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Abstract—Acid-sensing ion channel 3 (ASIC3) is the most
sensitive acid sensor in sensory neurons that innervate into
skin, muscle, heart, and visceral tissues. ASIC3 is involved in
ischemia sensing, nociception, mechanosensation, and hear-
ing, but how ASIC3-expressing neurons differ in their firing
properties is still unknown. We hypothesized that ASIC3-
expressing neurons have specialized firing properties,
which, coupled with the heterogeneity of acid-sensing prop-
erties, accounts for various physiological roles. Here, we
successfully identified ASIC3-expressing lumbar dorsal root
ganglion (DRG) neurons whose transient proton-gated cur-
rents were blocked by salicylic acid (SA). The salicylic acid-
sensitive (SAS) neurons did not exist in DRG neurons of mice
lacking ASIC3. SAS neurons expressed distinct electrophys-
iological properties as compared with other DRG neurons.
Especially, SAS neurons fired action potentials (APs) with
large overshoot and long afterhyperpolarization duration,
which suggests that they belong to nociceptors. SAS neu-
rons also exhibited multiple nociceptor markers such as cap-
saicin response (38%), action potential (AP) with inflection
(35%), or tetrodotoxin resistance (31%). Only in SAS neurons
but not other DRG neurons was afterhyperpolarization dura-
tion correlated with resting membrane potential and AP du-
ration. Our studies reveal a unique feature of ASIC3-express-
ing DRG neurons and a basis for their heterogeneous
functions. © 2008 IBRO. Published by Elsevier Ltd. All rights
reserved.
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Sensing tissue acidosis is an important function for primary
sensory afferents in many physiological and pathological
states such as metabolism, ischemia and inflammation.
Acid-sensing ion channel 3 (ASIC3) is predominantly ex-
pressed in sensory neurons and is the most sensitive
channel for extracellular pH decrease (Waldmann et al.,
1997). ASIC3 is capable of detecting a narrow range of
acidic pH (7.3-6.7) or lactic acid (in mM) in extracellular
medium and depolarizing sensory neurons (Immke and
McCleskey, 2001). Upon stimulation, ASIC3 mediates a
transient or biphasic (transient and sustained) inward cur-
rent. Thus, ASIC3 is an important molecular sensor for
ischemic pain, such as in angina, intermittent claudication,
sickle cell anemia, and McArdle’s disease (Sutherland et
al., 2001; Yagi et al., 2006).

Multiple subunits must assemble to form a functional
homomeric ASIC3 channel or a heteromeric channel with
other ASIC subtypes (Benson et al., 2002; de la Rosa et
al., 2002; Jiang et al., 2006). The ASIC family includes 7
subtypes—ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3,
ASIC4, and ASIC5—all expressed in sensory neurons
(Waldmann and Lazdunski, 1998; Chen et al., 1998; Ako-
pian et al., 2000; Sakai et al., 1999). Although ASIC3 is the
major subtype in cardiac dorsal root ganglion (DRG) affer-
ent neurons, the composition of these ASIC subtypes in
most sensory neurons is still unknown (Sutherland et al.,
2001).

Identifying and characterizing DRG neurons express-
ing ASIC3 is of great interest; because of its channel
properties and anatomical expression, ASIC3 is involved in
many physiological and pathological functions. Immuno-
staining studies and retrograde labeling revealed ASIC3
localized in several specialized sensory nerve endings of
skin, muscle, arteries, inner ear, and visceral tissues (Price
et al., 2001; Yiangou et al., 2001; Molliver et al., 2005;
Sugiura et al., 2005; Groth et al., 2006; Jiang et al., 2006;
Mercado et al.,, 2006; Hughes et al., 2007). Therefore,
ASIC3 has been implicated in nociception, metaborecep-
tion, mechanosensation and hearing. Studies of mouse
models with ASIC3 dysfunction further support these phys-
iological roles (Price et al., 2001; Chen et al., 2002; Sluka
et al., 2003, 2007; Hildebrand et al., 2004; Page et al.,
2005; Carter et al., 2005). Although ASIC3 is involved in
many different sensory modalities, how ASIC3-expressing
sensory neurons behave in their firing properties is un-
known. We hypothesized the existence of functionally dis-
tinct neuron groups expressing ASIC3.

In vivo studies have revealed that DRG neurons rep-
resent more than 25 functionally diverse afferent popula-
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tions specialized in sensory modality, including 12 or more
involved in nociception (Iggo, 1985; Cooper and Sessel,
1993; Mense, 1993; Schaible and Grubb, 1993; Cervero,
1994). Nociceptive neurons respond to noxious mechani-
cal, heat, and/or cold stimuli, and they can be divided into
Aa/B, A, and C nociceptors depending on their range of
conducting velocity (Leem et al., 1993; Fang et al., 2005).
However, such nociceptive properties are difficult to mea-
sure in acute-dissociated DRG neurons. Alternatively, so-
matic action potential (AP) configuration has been useful in
identifying nociceptive neurons in vivo. Longer AP duration
and slower maximum rate of fiber firing are the common
properties graded according to the conducting velocity
(C>A8>Ada/B). In individual velocity groups, nociceptive
neurons show a larger AP overshoot and longer afterhy-
perpolarization (AHP) duration than non-nociceptive low-
threshold mechanoreceptive neurons (Lawson, 2002;
Fang et al., 2005). Interestingly, both AP overshoot and
AHP duration have similar values in C, A8, and Aa/f
nociceptive neurons. Therefore, these electrophysiological
criteria seem useful for identifying neurons as nociceptive
in vitro.

