dose-response curve.

4 In decreasing order of potency, methohexitone, secobarbitone, thiopentone, pentobarbitone and
phenobarbitone preferentially reduced kainate-, rather than AMPA- and NMDA-, induced depolariza-
tions. Methohexitone was also the most selective with IC50s against kainate, AMPA and NMDA of
31 ± 7, 172 ± 47 and >200 LLM respectively.
5 The NBQX-resistant plateau seen within the kainate dose-response curve was reduced by methohex-
itone. Kainate antagonism by methohexitone was not reduced by 50 !LM picrotoxin.
6 We conclude that, while mixed agonist actions may hamper demonstration of antagonist selectivity,
depolarizations induced by the non-NMDA ionotropic agonists, AMPA and kainate, are mediated in
part via distinct receptors.
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Introduction

On the basis of agonist and antagonist studies, the post-
synaptic ionotropic receptors in the mammalian central
nervous system for the excitatory amino acid transmitter,
L-glutamate, are now divided into N-methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-isoxazole-4-proprion-
ate (AMPA, formerly quisqualate) and kainate subtypes
(Watkins et al., 1990).
The NMDA receptor subtype is clearly a discrete entity,

with well-documented selective antagonists, modulators and
channel blockers, (Watkins & Collingridge, 1989). Phar-
macological differentiation between responses to kainate and
AMPA has, however, proved difficult. Early electrophysio-
logical studies supported the concept of separate receptors
since glutamate diethyl ester (GDEE) inhibited AMPA but
not kainate-induced responses in the cat and rat spinal cord
in vivo (Krogsgaard Larsen et al., 1980; McLennan & Liu,
1982) whereas y-D-glutamyl-aminomethyl-sulphonate (GAMS)
had the reverse selectivity (Davies & Watkins, 1985). The
lack of potency of these antagonists and their poor selectivity
in vitro have, however, both limited their usefulness and been
taken as evidence for a single receptor class mediating the
effects of AMPA and kainate. Initial kinetic studies showing
different rates of desensitization for AMPA and kainate were
also taken as evidence for separate receptors (Kiskin et al.,
1986; Mayer & Westbrook, 1987) but the more recent obser-
vations of cross-desensitization between these agonists
indicate a common site of action (Kiskin et al., 1990;
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Patneau & Mayer, 1991). Such results from hippocampal
neurones in culture, however, do not exclude the possibility
of separate subclasses of receptors at other neuronal sites.

Studies with [3H]-AMPA and [3H]-kainate indicate high
and low affinity binding sites for each agonist with distinct
structure activity requirements at the high affinity sites
(Foster & Fagg, 1984; Honore & Drejer, 1988; Monaghan et
al., 1989). Anatomical distribution of these AMPA and
kainate binding sites in brain is also quite different (Green-
mayre et al., 1983; Monaghan et al., 1983). Despite this
evidence for distinct binding sites, kainate readily displaces
high affinity [3H]-AMPA binding whereas the reverse is not
the case (Krogsgaard-Larsen et al., 1980; Honore & Drejer,
1988).
Other biochemical studies support the idea of a common

receptor subtype mediating some of the actions of AMPA
and kainate; for example, quisqualate and AMPA reduce
kainate-induced [3H]-aspartate and [3H]-GABA release from
cultured cerebellar granule and striatal neurones respectively
(Gallo et al., 1990; Pin et al., 1989).
The cloning of glutamate receptor subunits and their exp-

ression in Xenopus oocytes initially supported the idea of a
unitary non-NMDA receptor (Hollmann et al., 1989). More
recently, however, with the identification of more glutamate
receptor genes and their expression both singly and in
various combinations, AMPA- or kainate-preferring receptor
channel complexes have been described (Keinanen et al.,
1990; Egebjerg et al., 1991; for review see Dingledine, 1991).
The major breakthrough in differentiating NMDA recep-

