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Acidosis decreases low Ca* -induced neuronal excitation by
inhibiting the activity of calcium-sensing cation channels in
cultured mouse hippocampal neurons

Xiang-Ping Chu, Xiao-Man Zhu, Wen-Li Wei*, Guo-Hua Li *, Roger P. Simon, John F. MacDonald *
and Zhi-Gang Xiong
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The effects of extracellular pH (pH,) on calcium-sensing non-selective cation (csNSC) channels in
cultured mouse hippocampal neurons were investigated using whole-cell voltage-clamp and
current-clamp recordings. Decreasing extracellular Ca** concentrations ([Ca®'],) activated slow
and sustained inward currents through the csNSC channels. Decreasing pH, activated amiloride-
sensitive transient proton-gated currents which decayed to baseline in several seconds. With
proton-gated channels inactivated by pre-perfusion with low pH solution or blocked by amiloride,
decreasing pH, to 6.5 inhibited the csNSC currents with a leftward shift of the Ca** dose—inhibition
curve. Increasing pH to 8.5, on the other hand, caused a rightward shift of the Ca** dose—inhibition
curve and potentiated the csNSC currents. Intracellular alkalinization following bath perfusion of
quinine mimicked the potentiation of the csNSC currents by increasing pH,, while intracellular
acidification by addition and subsequent withdrawal of NH,Cl mimicked the inhibition of the
csNSC currents by decreasing pH,,. Intracellular pH (pH;) imaging demonstrated that decreasing
pH, induced a corresponding decrease in pH;. Including 30 mm Hepes in the pipette solution
eliminated the effects of quinine and NH,Cl on the csNSC currents, but only partially reduced the
effect of lowering pH,. In current-clamp recordings, decreasing [Ca®'], induced sustained
membrane depolarization and excitation of hippocampal neurons. Decreasing pH, to 6.5 inhibited
the low [Ca®'],-induced csNSC channel-mediated membrane depolarization and the excitation of
neurons. Our results indicate that acidosis may inhibit low [Ca**],-induced neuronal excitation by
inhibiting the activity of the csNSC channels. Both the extracellular and the intracellular sites are
involved in the proton modulation of the csNSC channels.
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fully understood. We previously demonstrated that
decreases in [Ca’], excite central neurons through
activation of a novel non-selective cation channel (Xiong
et al. 1997). This channel is not blocked by specific
inhibitors of known voltage-gated or ligand-gated ion
channels. Since the gating of this channel is closely

Extracellular concentrations of calcium ([Ca®'],) in the
central nervous system fall substantially in both physio-
logical and pathological conditions. Repetitive electrical
stimulation or iontophoretic applications of excitatory
amino acids, for example, can produce up to a 0.5 mMm
decrease in [Ca*'], (Heinemann & Pumain, 1980; Somjen,

1980; Krnjevic et al. 1982; Heinemann & Louvel, 1983),
while experimentally induced seizure activity can decrease
[Ca**],by ~1.0 mM (Heinemann et al. 1977; Heinemann &
Louvel, 1983). More pronounced and sustained decreases
in [Ca*'], can be recorded during spreading depression
and periods of brain ischaemia (Hansen & Zeuthen, 1981;
Ekholm et al. 1995). For example, a decrease of [Ca**], to
~0.2mM is commonly observed in brain ischaemia
(Hansen & Zeuthen, 1981; Ekholm et al. 1995).

Decreases in [Ca*'], are known to increase neuronal
excitability (Hille, 1992). The detailed mechanism
underlying enhanced neuronal excitation is, however, not

controlled by [Ca’'],, it was named the calcium-sensing
non-selective cation (csNSC) channel (Xiong &
MacDonald, 1999). A cation channel with similar electro-
physiological and pharmacological properties has also
been described in cardiac cells (Mubagwa et al. 1997).
Activation of the c¢sNSC channel may well explain a
major component of the enhanced neuronal excitability
associated with the decreases in [Ca*'], during epileptic
seizures (Xiong et al. 2001). It is also likely that activation
of the csNSC channel and subsequent long-lasting
membrane depolarization may contribute to excito-
toxicity associated with brain ischaemia.
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Along with the decrease in [Ca®'],, extracellular pH (pH,)
also decreases dramatically during both seizure activity
(Simon et al. 1985, 1987; Xiong & Stringer, 2000) and
brain ischaemia (Siemkowicz & Hansen, 1981; Kraig et al.
1985; Siesjo, 1988). During brain ischaemia, for example,
pH, typically falls to 6.5 under normoglycaemic
conditions (Siemkowicz & Hansen, 1981) and may fall to
as low as 6.0 under hyperglycaemic conditions
(Siemkowicz & Hansen, 1981; Kraig et al. 1985). Such
changes in pH, can modulate the activity of a variety of
membrane receptors and ion channels (Tang et al. 1990;
Traynelis & Cull-Candy, 1990; Zhu et al. 1999; Claydon et
al. 2000). For example, N-methyl-D-aspartate (NMDA)
receptor-gated channels are strongly inhibited by
decreases in pH, (Tang et al. 1990; Traynelis & Cull-
Candy, 1990). On the other hand, a decrease in pH, can
itself induce inward currents by activating acid-sensing
ion channels (ASICs) in both peripheral sensory (Mironov
& Lux, 1993; Waldmann et al. 1997b) and central neurons
(Waldmann et al. 1997a; Varming, 1999; Escoubas et al.
2000). In the present study, we investigated the effects of
acidosis on the ¢sNSC channel-mediated responses in
cultured mouse hippocampal neurons. Our results show
that acidosis may reduce low [Ca*'],-induced neuronal
excitation through inhibition of the csNSC channels.

METHODS

Dissociation and culture of mouse hippocampal neurons
Cultures of mouse hippocampal neurons were prepared
according to previously described techniques (Xiong et al. 2001).
The use of mice for neuronal cultures was reviewed and approved
by the Institutional Animal Care and Use Committee of the
University of Toronto and Legacy Clinical Research and
Technology Center. Briefly, time-pregnant (E17) mice were
anaesthetized with halothane followed by cervical dislocation.
Fetuses were rapidly removed and hippocampi were dissected and
placed in Ca’™ and Mg*-free cold Hank’s solution. The
hippocampi were then incubated with 0.05 % trypsin—~EDTA for
10 min at 37 °C, triturated with fire-polished glass pipettes, and
plated in 35 mm poly-L-ornithine-coated culture dishes or 25 mm
coverslips at densities of ~1 x 10° per dish and 0.9 x 10° per
coverslip. The culture medium consisted of Eagle’s minimum
essential medium (MEM) supplemented with 10% heat-
inactivated horse serum. After 3 days in vitro, growth of non-
neuronal cells was inhibited by a 48 h exposure to medium
containing 5 M uridine and 5 uM (+)-5-fluor-2"-deoxyuridine.
Cultures were fed twice a week and used for electrophysiological
recordings 14-21 days after plating.

