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Summary—The influence of zinc ions on x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors was investigated using binding studies with [?THJAMPA to rat cortical membranes and patch clamp
recordings from cultured superior colliculus neurones. In Tris—=HCl buffer, zinc (1-10 mM) significantly
increased the specific binding of [’H]JAMPA whereas this increase was negligible in the presence of CaCl,
(2.5 mM) and KSCN (100 mM). This effect was associated with a dramatic increase in By, but a decrease in
both agonist and antagonist affinity. Association and dissociation experiments showed that equilibrium
[’H]JAMPA binding is reached with faster kinetics in the presence of zinc. At low concentrations (0.3 mM) zinc
also concentration-dependently potentiated both peak and plateau components of whole cell current responses
to AMPA (100 uM). This effect was accompanied by a reduction of the degree, and slowing of the rate, of
AMPA receptor desensitisation. In contrast, higher concentrations of zinc (1-3.0 mM) inhibited AMPA
responses to some degree, but slowed desensitisation further. This ability of zinc to change AMPA receptor
properties may be relevant to neurotoxicity associated with AMPA receptor activation. Copyright © 1996

Elsevier Science Ltd.
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In the last few years a number of agents including
nootropics, benzothiadiazines, AMPAKkines and 2,3-
benzodiazepines have been shown to modulate 2-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA) receptor activity leading to the suggestion that
the AMPA receptor may possess positive and negative
modulatory binding sites (for reviews see Lee and
Benfield, 1994; Danysz et al., 1995). Another modulatory
effect on AMPA receptor properties may be produced by
zinc (see Smart et al., 1994). Zinc selectively attenuates
N-methyl-p-aspartate (NMDA) receptor-mediated exci-
totoxicity but has been found to potentiate AMPA
receptor-mediated neurotoxicity in cultured cortical
neurones (Peters et al 1987; Koh and Choi, 1988). A
recent study considered the possibility that the increased
AMPA receptor-mediated toxicity reflects AMPA poten-
tiation of inherent zinc toxicity, perhaps mediated by
neuronal depolarisation and zinc entry through voltage-

{To whom correspondence should be addressed at: Department
of Pharmacology, Merz + Co., Eckenheimer Landstrasse
100-104, D-60318 Frankfurt/Main, Germany.

503

gated calcium channels (Weiss er al., 1993). In contrast,
electrophysiological data indicate that these neurotoxic
effects of zinc may be due to a direct modulatory action at
AMPA receptors. Investigations on mouse hippocampal
neurones in cell cultures and Xenopus oocytes injected
with rat mRNA are consistent with the assumption that
zinc potentiates AMPA receptor-mediated currents at low
concentrations (M range) while inhibiting these re-
sponses at higher concentrations (mM range) (Mayer et
al., 1989; Rassendren et al., 1990; Reichling et al., 1991).
For several reasons such a modulatory effect of zinc on
excitatory amino acid receptors may be of particular
interest: zinc is widely distributed in the mammalian
central nervous system and is present in nerve terminals
and synaptic vesicles from where it is released during
synaptic transmission (Assaf and Chung, 1984; Pérez-
Claussel and Danscher, 1985). Previous studies indicate
that this zinc is specifically associated with glutamatergic
pathways (Ottersen and Storm-Mathisen, 1986; Cotman
et al., 1987) and particularly high concentrations
(200-300 uM) are present in mossy fibre terminals of
the hippocampus (Frederickson et al., 1983; Aniksztejn
et al., 1987).
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Previous patch clamp studies on the effects of zinc on
AMPA receptor activation kinetics utilised non-selective
ligands in primary culture. Moreover, no results from
receptor binding studies are available. As such, it seems
pertinent to compare the effects of zinc on ["HJAMPA
receptor binding and AMPA-induced currents under
concentration-clamp in cultured neurons.

