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Abstract
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Acidification, which occurs in some pathological conditions, such as ischemia and hypoxia often
induces neurotoxicity. The activation of acid sensing ion channels (ASICs), which are highly
permeable to calcium, has been considered the main target responsible for calcium overload in
ischemic/hypoxia brain. However, the influence of extracellular proton on GABAergic synaptic
transmission is not well understood. In the rat (aged 6–12 postnatal days) hippocampal CA3 neurons
dissociated with an enzyme free, mechanical method, we show that raising the extracellular pH (to
8.5) or lowering it (to 6.0) significantly increased or decreased, respectively, the frequency and the
amplitude of spontaneous inhibitory postsynaptic currents mediated by γ-aminobutyric acid A
(GABAA) receptors. Interestingly, these modifications were not altered by amiloride (100 μM, an
antagonist for ASICs), tetrodotoxin (0.5 μM, a sodium channel blocker), cadmium (100 μM, a nonselective blocker for voltage gated calcium channels), or a medium containing low calcium (0.5 mM).
Significantly, changes in extracellular pH biphasically altered the peak amplitude of the currents
elicited by extracellular GABA in CA3 neurons dissociated with enzyme. Raising the extracellular
pH (to 8.5) or lowering it (to 6.5) shifted the concentration-response curves of GABA to the left or
right, respectively, without altering the maximal responses. These data suggest that proton alters the
apparent affinity of GABA receptors for agonist. Thus, extracellular proton modifies GABAergic
synaptic transmission both presynaptically and postsynaptically, and this could be independent of
ASICs and voltage gated calcium channels. Our finding may constitute a new mechanism underlying
acidification-induced neurotoxicity.
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1. Introduction
Complete oxidation of glucose is critical for the normal brain function. However, under certain
pathological conditions, such as ischemia and hypoxia, oxygen depletion forces the brain to
switch to anaerobic glycolysis. Accumulation of lactic acid and protons reduce extracellular
pH (Calrk et al., 1993; Siesjo et al., 1996), and interrupt the normal neuronal activity (Xiong
et al., 2004). A rapid drop of extracellular pH has been shown to excite a variety of neurons,
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and the activation of acid sensing ion channels (ASICs) is considered the major cause (Xiong
et al., 2004). On the other hand, changes in extracellular pH have been shown to modulate the
NMDA receptor (Tang et al., 1990), γ-aminobutyric acid A (GABAA) receptor (Pasternack et
al., 1996), glycine receptor (Li et al., 2003), and voltage gated calcium channels (VGCC)
(Delisle and Satin, 2000).
GABA is a major inhibitory neurotransmitter in the adult mammalian CNS (Cherubini and
Conti, 2001). Changes in extracellular pH were previously reported to modulate postsynaptic
GABAA receptors in rat hippocampal neurons (Mozrzymas et al., 2003;Pasternack et al.,
1996), granule cells (Krichek and Smart, 2001), and in expression systems such as Xenopus
oocytes (Robello et al., 2000). Extracellular proton is found to induce desensitization of
GABAA receptors and to modify the affinity of these receptors to the agonist. Furthermore,
these effects of change in extracellular pH depended on the subunit composition of the
GABAA receptor (Krishek et al., 1996,1998).
A variety of results have been reported on the effects of changes in extracellular pH on synaptic
transmissions. Changes in extracellular pH modify the frequency of glycinergic inhibitory
postsynaptic currents (IPSCs) in the spinal cord (Li et al., 2003), but not the miniature
GABAergic IPSCs in cultured hippocampal neurons (Mozrzymas et al., 2003).
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The objective of this study is to test the effect of changes in extracellular pH on GABAergic
transmission. We show here that changes in extracellular pH biphasically modulate the
frequency and the amplitude of the spontaneous GABAergic IPSCs in CA3 neurons dissociated
with an enzyme free, mechanical method. Furthermore, we show that the effects of changes in
extracellular pH on GABAergic sIPSCs are independent of amiloride sensitive ASICs,
extracellular calcium, and VGCCs. In addition, we show that changes in extracellular pH alter
the affinity of GABA receptors for the agonist. These findings provide a mechanism for
acidification-induced neurotoxicity other than through ASICs activation.