Electrophysiology

Whole-cell patch-clamp recordings were performed and analysed
as described previously (Xiong et al. 1997). Patch electrodes were
constructed from thin-walled borosilicate glass (1.5 mm
diameter, WPI, Sarasota, FL, USA) on a two-stage puller (PP83,
Narishige, Tokyo). The tips of the electrodes were heat-polished
on a microforge (Model MF-83, Narishige, Tokyo) to a final
diameter of 1-2 pm. The patch electrodes had resistances between
3 and 5 MQ when filled with intracellular solution. Whole-cell
currents were recorded using Axopatch 1-D amplifiers (Axon
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Instruments, Foster City, CA, USA). Data were filtered at 2 kHz
and digitized at 5 kHz using Digidata 1200 DAC units (Axon
Instruments). The on-line acquisition was done using pCLAMP
software (version 8, Axon Instruments). During each experiment,
a voltage step of —10 mV was applied periodically to monitor the
cell capacitance and the access resistance. Recordings in which the
access resistance or the capacitance changed by more than 10%
during the recordings were not included in data analysis (Xiong et
al. 1998). Perforated-patch recording was performed as described
previously (Valenzuela et al. 1996). Nystatin (300 g ml™") was
included in the pipette solution to achieve low access resistance
without a physical disruption of the patch membrane. Whole-cell
current was recorded 5-10 min after the formation of high
resistance seal (>5 G£) where the access resistance is below
20 MQ. For cell-attached loose-patch recording, glass pipettes
(impedance, 1-3 MQ) were filled with regular bath solution. The
pipette potential was held at 0 mV.

pH; measurement

Intracellular pH was assessed using the pH-sensitive probe
BCECEF, as described in detail previously (Boyarsky et al. 1988).
Cultured mouse hippocampal neurons grown on 25 mm X
25 mm coverslips were incubated in the extracellular solution
containing 2 yuM BCECF-AM (Molecular Probes, Eugene, OR,
USA) for 20 min at room temperature, washed 3 times and then
incubated with BCECF-free solution for 30 min. Coverslips with
BCECEF-loaded cells were then transferred to a perfusion chamber
on an inverted microscope (Nikon TE300). Cells were illuminated
using a xenon lamp (75 W) and observed with a x 40 UV fluor oil-
immersion objective lens. Video images were obtained using a
cooled CCD camera (Sensys KAF 1401, Photometrics). Digitized
images were acquired, stored and analysed in a personal computer
controlled by Axon Imaging Workbench software (AIW2.1, Axon
Instruments). The shutter and filter wheel (Lambda 10-2) were
also controlled by AIW to allow for timed illumination of cells at
either 440 nm (pH insensitive) or 490 nm (pH sensitive) excitation
wavelengths. Background-subtracted BCECF fluorescence was
detected at an emission wavelength of 535 nm. 490 nm/440 nm
ratio images were acquired every 10 or 20 s and analysed by
averaging pixel ratio values in circumscribed regions of cells in the
field of view. Analysis was restricted to those neurons able to retain
BCECEF throughout the course of an experiment. The values were
exported from AIW to SigmaPlot 2000 for statistical analysis and
plotting.

Fluorescence ratios were calibrated in situ using the nigericin—
high K" method (Boyarsky et al. 1988) with the calibration
solutions at five pH values: 6.5,7.0,7.5,8.0 and 8.5.

Solutions and chemicals

Standard extracellular solution contained (mm): 140 NaCl,
5.4 KCl, 2 CaCl,, 25 Hepes, 33 glucose (pH 7.4 with NaOH;
320-330 mosmol 1™"). For solutions with pH < 7.0, Mes was used
as pH buffer instead of Hepes. MgCl, (1 mm) was present in the
current-clamp experiment but was excluded for some voltage-
clamp experiments in order to maximize the activation of the
csNSC channel. Tetrodotoxin (TTX, 0.5 uM) was added for all
voltage-clamp experiments but excluded for some current-clamp
recordings where firing of action potentials was studied.

For voltage-clamp experiments, the pipette solution contained
(mm): 140 CsF or CsCl, 30 CsOH, 10 Hepes, 11 EGTA, 2
tetraethylammonium chloride (TEA), 1 CaCl,, 2 MgCl, and 4
K,ATP (pH 7.3 with CsOH; 310 mosmol 1"). For current-clamp
recordings the pipette solution contained (mm): 150 KF or KCl, 10



5
S
S

(7%
i
A
s
=

-

~

3
~

] Physiol 550.2

Hepes, 11 EGTA, 2 TEA, 1 CaCl,, 2 MgCl, and 4 K,ATP (pH 7.3
with KOH; 310 mosmol 17). For perforated- patch recording, the
following solution was used in the pipette (mM): 136.5 potassium
gluconate, 17.5 KCl, 9 NaCl, 1 MgCl,, 10 Hepes, 0.2 EGTA, 2
CaCl,, with 300 #g ml™" nystatin. A multi-barrel perfusion system
(SE-77, Warner Instrument Co., CT, USA) was employed to
achieve a rapid exchange of solutions.

All experiments were performed at room temperature
(22 24 °C). Data are expressed as means + S.E.M. Student’s t test
was employed for the analysis of statistical significance.

RESULTS

Lowering [Ca’'], activates the csNSC currents
independently of changes in the seal conductance
We have reported previously that, in cultured
hippocampal neurons, lowering [Ca**], induced neuronal
excitation by activating a slow inward current (Xiong et al.
1997). The current was sensitive to blockade by
micromolar concentrations of Gd’* but insensitive to
known blockers of specific voltage-gated or ligand-gated
channels. Since the activation of this current is closely
controlled by the [Ca*'],, it was tentatively named the
calcium-sensing non-selective cation (csNSC) current
(Xiong & MacDonald, 1999).

In acutely dissociated rat thalamic or sensory ganglion
neurons, however, Formenti and De Simoni have recently
shown that lowering [Ca**], can induce an inward current
simply by increasing the seal conductance in the cell-
attached configuration (Formenti & De Simoni, 2000).
The change in seal conductance induced by lowering
[Ca®*], decreases with higher resistance seals and becomes
very low with seals over 1 GQ. For this reason, we have
also performed cell-attached recordings in cultured
hippocampal neurons to examine the effect of lowering
[Ca*"], on the seal resistance between the electrode and the
cell. In a total of eight cells recorded, an average seal
resistance of 8.3 £ 0.6 GQ was achieved in the presence of
2.0 mm [Ca*'],. Lowering [Ca**], to 0.1 mM induced only
a minor and insignificant change in seal resistance to
8.2+ 0.7GQ (n=38, P=0.63, Fig. 1A and B). With this
change of seal resistance, the seal conductance is only
changed from 0.120 to 0.122 nS. Such a minor shift in seal
resistance is too small to account for the large amplitude of
whole-cell current recorded in hippocampal neurons
(Fig. 1G, left panel).