METHODS

Receptor binding on rat brain homogenates

Male Sprague—Dawley rats (200-250 g) were decapi-
tated and their forebrains were removed rapidly. Tissue
preparation was performed according to Foster and Wong
(1987). In brief, the brain tissue was homogenised in 20
vols of sucrose (0.32M) using a glass-Teflon hom-
ogenizer. The homogenate was centrifuged at 1000 g for
10 min. The pellet was discarded and the supernatant
centrifuged at 20,000 g for 20 min. The resulting pellet
was re-suspended in 20 volumes of distilled water and
centrifuged for 20 min at 8000 g. Then the supernatant
and the buffy coat were centrifuged three times (48,000 g
for 20 min) in the presence of Tris—HCl (5§ mM) pH 7.4.
All centrifugation steps were carried out at 4°C. After re-
suspension in 5 vols of Tris-HCl (S mM) pH 7.4 the
membrane suspension was frozen rapidly at —80°C.

On the day of assay the membranes were thawed and
washed four times by re-suspension in Tris—HCI (5 mM)
pH 7.4 and centrifugation at 48,000 g for 20 min. The
final pellet was re-suspended in different buffers contain-
ing: (1) Tris—=HCI (10 mM); (2) Tris-HCl (10 mM) and
CaCl, (25mM) or (3) Tris-HCl (10 mM), CaCl,
(2.5 mM) and potassium thiocyanate (KSCN 100 mM)
respectively  (final  protein  concentration  was
0.15-0.20 mg/ml determined by the method according
to Lowry et al., 1951). The relatively low concentration
of Tris~HC] (10 mM) was chosen to make the assay
conditions more comparable to those used for other
glutamate receptor binding assays (normally 5-10 mM).
However, similar levels of binding were seen in the
presence of Tris-HCl (30 mM)—a concentration typi-
cally used in [’HJAMPA receptor binding assays.

All displacement and stimulation experiments were
carried out in triplicates with a radioligand concentration
of [’HJAMPA of 5nM (46.1 Ci/mmol, obtained from
New England Nuclear) at a temperature of 4°C. Non-
specific binding was determined with L-glutamate
(1 mM). Receptor-ligand complexes were separated by
using a Millipore filter system for vacuum filtration over
glass fibre filters (Whatman GF/C). The membranes
retained on the glass fibre filters were rinsed three times
with 2.5 ml ice cold Tris—HCI (10 mM) buffer.

For stimulation experiments binding of [PHJAMPA
was determined in the presence of different concentra-
tions of ZnCl, (0.1 mM-10 mM) and in different buffers.
In association and dissociation experiments bound ligand
was determined over a range of incubation times (10 s to
60 min) in the presence of Tris—HCl (10 mM), CaCl,
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(2.5 mM) and KSCN (100 mM) or Tris-HCI (10 mM)
and ZnCl, (10 mM) at 4°C.

In competition studies increasing concentrations of
cold AMPA, L-glutamate, kainate or 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX) were added under stan-
dard conditions [Tris—HCI (10 mM), CaCl, (2.5 mM) and
KSCN (100 mM)] and in the presence of Tris—HCIl
(10 mM) buffer with ZnCl, (10 mM).

For saturation studies AMPA concentrations up to
20 nM were achieved by increasing the concentration of
[’HJAMPA, while those above 20 nM were produced by
adding unlabeled AMPA to a fixed [’HJAMPA concen-
tration of 20 nM. Under standard conditions the assay
was carried out in the presence of Tris—-HCl (10 mM),
CaCl, (2.5 mM) and KSCN (100 mM) with an incubation
time of 45 min at 4°C. The saturation experiment was
then repeated in the presence of Tris—HCl (10 mM) with
ZnCl; (10 mM).

Binding assays were all carried out at two centres
(Merz+Co. and the Royal Danish School of Pharmacy)
with corresponding results.

