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Development/Plasticity/Repair

Zinc Modulates Bidirectional Hippocampal Plasticity by
Effects on NMDA Receptors

Yukitoshi Izumi,! Yves P. Auberson,? and Charles F. Zorumski'?>
Departments of 'Psychiatry and 2Neurobiology, Washington University School of Medicine, St. Louis, Missouri 63130, and *Department of Chemistry,
Neuroscience, Novartis Institutes for BioMedical Research, CH-4002 Basel, Switzerland

Zinc has complex effects on NMDA receptors (NMDARs) and may be an endogenous modulator of synaptic plasticity. In the CA1 region
of rat hippocampal slices, we observed that low micromolar concentrations of zinc depress NMDAR synaptic responses by 40 -50% and
inhibit long-term depression (LTD) but not long-term potentiation (LTP). A combination of zinc plus ifenprodil, an inhibitor of NR1/
NR2B receptors, produced no greater inhibition of synaptic NMDARs than either agent alone, suggesting overlapping effects on
NMDARs. Similar to low micromolar zinc, ifenprodil inhibited LTD but not LTP. In contrast, low concentrations of 2-amino-5-
phosphonovalerate (APV) did not block either LTP or LTD despite producing >50% inhibition of synaptic NMDARs. NVP-AAMO077
([(R)-[(S)-1-(4-bromo-phenyl)-ethylamino]-(2,3-dioxo-1,2,3,4-tetrahydro-quinoxalin-5-yl)-methyl]phosphonic acid), an antagonist
with relative NR1/NR2A selectivity at low concentrations, also inhibited synaptic NMDARs by ~50% at 0.05 um but failed to completely
block either LTP or LTD. These results suggest that LTD induction depends on specific NMDARs with sensitivity to low micromolar zinc
andifenprodil, but LTP is less dependent on specific NMDAR subtypes. Because high-affinity sites of NR2A are likely occupied by ambient
zinc, we also examined effects of extracellular zinc chelators. Zinc chelation blocked LTP but had no effect on LTD. This LTP inhibition was
overcome by APV and NVP-AAMO077 but not ifenprodil, suggesting that zinc chelation unmasks tonic NR1/NR2A activation that nega-

tively modulates LTP.
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Introduction

NMDA receptors (NMDARs) participate in long-term potentia-
tion (LTP) and long-term depression (LTD) in the CAl hip-
pocampal region (Malenka and Bear, 2004). Although NMDARs
are heterogeneous with multiple subclasses (Cull-Candy and
Leszkiewicz, 2004; Mayer and Armstrong, 2004), it is unclear
whether the same NMDAR subtypes are involved in different
forms of synaptic plasticity (Hrabetova et al., 2000). In CAl,
deletion of specific NMDAR subunits alters the induction of LTP
and LTD (Sakimura et al., 1995; Kutsuwada et al., 1996). Studies
using antagonists with specificity for NMDAR subtypes suggest
that receptors expressing NR1/NR2A and NR1/NR2B contribute
differentially to bidirectional plasticity. Initial work using the
NR1/NR2A antagonist NVP-AAMO077 ([(R)-[(S)-1-(4-bromo-
phenyl)-ethylamino]-(2,3-dioxo-1,2,3,4-tetrahydro-quinoxalin-
5-yl)-methyl]phosphonic acid) and the NRI1/NR2B antagonists
ifenprodil and Ro25-6981 [R-(R,S)-a-(4-hydroxyphenyl)-B-
methyl-4-(phenylmethyl)-1-piperidine propranol] indicated that
LTP requires NR1/NR2A but not NR1/NR2B receptors (Liu et al.,
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2004; Massey et al., 2004). Subsequent studies have questioned the
NRI1/NR2A specificity of NVP-AAMO077 (Neyton and Paoletti,
2006) and found that LTP induction does not require specific
NMDA receptor subclasses (Berberich et al., 2005; Weitlauf et al.,
2005). Inhibitors of NR1/NR2B receptors, however, have consis-
tently blocked LTD induction (Liu et al., 2004; Massey et al., 2004).

