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Activation of DOR Attenuates Anoxic K*
Derangement via Inhibition of Na™ Entry in
Mouse Cortex

We have recently found that in the mouse cortex, activation of
-opioid receptor (DOR) attenuates the disruption of K* homeosta-
sis induced by hypoxia or oxygen-glucose deprivation. This novel
observation suggests that DOR may protect neurons from hypoxic/
ischemic insults via the regulation of K™ homeostasis because the
disruption of K* homeostasis plays a critical role in neuronal injury
under hypoxic/ischemic stress. The present study was performed to
explore the ionic mechanism underlying the DOR-induced neuro-
protection. Because anoxia causes Na™ influx and thus stimulates
K* leakage, we investigated whether DOR protects the cortex from
anoxic K* derangement by targeting the Na*-based K* leakage. By
using K*-sensitive microelectrodes in mouse cortical slices, we
showed that 1) lowering Na™ concentration and substituting with
impermeable N-methyl-p-glucamine caused a concentration-
dependent attenuation of anoxic K* derangement; 2) lowering
Na* concentration by substituting with permeable Li* tended to
potentiate the anoxic K* derangement; and 3) the DOR-induced
protection against the anoxic K* responses was largely abolished
by low-Na* perfusion irrespective of the substituted cation. We
conclude that external Na™ concentration greatly influences anoxic
K* derangement and that DOR activation likely attenuates anoxic
K* derangement induced by the Na*-activated mechanisms in the
cortex.

Keywords: anoxia, cortex, 3-opioid receptor, K™ homeostasis, Na* influx,
neuroprotection

Introduction

Disruption of ionic homeostasis, including enhanced influx of
Na* and Ca** and efflux of K" (Hansen 1985; Jiang and Haddad
1991; Friedman and Haddad 1994a; Miiller and Somjen 2000a,
2000b; Martinez-Sanchez et al. 2004), has been generally
regarded as an initial and key alteration in anoxia/ischemia-
induced neuronal injury. Among cellular ions, K* is the most
abundant cation in the cytoplasm, and its sharp efflux has been
shown to be closely associated with anoxia-induced depolar-
ization, which is believed to be a crucial factor leading to
neuronal death (Hansen 1985; Yu et al. 1997, 1999; Lauritzen
et al. 2003; Liu et al. 2003; Wei et al. 2003; Yu 2003; Remillard
and Yuan 2004). For example, sustained exposure to elevated
extracellular K* (simulating ischemic extracellular K*) causes
significant neuronal death even under conditions of normoxia
and abundant glucose supply (Takahashi et al. 1999), whereas
blockade of K* efflux has been shown to attenuate hypoxia-
and ischemia-induced neuronal death (Huang et al. 2001; Liu
et al. 2003; Wei et al. 2003). These findings suggest that
maintaining cellular K" homeostasis and inhibiting excessive K*
fluxes may be of therapeutic benefit in the treatment of stroke
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and related neurodegenerative conditions (Liu et al. 2003; Wei
et al. 2003).

Our previous studies have demonstrated that activation of
d-opioid receptor (DOR) is neuroprotective against hypoxic
and excitotoxic insults (Zhang et al. 2000, 2002, 2006; Ma et al.
2005). Others have also shown similar findings regarding
neuroprotection against stress via DOR (Borlongan et al.
2004; Lim et al. 2004; Narita et al. 20006), suggesting that
DOR plays an important role in neuronal survival during
hypoxic/ischemic stress.

On exploring the underlying mechanisms, we demonstrated
for the 1st time that DOR activation attenuates hypoxic and
ischemic disruption of K" homeostasis (Chao et al. 2006, 20072,
2007b), that is, the massive K" leakage that occurs in neurons
in response to hypoxia/ischemia and triggers neuronal apo-
ptosis and death (Yu et al. 1997, 1999; Liu et al. 2003; Wei
et al. 2003). Our data also show that activation of DOR
significantly inhibited disruption of K" homeostasis induced by
anoxic and ischemic conditions, whereas inhibition of DOR
completely blocked the DOR effect on anoxic disruption of K
homeostasis (Chao et al. 2007b). Moreover, we observed that in
acute hypoxic/ischemic stress, absence of extracellular Ca**
resulted in a significant attenuation of the anoxia-induced
disruption of K* homeostasis in the cortex, and the DOR
protection from anoxic K* derangement in the cortex was
partially mediated via an inhibition of hypoxia-induced increase
in Ca®" entry-Ca**-activated K* (BK) channel activity (Chao
et al. 2007a).

Many ionic factors may contribute to the onset and degree of
the disruption of K" homeostasis. The sum total of anoxic K
efflux results from several components related to different
mechanisms. At present, it is unknown whether the DOR
protection from anoxic K" leakage is dependent on multiple
mechanisms or solely on the inhibition of the Ca*"-based
component. Because Na” influx is a major event accompanying
the K™ derangement in response to hypoxic/ischemic stress
(Miller and Somjen 2000a, 2000b), we asked whether the DOR
protection is related to the regulation of the Na'-based
component of anoxic K" derangement.