2. Results
2.1. Changes in extracellular pH modulate spontaneous GABAergic IPSCs (sIPSCs) on
hippocampal CA3 neurons
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Whole-cell currents were recorded from mechanically dissociated hippocampal CA3 neurons
(Fig. 1). Spontaneous IPSCs (sIPSCs) were recorded at a holding potential of −50 mV in the
presence of APV (50 μM) and DNQX (10 μM), which eliminate glutamate receptor-mediated
synaptic transmission. Under these conditions, bicuculline (10 μM) reversibly abolished all
the spontaneous postsynaptic events, indicating that they were GABAA receptor-mediated
IPSCs (Fig. 2A).
As shown in Figure 2, an increase in the extracellular pH from 7.4 to 8.5 increased the frequency
and the amplitude of sIPSCs by 173 ± 34% (p < 0.001, n = 6) and by 33 ± 5% (p < 0.05, n =
6), respectively, whereas a drop in extracellular pH from 7.4 to 6.5 inhibited the frequency and
the amplitude of sIPSCs by 40 ± 8% (p < 0.001, n = 6) and by 27 ± 8% (p < 0.05, n = 6),
respectively. A further drop in extracellular pH to 6.0 further inhibited the frequency and the
amplitude of sEPSCs, by 69 ± 7% (p < 0.001, n = 6) and by 37 ± 6% (p < 0.05, n = 6),
respectively. These data suggest that extracellular proton alters sIPSCs may involve both
presynaptic and postsynaptic mechanisms.
2.2. ASICs do not play a major role in proton modulation of GABAergic sIPSCs
The expression of functional ASICs has been found in the hippocampal CA1 and CA3 subfields
(Baron et al., 2001;Waldmann et al., 1997). To determine the contribution of ASICs in
extracellular proton modulation of GABAergic sIPSCs in CA3 neurons, we tested the effect
Brain Res. Author manuscript; available in PMC 2008 May 11.
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of pH changes on sIPSCs in the presence of 100 μM amiloride, a selective antagonist of ASICs.
In the presence of 100 μM amiloride, an increase in extracellular pH from 7.4 to 8.5 increased
the frequency and the amplitude of sIPSCs, by 149 ± 17% (p < 0.001, n = 5) and by 40 ± 3%
(p < 0.05, n = 5), respectively, which were at the same level as that in the absence of amiloride
(p > 0.05, n = 5) (Fig. 3). Similarly, a pH drop to 6.5 induced inhibition of the frequency (by
31 ± 3%, p < 0.001, n = 5) and the amplitude (by 21 ± 5%, p < 0.05, n = 5) of sIPSCs in the
presence of 100 μM amiloride, which was not significantly different from that in the absence
of amiloride (p > 0.05, n = 5). These data suggest that ASICs do not play a major role in the
effects of changes in extracellular pH on GABAergic sIPSCs under our experimental
conditions.
2.3. Effects of proton on miniature IPSCs (mIPSCs)
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Next, we examined the effect of pH changes on mIPSCs in the presence of tetrodotoxin (TTX,
1 μM), which eliminates action potential-induced spontaneous events. As shown in Figure 3A,
a drop of extracellular pH from 7.4 to 6.5 significantly inhibited the frequency and the
amplitude of mIPSCs. This is further illustrated in Figure 4B with the significant shift of the
cumulative probability plot of the intervals between successive mIPSCs (B1, K - S test,
rightward shift, p < 0.05) and of the amplitude of mIPSCs (B2, K - S test, left ward shift, p <
0.05), as well as by the accompanying histogram (insets). In the 5 neurons tested, a drop of
extracellular pH from 7.4 to 6.5 inhibited the frequency and amplitude of mIPSCs by 33 ± 7%
(p < 0.05) and 29 ±2% (p < 0.05), respectively. The effects are not significantly different from
those in the absence of TTX (p > 0.05, n = 5). These data suggest that TTX-sensitive sodium
channels are not involved in the modification of mIPSCs by extracellular proton.
