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Abstract

Rationale—Acid-Sensing lon Channels (ASICs) are Na* channels that are activated by acidic
pH. Their expression in cardiac afferents and remarkable sensitivity to small pH changes has made
them leading candidates to sense cardiac ischemia.

Objective—Four genes encode six different ASIC subunits, however it is not yet clear which of
the ASIC subunits contribute to the composition of ASICs in cardiac afferents.

Methods and Results—Here we labeled cardiac afferents using a retrograde tracer dye in
mice, which allowed for patch-clamp studies of murine cardiac afferents. We found that a higher
percentage of cardiac sensory neurons from the dorsal root ganglia (DRG) respond to acidic pH
and generated larger currents compared to those from the nodose ganglia (NG). The ASIC-like
current properties of the cardiac DRG neurons from wild-type mice most closely matched the
properties of ASIC2a/3 heteromeric channels. This was supported by studies in ASIC null mice:
acid-evoked currents from ASIC3 —/- cardiac afferents matched the properties of ASIC2a
channels, and currents from ASIC2 —/- cardiac afferents matched the properties of ASIC3
channels.

Conclusions—We conclude that ASIC2a and -3 are the major ASIC subunits in cardiac DRG
neurons, and provide potential molecular targets to attenuate chest pain and deleterious reflexes
associated with cardiac disease.
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INTRODUCTION

Cardiac sensory neurons (afferents) continuously sense hemodynamic conditions within the
heart and contribute to reflex control of the cardiovascular system. Additionally, they sense
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pathological conditions within the heart, most notably during myocardial ischemia or
infarction. During such conditions, humans often experience pain or discomfort within the
chest, termed angina pectoris. Rather than just acting as passive sensors, there is increasing
evidence that cardiac afferent activation initiates detrimental reflexes during cardiac disease
processes.1, 2 A number of chemical mediators activate cardiac afferents,3 and within the
past decade studies have begun to determine the molecular identity of their sensory
receptors. One such compound is lactic acid,4, 5 which is released from ischemic cardiac
myocytes, and receptors of lactic acid are the pH-sensitive Acid-Sensing lon Channels
(ASICs).

ASICs belong to the DEG/ENaC family of ion channels and include four genes (ASIC1, -2,
-3, and -4) that encode for six subunits (ASIC1 and -2 both have alternative splice
transcripts: ASICla, -1b, -2a, and -2b).6, 7 Functional ASIC channels consist of a complex
of three subunits;8 individually expressed subunits form homomultimeric channels, while
coexpression of two or more subunits allows for the formation of heteromultimeric channels.
ASIC2b does not form H* -gated channels when expressed alone, but alters current
properties when coexpressed with other ASICs,9, 10 and mammalian ASIC4 does not
contribute to channel gating properties.11 Each of the other various ASIC homomeric and
heteromeric channels have unique biophysical and/or pharmacological properties, and their
selective expression in various populations of neurons may contribute to a diversity of
functions.6, 7 As with other visceral organs, the mammalian heart is innervated by two
populations of sensory neurons; those that follow the sympathetic nerve tracts to their cell
bodies located in the upper thoracic dorsal root ganglia (DRG), and those that follow the
vagal nerve tracts to their cell bodies located in the nodose ganglia (NG). Using a retrograde
tracer dye to identify cardiac afferents in rat, we previously found very large ASIC-like pH-
activated currents in isolated cardiac DRG neurons compared to those from the NG.12 This
data correlates with studies showing that cardiac afferents in the DRG are primarily
responsible for pain transmission during ischemia.3 Moreover, these ASIC channels are
activated in the narrow range of extracellular pH (7.0 — 6.8) that occurs during myocardial
ischemia,4, 13, 14 and are more sensitive to lactic acid than to other forms of acid.15

The biophysical properties of ASIC-like currents in rat cardiac DRG neurons suggested a
contribution by ASIC3 subunits.13 However, it is not clear if other ASIC subunits contribute
to the channel complex. To address this question, we took advantage of genetically altered
mice. Given their purported role as sensors of ischemia in the heart, we tested the hypothesis
that the composition of ASIC channels in cardiac afferents is unique compared to other
neurons. By studying labeled cardiac sensory neurons in wild-type and ASIC null mice, and
comparing their current properties to those of heterologously expressed ASICs, we were
able to define the ASIC subunit composition in cardiac afferents.

