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Abstract. Activation of d-opioid receptors (DOR)
attenuates anoxic K+ leakage and protects cortical
neurons from anoxic insults by inhibiting Na+ influx. It
is unknown, however, which pathway(s) that mediates
the Na+ influx is the target of DOR signal. In the
present work, we found that, in the cortex, (1) DOR
protection was largely dependent on the inhibition of
anoxic Na+ influxes mediated by voltage-gated Na+

channels; (2) DOR activation inhibited Na+ influx
mediated by ionotropic glutamate N-methyl-D-aspar-

tate (NMDA) receptors, but not that by non-NMDA
receptors, although both played a role in anoxic K+

derangement; and (3) DOR activation had little effect
on Na+/Ca2+ exchanger-based response to anoxia. We
conclude that DOR activation attenuates anoxic K+

derangement by restricting Na+ influx mediated by
Na+ channels and NMDA receptors, and that non-
NMDA receptors and Na+/Ca2+ exchangers, although
involved in anoxic K+ derangement in certain degrees,
are less likely the targets of DOR signal.
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Introduction

Hypoxia and ischemia induce neuronal injury in the
brain, which is a leading cause of neurological
disability and death. However, the treatment and
prevention of hypoxic/ischemic brain injury remains a
major medical challenge. The vast majority of the
current research directed to finding treatments for
hypoxic/ischemic brain injuries focused on the use of

Ca2+ channel blockers, glutamate antagonists, antiox-
idants/free radical scavengers, and some agents that
regulate cytokines and other intracellular molecules.
However, many of these, despite proving effective in
animal models of stroke, demonstrated minor or no
efficacy in patients in clinical trials [1, 2]. Therefore,
seeking novel approaches to protect neurons from
hypoxic/ischemic injury still attracts much attention
from both clinicians and scientists. Recent work in our
laboratory [3 – 6] as well as others [7 – 12] has shown
that activation of d-opioid receptor (DOR) is neuro-
protective against hypoxic/ischemic and excitotoxic* Corresponding author.
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stress. An increase in extracellular K+ due to K+ efflux
is a typical response of the brain to hypoxic/ischemic
stress, and such derangement of K+ homeostasis is
believed to be a crucial factor leading to neuronal
injury or death under pathophysiological conditions,
such as anoxic/ischemic stress [13 – 16]. DOR neuro-
protection is, at least partially, related to DOR action
against the derangement of K+ homeostasis during
anoxia/ischemia [17, 18]. Furthermore, we found that
DOR-mediated inhibition on Na+ influx constitutes a
major mechanism underlying the DOR protection
against anoxic derangement of K+ homeostasis in the
cortex as this protection is largely abolished by low
Na+ perfusion [19].
During anoxia/ischemia, a massive amount of Na+

enters the neurons [20 – 24], and the resultant intra-
cellular Na+ accumulation is a major event that
severely affects anoxic K+ derangement [19, 25, 26]
and excitotoxicity-elicited K+ efflux [27] in neurons. In
previous studies, potential routes for Na+ influx during
anoxia/ischemia have been proposed, which include
influx through voltage-gated Na+ channels [22, 28 –
31], ligand-gated Na+ channels [28, 30, 32] and entry
through transporters/exchanges such as the Na+/Ca2+

exchanger [24, 33], albeit debate still exists on this
issue. There is, however, no information available at
all as to which pathway(s) mediating the Na+ influx is
the target of DOR signals.
Several lines of evidence in our past studies have
suggested a potential interaction between DOR and
Na+ channels. For example, we observed that DOR
down-regulation [34] is associated with an up-regu-
lation of voltage-gated Na+ channels [35], and DOR
activation attenuates hypoxic dysregulation of Na+

channels [36, 37]. These observations suggest an
interactive regulation between DOR signals and Na+

homeostasis. It is very likely that voltage-gated Na+

channels are the major target of DOR signals in the
DOR-mediated inhibition of hypoxic Na+ influx and
the Na+-based K+ derangement.
Besides voltage-gated Na+ channels, other routes for
Na+ influx may also be targeted by DOR. Hypoxia/
ischemia induces massive release of glutamate into the
synaptic cleft [38]. A common feature of ion channel-
linked glutamate receptors, including N-methyl-D-
aspartate (NMDA) and non-NMDA receptors, is Na+

permeability [39]. Therefore, glutamate may increase
intracellular Na+ concentration ([Na+]i) by activation
of ionotropic receptor channels [28, 30, 32, 39]. DOR
activation has been shown to prevent the release of
glutamate from presynaptic vesicles, depress the
amplitudes of stimulus-evoked excitatory postsynap-
tic potentials/currents of neocortical neurons [40, 41]
and reduce NMDA receptor activities in trigemino-
thalamic neurons [42], while inhibition of DOR

