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The protein-tyrosine kinase Src is known to potentiate the
function of NMDA receptors, which is necessary for the induc-
tion of long-term potentiation in the hippocampus. With recom-
binant receptors composed of NR1-1a/NR2A or NR1-1a/2B
subunits, Src reduces voltage-independent inhibition by the
divalent cation Zn21. Thereby the function of recombinant
NMDA receptors is potentiated by Src only when the Zn21 level
is sufficient to cause tonic inhibition. Here we investigated
whether the Src-induced potentiation of NMDA receptor func-
tion in neurons is caused by reducing voltage-independent
Zn21 inhibition. Whereas chelating extracellular Zn21 blocked
the Src-induced potentiation of NR1-1a/2A receptors, we found
that Zn21 chelation did not affect the potentiation of NMDA

receptor (NMDAR) currents by Src applied into hippocampal
CA1 or CA3 neurons. Moreover, Src did not alter the Zn21

concentration–inhibition relationship for NMDAR currents in
CA1 or CA3 neurons. Also, chelating extracellular Zn21 did not
prevent the upregulation of NMDA single-channel activity by
endogenous Src in membrane patches from spinal dorsal horn
neurons. Taking these results together we conclude that Src-
induced potentiation of NMDAR currents is not mediated by
reducing Zn21 inhibition in hippocampal and dorsal horn
neurons.
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The tyrosine kinase Src has been identified as an endogenous
kinase responsible for upregulating activity of NMDA channels
(Yu et al., 1997). The upregulation of NMDA receptors
(NMDARs) by Src is necessary for the induction of long-term
potentiation at Schaffer collateral synapses onto CA1 hippocam-
pal neurons (Y. M. Lu et al., 1998). Also, Src permits enhance-
ment of NMDAR function by intracellular Na1 (Yu and Salter,
1998), and Src mediates the upregulation of NMDARs by PKC
(Lu et al., 1999). Thus, Src may be a key point for various
signaling pathways that regulate NMDAR function.

Regulation of NMDARs by Src has been studied using recom-
binant NMDARs expressed heterologously (Chen and Leonard,
1996; Kohr and Seeburg, 1996; Zheng et al., 1998). With recep-
tors composed of NR1-1a and NR2A subunits, NMDAR cur-
rents are potentiated by Src, and this potentiation is occluded by
chelating extracellular Zn21 (Zheng et al., 1998). Zn21 inhibits
NMDARs by acting at a voltage-independent extracellular site
and at a voltage-dependent site within the channel pore (Mayer et
al., 1989). The voltage-independent site on NR1-1a/2A receptors
has high affinity for Zn21 causing tonic inhibition at Zn21

concentrations normally contaminating extracellular solutions
(Paoletti et al., 1997). Src causes a rightward shift in the [Zn21]–

inhibition relationship for NR1-1a/2A receptors. Recombinant
NMDARs composed of other subunits also show voltage-
independent Zn21 inhibition but have lower affinity for Zn21.
With NR1-1a/2B receptors Src does not potentiate NMDAR
currents (Kohr and Seeburg, 1996), but these currents are not
tonically inhibited by contaminating Zn 21. However, Src does
produce a rightward shift in the [Zn21]–inhibition relationship of
NR1-1a/2B receptors (Zheng et al., 1998). Thus, a logical unify-
ing concept is that Src reduces voltage-independent Zn21 inhi-
bition of NMDARs. A corollary to this is that for Src to poten-
tiate NMDAR currents, [Zn21] must be matched to the Zn21

sensitivity of the particular receptors tested so that there is tonic
inhibition.

NMDARs in neurons exhibit voltage-independent inhibition
by Zn21 but have a lower Zn21 sensitivity than do NR1-1a/2A
receptors (Westbrook and Mayer, 1987). Because neuronal
NMDAR currents are known to be potentiated by Src (Wang and
Salter, 1994), we questioned whether Src enhances the function of
native NMDARs by reducing Zn21 inhibition. We report here
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that, for hippocampal and dorsal horn neurons, chelating Zn21

does not affect Src-induced potentiation of NMDARs, nor does
Src affect the concentration dependence of Zn21 inhibition.
Thus, in these neuronal types Src potentiation of NMDAR cur-
rents is independent of Zn21.

