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The Discovery and Characterization of a Proton-Gated
Sodium Current in Rat Retinal Ganglion Cells
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The conduction of acid-evoked currents in central and sensory neurons is now primarily attributed to a family of proteins called
acid-sensing ion channels (ASICs). In peripheral neurons, their physiological function has been linked to nociception, mechanorecep-
tion, and taste transduction; however, their role in the CNS remains unclear. This study describes the discovery of a proton-gated current
in rat retinal ganglion cells termed Iy, y, which also appears to be mediated by ASICs. RT-PCR confirmed the presence of ASIC mRNA
(subunits la, 2a, 2b, 3, and 4) in the rat retina. Electrophysiological investigation showed that all retinal ganglion cells respond to rapid
extracellular acidification with the activation of a transient Na " current, the size of which increases with increasing acidification between
pH 6.5 and pH 3.0. I, ;) desensitizes completely in the continued presence of acid, its current-voltage relationship is linear and its
reversal potential shifts with Ey,. Iy, is reversibly inhibited by amiloride (ICs,, 188 um) but is resistant to block by TTX (0.5 um),
Cd** (100 wm), procaine (10 mm), and is not activated by capsaicin (0.5 um). INaq+) 18 nOt potentiated by Zn** (300 wm) or Phe-Met-
Arg-Phe-amide (50 M) butis inhibited by neuropeptide-FF (50 um). Acute application of pH 6.5 to retinal ganglion cells causes sustained
depolarization and repetitive firing similar to the trains of action potentials normally associated with current injection into these cells.

The presence of a proton-gated current in the neural retina suggests that ASICs may have a more diverse role in the CNS.
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Introduction
Proton-gated currents are emerging as a common feature of
mammalian central and sensory neurons. In peripheral tissues,
where ischemia-induced acidosis can measure several pH units,
these currents have been implicated in nociception (Reeh and
Steen, 1996; Benson and Sutherland, 2001), in addition to the
physiological processes of mechanoreception (Price et al., 2000)
and taste transduction (Gilbertson et al., 1993). The functional
significance of currents gated by protons in the brain is less obvi-
ous, because the brain is well protected from such large pH fluxes
by the carbonic anhydrase-catalyzed CO,/HCOj; buffering sys-
tem (Chesler, 1990). Nevertheless, neurons from various regions
of the brain and spinal cord respond to rapid extracellular acidi-
fication by conducting non-voltage-dependent cation currents
carried predominantly, if not exclusively, by Na . These currents
are inhibited by the diuretic amiloride but are insensitive to TTX
(Ueno etal., 1992; Baumann et al., 1996; Li et al., 1997; Varming,
1999).

In the CNS, there is strong evidence linking these proton-
gated currents to a subgroup of the degenerin (DEG)-epithelial
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Na™ channel (ENaC) superfamily known as acid-sensing ion
channels (ASICs). This evidence includes the absence of proton-
gated currents in the hippocampal neurons of ASIC 1a knock-out
mice (Wemmie et al., 2002), the distribution of ASIC-encoding
mRNA throughout the CNS, and extensively studied parallels
between neuronal proton-gated currents and those recorded
from transfected cells expressing ASIC channel protein (Lingueg-
lia et al., 1997; Waldmann et al., 1997; de Weille et al., 1998;
Bassler et al., 2001). ASICs share their protein structure, amilo-
ride sensitivity, and conduction of Na " -selective currents with
the rest of the ENaC superfamily (de la Rosa et al., 2000) but are
the only family members to be activated by protons. From ASIC
genes cloned to date, seven subunit products (including splice
variants) have been identified: ASICla, 1b, 1b2, 2a, 2b, 3, and 4;
all but ASIC1b and 1b2 have been found in central neurons. By
homomultimeric or heteromultimeric association of their sub-
units, ASICs conduct currents with a range of subtle variations in
current characteristics. These reflect regional variations seen in
“native” proton-gated currents recorded from both central and
peripheral nervous tissue. With the recent synaptic localization of
some ASICs (Wemmie et al., 2002), highly localized pH changes
accompanying neurotransmitter release from vesicles may be
large enough to briefly overcome interstitial buffering and acti-
vate these channels, perhaps giving ASICs a role in normal
neurotransmission.

The retina is a functionally distinct region of central neurons
known to contain ENaCs (Matsuo, 1998; Golestaneh et al., 2000)
but has been demonstrated only recently to contain ASICs
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Table 1. Nomenclature, cloning, and RT-PCR primer sequence details of the six rat ASIC subunits examined for their presence in the retina

Forward (f) and reverse (r) primer Annealing temperature Product size
Subunit Accession number Alternative published names sequences (listed 3" to 5') (°0) (nucleotides)
ASIC1a 94403 (rat) BNa(2, ASIC f: GCTTTAGCCAAGTCTCCAAG 58.0 1064
r:AGTCAAAGAGTTCCAGCACG
ASIC1b AJ006519 (rat) ASIC-B f. (TCTATTGTTCCTACTGTGG 50.5 905
r: (TTCTGGCACTTTCCACGTC
ASIC2a NM_012892 (rat) BNaC1, MDEG, MDEG1 f: GCTCTACTGCAAGTTCAAGG 58.0 522
r: ACACTCCTTGTGCTGCTCAG
ASIC2b Y14635 (rat) MDEG2 f: ATATGCTGCTCTCCTGCAAG 58.0 529
r: ACACTCCTTGTGCTGCTCAG
ASIG3 AF013598 (rat) DRASIC f: TGACATGGCACAACTCTACG 61.0 568
r: TCATTCGACAGCCACACTTC
ASIC4 AJ242554 (rat) SPASIC f: TATAGTGTGTCTGCCTGCCG 58.0 288