Since it is difficult to accurately measure the seal resistance
in whole-cell recording, it may be argued that during the
formation of the whole-cell patch configuration, the seal
resistance is reduced due to a physical disruption of the
patch membrane. This reduction in the seal resistance
probably makes it more sensitive to the changes in [Ca®']...
To address this possibility, we have also used the
perforated-patch recording technique (Horn & Marty,
1988) to study the low [Ca’*],-activated current following
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membrane perforation. With this recording technique, the
patch membrane is not physically disrupted during the
formation of a low access resistance seal for the recording
of whole-cell currents, thus the seal resistance is expected
to be the same as in the cell-attached configuration
(i.e. before perforation). Nystatin (300 g ml™') was
included in the pipette solution to achieve the perforated-
patch recording as described previously (Valenzuela et al.
1996). Five minutes after the formation of a high resistance
seal (>5GQ), the low [Ca®'],-activated current was
activated by step reduction of [Ca**],. As shown in Fig. 1C
(right panel), lowering [Ca*'], from 1.3 to 0 mM activated
a large inward current in perforated-patch recordings
(n=6), similar to the current recorded in the
conventional whole-cell recordings (Fig. 1C, left panel).

To further determine whether the low [Ca?*'],-mediated
response is due to a change in seal conductance, we also
employed the loose-patch technique to record responses
to lowering [Ca®*], with the pipette potential held at 0 mV.
Cell-attached loose-patch recording can be used for
detection of the firing of action potentials without any
physical damage to the cell membrane (Smith & Otis,
2003). When the pipette potential is held at 0 mV, the
loose-patch electrode can record the membrane current
independently of changes in seal conductance. Taking
advantage of this technique, we were able to record high
frequency firing of action potentials induced by lowering
[Ca**], (from 1.3 to 0 mm) while holding the pipette
potential at 0 mV (Fig. 1D). Since the driving force
crossing the seal resistance is 0 mV, low [Ca**],-induced
neuronal excitation cannot be explained by changes in the
seal conductance. The most likely explanation is that
lowering [Ca’'] activates an inward current which causes
membrane depolarization, resulting in the firing of action
potentials. This effect of low [Ca**], is consistent with the
low [Ca?'],-induced membrane depolarization and
excitation of hippocampal neurons seen in current-clamp
recordings (Xiong et al. 1997; see also Fig. 9). Together
these data strongly suggest that low [Ca*"], can activate the
¢sNSC channel, resulting in neuronal excitation that is
independant of any changes in the seal conductance.

Transient synergistic interaction between low pH- and
low Ca**-induced responses. The effects of acidosis on the
¢sNSC current were initially studied by comparing the
peak amplitude of the inward current activated by
decreasing the [Ca®'], with or without a simultaneous
decrease in pH,. At a holding potential of —60 mV, step
reductions in [Ca®*'], from 2.0 mM to 0.1 mM without
changing the pH (7.5) induced a slowly activated inward
current in all cultured hippocampal neurons. The average
amplitude of this current at 2 s after switching to 0.1 mm
[Ca**], was —306 + 45 pA (n = 7; Fig. 24, left panel). In the
same neurons, a step reduction in pH, from 7.5 to 6.5,
without changing [Ca’*], (2.0 mMm), induced a transient
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inward current of —464 + 76 pA (Fig. 2A, middle panel)
probably mediated via proton-gated or acid-sensing ion
channels (ASICs; Waldmann et al. 1999). When [Ca®'],
and pH, were simultaneously reduced, inward currents
with an average amplitude of —2059 + 421 pA (n = 6) were
recorded (Fig. 2A, right panel). These currents were
substantially larger than the simple sum of each separate
current (P <0.01), indicating a synergistic interaction
between acidosis and low [Ca®],-induced responses.
This enhancement of inward current by simultaneous
decreases of [Ca*'], with pH is probably due to removal of
Ca’" blockade of the ASICs, as described previously by
Immke & McCleskey, who found that chelating [Ca**], by
lactate potentiates the ASIC current in cardiac sensory
neurons (Immke & McCleskey, 2001).

Decreasing pH, inhibits the csNSC current when
proton-induced currents are inactivated or blocked
In order to study the effect of changing pH on the csNSC
current without interference by proton-gated currents,
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neurons were pre-perfused with low pH solution (6.5) for
at least 2 min prior to activating the csNSC channels. As
shown in Fig.3A, proton-gated currents inactivate rapidly
and completely within ~5 s. This fast decay of the proton-
gated current is in contrast to the same current recorded in
cardiac sensory neurons and in dorsal root ganglion
neurons where a non-inactivating and sustained
component of the proton-gated current is also observed
(Waldmann et al. 1997a; Benson et al. 1999). This
difference is largely due to the different subunits of
proton-gated channels expressed in hippocampal neurons
and in sensory neurons. For example, ASIC3 (or
DRASIC), which mediates a slow component of the
proton-gated currents, specifically expresses in sensory
neurons (Waldmann et al. 1997a), while in hippocampal
neurons, ASICI, a subunit mediating a transient
component of the proton-gated current, predominates
(Wemmie et al. 2002). The fast decay of the proton-gated
current in cultured hippocampal neurons makes it
possible to use pretreatment of the neurons with low pH
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Figure 1. Low [Ca®*],-activated current in cultured hippocampal neurons is not due to
changes in the seal conductance

A, example traces showing the effect of low [Ca’*], on the seal currents recorded at the potentials indicated to
the right of each current trace. B, summary data showing the current—voltage relationship (I-V curve) in the
presence of 2.0 mm [Ca’'], (@) and 0.1 mm [Ca**], (O). The seal resistance, calculated from the slope of the
I-V curve, was 8.3 + 0.6 GQ for 2.0 mM [Ca?*], and 8.2 + 0.7 GQ for 0.1 mm [Ca**], (n=8, P=0.63).
C, example traces showing the activation of the csNSC current in conventional whole-cell and perforated-
patch configurations. For whole-cell recording, low access resistance (< 10 MQ) was achieved by applying a
brief pulse of suction to disrupt the patch membrane, while for perforated-patch recording, low access
resistance (~15MQ) was achieved by membrane perforation with 300 g ml™" nystatin. D, top panel,
example traces showing the low [Ca®*],-induced neuronal excitation in a cell-attached loose-patch
recording. With the pipette potential held at 0 mV which eliminates the driving force across the seal between
the pipette and the cell, lowering [ Ca®*], from 1.3 to 0 mM excites the neuron independently of changes in the
seal conductance. D, bottom panel, a section of the trace above on an expanded time scale showing the
membrane current corresponding to the firing of individual action potentials.
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solutions to avoid contamination of the csNSC currents by
the current passing through the proton-gated channels. In
addition, in some recordings, we have used amiloride to
block the proton-gated currents (Waldmann & Lazdunski,
1998). As shown in Fig. 3B, amiloride caused a
concentration-dependent inhibition of proton-gated
currents in cultured hippocampal neurons (ICs, of
~11 uM). To block these currents, 100 gM amiloride was
included in the bath solution when recording the csNSC
current at lowered pH. This concentration of amiloride
had no direct effect on the csNSC current (Fig. 3C), though
higher concentrations (>500 um) slightly inhibited the
current (not shown). Finally, further evidence that ASICs
play no role in generating the csNSC responses comes
from experiments we are carrying out on cells from ASIC1
knock-out mice, which lack the normal ASIC-mediated
response to pH, but still show a response of normal
amplitude to low [Ca**], (X. P. Chu et al., unublished
observations).