tors from other glutamate receptor subtypes was the elucida-
tion of selective antagonists (Watkins & Evans, 1981). Thus
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the search for potent and selective non-NMDA antagonists
assumes extreme importance in resolving the possible
differentiation between AMPA and kainate receptor sub-
types. The selectivity of the 6,7-dinitro- and 6-cyano-7-nitro-
quinoxalinediones (DNQX and CNQX respectively) for [3H]-
AMPA, rather than [3H]-kainate, binding has parallels in
some functional studies, e.g. depolarization of cortical slices
(Fletcher et al., 1988) and release of GABA from cortical
cultures (Honore et alt, 1988), but not in others, e.g. excita-
tion of spinal neurones in vivo (Honore et al., 1988) or in
vitro (Birch et al., 1988a). Since the maximum selectivity
achieved with CNQX and DNQX of approximately 5 fold is
clearly insufficient to be very useful particularly in functional
studies, the demonstration that a new quinoxalinedione, 2,3-
dibydroxy-6-nitro-7-sulphamoyl-benzo(F)quinoxaline(NBQX)
displaced [fHJ-AMPA binding 30-times more potently than
that of [3H]-kainate binding was thus of considerable interest
(Sheardown et al., 1990). In our experiments, responses to
AMPA and kainate were not, however, distinguished by this
antagonist when tested on rat spinal cord and brainstem
neurones in vivo, but, on rat neocortical slices in vitro, NBQX
was about 30 fold more potent as an antagonist of AMPA
than of kainate (Lodge et al., 1991). We have therefore used
an in vitro spinal cord preparation (Birch et al., 1988b) to
investigate this anomaly.

In addition to their well documented facilitatory action at
y-aminobutyric acid (GABA) receptors, barbiturates are also
known to reduce glutamatergic neurotransmission (for review
see Simmonds & Horne, 1988). Pharmacological studies have
largely focussed on barbiturate antagonism of the non-
NMDA agonist, quisqualate. For example, a series of
barbiturates produced rightward shifts of quisqualate dose-
response curves consistent with a competitive action at low
doses and non-competitive at high doses (Horne & Sim-
monds, 1986), although earlier studies on agonist stimulated
sodium flux showed no specificity of barbiturates for quis-
qualate relative to kainate (Teichberg et al., 1984). A report
by Frandsen et al. (1990) that kainate-induced cytotoxicity in
culture was selectively reduced by phenobarbitone indicated
the possible value of reassessing the effects of barbiturates on
subtypes of glutamate receptor.
Some of the data discussed here have been presented

elsewhere in preliminary form (Zeman & Lodge, 1991a, b).

Methods

Dissection and tissue preparation

Following the methods of Birch et al. (1988b), 2-7 day-old
Sprague Dawley or Wistar rats were decapitated and the
spinal cords exposed from the ventral side by removal of
overlying internal organs and vertebral bodies. By gentle
lifting at the rostral end, while the ventral and dorsal roots
were cut, the cords were freed and placed in Krebs solution
(of composition (mM): NaCl 118, NaHCO3 25, glucose 11.1,
KC1 4.7, KH2PO4 1.2, CaCl2 1.25, equilibrated with 95%
02/5% CO2 to give pH 7.4 at room temperature) in a Petri
dish, any remaining roots trimmed off and a midline hemisec-
tion made.
The hemicord was placed in a two compartment bath

(Harrison & Simmonds, 1985) with a greased barrier across
the thoraco-lumbar region. The rostral end of the cord was
kept immersed in Krebs solution, all drug additions being
made to the continuously (2 ml min') superfused caudal
end, which was less likely to have suffered damage during the
excision procedure and furthermore contained a large
number of neurones in the lumbar enlargement.

Pharmacological investigation and recording of responses
In preliminary experiments, unlike Birch et al. (1988b), we
did not find that semi-cumulative dose cycles (3 min agonist

pulses with 1.5 min intervals) produced repeatable responses
or that their amplitudes were as large as those seen when
longer intervals elapsed between agonist applications. Agon-
ists were, therefore, applied to the lumbar cord at 20 min
intervals as 5 ml aliquots of the superfusion medium. Tetro-
dotoxin had no effect on the nature or amplitude of res-
ponses to depolarizing agonists and so was not routinely
included in the superfusate.

