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Thiocyanate ions selectively antagonize AMPA-evoked
responses in Xenopus laevis oocytes microinjected with rat brain
mRNA

2Derek Bowie & 'Trevor G. Smart

The School of Pharmacy, Department of Pharmacology, 29-39 Brunswick Square, London WC1N lAX

1 Responses to kainate (KA), willardiine and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) were recorded from rat brain mRNA-injected Xenopus laevis oocytes by use of a two-electrode
voltage clamp.
2 Thiocyanate (SCN-; 50jM-4mM) ions reversibly and selectively inhibited the membrane current
responses to AMPA in a non-competitive manner without affecting KA or willardiine-induced res-
ponses.
3 The inhibition of AMPA-induced responses by SCN- was dependent on the SCN- concentration
with an estimated IC50 of 1 mm. The antagonism was not dependent on the AMPA concentration.
4 The response to a high concentration of AMPA (100-200I1M) exhibited a peak inward current
which declined to a steady-state. SCN- inhibited the steady-state current more than the peak response.
The inhibition was unaffected by prior incubation with concanavalin-A (Con-A; 10#M).
5 Responses to KA were antagonized by AMPA in a competitive manner, suggesting that both
agonists may activate a common receptor-channel complex. This interaction between two non-NMDA
agonists was not affected by the SCN-induced inhibition of the AMPA response.
6 AMPA-induced responses recorded from large cultured cerebellar neurones by whole-cell recording
were also inhibited by SCN- in a non-competitive manner. The AMPA-induced peak current was less
affected than the steady-state response.
7 We conclude that SCN- can inhibit the response to AMPA in expressed non-NMDA receptors in
Xenopus oocytes and also in native receptors in cultured cerebellar neurones. One possible mechanism of
action for SCN- inhibition of responses to AMPA may involve a Con-A-insensitive, non-NMDA
receptor-mediated desensitization.

Keywords: Non-NMDA receptors; AMPA; thiocyanate; Xenopus laevis; intracellular recording; mRNA translation; cerebellar
neurones; patch clamp

Introduction

In radioligand binding and electrophysiological studies, a
variety of cations have been shown to modulate the proper-
ties of excitatory amino acid (EAA) receptors. For example,
at N-methyl-D-aspartate (NMDA) receptors, both Mg2"
and Zn2+ can act as non-competitive antagonists (Mayer et
al., 1984; Nowak et al., 1984; Peters et al., 1987; Westbrook
& Mayer, 1987; Enomoto et al., 1992) by binding to discrete
sites on the NMDA receptor-channel complex (Mayer et al.,
1988). In addition, modulation of the external pH by chang-
ing the H+ ion concentration also inhibited the activity of
NMDA receptors in a non-competitive manner probably by
binding to another discrete site (Tang et al., 1990; Vyklicky
et al., 1990; Traynelis & Cull-Candy, 1990; 1991). As all
these ions are naturally present in vivo in the central nervous
system (CNS), they may be capable of regulating the activity
of one or more members of the NMDA receptor family
under physiological or even pathological conditions (cf. For-
sythe et al., 1988; McDonald & Johnston, 1990).

In comparison, non-NMDA receptors are not apparently
regulated by endogenous substances which are so vital for
NMDA receptor modulation, such as glycine (Johnson &
Ascher, 1987) and Mg2` (Nowak et al., 1984; Mayer et al.,
1984). Nevertheless responses evoked by kainate (KA) can be
non-competitively depressed by divalent cations such as Hg2+
(Kiskin et al., 1989; Umbach & Gundersen, 1989) or Ca2+
(Perouansky & Grantyn, 1989; Gu & Huang, 1991). More-
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over, in binding studies, Ca2+ is the most potent cation to
depress [3H]-KA binding (Honore et al., 1986; Monaghan et
al., 1986) and could be used to distinguish selectively between
KA and x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) binding to non-NMDA receptors.
As with NMDA receptors, lowering the external pH also

reduced non-NMDA receptor-mediated function (Randle et
al., 1988; Christensen & Hida, 1990; Vyklicky et al., 1990;
Traynelis & Cull-Candy, 1991). However, in comparison to
NMDA receptors, Zn2+ ions could either enhance or inhibit
non-NMDA-induced responses, depending on the zinc con-
centration (Mayer et al., 1988; Rassendren et al., 1990).

In contrast to the various effects exerted by numerous
cations, anions have not featured prominently as modulators
of EAA receptors, which is not surprising since these ions are
unlikely to interfere with essentially cation-permeable ligand-
gated ion channels. A notable exception to this general ex-
clusion is the chaotropic anion, thiocyanate (SCN-). In the
presence of SCN-, binding of the non-NMDA agonist,
AMPA to brain membranes was considerably enhanced, but
the binding of KA remained unaffected (Honore & Nielsen,
1985; Murphy et al., 1987). This useful finding resulted in the
majority of radioligand binding assays for AMPA employing
thiocyanate ions as an experimental tool to increase the
affinity of the receptor for this agonist (Honore & Drejer,
1988), allowing differentiation between AMPA and KA bin-
ding. The mechanism of action for SCN- to enhance AMPA
binding is unknown and perhaps more important, the func-
tional effects of SCN- ions on non-NMDA receptors have
rarely been addressed.

