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Mechanisms that contribute to Na � influx during and immediately after 5 min anoxia were investigated in cultured rat hippocampal
neurons loaded with the Na �-sensitive fluorophore sodium-binding benzofuran isophthalate. During anoxia, an influx of Na� in the face
of reduced Na �,K �-ATPase activity caused a rise in [Na �]i. After the return to normoxia, Na �,K �-ATPase activity mediated the
recovery of [Na �]i despite continued Na � entry. Sodium influx during and after anoxia occurred through multiple pathways and
increased the longer neurons were maintained in culture. Under the experimental conditions used, Na� entry during anoxia did not
reflect the activation of ionotropic glutamate receptors, TTX- or lidocaine-sensitive Na� channels, plasmalemmal Na �/Ca 2� exchange,
Na �/H � exchange, or HCO3

�-dependent mechanisms; rather, contributions were received from a Gd 3�-sensitive pathway activated by
reactive oxygen species and Na �/K �/2Cl � cotransport in neurons maintained for 6 –10 and 11–14 d in vitro (DIV), respectively. Sodium
entry immediately after anoxia was not attributable to the activation of ionotropic glutamate receptors, voltage-activated Na� channels,
or Na �/K �/2Cl � cotransport; rather, it occurred via Na�/Ca 2� exchange, Na �/H � exchange, and a Gd 3�-sensitive pathway similar to
that observed during anoxia; 11–14 DIV neurons received an additional contribution from an HCO3

�-dependent mechanism(s). The
results provide insight into the intrinsic mechanisms that contribute to disturbed internal Na� homeostasis during and immediately
after anoxia in rat hippocampal neurons and, in this way, may play a role in the pathogenesis of anoxic or ischemic cell injury.
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Introduction
In neurons of the mammalian CNS, anoxia and ischemia lead to
early changes in internal ion homeostasis that are important de-
terminants of subsequent injury and death. Although the contri-
bution of changes in intracellular Ca 2� (Ca 2�

i) has received par-
ticular attention, notably within the framework of the excitotoxic
model of injury, early increases in intracellular Na� (Na�

i) also
occur and contribute to the pathophysiology of neuronal death
(Lipton, 1999; Martinez-Sánchez et al., 2004). Sodium influx in-
creases the demand for cellular ATP to maintain the Na� gradi-
ent (Chinopoulos et al., 2000) and may contribute to neuronal
injury by promoting, for example, the following: membrane de-
polarization (Haddad and Jiang, 1993; Calabresi et al., 1999),
neuronal swelling (Goldberg and Choi, 1993; Chidekel et al.,
1997), reverse-mode glutamate reuptake (Roettger and Lipton,
1996), cytosolic Ca 2� accumulation via reverse-mode Na�/
Ca 2� exchange and/or impaired mitochondrial Ca 2� uptake

(Zhang and Lipton, 1999; Breder et al., 2000; Czyż et al., 2002),
Na�

i-dependent increases in NMDA receptor-mediated re-
sponses (Yu and Salter, 1998; Manzerra et al., 2001), and the
activation of second-messenger pathways (Cooper et al., 1998;
Hayasaki-Kajiwara et al., 1999).

Although the detrimental effects of Na� entry are recognized,
in contrast to non-neuronal cell types (e.g., cardiac myocytes)
(Carmeliet, 1999), the mechanisms that mediate Na� influx in
response to anoxia or ischemia in mammalian central neurons
remain relatively poorly defined. Although Na� entry attribut-
able to the activation of ionotropic glutamate receptors has re-
ceived some attention, with conflicting results (cf. Pisani et al.,
1998; Chen et al., 1999; Müller and Somjen, 2000; LoPachin et al.,
2001), glutamate-mediated excitotoxicity cannot fully account
for the direct actions of anoxia or ischemia on neurons, and the
potential contribution from mechanisms integral to neurons
(i.e., independent from glutamate receptor activation and
changes in the external microenvironment) to Na� influx during
anoxia or ischemia has not been systematically addressed. Fur-
thermore, despite indications that continued Na� influx after
reperfusion may be as damaging as Na� entry during anoxia or
ischemia (Lipton, 1999), the pathways that mediate Na� influx
after anoxia or ischemia have not been well characterized, and it
remains unknown whether these pathways might differ from
those active during an insult, as reported for Ca 2� (Silver and
Erecińska, 1990, 1992).

We have therefore undertaken an assessment of the intrinsic
mechanisms that contribute to Na� influx during and immedi-
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ately after 5 min anoxia in cultured postnatal rat hippocampal
neurons. We find not only that Na� influx during and after an-
oxia is positively related to the length of time that neurons are
maintained in culture but also that different pathways are in-
volved during, compared with immediately after, anoxia.

Materials and Methods
Cell preparation. Primary cultures of hippocampal neurons from 2- to
4-d-old postnatal Wistar rats (Animal Care Centre, University of British
Columbia) were prepared as described previously (Diarra et al., 2001).
Briefly, rat pups were anesthetized and decapitated, and the hippocampi
were removed. The hippocampi were enzymatically and mechanically
dissociated, and the resulting cell suspension was plated at a density of
5– 8 � 10 5 neurons/cm 2 onto glass coverslips coated with poly-D-lysine
and laminin. The initial growth medium was DMEM/F-12 (Invitrogen
Canada, Burlington, Ontario, Canada) supplemented with 10% fetal bo-
vine serum. After 24 hr, this medium was fully changed to serum-free
Neurobasal medium A. Cultures were fed every 4 –5 d by half-changing
the existing medium with fresh Neurobasal medium A. Glial prolifera-
tion was inhibited 48 hr after initial plating by adding 5–10 �M cytosine
arabinoside.

Solutions and test compounds. The majority of experiments were per-
formed under nominally HCO3

�/CO2-free, HEPES-buffered conditions.
Standard HCO3

�/CO2-free perfusion medium contained (mM) 136.5
NaCl, 3 KCl, 2 CaCl2, 1.5 NaH2PO4, 1.5 MgSO4, 10 D-glucose, and 10
HEPES and was titrated with 10 M NaOH to pH 7.35 at 37°C. In standard
HCO3

�/CO2-buffered medium, HEPES was isosmotically replaced by
NaCl and solutions contained 19.5 mM NaHCO3, by equimolar substi-
tution for NaCl, together with the constituents listed above (pH 7.35 at
37°C after equilibration with 5% CO2/95% air); during perfusion with
HCO3

�/CO2-buffered media, the atmosphere in the recording chamber
contained 5% CO2/95% air. When external Na � was reduced to 2– 4 mM,
N-methyl-D-glucamine (NMDG �) was used as a substitute, and solu-
tions were titrated to pH 7.35 (37°C) with 10 M HCl. For Ca 2�-free
media, CaCl2 was omitted, [Mg 2�] was increased to 3.5 mM, and 200 �M

EGTA was added. In solutions containing Zn 2�, Gd 3�, or Ni 2�,
NaH2PO4 was omitted and MgSO4 was replaced with MgCl2. All exper-
iments were performed at 37°C, and neurons were continuously super-
fused at a rate of 2 ml/min; unless noted otherwise, extracellular pH
(pHo) was 7.35.

As described previously (Diarra et al., 2001), media used to calibrate
sodium-binding benzofuran isophthalate (SBFI)-derived fluorescence
ratio measurements contained 0.6 mM MgCl2, 0.5 mM CaCl2, 10 mM

HEPES, 130 mM [Na �] plus [K �], 100 mM gluconate, 30 mM Cl �, and 4
�M gramidicin D, titrated with 10 M KOH to pH 7.35. In experiments in
which seminaphthorhodafluor (SNARF) pH indicators were used,
SNARF-derived fluorescence ratio measurements were calibrated with
media containing the same components as the standard HEPES-buffered
medium, except for the substitution of K gluconate (130.5 mM) and Na
gluconate (9 mM) for NaCl and KCl and the addition of 10 �M nigericin
(Sheldon et al., 2004).

Test compounds were obtained from Sigma-Aldrich Canada
(Oakville, Ontario, Canada), with the exception of the Rp isomer of
adenosine-3�,5�-cyclic monophosphorothioate (Rp-cAMPS) (Biolog
Life Science Institute, La Jolla, CA); arachidonyltrifluoromethyl ketone
(AACOCF3) (Calbiochem, San Diego, CA); and (5S,10 R)-(�)-5-
methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine mal-
eate (MK-801), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and
2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyl]isothiourea mesylate (KB-
R7943) (all from Tocris Cookson, Ellisville, MO).