MATERIALS AND METHODS

For details see Online Data Supplements.
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Labeling and culture of mouse cardiac afferents

Mouse cardiac sensory neurons were labeled for identification in primary dissociated culture
by injecting Dil (Molecular Probes) —coated polystyrene microbeads into the pericardial
space in a modification of a previous protocol in rat.12 2 to 3 weeks after the injection of
Dil-beads suspension, the DRG (Cg-T3) and/or NG were collected, and dissociated as
previously discribed.16 Cells were studied 18-48 h after plating. See Online Data
Supplements for details and figure.

Generation of ASIC knockout mice

The generation of mice missing individual ASIC1, -2, and -3 subunits have been reported.
Subsequently, these mice were produced on a C57BL/6J congenic background, and crossed
to generate mice with the simultaneous disruption of multiple ASIC subunits.

Heterologous Expression of cDNA in CHO Cells

Mouse ASICla, ASIC2a, and ASIC3 were previously cloned into the pMT3 plasmid vector,
and Chinese hamster ovarian (CHO) cells were transfected as previously described.17 Cells
were studied 48-72 hours after transfection.

Electrophysiology

Whole-cell patch-clamp recordings from sensory neurons and CHO cells were performed as
previously described.16, 17 Data are means + SEM. Statistical significance was assessed
using unpaired Student’s t-test.

Quantitative RT-PCR

Total RNA was isolated using the RNeasy mini kit (Qiagen), according to the
manufacturer’s protocol. cDNA synthesis was performed using the AffinityScript gPCR
cDNA Synthesis kit (Stratagene) followed by gPCR using the Brilliant 11 SYBR Green
gPCR Master Mix (Stratagene). Primer sequences are listed in Online Data Supplement.

RESULTS

Cardiac afferent responses to protons, capsaicin or ATP

Using a modification of a protocol from rat,12 we injected a retrograde tracer dye into the
pericardial space of mice, which allowed us to identify and study labeled cardiac afferents in
primary culture by patch-clamp technique (supplementary Figure 1). In wild-type mice, we
first recorded currents in cardiac sensory neurons from both the DRG (diameter range 20-40
um, mean = 30.4 um) and NG (diameter range 25-35 pm, mean = 30.3 um) evoked by
protons (pH 5), capsaicin (1 umol/L), or ATP (30 umol/L), all of which have been reported
to activate cardiac afferents.13, 18, 19 Figure 1A shows typical currents recorded from
cardiac DRG and NG neurons. Switching from pH 7.4 to pH 5 solution induced rapidly
activating and desensitizing (transient) currents that were followed by sustained currents of
smaller amplitude in slightly over half (40 of 74) of cardiac DRG neurons. The transient
phase of the proton-activated current was blocked by the ASIC channel blocker, amiloride,
whereas the sustained phase was not (Figure 1A). The fast kinetics of the transient current
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and amiloride block are signature characteristics of ASIC channels (sustained currents
generated by ASICs are insensitive to amiloride).14, 20, 21 In contrast, very few cardiac NG
neurons (2 of 16) had acid-evoked currents, and only one cell generated a transient current
(the current in Figure 1A is from a NG neuron with a sustained pH-evoked response).
Capsaicin, an activator of transient receptor potential vanilloid 1 (TRPV1) channels, induced
sustained or slowly desensitizing currents in a small percentage of both populations of cells
(Figure 1A). In contrast, ATP evoked larger currents and in a greater percentage of NG
compared to DRG neurons (Figure 1A). Additionally, the ATP-evoked currents observed in
NG neurons displayed markedly slower activation and desensitization kinetics than those
from DRG neurons (Figure 1A), a finding that has previously been described and most
likely represents different P2X channel subunits.22

Comparing the percentage of responders to a given agonist (Figure 1B), and their peak
current amplitudes (Figure 1C), revealed interesting differences between the populations of
cells (also see Table 1). A higher percentage of cardiac DRG neurons responded to protons
than to capsaicin or ATP, and these proton-evoked currents were more prevalent and larger
than those from cardiac NG neurons. In contrast, ATP generated the most consistent and
largest responses in cardiac NG neurons. These data suggest that cardiac DRG neurons are
enriched in ASIC channels compared to P2X or TRPV1 channels, whereas cardiac NG
neurons express high levels of P2X channels.