In the present study we investigated the functional effects
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of SCN- on expressed non-NMDA receptors in rat brain
mRNA-injected Xenopus oocytes, and also on native non-
NMDA receptors maintained in cultured cerebellar neurones.
In particular we examine whether an anion-selective binding
site exists on the non-NMDA receptor complex which is
capable of selectively modulating receptor function following
activation by AMPA or KA.
A preliminary report of part of this work has appeared

previously (Bowie & Smart, 1991).

Methods

Extraction and injection of Xenopus laevis oocytes

Female Xenopus laevis toads (140-200 g) were anaesthetized
in a cold solution of ethyl-m-aminobenzoate (Tricaine) prior
to the removal of part of an ovary containing 50-100
oocytes. Oocytes were manually separated from the ovary
wall and placed in modified Barth's medium (MBM) contain-
ing (mM) at pH 7.6: NaCl 110, KCI 1, NaHCO3 2.4, Tris
HCI 7.5, Ca(NO3)20.33, CaCl20.41, MgSO40.82 and strep-
tomycin, 10 pg ml-'. Only oocytes at developmental stages V
and VI (Dumont, 1972) were selected for mRNA injection.
Each oocyte was injected into the equatorial region with
50 nl of a 1 mg ml-' mRNA solution. Injected oocytes were
then incubated at 18°C for 2-3 days to allow the expression
of receptor protein. After this period, all oocytes were stored
in MBM at I0°C and re-fed with fresh MBM every 2 days.
This prolonged the survival of the oocytes for up to 4-5
weeks. Translationally-active mRNA was extracted from 3-6
week-old rat brain (without the cerebellum) by a guani-
dinium thiocyanate/caesium chloride method and purified by
oligo-dT column chromatography (Chirgwin et al., 1976).

Dissociated cultures of cerebellar neurones

Cerebellar cultures were prepared as described previously
(Smart, 1992). Briefly, cerebellar cortices were removed from
embryonic day 17 -18 rats (E17 -18) and chopped into slices
in ice-cooled plating medium containing: minimum essential
medium (MEM) with 10% v/v foetal calf serum, 10% v/v
horse serum, 2 mM glutamine, 0.6% w/v glucose and 100
units ml- penicillin-G and 100lg ml-l streptomycin. The
neurones were mechanically dissociated through nylon mesh
(diameter 210 pm) and plated onto poly-L-lysine coated
dishes and incubated at 37°C with 95% air/5% CO2. After 4
days the plating medium was removed and replaced with a
growth medium which retained the contents of the plating
medium except for the foetal calf serum. Large cerebellar
neurones were used for electrophysiology after 20 days in
culture and were distinguished from granule cells on the basis
of soma diameter and dendritic morphology (see Smart, 1992
for discussion).

Electrophysiology
Intracellular two-electrode voltage clamp in Xenopus
oocytes

Xenopus oocytes were secured to the base of a Perspex bath
(volume 0.5-1 ml) coated with Sylgard following placement
within a circle of insect pins. Cells were impaled with two
microelectrodes manufactured from thin-walled borosilicate
glass and filled with 3 M KCI solution providing resistances
of 5 -10 MQ for the voltage and 1- 2Ml for the current
microelectrodes. Electrophysiological recordings were made
using an Axoclamp 2A amplifier in two-electrode voltage
clamp mode and membrane currents were monitored on a
Brush-Gould thermal chart recorder (2200). All drugs were
applied in frog Ringer via the bath superfusion system (rate
8-10 ml min-') through a gravity fed inlet placed 5 mm
away from the oocyte surface. The frog Ringer contained

(mM): NaCl 110, KCI 2, HEPES 5, CaCl2 1.8, pH 7.4. Only
oocytes with input resistances of 1 -5 MQ and resting mem-
brane potentials of - 40 to - 60 mV were accepted for
experimentation.

Whole-cell recording from cultured neurones

Experiments were performed with a List EPC7 amplifier by
the whole-cell patch clamp recording method. Patch elec-
trodes were fabricated from thin walled borosilicate glass and
filled with a pipette solution containing (mM): KCI 150,
CaCl2 0.279, MgCl2 1, Na-EGTA 0.5, HEPES 10, pH 7.1.
Pipettes had resistances ranging from 1-50 MQ. The neur-
ones were viewed under phase-contrast optics and continually
superfused in a 35 mm culture dish (volume 1 ml) with a
Krebs solution containing (mM): NaCl 140, KCI 4.7, MgCl2
1.2, CaC12 2, glucose 11, HEPES 5, pH 7.4 at 30°C. Drugs
and Krebs solutions were applied to the neurones by a rapid
perfusion system consisting of a multibarrelled pipette made
from Quad glass (Q-tube, Clarks Electromedical). The con-
centration-response relation for AMPA was determined with
a U-tube perfusion system for drug application (Krishtal &
Pidoplichko, 1980; Fenwick et al., 1982). The U- or Q-tubes
were placed within 300 pm of the cell under study.