(truncated protein in pituitary: AJ271642)

r: TATAGGTCTCATTGCGGTTG

(Brockway et al., 2002; Maubaret et al., 2002). Retinal ganglion
cells (RGCs) are an interesting potential location of these chan-
nels as they undergo constant, rapid stimulation in both light and
darkness while collating all visual input from the retina. They
exhibit a high level of metabolic activity, which has been shown to
cause transient interstitial acidification around the optic nerve
during normal neurotransmission (Davis et al., 1987). The
present study examines the rat retina for evidence of ASIC chan-
nels and characterizes the response of RGCs to extracellular acid-
ification. A brief report of some of this data has been published
(Lilley and Robbins, 2001).

Materials and Methods

All animal procedures were approved by the university ethics committee
and adhere to United Kingdom Home Office regulations.

Reverse transcriptase-PCR. Hooded Lister rats [postnatal d (P) 18; ei-
ther gender)] were killed by decapitation. The eyes were removed, and
the retina was extracted. From the same animals, brain tissue (divided in
a nonregion-specific manner) and the dorsal root ganglia (DRGs) were
used to provide positive PCR controls. RNA was extracted using a mod-
ified version of the method described by Chomczynski and Sacchi (1987)
involving the use of Trizol (1 ml per 100 mg of tissue; Invitrogen, Paisley,
UK). After extraction, the RNA was resuspended in RNase-free water
(Sigma, Poole, UK), and sample content—purity was assessed by spectro-
photometry. All reagents for cONA generation were supplied by Pro-
mega (Hawthorne, Australia). Samples of nucleotide solution (20 ul)
containing 5 ug of extracted RNA, 1 pmol oligo-dT primers, and RNase-
free water were denatured at 70°C for 5 min. These were immediately
cooled on ice before the addition of 10 nmol of deoxy-NTP (dNTP)
substrate [equimolar dATP, dGTP, dCTP, and deoxythymidine triphos-
phate (dTTP)], 5 X Moloney murine leukemia virus (M-MLV) reverse
transcriptase (RT) reaction buffer, and 0.5 ul of RNAsin. After 5 min at
room temperature, 1 ul of M-MLV RT (200 U/ul) was added, and the
sample was incubated at 42°C for 1 hr. Repeating the above process with
the omission of the reverse transcriptase produced negative control sam-
ples for subsequent PCR reactions. PCR reactions were performed in
volumes of 50 ul containing PCR buffer, including 15 mm MgCl, (Roche
Products, Hertforshire, UK), 10 nmol of dNTP substrate (comprising
equimolar dATP, dGTP, dCTP, and dTTP), 10 nmol each of forward and
reverse primers (Sigma; Genosys, The Woodlands, TX) (see Table 1 for
details), 0.5 ul of a 16:1 (unit:unit) mix of Taq polymerase and Pfu
(Roche Products), DNase- and RNase-free water (Sigma), and 1 ul of
either cDNA (RT+ reaction) or negative control (RT —) generated in the
previous step. PCR was performed in 34 cycles of denaturation (94°C for
30 sec), annealing (see Table 1 for subunit-specific temperatures), and
extension (72°C for 2 min). Products were viewed by 1.2% agarose gel
electrophoresis.

Cell culture and RGC identification. RGCs were cultured as described
by Robbins et al. (2003). Retinas from P2-P20 Hooded Lister rats were
subjected to digestion by papain and gentle trituration, and the cell sus-

pension was centrifuged through a gradient mixture. Cells were resus-
pended by additional trituration to ensure good separation of the cells in
culture. Mixed retinal cultures were plated onto poly-L-lysine-coated
glass coverslips and maintained in modified DMEM-HBSS (Invitrogen)
at 37°C and 5% CO, for 1-10 d before experimentation. RGCs were
identified routinely from other cell types on the basis of soma diameter
(>12 pum), which was based on correlation with immunocytochemical
staining (Thyl.1; Chemicon, Temecula, CA; FITC-IgC; Boehringer
Mannheim, Mannheim, Germany) and patterns of electrical activity re-
corded using whole-cell current clamp (Lilley, 2001; Robbins et al.,
2003).