To identify DRG neurons expressing ASIC3, we exam-
ined whether the acid-induced inward current could be
inhibited by salicylic acid (SA). SA, known for its anti-
inflammatory and analgesic drug action through inhibition
of cyclooxygenase activity, also directly inhibits acid-
evoked inward currents and APs in many sensory neurons,
including nociceptors (Voilley et al., 2001). So far, only
ASIC3 homomeric or ASIC3/ASIC2b heteromeric chan-
nels are known to be salicylic acid sensitive (SAS). In this
study, we compared the AP configuration and acid-evoked
currents of SAS neurons and other DRG neurons and
demonstrated that ASIC3 was indeed expressed in a sub-
set of lumbar DRG neurons with distinct firing property.

EXPERIMENTAL PROCEDURES

Molecular cloning and heterologous expression
of ASIC3

Human acid-sensing ion channel 3 (hASIC3) was cloned from
human placental cDNA by polymerase chain reaction (PCR). The
human cDNA was obtained from placental mRNA by reverse
transcription with use of Superscript Ill Reverse Transcriptase
(Invitrogen, Carlsbad, CA, USA). PCR involved a primer 68 bp
upstream of the start codon (5'-GGCCTCCTGAATCCTATCTTA-
3’) and a primer downstream of the stop codon (5'-TAGGACTT-
TATTTGGGGTGAA-3') by TagDNA polymerase with the addition
of 1 M Betaine (Invitrogen). After subcloning in pGEM-T EASY
vector (Promega, Madison, WI, USA), clones were sequenced on
both strands. For expression in mammalian cells, hASIC3 on
pGEM-T EASY vector was cut by Notl on both ends and ligated to
pIRES-hrGFP-2a vector (Strategene, La Jolla, CA, USA). The
recombinant hASIC3 was transfected into COS-7 cells by use of
lipofectamine according to the manufacturer’s instructions (Invitro-
gen). Briefly, 5 ul of lipofectamine in 100 ul of serum-free DMEM
was mixed with 100 ul of serum-free medium containing 2 ug of
hASIC3-pIRES-hrGFP-2a, and then incubated at room tempera-
ture for 30 min. The mixture was added to cells, which had been
washed twice with serum-free medium. The cells were incubated
at 37 °C in a CO, incubator for 5 h, and the transfection was

stopped with 20% FCS containing DMEM medium. Whole-cell
patch recording was performed the next day.

Animals and preparation of DRG primary cultures

Adult CD1 mice (8—12 weeks old) were used for these experi-
ments. Acid-sensing ion channel 3 knockout (ASIC3™/~) mice
were generated as previously described (Chen et al., 2002) and
backcrossed to the CD1 wild type for at least eight generations. All
procedures followed the Guide for the Use of Laboratory Animals
(National Academy Press, Washington, DC, USA) and were ap-
proved by the Institutional Animal Care and Use Committee of
Academia Sinica. We did our best to minimize the number of
animals used. Mice (n=30) were killed by use of CO, to minimize
their suffering. Lumbar (L1-L5) DRG neurons were dissected
bilaterally and placed in a tube containing DMEM and then trans-
ferred to DMEM containing type 1 collagenase (0.125%, 90 min)
and trypsin (0.25%, 20 min) for digestion at 37 °C. After being
washed and trituration, recovered cells were plated on poly-L-
lysine-coated cover slides. Before whole-cell patch recording,
cells were stained with isolectin B4 (IB4) —FITC (4 pg/ml) in
solutions containing MgCl,, CaCl, and MnCl,, (all in 0.1 mM) for 2
min. Neurons binding to 1B4 were small to medium in size
(<34 pm) (Fig. 1A). All recordings were completed within 24 h
after plating. A total of 440 DRG neurons were patch recorded.

Whole-cell patch-clamp recording

Glass pipettes (Warner Products 64-0792) were prepared (1-5
MQ) with use of a vertical puller (NARISHIGE PP-830). Whole-cell
recordings involved use of an Axopatch MultiClamp 700B (Axon
Instruments). Stimuli were controlled and digital records captured
with use of Signal 3.0 software and a CED1401 converter (Cam-
bridge Electronic Design). Cells with a membrane potential more
positive than —40 mV were not accepted. The bridge was bal-
anced in current clamping recording and series resistance was
compensated 70% in voltage-clamping recording with Axopatch
700B compensation circuitry.

Drugs and solutions

Recording cells were superfused in artificial cerebrospinal fluid
(ACSF) containing (in mM) 130 NaCl, 5 KCI, 1 MgCl,, 2 CaCl,, 10
glucose, and 20 Hepes, adjusted to pH 7.4 with NaOH. ACSF
solutions were applied by use of gravity. The recording electrodes
were filled with (in mM) 100 KCI, 2 Na,-ATP, 0.3 Nas-GTP, 10
EGTA, 5 MgCl,, and 40 Hepes, adjusted to pH 7.4 with KOH.
Osmolarity was approximately 300—310 mOsm. SA was prepared
from a 1-M stock solution (in 100% ethanol) to a final concentra-
tion of 500 uM in ACSF. Capsaicin was prepared from a 10-mM
stock solution (in 100% ethanol) to a final concentration of 1 uM in
ACSF. The final concentration of ethanol was <0.1%. The pH 5.0
ACSF was titrated by 2-[N-morpholino]ethanesulfonic acid (MES).
Tetrodotoxin (TTX) was prepared from a 100-uM stock solution to
a final concentration of 1 uM in ACSF. All drugs were purchased
from Sigma Chemical (St. Louis, MO, USA), but TTX was from
Tocris (Avonmouth, UK). APETx2 was synthesized by use of a
peptide synthesizer (ABI 433A). The synthesized APETx2 con-
centration was likely to have been overestimated due to decay.