potentiates deleterious effects mediated by NMDA
receptors during anoxic insults in the turtle cortex
[12]. Therefore, it is possible that DOR attenuates
anoxic/ischemic Na+ influx by inhibiting ionotropic
receptor channels.
Na+/Ca2+ exchangers are ubiquitously contained in
neuronal plasma membrane and can operate either in
the forward mode to extrude one Ca2+ ion by coupling
it to the influx of three Na+ ions or in the reverse mode
to extrude three Na+ ions by the entry of a single Ca2+

ion; they play a fundamental role in controlling Na+

and Ca2+ homeostasis. Although reverse operation of
Na+/Ca2+ exchangers have been demonstrated to be
responsible for intracellular Ca2+ ([Ca2+]i) rise in the
late phase of ischemia [23], both forward and reverse
Na+/Ca2+ exchange can take place concurrently in the
same cell [43]. Since [Ca2+]i has been shown to
increase during O2 deprivation, the forward operation
mode of Na+/Ca2+ exchange can be activated, thus
extruding excessive Ca2+ loading with an increase in
Na+ influx [33]. It is not known, however, whether
DOR inhibits this portion of anoxic Na+ influx.
To clarify these important issues and gain a better
understanding of the mechanism underlying the DOR
protection against hypoxic ionic derangement in the
cortex, we undertook this study to: (1) examine the
roles of voltage-gated tetrodotoxin (TTX)-sensitive
Na+ channels, ionotropic glutamate receptor chan-
nels, and Na+/Ca2+ exchangers in anoxic K+ derange-
ment in the cortex; and (2) investigate whether DOR
targets these pathways, thereby attenuating Na+

influx-mediated K+ derangement during hypoxia.

Materials and methods

Slice preparation. Experiments were performed in
accordance with the guidelines of the Animal Care
and Use Committee of Yale University School of
Medicine, which is accredited by the American
Association for Accreditation for Laboratory Animal
Care. Slices of the frontoparietal cortex (400 mm) from
24-32-day old male C57BL/6 mice were prepared as
described previously [17 – 19], and incubated in ACSF
(125 mM NaCl, 3.1 mM KCl, 26 mM NaHCO3,
2.4 mM CaCl2, 1.3 mM MgSO4, 1.25 mM NaH2PO4,
and 10 mM dextrose at pH 7.4), vigorously aerated
with carbogen for at least 90 min at ~358C. They were
then used for recording.

Induction of anoxia in cortical slices. A slice was
completely submerged ~0.5 mm below the ACSF
surface (~3 ml/min flow rate) in the recording cham-
ber and kept under normoxic conditions at 35.5�0.58C
for at least 15 min before experimental measurements
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were taken. Anoxia was induced by switching from the
control superfusate (95 % O2, 5 % CO2) to one
continuously bubbled with 95% N2 and 5 % CO2.
Each slice was subjected to a single period of anoxia
that continued for about 1.5 min after the onset of
anoxic depolarization (as assessed by a rapid increase
in extracellular [K+] concentration, [K+]e) that usually
occurs within 10 min after the onset of anoxia), or for a
period of 20 min if anoxic depolarization did not
occur.

Measurements of extracellular potassium. [K+]e were
measured using K+-sensitive microelectrodes as de-
scribed previously [17 – 19]. Calibrations were carried
out in triplicate by detecting the voltage responses
generated in KCl solutions (1, 3.1, 5, 10, 20, 40, 80, 100,
160 mM), which were added with various concentra-
tions of NaCl to keep constant ionic strength similar to
that in interstitial fluid. For each concentration, the
average of voltage changes in three separate tests was
used as the final voltage change. Over this range
electrode response was near ideal, showing a loga-
rithmic relationship to [K+], with an average slope of
55.1�0.2 mV per log10 unit increase in [K+] at 258C
(n=81), which is stable between 258 and 358C with
very minor fluctuation [26].
Electrical signals were recorded by a DC amplifier
(IE-210, Warner Instrument Co., Hamden, CT) and
digitized at a sampling rate of 100 Hz. The following
parameters were derived to assess K+ homeostasis : (1)
the latency of anoxia-induced [K+]e increase (latency),
which was defined as the time from the beginning of
anoxia to the time point when anoxia induced a K+