In contrast to the effect of co-applications of low pH and
low [Ca*'],, pre-treating the neurons at pH 6.5 inhibited
the ¢sNSC current, reducing the amplitude from a mean
value of —336 * 48 pA to —206 £ 35 pA (~40 % decrease,
n=7,P <0.01; Fig. 4A and B). Increasing the pH to 8.5, on
the other hand, enhanced the ¢sNSC currents, with the
mean amplitude rising to =526 = 76 pA (P < 0.05). These
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Figure 2. Synergistic interaction between low [Ca?*],-
and low pH-induced responses

Cultured hippocampal neurons were initially perfused with bath
solution containing 2.0 mm [Ca®*],at pH 7.5. A, example traces
showing the interaction between low pH- and low [Ca**],-
mediated responses. At a holding potential of —60 mV, a step
decrease of [Ca®*], from 2.0 to 0.1 mM activated a slow and
sustained inward current through the csNSC channels (left panel),
while a step decrease of pH from 7.5 to 6.5 activated a transient
inward current, probably through proton-gated channels (middle
panel). Simultaneous decreases in pH and [Ca®*], activated a much
larger inward current (right panel). B, superimposed traces (left
panel) and bar graph (right panel) showing the synergism between
low pH- and low [Ca®'], -induced responses. ** P < 0.01.
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data indicate that increasing the proton concentration
inhibits the csNSC channels.

To test whether changing the pH affects the steady state of
the ¢sNSC current, currents were also activated by
lowering Ca** for a prolonged period of time, e.g. 30 s. As
shown in Fig. 4C and D, both the rate of onset and the
steady state of the csNSC current were affected by pH,.

To maximize the csNSC current, Mg** was not included in
the extracellular solution in the above experiments,
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Figure 3. Time-dependent inactivation and amiloride
blockade of the currents through proton-gated channels

A, example traces showing the time course of the currents activated
by decreasing pH from 7.5 to 6.5 and 6.0. The currents decayed to
baseline within 5 s. B, left panel, representative traces showing the
effect of amiloride on proton-gated currents activated by
decreasing pH to 6.0; right panel,dose-dependent block of proton-
gated currents by amiloride, with an IC5y0f 11 M.

C, representative traces and summary bar graph showing the lack
of blockade of the csNSC current by amiloride with concentrations
up to 100 pM.
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Figure 4. pH dependence of the ¢sNSC current

A, example traces showing the csNSC currents activated at pH 6.5,
7.5and 8.5 in the same neuron. Neurons were perfused with
different pH solutions for atleast 2 min before activating the
csNSC current. A decrease in pH to 6.5 inhibited the current while
anincrease in pH to 8.5 potentiated the current. B, summary data
showing the amplitude of the csNSC currents activated at different
pH values(397 = 74 pA at pH 7.5; 206 + 35 pA at pH 6.5; and

584 + 87 pAatpH8.5,n =7).** P < 0.01 when compared with pH
7.5 group. C, prolonged current traces demonstrate that both the
rate of onset and the steady state of the csNSC current are affected
by pH,. D, example traces showing the inhibition of the csNSC
currents by low pH in the absence and presence of 1 mm Mg?*.

E, example traces and exponential fits showing the effect of pH on
the activation time constant (7) of the csNSC currents.
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because it inhibits the csNSC channel (Xiong et al. 1997) .
To test whether the presence Mg*" might influence the
proton-induced inhibition of the csNSC channel, we also
studied the effect of lowering pH on the ¢sNSC current
in the presence of 1 mm Mg®. Although a higher
concentration of Mg**(e.g. 1.5 mMm) may be considered
more physiologically relevant, 1 mm was chosen since
during intense synaptic excitation or in pathological
conditions where [Ca®'], decreases, a simultaneous
decrease in the concentration of extracellular Mg*" is
observed (Krnjevic et al. 1982; Heinemann et al. 1990).
Using 1 mm Mg’ is therefore closer to the situations where
the csNSC channels are expected to be activated.

Although the amplitude of the csNSC current decreases in
the presence of Mg**, a substantial amount of current
remains. In three neurons tested, lowering the pH to 6.5 in
the presence of 1mM Mg™ induced a 43.6 +4.1%
inhibition of the csNSC current (Fig. 4D), similar to the
level of inhibition in the absence of Mg**.

The effect of pH on the rate of activation of the csNSC
channels was studied by comparing the time constant of
the current activation at neutral (7.5) and low (6.5) pH.
The time constants at both pH values were fitted by
single exponentials. Although the time constant varies
significantly in different cells recorded, lowering pH, in
general slows down the activation of the csNSC channels.
This is demonstrated by an increase in the activation time
constant from414 + 41 msat pH 7.5 to 679 £ 95 ms at pH
6.5 (n = 6, P < 0.05; Fig. 4E).

A concentration—response analysis demonstrated that the
ICs, for proton inhibition of the csNSC current was at pH
6.2 £ 0.3 (Fig. 5, n = 4). Ata physiological pH of 7.5, about
20% of the csNSC current is inhibited by protons. This
effect of protons on the csNSC channel is similar to what is
observed for NMDA receptors where about 50 % of the
current is inhibited at physiological pH (Traynelis & Cull-
Candy, 1990).

Proton-induced inhibition of the csNSC currents is
voltage independent

To determine whether protons act at a site within the
transmembrane electric field (e.g. within the channel), we
examined the voltage sensitivity of the proton-induced
inhibition of the ¢sNSC currents. Whole-cell currents
activated by lowering Ca** from 2.0 to 0.1 mM were
recorded over a range of holding potentials from —60 to
+20 mV at normal or low pH. As shown in Fig. 6, whole-
cell csNSC currents reversed near 0 mV at both pH 7.5 and
6.5, and the I-V relationships were near linear over the
entire voltage range tested. Furthermore, decreasing pH to
6.5 inhibited the current to a similar extent at all potentials
tested, illustrating a lack of voltage dependence (Fig. 6B
and C). At pH 6.5, the amplitudes of the csNSC currents at
—60, —40, —20 and +20 mV were decreased to 68 * 5 %,
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Figure 5. Concentration-dependent inhibition
of the csNSC currents by protons

Currents were activated by a step decrease of [Ca**],
from 2.0 to 0.2 mM at the holding potential of —60 mV.
A, representative traces taken from the same neuron
demonstrate that the csNSC currents are inhibited by
protons in a concentration-dependent manner.