We previously observed that DOR downregulation (Zhao
et al. 2005) is associated with Na* channel upregulation (Xia
et al. 2003) and DOR activation attenuates hypoxic dysregu-
lation of Na* channels (Xia et al. 2001). More recently, we have
found that activation of DOR inhibits Na* currents in Xenopus
oocytes cotransfected with Na* channels and DOR. All these
observations suggest a close interaction between DOR signals
and Na® homeostasis. We, therefore, hypothesized that the
mechanism of the DOR protection against anoxic K* de-
rangement may be related to an inhibition of Na* influx at the



initial stage of neuronal responses. As a 1st step, we aimed in
the present study to determine whether the DOR protection
targets the Na*-based component of anoxic K™ derangement by
testing the effect of DOR in low concentration of external Na*.
Our data showed that lowering external Na" concentration by
substitution with a membrane impermeable organic cation
reduced anoxic K* derangement and that DOR activation could
not then further attenuate the anoxic K* derangement under
such condition, suggesting that DOR activation attenuates
anoxic K* derangement by inhibiting a Na* action potential-
based component of anoxic K* derangement.

Materials and Methods

Animals

Male C57BL/6 mice were purchased from Charles River Laboratories
(Wilmington, MA). All animal procedures were performed in accor-
dance 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.

Chemicals and Reagents

N-(trimethylsilyl)dimethylamine (Fluka 41420), valinomycin (Fluka
94675), potassium tetrakis(p-chlorophenyl)borate (Fluka 60591), 2,3-
dimethylnitrobenzene (Fluka 40870), N-methyl-p-glucamine (NMDG"),
and LiCl were purchased from Sigma Chemicals Co. (St Louis, MO). H-
Dmt-Tic-NH-CH(CH,-COOH)-Bid (UFP 512), a more specific and
potent DOR agonist (Balboni et al. 2002), was provided by Dr Balboni.
UFP 512 was prepared in high concentrations in low-Na" artificial
cerebrospinal fluid (ACSF) (Na* was substituted with either NMDG" or
LiCl) as stock solution and diluted with low-Na® ACSF to final
concentration before experiments.

Slice Preparation

Slices of the frontoparietal cortex were prepared as described in our
previous studies (Chao et al. 2007a, 2007b). Transverse cortical slices
(400 pm) were cut from the brains of 24 to 32-day-old mice on
a vibrotome containing carbogen (95% O, 5% CO,)-saturated ice-cold
standard ACSF. Slices were then transferred to an incubation holder
placed in a beaker containing 150 ml ACSF vigorously aerated with
carbogen at ~35 °C. Standard ACSF consisted of (in millimoles / liter) NaCl
125, KCI 3.1, NaHCOj 26, CaCl, 2.4, MgSO4 1.3, NaH PO, 1.25, and
p-glucose 10 at pH 7.4. After an equilibration period of at least 90 min in
carbogen-saturated ACSF at ~35 °C, slices were used for recording. The
recordings were made in the outer layer (corresponding to layer II and
I1I) of the cortex.

Induction of Anoxia in Cortical Slices
A slice was transferred to the recording chamber (Model RC-22C,
Warner Instrument Co. Hamden, CT), which was perfused with
carbogen-saturated ACSF (35.5 £ 0.5 °C) with a flow rate of ~3 ml/min.
Slices were completely submerged 0.5-1 mm below the ACSF surface in
the tissue chamber and kept under normoxic conditions for at least
15 min at ~35.5 °C before experimental measurements were taken.
Anoxia was induced by switching from the control superfusate (95%
03, 5% CO,) to 1 continuously bubbled with 95% N, and 5% CO,. 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"] 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

Extracellular K* concentrations ([K']e) were measured using K'-
sensitive microelectrodes. K*-sensitive microelectrodes were prepared
as described previously (Chao et al. 2007a, 2007b). Glass capillary-
pulled electrodes were silanized by exposure to N-(trimethylsilyl)dime-
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thylamine and baked at about 180 °C for at least 2 h. The microelectrode
tips were then broken back to ~2 pm. The internal filling solution
(10 mM KCl) was injected from the back into the electrode. A column
of optimized membrane phase (5% weight valinomycin, 2% potassium
tetrakis(p-chlorophenyl)borate, and 93% 2,3-dimethylnitrobenzene,
with height about 2 mm) was sucked into the microelectrode tips.
The reference electrode was a Ag/AgCl bridge electrode embedded in
2% agar in 3 M KCl. Calibrations were carried out by detecting the
responses generated in KCl solutions (1, 3.1, 5, 10, 20, 40, 80, 100, and
160 mM) in triplicate. To keep constant ionic strength in calibration
solutions similar to that in interstitial fluid, various concentrations of
NaCl were added to the calibration solutions in different potassium
concentration. For each concentration, the average of voltage changes in
3 separate tests was used as the final voltage change. Over this range
electrode response was near ideal, showing a logarithmic relationship to
[K']. The average slope of K*-sensitive electrodes was 55.08 * 0.21 mV
per log10 unit increase in [K'] at 25 °C (n = 81).