Zinc is an endogenous NMDAR antagonist (Westbrook and
Mayer, 1987). Despite having clear effects on NMDARs, it is un-
known whether zinc blocks LTP or LTD through actions on
NMDARSs. Xie and Smart (1994) found that 100 wM zinc blocks
LTP in both CA1 and CA3 regions of hippocampal slices. These
authors concluded that LTP inhibition may not result simply
from effects on NMDARs because induction of LTP at mossy
fiber synapses in CA3 does not require NMDARs (Harris and
Cotman, 1986). NMDAR subtypes have distinct sensitivities to
zinc. Recombinant receptors expressing NR1/NR2B are blocked
by low micromolar concentrations of zinc, but receptors contain-
ing NR1/NR2A have high- and low-affinity sites for inhibition
(Grimwood et al., 1996; Williams, 1996; Chen et al., 1997; Pa-
oletti et al., 1997; Choi and Lipton, 1999). High-affinity block of
NRI1/NR2A receptors occurs at low nanomolar concentrations,
whereas lower-affinity inhibition requires concentrations in the
30-100 uM range. This raises the possibility that zinc could dif-
ferentially modulate LTP and LTD if these forms of plasticity are
mediated by distinct NMDAR subclasses. Given the nanomolar
levels of free zinc in brain extracellular fluid (Frederickson, 1989;
Frederickson etal., 2006), it appears likely that high-affinity NR1/
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NR2A sites are significantly occupied at A
baseline, suggesting that low micromolar
concentrations of zinc act primarily on
NRI1/NR2B sites. We tested this by exam-
ining the effects of exogenous zinc on
NMDAR-mediated synaptic responses
and the induction of LTP and LTD in the
CA1 region of rat hippocampal slices. We B
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subtype-selective antagonists and to
2-amino-5-phosphonovalerate (APV), an
antagonist with less subtype selectivity
(Mishina et al., 1993; Buller et al., 1994;
Priestley et al., 1995). To determine
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tion modulates synaptic function, we ex-
amined effects of extracellular zinc chela-
tors on synaptic NMDARs and plasticity. ¢
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Materials and Methods

Sprague Dawley rats (30 = 2 d old) were anes-
thetized with halothane and decapitated. Hip-
pocampi were rapidly dissected, placed in arti-
ficial CSF (ACSF) (in mm: 124 NaCl, 5 KCI, 2
MgSO,, 2 CaCl,, 1.25 NaH,PO,, 22 NaHCO,,
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and 10 glucose), gassed with 95% O,-05% CO, 0 15

at 4—6°C, and sliced transversely into 500 wm
slices using a vibratome. Slices were prepared D
from the septal half of the hippocampus and
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were placed in an incubation chamber contain-
ing gassed ACSF for 1 h at 30°C. At the time of
study, slices were transferred individually to a
submersion recording chamber. Experiments
were done at 30°C. Drugs were dissolved in the
ACSF and administered by bath perfusion at a

NMDA-EPSPs (%)

rate of 2 ml/min.

Extracellular recordings were obtained from
the apical dendritic region for analysis of pop-
ulation EPSPs using 2 M NaCl glass electrodes \ /
with resistances of 5-10 M{). Evoked synaptic
responses were elicited with 0.1 ms constant ‘|
current pulses through a bipolar electrode in \/ 0
the Schaffer collateral pathway. Synaptic re-
sponses in CA1 were monitored by applying
single stimuli every 60 s at an intensity sufficient
to elicit 50% maximal EPSPs. After establishing
astable baseline for atleast 10 min and a control
input—output (IO) curve, LTP was induced by
applying high-frequency stimulation (HES)
consisting of a single 100 Hz, 1 s stimulus train
using pulses of the same amplitude. After the
tetanus, responses were monitored every 60 s.
LTD was induced using a low-frequency stim-
ulus train consisting of 900 single pulses at 1 Hz.

Isolated NMDAR synaptic responses were
studied in an extracellular solution containing 2
mM calcium and 0.1 mm magnesium. 6,7-Dinitroquinoxaline-2,3-dione
(DNQX) was added to this solution at 30 uM to inhibit AMPA receptor-
mediated EPSPs, and responses were evoked once per minute. EPSPs
were analyzed by measuring their rising slopes.

DNQX was obtained from Tocris Cookson (Ellisville, MO), and NVP-
AAMO77 was a generous gift from Novartis Pharma (Basal, Switzerland).
Other chemicals were purchased from Sigma (St. Louis, MO). Results in
the text and figures represent means = SEM. Statistical significance was
determined using Student’s ¢ test when appropriate or the Mann—Whit-
ney U test with p < 0.05. Statistical analyses were performed using Sig-
maStat (Jandel Scientific, San Rafael, CA).
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Effects of antagonists on NMDAR EPSPs. A, NVP-AAMO77 (white circles), o,.-APV (black circles), and zinc (black
triangles) inhibited NMDAR EPSPs in a concentration-dependent manner. Traces to the right show representative responses from
slices treated with these antagonists. B, Ifenprodil (10 um; hatched bar) depressed NMDAR EPSPs by ~50%. Application of 10 um
0,.-APV (white bar) in the presence of ifenprodil caused nearly complete depression (black circles). In the absence of ifenprodil, 10
um,L-APV only partially depressed NMDAR EPSPs (white circles). Traces to the right show a control response and the effects of
APV (top) and ifenprodil alone and with APV (bottom). Numbers on the traces denote the time when traces were sampled. €, Zinc
at 10 um (gray bar) also partially inhibited NMDAR EPSPs. Addition of 10 m APV (white bar) further suppressed these responses.
Traces to the right show a control response and the effects of zinc alone and APV plus zinc. D, Addition of 10 m zinc (gray bar) to
10 umifenprodil (hatched bar) did not further suppress NMDAR EPSPs. Traces below show inhibition by ifenprodil and the failure
of zinc to cause additional inhibition in the presence of ifenprodil. E, After administration of 0.05 um NVP-AAMO77 (white bar), 10
umzinc (gray bar) further depressed NMDAR EPSPs. Traces show representative waveforms. Calibration: T mV, 5 ms for all.