B, summary data showing the concentration-dependent
effect of protons on the csNSC current. The mean ICs,
for proton inhibition of the csNSC current is pH

6.2+ 0.3 (n=4).

66 + 6%, 59+ 8% and 67 £ 9% of the control values
recorded at pH 7.5 (Fig. 6C, n = 5, P > 0.05).

Decreasing pH increases the potency of Ca**
blockade

Ca’" is an effective endogenous blocker of the csNSC
channels (Xiong et al. 1997). To study the possible
mechanism underlying the proton-induced inhibition of
this current, we explored the possibility that changing
pH may alter the potency of Ca®* block. A
concentration—inhibition curve was therefore constructed
for the Ca** blockade of the csNSC current at physiological
(7.5) or reduced pH. As shown in Fig. 7, decreasing the
pH to 6.5 induced a leftward shift of the Ca*
concentration—inhibition curve, indicating an increase in
the potency of Ca’* blockade. In addition to causing a

Figure 6. Voltage-independent effect of pH on the
c¢sNSC current

A, representative traces showing the effect of acidosis on the
current—voltage relationship of the csNSC channel. Currents
were activated by lowering Ca** from 2.0to 0.1 mM overa
range of holding potentials from —60 to +20 mV, at normal
(7.5, left panel) and low (6.5, right panel) pH. B, -V curves
of the csNSC channel at pH 7.5 and 6.5. Both I-V curves
display a linear relationship with reversal potentials near

0 mV. A decrease in pH to 6.5 inhibits the amplitude of the
csNSC currents at all potentials. C, summary data showing
the voltage-independent inhibition of the csNSC currents by
pH 6.5. The amplitudes of the csNSC currents at —60, —40,
—20and +20 mV were decreased by pH 6.5 to 68 + 5 %,

66 + 6%, 59 * 8% and 67 = 9 % of the control currents
recorded at pH 7.5,n = 5, P > 0.05.
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leftward shift in the dose—inhibition curve, decreasing the
pH to 6.5 also decreased the maximal current activated by
lowering [Ca**], to 0 mMm (Fig.7A), perhaps due to a direct
block of the channel by protons. In contrast, increasing the
pH to 8.5 induced a rightward shift in the dose—inhibition
curve, consistent with a decrease in the potency of Ca**
blockade (Fig. 7). The ICs, values for Ca** block of the
¢sNSC currents were 0.12 + 0.01 mMm for pH 7.5 (n =6),
0.08 + 0.01 m™m for pH 6.5 (1 = 5) and 0.18 + 0.02 mM for
pH 8.5 (n =7, P < 0.05 for both pH 6.5 and pH 8.5 when
compared to pH 7.5). The Hill coefficients were
1.29+0.12 (n=7), 1.17 £ 0.09 (n=6) and 0.96 = 0.13
(n=5) for pH 8.5, pH 7.5 and pH 6.5, respectively.
Though there seems to be a trend that the Hill coefficient
increases with pH increases, no significant differences
were detected among different pH groups.
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Both extracellular and intracellular sites are
involved in proton inhibition of the csNSC currents
Changes in extracellular pH may alter intracellular pH
(Schlue & Dorner, 1992; Deitmer & Rose, 1996). To
determine whether changes in intracellular pH are
involved in the proton-induced modulation of the ¢sNSC
currents, we have studied the effect of quinine, an agent
known to cause intracellular alkalinization (Dixon et al.
1996), on the amplitude of the csNSC currents. As shown
in Fig. 8A and B, bath applications of 0.5 mM quinine for
2 min enhanced the ¢sNSC currents by 60 = 18 % (n = 6,
P <0.05).

The effect of intracellular acidification was then examined
using an NH,CI pre-pulse protocol (Deitmer & Ellis,
1980). The addition and subsequent removal of NH,Cl is
commonly used to alter intracellular pH (Deitmer & Ellis,
1980; Kupriyanov et al. 1999; Bonnet et al. 2000) based on
the following principle: NH;, which is in equilibrium with
NH,*, penetrates into the cell faster than NH,*, where it
binds H", resulting in transient alkalinization of the
cytoplasm. Subsequent washout of the NH,Cl then results
in a faster removal of NH; from the cytoplasm and shifts
the equilibrium (NH,*— NH;+ H") towards NH,"
dissociation and the release of HY, resulting in intracellular
acidosis (Deitmer & Ellis, 1980). In guinea-pig hippocampal
neurons, 3 min perfusion of 20 mm NH,CI, followed by

] Physiol 550.2

washout, induced up to a 0.5 unit decrease in intracellular
pH (Bonnet et al. 2000). To study the effect of intracellular
acidification on the csNSC current, 15 mm NH,CI was
perfused for 3 min and followed by washout. As shown in
Fig. 8C, 3 min after the removal of NH,CI, the amplitude
of the csNSC current decreased to 68.8 £7.0% of the
control value (n = 5, P < 0.01). Together, these data suggest
that the effect of changing pH, on the activity of the csNSC
channels is probably due to a change in intracellular pH.

To gain direct evidence that bath perfusion of quinine,
NH,CI withdrawal, and changes in pH, indeed induce
alterations in pH;, we have measured pH; using BCECF as a
pH indicator. Neurons were loaded with the membrane-
permeable form of BCECF (BCECF-AM, 2 uM) before
imaging. As shown in Fig. 8D, in intact neurons, bath
perfusion of quinine induced a rapid increase in pH; from
7.18 £0.09 to 7.51 £ 0.10 (n =9, P < 0.01). On the other
hand, lowering pH, to 6.0 caused a decrease in pH; to
6.97 £ 0.09 (n=9, P<0.01). Bath perfusion of NH,Cl
(10 mm) and subsequent withdrawal induced a transient
increase followed by a relatively long-lasting decrease in
pH;t0 6.78 £ 0.09 (n = 6, P < 0.01; Fig. 8D). This transient
increase and subsequent decrease in pH; by NH,CI
application and withdrawal are consistent with their effect
on the c¢sNSC current (Fig. 8C). In ~20 % of neurons, a
transient post-quinine acidosis lasting for ~1 min was

1.0

0.8

0.6

0.4

0.2

Relative Amplitude

ApHB.5(n=5)
o pH7.5(n=6)
® pH85(n=7)

0.0 v
0.001 0.01

0.1 1

Ca* Concentration (mM)

Figure 7. Effects of pH on the dose-inhibition relationship of Ca** blockade of ¢sNSC current

A, representative traces showing the dose-dependent Ca** block of the csNSC currents at pH 7.5, 6.5 and 8.5.
B, summary data showing the dose-inhibition curves of Ca’* blockade of the csNSC current at pH 6.5 (A),
7.5 (0), and 8.5 (@). The mean ICs, values for Ca’* blockade are 0.08 + 0.01 (n = 5) at pH 6.5, 0.12 £ 0.01

(n=6)atpH7.5and 0.16 + 0.02 (n = 7) at pH 8.5.