2.4. Effects of extracellular calcium on proton-induced inhibition of sIPSCs
We first assessed the contribution of voltage-gated calcium channels (VGCCs) to the effect of
extracellular proton on the frequency of sIPSCs. We treated neurons with an extracellular
solution of pH 6.5 in the absence and presence of cadmium (100 μM), a nonselective VGCC
blocker. A drop of pH from 7.4 to 6.5 inhibited the frequency and the amplitude of sIPSCs by
29 ± 7% (p < 0.001, n = 4) and by 24 ± 9% (p < 0.05, n = 4), respectively, in the presence of
cadmium. The effects are similar to those in the absence of cadmium (p > 0.05, n = 4, Fig. 5A,
B). Thus, proton-induced inhibition of sIPSCs was not dependent on VGCCs.
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We then determined whether calcium influx was required for the action of proton on sIPSCs.
We tested the effect of pH drop to 6.5 on sIPSCs in extracellular solution containing 2 mM
(normal) and 0.5 mM calcium (low calcium). The perfusion of low calcium extracellular
solution reduced sIPSC frequency by 57 ± 12% (n = 5), compared with sIPSC frequency in
the normal extracellular solution. In the low calcium extracellular solution, a pH drop from 7.4
to 6.5 further inhibited the frequency and the amplitude of sIPSCs by 35 ± 7% (p < 0.001, n =
5) and 27 ± 6% (p < 0.05, n = 5), respectively. The decrease in extracellular calcium
concentration did not significantly change the effects of extracellular proton on sIPSCs (p >
0.05, n = 5) (Fig. 5C, D). These data indicate that proton-induced inhibition of GABAergic
sIPSCs was independent of extracellular calcium.
2.5. Changes in extracellular pH biphasically modify currents elicited by exogenous GABA
To further characterize the effects of extracellular proton on GABAA receptors, we tested the
effect of changes in extracellular pH on currents induced by GABA (IGABA) recorded from
CA3 neurons dissociated with enzyme, at a holding potential of −50 mV. The neurons were
pretreated by extracellular solutions with different pH for 20 seconds to desensitize ASICs. As
shown in Figure 6, currents elicited by 3 μM GABA were inhibited by 51 ± 5% (p < 0.001, n
= 4, Fig. 6A1) in response to a drop of extracellular pH to 6.5, and potentiated by 110 ± 3% (p
< 0.001, n = 4, Fig. 6A2) when extracellular pH was raised to 8.5. However, when elicited by
Brain Res. Author manuscript; available in PMC 2008 May 11.
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the nearly saturating concentration of GABA (300 μM), the GABAA current was inhibited by
only 24 ± 7% (p < 0.05, n = 4, Fig. 6A3) in the extracellular solution with the pH of 6.5 and
was not altered (5 ± 4%, p > 0.05, n = 4, Fig. 6A4) in the extracellular solution with pH of 8.5.
Evaluation of the GABA concentration-response relation in the pH 6.5 suggests that
extracellular proton reduces the affinity of the GABAAR for its agonist. That is, a drop of pH
from 7.4 to 6.5 shifted the curve expressing IGABA as a function of GABA concentration (Fig.
6B) to the right. The apparent EC50 for GABA in pH 7.4 and pH 6.5 was 25 and 56 μM,
respectively.
On the other hand, as shown in Fig. 6C, an increase of pH from 7.4 to 8.5 shifted the GABA
concentration-response curve to the left. The apparent EC50 for GABA in pH 7.4 and pH 6.5
was 24 and 10 μM, respectively. These suggest that a raise of pH from 7.4 to 8.5 increases the
affinity of the GABAA receptor for its agonist.

3. Discussion
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We reported here that the acidification and alkalization of extracellular solutions modulated
GABAergic synaptic transmission in hippocampal CA3 area, both presynaptically and
postsynaptically. The modification was independent of ASICs. Some non-specific modulators,
such as a pH jump may be involved in the presynaptic effect of proton on GABA release.
Moreover, the postsynaptic effects of protons were mediated by the changes in the affinity of
GABAA receptor for agonist.