Induction of anoxia. Anoxia was induced by the addition of 1–2 mM

sodium dithionite, an O2 scavenger, to the superfusing medium. Solu-
tions containing Na2S2O4 were prepared immediately before use and
bubbled with either 100% Ar (HEPES-buffered media) or 5% CO2/95%
Ar (HCO3

�/CO2-buffered media); during perfusion with these media,
the atmosphere in the recording chamber was switched to 100% Ar or 5%
CO2/95% Ar, respectively. We have previously reported that media con-
taining 1–2 mM Na2S2O4 have PO2 values �1 mmHg and that the changes

in pHi evoked by anoxia in rat hippocampal neurons are not secondary to
any additional properties of the O2 scavenger (Diarra et al., 1999; Shel-
don and Church, 2002). In the present study, we assessed the possibility
that Na2S2O4 may induce changes in [Na �]i via mechanisms unrelated
to its O2 scavenging property in two ways. First, solutions containing 1–2
mM Na2S2O4 were bubbled vigorously with air for 20 –30 min, which
elevated the PO2 in these solutions from �1 to 152 � 6 mmHg (n � 5), as
measured with an oxygen electrode (ISO2; World Precision Instruments,
Sarasota, FL). The increase in [Na �]i observed during a 5 min exposure
to media containing 1–2 mM Na2S2O4 equilibrated with air was 3 � 1 mM

(n � 7), significantly ( p � 0.05) less than the 23 � 3 mM (n � 23)
increase observed in age-matched sister neurons exposed to media also
containing 1–2 mM Na2S2O4 but equilibrated with 100% Ar (see Fig. 1 A).
Second, standard HEPES-buffered medium was bubbled vigorously with
ultra-pure Ar for �18 hr, reducing PO2 in the medium to �1 mmHg
(Sheldon and Church, 2002). The increases in [Na �]i observed dur-
ing a 5 min exposure to this medium were similar to those measured
in age-matched neurons when PO2 was reduced to �1 mmHg by the
addition of sodium dithionite (see Fig. 1 B). Thus, the [Na �]i changes
evoked by exposure to media containing 1–2 mM Na2S2O4 primarily
reflect reductions in PO2.

Microspectrofluorimetry. The AM ester forms of the Na �-sensitive flu-
orophore SBFI and the pH-sensitive fluorophores carboxy SNARF-1 and
SNARF-5F were obtained from Molecular Probes (Eugene, OR). Neu-
rons were incubated with 10 �M SBFI-AM (in the presence of 0.1%
Pluronic F-127 and 5 mg/ml bovine serum albumin) for 120 –180 min at
32°C. In experiments in which [Na �]i and pHi were measured concur-
rently (see below), SBFI-loaded neurons were incubated with 10 �M

carboxy SNARF-1-AM or SNARF-5F-AM in the presence of 0.1% Plu-
ronic F-127 for 30 min at 32°C. After dye loading, coverslips with cells
attached were placed in standard HEPES-buffered medium for 20 min
and then mounted in a temperature-controlled recording chamber. Neu-
rons were superfused for 15 min with the initial experimental solution at
37°C before the start of an experiment.

In the majority of experiments, cells were loaded only with SBFI, and
measurements of [Na �]i were performed using the dual-excitation ratio
method using an imaging system (Atto Bioscience, Rockville, MD) in
conjunction with an Axiovert 135 epifluorescence microscope (Carl
Zeiss Canada, Don Mills, Ontario, Canada). As described by Diarra et al.
(2001), fluorescence emissions (at �510 nm) were measured by a single
intensified charge-coupled device camera from regions of interest placed
on individual neuronal somata. Raw emission intensity data at each ex-
citation wavelength (334 and 380 nm) were corrected for background
fluorescence before the calculation of a ratio. Ratio pairs were acquired at
2–15 sec intervals and analyzed off-line. A one-point calibration tech-
nique was used to convert background-corrected SBFI ratio values
(BI334/BI380) into [Na �]i values as described previously (Diarra et al.,
2001). In brief, at the end of an experiment, neurons loaded with SBFI
were exposed to a pH 7.35 medium containing 10 mM Na � and 4 �M

gramicidin D, and the resulting background-corrected ratio value at 10
mM [Na �]i was used as a normalization factor for experimentally derived
BI334/BI380 ratio values. Parameters used for the calculation of [Na �]i

values were derived from full in situ calibration experiments in which
neurons were exposed sequentially to media containing eight different
[Na �] values (Diarra et al., 2001).

In a number of experiments, carboxy SNARF-1 and SNARF-5F were
used to measure pHi concurrently with changes in [Na �]i. In neurons
coloaded with SBFI and a SNARF-based fluorophore, ratio pairs were
collected continuously by alternating between the dual-excitation and
dual-emission modes [for technical details and validation of the tech-
nique, see Sheldon et al. (2004)]. In brief, SBFI-derived fluorescence
emission intensities were measured with a single camera at 550 nm dur-
ing excitation at 334 nm and then at 380 nm; the excitation wavelength
was then changed to 488 nm, and SNARF-derived fluorescence emissions
were split by a dichroic mirror centered at 605 nm and measured by two
separate cameras at 550 and 640 nm. Camera registration was confirmed
before every experiment. To convert background-corrected, SNARF-
derived ratio values (BI550/BI640) into pHi, neurons loaded with a SNARF
derivative were exposed at the end of an experiment to a pH 7.00 high-
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[K �] medium containing 10 �M nigericin, and the resulting
background-corrected ratio value at pHi 7.00 was used as a normaliza-
tion factor for experimentally derived BI550/BI640 ratio values. The con-
stants required to convert experimentally derived BI550/BI640 ratio values
into pHi values were determined in full calibration experiments as de-
scribed previously (Sheldon et al., 2004).

To limit potential cross-contamination by ionophores, perfusion lines
were replaced, and the imaging chamber was decontaminated after each
experiment.

Data analysis. The magnitude of the increase in [Na �]i during 5 min
anoxia (	[Na �]i(during)) was measured as the difference between the
resting [Na �]i value before anoxia and the peak [Na �]i value reached
during anoxia (see Fig. 1 A). To characterize the Na � influx pathways
active immediately after anoxia, neurons were exposed to 5 min anoxia
and, after the return to normoxia, Na �,K �-ATPase activity was inhib-
ited for 7 min by exposure to K �-free medium or the application of 500
�M ouabain, as described by van Emous et al. (1998). The magnitude of
the increase in [Na �]i after anoxia under these conditions
(	[Na �]i(after)) was measured as the difference between the [Na �]i value
observed at the end of 5 min anoxia and the [Na �]i value observed at the
end of the 7 min exposure to 0 [K �]o or 500 �M ouabain (see Fig. 5A). In
experiments in which changes in pHi and [Na �]i during and after anoxia

were measured concurrently, the magnitude of the fall in pHi during
anoxia was measured as the difference between the pHi value at the end of
5 min anoxia and the preanoxic pHi value (see Fig. 8 A), and the magni-
tude of the increase in pHi after anoxia (Na �,K �-ATPase inhibited)
was measured as the difference between the pHi value at the end of 5
min anoxia and the pHi value at the end of 7 min exposure to 0 [K �]o

(see Fig. 8 B).
In light of the findings that the magnitudes of the changes in [Na �]i

both during and after anoxia were related to the length of time that
neurons had been maintained in culture (see Results), experiments were
performed routinely on cultures maintained for 6 –10 d in vitro (DIV)
and, where noted, were repeated using 11–14 DIV neuronal cultures. In
both groups, measurements of anoxia-evoked changes in [Na �]i ob-
served under a given test condition were normalized to measurements
made under control conditions in age-matched sister neurons (yielding
normalized 	[Na �]i(during) and 	[Na �]i(after) values) (Tables 1, 2). Stu-
dent’s two-tailed unpaired t tests were used to compare statistically the
absolute (i.e., not normalized) 	[Na �]i(during) and 	[Na �]i(after) mea-
surements made under a given test condition to the respective measure-
ments made in age-matched sister neurons under control conditions;
significance was assumed at the 5% level.

Data are reported as means � SEM, with the accompanying n value
referring to the number of neuronal populations (i.e., coverslips) from
which data were obtained. In studies in which neurons were coloaded
with SBFI and either carboxy SNARF-1 or SNARF-5F, experiments were
performed on at least three (usually more than five) coverslips obtained
from at least three (usually more than four) different batches of neuronal
cultures, and the accompanying n value refers to the number of neurons
from which data were analyzed.

Intracellular ATP measurements. Cellular ATP content was determined
from luciferin–luciferase luminescence, using the ATP determination kit
(Molecular Probes). Anoxia was induced in neuronal cultures under
conditions identical to those used for the great majority of the microspec-
trofluorimetric studies (i.e., conditions of constant superfusion at 37°C,
pHo 7.35). Before and at fixed time points during and after anoxia, neu-
rons were lysed by the addition of 40 �l of 10 mM Tris buffer, pH 7.5,
0.1 M NaCl, 1 mM EDTA, and 0.01% Triton X-100 in the presence of a
protease inhibitor mixture (Roche Diagnostics, Laval, Quebec, Canada).
Aliquots (10 �l) were then removed, and sample luminescence was de-
tected with a Berthold LB9507 Lumat luminometer (Fisher Scientific,
Ottawa, Ontario, Canada). ATP measurements were made in triplicate
on a minimum of four samples at each time point and are reported as
percentage declines compared with measurements made before anoxia
in paired samples.