Electrophysiology. Whole-cell membrane currents were recorded via a
single electrode using the patch-clamp technique. All voltage-clamp re-
cordings were taken from cells cultured for 1-2 d only to limit axonal
development and thereby minimize space-clamp errors. Cells were
bathed in solution containing (in mwm): 140 NaCl, 5 KCl, 2.5 CaCl,, 1
MgCl,, 10 glucose, and 10 HEPES, pH adjusted to 7.33 using NaOH. In
ion substitution experiments, NaCl was sequentially reduced from 140 to
45 to 14 mM and replaced with equimolar TEA-CI, and the pH was
adjusted using KOH. For Ca?®"-free recordings, CaCl, was omitted, 1
mM EGTA was added, and MgCl, increased to 5 mm. Extracellular solu-
tion for all voltage-clamp recordings contained 0.5 um TTX (Tocris
Cookson, Bristol, UK). Polished borosilicate glass pipettes (6—12 M)
were filled with the following (in mm): 110 Cs T acetate, 20 CsCl, 20 NaCl,
10 HEPES, 3 EGTA, 3 MgCl,, and 1 CaCl,, pH adjusted to 7.33 with
CsOH. For acute application of acid or other ligands to an individual cell,
membrane voltage of the target cell was maintained at —80 mV. Rapid
application was achieved using either single- or triple-barreled pipettes
connected to a NeuroPhore BH-2 pressure ejection system (Digitimer,
Hertfordshire, UK) or by U-tube perfusion as stated in Results. Where
current—voltage relationships have been measured, pressure-pulse appli-
cations were combined with 15 mV depolarizations in cell-holding volt-
age over the range of —80 to 55 mV (each voltage being held for 40 sec
before pressure pulses were applied to inactivate transient Ca*" cur-
rents). Pressure-pulse triggering, voltage protocol application, and all
data acquisition (sampled at 2 kHz) were achieved using pClamp6 via a
Digidata 1200 interface (Axon Instruments, Foster City, CA). Cell re-
sponses were amplified using an Axopatch 1C and CyberAmp (Axon
Instruments) with low-pass filtering at 600 Hz.

Figures comprising voltage-clamp data from multiple cells are plotted
in terms of current density (pA/pF): a measure of current per unit area of
cell membrane in which area is directly proportional to capacitance.
Capacitance measurements for each cell were derived by recording un-
compensated capacitance artifacts evoked by a short 20 mV hyperpolar-
izing step from which only the “fast pipette” component had been re-
moved by compensation. The decay phase of these artifacts was fitted
with an exponential curve, the time constant from which was divided by
the series resistance measured for the cell to give an approximation of cell
capacitance. All voltage-clamp recordings were then made with 80%
series resistance compensation added via the amplifier, unless otherwise
stated. Adjustment of reversal potentials to allow for ionic activity was
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done with appropriate ion activity coefficients as listed by Robinson and
Stokes (1959). For example, 140 mm NaCl X 0.778 = 108.9 mm free Na ™
ions at 25°C.

Current-clamp recordings were made from cells grown in culture
from 3-10 d, which had begun to develop axonal processes. Standard
extracellular solution was used with the omission of TTX. Intracellular
solution comprised the following (in mm): 120 K *acetate, 20 KCl, 10
HEPES, 3 EGTA, 3 MgCl,, and 1 CaCl,, adjusted to pH 7.33 with KOH.

Test pH solution consisted of extracellular solution that was appropri-
ate to the experiment acidified to the required pH using HCI. The pH of
these acidified solutions was checked both before and after all experi-
ments, because some acidity levels were beyond the normal range of the
buffer (HEPES). However, pH was found to be stable throughout, so no
buffering modifications were made. We were unable to use acid solutions
stronger than pH 3.0, because this disrupted the seal between recording
pipette and the cell membrane, hence the pH activation curve has not
been “normalized” to a maximum value. Neuropeptide-FF (N-FF) and
Phe-Met-Arg-Phe-amide (FMRFamide) were supplied by Peninsular
(St. Helen’s, UK). Amiloride, capsaicin, and all other reagents were from
Sigma.

Intracellular Ca®* measurement. Procedures were similar to that de-
scribed by Hayat et al. (2003 ). Briefly, mixed retinal cells cultured for 2-5
d were loaded with 5 um 1-[2-amino-5-(6-carboxyindol-2-yl)phenoxy]-
2-(2'-amino-5'-methylphenoxy)ethane-N,N,N'N’-tetraacetic acid pen-
taacetoxymethyl ester (INDO-1/AM; Calbiochem, Nottingham, UK) in
dimethyl sulfoxide (DMSO; Sigma) for 1 hr at 37°C in the dark. The
cultures were viewed using a Nikon Diaphot microscope and 330—380
nm excitation from a xenon light source. Fluorescent emission from the
cells was measured via photomultiplier tubes at both 405 and 488 nm,
amplified using a purpose-built ratio amplifier (T. Dyett, University Col-
lege London, London, UK) and data acquired on a personal computer
running pClamp6 software (Axon Instruments). Calcium calibration
was performed as described by Hayat et al. (2003), in which [Ca®"]; (in
nMm) = 722 (R — 0.28/3.94 — R), where R is emission ratio.

All results are given as mean = SEM. Curve fitting was performed
using the equation y = [A; — A,/1 + (x/x,)?] + A,, where A; is mini-
mum, A, is maximum, p is slope, and x,, is midpoint location.

Results

Presence of ASIC-encoding mRNA in the retina

The presence of ASIC-encoding mRNA in the rat retina was con-
firmed using RT-PCR (Fig. 1). Positive control reactions were
performed using cDNA generated from rat brain (ASIC subunits
la, 2a, 2b, 4) and DRGs (ASIC 1b and 3) from which primer-
annealing temperatures were deduced. When these experiments
were repeated alongside rat retinal cDNA, the primers for sub-
units la, 2a, 2b, and 4 produced clear positive results, and a faint
positive result was seen with the primers for ASIC 3. Consistent
with data from other CNS regions, no evidence of the ASIC 1b
subunit was found in the retina using this method.