Biophysical properties of ASIC-like currents in cardiac DRG neurons from wild-type mice

To delineate the ASIC subunit composition underlying the pH-evoked currents in cardiac
DRG neurons, we measured three properties that have proven useful to distinguish ASIC
channels composed of different subunits: 1) pH sensitivity of the transient current, 2)
sustained current amplitude normalized to peak transient current, and 3) desensitization
kinetics.9, 14, 16

For comparison, we also studied unlabeled DRG neurons in the same cultures (n = 83; mean
diameter = 31.4 pm). Presumably, the majority of these unlabeled DRG neurons represented
sensory neurons that innervate somatic tissues (skin, muscle, etc.) and we termed them
“non-cardiac” neurons. Application of acidic pH solutions evoked transient and sustained
currents in both cardiac and non-cardiac DRG cells (Figure 2A). However, closer inspection
of their biophysical properties revealed significant differences. First, although the pH
sensitivity as measured by half-maximal activation was similar between cardiac and non-
cardiac DRG neurons (Table 1 and Figure 2B), the pH activation curve of cardiac neurons
appears to have more than one component. This suggests that cardiac neurons might have
more than one population of ASIC channels, each with different pH sensitivities. Second,
the sustained currents were significantly larger in cardiac compared to non-cardiac DRG
neurons (Figure 2C). Third, the rate of desensitization at pH 4 was markedly slower in
cardiac DRG neurons (Figure 2D).

From these data, we make two general conclusions. First, the pH-evoked currents in cardiac
DRG neurons have unique properties, indicating that the subunit composition of the ASIC
channels in these cells is different than those of the greater population of sensory neurons.
These differences also confirmed that our labeling technique had successfully identified a
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distinct population of sensory neurons. Second, the data allows us to begin to make
predictions about the ASIC subunit composition in these neurons. The rate of desensitization
at pH 6 was faster in both cardiac (128 £ 6 msec) and non-cardiac DRG neurons (151 + 26
msec) than homomeric channels of any of the individual ASIC subunits.9, 16, 23 In fact, pH
6-evoked currents with a rate constant less than 200 msec only occur when ASIC3 is present
in a heteromeric complex with ASIC2a and/or ASIC1 subunits (refs9, 16, and Table 1).
These data suggest that most ASIC channels are heteromeric channels comprised of multiple
different subunits, and ASIC3 is a necessary component. Moreover, the large sustained
currents in cardiac DRG neurons suggested that the channel complexes in these cells might
be heteromeric channels comprised of ASIC2a and -3 subunits, since this ASIC heteromeric
complex generates the largest sustained currents.9, 14

ASIC-like currents in cardiac DRG neurons from ASIC3 —/- mice

To further test the prediction that ASIC3 contributes to the channel complex in cardiac DRG
neurons, we studied cells from ASIC3 null mice. The first thing to note is that we found
transient pH-evoked currents in a similar percentage of ASIC3 —/- cardiac neurons and the
mean pH 4-current amplitude was similar to those from wild-type cardiac neurons (Table 1).
This indicates that ASIC3 is not the only subunit that generates acid-evoked currents in
cardiac DRG neurons. However, loss of ASIC3 dramatically altered the current properties.
By comparing the pH-evoked currents from wild-type (Figure 2A) to those from ASIC3 /-
cardiac DRG neurons (Figure 3A), it is obvious that loss of ASIC3 produced a significant
decrease in the pH sensitivity of the cells (Figure 3B). In fact, the low pH sensitivity of the
currents in ASIC3 -/- cardiac DRG neurons could only be generated by one ASIC channel
— ASIC2a homomeric channels (refs 9, 16, and Table 1). To confirm this notion, we
heterologously expressed candidate combinations of ASIC subunits that might compose the
ASIC channels in ASIC3 —/- neurons. Indeed, only ASIC2a homomers reproduced the pH
insensitivity (Figure 3C), as well as other properties of the currents in ASIC3 —/- cardiac
DRG neurons (Table 1).

