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An important contributor to brain ischemia is known to be
extracellular acidosis, which activates acid-sensing ion channels
(ASICs), a family of proton-gated sodium channels. Lines of evi-
dence suggest that targeting ASICs may lead to novel therapeu-
tic strategies for stroke. Investigations of the role of ASICs in
ischemic brain injury have naturally focused on the role of extra-
cellular pH in ASIC activation. By contrast, intracellular pH
(pHi) has received little attention. This is a significant gap in our
understanding because the ASIC response to extracellular pH is
modulated by pHi, and activation of ASICs by extracellular pro-
tons is paradoxically enhanced by intracellular alkalosis. Our
previous studies show that acidosis-induced cell injury in in
vitro models is attenuated by intracellular acidification. How-
ever, whether pHi affects ischemic brain injury in vivo is com-
pletely unknown. Furthermore, whereas ASICs in native neu-
rons are composed of different subunits characterized by
distinct electrophysiological/pharmacological properties, the
subunit-dependent modulation of ASIC activity by pHi has not
been investigated. Using a combination of in vitro and in vivo
ischemic brain injury models, electrophysiological, biochemi-
cal, and molecular biological approaches, we show that the
intracellular alkalizing agent quinine potentiates, whereas the
intracellular acidifying agent propionate inhibits, oxygen-glu-
cose deprivation-induced cell injury in vitro and brain ischemia-
induced infarct volume in vivo. Moreover, we find that the
potentiation of ASICs by quinine depends on the presence of the
ASIC1a, ASIC2a subunits, but not ASIC1b, ASIC3 subunits.
Furthermore, we have determined the amino acids in ASIC1a
that are involved in the modulation of ASICs by pHi.

A common feature of brain ischemia is acidosis (1–5), which
plays a critical role in the ensuing brain injury. However, the

mechanisms of acidosis-induced injury remain poorly under-
stood. Acidosis activates acid-sensing ion channels (ASICs),4 a
family of proton-gated cation channels that belong to the
degenerin and epithelial Na� channel superfamily of ion chan-
nels (6). These channels are expressed in neurons throughout
the peripheral and central nervous systems (6 –9). In sensory
neurons, ASICs play important roles in nociception (9 –11),
mechanosensation (12, 13), and taste transduction (14),
whereas in the central nervous system (CNS), ASICs are
involved in processes such as synaptic plasticity, learning, and
memory (15–17). The specific ASIC important in acidosis-in-
duced injury is the ASIC1a subtype (5, 18). This subtype has a
higher sensitivity to protons and is both sodium- and calcium-
permeable. Neuronal injury induced by ASIC activation is inde-
pendent of glutamate receptor-mediated excitotoxicity (5, 18),
offering provocative new evidence for ASICs as potential new
targets for stroke therapy (4, 5, 19 –21).

In the brain, energy is stored mainly in the form of the high
energy phosphate compound ATP. In normoxia, ATP is pre-
dominantly produced by oxidative phosphorylation of glucose
(22). However, under ischemic conditions, a decrease in tissue
PO2 results in mitochondrial dysfunction and inhibition of
pyruvate oxidation. As a result, the majority of ATP is produced
by the glycolytic pathway, converting pyruvate to lactate and
H�, resulting in a gradual decrease in overall brain pH (1, 23,
24). During ischemia, extracellular pH can drop to �6.2 and
even below 6.0 in hyperglycemic animals (2, 25, 26). In contrast
to the decrease in extracellular pH with focal ischemia,
increases of intracellular pH in some regions of the brain have
been reported (27–32). A stable intracellular pH is critical for
normal cellular function, and most biological processes are
markedly sensitive to pH (26, 33). Even small changes in intra-
cellular pH affect the properties of various ion channels, plasma
membrane excitability, and cellular metabolism (33–37).

Investigations of the role of ASICs in ischemic brain injury
have focused on the role of extracellular pH in ASIC activation.
By contrast, intracellular pH has received little attention. This is
a significant knowledge gap because the ASIC response to
extracellular pH is known to be modulated by intracellular pH,
i.e. activation of these channels by extracellular protons is par-
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adoxically enhanced by intracellular alkalosis (38). We used
pharmacological tools to manipulate intracellular pH and to
assess the resulting changes in ASIC activity. Quinine is a
widely used agent for intracellular alkalization, whereas addi-
tion of propionate or NH4Cl withdrawal induces intracellular
acidification (36). These agents do not directly activate ASIC
currents in either cultured cortical neurons or ASIC1a-express-
ing Chinese hamster ovary (CHO) cells by themselves, but they
modulate ASIC activity induced by extracellular acidosis (38).
This suggests that the function of ASICs is modulated not only
by extracellular pH but also intracellular pH.

Using in vitro (oxygen-glucose deprivation, OGD) and in vivo
(a transient middle cerebral artery occlusion, MCAO) ischemia
models, combined with electrophysiological, biochemical, and
molecular biological approaches, here we determined whether
changing intracellular pH affects ischemic brain injury. We also
determined whether the modulation of ASICs by intracellular
pH (pHi) is dependent on specific ASIC subunits. Finally, the
potential domains and/or site(s) involved in the modulation of
ASICs by intracellular pH were examined.

Results

Changing Intracellular pH Alters OGD-induced Injury of
Cultured Mouse Cortical Neurons—Intracellular alkalization
potentiates, whereas intracellular acidification inhibits, neuro-
nal injury induced by extracellular acidosis (38). To determine
whether changing intracellular pH also affects ischemic neuro-
nal injury, we measured lactate dehydrogenase (LDH) release
following OGD plus acidosis, a commonly used in vitro model
of brain ischemia. Cultured mouse cortical neurons were
divided into different groups and subjected to 1 h of OGD in an
anaerobic chamber. MK-801 (10 �M), 6-cyano-7-nitroquinoxa-
line-2,3-dione (CNQX, 20 �M), and nimodipine (5 �M) were
added in all groups to eliminate a potential secondary activation
of glutamate receptors and voltage-gated Ca2� channels (5).
We first compared the combined OGD and acid-induced neu-
ronal injury in the absence or presence of quinine or propio-
nate. As anticipated, LDH release was increased by lowered
extracellular pH (0.5 � 0.05) but reduced by propionate (0.2 �
0.04) compared with control (pH 7.4) (Fig. 1B). In contrast to
propionate, quinine (1 mM) increased the acid-induced injury
(0.6 � 0.2), but PcTX1 (10 nM) blocked the enhancement of
LDH release by quinine (1 mM) (0.3 � 0.05; Fig. 1C). Similar to
LDH measurements, fluorescein diacetate and propidium
iodide staining of alive and dead neurons taken at 6 h following
the 1 h of OGD treatment in the absence or presence of quinine
or propionate revealed that increasing intracellular pH (by qui-
nine) potentiates and intracellular acidification (by propionate)
inhibits OGD-induced neuronal injury (Fig. 1A). These data
indicate that intracellular pH modulates ischemic injury in
neurons.