Electrical signals were monitored on an oscilloscope, recorded by
a direct current (DC) amplifier (Model IE-210, LPF 200, Warner
Instrument Co.), and digitized by an Axon mini-digitizer acquisition
system (Model miniDigi 1A, Axon Instruments, Union City, CA) 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 a time period 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']Jmax), which was the
peak change in extracellular potassium concentration induced by
anoxia; 3) the rate of rise of [K']e from latency level to peak (noted as
latency-max rate of [K']e), which was the ratio of the [K']max and the
time interval from the latency to the time point of anoxia-induced
maximal [K']e change; and 4) the undershooting of [K*|e (undershoot),
which referred to the minimal value of [K']e during reoxygenation.

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. Because K*
homeostasis, including the resting and hypoxia-altered levels of
extracellular K* in the brain slices, has been well described previously
(Jiang and Haddad 1991; Miiller and Somjen 2000a, 2000b),we focused,
in this work, on relative changes in extracellular K in cortical slices
under stress with/without drug administration with all recordings
being performed in the exact same conditions.

LowNa" Condition and Drug Administration
Either equimolar NMDG" or LiCl was used as a substitute to lower Na*
(NaCl) in ACSF to a desired concentration (low-Na*” ACSF). For the former
(NMDG" as a substitute), solution was titrated to pH 7.4 with 10 M HCL
The low-Na" condition was provided to cortical slices by switching
from standard ACSF to low-Na® ACSF for 20 min before induction of
anoxia and continued to the end of anoxic induction, which was
controlled by a 6-channel valve-controlled solution perfusion system
(Model VC-6, Warner Instrument Co.). Drugs were applied simulta-
neously under low-Na" conditions.

Statistics

All data are expressed as mean * standard error of the mean and the
number of experiments (#7) refers to the number of slices investigated.
To ensure the independence of data, no more than 3 slices from the
same mouse were used in the same experiments. To assess the
significance, 2-tailed, unpaired Student’s test was used for comparison
of 2 experimental groups, and 1-way analysis of variance followed by
Newman-Keuls test was used for multiple pairwise tests. Changes were
identified as significant if the probability value was <0.05.

Results

Effect of Low-Na' Superfusate Substituted with NUDG' on
Anoxic K' Derangement

In these experiments, Na® concentration in the external
solution was decreased by substituting it with NMDG",



a membrane impermeable organic cation (Mroz and Lechene
1993). Prior to changing Na* concentration, control experi-
ments were performed with standard ACSF (Na* 152.25 mM)
(control, 7 = 11). Anoxia induced a dramatic K™ derangement
characterized by an abrupt and large increase in extracellular
potassium within 10 min of anoxia with an undershoot during
reoxygenation (Fig. 1), which was the same as in our previous
observations (Chao et al. 2007a, 2007b).

To investigate the contribution of extracellular Na'-based
neuronal factors to the anoxia-induced K* derangement, we
perfused the slices with ACSF containing different Na*
concentrations starting 20 min before induction of anoxia
and continuing to the end of anoxic induction. As shown in
Figure 1, lowering [Na'] from 152.25 to 140 mM significantly
prolonged the latency of response to anoxia (P < 0.01) and
decreased potassium undershoot (by 24.0 * 6.3%) during
reoxygenation (P < 0.05) in comparison to control (z = 10).
There was no significant change in maximal [K']e and the rate
of rise of [K']e in this condition (Fig. 1). When external Na* was
reduced to 120 and 90 mM (substituted with 32.25 mM and
62.25 mM NMDG", respectively), most of parameters used for
the assessment of K™ derangement were significantly changed
(Fig. 1). In 120 mM of [Na'], for example, the anoxic increase in
[K'Imax was attenuated by 45.6 * 7.9% (P < 0.001 vs. control),
the latency of response to anoxia was prolonged by 92.8 *
12.6% (P < 0.001), and the rate of rise of [K']e from latency to
peak decreased by 434 * 12.1% (P < 0.05) (n = 15) (Fig. 1).
Moreover, the undershoot tended to decrease (Fig. 1) though
the difference was not statistically significant yet (P = 0.06) as
compared with control. At 90 mM of external Na*, the anoxic
responses were further attenuated with all 4 parameters being
changed significantly (Fig. 1). Anoxic increase in [K'max
decreased from 33.97 £ 1.85 mM in the control to 7.10 £ 1.09
mM in 90 mM of external Na* (P < 0.001), with a significantly
prolonged latency of response to anoxia (85 6svs. 36 £4 s in
the control, P < 0.001) and a significant decrease in the rate of
rise of [K*]e from latency to peak (0.009 £ 0.004 mM/s vs. 0.068 *
0.009 mM/s in the control, P < 0.001) (7 = 14). The potassium
undershoot also decreased significantly during reoxygenation
(P < 0.01) (n = 14). In addition, a significant delay in peak
increase in [K']e (% of control T,,,,) was observed in the group
of 90 mM external Na* (Fig. 11) (1 = 14). In general, there was
a concentration-dependent attenuation of anoxic K™ derange-
ment in response to lowering Na® concentration (Fig. 1),
suggesting that external Na* plays a critical role in anoxic K"
derangement.