5
S
S

(7%
i
A
s
=

=

~

3
~

] Physiol 550.2

observed (Fig. 8D). The reason for this acid rebound is not
clear. Since the majority of cells did not show this response,
the effect of this transient acidosis on the csNSC current
was not further characterized.

To more closely mimic the conditions in which the csNSC
currents were recorded, we also performed pH,;
measurements in neurons under whole-cell voltage-clamp
conditions. Individual neurons were loaded with the
membrane-impermeable dye BCECF (BCECEF free acid,
100 um) through the patch electrode. Hepes at 10 mm was
also included in the pipette solution, as for current
recording. Imaging was performed 10 min after the
formation of the whole-cell configuration at a holding
potential of —60 mV. As in intact neurons, addition of

A
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quinine, NH,CI withdrawal or altering pH, still induced
significant changes in pH;. In four cells tested, perfusion of
quinine increased pH; from 7.28 £0.14 to 7.83 £0.20
(P <0.01), while washout of NH,CI decreased pH; to
7.01 £0.13 (P < 0.05). Similarly, changing pH, to 6.0 or
6.5 decreased pH; to 6.84 £0.08 and 6.93 + 0.09
(P < 0.05), respectively. These findings indicate that
10 mM Hepes in the intracellular solution is not sufficient
to eliminate the changes of pH;. Raising intracellular
Hepes to 30 mMm, however, largely eliminates the changes
in pH;induced by quinine and NH,CI, as well as their
effects on the csNSC current (n =3, not shown),
indicating that changes in intracellular pH are involved in
the modulation of the csNSC currents. Inclusion of 30 mm

Control Quinine 2 min Quinine 4 min  Wash
B
2 20 -5 2.0 = Control
27 2 H Quinine
Figure 8. Effects of changing intracellular B 15 215
pH on the ¢sNSC current E 1.0 E 1.04 -
A, representative traces showing potentiation of S — _g
the csNSC current by bath perfusion of quinine 5 08 Quinine 0.5 mM K
(0.5 mMm). Currents were activated by a step & 0.0 e ———— o 0
decrease in [Ca®*],from 2.0 t0 0.2 mM at a holding 4 2 0 2 4 6 8 10
potential of =60 mV. B, left, time course of quinine Time (min)
potentiation; right, summary data showing the
effect of quinine on the csNSC current. c L NHCI
Two minutes of perfusion with quinine increased Control NHCI = NH.Clwithdraw 2.0 NH.Cl withdraw

the amplitude of the csNSC current by 60 + 18 %
(n=6,P <0.05). C, representative traces and bar

-
2]

...

Relative Amplitude
(=]

graph illustrating the effect of bath perfusion of <

NH,CI (15 mMm) and subsequent withdrawal on o |_ 0.5

amplitude of the csNSC current. NH,Cl was = 2s

perfused for 3 min, followed by rapid washout of 0.0

NH,CL The amplitude of the csNSC current was

increased to 137 £ 16 % during the initial D L Control - gz ]
perfusion of NH,Cl and decreased to 68.8 = 7.0 % 7.81 NH, CI S;"Q.'Qe = NHClwithdraw
of the control value after a 3 min washout of | quinine

NH,CI (n = 4-5, P < 0.05). D, effects of quinine,
NH,Cl withdrawal and lowering pH,, on
intracellular pH (pH;) in cultured hippocampal
neurons. pH; was measured using BCECF as pH
indicator and calibrated with 10 uM nigericin—high
K* solutions (see Methods). E, example traces and
summary bar graph showing the inhibition of the

csNSC current by acidosis with intracellular 6.6 -

solution containing 30 mm Hepes. * P < 0.05,

** P < 0.01, compared with the control group. [CIpH7.5 B3 pH6.0
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Hepes in the pipette solution, however, only partially
reduced the inhibition of the csNSC current by low pH. In
four neurons tested, lowering pH, from 7.5 to 6.0 inhibited
the c¢sNSC current from —183 £ 37 pA to —154 £ 32 pA
(15 £ 8% inhibition, n=4, P<0.05, Fig. 8E). This
finding, together with the effects of quinine and NH,Cl,
suggests that both the intracellular and extracellular site(s)
are probably involved in the inhibition of the c¢sNSC
current by protons.

Decreasing pH inhibits the csNSC-mediated
membrane depolarization and neuronal excitation
The effect of pH on the csNSC-mediated membrane
depolarizations and the subsequent excitation of cultured
hippocampal neurons was studied in the current-clamp
configuration in the presence of 1 mmM Mg**. In the absence
of the Na* channel blocker TTX, the majority of cultured
hippocampal neurons displayed spontaneous action
potentials at a resting potential of ~—55mV. The
frequency of these action potentials was largely dependent
on the membrane potential: hyperpolarization reduced or
eliminated firing while moderate depolarization increased
the frequency of action potentials (not shown). The effects
of acidosis on the csNSC channel-mediated responses
were studied in either the absence or presence of TTX. Ata
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holding potential of —60 mV and in the presence of TTX,
lowering [Ca®'], from 2 to 0.5 mMm at pH 7.5 induced a
sustained membrane depolarization with a mean value of
15.3 £ 1.7 mV (n = 6). However, when pH was lowered to
6.5, the same decrease in [Ca®'], induced a membrane
depolarization of only 9.9 £ 1.0 mV (P < 0.01; Fig. 9A and
B). In the absence of TTX, decreasing Ca** from 2 to 0.5 mMm
at pH 7.5 not only induced membrane depolarization but
also induced a high frequency (14.8 + 2.6 Hz, n = 8) firing of
action potentials (Fig. 9C). We previously demonstrated
that this enhanced excitation is largely due to activation of
the csNSC channels (Xiong et al. 1997, 2001). Decreasing
pH to 6.5 not only decreased the amplitude of the
membrane depolarization but also decreased the
frequency of action potential firing in the presence of 0.5
Ca**to4.3 = 1.1 Hz (P < 0.01; Fig. 9Cand D).

