
Introduction

Sodium (Na+) is the major cation in extracel-
lular space. Through activated ligand- (e.g.,

glutamate) and voltage-gated cation channels,
membrane exchangers, and/or gradient-driven
cotransport, Na+ can enter cells and, therefore,
alter neuronal functions (1,2). Voltage-gated
Na+ channels, which initiate fast-action poten-
tials and shape subthreshold electrical proper-
ties (2–6), are essential for neuronal excitability.
The expression of voltage-gated Na+ channels
is developmentally and dynamically regulated,
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Abstract

Sodium (Na+) is the major cation in extracellular space and, with its entry into cells, may act as
a critical intracellular second messenger that regulates many cellular functions. Through our
investigations of mechanisms underlying the activity-dependent regulation of N-methyl-D-aspar-
tate (NMDA) receptors, we recently characterized intracellular Na+ as a possible signaling factor
common to processes underlying the upregulation of NMDA receptors by non-NMDA glutamate
channels, voltage-gated Na+ channels, and remote NMDA receptors. Furthermore, although Ca2+

influx during the activation of NMDA receptors acts as a negative feedback mechanism that
downregulates NMDA receptor activity, Na+ influx provides an essential positive feedback mech-
anism to overcome Ca2+-induced inhibition, thereby potentiating both NMDA receptor activity
and inward Ca2+ flow. NMDA receptors may be recruited to cause excitoxicity through a Na+-
dependent mechanism. Therefore, the further characterization of mechanisms underlying the reg-
ulation of NMDA receptors by intracellular Na+ is essential to understanding activity-dependent
neuroplasticity in the nervous system.

Index Entries: NMDA channel gating; sodium and calcium; single-channel activity; excitability;
toxicity.

Received July 25, 2005; Accepted August 17, 2005.
*Author to whom correspondence and reprint requests

should be addressed. E-mail: xianmin.yu@med.fsu.edu



exhibiting extensive plasticity at both the tran-
scriptional and posttranscriptional levels (3–6).
Na+ entry may regulate the functions of both
pre- and postsynaptic machinery in the central
nervous system (CNS; refs. 7–11). For example,
an increase in intracellular Na+ concentration
([Na+]i) may speed up the turnover of vesicular
pools in presynaptic terminals, thus affecting
neurotransmitter release (10).

Stuart and Sakmann (9) demonstrated that
local Na+ influx produces an amplification of
excitatory postsynaptic potentials in neocorti-
cal pyramidal neurons. Linden and colleagues
(7,8,11) showed that inhibition of Na+ influx
into postsynaptic neurons blocks the induc-
tion of long-term depression of synaptic
responses in cultured cerebellar neurons.
The postsynaptic spike bursts, and long-term
potentiation induced by tetanus stimulation
at the θ-frequency (5 Hz × 150 pulses) in hip-
pocampal neurons can be blocked by applica-
tion of voltage-gated Na+ channel blockers
such as QX-314 or tetrodotoxin (TTX) (12).
Researchers have consistently demonstrated
that electrical activity—particularly bursting
activity—dramatically increases [Na+]i in
neurons (13–15). Specifically, [Na+] may be
increased up to 40 mM in spines and their
adjacent dendrites by short bursts of synaptic
stimulation and by up to 100 mM during
tetanic stimulation that induces synaptic long-
term potentiation (15,16).

Interestingly, Na+ influx and efflux may be
differentially regulated by dopaminergic D1
and D2 receptors (17), and the [Na+] increases in
spines and dendrites induced by synaptic stim-
ulation, which are concurrent to synaptic poten-
tials and back-propagating action potentials, are
mainly mediated by Na+ entry through N-
methyl-D-aspartate (NMDA) type glutamate
channels (15,16).

This article focuses on essential findings that
are relevant to the actions of intracelluar Na+

in the regulation of NMDA receptor functions.
To provide some background knowledge, the
actions of Na+ as an important second messen-
ger and its involvement in the pathological
process of tissue injury are briefly reviewed.

Na+ Acts as an Important 
Second Messenger

A growing number of studies have shown
that intracelluar Na+ may act as a second mes-
senger to regulate many cellular functions. For
example, intracelluar Na+ may downregulate
the activity of amiloride-sensitive epithelial
Na+ channels, forming a negative feedback
control mechanism of these channels (18–21).
Further mechanistic studies have demonstrated
that Na+ activates the ubiquitin–protein ligase
Nedd4, which binds to the C-termini of the β-
and γ-subunits of the channels through its WW
domains, and consequently inhibits channel
activity (19–21).