Results

We initially examined the effects of zinc and several selective
NMDAR antagonists on NMDAR-mediated EPSPs evoked by
stimulation of the Schaffer collateral pathway. Exogenous zinc
depressed NMDAR EPSPs in a concentration-dependent manner
(Fig. 1A), with 10 uM zinc producing 41.3 £ 9.7% inhibition
(Fig. 1C). The effects of zinc on NMDAR EPSPs are unlikely to
result from presynaptic actions because zinc had no effect on
EPSPs mediated by AMPA receptors (+1.6 = 3.0% change with
100 wMm zinc; 1 = 4) or on paired-pulse facilitation of field EPSPs
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(+5.6 = 2.6% change in paired-pulse facilitation with 100 um
zing; n = 4). The lack of effect on AMPA receptor EPSPs also
makes it unlikely that the block of NMDAR EPSPs results from
disinhibition caused by block of GABA, receptors (Westbrook
and Mayer, 1987). Moreover, the inhibition of NMDAR EPSPs
by zinc was not altered by 100 uMm picrotoxin, a GABA , receptor
antagonist (—42.8 and —66.2% change by 10 and 100 uM zing;
n = 2 each).

We compared the effects of zinc with other NMDAR antago-
nists, including agents that are selective for NMDAR subtypes.
Ifenprodil, an inhibitor of NR1/NR2B-containing receptors
(Williams, 1993; Priestley et al., 1995), depressed NMDAR EPSPs
by ~50% at 10 uMm (Fig. 1B). A similar degree of inhibition
(—52.6 £ 26.6%; n = 5) was observed with 0.05 um NVP-
AAMO77, an antagonist with relative selectivity for NR1/NR2A
receptors at low concentrations (Auberson et al., 2002; Liu et al.,
2004; Berberich et al., 2005). At concentrations above 0.1 um,
NVP-AAMO077 blocked NMDAR EPSPs completely (Fig. 1A).
D,L-APV, a competitive antagonist with less subtype selectivity
(Mishina et al., 1993; Buller et al., 1994), inhibited NMDAR
EPSPs by 58.0 = 7.0% at 10 uM (n = 5) (Fig. 1A, B).

To explore the contribution of NMDAR subtypes to the ef-
fects of these agents, we examined combinations of NMDAR
antagonists. A combination of 10 uM ifenprodil and 10 uM D,L-
APV resulted in nearly complete inhibition of NMDAR EPSPS
(—93.3 = 0.7%; n = 4) (Fig. 1 B), suggesting effects on comple-
mentary populations of receptors. Because 10 um APV produces
greater inhibition than 10 uM ifenprodil, their combined effects
are not simply additive, suggesting some degree of overlap in
their actions. A combination of 10 uM zinc and 10 um D,L-APV
also resulted in nearly complete block of NMDAR responses (Fig.
1C). Similar effects were observed with 5 um D-APV, the active
APV isomer (D-APV data not shown). In the presence of 10 um
ifenprodil, however, 10 uM zinc produced no additional inhibi-
tion of NMDAR EPSPs (—54.2 £ 6.0% for ifenprodil alone vs
—56.5 * 6.2% for ifenprodil plus zinc; n = 4) (Fig. 1 D). Simi-
larly, 10 uM zinc produced little additional depression of
NMDAR EPSPs in the presence of 10 um Ro25-6981 (—49.4 *
3.7%; n = 5), another NR2B antagonist that depressed NMDAR
EPSPs by —38.7 = 2.6% (n = 5) when administered alone. In
contrast, coadministration of 10 uM Ro25-6981 plus 10 uM D,L-
APV nearly completely suppressed NMDAR EPSPs (—92.2 =
0.4%; n = 5). We also found that administration of 10 uM zinc in
the presence of 0.05 uM NVP-AAMO077 led to nearly complete
depression of NMDAR EPSPs (Fig. 1 E). These findings suggest
that low micromolar concentrations of zinc antagonize a subtype
of NR2B-containing synaptic NMDARs and that this subtype
overlaps with, but is not identical to, NMDARs blocked by low
concentrations of APV or NVP-AAMO077.