Results
Changes in [Na �]i during 5 min anoxia

Characterization of baseline response
Before anoxia, resting [Na�]i was 11 � 1 mM (n � 444), a value
similar to those reported previously in mammalian central neu-
rons both in culture (Rose and Ransom, 1997; Chen et al., 1999;
Diarra et al., 2001) and in slice preparations (Pisani et al., 1998;
Calabresi et al., 1999). Five-minute anoxia evoked an increase in
[Na�]i that began 
90 sec after the start of anoxia and recovered
to resting levels within 
6 –10 min of the return to normoxia
(Fig. 1A). As illustrated in Figure 1B, there was a positive corre-
lation between the magnitude of the increase in [Na�]i observed
during anoxia and the length of time neurons had been main-
tained in culture. The increases in [Na�]i seen during anoxia are
broadly consistent with those observed previously in a variety of
mammalian central neurons in response to anoxia or oxygen–
glucose deprivation in vitro (Friedman and Haddad, 1994; Pisani
et al., 1998; Calabresi et al., 1999; Diarra et al., 2001) and in CA1
neurons in response to 8 min global ischemia in vivo (Erecińska
and Silver, 2001). When anoxia was imposed under reduced
[Na�]o, NMDG�-substituted conditions, the increase in [Na�]i

Table 1. Effects of various treatments on increases in [Na�]i during anoxia

Treatment

Normalized 	�Na��i(during)

6 –10 DIV 11–14 DIV

1 �M TTX 1.04 � 0.11 (5) 0.91 � 0.17 (5)
250 �M lidocaine 0.94 � 0.12 (7) n.d.
50 �M bepridil 0.94 � 0.17 (7) n.d.
1 �M KB-R7943 1.05 � 0.28 (5) n.d.
10 �M KB-R7943 1.02 � 0.17 (6) n.d.
25 �M CGP-37157 1.02 � 0.28 (4) n.d.
0 Ca2�

o 0.92 � 0.16 (5) 1.04 � 0.20 (4)
100 �M bumetanide 1.12 � 0.19 (5) 0.61 � 0.05 (9)*
200 �M harmalinea 0.91 � 0.22 (7) 0.98 � 0.26 (5)
HCO3

�/CO2 buffer 1.11 � 0.13 (8) 0.79 � 0.13 (5)
HCO3

�/CO2 buffer plus 200 �M DIDS 1.18 � 0.28 (3) 0.78 � 0.31 (4)

Except where noted, experiments were performed under nominally HCO3
�-free, HEPES-buffered conditions. To

generate normalized 	�Na��i(during) values, measurements of 	�Na��i(during) under a given test condition were
normalized to measurements made in control experiments performed on age-matched sister neurons. Statistical
comparisons were performed by comparing absolute 	�Na��i(during) measurements made under a given test
condition with measurements made in age-matched sister neurons under control conditions. The asterisk indicates
statistical significance (p � 0.05) compared with measurements made in age-matched sister neurons in the ab-
sence of treatment. The numbers in parentheses indicate the number of neuronal populations (i.e. coverslips) from
which data were obtained. n.d., Not determined.
aBecause of its fluorescence properties, neurons were pretreated with harmaline for 60 min before the start of an
experiment.

Table 2. Effects of various treatments on increases in [Na�]i after anoxia (Na�,K�-
ATPase blocked)

Treatment

Normalized 	�Na� �i(after)

6 –10 DIV 11–14 DIV

1 �M TTX 0.98 � 0.20 (5) 0.92 � 0.02 (3)
100 �M TTX 0.83 � 0.13 (4) n.d.
250 �M lidocaine n.d. 0.89 � 0.29 (3)
100 �M bumetanide 0.91 � 0.27 (3) 1.21 � 0.25 (4)
50 �M bepridil 0.43 � 0.12 (6)* n.d.
1 �M KB-R7943 1.56 � 0.25 (4)* n.d.
0 Ca2�

o 1.75 � 0.31 (3)* n.d.
10 �M KB-R7943 0.67 � 0.09 (5)* n.d.

Na�,K�-ATPase activity was blocked immediately after anoxia by perfusion with K�-free medium, except in the
case of bumetanide treatment in which Na�,K�-ATPase was inhibited immediately after anoxia by exposure to 500
�M ouabain. To generate normalized 	�Na��i(after) values, measurements of 	�Na��i(after) under a given test
condition were normalized to measurements made in control experiments performed on age-matched sister neu-
rons. Statistical comparisons were performed by comparing absolute 	�Na��i(after) measurements made under a
given test condition with measurements made in age-matched sister neurons under control conditions. The asterisk
indicates statistical significance (p � 0.05) compared with measurements made in age-matched sister neurons in
the absence of treatment. The numbers in parentheses denote the number of neuronal populations (i.e., coverslips)
from which the data were obtained. n.d., Not determined.
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was prevented (n � 8) (Fig. 1C), indicating
a requirement for Na� entry. In neurons
maintained for either 6 –10 or 11–14 DIV,
ionotropic glutamate receptor activation
did not contribute to the increase in
[Na�]i induced by anoxia under the con-
stant superfusion conditions of the present
experiments (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental
material).

Consistent with previous findings that
the maintenance of resting [Na�]i in rat
hippocampal neurons reflects a balance
between Na�,K�-ATPase activity and
Na� influx driven by a steep inward elec-
trochemical gradient for Na� (Rose and
Ransom, 1997), 5 min applications of K�-
free medium or 500 �M ouabain under
normoxic conditions evoked increases in
[Na�]i of 26 � 5 and 27 � 4 mM, respec-
tively (n � 6 neuronal cultures at 6 –10
DIV in each case) (Fig. 2A). The accumu-
lation of Na�

i in neurons during anoxia
also reflects a balance between reduced
Na�,K�-ATPase activity and ongoing/in-
creased Na� influx. In the present experi-
ments, increases in [Na�]i during anoxia
occurred at times at which ATP levels were
reduced; after 3 min anoxia, internal ATP
had fallen by 66 � 7%, with an additional
decrease to 24 � 8% of preanoxic values at
the end of 5 min anoxia (Fig. 2B). When
neuronal cultures were incubated with 10
mM creatine for 2 hr to increase intracellu-
lar phosphocreatine levels (Balestrino et
al., 2002), the fall in ATP observed after 3
min anoxia under control conditions was
attenuated (Fig. 2B) (Sheldon and
Church, 2004) and the increase in [Na�]i

observed at this time was reduced by

55% compared with that seen in age-
matched sister neurons not pretreated
with creatine (Fig. 2C). Creatine pretreat-
ment failed to significantly limit either
the fall in internal ATP (Fig. 2 B) or the
increase in [Na �]i (Fig. 2C) seen after 5
min anoxia. For each of these experi-
mental series, qualitatively similar ef-
fects were observed in neurons main-
tained for 11–14 DIV.

Together, these results indicate that the
increase in [Na�]i during anoxia under
the present experimental conditions re-
flects reduced Na�,K�-ATPase activity in
the face of an ongoing/increased entry of Na� ions that is not
dependent on ionotropic glutamate receptor activation. There-
fore, in subsequent experiments, we were able to assess the role of
pathways intrinsic to hippocampal neurons in Na� influx during
anoxia.

Voltage-activated Na� channels
In whole-cell recordings obtained using the perforated patch
(amphotericin B) configuration, the resting membrane potential

of cultured postnatal rat hippocampal neurons before anoxia was
�63 � 2 mV, and 5 min anoxia evoked a depolarization of 24 �
4 mV (n � 6), similar to depolarizations observed by others in a
variety of isolated mammalian central neurons in response to 5
min anoxia (Haddad and Jiang, 1993) or 30 min metabolic inhi-
bition (Aarts et al., 2003). However, although 1 �M tetrodotoxin
(TTX) reduced the increases in [Na�]i evoked by 60 sec applica-
tions of 50 mM K�

o under normoxic conditions from 14 � 3 to
2 � 1 mM (n � 6; p � 0.05) (Rose and Ransom, 1997), it failed to

Figure 1. Changes in [Na �]i evoked by 5 min anoxia in cultured postnatal rat hippocampal neurons. A, Anoxia was imposed
under nominally HCO3

�/CO2-free, HEPES-buffered conditions by exposure to medium containing 1–2 mM sodium dithionite and
bubbled vigorously with 100% Ar (F). Also shown are the changes in neuronal [Na �]i evoked by anoxia in an age-matched sister
culture exposed to medium containing 1–2 mM sodium dithionite and bubbled vigorously with air (E). B, Relationship between
the magnitude of the increase in [Na �]i during anoxia (	[Na �]i(during)) and the number of days that neurons had been main-
tained in culture (DIV). Anoxia was imposed under HEPES-buffered conditions either by the addition of sodium dithionite to
medium bubbled with 100% Ar (F; n � 21–54 for each datum point) or by the exposure to medium that had been bubbled
vigorously with 100% Ar for �18 hr (E; n �3 for each datum point). The solid line represents a linear regression fit to the data
points obtained when anoxia was imposed by the addition of sodium dithionite (correlation coefficient, 0.95; p � 0.0001). C, Under
normal Na �

o-containing conditions, anoxia induced an increase in [Na �]i that recovered after the return to normoxia (F). When anoxia
was imposed under reduced Na �

o , NMDG �-substituted conditions, the increase in [Na �]i was inhibited (E).