Intracellular Na+ may also directly activate
ion channels that are permeable to other ions,
such as potassium (K+) (22–31). An increase in
[Na+]i by 10 to 30 mM may activate Slo gene-
encoded K+ channels (26,27,29,30,32), which
are inhibited by increases of intracellular K+

(30,32). D226N, a single-point mutation in the
Na+-activated K+ channel, abolishes the Na+-
dependent activation of both homo- and het-
eromeric K+ channels (33). Phosphatidylinositol
bisphosphate (PIP2) dramatically increases the
open probability of the K+ channels in the
absence of Na+ but does not preclude further
activation by Na+, suggesting that Na+ might
simply act to promote PIP2 binding to the
channels (33). Dascal and colleagues showed
that increases in intracellular Na+ may pro-
mote dissociation of α- and βγ-subunits of G
proteins and that via this mechanism, an
increase in intracellular Na+ either may upreg-
ulate G protein-gated K+ channels (28,31) or
downregulate N-type voltage-gated Ca2+ chan-
nels (34). Data also exist to suggest that Na+

and K+ may compete for a superficial site on
permeation pathway of K+ channels (30,32).
Na+-mediated K+ channels are widely distrib-
uted throughout the nervous system and are
involved in both the regulation of the after
potential following action potentials (30,35)
and the protection of neurons from hypoxic
stimulation (27,29,30).
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Some have found that intracellular Na+

plays an important role in the regulation of
receptor–ligand and ligand–transporter interac-
tions (36–40). Cox and colleagues (39) reported
that intracellular Na+ at 10 to 30 mM may signif-
icantly reduce binding of agonists to opioid
receptors on guinea pig cortical neuron mem-
branes. Maximal inhibition of µ-, δ-, and κ-opi-
oid receptor binding by Na+ is approx 60, 70,
and 20%, respectively. They further demon-
strated that intracellular Na+ does not reduce
the density of µ-opioid receptor binding but,
rather, reduces the density of δ-opioid receptor
binding with no change in agonist affinity.
Additionally, the κ-receptors appear to be less
sensitive to Na+ than the µ- and δ-opioid recep-
tors (39).

Intracellular Na+ and extracellular Na+ can
have opposing effects on ligand–transporter
interactions. For example, intracellular Na+

inhibits, whereas extracellular Na+ facilitates, the
binding of dopamine to dopamine transporters
(41–44). These may associate with the opposite
effects of intracellular Na+ and extracellular Na+

on the formation of the inward-facing state of
dopamine transporters (45).

Na+ is also implicated in processes of cell
proliferation. Glutamate receptor activation
inhibits mitogenic-factor-induced proliferation
of cortical oligodendrocyte progenitor cells
through an increase in intracellular Na+ (25).
Agents that increase intracellular Na+ may
also inhibit mitogenic-factor-induced prolifera-
tion (25). The mechanisms underlying these
effects of intracellular Na+ have yet to be eluci-
dated. One possibility may be that Na+ entry
may cause an increase in cytosolic Ca2+

through either Na+–Ca2+ exchanger or activa-
tion of voltage-gated Ca2+ channels (46,47),
thereby activating Ca2+-dependent mecha-
nisms. Another suggestion is that Na+ entry, via
Na+–H+ exchange, may cause changes in intra-
cellular pH (48–51), thereby regulating many
cellular functions, including enzyme activity,
neuronal growth, and death (Fig. 1).

Na+ in the Process of Tissue Injury

A significant increase in [Na+]i has been found
to be a characteristic event associated with tissue
injury, as found in cardiac cells after burn injury
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Fig. 1. Intracellular Na+ may act as common signaling factor upregulating NMDA receptors by other recep-
tor/channels such as AMPA receptors, voltage-gated Na+ channels, nonselective cation channels, and remote
NMDA receptors. NMDAR, NMDA receptor; AMPAR, AMPA receptor; Extr., extracellular; Intra., intracellular.



(52) and in central neurons following hypoxic
and/or traumatic insults (53–57). Banasiak and
colleagues (57) showed that hypoxia induces
increases of intracellular Na+ and neuronal
apoptosis in cultures of rat neocortical neurons,
which can be detected by electron microscopy,
annexin V staining, and terminal UDP nick-end
labeling staining. Application of voltage-gated
Na+ channel blocker reduces both Na+ entry
and apoptotic neuronal death (57). Conversely,
increasing Na+ entry using the voltage-gated
Na+ channel activator veratridine induces neu-
ronal apoptosis and caspase-3 activation (57).
Sheldon et al. (58) showed that Na+ entry
during anoxia apparently occurs through
Gd3+-sensitive pathways and Na+/K+/2Cl–
cotransport in cultured hippocampal neurons.
Together, these findings imply that multiple
Na+ entry pathways may be activated during
tissue injury.