Agonist-induced depolarizations were detected as changes
in d.c. potential across the grease-seal via Ag/AgCI electrodes
in each compartment, displayed continuously on a chart
recorder following amplification (x 100) and filtering (d.c.-
5 Hz) and measured as peak amplitudes.

Full agonist dose-response curves (AMPA 316 nM-20 tiM;
kainate 316 nM-30 JM; NMDA 1-40 pM) or individual
agonist doses (AMPA 10 JAM; kainate 5 JM or 10 JAM; NMDA
10 or 20 pM) were tested before the addition of antagonists
to the superfusion medium, after which an equilibration
period of at least 20 min was allowed before agonists were
retested. After 1 h wash, recovery was assessed.

All studies were performed on at least two different days
and four hemicords.

Source of compounds

AMPA and quisqualate were obtained from Tocris Neura-
min, NBQX from Novo Nordirsk, thiopentone from C-Vet,
methohexitone from Eli Lilly Co. and all other compounds
from Sigma Chemical Co. Ltd.

Results

Depolarizations evoked by agonist superfusion of the
hemisected cord were reproducible and of similar amplitude
to those seen in the cortical wedge preparation (Harrison &
Simmonds, 1985; Fletcher et al., 1988). As with the cortical
wedge, NMDA, AMPA and kainate were approximately
equipotent and high doses of each agonist led to irreversible
reductions in amplitude of all subsequent agonist responses,
which is presumably a reflection of their excitotoxic proper-
ties (Olney, 1969). For this reason, maximum concentrations
of agonist used in control conditions were AMPA 20 JM,
kainate 30 JAM and NMDA 40 JM. Depolarizing response
amplitudes obtained from these doses of agonist were used as
the 100% value for the normalization of dose-response
curves.

Antagonism ofAMPA, kainate and NMDA by NBQX

NBQX (1 JM) reduced responses to AMPA and kainate
while those to NMDA were largely unaffected. Dose-
dependent and reversible rightward shifts of the AMPA and
kainate dose-response curves by 100 nM to 3.16 JIM NBQX
were seen (Figure 1). These shifts were near parallel for the
AMPA curves but, for kainate, although the upper two
thirds of the curve appeared to be shifted in parallel, there
was also an NBQX-resistant component within the dose-
response curve (Figure lb). Schild plot slopes, calculated at
the 50% maximum response level, were near unity for both
AMPA (0.95 ± 0.29) and kainate (0.97 ± 0.26) and the
resultant pA2 values (± s.e.) were 6.7 ± 0.2 and 6.8 ± 0.2 for
NBQX against AMPA and kainate respectively. Such results
are consistent with competitive antagonism by NBQX at a
single receptor subtype shared by AMPA and, in the main,
by kainate.
The NBQX-resistant component of the kainate dose-