Relationship between extracellular pH and Iy, ;. activation
Initial observations of the RGC proton-gated current (In,i-))
were made by the pressure ejection of acidified extracellular so-
lution, pH 4.5, directly onto individual cells. In every cell tested
(n =79), this evoked a rapid inward current. In 30 of these cells
held at —80 mV, the peak inward current was 1056 * 72 pA.
These currents peaked within 200—450 msec of the start of the
pressure pulse. Despite desensitizing fully in the continued pres-
ence of the acid, currents could be re-evoked, with no reduction
in current amplitude, after 40 sec perfusion with control, pH
7.33, extracellular solution. Examples of Iy, ) evoked over a
range of membrane potentials from —80 to +40 mV are shown in
Figure 2 A.

INa(+) in rat RGCs was evoked by rapid (msec) acidification
only. Decreasing extracellular pH via the chamber perfusion sys-
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Figure 1.  Evidence for the presence of ASIC-encoding mRNA in the rat retina. Whole retinal
RNA was subject to RT-PCR using primers designed to detect the first six ASIC subunits cloned to
date. Positive controls were performed using rat brain or DRG cDNA as appropriate. All RT-PCR
experiments were repeated with the omission of reverse transcriptase to provide negative
controls containing only genomic DNA rather than cDNA. Arrows indicate size of bands expected
in RT+ samples.

tem over several seconds did not appear to evoke a depolarizing
current, and there was no apparent overall change in membrane
resistance with slow acidification.

The relationship between extracellular pH and RGC response
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Figure2. A, Example of pH 4.5-evoked currents in a single rat retinal ganglion cell at differ-
ent membrane potentials. Cells were voltage clamped at the membrane potentials indicated in
the figure. These membrane voltages were held for 40 sec before a 2 sec pressure pulse of
acidified extracellular solution (pH 4.5) was applied to ensure any voltage-gated conductances
were inactivated (dashed line indicates acid application). i, Currents evoked by different levels
of extracellular acidification while cells were voltage-clamped at —80 mV (application by
U-tube). Bii, Relationship between level of extracellular acidification and current activation in
retinal ganglion cells. The pH-response graph, expressed in terms of current density, shows
mean (== SEM) results for nonconsecutively administered pH test pulses recorded as in Bi. Each
data point represents the mean current— density value for 713 cells at the given pH level. Test
pulses of acid were administered in a randomized block design. Logistic fit: slope, 1.38; ECs, , pH
4.52.

was quantified using the U-tube system to attain an absolute,
rather than relative, pH change across the surface of the target
cell. Test solutions of pH 6.0, 5.0, 4.5, 4.0, 3.5, or 3.0 were applied
in 3 sec pulses to each cell and repeated at 1 min intervals between
which the cell was perfused with pH 7.33 solution. The mean
current density for 7-13 cells at each given pH level is shown in
Figure 2 Bii with individual examples in Figure 2 Bi. Peak inward
current clearly increases with increasing acidity. The threshold
for activation is pH 6.5, and current density approaches a maxi-
mum at pH 3.0. Half-maximal activation occurs at pH 4.5, which
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Figure 3.  Current desensitization in the continued presence of acid. A, All time constants

were derived from single exponential decay curves fitted as shown by the gray line. Dashed line
represents 2.25 secacidification by pressure pulse or 3 secacidification by U-tube. 8, Variationin
the time constant of pH 4.5-evoked currents recorded from six rat retinal ganglion cells (linked
symbols represent individual cells) while the cells were voltage clamped over a range of mem-
brane potentials. Acid was applied by pressure-pulse ejection. (, Variation in the time constant
of currents evoked by different strengths of acid recorded while cells were voltage clamped at a
constant —80 mV (acid was applied by U-tube).

is used at the test pH for the majority of the following
experiments.

Relationship between current desensitization, membrane
voltage, and extracellular pH

Figure 3 shows the relationship between the time course of cur-
rent desensitization in the continued presence of acid. The rate of
desensitization and membrane voltage was examined using pres-
sure pulses of pH 4.5 solution over a range of membrane voltages.
An exponential curve was fitted to the decay phase of each evoked
current from just after the current peak to the point correspond-
ing to the end of the acid test pulse, as shown in Figure 3A. The
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time constants (7) of the exponential fits for six cells are plotted
against membrane holding voltage in Figure 3B. All time con-
stants were found to lie within the range of 300—1000 msec. For
each cell, fluctuations can be seen across the potential range, but
there is no obvious trend in the relationship between 7and mem-
brane voltage. There was no evidence of a sustained component
within the whole-cell current. All currents desensitized fully, al-
though occasionally larger currents recorded at the more nega-
tive membrane potentials required longer than 2.25 sec to return
to baseline.

To examine the relationship between rate of current desensi-
tization and the strength of acid applied, test pulses of acid were
applied by U-tube at a membrane holding voltage of —80 mV.
Test solutions were administered in random order at 1 min in-
tervals from a control pH of 7.33. In Figure 3C, the resultant time
constants were pooled and plotted against —log[H ]. Again,
there is variation across the pH range, but all mean values lie in
the 400—700 msec range, and there is no obvious trend in the
relationship between pH level and time course of current
desensitization.