Effect of Changing Intracellular pH on Ischemia-induced
Injury in Vivo—We also determined the effects of manipulating
intracellular pH on ischemic brain injury in vivo. Ischemia (60
min) was induced using the MCAO model. A total of 2 �l of
aCSF alone or aCSF-containing quinine (1 mM) or propionate
(10 mM) was injected intracerebroventricularly 30 min before
and after the ischemia. Infarct volume was determined by TTC

staining (39) at 24 h following ischemia. As shown in Fig. 2A,
large infarct area (representative image) and volume (bar
graph) were observed in brains from aCSF (44 � 6%, n � 6) and
quinine-injected mice (44 � 7%, n � 6), although much smaller
infarct area (representative image) and volume (bar graph)
were characteristic of brains from propionate-injected mice
(25 � 9%, n � 5; Fig. 2A). Note that injury was not potentiated
by quinine in vivo, which is consistent with the report that neu-
rons already demonstrate intracellular alkalosis after ischemia.
Another possibility is that MCAO for 60 min already induced a
maximal brain injury that could not be further potentiated by
quinine. Similar to our previous findings (5), ischemia-induced
infarct volume was significantly reduced in PcTX1-injected
animals (25 � 7%, n � 6; Fig. 2B). Furthermore, in the presence
of PcTX1-injected animals, the infarct volume was not changed
by the addition of the intracellular alkalizing agent quinine
(21 � 7%, n � 6) or the acidifying agent propionate (27 � 7%,
n � 6; Fig. 2B), supporting the involvement of ASIC1a in the
modulation of infarct volume by intracellular pH-modifying
agents. These results show that reducing intracellular pH pro-
tects from ischemia-induced cell injury in vivo.

Subunit-dependent Potentiation of ASICs by Intracellular
Alkalization—Our previous studies in primary cultured mouse
cortical neurons have shown that intracellular alkalization (e.g.
with bath perfusion of quinine) potentiated the peak amplitude
of ASIC currents, shifted pH dose-response and steady-state
inactivation curves, and accelerated the recovery of the chan-
nels from desensitization (38). ASICs in native neurons are
composed of different ASIC subunits with distinct electro-
physiological or pharmacological properties and likely func-
tional implications. Therefore, it is important to know which
subunit is involved in the modulation of the ASIC responses by
pHi.

FIGURE 1. Effect of quinine/propionate on OGD-induced injury of cul-
tured mouse cortical neurons. A, fluorescein diacetate (green) and pro-
pidium iodide (red) staining of live and dead neurons taken at 6 h following
1 h of OGD treatment in the absence or presence of quinine or propionate
shows that increasing intracellular pH (quinine) potentiates, whereas
decreasing intracellular pH (propionate) inhibits OGD-induced neuronal
injury. B, summary bar graph showing relative LDH release induced by OGD
plus acidosis in the absence and presence of propionate. The LDH was
increased by lowered extracellular pH, but reduced by propionate (10 mM)
(one-way ANOVA, effect of treatment, F(2,9) � 43.55, p � 0.0001. Tukey’s mul-
tiple comparisons test, **, p � 0.01 compared with pH 7.4; ##, p � 0.01 com-
pared with pH 6.0 alone). C, summary bar graph showing that PcTX1 (10 nM)
blocked enhancement of LDH release by quinine (1 mM) (one-way ANOVA,
effect of treatment, F(2,9) � 9.5, p � 0.0061. Tukey’s multiple comparisons test,
**, p � 0.01 compared with quinine alone).
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Using the pH-sensitive membrane-impermeable dye 2�,7�-
bis(2-carboxyethyl)-5-(and 6)-carboxyfluorescein acetoxymethyl
ester (BCECF, 100 �M) (36, 40), we also confirmed that addition
of quinine or propionate, or withdrawal of NH4Cl, altered intra-
cellular pH in CHO cells. Similar to previous reports for neu-
rons (36, 41, 42), bath perfusion of 1 mM quinine increased
intracellular pH, whereas NH4Cl withdrawal decreased intra-
cellular pH in CHO cells (data not shown). To examine the
possibility that modulation of ASICs by pHi depends on the
presence of a specific ASIC subunit, we studied the effects of
intracellular pH-modifying agents on the current mediated by
different ASIC subunits expressed in CHO cells. Individual
ASIC currents were activated at pH values close to their pH50
values (see below).

Our results show that the potentiation of ASICs by the intra-
cellular alkalizing agent quinine depends on the presence of the
ASIC1a and ASIC2a subunits. As shown in Fig. 3, A and B, 2
min following the bath perfusion of 1 mM quinine, ASIC1a cur-
rents (activated by decreasing pH from 7.4 to 6.0) were signifi-
cantly potentiated (186 � 53% of the control, n � 8). Similarly,
the ASIC2a currents (activated by decreasing pH from 7.4 to
5.0) were almost equally potentiated (173 � 21% of the control,
n � 8). In contrast to ASIC1a and ASIC2a, currents mediated by
ASIC1b (activated by the pH drop from 7.4 to 6.0) and ASIC3
(activated by the pH drop from 7.4 to 6.5) were not potentiated
by the same concentration of quinine. In the presence of 1 mM

quinine, the peak amplitude of the ASIC3 current was 100 � 2%
of the control (n � 7), and the amplitude of the ASIC1b current
was 95 � 5% of the control (n � 7).

Subunit-dependent Inhibition of ASICs by Intracellular
Acidification—To determine whether the inhibition of ASICs
by intracellular acidifying agents is also subunit-dependent, we
studied the effects of propionate application and NH4Cl with-
drawal, two commonly used methods for inducing intracellular
acidification (43, 44), on ASIC currents mediated by different
ASIC subunits. As shown in Fig. 3, C and D, the ASIC currents
mediated by ASIC1a and ASIC2a were decreased by bath per-
fusion of 10 mM propionate. After 2–3 min application of pro-
pionate, the peak amplitude of the ASIC current mediated by
ASIC1a was 66 � 5% of the control (n � 8). Similarly, the peak
amplitude of the ASIC2a current was 72 � 15% of the control
(n � 8). In contrast, the amplitude of ASIC current mediated by
ASIC1b and ASIC3 was not affected by bath perfusion with 10

mM propionate (ASIC1b, 95 � 5% of the control, n � 8; ASIC3,
97 � 3% of the control, n � 8). Consistent with propionate
addition, perfusion of NH4Cl (15 mM, for 3– 4 min) followed by
its withdrawal reduced the amplitude of ASIC1a and ASIC2a
currents but not the currents mediated by ASIC1b and ASIC3
(data not shown).

To confirm that the potentiation of ASIC1a and ASIC2a cur-
rents was indeed due to intracellular alkalization, we performed
the same experiments using pH well buffered intracellular solu-
tions with 40 mM HEPES. As shown in Fig. 4, significantly
reduced effects by quinine and propionate on ASIC1a and
ASIC2a currents were observed with the intracellular solutions
containing 40 mM HEPES. Significantly smaller potentiation of
ASIC1a by quinine was observed in 40 mM HEPES compared
with 10 mM HEPES intracellular solutions (n � 8 –9, p � 0.05).
Similarly, ASIC2a current amplitude was 144 � 12% of the con-
trol with the intracellular solution containing 40 mM HEPES
(n � 8, p � 0.01 compared with 10 mM HEPES intracellular
solution, n � 7; Fig. 4, A and C). Reduced inhibition in the
amplitude of ASIC1a and ASIC2a currents by 10 mM propio-
nate was observed in 40 mM HEPES pipette solution. The cur-
rent amplitude of ASIC1a was 66 � 5% of the control (n � 10,
p � 0.01 compared with 10 mM HEPES intracellular solution,
n � 8; Fig. 4B). Similarly, the ASIC2a current amplitude was
88 � 9% of the control (n � 8, p � 0.05 compared with 10 mM

HEPES intracellular solution, n � 8; Fig. 4D). Taken together,
these data show that ASIC1a and ASIC2a subunits are respon-
sible for modulation of ASIC currents by intracellular pH.