Whereas loss of ASIC3 produced a large shift in the pH sensitivity of cardiac DRG neurons,
it did not affect the pH sensitivity of non-cardiac DRG neurons (Figure 3B). This suggests
that ASIC1 subunits are components of the complexes in these cells. However, consistent
with previous studies, we found ASIC3 is a major component of the ASIC channels in non-
cardiac DRG neurons as evident from the significant slowing of the desensitization kinetics
of pH 6-evoked currents in ASIC3 —/- neurons (refs16, 24, and Table 1). We conclude from
these data that ASIC3 is indeed a major contributor to ASIC channels in most DRG neurons
that expressed ASICs. In addition, currents in ASIC3 —/- cardiac DRG neurons matched
those of ASIC2a homomers, further suggesting that the native channels in these cells might
be ASIC2a/3 heteromers.

ASIC-like currents in cardiac DRG neurons from ASIC2 —/- mice

To directly test the contribution of ASIC2 subunits, we next studied pH-evoked currents
from ASIC2 null mice. Similar to ASIC3, loss of ASIC2 did not abolish currents, suggesting
that ASIC2 subunits are not solely responsible for acid-evoked currents in cardiac DRG
neurons. However, both cardiac and non-cardiac DRG neurons were more pH sensitive in
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ASIC2 —/- than wild-type mice (Figure 4A). Although both ASIC2a and -2b are deleted in
this mouse strain, the shift in pH sensitivity was most certainly due to loss of ASIC2a
subunits, since ASIC2b does not cause significant changes in pH sensitivity or kinetics when
coexpressed with other ASIC subunits.9, 10 The kinetics of desensitization where also
altered in cardiac neurons by deletion of ASIC2 (Figure 4B, also see Figure 6A). The
kinetics did not change in ASIC2 -/- non-cardiac neurons, remaining fast at pH 6, which
indicates that the residual ASIC channel in these cells was primarily still a heteromer.

To test whether there was compensatory upregulation of ASIC subunits in ASIC —/— mice,
which could confound our results, we measured levels of ASIC mRNAs in thoracic DRG by
quantitative real time RT-PCR. As expected, we found consistent mMRNA expression of all
tested ASIC subunits (Figure 4C), and none of the residual subunits were upregulated in
ASIC2 -/- or ASIC3 -/- mice (Figure 4D). In ASIC2 —/- mice, the level of ASIC2a
mRNA was decreased, but not abolished. Since ASIC2 —/- mice were generated by deletion
of two exons encoding the second membrane spanning domain, we suspect that our
upstream primers detected a truncated residual transcript.25

ASIC-like currents are absent in cardiac DRG neurons from ASIC2/3 double —/- mice

Our data thus far suggested that ASIC3 and ASIC2a subunits contribute to ASIC channels in
cardiac DRG neurons. To further test this possibility, we studied mice lacking both ASIC2
and ASIC3 genes. As illustrated in Figure 5A, no ASIC2/3 —/- cardiac DRG neurons had
ASIC-like transient pH-evoked currents. On the other hand, 4 out of 20 ASIC2/3 —/- non-
cardiac DRG neurons displayed transient acid-evoked currents. Their slow rates of
desensitization (Table 1) and recovery from desensitization (see Figure 5 legend) were
consistent with ASIC1 channels (ref 16 and Table 1). We suspect that the relatively low
percentage of cells that displayed ASIC1-like currents was perhaps due to the fact that these
mice were heterozygous for the ASIC1 gene. These data confirm that ASIC1 subunits
contribute to ASIC channels in some DRG neurons, but are not significant contributors in
cardiac DRG neurons.

To determine if ASICs contribute to the sustained pH-activated currents (since the sustained
component of ASIC currents is insensitive to amiloride), we measured the amplitudes of the
sustained currents in ASIC2/3 —/- cardiac DRG neurons and found they were significantly
smaller compared to those from wildtype mice (Figure 5B). This suggests that ASIC2 and/or
ASIC3 subunits contribute to the sustained currents in cardiac DRG neurons.