response curve produced a plateau at about 33% of the
normalized control response (Figure 1 b). This is most
obvious in the presence of 3.16 JAM NBQX, the highest con-
centration used, when 40-320 JAM kainate produced a stable
level of depolarization. This part of the dose-response curve
is at least 10 times less sensitive to NBQX than the
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Figure 2 Selective effect of phenobarbitone (PhB, 100 AM) on
responses to kainate (K, 101AM), rather than those to a-amino-3-
hydroxy-5-methyl-isoxazole-4-propionate (A, 1O0AM) or N-methyl-D-
aspartate (N, 20 JAM) in the neonatal rat spinal cord. Phenobarbitone
was superfused for 20 min before the start of the middle trace, and
artificial CSF for 60 min before the right hand trace. Calibration:
amplitude in mV; time in min.
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Figure 1 Effects of 100 nm to 3.16 JM 2,3-dihydroxy-6-nitro-7-
sulphamoyl-benzo(F)-quinoxalone (NBQX) on dose-response curves
of the neonatal rat spinal cord to a-amino-3-hydroxy-5-methyl-
isoxazole-4-propionate (AMPA) and kainate. In (a) the control
AMPA curve (0) is shifted to the right by NBQX at 100 nM (0),
316nM (U), I AM (A) and 3.16 JM (A). In (b) rightward shifts of
the control kainate dose-response curve (0) are produced by NBQX
at l00 nM (0), 3l6 nM (U), 1 JM (A) and 3.16 JM (A). An NBQX-
resistant component is clear in the presence of 3.16 JM NBQX (A),
yielding a plateau at about 33% of the normalized maximum res-
ponse. Ordinate scale: amplitude of depolarizing response expressed
as a percentage of the response to (a) AMPA 20 JM and (b) kainate
30 JM. Abscissa scale: agonist concentration in JM.

remainder. No such plateau was seen within the AMPA
dose-response curve (Figure la).

Antagonism ofAMPA, kainate and NMDA by
barbiturates

Following the report from Frandsen et al. (1990), we initially
tested 10 and 100 AM phenobarbitone against single responses
to NMDA (20 AM), AMPA (10 JM) and kainate (10 JM) and
found a preferential reduction of that to kainate (Figure 2).
The response to kainate recovered after 1 h superfusion in
drug-free medium.

Five other barbiturates were tested similarly to ascertain
their potency and selectivity relative to phenobarbitone.
Table 1 shows the results obtained; with each barbiturate,
responses to kainate were more sensitive than those to
AMPA. Methohexitone was the most potent and selective,
and hence was used for all further pharmacokinetic studies of
responses to AMPA and kainate. It should be noted that
NBQX has the reverse selectivity to barbiturates against
these concentrations of AMPA and kainate.

Methohexitone, 10, 31.6 and 100 JM caused dose-depen-
dent rightward shifts of the kainate dose-response curve,
while smaller and less dose-dependent shifts of the AMPA
dose-response curve were seen with 31.6 and 100 JAM

methohexitone (Figure 3). The antagonism was not clearly

competitive, with the rightward shifts being non-parallel,
although the Schild plot slopes were near unity. Thus, appar-
ent pA2 values for methohexitone, calculated at the 25% and
50% of maximum response levels were, respectively, 4.5 and
3.3 against kainate and 2.8 and 3.1 against AMPA. Consis-
tent with the selectivity study showing phenobarbitone to
only weakly antagonize NMDA (Figure 2), methohexitone
(31.6 gM) did not greatly affect the full dose-response curve
to this agonist (not illustrated).

Picrotoxin (50 JAM) did not reverse the effect of methohex-
itone on the kainate dose-response curve which, in conjunc-
tion with the observation that methohexitone application did
not change the basal level of depolarization, strongly suggests
the effect of methohexitone to be independent of GABA-
potentiation.

Effect of methohexitone on NBQX-insensitive responses
to kainate

Demonstration of an NBQX-resistant plateau within the
kainate dose-response curve, coupled with the ability of
methohexitone to decrease preferentially responses to this
agonist, led us to assess the effect of combined application of
these antagonists. Figure 4a shows that 31.6JAM methohex-
itone reduced the NBQX-resistant plateau of the kainate
dose-response curve, while in Figure 4b, application of
methohexitone to the AMPA dose-response curve already
displaced to the right by NBQX did not elicit a further
rightward shift.