It is well-known that an accompanying
influx of Cl– and water during large amounts
of Na+ influx may lead to acute neuronal
swelling and damage (59,60). Interestingly, a
recent study demonstrated that cell shrinkage
(or the loss of cell volume), which is a ubiqui-
tous characteristic of programmed cell death,
can be reversed in Jurkat cells by a blockade
of Na+ influx and that the initial Na+ influx
may play an important role in the onset of anti-
Fas-induced apoptosis (61). Although mecha-
nisms underlying ischemia-induced injury
remain elusive, evidence exists to show that
the inhibition of Na+–H+ exchange may atten-
uate ischemia-induced cell death (62, 63) and
that the blockade of voltage-gated Na+ chan-
nels protects neurons from traumatic injury
to both the spinal cord (53,64–68) and periph-
eral nerves (67,69). Application of voltage-
gated Na+ channel blockers can reduce the
loss of white matter resulting from injury
(65,67), minimize the sensitization associated
with chronic pain (70), and prevent seizures
during kindling development (71). Therefore,
finding effective therapeutic approaches tar-
geting voltage-gated Na+ channels has been
one of the major focuses in pharmaceutical
research (56).

Na+ in the Regulation 
of NMDA Receptors

The NMDA receptor is a subtype of a receptor
activated by glutamate, and is highly permeable
to both mono- and divalent cations such as Na+

and Ca2+ (72–74) and critically involved in the
regulation of many physiological and patho-
physiological processes, such as synaptic plastic-
ity (75–79), neuronal survival, and death (80–86).
NMDA receptor proteins are found to be associ-
ated with a large number of other proteins
including neurotransmitter receptors, enzymes,
cytoskeletal and adaptor protein (87–93).

Based on previous findings that: (a) NMDA
receptor activation stimulates protein tyrosine
phosphorylation (94), (b) protein tyrosine phos-
phorylation may be enhanced by cell depolar-
ization (95), and (c) NMDA receptor activity
may be regulated by receptor-associated protein
tyrosine kinases (96,97), we initially hypothe-
sized that NMDA receptor-associated protein
tyrosine kinases might be activated by cell depo-
larization and/or by the activation of NMDA
receptors and, therefore, upregulate NMDA
receptor activity. To examine this hypothesis, we
recorded NMDA single-channel activity evoked
by including 10 µM of NMDA in a standard
extracellular solution that filled recording elec-
trodes in neurons bathed with the extracellular
solution containing: 100 mM of Na2SO4, 10 mM
of Cs2SO4, 25 mM of HEPES, 1.3 mM of CaCl2,
33 mM of glucose, 0.001 mM of TTX, 0.003 mM
of glycine, pH 7.35 and osmolarity 310 to 320
mM in cell-attached patches (Fig. 2A) before and
during bath application of the same extracellu-
lar solution, with the exception of including
30 mM of KCl or the NMDA receptor agonist
L-aspartate (500 µM) or NMDA (300 µM) (98).
Interestingly, we found that although both the 30
mM of KCl and NMDA receptor agonist appli-
cations produced similar neuronal depolariza-
tion (approx 20 mV), the application of NMDA
receptor agonists—but not KCl—induced a sig-
nificant change in NMDA single-channel activ-
ity (98,99). Therefore, we deduced that the
alteration of NMDA channel gating during
application of NMDA receptor agonist is not
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Fig. 2. Functional relationship of Na+ and Ca2+ influx in the regulation of NMDA receptor gating by remote
NMDA receptors. (A) The cell-attached recording configuration. (B–D) Effects of bath application of the NMDA
receptor agonist L-aspartate (500 µM) on NMDA single-channel activity and intracellular Na+ and Ca2+

recorded from neurons bathed with the extracellular solution containing 10, 20, 200, or 145 mM of Na+,
respectively. The left panels in B, C, and D show examples of NMDA-channel open probability (Po, bin: 10 sec)
before (control) and during the activation of remote NMDA receptors. The break during the recording was
required for re-adjusting the patch potential to 70 mV from the NMDA channel reversal potential after L-aspar-
tate was applied to neurons. The middle panels show summarized data (mean ± SEM) outlining overall Po and
mean open time (to) during remote NMDA receptor activation. The right panels show summarized data (mean ±
SEM) that indicate increases in [Na+]i and [Ca2+]i induced by bath application of 500 µM of L-aspartate. Values
in brackets indicate the number of patches/neurons tested. *, **: p < 0.05, 0.01 (Wilcoxon test) in comparison
of Po or to before (=100%, dashed line) and during the activation of remote NMDA receptors.