SA inhibition

The equation used to fit the dose—response curve of SA inhibition
was y=A2+(A1-A2)/(1+(x/x0)P). A1 means the initial value, A2
means the final value, x0 means the center (point of inflection) and
p means the power that affects the slope of the area about the
inflection point. We used 100% as the maximal response to fit the
data.



546 Y.-W. Lin et al. / Neuroscience 151 (2008) 544 -557

20mV|

half AP 25ms

rise time
fall time

AP duration

80% recorvery

4DmV|

0.5s

no inflection

C
D
- inflection
E no-TTX
—
F no-TTX

TTX
30mv I—_
l 100ms
TTX
30mv
100ms

Fig. 1. Nociceptor markers and AP configuration of DRG neurons. (A) Cultured DRG cells in phase contrast (left panel) and fluorescence images after
FITC-1B4 labeling (right panel). IB4-positive cells indicated with arrows. (B) Configuration of AP and AHP. (C) Spike patterns of AP; 1-nA square pulse
was delivered to define firing patterns with either a single spike or multiple spikes. (D) AP with inflection or no inflection. (E) In TTX-s neurons, a 1-ms
2-nA current injection evoked an AP, which was blocked by TTX. (F) In TTX-r neurons, AP was not affected by TTX treatment.

AP parameters

First, a 1-ms 2-nA current step was used to determine AP and
AHP (Fig. 1B). Then a 50-ms current step was used to determine
AP threshold. Then, a 1-nA square pulse was delivered for 2 s to
define spike pattern (Fig. 1C). We determined AP duration, AP
rise time, AP fall time, AP overshoot, and AHP duration as de-
scribed in Fig. 1B. To quantify AHP, we used a criterion of 80%

recovery to baseline (AHP80) (Lawson et al., 1997). Inflections
were determined by differentiation of AP (Fig. 1D). All AP param-
eters were determined under current clamp mode.

ASIC parameters

After AP parameter detection, we switched to voltage clamp mode to
detect acid-induced inward current. The pH 5.0 ACSF solution was
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applied through a glass pipette 50 um from the neuron and via
gravity controlled by a VC-6 six-channel valve controller (Warner
Instruments). Acid solution was applied for 4 s in 30-s intervals. After
three applications of acid solution, SA (500 uM) was bath applied to
examine whether the acid-evoked current was blocked. Then, cap-
saicin (1 wM) responses were tested by the same gravity-controlled
system. A neuron was defined as capsaicin positive while capsaicin
application induced an inward current larger than 20 pA.

TTX sensitivity

At the last step of recording, we tested whether the neurons’ AP
was sensitive to TTX blockade in current clamp mode. Voltage-
gated Na* channels in the primary sensory neurons are important
for generation of AP, and these channels can be distinguished
pharmacologically by their relative sensitivity to TTX (Renga-
nathan et al., 2001). In tetrodotoxin-sensitive (TTX-s) neurons, a
1-ms 2-nA current injection evoked a standard AP, which was
blocked by TTX (Fig. 1E). In contrast, tetrodotoxin-resistant
(TTX-r) neurons fired AP on TTX treatment (Fig. 1F).

Statistical analysis

Results are presented as means*standard errors of means. ASIC
rise times were computed as the time between 20% and 80% of
the peak current observed. The desensitization time (7) was de-

rived from the expression A, exp[—(txXk)/7,]+C by use of Origin
5.0 (Microcal Origin Instruments). Points between 10% of the peak
current and 90% of the return to baseline were fitted by use of
Origin 5.0. Linear regression analysis involved the expression
Y=A+BXX. One-way ANOVA test was applied to independent
sample comparisons. A P<0.05 was considered significant.

RESULTS
Identification of DRG neurons expressing ASIC3

To test our hypothesis that ASIC3 is expressed in a function-
ally distinct group of DRG neurons, we aimed to examine
whether this subset of DRG neurons had a unique electro-
physiological property. So far, the only specific ASIC3 blocker
is the sea anemone peptide APETx2, but the source is too
limited to screen ASIC3-positive neurons from a pool of DRG
neurons (Diochot et al., 2004, 2007). SA is also a selective
blocker for ASIC3 but not for other ASIC subunits (Voilley et
al., 2001). We tested whether SA could be a selective blocker
for ASIC3-expressing sensory neurons. SA inhibited ASIC3-
mediated transient proton-gated inward current as well as
APETX2 in cells heterologously expressing ASIC3 (Fig. 2A).
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Fig. 2. SA is a selective blocker for ASIC3. (A) SA (500 uM) and APETx2 (1 wM) inhibited acid-evoked transient inward current in COS-7 cells
expressing hASIC3. Acid (pH 5.0) was bath applied for 4 s. (B) SA also inhibited acid-evoked inward current in mouse DRG neurons sensitive to
APETX2. (C) Representative current traces showed that SA inhibited the transient but not sustained component of proton-gated inward current in SAS
neurons. (D) SAS neurons with maximum SA inhibition more than 33% were chosen for pharmacological studies. Dosage-dependent inhibition of
transient proton-gated inward current by SA showed an IC4, of 294 uM in SAS neurons, whose maximum SA inhibition occurred at 500 uM (filled
circles for transient component; open circles for sustained component; n=13).
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Likewise, SA inhibited acid-induced currents in mouse
DRG neurons that were sensitive to APETx2 (Fig. 2B).
Thus, we considered that a DRG neuron was an ASIC3-
expressing sensory neuron when a transient proton-gated
inward current was sensitive to SA inhibition. In the SAS
neurons, acid (pH 5.0) evoked either a transient or bipha-
sic inward current, whereas only the transient inward cur-
rent was inhibited by SA with IC,, of 294 uM (Fig. 2C-D).
In 13 tested SAS neurons, 500 uM SA achieved maximal
inhibition (56.4+x5.1% at 500 uM SA; 56.8+4.1% at
1000 uM SA), so this concentration was used to determine
whether a neuron was SAS. In such neurons, 500 uM SA
inhibited a transient proton-gated current ranging from 3%
to 92%. In other DRG neurons, acid evoked a salicylic
acid—resistant transient (SART)/biphasic or salicylic acid—
resistant sustained (SARS) current, or no acid-evoked cur-
rent (NAC). Accordingly, we classified DRG neurons into
four acid-sensitivity groups, depending on their acid-
evoked current and sensitivity to SA inhibition (Fig. 3A-D).

pHS5.0

pH5.0+SA

A SAS—l_ft’—l_f:—

SA alone at 500 uM did not elicit any current in DRG
neurons (n=35).