electrode voltage change greater than 1 mV; (2)
maximal [K+]e ([K+]max), which was the peak change
in [K+]e induced by anoxia; and (3) the undershooting
of [K+]e (undershoot), which referred to the minimal
value of [K+]e during reoxygenation. The former two
parameters, especially [K+]max, may reflect the degree
of anoxia-induced disruption of K+ homeostasis. The
[K+]e undershooting may be related to compensatory
over-transportation of K+ from outside into inside of
the membrane by Na+-K+ pumps [17], and may reflect
the post-anoxic changes in K+ homeostasis. The
changes in extracellular K+ activity are distinctly
characterized by a two-phase response to anoxia [17,
26]. Since phase 2 induces a massive K+ efflux and
marked [K+]e increase, which is believed to be a
crucial factor leading to neuronal injury and death
[13 – 16], we specifically focused on the changes in
[K+]e in this phase (i.e. , [K+]max) in this work and
determined if DOR can protect against such massive
K+ leakage. After recording of a stable baseline for at
least 5 min, the slices were subject to experimental

treatments. The electrophysiological recordings were
continuously performed at least 75 min.

Drug administration. Drugs were applied to cortical
slices by switching from control superfusate to one
containing drugs, which was controlled by a perfusion
system. All drugs were perfused for 20 min before
induction of anoxia, and continued to the end of
anoxic induction.

Chemicals. TTX, 6-cyano-7-nitroquinoxaline-2,3-
dione disodium (CNQX), (+)MK 801 maleate, and
KB-R7943 mesylate were purchased from Tocris
Cookson Inc. (Ellisville, MI). Veratridine was pur-
chased from Sigma Chemicals Co. (St. Louis, MO).
UFP 512, a specific and potent DOR agonist [44], was
synthesized by our research team.

Statistics. Data are expressed as mean� SEM and the
number of experiments (n) refers to the number of
slices investigated. To ensure the independence of
data, no more than three slices from the same mouse
were used in the same experiments. One-way
ANOVA followed by Newman Keuls test was used
for multiple pairwise tests. Changes were identified as
significant if p<0.05.

Results

DOR protection against anoxic K+ derangement.
First, we extended our previous studies to further
validate our findings regarding the effect of DOR
activation on anoxic K+ derangement. UFP 512
(1 mM), a specific and potent DOR agonist [44],
significantly attenuated anoxic increase in [K+]max

from 35.35�1.25 mM in control (n=19) to
25.20�2.09 mM (n=27) (p<0.01), with a significantly
prolonged latency (1.5 times of controls, p<0.001)
(n=27). Increasing the concentration of UFP 512 up to
10 mM did not further attenuate anoxia-induced
increase in [K+]max, but did on the other hand enhance
the latency of the response (n=15). The undershoot
was not affected by UFP 512 at 1 –10 mM (p>0.05).
These results are highly consistent with our previous
observations [18].

Effect of Na+ channel blockade on the DOR protec-
tion. To explore whether DOR activation targets the
voltage-gated Na+ channels in the attenuation of
anoxic K+ derangement, we applied TTX, a potent
and specific voltage-gated Na+ channel blocker to the
cortical slices and tested its effect on DOR protection
from anoxic K+ derangement. Firstly we tested the
effect of TTX alone on anoxic K+ derangement. As
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shown in Figure 1, 1 mM TTX alone significantly
decreased anoxia-induced [K+]max (p<0.001) and
increased the response latency (p<0.001) (n=13).
The occurrence of peak K+ increase was greatly
delayed (from 7.9�0.8 min in control to 13.8�1.5 min)
(p<0.01) with the application of TTX to the cortical
slices (n=13). During reoxygenation, the undershoot
of [K+]e tended to decrease in TTX-perfused cortical
slices though no statistical significance was found
(n=13). These data suggest that inhibition of voltage-
gated Na+ channels reduces anoxic K+ derangement
in the cortex.
After the blockade of Na+ channels, DOR activation
could not further reduce the anoxia-induced increase
in [K+]max. As shown in Figure 1, UFP 512 (1 mM) in
the presence of TTX (1 mM) did not significantly
reduce the anoxia-induced increase in [K+]max as
compared to that of TTX (1 mM) alone. There was
only a slight increase in the latency of the response to
anoxia with the occurrence of peak [K+]e in
14.4�1.6 min of anoxia (p>0.05) (n=14). These data
suggest that DOR activation did not yield additional
protection against anoxic K+ derangement in the
presence of voltage-gated Na+ channel blockade.