Because NMDARs are involved in the induction of both LTP
and LTD, we examined whether zinc and other NMDAR antag-
onists alter LTP induced by a single 100 Hz, 1 s HFS and LTD
induced by 1 Hz, 900 pulse low-frequency stimulation (LES).
Complete LTP inhibition by b,L-APV was observed at concentra-
tions =50 uMm. However, 10 uM D,L-APV or 5 um D-APV, which
depressed individual NMDAR EPSPs by 50—60% (Fig. 1A, B),
had no effect on LTP [+45.3 = 13.4% change in EPSP slope 60
min after HFS for p,L.-APV, n = 5 (Fig. 2C); +56.9 = 9.9%
change in D-APV, n = 3]. Similarly, 10 uM ifenprodil alone did
not alter HFS-induced LTP (+48.4 = 15.5%; n = 5), although a
combination of 10 uM ifenprodil and 10 uM D,L-APV blocked
LTP completely (n = 5) (Fig. 2A). Similarly, a combination of 10
uM R025-6981 and 10 um D,L-APV blocked LTP completely
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Figure 2.  Effects of NMDR antagonists and zinc on LTP. 4, HFS (100 Hz, 1 s; arrow) failed to

induce LTP in the presence of both 10 um b,L-APV (white bar) and 10 wm ifenprodil (hatched
bar) but induced LTP in the presence of ifenprodil alone. B, HFS (arrow) induced LTP in control
slices (white triangles) and in the presence of 10 wmzinc (gray circles) but notin the presence of
100 pmzinc (black circles). Zinc was applied for 15 min before the tetanus (bars). €, HFS induced
LTPin the presence of 10 um APV (white circles). The combination of 10 wm zinc (gray bar) and
10 pum APV (white bar) inhibited LTP induction (gray circles). D, At 0.05 wm, NVP-AAMO77
(white bar) did not completely inhibit LTP (white circles), whereas the combination of NVP-
AAMO77 and 10 pum zinc (gray bar) prevented LTP induction (gray circles).

(—6.1 = 4.4%; n = 5), but Ro25-6981 alone allowed HFS-
induced LTP in the same slices (+28.3 * 6.4%; p < 0.01; Ro25-
6981 data not shown).

Consistent with a previous report (Xie and Smart, 1994), we
found that LTP was inhibited by 100 uMm zinc (—3.3 = 1.7%
change in EPSP slope, n = 3, p < 0.05 vs control) (Fig. 2B). At 10
1M, zinc had no effect on LTP (+49.3 = 9.4% change in EPSP
slope in zinc, n = 4 vs +43.6 £ 6.2% change in control, n = 5)
(Fig. 2B), although 10 uM zinc produced 40-50% depression of
NMDAR EPSPs (Fig. 14, C). Although neither 10 uMm zinc (Fig.
2B) nor 10 uMm D,L-APV (Fig. 2C, white circles) alone inhibited
LTP, the combination completely blocked LTP induction (Fig.
2C, gray circles). At 0.05 uM, NVP-AAMO77 diminished but did
not completely eliminate LTP (+17.2 = 2.6% change in EPSP
slope; n = 7) (Fig. 2 D, white circles). The combination of 0.05 um
NVP-AAMO77 plus 10 uM zing, like the combination of zinc and
APV, completely blocked LTP induction (—6.9 = 3.1%; n = 5)
(Fig. 2D, gray circles).

In contrast to effects on LTP, 10 uM ifenprodil inhibited LTD
(—9.5 = 7.2% change; n = 6; p < 0.01 compared with control
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Figure3. Effects of NMDAR antagonists and zinc on LTD. 4, LFS (1 Hz, 900 s, vertical striped

bar) failed to induce LTD in the presence of 10 wm ifenprodil (hatched bar). B, LFS induced LTD
in the presence of 10 um (white circles) but not 100 wm ,L-APV (black circles). , LFS induced
LTD in the presence of 0.05 pum NVP-AAMO77. D, LFS failed to induce LTD in the presence of 10
um zinc (gray bar) but after zinc washout LTD was induced. Traces on the right are field EPSPs
obtained before (dashed traces) and 60 min after (solid traces) LFS. Calibration: 1 mV, 5 ms.

LTD) (Fig. 3A), suggesting an important role for NR1/NR2B
receptors in LTD induction. Similar effects on LTD were ob-
served with 10 uM Ro025-6981 (—0.6 = 1.2% change; n = 4).
LFS-induced LTD was also inhibited by 100 uM D,L-APV (—5.2 =
5.1% change; n = 5) (Fig. 3B) or 50 uM D-APV (—2.2 * 1.3%
change; n = 4) but not by 10 uM D,L-APV or 5 um D-APV. At 0.05
uM, NVP-AAMO077 also had no effect on LTD induction
(—30.5 = 4.7% change; n = 5) (Fig. 3C).