Effect of Low-Na" Superfusate Substituted with Li" on
Anoxic K' Derangement

Because the impermeability of NMDG* may influence Na'-
mediated action potential, we applied another widely used
substitute of Na*, Li" that is permeable through Na* channels
nearly as well as Na” itself (Hille 1972; Nikolakopoulos et al.
1998; Franceschetti et al. 2003; Nikolaeva et al. 2005), to
explore whether Li* has the same effect on anoxic K'
derangement as NMDG" substitution of external Na'.

When the slices were perfused with ACSF containing
120 mM Na' and supplemented with 32.25 mM of LiCl for
20 min before anoxia, [K']e showed a slight increase from
around 3.1 mM to 4.42 * 0.16 mM (range from 3.81 to 5.58 mM)
within the 1st 5 min (n# = 11) in normoxia. The [K']e then

stayed at this level or tended to return to normal with the
continuous perfusion of ACSF containing Li* and low Na"
during the remaining perfusion period (7 = 11) (Fig. 2B). This
phenomenon was not seen in most of the slices studied with
ACSF containing Na* substituted by NMDG".

Under perfusion with the Li*-substituted low-Na* solution,
a short period of anoxia (4.3 £ 1.6 min vs. 9.3 £ 1.1 min of
anoxia in normal Na* concentration, P < 0.05) was sufficient to
induce a major increase in extracellular K* with a prolongation
of the latency of response to anoxia (P < 0.05, n=11) (Fig. 2).
However, the anoxia-induced increase in maximal [K']e
was not significantly different from that of the control (P >
0.05, n = 11). Also, both the rate of rise of [K']e to peak and
the undershoot during reoxygenation were not attenuated at
all by the low-Na® perfusion. Instead, they significantly in-
creased (P < 0.01 vs. control; P < 0.05 vs. control, respectively,
n = 11) (Fig. 2).

Further reduction of external Na* to 90 mM by substitution
with 62.25 mM Li", led to a significant increase in [K']e in
normoxia in all 7 slices studied (Fig. 2D). Within 4.2 * 0.6 min
[K*]max was 29.90 * 3.39 mM and the undershoot was 1.98
0.10 mM in recovery from Li*-induced change in extracellular
activity (n = 7), similar to the changes induced by anoxia. After
at least 30-min recovery in normoxia and perfusing the slices
with carbongen-saturated standard ACSF, the Li*-substituted
low-Na* ACSF repeatedly induced the same response (Fig. 2E).
With this low-Na* ACSF, anoxia induced an increase in [K']e
within 2 min (Fig. 2E). Because of incomplete recovery from
the Li*-induced K" disruption during 20-min perfusion (90 mM
Na® plus 6225 mM Li*), it was extremely difficult, if not
impossible, to determine the accurate changes in the anoxia-
induced increase in [K'le, which varied greatly and it was
impracticable to be analyzed quantitatively (7 = 7).

Different Effects of NMDG' and Li" Substitutes on Anoxic
K Derangement

Because NMDG" and Li* as substitutes of external Na* had
different effects on the K* derangement in cortical slices, it is
important to characterize their differences in response to
anoxic stress. Therefore, we quantitatively compared the
effects of NMDG" and Li* in 120 mM Na® ACSF in which the
slices had a measurable K* response to anoxia. As seen in Figure 3,
substituting Na*© with NMDG" greatly attenuated the anoxia-
induced increase in peak [K']e (P < 0.001), the rate of rise of
[K']e to peak (P < 0.05), and undershoot of potassium during
reoxygenation (P < 0.05) (n = 15). In sharp contrast,
substituting Na® with Li" did not significantly affect the
anoxia-induced increase in peak [K'le (P > 0.05 vs. control,
P < 0.01 vs. NMDG"). Both the anoxia-induced increase in the
rate of rise of [K']e to peak and potassium undershoot during
reoxygenation were not attenuated at all (z = 11). Instead, they
were potentiated by the Li*-substituted low-Na" perfusion (P <
0.01 vs. control, P < 0.001 vs. NMDG"; P < 0.05 vs. control, P <
0.001 vs. NMDG", respectively) (7 = 11) (Fig. 3). Furthermore,
the anoxic peak [K']e was observed about 2.2 times earlier in
the Li*-substituted low-Na® perfusion than in the NMDG'-
substituted low-Na" perfusion (P <0.05 vs. control, P < 0.01 vs.
NMDG") (Fig. 3). The only similarity between the NMDG" and
Li* substitution was that they both prolonged the latency of
response to anoxia (P < 0.001, NMDG™ vs. control and P < 0.05,
Li" vs. control). However, the prolongation of the latency of
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Figure 1. Anoxic potassium derangement in different concentrations of external [Na™] substituted with NMDG ™. Trace recordings of (4): Control (Cont), (B): [Na™] in 140 mM;
(C): [Na*] in 120 mM; (D): [Na™] in 90 mM. (F-J) are statistical results of each recording parameter. *P < 0.05, **P < 0.01, ***P < 0.001 versus Cont; *P < 0.05, *#P <
0.01, ##7P < 0.001 versus [Na*]in 140 mM; 8P < 0.05, 8P < 0.01 versus [Na*] in 120 mM. Note that decrease in external [Na*] attenuated the anoxia-induced increase in
[K*]e with the latency of response to anoxia elongated in a concentration-dependent manner.