Results

Differential antagonism ofnon-NMDA induced
responses by thiocyanate ions

In Xenopus oocytes injected with rat brain mRNA and vol-
tage clamped at - 60 mV holding potential, bath-application
of AMPA (4-1001pM) or willardiine (10-3201pM) produced
small reproducible inward membrane currents (11 ± 1.4 nA
for AMPA, n = 10; 10 ± 2 nA for willardiine, n = 6) and
associated conductance increases when compared to the
larger responses induced by 80 pM KA in the same cells
(84 ± 8 nA; n = 9). The responses evoked by higher concen-
trations of AMPA (50-100 pM) also differed by exhibiting an
apparent desensitization during continued application of the
agonist. This contrasted with the apparently maintained
amplitudes of the KA- or willardiine-induced currents and
with responses induced by low concentrations of AMPA
(4 10 pM; Figure 1). Desensitizing AMPA-induced responses
were characterized by a discernible peak inward current
which decayed to a steady-state during agonist application.
Following the removal of AMPA, the membrane current
quite often exhibited a rebound inward tail current, prior to
decaying back to the holding current (Figure la).
The inclusion of 50 1M-4 mM thiocyanate ions (SCN-;

sodium salt) in the Ringer solution did not affect the resting
membrane potential or input conductance of mRNA-injected
or uninjected Xenopus oocytes. However, responses induced
by AMPA (4-100 pM) were selectively antagonized by SCN-
with the peak and steady-state currents for 100 Mm AMPA
reduced by 55 ± 4 and 74 ± 3% respectively (n = 8). The
onset of antagonism and the recovery from inhibition was
rapid and showed no evidence of any use-dependence. In
contrast to AMPA-induced responses, 2 mM SCN- did not
significantly affect the amplitude of either 80 tM KA-induced
(102 ± 5%) or 100 lM willardiine-induced (99 ± 3%) mem-
brane currents (n = 5; Figure lb/c).

Thiocyanate ions non-competitively inhibited
AMPA-induced currents

The mechanism of inhibition of AMPA-induced currents by
SCN- was analyzed using concentration-response curves
obtained by measuring the steady-state current amplitudes of
the responses to AMPA (2.5-200 pM). Bath-application of
SCN- (2 mM) inhibited the AMPA concentration-response
curve in a non-competitive manner, simply depressing the
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Figure 1 Thiocyanate ions selectively inhibited ot-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA)-induced responses. (a)
Inward membrane currents were induced by AMPA (100 tM),
kainate (KA, 80 iM) or willardiine 100 iM in rat brain mRNA-
injected oocytes voltage clamped at a holding potential of - 60 mV
in the presence and absence of 2 mm SCN-. In this and some of the
subsequent figures, hyperpolarizing voltage commands (5-10 mV,
1.5 s, 0.05 Hz) were applied to monitor the membrane conductance
and the agonists were applied for the duration indicated by the solid
lines. Note the decaying responses to AMPA and the lower current
amplitudes to AMPA and willardiine compared to KA. The 10 nA
calibration only applies to currents induced by AMPA and willar-
diine. (b) Low concentrations of AMPA exhibited maintained cur-
rent amplitudes in the presence or absence of 2 mM SCN-.

curve without inducing any lateral shifting (Figure 2a).
Estimation of the EC50s for AMPA in the absence and
presence of SCN- were similar at 19 and 15 JiM respectively.
The corresponding percentage-inhibition plot for AMPA-
induced responses revealed that the antagonism produced by
SCN- was only slightly dependent on the agonist concentra-
tion, with 4 JiM AMPA-induced responses inhibited by 50 ±
4% and responses to 100 gM AMPA reduced by 63 ± 3%
(n = 8; Figure 2b). The absence of any noticeable shift by an
antagonist in a dose-response curve is often formally inter-
preted as indicating no change in the apparent affinity of the
receptor for an agonist. This may be true for the action of
SCN- on the non-NMDA receptors; however, we cannot
discount an effect of SCN- on other processes preceding ion
channel activation.

In Figure 3a, the membrane current induced by AMPA in
control Ringer solution displayed a slow decline from the
peak response, but did not reveal any evidence of a rebound
tail current following removal of the agonist (cf. Figure la).
In the presence of low concentrations of SCN- (0.5 mM), the
AMPA-induced response was depressed and the slow decline
in the current amplitude was also without any rebound tail
current (Figure 3a); however, after exposure of the oocyte to
higher concentrations of SCN- (> 1 mM), the AMPA-in-
duced responses were antagonized to a greater extent and
following cessation of AMPA application an inward rebound
tail current was often revealed. The concentration of SCN-
required to produce a half-maximal inhibition (IC50) in the
steady-state AMPA-induced response was determined from
an inhibition plot constructed for AMPA responses in the
presence of 50pM-4mM SCN-. In Figure 3b, the response
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Figure 2 Thiocyanate ions non-competitively antagonize a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-induced respon-
ses. (a) Typical concentration-response curves for responses to
AMPA were obtained in the presence (S) and absence (0) of 2 mM
SCN-. The curves were fitted using a receptor model state function
of the form, Y/Ymax = {[A]/[A] + KA,)n where A, KA and n represent
agonist concentration, dissociation constant and the Hill coefficient.
The data were fitted according to a Marquadt non-linear least
squares routine. KA and n were estimated in control Ringer to be
12.7± 1.2gpLM and 1.2 ± 0.33 (r = 0.9968); and in 2mM SCN-,
12.5 ± 1.9 jiM and 1.0 ± 0.5 (r = 0.9902). (b) The percentage inhibi-
tion of the AMPA-induced responses by 2 mM SCN- are plotted
against the AMPA concentration. Data were calculated from (a).

induced by 50 JM AMPA was reduced in a concentration-
dependent manner by SCN- with an IC50 of 1 mM.