H� Dose-response Curves for ASIC1a and ASIC2a Are Shifted
by Intracellular Alkalization—Next, we determined whether
changing pHi also affects the pH-dependent activation of
ASICs in a subunit-dependent manner. H� dose-response
curves were constructed for ASIC1a and ASIC2a expressed in
CHO cells before and after bath perfusion of quinine. As shown
in Fig. 5A, the pH-dependent activation curve of ASIC1a chan-
nels showed a leftward shift after bath perfusion of 1 mM qui-
nine. The half-maximum activation of pH (pH50) was shifted
from 6.03 � 0.1 to 6.24 � 0.1 in the presence of quinine (n � 6,
p � 0.05; Fig. 5A). No significant change in Hill coefficient was
observed (before quinine, 1.21 � 0.05; after quinine, 1.29 �
0.03, p � 0.05). Similarly, the activation curve of ASIC2a chan-
nels was shifted toward less acidic values by quinine. The pH50
was 4.7 � 0.2 and 5.1 � 0.1 in the absence and presence of 1 mM

FIGURE 2. Neuroprotection by intracellular acidifying agent propionate against brain ischemia in vivo. A, TTC-stained brain sections (image, left) and
summary data (bar graph, right) showing increased infarct area (infarct volume) in brains from quinine-injected mice but reduction in infarct area (infarct
volume) in brains from propionate-injected mice (one-way ANOVA, effect of treatment, F(2,14) � 9.36, p � 0.0026. Tukey’s multiple comparisons test, **, p � 0.01
compared with aCSF; ##, p � 0.01 compared with quinine). B, summary data showing significantly reduced ischemia-induced infarct volume in PcTX1-injected
mice. The infarct volume was not different in PcTX1 plus quinine or PcTX1 plus propionate-injected mice compared with PcTX1-alone injected mice (one-way
ANOVA, F(3,15) � 8.13, p � 0.0019. Tukey’s multiple comparisons test, **, p � 0.01; ***, p � 0.001 compared with aCSF).
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quinine (n � 6, p � 0.01; Fig. 5B). Likewise, there was no sig-
nificant change in Hill coefficient (before quinine, 1.3 � 0.1;
after quinine, 1.2 � 0.1, p � 0.05). These data indicate that
changing intracellular pH alters the affinity of ASIC1a and
ASIC2a to extracellular H�.

To provide additional evidence that the levels of pHi regulate
the activities of ASICs, the pH-dependent activation of ASIC
currents was recorded with intracellular solutions directly buff-
ered at different pH values. The pH dose-response curves of
ASIC1a and ASIC2a were constructed. Similar to the effect of
quinine, increasing pHi to 8.5 produced a leftward shift in the
pH50 of ASIC1a (pH50 � 6.2 � 0.1 at 8.5, n � 6; pH50 � 5.8 � 0.2
at 7.3, n � 7, p � 0.01; Fig. 6A). Similarly, the pH50 value for
ASIC2a-mediated currents was shifted from 4.7 � 0.2 at pHi 7.3
(n � 6) to 5.1 � 0.1 at pHi 8.5 (n � 6, p � 0.01; Fig. 6B).

Steady-state Inactivation Curves of ASIC1a and ASIC2a Are
Shifted by Intracellular Alkalization—We also determined
whether changing pHi affects steady-state inactivation of
ASICs in a subunit-dependent manner. The steady-state inac-
tivation curves were constructed as described in our previous
study (38). Briefly, CHO cells expressing ASIC1a or ASIC2a
channels were perfused with extracellular solutions at various
conditioning pH values (e.g. 7.8, 7.6, 7.4, 7.2, 7.0, and 6.8) for �4
min, and the ASIC1a or ASIC2a currents were then activated by
dropping extracellular pH to 6.0 or 5.0. The amplitude of the
ASIC currents recorded with different conditioning pH levels
was normalized to that recorded with the conditioning pH of

7.8 (no inactivation) and then plotted against the conditioning
pH values to generate the steady-state inactivation curve. The
half-maximum inactivation of pH (pH50) of the homomeric
ASIC1a current was 7.3 � 0.1 with a Hill coefficient of 2.2 � 0.2.
The steady-state inactivation curve was shifted to a more acid
value after application of 1 mM quinine; the pH50 was changed
from 7.3 � 0.1 to 7.1 � 0.2 (n � 6, p � 0.01; Fig. 7A). No change
in Hill coefficient was observed (2.2 � 0.2 before quinine and
2.5 � 0.3 after quinine, p � 0.05). In addition to ASIC1a, similar
experiments were performed with ASIC2a expressed in CHO
cells. Because homomeric ASIC2a has a low H� sensitivity and
cannot be activated with a pH drop from 7.4 to above 5.5, more
acidic conditioning pH values were used to study the steady-
state inactivation of this channel. Cells were exposed to condi-
tioning pH values between 6.8 and 6.2 for �4 min before the
ASIC2a current was activated by a pH drop to 4.5. The pH50
value for steady-state inactivation was 6.3 � 0.1 in the absence
of quinine. However, it became 6.1 � 0.1 in the presence of 1
mM quinine (n � 5, p � 0.05; Fig. 7B). There was no significant
change in the Hill coefficient (before quinine, 1.47 � 0.1; after
quinine, 1.51 � 0.03, p � 0.05). These results suggest that
changes in steady-state desensitization could contribute to the
effects of the intracellular pH on ASIC-mediated responses.

Increasing Intracellular pH Accelerates the Recovery of the
Homomeric ASIC1a Channels from Desensitization—We then
determined whether quinine affects the recovery of ASIC1a and
ASIC2a from desensitization. Pairs of low pH pulses (e.g. from

FIGURE 3. Subunit-dependent modulation of ASICs by intracellular pH. A, representative traces show that the potentiation of ASIC currents by intracellular
alkalizing agent quinine depends on the presence of the ASIC1a and ASIC2a subunits. B, summary data showing the potentiation of ASIC current mediated by
different ASIC subunits by 1 mM quinine. In the presence of 1 mM quinine, ASIC1a and ASIC2a currents were significantly increased. Currents mediated by
ASIC1b and ASIC3 were not potentiated by the same concentration of quinine (one-way ANOVA, effect of treatment, F(4,33) � 22.04, p � 0.0001. Dunnett’s
multiple comparisons test, **, p � 0.01). C and D, representative traces and summary data showing the inhibition of ASIC currents by the intracellular acidifying
agent propionate in cells expressing different ASIC subunits. In the presence of 10 mM propionate, the peak amplitude of the ASIC current mediated by ASIC1a
and ASIC2a was significantly reduced. However, the amplitude of ASIC1b and ASIC3 was not affected by bath perfusion of 10 mM propionate (one-way ANOVA,
effect of treatment, F(2,9) � 43.55, p � 0.0001. Dunnett’s multiple comparisons test, **, p � 0.01).
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7.4 to 6.0 for ASIC1a) were applied to activate ASIC currents at
various time intervals (e.g. 1, 3, 5, 15, 25, 50, and 100 s) between
the end of the first and the beginning of the second acid expo-
sure. The peak amplitude of the second current was normalized
to the first one and then plotted against the time intervals
between the two acid exposures (38). The time constant of
recovery (�) was calculated by fitting the curves using either
mono-exponential (for ASIC1a) or double exponential (for
ASIC2a) functions, as described by a recent study (45). As
reported earlier (46), homomeric ASIC1a channels have a sig-
nificantly increased time constant of recovery (time constant
� � 31 � 16 s, n � 5) than homomeric ASIC2a channels (� �
1.1 � 0.2 s, n � 5; pH from 7.4 to 5.0). Bath application of 1 mM

quinine dramatically accelerated the recovery from desensiti-
zation for ASIC1a current (� was reduced to 6 � 2 s, n � 5, p �
0.01) but had little effect on the recovery of ASIC2a current
when extracellular pH changed from 7.4 to 5.0 (� � 1.0 � 0.1 s,
n � 5, t(8) � 0.8, unpaired t test, p � 0.05). To confirm this
result, we also activated ASIC2a-mediated currents at pH 4.0.
The time constant of recovery was calculated as described
above, and the time interval (x axis) was displayed on a log scale
to better demonstrate the entire time course. Similarly, the
recovery rate was significantly changed by quinine for ASIC1a-
mediated (p � 0.01; Fig. 8A), but not ASIC2a-mediated cur-

rents (p � 0.05; Fig. 8B). These results further support the
notion that increasing intracellular pH accelerates the recovery
from desensitization of ASIC1a channels.