DISCUSSION

It is well known that decreases in [Ca?'], enhance neuronal
excitability (Hille, 1992). The exact mechanism underlying
increased neuronal excitability is, however, not fully
understood. Lowering [Ca®*], reduces the shielding of
negatively charged groups located at the membrane
surface (Hille, 1992; Zhou & Jones, 1995). By this

A B
S 20
-30 pH 7.5 pH 6.5 E
= 151
e *x
® 101
N ?
i i [
8 5 /
70! —log — I porrouses /
70 ca 0.5mM 20mM ca’* 0.5mM §_ o] 4
pH7.5 pH 6.5
C pH7.5 pH 6.5 D
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0 )
T 15
- >
- 20 B 1o
E 40 ' g .
T 5
8
80 e N e £,
— — : :
-80 ca’" 0.5mM ZomM ca’ 0.5 mm PH7.5pHB.5

Figure 9. Effect of acidosis on the ¢sNSC channel-mediated membrane depolarization and

the excitation of hippocampal neurons

A, representative traces showing membrane depolarization in the presence of TTX (0.5 #M) by lowering
[Ca*], from 2.0 to 0.5 mM at pH 7.5 and 6.5. B, summary data from 7 neurons showing the effect of acidosis
on the amplitude of membrane depolarization induced by lowering [Ca**],. The amplitude of membrane
depolarization induced by lowering [Ca**], to 0.5 mM was 15.3 £ 1.7 mV at pH 7.5 and 9.9 £ 1.0 mV at pH
6.5 (n=6, P<0.01). C, representative traces showing membrane depolarization and excitation of a
hippocampal neuron by lowering [Ca®*], from 2.0 to 0.5 mMm at pH 7.5 or 6.5. D, summary data from 8
neurons showing the frequency of action potential firing at pH 7.5 and 6.5. The frequency of action potential
firing in the presence of 0.5 mm [Ca®*], was 14.8 + 2.6 Hz at pH 7.5 and 4.3 + 1.1 Hz at pH 6.5 (n =8,
P <0.01). All solutions contained 1 mm Mg**".** P < 0.01 compared with the pH 7.5 group.
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mechanism Ca** may influence the voltage-dependent
activation of various ion channels (Hille, 1992). Calcium
also alters the gating and the permeability of several
voltage-gated ion channels (Zhou & Jones, 1995) and in
some cases channel selectivity is lost when Ca** is reduced
to extremely low levels. For example, Na" will readily
permeate L-type Ca’* channels when [Ca’'], is lowered to
ananomolar range (Almers & McCleskey, 1984; Fukushima
& Hagiwara, 1985; Hess et al. 1986; Matsuda, 1986). Such
low values of [Ca**],, however, are not expected under
either physiological or pathological conditions. In contrast
to these effects of extremely low concentrations of Ca**,
the csNSC channel, which is not voltage dependent, can be
activated by very moderate decreases in [Ca*'], (Xiong et
al. 1997; Xiong & MacDonald, 1999). For example, in
voltage-clamp recording, measurable inward currents can
be detected by decreasing [Ca*'], from 2 to 1 mM. In
current-clamp recording, a threshold for membrane
depolarization can be reached by a decrease in [Ca**], of as
little as 0.1 mM (Xiong et al. 1997). These findings suggest
that activation of the csNSC current and the subsequent
long-lasting membrane depolarization may largely be
responsible for the enhanced neuronal excitation observed
in the presence of low [Ca*'],, i.e. during seizures and
periods of brain ischaemia.

In acutely dissociated rat thalamic and sensory ganglion
neurons, Formenti and De Simoni have recently reported
that lowering [Ca’*], may induce inward current in cell-
attached recordings by decreasing the seal resistance
(Formenti & De Simoni, 2000). To test whether a similar
current can be activated in cultured hippocampal neurons,
we have also performed cell-attached recording and
examined the effect of lowering [Ca’'], on the seal
resistance. In contrast to the study by Formenti & De
Simoni (2000) using acutely dissociated rat thalamic and
sensory ganglion neurons, our study in cultured
hippocampal neurons demonstrated that lowering [Ca*'],
induced only a minor and insignificant change in seal
conductance (e.g. from 0.120 to 0.122 nS). Such a minor
shift in seal resistance is too small to account for the large
amplitude of low [Ca**],-activated whole-cell current.

The reason for the difference between our results and those
of Formenti and De Simoni is not clear. One possible
explanation is that the seal resistance in our recording is
much higher than the value reported by Formenti and De
Simoni. In our recordings, an average seal resistance of
over 8 GQ was achieved in the presence of 2 mm CaCl, in
the bath solution, while in Formenti and De Simoni’s
recordings, a relatively low seal resistance of ~1-2 GQ was
reported (Formenti & De Simoni, 2000). As described by
Formenti and De Simoni, the change in seal conductance
induced by lowering [Ca®'], decreases with high resistance
seals and becomes very low with seal resistances over 1GQ.
This probably explains why we do not see any obvious
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changes in the seal resistance on lowering [Ca*'], in our
recordings. The difference in seal resistance between our
recordings and those of Formenti and De Simoni may
be due to the different preparations used: cultured
hippocampal neurons vs. acutely dissociated thalamic or
sensory ganglion neurons. It is likely that the membrane of
cultured neurons is cleaner and healthier than the acutely
enzyme-dissociated neurons which would not have fully
recovered from the injury caused by the dissociation
process. Nevertheless, our seal resistance is closer to the
values commonly recommended for high quality patch-
clamp experiments.

Since it is difficult to accurately measure the seal resistance
in the whole-cell configuration, it may be argued that
during the formation of whole-cell patch clamps, the seal
resistance is reduced by disruption of the patch-
membrane. This reduction in seal resistance may make it
more sensitive to changes in [Ca*"],. To address this
possibility, we have also performed perforated-patch
recordings and studied the low [Ca’*],-induced current
after the membrane perforation. It is expected that if there
is no physical disruption of the patch membrane seal
resistance should not be affected during the formation of
low access resistance by membrane perforation (Horn &
Marty, 1988). Our data showing that a similar low [Ca®**],-
induced current can be activated during perforated-patch
recording further suggests that the ¢sNSC current is not
due to changes in seal conductance.

In addition, the following arguments can also be made
against the possibility that a change in the seal resistance is
responsible for the whole-cell currents induced by
lowering [Ca**], in our studies. (a) It is recognized that,
even though lowering [Ca*'], may induce a current by
affecting the seal resistance in the cell-attached
configuration, the effects of changing Ca’* in the whole-
cell configuration with a high resistance seal, where
R;>> R, is predominantly due to a change in membrane
conductance (Formenti & De Simoni, 2000). In our
recordings, seal resistances of >5GQ were routinely
achieved before patch excision, and the average input
resistance (as a close estimation of membrane resistance)
measured by a 10 mV hyperpolarization pulse from the
holding potential of =60 mV is ~200 M Q. In this situation,
the main effects observed on changing [Ca*'], should
be largely due to changes in membrane conductance,
i.e. opening of ion channels. (b) Our study using the loose-
patch recording technique also demonstrated that lowering
[Ca**], can induce neuronal excitation independently of
changes in the seal conductance. Together, our data
strongly suggest that lowering [Ca*'], can activate the
c¢sNSC channels independently of changes in seal
conductance.

The brain normally depends on the complete oxidation of
glucose, with the end-products being CO, and H,O, for
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essentially all its energy requirements. During pathological
conditions such as hypoxia/ischaemia, anaerobic
glycolysis leads to lactic acid accumulation, causing a
decrease in pH. Extracellular pH typically falls to 6.5
during ischaemia under normoglycaemic conditions, and
it can fall below 6.0 during severe ischaemia or under
hyperglycaemic conditions (Rehncrona, 1985; Nedergaard
et al. 1991). Since acidosis co-exists with low Ca®' in
pathological conditions including epileptic seizures and
brain ischaemia, it is important to know if the lowered pH
influences the activity of the ¢sNSC channels. Here we
have demonstrated that the activity of the csNSC channel
in cultured hippocampal neurons is indeed regulated by
pH,: decreasing pH, inhibited, while increasing pH,
potentiated, the responses mediated by the csNSC
channels.