induced by cell depolarization. The observation
that bath application of NMDA receptor anta-
gonist DL-2-amino-5-phosphonopentanoic acid
(APV) alone did not significantly affect NMDA
channel activity recorded in cell-attached
patches but, rather, prevented the effects of
NMDA receptor agonists co-applied indicated
that the upregulation of NMDA single-channel
activity is induced by activation of remote
NMDA channels (98,100).

Further experiments have shown that the
upregulatory effects induced by the activation
of remote NMDA channels were not altered by
the removal of extracellular Ca2+ but by block-
ade of Na+ influx. These data implicate that
Na+ may act as a signaling factor to upregulate
NMDA channel activity. This suggestion was
subsequently confirmed by experiments exam-
ining the effects of neuronal application of Na+

on NMDA-receptor-mediated single-channel
currents, whole-cell currents, and synaptic
responses (98,99). In particular, application of
Na+ ionophore monensin to neurons bathed
with an extracellular solution containing vari-
ous [Na+] (from 0 to 50 mM) showed that an
increase in [Na+]i of more than 10 mM pro-
duced detectable increases in NMDA single-
channel activity (98).

Na+ can enter neurons through multiple path-
ways, including voltage-gated Na+ channels and
non-NMDA glutamate channels. Therefore, via
a Na+-dependent mechanism, the activation of
these pathways may directly regulate NMDA
receptors. To verify this possibility, we examined
the effects of Na+ influx through activated non-
NMDA glutamate channels as well as voltage-
gated Na+ channels (98). We found that
activating non-NMDA receptors by bath appli-
cation of kainate (1 mM) increased NMDA sin-
gle-channel activity recorded in cell-attached
patches in neurons bathed in an extracellular
solution containing 200 mM of Na+, but it inhib-
ited the channel activity if Na+ was removed
from the extracellular solution (98,99). To deter-
mine whether influx of Na+ through voltage-
gated Na+ channels may affect NMDA channel
function, we applied veratridine (10 µM), which
prevents the inactivation of these channels

(98,99). After the cell-attached configuration was
established in neurons, the bath solution was
replaced with standard extracellular solution
that was modified to block both the main
ionotropic neurotransmitter receptors and the
release of glutamate and other transmitters
evoked by depolarizing presynaptic terminals
with veratridine (98,99). We found that bath
application of veratridine significantly increased
NMDA single-channel gating, whereas no such
effect was found in presence of TTX (98). There-
fore, this is the first demonstration that multiple
types of receptor/channels, such as α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) receptors, voltage-gated Na+ channels,
and nonselective cation channels, may regulate
NMDA receptor activity by increasing [Na+]i
(Fig 1; refs. 98, 100, and 101).

It is well-known that activated NMDA recep-
tors are highly permeable to K+, Cs+ Na+, and
Ca2+ (72–74) and that the activation of NMDA
receptors produces prolonged increases of both
intracellular Ca2+ and Na+ in neurons (13–15,
53,72–74,100). Previous studies focusing on
how Ca2+ affects NMDA receptor activity have
convincingly demonstrated that increases in
intracellular Ca2+ may downregulate NMDA
channels, thereby acting as a negative feedback
mechanism to control NMDA receptor activity
(72–74, 102–110). Therefore, both intracellular
Ca2+ and intracellular Na+ may regulate the
activity of NMDA receptors, but they may do
this in an opposing manner. To clarify how
NMDA channels may be regulated when both
ionic species flow into neurons during the same
time through activated NMDA receptors, we
investigated the functional relationship of Na+

and Ca2+ influxes in the regulation of NMDA
channel gating by the activation of remote
NMDA receptors (100).

Individual NMDA Receptors 
Can Be Up- and Downregulated 
by the Activation of Remote 
NMDA Receptors 

We found that bath application of the NMDA
receptor agonist L-aspartate may change NMDA
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channel activity recorded in cell-attached
patches in a concentration-dependent manner. A
significant increase in NMDA channel gating
occurred when 100 µM of L-aspartate was
applied by bath (100). Our initial study (98)
showed that the activation of remote NMDA
receptors may inhibit NMDA channel activity
when Na+ in the extracellular solution is
replaced with the membrane-impermeant cation
N-methyl-D-glucamine. However, the mecha-
nism underlying this effect remained unclear.