Effect of a Na+ channel opener on DOR protection.
To further ascertain the role of DOR in the regulation
of Na+ entry during anoxic stress, we examined
whether enhanced Na+ permeability through Na+

channels resulted in a more severe anoxic K+ derange-
ment and whether DOR activation attenuates such
ionic disruption. Therefore, we investigated the effect
of DOR activation on anoxic K+ derangement under
the condition of enhanced Na+ entry through Na+

channels. First, we determined whether an increase in
Na+ entry through Na+ channels by veratridine, an
alkaloid that increases Na+ channels permeability and
prevents their inactivation, had any effect on anoxic
K+ derangement. Perfusion of 1 mM veratridine did
not produce any obvious changes in [K+]e in most of
the slices investigated (13/15) during 20 min of
normoxia, but greatly enhanced anoxia-induced K+

derangement (Figure 2). Under perfusion with 1 mM
veratridine, a short period of anoxia (3.3�0.46 min
versus 7.9�0.8 min of anoxia in control, p<0.01) was
sufficient to induce a major increase in [K+]e (Fig-
ure 2). The anoxia-induced increase in maximal [K+]e

was enhanced more than 50 % from that of the control
(p<0.001, n=14) by perfusion of 1 mM veratridine
(Figure 2), although no changes in the latency of

Figure 1. Effect of tetrodotoxin
(TTX) on d-opioid receptors
(DOR) protection against anoxic
K+ derangement. Trace record-
ings of (A) control (Cont), (B)
1 mM UFP 512, (C) 1 mM TTX,
and (D) TTX+UFP 512. (E–G)
Statistical results of each record-
ing parameter. *p<0.05,
**p<0.01, ***p<0.001 as com-
pared with the controls;
##p<0.01, ###p<0.001 vs UFP
512. Note that 1 mM TTX greatly
attenuated anoxic K+ derange-
ment (n=13). UFP 512 (1 mM)
could not further attenuate an-
oxia-induced K+ derangement in
the cortical slices with co-perfu-
sion of TTX (n=14).
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response to anoxia and undershoot were observed
(Figure 2).
Increasing the concentration of veratridine to 10 and
50 mM led to a significant increase in [K+]e within
3 min of perfusion even in normoxia. Perfusion with
10 mM veratridine induced an increase in [K+]max from
basal level (around 3 mM) to 48.34�4.89 mM (n=6)
and with 50 mM veratridine to 57.21�3.85 mM (n=5);
the peak [K+]e was observed in 2.2�0.2 and
1.2�0.1 min of perfusion, respectively. Extended
perfusion of veratridine (10 and 50 mM) seriously
damaged the slices in normoxia. Even a 20-min period
of oxygen-glucose deprivation, which consistently
induced an abrupt increase in [K+]e in the control
slices (also see [45]), did not induce any abrupt
increase in [K+]e after the slices recovered for >1 h
from veratridine perfusion in normal ACSF. There-
fore, it was extremely difficult, if not impossible, to
determine the effects of 10 and 50 mM veratridine on
K+ derangement during anoxia with the drug treat-
ment protocol used in our study.
Since 1 mM veratridine greatly enhanced anoxia-
induced K+ derangement, we tested the effect of
DOR activation on veratridine-enhanced anoxic K+

derangement in cortical slices. As shown in Figure 2,
perfusion of 1 mM UFP 512 (n=15) greatly attenuated

veratridine-enhanced anoxic K+ derangement. The
anoxia-induced increase in [K+]max nearly returned to
the control level (36.78�2.75 mM vs 53.07�2.10 mM
in veratridine, p<0.001; vs 35.35�1.25 mM in control,
p>0.05), and the latency of the response to anoxia was
prolonged (77�7 s vs 43�7 s in veratridine, p<0.001;
vs 38�3 s in control, p<0.001). There was a definite
trend toward delayed occurrence of peak increase in
[K+]e to anoxia, although no statistical significance
was found (4.8�0.7 min vs 3.3�0.4 min in veratridine,
p=0.08) (n=15).

Effect of ionotropic glutamate receptor blockers on
DOR protection. Since voltage-gated Na+ channels
are not the only pathway for Na+ entry, we asked
whether other pathways for Na+ entry are targeted by
DOR. A common feature of ionotropic glutamate
receptor channels is Na+ permeability [39]. Previous
studies have shown that elevation of [Na+]i during
hypoxia/ischemia is, at least partially, mediated by
ionotropic glutamate receptor channels [28, 30, 32].
We applied (+)MK 801, an NMDA receptor blocker,
and CNQX, a non-NMDA receptor blocker, respec-
tively, to the cortical slices and then re-examined the
effect of DOR activation on anoxic K+ derangement.