Thiocyanate ions and desensitization ofnon-NMDA
receptors

The decline in the AMPA-induced peak current was observed
on rapidly superfusing the oocyte at 8-10 ml min' and
could represent a component of receptor desensitization since
it was also accompanied by a decline in the membrane
conductance. This fade in the peak current was assessed by
calculating a ratio of the steady-state current (I,), measured
after 90 s in AMPA-containing Ringer, to the initial peak
current (Ip). A clear peak current which exhibited desensi-
tization to a smaller steady-state response was only observed
at AMPA concentrations > 50 JIM and the corresponding
ration, Iss/Ip, was reduced with increasing AMPA concentra-
tion (Figure 4b). This reduction in the ISS/IP ratio was
accounted for by a reduced Iss, suggesting that the measure-
ment of Is was more susceptible to the effect of desensitiza-
tion than Ip. For example, rapid bath-application of 200 JM
AMPA (Iss/Ip = 0.67 ± 0.04, n = 4) induced a current which
desensitized more so than a response induced by 100 AM
AMPA (0.83 ± 0.03, n = 10; Figure 4a). Declining AMPA-
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Figure 3 Dependence of a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA)-induced response antagonism on SCN- concen-
tration. (a) Inward currents induced by AMPA (50 LM) were
recorded from a single oocyte voltage clamped at - 60 mV holding
potential in control Ringer and 0.5 or 2 mM SCN-. Note the initial
decay of the AMPA-induced response and the appearance of an
inward rebound tail current in the presence of 2 mM SCN- following
the removal of AMPA. (b) Dose-response analysis for the inhibition
by 1 LMm-4 mM SCN- of a response to AMPA (50 IM). The data
were fitted to the equation, Y'/Y = 1-([B]/([B] + KB)), whereby Y'
represents the AMPA-induced current response in the presence of
SCN- and Y the control response amplitude. B and KB represent
SCN- concentration and the apparent dissociation constant respec-
tively. KB was estimated as 3.1 ± 0.56 mm and n = 0.43 ± 0.04.

induced currents were generally not observed if a slower
agonist-perfusion rate (<5 ml min-') was employed (Bowie,
1991).
The rebound inward tail current amplitude was also more

clearly resolved in responses to the higher AMPA concentra-
tions (50-200 pIm; Figure 4a) and could always be correlated
with the onset of desensitization in the peak AMPA-induced
current.
By using AMPA concentrations that induced a desensitizing
current response (> 50 piM), the peak AMPA-induced current
was inhibited to a lesser extent than the steady-state current
in the presence of 2 mM SCN-. Accordingly, ISS/IP for 100 jtM

AMPA-induced currents was reduced by SCN- from 0.86 +
0.06 to 0.52 ± 0.06 (n = 8; Figure 4b).
The reduction in the IS/IP ratio following treatment with

SCN-, raised the possibility that SCN- might be inhibiting
AMPA-induced responses by increasing receptor desensitiza-
tion. This was investigated using the plant lectin, concana-
valin-A (Con-A), which reduces desensitization of glutamate
or AMPA-induced responses mediated by neuronal non-
NMDA receptors (Mayer & Vyklicky, 1989). Pretreatment of
mRNA-injected oocytes for 30-45 min with 10 jM Con-A
selectively enhanced the responses elicited by 100 jM AMPA
when compared to 80 jAM KA-induced responses. Both Ip and
ISS for the AMPA responses were enhanced by 25 ± 3% and
40 ± 5% respectively over the control values prior to Con-A
treatment (n = 3). This differential effect of Con-A resulted in
only a small increase in the ISS/IP ratio for AMPA-induced
(100 1AM) responses from 0.83 ± 0.03 (n = 10) to 0.9 ± 0.04
(n = 3; Figure 4b). This enhancement was apparently irrever-
sible and could still be observed up to 60 min following
exposure to Con-A.

