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article addendum

The acid-sensitive outwardly rectify-
ing (ASOR) anion channel has been 

found in non-neuronal cell types and was 
shown to be involved in acidotoxic death 
of epithelial cells. We have recently shown 
that the ASOR channel is sensitive to tem-
perature. Here, we extend those results to 
show that temperature-sensitive ASOR 
anion channels are expressed in cortical 
neurons and involved in acidotoxic neu-
ronal cell death. In cultured mouse cor-
tical neurons, reduction of extracellular 
pH activated anionic currents exhibiting 
phenotypic properties of the ASOR anion 
channel. The neuronal ASOR currents 
recorded at pH 5.25 were augmented by 
warm temperature, with a threshold tem-
perature of 26  °C and the Q

10
 value of 

5.6. After 1 h exposure to acidic solution 
at 37 °C, a large population of neurons 
suffered from necrotic cell death which 
was largely protected not only by ASOR 
channel blockers but also by reduction 
of temperature to 25 °C. Thus, it is sug-
gested that high temperature sensitivity 
of the neuronal ASOR anion channel 
provides, at least in part, a basis for hypo-
thermic neuroprotection under acidotoxic 
situations associated with a number of 
pathological brain states.

Introduction

Strong acidification of extracellular 
solution has been shown to activate a 
voltage-dependent anion channel, called 
the acid-sensitive outwardly rectifying 
(ASOR) anion channel,1 in a variety of 

non-neuronal cells.1-10 This channel is phe-
notypically characterized by activation by 
severe extracellular acidification alone as 
well as by strong outward rectification1-10 
and was shown to be involved in the gen-
esis of acidotoxic necrotic cell death in 
human epithelial cells.1 Our recent study11 
showed that the epithelial ASOR anion 
channel is sensitive to temperature.

In the brain, strong acidosis with 
extracellular pH below 6 is a common 
feature of ischemia, seizure, trauma and 
hyperglycemia, and it contributes to neu-
ronal injury.12-15 Hypothermia is known 
to be the most effective therapeutic means 
for protecting the brain against ischemic, 
excitotoxic or traumatic brain injury,16-18 
but the precise mechanisms of hypother-
mic neuroprotection are still unclear.16,19,20 
In light of these facts, it is interesting to 
investigate whether brain neurons express 
temperature-sensitive ASOR anion chan-
nels that are involved in acidotoxic neu-
ronal cell death. Thus, in this addendum 
to our previous study,11 we demonstrate 
that mouse brain neurons express the 
ASOR anion channel, which is sensitive 
to temperature and involved in the genesis 
of acidotoxic necrosis, and are protected 
by hypothermia in a manner sensitive to 
blockers of the ASOR anion channel.

Results

ASOR anion channel is expressed in cor-
tical neurons and is temperature-sensitive

In the whole-cell patch-clamp con-
figuration using the extracellular and 
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intracellular (pipette) solutions rich with 
N-methyl D-glucamine (NMDG+), the 
currents recorded from mouse cortical 
neurons were found to be augmented by 
reducing the extracellular pH from 7.4 to 

4.5 at 25  °C in a reversible manner, as 
shown in Figure  1A. The acid-induced 
current exhibited strong outward rectifi-
cation (Fig. 1B). When the extracellular 
Cl− concentration ([Cl]

o
) was reduced by 

replacement with an equimolar amount 
of aspartate−, the E

rev
 values were shifted 

to more positive potentials with a slope of 
−56.5 mV/decade (Fig. 1C), which is close 
to the ideal value for a genuine Cl− elec-
trode. Similar anion replacement studies 
showed that the halide anion selectivity 
of the acid-activated current component 
is I−: Br−: Cl−: methansulfonate−: aspar-
tate− = 4.47 ± 0.20: 1.60 ± 0.04: 1: 0.11 
± 0.01: 0.10 ± 0.01 (n = 7−9), indicating 
low-field anion selectivity. The acid-
activated currents recorded at pH 4.5 
and 25  °C were rapidly suppressed by a 
stilbene-derivative Cl− channel blocker, 
4,4'-diisothiocyanostilbene-2,2'-disul-
phonic acid (DIDS), with a half-maximal 
inhibition concentration (IC