Figure 2. Effect of DOR activa-
tion on veratridine-enhanced an-
oxic K+ derangement. Trace re-
cordings of (A) control (Cont),
(B) 1 mM UFP 512, (C) 1 mM
veratridine and (D) veratridi-
ne+UFP 512. (E–G) Statistical
results of each recording param-
eter. *p<0.05, **p<0.01,
***p<0.001 compared with the
controls; ##p<0.01, ###p<0.001
compared to UFP 512–1.0;
&p<0.05, &&&p<0.001 com-
pared to veratridine. Note that
perfusion of 1 mM veratridine
itself for 20 min did not produce
any obvious changes in extracel-
lular [K+] concentration ([K+]e)
in most of the slices investigated
in normoxia, but greatly en-
hanced anoxia-induced K+ de-
rangement, which could be great-
ly attenuated by DOR activation
with 1 mM UFP 512 (n=15).
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First, we determined whether (+)MK 801 or CNQX
alone had any effect on anoxic K+ derangement. As
shown in Figure 3, (+)MK 801 (10 mM) significantly
decreased anoxia-induced [K+]max (p<0.001) with
prolonged latency (p<0.01). The undershoot of [K+]e

during reoxygenation showed no significant changes
(p>0.05) (n=13). In contrast, perfusion of CNQX
(10 mM) only slightly decreased the anoxic increase in
peak [K+]e (p>0.05) (n=12), and the undershoot of
[K+]e during reoxygenation significantly attenuated
(p<0.01) (n=12) (Figure 3). Similar to that of (+)MK
801 (10 mM), the response latency to anoxia is
significantly prolonged with CNQX (10 mM) perfu-
sion (p<0.001) (n=12). These results suggest iono-
tropic glutamate receptors play a role in anoxic K+

derangement in the cortex.

Co-perfusion of (+)MK 801 (10 mM) with UFP 512
(1 mM) did not produced any significant changes in
anoxia-induced K+ derangement in cortical slices as
compared to the groups of UFP 512 (1 mM) (n=27) or
(+)MK 801 (10 mM) (n=13) alone (n=13) (Figure 3).
These data suggest that blockade of NMDA receptor
channels reduced DOR-induced protection from
anoxic K+ derangement.
Co-perfusion of CNQX (10 mM) with UFP 512 (1 mM)
attenuated anoxia-induced increase in [K+]max to
25.29�3.97 mM (n=14), a level similar to that of
UFP 512 (1 mM) alone (25.20�2.09 mM) (n=27)
(Figure 3). The undershoot of [K+]e was close to that
of perfusion of CNQX (10 mM) alone (n=12), and the
response latency to anoxia was similar to that of
perfusion by either UFP 512 (1 mM) or CNQX
(10 mM) alone (Figure 3). Despite the presence of

Figure 3. Effect of ionotropic
glutamate receptor blockers on
the DOR protection from anoxic
K+ derangement. Trace record-
ings of (A) control (Cont), (B)
1 mM UFP 512, (C) 10 mM
(+)MK 801, (D) (+)MK
801+UFP 512, (E) 10 mM
CNQX, (F) CNQX+UFP 512.
(G–I) Statistical results of each
recording parameter. *p<0.05,
**p<0.01, ***p<0.001 compared
to controls; #p<0.05, ###p<0.001
compared to UFP 512–1.0. Note
that 10 mM (+)MK 801 signifi-
cantly decreased anoxia-induced
[K+]max (n=13), whereas 10 mM
CNQX only slightly decreased
the anoxia-induced increase in
peak [K+]e (n=12). Blockade of
NMDA receptor channels with
10 mM (+)MK 801 reduced
DOR-induced protection from
anoxic K+ derangement (n=13).
In the presence of 10 mM CNQX,
1 mM UFP 512 further attenuat-
ed the anoxia-induced increase in
[K+]max (n=14).
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these drugs, the co-perfusion of UFP 512 (1 mM) and
CNQX (10 mM) significantly attenuated anoxia-in-
duced increase in [K+]max (p<0.05) with a prolonged
latency of response to anoxia (p<0.01) and an
attenuated undershoot during reoxygenation
(p<0.01) in comparison to control (n=14) (Figure 3).

Effect of a Na+/Ca2+ exchanger blocker on DOR
protection. Anoxia may activate forward operation of
Na+/Ca2+ exchangers, and thereby contribute to Na+

influx and [Na+]i accumulation [33]. To determine the
role of Na+/Ca2+ exchangers in the attenuation of
anoxic K+ derangement by DOR activation, we
applied KB-R7943, a potent Na+/Ca2+ exchangers
blocker, to the cortical slices. Because KB-R7943
inhibits the reverse operation of Na+/Ca2+ exchangers
at 1 mM, and both the reverse and forward operation
of Na+/Ca2+ exchangers at 10 mM [24, 46], we initially
tested the effects of KB-R7943 alone at 1 and 10 mM
on the anoxic K+ derangement in our cortical model.
As shown in Figure 4, perfusion with 1 mM KB-R7943
significantly attenuated anoxia-induced increase in
[K+]max (p<0.05) and the undershoot of [K+]e during
reoxygenation (p<0.05) (n=13), while 10 mM KB-
R7943 had no effect on anoxia-induced increase in
[K+]max or the undershoot (p>0.05) (n=10). The
response latency to anoxia was prolonged by KB-
R7943 at both concentrations (p<0.001 and p<0.01,
respectively). These results suggest that the reverse
operation of Na+/Ca2+ exchangers favors anoxic K+