Figure 2. Contribution of reduced Na �,K �-ATPase activity to the increase in [Na �]i during anoxia. A, Superimposed records
of the changes in [Na �]i observed under normoxic conditions in response to 5 min exposures to either K �-free medium (�) or
normal medium (3 mM K �) containing 500 �M ouabain (�), as indicated by the bar above the traces. B, Internal ATP levels were
determined after 3 and 5 min anoxia induced by exposure to sodium dithionite-containing medium in 6 –10 DIV neurons under
control conditions (F) or after pretreatment with 10 mM creatine for 2 hr (E). In each experimental group, ATP levels were
normalized to preanoxic measurements made in age-matched sister neuronal cultures. The fall in internal ATP levels evoked by 3
min, but not 5 min, anoxia under control conditions was significantly attenuated by creatine pretreatment (*p � 0.05). The
numbers in parentheses indicate the number of neuronal populations examined under each experimental condition. C, In neurons
pretreated with 10 mM creatine for 2 hr (�), the increase in [Na �]i measured 3 min after the start of anoxia was significantly less
than that observed under control conditions (f; *p � 0.05; n � 6 neuronal cultures at 6 –10 DIV in each case). The increases in
[Na �]i measured after 5 min anoxia under control conditions and in creatine-treated, age-matched sister neurons were not
significantly different ( p � 0.57).

11060 • J. Neurosci., December 8, 2004 • 24(49):11057–11069 Sheldon et al. • Anoxia-Evoked Changes in [Na�]i



affect the magnitudes of anoxia-induced increases in [Na�]i in
neurons maintained for either 6 –10 or 11–14 DIV (Table 1, Fig.
3A). Lidocaine (250 �M) also failed to significantly affect the rise
in [Na�]i during anoxia (Table 1, Fig. 3A), suggesting that TTX-
resistant Na� channels do not contribute to Na� influx at this
time.

Plasmalemmal Na�/Ca 2� exchange and
Na�/K�/2Cl� cotransport
Although the increase in [Ca 2�]i observed in cultured postnatal
rat hippocampal neurons during 5 min anoxia (Diarra et al.,
1999) could activate forward-mode Na�/Ca 2� exchange and
thereby contribute to Na� influx, a rise in [Na�]i could promote
reverse-mode operation of the exchanger and thus Na� efflux.
Forward- and reverse-mode operation of the plasmalemmal
Na�/Ca 2� exchanger can be inhibited with bepridil (50 �M) and
KB-R7943 (1 �M), respectively, whereas higher concentrations of
KB-R7943 (10 �M) inhibit both forward and reverse Na�/Ca 2�

exchange in rat hippocampal neurons (Breder et al., 2000). In the
present study, neither bepridil (50 �M) nor KB-R7943 (1 or
10 �M) significantly influenced the magnitude of the increase in
[Na�]i during anoxia (Table 1, Fig. 3B). 7-Chloro-5-(2-chloro-
phenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-one (CGP-
37157) (25 �M), which has been reported to inhibit both mito-
chondrial and plasmalemmal Na�/Ca 2� exchange (Blaustein
and Lederer, 1999; Czyż and Kiedrowski, 2003), or the removal of
external Ca 2� similarly failed to modulate the increase in [Na�]i

during anoxia (Table 1).
To assess the potential contribution of Na�/K�/2Cl� co-

transport, neurons were pretreated for 10 min with 100 �M bu-
metanide, which has previously been found to inhibit Na�/K�/
2Cl� cotransport in cultured rat cortical neurons (Sun and
Murali, 1999). Given that Na�/K�/2Cl� cotransporter expres-
sion increases with time in rat brain (Plotkin et al., 1997) and in
cultured neurons (Sun and Murali, 1999), the effects of bumet-
anide were examined in 6 –10 and 11–14 DIV neurons. Bumet-
anide did not affect resting [Na�]i in either 6 –10 (n � 5) or
11–14 (n � 9) DIV neurons (Rose and Ransom, 1997) and failed
to significantly influence the increase in [Na�]i during anoxia in
6 –10 DIV neurons (Table 1). In contrast, in 11–14 DIV neurons,
bumetanide caused an 
40% reduction in the rise in [Na�]i

during anoxia (Table 1, Fig. 3C). Although
100 �M bumetanide may inhibit Cl�/
HCO3

� exchange and K�/2Cl� cotrans-
port (Russell, 2000), there are no indica-
tions that these mechanisms contribute to
changes in Na�

i homeostasis during brief
periods of anoxia or ischemia (Diarra et
al., 1999; Sheldon and Church, 2002;
Payne et al., 2003).

pHi-regulating mechanisms
Proton-equivalent efflux by the major acid
extrusion mechanisms present in rat hip-
pocampal neuron somata, Na�/H� ex-
change, and Na�-dependent Cl�/HCO3

�

exchange (Raley-Susman et al., 1991;
Schwiening and Boron, 1994; Baxter and
Church, 1996) is accompanied by Na� in-
flux (Canzoniero et al., 1996; Rose and
Ransom, 1997; Sheldon et al., 2004).

In the absence of a selective pharmaco-
logical inhibitor of Na�/H� exchange in
rat hippocampal neurons (Raley-Susman

et al., 1991; Schwiening and Boron, 1994; Baxter and Church,
1996), the transport mechanism was inhibited with harmaline, a
nonselective agent that has previously been found to inhibit not
only functional Na�/H� exchange activity in rat hippocampal
neurons (Raley-Susman et al., 1991) but also the activities of the
Na�/H� exchanger (NHE) isoforms likely to mediate this activ-
ity under conditions of normal osmolarity (i.e., NHE1 and
NHE5) (Orlowski, 1993; Attaphitaya et al., 1999; Szabó et al.,
2000; Douglas et al., 2001). Initially, we confirmed that pretreat-
ment with 200 �M harmaline inhibited Na�/H� exchange activ-
ity under our experimental conditions by measuring rates of pHi

recovery from NH4
�-induced internal acid loads imposed under

normoxic nominally HCO3
�/CO2-free, HEPES-buffered condi-

tions (see Fig. 7A, inset). However, consistent with previous sug-
gestions (made on the basis of pHi measurements) that Na�/H�

exchange activity in rat hippocampal neurons becomes inhibited
soon after the onset of anoxia (Diarra et al., 1999; Sheldon and
Church, 2004), harmaline pretreatment failed to limit the rise in
[Na�]i during 5 min anoxia in either 6 –10 or 11–14 DIV neurons
(Table 1).

The potential contribution of HCO3
�-dependent mechanisms

to anoxia-induced increases in [Na�]i was examined by measur-
ing changes in [Na�]i during anoxia under HCO3

�-containing
conditions. As reported previously (Rose and Ransom, 1997), the
transition from a HCO3

�-free, HEPES-buffered medium to a
HCO3

�/CO2-buffered medium (pHo constant at 7.35) caused a
small (
3 mM) increase in [Na�]i, consistent with the activation
of Na�-dependent Cl�/HCO3

� exchange. However, the in-
creases in [Na�]i during 5 min anoxia imposed in the presence of
HCO3

� were not significantly different from those observed in
age-matched sister neurons at 6 –10 or 11–14 DIV under HCO3

�-
free conditions (Table 1). In addition, the application of 200 �M

DIDS under HCO3
�/CO2-buffered conditions failed to limit the

rise in [Na�]i during anoxia (Table 1), further suggesting that
HCO3

�-dependent, pHi-regulating transport mechanisms do not
contribute significantly to the increase in [Na�]i during anoxia in
rat hippocampal neurons.

Nonselective cation channels
During anoxia or ischemia, increases in [Ca 2�]i or free radical
production can activate nonselective cation channels (NSCCs)

Figure 3. Contribution of voltage-activated Na � channels, Na �/Ca 2� exchange, and Na �/K �/2Cl � cotransport to the
increase in [Na �]i during anoxia. Shown are superimposed records of the changes in [Na �]i observed in response to 5 min anoxia
imposed in age-matched sister neurons under control conditions (F) and in the presence of an experimental treatment (open
symbols); pharmacological inhibitors were present throughout the duration of the traces shown. A, Neither 1 �M TTX nor 250 �M

lidocaine affected the increase in [Na �]i during anoxia. B, Neither 1 �M KB-R7943 nor 50 �M bepridil exerted a significant effect
on the increase in [Na �]i during anoxia. C, A concentration of 100 �M bumetanide significantly reduced the rise in [Na �]i during
anoxia in 14 DIV neurons. See also Table 1.
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that in turn may contribute to the patho-
genesis of injury (Chen et al., 1999; Barros
et al., 2001; Aarts et al., 2003). To examine
the contribution of Na� influx through
NSCCs to the rise in [Na�]i during anoxia,
we applied Gd 3� (Caldwell et al., 1998).