Patch clamp technique

Patch clamp recordings were made from cultured rat
superior collicular neurones (11-14 days in vitro; sce
Parsons et al., 1994 for details) in the whole cell mode
with the aid of an EPC-7 amplifier (List) at a membrane
potential of —70 mV. Patch clamp electrodes were pulled
with a horizontal puller (DMZ) and had an internal tip
diameter between 1.0 and 1.4 uM and a tip resistance of
4-8 M. Cells were continuously superfused via one of
eight channels of a custom made fast superfusion system
with a common outflow. Test substances then were
applied by rapidly switching channels—complete ex-
change of the superfused solution was achieved within
10 ms. The application of solutions and the synchronised
online electronic acquisition of data were controlled by
the IBM program PCLAMP.

The contents of the intracellular (electrode) solution
were as follows (mM): CsCl (120), TEACI (20), EGTA
(10), MgCl, (1), CaCl, (0.2), Glucose (10), ATP (2),
cAMP (0.25). The extracellular solutions had the
following basic composition (mM): NaCl (140), KCl
(3), Giucose (10), HEPES (10), CaCl, (0.2), Sucrose
(4.5), Glycine (2.5 x 1073). In addition, neurones were
pharmacologically isolated from one another by the
inclusion of 0.3 uM tetrodotoxin to block voltage-
activated sodium currents. AMPA (100 uM) and ZnCl,
(0.3-3 mM) were added to this basic solution.

RESULTS

[’HJAMPA binding to rat cortical membranes was
performed using three different buffer compositions. In
the absence of ZnCl,, specific binding of [PHJAMPA
(final concentration 5nM) reached values of
380 + 93 dpm when assays were carried out with
Tris—HCl/CaCl, buffer and 2294 + 298dpm with
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Fig. 1. Concentration-dependent influence of ZnCl, on specific

bound [PHJAMPA (final concentration S nm) using different

buffers. Data represent mean * SEM of three replicate
experiments.

Tris—HCl/CaCl/KSCN buffer. No specific binding was
obtained when membranes were re-suspended in
10-30 mM Tris~HCl1 buffer alone. However, some
specific binding was seen with 10-20 nM of ["HJAMPA
and with higher final protein concentrations (data not
shown). Within a low concentration range of 0.1-100 uM
ZNCl; had only negligible effects on specific [’"HJAMPA
binding in the presence of the different buffers
(Tris—HCI, Tris—HCl/CaCl,, Tris—HCl/CaCl,/KSCN).
However, in the presence of ZNCl, (1 mM) specific
binding was increased to 1005 + 302 dpm in Tris—HCl/
CaCl, buffer, 2795 + 702 dpm in Tris~HCl/CaCl,/KSCN
buffer and 2241 + 410 dpm in Tris—HCI buffer (Fig. 1).
This effect was even more pronounced in the presence of
ZnCl; (10 mM). Non-specific binding was similar under
all conditions investigated (Fig. 2).
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Fig. 2. Stimulation of [*’HJAMPA (final concentration 5nM)

with 10 mM zinc. Bars depict mean = SEM of total binding

(filled bars) and non-specific binding (open bars) of [’HJAMPA

in the presence and absence of 10 mM zinc chloride using (a)

10 mM Tris-HCl/2.5 mM CaCl,/100 mM KSCN (b) 10 mM

Tris—-HCl/2.5 mM CaCl, or (c) 10mM Tris-HCl as assay
buffers.
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Table 1. Scatchard analysis of the binding of [HJAMPA under
standard conditions (control) and in the presence of ZnCl, (10 mM)

Kp [nM] Bmmax [pmol/mg protein]
Control High affinity: High affinity:
191279 0.62 + 0.24
Low affinity: Low affinity:
375 £ 114 3.23 + 0.69
+ ZnCl; (10mM) 23,100 = 960 350 + 204

Specific binding in Tris-HCl/CaCl,/KSCN buffer
reached equilibrium within 25 min with half-maximal
specific binding being achieved at 4.5 min. Dissociation
was completed within 30 min after addition of unlabelled
glutamate (final concentration 1 mM). Using Tris~HCl
buffer in the presence of ZnCl, (10 mM) equilibrium was
reached almost instantaneously and dissociation was
complete within 4-5 min. However, the time resolution
of the assay used was not fast enough to assess exact rate
constants in the presence of zinc.