derangement in the cortex.
In the presence of 10 mM KB-R7943, perfusion of UFP
512 (1 mM) could still attenuated the anoxia-induced
increase in [K+]max: a significant decrease occurred in
comparison with KB-R7943 (10 mM) alone (p<0.05)
(n=12) (Figure 4), although there was no major
change in the response latency and the undershoot.
These results suggest that DOR may have little, in any,
effect on Na+/Ca2+ exchanger-mediated Na+-K+ re-
action to anoxia.

Discussion

In this study, we further confirmed that DOR activa-
tion is protective against anoxic increase in extrac-
ellular K+ (a typical anoxic response) in the cortex.
More importantly, we found that (1) the DOR-
mediated protection is largely dependent on the
inhibition of anoxic Na+ influx mediated by voltage-
gated Na+ channels; (2) DOR activation inhibits
anoxic Na+ influx mediated by ionotropic glutamate
NMDA receptors, but not that by non-NMDA recep-
tors, although both of them play a role in anoxic K+

derangement; and (3) DOR activation has little effect

on the Na+/Ca2+ exchanger-based ionic responses to
anoxia.

DOR and voltage-gated Na+ channels. Voltage-gated
Na+ channels constitute the major route for Na+ influx
into neurons in normal neuronal activities. However,
it is still not certain whether voltage-gated Na+

channels play a role in Na+ entry into neurons during
anoxia/ischemia despite the fact that their blockade
has been shown to attenuate/postpone anoxic depola-
rization, and prevent hypoxia/ischemia-induced neu-
ronal injury and death [22, 31, 45, 46]. Using different
measuring methods, many authors have shown that

Figure 4. Effect of Na+/Ca2+ exchanger blocker on DOR protec-
tion from anoxic K+ derangement. Trace recordings of (A) control
(Cont), (B) 1 mM UFP 512, (C) 1.0 mM KB-R7943 (KB-R7943 –
1.0), (D) 10 mM KB-R7943 (KB-R7943–10), (E) KB-R7943–
10+UFP 512. (F–H) Statistical results of each recording parameter.
*p<0.05, **p<0.01, ***p<0.001 compared to controls; #p<0.05,
##p<0.01 compared to KB-R7943–10; &p<0.05 compared to UFP
512. Note that blockade of reverse operation of Na+/Ca2+ ex-
changers with 1 mM KB-R7943 significantly attenuated anoxia-
induced K+ derangement (n=13), while blocking both reverse and
forward operation mode with 10 mM KB-R7943 induced no change
in anoxic increase in [K+]max and the undershoot with the response
latency was prolonged (n=10). DOR activation still induced
significant reduction of the anoxia-induced increase in [K+]max

when Na+/Ca2+ exchangers were blocked by 10 mM KB-R7943.
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blockade of voltage-gated Na+ channels partially or
completely prevent anoxia-induced extracellular Na+

drop or excessive intraneuronal Na+ accumulation in
various regions of the central nervous system [22, 28 –
31]. These studies support the idea that voltage-gated
Na+ channels are the major source of Na+ influx
during anoxia/ischemia. On the other hand, several
reports oppose to this concept [21, 24]. The conflicting
results from previous investigations may be attributed
to multiple factors, including differences in the brain
regions studied, tissue/cell preparation (acutely iso-
lated/cultured neurons versus brain slices with rela-
tively intact microenviroment and neuronal connec-
tion), duration and severity of insults.
Our data obtained from studies with Na+ channel
blocker (TTX) and opener (veratridine) and those of
Na+ substitution with the impermeable N-methyl-D-
glucamine [19] strongly support voltage-gated Na+

channels playing a key role in anoxic Na+ influx into
neurons in the cortex. Moreover, our work suggests
that TTX-sensitive voltage-gated Na+ channels are a
critical target of DOR signals in the attenuation of
Na+ influx-based K+ derangement in the cortex in
anoxia. This is based on the following facts: (1)
lowering the Na+ concentration and substitution with
impermeable N-methyl-D-glucamine caused a con-
centration-dependent attenuation of anoxic K+ de-
rangement, and under such lower Na+ conditions,
DOR had little effect on anoxic K+ derangement [19];
(2) blockade of voltage-gated Na+ channels with TTX
significantly attenuated anoxic K+ derangement trig-
gered by a massive Na+ influx, while DOR had no
additive effect on anoxic K+ derangement in the
cortex when Na+ channels were blocked by TTX; and
(3) veratridine (1 mM), a Na+ channel opener, further
enhanced the anoxia-induced K+ derangement, which
could be attenuated by DOR activation. In addition,
our previous observations showed that DOR down-
regulation [34] is associated with Na+ channel up-
regulation [35], and DOR activation attenuates
hypoxic dysregulation of Na+ channels [36, 37],
suggesting an interactive regulation between DOR
signals and Na+ homeostasis. More recently, we found
that activation of DOR inhibits Na+ currents in
Xenopus oocytes co-transfected with Na+ channels
and DOR [47]. All these results prompt us believe that
TTX-sensitive voltage-gated Na+ channels are the
major pathway of hypoxic Na+ influx that induces
massive K+ efflux during anoxia, and this pathway can
be inhibited by DOR activation.