Five to 20 min exposures to 30 or 100
�M Gd 3� did not affect resting [Na�]i but
reduced the magnitude of the increase in
[Na�]i during anoxia in 6 –10 DIV neu-
rons by 
40% (Fig. 4A,B). The finding
presented above that the increase in
[Na�]i during anoxia was not attenuated
in the absence of external Ca 2� suggests
that the effect of Gd 3� is unlikely to be
mediated via an inhibition of NSCCs acti-
vated by increases in [Ca 2�]i (we were un-
able to assess the effect of flufenamate, an
inhibitor of Ca 2�

i-activated NSCCs, on
the increase in [Na�]i during anoxia be-
cause it evoked variable increases in rest-
ing [Na�]i). In addition, neither the broad
spectrum voltage-activated Ca 2� channel
blocker Ni 2� nor the L-type Ca 2� channel
blockers verapamil and nifedipine signifi-
cantly influenced the increase in [Na�]i

during anoxia (Fig. 4B). CNQX (20 �M),
applied alone (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental
material) or in the presence of the broad
spectrum high-voltage-activated Ca 2�

channel blocker loperamide (50 �M)
(Church et al., 1994) (Fig. 4B), also failed
to influence the increase in [Na�]i during
anoxia. Together, these findings indicate
that the effect of Gd 3� to limit Na� influx
during anoxia is likely independent of its
ability to block voltage-activated Ca 2� channels (Boland et al.,
1991) or AMPA/kainate receptors (Lei and MacDonald, 2001)
(see also Caldwell et al., 1998).

To examine the potential role of NSCCs activated by reactive
oxygen species (ROS) in the effect of Gd 3� to reduce Na� influx
during anoxia, neurons were treated with the antioxidant
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylate (trolox)
for 2–3 hr before anoxia. After pretreatment with 1 mM trolox
(Chow et al., 1994; Brookes et al., 1998; Vergun et al., 2001; Aarts
et al., 2003), the magnitude of the increase in [Na�]i during
anoxia in 6 –10 DIV neurons was reduced by 
40% (Fig. 4C).
Pretreatment with 200 �M trolox elicited similar effects in both
6 –10 DIV neurons (Fig. 4D) and 11–14 DIV neurons (the nor-
malized 	[Na�]i(during) value after pretreatment with 200 �M

trolox in 11–14 DIV neurons was 0.51 � 0.18; n � 4; p � 0.05). In
neurons pretreated with trolox, Gd 3� failed to exert an addi-
tional inhibitory effect (Fig. 4C,D), supporting the possibility
that NSCCs activated by ROS may contribute to Na� influx dur-
ing anoxia. However, neither 20 min pretreatment with 500 �M

NG-nitro-L-arginine methyl ester hydrochloride (L-NAME) or
15–30 �M AACOCF3 significantly affected the increase in [Na�]i

(Fig. 4D), suggesting a lack of involvement of nitric oxide syn-
thase (NOS) and cytosolic phospholipase A2 (cPLA2), respec-
tively, in the generation of the ROS involved. We were unable to
examine the potential effects of manganese (III) tetrakis (4-
benzoic acid) porphyrin (an O2

� scavenger) or mepacrine (a non-

specific PLA2 inhibitor), which were highly fluorescent during
excitation at both 334 and 380 nm.

Changes in [Na �]i immediately after 5 min anoxia

Characterization of baseline response
The rise in [Na�]i observed during 5 min anoxia recovered rap-
idly to resting levels after the return to normoxia (Fig. 1A), pre-
sumably reflecting the resumption of Na�,K�-ATPase activity
(Ekholm et al., 1993). In the present experiments, internal ATP
levels 5 min after the return to normoxia increased by 
33% (n �
4) from those measured at the end of 5 min anoxia. In addition,
inhibition of Na�,K�-ATPase activity (K�

o-free conditions for
7 min, starting at reoxygenation) prevented the recovery of
[Na�]i seen under control conditions and revealed a secondary
increase in [Na�]i that, as for the increase in [Na�]i during an-
oxia, was positively related to the length of time neurons had been
maintained in culture (Fig. 5A,B). Similar results were observed
when 500 �M ouabain was used to inhibit Na�,K�-ATPase after
anoxia (Fig. 5B). When Na�,K�-ATPase activity was reestab-
lished by perfusion with standard medium containing 3 mM K�,
[Na�]i recovered to preanoxic resting values (Fig. 5A). The sec-
ondary increase in [Na�]i observed during Na�,K�-ATPase in-
hibition after anoxia was blocked when NMDG� was substituted
for external Na� (n � 4) (Fig. 5A). Together, these results indi-
cate that, in the period immediately after 5 min anoxia, Na�,K�-

Figure 4. Effect of Gd 3� on the increase in [Na �]i during anoxia. A, Compared with the increase observed in age-matched
sister neurons under control conditions (F), the increase in [Na �]i during anoxia was reduced in the presence of 30 �M Gd 3�

(E). B, Summary of the effects of Gd 3� and the other treatments indicated on the figure on the increase in [Na �]i during anoxia
in 6 –10 DIV neuronal cultures. C, After 2 hr pretreatment with 1 mM trolox, the increase in [Na �]i during anoxia was reduced (E)
compared with that observed in age-matched sister neurons not pretreated with the antioxidant (F). In sister neurons pretreated
with 1 mM trolox, 30 �M Gd 3� failed to attenuate the residual increase in [Na �]i during anoxia (�). D, Summary of the effects
of the test treatments indicated on the figure on the increases in [Na �]i during anoxia in 6 –10 DIV neurons. Neurons were
exposed to L-NAME or AACOCF3 for 20 min before the start of anoxia. In B and D, the asterisk indicates statistical significance ( p �
0.05) compared with measurements made in age-matched sister neurons under control conditions. In neurons pretreated with
trolox, there was no statistically significant difference (N.S.; p � 0.54) between the increases in [Na �]i observed during anoxia in
the presence and absence of Gd 3�.
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ATPase activity acts to lower [Na�]i to resting levels despite con-
tinued Na� entry. The positive relationship between the rise in
[Na�]i (Na�,K�-ATPase blocked) after anoxia and the length of
time that neurons had been maintained in culture could reflect,
for example, developmental upregulation of the pathways that
contribute to Na� influx after anoxia (see below) or the intracel-
lular signaling cascades that regulate their activities (Durkin et al.,
1997). In subsequent experiments, to characterize the pathways
that contribute to Na� influx after 5 min anoxia, Na�,K�-
ATPase was blocked for 7 min immediately after the return to
normoxia (van Emous et al., 1998).

Ionotropic glutamate receptor-operated and voltage-activated
Na� channels
Analogous to findings made during anoxia, 2 �M MK-801 and 20
�M CNQX failed to significantly affect the increase in [Na�]i

observed after anoxia under conditions of Na�,K�-ATPase in-
hibition (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). Similarly, 1 �M TTX failed to reduce the
increase in [Na�]i after anoxia in 6 –10 and 11–14 DIV neurons
(Table 2). TTX (100 �M) and lidocaine (250 �M) were also with-
out significant effects in 6 –10 and 11–14 DIV neurons, respec-
tively (Table 2), suggesting that TTX-resistant Na� channels do
not contribute to Na� influx in the immediate postanoxic
period.

Na�/K�/2Cl� cotransport and plasmalemmal
Na�/Ca 2� exchange
In contrast to findings made in 11–14 DIV neurons during anoxia
(Table 1), 100 �M bumetanide failed to significantly reduce the
increase in [Na�]i after anoxia in either 6 –10 or 11–14 DIV
neuronal cultures (Table 2). The tendency for bumetanide to
augment the rise in [Na�]i after anoxia in 11–14, but not 6 –10,
DIV hippocampal neurons (Table 2) may reflect the finding in

cardiac myocytes that Na�/K�/2Cl� cotransport contributes to
Na� efflux at reperfusion (Anderson et al., 1996).

Na�/Ca 2� exchange, operating in forward mode, may medi-
ate Ca 2� efflux after anoxia or ischemia (Breder et al., 2000) and
thereby contribute to Na� influx at this time. Conversely, the
present experimental conditions (in which [Na�]i after anoxia
was maintained at a relatively high level) could favor reverse-
mode operation of the exchange mechanism and thus Na� efflux
(Czyż et al., 2002). Applied immediately after anoxia under con-
ditions in which Na�,K�-ATPase was inhibited, 50 �M bepridil
significantly reduced the increase in [Na�]i (Table 2, Fig. 6),
suggesting that forward-mode Na�/Ca 2� exchange contributes
to Na� influx immediately after anoxia. In contrast, KB-R7943 (1
�M) or the removal of external Ca 2� at reoxygenation enhanced
the increase in [Na�]i (Table 2, Fig. 6), suggesting that some
Na�/Ca 2� exchangers may be operating in reverse mode to pro-
mote Na� efflux at this time. Finally, when applied at 10 �M to
inhibit both forward- and reverse-mode Na�/Ca 2� exchange,
KB-R7943 reduced the increase in [Na�]i after anoxia compared
with the increase observed in age-matched sister neurons under
control conditions (Table 2, Fig. 6). Together, these results are
consistent with those of White and Reynolds (1995), who re-
ported considerable variability in the contribution of forward-
mode Na�/Ca 2� exchange to the recovery of [Ca 2�]i after glu-
tamate stimulation in rat forebrain neurons, and those of Yu and
Choi (1997), who suggested the possibility that both forward and
reverse Na�/Ca 2� exchange can take place concurrently in the
same cell. These issues are considered further in Discussion.