Properties of ASIC 2a/3 heteromultimers closely match those of cardiac DRG neurons

We conclude that ASIC2a and-3 are necessary components of ASIC channels in cardiac
DRG neurons. Next, we asked if coexpression of ASIC2a and -3 was sufficient to reproduce
the properties of native ASIC channels in cardiac afferents. Coexpression of the two
subunits generated pH 6-evoked currents that desensitized faster, and pH 4-evoked currents
that desensitized slower than currents generated by either subunit expressed alone (Figure
6A,B), confirming that ASIC2a and -3 formed heteromultimers. Across a range of pH
values, the desensitization kinetics of ASIC2a/3 heteromers matched almost exactly those of
wild-type cardiac DRG neurons. Moreover, the desensitization rates of ASIC3 homomers
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matched the data from ASIC2 —/- mice, and the desensitization rates of ASIC2a homomers
matched those from ASIC3 —/— mice (Figure 6A, B). The pH-sensitivity of ASIC2a/3 also
matched that of wild-type cardiac DRG neurons (Figure 6C, left). However, at the foot of
pH activation (pH 6 to 7 range) the curves diverged slightly; between pH 7.0 and 6.0, the
activation of cardiac neurons could be fitted by a Hill curve with a pHsgq of 6.6. This value is
intermediate between those of heterologously expressed ASIC3 (pHsgg = 6.8) and ASIC2a
+ASIC3 (pHsgg = 5.6), suggesting that cardiac DRG neurons express a mixture of different
channels. We also tested if coexpression of ASIC2a and -3 could reproduce the large
sustained currents in cardiac DRG neurons. While ASIC2a/3 generate the largest sustained
currents of the ASIC channels,9, 14 they were still relatively smaller than those in observed
in cardiac afferents (Figure 6C, right).

DISCUSSION

ASICs are purported pH sensor in sensory neurons innervating the heart. To delineate their
molecular composition, we labeled and isolated mouse cardiac sensory neurons, which
allowed for detailed electrophysiological characterization of the native ASIC channels by
the patch-clamp technique. We then studied and compared data from mice that had
undergone targeted deletion of specific ASIC subunits. The properties of ASIC channels in
cardiac DRG neurons from wild-type mice suggested that they were heteromeric channels
composed of ASIC2a and -3. This was confirmed by studying cardiac afferents from ASIC
null mice: currents from ASIC3 /- mice matched the properties of ASIC2a homomeric
channels, currents from ASIC2 /- mice matched the properties of ASIC3 homomeric
channels, and ASIC-like currents were absent from ASIC2/3 double —/- mice.

ASICs in cardiac afferents are unique

Most ASIC channels in mouse DRG neurons are heteromeric channels consisting of more
than one ASIC subunit type. This is best appreciated by measuring the kinetics of
desensitization; ASIC pH 6-evoked currents in DRG neurons desensitize faster than those
from all ASIC homomeric channels, however when ASIC3 is coexpressed with other ASIC
subunits, heteromeric channels are formed that match the fast kinetics of the native channels
(refs9, 16, and Table 1). This was true for both cardiac and non-cardiac DRG neurons,
suggesting that ASIC3 is a major contributor in the majority of DRG neurons.16, 24

However, in other respects cardiac afferents were unique. pH-evoked currents from cardiac
afferents were slightly less pH sensitive at more extreme pH changes, had larger sustained
currents across a broad pH activation range, and had markedly different desensitization
kinetics at pH 4 compared to non-cardiac DRG neurons. Our studies of ASIC null mice
confirmed that all of these differences were due to an increased contribution of ASIC2a, and
a lack of ASIC1 subunits to the currents properties in cardiac afferents. We previously
studied ASIC1a —/- mice and found that ASIC1 subunits are indeed major contributors to
ASIC channels in most non-cardiac DRG neurons,16 and our data here supports this
conclusion. Why are ASIC1 subunits major contributors to ASIC channels in sensory
neurons that innervate skin and other somatic tissue (these are the majority of neurons in
DRG) whereas they are absent from sensory neurons that innervate the heart? We speculate
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below that ASIC2a/3 heteromeric channel properties make them ideal sensors of myocardial
ischemia.

Previous work from rat cardiac afferents suggested that ASIC3 is a major contributor,13 and
our data here is in agreement. However, our data also reveal some differences between
ASIC channels in rat and mouse cardiac afferents. First, greater than 90% of rat cardiac
DRG neurons expressed ASIC-like currents, and the mean amplitude of pH 5-evoked
currents was ~10 nA.12, 14 In contrast, we found that ~50% of mouse cardiac DRG neurons
expressed ASIC-like currents, and the mean amplitude of pH 5-evoked currents was smaller
(1.57 nA). A second difference is that cardiac DRG neurons from rat were more pH
sensitive (pHsg = 6.6)12 than those from mice (pHsg = 5.6). A previous study directly
comparing the ASIC-like currents in unlabeled rat and mouse DRG suggested there are
differences in the expression of ASICs between the two species.26 The functional
significance of these species differences is unclear.