Changing pHi Affects the Desensitization of ASICs—ASICs,
especially ASIC1a channels, desensitize rapidly during persis-
tent acid incubation, raising the question of whether these
channels can play an important role in brain ischemia where the
extracellular pH (pHo) drop is generally believed to be persis-
tent. To determine whether changing pHi affects the desen-
sitization of ASIC channels, the effect of quinine on the
desensitization time constant of ASICs was examined. The
desensitization time constant was measured by fitting the decay
phase of the current with a single exponential function. At pHo

4.5, the decay time constant (�d) of the ASIC1a-mediated cur-
rents was increased by quinine (0.5 � 0.1 s in the absence of
quinine and 0.9 � 0.2 s in the presence of quinine, p � 0.001;
Fig. 9A and Table 1B). The sustained (steady state) currents
were not significantly changed by quinine (Table 1, part B). At
pHo 5.0, however, both decay time constant and steady-state
currents were increased by quinine (Table 1, part A). Similar
results were observed in ASIC2a-mediated currents at pHo 4.0
(Fig. 9B and Table 1, part C). The slow desensitization of ASICs
in the presence of quinine suggests that the activity of ASICs is
longer lasting in the region where alkalizing pHi exists, thus
potentiating the extracellular acidosis-induced Ca2� increase
and neuronal injury.

FIGURE 4. Increasing HEPES concentration in the intracellular solution
reduces the modulation of ASICs by the intracellular pH-modifying
agents. A, summary data showing the reduced effects of ASIC1a current by
intracellular pH-modifying agents. 1 mM quinine potentiates the peak ampli-
tude of the ASIC1a current in the pipette solution containing 40 mM HEPES,
which is significantly smaller than its effect with 10 mM HEPES in the pipette
solution (n � 8 –9, t(15) � 2.9, unpaired t test, *, p � 0.05). B, ASIC1a current
amplitude is inhibited by 10 mM propionate with 40 mM HEPES in the pipette
solution, which is significantly smaller than its effect with 10 mM HEPES in the
pipette solution (n � 8 –10, t(16) � 6.5, unpaired t test, **, p � 0.01). C, 1 mM

quinine potentiates the peak amplitude of the ASIC2a current with 40 mM

HEPES in the pipette solution, which is significantly different from its effect
with standard (10 mM) HEPES in the pipette solution (n � 7– 8, t(13) � 3.2,
unpaired t test, **, p � 0.01). D, summary bar graph showing that ASIC2a
current amplitudes were inhibited by 10 mM propionate with 40 mM HEPES in
the pipette solution, which is significantly different from its effect with stan-
dard (10 mM) HEPES in the pipette solution (n � 8, t(14) � 2.4, unpaired t test,
*, p � 0.05).

FIGURE 5. Effects of changing intracellular pH on pH dose-response curve
for ASIC1a and ASIC2a subunits. A, representative traces and summary data
showing the shift in activation curve of ASIC1a currents by the intracellular
alkalizing agent quinine. pH50 values were significantly increased in the pres-
ence of quinine (n � 6, t(5) � 2.9, paired t test, p � 0.05). B, representative
traces and summary data showing the shift in pH50 of ASIC2a currents by
quinine. Intracellular alkalization by quinine significantly increased pH50 (n �
6, t(5) � 5.2, paired t test, p � 0.01).
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Heteromeric ASIC1a � ASIC2a Channels Are Also Modu-
lated by Changing Intracellular pH—In addition to homomeric
ASIC1a and ASIC2a, a large percentage of ASIC currents in
native neurons are mediated by heteromeric ASIC1a � ASIC2a
channels (46 – 48). We therefore performed experiments to test
the effects of changing pHi on the current mediated by hetero-
meric ASIC1a � ASIC2a channels. To ensure that the currents
were mediated by heteromeric ASIC1a � ASIC2a channels,
two criteria were employed (49). First, the ASIC current was
induced by a drop of extracellular pH from 7.4 to 6.5, which
only activates homomeric ASIC1a or heteromeric ASIC1a �
ASIC2a but not homomeric ASIC2a channels. Second, the cur-
rent can be potentiated by 100 –300 �M zinc but not inhibited
by PcTX1. Similar to homomeric ASIC1a and homomeric
ASIC2a channels, the current mediated by heteromeric ASIC1a �
ASIC2a channels was potentiated by the intracellular alkalizing
agent quinine and inhibited by the intracellular acidifying agent
propionate (Fig. 10, A and B). The peak amplitude of the cur-
rents mediated by ASIC1a � ASIC2a was increased to 181 �
33% of the control in the presence of quinine (n � 10, p � 0.01;
Fig. 10A). By contrast, the peak amplitude of ASIC1a � ASIC2a
was decreased to 81 � 6% of the control in the presence of
propionate (n � 5, p � 0.01; Fig. 10B). In addition to the current
amplitude, 1 mM quinine significantly shifted the activation
curve of ASIC1a � ASIC2a to a less acidic value. The pH50

values before and after quinine were 4.9 � 0.2 and 5.7 � 0.2,
respectively (n � 6, p � 0.01; Fig. 10C).

Effect of Intracellular pH on ASIC Currents Carried by
ASIC1b/1a Chimeras—Next, we determined the intracellular
regions and/or amino acid residues that are involved in the
modulation of the ASIC1a and ASIC2a currents by pHi.
Because ASIC1a and ASIC1b only differ by 176 amino acids at
their N termini (50), the finding that changing intracellular pH
modulates the activity of ASIC1a but not ASIC1b channel sug-
gests that the N terminus of the ASIC1a channel, particularly
the intracellular part of the N terminus, is critical for the mod-
ulation by pHi. To test this hypothesis, chimeric channels that
exchanged part of the ASIC1a N terminus with the ASIC1b N
terminus were then constructed, and the effect of changing
intracellular pH on the chimeric ASIC currents was examined
(Fig. 11A). Bath perfusion of quinine still potentiated the cur-
rent carried by an ASIC1b (N1– 42 aa)/ASIC1a (44 aa-C termi-
nus) chimeras (183 � 8% of the control, n � 7; Fig. 11B) but
failed to potentiate the current carried by an ASIC1b (N1–52
aa)/ASIC1a (54 aa-C terminus) chimeras (98 � 8% of the con-
trol, n � 8; Fig. 11C). These data point to the amino acids
between 42 and 54 of the N terminus as critical for intracellular
pH sensitivity of the ASIC1a channel.

Effect of Intracellular pH on ASIC Currents Carried by
ASIC1a Point Mutations—Finally, we aimed to identify specific
amino acid(s) that may be involved in the modulation of

FIGURE 6. Dose-response curves of ASIC1a and ASIC2a were shifted by
intracellular solutions directly buffered at alkalizing values. A, left, repre-
sentative traces showing the ASIC1a currents recorded with intracellular solu-
tions directly buffered at pH 7.3 and 8.5. Right, summary data showing the
pH50 of ASIC1a was shifted by intracellular solution buffered at pHi 8.5 com-
pared with pHi 7.3 (n � 6 –7, unpaired t test, t(11) � 4.9, p � 0.01). B, left,
representative traces showing the ASIC2a currents recorded with intracellu-
lar solutions directly buffered at pH 7.3 and 8.5. Right, summary data showing
the pH50 of ASIC2a was shifted by intracellular solution buffered at pHi 8.5
compared with pHi 7.3 (n � 6, unpaired t test, t(10) � 3.9, p � 0.01).