To further verify that SAS neurons represented ASIC3-
expressing neurons, we examined the existence of SAS neu-
rons in DRG neurons from ASIC3 ™/~ mice. ASIC3~/~ DRGs
contained only SART, SARS, and NAC neurons and no SAS
neurons (n=165) (Table 1). The SART neurons had a small
transient proton-gated inward current and slow desensitizing
kinetics (mean 7=1.5 s) similar to SART neurons in the wild
type (Figs. 3E and 4). In contrast, SAS neurons had a large
transient proton-gated inward current and fast desensitizing
kinetics (mean 7=0.5 s) similar to the channel property of
ASIC3 (Fig. 4C; Table 2). Therefore, SAS neurons repre-
sented a subset of DRG neurons expressing ASIC3.

Distinct electrophysiological properties in
SAS neurons

The SAS neurons showed unique electrophysiological
properties as compared with other groups of neurons
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Fig. 3. Four groups of DRG neurons with different sensitivity to acid solution (pH 5.0) stimulation and SA inhibition. (A-D) Representative current
traces of each acid-evoked current type. Neurons were stimulated by 4-s extracellular acidification of pH 5.0. (A) In SAS neurons, the acid-evoked
inward current was inhibited by SA. (B) In SART neurons, acid evoked a transient inward current, which was resistant to SA treatment. (C) In SARS
neurons, acid-evoked an SA-resistant sustained inward current. (D) In NAC neurons, NAC was observed. (E) Representative current traces of SART
in ASIC3~/~ DRG neurons. The transient proton-gated inward current was resistant to SA inhibition.
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Table 1. Cell numbers of four acid-sensitivity groups in ASIC3 wild-
type (WT) and knockout (KO) mice

SAS SART SARS NAC
WT (n=275)
<34 pum  12(44%)  9(3.3%) 57(20.7%) 52(18.9%)
>34 um 43 (15.6%) 11(4.0%) 53(19.3%) 38 (13.8%)
KO (n=165)
<34 pum 0 (0%) 7(42%) 38(23.0%) 42(25.5%)
>34 ym 0 (0%) 23 (13.9%) 37 (22.4%) 18 (10.9%)

Lumbar-part DRG neurons were classified into four acid-sensitive
groups: SAS, SART, SARS and NAC according to acid-evoked current
types and SA sensitivity. These neurons were then divided into two
cell-size groups (< or >34 pum). ASIC3 KO showed no SAS neurons.
Numbers in parentheses are ratios to total recorded neurons in WT or
KO mice.

(Table 2). They had a similar firing property as SART
neurons, but their transient proton-gated current was
larger and 7 faster. SAS neurons had a more negative Vm,
shorter AP duration and fall time, larger AP overshoot,
higher AP threshold, and longer AHP duration than both
SARS and NAC neurons. As well, SAS neurons had a
larger capacitance than SARS neurons. Interestingly, the
proportion of neurons responding to capsaicin was 38% for
SAS neurons, the highest percentage in comparison with
SART (10%), SARS (29%), and NAC (0%) neurons. In
contrast, SAS neurons had the lowest proportion of multi-
ple spikes (9.1%) and TTX resistance (30.9%) in the AP
configuration than the other three groups of neurons.
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Most SAS neurons did not bind to IB4, a cell marker for
small-diameter non-peptidergic nociceptors (Bennett et al.,
1998; Stucky and Lewin, 1999). The diameter of SAS
neurons ranged from 27 to 50 wm, with mean size
38.1£0.7 um, which was similar to diameters for the SART
group (35.9%x1.4 um) but larger than those for SARS
(34.4=0.7 um) and NAC (33.1=0.8 um) groups. Because
the cell size is usually related to the firing property of DRG
neurons either sensitive or resistant to TTX (TTX-s and
TTX-r) blockade, we showed the relation between diame-
ter and cell number in TTX-r and TTX-s groups by histog-
raphy (Fig. 5). As expected, most TTX-r neurons had
smaller cell sizes than TTX-s neurons. In both SARS and
NAC groups, the TTX-r neurons were largely found in cells
with size smaller than 34 um (31/51 and 27/41, respec-
tively). In contrast, only 31% (17/55) of SAS neurons were
TTX-r, and 70% (12/17) of them were in medium-sized
cells (34—42 pm).