Since Ca’* is an effective endogenous blocker of the csNSC
channel (Xiong et al. 1997), we have explored the
possibility that pH regulates the c¢sNSC channel by
modulating the potency of Ca**. Consistent with an
increase in the potency of the Ca** blockade, our data
demonstrated that decreasing pH, caused a leftward shift
in the concentration—inhibition curve. Increasing pH,, on
the other hand, decreased the potency of the Ca’*
blockade. In addition to a leftward shift in the
concentation—inhibition curve, our data also demonstrated
that decreases in pH, caused a reduction in the maximal
response mediated by the c¢sNSC channels. This result
indicates that an increase in the potency of the Ca*
blockade may not be the only mechanism underlying
proton inhibition of the ¢sNSC channels. It is likely that
protons may block the c¢sNSC channel directly, as
exemplified by proton blockade of the L-type Ca®*
channels (Chen et al. 1996) and the cardiac Kcnk3
channels (Lopes et al. 2000).

Changing extracellular pH is anticipated to alter
intracellular pH (Schlue & Dorner, 1992; Deitmer & Rose,
1996). To determine whether changes in intracellular pH
affect the activity of the ¢sNSC channels, we tested the
effect of quinine, an agent known to cause intracellular
alkalinization (Dixon et al. 1996), and NH,Cl withdrawal,
a protocol known to cause intracellular acidification
(Deitmer & Ellis, 1980), on the amplitude of the csNSC-
mediated currents. Our results demonstrated that an
increase in intracellular pH by quinine and a decrease in
intracellular pH by NH,Cl withdrawal had similar effects
to an increase or decrease in pH,, respectively. pH imaging
experiments clearly demonstrated that addition of quinine
or removal of NH,CI caused a corresponding increase or
decrease in pH;. Similarly, decreasing pH, also induced a
subsequent decrease in pH;. These results suggest that
changes in pH; are involved in the modulation of the
csNSC channels. Our finding that a high concentration of
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intracellular Hepes only partially reduced the effect of
changing pH, indicates that both the intracellular and
the extracellular site(s) are involved in the inhibition of the
¢sNSC current by protons. This dual modulation of the
¢sNSC channels by protons is similar to the proton-
induced modulation of other ion channels, e.g. Kir2.3 K*
channel (Zhu et al. 1999) and a volume-sensitive K*
current (Hougaard et al. 2001).

The detailed physiological and pathological role of the
¢sNSC channel activation is not clear at present time. It is
likely that activation of the csNSC channel may play an
important role in a positive feedback system during
excessive neuronal depolarization, which probably
contributes to the excitatory neuronal injury associated
with epileptic seizures and brain ischaemia. Excitatory
neuronal injury involves activation of glutamate receptors
and excessive Ca** entry through NMDA receptor-gated
channels (Choi, 1994). Membrane depolarization is an
essential step in the activation of NMDA channels by
relieving voltage-dependent Mg** blockade (Novelli et al.
1988; MacDonald & Nowak, 1990). It is likely that
activation of the ¢sNSC channels and the resultant long-
lasting membrane depolarization may contribute to
excitatory neuronal injury. During brain ischaemia, for
example, energy deprivation initially causes dysfunction of
ATP-dependent ionic pumps (e.g. Na'—K* pump) (Siesjo,
1992). This deficiency of the Na*~K" pump then results in
an increase in [K'], and [Na*].. High [K'], and [Na'];
depolarize neurons leading to activation of voltage-gated
Ca’" channels and enhanced release of glutamate which
activates NMDA channels (Bittigau & Ikonomidou, 1997).
Activation of voltage-gated Ca’* channels and NMDA
channels induces entry of Ca** into neurons leading to a
decrease in [Ca’"],. Activation of the csNSC channel by the
fall in [Ca*], will in turn enhance membrane
depolarization, further facilitating the activation of
NMDA receptors and voltage-gated Ca** channels.
Enhanced activation of NMDA receptors and voltage-
gated Ca** channels will cause additional decreases in
[Ca®'], and greater activation of the csNSC channels. This
positive feedback system may eventually contribute to
loading of neurons with intolerable amounts of Ca**, with
resultant neuronal injury. Inhibition of the activity of the
¢sNSC channels by acidosis may act to reduce this positive
feedback, hence attenuating Ca** overload and excitatory
neuronal injury.

There has been controversy as to whether the acidosis
generated during ischaemia contributes to the pathology
or provides beneficial actions (Tombaugh & Sapolsky,
1993). Most in vivo studies have demonstrated that
acidosis aggravates ischaemic brain damage (Kristian et al.
1994; Siesjo et al. 1996). The deleterious effects of acidosis
may be related to its influence on the synthesis and
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degradation of cellular constituents, mitochondrial
function, post-ischaemic blood flow, and stimulation of
pathologic free radical reactions (Rehncrona, 1985;
Tombaugh & Sapolsky, 1993). In addition, profound
acidosis is expected to inhibit the astrocyte glutamate
uptake system which may contribute to excitatory
neuronal injury (Swanson et al. 1995). Furthermore,
activation of ASICs in neurons by acidosis, as shown by
our own study and others, might contribute to overall
membrane depolarization and neuronal injury (Zhu et al.
2001). On the other hand, several in vitro studies have
suggested that acidosis may in fact be beneficial in
protecting neurons from excitotoxic injury (Giffard et al.
1990; Kaku et al. 1993; Sapolsky et al. 1996). One
explanation is that a decrease in extracellular pH inhibits
NMDA receptor channel activity (Tang et al. 1990;
Traynelis & Cull-Candy, 1990). Our finding that lowering
pH, inhibits the csNSC channel with resulting attenuation
of neuronal excitation may suggest a new protective role
for acidosis during ischaemia and seizures. Such an effect
may contribute to the neuroprotective effect of moderate
acidosis on focal ischaemia (Simon et al. 1993) and
epileptic brain injury (Sasahira et al. 1997). Although a
simultaneous decrease in [Ca*'], with pH may induce
enhanced membrane depolarization due to potentiation
of ASIC channels, this synergism is expected to last for only
a few seconds due to the transient nature of the ASIC
current. In contrast, the inhibition of the csNSC channels
by acidosis and subsequent decrease in membrane
depolarization should be longlasting and have a dominant
role in reducing low [Ca**],-induced neuronal excitation.

The overall effect of acidosis on neuronal injury in a
biological system will therefore depend on the balance
between its beneficial and deleterious actions. One
potential therapeutic strategy could be to minimize the
detrimental effects of acidosis, e.g. activation of the
proton-gated channels, while preserving its beneficial
effects, e.g. inhibition of the csNSC channels.
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