FIGURE 7. Effects of changing pHi on steady-state inactivation of ASICs in
cells expressing ASIC1a and ASIC2a subunits. A, left, representative traces
showing steady-state inactivation of ASIC1a current before and after bath
perfusion of quinine. Right, summary data showing the shift in the steady-
state inactivation curve of ASIC1a channels by the intracellular alkalizing
agent quinine. The pH50 of the inactivation curve was significantly shifted by
quinine (n � 6, paired t test, p � 0.01). B, representative traces and summary
data showing the shift in the steady-state inactivation curve of ASIC2a chan-
nels by the intracellular alkalizing agent quinine (n � 5, paired t test, p � 0.05).
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ASIC1a current by pHi. When the sequence of ASIC1a from 42
to 54 was aligned with the corresponding sequence of ASIC1b
and ASIC2a, the analysis revealed that three amino acids were
identical in ASIC1a and ASIC2a but not in ASIC1b as follows:
Arg-43, Gly-52, and Ser-53 in ASIC1a, and Arg-42, Gly-51, and
Ser-52 in ASIC2a (Fig. 12A). Site-directed mutageneses of
ASIC1a (R43Q, G52I, and S53A) were carried out with these
amino acids. Mutants were screened by measuring the potenti-

FIGURE 8. Effects of changing pHi on the recovery rate from desensitization of ASIC1a and ASIC2a channels. A, left, representative traces showing the
time-dependent recovery of ASIC1a current from desensitization in the absence and presence of 1 mM quinine. Right, peak current amplitude activated by the
second acid application was normalized to the amplitude of the first current in each pair and plotted against the time interval before and after quinine
application. The solid lines are single exponential fits to the data points. Intracellular alkalization by quinine significantly accelerates the time constants of
recovery (control: 31 � 16 s, n � 5; quinine: 6 � 2 s, n � 5, t(8) � 3.3, unpaired t test, p � 0.01). B, representative current traces (left) and summary data (right)
showing the unchanged recovery rate from desensitization of the ASIC2a channel by intracellular alkalizing agent quinine (control: 1.3 � 0.2 s, n � 8; quinine:
2.0 � 0.2 s, n � 6, t(12) � 0.9, unpaired t test, p � 0.05). Right, solid lines are double exponential fits to the data points. Note that x axis is log scale.

FIGURE 9. Quinine increases decay constants of ASIC currents in
ASIC1a and ASIC2a subunits. A and B, upper, representative ASIC1a- and
ASIC2a-mediated currents are shown with a superimposed exponential
curve. The two traces are shown superimposed after scaling with an indi-
cation of the time constant (�) to emphasize differences in deactivation.
Black traces (control) and red traces (quinine). Bottom left, summary data
showing quinine increases the decay of ASIC1a-mediated current acti-
vated by pH 4.5 (0.9 � 0.2 s compared with control 0.5 � 0.1 s, n � 9 –14,
unpaired t test, t(21) � 6.2, ***, p � 0.001, left). Bottom right, summary data
showing quinine increases the decay of ASIC2a mediated current acti-
vated by pH 4.0 (3.8 � 1.5 s compared with control 2.1 � 0.5 s, n � 7,
unpaired t test, t(12) � 2.8, *, p � 0.05).

TABLE 1
Quinine on kinetics of desensitization of CHO cells expressing ASIC1a
and ASIC2a subunits
Data are presented as mean � S.D. *, p � 0.05; ***, p � 0.001 compared with
control; Ipeak, peak currents; Isustained, steady-state currents; % desen, percentage
desensitization.

�desen Ipeak Isustained % desen n

s nA nA
A, ASIC1a at pH0 5.0

Control 0.7 � 0.1 	0.6 � 1.0 	0.02 � 0.01 97 � 3 14
Quinine 1.4 � 0.3*** 	1.6 � 1.2* 	0.06 � 0.04* 96 � 2 9

B, ASIC1a at pH0 4.5
Control 0.5 � 0.1 	1.1 � 0.7 	0.03 � 0.01 96 � 1.6 14
Quinine 0.9 � 0.2*** 	2.8 � 2.0* 	0.03 � 0.02 98 � 1.4 9

C, ASIC2a at pH0 4.0
Control 2.1 � 0.5 	6.9 � 1.2 	1.2 � 0.5 83 � 6 7
Quinine 3.8 � 1.5* 	10.0 � 3.5* 	2.6 � 1.2* 74 � 10 7
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ation of ASIC currents in response to 1 mM quinine. However,
quinine still potentiated the amplitude of the current carried by
ASIC1a-R43Q (173 � 57% of the control, n � 7), ASIC1a-G52I
(122 � 11% of the control, n � 10), and ASIC1a S53A (128 �
16% of the control, n � 7). A significantly reduced potentiation
by quinine was observed for currents carried by ASIC1a-G52I,
ASIC1a-S53A, and the triple mutation of ASIC1a-R43Q/G52I/
S53A compared with wild type (Fig. 12F). Similarly, a signifi-
cantly reduced inhibition by propionate was observed for cur-
rents carried by ASIC1a-S53A, ASIC1a-G52I, and ASIC1a
triple mutants (Fig. 12G). To provide additional evidence that
Gly-52 and Ser-53 residues in ASIC1a are involved in the mod-
ulation of ASICs by intracellular pH, the dose-response curves
of ASIC1a-G52I/S53A were constructed using intracellular
solutions directly buffered at pH 8.5 and pH 7.3. The pH50 value
was not different between pHi 8.5 (6.08 � 0.1, n � 8) and pHi 7.3
(6.08 � 0.1, n � 7, t(13) � 0.08, unpaired t test, p � 0.05). These
data suggest that amino acids Gly-52 and Ser-53 in ASIC1a are
likely sites for modulation of ACISs by intracellular pH.

Discussion

In this study, we investigated how intracellular pH exerts its
effects on ASICs activated by extracellular protons. We dem-
onstrated that ASIC currents and acidosis or ischemia-medi-
ated cell injury are modulated by changes in intracellular pH in
both in vitro and in vivo models. Furthermore, we determined
that the modulation of ASIC currents by intracellular pH is
ASIC subunit-dependent. Finally, we identified the domain and
amino acids in ASIC1a that are likely involved in the modula-
tion of this subunit by intracellular pH.

Provocative evidence has demonstrated that ASICs, which
are known to be activated by extracellular H�, are novel targets
for ischemic stroke therapy (51–53). In contrast to the decrease
in extracellular pH with focal ischemia, intracellular pH
changes and specifically an increase of intracellular pH have
been reported in many studies (27, 29, 31, 32, 54). A stable
intracellular pH is critical for a normal cellular function, and
most biological processes are markedly pH-sensitive (33, 42,

FIGURE 10. Modulation of heteromeric ASIC1a � ASIC2a currents by pHi. A, representative traces (left) and bar graph (right) showing the potentiation of
ASIC1a � ASIC2a heteromeric currents by the intracellular alkalizing agent quinine (n � 10, t(9) � 7.8, paired t test, **, p � 0.01). B, representative traces and bar
graph showing the inhibition of ASIC1a � ASIC2a heteromeric currents by intracellular acidifying agent propionate (n � 5, t(4) � 7.2, paired t test, **, p � 0.01).
C, representative traces and summary data showing the shift in pH50 of ASIC1a � ASIC2a heteromeric channels induced by intracellular alkalizing agent
quinine. Increasing intracellular pH by quinine significantly increases the pH50 values (n � 6, t(5) � 5.3, paired t test, p � 0.01).
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55). Small changes of intracellular pH affect various ion chan-
nels, membrane excitability, and cellular metabolism (33–35,
37). Our data in in vitro and in vivo ischemia models revealed
that increasing intracellular pH (by quinine) potentiates and
decreasing intracellular pH (by propionate) inhibits acidosis- or
ischemia-induced neuronal injury. These data provide evi-
dence that ASIC activity is modulated by changes in not only
extra- but also intracellular pH. Notably, intracellular pH is
known to play a critical role in ischemic brain injury.

