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Zinc is coreleased with glutamate from excitatory nerve terminals
throughout the central nervous system and acutely inhibits N-
methyl-D-aspartate (NMDA) receptor activation. Here we report
that cultured murine cortical neurons briefly exposed to sublethal
concentrations of zinc developed increased intracellular free Na1,
phosphorylation of Src kinase at tyrosine 220, and tyrosine phos-
phorylation of NMDA receptor 2Ay2B subunits, in a fashion sen-
sitive to the Src family kinase inhibitor 4-amino-5-(4-chlorophenyl)-
7-(t-butyl)pyrazolo[3,4-d]pyrimidine, PP2. Functionally, this zinc
exposure produced a delayed increase in NMDA receptor current in
perforated patch but not conventional whole-cell recordings, as
well as an increase in NMDA receptor-mediated cell death. These
observations suggest that the effect of synaptically released zinc
on neuronal NMDA receptors may be biphasic: acute block, fol-
lowed by Src family kinase-mediated up-regulation of NMDA
receptor activity and cytotoxicity.

Z inc is an important trace element functioning in both cata-
lytic and structural capacities in all mammalian cells (1). The

central nervous system additionally contains a chelatable pool of
zinc located in synaptic vesicles, predominantly within glutama-
tergic nerve terminals throughout the telencephalon (2, 3). This
zinc is released into the synaptic cleft with synaptic activity,
reaching concentrations that may routinely exceed 10–20 mM (4)
and may approach 300 mM in extreme conditions (5, 6). The
precise role of synaptically released zinc is unknown, but acute
modulation of the activity of several receptors and channels is
likely, including transmitter receptors (glutamatergic, GABAer-
gic, glycinergic, and purinergic), voltage-sensitive cation chan-
nels (Na1, K1, and Ca21), and the Na1yK1-ATPase (7–9). In
particular, given its systematic corelease with glutamate, zinc’s
ability to inhibit N-methyl-D-aspartate (NMDA) receptors may
figure prominently in its physiological actions (4, 10, 11). Zinc
produces both a voltage-independent reduction of NMDA
receptor-gated channel opening frequency and a voltage-
dependent flicker block of the channel (12–14). These actions
likely correspond to the binding of zinc at high affinity and a
low-affinity binding sites on the NMDA receptor (15–20).

Although limited zinc exposure has multiple modulatory
effects potentially relevant to a normal signaling function,
exposure to higher concentrations or for longer durations can
trigger brain cell death, more easily in neurons than astrocytes
(21, 22). Zinc toxicity has been postulated to contribute to
neuronal loss after prolonged seizures (23), transient global
ischemia (24, 25), or traumatic brain injury (26). Zinc-induced
neuronal death depends on excessive zinc influx across the
plasma membrane via several routes, including voltage- and
agonist-gated Ca21 channels as well as the Na1-Ca21 exchanger
(27–29). Zinc release from intracellular stores or binding sites
may also contribute to neurotoxicity (30).

The observation that synaptically released zinc can ‘‘translo-
cate’’ into postsynaptic neurons under pathological conditions
(disappear from presynaptic terminals and appear abnormally in
postsynaptic cell bodies; refs. 24, 31) raises the intriguing pos-
sibility that some translocation may occur physiologically and
lead to potentially lasting alterations in postsynaptic neuronal
behavior (32). Zinc can interact with many macromolecules and
can alter the phosphorylation state and activity of several
kinases, including protein kinase C (33–35), calciumycalmodu-
lin-dependent protein kinase II (36, 37), phoshatidylinositol
3-kinase (38), and extracellular signal regulated kinases (39–41).
In addition, 0.2–1 mM zinc activated protein kinase in isolated
platelet and hippocampal membranes (42, 43), an activity likely
mediated primarily by pp60c-src, the cellular homologue of the
Rous sarcoma virus-transforming protein (44, 45). Given recent
implication of neuronal Src family kinases (SFKs) in brain
signaling (46, 47), especially in up-regulating NMDA receptor
function (48–50), we explored the possibility that subtoxic zinc
exposure might up-regulate NMDA receptors via activation of
SFKs.