50
) of 4.7 

μM at +60 mV (Fig. 2A). The currents 
were also sensitive to a bisphenol-deriv-
ative drug, phloretin, with IC

50
 of 22.0 

μM at +60 mV (Fig. 2B). These biophys-
ical and pharmacological properties of 
neuronal acid-activated currents are phe-
notypically identical to those of ASOR 
anion channel expressing in a variety of 
non-neuronal cells.1-10

Since our previous study11 showed 
high sensitivity of the human epithelial 
ASOR channel currents to temperature, 
we next observed the effects of continu-
ous changes in temperature of the extra-
cellular solution from 22 to 38 °C on the 
mouse neuronal ASOR channel currents 
recorded at pH 5.25. The currents gradu-
ally decreased and increased with reducing 
and raising the temperature, respectively 
(Fig. 3A). When the logarithms of acid-
activated component of the currents were 
plotted against the reciprocal of the abso-
lute temperature, the resultant curve was 
asymptotically approximated to 2 lines at 
≤ 32  °C (Fig.  3B). The transition tem-
perature estimated from the intersecting 
point of these two lines is 25.6 °C, and 
the 10° temperature coefficient (Q

10
) val-

ues are 5.6 at warm temperature between 
32 and 26 °C and 2.2 at cool temperature 
between 26 and 22 °C. Activation of the 
mouse neuronal ASOR currents recorded 
at pH 5.25 became more prominent by 
increasing temperature from 25  °C to 
37  °C (Fig.  3C). The activation curves 
shifted to higher pH by such a tem-
perature increase with the pH value for 
half-maximal activation (EC

50
) of 4.86 

Figure 1. Whole-cell anionic currents activated by extracellular acidification in cortical neurons 
at 25 °C. (A) Top: Representative record of whole-cell currents before, during (at bar), and after 
exposure to acidic solution (pH 4.5). Alternating pulses (0.25 s duration, every 5 s) of ± 60 mV or 
step pulses (0.5 s duration, every 3 s) of ± 100 mV in 20-mV increments (at arrows) were applied. 
Bottom: Expanded traces of current responses to step pulses (applied at A, B, and C). (B) I-V rela-
tionships for the mean currents (with the SEM bars) of steady-state peak responses to step pulses 
before (pH 7.4) and during (pH 4.5) exposure to acidic solution. Asterisks indicate significant dif-
ferences between data recorded at pH 7.4 and pH 4.5 (P < 0.05). (C) Relation between the mean 
reversal potential (Erev) for the acid-activated current components and the logarithm of [Cl]i/[Cl]o. 
The slope determined by a linear regression analysis is −56.5 mV/decade.

Figure 2. Sensitivity of ASOR anion currents recorded at 25 °C in cortical neurons to DIDS (A) and 
phloretin (B). Top: Representative records of ASOR currents before and during application of 100 μM 
DIDS and 300 μM phloretin. Alternating pulses were applied as in Figure 1A. Bottom: Concentration-
dependent inhibition of ASOR currents (acid-activated components) recorded at +60 mV and 25 °C by 
DIDS and phloretin. The data are fitted by the Hill equation with the indicated IC50 values.
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at 25  °C and 5.38 at 37  °C (Fig.  3D). 
Thus, it is concluded that mouse corti-
cal neurons functionally express the 
ASOR anion channel which is sensitive 
to temperature.