ASIC channels in native neurons are composed of different
subunits, and the channels formed by different configurations
of ASIC subunits have distinct physiological and pathological
functions (15, 17, 49, 56, 57). The potentiation/inhibition of
ASIC currents by intracellular alkalizing/acidifying agents is
observed in cells expressing homomeric ASIC1a, ASIC2a, or
heteromeric ASIC1a � ASIC2a channels but not in those
expressing ASIC1b and ASIC3 channels. To further investigate
the potential mechanism(s) underlying the modulation of
ASIC1a and ASIC2a channels by intracellular pH, we studied
the effects of changing pHi on the activation, inactivation, and
desensitization of ASIC currents mediated by ASIC1a and
ASIC2a channels. We show that increasing intracellular pH

(e.g. by bath perfusion of 1 mM quinine) shifts the pH dose-
response curve of both ASIC1a and ASIC2a channels toward
less acidic pH values. This indicates that intracellular alkaliza-
tion increases the sensitivity of ASIC1a and ASIC2a channels to
proton. In addition, the steady-state inactivation curve was
shifted to more acidic pH values by the intracellular alkalizing
agent quinine, which may explain the potentiation of the cur-
rent amplitude. However, unlike in native neurons, intracellu-
lar alkalization accelerated the recovery rate (as shown by
reduced recovery time constant) only in engineered cells
expressing the ASIC1a channel. In contrast, the time constant
of recovery from desensitization of ASIC2a current was not
affected by quinine even at pHo 4.0, which triggers about the
same response with and without quinine. Similar to our previ-
ous findings in cortical neurons (38), the intracellular alkalizing
agent quinine significantly reduces desensitization of ASIC1a-
mediated currents. Desensitization is critical to ASIC function.
It has been reported that desensitization is responsible for reg-
ulating sustained currents through ASICs in the central neu-
rons during ischemia (58). In agreement with this, our previous
findings in cortical neurons and that of this study in ASIC1a-
transfected CHO cells show that both desensitization and sus-

FIGURE 11. Effects of changing intracellular pH on ASIC1b/ASIC1a chimeras. A, schematic representation of ASIC1b (N1– 42 aa)/1a (44 aa-C terminus) and
ASIC1b (N1–52 aa)/1a (54 aa-C terminus) chimeric constructions. B, representative traces showing the effect of quinine on ASIC currents mediated by
ASIC1b(N1– 42 aa)/1a(44 aa-C terminus) chimera. Bath perfusion of 1 mM quinine still potentiated current amplitude mediated by ASIC1b(N1– 42 aa)/1a(44
aa-C terminus) chimera (n � 7, t(13) � 0.5, unpaired t test, p � 0.05 compared with ASIC1a wild type, n � 8). C, representative traces and summary data showing
the effect of quinine on current mediated by chimera ASIC1b (N1–52 aa)/1a (54 aa-C terminus) chimera. Quinine failed to potentiate current amplitude
mediated by this mutant (n � 8, t(14) � 3.8, unpaired t test, **, p � 0.01 compared with ASIC1a wild type, n � 8). ns, no significant difference.
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tained currents are changed by quinine at pHo 6.0 or 5.0. At
extreme pHo (i.e. 4.5), however, the desensitization is reduced,
whereas the sustained currents are not changed by quinine
(Table 1, part B). One possible explanation might be that qui-
nine affects sustained current of ASIC1a in a pHo-dependent
manner. At mild pHo, fewer channels are open. The channels
are more sensitive to quinine; therefore, more drastic increases
occur in peak (Ipeak) and sustained currents (Isustained) of
ASIC1a. At more acidic pHo (i.e. 4.5), ASIC1a channels are close
to saturation due to high extracellular proton concentrations.
Quinine is less effective at opening more channels and sustains
their open configuration, thus producing less increase in Ipeak
and minimal change in Isustained.

An increase in recovery rate and a decrease in desensitization
of ASICs in the presence of intracellular alkalization suggest

that the activity of ASICs is enhanced in the region where alka-
lizing pHi exists, thus potentiating the extracellular acidosis-
induced Ca2� increase and neuronal injury. Because the Ca2�-
permeable ASIC1a subunit is an important player in ischemic
damage (5), regulation of ASIC1a activation and desensitiza-
tion kinetics by intracellular pH could dramatically alter the
neuronal responses to ischemia-induced acidosis.

The ASIC1a channel is uniquely permeable to Ca2� and
selectively inhibited by PcTX1 (5). PcTX1 reduces both isch-
emia-induced (5) and OGD-induced neuronal injury (Figs. 1
and 2). In focal ischemia, pharmacological blockade or genetic
deletion of ASIC1a protects the brain from injury, suggesting
that targeting ASIC1a may lead to novel therapeutic strategies
for stroke. Although the homomeric ASIC1a, ASIC2a, and het-
eromeric ASIC1a � ASIC2a channels are all influenced by
intracellular pH, in this study we focused on the ASIC1a
subunit.

One of the characteristics of ASIC1a is tachyphylaxis, a phe-
nomenon of the gradual decrease of ASIC1a current amplitude
with repeated activation of the channels. A previous study (59)
in oocytes suggested that permeating protons is one of mecha-
nisms underlying tachyphylaxis of ASIC1a. Consistent with
proton inhibition of ASIC1a from intracellular site(s), our study
shows that decreasing the intracellular pH, which is the same
as increasing intracellular proton concentration, decreases
ASIC1a-mediated currents, whereas decreasing intracellular
proton concentration by alkalizing agent quinine potentiates
ASIC1a currents. In this study, we did not attempt to study the
effects of quinine or propionate on tachyphylaxis of ASIC1a.
Instead, quinine or propionate was applied after stable ASIC
currents were established (at least 10 min after establishing the
whole-cell recording). In this case, no further tachyphylaxis was
observed (data not shown). Future studies will explore whether
intracellular pH-modifying agents have any effect on the initial
tachyphylaxis of ASIC1a.

Previous studies have demonstrated that the arginine residue
43 (Arg-43) is located in the channel pore. The finding that
the ASIC current mediated by the ASIC1a-R43C mutant was
inhibited by methanethiosulfonates (e.g. (2-aminoethyl)-
methanethiosulfonate) indicated that the first transmem-
brane domain (TM1) underwent conformational changes dur-
ing channel gating (60). We hypothesized that changing the
intracellular pH would not affect ASIC function in this mutant.
However, the mutation of 43R in ASIC1a had no effect on the
potentiation of ASIC1a by quinine, suggesting that the 43rd
amino acid residue of ASIC1a is not involved in the modulation
of ASIC activity by intracellular pH. However, a reduced poten-
tiation/inhibition of ASICs by quinine/propionate was
observed in ASIC1a-G52I and ASIC1a-S53A mutants. We also
find that intracellular pH-modifying agents fail to potentiate, or
inhibit, ASIC currents carried by the triple mutation in ASIC1a
(i.e. ASIC1a-R43Q/G52I/S53A). These findings suggest that
the amino acid 52 or 53 in ASIC1a is one of the likely action sites
that are involved in the modulation of ASICs by intracellular
pH. Gly-52 and Ser-53 residues located in the first transmem-
brane domain of ASIC1a may be involved in forming the chan-
nel/pore for ions. It is noted that glycine and serine are not the
ideal receiver or provider of protons. However, these amino