Methods
Cortical Cell Cultures. Mixed or near-pure neuronal cortical cell
cultures were prepared from fetal mice (15–16 days gestation),
as previously described (51). Dissociated cortical cells were
plated on established glial cultures in 24-well culture plates or in
glass-bottom 35-mm dishes (MatTek, Ashland, MA), or for
near-pure neuronal cultures, on plates coated with 50 ngyml
poly(D)-lysine and 2 ngyml laminin. Plating media consisted of
Eagle’s MEM (MEM, Earle’s salts) supplemented with 5% horse
serumy5% FBSy2 mM glutaminey20 mM glucose. In mixed
neuronalyglial cell cultures, glial cell replication was inhibited
after 5–9 days in vitro (DIV) by addition of 10 mM cytosine
arabinoside (Ara C). In near-pure neuronal cultures, Ara C was
added at DIV 3. Under these conditions, less than 1% of total
cells were astrocytes. Neocortical glial cultures were prepared
from 1- to 3-day-old mice and plated on Primaria 24-well culture
plates in plating media supplemented with epidermal growth
factor (10 ngyml).

This paper was presented at the Inaugural Arthur M. Sackler Colloquium of the National
Academy of Sciences, ‘‘Neural Signaling,’’ held February 15–17, 2001, at the National
Academy of Sciences in Washington, DC.

Abbreviations: NMDA, N-methyl-D-aspartate; NR2, type 2 NMDA receptor; PP2, 4-amino-
5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine; SFK, Src family kinase; SBFI, sodi-
um-binding benzofuran isophtalate.

*To whom reprint requests should be addressed at: Department of Neurology, Box 8111,
Washington University School of Medicine, 660 S. Euclid Ave., St. Louis, MO 63105. E-mail:
wildersp@neuro.wustl.edu.

www.pnas.orgycgiydoiy10.1073ypnas.191353598 PNAS u September 25, 2001 u vol. 98 u no. 20 u 11055–11061

CO
LL

O
Q

U
IU

M



Cell Treatment and Protein Extraction. Cell cultures were washed
three times in Hepes-control salt solution containing (in mM):
120 NaCl, 5.4 KCl, 0.8 MgCl2, 1.8 CaCl2, 10 NaOH, 20 Hepes,
and 5.5 glucose, pH 7.4, and then exposed to 50 mM ZnCl2
(Zn21) in the absence or presence of 30- to 60-min pretreatment
at 37°C with (1–10 mM) of the SFK inhibitor PP2 (52). After
treatment, cell extracts were prepared as described (53) in lysis
buffer (1% Nonidet P-40y20 mM TriszCl, pH 7.5y10 mM
EGTAy40 mM b-glycerophosphatey2.5 mM MgCl2y2 mM or-
thovanadatey1 mM DTTy1 mM PMSFy20 mg/ml aprotininy20
mg/ml leupeptin) and used for the detection of Src, PLCg, and
Fyn (see below).

For the study of NMDA receptor tyrosine phosphorylation,
cell extracts were prepared as described by Lin et al. (54). Cells
were treated as above, and treatments were stopped by addition
of 50 ml of SDS buffer (1% SDSy2 mM sodium orthovana-
datey10 mg/ml leupeptiny10 mg/ml aprotininy1 mM PMSF). The
resulting extracts were heated at 90°C for 5 min followed by
addition of nine volumes of dilution buffer (1% Nonidet
P-40y1% 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonatey20 mM TriszHCl, pH 7.4y150 mM NaCly1 mM
EDTAy1 mM EGTAy1 mM sodium orthovanadatey10 mg/ml
leupeptiny10 mg/ml aprotininy1 mM PMSF). Insoluble material
was removed by centrifugation at 25,000 3 g for 30 min. Protein
concentrations were determined by the bicinchoninic acid
method (Pierce) by using BSA as standard.