Discussion

This study was an attempt to investigate the anomaly in our
previous results between spinal cord in vivo and cerebral
cortex in vitro with respect to the selectivity of NBQX as an
antagonist at the non-NMDA subtypes of glutamate recep-
tors (Lodge et al., 1991). On the one hand, the present results
on the spinal cord in vitro, showing that, for the major part
of the dose-response curves, the depolarizing actions of
kainate and AMPA are equally sensitive to NBQX, is in
agreement with the failure of NBQX to distinguish between
responses to these two agonists on spinal neurones in vivo.
The similarity in calculated NBQX pA2 values against
kainate and AMPA suggests that the major action of these
two agonists on the hemisected cord is mediated by a com-
mon receptor subtype. On the other hand, the finding that
part of the kainate dose-response is more resistant to NBQX
is reminiscent of the previous results from cortical slices in
vitro and is consistant with there being a further, distinct,
receptor subtype via which kainate is able to produce
depolarization in both these tissues. This interpretation of
our data is supported by the observation that barbiturates
selectively affect that part of the kainate dose-response curve

10 000



370 S. ZEMAN & D. LODGE

Table 1 Barbiturate IC50s vs. responses to a-amino-3-hydroxy-5-methyl-osoxazole4-propionate (AMPA) 10 JM and kainate
5 gM

Barbiturate

Methohexitone
Secobarbitone
Thiopentone
Pentobarbitone
Phenobarbitone
NBQX

IC50 vs. AMPA

171.5 ± 47.4
114.6 ± 25.6
102.5 ± 13.0
213.1 ± 38.9
882.7 ± 319
t200 nm

ICso vs. kainate

31.1 ± 7.2
54.2 ± 8.8
63.5± 11.6
80.4 ± 14.9

188.3 ± 42.5
A3.16 gM

Selectivity ratio

5.5
2.1
1.6
2.7
4.7

ICm values are JM ± s.d. The drugs are listed in descending order of
ratio indicates the degree of differential sensitivity of kainate and
7-sulphamoyl-benzo(F)-quinoxalone.
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Figure 3 Effects of methohexitone (1O-1I00 1M) on the dose-
response curves to kainate and a-amino-3-hydroxy-5-methyl-iso-
xazole-4-propionate (AMPA) in the neonatal rat spinal cord. (a) The
control kainate dose-response curve (0) is dose-dependently and
reversibly shifted to the right by methohexitone at 10 JAM (0),
31.61Mm (U) and 100Mm (A). (b) The shift of the control AMPA
dose-response curve (0) by methohexitone at 31.6 iM (U) and
1OO JM (A) is less marked and dose-dependency less apparent.
Ordinate scale: amplitude of depolarizing response expressed as a

percentage of the response to kainate 30 pM or AMPA 20 JM. Abs-
cissa scale: agonist concentration in JM.

which is resistant to NBQX and have little effect on res-
ponses in this tissue to AMPA. To account for the above
data, we suggest that low doses of kainate activate a
methohexitone-sensitive receptor subtype while higher doses
activate an NBQX-sensitive receptor not dissimilar to that
activated by AMPA.
The idea that kainate actions are mediated by receptor

subtypes some of which are shared with AMPA and some of
which are unique is consistent with data from binding, func-
tional and molecular biology studies as discussed in the
Introduction.

potency against responses to kainate and the selectivity
AMPA to antagonism. NBQX: 2,3-dihydroxy-6-nitro-
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Figure 4 Effects of application of 3.16 JAM 2,3-dihydroxy-6-nitro-7-
sulphamoyl-benzo(F)-quinoxalone (NBQX) alone, and in combina-
tion with 31.61JM methohexitone, against dose-response curves to
kainate and a-amino-3-hydroxy-5-methyl-isoxazole-4-propionate
(AMPA) in the neonatal rat spinal cord. In (a) the upper part of the
control curve for kainate (0) is shifted to the right in the presence of
3.16 JAM NBQX (A), with no further effect of 31.6 JAM methohexitone
(A). The NBQX-resistant plateau at the lower end of the dose-
response curve is uniquely sensitive to antagonism by methohexitone
(31.6 pM). In (b) the control AMPA dose-response curve (0) is
shifted to the right by 3.16 JM NBQX (A). Co-application of
methohexitone (31.6 JM) did not elicit a marked further rightward
shift (A). Ordinate scale: amplitude of depolarizing response exp-
ressed as a percentage of that to (a) kainate 30 JAM and (b) AMPA
20 JAM. Abscissa scale: agonist concentration in JAM.