Na�/H� exchange
Although Na�/H� exchange in rat hippocampal neurons is in-
hibited during anoxia, pHi measurements indicate that the trans-
porter is activated immediately after reoxygenation (Diarra et al.,
1999; Sheldon and Church, 2002) and thus may contribute to
Na� influx at this time. Consistent with this possibility, harma-
line pretreatment significantly reduced the increase in [Na�]i

after anoxia in 6 –10 and 11–14 DIV neurons (Fig. 7A,C). Al-
though harmaline also affects voltage-gated Na� channels
(Deecher et al., 1992) and Na�,K�-ATPase (Kim et al., 1988),
conventional inhibitors of voltage-gated Na� channels failed to
influence the rise in [Na�]i after anoxia (see above), and harma-
line reduced Na� entry after anoxia under conditions in which

Figure 5. Changes in [Na �]i after anoxia. A, Na �,K �-ATPase activity was inhibited by
perfusion with K �-free medium at the end of 5 min anoxia, revealing a secondary rise in [Na �]i

in the immediate postanoxic period (F). Age-matched sister neurons on a different coverslip
were exposed to K �- and Na �-free medium after 5 min anoxia imposed under control condi-
tions (E); in the absence of external Na � (NMDG �-substituted), the increase in [Na �]i after
anoxia was abolished. B, Relationship between the magnitude of the increase in [Na �]i after
anoxia (	[Na �]i(after)) and the number of days neurons had been maintained in culture (DIV).
	[Na �]i(after) was determined as the difference between the [Na �]i value observed at the end
of 5 min anoxia and the [Na �]i value observed at the end of 7 min superfusion with K �-free
medium (F; n � 7–31 for each datum point). The solid line represents the linear regression fit
to the data points indicated (correlation coefficient, 0.88; p � 0.0001). Also shown are
	[Na �]i(after) values obtained when Na �,K �-ATPase activity was inhibited for 7 min with
500 �M ouabain (E; n � 3 for each datum point).

Figure 6. Effects of pharmacological modulators of Na �/Ca 2� exchange activity on in-
creases in [Na �]i after anoxia (Na �,K �-ATPase inhibited). Neurons were exposed to K �-free
medium for 7 min at the end of 5 min anoxia. Compared with the increase in [Na �]i observed
under control conditions (–), the increase in [Na �]i after anoxia was reduced in the presence of
50 �M bepridil (F) or 10 �M KB-R7943 (�) and was enhanced in the presence of 1 �M

KB-R7943 (E). Pharmacological treatments began at the end of 5 min anoxia and were con-
tinued for the duration of the records shown. See also Table 2.
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Na�,K�-ATPase activity was already
blocked. Intracellular pH measurements
also indicate that Na�/H� exchange ac-
tivity in rat hippocampal neurons after an-
oxia is attenuated at pHo 6.60 or by inhibi-
tion of the cAMP–protein kinase A (PKA)
pathway and is augmented at pHo 7.80
(Diarra et al., 1999; Sheldon and Church,
2002). In the present study, pHo 6.60 con-
ditions or the PKA inhibitor Rp-cAMPS
reduced the rise in [Na�]i after anoxia,
whereas, at pHo 7.80, the increase in
[Na�]i was enhanced (Fig. 7C). We also
reported previously that a Zn 2�-sensitive
H� efflux pathway contributes to acid ex-
trusion after anoxia in rat hippocampal
neurons and that inhibition of this path-
way increases the observable contribution
of Na�/H� exchange to acid extrusion at
this time (Diarra et al., 1999; Sheldon and
Church, 2002) (see also Demaurex et al.,
1995). In the present experiments, 100 �M

Zn 2� failed to influence the increase in
[Na�]i during anoxia [i.e., at a time when
Na�/H� exchange is inhibited; normal-
ized 	[Na�]i(during) values in the presence
of 100 �M Zn 2� were 1.03 � 0.18 (n � 12;
p � 0.38) and 1.17 � 0.15 (n � 15; p �
0.62) in 6 –10 and 11–14 DIV neurons, re-
spectively]. In contrast, applied immedi-
ately after anoxia under K�

o-free condi-
tions, Zn 2� significantly enhanced the
increase in [Na�]i (Fig. 7B,C), lending ad-
ditional support to the possibility that
Na�/H� exchange contributes to Na�

influx immediately after anoxia. Although
Zn 2� can modulate the activities of a vari-
ety of ion channels and transport me-
chanisms (Harrison and Gibbons, 1994),
under the conditions used here, anoxia-
evoked changes in [Na�]i were unaffected
by NMDA or AMPA receptor antagonists
or blockers of voltage-activated Ca 2� channels, and the effect of
Zn 2� on the increase in [Na�]i after anoxia was observed when
Na�,K�-ATPase activity was already inhibited (cf. Manzerra et
al., 2001).

Although the above findings are consistent with an important
contribution from Na�/H� exchange to Na� influx in the pe-
riod immediately after anoxia, they are limited by the lack of
selectivity of harmaline and the other maneuvers used to modu-
late Na�/H� exchange activity at this time. Therefore, to further
explore the role of Na�/H� exchange in Na� influx after anoxia,
we examined directly the relationship between the changes in
[Na�]i and pHi evoked by anoxia by measuring [Na�]i and pHi

concurrently in individual neurons (Sheldon et al., 2004). In neu-
rons coloaded with SBFI and either carboxy SNARF-1 or SNARF-
5F, 5 min anoxia evoked a 16 � 2 mM increase in [Na�]i and a
0.37 � 0.04 pH unit fall in pHi (n � 13 neurons at 7–10 DIV),
both of which recovered to near resting values on the return to
normoxia (Fig. 8A). Perfusion with K�-free medium for 7 min
immediately after anoxia did not affect the recovery of pHi (Fig. 8,
compare A, B); however, consistent with changes seen in neurons
single-loaded with SBFI (Fig. 5A), inhibition of Na�,K�-ATPase

revealed an additional rise in [Na�]i after anoxia of 26 � 2 mM

(Fig. 8B) (n � 49 neurons at 7–10 DIV). For both of these exper-
imental series, qualitatively similar changes were observed in
neurons maintained for 11–14 DIV (data not shown). If
Na�/H� exchange contributes to increases in [Na�]i and pHi in
the immediate postanoxic period (Na�,K�-ATPase blocked),
both events should be dependent on external Na�, and the rates
at which pHi and [Na�]i increase should exhibit an inverse de-
pendency on pHi. Indeed, as illustrated in Figure 8C, the in-
creases in pHi and [Na�]i after 5 min anoxia were abolished
under reduced [Na�]o, NMDG�-substituted conditions; when
[Na�]o was returned to normal (in the continued absence of
K�

o), both pHi and [Na�]i rapidly increased (n � 6). In addi-
tion, when rates at which [Na�]i and pHi increased after anoxia
were plotted as functions of absolute pHi in 7–10 (Fig. 8D) and
11–14 (Fig. 8E) DIV neurons, both parameters were faster at
lower pHi values.

Finally, we used neurons coloaded with SBFI and a SNARF
derivative to examine concurrently the effects on [Na�]i and pHi

of maneuvers previously found (Diarra et al., 1999; Sheldon and
Church, 2002) to limit the activation of Na�/H� exchange after

Figure 7. Effects of maneuvers that modulate Na �/H � exchange activity on increases in [Na �]i after anoxia (Na �,K �-
ATPase inhibited). A, At the end of 5 min anoxia, neurons were exposed to K �-free medium for 7 min. Compared with the increase
in [Na �]i seen under control conditions (F), the increase in [Na �]i after anoxia was reduced by 60 min pretreatment with 200
�M harmaline (E). Inset, Rates of pHi recovery from internal acid loads imposed under nominally HCO3

�/CO2-free, HEPES-
buffered normoxic control conditions (F; n � 10) or after 60 min pretreatment with 200 �M harmaline (E; n � 6). Harmaline
pretreatment reduced rates of pHi recovery, consistent with inhibition of Na �/H � exchange activity. B, Compared with the
[Na �]i changes evoked by 5 min anoxia under control conditions (F), the increase in [Na �]i after anoxia in age-matched sister
neurons was augmented by exposure to 100 �M Zn 2� (�). Exposure to Zn 2� began immediately after the end of 5 min anoxia
and continued for the duration of the record shown. C, Summary of the effects of maneuvers that modulate Na �/H � exchange
activity on the increase in [Na �]i after anoxia in 6 –10 and 11–14 DIV neurons. The asterisk indicates statistical significance ( p �
0.05) compared with measurements made in age-matched sister neurons under control conditions.
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5 min anoxia. Consistent with findings that Na�/H� exchange is
inhibited during anoxia, pretreatment with harmaline failed to
influence the magnitudes of the increase in [Na�]i or decrease in
pHi during anoxia (Fig. 9A); in contrast, harmaline significantly
reduced the increases in [Na�]i and pHi after anoxia (Fig. 9B). In
further support of a contribution from Na�/H� exchange to
Na� influx (and H� efflux) in the immediate postanoxic period,
lowering pHo to 6.60 or the application of 50 �M Rp-cAMPS also
reduced the increases in [Na�]i and pHi after anoxia (Fig. 9B).
Although PKA regulates Na�/Ca 2� exchange activity in rat hip-
pocampal neurons under normoxic conditions (Blaustein and
Lederer, 1999), the effect of Rp-cAMPS to reduce the increase in
[Na�]i after anoxia was accompanied by a concomitant reduc-
tion in the postanoxic increase in pHi and, as shown in Figure 9B,
was not mimicked when anoxia was imposed under Ca 2�

o-free
conditions. In the latter experiments (compare the 0 Ca 2�

o ex-
periments reported in Table 2), Ca 2�

o was absent before, during,
and after anoxia to prevent the rise in [Ca 2�]i during anoxia
(Diarra et al., 1999; Sheldon and Church, 2002) and inhibit both
forward and reverse Na�/Ca 2� exchange in the immediate post-
anoxic period. In addition, we have shown previously that this

maneuver does not influence anoxia-
evoked changes in pHi in rat hippocampal
neurons (Diarra et al., 1999; Sheldon and
Church, 2002).