Sodium is the charge-carrying ion of Iy,

The current—voltage relationship of the pH 4.5-evoked current in
retinal ganglion cells is shown in Figure 4 A. Because of its very
positive reversal potential (65.1 * 16.9 mV; n = 9) and in antic-
ipation of the similarity between this and other transient neuro-
nal proton-gated currents, Na* was investigated as a possible
charge-carrying ion by measuring current—voltage relationships
in different concentrations of extracellular Na *. Control I-V re-
lationships were recorded in 140 mm [Na *], (Fig. 4 Ai); extracel-
lular Na™ concentration was then reduced to 45 mm (Fig. 4 Aii)
or 14 mwm (Fig. 4 Aiii) by substitution of [Na "], with equimolar
TEA-Cl. Accordingly, pH 4.5 test solutions were based on the
corresponding extracellular solution. Although the larger non-
permeant TEA ™ ions introduced a degree of outward rectifica-
tion, outward currents were recorded at membrane potentials
positive to 34.7 = 3.9 mV in 45 mM [Na*] and 6.9 = 0.7 mV in
14 mm [Na™], (n = 5 in both cases). These reversal potentials
have been adjusted for ionic activity and plotted along with a
slope representing the theoretical relationship between [Na™],
and Ey, for a pure Na™ current derived using the Nernst equa-
tion in Figure 4 B. The slope (58 mV/log fold A[Na],) and the
experimental data coincide completely, indicating that the RGC
proton-gated current is carried by Na ™.

Ca** microfluorimetry was used to confirm that no Ca*"
entered the cell through active proton-gated ion channels. Other
research groups have previously noted that although the tran-
sient element of most neuronal responses to rapid extracellular
acidification is conducted via Na " ions, a degree of Ca?* con-
duction may be sustained by these channels (Kovalchuk et al.,
1990). Figure 5, A and B, shows the [Ca]; measurements from a
single retinal ganglion cell that has been loaded with the calcium
fluorophore INDO-1/AM. Figure 5A shows a comparison of
Ca*™ rises evoked in response to 10 sec pulses of either 100 M
nicotine or pH 4.5 extracellular solution in the presence and ab-
sence of the voltage-gated Ca" channel blocker Cd**. This cell,
like 23 of 43 others observed, showed an increase in intracellular
Ca** in response to protons (49.8 = 6.7 nMm), which was blocked
in the presence of Cd**. In contrast, responses to nicotine, which
admits Ca®" ions directly through nACh receptor-linked chan-
nels, remained unaffected in the same cells. This suggests that any
[Ca®"]; rise seen in RGCs in response to extracellular acidifica-
tion is attributable to the secondary activation of voltage-gated
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Figure 4. Varying extracellular Na * concentration causes a Nernstian shift in the reversal

potential of the peak acid-evoked current in rat retinal ganglion cells. Ai-Aiii, Current—voltage
relationships (normalized in terms of current density) measured in three different concentra-
tions of extracellular Na * asindicated in the figure (n = 9, 5, and 5 for decreasing [Na +]O)AB,
Comparison of mean-measured reversal potentials adjusted for ionic activity (squares; == SEM)
and theoretical reversal potentials for channels conducting Na ™ alone derived using the Nernst
equation (dashed line).

Ca*” channels after cell depolarization. Cd** does not inhibit
the proton-gated current directly. Figure 5C shows voltage-
clamp measurements of pH 4.5-evoked currents to be identical in
the presence and absence of 100 um Cd**. Of the other 20 cells
tested, 15 showed no response to acidification, but 5 showed a
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Figure5. Intracellular Ca®™ changes in rat retinal ganglion cells in response to extracellular
acidification. A, B, Cells were loaded with Indo-1/AM, and changes in the 405/488 nm emission
ratio converted to changes in [Ca** ], (see Materials and Methods). In the presence and absence
of either 100 um (d2™ (A) or extracellular Ca>* (B), cells were challenged with 100 M
nicotine (nic.; positive control; pH 7.33) and appropriately modified extracellular solution acid-
ified to pH 4.5. C, pH 4.5-evoked currents in a voltage-clamped rat retinal ganglion cell (—80
mV) are unaffected by the presence of 100 um Cd**.

reproducible decrease from a “resting” intracellular Ca*" level of
30.4 £ 5.8 nM probably reflecting the effect of a reduction in
driving force on calcium influx pathways involved in intracellular
store refill. Figure 5B demonstrates that source of the increase in
Ca** seen in response to both nicotine and pH 4.5 solution is
extracellular in origin. Intracellular stores are not involved, be-
cause repeating applications of nicotine and pH 4.5 solution to
ganglion cells in the absence of extracellular Ca** prevents the
control Ca®" responses seen both before and after (1 = 7). More-
over, during the test period in which the cell was bathed in Ca**-
free solution, a clear lowering of the baseline occurred (as seen in
Fig. 5B), providing additional evidence of a degree of Ca™ influx
at rest.