The hippocampus is involved in memory processes and in the physiopathology of ischemia/
hypoxia (Schmidt-Kastner and Freund, 1991). Hippocampal CA3 neurons receive GABAergic
inputs which control neuronal excitability. These characteristics make the hippocampus an
ideal place to study the modulation on GABAergic transmission by protons. Moreover, the
fact that hippocampal CA3 neurons can be isolated along with attached GABAergic terminal
boutons (Akaike and Moorhouse, 2003) provides an opportunity to evaluate the effect of
changes of extracellular pH on GABA release under a well-controlled experimental condition.
3.1. Changes of extracellular pH biphasically modulate the frequency and the amplitude of
GABAergic sIPSCs
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One of our major findings is that GABAergic transmission is very sensitive to the changes in
extracellular pH, independent of amiloride sensitive ASICs. Changes of pH biphasically
modulated the frequency and the amplitude of GABAergic sIPSCs and mIPSCs. Alkalization
to pH 8.5 significantly enhanced the frequency and the amplitude of the GABAergic sIPSCs,
while acidification significantly decreased these parameters of sIPSCs. Spontaneous
postsynaptic currents are events that represent the release of presynaptic vesicles. Changes in
frequency come from the presynaptic action, while changes in amplitude result from the
postsynaptic action (Li et al., 1998). Our results suggest that the modulation of sIPSCs induced
by pH changes involves both presynaptic and postsynaptic mechanisms. This means that
changes of extracellular pH modulate both the release of GABA and the function of the
postsynaptic GABAA receptors.
Interestingly, a biphasic effect induced by changes in pH was observed on glycinergic mIPSCs
in the spinal cord (Li et al., 2003). Nevertheless, a previous study on culture hippocampal
neurons failed to observe an effect of a drop of pH (to 6) in extracellular solution on the
frequency of mIPSCs (Mozrzymas et al., 2003). While the mechanism underlying the
difference warrants further study, an apparent difference between that study and our study is
that the preparations used are different. It will be interested to determine whether the
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mechanical dissociation procedure (or culture treatment) makes the neurons more (or less)
sensitive to the change of the extracellular pH.
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3.2. Changes in pH modulate GABA release through non-specific mechanisms
The observation that 100 μM amiloride, which blocks ASICs, did not alter pH change-induced
modulation of GABAergic sIPSCs indicates that ASICs are not involved. It was reported that
acidification inhibits voltage-dependent calcium channels (Krafte and Kass, 1988;Kwan and
Kass, 1993), which control neurotransmitter release in the CNS (Poncer et al., 1997;Takahashi
and Momiyama, 1993). However, in mechanically dissociated CA3 neurons, cadmium did not
attenuate the modulation of sIPSCs induced by pH changes. This indicates that voltagedependent calcium channels are not involved in the effects associated with pH change-induced
modulation of sIPSCs under our experimental conditions.
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Changes in the pH of extracellular solutions can induce a very small shift in the intracellular
pH (Kaila, 1994), which may contribute to the results we observed. However, under our
experimental conditions, the significant effects on sIPSCs were observed immediately after
the change of perfusates of different pH. Therefore, it seems unlikely that the small variations
in internal pH could account for the effects on sIPSCs induced by the changes in extracellular
pH. Furthermore, GABA itself causes acidification when CO2/HCO3- are present (Kalia and
Voipio, 1987). The effect of GABA on the intracellular pH depends on the concentrations of
HCO3 (Kaila et al., 1990). However, in our recording solution, CO2/HCO3 was not present
(See ‘Experimental procedures’). Therefore, if GABA induces acidification, it will be minimal
under our experimental conditions.
Synaptic vesicles in nerve terminal have an acidic pH (5.2–5.5), which is much lower than the
surrounding extracellular medium (Fuldner and Stadler, 1982). The difference is called a pH
jump, which can be one of the factors controlling transmitter release from synaptic vesicles
(Ahdut-Hacohen et al., 2004). A large pH jump causes an increase in the open probability of
the non-specific ion channels in synaptic vesicles, allows ions to enter the vesicle thus
facilitating the ion exchange process, and finally enhances transmitter release. Whereas a
narrow pH jump decreases transmitter release. In the present study, the biphasic modulation
of sIPSC frequency by extracellular changes in pH provides strong electrophysiological
evidence for this pH jump mechanism.