HCO3
�-dependent,

pHi-regulating mechanisms
The increase in [Na�]i after anoxia
(Na�,K�-ATPase inhibited) was consis-
tently greater under HCO3

�-containing ver-
sus HCO3

�-free, HEPES-buffered condi-
tions in 11–14, but not 6–10, DIV neurons
(Fig. 10). Consistent with the possibility that
HCO3

�-dependent transport mecha-
nisms(s) may contribute to Na� influx in
the immediate postanoxic period in 11–14
DIV neurons, the augmented increase in
[Na�]i observed in the presence of HCO3

�

was blocked by 200 �M DIDS (Fig. 10). In-
terestingly, 200 �M DIDS also reduced
slightly, albeit significantly, the increase in
[Na�]i observed after anoxia under HEPES-
buffered conditions in 11–14 DIV neurons
(Fig. 10B), a finding that may reflect residual
activity of HCO3

�-dependent, Na�-trans-
porting mechanisms in the nominal absence
of HCO3

� (Wu et al., 1994; Deitmer and
Schneider, 1998) or the effects of DIDS on
HCO3

�-independent processes potentially
involved in the neuronal response to anoxia
(e.g., free radical release from mitochondria)
(Han et al., 2003; Tauskela et al., 2003).

Nonselective cation channels
As detailed above, Gd 3� significantly re-
duced Na� influx during anoxia via a
mechanism(s) that appeared dependent
on the production of ROS. Because ROS
production is enhanced after reoxygen-
ation, we applied Gd 3� immediately after
anoxia under K�

o-free conditions. As il-
lustrated in Figure 11, 30 �M Gd 3� signif-
icantly reduced the magnitude of the in-

crease in [Na�]i after anoxia in 6 –10 DIV neurons; a similar
effect was observed in 11–14 DIV neurons, in which 30 �M Gd 3�

reduced the normalized 	[Na�]i(after) value to 0.73 � 0.08 (n �
6; p � 0.05). Similar to findings made during anoxia, the effect of
Gd 3� to limit increases in [Na�]i after anoxia was occluded by 2
hr pretreatment with 1 mM trolox (Fig. 11B). Although 500 �M

L-NAME was without effect, 15–30 �M AACOCF3 significantly
reduced the increase in [Na�]i after anoxia (Fig. 11B), suggesting
that ROS generated via the cPLA2–arachidonic acid pathway may
play a role in regulating Na� influx in the immediate postanoxic
period, possibly by modulating the activity of a Gd 3�-sensitive
NSCC.

Discussion
In the present study, we used isolated neurons to characterize
pathways independent from glutamate receptor activation that,
together with excitotoxic mechanisms (see Introduction), con-
tribute to Na� influx during and after anoxia. Not only were
different complements of mechanisms involved during versus
after anoxia but also Na� influx during and after anoxia became
more pronounced the longer that neurons were maintained in

Figure 8. Anoxia-evoked changes in pHi and [Na �]i in rat hippocampal neurons coloaded with SBFI and SNARF-5F. A, Anoxia
induced an increase in [Na �]i (F) and a fall in pHi (E), both of which recovered toward resting values after the return to
normoxia. B, Inhibition of Na �,K �-ATPase activity (perfusion with K�-free medium) for 7 min after anoxia failed to influence
the postanoxic rise in pHi (F) but revealed an additional increase in [Na �]i (F). C, During 5 min anoxia imposed in the presence
of external Na �, [Na �]i (�) increased and pHi ({) fell. Immediately after anoxia, neurons were superfused with K �- and
Na �-free medium (pHo constant at 7.35). Reducing Na �

o (NMDG � substitution) for the period indicated by the short bar above
the records prevented the increases in pHi and [Na �]i seen after anoxia in the presence of normal Na �

o (compare with B). After
the return to normal Na �

o (in the continued absence of external K �; arrow), both pHi and [Na �]i increased. D, Measured in 20
neurons maintained for 7–10 DIV and coloaded with SBFI and SNARF-5F, rates at which [Na �]i (F) and pHi (E) increased
immediately after anoxia (Na �,K �-ATPase inhibited) exhibited an inverse dependence on absolute pHi values. Similar results
were observed in 11–14 DIV neuronal cultures (E; n � 10). In D and E, rates at which pHi and [Na �]i increased after anoxia under
K �

o-free conditions were determined by fitting the pHi and [Na �]i records to single exponential functions; the first derivatives
of these functions were used to determine rates of pHi and [Na �]i increase at 0.05 pH unit and 5 mM intervals, respectively. The pHi

values at which rates of [Na �]i increase were measured were determined from obtained curve-fitted parameters.
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culture. The latter observations corre-
spond with previous findings (Jiang et al.,
1992) that anoxia-induced falls in [Na�]o

are smaller in slices taken from neonatal
versus adult rats and suggest that differ-
ences in Na�, as well as Ca 2� (Rothman,
1983; Di Loreto and Balestrino, 1997), en-
try may contribute to the enhanced vul-
nerability of more phenotypically mature
neurons.

We found no evidence to suggest that
voltage-activated Na� channels contrib-
ute to Na� influx during or after 5 min
anoxia (compare prolonged hypoxia) (Ba-
nasiak et al., 2004). Although the relatively
small depolarization that occurred during
anoxia may have limited the contribution
of Na� channels, even in studies in which
more severe insults have been imposed
and more marked depolarizations have
occurred, TTX has failed to limit increases
in [Na�]i (Pisani et al., 1998; Calabresi et
al., 1999; Chen et al., 1999; Müller and
Somjen, 2000). Thus, our findings support
suggestions that the protective actions of
Na� channel blockers may be mediated
presynaptically and that much of the Na�

that enters neurons during anoxia or isch-
emia must do so through a TTX-
insensitive mechanism(s) (Kimura et al.,
1998; Müller and Somjen, 2000).

Although Na�/K�/2Cl� cotransport
did not play a role in regulating resting
[Na�]i (see also Rose and Ransom, 1997),
it contributed to Na� influx during anoxia
in neurons expected to express significant
levels of functional transporters (i.e., neu-
rons �11 DIV) (Sun and Murali, 1999)
(see also Plotkin et al., 1997). Similarly,
Na�/K�/2Cl� cotransport contributes to
Na�

i accumulation induced by metabolic
inhibition in astrocytes (Lenart et al.,
2004) and cardiac myocytes (Anderson et
al., 1996). In contrast, bumetanide failed
to affect Na� influx after anoxia in 6 –10
and 11–14 DIV neurons. Although the ba-
sis for the differential contribution of
Na�/K�/2Cl� cotransport to Na� influx
during versus after anoxia in 11–14 DIV
neurons remains unknown, inward Na�/
K�/2Cl� cotransport after anoxia may be
limited by the high [Na�]i and, presum-
ably, [Cl�]i seen at this time as well as
anoxia-induced changes in the activities of
second-messenger systems that in turn
regulate the activity of the transport mechanism and that are
themselves developmentally regulated (Durkin et al., 1997; Flat-
man, 2002; Lenart et al., 2004). Together, our observations par-
allel findings that bumetanide reduces infarct size when applied
during but not after ischemia (Yan et al., 2003) and suggest that
the protective effects of bumetanide may in part reflect a reduc-
tion in Na� influx during the insult.

In contrast to Na�/K�/2Cl� cotransport, Na�/Ca 2� ex-

change, Na�/H� exchange, and the HCO3
�-dependent mecha-

nism(s) did not contribute to Na� influx during anoxia. These
observations are consistent with findings that Na�/Ca 2� ex-
change does not contribute to [Na�]i and/or [Ca 2�]i changes
during metabolic inhibition in rat neocortical (Pisani et al., 1998)
or cerebellar granule (Chen et al., 1999) neurons and that
Na�/H� exchange and Na�-dependent Cl�/HCO3

� exchange
do not contribute to pHi changes during anoxia in rat hippocam-

Figure 9. The influence of maneuvers that inhibit Na �/H � exchange activity on anoxia-evoked changes in [Na �]i and pHi

measured concurrently in neurons coloaded with SBFI and either carboxy SNARF-1 or SNARF-5F. Measurements of the changes in
[Na �]i and pHi observed during ( A) and after ( B) anoxia under the test conditions indicated on the figure were normalized to
corresponding measurements made in experiments performed on age-matched sister neurons (7–10 DIV) under control condi-
tions. Statistical comparisons were performed by comparing absolute measurements of anoxia-evoked changes in [Na �]i and pHi

made under a given test condition with corresponding measurements made in age-matched sister neurons under control condi-
tions. The asterisk indicates statistical significance ( p � 0.05) compared with measurements made in age-matched sister
neurons under control conditions. The numbers in parentheses indicate the number of neurons from which data were obtained
under each test condition.