It is uncertain, however, why an NBQX-resistant compo-
nent of kainate's action is not seen in most elect-
rophysiological recordings from single neurones, thereby
preventing a selective action of this antagonist being demon-
strated in vivo. It may indicate that methohexitone-sensitive
kainate receptors mediate only a small part of kainate's

1
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action or that they are not expressed at all on the soma and
proximal dendrites of the neurones being studied. Since other
elements, such as glia and neuronal terminals, are also likely
to play a role both in depolarizations seen in grease-seal
preparations and in excitotoxic pathogenesis, the possibility
of such kainate receptors being sited on these structures
needs consideration. While glial cells can support both
kainate and AMPA mediated conductances (Wylie et al.
1991), Teichberg et al. (1990) have reported a predominance
of kainate binding proteins on some glia. It seems unlikely,
however, that an action on glia makes a major contribution
to the NBQX-resistant component of kainate-induced de-
polarization, since preliminary studies in a preparation where
results are consistent with those described here (Palmer et al.,
1991) show that responses to AMPA and kainate decrease in
parallel following exposure of neocortical slices to the
gliotoxin, L-M-aminoadipate (Palmer, personal communica-
tion). It thus seems possible that some part of the signal
produced by kainate is due directly to afferent terminal
depolarization. The presence of kainate receptors on afferent
fibres (Agrawal & Evans, 1986) and nerve terminals (see
Stone, 1990). and the calcium permeability which this agonist
may activate (Iino et al., 1990; Egebjerg et al., 1991) would
allow such receptors to function as positive feedback
autoreceptors, facilitating release of excitatory transmitter
(Collins et al., 1983; Potashner & Gerard, 1983) and cont-
ributing to excitotoxicity (Campochiaro & Coyle, 1978;
Okazaki & Nadler, 1988).
The possibility that some part of the action of kainate is

mediated via presynaptic receptors remains consistent with
our proposal that some of the neuronal receptor complexes
activated by this agonist are pharmacologically distinct from
those at which AMPA acts. It will be interesting to see
whether any of the recently described kainate-sensitive recep-
tor subunit isolated from rat cerebellum, (Egebjerg et al.,

1991) and with a binding pattern akin to that of [3H]-kainate,
can eventually be resolved to presynaptic neuronal sites.
The present finding that barbiturates, and methohexitone

in particular, block the NBQX-resistant component of the
kainate response on the hemisected spinal cord has been
repeated in rat cortical slices (Palmer et al., 1991), although
most previous reports of interactions between barbiturates
and excitatory amino acids have largely been concerned with
antagonism of quisqualate/AMPA responses (Simmonds &
Horne, 1988). Since the presently described kainate-specific
antagonism by methohexitone is unaffected by picrotoxin at
a concentration known to inhibit GABA-mediated events
(Evans, 1978), it is unlikely to be related to the well known
GABA-potentiating effects of barbiturates, although some
earlier reports have suggested the possibility of an interaction
between GABA and kainate (e.g. Stone & Javid, 1980; Tur-
ski et al., 1990). A more likely mode of action is a voltage-
dependent block of channels opened by kainate (Miljkovic &
MacDonald, 1986).

Consistent with the idea of barbiturate-sensitive presynap-
tic kainate receptors (as discussed above) are several reports
of reduced release of neurotransmitters by barbiturates (e.g.
Weakley, 1969; Cutler & Young, 1979) including that
stimulated by kainate (Potashner & Gerard, 1983).

In summary, we propose that the profiles of AMPA and
kainate antagonism by NBQX and the barbiturates indicate
pharmacologically distinct sites via which these agonists act
to depolarize the hemisected spinal cord preparation. The
precise cellular distributions and the functions of such recep-
tors remain to be elucidated.

We wish to thank Dr T. Honore of NovoNordisk for supplies of
NBQX.
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