3.3. Changes in pH alter the affinity of GABAA receptors to GABA
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In the present study, we found that changes in pH biphasically modified the amplitude of
sIPSCs and mIPSCs. The modifications were independent of ASICs because these
modifications were not blocked by amiloride, and sustained in the process of perfusion without
desensitization. It also indicates that changes in extracellular pH may directly act upon
GABAA receptors.
Controversial results were reported on pH change-induced modulation of mammalian
GABAA receptors, depending on the experimental conditions, animal species, brain regions,
subunit compositions, and concentrations of GABA (Feng and Macdonald, 2004; Huang et al.,
1999, 2004;Krishek et al., 1996 Krishek et al., 1998,2001;Li et al., 2003;Mozrzymas et al.,
2003;Pasternack et al., 1996;Robello e tal., 2000;Smart, 1992;Vyklicky et al., 1993;Wilkins
et al., 2002;2005; Zha et al., 1998). Li and colleagues reported that changes in pH exert different
effects on glycine current in spinal cord neurons depending on the timing of proton application
(Li et al., 2003). To eliminate a possible effect of ASICs on IGABA, we applied GABA after
more than 20 second incubation with proton solution. This 20 second period allowed ASICs
to be desensitized, mostly, if not completely (Xiong et al., 2004). Under this experimental
condition, we observed that changes in pH had similar effects on IGABA in the absence and
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presence of amiloride. This observation suggests a possible direct effect of pH changes on
GABAA receptors. This possibility is supported by the following observations. First, IGABA
was inhibited by a decrease in extracellular pH, but enhanced by an increase in extracellular
pH. Second, pH changes induced stronger effects on IGABA elicited by a sub-saturating
concentration of GABA (3 μM) compared to changes of IGABA elicited by a saturating
concentration of GABA (300 μM). Third, a pH drop and a raise respectively cause a rightward
and a leftward shift of GABA concentration-response curve. These evidence points to the
possibility that acidification and alkalization respectively decreases and increases the affinity
of the GABAA receptors to GABA.
In conclusion, acidification and alkalization modulates GABAergic synaptic transmission both
presynaptically and postsynaptically, and independent of ASICs. In addition, some nonspecific modulators such as a pH jump are probably involved in the effect of pH change on
GABA release. Moreover, the postsynaptic effects are mediated by altering the affinity of
GABAA receptor to GABA. This may be an additional mechanism underlying acidification
and alkalization induced neurotoxicity.

4. Experimental procedures
4.1. Preparation
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The care and use of animals, and the experimental protocol were approved by the Institutional
Animal Care and Use Committee of the University of Medicine and Dentistry of New Jersey.
The brain slices were prepared as described previously (Ye et al., 2004,2006;Zhou et al.,
2006). In brief, rats, aged 6–12 postnatal days (P), were anesthetized and then killed by
decapitation, and the semisphere of the brain was quickly excised and coronally sliced (300
μm) with a VF-100 Slicer (Precisionary Instruments, Greenville, NC). This was done in icecold modified glycerol-based artificial cerebrospinal fluid (GACSF) saturated with 95%O2/5%
CO2 (carbogen) containing (in mM): 250 glycerol, 2.5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4
CaCl2, 26 NaHCO3, and 11 glucose. Hippocampus slices were then kept in carbogen-saturated
ACSF containing (in mM): 126 NaCl, 1.6 KCl, 1.25 NaH2PO4, 1.5 MgCl2, 2 CaCl2, 25
NaHCO3, and 10 glucose at room temperature (22–24°C) for at least one hour before use.