Since most SAS neurons were medium to large size,
we wondered whether cell size explained the differences in
electrophysiological features. We divided these neurons
into small-medium (<34 um) and medium-large (>34 um)
groups, because in DRGs from CD1 mice all IB4-positive
neurons were smaller than 34 um in diameter. As ex-
pected, many AP variables varied by cell size in all four
acid-sensitivity groups, especially AP duration and AP
threshold (Tables 3—4). Nevertheless, SAS neurons still
showed a unique electrophysiological feature as compared
with other DRG neurons in either small-medium or medium-
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DRG neurons. (A) Mean cell sizes of SAS neurons and SART neurons. Among

ASIC3 '~ neurons, no SAS neurons were found. The remaining neurons with transient proton-gated current were SART neurons with cell size similar
to that of SAS and SART neurons in wild-type mice. (B) The peak amplitude of transient proton-gated current in SAS neurons was significantly larger
than that for both the wild type and ASIC3~/~ SART neurons, with no difference in amplitude between the wild-type and ASIC3~/~ SART neurons.
(C) The 7 constant of SAS neurons was significantly faster than that for both the wild-type and ASIC3~/~ SART neurons. (D) The 7 constant for the
ASIC3~/~ SART neurons was similar to that for the wild type in cumulative percentage. ** P<0.01, N.S. not significant.
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Table 2. Electrophysiological properties of four acid-sensitivity groups of lumbar DRG neurons

SAS (n=55) SART (n=20) SARS (n=110) NAC (n=90)
Diameter (um) 38.1+0.7 35.9+14 34.4+0.7** 33.1+0.8**
Capacitance (pF) 31.5*+1.8 25.3+2.8 26.2+1.2* 26.8+1.5
Vm (mV) —55.5+1.0 -53.1=1.8 —50.9+0.9** —47.5+0.9*
AP (ms) 6.4+0.3 8.8x2.5 7.9+0.7* 7.8+0.5*
Half AP (ms) 3.1+0.2 2.7+0.2 3.3+0.2 3.7+0.2
AP rise time (ms) 2.2+0.1 2.2+0.2 2.1+0.1 2.4+0.1
AP fall time (ms) 4.2+0.3 6.7x2.6 5.8+0.7* 5.4+0.5*
Overshoot (mV) 47.9+3.7 53.6+4.4 39.9+2.0* 35.1+2.2**
AP threshold (pA) 578.8+46.9 455.8+75.3 395.2+38.3* 424.0+38.8*
AHP (ms) 187.1+£17.5 161.4+24.3 117.7+£10.1** 102.2+9.4*
Multiple spike (%) 9.1 15 27.3 16.7
TTXr (%) 30.9 40 46.4 45.6
Inflection (%) 34.6 20 35.5 33.3
Capsaicin (%) 38.2 10 29.1 0
1B4 (%) 55 5 33.6 28.9
ASIC rising time (ms) 62.4+6.3 68.7+4.6 NA NA
Desensitization time (s) 0.5+0.1 1.5+0.6™* NA NA
Inhibition by SA (%) 39.8+3.3 NA NA NA
Peak amplitude (pA) 912.8+117.3 294.1+30** 112.3+15.9* NA
Current density (pQ) 867.7+98.9 636.8+83.3 345.3+£43.5* NA

Four acid-sensitivity groups exhibited distinct electrophysiological properties. Vm, resting membrane potential; ASIC, acid-sensing ion channel. Only
among SAS neurons was the acid-evoked current sensitive to SA inhibition. The SAS neurons showed unique electrophysiological properties as

compared with other groups. NA: nonapplicable.
* P<0.05 compared with SAS values.
** P<0.01 compared with SAS values.

large cell-size groups (Fig. 6). SAS neurons showed a
significantly large AP overshoot than NAC neurons in
small-medium cells and SARS and NAC neurons in medium-
large cells (Fig. 6A-D, E, I). In both cell-size groups, SAS
neurons showed a significantly longer AHP duration than
SARS and NAC neurons (Fig. 6A-D, F, J). Only the SAS
(47.9+7.9 mV) and SARS neurons (43.8 £ mV) in the
small-medium cell-size group showed no significant differ-
ence in AP overshoot. SAS and SART neurons shared
many similarities in AP configuration in both cell-size
groups. SAS neurons showed a larger transient proton-
gated current than SART neurons only in medium-large
neurons but faster desensitization kinetics than SART neu-
rons in both cell-size groups (Fig. 6G, H, K, L).

Correlation of AP and ASIC parameters in
SAS neurons

Since AP overshoot, AHP duration, and SA inhibition were
characteristic markers for SAS neurons, we next asked
whether these three parameters were related to other bio-
physical variables in DRG neurons. In this study, linear fit
was used to compare the relation of AP and ASIC param-
eters. AP overshoot was positively correlated with AHP
duration in SAS, SART, and NAC neurons but not in SARS
neurons (Fig. 7A). Only in SAS neurons but not other
acid-sensitivity groups was AHP duration positively corre-
lated with AP duration and negatively correlated with Vm
(Fig. 7B, C). In SAS neurons, the rise time and peak
amplitude of transient proton-gated inward current were
negatively and positively correlated with AP duration, re-

spectively, but correlations were not found in SART neu-
rons (Fig. 7D, E). The rise time of the transient proton-
gated inward current was negatively correlated with peak
amplitude (Fig. 7F). Interestingly, SA inhibition was not
significantly correlated with any AP parameters. Instead,
SA inhibition was negatively correlated with cell diameter
and positively correlated with rise time of the transient
proton-gated inward current in small-medium SAS neurons
(Fig. 8A, B). These correlations were not found in medium-
large SAS neurons (Fig. 8C, D).

DISCUSSION

In this study, we demonstrated SA as a reliable selective
blocker identifying ASIC3-expressing neurons in mouse
DRG neurons. First, SA blocked the APETx2-sensitive
transient proton-gated current in DRG neurons and cells
heterologously expressing ASIC3. Second, the transient
proton-gated current in SAS neurons showed fast desen-
sitizing kinetics similar to that of the ASIC3 channel. Third,
ASIC3~'~ mice showed no SAS DRG neurons. Although
we cannot exclude the possibility that some ASIC3-ex-
pressing neurons have a transient or sustained proton-
gated current resistant to SA inhibition, SAS neurons
at least represent a subset of ASIC3-expressing DRG
neurons.