MATERIALS AND METHODS
Hippocampal neuron isolation
Hippocampal neurons were isolated from acute slices as described (Lu et
al., 1999). Briefly, 14- to 24-d-old male Wistar rats anesthetized with
halothane were killed by decapitation. Hippocampi were removed and
cut into ;500 mm slices. Slices were incubated in extracellular solution
containing 0.3–0.5 mg/ml papain (Sigma, St. Louis, MO) for 20–30 min.
After incubation with the enzyme, slices were kept in enzyme-free
extracellular solution. The CA1 or CA3 region was dissected, and the
cells were isolated by gentle teasing using glass pipettes. Electrophysio-
logical recordings started ;15 min after dissociation.

HEK293 cell culture and transfection
HEK293 cells were maintained, transfected, and used as described
(W. Y. Lu et al., 1998). Cells were grown in a mixture of minimum
essential medium (MEM) with Earle’s salts and L-glutamine with 10%
fetal bovine serum (FBS). Cells were plated (;10 6 cells per 35 mm dish)
and transfected 24 hr later with combinations of NR1-1a/NR2A (1:3
ratio). After transfection cells were cultured in the presence of 100 mM
DL-2-amino-5-phosphono-valeric acid and recorded 24–48 hr after
transfection.

Dorsal horn cell culture
Primary cultures of spinal dorsal horn were prepared from fetal Wistar
rats (embryonic day 17–18) (Salter and Hicks, 1994). Briefly, the spinal
cord was removed from each fetus, and the dorsal half of the cord was
dissected. Dorsal horn neurons were isolated and plated in MEM sup-
plemented with 10% FBS, 10% heat-inactivated horse serum, and 1 U/ml
insulin. Cultures were used 7–21 d after plating. Media and sera were
from Life Technologies (Burlington, Ontario, Canada).

Electrophysiology
Whole-cell recordings. Methods for whole-cell recording are described by
Lu et al. (1999). Cells were bathed in extracellular solution containing
(in mM): 140 NaCl, 5.4 KCl, 1.3 CaCl2, 25 HEPES, 33 glucose, 0.003
glycine (0.01 glycine for HEK293 cells), and 0.001 tetrodotoxin, pH
7.3–7.4 (320–335 mOsm). Extracellular [Zn 21] in the solution bathing
the cultures was measured using a Perkin-Elmer (Emeryville, CA) 5000
flame atomic absorption spectrometer. Patch electrodes contained (in
mM): 140 CsmethylSO4 or CsF, 10 HEPES, 11 EGTA, 2 tetraethylam-
monium chloride, 1 CaCl2, 2 mM MgCl2 and 4 K 2-ATP (pH 7.3, 300
mOsm). Recombinant purified Src (Upstate Biotechnology, Lake Placid,
NY; 50 U/ml) was applied by intracellular perfusion (Wang et al., 1994)
or by including Src in the pipette solution and allowing it to diffuse into

neurons after patch breakthrough. Whole-cell currents were recorded
using Axopatch 1-D or Axopatch 200A amplifiers (Axon Instruments,
Foster City, CA). Data were low-pass-filtered at 2 kHz and acquired on
a computer.

Membrane potential was held at 260 mV except where indicated.
NMDA (100 mM) was applied at 1 min intervals using a multibarrel, rapid
perfusion system. Concentration–inhibition curves were fit with the
logistic equation I 5 Imax/(1 1 ([Zn 21]/ IC50)n), where Imax is the current
amplitude without Zn 21, and n is the Hill coefficient.