Although 10 uMm zinc did not alter LTP (Fig. 2 B), 1 and 10 uMm
zinc significantly diminished LTD (0.1 uM zinc, —25.5 = 4.0%
change in EPSP slope 60 min after 1 Hz LFS, n = 4; 1 uM zing,
—11.0 = 5.7% change, n = 5; 10 uM zinc, —0.9 * 3.6% change,
n=8; p <0.05for 1 and 10 uM zinc vs control, —33.7 * 5.4%
change, n = 5) (Fig. 3D). The effects of 10 uM zinc were revers-
ible, and a second LFS administered 75 min after zinc washout
produced robust LTD (—29.1 % 4.5% change; n = 4) (Fig. 3D).
LTD inhibition by 10 uM zinc was not altered in slices treated
with 100 uM picrotoxin (+0.4 * 5.1% change; n = 3), indicating
that effects of zinc on GABA , receptors do not contribute to LTD
inhibition.

These first sets of experiments suggest that low micromolar
concentrations of zinc inhibit a specific population of synaptic
NMDARSs. If zinc-mediated inhibition of LTD and LTP results
solely from actions at NMDARs, then LTD involves NMDARs
with higher apparent affinity for zinc than the receptors involved
in LTP. Given the concentrations of zinc required to inhibit LTP
and LTD and the effects of ifenprodil, these studies further sug-

Izumi et al. @ Zinc and Synaptic Plasticity

250
HF
? 200 B
& § i
2 150 -
z Ys5%5885,
z 100-_4¢45_Q__5_a.i__43_@19_ﬂ_9_
a 50 —= NMDA
— N P-AAMO077
o L1 — enprudll | |
0 20 40 60 80
Time (min)
NMDA
NMDA i
FNVP-AAMO77 NMDA-+Ifenprodil
//
W
Figure 4.  NVP-AAMO77 prevents NMDA-mediated LTP inhibition. As reported previously

(Izumi et al., 1992), a 100 Hz, 1 s HFS (arrow) delivered in the presence of 1 pum NMDA (white
bar) inhibits LTP induction (white circles; n = 7). Administration of 0.05 wm NVP-AAMO77
(black bar) with NMDA allowed LTP (black circles; n = 4), whereas 10 wm ifenprodil (gray
triangles; n = 3) was ineffective. Drugs were administered for the duration noted by the bars,
and the tetanus (HFS) was delivered at the time denoted by the arrow. These results indicate
that LTP inhibition mediated by untimely activation of NMDA receptors results from activation
of NR1/NR2A receptors. We reported previously that 10 pum b,.-APV overcomes the LTP inhibi-
tion by T um NMDA (Izumi et al., 1992a,b). Traces depict EPSPs before and 60 min after HFS.
Calibration: TmV, 5 ms.

gest that zinc-induced LTP inhibition requires effects on lower
affinity NR1/NR2A sites, whereas LTD inhibition results from
effects on NR1/NR2B receptors (Chen et al., 1997; Paoletti et al.,
1997; Rachline et al., 2005). These findings, however, do not ad-
dress the role of the high-affinity zinc block of NR1/NR2A recep-
tors. The following studies were designed to examine the poten-
tial role of high-affinity zinc block in synaptic function.

Previous studies have shown that untimely NMDAR activa-
tion by brief exposure to low concentrations of NMDAR agonists
(Izumi et al., 1992a,b; Kato et al., 1999) or low magnesium (Coan
et al., 1989) blocks CA1 LTP induction and that this LTP inhibi-
tion is overcome by low micromolar concentrations of APV. We
found that 0.05 uM NVP-AAMO077 also overcame the inhibitory
effects of 1 uM NMDA on LTP (+23.1 * 2.1% change 60 min
after the tetanus; n = 4) (Fig. 4), but 10 uM ifenprodil was inef-
fective (—4.4 = 2.2% change; n = 3) (Fig. 4). These results sug-
gest that NR2A-containing but not NR2B-containing receptors
contribute to this form of metaplasticity.