Immunoprecipitation and Western Blotting. To study tyrosine phos-
phorylation of Fyn or NR2, 400- to 1,000-mg protein samples
were incubated overnight at 4°C with 2 mg of anti-Fyn (Santa
Cruz Biotechnology), 3 ml of anti-NR2A, or 2 mg of anti-NR2B
antibodies (Chemicon). Immunocomplexes were recovered with

the aid of protein A-agarose. Agarose beads were pelleted by
centrifugation and washed three times in 1% Nonidet P-40–2
mM orthovanadate in PBS, and once in PBS. The precipitated
proteins were resuspended in 35 ml of electrophoresis Laemmli’s
buffer and heated at 90°C for 5 min. Samples were fractionated
on 6% SDSyPAGE and transferred to nitrocellulose membranes
(Micron Separations) by using a semidry electrotransfer system
(Novablot, Amersham Pharmacia–Pharmacia). Membranes
were blocked with 5% milk in TBS-T buffer (20 mM Trisy150
mM NaCly0.05% Tween 20) and were then incubated with
biotinylated antiphosphotyrosine antibody (4G10, Upstate
Biotechnology).

To study tyrosine phosphorylation of Src or PLCg, 10 mg of
protein from whole cell lysates were resuspended in Laemmli’s
sample buffer and proteins resolved in 7% SDSyPAGE and
transferred as above. Blots were incubated with phosphorylation
site-specific antibodies p-Src215, p-Src418, p-Src527, and p-
PLCg 1:1,000 (BioSource International, Camarillo, CA). Bound
antibodies were detected by the enhanced chemiluminescent
method (Pierce).

Blots were subsequently stripped and reprobed with specific
antibodies directed to Src, Fyn, NR2A, or NR2B (Santa Cruz).
For quantification, the intensity of immunoreactive bands ob-
tained in autoradiographic films was measured with an imaging
densitometer (Bio-Rad). Phosphotyrosine levels per protein unit
ratios were obtained by dividing the phosphotyrosine immuno-
reactive densitometry values by those obtained for the respective
protein redetection blots. Experimental and control conditions
were then compared and expressed as percentage of control.

Induction of Neuronal Death and Assessment of Neuronal Injury.
Thirteen to fifteen days of in vitro mixed cortical cultures were
exposed to 25 mM NMDA for 5 min in Hepes-control salt

Fig. 1. Brief zinc exposure enhances the phosphorylation of Src kinase. Near pure-neuronal cortical cultures were exposed for 5 min to sham wash (control,
Con) or 50 mM zinc (Zn21) for 5 min in the absence or presence of a 30-min pretreatment with 10 mM PP2, and then protein was immediately extracted. (A) Fyn
(Fyn-IPypY) was immunoprecipitated, and the tyrosine phosphorylation of these kinases was determined by immunoblotting with antiphosphotyrosine antibody
(4G10). Blots were stripped and reprobed with anti-Fyn antibody. (B) The tyrosine phosphorylation of Src was examined by Western blot analysis by using
phosphorylation site-specific antibodies for Src phosphorylated on tyrosine 220 (pY220), tyrosine 423 (pY423), and tyrosine 534 (pY534). Blots were stripped and
reprobed with anti-Src antibody. (C) PLCg phosphorylation was examined by using a phospho-specific antibody directed against the active (phosphorylated) form
of this kinase (phosphotyrosine 783). (D) Protein extracts from cortical neuronal cultures exposed to increasing concentrations of Zn21 (mM) for 5 min were
analyzed by Western blot analysis by using the anti-Src pY220 antibody. All experiments were performed at least three times with consistent results.
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solution alone, together with 50 mM zinc, or after 5-min prior
exposure to 50 mM zinc. Treatment with the SFK inhibitor PP2
was carried out as described above. After exposure, the cultures
were washed several times in MEM supplemented with 20 mM
glucose and returned to the incubator. Neuronal cell injury was
qualitatively assessed by morphological examination by using
bright-field microscopy and quantitatively assessed by propidium
iodide fluorescence (55) and comparing it to the near-complete
neuronal death without glial death induced by exposing sister
cultures to 300 mM NMDA for 24 h.