Temperature sensitivity of the ASOR 
anion channel in mouse cortical neu-
rons is involved in hypothermic protec-
tion against acidotoxic necrosis in vitro

Double staining studies in cultured 
cortical neurons using propidium iodide 
(PI) and Hoechst 33342 showed that 
injury induced by 1 h exposure to control 
serum-free neutral-pH electrolyte solu-
tion looked only slight at both 25 and 37 
°C, but this was markedly enhanced at 
pH 5.25 (Fig. 4A). The % of PI-positive 
neurons at pH 5.25 was ~20% at 25 °C, 
but this value further increased to ~50% 
(P < 0.01) by increasing the temperature 
to 37  °C (Fig.  4B). Acidosis-induced 
neuronal injury was largely prevented 
by DIDS (10 μM) or phloretin (50 μM) 
at 37  °C (P < 0.01; Figure  4B, lower 
panel), whereas that was not significantly 

Figure 3. Effects of temperature changes on the ASOR anion channel currents recorded in cortical neurons. (A) Representative trace (top) of ASOR 
current activation during application of alternating pulses from 0 to ± 60 mV at pH 5.25 in response to a ramp increase in temperature (bottom) 
from 22 to 38 °C. (B) Arrhenius plot for the mean ASOR currents (with the SEM bars) recorded at +60 mV and pH 5.25. The whole-cell current (I) and 
temperature were simultaneously recorded as done in (A). (Q10 values and 2 lines, see in the text). (C) Representative current responses to step pulses 
(left) and mean peak currents recorded at +100 mV (right) at 37 and 25 °C (at pH 5.25). Asterisk indicates a significant difference (P < 0.01) between 
the mean peak values (with the SEM bars) recorded at 37 and 25 °C. (D) Shift of pH dependence of relative mean ASOR currents (recorded at +60 mV) 
by a temperature increase from 25 to 37 °C. The data are fitted by the Hill equation with the EC50 values given on the figures.

Figure 4. Acidotoxic necrotic death of cortical neurons and its sensitivity to hypothermia and 
anion channel blockers. (A) Representative fluorescence micrographs of cortical neurons stained 
with Hoechst 33342 (blue) for nuclei of all neurons and with PI for nuclei of injured neurons 1 h 
after exposure to control (pH 7.4) or acidic (pH 5.25) solution at 25 or 37 °C. (B) Summarized data 
showing the fraction of PI-positive neurons at 25  °C (top) and 37  °C (bottom) in neutral pH or 
acidic solution in the absence or presence of 10 μM DIDS or 50 μM phloretin. (C) Caspase-3 activ-
ity after exposure to control (pH 7.4) or acidic (pH 5.25) solution for 1 h at 37 °C in the absence 
or presence of 0.5 μM STS. Each column represents the mean (with the SEM bar) of 28−96 (B) or 
5-10 (C) samples. Daggers indicate significant differences (P < 0.01) between the data obtained 
at 25 and 37 °C (B). Single asterisks indicate significant differences (P < 0.01) between the data 
obtained at 37 °C without and with anion channel blockers (B) or between those in the presence 
and absence of STS (C).
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affected by DIDS or phloretin at 25  °C 
(Fig. 4B, upper panel). These data indi-
cate that acidosis-induced neuronal 
injury is sensitive to temperature and to 
the ASOR channel blockers.

Activation of caspase-3 was not 
observed in cortical neurons exposed 
to acidic solution (pH 5.25) for 1  h at 
37 °C but was largely observed after 1 h 
exposure to a mitochondrion-mediated 
apoptosis inducer, staurosporine (STS, 
0.5 μM), as summarized in Figure 4C. 
Thus, it appears that acidosis-induced 
neuronal injury represents necrotic, not 
apoptotic, cell death. As necrotic cell 
death is known to be associated with sus-
tained cell swelling, called necrotic vol-
ume increase (NVI),21 we then measured 
the cross-sectional area (CSA) of the 
soma of cortical neurons after switching 
the pH value of bathing solution from 7.4 
to 5.25. As shown in Figure  5A, acido-
sis induced cell swelling at both 25 and 
37 °C with exhibiting peak swelling after 
around 2.5  min followed by sustained 
moderate swelling. The peak swelling at 
37 °C was significantly larger than that at 
25 °C (P < 0.01; Figure 5B). Application 
of DIDS (10 μM) or phloretin (50 μM) 
almost completely inhibited acidosis-
induced cell swelling at 25  °C and also 
largely suppressed that at 37 °C (Fig. 5). 

These results may indicate that acidosis-
induced neuronal swelling is mediated by 
activation of ASOR anion channels sensi-
tive to temperature, DIDS and phloretin.