Single-channel recordings. Single-channel recordings and analyses from
inside-out patches are described by Wang et al. (1996). Cultures were
bathed in extracellular solution containing (in mM): 110 Na2SO4, 10
Cs2SO4, 25 HEPES, 1.3 CaCl2, 33 glucose, 0.003 glycine, and 0.001
tetrodotoxin, pH 7.35 (310–325 mOsm). NMDA channel activity was
evoked by including 0.01 mM NMDA in the extracellular solution in the
patch pipettes. This solution was supplemented with EDTA (0.01 mM) as
required. The solution bathing the intracellular aspect of the patches
contained (in mM): 140 CsCl, 10 HEPES, 1 CaCl2, 10 BAPTA, 2 MgCl2,
and 4 K2-ATP, pH 7.25 (310–325 mOsm), supplemented as required with
the peptide EPQ(pY)EEIPIA (1 mM). Patches were held at 170 mV, and
current records were stored on tape. For analysis, recordings were
replayed, filtered at 2 kHz, and sampled at 20 kHz onto a computer.
Channel openings and closings were determined using a 50% crossing
threshold.

All electrophysiological experiments were done at room temperature
(22–24°C).

RESULTS

Src enhances NMDA-activated currents in CA1
neurons when Zn21 is chelated
Src kinase was administered into CA1 neurons by intracellular
perfusion after a 5–10 min control period during which NMDA-
evoked currents were stable. After perfusion with Src NMDA-
evoked currents gradually increased, and by 10 min of perfusion
the currents had stabilized at 134 6 9.5% (mean 6 SEM) of the
control level (n 5 5 cells; Fig. 1). We reasoned that if Src
potentiates NMDAR currents by reducing Zn21 inhibition, then
NMDARs on CA1 neurons should be tonically inhibited by
Zn21. Therefore, decreasing free extracellular [Zn21] ([Zn21]o)
below the minimum level known to inhibit NMDAR function
(Paoletti et al., 1997) would be predicted to increase NMDAR
currents to the same degree as, or more than, administering Src.
To reduce [Zn21]o, cells were bathed in extracellular solution
supplemented with the chelators EDTA (10 mM) or N,N,N9,N9-
tetrakis-(2-pyridylmethyl)-ethylene diamine (TPEN) (5 mM).
When EDTA or TPEN was included, NMDA-evoked currents
were 107 6 3% (n 5 4 cells) and 106 6 3% (n 5 4 cells) of

Figure 1. Chelation of extracellular Zn 21 does not
affect potentiation of NMDAR currents by Src in CA1
neurons but prevents potentiation with NR1-1a/2A re-
ceptors. A, Representative traces of NMDA-evoked
currents from three neurons. Top traces, Currents be-
fore (Control ) and 10 min after starting intracellular
application of Src. Middle traces, Currents before and
during bath application of EDTA (10 mM). Bottom
traces, Currents before and 10 min after starting intra-
cellular application of Src when EDTA (10 mM) was in
the extracellular solution (1 EDTA). B, Histogram
showing averaged peak amplitudes of NMDAR cur-
rents for CA1 neurons and for recombinant NR1-1a/
NR2A receptors. Src was applied intracellularly with-
out or with (Src/EDTA) EDTA in the extracellular
solution. The amplitude of the currents 10 min after the
start of Src application was normalized cell by cell to
the control level. Also plotted are averaged NMDAR
current amplitudes for CA1 neurons during bath-
applied EDTA or TPEN normalized to control. Error
bars indicate SEM. *p , 0.05 vs control, Student’s t test.
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control, respectively. These levels were significantly less than that
produced by administering Src ( p , 0.05, Student’s t test). To
confirm that these concentrations of EDTA or TPEN would
sufficiently lower [Zn21]o, we measured [Zn21] in the extracel-
lular solution by atomic absorption spectroscopy. [Zn 21]o was
found to be 170 6 40 nM (n 5 5 samples each measured in
duplicate). Using the known binding constants of EDTA and
TPEN (Paoletti et al., 1997), we calculated that the chelators
would decrease [Zn 21]o to ,0.1 nM, which is below the minimum
concentration of Zn 21 known to inhibit NMDAR currents (Pa-
oletti et al., 1997). Hence, we conclude that tonic Zn21 inhibition
of NMDARs in CA1 neurons appears to be too small for its
removal to account for the potentiation induced by Src.