In the presence of 2 mM SCN-, the residual Ip and I,,
responses to 100 gM AMPA in Con-A-treated oocytes were

reduced by 54 ± 2% and 67 ± 7% respectively (Figure 4c). In
comparison, prior to the treatment with Con-A in the same

mRNA-injected oocytes, SCN- reduced Ip and I,, by 55 +
4% and 74± 3% (n = 8). Lower concentrations of Con-A
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Figure 4 Desensitization of o-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA)-induced responses. Effect of concanavalin A
(Con-A) and SCN-. (a) Saturating concentrations of AMPA
(100-200ZlM) evoked desensitizing responses with clear peak inward
currents and rebound tail currents which appeared after the removal
of AMPA. The tail currents (arrow) were more clearly resolved with
higher concentrations of AMPA which displayed more overt desen-
sitization. (b) A ratio of the steady-state current (I), measured after
90 s in the presence of AMPA, to the initial peak inward current (Ip),
is plotted against the agonist concentration (open columns). Increas-
ing AMPA concentration caused this ratio to decrease, consistent
with dose-dependent desensitization. For oocytes exposed to 100 LM
AMPA, pretreatment with 101AM Con-A increased the I/Ip ratio
(hatched column), whereas in other oocytes, addition of 2 mM SCN-
reduced this ratio (solid column). All values represent means
± s.e.mean from 3-1O mRNA-injected oocytes. (c) Responses
evoked by 100 jaM AMPA in a single oocyte voltage clamped at
- 60 mV were recorded in four different solutions including: control
Ringer; + 2 mm SCN-; and following a recovery from SCN- (not
shown), after a 30 min exposure to 10 lM Con-A; and finally after
Con-A treatment, in 2 mM SCN-. The AMPA-induced responses in
control Ringer exhibited a rebound tail current which was lost in
Con-A-treated oocytes.

(1 pM) were less effective in reducing the level of non-NMDA
receptor desensitization.

Effect of thiocyanate ions on the antagonism of
kainate-induced responses by AMPA
Many studies on native non-NMDA receptors on catfish
retinal neurones (O'Dell & Christensen, 1989), and mam-
malian hippocampal and spinal cord neurones (Zorumski &
Yang, 1988; Thio et al., 1991; Patneau & Mayer, 1991; see
Gasic & Hollman, 1992, for review) and also on expressed
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Figure 5 Antagonism by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) of responses to kainate (KA) are

unaffected by SCN-. (a) Sample responses of rat brain mRNA-injected oocytes to bath-applied KA (801M), AMPA (100 IM) and
combinations of 80 jLM KA + 100 AM AMPA in the absence and presence of 2 mm SCN -. Note the smaller amplitude currents
induced by AMPA compared to responses evoked by KA. The 10 nA calibration applies only to the AMPA-induced responses.
Holding potential - 60 mV. (b) Concentration-response curves for responses to KA in the absence (0) and presence (0) of
100 JAM AMPA were fitted with the state function and method described in Figure 2. All values are mean ± s.e.mean and
normalized to the response amplitude of 80 JiM KA in control Ringer. For control oocytes, the apparent KA was estimated at
67.6± 7LM and n = 1.4 ± 0.2. In the presence of I00 AM AMPA, KA = 302.2 ± 17.8 AM and n = 1.1 0.17 (n = 3).

non-NMDA receptors in Xenopus oocytes (Verdoorn & Din-
gledine, 1988), have observed that responses to KA can be
inhibited by co-application of either quisqualate or AMPA.
These studies have proposed that both AMPA and KA may

be acting on the same receptor complexes, since the inhibi-
tion of KA responses is of a competitive nature. This con-

clusion received some support from more recent molecular
cloning studies which have demonstrated that particular non-

NMDA receptor subunits derived from cDNAs are sensitive
to both AMPA and KA (e.g. GluRI-4; although some are

relatively insensitive to AMPA, e.g., GluR6; see Gasic &
Hollman, 1992, for review). In this study, using rat brain
mRNA-injected oocytes, near saturating concentrations of
AMPA (100 JiM) consistently inhibited the response induced
by 80,m KA by 54 ± 2% (n = 10; Figure 5a). The antag-
onism was rapid in onset and the recovery was not appar-

ently use-dependent. The KA concentration-response curve

was antagonized by AMPA (100 JiM) producing a lateral shift
in the curve, suggesting a competitive mode of antagonism
(Figure Sb). The apparent dissociation constants (KA) for
KA, estimated from a two-independent binding site receptor
model (Bowie, 1991) applied to the data in the absence and
presence of 100 JiM AMPA, were calculated as, 67.6 ± 7 gM

and 302.2 ± 17.8 JiM (n = 3) respectively.

In the presence of SCN- (2 mM), the KA-induced response
was unaffected, but the response to AMPA was reduced by
74 ± 3%; furthermore, AMPA was now more effective in
inhibiting the KA response (82 ± 5%; n = 3; Figure Sa). This
reduction in the response amplitude to KA plus AMPA in
the presence of SCN- could be mostly accounted for by the
SCN-induced reduction in the AMPA response alone. Thus
AMPA may still be equi-effective as an apparent antagonist
of responses to KA even in the presence of SCN-. However,
in receptor expression studies, we cannot of course discount
the possibility that SCN- may have a selective action on

particular non-NMDA receptors expressed from hetero-
geneous mRNA injected into Xenopus oocytes; but, it should
be noted, that such a situation also pertains to neuronal
studies, which are likely to contain heterogeneous populations
of non-NMDA receptors.