FIGURE 12. Effects of changing pHi on currents mediated by ASIC1a
mutants. A, amino acids of ASIC1a are aligned with corresponding sequence
of ASIC1b and ASIC2a. B–E, representative traces showing the effects of qui-
nine on ASIC current mediated by ASIC1a wild type and mutants. F, compar-
ison of potentiation of ASIC currents by intracellular alkalizing agent quinine
for ASIC1a wild type and mutants. Reduced potentiation by quinine was seen
for currents mediated by ASIC1a-G52I, S53A, and triple mutant ASIC1a R43Q/
G52I/S53A (one-way ANOVA, effect of treatment, F(4,34) � 7.01, p � 0.0003.
Dunnett’s multiple comparisons test, *, p � 0.05; **, p � 0.0; ***, p � 0.001). G,
comparison of inhibition of ASIC currents by intracellular acidifying agent
propionate for ASIC1a wild type and mutants. Reduced inhibition by propio-
nate was seen for currents mediated by ASIC1a-G52I, S53A, and triple mutant
ASIC1a R43Q/G52I/S53A (one-way ANOVA, effect of treatment, F(4,36) � 12.69,
p � 0.0001. Dunnett’s multiple comparisons test, *, p � 0.05; **, p � 0.0; ***,
p � 0.001).
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acids could play an important role in protein folding. The point
mutants of G52I and S53A may cause the conformational
change of ASIC1a, which may in turn affect the activity of
ASIC1a. Altogether, this study identified new candidate molec-
ular targets for development of novel therapeutics, such as
small peptide inhibitors.

In addition to the N terminus of ASIC1a, other amino acids
may also be involved in the activity change in ASIC1a during
intracellular pH changes (61, 62). For example, histidine (His)
residues in many proteins serve as a regulatory site and have
been shown to be critical for gating of the ASIC channels (63–
65). Histidine has a basic side chain that is protonated at even
slightly acidic conditions (pH just below 7.0), and this can
change properties of the amino acid and the polypeptide as a
whole. There are two His residues in the intracellular N-termi-
nal domain (His-28/His-32), two in the transmembrane
domain (His-72/His-73), two in the extracellular domain (His-
163 and His-173), and four in the C-terminal intracellular
domain of ASIC1a. Based on the alignment of His residues in
ASIC1a with the corresponding sequence of ASIC1b, three His
residues are unique in ASIC1a: His-72, His-110, and His-173.
Future studies are necessary to identify whether His residues
found in ASIC1a, but not ASIC1b, are also involved in the mod-
ulation of ASICs by intracellular pH.

Ischemic stroke is a chronic problem, and the cellular mech-
anisms underlying ischemic brain injury are of great clinical
significance. Previous studies have demonstrated an important
role for ASICs in acidosis-mediated ischemic brain injury, and
ASICs represent novel therapeutic targets for stroke/brain
ischemia (5, 18). As discussed before, Ca2�-permeable ASIC1a
plays an important role in glutamate-independent acidosis-in-
duced neuronal injury. Established ASIC blockers PcTX1 and
amiloride are neuroprotective in stroke/ischemia, but they have
various limitations that prevent their use in stroke patients.
ASICs are widely distributed in the nervous system and con-
tribute to a range of functions (15–17, 20, 66). For that reason,
a general inhibition of ASICs may have serious undesirable side
effects.

It is well accepted that stroke and ischemia lead to changes in
extracellular pH and thus activation of ASIC channels. In con-
trast, intracellular pH has received less attention, although
intracellular pH is known to modulate the ASIC response to
extracellular pH and can be altered in a complex time-depen-
dent fashion in a range of stroke/ischemia models (27–32).
Intracellular pH also plays a role in extracellular acidosis-in-
duced cell injury. For example, buffering intracellular pH has
been shown to be neuroprotective in vitro (38). This study is
consistent with these findings and demonstrates that reducing
intracellular pH attenuates neuronal damage in both in vivo
(MCAO) and in vitro (OGD) models. A better understanding of
this modulation could direct a design of molecules that specif-
ically block the cellular effects triggered by pH changes after
stroke.

In summary, we have characterized the modulation of ASIC
currents and acid-mediated cell injury by intracellular pH, and
we have defined the sites within ASIC1a that are involved in its
modulation by intracellular pH. This study proposes molecular
targets for the development of new therapeutics for stroke/

brain ischemia that will prevent the pathological potentiation
of ASIC currents without blocking the normal function of these
channels. Our present studies have the potential to fill the gap
created by the failure of clinical trials using glutamate antago-
nists and result in the development of the next generation of
stroke therapeutics.

This study is focused on understanding how pathological
changes in intracellular pH modulate the normal function of
ASICs. By further understanding of how extra- and intracellu-
lar pH alters the function of ASICs after stroke, better thera-
peutics can be designed that will selectively target the patholog-
ical changes associated with ischemia. This may lead to specific
inhibitors that will not affect the ASIC channel function as a
whole but instead selectively target the acidosis-induced poten-
tiation of ASIC currents that, in turn, induces cellular damage
following stroke/brain ischemia.

Experimental Procedures

All procedures were performed in strict accordance with the
Guide for the Care and Use of Laboratory Animals as adopted
and promulgated by the National Institutes of Health and
approved by the Institutional Animal Care and Use Committee
of the Oregon Health and Science University and Morehouse
School of Medicine.

Primary Culture of Mouse Cortical Neurons—Mouse cortical
neurons were cultured as described previously (67). Timed
pregnant Swiss mice (embryonic day 16) were anesthetized
with halothane followed by cervical dislocation. Brains of
fetuses were removed rapidly and immediately placed in Ca2�/
Mg2�-free ice-cold PBS. Cerebral cortices were dissected
under a dissection microscope and incubated with 0.05% tryp-
sin-EDTA for 10 min at 37 °C, followed by trituration with fire-
polished Pasteur glass pipettes. Cells were counted and plated
in poly-L-ornithine-coated 24-well plates at a density of 2 
 105

cells per well. Neurons were cultured with NeurobasalTM

medium supplemented with B27 serum-free supplement and
were maintained at 37 °C in a humidified 5% CO2 incubator.
Medium was replaced twice a week. Cells were used for injury
assays after 2–3 weeks in culture.

Ischemia-induced Injury in Vitro—Ischemia-induced injury
in vitro was modeled by OGD with acidosis, as described previ-
ously (5). Briefly, neurons grown in 24-well culture plates were
washed three times with extracellular fluid (ECF; pH 7.4) and
randomly divided into different treatment groups. Dizocilpine
(MK801) (10 �M), 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (20 �M), and nimodipine (5 �M) were added in all
groups to eliminate potential activity of glutamate receptors
and voltage-gated Ca2� channels. Cells were pretreated with
ECF at pH 7.4 or 6.0 in the presence or absence of intracellular
pH-modifying agents for 15 min and then subjected to OGD.
OGD was induced by replacing normal ECF with glucose-free
ECF and placing cultures in an anaerobic chamber. The cham-
ber was flushed with anaerobic gas containing 85% N2 � 5%
CO2 � 10% H2 for 1 h at 35 °C. OGD was terminated after 1 h by
replacing glucose-free ECF with normal ECF and placing cul-
tures in a conventional cell culture incubator at 37 °C. Ischemic
injury of the cells in different groups was assessed at 24 h by cell
injury assays, LDH measurements and live/dead staining (5).
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Ischemia-induced Cell Injury in Vivo—Ischemia-induced
injury in vivo was assessed by transient MCAO (5). Transient
focal ischemia was induced by suture occlusion of the middle
cerebral artery in male adult C57BL6 mice (8 –10 weeks old,
Charles River Laboratories) anesthetized using 1.5% isoflurane,
70% N2O, and 28.5% O2 with intubation and ventilation. Rectal
and temporalis muscle temperatures were maintained at 37 �
0.5 °C with a thermostatically controlled heating pad and lamp.
Cerebral blood flow was monitored by transcranial LASER
Doppler. Animals with cerebral blood flow not reduced below
20% by the suture occlusion were excluded. Animals were killed
with an overdose of isofluorane 24 h after ischemia. Brains were
rapidly removed, sectioned coronally at 1-mm section thick-
ness, and stained by immersion in vital dye (2%) TTC. Mouse
intraventricular injection was performed by stereotaxic tech-
nique using a microsyringe pump with cannula inserted ste-
reotactically at 0.5 mm posterior to bregma, 1.0 mm lateral to
midline, and 2.5 mm ventral to the dura. All manipulations and
analyses were performed by individuals blinded to treatment
groups. A total of 2 �l of aCSF alone, aCSF-containing quinine
(1 mM), propionate (10 mM), or psalmotoxin 1 (PcTX1, 1 �M),
or PcTX1 plus quinine or propionate was injected intracere-
broventricularly 30 min before and after the ischemia. Infarct
volume was determined by TTC staining.