Electrophysiological Patch-Clamp Recordings of NMDA Receptor Cur-
rents. A glass-bottom 35-mm culture was placed on the stage of
an inverted microscope (Nikon), and whole-cell membrane
currents were recorded by using an EPC-9 amplifier (List-
Electronics, Darmstadt, Germany) and recording electrodes
(5–8 MV, fire-polished) pulled from Corning Kovar Sealing no.
7052 glass pipettes (PG52151–4, WPI) with a Flaming–Brown
instrument (P-80yPC, Sutter Instruments, Novato, CA). The
external solution contained (in mM): 120 NaCl, 3 KCl, 2 CaCl2,
10 Hepes, 10 glucose, and 0.5 mM tetrodotoxin. The electrode
internal solution contained (in mM): 120 KCl, 2 Na2-ATP, 0.5
1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9-tetraacetate or -tet-
raacetic acid, and 10 Hepes. Recordings were performed at room
temperature (21–22°C) and at pH 7.3, under continuous bath
perfusion at '0.2 mlymin.

The offset potential of the recording pipette was routinely
corrected to 0 mV after immersing the tip into the bath. This
potential was also checked at the end of experiments and
corrected if necessary (usually 0–2 mV); recordings with a
potential drift of more than 3 mV were discarded. For perforated
patches, gramicidin D (Sigma) was dissolved in DMSO (10
mgyml) and diluted to a final concentration of 50 mgyml in the
pipette solution; brief voltage steps of 210 mV were applied to
monitor changes in input resistance and capacitance for 15–20
min (56, 57). Series resistance compensation was routinely
applied during recordings. NMDA current was triggered at a
holding potential of 270 mV by 100 mM NMDA plus 0.1 mM
glycine delivered by the DAD-12 drug perfusion system
(Adams–List, Westbury, NY). Current signals were digitally
sampled at 100 ms (10 kHz) and filtered by a 3 kHz 3-pole Bessel
filter. Current and voltage traces were displayed and stored on
a computer by using a data acquisitionyanalysis package (PULSE,
HEKA Electronik, LambrechtyPfalz, Germany).

[Na1]i Measurement. To monitor intracellular Na1 concentrations
([Na1]i), cultures were loaded with sodium-binding benzofuran
isophtalate (SBFI, Molecular Probes) by incubation with the
acetoxymethyl ester at the concentration of 20 mM for 90 min in
a Hepes-buffered solution, the composition of which was (in
mM): 120 NaCly5.4 KCly0.8 MgCl2y20 Hepesy15 glucosey1.8
CaCl2y10 NaOH, pH 7.4, at room temperature in the presence
of Pluronic F-127 (0.1%). All experiments were performed on
the stage of an inverted microscope equipped with a 75-W
Xenon lamp. Light was passed through 340- and 380-nm exci-
tation filters mounted on a filter wheel with a computer con-
trolled filter driver. The light was then reflected off a dichroic
mirror (450 nm) and passed through a 510-nm emission filter.
Images were acquired with a cooled charge-coupled device
camera (MicroMAX, Princeton Instruments, Trenton, NJ) and
digitized by using METAFLUOR 4.1 software (Universal Imaging,
Media, PA). Background fluorescence was subtracted from both
(340- and 380-nm) images at the beginning of each experiment.
To calculate [Na1]i, we performed an in situ calibration accord-
ing to the protocol described by Rose and Ransom (58). Cultures
were exposed to increasing concentrations of extracellular Na1

(0–50 mM) in the presence of gramicidin (3 mM), monensin (10
mM), and ouabain (0.1 mM) to equilibrate Nai

1 and Nae
1.