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Neurons, with functional terminals, were obtained by mechanical dissociation as described
previously (Akaike and Moorhouse, 2003;Ye et al., 2004;Zhou et al., 2006). Briefly, slices
were transferred to a 35 mm culture dish (Falcon, Rutherford, NJ) filled with a standard
extracellular solution containing (mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and
10 glucose (320 mOsm, pH set to 7.3 with Tris base). The region of hippocampal CA3 was
identified with an inverted microscope (Nikon, Tokyo, Japan). A heavily fire-polished glass
pipette with a ~50 μm tip in diameter was fixed on a homemade device. Then, the pipette was
positioned by a manipulator to slightly touch the surface of the hippocampal CA3 region. The
individual neurons were dissociated by horizontal vibration at a frequency of 15–20 Hz, with
a range from 0.1 to 0.3 mm, for 2–5 minutes. The slice was then removed. Within 20 minutes,
the isolated neurons (3–10 per dish) adhered to the bottom of the dish and were ready for
electrophysiological recording. These mechanically dissociated neurons often persevered
some functional nerve terminals (Akaike and Moorhouse, 2003;Ye et al., 2004;Zhou et al.,
2006). The postsynaptic elements of neurons isolated in this manner consist of a soma and
processes of either short or medium length (Fig. 1B).
Some experiments were conducted on enzymatically dissociated hippocampal CA3 neurons
(Ye et al., 1999). Hippocampal slices were first incubated in oxygenated standard solution
containing 0.3 mg/ml papain (from papaya latex; Sigma, St. Louis, MO) at room temperature
for 15 minutes. The slices were then incubated in enzyme-free standard extracellular solution.
The hippocampal CA3 region was cut out under an inverted microscope and single cells were
Brain Res. Author manuscript; available in PMC 2008 May 11.
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dissociated by trituration using two fire-polished glass pipettes with gradually narrower
diameters. The cells settled to the bottom of the culture dish within 20 min and were ready for
electrophysiological recordings.
4.2. Electrophysiological measurements
Whole-cell configurations were used to record electrical activity with an Axopatch 200B
amplifier (Axon Instruments, Foster city, CA), via a Digidata 1322A analog-to-digital
converter (Axon Instruments), and pClamp 9.2 software (Axon Instruments). Data were filtered
at 1 kHz and sampled at 5 kHz.
The patch electrodes had a resistance of 3–5 MΩ when filled with pipette solution containing
(in mM): 140 CsCl, 2 MgCl2, 4 EGTA, 0.4 CaCl2, 10 HEPES, 2 Mg-ATP, and 0.1 GTP. The
pH was adjusted to 7.2 with Tris - base, and the osmolarity was adjusted to 280–300 mOsm
with sucrose. Electrophysiological recordings were performed at room temperature (22–24 °
C).
4.3. Drugs and solutions
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Most of the chemicals including bicuculline (BIC), DL-2-amino-5-phosphono-valeric acid
(APV), 6,7-dinitroquinoxaline-2, 3-dione (DNQX), tetrodotoxin (TTX), and papain were
purchased from Sigma-Aldrich Inc (St. Louis, MO). All solutions were prepared on the day of
the experiment. Chemicals were applied to dissociated neurons with a Y-tube. This exchanged
the extracellular solution surrounding the neurons within 40 ms (Zhou et al., 2006).
4.4. Data analysis
Spontaneous inhibitory postsynaptic currents (sIPSCs) were analyzed with Clampfit 9.2
software (Molecular Devices Corporation, Sunnyvale, U.S.A.) as described previously (Zhou
et al., 2006). Briefly, the sIPSCs were screened automatically using a template with an
amplitude threshold of 5.5 pA. These were visually accepted or rejected based upon the rise
and decay times. More than 95% of the sIPSCs, which were visually accepted, were screened
using a suitable template. The amplitudes and intervals of sIPSCs in different conditions were
also obtained. Their cumulative probability distributions were constructed using Clampfit 9.2.
Following this, a Kolmogorov-Smirnov (K-S) test was used for evaluating the significance of
drug effects. Differences in amplitude and frequency were tested by Student’s paired two-tailed
t-test, unless indicated otherwise. Numerical values are presented as the mean ± standard error
of the mean (SEM). Values of p < 0.05 were considered significant.
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Fig 1.

Photomicrograph of rat hippocampal CA3 neurons. This photo was obtained by a Nikon
E600FN upright microscope with the aid of a near-infrared CCD camera. A) hippocampal CA3
neurons from a P12 rat were observed under differential interference contrast illumination (40
X, water immersion objective). B) a photo of a hippocampal CA3 neuron mechanically
dissociated from a P12 rat was obtained by a Leica DMIRB invert microscope (40X objective).