Significance of ASIC2a/3 heteromers as cardiac pH sensors

We found that mouse cardiac afferents generated relatively large sustained currents at pH
values < 6.8 compared to non-cardiac DRG neurons. ASIC2a/3 heteromers generate the
largest sustained currents of the ASIC channels in this pH range,9, 14 and our data suggests
that these channels underlie, in part, the large sustained currents in cardiac afferents.
Sustained current through ASIC channels triggers persistent firing of action potentials in
cardiac afferents,14 which might contribute to the typical persistent nature of angina during
myocardial ischemia.

Although we did not extensively study currents at modest pH changes here, ASIC channels
that contain ASIC3 are exquisitely sensitive to small changes in pH.13, 14 The threshold of
activation for both ASIC3 homomers and ASIC2b/3 heteromers occurs with a pH change
from 7.4 to 7.2.14 Furthermore, when the proton carrier is lactate, as in myocardial
ischemia, the threshold of activation is further shifted because ASIC channels are more
sensitive to lactate than other acids.15 We speculate the biphasic shape of the pH activation
curve of mouse cardiac DRG neurons suggests they possess a population of ASIC channels
that is poised to sense slight pH changes within the myocardium (ASIC3 homomers or
ASIC2b/3 heteromers), and another population that would increase sensory activation at
more extreme pH changes (ASIC2a/3 heteromers).

Contribution of other receptors to cardiac sensation

Of the ASIC channels, heterologous expression of ASIC2a/3 heteromers generates the
largest sustained acid-evoked currents at pH values less than 6.8. Still, these currents were
not as large as the sustained currents recorded from cardiac DRG neurons. This suggests that
channels other than ASICs, such as TRPV119 or 2 pore K* channels,27 might contribute to
pH sensing in cardiac afferents at these pH ranges. Our data also suggests that cardiac NG
neurons express high levels of P2X channels and thus ATP might be an important mediator
in these sensory neurons. Cardiac afferent activation during myocardial ischemia, and during
normal physiological conditions, most certainly involves multiple mediators and receptors.
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Physiological significance

On the whole, our work has demonstrated that ASIC channels are highly expressed in
cardiac DRG neurons, which are the major sensory pathway for cardiac pain in patients with
myocardial ischemia or infarction. As remarkably sensitive pH and lactate sensors, we also
speculate that ASICs function as metabolic sensors within the heart, particularly during
stress and exercise, when the metabolic demands of the heart can increase five-fold. In
cardiac disease states, ASIC activation might contribute to the initiation of deleterious
neuro-hormonal reflexes that are pervasive during such states. Understanding the molecular
composition of ASIC channels within cardiac afferents is critical; most of our current
pharmacological tools to modulate ASICs are specific to individual ASIC subunits. Here, we
have defined the ASIC2a/3 heteromeric channel as a potential molecular target to treat chest

pain and/or cardiac diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cardiac afferent activation by acidic solution, capsaicin and ATP. A, Representative
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currents evoked by application of a pH 5 solution, capsaicin (1 umol/L), or ATP (30 umol/L)
in cardiac DRG (left) and NG (right) neurons. Note the different scale bars and application
times. Amiloride (1 mmol/L) blocked the transient pH-evoked current (lamilorige/lpHs = 0.27

+0.02, n = 4), but not the sustained phase (Iamiloride/lpHs = 1.09 + 0.14, n = 4). B,

Percentages of cardiac DRG and NG neurons that responded to pH 5, capsaicin and ATP. A
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positive response was defined as an evoked current > 60 pA. The number of neurons studied
for each group is listed below each bar. C, Mean peak amplitude of the responding neurons.
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Figure2.
Biophysical properties of ASIC-like currents in cardiac and non-cardiac DRG neurons. A,