Saturation experiments carried out under standard
assay conditions resulted in the detection of high- and
low-affinity binding sites with values comparable to
those found by previous groups (Honoré and Drejer,
1988; Hall er al., 1992). In contrast, Scatchard analysis in
the presence of ZnCl, (10 mM) and Tris-HCl (10 mM)
revealed only a single class of binding sites with lower
affinity and a dramatic increase in B, (Table 1). Hill
coefficients (ng = 1.08 = 0.02) were not different from
unity and therefore did not indicate any cooperativity of
[*’H]JAMPA binding or the existence of high- and low-
affinity binding sites in the presence of zinc.

Displacement studies performed in the presence of zinc
revealed a large increase of K values for the investigated
standard compounds. Thus, ZnCl, (10 mM) decreased
the affinity of AMPA, L-glutamate and kainate by
approximately 220-, 210- and 30-fold, respectively
(Table 2). The affinity of CNQX was also decreased
more than 300-fold (Table 2). All results are given as
mean + SEM for 3—4 determinations.

Whole cell current responses to AMPA (100 uM) rose
rapidly to a peak level (906 + 80 pA, 15-85% rise time
12.1 £ 0.3 ms, n = 8) and then desensitised rapidly to a
lower plateau level (242 = 35pA, 1tdesen =253 *
1.6 ms, Figs 3 and 4). ZnCl, (0.3 mM) slightly poten-

Table 2. Inhibition of ['H]JAMPA (5nM final concentration) by
standard compounds on rat cortical membranes in the presence and
absence of ZnCl, (10 mM). K; values are given as mean * SEM of
34 separate determinations. Values were calculated using the
equation K; = ICs¢/(1 + ([L}/KD)) (Cheng and Prusoff, 1973)

K; [iM] K, [1M]
Competitor Control + ZnCl; (10 mM)
AMPA 0.0450 * 0.0065 10.05 * 2.8°
L-glutamate 0.728 + 0.208 156.7 + 38.4°
kainate 10.05 + 2.91 3113 £ 171.6
CNQX 0.37 + 0.04 >100°

“ Significant different from control, p < 0.05 (Student’s f-test)
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Fig. 3. Concentration-dependent effects of zinc on AMPA-induced current responses of a single cultured superior
colliculus neurone. AMPA (100 uM) was applied for 700 ms every 15 s at a constant membrane potential of
—70 mV. The left and right panels show control and recovery responses to AMPA. The middle three panels show
AMPA responses in the continuous presence of ZnCl, (0.3-3.0 mM). Note the appearance of unstable leak
currents following removal of ZnCl, (3.0 mM, recovery). The inserts show the effects of these same ZnCl,
concentrations on AMPA response onset and desensitisation kinetics (different time scales).
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tiated pecak AMPA current responses but had a greater
effect in reducing the degree, and slowing the rate, of
desensitisation (peak 116.5 * 3.4% of control, plateau
1424 * 88% of control, tdesen = 33.0 £
2.2ms, n = 8). In the presence of ZnCl, (1.0 mM) the
effects on peak currents were no longer apparent,
whereas the effects on desensitisation were of similar
magnitude (peak 101.8 £3.5% of control, plateau
1312 £ 5.6% of control, zdesen = 34.0 + 1.8 ms,
n = 8). In the presence of ZnCl, (3.0 mM) peak current
responses were reduced and the potentiation of plateau
currents was no longer apparent (peak 71.5 * 5.7% of
control, plateau 96.0 + 7.4% of control, n=8). In
contrast, the slowing in the rate of desensitisation was
most pronounced at this concentration (tdesen =
47.3 + 3.3 ms). Thus, zinc seems to have two opposing
effects on AMPA receptors (1) a reduction in the rate and
degree of desensitisation at lower concentrations and (2)
an antagonistic effect at higher concentrations which
masks the former effect to some degree. The antagonistic
effects of zinc may be related to a decrease in agonist
affinity as the onset rate of AMPA-induced currents was
slowed in a concentration-dependent manner (15-85%
rise times ZnCl,: 0.3 mM =143 +05ms, 1.0mM =
16.5 £ 0.7 ms, 3.0 mM = 25.9 + 1.0 ms). However, the
effects on offset kinetics were not so apparent (Fig. 4). It
is therefore possible that the effects on onset kinetics are
due to chelation of AMPA by higher concentrations of
zinc. An interesting observation was the fact that leak
currents became consistently unstable for several minutes
after returning from ZnCl, (3.0 mM) to normal extra-
cellular solutions (see Fig. 3, recovery).