AMPA-induced responses on cultured cerebellar
neurones are inhibited by thiocyanate ions

Large cultured cerebellar neurones were whole-cell voltage
clamped at - 60 mV holding potential and AMPA (10 JiM)
was rapidly applied from an adjacent four-barrelled flow
pipette (Q-tube). The membrane currents induced by AMPA

KA+AMPA
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displayed a characteristic large peak current which rapidly
decayed to a much smaller steady-state current (Figure 6a).
Application of 2mM SCN- via the rapid perfusion pipette
did not alter the holding current nor the resting conductance
of these neurones. On co-application of SCN- with AMPA,
the peak current responses were slightly reduced by 22 ± 5%,
but the steady-state responses were more susceptible to
antagonism by SCN-, being reduced by 45 + 7% (n = 4;
Figure 6a). To reproduce the responses observed with ex-
pressed non-NMDA receptors in Xenopus oocytes, the flow
rate from the Q-tube was reduced such that the fast peak
current to AMPA was not resolved and only the steady-state
current remained (Figure 6a). Application of 2 mm SCN-
reduced the steady-state current by 41 % and revealed a fast
decaying inward peak current in response to 10 LM AMPA.
This reduction in the AMPA response by SCN- was not
use-dependent and a comparable level of inhibition could be
achieved by co-application of 10 tLM AMPA and 2 mM SCN-
without any prior incubation in SCN-containing Krebs
solution.
The type of antagonism exerted by SCN- on the AMPA-

induced responses was assessed from the equilibrium concen-
tration-response curve characteristics. Different concentrations

Control +SCN- 2mM Recovery
*AMPA1Oj uS-.

'I_

2 s

0.8

.04

0.2

* -e i0 X
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Figure 6 Responses to a-amino-3-hydroxy-5-methyl-4-isoxazolepro-

pionic acid (AMPA) on cultured cerebellar neurones are antagonised

by SCN-. (a) Upper traces, in a large cultured cerebellar neurone

voltage clamped at - 60 mV holding potential, rapid-application of

10 JM AMPA in control Krebs from a Q-tube evoked a rapidly

decaying current with a steady-state component. SCN- (2 mM) was

also applied from the Q-tube, note the greater reduction in the

steady-state current compared to the peak current. Lower traces, by

slowing the rate of drug application (0I1JM AMPA) the fast peak

current was not resolved leaving a predominantly steady-state

AMPA-induced current. SCN- reduced the amplitude of the AMPA

current revealing a small initial inward tail current. (b) Concen-

tration-response analysis for responses to AMPA in the absence (0)

and presence (M) of 2 mm SCN-. Values are means ± s.e.mean from

5 neurones. The data were fitted with the state function described in

Figure 2, providing apparent values of KA = 6.91 ± 0.35 jAM and

n = 1.43 ± 0.05 in control Krebs, and KA = 7.02 ± 0.4 JAM and n =

1.33 ± 0.13 in SCN-. Different concentrations of AMPA were

delivered from a U-tube in control Krebs or in 2 mm SCN-.

of AMPA were rapidly applied from a U-tube (see Methods)
in the absence and presence of SCN- and the steady-state
inward current was measured as a more reliable indicator of
agonist efficacy compared to the peak current (Figure 6c). A
two-independent binding site receptor model was used to
determine the apparent dissociation constant (KA) for
AMPA. In control Krebs solution, KA was 6.91 ± 0.35 gM
(n = 3) remaining unaffected in 2 mM SCN- where KA was
estimated as 7.02 ± 0.4 iLM. Similar to the dose-response
curve for expressed non-NMDA receptors in oocytes, SCN-
depressed the AMPA dose-response curve in cerebellar neu-
rones in a non-competitive manner with little dependence on
the agonist concentration.

Discussion

SCN ions differentially modulate AMPA binding and
AMPA-induced responses

Thiocyanate ions belong to a group of agents known as
chaotropic ions which favour the transfer of apolar groups
into the water phase (Hatefi & Hanstein, 1969). Traditionally
chaotropic ions have been used as general biochemical re-
agents to dissociate a variety of particulate proteins and
multicomponent enzymes (Sawyer & Puckridge, 1973). In
radioligand binding studies of non-NMDA receptors, chao-
tropic ions increased the specific binding of [3H]-AMPA in
rat brain membranes by up to 800% of basal binding at
concentrations ranging from 1-100mM (Honore & Nielsen,
1985; Murphy et al., 1987; Olsen et al., 1987; Honore &
Drejer, 1988; Nielsen et al., 1988; Shahi & Baudry, 1992).
Honore & Drejer (1988) have proposed that AMPA can bind
to a receptor which exists in two interconvertible states of
low and high affinity with SCN- favouring formation of the
high affinity state. Interestingly, the binding of other non-
NMDA agonists, such as KA, are unaffected by the presence
of SCN- (Murphy et al., 1987; Honore & Nielsen, 1988).