Discussion

The acid-sensitive outwardly rectify-
ing (ASOR) anion channel was here, for 
the first time, found to be functionally 
expressed in brain neurons. The ASOR 
anion channel in mouse cortical neurons 
exhibited sensitivity to acid (pH ≤ 6), 
steep outward rectification, low-field anion 
selectivity (with permeability sequence of 
Cl− < Br− < I−) and sensitivity to DIDS and 
phloretin. These properties are very simi-
lar to those observed in human epithelial 
cells.1 In addition, the neuronal ASOR 
channel showed high sensitivity to temper-
ature. The current was augmented by warm 
temperature with threshold temperature 
(transition temperature) of 25.6  °C and a 
Q

10
 value of 5.6, which were evaluated by 

the Arrhenius plot. The transition tem-
perature of mouse neuronal ASOR anion 
channel is lower than that of the human 
epithelial ASOR anion channel (32 °C)11 
and the ANO1 anion channel (44 °C).22 
The Q

10
 value is also smaller than those of 

the human epithelial ASOR channel (8.8)11 
and ANO1 channel (19.4).22 However, it is 

much higher than those (1.2-1.7) in most 
ion channels,23 indicating that the gating 
process of ASOR anion channel is different 
from a diffusion-limited process but may 
be mediated by some conformational rear-
rangement of channel proteins (including 
some inter-subunit interaction) between 
the closed and open state. A difference in 
temperature sensitivity between the human 
epithelial and mouse neuronal ASOR 
channels may be due to differences in the 
species and/or tissues. The precise reason of 
the difference awaits molecular identifica-
tion of the ASOR channel protein.

As was the case in human epithelial 
cells,1 mouse cortical neurons suffered 
from necrotic cell injury characterized 
by stainability with PI and lack of cas-
pase-3 activation after 1  h incubation in 
acidic solution (pH 5.25). Since such an 
acidotoxic neuronal injury was largely 
rescued by ASOR anion channel block-
ers (DIDS and phloretin) and to lowered 
temperature below the transition tempera-
ture, it appears that the neuronal ASOR 
anion channel is involved in the genesis of 
acidotoxic injury in neuronal cells in vitro. 
In brains, extracellular pH may fall below 
6 under a variety of pathologic conditions 
including ischemia, seizure, excitotoxic-
ity, trauma, hyperglycemia and tumor.12-

15,24,25 Thus, it is highly possible that the 

Figure 5. Acidotoxic cell swelling (NVI) and 
its sensitivity to hypothermia and anion 
channel blockers in cortical neurons. (A) 
Time courses of cell size (CSA) changes 
before (pH 7.4) and after application 
(started at arrows) of acidic (pH 5.25) solu-
tion at 25  °C (top) or 37  °C (bottom) in the 
absence (open symbols) or presence (filled 
symbols) of 10 μM DIDS or 50 μM phloretin. 
Insets: Representative microscopic images 
of a neuron before (0 min) and 2.5 min after 
the beginning of exposure to acidic solu-
tion at 25  °C (top photos) and 37  °C (bot-
tom photos). (B) Summarized data showing 
the peak cell swelling (CSA recorded at 2.5 
min) relative to the control cell size (CSA 
recorded at 0 min) at 25  °C (top) or 37  °C 
(bottom) in the absence (open column) or 
presence of 10 μM DIDS or 50 μM phloretin. 
Asterisks indicate significant difference (P 
< 0.01) between the data obtained at pH 
5.25 without anion channel blockers and 
those obtained at pH 7.4 without anion 
channel blockers or at pH 5.25 with anion 
channel blockers. Daggers indicate signifi-
cant difference (P < 0.01) between the data 
obtained at 25 and 37 °C.
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ASOR anion channel activity contrib-
utes, at least in part, to the pathogenesis 
of acidotoxic necrosis in brains in vivo. 
Voltage-insensitive, acid-sensitive Na+-
permeable cation channel, ASIC, was also 
shown to be involved in necrotic neuronal 
cell death under acidotoxic conditions.26,27 
Therefore, there is a possibility that both 
acid-activated cation entry via ASIC and 
anion entry via ASOR anion channels into 
neurons participate, in a manner restraint 
to electroneutrality, in the NVI process 
which is known to be induced by water 
inflow driven mainly by NaCl influx.19,28-30