Figure 2. Effect of lowering external [Na™*] by substituting with Li*" on anoxia-induced K™ derangement. Trace recordings of (4) Control (Cont), (B) [Na*] in 120 mM:; (C) [Na™]
in 120 mM + UFP 512 (1 uM); (D) Li* (62.5 mM)-evoked change in K™ activities under low external Na™ condition (90 mM) in ACSF; (£) anoxic change in K™ activities under
low-Na™ condition (30 mM) in ACSF. (F-/) are statistical results of each recording parameter. *P < 0.05, **P < 0.01, ***P < 0.001 versus Cont. Note that perfusion with low-
Na™ solution by substitution with Li* induced an increase in [K*]e, particularly in 90 mM Na™ with 62.25 mM Li*. Perfusion of 120 mM Na* ACSF with UFP 512 (1 uM) had no
appreciable effect on anoxic K™ derangement in cortical slices.
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response to anoxia was more pronounced in the case of
NMDG" (7 = 15) than Li" (n = 11) (P < 0.05). These findings
indicate that substituting Na® with NMDG® seemed to
attenuate anoxic K* derangement, whereas substituting Na*
with Li" tended to potentiate the anoxic K* derangement in
cortical slices.

Effect of DOR Activation on Anoxic K' Derangement
under Low-Na' Perfusion

We have recently shown that DOR activation stabilizes the
anoxia-induced disruption of K™ homeostasis in cortical slices
at “normal” Na” concentration (Chao et al. 2007a, 2007b). To
determine whether DOR activation has the same effect in
alow-Na" condition, we applied UFP 512 (1 pM), a specific and
potent DOR agonist (Balboni et al. 2002; Chao et al. 2007a), to
cortical slices concurrently with perfusion of ACSF with
120 mM Na" substituted with either NMDG" or Li".

One pM of UFP 512, which significantly attenuates the
anoxia-induced disruption of K* homeostasis in normal Na*
ACSF (Chao et al. 2007a), reduced neither the anoxic increase
in [K'Jmax nor the rate of rise of [K'Je to peak in both NMDG"
and Li* -substituted perfusions (7 = 13, P > 0.05 either NMDG"
or Li*-substituted 120 mM Na® solution plus UFP 512 vs.
120 mM Na” alone) (Figs. 2F and 4 D). The latency of response
to anoxia was not significantly prolonged (Figs. 2G and 4E) and
occurrence of peak K" increase (Tpna) Was not delayed in
perfusions of 120 mM Na* ACSF with UFP 512 (1 pM) (P > 0.05
either NMDG"- or Li'-substituted 120 mM Na* solution plus
UFP 512 vs. 120 mM Na” alone) (7 = 13, for both NMDG*- and
Li*-substituted low-Na* solution). Also, DOR activation had no
appreciable effect on the potassium undershoot with perfusion
of ACSF with 120 mM Na" substituted with either NMDG" or
Li" during reoxygenation. (Figs. 27 and 4G).

These data suggest that the DOR-induced protection against
the anoxic K* responses in cortical slices was largely abolished
by low-Na* perfusion.

Discussion

The major findings of the present work are that in mouse
cortical slices, 1) there was a concentration-dependent
attenuation of anoxic K" derangement in response to lowering
Na" concentration by substitution with NMDG"; 2) lowering
Na® concentration by substitution with NMDG" attenuated
anoxic K derangement, whereas lowering Na* concentration
by substitution with Li" tended to potentiate the anoxic K"
derangement; and 3) DOR-induced protection against the
anoxic K' responses was largely abolished by low-Na* perfusion
irrespective of substituting ion.

Anoxic Disruption of K Homeostasis and Neuronal
Injury

Neuronal function is critically dependent on maintenance of
the electrochemical distribution of ions (e.g., Na*, K*, Ca**, and
Cl) across the membrane. A disruption of cellular ionic
environment is considered to be a crucial event in the
pathophysiology of brain ischemia/hypoxia (Hansen 1985).
There are considerably longer or sustained alterations in ionic
concentrations in neurons, including enhanced Na® influx and
K" efflux (Jiang and Haddad 1991; Friedman and Haddad 1994a;
Calabresi et al. 1999; Miiller and Somjen 2000a, 2000b;
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Martinez-Sanchez et al. 2004; Sheldon et al. 2004). Despite
the well-established role of Na* and Ca** (Friedman and Haddad
1994b; Probert et al. 1997; Hasbani et al. 1998; Breder et al.
2000), K* efflux also plays an important role in the neuronal
death that occurs in various conditions including hypoxia/
ischemia (Yu et al. 1997, 1999; Yu 2003; Huang et al. 2001; Liu
et al. 2003; Wei et al. 2003). For instance, activation of
ionotropic glutamate receptors, even when inward cation
influx is decreased by lowering extracellular Na* and Ca*",
induced a large outward K" current; this caused loss of about
50-80% intraneuronal K* and led to great shrinkage of cell body
and consequently neuronal apoptosis (Yu et al. 1999; Xiao et al.
2001). Blockade of excessive K* efflux through K* channels
and from the intracellular compartment attenuates hypoxia-
and ischemia-induced neuronal death (Huang et al. 2001; Liu
et al. 2003; Wei et al. 2003), suggesting that inhibition of K*
fluxes and maintaining cellular K* homeostasis may be of
therapeutic benefit in the treatment of stroke and related
neurodegenerative conditions (Liu et al. 2003; Wei et al. 2003).
Therefore, the DOR attenuation of K" leakage is a protective
strategy against neuronal injury in the cortex.