The much-reduced dendritic arbors of such neurons facilitate the space clamp. These nervebouton preparations often preserve functional synaptic boutons.
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Fig 2.

Effect of changes in pH on GABAergic sIPSCs. A) Spontaneous IPSCs recorded from a
hippocampal neuron were completely blocked by 10 μM BIC. For this and the following
figures, all IPSCs were recorded in the presence of DNQX (10 μM) and APV (50 μM) using
whole cell recording method at a holding potential of −50 mV. B, Extracellular pH 8.5
potentiates frequency and amplitude of sIPSCs. B2 and C2, the averaged trace (of 15 to 55
events in one-minute period) of single IPSCs (in expanded time scale) before and after the
changes of extracellular pH. C) An extracellular pH of 6.5 inhibits the frequency and the
amplitude of sIPSCs. D) Cumulative curves show the effect of extracellular pH on the
frequency (D1) and the amplitude (D2) of sIPSCs. E) The effect of pH ranging from 6.0 to 8.5
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on the frequency and the amplitude of sIPSCs. Each column was plotted as mean ± S.E.M from
6 neurons. * p < 0.05, ** p < 0.001, paired t-test for pH 6.5 or 8.5 vs. pH 7.4.
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Fig 3.

A) Amiloride, a blocker of ASICs did not block modulation of sIPSCs induced by changes in
pH. pH 8.5 (left) potentiates whereas pH 6.5 (right) inhibits the frequency and the amplitude
of sIPSCs in the presence of 100 μM amiloride. B) Effect of amiloride on the frequency and
the amplitude of sIPSCs induced by changes in pH. Each column was plotted as mean ± S.E.M
from 5 neurons. * p < 0.05, ** p < 0.001, paired t-test for pH 6.5 or 8.5 vs. pH 7.4.
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Fig 4.

Changes in extracellular pH modify mIPSCs. A) Typical traces showing that the effect of pH
6.5 on mIPSCs. B) Cumulative plots for inter-event interval cumulative probability plots for
inter- event interval (B1, * p < 0.05, K - S test) and amplitude (B2, p > 0.05, K - S test) of
GABAergic mIPSCs. Insets: pooled data from 5 neurons show that pH 6.5 inhibits mIPSC
frequency and amplitude. * p < 0.05, paired t-test for pH 6.5 vs. pH 7.4)
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Fig 5.

VGCCs and extracellular Ca2+ are not involved in the effect of changes in pH on sIPSCs.
Sample traces showing that pH 6.5 inhibits the frequency and the amplitude of sIPSCs in the
presence of 100 μM Cd2+ (A) or 0.5 μM Ca2+ (C). Cumulative plots for inter-event interval
are shown in B1 (* p < 0.05, K - S test) and D1 (* p < 0.05, K - S test). Cumulative plots for
amplitude are shown in B2 (* p < 0.05, K - S test) and D2 (* p < 0.05, K - S test). Inset: pooled
data from 5 cells shows that pH 6.5 inhibits frequency and amplitude of sIPSCs in the presence
of 0.5 μM Ca2+ or Cd2+.* p < 0.05, ** p < 0.001, paired t-test for pH 6.5 vs. pH 7.4.
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Fig 6.

Changes in pH biphasically modify GABA induced currents. Typical traces showing the effect
of pH 6.5 and pH 8.5 on currents evoked by 3 μM (A1, A2) and 300 μM GABA(A3, A4). B)
Concentration-response curves of GABA in pH 7.4 (open circles) and pH 6.5 (close circles).
Each point is the mean ± SEM from 3 to 7 cells. The data were normalized to the peak value
of IGABA elicited by 3 μM GABA. Solid lines are least square fit of the Michaelis-Menten
equation to the experimental data: I = (IMAX * Cn)/(Cn + EC50 n), where I, IMAX, C) EC50 and
n are IGABA, maximal IGABA, GABA concentration, the concentration at which IGABA is 50%
of maximum and the Hill coefficient, respectively. The EC50 was 25 μM and 56 μM for GABA
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in pH 7.4 and in pH 6.5, respectively. The EC50 was 24 μM and 10 μM for GABA in pH 7.4
and in pH 8.5, respectively.
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