This selective action of SCN- was also observed in our
electrophysiological analyses on non-NMDA receptors ex-
pressed in Xenopus oocytes, where perhaps surprisingly,
SCN- inhibited responses to AMPA without affecting KA-
induced responses. The concentrations of SCN- used in the
present study (2-10 mM) were lower than those routinely
employed in binding studies (typically 100 mM); however,
even using comparable concentrations of SCN- in binding
studies, [3H]-AMPA binding was still clearly enhanced (Shahi
& Baudry, 1992). The AMPA concentration-response curve
for expressed non-NMDA receptors was antagonized in a
non-competitive manner by SCN-, suggesting that SCN- is
unlikely to be competing for the agonist recognition site. This
antagonism is probably not due to an expression artifact of
the Xenopus laevis in vitro translation system, since a similar
mode of antagonism was observed when SCN- was studied
on native non-NMDA receptors in cultured cerebellar neu-
rones.

Mechanism of antagonism of AMPA-induced responses
by SCN-
The antagonism of AMPA-induced responses by SCN-
could occur by a variety of mechanisms, including: (i) ion
channel block, (ii) enhancing receptor desensitization, (iii)
allosteric modulation of ion channel opening by specific
agonists, (iv) chelation/inactivation of the agonist in solution.
Non-NMDA agonist-gated ion channels are permeable

only to cations and on this basis alone, it appears very
unlikely that SCN- could exert a blockage of the open
channel by entering the channel lumen. Moreover, for both
expressed receptors in Xenopus oocytes and native receptors
in cerebellar neurones, the degree of block by SCN- was
only minimally dependent on the agonist concentration, in-



THIOCYANATE IONS AND NON-NMDA RECEPTORS 785

dicating that the blockade is not selective for just the open
states of the ion channel.
By enhancing desensitization, SCN- could conceivably

effect a non-competitive depression of the AMPA dose-
response curve. At high AMPA concentrations (>100 jiM),
where apparent desensitization of the response was maximal,
SCN- antagonized the steady-state AMPA response more
than the peak current, thereby decreasing the I,/4Ip ratio. In
previous studies on hippocampal neurones, the rapidly desen-
sitizing AMPA-induced current suggests that I,, represents
the AMPA response at a greater level of desensitization since
it was markedly enhanced by Con-A treatment, whereas Ip
was relatively insensitive (Mayer & Vyklicky, 1989). In addi-
tion, a study of the single channel currents activated by
quisqualate on hippocampal neurones, revealed that Ip may
be carried by rapidly-inactivating high conductance channels
(single channel conductance (7) = 35pS; Tang et al., 1989),
whereas the maintained current (approximating to ISS) was
carried mostly by low conductance channels (y = 8pS; Jahr &
Stevens, 1987; Cull-Candy & Usowicz, 1987; Ascher & No-
wak, 1988).

In our study, the rapidly-inactivating membrane current
evoked by AMPA was clearly not fully resolved due to the
inherent limitations associated with rapid drug application
onto large cells such as the Xenopus oocyte with a cell
diameter of approximately 1 mm. Consequently, Ip does not
represent AMPA activating a non-NMDA receptor(s) at a
minimal level of desensitization and it was therefore not
possible to determine absolutely whether SCN- ions selec-
tively affected Is or Ip. However, using cultured cerebellar
neurones, we resolved both the rapidly densensitizing and
steady-state currents induced by AMPA, and SCN- ap-
peared to antagonize the steady-state responses to a greater
extent. The apparently greater effect of SCN- on I,, might
suggest that SCN- is enhancing desensitization perhaps by
causing the channel to adopt a low conductance open state
conformation (cf. Jahr & Stevens, 1987; Cull-Candy & Uso-
wicz, 1987; Ascher & Nowak, 1988).
One feature of the present results which is apparently

inconsistent with this model was the observation that Con-A
treatment, which reduces receptor desensitization, did not
affect the antagonism of AMPA-induced responses by
SCN-. We cannot discount the possibility that SCN- may
enhance desensitization by a Con-A insensitive mechanism.
This possibility is supported by the antagonism of KA-
induced responses by AMPA where both agonists are
thought to bind to the same receptor protein(s). The degree
of antagonism was also suggested to be due to the level of
desensitization induced by AMPA (Kiskin et al., 1986;
Patneau & Mayer, 1991); this interaction was insensitive to
Con-A treatment (Mayer & Vyklicky, 1989) and also in our
study, to SCN- ions.

If SCN- can modulate receptor desensitization, then this
might explain the increased binding of [3H]-AMPA by SCN-
and also the reduction in the AMPA-induced membrane
current. The nature of radioligand binding studies necessarily
requires an incubation of the agonist/antagonist with the
receptor preparation for longer periods of time, compared to
that routinely used in electrophysiological studies. This sug-
gests that the non-NMDA receptors in binding studies would
have entered into one or more desensitized states which is
usually associated with high affinity binding sites for ligands.
We would then predict that the response amplitude and the
EC50 for AMPA would both be reduced by SCN- (cf.
Patneau & Mayer, 1990; Barnard & Henley, 1990); however,
our data clearly show that the EC50 is apparently unaffected.