The Role of External Na' in Anoxic K Derangement

Na' is the predominant ion in the extracellular space. The
changes in extracellular Na*, [Na'lo, widely affect cellular
function, for example, neuronal excitability, intracellular Ca**
homeostasis, pH stability, and glutamate uptake by altering the
operating mode of Na*/Ca®*" exchange, Na*/H" exchange, and
Na'-glutamate cotransport during hypoxic/ischemic stress
(Calabresi et al. 1999; Zhang and Lipton 1999; Sheldon and
Church 2004; Nikolaeva et al. 2005; Camacho and Massieu
20006; Kiedrowski 2007; Rojas et al. 2007). It is, however,
unclear whether it affects K homeostasis during hypoxia/
ischemia. In hippocampal slices, the Na® channel blocker
tetrodotoxin (TTX) postponed hypoxic depolarization but only
slightly decreased sharp changes in extracellular K™ and Na*
(Miller and Somjen 2000a, 2000b). In the present study, we
showed that lowering Na* concentration by substituting with
NMDG" attenuated anoxic K™ derangement, whereas lowering
Na" concentration by substituting with Li* tended to potentiate
the anoxic K derangement in cortical slices. These results
suggest that external Na* indeed affects anoxic K* derange-
ment. In dopaminergic neurons of rat substantia nigra, brief
hypoxia induces intracellular Na* rise and an outward K"
current, which can be depressed by lowering extracellular Na*
concentration by substituting with choline chloride (Guatteo
et al. 1998b), another widely used membrane impermeable
cation (Franceschetti et al. 2003). With 90 mM Na® ACSF
perfusion in our study, the reduced magnitude in [K']e (46%)
and delayed onset of the abrupt sharp [K']e rise (2.2-fold delay)
during anoxia are also parallel to the results of Miiller and
Somjen (2000a), in which they showed a 2.4-fold delay of onset
and 42% reduction in magnitude of anoxia-induced extracel-
lular DC potential shift (which is closely related to anoxic [K']e
increase, see Hansen 1985, Chao et al. 2007b) in hippocampal
slices perfused with NMDG"-substituted 90 mM Na" solution.
Taken together, our observations on the NMDG"-substituted
low-Na* ACSF suggest that lowering [Na']o and subsequently
decreasing Na* entry attenuate anoxic/ischemic K" derange-
ment and subsequent neuronal death. In support of this idea is
the findings that blocking sodium channels with TTX or
lidocaine greatly attenuates hypoxic/ischemic intracellular Na*
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increase and K* loss in hippocampal and hypoglossal neurons
(Jiang and Haddad 1991; Lopachin et al. 2001; Raley-Susman
et al. 2001) as well as prevents hypoxia/ischemia-induced
neuronal injury and cell death (Friedman and Haddad 1994b;
Probert et al. 1997; Banasiak et al. 2004). Although there may be
differences among neuronal subtypes in terms of the effect of
altered extracellular/intracellular Na* on activities of Na*/Ca*",
Na'/H" exchange and Na'-glutamate cotransport during
hypoxia (Calabresi et al. 1999; Zhang and Lipton 1999; Sheldon
and Church 2004; Nikolaeva et al. 2005; Camacho and Massieu
2006; Kiedrowski 2007; Rojas et al. 2007), our results
demonstrate that lowering Na* concentration by substitution
with NMDG" attenuated anoxic K* derangement in the cortex.

The increase in extracellular K* could be the result of
increased K* efflux, decreased K" influx, or both. The anoxic
increase in [K']e is, to a great extent, secondary to neuronal
loss of intracellular K* (Jiang and Haddad 1991). The proposed
mechanisms of contribution to the anoxia-induced K* efflux
from neurons include an increase in K’ leakage due to
increased excitability and action potential formation, inhibition
of Na*-K" adenosine triphosphatase (ATPase), and activation of
Karp channels, BK channels, and Na*-activated K* channels
(Kna channels) (Jiang and Haddad 1991; Reid and Paterson
1996; Murai et al. 1997; Erdemli et al. 1998; Lopachin et al.
2001, Bhattacharjee and Kaczmarek 2005; Chao et al. 2007a).
NMDG" is a membrane impermeable organic cation. Lowering
external Na* with NMDG" replacement may reduce Na* influx
and lower neuronal excitability because of a reduction of
driving force for inward sodium current during anoxia
(Calabresi et al. 1999; Sheldon et al. 2004). As a result, it may
1) inhibit K" leakage via Na'-activated K* channels (France-
schetti et al. 2003); 2) attenuate anoxic increase in excitability
and action potential; 3) reduce energy consumption for the
maintenance of Na* and K* equilibriums; 4) delay or minimize
the opening of Kurp channels; and 5) decrease glutamate
release from reversed glutamate transports and presynaptic
membrane (Camacho and Massieu 2006; Rojas et al. 2007), all
of which contribute to K' efflux in pathophysiological
conditions such as hypoxia/ischemia (Yu et al. 1997, 1999;
Miiller and Somjen 2000a, 2000b; Lopachin et al. 2001; Raley-
Susman et al. 2001; Xiao et al. 2001; Bhattacharjee and
Kaczmarek 2005). Indeed, it has been demonstrated that when
Na" is replaced with membrane impermeable reagents (e.g.,
NMDG"), neuronal membrane becomes less depolarized during
ischemia and hyperpolarized in N-methyl-p-aspartate (NMDA)
receptor activation and the glutamate-elicited K* efflux occurs
at a much lower rate and only in the presence of Ca**
(Calabresi et al. 1999; Kiedrowski 1999).