Neuroprotective efficacy of hypother-
mia is well established not only by animal 
studies but also by preclinical experience 
and early clinical trials.16-20 The protec-
tive effects of hypothermia cannot be 
explained only by slowing of cerebral 
metabolism but must involve other more 
important mechanisms.19,20 In brain 
neurons, high temperature sensitivity of 
the neuronal ASOR anion channel and 
hence of acidotoxic neuronal cell death 
may provide one of multiple bases for 
hypothermia protection from pathologi-
cal situations coupled to severe acidosis.

Methods and Materials

The experimental protocol was 
approved in advance by the Ethics Review 
Committee for Animal Experimentation 
of the National Institute for Physiological 
Sciences. Neuronal cell cultures derived 
from mouse embryonic cerebral cortices 
were prepared, as previously described.31 
In brief, pregnant C57BL/6NCr mice 
(Japan SLC, Inc.) were anesthetized with 
halothane (Takeda Pharmaceutical Co.) 
and killed by cervical dislocation. Then 
the uteri were immediately removed and 
placed in cold PBS. The 16-d-old embryos 
were obtained, and their cerebral cortices 
were removed from their brain, trimmed 
in Leibobitz’s L-15 medium (Gibco BRL), 
and then digested using EBSS (Gibco) 
containing 0.8 mM EDTA, 20 mM glu-
cose and 10 U/ml papain (Worthington 
Biochemical, Lakewood, NJ) for 20 min at 
37 °C. The tissue were once washed with 
Neurobasal-A medium (Gibco) supple-
mented with 0.5 mM L-glutamine, 25 μM 
glutamate, 1/50-diluted B-27 Supplement 
(50X; Gibco), 100 U/ml penicillin plus 

0.1 mg/ml streptomycin (Gibco) in the 
presence of 1 mg/ml DNase I (Roche 
Diagnostics Co.) and then were washed 5 
times with Neurobasal-A medium in the 
absence of DNase I. The cells were iso-
lated by mechanical trituration through a 
Pasteur pipette. The cell suspension thus 
obtained was plated (1 × 106 cells/cm3) on 
0.2% polyethylenemine-coated coverslips 
or slide plates. After 3 d, the cells were 
provided for experiments. Whole-cell 
patch-clamp experiments at controlled 
temperature were performed, as previously 
reported.11 Pipette (intracellular) solution 
consisted of (in mM): 30 NMDG-Cl, 80 
NMDG-aspartate, 50 HEPES, 2 MgSO

4
, 

1 EGTA, and 25 mannitol (300 mosmol/
kg×H

2
O, pH 7.4). Extracellular bath-

ing solution contained (in mM): 110 
NMDG-Cl, 12 HEPES, 5 MgSO

4
, and 

88 mannitol (330 mosmol/kg×H
2
O, pH 

7.4). To prepare acidic bathing solutions, 
HEPES was replaced with MES. The 
osmolality was measured by using a freez-
ing-point depression osmometer (OM802; 
Vogel, Giessen, Germany). To study anion 
selectivity permeability sequence, Cl− in 
the bath solution was replaced by I−, Br−, 
methansulfonate− and aspartate−. Necrotic 
and apoptotic cell death was monitored 
by stainability with PI and Hoechst 
33342, as previously described,1 by using 
In Cell Analyzer 1000 (GE Healthcare). 
Apoptotic cell death was monitored with 
FLICA and Hoechst 33342, as previ-
ously described,32 by using a fluorescence 
microscope (IX70; Olympus). Cell size 
was monitored by measuring the CSA of 
the soma of cortical neurons, as previously 
reported.31 Statistical analyses were made 
by ANOVA and the paired or unpaired 
Student t test. Data are presented as means 
± SEM of n observations.
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