By recording the ratio of 346 vs 380 nm of flu-
orescence in the Na+-sensitive dye (sodium-
binding benzofuran isophthalate) and the
Ca2+-sensitive dye (Fura-2) in the soma region
of neurons, we found that the basal [Ca2+]i
and [Na+]i of neurons were approx 84 nM and
16 mM, respectively, when the Na+ gradient
across the cell membrane was decreased by re-
ducing extracellular Na+ concentration ([Na+]e)
to 20 mM and including the Na+ ionophore
monensin (10 µM) in the extracellular solution.
Under this condition [Ca2+]i increased by 66
nM, whereas [Na+]i decreased by 5.8 mM, and
NMDA single-channel gating was significantly
reduced during bath application of L-aspartate
(100).

The average overall channel open probabil-
ity and mean open time were reduced to 64
and 77% of controls, respectively. The burst
and cluster lengths were also significantly
reduced. These inhibitory effects produced by
the bath application of L-aspartate could be
effectively prevented by application of APV,
indicating that the activation of remote NMDA
receptors may also downregulate NMDA
channel activity. Interestingly, we found that
blocking Ca2+ influx by removal of Ca2+ from
the extracellular bath solution may also pre-
vent the inhibition of NMDA channel gating
induced by the activation of remote NMDA
receptors (100), suggesting that Ca2+ influx
may play an important role in the downregula-
tion of NMDA channel gating induced by the
activation of remote NMDA receptors when
Na+-influx is reduced. Bregestovski and col-
leagues (109) found that NMDA single-channel
activity recorded in cell-attached patches could

be downregulated after wash-out of NMDA,
which was bath-applied to neurons. Together,
these findings demonstrate that the activity of
individual NMDA channels may be regulated
by their neighboring NMDA receptors (Fig. 1;
ref. 100).

NMDA receptors on the cell surface are
located on both the synaptic and extrasynaptic
regions of central neurons. Because there is a
lack of direct evidence showing the effects of
the activation of remote NMDA receptors on
the activity of synaptic NMDA receptors, simu-
lation experiments were performed to estimate
the potential effects of the activation of remote
NMDA receptors on synaptic responses medi-
ated by NMDA receptors. Supercluster current
traces recorded before and during the activa-
tion of remote NMDA receptors were aligned at
the start of the first openings and were subse-
quently summed to produce an ensemble cur-
rent (100). We found that depending on the
amount of Na+ and Ca2+ influx through acti-
vated remote NMDA receptors, the decay of
ensemble currents could be increased or
decreased (100). Therefore, we believe that the
crosstalk between NMDA receptors, which is
mediated by a functional Na+–Ca2+ interaction,
may be an important mechanism regulating
synaptic responses.

Na+ Influx Enhances Ca2+ Influx 
and Masks the Ca2+-Dependent Inhibition 
of NMDA Channels

We then measured the [Na+]i and [Ca2+]i of
neurons bathed with the standard extracellular
solution containing a [Na+] of 10, 20, and 145
mM before and during the activation of
NMDA receptors induced by bath application
of L-aspartate. We found that with an increase
in [Na+]e, the activation that NMDA receptors
produced increased [Na+]i as expected but also
unexpectedly increased [Ca2+]i (Fig. 2). Exclud-
ing the effect of Ca2+-influx-induced Ca2+

release from intracellular stores, the increase in
[Ca2+]i of neurons bathed with extracellular
solution containing 145 mM of Na+ was signif-
icantly higher than that of neurons bathed with
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extracellular solution containing 10 mM of Na+

(100). This strongly suggests that Na+ influx
may enhance Ca2+ influx during NMDA recep-
tor activation; consequently, further investiga-
tions are required to clarify the functional
relationship between Ca2+ and Na+ influx in
the regulation of NMDA channel activity by
remote NMDA receptors.