DISCUSSION

The data from the present study clearly indicate a
change in binding properties of [’HJAMPA and a slowing
of rapid desensitisation of whole cell current responses to
AMPA by zinc. The increase of [’H]JAMPA binding in
the presence of ZnCl, was most pronounced in the
absence of KSCN and CaCl,. Experiments with ZnCl,
(10 mM) carried out in buffer containing Tris~HCl
(10 mM) and CaCl, (2.5 nM) showed only a marginal
enhancement of specific [’HJAMPA binding. This could
be taken as evidence that the effect of zinc is not due to a
change in the ionic strength of the buffer although the
possibility that Ca®* screens the Zn’* binding site can
not be excluded. [PHJAMPA binding assays are usually
carried out in the presence of Tris—HCI, CaCl, and KSCN
in order to increase specific binding (e.g. Honoré and
Drejer, 1988) whereas binding assays for NMDA
receptor recognition sites (e.g. PCP/MK-801 or strych-
nine-insensitive glycine binding sites) are usually carried
out in the presence of lower concentration Tris-buffers
without added CaCl, or KSCN. This may be one
explanation for the fact that no AMPA binding studies
supporting the potentiation of AMPA toxicity by zinc
have been reported to date.
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The very low affinities determined in saturation and
displacement experiments may indicate that the AMPA
binding site in the presence of zinc possesses a different
pharmacological profile. In the presence of ZnCl, there is
a loss of high-affinity AMPA binding sites which may be
due to a conformational change of the receptor complex.
The number of binding sites increased profoundly
(around 100-fold) compared to standard assay conditions.
It could therefore be supposed that the AMPA binding
site in the presence of zinc is the result of an unmasking
of non-specific AMPA binding sites or revealing binding
to other receptors e.g. high affinity kainate receptors.
However, this did not seem to be the case as non-specific
binding was not influenced by zinc and specific binding
was displaced by standard AMPA receptor ligands in the
same rank order of potencies as seen under standard
conditions. In addition, this stimulatory effect of zinc on
[’HJAMPA binding is suggested to be specific for this
binding site as only inhibitogy effects of ZnCl, (1 mM)
have been reported for both [°H]glutamate and [*’H]MK-
801 binding under comparable conditions (Monahan and
Michel, 1987; Reynolds and Miller, 1988). Finally, it
could be argued that the AMPA binding site revealed in
the presence of zinc is, in fact, more pharmacologically
relevant as the profoundly reduced affinities of AMPA
and glutamate are actually more in line with those
determined in electrophysiological experiments (Kiskin
et al., 1986; Trussell and Fischbach, 1989; Patneau and
Mayer 1991; Patneau et al., 1992; Hall et al.,, 1993;
Hennegriff et al., 1994; Parsons et al., 1994). On the
other hand, zinc has also been reported to enhance
kainate binding and neurotoxicity in the hippocampus in
vivo (Shiraishi et al., 1993; Nave and Conner, 1993).
Clearly, a more thorough study on the rank order of
potency of several other AMPA/kainate receptor ligands
would be necessary to exclude the possibility that the site
labelled represents AMPA binding to other receptors.