Ina+) I8 inhibited by amiloride
ASICs are sensitive to block by the diuretic amiloride. Therefore,
INa(+) Was tested for amiloride sensitivity by pre-exposing cells
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Figure 6.  Effect of amiloride on the proton-gated current of rat retinal ganglion cells. A, pH
4.5-evoked currents recorded from a single voltage-clamped cell between —80and +40mVin
15 mV increments, in the presence (/) and absence (i) of 300 m amiloride. Aiii shows the
current—voltage relationships from Ai (squares) and Ai (circles). B, Cells were voltage clamped
at —80mV, bathed in amiloride for 60 sec (0.1, 1, 10, 100, 1000, or 3000 g in random order),
and multiple pH 4.5-evoked currents were recorded at 60 sec intervals until steady-state block
was observed. Mean peak inward currents shown above (==SEM; n = 5-8 cells) have been
normalized to amiloride-free control recorded just before every amiloride application. Sigmoi-
dal curve parameters: IC 5, 188 == 39 um; slope, 0.49 = 0.05.

for 60 sec to amiloride before applying pressure pulses of pH 4.5
solution. The addition of amiloride had no effect on the pH of the
extracellular bathing solution. Two or three responses to pH 4.5
were then obtained (at 1 min intervals) to ensure that degree of
block by the drug had reached equilibrium. The recordings
shown in Figure 6 A were made by subjecting a single cell to the
full current—voltage protocol in the presence (Ai) and absence
(Aii) of 300 um amiloride, with the corresponding I-V relation-
ships shown in Figure 6 Aiii. This example indicates that amilo-
ride block is most effective at more negative membrane poten-
tials. For this reason, all of the data used to compile the amiloride
concentration—response curve was obtained while cells were volt-
age clamped at —80 mV. Amiloride concentrations were tested in
random order; each cell was washed between administrations to
re-establish the control pH 4.5 response. A plot of mean percent-
age inhibition of control current by each concentration of amilo-
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Figure 7. Modulation of retinal ganglion cell proton-gated currents by TTX, capsaicin, and
neuropeptide FF. Rat retinal ganglion cells were voltage clamped at —80 mV, and acute stimuli
(dashed lines) were applied by pressure pulse. A, pH 4.5-evoked currents were not blocked by
perfusion with 0.5 um TTX. The action of TTX was unaffected by the change in extracellular pH.
Inset, Depolarization-evoked Na * currents were still blocked by TTX in pH 4.5 extracellular
solution. Spikes in the presence of TTX are uncompensated capacitance transients (see Results
for explanation). B, pH 4.5-evoked and 0.5 wm capsaicin-evoked currents recorded from the
same cell. G, pH 4.5-evoked currents recorded in the absence and presence of 50 um N-FF.

ride is shown in Figure 6 B. This semi-log plot shows a clear
concentration-dependent decrease in the size of the pH 4.5-
evoked current. The data in this figure are fitted with a logistic
function, the slope of which is 0.49 * 0.05. The ICs, indicated by
the curve was 188 = 39 um.

Investigation of other potential modulators of I,

TTX, which blocks the majority of voltage-gated Na ™ currents,
was tested for its effectiveness against the retinal ganglion cell
proton-gated current. Pressure pulses of pH 4.5 solution were
applied to a cell voltage clamped at —80 mV in the absence and
presence of 0.5 uMm TTX. In both cases, peak current and rate of
desensitization were identical (n = 4), as illustrated in Figure 7A.
The effectiveness of TTX at blocking voltage-gated Na ™ currents
at acidic extracellular pH was confirmed using cells cultured for
several days that had begun to develop axons and were capable of
firing action potentials. These cells were perfused with pH 4.5
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extracellular solution for a few seconds, during which the com-
mand voltage was stepped from —80 to —40 mV. The extracel-
lular solution also contained 100 um Cd*" to prevent voltage-
gated Ca*" channel activity. The inset in Figure 7A is a voltage
step in the absence (control) and presence (+TTX) of 0.5 uMm
TTX in the same cell. Uncompensated capacitance transients are
present at the beginning and end of both traces because of the
extent of cell development. The additional spikes within the first
trace are Na “-driven action potentials that are large enough to
disrupt the voltage clamp. These are absent in the presence of
TTX. Thus, the action of TTX is neither effected by extracellular
acidification nor effective in blocking the proton-gated current of
retinal ganglion cells.

Procaine is a lipid-soluble compound that binds to a local
anesthetic site deep within the voltage-gated Na * channel pore.
This alternative blocking action was tested on the RGC proton-
gated current by applying pressure pulses of pH 4.5 solution be-
fore and after a 1-2 min incubation with 10 mM procaine (pH
7.33). Procaine did not significantly alter the peak amplitude or
time constant of desensitization of the pH 4.5-evoked current
(n = 4; data not shown).

Transient receptor potential vanilloid 1 (TRPV1) channels
can also conduct depolarizing currents in response to activation
by protons. In rat retinal ganglion cells, the direct application of
the vanilloid receptor agonist capsaicin (0.5 um, buffered to pH
7.33) did not evoke any depolarizing current, whereas pH 4.5
continued to be effective in evoking responses in the same cells
(n = 5; see Fig. 7B for an example).

Zinc ions have been demonstrated to enhance currents con-
ducted via ASIC2a subunit-containing channels (Baron et al.,
2001, 2002). In the present study, application of ZnCl, (0.1-1
mM) to retinal ganglion cells produced a small inhibition of the
acid-evoked current. At pH 4.5, the current was inhibited by
8.8 = 6.7% in the presence of 300 uM ZnCl, (n = 4). At the less
acid pH of 6.5, the inhibition was 10.3 = 24.1% (n = 3).