Because high-affinity zinc sites on NR2A are likely to be sub-
stantially occupied under physiological conditions (Frederick-
son, 1989; Erreger and Traynelis, 2005; Frederickson et al., 2006),
this raises the possibility that ambient zinc may modulate LTP by
preventing untimely NR1/NR2A activation. To test this, we ex-
amined the effects of zinc chelators. Although 2 mm Ca-EDTA, an
effective extracellular zinc chelator (Koh et al., 1996), did not
alter isolated NMDAR EPSPs (—4.2 * 4.4% change; n = 8) (Fig.
5A), it blocked HFS-induced LTP (Fig. 5B). The effects of Ca-
EDTA did not require synaptic activation during the period of
EDTA exposure because administering the chelator without syn-
aptic stimulation and removing the chelator before tetanization
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Figure5. Effectsof NMDARantagonists on EDTA-mediated LTP inhibition. 4, Administration

of 2 mm Ca-EDTA for 15 min does not alter NMDAR EPSPs (104.0 == 4.6% of control; n = 4).In
contrast, administration of 2 mm Zn-EDTA for 15 min partially inhibited NMDAR EPSPs (34.3 ==
14.9% of control; n = 5). B, The graph shows the effects of 15 min perfusion of 2 mum Ca-EDTA
(white circles) or 2 mmZn-EDTA (black circles) on LTP induction. HFS (arrow) was delivered in the
presence of EDTA (bars). The results indicate that a Ca-EDTA chelatable, but not Zn-EDTA che-
latable, agent inhibits LTP induction. €, The graph shows the effects of 10 wm o,L.-APV (black
circles), 0.05 um NVP-AAM 077 (gray circles), and 10 wum ifenprodil (white triangles) on Ca-
EDTA-mediated LTP inhibition. Whereas APV and NVP-AAMO77 allowed LTP induction, ifen-
prodil failed to promote LTP in the presence of Ca-EDTA, suggesting that LTP inhibition by zinc
chelation results from activation of NMDARs expressing NR1/NR2A but not NR1/NR2B. Traces to
the right show representative EPSPs before (dashed traces) and 60 min after (solid traces) the
tetanus. Calibration: 1mV, 5 ms.

still blocked LTP (—5.7 = 2.6% change; n = 4). Zn-EDTA, a
chelator that is inefficient in binding extracellular zinc because it
is already complexed with the ion (Koh et al., 1996), had no effect
on LTP (Fig. 5B), although it partially depressed NMDAR EPSPs
(Fig. 5A). The partial depression of NMDA EPSPs by 2 mm Zn-
EDTA likely reflects the presence of alow micromolar concentra-
tion of free zinc during perfusion of the chelator. The results with
Zn-EDTA, including effects on NMDAR EPSPs, support the idea
that the block of LTP by Ca-EDTA does not result from inhibi-
tory effects of EDTA on synaptic NMDAR:s. In contrast to effects
on LTP, Ca-EDTA had no effect on LTD induction (—46.4 *+
16.1% change in EPSP slope; n = 4).

The LTP block by Ca-EDTA was overcome by coadministra-
tion of 10 uM D,L-APV (+40.7 = 7.8% change in EPSP slope; n =
5) (Fig. 5C), suggesting that zinc chelation promotes a form of
NMDAR-mediated LTP inhibition. Consistent with our findings
with 1 um NMDA (Fig. 4), we found that 0.05 um NVP-AAMO077
also overcame the LTP inhibition by Ca-EDTA (+20.1 = 2.5%
change in EPSP slope; n = 5) (Fig. 5C). Although NVP-AAMO077
diminishes LTP relative to controls, the degree of LTP with NVP-
AAMO77 was the same in the presence or absence of Ca-EDTA
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Figure6.  Otherzinc chelatorsinhibit LTP. 4, PHN, azinc chelator, mimics the effects of 2 mm
(Ca-EDTA. HFS failed to induce LTP in the presence of 200 wum PHN (white bar, white triangles).
Coadministration of 10 um APV (black bar) with PHN allowed LTP induction (n = 5; black
triangles). B, Similarly, in the presence of 50 m TPEN, a third zinc chelator, LFS failed to induce
LTP. TPEN administered with 10 umzinc (black bar) allowed LTP induction. Traces depict EPSPs
before and 60 min after HFS. Calibration: T mV, 5 ms.

(Fig. 2D). In contrast, 10 uM ifenprodil did not alter LTP inhibi-
tion by Ca-EDTA (—3.6 = 5.8% change; n = 5) (Fig. 5C).

We also examined two other zinc chelators and found similar
effects. LTP was blocked 200 um o-phenanthroline (PHN)
(—7.4 = 7.0% change; n = 4; p < 0.05 vs control), and this LTP
inhibition was reversed by 10 uM D,L-APV (+48.7 = 6.5%
change; n = 4; p < 0.05 compared with PHN alone) (Fig. 6A).
Similarly, LTP induction was blocked by 50 um N,N,N',N’, tet-
rakis (2-pyridylmethyl) ethylenediaminepentaethylene (TPEN),
a potent zinc chelator (—2.9 * 0.6%; n = 5) (Fig. 6 B) (Paoletti et
al., 1997). In the same slices, administration of 10 uM zinc with
TPEN enabled LTP induction (+40.9 * 15.6% change; n = 5)
(Fig. 6 B). Even at 50 uMm zinc, we found partial reversal of LTP
inhibition in the presence of TPEN (+23.7 * 5.2%; n = 3). We
also found that 30 uM exogenous zinc coadministered with 2 mm
Ca-EDTA overcame the inhibitory effect of EDTA on LTP induc-
tion (+38.0 = 11.0% change; n = 5) but that 10 uM zinc plus
EDTA did not fully restore LTP (+16.0 == 14.7%; n = 3).