Replacing external Na® with Li" induced a substantially
different effect on anoxia-induced K derangement. Chemi-
cally, Li*, unlike NMDG", is permeable across the membrane via
multiple transport pathways, in particular the sodium channels
through which Li* passes nearly as well as Na* itself (Hille

Figure 3. Substituting external [Na*] with NMDG™" and Li* has different effects on
anoxia-induced K* derangement. *P < 0.05, **P < 0.01, ***P < 0.001 versus
Cont; #P < 0.05, ##P < 0.01, ###P < 0.001 versus NVDG™. Note that
substituting Na*™ with NMDG* greatly attenuated the anoxia-induced increase in
peak [K*]e, the rate of rise of [K"]e to peak, and undershoot of potassium during
reoxygenation, whereas low-Na™ perfusion by substituting with Li* potentiated
anoxia-induced increase in the rate of rise of [K*]e to peak and potassium undershoot
during reoxygenation.
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Figure 4. Effect of DOR agonist UFP 512 on anoxic K* derangement in low external Na™ (120 mM) condition substituted with NMDG ™. Trace recordings of (4) control (Cont),
(B) [Na*]in 120 mM; (C) [Na™] in 120 mM + UFP 512 (1 uM). (D-F) are statistical results of each recording parameter. *P < 0.05, ***P < 0.001 versus Cont. Note that
perfusions of 120 mM Na™ ACSF with UFP 512 (1 uM) had no appreciable effect on anoxic K* derangement in cortical slices.

1972; Hemsworth et al. 1997; Nikolakopoulos et al. 1998;
Franceschetti et al. 2003; Montezinho et al. 2004; Nikolaeva
et al. 2005). Because of a reduction in driving force for inward
sodium current, lowering external Na* and substitution with
Li" may reduce anoxia-induced Na” influx, similar to that with
NMDG". This may greatly attenuate the increase in Ky, channel
activity. Indeed, it has been demonstrated that Li" has no
direct effect on K™ channels activated by increased intracellular
Na" concentration (Bischoff et al. 1998; Franceschetti et al
2003) although it can permeate Na® channels (Hille 1972;
Nikolakopoulos et al. 1998; Franceschetti et al. 2003; Nikolaeva
et al. 2005). However, Li* gradually depolarizes membrane
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potential (Grafe et al. 1983; Kiedrowski 1999; Franceschetti
et al. 2003), broadens action potential (Mayer et al. 1984;
Colino et al. 1998), positively shifts afterpotential (France-
schetti et al. 2003; Liu and Leung 2004), and progressively
potentiates the high-frequency firing (Franceschetti et al.
2003). Moreover, Li* also presynaptically enhances excitatory
synaptic transmission (Grafe et al. 1983; Evans et al. 1990;
Colino et al. 1998). All these effects could lead to an increase
in K" efflux, which counteracts the potential decrease in Na'-
dependent K' efflux (through Ky, channels and by ATP
depletion-induced inhibition of Na'-K" ATPase) with low
external Na® during hypoxia. All these mechanisms can



therefore explain the net K* efflux increase in response to
anoxia under low-Na" condition with Li" substitution.

The Li‘*-evoked increase in [K']e during normoxia is very
likely caused solely by Li" influx through Na* channels and/or
the “side effect” of Li" ions on the electrogenic Na'-K" pump
under resting condition (Grafe et al. 1983). The physiochem-
ical properties of Li* and Na* are similar but the atomic radius
of Li* is less than that of Na* (Page and Di Cera 2006), which
favors Li* entry. Therefore, under resting conditions, Li* can
casily enter neurons within 1 min after reaching the
extracellular membrane surface, depolarize membrane poten-
tial, and decrease intracellular Na* concentration (Thomas et al.
1975; Grafe et al. 1982; Nikolakopoulos et al. 1998). As a result,
the activity of the Na'-K' pump is decreased by less
intracellular Na* stimulation, and consequently, [K*]e increases.