Previous electrophysiological investigations on cul-
tured hippocampal neurones and Xenopus oocytes
injected with rat brain mRNA have revealed that zinc
has both stimulatory and inhibitory effects on AMPA
receptor-mediated currents (Mayer et al., 1989; Rassen-
dren et al., 1990). In agreement with the present study,
zinc exhibited potentiating effects at AMPA receptors at
concentrations up to 300 uM whereas inhibition was seen
at higher concentrations. Smart et al. (1994) suggested
that this dual effect of zinc on AMPA receptors may be
mediated via separate mechanisms. Since the present
receptor binding studies did not reveal any inhibitory
effect on [3H]AMPA binding, irrespective of the
conditions used, the findings reported in this study may
provide additional support for this assumption.

It is well accepted that desensitisation of AMPA
receptors is accompanied by an increase in agonist
affinity (Kiskin et al., 1986; Trussell and Fischbach,
1989; Patneau and Mayer 1991; Patneau ez al., 1992; Hall
et al., 1993; Hennegriff 1994; Parsons ef al., 1994). This
in turn, can be taken to imply that high affinity
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[*’HJAMPA binding represents selective recognition of
inactive—i.e. desensitised—high affinity AMPA recep-
tors. Indeed, thiocyanate has also been shown to enhance
AMPA receptor desensitisation in electrophysiological
studies (Arai et al., 1995). Moreover, some positive
modulators of AMPA receptors such as cyclothiazide,
which markedly decrease AMPA receptor desensitisation
(Livsey et al., 1993; Partin et al., 1993; Patneau et al.,
1993; Yamada and Tang, 1993) also decrease high
affinity [’HJAMPA binding (Hall et al., 1992, 1993;
Hennegriff et al., 1994). As such, one possible explana-
tion for the effects observed in the present study, is that
zinc also decreases AMPA receptor desensitisation and
high affinity [?’HJAMPA binding in a similar manner to
cyclothiazide. This effect is, however, masked by the
additional antagonistic effects of higher concentrations of
zinc on AMPA-induced currents and the appearance of
low affinity [PHJAMPA binding sites. Moreover, it
should be noted that other positive modulators of
AMPA receptors such as certain nootropic drugs and
BDP have been claimed to decrease AMPA receptor
desensitisation but also to increase high affinity
[’HJAMPA binding (Copani et al., 1992; Arai et al.,
1994; Lee and Benfield, 1994). Clearly, further studies
are necessary to determine whether the effect of zinc on
AMPA receptor desensitisation are related to the
observed changes in the relative proportions of high
and low affinity AMPA recognition sites or due to
changes in the coupling of the AMPA recognition site to
other domains on the receptor protein.

The potentiation of AMPA binding and plateau
AMPA-induced currents by zinc could have important
consequences under pathological conditions such as
ischaemia. Thus, the presence of high concentrations of
zinc in the dentate gyrus might be expected to potentiate
the toxic effects of elevated concentrations of glutamate
in the hippocampus (for review see Danysz et al., 1995).
This idea is supported by the fact that the main effect of
lower concentrations of zinc is a reduction of AMPA
receptor desensitisation, a process which may normally
represent an endogenous mechanism to prevent pro-
longed pathological activation of AMPA receptors whilst
permitting fast AMPA receptor mediated neurotransmis-
sion (May and Robinson 1993; Rock and Campbell,
1993; Moudy et al., 1994; see Danysz et al., 1995 for
review).

In conclusion, the mechanism by which zinc increases
[’HJAMPA binding and decreases AMPA receptor
desensitisation remains unclear and indirect effects such
as chelation of AMPA or an influence on membrane
properties can not be excluded. Moreover, it should be
born in mind that most binding assays, including those of
the present study, are normally carried out under
extremely unphysiological conditions. It is therefore
highly speculative to make any conclusive assumptions
from receptor binding studies concerning their biological
relevance. However, since in vivo endogenous zinc
concentrations have been reported to reach values of
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about 200-300 uM (Frederickson et al., 1989; Ebadi et
al., 1990; Tander et al., 1990) it is conceivable that the
reported observations may be of relevance under
excitotoxic conditions.
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