Results
Brief Zinc Exposure Increased Src Kinase Activity and Stimulated a
SFK-Dependent Tyrosine Phosphorylation of NMDA Receptor Subunits
NR2Ay2B. Near-pure neuronal cultures were exposed to 50 mM
zinc for 5 min, and protein extracts were immediately isolated.
No increase in the tyrosine phosphorylation of Fyn kinase (90 6
19% of control levels; P 5 0.636 by using Student t test; Fig. 1A)
was produced by this zinc exposure. We next examined the
tyrosine phosphorylation of Src by using phosphorylation site-
specific Src antibodies targeted at the main regulatory or cata-
lytic sites: tyrosine 418 in humany423 in mouse (the catalytic
site), tyrosine 529 in humany534 in mouse (a negative regulatory
site), and tyrosine 215 in humany220 in mouse (located in the
SH2 protein interaction domain). (The mouse site designation
will be used hereafter.) Basal levels of phosphorylation on the
different tyrosine sites in sham-treated cells varied, with typically
the highest levels of phosphorylation on tyrosine 534, and lower
levels on tyrosine 220 or 423 (Fig. 1B). After 5 min of exposure
to 50 mM zinc, phosphorylation of tyrosine sites 423 or 534 was
unchanged (85 6 11 and 115 6 11% of control levels, respec-
tively; P compared with controls was 0.442 in each case, Mann–
Whitney Rank Sum Test), but phosphorylation of tyrosine 220
was increased (245 6 72%; P , 0.001, Mann–Whitney Rank Sum
Test). Phosphorylation of tyrosine 220 was zinc concentration-
dependent, with enhancement detectable after exposure to only
5 mM zinc (Fig. 1D).

The SH2 domain of Src can bind to phosphorylated tyrosine
residues including its own negative regulatory C-terminal ty-
rosine site, which results in an inactive Src kinase (46). Phos-
phorylation of tyrosine 220 indicates a displacement of this
negative binding and activation of Src kinase (59), as well as
availability of the SH2 domain to act as an adapter protein

Fig. 2. Brief zinc exposure stimulates SFK-dependent tyrosine phosphoryla-
tion of NMDA receptor subunits NR2Ay2B. Mixed neuronalyglial cortical cell
cultures were exposed to 50 mM zinc for 5 min after pretreatment for 1 h in the
absence or presence of the SFK inhibitor PP2 (1 mM). Homogenates from
sham-washed controls (Con), zinc-treated (Zn21), or zinc treatment in the
presence of PP2 (1PP2) were extracted and immunoprecipitated with anti-
bodies specific for NR2A (A, NR2A-IPypY) or NR2B (B, NR2B-IPypY) and ana-
lyzed by immunoblotting with antiphosphotyrosine antibody. The blots were
stripped and reprobed with anti-NR2Ay2B-specific antibodies (anti-NR2Ay
NR2B). All experiments were performed at least three times with consistent
results.
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capable of recruiting or activating additional signaling kinases
(60, 61). To confirm zinc enhancement of Src activity, we
examined the downstream substrate, PLCg (46). Zinc exposure
enhanced the phosphorylation of PLCg; this phosphorylation
was blocked by the specific SFK inhibitor PP2 (Fig. 1C).

To explore the potential effects of zinc-induced Src activation
on NMDA receptor phosphorylation and function, we per-
formed a series of experiments in the mixed neuronal and glial
cortical cultures that we have used in previous studies of NMDA
receptor function and toxicity (62). Besides permitting more
direct comparison to these previous studies, we considered the
addition of glial cell influences an advantage in moving toward
an understanding of intact nervous system behavior.