Transfection of Chinese Hamster Ovary (CHO) Cells—ASIC
subunits were transiently expressed in CHO cells, which have
no endogenous ASIC channels. CHO cells were cultured in
F-12 medium supplemented with 10% fetal bovine serum in a
37 °C incubator. At �50% confluence, cells were transfected
with cDNAs encoding channels bearing ASIC1a, ASIC2a,
ASIC1b, ASIC3, or ASIC1a � ASIC2a using FuGENE 6 trans-
fection reagents (Roche Applied Science). 36 – 48 h after trans-
fection, whole-cell patch clamp recordings were performed.

Chimeric Channels Construction—The construction of chi-
meras between rat ASIC1a and ASIC1b was carried out using
overlap extension technique (68) and was fully verified by
sequencing. Briefly, the different domains were amplified with
primers containing the sequence of the desired junctions
between ASIC1a and ASIC1b and were joined by a second
recombinant PCR with primers flanking the entire open read-
ing frame. CHO cells at 50% confluence were transfected with
pcDNA3 encoding a chimeric channel bearing ASIC1b (N1–52
aa)/ASIC1a (54 aa-C terminus) and ASIC1b (N1– 42 aa)/
ASIC1a (44 aa-C terminus at 1.8 �g per dish). pcDNA3.1
encoding GFP (0.2 �g per dish) was co-transfected with ASIC
chimeras. 36 – 48 h after transfection, whole-cell patch clamp
recordings were performed. GFP-positive cells were viewed
under a fluorescent microscope and selected for the recording
of ASIC currents.

Creation of Point Mutations—Point mutations of ASIC1a
were created in pcDNA3.1 plasmid using the QuikChange site-
directed mutagenesis kit (Agilent Technologies, 200519-5).
Primers with the desired nucleotide changes were designed by
using the guidelines provided with the kit. New plasmids with
the desired mutation were created by using PCR with a Pfu
polymerase. The residual unmutated template plasmid was
digested by the DpnI enzyme. Mutations were verified by
sequencing. 36 – 48 h after transfection, whole-cell patch clamp

recordings were performed. The following primers were used
for PCR: pcDNA ASIC1a R43Q forward, 5�-CGG CTG TCT
CTG AAG CAG GCA CTG TGG GCC-3�, and reverse,
5�-GGC CCA CAG TGC CTG CTT CAG AGA CAG CCG-3�;
ASIC1a S53A forward, 5�-CTG TGC TTC CTG GGT GCG
CTG GCC GTC CTG-3, and reverse 5�-CAG GAC GGC CAG
CGC ACC CAG GAA GCA CAG-3�; and ASIC1a G52I/S53A
forward, 5�-C CTG TGC TTC CTG ATT GCG CTG GCC
GTC CTG C-3�, and reverse, 5�-G CAG GAC GGC CAG CGC
AAT CAG GAA GCA CAG G-3�. For the pcDNA ASIC1a
R43Q/G52I/S53A mutants, pcDNA ASIC1a R43Q was served
as template.

Solutions and Chemicals—Extracellular solution contained
(in mM) the following: 140 NaCl, 5.4 KCl, 20 HEPES, 10 glucose,
2.0 CaCl2, 1.0 MgCl2. pH was adjusted with NaOH or HCl, and
osmolarity was maintained at 320 –330 mosM. Intracellular
solution contained (in mM) the following: 140 CsF, 2.0 MgCl2,
1.0 CaCl2, 10 HEPES, 11 EGTA, 2.0 tetraethylammonium chlo-
ride, pH 7.3, osmolarity of 290 –300 mosM. Unless otherwise
stated, chemicals including quinine, propionate, and NH4Cl
were purchased from Sigma. PcTX1 was purchased from Spi-
der Pharm Inc. (Yarnell, AZ).

Whole-cell Patch Clamp Recording—Acid-induced currents
were activated by lowering extracellular pH and recorded using
whole-cell patch clamp techniques. Patch pipettes were pulled
by a two-step puller (PP83, Narishige, Tokyo, Japan) using thin-
wall borosilicate glass (1.5 mm diameter, WPI, Sarasota, FL).
The pipettes had a resistance of 3– 4 megohms when filled with
intracellular solution. Whole-cell recordings were performed
with Axopatch 200B amplifier, Digidata 1322A DAC unit, and
pClamp 9.0 software (Molecular Devices, LLC Sunnyvale, CA).
Data were low-pass filtered at 2 kHz and digitized at 5–10 kHz
for on-line and later off-line analysis using pClamp 9.0 and Sig-
maPlot 11 (Systat Software Inc., San Jose, CA) or Prism 6.0
(Graphpad Software Inc., La Jolla, CA). Unless otherwise stated,
ASIC currents were activated every 2 min to achieve a complete
recovery from desensitization. A multibarrel perfusion system
(SF-77, Warner Instruments, Hamden, CT) was used to achieve
a rapid exchange of extracellular solutions (within 50 ms). Dur-
ing each experiment, series resistance was compensated by
70 – 80%. A voltage step of 	10 mV from the holding potential
was applied periodically to monitor cell capacitance and access
resistance. Recordings in which access resistance or capaci-
tance changed by more than 15% during the experiment were
excluded for data analysis. Quinine or propionate was applied
after the baseline stable currents were established. The effects
of quinine or propionate on ASICs were determined by com-
paring the current amplitude right before the drug application
to that after the stable drug effects.

Data Analysis—pH dose-response curves and steady-state
inactivation curves were fitted using the following equation: I �
a/(1 � (C50/pH)n), where a is the amplitude of ASIC current;
C50 is the pH at which half-maximal response is induced, and n
is the Hill coefficient. The time constant (�) of desensitization
and recovery from desensitization was determined using either
mono- or double-exponential fitting (45, 67). For those double-
exponential fits, we report the weighted time constants as

Modulation of ASIC1a by Intracellular pH

AUGUST 26, 2016 • VOLUME 291 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 18381



described in our previous study (69). All recordings were made
in extracellular solution at a room temperature of 24 –25 °C.

Statistical Analysis—Statistical tests were performed with
SigmaPlot or GraphPad Prism. All data are expressed as
mean � S.D. Paired or unpaired Student’s t test was used in two
group comparisons. One-way ANOVA followed by multiple
comparison tests were used when more than two group com-
parisons were appropriate to determine statistical significance.
The criterion of significance was set at p � 0.05 (*, p � 0.05; **,
p � 0.01; ***, p � 0.001).
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