Figure 10. Contribution of HCO3
�-dependent mechanisms to increases in [Na �]i after anoxia (Na �,K �-ATPase inhibited). A,

Under HEPES-buffered (F) or HCO3
�/CO2-buffered (E) conditions, neurons were exposed to 5 min anoxia, followed by 7 min

perfusion with K �-free medium. The augmented increase in [Na �]i observed after anoxia in the presence of HCO3
� was inhibited

by 200 �M DIDS (�), which was added at the start of anoxia and remained present throughout the rest of the record shown. B,
Summary of the effects of external buffering conditions and DIDS on the increase in [Na �]i after anoxia in 6 –10 and 11–14 DIV
neurons. In contrast to results obtained in 6 –10 DIV neurons, the increase in [Na �]i after anoxia in 11–14 DIV neurons was
enhanced in the presence of HCO3

� and, under this condition, DIDS significantly reduced (†p � 0.05) the magnitude of the rise in
[Na �]i to a value not significantly different ( p � 0.66) to that seen under HCO3

�-free, HEPES-buffered conditions. In 11–14 DIV
neurons, DIDS also significantly (*p � 0.05) reduced the increase in [Na �]i observed after anoxia under nominally HCO3

�-free,
HEPES-buffered conditions. There was no significant difference ( p � 0.15) between the increases in [Na �]i after anoxia ob-
served in the presence of DIDS under HCO3

�-containing versus nominally HCO3
�-free conditions.
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pal neurons (Diarra et al., 1999; Sheldon and Church, 2004). The
lack of involvement of Na�/Ca 2�, Na�/H�, and Na�-
dependent Cl�/HCO3

� exchange in Na�, Ca 2� and/or pHi fluxes
during anoxia contrasts with their activation by glutamate or
NMDA (Hartley and Dubinsky, 1993; Canzoniero et al., 1996; Yu
and Choi, 1997) and may reflect the inhibitory effects of reduc-
tions in internal ATP and/or phosphatidylinositol 4,5-
bisphosphate levels on the activities of each of these mechanisms
(Blaustein and Lederer, 1999; Romero et al., 2004; Sheldon and
Church, 2004).

Counter to findings made during anoxia, Na�/Ca 2� ex-
change, Na�/H� exchange, and the HCO3

�-dependent mecha-
nism(s) contributed to Na� fluxes immediately after anoxia.
With regard to Na�/Ca 2� exchange, measurements of [Na�]i

(present study) and [Ca 2�]i (Diarra et al., 1999) suggest that the
reversal potential of 3Na�/1Ca 2� exchange at the return to nor-
moxia is approximately �90 mV [i.e., more negative than the
membrane potential at the end of 5 min anoxia (approximately
�40 mV)]. Also consistent with a contribution from reverse
Na�/Ca 2� exchange to Na� efflux after anoxia, 1 �M KB-R7943
enhanced the increase in [Na�]i at this time. However, when
KB-R7943 was applied at 10 �M, a concentration that inhibits
forward and reverse Na�/Ca 2� exchange, the increase in [Na�]i

after anoxia was reduced, an effect that was mimicked by bepridil.
These observations are consistent with the possibility (Yu and
Choi, 1997) that forward and reverse Na�/Ca 2� exchange can
take place concomitantly in the same cell, perhaps reflecting dif-
ferences in the distribution of Ca 2� and/or Na� in submem-
brane microdomains. Simultaneous measurements of [Na�]i

and [Ca 2�]i with appropriate spatial resolution in combination
with the control of membrane potential will be required to sub-
stantiate or refute this possibility. The present results also extend
previous findings, made on the basis of pHi measurements, that
Na�/H� exchange in rat hippocampal neurons is activated im-
mediately after anoxia (Diarra et al., 1999; Sheldon and Church,
2002) (see also Vornov et al., 1996; Kintner et al., 2004) and
indicate that Na�/H� exchange is an important determinant of
Na� influx at this time. In cardiac myocytes, activation of
Na�/H� exchange immediately after anoxia or ischemia pro-

motes reverse Na�/Ca 2� exchange and
Ca 2�

i loading (Avkiran, 2001). Not only
might a similar sequence of events occur in
rat hippocampal neurons but also the
rapid rise in pHi consequent on the activa-
tion of Na�/H� exchange after anoxia
stimulates PLA2 (Phillis and O’Regan,
2004) that in turn may promote additional
Na� entry via the production of ROS (see
below). Our findings support the possibil-
ity (Vornov et al., 1996) that the neuropro-
tective effects of Na�/H� exchange inhib-
itors are mediated, not during anoxia but
by limiting Na� influx and/or H� efflux
in the immediate postanoxic period, and
parallel reports that Na�/H� exchange in-
hibitors are neuroprotective in vivo only
when administered before reperfusion
(Phillis et al., 1999; Horikawa et al.,
2001a,b). Finally, although an HCO3

�-
dependent mechanism(s) contributed to
Na� influx after anoxia in 11–14, but not
6 –10, DIV neurons, its identity remains
unclear. The sensitivity of the mecha-

nism(s) to DIDS and the inability of TTX and lidocaine to inhibit
Na� influx after anoxia appear to exclude an effect of HCO3

� ions
on Na� currents (Bruehl and Witte, 2003). In addition, although
Na�-dependent Cl�/HCO3

� exchange and electroneutral or in-
ward electrogenic Na�/HCO3

� cotransport are sensitive to DIDS,
mediate Na� influx, and are developmentally upregulated
(Douglas et al., 2001; Giffard et al., 2003; Romero et al., 2004),
they act to increase pHi, which is at odds with previous findings
that HCO3

� limits H� efflux from rat hippocampal neurons after
5 min anoxia (Diarra et al., 1999; Sheldon and Church, 2002).
Rather, the HCO3

�-induced increase in Na� influx at reoxygen-
ation may reflect the net effect of the activities of multiple Na�-
and HCO3

�-dependent, DIDS-sensitive transport mechanisms,
including outward electrogenic Na�/HCO3

� cotransport. Addi-
tional experiments will be required to establish precisely which
mechanisms are involved and to assess whether their inhibition
contributes to the neuroprotective properties of DIDS (Tauskela
et al., 2003).

Finally, Gd 3� attenuated Na� influx during and after anoxia.
Although the effects of Gd 3� could not be ascribed to inhibition
of AMPA/kainate receptors or Ca 2�

i-activated NSCCs, they were
occluded by pretreatment with trolox, suggesting that the Gd 3�-
sensitive pathway mediating Na� influx may be activated by
ROS. Although Gd 3� also limits Ca 2� influx induced by 5 min
anoxia under conditions identical to those used here (A. Diarra
and J. Church, unpublished observations) (see also Diarra et al.,
1999), the pathway involved in the production of ROS in the
present experiments differs from that implicated in the activation
of the Gd 3�-sensitive NSCC that contributes to Ca 2� influx dur-
ing prolonged (�30 min) O2– glucose deprivation in murine cor-
tical neurons (Aarts et al., 2003) in that it does not appear to
depend on NOS. Although additional experiments are required
to identify the pathway(s) involved in the generation of ROS
during anoxia (including possible contributions from NO gener-
ated via NOS-independent pathways), cPLA2 may be involved
after anoxia [compare rat cerebellar granule neurons in which
PLA2, acting through the production of ROS, is an important
determinant of Na� influx during metabolic inhibition (Chen et
al., 1999)].

Figure 11. Effects of Gd 3� on increases in [Na �]i after anoxia (Na �,K �-ATPase inhibited). A, Exposure to 30 �M Gd 3�

immediately after anoxia under K �
o-free conditions (E) reduced the increase in [Na �]i after anoxia compared with that

observed in age-matched sister neurons under control conditions (F). B, Summary of the effects of the test treatments indicated
on the figure on the increases in [Na �]i after anoxia in 6 –10 DIV neuronal cultures. Neurons were pretreated with trolox for 2 hr
before the start of anoxia and with L-NAME or AACOCF3 for 20 min before the start of anoxia. The asterisk indicates statistical
significance ( p � 0.05) compared with measurements made in age-matched sister neurons under control conditions. N.S., No
statistically significant difference ( p � 0.67) between the increase in [Na �]i observed after anoxia in the absence and presence
of Gd 3� in neurons pretreated with trolox.
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In summary, Na� influx occurs during and immediately after
a short period of anoxia in rat hippocampal neurons. Sodium
influx during anoxia may contribute to acute neuronal injury,
whereas Na� influx after anoxia may be a factor in the progres-
sion of injury that occurs in the reperfusion period. Our findings
emphasize that multiple pathways, the relative contributions of
which vary during versus immediately after anoxia, contribute to
Na� influx induced by anoxia in rat hippocampal neurons and
suggest that combination therapies may prove more useful than
strategies directed toward individual pathways in reducing the
potentially detrimental Na� influx that occurs in response to
metabolic inhibition.
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