Mixed cortical cultures were exposed to 50 mM zinc for 5 min;
after protein extraction, NR2A and NR2B were immunopre-
cipitated by using subunit-specific antibodies, and the immuno-
precipitates were analyzed by immunoblotting with biotinylated-
antiphosphotyrosine antibody (4G10). Basal levels of tyrosine-
phosphorylated NR2A (Fig. 2A) and tyrosine-phosphorylated
NR2B (Fig. 2B) were detected in sham-treated control cultures.
After zinc exposure, the tyrosine phosphorylation of NR2A was
increased 408 6 93% (P 5 0.005), and that of NR2B was
increased 197 6 32% (P 5 0.013) relative to control cultures by
using one-way Anova followed by Student–Neuman–Keuls’ mul-
tiple comparison test (Fig. 2). The increase in tyrosine phos-
phorylation of both subunits was reduced by 1-h prior exposure
to PP2.

Zinc Exposure Increased NMDA Receptor Activity. After obtaining
stable whole-cell recordings, 50 mM zinc was added to the

bathing medium for 5 min and then washed out. NMDA-induced
current was acutely reduced by zinc application, consistent with
previous reports (10, 11). However, after washing out zinc,
NMDA-induced current recovered gradually toward control
current levels (Fig. 3A). Because intracellular signaling compo-
nents might be dialyzed away by exchange with pipette contents
in conventional whole-cell recordings, we then repeated the
experiment by using gramicidin perforated patch recordings and
observed an enhancement of NMDA current after zinc exposure
(Fig. 3B). This up-regulation typically lasted 5–8 min before it
faded away (Fig. 3D). Thirty minutes of pretreatment with 10
mM PP2 blocked zinc upmodulation of NMDA current (Figs. 3
C and E).

Zinc Exposure Enhanced NMDA Toxicity. Exposure of mixed neuro-
nalyglial cortical cultures to 25 mM NMDA for 5 min resulted in
an intermediate level of neuronal death ('20% of the popula-
tion) over the next 24 h, as assessed by failure to exclude
propidium iodide (Fig. 4A). As expected, concurrent addition of
50 mM zinc blocked this NMDA-induced death (63). In contrast,
exposure of cells to 25 mM NMDA 4 min after a 5-min
pretreatment with 50 mM zinc resulted in increased neuronal
death; this zinc enhancement of NMDA neurotoxicity was
blocked by a pretreatment with PP2 (Fig. 4 A and B).

Zinc Induced [Na1]i Increase in Cortical Neurons. In considering
possible mechanisms by which zinc exposure might up-regulate
neuronal Src and NMDA receptors, our attention was drawn to
earlier studies demonstrating a powerful ability of low micro-

Fig. 3. Effects of Zn21 on NMDA current in whole-cell and perforated patch recordings. (A) Whole-cell recording showed that NMDA current (100 mM) was
reversibly blocked by 50 mM Zn21 (5-min bath application). (B) Similar acute Zn21 block of NMDA current was observed in perforated patch recordings, but after
washing out Zn21, the NMDA current was enhanced compared with baseline. (C) Same as B, but in the presence of 10 mM PP2 in the bath (added 30 min before
Zn21 and maintained throughout the Zn21 exposure and washout). Ten micromolars PP2 was used to ensure adequate cellular penetration with this shortened
exposure time (52). (D) Time course of Zn21-induced changes in NMDA current in perforated patch recordings after application of 50 mM Zn21. n 5 10 cells;

* indicates P , 0.05 compared with baseline by t test. (E) Same as D, but in the presence of 10 mM PP2 in the bath. n 5 5 cells.
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molar zinc to inhibit the plasma membrane Na1yK1-ATPase
(64–66) and to recent studies demonstrating the involvement of
Src in the signal-transducing function of the Na1yK1-ATPase
(67, 68). Furthermore, in another recent study, it was found that
increasing [Na1]i up-regulated NMDA receptor activity, and
that this up-regulation was enhanced by Src kinase (69).