Ionic Mechanism Underlying the DOR Protection

against Anoxic K Derangement

We have shown that in the presence of standard ACSF,
DOR activation greatly attenuates anoxia/oxygen-glucose
deprivation-induced disruption of K" homeostasis in the cortical
slices (Chao et al. 2006, 2007a, 2007b). In sharp contrast, DOR
had little effect on anoxic K" derangement when external Na*
was lowered by substitution with either Li* or NMDG" as shown
in the present work, suggesting that the DOR activation may
target Na'-based mechanisms to protect the cortex against
anoxic K derangement.

A potential mechanism that could explain our finding is that
DOR may inhibit excessive Na* entry and thus reduce cellular
excitability and action potential during anoxia. Indeed,
electrophysiological evidence has suggested that activation of
DOR depresses both spontaneous and stimulus-evoked action
potential discharge as well as the amplitudes of stimulus-
evoked excitatory postsynaptic potentials/currents of neo-
cortical neurons (Stanzione et al. 1989; Tanaka and North 1994;
Ostermeier et al. 2000). Such depression may decrease K
leakage because of a decrease in the Na'-based action
potentials (Miller and Somjen 2000a, 2000b; Raley-Susman
et al. 2001; Lopachin et al. 2001). The reason that DOR could
not attenuate anoxic K* derangement in low Na’ is possibly
because low-Na* perfusion actually mimics the effect of DOR
activation, rendering the anoxia-induced Na* influx much less
than in the normal Na* condition. Therefore, DOR signals do
not further inhibit Na* entry in the condition without excessive
Na' influx. This mechanism is supported by our findings
with NMDG", which show that reduction of Na* entry with
impermeable cation NMDG" decreased anoxic K* derange-
ment, whereas DOR activation no longer attenuated the anoxic
K" derangement in this condition. Moreover, DOR activation
could not induce any inhibitory effect on anoxic K de-
rangement in the condition of low Na® with Li" substitution
although Li*, unlike NMDG", promotes the generation of action
potential (Grafe et al. 1983; Kiedrowski 1999; Franceschetti et al.
2003). This is very likely because DOR signals target excessive
Na' but not Li* influx. This conclusion was further supported by
our recent observations showing that blocking Na® entry
through Na® channels and glutaminergic NMDA receptors
abolished DOR attenuation on anoxic K* derangement.

The DOR-mediated reduction of Na* entry might lead to an
attenuation of Ky, channel activity and other Na'-activated
mechanisms. When these Na*-based mechanisms are inhibited,

such as in low Na* with NMDG" substitution, DOR signals could
not further reduce anoxic K" derangement. The observations
on the Li* substitution lend more support for this possibility.
Although DOR regulates the release and uptake of glutamate,
thereby reducing glutamate excitability (Tanaka and North
1994; Ostermeier et al. 2000; Xia et al. 2006), it did not reduce
anoxic K* derangement in low Na® by substitution with Li" that
potentiates excitatory synaptic transmission (Grafe et al. 1983;
Evans et al. 1990; Colino et al. 1998). This is likely because the
anoxic K* derangement in low Na® by substitution with Li*
relies more on other mechanisms and not on excessive Na*
entry. Furthermore, we observed that the DOR protection from
anoxic K* derangement is not affected by blocking the Kurp
channels (Chao et al. 2007a) in spite of the fact that Kurp
channels also play an important role in anoxic K" leakage (Jiang
and Haddad 1991; Reid and Paterson 1996; Guatteo et al. 1998a).
All these observations prompt us to conclude that the DOR-
mediated inhibition on Na* entry and subsequent Na*-triggered
activities constitute a major mechanism underlying the DOR
protection against anoxic K* derangement in the cortex though
we cannot rule out other possibilities at this stage.

In terms of the subsequent Na'-triggered activities, it is
unclear which cellular activities were affected by DOR activation
during the attenuation of anoxic K" derangement. However, we
have a clue showing that DOR activation may also reduce Ca**
influx for the attenuation of anoxic K derangement (Chao et al.
2007a). Indeed, anoxia/ischemia triggers a great amount of Na*
and Ca*" influxes, whereas DOR activation inhibits both Ca**
current (Toselli et al. 1997, 1999; Adams and Trequattrini 1998;
Acosta and Lopez 1999) and Na* current (Kang XZ, Gu QB, Ding
GH, Wang YW, Xia Y., unpublished data). Because Na” influx plays
a prominent role in the ischemia-induced depolarization
(Calabresi et al. 1999) and triggers cytosolic [Ca®*] elevations
in neurons (Friedman and Haddad 1993; Zhang and Lipton 1999;
Nikolaeva et al. 2005; Kiedrowski 2007), the anoxia-induced
increase in Na* influx may serve as an upstream signal for the
elevation of cytosolic Ca*" in the cortex and DOR activation may
inhibit the ionic reactions in series.

In summary, external Na*© concentration greatly influenced
anoxia-induced disruption of K" homeostasis with NMDG" and
Li*, as impermeable and permeable Na® substitutes, respec-
tively, having different effects. The DOR-induced protection
against anoxic disruption of K" homeostasis was largely
abolished by low-Na* perfusion, either with NMDG" or Li*
substitution. We conclude that DOR activation can attenuate
anoxic K" derangement induced by Na'-activated mechanisms.
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