We also revealed that ASIC3-expressing SAS neurons
were a functionally unique subset (55/275) of lumbar DRG
neurons. SAS neurons had different kinetics of acid-
evoked current and AP configuration as compared with
neurons of other acid-sensitivity groups. Furthermore, SAS
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neurons were composed of a heterogeneous population
differing in cell size, nociceptor markers, acid-evoked cur-
rent, SA inhibition, resting membrane potential, and AP
configuration.

SA inhibition

Previous study has demonstrated that SA inhibits both
transient and sustained components of ASIC-type currents
in DRG neurons (Voilley et al., 2001). However, our results
only showed that SA only inhibited the transient proton-
gated current (Fig. 2). We did not know what caused the
discrepancy, although it may be due to the different record-
ing systems or using different species of animals (Leffler et
al., 2006). The average inhibition with SA (500 uM) in SAS
neurons was 39.8%, which was less than that of ASIC3/
ASIC2b heteromultimers (66% inhibition) and ASIC3 ho-
momeric channels (>80% inhibition) in heterologous ex-
pression systems (Voilley et al., 2001). Only 5% of all 80
recorded SAS neurons reached 80% inhibition by 500 uM
SA. Therefore, our results favored a predominant ex-
pression of heteromeric ASIC3 channels in DRG neu-
rons. Previously, single-channel recording by outside-out
patches has demonstrated that most ASIC3 containing
channels in DRGs have a channel property similar to that
of ASIC2and3 co-expression in oocytes (de la Rosa et al.,
2002). The maximum inhibition of SA varied among 13
tested SAS neurons, but they all had a similar IC5, of SA
near 294 uM. The IC5, of SA for SAS neurons was similar

to that in a previous study, which found an IC, of 260 uM
in COS-7 cells transfected with ASIC3 (Voilley et al.,
2001). The inhibition of SA on ASIC3 seems comparable
between DRG neurons and heterologous expression sys-
tems. In contrast, APETx2 blocks homomeric ASIC3 in
heterologous systems with an IC5, of 63 nM, but blocks
native channels in DRG neurons with an IC5, of 216 nM,
which indicates an influence of different membrane envi-
ronments and/or ASIC composition between cell lines (e.g.
COS-7 cells) and neurons (Diochot et al., 2004, 2007). Nev-
ertheless, SA inhibition of ASIC3-like currents seems to de-
pend more on ASIC composition than membrane environ-
ment (Voilley et al., 2001). However, the precise ASIC com-
position in SAS neurons is difficult to obtain because the
channel kinetics of different ASIC compositions does not
match the native channel properties in DRG neurons, except
for the ASIC3 homomeric channels and ASIC2/ASIC3 het-
eromeric channels (Sutherland et al., 2001; Benson et al.,
2002; de la Rosa et al., 2002; Hesselager et al., 2004). This
situation may be partially explained by some auxiliary pro-
teins that interact with ASIC3 and other ASIC subunits to alter
the native channel properties (Wemmie et al., 2006). Alter-
natively, the native channels with ASIC-like currents may
contain a variety of ASIC compositions. Classification of DRG
neurons by the current signature method followed by immu-
nostaining supports that ASIC3-containing neurons express
heterogeneous ASIC subunits (Jiang et al., 2006). Moreover,
certain clusters of ASIC subunits or auxiliary proteins may
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Table 3. Electrophysiological properties of four acid-sensitivity groups of lumbar DRG neurons (>34 um)

SAS (n=43) SART (n=10) SARS (n=53) NAC (n=38)
Diameter (um) 40.0+0.6 40.0+1.5 41.2+0.7 40.6+0.7
Capacitance (pF) 32.8+2.1 27.0+4.7 32.2+1.8 36.9+2.4
Vm (mV) -56.5=1.0 —55.8+2.0 —-54.5+1.1 —51.8+1.4*
AP (ms) 6.0+0.3 6.3+0.9 4.8+0.3* 6.0+£0.5
Half AP (ms) 3.0+0.2 2.7+0.3 2.5+0.2 3.1+0.2
AP rise time (ms) 2.3+0.1 2.3+0.3 2.0+0.1 2.3+0.1
AP fall time (ms) 3.8+x0.3 3.9+0.8 2.7+0.3** 3.7x0.5
Overshoot (mV) 47.9+4.3 51.1+7.6 35.7+3.1* 38.7+3.9*
AP threshold (pA) 600.2+53.7 623.1+103.3 598.3+57.5 618.7+65.2
AHP (ms) 183.0£19.0 153.4+38.8 110.9+£15.3** 120.4+6.7*
Multiple spike (%) 4.7 0 3.7 7.9
TTXr (%) 27.9 18.1 22.6 36.8
Inflection (%) 27.9 20.0 11.3 18.4
Capsaicin (%) 39.5 18.8 26.4 0
1B4 (%) 0 0 0 0
ASIC rising time (ms) 55.5+3.7 68.7+8.1 NA NA
Desensitization time (s) 0.4+0.1 1.4=0.1** NA NA
Inhibition by SA (%) 40.8+3.6 NA NA NA
Peak amplitude (pA) 977.6+131.5 296.7+49.7* 112.3£15.9** NA
Current density (pQ) 884.1+95.6 583.7+95.6 345.3+43.5* NA

Four acid-sensitivity groups exhibited distinct electrophysiological properties (cell size larger than 34 um in diameter). SA, salicylic acid; SAS,
salicylic acid sensitive; SART, salicylic acid resistant with transient acid-evoked current; SARS, salicylic acid resistant with sustained acid-evoked
current; NAC, no acid-evoked current. Only among SAS neurons was the acid-evoked current sensitive to SA inhibition. The SAS neurons showed
unique electrophysiological properties as compared with other groups. NA: nonapplicable.