Consistent with the hypothesis that zinc might potentiate NMDA
receptors via inhibition of the Na1yK1 ATPase, leading to in-
creased [Na1]i and enhanced Src kinase activity, addition of 50 mM
Zn21 to the bathing medium for 5 min elicited a progressive
increase in [Na1]i in cortical neurons loaded with SBFI (Fig. 5). The
increase in Nai was comparable to that produced by 500 mM
ouabain; after washout of zinc, [Na1]i continued to rise, typically
exceeding 20 mM (Fig. 5 B and C and data not shown).

Discussion
We report here that brief exposure to 5–50 mM extracellular zinc,
comparable to the concentrations estimated to be released
normally into synaptic clefts (4), selectively enhanced the phos-
phorylation of neuronal Src at tyrosine 220 in the SH2 domain,
without affecting tyrosine phosphorylation of Fyn. This phos-
phorylation was accompanied by increases in Src activity,
NMDA receptor phosphorylation, and NMDA receptor func-
tion (current and excitotoxicity). Drawing on key earlier studies
as well as present measurements of [Na1]i in neurons exposed to
zinc, we propose that the ability of zinc to induce this up-
regulation of Src activity and NMDA receptor function is
mediated by inhibition of plasma membrane Na1yK1 ATPase
and elevated [Na1]i. Although low concentrations of zinc can
potentiate current mediated by certain homomeric NMDA
receptor subunit 1 (NR1) splice variants, zinc potentiation of
more physiological heteromeric NR1yNR2 receptors was not
previously observed (70, 71).

No change in the phosphorylation of the Src catalytic site
tyrosine 423 or the inhibitory site tyrosine 534 was observed
after zinc exposure, but this does not exclude enhancement of Src
kinase activity upon phosphorylation of tyrosine 220 (59).
Indeed, zinc exposure resulted in an SFK-mediated increase in
the phosphorylation of the downstream substrate, PLCg. Fur-
thermore, after phosphorylation of tyrosine 220, Src may act in
a kinase-independent fashion (60, 61), perhaps serving as an
adapter molecule that recruits or activates other tyrosine
kinases (72).

Although further studies will be needed to establish the
precise mechanisms by which zinc exposure leads to phosphor-
ylation of Src tyrosine 220 and consequent kinase activation, it
is attractive to postulate that this activation is mediated by zinc’s
known ability to inhibit the Na1yK1 ATPase at micromolar
concentrations (64–66), because the pharmacological inhibitor,
ouabain, activates Src in cardiac myocytes (67, 68). We con-
firmed here that zinc exposure leads quickly to a progressive
increase in neuronal [Na1]i, consistent with Na1yK1 ATPase
inhibition. It has been suggested that the ability of Na1yK1

ATPase inhibition to activate Src may not be mediated by
secondary changes in [Na1]i, but rather by altered protein–
protein interactions (67, 68).

Whatever the responsible underlying mechanism, once neu-
ronal Src has been activated, a likely consequence is NMDA
receptor tyrosine phosphorylation and enhanced activity (73).
The idea of Src mediation fits with the observation that zinc-
induced NMDA receptor enhancement was observed in perfo-
rated patch but not conventional whole cell recordings. Similar
washout effects have been observed in studies of other kinase-
mediated increases in channel currents (74, 75). Linkage be-
tween Src kinase and NMDA receptor up-regulation has also
been demonstrated in CA1 hippocampal neurons, subsequent to