When extracellular Na+ was reduced to 10
mM, we found that the activation of NMDA
receptors produced increases in [Na+]i and
[Ca2+]i by around 0.8 mM and 35 nM, respec-
tively, and that the activation of remote NMDA
receptors produced significant inhibition of
NMDA channel gating (ref. 100; Fig. 2). When
[Na+] of the extracellular bath solution was
increased to 20 mM, NMDA receptor activation
produced an increase of 5 mM in [Na+]i and 50
nM in [Ca2+]i, but there was no significant
change in NMDA channel gating (ref. 100;
Fig. 2). We also found that increasing extracellu-
lar K+ concentration by 30 mM in an extracellu-
lar solution containing 170 mM of Na+ and 1
µM of TTX produced increases in [Na+]i and
[Ca2+]i by around 7 mM and 48 nM, respec-
tively, but there were no significant changes in
NMDA single-channel gating (98,100). There-
fore, an approx 5-mM increase in [Na+]i appears
to be a critical concentration for masking the
inhibitory effects induced by Ca2+ influx on
NMDA channels during the activation of
remote NMDA receptors in cultured hippocam-
pal neurons (100).

In our previous electrophysiological experi-
ments, we found that removal of extracellular
Ca2+ did not produce any effect on the upreg-
ulation of NMDA channels by remote NMDA
receptors in neurons bathed with the standard
extracellular solution containing 200 mM of
Na+ (98). Our current study demonstrated that
a modest increase of [Ca2+]i by approx 35 nM
could inhibit NMDA channel activity when
[Na+]e was reduced to 10 mM (Fig. 2; ref. 100).
These findings suggest that on one hand, Na+

influx may enhance Ca2+ influx and, on the
other hand, may also mask the inhibitory
effects of Ca2+. To confirm this finding, we
recorded NMDA single-channel activity before

and during the activation of remote NMDA
receptors in cell-attached patches with (a)
pipets filled with a Ca2+-free extracellular
solution containing 200 mM of Na+ from neu-
rons that had been pretreated with BAPTA-
AM (10 µM for 4 h) and bathed with the same
Ca2+-free extracellular solution, and (b) pipets
filled with extracellular solution containing
0.3 or 1.2 mM of Ca2+ (which were determined
by a Ca2+-selective electrode, Thermo Elec-
tron Corporation, Beverly, MA) from neurons
bathed with the extracellular solution contain-
ing the same amount of Ca2+, respectively.
Our observation that the activation of remote
NMDA receptors produced a similar upregula-
tion of NMDA channel activity when local and
bath [Ca2+] was set at 0, 0.3, and 1.2 mM
implies that the effects of Ca2+ influx in the reg-
ulation of NMDA receptors by remote NMDA
receptors are overcome by Na+ under normal
conditions (100).

An ongoing Ca2+ inhibition of NMDA recep-
tors accompanied by the activation of NMDA
channels may serve as a negative feedback
mechanism to control NMDA channels (72–74,
108). The effect of Na+, which overcomes Ca2+-
induced inhibition, provides an essential posi-
tive feedback mechanism to enhance NMDA
receptor activity and the inward flow of Ca2+ to
regulate neuronal functions.

Na+ Influx: A Novel Mechanism
Underlying the Recruitment of NMDA
Receptors in Neurotoxicity

Glutamate is a principle excitatory neuro-
transmitter in the CNS. Based on findings that
glutamate concentration increases occur in
both humans (111,112) and animals following
nervous system injury (113) and that applica-
tion of NMDA receptor antagonists may pro-
tect neurons in animal stroke/CNS trauma
models (59,114), it has been proposed that
NMDA-receptor-mediated excitoxicity may
underlie neuronal death associated with
stroke/traumatic CNS injury. However, this
theory has been challenged by negative find-
ings in clinical trials testing NMDA receptor
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antagonists (115–118), and until recently, it
remained unclear how and when NMDA
receptors can be recruited to cause neuronal
injury.

We examined the effects of extracellular Ca2+

depletion and reperfusion (which may occur in
patients with stroke) on cultured hippocampal
neurons bathed initially with an extracellular
solution containing: 140 mM of NaCl, 5 mM of
CsCl, 1.8 mM of CaCl2, 33 mM of glucose, 25
mM of HEPES; pH 7.35; osmolarity: 310 to
320 mOsm. We found that neuronal injury pro-
duced characteristic morphological changes
(such as swelling, beading, or process disinte-
gration; Fig. 3), a reduction of 3-(4,5-dimethylth-
iazol-2-yl)2,5-diphenyl-tetrazolium bromide,
and an increase in caspase-3 activity when
extracellular Ca2+ was reduced from 1.8 to 0.5 or
0 mM. Interestingly, application of NMDA
receptor antagonists APV (100 µM) and MK801
(2 µM) were neuroprotective only when applied
concomitantly to the reduction of [Ca2+]e from
1.8 to 0 mM. No protective effects of the drugs
could be found when applied during Ca2+

reperfusion or when [Ca2+]e was reduced from
1.8 to 0.5 mM (101).