The molluscan neuropeptide FMRFamide directly activates
one nonmammalian member of the EnaC-DEG superfamily of
ion channels. This peptide, together with its mammalian equiv-
alent, N-FF, has been shown to be capable of modulating both
ASIC currents and proton-gated ion currents thought to be at-
tributable to ASICs in mammalian neurons (Askwith et al.,
2000). In rat retinal ganglion cells, direct application of either
peptide (3—30 um) did not evoke any response (n = 6). However,
perfusing the cells with peptide (buffered to pH 7.33) and then
applying pressure pulses of pH 4.5 solution revealed that both
peptides could, to different degrees, modulate the proton-gated
current in these cells. Surprisingly, 50 uM FMRFamide had just a
small effect on rate of inactivation, increasing the time constant
from 585 = 72 msec (mean = SEM) to 753 £ 109 msec (p <
0.05; paired t test; n = 4) with no alteration of current amplitude.
The effect of 50 uM N-FF was much more pronounced, with a
marked reduction in peak current amplitude and shortening of
the time constant of inactivation. Figure 7C shows an example of
this effect. In three cells tested, the time constant decreased sig-
nificantly from 532 * 74 to 225 * 26 msec ( p < 0.05; paired ¢
test).

The effect of acute exposure to acid on RGC electrical activity

RGCs are unique among retinal neurons in that they can sustain
prolonged electrical activity in the form of trains of action poten-
tials (Dowling, 1987) (Fig. 8, inset). To trigger these all-or-
nothing responses, they require depolarization from resting po-
tential in the order of 20—-30 mV. Would the depolarization
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Figure8. A4, B, Electrical activity recorded from a current-clamped rat retinal ganglion cell in
response toa 1sec, 20 pA current injection ( A) and pressure application of pH 6.5 for 1sec, 8 psi
(B). Resting V/,,, —78 mV. Inset shows strong repetitive firing in response to a 1 sec, 50 pa
current injection.

caused by transient extracellular acidification be sufficient to trig-
ger action potential generation? With mean cell input resistances
of 1.54 = 0.7 G} (n = 50), just 16.2 pA would be required to elicit
a change in membrane potential of 25 mV. Because currents of
this magnitude were generated by pH 6.5, pressure pulses of pH
6.5 solution were applied to cells held in current-clamp mode at
their resting potential. Figure 8 shows a single RGC from which
electrical responses to both current injection (A) and acute acid-
ification (B) were recorded (V. in this example was —78 mV).
Current injection of 20 pA was the minimum required for this
particular cell to reach action potential threshold (estimated at
—45 mV from Fig. 8 A). Pressure-pulse application pH 6.5, dem-
onstrated above as the threshold pH for current activation in
RGCs, evoked similar short trains of action potentials (n = 3).
However, at the more acid pH of 6.0, just one cell produced an
action potential and, in an additional 17 cells, only sustained
depolarization beyond action potential threshold was seen.

Discussion

This is the first description of a proton-gated current in mamma-
lian retinal neurons. Recently, Brockway et al. (2002) detected
ASIC1, 2, 3, and 4 mRNA in rabbit retina and demonstrated the
presence of an amiloride-sensitive current in retinal glial (Miil-
ler) cells. In mouse retina, ASIC3 mRNA has also been identified
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(Maubaret et al., 2002). Consistent with these findings, the rat
retina as a whole also appears to contain most of the ASIC sub-
units cloned to date, with ASICs 1a and 2a particularly abundant.
The combined electrophysiological and RT-PCR data presented
here suggest that ASIC the mRNA detected encodes proteins that
form functional ion channels in the retina. No attempt has been
made in this study to localize subunit expression within the lam-
inar organization of retinal neurons, although other subunits
from the closely related EnaC-DEG family have been detected
previously in the ganglion cell layer using immunocytochemistry
and in situ hybridization (Matsuo, 1998; Mirshahi et al., 1999;
Golestaneh et al., 2000).

Inaga+) in rat retinal ganglion cells
INagz+) shares most of the characteristics of currents recorded
from cells transfected with ASIC proteins. When stimulated by
the fast application of protons under physiological recording
conditions and at resting membrane voltages, RGCs exhibit a
rapidly activating inward current which, from Nernstian shifts in
reversal potential with Ey,, is carried by Na ™ ions. RGC proton-
gated channels do not appear to be Ca*>* permeant, nor do they
show any voltage dependence of activation. During prolonged
applications of acid, the current desensitizes completely, the time
constant of which (in the region of 600 msec) shows no clear
dependence on membrane potential or pH. These features also
relate to currents conducted via channels containing ASICs 1la,
1b, or 2a, although RT-PCR results showed ASIC1b is not present
in the retina. The absence of a steady-state current in the contin-
ued presence of acid and the Na * selectivity of Iy, suggests
that ASIC3, or the modulatory subunit 2b, does not contribute to
this current. I,y is reversibly inhibited by amiloride but, in
contrast to other ASIC currents, the IC5, of 188 uM appears rel-
atively large. This probably reflects the use of stronger acid (pH
4.5 here; approximately pH 6.0 elsewhere) in generating the
amiloride concentration—inhibition curve, as observed by Suth-
erland et al. (2001). Iy, 14 activation occurs as the extracellular
pH falls below pH 6.5 (300 nm [H *]), similar to the activation of
homomeric ASIC 1a channels (Waldmann et al., 1997). In con-
trast, half-maximal and maximal activation occurs at much more
acidic levels, closer to those of ASIC2a (Lingueglia et al., 1997).
Cotransfection of rat ASIC la and 2a produces channels with
these activation characteristics. Furthermore, a high degree of
colocalization of these subunits exists within brain neurons
(Bassilana et al., 1997), and strong evidence of both subunits was
found here in the retina. However, the lack of enhancement of
INa(r+) by ZnCl, would suggest that the channels do not contain
ASIC2a, because it has been reported that Zn>* enhancement is
diagnostic of ASIC2a-containing channels (Baron et al., 2001,
2002). In the absence of electrophysiological data from hetero-
multimers containing the “silent” subunit ASIC 4, these data
suggest that the proton-gated current of rat RGCs is conducted
via a heteromultimeric channel containing ASIC1a and possibly
ASIC4. Other as yet unidentified subunits may also contribute.
INa(i+) also shows many similarities with native proton-gated
currents recorded from other regions of the mammalian brain.
All require rapid (msec) acidification to activate, all are insensi-
tive to block by conventional voltage-gated Na ™ channel antag-
onists (demonstrated here with TTX and procaine), and their
rapid recovery from desensitization plus voltage insensitivity dis-
tinguishes them from TRPV1 receptor activity. In terms of tissue-
specific differences, the sensitivity of the retinal ganglion cell cur-
rent to small changes in extracellular pH is reduced, which is
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perhaps predictable for a tissue with an enhanced level of meta-
bolic activity.