Fig. 4. Pre-zinc exposure enhances NMDA toxicity. (A) Photomicrograph of mixed neuronalyglial cortical cell cultures. Left, bright field; Right, matched
propidium iodide fluorescence. Cells exposed to sham wash (Con) or 25 mM NMDA for 5 min, the latter preceded 4 min earlier with 5 min exposure to wash
(NMDA), or 50 mM zinc (Zn21 then NMDA, with or without 30 min pretreatment with 10 mM PP2). (B) Cultures were also treated as above and, in addition, cells
were coexposed with 50 mM zinc and 25 mM NMDA. Neuronal death was quantitatively assessed 24 h after treatment by measurement of propidium iodide
fluorescence (n 5 5 separate experiments). *, P , 0.05 signifies difference from NMDA exposure alone. **, P , 0.05 signifies difference associated with PP2
addition to NMDA toxicity with a zinc pretreatment. (One-way ANOVA followed by Bonferroni t test).
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activation of the focal adhesion kinase CAKbyPyk2 (76). We
considered the possibility that Pyk2 activation might be involved
in zinc-induced Src activation, but we did not detect an increase
in phosphorylation of Pyk2 autocatalytic site tyrosine 402 after
zinc exposure (unpublished data). Although present data spe-
cifically implicate Src kinase in the up-regulation of NMDA
receptor activity, we cannot exclude contributions from other
SFK members expressed in the central nervous system: Lyn, Lck,
and Yes (73).

In addition to Src-mediated up-regulation of NMDA recep-
tors, the increased [Na1]i resulting from zinc inhibition of the
Na1yK1 ATPase may itself also up-regulate NMDA receptors.
Yu and Salter (69) found that raising [Na1]i by 30 mM, com-
parable to the increase observed here after brief exposure to
zinc, up-regulated NMDA receptor activity in mammalian neu-
rons. Considering this finding, we suspect that the zinc-induced
up-regulation of NMDA receptor current measured here by

using perforated patch recordings may be underestimated, as
diffusion of intracellular Na1 through gramicidin pores into the
patch pipette likely artifactually lowered [Na1]i.

Further study will be necessary to delineate the implications
of zinc-induced Src activation and NMDA receptor up-
regulation for brain function in normal and abnormal conditions.
SFK-induced NMDA receptor up-regulation has been impli-
cated in the induction of long-term potentiation (LTP) after
tetanic stimulation of hippocampal Schaffer collateral–CA1
synapses (77, 78); and depletion of endogenous synaptic zinc
impaired induction of LTP at mossy fiber-CA3 synapses (79, 80),
although contrary findings have been reported (4, 81). In
addition, ischemia increases NMDA receptor tyrosine phos-
phorylation and binding to Src SH2 domains in rat brains (82),
and Src-deficient mice exhibit resistance to brain damage after
focal ischemia (83). It is attractive to consider that the ability of
zinc to enhance NMDA receptor-mediated excitotoxicity dem-
onstrated here could be pathologically synergistic with its native
toxicity. Under conditions where excessive amounts of synaptic
zinc are released to the extracellular space, some cells may be
destroyed by zinc toxicity (23–25), and others might succumb
later to enhanced NMDA receptor-mediated calcium overload.
However, one could speculatively raise the alternative possibility
that under some conditions—perhaps after mild ischemic in-
sults—zinc-induced NMDA receptor up-regulation might play a
neuroprotective role by modestly elevating neuronal calcium
levels toward a ‘‘setpoint’’ inhibiting apoptosis (84), a fate
triggered by exposure to lower levels of toxic zinc exposure.

In summary, we propose that zinc, by inhibiting Na1yK1-
ATPase, causes a coincident increase in [Na1]i and activation of
Src, resulting in the potentiation of NMDA receptor activity.
Thus synaptically released zinc may regulate NMDA receptor
activity in a biphasic fashion: acute block mediated by direct
interaction with the receptor, followed by a lasting up-regulation
of NMDA receptor activity and cytotoxicity, mediated by a
signaling cascade involving the Na1yK1 ATPase and Src (Fig. 6).
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Fig. 5. Brief Zn21 exposure induces an increase in neuronal [Na1]i. (A) In situ
calibration of SBFI fluorescence ratio signal (340y380 nm) (see Methods). (B)
Pseudocolor images of cortical neurons loaded with SBFI before and at the end
of 5-min exposure to 50 mM Zn21. (C) Time course of change in [Na1]i induced
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