These data provide the first piece of experi-
mental evidence indicating that the depletion
of extracellular Ca2+ may evoke NMDA-recep-
tor-mediated neurotoxicity and that NMDA
receptor antagonists can be protective only
when applied to neurons within a critical time-
period (Fig. 3; ref. 101). These findings also
raise an important issue regarding how and
when NMDA receptor activity is recruited to
cause neuronal injury by the removal of extra-
cellular Ca2+.

To address this question, we recorded
NMDA single-channel activity before and dur-
ing a depletion of extracellular Ca2+ from 1.8 to
1.3, 0.5, or 0 mM in cell-attached patches from
cultured hippocampal neurons bathed with
the standard extracellular solution, in which
Cl– was replaced by SO42– to prevent cell dam-
age during the reduction of extracellular Ca2+

(59,98,100,101). We found that bath application
of a low-[Ca2+] solution to neurons caused a
parallel shift of the current–voltage relation-

ship in NMDA single-channels, indicating that
there is a cell depolarization but no change in
single-channel conductance (100,101). There-
fore, the holding potential was re-adjusted to
maintain a 70-mV patch-potential from the
reversal potential of recorded channels. No sig-
nificant change in channel gating was
observed unless [Ca2+]e was reduced from 1.8
to 0 mM. Application of the NMDA receptor
antagonist MK801 abolished channel activity
and confirmed that a [Ca2+]e reduction from 1.8
to 0 mM produced an increase in single-chan-
nel currents mediated by NMDA receptors
(98,100,101).

Because NMDA single-channel activity was
enhanced only when [Ca2+]e was reduced from
1.8 to 0 mM and blocking NMDA receptors
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Fig. 3. NMDA receptor antagonists reduced neu-
ronal injury induced by reduction of [Ca2+]e to 0
mM. Images of same neurons were recorded imme-
diately (0 min) and at 25 mins after the culture
medium was changed to the extracellular solution
containing 0 Ca2+. (A) Neurons were bathed in a
Ca2+-free extracellular solution. (B) Neurons were
bathed in the Ca2+-free extracellular solution con-
taining MK801 (2 µM) and APV (100 µM). Com-
pared to the morphology of neurons bathed with the
Ca2+-free extracellular solution, including NMDA
receptor antagonists in the extracellular solution sig-
nificantly reduced the number of neurons showing
swelling, beading, and/or process disintegration. 



concomitantly to the reduction of [Ca2+]e from
1.8 to 0.5 mM may actually increase the num-
ber of injured neurons (101), there are indica-
tions that the upregulation of NMDA receptors
is essential to trigger toxicity mediated by
NMDA receptors and that application of
NMDA receptor antagonists in the Ca2+ reper-
fusion model may be protective only when
NMDA receptors are recruited.

Several recent studies have demonstrated
that removal of extracellular Ca2+ may induce
inward currents, which are mainly carried by
Na+ (119,120), through nonselective cation
channels (119) such as TRPM7 channels (120).
To identify the mechanisms that may underlie
the upregulation of NMDA receptors by the
removal of extracellular Ca2+, we measured
[Ca2+]i and [Na+]i in cultured hippocampal
neurons before and during reductions of
[Ca2+]e. We found that reductions of [Ca2+]e
from 1.8 to 1.3, 0.5, 0.1, and 0 mM induced a
[Ca2+]e-reduction-dependent increase in [Na+]i
and a decrease in [Ca2+]i (101). These studies
not only provided another piece of quantita-
tive evidence confirming that an increase in
[Na+]i of less than 10 mM may not upregulate
NMDA receptor activity (98) but also showed
that a reduction of extracellular Ca2+ from 1.8
to 0 mM might produce increases in [Na+]i,
which sufficiently enhances NMDA channel
gating (98,100,101).

It is known that the removal of extracellular
Ca2+ to 0 mM may increase NMDA single-
channel conductance (73,74,121) and that
reducing intracellular Ca2+ may reduce the
Ca2+-dependent inhibition of NMDA receptors,
thereby enhancing NMDA channel activity
(73,74,107,122–127). Therefore, it is possible that
NMDA receptor gating may be enhanced by
the removal of extracellular Ca2+ through Na+-
and/or Ca2+-dependent mechanisms. We
examined the effects of blocking Na+ influx by
bathing neurons in extracellular solution con-
taining 20 mM of Na+ and monensin. We found
that blocking Na+ influx prevented the upregu-
lation of NMDA channel gating induced by
extracellular Ca2+ reduction (101). By compar-
ing the ensemble currents produced by the

summation of consecutive superclusters
recorded before (1.8 mM) and after reducing
[Ca2+]e to 0 mM, we found that the removal of
extracellular Ca2+ can significantly increase the
decay time of ensemble currents and that this
effect can be abolished by blocking Na+ influx,
which suggests that the removal of extracellu-
lar Ca2+ may affect NMDA-receptor-mediated
whole-cell responses via the action of Na+.