* P<0.05 compared with SAS values.
** P<0.01 compared with SAS values.

exist in small-medium SAS neurons because they showed Future studies with single-cell RT-PCR might provide a clue
significant correlations between SA inhibition and cell diam- to the molecular heterogeneity of the SAS neurons (Liss and
eter or rise time of transient proton-gated current (Fig. 8). Roeper, 2004).

Table 4. Electrophysiological properties of four acid-sensitivity groups of lumbar DRG neurons (<34 um)

SAS (n=12) SART (n=10) SARS (n=57) NAC (n=52)
Diameter (um) 31.1x0.7 31.0=1.0 28.1+0.5* 27.7+0.5*
Capacitance (pF) 26.7x2.7 23.3x2.6 20.6+1.0* 19.5+1.0*
Vm (mV) -51.9+3.0 —49.9+2.9 —47.7%1.3 —44. 411
AP (ms) 7.8x0.8 11.9+55 10.9+1.0 9.2+0.8
Half AP (ms) 3.8+0.6 2.8+0.4 4.1+0.2 4.2+0.3
AP rise time (ms) 2.0+0.1 1.9+0.2 2.2+0.1 24+0.1
AP fall time (ms) 8.8x0.7 10.2+5.6 8.7x1.0 6.8+0.7
Overshoot (mV) 47.9+8.0 56.7+3.2 43.8+2.4 32.4+2.6™
AP threshold (pA) 360.0+£77.6 251.3+£63.9 206.4+36.7* 281.8+36.8
AHP (ms) 200.6+43.7 171.0£28.1 123.9+£13.5* 88.9+1.7**
Multiple spike (%) 25 33.3 49.1 7.9
TTXr (%) 41.7 66.7 68.4 36.8
Inflection (%) 50 10 57.9 18.4
Capsaicin (%) 33.3 0 26.3 0
1B4 (%) 25 10 64.9 0
ASIC rising time (ms) 63.3+8.7 67.5+3.9 NA NA
Desensitization time (s) 0.6+0.3 1.5+0.2** NA NA
Inhibition by SA (%) 40.8+3.6 NA NA NA
Peak amplitude (pA) 633.3+256.2 352.9+50.0 101.1x£21.2** NA
Current density (pQ) 749.8+307.9 705.7+144.5 279.1+46.8* NA

Four acid-sensitivity groups exhibited distinct electrophysiological properties (cell size smaller than 34 um in diameter).Only among SAS neurons
was the acid-evoked current sensitive to SA inhibition. The SAS neurons showed unique electrophysiological properties as compared with other
groups. NA: nonapplicable.

* P<0.05 compared with SAS values.
** P<0.01 compared with SAS values.
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acid-sensitivity groups.

Contribution of ASIC3 in transient proton-gated
current

Acid solution (or protons) evoked either transient and/or
sustained inward currents in 67.3% (185/275) of neu-
rons in lumbar DRG neurons. The transient proton-gated
current was solely mediated by ASIC channels; a sus-
tained proton-gated current can be mediated by TRPV1,
TASK, or G-protein-coupled receptors (Reeh and Kress,
2001). The ASIC-mediated currents were found in 27%
(75/275) of total DRG neurons and in 16% (21/130) of
neurons of small-medium size (<34 um). The relative
low expression of ASIC-like currents in DRG neurons of

small-medium size in our study (CD1 mice) was also
found in studies of C57/BL6— and Balb/C— mice but not
in rats (Leffler et al., 2006). The biophysics of ASIC-like
currents was highly heterogeneous in terms of peak
amplitude, rise time, and 7 constant. Previous studies
have found at least seven ASIC-like current types in
sensory neurons (Krishtal and Pidoplichko, 1981; Poirot
et al., 2006). We were the first to demonstrate that most
of them were ASIC3-containing neurons sensitive to SA
inhibition (55/75) in mice. ASIC3~/~ mice did not exhibit
SAS DRG neurons, but the total ratio of acid-sensitive
DRG neurons was only slightly reduced in ASIC3 ™/~ mice
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(63.6%, 105/165). In ASIC3~/~ mice, the proportion of
DRG neurons in SART, SARS, and NAC neurons was all
increased (Table 1). Thus, ASIC3 was expressed alone or
co-localized with other proton-sensing ion channels/recep-
tors in DRG neurons.

Previous studies have demonstrated that heteromulti-
meric ASIC subunits form a functional channel to mediate
the transient proton-gated currents in DRG neurons (Ben-
son et al., 2002; Xie et al., 2002). The transient proton-
gated current has very fast desensitization kinetics, which
is contributed by ASIC3 (Sutherland et al., 2001). In
ASIC3~/~ mice, the transient proton-gated inward current
has a slow desensitizing time constant in DRG neurons
(Benson et al., 2002; Xie et al., 2002). In this study, we
revealed that ASIC3 might contribute to the transient pro-
ton-gated current only in a subset of DRG neurons, SAS

neurons. The transient proton-gated current in SART neu-
rons had a slower 7 constant than that in SAS neurons.
ASIC3~’~ mice exhibited no SAS neurons, and all tran-
sient proton-gated currents showed desensitization kinet-
ics like that of SART neurons. However, we did not ob-
serve an increase in acid-evoked peak amplitude, as was
observed previously (Xie et al., 2002). Instead, the ampli-
tude of the transient proton-gated currents was signifi-
cantly more decreased in ASIC3™/~ SART neurons than in
SAS neurons (Fig. 4A). The number of SART neurons was
greatly increased in ASIC3™/~ DRG neurons, but the in-
creased number was far less than the loss of SAS neu-
rons. Therefore, some SAS neurons might express a ho-
momeric ASIC3 channel, so they could contribute to the
increased number of SARS and NAC neurons in ASIC3 ™/~
mice.
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Co-localization of ASIC3 and capsaicin receptor
(TRPV1) in SAS neurons