AMPA-induced rebound tail currents

The rebound tail current observed following washout of
AMPA was enhanced in the presence of SCN-. This phen-
omenon also appeared to be related to receptor desensitiza-
tion, but in other studies, desensitization of AMPA responses

have been clearly demonstrated to occur either in the absence
(Kiskin et al., 1986; Trussell et al., 1988; Zorumski & Yang,
1988; Mayer & Vyklicky, 1989; O'Dell & Christensen, 1989),
or presence of a rebound current (Vyklicky et al., 1986;
Vlachova et al., 1987; Tang et al., 1988; Perouansky &
Grantyn, 1989). One explanation for the production of
rebound tail currents involves a 'self-block' of the ion chan-
nel by the agonist; a concept originally proposed for nicotinic
agonists at the frog neuromuscular junction (Adams, 1975).
Relief of the block following washout of the agonist might
allow re-activation of the receptor by previously 'trapped'
agonist molecules resulting in a small tail current. A similar
mechanism was also suggested to account for the 'after-
current' following the discontinuation of quisqualate applica-
tion to spinal neurones (Vyklicky et al., 1986; Vlachova et
al., 1987). However, the structure of the AMPA molecule
with two, presumably dissociated carboxyl groups, suggests
that the penetration of AMPA molecules into the cation-
selective ion channel would probably be thermodynamically
unfavourable. Moreover, a similar rebound current induced
by AMPA on expressed non-NMDA receptors in Xenopus
oocytes, was devoid of any voltage sensitivity (Geoffroy et
al., 1991). The rebound current was accounted for by pos-
tulating that a decrease in receptor occupancy during wash-
out of the agonist allowed a fast re-activation of the receptor,
producing an increase in the membrane current (Geoffroy et
al., 1991). The manifestation of the AMPA-induced 're-
bound' current in SCN- containing Ringer solution, may
reflect a dissociative effect of SCN- on non-NMDA receptor
protein structure, by binding to a discrete site from the
agonist recognition site. The possibility of SCN- ions allos-
terically modulating channel gating and possibly also enhanc-
ing desensitization, has not yet been discounted.

In the presence of SCN-, the shape of the AMPA dose-
response curve, exhibiting a reduced maximum and with no
lateral shift, suggests that SCN- is not chelating or chem-
ically inactivating the agonist molecules (Smart & Constanti,
1982). A recent study by Shahi & Baudry (1992) in hippo-
campal slices monitored the extracellular excitatory post-
synaptic potential (e.p.s.p.). lonophoresis of SCN- ions
resulted in an enhanced slope to the e.p.s.p. by approx-
imately 25%. This was an unexpected result based on our
findings of SCN- inhibiting non-NMDA receptors. Mole-
cular cloning studies have now revealed a number of different
non-NMDA receptor cDNAs (see Gasic & Hollman, 1992)
which may have discrete distributions in the CNS and differ-
ent functional properties (Keinanen et al., 1990; Sommer et
al., 1990; Lambolez et al., 1992; Gasic & Hollman, 1992).
Therefore, it is possible that various heteromeric combina-
tions of these subunits may be differentially sensitive to
SCN- ions.

Discrete binding sites for non-NMDA agonists on the
same receptor complex?
In oocytes injected with rat brain mRNA, the membrane
currents evoked by KA and AMPA are thought to be
mediated by common receptor complexes (Verdoorn & Ding-
ledine, 1988). This also concurs with the notion of a common
binding site for AMPA and KA on some native or expressed
non-NMDA receptors (Boulter et al., 1990; Keinanen et al.,
1990; Patneau & Mayer, 1991). Patneau & Mayer (1991)
proposed that both agonists bind to the same receptor and
show mutual competition for the agonist recognition site.
For the non-NMDA receptors expressed in our study, dis-
crete binding sites for AMPA and KA is also a possibility,
even on the same receptor protein(s), since SCN- ions selec-
tively antagonized responses to AMPA compared to KA-
induced responses. However, expression of non-NMDA
receptors in Xenopus oocytes from mRNA may yield heter-
ogeneous populations of non-NMDA receptors. Two alterna-
tive hypotheses are now possible to explain the effects of
SCN-: AMPA and kainate may bind to completely different
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receptor populations and SCN- will bind only to the
'AMPA-sensitive' receptors. This would be compatible with
our results of SCN- selectively inhibiting responses to
AMPA, but this concept would not easily explain the com-
petitive shift in the kainate dose-response curve induced by
AMPA, nor the extra depression of responses to kainate
caused by AMPA in the presence of SCN-; alternatively,
there might be a mixture of AMPA/kainate-sensitive recep-
tors and discrete populations of AMPA and kainate-sensitive
receptors. Presumably in this scenario, SCN- will bind to
more than one population of receptors. This is a complex
situation and the behaviour of the system cannot be easily
predicted without constraining assumptions for which, at
present, we do not have any experimental justification.

The most parsimonious conclusion that can be drawn from
our results is that the non-competitive antagonism produced
by SCN-, suggests that this ion does not displace AMPA
from the binding site but probably modulates channel gating
from a novel allosteric site. Furthermore, as an antagonist in
this study, SCN- has the novel distinction for non-NMDA
receptors, of being able to differentiate between AMPA and
KA-induced responses.
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mRNA. We thank our colleagues at The School of Pharmacy for
helpful discussions.
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