FMRFamide, which activates the nonmammalian peptide-
gated relatives of ASICs, and the structurally similar mammalian
peptide N-FF are known to significantly potentiate certain ASIC
currents (Askwith et al., 2000; Catarsi et al., 2001; Allen and At-
twell, 2002). These effects have so far only been observed in
ASIC1 or ASIC3 homomers and ASIC2a and 3 heteromeric chan-
nels. Neither peptide potentiated Iy, ) but considering that
the electrophysiological and pharmacological characteristics of
the current preclude ASIC2a and 3 involvement, this result is not
surprising. What was surprising, however, was that N-FF signif-
icantly decreased current magnitude and shortened the time con-
stant of desensitization. Whether N-FF itself is endogenous to the
retina has yet to be established, but mRNAs encoding closely
related RFamide-related peptides have recently been found in
very high levels in the eyes of rats as well as the human retina
(Hinuma et al., 2000), which may provide local modulation of
the function of ASICs in the visual system.

Physiological role

From the current-clamp recordings shown in Figure 8, rapid but
weak extracellular acidification appears to evoke the normal pat-
tern of electrical activity associated with RGCs. However, at more
acidic levels (more than pH 6.5), the effect is to depolarize the cell
evoking none or a single action potential (presumably because of
the “shunting effect” of opening a large number of channels or
the inactivation of sodium channels). Protons therefore provide a
way of modulating the excitability of these cells. The ability to
detect extracellular acidification is an understandable character-
istic of cells involved in nociception (e.g., DRGs) and taste. Yet, in
the retina (and the CNS in general), extracellular pH is tightly
regulated, and even under strong light or electrical stimulation
pH fluxes do not exceed 0.1 pH unit (Borgula et al., 1989;
Yamamoto etal., 1992). The largest activity-induced fluxes (up to
0.3 pH units) have been recorded in the mammalian optic nerve
(Davis et al., 1987). With resting retinal pH levels within the
range of pH 7.2-7.4 (Padnick-Silver and Linsenmeier, 2002), the
most extreme acidification might result in the lowering of retinal
pH to 6.9, which would be insufficient to activate Iy ). If this
current does contribute to gross retinal physiology, it may require
modulation by some other locally released factor such as a neu-
ropeptide, or even activation by a stimulus other than protons.
On the basis of their observations of ASIC3, ASIC1a, and native
neuronal acid-evoked currents, Immke and McCleskey (2003)
recently proposed that rather than directly activating the current,
protons open ASIC channels by catalyzing the relief of channel
block by calcium. The observation that a reduction in extracellu-
lar calcium enables ASICs to activate at less acidic pH levels sug-
gests that local calcium homeostasis may play a significant role in
the control of these channels (Korkushco et al., 1983; Babini et al.,
2002).

Alternatively, local pH levels within synaptic clefts may fluc-
tuate over a wider dynamic range (Krishtal, 2003). In mammalian
cone photoreceptors, it has been suggested that release of vesicu-
lar protons can modulate presynaptic calcium currents and ulti-
mately neurotransmitter release (DeVries, 2001). Additional ev-
idence for the role of transient acidification and ASIC function in
synaptic transmission comes from the observations that ASIC
knock-out mice display altered synaptic potentials in the hip-
pocampus (Wemmie et al., 2002). Until additional studies in the
retina and on the visual system of ASIC knock-out mice are per-
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formed, any physiological role of Iy,s+) in RGCs remains
unclear.

Pathophysiology

Although physiological changes in pH may be small, there is
evidence that changes resulting from ischemia may be much
larger. Indeed, in the brain, ASIC expression is induced during
ischemia (Johnson et al., 2001), and ASIC channel currents are
modulated by substances released during ischemic episodes
(Allen and Attwell, 2002). Retinal ischemia and other pathologies
such as glaucoma also involve a decrease in extracellular pH and
the selective loss of RGCs (Ikeda et al., 1992; Lu et al., 2001). If
ASICs are part of a mechanism whereby the pH flux contributes
to the death of these cells, they present a worthwhile target for
therapeutic investigation.

Note added in proof. While this work was in proof, an article
showing that Zn*>* inhibits only ASIC1a currents was published
(Chuetal., 2003), supporting our case that the ASICIa subunit is
the most likely candidate mediating Iy, ;) in RGCs.
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