DOR and ionotropic glutamate receptor channels. A
common feature of ionotropic glutamate receptors is
Na+ permeability [39]. Anoxia/ischemia-induced
massive glutamate release [38] promotes over-stim-

ulation of postsynaptic ionotropic glutamate recep-
tors to increase [Na+]i [28, 30, 32], which may affect
anoxic K+ efflux, and induce neuronal injury [32, 46].
Kiedrowski [27] observed that when Na+ was replaced
with N-methyl-D-glucamine, the glutamate-elicited
K+ efflux occurred only in the presence of Ca2+ and at
a much lower rate, which could be blocked by MK 801.
Croning et al. [48] and Lopachin et al. [30] also found
that blockade of either NMDA or non-NMDA
receptors prevented Na+ accumulation, which parti-
ally preserved intraneuronal K+ concentration and
attenuated the rise in [K+]e in hippocampus during
hypoxia/ischemia. Nevertheless, M�ller and Somjen
[45] found that in the same hippocampal region
blocking ionotropic glutamate receptors did not affect
anoxia-induced peak increase in [K+]e. Our results
clearly demonstrated that in the cortex, blockade of
ionotropic glutamate receptors attenuated anoxic K+

derangement (prolonged response latency and/or
decreased [K+]max). Therefore, we believe that iono-
tropic glutamate receptors, particularly NMDA sub-
types, are one of the Na+ entry pathways during anoxia
[27, 28, 30, 32], which may play a role in anoxic K+

derangement. However, we cannot rule out other
possibilities. For example, ionotropic glutamate re-
ceptor channels also have permeability to Ca2+ and K+

[39], and blockade of these channels may directly
decrease K+ efflux [13] and/or decrease [Ca2+]i [12, 23]
that consequently leads to a decrease in Ca2+-based
K+ efflux [27], e.g., through BK channels [18]. In any
case, our data suggest that Na+ influx mediated by
ionotropic glutamate receptors plays a role in anoxia-
induced K+ derangement in the cortex.
When NMDA receptor channels were blocked by
(+)MK 801, DOR activation could further attenuate
anoxic K+ derangement. This was possibly because
blockade of NMDA receptors decreased the anoxia-
induced Na+ influx through the receptor-linked chan-
nels [28, 30, 32], which partially mimicked the effect of
DOR activation. There is evidence showing that DOR
activation prevents the release of glutamate from
presynaptic vesicles and depresses the amplitudes of
stimulus-evoked excitatory postsynaptic potentials/
currents of neocortical neurons [40, 41] as well as
NMDA receptor activities in trigeminothalamic neu-
rons [42], whereas inhibition of DOR with naltrindole
potentiates normoxic NMDA receptor currents [12].
Such depression may decrease K+ leakage because of
the decrease in Na+-triggered activities (e.g., Na+-
activated K+ channels, anoxic increase in excitability
and action potential) [19, 25, 30, 31]. However, we
could not rule out the involvement of Ca2+-activated
K+ channels in this respect [18], since it has been
suggested that DOR mediates NMDA receptor activ-
ity in a Gi-dependent manner and prevent deleterious
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NMDA receptor-mediated Ca2+ influx during anoxic
insults in the turtle cortex [12].
In contrast to the NMDA receptor blocker, non-
NMDA receptor blockers had little effect on the
DOR-induced attenuation of anoxic K+ derangement
because DOR activation further attenuated anoxia-
induced increase in [K+]max when non-NMDA recep-
tor channels were blocked by CNQX. Although non-
NMDA receptor channels also have Na+ permeability,
they may not be the main pathway of Na+ influx
during anoxia [23] because of their rapid desensitiza-
tion after activation (decay half times ~30 ms vs
250 ms for NMDA receptors in hippocampal cells)
[49, 50]. Therefore, when they were blocked, DOR
signals can still attenuate K+ efflux by decreasing Na+

influx mediated by pathways other than non-NMDA
receptor channels.