If Src-induced potentiation of NMDAR currents in CA1 neu-
rons is attributable to reducing tonic Zn21 inhibition, then che-
lating extracellular Zn21 should occlude the effect of Src. How-
ever, with EDTA (10 mM) in the extracellular solution, applying
Src intracellularly caused NMDAR currents to increase (Fig. 1A,
bottom traces). On average NMDAR currents increased to 139 6
6.0% of control (n 5 4 cells), which was not significantly different
from the effect of Src in the absence of EDTA ( p . 0.05,
Student’s t test). As a positive control for EDTA we examined its
effect on Src-induced potentiation of NR1-1a/NR2A receptors
expressed in HEK293 cells (Fig. 1B). When EDTA was not
present, NR1-1a/2A currents increased to 131 6 7% of control
(n 5 13 cells, p , 0.01) when Src was administered intracellularly.

On the other hand, when EDTA was present throughout the
recording period NR1-1a/2A currents were 98 6 14% of control
(n 5 12 cells, p . 0.05) when Src was applied. Therefore, as
expected from the results of Zheng et al. (1998), EDTA pre-
vented the potentiation of NR1-1a/2A currents by Src. Taking
these results together, we conclude that the potentiation of
NMDAR function in CA1 neurons is not dependent on extra-
cellular Zn21.

Src does not affect the [Zn21] inhibition relationship in
CA1 neurons

Even though chelating Zn 21 did not prevent Src-induced poten-
tiation of NMDAR currents, it is conceivable that Src might
affect the concentration–inhibition relation for Zn 21. Therefore,
we compared the concentration dependence of Zn 21 inhibition
in dissociated CA1 neurons before and during Src application
(Fig. 2A). Before applying Src, the IC50 for Zn21 was 20 6 5 mM

(n 5 5; Fig. 2A), which is similar to that reported previously for
hippocampal neurons (Legendre and Westbrook, 1990). After Src
perfusion the IC50 was 19 6 6 mM (n 5 5 cells; Fig. 2A), which is
not significantly different compared with before Src ( p . 0.05,
Student’s t test). Moreover, Src did not affect the Hill slope for the
concentration–inhibition curve. Therefore, Src appeared to have
no effect on the [Zn21]–inhibition relationship of NMDARs in
CA1 neurons.

Figure 2. Zn 21 inhibition of NMDAR currents in CA1 neurons is unaffected by Src. A, Top panel, Superimposed traces from one neuron showing
NMDA-evoked currents at varying [Zn 21]o before (lef t) and during (right) intracellular application of Src. Zn 21 was present at the concentration
indicated in both control and agonist-containing solutions. Bottom panel, [Zn 21]–inhibition relationship for peak NMDAR currents before (F) or during
(E) intracellular application of Src. Each point is the normalized amplitude averaged from five cells. The curves are the best fit of the average points to
the logistic equations 1.02/(1 1 ([Zn 21]/22.0)0.80) before Src and 1.03/(1 1 ([Zn 21]/18.8)0.76) during Src. B, Top panel, I–V relation of NMDAR currents
at the [Zn 21] indicated. Currents taken during voltage ramps from 2100 to 160 mV made during NMDA application were subtracted from currents
without NMDA application. Bottom panel, Histogram showing averaged ratios (Izinc /Icontrol) of peak NMDAR current amplitude before versus during
application of Zn 21 (10 mM) at the different membrane potentials indicated. The effect of Zn 21 was measured before (Control ) or during Src
administration (n 5 3 cells in each group).
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Zn21 inhibition unaffected by Src
is voltage-independent

Because Src did not affect Zn21 inhibition of NMDAR currents
in CA1 neurons, we considered it possible that the inhibition
studied in these neurons was not the voltage-independent type,
which Src reduces in recombinant receptors. Therefore, we ex-
amined the I–V relationship of NMDA responses at various Zn21

concentrations. With Zn21 concentrations up to 30 mM the I–V
relationship for NMDA-evoked currents was linear, indicating
that up to this concentration Zn21 acts at the voltage-
independent site (Fig. 2B, top). Moreover, Src did not affect the
inhibition by Zn 21 (10 mM) at membrane potentials between 280
and 160 mV (Fig. 2B, bottom). Therefore, like the Zn 21 inhibi-
tion of recombinant receptors, the Zn21 inhibition studied pres-
ently in CA1 neurons is voltage-independent. However, unlike
the voltage-independent Zn21 inhibition of recombinant recep-
tors, this type of inhibition of NMDAR currents in CA1 neurons
is unaffected by Src.