Because large reductions in [Ca2+]e may
occur during instances of high neuronal activ-
ity (128,129), the development of seizures
(130), hypoglycemic coma (131), and periods of
hypoxia and ischemia (132,133), the Na+-
dependent enhancement of NMDA channel
activity induced by lowering [Ca2+]e may be an
important mechanism underlying the increase
in neuronal excitability and neurotoxicity in
the CNS.

Src Family Kinases Act as Switches That
Control the Effects of Intracellular Na+

Interestingly, we noted that an increase in
[Na+]i larger than 10 mM can upregulate
NMDA single-channel activity recorded in
cell-attached patches (98,100,134), whereas
larger increases in [Na+] (>50 mM) on the cyto-
plasmic site of inside-out patches are required
for such an effect (98,134). Furthermore, we
found that application of the broad-spectrum
protein kinase inhibitor staurosporine (1 µM)
prevented the increase in channel activity
induced by monensin applied to neurons
bathed with an extracellular solution contain-
ing 50 mM of Na+. Therefore, we hypothesized
that protein kinases might be critically
involved in the regulation of NMDA receptors.

Because protein tyrosine kinase Src was
known to both associate with and upregulate
NMDA channels (97), we examined the effects
of activating Src family kinases (SFKs)with the
phosphopeptide EPQ(pY)EEIPIA, which binds
to the Src SH2 domain to enhance Src activity
(135,136). After the patches were treated with
EPQ(pY)EEIPIA for 5 to 8 min and the channel
activity reached a stable level, Na+ was applied
to the cytoplasmic face of the membrane. We
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found that NMDA channel activity recorded
from such patches can be upregulated by a sig-
nificantly smaller increase in Na+ concentra-
tion than in patches without the peptide
treatment or those treated with the dephos-
phorylated peptide EPQYEEIPIA, which has
been shown not to activate SFKs (98,134,135).
Therefore, we have concluded that Na+-depen-
dent regulation of NMDA receptors is con-
trolled by protein tyrosine kinases such that
enhancing or reducing the activity of protein
tyrosine kinases can potentiate or depress the
regulation of NMDA channel gating by intra-
cellular Na+ (98,99,134).

Questions and Future Studies

Because we found that the effects of Na+

applied to cytoplasmic face of the membrane
on NMDA channel gating may be significantly
enhanced by treatment with Src kinase activa-
tor peptide, we examined whether Na+ can
enhance Src kinase activity. We performed in
vitro kinase assays and found that an increase
in [Na+] from 0 to 140 mM produced no change
in Src enzyme activity (Zhao and Yu, unpub-
lished data, 2003). Therefore, it is unlikely that
Na+ upregulates NMDA channel activity
through the enhancement of Src enzyme activ-
ity. However, it remains unknown how protein
tyrosine kinases regulate the actions of Na+ on
NMDA channels.

There is an abundance of data demonstrat-
ing that the regulation of NMDA receptors
by SFKs plays very important roles in many
physiological and pathophysiological pro-
cesses (93,136–146). SFKs are critically in-
volved in signal transduction mediated by
growth factors, G protein-coupled receptors,
and/or ligand-gated ion channels in almost all
cell types, including neurons and cancer cells
(147–157).

Several tyrosine residues in NR2A and
NR2B subunits are involved in the regulation
of the phosphorylation and channel activity of
NMDA receptors by SFKs (93,136,158–161).
Therefore, another possibility resulting from

the regulation of Na+ actions by SFKs may be
that the regulation of NMDA receptors by Na+

depends on phosphorylation status of the
receptors. Because Na+ influx is closely regu-
lated by neuronal discharge activity (1,2) and
SFKs are important signaling factors regulat-
ing many functions from neuronal develop-
ment to synaptic plasticity (93,136–146), the
elucidation of mechanisms underlying the reg-
ulation of the actions of Na+ by SFKs will be
necessary for understanding the regulation of
neural excitability and toxicity.
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