Many capsaicin-sensitive small DRG neurons (15-30 um)
generate ASIC-like transient proton-gated currents in re-
sponse to acid (pH 5.0) stimulation in rats (62%), but only
a few have ASIC-like currents in mice (6%) (Leffler et al.,
2006). In our study of mice, we also found a low portion
(8%) of capsaicin-sensitive small neurons with ASIC-like
currents. In contrast, 55% of capsaicin-sensitive DRG neu-
rons of medium-large size (>30 um) had ASIC-like cur-
rents, 90% of which were SAS neurons. The different
contribution of TRPV1 and ASIC subunits to proton sensi-
tivity of sensory neurons accounts for the discrepancy in
findings between mice and rats. However, the small size
range (<30 wm) for nociceptors in rat DRG neurons may
not fully reflect the C- and Aé-fiber nociceptive populations
in mouse DRG neurons, especially in CD1 mice. Never-
theless, capsaicin response was highly associated with
ASIC3 expression, and this co-localization is also sup-
ported by in situ hybridization results (Ugawa et al., 2005).
However, response to capsaicin was not a good marker to
sub-classify SAS neurons, because the capsaicin-positive
(cap+) SAS neurons (n=21) showed similar electrophys-
iological properties as capsaicin-negative (cap—) SAS
neurons (n=234), except for the 7 constant for the ASIC-like
current (0.73+0.22 s in cap+ vs. 0.31=0.03 s in cap—,
P<0.05, data not shown).

Nociceptive features: AHP and AP overshoot

In DRG neurons, nociceptive neurons are largely found in
slow-conducting neurons of small-medium diameter, but
some fast-conducting medium-large neurons are nocicep-
tive as well (Fang et al., 2005). Although most of our SAS
neurons were medium-large in diameter (mean size
38.1 wm) and did not bind to the non-peptidergic nocicep-
tor marker 1B4, their AP configuration suggested that they
might be pro-nociceptive. Nociceptive neurons usually
have a longer AHP duration and larger AP overshoot than
low-threshold mechanoreceptive neurons, and these phe-
nomena are not dependent on conducting velocity in vivo
(Lawson, 2002; Fang et al., 2005). In our studies, SAS
neurons had a significantly longer AHP duration and larger
AP overshoot than SARS and NAC neurons. Our results
agree with those from previous work showing that DRG
neurons with transient proton-gated currents tend to have
long AHP duration (Petruska et al., 2002). The long AHP
duration of SAS neurons implied that they might corre-
spond to the mechanically insensitive (silent) nociceptors
found in in vivo studies (Djoubhri et al., 1998). In parallel to
this, a previous study of isolated DRG neurons found that
ASIC3 does not contribute to a mechanically activated
current (Drew et al., 2004), despite discrepant results from
ex vivo skin or visceral preparations (Price et al., 2001;
Carter et al., 2005). According to the long AHP and large
mean cell sizes, SAS neurons may be composed of many
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Aé- or Aa/B-nociceptive neurons but only a few C-nocicep-
tive neurons.

Heterogeneous SAS neurons

Previous studies have shown that the ASIC3-positive pop-
ulation in DRG neurons is heterogeneous in terms of cell
size, expression of neurotrophic factor receptors and neu-
ropeptides, co-localization with P2X3 or TRPV1, and tis-
sue innervation (Molliver et al., 2005). In our study, we
expanded on findings of this heterogeneity to the firing
properties of the SAS neurons. SAS neurons varied in
many AP parameters, such as AP duration, AP rise and fall
time, AHP duration, and TTX sensitivity, as well as ampli-
tude of transient-proton-gated current. This heterogeneity
can be best delineated by classifying SAS neurons by AP
inflection, which is mediated by voltage-gated Ca®* chan-
nels and TTX-r Na™ channels (Blair and Bean, 2002). SAS
neurons with AP inflection tended to have longer AP du-
ration, AP fall time, and AHP duration and larger transient
proton-gated current than neurons without AP inflection
(data not shown). Correlation analyses of AP and ASIC
variables further supported that SAS neurons were highly
heterogeneous (Figs. 7—8). Besides the heterogeneity of
firing properties, voltage-dependent ion channels may ex-
ist as clusters in each SAS neuron, since the significant
correlations between AHP duration and Vm or AP duration
were unique to SAS neurons but not to other acid-sensi-
tivity groups. The expression profiles of voltage-dependent
channels and ASIC subtypes might be subtly controlled in
each SAS neuron, as their AP duration was positively
correlated with the peak amplitude of transient proton-
gated current.

Clinical implication

SA is effective to block low pH-induced cutaneous pain in
humans (Steen et al.,, 1996). However, high doses or
chronic exposure to SA causes tinnitus and sepsis-like
disease (Guitton et al., 2003; English et al., 1996; Clark et
al., 2001). The underlying mechanism of the salicylate
toxicity/poisoning is not well understood. Because SA se-
lectively blocks ASIC3 but not other ASIC subtypes,
ASIC3-expressing DRG neurons may be the neuronal tar-
get for salicylate poisoning in high doses. Therefore, our
finding will be of significance clinically, because for the first
time we are able to dissect the functional variety of ASIC3-
expressing DRG neurons and provide a new basis for drug
development against ischemic pain and a new concept in
treatment of salicylate poisoning.
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