Src enhancement of NMDAR currents in CA3 neurons
is independent of extracellular Zn21

Although Src-induced potentiation of NMDA-evoked currents in
CA1 neurons did not depend on Zn21, there may be other
neuronal populations in which this effect of Src is attributable to
reducing Zn21 inhibition. Because mossy fiber terminals in the
CA3 region of the hippocampus have the highest level of releas-
able Zn 21 in the CNS (Frederickson, 1989), CA3 neurons are
exposed to [Zn21]o much higher than that experienced by CA1
neurons. Therefore, as a contrasting population of cells we tested
neurons dissociated from CA3. In these experiments Src was
administered by including it in the intracellular recording solu-
tion and allowing it to diffuse into the neurons immediately after
the whole-cell configuration was attained by rupturing the mem-
brane patch (Fig. 3). Administering Src caused NMDAR currents
to increase gradually to 160 6 23% of the initial level (n 5 5 cells)
within 10 min after patch rupture. In contrast, when heat-
inactivated Src was included in the recording pipette, NMDAR
currents remained stable at the initial level throughout the re-
cording period. Thus, Src kinase activity was required to poten-
tiate NMDAR function in CA3 neurons.

To determine whether Src-induced potentiation requires
Zn21, experiments were done with EDTA in the extracellular
solution. In these experiments, administering Src increased
NMDAR currents to 153 6 31% of the initial level (n 5 5 cells).
This increase was not significantly different from that observed in
the absence of EDTA ( p . 0.05, Student’s t test). Furthermore,
Src did not affect the [Zn 21]–inhibition relationship (IC50, 15.4 6
2.9 mM before Src vs 13.0 6 2.5 mM after Src; p . 0.05, Student’s
t test), and the inhibition was voltage-independent at the [Zn21]
tested, up to 30 mM (data not shown).

Endogenous Src increases NMDA channel function
when extracellular Zn21 is chelated

Endogenous Src kinase is known to associate with and upregulate
the function of neuronal NMDARs (Yu et al., 1997). The regu-
lation of NMDARs by endogenous Src has been best character-
ized by studying NMDA single-channel activity in inside-out
patches excised from dorsal horn neurons. In these patches,

application of the phosphopeptide EPQ(pY)EEIPIA has been
shown to enhance NMDA channel function through stimulating
endogenous Src (Yu et al., 1997). Therefore, to determine
whether the upregulation by endogenous Src depends on Zn21,
we used inside-out patches from dorsal horn neurons and applied
EPQ(pY)EEIPIA to activate Src (Fig. 4). These experiments also
allowed us to examine a neuronal population outside the hip-
pocampus. We found that applying EPQ(pY)EEIPIA to the
cytoplasmic face of the patches increased NMDA channel open
probability (Po) and mean open time (to) to 209 6 36 and 135 6
11% of control, respectively (n 5 5 patches). In recordings in
which EDTA (10 mM) was included in the pipette solution to
chelate extracellular Zn21, applying EPQ(pY)EEIPIA increased
Po and to to 214 6 51 and 140 6 15% of control, respectively (n 5
6 patches). The increase in Po and to induced by EPQ(pY)EEI-
PIA with EDTA was not significantly different from that without
EDTA ( p . 0.05, Student’s t test). Thus, the mechanism of
NMDAR potentiation by endogenous Src in dorsal horn neurons
is not reduction of Zn21 inhibition.