Representative currents evoked by indicated pH solutions from a control solution of pH 7.4
in cardiac and non-cardiac DRG neurons. pH-dose response data of B, transient and C,
sustained currents in cardiac and non-cardiac DRG neurons. Both sets of data were
normalized to the peak transient currents evoked by pH 4. D, Mean time constants of
desensitization as measured from single exponential fits to the falling phase of the transient
currents evoked by the indicated pH solutions in cardiac and non-cardiac DRG neurons.
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Rates were calculated from pH applications of three second duration, except those from pH
4 (0.6 sec) (neurons did not tolerate longer applications of pH 4, and for this same reason we
did not calculate sustained currents at pH 4. While these calculations are not as precise as
those make from longer applications, they still delineate qualitative differences). N = 5-21;
*P < 0.05 vs. non-cardiac DRG neurons.
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Figure 3.

Properties of acid-evoked currents in cardiac and non-cardiac DRG neurons from ASIC3 -/
- mice. A, Currents evoked by the indicated pH solutions from cardiac and non-cardiac
ASIC3 —/- DRG neurons. B, pH dose-response of transient currents in cardiac and non-
cardiac ASIC3 —-/- DRG neurons (n = 3-9). For comparison, the respective data from wild-
type neurons is superimposed. C, pH dose-response data from currents recorded from CHO
cells expressing ASIC1a, ASIC2a, or coexpressing ASICla and ASIC2a (n = 6-9).
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Figure4.
Properties of acid-evoked currents in cardiac and non-cardiac DRG neurons from ASIC2 -/

— mice. A, pH dose-response of transient currents in cardiac and non-cardiac ASIC2 —/-
DRG neurons, and the respective data from wild-type neurons superimposed (n = 8-15). B,
Comparison of the time constants of desensitization of cardiac and non-cardiac DRG
neurons from wild-type and ASIC2 —/— mice. N = 7-21; *P < 0.05 and **P < 0.01 vs.
cardiac wild-type DRG neurons. C, ASICs subunit mRNA from thoracic DRG from
wildtype mice were collected and analyzed by quantitative real time RT-PCR (gPCR), and
the products were run on a 2% agarose gel. See table in Online Supplemental Data for
product lengths. D, DRG mRNA levels from wildtype, ASIC2 —/-, or ASIC3 —/- mice were
measured by qPCR, and transcript levels were normalized to the levels in wildtype DRG.
Data from ASIC null mice represent means from 3 mice each.
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Figureb5.
ASIC-like currents are absent in cardiac DRG neurons from ASIC2/3 double —/- mice. A,

Currents evoked by the indicated pH solutions from cardiac and non-cardiac ASIC2/3 —/-
DRG neurons. In three non-cardiac ASIC2/3 —/- DRG neurons that displayed ASIC-like
currents, we measured the time course for the channels to recover from desensitization (not
shown). Current was completely desensitized by a prolonged 10 sec pH 6 application. Cells
were then bathed in pH 7.4 for two seconds before again exposed to a second pH 6
application. Recovery is the percentage of current evoked by the second pH 6 application
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compared to the first. In all three cells, the percent recovery at 2 seconds was < 50 %. B,
Mean sustained current amplitudes evoked by pH 5 in wildtype and ASIC2/3 —/- cardiac
DRG neurons. N =8-12; *P =0.01.
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Comparison of the properties of ASIC-like currents in cardiac DRG neurons with currents
generated by heterologously expressed ASIC subunits. A, Currents evoked by the indicated
pH solutions from wild-type, ASIC3 —/-, or ASIC2-/- cardiac DRG neurons compared to
currents from CHO cells coexpressing ASIC2a, ASIC3, or ASIC2a+ASIC3 subunits. B,
Comparison of the time constants of desensitization of currents from heterologously
expressed ASICs (left), and those from cardiac DRG neurons (right). The data from
heterologously expressed ASIC2a and ASIC3 —/- mice at pH 6 and 5 were not included
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because the currents were too small (see their pH activation range in Figure 3B and 3C) to
accurately fit (n = 6-18; *P < 0.05 and **P < 0.01 vs. cardiac wild-type DRG neurons. pH-
dose response data of C, transient and D, sustained currents in cardiac wild-type DRG
neurons and heterologously expressed ASICs. ASIC2a does not generate sustained currents.
Both sets of data were normalized to the peak transient currents evoked by pH 4 (n = 3-16).
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