DOR and Na+/Ca2+ exchangers. Interestingly, a low
concentration of KB-R7943 (1 mM) significantly atte-
nuated anoxia-induced increase in [K+]max, whereas a
higher concentration (10 mM) had no effect. KB-
R7943 has been demonstrated to selectively inhibit
reverse operation of Na+/Ca2+ exchangers at a con-
centration of 1 mM, and both reverse and forward
operations at 10 mM [24, 46]. Both operations of Na+/
Ca2+ exchange can take place concurrently in the same
cell [43]. During anoxia, both [Na+]i and [Ca2+]i

increase in neurons [21]. Therefore, this bidirectional
exchange may operate in either mode depending on
the changes in transmembrane potential as well as Na+

and Ca2+ gradients. It has been suggested that
hypoxia-induced membrane depolarization [21, 31,
45] and a large increase in [Na+]i [20 –24] favors
reversing Na+/Ca2+ exchangers and Ca2+ entry/Na+

extrusion mode [32], although Ca2+ extrusion/Na+

entry mode may also concomitantly run during
hypoxia [33]. Because either [Na+]i or [Ca2+]i causes
K+ efflux [25, 27], both forward (leading to an increase
in [Na+]i) and reversed (leading to an increase in
[Ca2+]i) modes may contribute to anoxic K+ efflux in
the cortex. However, it is likely that reserved mode-
mediated Ca2+ entry contributes more to this effect
since blocking this Ca2+ entry/Na+ extrusion operation
with 1 mM KB-R7943 [24, 46] resulted in a net
decrease in anoxic K+ efflux. In other words, [Ca2+]i

caused more K+ efflux than [Na+]i in the Na+/Ca2+

exchanger-related portion of anoxic K+ efflux. In
addition, 10 mM KB-R7943, which blocks both the
forward and reversed modes [24, 46], led to no change
in [K+]max, suggesting a minor role in Na+/Ca2+ ex-
changer-based ionic events in anoxic K+ efflux overall
compared to that of Na+ channels and glutamate
receptors in the presence of these dominant Na+ entry
pathways. There is a possibility that when Na+/Ca2+

exchangers were blocked, the Na+/Ca2+ exchanger-
mediated Na+ influx and the subsequent ionic events
were compensated by Na+ channels and/or glutamate
receptors. In any case, our data suggest that Na+/Ca2+

exchangers are less important than Na+ channels and/
or glutamate receptors in anoxic K+ efflux despite its
involvement.
Our results show that in the presence of 10 mM KB-
R7943, perfusion of UFP 512 (1 mM) still significantly
attenuated the anoxia-induced increase in [K+]max

when compared with 10 mM KB-R7943 alone. Since
both operation modes of Na+/Ca2+ exchangers were
blocked at this concentration [24, 46], it was less likely
that DOR signals targeted Na+/Ca2+ exchanger mod-
ulation.
This notion further confirms that the DOR effect on
anoxic K+ derangement in the presence of Na+

channel or glutamate receptor blockers is specific,
which makes us more confident about our conclusion
that DOR protection against anoxic K+ derangement
relies on inhibition of Na+ influx mediated by voltage-
gated Na+ channels as well as NMDA receptors in the
cortex.
The mechanisms of interaction between DOR and ion
channels (Na+ channels and NMDA receptor channels)
regarding DOR attenuation against anoxic K+ leakage
are poorly understood at present. DOR belong to a
family of G protein-coupled metabotropic receptors.
Their effect is mediated by G proteins and G protein-
dependent cytoplasmic second messengers involving
protein kinases [12, 17, 51]. Voltage-gated Na+ chan-
nels and NMDA receptors are important targets
modulated by metabotropic receptors via G protein/
protein kinases [52, 53]. Our previous studies as well as
those of others have suggested that DOR interacts with
Na+ channels [19, 34–37, 47] and NMDA receptors,
and DOR activation reduces the activities of Na+

channels and NMDA receptors and vice versa [12,
40–42]. Therefore, it is possible that DOR targets Na+

channels and NMDA receptors via G protein/protein
kinases-dependent pathways. In support of this notion
is that DOR mediates NMDA receptor activity in a Gi-
dependent manner and prevents deleterious NMDA
receptor-mediated Ca2+ influx during anoxic insults in
the turtle cortex [12], and DOR activation attenuates
anoxic K+ leakage via protein kinase C-dependent
pathway in the cortex [17].
In summary, our work shows that DOR activation
attenuates anoxic K+ derangement by restricting Na+

entry through voltage-gated Na+ channels and
NMDA receptor channels in the cortex. Non-
NMDA receptor channels and Na+/Ca2+ exchangers,
although involved in anoxic K+ derangement in
certain degrees, are less likely the targets of DOR
signals.
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