Figure 3. Chelation of extracellular Zn 21 fails to affect Src-induced
potentiation of NMDAR currents in CA3 neurons. A, Traces from three
cells showing NMDAR whole-cell currents evoked at the times indicated
after patch breakthrough. Src was included in the intracellular solution
for the top two cells, and heat-inactivated Src was included for the bottom
cell. The extracellular solution was supplemented with EDTA (10 mM) for
the middle cell. B, Averaged peak NMDAR currents are plotted at 1 min
intervals after patch rupture under the conditions indicated. Data are
normalized with respect to the peak amplitude of the first response
evoked after formation of the whole-cell configuration (n 5 5 for each
group). p . 0.05 for comparison between Src (2 EDTA) and Src (1
EDTA) by two-way ANOVA.
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DISCUSSION

In the present study we have found that the potentiation of
NMDA-evoked currents by the protein-tyrosine kinase Src in
CA1, CA3, and spinal dorsal horn neurons is unaffected by
chelating extracellular Zn21. Moreover, Src did not affect the
concentration dependence of the inhibition of NMDAR currents
by Zn21. Taking these findings together, we must conclude that
Src potentiation of NMDAR currents in the neuronal popula-
tions tested is not mediated by reducing Zn21 inhibition.

In contrast, as reported previously (Zheng et al., 1998) and
confirmed in the present study, Src potentiates the function of
recombinant NMDARs by reduction of inhibition by Zn21. The
upregulation of recombinant NMDARs by Src is intriguing, be-
cause it links two modulatory sites of the NMDAR that had
previously been considered independent and suggests that there
must be a novel mechanism for transmitting the effect of phos-
phorylation from the inside of the membrane to the outside
(Ascher, 1998). Although understanding this mechanism could
provide interesting insights into NMDA channels, the relevance
of this mechanism to neuronal function remains to be estab-
lished. Our results do not exclude the possibility that there are
neuronal populations in which this transmembrane mechanism is
active. But we could find no evidence for this in the neurons
tested, indicating clearly that Src is capable of working through a
mechanism distinct from that described with the recombinant
receptors tested.

Why are recombinant NMDA channels upregulated by Src
differently from the native channels examined in the present
study? One potential explanation might have been that Src did not
have the opportunity to work through the same mechanism,
because the type of Zn21 inhibition in the neurons was different
from that of the recombinant receptors. However, with both
native and recombinant NMDARs the Zn21 inhibition is volt-
age-independent: Src reduced this type of inhibition with the
recombinant receptors but not with the native receptors. A sec-
ond possible explanation may be that the subunit compositions of
the recombinant receptors tested do not correspond to the native
channels studied. The recombinant receptors were diheteromeric,
comprising only one NR1 splice variant and one NR2 gene
product. There is increasing evidence that native NMDARs may
comprise more than just NR1 and a single type of NR2 subunit
(Sheng et al., 1994; Chazot and Stephenson, 1997; Luo et al.,
1997; Das et al., 1998), and such receptors could have properties
that differ from those of diheteromeric receptors (Brimecombe et
al., 1997). A third possible explanation may be that HEK293 cells
do not express an NMDAR-associated protein required for the
neuronal mechanism or that they express a non-neuronal protein
that causes Src potentiation via a different mechanism.

Recently, it has been suggested that voltage-independent Zn 21

inhibition is via coupling to proton inhibition of NMDARs (Choi
and Lipton, 1999). This suggestion highlights an emerging theme
of convergence of modulatory sites on proton inhibition and
raises the possibility that Src upregulation of NMDAR function
might be caused by reducing proton inhibition. It is conceivable
that, in neurons, the effect of tyrosine phosphorylation may not
require negative coupling through the Zn 21 modulatory site, as
apparently occurs with recombinant receptors, but might relieve
proton inhibition directly.

In the CNS the ambient [Zn21]o may vary in different regions
and under different circumstances (Smart et al., 1994). If the
mechanism for Src potentiation in neurons was reducing Zn21

inhibition, then a physiologically important consequence would
be that Src potentiation of NMDAR synaptic responses would be
permitted only where [Zn21]o appropriately matched the Zn21

sensitivity of synaptically activated NMDARs. However, our
results indicate that in the hippocampus and the spinal dorsal
horn potentiation of NMDAR synaptic transmission by Src will
occur regardless of the Zn21 level.
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