The conclusion that NMDARs contribute to the block of LTP
by zinc chelators requires that these chelators effectively buffer
extracellular zinc. We tested this by examining the effects of ex-
ogenous zinc on NMDAR EPSPs in the absence and presence of
Ca-EDTA. Although 10 uMm zinc inhibited NMDAR EPSPs by
40-50% in control slices (Fig. 1A, C), 10 uM zinc had no effect
during coadministration of 2 mm Ca-EDTA (—4.2 = 0.8%
change; n = 4).

Discussion

The present study indicates that NR1/NR2A and NR1/NR2B
NMDARs play complex roles in CA1 synaptic plasticity and that
zing, acting via these receptors, can modulate bidirectional plas-
ticity. Native NMDARs are formed by several distinct subunits.
NR1 subunits are widely distributed throughout the brain
(Moriyoshi et al., 1991), whereas NR2 subunits show differences
in regional expression. Functional native NMDARs are hetero-
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multimers of NR1 and NR2 subunits (Kutsuwada et al., 1992;
Meguro etal., 1992; Monyer et al.; 1992; Ishii etal., 1993), and the
specific NR2 subunits that are expressed with NR1 help to deter-
mine the diversity of physiological and pharmacological proper-
ties of native receptors (Cull-Candy and Leszkiewicz, 2004). In
the hippocampus, two NMDAR subclasses (NR1/NR2A and
NR1/NR2B) are thought to be preferentially expressed based on
in situ hybridization and immunochemistry (Ishii et al., 1993;
Monyer et al., 1994; Wenzel et al., 1995). There is also evidence
that triheteromeric receptors expressing NR1, NR2A, and NR2B
exist in the CNS and may be expressed at mature synapses (Luo et
al., 1997; Kew et al., 1998; Tovar and Westbrook, 1999).

Experiments using mice with selective deletions of different
NMDAR subunits are consistent with the results presented here,
although interpretation of experiments using mice with targeted
deletions of NMDAR subunits is difficult because NR1 ({1 in
mouse) and NR2B (2 in mouse) mutants die early in life (Forrest
et al., 1994; Kutsuwada et al., 1996; Sprengel et al., 1998). How-
ever, experiments performed early in the postnatal period when
mice with NR2B deletions are still viable indicate that the absence
of NR2B subunits greatly impairs the induction LTD in the CA1
region (Kutsuwada et al., 1996). These observations are consis-
tent with results showing an important role of ifenprodil-
sensitive NMDARs in LTD initiation (Liu et al., 2004; Massey et
al., 2004). Other studies indicate that mice with deletions of the
NR2A (&1 in mouse) gene exhibit diminished LTP at CA1 hip-
pocampal synapses (Sakimura et al., 1995).

Ifenprodil and Ro25-6981 are relatively selective antagonists
of NMDARs containing NR2B (Williams, 1993; Priestley et al.,
1995; Hatton and Paoletti, 2005), and there is evidence that the
ifenprodil and zinc sites on NR2B overlap (Rachline et al., 2005).
In contrast, NVP-AAMO77 is an antagonist with relative selectiv-
ity for NR1/NR2A receptors (Auberson et al., 2002; Liu et al.,
2004; Massey et al., 2004), although the concentration range for
selectivity is more restricted than initially reported (Berberich et
al., 2005; Weitlauf et al., 2005; Neyton and Paoletti, 2006). We
found that NVP-AAMO77 has some selectivity for NR2A at con-
centrations <0.1 uM, and, at 0.05 um, NVP-AAMO077 does not
occlude the effects of 10 uMm zinc. Similarly, 10 um D,L-APV in-
hibited NMDAR EPSPs by 50-60%, and the combination of
APV and ifenprodil or Ro25-6981 produced complementary in-
hibition of NMDAR EPSPs. Studies using recombinant
NMDARSs indicate that APV has approximately threefold greater
potency at NR1/NR2A receptors compared with NR1/NR2B
(Mishina et al., 1993; Buller et al., 1994; Grimwood et al., 1996;
Liu et al., 2004).

Using a series of competitive antagonists with varied affinities
for NMDAR subtypes, Hrabetova et al. (2000) found that distinct
NMDAR subtypes were involved in the induction of CA1 LTP
and LTD. Antagonists with higher affinity for NR2A or NR2B
receptors were more potent inhibitors of LTP and LTD compared
with antagonists with higher NR2C or NR2D affinity. Recent
studies indicate that NR1/NR2B-selective antagonists preferen-
tially inhibit LTD, whereas NR1/NR2A antagonists preferentially
disrupt LTP (Liu et al., 2004; Massey et al., 2004) (but see Hen-
dricson et al., 2002). Other studies suggest, however, that activa-
tion of either NMDAR subtype can result in LTP (Berberich etal.,
2005;Weitlaufet al., 2005). Consistent with the latter findings, we
found that LTP was not completely blocked by inhibition of only
one NMDAR subtype. In contrast, LTD was inhibited by specific
block of the NR1/NR2B subclass. Despite similar degrees of
NMDAR EPSP inhibition by 10 um D,L-APV, 0.05 um NVP-
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AAMO77, 10 uMm ifenprodil, and 10 um Ro25-6981, only ifen-
prodil and Ro25-6981 blocked LTD induction.

Zinc has multiple effects on NMDARs. NR1/NR2B receptors
are inhibited by low micromolar concentrations of zinc with half-
maximal inhibition at ~0.5-5 uM, whereas receptors containing
NR1/NR2A require ~100 uM zinc for nearly complete inhibition
(Grimwood et al., 1996; Williams, 1996; Paoletti et al., 1997). In
addition to the high sensitivity of NR1/NR2B receptors, NR1/
NR2A receptors have two distinct sites for zinc: one that is ex-
quisitely sensitive (ICs, of ~0.005-0.08 uMm) and the other that
has substantially lower apparent affinity (IC5, of ~26-79 um)
(Williams, 1996; Chen et al., 1997; Paoletti et al., 1997). Trihet-
eromeric receptors expressing NR1/NR2A/NR2B retain high zinc
sensitivity but are less effectively inhibited compared with dihet-
eromers (Hatton and Paoletti, 2005).

Our observations suggest that the component of NMDAR
EPSPs that is sensitive to low micromolar zinc likely reflects NR1/
NR2B and/or the high-affinity site on NR1/NR2A. Because the
concentration of free zinc in brain extracellular fluid of anesthe-
tized rats is ~0.02 um (Frederickson et al., 2006) and 0.15-0.30
M in CSF (Frederickson, 1989), it seems likely that high-affinity
NRI1/NR2A zinc sites are significantly occupied under ambient
physiological conditions (Erreger and Traynelis, 2005). Indeed,
some studies indicate that extracellular zinc chelators modulate
basal function of NMDARs in the CA3 region (Vogt et al., 2000).
Consistent with this, we found that zinc chelation results in a
form of NMDAR-mediated LTP inhibition in CAl that likely
involves tonic NR1/NR2A receptor activation by ambient gluta-
mate (Sah et al., 1989; Zorumski et al., 1996).

The presence of zinc in synaptic terminals and its extracellular
release during synaptic transmission (Assaf and Chung, 1984;
Howell et al., 1984) raise the possibility that zinc is an important
modulator of plasticity in the hippocampus. Our studies with
zinc chelators suggest that basal zinc concentrations play a role in
fostering CA1 LTP induction by preventing the LTP inhibition
that occurs with untimely NMDAR activation. This LTP inhibi-
tion preferentially involves NR1/NR2A receptors because NR2A
antagonists, but not ifenprodil, overcome the effect. Interest-
ingly, we found no effect of zinc chelators on NMDAR EPSPs,
suggesting that the effects of ambient zinc may primarily involve
extrasynaptic NR1/NR2A receptors (Thomas et al., 2006). Al-
though it is unknown whether synaptic and extrasynaptic NR2A
receptors differ in zinc sensitivity, postsynaptic density-95, a pro-
tein highly expressed at CAl excitatory synapses, diminishes
high-affinity NR1/NR2A zinc inhibition (Yamada et al., 2002).
The lack of effect of zinc chelators on NMDAR EPSPs is also
consistent with previous studies in which we found that low mi-
cromolar concentrations of NMDA block LTP but have no effect
on NMDAR EPSPs (Izumi et al., 1992a,b). In contrast, effects on
LTD require increases in zinc concentration into the low micro-
molar range as might occur during periods of increased synaptic
activity or altered zinc transport (Smart et al., 2004).

In summary, we find that zinc modulates CA1 synaptic plas-
ticity by at least three mechanisms. Block of NR1/NR2B receptors
by low micromolar zinc inhibits LTD. High micromolar zinc
blocks LTP, likely via a combination of effects on the two NR1/
NR2A sites plus the NR1/NR2B site. At the nanomolar concen-
trations present in brain extracellular fluid, zinc appears to pro-
mote LTP by inhibiting a form of metaplasticity resulting from
untimely NR1/NR2A activation. These results suggest that regu-
lation of extracellular zinc can have important effects on CA1l
hippocampal function.
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